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ABSTRACT. The copper-containing nitrite reductase fréttaligenes faecali$-6 was found to catalyze

the oxidation of nitric oxide to nitrite, the reverse of its physiological reaction. Thermodynamic and kinetic
constants with the physiological electron donor pseudoazurin were determined for both directions of the
catalyzed reaction in the pH range of 8. For this, nitric oxide was monitored by a Clark-type electrode,

and the redox state of pseudoazurin was measured by optical spectroscopy. The equilibrium constant
(Keg) depends on the reduction potentials of pseudoazurin and nitrite/nitric oxide, both of which vary
with pH. Above pH 6.2 the formation of NiR substrates (nitrite and reduced pseudoazurin) is favored
over the products (NO and oxidized pseudoazurin). At pH &th@mounts to 18 The results show that
dissimilatory nitrite reductases catalyze an unfavorable reaction at physiological pH=(pH8).
Consequently, nitrous oxide production by copper-containing nitrite reductases is unlikely to occur in
vivo with a native electron donor. With increasing pH, the rate and specificity constant of the forward
reaction decrease and become lower than the rate of the reverse reaction. The opposite occurs for the rate
of the reverse reaction; thus the catalytic bias for nitrite reduction decreases. At pH &.Q fihienitrite
reduction was determined to be 1:510° s71, and at pH 8 the rate of the reverse reaction is 125 s

Denitrification is the part of the global nitrogen cycle in
which fixed nitrogen is recycled to the atmosphere. It consists
of the reduction of nitrate via nitrite, nitric oxide, and nitrous
oxide to dinitrogen. Copper-containing nitrite reductases
(NiR)* catalyze the reduction of nitrite to nitric oxide in a NO, + 2H" + pAZUred
large variety of bacteria, archea, and funfj-6). Also in

NO + pAZUox + H,0 -
NO,” + 2H" + pAZUred (1a)

NiR

 —

pathogens NiR is relevant; ihNeisseria gonorrhoeadts
expression enhances resistance against human BerA (
second class, thed; nitrite reductases, exists which have
the same function in denitrification. The two types of nitrite
reductase never occur in the same organism.

NiR catalyzes the one-electron reduction of nitrite to nitric
oxide (eq la; pAZUox and pAZUred refer to oxidized and
reduced pseudoazurin). We were interested in whether NiR
would be capable of catalyzing the reverse reaction (eq 1b),
a phenomenon to our knowledge not described before.
Another question concerns the valuekaf, (eq 2) and how
it depends on pH. Quantitative information on the thermo-
dynamic constants relevant for NiR could help to understand
the kinetic properties of the native enzyme and to interpret
the effects of protein engineering.
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NO + pAzZUox + H,O (1b)

_ [NO][pAZUoX]
[NO, ][pAZUred]

()

€q

NiR is a trimer consisting of identical subuni®)(Each
subunit contains a catalytic type 2 sit8) (and a type 1
electron transfer site that accepts electrons and transfers these
to the more buried type 2 sitel@ 11). For NiR from
Alcaligenes faecali$-6 (AfNiR) the physiological electron
donor is pseudoazurin (pAZU) which contains a type 1 site
and forms a complex with NiR via ionic and hydrophobic
interactions 12—15). Kinetic and spectroscopic results
suggest that the properties of the type 1 site change upon
nitrite binding to the type 2 site and possibly the affinity of
the type 2 site for nitrite increases upon binding of the
physiological electron donor to NiR16—19). In some
enzymes the electron donor is fused to the N2R)(

Three histidine nitrogens bind the type 2 copper in a
tetrahedral geometry with the fourth position available for
nitrite or water/hydroxyl to bind§, 11, 21—-25). Crystal-
lographic and spectroscopic techniques show that the nitrite
is bound to the copper via its oxygens while biomimetic
models of the type 2 site always bind nitrite via the nitrogen
atom 6, 16, 17, 22, 23, 26). Residues His255, Asp98, and
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lle/Val257 (AfNiR numbering) along with a water network

Wijma et al.

observed that the absorption at 277 nm decreased upon

in the active site are responsible for positioning the nitrite titration with Ks[Fe(CN)], consistent with the lower extinc-

and reaction intermediates while donating prota2k 25,
27, 28).
An activity maximum at pH 6 is observed for Cu-

tion coefficient for pAZUox f277= 5700 mM ™t cmt (14)].
For the determination of thi€,, of nitrite, 3154M pAZUred
was used. For th&,, of pAZUred at least 2.5 mM nitrite

containing nitrite reductases. Above pH 6 the catalytic rate wWas used. For assays in the reverse direction pAZUox was
decreases. It has been concluded that proton transfer is notntroduced in the buffer after oxygen was removed by
rate limiting on the basis of the absence of a deuterium repeated nitrogen/vacuum exposure. The buffer was 100 mM

isotope effect 17). A number of other explanations have Mes/Hepes'NaOH. The pH of the solution was remeasured

therefore been put forward to rationalize the decrease in rateafter the experiments. All reported activities were calculated

above pH 6 29—32): deprotonation of Asp98 and His255,
or of the bound nitrite, or competitive inhibition by a
hydroxyl ion.

To ascertain whether AfNIR could in fact catalyze the

from initial rates.
For all spectroscopic measurements in the presence of 100

uM NO, 1200uL of buffer in a gastight cuvette was made

anaerobic by flushing with nitrogen gas for 5 min, followed

reverse reaction, the reaction was started with the normalPy flushing for 30 s with 5% nitric oxide in nitrogen. The
products nitric oxide and oxidized pseudoazurin. Control top half of the cuvette was filled with 5% NO in;NShaking

experiments confirmed that the observed reaction was indeedne cuvette did not change the position of the equilibrium in

the interconversion of N©/NO with reduced/oxidized

Figures 2 and 3, suggesting that NO diffusion was suf-

pseudoazurin and that NiR catalyzed this reaction. This paperficiently fast to keep the nitric oxide concentration in solution
describes the kinetics and thermodynamics of the forward constant. A Hewlett-Packard HP-8452A spectrophotometer

and reverse reaction catalyzed by NiR.

MATERIALS AND METHODS

Protein Expression and PurificatioAfNiR was expressed
and purified as describe®7, 33, 34) with an extra gel
filtration column (HiPrep S-200; Pharmacia Biosciences)
added as the last step of the purification. For native AfNIiR
the final Axgd/ Asgo ratio of 17 was identical to the previously
reported value35). The Cu content was 1.9 Cu atoms per
monomer [determined with bicinchoninic aci@gj]. The
expression and purification of the His145Ala AfNiR variant
were described previousi4). In this NiR variant a ligand

fitted with a diode array was used to record optical spectra.
The reduction potential of pseudoazurin was determined by
cyclovoltammetry with 4,4-dithiopyridine-modified gold as

a working electrode39, 40).

Data AnalysisEquation 2 can be rearranged to give eq 3.
For the fit of Figure 3B with eq 3 the concentration of nitric
oxide was presumed to be 1@®/4, and the presence of an
initial concentration of nitrite was allowed for ([NQj©°®
= [NO, ]l 4 [NO,"]299¢9, The presence of nitrite prior
to its addition was quantitatively confirmed with the Griess
reagent 41) and is probably the result of oxygen leakage
into the setup. The reduction potential of FNINO,, from
Figure 4B could be calculated since it is coupled to the redox

to the type 1 site was replaced, resulting in a type 1 copper equilibrium of pseudoazurin (eqs 2 and 4 can be rearranged
site that is unable to transfer an electron to the catalytic type g eq 5).

2 site. Dr. Martin Boulanger and Prof. Dr Michael Murphy

(Vancouver, Canada) cloned the gene for pseudoazurin from

A. faecalisS-6 in a pET24a vector3{). The plasmid was
expressed ifEscherichia coliBL21(DEs) grown in 2x YT
medium at 30°C. At an ODy of 2 the temperature was
lowered to 25°C, and the culture was induced overnight by
0.5 mM IPTG. The purification protocol described by
Kukimoto et al. (2) was followed. The final yield for
different purifications was>200 mg/L of culture with an
Ax71Asg3 ratio of 1.9-2.0, which is identical to the value
reported for pure native proteiiZ?, 14).

Assays.Nitric oxide was monitored by a Clark-type
electrode in a setup described by Girsch et @8).(The
source of nitric oxide was 5% NO inJNvhich at saturation
gives 100uM nitric oxide in H,O at 25°C. This 5% NO

[pAZ U] total
INOJ ) 3)
+1

Ke(IN 02—] total
[PAZUoX] )

[PAZUoxX] = (

[NO] [PAZUred]

(4)

RT, [[NO, ] RT

RT
ENOZ*/NO = Epazu T = |n(Keo) 5)

For standard conditions (298 K, atmospheric pressure of
gases 1 M other reactants, including protons) the half-

was passed through the anaerobic cell for 30 s. Prior to potential isE, = 0.983 V @2) for the reaction HN@+ H*
experiments the cell was left for a few minutes to determine + e~ — NO, + H,0. With a [K, = 3.25 theEy'pn7 of the

the steady decrease of nitric oxide, which was caused bYNOZ—/NOg couple is then 0.983 (3.25x 1 x 2.3RTF) —

oxygen leaking into the cell.
Activities in the forward direction were measured at 25

[(7 — 3.25) x 2 x 2.3RT/F] = 0.348 V @3). This value is
identical to the one calculated from the Gibbs free energy

°C using reduced pseudoazurin. Pseudoazurin was reduceof formation from the elementd4). When the concentration
with ascorbate, and excess reductant was removed byof nitric oxide is expressed in moles per liter rather than

ultrafiltration with argon-flushed buffer. For pAZUred we
determined the,77 (=8200 mM cm™Y) by titration with
K3[Fe(CN)]. The absorption at 593 nnados = 2900 mM

partial pressure, the reduction potentiakis for NO, /NOxyq
= 0.189 V [obtained by substituting the concentration of
nitric oxide in the water phase at 1 atm partial pressure,

cm* (14)] was used for calibration since this absorption peak which amounts to 2.1 mM at 298 KEp,; = 0.348+ [In-

does not overlap with the spectrum of[Re(CN)]. We

(0.0021RTF]).
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observed with optical spectroscopy, indicating that no freely
available metal ions catalyzed the reverse reaction. Further-
10 - more, when the AfNIR mutant His145Ala (which has a very
low catalytic activity due to an inactivated type 1 site) was

0 : : : : : used, no catalytic activity was observed, even in amounts a
o 100 200 300 400 500 600 100 times larger than that of native NiR. To exclude binding
of nitric oxide to the type 1 site of pseudoazurin, a solution
containing nitric oxide was titrated with pseudoazurin. The
by NiR. They-axis displays the readings of the Clark electrode obtained absorption was Iipear with respect .to added amounts
converted to nitric oxide concentration. The steady decrease is of pseUdoazw'n and identical to the Qbsorptlon in the absence
caused by oxygen leaking in. Pseudoazuring®() in its oxidized of NO, showing that complex formation between the type 1
state was added prior to NiR (0uIM) and nitrite (2.5 mM). The site and nitric oxide was absent.

Clark electrode adapts within-3.0 s to changes in nitric oxide To determineKeq (€q 2), the concentration of pAZUox
concentration. Panels: A, pH 8.0; B, pH 6.5. was monitored optically upon successive nitrite additions
(Figure 3A). Increasing amounts of nitrite shifted the
RESULTS equilibrium toward pAZUox. The data could be fitted with

Figure 1A indicates that NiR does indeed catalyze the €d 3 (Figure 3B). The values oKeq hereby obtained
reverse reaction of nitric oxide to nitrite (eq 1b). Oxidized decreased with increasing pH (Figure 3C). The slope of log-
pseudoazurin and nitric oxide were mixed in solution while (Keg versus pH was-1.6; this is close to the value of2
nitric oxide was monitored. Upon addition of NiR a sharp expected when the consumption of two protons determines
decrease in the concentration of NO was observed. Subsethe equilibrium. The difference can be explained by taking
quent addition of nitrite made NO reappear, suggesting thatinto account the pH dependence of the reduction potential
the equilibrium shifted back toward the products (NO and ©f pseudoazurin (vide infra). Above pH 6.2 the equilibrium
pAZUox). Repeating the same experiment at lower pH constant is less than unity. At pH 8 th&, favored the
(Figure 1B) yielded a smaller NO decrease; a relative larger formation of nitrite and pAZUred by a factor of 1(QTable
amount of NO reappeared upon addition of nitrite. This pH 1)-
effect was observed throughout pH-8. To correlate the reduction potentials of pseudoazurin and

Optical spectroscopy was used to observe the oxidized Nitrité/nitric oxide toKeq the reduction potential of pseudo-
pseudoazurin (reduced pseudoazurin is colorless) while@2zurin was measured. Between pH 6 and pH 8, the reduction
carrying out the same experiment as in Figure 1. Upon Potential of pseudoazurin decreased from 295 to 255 mV
addition of NiR the concentration of pAZUox dropped to (Figure 4A). Filling in the determined values afd, into
an equilibrium value (Figure 2). When nitrite was added, €9 5 resulted in the values for the reduction potential of
the equilibrium was shifted back toward oxidized pseudo- Nitrite/nitric oxide. A plot revealed a slope 6f111 £ 5
azurin. The shape of the visible spectrum of the oxidized MV Per pH unit (Figure 4B). This is very close to the slope
pseudoazurin remained identical during the experiment, ©f 2 x —59 mV per pH unit that is expected for a redox
indicating that no nitrite was bound to the pseudoazurin. The féaction in which two protons are consumed per electron
effect of pH on the position of the equilibrium was identical (€d 6). The reduction potential for NONOq at pH 7 was
to that observed in Figure 1. found to be 202+ 3 mV, which was in good agreement

Control experiments were carried out to exclude that the With the value calculated from standard conditioBsA=
observed activity for nitric oxide was caused by a contami- 189 MV; see Materials and Methods).
nant such as a metal ion or some copurified activity. Addition _ L
of EDTA (8 mM) did not influence the rates or amplitudes NO, +2H +e —NO,+H.0 (6)

time (s)
Ficure 1: Nitric oxide consumption by pseudoazurin catalyzed
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FiGurRe 3: Determination oKeq versus pH. Panel A: Titration of

a mixture of pseudoazurin (68M) and nitric oxide (10Q:M) with
nitrite in the presence of a catalytic amount of nitrite reductase
(0.1uM). This was performed in Mes/Hepes buffer of 100 mM at
pH 6.5. Panel B: Titration with nitrite at different pHs. Key: open

Wijma et al.

10MtstatpH6to 16 M ts?tatpH 8.

The rate of the reverse reaction increased with pH. The
catalytic bias for nitrite reductiorkf,(forwardYk..{reverse)]
decreased toward more alkaline pH (Table 1). At pH 8 the
catalytic bias of NiR was toward nitric oxide oxidation. The
rate constant for nitric oxide oxidation at pH 8.0 was 10
times lower (125 ) than the rate constant for the forward
reaction at pH 6.0. At pH 6.0 we could not determine a
reliable rate for the reverse reaction. At lower concentrations
of pAZUox (<20 uM) no reliable initial rates could be
obtained. Th&, for pAZUox is calculated to be below 15
uM at pH 7.5 and 8.0 since above 2M pAZUox no change
in activity was observed.

DISCUSSION

Bidirectional CatalysisHere it is found for the first time
that NiR can catalyze bidirectionally. Considering the high
reactivity of nitric oxide with transition metals, it was
necessary to exclude that a contaminant or a copurified
activity was responsible for the observed activity in the
reverse direction. Likely culprits, such as’¢#", would be
complexed by EDTA; addition of the latter did not change
activity, making such a contaminant unlikely. A titration of
pseudoazurin with NO excluded that nitric oxide forms a
Cw —NO complex with the type 1 site of pseudoazurin at
room temperature as it does with azurin at 774%)( The
AfNIR variant His145Ala was useful as a negative control
since it has a 100000-fold lower catalytic activity than native
NiR (0.0022 s at pH 6.5; unpublished results) while only
the structure of the type 1 site is influenced by the mutation
(34). For NiR H145A no reverse activity was observed,
confirming that the native NiR catalyzed the oxidation of
NO to NGO,

The stoichiometry of the reaction could be determined
since nitric oxide and pseudoazurin were observed directly
while the involvement of nitrite and two protons could be
inferred from their effect on the position dt, (Figure 3).
The reduction potential of 202 mV found in Figure 4B was
in agreement with th&,; = 189 mV for the reaction 2H
+ NO;™ + e — NOgq (not to be confused with the standard
reduction potentiaEq'prH7.0 = 348 mV, which equals the
potential of a solution containgnl M nitrite and 2.1 mM
nitric oxide; see Materials and Methods). The consumption
of two protons per electron in the reaction of NONO is
expected to cause-a118 mV (—2 x 2.3RT/F) per pH unit

circles, pH 6.0; open triangles, pH 6.5; open squares, pH 7.0; closeddependence of its reduction potential, very close to the

circles, pH 7.5; closed squares, pH 8.0. The total amount of
pseudoazurin in the titration of pH-&.5 was 55-65uM. For pH

8 this was 23:M. The fit is according to eq 3. The inset shows the
full range for pH 8.0. Panel C: Logarithmic plot B4 versus pH.

For a quantitative comparison with the thermodynamic

observed value of-111 mV per pH unit. The value dfq

is determined by the difference in reduction potential between
nitrite and pseudoazurin (eq 5). Since pseudoazurin has a
higher reduction potential than nitrite above pH 6.2, the
equilibrium favored the formation of the substrates (pAZUred

constants obtained above, the catalytic constants for the rate@nd NQ") above this pH. The stoichiometry determined here
of forward and reverse reaction and the Michaelis constantsfor the catalyzed equilibrium corresponds to that in eq 1 and

of nitrite, pAZUred, and pAZUox were determined. There
was no indication for cooperative behavior of the NiR trimer
throughout the pH range (Figure 5). For the forward reaction
the catalytic constank{,) drops dramatically with increasing
pH (Table 1). TheK, for nitrite had a minimum at pH 7 at
35uM but increased to 220M at pH 8. For pAZUred the
Km varied with pH between 70 and 1581. The specificity
constant K../Km) for nitrite and pAZUred decreased from

is well established for Cu-containing and, nitrite reduc-
tases 1).

The Electron DonorThe reduction potential at pH 7 of
pseudoazurin was determined to be 270 mV, which is
identical to that measured previously #rfaecalispseudo-
azurin (12). We observed that the reduction potential of
pseudoazurin decreased slightly with pH. The dependence
on pH is very similar to that observed for the pseudoazurin
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Table 1: Kinetic and Equilibrium Constants for AfNiR versus®pH

kea(forward)  Kn(pAZUred) Kn(NO2)  kealKm(NO2) kel Km(pAZUred)  keafreverse) Kun(pAZUox) catalytic
pH (s (M) (um) 1M 1s? (1rM1ts? (s (M) Keq bias
6.0 1478+ 54 67+ 8 49+ 5 30.1 22.1 ND ND 2.3 ND
6.5 10464+ 33 77+ 8 53+5 19.7 13.5 38 ND 0.35 28
7.0 392+ 6 102+ 10 36+ 2 10.9 3.85 64 ND 0.041 6.1
7.5 219+ 6 156+ 19 68+ 7 3.21 1.41 109 <15 0.011 2.0
8.0 71+ 2 85+ 12 2214+ 24 0.32 0.84 125 <15 0.0016 0.57

a All measurements were done in 100 mM Mes/Hepes buffers. ND, not determined. Catalytie kig$orward)ke..(reverse).

300 400
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Ficure 4: Reduction potential of pseudoazurin and nitrite versus 0 100 . .200 300 400
pH. The reduction potential of pseudoazurin was determined by nitrite (LM)

cyclovoltammetry in the same buffer (Mes/Hepes, 100 mM) as was . -

used for the activity and the equilibration assays. The reduction FIGURE 5: Determination ofkca: and Kin
potential of nitrite was calculated with the Nernst equation from
the reduction potential of pseudoazurin &g Panel A: Reduction
potential of pseudoazurin (closed circles with error bars). Panel B:
Reduction potential of nitrite (open circles; fitted with a least-
squares fit to the data points; see text for further details). The
reduction potential of pseudoazurin (closed circles) is plotted for

for nitrite and reduced
pseudoazurin. Panel A: Activity versus nitrite concentration at pH
7. Panel B: Activity versus pAZUred at pH 7. See Materials and
Methods for experimental details.

Table 2: Reduction Potentials for Electron Donors to Nitrite

reference. Reductasés

Eq redox
from Achromobacter cycloclast¢40). For this pseudoazurin, (mV) classification origin partner
Sato and Dennisord() showed the reduction potential to 305 azurin A. xylosoxidans CuNiR
depend on the protonation of His6. The same explanation is 265 cytc-551 Pseudomonas aeruginosa  1ddiR
likely to hold here since this histidine is conservedAn 265 cyte-552 Pseudomonas nautica cNiR

. . 270 pseudoazurin  A. cycloclastes Cu NiR
faecalispAZU and the proteins are closely related (65% 53, pseudoazurin  Paracoccus pantotrophus  cMiR

identical amino acid sequence). 270  pseudoazurin A. faecalisS-6 CuNiR
The.electron d.onorsf for other nitrite redu_ctases ha\{e also0™ a Reduction potentials (at or near pH 7) were taken from s
reduction potentials higher than the reduction potential for 40, and60-63. Cu NiR, copper-containing nitrite reductase, ¢ and
NO, /NO4q (Table 2). Table 2 shows that the electron donors di heme-containing nitrite reductase.
for Cu-containing andd, nitrite reductases have very similar
reduction potentials. This implies that it is common for nitrite measured foAlcaligenes xylosoxidan4.6 x 10°s™2) (29).
reductases to catalyze an unfavorable reaction. This isFurthermore, at pH 7.0 the measured 392exjuals the 387
especially true in the physiologically important pH range s ! reported for AfNiR at this pH3). The catalytic rate at
7—8, which is optimal for denitrification46). pH 6.0 (1500 s?) is also in agreement with the rates
Catalysis by Nitrite Reductas@he value ofkqy (1.5 x measured for electron transfer between the type 1 and type
10° s'1) measured at pH 6.0 is similar to the activity 2 site of nitrite reductase from other sources, which is up to
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2100 s (2). Also the dependence &f,; on pH found here
with the physiological electron donor is similar to that
reported with the artificial electron donor methyl viologen
(35). For AfNIR aKp, for nitrite of 74uM (pH 7.0, methyl
viologen as electron donor) is reported, which differs
significantly from the value we obtained at pH 7.0 with
pseudoazurin as the electron donor (3%.8.1 uM). This

is not unexpected since also fod; nitrite reductase it is
observed that the electron donor influenceskhéor nitrite

Wijma et al.

site over the oxidized/reduced substrate and, thus, determines
the equilibrium rates of substrate reduction over active site
reduction. The catalytic bias of an enzyme would be
determined entirely by the difference between the reduction
potentials of the active site and the substrate if all affinity
constants for the substrate were identical to that of the
product and if the catalytic rates in the active site were fully
rate-determining for the enzyme. Although these conditions
are never completely fulfilled in enzymes, in general the

(47). The data obtained here thus agree with those reporteddifference between the reduction potentials of the active site

for this and other Cu-containing nitrite reductases.

and the substrate correctly predicts the intrinsic catalytic bias

One of the explanations for the decreased activity above of an enzyme, and the catalytic bias can be modeled

pH 6 is competitive inhibition by the hydroxyl ion. The
binding of hydroxyl is observed in a crystal structure at pH
8.5 (31). Hydroxyl ion inhibition is also suggested to explain

accurately when the dissociation constants for substrate and
product are known53—58).
For AfNiR we observe that the catalytic bias for nitrite

a decrease in activity at high pH in the Cu-containing active reduction decreases at increasing pH, and at pH 8 AfNIR is

site of laccase48). Competitive inhibition by hydroxyl ion
is expected to increase tlig, for nitrite by a factor 10 per
pH unit while thek. is not affected49). Here we find that
after a minimum is reached at pH 7, tKg, for nitrite has

biased toward nitric oxide oxidation (Table 1). A similar pH-
dependent switch of the catalytic bias from substrate reduc-
tion to product oxidation was also observed for succinate
dehydrogenase and [Ni-Fe] hydrogenase, where it was shown

increased an order of magnitude at pH 8 (Table 1). This to be dependent on the difference in reduction potential

observation supports a significant role for hydroxyl inhibition
above pH 7.

between the active site and substr&@é 68). For NiRs from
different sources reduction potentials of the catalytic type 2

In assays employing the artificial electron donor phenazine sites have been determined to vary frer800 mV (upper

metasulfate (PMS)35, 50) nitrous oxide is found as a
product in addition to nitric oxide. Careful analysis showed
that NiR catalyzes the reaction NO NO,™ + 4H" + 3e~
— N0 + 2H,0 when nitric oxide builds up in concentration
(50). With PMS E¢ = 92 mV) as an electron donor the
equilibrium is much further to the formation of nitric oxide
than with a physiological electron dondgy = 230—305
mV). In A. cycloclasteshe concentration of nitric oxide is
indeed very low during denitrification: -930 nM when
grown on nitrite 61). Thus, the production of nitrous oxide
is unlikely to occur via NiR with its natural electron donors;
their high reduction potentials (Table 2) make it impossible
to reach high concentrations of NO.

Catalytic Bias.Since an enzyme cannot alter the equilib-

limit determined by redox titration) to 25280 mV (values
determined by pulse radiolysisp,(59) at pH 7.0. The
reduction potential of the type 2 site of NiR decreases 60
mV between pH 6 and pH 7 and becomes constant above
pH 7 (32). At pH 6.0, the substrate couple N@NO,q with

307 mV has a higher reduction potential than the type 2 site.
The decreasing bias for nitrite reduction at increasing pH is
consistent with the 118 mV per pH unit decrease in reduction
potential of nitrite/nitric oxide, while the reduction potential
of the type 2 site decreases far less. Although other factors
could be involved as well, also in NiR the catalytic bias
appears to be predicted by the difference in reduction
potential between the active site and substrate.

ConclusionsThe results reported here show that copper-

rium constant of its substrate and products, an enzyme musfontaining NiR can catalyze its reverse reaction very well.
catalyze both the forward and reverse reaction at rates thatrhe value ofKeq of nitrite/nitric oxide and reduced and

conform to the equilibrium. As a result, tHe; and the

oxidized pseudoazurin favored the formation of reduced

affinity constants for the forward and the reverse reaction pseudoazurin and nitrite above pH 6.2. Toward more alkaline
are related td<e via one or more Haldane relationship(s) pH, the catalytic bias for nitrite reduction decreased, and at
(49, 52). For any catalyzed reaction, there is always a pH 8 nitric oxide oxidation was faster than nitrite reduction.
Haldane relationship in which the catalytic constant for the comparison with the known reduction potentials of electron
forward reaction is in the numerator and the catalytic constant gonors indicated that all dissimilatory nitrite reductases
for the reverse reaction is in the denominator combined with catalyze an unfavorable reaction. Nitrous oxide formation
one or more (depending on the catalytic mechanism) py NiR (50) is unlikely to occur with a natural electron donor
Michaelis and inhibition constant$%). For example, for  since nitric oxide will not reach high enough concentrations.
the most simple enzyme-catalyzed reaction with a single Apove pH 7 competitive inhibition by hydroxyl appeared to
substrate and product in variable concentration, the appropri-pe important for the, for nitrite. The results may help to

ate Haldane relationship ieq = (Kea/Km)""*¥(kealKm)"®'*"*¢  design and interpret protein engineering experiments.
Therefore, enzymes can have an intrinsic catalytic bias

(higherkga in a particular direction of the reaction). AINIR ~ ACKNOWLEDGMENT

has an intrinsic catalytic bias near pH 6.2 whefg, . _
approaches unitykfa{te/k, e oxide > 25 gt pH 6.5; Table We acknowledge Marc Stampraad for assistance with the
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Haldane relationships clarify why a redox enzyme can tune Menting on the manuscript.
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