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The components of the proton motive force (Ap), namely, membrane potential
(AT) and transmembrane pH gradient (ApH), were determined in the nitrifying
bacteria Nitrosomonas europaea and Nitrobacter agilis. In these bacteria both
At and ApH were dependent on external pH. Thus at pH 8.0, Nitrosomonas
europaea and Nitrobacter agilis had At values of 173 mV and 125 mV (inside
negative), respectively, as determined by the distribution of the lipophilic cation
[3H]tetraphenyl phosphonium. Intracellular pH was determined by the distribu-
tion of two weak acids, 14C-benzoic and 14C-acetyl salicylic, and the weak base
[14C]methylamine. Nitrosomonas europaea accumulated 14C-benzoic acid and
14C-acetyl salicylic acid when the external pH was below 7.0 and [14C]methyl-
amine at alkaline pH. Similarly, Nitrobacter agilis accumulated the two weak
acids below an external pH of about 7.5 and [14C]methylamine above this pH. As
these bacteria grow best between pH 7.5 and 8.0, they do not appear to have a
ApH (inside alkaline). Thus, above pH 7.0 for Nitrosomonas europaea and pH 7.5
for Nitrobacter agilis, At only contributed to Ap. In Nitrosomonas europaea the
total Ap remained almost constant (145 to 135 mV) when the external pH was
varied from 6 to 8.5. In Nitrobacter agilis, Ap decreased from 178 mV (inside
negative) at pH 6.0 to 95 mV at pH 8.5. Intracellular pH in Nitrosomonas
europaea varied from 6.3 at an external pH of 6.0 to 7.8 at external pH 8.5. In
Nitrobacter agilis, however, intracellular pH was relatively constant (7.3 to 7.8)
over an external pH range of 6 to 8.5. In Nitrosomonas europaea, Ap and its
components (At and ApH) remained constant in cells at various stages of growth,
so that the metabolic state of cells did not affect Ap. Such an experiment was not
possible with Nitrobacter agilis because of low cell yields. The effects of
protonophores and ATPase inhibitors on ApH and At in the two nitrifying
bacteria are considered.

The nitrifying bacteria Nitrosomonas euro-
paea and Nitrobacter agilis oxidize the inorgan-
ic nitrogen compounds NH4' and NO0, respec-
tively, thus generating energy (ATP) and
reducing equivalents for growth (3-7). Although
some aspects ofthe metabolism of these bacteria
have been extensively studied and reviewed on
several occasions (1, 2, 27, 39, 43, 47, 49), the
role of components of the proton motive force
(Ap) associated with cell membranes is relatively
unexplored. Nitrosomonas europaea translo-
cates protons during respiration (8, 9, 14, 19)
with an effective --)H+/O ratio of 4 for either
NH4', NH2OH, or NH2NH2 as the oxidizable
substrate (19). However, proton ejection during
NO2 oxidation by Nitrobacter agilis was not
detected (19). According to Mitchell's chemios-
motic hypothesis (37), the electrochemical gradi-
ent of protons gives rise to Ap, which is respon-
sible for the coupling of metabolic energy to the

transport of a number of nutrients and to ATP
synthesis (18, 21, 33, 51). This proton gradient
consists of an electrical potential (At) and a pH
gradient (ApH) across the cytoplasmic mem-
brane. The two components of Ap have the
following relationship (37): Ap = APV - 2.3RT/F
ApH; or, in millivolts at 25°C: Ap = At - 59
ApH.
Whereas Ap has been determined in a variety

of bacteria (13, 15, 17, 20, 22-24, 26, 36, 41), no
information is available for the nitrifiers. We
now report on the measurements of Ap in two
nitrifying bacteria, Nitrosomonas europaea and
Nitrobacter agilis.

MATERIALS AND METHODS
Bacteria and growth conditions. The strain of Nitro-

somonas europaea used was obtained from Jane Meik-
lejohn of Rothamsted Experimental Station, Harpen-
den, U.K. Cultures were grown in either 8- or 40-liter
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batches at 28°C with vigorous aeration for 3 days
(midexponential phase) in an inorganic medium (8).
The pH was maintained at 7.8 throughout the growth
by titration of the medium with sterile 20%o (wt/vol)
K2CO3, using an automatic pH stat unit (Radiometer,
Copenhagen, Denmark). The cells harvested by con-
tinuous-flow centrifugation (Ivan Sorvall, Inc., Nor-
walk, Conn.) at 4°C as described previously (8, 30),
were washed several times with cold 100 mM Tris-
hydrochloride buffer (pH 7.5) and finally suspended in
the appropriate buffer. Nitrobacter agilis ATCC 14123
was grown in 8-liter batches for 5 days with vigorous
aeration in an inorganic medium described by Wallace
et al. (48). Cells were harvested and washed as for
Nitrosomonas europaea. The typical cell yields were
about 150 and 50 mg (wet weight) liter-' for Nitroso-
monas europaea and Nitrobacter agilis, respectively.
EDTA treatment of cells. Cells of both Nitrosomonas

europaea and Nitrobacter agilis were suspended in
100 mM Tris-hydrochloride buffer (pH 8.0; 20 mg
ml-') and treated with EDTA adjusted to pH 7 with
KOH (5 mM for Nitrosomonas europaea and 10 mM
for Nitrobacter agilis) for 10 min at 37°C. The cells,
collected by centrifugation, were washed once in the
buffer and suspended in the appropriate buffer. The
EDTA-treated cells were used within 2 h.

Intracellular space. Intracellular space was deter-
mined by using 3H20, [14C]sucrose, and [14C]inulin
(34, 46). Thus, for Nitrosomonas europaea and Nitro-
bacter agilis, the intracellular water spaces were 1.7 ±
0.2 and 1.2 ± 0.2 ,ul mg-1 (dry weight), respectively.
Uptake of labeled probes. Untreated or EDTA-treat-

ed cells were incubated at 25°C in Na+ phosphate (100
mM) or Tris-hydrochloride (50 mM) buffer at the
appropriate pH. The cell suspensions were either
vigorously oxygenated for 10 min with pure oxygen or
mixed with catalase (0.05 mg ml-1) and H202 (1 Wl
ml-1). The substrate was 5 mM NH4Cl for Nitroso-
monas and 5 mM NaNO2 for Nitrobacter. Then the
isotopically labeled compound was added, and incuba-
tion was continued for a further 5 to 15 min. Samples
(1 ml) were then centrifuged in an Eppendorf micro-
fuge at 13,000 x g for 1 min. Portions of the superna-
tant (100 ,ul) and of the cell pellet were added to 1 ml of
3 M perchloric acid in 15-mi scintillation glass vials.
After 30 min, when cell proteins were completely
dissolved, 5 ml of a scintillation counting fluid (PCS;
Amersham, Australia) was added to each vial, and the
contents were mixed thoroughly and radioassayed in a
Packard Tri-Carb 460 CD liquid scintillation spectrom-
eter. In the standard protocol, two consecutive experi-
ments were carried out in which A'1 and ApH were
measured. For 'VI determination, [3H]tetraphenyl
phosphonium ([3H]TPP+) bromide (20 to 50 nCi ml-l)
was added to a cell suspension (1 to 1.5 mg [dry
weight] ml-1). For ApH determination, 14C-benzoic
acid (2 ,uCi ml-'), '4C-acetyl salicylic acid (2 ,uCi
ml-') or ['4C]methylamine hydrochloride (1 ,uCi mlnP)
was added. 3H20 was used to determine total pellet
water.

The calculations of A'I and ApH were made by
using the Nernst equation as described previously (24)
after correcting for nonspecifically bound [3H]TPP+
and extracellular counts of 14C-benzoic acid, 14C-
acetyl salicylic acid, and ['4C]methylamine, respec-
tively.
Oxygen uptake. The oxidation of NH4' by Nitroso-

monas europaea and N02- by Nitrobacter agilis was
measured in an oxygen electrode (Rank Bros., Cam-
bridge, U.K.). For this purpose, cells (40 mg, wet
weight) were suspended in 5 ml of 50 mM Tris-
hydrochloride buffer (pH 7.8). The reaction was start-
ed by adding 10 ,umol of NH4Cl for Nitrosomonas or
10 ,umol of NaNO2 for Nitrobacter. The response of
the electrode was monitored with a Rikadenki chart
recorder, and oxygen uptake values were calculated as
described before (19).

Materials. Carbonyl cyanide m-chlorophenyl hydra-
zone (CCCP), N,N'-dicyclohexylcarbodiimide
(DCCD), and diethylstilbestrol (DESB) were pur-
chased from Sigma Chemical Co., St. Louis, Mo. All
other chemicals used were of the highest grade avail-
able. The radioisotopes ['H]TPP+ bromide (23.7 Ci
mmol-'), acetyl [carboxyl-'4C]salicylic acid (20 mCi
mmol-'), and [(4C]inulin (5.6 Ci mmol-l) were from
Amersham International Ltd. 'H20 (1 Ci molP), 7-
14C-benzoic acid (22.6 mCi mmol-'), ["4C]methyl-
amine hydrochloride (51.8 mCi mmol-'), and [14C]su-
crose (1 mCi mmol-') were purchased from New
England Nuclear Corp., Boston, Mass.

RESULTS

Uptake of radioactive probes. All probes used
to determine ATI and ApH were readily taken up
by cells of Nitrosomonas europaea and Nitro-
bacter agilis, and an equilibrium state was
reached within 5 min. The EDTA treatment of
bacteria was necessary to make them permeable
to the radioactive compounds. High concentra-
tions of EDTA (5 mM for Nitrosomonas and 10
mM for Nitrobacter), relative to those used for
Escherichia coli (41), were employed because of
the complex cell membrane structures of these
bacteria (38). EDTA-treated cells were meta-
bolically active, since oxygen uptake values
were similar to those of untreated cells.
Measurement ofApH as a function of pH°. The

uptake of 14C-benzoic acid, 14C-acetyl salicylic
acid, and [14C]methylamine, respectively, by
Nitrosomonas europaea and Nitrobacter agilis
was observed over a range of external pH (pH°).
The uptake of all three compounds was pH'
dependent. Nitrosomonas europaea accumulat-
ed the two weak acids only when the pH' was
below 7.0, and accumulated the weak base,
methylamine, when the pH' was above 7.0,
indicating that the intracellular pH (pHi) of the
bacterium was maintained around neutrality.
The ApH was almost 0 at pH0 7, but when pH0
was >7.0 the pH' became acidic in relation to
pH0 (inside acidic). For Nitrobacter agilis the
pH0 at which neither of the two weak acids nor
the weak base was taken up by the cells was
about 7.5. Benzoic and acetyl salicylic acids
were not metabolized by either strain (checked
by thin-layer chromatography). Nitrosomonas
europaea, however, slowly utilized methylamine
when the external pH was greater than 7.5.
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FIG. 1. Effects of external pH on pH' ApH, AT,
and Ap in EDTA-treated cells of (A) Nitrosomonas
europaea and (B) Nitrobacter agilis. EDTA-treated
cells were suspended in 50 mM sodium phosphate
buffer at the pH values indicated. Uptake studies were
carried out as described in the text. Intracellular pH
(A) and ApH represented in terms of millivolts (59 x
ApH) (A) were determined with "C-benzoic acid and
[14C]methylamine. At values (0) were calculated
from the uptake of [3H]TPP'. Ap (0) was calculated
from ApH and AT as described in the text.

Because methylamine was utilized slowly by
Nitrosomonas europaea, the uptake studies
with the probes, which were completed within 5
min, were unaffected by this metabolism.
Nitrosomonas europaea had limited capacity

to maintain a constant pH', and thus it increased
from 6.3 to 7.8 when the external pH (pH0) was
varied over the range from 6.0 to 8.5 (Fig. 1A).
On the other hand, in Nitrobacter agilis (Fig.
1B) pH' increased from 7.3 to 7.8 when the pH°
was increased from 6.0 to 8.5. Thus at pH 6.0
Nitrosomonas europaea and Nitrobacter agilis
had ApH values of 0.3 and 1.3 pH units, respec-
tively. As these bacteria respire optimally be-
tween pH 7.5 and 8.0, it appears that they do not
have a ApH (inside alkaline), but instead their
pH' values are either similar to their pH0 or
more acidic (inside acid). Over a range of pH0
(from 6.0 to 8.5, the pH' in Nitrobacter agilis
increased only by about 0.5 units, whereas in
Nitrosomonas europaea it increased by 1.5
units.
Measurement ofAt as a function of pH°. The

variations in At as determined by [3H]TPP+
uptake over a pH0 range from 6 to 8.5 are shown
in Fig. 1. In both bacteria At increased with
increasing pH0. Thus in Nitrosomonas europaea
At increased from 125 mV at pH0 6 to 178 at
pH0 8.5. In Nitrobacter agilis the effect of pH0
on At was less pronounced than in Nitroso-
monas europaea; thus it increased from 105 mV
at pH0 6.0 to 135 mV at pH0 8.5, an increase of
approximately 10 mV for each pH unit. The

increase in At in Nitrosomonas europaea was
nonlinear and approached a plateau at pH' 8.0,
whereas in Nitrobacter agilis the increase was
almost linear.

Total Ap. Since Ap is a function of At and
ApH, it is clear from Fig. 1A that it remained
almost constant (135 to 145 mV) in Nitroso-
monas europaea over a range of external pH.
This was largely the result of an increase in At
and a decrease in ApH when the pH° was
increased from 6.0 to 8.5; thus a decrease in
ApH was compensated by an increase in At. In
Nitrobacter agilis (Fig. 1B), however, the con-
tribution of ApH decreased rapidly when the
pH° was increased (-73 mV at pH 6.0 to +40
mV at pH 8.5), while AT increased by 30 mV
only from pH' 6 to 8.5, thus decreasing the total
Ap from 177 mV at pH0 6 to 95 mV at pH0 8.5.
Ap in cells of Nitrosomonas europaea harvested

at various stages of growth. Nitrosomonas euro-
paea grows slowly (mean generation time, 10 to
12 h). About 24 h after inoculation, the exponen-
tial stage of growth started, and it lasted for
another 4 days (Fig. 2). Because the cell yields
were low, it was not possible to conduct uptake
studies with the probes to determine ApH and
At in growing cultures as described by Kashket
and co-workers for a number of bacteria (22-24).
To assess whether there were any changes in
ApH and AP (at various stages of growth),
cultures (1 liter) were harvested at various times
as shown in Fig. 2. Thus ApH and AP were
determined at two pH' values (6 and 8) after the
washed cells were suspended in a fresh culture
medium. The intracellular water volume was
reasonably constant during growth (1.6 ± 0.2 ,ul
mg-1 [dry weight]). Cells harvested at different
stages of growth maintained a fairly constant AT
and pH' (Fig. 2). Thus, at pH°6 At was approxi-
mately 122 mV and ApH was 0.3 units (inside
alkaline), and at pH°8 At was approximately
165 mV and ApH was 0.5 units (inside acid). A
similar experiment was not possible with Nitro-
bacter agilis because of the exceptionally low
cell yields (40 to 50 mg [wet weight] liter-1 of
culture after 5 days of growth).

Effects of some inhibitors on the components of
Ap. To determine the relevance of respiratory
potential to Ap maintenance, the effects of respi-
ratory inhibitors on AT and ApH in Nitroso-
monas europaea and Nitrobacter agilis were
investigated. Diethyldithio-carbamate, a potent
inhibitor of NH4' oxidation by Nitrosomonas
europaea (8, 9), completely inhibited respiration
at 20 ,uM, but did not have any substantial effect
on Ap (Table 1). In Nitrobacter agilis (Table 2),
sodium azide at 50 p.M completely inhibited
NO2 oxidation (also see references 30 and 40);
although it had no effect on At, it dissipated
ApH, thus lowering Ap by about 20 mV. Be-
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FIG. 2. Intracellular pH and At in cells ofNitrosomonas europaea at various stages of growth determined at
pH' values of 6.0 (A) and 8.0 (B). Cultures (18 liters) were grown in 20-liter Pyrex glass bottles at constant
temperature (28°C) and pH (8.0). Growth of bacteria (0) was monitored throughout the growth period by the rate
of NH4' oxidation and by determining the protein contents of cells. At the time intervals indicated, 1- to 2-liter
samples, withdrawn aseptically from the cultures, were harvested by centrifugation (10,000 x g for 30 min) in
250-ml polycarbonate bottles. The cells were then washed and suspended in fresh growth medium at either pH
6.0 (A) or pH 8.0 (B). Uptake studies were carried out as described in the text. At (0) was calculated from the
uptake of [3H]TPP+. Intracellular pH (A) was determined by the uptake of 14C-benzoic acid and ['4C]methyl-
amine at pH 6.0 and 8.0, respectively.

cause respiration in nitrifiers has been shown to
be inhibited by uncouplers (2, 4, 7, 8, 11, 12, 30)
and this effect was related to the collapse of At
in Nitrobacter, we investigated the effect of the
classical uncoupler CCCP on Ap in both Nitro-
somonas europaea (Table 1) and Nitrobacter
agilis (Table 2). The respiration of both nitrifiers

TABLE 1. Effects of some inhibitors on respiration
and Ap in Nitrosomonas europaea'

% In-

Concn hibi- a APInhibitor (°nM) tion of MV) ApHC MV
respir

#tionb
None -147 0.18 -158

DIECAd 20 100 -148 0.00 -148

CCCP 10 80 -110 0.10 -116
100 100 -80 0.00 -80

DCCD 200 50 -117 0.16 -128

DESB 50 25 -187 0.50 -216

a Washed cell suspensions in 50 mM Tris-hydro-
chloride (pH 6.9) were employed for AT and ApH
determination.

b Determined at pH 7.8 by the oxygen electrode
technique described in the text. The control rate of 02
uptake was approximately 850 ng-atoms of 0 min-
mg1 of protein.

I Determined by 14C-benzoic acid distribution.
d DIECA, Diethyldithiocarbamate.

was completely inhibited by CCCP concentra-
tions of more than 50 ,uM, but Ap was only
partially collapsed (Table 1 and 2). Recently we
have found that several ATPase inhibitors re-

TABLE 2. Effects of some inhibitors on respiration
and Ap in Nitrobacter agilisa

% In-
Cnn hibi- A''()Inhibitor Concn tion of All ApHc AP(~) respir- (V

ationb

None -115 0.34 -138

Sodium 50 100 -114 0.05 -117
azide

CCCP 10 70 -82 0.20 -94
50 100 -75 0.12 -82

DCCD 100 55 -116 0.38 -138
250 100 -118 0.08 -113

DESB 20 45 -124 0.31 -142
50 85 -133 0.09 -139

a Washed cell suspensions in 50 mM Tris-hydro-
chloride buffer at pH 7.0 were employed for AT and
ApH determination.

b Determined at pH 7.8 by the oxygen electrode
technique described in the text. The control rate of 02
uptake was approximately 650 ng-atom of 0 min-
mg1 of protein.

c Determined by "C-benzoic acid distribution.
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strict respiration in nitrifying bacteria to an
extent similar to that for ATPase itself. To
investigate whether this inhibition was related to
a collapse of Ap, the effects of two ATPase
inhibitors, DCCD and DESB, on At and ApH
were investigated. DCCD at high concentrations
(>200 ,uM) affected Ap in both nitrifiers by
lowering At in Nitrosomonas europaea (Table
1) and ApH in Nitrobacter agilis (Table 2).
DESB had little or no effect on Ap in Nitrobacter
agilis (Table 2), but at 50 ,uM concentration it
elevated Ap by about 60 mV (inside negative) in
Nitrosomonas europaea.

Effects of NH4' and NH20H on At and ApH.
Permeant amines and amine-like compounds
have a tendency to redistribute across the mem-
brane towards the acidic side in response to a
pH gradient (16, 29). It has been shown that high
concentrations of substrate (NH4', NH2OH, or
N2H5+) in Nitrosomonas europaea tend to di-
minish proton pumping (19). Both NH4' and
NH2OH at high concentrations diminished com-
pletely the small pH gradient (=0.1 unit) across
the cell membranes of Nitrosomonas europaea
(Fig. 3). Moreover, NH4' also decreased At
(170 mV to 140 mV at 100 mM NH4+), but
relatively small concentrations of NH20H (=20
mM) rapidly decreased At by about 60 mV.
Increasing the NH2OH beyond 20 mM did not
dissipate At any further. Nitrobacter agilis
does not oxidize NH4+ or NH2OH, but it assimi-
lates small amounts (2 mM) of NH4C1 (31). High
concentrations of NH4' (>10 mM) dissipated
ApH completely and AT partially (20 mV at 100
mM NH4+).

DISCUSSION

The results indicate that at a pH° of 7.0 for
Nitrosomonas europaea and 7.5 for Nitrobacter
agilis there was no transmembrane pH gradient
(inside alkaline) because at these pH values
neither weak acids nor weak bases were concen-
trated by the bacteria. The pH optimum for
NH4' and NO2 oxidation by Nitrosomonas
europaea and Nitrobacter agilis, respectively,
was between 7.5 and 8.0, indicating that optimal-
ly respiring cells of these bacteria do not have a
ApH. Nitrosomonas europaea actively translo-
cates protons (8, 9, 14, 19) during respiration,
with --H+/O ratios of up to 4.0 for either NH4',
NH2OH, or NH2NH2 as the substrate (19). The
results of this study indicate that for pH° values
above 7.0, the pH' of Nitrosomonas europaea
becomes more acid than the pH°. Moreover, its
pH' did not remain constant as the pH0 was
varied, so that Nitrosomonas europaea had a
limited capacity to maintain a constant pH'. This
result contrasts with those reported for Micro-
coccus lysodeikticus (15) and E. coli under aero-
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FIG. 3. Effects of NH4' and NH20H on A'I and
ApH in washed cells of Nitrosomonas europaea.
EDTA-treated washed cells were suspended in 50 mM
Tris-hydrochloride (pH 6.9). A'T was determined from
the uptake data for [3H]TPP+ after the treatment of
suspensions with either NH4CI (0) or NH20H (0) at
special concentrations. ApH was calculated from the
distribution of "4C-benzoic acid in the presence of
either NH4Cl (V) or NH20H (A).

bic conditions (41), but is comparable to anaero-
bic bacteria, namely, Methanospirillum
hungatei (20), Clostridium pasteurianum (45),
and even E. coli grown under anaerobic condi-
tions (25). In Nitrobacter agilis the pH' re-
mained relatively constant (7.3 to 7.8) over a
range of pH0 values (6 to 8.5), which is similar to
the results for E. coli (41), Micrococcus lyso-
deikticus (15), Thiobacillus acidophilus (36), and
Bacillus subtilis (28) (for a recent review, see
reference 42).
The weak base methylamine, used as a probe

for the determination of ApH, is not oxidized by
either nitrifier. Since ammonia and its analogs
are probably taken up by Nitrosomonas euro-
paea as neutral species (14, 19), it is unlikely
that the cells would accumulate methylamine in
response to a At (inside negative) as reported
for Azotobacter vinelandii (32).
At a pH0 of 6.0, neither Nitrosomonas euro-

paea nor Nitrobacter agilis oxidized its respec-
tive substrate, but they still maintained a reason-
able ApH and At, and thus Ap. In fact, in
Nitrobacter agilis, Ap was maximum at pH 6.0
(or less than 6.0), and it decreased linearly with
an increase in pH0. However, at pH 7.0, when
both Nitrosomonas europaea and Nitrobacter
agilis retain about half of their respiratory activi-
ties, the small pH gradient was dissipated by
uncouplers and compounds which inhibit respi-
ration. It is known that Nitrosomonas europaea
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and Nitrobacter agilis have appreciable rates of
endogenous respiration (19) involving complex
organic substrates, e.g., poly-,3-hydroxybutyric
acid in Nitrobacter agilis (7). In Nitrosomonas
europaea, endogenous respiration has been
shown to be coupled to proton translocation
(19). It is likely that this endogenous respiration
enables the cells to maintain a reasonable Ap in
the absence of exogenous substrates, or when
the exogenous respiration is inhibited. This phe-
nomenon could be of ecological significance for
nitrifiers, because these soil bacteria in their
natural habitat may encounter conditions that
preclude respiration for extended periods of
time.

In Nitrosomonas europaea the uncoupler
CCCP severely inhibited respiration (80%o at 10
,uM CCCP) but lowered Ap by about 40 mV. At
higher concentrations (100 ,M CCCP) the respi-
ration was completely inhibited, but the Ap was
lowered by only 78 mV (from 158 to 80 mV). In
Nitrobacter agilis, CCCP (50 ,M) completely
restricted respiration, but nonrespiring cells still
maintained a Ap of 82 mV (inside negative).
Uncouplers are known to restrict respiration in
nitrifying bacteria (2, 4, 7, 8, 30), but it is only
recently that they have been shown to inhibit
respiration in other bacteria, e.g., T. acidophilus
(36). Besides the nitrifiers, uncouplers have
been shown to inhibit respiration in denitrifying
bacteria (50). Thus in Pseudomonas aeruginosa
and Pseudomonas denitrificans the effects of
uncouplers on respiration were not linked to a
collapse of Ap but rather to their detergent-like
effects on cell membranes (50). It is possible that
the mechanism of inhibition of respiration by
CCCP and other uncouplers in Nitrosomonas
europaea and Nitrobacter agilis is similar to that
in the denitrifying bacteria.
Because the inhibitors known to collapse

membrane potential also restricted nitrite oxida-
tion in Nitrobacter winogradskyi, Cobley (11,
12) predicted that respiration was AT depen-
dent. The way in which nitrite oxidation is
mediated by a AP is, however, not understood.
He also reported (11, 12) that NO2 oxidation by
membrane particles of Nitrobacter winogradskyi
was stimulated by NH4', a compound known to
collapse ApH (11). The results reported in this
paper indicate that NH4' diminished the ApH in
Nitrobacter agilis, but in a recent study (31) with
washed cells of Nitrobacter agilis we found that
NH4' inhibited NO2 -dependent 02 uptake and
that NH4' competed with either NO2 translo-
cation or NO2 oxidation, because NH4' inhibi-
tion could be reversed by increasing nitrite.
Cobley's prediction that NH4' stimulation of
NO2 oxidation resulted from a collapse of ApH
is not substantiated by our data.
DCCD and DESB, inhibitors of ATPase (10),
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severely restricted respiration in both nitrifying
bacteria, indicating a close functional relation-
ship between ATPase and oxidoreductase sys-
tems of these bacteria. Whether this inhibition
was associated with a collapse of Ap is not clear,
because DESB elevated Ap in Nitrosomonas
europaea rather than lowering it. It is possible,
however, that in washed cells these inhibitors
are nonspecific and affect other metabolic func-
tions. Recently DCCD has been shown to inhibit
beef heart cytochrome oxidase function (44).
The results reported in this paper indicate that

the total Ap at pH 7.5 would be approximately
150 mV and 125 mV (inside negative) in Nitroso-
monas europaea and Nitrobacter agilis, respec-
tively. These values are comparable to those
reported for E. coli (41) and Methanobacterium
thermoautotrophicum (20). In E. coli, Ap is
composed of both At and ApH; however, ApH
appears to be absent in Methanobacterium ther-
moautotrophicum and Methanospirillum hunga-
tei (20). The overall behavior of At and ApH in
nitrifying bacteria is quite similar to that report-
ed for other bacteria. By using isolated mem-
brane vesicles from Bacillus alcalophilus it has
been shown (35) that respiration results in pro-
ton extrusion, whereas cation H+ antiporters
(K+/H+ and Na+/H+) catalyze inward proton
movements. These cation H+ antiporters have
also been found in E. coli (see reference 42 for
review) and can explain how an electrical poten-
tial (inside negative) is supported in the absence
of a ApH or when the pH' of the bacterium is
lower than the pH° (inside acid). A similar
mechanism has been suggested for Methanobac-
terium thermoautotrophicum and Methanospi-
rillum hungatei (20). This is also a likely mecha-
nism for nitrifiers, although the existence of
such systems in nitrifying bacteria has yet to be
determined.
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