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ABSTRACT: Binding of Ca2+-activated calmodulin (Ca2+-CaM) to neuronal nitric-oxide synthase (nNOS)
increases the rate of 2,6-dichloroindolphenol (DCIP) reduction 2-3-fold and that of cytochromec3+ 10-
20-fold. Parallel initial velocity patterns indicated that both substrates were reduced via two-half reactions
in a ping-pong mechanism. Product and dead-end inhibition data with DCIP were consistent with an iso
ping-pong bi-bi mechanism; however, product and dead-end inhibition studies with cytochromec3+ were
consistent with the (two-site) ping-pong mechanism previously described for the NADPH-cytochrome
P450 reductase-catalyzed reduction of cytochromec3+ [Sem, D., and Kasper, C. (1994)Biochemistry 33,
12012-12021]. Dead-end inhibition by 2′-adenosine monophosphate (2′AMP) was competitive versus
NADPH for both electron acceptors, although the value of the slope inhibition constant,Kis, was 25-
30-fold greater with DCIP as the substrate than with cytochromec3+. The difference in the apparent
affinity of 2′AMP is proposed to result from a rapidly equilibrating isomerization step that occurs in both
mechanisms prior to the binding of NADPH. Thus, initial velocity, product, and dead-end inhibition data
were consistent with a di-iso ping-pong bi-bi and an iso (two-site) ping-pong mechanism for the reduction
of DCIP and cytochromec3+, respectively. The presence Ca2+-CaM did not alter the proposed kinetic
mechanisms. The activated cofactor had a negligible effect on (kcat/Km)NADPH, while it increased (kcat/
Km)DCIP and (kcat/Km)cytc 4.5- and 23-fold, respectively.

Nitric oxide (NO)1 is a ubiquitous molecule involved in a
diverse array of physiological and pathological roles (1-5).
NO is synthesized in mammals by the NO-synthases, a
family of three homodimeric enzymes. Each of the isoforms
consumes 1.5 equiv of NADPH and 2 equiv of O2 in the
five-electron oxidation ofL-arginine to produce NO and
L-citrulline (6, 7). The enzymes can be classified into two
distinct groups according to regulation of transcriptional
expression and dependence on intracellular Ca2+ concentra-
tions. The constitutively expressed neuronal (nNOS) and
endothelial (eNOS) isoforms require an increase in Ca2+

levels to promote the subsequent binding of Ca2+-activated
calmodulin (Ca2+-CaM) for NO synthesis (8). The inducible
isoform (iNOS) is transcriptionally regulated by the action
of cytokines, and its NO synthesis activity is independent

of Ca2+ concentration since CaM is tightly bound to this
isoform even at basal cellular levels of the divalent cation
(9).

The CaM-binding domain, located at the center of the NOS
polypeptide subunit, tethers the oxygenase domain to the
reductase domain (9-11). The reductase domain is structur-
ally similar to NADPH-cytochrome P450 oxidoreductase
(CPR) since each polypeptide contains 1 equiv each of FAD
and FMN and the binding site for NADPH (12, 13). The
oxygenase domain is structurally unique and contains a P450-
type heme, the binding site for the cofactor (6R)-5,6,7,8-
tetrahydro-L-biopterin (H4B), and the substrateL-arginine
(14-17). For the constitutive isoforms, the binding of Ca2+-
CaM is essential for NO synthesis, because it triggers the
electron transfer between the flavins in the reductase domain
and the heme in the oxygenase domain (18, 19). Evidence
from several laboratories indicates that the NOS reductase
domain and CPR share the same mechanism of electron
transfer to the heme. The FAD and FMN redox centers of
both enzymes shuttle two electrons from the oxidation of
NADPH to a one-electron heme acceptor (13). In the absence
of NADPH, both CPR and NOS maintain an air-stable one-
electron-reduced state (FAD-FMNH•) (20, 21), which is
unable to reduce the heme (22, 23). The donation of two
electrons through the oxidation of NADPH reduces either
enzyme to the three-electron-reduced state. The flavins then
subsequently reduce the P-450 heme in two one-electron
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transfers, returning the enzyme to the one-electron-reduced
state (24, 25). Therefore, during turnover it is proposed that
NOS, like CPR, cycles between the one-electron- and three-
electron-reduced states (26). Furthermore, analysis of the
flavin midpoint potentials and the removal of the FMN
cofactor suggest that the path of electron transfer in both
enzymes is from NADPH to FAD to FMN to the heme (20,
27-30).

NOS and CPR are also able to reduce 2,6-dichloroindol-
phenol (DCIP), ferricyanide (FeCN), and cytochromec3+

with electrons derived from NADPH oxidation (31, 32).
However, nNOS is unique in that the binding of Ca2+-CaM
to the enzyme stimulates a 2-3-fold increase in the levels
of DCIP and FeCN reduction and a 10-20-fold increase in
the level of cytochromec3+ reduction (10, 18). The Ca2+-
CaM-induced stimulation of these activities is independent
of electron transfer from the flavins to the heme since the
same level of stimulation of ferricyanide and cytochrome
c3+ reduction occurs with nNOS devoid of its oxygenase
domain (18, 26, 33). Stopped-flow studies have indicated
that the binding of Ca2+-CaM increases the pre-steady-state
rate of electron transfer from NADPH to the flavins (18,
34). The binding of Ca2+-CaM has a negligible effect on
the flavin redox potentials, indicating that the thermodynamic
driving force of electron transfer remains unchanged (28).
However, the increase in the rate of electron transfer may
be facilitated by the ability of Ca2+-CaM to induce a
conformational change in the enzyme (10, 26).

The reductase domain of NOS also has additional amino
acid sequences that are not found in CPR. nNOS and eNOS,
which have slower rates of electron transfer to the heme,
DCIP, and cytochromec3+, contain an additional 40-50-
amino acid insert located in the FMN-binding subdomain.
This insert is thought to be an autoinhibitory domain since
it was shown to promote the dissociation of CaM from nNOS
at low intracellular Ca2+ concentrations and to inhibit electron
transfer in the absence of Ca2+-CaM (30, 35, 36). Both iNOS
and the constitutive isoforms possess an additional 21-42-
amino acid tail at the C-terminus, which is not present in
CPR. This sequence is proposed to modulate electron transfer
between the flavin moieties or between FMN and cytochrome
c3+ (37).

When the additional structural and dynamic features in
NOS that are absent in CPR are considered, there is interest
in how Ca2+-CaM imparts control of electron transfer.
Although several pre-steady-state kinetic and mutational
analyses have been performed to investigate the effects of
Ca2+-CaM on interflavin electron transfer, the influence of
the cofactor on the kinetic mechanism of electron transfer
within the reductase domain of the enzyme remains to be
elucidated. Establishing a mechanism is important for
studying the overall rate of NO production since the control
point of electron transfer resides within the reductase domain
of the enzyme. This is suggested by the different rates of
NO synthesis exhibited by the three isoforms as determined
by the rate of electron transfer between FAD and FMN or
between FMN and the heme (38). The data presented below
describe the steady-state kinetic mechanism of the NOS-
catalyzed electron transfer to cytochromec3+ and DCIP in
the presence and absence of Ca2+-CaM. We chose to
investigate these two electron acceptors since DCIP is
reduced by a two-electron transfer from reduced FAD and

is stimulated only 2-3-fold by Ca2+-CaM (29). In contrast,
cytochromec3+ is reduced by donation of one electron from
FMN and the binding of Ca2+-CaM causes a 10-20-fold
increase in activity. Initial velocity and product inhibition
data for the nNOS-catalyzed reduction of DCIP were
consistent with an iso ping-pong bi-bi mechanism, with a
steady-state isomerization step between the release of
NADP+ and the binding of DCIP. In contrast, initial velocity
and product inhibition data for the reduction of cytochrome
c3+ were best accommodated by a nonclassical (two-site)
ping-pong mechanism. However, dead-end inhibition studies
revealed a large difference in theKis values of 2′AMP in
competitive inhibition patterns versus NADPH for DCIP
compared to cytochromec3+. To rationalize the difference
in the Kis, value an additional rapidly equilibrating isomer-
ization step between the enzyme form found immediately
after the release of the last product (E1′) and the enzyme
form competent to bind NADPH (E1) was required in both
mechanisms (E1′ binds 2′AMP, but not NADPH, while E1
does not bind 2′AMP). The rate equations describing DCIP
and cytochromec3+ reduction were derived for a di-iso ping-
pong bi-bi and an iso (two-site) ping-pong mechanism,
respectively. The presence of Ca2+-CaM did not alter the
observed steady-state kinetic mechanisms proposed for the
reduction of DCIP and cytochromec3+. Ca2+-CaM did affect
to varying degrees the kinetic parameters for the substrates
NADPH, cytochromec3+, and DCIP.

EXPERIMENTAL PROCEDURES

Materials. The cDNA for rat neuronal NOS was kindly
provided by T. M. Dawson (Johns Hopkins University,
Baltimore, MD) (39), and the pCWori expression vector was
a gift of F. W. Dalhquist (University of Oregon, Eugene,
OR) (40). Tetrahydrobiopterin (H4B) was purchased from
Cayman Chemical (Ann Arbor, MI); the 2′,5′-ADP-Sepharose
was purchased from Amersham Pharmacia Biotech (Piscat-
away, NJ), and the CaM-Sepharose and CaM were generous
gifts of S. Anderson and D. Malencik (Oregon State
University). All other reagents were from Sigma Chemical
Co. (St. Louis, MO).

Enzyme Expression and Purification. The enzyme was
purified according to the protocol published by Gerber and
Ortiz de Montellano with slight modification (41). The
recombinant purified protein 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.
The rate of NO production was measured by the hemoglobin-
NO capture assay following the procedures of Stuehr et al.
(42). Protein concentrations were determined with the Lowry
assay using BSA as a standard (43).

Measurement of Reductase ActiVities. Reactions were
performed in a volume of 5.0 mL at 25°C using either a 10
or 5 cm path length cuvette. The reaction rate was measured
by reduction of cytochromec3+ (∆ε ) 21.1 mM-1 cm-1) at
550 nm or DCIP (∆ε ) 21 mM-1 cm-1) at 600 nm (44).
Reaction mixtures contained 50 mM Hepes (pH 7.5), variable
concentrations of substrates (NADPH, cytochromec3+, or
DCIP), and, where appropriate, 10µM CaCl2, 100 nM CaM,
and variable concentrations of inhibitor (NADP+, 2′AMP,
or cytochromec2+). Reactions were initiated in a total volume
of 5 mL by the addition of 0.08-0.8 µg of nNOS.
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Preparation of Cytochrome c2+. Cytochromec2+ was
prepared by reducing cytochromec3+ with sodium dithionite.
After incubation for 10 min at room temperature, the sodium
dithionite was removed by passing 1 mL of the solution over
two columns (2 mL) of G-25 resin. The concentration of
cytochromec2+ was determined by measuring the absorbance
at 550 nm before and after reduction with sodium dithionite
using the extinction coefficients for reduced (ε ) 29.5 mM-1

cm-1) and oxidized (ε ) 8.4 mM-1 cm-1) cytochromec (44).
Data Analysis.Data were first analyzed graphically using

primary plots of reciprocal velocities and reciprocal substrate
concentrations. Slopes and intercepts obtained from the
primary plots were then graphed as secondary plots versus
inhibitor concentrations. The form of the overall rate equation
was determined by examination of the results of the graphical
analysis. Although the kinetic results are presented in double-
reciprocal plots, the computer analysis was performed by
the nonlinear least-squares fit to the specific rate equation
using the computer program Origin, version 4.0 (MicroCal
Software Inc., North Hampton, MA). The data from initial
velocity studies were fit to eq 1 for a ping-pong mechanism
and to eq 2 for a sequential mechanism.

whereVi is the initial velocity,A andB are concentrations
of NADPH and the electron acceptor (cytochromec3+ or
DCIP), respectively,V is the maximal velocity,KA andKB

are the Michaelis constants for A and B, respectively, and
KiA is the dissociation constant for NADPH. Data from
inhibition studies were fit to equations for competitive (eq
3), uncompetitive (eq 4), and noncompetitive (eq 5) inhibi-
tion:

whereVi is the initial velocity,V is the maximal velocity,A
is the varied substrate concentration,Km is the apparent
Michaelis constant,I is the inhibitor concentration,Kii is the
intercept inhibition constant, andKis is the slope inhibition
constant. For all reactions, the nonvaried substrate was
present at a level close to itsKm.

RESULTS

Initial Velocity Studies with DCIP as an Electron Acceptor.
Substrate inhibition by NADPH for DCIP reduction occurred
at concentrations of NADPH 2-fold above itsKm. Substrate
inhibition by NADPH is also observed for the FAD-
containing enzyme, nitrate reductase (45). Therefore, the
concentration of NADPH with DCIP as an electron acceptor
was varied betweenKm/5 and Km for the initial velocity
experiments. A plot of 1/Vi versus 1/[DCIP] at varying fixed

concentrations of NADPH showed a family of parallel lines
in the absence of Ca2+-CaM (Figure 1A) and in the presence
Ca2+-CaM (Figure 1B). Similarly, a plot of 1/Vi versus
1/[NADPH] at varying fixed concentrations of DCIP showed
a family of parallel lines in the absence and presence of Ca2+-
CaM (panels C and D of Figure 1, respectively). A parallel
pattern is typical of ping-pong mechanisms in which an
irreversible step such as release of a product or the addition
of substrate at saturating levels separates the addition of either
of the two substrates in the reaction sequence (46). A better
nonlinear least-squares fit of the initial velocity data was
achieved with the equation describing a ping-pong mecha-
nism (eq 1) compared to that for a sequential mechanism
(eq 2). The latter equation did not reduce theø2 value and
gave an undefined value forKiA.

Ping-pong mechanisms are characterized by the enzyme
oscillating between two or more stable forms (47). As
illustrated in Scheme 1, the air-stable one-electron-reduced
state of nNOS, E1, is designated as one of these stable
enzyme forms. The oxidation of one NADPH molecule
generates the second stable enzyme form, the three-electron-
reduced state of nNOS, E3. Since DCIP reduction is a two-
electron process, only one molecule is required to react with
E3 in the subsequent half-reaction to return the enzyme to
E1. If DCIP reduction were to follow this classical ping-
pong mechanism, the substrates and products would bind to
the enzyme in a tetra-uni fashion.

The presence of Ca2+-CaM resulted in a 3-fold increase
in kcat, a 4.5-fold increase in (kcat/Km)DCIP, and a 1.5-fold
increase in (kcat/Km)NADPH (Table 1). The experimentally
determined Michaelis constants for NADPH (48, 49) and
DCIP and the turnover number (kcat) for DCIP reduction with
and without Ca2+-CaM agree with previously reported values
(31).

Product Inhibition Studies with DCIP as an Electron
Acceptor. As indicated in Table 2, NADP+ was noncompeti-
tive with either NADPH or DCIP as the variable substrate,
and the dead-end inhibitor, 2′AMP, was competitive versus
NADPH and uncompetitive versus DCIP. The inhibition
patterns are consistent with the classical ping-pong mecha-
nism illustrated in Scheme 1 with one exception. Product
inhibition by NADP+ is expected to be competitive versus
DCIP, because they both bind to the same enzyme form, E3

(47). However, NADP+ was noncompetitive versus DCIP,
indicating that they bind to different forms of E3. The kinetic
mechanism was therefore revised to incorporate a step which
allows E3 to isomerize to a distinct three-electron-reduced
state, E3′, which exclusively binds DCIP (Scheme 2). When
an isomerization of a stable form of the enzyme occurs in
the reaction sequence, it is termed an iso mechanism (47).
To follow previously established nomenclature, the mech-
anism is drawn in Scheme 2 is termed an iso ping-pong bi-
bi type (47).

Saturating levels of Ca2+-CaM in the reaction mixtures
did not affect the product and dead-end inhibition patterns.
It did increase theKis for 2′AMP versus NADPH 2-fold,
but did not affect theKii for 2′AMP with DCIP as the variable
substrate (Table 2).

Initial Velocity Studies with Cytochrome c3+ as an Electron
Acceptor. Cytochromec3+ shows substrate inhibition at
concentrations of>2 µM (5-10 times itsKm); therefore,
this electron acceptor was maintained at sufficiently low

Vi ) VAB
KBA + KAB + AB

(1)

Vi ) VAB
KiAKB + KBA + KAB + AB

(2)

Vi ) VA
Km(1 + I/Kis) + A

(3)

Vi ) VA
Km + A(1 + I/Kii)

(4)

Vi ) VA
Km(1 + I/Kis) + A(1 + I/Kii)

(5)
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concentrations to minimize this effect. Substrate inhibition
by cytochromec3+ also occurs with CPR at 5-10 times its
Km (50). A plot of 1/V versus 1/[cytochromec3+] at varying
fixed concentrations of NADPH gave a family of parallel
lines both without Ca2+-CaM (Figure 2A) and with Ca2+-
CaM (Figure 2B). Likewise, a plot of 1/V versus 1/[NADPH]
at varying fixed concentrations of cytochromec3+ in the
absence and presence of Ca2+-CaM produced a family of
parallel lines (panels C and D of Figure 2, respectively). The
lack of a slope effect suggests that both basal and CaM-
stimulated cytochromec3+ reductase activities are consistent
with ping-pong mechanisms. This graphical analysis is
consistent with the computer analysis as the rate equation
for a ping-pong mechanism (eq 1) gave a better fit to the
initial velocity data compared to the rate equation for a
sequential mechanism (eq 2). The latter equation did not
reduce theø2 value and gave an undefined value forKiA.

If the nNOS reduction of cytochromec3+ were to follow
the classical ping-pong mechanism, the binding of substrates
and release of products would proceed in a hexa-uni fashion
(Scheme 3) (50). After the initial conversion of E1 to E3 by
NADPH oxidation, two molecules of cytochromec3+, each
of which is reduced by one electron, are required to react
with the enzyme to return it to its initial state, E1 (Scheme
3). Thus, the two-electron-reduced state, E2, now appears
after the reduction of the first molecule of cytochromec3+.
Equation 1 is also consistent with a nonclassical (two-site)
ping-pong mechanism (50). In this kinetic mechanism,
NADPH and cytochromec3+ react at two catalytically
independent sites on the enzyme. Scheme 4 illustrates the
(two-site) ping-pong mechanism with the active sites for
NADPH and cytochromec3+ labeled as sites 1 and 2,
respectively. This mechanism has been previously proposed
for the CPR-catalyzed reduction of cytochromec3+. When
the structural and functional similarities of nNOS and CPR
are considered, it seems reasonable that this mechanism also
applies for the nNOS cytochromec3+ reductase activity. The
classical (one site) and the nonclassical (two-site) mecha-
nisms drawn in Schemes 3 and 4, respectively, generate
different product and dead-end inhibition patterns (50, 51);
therefore, there is a means for discerning which mechanism

FIGURE 1: Initial velocity patterns for the nNOS-catalyzed reduction of DCIP by NADPH. The symbols represent the experimentally
determined means of three values, while the lines are best nonlinear fits to the data. (A) Varying concentrations of DCIP at NADPH
concentrations of (9) 0.05, (b) 0.08, (2) 0.12, and (1) 0.25µM. (B) CaCl2 at 10µM and CaM at 100 nM present with varying concentrations
of DCIP at NADPH concentrations of (9) 0.059, (b) 0.094, (2) 0.142, and (1) 0.213µM. (C) Varying concentrations of NADPH at DCIP
concentrations of (9) 3, (b) 6, (2) 12, and (1) 25 µM. (D) CaCl2 at 10µM and CaM at 100 nM present with varying concentrations of
NADPH at DCIP concentrations of (9) 6, (b) 10, (2) 20, and (1) 35 µM.

Scheme 1
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applies for the nNOS reduction of cytochromec3+.
The presence of Ca2+-CaM did not alter the parallel pattern

of the double-reciprocal plots (panels B and D of Figure 2);
however, the presence of the activated cofactor resulted in a
23-fold increase inkcat and (kcat/Km)cytc (Table 1). The average
value of (kcat/Km)NADPH increased 2-fold with the addition of
Ca2+-CaM; however, due to the large errors associated with
the values, the change was not considered significant (Table
1).

Product Inhibition Studies with Cytochrome c3+ as an
Electron Acceptor.Although the parallel initial velocity
patterns with cytochromec3+ as the terminal electron
acceptor are consistent with either a classical (one-site) ping-
pong mechanism (Scheme 3) or a nonclassical (two-site)
ping-pong mechanism (Scheme 4), product and dead-end
inhibition patterns are consistent only with the latter of these
two kinetic mechanisms. The results of the inhibition studies,
summarized in Table 3, show that product inhibition by
NADP+ was competitive versus NADPH and that by
cytochromec2+ was competitive versus cytochromec3+.
These patterns are consistent with the (two-site) ping-pong
mechanism (50) (Appendix). In the classical (one-site) hexa-
uni ping-pong mechanism drawn in Scheme 3, both of these
inhibition patterns are expected to be noncompetitive;
therefore, this mechanism is not consistent for the nNOS
reduction of cytochromec3+ (Appendix). The remaining
inhibition patterns listed in Table 3 are consistent with the
(two-site) ping-pong mechanism since product inhibition by

NADP+ was found to be uncompetitive versus cytochrome
c3+ and cytochromec2+ was found to be a noncompetitive
product inhibitor versus NADPH. Finally, the dead-end
inhibition by the NADPH analogue, 2′AMP, was competitive
with NADPH as the variable substrate and uncompetitive
with cytochromec3+ as the variable substrate.

The presence of Ca2+-CaM did not affect the product and
the dead-end inhibition patterns. However, a saturating
amount of Ca2+-CaM in the reaction mixture increased the
value ofKis by 1.5-2.5-fold for both NADP+ and 2′AMP
with NADPH as the variable substrate. TheKii for 2′AMP
inhibition versus cytochromec3+ or DCIP did not change
significantly in the presence of Ca2+-CaM. However, theKii

for NADP+ decreased approximately 4-fold in inhibition
studies with varying concentrations of cytochromec3+.

Dead-End Inhibition by 2′AMP. The Kis for 2′AMP in
inhibition studies with NADPH as the variable substrate
decreased 25-30-fold when the electron acceptor was
changed from DCIP to cytochromec3+ (Tables 2 and 3).
Furthermore, theKii for 2′AMP was 4-5-fold higher when
DCIP rather then cytochromec3+ was the variable substrate.
Both Kii andKis values for the NADPH analogue changed
by similar amounts under the same conditions with Ca2+-
CaM. In the kinetic mechanisms proposed for DCIP (Scheme
2) and cytochromec3+ (Scheme 4), 2′AMP is expected to
bind to the same enzyme form as NADPH, E1. This would
accommodate both competitive and uncompetitive patterns
for 2′AMP versus NADPH and versus the electron acceptor,
respectively. If this were the case, both of the apparent
affinity constants for 2′AMP should be the same regardless
of the electron acceptor, because the dead-end inhibitor is
binding to a substrate-free form of the enzyme, E1, in both
mechanisms. To explain the observed differences in the
apparent affinity for 2′AMP, a second form of E1, labeled
E1′ in Figures 3 and 4, which is able bind 2′AMP but not
NADPH, is proposed to exist in both kinetic mechanisms.
To satisfy the competitive dead-end inhibition patterns versus
NADPH, the isomerization of E1′ to E1 must be in rapid
equilibrium. If this step were at steady state, 2′AMP would
be noncompetitive versus NADPH. The kinetic mechanism
for the reduction of DCIP was modified and renamed to
include this second, faster isomerization step and is now
termed a di-iso ping-pong bi-bi mechanism. Likewise, the
reduction of cytochromec3+ is now proposed to follow an
iso (two-site) ping-pong mechanism.

DISCUSSION

The classical method for distinguishing between sequential
and ping-pong reaction mechanisms is by analysis of the
initial velocity patterns obtained by varying the concentration

Table 1: Values for the Steady-State Kinetic Parameters of nNOS-Catalyzed Reduction of DCIP and Cytochromec3+ in the Absence and
Presence of Ca2+-CaM

electron
acceptor Ca2+ -CaM KNADPH

a,e (µM) Kacc
b,e (µM) kcat

c,e (s-1)
kcat

d/KNADPH

(×105 M-1 s-1)
kcat

d/Kacc

(×105 M-1 s-1)

DCIP - 0.18( 0.05 (5) 15.9( 1.9 (3) 5.41( 0.35 (5) 300.7( 85.7 3.43( 0.47
+ 0.35( 0.05 (5) 10.3( 1.7 (3) 16.10( 0.52 (5) 460.0( 67.3 15.63( 1.18

cytc - 0.02( 0.01 (6) 0.4( 0.1 (11) 1.64( 0.05 (5) 725.7( 261.7 43.17( 11.3
+ 0.25( 0.09 (5) 0.4( 0.1 (4) 37.16( 0.91 (5) 1486( 536 1004( 272

a KNADPH is the Michaelis constant for NADPH.b Kacc is the Michaelis constant for the designated electron acceptor.c kcat is the maximal velocity,
V, divided by the nNOS concentration.d kcat/KNADPH andkcat/Kacc areV/KNADPH andV/Kacc divided by the nNOS concentration, respectively.e The
values are the means and standard deviations determined fromn determinations wheren is enclosed in parentheses.

Table 2: Dead-End and Product Inhibition of nNOS-Catalyzed
Reduction of DCIP in the Absence and Presence of Ca2+-CaM

varied
substrate

Ca2+-
CaM inhibitor

type of
inhibition

inhibition constants
(µM)

DCIP - NADP+ noncompetitive Kis ) 8.1( 1.8
Kii ) 13.0( 2.0

+ NADP+ noncompetitive Kis ) 18.6( 5.2
Kii ) 12.2( 5.2

- 2′AMP uncompetitive Kii ) 435.4( 23.1
+ 2′AMP uncompetitive Kii ) 435.6( 34.0

NADPH - NADP+ noncompetitive Kis ) 14.5( 1.5
Kis ) 27.7( 1.8

+ NADP+ noncompetitive Kis ) 8.1( 1.4
Kii ) 58.9( 12.0

- 2′AMP competitive Kis ) 840.9( 92.9
+ 2′AMP competitive Kis ) 1437.0( 280.8

Scheme 2
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of one substrate at several fixed concentrations of a second
substrate. When the data are plotted in double-reciprocal
form, ping-pong mechanisms give patterns of parallel lines
while sequential mechanisms will yield a family of lines
which intersect to the left of the vertical axis (52). The initial
velocity experiments with DCIP and cytochromec3+ in the

presence and absence of Ca2+-CaM fit best to eq 1 for a
ping-pong mechanism. Abu-Soud et al. (53, 54) have shown
that the flavin cofactors of nNOS can be reduced with the
addition of excess NADPH in the absence of any electron
acceptor. These data support the ping-pong mechanism,
because it demonstrates that a binary complex between nNOS

FIGURE 2: Initial velocity patterns for the nNOS-catalyzed reduction of cytochromec3+ by NADPH. The symbols represent the experimentally
determined mean of three values, while the lines are best nonlinear fits to the data. (A) Varying concentrations of cytochromec3+ (cytc)
at NADPH concentrations of (9) 0.029, (b) 0.047, (2) 0.089, and (1) 0.534µM. (B) CaCl2 at 10µM and CaM at 100 nM present with
varying concentrations of cytochromec3+ at NADPH concentrations of (9) 0.098, (b) 0.196, (2) 0.588, and (1) 1.96 µM. (C) Varying
concentrations of NADPH at cytochromec3+ concentrations of (9) 0.154, (b) 0.246, (2) 0.619, and (1) 1.848µM. (D) CaCl2 at 10µM
and CaM at 100 nM present with varying concentrations of NADPH at cytochromec3+ concentrations of (9) 0.28, (b) 0.51, (2) 0.85, and
(1) 1.99 µM.

Scheme 3

Scheme 4

Table 3: Dead-End and Product Inhibition of nNOS-Catalyzed
Reduction of Cytochromec3+ in the Absence and Presence of
Ca2+-CaM

varied
substrate Ca2+-CaM inhibitor

type of
inhibition

inhibition constants
(µM)

cytc3+ - cytc2+ competitive Kis ) 2.3( 0.3
+ cytc2+ competitive Kis ) 4.1( 0.4
- NADP+ uncompetitive Kii ) 6.2( 0.5
+ NADP+ uncompetitive Kii ) 1.6( 0.1
- 2′AMP uncompetitive Kii ) 95.3( 2.7
+ 2′AMP uncompetitive Kii ) 82.4( 2.3

NADPH - cytc2+ noncompetitive Kis ) 6.1( 1.1
Kii ) 2.3( 1.0

+ cytc2+ noncompetive Kis ) 7.1( 1.0
Kii ) 9.6( 0.7

- NADP+ competitive Kis ) 1.2( 0.1
+ NADP+ competitive Kis ) 2.1( 0.1
- 2′AMP competitive Kis ) 31.5( 2.9
+ 2′AMP competitive Kis ) 71.5( 3.8
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and either electron acceptor is not a prerequisite for the
binding and subsequent oxidation of NADPH.

Although nNOS maintains one electron on its flavins in
the form of a flavin semiquinone (FAD-FMNH•), it is unable
to transfer this electron to either DCIP or cytochromec3+

(23). This one-electron-reduced state of nNOS, E1, is then
postulated to be one of the stable enzyme forms in the ping-
pong mechanisms for DCIP and cytochromec3+. Since
hydride transfer from NADPH results in the transfer of two
electrons to the flavins, the three-electron-reduced state, E3,
is thought to be the second stable enzyme form in the reaction
sequences for both electron acceptors. However, the kinetic
mechanisms for DCIP and cytochromec3+ differ once the

number of electrons required to reduce the electron acceptor
is considered. The reduction of DCIP is a two-electron
process; therefore, one molecule combining with E3 is enough
to return the enzyme to E1. Scheme 1 illustrates the tetra-
uni ping-pong mechanism for the reduction of this substrate.
In contrast, cytochromec3+ is reduced by one electron;
therefore, it would follow a hexa-uni ping-pong mechanism,
which would include the formation of E2 after the reduction
of the first molecule of cytochromec3+ (Scheme 3).

The kinetic mechanisms for the reduction of DCIP and
cytochromec3+ illustrated in Schemes 1 and 3, respectively,
are modified to be consistent with the product and dead-end
inhibition studies in Tables 2 and 3. The kinetic mechanism
for DCIP reduction was revised to incorporate an iso step,
or an isomerization of E3 to E3′ (Scheme 2), based on the
noncompetitive inhibition by NADP+ at varying concentra-
tions of DCIP. According to the classical ping-pong mech-
anism depicted in Scheme 1, NADP+ and DCIP combine
with the same enzyme form, E3; therefore, NADP+ is
expected to be competitive versus DCIP. However, if the
two molecules bind exclusively to different conformations
of E3 or to alternate forms of E3 that arise from differences
in the distribution of the three electrons on the flavins [i.e.,
(FADH•-FMNH2) versus (FADH2-FMNH•)], and the rate of
isomerization between the two forms is at steady state,
noncompetitive inhibition is expected. Thus, this iso step is
not included in either rapid equilibrium segment Y or Z of
Figure 3. If the iso step were to occur in rapid equilibrium,
NADP+ would be a competitive inhibitor when DCIP is the
variable substrate. The noncompetitive inhibition of NADP+

when NADPH is the variable substrate (Table 2) is consistent
with the proposed mechanism in Scheme 2 since the reduced
and oxidized forms of the nucleotide bind to E1 and E3,
respectively. Dead-end inhibition patterns with the NADPH
analogue, 2′AMP, are also consistent with the proposed
kinetic mechanism. The dead-end inhibitor was found to be
competitive versus NADPH, which is consistent with them
both binding to the same enzyme form. The NADPH
analogue was also found to be uncompetitive versus DCIP
(Table 2), which is consistent with binding to different
enzyme forms connected by an irreversible step, the release
of NADP+.

The parallel initial velocity patterns observed with cyto-
chrome c3+ as an electron acceptor agree with both the
classical (one-site) ping-pong mechanism (Scheme 2) and
the (two-site) ping-pong mechanism (Scheme 4) (46).
However, product and dead-end inhibition studies are
consistent only with the latter of these two kinetic mecha-
nisms. The defining characteristic of the (two-site) ping-pong
mechanism is presence of two separate and functionally
distinct catalytic sites on the enzyme that are linked by a
mobile component or by an internal electron carrier. This
type of system was first used to describe enzymes that
contain a mobile component, such as a biotinyl prosthetic
group (51, 55) or lipoic acid cofactor (56), which links the
nonoverlapping catalytic sites on the enzyme. It has also been
shown to be applicable for enzymes with redox cofactors
that serve as internal electron carriers, such as xanthine
dehydrogenase (57), glutamate synthetase (58), nitrate re-
ductase (45), two hydrogenases (59, 60), and dihydroorate
dehydrogenase (61). The two-site ping-pong mechanism is
also proposed for the CPR-catalyzed reduction of cytochrome

FIGURE 3: Kinetic scheme for a di-iso ping-pong bi-bi mechanism
for the nNOS-catalyzed reduction of DCIP. A, B, P, Q, and I
represent NADPH, DCIPox, NADP+, DCIPred, and 2′AMP, respec-
tively, 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 exclusively bind NADP+ and DCIPox,
respectively.K is the equilibrium constant for the conversion of
the two enzyme forms, E1 and E1′. The dotted boxes labeled X, Y,
and Z indicate the proposed rapid equilibrium segments for the
reaction mechanism, whereX ) E1 + E1′ + E1′I + E1′IQ + E1′Q
+ E1A, Y ) E3P + E3, andZ ) E3′ + E3′B.

FIGURE 4: Kinetic scheme illustrating the iso (two-site) ping-pong
mechanism for the nNOS-catalyzed reduction of cytochromec3+.
A, B, P, Q, and I represent NADPH, cytochromec3+, NADP+,
cytochromec2+, and 2′AMP, respectively. E1, E1,′ and E3 are the
same as in Figure 3, and E2 represents the two-electron-reduced
form of nNOS (FAD-FMNH2).
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c3+ in which the FAD/FMN prosthetic groups act as internal
electron carriers between the NADPH and the cytochrome
c3+ active sites. When the functional and structural homology
between CPR and the nNOS reductase domain is considered,
it seems reasonable that the product and dead-end inhibition
studies for the nNOS-catalyzed reduction of cytochromec3+

are also consistent with a (two-site) ping-pong mechanism.
In this mechanism, the product (NADP+ or cytochromec2+)
can be released before or after the addition of the substrate
(NADPH or cytochromec3+) and the reaction is not restricted
to either exclusive formation of binary complexes or
compulsory formation of a central ternary complex.

This is in contrast to the classical (one-site) hexa-uni ping-
pong mechanism shown in Scheme 3 where the formation
of the ternary complex is precluded. With this mechanism,
product inhibition by NADP+ is expected to be noncompeti-
tive versus NADPH and competitive versus cytochromec3+

(Appendix). Furthermore, product inhibition by cytochrome
c2+ is expected to be noncompetitive versus NADPH and
noncompetitive versus cytochromec3+ (Appendix). Instead,
NADP+ was found to be a competitive inhibitor when
NADPH was the variable substrate and an uncompetitive
inhibitor versus cytochromec3+. Cytochrome c2+ was
noncompetitive versus NADPH and competitive when cy-
tochromec3+ was the variable substrate (Table 3). These
patterns are identical with those reported for the CPR-
catalyzed reduction of cytochromec3+ (50) and are consistent
with the unique product inhibition patterns that are commonly
observed with the enzymes listed above which follow a (two-
site) ping-pong mechanism. The first product (P) is always
competitive with the first substrate (A). Similarly, inhibition
by the second product (Q) is competitive with the second
substrate (B) (45). Therefore, we propose that the nNOS-
catalyzed reduction of cytochromec3+ also follows a (two-
site) ping-pong mechanism in which the enzyme binds
NADPH at site 1 in a uni-uni fashion and follows a tetra-
uni ping-pong reaction for two molecules of cytochromec3+

at site 2 (Scheme 4). This kinetic mechanism is only
applicable for CPR at a high ionic strength, 850 mM (50).
At a lower ionic strength (300 mM), the CPR cytochrome
c3+ reductase activity is still consistent with a (two-site) ping-
pong mechanism, but the binding of cytochromec3+ follows
a bi-bi random sequential mechanism at site 2 (62). This
was deduced from the nonlinear initial velocity patterns
observed when cytochromec3+ was the variable substrate
for CPR at low ionic strengths. However, nNOS does not
show any curvature in the initial velocity patterns for
reduction of cytochromec3+ at low ionic strengths (panels
A and B of Figure 2).

Inhibition by NADP+ versus cytochromec3+ at nonsat-
urating concentrations of NADPH should be noncompetitive
for a two-site ping-pong mechanism, but CPR and nNOS
both exhibited uncompetitive inhibition patterns (Table 3).
To explain this observation, it was assumed that the reverse
rate of hydride transfer,k4, catalyzed by CPR was much
slower than the rate of cytochromec3+ reduction,k9 (Figure
4) (50). The lack of any pronounced curvature in inhibition
patterns with cytochromec2+ further indicated that hydride
transfer,k3, was much slower than electron transfer from
the flavins to cytochromec3+, k9 (50). Since nNOS exhibits
the same inhibition patterns as CPR and it does not display
any curvature in the inhibition patterns with cytochromec2+

(data not shown), this assumption (k9 . k4) was also used
in the derivation of the (two-site) ping-pong mechanism for
nNOS-catalyzed reduction of cytochromec3+ (Appendix).

In the one-site ping-pong mechanism for DCIP, only
binary enzyme-substrate complexes form and the release
of the first product, NADP+, occurs before the addition of
DCIP. However, since NADPH and cytochromec3+ are
proposed to act at catalytically independent sites on the
enzyme, the formation of a ternary complex between the two
substrates and nNOS is possible. The difference may be do
to the flavin cofactor that reduces the electron acceptor. Since
nNOS depleted of its FMN cofactor is still able to reduce
DCIP, the reduction of this substrate may occur through the
direct two-electron transfer from the fully reduced FAD,
presumably through the conversion of (FADH2-FMNH•) to
(FAD-FMNH•) (29). Once NADPH reduces E1 (FAD-
FMNH•) to E3, disproportionation of electrons on the flavins
establishes an equilibrium of (FADH2-FMNH•) and (FADH•-
FMNH2). It has been proposed that NADP+ shifts the
reduction potential of the FAD semiquinone to a more
negative value and stabilizes the FADH•-FMNH2 form of
the enzyme (28). Similar effects have been observed in P450-
BM3 (63) and adrenodoxin reductase (64). As such, it is
possible that the oxidized nucleotide is required to dissociate
from the nNOS to allow the disporportionation of electrons
on the flavins to favor the reduction of DCIP, thereby
restricting the kinetic mechanism to the exclusive formation
of binary enzyme-substrate complexes.

According to the two-site ping-ping mechanism, NADPH
oxidation and cytochromec3+ reduction operate indepen-
dently during nNOS catalytic turnover. This catalytic inde-
pendence may be facilitated by topographically separate
substrate binding sites on nNOS and/or by FMN acting as
the terminal electron donator. On the basis of sequence
comparisons, the nNOS reductase domain and CPR belong
to a class of dual flavin-containing proteins that have
independent NADPH/FAD and FMN binding domains (65).
Mutational analysis and sequence comparison with CPR
suggests that cytochromec3+ interacts with a cluster of acidic
residues in the FMN domain, while NADPH binds in
proximity to FAD (29). Therefore, if the substrates bind to
different domains, which are separated by an internal electron
carrier that stores reducing equivalents, independent reactions
with either substrate could occur.

Comparison of the inhibition constants for 2′AMP deter-
mined with DCIP or cytochromec3+ as the electron acceptor
led to the second modification of the mechanisms proposed
for DCIP and cytochromec3+ reduction. In both the iso ping-
pong and the (two-site) ping-pong mechanisms, the NADPH
analogue binds to the same enzyme form as NADPH, E1.
This is consistent with the 2′AMP dead-end inhibition
patterns listed in Tables 2 and 3; however, if 2′AMP bound
to E1 in both mechanisms, then the values of the inhibition
constants for 2′AMP should be the same regardless of the
electron acceptor. Nevertheless, a large increase in the
apparent affinity for 2′AMP in the presence of DCIP
compared to that for cytochromec3+ was observed. To
interpret these results, an additional free enzyme form, E1′,
was proposed to occur in both mechanisms. The differences
in the inhibition constants for 2′AMP would arise if the
following conditions were met: (1) the NADPH analogue
could only form dead-end complexes with E1′ and not E1,
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E3, or, in the case of cytochromec3+, E2; (2) NADPH and
NADP+ could not bind to E1′; and (3) E1 is in rapid
equilibrium with E1′. The last assumption still results in a
competitive inhibition pattern for 2′AMP versus NADPH.
The kinetic mechanisms proposed for DCIP and cytochrome
c3+ were revised to include the isomerization step for the
free enzyme governed by the equilibrium constant,K (Figures
3 and 4). The two mechanisms also include different dead-
end complexes between E1′ and 2′AMP which could account
for the differences in the apparent affinity of 2′AMP observed
in dead-end inhibition studies.

On the basis of sequence homology, the putative NADP+

and FAD binding motifs of nNOS belong to the flavoenzyme
family of which ferridoxin-NADP+ reductase (FNR) is the
prototype. The early crystal structure of FNR failed to reveal
the geometry between FAD and the nicotinamide ring. The
only relevant structural information was obtained with the
2′AMP portion of the NADP+ molecule complexed with the
enzyme (66). This occurred because positioning of the
nicotinamide ring in proximity to there face of the FAD
cofactor required the energetically unfavorable displacement
of a tyrosine residue (67). The two alternate forms of nNOS,
E1 and E1′, may likewise result from the positioning of a
similar residue in nNOS.

Rate equations were derived for the proposed di-iso ping-
pong bi-bi mechanism for DCIP and the iso (two-site) ping-
pong mechanism for cytochromec3+ under initial velocity
conditions and for product and dead-end inhibition studies
(Appendix). The derivation of the nNOS-catalyzed reduction
of cytochromec3+ is similar to the derivation for the CPR-
catalyzed reduction which assumes that the binding and
release of ligands occur in rapid equilibrium and the
conversion of enzyme forms (i.e., E1 to E3) occurs at steady
state. This assumption was also used for the derivation of
the nNOS-catalyzed reduction of DCIP. All of the experi-
mental initial velocity and inhibition patterns were consistent
with the patterns predicted for the rate equations derived
under the appropriate conditions. The turnover rate (kcat), the
Michaelis constant (Km), and the values forkcat/Km for each
substrate are also defined in terms of rate and equilibrium
constants in the Appendix [i.e., (kcat/Km)NADPH ) k3/KiA(1 +
1/K) (Figures 3 and 4), (kcat/Km)DCIP ) k7k11/KiB(k7 + k8)
(Figure 3), and (kcat/Km)cytc ) k9k15/KiB(k9 + k15) (Figure 4)].
The ratio of rate and equilibrium constants for defining (kcat/
Km)NADPH was the same for both mechanisms.

Although Ca2+-CaM increased the rate of DCIP and
cytochromec3+ reduction, it did not change the proposed
kinetic mechanism for the reduction of either electron
acceptor. Identical types of initial velocity, product, and dead-
end inhibition patterns were observed in the presence or
absence of Ca2+-CaM. The presence of the activated cofactor
did have variable effects on the kinetic parameters for the
various substrates listed in Table 1 and on the inhibition
constants listed in Tables 2 and 3. The influence of Ca2+-
CaM on these various parameters will be discussed in the
context of the mechanisms presented in Figures 3 and 4 in
an effort to describe how individual rate constants are
affected.

NADP+ is a competitive inhibitor of NADPH in the
presence of nonsaturating concentrations of cytochromec3+;
therefore, the reportedKis is a direct measure of the
dissociation constant for NADP+. The presence of Ca2+-CaM

in the inhibition study caused a 2-fold increase in the
inhibition constant for NADP+, suggesting that it may
slightly reduce the affinity of the enzyme for NADP+. The
activated cofactor also caused an increase in theKis of 2′AMP
versus NADPH with either DCIP or cytochromec3+ as the
electron acceptor. Although the dead-end inhibitor is also
competitive versus NADPH, theKis value is not a direct
measure of the dissociation constant because it is also a
function of the equilibrium constantK, equal to [E1]/[E1′],
(eqs A19, A20, and A39 in the Appendix). If it is assumed
that Ca2+-CaM has a negligible effect on the equilibrium
between E1 and E1′, the increase in theKis value for 2′AMP
may be interpreted as the ability of the cofactor to slightly
reduce the affinity of nNOS for 2′AMP. The activated
cofactor also caused a 1.5-fold increase in (kcat/Km)NADPH with
DCIP as an electron acceptor (Table 1). While the average
value of (kcat/Km)NADPH with cytochromec3+ increased∼2-
fold in the presence of Ca2+-CaM, the large error associated
with the value, which originates with the difficulty in
determining the lowKm for NADPH under these conditions,
did not make the change significant (Table 1). If it is assumed
that the 1.5-2-fold increase in (kcat/Km)NADPH is valid for both
acceptors, it would be do to an increase in the value of the
expressionk3/KiA(1 + 1/K) (Appendix). Thus, the presence
of Ca2+-CaM could affect either the rate of hydride transfer,
k3, the dissociation constant for NADPH,KiA, or both.

Ca2+-CaM caused a 4.5-fold increase in (kcat/Km)DCIP and
a 23-fold increase in (kcat/Km)cytc (Table 1). Both of these
kinetic parameters are defined by the ratio of forward rate
constants for the reduction of the electron acceptor in the
second half-reaction (k7 andk11 for DCIP andk9 andk15 for
cytochromec3+) as well as their associated binding constants
shown in eqs 6 and 7.KiB is the dissociation constant for

DCIP and cytochromec3+ in eqs 6 and 7, respectively. The
rate constantsk7, k8, andk11 in eq 6 are the same as those in
Figure 3, and the rate constantsk9 and k15 in eq 7 are the
same as those in Figure 4. The data suggest that the binding
of Ca2+-CaM may stimulate the rate of electron transfer to
the electron acceptors by increasing the forward rate
constants for these steps and/or decreasing the dissociation
constant for the electron acceptor.

The presence of Ca2+-CaM also caused an approximate
2-fold increase in the Michaelis constant for NADPH,
KNADPH, with DCIP as an electron acceptor and a 10-fold
increase with cytochromec3+ as an electron acceptor.
Equations 8 and 9 defineKNADPH in terms of rate and
equilibrium constants according to the derivation of the
mechanisms proposed for the reduction of DCIP and cyto-
chromec3+, respectively.

The rate constantsk3, k7, and k11 in eq 8 are the same as

(kcat/Km)DCIP )
k7k11

KiB(k7 + k8)
(6)

(kcat/Km)cytc )
k9k15

KiB(k9 + k15)
(7)

KNADPH )
KiA(1 + 1/K)

(1 + k3/k7 + k3/k11)
(8)
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those in Figure 3, and the rate constantsk3, k9, andk15 in eq
7 are the same as those in Figure 4. The reason Ca2+-CaM
exerts more of a change inKNADPH with cytochromec3+ may
be the difference in the ratios of rate and equilibrium
constants defined forKNADPH. If it is assumed that Ca2+-
CaM had no effect onK, then the increase inKNADPH may
be do to the decrease ink3/k9 and/ork3/k15 ratios. In other
words, Ca2+-CaM accelerates electron transfer to cytochrome
c3+ by increasingk9 and/ork15 to a greater extent then its
stimulation of hydride transfer given byk3. The Ca2+-CaM-
induced increase ink9 and/ork15 also agrees well with the
large increase (23-fold) in (kcat/Km)cytc (eq 7). Similarly, the
2-fold change inKNADPH with DCIP may be caused by
changes ink3/k7 and/ork3/k11 ratios.

The presence of Ca2+-CaM does not significantly change
the Kii for 2′AMP with either DCIP or cytochromec3+ as
the variable substrate. For DCIP, this observation is consis-
tent with the reaction occurring in two half-reactions, and
for cytochromec3+, the observation is also consistent with
the two half-reactions occurring at two separate catalytic sites
on the enzyme.

In summary, we have shown that the nNOS-catalyzed
reduction of DCIP and the nNOS-catalyzed reduction of
cytochromec3+ are accommodated by the di-iso ping-pong
bi-bi mechanism and by the iso (two-site) ping-pong mech-
anism, respectively. Although the presence of Ca2+-CaM
accelerates the rate of electron transfer, its presence does
not alter either of these mechanisms.
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APPENDIX

DeriVation of the Rate Equation for a Di-Iso Ping-Pong
Bi-Bi Mechanism for nNOS-Catalyzed Reduction of DCIP.
Figure 3 shows the kinetic scheme for the di-iso ping-pong
mechanism proposed for the nNOS-catalyzed reduction of
DCIP. The basic features of the proposed mechanism are as
follows. (a) The reaction consists of two half-reactions with
NADPH oxidation reducing the enzyme to the three-electron-
reduced state, E3, followed by reduction of DCIP which
converts the enzyme back to the one-electron-reduced state,
E1. (b) A steady-state isomerization step occurs between two
forms of the three-electron-reduced state of the enzyme, E3

and E3′, one that binds NADP+ and one that binds DCIP.
(c) An alternate form of the free enzyme, E1′, exists in the
reaction sequence, which is in rapid equilibrium with E1 and
is able to bind the NADPH analogue, 2′AMP, but not the
substrate NADPH. The binding of substrates and/or inhibitors
and the release of products are assumed to occur in rapid
equilibrium; thus, the kinetic mechanism is divided into three
rapid equilibrium segments, labeled X, Y, and Z. The steady-

state equation was derived according to the method of Cha
(68). For the purposes of illustrating how dead-end inhibition
studies with 2′AMP lead to the proposal of the rapid
isomerization of E1 to E1′ in the overall reaction scheme,
the enzyme-inhibitor complexes that would form with the
substrate analogue, 2′AMP (I), are also included in Figure
3. The fractionation factors for the mechanism drawn in
Figure 3 are as follows:

whereA, B, P, Q, andI represent NADPH, DCIPox, NADP+,
DCIPred, and 2′AMP concentrations, respectively, and the
Ki 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 exclusively bind NADP+ and
DCIPox, respectively.K (equal toE1/E1′) is the equilibrium
constant for the conversion of the two free enzyme forms,
E1 and E1′. X ) E1 + E 1′ + E 1′I + E1′IQ + E1′Q + E1A.
Y ) E3P + E3. Z ) E3′ + E3′B. Et ) X + Y + Z. Using the
scheme shown in Figure 5 as the basic King-Altman figure,
the following velocity equation is obtained:

KNADPH )
KiA(1 + 1/K)

(1 + k3/k9 + k3/k15)
(9)

FIGURE 5: Steady-state steps for the nNOS-catalyzed reduction of
DCIP. X, Y, and Z refer to the rapid equilibrium segments drawn
in Figure 3.X represents all the enzyme species that bind NADPH,
2′AMP, and DCIPred; Y represents all the enzyme species that bind
NADP+, andZ represents all the enzyme species that bind DCIPox
(i.e., X ) E1 + E1′ + E1′I + E1′IQ + E1′Q + E1A; Y ) E3P + E3;
Z ) E3′ + E3′B). The fi represents the fractional concentration of
rapid equilibrium segment involved in the reaction given by the
rate constantski (eqs A1-A6).

f3 )
E1A

X
) (A/KiA)/[1 + A/KiA +

(1/K)(1 + I/KiI + Q/KiQ + QI/KiQKiI)] (A1)

f4 )
E3P

Y
)

P/KiP

1 + P/Kip
(A2)

f7 )
E3

Y
) 1

1 + P/Kip
(A3)

f8 )
E3′
Z

) 1
1 + B/KiB

(A4)

f11 )
E3′B

Z
)

B/KiB

1 + B/KiB
(A5)

f12 )
E1′Q

X
) (Q/KiQ)/[1 + A/KiA +

(1/K)(1 + I/KiI + Q/KiQ + QI/KiQKiI)] (A6)
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Under initial velocity conditions (P ) Q ) I ) 0),
substitution of the fractionation factors (eqs A1-A6) into
eq A7 yields the following equation:

The kinetic constants are defined as follows:

Equation A8 simplifies to eq A12.

which has the same form as the rate equation for a ping-
pong mechanism, eq 1. Thus, the proposed mechanism for
nNOS reduction of DCIP is consistent with the observed
initial velocity patterns and yields the same patterns expected
for a standard ping-pong mechanism.

(1) Product Inhibition.The equation describing product
inhibition by NADP+, P, is derived lettingQ ) I ) 0 and
substituting the fractionation factors from eqs A1-A6 into
eq A7:

where

The double-reciprocal form of eq A13 predicts noncompeti-

tive inhibition patterns for P with either A or B as the variable
substrate. Thus, the mechanism correctly predicts the product
inhibition patterns which where obtained experimentally.

(2) Dead-End Inhibition.For dead-end inhibition by the
substrate analogue, 2′AMP (I), P ) Q ) 0, substitution of
eqs A1-A6 into eq A7 yields the following velocity
equation:

With A as the varied substrate, the double-reciprocal form
of eq A18 is

The equation predicts a competitive pattern for I when A is
the variable substrate, consistent with the experimental
results. When eq A19 is arranged with B as the variable
substrate, the equation becomes

Uncompetitive inhibition is predicted for I when B is the
variable substrate, consistent with the experimental results.
Comparison of eq 2 with eq A19 and eq 3 with eq A20 shows
that the Kis and Kii values are both a function of the
dissociation constant,KiI , and the equilibrium constant,K,
between E1 and E1′.

DeriVation of Rate Equations of an Iso Two-Site Ping-
Pong Mechanism for nNOS-Catalyzed Reduction of Cyto-
chrome c3+. Figure 4 shows the kinetic scheme for the iso
two-site ping-pong mechanism with NADPH binding in a
uni-uni fashion at site 1 and cytochromec3+ binding in a
tert-uni ping-pong fashion at site 2. Although the reaction
consists of two half-reactions, the two active sites operate
independently and formation of a ternary complex is possible.
Since the difference in the apparent affinity for 2′AMP
obtained with DCIP compared to that with cytochromec3+

as an electron acceptor led to the proposal that the reaction
proceeds via an iso mechanism, Figure 4 also shows 2′AMP
forming a dead-end complex with E1′. To simplify the
derivation of the rate equation, the following assumptions
were made: (1) all ligand binding steps occur in rapid
equilibrium, (2) the binding of a ligand at site 1 does not
effect of binding of the ligands at site 2, and (3) the values
of all ligand dissociation constants are unaffected by the
oxidation state of the enzyme. Figure 6A illustrates the
number of different binary and ternary complexes that can
form with nNOS and the various ligands, and Figure 6B

Vi

Et
) (k3k7k11f3f7f11 - k4k8k12f4f8f12)/(k4k8f4f8 +

k4k11f4f11 + k7k11f7f11 + k3k8f3f8 + k3k11f3f11 +
k8k12f8f12 + k3k7f3f7 + k4k12f4f12 + k7k12f7f12) (A7)

Vi

Et
) {[A][B][ k3k7k11/(k3k7 + k3k11+ k7k11)]}/{[A][B] +

[B][ KiA(1 + 1/K)k7k11/(k3k7 + k3k11+ k7k11)] +
[A][ KiB(k3k7 + k3k8)/(k3k7 + k3k11+ k7k11)]} (A8)

kcat )
k3k7k11

k3k7 + k3k11+ k7k11
(A9)

KA )
KiAk7k11(1 + 1/K)

k3k7 + k3k11+ k7k11
(A10)

KB )
KiB(k3k7 + k3k8)

k3k7 + k3k11+ k7k11
(A11)

Vi

Et
)

V[A][B]

[A][B] + KB[A] + KA[B]
(A12)

Vi

Et
) (V[A][B])/[[A][B] + KB[A] + KA[B] +

[P](D1/KiP) + [A][P]( D2/KiP) + [B][P](D3/KiP) +
[A][B][P]( D4/KiP)] (A13)

D1 )
KiBKiAk4k8(1 + 1/K)

k7k11 + k3k11+ k3k7
(A14)

D2 )
KiB(k3k8 + k4k8)

k7k11 + k3k11+ k3k7
(A15)

D3 )
KiAk4k11(1 + 1/K)

k7k11 + k3k11+ k3k7
(A16)

D4 )
k3k11 + k4k11

k7k11 + k3k11+ k3k7
(A17)

Vi

Et
) (V[A][B])/([A][B] + KB[A] + KA[B]{1 +

[I]/[ Kil (1 + K)]}) (A18)

Et

Vi
) 1

V(1 +
KB

B ) +
KA

V [1 +
[I]

Kil (1 + K)] 1
[A]

(A19)

Et

Vi
) 1

V{1 +
KA

A [1 +
[I]

Kil (1 + K)]} +
KB

V
1

[B]
(A20)
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shows the additional dead-end complexes that form with E1′
in the presence of 2′AMP. Equations were derived using the
method of Cha (62) with the fractionation factors defined
as follows:

whereA, B, P, Q, andI represent NADPH, cytochromec3+,
NADP+, cytochromec2+, and 2′AMP concentrations, re-
spectively, and theKi values refer to the respective dissocia-
tion constants. E1 and E1′ are the one-electron (FAD-FMNH•)

forms of nNOS that exclusively bind NADPH and 2′AMP,
respectively. E2 is the two-electron (FAD-FMNH2) enzyme
form, and E3 is the three-electron (FADH•-FMNH2) form of
the enzyme.K (equal toE1/E1′) is the equilibrium constant
for the conversion of the two free enzyme forms.Et2 ) E2

+ E2A + E2B + E2 P + E2 Q + E2AB + E2BP + E2AQ +
E2PQ. Et3 ) E3 + E3A + E3B + E3P + E3Q + E3AB +
E3BP + E3AQ + E3PQ. EtX ) E1 + E1A + E1B + E1P +
E1Q + E1AB + E1BP + E1AQ + E1PQ + E1′ + E1′I + E1′B
+ E1′Q + E1′IB + E1′IQ. Using the fractionation factors
and the scheme in Figure 7 as the basic King-Altman
pattern, one can derive the following velocity equation:

Under initial velocity conditions (P ) Q ) I ) 0),
substitution of the fractionation factors defined in eqs A21-
A25 simplifies the overall rate equation to the following
equation.

Kinetic constants are defined in eqs A28-A30.

Thus, the rate equation reduces to the following:

KA andKB refer to the Michaelis constants of NADPH and

FIGURE 6: Kinetic scheme showing the various rapid equilibrium
enzyme-ligand complexes that form in the iso (two-site) ping-
pong mechanism for the nNOS-catalyzed reduction of cytochrome
c3+. A, B, P, Q, and I represent the same molecules as in Figure 4,
and the rate and equilibrium constants are the same as those in
Figure 4. In panel A, E represents E1, E2, or E3. Panel B illustrates
the equilibrium between E1, the free enzyme form that binds
NADPH but not 2′AMP, and E1′, the free enzyme form that binds
2′AMP but not NADPH.

FIGURE 7: Steady-state steps for the nNOS-catalyzed reduction of
cytochromec3+. E1, E1′, E2, and E3, the rate constants, andK are
the same as in Figure 4. The dotted box labeled X represents the
rapid equilibrium segments between E1 and E1′, and the values for
the fractionation factors,fi, are given in eqs A21-A25.

fA ) (E1A + E1AB + E1AQ)/EtX ) (A/KiA)/[1 + A/KiA +
P/KiP + 1/K(1 + I/KiI)] (A21)

fB ) (E2B + E2AB + E2PB)/Et2 ) (E3B + E3AB +
E3PB)/Et3 ) (B/KiB)/(1 + B/KiB + Q/KiQ) (A22)

fP ) (E3P + E3PB + E3PQ)/Et3 ) (P/KiP)/(1 + A/KiA +
P/KiP) (A23)

fQ ) (E2Q + E2AQ + E2PQ)/Et2 ) (Q/KiQ)/(1 + B/KiB +
Q/KiQ) (A24)

fQ′ ) (E1′Q)/EtX ) (Q/KKiQ)/{(1 + B/KiB + Q/KiQ)[1 +
A/KiA + P/KiP + 1/K(1 + I/Kil )]} (A25)

Vi

Et
) (k3k9k15fAfBfB - k4k10k16fPfQfQ′)/(k4k10fPfQ +

k4k15fPfB + k9k15fBfB + k3k9fAfB + k4k6fPfQ′ +
k9k16fBfQ′ + k3k10fAfQ + k3k15fAfB + k10k16fQfQ′) (A26)

Vi

Et
) [(k3k9k15[A][B])/( k3k9 + k3k15 + k9k15)]/([A][B] +

[A] {[KiB(k3k15 + k3k9)]/(k3k9 + k3k15 + k9k15)} +
[B]{[KiAk9k15(1 + 1/K)]/(k3k9 + k3k15 + k9k15)}) (A27)

kcat )
k3k9k15

k3k9 + k3k15 + k9k15
(A28)

KA )
KiAk9k15(1 + 1/K)

k3k9 + k3k15 + k9k15
(A29)

KB )
KiB(k3k15 + k3k9)

k3k9 + k3k15 + k9k15
(A30)

Vi

Et
)

V[A][B]

[A][B] + KB[A] + KA[B]
(A31)
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cytochromec3+, respectively, andV is the maximal velocity.
Equation A31 has the same form as eq 1, to which the
parallel initial velocity patterns were fit. Thus, the proposed
two-site ping-pong mechanism for nNOS reduction of
cytochromec3+ is consistent with the observed initial velocity
patterns. However, a hexa-uni one-site ping-pong mechanism
would also generate a rate equation having the same form
as the equation for the two-site ping-pong mechanism under
initial velocity conditions. Therefore, product and dead-end
inhibition studies were required to distinguish which mech-
anism is valid for nNOS.

(1) Product Inhibition Patterns. In the CPR-catalyzed
reduction of cytochromec3+, NADP+ is uncompetitive versus
cytochromec3+. Sem and Kasper accounted for this inhibition
pattern by assuming that electron transfer from E3 to
cytochromec3+ is much faster than electron transfer from
E3 to NADP+ (i.e., k9 . k4) (50). This assumption was
supported by the absence of pronounced curvature in the
double-reciprocal plots with cytochromec2+ as an inhibitor.
Since NADP+ is uncompetitive versus cytochromec3+ and
the double-reciprocal plots with cytochromec2+ as an
inhibitor are linear, the same assumptions were made for
the nNOS mechanism. In the presence of P (Q ) I ) 0),
substitution of the fractionation factors defined in eqs A21-
A25 into eq A26 and omission of terms in eq A26 containing
k4 gave the following equation:

Equation A32 predicts competitive inhibition by P when A
is the variable substrate. The corresponding equation describ-
ing product inhibition by P with B as the variable substrate
predicts uncompetitive inhibition. Thus, the mechanism
correctly predicts the product inhibition patterns obtained
experimentally.

With product inhibition by Q (P ) I ) 0), substitution of
the fractionation factors defined in eqs A21-A25 into eq
A26 produces the following rate equation:

where

The termsC1 andC2 predominate overC3 andC4 in eq A33

sincek10 and k16, which represent the rate of cytochrome
c2+ reduction of E2 and E1, respectively, are assumed to be
much slower than electron transfer to cytochromec3+, k9

andk15. This assumption is based on the absence of curvature
in the initial velocity patterns. Furthermore, if hydride
transfer,k3, is much slower than electron transfer to cyto-
chromec3+, thenC2 . C3. Both of these assumptions were
also made in the derivation of the rate equation for cyto-
chromec2+ inhibition studies with CPR (50). Thus, eq A33
reduces to the following equation:

Equation A38 predicts product inhibition by Q with B as
the variable substrate to be competitive. The corresponding
equation describing product inhibition by Q with A as the
variable substrate predicts noncompetitive inhibition. There-
fore, the proposed iso two-site ping-pong mechanism is
consistent with the cytochromec2+ product inhibition patterns
obtained experimentally.

(2) Dead-End Inhibition by 2′AMP. In the presence of
2′AMP, I (P ) Q ) 0), substitution of the fractionation
factors defined in eqs A21-A25 into eq A26 leads to the
following equation:

Equation A39 predicts that I will be competitive versus A
and uncompetitive versus B. As with the di-iso ping-pong
mechanism described for DCIP as an electron acceptor, the
overall apparent affinity for 2′AMP is a function of its
dissociation constant and the equilibrium constant,K (equal
to E1/E1′); i.e., Kis ) KiI(1 + K), andKii ) KiI(1 + K).

DeriVation of the Rate Equation Describing a Hexa-Uni
Ping-Pong Mechanism for nNOS-Catalyzed Reduction of
Cytochrome c3+. Scheme 5 shows the kinetic scheme for
the hexa-uni ping-pong mechanism with NADPH binding
in a uni-uni fashion followed by the binding of cytochrome
c3+ in a tert-uni ping-pong fashion. The reaction consists of
two half-reactions with only the formation of binary com-
plexes possible. Using Scheme 5 as the basic King-Altman
figure, the following rate equation is obtained.

Scheme 5

Vi

Et
) (V[A][B])/[[A][B] + [B]KA + [A] KB + [A][Q]

(C1/KiQ) + [Q](C2/KKiQ)] (A38)

Vi

Et
) (V[A][B])/([A][B] + KB[A] + KA[B]{1 +

[I]/[ KiI(1 + K)]}) (A39)

Vi

Et
) (V[A][B])/([A][B] + [B]KA + [A] KB + [B][P]

{KA/[KiP(1 + 1/K)]}) (A32)

Vi

Et
) (V[A][B] 2)/[[A][B] 2 + [B]2KA + [A][B] KB + [A]

[B][Q]( C1/KiQ) + [B][Q]( C2/KKiQ) + [A][Q]( C3/KiQ) +

[A][Q] 2(C3/KiQ
2) + [Q]2(C4/KKiQ

2)] (A33)

C1 ) KiB[(k3k9 + k3k10 + k3k15)/(k3k9 + k9k15 + k3k15)]

(A34)

C2 ) KiAKiB[k9k16/(k3k9 + k9k15 + k3k15)] (A35)

C3 ) KiB
2[k3k10/(k3k9 + k9k15 + k3k15)] (A36)

C4 ) KiAKiB
2[k10k16/(k3k9 + k9k15 + k3k15)] (A37)
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Equation A40 simplifies to the following equation under
initial velocity conditions (P ) Q ) 0).

The kinetic constants are defined in eqs A42-A44.

whereKA andKB refer to the Michaelis constants of NADPH
and cytochromec3+, respectively. Equation A41 reduces to
the following equation:

which has the same form as eq 1 to which the parallel initial
velocity patterns were fit. Thus, the proposed hexa-uni ping-
pong mechanism for nNOS reduction of cytochromec3+ is
consistent with the observed initial velocity patterns.

(1) Product Inhibition Patterns.With product inhibition
by P (Q ) 0), eq A40 reduces to the following equation:

Equation A46 can be rewritten as

whereKA, KB, andkcat are defined as above and

In double-reciprocal form, eq A47 becomes

which shows that P will be noncompetitive with A as the
variable substrate. This inhibition pattern is inconsistent with
the competitive inhibition pattern observed for NADP+ (P)
versus NADPH (A) with cytochromec3+ as the electron
acceptor. Arranging eq A50 with B as the variable substrate
gives

Equation A51 predicts that P will be competitive versus B.
This inhibition pattern is also inconsistent with the uncom-
petitive inhibition pattern observed for NADP+ (P) versus
cytochromec3+ (B) in Table 3. Therefore, the hexa-uni ping-
pong mechanism is not consistent with the basal and CaM-
stimulated reduction of cytochromec3+.

With Q as a product inhibitor (P ) 0), eq A40 becomes

Equation A52 reduces to the following equation

whereKA, KB, andkcat are defined in eqs A42-A44.

Vi

Et
) (k1k3k5k7k9k11[A][B] 2 - k2k4k6k8k10k12[P][Q]2)/[[A]

[B]2(k1k5k7k9k11 + k1k3k5k9k11 + k1k3k5k7k9) + [B]2

(k3k5k7k9k11 + k2k5k7k9k11) + [A][B]( k1k3k7k9k11 +
k1k3k6k9k11 + k1k3k5k7k11 + k1k3k5k7k10) + [B][P]

(k2k4k6k9k11 + k2k4k7k9k11) + [A][B][P]( k1k4k6k9k11 +

k1k4k7k9k11) + [Q]2(k3k6k8k10k12 + k2k6k8k10k12) + [A]

[Q](k1k3k6k8k11 + k1k3k6k8k10) + [B][Q] 2(k3k5k8k10k12 +
k2k5k8k10k12) + [A][B][Q]( k1k3k5k8k11 + k1k3k5k8k10) +

[B][Q]( k3k5k7k10k12 + k2k5k7k10k12) + [B]2[Q]

(k3k5k7k9k12 + k2k5k7k9k12) + [P][Q](k2k4k7k10k12 +

k2k4k6k10k12 + k2k4k6k8k11 + k2k4k6k8k10) + [P][Q]2

(k2k4k8k10k12 + k2k4k6k8k12 + k2k4k8k10k12) + [A][P][Q]

(k1k4k6k8k11 + k1k4k6k8k10) + [B][P][Q]( k2k4k7k9k12 +
k2k4k6k9k12)] (A40)

Vi

Et
) (k1k3k5k7k9k11[A][B])/[[A][B]( k1k5k7k9k11 +

k1k3k5k9k11 + k1k3k5k7k9) + [B](k3k5k7k9k11 +
k2k5k7k9k11) + [A]( k1k3k7k9k11 + k1k3k6k9k11 +

k1k3k5k7k11 + k1k3k5k7k10)] (A41)

kcat ) (k3k7k11)/(k7k11 + k3k11 + k3k7) (A42)

KA ) [k7k11(k2 + k3)]/[k1(k7k11 + k3k11 + k3k7)] (A43)

KB ) [k3(k7k9k11 + k6k9k11 + k5k7k11 + k5k7k10)]/[k5k9

(k7k11 + k3k11 + k3k7)] (A44)

Vi

Et
)

V[A][B]

[A][B] + KB[A] + KA[B]
(A45)

Vi

Et
) (k1k3k5k7k9k11[A][B])/[[A][B]( k1k5k7k9k11 +

k1k3k5k9k11 + k1k3k5k7k9) + [B](k3k5k7k9k11 +
k2k5k7k9k11) + [A]( k1k3k7k9k11 + k1k3k6k9k11 +
k1k3k5k7k11 + k1k3k5k7k10) + [P](k2k4k6k9k11 +

k2k4k7k9k11) + [A][P]( k1k4k6k9k11 + k1k4k7k9k11)] (A46)

Vi

Et
) (V[A][B])/([A][B] + [A] KB + [B]KA + [P]/G1 +

[A][P]/ G2) (A47)

G1 )
k1k5k9(k7k11 + k3k11 + k3k7)

k2k4k6k11(k6 + k7)
(A48)

G2 )
k5(k7k11 + k3k11 + k3k7)

k4k11(k6 + k7)
(A49)

Et

Vi
)

KA

V (1 +
[P]

[B]KAG1
) 1
[A]

+ 1
V[1 +

KB

[B](1 +
[P]

KBG2
)]
(A50)

Et

Vi
)

KB

V (1 +
[P]

[A] KBG1

+
[P]

KBG2
) 1
[B]

+ 1
V(1 +

KA

[A] ) (A51)

Et

Vi
) (k1k3k5k7k9k11[A][B] 2)/[[A][B] 2(k1k5k7k9k11 +

k1k3k5k9k11 + k1k3k5k7k9) + [B]2(k3k5k7k9k11 +
k2k5k7k9k11) + [A][B]( k1k3k7k9k11 + k1k3k6k9k11 +

k1k3k5k7k11 + k1k3k5k7k10) + [Q]2(k3k6k8k10k12 +
k2k6k8k10k12) + [A][Q]( k1k3k6k8k11 + k1k3k6k8k10) + [B]

[Q]2(k3k5k8k10k12 + k2k5k8k10k12) + [A][B][Q]

(k1k3k5k8k11 + k1k3k5k8k10) + [B][Q]( k3k5k7k10k12 +

k2k5k7k10k12) + [B]2[Q](k3k5k7k9k12 + k2k5k7k9k12)]
(A52)

Et

Vi
) (V[A][B] 2)/([A][B] 2 + KB[A][B] + KA[B]2 +

[Q]2/J1 + [A][Q]/ J2 + [B][Q] 2/J3 + [A][B][Q]/ J4 +

[B][Q]/ J5 + [B]2[Q]/J6) (A53)
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In double-reciprocal form with A as the variable substrate,
eq A53 becomes.

Inhibition by Q would generate a double-reciprocal plot in
which both the intercept and slope are affected and are
nonlinear functions ofQ and/orB. Although Table 3 shows
that cytochromec2+, Q, is noncompetitive versus NADPH,
A, the inhibition patterns did not exhibit any curvature;
therefore, they are not consistent the hexa-uni ping-pong
mechanism. Rearranging eq A60 to show B as the variable
substrate gives

When B is the variable substrate, inhibition by Q is expected
to have an effect on the intercept and the slope, with the
slope a nonlinear function ofQ. As shown in Table 3,
cytochromec2+, Q, is competitive versus cytochromec3+,
B; therefore, the product inhibition pattern is not consistent
with the hexa-uni ping-pong mechanism.
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