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ABSTRACT: Catalytic turnover of Neurospora crassa 2-nitropropane dioxygenase with nitroethane as
substrate occurs through both nonoxidative and oxidative pathways. The pH dependence of the kinetic
isotope effects with [1,1-H;]nitroethane as substrate was measured in the current study by monitoring
the formation of the nitronate product in the nonoxidative pathway. The kinetic isotope effect on the
second-order rate constant for nitronate formation, k.,/K,,, decreased from an upper limiting value of 23
4+ 1 at low pH to a lower limiting value of 11 £ 1 at high pH. These kinetic isotope effects are three
times larger than those determined previously through measurements of oxygen consumption that occurs
in the oxidative pathway of the enzyme [(2006) Biochemistry 45, 13889]. Analytical expressions for the
kea/Kin values determined in each study show that the difference in the kinetic isotope effects arises from
the branching of an enzyme—ethylnitronate reaction intermediate through oxidative and nonoxidative
turnover. This branching is isotope sensitive due to a kinetic isotope effect on nitronate release rather
than on flavin reduction as indicated by the pH-independent Pk,q value of 0.99 + 0.06 with ethylnitronate
as substrate. The kinetic isotope effect on ethylnitronate release arises from the deprotonation of histidine
196, which provides electrostatic interactions with the nitronate to keep it bound in the active site for
oxidation. The isotope effect on branching results in an inflation of the kinetic isotope observed for the
nonoxidative pathway to values that are larger than the intrinsic values associated with CH bond cleavage.
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Inflated Kinetic Isotope Effects in the Branched Mechanism of Neurospora crassa

The use of kinetic isotope effects as mechanistic probes
of enzymes with branched kinetic mechanisms is often
complicated by isotope effects that are expressed on the
partitioning of reaction intermediates formed during turnover.
This has been best documented in the case of the cytochrome
P450 class of enzymes (/—3) and the aromatic amino acid
hydroxylases (4—7). The presence of branch points in a
kinetic mechanism of an enzyme tends to reduce the observed
kinetic isotope effect from the intrinsic values on bond
cleavage as evident from the small kinetic isotope effects
generally seen for these enzymes (3, 8, 9). The use of
intramolecular isotope effects, to which extensive theory has
been developed (/0—12), has been successfully applied in
the cytochrome P450 class of enzymes to unmask the effects
of branching on the kinetic isotope effect for the reaction.
In the case of the aromatic amino acid hydroxylases, the
masking effects arising from branching have been overcome
by uncoupling the reaction through site-directed mutagenesis
(13, 14). This approach has been successfully employed with
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tyrosine hydroxylase (/3) and recently with phenylalanine
hydroxylase (/4) to allow the intrinsic value for the kinetic
isotope effect on CH bond cleavage to be observed in the
reactions. In contrast to enzymatic reactions, branching of
reaction intermediates to produce multiple products is a much
more widely documented process for nonenzymatic reactions,
where it has been demonstrated that it can result in an
inflation or deflation of the observed kinetic isotope effects
from the intrinsic value (/15—17).

Recently, an FMN-dependent enzyme 2-nitropropane
dioxygenase (2-NPD) from Neurospora crassa was demon-
strated to utilize a branched catalytic cycle with either the
neutral or anionic (nitronate) form of nitroethane as
substrate (/8, 19). The enzyme catalyzes the oxidative
denitrification of nitroalkanes to the corresponding aldehyde
compounds and nitrite through the formation of an anionic
flavosemiquinone intermediate (/8—20). As illustrated in
Scheme 1, the branch point with nitroethane as substrate
occurs after an isotope-sensitive step involving a proton
abstraction reaction from the a-carbon of neutral nitroalkane
catalyzed by histidine 196 (/9). Branching occurs as a result
of the partitioning of an enzyme—ethylnitronate transient
intermediate formed with nitroethane as substrate through a
nitronate dissociation step (ki3 in Scheme 1) in a nonoxidative
pathway and an electron transfer reaction with the flavin in
an oxidative pathway (ks in Scheme 1). Reoxidation of the
flavin in the oxidative pathway results in the formation of
superoxide, which subsequently reacts with the enzyme-
bound nitronate radical to form a peroxynitroethane inter-
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Scheme 1: Proposed Branch Point in the Steady-State Kinetic
Mechanism of N. crassa 2-NPD with Nitroethane as
Substrate”
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“The enzyme—ethylnitronate complex partitions through an oxida-
tive catalytic pathway (via ks) and a nonoxidative catalytic pathway
(via ky3) at the branch point. Note that the kinetic step for the release
of ethylnitronate (k;3) from the active site of the enzyme surface is
shown as being irreversible because initial rates were measured in the
absence of this species. For clarity, further kinetic steps occurring along
the oxidative pathway are not shown.

mediate. This intermediate is then likely released from the
active site, where it decays to give the acetaldehyde and
nitrite products of the oxidative pathway. N. crassa 2-NPD
can also utilize the deprotonated form of nitroethane as
substrate, where a similar branching mechanism occurs as
was demonstrated through measurements of the pH depen-
dence of the secondary kinetic isotope effects with [1->H]eth-
ylnitronate as substrate (/8).

In the present study, the pH dependence of the kinetic
isotope effects with nitroethane as substrate for the enzyme
was determined by following the formation of the nitronate
product formed during the nonoxidative pathway. The results
were then compared with previous studies of the kinetic
isotope effects with nitroethane as substrate measured by
following oxygen consumption occurring during the oxida-
tive pathway of the enzyme (/8). The data indicate that the
branching of reaction intermediates through multiple catalytic
pathways results in an inflation of the observed kinetic
isotope effects for the nonoxidative catalytic pathway as
compared to that for nitroethane oxidation. This study
represents the first instance in which an observed kinetic
isotope effect in an enzymatic reaction is inflated above the
intrinsic value associated with CH bond cleavage due to
branch points occurring during catalytic turnover.

EXPERIMENTAL PROCEDURES

Materials. N. crassa 2-NPD was obtained using the
expression and purification protocols described previously
(19). Nitroethane and [1,1->H,]nitroethane were from Sigma-
Aldrich (St. Louis, MO). All other reagents were of the
highest purity commercially available.

Methods. The kinetic parameters for the formation of
ethylnitronate when nitroethane is used as substrate for N.
crassa 2-NPD were determined by monitoring the increase
in absorbance at 228 nm resulting from mixing the enzyme
(1.07 uM final concentration) in air-saturated 50 mM sodium
pyrophosphate with substrate (in the range from 1 to 3 mM
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final concentrations). The nonlinear time courses for the
enzymatic reaction required the use of a logarithmic approach
to determine initial rates, which was carried out as described
previously (/9). This approach was necessary to prevent an
underestimation of the true initial rates for the reaction, which
would result from arbitrarily considering only a portion of
the reaction progress curve that might appear linear to the
observer. Deuterium kinetic isotope effects were determined
in assays carried out by alternating substrate isotopomers
and were calculated from the ratio of the k. /K, value
obtained with unlabeled substrate to that with labeled
substrate. The limited solubility of nitroethane prevented an
accurate determination of the turnover numbers (kea),
Michaelis constants (K,,), and the corresponding kinetic
isotope effects for the enzyme with this substrate. The pH
dependence of the P(ke/Kn)nox values with [1,1-
H, |nitroethane as substrate was determined in air-saturated
50 mM sodium pyrophosphate in the pH range from 6.0 to
10.0 at 30 °C. Rates for the reductive half-reaction of the
enzyme with ethylnitronate as substrate were determined at
30 °C using a TgK Scientific SF-61 stopped-flow spectro-
photometer as previously described (/8). The pH dependence
of the reductive half-reaction was determined in the pH range
from 6.0 to 10.1, by monitoring either the increase in
absorbance at 370 nm (pH 7.0—10.1) or the decrease in
absorbance at 444 nm (pH 6.0—6.5)! that results from the
anaerobic mixing of the enzyme with the substrate. Nitronate
solutions (100 mM) were prepared in water through incuba-
tion of the corresponding nitroalkane with a 1.2 M excess
of potassium hydroxide for at least 24 h.

Data Analysis. Kinetic data were fit with KaleidaGraph
software (Synergy Software, Reading, PA). For the
nonenzymatic deprotonation of either nitroethane or [1,1-
H,]nitroethane, stopped-flow traces were fit with eq 1,
which is a simplified expression for a pseudo-first-order
reaction evaluated at initial rates (i.e., t = 0). Ag is the
initial absorbance at 228 nm, kg, is the observed rate
constant for the increase in absorbance at 228 nm, and ¢
is time. The rate of product formation was determined
from the kqps value using the experimentally determined
Aé&rgnm value of 8520 M~ ! cm™!, which is the e3.8,, Value
for ethylnitronate corrected by the absorbance of nitro-
ethane at that wavelength (/9). Reaction progress curves
with either nitroethane or [1,1->H,]nitroethane as substrate
for the enzyme were fit with eq 2, where Ay is the initial
absorbance at 228 nm, b is defined as a shape parameter,
t is time, and x is the scale of the logarithmic curve. Initial
rates were determined from the slope of a tangent line to
the progress curve that intersects through the origin. This
is found by taking the derivative of y in eq 2 with respect
to + when the latter is set equal to zero (eq 3) and is
converted to rates of nitronate formation using the
experimentally determined Aéygnm value? and correcting
by the 1 cm path length (/) used as explained previously
(19). The overall rate of product formation determined in

! The reductive half-reaction was monitored at 440 nm at pH values
<6.5 because a species that absorbs light at 380 nm was observed upon
mixing ethylnitronate with sodium pyrophosphate in the absence of
enzyme (Francis and Gadda, unpublished observations). This species
is likely a nitroethane dimer based on previous studies by Porter and
Bright [(1977) J. Biol. Chem. 252, 4261—4370] but was not identified
in this study because its formation is clearly nonenzymatic.
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this fashion was converted to enzymatic reaction rates by
subtraction of the nonenzymatic component determined
under the same conditions. Second-order rate constants,
(kca! Kim)nox, for the enzymatic reaction of ethylnitronate
formation and release were determined by fitting initial
rate data to eq 4, where S is the concentration of substrate.
The pH dependence of (kcy/Kim)nox Was determined by
fitting the initial rate data to eq 5, which describes a curve
with a slope of +1 and a plateau region at high pH. C is
the pH-independent value of (k../Kn)nox and K, is the
dissociation constant for the ionizable group. The pH
dependence of both the P(k.w/Km)nox value and the
UV —visible absorbance spectrum of the enzyme was
determined by fitting the data with eq 6, which describes
a curve with plateau regions at both high and low pH. Y,
and Yy are the limiting values at low and high pH,
respectively, and K, is the dissociation constant for the
ionizable groups. Stopped-flow traces monitoring the
reductive half-reaction of the enzyme were fit to eq 7,
which describes a single exponential process where kqps
is the observed rate constant for flavin reduction, A, is
the absorbance at time ¢, and A is the final absorbance.
Pre-steady-state kinetic parameters were determined using
eq 8, where ks is the observed rate of flavin reduction,
kieq 1s the limiting rate constant for flavin reduction at
saturating substrate concentrations, Ky is the dissociation
constant for substrate binding, and S is the concentration
of substrate. The pH dependence of the reductive half-
reaction was determined by fitting the data with eq 9,
which describes a curve that decreases from an upper
limiting value at low pH to a lower limiting plateau at an
intermediate pH range and then with a slope of —1 at high
pH. Y. and Y; are the limiting values at low and
intermediate pH, respectively, and K, is the dissociation
constant for the ionizable groups.

vy = Ay T kgt (D
_ t
Ay = Ay + b ln(l + }) )
(b1
o (x)(A£228nml) )
Y _ kcat
e B (Km)noxS (4)
cal C
10g (—t) - log W (5)
m/ nox 1 +
IO_PKa

2 The acetaldehyde and nitrite products of the oxidative pathway of
the enzyme do not significantly absorb light at 228 nm as compared
with ethylnitronate and were thus not taken into account when
calculating rates of nitronate formation.
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RESULTS

Effects of pH on the P(k.o/K,n)nox Values with Nitroethane
as Substrate for the Nonoxidative Catalytic Pathway. The
pH dependence of the kinetic isotope effect on the k../Ki,
value of N. crassa 2-NPD with [1,1-?H,]nitroethane as
substrate was determined in air-saturated 50 mM sodium
pyrophosphate in the pH range from 6.0 to 10.0 at 30 °C by
following nitronate formation during turnover. The kinetic
isotope effect on the ke/Kyn denoted as Plke/
Km)nox,3decreased from an upper limiting value of 23 + 1 at
low pH to a lower limiting value at high pH of 11 £ 1
(Figure 1A). For comparison, the pH profile of the P(k../
Kin)ox values previously determined by measuring rates of
oxygen consumption with [1,1-2H,]nitroethane as substrate
yielded a similar pH-dependent behavior with limiting values
of 7.4 £+ 0.3 at low pH and 3.5 £ 0.1 at high pH (Figure
1A) (18). Those limiting values are 3.1 £ 0.2 and 3.1 + 0.3
times lower than those determined here for P(key/Km)nox at
low and high pH, respectively. In agreement with previous
studies on the pH profile of the (k./Kn)ox values for the
oxidative pathway (/9), the pH profiles for the (ke,/Kim)nox
values with both nitroethane and [1,1->H;]|nitroethane as
substrate showed the requirement for an unprotonated group
for nitronate formation (Figure 1B). This is the expected
pattern given that deprotonation of nitroethane occurs in a
kinetic step that is common to both the nonoxidative and
the oxidative catalytic pathways (Scheme 1). The kinetic
parameters obtained by measuring nitronate formation and
oxygen consumption are summarized in Table 1.

Effects of pH on the P(k,.q) Values with Ethylnitronate as
Substrate for the Oxidative Catalytic Pathway. Previous
studies have shown that the ethylnitronate product of the
nonoxidative pathway of N. crassa 2-NPD is also an effective
substrate for oxidative turnover of the enzyme (/8—20). The
pH dependence of the kinetic isotope effect on flavin
reduction in the oxidative pathway of N. crassa 2-NPD with
[1->H]ethylnitronate as substrate was determined in 50 mM
sodium pyrophosphate in the pH range from 6.0 to 10.1 at
30 °C. Consistent with previous studies on the reductive half-

3 For clarity, subscripts are placed next to the kinetic parameters
described in this report to denote the method in which they were
determined. Thus, (k../K)ox refers to the kinetic parameter determined
through measurements of oxygen consumption and (keu/Km)nox refers
to that obtained by following nitronate formation. The corresponding
kinetic isotope effects on these values are expressed using the familiar
superscript and are written as P(keu/Kin)ox 0 P(kea/ Kin)nox-
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FIGURE 1: pH dependence of P(keo/Kin)nox and P(kea/ Kim)ox With [1,1-
H]nitroethane as substrate for N. crassa 2-NPD. Panel A: The P(ke./
K,,) values were calculated from ratio of k.,/K,, with nitroethane
as substrate for the enzyme to that with [I,1-?H]nitroethane
measured by following nitronate formation (®) or oxygen con-
sumption (O) during turnover. The data for P(k../Kmn)ox are taken
from ref /8. Each curve is a fit of the data to eq 6. Panel B: The
(kea/ Kin)nox Values were determined by monitoring the increase in
absorbance at 228 nm that results from mixing enzyme with either
nitroethane (®) or [1,1-H;]nitroethane (O) as a function of pH at
30 °C. Data were fit with eq 5. The data for the (kea/Km)nox PH
profile are from ref /9.

reaction of the enzyme (/8, 19), anaerobic mixing of N.
crassa 2-NPD with ethylnitronate resulted in the formation
of an anionic flavosemiquinone with absorbance bands in
the ~370 and ~470 nm regions (Figure 2A). As shown in
Figure 2B for the example at pH 8.0, at any pH tested the
rate of flavin reduction increased hyperbolically with sub-
strate concentration and was the same irrespective of whether
ethylnitronate or [1->H]ethylnitronate was used as substrate.
Indeed, the kinetic isotope effect on the limiting rates of
flavin reduction (Pk.q) was pH independent in the range from
6.0 to 10.1 with an average value of 0.99 % 0.06 (Table 2).
This is an expected result since the single electron transfer
reaction from an enzyme-bound ethylnitronate to the flavin
does not involve hybridization changes of the a-carbon of
the substrate. The limiting rates of flavin reduction (k..q) with
both isotopomers decreased from a limiting value of ~220
s ! at low pH to lower values with increasing pH, showing
the presence of two pK, values for groups that need to be
protonated for catalysis (Figure 2C). The lower pK, values
of 7.8 & 0.1 and 8.0 £ 0.1 seen with ethylnitronate and
[1-H]ethylnitronate, respectively, are consistent with previ-
ous results obtained on the steady-state kinetics for the
oxidative pathway, suggesting the involvement of electro-
static catalysis in the formation of the anionic flavosemi-
quinone® (/8). The requirement of a second protonated group
with a pK, value of =10.3 was also observed in the pH
profiles of the k.4 values (Figure 2C). This pK, is possibly
due to the deprotonation of the N(3) atom of the enzyme-
bound FMN, which was independently shown in a pH
titration of the UV—visible absorbance spectrum of the
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enzyme to have a pK, of 10.9 + 0.2 (Figure 3). The negative
charge formed upon ionization of the N(3) atom of the flavin
at high pH would prevent the single electron transfer reaction
from the nitronate and would give rise to the pH dependence
observed for the reductive half-reaction of the enzyme
(Figure 2C).

DISCUSSION

Partitioning of reaction intermediates during turnover of
an enzyme utilizing a branched kinetic mechanism can result
in an inflation of the observed kinetic isotope effect well
above the intrinsic value associated with bond cleavage as
illustrated in the results of the current study. Branching
during turnover of N. crassa 2-NPD with nitroethane as
substrate occurs after the nitroalkane is deprotonated by
histidine 196 (k3) and involves the partitioning of the resulting
enzyme—ethylnitronate complex through nonoxidative and
oxidative pathways (Scheme 2) (/9). Ethylnitronate is
released as a reaction product during nonoxidative turnover
(k13), but is retained in the active site in the oxidative pathway
that results from a single electron transfer reaction with the
enzyme-bound flavin cofactor (ks). The formation of the
ethylnitronate product during nonoxidative turnover can be
monitored spectrophotometrically to determine reaction rates
as carried out in this and a previous study of the enzyme
(19). Alternatively, rates of oxygen consumption during
oxidative catalysis can be measured to determine enzymatic
activity as described previously (/8). Both methods have
been used to measure the second-order rate constant, kg,/
K., for the reaction of N. crassa 2-NPD with nitroethane as
substrate (18, 19). The k.,/K,, values determined from these
methods are fundamentally different kinetic parameters for
the enzyme as evident from the differences in the magnitude,
pH dependence, and extent to which a kinetic isotope effect
isexpressed when each assay is used to measure activity (18, 19).

The differences in the kinetic parameters determined by
following either nitronate formation or oxygen consumption
are readily explained by considering the branched nature of
the catalytic cycle of the enzyme. The general definition of
the k./K, value for an enzymatic reaction states that the
kinetic parameter is a reflection of the rate of substrate
capture into productive enzyme complexes destined to form
products at some later time (2/, 22). Branching during
turnover of N. crassa 2-NPD with nitroethane as substrate
results in multiple destinations for the enzyme—nitronate
complex, which gives rise to the different k,/K,, values.
Following the reaction by monitoring nitronate formation
gives a (ke/Km)nox Value that reflects the rate of capture of
nitroethane into productive complexes destined to form
ethylnitronate at some later time (Scheme 2). When oxygen
consumption is measured, the resulting (k../Kum)ox Vvalue
reflects capture rates for productive complexes destined to

#The pH profile of the k./K,, value with ethylnitronate as substrate
was previously fit to an equation describing the requirement of a single
protonated group for catalysis [(2006) Biochemistry 45, 13889]. The
fit resulted in an apparent outlier at pH 8.5 which, despite repeated
measurements, showed a k.,/K,, value lower than expected from the
curve. The increased precision provided by the stopped-flow measure-
ments reported here showed that the pH profile of the k.4 value has a
plateau region in the pH range from ~8.5 to 9.0. This plateau is likely
displayed in the k.,/K;, pH profile but was not defined due to the less
precise measurements of enzyme activity reported in that study [(2006)
Biochemistry 45, 13889].
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Table 1: pH Dependence of the (kea/Km)nox and (kea/Km)ox Values of N. crassa 2-NPD with either Nitroethane or [1,1->H]Nitroethane as Substrate”

pH (kCﬂI/KNE)HOX’th Mil 571 (kca(/KDNE>nnxyd M71 571 (kcm/KNE)nxyh'g Mil 571 (kca(/KDNE)OXsb'e M71 571 D(kca(/Km)nnx D(kcm/Km)ox
6.0 4+1 0.162 £ 0.004 50+1 7+1 23+1 6.9+0.1
6.5 20+ 1 0.925 £ 0.045 100 + 4 20+1 23+1 50+£0.3
7.0 60 £2 3.11 £ 0.05 200 + 10 50+2 20+ 1 43£0.1
75 265 + 4 14.7+£0.2 350 £5 95+5 18+1 37+£0.2
8.0 450 £ 10 30£2 675 + 20 180 £ 5 14 £1 3.6+£02
8.5 730 £ 16 54£2 800 £ 25 225 &£ 15 13+1 3.6+£0.1
9.0 760 & 10 68 & 1 375 £20 100 &= 10 11+1 37+£04
9.5 740 £ 23 66 £ 3 185 £ 10 50£3 11+1 37+£03
10.0 830 25 74+£3 155 £ 10 50+4 Ir+1 3.1+03

@ All assays were carried out in 50 mM sodium pyrophosphate at 30 °C. ® With nitroethane as substrate. © From ref 79. ¢ With [1,1->H]nitroethane as

substrate. ¢ From ref /8.
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FIGURE 2: pH dependence of the Pk,q value with [1-H]ethylnitr-
onate as substrate for N. crassa 2-NPD. Panel A: The absorbance
at 370 nm was monitored over time after anaerobic mixing of N.
crassa 2-NPD with ethylnitronate at pH 8.0 and 30 °C to give final
concentrations of 15 M enzyme and 4.5 mM substrate. The time
indicated is after the end of flow (2.2 ms). Inset: Flavin absorbance
spectra before (black) and ~30 s after (red) anaerobic mixing of
the enzyme with ethylnitronate. Panel B: Rates of flavin reduction
determined from fits of stopped-flow traces to eq 7 were plotted as
a function of either ethylnitronate (A) or [1->H]ethylnitronate (V)
concentration and were fit with eq 8 to obtain limiting rates of flavin
reduction (k.q). Panel C: The pH profile of k..q with ethylnitronate
(A) or [1-’H]ethylnitronate (V) in the pH range from 6.0 to 10.1.
The data were fit with eq 9.

form the products of the oxidative catalytic pathway of the
enzyme (Scheme 2).

Branching of the enzyme—ethylnitronate intermediate
formed with nitroethane as substrate for N. crassa 2-NPD
affects the k../K,, values for the reaction because all of the
kinetic steps leading to its formation are reversible (Scheme
2). In general, an analytical expression for the k.,/K, value
of an enzymatic reaction includes rate constants for all kinetic
steps from substrate binding up to and including the first
irreversible step of the mechanism (23). As shown in Scheme
2, the branch point in the kinetic mechanism of N. crassa
2-NPD occurs after the reversible steps of substrate binding
(k1, k») and the proton abstraction with histidine 196 (k3, k4).
Substrate binding is reversible at the low concentrations of
nitroethane used when k.,/K;, is measured. The subsequent
proton transfer reaction is also reversible as evident from
previous studies demonstrating that the enzyme utilizes a
sequential steady-state kinetic mechanism with nitroethane
as substrate (18, 20). The reversibility of the steps leading
to the branch point expands the expression for k.,/K;, to
include all of the rate constants leading to the first irrevers-
ible steps of each catalytic pathway of the enzyme. In the
nonoxidative pathway this includes only the nitronate release
step (k13), which is irreversible because initial rates were
measured in the absence of ethylnitronate. At large concen-
trations of oxygen, the net flux of the enzyme—nitronate
intermediate through the flavin reduction step (ks, k¢) in the
oxidative pathway becomes practically irreversible (23). This
stems from the bimolecular oxidation of the flavosemi-
quinone becoming significantly faster than its formation (i.e.,
O,k; > ks) when oxygen concentration is large, thereby
depleting the steady-state concentration of the reduced
enzyme—nitronate radical complex (Eq—S" in Scheme 2) that
would be needed for the reverse electron transfer reaction
(kg). The k. /K, values for the N. crassa 2-NPD reaction
therefore include only the kinetic steps for the formation and
breakdown of the enzyme—nitroethane Michaelis complex
(k1, k), the reversible proton abstraction from the nitroalkane
(ks, k4), and the partitioning of the enzyme—nitronate
complex through the release of ethylnitronate as a product
(k13) and flavin reduction (ks). Expressions for both (k../
Kinox and (ke Kin)ox Were derived using the method of King
and Altman (24) to give eqs 10 and 11:°

kcat =k k1k3 10
Km nox o k2(k4 + kS + k13) ( )
) st
Km ox ’ k2(k4 + kS + kl3)

A comparison of the k.,/K, values with nitroethane as
substrate for N. crassa 2-NPD reveals how the enzyme—ethyl-
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Table 2: pH Dependence of the Reductive Half-Reaction of N. crassa 2-NPD with either Ethylnitronate or [1-H]Ethylnitronate as Substrate”

pH kred(H),b s7! kreamy,” s ke Kd(H)ab mM Kyp)," mM
6.1 255 + 30 260 + 70 1.0+£03 1542 15+5
6.5 270 + 90 260 + 90 1.0+0.5 25410 30+ 10
7.15 250 + 10 230+ 10 1.1+0.1 30+3 2542
7.5 220 + 10 220+ 10 1.1+0.1 25+2 30+3
8.0 160 & 10 160 + 10 1.1 £0.1 30+3 25+ 4
8.3 110£3 125+ 5 09 +0.1 10+£1 10+ 1
8.6 75+ 10 80 £ 10 09 +£0.1 35+6 40+ 7
9.1 T0+£5 70+£5 1.0+ 0.1 25+5 20+ 3
9.6 50+4 50+5 1.0+ 0.1 40+5 40 £ 10
10.1 3542 3543 1.0£0.1 2045 2045

“N. crassa 2-NPD was anaerobically mixed with substrate in 50 mM sodium pyrophosphate at 30 °C in a stopped-flow spectrophotometer, and the
absorbance changes at 370 or 440 nm were monitored over time. ® With ethylnitronate as substrate. © With [1-*H]ethylnitronate as substrate.
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FIGURE 3: pH dependence of the UV —visible absorbance properties
of N. crassa 2-NPD. UV —visible absorbance spectra of the enzyme
(21 uM) were recorded in 50 mM sodium phosphate at 10 °C in
the pH range from 7.4 to 12.0. Inset: UV —visible absorbance values
at 464 nm as a function of pH. The data were fit with eq 6.

Scheme 2: Proposed Steady-State Kinetic Mechanism of N.
crassa 2-NPD with Nitroethane as Substrate”

on < / on‘ S

S
kl 1 P k6 k5
Eoy-P Eg-S

“E is the oxidized form of enzyme; E,q is the flavosemiquinone
form of enzyme; S is nitroethane; S is ethylnitronate; S and P are a
radical intermediate and the product of the oxidative pathway of the
enzyme, respectively. Note that the kinetic steps for the release of
ethylnitronate (S™) and the oxidative product (P) are shown as being
irreversible because initial rates were measured in the absence of these
species.

nitronate complex formed during turnover partitions through
the nonoxidative and oxidative catalytic pathways. Each
value describes identical productive complexes that form as
a result of nitroethane binding to the enzyme (k;) and the
deprotonation of the nitroalkane by the active site residue
histidine 196 (k3) (19). Since the same productive complexes
are described by each expression, the kinetic steps leading
to their steady-state formation and breakdown must also be
the same. This is reflected in the parentheses of the
expressions for k,/K, shown in eqs 10 and 11. Taking
the ratio of these k./K, values cancels the terms in the

Table 3: Partition Ratios with Nitroethane or [1,1->’H]Nitroethane as
Substrate for N. crassa 2-NPD“

pH Py’ Py’ PulPp

6.0 0.08 + 0.02 0.023 £ 0.003 35+1.0
6.5 0.20 £ 0.01 0.046 + 0.003 43404
7.0 0.30 + 0.02 0.062 £ 0.003 48404
7.5 0.76 + 0.02 0.16 + 0.01 48403
8.0 0.67 +0.03 0.17 £ 0.01 39+03
8.5 0.91 +0.04 0.24 +0.02 38+03
9.0 20+0.1 0.68 + 0.07 29+03
9.5 40403 1.340.1 3.1+£03
10.0 54404 1.540.1 3.6+04

“In 50 mM sodium pyrophosphate at 30 °C. ” Partition ratios with
nitroethane (Py) or [1,1->H]nitroethane (Pp) were obtained by dividing
the k./Ki, value measured by monitoring rates of nitronate formation to
that determined by measuring rates of oxygen consumption.

parentheses to provide a direct measure of how the
enzyme—ethylnitronate complex partitions between nitronate
release (k;3) and flavin reduction (ks) as shown in eq 12.
The partition ratios (P) of the N. crassa 2-NPD reaction with
either nitroethane or [1,1->H]nitroethane calculated from eq
12 are shown in Table 3.

_ (kcat/Km) k13

T keldKox ks

nox __

12)

A partition isotope effect is expressed on the N. crassa
2-NPD reaction as the result of a kinetic isotope effect on
the release of the nitronate formed with either nitroethane
or [1,1->H]nitroethane as substrate. Evidence supporting this
conclusion comes from the differences in the partition ratios
calculated with nitroethane and [1,1->H]nitroethane (Table
3) and the lack of a kinetic isotope effect on the reductive
half-reaction of the enzyme. Partition ratios for the reaction
catalyzed by N. crassa 2-NPD reflect the relative rates of
nitronate release (k;3) and flavin reduction (ks) (eq 12). Since
the limiting rate constant for flavin reduction with ethylni-

5 The simplified expressions for k.,/K,, are based on experimental
data made in a previous report [(2006) Biochemistry 45, 13889] showing
that the enzyme is saturated with oxygen under atmospheric conditions
across the pH range tested and that the kinetic step k> > kj. This was
shown through measurements of the K, for oxygen and from the lack
of solvent viscosity effects on the (k¢./Kn)ox Value with nitroethane as
substrate for the enzyme, respectively. The previous derivation of (kc./
Kin)ox assumed that k3 > ks based on the lack of solvent viscosity
effects on k.,/K,, with ethylnitronate as substrate [(2006) Biochemistry
45, 13889]. This assumption was not applied in the current study with
nitroethane as substrate because the observation of both oxygen
consumption and nitronate release during turnover clearly demonstrates
that k3 is comparable to ks.



Inflated KIE in the N. crassa 2-NPD Reaction

tronate is not isotope sensitive, the partition isotope effect
must arise from different rates of nitronate release with
nitroethane or [1,1-’H]nitroethane as substrate for the
enzyme. The kinetic isotope effect on nitronate release likely
arises from the deprotonation of histidine 196, which was
previously shown to be the catalytic base for the reaction of
the enzyme with nitroethane as substrate (/9). The positive
charge formed on the imidazolium side chain of histidine
196 as a result of the proton transfer reaction with nitroethane
likely establishes electrostatic interactions with the anionic
nitronate intermediate to keep it bound in the active site for
oxidation. Deprotonation of histidine 196 would disrupt these
interactions to promote nitronate release and would be isotope
sensitive since it involves the transfer of a deuteron instead
of a proton when [1,1-*H]nitroethane is the substrate. The
role of histidine 196 for nitronate release is supported by
both the partition ratios for the reaction, which increase with
increasing pH, and the magnitude of the partition isotope
effects of the reaction (Table 3), which is within the range
from 3 to 4 that was previously reported for the kinetic
isotope effect on the deprotonation of imidazolium (25, 26).

The partition isotope effect expressed on nonoxidative
turnover of N. crassa 2-NPD with nitroethane as substrate
inflates the observed limiting P(ke./Kin)nox above the intrinsic
value associated with the deprotonation of the nitroalkane.
The increase in the limiting value of the P(keu/Km)nox at low
pH from that previously determined for P(ke/Km)ox (i.€., 23
versus 7.4 at low pH) (/8) corresponds well with the partition
isotope effect of ~3 that can be calculated from the Py and
Pp values shown in Table 3. Only the limiting values of P(k.,/
K.,) can be compared in this analysis because pH effects
alter the kinetic isotope effects measured with each assay
(eqs 13 and 14; derivations are shown in the Supporting
Information). As the pH is raised above the pK, of histidine
196, the rate constant for nitronate release (kj3) increases,
while the rate constants for nitronate oxidation (ks) and
protonation (ks) decrease to a limiting value and zero,
respectively. Thus, the partition ratio increases from a lower
limiting value at low pH to an upper limiting value at high
pH, while the reverse commitment to catalysis decreases from
an upper limiting value at low pH to zero. As shown in eqs
13 and 14, the increase in the partition ratio with increasing
pH results in a decrease in the P(k../K,) values for the
reaction. Since the isotope effect on the partition ratio arises
from different rates of nitronate release (k;3) during nonoxi-
dative turnover of the enzyme with nitroethane as substrate
and not from different rates of electron transfer (ks), it is
only expressed on P(ke./Kin)nox (€q 14). As shown in eq 14,
the overall P(k../Km)nox Value of N. crassa 2-NPD is therefore
given by both a primary isotope effect arising from CH bond
cleavage (P(ke/Kin)ox) and a partition isotope effect resulting
from different rates of nitronate release with nitroethane and
[1,1-H]nitroethane as substrate (Pk;3). Thus, the limiting
D(keat/ Kinox Of ~23 is inflated from the intrinsic value ~8—9,
which was previously measured for the deprotonation of
nitroethane in solution (27, 28).

Dk3-+-Dk3( I
o) _
I(mox

D
D_P) + Keq3Cr
where P = kyslks, C; = kalks, and PK.q3 = Pks/Pks.

13
1+C +P

13)
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The present investigation of the N. crassa 2-NPD reaction
represents the first instance of an enzymatic reaction where
the observed kinetic isotope effect is inflated well above the
intrinsic value that is associated with CH bond cleavage
because of the branching of a reaction intermediate. This
study therefore complements previous works on other
enzymes showing that branching of reaction intermediates
can inflate observed kinetic isotope effects observed for one
pathway to their intrinsic values (7, I3) or, as is more
commonly observed, decrease the magnitude of the observed
kinetic isotope effect (/—5, 29). A rate-limiting step involv-
ing bond cleavage may therefore give rise to a kinetic isotope
effect that is inflated from the intrinsic value or is completely
abated due to the presence of branching in the kinetic
mechanism of an enzyme.
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ing kinetic isotope effects catalyzed by the enzyme. This
material is available free of charge via the Internet at http://
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