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SIX MONTH REFORT

1. BIOCHEMICAL ENGINEERING

{.1. Mixed culture, phase separated work
1.1.1. Historical brief

A5 reported previouwsly, worlk started on the second half of
1985 using molasses slops +rom a ethanol producing plant.

Due to economics-cost o4 sugar on the world  mar ket being
lower than the cost ot cane swyar molasses, no plant is using now
molasses  in Fortugal and this shall contipue until at (east the
and of 1986,

Thus , zince  February, in arder 1o reproduce  cearbon  and
"

sulfate ratiros, W Aare using a oompl e synthetic effluent,

with real, unprocessed cane sunar o molasses, ditluted as required
and acidifiod wibth solphurie acids never-thel ess, as we do not

ntoin the real

brufter  or add veamt o esdbract (Chat would be [#1ak
affluent) the rosolls will ot be strictly  caonparable, But, tor
the main purpoce of sturdying competition belween sultate reducers
and  acidogenie hacieeria,  as well as For the use of "acidified"
feod in Yhe wethooiogenic ceactor, this showid be appropriate as a

“model nystemn'.,

1.1.2, Layout

The reactor lavout indicated ip &.1.1. of our proposal 18
naw - operative with teo sequential anerobic filters; bath teead
and  acid  digester cftluent acting as teed to the methanogenic

0,.
reactor  are cooled te 474, the reactors themselves being heated
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to 357C (see attached photography); hotthh filters have a net
volume of 3.48 1, filled with hydrofluoric acid treated glass
Raschig rings at a porosity of 73.5 %. They are fed with time

controlled peristaltic pumps.

1.1.%. Analytical
Suspended and volatile suspended solids, chemical Rygen
cemand,  pH,  pg o, sulphates and sulphides determinatians are now
poimplemented in accordance with Standard Flethods, as indicated
n khe proposal. Sulphate analysis requires high dillutions and,
given the ol our ot tho e+ flaeat, Frovves  on by an atceptable
reproducibility on Fhe tuarbadimetric meihod chosan.

At ter  many difficultics arising From a faulty instrument
requiring renlacomsnle and BRI A bt Lo Fortuagal of the
techmicad thrector tor Furopoe, the tlame tondzation detector gas
chramatoaraplinsg anst yurs of Bhe LIguid currants 19 now going on
we | § and volatile +tatty acids can be determined and controlled.
The {thermal conduebiyity atebactor and it sofbware  cantrol,
thouab, have not yet been put right and thus gas  analysis  are
performed  on oa weekly basts, in the control Labhoratory from
Feltroguimica  Gas de Fortugal , a synthesis gas plant located on

the othor stde of Lausbon.

1.1.4, Preliminary results

pH 1s to be increased from a  velue still good for
acidogenesi s 4.%) Hed:, at  which no  sulphate reducers Can
opperate, uantil an optimum i reached; as ey example, although

sulphate  reducers  are satd to need pH values above siv to  work
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properiy under suspended growth mode, the following results were
obtained +tor pH H5.6 at this fixed film mode on the acidogenic
reactor:
~ Sulphate reduction — 15 %
- Total volatile acids - {6 g/} (of which acetic and hbutiric
constitute BO %)

a (GOD reduction of 20 % being apparent at the volumetric loading

-r
]

of 10 kg COD 7/ . day. To keep the pH at 5.6, pH control is
neaded.

For the methanogentc reactor, currently operated at  a low

vaiumetric toading of SeH kg oD /s m . deay amd A naturally
achieved pHo of 3, a suiphate conversion of 99 %4 is  achieved,

yielding .t o7 gas 2 om" reactoroday,  at oo methane content of 7%
“ohut o wibh 2 obto DU hvdrogen suiphide being presenlt in the AsS

even at this rather fooh phi,

~v. Fure cultures of Propionibacterium acidipropionici

1.2.1. Historical brief
Faollowing the four monih stay of Mr.  Joac Faule Crespo with

Frof. Jim  Gaddy, abt the GChemical Engineering Department of the

Univerasity of arbancaz, Favetteville, we have characterized fully
the miocrobicologiocal stady of the 1y oprony bacter tam (ATGE 25562)
an v fterent vylose Lo lueose ratios.,

The  smmobibized cell colbumn e now opperataing at different
iguid retention fumes and we are also using a /7 Liter fermenter

working  on continuously stivred tank reacltor mode (USTR) ,  using

ratios of xylose glucose of 25 W ko /9% 7w (weight basis) .
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1.4.2. Results

The results of the work carried out until late April have
been presented to the Conterence on "Hiotechnology and
Agriculture in the Mediterranean' held in Athens late last  June
1986 (photocopy attached).

More recent results are still bering processed.

1.3, Future work

In the near tuture we expect to be able to use, for both the
anaerobic  filters and the propionic 1mmobilization coiumn, a
nove | support consisting ot synthered glass Rasching rings  with

14 A0 T L e and oo ko A0 m, eupecting higher

th

pore 5126

"microbial attacnement”  and thus Jarger reacltor prodectivity.

Ihis  material, st L1 manutactured  only n sm:all laboratory
batches, will  be kindly provided by the Schott rlainz group  of
Weast Garmany LBee HoRisping andd H.d. Rehm,

Appl.Microbiol B ctechnol o, 25 (1986) L74—=179).

. SCREENING

the work  on the screening of enzymes and co-factors and
their charactorization as well as of metabolites important in the
context  of bioconvyversion has been contanued. fhe main results

are listed below:



2.1. Purification and characterization of tiree proteins form a

halophilic sul fate reducing bacterium: Desul fovibrio

Hydrogenase, desultoviridin and molybdenum proteins  have
been isolated from a halophilic sulfate reducing bacteria,
Desulfovibrio salexigens strain Hritish Gulana. At least +Fifty
percent af the  hydronenase  was found Lo be located in the
periplasm, he  hydrogenasie has a typlo absorplion spectrum, a

nmorabuo of 0008, 2 ol ecadar weiaght by  sedimentation

00/ 28

caqui lbibrium oy i,00) Da and i composed ot Lwo subunte, It has

one 1ok, one setoentum and U0 aron atoms per molecule. The
sulfite redurtase hoas a0 typlcal desulfovirydin absorption
speclram, A molacil ar wervaht nd 1l 000 ba and 1yan and Tingc
associated woth 1o, The modybdenum=—Jronm proteln 16 gray—qQreen 1n

color  and  exhibibs an optircal gpeacrrom wiln peaks around o,

430y 275Gt and o showlder ot AE9 nan. e d e composed of subunits
af  approsimately LA, 20 Da and has an approdaimats molecalar
we i ght it Lo, 000 Da. fhr e mol ybdenum and 20 iron atoms  are

found assocy atec wyith i,

v

b e b ensd o study af thos three proteins 1s being  sought

nding on the function of these

whiich  will allow a hebter under e
ensymes  but also of thelr possibie role  in wmicrobial  cauwsed
COFEOS10n.

i work was  carried  out in collaboration with the

University of wveorqgia group.
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as a form of aldehyde oxidase

The molybdenum iron—-sulfur protein, originally isolated fronm
Desulfavibrio Qigas by J.doblHoura ) al. (19769,
Biochem.Riophys. Reas, Lommun. , s 78~ 7839, has been further
investigabed. the molvbdenum (V) ELFOR. signal obtained on
extended  roduction with sodiam dithionite, hias been  chown, by
studies  in JHAU and JM:U and  computer simulation, tv have
parameters within bhe range reported for bhe Slow Signal from the
1nactyve deswlpho rorm O Var1ous mol yhderum containing
hydrosyl ases, Liv adddr taon, anolther sianal obtained on brief
reduction  wieh smal ) amount e of dithionite was shown by E.F.R.
difterenco L oachnuguaes Lo hoe s RKapid type 2 Signal, like those

trom  the cabive sorim of such ensmymnes. Activity measurements

rrea @A e iyt the protern head aldeyde-2, 6-

—dichloropbenotyndophiennl  oxido~redact aze activity, but no  such

ACt iyt by bowards wanthine or purine, salteylaldenhyde Was A
pravticond arty  oood supnstral e and aleo pave rises Lto  the Rapid
si1anal . Flolybdenum  catackor Liberated  from  the protein by
treatment Wt dimer ey Lol phodtsde was ackrve  n thee it )

Murospora o o brate reduct s acsay, Tt 1 concladed that

the protein is o torm of an aldehyde oxidase orF dehvitrogenase.
From dntensity  or the E o, m, Saginals and 4rom ensyme  activity
measuremnent s, LO-50%  of Fhey probemn appears  bto he  in the
tunctronal form.

his wort was carried out an collaboration with Dr. K.C.Bray

(Umiversity of Sussowx, UK.



Energy transduction coupling mechanisms in multiredox centre

proteins

The data obtained for the physico-chemical parameters of

Desulfovibrio gtgas oyt chrome ¢ a small tetrahaem electron

transter protein were analysed in terms of its possible use as  an
electron 7 prolon /7 phosphory]l group transter potential coupling

device see enclosed manuscript, J.lnorg. Biochem. s 1IN press).,

Ze4. In vivo NMR experiments

4 farge ettort has been given to et up  the techniques
necessary Lo observe the phosphorous metabolites B nsing LN vive
Mucloa Mgnetio Resonance Spo Eroscopy. ur preliminary results
Mavver  whiowr thalt 1t ge possaible to obsorve the MR ol gnals  from
thoze mebtabalybes i duve Dogigas cells and we are now Optaimrzing
tne techmique an order Lo asstgne the alterations induaceo by  the

use of i frerent anbetralbes,
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PROPIONIBACTERIUM FERMENTATION USING C5 SUGARS FOR PRODUCTION OF
PROPIONIC ACID AND VITAMIN B {2

J-P.6.6. CRESPO, M. &' NOURA, M-J.T.CARRONCO#

Laboratérlio de Engenharia Fioguimica, Faculdade de Ciéncias e
Tecnnlngxa, Universidade Nova de Lisboa, 2825 MONTE DA CAPGRICQ,

FORTUGAL
SUMMARY.
Cropionibacterium acidipropionici, a xyloke utiliser, has
been tesved for' itg kKinektic behaviour. Different sugar

concentrations and different xylose Proportions were used and its
inhibitnry behaviour, from substrate and Product, was assessed,
Specific rates of growth anc Production, Yield coefficients for
cell mass and Propionic acid, ratios of propionic to acetic acid
Produced. and volumetric Productivities ar= reported; the culture
broth has also been assessed for vitamin [12 Production.

Strong Propionic acacl inbabition at abtve 10 971, low xylome
Ubilisakion At high sugar initial concentrations and absence of
diamtic qgrowth for glucose/sylose mixtures are reported. Molar
ratios of Prooionic/acekic acid higher than the theoretical and
Yitamin E]lY iencentrations similar to those obtained for other
Propionibacter i SRecies wnder  cobal addition are also
Presemt e,

INTRODUCTION

Vitamin (12 Lrotyanocobalamin 18 an important biplogical
EOmMpeng  activis - ww un BemalLopotetico faelor Locmiammails and ag a

rowth facbor {or MY Ve b il it oo meal SpPeclee, Y] Lhough A
Fulll chemical wynt NS G Wik aclhiteved,  with 70 Steps required, 4t
18 o Lyt e value (or Industrial purposes and all the wvitamin

LL2 group o) Lompounds 15 obtained by fermentation processes.
Over  the 1ast Years Lhe market volume has been stable at
dpproyimately {0000 Ky/yuar:, fetehing a price fluctuating betwsen
& and & Us dollars per (ram. Mainly considering its Use as arn
antmal feed supplement. , harket size could expand, namely if its
Prace could be reduced ’

Fropionic acid bacteria, nameiy Egggiguigggtg:ium
i;ggggguglgnii. and  specially subsp.Shermanai have been used in
the most successful industrial processes for D12, Some of the
advantages of these microorganisms. include acid formation,
decreasing  contaminalion  as Propionate ‘is  in’ {tsels a
bacteriostatic and funngistatic agent , and little energy
requirements a3 fhe majory iy of the fermentation {s  run Lunder
dhderobic congdi tlions (o Heomaee growtht  cell growth is product
{RPEOPIONIC At thd Lt bllt, as with other wealk acids this ig




predominantly due to the undissociated forgb and thus pH control
1s 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?gﬁate reactor; in this last case,
fedbatch cperation is common Na

On top of its current uses as a grain presevgréantifungal

L}

agent for fdods, plasticizer, herbicide, perfumes, propionic
dcid production via fermentation has been advocated because
welght yields are greater than those for ethanol fermentation and
because the conversion by hydrogenation and dehydration to
Propylune gives a one third greater weight yield than cConversion
of ethanol to ethylene’. Although fermentation patents have been
Lakun  ay early au 19235 all Lhe propionic  acid is  nowadays
provuced e Lher by liquid phase odidabion of propane DE lfrnm
ethylene viag Propionaldehyde by the catalytic oo process “14°%,
Looking ahead to the days when 01l will become scarcer much
research is now taking 'place on utilization of mixtures of c5 and

cb sugars as would be obtained from hydrolisis (enzymatic or
chemical) of cellulose containing residues or raw materiaii (elg.
straw, wood, corn stover, potato pulp liquers) 1 .

Eropionibacter 4D acidipropionici (also know as E-pentasoceum or
P.arabinosum is a uylpge &\;i 1 1ging microorganism’ already
assessed by Gaddy's group, ° 22 a5 a potential producer of
Propionic acid under immobilized condiftions, “ylose being
Utilised with glucose: Goma's group has used lactose for the same
bUrpose. At laast one of the garly patents for the production of
vitamin U2 reviewsd by Noves ~ uses P.acidipropionici.

Whenever: propionic acid production is the objective,
Rrocesses  that minimize product inhibition, namely plug  flow
Lmnobirlized reactors are more suitable or cell recycled reactors
With sbernal acid removeal i for either situalion, lﬁur}ng_uct 1nn the
LRI Lar ke Lower pl woill o e lp aevgd enbract yon ELY S T e
“Mis Lo el Wi b1 Wl Aptds,  anbibibion 18 mainly due to  Lhe
LWndissociated acid form <-. With vitamin E{2 production as the
Ohjecliive, bionass production strategiess are required,  namel
fed Lalchy hrocehses,  optimally ol exponential ratie af teed, =
vl l recyalo, o Lhrough enbtrackiondmemnbeanes systemns £ or
detorilygwbaon 4 =0

Wi e rasin prelimnary  resul by on Ll binetics Of
In}u.uLu;cupypn1cj growlh, propionitc acid production and wvaitamin
UL2 an the fermentation braokh.

MATERIALS AND METHODS

Batch Tests

fronionibacterium acidi-propionici was obtained from the
American  Type cul ture collection (ATCC 28562) in a freeze dried
form. The organium was grown in a standard nutrient containing
peptone  and yeast extract with phogphate buffer. Seed cultures
urown  for 24 to 4B houre were used {or 1nnocul ation. Imt{lal pH
1N all reactors was 7X0.070 Lesle were carried out at 37°C in

2




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

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

foalybical nethods

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

The qanitrnsalicyclic acid (DNS) method for reducing sugar
analysis <" was used trounhout for measurement of total sugars.
Glucose was determined enzymatically using either Yellow Springs
¥YS1 model 27 or Sigma test N®' 510 both based on the utilisation
of glucose Priduse; dylose was abtained as the difference.

Organic acids propionic and acetic were determined by gams
chromatography using an  United Technologies Packard 439
instrument with flame ionization detector. A glass column 1.Bm
long and 0.2 em  internal diameter, packed with 10% SP 1200 1%
H3F04  on chromosorb WAW BO/100 mesh; helium was used as carrier
gas (at 40 ml/min), ovin temperature of 120°C injector of 170°C
and detector of 175°C were used throughout.

For  these preliminary tests, vitamin BLD production was
measured  from 48 hour cultures only, averaging 5 to & g dry:
cell/l. The broth was centrifuged at 15 000 rpm for 10 min. ,

PSS ey o Wil phosphale  buf fer = rentrifunation being
repealod Lwiee, The concentrated cells were then disrupted in an
Eabon  prias, resuspended  an phosphiabe bul fer and 1, 1%  sodiun
Cyaimide  solubyon ang dub el aviad al et | 1r LS ming the
abisor Dance of Ehe suportatant ab Sug nm 1e Lhen measured in a
Spectronic 21 Uhxnsagzklank containing hydrochloric acid instead

.

of sodium cyanide

RESULTS AND DIsSCUSSION

sl pf balelh reacior studies were performed in order to
DLLaln @ kinetic dizscription of the fermentation. These included
tizsts conductizd under different sugar  compositions, under
ditrerent ainitial glutiose  roncentration to ckeclk substrate
tnhibition and to confirm inhibitiory product mechanisms, with
acids added to Lhe broth.

The data oblained from the tests conducted under external
dcid  addition to khe broth at a concentration range of 0O to 20

9/1 acetic or Propionic icid can be described by hyperbolic
model s of the type:

<l I
P'm . i[5
U Ly i \ |'"l

(L}

(1= 1)




Whera Mo and Wi are the maximun Specific  growth rates
without and with produft addition to the fermentation media, Kp
18 & paramneter related tp the resistance to the added product and
N, the BLponent of the added product concentration Fa, represents
the degree ofi tolerance of the strain to edch added Product. Data
fitting yielded the following results:

(]

u m 2940.5
= acetic acid = i B e e S g—r;a-— r=Q0, 92
T 2943.8 + pa“! (eq.2)
W 76. 1
= propionic acid SEStls o N D o r=0,984
Um 761 + Fat (eq.3)

As  can be S€en from a much lawer: Kp, the inhibiturv effect
is much Stronger with Propionic acid, being irrelevant foracetic
acid gt pPotential process concentrations (see Fig.s).

l'o determine the effect o initial glucose cancentratinn. &
Bet  of bLateh tests at 2% 3%y 54, B.s5% and 12% {nitial Qlucose
Loncentrations were conducted. Similar Substrate coneumption
CuUrves and Substrate ubilisations were obtained irrespeccive of
initial glutose concentration for the range tested.

Thi inhibitory effect due to Propionic acid product during
fermentation 15 apparent in Figure 1 wherg the specific growth
Fate y and  the specific Production rate Vv are plotted against
the Propionic acid Rroduced P, As can be seen, specific growth
rate  tappers OFf  at rather lower fancentration  than specific
Brediue £y o EANNE  SlaEi ¢ . Rroduc Lion | akee [l ace at higher
BONCHANEra L 1o e Lhan  Lhoise AUl hicient to stop  growth. The
ruluL;nnthp between U and g can be described linearly up. to
49/1 of Propionic arid and Enponentially thereafter,

5L ) g/l MR AL 0. 0355 F (eq. 4)
e 14 g/l N L T T BHp (=0.724 P) (eq. )

O the other hand, Vv and p Can be describecd exponentially
throughout the whole range

Vo= 0,366 exp (L0, 320 2" (2q.b)

Cmmpmrlnq Lhe Lnhibatary lfect of added versus produced
RPropionic acid one can conelud for a stronger inhibition in2 the
Case of produced acid, also AWparent in the case of ethanol .

The vyield coefficients of Propionic acids Y pse @nd cell
mass Y )z for all fermentations Performed were oé ained from
B4 ) anﬁ 5. 4 The Propionic yield coefficient {g conatant
thénuqhout the whole range with a value of 0.452 Y Pproduct/g
Slbstrate Wherpas, ag expected, cpll yield coetficient changed
dramatigajly when reaching the stationary phase;  cell mass yield




Was 0,263,
The propionic acid yield coefficient corresponds to B2,4% of
the theoretical maximum obtained from the stoicheometry

1.5 C‘,_1 le 06 —————— QCHZ CH2 COOH + CH3BUDH + CD2 + HZD

whereas the total acids produced cokrespond to B0, 1% of the
theoretical maxamum but at 3 Propionic/acetic melar ratio varying
bhetween 2.5 and 3.2 as Compared to the ﬁtnicheumetic, theoretical
value of 2, Although thie ratio is saig tp be very variable (7,
28)8 G tests even those conducted at controlled pH (not
Feported here) i4 alWways stopgd Within 2.5 and B

To assesg Hylose utilisation at high sugar concentrations we
Performed & get Of batch gtudies using Dlvcose/iyl nse ratios opf
31l 10 and L for a total sUQAr concentration nf S0 9/1; the
organic  acidsg produced are Plotted versus termentation time in
Fig.4q. Fermentation curves {op BHperiments carried out at 25% and
S0%Z of nylose are similar and do not differ from product Curves
obtained from fermentations Using glucose as the only substrate,
However, ¢ Qlucose becomes Iimitant as happens at 752 Xylose
ccncuntratluns, organic acid Production is dramatically affected
under those batch tests. Under continuous (CSTR and immobilized
cell reactors) studies xylose utilisations reaching 12 g/1 at 100
h retention time were reported v a5 compared to  our values
increasing from 1.4 tp 2.5 9/l under batch tests of increasing
Kyl ose concentration.

The Corresponding volumetrie Productivity Curves are
represented in Fig.S. Cell masy Productivity is almost unchanged
Within the range  0.13-0. 19 9 cell/1/h  but Rropionic acid
volumetric productivity 14 affected by uylose concentration,
bresenting 4 MAEXIMUM  val s o o l% /1 7k al LO% wylose and &
MATLinam of G,y L AL B IR ) L AR T R T B s shift 14 alsg
AL barent Wy b w8 B8 S YT pruduht:valy BEzaking at 41 h {Ermentatinn
Lime and acid Productivity PeEaking at S0 hy, 1in Correspondance to
the Hifferent effect of propionic acic Loncentrations regarding

U and V  described above (gap P g
Prelim1nary resulte for Vilamin 19 content were Rerforned,

&1 ng Ll Al e L ey TR TE R ETRTHTS O LI s 15 I Wryganic Al iss
Brodiet yon, 1), Pl by OLb e KT ST Kok 5 (i and (i SYomgZloand
LHUsS Gompar WL U W Bl e | y /60 rigglley yirlding 0.3 to 0,9

mysl when PLNCQUJUQQQ¥ uil “:PQUﬁQEﬂGHUU were used with cobalt
addition not used here;  4$or &uSUwgmangl With cobalt addition but
no aqrq&ion or DU additipn reported values range from 0.45 tgo
v.8g <197

CONCLUSIONS

From the, kinetic studies reporied here a few conclusions are
wor th mentioning:

= o S the concentral Jons Lo be @ipected in 4 continuous
Process . np tnhibaybion 1y spparent for glucnse ae alibstrate ofF




acetic acid produceds propionic acid is a strong inhibitor and
thus  masimum concentrations cbtained in the batch tests peak at
12 g/1;

< - At high total sugar initial concentrations of 50 9/1  (one
narmal  batch tests uses  slightly less  than 25 g/ xylose
utilisation in batch conditions iy low (marximum of 2.5 9/1 at 75%
dylose)  and  no diawiic growth seems to take place; glucose
Limitation at 7wy tylose dramatically reduced acid Production. 1t
1% worth remembhering that hydralis of agricultural and foresty
residues will vield concentrations of Cg Sugars ranging from 15
Lo Z5% of the total sUQars; -

3 - Acids were Produced at & ratio close to 3: Prop:onic/acetic
(molar basig) As  compared to  Psy theoretical ratio; since
Propiomeec has & higher cost, thie st £t should be increased; acid
vyields are cvlose to the theoretical maximum (B0 ¢o 82%) ;

4 - Cell mass vield coefficients are high at 0.263 g cell/s g
subste . for  this facultative anagrobe; this might be an

adavantage for vitaminrm Ltz pProduction but lowered the product
vield to o.452 9 product/g substrate. Thus acid production
strategies ghould aim at low cell arowth, namely by using cell
immobilisation ar high cell concentration reactors, concomitant
with guroduct removal for inhibition control.

P

= Even Lhough ne coball was added,  vitamin Bi19 contents in the

broth o 0,25 mg/l compare well with those reported in the

literature under anacrobyc conditions with cabalt addition (0.3
Lo 0.y mQ/1) Ao Fropionibacberium sSpecles,
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ABSTRACT

The data obtained for the physico—-chemical parameters of
Desulfovibrio qigas cytochrome ¢, & small te':rahaem electron
transfer protein are analysed in terms of its possible use as  an

electron /7 proton / phosphoryl group transfer poltential coupling

device,
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INTRODUCTION

The understanding of the mechaniem for the multifarious
couplings ' of energy transduction is a fundamental problem which
has interested biochemists for the last quarter of century and in
particular Professor R.J.P.Williams (1).

The types of energy transduction which have been
considered, generally deal with electron/proton/phosphoryl group
transfer potential: electron/electron coupling 158 an
indispensable  condiftion for the ubiguitous need for the transfer
of two electrons in a single step; electron/proton coupling is &a
well-recognised process necessary for the function of proton-
carrying redox proteins; and pronton/phosphoryl group transfer
potential coupling has to be considered in order to explain input
of energlzed H' and output of ATF.

My purpose with this article 16 to utilize the recently
obtained data on the characterization of Lhe multiredox centre

Al Vel ated from Besul fovibric gigss i rien
demonstrate its potential use as a model for these three types o
ENnergy coupling.

D.gigat cytochrame L. 1% q small protein wd Chefoue ¢ type
Hagms  1n & single polypeplioe chain of appros, Lo ki 2
diial ligands for the four haems are btwo histidingl residues (5.
Cytochrome £ has & pentral role in the physiology of
Desulfovibrio spp. since 1t couples the pyruvate dehydrogenase
activity, where two protons and two electrons are released and
the hydrogenase activity, resuliing in the production of H:.
Conversely, 1t also conples the uptake of H. Iy hydecigenase ,

whore  again twe plectrons and Lue perotons are oraduced and  sent




to the sulphate reduction metabolic pathway. Although cytpchrome

c is a espluble protein it is believed to work when membrane

A

bound (4).

RESULTS AND DISCUSSIDN

A thorough NMR study of D.gigas cybochrome C- hags allowed
the calculation of the microscopic midpoint redox potential for
the $2 redox pairs which bave to be considered in order to
explain  the redox Litration of this tetrahaem orotein (5),
Indeed, the midpoint reduction potential for each of the Ffour
haems is dependent on Lhe redox state of the other three haems
resulting in the presence of interaction potentials, Il.}" between
haem 1 and haem ). Table [ shows the data abtained for the siu
lij as well as for the sid differences between the midpoint redox
potential of two haems wWith consecutive midpoint reduction
potentials, both for the fally pridized, yoand for the fully

reduced one, {40 he data reporied have Deed Gbtainet @bt v

)

fairly different pH values, 7.2 and 9.6.

Even a ogualitLbovie anal ysis of Table shows thalis 1. Tl
MLErDELOpnIC midpaint i pratential = o e pl Iapentent ;
interaction  potentiale  are not negligable and  are  als=o pH
dependent.,

Furthermor e, A preliminary  analysis of  the Nk ceoox
titrations carried out in the presence of inorganic phosphate,
indicates that this anion interacts specifically with cytochrome
Lo This gpecific dnberaclion ie reflected by a decrpase in Lhe

eglectron self-euchanae, inbarmalecalar y rate, ags well as 1n o




slight  modification/iof the haem w.croscopic reduction potentials

and  their pka’ﬁ ((6) and unpublished results from J.lLeBGall,
IiMoura, J.J.G.Moura, H.Santos and A.V.Xavier).
The pH dependence of the haem midpoint potentials (Redax-

Bohr effect) gives cytochrome c.. the potential to function as an

3
electron/proton coupling device, similar to that postulated for
several nther systems (7-2). This effecl is an indispepsable one
to arhieve the coupled Lransfer of eluctrons and Protons.

A quanti tative analysis of the influence nf the
interaction potentials was previously reported (5). This was done
calculating the molar fractions for the different oxidation steps
(Step O, corresponding to the okidation step with no haems
Oxidized; Btep I, to the oxidation step with only one haem
Oxiolzed;  and so on up Lo Btep IV, which carresponds to having
Lhe four haesms oxidized) obtained along the redor titration (see
Figure % of Ref. 5). However, this analysis reflects only the

¥ E1 5T iy Vi 1T LA Bl e andg 1s 1ot (1 +0 1]

enamine  Lhe dynamic equilibrium in which each protein molecul

Wmill o be involved for 1ts physinlogical  acbtivily. A dilferant
ialyveal e L o begd in Figure R [ | B L A AR UL [REY
LANT TR SRR merrl e 15 1Tlr’.'t for sann mol ol e PV V) 11 LI

Rlecltron  transfer process, the electrons are given (1 oced ved)
specifically hy ore of the hagms and that the following el ectr ons
are  given (received) so fast that there i1s no Lime for chemical
equilibration to be attained. Thus, for sach molecule when
inserted in an electron transfer chain there is a spicific  order

£y Bl ubilization 4 the  haems whirl (R ECRET N B Y in the

4




utilization' of only five redox states out of the sixteen which

can be otained during a chemical redox titration of a tetraredox
center protein.

The stepwise order is a direct result of the interaction
potentials which can be viewed as cooperativilty effects, either
positive iwhen Iij > 0) or negative ones {(when Iij 4 0), with the
overall result of a vectorial use of the haems. Thus, the

physiological usefull mcoroscopic reduction potentials are only

: o 1 12 1235
those drawn as boues 1n Figure 1 By @5, es and e, B
- -

respectively for haem |, *the haem with the lowest midpoint
reduction potential in the fully reduced state, and haems 2, 3
and 4 the subsequent ones (the uperscripts indicate the oxidized
haems) .

Figure | also shows that in a dynamic equilibriim, due to

the fairly strong pesitive cooperativity between haems 2  and

(I.., = +42 mV), their midpoint reduction potential is the same,
Wi tlhvin [EH ) il (5] a8 g1 -..!_ v .-I‘.'.'I Fhanas:
electran/electron coupling the protein has the NECESEATY

properties to carry out a two-electron transfer (10, 11).,

[ ke analysl Lhe ralae ofF haems 1 oand 4 15 toles o ebiad
as a reqgul atory one which sebs bthe scene for a tworeled Ly in N WETR]
to be operative: protein-protein recognition with oxidation ot
haem 1 or reduction o1 haem 2, s a preparation step for a
electron step to be activated, which is the one effectively used
by the electron transfer chain. This mechanism of action also
allows to overcome the existing dilemma between the need for fast

as well as (or selectaive eleclron bransfer (12D, Thus, Lhe readsy

slate  for fast elechron bransfor by  oytochrome ., el ¢ ol




entatic state (13), would only be generated after the regulatory

(dispatcher) centers have been activated, thus ensuring
selpctivity,

Although the knowledge about the effects of the specific
interaction of inorganic phosphate in the physico-chemical
properties o’ zytochrome C- is still scarce, it can be specul ated
that a further energy transduction coupling (to phosphoryl group

transfer potential) may be achieved by this interesting molecul e.

CONCLUSIONS

Molecular evolution has resulted in elaborated devices
whose complexity has eluded the full understanding of the
mechanisms involved in one of Riology's most well kept secrets:
that for energy btransduction coupling.

Sulphate reducing bacteria are considered among the most
ancient organisms in the evolution scale. Thus, they should be
enpected i (138 e e ophisticat s (8}
relevant structures,

It is guite remarkable that a small protein with a single
polypetide chain, hardly sufficient Lo cover its four covalenl iy
bond redos center s, concentratied Lhe propertiss for such a broad
range  of potential energy transductions (electron / proton /7
/phosphoryl group transfer potential).  Although at this alage it
is only possible ko speculate on the physinlogical implications
of these properties, which could lead as far as saying that
cytochrome C., is a rudimentary (percursor) 'respiratory" chain,

thet characterizalion su far obbtained for this, 10 many reapechs

(=]




amazing protein, warrants the importance of ite complete stucy
in order to wuse the acqguired knowledge to further Lhe

wnderstanding of the sophisticated systems used by more  evolwved

I should like to thank J.lLeGall, I.Woura, J.J.6G.Houra and
H.%antos, mith mhom the work reviewed in the prezent article freas

been carried out, For  helpful dyscussions. This  work  war

supported by INIC, JINICT and USAID,
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Figure 1 - Cytochrome E= microscopic midpoint reduction
potentials. Those actually involved in the electron trans .or
chain are represented in boxes. The evolution of the values for
each haem before oxidation (——5 and before reduction ((="-) are
also shown. The interacting potentials are represented by broken
lines, positive slopes indicating positive cooperativity (Iij >
0} and vice-versa, The combination of negative and positive
cooperativities, at ditferent oxidation stages, reinforces (he

dispatching effect (e.g., as I .., =0 and SO, oxidation of haem

12

1 (El) makes thaem 2 (e;) easier and haem & (Eé) more difficult to

oxidize).
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