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The kinetics of the cometabolism of trichloroethylene (TCE) by the ammonia-oxidizing soil bacterium
Nitrosomonas europaea in short-term (<10-min) incubations were investigated. Three individual effects of TCE
cometabolism on this bacterium were characterized. First, we observed that TCE is a potent competitive
inhibitor of ammonia oxidation by N. europaea. The Ki value for TCE (30 mM) is similar to the Km for ammonia
(40 mM). Second, we examined the toxicity associated with TCE cometabolism by N. europaea. Stationary-phase
cells of N. europaea oxidized approximately 60 nmol of TCE per mg of protein before ammonia-oxidizing
activity was completely inactivated by reactive intermediates generated during TCE oxidation. At the TCE
concentrations used in these experiments, ammonia did not provide significant protection against inactivation.
Third, we have determined the ability of cells to recover ammonia-oxidizing activity after exposure to TCE.
Cells recovering from TCE inactivation were compared with cells recovering from the specific inactivation of
ammonia-oxidizing activity by light. The recovery kinetics were indistinguishable when 40% or less of the
activity was inactivated. However, at increased levels of inactivation, TCE-inactivated cells did not recover as
rapidly as light-inactivated cells. The kinetics of recovery appear to be dependent on both the extent of
inactivation of ammonia-oxidizing activity and the degree of specificity of the inactivating treatment.

Over the past 40 years, trichloroethylene (TCE) has been
used extensively as a solvent and degreasing agent. A legacy of
this large-scale use is that TCE is currently the most widely
distributed organic groundwater pollutant in the United States
(27, 38). In view of the widespread environmental distribution
and the suspected carcinogenicity of TCE (25), considerable
effort has been focused on methods to remediate this contam-
ination. Biological processes have received much attention,
principally because the costs of bioremediation are potentially
lower than physical methods of removing TCE from contam-
inated soils. Although no microorganism which can grow on
TCE as a sole carbon or energy source has been isolated,
alternative approaches using cometabolism have been more
successful and several physiological types of bacteria which can
cometabolize and partially or fully degrade TCE have been
identified (1, 11, 14, 28, 32). Cometabolism is the fortuitous
biotransformation of a non-growth-supporting compound by a
microorganism; the biotransformation is catalyzed by a non-
specific enzyme or cofactor. Cometabolism also requires that
these transformations be concurrent with the metabolism of a
growth-supporting substrate or another transformable com-
pound (8).
In anaerobic organisms such as methanogens (35), TCE can

be cometabolically transformed as a non-growth-supporting
electron acceptor. Reduction of TCE results in dechlorination
reactions which generate products with progressively decreas-
ing levels of chlorination (35). In contrast, TCE cometabolism
under aerobic conditions can be catalyzed by various nonspe-
cific monooxygenase enzymes which are normally produced to
initiate the oxidation of growth-supporting substrates (12). To
date, TCE has been shown to be oxidized by bacteria that oxidize

toluene (37), phenol (14), methane (29), propane (28, 36), pro-
pylene (11), cumene (7), isoprene (13), and ammonia (4, 32).
In the present study, we considered the effects of TCE co-

metabolism on the ammonia-oxidizing bacterium Nitrosomo-
nas europaea, which obtains all of its energy for growth from
the oxidation of ammonia to nitrite. Ammonia is initially oxi-
dized to hydroxylamine by the enzyme ammonia monooxygen-
ase (AMO) (39) as follows: NH3 1 O2 1 2[H] 3 NH2OH 1
H2O.
The further four-electron oxidation of hydroxylamine to ni-

trite is catalyzed by hydroxylamine oxidoreductase (HAO) as
follows: NH2OH 1 O2 3 NO2

2 1 H2O 1 H1.
In vivo, this second reaction is the only source of the two

electrons required to maintain steady-state AMO activity. The
remaining two electrons are utilized for ATP synthesis through
a conventional electron transport chain (39). Previous studies
have shown that whole cells of N. europaea can oxidize a wide
variety of alternative hydrocarbon substrates through the ac-
tion of AMO (20–23). These substrates include alkanes, al-
kenes, and aromatic compounds. More recently, it has been
shown that N. europaea can also oxidize a wide variety of
chlorinated aliphatic compounds, including TCE (30, 31, 34).
In general, the oxidation products obtained from alternative
substrates are not assimilated or further metabolized by N.
europaea and accumulate extracellularly.
Much of the interest surrounding cometabolism of TCE is

focused on practical issues such as the relative merits of aer-
obic and anaerobic systems. The principal advantage of aerobic
processes over anaerobic cometabolic processes is that TCE
can be mineralized to CO2, H2O, and chloride ions without the
accumulation of stable and carcinogenic intermediates such as
vinyl chloride (35). Another important practical issue is the
rate of TCE degradation. Previous studies of TCE degradation
have often considered the maximal short-term rate. However,
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because of the large amounts of TCE present at many con-
taminated sites and the protracted periods often required for
biological cleanup, a more appropriate rate to consider is the
maximal sustainable rate of TCE oxidation.
In the present study, three factors which influence the max-

imal sustainable rate of TCE degradation are considered. The
first factor is the competition which often exists between the
growth-supporting substrate and TCE for oxidation by the
nonspecific monooxygenases (12). In simple enzymatic terms,
competition occurs because of the simultaneous presence of
two substrates for the same enzyme. For an enzyme considered
in isolation, this competition results in an inhibition of the
oxidation of the primary growth-supporting substrate. How-
ever, at the whole-cell level this effect is more complex and
competition can inhibit the overall cometabolism process
through a combination of direct and indirect effects. For ex-
ample, ammonia oxidation by N. europaea generates hydroxyl-
amine and hydroxylamine oxidation supplies the reductant re-
quired to support continued AMO activity. The direct
inhibition of ammonia oxidation by TCE determines the rela-
tive amounts of ammonia oxidation and TCE oxidation. The
indirect effects of TCE occur through the effects of decreased
ammonia oxidation on hydroxylamine formation and the over-
all rate of electron flux through both HAO and AMO. A
further complication to the question of competition is that
several aerobic TCE-degrading bacteria require specific in-
ducer compounds to allow these bacteria to simultaneously
grow and produce the correct TCE-degrading enzymes. These
inducing compounds are typically also substrates for the TCE-
degrading nonspecific monooxygenase (12).
The second factor which influences the sustainability of TCE

oxidation is the toxicity associated with TCE oxidation. This
toxicity is usually observed as an irreversible inactivation of
monooxygenase activity and is distinct from the reversible in-
hibition of monooxygenase activity discussed above. It has
been suggested that this toxicity is caused by a reaction of cell
components with short-lived reactive intermediates generated
during the oxidation of TCE (12, 15, 29, 32). For N. europaea,
[14C]TCE oxidation by whole cells results in covalent attach-
ment of 14C label to the 27-kDa active-site-containing polypep-
tide of AMO, in addition to other proteins (32).
A third factor affecting the maximal sustainable rate of TCE

oxidation is the ability of cells to recover from the damage
caused by the toxicity associated with TCE oxidation. We have
previously observed that cells of N. europaea exposed to TCE
can recover from the inactivating effects of TCE oxidation in a
process which requires de novo protein synthesis (19, 32).
While this effect is not likely to be significant in short-term
reactions (e.g., a few minutes), it will be an important factor in
sustainable reactions extended over many hours and days. The
maximal sustainable rate of TCE oxidation is likely to be ob-
tained at the point where the ability of the cells to oxidize TCE
is balanced against the ability to repair and recover from the
concurrent cellular damage caused by TCE oxidation products.
The aim of the experiments described in this study has been

to examine each of these three effects of TCE cometabolism in
as much isolation from the other effects as possible. The results
indicate that inhibition, inactivation, and recovery of ammo-
nia-oxidizing activity are all important factors that contribute
to determining the maximal sustainable rate of TCE degrada-
tion by N. europaea.

MATERIALS AND METHODS

Materials. Cells of N. europaea (ATCC 19178) were grown and harvested as
described previously (19), except that cells were washed and stored in chloride-

free 50 mM sodium phosphate buffer, pH 7.8. TCE (spectrophotometric grade,
.99.9%) was obtained from Aldrich Chemical Co. (Milwaukee, Wis.). Allylthio-
urea was obtained from Eastman Kodak Co. (Rochester, N.Y.). All other chem-
icals were of reagent grade.
O2 uptake measurements. Ammonia- and hydrazine-dependent O2 uptake

measurements were determined with a Clark (Yellow Springs, Ohio) style O2
electrode mounted in a glass water-jacketed reaction vessel (1.8 ml), as described
previously (19). The effects of TCE on ammonia-dependent O2 uptake activity
were determined by incubating cells with NH4Cl (1, 2.5, or 10 mM) and various
concentrations of TCE. Once a steady rate of ammonia-dependent O2 uptake
had been established, TCE from a TCE-saturated solution in buffer was added to
the reaction mixture. The subsequent time-dependent loss of ammonia-depen-
dent O2 uptake activity was used to estimate both an initial inhibitory effect of
TCE on ammonia oxidation and the rate of inactivation of ammonia-oxidizing
activity resulting from the oxidation of TCE.
The inactivating effects of TCE on ammonia-oxidizing activity in fixed-time

assays were also determined by measuring O2 uptake rates. Cells were exposed
to TCE for 10 min and then were washed to remove residual TCE (see the
paragraph below). The rate of ammonia-dependent O2 uptake was then deter-
mined for cells incubated in the presence of 10 mM NH4Cl. Allylthiourea (100
mM) was then added to inhibit further ammonia-dependent O2 uptake. Hydr-
azine hydrochloride was then added to a final concentration of 750 mM. The
hydrazine-dependent O2 uptake was measured and was used as an estimate of
residual HAO activity. All substrates and inhibitors were added from aqueous
stock solutions by means of gas-tight microsyringes. The solubility of O2 in
air-saturated buffer was assigned a value of 230 mM (33). Estimates of the
quantities of TCE used in each incubation were based on the aqueous solubility
of TCE of 8.4 mM at 208C (18).
Incubations with TCE. The effects of TCE-dependent inactivation on ammo-

nia- and hydrazine-oxidizing activities were determined by incubating cells with
TCE in glass serum vials (10 ml). The vials were prepared by adding 50 mM
sodium phosphate buffer, pH 7.8 (up to 900 ml), and (NH4)2SO4 (up to 25 mM
NH41). The vials were sealed with Teflon-lined silicone stoppers (Alltech Asso-
ciates Inc., Deerfield, Ill.), and various volumes of TCE-saturated buffer (up to
900 ml) were added. The vials were placed inverted in a shaking water bath (308C,
150 rpm) for 5 min to allow an equilibrium distribution of TCE between the gas
and liquid phases to be established. The reactions were initiated by the addition
of cells (100 ml; approximately 2 mg of protein) to yield a final reaction volume
of 1 ml. The vials were then returned to the shaking water bath. After 10 min, the
vials were removed and a sample of the reaction medium (900 ml) was added to
a microcentrifuge tube (1.5 ml) and centrifuged for 30 s (14,000 3 g). A sample
(750 ml) of the resulting supernatant was removed and stored at 48C for subse-
quent analysis for nitrite and chloride ions. The remaining supernatant was
decanted, and the cell pellet was quickly resuspended in fresh buffer (1 ml). The
cells were sedimented again by centrifugation and were then resuspended in
fresh buffer (200 ml). The washed cells were stored at 48C in the dark until
analysis for residual ammonia and hydrazine-dependent O2 uptake activity, as
described above. The ammonia-dependent activities of cells stored in this way
remained constant for at least 3 h.
Inactivation of ammonia-oxidizing activity by light. The ammonia-oxidizing

activity in cells was selectively inactivated by light, as described previously (19).
In summary, a fresh cell suspension (50 ml at approximately 0.2 mg of protein per
ml) in sodium phosphate buffer was added to a 160-ml glass serum vial mounted
on an orbital shaker (200 rpm). The cells were illuminated by a 500-W tungsten-
halogen projector bulb at a distance of 30 cm. After various periods of illumi-
nation, samples (5 ml) were removed from the vial. The residual ammonia-
dependent O2 uptake activity was determined by using an aliquot (200 ml) of this
sample added directly to the oxygen electrode chamber. The remainder of the
sample was stored at 48C in the dark. The residual ammonia- and hydrazine-
oxidizing activities of cells stored in this way remained constant for at least 3 h
(data not shown). Once all the samples had been prepared, the cells were
sedimented by centrifugation (10,0003 g for 10 min). The sedimented cells were
then resuspended in 1 ml of sodium phosphate buffer and were used for further
experiments within 1 h.
Nitrite, chloride, and protein assays. The nitrite level was determined colori-

metrically as described previously (17). The chloride level was determined colo-
rimetrically as described previously (5). Protein concentrations were determined
by the biuret assay (16) after solubilization of cell protein in aqueous 3 N NaOH
(30 min at 608C) and sedimentation of insoluble material by centrifugation
(14,000 3 g, 5 min).

RESULTS

Inhibition of ammonia-oxidizing activity by TCE. The ef-
fects of inhibitors of ammonia oxidation can be observed con-
tinuously and nearly instantaneously by monitoring NH4

1-de-
pendent O2 uptake with an O2 electrode. A typical response of
cells to the addition of a range of TCE concentrations during
steady-state ammonia oxidation is shown in Fig. 1. The elec-
trode traces can be separated into three phases. First, the
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addition of NH4Cl (10 mM) to the reaction mixture resulted in
a steady rate of O2 uptake. Second, the addition of TCE (up to
184 mM) resulted in an immediate decrease in the rate of O2
uptake. The extent of the decrease was dependent on the TCE
concentration, and this effect represents an immediate inhibi-
tory effect of TCE on ammonia-oxidizing activity. The third
phase was characterized by a progressive loss of the remaining
ammonia-dependent O2 uptake activity. This phase represents
the time-dependent inactivation of ammonia-oxidizing activity
which occurs as a result of the cometabolic oxidation of TCE
by AMO. The rate of decrease in the O2 uptake activity was
also dependent on the TCE concentration present during the
incubation.
The effects of a range of TCE concentrations on ammonia-

dependent O2 uptake rates were examined to estimate the
effectiveness of TCE as a rapid-equilibrium inhibitor of am-
monia oxidation. Rates of ammonia-dependent O2 uptake
were measured for cells incubated in the presence of 1, 2.5, or
10 mM NH4Cl. TCE was added to the electrode chamber at
several concentrations up to 184 mM. The O2 uptake traces
obtained in the presence of TCE were nonlinear (Fig. 1),
thereby preventing a direct measurement of the initial inhibi-
tory effect of TCE. To estimate the initial inhibitory effect, the
residual rates of O2 uptake were determined at 1-min intervals
after the addition of TCE. When these rates were plotted in
semilog form versus time, the plots were nearly linear (R2 $
0.983) but did not extrapolate to 100% activity at time zero.
The initial inhibitory effect of each TCE concentration was
then determined by extrapolating the semilog plots to time
zero and calculating the difference between the initial activity
(100%) and the extrapolated initial activity. The reciprocals of
these extrapolated TCE-inhibited rates of ammonia-depen-
dent O2 uptake versus the concentration of TCE added to the
reaction mixture were plotted in a Dixon plot (Fig. 2). The plot
shows that increasing concentrations of TCE led to increased
inhibition of O2 uptake for cells incubated with all concentra-
tions of NH4Cl. The intercept in the upper left-hand quadrant
of Fig. 2 is characteristic of a competitive interaction (6), and
this plot provides an estimate of the Ki for TCE of 30 mM.
Inactivation of ammonia- and hydroxylamine-oxidizing ac-

tivity by TCE. The inactivation of ammonia-oxidizing activity
resulting from TCE oxidation was quantified by two separate
approaches. In one approach, cells were first exposed to TCE
for 10 min. The cells were washed to remove the TCE, and

then residual ammonia- and hydrazine-oxidizing activities were
determined. Both ammonia- and hydrazine-oxidizing activities
were inactivated during the exposure to TCE, although the
extents of the inactivation were different for the two activities
(Fig. 3A). The inactivation of ammonia-oxidizing activity was
dependent on the TCE concentration, and greater than 95% of
the activity was lost in the presence of 4.2 mmol of TCE (1.15
mM TCE in solution) during the 10-min incubation. In con-
trast, HAO-dependent hydrazine-oxidizing activity was inacti-
vated by approximately 50% in the presence of 0.21 mmol of
TCE (57.5 mM TCE in solution) but the residual activity
changed very little with further additions of up to 7.6 mmol of
TCE (2.08 mM TCE in solution). However, not all of the
inactivation of HAO-dependent hydrazine-oxidizing activity
was dependent on the presence of active AMO or TCE oxida-
tion. Treatment of cells with acetylene results in the complete
inactivation of ammonia-oxidizing activity without effects on

FIG. 1. Ammonium-dependent O2 uptake by N. europaea in the presence of TCE. O2 uptake was monitored as described in Materials and Methods. The numbers
next to each trace indicate the times of addition of ammonia (added as NH4Cl, 10 mM) (addition 1), cells (40 mg of protein) (addition 2), and TCE (addition 3). TCE
was added in the traces to the final concentrations indicated in parentheses: trace A (0 mM), trace B (23 mM), trace C (46 mM), trace D (92 mM), and trace E (184
mM).

FIG. 2. Competitive inhibition of NH41-dependent O2 uptake by TCE. O2
uptake was monitored as described in Materials and Methods. The rates of O2
uptake immediately after the addition of TCE were determined as described in
Results. The reciprocal of the extrapolated rate of NH41-dependent O2 uptake
immediately after the addition of TCE is plotted against the concentration of
TCE added to cells incubated with 1 mM (E), 2.5 mM (å), and 10 mM (F)
NH41. v, rate of NH41-dependent O2 uptake.
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hydrazine-oxidizing activity (24). When acetylene-treated cells
were incubated with TCE, hydrazine-dependent O2 uptake
activity was inactivated although the extent of inactivation was
proportional to the concentration of TCE (Fig. 3A).
The experimental approach described above allowed the

relationship between TCE degradation and inactivation of am-
monia-oxidizing activity to be quantified. The amounts of chlo-
ride and nitrite ions produced during each of the incubations
described in Fig. 3A are shown in Fig. 3B. Chloride ion release
resulting from TCE oxidation was directly associated with the
extent of loss of ammonia-oxidizing activity. No further chlo-
ride ion release was observed after ammonia-oxidizing activity
was completely (.95%) inactivated. The results in Fig. 3B also
demonstrate that increasing concentrations of TCE led to a
concomitant decrease in the amount of nitrite ions generated
from ammonia. No nitrite or chloride ions were observed for
the same incubation conditions with acetylene-treated cells
(data not shown). Together, these observations indicate that all
chloride ion release from TCE is due to ammonia-oxidizing
activity. Accordingly, the amount of chloride ions released
after ammonia-oxidizing activity is completely inactivated re-
flects the maximum quantity of TCE that can be degraded by

cells during these short-term incubations. Assuming that TCE
is completely dehalogenated (32), the N. europaea cells used in
this experiment oxidized 58 nmol of TCE per mg of protein
before complete inactivation of ammonia-oxidizing activity.
The amount of TCE required to inactivate AMO should

vary with the total amount of AMO present in a given cell mass
(i.e., the specific AMO activity), and the specific AMO activity
of cells is dependent on factors such as the phase of the growth
cycle when the cells were harvested. Indeed, the amount of
TCE oxidation required to fully inactivate AMO varied from
30 nmol of TCE per mg of protein for cells harvested in late
stationary phase, with low specific rates of ammonia-oxidizing
activity, to 105 nmol of TCE per mg of protein for cells har-
vested during logarithmic growth which exhibited high specific
rates of ammonia-oxidizing activity.
A further experiment was conducted to confirm that a direct

relationship exists between the level of ammonia-oxidizing ac-
tivity and the amount of TCE which can be oxidized before all
ammonia-oxidizing activity is inactivated. The ammonia-oxi-
dizing activity of cells was decreased by known amounts by
illuminating the cells with light from a projector bulb. Light is
a specific inactivator of AMO activity (19), and the time-de-
pendent effects of light can be stopped by simply removing the
source of illumination. Cells with various specific ammonia-
oxidizing activities generated by illumination were incubated
for 10 min with sufficient TCE to completely inactivate
(.99%) the remaining ammonia-oxidizing activity. Chloride
ion release from TCE oxidation was then determined. The
results of this experiment (Fig. 4) confirm that there is a linear
relationship (R2 5 0.987) between the level of TCE-dependent
chloride ion release and the level of ammonia-oxidizing activity
remaining after light inactivation. In this experiment, nonillu-
minated control cells oxidized 63 nmol of TCE per mg of
protein prior to complete inactivation of ammonia-oxidizing
activity.
Additional experiments similar to those described in the

FIG. 3. Inactivation of ammonia- and hydrazine-oxidizing activities after ex-
posure of cells to TCE. Cells were exposed to TCE, and O2 uptake measure-
ments were made as described in Materials and Methods. (A) Residual NH41-
dependent (circles) and hydrazine-dependent (squares) O2 uptake rates for
active (E and h) and acetylene-treated (1% [vol/vol] for 30 min) (F and ■) cells
incubated with NH41 (5 mM) and the indicated amounts of TCE. (B) Amounts
of nitrite (F) and chloride (E) ions generated in the same incubation conditions
with active cells.

FIG. 4. TCE-dependent chloride ion release by cells after treatment with
light. Ammonia-oxidizing activity in cells was inactivated to various degrees by
exposing cells to light from a projector bulb. The residual ammonia- and hydra-
zine-dependent O2 uptake activities were then determined, as described in Ma-
terials and Methods. The cells were then incubated in 1-ml reaction volumes (see
Materials and Methods) in the presence of 4.2 mmol of TCE (1.15 mM TCE in
solution). After a 10-min incubation, the cells were harvested from the TCE-
containing incubation mixtures and the supernatant was analyzed for the pres-
ence of chloride ions. Complete inactivation of ammonia-dependent O2 uptake
activity was confirmed by O2 uptake measurements. The amount of TCE-depen-
dent chloride ion released is plotted against the residual ammonia-dependent O2
uptake activity after treatment of the cells with light.
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legend to Fig. 3 were also conducted to examine whether the
presence of ammonia protected the cells against TCE-depen-
dent inactivation of ammonia-oxidizing activity. Cells were ex-
posed for 10 min to one of two initial quantities of TCE (0.21
or 0.84 mmol [58 or 232 mM in solution, respectively]) in the
presence of various concentrations of (NH4)2SO4 (0 to 12.5
mM). The cells were then washed to remove the TCE and were
assayed for residual ammonia-oxidizing activity. The results
(Fig. 5) show that the maximal extent of TCE-dependent in-
activation of ammonia-oxidizing activity occurred in the pres-
ence of 2.5 mM NH4

1. Only slightly less inactivation was
observed at lower and higher NH4

1 concentrations. The same
trend was confirmed by examining the quantity of chloride ions
released during each incubation (data not shown).
The recovery of ammonia-oxidizing activity in TCE-treated

cells. The third response of cells to TCE cometabolism con-
sidered in this study was the rate of recovery of ammonia-
oxidizing activity after the exposure of cells to TCE. Cells in
which ammonia- and hydrazine-oxidizing activities have been
partially inactivated by TCE cometabolism can fully recover
ammonia-dependent nitrite-generating activity over the course
of several hours (19, 32). This recovery of enzyme activity is
inhibited by both rifampin and chloramphenicol and is there-
fore thought to involve de novo protein synthesis (19, 32). In
this study, we compared the rate of recovery of ammonia-
oxidizing activity for cells treated with TCE and that for cells
treated with light. This experiment enabled us to compare the
effects of an AMO-specific inactivating treatment (light inac-
tivation) with the less-specific effects resulting from TCE co-
metabolism.
Ammonia-oxidizing activity in cells was inactivated to vari-

ous degrees by exposure to either TCE (as for Fig. 3) or light
(as for Fig. 4). The cells were then washed before being inoc-
ulated into fresh medium. The time-dependent accumulation
of nitrite in the medium was monitored and was used as an
estimate of the extent of recovery of ammonia-oxidizing activ-
ity. The results indicate that even cells in which ammonia-
oxidizing activity had been completely inactivated with light
(Fig. 6A) were able to fully recover ammonia-dependent ni-
trite-generating activity within 4 h. In contrast, TCE-treated
cells showed a more complex behavior. At the low levels of
inactivation of ammonia-oxidizing activity, TCE-treated cells
were able to recover quickly. However, with increased levels of
inactivation the rate of recovery was much lower than that for

light-inactivated cells. A direct comparison of the effects of
light and TCE treatment is provided by comparing the times
taken for each treatment to generate a fixed concentration of
nitrite (1 mM) in the reaction medium. An example of this
analysis is shown in Fig. 6C. These results demonstrate that the

FIG. 5. Effect of NH41 concentration on inactivation of ammonia-oxidizing
activity by TCE. Cells were exposed to TCE, and O2 uptake measurements were
made as described in Materials and Methods. The figure shows the residual
NH41-dependent O2 uptake rates for cells incubated for 10 min with 0.21 (E)
and 0.84 (F) mmol of TCE (57.5 and 230 mM TCE in solution, respectively) in
the presence of the indicated concentrations of NH41.

FIG. 6. Time course for recovery of ammonia-oxidizing activity in cells after
treatment with TCE or light. Ammonia-oxidizing activity in cells was inactivated
to various extents by TCE (as for the experiment for Fig. 3) and light (as for that
for Fig. 4), as described in Materials and Methods. The inactivated cells were
then washed and were added to 20 ml of growth medium containing 50 mM
NH41 in 75-ml glass flasks at a protein concentration of 290 mg/ml. (A) Time
course of nitrite accumulation in the medium for cells with 100 (1), 59.1 (Ç),
45.5 (å), 22.7 (E), 16 (F), 3.4 (h), and 0 (■)% residual NH41-dependent O2
uptake remaining after treatment with light. (B) Time course of nitrite accumu-
lation in the medium for cells with 100 (1), 82.5 (Ç), 61.2 (å), 40 (E), 20 (F),
5.8 (h), and 3.2 (■)% residual NH41-dependent O2 uptake remaining after
treatment with TCE. (C) Plot of the time taken for cells treated with light (F)
and TCE (E) to generate 1 mM nitrite versus the initial extent of inactivation of
NH41-dependent O2 uptake activity.
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rates of recovery for cells inactivated up to approximately 40%
by light and TCE were equivalent. However, at elevated levels
of inactivation there was an increasing disparity between the
faster recovery from light inactivation and the slower recovery
from TCE-dependent inactivation.

DISCUSSION

The data presented in this study have aimed to separate and
quantify three important components of the response of N.
europaea to the cometabolism of TCE. The three effects we
have considered are (i) the inhibition of ammonia-oxidizing
activity by TCE, (ii) the inactivation of ammonia-oxidizing
activity by TCE, and (iii) the recovery of ammonia-oxidizing
activity after the exposure of cells to TCE. These effects are
discussed individually below.
(i) Inhibition of ammonia-oxidizing activity by TCE. Our

results (Fig. 2) indicate that TCE is a competitive inhibitor of
ammonia oxidation by N. europaea. The detection of compet-
itive inhibition by TCE is surprising, since most C2 compounds
examined exhibit noncompetitive inhibition of ammonia oxi-
dation (26) and only two alternative AMO substrates, methane
(22) and ethylene (23), exhibit classical competitive behavior.
Some of these unusual characteristics of TCE might be ex-
plained by the apparently high affinity AMO has for this com-
pound. For example, the Ki for TCE (30 mM) we have esti-
mated is low compared with those for the other alternative
substrates known for AMO (22, 23, 26) and is similar to the Km
for NH3 (approximately 40 mM) for AMO in whole cells (22).
In the special case that a competitive inhibitor of an enzyme is
also a substrate for that enzyme, the Ki for the compound as an
inhibitor is the equivalent of the Km for that compound as a
substrate (6). This result indicates that the Km for TCE for
AMO is almost equivalent to that for the enzyme’s natural
substrate, ammonia. These close values may partly explain the
limited protective effect which ammonia provides cells against
inactivation of ammonia-oxidizing activity by TCE.
The Ki for TCE for N. europaea is comparable to the values

obtained with other TCE-cometabolizing bacteria and en-
zymes. Fox et al. (15) determined a Km of 35 mM for TCE for
the purified soluble methane monooxygenase obtained from
Methylosinus trichosporium OB3b, and a Km for TCE of 145 6
61 mM (29) was obtained with methanotroph cultures. The
lowest Ki for TCE so far determined, 3 mM, was observed with
toluene-oxidizing bacteria (14).
(ii) Inactivation of ammonia-oxidizing activity by TCE. In

this study, we have demonstrated that chloride ion release
from TCE oxidation is a saturable process and that it is closely
associated with a TCE-dependent inactivation of ammonia-
oxidizing activity. The quantitative measurement of chloride
ion release from TCE has enabled us to calculate the amount
of TCE which N. europaea can oxidize before ammonia-oxi-
dizing activity is completely inactivated. For the majority of
cells used in this study, these values were near 60 nmol/mg of
protein.
It is important to consider three assumptions inherent in our

calculations. First, the quantity of TCE oxidation required to
inactivate ammonia-oxidizing activity can change as a function
of the growth stage of the cells. We have measured values as
high as 105 nmol of TCE per mg of protein, but values ob-
tained for batch cells grown to early stationary phase averaged
60 nmol of TCE per mg of protein. These differences probably
reflect changes in the actual amounts of active AMO per cell
rather than changes in the number of active cells (19).
The second important assumption we have made is that

three chlorine atoms are released as chloride ions after oxida-

tion of each TCE molecule. A stoichiometry of three chloride
ions released for each TCE molecule degraded has been dem-
onstrated for N. europaea (32). However, the generation of
incompletely dechlorinated products would increase the max-
imal amount of TCE which is transformable by resting cells.
The third assumption we have made is that de novo protein
synthesis (recovery) does not occur to any significant extent
during the short-term (10-min) incubations of cells with TCE.
A lack of de novo protein synthesis under these conditions
indicates that our estimate of the TCE-degrading capability of
N. europaea should be regarded as the minimum amount of
TCE degradation which can be achieved by a fixed amount of
bacteria.
The TCE-degrading capability of N. europaea discussed

above has some similarity to the ‘‘transformation capacity’’ for
TCE degradation by methanotrophic bacteria (2). This capac-
ity was most recently defined as the maximum mass of come-
tabolized compound (contaminant) that can be transformed
per unit of mass of resting cells (3). There are, however, sig-
nificant differences between the assumptions and calculations
involved in determining the two values. For example, our value
is based on the amount of TCE which can be degraded by
nongrowing cells during short-term incubations. In contrast,
the transformation capacity for methanotrophs is usually de-
termined in longer-term incubations (3 h) in the presence of
formate as an electron donor (3). These incubation conditions
may allow cells to replace a significant portion of TCE-inacti-
vated methane monooxygenase activity through de novo pro-
tein synthesis.
In this study, we have also observed that ammonium con-

centration has little effect on the extent of TCE-dependent
inactivation of ammonia-oxidizing activity (Fig. 5). This result
is in contrast to the strong protective effect that ammonium
provides against inactivation of AMO by other competitive
inactivators such as acetylene (24). The reason why increased
ammonium concentration does not prevent TCE-dependent
inactivation is not fully apparent. The most significant practical
aspect of this observation is that the extent of TCE-dependent
inactivation cannot be controlled by manipulation of ammo-
nium concentration and is therefore almost solely determined
by TCE concentration and the rate of TCE oxidation.
(iii) Recovery of ammonia-oxidizing activity after exposure

of N. europaea to TCE. The third effect we have examined in
relation to TCE cometabolism by N. europaea is the ability of
cells to recover from the inactivating effects resulting from
TCE oxidation. In a previous study, we have shown that the
recovery of ammonia-oxidizing activity after light inactivation
requires de novo protein synthesis. The high rate of recovery
relative to the long generation time of these microorganisms (8
to 12 h) and the lack of an increase in either HAO-dependent
hydrazine-oxidizing activity or protein concentration during
these recovery experiments (19) suggest that this recovery pro-
cess is due to resynthesis of new proteins within preexisting
cells rather than uncharacteristically rapid division of a subset
of noninactivated cells (19). Furthermore, we have also estab-
lished that the rate of nitrite generation is an accurate measure
of the quantity of active AMO present in cells recovering from
inactivating treatments (19). In the present study, we have
extended these observations and have demonstrated that the
rate of recovery from either light- or TCE-dependent inacti-
vation of ammonia-oxidizing activity is dependent on the initial
level of inactivation of ammonia-oxidizing activity (Fig. 6). In
summary, these data demonstrate that a greater extent of in-
activation of ammonia-oxidizing activity entails a longer recov-
ery phase. However, it is difficult to establish a quantitative
measurement of the complex recovery process from our data
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because the kinetics are independently influenced by several
factors. The two most important factors are discussed below.
The first factor influencing the rate of recovery is the extent

of inactivation of ammonia-oxidizing activity. We have already
established that recovery from both TCE inactivation and light
inactivation of ammonia-oxidizing activity is dependent on
protein synthesis (19, 32). Protein synthesis is energy intensive,
and ammonia oxidation is the primary and most significant
source of energy available to N. europaea for biosynthetic pur-
poses. It follows that an inverse relationship should exist be-
tween the energy-generating capacity, measured as residual
ammonia-oxidizing activity, and the observed rate of recovery
of inactivated ammonia-oxidizing activity. This relationship is
confirmed by our data, which demonstrate that cells with the
greatest loss of ammonia-oxidizing activity exhibit the lowest
rate of recovery of nitrite-generating activity (Fig. 6A). A fur-
ther important point is that the rate of recovery should not be
constant over time. As more proteins required to reestablish
ammonia-oxidizing activity are synthesized, the capacity for
energy generation should increase and the subsequent rate of
recovery should also increase. This effect is also confirmed by
our data. In the limiting case in which complete inactivation of
ammonia-oxidizing activity has occurred, the only initial source
of energy for protein synthesis is respiration supported by the
oxidation of endogenous energy reserves. Although these en-
dogenous energy sources are limited, even a low level of de
novo synthesis of proteins required to reinstate ammonia-oxi-
dizing activity will facilitate ATP synthesis, which in turn will
power further synthesis of required proteins.
The second factor is the number of cellular constituents

which must be resynthesized before full recovery of ammonia-
oxidizing activity can be achieved. We have previously demon-
strated that the inactivating effects of light are directed solely
at AMO (19) and that the recovery from light inactivation of
AMO requires the de novo synthesis of a limited number of
polypeptides, including the 27-kDa active site-containing
polypeptide of AMO (19). In contrast, we have also previously
shown that numerous polypeptides, in addition to the 27-kDa
polypeptide, are covalently radiolabeled after exposure of ac-
tive cells of N. europaea to [14C]TCE (32). These data com-
plement our current kinetic data which suggest that in addition
to AMO, other enzymes (e.g., HAO) are inactivated during the
short-term exposures to high concentrations of TCE. Taken
together, these results suggest that full recovery from TCE
inactivation requires the resynthesis of a larger number of
proteins than that required to recover from light-dependent
inactivation of AMO. Given that the rate of protein synthesis
is limited by the rate of energy generation (either from ammo-
nia oxidation or endogenous substrates), then the rate of re-
covery will also be influenced by the number of proteins which
need to be resynthesized to fully reinstate the original ammo-
nia-oxidizing activity. Accordingly, we would expect TCE-in-
activated cells to recover at a lower rate than light inactivated
cells. This effect is also confirmed in our experiments (Fig. 6C)
and is most noticeable when TCE-dependent inactivation of
AMO is greater than 60% of the original activity. The increas-
ing disparity between the rates of recovery of TCE- and light-
inactivated cells as a function of the extent of inactivation of
ammonia-oxidizing activity may reflect the differing energy re-
quirements for full recovery from each inactivating treatment.
A final important consideration concerning recovery of am-

monia-oxidizing activity is that resynthesis of the components
required for ammonia-oxidizing activity could significantly in-
crease the total amount of TCE oxidation possible by a given
quantity of cells. Our current estimate of the amount of TCE
that can be degraded by N. europaea prior to complete inacti-

vation of ammonia-oxidizing activity is based on a single expo-
sure to TCE. However, one approach to increasing the amount
of TCE degraded by each cell would be to expose cells to TCE
and then allow these cells to resynthesize the inactivated com-
ponents required for ammonia-oxidizing activity before again
exposing the cells to TCE. When TCE degradation capabilities
are calculated on the basis of total protein, then any recovery
of TCE-degrading capability (without an increase in total bio-
mass) will result in an increase in the estimate of TCE that can
be degraded by a given mass of cells. An alternative approach
would be to establish a steady-state reaction in which the rate
of inactivation of ammonia-oxidizing activity equals the rate of
protein resynthesis. To achieve this would require a carefully
balanced mixture of TCE and ammonia and would probably be
most successful in resting cells whose maximal diversion of
energy could be directed into continuous TCE oxidation and
cellular repair rather than cell growth and division. The data
presented here do not allow prediction of this optimum mix-
ture and would require longer-term experiments conducted
under steady-state conditions with considerably reduced con-
centrations of TCE. Experimental results and the development
and testing of a predictive mathematical model for the re-
sponses of cells of N. europaea to TCE under quasi-steady-
state conditions have been conducted and are described in full
elsewhere (9, 10).
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