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The inhibitory effects of nitrate (NO,~) and nitrite (NO,™) on dissimilatory iron (Fe3*) reduction were
examined in a series of electron acceptor competition experiments using Shewanella putrefaciens 200 as a model
iron-reducing microorganism. S. putrefaciens 200 was found to express low-rate nitrate reductase, nitrite
reductase, and ferrireductase activity after growth under highly aerobic conditions and greatly elevated rates
of each reductase activity after growth under microaerobic conditions. The effects of NO;~ and NO,™ on the
Fe** reduction activity of both aerobically and microaerobically grown cells appeared to follow a consistent
pattern; in the presence of Fe** and either NO,~ or NO, ™, dissimilatory Fe** and nitrogen oxide reduction
occurred simultaneously. Nitrogen oxide reduction was not affected by the presence of Fe>*, suggesting that S.
putrefaciens 200 expressed a set of at least three physiologically distinct terminal reductases that served as
electron donors to NO;~, NO, ™, and Fe**. However, Fe*>* reduction was partially inhibited by the presence
of either NO;~ or NO,™. An in situ ferrozine assay was used to distinguish the biological and chemical
components of the observed inhibitory effects. Rate data indicated that neither NO;~ nor NO,™ acted as a
chemical oxidant of bacterially produced Fe?**. In addition, the decrease in Fe>* reduction activity observed
in the presence of both NO;~ and NO, ™ was identical to the decrease observed in the presence of NO,™ alone.
These results suggest that bacterially produced NO, ~ is responsible for inhibiting electron transport to Fe>*.

The physiological role of nitrate reductase in dissimilatory
iron reduction has been a matter of controversy since Ottow
(13) first proposed that nitrate reductase could serve as an
electron donor for both nitrate (NO, ™) and ferric iron (Fe3*).
Several previous studies (12, 14, 20) demonstrated an appar-
ent inhibitory effect of NO,~ on the Fe** reduction activity
of a variety of microorganisms grown under laboratory
conditions. Ottow (13) suggested that nitrate reductase could
transfer electrons to either NO;~ or Fe** but would prefer-
entially utilize NO; ™ in the presence of both oxidants. Thus,
the lack of Fe** reduction activity was apparently due to
competitive inhibition by NO;~. Subsequently, several in-
vestigators hypothesized that NO,~ inhibition of Fe3** re-
ductase activity was primarily the result of secondary (i.e.,
postreduction) chemical reoxidation of bacterially produced
ferrous iron (Fe?*) by nitrite (NO,™) (6, 11).

Difficulty in segarating the biological and chemical com-
ponents of the Fe>* reduction process is generally attributed
to the high redox activity of iron salts at neutral pH (3, 19).
For example, Fe** is reduced chemically by a variety of
organic and inorganic compounds (e.g., ascorbate, phenols,
and sulfides), whereas Fe?* is oxidized chemically by a
number of inorganic compounds, most notably molecular
oxygen (O,), manganese oxide [MnO, (s)], and NO,™ (4, 9,
19).

The present study was undertaken to clarify the physio-
logical relationship between the dissimilatory reduction of
NO,~, NO,™, and Fe** and to determine whether the
inhibitory effect of NO;~ on Fe3* reduction was due to
competitive inhibition by NO,~ or to chemical reoxidation
of bacterially produced Fe** by NO,”. To meet these
objectives, a series of electron acceptor competition exper-
iments were conducted in which Fe** and either NO;~ or
NO, ™ were provided simultaneously to a model microorgan-
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ism and the respective electron acceptor reduction activities
were determined. An in situ Fe?* production assay was used
to minimize the effects of nitrogen oxide-catalyzed Fe?*
oxidation and to allow comparison of the biological and
chemical components of the Fe** reduction process. S.
Dputrefaciens 200 was chosen as a model microorganism for
this study; it was selected largely because of its ability to
reduce a wide range of terminal electron acceptors, including
0,, Fe®*,NO,~, and NO,™ (11, 15, 16). Results from earlier
competition experiments with S. putrefaciens 200 demon-
strated that the inhibitory effects of O, on Fe** reduction
activity were due to preferential channeling of electrons to
0, (2), whereas the inhibitory effects of NO;~ on Fe**
reduction activity were due to chemical reoxidation of
bacterially produced Fe** by the product of NO;~ reduc-
tion, NO,~ (11). Here, such competition experiments are
extended to include Fe** and either NO;~ or NO, ™. Results
presented here show that, although NO,™ is responsible for
inhibiting Fe®* reduction activity, NO, -catalyzed Fe**
oxidation is not a major factor contributing to the observed
inhibition pattern.

MATERIALS AND METHODS

Bacterial strain and growth conditions. S. putrefaciens 200
was obtained from D. W. S. Westlake, University of Al-
berta, Edmonton, Alberta, Canada. Growth medium con-
sisted of a semidefined lactate medium as described previ-
ously (10). The electron acceptor competition experiments
described below were conducted with batch cultures of S.
putrefaciens 200 grown in a l-liter double-jacketed glass
reactor vessel. The vessel was fitted with a stainless steel
headplate containing a variety of ports designed to accom-
modate electrode insertion, sample withdrawal, and reagent
addition. The temperature was held constant at 30°C by
pumping water from a constant-temperature bath through
the outer jacket. Dissolved oxygen content and pH were
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FIG. 1. Experimental design of Fe3*-nitrogen oxide electron acceptor competition experiments (see Materials and Methods for a detailed

description).

monitored with an O, sensor (Ingold Electrodes, Inc.) and
pH probe (Orion Research, Inc.), respectively. Compressed
air and high-purity N, (g) were introduced through glass
spargers inserted through the headplate. The culture pH (7.0
+ (.1) was maintained by manual injection of either 10 N
NaOH or 10 N H,SO,. Agitation was accomplished by
means of a magnetic stir bar.

Experimental design. The experimental procedure fol-
lowed during the electron acceptor competition experiments
is given schematically in Fig. 1. Two sets of kinetic experi-
ments, differing solely in the dissolved oxygen concentration
maintained during batch growth, were conducted to deter-
mine the effects of NO,~ and NO,~ on the Fe** reduction
activity of S. putrefaciens 200. In the first set, cells were
grown in batch culture under highly aerobic conditions
(>90% air-saturated medium throughout the growth period),
whereas in the second set cells were grown in batch culture
under microaerobic conditions (<1% air-saturated medium
during the last 4 h of growth). Four electron acceptor
competition experiments were subsequently conducted with
the batch cultures grown under either oxygen condition;
equimolar concentrations of a nitrogen oxide (either KNO;
[15 mM, except where noted] or KNO, [3 mM]) and an Fe**
substrate (either Fe*-chloride or Fe3*-citrate) were sequen-
tially added to each batch, and the concentrations of Fe?*
and NO,~ were monitored for a period of 60 to 80 min after
electron acceptor addition. Each electron acceptor was
added from a freshly prepared stock solution. Fe**-chloride
and Fe3*-citrate stocks were neutralized with 10 N NaOH
before addition. To determine the relative contribution of
NO, -catalyzed chemical reoxidation of bacterially pro-
duced Fe?* to the apparent inhibition of Fe** reduction
activity, each of the four electron acceptor competition
experiments was run in duplicate. In the first run, bacterially
produced Fe®* was allowed to react chemically with the
nitrogen oxides (and their reduced forms, if any); aliquots
were withdrawn and immediately tested for the presence of
Fe?* and NO,~ (see Chemical Analyses, below). In the

second run, an in situ ferrozine assay (see Chemical Analy-
ses, below) was used to detect bacterially produced Fe**
(i.e., before NO, -catalyzed Fe>* oxidation could occur).

Growth was initiated in each batch by adding 2.0 ml of a
dense overnight bacterial culture to the growth medium and
monitored by periodic measurement of the optical density at
600 nm. When highly aerobic conditions were required
during growth, compressed air (filter sterilized) was bubbled
in vigorously throughout the growth period; when microaer-
obic conditions were required during growth, high-purity N,
(g) and compressed air were trickled in at low rates to
maintain dissolved oxygen concentrations at less than 1% air
saturation. When a target optical density was reached (opti-
cal density at 600 nm of 0.25), chloramphenicol was added to
0.25 mM. Cultures grown under microaerobic conditions
were immediately sparged with N, to avoid possible inacti-
vation of the ferrireductase, nitrate reductase, or nitrite
reductase activity by O, (5). A separate experiment was
conducted to determine the O, utilization rate of cells grown
under microaerobic conditions. For cultures grown under
highly aerobic conditions, O, utilization rates were deter-
mined immediately after chloramphenicol addition by mon-
itoring the time-dependent oxygen profile for S min. Residual
oxygen was subsequently purged from the reactor vessel
with high-purity N, (g).

The Fe** and NO,~ production rates detected in the
electron acceptor competition experiments were compared
to those rates detected in a series of biotic control experi-
ments. The biotic control experiments consisted of measur-
ing the rate at which O,, NO,~, NO,~, Fe**-citrate, and
Fe*-chloride were reduced when each was provided as the
sole electron acceptor to batch cultures grown under either
oxygen condition. In the cases of O,, NO;~ (microaerobi-
cally grown cells only), and NO, ™, the reduction rates were
determined by measuring the rate at which each electron
acceptor was depleted. In the case of NO,;™ reduction by
aerobically grown cells, the NO; ™ reduction rate was deter-
mined by measuring the rate of both NO;~ depletion and
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NO, " production. In the cases of Fe*>*-chloride and Fe3*-
citrate, the reduction rates were determined by measuring
the rate of Fe?* production. Anaerobic conditions were
maintained throughout the time course of each experiment.
Total cellular protein was determined by the method of
Lowry et al. (7).

To determine the rate of abiotic reduction of each electron
acceptor, Fe**-citrate, Fe**-chloride, NO,~, and NO,~
were added to separate 1-liter batches of autoclaved, N,-
sparged growth medium and the concentration of Fe?* or
NO,™ was monitored for a period of 60 to 90 min.

To examine more closely the ability of NO;~ and NO, ™~ to
act as chemical oxidants of Fe?*, two series of abiotic
oxidation control experiments were conducted. In the first
series, 50 pM Fe?* (as FeCl, - 4H,0) and either KNO; (15
mM) or KNO, (3 mM) were added to 1-liter batches of
autoclaved, N,-sparged growth medium (30°C) and the con-
centration of Fe“* was monitored for a period of 60 to 90
min. In the second series of abiotic oxidation control exper-
iments, an Fe>* substrate (either Fe*>*-chloride [15 mM] or
Fe?*-citrate [15 mM]) was included in the autoclaved, 1-liter
batch of N,-sparged growth medium along with 50 M Fe**
and a nitrogen oxide (either KNO, [15 mM] or KNO, [3
mM]) and the concentration of Fe** was monitored for a
period of 60 to 90 min.

Chemical analyses. (i) Iron. Each electron acceptor com-
petition experiment was run in duplicate. In the first run, the
electron acceptors (and their reduced forms, if any) were
allowed to react chemically in the liquid culture. Samples
were withdrawn at preselected time intervals, and the Fe?*
concentration was monitored by the ferrozine extraction
method (17, 18). In the second run, ferrozine (to 8 mM) was
added directly to the liquid culture prior to electron acceptor
addition. This technique permitted detection of Fe?* pro-
duction in situ and was used to eliminate the effects of
chemical reoxidation of Fe?* by NO,~. Previous studies
demonstrated that the magenta Tris complex between Fe?*
and ferrozine forms on a time scale faster than that of Fe?*
reoxidation (2, 17). When the in situ ferrozine assay was
used, samples were withdrawn at preselected time intervals
and immediately placed on ice. Each sample was centrifuged
at 12,000 x g for 2 min at 4°C, and the A4, was measured.
The absorbance of the ferrozine-Fe?* complex (es¢, = 2.8 X
10* M~* cm™") was measured on a Beckman DU-7 spectro-
photometer.

(ii) Nitrate. For determination of NO;~, 1-ml samples
were withdrawn at preselected time intervals and mi-
crofuged at 12,000 X g for 2 min at 4°C and the supernatant
was immediately placed at —20°C. NO;~ concentrations
were determined with an Alpkem RFA/2 Autoanalyzer (Alp-
kem Corp., Clackamas, Ore.).

(iii) Nitrite. For determination of NO,™, samples were
withdrawn at preselected time intervals and immediately
quenched in a sulfanilic acid-N-1-naphthylethylene-diamine
dihydrochloride solution (8). Each sample was held at room
temperature for 10 min to allow full color development.
Absorbance measurements (550 nm) were made on a Beck-
man DU-7 spectrophotometer (esso = 1.9 X 10* M~ cm™1).

RESULTS

Biotic controls. The rates of bacterially catalyzed electron
transport to O,, NO,~, NO,~, Fe**-citrate, and Fe3*-
chloride are listed in Table 1. The rates reported in Table 1
were corrected for abiotic electron acceptor reduction by
subtracting previously measured abiotic reduction rates (mi-
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TABLE 1. Rates of electron transfer to O,, NO;~, NO,7,
Fe3*-citrate, and Fe**-chloride by whole-cell
preparations of S. putrefaciens 200

Electron transfer rate after

growth at:
Electron Derepression
acceptor High O, tension Low O, tension factor?
(% of electron trans- (% of electron trans-
fer rate to 0,)* fer rate to 0,)*

0, 1,290 (100) 2,636 (100) 2
NO;~ 101¢ (8) 215 (8) 2
NO,~ 20 (2) 184 (6) 9
Fe3* citrate 57 (5) 1,054 (40) 19
Fe**-chloride 12 (1) 256/ (10) 21

2 Rates are expressed as nanomolar electrons per milligram of protein per
minute.

® High O, growth is 90 to 100% air-saturated medium during growth.

€ Low O, growth is 1% air-saturated medium during the last 4 h of growth.

4 Derepression factor is the ratio of the rate of electron transfer after growth
under microaerobic conditions to the rate of electron transfer after growth
under highly aerobic conditions.

¢ Rate of NO,~ production or NO,;~ depletion.

/ Initial rate of Fe>*-chloride reduction.

cromolar per minute) (NO,~, 0.00; NO,~, 0.03; Fe**-chlo-
ride, 0.03; Fe** citrate, 0.20) from the biotic reduction rate.
The corrected rates were then normalized on a per-mole
electron basis by assuming that a 4-mol electron transfer was
required to reduce each mole of O,, a 2-mol electron transfer
was required to reduce each mole of NO;™ or NO, ™, and a
1-mol electron transfer was required to reduce each mole of
Fe®*. After growth under highly aerobic conditions, S.
putrefaciens 200 expressed low-rate NO,;~ and NO,™ reduc-
tase activities and, as previously reported (1), low-rate
cytochrome oxidase and Fe3* reductase activities. After
growth under microaerobic conditions, each reductase ac-
tivity was expressed at a greatly elevated rate. The derepres-
sion factor determined for electron transfer to either O, or
NO;~ was approximately 2, whereas the derepression factor
determined for electron transfer to either Fe**-chloride or
Fe3* -citrate was approximately 20. The derepression factor
determined for electron transfer to NO, ™~ was approximately
9. Irrespective of the dissolved O, concentration maintained
during batch growth, the rate of electron transfer to Fe>*-
citrate was approximately four- to fivefold greater than the
rate of electron transfer to Fe>*-chloride. Aerobically grown
cells stoichiometrically converted NO;~ to NO,~ (data not
shown). Since NO,™ was toxic to aerobically grown cells at
concentrations greater than 4 mM (data not shown), NO,™
was provided at a final concentration of 3 mM during
Fe3*-NO,~ competition experiments.

Fe3*-nitrogen oxide electron acceptor competition experi-
ments using aerobically grown cells. Results of the Fe3*-
nitrogen oxide competition experiments using aerobically
grown cells are summarized in Table 2. The bacterially
catalyzed rates reported in Table 2 were corrected for abiotic
electron acceptor reduction (see text above for values)
before being normalized on a per-mole electron basis. Aer-
obically grown cells reduced NO,~ and Fe**-chloride simul-
taneously (competition experiment 1A). NO,™ production
rates were not affected by the presence of equimolar Fe3*-
chloride. However, Fe?* production rates were inhibited
approximately 75% by the presence of equimolar NO,~. The
inhibited Fe*>* production rate detected by using the in situ
ferrozine assay was nearly identical to that rate detected
when Fe?* chemical interaction was allowed. This finding
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TABLE 2. Results of Fe3*-nitrogen oxide electron acceptor competition experiments

NO,~ production rate®-*

Fe?* production rate®-®

Growth Electron acceptor Chemical In situ Chemical
conditions competition expt interaction % Inhibition® ferrozine % Inhibition® interaction % Inhibition®
allowed assay allowed
Aerobic 1A. Fe**-chloride-NO;~ 87 (1.00) 3 (1.00) 75 3 (0.99) 75

Fe3*-chloride 12 (1.00)
NO;~ 81 (1.00)

1B. Fe**-citrate-NO;~ 84 (1.00) 48 (0.99) 16 41 (1.00) 28
Fe3*-citrate 57 (1.00)
NO,;~ 81 (1.00)

2A. Fe**-chloride-NO,~ 4 (1.00) 67 3 (0.98) 75
Fe3*-chloride 12 (1.00)

2B. Fe?*-citrate-NO,~ 37 (1.00) 26 39 (0.99) 22
Fe3*-citrate 50 (0.99)
NO,~

Microaerobic 3A. Fe**-chloride-NO;~ 250 (1.00) 2 134 (0.97) 46

Fe3*-chloride 256 (1.00)
NO;~

3B. Fe3*-citrate-NO;~ 987 (1.00) 6 1,034 (1.00) 2
Fe3*-citrate 1,054 (1.00)
NO;~

4A. Fe**-chloride-NO,~ 193 (0.90) 49 (1.00) 81 21 (0.98) 92
Fe3*-chloride 256 (1.00)
NO,~ 184 (0.97)

4B. Fe’*-citrate-NO,~ 178 (0.95)
Fe3*-citrate ND? ND
NO,~ 184 (0.97)

“ Rates are expressed as nanomolar electrons per milligram of protein per minute (correlation coefficient in parentheses).
® The results given for electron acceptor competition experiments 3A and 4A are the initial rates of Fe*-chloride reduction and the results for experiments 4A

and 4B are the rates of NO,~ depletion.

€ Percent inhibition = [1 — (reduction rate in presence of competing electron acceptor/reduction rate in absence of competing electron acceptor)] x 100.

4 ND, not determined.

agreed with the results of previous abiotic Fe?*-NO,~
oxidation controls (data not shown), which demonstrated
that NO,~ oxidized Fe?* at relatively slow rates (0.06 uM
min~!, 7 = 0.97). When Fe3*-citrate was substituted for
Fe3*-chloride in an otherwise identical set of competition
experiments with NO,;~ (competition experiment 1B), a
similar inhibition pattern was observed. Aerobically grown
cells reduced Fe**citrate and NO,~ simultaneously. NO,~
production rates were not affected by the presence of
equimolar Fe3*-citrate; however, Fe?* production rates
were inhibited approximately 16 to 28% by the presence of
equimolar NO;~. The inhibited Fe?* production rate de-
tected by using the in situ ferrozine assay was nearly
identical to that rate detected when Fe®* chemical interac-
tion was allowed.

In the Fe3*-NO,~ competition experiments described
above, NO,™~ was produced and therefore was available to
act as an inhibitor of Fe3* reduction activity. NO,~ was
subsequently substituted for NO;~, and an otherwise iden-
tical set of competition experiments was conducted. In both
competition experiments (Fe**-chloride-NO,~ [experiment
2A] and Fe**-citrate-NO, ™~ [experiment 2B]), Fe?* produc-
tion rates detected by using the in situ ferrozine assay were
nearly identical to those rates detected when Fe?* chemical
interaction was allowed. This finding agreed with the result
of previous abiotic Fe**-NO,~ oxidation controls (data not
shown), which demonstrated that NO,™ oxidized Fe?* at
relatively slow rates (0.05 oM min~?, ;22 = 0.95). In the case
of Fe**-chloride (experiment 2A), Fe?>* production rates
were inhibited approximately 67 to 75% by the presence of

NO,~ alone; results from competition experiment 1A (see
above) demonstrated that Fe?* production rates were inhib-
ited to a similar extent by the presence of both NO,™ and
NO;™. An identical inhibition pattern was observed in the
case of Fe?*-citrate (experiment 2B): Fe?* production rates
were inhibited approximately 22 to 26% by the presence of
NO,~ alone, whereas results from competition experiment
1B (see above) demonstrated that Fe** production was
inhibited to a similar extent by the presence of both NO,~
and NO; ™. The inhibitory effects of NO,™ and NO;™ on the
Fe3* reduction activity of aerobically grown cells were
much less pronounced when Fe3*-citrate was used as a
comgeting electron acceptor.

Fe’* -nitrogen oxide electron acceptor competition experi-
ments using microaerobically grown cells. Results of Fe**-
nitrogen oxide competition experiments using microaerobi-
cally grown cells are summarized in Table 2. The rates
reported in Table 2 were corrected for abiotic electron
acceptor reduction before being normalized on a per-mole
electron basis. The inhibitory effects of NO;~ on the reduc-
tion of either Fe3*-chloride (experiment 3A) or Fe3*-citrate
(experiment 3B) were relatively small (2% and 6% inhibition,
respectively). In the case of Fe>*-citrate, Fe?* production
rates detected after Fe>*-NO,~ chemical interaction was
allowed were nearly identical to those rates detected by
using the in situ ferrozine assay. These results agreed with
the results of previous abiotic Fe?*-NQ,~ oxidation controls
(see above), which demonstrated that NO,~ oxidized Fe2*
at relatively slow rates. However, in the case of Fe3*-
chloride and NO;~ (experiment 3A), Fe?* production rates
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detected after Fe?*-NO,~ chemical interaction was allowed
were only one-half as fast as those rates detected by using
the in situ ferrozine assay. Reasons for this rate discrepancy
remain unclear.

Microaerobically grown cells also reduced Fe** and NO,~
simultaneously. NO,~ reduction rates were unaffected by
the presence of either Fe>*-chloride (experiment 4A) or
Fe?*citrate (experiment 4B). However, Fe3*-chloride re-
duction (experiment 4A) was severely inhibited by the
presence of NO,™: Fe?* production rates were inhibited
approximately 81% when the in situ ferrozine assay was
used and were inhibited approximately 92% after Fe** and
NO,™ were allowed to interact chemically. Results of the
Fe**-citrate-NO,~ competition experiment (experiment 4B)
were difficult to interpret (data not shown) because Fe®*-
citrate was provided at below-saturation levels (3 mM).

DISCUSSION

The inhibitory effects of NO;~ and NO,~ on the Fe3*
reduction activity of S. putrefaciens 200 were examined in a
series of electron acceptor competition experiments. The
effects of NO;~ and NO,™~ on the Fe3>* reduction of both
acrobically and microaerobically grown cells appeared to
follow a consistent pattern. In the presence of Fe** and
either NO,™ or NO, ™, dissimilatory Fe** and nitrogen oxide
reduction occurred simultaneously. Nitrogen oxide reduc-
tion was not affected by the presence of Fe**, suggesting
that S. putrefaciens 200 expressed a set of at least three
physiologically distinct terminal reductases that served as
electron donors to NO;~, NO, ™, and Fe3*. However, Fe>*
reduction was partially inhibited by the presence of either
NO;™ or NO,™. Two lines of evidence suggested that the
apparent NO, ™~ inhibition of Fe** reduction activity was due
to a factor other than NO; ™ -catalyzed chemical reoxidation
of bacterially produced Fe?*: (i) results from abiotic Fe?*-
NO;™ oxidation controls, which demonstrated that chemical
oxidation of Fe?* by NO;™~ occurred at negligible rates; and
(ii) the observation that the Fe?* production rates detected
when bacterially produced Fe?* was allowed to interact
chemically with NO;~ were nearly identical to those rates
detected when an in situ ferrozine assay was used to
minimize NO, ™ -catalyzed Fe?* reoxidation. However, the
apparent decrease in the Fe?>* production rate was signifi-
cantly less than that expected if NO;~ were acting as a
competitive inhibitor of electron transport to Fe**. In addi-
tion, the presence of Fe** did not appear to affect the rate at
which aerobically grown cells reduced NO;~ (produced
NO, ™). Although partial NO,~ inhibition of Fe>* reduction
activity could not be ruled out, these results suggested that
NO;™ acted neither as a chemical oxidant of bacterially
produced Fe?* nor as a competitive inhibitor of electron
transport to Fe3*.

In the presence of Fe** and NO, ™, aerobically grown cells
produced Fe** and NO,~ simultaneously. Therefore, NO,~
was available in the Fe>*-NO;~ competition experiments to
act either as a chemical oxidant of bacterially produced Fe2*
or as a competitive inhibitor of electron transport to Fe3*.
The former explanation for the apparent NO; ™~ inhibition of
Fe?* reduction activity seemed unlikely in light of three
observations: (i) the relatively slow rate at which NO,~
chemically oxidized Fe?* during abiotic Fe?>*-NO, ™ oxida-
tion controls, (ii) the apparent inability of high levels of
bacterially produced Fe** to affect the rate at which NO,™
was produced during Fe**-NO,~ competition experiments,
and (iii) the results of subsequent Fe’*-NO,~ competition
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experiments which demonstrated that the Fe?* production
rates detected by using an in situ ferrozine assay were nearly
identical to those rates detected when Fe?*-NO, ™ chemical
interaction was allowed. These data suggested that the
apparent NO, ™ inhibition of Fe** reduction activity was due
to a factor other than NO, ™ acting as a chemical oxidant of
bacterially produced Fe?*. Whether NO, ™~ acted as a com-
petitive inhibitor of electron transport to Fe>* could not be
assessed accurately with these data. However, the apparent
decrease in Fe** reduction activity in the presence of both
NO;™ and NO,~ was approximately equal to the apparent
decrease in Fe’* reduction activity in the presence of NO,~
alone. These results suggested that bacterially produced
N032‘ was responsible for inhibiting electron transport to
Fe’*.

Obuekwe and coworkers (11) previously used S. putre-
faciens 200 as a model iron-reducing microorganism to study
the effect of NO;~ on microbial Fe?* reduction. Batch
cultures were grown aerobically and either preinduced (via
90 min of anaerobic incubation in the presence of NO;™) or
not induced for expression of NO,™~ reductase activity.
Preinduced cells produced NO,~ immediately, whereas un-
induced cells produced NO,™ only after a 2-h lag period.
Presumably the uninduced cells were induced for NO,~
reductase expression during this lag period (protein synthe-
sis was allowed during these experiments). This finding was
different from that observed in the present study, in which
NO,™ production was detected without preinduction of
NO;™ reductase activity; after growth under highly aerobic
conditions, S. putrefaciens 200 expressed both low-rate
NO;™ reductase and low-rate NO,~ reductase activities,
whereas after growth under microaerobic conditions, S.
putrefaciens 200 expressed greatly elevated rates of each
reductase activity. The reason for the observed difference in
the growth condition required for NO,;~ reductase expres-
sion remains unclear. However, in the present study, lactate
was used as the principal carbon and energy source for
growth, whereas Obuekwe and coworkers (11) used B-glyc-
erophosphate for growth and subsequently used lactate
during the NO;~ reductase preinduction period and Fe3*-
NO; competition experiments. The observed lag in NO,~
production may have been the lag time required for expres-
sion of enzymes involved in either lactate oxidation or NO;~
reduction.

In their Fe**-NO;~ competition experiments, Obuekwe
and coworkers (11) reported that Fe?* production was
inhibited only after an initial 3-h incubation period. During
this initial incubation period, Fe?>* and NO,~ were produced
simultaneously. During the last 4 h, a marked decrease in the
production of both Fe** and NO,~ was observed. In several
experiments, Fe?* and NO,™ were depleted during this time
period. The investigators hypothesized that bacterially pro-
duced NO, ™~ was chemically reoxidizing Fe?* at a rate faster
than the rate of bacterially catalyzed Fe?* production.
Fe>*-NO,~ competition experiments to examine this possi-
bility were not conducted. In addition, because protein
synthesis was allowed during these experiments, it was
possible that NO, ™ reductase activity was expressed during
the 3-h anaerobic lag period which immediately preceded the
onset of the observed inhibitory effect. Since S. putrefaciens
200 is capable of anaerobic growth by using NO;~, NO,~, or
Fe?* as the sole terminal electron acceptor (unpublished
data), the observed inhibitory effects of NO;~ and NO,™ on
Fe?* reduction may be due to the preferential shuttling of
respiratory electrons to NO,” via a newly synthesized
high-rate NO,™ reductase. In the present study, NO,~
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reductase activity was enhanced nearly 10-fold via growth
under microaerobic conditions. Although the Fe?* reoxida-
tion theory of Obuekwe and coworkers (11) could be sup-
ported by their Fe>*-NO,~ competition data, the inhibition
theory proposed in the present study cannot be ruled out.
Results from the present study indicate that NO;™ inhibition
of electron transport to Fe®* is caused by a preferential
shuttling of respiratory electrons to bacterially produced
NO,™; Fe’* may serve as a secondary sink for excess
electrons after NO,™ reductase activity is fully saturated.
The electron transport pathways to Fe** and NO,~ may
share a common respiratory chain component (i.e., branch
point) that is poised to deliver electrons to the more oxidiz-
ing electron acceptor. Genetic and biochemical experiments
are currently under way to examine this possibility.

The Fe** reduction system of S. putrefaciens 200 is
thought to contain low-rate and high-rate components (1).
Results from the present study confirmed those findings and
demonstrated that the NO;™ and NO, ™ reduction systems of
S. putrefaciens 200 also consist of low-rate and high-rate
components. The inhibition patterns observed during Fe3*-
NO,™ and Fe**-NO, ™ electron acceptor competition exper-
iments suggest, but do not prove, that S. putrefaciens 200
expresses a set of at least three physiologically distinct
terminal reductases that serve as electron donors for NO; ™,
NO,™, and Fe**. It is proposed that electron transport to
Fe3* and NO; ™ proceeds via two physiologically uncoupled
pathways, whereas electron transport to Fe** and NO,~
proceeds via a shared respiratory chain component (branch
point) that is poised to transfer electrons to the more
oxidizing (or readily available) electron acceptor. In the
presence of Fe** and NO,~, Fe* serves as a secondary
sink for excess respiratory electrons when the overall rate of
anaerobic electron transport is limited by NO,™ reductase
activity.
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