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Title Production of Propionic Acid using a xylose utilizina Propionibacterium

A Gthor(e) (erderhing spooker) M.J.T. CARRONDO, J.P.S.G. CKESPC ana M.J. MUURA
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selected prior W~ nuary 15, 1987, and authors will be notified of acceptance by February 1, 1987. Mail this form to: Charles D,
Scott, Ninth Sympusium on Biotechnology, Oak Ridge Natioral Laboratory, P.O. Box X, Oak Ridge, Tennessee 37831.

Tne kinetics of P. acidi-propionici (ATCC 25562),2 xyloseutilizing microorganism, nave been
examined for the conversion of xylose and glucose to acetic and propionic acids.

Concomitant utilization of both sugars 15 observed, with slower consumption of xylose. ho
gnhjnjtxon effect 1s apparent for the substrates or acetic acid produced, but propionic acid
inhibition leads to a peak production of 129 prop./l ir batch tests without pH control. Con-
trolling pH at 6.0 maximur concentrations of 27g prop./1 and 8,5g acetic/1 were obtained.

Acid yields are close to tne theoretical maximum (82%) at economically favorable molar ratios
ot 3:1 propionic: acetic as compared to 2:1 theoretical ratio. High cell mass yiela coef-
ficients ot 0,269 cell/g subst. lowered the propicnic yield to 0,359 propionic/g substrate.

tigh cell density systems are under study using either immobilized cell reactors (ICR) or cell
recycling on tangential ultrafiltration membrane systens (UF).

ILR studies are pertormed utilizing cell growing adsortion processes solid supports. and UF
Experiments were conducted using mineral membranes (zirconium oxide) with a nominal molecular
weight cut off of 500.000 valton, As expected, much higher productivities are obtained,

, namely tor the cell recycle systems; suaar utilizatior, cell mess densities and product con
centrations obtained at different regimes are also presented and compared with batch results.
During UF experiments the broth rheological benaviour was studied and modellized.

REEERENCES
1. E.C. tlausen et al., Crem. Engrg. Prog., 80 (1984) n912, 59-63

2. M.J. Piayne, Propionic Acid, in: M.Moo Young (Ed.) Comprehensive Biotechnolo
¥ol.3, Sec.3, Pergamon Press, London, 1985 i 2

3. A.E. Humphrey, them. Ergrg. Prog., 73 (1977) n25, £5-9]
0.fona et al., Biotechnsl.Bioeng., 28 (1986) 160-17%
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PROPIONIC ACID AND VITAMIN B2 PRODUCTION USING A XYLOSE UTILIZING
BACTERIUM AND DIFFERENT BIOREACTORS

M.J.T.Carrondo, J.P.S.G.Crespo and M.J.Moura
Biochemical Engineering Laboratory, Department of Chemistry, Facul-
dade de Ciencias e Tecnologia, Universidade Nova de Lisboa, 2825

Monte da Caparica, Portugal.

Propionic acid production by fermentation might be required for
utilization in foods, animal feed and grain preservation; also,
weight yields to propylene are substantially larger than those from
the ethylene from fermentation ethanol route (1-3). Industrial
vitamin Bq2 production utilizes Propionibacterium freundenrichii,
namely subsp. shermanii, the bacteriostatic effect of the acid
produced being responsible for decreased contamination (4,5).

The kinetics of P.acidipropionici (ATCC 25562),axyloseutilizing
rumen microorganism, have been studied to assess its use to propionic
acid and vitamin Byy production from cellulose - hemicellulose
hydrolysates. |

Concomitant utilization of xylose and glucose is observed up to
50 g/1 total sugars; at higher sugar concentrations, a repression
of xylose utilization similar to that described for C.acetobutilicum
(6) seems tc occur. No inhibition is apparent for glucose or acetic
acid produced but propionic acid inhibition leads to a peak product
ion of 12 g prop./l in batch tests without pH control; controlling
pH at 6.0 maximum concentrations of 27 g prop,./l1 and 8.5 g acetic/l
were obtained. Acid yields are close to the theoretical maximum
(82%) at economically favorable molar ratios of 3:1 propionic:acetic
as cvompared to 2:1 theoretical ratio. High rtellmass yield ~rtoeffi-
cients of 0.26 g cell/g subst., although advantageous for vitamin
Egzagrodu:tion, lowered the product yield to 0.45 g product /g sub

ratce.

Low cell growth strategies for acid production and faster auto-
catalytic processes for vitamin production were followed using
either immobilized or fixed cell reactors as well as cell recycling
on ultrfiltration membrane systems. Productivities, sugar utilization,
cell mass densities and final product (acids and vitamin)concentra
tions obtained at different regimes are presented and compared with
the batch results.
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2, M.J.Playne, Propionic Acid, in: M.Moo Young (Ed.) Comprehensive
Biotechnology, Vol.3, Sec. 3, Pergamon Press, London, 1985.

3. A.E.Humphrey, Chem.Engrg Prog., 73 (1977) n.5, 85-91.

4. L.J.Florent and F.M.Ninet, Vitamin By, in: H.Peppler and D.
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5. H.C.Friedman and C.M.Cagen, Microbial Biosynthesis of B like
compounds, Ann.Rev.Microbiol., 24 (1970) 159-208.

6. O.Fond et al., Biotechnol.Bioeng., 28 (1986) 160-175.

Manuel J.T.Carrondo BIOREACTORS
Biochem.Eng.Lab., FCT/UNL
2825 Monte da Caparica Yes O

PORTUGAL viaa
e I S LS S A S N L LRI st e & ¥ 2 Lot




Hurnal 1N
Flsevier
SIM OIS
Purification and characterization of three proteins from a
halophilic sulfate-reducing bacterium. Desulfovibrio salexigens
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SUMMARY

Hydropgenase, desullovindin an olybdenum: proteins hiave been isolated Trom a |I;||t\|1|ll|i\_' sulfute-re-

ducing bacteria, Besulfovibrio saleigens straan Botish Guiana At least 50% of the hydrogenase was (ound

to be located i the penplasm, The hydrogenase has o typical absorplion spectrum, i 400280 nm ratio of

0028, w0 moleculior weight by sedinentietion equihbrum of 81 000 and 15 composed of two subunits. 1t has

one nickel, one selentum and 12 iron atoms per molecule: The sulfite reductiase has a typical desuliovindin

whsorption specirum, o molecular weight of 191 000 and sron and zine associated with it The molybden-

pa-tran protern s gray-green in color and exhibits an absorbuon spectrum with peaks around 612, 410, 275

nm and a shoulder at 29 nm. Ttis composed of subunits of approximately 13 250 and has an approximalte

molecutur weight of 110 000, Three molybdenum and 200 won atoms are found associated with it

( A extensive study ol these three proteimns will allow & better understanding of the function of these

ensymes and also of ther possible pole i microbiidly caused corrosion

INTRODUCTION 139 cathodic reactant [12] orin the formation of
@reactive phosphorous compound [26].

Sullatesreducing bactena have been impheated Desulfovibeio (0.0 safexvigens strain British
m the phenomenan ol microblly cansed corrosion it 1s the only well known halophilic strain in
in neutral anaerobic environments [13] Hydrogen the venus Desulfovibrio and only studies on its cy-
.1-|1-\|1'.||p[|.|u and sulliate reduction contnbule o tochrome ( 1\ Hhi Navodoxin .|Tld fl.lhlcdl.'lllll l-“]
this corrosion process. Hydrogen s consumed by hiave been published
the hydrogenase enzyme from either the metal sur Hydrogenases have been purihed to appirent
tace [38] or trom the iron sulfide flm on the metal liomoreneity from nany bacterial species, includ-
(28], Hydrogen sulfide 1s produced by the sulfiate e anderobie microarganisms such as sulfate re-
reduction svstem and acts as an amwhe reactant ducers 6] and methanogenic bacteria [5,18.27).

TR0 Sowcets foe Tl il Micrab
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Fhey are involved cither in the hydrogen consump
ton in which hydrogen s used as a reductant for
COy fixation or [or energy generation via clectron
trunsport or in hydrogen production which enables
bacterin to dispose of excess electrons [1,50]

An important enzyme in sulfate reduction is dis
similatory sulfite reductase or bisulfite reductise
{47]. This enzyme has been purified from the eyto
plasm of many sulfate-reducing bacterin [46] and s
believed to be involved in ATP production in these
micro-orgamsms [44] Reduction of sulfite either in
volves u cyclic scheme, utilizing intermediates tri
thionate und thiosulfate to sulfide [3) o0 u direet six
clectron reduction to sulfide [46)

A malybdenum protein has been found in some
spectes of sullate reducers from the genus Desulfoy
theio (D) ggas [A0] D africanus [21), D desulfus
ns Berre Eau (7] and Berre Sol (our un

JCany strl

published results). [t s charnicterized by not anly
continnmg molybdenum: but also iron and Libile
sullide. Its function s sull unknown

A\ purification scheme and partal characteniza
ton of hydrogenase, desulfovindin (bisultite redie-
tuse) and molybdenum protein from £ salexivens
15 reported. A study of these proteins may help elu
cidite the phenomenon of microbially cuused cor

TSI

MATERIALS AND METHODS
Growth of cells Desulfovibrio salexigens strinn
Briush Guiana (NCIB 8403) wis grown at 37°C on
actate sultate medium [$4] with 3.0% NaCl Cells
tor localizaton studies were harvested by centrifu
sation and immediately used, Cells (250 g¢) for en
vme punhication were harvested, resuspended in
[0mM Tris-HCH(pH 7.6) lysed with a French press
S0°C until used
Lssav and mewal determiations, Hydrogenase

and then frozen at

activity was measured at 32°C either by the hydro
een evolution assayv trom dithionite-reduced methyl
viologen [45] using an Acrograph A-90 P35 gas chro
mitograph or by hydrogen consumption with ben

vl vialogen as electron acceptor using Warburg

respirometey (8] One unit of hydrogenise aetivity

is defined as the amount of enzyme which catalyses
the evolution or the consumpuon of | gmol
H i, Dissimilatory sulfite reductase uchivily wis
medsured by a4 marometric assay at 32°C [31] using
pure hydrogenase from D, givas (o 1educe methyl
Viologen under Hy: The initial rate of | ydrogen util-
tzation s proportional o the amount of sulfite re-
ductuse. Protein wis determined by u modification
of the Lowry method as proposed by Markwell et
al [38] Tron and nickel were determined by plasma
Crlssion spectroscopy using the Jarrel-Asii Maodel
'S atomcomp

Optical spectra. Ultraviolet and visible absorp-

Hon spectrie were recorded on o Beckman DU ','(

spectrophotomeler

Electrophoresis and molecular weight determina
ton, Purnity of the enzymes was established by po-
Ivacrylimude disc e trophoresis [11] and by com-
parisan ol published absorption ratios for similar
Lype pure proteins. Subunt structure was deter-
mined by SDS-polyacrylumide gel electrophoresis
(7] Molecular weight was determined by SDS elec-
trophorests, gel filtration using a TSFK 3000 SW
analyucal column (high-pressure liquid ¢hromato-
graphy) or sedimentation equilibrium [49);

RESUTLTS

Location of the vdrogenase

Lvsing the cells with the French press and cen-
trituging a 120 000 % ¢ for 70 min released abou
A0% ot e hydrogenase us soluble protein. The
cells were/ washed ina 11 wov bufler solution (pH
SO ot S0 mM Tns-HCL L0 mM EDTA/S00 mM
slucose 3% NaClomeubited in the same bufler at
A S0 wos ratio with 8 mg of lysozyme/ml and then
centrituged. This results in 70-80% of the hydro-
genase being found in the supernatant. A visible
spectrum showed 30% of the desulfovindin was
also found in the supernatant. Further experiments
st MpClL6H 0 instead of NaCl found almost
0% of the hydrogenase in the supernatant and less
tHan 8% ol desulfovinding This seems (o indicate
a4 periplasmie ongin for at lenst S0% of the hydro-
penase enzvme. fas amportant 1o add NaCl or
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Tanle |

Puriticatios of hydrogendse lrom [ salexiven
Fraction Proten

llllr|

Crude extrand 10750
DEAE Rii-Ciel A colums 562
Hydronylapatite colume N
Crel exclusion by HPLL 14

MeClLoH O o the washing or incubating butler
ur the cells clump topether. When NSO was sith
concentration, the cells

stituted . the same

clumped together and there was some cell lysts
Prirtfication of hvdrogenase, desulfoviedinand mol
Vi -dron sullur protein

A puntication procedures were carnied out in
it 4°C and the pH ol the butlers, Tris-HCl and
phosphitte (KPR), were 706 (measured al 5°C)

Ihe lysed celis were slowly defrosted and cen
trifuged for 15 hoat 20 000 % g
wis centrifuged at 1200000 = ¢ for 2 h, diahized
apainst 10 vol of 10 mM Tns-HCI for 24 h and
then centrifuged ar 120 000 < gtor | h

Ihe supernatant

I'he cen

Fig | Electronie ahsorpticn spevtrum of onidiead molybdenun

wran proten from Dessdfoviiens salevigeny recorded at 257

Total Siwecific
activity® uchivity*®
(emal Hzlmin) Lemol Hgimin per mg)
47290 14
(Pl 42
15 (i1
(1] 1810

trifuged extract was loaded onto @ DEAE Bio-Gel
A column (5 < 25 em) equilibrated with 10 mM
Ins-HCL and the column washed with 500 ml of
the sume butfer. A gradient of 1500 ml 10 mM
Trs-HCT and 1300 ml 400 mM Tris-HCl was sel
up. A molybdenum-iron protein, gray in color, ca-
me off at 100125 mM Tris-HCL The hydrogenase
and desulfoviridin eluted off together at aboul
200250 mM Tris-HCL The hydrogenase activity
recovered in the Hy evolution was 51%

This last fraction was loaded onto a Bio-Rad
hydroxylapatite column (HTP) (4.3 = 26 ¢m) equi-
librated with 250 mM Tris-HCIL The column wis
washed with 250 mM Trs-HCI and @ reverse gra-
dient of 400 ml 250 mM Tris-HCl and 400 ml 10
mM Tris-HCI was set up. The column was then
washed with 200 ml of 10 mM KPB. A gradient ol
1500 ml 10 mM KPB and 1500 ml 500 mM KPB
wits set up. The desulfoviridin eluted off at about
200 mM 1o 250 mM KPB and had a 409/630 nm
ratio of 280 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-Ciel column. The sample was concentrated in
o diaflow apparatus using 4 YM 30 membrane, It
was loaded onto a high-pressure liquid chromato-
graphy gel exclusion column which was equilibrat-
ed with 500 mM KPB (pH 7.5). Different [ractions
were analyzed spectroscopically and those with the
highest 400,280 nm ratios were combined. Gel elec-
trophoresis revealed one magor band for the hydro-
penase and the protein wis estimated 1o be 95%




pure. The final yield of hydrogenise was 15.2% A
sumniiry of the hydrogenase punification is found
in lable |
Lhe desultoviridin appeared 10 be pure by the
absorbancy ratios which were identical to that ob-
tiained for pure desultoviridin from 0. ergas [30]
and O vidgaris Hildenhorough [31]. Before stamning
the electrophoresis el there wits one green band
about 25% down the gel and a red band which
migrated near the bromophenol blue. After stain
g, one major band was found in the location ol
the green band. The location of the red band
stained but slowly dissipated after 24 h. This band
is believed to be i siroheme which i piart ol the
desulfovindin [51]. The enzyvime was judged 10 be
dbout Y5% pure
Fhe gray protein from the DEAFE Bio-Gel col-
umn was loaded onto o HTP column (5
cquilibrated with 150 mM Trs-HCL The column
was developed with o KPB gradient up to | M and
very little of the gray protein came off, The colamn
Wit then washed with 2 M KPB and the TOriy
afthe protein eluted oil the column, The 278612
M ratio iy 292

24 em)

The absorbance spectrum of this
protemn (Fige 1) appears to be very similar to the
molyidenum-iron-sulfur protein spectrum of /)

africanus [21] und has the same 278 5615 nm ratio

Characterization of vdrogenas

The hydiogenase of D salexigens is brown in
colorand ats native form exhibits a typical hydro-
eendse UVivisible absorption spectrum with o
broad shoulder around 400 nm (Fig. 2). SDS el
electrophoresis showed that it i composed ol two
ditferent subunits o molecular weight 62 000 4
00 and- 35 000 £ 3000, The total molecular
weight by addition of the subunits 1s 97 000 but the
molecular weight found by sedimentation equili.
brium is 81 000, The ravo of 400/280 nm is 0 28
and the extinction coeflicient at 400 nm using
molecular weight of 81 000 is 46 mM ' em !

A metal content of 123 iron atoms. 0.8 nickel
atoms and D86 selenium atoms per molecule of hy-
drogenase was determined, The hydrogenase does
not exhibit an actvaton phise before muximum
L evolution activity The specthie activity in the H,

P 2 Electronii absarption spectrum of oxidized Desulfovibirio
fe sieeny hvdrogenase nl 25%

evolution s 1830 gmol/min per mg protein and is
L300 gmol min per mg protein in H; consumption,

Characterization of desulfoviridin

The optical spectrum of desulloviridin shows
absorption bands at the following  wavelengths
(nm). 630 (0,595), S84 (0.374), 409 (1.668), 39].5
(1544) and 279 (2.79); relative intensitics are indi-
cated in parenthesis, The molecular weight, deter-
mined by sedimentation equilibrium, is 191 000,

Fhe metal content is 31 iron atoms and 1.4 .fin-.‘t

atoms permalecule. The specific activity is 136
nmol Hy consumed/min per mg protein, The activ-
ity wits 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

Characterizavon of molytidenum protein

The molybdenum-iron protein is Bray-green in
color and exhibits an absorbance spectrum: with
peaks around 612,410, 275 nm and a shoulder at
U9 nm (Fie 1) Denaturing eel electrophoresis
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sp




Sulfite reductiase Mrilx |0
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yielded bands ol molecular weights ol Approxi
mately 13 250, 26 000, 42 500 and 64 300" These
resulls sugpest o protemn ol several subunits of mo
lecular werght of 13 250, The conditions were prob
ably not sullicient to completely dissociate the pro

tein. The molecular wereht as determined by high

presure hguid chromatography analytical gel exclu
sion - columa is approxiately 1HO 000, The enzyme
tis three molybdenum atoms and 200ron atoms fot
FLO000 molecular weight, The amount of molvh
denum protein in the bacterium was lierge. The final

amount s about 50 me per 250 g of cells

DISC USSION

he lacation of a4 hydrogenase in the penpiisnic

space of O safexageny s not unusual. Periplismic

S 00 wsatmnibatony AL ol ehissimabatory (1) sulin i

Trom anderobic bacter

ACHve venter Referenie
Sir + FeeSi(a) [15)
Sy FeSia) [25]

Sir 1+ 1e-5(2) [42]
Sick be-S | 4]

SiE e Fe-Slagfs) [30]

Sie v FeSiayfiy) |l

St eaSiagfy) 132}

Sier FesSiasfls) g ue

tunpublished)

St BesSaafis) |22}

writerne al b3

orgin ol hydrogenase is common i sulfate-redue.
g bacteria of the genus Desulfovibrios D, Fulgaris
straimns Hildenbarough [57), Marburg (6], Miyazak
2 D gigas 9], D, desulfuricans (NRC 49001 ) [39].
and D Dacularuy strain 9974 [35]

The existence of more thun one hydrogenise in
the samie species of the genus Desulfovibrio has been
postulated [43)

Lhe need [or chlonde at high concentration ( >
2) tncarder o prevent the clumping of cells from
D salexigens may be related 10 some function in
the outer membrane or in response to the use of 4
high concentration of EDTA. It has been found
that D salexigens has an absolute requirement for
chloride [37] and the cells i our buffer conditions
exhibited un abnormal response 1o less than 2% of

il

s been proposed that o periplasmic lecation




of hydrogenase in anaerobic bactera s a specilic
adaptation important for utilization of low level of
Hy and for interspecies Hy tansfer (9] The pert
plasmic location of hydrogenase would be impor
tntin hydrogen utilbization from metal surfaces of
iton sultide films. However, attempts to show direct
correlution between hydrogenase actvity and b
teriul corrosion have shown mixed results [19] Re
cernitly, & murine strain of a sulfite-reducing bacter
tum has been found to utilize cathodically produced
hyvdrogen from a metal surfiuce [20] Conclusions
concerning ‘hydrogenase-less sullate-reducing bic-
teriid will have to be revised because many of these
EHns sre now known to have hydrogenase actiy
e ew Desulfotomaculion arentis [34) and Desul
fuvibrag desalfuricans, EY Agheila 2 (our own un
published resulis)

Desulfovibrio safoxigens hydrogenase s Similin
(0 the recently purified  Fe-Ni-Se hydrogenases
loundan D desulfuricany Norway 4 [48] and D, b
uldtuy strain 9974 (55 The only known selenium

st without nickel 18 from

contutmng hydroge
Methanococeus vanniolii [60): The function of selen
i n this enzyme 15 not kna o, Other nickel-con
tiining hvdrogenases are present in sullite-reduc-
g bacteria of the genus Desulfovibrio, 16 ey
3] D desulfuricans ATCC 27774 [29) and Dl
spirany [15] The 1) safexipens hydrogenase does
ot exhibit an actuvation phase as found i two
nickel-containing hydrogennses from Desulfovibrio
HOAS36] There 1s no indication in the published
tesults ol an acuvation phase in the nickel-selen
fm-contiaining hydrogenases. The specific ACHIVILY

vevolution of D salevigens hydrogenase

in hydroge
15 the highest presently known value for nickel or
nickel-selenium: hvdropenases from Desulfovibrio
Fhus specific acuvity is higher than previously re
ported with the hydrogenase 1solated following a
different purification procedure [14] The native,
pattially reduced and fully reduced states, tusing
hydrogen or dithionite as electron donors, of the D
silevigens hvdrogenise have been analy zed by elec
(O PUTAMAgnense resonance spectroscopy [56]
he dissrs Gory sullite reductises of 1 sulfon

1t are Cos s St tures fay iy sublmt strug

thresl with molecular weights of about 200 000,

FesS clusters wnd siroliemes (Table 2). The absorp-

Hon spectrum and moleculiar weights of D salei
wens desulfoviridin are similar o that fbund in D
ey [A0) and D vulvariy Hildenhorough [31]. The
spectlic activity ol D0 salexigens desulfovindin is
lower than other dissimilitory type sultite reduc-
Lses trom Desulfovibrio and of assimilatory type
sullite reductises from sulfite or sulfur reducers
and methanogenic bacteria (Table 2) C M Prson
of sullite reductase activity from lysed cell extracts
al different Desulfovibrio showed that salexigens
had lso the Jowest activity (our unpublished re-
sults), Dissimilatory sulfite reductases may under
different wssay conditions form trithionate .'md‘
thiosultate i addition to sulfide. Desulfovirdin
trom this bactentm was able 1o qualitatively form
sultide i our ussay conditions

Fhe optical absorbance spectrum and molyb-
denumaron content of the D salexigens molybden-
U ran protem are very sunilar to the one found
WA africanus [ 21] Similarity between cytochrome

V OL Doafricanus Benghaziand D. salexigens Brit-
s Guiana have also been found [fi2). However,
anbiserum (o Do africanus Benghait cells reacts
weaklvito D salexigens British Guidna cells [53].

Fhe function of the molybdenum protein in De
sulfovibrio is unknown. Molybdenum in bicteria is
lound associated with the nitrogenase, formate, de-
hydrogenase and mitrate reductase enzymes [24],
Fhe amount of molybdenum protein in this bacter-
e s large asas found in D, aficanus (30 mg 250
£ wet weight cells) and implies an importint a“unv.
non. In 0. salexigens the amount of cytochromes
15 low and perhiaps the molybdenum protein may
tunction as an electron transport protein. The high
molecular weight and the subunit structure miy
alsoamply a metal storage capacity for this protein.
Further studies on the physiological function of this
Protein are i progress.

Metiul corrosion in sea walter is an important
problem tor the off=shore or! industry. Desulfovibrio
safendgens s an obligative halophilic sulfate-reduc-
g bacterium and may be used us an reference or-
ganism. Hydrogenase, sulfite reductase. and mol-
yvhdenum protem (metal storagee protem) which can

be Lev enzyvmes in anaerobic bacterial corrosion

3
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deserve to be well defined inthis bacterium, A study
ol these importunt enzymes will allow & hetter
understanding of how these enzymes [unction, their
role in microbially caused corrosion, and a more
rational development of biocides to control these

hacteria
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