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STELLINGEN

De bewering dat er bewijs gevonden is voor het optreden van omgekeerd

elektronentransport tijdens syntrofe benzoaat-oxidatie, moet worden afgezwakt.
Wallrabenstein, C., and B. Schink. 1994. Evidence of reversed electron
transport in syntrophic butvrate or benzoate oxidation by
Syntrophomonas wolfei and Syntrophus buswellii. Arch. Microbiol.
162: 136-142.

Na de recente ontdekking van een pathogene Desulfovibrio-soort moet bij
ophopingen van sulfaat-reducerende bacterién enige voorzichtigheid in acht
worden genomen.
McDougail, R., J. Robson, D. Paterson, and W. Tee. 1997. Bacteremia
caused by a recently described novel Desulfovibrio species. J. Clinic.
Microbiol. 35: 1805-1808.

De ene pot ijzer{ll)chloride is de andere niet.
Dit proefschrift, hoofdstuk 7.

Dat samenwerken uiteindelijk voor beide partners een beter resultaat kan
opleveren, is door de microbiéle wereld allang begrepen.

Om mogelijk biotechnologisch interessante stoffen uit de oceaan te leren

kennen, moeten meer farmaceutische bedrijven de sprong in het diepe wagen.
Fenical, W. 1997. New pharmaceuticals from marine organisms. Tibtech
15: 339-341.

Bij de aanstellingsduur van een AIO/OIO binnen de microbiologie zou rekening
gehouden moeten kunnen worden met de verdubbelingssnelheid van het micro-
organisme waarmee wordt gewerkt.

In een biofilm bepalen de hoofdrolspelers grotendeels zelf hun scenario.

De term wachtgeld is goed gekozen aangezien veel wachtgelders op hun geld
moeten wachten als gevolg van de administratieve wanorde bij de USZO.
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13.

Door het verplicht stellen van cursussen voor AIO’s/OIO’s binnen een
onderzoekschool komt de nadruk te liggen op school in plaats van onderzock.

Telemarketing is vaak antimarketing,

De nieuwste kreet, “een slimme meid krijgt haar kind op tijd” lijkt vooral
bedoeld als excuus voor iedere “slimme meid dic op haar tockomst is
voorbereid”, maar die erachter komt dat het ook na het “kiezen van exact”
moeilijk is om een goede plaats op de arbeidsmarkt te veroveren.

Het plezierjacht wordt minder bekritiseerd dan de plezierjacht.

Het aantal files op ongebruikelijke plaatsen neemt af.

Stellingen behorende bij het proefschrift Biochemistry and bioenergetics of syntrophic
propionate-oxidizing bacteria.

Ine van Kuijk Wageningen, 18 februari 1998
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Degradation of organic material under methanogenic conditions

In methanogenic environments, organic matter is degraded to methane and carbon
dioxide by microorganisms via fermentation processes, and respiration processes with
protons and bicarbonate as electron acceptors. Examples of methanogenic
environments are freshwater sediments (e.g. wetlands, paddy fields and swamps),
anaerobic bioreactors {e.g. upflow anaerobic sludge bed reactors and fluidized bed
reactors), and the intestinal tracts of insects and higher animals (Bryant 1977,
Oremland 1988; Boone 1991; Iza 1991; Lettinga and Hulshoff Pol 1991).

Polymers (proteins,
polysaccharides, lipids)

l Hydrolysis

Monomers and oligomers
(amino acids, peptides,
sugars, long chain fatty acids)

Fermentation

Fatty acids, alcohols,
aromatic compounds,
lactate etc.

‘)\ Acetogenesis

H:, CO., » |Acetate

formate
T~ Methanogenesis
Methane, CO:

Fig.1. Anaerobic degradation of organic matter under methanogenic conditions.
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At least three different trophic groups of microorganisms are involved in the complete
anaerobic conversion of organic matter (Fig. 1). The first one consists of fermenting
bacteria which hydrolyze organic polymers into monomers and oligomers like sugars,
amino acids, and loag chain fatty acids; subsequently these compounds are fermented
to acetate, hydrogen, formate, and reduced compounds such as alcohols, short and
branched chain fatty acids, and lactate. The reduced compounds are oxidized to
acetate, carbon dioxide, hydrogen and formate by the second trophic group, consisting
of hydrogen-producing acetogenic bacteria. Finally, methane and carbon dioxide are
formed from acetate, hydrogen, and formate by the methanogenic archaea, which form
the third trophic level (Boone 1982; Gujer and Zehnder 1983).

Syntrophic conversions

Almost all conversions that are carried out by hydrogen-producing acetogenic bacteria
are endergonic reactions under thermodynamic standard conditions, ie. 1 M for
solutes or 1 atm for gases, pH 7, and a temperature of 298 °K (Table 1). Therefore, in
methanogenic environments, these conversions can only proceed if the products,
hydrogen, formate and (to some extent) acetate, are efficiently removed by
methanogenic archaea. Consequently, the capacity of acetogenic bacteria to degrade
substrates depends on the action of methanogens, while the methanogenic archaea
depend (partially) on the action of acetogenic bacteria for substrate supply. Such a co-
operation in which two organisms feed together is called syntrophism (Schink 1992,
1997; Stams 1994).

The process of transfer of reducing equivalents from the acetogens to the
methanogens is called interspecies electron transfer. Both hydrogen and formate have
been proposed to be used as intermediate in the electron transfer (Bryant et al. 1967;
McInerney et al. 1979). Hydrogen transfer has been considered as the most important
mechanism for electron exchange for a long time. However, experiments by Thiele and
Zeikus (1988) and Boone et al. {1989) showed the importance of formate transfer in
syntrophic growth as well. The role of formate and hydrogen in syntrophic degradation
has been studied more directly by constructing defined cocultures and tricultures
(Dong et al. 1994). The syntrophic propionate-oxidizing bacterium strain MPOB
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degraded propionate in coculture with the methanogens Methanospirillum hungatei or
Methanobacterium formicicum, which are able to use both hydrogen and formate.
However, in cocuitures with Methanobrevibacter arboriphilus strains or Methanosaeia
soehngenii, which are only able to use hydrogen or acetate, respectively, propionate
was not degraded unless bacteria were present which were able to convert formate into
hydrogen plus carbon dioxide.

Table 1. Some reactions involved in syntrophic conversions under methanogenic conditions

Acetogenic reactions AG® (kJ/mol)
Fatty acids

Acetate’ + 4 H;,0 > 2 HCOy +H' + 4 H, +104.6

Propionate’ + 3 H:O — Acetate’ + HCOy +H + 3 H; + 76.1

Butyrate’ + 2 H;0 — 2 Acetate’ + H +2 H, +48.1
Alcohols

Methanol + 2 H;0 - HCO; +H + 3 H, +235

Ethanol + H;O — Acetate + H' + 2 H, + 96
Aromatic compotnds

Benzoate” + 7 H;O —> 3 Acetate’ + HCO; +3H +3 H, + 539

Phenol + 5 H,0 — 3 Acetate” + 3H +2 H, + 5.5

Hydroxybenzoate” + 6 H;0 — 3 Acetate’ + HCO; + 3H + 2H; + 52
Organic acids

Glycolate + 3 H;0 — 2 HCO; +H' +3 H, +193

Lactate’ + 2 HyO — Acetate’ + HCOs +H + 2 H; - 42
Amino acids

Glutamate” + 7 H,0 — Acetate’ + 3HCO; + NH,S +2H +5H, +703

Alanine + 3 H;O — Acetate’ + HCO, + NH' +H + 2 H; + 75

Aspartate’ + 4 H;0 = Acetate’ + 2HCO; + NH, +H' + 2 H, - 14.0

Methanogenic reactions

4H, + HCO; + H — CH, + 3H,0 - 339
4 Formate” + HO + H — CH, + 3 HCOy - 326
Acetate’ + H;0 —» CH, + HCOy - 310




General Introduction

Interspecies electron transfer can also influence the metabolism of fermenting
bacteria. A shift in product formation can occur if fermenting bacteria are cocultivated
with hydrogen-consuming microorganisms. This effect was first shown for
Ruminococcus albus growing in the presence and absence of Wolinella (Vibrio)
succinogenes. During growth with glucose in pure culture, R albus produces
hydrogen, carbon dioxide, ethanol and acetate as end-products, while in coculture with
W. succinogenes no ethanol is formed (Ianotti et al. 1973). During the fermentation of
glucose NADH is formed which has to be reoxidized to NAD and hydrogen. However,
for thermodynamic reasons the formation of hydrogen from NADH becomes
impossible at high hydrogen concentrations. Therefore, R albus has to coupie the
oxidation of NADH to the reduction of acetyl-CoA to ethanol. In coculture, hydrogen
is temoved by W. succinogenes; in this case, it is no longer necessary to produce
ethanol. Similar effects of interspecies hydrogen transfer have been described for many
other microorganisms; for an overview see Stams (1994).

A remarkable characteristic of syntrophic conversions is that the Gibbs firee energy
change is relatively low, resulting in only small amounts of energy available for
growth. In addition, this small amount of energy has to be shared by the partner
organisms. This may explain the low growth rates and yields of syntrophic cultures. As
a consequence of the slow growth and low growth yields syntrophic cultures are
difficult to isolate. Moreover, the acetogenic bacteria of syntrophic cultures are mostly
not able to grow on plates or in agar shake cultures and therefore have to be purified in
dilution series in liquid media (Stams et al. 1993; Wallrabenstein ¢t al. 1994, 19953
and b). Nevertheless, a variety of syntrophic bacteria that oxidize fatty acids, alcohols
or aromatic acids have been isolated in the last decade (for an overview, see Schink
1992 and 1997 or Stams 1994). Syntrophic propionate-oxidizing bacteria were studied
in this thesis research, and will therefore be discussed in more detail below.,

Synatrophic propionate-oxidation

The volatile fatty acid propionate is one of the reduced compounds that are formed as
intermediates during the anaerobic breakdown of organic material. Under
methanogenic conditions, propionate can only be degraded syntrophically.
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General Introduction

So far, three syntrophic propionate-oxidizing bacteria have been described, namely
Syntrophobacter wolinii (Boone and Bryant 1980; Wallrabenstein et al. 1994),
Syntrophobacter pfennigii (Wallrabenstein et al. 1995b), and strain MPOB (Stams et
al. 1993; Harmsen 1996). Characteristics of these bacteria are presented in Table 2. In
addition, some highly purified enrichment cultures of syntrophic propionate-oxidizing
bacteria have been described, including culture T13 (Mucha et al. 1988), strain LX-2
(Mah et al. 1990), a mixed culture which contains sporeforming thermophilic
propionate-oxidizing bacteria in coculture with defined methanogenic archaga (Stams
et al. 1992), an enrichment of two mesophilic sporeforming syntrophic propionate-
oxidizing bacteria (Harmsen 1996), strain SYN7 (Harmsen 1996), and strain HP1.1
(Zellner et al. 1996).

Comparison of the 165 rRNA gene sequences revealed that S. wolinii, S. pfennigii,
strain MPOB, and strain HP1.1 are closely related and form one group within the delta
subdivision of proteobacteria (Harmsen et al. 1993, 1995; Zellner et al. 1996) (Fig. 2).
The closest related bacterium is the sulfate-reducer Desulforhabdus amnigenus, which
has a 16S rRNA gene sequence identity with e.g. S. wolinii of 93.1 %, but is not able
to grow syntrophically with propionate (Oude Elferink et al. 1995). The syntrophic
propionate-oxidizing bacteria are not restricted to this group within the delta
subdivision of proteobacteria; two enriched sporeforming syntrophic propionate-
oxidizing bacteria are related to the Gram-positive sulfate-reducing bacteria of the
genus Desulfotomaculum, and culture SYN7 is related to the syntrophic benzoate-
oxidizing bacteria of the genus Syntrophus (Harmsen 1996).

Methylmalonyl-CoA pathway

Studies with "“C- and "C-labelled propionate have indicated that syntrophic
propionate-oxidizing bacteria degrade propionate via the methylmalonyl-CoA pathway
(Fig. 3) (Koch et al. 1983; Houwen et al. 1987; Robbins 1987, 1988; Mucha et al.
1988, Mah et al. 1990). The same pathway is involved in the formation and
degradation of propionate by the sulfate-reducing bacterium Desulfobulbus
propionicus (Stams et al. 1984; Kremer and Hansen 1988). The involvement of the
methylmalonyl-CoA pathway in syntrophic propionate-oxidation was later confirmed
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by enzyme activity measurements in Syntrophobacter wolinii (Houwen et al. 1990),
strain MPOB (Plugge et al. 1993), and in S pfennigii (Wallrabenstein et al. 1995b).
There 1s a small difference in the process of propionate activation between strain
MPOB, and S. wolinii and S. pfennigii. In S. wolinii and S. pfennigii, a propionate
kinase is involved in the activation of propionate, while in strain MPQOB propionate is
activated via a propionate:acetyl-CoA HS-CoA transferase (Houwen et al. 1990;
Plugge et al. 1993; Wallrabenstein et al. 1995b).

5%
—_—

Strain MPOB
ESyntrophobacter pfennigii
Strain HP1.1

Desulforhabdus amnigenus
——- Syntrophobacter wolinii

Desulfoacinum infernum
_; Thermodesulforhabdus norvegicus
Desulfarcutum baarsii
Desulfomonile tiedjei

I: Syntrophus gentianae

Syntrophus buswellii

_: Desulforhopalus vacuolatus
Desulfobuibus propionicus

Dasulfobacterium autotrophicum
_—:Desulfobacter postgatei
Pelobacter acidigallici
_':Geobacter metallireducens
Desulfovibrio acrylicus
— Biiophila wadsworthia

Escherichia coli

Fig. 2. Phylogenetic dendrogram based on 16 S tRNA gene sequence comparison indicating that
syntrophic propionate-oxidizing bacteria form a group within the delta subclass of protecbacteria. The
tree is based on a distance analysis using only those nuclectides that could unambiguously be aligned
and was constructed via the neighbor-joining method as implemented in TREECON for Windows. The
scale bar represents 5 % estimated sequence divergence.
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propionate acetate
— HS-CoA!ﬂ
acetyl-CoA
Cco, 2[H]
v
propionyl-CoA pyruvate
— CO,
\/
methylmalonyl-CoA oxaloacetate
T»thl
\ 4
succinyl-CoA malate
ADP T
ATl
succinate —p  fumarate
2[H]

Fig. 3. Methylmalonyl-CoA pathway involved in syntrophic propionate-oxidation in stram MPOB
(Houwen ¢t al. 1987; Plugge et al. 1993).

Propionate oxidation through the methylmalonyl-CoA pathway releases electrons in
three reactions, namely the oxidation of succinate to fumarate (E>= +30 mV), the
oxidation of malate to oxaloacetate (E”’= -176 mV), and the oxidation of pyruvate to
acetyl-CoA (E”’= -470 mV). These oxidation reactions are in equilibrium at hydrogen
partial pressures of 10"°, 10* and >1 bar, respectively (Schink 1997; Schink and
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Friedrich 1994). At a hydrogen partial pressure of 10™ to 10 bar, which is common in
methanogenic environments (Zehnder et al. 1982), the electrons of pymuvate and
(presumably) malate oxidation can be released as molecular hydrogen. However, the
hydrogen partial pressure cannot be maintained low enough by the methanogenic
partner to allow the propionate-oxidizing bacterium direct proton reduction with the
electrons released during the oxidation of succinate to fumarate. Therefore, it has been
hypothesized that the electrons which are released at the oxidation of succinate have to
be shifted to a lower redox potential via reversed electron transport, which would be
driven by the hydrolysis of %/; ATP (Thauer and Morris 1984; Schink 1992), Because
the methylmalonyl-CoA pathway vields one ATP via substrate-level phosphorylation,
only '/3 ATP is left for growth if such a reversed electron transport is occurring.

Reversed electron transport in syntrophic conversions

A general characteristic of syntrophic conversions is the presence of at least one
energetically very unfavourable oxidation step in the metabolism, which is thought to
be driven by an energy-consuming reversed electron transport process. For syntrophic
butyrate-, benzoate- and glycolate-oxidation, the involvement of such an ATP-
consuming reversed electron transport has been studied by localization of the involved
enzymes, by investigation of the effect of ionophores and ATPase-inhibitors on the
oxidation reaction, and by determination of the presence of electron catriers. In
syntrophic butyrate-oxidation, the oxidation of butyryl-CoA to crotonyl-CoA coupled
to proton reduction requires a hydrogen partial pressure of approximately 10 bar,
which is too low to be established by methanogens (Schink 1997). The enzymes
involved in the oxidation of butyryl-CoA, namely butyryl-CoA dehydrogenase and
hydrogenase, were found to be partly membrane-associated in Syntrophomonas wolfei.
Furthermore, hydrogen production from butyrate by intact S. wolfei cells was inhibited
in the presence of the protonophore carbonylcyanide-m-chlorophenyl-hydrazone
(CCCP) or the ATPase inhibitor N, N’ dicyclohexylcarbodiimide (DCCD), indicating
that an ATP-dependent step was involved in this process. In S. wolfei only
menaquinong-7 was detected, but it could not be determined whether this electron
carrier is involved in a reversed electron transport mechanism (Wallrabenstein and

10
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Schink 1994). More direct evidence for the involvement of reversed ¢lectron transport
can be obtained via studies with membrane vesicles. However, the preparation of
active inside-out vesicles of 5. wolfei cells appeared to be not possible (Wallrabenstein
and Schink 1994).

In syntrophic benzoate-oxidation, the oxidation of glutaryl-CoA to glutaconyl-CoA
is the energetically most difficult reaction. Wallrabenstein and Schink (1994)
investigated the involvement of an ATP-driven reversed electron transport in this
conversion by Symirophus buswellii. Exact localization of glutaryl-CoA
dehydrogenase, which is involved in the proposed reversed electron transport, was not
possible in 8. buswellii because of its low activity. The formation of hydrogen from
benzoate by cell suspensions of S. buswellii was inhibited by CCCP and DCCD. This
suggested that the conversion of benzoate requires an intact proton potential that is
maintained by the hydrolysis of ATP. However, positive control experiments could not
be performed. Therefore, it cannot be excluded that the protonophore or ATPase
inhibitor had an effect on substrate uptake instead of hydrogen formation from
benzoate. S. buswellii contains a menaquinone as electron carrier, which possibly is
involved in reversed electron transport. No cytochromes were detected in the
bacterium (Walirabenstein and Schink 1994),

The best-studied case of the involvement of reversed electron transport in
syntrophic conversions is for syntrophic glycolate-oxidation, in which proton reduction
coupled to the oxidation of glycolate to glyoxylate is energetically unfavourable. The
enzymes glycolate dehydrogenase and hydrogenase, which may be involved in
reversed electron transport, were found to be membrane-bound in the syntrophic
glycolate-oxidizing bacterium Syntrophobotulus glycolicus straim FIGlyR (Friedrich
and Schink 1993; Friedrich et al. 1996). Hydrogen formation from glycolate in
membrane vesicles of strain FIGIyR accurred only in the presence of ATP. Addition of
CCCP or other protonophores and the ATPase inhibitors DCCD or diethylstilbestrol
abolished hydrogen formation entirely. This indicated that a membrane potential is
required for hydrogen formation from glycolate, and that the process is driven by ATP-
hydrolysis. The electron carriers menaquinone 7, 8, 9, and 10 were found in the
membranes of strain FIGlyR, with MK-9 as the most dominant one. However, the

11
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involvement of these menaquinones in the reversed electron transport could not be
demonstrated unambiguously (Friedrich and Schink 1993). In addition to syntrophic
glycolate-oxidation, strain FIGIyR is able to grow in pure culture by glyoxylate
fermentation. In this case, the bacterium is able to reduce glyoxylate with hydrogen as
the electron donor, which is the reversed conversion of the energetically unfavourable
oxidation of glycolate to glyoxylate. Studies with membrane vesicles of strain FIGlyR
demonstrated that ATP-formation was uncoupled from glyoxylate reduction in the
presence of protonophores or ATPase inhibitors. This indicated that ATP is formed via
electron transport phosphorylation at the reduction of glyoxylate with hydrogen, and
that this process is the reversal of the ATP-driven teversed electron transport
mechanism which is involved in the oxidation of glycolate (Friedrich and Schink
1995).

Growth of syntrophic acetogenic bacteria in pure culture

Bacteria formerly regarded as obligate syntrophs have also been shown to grow in pure
culture with substrates that are more oxidized than the substrates used in the case of
syntrophic growth. The syntrophic butyrate-oxidizing bacteria Syntrophomonas wolfei
and Syntrophospora bryantii were found to grow in pure culture by the dismutation of
crotonate to acetate and butyrate (Beaty and Mclnemey 1987; Zhao et al. 1990).
Syntrophus buswellii and S. genfianae, which are synirophic benzoate-oxidizing
bacteria, appeared to grow in pure culture with crotonate, and hydroquinone or
gentisate, respectively (Wallrabenstein et al. 1995a). The syntrophic glycolate-
oxidizing bacterium Syntrophobotulus glycoficus strain FIGlyR could be grown in pure
culture by glyoxylate fermentation (Friedrich and Schink 1995). In the absence of
methanogenic archaea, the syntrophic propionate-oxidizing bacteria Syntrophobacter
wolinii, S. pfennigii, strain HP1.1, and strain MPORB were able to couple propionate
oxidation to sulfate reduction (Wallrabenstein et al. 1994, 1995b; Zellner et al. 1996;
Chapter 2 of this thesis). This coincides very well with their phylogenetic relationship
with sulfate-reducing bacteria. In addition, S. wolinii is able to grow in pure culture
with pyruvate (Wallrabenstein et al. 1994), S. pfennigii with lactate and sulfate
(Wallrabenstein et al. 1995b), and strain MPOB by fumarate disproportionation and by

12
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fumarate reduction with propionate, hydrogen or formate as the electron donor (Stams
et al. 1993).

Growth of syntrophs in pure culture allows detailed biochemical investigation of
their metabolism. So far, the enzyme acetoacetyl-CoA reductase of S. wolfei was partly
purified and characterized (Amos and Mclnemey 1993), the pathway of crotonate
metabolism in S wolfei was investigated via enzyme activity measurements
(McInerney and Wofford 1992), and the pathway of fumarate disproportionation in
strain MPOB was studied (Plugge et al. 1993). By using NMR techniques with
labelled substrates, and by enzyme measurements it was shown that the acetyl-CoA
cleavage pathway is involved in fumarate disproportionation in strain MPOB (Fig. 4).
This pathway is also present in some sulfate-reducing bacteria such as
Desulfobacterium autotrophicum and Desulfotomaculum acetoxidans (Schauder et al.
1986, Spormann and Thauer 1988), and is the reversal of the pathway of acetate
formation in homoacetogenic bacteria (Diekert and Wohlfarth 1993).

In this thesis research the metabolism of the syntrophic propionate-oxidizing
bacterium strain MPOB was studied in detail. To obtain more insight into the
oxidation of propionate by strain MPOB, and the energetically unfavourable oxidation
of succinate to fumarate, the enzymes fumarate reductase, fumarase, and malate
dehydrogenase were isolated and characterized. Below, a short overview is given about
what has been reported in literature on these enzymes.

Fumarate reductase/ succinate dehydrogenase

Fumarate reductase catalyzes the reduction of fumarate to succinate, while the reversed
reaction is catalyzed by succinate dehydrogenase (Fig. 5A). Both enzymes are
structurally related. Most fumarate reductases and succinate dehydrogenases are
membrane-bound enzymes, which consist of three or four non-identical subunits. The
largest subumit (60-75 kDa) contains covalently bound flavin adenine dinucleotide
(FAD) and the substrate-binding site. The second subunit (24-33 kDa) contains three
iron-sulfur clusters of the [2Fe-28], [4Fe-45] and [3Fe-48] type. These two subunits
form the membrane-extrinsic catalytic domain of the enzyme and are anchored in the

13
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2[H]

fumarate ;—-—b succinate

¢

malate

2[H] <i

oxaloacetate

t’ CO:

pyruvate

2[H] Q{v\p CO:

acetyl-COA———» CH:-THF

CHO-THF

ADP
ATP

Fig4. Pathway of fumarate disproportionation in strain MPOB. THF, tetrahydrofolate.
According to Plugge et al. (1993).
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membrane by one or two smaller hydrophobic subunits. In addition, these membrane
anchor subunits, which are usually associated with a cytochrome-b, are involved in
quinone reduction and oxidation (reviewed by Kriger 1978; Cole et al. 1985; Ackrell
et al. 1992; van Hellemond and Tielens 1994). Ubiquinone is usually the electron
acceptor of succinate oxidation, while reduced menaquinone serves as the electron
donor of fumarate reductase. However, succinate dehydrogenase of Bacillus subtilis
uses menaquinone as the electron acceptor (Lemma et al. 1991).

T
H-C «—— CH:
CO0- CO0-
Fumarate Succinate
COOo- (o{0]0 )y B
cH MO HocH
H-é': <4 H-(::-H
COoO- CO0O-
Fumarate Malate
coo- napPH+ H+ €007 ¢

Ho-(::-H NAD(P)* c=0
H-E-H —;L. CH:
coo- coo-

Malate Oxaloacetate

Fig. 5. Reactions catalyzed by A: fumarate reductase and succinate dehydrogenase, B: fumarase, and
C: malate dehydrogenase.
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Not all fumarate reductases have the structural composition as described above. The
sulfate-reducing bacterium Desulfovibrio muitispirans contains a fumarate reductase
which consists of four subunits with molecular masses of 46, 32, 30, and 27 kDa. The
FAD component is non-covalently bound to the largest subunit of the enzyme (He et
al. 1986). Another fumarate reductase with wncommon properties is that of
Methanobacterium thermoautotrophicum; the enzyme uses 2-mercaptoethanesulfonic
acid (HS-CoM) and N-(7-mercaptoheptanoyl)threonine-O-phosphate (HS-HTP) as
electron donors, and consists of only two subunits with molecular masses of 50 and 58
kDa (Bobik and Wolfe 1989). The most unique fumarate reductase is that of
Shewanella putrefaciens. This bacterium contains a soluble fumarate reductase (Myers
and Myers 1992), which is in fact a flavocytochrome ¢ with fumarate reductase
activity (Morris et al. 1994). Flavocytochromes ¢ of other organisms do not contain
fumarate reductase activity (Pealing et al. 1992). The enzyme is composed of a single
subunit (63 kDa) with non-covalently bound FAD, contains no iron-sulfur clusters, and
is related to the flavin-containing subunits of the commonly occurring fumarate
reductases and succinate dehydrogenases (Pealing et al. 1992; Morris et al. 1994),

Fumarate reductase and succinate dehydrogenase are not only structurally, but also
genetically related. Complete DNA sequences have been obtained for the fumarate
reductase genes from e.g. Escherichia coli (Cole 1982; Cole et al. 1982), Wolinella
succinogenes (Kortner et al. 1990; Lauterbach et al. 1990), and Proteus vuigaris (Cole
1987), and for the succinate dehydrogenase genes from e.g. E. coli (Darlison and
Guest 1984; Wood et al. 1984) and B. subtilis (Magnusson et al. 1986, Phillips et al.
1987). All these genes arc arranged as operons. The genes that encode the largest
subunit of fumarate reductase and succinate dehydrogenase show striking sequence
homology, which is concentrated in eleven domains (Fig. 6). Most of these domains
are involved in substrate binding and the binding of FAD (Lauterbach et al. 1990). In
the genes that encode the iron-sulfur subunit, eleven cysteine residues are highly
conserved. These cysteines provide the ligands to the three iron-sulfur clusters
(Lauterbach et al. 1990). On the basis of their high sequence similarity, it seems likely
that the genes that code for the catalytic domain of fumarate reductase and succinate
dehydrogenase arose from a common ancestor or resulted from a gene duplication
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(Cole et al. 1982; Wood et al. 1984). In contrast to the catalytic subunits, less
similarity is found among the membrane anchor subunits of the different fumarate
reductases and succinate dehydrogenases. Even the number of membrane anchor
subunits varies from one to two.

Although fumarate reductase and succinate dehydrogenase are closely related
enzymes which are usually able to catalyze both fumarate reduction and succinate
oxidation, some facultatively anaerobic bacteria such as £. coli and Bacillus macerans
contain two distinct enzymes (Cole 1982; Darlison and Guest 1984; Schirawski and
Unden 1995). Succinate dehydrogenase is synthesized during aerobic growth where it
functions in the citric acid cycle. In contrast, fumarate reductase is synthesized under
anaerobic growth conditions where it participates in anaerobic respiration with
fumarate as the electron acceptor. The expression of the fumarate reductase and
succinate dehydrogenase genes in . coli is regulated by various transcriptional
regulator systems: the cAMP receptor protein system (CRP), the aerobic respiration
control system (ARC), the fumarate and nitrate reduction system (FNR) and the nitrate
reduction system (NAR). At low oxygen concentrations, the expression of the
succinate dehydrogenase genes is repressed by the ARC system and that of the
fumarate reductase genes is induced by the transcriptional reguiator FNR (reviewed by
Unden et al. 1994). In L. coli, nitrate respiration is preferred to fumarate respiration.
Therefore, the expression of the fumarate reductase genes is repressed by the NAR
system if nitrate is present under anaercbic growth conditions (Jones and Gunsalus
1985, 1987). Since no biochemical data have been reported, it is not known whether
strictly anaerobic microorganisms contain distinct fumarate reductases and succinate
dehydrogenases, or only a single enzyme that is involved in both fumarate reduction
and succinate oxidation.

17



Chapter 1

0661 '1e 10 yorquane woy pyndepy oseusBorpAysp aRUIIONS ‘Ypg ‘ASEISNPII djeIewIng ‘pig

"SEXO0Q Iim podpel e suoIol paatssuo)) (L1861 T2 10 sdijiyd) syngns sajprovg pue ‘(p861

‘Te 33 POOMN) #02 PR{ILIdYISH JO SSRUTOIPAYSP SJRUIONS B} PUe (£ 86T S[0)) SUDSMA SH2104 4 PUR (T8E[ 2[0D) 102 Brya14ay3sy ‘(0661
e 18 yorqaamne]) sauaBonioons DijaulIoM JO SeSEIONPAl ARILWINY a1 JO SHUNGNS wARY o Jo saduanbes pioe ourwe a1 jo juswudipy 9 ‘S

ZOUSANINAYITL LAY TOTRRSIOILIRYOONSMN LIAN
7 O0H SRLYINYSATLY AT LINTNATITITAIOLNI ZS S1AT
P AN YERTRIZTANTOA DT T AATIAL NS AS S1A%
Y S SHYRNOTVANTOHOTAIIATTALNIASS1AL
FOYSHLUTTYINTAI TIAN THHI AN AVAITANYHTUANNT

HYAAMNSACENHd I-T"TSAGAGDA TITd - VAR SAHNYHILLY
ALYTAJIVINTAGIWNASHY L-NEZSIIT-ATSH F1a-96d3--a.545
ONEATANDAQDT LYADDAARNYAY—5HL IHAAS AT TYA ~ YL FANAS - TIH A ACa - 1L 0930 T

INDIAIHTNTIC IHAA T T TION A A A LANTE LHMIDTINHTAKYNI LOOR TN ITYMASZANHAH YOI TS SENATYSS T TONAL HAYN - - DYANDIDL TY S| { 4 INL-WDARAJAN === ===
TR NA———— = T 3uA-F IOV TONEHYGDTL I ASINHDNSAD TUAE IVAITIONENNNY Y N'THO TS ESATSE ~ - SHTY TYIO IV IS IO TH IOV HIIAATA'] AAADEIINANALTYODLIAN
LAAHY === =~ JYAATILIAC L INOWTAd LEA IDD0F INYIINAT I IOYMNI SOHONW TN A TNG I IO IOY T TYSYN Y LY T OV Y HAYI DY TIDAAATH a1, - LgONLE -~~~ ———
TEAYN === - = AYAVTATTHI T INOHTIALEA I D0 TR TONIT I ITHYMNIODADNATIN T IADYYOY T I¥VIANONOY LYY - YT IYOTOUTYDIAAT (T~ FONDO L3~ ——————
IDANM--—--— SHMATIATINASHATHIDIEA Hm>zaa§axzmzm§m>empummmﬁmxzwﬁaumﬁmmqathqn.po._.zmuxmﬁ.ﬂmusH:w.,._?imm? 1 33) FOUAALY = ===
-~ SRR 44 MR T A0 DRINTA TIT IDD TA LG TEAANHE T TAAHNA— - N TS THGNAOAGI T EHIN TAY ATHORYAXAT H1IFDNAR
Ldfrool LdIALIdANAGAHYA JYSTETIDd TYSTTATHDTHATHTHYHI ONd DT IDYOT I T- T IHT SUVAATEOVTA - ~HYHAY OMHERGOA
-~ 195 LAVAL T AFAASAADAAYAR TED T THAHIHH YD THE TA THAACDUHL AT THOVENAHMI ~ ¥ DS ANTH D TENAANTANSTI LTI DTOXA N TAHAIONH-A TAITNAYT
~ oM eI AU T ATHAIG ADAKYAYTED [ THIH TN 3D THY T TAAAGONA LS T INSYHAZHME -4 DS AT O TERA NN IO'Td LIIDHO XA 0T AMADRIN - OAITNAYT
—MODHERHDHA TATYMATYAO IOWA A RO T IOAQE THLA THAHOTI S IGTMTHODA4STOADNONY THIIH- IS AATH S TH - - - NN AdTRIVH T dINODEY - ———— - ——| AL HIOAYIRNDT
—AHO0DAAISTESOLNINSHLS S IAYASEI STITNNLINOVAT OHOLYAAT TAYO TITMOTANLATOYATANHADSATH A TTIOVD LLYOVAY LEHHDIOD - ————— 4984017203 ———~—--- m————
-4 ATVE TYRDADAOLN THYNLLSOR 19000 I ALYV AAATOLE 1 DTYLIDANY -~ ~ONAATATY A M5 T T LLAN-NTHOOA LT TYE D107y LaTHOI00INISO0Dad¥OK TI0qT- —————
~dASHETYTINDADLAIDDNLNI Y M AYHTT TDAA LD AWM= ~—-HIYAADYYHOAAATIOTAIHAQI 9D ITd AN TS LI TLHIREI DI AQVSIMLE T THADD - - — -~~~ E LT RN ok b EE T PR
~dAUHETTHUDRSALLATHHNLNAY AAYHYY IDATLO AWK -~ - ~HWEATOHAHDOOAT IATALR A I B0 IU A D15 L0 TAE THHA DLAC YR AMIE I LHADY - =~~~ - —, AUHAHASUQd Y~ — ———mmmmmme
DYIDLATAIYLILOEIAATHLIN AT TLOAYALY I IQDLAT- - - ~QHAAYDL ONDQOH I TY [¥ANIADI SAD - THIDINVAY I THIHDL OV IASLEMNI LD - - —————, AQISHITOHEIATTLILLNOYN T TVHY
||||| HNAHADKEATTHT T SEFTAORTEAIIDNY T ﬁm EMa -—SanE0INAYON I PEHERiaaATSaTIAYH--05 3w T ISP A T 1SS0SH—- SITTIGNS SOTIIoRg Ung
||||| ASAdIDNHETITIFAd DL ONAZIYADADTA 3 - - - #NOIHNDTYAL IDOOVIBA T HERLAIANSTTYOIO ~-25 0 TOTH [AATWITEAGT AW TTO2 PTUITISUOST URS
;;;;; HSMA DEMTITOINILI DHIAIAQAAGDE D IMHI DTS - ~~-JQASQVDLIAYYSP dAANS TTY INTOENYIVYY IS 1OYOIYIN IH QYN LOK srIebrna 2najord pii
11111 HEMADOMTITOLNILIDHHAIAAAATDI D TMHA DO - -~=A3I5AqOVAYYSD dAANE ITHIIYRINYONYY ITETOWOOYON Y TAVOI IO ITC2 TYITISUIST P

UDNHTHLMEASMYYTITE TP ENATRI YA DA DoMsTRE QINTOISHAND TS vOHROBE FHEUMAG T 15 TAL 15T - -0H00LYA o EETATSUOADANN  §2USBOUTIORS EITSUFTON BAd

18




General Introduction

Fumarase

Fumarase, which catalyzes the interconversion of fumarate and L-malate (Fig. 5B), is
widely distnbuted among microorganisms, animals, and plants because of its role in
the citric acid cycle. Two classes of fumarases are known. The class I fumarases are
homodimers with & molecular mass of 120 kDa (2 x 60 kDa), which are oxygen-
sensitive and contain a [4Fe-4S] iron-suifur cluster. Class [ fumarases are members of
the family of iron-dependent hydrolyases, which includes aconitase (Kennedy et al,
1983), serine dehydratase (Grabowski and Buckel 1991), and maleate hydratase
(Dreyer 1985). Examples of class I fumarases are fomarase A and B of Escherichia
coli (Miles and Guest 1984, Bell et al. 1989; Ueda et al. 1991; Flint et al. 1992),
fumarase of the alga Fuglena gracilis (Shibata et al. 1985) and fumApy of Bacillus
stearothermophilus (Reany et al. 1993). Class Il fumarases are oxygen-stable
homotetramers of 200 kDa (4 x 50 kDa) and do not contain an iron-sulfur cluster.
Examples of class II fumarases are fumarase C of . coli (Woods et al. 1986) and the
fumarases of Bacillus subtilis (Miles and Guest 1985), Saccharomyces cerevisiae (Wu
and Tzagoloff 1987), Sulfolobus solfataricus (Puchegger et al. 1990; Colombo et al.
1994}, and mammals.

For a long time, it was assumed that iron-sulfur clusters in proteins only had a role
in redox reactions. However, the discovery that aconitase and other hydrolyases
contain a [4Fe-4S] cluster which has a role in the catalytic mechanism, demonstrated
that iron-sulfur clusters could function in non-redox reactions as well (Emptage et al.
1983). Like other hydrolyases, class I fumarases contain a [4Fe-4S] cluster which
participates in catalysis by activating the hydroxyl group of the substrate to facilitate
the elimination or attachment, depending on the direction of the conversion (Flint et al.
1992). Upon inactivation of the enzyme in the presence of oxygen, the [4Fe-45] cluster
is converted into a [3Fe-4S8] cluster (Flint et al. 1993). The class II fumarases do not
contain an iron-sulfur cluster. Therefore, their catalytic mechanism is probably
different from that of the class I fumarases. Currently, it is not clear why fumarases
with as well as without iron-sulfur clusters exist. Some years ago, it was discovered
that the iron-sulfur cluster containing aconitase functions as an iron regulatory
clement-binding protein in the regutation of iron uptake. When the enzyme is devoid
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of its iron-sulfur cluster it binds to iron regulatory elements in the cell; this was not
observed when the cluster is present. In this way, the state of the iron-sulfur cluster of
the aconitase regulates the uptake of iron (Haile et al 1992; Kennedy et al 1992). It
may be speculated that the iron-sulfur cluster containing fumarases also have such an
additional regulatory role in iron uptake, but so far there is no experimental evidence
for this possibility (Flint 1994).

Most organisms contain only one fumarase gene, which usually encodes a class II
type fumarase. E. coli, however, possesses three fumarase genes, fim A4, fum B and fum
C (Guest and Roberts 1983; Guest et al. 1985), with differentially regulated promoters.
Fum A is activated under aerobic conditions by the cyclic AMP-CRP complex and
repressed anaerobically by the ArcA regulator (Park and Gunsalus 1995), whereas fim
B is controlled by the anaerobic transcriptional activator FNR (Woods and Guest
1987). The gene products of fum A and fum B, fumarase A and fumarase B, are closely
related; the amino acid sequences are 90 % identical (Bell et al. 1989). The fum C gene
product is expressed under both aerobic and anaerobic growth conditions and its
expression is controlled by the soxRS regulon, which acts as a defensive system at
oxidative stress. Possibly, fumarase C functions as an alternative fumarase that can
substitute for fumarase A and B, which are susceptible to oxidative stress conditions
(Liochev and Fridovich 1992; Park and Gunsalus 1995).

Malate dehydrogenase

Malate dehydrogenase, a key metabolic enzyme in most organisms, catalyzes the
reversible conversion of L-malate to oxaloacetate, using NAD or NADP as cofactor
(Fig. 5C). An exception is the malate dehydrogenase of Desulfobacter postgatei, which
does not couple with NAD or NADP but with a quinone. Moreover, this enzyme is, in
contrast to other known malate dehydrogenases, membrane-bound (Brandis-Heep et al.
1983). Malate dehydrogenase has been studied extensively in many organisms. The
enzymes that have been isolated are either homodimers or homotetramers with a
subunit molecular mass of 30-38 kDa (Murphy et al. 1967, Banaszak and Bradshaw
1975, Sundaram et al, 1980). Amino acid sequence comparison revealed the presence
of residues which are conserved in most malate dehydrogenases. The N-terminal part

20



General Introduction

of the sequence contains the cofactor-binding site with the highly conserved sequence
motif GAXGXXG/A (Chamock et al. 1992). The active site is located near the C-
terminal end of the subunit sequence. This domain is less conserved among the malate
dehydrogenases than the cofactor-binding site, except for six amino acid residues that
are directly involved in substrate binding and catalysis (McAlister-Henn 1988).

Because amino acid sequence data of malate dehydrogenase are available from
many bacteria, archaca and eukarya, the enzyme is often chosen as model enzyme to
study molecular adaptation to extreme environmental conditions like high temperature
(Nishiyama et al. 1986), low temperature (Ohkuma et al. 1996), or high salt
concentrations (Dym et al. 1995). The availability of amino acid sequences of many
malate dehydrogenases also allowed the investigation of the evolutionary history of
this enzyme (Joh et al. 1987; McAlister-Henn 1988, Honka et al. 1990). It is thought
that three different lineages of malate dehydrogenase separated early in the evolution.
The first lineage is represented by cvtosolic malate dehydrogenases of eukaryotes and
malate dehydrogenases of some bacteria. Mitochondrial malate dehydrogenases of
eukaryotes and the malate dehydrogenases of other bactenia represent the second
lineage. The third lineage is represented by the archaeal malate dehydrogenases (Joh et
al. 1987; McAlister-Henn 1988; Honka et al. 1990; Cendrin et al. 1993).

Outline of this thesis

The aim of the research presented in this thesis was to study the biochemistry and
bioenergetics of synirophic propionate-oxidation. Special attention was given to the
energetically most difficult conversion in syntrophic propionate-oxidation, namely the
oxidation of succinate to fumarate coupled to hydrogen or formate formation. The
syntrophic propionate-oxidizing bacterium strain MPOB, which can grow in the
absence of a methanogenic partner, was used as the model-organism in these studies.
Strain MPOB was isolated from granular sludge of an upflow anaerobic sludge bed
reactor treating wastewater from a sugar refineryv. By using 165 rRNA-based
oligonuclectide probes, it has been shown that strain MPOB is the most abundant
propionate-oxidizing bacterium in this granular sludge, and that the bacterium is
Jjuxtapositioned with methanogens in syntrophic microcolonies (Harmsen et al. 1996).

21



Chapter 1

Synirophobacter wolinii and S. pfennigii, which are related to strain MPOB, had
been shown to grow in pure culture by coupling propionate-oxidation to sulfate-
reduction. In chapter 2 is presented that strain MPOB is also able to grow by sulfate-
reduction. In chapter 3 and 4 the purification and characterization of fumarase and
malate dehydrogenase from strain MPOB are described, respectively. Chapter 5
describes the isolation of fumarate reductase of strain MPOB; the iron-sulfur cluster
composition, N-terminal amino acid sequence, and some other properties of this
enzyme are presented. Energetics of the fumarate metabolism of strain MPOB, and the
investigation of the electron transport chain that is involved in fumarate reduction in
strain MPOB are reported in chapter 6. Chapter 7 describes several physiological
properties of strain MPOB, and its classification as a new member of the genus
Syntrophobacter, S. fumaroxidans. Finally, the results of this thesis are discussed and
summarized in Chapter 8.
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