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Cells of Proteus sp. strain NTHC153 grown anaerobically with glucose and
trimethylamine oxide (TMAOQO) were converted to spheroplasts by the penicillin
method. The spheroplasts were lysed by osmotic shock, and the membrane
vesicles were purified by sucrose gradient centrifugation. Vesicles energized by
electron transfer from formate to TMAO displayed active anaerobic transport of
serine. An anaerobic cell-free extract of Proteus sp. disrupted in a French
pressure cell reduced TMAO with formate and NADH with the concomitant
formation of organic phosphate. The net P/2e™ ratios determined were 0.1 and 0.3,
respectively. The NADH- and TMAO-dependent phosphorylation was sensitive
to uncouplers of oxidative phosphorylation (protonophores), and the formate- and
TMAO-dependent serine transport was sensitive to ionophores and protono-
phores. We conclude that TMAO reduction in Proteussp. fulfills the essential

features of anaerobic respiration.

Respiratory systems in bacteria and mito-
chondria are characterized by the generation of
a proton motive force and the synthesis of ATP
catalyzed by membrane-bound ATPases. Ac-
cording to the chemiosmotic hypothesis, ATP
synthesis is driven by the proton motive force
which consists of a transmembrane pH gradient
and an electrical potential. In bacteria the proton
motive force, or its components, provokes ac-
tive transport of amino acids and certain other
metabolites (for review, see references 3, 7, and
11).

The best-known examples of anaerobic respi-
ration in species of Enterobacteriaceae are the
so-called nitrate and fumarate respirations. The
mechanism of energy conservation in these pro-
cesses has been studied extensively in Esche-
richia coli by use of various in vitro experimen-
tal techniques including determination of ATP
synthesis in subcellular preparations (23-26) and
active transport of amino acids and lactose in
membrane vesicles (1, 17-19).

There exists a less familiar type of anaerobic
respiration in enterobacteria: namely, trimethyl-
amine oxide (TMAO) respiration. TMAO, which
is a major low-molecular-weight constituent of
most marine animals (8, 30), stimulates the an-
aerobic growth of E. coli (13, 34), Salmonella
typhimurium (16), and Proteus sp. strain
NTHC153 (32). These enterobacteria reduce
TMAO to trimethylamine (TMA), and the
growth data suggest that the reduction of TMAO
is coupled with conservation of energy by a

respiratory mechanism. This is supported by the
finding of an electron transfer chain to TMAO in
E. coli involving b- and c-type cytochromes (28),
and an energizing of the cytoplasmic membrane
of E. coli by NADH and TMAO has beén shown
by determination of electron transfer-¢
quenching of atebrin fluorescence (5). In the
present paper we report that electron transfer to
TMAO sustains anaerobic serine tramsport in
membrane vesicles and phosphorylation in cell-
free extract of Proteus sp. strain NTHC153
prepared in a French pressure cell.

MATERIALS AND METHODS

Bacterial strain and growth conditions. Proteus sp.
strain NTHC153, originally isolated from a fish gill
(31), was grown in a tryptone-yeast extract basal
medium (32) supplemented with 1 uM sodium molyb-
date, 1 pM selenic oxide, 10 mM glucose, and 30 mM
TMAO. The growth medium (1 liter) in a bottle with a
rubber stopper was flushed with N, before inocula-
tion, and the organism was grown anaerobically over-
night (27°C). Then the culture was diluted into 3 liters
of growth medium, and anaerobic growth was contin-
ued for 3 h. The cells were harvested by centrifugation
at 14,000 x g for 30 min (4°C).

Spheroplasts and membrane vesicles. Freshly har-
vested cells were suspended in 4 liters of growth
medium supplemented with 0.58 M sucrose, 15 mM
MgSO,, and 1.7 mM benzylpenicillin sodium salt
(1,000 IU/ml) and incubated anaerobically for 3 h
(27°C). During this period most cells were converted to
spheroplasts, which then were harvested by centrifu-
gation at 14,000 X g for 30 min (4°C). The spheroplasts
were suspended to 60% (wet weight per volume) in 100
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mM potassium phosphate (pH 7.5)-0.58 M sucrose-5
mM MgSO, and stored at —80°C.

The spheroplasts (60-ml) were thawed at room tem-
perature and lysed by dilution into 1.2 liters of 50 mM
potassium phosphate (pH 7.5)-10 mM EDTA-30 pg
each of DNase and RNase per ml. After 5 min of
incubation at 37°C, MgSO, was added to 15 mM, and
the mixture was slowly stirred for 20 min. Unlysed
spheroplasts were removed by centrifugation at 800 x
g for 30 min (4°C). The vesicles were collected by
centrifugation at 20,000 x g for 30 min (4°C) and
suspended in 30 ml of vesicle buffer (100 mM potassi-
um phosphate buffer [pH 7.5}-5 mM MgSO,). The
suspension was layered on top of a solution of 50%
(wt/vol) sucrose in vesicle buffer in a Beckman
SW27.1 rotor and centrifuged at 65,000 X g for 17 h
(4°C). The vesicles were collected from the 0 to 50%
sucrose interphase, diluted with 3 volumes of vesicle
buffer, and centrifuged at 20,000 x g for 30 min (4°C).
The vesicles were resuspended in the latter buffer to a
concentration of 3.5 mg of membrane protein/ml, 18.0
mg of bovine serum albumin per ml was added, and the
mixture was stored in liquid N,. Each vesicle sample
was thawed only once.

Anaerobic transport assay. The thawed vesicle sus-
pension (above) and the transport buffer solution were
bubbled with N, for 2 min and then flushed with N,
(for at least 10 min) before the experiments. The
transport buffer contained (per 4.5 ml): 500 pmol of
potassium phosphate buffer (pH 7.5), 25 pmol of
MgSO,, 25 nmol of L-['*Clserine (specific activity,
42.8 mCi/mmol), 50 wmol of the electron donor potas-
sium formate, and 50 pwmol of the electron acceptor
TMAO. The electron donor, acceptor, or both were
omitted as indicated below.

The transport buffer (4.5 ml) and N, gas (0.5 ml)
were drawn into a disposable 5-ml syringe (Gillette,
Sabre) mounted to a Stepper repetitive pipette (model
4005-100, Tridak). The anaerobic vesicle solution (0.5
ml) was drawn into a disposable 1-ml syringe, and the
anaerobic transport reaction was started by injecting
the vesicle solution into the 5-ml syringe through its
rubber plunger. At intervals, 0.5-ml samples were
membrane filtered (Sartorius; pore size, 0.45 pm). The
filters were washed with 2 ml of 100 mM potassium
phosphate buffer (pH 7.5)-100 mM LiCl, and radioac-
tivity on the filters was determined by liquid scintilla-
tion counting. All steps were performed at room
temperature (22°C).

Cell-free extract. Freshly harvested cells were
washed twice in 50 mM potassium phosphate buffer
(pH 7.0)-5 mM MgCl, in the centrifuge (14,000 X g for
30 min at 4°C). The washed cells, suspended to 20%
(wet weight per volume) in the same buffer with 1 mM
dithiothreitol, were broken by two passages through
an Aminco French pressure cell (J4-3339) at 9,800 psi
and then centrifuged at 39,000 X g for 10 min at 4°C.
The supernatant was stored at —80°C. Each sample
was thawed only once.

Anaerobic phosphorylation assay. The reaction mix-
ture for the anaerobic phosphorylation assay was a
modification of that of Hempfling and Hertzberg (12).
The tests were performed in Thunberg tubes which
were repeatedly evacuated and filled with N,. In
standard tests the main chamber contained (per 0.9
ml): 20 pmol of Tris-hydrochloride buffer (pH 7.0), 2
wmol of MgSOy,, 0.3 pmol of EDTA, 1 pmol of ADP,
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ATP-trapping system (32 pmol of glucose and 10 U of
hexokinase; Sigma H 5000), carrier-free 32P; (90 to 180
nCi), 4 pmol of TMAO, and the electron donor (7
pmol of sodium formate or an NADH-generating
system [200 pmol of ethanol, 0.2 pmol of NAD, 6
pmol of semicarbazide, and 12 U of alcohol dehydro-
genase; Sigma A 7011]). The side chamber contained
0.3 ml of cell-free extract (5 to 6 mg of protein, see
above). The solutions were pre-equilibrated at 25°C,
and the reaction was started by mixing the contents of
the chambers and stopped by the addition of 0.3 ml of
3 M perchloric acid. Organic phosphate was separated
from P; by the method of Hagihara and Lardy (9), and
organic [**Plphosphate formed was determined by
liquid scintillation counting.

TMAO reductase assays. The NADH- or formate-
dependent TMAO reductase activity (or both) of mem-
brane vesicles and cell-free extract was determined by
substituting unlabeled TMAO with same amount of
[*CITMAO (specific activity, 5.0 wCi/mmol) in the
transport assay and the phosphorylation assay (above)
and omitting [**C]serine and 3?P;, respectively. The
reaction was stopped by the addition of trichloroacetic
acid to 10% (wt/vol). Reduction of TMAO with re-
duced methyl viologen was determined in N,-filled
Thunberg tubes. The final reaction mixture contained
(per 1 ml): 400 pmol of potassium phosphate buffer
(pH 7.4), 0.5 pmol of methyl viologen, 10 wmol of
sodium dithionite, 2 wmol of ['*C]TMAO, and enzyme
(40 to 70 ng of membrane protein) at 22°C. The
reaction was stopped by the addition of formaldehyde
to 4% (wt/vol). ['*CITMA formed was trapped in 0.1
M HCI by the use of the Conway and Byrne microdif-
fusion technique (4) and determined by liquid scintilla-
tion counting. Units of activity are micromoles of
TMA produced per minute.

Metabolic inhibitors. Nigericin was a gift from Hoff-
mann-La Roche Inc., and the following inhibitors were
purchased from Sigma Chemical Co.: carbonyl cya-
nide-m-chlorophenyl hydrazone, carbonylcyanide p-
trifluoromethoxyphenyl hydrazone, 2-heptyl-4-hy-
droxyquinoline-N-oxide, and valinomycin; they were
dissolved in ethanol, and 10 pl was added per ml of
reaction mixture. Potassium cyanide and sodium azide
(obtained from Merck, Sharp & Dohme) and 2,4-
dinitrophenol (obtained from Sigma) were dissolved in
water.

Formate dehydrogenase assay. This enzymic activity
in membrane vesicles was determined spectrophoto-
metrically at 600 nm by phenazine methosulfate-medi-
ated reduction of dichlorophenolindophenol as de-
scribed previously (21). Units of specific activity are
micromoles of dichlorophenolindophenol reduced per
milligram of protein per minute at 22°C.

Other methods. Protein was determined by the
method of Lowry et al. (22) with bovine serum albu-
min as the standard. Amino acid chromatography was
performed on a Jeol JLC-6AH amino acid analyzer.
Liquid scintillation counting was performed in Hydro
Luma (Lumac Systems A.G.) with a Packard Tri-Carb
2425 liquid scintillation spectrometer.

Radioactive chemicals. L-[**C]serine (specific activi-
ty, 170 mCi/mmol) and [**C]TMA hydrochloride (spe-
cific activity, 1.8 mCi/mmol) were purchased from
New England Nuclear Corp. The [*C]TMA reagent
was purified by the Conway and Byrne microdiffusion
technique (4) as previously described (30) and oxidized
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to [“CITMAO with H,0, (6). Carrier-free 32P; was
obtained from the Institutt for energiteknikk, Kjeller,
Norway.

RESULTS

TMAO-dependent L-serine transport. Electron
transfer-dependent transport systems of anaero-
bically grown cells are often more labile than
those of aerobically grown cells; the systems are
easily inactivated during osmotic lysis of sphero-
plasts and washing of membrane vesicles (17,
19). This problem was overcome by using vesi-
cles derived from penicillin-produced sphero-
plasts by the procedures described above.

The purified membrane vesicles were grayish
white. In the light microscope they appeared as
transparent ‘‘ghosts’’ with a diameter of approx-
imately 0.6 to 1.2 pm, whereas the spheroplast
diameter was approximately 1.2 to 1.8 pm. This
indicated that the cytoplasmic membrane of the
purified vesicles had not been fragmented to any
large extent during the osmotic lysis.

The time course of anaerobic serine uptake in
the membrane vesicles in presence of TMAO
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FIG. 1. Anaerobic serine uptake in membrane vesi-
cles from Proteus sp. strain NTHC153 grown anaero-
bically with glucose and TMAO. Vesicles treated with
bovine serum albumin and (O) formate and TMAO,
(@) formate, (A) TMAO, or (A) no additions. Vesicles
without bovine serum albumin and (O) formate and
TMAO.
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FIG. 2. Effect of electron transfer chain inhibitor
and chelating agents on the reduction of TMAO with
formate by transport-active membrane vesicles. Sym-
bols: O, control with no addition; A, 2 mM potassium
cyanide: A, 10 mM sodium azide; and @ 80 uM 2-
heptyl-4-hydroxyquinoline-N-oxide.

and formate is shown in Fig. 1. The accumula-
tion of serine reached its peak value after ap-
proximately 1 min, whereas the reduction of
TMAO to TMA was linear with time for at least
20 min (Fig. 2). In the absence of both TMAO
and formate the serine uptake was greatly dimin-
ished; the uptake was only slightly stimulated by
the addition of either the electron donor or
acceptor alone. Membrane vesicles without bo-
vine serum albumin did not accumulate serine
(Fig. 1). Bovine serum albumin is reported to
remove from membranes free fatty acids which
otherwise can act as proton conductors (20, 33).
Serine was not chemically modified by the
membrane vesicles. All 14C-labeled material ac-
cumulated by the vesicles could be extracted
with 1% (wt/vol) picric acid and had the same
retention time as standard serine when chroma-
tographed by use of an amino acid analyzer.
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To investigate the nature of the energy trans-
duction between the formate-TMAO redox reac-
tion and the serine uptake, the effects of various
metabolic inhibitors were tested. The serine
uptake was inhibited by the protonophores (un-
couplers) carbonyl cyanide-m-chlorophenyl hy-
drazone (5 uM) and carbonylcyanide p-trifluoro-
methoxyphenyl hydrazone (4 pM) and by the
ionophores nigericin (1 pM) and valinomycin (2
nM); at the concentrations tested carbonyl cya-
nide-m-chlorophenyl hydrazone and valinomy-
cin were the most effective inhibitors (Fig. 3). At
these concentrations none of the inhibitors had
any effect on the formate-dependent TMAO
reduction. _

The electron transfer chain inhibitor 2-heptyl-
4-hydroxyquinoline-N-oxide (80 nM) and the
chelating agents potassium cyanide (2 mM) and
sodium azide (10 mM) inhibited formate-depen-
dent TMAO reduction (Fig. 2); they also inhibit-
ed serine transport.

Evidence of only cytochrome b was found in
the vesicles. This was obtained by extraction
with HCl-acetone, with measurement of the
alkaline pyridine hemochrome difference spec-
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FIG. 3. Effect of protonophores and ionophores on
anaerobic serine transport in membrane vesicles ener-
gized by electron transfer from formate to TMAO.
Symbols: O, control with no addition; O, § pM
carbonyl cyanide-m-chlorophenyl hydrazone; A, 4
pM carbonylcyanide p-trifiuoromethoxyphenyl hydra-
zone; A, 1 pM nigericin, and @, 2 uM valinomycin.
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TABLE 1. Formate dehydrogenase and TMAO
reductase activity of membrane vesicles assayed with
artificial electron acceptor and donor, respectively®

Sp act (wmol/
Buayme Bt Becton ™ g o
protein/min)
Formate dehydrogenase PMS 1.5
TMAO reductase MV 0.6

¢ PMS, Phenazine methosulfate; MV, reduced
methyl viologen.

tra (28, 29). The acid acetone-soluble fraction
revealed three distinct peaks with maxima at
557, 522, and 420 nm, corresponding closely to
the a, B, and y bands, respectively, of proto-
heme of cytochromes b (15). No evidence of
cytochrome ¢ was found in the acid acetone
insoluble fraction of Proteus sp. vesicles.

The formate dehydrogenase complex of E.
coli that takes part in the electron transfer from
formate to nitrate reduces redox dyes such as
phenazine methosulfate, which accepts two
electrons (18, 21). The present vesicles from
cells grown anaerobically with TMAO had high
activity of a similar formate dehydrogenase
complex (Table 1). TMAO reductase of the
Proteus sp. vesicles accepted electrons from
reduced methyl viologen (Table 1), as does the
TMAO reductase of E. coli (27).

TMAO-dependent phosphorylation. We as-
sayed for ATP synthesis coupled with electron
transfer to TMAO in cellfree extract prepared in
a French pressure cell. Figure 4A and B shows
the time courses of TMAO disappearance and
formation of organic [**Plphosphate in the an-
aerobic reaction mixtures with NADH-generat-
ing system and formate as electron donors,
respectively. The TMAO-dependent organic
[*2Plphosphate shown is the amount of labeled
organic phosphate formed in the complete reac-
tion mixture minus the background phosphor-
ylation in reaction mixture without TMAO. It
should be noted that the formation of TMAO-
dependent organic phosphate ceased when the
TMAO reduction was complete, and that it was
consistently higher with NADH than with for-
mate as electron donor. The background phos-
phorylation continued throughout the whole ob-
servation period and was the same with both
electron donors (and without any electron do-
nor).

A typical example of the P/2e™ ratios obtained
in cell-free extracts with a good coupling is
listed in Table 2; the P/2e™ ratios with NADH
and formate as electron donors were 0.3 and 0.1,
respectively. The data in Table 2 also show that
TMAO stimulated phosphorylation very little in
the absence of added electron donor, and that
little organic [>?P]phosphate accumulated when
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FIG. 4. Anaerobic synthesis of organic [>2P]phosphate and reduction of TMAO by cell-free extract (6 mg of
protein) of Proteus sp. strain NTHC153 cells disrupted in French pressure cell. Electron donors for the reduction
of TMAO were (A) NADH-generating system and (B) formate. The reaction mixtures contained 32p, ADP, ATP-
trapping system. Symbols: @, organic [*2P]phosphate in full reaction mixture with electron donor and TMAO; 0,
organic [*?P]phosphate in control without TMAO; O, TMAO-dependent organic [*P]phosphate (see text); and

B, TMAO remaining in reaction mixture.

.

ADP and the ATP-trapping system were omitted
from the reaction mixture. The extracts con-
tained hydrolytic ATPase activity (data not
shown). v
2-Heptyl-4-hydroxyquinoline-N-oxide inhibit-
ed both the NADH-dependent TMAO reduction
and TMAO-dependent phosphorylation. The un-
couplers 2,4-dinitrophenol, carbonyl cyanide-m-
chlorophenyl hydrazone, and carbonylcyanide
p-trifluoromethoxyphenyl hydrazone inhibited
the latter only (Table 3). None of these inhibitors
affected the background phosphorylation.
Although the results are not shown, it is
noteworthy that all NADH- and formate-depen-

dent TMAO reductase activity was found in the
membraneous fraction after high-speed centrifu-
gation of the cell-free extract. The membranes
did not, however, catalyze phosphorylation, in-
dicating the need for coupling factors for ATP
synthesis (25). Neither did transport-active Pro-
teus sp. vesicles display any phosphorylation
activity.

DISCUSSION

The present study shows that TMAO reduc-
tion in Proteus sp. strain NTHC153 fulfills the
essential features of anaerobic respiration in
bacteria. Several independent observations lead

TABLE 2. Determination of phosphorylation eﬂiciehcies, P/2e” ratios, of anaerobic TMAO respiration in
cell-free extract (prepared in French pressure cell) of Proteus sp. strain NTHC153 cells grown anaerobically

with glucose and TMAO*
ADP and ATP- Organic [P)-
Electron donor TMAO added  trapping system phos;h[mz ! TMAO reduced ot ppe- ratio
added synthesized (wmol) (wmol)

None - + 0.18
None + + 0.23 0.1
NADH - + 0.23
NADH + + 0.68 1.7 0.3
NADH - - 0.04
NADH + - 0.11 1.5
Formate - + 0.22
Formate + + 0.44 3.0 0.1

% The reaction mixture contained 5.2 mg of cell protein, and the incubation time was 10 min.
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TABLE 3. Effect of inhibitors on the NADH- and TMAO-dependent phosphorylation and the NADH-
dependent TMAO reduction in cell-free extract of Proteus sp. strain NTHC153 cells disrupted in French

pressure cell
% Inhibition
b .y s B nb. / d.

Inhibitor® Inhibitor concn (uM) nmol of ll,nr:’nteit;or 'mg TMA ?; p:l::le Y: ;\DH- NADH-depend.em
phosphorylation TMAO reduction

HOQNO 2.5 0.6 20 o

5.0 1.2 30 2

12.5 3.0 2 7

Dinitrophenol 50 12 n 0

100 2% P 0

CCCP 100 % @ 0

FCCP 100 " % 0

¢ HOQNO, 2-Heptyl-4-hydroxyquinoline-N-oxide; CCCP, carbonyl cyanide-m-chlorophenyl hydrazone;
FCCP, carbonylcyanide p-trifiluoromethoxyphenyl hydrazone.

to this conclusion, which is consistent with the
previously published growth data for the orga-
nism (32).

An energization of the cytoplasmic membrane
by electron transfer from formate to TMAO is
evident from the observed serine transport
against the concentration gradient of serine in
membrane vesicles. Assuming a vesicle volume
of 2.2 pl per mg of membrane protein (14), the
ratio of the peak concentration of serine inside
the vesicles versus that initially outside (5 pM) is
approximately 100 (Fig. 1 and 3). As expected
for active amino acid transport in bacterial cells
the serine transport is sensitive to metabolic
inhibitors destroying the transmembrane proton
gradient and electrical potential. It is previously
shown for E. coli that the electrochemical pro-
ton gradient is involved in driving active trans-
port under anaerobic conditions in a similar way
as under aerobic conditions (2).

Anaerobic electron transfer from formate and
NADH to TMAO is coupled with ATP synthesis
in cell-free extracts (prepared in a French pres-
sure cell) of Proteus sp. strain NTHC153. This
ATP synthesis is sensitive to uncouplers of
oxidative phosphorylation. The P/2e™ ratio of
0.3 determined for the reduction of TMAO with
NADH is close to the values determined for the
reduction of nitrate and oxygen with NADH in
subcellular preparations of the related bacterium
E. coli; i.e., about 0.3 (26) and 0.6 (12), respec-
tively. The observed efficiencies of oxidative
phosphorylation by subcellular preparations of
bacteria are generally much lower than that of
intact mitochondria oxidizing identical sub-
strates. The main reason for this seems to be
that an in vitro assay of oxidative phosphoryla-
tion depends on the presence of everted mem-
brane vesicles because of the impermeability of
bacterial membranes to nucleotide cofactors
(10). The transport-active Proteus sp. vesicles
do not catalyze oxidative phosphorylation.

In intact cells of E. coli the phosphorylation
efficiency is reported to be similar to that of
mitochondria (12), and the growth data for Pro-
teus sp. strain NTHC153 indicate that the P/2e”
ratio for the formate-TMAO redox reaction is at
least 1 (32). Thus, the present in vitro data do
not give the true values for the phosphorylation
efficiencies in TMAO respiration.

The electron transfer chain to TMAO in Pro-
teus sp. strain NTHC153 seems to be simpler
than the corresponding electron transfer chain in
E. coli which contains both b- and c-type cyto-
chromes (13, 28), but this does not appear to
result in a lower in vivo phosphorylation effi-
ciency since the anaerobic molar growth yield
on formate with TMAO as terminal electron
acceptor is 10.3 for Proteus sp. strain NTHC153
(32) and 7.0 for E. coli (34). Because of its
simplicity, the TMAO reductase system in Pro-
teus sp. strain NTHC153 may be useful for
further studies of the chemiosmotic mechanism.
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