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The photosynthetic bacterium Rhodopseudomonas capsulata can grow under
anaerobic conditions with light as the energy source or, alternatively, in darkness
with D-fructose or certain other sugars as the sole source of carbon and energy.
Growth in the latter mode requires an “accessory oxidant” such as trimethyl-
amine-N-oxide, and the resulting cells contain the photosynthetic pigments
characteristic of R. capsulata (associated with intracytoplasmic membranes) and
substantial deposits of poly-8-hydroxybutyrate. In dark anaerobic batch cultures
in fructose plus trimethylamine-N-oxide medium, trimethylamine formation par-
allels growth, and typical fermentation products accumulate, namely, CO; and
formic, acetic, and lactic acids. These products are also found in dark anaerobic
continuous cultures of R. capsulata; acetic acid and CO, predominate when
fructose is limiting, whereas formic and lactic acids are observed at elevated
concentrations when trimethylamine-N-oxide is the limiting nutrient. Evidence
is presented to support the conclusions that ATP generation during anaerobic
dark growth of R. capsulata on fructose plus trimethylamine-N-oxide occurs by
substrate level phosphorylations associated with classical glycolysis and pyruvate
dissimilation, and that the required accessory oxidant functions as an electron
sink to permit the management of fermentative redox balance, rather than as a
terminal electron acceptor necessary for electron transport-driven phosphoryla-
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tion.

Purple photosynthetic bacteria (Rhodospiril-
laceae) are remarkably versatile in regard to
their capacities for obtaining growth energy
through alternative mechanisms. Indeed, every
major known type of energy conversion has been
observed in this assemblage of bacteria (17, 21,
24, 25, 27). Among these organisms, Rhodopseu-
domonas capsulata stands out as a particularly
interesting individual species as it is capable of
growing in a number of photosynthetic and dark
modes (17). In 1977, Yen and Marrs (31) dem-
onstrated that R. capsulata can grow anaerobi-
cally in darkness in synthetic media with glucose
as the sole energy and carbon source, provided
that dimethyl sulfoxide (DMSO) was added.
They observed that during growth under these
conditions, DMSO was reduced to dimethyl sul-
fide, but the nature of the energy conversion
process supporting growth was not defined. We
extended their studies on dark anaerobic growth
of R. capsulata with fructose as the carbon and
energy source and trimethylamine-N-oxide
(TMAO) as the “accessory oxidant.” Among
other findings, we established that at least part
of the system involved in TMAO reduction is
inducible (16) and that the energy yield from
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the dark anaerobic catabolism of fructose is suf-
ficient to support growth on N, as the sole source
of nitrogen (18).

The present communication summarizes more
detailed studies on the character of the energy
conversion process(es) available to cells of R.
capsulata growing on sugars plus TMAO anaer-
obically in darkness. Our results support the
conclusions that ATP generation in such circum-
stances is fermentative (that is, mediated by
substrate level phosphorylation associated with
glycolysis and related reactions) and that TMAO
functions as an electron sink so as to ensure
redox balance (and not as an electron acceptor
for membrane-associated anaerobic respiration
coupled with phosphorylation). ‘

MATERIALS AND METHODS

Bacterial strain. R. capsulata strain B10, which
was used throughout, conforms to the typical biotype
of the species (29); it is capable of growing photosyn-
thetically with various sugars or dicarboxylic acids of
the citric acid cycle as carbon sources.

Media. For batch culture dark anaerobic growth
experiments, the basal mineral salts plus vitamin me-
dium CA (17) was modified so as to contain half the
originally specified concentration of phosphate buffer
(pH 6.8) and was supplemented with sugars and other
compounds as indicated in table and figure legends.
Concentrated stock solutions of TMAO (Aldrich
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Chemical Co., Milwaukee, Wis.) and p-fructose were
sterilized by filtration. For the continuous culture
(dark anaerobic) experiments, the medium described
by Aiking and Sojka (1) was modified by increasing
the concentration of EDTA from 0.05 to 0.5 mM and
replacing L-malate with fructose and TMAO (both
sterilized separately by filtration) at the concentra-
tions specified in Table 2 (initial pH, 7.0).

The RCVB medium (28) used for anaerobic photo-
synthetic growth contains 30 mM malate and 7.5 mM
ammonium sulfate as the carbon and nitrogen sources,
respectively.

Growth conditions and sampling techniques.
Small-scale cultures were grown in completely filled
screw-capped tubes (17 ml) or bottles (165 ml). For
larger-scale anaerobic dark batch culture experiments
in which TMAO was added as an accessory oxidant,
bottles containing 850 ml of medium were inoculated
with 50 ml of an exponential-phase “preculture” grown
photosynthetically in RCVB medium supplemented
with 20 to 30 mM TMAO. To facilitate intermittent
anaerobic sampling, such bottles were sealed with a
rubber stopper fitted with two stainless steel gas-
sparging needles. After inoculation, oxygen-free N
was bubbled through the culture for 30 min at a rate
of 200 ml/min (16). A sterile 20-ml glass syringe was
then attached to the gassing inlet while the vent (short
needle) was sealed with a rubber tube pinched off with
a hose clamp. To remove a culture sample anaerobi-
cally, sterile N, was passed in through the vent needle,
thus forcing bacterial suspension into the removable
glass syringe.

For continuous culture, the apparatus devised by
Aiking and Sojka (1) was used. This was installed in a
dark incubator room and covered with a blackened
box. During growth, the production of trimethylamine
(TMA) from TMAQO tends to increase the culture pH;
accordingly, pH was maintained at 7.0 by means of a
pH control unit which delivered 1 M HCI to the
culture. The chemostat was maintained and the sam-
ples were taken as described in reference 1.

Measurement of bacterial growth and cellular
components. Turbidimetric estimations of bacterial
growth were routinely made with a Klett-Summerson
photometer fitted with a no. 66 (red) filter. Measure-
ments of protein, bacteriochlorophyll, and cell dry
weight, as well as determinations of in vivo absorption
spectra, were performed as previously described (17).
Poly-B-hydroxybutyrate was measured by the method
of Law and Slepecky (14).

Chemical analyses. Samples of bacterial culture
were immediately centrifuged at 27,000 X g for 15 min,
and the supernatant fluids were kept at 2°C until
analysis. Fructose was determined with the anthrone
procedure of Morris (19), and 2-keto-3-deoxy-6-phos-
phogluconate was detected by the method of Lanning
and Cohen (13). TMA and lactate were estimated by
the colorimetric methods of Dyer (7) and Barker and
Summerson (4), respectively. Acetate was determined
by gas chromatography on a Carbopack C/Carbowax
20 M column (Supelco, Inc., Bellefonte, Pa.) operating
at 110°C with a flame ionization detector. Carbon
dioxide was determined by gas chromatography on a
Hewlett-Packard 5710A gas chromatograph with a
Spherocarb 80/100 column and a thermal conductivity
detector.
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Formate was determined by the colorimetric assay
of Barker and Somers (3), except that 2 ml, instead of
1.5 ml, of acidic butanol was used to extract the
chromophore. Medium blanks were carried through
the same procedure to allow corrections for the small
background absorbance observed with fructose-con-
taining media. Acetate does not interfere (3), and we
have established that neither lactate nor pyruvate
produces the yellow color characteristically obtained
with formate.

Preparation of cell-free extracts. Cells were har-
vested in the late exponential phase, washed once with
50 mM potassium phosphate buffer (pH 7.0), and
resuspended in 5 to 10 ml of the buffer. The suspen-
sions were passed once through a French pressure cell
operated at ca. 20,000 Ib/in® and 2°C. Crude extracts
were centrifuged at 27,000 X g (4°C) for 10 min to
remove unbroken cells and debris, and the highly
pigmented supernatant fluid was recentrifuged at
120,000 to 144,000 X g (4°C) for 90 min. The resulting
clear supernatant fluid was used immediately for en-
zyme assays.

Enzyme assays. All assays were carried out at
25°C. Glyceraldehyde-3-phosphate dehydrogenase
(EC 1.2.1.12) activity was measured by the method of
Gibbs (11), modified by the addition of NAD" in place
of NADP"*. Hexokinase (glucokinase, EC 2.7.1.2), 1-
phosphofructokinase (EC 2.7.1.56), fructose-bisphos-
phate aldolase (EC 4.1.2.13), 6-phosphogluconate de-
hydratase (EC 4.2.1.12), and 2-keto-3-deoxy-6-phos-
phogluconate aldolase (EC 4.1.2.14) were assayed by
the methods used by Conrad and Schlegel (6). Sub-
strate for the latter assay was a generous gift from
Jack Preiss, Department of Biochemistry and Bio-
physics, University of California, Davis. Pyruvate re-
ductase (EC 1.1.1.27) was assayed by the method of
Gardner and Lascelles (10).

RESULTS

Substrate requirements for anaerobic
dark growth. With fructose or glucose as the
sole source of carbon and energy for anaerobic
dark growth, either TMAO or DMSO is also
required (16, 31). The influence of initial fructose
and TMAO concentrations on R. capsulata cell
yield is shown in Fig. 1. With the TMAO con-
centration fixed at 30 mM, cell yield was pro-
portional to the fructose concentration up to ca.
20 mM; a further increase in the sugar concen-
tration did not alter the final yield. With the
initial fructose concentration at 20 mM, the
growth yield was proportional to the TMAO
concentration up to about 40 mM; higher con-
centrations of the oxidant were inhibitory. Op-
timal growth rates were consistently observed
with 30 mM TMAO, and this concentration was
used for most experiments.

A survey of potentially fermentable carbohy-
drates and other compounds disclosed that
growth in the presence of 30 mM TMAO was
supported best by fructose. Other organic carbon
sources that gave appreciable growth (but less
than with fructose) were, in decreasing order of



910 MADIGAN, COX, AND GEST

T T T T T T

8

fructose + 30 mM TMAO

:

g

g

TMAO + 20 mM fructose

Photometer units (Kge)
8
T
1

3
1

o&—+L L 111 |
0O 100 20 30 40 50 60

Varied component (mM)

Fi16. 1. Anaerobic dark growth of R. capsulata,
cell yields as a function of fructose and TMAO con-
centrations. Inoculated cultures, in completely filled
screw-capped tubes, were incubated at 32°C for 30 h,
and bacterial densities were then measured with a
Klett-Summerson photometer equipped with a no. 66
filter; 200 Kes units correspond to ca. 650 pg (dry
weight) of cells per ml. The inoculum for this and the
experiments shown in Fig. 2 and 3 were taken from
cultures which had grown at least 12 to 15 genera-
tions under anaerobic dark conditions.

efficacy, xylose, glucose, cellobiose, mannitol,
pyruvate, and lactate. Slight growth was noted
with sucrose, maltose, galactose, and ribose. It is
particularly significant that no growth was ob-
served with malate or succinate anaerobically in
darkness (:TMAO); these organic acids, on the
other hand, support excellent growth under res-
piratory (dark aerobic) and photosynthetic
(light anaerobic) conditions (17, 27). R. capsu-
lata can use H; to provide reducing power for
photosynthetic growth on CO: and as the sole
energy and electron source for aerobic auto-
trophic growth (17). Tests for the use of H; as
an energy source for dark anaerobic growth with
TMAO (on CO; or appropriate organic com-
pounds), however, were negative.

Specificity of the accessory oxidant re-
quirement for anaerobic dark growth. One
implication of the foregoing results is that an-
aerobic dark growth on sugars is dependent on
either ATP produced by substrate level phos-
phorylation in a fermentation process that re-
quires TMAO or DMSO for redox balance or
ATP generated by an electron transport chain
that uses TMAO (or DMSO) as the final oxidant
for oxidative phosphorylation. We reported ear-
lier (16) that fumarate and nitrate, which can
serve as terminal electron acceptors for anaero-
bic respirations catalyzed by various other bac-
teria (23), cannot substitute for TMAO (or
DMSO). Additional tests with nitrite, sulfite,
thiosulfate, and sulfate likewise gave negative
results. Although the most effective oxidants
known thus far are TMAO and DMSO, prelim-
inary tests have shown that certain analogues of
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TMAO (including nicotinic acid-N-oxide, nico-
tinamide-N-oxide, and pyridine-N-oxide) also
can function as accessory oxidants.

Photosynthetic pigments and reserve
materials. Uffen and Wolfe (25) have reported
that cells of several species of nonsulfur purple
bacteria (Rhodospirillaceae) grown anaerobi-
cally in darkness in complex media show essen-
tially the same pigment spectra as cells grown
photosynthetically in the absence of oxygen. We
have made similar observations with R. capsu-
lata grown anaerobically in darkness in the syn-
thetic fructose plus TMAO medium (16). Also
in conformity with the results of Uffen and
Wolfe with other species (25), we found (16)
substantial quantities of poly-B8-hydroxybutyr-
ate in R. capsulata cells grown as noted. In the
present investigation, analyses with the proce-
dure of Law and Slepecky (14) showed that the
storage polymer can accumulate to as much as
20% of the total dry weight.

End products of anaerobic fructose ca-
tabolism in the presence of TMAO. Figure 2
shows the kinetics of anaerobic dark growth of
R. capsulata and organic acid formation in the
20 mM fructose plus 30 mM TMAO medium.
TMA production from TMAO closely paralleled
growth, and both ceased abruptly at ca. 15 h, the
point of TMAO exhaustion (vertical dashed
line). The maximal cell yield of ca. 200 photom-
eter (Kg) units corresponds to 650 pg (dry
weight) of cells per ml. It is important to note
that fructose continued to disappear after
growth had stopped; thus, after 15 h, fructose
was metabolized by resting (nongrowing) cells.

Figure 2 (top) shows that during active
growth, the culture pH rose due to the formation
of the basic TMA. As growth proceeded, for-
mate, acetate, and lactate began to accumulate
with the kinetics indicated. Acetate was pro-
duced from the onset of growth, whereas formate
production began in the mid log phase. Upon
exhaustion of TMAO, the rates of production of
these acids decreased sharply; in contrast, lac-
tate formation commenced and continued for
many hours with a stoichiometry that approxi-
mated a simple homolactic fermentation (that
is, ca. 2 mol of lactate per mol of fructose used;
see Table 1). The decrease in pH that began at
15 h was evidently due mainly to lactic acid
formation.

In addition to the products already discussed,
CO; was formed in substantial amounts during
anaerobic dark growth on fructose plus TMAO,
and trace amounts of 2-keto-3-deoxy-6-phospho-
gluconate were also detected. The data in Table
1 show the relative amounts of all the major end
products formed in an experiment in which sam-
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ples were taken for analysis at 15 h (TMAO
exhausted) and at 30 h. Before the exhaustion of
TMADO in such experiments, the calculated mo-
lar growth yield was quite high, namely, of the
order of 50 to 60 g (dry weight) of cells per mol
of fructose consumed.
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Fi16. 2. Kinetics of dark anaerobic growth and
product formation by R. capsulata in a fructose plus
TMAO medium. Concentrations of products are given
as mM quantities; culture turbidity (growth) is ex-
pressed as Kes units.
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Competition between pyruvate and
TMAO for reducing equivalents. The kinet-
ics of TMA and lactate formation suggest that
reducing equivalents generated during anaerobic
fructose catabolism can be used for the reduction
of pyruvate to lactate but are preferentially di-
verted to TMAO when the oxidant is present.
This was tested by examining the effects of
providing additional TMAO (20 mM) to a batch
culture in the stationary phase after exhaustion
of the TMAO added initially.

In Fig. 3 it is seen that the supplemental
addition of TMAO to a culture in the stationary
phase at 41 h led to the resumption of growth
and TMA formation; lactate production, how-
ever, was immediately inhibited. After the ex-
haustion of the TMAO supplement, lactate ex-
cretion resumed, as in the first part of the ex-
periment. The course of pH changes shown at
the top of Fig. 3 clearly reflects whether TMA
or lactic acid is being actively produced. These
results indicate that there is a competition be-
tween pyruvate and TMAO for reducing equiv-
alents (NADH) generated from fructose catab-
olism. It is still not known why the homolactic
fermentation of fructose that occurs after the
disappearance of TMAO cannot support addi-
tional growth under the experimental conditions
described.

Further evidence for the competition between
TMAO and pyruvate for electrons from NADH
was obtained from continuous culture experi-
ments in which either TMAO or fructose was
made the limiting nutrient for dark anaerobic
growth. Preliminary trials showed that with
either limitation cell density remained constant
(at ca. 300 ug [dry weight] of cells per ml) with
increasing dilution rate until about 0.075 h™;
with a further increase in the dilution rate, cell
density decreased rapidly, and washout occurred
at a dilution rate of 0.10 to 0.11. For the experi-
ments shown in Table 2, a dilution rate of 0.05
h™! was used, corresponding to a doubling time
of 14 h. With TMAO limiting, lactate and for-
mate predominated as fermentation products;

TABLE 1. Products of batch culture growth of R. capsulata on fructose plus TMAO anaerobically in

darkness®
Substrate Product Calcu-
. Celldry Cell car- Total fruc- lated car-
Time weight bon°® (ug/ tose carbon bon re-
(h) Frue- s A0 CO For- Ace- | tate KDPG*® ( /gml) ml)ug consumed covery
tose ®  mate tate M) 8 (ug/ml) %)
0 20 30 0 0 0 0 0 10 5.5 0
15 11 0 12 6.5 45 1.0 0.15 636 350 648 109
30 6 0 12 7.5 5.5 12,5 0 575 316 1,008 111

“ Unless otherwise noted, values are mM quantities.

® KDPG, 2-keto-3-deoxy-6-phosphogluconate.

¢ Calculated assuming carbon to be 55% of the cell dry weight (compare reference 26).
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Fic. 3. Dark fermentative metabolism of fructose
by R. capsulata; effects of additional TMAO on
growth and lactate formation. The results shown are
for an experiment similar to that shown in Fig. 2; at
41 h (vertical arrow), additional TMAO (30 mM) was
added anaerobically.

TABLE 2. Metabolic products from continuous
cultures of R. capsulata grown anaerobically in
darkness with fructose or TMAO limiting

Product (ug of carbon per ml of culture)

Limiting

nutrient Acetate  CO; :;::; Lactate Cells®
Fructose® 125 80 26 ~0 77
TMAO¢ 38 31 72 159 94

¢ Calculated assuming carbon to be 55% of the cell
dry weight (26).

5 Medium reservoir contained 4 mM fructose and 30
mM TMAO; the TMAO concentration at steady state
was 13 mM.

¢ Medium reservoir contained 8 mM TMAO and 20
mM fructose; the fructose concentration at steady
state was 15.2 mM.

acetate and CO,, which result from the electron
acceptor-dependent metabolism of pyruvate,
were present, but in considerably lower amounts.
Conversely, with the electron acceptor (TMAO)
in excess and fructose limiting, CO; and acetate
predominated, and no lactate was detectable.
The availability of excess TMAO as an electron
sink obviously favored the oxidative conversion
of the fermentation intermediate pyruvate to
CO, and acetate. The latter process ordinarily
involves the production of acetyl coenzyme A as
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an intermediate and, consequently, increases the
bioenergetic potential of the fermentation.

Enzymes of fructose catabolism in ex-
tracts of fermentatively grown cells. Conrad
and Schlegel (6) have assayed levels of pertinent
enzymes in extracts of cells of R. capsulata
grown photosynthetically with fructose as the
carbon source and concluded that under the
conditions noted, fructose is metabolized to the
C; stage via the Embden-Meyerhof-Parnas
pathway. Table 3 lists specific activities of cer-
tain enzymes of sugar metabolism in extracts of
cells grown anaerobically in darkness on fructose
plus TMAQO, that is, under conditions in which
fructose is the sole source of energy as well as
carbon. The high specific activities of 1-phos-
phofructokinase and fructose-bisphosphate al-
dolase and the absence (not indicated in the
table) of fructokinase as well as 6-phosphofruc-
tokinase are consistent with the operation of the
pathway

fructose — fructose-1-phosphate
— fructose-bisphosphate
— dihydroxyacetone phosphate
+ glyceraldehyde-3-phosphate.

As observed by Conrad and Schlegel (6) with
photosynthetically grown cells, we also detected
enzymes of the Entner-Doudoroff pathway in
extracts of cells grown fermentatively on fruc-
tose; these, however, were present at consider-
ably lower specific activities (Table 3).

As expected, the specific activity of triose-
phosphate dehydrogenase was also very high
(Table 3). This enzyme was found to be specific
for NAD*, and as assayed in crude extracts, its

TABLE 3. Specific activities of certain enzymes of
sugar metabolism in extracts of R. capsulata cells
grown fermentatively on fructose plus TMAO*

Sp act (nmol/
Enzyme min per mg of
protein)
Embden-Meyerhof-Parnas pathway
1-phosphofructokinase ............. 158
fructose-bisphosphate aldolase . . . ... 252
hexokinase ....................... 37

Entner-Doudoroff pathway
glucose-6-phosphate dehydrogenase . 25

6-phosphogluconate dehydratase . . .. 48
2-keto-3-deoxy-6-phosphogluconate
aldolase ........................ 73
glyceraldehyde-3-phosphate
dehydrogenase .................. 410
pyruvate reductase .................. 75

“The values given represent the composite from
two separate experiments in which cells were har-
vested ca, 12 h after inoculation.



VoL. 142, 1980

activity was strictly arsenate dependent. Thus,
the triosephosphate dehydrogenase of fermen-
tatively grown R. capsulata is of the classical
type and not an unusual NADP-linked enzyme
of the type observed in certain kinds of lactic
acid bacteria (5). A soluble NADH-dependent
pyruvate reductase activity was readily demon-
strable in extracts of fermentatively grown cells
(Table 3); the enzyme in such extracts showed
a K, of ca. 170 uM and showed no activity in
tests for lactate oxidation. The foregoing obser-
vations, taken together with the results relating
to fermentation end products, support the con-
clusion that cells of R. capsulata growing anaer-
obically in darkness on fructose plus TMAO use
the classical Embden-Meyerhof-Parnas glyco-
lytic pathway as a major energy conservation
mechanism.

DISCUSSION

As TMAO functions as an electron acceptor
during anaerobic dark growth on sugars, the
possibility that R. capsulata can produce ATP
by anaerobic respiration with TMAO as the
terminal oxidant must be considered. Several
lines of evidence. cogently argue against such
interpretation and are briefly summarized here.
(i) Only potentially fermentable substrates serve
as energy sources for TMAQ-dependent growth.
Dicarboxylic organic acids associated with the
aerobic citric acid cycle can be used as carbon
and energy sources for aerobic dark growth of
R. capsulata or as carbon sources for anaerobic
photosynthetic development (17), but do not
support anaerobic dark growth in the presence
(or absence) of TMAO. (ii) Anaerobic respira-
tion implies extensive degradation of organic
energy sources, as in aerobic respiration; inor-
ganic oxidants such as nitrate or elemental sulfur
presumably only provide an electron sink alter-
native to molecular oxygen. Indeed, anaerobic
bacteria such as Desulfuromonas acetoxidans
use elemental sulfur as a terminal electron ac-
ceptor for the total oxidation of acetate to CO.
(20). In contrast, anaerobic dark growth of R.
capsulata on fructose plus TMAO is character-
ized by the formation of classical fermentation
end products in substantial amounts, as in nu-
merous fermentations catalyzed by hetero-
trophic anaerobes or facultative anaerobes (23).
In addition, energy conversion in anaerobic res-
piration is now understood to represent oxida-
tive phosphorylation driven by electron flow.
(iii) A separate investigation to be detailed else-
where (J. C. Cox, M. T. Madigan, J. L. Favinger,
and H. Gest, Arch. Biochem. Biophys., in press)
has established that the electron transport sys-
tem responsible for the oxidation of NADH by
TMAO in R. capsulata is localized in the cyto-
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plasmic (soluble) fraction of the cell. Although
it is known that certain bacteria contain a mem-
brane-associated electron transport system that
can use TMAO as an electron acceptor (22, 30),
the inducible TMAO reduction system of R.
capsulata is of a fundamentally different char-
acter.

The foregoing considerations indicate that the
function of TMAO (and DMSO) in the dark
anaerobic growth of R. capsulata on sugars is to
provide an electron sink only for the purpose of
achieving redox balance. R. capsulata is unable
to produce products of a very reduced nature
(such as H, ethanol, or long-chain fatty acids)
from the anaerobic dark dissimilation of sugars
under the nutritional conditions employed, and
although resting cells can catalyze the homolac-
tic fermentation of hexose, growing cells appear
unable to manage redox balance in this fashion.
Thus, TMAO (or DMSO) apparently functions
simply as an electron acceptor for the reoxida-
tion of NADH generated by the triosephosphate
dehydrogenase reaction of the Embden-Meyer-
hof-Parnas pathway, providing the NAD™" nec-
essary for continued fermentation, that is, for
the production of ATP by substrate level phos-
phorylation. Our observations also indicate that
TMAO can serve as an electron acceptor for the
oxidative conversion of pyruvate to acetyl co-
enzyme A plus CO,, thereby making available
additional ATP from the sequence

acetyl coenzyme A

+ADP

— acetyl phosphate 2=— acetate + ATP

Nonoxidative cleavage of pyruvate to acetyl co-
enzyme A plus formate is bioenergetically equiv-
alent, and Gorrell and Uffen (12) consider this
to be a predominant energy source for anaerobic
dark growth of Rhodospirillum rubrum. The
extensive deposition of poly-B-hydroxybutyrate
granules in cells of fermentatively grown Rho-
dospirillaceae indicates an abundant generation
of acetyl coenzyme A in these circumstances.

A simplified representation of our interpreta-
tion of the fermentative metabolism of R. cap-
sulata is shown in Fig. 4. Redox balange in
typical fermentations is achieved through the
reduction of intermediates (such as pyruvate)
generated from the catabolism of the original
substrate. As depicted in Fig. 4, fermentative
reactions in R. capsulata involve the reduction
of an externally supplied electron acceptor such
as TMAO or DMSO and thus allow a greater
conversion of pyruvate to acetate, with subse-
quent production of additional ATP. Although
it might seem at first glance that non-phospho-
rylative oxidation of NADH by an exogenous
oxidant is a very unusual and possibly anoma-



914 MADIGAN, COX, AND GEST

TMA TMAO

\\\‘-Tﬁ36r:duaﬁbn*—’///
system
e

D NADH,

\\’ fermentation /
/" \
pyruvate +

acetyl

F16. 4. Schematic representation of the fermenta-
tive metabolism of R. capsulata.

lous mechanism for achieving redox balance in
fermentations, processes of this kind may be
much more common than is usually supposed.
Thus, exogenous acetate is used as an accessory
electron acceptor in fermentations by certain
clostridia and is reduced to butyrate, which ac-
cumulates in the medium (2). Other clostridia
can achieve redox balance in sugar fermenta-
tions by reducing CO; to acetate (15). The con-
cept of an accessory oxidant-dependent reoxi-
dation of NADH has also been invoked to ex-
plain the action of inorganic nitrate in promoting
fermentation by Clostridium welchii (8). In all
of these instances, the function of the accessory
oxidant, apparently, is to provide an electron
sink for the reoxidation of NADH, thereby pro-
viding the NAD" required for the oxidative en-
ergy-yielding reactions of fermentation.

DMSO and several other sulfoxides (methio-
nine and biotin sulfoxides) occur naturally in
certain environments (32, 33), whereas TMAQO
is produced by various marine animals and is
thought to be one of the most common organic
compounds in the oceans (9). Other substances
containing the N-oxide moiety (such as nicotine-
and nicotinamide-N-oxides) are also found in
terrestrial and freshwater habitats (9). Such
compounds, and possibly others yet to be dis-
covered, may play significant ecological roles by
facilitating dark fermentative growth of photo-
synthetic bacteria. The capacity for metabolism
and growth anaerobically in darkness presum-
ably would provide some competitive advantage
for photosynthetic bacteria in oxygen-free habi-
tats that are light-limited or intermittently dark.
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