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1 - RIDCHEMICAL ENGINEERING SIRE LF THE ERQIECT

1.1 = INTRODMUCTION

These cstudies were described in the propnosal on nasges 11 to

(3]

O]

[

]

% 24 to 28 (6.1, 2% to

18 4.4.5 io 4.5.2), 22 to 2

(E.4.1.) and 28 to 26 (2) and wers nainly irntesnded to:

= use three ditferent residuez: molasses slops Srom ethanol
prodcution, corn stover and sucalvtusy
- use phase sspnacated svetems, i.e. acidoaenic reactors followsd
by methanogenic reactors with smprasis on the acidogeris phase;

- ouse different reactor types, not  orly  the traditional
continuously stirred tank reactor zut mainly fixed bed. expanded
bed, fluidised bed reactor types: these reactor types rely on
biological film formaticon to increase biomass retention and thus
allow smaller hydraulic retention times teo be used without

washout of the microorganisms.

1.2 - EVOLUTION OF WORLDWIDE RESEARCH ON THESE TOFICS AND
ADJUSTEMENYS MADE THROUGHOUT THE FROJECT
1.2.1 - Residues

Further problems on sulphide tomicity and an increase in the
fundamental knowledge on sulphate rveducing bacleria, meant that
the large sulphate contents in the molasses slops rendered it an
even more interesting waste than originally forecasted. Much work
on mixed cultures of sulphate reducers and methanogenic bacteria

appeared in the literatuwre; on the acidogenic phaze though,

little activity took place, increasing the interest in our wortk.
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This worhk iz aoing t9 be orclliv nted  undsz- the title
"Sulphate redustion in acidogenr:s chase anasrgbic digestion"  at

the TAWFRI Zozrialised Conferenste on the Microbiology of Waters

v

and MWastewalsrs in Newpor?! Bsach, Zatifornia, February  2-11
1988,

The share deop in 0l pricss neant that many of the biomass

nrojecis were reduced/rezssesceed: ferthErmore,. the difticulties

raced by "microhial/ensymatic' h.oY-olveises of cellulogse, specially

if lignin ig present, mearnt that *he "gesneral trend" is to assume

that only chemical, namely acid hvdriolvsis, could be contemplated
in the near fulwre. Thus as indiceated in 2arliser repoirts, we
started the study of propionic/acetic acid productionm using
subctrates reproducing  eucalvpius hvdrolysates. As  for  corn
stover, with a much smaller lignin content (approx. 84), kinetic
assessment of hydrolysis/acidification is important for  two
reascns: i) it is common 12 have particulates, mainly
cellulosics, in many industrial/agricultaral/domestic effluents
and thue these kinetics are important for effluent treatment; ii)
some substrates for fermenlations contain particulates similar to

these and/or they can be used as support {for fermentations

conducted under acid pH’s.

Some phase separated systems, namely BGist BFrocades fluidized
bed systems, have become operational from late 1984 onwards.

These and contincus research carried out over the last vyears,

n



sean to indicate that fnis strategy is meinly appropriate
whenaver: 1) suvhstrates/praducts that can hinder methanogenesis
can bz accomodated/separated/degraded in the acidogenic phase and
thus not procesd to the metbanogenic ohase: (1) whenevar there is
& clear nesd tp cariry out much slower hvdrolvsis, {or whickh an
acidogenic phase will be bernafitial.,

For ot4wer situations., the increased complexity of two
separate reactors does rc! seem to be a worthy choice, evern
though & better control is possible.

We were only using the acidogenic approach for the corn
staover (hydvrelis 1is reguired) and molasses slops (eventually
leading to sulphide removal prior to methanogenesis) i.e., we
have not had 1o change the original approach. The main strateagy
is now either to "produce acids" (corn stover) or to iremove

sulphw an not so much te "optimize" the acidogenic reactor from

tha point of view of "reactor productivity".

1.2.3 - Reactor Types

0f +the reactors indicated, expanded/fluidised bed systems
have not, as yet, made major imroads in actual treatment systems
as fized bed systems are more reliable even though less
productive

We have conducted test: with CSTR, fixed bed and expanded

bed systems only.
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T.w o ARHIENENENTS
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Gpecziianal
“oontatsd ino2arlisr reports, some major hurdles took place,
name o dus o oo odelay irn the deliverv cf the new laboratory (more
tharm one yee- and, a--2z¢ that, a long start up problem with one
central part ¥ the ceoulinment, namelv the gas chromatograph.

) Fror :ooanalyiisal noint of view, we finally implemented
211 the fou-tsen major osrameters indicated (R.4.1, pg 23-32).
The main 2itficultiss/modifications that took place were
(nomarclatucrs s in the original proposal):

o~ wrdsr continous monitoring/control, the presernce of
sulphide  “doszivoyed" the electirodes in about one month or less;
e mave rezzatly staried to use an Ingold Xerolyt electrode,
epezifically desianed to “stand” high sulphide concentrations.

suwlfur- spezieg - oroved much more awesome to determine than

originally =:pected due not only to the dark colowr of the
effluent bhut also to the need to conduct all sulfide sampling
and determi-ztions in the liquid phase anaerobically, to avoid
gxidation; furthermore, soluble and precipitated parts have to be
examined/determined separately, increasing the analytical load.
Modifications:

- sulfizde in the liquid effluent samples was anaerobically
removed intc tinc acetate to avoid oxidation; to remove all other
components 'Sis sample is now digested with sulphuwric acid, with
nitrogen reflu:, and the sulfide in the gas is precipitated with

zinz acetstz and analvsad by the titrimetric (iodine) method;
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= hvdrogen suldide in 1he ges sanplesz is precipilated in a

trap containing rinc acetate and titratsza.

ii) The lay, outs  dinolude C97TR wits gH control as an
acizogeric  test veanotor,  fixed bes orn corous supporis fkinmdly

givan by GBlasswerk Schott, Mairnr, FR Bermany) with oH control and
larae recirculation 7o the acidogen:: phass and fixed bed for
tha methamnogenic phase: the last resact i used as a "test" for
the effluents obtained from ihe itwes =zcidogenic reactors.  An

randed  bed reactor is used for {the mililed corn stover

acidagenic reastor: no pH control is usesd.

For the pwre cultures of Fropionitacterium working on dual

subztrate (xylose plus glucose) columnar fixed hed reactors, CSTR
anc, now being assembled, CSTR with cell recycle on

ultrafiltration membranes have been usec.

1i1) Ipndustrial suppart now includes the two largest ethanol

producing companies (Soc.Lusité&nia de Destilac&o and Vieira e
Irm3os) for the biogas side - they have put together a pilot
plant with two reactors of, 200 and 400 liters for each phase,
respectively, usino ceramic rasching rings as support.

The work on Fropionibacterium and ylose/’glucose substrates

is parthly sponsored by the largest portuguese pu'p and paper
manufactwrer, Fortucel, a state holding company, IFE and the

National Board for Science and Technoloagy, JINICT.

iv) Corn stover is being assessed as a support for the

L]
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production of  lactic acid starter cultwres of actobacillus

plantaram ‘o he used for sillage.

r.nLr sgientifis
Many o the ecientific results have row either been

precserted.  snd/or published ar acceepted for publicationy copies
2f theee are being forwarded and, as the reprints get available,
we will ke zending them tc U.5.4.1.0.

PLDVE 0 - Mined culture work

Resuits published/presented in communications A-1, 2, & and
Totef. Tublization List (.4,

1) Molasses slops

Gn tha "ligquid" molasses slops effluent we are working at
appro<imately 1 day hyvdraulic retention time in the acidogenic
fermenters{toth CSTR and fixed bed); pH’s, now under control in
both reactors., have been dropped from 7 to A.6, £.2 and work is
naw z=tacting at 5.8, Main points: sulfate reduction has always
beern abeve 20%, with concentrations of sulfide in the 1liguid
efiluznt of approximately S00 mg/l (easily precipitable with iron
crides) and gas concentrations reaching 18%, on a weight basis;
suwrprisingly enough, even under these conditions methane can be
formed in the gas, approximately 10 to 12% for the CSTR and more
than 20% for the support fixed bed reactors, which is consistent
with the original hvpothesis for the advant ages of
fixed/supported biomass; hydrogen could also be detected in the
aas from the CSTR (less than 1%) but not from the Fixed bed

svstems. Das  production averaged 1 171 effluent day. The



rolalile {astiy =rid production ic consistenl with current

Hnowledge: an increase in concentiraticn of higher acids follows a

decreaces of the Svdoaalic retention time,

Once sulpnideas arce pracipitated . the sulphate still present
cn the methane resctor (less than 1 /1 from the original S g/l
i the Lioos) does ~of seem to be inhibitory. High gas production
rates (higher than 4 1/1 reactor day) and methane contents (up to

LY - . .y . R R T Ty
DEYY hawe been observed.

iiy ZTovrn stover

Concantratiaons of 1,285 % and 2.3 % (W/V) have been used for
the linetics. O0Only the last concentration was used for the
gxpanded bad acidogenic reactor.

It has become apparent that, <cince only broad measurements
were  used, many  of the results published in the literature on
kinetic rates are almost irrelevant (e.g., volatile suspended
solids do not distinguish between bacterial or corn stover
zsaliderr the Kisleazhl method is rather insensitive for low
bacterial concentrations and accounts both for protein and for
ammonium nilrogen (in the corn stover). We are now trying to
"balance" out the reaction using, among others, the Eradford
protein msthod.

Otherwise, acid production rates are reasonably easy to
follow and, as hypothesised, the natural lowering of pH, down to
S5, increases the rate of acid production, both in batch and

expanded bed tests. Comparatively, usino identical retention

~1
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times (4 monthe) ard =solids concernt -7 fons (2.5 %), 2 o/ and .5

g/t of acetic acid were praducsd o batch and expanded bed

svslems respectivels. An didentical zzreentration of butyric 0.5
g/1 and traces of other acids, warse --iained in both tests.

1.2.2.2 - Fu e culture worl,
Aesults peblished/pressnted in ziamunication A-!1, 2, 4 and

5 (cf. Publication List, 1.4).

Given thz characterizstion oblained o the Eucalyptus
alobulus (2% %  lignin and estractables, 49% celulose 264,

hemicelulose., of which approximate’ . 30Y% are perlosans) we have
targeted  the Taporopriste"  substrzez2 to 22 glucose and  C 3
sylose.

Fatch tests were conducted and slucose/-vleose consumption,
as well as product inhibition eacuations, are presented: no
substrate inhibition is apparent with the sugar concentrations
tested (up to 120 ag/1 total sugare): maximum acid concentrations
of 1% a/1 are obtained. (12 g/1 propionic and 2 g/1 acetic, i.e.,
a molar ratio of 2:1, above and thuz better than the theoretical
stoicheometric ratio of 2:1); acid vields of 78 to B0Y% are close
to the theoretical maximum (32 %).

Under pH contyol at £.0, batch tests yielded higher acids
concentrations: 25 g/1 propionic and 7 g/1 acetic.

We have proved that xylose consumption rate is a function of
both glucose concentration and microorganism specific growth
rate. Maximum ~vlose consumption -atacs of 0.2 g/l.h have been

-

achieved but at the aopposite =ylos=/glucose ratioc (2:1) to the

®



(1:37.

one obtained from eucalyplas

Various continuous reactor svystems have been assessed for
propionie acid production: namely continuour ztivred tank reactor
(CSTRY . cmmmobilized cell solumnar reactors (I2RY, and CSTR with
zell vrecvole on ultrafiltration membramez (UFR) . The ICR

prazentzd the best vields, az well az the larger proclonic/acetic

ratic (£.5)3 as the propionic price is avprosimately thiree timer

higher than acetic, ratio increase is =3 fs no  pH
cantrel was used the last ithird of the column was no longer used
st pH attained an imhibitzry value of 3.2. The UFR alszo vyielded
good acid ralics, by far the best preoductiivities, and the largest
final acid concentraticore; the vyi=ld for iotal acids was no

better than under the CETR tests onlyv.

Sirce the observed cell mass yield coefficients forr this

facultative anaerobe are high, at 0.263 g cell/g substrate, we
have also followed vitamin R praoduction capabilities. For
batch-teste - under straight éiaerubic conditions and with ne
percursor added (cobalt or S,t-oimethylbenzimidazole), the

vitamin EI2 in the broth reaches 0.3% mg/l. This value compares
well with those reported for the "industrial" microorganism

Fropionibacterium freundenrichii subsp. shermanii. Under UFR, we

have achieved 5,28 mg/1 at &£ g cell/l, i.e., SQ}Lg/g cell dry

weight .



1.4 ~ PURLICATION LIST

A=1. M.J.T.CARRONDO, M.A.M.REIS, J.F.,S.6.CRESFO - Mixed and puie
culture immobllized reaclors for acidoagenic  fermentations @ VII
Conference on Global Impact of Acplied Microbiology, Helsinki,
August 1285,

A=2. 1.F.CRESFD, M.MOURA and M.J.T.CARRONDO - Fyropionibacteritim
fermentation wsing cS suaars for production of propionic acid: and
Vitamin Bi2 = Conference Hiotechnology and Aariculture . in the
Mediterranean, Jlune 198&.

A=2. M.J.T.CARRONDO et al - Optimization of bioconversion of
salid and liguid @ residues in M.M.El = Halwagi (Ed.) BEiogas
Technoloay. Transfer and Diffusiocn, Elsevier — Applied Sci.Fubl.,

London 19286, 231-391.

A=4. MI.T.CARRONDO, J.F.S5.6.CRESFCQ and M.J.MOURA - Fropionic: acid
and vitamin B12 production using a xylose utilising
Fropionibacterium and different bioreactors 1in Froci. 4th
Eur.Cong.Biotzchnoloay, Amsterdam, July 1987, 97-100.

A-S. M.J.T.CARRONDO, J.F.S.G.CRESFO;and M.J.MOURA —'Eroduction of
propionic acid wsing a xylose utilizing Fropionibacteyium =

A=G. % M.J.T.CARRONDO and M.A.M.REIS, - Fixed Film Anaerobic
Digestion in D[D.L.Wise (Ed.) Global Riocopversions vol.1l, CRC
Fress Florida., in press.

A=7. M.A.M.REIS, L.M.0.GONCGALVES), M.J.T.CARRONDO" - 'Sulfate
reduction in acidogenic phase anaerobic digestion to be presented
at IAWFRC Specialised Conference on the Microbiology of Waters
and Wastewaters. Newport Beach, Cal., USA, Feb. 8-11, 1588,

* Copy not included. To be sent when rveprints become available.
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During the thrze vear period of the AID arant, screening and

slactiron transfer proteins (ETFR), &5 well as

charactar:
anzyme ooractors from different bacterial groups relevant for
anaevobic digeslion of organic matter (sulfate reducers and

v carrised out.

i)

methane +orming bacterial). was estensiwv
natwral cxtiention was also made to denitrifier organisms,
complementing ow  approach to the uwnderstanding of inorganic
alemental zyoles (sulfur, carbon, and nitrogen). During the last
period thermophilic organisms were also studied, using the same
atrategy.

Our work originated several publications. A complete list of
these publications is added, together with copies of the
articles which are either published, in press or submited for
publication.

We  now ist  the organisms used as well as the main
achievemsnts resulting from owr research in this area during the
three yesr period (The numbers in brackets refer to the

Fublications lList, cf. 2.2).
2.1 - ORGANISHMS USED

Sulfate reducers: Desulfovibrio gigas (NCIE 9324)

Desulfgyvibrio vulgaris (Hildenborough)

Desulfovibrio salexigens (Eritish Guiana)

Desulfovibrio baculatus (NISM 1743)

Lasulfovibrio desulfuricans (27774)

11



Desulfovibirio thermophilus (DSM 127&)

Metharogenic Meihanozarcina barckeri (DSM BOO0)
Methanozarcina backeri  (ISM 504)
Methanasarcina npavhkasci  (MST)

Denitrifiers Walinella sucgcincgenes (VFI 106859)
Archromobacter gycloclastes (IAM 105

2. —- RESULTS

2.2.1 - Racterial hydrog=znase - owr work resulted in a prozosal

[H]

for & new claseification for bacterial hydrogenases based on
chemical, spectroscopic, activity and genetic data. The [Fel,
[N Fe. and [NiFeSel hydrogenases where caracterized. a1
mechanistic pathway for bydrogen utilization was postulated, and
the intermediate reactive species involved were studiead.
Bacterial bydrogenases +from thermophilic organisms were also
characterized. The role of bacterial hydrogenase in the
methanogenic pathways was established (B-1, &, 9, 11, 12, 14,
12, 13, 23, 30 .

2.2.82 -~ Sulfite reductases

A new type of sulfite reductases from sulfate reducers and
methane forming bacteria (low spin type), was isolated.

Désul{oviridine, desulforubidine and desulfofucsidine (high
spin sulfite reductases) were characterized and their substrate
bound species as well as their reactivities towards external

ligands were ctudied (B-2, %, 14, 19, 24, 31).

R



2.2.7 - P cedunts

The =nzyme responcsable for the first steps of sulfate
aclivetinrg vz, Yo the fivet Yime, fully characterized in terms
o+ 1t oact . v osite. The velevant intermediate catalytic species

formad upon veaction with AMFP, AMF + 80 =, and ascorbate, were

2
]

P

studiec. Meshomieliz implizations wors established (B-7).

2.8.4 - Shaeme gvigo
The telrahemns cyvtochrome o pwrified from different
2
-t

app.  was studied from the point of view of its

vnz for the coupled transfer of two-electrons and two-

notant s
mrotons {2 Svdrogenase. The microscopic midpoint redosx potentials
of ite o hemes, acs well as  their pH dependences, were

interprated as  an evidencs for such & role. Fuwthermore, a

regulatory role by  the redox state rf twn hemes was postulated

The =viochrome svstem (monoheme and diheme proteins) of
Wolinella cuccinogenss, a nitrate respiring organism, was

studied. The membrane bound nitrite reductase thexaheme) present
in the same organise as well as the analogous enzyme present in

the sulfate reducer Q.desulfuwricans (27774), induced when the

bacteria are grown in nitrate, were isolated and characterized

(k-2, 4, 5. 15, 28).

2.2.& - B - proteins
1z

E -ccntaining proteins, as well as the B -cofactor, were
1z 12

,_.
)

(4 =~



isolated and the cotactor was identified as factor III in three
methanogenic species (IISM 200, 804 and MET). Different redox and
coordinatled etates were obtained., including & methvlated form
nateoraly ocwring in the 7ET zteain., which is involwved in the

methvl transfer pathwea to methane formation (B-i2, 26).

2.2.7 - Qther protoing

Flavodosin and rubredoxin from D.desulfuricans (Rerre—eau)
were purified and charastevized (R-22) .
The [Mo-Fe--51 onrotzin was  fuw-ther characterized. In

particular, its possible catxlvtic function was screened and it

was shown to have aldehvde ow=idase activity (B—&, 25).

1

2.2.2 -~ ftodel systems

1

Novel metal clusters were produced, wusing the polypeptide
chainm of D.olgas ferredo=in, in order to mimic active site of
enzymes as well as to test new catalvtic possibilities (B-10, 19,

e o]

20, 21, 23

, B7).

2.2 - FURLICATION LIST

E--1. EFR STUDIES ON THE MECHANISM OF ACTIVATION AN CATALYTIC
CYCLE OF THE NICKEL CONTAINING HYDROGENASE FROM DESULFOVIBRIO

GIGAS

M.Teixeira, I.Mowra, A.V.Xavier, B.H. Huynh, O.V. [erVartanian,
H.D.Feck, Ir., J.LeGall and J.J.G.Moura

J.Biol.Chem., B&0O, 8342-8350 (1389).

B-2. CHARACTERIZATION OF TWO LOW--SFIN BACTERIAL SIROHEME FROTEINS
A.R.Linao, J.1.G.Mowra, A.V.Xavier, G.Fauque, l.LeBGall and I.Moura
Rev.Fortuguesa de Quimica, 27, 215 (13985 .

B-3. NMR STUDIES OF MONOHEME CYTOCHROME FROM WOLINELLE

SUCCINOGENES A NITHRATE RESFIRING ORGANIGM.
I.Mourea, M.C.Liv, G.Pai, W.Jl.Favne. H.D.FPeck,dr., J.LeGall.

14



NuoXavier and JOJ.8 . Moura
Rev.Fortuguesa de Ouimicze, 27, 210211 (192%) .

F--4 . STRUCTURAL. HOMOLOGY OF TETRAHEME CYTOCHROME Cs

I.Mouwra, @AM Yavier. J.J.G6G.Mpwra, G.Faugque, J.LeGall, G.R.Moore,
mH G Hu

Faowv . Pa-tuguesa de Quimics. 27, E1lg-21% (1989) .

BT, MECHANISM AND REGULATION FOR A COUFLED TWO-ELECTRON TRANSFER
N A TETRAHEME CYTOCHROME

VU YXavier, HoSaentos, J.2.5.Mouwra, I.Mouwra, and J.LeBGall
Fav.Fortuguesa de Duimica, 27, 149-190 (1925) ,

B-. EPFR AND MOSSRAUER STUDIES ON DESULFOVIERIO GIGAS Mo (Fe-95)
FROTEIMN

E.Earata, I.Mowa, A.V.Xavier, J1.J.G.Moura, J.Liang, E.H.Huynh,
and I.LeGall

Fev.Fortuguesa de Quimica, 27, 174 (1985) .

n

1

B-7. CFR STURTES ON ADENYL SWFATE (AFS) REDUCTASE - A FLAVIN,
IRCN-SULFUR CONTAINING FROTEIN

J.Lampreia, I.Mowra, A.V.Xavier, J.J.G.Mowra, H.D.FPeck,lr. and
J.LeGall

Rev.Fortuguesa de Quimica, 27, 189-130 (1"

ot

83) .

E-5. NICKEL-TRON-SULFUR-SELENIUM CONTAINING HYDROGENASES ISOLATELD
FROM DESULFOVIERIO BACULATUS STAIN 9974

M.Teixeira, I.Mouwra, A.V.Xavier, J.J.G.Moura, G.Fauque, B.Fickril
and J.LeGall

Rev .Fortuguesa de Quimica, 27, 134-139% (1985) .,

B-3. A LINK BETWEEN HYDROGEN AND SULFUR METABOLISM METHANOSARCINA
BARKERI (ISM 800)

G.Fsugue, M.Teixeira, I.Mowa, A.R.lLino, F.Lespinat, A.V.Xavier,
.V .berVartanian, H.D.FPeck ,Jr., J.Le Gall and J.J.G.Moura

In: f.ALAntonopoulos, ed., "Riotechnological Advances in
Frocessing Municipal Wastes for Fields and Chemicals", Froc.
First National Symp. National Lab. (138%) pp. 7&-111,

B-10. EVIDENCE FOR THE FORMATION OF A CoFe384 CLUSTER IN
DESULFOVIBRIO GIGAS FERREIIOXIN II

I.Moure, J.J.6.Moura, E.Mdnck, V.FPapaefthymiou and J.Le Gall
J.Am.Chem.Soc., 108, 349-351 (1386).

R-11. DESULFOVIBRIO GIGAS HYDROGENASEj; CATALYTIC CYCLE AND
ACTIVATION FROCESS

J.J.6G.Mowra, M.Teixeira, I.Mowra, A.V.Xavier and J.LeGall

Ir: A.V.Xavier, ed.: "Frontiers in Riocinorganic Chemistry", VCH
Fublishers, RFG  (138&) 3-10 (aleso, Rev.Fortuguesa de
Quimica, 287, £3-&6 (1985)) .,

bB-12. COBALLT CONTAIMNING B COFACTORS FROM METHANOGENIC BACTERIA
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E=13n REDOY FROFERTIES AND  ACTIVITY STUDIES ON 0A NICIKEL
CONTAINING FHYDRODGENASE ISOLATED FROM AYHALORHILICH SULFATE REDUCER
~ DESULFOVIBRIC SALEX1GENS

M.Tate&ira, I.Moura, G.Faugue, M.Chzechowski , Y.Eerlier,
fFF.A.llespinat . J.LeGall, A.V.Xavier and J.J.G.Mouna, Biochimie,
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B-15. CHARACTERIZATION OF THE CYTOCHROME SYSTEM OF ‘A NITROGEN
FIATG  STRAIN OF A SULFATE REDLUCING EBACTERIUM: DESULFOVIBRIOD
DESU FURICANS BERRE EALI
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B=-20. IRON-SULFUR CLUSTER INTERCONVERSION

J.J.6.Moura

Froceedings of the Symposium !"Frontiers of Irvon-Sulfur Frotein
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FROM SULLFATE-REDUCING BACTERIA

I.Moura, AR Lino. J.I.6 Mo &, ALV Xavier, &.Faugue,
ooV ierVartanian, H.DFeck, Jir. J.beBall and F.H.Huynh
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B.C.Fickril, H.D.Peck,Ir., A.V.Xavier, J.LeGall and J.J.5.Moura,
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B30, » MICKEL DONTAINING HYDROGEMASES

JI1LG Mowra, Yo HMoura, MaTeiceira, ALY Yavier, G.0.Fauque and
J.leball
i "Metal Toms in Bioleogical Systems", Yol. L2, ed. H.Sigel,

Mearrcel Decher o NY and Basel (1987) in Fress.

G-21 ., CHARACTESIIZATION  OF TWG DISSIMILATORY SULSITE  REDUCTASEZ
(DR FORUET AHD DESULFOUVTRIDINY PRI THD  SULFATE-REDUCING
PACTERTA., MOSSRAUCR AND CFS STULIES

I.Mowwra, 7 G111, AauRLlies, HOuDlPeck, oo B.Favgue. ALV Xavier,
LY. erVYartanian, l.1.6.Mowrra and BOHHuweyrh

J.oAm Cher . oo, (1927 subaitied to publicatinan.

¥ Coniee of references F-12 and EB-20 (Orevicion articles) will be
zent when the reprintg become available.

2 - LINGS ESTABLISHED WITH U,S. INSTITUTIONS

P

2.1 - RIOCHEMICAL ENGIMEERING
f4 Close coliaboration has been eztablished with the
Universitly ot Arkansas, Favetteville, with the agroup of

Firof .James Gaddy, Head of Chem:cal Engineering. Mr. Jodo FPaulo

Crespo paid a fouwr month visit in 1985 following the program

zetablished for Frof.Manuel Carrondo, in his visit in 1984. This
led to work on the pure cultuwre side of the project and the
results have bezy discussed, namely in May 1957 with
Frof.Clausen. Since this group now only maintains a small
activity in the field (biomass and =ylose research funds have
dropped &as indicated under 1.2), we keep exchanging results and
e~perience on a less formal basis and intend to keep on doing

S0.

3.2 - RIOCHEMISTRY
As was originally forseen, the project gave us the

opporturity to strenghten ouwr previcus links with the University

-
]



af  Gzrgaz at Athens  (Profz., J..eball, H.OD.Feck, Ir. and
W.1.Fayne' . This collabovration was essential in order to obtain
the tronstt necescsixry Lo purify the proteins which we have been
studving.  Mooe  imporiart iy, ne regular viesits to Fortugal of
Frof. J.le3211 as well as of portuguese researchers to Athens,
Geovrgla, zave ue the possibility to fullv discuss the resulte as
thev were bk=ing acquired.

™

Mizebauer GSpectroscopy Studiews [Mo-Fe-5] protein and

sulfite reductase of hvdrogenase was carvied in Dr.B.H.Huvnh’s

taborators at Emary University and that of novel metal clusters
in L.o.oss fervredoxin was  carmried out in Frof.E.Mlnck ‘s

iaboratoiry at the University of Minnesota.

4 - SGUBGESTIONS FOR FUTURE WORK

The work undertabken urder this project opened a number of
linze whizhk we intend 1o pursure:

i) Mocilasses slops

The =uvlbhate reducina/acid production activities are to be
studiesd .r order {o assess sinergism/antagonism of sulphide and
pH inhibition of the sulphate veducing bacteria; at the same
time, +thz reactors will be operated under lower pH and HRT to
push the concept to its limits and then to allow optimization.

ii) Corn stover

Given the delays indicated above (see 1.2.2.1 ii) this part
of the worl did not fulfil our expectations. We do intend to keep

working allcrg the lines of the proposal, namely by reducing the



retertion timesz in the espanded bed reactor.

Fur tharmore a material balance +or carbon within the

reactor iz the goal +or  the next twelve months of work:
concenitsnt e Lhe Bradford protein test will, hopefully, help ir
dicti-guiz-ing the studw oF kinetics of biomass hydrolysis on &
souincEc brriz.

i Ture culbuwre work

Jnimo fad  batzh technigues. we esne2ct to develop the

malhs=mstizzl model for the consumption of =vlose as dependent

u

fram silucczz conczntiration and specific growtn rate. This will,
hopesaXlv . allow an increass in vield for both the production of
propionic scid and vitamin RI1Z.,

inm *he cell recvele reactor using ultrafiltration membrane,
attemge will be made on "no arowth" or "low-arowth" strategies,
by wusing biomass purge. The objective is to shift a larger
propo-ticon of the substrate to propionic acid production, as well

s tc increase the propioniz acid/acetic acid molar ratio.

g

In the columnar reactor. attempts will be made to partly
control pH, s0 as ioc be able to use the whole column volume at

larger substrate concentrations and throughputs.
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OPTIMIZATION OF BIOONVERSION OF AGROINDUSTRIAL RESIDUES

CARRONDO, M.J.T.; CRESPO, J.P.S.G; REIS, M.A.M.

BIOCHEMISTRY SECTION, UNIVERSIDADE NOVA DE LISBOA, 2825 MONTE DA CAPARICA,
PORTUCAL

Strategies are presented for operation of a bioconversion process based on m:
biology, biochemical and engineering studies in an interdisciplinary program,
cently funded by the Programme in Science and Tecnhology Cooperation, U.S.A.i.:
The main objective of this project is to optimize the biogasification process
solid and liquid residues (agroindustrial, crop and foresty) by usiiy two st.
anaerobic fixed film reactors. In the first stage (acid reantoc) attention s
cused on the optimization of acid phase for maximum production of voulatile fa
acids either for chemicals production or to yield the optimum substrace for
methanogenic reactor. On the methanogenic reactor the emphasis is placed on a:
eving daximum methane contend in the gas (e.g. by seeding and fixing o- addiz.
immobilized hydrogen producing bacteria) so as to reduce or elliminate the «-
purification step.

For one of the efluents (molasses destillation slops) stategies to eliminate
majority of the sulphide produced in the acidogenic phase will be used in orde
to reduce its toxic efect on the mathanogens. Simultaneously with the laborat:-
experidents a similar pilot scale installation shall be operated with molasse
destillation slops as part of a cooperation programme between the industry 1-
university.

Concomitantly, immobilised pure cultures of Propionibacterium-propionici cel
will be used to convert pentoses and hexoses from wood hydrolysates to aceti.
and propionic acid - this will be used as a model fermentation for physical
mathematical modelling.



MIXED AND PURE CULTLRE IMMOBILIZED CELL REACTORS FOR ACIDOGENIC/METHANOGENIC FERMENTATION OF RESIDUES

M.A.M.RE1S, J.P.G. CRESPO, M.J.T.CARRONDO

SECCA0 AUTGNOMA DE BIoQUIMICA
FACULDADE DE CIENCIAS E TECNOLOGIA
UNIVERSIDADE NOVA D= LISBOA

2825 MONTE DA CAPAF. :A - PORTUGAL



1. RESEARCH OBJECTIVES

1.1. MIXED CULTURE SYSTEMS PRODUCING ACIDS/METHANE

e - o o T o ) S S O A e e me S

A) BALANCE TWO STAGE PHASE SEPARATED (ACIDOGENIC-METHANOGENIC) SYSTEMS BY:

- PRODUCING THE BEST MIXTURE OF ACIDS TO BE FED AS SUBSTRATE TO THE
METHANOGENIC REACTOR;

- REACH MAXIMUM STABLE PRODUCTIVITY BY TESTING START UP AND SEEDING
PROCESSES, LOADING CAPACITY AND IMMOBILIZED CELL CONCENTRATION;

- OPTIMIZE METHANOGENIC PRODUCTION AND CONCENTRATION IN THE GAS.

B) MAXIMIZE HIGHER ORGANIC ACIDS PRODUCTION FOR POTENTIAL USE AS CHEMICALS.,

1.2, PURE CULTURE SYSTEMS

- INCREASE THE SELECTIVITY OF THE ACIDS PRODUCING PROCESS;

- OPTIMIZATION AND MATHEMATICAL MODELLING OF THE PROPIONIC ACID
PRODUCING FERMENTATION UNDER IMMOBILIZED CELL CONDITIONS;

- UTILIZATION OF CS AND C6 SUGARS FROM HEMI- AND CELLULOSE HYDROLYSIS.

2. PROCESSES UTILIZED

2.1. MIXED CULTURE

- SOLUBLE RESIDUES - EXPANDED BED REACTUR FOR ACIDOGENESIS FOLLOWED,
WHEN METHANE PRODUCTION IS ENVISAGED, BY UPFLOW ANAEROBIC FILTER
WITH RASCHIG RINGS;

- HIGH SOLID RESIDUES - UPFLOW SLUDGE BLANKET REACTOR FOR ACIDO-
GENESIS, SOLIDS IN THE FEED USED AS NUCLEI FOR CELL ATTACHMENT
REST AS ABOVE.

2.2. PURE CULTURC

- TUBULAR PLUG FLOW COLUMN FILLED WITH RASCHIG RINGS COATED WITH
AGAR AND GLUTARALDEHYDE.,
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RESIDUES

SOLUBLE - CANE MOLESSES SLOPS (WASTEWATER FROM ETHANOLIC FERMENTATION),

HIGH SOLID CONTENT - WITHOUT PRETREATMENT - CORN STOVER FOR METHANE
PRODUCTION,
- WITH MILD ACID HYDROLYSIS - CORN STOVER AND
EUCALYPTUS RESIDUES FOR BOTH ACIDS ANP. i ¥i¢r ;.
PRODUCTION.

ADVANTAGES OF IMMOBILIZED CELL REACTORS

- VERY LOW SUSCEPTIBILITY TO WASHOUT;
- INCREASED REACTOR PRODUCTIVITY;

- HIGHER TOLERANCE TO SHOCK LOADINGS (DUE TO REDUCED SUBSTRATE
INHIBITION);

- HIGHER FINAL PRODUCT CONCENTRATION PERMITTED (DUE TO REDUCED PRODUCT
INHIBITION);

- LITTLE EXPENDITURE OF SUBSTRATE FOR CELL GROWTH,

ADVANTAGES OF PHASE - SEPARATION FOR METHANE PRODUCTION

PHYSIOLOGICAL: PH OPTIMA IN EACH REACTOR (5 TO 6 IN ACIDOGENIC,
/ TO 8 IN THE METHANOGENIC);

NUTRITIONAL: METHANOGENES CAN PROFIT FROM HIGHER QUANTITY OF
SUBSTRATE BEING PRESENT AS ACETATE:

INHIBITION: IF TOXICS CAN BE CONFINED TO ACIDOGENIC REACTORS A
MORE ROBUST PROCESS IS POSSIBLE AS METHANOGENES ARE
MORE SUSCEPTIBLE;

ENGINEERING: EASIER TO OPTIMIZF ["ONITOR AND CONTROL. THUS INCRFASED
STABILITY; IF RUN IN CSTR MODE, EASE OF DISPOSAL OF
FAST GROWING ACID FORMING SLUDGE WITHOUT LOSS OF METHANE
PRODUCING BACTERIA; FOR LESS SOLUBLE SUBSTRATES,
HYDROLYSIS PRECEDING ACIDOGENESIS IS IMPROVED BY LOWER
PH AVAILABLE IN THE ACIDOGENIC REACTOR.

2\



6.

PROCESS CONTROL PARAMETERS TESTED

To OBTAIN THE KINETICAL EQUATIONS AND DEVELOP THE MODELS, THE
FOLLOWING PARAMETERS ARE MONITORED:

INFLUENT COMPOSITION: CoD, PH, Pe, ALKALINITY, SUSPENDED SOLIDS,
N, P, S, CELLULOSE, HEMICELLULOSE, AND LIGNIN; FOR PURE
CULTUKE, ALSO Suuiis CONYtw!, ki JRAL AND HYDROXIMETHYL-
FURFURAL.,

REACTOR PARAMETERS: HYDRAULIC RETENTION TIME, RECYCLE RATIOQS,
SUBSTRATE LOADING, CELL DENSITY,

EFFLUENT COMPOSITION: ORGANIC ACIDS (COMPOSITIOM AND CONCENTRATION).
ALSO THOSE MENTIONED UNDER “INFLUENT COMPOSITION"

CALCULATED: CONVERSIONS, YIELDS, PRODUCTIVITIES,
TEMPERATURE IS KEPT AT 350C,

EXPECTED RESULTS

GENERAL

- BETTER UNDERSTANDING OF ALTERNATIVES FOR RESIDUE BIOCONVERSION;
- UTILIZATION OF C5 SUGARS FROM HEMICELLULOSES AS SUBSTRATES;
- MODEL BUILDING AND BIOCHEMICAL REACTOR DESIGN EXPERTISE DEVELOPPED,

SPECIFIC

- REDUCTION OF TOXICITY OF HZS IN MOLASSES SLOPS TREATMENT (LARGELY
CONFINED TO ACIDOGENIC REACTOR):

- HIGH PRODUCTIVITY/STABILITY OF THE METHANOGENIC REACTOR;
- SELECTIVE PRODUCTION OF ACIDS OF INDUSTRIAL IMPORTANCE;

IM THE MIYED Ci.TURE ACTNOGENIC REACTORS, ABSENCE OF LOW LEVELS OF
METHANOGENES PERMIT HIGH CONVERSIONS TO MORE VALUABLE ACIDS.

KEY REFERENCES

- M.J.T.CARRONDO AND M.A.M.REIS, "FIXED FILM ANAEROBIC DIGESTION"
IN: ENVIRONMENTAL BIOCHEMISTRY, CRCPRESS, FL, USA (IN PRESS).

- E.C,CLAUSEN AND J.L.GADDY, "ORGANIC ACIDS FROM BIOMASS BY
CONTINUOUS FERMENTATION”, CHEM.ENG.PROG,, DECEMBER 1984,
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PROPIONIBACTERIUM FERMENTATION USING C5 SUGARS FOR PRODUCTION OF
PROPIONIC ACID AND VITAMIN B 12

J.P.5.G.CRESPO, M.J.MOURA, M.J.T.CARRONDO*

l.aboratdério de Engenbaria Rioquimica, Faculdade de Ciéncias e
Tecnologia, Universidade Nova de Lisboa, 2825 MONTE DA CAFPARICA,
FPORTUGAL

SUMMARY

Propionibacterium acidipropionigi, & xylose utiliser, has
been tested for its kinetic behaviour. Different sugar
concentrations and different xylose proportions were used and its
inhibitory behaviour, from substrate and product, was assessed.
Specific rates of growth and production, vyield coefficients for
cell mass and propionic acid, ratios of propionic to acetic acid
produced and volumetric productivities are reported; the culture
broth has also been assessed for vitamin B12 production.

Strong propiconic acid inhibition at above 10 g/1, low uylose
utilisation at high sugar initial concentrations and absence of
diauxic growth for glucose/xylose mixstures are reported. Mol ar
ratios of propionic/acetic acid higher tnam the theorei:cal and
vitamin Ei2 concentrations similar to those obtained {ur  other
propionibacterium species under cobalt addition are also
presented.

INTRODUCTION

Vitamin §12 or cyancccobalamin is an important biclogical
compound active as an hematopoietic factor in mammals and as a
growth factor for many microbial and animal species. Although a
full chemical synthesis was achieved, with 70 steps required, it
is of little value for industrial purposes and all the vitamin
B12 . group__of compounds is abtained by fer.antation processes.
Over the last years the market volume has been stable at
approyimately 10000 Kg/year, fetching a price fluctuating between
3 and 6 US dollars per gram. Mainly considering its use as an

animal feed supplement,1 warket size could expand, namely if its
price could be reduced
FPropionic acid bacter1a, namely Fropionibacterium

freundenrichii, and specially subsp.Shermanii have been used in
the most successful industrial processes for Bl12. Some of the

advantages of these microorganisms include acid formation,
decreasing cortamination as f[ropionate is in itself a
bacteriostatic and fungistatic agent, and little energy
requirements as the majority of the fermentation is run under

anaerobic conditions for bjiomasze g owth; cell growth is product
(propionic acid) inhibited” but, as with other weak acids this is

s . s 7 107
Rec'd in SCk AUG 2)



predominantly due to the undissociated foni-gb and thus pH control
is currently used in industrial processes In the majority of
processes a second phase under aerobic conditions usually with
the addition of a precursor (5,6 dimethylbenzimidazole) is run
either in the same or in a se?gsate reactor; in this last case,
fedbatch operation is common

On top of its current uses as a grain presevsréanti¥unga1
agent for foods, plasticizer, herbicide, perfumes, ‘'" propionic
acid production via fermentation has been advocated because
weight yields are greater than those for ethanol fermentation and
because the conversion by hydrogenation and dehydration to
propylene gives a one third greater weight yield than conversion
of ethanol to ethylene’. Although fermentation patents have been
taken as early as 1927 all the propionic acid is nowadays
produced either by liquid phase oridation of propane 05 1from
ethylene via propionaldehyde by the catalytic oxo process ° .

Looking ahead to the days when 0il will become scarcer much
research is now taking place on utilization of mixtures of €5 and
cé sugars as would be obtained from hydrolisis (enzymatic ar
chemical) of cellulose containing residues or raw materia}a (elq.
straw, wood , corn stover, potato pulp liquoars) ! <.
Etgaignigagtgc'gm acidipropionici (also know as P.pentasoceum or
FP.arabinosum is a xyloge Tgiliging microorganism already
assessed by Gaddy's group, ! w0 as a potential producer of
propionic acid under immobili:red conditions, “vylose being
utilised with glucose; Goma's group has used lactose for the same
purpose. At least one of the early patents for the production of

vitamin R12 reviewsed by Noyes ~ uses F.acidipropionici.
Whenever propionic acid production is the abjective,
processes  that minimize product inhibition, namely plug Flow

immobilized reactors are more suitable or cell recycled reactors
with external acid removal; for either Sjtuation,lgngucting the
broreactor at lower pH would help acid extraction even if,
as  1s  normal with weak arids, 1nhibition is mainly due to the
undisscociated acid form <. With vitamin KIZ production as the
objective, biomass production strategies are required, namng
fed-batceh processes, optimally at exponential rate of feed, ~

cell recycle_ . gthrough extraction/membrane systems for
detoxification << <Y,

We present preliminary results on the kinetics of
F.acidipropionici grewth, propicnic acid production and.. vitamin.
Bl2 in the fermentation hrath.

MATERIALS AND METHODS

fronionibacterium acidi-propionici was obtained from the
American Type culture collection (ATCC 23562) in a freeze dried
form. The erganiem was grown in & standard nutrient containing
peptone  and yeaslt extract with phosphate buffer. Seed cultures
grown for 24 to 48 houwrs were used for innoculation. Initial pH
in all reactors was 720.2; tests were carried out at 37°C in

%ﬂ/



agitated 100 ml glass flasks (useful volume of 70 ml) kept under
mild agitation, each test performed under duplication.

Samples, taken periodically during termentation, were
analysed' for pH, optical density and, after centrifugation at
10000 r.p-.m. for 10 minutes, for sugars and organic acids.

Apalytical methods

Cell concentration was determined using optical density
measured. at 540 nm (Bausch & Lomb Spectronic 21) and comparison
with a calibration curve obtained with cell densities determined
after filtration through Millipore (GVW 1 04700) filter and dry
weighing at 105°C.

The jnitrosalicyclic acid (DNS) method for reducing sugar
analysis was used troughout for measurement of total sugars.
Glucose was determined enzymatically using either Yellow Springs
¥SI model 27 or Sigma test N°® S10 both based on the wutilisation
of glucose onidase; Mylose was obtained as the difference.

Organic acids propionic and acetic were determined by gas
chromatography using an  United Technologies Packard 439
instrument with flame ionization detector. A glass column 1.8m
long and 0.2 ¢m ipternal diameter, packed with 10%Z SP 1200 1%
H3F04  on chromosorb WAW B0O/100 mesh; helium was used as carrier
gas (at 40 ml/min), oven temperature of (20°C injector of 170°C
and detector of 175°C were used throughout.

fFor these preliminary tests, vitamin B12 production was
measured  from 48 hour cultures only, averaging S.to & g dry
cell/l. The broth was centrifuged at 15 000 rpm for 10 min.,
FESUSpENS1 DN with phosphate buffer - centrifugation being
repeated ktwice. The concentrated cells were then disrupted in an
Eaton press, resuspended in phosphate buffer and 1,17 sodium
cyanide solution and autoclaved at 120°C 4or {5 min; the
absorbance of the supernatant at SBO nm is then measured in a
Spectronic 21 usingggzglank containing hydrochloric acid i1nstead

“

of sodium cyanide .

RESULTS AND DISCUSSION

I set  of batch reactor studies were. performed in.order  to
obtain a kinetic description of the fermentation. These included
tests conducted under different sugar compositions, under
different initial glucose concentration to ckeck substrate
inhibition and to confirm inhibitiory product mechanisms, with
acids added to the broth.

The data obtained from the tests conducted under external
acid addition to the broth at a concentration range of O to 20
g9/l acetic or propionic acid can be described by hyperbolic
model s of the type:

i
i l:}
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where H S ang K2 are the maximum specific growth rates
without and with prodult addition to the fermentation media, Kp
is & parameter related to the resistance to the added product and
Dy the exponent of the added product! concentration Pa, represents
the degree of tolerance of the strain to each added product, Data
fitting yielded the following results:

Al

Wem 2943.8
= acetic acid @0 éZ—m—me——e B 57175 r=0.92
uﬁ 2943.8 + Pa<! (eq-2)
Wt 76.1
= propionic acid =l PR N 00 S r=0,984
uﬁ 76.1 + Pa’'< (eq.3)

As can be seen from a much lower Kp, the inhibitory effect
is much stronger with propionic acid, being irrelevant foracetic
acid  at potential process concentrations (see Fig.S).

To determine the effect of initial glucose concentration, a
set  of batch tests at 2% 3%, &%, B8.5% and 12% initial glucose
concentrations were conducted. Similar substrate consumption
curves and substrate utilisations were obtained irrespective of
1t tigl glucose concentration for the range tested.

The inhibhitory effect due to propionic acid product durring
fermentation Tie  apparent in Figure | where the specific growth
rFate | and the specific production rate V.  are plotted against
the propionic acid, produced F. As can be seen, specific growth
rate  tappers off "'at rather lower concentration than speci fic
production rate 1i.e., production takes place at higher
concentrations than those sufficient to stop growth. The
relationship between P and £ can be described lipearly up to
4971 of priopionic acid and exponentially thereafter.

F < 4 g/l o= 0.211 - 0.0355 P (eq. 4)

F > 4 g/l H 1.2804 exp (-0.726 F) (eq. 5)

On  the other hand, V and F can be described exponentially
throughout the whole range

V = 0.3646 exp (-0.328B F) (eq.6)

Comparing the inhibitory effect of added versus produced
Propionic acid one can conclud for a stronger inhibition in27the
case of produced acid, also apparent in the case of ethanol .

The yield coefficients of propionic acids V. psg and  cell
mass Y %/ for all fermentations performed were oéfained from
g AN A 3. The propionic vield cpefficient is constant
throughout the whole range with a value of 0.452 g product/g
substrate whereas, as expected, cell yield coefficient changed
dramatically when reaching the stationary phase; cell mass vield

oY




was 0,263,
The propionic acid yield coefficient corresponds to B2.4% of

the theoretical. maximum obtained from the stoicheometry

1.5 C6 H12 06 —————— 2CH~ CH2 COOH + CHSCDDH + C02 + Hzﬂ

whereas the total acids produced correspond to 80.1% of the
theoretical maximum but at a propionic/acetic molar ratio varying
between 2.5 and 3.2 as compared to the stoicheometic, theoretical
value of 2. Although this ratio is said to be very variable (7,
28)1 in  our tests even those conducted at controlled pH (not
reported here) it always stood within 2.5 and 3.2.

To assess xylose utilisation at high sugar concentrations we
performed a set pf batch studies using glucose/xylose ratios of
B:1, 1:1 and (:3 for « total Sugar concentration of S0 g/l;i the
organic acids produced are plotted versus fermentation time . in
Fig.4. Fermentation curves for experiments carried out at 25% and
S0%  of xylose are similar and do not differ from product curves
obtained from fermentations using glucose as the only substrate.
However, if glucose becomes limitant as happens at 75% ylose
concentrations, organic acid production is dramatically affected
under those batch tests. Under coptintous (CSTR and immobilized
cel) reactors) studies wylose wtilisations reaching 12 g/1 at 100
h retention time were reported , as compared to our values
increasing from 1.4 tp 2.5 g/l under batch tests of increasing
Xylose concentration.

The corresponding volumetric productivity curves are
represented in Fig.5. Cell mass productivity is almost unchanged
within the range 0.13-0.14 g cell/l/h but propionic acid
volumetric productivity 1s affected by xylose concentration,
presenting a maximum value of 0.19 g/l/h at 25% #ylose and a
minimum of 0.13 o/l.h at 75% sylose. A time shift is also
apparent with cell mass productivity peaking at 41 h fermentation
time and acid productivity peaking at 50 h, 1in correspondance to
the different effect of propionic acid concentrations regarding

U and V. described above (see Fig. 1).

Freliminary results for vitamin E12 content were performed,
using the same media and conditions as for organic acids
production. The results obtained range from 9.32 to 0.3% mg/l and

_.______“hhus*cumpace_waanwith.earlyulgbm‘s.nesults- yieldipng-0.3 to--0.4

mg /1l when P.arabinosus and F.pentosaceun were used| with cobalt

CONCLUSIONS

From the kinetic studies reported here a few conclusions are
worth mentioning:

I = For the concentrations to be eydpected in  a continuous
process, npo inhibition is apparent for glucpse as substrate or

&




acetic acid produced; propionic acid is a strong inhibitor and
thdas maximum concentrations obtained in the batch tests peak at

12 g/1;

2 - At high total sugar initial concentrations of S50 g/1 (one
normal batch tests uses slightly less than 25 g/1) xylose
utilisation in batch conditions is low (maximum of 2.5 g/1 at 75%
®ylose) and no diauxic growth seems to take place; glucose
limitation at 75% uylose dramatically reduced acid production. It
is worth remembering that hydrolis of agricultural and foresty
residues will vield corcentrations of Cg sugars ranging from 15
to 357 of the total sugars;

& - Acids were produced at a ratio close to 3:1 propionic/acetic
(molar basis) as compared to 2:1 theoretical ratio; since
propionic has a higher cost, this shift should be increased; acid
vields are close to the theoretical maximum (B0 to B82%L);

4 -~ Cell mass yield coefficients are high at 0.26% g cell/ g
substr. for this facultative anaerobe; this might be an
adavantage for vitamin K12 production but lowered the product
vield to 0.4%2 g product/g substrate. Thus acid production
strategies should aim at low cell growth, namely by using cell
immobilisation or high cell concentration reactors, concomitant
with product removal for inhibition control.

5 - Even though no cobalt was added, vitamin BIZ contents in the
broth &t O.35 mg/l compare well with those reported in the
literatwre under anaerobic conditions with cobalt addition (0=

toe O.% mg/sl) for Fropionibacterium species.
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Table 4 Barriers to Widespread Application of Farm Digecaters

Rarcier Probadle Solution

Matarials handling prodleme Need rfficient feed system design
freding, sftlaent withdrawal

Inerr plug digesters Develnp effective scparation techniques
Net biogas procuition does
ot match variation of
farm energy use

H Heed low-cost vaste-storage f[ermentation
a system, and gas storage

310gas-to-electric power Need more efficient and low cost
coaversion is inefficient, R2s~to-pover system
uneconomical, maintenance~

iatensive, marginally

attractive

Use ot biogas as truck or Develop centralized system 30 that
tractor fuel not feasible such uscs are feasible

Other uscs of biogae nnt Invearigats methanol Or ammonia
developed praduction or nther usca

Effluent processing and Develop low-cost dewatering praccsscs.
disposal are prodlematic Develop alternate uses of residuc for

aquaculture and algal growth. Need

Rovernmental subsidy/tax subsidy as

credits for intangible benefits.

Process needs maintenance Develop low-maintenance fool-proof
and expert actvice, quality system deaigns. ONcrganize service
control groups.

Economy of scale unfavorable Organize community plants,
for tamily digenrers

Gas production low at high Need improved high-efficiency high-
loading rates solids digestion systems. Noed cost-

effective chemical pretreatment

techniques.

Low social and cultural Reduce failures, incrnase reliability,
acceptance provide assurance of sarvice and aafety.

OPTIMIZATION OF BIOCONVERSIOR OF SOLID AND LIQUID RESTDUES

M.J.TY. Carrondo, I. Coutinho, J. Lampreis, 1. LfClll.
A.R. Lino, . Moura, J.J.C. Hour-..H.A.M. Reie,
M. Teixeirs and A.V. Xavier

Centro de Quimica Estrutural INIC, Universidade Nova de
Lisboa, FCT, 2825 Monte da Caparica, Portugal

and

Dept. of Biochemistry, University of Ceorgia, Athens,
Georgis 30602, USA

ABSTRACT

This paper presents strategies to scale up, start up, nQd oprrate
a3 bioconversion process based on microbiological, biochemical, and
engineering atudies in an interdisciplinary program recently funded by

the Program in Science and Technology Cooperation, United States Agency
for International Development.

Two main objectives in this project ara:

i) Optimization of the biogasification process of solid and liquid

residues (agroindustrial, crop, and forestry) by using phased two-stage
anacrohic lixerd [ilm reactarn.

Two presumably different strategies will be adopted for the acid
phase reactor:

Operation of the acid phase reactor to yield maximum productinn
of volatile fatty acids for chemicals production;

- Operation of the acid phase reactor to yield the Yest mixtfure
of auhatrates for the methanngenic reactor.

In the case of molasses distillation slopa, it is further expcc?td
that the acidogenic reactor will eliminate most of the sulphide
produced hefore it can hecome "toxic" to the methanogena.

In cthe case of the methanogenic reactor, emphanie will be.plu:ed
on achieving maximum methane content of the gan (-.g.: hy eeerding and
fixing or adding immohilized hydrogen-producing hacteria) to reducs or

eliminate the gas purification atage.

ii} The microhioloyical hiochemical affart will entail aerreening and

Rec'd in SCI: AUG 7 1837



charactarization nf electron transfer proteins and enzymes relevant far
the metatalic pathways involved {e.g., hydrogen and methans
production). Also, quantification of cofactors relevant to the
operation of the digesters will be examined.

INTRODLCTION

Altnough anaerobic digestion presents many advantages for resid:e

ctogasciication, the “bSlack box™ approach used until recently gave r
S =any operational difficulties, namely during the start up and
s2casinnally when complete failure occurred.

Recent  basic knowledge of the kinetics, microbioiogy, and
Jiocneaistry, the use of fixed film reactors and phase-separated
"p2rations should allow an increased expectation in overcoming large
scale operational difficulties, with a higher stability of biogas
producrion as well as elimination of later gas purificarion stages.

The scresning and characterization of the electron transport
proteins, as well as the enzymes involved in the wmetabolic production
2f metnane and hydrogen, snd the quantification of cofactors, couldt

conceavably allow for the development of novel stare up and operational
techniques.

This paper is a brief presentation of the background knowledge

wnich  alloved our group to develop a multidisciplinary research
strategy, rercently funded by USAID.

TECHNOLOGICAL ASPECTS

In traditional digestion systems, one single reactor, generally
with suspended yrowth by atirring, carries out the whole anaerubic
treatment. Sometimes, e.g., in domestic wastewater treatment, a
secondary digester exists, whose role is mainly that of a solid-liquid
icparator.

Moce recently, three process layouts or their combinations have
been considered (Figure 1).

i. Daraliel operation - after an initial soluble-suspended phase
separstion, botk lines of treatment carry out the acid and methanogenic
iteps

<. Series (stages) operation - two Or more anaerobic
¢XLST in series, e¢ach one with acid and methanogenic steps;

reactors

3. Puased operation - acid and methanogenic phases are separated
sn difterent reacturs.

An important facter in deciding which lay-out to choose can be
described by the solubility index! of the effluent stream. Residues
with average solubility indexes ((,.2-0.8) might benefit from the
parallel aperation, aecparating the anlulide from the auapended fract i
whereas Jov (U-1.2, almost entirely suspended matter) or high (0.H 1,

SOLUBLE

_ 7 I PARALELL

— SERIES

T # PHASE
it

Figure 1 Anaerobic Proccases

almost entirely soluble matter) solubility indexes lhould.bt processed
in only one process line, with either one reractor or seriea or phased
operation.

Advantages of Phased Separation

hiased aeparation for anacrnohic dipeation has hath thearsYicral and
practical advantages.

From the kinetic viewpoint, since the growth rate of the
acidopenic  microoryaniama in much higher  than  the  methanapena,
different wash out velocities will take place and more cconamical

\



dimensioning of the reactors is possible. Nutritionally, the
methanogens can only operate if metabolites from the acidogenic
sicroorganisas are already available. Physiologically, their behavior
is also rather diverse. 1In particular, the importance of controlling
¥ within 4.4-7.% in a single reactor is in effect aan optimization
sween t=e 1w pH opzima (5-#4) of the scidogenic org-nimz and the
» p¥ optiza (7-2) of the wethanogensl. Those reasons substantiste
<he roncaeztual zroposal of Pohland and Chosh3 of operating the first

reactar until acids (ascetate) are produced and the second reactor for
seathane productiom.

Further theoretical advantages of two phase operation are: i)
.arger toxic resistance, if the toxins can be confined in the firat
reaztor !sulphate, pulp, and paper xenobiotics 1,4]; ii) the lower pi

available in the acidogenic reactor also improves the hydrolysis step
vhich precedes acidogenesis .6,

The engineering advantages of Cwo-phase separation include:
optimization of the overall process, increasing stability with easies
process monitoring and control, and ease of dirposal of fast growing
acid forming sludge without loss of methane prolucing bacteria »T. 8,
Operationally, phase separation is normally maintained by xinetic
control (short residence time) chemical control (low pH values or
additiun of methanogenic inhibitors) or a combination of both3.7-10_
Optimization of duch a process may concentrate on acid formation or
hydrolysia in the acid reactor, depending on the substrate or on the

slow-groving muhlm?enic system and the contact time of the effluents
from the first phase W7,

Economically, the extraction of chemicals from the acidogenic
reactor may be feasihle if more expensive residucs are used which
require chemical or enzymatic pretreatment. The products which can be
obtained range from organic acids, to their salts or cstersg-“'.l].
These processgs will be strongly dependent upon the separation
operations needed, e.g., liquid-liquid extraction, adsorption-
esterification, or m:mbranesé- 2,

Fixed Film and Saspended Growth Reactors

Conceptually one might consider five types of fixed film reactors
and three types of suspended growth reactors [of which some might

Secome fixed film if the floc shows 1 tendency to granulate throughnut
its npnrntinn] 5y,

The types nf anaerobic fixed {ilm reactors are (Figure 2):

1 - Fixed bed - wuses various filling materials and can he
operated up- or down-flow'’; wusually operated

withont
recirculation as a larpge

plug flow system even though gas
huhbling mixes it to mone extent; recirculation might be
needed  if there is a need to contral binfilm

thicknean,
toxicity or if the pH at the inlet is too low;

11 - Expanded bed = intrnduced by Jewell and Switzenbauml®
theae wtilize nlightly larper nolid auppoita than floidised

bedn, expanded by the upflow rate obtained with

mr -

TN FIXED
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)
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— EXPANDED
m s 8ED
o
o0
[=]
o o

_‘._. FLUDISED
—io o B8ED
[]
o0
—~_1
N 1 RECICLED
BED
0,0
oo

— 3

Figure 2 Fixed Film Anaerobic feactora

recirculation. The particles keep their position within the

bed and the thickneas of hiofilm is <ontrnlled by physical
contact.

Fluidized hed 17 < aperated ar higher upflow rares swith
{aster recirculation rates; the particles arc kept within a
reasonably small “parking” apace. Biofilm thickness 1is
controlled by the bed regeneration strategy and size and

deanity of the inert wateriala in relarion tn the upflow
inte,
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Anaerobic rotating discs '8 - biofila is formed on discs

slowly rotating in 1liquid; the angular velocity controls
Siofilm thickness.

Recycled bed - inert materisls are kcg: in suspension by
sechanical agitation or gas bubblingl?, 5 large part of

the biowass exists as flocs; a phase separstor allows
recycling of the bed to the reactor.

Anaerohic suspended growth resctors can be classified as follows
(Figure 3):

c -

RECYCLED
FLOCS

SLUDGE
BLANKET

" THE™ DIGESTER

Figure 3 Suspended Growth Araerobic Reactors

Contact or recycled flocsi® - conceptuslly similar to the
recycled hed mentioned above, without explicit additiorn of

inert solids apert fram those existing in the residue or due
to floc “granulation”.

Fluidized Fflocs or sludge blankec2l -
to the contact
responsible for
the reartor,

conceptually similar
reactor except upflow snd gas Subbling are
fluidization: a eolid profile exints along

"The Digestor” - thi: classical reactor used for wastewater
sludges high in suspended solids, operating under asimilar
hyleaslic  and aolida ratentinon rime thua
hydra:tlic retention times and
volumes.

requiring 1.
consequently 1lsrge reactor

387

When compared with suspended growth reactors, the fived filw types
ore less susceptidle to washout, can be operated ot wmuch shorcer
hydraolic deteation time, are wore likely to cope with s:ock loedings
and  sustain active wicrobisl cultures eves asfter loag periade of
starvation; gives their long wess cell residence time, they bave higher
cooversion efficieacies amd reduced mutriest requiremestel.lS.
Furthermore, their plug flow operstion (waless high recirceletion rates
ate used) producea some phase sration, perhaps incressing the
stability and possibly slso increasing the methsoe production rate andt
final methane concentration in the gas V.22,

Choice of Process and Reactor Type

Where no phase separation is envisaged, the soluhility index
criteria allows us to decide for or againet psarallel opera: onl.
Pixed film reactors should be considered the optimum choice for
effluents wvith a high solubility index; the choice between fixed film
and other systems will depend on size, energy efficiency required, and
scceptable level of complexity.

If phase separation is chosen, (as in our project) the different

linitinf -t:gn and engineering hehavior of the reactors detemine
thae 1711, 15-25,

a, For soluble, easily fermentable substrates from the
agro-industries, the acid stage can probably be operated at very high
loading rstes as hydrolysis should not be rate- limiting; much of the
engineering optimization strategies can thus focus on the quality of
intermediary wmetabolites, either as wmethsnogenic substrates or as
chemicals. Thus, tor the acidogenic phase, cither expanded or
fluidized beds seem appropriate, given their hish loadinz rate
capsbilities and saaller requirement of sludge settling proprrtics; we

.propose to utilize an expanded bed reactor as it is essier to operate,

uses less energy and lover effluent recycle rates, thus being closer to
plug flov than the fluidized bed.

b, For particulate feeds, such as those arising f{rom crop or
forestry reaidues less information is svailable. It looks as if long
solids retention times, as well as high solids concentrstions, and as
low pH as reactionslly feasible will be helpful f(or enzymatic action
and further increase hydrolysis. Almost certainly much of the
engineering strategies will focus on increasing the rate of hydrolysia
for which culture seeding and hreeding or cell immohilization of
intereating hacteria might have to b: contemplated. The wost probahly
correct choice of reactor lies with the recycled bed type of the upflow
solids blanket to which the former ultimately reduces, given the
internal settling stage and the fact that part of the solids will
operate as inert-floc support. We intend tn use the aludge hianker
reactor as it reduces the amount of equipment required and doea not aid
a arttling nmtage which alan haa tn he bept anasrohie. Th- nrl:d
production rste and concentrstion distribution will, to a crrtain
extent, have to yield to the first strategical priority of guarantesing
extended hydrolysis.

c. The methanogenic reactor will have aimilar canatoainta far tuth
the soluble and particulate original feedrn high bhiological asalids
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retencion times, average hydraulic retention cimes (larger than is
ususl for the acidogenic reactor for soluble substrates), feed aL-:o-r.
completely made up of solubilized substrate. The most appropriate
reactor.type for the job is generally recognized to be the upflow fized
bec or ansercbic filier, although the expanded bed might still be a
good choice, but will probably yield lower methane concentrations in
the gas; ve therefore seleci<< the former.

MICROORGAN [SHS

AL the moment, we are charscterizing the following
microoOrganisma: Desulfovibrio pgigsa (NMCIB  9932): Desulfovibrio
vulgaris (Hildenborough) — rthis ‘last one being a very interesting
bacterium, because its hydrogenase is extremely active (specific
activiry of about 3000 micro liter Hz evolved per minute per miligram
protein, as compared to about 400 micro liter Ha/min mg in D. gigas);
Desulfovibrio desulfuricans (Berre Eau), a sulfate reducing bacterium
vhich is able to fix HN3; and Methanosarcina barkerii (DSH B0O0 and
BO4), the most versatile mesophylic methanogenic bacterium, as it can
Erov in methdne acetate, (03+H3 and methylamine.

BIOCHEMICAL STUDY OF THE PROCESS

Screening of the Electron Transfer Proteins and Enzymes

Purification Processes The purification processes used will depend on
the organisa and che cell quantity. In some cases, depending on the
enzyme purified, the purification scheme may be altered. For inscance,
in the purification_ process of the D. gigas hydrogenase, an extremely
active fraction can be obtained if cthe periplasmic space fraction
(corresponding to the cell vashing) is previously treated, thus making

unnecessary some of the cromatographic steps, with an overall decrease
of purificetion time.

ALl the purilication sfeps are carried out 4t 4°C | in cooled
chamhers and cnlumna, and the cromatoxraphic ~lution processes are done
with appropriate buffers of controlled molarity and pH.

The cells are either washed or broken in a French-Caulin pressure
zell, to obtain the periplasmic  fraction or the crude extract
respectively. In the 1last case, DNase is added to the medium
decreane its viscosity. The fractionating af the cellular extract is
achieved through a series of cromatographic steps (in hatch or column),
using mainly sephades, ultragel, DEAE-sephadex, alumina, silica gel,
hydroxylapactik, DEAE, and OMC as cromatographic materials.

to

Bacterial Control of che Digector through Cofactor Analysis

Previous atwliea ol enzyme and cnlactor €ontenta preacnt in rome
bacterial species lead to the following canclusions:

= The methanogrnic hacteria have unique cafactora, which ean Le

uncd  am their  activity indientors (e.g. ¥ &0, ¥ 4w
(containing nikel) and corrinoid n-12).

fme of the largest components of the enzymatic apparstus of
sulfate-reducing organisms is the dis -ih:.uri sulfite
reductase, which is used as a tazonomic label 26 of the
bacteria D. Eiges, D. Sslexigens and D. Vulgeris
(desulfoviridin), 'D. dasulfuricans: (Morway &) and D.
9974(desulforubidin); and) D. desulfotomsculun (P582). The
chemical treatsent of these enzymes with acetons/BCl produces
an_ extract containing sirochydrochlorine (2 demetalized
siroheme), which presents a characteristic fluorescence.

The analysis of these cofactors may be relevant in the control
and identification of the bacterial populations present in the
system, when other experimental parameters (such as the pH and
the [SO;] present in the medium) are changed.
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PROPIONIC ACID AND VITAMIN B} 2 PRODUCTION USING A XYLOSE
UTILIZING PROPIONIBACTERIUM AND' DIFFERENT BIOREACTORS

M.J.T.Carrondo, J,P.5.G.Créspo and M.J.Moura
Blochemlical Englneuring Laboratory, Department of Chemistry, Facul
dade de Cléncias e Tecnologia, Universidade Nova de Lisboa, 2825 —
Monte de Caparica, Portugal,

Propionic acid production by fermentation might be required for
utilization in foods, animal feed and grain preservation; also
welght yields to propylene are substantially larger than those
from the ethylene from fermentation ethanol route (1-3), Industrial
vitamin/ By production utilizes Proplonibacterium freundenrichii,
namely subsp. shermanii, the baclariastatlc effect of the acld
produced being responsible for decreased contamination (4,5).

The Kinetics of P, acidipropionici (ATCC 25562), a xylose
utilizipg rumen mic?oorqunism, Tiavé Been studied to assess 1ts use
to proplionic acid and vitamin B> praduction from cellulose
- hemicellulose hydrolysates,

From experiments conducted under batch conditions ,uncontrolled
pH (initial pH 7) and different xylose; glucose ratios (1:3, 1:1,
3:1) at 50 a/l total sugars the following conclusions can be
drawn (6):

1- For the concentrations to be expected In a continuous process,
no inhibition is apparcnt for glucose as substrate or acetic acid
produced; propionic acid is a strong inhibitor and thus maximum
concentrations obtained in the batch tests peak at 12 g/l (at 3 q/1
acetic acid);

2- Xylose utilisation is low (maximum of 2,5 g/l at 75% xylose)
and no diauxic growth seems to take place; glucose limitation at
75% xylose dramatically reduced' acid production to 6.5 q/1
propionic acid. It is worth remembering that hydrolis of
agricultural and forestry residues will yield concentrations of Cg
sugars ranging from 15 to 35% of the total sugars;

3- Acids were produced at a ratio close to 3:l proplonic/acetic
(molar basis) as compared to 2:1 theoretical ratio; since
propionic has a higher cost, this shift should be increased; acid
ylelds are clnse to the theoretical maximum (B0 to B2%, ‘at 60%
acids to sugar yields;

4= Cell mass yield coefficients are high at 0,263 g cell/q
substr, for this facultative anaerobe; this might be an adavantage
for vitamin Bjs production but lowered the product yield to 0,452
g propionic/qg substrate. Maximum specific growth rates of 0,11 h-1
and maximum biomass concentrations of 4.3 g/l were obtained,

5- Cell mass productivities of 0.14 g cell/l.h arc average and
maximum volumetric productivity of 0.19 g proplonic/l.h was
obtaiped at 25% xylose; a time shift is apparent, cell mass
productivities peaking at 41 h fermentation time whereas acid
productivity peaks at 50 h. Thus, acid!production takes place at
higher concentrations than those sufficient to stop growth;

6- Even though no cobalt was added, vitamin Bl2 contents in the
brothiat 0/.35 mg/l compare well with those reported in the
literature under anaerobic conditions with cobalt addition (0.3 to
0.9 mg/l) for Propionibacterium species (4,5) .

Controlling pHi at 6.0, batch tests conducted with total sugars
at/ 75 g/l yielded the results presented in Table 1. Thus, pH
control permits higher acid and biomass final concentrations at a
decreased product yield and higher maximum volumetric

B, L (5T, STy By e [ R S
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Table 1 - patel LSS under py controlled at 6,0

agr
Sugar conc,,g/1 15glu 54gl+18xy 38g1+37xy 19g1+55xy gg;
. I e 0,143 0.140 0,130 0.127 ware
max 3 I for
Xmax9/1 7.2 7,35 6.25 ) ity
Final ac, Prop, 24,6 229 16 .6 9.6 yigl
cone., , g/l Acet , 6.9 7.6 5.9 4.0 acet
Consumption, Glu. 61.3 54 38 19 t9ra
q/1 Xyl, - 4.9 8.5 12.3 32
Prod.{PtAlyicld,Wth 51 52 48 44 samp
Max,vol Prop.. 0,24 0,24 0.22 0.18 Tk
Brod,, g/1 L P+A 0,29 0,30 0,29 07,25 Srr
P/A molar ratio 2.9 2.4 2,3 2.0 from
conc
molaj
Productivities Lyt for the 1:3 glucoge:xyloge ratio, The increaged prepd
Initial concentration of xylose {gs accompanied by a décrease {np was')
the molar ratiop Proplonic/acet (¢ aclids, UF
The sugar Sonsumption pattern L8 crucial for the potentid) MO
development Of the process from biomass hydrolysates As can be At 0.
Seen from Table 1, glucose Consumption ig complete' and thug AceLs
higher final acid concentrations are pPossible (npproximately 30 g/1 produ
45 propionic) ; Xylose consumption has increased feégarding the of 0,
Lests conducted Without by control but neyer went above 25% of the r“’*@
Xylose Present, A more clear pietyre for the glucose and xylose jrodu

fonsumption for these foyur experiments g depicted {n Figure |
where glucose foncentrations in the broth and xylosa consumption
are plottaed virsug rurmunLntion time; it g aparent that pg
Xyloge consumption takes Place once glucose {g eéxhausted ,

From Flgure 1 Xylose ang glucose consumption rateg are
calculated for the time beriods when thegn are maximum and
npproximately constant - the €orresponding results are Prescnted
In Table 2, Care must pe taken in 1nte*protinq the data for 3:1

Table 2 - Sigar Consumption rates in bhatch tests,pH 6.,0(23 to 52hrs

3:lglu/xyl 1:Igiu1xyl 1:3glu/xyl

Xylose Cons . rate, g/l b 0,04 0,18 0,21
Slucose cons, rate,q/1 .4 u.87 0,87 0.56
Range of glucese conc,, /1 17-22 35-9 17-1
glucnsc;xylusu rdtio as, when glucose concentration gets small, uaniro
the microorganism {g no longer growing exponentially ang no e
Lncrease |g apparent in Xylose consumption rate, As glucose; vitami
Xylose ratios are decreasog to 1:1 and 1:3, Xyloso consumption k]
£ate shoots up as glucose foncentration 1s lowareq within the ACKNOW
LXponential growth phase .

Three cont{nuoys reactor types wera assessed at 3] glucose/ pll con
/Xylose ratips, namely cstR, immobilizeg cells columnar réactor Arkans
(ICR) and csTR with Ultrafiltration ce1l recycle (UFR) . } labora
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CSTR tests conducted at pll 6,0 washed out at 5 to 7 hours, Ln
agreement with the varliable specific growth rates gquoted here.
For the high sugar concentrations of 75 g/l, maximum xylosc
consumption was low at 1,3 g/l, Maximum volumetric productivities
were reached at 17.6 h (D=0,057 h=1) ag 0,42 g/1.h and 0,57 g/1.h
for propionic and total acids, respectively, at low acid
concentrations of 7,1 g prop./l and 2.7 g acet./l, Maximum total
yield of 61% was obtained at 42 h at 13,4 g prop./l and 5.2 g
acet./l and total volumetric productivity of 0,45 g/1.h.Propionic
to acetic molar ratios were almost constant at 2,2,

ICR tests, using agartglutaraldehyde on 4 mm glass beads and a
32 mm internal diameter acrilic column 50 cm in height with 5
sampling ports, were carried out over a period of 6 months,
Degassing became a major problem and as no pH control was
available, full use of the column proved difficult to achieve, pli
reaching an inhibitory 5.2 (6) still within the column, Starting
from 25 g/l total sugars and at a residence time of 16,5 hr, final
concentrations of 9.5 g prop./l and 1,2 g acet,/l, i.e., a 6.4
molar ratio, were achieved at productivities of 0,95 g/l.h for
propionic acid and 1,03 g/l ,h for total acids, Xylose consumption
was low at 1 g/l with very high product yields of 80%.

UFR tests on carbon-zirconium oxide membranes, pH control at
6.0 and 50 g/l total sugars were conducted for two dilution rates.
At 0,09 h-1 (11,1 h residence time), 18.5 g prop./l and 4.3 g
acet,/l were achieved, at proplonic and total acids volumetric
productivities of 1.6 and 2.0 g/l.h but low xylose consumptions
of 0,7 g/1. Increasing dillution rate to 0.12 h=1 (8,33 h
residence time) increased propionic and total acids volumetric
productivities to 2.2 and 2,7 g/l.h, with fipal acids
concentrations almost unchanged at L8 and 4 g/l proplonic and
acetic acids, respectively, and increasing xylose consumption to
4,7 g/1. The molar ratlo for the acids was 3.5 and the yield for
total acids was 58%, Final cell concentrations reached 95 g/l in
the system still within a newtonian rheology at 13,3 centipoises.

CONCLUSIONS

In order to achieve higher xylose consumption, a better
understanding of the xylose consumption rate as a function of
gqrowth rate and glucose concentration must be sought. Given the
flgar concentrations to be expected in real situations (3:l
ylucose/xylose) a glucose consumption rate three times higher than
#ylose would be ideal; such a result was cbtained in the batch
tests for the opposite sugar ratio of 1:3 (see Table 2),

As the price of propionic acid ls higher than acetic acid, a
larger P/A molar ratio is desirable, UFR and ICR systems,possibly
due to larger populatiens of non-growing cells, secem most
appropriate for the purpose, ICR allowing larger product yields,
These high cell concentration reactors might perform even better
Lf operated under extractive/product removal conditions and/or pii
control to decrease iphibition,

The UFR system might prove to be the most appropriate for
vitamin B)j production, under still to be established conditions,
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PRODUCTION OF PROPIONIC ACID USING A XYLOSE UTILIZING PROPIONIBACTERIUM

M.J.T.Carrondo*, J.P.S.G.Craspo and M.J .Moura
Biochemical Engineering Laboratory, Department of Chemistry, Faculdude de
Ciéncias é Tecnologia, Universidade Nova de Lisboa, 2825 Monte da Caparica,

Portugal.

SUMMARY

The kinetics of P, acidipropionici (ATCC25562), a xylose-utilizing rumen

microorganism, was studied to assess its use for propionic acid production

from wood hydrolyzates.

Propionic acid has been shown to have a stronger inhibitory effect than
acetic acid, with the undissociated acid form being responsible for the
majority of the inhibitory effect. Thus, in batch tests with pH controlled
at 6.0, the propionic acid concentration reaches 25 g/L and the acetic acid
7 g/L. Xylose uptake rate is dependent on the specific growth rate and

glucose concentration,

An immobilized cell colummar reactor at very high product yields (80%)
proved adequate for propionic production. At cell concentrations of 95 g/L
with high product concentration, volumetric productivities of 2,7 g/L-h

were obtained in ultrafiltration cell recycle systems.

INTRODUCTION

Propionic acid production via fermentation has been advocated for use
as a grain preserver and antifungal agent for feeds, a plasticizer, and as a
herbicide (1). Weight yields are greater than those for ethanol fer-
mentation, and the conversion by hydrogenation and dehydration to propylene
gives a one third greater weight yield than conversion of ethanol to

ethylene (2).

Propionic acid bacteria, namely P. freudeurichii, and especially subsp.’

shermanii have been used in some industrial processes for vitamin Bj2 pro-
duction. Advantages of this organism include (1) decreased contamination

(since propionate is in itself a bacteriostatic' and fungistatic agent) and
{2) low energy requirements since the majority of the fermentation is run

under anaerobic conditions for cell growth. P. acidi-propionici (also known

as P, pentosaceum) has already been assessed by Prof. Gaddy's group (3) as

auG 7 1987



a potential propionic acid producer under immobilized conditions. Playne
{4), has also studied propionic fermentation, comparing results of

Propionibacterium with Veillonella parvula, an organism which cannot use

carbohydrates but uges lactate, pyruvate, and succinate.

MATERIAL AND METHODS
STRAIN

The organism utilized in all the studies, Propionibacterium acidi-propio

nici, was obtained from the American Type Culture Collection (ATCC 25562) in

a freeze-dried form.

MEDIA

Conservation media consists of a standard nutrient containing peptone
(12), yeast extract (1Z), and phosphate buffer (0.15 M, pH 7). The carbon
source was a mixture of glucose: xylose (3:1) at 25 g/L,

Magnesium and manganese salts were added (0.01Z and 0.001%, resp.) and
also agar powder (3%), to provide for solid medium tubes which were

inoculated in depth, incubated for 36h at 37°C and kept at 4 C. Transfer
was made every two months,

During assays, the organism was kept in a liquid medium (same conditions
as for conservation but without agar powder) and transfered every 48 h. The

flasks were kept constantly shaking at 37°C,

The carbon source (glucose + xylose, 3:1, 2.5%) was separately sterilized

and added to the flasks by injection with sterilized needles.

INOCULUM PREPARATION

Seed cultures, grown for 24 to 48 h, were used for the inoculation. The
organism was kept and prepared for inoculation with 2.5 glucose + xylose;

transfer was made by sterile injection.

ANALYTICAL METHODS

Biomass determination

Cell concentration was determined using the optical density measured at

540 nm and comparinr ith a calibration curve (optical density versus cell



dry weight), On all readings, uninoculated medium was used fof zero

correction.

Acetic and propionic acid determination

The organic acids propionic and acetic were determined by gas chromato-
graphy using a United Technologies Packard G C -~ 439 chromatograph. A glass
colum 1.8 m long and 2 mm internal diameter, packed with 10Z 5P 1 200 1%
H3PO4 on chromosorb waw 80/100 mesh was used. Nitrogen was used as a carrier
gas (at 40 mL/min). An oven temperature of 115°C, injector temperature of

1309C and detector of 135°C were maintained throughout,

Prior to injection, all samples were centrifuged at 6 000 rpm for 10
minutes, and the cells discarded. To ensure total conversion of all acids
to a nondissociated form, an oxalic acid solution (0.5 M) was used for dilu-
tions. A sample volume of 0.6 pL was used. After every three injections
0.6 uL of oxalic acid solution was injected in order to avoid ghosting or
tailing of the peaks.

An integrator (Shimadzu C R 3 - A) on-line with the chromatograph was
used to determine the composition of each sample. A two point calibration,
external standard method was used. Standards were equally diluted with

oxalic acid solution.

Glucose and xylose determination

Glucose was determined enzymatically using a Yellow Springs (YSI 27)
instrument, Xylose determination was carried out on a HPLC chromatograph
(Waters Model - 410). A Sugarpack colum was used with demineralized
vater as the solvent phase at a flow rate of 0.5 mL/min. A two-point,
external standard method was used, achieving very good linearity. Prior
to injection, samples were centrifuged at 6 000 rpm and the cells

discarded. Samples were then filtered through Sartorius membranes (0.43 um)

and diluted with demineralized water,

Viscosity assay

Broth viscosity was estimated with a couette viscometer (Rheomat 15 TFC)

at 37%%.

<
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BATCH REACTORS

All reactors were sterilized at 121°C for 20 min. Sugar solutions

separately sterilized, were added after cooling to room temperature.

Inocula were 3% (v/v), 24 to 48 h old.

Batch reactors without pH control

Borosilicate glass flasks (100 mL) were used with a 70 mL working
volume. Flasks were sealed with rubber stoppers and aluminum capsules with

a central sampling point allowed aseptic conditions during fermentation,

Substrate addition and inoculation were made by injection unde 1septic
conditions, During fermentation, flasks were kept in a thermostatic bath

with longitudinal shaking, at 370C and 140 strokes/min.

Batch reactors with pH control

A poli-batch battery was used, with 2 L fermenters (Setric 2 M), which
allowed temperature, pH, and mixing speed control. Substrate and inocula
were added by sterile connection with glass connectors. Temperature was

kept at 379C, revolution speed at 150 rpm, and pH at 6,00, by addition of

diluted ammonia (13.4 M.

CHEMOSTAT REACTORS
Setric Fermenters (2 L and 7 L) were used, operated as a CSTR. Tempera-
cure. revolution speed, and pH were controlled in the same way as for the

batch reactors.

IMMOBILIZED CELL REACTOR

A columar reactor was used built from a plexiglass tube, 3,16 cm in
internal diameter,47 cminheight, and 0.3 cm wall thickness, The reactor
was closed at both ends by plexiglass plates; the bottom was fixed and the
top removable, to allow for filling and washing of the column, A NPT
Swagelok (1/4 in. connection) was fixed at the center of each plate for

feeding (bottom) and effluert discharge (top).

Five sampling ports, at 8 cm intervals along the column, were made using

1/8 in. NPT Swagelok, screwed to the column and sealed with rubber septa.

N



The bed was made up of 4 mm glass beads covered with a solution of agar
(1Z) and gelatin (25Z), which was subjected to attack with glutaraldehyde
solution (3%) prior to sterilization’'with ethylene oxide. The system
(includinﬁ medium reservoir, reactor, pumps, etc.) was kept in a

temperature-controlled chamber at 37°C.

CELL RECYCLE ULTRAFILTRATION SYSTEM

This system consisted of a Setric fermenter (2 L), working on-line with
two parallel ultrafiltration modules (CARBOSEP M 6, manufactured by SFEC)
with zirconium oxide membranes on a carbon support. The ultrafiltration
modules were tubular, with scven separate type M 6 membranes, containing a
maximum of 1.5 L of medium. The filtration surface was 0.0226 m2 with a
cutoff of 500,000 d. The second module was used in case of flow interruption
by cell accumulation on the working module and allowance was made for

rinsing and change under sterile conditions (Fig. 1).

RESULTS AND DISCUSSION
FERMENTATION KINETIC STUDIES

Batch reactor studies were undertaken to describe product inhibition
conditions during fermentation and to assess glucose-xylose consumption
kinetics. The inhibitory effects were clearly demonstrated by data
obtained from tests conducted using (1) external acid addition to the
broth in a concentration range of 0 to 20 g/L and (2) pH control. In both

cases, acetic or propionic acid inhibitory effects can be described by

hyperbolic model of the type (5):

%
-— 1

m
Kp + Pa

h = =
8 OIB [

Where u: and ui are the maximum specific growth rates, without and with
product addition to the fermentation media, resp.; Kp is a parameter related
to the resistance to the added product; and m, the exponent of the added
product concentration P,, represents the degree of strain tolerance to each

product, Data fitting yielded the following results:
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K . :
1. Acetic acid: -{? = , 2943'82 79 r=0.92 (2)
W 2943.8 + p,2°
m
ui
2. Propionic aeid: —§-= —_—_—ZE;iT—iﬁg r=0.98 (3)
Mo 76.1 + pP,°

The inhibitory effect is much stronger with propionic acid, being very
small for acetic acid (large Kp) at potential process concentrations. A
set of batch tests at 2%, 3%, 5Z, 8.5% and 12% initial glucose concentra-~
tions was also conducted. Since glucose consumption curves and final
glucose utilization were the same in all the experiments, fermentation was
not controlled by the initial glucose concentration within the range

tested,

The inhibitory effect due to propionic acid produced during fermentation
is shown in Fig. 2, where the specific growth rate, u, and the specific
production rate, v, are plotted against propionic acid concentration. As
can be seen, specific growth rate tapers off at somewhat lower
concentrations than the specific producticn rate; i,e., production still
takes place at higher concentrations than those sufficient to stop growth,
The relationship between p and P can be linearly described up to 4 g/L of

propionic acid and exponentially thereafter:
P <4 g/L u=0,211 - 0,0355 P (4)
P> 4 g/L u = 1.2804 exp (-0.726 P) (5)

On the other hand, v and P can be described exponentially throughout

the whole range:

v = 0,366 exp(-3.328 P) (6)

Comparing the inhibitory effect of added versus produced propionic
acid, one can conclude that a stronger inhibition occurs in the case of

the produced acid which is also apparent in other fermentation systems (6),



To assess xylose utilization, a set of batch studies was performed using
glucose’xyloae ratios of 3:1, 1:1, and 1:3 at total sugar concentrations of
50 g/L. Xylose utilization was low (maximum of 2.5 g/L at 752 xylose) and
no diguxic grbwth seems to take place. Fermentation cutves for experiments
carried out at 257 and 507 of xylose are similar ;nd do not differ from
curves obained from fermentationsusing glucose as the only substrate. How-
ever, if glucose becomes limiting, a5 happens at 75% xylose concentration,
organic acid production is dramatically aff«cted, reaching a maximum of

only 6.5 g/L of propionic acid and 1.9 g/L of acetic acid.

Acids were produced at a ratio close to 3:1 propionic/acetic (mol basis)

as compared to 2:1 theoretical ratio, obtained from the stoichiometry (7).

1.5 Cg H), Og — 2 CH, CH, COOH + CiL, COOH + CO, + H,0 (7)

Since propionic acid has a higher cost, this shift is favorable and
should be increased as much as possible, Table 1 shows the average
performance obtained in batch assays with no substrate limitation. These
results fit well with those obtainad by B. Hendricks et al. (8), The cell
mass yield coefficient is somewhat high for a facultative anaerobe,
probably lowering the product yields. At the low final pH values obtained
in these experiments (in spite of the presence of phosphate buffer),
propionic and acetic acid are essentially in their undissociated forms.
Thus; transport through the cell membrane is easier. Consequently, its
inhibitory effect becomes rather important (9).

ed with pH
e 2, Total

To overcome this inhibitory effect, batch tests were condt
controlled at 6.0, The results obtained are summarized in T:
sugar concentrations of 75 g/L and different sugar ratios w..e utilized:
glucose only, 3:1 glucose/xylose, 1:1 glucose/xylose, and 1:3 glucose/
/xylose. Higher acid concentrations and volumetric productivities were
apparent as compared to the uncontrolled batch tests (Fig. 3 and 4). A
clearer picture for glucose and xylose consumption is depicted in Fig. 5
where glucose concentration in the broth and xylose consumption are
plotted versus fermentation time. It is clear that both sugars can be
fermented simultaneously but with a higher uptake rate for glucose. How-
ever, there is no uptake of xylose during the first 23 h and the

fermentation kinetics are initially close to that observed with glucose



alone. After glucose exhaustion, no xylose consumption takes place, which

agrees with the fact that fermentation does not proceed with xylose only. .

From Fig. S, xylose and glucose consumption rates were calculated for the
time periods when these were maximum and approximately constant., These

results are presented in Table 3.

It seems evident that there is an inhibition of xylose uptake by an
excess of glucose, So the xylose consumption rate varies inversely with
glucose concentration, However, care must be taken in interpreting this
data. For instance, for the 3:1 glucose/xylose ratio essay and when
glucose concentration gets small, the microorganism is no longer growing
exponentially and no increase in xylose consumption rate is apparent. As
glucose :xylose ratios are decreased to 1.1 and 1:3,xylose consumption
rate shoots up, as the glucose concentration range is lowered (within the
exponential growth phase). These results suggest that the xylose uptake
rate, in the presence of glucose, might be described by a model of the
type:

dC

1 ““xyl.
- g o m E (, Cgyy) (8)

CONTINUOUS REACTOR STUDIES

There continuous reactor types were assessed at 3:1 glucose/xylose
ratios: (1) continuous stirred tank reactor (CSTR), (2) immobilized-cell
columar reactor (ICR), and (3) a CSTR with ultrafiltration cell recycle
(UFR).

CSTR tests conducted without pH control and with pH control at 6.0
(feed sugar concentrations of 30 g/L and 75 g/L, resp.), were performed
essentially to compare its performance with the batch rezctors. Figures
6, 7 and 8 show the results obtained. The CSTR at pH 6.0 vashed out at
6 to 7 h, in agreement with the maximum specific growth rate of 0,140 h“1
obtained in batch tests under similar conditions., Maximum xylose
consumption was low at 1.3 g/L, while glucose concentration in the broth
remained high. Maximum volumetric productivities were reached at 17.6 h
(D = 0.057 h™!) at 0.42 g/L-h and 0.57 g/L-h for propionic and total
acids, respectively, Neverthelers acid concentrations were low at 7.3 g/L

propionic acid and 2.7 g/L acetic acid. Maximum total yield of 61% was

W



obtained at 42 h with 13.4 g/L propionic acid and 5.2 g/L acetic acid at
a total volumetric productivity of 0.45 g/L-h. It is worth mentioning
that the propionic to acetic mol ratio remains almost constunt at 2.2, a

value closer to the theoretical ratio than obtained under batch conditions.

As expécted, the CSTR without pH control yieldsvery low acid concen-
trations - in spite of good volumetric productivities (see Fig. 7 and 8).
This effect becomes more noticeable when the pH drops below 6, at approxi-
mately 12 h retention time. At such a retention time, volumetric and
specific productivities are almost identical with and without pH control

at 6 (see Fig. 8), Furthermore, productivities drop much faster without
pH control,

ICR tests were carried out over a period of six months. During its
operation, degassing of CO, (produced during fermentation) became a major
problem. Tt reduced the useful reactor volume and the immobilized
cells-nutrient broth contact. Since the column was operated without pH
control,a strong inhibitory pH value of 5.2 was reached within the column.
With these conditions full use of the column proved difficult to achieve,
Starting from 25 g/L total sugars and at a residence time of 16.5 h, final
concentrations of 9.5 g/L propionic acid and 1.2 g/L ac~tic acid, i.e. a
6.4 mol ratio, were obtained at productivities of 0.95 g/L-h for propionic
acid and 1.03 g/L+h fortotal acids. Product yields were high at 80% since
less substratc was utilized for cell growth purposes. Xylose consumptidn

was low at 1 g/L, a result to be expected since glucose concentre:ion was
low only at very low pH.

UFR tests were performed with pH control at 6.0 and a total sugar
concentration of 50 g/L. Figure 9 presents the fermentation curves. The
system was initially operated in a batch way and after that period, it
was run continuously for two dilution rates. At 0.09 ol (11.1 h residence
time), 18.5 g/L propionic acid and 4.3 g/L acetic acid were achieved at
propionic and total acids volumetric productivities of 1.6 and 2.0 g/L-h.
Increasing the dilution rate to 0.12 h—1 (8.33 h residence time) increased
propionic and total acids volumetric productivities to 2,2 and 2,7 g/L*h,
with final acids concentrations almost unchanged at 18 g/L propionic acid
and 4 g/L acetic acid. Blanc (10), using lactose substrates, increased
propionic productivity to 2.15 g/L<h at a dilution rate of 0.3 h_1 but

with a low propionic concentration in the effluent (9 g/L). The results we



obtained are encouraging, since a good compromise between productivities
and acids concentration was achieved., This compromise is important and
will be reflected on dovmstream process costs for product recovery. The
mol ratio for the acids was 3.5 and the yield for total acids was 59%.
The productivity reported here is 14 times greater than productivity
obtained in the batch reactor without pH control and 9 times that in the

batch with pH control at 6.0.

Since the final cell concentration reached 95 g/L in the system i.e.,
14 times higher than in the batch with pH control, but the productivity
was only 9 times that in the batch, it can be concluded that a loss of
cell activity occurred. This might be explained by a decay of cell
viability due to shear stress developad along the system,the rheological
conditions associated with such high cell concenrrations, and accumulation
of inhibitory co-metabolites. The system still presents a Newtonian

rheology behavior, with a final apparent viscosity of 13.3 mPs:s,
Figure 10 shows the apparent viscosity versus cell concentration, This
relatioﬁship can be described by a model of the type:

Napp = 1 * AX" 9

Data fitting yielded the following results:

Npp = L+ 6+156 % 1074 x2-186 L 0,987 (10)

Performance results obtained from continuous fermentation systemsare

summarized on Table 4.

CONCLUSIONS

1. In order to achieve higher xylose consumption, a better understanding

of the xylose uptake rate as a function of specific growth rate and glucose
concentration must be sought. Given the sugar concentrations to be
expected in real situations (3:1 glucose/xylose), a glucose consumption
rate three times higher than xylose would be ideal. Such a result was
obtained in the batch tests for the opposite sugar ratio of 1:3 (see

Table 3),



To develop a model, the utilization of a chemostat fed with nutrient
broth containing xylose and with a separate glucose solution fced, seems
to be appropriate (fed batch situation). The use of different dilution
rates would allow the study of the influence of specific growth rate on
the kinetics of xylose utilization, while on-line glucose control would

allow keeping its concentration within a desirable range.

2. The ICR reactor presented higher yields than any of the other reactor
types tested; pH control and degassing are important requirements to be

improved for better operability of this reactor type.

3. Since the price of propionic acid is higher than that of acetic acid, a
larger P/A mol ratio is desirable. UFR and ICR systems, possibly due to
larger populations of non-growing cells, seem most appropriate for the
purpose. These high-cell-concentration reactors might perform even better

if operated under extractive/product removal conditions and/or pH control

to decrease inhibition.
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NOMENCLATURE

Time (h)

G Glucose concentration (g/L)

G, Initial glucose concentration (g/L)
Biomass comcentration (g/L)

Acetic acid concentration (g/L)

!
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P Propionic acid concentration (g/L)
P,  Product concentration added to broth tg/L)
M Specific growth rate (h-l)

My Maximum spccific growth rate (h-l) ,

v Specific production rate (g product/g cell*h)

Yx/s Biomass yield. (g cell/g substrate)

YP/S Product vield (g product/g substrate)

D Dilution rate (h-l)

napp Apparent viscosity (m P,:s)
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Table 1 - Batch tests without pH control

Maximum specific growth rate, .. nh 0.11
Maximum cell concentration, X .. (g/L) 4.3
Final acid. Prop%onic‘acid (g/L) 11.0
concentration  Acetic acid 3.0
Glucose consumption (g/L) 22.0
Total product yield (wtZ) 63.6
Cell yield, YX/S (g cell/g substrate) 0.263
s e (g prod./L-h) 0.19
gjﬁ;ﬁ“’casfg mass (g cell/L+h) 0.13
P/A mol ratio 3.0
4.7

Final pH

WA



Table 2 - Batch tests under pH controlled at 6.0

Sugar concentration, g/L 75g1u% 54glu + 18xy1% 38glu +37xyl 19glu + 55xyl
Maximum specific grcwth rate, uma.x'h-l 0.143 0.140 0.130 0.127
Maximum cell concentration, xmax’g/L 7.2 7.35 6.25 5.9
Final acid Propionic 24.6 22.9 16.6 9.6
concentration, g/L Acetic 6.9 7.6 5.9 4.0
Consumption, Glucose 61.3 54 38 19
g/L Xylose - 4.9 8.5 12.3
Total product yield, wtZ 51 52 48 44
Maximum volumetric Propionic 0.24 0.24 0.22 0.18
Productivities, g/L-h Propionic +Acetic 0.29 0.30 0.29 0.25
P/A mol ratio 2.9 2.4 2.3 2.0

@ glu - glucose
xyl - xylose



Table 3 - Sugar consumption rates in batch tests, pH 6.0 (23 to 52 h)

3:1glu/xyl ¢ 1:1glu/xyl 1:3glu/xyl
Xylose consumption rate,g/L‘h 0.04 0.18 0.21
Glucose consumption rate,g/L:h  0.87 0.87 0.56
Range of glucose conc.,g/L 47-22 35-9 17-1

@ glu/xyl = glucose/xylose



Table 4 - Performance comparison in continuous fermenfation systems.

CSTR pH 6.0 CSTR ICR UFR
Maximum volumetric Propionic, 0.42 0.34 0.95 2,20
productivity(g prod./L-h) Total 0.57 0.49 1.03 2,70
Corresponding acid Propionic 7.3 3.9 9.5 18.0
concentration(g/L) Acetic 2.7 1.7 1.2 4,0
Yield for total acids(W/WZ) 61 66 80 59
Perc':ent:age.z of gheoretlcal 79 86 104 77
maximum yield
P/A mol ratio 2,2 1.9 6.5 3.5

@ Assuming Stoichiometry given by Eq.7.
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SULFATE REDUCTION IN ACIDOGENIC PHASE ANAEROBIC DIGESTION

JEIS, MALN., KWCALVES, LM.D., CARRONDO, M.J .7,

labor:roric e Ing.Bloquimica, Faculdade de Ciénetas e Tecnologia/UNL,
1388 VIWTE L4 CAPARICA, PORTUGAL
ABSTRACT

Many industrial wastewaters present high sulfate contents;
these may be anaerobically reduced to sulfides by sulfate
reducing bacteria (SRB). The biogas produced from these
wastewaters may be utilized for energy production provided
it has a low sulfide content or else hydrogen sulfide may

be stripped of the gas. Nevertheless if high soluble sulfide
concentration exists, the methanogenic bacteria will be
inhibited; further methanogenesis inhibition in the presence
of SRB may result from kinetic competition for substrates

(acetate and hydrogen) and thermodynamic effects.The competiticn

between the SRB and methanogenic bacterial groups in different

habitats h%s“been studied latelly (1,2,3).

Thus, for wastewaters containing high concentrations of sulfur

reduceable compounds there is a need to remove much or all of
the sulfur prior to methanogenesis. The authors are thus
studying the reduction of sulfate contents in the acidogenic
phase of a phase separated anaerobic digestion process. The
acidogenic phase is studied at different pH values in the

range 5.8-6.6 and at different hidraulic retention times (HRT).

At the selected pH range the acidogenic bacteria exhibit good
activity whereas the SRB can be active although probably not
jrowing at pH close to 6 (4)., The soluble sulfides formed are

vrecipitated at the outlet of the acidogenic reactor resulting

in a feed to the methanogenic reactor mainly composed of
organic volatile acids. The biogas produced under these

conditions presents low contents of hydrogen sulfide.

AUG 7138/



The study of the acidogenic phase is done in two different
reactors - an upflow fixed film fixed bed reactor and a con-
tinuous stirred recactor (CSTR). The support for the films is
made up of Raschig rings of syntherised glass produced by
Schott Mainz, FRG: 7 mm size, 60 to 100 um pore size for the
acidogenic phase and 12 mm size, 60:300 um pore size for the

methanogenic phase (5).

The CSTR, wich allows a better pH control, is used as reference
to the former where pH control is problematic due to its plug

flow characteristics. This reactor cype might fail at low pH's
since the SRB are probably no longer reproducing themselves and

cannot attach as in the fixed film reactor.

The effluent used is cane sugar distillery molasses slops
containing abonut 5.5 gso:/l. Preliminary results for a HRT of
just under 3 days in the acidogenic reactor indicate sulfate
reduction in excess of 80% was achieved at pH value of 6.6.
Under these conditions the gas produced in the acidogenic
reactor has a H,S content of-about 8% and the soluble sulfide
concritration prior to precipitation aproximates 30 mg/l, out
of the range of toxic levels for methanogenic bacteria (6);
Once sulfide is removed from the gas, this still has 16% methane
the rest being mainly Co,. The acid concentrations are, aproxi-
mately, 8.5 g/l for acetic, 0.7 g/1 for propionic and 7 g/1 for

butyric acids.
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SUMMARY: Two new Jow molecular welght proteins with sulfite
veductase activity, isolated from Methanosarcina_barkeri (DSM
800) and Desulfuromonas_acetoxidans

by EPR and optical spectroscopic techniques. Both proteins

have visible spectra similar to that of the low-spin sulfite

reductase of Desulfovibrio vulgurfs strain Hildenborough and no

band at 715 nET'EﬂEFEGEEFTEIIE EFmﬁluh-spln Fed~ complexes {n
isobacteriochiorins is observed. EPR shows that as {solated
the. sivoheme §s in o low-spin ferric state (S=1/2) with

g-values at 2.40, 2.30 and 1.88 for the Methanosarcina barkeri

enzyme and g-values at 2.44, 2.33 and 1.81 for the
Desulfuromonas_ucetoxidans enzyme. Chemical nnalysis shows

that both proteins contaln one siroheme and one [Fey841]

center per polypeptidic chain. These results suggest that the
low molecular weight, low-spin non-heme lron siroheme proteins

represent a new homologous class of sulfite reductases common
to unaerobic microorganisms. © 1986 Acadentic Press, lInc.

Sulfite reductase catalyses the six-electron reduction of

5032' to S2°, This enzyme contalins a novel type of iron
tetrahydroporphyrin prosthetic group, termed siroheme, in
addition to non-heme iron. Based on the physiological
function, two types of sulfite reductase can be defined: i)
the assimilatory type, which s Involved in the synthesis of
sulfur cortaining compounds and i1) the dissimilatory one,
which particlpates in the respiratory pathway for sulfate

reduction of sulfate-reducing bacteria. Enzymes resembling
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dissimllotory sulflte reductases are also found in

One characterfstic of the dissimilatory sulfite reductases
{s the fact that under cevtain assay conditjons, In addition to
sulfide, trithionate and thiosulfate are {rreversibly prodoced
(3,4). The nssimilatory type can catalyze the six electron
reduction without the formatton of free intermediates (5,6).
Two types of dissimlintory sulfjte reductnses are found in
Desulfovibrio species: desnlfoviridin, with major absorption
peaks at 580 nand 628 nm (7) and desulforubidin, with major
absorptlon p~ooks at 545 and 580 nm (8). In these enzymes the
siroheme 15 in 4 high spin ferric state (S = 5/2) (9). A new
type of dissimilatory sulfite reductase, desulfofuscldin, is
present in o extreme thermophilic sulfate reducing bacterin,

Thermodesulfobacterium _coamune (10) and in Desulfovibrlo (D.)

From D _vulgarvls (strain Bildenborough) both a
dissimbilatory as well as an assimilatory type of sulflte
reductase were purified (12). The dissimjlatory sulflte
reductase, desulfoviridin, has a large molecular mass (226,000
Da) and is o tetramer. Tne assimilatory type sulfite reductase
Is n smuller molecular mass cnzyme (27,200 Da). [ts optical
spectrum exhibits maxima at 590, 545 and 405 nm (12) EPR and
Mosshauer studies show that in this protelin as purifled the
sfiroheme is in a low-spin ferric state (13). The purlfication
of a sulfite reductase from Methanosarcina (M.) barkeri (DSM
800) was previously reported (14}, fts optical spectrunm
exhibits moaxima at 590, 545 and 393 nm which are similar to the
assimilatory sulfite reductase purified from D. vulgaris

(straln Hildenborough).

This article reports the charvacterizatlon of this proteln

by optlical and EPR spectroscoplies, together with Its chemical
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analysis. It also describes the fsolation of a similar sulfite

reductase from n sulfur-reducing organism Desulfuromonns (Orm.})

acetoxldians . Our observations suggest that these fow molecular

welght, low-spin sulfite reductases represent a npew class of

non-heme iron-siroheme proteins common to anaeroblc bacteria.

M._barkeri (DSM 800) - The bacterls were grown at 379cC
In a methanol containing medlum as previously described (15).
The cuells were suspended in 10 mM Tris-HC{ buffer pH 7.6;: DNase
was added ond the extract was prepaved using a French press at
62 MPa under No atmosphere. The extract was centrifuged at
12,000 rpm for 30 min. and the supernatant constituted the

crude celi extract.

Drm. a-cetoxidans (strain 5071)- The bacterin were grown nt
37°C in o basal salt medlum containing 0.05% ethanol and 0,24
DL-sodium mnlate according to Pfennfig and Biebl (16). The

crude extract of Drm. acetoxldans wis prepared In the same wny

All the purification procedure was carried ovut at 0 -
40¢, Tris-HC]l or phosphate buffers (pH 7.6) at appropriate
molarities were used.

M._barkeri (DSM 800) sulfite reductase.

————— The sulfite reductase (Pggg) was Isolated from M.banrkeri
s previously described (14). An additional step of
purification was performed on a DEAE-biogel column after which

the protein presented a ratfo Aagg/As9g » 3.8.

Drm._acetoxidans (strnln 5071) sulflte reductase

The crude extract was adsorbed on a4 DEAE-biogel A column
{5 x 60 cm) equilibrated with 10 mM Trls-HCl., After elution
with a continuous gradient of Tris-HCl buffer (10 mM up to 500
mM) three maln fractions of the eluted proteins were obtained.
The first fraction contained mainly cytochrome c7 (17). The
second fraction, also containing mainly cytochromes was applied
on a DEAE-52 column (4 x 50 cm). The same gradlent was
performed and the fraction coming out between 0.25 M and 0.35 M
presented an absorption peak In the vistble spectrum at 590
nm. This fraction was dianlized overnight against dist{l]ed
water and readsorbed on a DEAE-biogel A column (3 x 34 cm)., A
continuous gradient of Tris-HCl buffer (10 mM up to 350 mM) was
performed. A good separation from the cytochromes present at
this stage was obtained. The eluted enzyme was concentrated nn
n Diaflo apparatus nsing a YM 10 membrane and applied on a
hydroxylapatite {(Blo-Rad) column (1.5 x 15 cm) equilibranted
with 0.25 M Tris-HC! buffer. The column was washed with a
descending gradient to bring down the Tris concentration to
0.01 M. A continuous gradient of potassfum phosphate (10 mM up
to 500 mM) was then applied for elution. Sulfite reductase was
cluted out at nhout 0.25 M. The eluted enzyme was diluted
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twice with distilled water and adsorbed on a DEAE-blogel A
column (2x15 cm) and a linear gradient of Tris-HCl (10 mM up to
350 mM) was applied for elution. The purified protein was then
concentrated fn a Diaflo apparatus using a YM 10 membrane. The
A2pn/Asgp ratio was 9.5. No further attempt of purificat-

lon was done since ot this stage only approximately 2 mg of
protein were obtained,

Molecular masses were estimated by analytical SDS gel
vlectraphoresis (18) on 7.5% polyncrylamide gels in the
presence of mercaptoethanol, using the following molecular mass
standards (Da):  bovine serum albumine (66,000), ovalbumin
(45,000), pepsin (34,000), trypsinogen (24,000) and
Ao lactalbamin (14,000) . Analytical gel electrophoresis was
pecformed according to the method of Davis (19) on a 7% (v/v)
pel at pH o< 8.2, Protedn determinations were done according to
the Yolin methed (20).  The siroheme content of P590 wWns
analysed according to the method of Slegel et al. (21). Iron
vontent was determined by plasma emission spectroscopy using o
Jarrel Ash model 750 Atamcomp, and also by the 2,4,6-Tripyridyl

S 103,05 Triazine method (22). Sulfite reductase activity of
both enzymes was mensured by a manometric assay as described by
Schedel et al, {2). It requires the reneration of reduced
methyl viologen by an excess of hydrogenase activity under
hvdrogen atmosphere. The reduced dye then serves as electron
donor te the reductase. The experimental conditious were
canducted as previously described (14). [(1 unit (U) is the
enzyme actlvity catalysing the consumption of 1 pmole Ha per
min. at 30°C)]. cColloidul sulfur reduction was followed by
the Warburg respiratory method as previously described (23).
Electron paramagnetic resonance spectroscopy (EPR) was coarried
out on a Bruker 200 tt spectrometer equiped with an ESR-9 flow
vryostat (Oxford lastruments Co., Oxford, LK) equiped with o
Nicolet 1180 computer. The visible/ultraviolet spectra were
vhtiained on o spectrorhotometer Beckman model 35,

to be homogencous by polyacrilamide dfsc electrophoresis. Due
to the very small amount obtained the sulfite reductase from
Dem. acetoxidans was only purified until approximately 80%
laccording to electrophorests). The molacular mass was

sulfite reductase activity measured at pH « 5.0 using pure
veriplasmic hydrogennse rrom D._gligas was 906 mU/mg of protein

for the Drm. acetoxidans enzyme and 2790 mU/mg of proteln for

the M. _barker) enzyme. Drm. acetoxidans P590 Is not able to
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FIGURE 1

Visible absorption spectra of sulflite reductase from: (A) Drm.
agetoxidans (0.25 mg/ml) (D) wm_barkeri (0.24 mg/ml) in 50 mM Tris-HC!
butfer, pH 7.6.

reduce colloidal sulfur to hydrogen sulfide even in presence of
triheme cq from the same organism.

The optical spectra of both protelns are shown in Figure
1. As reported earlier the optical spectrum of M. barkeri
P300 exhibits bands at 590, 545 and 395 nm (14), Sulfite
reductase from Drm. acetoxidans exhiblits bands nt 587, 540 and
401 nm. The assimilatory sulflite reductase from D. vulgaris
ltildenborough exhibits maxima nt 590, 545 and 405 nm (12).
These three sulfite reductadses show very similar visible
spectra. Another remarkable characteristic of these low
malecular wefght sulfite reductnses In the fact that no bLand
around 715 nm is present, as It is usually seen in other
sulfite reductases; this band is characteristic of high-splin
Fol* complexes of ifsobacteriochlorins (24). The lack of this
band suggests that the siroheme is In a different spin state.

The ratio of total fron tu siroheme was 6.2 for the M.
barkerj enzyme and 5.3 for the Drm. acetoxidans one. Those

results suggest the presence of a single siroheme and one

[FeySq) cluster in both enzymes.
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FIGURE 2

EI'R wpectro ol sulflite reductose In the native state from; (A) Drm.
__________ The proteln concentration 1s'a4 KM In 50 mM

Tris=HCl buffer, pll 7.6. (A emnll slgnol ot p~2 1w observed, probably

e Lo some parampgnetlc Impurity).

Faperlaental conditlons: mlcrownvn power, 2 mW; modulation amplitudn,

InT{ Lempernture, 9 K; mlcrowave frequency, 0.530 GHz; galn, 3.2 x
109

(H) M. barkeel enzyne. The proteln concentration is 138 M In 50 mM
Tris HCl bulffer, pl 7.6,

conditions: mlcrownve pawer, 20 mW; modulation
Lemperature, 5.8 K; micrownve frequency, 0,398 GHz;

Experleental
ampl ftude, 1 mT;
gain, 10R X 102,

subffte radictases nree shown In Bigure 2, Both EPR spectra are

charactertstle of low=spln ferrlheme,  The M.barker! protein

exNIbEts EPR slpnnds with gevalues at 2,40, 2,30 and 1,88,

spln quantitatlion of cthis EPR slgnal nt 9.6 K ylelds a vnlue of

0.8 Upon reduction by elther dithlonlte or

spins/siroheme,

reduced methyl vielogen an EPR sllent state |s obtalned,

However, after renctlon with cyanide unﬂer reducling condlitions

(In the presence of muthyl viologen) It orglnotes an EPR
spectrum chorcacterlstic of o reduced [Fu454] center (Figure

3) This algnnl, obsurvable below 16K with g values nt 2,05,

1.93 and 1,91, accounts only for 0,1 spins/molecule. Thus, the

redox porentinl of the Iron=sulfur center must be very negative
and ls affected by the slxth axlal 1lgand of the siroheme.
This effect has also heen observed for the Eacherjchia (E.)

Coll sulflte reductase hemoproteln subunit (25). Mossbauer

1037
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FIGURE 3

EPR apectrum of sulfite reductase from M.barkeri reacted with

dithlonite reduced methyl viologen in the presence of potassium
cyanide (the region of g=2 is omftted due to the sethyl viologen

signal).
Experimenta) conditions: microwave power, 2 uW; modulation ampl]tude,
! aT; temperature, 7.4 K; microwave frequency 9.300 GHz; galn, 1.8 x

105,

studies of the E. coli enzyme (26) prove the existence of an
exchange coupling between the heme and the [Frg84) center,

The sulfite reductase from Drm. acetoxlidans also shows an EPR
spectrum characteristic of low-spin ferriheme with g-values at
2.44, 2.33 and 1.81. Another low-spin species seems to be
present with g-values at probably 2.42, 2.31 and 1.88. This
agsignment is tentative and s based on power saturation
studles of the signal (not shown). Spin quantitation of the EPR

signal at 9 K yields o value of 0.96 spins’siroheme. The

native signal from Y. barkeri enzyme seems also to contaln more
than one gpecles since a shoulder in the g=2.40 signal can be

detected at g<2.45, although no additional signal can be fouand

in the high field region.

The fact that the siroheme In these two sulfite reductases

Is In the low-spin ferric state as was the case for the

B.ovalgaris Hildenborough assimilatory enzyme (13), is a unlque
feature. The sirvoheme of other solfite reductases (25) is
high-spin ferric EPR studies on model complexes have shown

that ferric isobarteriochloring with a siopgle axial ligand are

1038
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always high-spin while ferric lsobncterlochlorins with two
axianl ligands are low-spin. Since in the two sulfits
reductases studied here the siroheme ls low-splin ferric, It
could be slx-coordinated.

Recently, EPR and Mossbauer studies on the low molecular
shown that, as purified, the slroheme ls low-splin ferrlc (S =
1/2) exhiblting EPR resonances at g % 2.44, 2,36 and 1.77 (13).,
sulflte reductase recorded with weak nnd strong applied Clelds
provided evidence for un exchange-coupled ulrnhene-[Fe4S4]
unle (13),
together with the nssimilotory sulflte reductase from
Dovulgaris HWildenborough belong to n new class of sulflte
prdinetnses and our results Indicatn thot they mony be common to
aneroble mlicroorganisms,  They nll ore small moleculnr welght
nieotelins with one sheoheme and one [FeqSq) conter per
polypeptide chnln and In the natlve state thelr siroheme s
low spin ferede They wlsa differ feom the Desulfovihrio
lssimllotory type of sulfite reductases, such os desulfo-
vielding desulforabldin or desulrfofuscidin by thelr much
simpler ollgomerie structure [n contrast to the E.coll type
of assimilotory sulfite ceductase, they do not appear to be
part of o multipeotein complex. The physlologicenl slgniflcance
of i ls obdervation Is not known and dpserves further

Investigal lon Theo teem "assimilotory sulfite roduetasne which
Is used to quallfy this class of enzyme Is not entirely
sitlslfnectory sinee Lhose nnaerobie bacterin shouwld have
sufflcient sulflde at thelr disposal to cover thelr
blosynthetlic neods, As for ns Moburkerd s concerned, 1t hns

Wl reiily heon snpggested (14) that 1t conld be used In o roverse
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manner for the blosynthesls of coenzyme M which contalns a

sulfonate group. Regurding Drm, acetoxldans PS5O0 we raeport In

this article that It s not Involved In the dissimilotory

reduction of sulfur occurlng In thls organism,
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The [NiFe) hydrogenase irolnted from Desulfovibrio
gigas was poised at different redox potentials and stud-
ied by Mossbauer spectroscopy. The data firmly estab-
lish that this hydrogenase contains four prosthetic
Kroups: one nickel centoer, one [3Fe-x8), und two [4Fe-
48] clusters. In the native enzyme, both the nickel and
tho [3Fe-xS] cluster are EPR-active. At low tompora-
ture (4.2 K), the [3Fe-xS] cluster exhibits a paramag-
netic Méssbauer spectrum typical for oxidirad [3Fo-
x8] clusters. At higher temperatures (>20 K), the par-
amagnetic spectrum collnpses into a quadrupole doub-
let with parameters | AE, | = 0.7 % 0,08 am/s and &
= 0.36 £ 0.06 mm/s, typical of high-spin Fe(III), The
observed isomer shift is sligghtly Inrger than those ob-
served for the threc-iron clusters in D, gigas forre-
doxin I (Huynh, B. I, Moura, J. J. G., Moura, I.,
Kent, T. A,, LeGall, J., Xavier, A. V., and Minck, E.
(1980) J. Biol. Chem. 2605, 3242-3244) and in Azoto-
baceter vinelandii ferredoxin 1 (Emptage, M. ., Kent,
T. A., Huynh, B, I1., Rawlings, J., Orme-Johnson, W,
1L, and Miinck, E. (1980) J. Biol. Chem. 2606, 1793~
17896) and may indicate a different jron coordinntion
environment.

When D. yigas hydrogenaso is poised at potentianls
lower than —80 mV (versus normal hydrogen clec-
trode), the {3Fe-x8] cluster is reduced and becomes
EPR-silent. The Méssbauer datn indieate that the re-
duced [3Fe-xS] clusier remains intact, i.e. it does not
interconvert into a [1Fe-48] cluster. Also, the olec-
tronic properties of the reduced [3Fe-xS] cluster sug-
Kest that it is magnetienlly isolnted from the other
paramagnetic centers.

Hydrogennse catalyzes one of the most fundamental oxi-
dation-reduction processes, namely the activation of molecu-
lar hydrogen. Over the past decade, physieal and binchemical

° "This study was supported by National Science Foundation Grant
DMB 8415632 (to J. L., H. D, P, dr, and D, V., D), by Department
of Energy Grant DE-A-509-70 KR 10499 (to H.1). P, Jr.), by National
Inatitutes of Health Grants AMO1135 and GM3I2187 (to B, H. H.),
and by Junta Nacional de Investigngio Cientifica and Teenologicn
(o0 G MLy The costs of publication of this article were defrayed
in part by the payment of page chueyen. “This article must therefore
be hereby marked “advertisement™ in accordanee with 18 U.S.(,
Scetion 1734 solely o indicate this (net.
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techniques have been applied extensively to the study ol
hydrogenase (1-17, 19-23), It is now evident that hydrogen-
ases may be grouped into two general categories: 1) the [NiFe]
hydrogenases, which contain both nickel and {Fe-S] clusters,
found in Chromatium vinosum (DSM 185) (1), Desulfovibriv
baculatus (ATCC 9974) (2), Desulfovibrio  desulfuricans
(ATCC 27774 and Norway strains) (3, 4), Desulfovibrio gigas
(NCIB 9332) (5-7), Desuifovibrio mudtisgirans (8), Desulfovi-
brio salexigens (9), Methanobacterium thermogutotrophicum
(Marburg and Al strains) (10, 11) and Methanosarcina bar-
keri (DSM 800) (12); and 2) the [Fe] hydrogenases, which
contain only [Fe-S] clusters, found in Clostridium pasteu-
rignum W5 (13), Desulfovibrio vulparis (Hildenborough and
Miynsaki F strains) (14, 15), and Megasphaera elsdenti (16).
Some but not all of the [NiFe) hydrogenases contain selenium
stoichiometric with nickel (2, 4, 9).

Beeause the discovery of nickel in purified enzymes was
relatively recent (6, 10, 17), many current studies are centered
around the [NiFe] hydrogenases (19-23). Based on the results
of a series of systematie EPR studies, a working hypothesis
for the mechanisin of D. giyas hydrogenase has been proposed
(19). As isolated, the enzyme is inactive and exhibits two
distinct Ni(H) EPR signals: nickel signal A (g = 2.1, 2,23,
2.02), and nickel signal B (¢ = 2,33, 2.16, 2.00). The isolated
enzyme also exhibits an isotropic signal at g = 2.02 attributed
10 0 [3Fe-x8] cluster. In addition to the nickel center and the
[3Fe-x8} cluster, the isolated enzyme was found to contain
two [4Fe-4S)?* clusters as indicated by iron and sulfur deter-
minations and preliminary Massbauer measurements (5, 24).
During annerobic reoxidation, the intensity of nickel signal B
increases, whereas that of nickel signal A decrenses, suggest-
ing that nickel signal A may represent an oxygenated species
and nickel signal B a deoxygenated apecies, According to the
working hypothesis, the oxygenated species goes thrcugh a
slow activation process (1-2 h) in order to express {uil activity,
wherens the deoxygenated species ean be rapidly activated.
During the activation process, both the isotropic g = 2.02
signal and the nickel signals A and B disappear; thus, the
active enzyme is EPR-silent. The loss of the ¢ = 2.02 signal
was attributed to the reduction of the [3Fe-x8) cluster. The
disappearance of the nickel signals was tentatively explained
by assuming that one of the |4Fe-45]** clusters is reduced
i o the 14 state and that the spin of the reduced cluster
couples to the Ni(III) center, resulting in an EPR-silent state
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(19). This assumption is of particular importance since it
permits the proposal of a mechanism where the nickel center
operates between the Ni(III) and Ni(ll) states during the
catalytic cycle (19) and thus avoids the slternative suggestion
of a chemically less plausible mechanism that requires the
nickel center to cycle from Ni(III) to Ni(0) states (20, 22),
This controversy has arisen because the oxidation stata of
nickel rannot be unambiguously assigned by EPR or extended
x-ray absorption fine structure measurcments.

In this paper, we present quantitative Mdssbauer evidence,
in conjunction with previous EPR measurements (5, G, 19)
that D. gigas hydrogenase contains one nickel center, one
[3Fe-xS] cluster, and two [4Fe-4S] clusters. The Mossbauer
data also indicate that D. gigas hydrogenase contains a [3Fe-
x5] cluster that does not convert into a [4Fe-48] cluster during
redox cycling.

MATERIALS AND METHODS

Isotopic Labeled *'Fe Cell Growth and Enzyme Purification—D),
gigas cells were grown in a lactate/sulfate medium, and the hydrogen-
ase was purified as previously described (20). For the growth of
isotopically labeled cells, 200 mg of *Fe (enrichment 95%, New
England Muclear) were first dissolved in H,50, and thea in HQC,
neutralized, and added to 400 liters of mediuwm. The protein concen-
tration was estimated by the method of laowry et al. .(26)- The
hydrogenase activity was assayed by the hydrogen evolution proce-
dure as described by Peck and Gest {27). The hydrogenase in 50 mum
Tris-HCI (pH 7.2) wi:h a specific activity of #70-400 sM H; evolved
min~' mg~! was used in the experiments. Hydrogenases isolated from
cells grown in medium containing naturally abundant *Fe (2.2%) and
enriched in *"Fe (>95% enrichment) were analyzed for metals by
plasma emission spectroscopy. They were found to contain 10,6 ¢
atoms of iton and 0.85 g atom of nickel and 10.2 ¢ atoms of iron and
0.8 ¢ atom of nickel, respectively.

Redox Poteatial Poising of the Enzyme—'The redox potentinls were
measured using o platinum versus a calomel standard electrode and
u titration assembly as described by Dutton (28). The coll was
calibrated by the potentials of quinhydrone at pH 4 and 7 und
cquimolar solutions of the ferrifferrocynnide couple. Calibrations
were prrlormed before and after each experiment. The redox veane)
was equipped with a snmpling head to which n Mnsnhm{er cell nnd an
EPR wube were attached. The system was kept anaerobic by constant
purging of argon gas previously passed over i heated copper entalyst
and through a sodium dithionite solution. After wuilibration, sumples
were withdrawn with a gas-tight syringe and transferred to n Mogg.
bauer eell and an EPR tube which were attachied to the redox venel
and immediately frozen using liquid nitrogen.

The enzyme samples poised at different redox potentinly were
prepared by two procedures. 1) Using a sodium dithionite solution ag
the reductant, samples were poised at ~80, =270, and ~175 v
(versus normal hydrogen electrode) for Morsbauer and EPR spec.
troscopy. 2) The enzyme was initially purged with hydrogen g for 2
h, and the potential was stabilized at —400 mV. Samples for Moug.
hauer and EPR studies were withdrawn and frozen. Argon was then
introduced into the system through a controlled flow moter, By
properly adjusting the H,/argon ratio, different potentialn cun bhe
stabilized. After stable equilibration, samplen were withdrawn at -350
and =300 mV (versus normal hydrogen electrude) and frozen imme.
diately.

The mediator dyes used (100 #M) in the titration were methyl
viologen, benzyl viologen, diquat (1,1’-ethylene-2,2"-dipyridylium di-
hromide), indigo sulfonate, safranin T, phenosutranin, anthraquinone
2-sulfonate, and methylene blue, The potentinks reported above hyve
an estimated uncertainty of 15 mV (28).

Spectroscopy—Both the EPR and the Mosshauer spectromerers
have been deseribed elsewhere (29).

RESULTS AND DISCUSSION

Enzyme as Purified (Native State)—Vig. 1 shows Maksbner
spectra of *Fe-enriched hydrogenase purified from 1) pigas.
The data were recorded at 4.2 K with n magnetic field of 5,0
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FIG. 1. Mossbaver spectra of ®'Fe-enriched hydrogenase
purified from D. gigasa. The data were recorded at 4.2 K with a
magnetic field of 50 mT applied parallel (A) and perpendicular (B)
to the y-beam. The spectrum in C is a difference spectrum of spectra
A and B. The two brackets indicate the two Am = 0 nuclear trancitions
associated with the [3Fe-xS) cluster. The solid lines are simulated
spectra using the parameters listed in Table I. Three-iron sites with
different magnetic hyperfine coupling constanta are assumed. The
theoretical spectra in A and B are scaled to 27% of the total jron
absorption.

mT" applied parallel (Fig. 1A) and perpendicular (Fig. 1B) to
the y-beam. The Méssbauer spectrum of D. gigas hydrogenase
with naturally abundant *'Fe has been published; however,
the statistics of the spectrum were poor, and quantitative
conctusions were difficult to obtain (5). The spectra shown in
Fig. 1 clearly consist of two subspectral components: 1) a
magnetic component extending from ~2.5 to +3.0 mm/s, and
2) a quadrupole doublet with parameters (AEq = 1.05 mm/s
and & = 0.42 mm/s) characteristic of a [4Fe-4S)?* cluster (30).
The quadrupole doublet accounts for approximately 70% of
the total iron absorption. Since metal determination yields
~11 mol of iron/mol of enzyme (see “Materials and Meth-
ods”), 70% would indicate two [4Fe-4S] clusters/molecule of
hydrogenase.

The absorption pattern of the magnetic component depends
strongly on the direction of the applied field, and a difference
spectrum of spectra A and B in Fig. 1 reveals two pairs of
nuclear Am = 0 transitions (Fig. 1C). The observed isotropic
g = 2,02 EPR signal together wi*h the Méssbauer spectro-
scopic properties detected for this magnetic component,
namely the total magnetic splitting (~5.5 mm/s), the absorp-
tion pattern, and the field direction dependence, are all typical
for oxidized [3Fe-x8) clusters (31-33). At higher temperatures
(>20 K), the electronic relaxation of the [3Fe-xS} cluster is
fast and the magnetic component collapses into a sharp
quadrupole doublet (full-width at half-maximum is less than
0.4 mm/s) with parameters AK, = 0.7 £ 0.06 mm/s and 6 =
0.36 £ 0.06 mm/s typical of high-spin Fe(111). Consequently,
the three-iron cluster in D, gigas hydrogenese is similar to the

' The abbreviations used are: T, tesln; Fd, ferredoxin.
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three-iron ~lusters in D. gigas Fd 11 (32) and in Azobacter
vinelandii Fd | (31) in the sense that it consists of three high-
8pin ferric ions which are spin-coupled to form an § = 1/2
system. However, the observed isomer shift for the D, gigas
hydrogenase is somewhat larger, indicating that the iron
coordination environment may be different. It js interesting
to note that the isomer shift for the oxidized [3Fe-xS) cluster
in D. desulfuricans hydrogenase was also found to be 0.36
mm/s (3).

In order to obtain a
cluster in D. gigas hydrogenase,
subspectral component using the
with § = 1/2.

quantitative measure of the three-iron
we analyzed the magnetic
following spin hamiltonjan

R=3840+ 8540+ % (4
W
— I+ 1) + p(12 = )~ g.6.H, -1

Three-iron sites with different magnetic hyperfine coupling
constants are assumed. The parameters used are listed in
Table 1, nnd the resulting theoretical spectra, scaled to 279
of the total iron absorption, are plotted in Fig. 1 (solid lines).
The good agreement between experiment and theory indicates
that D. gigas hydrogenase contains only one [3Fe-x8] clnster.

Intermediate Oxidation States—In order to follow the
changes occurring in the nickel center and the iron clusters
during the oxidation-reduction cycle, we poised the 7, sigas
hydrogenase at different redox potentials (see “Materials and
Methods”). Samples thus prepared were then studied by
Mossbauer and EPR spectroscopies. Fig. 2 shows the Moss.
bauer spectra of 1), #igas hydrogenase poised nt =80 mV, The
data were recorded at 4.2 K in the absence of a magnetic field
(Fig. 24) and in the presence of a magnetic field of 50 m'’l’
applied parallel to the ¥-beam (Fig. 20). An EPR sample
prepared simultaneously with the Masshauer sample indi-
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cated that the intensity of the isotropic ¢ = 2.02 signal had
decreased to less than 10% of its initial intensity, whereas the
nickel EPR signals changed little, suggesting that only the
[3Fe-xS] cluster has been reduced. Without exceptiop, al]
reduced [3Fe-xS] clusters studied so far (31-33) exhibit unique
Moassbauer properties: in the absence of an applied field, the
Méssbauer spectrum of a reduced [3Fe-xS] cluster consists of
two sharp quadrupole doublets (labeled doublats I and 1D of
intensity ratio 2:1 wizh the more intense doublet having the
larger quadrupole splitting. Both doublets are broadernicd sub-
stantially by the application of a magnetic field of a few teng
of milli tesla, The reduced [3Fe-xS) cluster in D, gigas hydro.
genase has similar properties; thus, in the absence of an
applied field, only quadrupole doubles are observed (Fig, 24),
whereas in the presence of a weak applied field, a broad and
featureless magnetic component is observed (Fig. 2B). This
magnetic component is most apparent in the velocity regions
from -2 to —1 mm/s and from +2 to +4 mm/s. To illustrate
these unique properties, a difference spectrum of spectra 4
and B in Fig. 2 is shown in Fig. 2C. In such a difference
spectrum, the contribution from the diamagnetic (4Fe-45)%+
clusters is canceled and the difference spectrum from the
[3Fe-xS] cluster can be obtained. The two characteristic quad-
rupole doublets can then be identified. The observed
Mossbauer parameters are listed in Table I and are compared
with those of the reduced ). gigas Fd 11 (32). Again, we notice
that the average isomer shift for the reduced clusier in hydro-
genase is slightly larger than that in Fd II. As these two
doublets can easily be broadened by a weak magnetic field,
the fact that we ohserved them in the absence of an applied
field strongly suggests that the reduced [3Fe-xS) cluster in D.
Ligas hydrogenase is magnetically isolated from other para-
magnetic eenters. By EPR, it was confirmed that the nickel
center remains paramagnetic. Consequently, there is no spin-

TanLg |
Hyp«“'r/im' parameters of the (3Fe-xS] cluster Vin hydrogenase and I-'fi H /_r_ufy ”I)J,'_i/,'as . ~
Oxidized
_ . o ) ”ydmm-rx‘l‘ns;*'r 7 o _‘l:d.i—l“’~ B _'—"T T
Iron site 1 2 3 1 2 3
6 (mm/s) 0.36 (6)° 136 (6) L3136 (6) 027 (Y 0.27 (3) 0.27 (3)
Ak, (mim/s) =0.70 (6) 0.70(6) 0.70 (6) 0.54 () 0.54 (3) 0.54 (3)
n 0.2 0 0 1 1 1
At (T) 36.0 1.0 2.5 19.7 21.0 2.5
A/gapha (1) 11.0 2.5 32,0 1.5 2.5
Addgata (T) 110 2.5 32,0 11.5 2.5
A R R me e Y
Reduced®
o o Hydrogenawe e RW T -
Tron site I 1 1 I
8 (mm/s) 0.44 (4) 0.42 (4) 0.46 (2) 0.30 (2
AEG (mm/s) 1.73 (4) 0.30 (4) 1.47 (3) 0.47 (2)
n 0.75 ~2.0 0.37 -2.0
AJgafla (T) 15.0 -6.8 16.0 -63
A, (T) 113 -12.7 12,0 -12.7
o A./[.’,.!f.('[‘)__ 113 =127 12.0 . —laT ) _

‘Due by the strong
hydrogenase can not be resolved.
rite 2 and is undetermined for site

* From Ref. 31,

Therefore,

absomption of the [1Fe-48) cluster, the spectrum of the oxidized [3Fe-x8] cluster in
the magnetic hyperfine
3. The value obtained for jron site

tensor A iy assumed to be isotropic for iron
din Fd Il is used for that in hydrogenase.

“The values in parentheses gave the uncertainties in the last significant digits,
*The zero-field splitting parnmeters (D =-25cm and E/D = 0.22) for the reduced [3Fe-x8] cluster and a set

of Euler angles (o = 0, # = 20,

Y = 0) describing the electric field gradient tensor of doublet I relative to the

electronic system were deterniined by a series of high-field measurements on the reduced Fd I1. These parameters

are assumed to he the

same for the [3Fe-x8] cluster in hydrogenase.

"‘The magnetic hyperfine A-tensor obtained for doublet 1] of Fd 11 is used for that in hydrogenase. These
parameters yield theoretical Bpectra in good agrecment with experimental data recorded in applied magnetic fields

up to 8T,



798 Massbauer Studies of D. gigas Hydrogenase

ABSORPTION (%>
°© "
j
-

AV

o A

{
=
—

£

oS | ] -

VELOCITY ‘mm/s>
FiG. 2. Mossbauer spectra of D. gigas hydrogenase poised
at =80 mV. The data were recorded at 4.2 K in the absence of a
magnetic field (A) and in the presence of a field of 50 mT applied
parallel to the y-beam (8). The spectrum in Cis a difference spectrum
of spectra A and B. The two brackets mark the positions of the two
quadrupole doublets I and II.

spin interaction between the reduced [3Fe-xS] cluster and the
Ni(lII) center.

In Fig. 2 (A and B), it is shown that in zero or weak
magnetic field the spectra of the reduced [3Fe-xS) and the
[4Fe-48]** clusters overlep. The amount of the reduced [3Fe-
x8] cluster in the sample is therefore difficult to determine;
however, from previous studies (31, 32), we know that an
applied field of | 'T would induce saturated magnetic hyperfine
fields at the iron sites of the reduced {3Fe-xS] cluster. This
would result in a spectrum with a total magnetic splitting of
~9 mm/s, whereas the spectrum arising from the diamagnetie
[4Fe-45F* cluster would remain as a quadrupole doublet.
These features are documented in the spectrum shown in Fig.
34, which was recorded at 4.2 X with a fi2ld of 1 T. The
magnetic spectrum of the [3Fe-xS) cluster is clearly discern-
ible as three sharp peaks at the region between ~4 and -2
mm/s and an intense absorption peak at +4.7 mm/s. The
pattern of this magnetic spectrum is almost identical to that
of the reduced . gigas Fd 11 (32). With such a well-defined
spectrum, we were able to analyze the data using a spin
hamiltoninn as expressed in Equation 1 with spin § = 2,
Similar to ). gigas Fd 11, the spectrum of the reduced [3Fe-
x8] cluster in 1. gigas hydrogenase can also be decomposed
into two subcomponents with intensity ratio of 2:1. The two
iron sites associated with doublet I were found to remain
equivalent in magnetic fields up to 8 T. The solid curve in
Fig. 34 is the result of a simulation. To obtain a good agree-
ment with the experimental data, the theoretical spectrum
was seiled to 27% of the total iron absorption. This suggests
that the sumple contains approximately one reduced [3Fe-xS)
cluster/molecule of hydrogenase. The parameters used for the
thearetical simulation are listed in Table I and are compared
with those of ). gigas Fd 11,
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Fi1G. 3. Mossbauer spectra of D, gigas hydrogenase poised
at =80 mV (A4), ~270 mV (B), and ~400 mV (C). The data were
recorded at 4.2 K with a magnetic field of 1 T applied parallel to the
v-beam. The .olid line in A 18 & theoretical simulation of the reduced
{3Fe-xS] cluster using the parameters listed in Tahle I. The theoret-
ical spectrum is scaled to 27% of the total iron absorption. This
distinct spectrum of the reduced {JFe-xS] cluster is clearly recogniz-
able in all three spectra, and its percent absorption remains constant,
indicating that the [JFe-xS] cluster does not convert into a [4Fe-4S}
cluster under thzse reducing conditions,

In Fig. 3 (B and C), Mossbauer spectra of 1. gigas hydro-
genase por.ed at —270 and —400 mV, respectively, are shown.?
In order to resolve the subspectral components, the data were
recorded at 4.2 K with an applied field of 1 T, and the
characteristic spectrum of the reduced [3Fe-xS] cluster is
observed in both spectra. Since the absorption peak at the
velocity region around 4.7 mm/s is well-isolated from the rest
of the speetrum, it can be used to quantitate the amount of
reduced [3Fe-xS] cluster in the protein. We found that the
contribution from the reduced [3Fe-xS] cluster is always
approximately 27% of the total absorption when the sample

?I'he Mossbauer data of the ~400 mV sample indicate that all the
iron-sulfur clusters are reduced. At 160 K, the reduced [4Fe-4S)
clusters exhibit a quadrupole doublet with parameters (AEq = 1,10
mm/s and o = 0.47 mm/s) typical of a [4Fe-4S]'"* cluster. A spectrum
which represents the [4Fe-4S]'* clusters at 4.2 K can therefore be
prepared by subtracting the contribution of the reduced [3Fe-xS}
cluster from spectrum C in Fig. 3. Such a prepared spectrum can then
be used to estimate the amount of absorption attributable to the
reduced [4Fe-45) cluster in protein poised at different redox poten-
tials. In Fig. 3R, the paramagnetic subspectral component associated
with the reduced [4Fe-45] cluster is clearly observed at velocity region
between ~2 and +2 mm/s. Approximately 25% of the total absorption
of spectrum & in Fig. 2 is attributable to the [4Fe-4S)'* cluster. This
percentage vields an average of 0.7 (4Fe-4S)'* cluster/molecule in the
=270 mV sample. It ia interesting to note that the corresponding
EPR sample exhibits a 70% reduction of the native nickel signal. No
ather signal is observed except a g = 2,0 radical signal arising from
the redox medintors, Since the [4Fe-45}'* cluster is a system contain-
ing an odd number of electrons, it generally yields a characteriatie
EPR signal. The fact that some of the [4Fe-4S] clusters are in the 1°
state but do not exhibit a corresponding EPR signal needs further
investigntion. Further work is underway in order to clarify the situ-
ation,
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ia poised at potentizla lower than ~80 mV, indicating that the
[3Fe-x8] cluster is present in the reduced form and does not
convert into the [4Fe-4S] cluster.

The [3Fe-x8] cluster has been found in a variety of proteins
including aconitase (33) and D. gigas Fd 11 (32). In D. gigas
Fd 11, the [3Fe-xS] cluster was shown to be easily converted
into & [4Fe-43] cluster under proper reducing conditions (34),
whereaa the activation of aconitase was shown to involve the
transformation of the [3Fe-xS] cluster into a [4Fe-4S]) cluster
(35). Interconveriion between the [3Fe-xS] cluster and the
(4Fe-4S] cluster has also been suggested for hydrogenase
purified from C. vinosum (36); however, the present Moss-
bauer study reveals unambiguously that the [3Fe-xS] cluster
in D. gigas hydrogenase remains intact under reducing con-
ditions and does not convert into the {*Fe-4S] cluster. This
is the firat quantitative evidence for the existence of a reduced
[3Fe-xS] cluater in a catalytically active enzyme. Although
the srecific role of the [3Fe-xS] cluster in hydrogenase re-
mains unknown, it is interesting to note that most of the
[NiFe] hydrogenases purified from different organisms do
exhibit the isotropic g = 2.02 EPR signal characteristic of
[3Fe-xS] clusters (1-9, 12). Recently, magnetic circular di-
chroism studies of reconstituted succinate dehydrogenase
have shown that a reduced [3Fe-xS] cluster is necessary (37).
Unfortunately, it was difficult to draw a quantitative conclu-
sion from the magnetic circular dichroism measurement.

CONCLUSIONS

The Mossbauer data of *"Fe-enriched /). gigas hydrogenase
presented in this paper together with our previous EPR stud-
ies (5, 6, 19) firmly establish that D. gigas hydrogenase con-
tains _ze nickel center, one [3Fe-x8) cluster, and two [4Fe-
45] clusters. Similer prosthetic groups were also found in
another [NiFe] hydrogenase isolated from D). desulfuricans
(ATCC 27774) (3). Our Méssbauer studies of the D. gigns
hydrogenase reduced under H, atmosphere or poised at d.f-
ferent redox potentials demonstrate that the [3Fe-xS] cluster
remains intact and does not convert into a [4Fe-4S] cluster
during reduction of the enzyme. The presence of a reduced
[3Fe-xS] cluster in the hydrogenase of /). gigas was also shown
by magnetie circular dichroism studies (38). However, in the
case of the [NiFe] hydrogenase from C. vinosum, the conver-
sion of a [3Fe-xS] cluster into u [4Fe-4S] cluster has been
coirelated with the activation of this hydrogenase (18).

The reduced [3Fe-xS} cluster in D. gigas hydrogenase ex-
hibits paramagnetic properties similar to that of the reduced
[3Fe-x8) cluster in D. gigas Fd 11, indicating that this cluster
is not spin-coupled to another paramagnetic center. This
observation suggests that the [3Fe-x$] cluster may be physi-
cally distant from the other centers.

The relatively recent d, scovery of nickel in purified enzymes
has triggered numerous investigations aimed at revealing the
function of nickel in biological systems. Since D. gigas hydro-
genase contains both nickel and iron-sulfur clusters, it is an
ideal system for studying the function and interplay between
these two types of centers. Based on a series of EPR studies,
we have proposed a working hypothesis for the mechanism of
(NiFe] hydrogenase (19). The present studies have confirmed
some of the assumptions made in this hypothesis, namely
that the [3Fe-xS] cluster can be reduced, remains intact in
the active enzyine, and is not magnetically interacting with
other parnmagnetic centers in the protein. However, many
questions remain unanswered. Direct evidenee for the exist-
ence of a nickel bydride species in 1. gigas hydrogenase has
not been found. The natu.e of the complex EPR signals of
the reduced enzyme (19) remains unknown. and the role of
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the [3Fe-xS] cluster has not yet been clarified. A full under-
standing of the hydrogenase mechanism obviously cannot be
reached until answers to these problems are obtained.

Acknowledgments—We thank Pat Kelly and Liesje DerVartanian
for excellent technical assistance during preparation of the hydrogen-
ase and EPR measurements, respectively. We thank Dr. Adrian
Meagher for his assistance in the acquisition of Mossbauer data and
the staff of the University of Georgia Fermentation Plant for growing
the bacterial cells.

REFERENCES

. Albracht, S. P. J., Van der Zwaan, J. W., and Fontijn, R. D.
(1984) Biochim. Biophys. Acta 766, 245-258
. Teixeira, M., Moura, ., Xavier, A. V., Moura, J. J. G., Fauque,
G., Pickril, B., and LeGall, J. (1985) Rev. Port. Quim. 27, 194~
195
3. Kriger, H.-J., Huynh, B. H., Ljungdahl, P. O., Xavier, A. V.,
DerVartanian, D. V., Moura, I, Peck, H. ., Jr., Teixeira, M.,
Moura, J. J. G., and LeGall, J. (1982) J. Biol. Chem. 257,
14620-14623
- Bell, S. H,, Dickson, D. P. E,, Rieder, R., Cammack, R., Patil, D.
S., Hall, D. 0., and Rao, K. K. (1984) Eur. J. Biochem. 1465,
645-651
5. Teixeira, M., Moura, L., Xavier, A. V., DerVartauian, D. V.,
LeGall, J., Peck, H. D, Jr., Huynh, B. H., and Moura, J. J. G.
(1983) Eur. J. Biochem. 130, 481-484
5. Moura, J. J. G., Moura, I, Huynh, B. H., Kriger, H.-J., Teixeira,
M., DuVarney, R. C., DerVartanian, D. V., Xavier, A. V., Peck,
H. D, Jr., and LeGall, J. (1982) Biochem. Biophys. Res. Com-
mun. 108, 1388-1393
. Cammack, R., Patil, D. S., Aguirre, R., and Hatchikian, E. C.
(1982) FEBS Lett. 142, 289-292
8. Czechowski, M. "1, He, S. H., Nacro, M., DerVartanian, D. V,,
Peck, H. D., 4., and LeGall, J. (1984) Biochem. Biophys. Res.
Commun. 125, 1025-1032
9. Teixeira, M., Mot ra, 1., Fauque, G., Czechowski, M. H., Berlier,
Y., Lespinat, P. A, LeGall, J., Xavier, A. V., and Moura, J. J.
G. (1986) Biocsimie (Paris) 88, 75-84
10. Albracht, 8. P. !, Graft, E. G., and Thauer, R. K. (1982) FEBS
Lett. 140, 311- 313
11. Kojima, M., Fox, J. A., Hausinger, R. P., Danicls, L., Orme-
Johnson, W. H., and Walsh, C. (1983) Proc. Natl. Acad. Sci. U,
S. A. 80, 378-382
12. Fauque, G., Teixeira, M., Moura, 1., Lespinat, P. A., Xavier, A,
V., DerVartanian, D. V., Peck, H. D., Jr., LeGall, J., and Moura,
J.J. G. (1984 Eur. J. Biochem. 142, 21-28
13. Wang, G., Benecky, M. J., Huynh, B. H., Cline, J. F., Adams, M.
W. W,, Mortenson, L. E., Hoffman, B. M., and Miinck, E.
(1984) J. Biol. Chem. 259, 14328-14331
14. Huynh, B. H., Czeckowski, M. H., Kriger, H.-J., DerVartanian,
D. V., Peck, H. D., Jr., and LeGall, J. (1984) Proc. Natl. Acad.
Sei. U. 8. A, 81, 3728-3732
15. Yagi, T., Kimura, K., and Inokuchi, H. (1985) J. Biochem. (Tokyo)
97, 181-187
. Van Dijk, C., Grand., H. J., Mayhew, S. G., and Veeger, C. (1980)
Eur. J. Biochem 107, 251-261
17. Lancaster, R. (1982) Science 216, 1324-1325
18. Albracht, S. P. J., Fontign, R. D, and Van der Zwaan, J. W.
(1985) Biochim. Biophys. Acta 832, 89-97
19. Teixeira, M., Moura, 1., Xavier, A. V., Huynh, B. H., Der-
Vartanian, D. V., Peck, H. D, dr., LeGall, J., and Moura, J. J.
G. (1985) J. Biol. Chem. 260, 8942-8950
20. Cammack, R, Patil, D. S., and Fernandez, V. M. (1985) Biochem.
Soc. ""rans. 13, 572-578
21. Mege, 3.-M., and Bourdillon, C, (1985) J. Biol. Chem. 260,
14701-14706
22. Van der Zwaan, J. W,, Albracht, S. P. J., Fontijn, R. D., and
Slater, E. C. (1985) FEBS Lett. 179, 271-277
Lissolo, T, Pulvin, 8., and Thon.as, D. (1984) J. Biol. Chem.
2569, 11725-11729
24. Hatchikian, K. C., Bruschi, M., and LeGall, J. (1978) Biochem.
Hiophys. Res. Commun. 82, 451-461
LeGall, J., Ljungdahl, P, O., Moura, L., Peck, H. D, Jr., Xavier,
A. V., Moura, J. J. GG, Teixeira, M., Huynh, B. H., and Der-
Vartanian, 1. V. (1982). Biochem. Biophys. Res. Commun, 106,
610- 616

[ R

s

-3

=)

21,

20,

3



800

. Lowry, 0. H., Rosebrough, N. J., Farr, A. L., snd Randall, R. J,

8

883

31.

32.

33.

(1951) J. Biol Chem. 198, 265-275

. Peck, H. D, Jr., and Gest, H. (1956) J. Bacteriol. 71, 70-80
. Dutton, P. L. (1978) Methods Enzymol. 54, 411-434
. Huynh, B. H., Liy, M. C., Moura, J. J. G., Moury, L., Ljungdehi,

P. 0., Miinck, E., Payne, W, J., Peck, H. D, Jr., DerVartanian,
D. V., and LeGall, J. (1982) J. Biol. Chem, 2567, 9576-9581

. Middleton, P., Dickson, D. P. E., Johnson, C. E., and Rush, J. D.

(1980) Eur. J. Biochem. 1G4, 289-296

Emptage, M. H., Kent, T, A., Huynh, B. H., Rawlings, J., Orme-
Johnson, W. H., and Minck, E. (1980) J. Biol Chem. 25665,
1793-1796

Huynh, B. H., Moura, J. J. G., Moura, I, Kent, T A., LeGall, J.,
Xavier, A, V., and Miinck, E. (1980) J. Biol. Chem. 285, 3242~
3244

Kent, T. A., Dreyer, J.-L., Kennedy, M. C., Huynh, B. H.,
Emptage, M. H., Zeinert, H., and Miinck, E. (1982) Proc. Natl,

Massbauer Studies of D. gigas Hydrogenase

Acad. Sei. U. S. A. 79, 1096-1100

34. Moura, J. J. G., Mo 12, 1, Kent, T. A, Lipscomb, J. D,, Huynh,
B. H., LeGal, J., Xavier, A, V., and Miinck, E. (1982) J. Biol,
Chem. 287, 6259-6267

35. Kent, T. A, Emptege, M. H., Merkle, H., Kennedy, M. C.,
Beinert, H., and Manck, E. (1985) J. Biol. Chem. 280, 6871-

6381

36. Albracht, S. P, J, Kalkman, M. L., and Slater, E. C, (1983)
Biochim. Biophyr. Acta 724, 309-316

37. Johnson, M. K., Moringutar, J, E., Bennett, D, E,, Ackrell, B. A.
C., and Kearney, E. B. (1985) J, Biol. Chem. 260, 7368-7378

38. Johneon, M. K., Zambrano, I. C., Czechoski, M. H., Peck, H. D.,
Jdr., DerVartanian, D. V., and LeGall, J. (1986) in Frontiers in
Bioinorganic Chemistry (Xavier, A. V., ed) Vol. 6H, pp. 36-44,
VCH Verlagsgeselischasd, Weinheim, Federal Republic of Ger-
many



B-20

Rec'd in S

RUG

71487

Jrou-Sulfur Pretrin Research, odr. M. Matsubara ot al., pp, 143-16¢ { [956).
Japax Sii. Sec. Press, Tokyo{Springer-Verlag, Bertin

Iron-Sulfur Cluster Interconversions

José J. G. Moura

Centro de Quimica Estrutural Complexo I, UNL®

The ferredoxin Il (Fd II) from Desulfovibrio which contains a single
[3Fe-4S) cluster serves as a model protein for quantitative studies of
the three iron center and has been examined in corsiderable detail with
a number of spectroscopic techniques (EPR, A‘s:;bauer, EXAFS,
MCD and Resonance Raman spectroscopies). The studies performed
have revealed interesting properties of this structure, demonstrating the
simultaneous existence of localized and delocalized valence states in the
same cluster and the occurrer. _ . facile interconversions between 3Fe
and 4Fe clusters, as well as the possibility of specific isotopic labelling
of a subsites of an iron-sulfur cluster.

DESULFOVIBRIO GIGAS FERREDOXINS

Desulfovibrio gigas ferredoxins (Fds) are isolated in different oligomeric
forms (6). Ferredoxin II (Fd I1) is a tetramer of four identical monomers,
M, 6.000. Each monomer consists of 57 amino acid residues, including
six cysteinyl residues. of known sequenc2 (5). Ferredoxin I (Fd 1) is a
trimer made up of the same monomers. These two forms differ drasti-

* Av. Rovisco Pak..lOOO LISbO-’!. Portugal.
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Fig. 1. X.band EPR spectra of native and reconstituted D. givay Fd .

Al mative D, vivas Fd I (**Fe) oxidized state recorded ay K. B: reconstituted apokd I
(Fdu). dithionite reduced state, recorded at 8K, Derivative of the

absorption s plotted
versus the magnetic induction.

cally in their optical. redox, and m
logical role (5. 7. 21).

In the oxidized state. Fq [T exhibit
centered around ¢ . 2,02 (7).

agnetic properties. and their physijo-

s a fairly isotropic EPR signal
A typical EPR spectrum taken at 8K s
shown in Fig. [A. The increase of the spin relaxation rate a high tem-
peratures makes the signal oo broad 10 be detected above 16K. This
EPR spectra can be titted with Gaussian line-shapes 1.5, 3.5. and .0
mT wide at ¢ values of 2.02. 2.00. and 1.97. respectively. Quantitation
agamst a copper-EDTA »wndard gave (0,93 - 0.12) spins per 3Fe at ms,
Iron quantitation viclded an average value of 3.01 - 015 irons per
mininial molesular weight (/2),

By combining EPR and Massbatcer studies we have demonstrated
that Fd 1] i\ spectroscopically pure and contains a single [3Fe-4S] cluster
PCr monomeric unit (12) (see also footnote®),

® The 3¥e cluster has boen studied in detal in Azothacier inciandii ¥d | (&, 91, beef heart
wonitase {745 and O, pigas Fd |1 t12). A careful determination of labile sulfide in aconitase
indicates that the ratio of Feto S5 3:4 (3). These results sugeest the presence of a [IFe-35)
struciure that cun be buily by removal of one iron from the [4Fe3S] cluster. The result gy

Juite siHraciine ~ince it explains the facile intereonversion ctween these type of structures
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i 6 4 idi duced D. gigas Fd 1.
Fig. 2. Méssbauer spectra of oxidized and re ! . )
At oxidized Fd I1 taken at 1.5K in a ficld of 60 mT applied parallel to lhc observed j-radj
ation. The solid line plotted over the experimenta! data is the superposition of three com-
puted subcomponents (/2). B- oxidized Fd Il taken at 77K, zero .ﬁcld. C: reduced Fd 1I
taken at 4.2K zero field. In B and C the solid line is the result of fitting quadrupole doublets
to the experimental data.

Figure 2A shows the Méssbauer spectrum of oxidized Fd il lakc‘n
at 1.5K. At this temperature the spin fluciuates 3!owly.and a magn'euc
spectrum is observed revealing three magaetic 1nequ1\falent subsites.
Attempts have been made to decompose the spectrum. nto thrlec lsu’b-
components using a spin Hamiltonian with an eﬁ'.ecuve S=1/2 {12).
The theoretical spectrum of such a decompsition is plotted ov;r.the
cxperimental data in Fig. 2A (for complete analysis of the oxidized

(sct; text). Ho“;;'cr. the structure of the cluster remains comroycrsial..x-my fuﬂ'rain;n d':;,a
at 2 A resolution indicates the prescnce of a [3Fe-3S) Flusler in A vinelandii FcL ‘(“-)r T
Cure was proposed to be an essential planar structure wn'h Fe-Fe dxs{ar}o&s of z: ' lxh‘cr:i:-
from the values proposed for D. gigas Fd 11 and acomlasc' (see te-1). To a x_rcs; ‘h; o
crepancy between the X-ray, the extended X-ra‘y abserpuon ﬁnc. slrucxure' af.-! e S
determinations, it was suggested that two substantially different structures may exist, defi

as [3Fe-nS), withn-- 3 or 4.
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Spectrum, see refs. /2 and 22). At higher tempearature, th
relaxation is fast and only one quadrupole doublet iy, observed (Fig. 2B).
The spectral line widch (0.28 mm;sec) indicates that the three subsites
yield the same >pectrum, at 77K, wizp JE, 0.534.0.03 mm-sec and
3=0.27- 0.03 mm. sec, These values are typical of high-spin ferric sites.
suggesting tetrahedral coordination of predominantly sulfur ligation,
However. the parameters do not exclude the possibility of ligands
having, O or A 35 coordinating atomsy {see also ref. 22).

Fd 1! is reducible by a one electron step (F,

¢ clectronic spin

W' ~—130m\V) yielding
an EPR silent state <) In the rediced state. the 4.2K sero-field MOss-
bauer spectrum reveals two distinet doublets {labelled I and 1) with
Intensity rutio of 2:] (Fig. 2C). The spectral parameters are JE 21,47
0.03 mm wec and ;- 046 -0.02 mm/sec (doublet I) and JE,~0.47~
0.02 mm ¢ and 5 =0.30--0.02 mm-sec (doublet ).
that the iron arom associated with doublet I is high-spin ferric in
character. similar 1o the iron sites in oxidized Fd I1. The parameters of
doublet 1 suggest a formal oxidation state between -2 and 3. The
WO iroa atoms of doublet 1 share the electron that enters the cluster
upon reduction. Hence. the reduced state fepresents a mixed valence
state compound IFe-*5Fea-,

The values suggest

Animperint ohservation i> the fact that 4 weak applied magnetjc
tield ( ~6i) mT) can elicit g4 substantial broadcning of both doublets
observed in 1he reduced state. firmly indicating that th
associated with doublers Iand 11 share
with an integer lurger than zero (12, 22).

Thorough vudies of the cluster were feasible by other complementary
SPRetrosCope techniques, Magnetic circular dichroism (MCD) studies
hive revealed o distinct fingerprint for the [3Fe-48] cluster and have
~hown thie the reduced state has 4 SPIn §+:2 (24 in agreement with the
Méssbauer data, Resonance Raman N

¢ iron atoms
4 common clectronie system

pectroscopy hus also been used
W Churasierize the Fe center, vielding spectrum Cearly distinguish-
able from thyy or 5 [HFe-4S] cluster t13). Extended X-ray ubsorption
fine structyre (EXAFS) data on Fd 1y gave the following coordination
distances for hoth ovidation states of the cluster: 2.4 4 (Fe-Syand 2.7 A
tFe-Fe) (2). Similar values have been reported for beef heart aconitase
{4). The EXAFS data fdggest that the Fe-S-Fe angles are acute and
very similar to those observed for [2Fe-2S] and [4Fc-48] clusters.
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j d I taken at 4.2K in
-48]) centers of D. gigas F
Fig dssbauer spectrum of reduced [4Fe > - Fige ¢ 42K in
e 13. f\:sgs:;u:ppl?:d parallel to the y-radiation. The conmt‘:uuon ?f :T;::e:dassbau“
o :l:due to the 3Fe centers was subtracted. The upper trace is ll::ss;:: oacd MOssbauer
p;:::clrum obtained using B. stearothermophilus (4Fe-4S] Fd parame
spe

(7Y and .1Eq and & values of reduced D. gigas Fd L.

In contrast to Fd I, the trimeric Fd I (6, 7) slh;;vs 13;4EPaRndm2Tg;
reduced state (£, ~-—450 mV) with g-valves at 1.92, .Co;]ﬁmed by

esting the presence of [4Fe-4S}- clusters. This was rmee by
:L;igs;:izizr studies (/2. 25). The spectrum of the reduc:cl s:;zg:um ‘;ery
i ) i Wws a magneti
i’“ i P‘"a”cL atpg:::‘:gnziildfoc;r 1?1?3 TIFCS-T;] cluslersg of reduced Bacillus
A, ?}i['u»Fd (Fig. 3). At 90K the relaxatiorf rate of the tzllec-
“wur.ollw'rm'us!‘f;s.t\und the M&ssbauer spectrura gives rise to two qua r6u-
o ¢ SP‘:‘I ll‘ with equal intensity (similar to the hash marks.of F’gf.:d)ll
'pfilesfz:lu;?e: revealed also the presence of someb3Fc clustlcorsannndt;lgw !

| ions ters varies between %

prcparallorrlf.l :?:i?é?::dogoyf;crc(c; 25). Upon oxidation, the [4Fe-;S'<]
o P"_CP";_r:_(;Ol hcc‘omc EPR silent and the M&ssbauer spect‘rum at 4 .f
:Z:icitribcsoimo a quadrupole pattern showing two doublets in a ratio o

3:1 (12, 19).
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Fig. 3. Comparison of cysteine distribution for fe
tb). P. aerogenes (¢). and B. stearothermophilus (d)
Cluster attachments for A. vinelandii and p. aerogenes were detel
lography (7, 9). The others are speculative. - o

rredoxins from D, Livas (a), A. vinelandii

mined by X-ray crystal-

ACCOMMODATION OF 3Fe AND 4Fe CLUS
: AND 4Fe CLUSTERS BY THE SAME
POLYPEPTIDE CHAIN 5 BY THE Same

The differences in cluster composition between Fd | and Fd 1 indicate
that the ba.c polypeptide unit can accommoadate [4Fe-48) cluster “ .
well as [3Fe-4S] cores. Comparison of the ol the
D. gigus monomer (5) with those of som
some insight on how the two cluster tvp
As shown in Fig. 4, y
cvsieines. These ing une of the
two ‘[4Fc—4S] clusters of the Peprococcus acrogenes Fd th Tn the p \l\'L
pepude. It ix instructive 1o compare these sch;cncu: patterns of ¢y \tl':n:\;
rc:induc:; with that reported for Fd | from A, vinelandii. r oo
tem contains a [3Fc¢-3S) and a [4Fe-4S] cluster
tachment deduced from X-rav cry
el al. (9} are shown in Fig. '4. E

amine acid sequences of the
¢ other ferredoxins provides
ey are casily accommodated.
the B. stearothermorfhilus Fd (1oy

: as only four
residues are homologous with those link

The fatter pro-
L the points of cluster gt
stallographic measurements by Ghosh
! ] i According to the mterpretation of the
X-ray data. five cystemnyl vesidues link the [3F¢-3S8] core to the protein
Presumablyv 4 water molecule wili provide o
Remarkably, the P, gigas Fd scquence

cluster types can be fitted into the pretein matrix - cysteiny] rcs.i:jucs 8
!l. 14, 18, and 51 (or 41) could ligate to a 3Fc core w hcrcz-n r~~siduc§ ‘<.
i1, [4. and 31 (or 41) could form iinkages to the [4Fe-4S] clusl‘cr o

a sixth ligand (oxygen).
Is constructed such that both

IRON-SULFUR CLUSTER INTERCONVERSIONS 155

PHYSIOLOGICAL ROLE OF D. GIGAS FERREDOXINS

Desulfovibrio gigas Fd have been tested individually in two important
metabolic reactions of sulfate reducing bacteria: the phosphoroclastic
reaction and the sulfite reductase system (4, 2/). Fd 1I is more efficient
than Fd [ in the sulfite reductase system. Fd I is active in the phosphoro-
clastic reaction in conditions where Fd II is not active. Fd Il only
participates in this reaction after a long lag phase. The activation step
of Fd Il in the phosphoroclastic reaction was monitored by EPR in a
time course experiment (/8). The development of *g=1.94" EPR
signal, concomitant with the disappearance of g=2.02 signal, showed
that after the lag phase [4Fe-4S] centers were being formed. Integration
of the EPR features indicates that the newly formed [4Fec-4S] clusters
represent an almost quantitative interconversion of the centers under
these experimental conditions.

INTERCONVERSIONS BETWEEN 3Fe AND 4Fe CLUSTERS IN D. GIGAS
FERREDOXIN 1, A MODEL SYSTEM

Desultovibrio gigas Fd have allowed us to probe in detail the intercon-
version process in iron-sulfur clusters. The possibility for accommoda-
tion of cither a 3Fe or a 4Fe cluster by the same polypeptide chain, as
anticipated by comparison of Fd I and Fd I spectroscopic data, led to
the design of a set of experiments to study the possibility of cluster
interconversion. Also. the physiclogical activation of Fd Il described
betore suggests the occurrence of an interconversion step.

These studics were complemented by reconstitution experiments of
D. gigas apoFd which demonstrated the rebuilding of both [3Fe-4S] and
[4F2-48] centers (/9). A proper combination of the techniques can be
used for specitic labelling of subsites of these iron-sulfur clusters (/9).
Such labelling with >*Fe provides enhanced spectral resolution of the
Mdssbauer experiments,

Reconstitution of ApoFd I
The procedure for removing the [3Fe-4S] center from Fd IT and rebuild-
ing of an iron-sulfur center in the resulting monomeric apoprotein was

Lok



o J. J. G. MOURA

Fig. 5. EPR time course experiment.

Incubanen of native Fd 11 (spectra a) with stoichiometric amounts of Fe? and §: and
dithiothrernol for the following times: b, Lhr: ¢, 2.5 hr; and d 10 hr. Spectrum e was
taken after | hr incubation with a 3-fold excess of iron. Spectrum [ represents reoxidation

of the sample shown in €. Spectrum g represents an incubation of Fd ;[ in the presence of
mercapiocthanol.

adapted from that proposed by Hong and Rabinowitz (/77). Samples
reconstituted with an excess amount of **Fe. termed Fd:. were EPR-
silent in the oxidized state (19, 23, Upon reduction with dithionite the
samples developed an EPR-spectrum (Fig. 1B) identicai with the one
observed for reduced Fd I. The principal g-values at 1.92,1.94, and 2.07
are typical of a reduced [4Fe-4S]-* cluster. This conclusion was em-
Phasized by the Méssbayer data.

The Mossbauer spectrum of oxidized reconstituted ferredoxin (Fd,)
measured at $.2K, zero field. consists of twa sharp quadrupole doublets
(I and N, with an intensity ratio of approximately 3:1, and with the
following Mossbauer parameters: doublet [i, 2% 1.32mm sec and
92045 mm-sec and doutlet |, JE,+:0.55 mmisec and 0.31 mm/scc.
M3ssbauer studies in applied fields of 6T show that both doublats result
from diamagnetic (S-=0) sites. The spectral parameters taker together
with the observed diamagnatism and the intensity ratio of both doubleats
indicate that the subsites observed in the M&ssbauer spectrum of the
reconstituted cluster Tepresent a [4Fe-dS] cluster in the - 2 oxidation
state.

TRON-SULFUR CLUSTER INTERCONVERSIONS

T
T T T T T T T T T T
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Fig. 6. Madssbauer spectrum of reduced [4Fe-4S] cluster in zero-field at 90K Spec

reduced F T uti **Fe apoFd 1I) (hash marks) and of reduced D, gigas Fd 11
dr (reconstituted P ) ( ) 88
inzubated with a 4-fold excess of **Fe in the presence of dithiothreitol (®). Doublets I and

Il are indicated in brackets referring to reduced Fdg.

As anticipated from the EPR data the Méssbauer .speclrum (?f
reduced Fd, measured at 4.2K in a 60 mT p:arallel appited r'r;agr:?;:;
tield exhibits hyperfine structure. The magnetic feat.ures a;; 125e)n e
with those of the reduced [4Fe-4S] centers of Fd I (Fig. 3) ( B 5,;,0,.0_
again very similar to those observed for the {4Fe-4S] Fd from B.
thermophilus (17). o _ |

urmz:lp‘JOK the relaxation of the electronic spin S= l/2' is fast a;dcrt\»;g
| intensity are ob.
doublets (termed I and II) of equa .
((lll;l)d(r:ir;m;) Again, the data are very similar to those reported at high
lcmpcra?urc for reduced [4Fe-4S] centers of Fd [ (/6. 19).

2. Conversion of 3Fe to 4Fe C /usrcr-isorol_)ic La?.clling gz.\lper:g;urn;smcr-
Incubution of dithionite-reduced Fd II. \?’lﬂ‘] Fe? .zmd : u dor anaer
obic conditions 2nd in the presence of dnhlo_lhrexlol,r:s-fse] ormed In
order to convert the native [3Fe-4S] core into a [h <:'l laccc]‘em[cs
aconitase it was also shown that the pr'cse.ncc of dllhl.Ol rlcn olhe‘[3]:e_451
the interconversion kinetics (/3). As indicated .prewous.z:ZCd )
cluster of Fd Il vields an EPR signal at g=2.02 in the o.x1 1':; : Sh(;w ¢
reduced cluster is EPR silent (7, 19, 25). The spectra in Fig.

i i was incu-
typical time course exjeriment in which Fd Il (spectrum a)
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bated with one cquivalent of irgn and sulfide
the presence of » slight excess of dithionite,
EPR <pectrun shows thar [4F¢

per protein monomer jp
The appearance of g ¢ 1.94
~45] centers are formed, Quanii
spectrum d shows thyy 36%, of the 3Fe clusters
clusters afier 19 hr incubation. When a 5-fo1d ¢
were used. 709

ation of
Were converted jnte dFc¢
Seess of iron ang sulfide
. of 3Fe clusters Were converted afier I hr incubation
time (/9), Reoxidation of the sample enables the observation of the
unconverted 3Fe clysters (Fig. 5). Whep dithiothrejtol is replaced by
mercaptocthunol the vield of conversion is mych lower ¢
incubation, only 5% of conversion wyg observed, Fig. 50),

=

conversions with Fa

after | hr of

We have studied these cluster inger
bauer pectroscopy by incubating Fd I with jron isompicu”_\' enriched
in cither %F¢ of *Fe. When 57F is added to the incubation medium the
Mbssbuuer techniques gjve information about the sites into which the
externally provided iron is incorporated. whereas the global cffect of
iron incorporation in the cluster i observed by the incorporation of

‘Fe a9y W

Méssbayer Spectrum of Fd g incubated
With 4 J-fold evees., of *"Fe and §¢ and purified ip acrobic conditions.
foxidized tare) vields single quadrupolc doublet with pParameters
identical 1o doublet 1 jp Fd. (19). so. the externally udded irop 15
incorporated in site 11, Ay indicated before. site 11 contains three jp.
distinguishable iron aioms. Se t's result doe, not allow
netween specific e dccupanzy or g distribution betwee

It Boteworthy that, when beel heary daconit
Ml treatmeny, the iron

M3ss-

anwcrobically for 6 hr

ditferentiation
n three sites,
e v submitted to
ANt (with g single
cluster of Fd, and

- SuZgesting g 30

AWom is incorporated nto
iron atomy which siclds doublet | (/3). the [4Fe-18):
Heenitie vield virtuatly the “am. Massbauer spectra
e occapaney

When the g incubated Fd 1f sample s reduced. th
slearly mdicates that onlyv one quadrupoic deublet (site
(JE, <167 qnd ,; 0.66 mm sec) (Fig. 6). The [4Fc-4S]-
1o remembered. shows g 2:2
for the tirst time the corref

¢ 90K spectrum
Hy s ubserved
cluster of Fd,,.
site occupancy. This technique allowed
ation of spectral components in different
oxidation states of a [4Fc-4$] cluster. The sijte that gives origin to doublet

Il (oxidized state) is the same thay contributes to doublet I] (reduced
state).
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i 57 5 been in-
This leaves open the question of whel‘her the FT l?a.,UIalion "
carporated into one site or two equivalent sites. Sp:fctra srmle U9 o
low temperature Maéssbauer spectra of |ncubated. FT. sing ey s.pin
\ > i ta using the conjunctio
well as our recent unpublished da ' : o
concentration,
antitati i rement of absolute iron
quantitation and measu dican oo Sccananey.
inati “Fe/*Fe ratios seem to indicats a g
determination of 5 Fe/*Fe ra e . ! : paney:
Our data also exclude the possibility of isotopic scrambling b
sites | and 11,

3. Conversion of 4Fe to 3Fe Cluster - Ferricyanide Tr t‘”l-"”""t’e mperature
Thomson and coworkers (23) have reported that the gw asrezriamlm
MCD of ferricyanide oxidized 2><[4I.-'e-4S] Fd frorsn ]'sfer o
are very similar to those of Fd I1. Using the [4Fe-4 .] ¢ u'de oxidation
slitutcd‘ apoFd II (Fdg) we have extended the fern(;:yamShOWs oo
studies to D. gigas Fd II. The M&ssbauer and EPR ¢ ata e
:;chievcd- by the oxidative procedure. The general featu tod Fdn at 4 9K
o o T P s iyt ratd o 12K
i lied field of 60 mT are iden a
[\:1:‘2-;:] :2zrsjtcrs are converted into [3Fe-3S} cores (19, 25).

i nditions :

4. Conversion of 4Fe into 3Fe Clusters under Reducing Con
lonic Strength Efjects . ‘ ' - No [3Fess]
Fdy contains after reconstitution a single [4Fc—:S] cltus;:tric wésgbaucr

) ‘ idi cter h s

S i xidized state (a chara

-Ores are present in the o . e
. t (77) and a g=2.02 EPR signal would be detected}):. Hclo e
spectrum (/2 §=~2.02 E gnal » L e
d‘i)thionilc-rcduccd Fdn contains variable amounts of 3 Sumers.
Furthermore. the amount of these clusters observed upo.n r duction

eren. : ‘ ; imen
increases with the ionic strength of the b-..ﬁicr (thehe):pjirog“ T
conducted using dithionite as reductant). We found that § Co.nv.ened e
about 50°/ ofhthe clusters present in reduced Fdp were
. v ABE
3Fe clusters (/9) (see also footnote ).

d 3 g bed extensively in beef
i 4Fc centers has also been pro ¢
** Thei version between 3Fe and 0 A o 0 et
h 1;?:\;2(1::;::(14 and references thercin). Under to‘nfil:m;nsl of\x:;mproposcd e of the
:ztcin at alkaline pH, a linear form of the [3[?:—45] .C us cl;hc(ic Tros) o o
; : ic measurements and on the comparison with syn e
Ao, 5 sata ; mmodated.
AP;O a substantial fraction of [2Fe-2S] was shown to be acco
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Together with the discussion in the previous section, we h
that 4Fe clusters can be converted to 3Fe clusters in oxidat
tions, but that the conversion also takes place

ditions. The reduced [4Fe-4S] clusters of Fd,
ionic strength conditions.

ave shown
ive condi-
under reducing con-
are unstable under high

SYNTHESIS OF MIXED METAL CLUSTERS: COBALT DERIVATIVE (20

Using the techniques and
of 3Fc into 4Fe cores. we recently attem
structures containing three iron
[3Fe, M-45). Desulfovibrio
(enriched and unenrj
ion was successfully
paramagnetic confi
Our Freliminary d

procedures described for the interconversion

pted to produce cubane-like
atoms and one extry met

al atom:
gigas Fd 11 containing

a single {3Fe-4S] cluster
ched in *Fe) was used as starting material, Cobalt
introduced into a mixed met
guration into the fourth sjte of
ata show that the cobalt
conversion. 70%) was prepared after an

al cluster, assuming a
the cubane structure,
derivative (typical yield of

acrobic incubation of the native
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3Fe cluster (7Fe and *°Fe D. gigas Fd 1l samples) floﬁrdG—IO:rn::)nt trf:f
ithionite, dithiothreitol, cobalt (IT) (sulfide wa ‘
P iredy. foloved oo i ificativ 1 steps. The combina-
ired), followed by chromatographic puri N
:lig:co)f metal analysis. EPR and Médssbauer measurements cll\;a:;);
indicates that a cubane-like structure is formed: [3F¢.’:1.S)ol-(4;)5.].l ;he
analysis of different preparations yields Fez ?o; (3.:_.ﬁ c.luce.d S.mtes‘
newly formed ciuster was studied in the OXIdlZ]c/‘:]‘)_ z;r';)Rr:ignal e
idi hibits a S=
In the oxidized state the cluster cx &
1) (Fig. 7A). The g. feature s g
values at 1.82, 1.94, and 1.98 (g.) ( . " e
well resolved *°Co hyperfine lines (°A.=4.4 mT), theh-" C9n:);§zl o
structure is broadened by "Fe (~0.6 m™) (.Flg.. 78)} sho“éxpi_{ ectra
and Co reside in the same complex. Quantitation of the S spec
tn 40K vyields 1 spin/Co. EPR studi‘as at low temperature (~8K) e
c : tification of unconverted 3Fe cerfle'rs. o
e q#::: ;Wissbauer spectrum of the oxidized cluster CXhlbllStfil 4t.i;(t
two distinct spectral sites with an intensity ratio of 2:l,f.\ll;]gegzsit|hniinite.
three iron atoms reside in the cluster. The spect:um o O o
reduced sample shows a quadrupole dout;!e‘ljz;il ﬁj._lt(hidsizzm.lm mmfses
i elds b

4 -0.53 mm/sec). However, in strong z'ipp ie ] s
r,n'mnc(ic hyperfine structure. indicating that the complex is paramag
netic with an integer spin. $>0.

CONCLUSION

i i study of
Desulfovibrio gigas Fd 11 provides a unique oppon.u:nyrgc:;st:e—rhe gro‘
the chemistry involved in the cluster mterc.onvcrsllo p e P
tein has a low molecular weight and cc?ntalns only ﬁz:[-yEpR Suser.
and the quality of the protein p.repar‘jmons‘a.rc chxc‘tlz bet;n detected_ o
tions arc quantitative and no iron lmpufmes a erSion e
M@éssbauer spectroscopy. The concept .of mlerco:vte o nderstanding
sulfur clusters introduces a new dynamlc'approac o e understancing
of the role of iron-sulfur proteins. Also, it was shown

i

pathway can be used in more diversified ways to explore the possibility
of introducing an extra-metal in a [Fe-S] C(?re. ve well s the
A brief summary of the intcrconversxon_pathw?ys s well as the
otentialities of the method for specific labell'mg of iron- [l
ips indicated in Fig. 8. Combination of isotopic enrichment and sp

Fig. 7. X-band EPR s
A: CoFe cluster contai
amplit

pectra of oxidized CoFe cluster,
ning the **Fe isotope,

ude 0.5 mT. B: cxpanded view of low ficld position of 40K spectra usi
containing *'Fe (1::0) and *Fe (1-:112).

T- 40K, microwave power I mW, modulation

ng samples


http:3.0--0.10

1. 5. G. MOURA
162

[ ]

Fig. 80 Tronssuifur cluster intereonversion 1sotopic l:qu.:lh‘ngh nee of dithioniie. i
Cine e s is >S D presence . di-
i FF 27 GTFe or *“Fe isotopes) in the | f .

AL incubation of Fd I with Fel- : s o T (o e,

thiothreitol, and ~ulfide. B, reconstitution of apoFd H. in the presence

sotopestand 8¢ 0 CL fermiovanide oxidation step.

fabelling techniques has enabled us to produce diftferent isotopic labelled
‘lusters (see Fig, 8).
LIu“i.rr!:c(.i::lclhrc‘omi‘rsion studies clearly indicate 'lhzll .[4Fc~~?.S]’ c.luslc:).\
can be converted to [3Fce-4S] cores either b_\.’ fcr.rlc,\:un?dc‘ L‘\l}:.]dllk\)(? (8.
/9. 23) or by reduction with dithionite in high |.0mc .slrung-ll T;:”_J‘T]
(/6. 19). Using the method described it seems ﬂ.‘u.\‘x.blc to rcbt'u d‘[' L-|~:d
centers. using specitic **Fe markers. If the technique could‘b‘.‘ prpn_d
to the modification of a single cluster in a compley enzyme. enhance
spectral analysis could be achieved. . -
The formation of mixed metal clusters of lhx.r type | u‘.f \.[ "
Fd I shows that the [3Fc-4S] cluster incorpor;ucd n Ihgj pr‘loh.tu‘] \m‘—ln:i‘\
can serve as a precursor for the formation of noTcl mc}“.“l&,l,l,\ ;.tr.l.“OdC‘
new synthetic route could facilitate the formation n!l re L\'“l‘!”.n],,[;un
compounds. It will be interesting to explore the possibi 1}1\‘»! “‘m, Uh\l
of cubane-like structures containing mol)‘bdcnu_m and -m: u -
ous relevance for nitrogenase rescarch and .nv:ckcl hm(}:_u.]'n: .1-['}; e
method is also potentially interesting for specifically modifying a jFe-!

core in a complex enzyme.
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The clectron-transport protein feeredoxin 11 (Ed 1) from De-
sulfovibrio gigas contains an FeySy cluster! which reacts readily
with Fe?* (o form the cubane Fe S, complex.’  This canversion
suggested that the Fe,S, core of Fd 11 can serve as a precursor
for the formation of novel clusters of the MEe S, type. Indeed,
we have demonstrated” the formation of [CoFeS ) The FeS,

(1) Huynh, B. 1, Mours, J ). G Moura, Lo kent, oA el )
Navier, A, V. Munck, E.J. Biol. Chem 1980, 85, 1243 3

(2) Moura, J. J. G Maura, | Kent, T A Lipscamb, 3 1 Huynh, B
H. LeGall, J.; Navier, A, V. Munck, [ 2 Hiol, Cheme 1982, 287, 0289 6267

{3) Moura, I, Moura, J. J. G Munch, |-, Papactthynmou, V', LeGall, ).
JoAm. Chem. Soc. 1986, 103, 349-15]

1987, 109, 3805.
sion of the copyright owner,

COIORT Amcran Chemical Society



3806 J. Am. Chem, Soc., Vol. 109, No. 12, 1987

U
18
B 88 5.3 I
] t I
o j\\\~‘ﬂ,‘4 1
B IVANSE
[V i
AN
., :
ey e s |

]

Figure 1. EPR spectra, 9.22 Gz, of I, (A) Spectrum recorded at T ~
8 K: microwave power, 0.1 mW,; modulation amplitude. 10 ;. (B)
Expanded region around £ =9-10. Upper trace: T « 8 K.t mW, 10.G
modulation amplitude. Lower trace: T ISK, I mW, 10.G modulation
amplitude,

clusier is also interesting from standpoint of magnetism becayse
the reduced cluster (3pin § = 2} is 2 mived-valence svitem with
one localized Fe* and one delocalized Fe™ /Fe™ pair Thus, F
H has features (delocalization) typical of Fe,S, cubines We have
recently described the spin coupling in reduced Fd 1} with a
Hamiltonian which takes ino aceount Heisenberg .. hange as
well as electron delocalization * This Hamiftonian hois promise
for the deseription of FelS, clusters. Since spin coupling in the
latier is exceedingly complex, it iy desirable 1o incorporate g
diamagnetic metal, rather than Co™* into the FeyS, core and thus
produce a cubane with only three paramagnetic sites. Here we
report evidence for the formation of a cluster with novel features,
most probably Znfe,S5,.

Fd 11 was purified as deseribed.? Typically 0.5 ml of ;.
thionite-reduced Fd 11, 0.5 mM in Fe S, was anacrobicatly in-
cubatted for 2 h with 15 mM Zn(NO,), and 7 mM dithiothreitol,
Excess reagents were removed with an anaerobic Sephaden (522§
column. Plasma emission Spectroscopy yielded 4.2 Zn, 3.0 7n,
and 1.3 Zn per 3 Fe for three preparations:® the latter sample was
enriched in YFe. Exeept for Ve hyperfine broadening for the
1.3 7Zn per 3 Fe sample, the EPR speetra of the three samples
were the sume. We refer (o the dithionite-reduced clyster as I

Figure 1 shows X-band EPR spectra of . Prominent resonances
are observed at ¢ = 4.8 and 3.8 and at g = 9.8 and 9.3, These
signals are typical of an § = $/1 system deseribed by the Ham-
iltanian

H.=DIS2 -, + (FLDNS? =S + godfl§ (1)

for g1 << |Df and & = 2. In fact, for ) < 0 and E/D =025,
¢q 1 predicts three Kramers doublets with the following sets of
£ values: e =(0.5,04,98) for the ground doublet, Ko (400
L8, 4.8) for the middle doublet, and upe = (14,94, 0.9 for
the upper doublet. Variable temperature (8~15 K) studies showed
that the g, = 9.8 resonance belongs te the ground stage (see Figure
B and thae 0 = (<27 & 0.5) am . Upon mild oxidation with

(4) I‘Jgucl'lh)mmu. V. Girerd, J. J P Mouras 1 Moura, J ), G Munch,
E.J. dnt. Chem. Suc., in press.

(3) The protein seems to bind Zn®* in variable amounts. Ina relued
Project, we have observed with EPR binding of two~three Cu’* in sites ather
than the “vacant” site of Fe S,
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Figure 2. Mossbauer specira of “'Fe-enriched cluster I, (A) Spectrum
recorded at 50 K. Solid line is the result of a Icast-squares fitting the
apectrum to two doublets. The fit yielded an area ratio of 1.97:1 for sites
Vand 2. (B} 4.2 K spectrum recorded in a magnetic ficld of 0.05 T
applied parallel to the ~-radiation, Solid lines arc spectral simulations
using the parameters of Table [, Spectral decompasition into components
Iand 2 s shown above the data; vertical scale of curves | and 2 is
compressed by a factor of 2,

Table L Hyperfine Parameters of I Used To Simulute the Spectrum
of Figure 28v

site Ak, mm/s 7 8, deg

! =27 08 30

2a +1.6 0.5 33

b +1.6 -2 15

‘Zero-ticld spliting parameters used wereD = -2.7 cm! and E/D=
025 The z-axes of the electric field gradient 1ensors o ¥, Vot
=) are tilted by an angle 3 relative to the r-axis of the
et field splitting tensor. For the clectronic system at hand, the values
of yand Jare not unigue; see ref 7.

gallocyanin (£, - 30 mV vs, NHE) the EPR signals dissappeared;
they reappeared quantitatively upon rereduction with dithionite.

Figure 2B shows a 4.2 K Maossbaner spectrum of 1. The spectral
pattern observed is typical for y Kramers doublet with £: 2 g,
L, tthe middie doublet is only 3% populated at 4.2 K). At 50
K the electronic spin relaxes fast, and the Méssbauer spectrum
consists of two doublets with an arex ratio = 2:1. The values for
Al and & (Table 1) for site 1 (one Fe) suggest Fe?* with te1.
rahedral sulfur coordination whereas those of site 2 remind us
of the defocalized Fe* fFet+ pairs of [Fe,Sy]'*: see ref 6.

The spectrum of Figure 2B cun be decomposed into essentially
two companents (the two Fe of site 2 are only slightly incquivalent;
sites 2a and 2b). The rightmost absorption line in Figurc 2B
belongs entirely 10 sites 2a and 2b. By matching the theory 1o
this line, we found that ~60% of total Fe belongs to site 2 and
about 30 1o site 1; the remaining absorption is as yet unidentified.
Six preparations gave identica) spectra; none had detectable levels
of adventitious Fe’* or Fe*,

The spectrum of Figure 2B was analyzed by augmenting ¢q
I with the hyperfine terms (i =1, 2, 2b).

My = £8AG)-K) - RalbudT-T(G) + 11,,,400) (2)

1
The spectral simulations are not perfect; however, the essential
features of the data are well represented by the theory, Because
of the unianial nature of the clectronic ground doublet, the
specteum of Figure 28 s only sensitive to the Smeemponents of
the magnetic hyperfine tensors, A1), From studies in applied

(i Munck, k. Kent, T, A tisperfine tnteract, 1986, 27, 161-172.
(7) Van Dongen, 1. Jagannathan, R ; Trooster, 1. M. Hyperfine Interact.
1978 7, 138144



fields 11p 10 6.0 T we found that A,(1) > 0, Af{2a) <0, and A,(2b)
<0.

Cluster 1 Las unique spectroscopic features.  Formally, it
contain: twa Fe2* and one FeX*; thus the three iron sites accon-
modate one more clectron than those of reduced Fd 1], Since we
have no spectroscopic data on the Zn, our spectra could indicate
the formation of a superreduced Fe,S, cluster, the reduction being
achieved, however, only in the presence of Zn (but not with Fe,
Co, Cu, or V); Zn?* would bind to the protein in the vicinity of
the cluster stabilizing the superreduced state. The oxidized /re-
duced Fd 11 couple has E,, = -130 mV (vs. NHE}; in the absence
of Zn?* we have never obscrved, cven at ~600 mV, any EPR
feature indicative of the § = $/ystate (3% S = 3/, clusters would
have been detected). A superreduced state has never been in-
dicated for any protein containing an Fe,S, cluster. More
plausibly, therefore, Zn has been incorporated into the vacant site
of the Fe,S, cluster to form ZnFeS,. This interpretation is
suggested by our carlier work which has demonstrated facile
formation of [Fe,S,)'* and ICoFe,S,)'* under similar incubation
conditions. Since 1 has half integer spin, the incorperated Zn
must be Zn**, suggesting that 1 is [ZnFe,S )" and thus the
analogue of [Fe,S,]". In order 10 prove incorporation of Zn
directly, EXAFS and ENDOR experiments are in preparation,

[Fe S.J** cores seem to consist of two spin-coupled pairs: sce
ref 8. For the postulated [ZnFe,8,)' the replacement of one
Fe* by Zn** has disrupted one pair and created the trapped Fel*
of site 1. In order 10 exploit the cluster for the study of spin
coupling of cubanes, A, (i) and A,(1) need 1o be determined. Such
efforts arc in progress.
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A rubredoxin and a favodoxin have been puritied and characterized from soluble extracts ol a sulfate-re-

ducing bucterium able to grow with N, as the only nitrogen source: Desulfovibrio desulfuricans strain

Berre-Eau. These two electron carriers have characteristics similar to homologous proteins found in other

Desulfovibrio specics {molecular mass, absotption spectrum, extincetion coefficient and amino acid com-

position) In contrast to rubredoxin, flavodoxin mediates electron transfer in the reduction of sulfite to
sulfide and 1n hydrogen evolution from pyruvate, when in the presence of hydrogenase

Rubredoxin: Flavodoxin; Electron transfer; Sulfate reduction; (Desudfovibrio)

1. INTRODUCTION

The sulfate-reducing bacteria are strict anaero-
bic microorganisms with an oxidative metabolism
based on the utilization of sulfate and other sulfur
anions as terminal electron aceeptors {1,2). The
dissimilatory sulfate-reducers Desulfovibrio desul-
furicans strains Berre-Eau and Berre-Sol have been
isolated from enrichment cultures with N2 as sole
nitrogen source [3]. Recently, several strains and
species of sulfate-reducing bacteria of genera
Desulfovibrio and Desulfotomaculum were shown
to be able to grow while fixing N2 [4-6].

Correspondence address: G.D. Fauque, Department of
Biochemistry, University of Georgia, School of
Chemical Sciences, Athens, GA 30602, USA

Abbreviations: FMN, flavin adenine mononucleotide;
HPLC, high-pressure liquid chromatography; PITC,
phenylisothiocyanate; em, molar extinction coefficient

A rubredoxin and a ferredoxin with one [4Fe-45]
center have been isolated from D. desulfuricans
Berre-Sol [7,8], but no study has been reported on
the electron carrier system of D. desulfuricans
Berre-Eau. Rubredoxins are the simplest and the
smallest  iron-sulfur proteins and have been
isolated from 7 Desulfovibrio species [7,9~14] and
one strain of sulfur-reducing bacteria Desulfuro-
monas acetoxidans [15]. Flavodoxins are a class of
low-M, proteins containing FMN as prosthetic
group which are not found in all of the Desulfo-
vibrio species [13,16,17].

Here, we report on the purification and
characterization of a rubredoxin and a flavodoxin
from D. desulfuricans Berre-Eau.,

2. MATERIALS AND METHODS

D. desulfuricans Berre-Eau (NCIB 8387) was
grown at 37°C on the lactate-sulfate medium of
Starkey [18], under non-nitrogen-fixing condi-
tions. Wet cells (600 g) were suspended in 10 mM
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Tris-HCI buffer (pH 7.6) and ruptured by passing
twice through a French press at 7000 1b/inch?. The
extract was centrifuged at 20000 x g for 45 min
and the supernatant constituted the crude cell ex-
tract. Purification of proteins was performed from
the soluble fraction by conventional chroma-
tographic procedures; the rubredoxin was purified
in four steps (DEAE-cellulose, DEAE-Biogel A,
hydroxyapatite and DEAE-cellulose) and the
flavodoxin in three (DEAE-cellulose, DEAE-
Biogel A, and hydroxyapatite).

Protein homogencities were checked by elec-
trophoresis on 7% polyacrylamide gels with Tris-
HCI glycine buffer at pH 8.9 [19]. The molecular
masses  of rubredoxin and flavodoxin  were
estimated by gel filtration on a Sephadex G-50 col-
umn (1.5 x 105 ¢m) according to Whitaker [20].
UV.visible absorption Spectra were recorded using
a Beckman model 35 spectrophotometer. EPR
Spectra were carried out on a Bruker ER-200 1t
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Spectrometer  equipped  with  an Oxford In-
struments continuous helium flow cryostat inter-
faced to a Nicolelt 1180 computer. Protein
concentrations were determined by the method of
Lowry ct al. [21] with bovine serum albumin as
standard.

Amino acid analyses were performed on an LKB
amino acid analyzer. The protein samples were
hydrolyzed under vacuum in 6 NHClat 113°C for
24 h. The analysis of amino acid hydrolysates was
performed after PITC derivatization and HPLC
separation on a reversed-phase column Cyy. The
values of the molar extinction coefficients were
caleulated using protein concentrations determined
from amino acid analysis of an aliquot of a protein
solution for which the absorbance had been
previously determined. As described in [22],
manometric assays were utilized 1o determine the
physiological activity of the (wo proteins following
respectively at 37°C the reduction of fresh sodium

Table |

Amino acid composition of rubiedoxins isolated from § Desulfovibrio species

D. salexi- D. gigas D, vulgaris D. africanus D. desulfu- D, desulfu- D, desulfu- D, desulfu-
gens Hilden- ricany ricans ricans ricans

borough Norway 4 ATCC27774 Berre-Sol  Berre-Eau
Lys 3 6 4 4 S 2 4 3
His 0 0 0 0 0 ! 0 0
Arg 0 0 0 0 0 0 0 0
Trp n.d. ! 1 3 n.d. 1 ! |
Asp 8 8 7 9 13 8 7 6
Thr 2 2 3 1 4 0 2 2
Ser | 2 2 2 0 2 2 3
Glu 7 4 3 5 5 5 8 5
Pro 5 5 6 6 5 5 6-7 7
Gly 6 5 6 5 7 2 6 5
Ala 3 4 4 2 5 2 6 5
Cys (halp 4 4 4 4 4 5 4 4
Val 2 3 5 6 6 5 5 4
Met 1 ! i ] 1 1 | 1
lie 0 2 0 1 0 0 2 2
Leu 2-3 i I 0 1 1 0 0
Tyr 2 3 3 3 4 3 3 3
Phe 2 2 2 2 2 2 3 2
Total 48-49 53 52 54 62 45 6061 53

References [13) {25) [10) 12) (11} [28) [7} this work

n.d., not determined
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sulfite (4 xmol) by hydrogen and H,; producticn
from sodium pyruvate (30 gmol). Pure periplasmic
D. gigas hydrogenase was added in all cases to the
enzymatic systems to ensure excess of this activity.

3. RESULTS AND DISCUSSION

The molecular mass of the rubredoxin from D,
desulfuricuns Berre-Cau was estimated to be
5700 Da by gel filtration. The nearest minimum
molecular mass as determined by amino acid
analysis was found to be 5691 Da for a total of 53
residues. The calculation of this value is based on
the presence of one methionine residue and by ad-
ding one tryptopban. These two residues are pre-
sent in such an amount in all the rubredoxins for
which the amino acid sequences have been deter-
mined. The amino acid composition of this
rubredoxin is shown in table 1 and compared with
seven other rubredosins  from  Desulfovibrio
species. Acidic amino acids are predominant in
these proteins and all the rubredoxins isolated so
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Fig.1. Absorption spectra of oxidized D, desulfuricans
Berre-Eau flavodoxin (——) and rubredoxin (+++). The

protein conceatrations for rubredoxin and flavodoxin
were 50.3 and 34.9 4M, respectively.

far lack arginine. The absorption spectrum of the
oxidized D. desulfuricans Berre-Eau rubredoxin,
shown in fig.1, is similar to the optical spectra

Table 2

Amino acid composition of 4 flavodoxins from Desulfovibrio species

D. gigus D. vuligaris D. sal-xigens D, desulfuricans
Hildenborough Rerre-Eau
Lys 8 4 10 6
His 0 i 0 0
Arg 3 7 2 4
Trp ! 2 n.d. n.d.
Asp 17 19 20 20
Thr 9 7 8 8
Ser 8 8 9 9
Glu 18 16 19 18
Pro 6 3 4 5
Gly 14-15 18 13 19
Ala 15 17 9 15
Cys(haln S 4 3 7
Val 16 9 10 10
Met 2 | 1-2 2
lle 5 9 9 6
Leu 14 12 10 14
Tyr 5 5 5 4
Phe 3 6 5 4
Total 149150 148 137-138 151
References [17) (17} {13] this work

n.d., not determined
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reported for rubredoxins from different Desulfo-
vibrio species. The absorption maxima were at
278, 378 and 49! nm with molar extinction coeffi-
cients of 18521, 8396 and 6976 M~".cm !, respec-
tively (an error of + 9% is estimated). Again, these
values are similar to those obtained with other
rubredoxins from Desulfovibrio and D, acerox-
idans [9-15). As for the D. gigas rubredoxin, the
protein from D. desulfuricans Berre-Eau is com-
pletety reduced by ascorbare at pH 7.6. In con-
trast, t' 2 rubredoxins -from D. sulexigens British
Guiana [13] and D. vulgaris Hildenborough (un-
published) are only partly reduced under the same
conditions,

The oxidized form of rubredoxin shows an EPR
spectrum which does not differ from that reported
for other sulfate- and sulfur-reducing organisms
[23]. High-spin ferric res~iances were observed at
& values 4.3 and 9.9 (below 20 K).

The amino acid composition of D. desulfuricans
Berre-Eau flavodoxin is presented in table 2. The
protein contains 151 residues, with a rather large
proportion of acidic amino acids and is devoid of
histidine, like almost all the flavodoxins (table 2).
The minimum molecular mar; was calculated to be
15801 Da and the value estimated by gel filtration
was 15400 Da.

The absorption spectrum of D, desulfuricans
Berre-Eau oxidized tflavodoxin is shown in fig.1.
The absorption maxima were at 274, 374 and
456 nm with molar extinction cocefficients of
45835, 8460 and 10035 (an crror of +10% is
estimated) respectively and a shoulder is noticeable
at 480 nm, identical to that obtained for D, gigus
flavodoxin [16).

The results of the coupling effect of D.
desulfuricans Berre-Eau rubredoxin and flavodox-
in on sulfite reductase and pyruvate dehydrogenase
activities are reported in table 3. Rubredoxin was
inactive both in the coupling between hydrogenase
and sulfite reductase and in the phosphoroclastic
reaction. When compared with the endogenous ac-
tivity of the control using acidic electron carrier-
free extracts, the system containing the D.
desulfuricans Berre-Eau  flavodoxin exhibited
significant stimulations for both sulfite reduction
and H; evolution from pyruvate (table 3). There is
an cvident lack of specificity of D. desulfuricans
Berre-Eau extract for the clectron carrier isolated
from the samec strain mainly in the

66
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Table 3

Coupling activity of D. desulfuricans  Berre-Eay
flavodoxin in the sulfite reductase activity and in the
phosphoroclastic reaction

Sulfite  Phosphoro-
reductase  clastic

Enzymatic extract

activity*  reaction®

Crude extract 9.30 1.92
DEAE-cellulose extract 1.10 1.35

+ D. desulfuricans Berre-

Eau flavodoxin 6.45 6.70

+ D. vulgaris Hildenborough

flavodoxin 4.95 6.10

+ C. pasieurianum

flavodoxin n.d. 5.45

+ methyl viologen 10.2 n.d.

* Ha consumed in 20 min under the assay conditions
® H; ..olved in 12 min under the assay conditions

Enzymaltic activities were determined as described [22].
The crudé extract and DEAE-celiulose-treated extract,
prepared as in (22}, contained 23 mg  protein,
Flavodoxins, 30 nmol (saturation conditions); methyl
viologen, 100 nmol; n.d., not determined

phosphoroclastic reaction. However, D. vulgaris
Hildenborough and Clostridium pasteurianum
flavodoxins are also active in the coupling between
the pyruvate dehydrogenase and the hydrogenase
(table 3).

The function of eclectron transfer proteins from
Desulfovibrio species is far from being understood
[24). Here, we have reported the purification and
characterization of a rubredoxin and a flavodoxin
from D. desulfuricans Berre-Eau grown on a
lactate-sulfate medium under non-nitrogen-fixing
conditions. We have also isolated other proteins
from this strain: two ferredoxins, a molybdenum-
containing iron-sulfur protein, a low redox pcten-
tial tetraheme cytochrome ¢y and a monohemic
cytochrome ¢-553 [25]. As for other rubredoxins
from strict anaerobic bacteria the physiological
function of D. desulfuricans Berre-Eau rubredoxin
is still unknown. The relatively high redox poten-
tial of Desulfovibrio rubredoxins (around 0 mV)
[26] makes it difficult to place this electron carrier
in the frame of the physiological reactions occur-
ring during the metabolism of sulfate-reducing
bacteria.
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Inthe sulfate  reducers  of  the  genus
pesulfovibrio Mavodoxin may replace ferredoxin
as clectron  carrier  in hoth  the  pyruvate
dehydrogenase system and sulfite reductase reac-
tion [27). The flavodoxin from D. desulfuricans
Berre-Eau is also able, in the presence of
hydrogenase, to mediate electron transport in the
reduction of sulfite and in Ha evolution from
pyruvate. It will be interesting to test the specificity
of the two ferredoxins from D. desulfuricans
Berre-Eau in these two metabolic pathways.
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SYNTHESIS OF MIXED METAL CLUSTERS FROM' A
! [Fea84]! CORE,

J.J.G.Hourn(t), I.Houra(*}.K.Surorua(t*J
V. Papasfthymiou (*x), E.Mdnck (%*) and
J.LeGall' (*xx)

(%)Centro de Quimica
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{*x%)Department of Biochemistry, Univ,
of' Georgia, Athens, GA 30602, U.S.A,

Estrutural,
Rovisco Pais),

Ferredoxin II (FdII)
Resulfovibrio gigas,

contains ' a single [FeaSq] core, It was
previously shown that this cluster can
be interconverted into a [Fe4S¢] cluster

isolated from
a sulfate reducer,

upon incubation of reduced FdIT with
! ( Fezt, in the presence of dithiothreitol
[1]), The facility of  the conversion

[FeaSq ) = [FeaS4] has suggested a way of

incorporating other metals into the
vacant site of a [FeiSq] core and thus
Eenerate a Sseries of novel metal
clusters, [MFeasS4 ], using the native
] structure of FdIl a3 a synthetic
Precursor, The formatian nf a
[CoFeaSq i+, 2+ cluster Waxy fully
demonstrated by chemical analysis EPR
and M8ssbauey measurements, In the
oxidized state the clustor exhibive an
S5z1/2 EPR  signal with Eevalues at
Bx=1,82, gy=1.92 and g 98 Tha well—
resolved 5300 hyperfine fines ut the iz

line (Az -4.4 mT) are alse hroadened hy

57Fe isotopic substitution indicating

that Fe and Co share a common unpaired

! electron. Upon one electron reduction
i (Ea. =-220 mV) the cluster [« EPR
silent, M8ssbauer studies in  atrong

f applied rields shows that the rudicad
state has an integer electron spin, 'with

( 3> 0. The formation of a [ZnFeaSq )1
core by incubation of rol! Wwith  excess

Zn2+ under reducing conditions,

transforms the native FeS5 cluster into a

structure With unique Spectroscopic
Properties, The reduced ZnFe' cluster
exhibits well resolved EPR signals
typical of ap 555/2" spin aystem. The
associated M8ssbauer spectrum has

features quite different from other FeS
clusters, The spectra reveal two types
of iron sites: one site Is typical of
Fe2+ while the other contains a

Felt /Fa2+ delocalized pair, The
described protein - matrix - assisted
inorganic synthesis Provides an

interesting pathway for the formation of
! novel  mixed-metal clusters. A renewed
interest in this field arises from: {)
possibllity of forming new bio-
catalysts with unexpected properties:
i1) introduction of a site into a cubane
structure With different magnetic
Properties enabling the exploration of
magnetism in valence = delocalized
systems as well as  simplifying the

| spectral analysis: i44)" aynthesis of
relevant model compounds via the
formation of mixed metnl cubane
atruchurpe
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L D-03 molybdenum, vanadium and nickel, This
synthesis is also pPotentially

interesting for specifically modifying a
(FeS] coreiin 'a complex enzyma,
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A COMPARATIVE STUDY OF TWO DISSIMILATORY
SULFITE REDUCTASES FROM SULFATE-REDUCING
BACTERIA

I, Moura (%), A.R.Lino(*),J.J.G.Houra(*),
A.V, Xavier (*), G. Fauque (*x), D.v.
DerVartanian (*x)}, H.D. Peck Jr. (xx),
J. LeGall (*%) and B.H. Huynh (%xx)

(*) Centro de Quimica Estrutural,
Complexo I, UNL, Av.Rovisco Pais, 1096
Lisboa, Portugal

(*%) Department of Blochemisgry. Univ.
of Georgia, Athens, GA 30602, U.S.A.
(x%x) Department of Physics, Emory Univ.
Atlanta, GaA 30322, U.5.4A.

Sulfite reductase catalyses the six-
~electron reduction of sulfite to
sulfide, a key step in the biological
sulfate-reduction pathway . Based wn
their Physiological function, sulfite
reductase can be grouped into two
general categories: i) assimilator;
sulfite reductase which are involved in
the synthesis of sulfur conlaining cell
constituents and ii}) dissimilatory
sulfite reductase which participate in
the terminal respiration. Extensive
Physical and biochemical methods have
been applied to the study of the
assimilatory sulfite reductase from
E.coli and a wealth of information has
been obtained for its functional subunit
an  cxchange coupled sirohemc-[4Fc'4S]
unit  [1) A variety of dissjmilatwry
sulfite reductases have been purified
from several sulfate reducing bacteria:
desulfoviridin, desulforubidin, Psez and
dcsulfofuscidin [2]. We have undertaken
a study of desulfoviridin isolated from
Dgﬁulfozjbxig £Zigas and desulforubidin
from Desulfovibrio baculatus (9974,
These  two Proteins show very difrerent
speetroscopic characteristics. The
visible spectra of both protein: show
drastic differences. In conditions where
a  siroheme s extracted from desulfo-
rubidin, a spectrum characteristie of
siroporphyrin is obtained from desulfo-
viridin. Go, a question arises whether
in the native desulfoviridin a si1roheme
or a siroporphyrin is pPresent. Both
pProteins show in the native state EPR
Spectra characteristic of the siroheme
in a high-spin state (S5=5/2) with g
values at 6.97, 4.72 and 1.93 for
desulfoviridin and at 6.43, 5.33 and
1.97 for desulforubidin. The comparison
of signal intensities show that only
26X of a heme signal is observed for
desulfoviridin. The total iron content
of desulfoviridin and desulforubidin is
respectively 18 * 1 and 21 + | moles per
mole of protein. The slroporphyvrin/sire-
heme Quantitation in both pProteins
accounts  for nearly  of these  roups
per mole of protein. M8ssbauer «tudjes
Here performed on both Proteins purified
from 57Fe enriched cells. Again, some
inLercsting differences in the si1uheme
content. were observed. The HMdasbaner
apectrum of desulforubidin shows a
central doublet with M ebauer

i

bAraneters  charscteryistic of (aFe ao)e

Rec'd in SGi. AUG 198/

clusters. Besides this doublet there is
a magnetic spectral component extending
from -4.2 mm/s to +4.0 mm/s due to the
high-spin ferric siroheme and signals at
- 1.1 mm/s and +2.0 mm/s indicative of a
[4Fe-4S] cluster coupled to the para-
magnetic asiroheme. The intensities of
the Md8ssbauer absorptions for the un-
coupled [4Fe-4S] cluster and the coupled
siroheme-[4Fe-4S] unit are similar
indicating that the airoheme-[(Fe-48]
unit ratio is about 1 to 2 of the total
[(4Fe-4S) clusters, This ratio is {n a~-
greement with the chemical analysis
that shows . that the ratio
(4Fe-4S]/siroheme is 2.2. The M8asbauer
spectrum of 5'Fe enriched desulfoviridin
obtained in the same experimental
conditions shows a very small amount of
coupled siroheme-[4Fe-~4S] unit (only 12%
of this unity is observed). This means
that the ratio of siroheme~(4Fe-4S] to
uncoupled [(4Fe-4S] is 0.5 to 3.5
clusters per mole of protein. This ratio
is in agreement with the EPR
quantitation. The present data clearly
show that the active center composition
of both proteins are different.
Desulforubidin contains 2 siro-heme-
[4Fe~4S] coupled unities and 2 [4Fe, 45]
per mole of protein in contrast with
desulfoviridin where the amount of
coupled center is only 25% suggesting
the presence of 0.5 sirohcme—[4Fe-4SJ
coupled unities, 1.5 siroporphyrin and
d.5h [4Fe-45]  clusters Per mole of
protein.  The physiological significance
of this difference is still not fully
understood .

1. = Muneck, in “lren-Sulfur proteins”
ad TG Spiro, pp.147-175, (1982) (and
reterenees there in).

Joodl LeGall and . Fauque, in "Environ-
mental  Microbiology of Anaerobes”, ed.
A J B Zenhder (1987) in press.
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ALV .Xavier®,J.LaGal|®~* and.J. ; G.Moura*

() Centro de Quimica Estrutural, Av.Ro-
visco Pais, 1096 Lisboa, Portugal.

(**}' School of Chemistry and Molecular
Sciences, Univarsity of Sussex, Falmer,
Brighton BN1 9QJ. U.K.

[(RA.1) Department of Biochemistry,
University of Georgia. Athens, GA 30602

The Mo-protein isoclated from Desulfovi
briol gigas (NCIB 9332) is a non-heme
iron protein containing no FAD and a Mo
atom per 120 KDa (no subunits) . The
U/Visible spectrum of this protein is
rather similar to those observed for
the deflavo forms of the xanthine and
aldehyde oxidases(1). cD and EPR identi-
fied a [2Fe-25) arrangement of the iron-
Sulfur cores(1,2). Besides the molyb-
denum "Resting! and “Slow" type EPR
signals previously described(2), 1t was
recently shown to be Possible to develop
a Mo(V) "Rapid type 2'' EPR signal cen-
tered at g v-1‘9742 similar to those
observed fol''the xanthine and aldehyde
oxidases (3). These "Rapid" type EPR
signals have been shown, 1in these pro-
Lteins., tao be Physiologically Ssianiticant
a3 they develop within enzyme turnover
Lime scale. The observed “Rapid" signals
were not only obtained after a short re-
duction time with dithionite but also
With some substrates, Actually, the
search of these “"Rapad* silgnal-
producing-substrates was initiated after
the detection and 1so0lation of the
dithionite generated one, Thesae Mo-
“"Rapad" si1gnals  were visualized by
Spectral subtraction, since they were
obtained in a  complex mixture ol
different Mo(V) EPR active species

Several aldehydes fe.g.. benzaldehyde,
sallicylaldehyde) were capable of nol
only ‘to generate the “Rapid” 51gnal
but also 'to have their electrons me-
diated by the protein to a suitable
electron acceptor (DCPIP=2.6-d1chloro-
Phenolindophenol). This DCPIP dependent
aldehyde ' oxidase activity was followed
in a Wide range of substrate concentra-
tions and the Kinetic parametera were

estimated., The best activities corres-
pond 1o 'acetaldehyde and benzaldehyde
turnovers, |t is ipteresting to notice

the fojlowing facts: 1) rather low Km
values were obtained With some substates
in, terms of standard aldehyde oxidase

activities; 110 a simple Michaelisn-
Menten model 15 Suitable, as & [11al
abproximaliion,ta account  fog Lhe Kinens

data; 143 | #anthine,  jwanes and N
methylnicotinamide could not be utj
lised by ‘the bprotein a5 aubstraten

Althouah the  physiological role ol
D.g19a8 Mo-protein 1s Ll unknewn. thas
capability to hydroxilate  without FAl

tag | compared 1o santhinesaldehyde - e
dases) o heme fay an LN 0 S T
AR Y BAEY. e A T BN TR ) 25 T .

that these domains are related, in thase
Proteins, to the oxidation with O.. The
Mo  protein from this sulfnto—resairing
anaerobic  bacterium is not capable to
Operate with molecular oxygen as an
electron acceptor,

ACKNOWLEDGMENTS 3
We wouldilike to thank INIC, JUNICT %
USAID  and the British Council for finan- @
cial support, L,

1. J.J.G.Moura, A.V,Xavier, M.Brusbhiijf
J.LeGall, D.0.Hall and R.Cammack., (11976)!, T
Biochem.Biophys:Res Commun 22, 782-789. ¥
2. J.J.G,Moura, A.V.Xavier. R'.Cammack’,
D.O.Hall; M:Bruschi and J.LeGall., o
(1970). Biocham.J.lZg. 419-425,

ay N.Turner, B.Barata, R.C.Bray,
JiDeistung, J,LeGall., 'and J.J.G.Moura.,
(1987). Biochem.J. . 243, (in press.)

H-18

THEROLE IN AZOTOBACTER VINELANDIT OF THE IRON
PROTEIN OF NITROGENASE IN IRON-MOLYBDENUM
COFACTOR BIOSYNTHESIS

Jai-Ge L1 (*), Amy C, Robinson (A*)| Dennis R,
Dean (***) and Barbara K. Burgess (#x)

(%) Iastitute of Botany, Academia 'Sinica, Beljing
China, present address (*%)

(**) Department of Molecular Biology and Biochem-
lstry, University of California-Trvine, Irvine
California 92717 USA

(%4%) Deparcment of  Anaerobic Hicrobiology,
Virginia Polytechnic Institute and State Univer-
sity, Blacksburg, Virginia 24061 USA

Thet cnzyme nitrogenase {s the catalytic component
of the blological nitrogen fixation system, [t

is composed of two separactely purified oxygen-
sensitive proteins called the {ron protein (Fe-
protein) and the molybdenum-iron protein (MoFe-
protein).  The Fe protein has two identical sub~
unlts, a notive molecular weight of ca, 60,000
daltons, and contains a single [4Fe-45] cluster.
The MoFe protein is a two-alpha two-beta tetramer,
with a witive molecular weight of ca. 220,000 dal-
Lons, containing two Mo atoms, 32+3 Fe atoms and
assimilar number of 'S atoms per tetramer, The met=
alsiarechel{eved tolbe arranged in four [4Fe-45)
clusters, two uncharacterized lron clusters (S-
CeILErs), in | two dron-molybdenum cofactors (FeMo-
to)l eenters,  The FeMoco 18 thought to be the act-
ual site of N, binding and reduction [1]., 1t is
nat knowi where the electrons enter or reside in
the MoF@ prazedin prier tol reduction of sihstrate

at the EcHoco cencer, The penetics of biological
Wikrogen Lixacion arequitce complex., In the obli-
pitelyacrobic, frec Iiving, nitrogen Eixing or-
Wil dsm, Azotobacter vinclandi{, there are at

Least IOTRTLeopon: Bixntion nenes, which hre eliu=
Sturel B ired on Lhie ponome,. The. threo
el o Lhe struetural proteins of nite-
HHMIREC L one vjieron. - This operon’ s arran-
BRI i) i (Fe protein), nifh (MoFe
(RUCRLRCL K N 1] ﬁ"h";TT]. nifK (MoFe protein betn

A e d 0 (o gen®iof unknown function).
1! shructural pencs inve been fsolated and
Conmpleternuel eotlde soquence determined (2],

|
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GLUCOSEISOMERASE, 0BVIOUSLY, THE FIRST NATIVE
COBALT ENZYME

Jérg: Hemker, Ludger Kleinschmltdt 'and Herbert
Witzel

Department of Blochemistry, University of
Minster, Wllhelm-Klemm-Straie 2, 4400 Minster

Glucoseisomerase of seyeral streptomyces striins
1s'a tetrameric’enzyme [1,2] . It contains dne
non-corrinoid Co(11) ion In the native form. Be-
side this central Co(II) there are two further
sites for Co(Il) interactions at the enzyyle.

The central cobalt fon forms a low spin
complex  as indicated by EPR-spectroscopy/ (with
Gersonde, Aachen) seen in Fig. 1|

e

e 1o 1208

Flg, 1 EPR spectrum of the
Selsomerase
The g, signal at 2,36 and the 9, signal aL 2.02
show rhombic symmeiry with/hyperfine splitting
expected for low spin comflexes. No signal 15 de-
tected In the range for high spin complexes. Com-
pared with vitamine B12 Ao superhyperfine split-
Ling 15 seen as caused fhere by the benzimidazol
llgand in axlal positigh,
EXAFS ‘measurements, (seb Nolting et al. - this con-
ference) Indicate a dfstorted octahedral symmatry
of the coball center/and a l1gation to N or 0
ligands, S-ligands chn be excluded,
ENDOR measurements fwi tl) Huttermann, Homburg-
Saar) as seen in F 9. 2 indicate unly one type of
nitrogen ligands with a coupling constant of 16
MHz. These nitroggn ligands probably are imida-
2oles from histidines.
The visible spectrum of the enzyme shows only a
shoulder at 410/nm and a slight maximum at 735 pm,
The weak absorlfance bands ind|cate also a distor-
ted oclahedral/ co-ordination of. the Co(Il) fion.
Addition of cganide in presence of dithlonite
slifis the afsorption: from 410 nm Lo a maximum
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at 385 nm. The dithionite does not reduce the

Co(!11) fon. We suggest that one of the axfa) If- -ﬁ

gands not belonging to the enzyme is replaged| by
the cyanlde ligand. The cyanide derivate
Co(II) substituted carboanhydrase which afso [s a
low spinicomplex shows a simllar VIS-spedtrum

. 1
The cobalt: ionican be removed with los of act{-
vity at ph 9iat higher temperature (haff-1|fe '
time at-Bﬂoc Is 70imin),  at pHi4,5 (hflf-1ife
time at 25 Cois 60imin), on at 'pH 7/and lowt
perature (257C) In presence of EDTA After several}y
days. HPLC analysis shows, that' hea treatment of i}
the enzyme leads to a dissociation/into: the mono-
mers, which aggregate [f the tempgrature on pH (s %
lowered on salts are added, Reco titution is not
possible. Small reactivation effdcts are.only
found in"low temperature expen

Addition of four equivalents Co(Il) to the en-
Zype Increase the heat stabil ty for'a further
10:C andistabilizes the enzype at lower pH va-
lues. Ccmpared withi the one o(11) enzyme the
dctivity is/increased up)to/250% when the Co(!IT)
concentration is 0,01 mM. The EPR-spectrum shows
a rhombic signal at g = 4 Indicating that this
peripheral cobalt s bound’as a high spin Co(lI).
The visible spectrum at AH above 8 indicates a
telrahedral symmetry, af lower pH values a penta-
coordinated structure ight be formed.
Paramagnetic proton N measurements (wlth
Bertini, Florence) cafinot be appliied’at the mono-
Co(I1) enzyme becausf of the slow relaxation of
the Co nucleus in tie low Spin complex.

Studies on the hig spin four-Co( 1) enzyme with
this method indicates that there are four ident|-
cal and specific inding sites for Co(Il). This
Co(l1) does not /nteract with the substrate.

The enzyme requyres Ma(Ll) ions for |ts activity
and 1§ saturatofl at a concentration of 5 mM,
Saturation wiyh Co(l1) in = sence of Ma(ill) is
reached gL a fLoncentration of U.IonwL 15% activl-
Ly at 405C afd! 50% activity at 70°C. [s obtained.
This Indicafes that Cobalt’ interacts also at the
Mg(1l) binging site and sti)l catalyzes the reac-
Lion, howgver with lower efficiency. The Ma(Il)
binding shte can be titrated witt Cd(1}, a very
strong cAmpetitive inhibitor for Ma(I1), A Scat-
chard pfot indicates that there ara four binding
SILes gL Lhe tetrameric enzyme

1. R{A. Hogue-Angelettl, J. Biol. Chem, 250,
/814 (11975)

W.P. Chen, Process Biochem. 15, 36 (1980)
S

2.
3 A. Cockle, Biochem. .. 137, 587 (1974)
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EVIDENGE FOR THE PRESENGE OF A NATIVE
HETHYLATED Bi2 PROTEIN INI'A THERMOPHILIC
HETHANOGENIC BACTERIUM

Aua fi.Ling (%), Jos& J.G.Moura {+), Jean
LeGall  (*#1), Antédnia V. Xavier (%) and
Isabel Moura (#)

[ Uentrn de  Quimica Estrutural,
Gomplexa 1, UNL, Av. Roviscn Pais, 1098
Lisboa, Portugai

(4%) Department of Bivcliemistry, Uniwv.

of Gearigla, At'ans, GA 30602, U.S.A

He have previoualy characterized two Biia

proteins from  Methanosarcina.  barkers
(D HOG and 80495 1170 The nroateins We e \
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Sihe corrinoid in the aguocobalamine
form. In addition the corrinoids Mere
extracted and purified f rom cell
extracts and alao  from the purified
proteins in their ecyano form Visible,
NMR and EPR spectroscoples Were used in
ordern to identify factor III (5=
hydronibunztm\danulu cobalamine) as the
corrinoid present Ln the purified
prozeins, Also, this is the najor
corrinoid component. in the cell extracts
[1]. Here we report the {solation of a
Bi2 containing protein from a
thermophilic methanogenic bacterium
Herhanoaarcina HST, The protein Was
{nolated from the soluble extract of
cells  grown on i methanol containing
medium. Several chromatographic steps
(DEAE-Blogul‘ DEAE-52, gel filtration on
a HPLC with a column of Spharogel
TSK-G-3000) were used in order to ohtain
a homogeneous nroteir fraction. The
uy/visible spectrum ot this protein on
the native form shows absorption maxima
at 538 nm, 458 nn and 277 nm typical of
2 methylated sorrinoid (Figure 1-A).

T T O

Fig,1-(A} Absorption spectrum of B2
containing protein f rom Hg;hnngaarcing

MST in the native form

(B) EPR spectrum ofl Biz containing
protein from HMethangaarsind M5T after
hotolysis under reducing conditions.
:PR conditions:

Microwave freguency: 9,52 GHz
Temperature: 40 K; Microwave pover: 2 mi
Field Modulation: 1 mT

An EPR active Co(Il) species could' be
obtained from this protein by photolysis
under reducing conditions of the already
present CHs -Co bond, not requiring a
methylating step [1). The EPR spectrum
at 40 K obtained under the described
conditions shoW typical signals of a
stable Co(II) complex (Figure 1-B).
Triplets are observed from the HN-hyper-
fine interaction of the coordinated
benzimidazole base, Thus, the nucleotide
base is coordinated’ to the cobalt
corrinoid in its protein bound form. To
our knowledge this is the first evidence
for the purification of a B12 containing
protein in a methylated form.

148 FA R. Lino, A. Y. Xavier, I, Houra,
J.  LeGall znd L. G. Ljungdahl, Rev.
Port. Quim., 27, 175 (1985}
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13C-NMR STUDIES O THE BASE-ON-BASE-OFl}
EQUILIBRIUM OF METIIYLCOBALAMIN

Kenneth L Brown and Sherri Peck

Depariment of Chemistry, Box 19003, Ihe University of
‘Tuxus at Arlington, Arlington, Texds 706019

The thermodynamics of the base-on-buse-off reaction of
methylcobalamin have been studicd, at several ionic
strengths, by measurement of the difference in chemical shifl
between 13C enriched methylcobalamin (13CH3CbI) and
methylcobinamide (13CH4Cbi) aya function of temperature,
Analysis of the results viii ain equation which takes into
sccount both the (apparently lineir) temperature dependence
of thie chemical shitts of the bitsc-0n and base-off forms and
the temperature dependence of the base:on/base-off, cquilib-
rium allows calculation of the apparent pK; of the pendent,
protonited dimethylbenzimidaz dle moiety at25C. The
values obtained (pKgg) and {lie felevant values ofithe pKyof
free oc-ribazole atlviarnous {onil Lstrengths are listed in Table
1, The values of pRp, are significantly lower than the pKy's

Tahlel: LM PRy pK; (e¢sribazolt)
00 439 s

0.1 4.57 5.47

1.0 485 5.56

ol ce-ribuzoleatallionic strengths supgesting 4 substintial
interaction of thie pendent nucleotide withithe remainder of
the structure/in the base-of [ form, Such'an interaction has
recently been demonstrated [11 by companson of the natural
abundance 13C NMR spectruin of dicyanocobalimin with that
of dicyanocobinamide, and charaeterized a§ = ydrogen bond-
ing interaction of the pendent, free base benzimidazole N-3with
an amide proton on the e side chain Keinterpretation of these
results using a scheme for the base-on/base-off equilibnum
which includes this hydropen bonded complex allows caleu-
Jation (ar25%) of the equilibrium constant for formation of this
complex from the hase-ol[,deprotonated Specit? (Ky) and the
cquilibrium constant for formation of the base-on species from
the base-off; deprotonaicd spec ies (Kgg). AS seen in Table Il

Table IT; .M Ky Keo
00 87 480

i 6.8 505

4.2 452

Ky is ionic strength dependent but Ko I8 independent of jonic
strength, and the average value of Kgp (472 £26) is nzarly

identical to the value previously caleulated (467/12)) mom the
simpler scheme omitting the hydrogen bonded species. By use
of the values of the basc-on/bise-0 f.pK; (PKbase-orf) fOF

methylcobalamin and o¢-ribazole previously determined at
various temperatures [2) Keo and K} may also be calculated at
several temperatures (at 1= 1.0 M), The results (Table!111) lead
Table 1 T(“C] pr-lSc-u" me._ K" KC\'I

B ¢
5.2 2.84 5.90 4.8 1140
15.1 2.86 568 379 656
25,0 2.90 556 416 452
34.9 2.92 540 A4l 297

to values of AHy = 0.1 keal mol-) and AS); = 3.1 eu for formu-
tion of the hydrogen bonded complex and AHgo = -7.6 kcal
mol:V'and AScg = -13:4 eu for formation of the base-on spee=
ies. The latter values compare favorably, with those previously
determined |21 using the simpler scheme without the hydrogen
bonded complex (Allgg = =7:1 keal mol:!, ASgg = 174 eu).

1. K.L. Brown,J.Am. Chem. Sy ., I press. _
2. K.L. Brown, LM, Hiakimi, D.M. Nuss, Y.D. Montejano,
and D, W, Jacohsen, Inorg, Chemi 23 1463 (1984).




=57

o

414 Rectieil des Travaux, Chinvigues. des Pays-Bas, 106/6-7, JunelJuly, 1987

0.27

SPECTROSCOPIC '  STUDIES OF COBALT AND
NICKEL SUBSTITUTED RUBREDOXIN

I Moura(*),M.Teixeira(*),A.V,Xavier (*),

JiJiG.Moura(*), P.A. Lespinat(*x), J.
LeGall(xx), Y. M., Berlier (*x), P,
Saint-Martin(**) and G.Fauque(*%)

(%) Centro de Quimica Estrutural,
Complexo I, UNL, Av.Rovisco Pais, 1096
Lisboa, Portugal

(*%) A.R.B.S.,C.E,N., Cadarache, Sain%-
Paul-lez-Durance, France

Rubredoxins zre the simplest iron-sulfur
proteins. The active center is
characterized by the absence of labile §
and the presence of one iron atom 1inked
in a tetrahedral arrangement to the §
atoms of four cysteinyl residues. This
protein has been isolated from several
sulfate and sulfur reducing organisms
(1]. The very simple constitution of the
active center and the low molecular
mass (=6 KDa) makes rubredoxin suitable
for the synthesis of metal substituted
derivatives, It was previously shown
that substitution of the native iron by
3Fe [2) ar S4Fe (3] isotopes could
produce an isomorphous replacement of
the native center being amenable for
the application of M8ssbauer spectrosco-
Py and  assignment of Fe-5 stretehing
modes  observed in the Resonance Raman

spectrum The: obtention of derivatives
With oth= ‘metals is  of high spectros-
cople interest and can be useful as

simple «enzyme models Replacement  of
iron by cobalt was already reported for
the rubredoxin of Pseudomonas oleovorans
(molecular mass =19 KDa) [4). Here we
report the replacement of iron by cobalt
and nickel in rubredoxins isolated from
several Desulfovibrio sp. Apc-rubredosin

[ iron freas), obtained after precipita-
tion' o1 Lhe pnative protein with TGA in
the  presence of mercaptoethanol v Was

bhey redissolved in Tris-base containing
mercaptocsthapnal (under Argon). Stoichio-
metric  amounts of cobalt (I1) nitrate
and nickel (I1) nitrate were added. The
reconstituted materials where subsenuan-
tly purified by gel chromatography A
stoichiometric amount of Ni and Co was
shown to be present in the metal substi-
Ltuted rubredoxins, I Figure | we
compare the wvisibie spectra of the
native rubredoxin with these for the Go
and Ni substituted ones,

2 A "
| Flg.1, Visthle/ZULlY
=l absorption fpactierd
Col (A) N () qinl] &
| H (C) rubredoXinng
[ L] Chvam Dy
‘U’ )
|/ N/ S
[ £ Rec'd in SCI. AUG 71987

Both the d-d and the charge transfer
spectral regions closely resemble those
of simple tetrathiolate complexes. The
LHNMR  spectra of/ the nickel and cobalt
substituted rubredoxins'reveal extremely
low-field shifted resonances, The
spectrum of the. nickel-rubredoxin
(Fig.2) shows eight low-field resonances
of one proton intensity with a Curie law
temperature dependence at 348.9, 344.7,
274.8, 261.2, 194.5, 185,2, 160.0, 155.6
ppm (at 308 K).

Sl ! “ i [‘\J I W

vk des b e
[ il "’ [] =18 “1F

Fig.2, UHNMR spectrum of Ni-rubredoxin
from D.gigas.

These rasonances can be assigned to
protons of the cysteinyl ligands. Other
well resolved low-field and high-field
resonances (probably of pseudo-contact
origin) can be observed outside the main
spectrum of the protein envelope in
contrast to the native protein. Several
resonances are also resolved in the low
and high field spectral regions of the
cobalt-rubredaxin. At least five
resonances are detected in the very low
field region (120 6, 110.6, B8.9, 56.5,
48,6, 43,2 ppm, at 308 K) which are
tentatively assigned to cysteinyl pro-
tons. Tho present data is very promising
in terms of structural analysis of the
coordination sphere and environment of
the metal cora. The nickel substituted
rubredoxins were shown to be active in
both the D2/H* exchange reaction and in
Hz2  production (from dithionite reduced

methylviologen), The values of D2/H*
exchange rates are comparable with those
observed for Pt catalysts. The' H2

evolution is competitively inhibited by
carbon monoxide, The nickel substituted
rubredoxins, providing a sulfur environ-
ment for the metal center, mimie, in
many respects, the bacterial hydrogenase
activity apd may prove to be a useful
model for nickel containing enzymes.

1 IiMoura, J.\,G.Moura, M.H.Santon,
A.ViXavier and J,LeGall, FEBS Lett. 107,
118

2

| (1979)

[ Moura, B.H.Huynh, R.P. Hausinper,
JiLedall, AV Xavier and [EoMinek,
J o Biol Chem. 256, 2493 (1980)

i R Crenusznwica, Il LeGall, | Heaira
nnd e MGLSpiro. [norg. Chem 2R )
(1486 )

40 BiWiMay and 1Y Kuo, Biocvhem 175
JUAd (10781
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haracterizati f electron transfer proteins from the nitrogen-fixin -

squa‘te-reducin M\lemcans Berre-Eau
l

Guy FAUQUE/lsabel MOURA </ Antanio V. XAVIER+/Nicgle GALLIANO®/
- José J.G. MOURA2and Jean LE GALL*S ™
— —

e

\ section Enzymologie et Biochimie Bactérienne, ARB.S., C.EN. Cadarache,
13108 Saint-Paul-Lez-Durance Céde)g,ﬁrancg;)
N Centro de Quimica Estrutural, Complexo I, UNL, 1096 Lisbon Codex, Portugal, sud
%MCM@L_&Q_@QQS, Department of Biochemistry, University of
Georgia, Athens, GA 30602, U.S.A.
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Fixation of molecular nitrogen has been observed with different sulrate;,,
reducing bacteria of the genera Desul g\\/ibrio (Le Gall et al., 1959 ; Postgate,
1984 ; Postgatek‘%ﬁ/d Kent, 1984 ; Postgate bgg Kent, 1985 ; Lespinat et al,,1987),
Desullfotomaculum (PostgLate, 1970 ; Lespinat et al,,1985 ; Fauque, LS/)BS),
DesulféBacter and Desulfgbulbus (Widdel, 1987). Desu!,ﬂgvibrio (D.) desul}fﬁricans
strain Berre-Eau (NCIB 8387) is able to grow while fixing nitrogen (Le Gal(, 1967).
ph-
Several electron carﬁ/ers have been purified from D. desulfuricans Berre-
Eau grown on lactate/sulfate medium with combined nitrogen. The rubredoxin
and the flavodo}i(/in present similar characteristics to homologous proteins found
in other Desulfovibrio species (absorption spectrum, molecular mass, amino-acid
composition, molar extinction coefficient) (Fauque et al., 1987). In contrast to
rubredoxin, flavodoxin is able, in the presence of hydrogenase, to mediate
electron transfer in the reduction of sulfite and in the hydrogen evolution from

pyruvate.

A tetranemic and a monohehm’ic c-type cytochrome% have been isolated
and characte'rfz'er_c’i from D. desulfuricans Berre-Eau by elenc't’&czfr,\'_.paramagnetic
resonance (EPR) and nuclear magnetic resonance (NMR) spectroscopic
techniques (Moura et al., 1987). The multiheme cytochrome gha%.i‘molecu‘lér
mass of 13.5 kDa and an isoelectric point of 8.6. It presents visible, NMR-and EPfs
spectra similar to the class of tetraheme cytochrome_cf;} the low-potential bis-
histidinyl axially bound hemoprotein found in all Desulfovibrio species (Le Gall
ér%ldf Fauque, 1987), in Thermodesu! obacterium commune (Hatchikian et al.

A
1984) and in Desulﬁbulbus elongatus (Samain et al., 1986). The amino-acid

e
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composition of D. desulfuricans Berre-Eau tetraheme cytochrome cq1is the

following : lysine (16 residues), histidine (9), arginine (0), tryptophang (0),

aspartic acid (20), threonine (7), serine (11), glutamic acid (2), proline (6), glycine
(10), alanine (25), cysteine (8), valine (2), methionine (0), isoleucine (2), leucine
(3), tyrosine (1) and phenylalanine (2). This protein, devoid of arginine,
tryptophane and methionine, contains 124 residues and possesses the required
number of cysteine (8 residues) to bind four hemes per molecule. The main
characteristics of this hemoprotein are a high number of alanine residues and a

low content of valine residues.

o
The monohemic cytochrome €553 from D. desul!uricans Berre-Eau is

completely reduced by ascorb(%te and its EPR and W”Rﬁata are characteristicof a
cytochrome with methionine-histidine ligation (Moura et al., 1987). This protein
has an isoelectric point of 9.2, a molecular mass of 9 kDa and its amino-acid
composition is : lysine (10 residues), histidine (1-2), arginine (1), tryptophang‘ (0),
aspartic acid (7), threonine (2), serine (7), glutamic acid (8), proline (1), glvcine
(18), alanine (16), cysteine (2), valine (1), methionine (1), isoleucine (1), leucine
(5), tyrosine (3) and phenylalanine (0). The presence of two cysteiny! residues is
just sufficient to link a single heme group to the a&?l%a(t)ii&_g is amino-acid
composition is very close to that reported for _D_A vulgaris Hildenborough
cytochrome 55’5ﬂ(8ruschi la!%c/ﬂ Le Gall, 1972) except for the glycine and tyrosine
content. The D. desulfuricans Berre-Eau cytochrome gs'ﬂis more closely related
to the cytochrome css3Yrom D, vulqaris Hildenborough than to the cytochrome
Eg’ﬁ@nfrom D: baculatus strains Norway 4 (Faugue etal, 1979&)_and DSM 1743
(Fauque, 19793). These data confirm that two different types of monchemic

, . .
cytochrome ¢ are present in Desulfovibrio species.

I
We have also isolated frem D. desulfuricans Berre-Eau other electron
, c . S
carriers and enzymes sush as, twg ferredoxins, a molybdenum—containing iron®

sul{ur protein, the adenylyl sulféte {APS) reductase and a dissimilatory su}/iute-
reductase of the deSUI/anridin type.

This work was supported by grants from NIH (GM 34903) to JLG and from
INIC, INICT and AID to JIGM.
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Nickel-[iron-sulfur|-selenium-containing hydrogenases
from Desulfovibrio baculatus (DSM'1743)

Redox centers and catalytic properties Bene L
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The hydrogenase from Desulfovibrio baculatus (DSM 1743) was purified from each of three difTerent fructions!
soluble periplasmic (wash), soluble cytoplasmic (cell disruption) and membrane-bound (detergent solubilization),
Plusma-cmission metal analysis detected in all three fractions the presence of iron| plus/nickel'and selenium|in
cquimolecular amounts. These hydrogenases were shown to be composed of two non-identical subunits and were
distinct with respect to their speciroscopic properties. The EPR specira of the native (as isolated) enzymes showed

( very weak isotropic signals centered ‘around. g =~ 2.0 when observed at low. temperature (below 20 K), The
periplasmic and membrane-bound enzymes also presented additional EPR signals, observable upto 77/K, with
& gicater than 2.0 and assigned to nickel(I11), The periplasmic hydrogenase exhibited EPR features at/2,20, 2,06
und 2.0. The signals observed in the membrane-bound preparations could be decomposed into twosets with g at
2,34, 2,16 and = 2.0 (component 1) and at 2.33, 224, and' ~ 2.0 (component 11}, In:the reduced state, ufter
cxposureto'an Hy atmosphere, all the hydrogenase fractions gave identical EPR spectra,

EPR studies, performed at different temperatures and microwave powers, and'in samples partially and fully
reduced (under hydrogen or dithionite), allowed the identification of: two different iron-sulfur. centers:icenter. |
(2.03. 1.89 und 1,86) detectuble below 10 K, and center 11 (2,06, 1.95 and 1.88) which was easily saturated ul low
temperatures, Additional EPR signals due to! transient nickel specics were detected with g greater than 2.0, and
it rhombic EPR signal at 77 K developed'at'g 2.20, 2,16 and 2.0. This EPR signal is reminiscent of the Ni-signal
C (g ur:2.19, 2.14'and 2.02) observed in intermediate redox states of the well characterized Desulfovibrio. gigas

= hydrogenase (Teixeira et al. (1985) J. Biol. Chem. 260, 8942). During the course of a redox titration at'pH 7.6
using H, gas as reductant, this signal attained a maximal intensity around —320 mV. Low-temperature siudics
ol sumples at redox states where this rhombic signal develops (or lower) revealed the presence of a fast-relaxing
complex EPR signal with g at 2,25, 2.22, 2.15. 2.12, 2,10 und broad components at higher field. The soluble
hydrogenase fractions did not show a time-dependeni activation but the membrane-bound form requiredsuch'a
sleplin order to express full activity, This indicates that the redox state of the isolated 'enzyme is important for
the full expression of cnzymatic activity. The catalytic properties were also followed by the proton-deuterium
exchange reaction, The isolated hydrogenases produced H,/HD ratios higher than those abserved for non-
selenium-containing hydrogenases,

Rec'd in SCI. AUG! 7

Theenzyme responsible for the biological uctivation of
;. termed hydrogenise [1. 2). has u central role in miny
relevant anaerobic processes where molecular hydrogen is
oxidized or evolved. Also, moleculur hydrogen, via the
hydrogenase: system, is a link between' different. bacterial
consortia which carry out complex fermentations. A striking
cxample of this interspecies hydrogen transfer is the symbiotic
relationship between sulfate-reducing bacteria and methane-
lorming orgunisms involved in the final stcps of the conversion
of cellulose and other. organic substrates to methanc and
carbon (dioxide (2. The ¢ixidation/reduction of molecular
hydrogen is considered as ane of the simplest redox processes
known: however, the biological activition of H, is calalyzed.

Correspondence to 1:3; G, Moura, Centro de Quimicu Estrutural,
Universidade Nova de| Lisbos, Complexa l; Avenidi Rovisco Pais,
P-1000 Lisboa, Portugal

Ahbreviations, EXALFS, extended N-ruy absorption fine structure.,
MCD, magnelic circulur dichmismf

1967

by enzymes which ‘appear lo differ in their molecular proper-
ties and redox center composition. The metabolism' of:
hydrogen in the sulfate-reducing bacteria is regulated by re-
versible hydrogenases, and | the microcosmos represented by
the  Desulfovibrio world is! clearly representative of: the
complexity involved in this process, At least three different
hydrogenases are now recognized within this bacterial group;
(4) [Fe] hydrogenases, containing only iron-sullur. cenlers,
purified from' Desulfavibrio vulgaris (Hildenborough) [3, 4]
and. D. desulfuricans (NCR' 43001)" [5];. '(b). [NiFe]
hydropenases, containing nickel and iron-sulfur. centers,
generally arranged as onc [3Fe-xS) and two [4Fe-45] clusters,
purified [rom D, gigas [6—9), D. desulfuricans (ATCC 27774)
[10)and D. arltispirans n. sp. [11]); (c) [NiFeSe] hydrogenases,
which contiin iron-sulfur centers and equimolecular amounts
ol nickel” und’ selenium, purified| [rom D, desulfuricar.:
(Norway 4) [12) and D). salexigens (British Guiuna) [13]. No
definitive proof his been presented for the quantitative prcs:/
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cnce of IFe clusters, but two 4Fe-4S] clusters were shown to
be present in the latter species.

The picture is further complicated by the presence of mul-
tiple forms of hydrogenases occurring within a single
bacterium as reported in D. desulfuricans (ATCC 27774) [10),
D. desulfuricans (Norway 4) [12, 14] and D. wulgaris
(Hildenborough and Miyazaki) [15—17). More recently, the
presence of [NiFe] and [NiFeSe] hydrogenases in the mem-
brane fractions of D. vulgaris (Hildenborough) has been
demonstrated {17]. This emerging complexity contrasts with
the more simple idea that in sulfatz-reducing bacteria of the
genus Desulfovibrio, one enzyme is responsible both for the
utilization and production of molecular hydrogen, and is cou-
pled to low-molecular-mass electron carriers such as
ferredoxin, Nlavodoxin and rubredoxin through the tetraheme
cytochrome ¢, [18]. Genetic analysis may be decisive in
establishing more accurate relationships among the different
molecular forms of hydrogenases in a single microorganisin
as well as between the different types of hydrogenase. Over
the past ten years, there has been a renewed interest in the
physiology and biochemistry of hydrogenases, with emphasis
on the catalytic properties and mechanisms involved, and on
possible applications of the enzyme to bioconversion [19) as
well as to other interesting biotechnological processes {20).
These enzymes have been purified to homogenzity from strict
and facultative acrobic and anaerobic organisms, and in par-
ticular from sulfate-reducing, methanogenic and photo-
synthetic bacteria {1). It is generally believed that they rep-
resent a diverse group of proteins differing not only with
respect to their metal content and subunit structure, but also
to their electron donorfacceptor specificity, the effect of
denaturants (detergents, urea) and the reactivity toward CO
or 01.

This report describes the purification, characterization
and catalytic activity of three selenium-contaicing hydro.
genases from 2. baculatus (DSM 1743), screened for the func-
tion of their ccllular localization: periplasmic, cytoplasmic
and membrane-bound. Important differences exist in their
physico-chemical propertics, pasticularly with respect to the
nickel redox states as detected in the native state, which may
be relevant to the discussion of the role of nickel in hydrogen
metabolism. Their activity in hydrogen cvolution and in the
Dy/H'  exchange in conjunction with the reported
spectroscopic data clearly demonstrates that the [NiFeSe)
hydrogenases are a new class of nickel-containing hydro-
penases; however the relationships among the three [NiFeSe]
hydrogenases purified from difTerent celiular compartments
of D. baculatus and their relationships with the [NiFe]
hydrogenases must await further structural studies. The re-
sults are compared with those for other nickel-{iron-sulfur]-
selenium-containing hydrogenases isolated from D. salexigens
(British Guiana) {13} and D. desulfuricans (Norway 4) [12). P

MATERIALS AND METHODS

All chemicals and reagents were of unalytical grade.
DEAE-Bio-Gel and hydroxyapatite were purchased from Bio-
Rad. P
Assays

Hydrogenase was assayed by the rate of H, evolution with
st_)dium dithionite (15 mM) as electron donor and methyl-
viologen (1 mM) as mediator [21]), at 32C and pH 7.6. Hydro-

gen was determined by gas chromatography using an Acro-
graph A-90 P23 chromatograph. One agtivity unit is defined as
the amount catalyzing the evolution oKlr'mol tl,/min at 32°C. 1/‘#
‘The Dy/H' exchange reaction was peitormied as previously
described {22] using a VG-80 mass spectrometer cquipped
with an Apple-1I-based data acquisition system. Total iron
was determined by the 2,4,6-tnpyridyl-1,3,5-triazine method
{23]. Metals were screened and quantified by plasma-emission
spectroscopy using a8 Mark Il Jarrell-Ash model 965 Atom
Comp. Nickel was ajso determined by atomic absorption
spectroscopy. Protein was determined by Lowry's method [24)
using as standard a bovine serum albumin, purchased from
Sigma, or purified D. gigas periplasmic hydrogenase (€490 =
48000 M ™! cm™ ') [25]. The homogencity of the proteins was
established by polyacrylamide disc electrophoresis {26] and
subunit structure and molecular masses were estimated by
analytical SDS/polyacrylamide (7.5%) gel electrophoresis [27)
in the presence of urea and 2-mercaptoethanol using the
following molecular mass markers (kDa): a-lactalbumin
(14.4), trypsin inhibitor (20.1), carbonic anhydrase (30.0),
ovalbumin (43.0), bovine serum albumin (67.0) and
phosphorylase & (94.0). Molecular masses of native samples
were estimated on an LKB high-pressure liquid chromato-
graphic system, using a TSK-3000 gel filtration column and
the following molccular mass markers (kDa): chymotrypsin
(23.0). ovalbumin (43.0), aldolase (158), catalase (240) and
fernitin (450).

EPR samples were buffered in TrisfHCI, pH 7.6. Reduc-
tion of samples for the EPR was accomplished by exposure
to hydrogen atmosphere or adding sodium dithionite under
an argon atmosphere. <

Spectroscopic instrumentation

Electron paramagnetic resonance spectroscopy (EPR) was
carried out on a Bruker 200-tt spectrometer, equipped with
an ESR-9 flow cryostat (Oxford Instruments Co., Oxford,
UK) and a Nicolett 1180 computer. The visible/ultraviolet
spectra were recorded on a Shimadzu model 260 spectro-
photometer. !

Oxidation-reduction potentiometric titrations

Oxidation-reduction titrations were carried out in an ap-
paratus similar to that described by Dutton (28], equilibrafing
the enzyme under different partial pressures of hydrogen
(using different proportions of argon plus hydrogen) at 30°C
and pH 7.6 (100 mM Tris/HCI), in the presence of redox
mediators as given in [7). The systein was calibrated with
quinhydrone at pH 4.0 and 7.0. All the redox potentials,
mcasured using a platinum-saturated calomel clectrode
system, are quoted relatively to the standard hydrogen
clectrode (pH=0). The system was kept anaerobic by a
constant purging with argon gas previously bubbled through
a bufTered dithionite solution. The protein concentration in
the titration vessel was 60 uM. Typically, the sample was first
reduced under purified H; (atmospheric pressurc) and left
to equilibrate for 2 h, after which the potential stabilized at
around —450 mV. Sample reoxidation was accomplished by
varying the partial pressure of H, gas, using the hydrogen and
argon mixture. After equilibration at a fixed redox potential a
sample was transferred into an EPR tube under a slight gas
wHabe pressure and immediately frozen at 77 K for further )<
quantification. s

VA



Organism and growth conditions

D. baculatus (DSM 1743), D isolated from the mixed
culture originally called *Chloropseudomonas ethylica (strain
N,)' is also able to use elemental sulfur as an clectron acceptor
for growth [29) and contains u tetraheme cytochrome ¢y which
acts as sulfur reductase [30—32). Cells of D. haculutus (pre-
viously referred to as Desulfovibrio strain 9974 [29})) were
grown on a lactate;sulfate medium at 37°C and harvested as
previously described [33]. ,

Spheroplast preparation

For spheroplast preparation, approximately 2 g cells of
D. bhaculutus were grown (33) und centrifuged for 30 min at
8000 x g. 1 g wet-pucked cells was diluted to 10 ml with an
argon-cquilibrated solution containing 0.5 M sucrose, 0.05 M
Na,EDTA. lysozyme (0.2 mg/ml) and 0.1 M Tris/HCl pH 7.6.
The cell suspension was gently agitated at 37°C in a scaled
fask and continuously flushed with argon. Spheroplasts were
formed after 2 h and then centrifuged at 8000 x g for 20 min.
The supernatunts was reserved and the pellet was resuspended
in an equal volume of spheroplast-inducing solution without
lysozyme and recentrifuged. The second supernatant con-
tained less than 10% of the hydrogenase activity of the pre-
vious one, and they combined to give the periplasmic fraction.
The washed pellet containing intact spheroplasts was again
resuspended "a the lysozyme-free solution and sonicated for
I min using a Branson cell disruptor 200 equipped with
micro-tip to completely lyse the spheroplasts. The lysed
suspension was subjected to ultracentrifugation at 185000 x gz
for 1h and the resulling supernatant was called the
cyioplasmic fraction. The pellet from this solution was called
the membrane fraction, and was washed twice with the
lysozyme-free solution to remove any residual soluble
hydrogenase activity. The membrane fraction was assayed for
hydrogenase activity and protein content after resuspension
in the lysozyme-frec solution using a glass tissuc homogenizer,

Purification of hydrogenases

All steps of purification were performed at 4°C. Tris/HC|
and phosphate buffers at pH 7.6 al appropriate concentra-
lions were used.

Preparation of the periplasmic fraction. 700 g cells were
carcfully suspended in 500 ml 50 mM Tris/HCl buffer and the
mixture was frozen at —80"C for 60 h. After thawing, the
cells were separated from the buffer by centrifugation at
20000 rpm for 1 h and the reddish-brown supernatant con-
taining mostly the periplasmic proteins was collected. The
pellet was resuspended in an cqual volume of buffer, re-
centrifuged. and the resulting pellet was frozen, The washed
fraction obtained by the combination of the two supernatants
was utilized as starting material for the purification of the
periplasmic hydrogenase after concentration to 420 ml in an
Amicon Diaflo apparatus using a YM-30 membranc.

First DEAE-Bio-Gel column. The periplasmic fruction was
applied on a DEAE-Bio-Gel column (5 x 28 cm) previously
cquilibrated with 10 mM Tris/HCI. The proteins were cluted
with o Trs HCH linear gradient (750 ml of 10 mM Tris/HC
and 750 ol of 400 mM Tris/HCI). The hydrogenase fraction
was collected in o totad volume of 300 ml and dialyzed
overnight against distilled water,

Second DEAE-Bio-Gel cohunn. The penplasmic hydro-
geniase wis ltid on a DEAE-Bio-Gel column (3.5 32¢m)

7

and a linear gradient (500 ml of 10 mM Tris/HCl and 500 m!
of 400 mM Tris;HCl) was pfformed. The hydrogenase was
collected in a total volume of 190 ml.

First hydroxyapatite column. An hydroxyapatite column
(3.5 x 15 cm) was prepared and washed with 0.25 M Tris/HCL.
The periplasmic hydrogznase in a total volume of 190 mi was
adsorbed and the column was washed successively with £00 ml
of the following buffers: TrisfHCI 0.25 M, 0.20 M, 0.10 M,
0.01 M. A lincar phosphaic gradient was then used (500 ml
of 1 mM and 500 ml of 500 inM). The hydrogenase was eluted
in a final volume of 150 mt.

Third DEAE-Biv-Gel column. The hydrogenase fraction
was dialyzed and adsorbed on a DEAE-Bio-Gel column
(3.5% 40 cm), and a lincar gradient of Tris/fHCl was then
applied (500 ml of 10 mM Tris/HCl and 500 mi of 400 mM

Tris/HCY). The main fraction of hydrogenascpresented an
Ajoo/Azao = 0.28 and a specific activity of 52, mg~ '//U"
min~ % ’

Preparation of the cvtoplusmic
and membrane-bound hydrogenases

The previous washed cells were resuspended in 500 ml of
50 mM Tris/HC1 buffer and broken by passing twice through
a Gaulin homogenizer a1 62 MPa. A few milligrams of DNAsc
were added to lower the viscocity. A cell-free extract was
obtained by centrifugation at 4°C and 12000 rpm for 40 min
in a Beckman centrifuge model J217 rotor JA-14. The crude
extract was centrifuged 1 h at 20300 pm (Beckman Rotor
JA-20) and the pellets were suspeaded in 50 mM Tris/HCl to
a final volume of 60 ml. At this stage a soluble hydrogenasc
fraction and a membrane-bound hydrogenase fraction were,,
obtained.

Solubilization of the membrane-bound hydrogenase

The pellet suspension (60 ml) was sonicated twice for
3 min in the presence of sodiumn deoxycholate (1.5% w/v).
The sonicated material was centrifuged for 1.5 h at 20000
rpm. The solubilized fraction was dialyzed and centrifuged
once more for 1.5h at 20000 rpm. To the solubilized
hydrogenase in a total volume of 70 ml, pancreatin was added
(1 mg/10 mg protein) and the mixture was incubated 50 min
in a water bath at 50°C. The mixture was centrifuged for 1 hat
20000 rpm and the solubilized membrane-bound hydrogenase
was obtained in a total volume of 75 ml.

Purification of the membrane-bpund hydrogenase

First DEAE-Bio-Gel column. The solubilized hydrogenasc
fraction was diluted to 100 ml and adsorbed on a DEAE-Bio-
Gel column (3.5 x 32 cm) equilibrated with 10 mM Tris/HCL.
The hydrogenase was cluted with a linear gradient of Tris/
HCI (500 ml of 10 mM and 500 ml of 300 mM). A fraction
containing mostly hydrogenase and cytochrome in a total
volume of 200 ml was obtained.

Second DEAE-Bio-Gel column. The hydrogenase fraction
from the the first Bio-Gel column was diluted twice with water
and adsorbed on another DEAE-Bio-Gel column (3.5

x 35 cm) cquilibrated with 10 mM Tris/HCI bufler.

A lincar gradient in Tris/HC| was uscd (500 ml of 10 mM
and 500 ml of 400 mM). Two bands of hydrogenase were
resolved, Membrane-bound hydrogenase | (the less acidic

fruction) wis-erbtagned with an Ayyof/Azxe = 0.1 and a specific
activity of -87,mol H, mg™ " min" ', This fraction was not
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further studied. Membrane-bound hydrogenase It (the more
acidic fraction) was obtained with an Aygo/d 40 = 0.14 and 4
specific activity of 121 pmol H; mg ™! min -

Purification of the cytoplasmic hvdrogenase fraction

First DEAE-cellulose column. The soluble crude extract
fraction (¥ = 1560 ml) was adsorbed on a column (5 x 38 cm})
of DEAE-ccllulose (DE-52) equilibrated with 10 mM Tris’
HCL. A linear gradient of Tris HCl was performed (1000 ml
of 10 mM and 1000 m! of 500 mM). The hydrogenase fraction
was obtained in a volume of 300 ml.

First DEAE-Bio-Gel column, The hydrogenase was
dialyzed and applied on a DEAE-Bio-Gel column
(3.5x 32 cm) equilibrated with 10 mM Tris/HCl. A linear
gradient was then applied (500 ml of 10 mM Tris/HCl and
500 ml of 400 mM Tris/fHCl) and the hydrogenase fraction
wis obtained in a velume of 200 ml.

Second DEAE-Bio-Gel cohann. The hydrogenase fracticn
wits dialyzed against distiled water and adsorbed on a DEAE-

Table 1. Cellular lovalizavon of by drogenase in 1) haculatus
Mitss of protein is given as wet-pached woight Specific activity was
measured for Hy evolution

Fraction Protein Hydrogenuse  Specific uctivity
mpgeells (%) Ugceells(%)  pmol min ™!
{mg protcin) ™"
Periplasm 24,1 (48) 431 ¢47) 1.7
Membrane 10.2(20) 284 (30) 2718
Cytoplusm 16.6 (32) 2102)) 12.7

Table 2. Molecular masses and metal content of . baculatus hvdro-
Lenases

Values of metal content in parentheses are caleulated on the basis of
i mol nickel/mol enzyme

Parameter Yalue for hydrogenase

membrane-

Bio-Gel column (3.5 x 40 cm) equilibrated with 10 mM tns: cytoplasmiz - periplasmy
HCL. The column was eluted with a linear gradient of Tris; HC! bound
(10~ 400 mM; total volume 1000 ml). The active hydrogenase Molecular mass
fraction was collected in a volume of 125 ml and dialyzed (kDa) by HPLC 100 100 100
against distilled water. SDS gel

Third DEAE-Bio-Gel colusnn. The dialyzed hydrogenase electrophoresis 81 (54. 27) 75 (49, 26 89 (62, 27]
fraction was loaded on a DEAE-Bio-Gel column (3.5 x 30 cm) Metal content
cquilibrated with 10 mM Tris HCL. A lincar gradient of Trisi (molymal)

HCI (500 ml of 10 mM and 500 ml of 400 mM) was applied Fe 7.7 (14.1) 9.25(13.8)  10.3(11.4)
o nd the main hydrogenase fris. ion was elutsd with-an-djo0/  Ni 0.54 (1.0) 0.69 (1.0) 0.9 (1.0}
2 min Hawg = 0.25 and specific activity of 466 ymol H, @ Se 0.56 (1.03) 0.66 (0.96)  0.86 (0.95)

Absorbance ratio
Aol Are0 0.28 0.23 0.10

Yields

The recovery yield of the three enzymes was 37% for
the periplasmic, 32% for the cytoplasmic and 28% for the
membrane-bound hydrogenase. Ve

RESULTS
Cellular localization of hydrogenase activities

One of the goals of the present study was to establish the
resence of multiple forms of hydrogenyse jn 1), baculatus
DSM 1743). Enzyme localization is a Mﬁask since

{I- uCt
artifacts may occur, such as cell lysis and proteolytic effects.

The periplasmic origin of one of the hydrogenases was estab-
lished by the preparation of spheroplasts, Treatment of intact
freshly grown cells with lysozyme, Tris/HCI and EDTA re-
sulted in 90 — 95% spheroplast formation;; after centrifugation
at 8000 x g for 30 min, 47% of the hydrogenase activity was
found in the supernatant (Table 1), After disrvntion of the
prepared spheroplasts it was found that 23% of the total
hydrogenase activity was in ths cytoplasmic fraction, and
that 30% ol the uctivity resided in the membrane fraction,
confirming the localization of these enzymes. The screening
of cytoplasmic enzyme markers, ¢.g. dissimilatory bisulfite
reductase, desulforubidin and APS reductase, was used to
cstablish the extent of cell lysis [18).

Molecular masses and metal content

Table 2 indicates the results of metal analysis and subunit
structure determinations ol the three hydropenases solated
from different cellutar compartments of 2. hacuaduties. Al three
7

hydrogenase fractions were found to be composed of two
non-identical subunits with the following molecular masses:
49 and 26 kDa for the periplasmic hydrogenasc; 54 and
27 kDa for the cytoplasmic hydrogenase; and 62 and 27 kDa

for the membrane-bound hydrogenase. Within experimental/,
error, the molecular mass of the lﬁm‘ﬁ:hunil was definitely L\EAV

smaller in the periplasmic preparation but the molecular
masses of the three smaller subunits appeared to be similar.
The molecular masses of the native preparations, determined
under non-dissociating conditions by HPL( on a gel filtration
column, confirmed that cach fraction contained one subunit
of cach type. The molecular masses used in the subsequent
calculations were derived by adding the molecular masses of
the subunits as estimated in the presence of SDS.

Plasma-emission metal analysis showed the presence of
iron and equimolar amounts of nickel and selenium in the
three hydrogenases. The metal content varied for each
hydrogenase, and there was no obvious correlation of this
parameter with catalytic activity. This suggests the presence
of inactive protein in the hydrogenase preparations. For
comparison, see Table 2; the metal contents were calculated
on a basis of 1 nickel atom pcl;\molcculc.

ﬂw” we

Ultravioler visible spectroscopy

The three hydrogenase [ractions hid a polden-brown color
with very sinubar electronic speetria. Brosd absorption bands
were detected in the 270-nm and W0 - 404.nm regions, typical

7
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Table 3. Catalytic activity of 1. baculatus hye
Specific activity is measured a3 rate of 1, evolved per mass of sample

n.d. = not determined

frogenases comparvon with other hacrerial hydrogenase activities
a1 32 C. The optimat pH is the pH of observed maximal activity.

Orgunism Sample Specific acuvity Hy/HD ratio  Optimal pH Reference
pmol oun "' mg !
Proteus vulgaris whole cells - 0.2 7 (32}
Cl. pusteurianum crude eMracts - 0.45 8.3 P21
D. vulgaris (Hildenborough) crude curacls - 04 5.5 I?fﬂ 0
D. gigas pure proteins 440 -0.-56(021’0-") 8.0 (34)
D. vulgaris (Hildenborough) pure proteins 4804) g (O-V-O.b) 5.5 134]
D. desulturicans (ATCC 27714) puie proteins 152 (0.2~0.4) n.d. our unpublished
D. multipirans n.sp, pure proteing kL] (0.3-0.5) 7 [34)
M. harkeri (DSM 800) pure proteins 20 0.42 n.d. [34- 5] 3} qu
D. sulexigens pure proteins 1830 >1 n.d. (74] 33
0. haculutes (DSM 1743) mc:_nhum_‘-buund (€A [ 1.36 n.d. l this work
periplamic (#) $2¢ 1.51 4.0 f and 3]
evtoplasnne () 07 1.35 4.5 !
(%) puve Prn‘tu“ <
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haculatus hvdragenase. Protein concentration 11 M. S0 mM Trs
HCI buffer pti 7.0 L
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of iron-sulfur-containing proteins. Fig. 1 shows the spectrum
of the native cytoplasmic ¢nzyme. P

Catalviic activity

The catalytic activity of the three hydrogenase [ractions
was tested in H; production and in the D,/H* cxchange
reaction. The periplasmic and cytoplasmic hydrogenases were
found to have comparable high specific activities in H; evolu-
tion assay (Table 3). These fractions did not show a lag phase
or an activation-dependent step. hydrogen evolution being
linear from time zero. The membranc-bound hydrogenase
required an activation step (approx. 15—20 min) under re-
ducing conditions. H; production by the pcriplgm\i and
cytoplasmic hydrogenase fractions was maximal uqﬁi 4.0
and was strongly dependent on the buffer used (the activity
was higher in Tris/HCI than in phosphate buffers). Maximal
H, consumption was previously determined to occur at pH
7.5(34]. The isotopic Dy-H ' exchange activity of the soluble
hydrogenases was extensively studied. Maximal activities
occurred at acidic pH values (see Table 3) but there was
4 major difference between these hydrogenases containing
selenium and other hydrogenases i the formation of the

Magnelic lield sirenglh

Fig. 2. EPR spectra of D. baculatus as isolated hydrogenases. (A)
Cytoplasmic [raction; (B, D) periplasmic fraction; (C, E) membrane-
bound fraction. Experimental conditions: microwave power 2 mW;
modulation amplitude 1 mT; (A, B, C) tempcrature 8 K, microwave
frequency 9.410 GHz, gain 6.1 % 10%; (D, E) temperature 40K,
microwave requency 9.525 GHz, gain 10° s

exchange proucts HD and Hj. The maximal HD p'roduclion
took place at pH 3.0, while the maximal H, production was
attained at pH 5.0. Above pH 4.5 the ratio of Ho/HD detected
for the three fractions was sligh#y-higher than one. At lower
pH values (< 4.5) this ratio decreased and might attain values
close to those reported for the D. gigas periplasmic enzyme
(Table 3), which consistently shows H,/HD ratios much less
than one in the pH range 5—10 [34]. 4

Nutive (as isolated) hydrogenases: EPR studies

The EPR spectra of D. baculatus hydrogenases (as
isolated) had different characteristics (Fig. 2). The cytoplas-

on
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mic enzyme was almost EPR silent, showing a weak isotropic
signal (less than 0.01 spin/mole) in the ¢ =2.02 region,
detectable below 35 K. The EPR spectra of the membrane-
bound hydrogenase was dominated at low temperature by an
identical isotropic signal (0.1 spinfnole). Additional signals
were observed at lower finld (casily detected above 30 K), with
£a12.34,2.33,2.24, 2.16 and around 2.0 (this last feature was
superimposed on the isotropic signul when measured at low
temperature). These signals might be decomposed into two
spectral components of a nickel(I1l) rhombic signal by
comparison with other {NiFe] hydrogenases, ¢.g. D. gigas
hydrogenase {7, 8]; the signals associated with g values at 2.34,
2.16 and 2.0 closely resemble the D. gigas hydrogenase Ni-
signals B. and the component with g values at 2.33, 2.2 and
2.0 the D. gigas hydrogenase Ni-signal A (8]. In addition to
the weak isotropic signal, the periplasmic hydrogenase also
exhibited a rhombic signal with g values at 2.20, 2.06 and 2.0,
detectable at high temperature. Theses g values are difTerent
from the values usually reported for the nickel(I11) center
in bacterial hydrogenases [35]; however, as was previously
discussed, native hydrogenases from different species yield
different EPR signals, suggesting differences in the nickel(11)
coordination. As thc meal analysis detects only nickel and
iron, the S = !/, system associated with this signal must corre-
spond to a paramagnetic nickel(111) center. The intensities of
the EPR signals were small and the double-integrated in-
tensities yiclded 10— 15% of the chemically detectable nickel
in the membrane-bound fractions, o it is likely that some of
the nickel centers were EPR-silent at this oxidation state.

The EPR characteristics of the detected isotropic signal
and the metal analysis are consistent with the presence of a
partially reduced 3Fe center (assuming that the extra two 4F¢
centers, silent in the native state, are observable in the reduced
state; see below). However, EPR spectroscopy by itself cannot
uncquivocally identify dE refute the presence of this type of
center. oy

Reduced siates

Upon reduction under an H, atmosphere or with sodium
dithionite, the EPR signals observed in the native state dis-
appeared. An EPR-silent state was attained on partial reduc-
tion, and complex EPR signals were observed in further re-
duced states of the enzymes. Temperature and microwave
power dependence studies were useful for analyzing these
complex signals assigned to nickel and iron-sulfur centers.
Although spectroscopically different in the native state, upon
reduction the three hydrogenase fractions showed very similar
EPR signals, irrespective of the origin of the hydrogenase.
Figs 3 and 4 shows the EPR spectra of the periplasmic and
cytoplasmic hydrogenases reduced under an H, atmosphere.
At low temperature, the EPR spectrum was dominated by a
slightly rhombic signal at 2.03, 1.89 and 1.86. This fast-re-
laxing signal was not observable above 15 K, and was assigned
to an iron-sulfur center in the +1 oxidation state (center I).
At temperatures above 8 K, another rhombic EPR signal,
dg(cclablc only up to 30 K due to line broadening, appeared
wuh g values at 2,06, 1.95 and 1.88, well defined in the
periplasmic (Fig. 3) and membrane-bound (Fig. 5) fractions.
This signal was assigned 10 a second [4Fe-4S]" * cluster (center
H). which reluxes more slowly than center 1. The spectri
observed  ut  intermediate  temperatures represent i
superimposition of both center signals (Fig. S). It should be
noted that in further reduced states of the enzyme the intensity
of the g =206 component increased, suggesting a slight
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Vg . Temperatuee dependence of the EPR spectra of Hy-reduced
(A, B und C1and dithionste-reduced (D) . baculatus hydrogenase
{ periplasmic y. Expenmentat conditions as in Fig. 2. Temperature: (A)
4K (B ISKAC)ITK and (D) 27K
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Fig. 4. Temperature dependence of the EPR spectra of Hy-reduced .
baculatus hvdrogenase {cytoplusmic). Experimental conditions as in
Fig. 2. Temperature: (A) 4.2 K. (B)8 K, (C) 11 K, (D) 17 K and (F,)/
36K

difference in redox potentials between the two centers. Iii the
most reduced states, the integrated EPR intensilics of the ifun-
sulfur centers corresponded to 0.42 (cytoplasmic) and 0.93
(periplasmic) spin/mole.

The teinperature dependence of the EPR signals of the
H;-reduced periplasmic and cytoplasmic fractions is shown
in Figs 3and 4. At lower magnetic fields, complex EPR signals
were observed with g at 2.25, 2.22, 2.15, 2.12 and 2.10 (and
components around 2.0), better developed in the cytoplasmic
fractions. This complex signal relaxes rapidly, being hardly
detectable at 10 K. At higher temperatures this spectral region
was dominated by a well-resolved rhombic signal with g at
2.22,2.17and 2.0%, Thesc two sets of signals arc reminiscent of
the ‘g = 2.21" and Ni-signal C (2.19, 2.14 and 2.02) (compare
Figs 3C and 4E) studied in detail in H,-reduced D. gigas
qNiFe] hydrogenase (8, 35). The ‘g = 2.22’ signals have g yal-
ues, relaxation properties (slow relixing being saturated below
10 K and 2 mW microwave power) and redox behavior (see

o
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Fig. 8. Details of the EPR specira of 1. baculatus hvdrogenase
(n{wnhranf-hnundl in the “iron-sulfur region. Experimenta conditions
asin Fig. 2, Temperature: (A} 4.2 K. (B)9 K. and (C) 1S K
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Fig. 6. EPR signal intensities (arbitrary units) of the g = 2.22 nickel
signal of D. baculatus hydragenase ¢ cvtoplasmic ). The redox potential
wus conlrolled by varying the partial pressure of H,y gas, as indicated
in Matcrial and Methods. EPR signals were measured at 20 K, atg =
2.22(@)and g = 2.17{O). No attemplts were made to [it the results
1o a Nernst profile. Other experimental conditions us in Fig. 2/

hc[ow) very similar to the transient species observed in aklvess
{NiFe] hydrogenases upon reduction by molecular hydrogen.
I

Redox titration of the intermediate redox species

A redox titration of the D. haculatus cytoplasmic hydro-
genase was carried out and the intensity of the signals followed
by EPR measurements, as a function of the poised solution
redox potential at pH 7.6 in the range —250 mV to —450 mV.
The redox potential was adjusied by controlling the H, partial
pressure (sec Material and Mecthods). The intensities of the

temperature EPR studies revealed the presence of a complex
fast-relaxing g = 2.25 component.

DISCUSSION

he present studied carried out on the hydrogenase activi-
ty S D. bacularus (DSM 1743) indicatcithat this activity is
distributed throughout the periplasmic, cytoplasmic and
membrane fractions. The hydrogenase activity isolated from
sulfate-reducing bacteria of the genus Desulfovibrio most often
has been found to be located in the periplasmic space (2]
although membrane-localized enzymes have also been re-
ported [14—17]. The presence of a cytoplasmic hydrogenase
has been postulated based on dye permeability and activity
measurements using whole and lysed cells [36). More recently
a careful study on cell lacalization was reported on the [NiFe}
hydrogenase from D. multispirans n. sp. in which the
cytoplasmic location of the enzyme was confirmed [11). Fur-
thermore, multiple forms of hydrogenase have been reported
within a single organism. For example, two soluble forms of
hydrogenase were found in D. desulfuricans (ATCC 27774)
{10). A soluble and a membrane-bound hydrogenase were
reported in D, desulfuricans (Norway 4) {12, 14} and the treat-
ment of the cells with EDTA released a minor fraction with
hydrogenase activity which was taken as an indication of the
presence of a periplasmic enzyme. Recently, a membrane-
bound hydrogenase was identified in D. vulgaris (Hilden-
borough) {15] and in an independent study three new hydro-
genases were isolated from the membranes of the same organ-
ism [17). Two of them can react with antibodies to the [NiFe]
periplasmic hydrogenase of D. gigas, and the third one reacis
with antibodies to the [NiFeSe] periplasmic hydrogenase of
D. haculatus.

The geges encoding for the large and small subunits of the
periplasmghydrogenases of D. gigas and D. baculatus have
been cloned and partially sequenced (C. Li, M. Menon, J.
LeGall, H. D. Peck Jr and A. Przybyla, unpublished data).
As suggested by immunological studies, there appears to be
little sequence homology between the two types of nickel-
containing hydrogenascs.

The relationship among these multiple forms of hydro-
genase within the same bacterium is not yet clear. From a
physiological point of view, multiple forms of hydrogenuse
with different molccular preperties may be required to provide
regulatory mechanisms for the various metabolic pathways
involving the production and utilization of hydrogen,

In addition to the intrinsic physiological significance of
the existence of multiple forms of hydrogenase within the
same organism, the hydrogenase fractions isolated from D.
hacularus show unusual spectroscopic properties relevant to
our understanding of EPR-dctectable nickel in hydrogenuse.

The native state (as isolated )

In the native state, the membrane-bound hydrogenase
from D. baculatus shows rhombic EPR signals similar to the
oncs observed in D. gigas {7 —9), D. desulfuricans (Norway 4)

rhombic ‘g = 2.22" signals were monitored at 20 K the data  (membrane-bound form}{14],and D. multispirans n. sp. {11].

obtained arc plotted in Fig. 6. Relative intensities are indi-
c.ucii since the maximal intensity wus not evaluated. The
Lranbient species appeared at redox potentials below -
230 mV, attained o maximal intensity around - 320 mV and
wits not detectible below --430 mV. When the enzyme was
poised at redox potentialy more negative thin --400 mV, low-

The EPR g values at 2.30, 2.23 and 2.0 are also related to
the ones observed in Alt'lllwzbaclerium thermoautotrophicum
(Marburg [37) and§1 [380* 550" Mb. bryantii membranes [39).
These signals are &asily detectable up to 100 K. By isotopic:
*INi (4 = 3/2) replacement, hypetfine lines were observed in
the EPR signals of the enzymes solated from D. gigas [40],

o
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D, dexulfuricany (ATCC 27774) |10] and. Mb,  thermoauio-
trophicum [37,38), providing direct evidence thut nickel was
ul (the origin of the observed parumugnel, This species wils
identified us nickel(111) in the presence of i strong ligand field
with a tetrugonully distored octuhedrul symmelry; resulting in
un'S = 1/2 system with onc unpuired eleciron in u d;2 orbilal,
The coordination sphere was!proposed to be domipated'by
sullur atoms based on model compound ditta [41] ul{EXAFS
studies'[42—44), The involvement ol sulfur as a ligand to
nickel'has been independently confirmed by EPR studics of
the hydrogenuse from! Wolinella succinogens enriched in 22S
[45). The optical transitions ussociuted with' the nickel(I11)
center huve beenlideéntificd by MCD spectroscopy. [46].

The' hydiogenuses isolated from A, gigas, D, haculatus
(membriane-bound;form) and|D: desulfuricans (Norway 4)
membranc-bound | formy show/ two distinct rhombic EPR
signals' with g values at 2311223, and 2.0/ (Ni signal ' A)
and ut 2,33, 2:16 und =2.0 (Ni-signal B). Ni-signal'B'is the
predominint . nickel species ohserved in D. desulfuricans
(ATCC 27774) hydrogenase, It was observed that:Ni signils
A und B could be!interconverted by anierobic redox cycling
of D. giges hydrogenase [8]: during the reoxidation process
Ni signal Bappears prior to Ni signul A, The latter signal was
propnsc“rcprcscnl an oxygenated form! of Ni-signal B.
The intensity of the nickel EPR signuls of native D. baculatus
und D, desulfuricans (Norway 4) membrane-bound hydro-
genases are very weak, i.c. less than 10% of the chemically
detectable nickel, indiciating thut most of the nickel centers
are PR-silent, The intensity of the nickel EPR signals of
native Do gigas, D, desulfuricany (ATCC 27774) and D,
nudtispirans n, sp. hydrogenases vary from 0.2 up to 0.9 spin/
molt depending on the enzyme prepiration: As isolated, D,
desidfucicans (Norwity 4) (soluble form) and D, baculatus
{periplusmic) hydrogenases: gave rise 1o different rhombic
EPR signals Guilso ol low intensity) with: g values at 2,20,
206 and-2.0. These specics mity, represent: vianations of the
coordination sphere dnd/or gcometry of the nickel(111) site,
is compired to Ni-signitls A and B. 0. baculatus (cytoplasmic)
and D. salexigens hydrogenises do not reveal rhombic EPR
nickel signals and ure practically spectroscopically silent as
isolited, The low intpmsi{y. of nickel signals A und B in
[NiFeSe) I1ydrog|:n:55t.’msisu:nl with the generul observa-
tion thit activation ol These hydrogenases is either nol re-
quired or proceeds very rapidly [47).

At temperatures below 30 K the EPR spectra ol D. gigas,
D, desulfuricans (ATCC 27774) and. D, multispirans n, sp.
hydiogenases are dominuted by an'intense isotropic g = 2,02
signal; Detiiled spectroscopic studies of the palive state of the
enzyme clearly indicale the presenceof un oxidized [3Fe-xS]
center (8 = 1/2), Mbssbauer speciroscopic: studies of *?Fe-
enriched sumples indicate that the isomer shift (6 = 0.36 mm/
s) of this cluster [8, 48) is higher than the one reported for
other 3Fe clusters'(5 = 0,30 mm/s), c.g. D. gigas ferredoxin
11, [49] uconitase [50] und Azotobacter vinelandii ferredoxin
[51) suggesting that the iron cluster may be coordinated by
oxygen iand/or nitrogen ligands [7, 8). D, baculatus membrane
and periplasmic hydrogenuses and D, desulfuricans (Norway
4) (membrane-bound und' soluble) hydrogenuses show. very
low-intensity isotropic EPR signals at g = 2,02 (less than 0.05
spin/mole).

In order to determine if these hydropenises contiin a 3Fe
center in significant umounts or whether these signitls: may
result from partinlly degruded 4Fe centers, 11 is necessury 1o
cirry outl it thorough study. using Mosshauer speciroscopy.
Massbiuer and MCD: studies on the: soluble: hydrogenitse

isoluted from: . desulfiricans. (Norway 4) were unsble: to
detect the presence of 3Fe centers in the oxidized and reduced
stutes [52)) although resonunce Ramin spectroscopic studies
detected e presence of 3Fe centers [53]in ugreement with
the.weak EPR signul observed at g = 2.01 [$2]. The Mdssbaucr
studies) performed | with, D, gigas {7, 48].00. desulfuricans
(ATCC 27774) [10) und D. desulfuricans (Norway 4; soluble)
[52] hydrogenases show that the native enzymes contain two
[4Fe-4S] clusters!in the + 2 oxidution state,

In conclusion. the nickel-containing hydrogenases show a
certain diversity in the native or ‘us isolated” state with respecl
1o the EPR characteristics of -the nickel, perhaps reflecting
differences in the oxidation or coordinition of the nickel;
however. all the hydrogenuses scem! to. contain ‘two 4F
clusters, The unambiguous'presence ol a-JEe cluster hus only
been demonstrated in the D; gigas (7, 48) and D, desulfuricans
(ATCC 27774) [10) enzymes. Selenium und nickel may also be
present in’ equimolir amounts in nickel-containing hydro-
penases, ;

The intermediate. species and redox behavior. under Hy

[L 15 & commun aspect of the redoy pattern of: nickel-
contuining hydrogenases (hat, upon exposure to un H; dtmo-
sphere, in EPR-silent’ stute’ is' attained  followed by (he
development of new EPR signals of a more transient nature,
A well-defined rhombic EPR signal assigned to nickel by
isotapic replacement (40] seems to be a common intermedile
in the hydrogenase reaction mechanism (see Table 4). This
signal, termed Ni-signal C [8], was readily obseryable in inler-
mediate redox stittes of. the following hydrogenases from the
sulfute-reducing i bucteria: D, gigas (8, 0] D. desulfuricans
(ATCC 27774) [10]. D. multispirans'n, sp. [11], D. salexigens
[13), und D. haculaius (4] (and| this work), EPR’ studics
conducted at/low lemperature (generally below 10 K), at re-
dox levels below which Ni-signal C develops, reveal complex
EPR signals that can be essentially decomposed into two
groups. First, signals at g, = 1,94 typical of [4Fc-4S]'!
clusters; temperature and microwave power dependence stud-
ics'reveal the presence of two types of clusters in D, gigas
[B]. D, baculatus and D, salexigens [13) enzymes. Massbauer
studics fully support the! presence of: two [4Fe-4S] clusters
in D. gigas (7, 48) and’ D desulfuricans, (ATCC 27774) [10]
hydrogenases. The presence ofl two [4Fe4S] clusters was also
revealed by, Mossbauer studies of *7Fe-enriched D. des-
ulfuricans (Norway.4) soluble hydrogenase, but/upon Hj re-
duction a 50% reduced state was attained showing a single
fast-relaxing rhombic:EPR signal assigned to an iron-sulfur
center with g values a1 2,03 and 1.89 [52]; Second, signals with
g values higher than 2.0, termed Ni-signal C'(‘'g = 2.19') and
a''g = 2.21" signal, The Ni-signal C was sssigned in D, gigas
hydrogenase to nickel by isotopic replacement with SINj [40],
and had a slowly relaxing behavior. The g = 2.21 signal is only
observable at low temperature (below 10 K) and with & high
microwave power (fast-relaxing species), Because of the
heteralylic mechanism deduced from H*/D, isotopic ex-
change experiments [54], /the Ni-signal C was proposed . to
represent a:nickel hydride!(8, 35), since the development of!
the ‘219" EPR signul under hydrogen is concomitant with the
activation of the enzyme (8] Also, it was ghserved that this
signal: originuted in the Chromutium [3§'3nd D, gigas %]
enzymes, is reversibly modificd by, ilumination with visible
light in the frozen state. The rate of conversion wiis found to
show a kineticisotopie efTect (slower.in 1;0 than in H;0),
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Table 4, EPR characteristics of the native and yreduced intermediate states in sulfate

n.f. = nat reported; + = present

-reducers Desulfovibrio { NiFeJ und | NiFeSe | hydrogenases

Organism Localization Oxidized state Hj-reduced siate
& £2 E 1] [3Fe-xS] g, 3] 23 [4Fe-4S)
D. gigas periplasm 2.4 2.23 2.02 + 2.19° 2.14 2.02 +(2)
233 216 202 -
D. desulfuricans
(ATCC 27774) peoiplusm 2,32 2.16 2.01 4 219 214 . 202 +
D. desulfuricans Noiway 4 soluble 222 2.07 2016 weak 2.20 215 (=2.0)
membrane 2,32 2.23 2014 weak 2,19 215 (=20) nr.
D. salexigens (NCIB 8403) periplasm  EPR silent 222 210 =2 +(2)
D. multispirans n.sp. cytoplasm  2.31 2.22 =2.01 + 2.19¢ 214 2.01 .
D. baculatus (DSM 1743)  cytoplasm  EPR silent wiay 2.20° 2.16 . =20 +(2)
penplasm 220 2.06 =20 weak 2.20* 2.16 =20 +(2)
membrane 2,34 2.16 ~2.0 weak 2,20 216 £20 +(2)
233 2.24 z2.0
D. africanus coluble EPR silent weak 2.21 217 2.01 +

® A fast relaxing component (‘g = 2.21° type signal) is ohserved below 10 K.

The nature of the g = 2.24 signal is stiil unresolved, but its
relaxation behavis: may indicate thut this signal represents a
spin-spin interacting species, and not a simple S=1/2
paramagnet. The appearance of this ¢ = 2.21 signal has also
been interpreted as a splitling of Ni-signal C (‘g =2.19") by
spin-spin interaction with a [AFe-4S)** cluster (5€). However,
the relative intensities of the Ni-signal C and of the ‘g=22¢1
signal vary with the redox potential and may have different
ongins. Redox states have been observed in [NiFe} hydro-
genases where the g = 2.21 signal is obszrvable at low temper-
ature without showing the g =2.19 counterpart (our un-
published results). The same applies for D. baculatus hydro-
genases.

Although different in the oxidized (native) state, upon H;
reduction most of the [NiFe] and [NiFeSe] hydrogenases share
identical intermediates, suggesting that 2 common mechanism
is operative. Detailed studies have bien performed in inter-
mediate redox states only for D, gigas hydrogenasc [48] using
both Massbaucr and EPR techniques. In the reduced state
(below —270 mV) the 3Fe center is paramaguetic (§ > 1,
integer spin), and is not converted into a 4Fe center [48].
Below —400 mV the two [4Fc-4S] clusters are in the -1
oxidation state.

In order to characterize the intermediate redox specics and
place itin a catalytic framework, the redox potential value is
a necessary parameter. Redox titrations (performed under
partial pressures of hydrogen or with dithionite as chemical
reductant) were conducted with the hydrogenases isolated
from D. gigas (7, 8], D. salexigens [13] (periplasmic) and D.
baculatus (cytoplasmic). The results are summarized as
follows. First, the isotropic signal at g = 2.02 has a pH-inde-
pendent midpoint redox potential of —70 mV [7, S§. Second,
Ni-signal A disappears in a pH-dependent manner (60 mV/4
pH) by a onc-clectron process at around —220 mV at pH
=8.5[7, S‘H. The interpretation of this redox process has been
questioned [8). Although a similar value was reported for the
Chromatium vinosum enzyme [53). the nickel center in the Mb.

Jormicicum enzyme is reduced al — 400 mV [@). Third, Ni-
signal Cshowsa bell-shaped redox titration curve and appears
at around -300mV, attains maximal intensity around
—-350 mV to — 400 mV and disappears below —450 mV in a
process which is also pH-dependent (8, 56]. Fourth, the g
= 2.21 signal us observed in D. gigas [58’] and . salexigens

(13] hydrogenases appears at slightly morc negalive
potentials than Ni-signal C, and is still observable arouad
—450 mV.

The catalytic praperties

The previously described observations can now be cor-
related with the catalytic properties of the enzyma. It is known
that the nickel-containing hydrogenases are reversibly in-
activated by oxygen. For example, D. gigas hvdrogenasc is in
an inactive (8, 60] or unready [47) state and the catalytically
competent form of the enzyme is only attained after a lag
phase consisting of two steps: a dcoxygcnzl:{'j» step demon-
strated by the use of oxygen scavengers such a’glucase pius
glucase oxidase or tetrahaem cytochrome ¢, }ﬂd’a reductive
step under H; or D, [6() 68]. Lissolo et al. showed that
for b. yigas periplasmic hydrogenase the activation step is
2 redox- and pH-dependent process (60 mV/dpH, E, =
=250 mV &t pH 8.0) [62]. The enzyme is also deactivated by
another redox-linked step (£, = —220 mV) which is also pH-
dependent [6). These values are closely related to the redox
traasitions involved with Ni-signais A and C. The activation
of D. desulfuricans (ATCC 27774) hydiogenase is [aster than
that of the D. gigas enzyme, a phenomenon possibly associ-
ated with a reductive step {63}. This was rationalized in terms
of an hypothetical activation mechanizm [8, 47). Ni-signal A
is asseciated with an inactive or unready form of the enzyme
(oxygenated). Ni-signa! B represents & ready state of the
enzyme, in the sense that the sctive state of the enzyme can
rapidly be attaincd starting from this form [8). D. baculatus
membrane-bound enzyme shows both Ni-signals A and B and

a catalytic behavior sirnilar ¢o that of the enzym from D.°

gigas. D. salexigens, D. baculatus (scludble forms), D. de-
sulfuricans (Norway 4; soluble), and D. africanus [65) hydro-

genases arc almost EPR-silent as isolated and do not requite,

a lag phase during the activation step, as mavimal activity Is
observed from time zero. The soluble hydrogenase isolated
(rom D. desulfuricans strain Norway 4 requires an activation
step only when its activity is measured at 0°C [68). A correla-
tion can thus be established between the EPR epectrel charno-
teristics of the hydrogenases in the native state and their need
for un activation: (a) enzymes showing EPR nickel(1H) signals

require an activation step and are oot corvelated directly with
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catalytically relevant sites; (b) enzymes thit :nrc[F.Pl(-silcm in
the native state are generally in a catalytically competent state.

The understanding of the mechanisms involved requires a
sensitive probe for the study of catalytic processes. The first
step to be considered in this process is the activation of the
hydrogen molecule. The role of transition metals has been
studied in detail with respect to the hydrogenation reactions
of unsaturzted hydrocarbons [(6§). The active species is
considered to be a hydride-metal complex, but the intermedi-
ate species has rarely been isolated. Most of the evidence
relies on kinetic analyses and on the study of the reactional
mechanisms involved [€}. It has been proposed that the
activation of the H; molecule may occur by three main pro-
cesses [68]

Oxidative addition: M™ H_— M"*H,
Homolytic cleavage: 2M™4-H, - 2M**1H
Heterolytic cleavage: M™% H, + M?H™ + H'

Thermodynamic considerations favor the heterolytic cleavage
(155 kJ mol™!) rather than the homolytic process (418 kJ
-mol~ ') (68). However, the nature of the metal center may play
an important role in deicrmining the actual mechanism. The
activation of the hydrogen molecule by hydrogenase has been
studied using reactions wheie the net electronic balance is
zero. These include the isotopic exchange between Dy and H'!
and the ortha/para hydrogen conversion. The data obtained
with both method arc consistent with the heterolytic cleavape
of the hydrogen molecule IS;, 6}]. The heterolytic cleavage
requires the presence of a metal-hydride complex and of a
praton acceptor site. The stabilization of the proton by a base
(external or a metal ligand) is considered to be a necessary
requirements: -
M-H"
M-H" ¥

M4 Hy+ B M+ H! - B
M =X 4 H; - Ml XH,

The exchange reactiomwith Dy/H* or Hy/D*' has ' ven
studied using whole cells, crude extracts and purificd e’ nes
(sce Table 3); the first product of the reaction is generall 1D,
This result has been used in support of the heterolytic ¢y -ge
mechanism, assuming that onc of the enzyme-bound H or D
atoms exchanges more rapidly with the solvent thar the oth. .
Thus HD is the initial product, but D, (or H,* is none t ¢
less the final product of the total exchange proc ss, since th re
occurs a secondary exchange step of the HD r olecule. On ne
basis of the heterolytic mechanisn, the initial productior of
H; (or D) should theoretically be zero, but depending on
the organism difTerent ratios for initial rates of Hy and hD
formation have been found (Table 3).

Assuming that the hydride and proton acceptor sites can
exchange independently with the solvent, the amount of HD
and 1D; produced depends on the relative cxchange rates of
both sites. According to this assumption, the ratio of products
should be pH-dependent;; the available experimental data in-
dicate, that this isindeed the case [32, ('Q, 7{). A change in the
PK, of the proton acoeptor or aclive sile can be viewed as
responsible for attaining these isotops ratios. Comparing the
experimental data on the exchange reaction measured with
different purified enzymes (sec Tablc 3) it is clear that only
the [NiFeSe] hydrogenases have 1,/HD ratios greater than
1. The [NiFe] hydrogenases isolated from D. gigas, D. multi-
spirans n. sp. and D. desulfiricans (ATCC 27774) show a ratio
QI'HIIHD smaller than 1 (u.3) x-pHF6, butnasimalastivity
rrgenseidly aitainsd-atintermeaine H-vakues, This trend has
been cited as further evidence that a heterolytic process is
operative by analogy with inorganic models such as the (Pd-
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Fig. 7. Variation of the experimental ratios H|HD (as measured by
mass spectiromelry) as a function of pH. The plotted data were re-
calculated from Hy and HD measurements previously determined (see
[34)]), obtained by varying ths solution pH in the presence of bufTers.
(A)[NiFeSe] hydrogenase from D, baculatus (cytoplasmic); (B) [NiFe]
periplasmic hydrogenase from D. gigas

salen) complex [7&]. Excluding extreme pH values where
cnzymatic denaturation may occur, the rate-limiting step for
the c'eavage process at acidic pH values is the protonation of
the proton-accepting site. At hasic pH values, the limiting step
is the reformation of the hydrogen molecule since the proton-
accepting site has been deprotonated. D. bacularus and D.
gigas hydrogenases show pH-dependent H,/HD ratios [34);
in Fig. 7 these ratios have been recalculated using previously
reported experimental data on tie evolution of HD and H,
as a inction of the pH of the mediurm [34). In the pH range

.yt 5-11, the Hy/HD ratio is always smailer than 1 for the D.

xigas enzyme. The same ratio calculated for D. baculatus
cytoplasmic hydrogenase is greater than 1 at pH >5. The
curve evidently follows the profile of a normal titration curve
and thus may indicate the protonation of the proton acceptor
site.

The different exchange kinetics of the hydrogen binding
sites may reflect differences in the active centers. Selenium and
nickel are present in equimolecular amounts in the [NiFeSe]
hydrogenases, suggesting that sclenium is a ligand to the nickel
site, thereby replacing a sulfur in the first coordination sphere
of nickel:

(X), — Ni—-S§ (X). — Ni — Se
[NiFe] hydiogenases  [NiFcSe] hydrogenases
H,/HD <1 H,HD>1. .

Substitution of one of the sulfur ligands to the nickel by
the less clectronegative scleniurn may serve to destabilize the
hydridc form of this hydrogenase. Experiments using cells of
7'Se-enriched D. baculatus are under way in order to
determine the involvement of selenium in the nickel-binding
site.

In conclusion, among the nickel-containing hydregenases
isolated from the sulfate-reducing and methanogesic bacteria,
multiple molecular forms of hydregenase exist which exhibit
different spectral propertics in *he ‘as-isolated’ state; how. ever,
under reducing conditions, several common spectral features
emerge which are consicered to reflect a common mechanism.

The [NilFeSe] hydrogenases clearly emcrge as a distinct
group of enzymes in terms of catalytic and active-site composi-
tion, but the degree of structural homology between the [NiFe)

ﬁ%
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and [NiFeSe] hydrogenases and/among hcjhm_\
hydrogenases is yet: (o be determined: Scleniim! may
a role!in modulating or fine-(uning the catalytic'p
i equilibrium at the profo
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ABSTRACT
Hsasbauer. EPR;, optical and biochemical techniques were used to
characterize the prosthetic groups of two dissimilatory sulfite reductases:

desulforubidin from Desulfovibrio baculatus_ strain DSM 1743 and desulfoviridin

from Desulfovibrio gigas. For each molecule of desulforubidin, which has a azpz

configuration, there are two sirohemes and four [4Fe-4S] clusters. The [4Fe-4S]
clusters are in the diamagnetic 2+ oxidation state and exhibit Mossbauer

spectral properties similar to those of the oxidized Bacillus stearothermophilus

ferredoxin. The sirohemes are high~spin ferric (S = 5/2) and exhibit
characteristic ferric heme EPR resonances at g = 6.43, 5.34 and 1.97. The
Mossbauer parameters for the sirchemes (AEQ = 1.94 £ 0,03 mm/s and

6§ = 0.42 £ 0.02 mm/s at 195 K) are consistent with a high-spin ferric heme
assignment. The MHssbauer measurements further demonstrate that each siroheme
is exchange-coupled to a [4Fe—4s]z+ cluster. Such an exchange-coupled siroheme-

[4Fe~4S] unit has also been found in the assimilatory sulfite reductase from

Escherichia coli (J.A. Christner et al., J. Biol. Chem. 1981, 256, 2098-2101)

and in a low-molecular weight sulfite reductase from Desulfovibrio vulgaris (B.

H. Huynh et al., J. Biol. Chem. 1984, 259, 15373-15376). Detailed data analysis
suggests that eventhough the siroheme and the exchange-coupled [4Fe-4S]) cluster
in desulforubidin have spectral properties distinctively different from those of
E. coli sulfite reductase, the exchange-coupling mechanism arpears'to be the
same in both enzymes. Desulforubidin can be reduced vnder hydrogen atmosphere in
the presence of trace amounts of hydrogenase and methyl viologen. The reducing
electron was found to reside on the siroheme. The Msssbauer parmeters for the
reduced siroheme (AEQ =2.72 % 0.05 mm/s and 6 = 0.92 * 0.03 mm/s at 4.2 K)
indicate that it is in a high-spin ferrous (S = 2) state. The electronic states

of the exchange-coupled and the uncoupled [4Fe-4S] clusters are unaltered under

this reducing condition.



The nost exciting and curious reiu!ts were obtained from the studies of
dénultoviridln. We found that for each moiecule of desulfoviridin there are two
tetrahydroporphyrin groups and four [4Fe-48]z+lglgstera. Most surprisingly,
about 80 % of the tetrahydroporphyrin zroup@ox)ot boé;:e%/ iron. Assuaing <——r
that each molecule can have u%to two tetrapyr;ollc groupe, our finding sugpests
that 60 to 80 % of the purified desulfoviridin molecul~s may contain only metal
free tetrahydroporphyrins while only 40 to 20 % of the molecules eay contain one
to two sirohemes. Interestingly, the.s{rohenes are nlso exchange-coupled to
[4Pe-4s]z+ clusters. Implications for the existence of metal free
tetrahydroporphyrins in the purified enzymes are discussed. Spectroscopic
properties for the iron containing prosthetic groups in desulfoviridin are
essentially the same as those reported for desulforubidin.

In addition to the tetrapyrrolic groups and the [4Fe-4S] clusters, a
solitary iron center was also found in both dissimilatory sulfite reductases.

In the as-purified reductases, this solitary iron is high-spin ferric. In the
reduced enzymes, it is high-spin ferrous. The Mgssbauer parameters for the
reduced iron-(AEQ = 3.2 mm/s and 6§ = 1.25 mm/s at 4.2 K) are consistent with
octahecdrally coordinated Fe(Il) compounds with oxygenous and/or nitrogenous

ligands. Whether this iron is adventi ixo ly bound to the protein or has any <§}_—-

physinlogical role is presently unclear.
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INTRODUCTION

A variety of bisulfite reductases has been purified from the sulfate

reducing bacteria: (1) desulfoviridins from Desulfovibrio (D.) gigas,
D. Salexigens, and D. vulgaris “3, (2) desulforﬁbidlns from D. baculatus

strains Norway 4 and DSM 17234, (3) P-582 from Desulfotomaculum (Dt.) ruminis

and Dt. nigrificanss'e, and (4) desulfofuscidins from D. thermoghllus7 and

Thermodesulfobacterium Commune®. These bisulfite reductases are involved in the

pathway of respiratory sulfate reduction, and are termed "dissimilatory” sulfite
reductases. Another class of sulfite reductase is called "assimilatory" sulfite
reductase whose function is to provide reduced sulfur for the synthesis of
sulfur-containing cell constituents. A third class of sulfite reductase is
found in several strictly anaerobic bacteria and has been termed "assimilatory-
type” sulfite reductaseZ. This class of enzymes is characterized by the
presence of a ferric low-spin sircheme exchange-coupled to a [4Fe-4S] cluster in
a relatively small (@ 25 kDaltons) polypetide chain®'!% The physica)
properties of the dissimilatory sulfite reductases are quite_similar in general,
but different in details. They are large oligomers with molecular mass in the
order of 200 kDaltons and are composed of two different types of subunits
organized in a o282 configuration. Each enzyme was reported to contain
approximately 14-16 non-heme iron atoms and comparable amounts of labile
sulfide®?, Their optical spectra show typical siroheme bands in the region 540 -
580 nm and around 400 nm. Additional absorption maximum at 628 nm was observed
for desuifoviridin8:12+13 Curiously, the non-heme iron does not contribute
significantly to the optical spectrum and is difficult to reduce. The EPR
spectra of these reductases show characteristic high-spin-ferric-heme-type EPR
signals in the g ~ 6 and 2 regions; however, significant differences in theinp g
values were observedII'If Upon treatment of acetone/HCl, heme chromophore can

be extracted from desulforubidin, desulfofuscidine, and P-582 with spectral

- -

properties identical to those of the extracted siroheme from Escherichia (E.) 4
W



coli sulfite reductane"’z"suhd approximately two sirohemes were found for
each enzyme molecule. However, under the same condition the chromophore
extracted from desulfoviridin showed spectral properties of sirohydrochlorin
(tetrahydroprophyr!n; demetallized sirohele)’z'lq Approximately two
sirohydrochlorins were extracted from each reductase.

The mechanism of sulfite reductase is not yet perfectly understood; in
particular, the functional roles of the sirohemes and the iron-sulfur clusters.
The latter are not essential for the reduction of sulfite, since it has been
demonstrated that isolated sirohydrochlorin plus iron, or siroheme isg capable of
reducing sulfite!®'17 the case of siroheme, the reduced product is
exclusively trithionate. The amount of sulfite reduced is proportional to the
amount of siroheme present in the reaction mixture and each molecule of siroheme
performs only 300 catalytic cycles’a. These observations point to a possible
regulatory role of the iron-sulfur clusters to insure proper internal electron
transfer in the enzyme molecule.

In this paper, we report a detailed Mossbauer investigation of two different
bisulfite reductases, namely, desulforubidin from D. baculatus and
desulfoviridin from D. gigas. In order to better characterize the prosthetic
groups, we have also studied the EPR spectra and determined the iron and heme
contents of the 57Fe-enriched énzymes. We found that desulforubidj- contains
exchange-coupled siroheme-[4Fe-4S) units which are similar to those found in the
hemoprotein subunit of E. coli sulfite reductase!?, To our surprise, we
discovered that the majority of the purified desulfoviridin contains
demetallized sirohydrochlorin with only a minor portion of the sample containing
siroheme. The siroheme in desulfoviridin was also found to be coupled with a

[4Fe-4S] cluster.
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METHODS

Growth of Organisms and Preparation of Crude Extracts. 57fe-enriched cells of

D. gigas NCIB 9332 and D. baculatus DSM 1843 were grown in lactate-sulfate media
as previously describedzo. The medium contains 0.5 mg of 5%e (95% enrichment,
New England Nuclear) per liter. Cells from 400 liters were harvested by
centrifugation at the end of the growth phase and stored at -80 °c.

Approximately 300 g wet weight of D. gigas or D. baculatus cells were suspended

in 300 ml of 10 mM pH 7.6 Tris-HCl buffer, DNase added and the cells ruptured in
a French press at 62 MPa, The extract was then centrifuged at 12,000 rpm for 30
min and a total volume of 500 ml of crude cell extract was obtained.

Purification of Desulfoviridin from D. pigas. All purification

procedures were carried out in air, at 5 °Cc and the pH of the buffers was 7.6
{measured at 20 °C for Tris-HCl)

The crude cell extract was adsorbed on a DEAE-cellulose (DE52) column (5x36
cwm) and the proteins were eluted with a continuous gradient of 10-500 mM Tris-
HCl buffer (2 liters). A green solution containing the desulfoviridin fraction

was recovered between 250 mM and 300 mM Tris-HCl. This green/graction was
-

dialyzed overnight against 20 liters of distilled water anqiég; rbed on a DEAE- <&

Biogel A column (4x25 cm). After elution with a continuous gradient of 10-300

mM Tris-HCl buffer (1.5 liter), a protein solution containing desulfoviridin was

collected in a volume of 600 ml. This protein solution yielded an absorption

ratio of Azso0/Ae2s8 = 7.5. After dialysis the proteins were again placed on a

second DEAE-Biogel A column identical to the previous one. The same gradient

was performed and the protein solution collected at this stage had an Azso/As28

ratio of 4.8. A final step of purification was performed on a hydroxylapatite

column (2.5%20 cm) equilibrated with 300 mM Tris-HCl. A linear Tris-HCl

gradient from 300 mM to 10 mM (0.5 liter) was applied to the column and the

protein desuifoviridin was eluted with a continuous potassium phosphate gradient

\



of 1 mM-100 mM (1 liter). The purified desulfoviridin had an A280/Ag2s ratio of
4.0,

Purification of Desulforubidin from D. baculatus. The crude cell extract was

adsorbed on a DEAE-Biogel A column (5x50 cm) and a continuous gradient of Tris-
HC1 buffer trom 10 mM-400 mM (2 liters) was applied. A red protein solution of
500 m) containing desulforubidin was collected between 250 mM and 300 mM Tris-
HCl. This red fraction was dialyzed against distilled water for overnight and
was adsorbed on a second DEAE-Biogel A column (5x50 cm). The same gradient of
Tris-HCl was applied and a desulforubidin fraction collected at this stage had
an A280/As43 of 9.6. The fraction was concentrated in an Amicon diaflo
ultrafilter with a YM 30 membrane. The concentrated solution was passed on a
Spherogel TSK-G-3000 preparative column in a H.P.L.C. apparatus and the protein
was eluted with a 0.1 M phosphate buffer pH 7.0 containing 0.1 M NaCl. The
purified desulforubidin had an A280/As 43 ratio of 7.1.

Protein Determination. The protein concentration was determined by the method

of Lowry et al.?! with the Folin-ciocalteau phenol reagent. Bovine serum

albumin was used as standard.

Iron Determination. The total irom content was determined by plasma emission

spectroscopy using a Jarrel-Ash model 750, and by forming a ferrous complex with
2,4,6-tripyridyl-s-triazine using the method described by Fisher and Pricezz.

Determination of Siroheme or Sirohydrochlorin Content. The classical method of

Siegel gﬁ_glfa was used to extract siroheme or sirohydrochlorin from the sulfite
reductases. To ecach volume of enzyme solution, nine volumes Jf ice-cold
acetune/HCl (15 mM in acetone) were added. After vigorous mixing, the mixture
was allowed to stand for 5 min at 0 °C and was then centrifuged at high speed to
remove the protein precipitate. To stabilize the extracted chromophore, 0.5
volume of pyridine was added to each volume of the extracted solution. The
pyridine chromophore solution was centrifuged and its absorption spectrum

measured.



_Optical, EPR, and Mossbauer Methods. Optical absorption spectra were recorded

on a Shimadzu model 260 spectrophotometer. EPR spectra were recorded on a
Bruker ER-200 tt spectrometer equipped with an Oxford Instruments continuous
flow cryostat. Both the low- and high-field Mossbauer spectrometers are of the
constant acceleration types and have been described prevlouslyz‘. The zero
velocity was referred to the centroid of the room-temperature Msssbauer spectrum

of a metallic iron foil.

RESULTS

lron Content. Four preparations of each bisulfite reductase were used for iron
determinations. Applying plasma-emission spectroscopy and chemical methods, the
total iron contents were found to be 21 + 2 moles of iron per mole of
desulforubidin and 18 = 2 moies of iron per mole of desulfoviridin. The iower
value for desulfoviridin is consistent with the following EPR and Mossbauer data
which show that a majority of the desulfoviridin molecules contains metal free
sirvhydrochlorin. =The EPR and Mossbauer data also indicate that the purified
desulfoviridin and desulforubidin contain approximately 5-6 % solitary non-heme
high-spin ferric iron.

Siroheme and Sirohydrochlorin Determinations. Four preparations of each sulfite

reductiase were used for chromophore extractions (see methods). The extracted
chromophores were allowed to complex with pyridines and their concéntrntions
were determined by optical spectroscopy. The extinction coefficients 6557= 1.57
x 107 w7 ! and €cgg™ 2-4 X 10" M1 cn ! were used for siroheme and porphin
methyl ester in pyridine, respectively’a. A value of 2.2 £ 0.3 moles of
siroheme were extracted per each mole of desulforubidin, and 2.0 + 0.2 moles of
sirohydrochlorin were found for each mole of desulfoviridin. The following
Mossbaver and EPR data indicate that 75-80 % of the tetrapyrrolic chromophores
in the purified desulfoviridin contains metal-free sirohydrochlorin while 20-25%

contain iron atoms. To examine whether this finding is compatible with the

-7 -
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optical data, the spectra of the extracted chromophores were studied in more
detail. Figure 1 shows the optical spectrum of the extracted desulfoviridin
chromophore (trace A). Characteristic absorption maxima for sirohydrochlorin at
378, 510, 545, 588 and 638 nm are observed. Trace C is a spectrum of the
extracted desulforubidin chromophore (siroheme) normalized to 25 % of the
sirohydrochlorin concentration of the sample which yielded spectrum A. This
25 % siroheme contribution is then subtracted from spectrum A, and the resulting
spectrum is shown as trace B. Comparing traces A and B, it becomes obvious that
the extracted desulfoviridin chromophore could have contained a minor amount of
siroheme, and it would be difficult to detect using optical spectroscopy.

_EPR. In the earlier preparations, multiple EPR-active species were reported for
dissimilatory sulfite reductases!1'?4 The recently purified sz‘e-enriched
enzymes yielded much cleaner EPR spectra, even though multiple species remain
visible. In figure 2, a low-temperature EPR spectrum of the purified
desulforubidin from D. baculatus is compared with a spectrum of D. gigas
desulfoviridin. High-spin-ferric-heme~type EPR signals are observed for both
enzymes. For desulforubidin (spectrum 2A) resonances of the major component are
detected at g = 6.43, 5.34 and 1.97 and a minor component is detected
at g = 6.94, ~5.0 and ~1.9. The minor component is quantitated to be less than
10 % of the major component. For desulfoviridin (spectrum 2B), two EPR-active
species are observed. The major resonances at g = 7.20, 4.95 and 1.93 are
attributed to the siroheme. The small signal at g = 5.8 is most probably
originating from the excited state of the siroheme, since its ir ensity relative
to the g = 7.20 signal declines with decreasing temperature. 7 e identity of
the species with resonance at g = 9.7 is presently unclear. The large g-value
indicates that it is not originating from a heme species, and is consistent with
a rhombic (E/D = 0.33) § = 5/2 system. From the following Mossbauer data, we
believe that the signal at g = 9.7 may represent a high-spin Fe(III) species.
This same Fe(III) signal with comparable intensity is also detected for
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desulforubidin (see Figure 2A). In comparison with the EPR spectrum of E. coli
sulfite reductasezs. the heme spectra show different rhombicities indicating
different conformational states for the sirohemes in these enzymes.

Since spectrum 2B was recorded with a gain of 5 times larger than that in
spectrum 2A, it followed then that the EPR intensity of desulfoviridin should be
approximately 5 times weaker than that of desulforubidin. After normalizing the
EPR intensities with respect to protein concentrations and correcting for the

2? we found that the concentration of EPR-active

Assa and Vangfrd factor
siroheme in desulfoviridin was only 25 % of that in desulforubidin. This
finding is in good agreement with the MSssbauer data presented below.

Low-Temperature Msssbauer Studies of Native Proteins. Figure 3A shows a

Mossbauer spectrum of the as-purified desulforubidin from D. baculatus. The

spectrum was recorded at 4.2 K with a magnetic field of 50 mT applied parallel
to the y-rays. The magnetic subspectral component extending from -4 mm/s to +4
mm/s arises from the high-spin ferric siroheme and the peaks at -1.1 mm/s and
+2.0 mm/s are indicative of [4Fe-4s]2+ cluster exchange-coupled to the
paramagnetic siroheme. (Detailed analysis of the spectra of the exchange-
coupled siroheme - [4Fe~4S] unit will be given in a following section). Similar
spectra have been reported for the siroheme - [4Fe~4S] unit in the hemoprotein
subunit of E. coli sulfite reductase!®, The broad central doublet has
parameters (apparent quadrupole splitting AEQ = 1.1 mm/s and isomer shift

6 = 0.43 mm/s) characteristic of a [4Fe-4S]2+ cluster. Spectra re¢-orded at
strong applied fields (see Figure 4A) indicates that this [4Fe-4S] cluster s
diamagnetic and therefore not coupled to the siroheme. The relative absorption
intensities for the coupled [4Fe-4S] cluster and the uncoupled [4Fe-4S] cluster
are about 1 : 1, From the EPR studies, we realize that there exists also a
rhombic high-spin Fe(111) species. The existence of this Fe(III1) species can be
detected in spectra recorded at strong applied fields (e.g. See Figure 4), but
is not obvious in weak-field spectra (e.g. Figure 3A). With so many species
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present, a precise quantitation obviously cannot be achieved from gspectrum 3A
alone. However, by analysing data of the native enzyme recorded at different
temperatures and applied fields, and by correlating with data of the reduced
enzyme (see below), we were able to obtain quantitative results. We found that
the relative Masabauer absorption for the siroheme is (10 z 2) %, for the
coupled [4Fe-4S]) cluster (42 + 3) %, for the uncoupled [4Fe-4S] cluster
(42 = 3) %, and ror the rhombic Fe(III) species (6 = 1) %. Combining these
quantitative data with the results of. iron content determination, we concluded
that each molecule of desulforubidin contains 2 exchange-coupled siroheme
[4Fe-4S] units, 2 uncoupled [4Fe—4S]z+ clusters and approximately one rhombic
high-spin Fe(IIl) species.

Figure 3B shows a Mossbauer spectrum of desulfoviridin from D. gigas
recorded under the same experimental conditinns as in spectrum 3A. The majority
of the absorptions appears to be originating from uncoupled [4Fe-4S]2+ cluster.
Most surprisingly, the spectrum corresponding to a siroheme - [4Fe-4S] unit is
not observable, indicating thal either the coupled unit has a fast electronic
ru;nxation rate and therefore exhibits quadrupole doublets or the presence of
such a unit in desulfoviridin is minor! In order to exclude the possiblility of
fast relaxation. we recorded spectra at strong applied fields. (Regardless of
electrnic relaxation rate, the internal field of a paramagnetic species will
reach Its saturation value when a strong magnetic field is applied, resulting in
a magnetic spectrum that is easily distinguishable from a diamagnetic system).
Figure 4 shows the Mossbauer spectra of desuiforubidin (4A) and desulfoviridin
(4B) recorded at 4.2 ¥ in a parallel applied field of € 7. A close examination
of the spectrum of desulforubidin reveals that the subspectral components
corresponding to the four different iron species in the enzyme are partially
resolved: The siroheme has absorption peaks at velocities ~4.4 mm/s and +4.5
mm/s, the coupled [4Fe-4S] cluster at -2.3 and +3.4 mm/s, the uncoupled [4Fe-4S]

cluster at -1, +0.5 and +2 mm/s, and the rhombic high-spin Fe(I11) species at
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-5.6 and +5.8 mm/s. Comparing spectrum 4B with spectrum 4A and with simulated
diamagnetic spectrum {see below), it becomes evident that the majority of the
Massbauer absorption of desulfoviridin can be attributed to diamagnetic
uncoupled [4Fe-48] clusters, and the siroheme content is very minor. Since the
spectrum of the siroheme is magnetically split in the native enzyme, it is not
surprising that we could not detect the presence of a small quantity of siroheme
in spectrum 3B or 4B. Nevertheless, the existence of siroheme in desulfoviridin
is evident from the EPR measurements and from the Mossbauer measuremeats of the
reduced enzyme reported In the following section. An accurate quantitation of
the siroheme absorption is derived from the spectra of the reduced enzyme which
indicates 2 % absorption. Most interestingly, in spectrum 4B there are
shoulders appearing at around -2.3 and +3.4 mm/s. Since only the coupled [4Fe~
4S] cluster exhibits absorptions at these velocity regions, the observation of
these shoulders indicates that the sirchemes in desulfoviridin, regardless of
the small quantity, are also exchange-coupled to [4Fe-4S} clusters. Similar to
desulforubidin, desulfoviridin also contains the rhombic high-spin Fe(III)
species which exhibits absorptions at -5.6 mm/s und<:5.8 mm/s. Approximately
equal amounts of this Fe(1I1l) species (5 - 6 % of total iron absorption) is
observed for both sulfite reductases.

From the above discussions, we realize that over 90 % of the Mossbauer
absorptions of native desulfoviridin arise from [4Fe—4S]z‘ clusters. In order to
better characterize the [4Fe-4s]2+ cluster the desulfoviridin spectra were
analysed in detail. We first performed least-squares fit to the 4.2 K weak-~
field spectrum of native desulfoviridin (Figure 3B). For simplicity it was
assumed that the contributions from the minor species would not effect the
spectrum significantly and fit the data with four quadrupole doublets of equal
intensity and linewidth. The parameters obtained (listed in Table 1) are very
similar to those reported for [4Fe—4S]2+ clusters in reduced HiP1P%7 and

oxidized ferrcdoxinzu. In order to prove that the majority of the [4Fe-4S]
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clusters in desulfoviridin is dlamagnetic, we used the results obtained from the
least-squares fit and simulated the corresponding strong~field spectra assuming
diamagnetism for the iron sites. The solid line in Figure 4B is the result of
such a simulation. The good agreement between theory and experiment indicates
that the majority of the [4Fc—4s]2+ clusters in desulfoviridin is indeed
diamagnetic.

The same theoretical spectrum is also plotted in Figure 4A to compare with
the spectrum of the uncoupled [4Fe-4S] clusters in desulforubidin. The
theoretical spectrum i~ normalized to 42 X of the total Massbauer absorption.
Frem such a comparison, it becomes obvious that the spectrum of the uncoupled
[4Fe-4S] cluster in desulforubidin may be approximated by the theoretical
simulation using parameters obtained from the desulfoviridin analysis. This
finding enables us to prepare spectra representing the coupled siroheme - [4Fe-
48] unit by subtruacting the contributions of the uncoupled [4Fe-4S] cluster
from the raw data using these simulated spectra. Some of the prepared spectra
are shown in Figure 5. (Contributions from the rhombic Fe(111) species has not
been removed). To further characterize the siroheme - [4Fe-4S] unit, we

analyzed these prepared spectra with the following 8 = 5/2 spin Hamiltonian,

o 2 E 2 2 F e o~
H=0D [Sz - 8(8+1)/3 + D (Sx - Sy )1 + pS-g-H + S-A-1
eQv
22 2 2_.2,, _ el od [
T [ - I(I+1) + 7 (L I )} - g g HI (1)

For our analysis, wr assumed that the coupled [4Fe-4S5] cluster consisted of two
pairs of equivalent iron sites and that the magnetic hyperfine coupling tensors,
X, for the iron sites are isotropic. The assumption of two pairwise equivalent

27-2q and

sites is supported by previous studies on iron-sulfur clusters
fsotropic A was reported for the cluster in E. coll sulfite reductase’® with
these assumptions, anulysis of the data was possible and the hyperfine

parameters were determined with certainty. The value for E/D was obtained hy



the EPR measurements, the zero-field splittirg D was determined from the strong-
field Mosshauer spectra, the magnetic hyperfine coupling constants, A, were
estimated from the total splitting of the weak-fjeld spectra, the quadrupole
splitting of the siroheme were inferred from the high-temperature data (see
below), and the quadrupole splittings for the two pairwise iron sites were taken
from the averaged values of the results of the least-squares fit for the
uncoupled [4Fe-4S] cluster. The rest of the parameters were determined through
a series of theoretical simulations and visually comparing the simulations with
experiments. The set of hyperfine parameters which yields theoretical spectra
(solid lines in Figpure 5) that best resemble the experimental data are listed in
Table 2. A particularly interesting result of this analysis is that the
magnetic hyperfine coupling constants obtained for the coupled [4Fe-4S] cluster
are strikingly similar to those found for the sircheme - [4Fe-4S] unit in E.
coli sulfite reductasel?d, In order to explain the magnetic coupling constants
observed in an intrinsically diamagnetic [4Fe-4S] cluster, Christner g;_g;Jls
proposed a spin-coupling model in which the heme iron was coupled to each
individual cluster lyon. According to the model, the hyperfine coupling
constants for the cluster irons depend on the exchange coupling constants
between the heme iron and the cluster irons. The fact that the A's for the
clusters in drsulforubidin and in E. coli sulfite reductase are almost identical
suggest strongly that the exchange-coupling mechanism of the siroheme - [4Fe-4S]
units in both reductases must be very similar. The differcnces ooserved in EPR
measurements may reflect only variations in the immediate heme iron environment.
These variations are further substantiated by the observation that the hyperfine
coupling constant (16 T) obtained for the siroheme in desulforubidin is
significantly smaller than the constant 20 T reported for E. coli sulfite
reductaselg. In fact, the magnitude 16 T is the smallest value ever reported
for a high-spin ferric heme.

High-Temperature Masshauer Studies of Native Proteins. At high temperatures

- 13 -



(above 80 K), the electronic relaxation for biological molecules is generally
fast in comparison with the 57pe nuclear precession time. The Mossbauer spectra
recorded at these temperatures consist of only quadrupole doublets.

Consequently, the high-temperature Mossbauer spectrum is very useful for
quantitative analysis in the case that the doublets are resolved. PFigure §
shows the 195 K spectra of desulforubidin (6A) and desulfoviridin (6B).
Unfortunately, a broad and unresolved doublet is observed. However, in addition
to the intense central doublet, desulforubidin exhibits shoulders at -0.5 mm/s
and +1.4 mm/s. From the low-temperature studies reported above and from the
measurements of the reduced enzymes presented below, we realized that the
difference between these two reductases is the lack of siroheme in
desulfoviridin. The extra shoulders observed for desulforubidin must be
therefore originating from the sirohemrme. fhe central doublet are attributed to
the [4Fe-4S] clusters, and the absorptions arising from the rhombic Fe(IIl)
species are unresolved. For a detailed analysis, the desulfoviridin spectrum
(6B) was fitted with four quadrupole doublets of equal intensity. The
desulforubidin spectrum (SA) was fitted with five quadrupole doublets. The heme
iron was assumed to have a Jdifferent intensity from those of the cluster irons.
For this analysis, the contribution of the Fe(lIl)} species was neglected. The
_solid lines in Figure 6 represent the least-squares fit spectra and the
calculated parameters are listed in Table 1. The percent absorption for the
siroheme in desulforubidin was fourd to be (8 = 2) %, which is in agreement with
the results obtained from the reduced enzyme (see below). The absorptions for
the sirsheme in desulfoviridin and for the Fe(III) species were not determined
in this analysis.

The EPR measurements indicate that the siroheme is high-spin ferric. The

isoimer shift obtained from the least-squares fit agrees with this assignment.
The quadrupole spiitting (1.94 mm/s) appears to be unusually large for high-spin

ferric hemes and is twice as large as the value 1 mm/s found for the siroheme in
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E. coli sulfite reductase!® This observation again indicates dissimilarities
between the hemes in the dissimilatory and the assimilatory sulfite reductases.
Although high-spin ferric compounds generally vields smail AEQ' quadrupole
splittings larger than 1.5 mm/s have been reported for quite a few high~spin
ferric hemoproteins23-91

In our analysis of the low-temperature data, we assumed that the [4Fe—4S]2+
cluster spectra for both reductases were identical. The Mossbauer parameters
obtained at high-temperatures indicate that within experimental uncertaintlies,
the doublets originating from these clusters are practically the sarme and
therefore support our assumption. The parameters listed in Table 1 also suggest
that the [4Fe-4S] clusters in these two dissimilatory sulfite reductases are
similar to the [4Fe-45)%" clusters in Chromatium HiPIP?7 ang Bacillus

stearothermophilus ferredoxin®®, i.e., The cluster spectrum can be decomposed

into four quadrupole doublets with different splittings and is strongly
temperature dependent. The spectrum for the lron-sulfur cluster in an exchange-
coupled siroheme - LiFe-4S] unit has also been reported for E. coli sulfite
reductase’ 9 and for an assimilatory-type sulfite reductase from D. VUlgariss.

In both cases, the cluster exhibits a single, temperature independent quadrupole
doublet, sugpesting that all four iron sites in the cluster are equivalent. In
order to examine whether or not the coupled [4Fe-4S] cluster ln desulforubidin

is similar to those in E. coli and D. vulparis sulfite reductase, we attempted

to fit the central doublet of the desulforubidin spectrum with five doublets.
One of the doublets was assumed to have intensity equal to the sum of the other
four. No satisfactory fit could be obtained with such an assumption.
Consequently, the evidence suggests that the coupled [4Fe-45] cluster in
desuiforubidin in similar to the uncoupled cluster snd is ferredoxin-like.

Msssbuuer Studles of Reduced Reductases. Under hydrogen atmosphere and {n the

presence of trace guantities of hydrogenase and methyl viologen, desulforubidin
and desulfoviridin can be reduced and become EPR silent, In the absence of au
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external applied field, the Mosshauer spectrs consist of only quadrupole
doublets. 1In the presence of a strong applied field, large internal fields are
induced ot the iron sites of the reduced siroheme - [4Fe-4S) unit. These
observations indicate that the reduced siroheme - [(4Fe~4S] unit ls ap integer
spln system wlth S > 0. (Detalled analysis of the strong-field spectra and
identification ot thc spin state for the reduced siroheme - [4Fe-4S) unit will
be the subjects of future reports). Figure 7 shows the 150 K spectra of reduced
desulforubidin and desuifoviridin. Three distinct guadrupoie doublets are
observed and the high-energy lines of the doublets are resolved. A major
difference between these two spectra is that the absorption peak at +2.1 nm/s is
more intense for desulforubidin than for desulfoviridin. From the following
analysls, we realized that this peak belongs to a doubiei whese parameters are
consistent with high-spin ferrous heme (5=2), and is therefore attributed to the
siroheme. The central doublet ocriginate from the [4Fe-4S] cluster. The right-
most line is assigned to @ high-spin Fe(II) species which should be the reduced
state of the high-spin Fe(II1) specles found in the native enzymaes. Each
spectrum was fitted with six quadrupole doubleis. Four of the doublets
belonging Lo the [4Fe-45] cluster were assumed to have equal intensity. The

solid lines in Figure 6 arc results of the least-squeres fits., The paran :rs

obtezined are listed in Table 3 including results cbtained for different
temperatures.

A most interesting and important result of the above analysis is the
discovery of different siroheme contents in these two reductases. Since the
siroheme spectrum is well resalved from the rest of the specirum, its percent
absorption can be determined with certainty. The percent absorption of the
siroheme was found to be (30 £ 2) % for desulforubidin and only (2 = 1) % for
desulfoviridin. This result indicates unambiguously that desulforubidin
contains approximately five times more siroheme in comparison with

desulfoviridin, a result that is supported by the EPR studies and is consistent
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Qlth the Mossbauer leasure;ents of the native proteins. Correlating with the
result of iron-content deteraination (21 irons/molecule of desulforubidin), ten
percent siroheme absorption yields ~ 2 sirchemes per molecule. This value is in
good agreement with thi chiromophore content obtained by chemical determination.
On the other hand, the 2 X sirolieme absorption for desulfoviridin vields only an
average of 0.4 siroheme per molecule. Since about 2 sirchydrochlorins were
extracted from each molecule, we concluded that 80 X of the tetrahydroporphvrin
chromophores in the purified desulfoviridin do not /sg%nl Implications <&——
of thls conclusion will be discussed in the following sectloéfl

The Mossbauer parameters obtained for the [4Fe-4s] clusters are almost
indistinguishable from those of the clusters in the native enzymes, suggesting
that the oxidation state of the cluster in the reduced enzymes remains at 2+.
The siroheme parameters indicate that the heme is reduced into a high-spin
ferrous state (S=2). Consequently, under the above mentioned reducing
conditions, the siroheme - [4Fe-4S] unit in both dissimilatory sulfite
reductases is reduced by one electron, and the electron is lucalized un the
heme. Mossbauer measurements of the one-electron reduced state of E. coli
sulfite redectase have been reportednz. It was also found that the state of the
[4Fe-4S] cluster was unaltered when compared with the native enzyme, and the
electron was alsc localized on the siroheme. However, in E. coli snlfite
refuctase the reduced siroheme was in an intermediate spin state (S=1). Its
spectrum is distinctively different from that of the reduced siroheme in
desulforubidin or desulfoviridin. From the studies of the native enzymes, the
siroheme environments of the two dissimilatory sulfite reductases were found to
be different from the assimilatory sulfite redvctase. The above results
indicate further that Lhe heme environments remain distinct in the one-electron
reduced enzymes.

The Mossbauer parameters of the high-spin Fe(1I) speties are consistent with
adventitiously bound impurity irons found in protein sumples. In fact, the 4.2
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K values (AEQ - 3.2’ln/s and 6 = 1.25 am/8) are identical to those reportéd for
Fe(II) in buffer eolution®d. However, these values are common for octahedrally
coordinated Fe(lI) conpoundsa‘ and sre nst unique for adventitous iron,
Presently, we are perplexed by the facts that this species exists In both
dissimilatory sulfite reductases, and quantitates to approximately one iron pe:

molecule.

DISCUSSION
In the previous secticn, we have presented some chemical, optical, EPR and

Mossbauer data of two dissimilatory sulfite reductuses isolated from sulfate

reducing bacteria, namely, desulforubidin from D. baculatus and desulfoviridin

from D._gigas. The data indicate that both reductases contain equal amount of

[4Fe-4S5) clusters (4 clusters per molecule) but have different contents of

siroheme. Desulforubidin contains 2 sirohemes per molecule, and each siroheme

is exchange-coupled to a [4Fe-4S8] clusters. (i.e., two of the four clusters are

uncoupled). For desulfoviridin an average of 0.4 siroheme per molecule was

found. Taking into consideration all the experimental evidence, we reach the

e

conclusion that 80 % of the éﬁ:ﬁg ol in fhromophores in desulfoviridin <=—c

do not contain iron. Our data saggést that the purified desulfoviridin is

inhormogeneous with respect to the distribution of the prosthetic groups.

Depending on the distribution of the sirchemes, 60 to 80 % of the desulfoviridir

molecules contain only meta) free tetrahydroporphyrins while 20 to 40 % of the

enzyme molecules contain two to one siroheme per molecule. In the earlier

12'1% investigators were puzzled by the observation that metal free

studies
tetrahydroporphyrins were extracted from desulfoviridin while sirohemes were
extracted from E, coli sulfite reductase, from desulforubidins and from P-582.
The present finding not only can explain this puzzling observation, but is also

consistent with the distinct optical spectrum observed for desulfoviridin. 1In

Table 4, we compare the relative intensities and wavelengths of the absurption



maxima of D. gigas desulfoviridin with those of the E._col] sulfite reductase
and of the demetallized siroheme csters in methanol - H2S0¢'%. It is obvious
from this comparison that the vptical spectrum of desulfoviridin resembles the
metal free tetrahydroporphyrin methyl scter and is distinct from the E. Coli
sulfite reductase.

The exchange-coupled siroheme - [4Fe-45) unit was first reported in E, cold
sulfite reductesc’s. and extensive spectruscopic studies have been performed to
characterize this unit32°35-29 The coupling between the siroheme and the
cluster was found to be retained in all the oxidation and ligatiou states
exemined. A recent x-ray crystallographic study irndicates “hat the two
prosthetic groups are bridged by a common ligand, probably a cyateine 57‘0.

This work shnws that the siroheme - [4Fe-45] unit in desulforubidin exhibits
propertjes that are both simiiar und dissimilar to the coupled unit in E. coli
sulfite reductase. In the native enzymes, both units are composed of a high-
spin ferric S = 5/2 siroheme exchange-coupled to an intrinsically diamagnetic

S =0 [4Fe—45]2+ cluster. The magnetic hyperfine coupling constants, A, of the
cluster irons obtained for both enzymes are almost~identical. Since the A's of
the cluster irons are inferred from the paramagnetic siroheme through the
exchange interaction, the observatjon of identical hyperfine constants indicates
similar exchange coupling mechanism. The bridging ligand and the geometrical
arrangement between the siroheme and the cluster nay be the same in both units;
however, the local environments surrounding the ircn sites were found to be
different. These variations are reflected in the differences observed in the
EPR spectra, in the quadrupole splittings aud the A values of the sirohemes, and
in the AEQ's of the cluster irons.

Under reducing condition, the sircheme - [4Fe-4S] unit in desulforubidin can
be reduced by one electrorn. The electron is localized in the siroheme and the
ferric siroheme is reduced into a ferrous state. The [4Fe-4S] cluster remains

in the 2+ stete. Similar behavior was also reported for the one-electron

- 19 -



reduced E. ¢olf sulfite reductase’ ®; however, the electronic spin states of the
ferrous sirohemes are different: S = 2 for desulforubidin and S « 1 for
E. coll sulfite reductase. In E. coli sulfite reductase, the mid-point
oxidatlon-reductich potentials for the siroheae and the cluster differ only by
656 avd®, Cousequently, coexistence of le and 2e - reduced states are obtained
under reducing conditions. Fully reduced (2e - reduced) enzymes can be
prepared under Ar atmosphere in the presence of deazaflavin, EDTA and llghtaa.
In the case of desulforvbidin, we were not successful in producing the
corresponding 2e - reduced state. The reduced desulforubidin reported in this
work is in a pure l¢ - reduced state. For this to occur the redox potentials
of the siroheme and the coupled cluster in desulfornbidin must be differ by at
least 100 mV. Since the le - reduced state is the active state of the enzyme,
detailed Mossbauer studies of the reduced desulforubidin should yield
information of physinlogical significance, cnd are the subjects of a future
publication. We are aluo expluring different reduction methnds in order to
attain the 2e - recduced state, and we are attempting to determine the redox
potentials of the siroheme and the clusters using redox-titration technique.
After the discovery of the exchange-coupled siroheme - [4Fe-4S] unit in
E. coli sulfite reductase’s. spectroscopin evidence for the existence of a

41

sirvheme - [4Fe-4S] unit was reported for spinach sulfite reductase and for

z' which possesses sulfite-reductase actlvity‘a. More

spinach nitrite reductuse4
recently, an assimilatory-type sulfite reductase isolated from D. vulgaris was
also found to contain a coupled siroheme - [4Fe-4S] unit®  The present studies
further indicate that desulforubidin, a dissimilatory sulfite reductase, also
contains similar siroheme - [4Fe-45] unit. These observations strongly suggest

that the siroheme - [4Fe-4 unit is a common prosthetic group and is the active

site for sulfite and nf e reduction. The discovery of metal-free

tetrahydroporphyrin in the majority of the purified desulfoviridin indicates

that nature may be more perverse. Interestingly, we found evidence that a minor
- 20 -
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portion of the purified desulfoviridins contains sirchemes and that the
sirohemes are alao coupled to [4Fe-4S] clusters. Conseguently, un important
question to aak is Eould the existence of siiohydrochlorin be a result of damage
caused by protbih purlficntlon and have no physiological significance? Perhaps
the observed enzynﬁtic activity regults from those proteins containing the
coupled aircheme ~ [4Pe-4S] unit. Due to the following conaideration we believe
that this is not the case. Small molecules, such as CN  or C0, form complexes

with desulforubidin and with E. coli sulfite reductase. They were shown to

conrdinate to the siroheme group and inhibit the sulfite reduction
activity37'3% hewever, these ligands do not inhibit the sulfite reduction
activity of desulfoviridin®®. as the siroheme - [4Fe-4S]) cluster unit in
desulfoviridin {s similar to thet in desulforubidin or in E. coli sulfite
reductase, it is expected to complex with CO or CN . The fact that nefther CO
nor CN_ inhibit desulfoviridin suggested that the enzymatic activity originates
from the enzyme molecules contalning sirohydrochlerins We have alsu perforued
preliminary Mossbauer studies on other dissimilatory sulfite reductases, namely,
desulforubidin from D. baculatus strain Norway 4 and desulfoviridin from D._
desulfuricans straln ATCC 27774. These preliminary investigations indicate that
metal-free tetrahydroporphyrins are commonly present in desulfoviridin.
Furthermore, if the sirohemes were solely responsible for activity, one would
expect desulfoviridin to exhibit about 20 % of the activity found with
desulforubidin. In fact, D. gigas desulfoviridin was reported to be more active
than ). baculatus de:ulforubidin®. A survey of the specific activities‘of both
types of reductases slows that there is no correlation with the nature of the
prosthetic group. Finilly, the 628 nnm absorption peak, as we have noted &appears
to be related to the pr. sence of sirohydrochlorin in desulfoviridin, is seen in
bacterial crude extracts and its intensity does not increase in the course of
proteir purification. Observation of the 628 nm peak has also been reported for

whole bacterial cells*5.

- 21 -
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Table 1. Mossbauer parameters for the [-1.!-‘e—45]zv clusters in the as purified

D. baculatus desulforubidin and D. gigas desulfoviridin.

desulfoviridin desulforubidin
T(K) AEQ(mm/s) 5(mm/8) A!b {mm/s) &(mm/s)
195 Siroheme ——e ' ——— 1.94 £ 0,03 0.42 = 0.02
( [4Fe-45]):
Site 1 1.13 = 0.04 0.36 £ 0.02 1.10 & 0,04 0.36 £ 0.02
Site 2 0.91 & 0.04 0.3.5 + 0.02 0..98 1 0.04 0.37 £ 0.02
Site 3 0.80 £ 0.04 0.37 £ 0.02 0.83 = 0.04 0.37 £ 0.02
Site 4 0.50 = 0.94 0.35 £ 0.02 0.51 = 0.04 0.36 =+ 0.02
1.2 [4Fe-4s]:
Site 1 1.45 £ 0.04 0.45 £ 0.02
(‘ Site 2 1.10 £ 0.04 0.45 £ 0.02
Site 3 1.10 £ 0.04 0.45 £ 0.02
Site 4 0.72 £ 0.04 0.41 £ 0.02

}
.



Table 2. Spin~Hamiltonian parameters for the exchange-coupled siroheme-

{4Fe-4S] unit in the native desulforubidin from D. baculatus®.

[4Fe-45)
Siroheme Site 1 Site 2

D (cu Y 13,5 £ 1.5 13.5 % 1.5 13.5 = 1.5
E/D 0.02 % 0.01 0.02 % 0,01 0.02 %+ 0.01
A /gp (T)? -15.8% 0.5 5.2 % 0.5 -5.2 % 0.7

rx nn
A /gp (T) -16.5% 0.5 5.2 £ 0.5 -5.2 % 0.7

YY nn
A /gp (T) -16.2 % 1.0 5.2+ 0,5 -5.2 % 0.7

b %4 nn
AE (nn/s) 2.0% 0.2 -0.9 % 0.2 1.2 £ 0.2
6 (mm/s) 0.47 % 0.05 0.45 % 0.0z 0.45 % 0.02
n® 0 0.2 -2.0 = 6.5 -3 £ 1

2 The uncertainities were estimuted by visually comparing the theoretical

aimuletions with the experimental data.

The symbol an represents the nuclear magneton and g has the values 0,.1806 and
n

-0.1033 for the ground and excited states of the 57pe nucleus.

¢ n = (Vxx - VY )y /' V . where Vi' are the principal components of the electric
i

¥ zZz
field gradient tensor.



Table 3.  Mossbauer parameters for the reduced desulforubidin from D.baculatus
and the reduced desulfoviridin from D, gigus,
reduced desulforubidin reduced desulfoviridin
T(K) AEQ(n/s) 5(mm/s) AFQ (mm/8) 6 (mm/8)
185 Siroheme 2.47 £ 0.05 .83 £ 0.03 2.3 0.2 0.80 £ 0.06
[4Fe-48]:
Site 1 1.11 £ 0.04 .36 £ 0.03 1.17 £ 0.04 0.38 £ 0.03
Site 2 0.93 £ 0.04 .3€ £ 0.023 0.96 & 0,04 0.37 + 0,083
3ite 3 0.87 £ 0.04 .38 + 0.03 0.88 £ 0.04 0.40 £ 0.03
Site 4 0.54 = 0.04 .37 £ 0.03 0.58 £ 0.04 0.37 £ 0.03
Fe(II) 2.76 £ 6.07 .20 £ G.04 2.69 £ 0.07 1.16 &+ 0.04
150 Sirvheme 2.56 = 0.05 .84 = 0.03 2.4 £ 0.1 0.84 £ 0.06
[4Fe-4S]:
Site 1 1.15 £ 0.04 37 2 6.03 1.20 £ 0.04 0.35 £ 0.03
Site 2 0.96 £ 0.04 .39 £ 0.03 0.97 = 0.04 0.40 £ 0.03
Site 3 0.94 £ 0.04 .40 £ 0.03 0.93 £ 0.04 0.42 £ 0.02
Site 4 0.60 = 0.04 .40 = ¢.03 0.64 £ 0.04 0.40 £ 0.03
Fe(I1) 2.90 = 0.07 .20 £ 0.04 2.93 = 0,07 1.21 & 0,04
4.2 Siroheme 2.72 £ 0,05 .92 + 0.02 2.7 0.1 0.99 £ 0.C6
[4Fe-4S):
Site 1 1.38 £ 0.04 .45 £ 0.03 1.44 £ 0.04 0.45 & 0.03
Site 2 1.10 £ 0.04 .45 = 0.03 1.16 £ 0.04 0.43 = 0,03
Site 3 1,02 £ 0.04 .45 %+ 0.03 1.04 £ 0.04 0.45 £ 0.03
Site 4 0.71 £ 0.04 44 £+ 0.03 0.73 £ 0.04 0.43 = 0,03
Fe(II) 3.22 £ 0.07 .25 = 0.04 3.25 £ 0.07 1.24 £ 0.04




Table 4. Wavelengths and relative intensities of the absorption maxima for
-D. giges desulfoviridin, E. coli sulfite reductase and metal free

tetrahydroporphyrin methyl easter®.

D. gipgas E. coli metal froe
desulfoviridin sulfite reductase chromophore
380 nm (0.86) 386 nm (1.00) 375 nm (0.89)
390 nm (0.91) ‘ 385 nm (0.89)
408 nm (1,00) 455 nm {0.57) 403 nm (1.00)
583 nm (0.221) 587 nm (0.23) 570 nm (0.15)
628 nm (0.42) 714 nm (0.07) €17 nm (0.25)

a The data are taken from reference 12, Relative intensities are given in

values inside parentheses.



FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Absorption spectra of the tetrapyrrolic chromophores extracted from

D. gigns desulfoviridin (Trace A) and from D. boculatus

desulforubidin (Trace C). Spectrun C is normalized to 25% of the
chromophore concentration of the sample in A. Trace B is the
difference spectrum of spectra A and C,

EPR spectra of dissimilatory sulfite reductases jsolated from

.D. baculatus (desulforubidin, trace A) and D. gigas (desulfoviridin,
trace B). Experimental conditions: microwave power, 2 milliwatts;
modulation amplitude, 1 nT; temperature, 8 K: microwave frequency,
©.43 GHz; receiver gatin, 2 x 10' for A and 1 x 105 for LN

MGssbauer spectra of the as isolated desulforubidin from

D. baculatus (A) and desulfoviridin from D. _gigas (B). The data
were recorded at 4.2 K in a magnetic field of 50 =T applied parallel
to the y- beam. The three resolved spectral subcomponrnis are
indicated by the brackets. ~The spectrum of the rhombic Fe(III)
species is not resolved. The solid line in (B) is the result of a
least-squares fit of four quadrupole doublets with equal intensity.
Parameters resulted from the fit are listed in table 1.

Strong-field Mossbauer spectra of the as isolated desulforubidin
from D. baculatus (A), and desulfoviridin from Q;ngiggs_(a). The
data werc -ccorded at 4.2 K in a parallel applied field of 8 T. The
spectral components of the four different iron centers are resolved
under these experimental conditions, and are marked by the brackets.
The solid lines are theoretical simulations of the diamagnetic,
uncoupled [4Fe-4S]z+ clusters. Parameters obtained from the least-
squares fit of the weak-field spectrum (Figure 3B) were used in the
sinulations. The theoretical spectrum in A is normalized to 42 % of

the total lron absorption and it is normalized to 80 % in B,



Figure 5, Mossbauer spectra of the exchange-coupled siroheme-[4Fe-4S] unit in
desulforubidin from D, baculatus recorded at 4.2 ¥ in parallel
applied fields of the indicated strengths. These spectra were
prepared by subtracting the 42 % contribution of the diamagnetic
[4Fe—ds]z+ cluster frew the raw data (see Text). The contribution
from the Fe(III) species has not been removed and is indicated by
the arrows in (£). The 80lid lines plotted over the data are
theoretical simulations uélng the parameters listed in Tahle 2.
Theoretical spectra of the individual fron sites are also shown:
siroheme, (----); site i of the [4re-4S]) cluster, (— -—);: site 2 of
the [4Fe-4S) cluster, (—-=).

Figure 6. 195 K Mossbauer spectra of the as isolated desulforubidin from
D. baculatus (A) and desulfoviridin from D. gigas {B). The solid

———

lines are least-squareg fits of the data. Absorptions originating

from the siroheme and the [4Fe-4S) cluster are indicated.
Figure 7. 150 K Massbnuer spectra of the reduced desulforubidin from

D. baculatus (A) and desulfoviridin from D. gipas (B). The solid

lines are least-squares fits of the data. Positions of the
quadrupoie doublets originating from different iron centers are

indicated.
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Electron Paramagnetic Resonance Studies on the Mechanism of
Activation and the Catalytic Cycle of the Nickel-coataining
iiydrogenase from Desulfovibrio gigas*

{Rectived fo; puolication, Deceinber 12, 1984)

Miguel Teixeiras, Isabel Mourat, Anténio V. Xovierd, Boi H. Huynh$, Daniel V, DerVartznians,
Harry D. Peck, Jr.4, Jean LeGelltf, and José J. G. Mourat

From the $Centro de Quimica Estrutural, UNL, Complexo 1, IST, Av. Rovisco Pais, 1000 Lisbou, Portugo!, the § Department of
Physics, Emary University, Atlanta. Georgia 30922, and the SDcpartment of Biochemistry, Univeraity of Genigin,

Athens, Georgio 306502

Desulfouibrio gigas hydrogenase (EC 1.12.2.1) is a
complex enzyme containing one nickel, one 3Fe, and
two [Fe S,] clusters (Teixeira, M., Mours, 1., Xavier,
A. V., DerVartanian, D. V., LeGsll, J., Peck, H. D.,
Jr., Huynh, B. H., and Moura, J. d. G. (1983) Eur. J.
Biochem. 130, 481-484). This hydrogenase belongs to
a class of enzymes that are inactive “os isolated” (the
so-called “oayvgen-stable kydrogenases™) and must go
through an activation process in order to express full
activity. The staie of characterizetion of the active
centers of the enzyme as isolaied prompted us to do
detailed anulysis of the redox patterns, activation pro-
file, and catalytic redox cycle of the cnzyme in the
presonce of either the natural substrate (Hy) or chemi-
cal reductants, The effect of natural cofactors, as cy-
tochrome ¢, wes aiso studicd, Special focus was given
to the Intermediate redox specics generated during the
catalytic cycie of the enzyme and to the midpoint redox
potentials assccinted.

The available informut on is discussed in terms of a
*working hypothesis” for the mechanism of the [NiFe]
hydrogenases from sullate reducing orgenisms in the
contexi of activation process and catalytic cycle.

The metabolism of molecular hydrogen and the study of
hydrogenases have figured centrally in the development of the
present concepts regarding the biochernistry and the physi-
ology of dissimilatory sulfate reduction (1, 2). Two types of
periplasmic hydrogenase have been well chorecterized from
Desulfovibrio species: one type containing nickel as well as
iron-eulfur clusters, tezmed the [NiFe] hydrogenase and an-
other type containing only iron-sulfur clusters, termed the
{Fe) hydrogenate. The first type has been most extensively

* This resesrch was tupponied by grants from the Instituto Na-
cional de Investigacho Cientifica, Junta Nacicna! de Investigagao
Cientifica ¢ Tevnologica, 41D Grant 956-55i2-G-S5-4003-00 and
North Atlantic Treots Qrgsnization Grant 0341/83 (J. J. G. M.},
Nationel Scis:. ¢ Foumintion Grant PCM 8111325 (J. L., D. V. D,,
and H. D P.) solas Eners Research Institute Subcontract XD-1-
1155-1 {J. L.b. National Institutes of Healvh Grants AM01135 and
GNM32187, ond in part by the United States Department of Energy
under Contrect DE AS02-8-ER10499. The costs of publication of
this article were deleayed in part by the pavinent of page charges.
This article must therefore be hereby marked “aduvcrtisement™ in
accvrdance with 18 US.C, Sevtion 173¢ salely to indicate this fact.

) Asscciation pour Ia Revherche en Bioencrgie Solaire, Equipe
Commune d'Ensvniologie, Centre d'Energac Nuclesire de Cadarache,
8. P. no. 1, 1315 Saint -Paul-Lez-Durance. France.
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studied in Desulfovibrio gigas (3-7) and the second one in
Desulfovibrio vulgaris (8, 8).

The D. gigus [NiFe] hydrogenase has & molecular mass of
89 kDa with two subunits of molecular mass 63 and 26 kDa,
respectively. It contnins approximutely 1 ¢ atow of uickel, 11
g atoms of iron, and 11-12 g stoms of sulfide/molecule of 89
kDa. Massbauer and EPR spectroscopic studies established
that in the purified enzyme the iron-sulfur clusters arc orga-
nized into a {Fe;5x]., cluster (EPR active) end two [FedSd)?*
clusters (“EPR silent™).! The [FeySx .. cluster is the origin of
an almost isotropic EPR signal centered around g = 2.02
observable below 30 . A rhombic EPR signal with g valves
at 2.31, 2.23, nnd 2.02 (Ni-signal A) was also observed (3). It
was definitively assigned to nickel(I1]) and accounts for 50-
100% of the chemsically detectable nickel, depending on prep-
aration. This assipgnment was confirmed by the observation
of hyperfine coupling in *'Ni isotopic Inbeled hydrogenase and
by comparison with model nickel compounds (6, 10). A minor
species can also be deticted at g values 2.33, 216, and around
2.0 (Ni-signal B), but its intensity varies with the pzeparations
(3). Redox. titrations at pH 8.5 indicate redox transitions at
~70 mV measured by the disappearance of the 2.02 signal and
at —220 mV measured by the disappearance of the Ni-signal
A (4, 5). The midpoint redox potentiel asscciated with the
disappearance of Ni-signal A was shown to be pH dependent
with a slope of =60 mV/pH unit {5).

' First found in Azotobactrr vinelondii ferredoxin 1 (41), the |Fe,Sy)
cluster has since been found in beef heart zconitase (43), D. gigas
ferredoxin 11 (37), and hydrogennses from D. gigas (44) and Desulfo-
vibrio desulfuricans (45).

Although x-ray diffraction dnta of 20-nm resolution has been
obtained for the 3Fe cluster present in A. vinclandii ferredoxin 1 (41},
the structure of ihese clusters rensins controversial. NX-ray cata oo
A. vinclandii ferredozxin I indivates that the 3be cluster is an esten-
tially planar core with Fe-Fe distances of 41 nm. However, EXNAFS
stndies on the 3Fe cluster present in D. gigas (42) and in aconitase
(43) indicate a shorter Fe-Fe distance (~27 nm), in closer agreement
with those found for [Fe,S,) cubane-t;pe structures. Also & careful
determination of labile sulfide in aconitase indicates that the ratio
Fe to S™ is 3:4 (43). Thase results suggest the presence of & [FesS,|
structure that can be built by emovnl of one iron from the [FedSi)
cluster, which is quie artractive since it explains the facile intercon.
version between these type of centers (43, 44). To sddress the dis-
crepancy between the x-rey. the extended x-ray abrorption fine
strurture, and the S' chemical determinations it was rugpested that
either two substantially differcat structures for {Fe;Sx ] exist or some
of the structural studies are in vrror (42, So, tince furmial charge of
the core depends on the number of labile sulfide assimed 1o e
present, throuchout this text these clusters will be represented a-
{Fe,Sx), with a subscript denoting the oxidatiop state dexcribed (o0x
or red).
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EPR Studies on 1), gigas Hydrogenase

Further reduction of hydrogenase results in the appearance
of a new EPR signal with g values at 2.19, 2.16, snd 2.02 (Ni-
signel C), which subsequently direppears upen o long expo-
2ure to hydrogen gas or in the presence of excess dithionite
(3, 6, 11). Thia last signal was oasigned to nicke! since hyper-
fine structure ie also induced by *'Ni isciopw substitution (6).
The oxidation state of the nickel conter giving origin to Nj-
signel C has been tentatively assigned to Ni(lil), although the
hypothesis th:at the aignal criginates from a Ni(?) apecies has
not yet bexn eliminated (11).

In the presence of a chemical reductant (dithionite) the
canter nssociated with the g = 202 EPR signal is reduced
prior io the disappearance of the Ni-signal A; however, in the
presence of hydrogen both redox centers dissppecr almost
simultanecusly (4).

Most of the so-called “oxygen-stable” hydrogenases, such
as D. gigas hydrogensee, appear o be reversibly inectivated
by oxygen. They are fully active under anaesobic conditions
after exposure to activetors such as Ha, dithionite, reduced
viologens, or tetrsheme cytochrome ¢; (13 kDa). The function
of activation was thought to he associated with the removal
of oxygen bound to an essential redox center; however, recent
reports have shown that the process is more complex (7, 12).
Hydrogen evolution, hydrogen consumption, and hydrogen.
deuterium exchange experiments carried out on the native
preparations, which are catalytically inactive enzymes, always
show a Iz phase and en uctivation phase befors full expres-
sion of activity is achieved. The disappearance of the lag
phase, with concomitant increase of specific activity of the
¢ntyme, was observed under proper reducing conditions. How-
ever, oxygen xeavengers (such as glucose oxidase) could only
reduce the lag phase, the activation step still being required.
Berlier et al (12) and Lissolo et ! (7) have proposed that a
two-step process takes place: removal of oxygen bound o a
entalytic site followed by reduction of 1}e involved redm
centery.

In this commurication we deseribe. 1} the possible inter-
mediate species #nd redox states occurring during the acti-
vation and catalytic cycle of the enzyme; 2) the activation
phenomenon which is aecessary in order to transform the
enzyite into s fully active state, 3) the conditions for the
sppearance of the transient Ni-signz! C and the estimation
of the midpoint redox potential associated with the develop-
ment of this signal; 4) the interaction between the redox

centers; 5) the properties of the [Fe 5] clusters; 6) the pos-
sible role of cytochrome ¢y in the redos cycling of the enzyme.

Sufficient information was now accumulated in order to
propose 8 “working hypothesis™ for the mechanism of the
[NiFe} hydrogenase from the sulfate-reducing bacteria, in the
context of activation and catalytic cyeles.

MATERIALS AND METHODS

Growth of the Orgarisms and Purification of Hydrogenase and
Cytochrome e5—D giras was frown on s medium as described by Le
Gall ez ol (13). The periplasmic hvdrogenase was purified using
DEAE-Bio-Gel and hydroxvlapatite chrumatographic procedures as
descrived in Ref. 3 with the difference that the crude cell extract,
obtained by prezsuze disruption of the cells, was applied to the column
instead of the cell washings. Precautions were taken AFAINSt O1ygen
by Nushing buffers with purilied argon and maintaining oll fractions
under the game ntmosphere. Thr purification method outlined gave
s high protein yield, apprusimetely 800 mg of pure enzvme [rom 4 113
of wei celle The preparations used thowed n ringle electrophoretic
band and «pecific activity between 400 and 440 smol H; min™' mpg™~!
of protein {unit of activity uted throughaut this text),

D. gigas tetiaheme cytochrome ¢y (13 kDa) was purified as previ.
ously dercribed (14).

Asrayr and AMetal Determinations— Hy drugenase activity was mea-
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sured by the hydrogen evolution ssasy in the preserce of en electron
donnz (dithionite -reduced methy! vivlogen) employing o Varian 4660
g chromatograph (3). Iron was determined by the 2,4.6-tripyridyl-
S5-1,3.5-triazine method {13), and nickel wves delermined by plesama
emistion spectroscopy, uning & Jarrell Ash model 750 Atnncomp,
Protein wis dztermined by the Bradford method {16), but hydrogen.
aot concentrations were calculated based on the extinction coefficient
tm = 43 mM am™! (17). Purity of the entyme was checked by
palyacrylemide gel electrophorsais (18),

£PR Speetroscopy—~EPR spectra were recorded on » Bruker ER.
2001t spectrocicter equipptd with an Oxford Instruments continuous
flow cryuatat interfaced with & Nicolatt 11680 computer where math-
emetical manipulaticns were performed. Signal intensities were de-
termined by double integvation with base-line carrections. Cu-EDTA
(1 mue) or 12, gigas Serredosin (1) were used as reference standardas,
Concenbiaticus of ferredoxin (11} ramplea were calculsted using the
extinction cosfficient cus = 16 ma*! et (19),

Afudpoint Redox Potential Delerminations—Midpoint redox poten-
tinle were mensured by poising the enzyme ot different redox poten.-
tials in the presesice of oxidution/ieduction mediators, alf &t 80 ]
(20). The potextia! (platinum calomel electrode) was adjusted by
additios of dithionite (0.2 14 in Trie-HCL, pH 9.0) or ferricyanide (0.2
M) solutions. The protein concentretion in the titration vessel was
B0 uM, as estimated by the mxtincuon coefficient. After equilibration
st a fized redox patential s sample was transferred into an EPR tube
undzr argon pressure and immedsately froren st 77 K for further
guantification.

Generation of Intermediate Redos States of Hydrogenase —All ex-
periments were conducted anrerobically in EPR tobes sealed with
serum caps Additisis of reductants snd guses were performed
through metn! needles and gas-tght Hamilton syringes. Intermediats
redor states of hydrogenare were obtained Yy incubaticn under a
hydrogen atmonphsre for different lengths of time or by sddition of
substaichiometric or excess amounts of dithionite The effect of
equimalecular amounts of cyrochrome ¢y in the redox pattern of
hydrogennse was ctudied in different experimental conditions. Sample
seoxidations were sccomplished by teplacing hydrogen atmosphere
by argon.

RESULTS AND DISCUSSION

Activity Profile of the Enzyme {Hydragen Evolution)—The
profile for the hydrogen evolution activity as well as the
correspondent changes of specific activities mensured as a
function of time are shown in Fig. 1. A typical lag phase
phenomenon is observed. 'The time elrpced represents a true
incubation time in reducing media (dithionite-reduced methy!
viologen). A linear response of the system is obtained after
25-30 min at 32°C, pH 7.6 (Tris-HC) buffer). Different
preparations of hydrogenase elways show & similar profile

: /
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F1c. 1. Typical profile of hydrogen evolutiou by D. gigas
hydrogenase assaved in the presence of dithionite-reduced
methyl viologen, ¢ = 32 °C, pH 7.6. Conditions are indicated
under “Materials and Methods.” Alco indicated is the variation of
specific activity calculated at different assay times.
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although the leg phose mey vary. The maximal specific activ-

. ity reported for the enzyme was taken {rom the lineas part of
the hydrogen evolution profile and is 44¢. Both hydrogen
evolution and hydrogen uptake (7) require an activation step
in order to cxpreee {ull activity.

Hi EPR Signals of Oxidized Hvdrogenases—Fig. 2 shows
the EPR epectra of different preparations of native D. sigas
hydrogenas: as well s & comparizon with other bacterial
{NiFe! hydrogcriases. The data were recorded ot 77 K, o
tomperature at which the g = 2.02signal of the {Fe Sx] cluster
was broadensd beyond detection, and only the Ni eignals were
obssrvatle. As purified, D. gigos hydrogenase exhibits a rhor-
bic EPR signal, g = 2.31, 2.23, and 2.02 {Ni-signal A, Fig. 24).
The quantitation of Ni-signal A varies from 0.6~1.0 spuy/
molecule depending on the preparation. In corrclation with
tbe activation profile ¢f the enzyine we notice that in all cnses
the Ni-signal A in nssociated with an inactive form of the
enzyme. In addition to the Ni-signal A, 8 minor component
with g values at 2.33, 2.16, and 2.02 (Ni-signsl B) is observed
in some preparations (Fig. 2B). The relative intensity of Ni-
siguals A and B varies from preparation to preparetion and
can be altered by redox cycling of the enzyme. When D. gigas
hydrogenase reduced under H; is allowed to reoxidize slowly
by replacing the hydrogen atmosphere with argon, un increase
in the intensity of Ni-signal B relative to the Ni-signal A is

231
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Fit. 2. Nickel EPR signals of oxidized forms of |Ni-Fe}
hydrogennses. A and b, different prepazatione of [, gipas hvdrogen.
ase; C, reoniddized H,-reduced 1) pigas hydrogennce: D, 1) dosulfuri-
rans (ATCC 277740 hadrogennase, E, M borkest hydrogennse. F, D
baculatus strain 9974 (DSM 174101 hydrogennse {prriplasmt. Experi-
mental comditions: temperature 57 K; variable gain; modulation am-
?I:t‘udr‘ 1 millitesla; microwave power. 2 milliwatts; frequency, 941

M.
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FiG. 3. EPR spectra of D. gigas hydrogenase monitored
during dilferent periods of exposure to bydrogen at 77 K. A,
netive enzyme; B-E, evolution of the EPR spectra upon increasing
time of incubation undér hydrogen rtmosphere. Other cxperimental
conditions were as follows. A-E: modu'ation amplitude, 1 milliesls;
microwave power, 1 milliwany; and frequency, 9.28 GHz. The gains of
the different spectra ghown were: 4, 4 % 104 B; 8 X 104 C-E,2 % 10%

observed (Fig. 2C, also see below), indicating that there esists
different Ni(III) environments in the 2naerobically oxidized
enzyme. It should be noted that the nickel(11]) signal inten-
sities (Ni-signals A anc B) are recovered. The fact that Ni-
signal B relative intensity increases upon anaerobic reoxida-
tion and the! anaerobic reoxidation results in the drustic
decrease of the lsg phase suggest that this Ni-signal B repre-
scots an environment resulting from the first step of the
activation process, namely the removal of orvgen from the
enzyme (ree below).

In Fig. 2, we have also shown the high temperature EPR
spectra of {NiFe) hydrogeneses isolated from various bactrrial
sources (Fig. 2, D-F). It is intcresting to notice that native
hydrogennses from different species vield different EPR sig-
nals. The periplasmic hyd ogenase from Desulfovibiio desul-
furicans (ATCC 27774) exhibits an EPR signal similar to the
Ni-signal B (Fig. 2D) (21) while Methanasarcina barkeri
(DSM 800) (221 shows a nickel sigral with g values at 2.24,
2.20, and 2.02 and a minor component at 2.30, 2.12, snd ~2.0
(Fig. 2E). Yet gnother nickel signal with g values at 2.20, 2.06,
and 2.0 is observed for the periplasmic [NiFe) hedrogenase
isolated from Desulfovibrio baculetus (ATCC 9974) (Fig. 2F)?

Intermediate Oaidation States Generated by Hydrogenase
Reductinn—Fig. 3 shows EPR spectra representing & typical
sequence of events during the anzerobic reduction of D. gigas
hydrogenase with H.. The specira were rocorded at 77 K.
EPR =signals of the iron-sulfur clusters are not ohserveble at

M. Teixeire, 1. Moura, G. Faugue. A. V. Xavier, B. H. Huynh, D.
V. DerVartanian, M. D. Peck, Jdr.. 1. LeGall, and J. J. G. Moura,
unpublizhied data. .
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disappenrance of the Ni-signal A, Ni-signal B, snd the is
tropic g = 2.0 signal of the [FeaSx) cluster (as observed at 10
K). A radical-type signal with very low intensity and of *210 202
unknown origin is observed next (Fig. 38). The disappearance /

of this radical-type signal is Accompanied by the development \
of & new rhomhic EPR signal with g values at 2.19, 2,16, and
2.02 (Ni-signal C) (Fig. 3C). During the course of a few hours,
this Ni-cignal C develops through a maximum of intensity
which quantitates to 40-60% -of the chemically detectable
nickel (Fig. 3D). After o long incubation (36-48 h) under
hvdrogen, an EPR silent state is obtained when measured at

thia temperature. The first Rep of events is the concomitant T 2211 - 7
[

77K (Fig. 3E). At low temperature (below 15 K), EPR signals 4

typical of [Fe,S,)™ clusters are now observed. This sequence \/\/\/\—ﬁ
of events can be reproducibly reversed by anaerobically oxi. 216"

dizing the reduced sample under argon and completely re-

peated by exposing the reoxidized sample to hydrogen. Fic. 5. Microwave power dependence of the intermediate

At redox states of the enzyme such that Ni-signal C has bydroger reducfdlule.A:mirrtmn\r;?o-'e:. ]N'mi!livmm:?in.
developed, low te nperature studies reveal the presence of 25 X 10% B: ricrowsve power, 2 milliwatte; gain, 4 X 105 C:
another EPR active species. Fig. 4 shows the EPR spectraof [y, rowave '.)ow.r' 12 milliwatts: gain, 25 x 10 i D: microwave '-x?‘"f
h 200 microwsts; kain, 2.5 x 10 Other experimental conditions:
such a sample recorded at different temperatures. Below 15 temperature, 10 K; micic-vave frequency, 9.52 GHs,
K, the shape of the EPR specira changes drastically, and a
new set of signals at g = 2.21, 2.10, and broad components at higher field are clearly discernible in the 4 K spectrum (Fig.
4A). This new set of EPR signals also exhibits power depend-
ence different from that of Ni-signal C. Fig. 5 shows a power
[ 2 21 study peiformed at 10 X. The Ni-signal C is readily saturated

at low micrownve power (Fig. 54), indicating slow electrenic
210 2 02 relgxsliry::. ‘t'he origin of the new set of signals is not yet
: : understood. Since these signals are only observabie st Jow
temperature and show (ast electronic relaxation, they may

’ originate from an iron-sulfur cluster; however, the observed g

values appear to be too high. Another possible explanation is
/\x ~ ] that they originate from a N; center that is weakly interacting

8 with another Paramagnetic center nearby, zesulting in the
= - fast relaxation behavior, - :
The Ni-signal C has been reported previously and was

C attributed to & nickel species since hypezfine structure was
B induced by “Nj isotopic substitution (6). Ni-signal C is dif-
D ferent from Ni-signal A and Ni-signal B in both g values and
— P in hyperfine coupling constants. These differences have been
= ~J\\/’\ proposed 1o reflect a replacement of ligands in the nickel
b —— dination number (11).

coordination sphere or a different COOr
\J\/\ﬁ— It was also proposed that this transient simal might be due
to a hydride-bound species by analogy with nickel catalysts

involved in hydrogenation processes (23). Because of the

Vet midpoint redox potential studies reported below, we favor the

later proposal. It is quite tempting to speculate that Ni-signal

C may represent a Ni(I) oxidation state. However, such a

G proposal would imply a Ni(0) state upon further reduction.
Taking into consideratjon the ¢ values, the transient nature

of Ni-signal C, the reductive power of Hy, and the extreme

negative midpoint redox potentinl of the redox transition

216 Nill/Ni(0) observed in model compounds, Ni-signal C s

H I moare compatible with a Ni(lIl spevies (see alao discussion

1 below).
219 % Studics of Midpoint Redox Potentials Associated with Ny.

I Signal C—Titrimetric determination: of the oxidation-reduc-
202 tion potentials associated with the appeerance and disappear-
ance of the Ni-signal C were followed by EPR. Since Ni-

bie. 4. Trmpvrulurrdvpendcnreoflheinlcrmediltrhydro- signal C is slow to equilibrate with the electrode in the
:‘en r‘cduc;e:l ulnlte_ of 'r'f\,;i-t;:‘n’:-}i{hvd D, r;'[.;fn h}_;iro(enm. presence of dve mediators and duc 10 the transient naturc of
“Xptrimenta famnions of the EPR spwctra as fo ows. Temperature ¢ ¢; ral, there is o large seattering of the experimental
and gein: 4, 4 K. 32 x 105 B, 7K. 5 x 104 C, K. 63x 104D, 11 data, Tg:\e redux titration “Eas indepesdently determined from

K. 8Xx10%F, 15 K. 6.9 % 0% FL 27 K. 10 x 104 G, 38 K.2x10% N, . . N .
63 K. 2 % 10% wicrov ave power, 2 milliwats, except for H (5 threedifferent experiments, snd the Jata ie *uperimposed and

millivatts); modulation amplitude, 0.4 millitesla, excepl for H (1 Plotted in Fig. 6, Ni-signal C develops at a potential below
miliitesla); microwuve frequency, 9.41 GHa. =270 mV, reaches meximum intenxity at about —350 mV, and

Gl
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FG. 6. EPR redox titration curve of the EPR active specieo
detected ip the bydrogen-reduced state of D. gigas hydrogen-
ase. EPR signal intensity (arbitrary units) of the “2.19" EPR signeals
detected upon redox titration of the enzyme at 25 °C and pH 85 in
the presence of redox mediators under conditions as described undzr
*Materials and Methods.” The EPR signals were measured at 77 K.
No sttempt was made to fit the ezperimental poinis to a Nemst
equation.

completely disappears below —403 mV. These observations
place the redox potential for the appearance of Ni-signal C
between —300 mV and —350 V. Lissolo et al (7 have
determined the activity of D, gigas hydrogensse as a function
of redox-potential imposed by verying the partial pressure of
H,. Their study indicated that the hydrogenase activation
phenomenon is a 1-eléctron process with a midpoint redox
potential at approximately =340 m V. This potential correlates
very well with the potential at which. Ni-signal C appears,
strongly suggesting that tiiis signal may represent an activated
state of the enzyme.

The Reduced [Fe.SJ Clusters—In addition to the [FeiSx}
centers, D. gigos hydrogenase was shown o contain two
{Fe.S.] clusters by Mossbauer spectroscopy (4). These [FedSd)
clusters were previously reported to be EPR silent (4). How-
ever, reduction by either excess dithionite or by incubation
under H, over a pericd of 24 h or more shows distinct EPR
signals typical of {Fe,S,)'* clusters. Fig. 7 shows EPR spectra
of dithionite-reduce 3 hydrogenase. The spectrs shown in Fig.
1, A to E, depict a tc mperature study of a hydrogenase sample
reduced with substoichiometric amounts of dithionite, Ni-
signal C is observed at a bigh temperature (Fig. 7E), and the
£ = 2.21 signal appears at a low temperature (Fig. 74).

The isotropic signal at g = 2.00 may be due to dithionite
oxidation procucts; however, as we have already pointzd out,
s redics) species is observed during the reductive pattern of
the enzyme (Figs. 3 and 8).

In addition to the Ni-signal C and the g = 2.21 signal, EPR
sipnals of & [FeS,]'* cluster are clearly resolved &t g = 2.05,
1.94, and 1.88. Spin quantitation of this {FeS,]'” signal yields
approximately 0.1 spir/molecule. It ir irteresting to note that
neither the electronic relazation behavior of the Ni-signal C
nor that of the g = 2.21 sign&l is affected by the presence of
this psramagnetic [Fe Si)** cluster. When hydrogensse is
reduced with excess amounts of dithionite, the Ni-gignal C
and the g = 2.21 signal disappear, and, at low temperature,
EP'R signals corresponding 10 two types of [Fe.S4)'* clusters
integrating up to 0.5 spin/molecule asze olserved (Fig. 7F).
The spectrum it complex and may have origin in interacting
paramagnetic centers.

Redox Cycling of Hydrogenase in the Presence of Ferricyto-
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Fic. 7. EPR spectra of D. gigas hydrogenase in different
levels of reduction, using bydrogen or sodium dithionite as
reductants. A-E, temperature dependence of an intermediate re-
dured snte of D. gigas hydrogenase obtained by reduction with
substoichiometric amounts of dithionite. At 77 K this sample is
equivalent 1o the redox state shown in D, ie. development of *2.19”
signal. Spectral gain, 1 % 10, Temperatures: A, 4 K; B, 6.7 K; C, 10
K: D, 12 K. and E, 40 K. F, reduced enzyme with a 3-fold excess of
dithionit=; temperature, 12 K. Other experimental conditions: mod-
ulstion amplitude, } millitezls; microwave power, 2 udlliwatts; micro:
wave frequency, 9.41 GHz.

chreme ¢~ The effects of cytochrome ¢; on the redox pattern
of hydrogenase were examined since cytochrome ¢, is the
netural " <tron donor and acceptor for this enzyme (1, 2).
Cytochrome c; contains four low-spin hemes, and the EPR
spectrum of the oxidized state is quite complex. The g, region
(not shown) exhikits several superimposed signals origineting
from the nonequivalent hemes (g, = 3.3 ~ 2.8), and a large
derivative peak is observed arcund g, = 2.28 (24).

EPR spectra representing the time courie of redox cycling
of native hydrogenase in the presence of fersicytochrome ¢s
were recorded at 77 K. In order to vizualize the EPR signals
originnting from nickel, the contribution of cytochrome ¢, was
subtracted from the spectra, when necessary. The EPR spec.
trum of the native hydrogenase is shown in Fig. 84, Ni-aignals
A and BB are observed. A stoichionetric amount of ferricyto-

/

chrome ¢, was mixed inta the native hydrogenese sample (Fig. \(‘\I;)
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Fic. 8 Pattern for the redox cycling of D. gigas hydrogen-
ase in the presence of D. gigas cytochrome ¢, (complex 1:1).
Proteins were mized under argon in the native state (ozidized). A,
native D. gigas hydrogenase; B, complex 1:1 cytochrome
¢yhydrogenase; C, same as B subtracted from eytochrome ¢; spectral
contribution; D-G, reduction of the protein comples under hydrogen;
E, F, snd G show no contribution from cytochrome ¢,, already in the
reduced state. Other experimental conditions: temperature, 77 K:
miczowave power, 2 milliwatta; modulation smplitude, 1 millitesta;
microwave {requency, 9.41 GHz, variable gain.

8B), and the protein mixture was incubsted under an H,
atmosphere, the reductive process being tonitored by EPR
(Fig. 8, C-G). Reoxidation of the proteins was achieved by
replacing the H; atmosphere by argon (Fig. 8, H-N). The
sequence of events during this redoxz cvcling followed closely
the redox pattern reported previously in the absence of cyto-
chrome ¢;. However, the initial reduction of hydrogenare
occurted more rapidly. In order to further investigate the
effect of ferricytochrome 3 upon the redox cycle of hydrogen-
ase reduced by H: the following experiment was also carried
out. Native hydrogenase was reduced by H; until the Ni-signal
C was fully developed. Then an argon-saturated cytochrome
¢ solution war added to the cample, and the H; atmesphere
was replaced by argon. The hydrogennse was reoxidized, and
the sequence of redox events was similar to that indicated in
Fig. 8. The redox cycle was shcwn to be reversible by exposing
the samples to &n hydrogen atmosphere and performisng the
reoxidation in the presence of argon. The intensity of the 2.02

8947
EPR signal wua recuvered after the redox cycling of the
enzymse,

CONCLUSIONS

Alupcﬂonhubunput forward in order to understand
hydrogen metaboliam in sulfate-reducing bacteria (1, 2). This
includes the study of the mechanism of hydrogen activation,
the type and stricturs of different hydrogensses, as well as
their compartmentalization and role in the cellular bicenes-
getics.

A comprehensior: of the mechanism of sction of hydrogen-
ase can only be achieved by a full characterization of the
structure and physicochemical properties of the redox centers
s well 4g their intersction and behavior during the catalytic
cyelz. A reasonable understanding of the enzyme matal cen-
ters in the “ac isolated” state has already oruerged from

spceiroscopic studies (3, 4).

Nickel Chemistry in the Context of Its Biological Role

One of the major unresolved questions concerning the
[NiFe] hydrogenase is the role of the nickel during redox
cycling, namely the ozidation states involved, its mode of
ligation, ns well as its interaction with other metal centers.
Two poasible schemes may be considered. One scheme in-
volves redox cycling between Ni(I11) and Ni(Il) (hypothesis
A), and the other requires the transition from Ni(III) to Ni(0)
(hypotbesis B} {sce Tadle I),

Nickel can exis in oxidation stetes ranging from Ni(0) to
Ni(IV). Generally, the Ni(ll) state iz favorably found, in
agreeraent with the decrease in siability of higher oxidation
states slong the first series of transition metsls (2f, 26).
However, Ni(111) and Ni(IV) states cun be stsbilized by clec-
tmneglhve ligands and are found to coordinate N, O, F, and
anionic ligands. The lower oxidation states Nl(\'n and Ni(l)
are also not common, except with elzctien acceptor ligands
(e.5. carboniles, phosphines, and thiolates). Reatriction on the
commonly available biological ligands favors a scherae involv-
ing fewer oxidation states (such as hypothesis A which in-
volves only Ni(II) and Ni(Ill) states) rather than undergoing
a redox transition (hypothesis B) from Ni(1Il) to Ni(0).

Nicke) chemistry indicates that nickel can occur with dif-
ferent coordination numbers 4, 5, and 6, using structures
ranging from square planar to tetrahedral, trigonal bipyram-
idal, square pyramidal, and octahedral geometries. The octa-
hedral coordination is commonly found for Ni(1I) (S = 1). A

TanLE 1

Possible ozidation states of nickel in D. gigas hydrogenase

Redo1 states of hydrogenase Hypothesis Hypothesis
and Ni EFR signals® A B

Ozidized (EPR active)
&= 231,223,202
£~ 233,216, -2.0
Farms 1 and 2*

Ni(HD Ni(ln

NitIn Ni(1)

{coupled)

Active siate (ET'R silent)
Form 3*
Ni(ll)- Ni(l)

Hydride intermediate
hydride

£ 219,216,202
Form 4*

Reduced state \EPR Nitll) Ni(0)
silent)

Forma 5 and ¢

* Observable at 77 K.
* Forms are defined in Diagram 1.
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Actraponal dintortion may result in an intermediate geometry,

and e apin equilibrium between S = 1 and S = 0 species may
be observed (27, 28). The pentacoordinate Ni(ll) may result
in different spin stutes (S = 0 or S = 1) depending on the
geometry and ligand field strength. Ni‘ll) complexes with
coordination number 4 are also found in a tetrahedral (S =
1) or square planar (S = 0) arrangement. Ni(0) and Ni(l)
oxidation states are rarely found as pentacoordinated com-
plexes, and the coordination number 4 is preferred. Ni(lll)
and Ni(IV) oxidation states are frequently found in an octa-
hedral arrangement, Ni(11l) aleo being found in pentacoordi-
nated complexes. Cansequently, the Ni(I111)/Ni(1l) redox tran-
sition offers a wide range of opportunities: rearrangement of
ligands through different preferred parameters, poasibility for
cenformational and spin equilibrium, and a capability of
altering the number and type of ligands in the vicinity of the
center (29). The redox transitions involved are a reflex of
(and/or controlled by) the peculiar chemistry of nickel. The
very high and very low oxidation rtates are not stable, and a
consequence is the very negative and very positive redox
potentials at which model compounds undergo oxidation-
reduction transitions (Ni(I)/Ni(0) and Ni(111}/Ni(Il)) as in-
dicated schematicaliy in Table II. This table compiles dats on
nickel compounds thought relevant for this discussion. The
examples were chosen in respect to their relevence o biolog-
ical systemns (Le. macrocycles, peptides, Schit' “mses, and
dithiolenes). Also, only compounds where the cxidatizn states
+3 and +1 were unequivocally essigned (namnely by EPR)
were included. Meny of the nickel(I}) compounds generate
EPR radical-type spectra due to the delocalization of the
electron density toward the ligand (30).

Nickel was shown to have a primary ro‘e in very different
biologica! situations, being a constituent o} severzi enzymes:
urease (31), CO dehydrogenase (32), cocnryme M methyl
reductase (33), and some hydrogenases (11). The biclogical
occurrence of nickel includes active sites idertified as con-
taining macrocycles {Fox) and amino acids using N {urease)
and § (hydrogenase) coordinating atoms. So far only the
nicke] redox transitions occurring in D. gigas hydrogenase
have been studied in detail. The span of redox values associ-
ated with the nickel EPR active species is narrow and in the
limiting region for the Ni(III/Ni(I} transition (Table 1I1).
However, modulation of redox potential by the biological
ligands involved in metal coordination is known to be a
determining parameter for the redox potential (34).

The preliminary extended x-ray absorption fine structure
results of the D. gigas hydrogenase (35) suggest sulfur coor-
dination around the nickel center. A comparison of Ni(lll)

TasLe 11
Redox transitions of nickel compuunds
Redoa trensition Ligand E(\ (n-mu
wersus SHE)  {coordinsting atom)  SHE) References
Nitlh/Ni(I)  Mecrocycles (N) 0.1/1.717 29, 30, 47
Peptides N, O) 0.62/1.13 10, 48
Dithiolenes (S) 1.15 49
Schiff base (N, 0)  0.35/0.76 50
Nutll}/Nith Macrocycles (N)
Neutral 0/0.8
Monoanionic -1.4/-1.5 29,30, 47,51
Dianionic 1.0
Dithiolenes (S) ~0.8/~1.67 49, 52
Phorphines (P, -0.75/-0.89 53
dithiolenes {S)
Schiff base (N, 0) —~1.68/-1.77 50
.\'_i(l)LNi(O) Schiff base (N, 0) ~2.31/-2.5%0 50

EPR g values of hydrogenases purificd from different bacteria)
sourcea and Ni(lif) complexes with S and N cuntaining pep-
tides (Table 111) showed that these complexes mimic the
enzyme active center (36). Although these results are obtained
by solution chemistry, the EPR specira of the complexes show
8 high rhombicity, and an increase in sulfur coordination
tends to cause a shift of the ohiservable g values to higher
field.

Working Hypothesis

As stated earlier, it is now well established that the so called
“oxygen-stable " [NiFe) hydrogenases (e.g. D. gigas hydrogen-
ase) are not fully active in the “as isolated” state. Studies of
the bydrogenase activity (7, 12) indicate that the enzyme
must go through a lag phase as well as an activation one in
order (o be able to exgress full activity. This complex phenom-
enon seems to involve the removal of oxygen (lag phase)
followed by a reduction step {activation phase). This complex
process is illustrated in Fig. 1. When hydrogenase is incubated
with dithionite-reduced methyl viologen, the amount of H,
evolved by the system is not linear during the first few minutes
of the assay. The hydrogen evolution becomes linear with
time after 25-30 min under the assay conditions. The exact
time lag for the full activity to appear depends on the hydro-
genase preparation as well as on the incubation conditions.

‘Taking into consideration the hydrogenase activity studies,
the preferred Ni(I11)/Ni(ll) redox cycling scheme, and the
sequence of events observed by EPR, a working hypothesis ir
proposed for the mechanism of the {NiFe) hydrogenases from
the sulfate-reducing bacteria ir. the context of both an acti-
vation and & catalytic scheme (see Diagram 1).

A. The Activation Cycle—The [NiFe] bydrogenese as ico-
Inted in the oxidized form is composed of variable amounts of
at least three different species: 1) inactive oxygenated hydro-
genase (Form 1): 2) inactive but «i-:oxygenated hydrogenase
(Form 2); and 3) & trace of active hydrogenase. In Forms 1
and 2 the [Fe,S.] clusters are in the 2+ state and are EPR
silent. The [Fe,Sx]., cluster is EPR active and exhibits an
isotropic g = 2.02 signal observed at temperatures below 30
K. The oxidation state of the nickel is Ni(1II) which is EPR
active. In the oxygenated form (Form 1) the nickel center
exhibits Ni-signal A. In the deoxygenated form (Form 2) it
exhibits Ni-signal B. As shown above, the amount of Form 2
can be increased drastically through anaerobic reoxidation
(Fig. 2). EPR and Mosshauer studies in the enryme “as
isolated” (4) indicate that there is no magnetic interaction
between these four redox centers.

The active state of the enzyme (Form 3) is EPR silent. It
can be attained either from Form 1 through a complex and
slow activation process (rernoval of oxygen followed by a
reduction step), or it can be reached directly from Form 2
(without a lag phase). \When O, is admitted a lag phase is
required. During this activation process, both the isotropic g
= 2.02 nnd the nickel signal disappear. The loss of the g =
2.02 signa is attributed to the reduction of the {[Fe;Sy] cluster
from an EPR active [Fe,Sx)., state to an EPR silent [Fe;Sx)
s Btate (Ey = =70 mV). Mosshauer studies® of this redox
state ennble the recognition of the typical “signature” of the
reduced 3Fe cluster. In order to retain the Ni{l))/Ni(II) redox
scheme (hypothesis A), the disappearance of Ni-signal A and/
or Ni-signal B requires a more complicated mechanism. We
propose that one of the [Fe,S8,) clusters is reduced into a

3M. Tenseira, 1. Mours, A. V. Xavier, B. H. Huynh, D. V., Der-
Vananian, H. D. Peck. Jr., J. LeGall, and J. J. G. Moura, unpublished
results.
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Taste I
EPR values of hydropenases and peptide-Nif111) complears

This materia) was adaptzd from Ref. 36,

hH n []) Donor set
Methanobocterium thermooutotrophicum® hydrogenase Native 2.305 2221 2.015
D. desulfuricans (27774) hydrogensse Native 2.32 2.18 2.02
M. barkeni hydrogenase g-un 2.2¢ 2.20 2.02
D. gigos hydrogenase ative 2.3 2. .02
Under H, 219 2.16 2,02
Hy—~CONHCH,CONHCH—CH, =
N N 2.214 2.206 2,017 S(Np)}yNa
8H C A
(ITHr—CHCONHCH.COOH 2.163 2015 S
§H SH - b

* M. thermoautotrophicum (strain AH) hydrogenase reduced under H; snd exposed to sn argon stmosphere also
reveals a well defined rhombic “2.19" EPR type of signal (54),

Form 2 (deoxvgenated)

Form ) (oxygenated)
{Fe.S.)* [Fe Sl

[FeSi)" [FeSy)*

Ni{lll) |Fe,Sx Ju -6—‘ Ni(JI) [FesSxle
b
Ni-sigral A Ni-signal B
(2.31, 2.23, 2.02) (2.23, 2.16, 2.02)
Slow Aerobic  Anaerobic Activation
activetion reoxidation  reoxidation without Jag
+2e ~-2e -2e
=70 mV
~220 mV a

Form 3 (active state)
[FeiSa}"* [FeuSa)'* o Ni(HI) [FeySxne
Spin coupled

EPR silent

L

Ho il

Form 4 (hydride intermediate) -
{FeS,)"* [Fe S.|'*-H* Ni(lll). H- [Fe3Sx)ns

£ = 2.21 signal
Ni-signal C (2.19, 2.16, 2.02)

Il +1e ~2 A\ +2e

Form 5 (reduced state) Form 6 (reduced state)
[F?.S.]" IFf.Sol" -1 IF"SCP' eee !F'cslll'
NillD) [Fe,8) Jr NIUD [FesSx e

£ = 1.94 signal {Fe-S} weakly coupled

-le

-_—
1 +1le

(2.05, 1.94, 1.88) Complex EPR signal

|

DiaGram 1

{FeS.)'* state (S = 1/2), and the reduced cluster is £pin-
coupled with the Ni(lll) center resulting in an EPR silent
state. This proposal implies that the previously determined
redox potential, =220 mV, for the disappearance of Ni-tignal
A (4, 5} is actually the midpoint redox potential for one of the
IFe.S] clusters. Such a mechanism is supported by the optical
studies which indicate that the activation process involves the
reduction of iron-sulfur clusters (12). Preliminary Mossbauer
data® also rhuw that approximately one {Fe,S,) cluster is
reduced in the EPR silent siate. A similar mechanism has
been observed in the sulfide complex of Escherichia coli sulfite
reductase (3S); in the oxidized form the sulfide complex ex-
hibits a low-spin ferric heme EPR signal. Upon reduction the
EPR signal disappears; however, Méssbauer measurements
(39) reveal that in the reduced sulfide-enzyme complex the
siroheme remuins in the ferric state and the electron ix in the
[Fe(S.) cluster. The di..ippearance of the heme signal is a

result of & spin coupling between the oxidized heme and the
reduced [Fe,S,) cluster. Also, in the cass of the hydrogenase
from Chromatium vinosum an EPR “silent state™ was ttrib-
uted to & magnetic interaction between Ni(Il]) and & [FesSi)
cluster (40). Evidence was presented that this state wa the
active form of the enzyme.

B. The Catalytic Cvcle—The events which follow the EPR
silent state (Form 3) are the appearance of both the Ni-signal
C and the g = 2.21 type signal. This lest signal is only
observable at temperatures below 10 K, with high microwave
powez. In accordance with the heterolytic mechanism of hy-
drogen activation derived from studies of the exchange reac-
tion (12), we propose that in the presence of the natural
substrate a hydride intermediate state {Form 4) is obtained.
la terms of our working hypothesis,. the nickel center is
assigned as the hydride-binding site and the [Fe,S,)"*. cluster
as the proton-binding site. The spin coupling between the
Ni(llI} and the {Fe,S,J"* cluster. is broken in this hydride
intermediate, originating Ni-signal C. Thus this signal is
assumed to represent the hydride-bound Ni(III) center, and
the g = 221 signal is attributed to the proton-bound
[Fe.Sq)* cluster. (Alternatively, the g = 2.19 EPR signal could
be due to a transient Ni(11]) state in a different ccordination,
resulting from the breaking of the coupling, the g = 2.%1 signa!
being due to the interacting Ni(Ill) and {Fe,S,]*’ centers
bound, respectively, to hydride and proton.)

The midpoint redox potential for the development of Ni-
signal C is below —330 mV, and this value is consistent with
a catalytically active species (7). It is worth noticing that the
midpoint redox potential {~220 mV) assigned here to the
{Fe.Sd] cluster interacting with the nickel center is pH ¢
pendent and that of the 3Fe cluster (~70 mV) is pH inde-
pendent. :

Forms 5 and 6 represent further reduced forms of the
enzyme. The nickel center is reduced into a Ni(I]) state and
becomes EPR silent. The proton is relcased from the
[FesSa)'* cluster, and a “g = 1.94" type EPR signal vaical of
[FeuSy)'* clusters ir ab:erved. During the catalytic ry¢1-, ali
three forms of the enzyvme (Forms 3, 4, and 5) can be present
simultaneously resulting in a complex EPR spectrum {e.g. set
Fig. 7A). When excess amounts of dithionite are added to the
sample, a super-reduced state (Form 6) is attained. In this
super-reduced state all metal centers are reduced loth the
Ni(Il) and the [Fe,S),.y centerr are EPR cilent while the two
[FesSi)'* are EPR active, The fact 1!t two sets of EPR
signals are oh:erved may indicate diffe;ent conformations for
these two [Fe,S,) clusters. The complexity of the EPR spec-
trum may also indiente weak interaction between the two
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\Fe.Sa]'* paramapiietic centers. It is proposed that Form 6
represents an inactive/form of the enzyme as H; is not evolved
in/the presence of excess dithionite.

The tole of the iron-sulfur clusters has not yet been clari-
fied, Both the 3Fe and the second 4Fe cluster could be limited
1o ‘electron tranafer, since both high'and low redox potential
electrons are needed to either evolve or oxidize H; for the
reduction of sulfate. The physiological characteristics of the
organism (D. giges) are compatible with such a hypothesis.

This proposed mechaniam offers a framéwork for interpret-
ing the present available data; however, it must be viewed as
tentative and as a guide for future experimental work,
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CHARACTERIZATION OF TWO LOW-SPIN
BACTERIAL SIROHEME PROTEINS

Sulfite reductase catalyses the rather unusual
six-electron reduction of SOy toS-,

Two low molecular weight proteins with sulfite
reductase activity have been isolated from M. bar-
keri (DSM 800) (1,2], 23 KD and Drm. acetoxi-
dans (strain 5071) {2], 23.5 KD. The enzymes
contain one sirohcme (iron-tetrahydroporphyrin
prosthetic group) and one [Fe(S¢] cluster per mi-
nimal molecular weight.

The visible spectrum characteristics of bath enzy-
mes are very similar to those of siroheme contai-
ning enzymes; however, no band at 715§ nm,
characteristic of high-spin Fe" complexes of iso-
bacteriochlorins is observed (3]. Low temperature

Rev, Pae, Quim., 27 (1988)
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EPR studies show that as isolated the proteins si-
rohenie is in a low-spin ferric state (S=1/2) with
g-values at 2.40, 2.30 and 1.88 for the M. barkeri
enzyme and g-values at 2.44, 2,33 and 1.81 for
the Drm. acetoxidans enzyme.

EPR studies on model complexes have shown that
ferric isobacteriochlorins with a single axial ligand
are always high-spin while ferric isobacteriochlo-
rins with two axial ligands are low-spin, The fact
that in these sulfite reductases the siroheme is
low-spin ferric suggests that it is six-coordinated.
The siroheme of all the other sulfite reductases
characterized so far has been shown to be in a
high-spin ferric state with EPR features at 6.63,
5.24 and 1.98{4].

The sulfite reductase from M. barkeri and Drm.
acetoxidans together with the assimilatory sulfite
reductase from D. vulgaris (strain Hildenborough)
[5) which also shows a siroheme in the low-spin
statc belong to a new class of sulfite reductases.
They are small molecular weight proteins with one
siroheme and a [Fe,S,] center per polypeptide
chain. In the native state their siroheme is low-
-spin ferric. The physiological significance of this
observation is not known and descrves further
investigation.
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includes a protein carboxylate (Fig. 2), Glu-21,
and it is possible that this plays an important role
cither by binding to the central metal ion of the
reagent or by hydrogen bonding to its ligated
H,0. Whatever the exact cause of the selectivity
these studies demonstrate that proteins do have
the capacity for selecting between similar comple-
xes. They also emphasize the need for care in in-
terpreting reactivity parameters for redox reac-
tions between proteins and small molecules espe-
cially in cases where there appears to be more
than one possible reaction pathway, as with cyto-
chrome ¢. Using chemically modified lysine deri-
vatives of cytochrome ¢ we hope to unravel the
observed binding selectivities,

ACKNOWLEDGEMENTS

This work was supported by the Science and Engineering
Research Council (SERC) and the Medical Research Council
(MRC). GW 1hanks the MRC for a Training Fellowship and
GRM thanks the SERC for an Advanced Fellowship.

REFERENCES

{1) C.G.S. Etey, G.R. Moore, G. Witttams, R.J.P. Wit
LiaMms, Eur, J. Biochem., 124, 295-303 (1982).

(2) G. Winiams, C€.G.S. Etky, G.R. Moorg, M.N. Ro
sINsON, R.OLP. Wuiiams, FEBS Len., 150, 293.299
(1982).

3] G.R. Moore, C.G.S. Eiey, G. WitLiams, Adv. Inorg.
Bivinorg. Mech., 3, 1-96 (1984).

[4) T. Takano, RE. Dickerson, J. Mol Hiol., 153, 19-113
(1981).

210

POSTER SESSIONS: 1 METALFOPROTEINS

5B-3

@
PSl.44 — TH

1. MOURA

A.V. XAVIER

J.1.G. MOURA

Centro de Quimws Estrutural, UNL
Compleso |

IST, Av. Rovisen Pau, 1000 Lisbas
Puotugal

M.Y. LIU

G. PAl

H.0D. PECK JR.

J. LiGALL

Department of Biochemisiey
Univensity of Georgia

Athem, Georgis 30602

USA

W.J, PAYNE

Department of Microhiology
Univenity of Georgia

Athens, Georgla K602

US.A.

NMR STUDIES OF A MONCHEME
CYTOCHROME FROM WOLINEILLA
SUCCINOGENES, A NITRATE
RESPIRING ORGANISM

An ascorbate reducible monoheme ¢-type cylo-
chrome (8.2 KDa, El,~ +100 mV) was purified
from the nitrate *‘respiring'’ organism Wolinella
succinogenes (VP1 10659). The optical spectrum in
the ferro and ferric forms are typical of a ¢lype
heme coordination. The oxidized state shows the
695 nm band taken as indicative of methionyl
axial coordination, but additional optical bands
are also observed at 619 nm and 498 nm (shoul-
der) reminiscent of the absorption bands of cyto-
chrome ¢’ [!]. These peculiarities of the optical
spectrum prompted us to study this situation of
spin-equilibrium by nuclear magnetic resonatwe
(NMR) spectroscopy.

The NMR spectrum of (he reduced state is shown
in Fig. 1. The henie mesoproton resonuices {(9.48,
9.59, 9.30 and 9.25 ppm) and the resonmnges orl-
ginated from the bound axial methlonine (S-CH,
at =372 ppm and methylene protons at - )R8,
—1.66 and --0.70 ppm) are readily discernible.

Rev. Pore. Quine,, 11 (1989
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Fig. 1
O omvaduted 11 NMR specirum of W, MICCINOEENES ferrocw
towchrome at 303 K, phl 2.2

The pH dependence of the NMR spectrum of fer-
ricytochrome is shown in Fig. 2. As expected for
n paramagnelic protein, several hyperfine shifted
fesonunces are observable downfield of 10 ppm.
The 3-proton intensity resonances designated M,
{i=1,4) are assigned to heme methyl groups. The-

J'L u_)uduw
.tk~,..A~JL_/\__~k-'~~w.'ux_,v’, ! (ETY)

Mg "’L !
l\ ‘. o) __,U.__,,Hw,J" L_v\ 56)
; :J‘i_ l.'o 1‘1 I‘t) lb 0 ~"0 popm
Fi. 2

‘iNMR spectra of W.osuccinogenes ferricytochrome ut J03 X
Jor three different pH values

s¢ resonances have downfield shifts greater than
38 ppm which is unusual for a low-spin c-type
situation, The temperature dependence of the fer-
ricytochrome resonances shows that M, and M,
are almost temperature invariant, M, shows a
temperature dependence according to Cucic's law
and M, is anti-Curie dependent. Resonance § is
extremely lemperature dependent
(850°c = 8gec=7.15 ppm at pH =7.5) and also anti-
-Curie dependent.

The pH profile gives a pK, value at ~7.3 and the
linewidth variation s compatible with an interme-
diate rate for the exchange process between two
forms,

Magnetic susceptibility measurements by a NMR
method {2} were performed as a function of the
PH. The results are indicated in Table 1.

Rev. Port. Quim., 11 (1983)

Table |

Magnetic susceplibility data for Jerricytochrome at 308 K

pH W% 10) Mt
— M e,

4.9 1.59 4.31

1.50 4.64 3.38

9.98 2.52 2,48
T ——— e T

The visible speetra, NMR and magnelic suscepti-
bility measurements gre indicative of a spin equili-
brium which shifts towards the high-spin form
when the pH is lowered., This is compatible with
the increase in chemical shifts of the heme niethyl
resonances at low pkH.

The assembly of these preliminary studies, indica-
tes that there is a spin equilibrium in the ferric
form. The high-spin/low-spin transition is relati-
vely fast in the nuclear magnetic resonance time
scale, since only four heme methyl resonances are
observed in the lowfield region of the spectrum.
The methyl resonance from the bound methionine
axial ligand is not observed in the upfield spectral
region, Thus, the high spin state could be prody-
ced by loss of the sixth axial ligand (methionyl
sulfur) to the ferric ion,

The chemical exchange between the situation of
bound and unbound axjal ligand could induce a
large chemical shift to the methionine methyl reso-
nance [3). Resonance M, is a plausible candidate
for this S-CH, methionine, die to its chemical
shift and strong temperiture dependence.
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STRUCTURAL HOMOLOGY
OF TEYRAHEME CYTOCHROME ¢,

Low potential tetraheme cytochromes ¢y (molecu-
lar mass 13 KDa) arc found in sulfate reducing
bacteria belonging to the genus Desulfovibrio.
They scem to play an important role in electron
transfer processes, but at thc present moinent
their physiological role is still controversial. Cyto-
chrome ¢, can act as an electron carricr for hydro-
genase (although recently dircct electron transfer
was shown to occur between some of the clectron
carrier proteins, e.g., D. gigas Fdll and flavodo-
xin, and hydrogenase) and in some species invol-
ved in the reduction of elemental sulfur. Each
heme, in this class of cytochromes, is bound to
the protein by two thioether linkages involving
cysteine residues, and the fifth and sixth ligands
of each heme iron are histidiny! residues. Table |
indicates all the tetraheme cytochromes ¢ that ha-
ve been isolated until now as well as some of their
physicochemical properties. The amino acid com-
positions are quile different from cytochrome to
cytochrome originating very different isoelectric

212
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Table I *

State of physco-

lsoelectin Number of Moleculat
chemical

Desulfovibrio

specics charscterization point residues nmaw

D. gigas PASNMR,

EPRMB 32 1] 14400
1. vulgans P.ASNMR,
(Hildenborough)  EPR,MU 10.2 107 14100
D. vuljans
(Miyaraki) P.A.5.X 18y,

NMR MB 106 107 14000
D. desulfuncans
(Norway d) P,AS. X 13y,

NMR,EPR ? ie 15100
D. boculatus
(strain 9974)  P,A,NMR, EPR 7 [QRLY) 15100
D. desulfuricans
(strain 27774)  P,ANIAR,EPR nd, {103) 13500
D. desulfunicans
(Berre cau) P,NMR,EPR 8.6 n.d. 14000
D. desulfuricans
(E! Algheila 2) P,A,S.NMR,EPR 10.0 102 13400
D, salexigens
(Britsh Guiana) P,A,S,NMR 10.8 106 14000
D, desulfuricens
{Cholinicus) P.A 8.0 (108) 14300
D. africonus
{Benghati) PA 8.3 (109) 14900
P — Purified
A ~ Amino ecid analysis
S - Sequence

NN.R — Nuclear Magnetic Resonance

EPR — Electron Pzramagnetic Resonance

MDB — Mdisbauer Specirncopy

* Table composed from refesences [1-3) and ecferences therein,

points, Tetraheme cytochromes are conserved in
all the Desulfovibrio species analysed so far. It is
interesting to note that cven when the terminal ac-
ceptor is modified (i.e. nitrate by sulfate in D, de-
sulfuricans (stzain 27774) this multiheme cytochro-
me is still conserved. Cytochrome g5 (€5),
three heme containing cytochrome isolated f{rom
the sulfur reducing bacterium Desulfuromonas
acetoxidans, is a close relative to cytochrome c¢;.
The four hemes in cytochrome ¢, are localized in
nonequivalent protein environments (see below the
comparison of the NMR and EPR spectral data)
and each heme exhibits differcnt redox midpoint
potentials, The midpoint redox potentials of all
the hemes are negative but the span in redox po-
tential between the lowest and the highest onc va-
ries In this class of homologous proteins., As an
exemple, in D. vulgaris cytochrome ¢ this diffe-
rence is 80 mV, in D. gigas cytochrome ¢, 100

Rev, Part. Quim,, 27 (1988)
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mV, and in D. desu{furicans (Norway strain) cyto-
chrome c this vajue is 200 mV (using the micros-
copic redox potentials determinated by EPR)
{6-8].

A comparison of the NMR and EPR characteris-
tics of this class of homolcgous proteins is presen-
ted in order to better understand the structure —
function relationships.

Fig. | shows the low ficld region of the NMX
spectra of several cytochromes ¢ isolated from
different Desulfovibriones, An obvious common
feature is the low downfield chemical shifts expe-

10 pPpPM

tug 1
Low-field NMR spectra of several ferricytochromes ¢y at
JI3 K. A — D, gigas; 8 — D. salexigens; C — 1), vulgaris
{strain Hildenborough): D — D. desulfaricans (El Algheila Z2);
£ — D. desulfuricans {Norway 4); F —~ 1), baculatus {strain
9974)

Rev. Port, Quim . 27 (198%)

rienced by the heme methyl groups in this low
spin paramagnetic state of the protein. The diffe-
rences observed in the distribution of resonances
are also striking. There is n wide variation in the
distribution of heme methyl resonances belween
the different cytochromes c;. These differences
fall largely into three regions. the region down-
field of 25 ppm, the region between 15 ppm and
25 ppm and the region upfield of 15 ppm. The
presence of resonances downfield of 25 ppm s
common to all cytochromes ¢, The fact that
there are not many resonances in any of the spec-
tra of Fig. | downfield of 25 ppm suggests that
these proteins have similar structures. However,
there is a striking difference: D. gigas cytochrome
¢ has three resonances in this region while the re-
maining five proteins have only two rcsonances.
Similar differences can be scen in the regions bet-
ween 15 ppm and 25 ppm. The heme methyl reso-
nances in these regions of the spectra of some of
the proteins, such as that from D, desulfuricans
(Norway strain) are bunched together and cover a
small range of chemical shift values whilst for
other proteins, such as that from D. salexigens,
they are better resolved and cover a wider range
of chemical shift values. All of these differences
may result from two causes: differences in the re-
lative spatial orientations of the four heme
groups, and differences in the electronic proper-
tics of the four heme groups.

Despite of the emphasis upon the differences bet-
ween the spectra of cytochromes ¢ it is relevant
to notice that there is a high degiee of similarity
between them. For instance, in all cases there are
10 to 12 heme methyl resonances with chemical
shift values >12 ppm.

Fig. 2 compares the EPR spectra of several cyto-
chromes ¢, from different Desulfovibrio species.
The cytochromes ¢ exhibit quite different EPR
characteristics, Cytochrome c; from D, desulfuri-
cans (Norway strain), D. baculatus (strain 9974)
and D. desulfuricans (strain Berre cau) show quite
similar characteristics, They all have broad featu-
res at g =3.3, a resonance around g=3.0 and a
shoulder on this peak to fower g-values. For other
cytochromes, like D. gigas and D. desulfuricans
(El Alghcila Z) cytochromes ¢, the broad peak
around g =3.30 is missing and only onc promi-
nent EPR signal is observed with a g, around
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Fig. 2
EPR specira of several ('ylnfhmlm'.r ¢y at 10 K, microwave
power 0.63 mW and modulation amplitude 0.3 mT.

A — D. pigase # — D. desulfuricans (£ Algheiluf; € — D.
deulfurivans (Norway 4); 0 — D, baculaus (stram 9974); &
— D. vulgaris (sirain Hildenborough)

g =13.0-2.9, showing in some cases a shoulder. D.
vuigaris cytochrome c, is still different since three
8 ma values are quite discernible at g-values 3.12,
2.97 and 2.87. The g, is sharper when compared
10 the g Signals from other cytochromes c;. It
was recently shown that in heme model com-
pounds where the two imidazoles are perpendicu-
lar to cach other, the EPR signals are extremely
anisotropic with g, values of the order of 3.4
[9,10). The X-ray structure of cytochromes ¢;
from D. vulgaris (strain Miyazaki) and D. d_e:ul-
Juricans (strain Norway) show that three of the
heme groups have the two axial histidines in the

PONER SESSIONS: 1. METALLOPROTEING

same plane. Only one henic in both these cyto-
chromes has the two axial histidines perpendicular
to each other. This heme is also the one most
exposed to the solvent [10].

In this context, re-examination of the EPIL data
indicates that the heme originating g-fcatures ato-
ve 3.0 in D. vulgaris (Hildenborongh) and B. de-
sulfuricans (Norway strain) should be assigned 1o
the heme having two axial histidinyl residues per-
pendicular to cach other. Also this heme has the
lowest redox potential ( —325 mV) in D. desulfuri-
cans (strain Norway 4). However, in D. gigas and
D. desulfuricans (E! Alghcila Z), the EPR charac-
teristics are diffecent and the signal with high g,
is not present. It is possible that in these proteins
all the histidines are coplanar. The X-ray structu-
res have not yet been determined.

Preliminar Massbauer studies indicate that in the
native state there is a weak magnetic interaction
between the different hemes at 4.2 K in the absen-
ce of an external magnetic field. Also, measurable
spectral differences that correlate with the EPR
data are observed within this group of multiheme
proteins. Comparison of Mossbauer spectra of D.
gigas cytochrome ¢ (without high g, featurcs)
and D. vuigaris (Hildenborough) cytochrome ¢;
(having 2 g ma, featurc greater than 3.0) show that
the magnetic component with the largest magnelic
hyperfine constant is present in D. vulgaris cyto-
chrome ¢ and absent in the D. gigas protein.
The screening of the EPR and NMR characteris-
tics of this class of cytochromes would probably
permit a division of this type of proteins into sub-
-groups with more similar propertics, using struc-
tural criteria.
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CHARACTERIZATION OF TWO LOW-CPIN
BACTERIAL SIROHEME PROTEINS

Sulfite reductase catalyses the rather unusual
six-clectron reducticn of S0," to § =,

Twu low molecular weight protcins with sulfite
reductase activity have been isolated from M. bar-
keri (DSM 800) [1,2], 23 KD and Drm. acetoxi-
dans (strain 5071) [2), 23.5 KD. The enzymes
contain one siroheme (iron-tetrahydroporphyrin
prosthetic group) and one (Fe,S,) clustcr per mi-
nimal molecular weight,

The visible spectium characteristics of both enzy-
mes are very similar to those of siroheme contai-
ning enzymes; however, no band at 71§ nm,
characteristic of high-spin Fe¥ complexes of iso-
bacteriochlorins is observed [3]. Low temperature

Rev, ot Cuirn 27 (198

EPR studies show that as isolated the proteins si-
roheme is in a low-spin ferric state (S=1/2) with
g-values at 2.40, 2,30 and 1.88 for the M. barkeri
enzyme and g-values.at 2.44, 2,33 and 1.81 for
the Drm. acetoxidans enzyme.

EPR studies on modcl complexes have shown that
ferric isobacteriochlorins with a single axial ligand
arc always high-spin while ferric isobacteriochlo.
rins with two axial ligands arc low-spin. The fact
that in these sulfite reductases the siroheme s
low-spin ferric suggests that it iy six-coordinated.
The siroheme of all the other sulfite reductases
characterized so far has been shown to be in a
high-spin ferric state with EPR features at 6.63,
5.24 and 1.98![4].

The sulfite reductase from M. barkeri and Drm.
acetoxidans together with the assimilatory sulfite
reductase from D, vulgaris (strain Hildenborough)
[5) which also shows a siroheme in the low-spin
state belong to a new class of sulfite reductases.
They arc smull molecular weight proteins with one
siroheme and a (Fe, S,] center per polypeptide
chain. In the native state their sirohemic is low-
-spin ferric. The physiological significance of this
obscrvation is not known and deserves further
investigation.
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There is evidence that during turnover dioxygen
is reduced to peroxy intermediates {7] via a 2.
~clectron transfer process. How these intermedia-
tes are subsequently reduced to water is not clear,
We have therefore studied the reaction of mixed-
-valence carboxy-cytochrome ¢ oxidase, which
contains 2 electrons, with hydrogen peroxide. This
reaction can be studied by photolysis of the CO
compound after mixing with H,0; under anaero-
bic conditions. The results show that H,0, reacts
rapidly (k=2.5-10¢ M1 s1) with the partially
reduced enzyme to form the fully oxidized enzy-
me. On the time scale of our experiments no other
intermediates were observed, This demonstrates
that under suitable conditions partially reduced
cytochrome ¢ oxidase can use hydrogen peroxide
as a 2-electron acceptor instead of the 4-electron
accepting dioxygen molecule. These results are in
line of those of QR (8], who showed that cyto-
chrome ¢ oxidase may act as a cytochrome ¢ pero-
xidase.
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MECHANISM AND REGULATION
FOR A COUPLED TWO-ELECTRON
TRANSFER IN A TETRAHAEM
CYTOCHROME

The nced for a two-electron transfer process is a
recurrent and clusive problem in biochemistry [1).
Analysis of the relative microscopic midpoint
redox potentials for the four haems of Desulfovi-
brio gigas cytochrome €2 (2] provides evidences
that this molecule has the potential proper-
ties to optimize this function.

The oxidation of cytochrome ¢y can be considered
to involve five steps which are obtained by succes-
sive loss of one electron [2): Step 0 (all haems
reduced) through Step IV (all haems oxidized).
A full description of the redox equilibria involves
16 oxidation states -and 32 microscopic midpoint
redox potentials ¢/ (the presence of the uppers-
cripts j, k, I, indicates those haems which are
oxidized). The relative values, Ac;=c,—c;, as
well as the haem-haem interacting potentials
lj=e;~¢el=e;~cl, were ohtained for D. gigas
cytochrome ¢, by a thorough NMR study (sce
Table 3 of reference [2]). The microscopic redox
potentials are such that for a dynamic cquilibrium
(e.g., in an electron transfer chain) a situation
optimized for a two-electron transfer can be gene-
rated. In order to explain the mechanism by
which this phenomenon is achieved, let us follow
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the successive alterations of the microscopic mid-
point redox potentials of each haem throughout
the oxidation at pH=17.2, starting with the fully
reduced protein (Ae;; = —35 mV, Aeyy = —-36 mV,
and Ae,, = ~61 mV). Oxidation of the haem with
lowest midpoint redox potentials (haem 1, ¢,) mo-
difies the microscopic midpoint redox potentials
of the other haems tel, i=2, 3 or 4). It is impor-
tant 1o notice that although 1,, is positive (+ 19
mV), lyy is negative (—-29 mV), altering the values
of ¢; and ¢, in such way that e}<e;, ¢} >¢; and
e}>>e). Haem 2 is now easier to oxidize and
haem 3 becomes more difficult to oxidize. Subse-
quent oxidation of haem 2 has a similar but even
more drastic effect on haem 3 (Iy = +42 mV) and
haem 4 (1, = —24 mV). I, is so large and posili-
ve that ef? becomes equal 1o ¢}, within experimen-
tal error. Thus, oxidation of haem 2 impels the
concomitant oxidation of haem 3. Haem 4 is now
more difficult to oxidize (I, = —18 mV), Using
the values given in the table cited above [2] it is
casily seen that a similar situation is also observed
both for the reduction at pH=7.2 as well as for
the oxidation/reduction at pH=9.6 of D. gigas
cytochrome ¢,.

The above analysis depicts a situation of strong
cooperativity (coupling) between the redox cen-
ters, of Desulfovibrio gigas cytochrome ¢y, where
oxidation (reduction) of haem | (haem 4) triggers
a process by which two electrons are selected to
be released (captured) in an essentially simulta-
neous way,

It is worth siressing that by purely electrostatic
considerations, the values of the interacting poten-
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tials, Ij;, should be always negative and could
never be of use for a similar mechanism. Redox-
-linked conformational modifications must be in-
volved. These conformational changes result in
the presence of regulatory redox centers as well as
redox centers actually implicated in the electron
transfer chain.

This regulatory role may be quite general. In par-
ticular, the present knowledge on D. gigas hydro-
genase (3] for which cytochrome ¢, is a coupling

. protein, suggesis the use of redox centers with a

similar role.

Furthermore, the postulation of these centers
makes it possible 1o reconcile the need for fast
electron transfer with that of avoiding “‘short-cir-
cuits’’ [4). The ready state for the redox centers
involved in the electron transfer chain, e.g., an
cntatic state [5], can only be generated after a
signal has been emitted by the dispatcher redox
venter,
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EPR AND MOSSBAUER STUDIES
ON DESULFOVIBRIO GIGAS Mo(Fe.S)
PROTEIN

The Mo(Fe-S) protein from Desulfovibrio gigas, a
sulfate reducing organism, was shown to contain
one Mo and approx. 12 Fe per molecule and a
molecular weight of 120 KDa. No evidence was
found for the presence of subunits. Its physiologi-
cal role has not yet been determined. Optical,
EPR and CD data strongly suggest the presence
of [2Fe-2S] clusters. At ~70 K the EPR spectrum
of the dithionite reduced sample exhibits a Mo
signal centered around g=1.97 and signals at
8=2.02, 1.94 and 1.93, corresponding to one type
of [2Fe-2S]) centers, named (Fe-S I). At lower tem-
perature (T <40 K) an additiona! signal appears at
8~2.06 and 1.90, indicating the presence of a se-
cond [2Fe-2S] center (Fe-S II). Redox titration
studies revealed yet another Fe-S center with type
I EPR signal. The two type I centers are termed
(Fe-S T A) and (Fe-S | B).

When observed at temperatures lower than 40 K,
the type I Fe-S EPR features at 8=2.02 split into
two peaks separated by approx. 15 G. Such split-
ting can be explained cither by coupling of the pa-
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ramagnetic site to a nearby [=1/2 nucleus, such
as a proton, or a slight difference in the resonan-
ces of Fe-S 1 A and I B centers. The EPR signals
of the Fe-S centers and molybdenum of the redy-
ced protein are compared in H,0 and D,0.
Recently, the protein was purified from %Fe
grown cells. The quality of the M0ssbauer data
obtained in the native and partially reduced
Mo(Fe-S) protein enabled us to pursue the cha-
racterization of the [Fe-S) centers in correlation
with the previously reported EPR data.

In the native state, the Mossbauer parameters of
the only quadrupole doublet observed at 4.2 K
with an externul field of 500 G applied parallel to
the gama beam (AEQ=(0.63 +0.02) mm/s, and
6=(0.274+0.02) mm/s), are typical of high-spin
ferric jons with tetrahedral sulfur coordination,
Partially reduced states of the protein show two
types of doublets, at 150 K. The central quadru-
pole doublet is similar to that of the oxidized
Mo(Fe-S) protein. The outer doublet represents
the ferrous site in the reduced [2Fe-2S] clusters.
The shape of the ferrous doublet indicates that
it consists of at least two unresolved doublets.
This observation is consistent with the BPR find-
ing that the Mo(Fe-S) protein contains more
than one type of [2Fe-2S] cluster. The Moss-
bauer parameters for the two ferrous sites are
AE ,=(3.27+0.02) mm/s, 6=(0.57+0.02) min/s
and AE;=(2.79+0.02) mm/s, 6=(0.59+0.02)
mm/s,

Low tempcrature studies are being carried out in
order to compare the above data with [2Fe-2S)
clusters of reduced ferredoxin from spinach and
Rieske centers.
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EPR STUDIES ON ADENYLYL SULFATE
(APS) REDUCTASE

— A FLAVIN, IRON-SULFUR
CONTAINING PROTEIN

Sulfate reducing bacteria (SRB) utilize sulfate as
terminal electron acceptor (anaerobic ‘‘respira-
tion'') with concomitant accumulation of sulfite.
This metabolic process, known as dissimilatory
sulfate reduction is carried out by a complex enzy-
matic system as indicated schematically in Fig. 1
(1). Adenylyl sulfate (APS) reductase is a key
enzyme in the overall process, carrying out the
reduction of APS the activated form of sulfale, to
sulfite with the release of AMP [2].

ORGANISMS

APS reductases were purified to homogeneity
from the following sulfate reducing bacteria:
Desulfovibrio gigas (NCIB 9332), D. desulfuricans
(ATCC 27774), D. desulfuricans (strain Berre
ecau), D. baculatus (strain 9974) and D. vulgaris
(strain Hildenborough).

ACTIVE SITE COMPOSITION

The enzyme (molecular mass 440 KD, dimer) con-
tains 12-16 gatm of iron (arranged in [Fe-S} clus-
ters) and 1 FAD per monomeric unit, The chemi-
cal analysis (as well as the spectroscopic data, se¢
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Fig. 1
Schewnatic representation of dissimilatory sulfate reduction
pathway. Relevant enzymes

below) are quite similar, despite the microbial ori-
gin of the enzyme.

EPR SPECTROSCOPIC DATA — CHARACTERIZATION
OF THE IRON-SULFUR CLUSTERS

Low temperature EPR studies were undertaken in
order to characterize the redox centers present. In
the native state all the samples examined so far
show an almost isotropic EPR signal, centered
around g=2.02, only detectable below 25 K —
Center I (Fig. 2-A). This signal shows measurable
line broadening when the enzyme is isolated from
s7Fe grown cells (the experiments were conducted
with 5'Fe D. gigas enzyme). The signal is compali-
ble with the presence of a paramagnetic iron-sul-
fur cluster (see also below). The integration of
this EPR signal varies slightly from preparation to
preparation of the enzyme and also with its bacte-
rial origin, but accounts always to less than one
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Fig. 2
Left part — EPR spectra of APS reductase from D. desulfu-
ricans (strain 9974).

A — Native form; B — SO{ + AMP; C — Dithionite redu-
ced (20 sec.); D -— Dithionite reduced (30 min.)
Spectrum B is represented with twice the gain of sepetra A and
C. Spectrum D is represented with 1.23 of the gain of spectra
A and C. Temperature 8 K; modulation amplitude | mT;
power 2 mW,

Right part — Visible spectra of APS reductase from D. desul-
furicains (sirain 9974).

A — Nutive protein; B — Enzyme reacted with SOf;
C — Enzymc reacted with SO} + AMP

spin per monomeric unit (0.1-0.25 spin). The
catalvtic events occuring in the presence of natural
interacting substrates (sulfite and AMP) as well as
chemical reductants (ascorbate, dithionite and H,
reduced methylviologen) can be followed by EPR
in conjunction with visible spectroscopy. Different
redox states of the enzyme can be attained using
different reduction times,

Center 1, EPR g-values 2,077, 1.935 and 1.894,
integrates to approx. 0.7-0.9 spins per monomeric
unit and is only observable below 25 K. These
EPR features are trapped after a short dithionite
reduction time (Fig. 2-C) or in the presence of H;
reduced mcthylviologen. Sulfite plus AMP only
reduce partially Center 1l and affect drastically
the isotropic EPR signal (Fig. 2-B). Sulfite blea-
ches the (lavin chromophore contribution (Fig.
3-A/B) but do not affect appreciably iron-sulfur
centers. A complex EPR spectrum develops after
a long reduction time, whish accounts for at least
three iron-sulfur clusters (Fig. 2-D). Center 1 and
[l scem to be catallytically envolved with the subs-
trate (AMP +SO1) as scen by EPR and visible
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spectroscopies. EPR redox titrations, in the pre-
sence of dye mediators, indicate that Center Il hus
a relatively high midpoint redox potential (~ —50
mV). Preliminar Mossbauer spectroscopic studles
on D. gigas Fe APS reductase (in collaboration
with B.H, Huynh, Emory University, Atlanta
USA) indicate that the spectrum of the native
enzyme is essentially dominated by diamagnetic
quadrupole doublets typical of {Fe,S,) clusters in
the +2 oxidation state. The paramagnetic species
detected by EPR (g =2.02) may be in the limiting
range for Mossbauer detection, due to its spin
concentration, The presence of an extra melal

‘center has been ruled out by a careful screening of

the metal content of the enzyme. Further studies
are in progress in order to fully characterize the
APS reductase iron-sulfur centers.
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NICKEL-IRON-SULFUR-SELENIUM
CONTAINING HYDROGENASES ISOLATED
FROM DESULFOVIBRIO BACULATUS
STRAIN 9974

Hydrogenases from the periplasmic, cytoplasmic
and membrane fractions of Desulfovibrio bacula-
fus strain 9974 (DSM 1743) have been purified to
apparent clectrophoretic homogeneity.

PHYSICO-CHEMICAL DATA

Table | indicates the results of metal analysis as
well as other physico-chemical data, namely the
specific activity of the enzyme in respect to hydro-
gen evolution (umoles H;/min.mg.). Plasma emis-
sion metal analysis detects the presence of iron,
and of nickel and selenium in equimolecular
amounts, The U.V. and visible spectra show
broad bands around 277 and 390-400 nm, typical
of iron-sulfur containing proteins.

EPR DATA

The EPR spectra of the native (‘“'as isolated')
enzymes are shown in Fig. 1 A-C. All the enzymes
show a weak isotropic EPR signal centered
around g=2.02 observable at low temperatures
(below 20 K) that accounts for about 0.002 to
0.03 spins per molecule. The periplasinic and
membrane bound enzymes also show additional
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Table |

Physico-chemical data on D. baculatvs (9974) hydrugenases

. . , Meinbrane

Dari . .

Cyloplasmic  Periplasmic bound
Specific Activity
(amoles H,
evolved/min.mg.) 466 527 120
Molecular weight 100" 1o* 100"
(kDa) BI(S4, 1™ I5(49, 26X w62, 27)P%)
Metal content
Fe 7.7 (4.0 9250135 10.3(11.4)
Ni 0.54(1.0) 0.6%1.0) 0.90().0)
Se 0.56(1.03) 0.66(0.96) 0.86(0.95)
Ratio Ajsyize0 0.28 0.2§ 0.10

a) Moleccular mass determined by high pressure liquid chroma-
tography.

b) Molecular mass determined in the presence of SDS.

c) Molecular mass of subunits are indicated between bra-

ckets.
d) Values in () were converted per 1 nickel per minimial mole-
cular weight.

EPR signals with g-values greater than 2.0 assig-
ned to nickel(Ill), which are detectable up to 77
K. The periplasmic hydrogenase shows EPR fea-
tures at 2,20, 2.06 and ~2.00 (Fig. 1-B); the sig-
nals of the membrane bound enzyme can be

2.02

234 233

WJ\/\/J(FJ s

M/LJ[ML

Fig. 1
EPR spectra of D, baculatus (strain 9974) native hydrogenase:
A — Cytoplasmic fraction; B -- Periplasmic fraction;
C — Membrane bound fraction,
Experimental conditions: temperature 8 K; microwave power
2 mW; modulation amplitude t mT; microwave frequency
9.4! GHt
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decomposed into two sets of EPR signals with
g-valucs at 2,34, 2,15 and ~2,00 (component [)
and at 2.33, 2.24 and ~2.00 (component II)
(Fig. 1-C).

In the hydrogen reduced state all the hydrogenase
fractions show identical EPR spectra: signals typi-
cal of reduced iron-sulfur centers with g,
~1.94, and additional EPR features with g-values
greater than 2.0 that were assigned to nickel. The
conjunction of EPR studics performed at diffe-
rent temperatures and microwave powers, as well
as the observation of EPR signals in reduced sam-
ples (reduced either with H, gas or sodium dithio-
nite, during different times), enables the identifi-
cation of two sets of iron-sulfur centers: center /
(2.03, 1.89 and 1.86) detected below 10 X and
center 1l (2.06, 1.95 and 1.88) easily saturated at
low temperature.

DISCUSSION

The hydrogenase fractions isolated from 7. bacu-
latus (strain 9974) show unusual speciroscopic
properties which should be relevant for the
understanding of the role of EPR detrctable nic-
kel in hydrogenases. The samples show a very
weak EPR signal due to iron-sulfur centers in the
oxidized state. [ron-sulfur EPR signals have been
cbserved in the native state of other hydrogena-
ses. D. gigas hydrogenase has an almost isotropic
EPR signal centercd around g=2.02 as.igned to a
[FeyS,] center on the basis of complementary
EPR and Mossbauer spectroscopic studies [1).
This signal integrates from 0.7 up to 1.0
spin/molecule depending on the preparation. Ho-
wever, the D. vulgaris (Hildenborough) enzyme
also shows a very weak signal in the native state
which only accounts for up to 0.05 spin/molecule
[2) and the soluble D. desulfuricans (Norway
strain) hydrogenase is EPR silent as isolated {3].

The cytoplasmic fraction of . baculatus (strain
9974) hydrogenase is pratically EPR silent {the
isotropic signal accounts for 0.002 spin/molecule).
Additionally, EPR signals assigned to Ni(IIl) are
observed in the periplasmic and the membrane
bound form. The nickel EPR g-values observed in
the membrane fraction are typical of Ni(lll) as
observed for other nickel containing hydrogenases
as isolated. However the rhombic EPR signal ob-
served for the periplasmic fraction as isolated it

Rev. Port. Quim., 27 (1985)

quite unusual, Similar g-values (2.20, 2.06 and
2.0) were also observed in the D. desulfuricans
(Norway strain) enzyme isolated from the soluble
fraction 3]). Other complex nickel EPR signals
have been reported (4] and assigned as being the
result of the interaction between the nickel and a

iron-sulfur center, N

Upon reduction under hydrogen atmosphere (or
by addition of dithionite) the three hydrogenases
gave the sarne type of EPR spectra despite its na-
tive state, These observations indicate that native
hydrogenases isolated from different bacterial
sources or from different fractions (soluble or
membrane bound) yield different Ni(IIT) EPR sig-
nals [5]. They may contain the redox centers in
different oxidation states depending on the enzy-
me conditions. In order to express full activity,
certain enzymses (e.g. D. gigas yielding a 2.31,
2.23 and 2.0 native EPR nickel(I11) signal) require
an activation/reductive step. Others, as in the case
of D. baculatus (strain 9974) do not show a lag
time dependent activation step. The state of the

“nickel in the native preparation may be determi-

nant for the behaviour of the enzyme towards the
full expression of activity.

Remarkable is also the presence of selenjum in
equimolecular amounts to nickel. Selenium is also
found in Methanococcus vannielli (6] and D. de-
sulfuricans (Norway strain) hydrogenases [3].
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Eted?ctases activities. The M. barkeri sulfite reductase
has beern isolated (Psyo); it conceins 0.9 moly~ of siropgfm

an3 4.9 g atom of iron per subunit of moleculs. weight
23 XDa.

The EPR spectrum of Psgo uxhibits characteristics of
low spin ferrihaem with g values at 2.40, 2.30 and 1.88.

INTRODUCTION

The methanogenic pacteria are 3 diverse group of strictly
anaerobic microorganisms that produce methane from a limited
number of substrates. Methanosarcina barkeri belongs to a
qgroup of methanogens that are characterized by their ability
to grow not only chemoautotrophically on Hp + COz but also
chemoorqanotrophically with acctate, methanol or methyla-
mines as energy sources (29).

The methanogenic bacteria have recently been reclassi-
fied as ;rchaebacteria in recogniticn of the fact that they
are only distantly related in the evolutionary scale to
eucaryotes (1) and the strictly anaerobic pacteria such as
the sulfate reducing organisms and Clestridia (16) - several
electron carriers and factors unique to methanogenic bac-
teria have been jsolated from these organisms such as: €O~
enzyme ¥ (19), Fu20 (5), Fyez (16} and Fuao (29,6) which
may be isolated in a protein-bound form (20). The metabolism
of sulfur in methanogenic tacturid remains obscure although
it is of special importance: .o oty of tliuse organisms Syn=
thesize large amounts Of ¢’
reduced and oxidized sulfur.

14, which contains both

1n this paper we gepurt ot link

Lot meern hepdrousn and
sulfur metabolisms in M. gy

. Dt BuLLy .

MATERIALS AND METHODS

Grwth of the Microorganism and P'reparation of the Crude
Extracs

m_ barkeri (strain DSM 300) was grown at 37°C in a
:echanol—containing pediun 3as previously described (3). The
cells were suspended in 10 rtt Tris-HCl buffer pH 7.6. Duase
was added and the extract was ruptured once in a French press
at 62 MPA under Nz aumosphere. The extract was centrifuged

at 12000 rpm for 30 min and the supernatant constituted the
crude cell extract.

The sulfite reductase activity was measureua vz =
metric l"‘py as dﬁribed by Schedel et al. (24). It xe-
quires tne genera.-on of reduced methylviologen by an excess
of hydrogenase under hydrogen atmosphere. The reduced dve
then serves as electron donor to the sulfite reductase.

The thiosulfate and trithionate reductases activitiss were
also determined manometrically by the same technique.

The sulfite reductase (Psso) has been jsolated from
M. barkeri as previously described (21). The sircheme con~
tent of Psso Was analyzed according to the method of Sisagel
et al. (25). The hydrogenase of M. barkeri has bean puri-
fied as previously described (7). Three methods wWsare used
for the determination of hydrogenase activiey: H2 syolu-
tion with sodium dithionite (15 mM) as electron donox and
methylvioloaan (1 mM) as mediator in 50 oM Tris-#Cl puffer
(23); Ha2 uptake was followed by the reduction under H:2 of
benzyl-viologen (10 mM) at pH g.0; and D ~-Ht exchange act-
ivity was followed girectly in the 1iquid phase in a reaction
vessel connected to a mass spectrometer via a teflon mem~
prane allowing the diffusion of dissolved gases ro =he ien
source (2)-

The hydrogenase specific activities are expr:ssed as
moles of Hz or HD produced and H2 consumed per minute per
mg of protein. Total iron was determined by the TPTZ B2
(8) and nickel by atomic absorption using & perkin-Elmer
model 403.

proteir was determined by the Lowry (18} and biuret
{17) mecthods. The molecular mass of the native protzins
was cstimated by gel filtration on a column of Sevhadex
G-200 (30) and the subunit structure was determired on SDS
polyacrylamidc gel electrophoresis (28). The coupling
cffcct of hydrogenase on the reduction of different alectron
carriers was assayed by a spectrophotcmetric method fol-
lowing the reduction of the chromophores at 553 na (cyto-
chromes), 420 nm (Fy29) and 400 nm (ferredoxins) in the

presence of hydrogenase under a hydrogen atmosphere [#8
atm., 25°C).

=



ffrogcopic Instrumentation

The ultraviolet and visible spectra were recorded on a
'sckman model 35 Spectrophotometer. Electron paramagnet:n«
=Sonance Spectroscopy (EPR) was carried out on a Bruker
i0~-tt Spectrometer, equipped with an ESR-9 flow cryostat

7d a Nicolet 1180 computer with which mathematical mani puy.-
ations were parformed,

ISULTs
Toperties of the Hydrogenase from M, barkeri

The hydrogenase of the acetoclastic methanogenic bac-
rium M. barkeri (strain DsM 800) grown on methanol hasg
ten purified to homogeneity (7).

¢ protein is rather stable to high
‘Posure to air at 4°c. 1t shows an absorption spectrum
/pical of a non-hene iron protein with maxima at 275, 380
3d 403 nn and a ratio A400/A275 = ¢.29 (Figure 1). 1t
mntains B8-10 iron atoms, 0.6-0.8 nickel atoms and 1 FMN
*r subunit of molecular weight of 60 kDa.

The electron paramagnetic resonance (EPR) spectrum of
¢ native enzyme shows a rhombi
24, 2,20 ane ~ 2.0 probably due to nickel which is opti-
\lly measured at 40 X. In the reduced staze,
1tar hydrogen or dithionite as reductants, at least two
‘’es of g « 1.9¢ EPR signals, due to iron-sul fur centers,

r1ld be detected and differentiated on the basis of power
1. lenperature dependence.

using mole-

Under hydrogen the purified hydrogenase can reduce the
-:0 cofactor (either free or protein-bound) and the ferre-

»xin isolated from ». barkeri as well as CYtochromes cgqy

1 c3 from Desulfovibrio and c7 from Desul furomonas (Table
r- In the same conditions, this Protein can also reduce
:2hyl and benzyl viologens.
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Figure 1. Electronic absorotion spectrum of oxidized .
barkeri hydrogenase (0.52 mg/ml) at 25°C.



Proteins and Hydrognnase from

Direct Coupling Between Electron Transfer

Methanposarcina barkeri

Table 1.

(DSM 800)

Reduction by
liydrogenage

Under M,

Active Center

Protuin

Yes

1l Heme C (Met, His)

Desulfuricans

(Baerre Eau)

D.

Cytochrome cs4)

Yes

J Heme C (Mis, llis)

Cytochrome ¢y Desul furomonas

Acetoxidans

Yes

4 Heme C (His, llis)

(M.w. 13000)

Cytochromes c,

Yes

{3 Fe - X S}

Ferredoxin M. Barkeri

Partial

[3Fe-4S}) + [IFe=XS)

Yerredoxin IT D. Desulfuricans

(berre Eau)

Yes

5 - Deazaflavin

laceor Fy39 M. barkeri

Mononucleotide

From D. gigas, D. desulfuricans Berre Eau, D. baculatus strain 9974.
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A comparative study of two (Fe-Ni) hydrogenases (from
D. gigas and M. barkeri) and one FFe-) hydrogenase (from
D. vulgaris Hildanborough) has been made {(Table 2). The
periplasmic hydrogenase from D. vulgaris Hildenborough is

the most active in H, evolution, H uptake and Dz-H* ex~
change

Sulfur Metabolism in M. barkeri

The M. barkeri crude extract exhibits sulfite, thio-
sulfate and trithionate reductases activities (Table 3).
The sulfite reductase (Psqg) has been purified from this
strain as previously descriked (21). The optical spectrum
of M. barkeri Pgyy shown in Figure 2 exhibits absorption
bands at 590, 543, 395 and 275 nm. There is no band around
715 nm as is usually seen in other sulfite reductases; this
band is characteristic of high spin Fel* complexes of
isobacteriochlorins (26). The lack of this band in Pgyg
is probably indicative that the siroheme is in a different
spin state. The EPR spectrun of M. barkeri Pssgp shown in
Figure 3 exhibits characteristics of low spin ferriheme
with g values at 2.40, 2.30 and 1.88. Spin quantitation
of this EPR signal yields a valus close to 1 spin/siroheme.
When Pseg reacts with cyanide under reducing conditions
(in the presence of methyl viologen) ant EPR spectrum
characteristic of reduced {4Fe-45] ’+ center is observed (our
unpublished results).

The chemical analysis of iron and siroheme together
with EPR analysis show that Psgo must ccntain one siroheme
and probably one [4Fe-4S] center per mole of protein.

DISCUSSIUN

The specificity of the soluble hydrouerase from M.
barkeri (DSM BCC) for the reduction under H, of saveral
clectron carriers has been investigated. This protein
is able to rcduce some monoheme and sultiheme cytochromes c
isolated from sulfate and sulfur reducing bacteria. This
hydrogenase reduces also completely the ferredoxin of .
barkeri and partially the D. sulfuricans (Berre Eau) ferre-
doxin. This protein can finally reduce the cofactor Fu2e
from M. barkeri (free or protein-bound). We should note that
the factor Fus20is not reduced by the other (Fe-Ni}) hydro-
genase from D. gigas (G. Fauque and J. LeGall , unpublished).
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Comparison of Specific Activities of 2 Fe-Ni lydrogemises (Desulfovibrio

Table 2,
Giyas and Nethanosarcina Barkeri) and 1 Fe-llydrogenase (D. vulgaris Hilden-
torough)
Ha Evolution Iy Uptake D pProduction
(1 mM M.V, + 1/5 104 Na;5,04) (10 mM 3V) (20% D3 in Ar)
Oorvanism pH 7.6 pH 8.0 cH 7.6
D. yligas 440 1 500 147
M. barkeri 270 960 35
D. vulguris 3 800 37 o000 w7
The specitic activities are expressed as wmoles of gases evolved ~r consun=i per

mintee per milligram of protein.
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Table 3. Reduction Under Hydrogen of Sulfite, Thiosulfate
and Trithionate by a Crude Extract of M. barkeri

Addi tions

None

Na 50,
Na 25203
Na ;5306
Na 250,

plus ATP

Activity
wmoles Hy min™}! ng’l
(4]

18

All reaction mixtures conta 1ned crude extract of M. barkeri
(DSM 804) plus methyl viologen (5 mM), temp. 30°C; gas phase

H2. Nagfi0y, 20 mM; phosphate buffer, pR 6.5,

0.2 M; Na35,0,,

20 mM; prosphate buffer, PH 7.6, 0.2 M; Na3S30¢, 20 =M; Tris
buffer, p#H 7.5, 0.1 M; NazS0., 20 =M, MgCla, 20 x¥, ATP,

20 mM, phosphate buffer, PH 7.0, 0.2 M,

Recently, EPR and M8ssbauer gtudies cf assimilative
sulfite reductase isolated from D, vielgaris Keldenborough
firmly establish that the siroheme is also in a low spin
heme complex (12). M8ssbauer gpectroscopy demonstrated that
the siroheme is exchange-coupled to the [4Pe-4S) center.

The siroheme-[4Fe-4S] unit is a common prosthetic group
found in Escherichia coli sulfite reductase and spinach
nitrite reductase. However, D. vulgaris sulfite reductasa
and M. barkeri Psgp are the only knowm exarplez whore tha
native state of the enzyme contains a low-gpin ferric gsiro-

heme .

CONCLUSIONS

The presence of gulfite, thiosulfate and trithionate
reductase activities in A. harkeri chows that its sulfur
metabolism is far more complex than waz first Buspected.
Since sulfide ions are most prxobably predominant over oxi-
dized sulfur compounds at the low redox potentials which are
necessary for the growth of methanogenic organizms, it is
not clear why these bacteria would need to reduca thege



compounds. It has already been suggested (21) trnat M.
birkeri suifite reductase could actually function in a
reverse direction, thus allowing the production of oxidized
sulfur which is necessary for the biosynthesis of coenzyme
¥. 2Another attractive hypothesis is that a sulfur cycle
wight function when M. barkeri +rows in association with
sulfate reducing bacteria: a rcoxidation cof sulfide to
sulfite would allow the latter organisms to obtain extra
enerqgy thrcugh oxidative phosphorylation ooupled to methane
formation and the constant cycling of sulfide and sulfite
night prevent the accumulation of toxic levels of sulfide.
A study ol Desulfovibric vulgaris growing through inter-
species hvdrogen and acetate transfer with M. barkeri has
shown that the growth yield of the sulfate reducing bac-~
terium is much higher than expected based on the loss of
ATP originating from oxidative phosphorylation (27). The
r<esence of a sulfite/sulfide cycle, elimina=ing the losas
of ATP for the activation of sulfate and allowing the pro-
duction of ATP through oxidative phosphorylation during
sulfite reduction would axplain the unexpected high growth
yieid of the sulfate reducing bacteria.

In contrast to the Fy25 hydrogenase isolated from
Metharobacterivm formicicum (22,13,14), 4. barlers hydro-~
genase appears to be extrdmeliy stable as far as its react-
ivity toward Fy ;3 is concerned. A$ seen in Table 1, its
reactivity is extremely broad and is rot lim'.ted to two
electron acceptors since it can reduce thre monoheme cyto-
chrome cgsy) from sulfate reducing bacteria.

The sulfite reductase of M, barkeri appears similar
to the so-called assimilatory sulfite rcductase from D.

vulgaris strain Hildenborough (15,12) in its molecular weight,

neme and nonheme iron content and in the spln state of its
siroheme. This is tae second protein from a methanogenic
“archaebacterium™ that is shown to bea: similarity with a
protein from a sulfate reducing bacterium, With 26 direct
homologies, the ferredoxin from M. barkeri {11) is more
closely related to ferredoxin il from D. desulfuricans
Korway 4 (9) than the later protein 1s to D. gigas ferre-
doxin (19 direct homologies) (1).
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Using EPR and Massbaucr spactroscopy we have shown pre-
viously! that Desulfovibrio gigas fcrredoxin 11 (Fd I1) contains
a 3Fe cluster. EXAFS studies® and chemical analyses® have
suggested that this cluster has a cubane Fe,S, core stoichiometry.

(1) Huynh, B. H.; Moura, J. J. G.; Moura, 1.; Kent, T. A, LeGall, J.;
Xavicr, A, V.; MOnck, E. J. Blol. Chem, 1980, 255, 3242-3244.

(2) Antonio, M. R.; Averill, B. A.; Moura, I.; Moura, J. J. G.; Orme-
Johnson, W. H.; Teo, B.-K.; and Xavier, A. V. J. fliol. Chem. 1982, 257,
6646-6649.

(3) Beinert, H.; Emptage, M. H.; Dreyer, J.-L.; Scott, R. A Hahn, J. E.;
Hodgsen, K. O.; Thomson, A. J. Proc. Nail. Acad. Sei. U.S.A. 1983, 80,
393-196.
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Figwre 1. X-band EPR spectra of the oxidized CoFe cluster. (A) Middle
trace: Fe; T = 40 K; microwave power | mW; modulation amplitude,
0.5 mT. Lower trace: same as middle trace but 7= 9 K. Upper trace:
spectral simulation of 40 K spectrum using parameters quoted in the text,
(B) Expanded view of low-ficld portion of 40 K spectra using samples
containing ¥Fe (7 = 0) and *'Fe ({ = '/,).

]

We have also shown* that the 3Fe cluster can be converted into
astructure with a cubane Fe S, core. This conversion occurs with
facility upon incutation of the protein with excess Fe?* in the
presence of dithiothreitol. Similar conversions have been reported
for aconitase.® The fucility of the Fe,S, — Fe,S, conversions
has suggested to us that one may be able to incorporatc other
metals into the vacant sites of a Fe,S, cluster and thus generate
a series of novel clusters. We report here evidence for the for-
mation of a structure with a cubane CoFe,S, core.

Fe I was purified and then incubated with excess metal sim-
ilarly to the procedure described.* Typically 0.5 mL of di-
thionite-reduced Fd I, 0.5 mM in Fe,S,, was anacrobically in-
cubated for 6-12 h with 15 mM Co(NO,), and § mM dithio-
threitol and then repurified as described. Addition of sulfide was
not required. Metal analysis of four samples by plasma emission
spectroscopy yielded, after correction for unconverted Fe,S,, (3
4 0.3) Fe/Co. We call acrobically purified material the oxidized
Co~Fe sample; this material is EPR-active. Upon addition of
dithionite a reduced, EPR-silent, state was obtained,

Figure 1A (middle trace) shows an EPR spectrum of an oxi-
dized sample. The spectrum exhibits cight well-resolved ¥Co (/
= /,) hyperfine lines centered around g, = 1.98. The high-ficld
portion of the g, resonance is superimposed on a derivative-type
feature at g, = 1.94; the third principal resonance is centered at
8, = 1.82. Thus the spectrum of our oxidized snmple is similar
to the “g = 1.94" signals of reduced ([Fe,S)*) clusters. A speciral
simulation (upper trace of Figure |A) yielded g, ~ 1.82, g, ~ 1.94,
8: =198 A, ~ A ~0mT, A, = 44 mT, and linc widt‘ls of 20,
15.,and 2 mT along x. y, and z, respectively. A, and A4, are quite
uncertain because these parameters are strongly correlated with
the widths along x and y.

In Figure IB we show in an expanded view the first thres
low-ficld resonances for samples containing *Fe (lower trace) and
3?Fe (upper trace). The obszrvation of line broadening of 0.6 mT
by ¥’Fe of the *¥Co hyperfine resonances™ demonstrates that the
EPR signa! results from a cluster containing both Co and Fe,
suggesting the Co has been incorporated into the vacant site of

(4) Moura, ). J.G. Moura, | Keat, T. A Lipscomb, J. D.; Huynh, B.
Ho LeGall. 3, Xavier, A V. Munch, E. J. Biol. Chem. 1982, 257, 6259-6267.

(3) Kent, T AL Dreser, J-1; bennedy, M. C; Huynh, B. H.; Emptage,
MOHG Banert, B Manch, B Proco Narl Acad, Sei. US4, 1982, 79,
1096 - 1100
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Figure 2. Mdssbausr spectra of reduced (A) 2nd oxidized (B~D) CoFe
cluster. (A) Dithionite reduced sample at 4.2 K in zero applied field; (B)
oxidized sample at T = 183 K, (C and D) oxidized sample at 4.2 K in
60 mT and 6.0 T parallcl fields, respectively. Solid lines in (C) and (D)
are computer simulations with parameters of Table I. Theoretical spectra
of subsites I (two Fe atoms) and I are shown scparately in (D).

Table I. Hyperfine Favameters of Oxidized Co~Fe Cluster at 4.2 X

site 1° site 11
A, MHZ ~35 +27
A, MHz ~38 +27
A, MHz -3 +32
AEq, mm/s +1.35 -1
" 0.4 0.4
&, min/s 0.44 .15

“Two equivalent Fe belong to site 1. ®Since # is quite isotropic, the
labels x, y, and z have no spatial relation to the g,, g,. and g,. Sce ref
8. ¢Isomcr shiits are quoted relative to Fe metal at 298 K.

the Fe,Sy cluster. The observations of EF signals around g =
2 suggests that the system has a spin S = '/, Quantitation of
the 40 K EPR signal against a copper perchlorate standard gave
repeatedly =1 spin/Co. We have observed no other EPR-active
species in either oxidized or reduced material, suggesting that the
samples are free of adventitiously bound Co(ll).

The lower trace in Figure 1A shows a 9 K EPR spectrum
recorded under conditions where the signal of the Co-Fe cluster
is partially saturated. The resonance at g = 2,01 belongs to
unconverted Fe,S, clusters.! Thus, the EPR spectra (as well as
the Massbauer spectra) allow us to estimate the conversion yield.
For five preparations we determined that 55%, 73%, 85%, 89%,
and 94% of the total Fe belonged to CoFe,S, clusters, with the
remainder in unconverted Fe)S,. Typically 60-70% of the starting
material was recovered.

The Mossbauer spectra of two samples® are shown in Figure
2. At 183 K the spectra of the oxidized Co-Fe cluster (Figure
2B) consist of one slightly asymmetric doublet (suggesting in-
equivalent irons) with quadrupole splitting AEg = 1.10 mm/s end
isomer shift § = 0.36 mm/s. At 4.2 K the spectra exhibit para-
magnetic hyperfine interactions. The response of the spectral
intensities to weak applied ficlds’ shows that the spectra result

(6) The raw data contained contributions from unconveried 3Fe clusters,
The sample of Figure 2A contained 6% of FeyS, according 1o EPR end en
undetectable amount of Fe,S, accarding 10 the Mossbauer data (the
Mbsibauer sample was quite dilute). Both techniques suggest 28-30% une
converted Fe)S, for the sample of Figure 2B-D. For clarity we have sub-
tracted the spectral contributions of Fe,S, from the raw date to obtnin the
spectra of Figure 2B-D.

(7) Manck, E. Methods Enzynri. 1978, S4, 346379,



from three iron atoms residing in the cluster which yields the
observad EPR signal. Analyses of the 4.2 K spectra reveals two
distinct sites with occupancy ratio of 2:1. We have descrived the
data by the spin Hamiltonian (S = /,)

At = 88341 + TAS-AUYT0) - gaBu1TG) + HopualD)
i}

where § designates the two distinct sites.  For details of such
analyses see ref 8. The solid lines in Figure 2C,D are simulations
using the parameters of Table {.  The hyperfine tensors of the
two types of Fe sites have different signs, an indication of a
spin-coupled system.

Figure 2A shows a 4.2 K spectrum (AEg = 1.28 min/s and
8 = 0.53 mm/s) of a dithionite-reduced sample. In strong applied
ficlds the spectra (not shown) exhibit magnetic hyperfine structure;
i.c., the complex is paramagnetic with integer £pin 5.

The values for 8, which is a useful oxidation state marker, can
be compared with those! of the Fe,S, cluster produced by re-
constitution of apo-Fd II. The average shift §,, = 0.41 mm/s of
the oxidized Co~Fe cluster compares well with §,, = 0.44 mm/s
of ihe [Fe,S,J2* cluster. Likewise, 3,, = 0.53 mm/s of the reduced
Co-Fe ciuster is very similar to 8,, = 0.57 mm/s observed* for

150

[FelS()*. These observations, as well as the EPR resuls, suggest
that a [CoFe,S,)** cluster is isoclectronic with a {Fe,S,]* cluster.

In summary, the Massbauer and EPR studics as well ns
chemical analysis suggest the presence of a novel cluster with o
CoFe,S, core. The formation of a CoFe,S, cluster in Fd 11 shows
that Fe,S, clusters, incorporited into a prolein matrix, can serve
as promising precursors for the formation of novel clusters. We
have preliminary evidence for the formation of a cluster containing

copper.
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DESULFOVIBRIO GIGAS HYDROGENASE;
CATALYTIC CYCLE
AND ACTIVATION PROCESS

Desulfovibrio gigas [NiFe] hydrogenase
(E.C. 1.12:2.1) has a molecular weight of 89 kD
(two subunits of 63 kD and 26 kD) and contains
I gatm of nickel, 11 gatm of iron and 11-12 gatm
of sulfide [1].

I — NATIVE STATE
IRON-SULFUR-CENTERS

Mossbauer and EPR spectroscopic studies esta-
blished that in the purified enzyme the iron-sulfur
clusters are arranged in a [Fe,S,],, cluster (EPR
active) and two [Fe,S,]* clusters (EPR silent) (2).
The [FeyS,] o, cluster is the origin of an almost
Isotropic BPR:signal centered around g 2.02, ob-
servable below 30 K. The Mossbauer parameters
of the [Fe,S,} clusters (quadrupole splitting of

Rev. Port, Quim., 27 (1985)
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1.16 mm/s and isomeric shift of 0.46 mm/s, at
4.2 K) are typical of 4Fe centers in the +2 oxida~
tion level {2).

NICKFEL CENTER

In the native preparations, a rhombic EPR signal
with g-values at 2,31, 2.23 and 2.02 (NVi-signal A)
is observed up to 120 K (Fig. 1). This rhombic
signal, assigned to nickel(IIl), accounts for

1.3 1.1t
Gi~signal 3 T

iy

Mi-stgnal A }
T
.2

l
1
v Ln 101

Fig. |
EPR spectra of D. gigas [NiFe] hydrogenase, recorded in a
Bruker ER-200 11 specirometer, equipped with an Oxford
Instruments continuous flow cryosial.
A) and B) — Two different preparations of the engyme, Tem-
perature 100 K, modulation amplitude I mT, microwave
power 2 mW, frequency 9.34 GHt

50-100% of the chemically detectable nickel de-
pending on preparation. This assignment was con-
firmed by the observation of hyperfine coupling
in $Ni-isotopic replaced hydrogenase [3). A minor
species can also be detected at g-values 2,33, 2.16
and ~2.0 (Ni-Signal B, Fig. 1). The relative inten-
sities of Ni-Signals A and B varies with prepara-
tion and can be altered by anaerobic redox cycling
of. the enzyme.. Thisindicates that.thiere. exists
different Ni(III) environments in the oxidized
enzyme,

7 108"
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2 — INTERMEDIATE OXIDATION STATES

The first event occuring during the anaerobic
reduction of D, gigas with hydrogen is the disap-
pearance of Ni-Signals A and B and the isotropic
$=2.02 signal due 1o the [Fe,S,] clusters [4]. An
EPR silent state is then attained. Further reduc-
tion of the enzyme under H, atmosphere is ac-
companied by the developinent of a new rhombic
EPR signal with g-values at 2.19, 2.16 and 2.02
(Ni-Signal C, Fig. 2-A). This signal was also attri-
buled to a nickel species by the ¥!Nj isotopic subs-
titution {3).

During the course of the reduction experiment
Ni-Signal C attains a maximum intensity (40-60%
of the chemically detectable nickel). Longer incu-

):" .18 2,03

Wi-signal €

FRTES

rl.|°

Fig. 2
EPR spectra of intermediate redox states of D. gigas [NiFe|
hydrogenase, in the presence of hydrogen. Experimnental condi-
tons as in Fig, 1.
A) Temperature 77 X, microwave power 2 mW.
B) Same as A, at 4.2 K, microwave power 2 mW¥

bation time under H, yields an EPR silent state,
when measured at 77 K. At low temperature (be-
low 15 K) EPR signals typical of [Fe 8] clusters
arc observed (5).

Al redox states of the cnzyme such that Ni-Signal
C devclops, low temperature studies reveal the
presence of another EPR active species: below 10
K, the shape of the EPR spectra changes drasti-’
cally and a new set of signals at g =2.21, 2.10 and
broad components at highcr field is clearly discer-
nible at 4 K (Fig. 2-B). This set of g-values exhi-

2]
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bits different power dependence from that of Ni-
-Signhal C (readily saturated with low microwave
power, typical of a slow relaxation species). The
origin of the *2.21" signals is under discussion.
Since these signals are only observable at low tem-
perature with high microwave power levels (fast
relaxing species), they may originate from an iron-
-sulfur center. Since the g-values appear 10 be too
high, another explanation is that they originate
from the Ni-center weakly interacting with ano-
ther paramagnetic center in the vicinity (e.g, iron-
-sulfur center).

3 — MID-POINT REDOX POTENTIALS

Redox transitions were observed at -70 mV (mea-
sured by the disappearance of the 2.02 signal) and
-220 mV (measured by the disappearance of the
Ni-Signal A (Fig. 3 - insert A)). Only the second
redox transition is pH dependent, with a slope
of ~-60 mV per pH unit [6]. Ni-Signal C deve-
lops at a mid-point redox potential below -300
mV, reaches a maximum around -350 mV and dj-
sappears below -400 mV (Fig. 3).

L1SSoLO et al. (7} determined the activity of the
enzyme as a function of the redox potential. Their
study indicates that the hydrogenase activation is
a one-clectron process with a mid-point redox po-
tential around -340 mV (Fig. 3 - insert B). This
value correlates with the appearance of Ni-Signal
C, suggesting that this signal may represent an ac-
tivated state of the enzyme.

4 — ACTIVATION PROCESS
AND CATALYTIC CYCLE

The definition of the role of the nickel during the
redox cycle of [NiFe] hydrogenases requires the
assignment of the oxidation states involved, the
characterization of the ligation mode of the nickel
center, as well as the elucidation of possible inte-
ractions betwcen the redox centers.

The simplest interpretation of our redox data in-
volves a redox scheme that requires the transition
from Ni(Ill) to Ni(0). However, nickel chemistry
shows that the very high and very low oxidation
states are not stable chemical species; very negati-
ve and very positive redox potentials are associa-
ted with the transitions Ni(l) = Ni(0) and Ni(ill)
= Ni(Il}), respectively. Also, the Ni(lIh/Ni(1l)

Rev, Por Quim | 27 (198Y)
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EPR signal intensity (arbitrary units) of the Ni-signal C in function of the redox potential, EPR signals were measured at 77 K.
No attempt was made 1o fit the experimental poinis (0 a Nefnst equation,
Insert A — Redox titration followed at g=2.02 (10 K) and g =2.31 (77 X), data from reference [2].
Insert B — Activation profile of D. gigas [NiFe] hydrogenase ot different partial pressures of hydrogen, data from refcrence [7)

chemustry offers a wide range of versatile proper-
ties namely: facile rearrangement of ligands, spin
and conformational equilibria as well as alteration
of the type and number of ligand in the nickel
coordination sphere. The redox potential of the
Ni(IH)/Ni(11) couple can be brought, in principle,
lo physiological levels by preferential stabilization
of the Ni(IlI) state. Thus, the utilization of fewer
redox states seems more realistic in terms of the
nickel chemistry,

Another important point to consider in the reac-
tional mechanism of hydrogenase is that the so-
-called **oxygen stable [NiFe] hydrogenases (e.g.
D. gigas hydrogenase) are not fully active in the
*“‘as isclated’’ state. Studies of the hydrogenase
activity (7) indicate that the enzyme must go
through a lag phase as well as an activation one,
in order to be fully active, This complex pheno-
menon seems o envolve the removal of oxygen
(lag phase) followed by a reduction step {activa-
tion phase).

Taking into consideration the hydrogenase activity
studies, the plausibility of the Ni(lll) = Ni(ll)
redox cycling scheme, and the sequence of events
observed by EPR spectroscopy upon exposure to
H, atmosphere, a model is proposed for the me-
chanisin of the [NiFe) hydrogenases in the context
of both the citalytic and the activation processes:

Rev, Port Quim. . 27 (1989)

Ni(HI) Ni(I1) Ni(i)-H"
Fes, Lty g Feisa U Hy  (pesmne g
[Fe S0 [Fe(S" 1Fe 5" further
. reduc.
(FesS, ) [FeyS,)ied {Fe,S ea tion
Ni-signal A EPR silent Ni-signal C
Ni-signal B H2.217 EPR signal
g=2.02

The *‘as isolated'’ state is fully characterized.
EPR and Mossbauer studies in the enzyvme *‘as
isolated’” [2] indicate that there is no magnetic
interaction between these four redox centers.
The active state of the enzyme is EPR silent.
During this activation process, both the isotropic
g=2.02 and the nickel signal disappear. The loss
of the g =2.02 signal is attributed to the reduction
of the [Fe,S,) cluster, E,= =76 mV (EPR silent
[Fcls\]l'd)-

In order to retain the Ni(11)/Ni(Il) redox scheme,
the disappearance of Ni Signal A and/or Ni Sig-
nal B requires a more complicated mechanism,
We propose that one of the {Fe,S,} clusters is re-
duced into a [Fe,S,)" state (S=1/2) and the redu-
ced cluster is spin coupled with the Ni(lll) center
resulting in an EBPR silent state. This proposal im-
plies that the previously determined redox poten-
tial, -220 mV, for the disappearance of Ni-Signal
A 2] is actually the mid-point redox potential for
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one of the {Fe,S,} clusters. Such a mechanism is
supported by the optical studies which indicate
that the activation process involves the reduction
of Iron-sulfur clusters, Preliminary Mossbauer
data (our unpublished results in collaboration
with B.H. Huynh) also show that approximately
one [Fe,S,} cluster is reduced in the EPR silznt
state and it is pos-ible to recognize the normai
“*signature’’ of the reduced 3Fc cluster,

The events which follow the EPR silent state are
the appearance of both the Ni-Signai C and the
“'g=2.21" signal. In accordance with the hete-
rolytic mechanism of hydrogen activation, we pro-
pose that in the presence of the natural substrate
& hydride intermediate state is obtained. The nic-
kel center is assigned a- the hydride binding site
and the [FeS,]*! cluster is the proton binding si-
te. The spin coupling between the Ni(lII) and the
{Fe S¢Jt* cluster is broken in this hydride interme-
diate, originating Ni-Signal C. Thus, this signal is
assumed to represent the hydride-bound Ni(IIl)
center and the g=2.21 is artributed to the proton-
-bound [Fe S,1'* cluster. Alternatively, the
g=2.19 EPR signal could be due to a transient
Ni(IIl) state in a different coordinaiion, resulting
from the breaking of the coupling and the g =2.21
signal could be due to the intcracting Mi(11I) and
(Fe,S,}** centers bound to hydride and proton,
respectively. By further incubation with H, the
Ni-Signal C disappears, suggesting reduction to
Ni(ll) with the concomitant development of redu-
ced [Fe S;] center signals.
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HYDROGENASE

FROM CHROMATIUM VINOSUM:
THE REDOX STATES OF NICKEL
AND THE IRON-SULPHUR
CLUSTER DURING CATALYSIS

The presence of nickel in a purified hydrogenase
was first reported in 1981 by Graf and Thauer {1}
for the enzyme from AMethanobacterium ther-
moautotrophicum. EPR spectroscopy [2] showed
that virtually all nickel v:as present as low-spin
Ni(I1I) which could be reduced with H,. No sig-
nals due to Fe-S clusters ware observed. Hydroge-
nase from Ckromatium vinosum, also a nickel-
-enzyme, clearly displays two signals in the g=2
region which could be ascribed 10 Fe-$S clusters
{3]. An analysis of the 4 different EPR signals
that can be detected in the enzyme as isolated led
to the following hypothesi, {3-5]. The preparation
contains intact and defect enzyme molecules. De-
fect molecules, which e unreact've ‘n the stan-
dard activity assays with viologens, contain one
Ni(IIl) ion and one {3Fe-xS]® cluster. Two forms
of Ni(lll), Ni-a and Ni-b, can be detected. Their
ratio varies from preparation to preparation. In-
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COBALT CONTAINING B,, COFACTORS
FROM METHANOGENIC BACTERIA
~— SPECTROSCOPIC CHARACTERIZATION

Methanogens are primitive organims that use the
reduction of CO, by H, to methane as a terminal
metabolic electron transfer reaction [1]. They be-
long to a bacterial group designated as *‘archae-
bacteria’’, which are distantly related in the evolu-
tive scale to cucharyotes and to the strict anaero-
bic bacteria such as clostridia and suifate reducing
bactera.

Several clectron carriers and factors, unique to
methanogens, have been isolated from these bac-
teria (including Fgy, coenzyme M, factors Feo
and Fy,).

Recently, a B,; containing protein was isolated
from Methanosarcina barkeri (DSM 800) (2]. This
protein contains bound aquocobalamine and when
the cofactor is reduced and methylated with 1C-
-methyl iodide, the resultant “C-methyl B,; pro-
tein is extremely active in the biosynthesis of 4C-
-labeled methane [2).

Two By, proteins have now been isolated from M.
barkeri (DSM 800 and 804). The visible spectra of
native By, proteins from both strains arc very
similar and characteristic of bound aguocobala-
mine (Fig. 1). The enzyme cofactor can be
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reduced with tuercaptocthanol or borohydride and
methylated by methyl iodide, producing the
methyl By, form of the protein (Fig, 1). The
methylated form of the enzyme can be converted
by photolysis to a stable low-spin Co" complex.

T

100

Fig. 1
(A) Absarption spectra of By, containing protein from M. bar-
keri (DSM 804) in the native form. (B) Absarption spectra of
8,, containing protein from M, backeri (DSM 800) in the nati-

ve form (. ) reduced with BH; after 2 hours of reduc
Hon freeesees ), methylated with CHyl (------) and after photoiy
sis under reducing conditions
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Amino-acid composition, cobalt and molecular
weight of both proteins is shown in Tablc I. The
proteins show similar amino-acid compaosition and
the same Co content per monomer, in spite of
their different oligomerization forms.

The corrinoids were extracted and purified from
cell extracts and also from the purified proteins In
their cyano formi according to BERNHAUER ef al,
{3]. Different corrinoids are present in the cell ex-
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Tahle 1
Amino Avid Compasition of M, berkeri /DSA? 800 and 804)
8y, Protein

Byy protein from By, Protein from

M. barkeri A, bhatrkeri
(DSM 800) (DLY5 804)
Animc-acids
from nearest from ncarest
unnlysis ifeger  analysis  infeger
L.ysine 12.8 13 12.2 12
Hysidine ).y k) 3.8 kS
Arginine 4,2 4 4.6 5
Tryplophan n.d, n.d. n.d. nd,
Aspartic Acld 17.2 17 18.4 18
Threonine B.0 9 9.5 10
Serine 6.5 7 7.4 8
Glutamic Acid 20.9 21 18.7 19
Proline 7.1 ? 2.1 7
Glycine 1.5 15 15.0 15
Alanine 18.3 18 15.3 15
Cystelne (Hal)  n.d. n.d. 3.2 4
Valine 1.9 12 12.5 13
Methionine 6.0 7 54 6
Isolcucine 10.0 10 9.9 10
Leucine 13.0 13 12.5 13
Tyrosine 4.4 5 4.5 5
Phenylalanine 5.6 6 4.5 5
Total Residues 168 169
Cohalt | 1
Moal, Weight 72 000 50 000
{subunin) (18 100) (17 800)

ay oy

tract, The major onc (~ —90% of total) was com-
pletely purified and analysed. The visible spectra
of dicyano and monocyano complexes of this cor-
rinoid arc¢ shown in Fig, 2. The nuclear magnetic
resonance spectra of this corrinoid as well as that
of the corrinoid from the holoenzyme, are shown
in Fig, 3. The NMR speclra of the corrinoids pre-
sent six resonances in the aromatic region. Two of
these resonances come from a meso (C-H) and a
ribose (C,-H) proton. The other four are assigned
to base protons showing that the 5,6-
-dimethylbenzimidazole is replaced by 5-
-hydroxibenzimidazole, No resonance is observed
in the region between 2 and 4 ppm, which could
account for a metoxy group, showing that in M.
barkeri factor 11 (and not factor II1,) is the cor-
rinoid present in larger quantities. The corrinoid
extracted from the purified B,, containing protein

POSTER SESSIONS: Ml?TAll.OPIUTEIN!
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Fig. 2
Absorption specira of S-hydroxybenzimiduzolcobalaming s
tracted from cells af M. barker (DSM 800) in the monocvain
and dicyano complex forms

is spectroscopically identical to that isolated from
the cells. The NMR spectra shown in Fig. 3 clo-
sely resembles the one published for factor HI by
Hensens ef al, [4).
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Fig. 3
300 MHz 'H NMR specira of factor NI (5-
-hydroxybenzimidaznicobalamine) from M. barkeri. (A) Corri.
noid extracted from the purified By, protein from M, barketi
(DSM 804); (B1) Corrinoid exiracled from ihe purified By
prolein fromn M. barkeri (DSM 80C); (B2) Corrincid exiracted
JSrom cells of M. barkeri (DSAM 800)

When the methyl By, protein (from both strains)
or the methyl extracted corrinoids are photolysed
under reducing conditions, an EPR spectra at 77
K depicts typical signals of a stable Co" complex
(Fig. 4). Triplets are observed from the N-hyperfi-
ne interaction of the coo, sinated benzimidazole
base showing that the nucleotide base is coordina-
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Fig. 4
(A) EPR specire of B, containing protein from M. barkeri
(DSM 800); (B) EPR spectra of the extracted corrinoid Srom
cells of M. barkeri (DSM 800).
Bath methyl D), protein and methyl exiracted corrinoids were
photolyzed under reducing conditions.
EPR Condilions: Microwave frequency 9.28 GHz; Temperatu-
re 77 K; Microwave power 20 mW; Ficld modulation 2 mT;
Gain 8x 10

ted to the cobalt both in its bound form to the
protein and in the free form.

M. barkeri is until now the only methanogea whe-
re the presence of a B,, protein was reported
[2,5]). In these bacteria it was shown that factor
Il is the most abundant corrinoid in the cells and
that it is also the corrinoid associated with the B,;
protein.

Although the physiological role of these proteins
is not yet clearly cstablished, they scem to be in-
volved in the biosynthesis of CH,S-CoM or CH,
from CH,0H {2}.
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A BLUE COPPER PROTEIN
FROM THIOBACILLUS VERSUTUS

The multifarious coordinating capabilities of cop-
per are reflected by the variety of mttallpprotcins
in which Cu occupies the catalytically aclive site.
The usual classification of copper proteins distin-
guishes between three or four types [1).

As more and more copper proteins are discovered
and characterised, it is becoming clear that within
each class diversity reigns. For instance, for the
type | blue copper proteins, the most extensively
studied class up till now, it has been found that
redox potentials may vary from 180 to 760 mV,
molecular weights from 10 to 20 kD and pl points
from 4 to 11. Most intriguing is the coordination
of the Cu. It has been demonstrated by crystallo-
graphic techniques in a number of cases that the

metal is surrounded in a distorted tetrahedral

fashion by an N,;SS* coordination (2-4). The
nitrogens are provided by two histidines and the
sulfurs derive from a methionine and a cysteine.
However, stellacyanin lacks methionine and Rus-
sian rescarchers have reporter. a blue copper pro-
tein which does not seem to contain cysteine [5,6).
It is not understood how the details of the Cu
coordination relate to the spectroscopic properties
and the redox potential of the protein and further
structural studies and a search for new type I cop-
per proteins are needed.
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Redox properties and activity studies
on a nickel-containing hydrogenase isolated
from a halophilic sulfate reducer Desulfovibrio salexigens

M. TEIXEIRA®, |, MOURA®, G, FAUQUE**, M, CZECHOWSK]*+, v, BERLIER"»,
P.A. LESPINAT . LE GaLL+», AV, XAVIER® and J.J.G. MOURA®*’

* Ceniro de Quimica Estrutural qud UNL. Complexy |, IST. Av. Rovisco Pais. 1000 Lisbon, Portugal
ARBS. Equipe (. ommune d'Enzymologie ¢ NRS-CEA, CEN Cadarache, 13108 .S'uinl-I’aul-lc:-Durmu'c.

France

tRecen o 12271985, dceepted 10.9-1985,

Summar_v — A soluble hydrogenase from the halophilic sulfate reducing bacterium Desulfovibrio
salexigens. strain British Guiana (NCiB 8403) has been purified to apparent homogeneity with a final
specific activity of 760 umoles H, evolved, min/mg (an overall 180-fold purification with 20 ¢, recovery
yield). The enzyme is composed of (wo non-identical subunits of molecular masses 62 and JAkDa,
fespectively, and contains approximately 1 Nj, 1215 Fe and I Se atoms/mole. The hydrogenase shows
a visible absorption spectrum typical of an iron-sulfur containing protein (Auy A=0.275) and a mofar
absorbance of 54 mM™"em ! ar 400 nm,

In the native srage {as isolated, under aerabic conditions), the enzyme is almost EPR silent at [0 K
and below, However, upon reduction under Hs mtmosphere 4 rhombic &pR signal develops at g-valyes
2.22, 216 and around 2.0, which is optimally detected at 40 K. This EPR signal is reminiscent of the
nickel signal ¢ (g-values 219, 216 and 2.02} observed in intermediate redox states of the well
characterized D, Ligas nickel containing hydrogenase and assigned to nickel by *'Ni isotopic substitution
(J1.G. Moura, M. Teixeira, |. Moura, A.V. Xavier and J. LeGall (1984), J. Mol. Cau., 23, 305-314). Upon
longer incubation with H: the *2.22* EpR sienal decreases, During the course of a redox titration under
H:. this EPR signal attains a maximal intensity around ~ 380 mV. At redoy states where this 2,22 signal
develops (or lower redox potentials), low temperature studies thelow 1O K) reveals the presence of
other EPR speciey with g-values at 2,23, 220 214 with broad components at higher fields. This new
signal (fay relaxing) exhibits o different mizrowgve power dependence from that of the "2.22" signal,
which readily siturates with microwave power slow relaxing). Also low temperature (8 K) typical
reduced iron-sulfur EPR signals are concomitantly obseryed With gow ~ 1.94, The catalytic properties
of the enzyvme were also followed by substritte isatopie exchange D/ H* and H: production measure.
ments,

Ao wham verrespondence should by adidrivied

Abbrevianor,
EPR eyt PR ne resonanee

Rec’d in s: AUG 7 1987
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The general properties of the Do salevgens hydiogenase ate compared with thase ol [Nile)
hydrogemises isalted from other sulfite reducers from the genus Deswlfovibrio.

nicked / dronesullfue clusters / hvdrogenase 7 Desalfovibrio sp. / oxidation-reduction /7 EI'R

Résumé -~ Une hvdiagenase soluble a 06 punlice posgu'a homegeneite apparente a partiv de o bacterie
sultawto-réductrice Desullovibrio salexigens souwche Brivish Guana NCIB 8030 Lactivité spécilique linale
ctant de 760 moles 11 produit. s mg, soit une purdication totale de 180 Jois et un rendement de 20 4.
Loenzvme ost composie de denx sous-unités de masses moléculaires respectives 62 er 36 kDa et elle connent
approximanvement | atome de N1, 12615 atomes de Fe et D atome de Se par mole. Lhvdrogénase présente
un spectre d'absorption dams e viable tvpique d'une protéme a centres fersoutre oy A = 02750 avee
wn coefficient d'extwaction rolawe de SEmM em G 300 am

A Uéat nang (vous conditions adérohiess, Fenzvme ne presenie pratiguement pas de signauy P8 a
température egale ou inferivure o 10K,

Cependant. aprés réduction sous atmosphire dhydrogene un agnal RPE rhombigque avee des valeurs
wode 220,206 et environ 2.0 peut étre détecté préferennellement a #0 K. Ce signal rappelle celui du nickel
Covaleurs g ode 200 206 ¢r 2025 observe avee Thyvdrogenase a nickel de DL gigas dans des drats
itermédiaires dovedo-réducnon. 1 a 616 anribué a0 co meétal par substitution isotopique avee "N
JAG Moura, M Teiverra, 1 Mowra, 4.V, Navier and 1. Le Gall 195844, 1. Mol Cat., 23, 305-314,.

Aprés une plus longue incubation sous Hs, e signal 72227 dimunue. Par titration redox en présence
de H:, Fintensue maximale est atteinte @ environ ~ 380 mV Pour an potentiel égal ou inféricur a cette
dernidre valeur mais g température inféricure a 10K apparaissent d'autres siovquy RPE rg 223224 214y
et des composantes larges auy champy magnengues pls éleves. Ceononvean signal (i relaxation rapide)
présente une dépendance vis-a-viv de la puissance microonde ditferente de celle du signal =222 qui, i,
sature rapidemen: avee celle-ci (relaxation fenter. A basve cemperatre dégalement -8 K des signauy RPE
tyepigues des centres Jer-sonfre réduity sont observes avee g moven de 194 envicon. Les propriéies catalviiques
de Penzvme ont cte guant a elles suivies par la réaction d'echange dewiérium-proion et par li mesure de la
production d'hydrogene,

Les proprieres generates de Phyvdrogénese de 1. salesigens somt comparees avee celtes d'aurres
hvdrogénases & nickel iolées @ partie de dillérentes souches de bactéries siffato-réductrices du genre
Desulfovibrio.

nichel / contres fer-soufre ! hydrogénase / espéce Desalfovibrio - oxydation-reduction / RPE

the appheation of low temperature EPR studies
complemented  with Mossbiuer  spectroscopy
. using metal isotopic substitutions (*'Ni and VFe)
Several bactenal systems use the enzyme hy- 3 4.‘|
drogenase in order to metabolize the simplest e
molecule, H:. During the metabolic energy-viel-
ding process, H: s either oxidized or evolved as
the product of reduction of protons, the reaction
bemng expressed un Hee= 2e 4 2470 In the tor-

Introduction

Hydrogenases are  peneralls  recognized as
iron sulfur contamning  proteins, with four to
twelve sron atoms in different cluster arrange-
ments © [2Fe-28) [3Fe-xS] and [4Fe-48).

ward reaction, By serves as an election donor and In the Lese Tew years, through physiological,
the reaction inibates an energy vielding process chenuead and spectroscopic studies (mainly EPR),
In the backwird reaction, the proton serves s mickel was Tound 1o be a constituent ol several
one of the terminal electron aceeptons i anaero hyvdrogenases.
e metabolism 31, 2, The metabolism of molecular H: has figured
Although the mmpostance of s brological” centrathy i the development of our present
Nunction has been pecopmeed o dong tine ago. concepts regarding the biochemistry and physio-
oy orecenty have the stroctueal teatures and logy of respratory salfate reduction carried out by
physico-chemical properties of it prosthenc Desultoviboin spoand the hvdrogenase svstem has

groups begun to be understood aambe through heen evtensively studied {61




D salesigens hvdrogenase 77

Generally, the hydrogenases isolated from this
bacterial group have been found w be confined
to the periplasmic space, but membrane bound
and evtoplusm located enzymies have also heen
reported.

The results so fir abtained enabled, within the
Desulpivibrio genus, two types of hydrogenases to
be  distinguished @ one tYpe containing  only
iron-sulfur clusters (termed [Fe] hydrogenases)
and the other the nickel-iron-sulfur containing
hydrogenases (termed [NiFe] hydrogenases).

Within this bacterial group, the enzyme shows
a large diversity with respect to structural features
{e.g. the presence of subunit structure), catalytic
properties (H: evolution versus H. uptake and
D:7H* exchange activities), activation step requi-
rements in order to express full activity, as well
as sensitivity to thermal denaturation, unfolding
agents, and CO.

Uhe [Fe] hydrogenase type hus been most
extensively studied in D, vulgaris (Hildenbo.
rough) {7, 8) and the D. gigas enzyme has been
considered the prototype of the [NiFe) hydroge-
nases [9-14).

A tentative catalytic and activation scheme has
already been proposed, showing the involvement
of ull the redox centers in the simple electron
transfer process (2H" +2¢” == H.) carried out by
this complex enzyme [13]. The improvement of
this scheme and the full understandise of the
behuviour of this class of enzymes prompted us
to characterize [N1Fe) and [Fe) hydrogenases from
other Desulfovibrio strains,

In this paper, we describe the biochemical
characterization, redox properties (mositored by
¢lectron  paramagnetic spectroscopic  measure-
ments), and some velevant catalytic properties of
@ [NiFe] hydrogenase isolated from Desulfovibrio
salexigens strain British Guiana (NCIB 8403).
This desulfovibrione is the only well known
halophilic strain within the genus. A few electron
transter proteins have heen previously isolated
from D. salexigens : a cytochrome ¢, (M, 13000)
[18} 4 Navodo. in and a rubredoxin [16), as well
as desulfoviridin and a blue protein containing
molyhdenum and iron-sulfur centers (our unpu-
blished data).

Material and Methods

Al chemicals and reagemts were of the highest
puoty avalable

sy

Hydrogenase activity was assayed by the rate of H:
evolution with sodium dithionite (15 mM) as electron
donor and methylviologen (1 mM) as redox mediator
(17 at 30 C und pH 7.6 Hydrogen evolved was
determined hy gy chronutography using an Acrogriaph
A-90 PY chromatograph.

The DoH exchange reaction was performed as
previously described [18) using a mass spectrometer
(VGR-80 equipped with an Ap s 1] data acquisition
systent).

Total iron was deternined by the 24.6-tripyri.
d¥l-S-1.3,S-trizzine (TPTZ) method [?9]. Metals were
also screened and quantified by plusma emission
spectroscopy nsing a Jarrell-Ash model 750 Atomcomp,

Protein was determined by Lowry's method {20),
using a bovine serum albumin standard solution pur.
chased from Sigma.

The homogeneity of the preparations was checked
on 7% polyacrylamide gel clectrophoresis at pH 8.0
[21]. The subunit structure was determined on SDS
polyactylamide gel electrophoresis [22), using the fol-
lowing molecular mass markers (Da) : phosphorylase
b (94 000). bovine serum albumin (67 000), ovalbumin
(43 000), carbonic anhydrase (30 000), cityinotrypsino-
£en (25 000), soybean trypsin (20 000) and lactoalbumin
(14 400).

Spectroscopic instrumentation

Electron paramagnetic  resonance speciroscopy
(EPR) way carried out on a Bruker 200-ut spectrometey,
equipped with an ESR-9 flow cryastat (Oxford Instru.
ments Ca., Oxfo-d, UK), and a Nicolett 1180 Compu-
ter, on which mathematical manipulations  were
performed. The visible ultraviolet spectra were obtain-
ed on a Shimadzu model 260,

Oxidation-reduction potentiomerric titrations

Oxidation-reduction titrations were carried out in an
apparatus similar to that described by Dutton {23),
equilibrating the enzyme under different partial pressu-
tes of hydrogen (using different proportions of argon
+ hydrogen) at 30°C and pH 8.0 (100 mM Tris-HCI
buffer), in the presence of the following oxidation-
reduction mediators at a final concentration of 50 uM ;
methylene blue (E.« 1l mV): indigotetrasulphonate
(E. = - 46 mV); 2-hydroxy-1.4-naphthoquinone
(Ev= ~ 145 mV); anthraquinone-2-sulphonate (Eom
=225 mV): phenosafraniae (Eu= - 255 mV); benzyl.
viologen (E.= - 245 mV): methylviologen (E.= ~d440
mV); N.N~dimclhyl-.‘-nuclhyl-4.4-bipyridyl (Eve=
-617 mV),

All redox potentials measured using a platinum/
~aturated calomel clectrode system are quoted relative
to the standard hydrogen electrode. The protein con-
cenlration in the titration vessel was 40 uM, as esti-
mated by the molar absorbance coefficient, Typically,

,Lm‘{
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the sumple was {insl reduced under puee hydrogen
atmosphere (Jatm) and left 10 equilibrate, Sample
reoxidation was accomplished  varying the  partrl
pressure of H. gas, using the hydrogen and argon
axture. Afte, equilibration at a fixed redox potential,
a sample wan transferred 1nto an EPR tube under the
titration vessel pressure anc immediately frozen at 77 K
for further quantification.

Growih of the microorgamsms and preparation of
cell crude extracts

0. salexigens strain British Guiana (NCUB 8403) was
grown at 37°C on a standard lactate-sullite medium
{24] supplemented with 1% sodium chloride. The cells
were then lysed und frosen until used. They were
stowly unfrozen and cemurifuged at 20000 rpm for
I.5h. The supernatant from 250 g of cells (wet weight)
was Pen centrifuged twice at 40 000 rpm for 2 h,

Purification of hydrogenase (table 1)

Scheme A

Al purification procedures were carried out in air
at 47C and the pH of the buffers (Tris-HCl and
phosphate) wus 7.6 (measured at $°C). A summary of
the purification steps is presented in Table 1.

The centrifuged extrict was loaded onto a hydro-
xylapatite (Biorad) column (5 x 29 ¢m) and the column
washed with 500m! of 0.2 Tris-HCI. A reverse
gradient of 500 ml of 0.2 M “Iris-HCl to S00ml of
0.00 M Tris-HCl was applicd. The column was then
washed with 300ml 0.01 M KPB and a phosphate
linear gradiem of 0.00 up to 0.4 M phosphate buffer
(1000 mi of cach) was set up. No hydrogenase was
found in the cluent. The column was further washed
with 500 ml 0.4 M phosphate butter and the hydroge-
nasc finally eluted from the column. About 80 % of the
hydrogenase activity (in the H, evolution) was recover-
ed. The hydrogenuse enzyme was then concentrated to
8 mi in a4 Diaflow apparatus using 2 YM 30 membrane.
It was then dialyzed against 4500 ml 0.0{ M Tris-HCIL.
The dialysis resulted in the formation of a precipitate

which redissolved in 1 M Tris-HCL. The hydrogenase
activity was then redetermined in the supernatant and
found to have decreased by 50%. The resuspended
pellet was checked for activity and very lintle was
found. A spectium 2f the resuspended pellet showed
only cytochromes.

The diaiyzed protein was diluted 1:4 with 0.0 M
Tus-HCl and then applied to a DEAE-Riogel A
column (5x34cm). The column was washed with
260 ml of 0.01 M Tris-HC) and a linear gradient was
then constructed (1000 ml of 00! M Tris-HCl to
1000 ml of 0.3 M Tris-HCH).

The hydrogenase was collected at a concentration
of ubout 0.25 M Tris-HCI. About 85% of the hydro-
genase was recovered in this step of purification. The
Aun/ Az ratio was 0.275 and the specific activity was
602 pmoles H: produced/min/mg protein. The yield of
purilication after this step was 30 %.

Alter concentration in a YM 30 membrane, this
hydrogenase fraction was introduced on a LKB HPLC
gel filtration column (TSK G 3000 SW) equilibrated
with 0.5 M phosphate buffer at pH 7.4. By this proce-
dure, a pure hydrogenase fraction was obtained (as
judged by polyacrylamide gel electrophoresis), contai-
ning 14.5 mg of hydrogenase, with an absc.bance ratio
Au/An of 0.275 and a specific activity of 758 units
of H, evolved.

Scheme B

Another purification scheme was outlined in order
to decrease the number of chromatographic steps. Both
schemes A and B yield homogencous preparations with
the sume level of specific activity.

Alter disruption of the cells in a French Press at
62 MPa, the crude extract was centrifuged at 8000 rpm
for 2h and the supernatant dialyzed against distilled
water for 24 h. The dialyzed solution was then applied
onto a DEAE-Biogel A column (6 x 34 ¢m) equilibrated
with 0.0l M Tris-HCI. After clution with a linear
gradient of 0.01-0.5 M Tris-HC] (1000 m! of cach), the
hydrogenase activity was found in a fraction eluted at
abort 0.3 M Tris-HCI. This fraction was then applied

Tante |
FPurification (Scheme A) of hydrogenase fram D. salexigens (British Guiana).

Fractions Protein Total activity Specilic activity Exchange activity
(my) (umoles H.'muni (pmoles Hy/min/mg)  (umoles HD + Hy/min/mg)
Crude extract 12 690 54 000 4.3 2
Hydroxylapatite column nd 42 500 nd nd
Diulysis and centrifugation 210 19 500 93 28
DEAE-Bio-Gel 27 L6 300 602 175
HPLC 14.5 11000 758 378

Hydiogenase actisity measured by the hydsogendse evolun. -

nd © not determined

vy or the D2 exchange reaction (see Materials and Methods).

4 ‘l:'
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10 a hydroxylapatite column, equilibrated with 0.4 M
TriseHCI. A discontinuous gradient of 0.4.0.01 M
Tris-HC) was performed and then a continuous gra-
dient of 0.001-0.6 M phosphate (500 mi of each) was set
up. The hydrogenase fractions cluted at 0.5 M phos-
phate were concentriated on a Diaflo Amicon with a
YM 30 membrane,

Results

Purity, metal content and optical absorption
specira

The purification procedure is summarized in
Table 1. The hydrogenase was purified 180-fold,
showing a final specific actvity of 760 units in H,;
evolution. The overall recovery yield was 30 Yo,
The enzyme is composed of two subunits of
molecular masses 62 and 36 kDa.

The native state of the enzyme (acrobically
isolated) shows a typical U.V./visible spectrum of
a non-heme iron protein with broad bands at 400
and 280 nm, and an absorbance ratio Asw/ Ao of
0.275 (Fig. 1). The molar absorbrnce at 400 mn is
S4mM~'em\

Reduction of the enzyme under H. gas decrea-
ses the absorbance in the visible region by ap-
proximately 15 % (Fig. 1).

Analysis of D. salexigens hydrogenase by the
chemical (TPTZ) method gave o value of 1241
g-atms of iron per minimal molecular mass of
98 kDa. Plasma emission analysis detected the
following metals in  relevant  amounts :
1.03 g-atms of nickel, 15.15 g-utms of iron, 1.08
g-atms of selenium and 0.163 g-atms of zinc per
minimal molecular mass. The metai content of the
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Fii 1 - Opncal absorption apectra of 1) salexigens =

Ivdrogenase

Protein concentration 3,75 pM, at pH 76,50 mM Tris-HCI
huffer. ... native ensvme; - - - H: reduced (llushed under
H. for | h)

enzyme obtained by the purification achemes
described is therefore t Ni, 12-15 Fe, | Se und
triace amounts of Zn,

Enzyme activity (Hs evolution and D H*  ex-
change)

The acrobically isolated D. solexigens hydrogenase
does not require a reductive activation step in order to
catalyze the methylviologen mediated H* reduction.
The H. cvolution rate is practically constant from time
zero and no lag phase period was observed. The
enzyme preparation used has a specific activity of 760
units of H, evolved.

The hydrogenase activity was also followed at
pH 7.6 by the D./H" exchange reaction using 20 % [,
in N;. The D./H" exchange kinetics mediated by the
purified hydrogenase from D. salexigens is presented in
Figure 2, with the three curves corresponding to D.
uptake, HD transient evolution and then uptake, and
H. production (mass-peaks 4, 3 and 2, respectively).
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FIG 20 (D1 7) exchange activity of D. salexigens
hydrogenase.

The curves refer 10 (c) D; uptake; (@) HD transient
evolution then uptake: (o) H, production following mass-
peake 4, 3 and 2, respectively. Prolein concentration 0.6 aM.
gas-phase 20% D- in N..

The ratio between the initial H: and HD evolution
is higher than | and the sum of HD+ H; evolved is
lower than the H: production from dithionite reduced
mcthylviologen (Table I),

EPR spectroscopy

The EPR spectrum of the native (“as isolated™)
enzyme is shown in Figure 3-A. It shows a very
weak signal centered in the g= 2.0 region, obser-
vable only at low t2mperature. No EPR signals
are observed when the saumple is examined at
100 K.
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A) Native state ("as wolated™) w1 K. g 3.2 x 108
B} Intermediates H: reduced state a1 23 K. The sample wan
poised at — 380 mV under H; atmosphere (see redon titration
conditions under Materials and  Methods): gain 2 x 10
C) Same as Bt Ko wain 2x 1070 Other experimental
conditions : nuerowave power 2mW. modulation amplitude
I mT, microwave frequency 9.45 GiHe

Upon exposure to different partial pressures of
hydrogen gas, in the presence of redox mediators,
a rhombic EPR signal develops with g-values at
2.22, 216 and around 2.0 (Fig. 3-B). During the
course of the redox titration, using H, gas as
clectron donor, the "2.22" EPR signal reaches a
maximal intensity (Fig. 4-A). This signal is opti-
mally detected at 40 K and is readily saturated by
microwave power at low temperature, being
characteristic of a slow relaxing species.

Long incubation of the enzvme under H.
atmosphere decreases the intensity of this signal.
When the enzyme is poised at redox potentials
where the *2.22" signal attains maximal intensity
(~ —380mV, Fig. 4-A), studies at low tempera-
ture reveal the presence ol other EPR aclive
species. Below 10 K the “g=2.22" signal starts
saturating and a new set of signals at 2.23, 2.21,
2,14, und broad features at higher field develop
(Fig. 3-C). These latter signals exhibit a different
power dependence from that of the previous EPR
signal ("g=2.22"), as shown in Figure 5. The
complex set of signals only observable below
10 K shows fast electronic relaxation properties.
At redox potentials below —300mV, the low
temperature (8 K) EPR spectra also reveal the
presence of reduced iron-sulfur centers with g e
at 194, Temperature and microwave power de-
pendence of this spectral region indicate thap at
least two types of iron-sullur centers are present
(Fe/S center 1 (g at 1.87) has faster relaxition
properties than Fe/S center 11 (g... at 1.90)). The
low intensity of these signals prevents a detailed
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Fi; 4. — EPR redox titration curves of the EPR active
species detected in the hydrogen reduced states of D salexigens
hyvdrogenase.

EPR signal intensities (arbitrary units) of the EPR signals
detected upon poising the enzyme under different H; partial
pressures a1 25°C, pH 8.5, in the presence of redox mediators,
as described in Materials and Methods, at the following
¢-values and temperatures : A) ge=2.22 {0) and 2.16 (o) at
20K. D) g=223 at 4K (a). C) g=1.87 at 4K {a).

s

10r 8?3:"0\

05}~

log P

Fti 5 — Microwave power saturation curves of D, salexic
kems hvdrogenase EPR detectable signals under . atmosphere

(3} g=222 4K (0) =222 20K, (0} =220 4K
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analysis ol their spectral features Figure 6 shows
dotemperature dependence of 4 salevigens
hydrogenase sample ponsed dpproxinately
~450mV, a redox sage where the =220 ppp
signal has decreased in intemsity (Fig. 4-A). Low
temperature reveals the presence of the 2.2y
signal features {Fig. 6). The different reliaation
properties for the (wo EPR signaly detected in
intermediate redox stages of the enzyme enable
a complete description of the interaty profiles to
be obtained by measuring the spectry at 20 and
4 K, respectively, as shown in Figure 4. This
figure also indicates the development of the EPR
features associated with the Fe S clusiers.
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FiG 6. ~ EPR spectra of 1 salevigens drogenase poted
at ~d450my undor J1, atmosphere see todon titrgrion condt
ons undee Matenals and Method,

A) Temperature 4 K, B) Temperature 11 K. C) Tempera-
ture 22K Gain 10°. Other cipenimental conditions ay in
caption of Figure 3 The 1op spectrum 1inyert) represents an
identical spectrum of n. fads hydrogenase, under the same
crxperimental conditions ay ) salexigenc hydrogenase spec-
trum A

Discussion

Sulfate reducing bacteria carry out the reduc-
tion of sulfur containing compounds, an impor-
tant biological set of reactions with relevance 1o
the biocycle of this clement. Also Desulfovibrione,
is the only bacterjal group which clearly partici.
pates in inter-species hydrogen transfer, working
cither as H:-producing or s H:-utilizing microor-
ganisms [6).

The bidirectional hydrogenase functions s in
energy valve™, supplementing or disposing of

clectrons Thus, the systemr his comviderable
advantages for the study of the bioenergetios and
the physiology of H, metabolism.

Hydrogenases isolated from Desulfovibrio sp.
have recently been extensively studied. Table ]
suminarizes the data on the localization, activity,
metal center composition and relevang physico-
chemical daty on hydrogenases isolated from this
group of bucteria. A common feature emerges :
all the enzymes contain nickel as a relevanr
constituent, So far, only D, vulgaris (Hildenbo-
rough) hydrogenase does not contain this trapsj-
tion metal |7).

D. salexigens hydrogenase is isoluted from the
only well characterized halophilic sulfate-reducer.
Its properties have many common features with
the group of the nickel containing hydrogenascs
isolited from sulfate-reducing bacteria of the
genus Desulfovibrio, However, important differen.
ces are found within the group. D. salexigens
hydrogenase is practically EPR silent, when isola-
ted. The same is observed with the soluble
D. desulfuricans (Norway 4) hydrogenase [25) and
D. baculatus strain 9974 enzyme (26]. -

In contrast, D. desulfuricans (ATCC 27774) (4],
membrane bound D, desulfuricans (Norway 4)
127}, D. multispirans n.sp, [28] and D, &igas [10]
hydrogenases exhibit o rhombic EPR signal with
g-values around 2.3, 2.2 and 2.0. This signal has
been termed nickel signal A. These rhombic EPR
signals abserved for the oxidized state of bacterial
hydrogenases were assigned to Ni(IIf) based on
Ni model compounds, relaxation properties (the
signal is chservable at 100 K). EPR g-values, and
*'Ni isotopic substitutions (performed for D, gigas
[3) and »D. desuifuricans (ATCC 27774) {4]).
Besides the rhombie signal, this group of hydro-
genases also exhibits a strong isotropic signal
£=2.02, observable below 30 K. This signal is
assigned to a [3Fe-xS] center, based on Méssbauer
spectroscopic studies using unenriched naturally
abundant and " Fe coriched D, gigasand D. desu-
turicans (ATCC 27774) hydrogenases [4, 10).

The rhombic EpR nickel signal accounts for
S0-100 "0 of the chemically detectable nickel,
depending on the preparation and source, The
"2027 isotropic signal integrates from 0.2 spins
(0. multispirans hydrogenase) (28] up to 0.9 spins
{D. gigas hydrogenase) [10). Redox titrations have
only been performed for the D. gigas hydrogenase
[10, 11). The =202 signal titrates at — 79 myv (at
10K) and the nickel signal A disappearence s
associated with a redox process which titrates ag
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—220mV, and was shown to
(60 mV/pH univ) [11}. After the
reductive events, an EPR silent
Evidence was previously accumu-ated [13 sugges-
ting that in this EPR silent spate onc (FeSa)™!
cluster (S=1 2y is present and: coupled to the
Nitllh center. This proposal anplies that the
—220mV redox transition reptesents the mid-
point redox patential of the iron sulfur center. In
this contest. D. salexigens. [y Dbaculatus strain
9974 and soluble D. desulfur«dns (Norway 4)
hvdrogenases would have bees isolated in this
spin coupled state. The Jow 18Iy of the Ni
EPR signuls in the native prepue #HONS 07 €Vei 1S
absence [20.28). could be due 0 Spin coupling
between the Ni center and the 128 cluster.

reductive events
(¢ oW common
spenases studied.
rhombic signal
ved in D, gigas
206 and 2.0 (1Y)
ns. D. baculatus

The pattern observed for th-
following the EPR silent state
to all Desultovibrio [NiFe] hydr
The appearence of a transie:
(termed  nickel signal C) det
hydrogenase with g-values 2.1t
is also observed in D, salevr -
strain 9974 (26]. D. desulfuricar  ATCC 27T 4]
and D, mudnspirans (28] enzyries In "“. these
cases, EPR studies reveal the oresence ol other
EPR active ~species at redoy IR where the

cound form were abo punitted [26]

transient is observed. Due to its retiuxation pro-
perties (fast relaxing) this last sipnal 15 oply
observable at low temperature amd with high
levels of microwave power (13}. .

The redox titration data obtained T0f D. salcx{-
gens hydrogenase, under H: atmosy.here, sh0\.v H]
very similar behaviour to that of the D. g:ga.f
enzyme [13). The transient nickel signal develops
to maximal intensity at ~ _3kimV  Also, the
study of the development of this Jipnal followed
at two temperatures (20 K and 4 K clearly sh?ws
that the two species are not direutly '-“”Clﬂlt‘:‘-

Below —450mV, the slow “-l;u»‘vl',g spccnci
disappears (not observable a0 ¥/ but lh/t
complex fast relaxing species i sull 'l'tlL‘ClCd.- 4
similur study recently conducted 10 the /)_-' gigas
hvdrogenase fully supports this data analysis (our
unpublished results).

An important point to consider
tional mechanism, is that some ol
“ovvgen stable” [NiFe] hydrogenasen
aclive when isolated. This state 1~
(rhomnbic nickel signal A and isouopy
signal). A main conclusion is it - E
active species are not relevant for thr .':.cc.h(mn.sm.
The enzyme must go through an actyeation Pf°:
cess that represents a compley phenomenon .

vro the reac-
i so-called
age not lully
f.PR active
= =2.02"
vnese EPR
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removal of oxygen (lag phase) followed by
reductive step (18, 19). 1Uis important to note that
the enzymes which are EPR siten us isulated, do
not show a lug phase for activation, The 0. salevi-
gens and D baculatus hydrogenases have a
constant rate of Hy evolution, but for the D, gigas
and D, multispirans enzymes an activation step
{lag phase) is required in order to express full
activity.

Upon reduction (either by long exposure to H,
atmosphere or by chemical reduction with excess
dithionite) gme ~ 1.94 EPR signals have been
observed for D. gigas[13), D, desulluricans (ATCC
27773) ), soluble D. desulfuricans (Norwiuy 4)
[25). and D. baculatus strain 9974 hydrogenases
[26]. as well as for the D. salexigens enzyme.

All these pieces of information have been
discussed in general terms as o basis for a
“working hypothesis™ which renresents a useful
framework for discussing the mechanistic invol-
vement of these redox species [13).

The analysis of the structural and physico-
chemical properties of the redox centers of these
homologous hydrogenases will enuble a wealth of
information to be built up, usetul to delineate a
general approach to the mechanism of enzyme
action.

Another important picce of information that
has not been fully explored in ihe study of
bicterial hydrogenases is the mechanism of acti-
vation of the hydrogen molecule by the enzyme
active centers, which can be directly probed by
12:/H" exchange experiments. Activity measure-
ments are generally only related with the measu-
rement of the overall evolution or consumption
of H:. However, when these data are correlated
with the exchange activities (D H*) of the
reactional center it is possible (o probe the
operating mechanisms, f.e. homolvtic or hetero-
Ivtic cleavage [30, 31).

According to the ratio found for the mitial HID
and H: evolution in DM exchange reactions,
the hydrogenases isolated from the Desulfovibrio
genus can be divided into two classes. i) One cluss
i~ represented by the hydrogenases from D. su-
lexigeny and D, baculutus strain 9974 (our unpu-
blished results) which have a He HD ratio higher
than I (ratio Hy (HD + H:) around 0.6). i) Ano-
ther cluss is represented by the hydrogena-
ses from D, gigas and D. andiispirans (our unpub-
lished data) which have Ho/HID ratios lower than
Potration Ha (HD 4 Hs) around 0.3). The soluble
hydrogenase from  Methanosarcing barkeri also
has a HLHD ratio lower than | [32].

Nl

These H: HD ratios are generally used o
differentiate between a hieterolytic versus a homo-
Iytic cleavage of the hydrogen molecule. In simi-
lar experiments with metal salts, ratios of 0.95
with platinum oxide and of 0.30 with ruthenium
chloride were obtained (Y. Berlier, G. Fauque,
P.A. Lespinat and J. LeGall, unpublished results).
These salts could serve as analogs for the homoly.
tic and heterolytic activations of the hydrogen
molecule.

Another possible explanation for these differ-
ences is the kinetics of the H, binding site of the
enzymes with respect to the exchange with water.
The general mechanism proposed for hydroge-
nase activity (30,31} involves the heterolytic
activation of hydrogen, with the formation” of
a hydride :

Enzyme + Hy = E-H™ + B.-H"

where E represents the hydride binding site and
B the proton accepting site. The mechanism,
based on the primary formation of HD rather
than D; in the Hy/D” exchangy reaction, indica-
tes that only one of the bound atoms of H: can
freely exchange with the protons of the medium.
However, this may represent only a limiting
sitation and it is possible that both sites ex.
change protons with water but with different
velocities. Also, the lability of the H* site may be
modulated by the pK, value of the proton uc-
ceptor site. In this context an extreme situation
within the framework of the heterolytic mecha-
nism would correspond to very dilferent ex-
change velocities of both sites, resulting in a
H:/HD ratio lower than 1.

The different exchange kinetics of hvdrogen
binding sites could reflect differences on the
active center of the hydrogenases, either at the
protor or 4t the hydride binding site. Assuming
that nickel is the hydride binding center, as has
been proposed for several nickel contining
hydrogenases [13), the observed difference could
ralect different ligation to this metal. In this
respect, it s noteworthy that in the D, salexigens
and the D haculatus hydrogenases, the presence
of selenium was detected in a 13 ratio with
nickel. These are the hydrogenases where the
Hy/HD ratio was found 10 be higher than 1.
Selenium hes also been found in Methanococcus
vannielii |33), soluble D. desulfuricans (Norw ay 4)
(25) (and D). baculatus strain 9974 hydrogenases).
Itis not vet known whether selenium is present
At a new ctalytie site. If this is so. it could be
related with the observed differences,
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This explanation is also in better agreement
with the EPR studies of [NjFe] hydrogenases. In
fact, not only do the hydrogen reduced states of
the D. gigas, D. baculatus and D. salexigens hy-
drogenases show very similm EPR spectria, but
the redox patterns of the EPR spectra upon
incubation under hydrogen are also identical,
suggesting a common mechanism for the activa-
tion and reduction/oxidation of the hydrogen
molecule.
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SUMMARY

Hydrogenase, desulfoviridin and molybdenum proteins have been isolated from a halophilic sulfate-re-
ducing bacteria, Desulfovibrio salexisens strain British Guiana. At least 50% of the hydrogenase was found
to be located in the periplasm. The hydrogenase has a typical absorption spectrum, a 400/280 nm ratio of
0.28, a molecular weight by sedimentation equilibrium of 81 000 and is composed of two subunits, It has
one nickel, ane selenium and 12 iron atoms per molecule. The sulfite reductase has a typical desulfoviridin
absorption spectrum, a molecular weight of 191 000 and iron und zinc associated with it. The molybden-
um-iron protein is gray-green in color and exhibits an absorbiion spectrum with peaks around 612, 410, 275
nm and a sheulder at 319 nm. It is composed of subunits of approximately 13 250 and has an approximate
molccular weight of 110 000. Three molybdenum and 20 iron atoms are found associated with it.

An extensive study of these three proteins will allow a better understanding of the function of these

enzymes and also of their possible role in microbially caused corrosion.

INTRODUCTION

Sulfate-reducing bacteria have been implicated
in the phenomenon of microbially caused corrosion
in neutral anaerobic environments [13). Hydrogen
consumption and sulfate reduction contribute to
this corrosion process. Hydrogen is consumed by
the hydrogenase enzyme from cither the metal sur-
face [58] or from the iron sulfide film on the metal
(28]. Hydrogen sulfide is produced by the snlfate
reduction system and acts as an anodic reactant
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[59], a cathodic reactant [12] or in the formation of
a reactive phosphorous compound [26].

Desulfovibrio (D.) salexigens strain British
Guiana is the only well known halophilic strain in
the genus Desulfovibrio and only studies on its cy-
tochrome C, [16] flavodoxin and rubredoxin [41]
have been published.

Hydrogenases have been purified to apparent
homogencity from many bacterial species, includ-
ing anacrobic microorganisms such as sulfate re-
ducers [46) and methanogenic bacteria [5,18,27).
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Thev are involved either in the hydrogen consump-
tion in which hydrogen is used us a reductant for
O, fixation or for energy generation via clectron
transport or in hydrogen production which enables
bacteriu to dispose ol excess electrons [1,50).

An important enzyme in sulfate reduction is dis-
similatory sulfite reductase or bisulfite reductase
147]. This enzyme has been puritied from the cyto-
plasm of many sulfite-reducing bacteria (46) and is
believed to be involved in ATP production in these
micro-organisms [44]. Reduction of ulfite cither in-
volves i cyvelic scheme. utilizing intermediates tri-
thionate and thiosulfate to sultide {3] or a direct six
clectron reduction to sullide [46].

A molybdenum protein has been found in some
species of sulfate reducers from the genus Desulfov-
ibrio (D.) gigas [40L D. africanus (2], D. desulfier-
icans strains Berre Eau [7) and Berre Sol (our un-
published results). It is characterized by not only
contiining molybdenum but also iron and labile
sulfide. Its function is still unknown.

A purification scheme and partial characteriza-
tion of hydrogenase, desulfoviridin (bisuliite reduc-
tase) and molybdenum protein from 0. salexigens
is reported. A study of these proteins may help elu-
cidate the phenomenon of microbially caused cor-
rosion.

MATERIALS AND METHODS

Growih of cells. Desulfovibrio salexigens strain
British Guiana (NCIB 8403) was grown at 37°C on
lactate/sulfate medium {54] with 3.0% NaCl. Cells
for localization studies were harvested by centrifu-
gation and immediately used. Cells (250 g) for en-
zyme purification were harvested, resuspended in
10 mM Tris-HCI (pH 7.6) lysed with a French press
and then frozen at —80°C until used.

Assay and metal determinations. Hydrogenase
aciivity was icasured at 32°C cither by the hydro-
gen evolution assay from dithionite-reduced methyl
viologen [45) using an Acrograph A-90 P3 gas chro-
matograph or by hydrogen consumption with ben-
zyl viologen as electron acceptor using Warburg
respirometry [8]. One unil of hydrogenase activity

is defined as the amount of enzyme which catalyses
the evolution or the consumption of 1 pmol
H,/min, Dissimilatory sulfite reductase activity was
measured by a manometric assay at 32°C [31] using
pure hydrogenase fram D. gigas 1o reduce methyl
viologen under Hj. The initial rate of hydrogen util-
iation is proportional to the amount of sulfite re-
ductase. Protein was determined by a modification
of the Lowry method as proposed by Markwell et
al. [38]. Tron and nickel were determined by plasma
emission spectroscopy using the Jarrel-Ash Madel
75 atomeomp.

Optical spectra. Ultraviolet and visible absorp-
tion speetra were recorded on a Beckman DU 7
spectrophotometer.

Electrophoresis and molecular weight determina-
tion. Purity of the enzymes was established by po-
lyacrylamiide disc electrophoresis [11] and by com-
parison of published absorption ratios for similar
type pure proteins. Subunit structure was deter-
mined by SDS-polyacrylamide gel clectrophoresis
[17]. Molecular weight was determined by SDS clec-
trophoresis, gel filtration using a TSK 3000 SW
analytical column (high-pressure liquid chromato-
graphy) or sedimentation equilibrium [49].

RESULTS

Location of the hydrogenase

Lysing the cells with the French press and cen-
trifuging a 120 000 x g for 70 min released abou
80% of the hydrogenase as soluble protein, The
cells were washed in a 1:1 w/v buffer solution (pH
8.0) of 50 mM Tris-HCI/10 mM EDTA/500 mM
glucose/3% NaCl, incubated in the same buffer at
a 1:50 w/v ratio with 8 mg of lysozyme/ml and then
centrifuged. This results in 70-80% of the hydro-
genase being found in the supernatant. A visible
spectrum showed 30% of the desulfoviridin was
also found in the supernatant. Further experiments
using MgCl,6H,0 instead of NaCl found almost
50% of the hydrogenase in the supernatant and less
than 5% of desulfoviridin. This scems to indicate
a periplasmic origin for at least 50% of the hydro-
genase enzyme. It is important to add NaCl or



Table |

Purification of hydrogenase from D, salexigens

Towl

activity®
(ol Ha/min)

Specific
activity®
(umol Hy mun per mg)

Fraction Protem
tmg)
Crude extract 10750)
DEAE Bio-Gel A column 5
Hydroxylapatite column 28

Ciel exclusion by HPLC kA

¢ in H; evolution.

MpCl6H,0 to the washmg or incubating buffers
or the cells clump together. When Na, SO, was sub-
stituted  at the same  concentration, the cells
clumped together and there was some cell lysis,

Puarification of hydrogenase, desulfoviridin and mol-
Yhdenan-iron sulfir proiein

All purification procedures were carried out in
air at 4°C and the pH af the buffers, Tris-HC! and
phosphate (KPB), were 7.6 (measured at 5°C).

The lysed cells were slowly defrosted and cen-
trifuged for 1.5 h at 20000 x g. The supernatant
wis centrifuged at 120000 x g for 2 h, dialized
against 10 vol. of 10 mM Tris-HCl for 24 h and
then centrifuged at 120 000 x g for ! h, The cen-
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Fig. 1. Electronic absorption spectrum of oxidized molybdenum

iron protein from Desulfovibrio salexigens recorded at 25°C.

44

427
561
1830

trifuged extract was loaded onto a DEAE Bio-Gel
A column (5 x 25 cm) equilibrated with 10 mM
Tris-HCl and the column washed with 500 ml of
the same buffer. A gradient of 1500 ml 10 mM
Tris-HCl and 1500 ml 400 mM Tris-HC! was set
up. A molybdenum-iron protein, gray in color, ca-
me of"at 100~125 mM Tris-HCl. The hydrogenase
and desulfoviridin cluted off together at about
200-250 mM Tris-HCl. The hydrogenase activity
recovered in the H, evolution was §1%.

This last fraction was loaded onto a Bio-Rad
hydroxylapatite column (HTP) (4.3 x 26 cm) equi-
librated with 250 mM Tris-HCl, The column wus
wathed with 250 mM Tris-HCl and a reverse gra-
dient of 400 ml 250 mM Tris-HCI and 400 ml 10
mM Tris-HCI was set up. The column was then
washed with 200 ml of 10 mM KPB, A gradicnt of
1500 ml 10 mM KPB and 1500 m! 500 mM KPB
was sct up. The desulfoviridin cluted off at about
200 mM to 250 mM KPB and had a 409/630 nm
ratio of 2.80 and a 279/630 nm ratio of 4.7. The
hydrogenase band (brown) began to migrate at
about 450 mM KPB and was collected at 500 mM
KPB. The activity was 65% of that from the DEAE
Bio-Gel column. The sample was concentrated in
a diaflow apparatus using a YM 30 membrane. It
wae loaded onto a ligh-pressure iquid chromato-
graphy gel exclusion column which was cquilibrat-
cd with 500 mM KPB (pH 7.5). Different fractions
were analyzed spectroscopically and those with the
highest 400/280 nm ratios were combined. Gel clec-
trophoresis revealed one major band for the hydro-
genase and the protein was estimated to be 95%
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pure. The final yield of hydrogenuse was 15.2%. A
summary of the hydrogenase purification is found
in Table 1.

The desulfoviridin appeared to be pure by the
absorbancy ratios which were identical 1o that ob-
tained for pure desulfoviridin from D. gigas {30]
and D. vulgaris Hildenborough [31]. Before staining
the electrophoresis gel there was one green band
about 25% down the gel and a red band which
migrated near the bromopheno! blue. After stain-

ing. one major band was found in the location of

the green band. The location of the red band
stained but slowly dissipated after 24 h. This band
is believed to be a siroheme which is part of the
deswitoviridin [S1]. The enzyme was judged to be
about 95% pure.

The gray protein from the DEAE Bio-Gel col-
umn was loaded onto a HTP column (¢ x 24 cm)
cquilibrated with 150 mM Tris-HCL The column
was developed with a KPB gradient upto I M and
very little of the gray protein came off, The column
was then washed with 2 M KPB and the majority
of the protein eluted off the column. The 278/612
nm ratio is 2,92, The absorbance spectrum of this
protein (Fig. 1) appears to be very similar (o the
molybdenum-iron-sulfur protein spectrum of D,
africanus [21) and has the same 278.5:615 nm ratio.

Characterization of hydrogenase

The hydrogenase of D. salexigens is brown in
color and its native form exhibits a typical hydro-
genase UV/visible absorption spectrum with a
broad shoulder around 400 nm (Fig. 2). SDS gel
clectrophoresis showed that it is composed of two
different subunits of molecular weigiit 62 000 +
5000 and 35000 % 3000. The total molecular
weight by addition of the subunits is 97 000 but the
molecular weight found by sedimentation cquili-
brium is 81 000. The ratio of 400/280 nm is 0.28
and the extinction coefficient at 400 nm using a
molecular weight of 81 000 is 46 mM ! - em -1,

A metal content of 12.3 iron atoms, 0.8 nickel
atoms and 0.86 selenium atoms per molecule of hy-
drogenase was determined. The hydrogenase does
not exhibit an activation phase before maximum
H, evolution activity. The specific activity in the H,
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Fig. 2. Electronic absorption spectrum of oxidized Desulfovibrio
salexigens hydrogenase at 25°C.

evolution is 1830 sumol/min per mg protein and is
1300 pmol/min per mg protein in H; consumption,

Characterization of desulfoviridin

The optical spectrum of desulfoviridin shows
absorption bands at the following wavelengths
(nm): 630 (0.595), 584 (0.374), 409 (1.668), 391.5
(1.544) and 279 (2.79); relative intensities are indi-
cated in parenthesis, The molecular weight, deter-
mined by sedimentation cquilibrium, is 191 000,
The metal content is 31 iron atoms and 1.4 zincl
atoms per molecule. The specific activity is 136
nmol H; consumed/min per mg protein. The activ-
ity was found to be greater at pH 6.0 than at pH
7.6 which indicates that bisulfite is the substrate
[42]. An end product of the reaction was sulfide,
appearing as a yellow precipitate of cadmium sul-
fide, which was formed in the center well of the re-
action vial,

Characterization of molybdenum protein

The molybdenum-iron protein is gray-green in
color and exhibils an absorbunce spectrum with
peaks around 612, 410, 275 nm and a shoulder at
319 nm (Fig. 1). Denaturing gel clectrophoresis



Table 2

143

Praperties of assimilators (A} and dissimlatory (1) sulfite reductases from anerobie bacteria

Sulfite reductiase Mre (> 107 Activity? Active center Reference

Desulturomoina 215 it Sir + Fe-8(2) [35]
acetonidany (A)

D vuldgaris (A) 27 900 Sir + Fe-S(a) [25)
fildenborengh

M. harkerd (DSMEOD) 2 279 Sir+ Fe-S(x) 2]
P A

Desulfatoniiculum 145 65 Sir+ IFe-8 [ 4]
merifrean PSR (D)

D gigas 200 632 Sir+4 Fe-S(x,/8;) [30)
desullovindin (1))

. vulvarss 220 260 Sir+ Fe-S(x2/:) 3]
Hildenboroueh
desulfosindin (1)

D desalfuricans 225 410 Sir+ Fe-S(a,3/15) 32)
Norway 4
desilforubndin (D)

D hacdann 9974 n.d. 19 Sir+ Fe-S(2,f8,) Fauque
desubtorubidin (1) {unpublished)

Fherisode saltohacterian 167 2000 Sir+ Fe-S(2,83) [22

sonmue
desultfolusadin (1)

*Avtivty expressed in nmol H, consumed/min per mg protein at pH o at 30°C except for Thermodesulfobacterium commune at

* partuatly puriticd P S82,
Sirssiroheme: FFe-8:aron sulfur center.
sd, not determined.

yielded bands of molecular weights of approxi-
mately 13 250, 26 000, 42 500 and 64 300. These
results suggest a protein of several subunits of mo-
lecular weight of 13 250, The conditions were prob-
ably not suflicient to completely dissociate the pro-
tein, The molecular weight as determined by high-
presure liquid chromatography analytical gel exclu-
sion column is approxiately 110 000. The cnzyme
has three molybdenum atoms and 20 iron atoms for
110 000 molecular weight. The amount of molyb-
denum protein in the bacterium was large, The final
amount is about 50 mg per 250 g of celis,

DISCUSSION

The location of a hydrogenase in the periplasmic
space of D, salexigens is not unusual. Periplasmic

65°C.

origin of hydrogenase is common in sulfate-reduc-
ing bacteria of the genus Desulfovibrio: D. Vulgaris
strains Hildenborough [57), Marburg [6), Miyazaki
(3, D. gigas [9), D. desudfuricans (NRC 49001) [39],
and D. baculatus strain 9974 [55).

The existence of more than one hydrogenase in
the same species of the genus Desulfovibrio has been
postulated [43).

The need for chloride at high concentration (>
2%) in order to prevent the clumping of cells from
D. salexigens may be related to some function in
the outer membrane or in response to the use of a
high concentration of EDTA. It has been found
that D, salexigens has an absolute requirement for
chloride [37] and the cells in our buffer conditions
exhibited an abnormal response to less than 2% of
it

It has been proposed that a periplasmic location



of hydrogenase in anacrobic bacteria is o specific
adaptation important for utilization of low level of
He and Tor interspecies H. transfer [9]. ‘Fhe peri-
plismic location of hydrogenase would be impor-
tntin hydrogen utilizition from metal surfaces or
iron sulfide films, However, attempis to show direct
correlation between hydiogenase acuvity and bac-
tertal corrosion have shown mixed results, [19]. Re-
cently, o imarine strain of o sultate-reducing hacter-
ium has been found to utilize catiadically produced
hydrogen from a metal Surfaee [20]. Conclusions
concerning *hydrogenase-fess' sulfate-reducing bae-
terin will have to be revised becise many of these
strains are now hnown to have Indrogenase activ-
v e, Desultotomaculum orionis [34] and Desul-
dovibrio desulfuricans, F Agheila 7 (our own un-
published results),

Desulfovibrio salexigens hydrogenase is similar
to the recently puriticd Fe-Nij-Se hydrogenases
found in D. desulfuricans Norway G {48) and D, bae-
tlatus strain Y974 [S5], The only known selenium-
containing  hydrogenase without nickel is from
Methanococews vanniclii [60]. The lunction of selen-
ium in this enzvime 1s not known. Other nickel-con-
taining hydrogenises are present in sulfate-reduce-
ing bacteria of the genus Deswlfovibrio, i, D. givay
(33]. D desudfuricans ATCC 27779 [29) and D. nut-
tispirans [15]. The D. salevigens hydrogenase docs
not exhibit an activation phase as found in two
nickel-containing hydrogenases from Desulfovibrio
{10.15.36]. There is no indication in the published
results of an activation phase in the nickel-selen-
ium-containing hydrogenases. The specific activity
in hydrogen evolution of D, salexigens hydrogenase
is the highest presently known value for nickel or
nickel-selenium hydrogenases from Desulfovibrio.
This specific activity s higher than previously re-
ported with the hydrogenase isolated following a
different purification procedure {14]. The native,
partially reduced and fully reduced states, using
hydrogen or dithionite us electron donors, of the N.
salexigens hydrogenase have been analyzed by elec-
fron paramagnetic resonance spectroscopy [56).

The dissimiiatory sulfite reductases of Desulfoy-
ihrio are vomplex structures (x2ff; subunit struc-
tures) with molecular weights of about 200 000,

Fe-S clusters and sirohemes {Table 2). The absorp-
tion spectrum and molecular weights of D, salexi-
gens desulfoviridin are similar to that found in D.
givas [30] and D, vulgaris Hildenborough [31], The
specific activity of 1. salexigens desulfoviridin is
lower than other dissimilatory type sulfite reduc-
tases from Desulfovibrio and of assimilatory type
sulfite reductases from sulfate or sulfur reducers
and methanogenic bucteria (Table 2), Comparison
of sulfite reductase activity from lysed cell extracts
of ditferent Desidrovibrio showed that D. sulexigens
had abo the lowest activity (our unpublished re-
sults). Dissimlatory sulfite reductases may under
different assay conditions form trithionate and
thivsullate i addition o sulfide. Desulfoviridin
from this bucterium was able 1o qualitatively form
sulfide in our assay conditions.

The optical absorbance spectrum and molyb-
denum iron content of the D, salexigens molybden-
umoron protein are very similar to the one found
in D, africanus [21). Similarity between cytochrome
¢y of D, atricanus Benghazi and D). salexigens Brit-
ish Guiana have also been found [52]. However,
antiserum to . africanus Benghazi cells reacts
weakly w0 D salexigens British Guiana cells [53).

The function of the molybdenum protein in De-
sulfovibrio is unknews, Malybdenum in bacteria is
found associated with the aitrogenase, formate, de-
hydrogenase and nitrate reductase enzymes [24].
The amount of molybdenum protein in this bacter-
ium is large as is found in D, aficanus (30 mg/250
g wet weight cellsy and implies an important func-
tion. In D. salexigens the amount of cytochromes
is fow and perhaps the molybdenum protein may
function as an clectron transport protein, The high
molecular weight and the subunit structure may
also imply a metal storage capacity for this protein.
Further studies on the physiological function of this
protein are in progress.

Mectal corrosion in sea water is an important
problem for the ofl-shore oil industry. Desulfovibrio
salexigens is an obligative halopiuili. sulfate-reduc-
ing bacterium and may be used as an reference or-
ganism. Hydrogenase, sulfite reductase, and mol-
ybdenum protein (metal storage protein) which can
be key enzymes in anacrobic bacterial corrosion



deserve to be weli delined m this bacterium. A study
of these important enzymes will allow a beteer
understanding of how these cozymes function. their
role in microbially caused corrosion, and 4 more
rational development of bjocides to control these
hacteria,
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Two ¢-type cytochromes were purilied and characterized by clectron paramagnetic resonance (EPR) and
nuclear magnetic resonance (NMR) spectroscopic techniques, from the sulfate-reducer nitrogen-fixing organism,
Desulfovibrio desulfuricans strain Berre-Eau (NCIB 8387). The purification procedures included several chromato-
graphic steps on alumina, carboxymethyleellulose and gel filtration. A tetrahaem and a monohaem cytochrome
were identified. The multihitem cytochrome has visible, EPR and NMR spectra with general properties similar
to other low-potential bis-histidiny! axially bound haem proteins, belonging to the class of tetrahaem cytochrome
cy isolated from other Desulfovibrio species. The monohaem cytochrome cssy is ascorbate-reducible and its EPR
and NMR data are characteristic of a cytochrome with methionine-histidine ligation. Their propertics are
compared with other homologous proteins isolated from sulfate-reducing bacteria.

Since the discovery by Postgate [1] and Ishimoto et al. [2]
of tetrahaem cytochroine ¢ in the strict anaerobic sulfate-
reducing bacteria, other c-1vpe cytochromes have been re-
ported in Desulfovibrio species. 11 is now known that several
kinds of e-type cytochromes can be isolated from different
Desulfovibrio species. A classification based on the number of
haems per molecule, rather than their molecular masses, has
recently been proposed [3] as follows.

Monohaem cytochromes
(metlionine — haem-iran — histidine)

Crtochrome ¢ssyis a low-molecular-mass protein and
contains a single haem group with methioninc and histidine
as axial ligands. This cytochrome was only isolated from
Desulfovibrio (D.) vulgaris strains Hildenborough and
Miyazaki [4, 5]. It has a midpoint redox potential of
approximately + 20 mV [0, %" which is a low value compared
with most other methionine-histidine-ligated monohaem
cytochromes.

Cytochrome Cssy ¢sso) 1s 0 haem protein found in D,
baculatus strains Norway 4 [8] (formerly called D. desul-
Juricans strains Norway 4 [NCIB 8310] [3]) and 9974 (DSM
1743} [9]. This cytochrotne has a N-terminal sequence showing
little homology with D. vulguris strain Hildenborough cyto-
chrome ¢s53. EPR and NMR spectroscopies have been
utitized to characterize the structure around the haem [10}.

Correspondence 10 ). ). G. Mouri, Centro de Quimica Estrutural,
Universidude Nova de Lisboa, Avenida Rovisco Pais, P-1096 Lishoa,
Portugal

Abbreviations, EPR, electron paramagnetic resonance; SDS,
sodium doducyl sulphate.
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Tetraluem cytochirome ¢ 5
{ histidine — haem-iron — histidine }

This is present in all Desulfovibrio species so far examined.
The four haems, mesoporphyrins, are covalently bound to the
polypeptide chain through thioether linkages provided by
cysteinyl residues on cither a -Cys-(Xan),-Cys-His- sequence
or a -Cys-(Xaa),4-Cys-His- sequence. The axial ligands are two
hystidinyl residues. The three-hacm-containing cytochrome
cssy.s (¢7) isolated frem the sulfur-reducing bacterium Desul-
Suromonas (Drm.) acetoxidans (strain 5071) is a close relative
to this class of hacm protein {11, 12).

Several tetrahacm cytochromes ¢, isolated from difTerent
strains of Desulfovibrio have been sequenced: D. gigas, D.
vulgaris strains Hildenborough and Miyazaki, D. baculatus
strain Norway 4, and D. salexigens strain British Guiana as
well as cytochrome ¢y 5 (¢7) [rom Drmn. acetoxidans (11,13 —
15). Even when delctions are allowed to maximize homology,
only about 30% of the amino-acid residues are conscrved
throughout the above serics of proteins. They account mainly
for the residucs involved in the haem-attachment sites. There
are only eight conserved residues not involved in binding
the haem groups. This difference in amino-acid composition
results in a wide variation of the physico-chemical propertics.

Structural studies by X-ray crystallography have been re-
ported for tetrahacm cytochromes ¢, from D. vulgaris strain
Miyazaki [16] and D. baculatus strain Norway 4 [17, 18] at
0.26-nm resolution and a new sequence alignment has been
proposed {19]. The relative positions and orientations of the
haems are very similar for both proteins. Some of the features
of interest coming from these structures arc: the haem groups
have different solvent exposition, the four haems are not
parallel and they are attached in a compact cluster with iron-
iron distances ranging over 1.09 —1.73 nm.

Several physico-chemical techniques, mainly Mossbauer
spectroscopy [20], circular dichroism (CD) [21), clectron
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Table 1. Present knovledge of evtochromes characterization in sulfate-reducing bacteria of the genus Desulfovibrio
This table was compiled from references indicated in tet. Preliminar erystallographic data was recently reported on D, vidgaris Miyazaki
cytochrome cqay [65] 8 = sequenced; NMR, EPR. X-ray refer to spectroscopic characterization; P = purified; PNP = present but not

purified; ~ = not reported

Tetrahaem
evtochromie ¢y

Desuffovibrio species

Monohaem
cytochrome ey

Octahaem
cytochrome ¢

D. gigas S. NMR, EPR p -

D. vudgaris Hildenborough S, NMR, EPR P S, NMR, EPR

. vulgaris Miyazaki S N-ray - P, X-ray

D. baculatus sirain 9974 PONMR, EPR - pe

D, baculatus Norway 34 S.NMR, EPR, Xeray S P, NMR, EPR*
D. desulfuricans ATCC 27774 PONMR, EPR - -

D. desulfuricans Berre-Eau P.NMR, EPR - P, NMR, EPR

D. desulfuricans £l Algheita 7 S.NMR, EPR P -

D. salexigens British Guiana S, NMR PNP PNP

D. desulfuricans Berre-Sol P. NMR, EPR - P, NMR

paramagnetic resonance (EPR) [22-25), nuclear magnetic
resonance (NMR) (20— 32|, cyclic voltametry, ditferential pulse
polarography and pulse radiolysis [33 -39 have also been
applied to clucidate structural features and the mechanism of
clectron transfer in cytochromes from Desulfovibrio spp.

The midpoint redox potentials of the four haems bhave
heen measured by a wide range of techniques [24, 25, 33, 34,
40].

Octaliaem cytochrome ¢
(histidine - haemi-iron — histidine )

‘This cytochrome has been found in several Desulfovibrio
species (see Table 1). Recently, Guerlesquin et al. [41]
characterized the octahaem cytochrome ¢3 from D. bactdarus
strain Norway 4. By removal of the haems they demonstrated
that two identical subunits of molecular mass 13.5 kDa are
obtained. Although the monomer form of octahacm
cytochrome ¢, has a molecular mass somewhat similar to
that of the tetrahaem cytochrome c¢; isolated from the same
bacterium, the amino acid composition and the N-terminal
sequence are different, confirming the presence of u different
cytochrome [41].

Table 1 contains information about the purification and
characterization of c-type cytochromes from these bacteria.
The physiological role of cytochromes in sulfate-reducing
organisms is far from being fully understood. Tetrahaem
cytochrome ¢ plays an important role in relevant metabolic
pathways of Desulfovibriones, namely in its direct interaction
with the hydrogenase system and with the clectron transfer
chain to the terminal reductases involved in the reduction of
sulfur compounds. Octahaem cytochromc ¢, seems to be an
clectron carrier for the electron transport chain of thiosullate
reduction, in the 1. gigas enzymatic systems [42] and
cytochrome css3 was identified as a natural electron acceptor
for the formate dehydrogenase avstems in . vulgaris strain
Miyazaki [43].

Other c-type cytochromes were also detected in some De-
sulfovibrio spp. In D. desulfuricans (ATCC 27774) a sulfate-
reducing bacterium that can grow on nitrate as terminal
clectron acceptor, the nitrite reductase is a hexahacm ¢-type
cytochrome [44). Another c-type cytochrome called *split-
sorel” was also purified from this organism. It is a trimeric
protein with subunit molecular masses of 20.4 kDa with two
haems ¢ per monomer [45).

In the present communication we report tiie purification:
and some propertics of tetrahuem cytochrome ¢; and
cylochrome ¢y isolated from D. desulfuricans strain Berre(
Eau. Another e-type cytochrome was also detected for which
preliminary properties are presented. D. desulfuricans strain
Berre-Eau is able to grow while fixing N, as has bean reported
for some strains of Desulfovibrio and Desulfotomaculum (46 —
48].

MATERIALS AND METHODS
Analytical procedures and instrumentation

Moleculuar masses were cstimated by gel filtration on a
Sephadex G-50 column, according to the method of Whitaker
[49], using the following standards: chymotrypsin (M, =

25000), D. gigas ferredoxin 11 (M, = 24000), horsc heart |

cytochrome ¢ (M, = 12500) and D. gigas rubredoxin (M, =
6000) and also in the presence of sodium dodecyl sulfate
(SDS) using the procedure of Weber and Osborn [50] with the
following standards: soybean trypsin inhibitor (M, = 21000),
horse heart cytochrome ¢ (M, = 12500), and D. vulgaris strain
Hildenborough cytochrome ¢ss3 (M, = 9000).

The isoclectric point was determined by
focusing [51] on a LKB Multiphor apparatus,

Absorption spectra were obtained on a Beckman
spectrophotometer, model 35,

For NMR measurements, the cytochromes were desalted
and lyophilised three times from 2H,0 and dissolved to the
required concentration (1 —2 mM). Reduction of the proteins
was achicved by adding small amounts of solid sodium
dithionite under an N; atmosphere. High-resolution proton
NMR spectra were recorded on a Bruker CXP 300
spectrometer (300 MHz) equipped with an Aspect 2000 com-
puter in which mathematical manipulations were carried out.
The temperature was controlled to + 0.5°C with a standard
Bruker B-VT-1000 variable temperature control .:nit.

Sclective Nuclear Overhauser cffects were abtained by the
TOZ method [52]. Typically, onc free induction decay was
acquired with a gated irradiation pulse on the frequency
chosen, and the next with the same gated irradiation pulse,
but on uan cmpty region of the spectruin, The spectra were
subtracted in order to minimize external cffects, the sequence
was repeated 1000 times to obtain a good signal/noise ratio.
All chemical shift values are quoted in parts per million (ppm)
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from internal  sodium  3-trimethylsilyl-(2,2,3,3,*H,)pro-
prionate, positive values referring to low-field shifts.

EPR spectra were recorded in a Bruker ER-200 10 spec-
trometer equipped with an Oxford Instruments contiuous
helium (low cryostat interfireed to a Nicolett 1180 computer.

Growth of organisms and purification of 13, desulfuricans
strain Berre-Eau eytochromes

B. desulfuricans strain Berre-LEau (NCIB 8387) was grown
in the medium of Starkey [53] on lactate/sullate at 37 C and
harvested as previously described [54).

All the purifications steps were performed at + 4° C using
potassium phosphate and Tris/HHCl bufTers, pl 7.6, of
appropriate molarity. The frozen cells (600 g, wet weight) were
thawed and suspended in 1.41 of 10 mM Tris/HC! buffer,
containing a few deoxyriousiuclease crystals, The cell
suspension was treated in a French pressure cell: then the cell-
free extract was centrifuged for 45 min at 12000 rev./min.

The crude extract was passed over a colurn (37 x 5.5 cm)
of DEAE-ccllulose (IDIE-52) equitibrated with 10 mM Tris
HCI. ‘The fraction not adsorbed on this column (1500 ml)

ontained most of the cytochromes and was passed over an
alumina column (18 x 4.5 em) equilibrated with 10 mM Tris
HCI. A discontinuous gradient of potassium phosphate bufler
(10— 500 mM) was performed. Two main fractions containing
cytochromes were cluted between 40—100 mM  and at
400 mM. The first fraction contained an ascorbate-reducible
cytochrome (cytociirome ¢5s,), T second fraction contained
mostly a cytochrome not ceducible by ascorbate but
dithionite-reducible (tetrabzem cytochrome ¢y).

During the prrification a purity coefficient will be delined
aslA | aed)-dgqg (red))/ daya (0xid).

Cytochrome ¢ 554

The fraction containing cytochrome c¢ssy coming from
alumina (3’ = 350 m! with a purity cocfficient of 0.15) was
dialysed overnight against 20 | distilled water. After dialysis
this cytochromce was adsorbed on a column (19 x4.5 cm) of
carboxylmethycellulose (CMC-52) equilibrated with 10 mM
Tris/HCI buffer and eluted with a discontinuous gradient of
Tris/HC! buffer (10 —250 mM). The cytochrome css3 with a
~ocfTicient of 0.82 in a total volume of 310 ml was dialysed
again and a second step of purification was performed on
another CMC-52 column with a similar elution gradient. At
25--50 mM Tris/HHCl bulTer the cytochrome cgs3 was cluted
in a volume of 190 ml with a purity cocflicient of 1.02. A
last step of purification was done in column (53 cm) of
hydroxyapatite (MTP) cquilibrated with 50 mM Tris/HCl
buffer. Cytochrome ¢ss3 was not retained but cluted in a
volume of 150 ml having a purity cocfficient of 1.2. This
cytochrome was completely reduced by ascorbatc.

Tetrahaem cytochrome ¢ 4

The [raction containing mostly a cytochrome not reducible
by ascorbate cluting from the first alumina column was
dialyzed overnight against 20 I distilled water, This fraction,
in a volumne of 450 ml and with a purity coefTicient of 0.19, was
adsorbed on another alumina column (17 x 4 cm) equilibrated
with 10 mM Tris/HCI bufter. During a discontinous gradient
of p!losphulc buffer (10—~700 mM), a 360-m! cytochrome
fraction wus collected at 400 mM. This cytochrome was not
reducible by ascorbate and the purity coclficient was 1.88.
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Fig. 1. Ultraviolet and visible absorption spectra of D. desulfuricans
strain - Berre-Law evtochromes. (A) Tetrahacm  cytochrome ¢y
(1.25 pM): (-—---) oxidized form; (- - - -) dithionite-reduced form.
(B) Monohaem cytochrome cq<y (4.33 pM): (———) oxidized form;
(- - - -} ascorbate-reduced form

After dialysis this cytochrome was adsorbed on an HTP
column (11 x 4 cm) equilibrated with 10 mM Tris/HCL. A dis-
continous gradient in  phosphate  was performed (1~
500 mM). Tetrahaem cytochrome ¢y was cluted between
200—400 mM in a volume of 175 ml with a purity coelficient
of 1.95. After dialysis, the material was adsorbed onto a CMC-
52 column (20x 4.5 cm) and subjected to a discontinuous
Tris/fHCI gradient (10— 170 mM). Tetrahaem cytochrome ¢
was cluted at 60— 100 mM ina volume of 180 ml with a purity
coefTicient of 2.8 1. Another similar step on CMC-52 increased
the purity cocfficient to 2.85 and finally tetrahaem cytochrome
¢y was passed on a Sephadex G-50 column (90 x 4.5 cm)
cequilibrated with 10 mM Tris/HC. Tetrahaem cytochrome cy
was obtained in a volume of 70 mi with a purity coefTicient of
3.22

RESULTS
lHomogencity and molecular masses

Tetrahaem cytochrome ¢; and cytochrome css3 were
judged to be pure by polyacrylamide gel clectrophoresis at
pH 8.9.

The molecular mass of cytochrome 553 was estimated to
be 9 kDa by SDS gel clectrophoresis. This value is similar to
the molecular mass of three other monohaem cytochromes
isolated from Desulfovibrio species (4, 5, 8, 9].

The molecular mass of tetrahaem cytochrome ¢y deter-
mined by gcl filtration on Sephadex G-50 and on SDS gel
was estimated to be 13.5 kDa. The isoclectric points were
detenmincd by isoclectric focusing to be 9.2 and 8.6 respective-
ly for cytochromes css3 and c;.

Ultraviolet and visible absorption spectral properties

The absorption spectra of oxidized and reduccd forms of
purilied cytochrome cssy and tetrahacm cytochrome cy ure
shown in Fig.1. Cytochrome ¢ss3 is completely reduced by
ascorbite and cytochrome ¢; is only dithionite-reducible. In
contrast with cytochrome c;, cytochrome cssy shows in the
oxidized form a peak in the 280-nm region and a weak shoul-
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Fig.2, kpr spectra of D, desulluricans seraiy Herre-Eay Jerricyto-
chrome ¢ s55(A) uml.Ii'rrilulmluu'm cvtechrame ¢ () (A) Measured
452K, microwqve power 2mW, field modulation | mT, gain
Sx104; (B) measured at 4.8 K, other experimental conditions as jn
A

der ar 690 nm (not shown), characteristic of the haem-meqh.
ionine axia) ligation,

The highest purity  coeflicient found for tetrahaem
cytochrome €3 18 3.22 and for cytochrome Cas3 i 1.20, The
values are simifar to the ones reported from other Desul-
ovibrione tetrahiem cytochromes ¢y and monohaem
cytochromes Cs43.

Llectron paramagnetic resongpee data

Lerricytochrome Cssa The EPR spectrum recorded ag 6 K
(Fig.2A) containg Wwo main componens presentat g = 327
and g = 202 which are assigned to 4 low-spin specics, The
third componen( of the correspanding rhombic g tensor i not
observable, Presumably being (oo broaden in the high field
region,

[~’('rril¢'lmllm-mql'mrllmnm ¢s Fig.2B shows the PR
spectrum recorded ay 19 K. The spectrum is quite complex,
showing in (he &max region severy) superimposed signals. A
very broad feature js detected dround 3.33, 4 prominent
feature a1 2.9¢ and a shoulder a 2.80. A derivative peak is
observed gt 2.28 (probably Kmea) and two broad signals at
high field: 1.55and 1.40 (& rmin)-

Nuclear magnetic resonance datq

Ferr/‘qvlm‘ltrmm' €533 Fig. 3A shows the NMR spectrum
of the low-field region of p. desulfuricany strain Berre-Eay
fcrricytochromc Cssy. Four haem methyl resonances are ob-
served (M, _ ) in a pattern very sinjlar to that observed for
D. vulgaris sirain Hildcnborough Cytochrome ¢y, [10]. A1
high field (he £-methyl protons from the axial-ligated methion-
inc can be observed ay ~9.34 ppm (300 K). A one-protoun
resonance, presumably from , methylene group of this res;j-
due, is underneath the £-methyl methionine group(Py) and can
be separated when varying the temperature, The lemperature
dependence of selected Tesonances of the NMR spectra of
ferricytochrome €ss1 (Fig.4) indicates that the methyl reso-
hances M;, M, and M, do not follow a Curie faw, Although
the chemical shift ol't:-mcthyl methionine resonance decreases
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Fig.” 300.a1115 pectru of D, desulfuricaps Berre-Lay cytochrome
Csssitt (A) reduced Sorm ar 313 Kaud (B) oxidized forns JOo K,
Some relevang resonances are assigned
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Fig.4, Temperature dependence of selected NASR resunances of D,
desulfuricans Strains Berre-Fgy Serricytochrome ¢ 133 G5 indicated jy
Fig.3

when lemperature s increased, the lemperatyre.
dependence plot is complex and pot lincar. This s also ob-
served for methyl fesonances My, M, and M,.
Ferrocytochrome Css3 Fig.3B shows he 300-MH, NMR
spectrum of D, desulfuricans strain Berre-Fau fcnocytochro-
¢ ¢s5y. Four onc-proton resonances assigned to haem
mesoprotons are resolved at 10.24, 9.63, 9.39 and 9,37 ppm
in the low-field region of the speetrum at 300 K In the high-
field region the typical pattern of the fesonances from, the
methionine ligated 1o the haem iron can be observed, The
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Table 2. Chemical shift of axial methionine resonance in 1. desul-
furicans Berre-Eau ferrocytochrome ¢ oo 1 313K)

Resonance Chemical shilt
ppm

e-Methyl — 151

¢ -Methylone - 3.60

w-Methylene -t

f-Mcthylene —1.89

fI-Methylene ~0.76

4 Not determined. Probably the methionyl y-proton overlaps the
r-methyl group.

. 'J.AWJ

i

30 25 26 15 10
CHEMICAL SHF T (ppm}

Fig.S. 300-MHz NMR spectra of the lowsfield region of D. desul-
furicans strain Beere-Eau tetrahaem cytochrome ¢ yin the oxidized form
at 313K

methyl protons at the ¢ position of the axial methionine are
at — 3.51 ppm, a value lower than those generally observed
for methionine-histidine cytochromes (positive redox poten-
tial). The assignment of the methionyl ff and y protons was
carried out as in [52]. Tlte results are shown in Table 2.
Ferritetrahaemcytochrome ¢ y In Fig. 5, the low-ficld region
of the oxidized form of tetrahaem cytochrome ¢ is shown.
everal resonances corresponding to three-proton intensity
(haent methyl) can be detected in this region as is usual for
tetrahaem cytochromes ¢y from other Desulfovibrio species.
At least 14 haem methy! resonances of the 16 haem methyl
groups are observed.

DISCUSSION

Sulfate-reducing bacteria are strict anacrobes that arce
considered as representative of organisms having an ancestral
metabolic process. They arc able to carry out the dissimilatory
reduction of sulfate, the so-called ‘sulfate respit “'uu . This
process involves cight clectrons to reduce susiatc up to
hydrogen sulfide, coupled with an clectron transfer chain.

Cytochromes seem to play an important role in these
clectron transfer processes, although at the present moment
their precise physiological role is still controversial. More
rescarch on the cell localization must be undertaken in order
to understand fully the involvement of the hacm proteins. The
localization of tctrahacm cytochrome c¢; is predominantly
periplasmic [54) although Odom and Peck [55] have found
relevant amounts of r-type cytochromes in D. gigas
cytoplasm. Recenly, comparing amino acid sequences of scv-
cral periplasmic and cytoplasmic proteins from Desulfovibrio
species, LeGall and Peck [56) proposed that periplasmic pro-
teins have NH,-terminal amino acid sequences indicative of
recognition sites for signal peptidases. This is the casc of
tetrahaem  cytochromes ¢; and supports their previous
localization in the periplasmic space.
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As indicated in Table §, tetrahaem cytochromes ¢y are
conserved in all the Desulfovibrio species analysed so far. It is
interesting to note that even when the terminal acceptor is
modified, i.e. nitrate by sulfate in D. desulfuricans (ATCC
37774) this multihacm cytochrome is conserved [45].

The presence of monohaem cytochromes has not been
reported for most of Desulfovibriones (see Table 1),

The general EPR and NMR spectroscopic parameters of
the monohuem cytochrome ¢ 5y isolated from D. desulfuricans
strain Berre-Eau are very similar to those from D, vulgaris
strain Hildenborough cytochrome cssy. According to the
classification of Brautigan et al. [57), D. desulfuricans strain
Berre-Eau  cytochrome c¢ssy belongs to the class of
cytochromes like yeast iso-2, Euglena, Rhodospirillum rubrum
and Pseudomonas denitrificans that have a major neutral pil
forin with g value near 3.2, The tuna, yeast iso-1 and horse
cytochromes ¢ belong to the other class having at neutral pH
a major form with EPR absorption at g = 3.06. It was also
suggested by Brautigan et al. [57) that in this last class of
cytochromes the N-1 from the ligated imidazole is depro-
tonated or enhanced hydrogen bonding. The NMR pattern
of the low-ficld-shifted methyl haem resonances in the ferric
form is well as the chemical shift of the haem-meso proton
resonances and the methyl group of the methionine in the
ferrous state are identical (sece Table 2 and Fig.3). It wus
recently shown that in D. wulgaris strain Mildenborough
cytochrome css3, a different methionine chirality is observed
when comparing the oxidized and reduced states of the protein
{10). In the reduced state the axial methionine has an §
chirality and changes to R upon oxidation. The structure is
most closely related to that found in cytochromes css,, but it
differs from these by a clockwise rotation of approximately
45" around the iron-sulfur bound.

Another monohaem cytochrome was isolated from D.
haculatus strain Norway 4 [8]. With respect to the chirality of
the bound axial methionine, it scems to have the same proper-
ties as D. wulgaris strain Hildenborough cytochrome css;.
However it presents different ring methyl hyperfine shifts in
the oxidized form, that are explained as being duc to a small
rotation of the axial methionine about an axis through the
hacm iron and the mecthionine sulfur atom [10]. This
cytochrome isolated from D. baculaus strain Norway 4 shows
a splitting of the « band of the visible spectrum in the reduced
state. A similar monohaem cytochrome also showing a split
« band was purified from D. baculaius strain 9974 [9]. The
EPR g-values of these two split « cytochromes differ from
thosc observed for D. vulgaris strain Hildenborough and D.
desulfuricans strain Berre-Eau cytochromes css3 (Table 3).

The similaritics between the monohacm cytochromes from
D. vulgaris strain Hildenborough and D. desulfuricans strain
Berre-Eau as well as the similaritics between the monohacm
cytochromes from D. baculatus strains 9974 and Norway 4
are quite noticable [7—10, 58] confirming that two different
types of monohaem cytochromes are present in Desulfovibrio
specices.

Table 3 compares some of the data available for mono-
haem cytochromes from Desulfovibrio specics. As it was al-
ready pointed out the monohaem cytochromes from Desul-
fovibrio specics have unusually low oxidation-reduction
potentials [6, 7]. This might be correlated with the unusual
low position obtained for the e-methyl group of the axial
methionine in the reduced state [59]. A similar value of
chemical shift was also reported for the methionyl methyl
group of D. vulgaris strain Hildenborough (830-¢ = 3.62 ppm)
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Table 3. Physico-chemicel data on vionohacn cytochrores isolated from sulfate-reducing bacteria of the genus Desulfovibrio
This table was compiled from references indicated in the text. The midpoint redox potential of 2. vulgaris Miyazaki was reported by Langone

etal. [o6)

Monohaem cytochromes cq. Redox potential EPR values Isoclectric point Molecular
e e mass
Lman Kmed
mV kDa
D. vulparis thtdenborough 0t S 318 2.065 8.0 8.6
D.oveld saric Miyazaki - 260 - - 10.2 8.2
. baculatus Norwiay 4* 2 - 50" .07 2.24 6.6 9.4
. desulfuicans Beere-Eau R 3.27 2.02 9.2 9.0
D. baculatus strain Y974* > - 50° 3.08 2.25 - 9.0

* Refers to monohaem eytochrome ¢yey (s30).
* Ascorbate-reducibile.
© Not reported.

Table 4. EPR gevalue: of tciralaem cvtochrames ¢y isolated from
sulfare-reducing bacteria of the genus Desulfovibrio

Tetrahiem L Loved Emin
cytochromes ¢y
D. gigas 296, 2.85 2.30 1.58, 1.51
D.ovudgaris

Hildenborough  3.12,2.97, 2.82 29 1.67,1.57, 143
D. bacubatus

Norway 4 3.36, 3.01,2.94 228 1.51,1.38
D. baculatus

strain 9974 3.36, 3.06, 295 227 1.51,1.32
D. desulfuricans

Berre-Eau 3.33, 2,96, 2.80 228 1.55, 1.40
D. desulfuricans

El Algheila Z 2.95 228 =~ 1.51

and D. baculatus strain Norway 4 (dy0+¢ = 3.60 ppm)
ferrocytochromes sy [10].

In Table4 some of the EPR g-values of tetrahaem
cytochromes ¢y are compiled. The tetrahaem cytochromes ¢
cxhibit quite different EPR characieristics, Tetruhaem
cytochrome ¢3 from D. baculatus strains 9974 and Norway 4
and D. desulfuricans strain Berre-Eau (this study) show quite
similar EPR characteristics {60]. They all have a broad feature
at g = 3.3, a resonance around g = 3.0 with a shoulder on
this peak to lower g values. For other tetrahaem cytochromes,
like D. gigas and D. desulfuricans strain El Algheila Z.
tetrahaem cytochromes ¢y the broad peak around g = 3.30
is missing and only a g,,.. value is prominent around 3.0—
2.9, showing in some cases a shoulder. D. vulgaris strain
Hildenborough tetrahacm cytochrome ¢y seems different in
the fact that three g, values arc quite discernable at 3.12,
2,97 and 2.82. The gepeq is sharper when compared to those
from other cytochromes c;, {7, 60].

Recently Palmer and Walker ¢t al. have shown that, in
haem mode! compounds where the two axial imidazoles are
perpendicular to each other, the EPR signals arc extremely
anisotropic with g values at around 3.4 [61, 62]. The X-ray
structures of tetrahaem eytochromes ¢y from D. vulgaris strain
Mivazaki and D. haculatus strain Norway 4 show that three
of the haem groups have the two axial histidines in the same
planc in relation to each other. Only one haem in both of
these cytochromes has the two axial histidines perpendicular

to cach other {8, 18]. In this context we can re-examine the
EPR spectra of these cytochromies ¢y with g values greater
than 3. This signal should correspond to the haem with lhi’
two histidines perpendicular to each other. This haem has
the lowest redox potential (— 325 mV) in D. baculatus strain
Norway 4 [40). However, in D. gigas and D. desulfuricans
strain El Algheila Z tetrahaem cytochromes ¢, where the X-
ray structures arc not yet deterinined, the EPR characteristics
are different and the signal with high g,., is not present. The
tetrahaem cytochrome ¢, purified from D. desulfuricans strain
Berre-Eau is similar in many aspects to tetrahaem
cytochromes ¢y from other sulfate-reducing bacteria of the
genus Desulfovibrio. 1t is a tetrahaem protein with a molecular
mass of 13.5 kDa. The redox potentials of the four haems
are low, since only dithionite, not ascorbate, can reduce the
protein. The EPR and NMR characteristics of the tetrahaem
cvtochromie ¢ are more closely related to the similar proteins
isolated from D. baculatus strains 9974 and Norway 4. The
screening of the EPR and NMR characteristics of tetrahaem
cytochromes ¢; would probably permit this class of proteins
to be subdivided into sub-groups with more similar propertics.
This class of cytochromes has been extensively proposed to
be involved in the hydrogen metabolism of sulfate-reducing
bacteria [3). It was also shown that in some species of sulfat
reducers, for instance in D. baculatus strains 9974 and Norwuc’
4 and D. gigas, tetrahaem cytochrome ¢y can act as a sulfur
reductase (reduction of elemental sulfur to sulfide), whereas
that of D. vulgaris strain Hildenborough is rapidly inhibited
by sulfide {63, 64].

The four hacms of tetrahaem cytochromss ¢y have
histidine-histidine ligation and, as shown by EPR and NMR
spectroscopies, they are localized in non-equivalent protein
cnvironments and cach haem has a different redox potential
[25, 30, 31, 40]. Although the absolute values vary with the
experimenta! method of measurement, there is a general agree-
ment that the four haem groups exhibit different and negative
redox potential values.

By redox studies, followed by monitoring changes in the
haem methyl resonance by NMR spectroscopy, we have re-
cently shown that there is a haem-haem redox interaction [31,
32]. The midpoint redox potentials of some of the haems, as
well as their interacting potentials, are pH-dependent. From
these studics it scems that tetrahaem cytochrome ¢y has the
potcntial of donating or receiving two coupled clectrons and
can interact with other electron transfer proteins in different
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l’!‘.\'-*'"o]ﬂz-'icul conditions by modulating jts mid-point redox
potentials [32]. A full characterizistion of this new tetrahaem
cvtochrome ¢y in the light of this model of the interaction
between the four haems is under study and will probably
contribute to a better understunding of the electron transfer
mechanism in this class of cvtochromes and of their physio-
logical significance,

The eytochrome systeny in D desulluricans strain Berre-
Eawis mainly constituted by cytochrome ¢s45 and tetrahaem
cylochrome ¢y, 4 very small amount of another c-type
eytochrome was also detected, This cytochrome has not yet
been fully puritied. Tt does not belong o the octahacem
eytochrome ¢ type and is partially reduced by ascorbate, Its
molecular mass is between that of tetrahaem cytochrome ¢,
and ceyvtochrome cssao NMR and EPR show that it is i
multihaem eytochrome with significant differences from tetra-
haem eviochreme 3. A complete study of this eytochrome is
underway 1o elucidate irs properties fully,
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Energy Transductien Coupling Mechanisms
in Multiredox Center Proteins

Anténio V. Xavier

Centro de Quimica Estrutural, New University of Lisbon

ABSTRACT

The dota cbtained for the physicochemical parameters of Desulfovibrio gigas cytochrome ¢y, 3 small
tetraheme electron transfer protein, nre analyzed in terms of its possible use as an clectron/proton/
phosphoryl group transfer potential coupling device.

INTRODUCTION

The understanding of the mechanism for the multifarious couplings of energy
wransduction is a fundamental problem that has interested biochemists for the last
quarter of a century and in particular Profestor R, 1. P. Williams [1].

The 1ypes of energy wransduction that have been considered generally deal with
electron/proton/phosphoiy!l group transfer potential: electron/clectron coupling is an
indispensable condition for the ubiquitous need for the transfer of two clectrons in a
single step; clectron/proton coupling is a well-recognized process necessary for the
function of proton-carrying redox proteins; and proton/phosphoryl group transfer
potential coupling has to be considered in order to explain input of energized H'* and
output of ATP.

My purpose with this article is to utilize the recently obtained data on the
characterization of the multiredox center cytochrome ¢y isolated from Desulfovibrio
gigas, in order to demonstrate its potential use as a model for these three types of
energy coupling.

D.gigas cytochrome ¢, is a small protein with four ¢ type hemes in a single
polypeptide chain of approximately 13 kDa {2]. The axial ligands for the four hemes
are two histidiny! residues (3}, Cytochrome ¢, has a central role in the physiology of
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Desulfovibn’o spp. since it couples the pyruvate dehydrogenuse activity. where two

protons and tWO clectrons are released, and the \\ydrogcnasc activity resulting in the
produc\'\on of Uy Conversely it also couples the uptake of Ha by \\ydmgcnusc. where
apain two electrons an wo protons are pmduccd and sent 10 the sulfate reduction

jeved 10 work

metabolic pathway- Although cy\ochmmc cyisd soluble pm\c'm. itisbel
when membrant bound 41.

H valucs, 7.2 and 9.0
Evend qua\'um'wc analysis of Table 1 shows that (1) the m'\cmscop'\c midpoint redox

ientials ar¢ pH dependents () the interaction po\cn\'m\s are not ncg\\g'\b\c and arc

3 n
Furthermore. & prc\im'mury anatysis of the NMR redox titrations carricd out in the
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TRANSDUCTION COUPLING MECHANISMS 241

to that postulated for severyl other systems [7-9]. This effeet is an indispensable one 1o
achieve the coupled trunster of electrons and progons.

A quantitative analysis of the influence of the iteraction potentials wag previously
reported [S]. This was done caleulating the molur fractions for the different oxidation
steps (step 0, corresponding o the e xidation Mep with 1o hemes oxidized; step i, to the
oxidation step with only one heme oxidized; and SO on up 1o step 1V, which
carresponds to having the four hemes oxidized) obtained ulong the redox titration (see
Fig. 9 of Ref. 5). However, this analysis reflecis only the chemical equilibrium data
and is not relevant in order to try and examine the dypamic cquilibrivm in which each
protein molccule will be jnvolved for its physiological activity, A different analysis js
depicted in Figure 1. In this analysis the assumption made is that for cach molecule
involved in the electron transfer process, the elections are given {recejved) specifically

FIGURE 1. Cytochrome ¢, RlCrOsCopic  midpoing reduction potentials, Those actually
involved in the eleetron transfer chain are represented i boxes. The evolution of the values for
cach heme before oxidation (- Yand before reduction (-~} ars also showir, The interacting
potentials are represented by broken lines, positive stopes indicating positive cooperativity
(y > 0) and vice versa. The combimation of negative and positive coopzrativities, at different
exidation stages, reinforces the dispatching effect tegas sy 2 Jand 11y < 0, oxidation of
henie 1 () makes hetme 2 (e2') easier and heme 3 (e3') more dinicult 1o oxidize),
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by one of the hemes and that the following ¢lectrons are given (received) 5O fast that
there!is no time for chemical equilibration {0 be atrained, Thus, for each molecule
when inserted in an clectron transfer chain thereis 8 specific order for the utilization of
the hemes, which results inthe utilization of only five redon states out of the 16 that
can be obtained duringa chemical redox titration of @ rerraredox center protein.

The.: slepwise order s a direct result of the interaction pulcm‘.uls. which:can
yiewed s cooperativity effects, either positive (whenly 2 0) or pegative ones (when

g < O with ' the overall result of u - yectoriol |Use of the: hemes: Thus, the
pi-.ysio'lugicu'ny useful micrt scopic reduction potentials are only, those drawn as boxes
inGigure 15 €1 el et and e, respectivelys for haem 15 the heme with'the lowest
midpoint reduction puw.miul in the fully reduced ste) and hemes 2,3, and 4 the
subsequent ONes (the superscripts indicate the oxidized hemes):

Figure 1 als0 shows thatin dynamic cquilibrinm, due to the fuirly sirong positive
cunpcnni\'ity hetween hemes 2 and 3 U2 = +42 mVY), their midpoint reduction
potential is the same, within c:;pcrimumnl error (e = o418, Thus, owing 10 electron/
clectron conpling, \he protein hits the necessury properties 1o carry outa two-electron
rransfer (10 11}

1n this analysis the role of hemes 1 and 4 js inte rpreted s i regulutory one that sets
the: scene for @ two-clectron Step {0 be operative: prmcin—prn'.vin recognition, with
oxidation af heme 1 or reduction of heme A4 is d prcp;nuliun step for i two-electron
step/iobe activated, which i€ the one cfjectively used by the etectron (ransfer cliain:
‘This meehanism ol action also mithes it possible 1o avercome the existing dilemmd
petween the needd for fastas well s tor Jelective electron wransfer {121 Thus: (e ready
state for st clectron rransfer by cytochrome € cofhee A0 eptatic state 1131 would only
be gcnur'.ucd after the regulutory (dispatcher] conters hive heen activated thus
ensuring selectivaty. =

Although knowledge about the elfests o the speeific interaciion Ol inorganic
phosphate in the ph}'.\"‘.cnchcmic:d pmpuﬂicn of eytochrome €1 15 sull seurety itean be
apccululcd that o further energy pransduction couphing (10 phnsphnry". group transier
puicmiuh miy be achieved by this interesting moleeule:

CDNCLUSIONS

Molccular evolution has resultediin ¢laborated Jeyices Whosc coniplexity fas eluded

ihe full understanding of the mechanisms invalyed in one of hivlogy's hest-kept
secrets: that of energy transduction coupling:

Sulfate reducing pacteria ure considercd among the most ancient orgunisms in the
evolutionary scale. Thus, they should' be expected 10 rely on less :.uphisﬁcmcd
nrgam‘.?ution for the relevant structures.

1 is quite remarkable that d ¢mall protein with a singlc pulyp&ptitlu chain, hardly
sufficient/to cover its four. covalently bond redox centers, concentrites the propcrtics
for:such & broad range of pu'.cnl.in'u encrgy transductions (ck:clrunr‘pruion!phnsphoryl
group transfer potential). Although at this stage 1UiS only possible 10 speculate.on the
physio!ngicn‘. implications of these pmpcrlics. which could jead as far as suying that
cytochrome ¢yisa rudimentary (prccursor] "rcspira'.nry” chain, the char;nclcrizm‘.on
so far obtained for thisin many respects amazing protein warrants the importance 0 its
complete study in order to use {he acquired knowledge 10 further the understanding ©
the snphis.'.’.calcd systems used by more evolyed cells:

[ should like 10 thank J. LeGall, 1. Motira, J. J. G. Mourd, arid Hi San(as, with whom the
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