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ABSTRACT: The pH dependence of basal and calmodulin- (CaM-) stimulated neuronal nitric oxide synthase
(nNOS) reduction of 2,6-dichloroindophenol (DCIP) and cytochromec3+ was investigated. The wave-
shaped logV versus pH profile revealed that optimal DCIP reduction occurred when a group, pKa of
7.6-7.8, was ionized. The (V/K)NADPH and (V/K)DCIP versus pH profiles increased with the protonation of
a group with a pKa of 6.5 or 5.9 and the ionization of two groups with the same pKa of 7.5 or 7.0,
respectively. (V/K)DCIP decreased with the ionization of a group, pKa of 9.0. SimilarV, (V/K)NADPH, and
(V/K)DCIP versus pH profiles for DCIP reduction were obtained with and without CaM, indicating that
CaM does not influence ionizable groups involved in catalysis or substrate binding. In contrast, CaM
affected the pH dependence of cytochromec3+ reduction. The wave-shaped logV versus pH profile for
basal cytochromec3+ reduction revealed that ionization of a group, pKa of 8.6, increased catalysis. Log
V for CaM-stimulated cytochromec3+ reduction displayed a bell-shaped pH dependence with the protonation
of a group with a pKa of 6.4 and the ionization of a group with a pKa of 9.3, resulting in a loss of activity.
The log(V/K)cytc versus pH profiles with and without CaM were bell-shaped with the ionization of a
group at pKa of 7.1 or 7.6 (CaM) or pKa of 9.4 or 9.6 (CaM), increasing and decreasing (V/K)cytc. These
results suggest that CaM may change the nature of the rate-limiting catalytic steps or ionizable groups
involved in cytochromec3+ reduction.

The nitric oxide synthases (NOS)1 are a family of three
mammalian isozymes which produce the physiologically
important free radical nitric oxide (NO) (for reviews see refs
1-5). Each of the isozymes functions as a homodimer to
produce NO andL-citrulline via the five-electron oxidation
of L-arginine (6, 7). The polypeptide subunit for each of the
three isoforms is divided into two distinct domains. The
oxygenase domain contains a P450-type heme and the
binding sites for the cofactor (6R)-5,6,7,8-tetrahydrobiopterin
(H4B) and the substrateL-arginine (8-11). The reductase
domain contains 1 mol each of FAD and FMN and the

binding site for NADPH (12, 13). The calmodulin- (CaM-)
binding motif, located at the center of each of the NOS
polypeptide subunits, tethers the oxygenase domain to the
reductase domain (14-16). A rise in intracellular Ca2+

concentrations promotes the binding of CaM to neuronal
(nNOS) and endothelial (eNOS) NOS which triggers inter-
domain electron transfer, an essential step for NO synthesis
(17-19). In contrast, CaM is tightly bound to the inducible
(iNOS) isoform at basal intracellular levels of Ca2+; enzyme
activity is modulated at the transcriptional level through the
action of cytokines (16).

The dual flavin-containing domain of NOS is structurally
and functionally similar to NADPH-cytochrome P450
reductase (CPR;12, 13). During catalysis, the enzyme-bound
flavins on nNOS and CPR cycle between the one- and three-
electron reduced states as they shuttle reducing equivalents
from NADPH to FAD and then FMN and finally to the heme
(13, 20-23). CPR and nNOS are both able to reduce the
nonphysiological flavin electron acceptors, ferricyanide
(FeCN), 2,6-dichloroindophenol (DCIP), and cytochromec3+

(24, 25). The binding of Ca2+-activated CaM (Ca2+-CaM)
to nNOS alleviates the inhibition of flavin-mediated electron
transfer, resulting in a 2-3-fold increase in FeCN and DCIP
reduction and a 10-20-fold increase in cytochromec3+

reduction (14, 17). Similar levels of Ca2+-CaM-induced
stimulation of these activities is achieved with the nNOS
reductase domain. Thus, this behavior is not attributed to
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the cofactor triggering electron transfer to the heme (17, 26,
27). Ca2+-CaM also has a negligible effect on the flavin
midpoint potentials; thus, the cofactor does not change the
thermodynamic driving force of electron transfer in the
reductase domain (22). However, Ca2+-CaM has been shown
to increase the pre-steady-state rate of electron transfer from
NADPH to the flavins (17) and to induce conformational
changes in the diflavin domain (14, 23, 28).

The binding of Ca2+-CaM may remove the suppression
of electron transfer by acting on structural components which
are absent in CPR. All three NOS isoforms possess 21-40
additional amino acids at the C-terminal tail, and the
constitutive isoforms (nNOS and eNOS) contain a 45-50
amino acid insert located in the FMN-binding domain. In
the absence of Ca2+-CaM, eNOS and nNOS lacking their
C-terminal tails exhibit faster rates of flavin and cytochrome
c3+ reduction compared to wild-type (29). The CaM-
stimulated cytochromec3+ reductase activity was similar for
the wild-type and the truncated forms, suggesting that the
C-terminal tail acts to suppress electron transfer which can
then be alleviated with the binding of Ca2+-CaM (29).
Removal of the 45-50 amino acid sequence in the FMN
domain demonstrated that this is a putative autoinhibitory
element as it promotes the dissociation of CaM at low
intracellular Ca2+ concentrations and inhibits electron transfer
in the absence of Ca2+-CaM (30-32).

The NOS isoforms exhibit varying rates of NO synthesis,
which is correlated to their rate of interflavin electron transfer
and/or transfer between the FMN and the heme (33). Because
the reductase domain controls the rate of NO production,
there is great interest in the role of Ca2+-CaM in mediating
electron transfer. The steady-state kinetic mechanisms for
DCIP and cytochromec3+ reduction were the same in the
presence and absence of the activated cofactor. The reduction
of DCIP and cytochromec3+ occurs in two half-reactions
by a one-site ping-pong and a two-site ping-pong mechanism,
respectively (34). The role of Ca2+-CaM is further investi-
gated in this paper by determining its influence on ionizable
groups associated with catalysis or binding of substrates. The
pH profile for V yields pKa values for groups involved in
rate-limiting step(s) of the mechanism. In contrast, the pKa

values in theV/K versus pH profiles represent groups in the
steady-state mechanism that participate in events from
binding of the substrate up to the first irreversible step, which
could be a catalytic step or product release. If the pKa appears
in both theV andV/K versus pH profiles, it represents the
particular ionization state of a group on the enzyme or
substrate that is limiting for catalysis rather than one involved
solely in substrate binding (35). The proposed steady-state
kinetic mechanisms for the reduction of these two substrates
provide a framework for the interpretation of the dependence
of V andV/K for substrates on pH.

EXPERIMENTAL PROCEDURES

Materials.Hepes was purchased from Research Organics
(Cleveland, OH). H4B was from Cayman Chemical Co. (Ann
Arbor, MI). The 2′,5′-ADP-Sepharose was from Amersham
Pharmacia Biotech (Piscataway, NJ), and the calmodulin-
Sepharose and calmodulin were generous gifts of Dr. S.
Anderson (Oregon State University). All other reagents were
from Sigma Chemical Co. (St. Louis, MO).

Protein Expression and Purification. Recombinant rat
nNOS was purified fromEscherichia colistrain BL21(DE3)
after overexpression of the cDNA with the pCWori vector.
The enzyme was purified according to the protocol published
by Gerber and Ortiz de Montellano with slight modification
(36). The rate of NO production was measured by the
hemoglobin-NO capture assay at 25°C following the
procedures of Stuehr et al. (37). nNOS was more than 85%
pure as judged by SDS-polyacrylamide gel electrophoresis
with a specific activity of 150 nmol of NO min-1 mg-1 at
25 °C. Protein concentration was determined with the Lowry
assay using BSA as a standard (38).

Substrate Titrations.31P NMR spectra for NADPH titration
curves were obtained with a Bruker DRX 600 spectrometer
operating at 242.9 MHz using a 90° observation pulse.
Experiments were performed at 25°C using a 5 mm NMR
tube. The spectra were collected unlocked with constant
compensation for field drift. Titration samples contained 1
mM NADPH in the buffer used for the pH kinetic studies.
The spectrophotometric titration of DCIP at 600 nm was
performed at 25°C. The samples contained 20µM DCIP in
the buffer used for the pH kinetic experiments.

Measurement of Reductase ActiVities. A three-component
buffer system consisting of 15 mM MES (pKa 6.15), 15 mM
Hepes (pKa 7.55), and 15 mM CHES (pKa 9.5) was used for
the pH dependence studies. The buffer was titrated to the
desired pH with NaOH. Reactions were performed in a 5.0
mL volume at 25°C using either a 1 or 5 cmpath-length
cuvette. The rate of cytochromec3+ reduction was measured
by following absorbance changes at 550 nm (∆ε ) 21.1
mM-1 cm-1; 39). The rate of DCIP reduction was measured
by following absorbance changes at 600 nm using an
extinction coefficient for DCIP that was calculated at each
pH (described below). Reaction mixtures contained variable
concentrations of substrates (NADPH, cytochromec3+, or
DCIP) and, where appropriate, 10µM CaCl2 and 100 nM
CaM. Reactions were initiated by the addition of 0.5-1.5
µg of nNOS to a 5 mL reaction volume. The pH profiles
were extended as far as possible into the pH extremes until
enzyme or substrate instability prevented the measurement
of initial rates. At pH values below 7 the level of uncatalyzed
NADPH oxidation in the absence of nNOS was subtracted
from initial rates obtained in the presence of the enzyme.

Data Analysis.Values for the various parameters were
derived by nonlinear least-squares fitting (Levenberg-
Marquardt algorithm) using the computer program Origin
version 4.0 (MicroCal Software Inc., North Hampton, MA)
or MicroMath Scientist (MicroMath Scientific Software, Salt
Lake City, UT).V andKcytc values for the basal and CaM-
stimulated reduction of cytochromec3+ were obtained by
measuring the rate of cytochromec3+ reduction at a fixed
saturating concentration of NADPH (10µM). The initial rates
were fit to the Michaelis-Menten equation:

whereνi represents the initial rate,V is the maximal velocity,
A is the variable substrate concentration, andKm is the
Michaelis constant for the variable substrate. (V/K)cytc was
obtained from the fitted values ofV and Kcytc with the
appropriate error propagation. (V/K)NADPH values for the basal

νi ) VA
Km + A

(1)
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and CaM-stimulated reduction of DCIP were obtained in the
same fashion with DCIP present at a constant subsaturating
concentration of 20µM. Concentrations of NADPH greater
than 2KNADPH inhibit DCIP reduction at DCIP concentrations
less thanKDCIP; thus, (V/K)DCIP in the presence and absence
of Ca2+-CaM was determined by fitting the initial rates at
various DCIP concentrations at a fixed nonsaturating level
of NADPH (0.3µM) to eq 1. This method is valid since the
basal and CaM-stimulated reduction of DCIP follows a ping-
pong mechanism (34); therefore, the concentration of the
nonvariable substrate can be maintained at nonsaturating
levels without affecting the value ofV/K for the variable
substrate. TheV versus pH profile for basal and CaM-
stimulated reduction of DCIP was determined by measuring
the initial rate at saturating concentrations of NADPH (20
µM) and DCIP (100µM).

Titration curves for NADPH and DCIP were fit to the
equation:

whereY is the 31P NMR chemical shift of NADPH or the
extinction coefficient of DCIP,H is the proton concentration,
Ka is the acid dissociation constant, andYL andYH are the
low- and high-pH plateau values, respectively, forY. All plots
of the kinetic data contain error bars for each data point
corresponding to one standard deviation. The following
equation was used to fit a wave with the ionization of one
group leading to an increase in the rate of catalysis (Figure
1 and panel A of Figure 4):

whereY denotes the observed maximal velocity,H is the
proton concentration,Ka is the acid dissociation constant
(listed asKa2 for Figure 1 andKa1 for panel A of Figure 4),
andYH andYL are the values forY at the high- and low-pH
plateaus, respectively. (V/K)NADPH versus pH profiles in which
the ionization of a group with a low pKa decreases (V/K)NADPH

and the ionization of two groups with the same pKa leads to
an increase in (V/K)NADPH (Figure 2) were fit to the equation:

where Y is the observed (V/K)NADPH, H is the proton
concentration,Ka1 is the acid dissociation constant of the
group which ionizes at a lower pH,Ka2 is the acid
dissociation constant for the two groups that ionize at a high
pH, andYH andYL are the values of (V/K)NADPH at the high-
and low-pH plateaus, respectively. The (V/K)DCIP versus pH
profiles in which the ionization of a group with a low pKa,
the protonation of two groups with the same midrange pKa,
and the ionization of a group with a high pKa all lead to a
decrease in (V/K)DCIP (Figure 3) were fit to the equation:

whereY is the observed (V/K)DCIP, Ka1, Ka2, andKa3 are the
dissociation constants for the groups that ionize at low,
neutral, and high pH, respectively, andYH and YL are the
high- and low-pH plateau values forY, respectively. Bell-
shaped pH profiles where catalysis requires the ionization
of a group with a low pKa and the protonation of a group
having a higher pKa (panel B of Figures 4 and 5) were fit to
the equation:

whereY is the observedV or (V/K)cytc, Ka1 andKa2 are the
dissociation constants for the groups that ionize at low and
high pH, respectively, andYH is the value forV or (V/K)cytc

when both groups are in their preferred ionization states.

RESULTS

Determination of Substrate pKa Values.The pKa values
for ionizable groups on NADPH and DCIP were determined
to aid in the interpretation of the pH profiles. The pH
variation in the chemical shift of31P by NMR has been the
method previously employed to determine the pKa of the
NADPH 2′-phosphate. The pKa values were reported to be
6.1 for NADPH in 100% D2O containing 500 mM KCl at
11 °C (40) and 6.52 in 10% D2O and 10% glycerol at 25°C
(41). At an ionic strength of 800 mM and in the absence of
D2O, Sem and Kasper reported a pKa of 5.91 for the 2′-
phosphate of NADPH (42). From the variation in the above-
reported values, it is apparent that both ionic strength and
the presence of D2O will affect the pKa of the NADPH 2′-
phosphate. Therefore, it was necessary to determine the pKa

under the conditions of our pH studies. To avoid the use of
D2O in the buffer, the spectra were collected unlocked with
constant compensation for the field drift. At 25°C the pKa

of the NADPH 2′-phosphate equaled 6.46( 0.02 (data not
shown).

A DCIP hydroxyl group ionizes in the pH range studied
and therefore affects the extinction coefficient for this
substrate. The pKa of this group under the buffering condi-
tions used for the nNOS pH studies was determined by
measuring the absorbance of 20µM DCIP at various pH
values. A nonlinear least-squares fit of the data to eq 2
yielded a pKa for the hydroxyl group equal to 5.87( 0.02
(data not shown), which is identical within error to the value
obtained by Sem and Kasper (42). The extinction coefficients
used for calculating initial rates of DCIP reduction in the
pH dependence studies were calculated at each pH using eq
2 and assuming an extinction coefficient of 21.0 mM-1 cm-1

at pH 7.0 (43).
pH Dependence of the Kinetic Parameters for DCIP

Reduction.The kinetic parameters for the nNOS-catalyzed
reduction of DCIP were measured over the pH range of 5.5-
9. The pKa values forV, (V/K)NADPH, and (V/K)DCIP are listed
in Table 1. The logV versus pH profiles for the basal and
CaM-stimulated reduction of DCIP were wave-shaped with
the ionization of a group with a pKa (pKa2) of 7.65( 0.06
(basal) or 7.77( 0.04 (Ca2+-CaM) leading to an increase in
the rate of DCIP reduction (Figure 1).

The (V/K)NADPH versus pH profiles for basal and CaM-
stimulated DCIP reductase activity are shown Figure 2.

log Y ) log[ YH

1 + H/Ka2 + Ka1/H] (6)

Y )
YH + YL(H/Ka)

H/Ka + 1
(2)

log Y ) log[YH + YL(H/Ka)

1 + H/Ka
] (3)

log Y ) log[YH + YL(H/Ka1)(H/Ka2)
2

(1 + H/Ka1)(1 + H/Ka2)
2] (4)

log Y ) log[ YH + YL(H/Ka1)(H/Ka2)
2

(1 + H/Ka1)(1 + H/Ka2)
2(1 + Ka3/H)] (5)
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(V/K)NADPH increased in the low-pH extreme when a group
with a pKa (pKa1) of 6.47 ( 0.37 (basal) or 6.47( 0.20
(Ca2+-CaM) was protonated. pKa1 may reflect the ionization
of the 2′-phosphate of NADPH since it equals the pKa

determined in the titration of31P for NADPH and does not
appear in theV versus pH profile (Figure 1). The increase
in (V/K)NADPH at a low pH suggests that the protonated or
monoanionic form of the 2′-phosphate is the preferred state
for binding of the nucleotide to nNOS. (V/K)NADPH increases
with the ionization of two groups with a pKa2 of 7.51( 0.07
(basal) or 7.56( 0.05 (Ca2+-CaM). One of the groups in
each profile reflects a group involved in catalysis since a
similar pKa is observed in theV versus pH profile for DCIP
reduction.

(V/K)DCIP also increases at low pH (Figure 3). The pKa

for this group, pKa1, is shifted to low pH compared to that
found for (V/K)NADPH. The number of data points was
insufficient to obtain an accurate determination of pKa1 when

eq 4 or eq 5 was used to fit the data, and the pH profile
could not be extended to lower pH values due to the increase
in uncatalyzed NADPH oxidation. If it is assumed that pKa1

originates from the ionization of the hydroxyl group on DCIP
and pKa1 is fixed at 5.87 during the fitting routine, a
reasonable fit of the data is obtained using eq 5. The pKa

values for the ionization of two groups resulting in an in-
crease in (V/K)DCIP, pKa2, were equal with values of 6.97(
0.07 (basal) or 7.08( 0.07 (Ca2+ - CaM). On the basic pH
limb, (V/K)DCIP decreased with an ionization of a group, pKa3,
of 9.00( 0.22 (basal) or 9.01( 0.21 (Ca2+-CaM). A more
accurate determination of pKa3 could not be obtained because
nNOS was unstable at pH>9.0. The value of pKa2 is
comparable to the pKa2 in theV versus pH profile for basal
and CaM-stimulated reduction of DCIP (Figure 1). Therefore,
it probably reflects an ionizable group involved in catalysis
and not the binding of DCIP. However, the other pKa2 and
pKa3 represent ionizable groups on nNOS that affect the
binding of DCIP since they only appear in the (V/K)DCIP

versus pH profile.
pH Dependence of the Kinetic Parameters for Cytochrome

c3+ Reduction. The pKa values associated with pH depen-
dence of the steady-state kinetic parameters for cytochrome
c3+ reduction are summarized in Table 2. The logV versus
pH profile for the basal reduction of cytochromec3+ is a
wave, where the ionization of a group with a pKa1 of 8.60(
0.04 leads to optimal cytochromec3+ reductase activity
(panel A of Figure 4). In contrast, a plot of logV versus pH

Table 1: pH Dependence of Kinetic Parameters for DCIP Reduction

kinetic
parameter Ca2+-CaM pKa1 pKa2 pKa3

V - 7.65( 0.06
V + 7.77( 0.04
(V/K)NADPH - 6.47( 0.37 7.51( 0.07
(V/K)NADPH + 6.47( 0.20 7.56( 0.05
(V/K)DCIP - 5.87a 6.97( 0.07 9.00( 0.22
(V/K)DCIP + 5.87a 7.08( 0.07 9.01( 0.21

a Value was fixed.

FIGURE 1: pH dependence of logV for the nNOS-catalyzed
reduction of DCIP in the (A) absence and (B) presence of 10µM
CaCl2 and 100 nM CaM. The reaction mixtures also contained 100
µM DCIP, 20µM NADPH, and 1.5µg of nNOS. The data points
in panels A and B were fit to eq 3, and the pKa values are listed in
Table 1.

FIGURE 2: pH dependence of log(V/K)NADPH for the nNOS-catalyzed
reduction for DCIP in the (A) absence and (B) presence of 10µM
CaCl2 and 100 nM CaM. The reaction mixtures also contained
varying concentrations of NADPH, 20µM DCIP, and 0.5µg of
nNOS. The data in panels A and B were fit to eq 4, and the pKa
values are listed in Table 1.
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for the CaM-stimulated reduction of cytochromec3+ forms
a bell-shaped curve (panel B of Figure 4). The pH depen-
dence of V shows that the CaM-stimulated activity is
dependent on the ionization of a group with a pKa1 equal to
6.40( 0.06 and the protonation of a group with pKa2 equal
to 9.25( 0.09. Comparison of the pH dependence ofV for
basal and CaM-stimulated cytochromec3+ reduction indicates
that in the presence of Ca2+-CaM either two different
ionizable groups are involved or pKa1 is shifted over 2 pH
units and an additional group with a higher pKa is involved.

The pH variations for (V/K)cytc for the basal and CaM-
stimulated reduction of cytochromec3+ are shown in Figure
5. Both profiles show bell-shaped curves, with the ionization
of a group with a pKa1 of 7.10 ( 0.12 (basal) or 7.58(
0.12 (Ca2+-CaM) increasing (V/K)cytc and the ionization of
a group with a pKa2 of 9.38( 0.23 (basal) or 9.62( 0.37
(Ca2+-CaM) resulting in a decrease in (V/K)cytc (Table 2).
For the basal cytochromec3+ reductase activity, pKa1 shifts

from 8.6 in theV versus pH profile to 7.1 in the (V/K)cytc

versus pH profile. Since pKa1 appears in both profiles, it
reflects an ionizable group involved in a catalytic step, and
the pH shift could reflect differences in the microenvironment
of the cytochrome-free enzyme compared to nNOS com-
plexed with the electron acceptor. pKa2 found in the pH
dependence of (V/K)cytc for basal cytochromec3+ reduction
is not in the correspondingV versus pH profile; thus, the
ionization of this group results in a decrease in the binding
of cytochromec3+. For CaM-stimulated cytochromec3+

reduction, the two ionizable groups appear in both the bell-
shaped logV and log(V/K)cytc versus pH profiles; thus, they
represent groups involved in catalysis. The outward shift of
the pKa1 value from theV to (V/K)cytc versus pH profile by
1.2 pH units possibly reflects a slow substrate release step
or solvent exclusion from the active site.

DISCUSSION

Interpretation of the pH Profiles for the Reduction of
DCIP. The pH profiles for the substrates DCIP and cyto-
chromec3+ will be interpreted in terms of their previously
proposed kinetic mechanisms (34). Initial velocity and
inhibition studies were consistent with DCIP reduction in
the presence and absence of Ca2+-CaM following a ping-
pong bi-bi mechanism shown in Figure 6. The rate equation
for the mechanism drawn in Figure 6, assuming that the
binding of substrates/inhibitors and the release of products

FIGURE 3: pH dependence of log(V/K)DCIP for the nNOS-catalyzed
reduction for DCIP in the (A) absence and (B) presence of 10µM
CaCl2 and 100 nM CaM. The reaction mixtures also contained
varying concentrations of DCIP, 0.25µM NADPH, and 0.5µg of
nNOS. The data in A and B were fit to eq 5, and the pKa values
are listed in Table 1.

Table 2: pH Dependence of Kinetic Parameters for Cytochromec3+

Reduction

kinetic
parameter Ca2+-CaM pKa1 pKa2

V - 8.60( 0.04
V + 6.40( 0.06 9.25( 0.09
(V/K)cytc - 7.10( 0.12 9.38( 0.23
(V/K)cytc + 7.57( 0.12 9.62( 0.37

FIGURE 4: pH dependence of logV for the nNOS-catalyzed
reduction of cytochromec3+ in the (A) absence and (B) presence
of 10µM CaCl2 and 100 nM CaM. The reaction mixtures contained
varying concentrations of cytochromec3+, 10 µM NADPH, and
0.5µg of nNOS. The data in panel A were fit to eq 3, and the data
in panel B were fit to eq 6. The pKa values are listed in Table 2.
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occurs in rapid equilibrium, gives the following expressions
for V and the Michaelis constants for NADPH and DCIP:

V is the maximal velocity,Et is the nNOS concentration,KA

andKB are the Michaelis constants for NADPH and DCIP,
respectively, andKiA and KiB are their corresponding
dissociation constants. The rate constants are shown in Figure
6, andK (equal to E1/E1′) is the equilibrium constant for the
conversion of the two free enzyme forms.

The log V versus pH profile for the basal and CaM-
stimulated reduction of DCIP is a wave where the ionization
of a group with a pKa1 of 7.5-7.6 leads to an increase in
catalysis (Figure 1). The rate of catalysis reaches a plateau
at high and low pH; therefore, it follows the simplified
mechanism shown in Scheme 1 where the proton can
associate with either the substrate-free or substrate-enzyme
binary complex, and both the ionized and protonated forms

of nNOS are catalytically active. Plots of the pH dependence
of V may show changes to a new plateau level when
ionization of a group increases the rate of the step that is
normally rate limiting (44). The basal reduction of DCIP
exhibits an∼20-fold difference in the high- and low-pH
plateau values forV while the CaM-stimulated activity
increases∼7-fold from low to high pH. This suggests that
the ionizable step is more rate determining for the basal
activity. According to eq 7, the ionization of a group that
leads to an increase in a rate-limiting step may be associated
with hydride transfer,k3, the steady-state isomerization of
E3 to E3′, k7, and/or the rate of electron transfer to DCIP,
k11.

To determine which of the rate constants may be affected
by pH, the log(V/K)NADPH and the log(V/K)DCIP versus pH
profiles were investigated. (V/K)NADPH and (V/K)DCIP are
defined by the following rate and equilibrium constants:

The (V/K)NADPH versus pH profiles with and without Ca2+-
CaM were similar in shape (Figure 2). On the acidic limb,
(V/K)NADPH increased due to the protonation of a group with
a pKa1 of 6.47. As the pH became more basic, ionization of
two groups with a pKa2 of 7.5-7.6 increased the value
observed for (V/K)NADPH. The ionization of one of these
groups is responsible for an accelerated rate of catalysis, since
the same pKa2 value also appears in theV versus pH profile.
Sincek3 is the only catalytic rate constant which appears in

FIGURE 5: pH dependence of log(V/K)cytc for the nNOS-catalyzed
reduction of cytochromec3+ in the (A) absence and (B) presence
of 10µM CaCl2 and 100 nM CaM. The reaction mixtures contained
varying concentrations of cytochromec3+, 10 µM NADPH, and
0.5 µg of nNOS. The data in panels A and B were fit to eq 6, and
the pKa values are listed in Table 2.

V
Et

)
k3k7k11

k3k7 + k3k11 + k7k11
(7)

KA )
KiA(k7k11)(1 + 1/K)

k3k7 + k3k11 + k7k11
(8)

KB )
KiB(k3k7 + k3k8)

k3k7 + k3k11 + k7k11
(9)

FIGURE 6: Kinetic scheme for a ping-pong bi-bi mechanism for
the nNOS-catalyzed reduction of DCIP. A, B, P, and Q represent
NADPH, DCIPox, NADP+, and DCIPred, and theKi values refer to
their respective dissociation constants. E1 and E1′ are the one-
electron (FAD/FMNH•) forms of nNOS that exclusively bind
NADPH and 2′AMP, respectively. E3 and E3′ are the three-electron
(FADH•/FMNH2 or FADH2/FMNH•) forms of nNOS that exclu-
sively bind NADP+ and DCIPox, respectively.K is the equilibrium
constant for the conversion of the two enzyme forms, E1 and E1′.

Scheme 1
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(V/K)NADPH (eq 10), the pKa2 of 7.5-7.6 which appears in
the both theV and (V/K)NADPH versus pH profiles may
represent a group whose ionization status affects the rate of
hydride transfer. Ifk3 is slow, or rate limiting compared to
k7 andk11, thenV is largely dependent onk3.

Stopped-flow experiments have shown that Ca2+-CaM
increases the rate of flavin reduction at 485 nm (29).
Assuming this signal corresponds tok3, the rate of hydride
transfer to FAD, these results may explain the difference in
plateau values for basal DCIP reduction (20-fold) compared
to CaM-stimulated DCIP reduction (7-fold). If Ca2+-CaM
stimulates DCIP reduction by increasingk3, which is rate
limiting and affected by pH, then the ratio between the high-
and low-pH plateaus is expected to be smaller, becausek3

would become less rate determining in the presence of the
activated cofactor.

The second group with a pKa2 of 7.5-7.6 and the group
with a pKa1 of 6.47 in the (V/K)NADPH versus pH profile
(Figure 2) affect the binding of the nucleotide since they do
not appear in a plot ofV versus pH for DCIP reduction
(Figure 1). The value of 6.47 for pKa1 was also observed in
the titration of the NADPH 2′-phosphate, suggesting that pKa1

originates from the nucleotide. If this were the case, then
the monoanionic form of the 2′-phospahate of NADPH
preferentially binds nNOS. This result is in contrast to a
number of other nicotinamide-binding enzymes including
CPR (42), isocitrate dehydrogenase (41), dihydrofolate
reductase (45), and glyceraldehyde-3-phosphate dehydroge-
nase (46) in which the dianionic form of NADPH prefer-
entially binds. NADPH complexed with these enzymes
typically exhibits a lower pKa value (5-5.5) for the 2′-
phosphate, possibly as a result of interactions with positively
charged groups in the active site or distortion of the O-P-O
angles (46). The dianionic form of NADPH may also bind
to nNOS, and the pKa of the 2′-phosphate may be shifted to
a lower pH value comparable to the above nucleotide-binding
enzymes, such that it is not observed in the (V/K)NADPH versus
pH profiles. If this were true, the group with a pKa1 of 6.47
would belong to nNOS. The second group with a pKa2 of
7.5-7.6 affects the binding of the nucleotide since it only
appears in the (V/K)NADPH versus pH profile and not in the
pH dependence ofV.

The amino acid sequence of the NOS NADPH/FAD
binding motif in the reductase domain is similar to a class
of flavoproteins, the transhydrogenases, which include fer-
ridoxin-NADP+ reductase (FNR), CPR, NADH-nitrate
reductase, NADH-cytochromeb5 reductase, and phthalate
dioxygenase reductase (47). The three-dimensional structure
of the FNR• 2′-phosphate-AMP complex shows interaction
between the 2′-phosphate and residues Ser234, Arg235,
Tyr236, and possibly Lys224 (48). These conserved residues
have also been implicated in binding the 2′-phosphate of
NADPH in other members of the transhydrogenase family.
The corresponding residues in nNOS, Ser1313, Arg1314,
Lys1320, and Tyr1322, may also play a role in stabilizing
the 2′-phosphate. Site-directed mutagenesis combined with
pH studies identified Arg597 on CPR with a pKa of 9.5 as
a residue involved in ionic interactions with the 2′-phosphate
of NADPH (49). The (V/K)NADPH versus pH profile for nNOS
could not be extended beyond 9.0 due to enzyme instability,
preventing observation of a similar pKa value at high pH.
Assignment of these residues in stabilizing NADPH in nNOS

awaits the three-dimensional crystal structure of the enzyme
and/or site-directed mutagenesis of these residues.

The pH profiles for (V/K)DCIP (Figure 3) and (V/K)NADPH

(Figure 2) are similar in that (V/K)DCIP increases at the low-
pH limit. A fit of the data in Figure 3 to eq 4 or eq 5 does
not generate a defined value for this pKa1 because of an
inability to obtain data at lower pH values. If we assume
that pKa1 originates from the ionization of the DCIP hydroxyl
and fix this parameter at 5.87, then the remaining parameters
can be calculated from eq 5. Studies on CPR-catalyzed
reduction of DCIP revealed that (V/K)DCIP decreases at low
pH as a group with a pKa of 5.9, corresponding to the DCIP
hydroxyl, is protonated (42). In contrast, an increase in (V/
K) DCIP in both the basal and CaM-stimulated activities of
nNOS indicates that the protonated form of DCIP has a
higher affinity for nNOS. If this pKa corresponds to the DCIP
hydroxyl group, the difference in the nNOS and CPR (V/
K)DCIP versus pH profiles at acidic pH may be attributed to
the two enzymes having different binding sites for DCIP.
This may also explain why nNOS depleted of FMN can
reduce DCIP (23), while CPR cannot (20). Alternatively, pKa1

may originate from a group on nNOS that facilitates DCIP
binding.

A fit of the data in Figure 3 to eq 5 gave pKa2 values for
the ionization of two groups ranging between 6.9 and 7.1
and a pKa3 of 8.8-9.2 for the ionization of a third group.
The presence of Ca2+-CaM did not significantly influence
the pKa values. According to eq 11, these pKa values may
be a function of ionization equilibria affecting (1) steady-
state isomerization of E3 to E3′, k7 andk8, (2) the binding of
DCIP,KiB, or (3) the rate of electron transfer from the flavins
to nNOS,k11.

Interpretation of the pH Profiles for Cytochrome c3+

Reductase ActiVity. Steady-state kinetic data for basal and
CaM-stimulated reduction of cytochromec3+ are consistent
with the two-site ping-pong mechanism shown in Figure 7
(34). Equations 12-14 are expressions forV and the
Michaelis constants for NADPH and cytochromec3+ derived
from the rate equation for the mechanism shown in Figure
7, assuming the binding of substrates/inhibitors and the
release of products occur in rapid equilibrium.

FIGURE 7: Kinetic scheme illustrating the (two-site) ping-pong
mechanism for the nNOS-catalyzed reduction of cytochromec3+.
A, B, P, and Q represent NADPH, cytochromec3+, NADP+, and
cytochromec2+, respectively. E1 and E1′ are the one-electron (FAD/
FMNH•) forms of nNOS that exclusively bind NADPH and 2′AMP,
respectively. E2 and E3 represent two- (FAD/FMNH2) and three-
electron (FADH•/FMNH2) reduced forms of nNOS.K is the
equilibrium constant for the conversion of the two enzyme forms,
E1 and E1′.
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KA and KB are the Michaelis constants for NADPH and
cytochromec3+ and KiA and KiB are their corresponding
dissociation constants. The rate constants are shown in Figure
7, andK (equal to E1/E1′) is the equilibrium constant for the
conversion of the two free enzyme forms.

The logV versus pH profile for the basal cytochromec3+

reductase activity is a wave where the ionization of a group
with a pKa1 of 8.6 increases catalysis (panel A of Figure 4).
The difference between the high- and low-pH plateau values
is ∼280-fold, indicating that the pH-sensitive step is more
rate-determining for basal cytochromec3+ reduction than that
observed for DCIP reduction (44). According to eq 12, the
rate-limiting catalytic step is either hydride transfer,k3, or
electron transfer from FMN to cytochromec3+, k9, k15.

The pH dependence of cytochromec3+ reduction is
dramatically altered in the presence of Ca2+-CaM as the log
V versus pH profile (panel B of Figure 4) is bell shaped
with catalysis dependent on the deprotonation of an acidic
group with a pKa1 of 6.40 and protonation of basic group
with a pKa2 of 9.25. The binding of Ca2+-CaM may affect
the pH profile by changing the rate-limiting step(s). For
example, if the rate of hydride transfer is slower than electron
transfer from the flavins to cytochromec3+ (k3 < k9, k15),
then the pKa1 observed in theV versus pH profile for the
basal cytochromec3+ reductase activity will reflect the pH
dependence of the former step. The increased rate ofk3 with
respect tok9 andk15, induced by the binding of Ca2+-CaM,
could potentially shift pKa1 from 8.60 to 6.40. Alternatively,
the conformational changes associated with the binding of
Ca2+-CaM may change the ionizable groups on nNOS that
participate in hydride transfer or electron transfer from FMN
to cytochromec3+.

Candidates for ionizable residues on nNOS that could
participate in hydride transfer include Cys1348, Ser1177, and
Asp1407. The three-dimensional crystal structures of FNR
and CPR reveal that these conserved residues are close to
the FAD isoalloxazine ring. Substitution of the corresponding
cysteine in CPR (Cys630) to an alanine shifted the pKa of a
ionizable group necessary for catalysis from 6.9 to 7.8,
indicating that it may be a proton donor/acceptor to the FAD
prosthetic group. The corresponding residue in nNOS
(Cys1349) is in the putative NADPH-adenine binding motif,
adjacent in primary sequence to the C-terminal tail, which
has been shown to inhibit electron transfer to FAD in the
absence of Ca2+-CaM (29). The C-terminal tail may affect
the location of the Cys1349, Ser1176, and/or Asp1393 by
distancing these residues from the FAD, causing them to be
ineffective in hydride transfer. This may explain the different
pKa values observed in theV versus pH profiles for
cytochromec3+ in the presence and absence of Ca2+-CaM.

Alternatively, the pKa values exhibited in these profiles
may originate from the flavins themselves, which exhibit pKa

values in the range studied and are known to be perturbed
dramatically with changes in flavin redox state or when the
flavins are protein bound (50, 51). Since Ca2+-CaM has been
shown to induce a conformational change in the FMN-
binding domain, the shift in the pKa may reflect a change in
the local environment of flavin within the protein.

The ability of Ca2+-CaM to shift the pKa in the V versus
pH profiles for cytochromec3+ and not DCIP may be related
to the catalytic mechanism by which nNOS reduces these
two substrates. nNOS depleted of its FMN cofactor is still
able to reduce DCIP, while it cannot reduce cytochromec3+

(23), indicating that the former substrate is reduced by FAD
while the FMN cofactor transfers electrons to cytochrome
c3+. The binding of Ca2+-CaM may be directly affecting the
pH dependence ofV by acting upon the pKa of FMN or a
neighboring residue and facilitating faster electron transfer
at physiological pH.

The pH dependence of (V/K)cytc (Figure 5) was also
investigated for basal and CaM-stimulated reduction of
cytochromec3+. Both profiles showed that (V/K)cytc increased
with the ionization of an acidic group with a pKa1 of 7.10
(basal) or 7.57 (Ca2+-CaM) and decreased when a group with
a pKa2 of 9.38 (basal) or 9.62 (Ca2+-CaM) ionized. According
to eq 15, the expression for (V/K)cytc, the pKa values observed
in these pH profiles may reflect groups on nNOS, whose
ionization status affects the rates of electron transfer from
FMN to cytochromec3+, k9 and k15, or the binding of
cytochromec3+, KiB:

The two ionizable groups in the (V/K)cytc versus pH profile
(panel B of Figure 5) also appear in the pH dependence of
V (panel B of Figure 4) for the CaM-stimulated reduction
of cytochromec3+, indicating that they are not involved in
binding of the substrate. Thus, they represent groups involved
in electron transfer from the flavins to cytochromec3+, k9

and/ork15. The outward displacement of pKa1 by 1.2 pH units
from a plot of (V/K)cytc versus pH (pKa1 ) 7.57) to theV
versus pH profile (pKa1 ) 6.40) for CaM-stimulated cyto-
chromec3+ may indicate thatk3 is partially rate-limiting such
that it affects the observed pKa1 value observed in the pH
dependence ofV. Alternatively, the shift in pKa1 may be
attributed to differences in the microenvironment of cyto-
chromec3+-free nNOS compared to the cytochromec3+-
nNOS complex (i.e., solvent exclusion;44). Sem and Kasper
also noted a 1 pHunit perturbation (7.23 to 6.21) from the
(V/K)cytc to V versus pH profiles for CPR reduction of
cytochromec3+(42). Interestingly, the two enzymes exhibit
the same pH profiles when they elicit similar kinetic
mechanisms (two-site ping-pong) and turnover rates. The
former occurs when the steady-state kinetic analysis of
CPR-cytochromec3+ reductase is performed in high ionic
strength (850 mM), and the latter occurs when the nNOS
cytochromec3+ reductase activity is stimulated by Ca2+-
CaM.

The pKa2 of 9.38, appearing in the (V/K)cytc versus pH
profile (panel A of Figure 5), is not present in theV versus
pH profile (panel A of Figure 4) for basal cytochromec3+

reduction, indicating that this residue is involved in the
binding of cytochromec3+. The ionizable group may

V/Et

KB
)

k9k15

(KiB)(k15 + k9)
(15)

V/Et )
k3k9k15

k3k9 + k3k15 + k9k15
(12)

KA )
(KiA)(k9k15)(1 + 1/K)

k3k9 + k3k15 + k9k15
(13)

KB )
(KiB)(k3k15 + k3k9)

k3k9 + k3k15 + k9k15
(14)
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originate from cytochromec3+, which is known to have
several lysine residues involved in binding interactions with
other enzymes including CPR (46). The corresponding pKa2

may not occur in the (V/K)cytc versus pH profile for CaM-
stimulated cytochromec3+ reduction because the group
ionizes at high pH, and it is difficult to resolve two ionizable
groups versus one ionizable group in this region. Alterna-
tively, Ca2+-CaM may induce a conformational change such
that this ionizable group no longer participates in the binding
interaction between cytochromec3+ and nNOS.

In summary,V for basal and CaM-stimulated reduction
of DCIP is optimized as a group ionizes with a pKa2 of 7.5.
This same pKa2 appears in the (V/K)NADPH versus pH profile,
indicating that the rate-determining step for this kinetic
mechanism is hydride transfer from NADPH to FAD.
Additional pKa values appearing in both the (V/K)NADPH and
(V/K)DCIP versus pH profiles are ionizable groups that
participate in the binding of these two substrates. The
presence of Ca2+-CaM does not significantly change the pKa

values observed in pH dependence profiles for DCIP,
indicating that the presence of the activated cofactor does
not affect the nature of the rate-limiting step nor does it alter
the groups involved in binding of that substrate. In contrast,
Ca2+-CaM dramatically affects the pH dependence ofV for
the reduction of cytochromec3+. The activated cofactor may
alter the ionizable groups involved in catalysis, the pKa values
of the flavin cofactors, or the steps that are rate limiting in
the kinetic mechanism. It would be of interest to determine
the identity of these ionizable groups. This information might
be accessible directly from structural analysis or by conduct-
ing similar pH studies on nNOS mutants lacking the
autoinhibitory domain or the C-terminal tail or the enzyme
bound to different flavin analogues.
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