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The catabolism of methanol, formate, or carbon monoxide to acetate or
butyrate or both was examined in two acetogenic bacteria. Butyribacterium
methylotrophicum simultaneously transformed methanol and formate mainly to
butyrate with concomitant H, and CO, production and consumption. In contrast,
methanol plus CO was primarily converted to acetate, and only slight amounts of
CO, were produced. In vivo !>C nuclear magnetic resonance analysis of
[13Clmethanol transformation by B. methylotrophicum indicated that methanol
was predominantly incorporated into the methyl of acetate, '3CO, was produced
and then consumed, and butyrate was formed from the condensation of two
acetate precursors. The analysis of the position of acetate labeled by a given 1>C
single-carbon substrate when B. methylotrophicum or Acetobacterium woodii was
grown in the presence of a second one-carbon substrate indicated two trends:
when methanol was consumed, CO, CO,, or formate predominantly labeled the
acetate carboxyl; when CO was consumed, CO, and formate were principally
funneled into the acetate methyl group, and CO remained a better carboxyl
precursor. These data suggest a model of acetate synthesis via the combined
operation of two readily reversible single-carbon pathways which are linked by

CO,.

Anaerobic acetate-producing bacteria are gen-
erally referred to as acetogens (20). Besides
using saccharides, most of the known acetogens
also ferment single-carbon compounds to ace-
tate, and under certain conditions, some pro-
duce butyrate (14, 41) and caproate (14). Bacte-
rial growth on single-carbon substrates as both
carbon and energy sources has been termed
unicarbonotrophy (40).

Most of the information on acetogen single-
carbon transformations derives from analysis of
the glucose catabolism of Clostridium thermo-
aceticum (20). In this anaerobe, approximately
one of every three acetates originates from two
pyruvate carboxyl moieties. One pyruvate car-
boxyl yields the methyl group of acetate via CO,
and its subsequent reduction through free for-
mate (2, 33), tetrahydrofolate (THF) derivatives
(3, 24), and finally corrinoid one-carbon carriers
(19, 37). The acetate carboxyl arises from the
second pyruvate carboxyl group directly, with-
out the involvement of free CO, (29).

Recent results of Drake et al. (12) and Hu et
al. (15) indicate that CO also serves as an acetate
carboxyl precursor in C. thermoaceticum cell

extracts, and these workers purified several
protein fractions which converted methyl-THF
and CO or pyruvate to acetyl-CoA or acetyl
phosphate (11, 12). One fraction included a
nickel-containing carbon monoxide dehydrog-
enase (10) activity and catalyzed both the oxida-
tion of CO to CO, and the exchange of CO with
the carboxyl of acetyl-CoA.

Hu et al. (15) described a model of CO catabo-
lism by acetogens based on the single-carbon
transformations elucidated using glucose-grown
C. thermoaceticum. In this model, CO is trans-
formed through a formate derivative to the ace-
tate carboxyl and methyl groups. The potential
of this sequence of single-carbon transforma-
tions is supported by the recent finding of CO
and H,-CO, catabolism by C. thermoaceticum
(16).

In addition to CO and H,-CO,, methanol and
formate serve as substrates for some acetogens
(40). Butyribacterium rettgeri, now speciated as
Eubacterium limosum (23), was shown in early
studies to convert CO, into both positions of
acetate when grown on glucose (26), and later
work by Hamlett and Blaylock (N. V. Hamlett
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and B. A. Blaylock, Bacteriol. Proc., p. 149,
1969) indicated its utilization of methanol. These
investigators hypothesized the occurrence of
two acetate synthesis pathways in B. rettgeri,
one catalyzing acetate synthesis from CO,, and
a second catalyzing acetate formation from
methanol as a methyl precursor and formate or
CO; as a carboxyl precursor. More recently, E.
limosum has been shown to utilize H,-CO,,
methanol-CO,, and CO for growth (13, 14).
Formate can replace CO, when the organism is
grown on methanol (14).

Butyribacterium methylotrophicum has a one-
carbon growth substrate range similar to that of
E. limosum (21, 22, 41). Depending on the
single-carbon substrate present, B. methylotro-
phicum forms either acetic acid, butyric acid, or
a mixture of the two. For example, when grown
on methanol and CO, in the presence of high
acetate concentrations, approximately three bu-
tyric acids were formed per 10 methanols and
two carbon dioxides consumed (22), whereas on
H,-CO, or carbon monoxide alone, acetic acid is
the major product formed (21, 22). Acetobacter-
ium woodii possesses a single-carbon substrate
range similar to that of B. methylotrophicum and
E. limosum but does not produce butyric acid (4,
5). All three organisms contain high levels of
corrinoids (25, 31, 41).

B. methylotrophicum extracts display hydrog-
enase, CO dehydrogenase, and formate dehy-
drogenase activities. Curiously, the level of CO
dehydrogenase in B. methylotrophicum was
higher in cell extracts prepared from methanol
than CO-grown cultures (21).

In this report, unicarbonotrophy in B. methyl-
otrophicum and A. woodii is examined in an
attempt to answer several questions. (i) How do
carbon monoxide and formate influence the
methanol metabolism of B. methylotrophicum?
(ii) Are mixtures of single-carbon growth sub-
strates simultaneously metabolized during the
growth of acetogens? (iii) Are the various single-
carbon compounds catabolized by a single sys-
tem or by discrete mechanisms? (iv) What sin-
gle-carbon intermediates link acetate carboxyl
and methyl group synthesis? (v) How is unicar-
bonotrophy in these species related to the CO
catabolism model proposed by Hu et al. (15)?

MATERIALS AND METHODS

Gases, chemicals, and isotopes. Medium components
and other chemicals were reagent grade. The dI-THF
(77%) used in formate determinations was purchased
from Sigma Chemical Co. (St. Louis, Mo.) and was
anaerobically dissolved (5 mg/ml) in 1 M B-mercap-
toethanol at pH 7.0 in black-tape-wrapped sealed
vials. Nitrogen (>99.998% pure), helium (>99.995%
pure), CO (>99.99% pure), CO, (>99.8% pure), and
H; (>99.9% pure) were purchased from Matheson Gas
Co. (Joliet, I11.). All gases except CO and CO, were
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passed through heated copper columns to remove O,
before use. [1*Clmethanol, NaHCO;, C-1 acetate, and
C-2 acetate (all 90% '3C-enriched) were purchased
from Stohler Isotope Chemicals (Waltham, Mass.).
[*Clsodium formate and CO (both also 90% !3C-
enriched) were purchased from K. O. R. Inc., Cam-
bridge, Mass.

and growth conditions. A. woodii was
obtained from N. Pfennig, University of Konstanz,
West Germany, and was maintained on the medium
described below containing 100 mM formate. A sec-
ond stock culture of the organism was maintained on
CO. Two strains of B. methylotrophicum were used,
the Marburg strain (41) and a strain adapted to grow on
100% CO, the CO strain (21).

Both acetogenic species were cultured on phos-
phate-buffered (PB) medium containing (per 950 ml of
distilled water): NaCl, 0.45 g; MgCl, - 6H,0, 0.2 g;
CaCl, - 2H,0, 0.1 g; NH/CIl, 1.0 g; yeast extract
(Difco Laboratories, Detroit, Mich.), 0.5 g; trace min-
eral solution (38), 10 ml; vitamin solution (38), 5 ml;
resazurin (0.2% solution), 1 ml. The pH was adjusted
to 7.2 to 7.4 with NaOH, and the medium was heated
to boiling while being gassed with either N, or He (if
CO was to be measured). The cooled medium was
dispensed into serum bottles (total stoppered volume,
158 ml; Wheaton Scientific, Millville, N.J.) or pres-
sure tubes (total stoppered volume, 26.4 ml; Bellco
Glass, Inc., Vineland, N.J.) under constant gassing as
described previously (21). When CO was to be a
substrate, the vessel headspace was flushed in a hood
with CO for several minutes and the vessels were
inverted during autoclaving to prevent the loss of CO
through the black butyl rubber bung. Sterilized solu-
tions of phosphate buffer (15% KH,PO,, 29%
K,HPO, - 3H,0 [pH 7.0]) and 2.5% sodium sulfide
were added (0.25 ml each) per 10 ml of autoclaved
medium, using disposable syringes.

For growth curves of B. methylotrophicum on meth-
anol-acetate-formate, each serum bottle contained 60
ml of PB medium under N,. After the addition of
phosphate and sodium sulfide, 1.5 ml of sterile 4 M
methanol-1 M sodium acetate solution and 1.5 ml of
sterile 1 M sodium formate solution were added. When
the substrates were methanol-acetate-CO, 40 ml of PB
medium was autoclaved in each CO (100%, 1 atmo-
sphere [ca. 101.3 kPa] at 25°C)-containing serum bot-
tle, and 1 ml each of phosphate buffer, sodium sulfide,
and methanol-acetate mixture was added. Cultures
were transferred twice on medium identical to that
used in the experiment before inoculation with a 1%
inoculum. Inoculated tubes and bottles were incubated
horizontally with shaking (160 rpm) at 37°C for B.
methylotrophicum. A woodii was grown at 30°C, but
with the vessels arranged vertically to allow a more
gentle swirling motion. The growth of A. woodii was
inihibited by constant vigorous shaking, an effect
previously reported (5).

Quantification of fermentation substrate-product
transformations and growth. During growth curves,
0.8-ml liquid samples were aseptically withdrawn with
sterile N,- or He-flushed 1-ml syringes, and the absor-
bance at 660 nm (A¢) and pH were determined.
Samples were frozen until analyzed for soluble metab-
olites. For methanol analysis, additional liquid sam-
ples (0.5 ml) were removed and frozen immediately at
—70°C to prevent substrate vaporization. Gas samples
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(0.4 ml) were withdrawn using glass syringes with
pressure-lock valves (Mininert; Anspec Co., Ann Ar-
bor, Mich.).

Hydrogen was measured on a Packard 800 gas
chromatograph equipped with a thermal conductivity
detector and a stainless steel column (0.32 by 182.9
cm) packed with Poropak N (80/100 mesh) (Waters
Associates, Inc., Milford, Mass.). The column was
operated at room temperature with a N, carrier gas
flow rate of 30 cm®min. CO and CO, were measured
as previously described (21). The total amounts of gas
(i.e., headspace, dissolved, and ionized) were deter-
mined using Bunsen coefficients (1), Henry’s Law,
and a knowledge of the influence of the medium pH on
the amount of ionized CO,. Acetate and butyrate were
measured in acidified samples by gas chromatography,
using a flame ionization detector coupled to a glass
column (182.9 cm by 2 mm [inside diameter]) contain-
ing Chromosorb 101 (80/100 mesh) (Supelco Inc.,
Bellefonte, Pa.). Nitrogen carrier gas passed through
the column at 36 cm*min. The column, detector, and
injector temperatures were 155, 240, and 220°C, re-
spectively. Methanol was determined either with this
gas chromatograph or another instrument equipped
with a glass column (182.9 cm by 2 mm [inside
diameter]) containing Super Q packing (80/100 mesh)
(Alltech Associates, Inc., Deerfield, Ill.) connected to
a flame ionization detector. Helium carrier gas flowed
through the column at 100 cm*min, and the column,
detector, and injection port temperatures were 170,
220, and 200°C, respectively.

Formate was measured using the formyl-THF syn-
thetase activity of A. woodii cell extracts (27). A
standard curve was prepared each time the assay was
performed and was linear from 0 to 300 pM formate.
The results were measured spectrophotometrically at
350 nm, and calculations based on the standard curve
deviated from results obtained using the extinction
coefficient for methenyl-THF by less than 6%.

The initial liquid volumes of 66.5 ml (when methanol
and formate were substrates) and 43.5 ml (when meth-
anol and CO were substrates) were used in calculating
the amounts of nongaseous substrates and products
from their measured concentrations. Thus, decreases
in the amounts of soluble substrates do not reflect the
decreasing vessel liquid volumes over the time course.
The amounts of gases, however, reflect the headspace
and liquid volumes present at a given time. At the end
of each fermentation time course, 10-ml samples were
filtered through 0.4-um polycarbonate membrane fil-
ters (Bio-Rad Laboratories, Richmond, Calif.), rinsed
with 10 ml of phosphate buffer solution (pH 7.0), and
dried to constant weight over CaSO, at 60°C. The
micromoles of cell C were calculated by multiplying
the cell yield by the percent carbon (0.451 ug of C/ug
of cells) (21) and the molar conversion factor (1 wmol
of C/12 pg of C). The fermentation balances are based
on the initial and final substrate-per-product amounts.
These balances indicate the completeness of the sub-
strate and product analysis, but may not accurately
reflect growth yields since the relative amounts, and
even types, of substrates changed in these batch
cultures during fermentation (18, 32).

NMR methods. To determine '*C-label fractionation
at the end of a fermentation, both A. woodii and B.
methylotrophicum were grown in pressure tubes on
PB medium under either He or N, headspaces. Sub-
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strate solutions (2 M methanol, 0.5 M NaHCO,, 2 M
sodium formate) were prepared with either *C- or
13C-labeled compounds and sterilized by autoclaving.
When CO was a substrate, 500 umol of '2CO or *CO
was injected before autoclaving the (inverted) tubes.
B. methylotrophicum cultures contained 26 pmol of
[*2Clacetate when methanol was a substrate. Sterile
phosphate buffer and Na,S were added to the medium
as indicated above along with substrates in the follow-
ing amounts: methanol, 440 umol; formate, 500 umol
when in combination with another substrate, 1,000
wmol when the sole substrate; bicarbonate, 220 wmol
when methanol was a cosubstrate and (if added) 450
pmol when CO was the substrate. The final medium
volume was approximately 11 ml/tube. When a large
amount of '>C-labeled gas (CO or CO,) was used in a
dilution experiment, the incubation was done in the
158-ml sealed serum bottles with 5,400 umol of gas in
the headspace and a 22-ml liquid volume with sub-
strate concentrations equivalent to those used in the
tube experiments. The inoculated tubes and bottles
were incubated as described above.

After growth of the organisms (B. methylotrophicum
Agso = 0.6 to 1.0; A. woodii Aggp = 0.2 to 0.4), the
tubes were cooled, the cells were pelleted, and the
decanted broth was made basic (pH approximately 10)
with NaOH and evaporated to dryness under an air
stream. The resulting salts were suspended in 2 ml of
double-distilled H,O and 1 ml of D,O (Aldrich Chemi-
cal Co., Milwaukee, Wis.). The samples were placed
in 12-mm (outside diameter) nuclear magnetic reso-
nance (NMR) tubes (Wilmad Glass Co., Inc., Buena,
N.J.), and 360 to 460 proton-decoupled '*C spectra
accumulated in the Fourier transformation mode on a
Nicolet NT-200 spectrometer at 50.3 MHz. The spec-
trum width was +5,620 Hz, using quadrature detection
with a pulse duration of 4 s (approximately 30° tip
angle) and a 4- or 5-s relaxation delay between pulses.
The spectra were plotted, and the peaks were integrat-
ed. Peak identities were determined by comparing
chemical shifts with those of reference compounds
(CH,0H, NaHCO,, sodium formate, C-1 sodium ace-
tate, and C-2 sodium acetate) determined under similar
conditions and by comparison of spectra with pub-
lished values (7).

Two factors presented difficulties in the use of *C
NMR spectra to compare the amounts of label incor-
porated at each position in a molecule. With acetate, a
combination of a carboxyl group relaxation time long-
er than that of the methyl group and the enhancement
of the methyl group signal by the nuclear Overhauser
effect (17) resulted in a stronger signal from a 1C-
methyl group than from a '*C-carboxyl group. Using a
short pulse width and long delays minimized the
intensity distortions of the carboxyl group. Further-
more, the use of highly '*C-enriched substrates en-
sured that a portion of the acetate was labeled in both
carbons with the resulting !3C spin-spin coupling
causing a splitting of the carboxyl and methyl signals.
By measuring the areas of the carboxyl and methyl
signals of [1,2-3Clacetate (which ideally would be
equal), correction factors for each spectrum indicating
the intensity bias were determined. These factors
ranged from 1.04 to 1.78. Then the carboxyl signals of
[1,2-13Clacetate and [1-!*C]acetate in a given spectrum
were augmented by multiplication of the signal area by
the correction factor and the relative amount of '3C at
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each carbon position determined.

As an internal control, the areas of the signal of the
C-3 and C+4 of butyrate were measured when butyrate
was synthesized. Although complex splitting patterns
prevented an analysis of the four butyrate carbons
comparable to that performed for acetate, the ratio of
the butyrate C-3 to C-4 signal areas closely correlated
with the ratio of the acetate C-1 (corrected) to C-2
signal areas (data not shown).

For the in vivo 3 CH;0H corisumption experiment,
two serum bottles containing 50 ml of B. methylotro-
phicum culture were harvested in mid-log phase (A¢go
= 0.58 and 0.66) by centrifugation ih a Sorvall GSA
rotor for 25 min at 1,500 X g. The pelleted cells were
carefully transferred, on ice, to an anaerobic glove bag
(Coy Laboratory Products, Ann Arbor, Mich.). The
supernatant of each bottle was removed, and each
pellet was suspended in prereduced PB medium (final
total volume, 21 ml) containing 10 mM sodium acetate
and 25 mM NaHCO;. This suspension was transferred
to an anaerobic flat-bottom 20-mm (outside diameter)
NMR tube, which was stoppered and placed on ice for
4h.
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When the spectrometer was ready, 39 pl of
13CH,0H (to 40 mM) was injected into the cell suspen-
sion. The tube was placed in a probe maintained at
37°C. No internal lock was used, nor was the sample
spun. Proton-decoupled spectra were serially obtained
in the FT mode in sets of 1,000 accumulations. A 10-ps
pulse width (approximately 35° flip angle), 1.3-s pulse
interval, and *+8772-Hz spectrum width (quadrature
detection) were used with a total acquisition time per
set of 23.7 min. The tube was removed from the probe
after the second and fourth sets of accumulations and
shaken before being reinserted.

RESULTS

Fermentation time courses illustrating the in-
fluence of CO and formate on the methanol
metabolism of B. methylotrophicum are shown
in Fig. 1 and 2. Both formate and CO served as
cosubstrates and were simultaneously con-
sumed with methanol. When methanol and for-
mate were substrates, both hydrogen and carbon
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FIG. 1. Simultaneous fermentation of methanol and formate by B. methylotrophicum. B. methylotrophicum
(Marburg strain) was grown with shaking at 37°C in 158-ml serum bottles containing a N, headspace and 66.5 ml
of PB medium and additions. The plotted results represent the averages of four separate bottles, and the numbers
in parentheses are the factors by which the data shown on the y-axis should be divided to give the actual results.
For example, the amount of butyrate present at 29 h was 510/3 or 170 pmol/bottle.
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FIG. 2. Simultaneous fermentation of methanol and carbon monoxide by B. methylotrophicum. The organism
was grown with shaking at 37°C in 158-ml serum bottles containing a CO (100%) headspace and 43.5 ml of PB
medium and additions. The plotted results represent the averages of four separate bottles, and the numbers in
parentheses are the factors by which the data shown on the y-axis should be divided to give the actual results.

dioxide were produced and then consumed (Fig.
1). Complete hydrogen consumption coincided
with formate depletion, whereas net CO, con-
sumption occurred at a slower rate. The pH
initially increased to 7.34, a result of sodium
formate utilization, and then decreased to pH
7.12. Rapid growth occurred while formate was
being consumed, but the doubling time of S h
increased threefold upon formate depletion. The
fermentation balance calculated was (in micro-
moles per vessel):

4,200CH;0H + 2,056HCOOH > 854 butyrate
+ 643 acetate + 162CO, + 2H, + 1,031 cell C

This reaction stoichiometry accounted for car-
bon and electron recoveries of 94 and 91%,
respectively.

The fermentation of methanol and carbon
monoxide by B. methylotrophicum is illustrated
in Fig. 2. The initial transfer of the Marburg
strain into medium vessels containing 1 atmo-
sphere (ca. 101.3 kPa) of 100% CO was marked
by an extended lag before the onset of growth.
Subsequent transfers readily demonstrated
growth under these conditions. Notably, acetate
synthesis predominated, and only minor
amounts of butyrate were formed. Also, contin-
uous CO, synthesis was observed instead of the
net production and consumption fluxes seen on
CH;OH and formate. Formate and hydrogen

were detected throughout the time course, but
neither exceeded 2 pmol/bottle during growth.
The doubling time during log growth remained
constant at 11 h. Methanol and CO were con-
sumed in nearly equimolar amounts, and the
calculated fermentation balance (in micromoles
per vessel) was:

1,573CH;0H + 1,417CO »>> 164CO, + 153 buty-
rate + 747 acetate + 515 cell C

This reaction stoichiometry accounted for car-
bon and electron recoveries of 93 and 91%,
resgcctively.

BC NMR studies were initiated to examine
the route of methanol transformation to acetate
and butyrate. Figure 3 illustrates the time-de-
pendent substrate-to-product conversions ob-
served when whole cells were incubated with
[*Clmethanol and subjected to in vivo NMR
monitoring. By the end of the first spectrum,
methanol (49.3 ppm) consumption had started,
and the acetate methyl group (23.3 ppm) and
bicarbonate (160.1 ppm) were slightly labeled.
The acetate methyl and the bicarbonate were
even more strongly labeled in the second spec-
trum, and the label was beginning to appear in
the C-4 (13.3 ppm) and C-2 (39.6 ppm) of buty-
rate, consistent with their precursor being the
acetate methyl group. In the third, fourth, and
fifth spectra, methanol was further consumed,
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FIG. 3. In vivo monitoring of '*CH,OH utilization by a cell suspension of B. methylotrophicum. Each
spectrum represents 23.7 min of accumulation and is the average of 1,000 scans. CO, and CH;OH are indicated;
A-1 and A-2 correspond to the C-1 and C-2 of acetate; and B-1, B-2, B-3, and B-4 correspond to the C-1, C-2, C-3,
and C-4 of butyrate. The x-axis is the chemical shift (relative to A-2 at 23.3 ppm) in parts per million, and the
completion time of each set of accumulations is noted adjacent to the spectrum.

and the product signals present in the first two With methanol and carbon dioxide as substrates,
spectra progressively increased. Only in the the 1>C of methanol was predominantly incorpo-
sixth spectrum were the acetate carboxyl (180.2 rated into the methyl of acetate, whereas 13Co,
ppm) and butyrate C-3 (19.2 ppm) labeled. By was predominantly incor?orated into the acetate
the seventh spectrum, the butyrate C-1 position carboxyl. When excess 1°*CO, was present, label
was labeled (183.8 ppm). The signals of each from methanol was exclusively found in the
position increased in the subsequent spectra acetate methyl group. In the control experi-
with the exception of methanol and CO,, both of ments, where both substrates were labeled, 85%
which decreased. A careful inspection of Fig. 3  of the acetate produced was labeled in both
shows a net production followed by a net con- carbons, with the remaining fraction of *C
sumption of >*CO,. Methanol was completely divided between the methyl and carboxyl groups
consumed, and a final spectrum (4,000 accumu-  of singly labeled acetate. That doubly labeled
lations [data not shown]) obtained 12 h after the acetate was not the sole product was not surpris-
initiation of the experiment revealed only previ- ing since each substrate was enriched to 90%
ously identified signals. As determined in a '3C, giving a 0.81 (0.9 x 0.9) possibility for the
sesparate experiment, the signal arising from labeling of both acetate carbons.
[*3Clsodium formate occurred at 170.1 ppm, With methanol and carbon monoxide as co-
easily differentiated from that of the bicarbonate  substrates, methanol was again preferentially
(160.1 ppm) and carbonate (168.2 ppm) anions.  incorporated into the acetate methyl group (Ta-
The amounts of 13C label incorporated into ble 1). 1*CO predominantly labeled the acetate
the methyl and carboxyl positions of acetate carboxyl. Excess CO, like excess CO,, prevent-
after the growth of B. methylotrophicum and A. ed the transfer of methanol label into the acetate
woodii on various single-carbon substrates were  carboxyl group. A similar pattern was found
also determined. Table 1 presents the results of with alternately labeled methanol and formate:
methanol fermentation by B. methylotrophicum. methanol was mainly incorporated into the ace-
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TABLE 1. Influence of single-carbon substrates on the distribution of >C atoms found in acetate after

growth of B. methylotrophicum on methanol®

Fractional distribution of 1>C atoms in acetate

Substrate label position

3CH,-COOH CH,-*COOH CH,-’COOH 3UCH,- 3-BCOOH

13CH,0H-CO, 0.38 0.08 0.54 0.64 0.36
CH;OH-”CO; 0.10 0.7 0.20 0.19 0.81
13CH,0H-'*CO, 0.07 0.08 0.85 0.50 0.50
::ggsgg-ggz (excess) 064 g 07 g 29 078 g 2

3 = . 0 . . .
CH,0H-1’CO 0.08 0.56 0.35 0.26 0.74
13CH,0H-"*CO 0.06 0.08 0.86 0.49 0.51
13CH,0H-CO (excess) 1.0 0 0 1.0 0
13CH;0H-HCOOH 0.48 0.08 0.44 0.70 0.30
CH,;0H-H"*COOH 0.08 0.54 0.39 0.28 0.74
13CH,0H-H*COOH 0.07 0.08 0.84 0.49 0.50

% The Marburg strain was grown at 37°C with shaking in 26.4-ml anaerobic tubes containing 11 ml of PB
medium. When excess CO, or CO was used, the experiments were performed in 158-ml serum bottles containing
22 ml of medium. The standard deviation of acetate label distribution was =<0.05 with the exception of the results
for 3 CH;0H-CO, where standard deviations of +0.11 and +0.12 were found for *CH;-COOH and '*CH;-

13COOH, respectively. Each determination was performed in duplicate or in triplicate.

tate methyl group, and formate was mainly
incorporated into the carboxyl moiety (Table 1).

Table 2 compares the *C single-carbon trans-
formations into acetate when A. woodii and B.
methylotrophicum fermented CO_or formate.
These experiments were performed because for-
mate, CO, and CO, were all similarly incorpo-
rated into acetate when methanol was catabo-
lized. Each organism was adapted to grow on
carbon monoxide by repeated transfers on PB
medium with 100% CO in the headspace before
the initiation of these experiments. Curiously, in
both organisms the more highly oxidized one-
carbon compound (i.e., CO,) was predominantly
incorporated into the acetate methyl position,

whereas CO was preferentially incorporated into
the acetate carboxyl position. A. woodii also
catabolized CO and formate differentially (Table
2). Carbon monoxide was preferentially incorpo-
rated into the acetate carboxyl, whereas formate
was a better methyl precursor.

DISCUSSION

The data presented on single-carbon fermen-
tations and 3C incorporation patterns support
the catabolic carbon flow model shown in Fig. 4.
This schematic model predicts several interest-
ing points about the one-carbon metabolism of
acetogens. First, single-carbon substrates enter

TABLE 2. Influence of single-carbon substrates on the distribution of >C atoms found in acetate after
growth of acetogenic bacteria on carbon monoxide or formate®

: Fractional distribution of >C atoms in acetate
Organism, substrate

label position 13CH,-COOH CH;-*COOH 3CH,-1*COOH 313CH;- 3-3COOH
B. methylotrophicum
1B3Co 0.06 0.10 0.84 0.48 0.52
3CO-CO, 0.14 0.46 0.41 0.34 0.66
CO-13CO, 0.48 0.16 0.36 0.66 0.34
13C0-13C0, 0.04 0.07 0.88 0.48 0.51
A. woodii
13CO 0.05 0.07 0.88 0.49 0.51
13C0-CO, 0.14 0.47 0.39 0.34 0.67
CO-13CO, 0.54 0.14 0.33 0.71 0.31
13CO-13CO, 0.06 0.05 0.89 0.51 0.50
13CO-HCOOH 0.16 0.50 0.35 0.33 0.67
CO-H!*COOH 0.60 0.08 0.32 0.76 0.24
13CO-H*COOH 0.06 0.06 0.88 0.50 0.50
H3COOH 0.07 0.07 0.86 0.50 0.50

“ The procedures used were the same as those described in Table 1, footnote a, except that A. woodii was
grown at 30°C. A CO-adapted strain of each organism was used. The standard deviation of acetate label
distribution was =0.06 with the exception of the results for CO-3CO,, with B. methylotrophicum, where a
standard deviation of +0.08 for *CH,-COOH was found, and those for 1*CO, CO-'3CO,, and *CO-13CO, with
A. woodii, where a single determination was performed for each condition.
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FIG. 4. Single-carbon catabolism flow model proposed for acetogenic bacteria that synthesize acetate or
butyrate from single-carbon compounds. Acetyl-CoA is the direct precursor for acetic or butyric acid. [CH;OH]
and [CO] represent the immediate methyl and carbonyl precursors for acetyl-CoA synthesis and are precursors
for the synthesis of CO,. This scheme predicts that two distinct formyl-level intermediates, [HCOOH] and [CO],
are linked by formate, CO,, and a carboxyl intermediate [CO,]. The Roman numerals indicate the following
enzymatic activities: I, formate dehydrogenase; II, CO dehydrogenase; and III, formyl-THF synthetase.

a common metabolic route at distinct points and
are differentially transformed to acetyl-CoA. Al-
though the reduction state of a substrate would
not necessarily correlate with its distribution
into the acetate product (e.g., CO, is a better
methyl precursor than CO), the site of entry of
the substrates would. Second, single-carbon ca-
tabolism is regulated such that mixtures of sin-
gle-carbon substrates can be simultaneously
transformed. Third, the entry of substrates on
the methyl side of the pathway (i.e., methanol,
formate) would require CO, as an intermediate
in acetate synthesis, whereas an alternative sup-
ply of carboxyl carbons (e.g., CO) would elimi-
nate the need for CO,. Fourth, the model sup-
ports the need for formate dehydrogenase, CO
dehydrogenase, and formyl-THF synthetase ac-
tivities in single-carbon catabolism.

The model presented in Fig. 4 agrees, for the
most part, with the theoretical scheme depicting
the catabolism of CO by acetogens as presented
by Hu et al. (15) and extends their scheme by
including routes of methanol, formate, and CO,
catabolism. The schemes differ, however, in the
mechanism of interconversion between the two
formyl-oxidation level intermediates. In their
model, conversion between the acetate carboxyl
precursor ((HCOOH]) and the acetate methyl
precursor (formyl-THF) occurs directly. As they
(15) and others (12, 21) have suggested, direct
conversion during CO catabolism would be en-

ergetically advantageous since the ATP-utilizing
(28) transformation of formate to formyl-THF
could be circumvented. According to our model,
the conversions between the two formyl-oxida-
tion level intermediates ([CO] and [HCOOH] as
the acetate carboxyl and methyl group precur-
sors, respectively) proceed via formate, CO,,
and a carboxyl moiety [CO,]. The inclusion of
[CO,] is in accordance with the role of the
pyruvate carboxyl group in glucose catabolism
by C. thermoaceticum (29).

NMR spectroscopy (30) is a powerful tool for
analyzing the incorporation routes of single-
carbon substrates into acetate because the tech-
nique allows the determination of the propor-
tions of [1,2-*Clacetate, [1-*Clacetate, and [2-
13CJacetate. Procedures using C indicate label
position but not its configuration. Wood (39)
used mass spectroscopy to analyze acetate syn-
thesis by C. thermoaceticum for this reason.

When methanol is one of the substrates, the
cosubstrate predominantly passes to the acetate
carboxyl group, whereas methanol most strong-
ly labels the methyl group. Hamlett and Blay-
lock (Hamlett and Blaylock, Bacteriol. Proc., p.
149, 1969) reported a similar result, using
[**C)methanol and B. rettgeri. That some metha-
nol label appears in the carboxyl group and some
cosubstrate label appears in the methyl group
indicates linkage of the methyl and carboxyl
group synthesis mechanisms.
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The existence of a single formyl (or any more
reduced)-level intermediate linking methyl and
carboxyl group synthesis seems unlikely. In A.
woodii, formate is a better methyl group precur-
sor, whereas CO is the better carboxyl precur-
sor. A single common intermediate would cause
randomization and equal dispersion of label be-
tween the acetate positions, as occurs in Clos-
tridium acidiurici in which methylene-THF is
the precursor of both acetate carbons (36). Al-
though A. woodii can catabolize formate (4;
Table 2) or CO individually (B. R. S. Genthner,
announced at the Annual Meeting of the Ameri-
can Society for Microbiology, 1982, Atlanta,
Ga.; Table 2), the sequential use of these two
substrates is precluded by the presence of singly
labeled acetate: sequential use would result sole-
ly in doubly labeled acetate formation followed
by unlabeled acetate formation, or vice versa,
depending on the label source and the order of
utilization. Likewise, the dissimilar utilization of
CO and CO, by A. woodii and B. methylotrophi-
cum (Table 2) is consistent with the bifurcated
acetate synthesis model presented here, and
these data suggest that both B. methylotrophi-
cum and A. woodii transform CO in an analo-
gous manner. Thus, it is proposed that both
organisms have a similar biochemical mecha-
nism for acetyl-CoA synthesis from single-car-
bon substrates that is probably common to ace-
togenic species which utilize the methyl
corrinoid pathway (20).

These results, although incompatible with the
function of a single common intermediate other
than CO,, do not preclude multiple intermedi-
ates of similar oxidation levels or their direct
(without oxidation or reduction) interconver-
sion. When the substrates are methanol and CO,
in the presence of acetate (22), B. methylotrophi-
cum consumes approximately one CO, per five
methanols used. Similar results have been re-
ported for E. limosum (14). A. woodii consumes
one CO, per two methanols (4), but does not
utilize acetyl-CoA as an electron acceptor and
produces only acetate, therefore not requiring
the additional reducing equivalents from metha-
nol oxidation for acetate reduction to butyrate.
The occurrence of indirect transformations be-
tween the methyl and carboxyl synthesis path-
ways (oxidation and reductions occur with CO,
as an intermediate) is thermodynamically unnec-
essary and is not obvious from the reported
growth stoichiometries.

One indication of CO, production from metha-
nol during net CO, consumption came from the
in vivo 3C NMR experiment (Fig. 3). With
methanol as the label source and unlabeled CO,
as an electron acceptor, the first amounts of
acetate produced are labeled in the methyl group
only with label simultaneously appearing in
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CO,. One would expect doubly labeled acetate
to be formed if any of the intermediates of
methanol oxidation (CO, excluded) could ex-
change with [CO]. The carboxyl groups of ace-
tate and butyrate and the C-3 methylene of
butyrate (derived from the C-1 of acetate) be-
come labeled, however, only after the CO, pool
is sufficiently labeled (a large 2CO, pool was
initially present). The simultaneous appearance
of label in the carboxyl groups and the butyrate
C-3 methylene indicates that the previous ab-
sence of label in the carboxyl groups is not a
result of the inherent lower signal intensity of
nonprotonated carbons and provides evidence
that butyrate synthesis occurs by the condensa-
tion of acetyl-CoA.

It must be emphasized that these data do not
unambiguously support one model over the oth-
er. For example, the 13C in vivo labeling experi-
ment (Fig. 3) and the apparent dilution by CO
and CO; of methanol label transformation into
the carboxyl of acetate (Table 1) do not make it
clear whether methanol oxidation occurs via
these compounds or via intermediates (e.g.,
[HCOOH], [CO]) with which they readily ex-
change. Likewise, the data which indicate that
CO, is a better acetate methyl group precursor
when CO is the sole energy source (Table 2) do
not differentiate between the conversion of CO
to the methyl group via CO, or a direct conver-
sion of CO to [HCOOH] followed by a rapid
CO,-[HCOOH] exchange.

Since B. methylotrophicum co-catabolizes
methanol and formate, with formate utilization
paralleling CO, utilization (Table 1), we could
observe the postulated intermediary role of CO,
by replacing it with formate as an alternative
electron acceptor. The growth curve results
(Fig. 1) are reminiscent of the in vivo 3*C NMR
experiment and are consistent with Fig. 4. To
synthesize acetate carboxyl groups and reducing
equivalents for butyrate synthesis, the organism
converts some of the substrate to CO, and H,.
The net consumption of CO, occurs after for-
mate depletion. Hydrogen may also be a re-
quired intermediate, playing a role similar to that
which it plays in lactate and pyruvate oxidation
by certain sulfate-reducing bacteria (35), or per-
haps it is a by-product of CO, production.

The lack of similar patterns of carbon trans-
formations when another formyl-oxidation-level
substrate, carbon monoxide, replaces formate is
consistent with Fig. 4 as CO, production from
CO is not required to form [CO] under these
conditions. The dramatic shift in product forma-
tion may be associated with inhibitory effects of
CO (e.g., inhibition of hydrogenase [21]), as well
as with its mechanistic (Fig. 4) and thermody-
namic dissimilarities with formate. The follow-
ing data are from reference 34.
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H,0 + CO > H, + CO, AG®' =
—2.8 kcal/mol (—11.7 kJ/mol)

H* + HCO;™ »» H;, + CO, AG® =
1.2 kcal/mol (5.02 kJ/mol)

The model (Fig. 4) predicts an additional site
of substrate-level phosphorylation (formyl-THF
to formate) (8) when methanol is a substrate and
may explain the relatively high yields of these
organisms when grown on methanol. B. methyl-
otrophicum (22) and A. woodii (4) synthesize 8.1
and 8.2 g of cells per mol of methanol, respec-
tively, when they are grown in medium contain-
ing 0.05% yeast extract. No net ATP synthesis
by substrate-level phosphorylation can be envi-
sioned with this model, however, when H, and
CO, or CO or HCOOH are the substrates. In
each case, one ATP is consumed by formyl-THF
synthetase per acetyl-CoA produced. The oxida-
tion of CO coupled with the reduction of formal-
dehyde to methanol-oxidation level intermedi-
ates (21, 34) or acetate to butyrate (9) is
sufficiently exergonic to allow ATP synthesis by
electron transport phosphorylation, and similar-
ly exergonic reactions with H, and CO, or
formate as electron donors can be written. The
formaldehyde-to-methanol level reduction as an
electron-accepting couple in electron transport
phosphorylation seems more likely since A.
woodii does not synthesize butyrate and B.
methylotrophicum produces essentially no buty-
rate when grown on CO (21), H, and CO, (22),
or formate (R. Kerby, unpublished data).

More work is needed before the exact route(s)
of unicarbonotrophy in B. methylotrophicum
and A. woodii can be defined. Results indicating
high levels of THF enzymes, including formyl-
THF synthetase, in Clostridium thermoauto-
trophicum (6) when grown on methanol and CO,
or H, and CO, and in A. woodii (31) when grown
on H, and CO, support the operation in these
acetogens of a catabolic mechanism similar to
that of Fig. 4.
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ADDENDUM

While this manuscript was being revised, Diekert
and Ritter (FEMS Microbiol. Lett. 17:299-302, 1983)
published results which also provide in vivo evidence
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for the preferential incorporation of CO into the car-
boxyl group of acetate during the catabolism of H, and
CO, by A. woodii.

ADDENDUM IN PROOF

Studies of CO dehydrogenase purified from C. ther-
moaceticum also suggest that CO is transformed to the
methyl group of acetate via CO, and formate (S. W.
Ragsdale, J. E. Clark, L. G. Ljungdahl, L. L. Lundie,
and H. L. Drake. J. Biol. Chem. 258:2364-2369,
1983).
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