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ABSTRACT. Binding of C&"-activated calmodulin (Ga-CaM) to neuronal nitric-oxide synthase (nNOS)
increases the rate of 2,6-dichloroindolphenol (DCIP) reductieB-fld and that of cytochrome®* 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 cytoctiromere
consistent with the (two-site) ping-pong mechanism previously described for the NADRBChrome

P450 reductase-catalyzed reduction of cytochrefnigSem, D., and Kasper, C. (199B)ochemistry 33
12012-12021]. Dead-end inhibition by'Adenosine monophosphate ARIP) was competitive versus
NADPH for both electron acceptors, although the value of the slope inhibition conkignyas 25-

30-fold greater with DCIP as the substrate than with cytochrafrie 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 cytochrome®", respectively. The presence &aM did not alter the proposed kinetic
mechanisms. The activated cofactor had a negligible effeck@Km)nappr, While it increased Keaf

Km)ocie and Keal Km)eyte 4.5- and 23-fold, respectively.

Nitric oxide (NO} is a ubiquitous molecule involved ina of Ca&" concentration since CaM is tightly bound to this
diverse array of physiological and pathological rolés ). isoform even at basal cellular levels of the divalent cation
NO is synthesized in mammals by the NO-synthases, a(9).

family of three hompdimeric enzymes. Each.of the isoforms  1he CaM-binding domain, located at the center of the NOS
consumes 1.5 equiv of NADPH and 2 equiv o} @ the polypeptide subunit, tethers the oxygenase domain to the
five-electron oxidation ofL-arginine to produce NO and oy ,ctase domaird¢-11). The reductase domain is structur-
L—_cmulllne (©, 7). The enzymes can pe classified Into two ally similar to NADPH-cytochrome P450 oxidoreductase
distinct groups according to regulation of transcriptional (CPR) since each polypeptide contains 1 equiv each of FAD
expression and dependence on intracellul& €ancentra- and FMN and the binding site for NADPHL2, 13). The
tions. The constitutively expressed neuronal (NNOS) and oxygenase domain is structurally unique and contains a P450-

endothelial (eNOS) isoforms require an increase if*Ca L .
o . type heme, the binding site for the cofactoR|&,6,7,8-
levels to promote the subsequent binding of‘Cactivated tetrahydroe-biopterin (HB), and the substrate-arginine

calmodulin (C&"-CaM) for NO synthesis8). The inducible TR e

isoform (iNOS) is transcriptionally regulated by the action E:l:Mli?.ezzremiealc?grsﬂltgl\;irﬁr?;?s:;nSﬁétzt?slgdilp ?ricg;zgfs the
f kin nd its N nthesi ivity is in nden )

of cytokines, and its NO synthesis activity is independent electron transfer between the flavins in the reductase domain
T This work was supported by Grant ES00210 from the National and the heme in the o-xyg.engse domdi, (19). Evidence

Institute of Environmental Health Sciences. from several laboratories indicates that the NOS reductase
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Biochemistry and Biophysics, Agricultural and Life Sciences Building transfer to the heme. The FAD and FMN redox centers of
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1 Abbreviations: NO, nitric oxide; nNOS, neuronal nitric-oxide of NADPH, both CPR and NOS maintain an alr_St.able. one-
synthase; eNOS, endothelial NOS; iNOS, inducible NOS; @aM, electron-reduced state (FAD-FMNH(20, 21), which is
Cat-activated calmodulin; CPR, NADPH:ytochrome P450 oxi- unable to reduce the hem22 23). The donation of two

doreductase; kB, (6R)-5,6,7,8-tetrahydrobiopterin; FeCN, ferricyanide; idati ;
DCIP, 2 6-dichloroindolphenol: cyte, cytochrond . 2AMP. 2- electrons through the oxidation of NADPH reduces_elther
adenosine monophosphate; DGIRxidized form of DCIP; DCIRg, enzyme to the three-electron-reduced state. The flavins then

reduced form of DCIP. subsequently reduce the P-450 heme in two one-electron
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transfers, returning the enzyme to the one-electron-reduceds stimulated only 2-3-fold by C&"-CaM (29). In contrast,
state @4, 25). Therefore, during turnover it is proposed that cytochromec®* is reduced by donation of one electron from
NOS, like CPR, cycles between the one-electron- and three-FMN and the binding of Ca-CaM causes a +020-fold
electron-reduced state26). Furthermore, analysis of the increase in activity. Initial velocity and product inhibition
flavin midpoint potentials and the removal of the FMN data for the nNOS-catalyzed reduction of DCIP were
cofactor suggest that the path of electron transfer in both consistent with an iso ping-pong bi-bi mechanism, with a
enzymes is from NADPH to FAD to FMN to the hen20( steady-state isomerization step between the release of

27-30). NADP* and the binding of DCIP. In contrast, initial velocity
NOS and CPR are also able to reduce 2,6-dichloroindol- and product inhibition data for the reduction of cytochrome
phenol (DCIP), ferricyanide (FeCN), and cytochrowie c** were best accommodated by a nonclassical (two-site)
with electrons derived from NADPH oxidatiorB1, 32). ping-pong mechanism. However, dead-end inhibition studies

However, nNOS is unique in that the binding of?C&CaM revealed a large difference in th&s values of 2AMP in
to the enzyme stimulates a-3-fold increase in the levels competitive inhibition patterns versus NADPH for DCIP
of DCIP and FeCN reduction and a-1R0-fold increase in compared to cytochrome®*. To rationalize the difference
the level of cytochrome&®*" reduction (0, 18). The C&*- in the Kjs, value an additional rapidly equilibrating isomer-
CaM-induced stimulation of these activities is independent ization step between the enzyme form found immediately
of electron transfer from the flavins to the heme since the after the release of the last product/jEand the enzyme
same level of stimulation of ferricyanide and cytochrome form competent to bind NADPH @ff was required in both
c®* reduction occurs with nNOS devoid of its oxygenase mechanisms (E binds 2AMP, but not NADPH, while k
domain (L8, 26, 33). Stopped-flow studies have indicated does not bind 2AMP). The rate equations describing DCIP
that the binding of C&-CaM increases the pre-steady-state and cytochrome®" reduction were derived for a di-iso ping-
rate of electron transfer from NADPH to the flavinsg( pong bi-bi and an iso (two-site) ping-pong mechanism,
34). The binding of C&"-CaM has a negligible effect on  respectively. The presence of Te&CaM did not alter the
the flavin redox potentials, indicating that the thermodynamic observed steady-state kinetic mechanisms proposed for the
driving force of electron transfer remains unchang2g).( reduction of DCIP and cytochronwé". Ca"-CaM did affect
However, the increase in the rate of electron transfer may to varying degrees the kinetic parameters for the substrates
be facilitated by the ability of Ca-CaM to induce a  NADPH, cytochromec®", and DCIP.
conformational change in the enzymid( 26).

The reductase domain of NOS also has additional amino EXPERIMENTAL PROCEDURES
acid sequences that are not found in CPR. nNOS and eNOS,

which have slower rates of electron transfer to the heme, Mgterials.The CDNA for rat neuronal NO_S was kind_ly
DCIP, and cytochrome®", contain an additional 4650- provided by T. M. Dawson (Johns Hopkins University,

amino acid insert located in the FMN-binding subdomain. Balt.imore, MD) @9, anq the p‘?"VOT‘ expression vector was

This insert is thought to be an autoinhibitory domain since a gift of F. W. Dalhqu_|st (U_n|verS|ty of Oregon, Eugene,

it was shown to promote the dissociation of CaM from nNOS OR) (40). Tetrahydrobiopterin (kB) was, purchased from

at low intracellular C& concentrations and to inhibit electron  C@yman Chemical (Ann Arbor, MI); the,B-A.DP-_Sepharos_e

transfer in the absence of &aCaM (30, 35, 36). Both iNOS was purchased from Amersham Pharmacia Biotech (Piscat-

and the constitutive isoforms possess an additional42t away, NJ), and the CaM-Sepharose and_CaM WEre generous

amino acid tail at the C-terminus, which is not present in glft_s Of_ S. Anderson and D. Malencik _(Oregon St_ate

CPR. This sequence is proposed to modulate electron transfepn'vers'ty)' A” other reagents were from Sigma Chemical

between the flavin moieties or between FMN and cytochrome ©- (St Louis, MO).

¢t (37). Enzyme Expression and Purificatiomhe enzyme was
When the additional structural and dynamic features in Purified according to the protocol published by Gerber and

NOS that are absent in CPR are considered, there is interesPrtiz de Montellano with slight modification4(). The

in how C&'-CaM imparts control of electron transfer. recombinant purified protein was more than 85% pure as

Although several pre-steady-state kinetic and mutational judged by SDSpolyacrylamide gel electrophoresis with a

analyses have been performed to investigate the effects ofpecific activity of 150 nmol of NO mint mg™* at 25°C.

C&*-CaM on interflavin electron transfer, the influence of The rate of NO production was measured by the hemogiobin

the cofactor on the kinetic mechanism of electron transfer NO capture assay following the procedures of Stuehr et al.

W|th|n the reductase domain Of the enzyme remains to be (42) Protein Concentrations were determined W|th the LOWI’y

elucidated. Establishing a mechanism is important for @ssay using BSA as a standa#8)(

studying the overall rate of NO production since the control  Measurement of Reductase Adtes. Reactions were

point of electron transfer resides within the reductase domain performed in a volume of 5.0 mL at 2& using either a 10

of the enzyme. This is suggested by the different rates of or 5 cm path length cuvette. The reaction rate was measured

NO synthesis exhibited by the three isoforms as determinedby reduction of cytochrome®* (Ae = 21.1 mMcm™?) at

by the rate of electron transfer between FAD and FMN or 550 nm or DCIP fe = 21 mM™* cm™1) at 600 nm 44).

between FMN and the hem88). The data presented below Reaction mixtures contained 50 mM Hepes (pH 7.5), variable

describe the steady-state kinetic mechanism of the NOS-concentrations of substrates (NADPH, cytochrocig or

catalyzed electron transfer to cytochrow?e and DCIP in DCIP), and, where appropriate, M CaCk, 100 nM CaM,

the presence and absence of?G&aM. We chose to  and variable concentrations of inhibitor (NADP2 AMP,

investigate these two electron acceptors since DCIP is or cytochrome?"). Reactions were initiated in a total volume

reduced by a two-electron transfer from reduced FAD and of 5 mL by the addition of 0.080.8 ug of nNOS.
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Preparation of Cytochrome?¢. Cytochromec?t was concentrations of NADPH showed a family of parallel lines
prepared by reducing cytochroro& with sodium dithionite. in the absence of CaCaM (Figure 1A) and in the presence
After incubation for 10 min at room temperature, the sodium C&"-CaM (Figure 1B). Similarly, a plot of 1/ versus
dithionite was removed by passing 1 mL of the solution over 1/[NADPH] at varying fixed concentrations of DCIP showed
two columns (2 mL) of G-25 resin. The concentration of a family of parallel lines in the absence and presence &f-Ca
cytochromec®t was determined by measuring the absorbance CaM (panels C and D of Figure 1, respectively). A parallel
at 550 nm before and after reduction with sodium dithionite pattern is typical of ping-pong mechanisms in which an
using the extinction coefficients for reduced= 29.5 mM? irreversible step such as release of a product or the addition
cm1) and oxidized € = 8.4 mM1 cm™1) cytochromec (44). of substrate at saturating levels separates the addition of either

Data AnalysisData were first analyzed graphically using of the two substrates in the reaction sequed&. (A better
primary plots of reciprocal velocities and reciprocal substrate nonlinear least-squares fit of the initial velocity data was
concentrations. Slopes and intercepts obtained from theachieved with the equation describing a ping-pong mecha-
primary plots were then graphed as secondary plots versusism (eq 1) compared to that for a sequential mechanism
inhibitor concentrations. The form of the overall rate equation (eq 2). The latter equation did not reduce fffevalue and
was determined by examination of the results of the graphical gave an undefined value fdfa.
analysis. Although the kinetic results are presented in double- Ping-pong mechanisms are characterized by the enzyme
reciprocal plots, the computer analysis was performed by oscillating between two or more stable form47), As
the nonlinear least-squares fit to the specific rate equationillustrated in Scheme 1, the air-stable one-electron-reduced
using the computer program Origin, version 4.0 (MicroCal state of nNOS, E is designated as one of these stable
Software Inc., North Hampton, MA). The data from initial enzyme forms. The oxidation of one NADPH molecule
velocity studies were fit to eq 1 for a ping-pong mechanism generates the second stable enzyme form, the three-electron-
and to eq 2 for a sequential mechanism. reduced state of nNOSzESince DCIP reduction is a two-

electron process, only one molecule is required to react with

Y= VAB 1 E; in the subsequent half-reaction to return the enzyme to
i @
KgA+ K B+ AB E;. If DCIP reduction were to follow this classical ping-
VAB pong mechanism, the substrates and products would bind to
v = K Ky - KgA 1 KB+ AB (2) the enzyme in a tetra-uni fashion.

The presence of C&CaM resulted in a 3-fold increase
in Keay @ 4.5-fold increase ink{a/Km)ocip, and a 1.5-fold
increase in K.a/Km)napen (Table 1). The experimentally
determined Michaelis constants for NADPHS( 49) and
DCIP and the turnover numbek:{) for DCIP reduction with
and without C&"-CaM agree with previously reported values
(3D.

Product Inhibition Studies with DCIP as an Electron
Acceptor As indicated in Table 2, NADPwas noncompeti-

wherey; is the initial velocity,A andB are concentrations
of NADPH and the electron acceptor (cytochro?e or
DCIP), respectivelyV is the maximal velocityK, andKg

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-

tlon: tive with either NADPH or DCIP as the variable substrate,
_ VA and the dead-end inhibitor;AMP, was competitive versus
U= K (14 /K + A ) NADPH and uncompetitive versus DCIP. The inhibition
patterns are consistent with the classical ping-pong mecha-
vo= VA (4) nism illustrated in Scheme 1 with one exception. Product
K, AL+ 1K) inhibition by NADP" is expected to be competitive versus
DCIP, because they both bind to the same enzyme fogm, E
v = VA (5) (47). However, NADP was noncompetitive versus DCIP,
Kn(1 + 1/Kig) + AL + I/K) indicating that they bind to different forms ofEThe kinetic
) o ) ) ) ) mechanism was therefore revised to incorporate a step which
yvhereui |s_the initial velocity,V is the ma>§|mal velocityA allows E; to isomerize to a distinct three-electron-reduced
is the varied substrate concentratidfy, is the apparent state, B, which exclusively binds DCIP (Scheme 2). When
Michaelis constant, is the inhibitor concentratiork;; is the an isomerization of a stable form of the enzyme occurs in

intercept inhibition constant, aris is the slope inhibition  {he reaction sequence, it is termed an iso mechanishn (

constant. For all reactions, the nonvaried substrate wastq follow previously established nomenclature, the mech-

present at a level close to ity anism is drawn in Scheme 2 is termed an iso ping-pong bi-

bi type @7).

RESULTS Saturating levels of Ca-CaM in the reaction mixtures
Initial Velocity Studies with DCIP as an Electron Acceptor. did not affect the product and dead-end inhibition patterns.

Substrate inhibition by NADPH for DCIP reduction occurred It did increase theKs for 2 AMP versus NADPH 2-fold,

at concentrations of NADPH 2-fold above Ks,. Substrate but did not affect th&; for 2 AMP with DCIP as the variable

inhibition by NADPH is also observed for the FAD- substrate (Table 2).

containing enzyme, nitrate reductaskb)( Therefore, the Initial Velocity Studies with Cytochromé'cas an Electron

concentration of NADPH with DCIP as an electron acceptor Acceptor Cytochromec®" shows substrate inhibition at

was varied betweel/5 and Ky, for the initial velocity concentrations o2 uM (5—10 times itsKy,); therefore,

experiments. A plot of 2/ versus 1/[DCIP] at varying fixed  this electron acceptor was maintained at sufficiently low
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Ficure 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 ofif) 0.05, @) 0.08, () 0.12, and ¥) 0.25uM. (B) CaCl, at 10uM and CaM at 100 nM present with varying concentrations

of DCIP at NADPH concentrations o) 0.059, @) 0.094, @) 0.142
concentrations oflf) 3, (®) 6, (a) 12, and ¥) 25 uM. (D) CaCl, at

, and¥) 0.213uM. (C) Varying concentrations of NADPH at DCIP
10uM and CaM at 100 nM present with varying concentrations of

NADPH at DCIP concentrations ol 6, (@) 10, (a) 20, and §¥) 35 uM.

Scheme 1

NADPH DCIP,,

| |

E,
concentrations to minimize this effect. Substrate inhibition
by cytochromec®t also occurs with CPR at-510 times its
K (50). A plot of 1/v versus 1/[cytochrome®'] at varying
fixed concentrations of NADPH gave a family of parallel
lines both without C&-CaM (Figure 2A) and with CA-
CaM (Figure 2B). Likewise, a plot of 2Aersus 1/[NADPH]

at varying fixed concentrations of cytochrone&" in the
absence and presence of?G&aM produced a family of

NADP* DCIP,,

|

E,

(E, sNADPH - E,sNADP") (Eye DCIP,, - E,» DCIP,,) E,

If the nNOS reduction of cytochrom&" 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)70). After the initial conversion of Eto E; by
NADPH oxidation, two molecules of cytochrone&", each
of which is reduced by one electron, are required to react
with the enzyme to return it to its initial state; EScheme
3). Thus, the two-electron-reduced statg, Bow appears
after the reduction of the first molecule of cytochrogie.
Equation 1 is also consistent with a nonclassical (two-site)
ping-pong mechanism5(). In this kinetic mechanism,
NADPH and cytochromec®" 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 cytochromec®" labeled as sites 1 and 2,

parallel lines (panels C and D of Figure 2, respectively). The respectively. This mechanism has been previously proposed
lack of a slope effect suggests that both basal and CaM-for the CPR-catalyzed reduction of cytochrokfé. When

stimulated cytochrome®* reductase activities are consistent

the structural and functional similarities of nNOS and CPR

with ping-pong mechanisms. This graphical analysis is are considered, it seems reasonable that this mechanism also
consistent with the computer analysis as the rate equationapplies for the nNOS cytochroneé' reductase activity. The
for a ping-pong mechanism (eq 1) gave a better fit to the classical (one site) and the nonclassical (two-site) mecha-

initial velocity data compared to the rate equation for a

nisms drawn in Schemes 3 and 4, respectively, generate

sequential mechanism (eq 2). The latter equation did not different product and dead-end inhibition patter6, 61);

reduce the¢? value and gave an undefined value k.

therefore, there is a means for discerning which mechanism
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Table 1: Values for the Steady-State Kinetic Parameters of nNOS-Catalyzed Reduction of DCIP and Cyteghiarntiee Absence and

Presence of Ca-CaM

electron keat/Knaopr keat/Kace
acceptor C# -CaM Knapprd€ (uM) Kac?€ (uM) Keaf® (s7Y) (x1PM s (x1PM1s™Y
DCIP - 0.184 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) 16.10t 0.52 (5) 460.0+ 67.3 15.63+ 1.18
cyte - 0.024 0.01 (6) 0.4+ 0.1 (11) 1.64+ 0.05 (5) 725.7: 261.7 4317+ 11.3
+ 0.25+ 0.09 (5) 0.4+ 0.1 (4) 37.16+ 0.91 (5) 1486+ 536 10044 272

2 KnappH is the Michaelis constant for NADPH Kqccis the Michaelis constant for the designated electron acceftgxis the maximal velocity,
V, divided by the nNOS concentratiohkea/Knappr and KealKace are VIKnappr and /K¢ divided by the nNOS concentration, respectivélyhe
values are the means and standard deviations determinedchfoterminations whera is enclosed in parentheses.

Table 2: Dead-End and Product Inhibition of nNOS-Catalyzed
Reduction of DCIP in the Absence and Presence &fCaM

NADP* was found to be uncompetitive versus cytochrome
c3* and cytochrome?" was found to be a noncompetitive
product inhibitor versus NADPH. Finally, the dead-end
inhibition by the NADPH analogue, RMP, was competitive
with NADPH as the variable substrate and uncompetitive

with cytochromec®* as the variable substrate.

The presence of C&CaM did not affect the product and
the dead-end inhibition patterns. However, a saturating
amount of C&"™-CaM in the reaction mixture increased the
value ofKjs by 1.5-2.5-fold for both NADP and 2AMP
with NADPH as the variable substrate. TKg for 2 AMP
inhibition versus cytochrome®* or DCIP did not change

varied Ca&*- type of inhibition constants
substrate CaM inhibitor inhibition (uM)
DCIP —  NADP'™ noncompetitive Kis=8.1+1.8
Kii = 130:|: 20
+ NADP" noncompetitive Kis=18.6+5.2
Kii =122+ 52
— 2 AMP  uncompetitive Kj =435.4+23.1
+ 2AMP  uncompetitive Kj =435.6+ 34.0
NADPH —  NADP' noncompetitive Kis=14.5+1.5
Kis=27.7+ 1.8
+ NADP" noncompetitive Kis=8.1+ 1.4
Ki =58.9+12.0
—  2AMP  competitive Kis = 840.94+ 92.9
+ 2AMP  competitive Kis = 1437.04+ 280.8
Scheme 2
NADPH NADP* DCIP,, DCIP,,

|

applies for the nNOS reduction of cytochror¥.

The presence of C&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
23-fold increase ifkcarand Keal K)oy (Table 1). The average
value of K.a/Km)nappr increased 2-fold with the addition of
C&"-CaM; however, due to the large errors associated with
the values, the change was not considered significant (Tabl
1).

Product Inhibition Studies with Cytochromé*cas an
Electron Acceptor.Although the parallel initial velocity
patterns with cytochromes®™ 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-en
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
cytochromec?t was competitive versus cytochronué'.
These patterns are consistent with the (two-site) ping-pong
mechanismZ0) (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 cytochromes®t (Appendix). The remaining
inhibition patterns listed in Table 3 are consistent with the
(two-site) ping-pong mechanism since product inhibition by

|

(E,eNADPH -EsNADP") E, =F,

|

(E;’ » DCIP, - E;e DCIP,,,)

E, E,

a

significantly in the presence of €aCaM. However, thé<;
for NADP"™ decreased approximately 4-fold in inhibition
studies with varying concentrations of cytochrouoté.
Dead-End Inhibition by 2AMP. The Kjs for 2AMP in
inhibition studies with NADPH as the variable substrate
decreased 2530-fold when the electron acceptor was
changed from DCIP to cytochrom@&" (Tables 2 and 3).
Furthermore, thé&; for 2 AMP was 4-5-fold higher when
DCIP rather then cytochron@t was the variable substrate.
Both K;; andKjs values for the NADPH analogue changed
by similar amounts under the same conditions witf'€a
CaM. In the kinetic mechanisms proposed for DCIP (Scheme
2) and cytochrome3* (Scheme 4), AMP is expected to
bind to the same enzyme form as NADPH, Ehis 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

gaffinity constants for 2AMP should be the same regardless

of the electron acceptor, because the dead-end inhibitor is
binding to a substrate-free form of the enzyme, iE both
mechanisms. To explain the observed differences in the
apparent affinity for 22MP, a second form of g labeled

E;' in Figures 3 and 4, which is able bindAMP but not
NADPH, is proposed to exist in both kinetic mechanisms.

gl o satisfy the competitive dead-end inhibition patterns versus

NADPH, the isomerization of Eto E; must be in rapid
equilibrium. If this step were at steady stateAlIP 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 cytochrome3" 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
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determined mean of three values, while the lines are best nonlinear fits to the data. (A) Varying concentrations of cytS¢hioytms

at NADPH concentrations o) 0.029, @) 0.047, @) 0.089, and ¥) 0.534uM. (B) CaClL at 10u4M and CaM at 100 nM present with
varying concentrations of cytochront&™ at NADPH concentrations o) 0.098, @) 0.196, @) 0.588, and ¥) 1.96 uM. (C) Varying
concentrations of NADPH at cytochrone&" concentrations off) 0.154, @) 0.246, @) 0.619, and ¥) 1.848uM. (D) CaCh at 10uM
and CaM at 100 nM present with varying concentrations of NADPH at cytochmdmeoncentrations oflf) 0.28, @) 0.51, () 0.85, and
(v) 1.99uM.

Scheme 3 Table 3: Dead-End and Product Inhibition of nNOS-Catalyzed
NADPH NADP*  cytc™ eyl eyte™ cyte? Reduction of Cytochrome®" in the Absence and Presence of
Cat-CaM
varied type of inhibition constants
substrate C&-CaM inhibitor  inhibition (uM)
E;  (E,*NADPH - E,sNADP") E,; (Eyocyic™- Epoyi®™)  E, (Eyecytc®™-Epocyte™)  E, cytc” _ CthH Competitive Kis=2.3+0.3
+ cytc®™  competitive Ks=4.1+04
Scheme 4 - NADP* uncompetitive Ki = 6.2+ 0.5
NADPH NADP*  cytc® eyt et eytc + NADP* uncompetitive K =1.64+0.1
- 2AMP  uncompetitive Kj =95.3+ 2.7
+ 2AMP uncompetitive K =82.4+2.3
NADPH - cyt®™  noncompetitive Kis= 6.1+ 1.1
Kii = 23:|: 10
E;  (E,-NADPH-EsNADP’} E, (Ey» cytc™-Eye cytc™) E, (Escy*™Beoye™ E + CthH noncompetive Ki=7.1+£1.0
Ki=9.6+0.7
- NADP* competitive Ks=12+0.1
+ NADP* competitive Kis=2.1£0.1
- 2AMP  competitive Kis=31.5+29
Site -1 Site L2 + 2AMP  competitive Kis=71.5+ 3.8

of one substrate at several fixed concentrations of a secondoresence and absence of?G&aM fit best to eq 1 for a
substrate. When the data are plotted in double-reciprocalping-pong mechanism. Abu-Soud et &3(54) have shown
form, ping-pong mechanisms give patterns of parallel lines that the flavin cofactors of NNOS can be reduced with the
while sequential mechanisms will yield a family of lines addition of excess NADPH in the absence of any electron
which intersect to the left of the vertical axs2). The initial acceptor. These data support the ping-pong mechanism,
velocity experiments with DCIP and cytochroro® in the because it demonstrates that a binary complex between nNOS
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number of electrons required to reduce the electron acceptor
X LY ! i Z is considered. The reduction of DCIP is a two-electron
: process; therefore, one molecule combining wiglisEEnough
N E.P El——! E/ to return the enzyme to;EScheme 1 illustrates the tetra-
' , | uni ping-pong mechanism for the reduction of this substrate.
B In contrast, cytochrome&®" is reduced by one electron;
; : therefore, it would follow a hexa-uni ping-pong mechanism,
N K, ke = which would include the formation of Fafter the reduction
B’ 7 BleQ i1 BB of the first molecule of cytochrome®* (Scheme 3).
: The kinetic mechanisms for the reduction of DCIP and
K, K, P cytochromec®* illustrated in Schemes 1 and 3, respectively,
! ! are modified to be consistent with the product and dead-end
K inhibition studies in Tables 2 and 3. The kinetic mechanism
E/’el %—AE{'I'Q for DCIP reduction was revised to incorporate an iso step,
or an isomerization of £to Es' (Scheme 2), based on the
Q noncompetitive inhibition by NADP at varying concentra-
FIGURE 3: Kinetic scheme for a di-iso ping-pong bi-bi mechanism tions of DCIP. According to the classical ping-pong mech-

for the ntNl\?ASD-(I:D?-tIaIIgZCeIg ﬁggclgl?anﬂPDcm.dAZ’A?/’lPP’ Q, and I anism depicted in Scheme 1, NADRnd DCIP combine
represen , 2 , oo AN , respec- ; i

tively, and theK; values refer to their respective dissociation with the same enzyme'form,gEtherefore, NADP '?
constants. Eand B’ are the one-electron (FAD-FMN)forms of expected to be competitive versus DCIP. However, if the

nNOS that exclusively bind NADPH and&MP, respectively. & two molecules bind exclusively to different conformations
and E' are the three-electron (FADHFMNH;) or (FADH,- of E3 or to alternate forms of &hat arise from differences
FMNH-) forms of nNOS that exclusively bind NADRand DCIR;, in the distribution of the three electrons on the flavins [i.e.,

respectively K is the equilibrium constant for the conversion of . .
theF:wo enzyyme forms,?Eand E'. The dotted boxes labeled X, Y, .(FADH.'FMNHZ) versus (FADH-FMNH )]3 and the rate of
and Z indicate the proposed rapid equilibrium segments for the iSOmerization between the two forms is at steady state,
reaction mechanism, wheke= E; + E;' + E/'| + E/'IQ + E/'Q noncompetitive inhibition is expected. Thus, this iso step is
+ EiA, Y = EP + B, andZ = E5' + E3'B. 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

K kA ks ks variable substrate. The noncompetitive inhibition of NADP

Site-1:

E’ E, E.A EP——F, . . . :
" Tk kP when NADPH is the variable substrate (Table 2) is consistent
with the proposed mechanism in Scheme 2 since the reduced
Site2: and oxidized forms of the nucleotide bind tq Bnd B,

respectively. Dead-end inhibition patterns with the NADPH
kB k, Ky, analogue, 2AMP, are also consistent with the proposed

T kinetic mechanism. The dead-end inhibitor was found to be
’ competitive versus NADPH, which is consistent with them
ki,B kis ks both binding to the same enzyme form. The NADPH
E, EB T E’'Q E’ L
ki K. 1,0 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
E QI —= B’ of NADP™.
Qo The parallel initial velocity patterns observed with cyto-

FiGURE 4: Kinetic scheme illustrating the iso (two-site) ping-pong chrome c®t as an electron acceptor agree with both the
'Teghagis(g] E’r:dthlergNgSSe-ﬁ?tﬁ[XZDengegUgic%f;oorgéyt?\lCAh[f)oﬁe classical (one-site) ping-pong mechanism (Scheme 2) and
C)’/toéhrén)e’ch, and ZF,)AMP, respectivély.yE Ey, and’a are the the (two-site) ping-pong me(:‘hanls_m _(S_cheme A.')S)‘(
same as in Figure 3, and; Eepresents the two-electron-reduced Howgver, produc_t and dead-end 'nh'b't'on St_Ud'eS are
form of nNOS (FAD-FMNH). consistent only with the latter of these two kinetic mecha-
nisms. The defining characteristic of the (two-site) ping-pong
and either electron acceptor is not a prerequisite for the mechanism is presence of two separate and functionally
binding and subsequent oxidation of NADPH. distinct catalytic sites on the enzyme that are linked by a
Although nNOS maintains one electron on its flavins in  mobile component or by an internal electron carrier. This
the form of a flavin semiquinone (FAD-FMNH it is unable type of system was first used to describe enzymes that
to transfer this electron to either DCIP or cytochrooié contain a mobile component, such as a biotinyl prosthetic
(23). This one-electron-reduced state of nNOS, iE then group 61, 55) or lipoic acid cofactor §6), which links the
postulated to be one of the stable enzyme forms in the ping-nonoverlapping catalytic sites on the enzyme. It has also been
pong mechanisms for DCIP and cytochrorm®. Since shown to be applicable for enzymes with redox cofactors
hydride transfer from NADPH results in the transfer of two that serve as internal electron carriers, such as xanthine
electrons to the flavins, the three-electron-reduced state, E dehydrogenase5(), glutamate synthetas&g), nitrate re-
is thought to be the second stable enzyme form in the reactionductase 45), two hydrogenase$9, 60), and dihydroorate
sequences for both electron acceptors. However, the kineticdehydrogenase(). The two-site ping-pong mechanism is
mechanisms for DCIP and cytochrom# differ once the also proposed for the CPR-catalyzed reduction of cytochrome
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c®* in which the FAD/FMN prosthetic groups act as internal (data not shown), this assumptioky £ ks) was also used
electron carriers between the NADPH and the cytochrome in the derivation of the (two-site) ping-pong mechanism for
c3" active sites. When the functional and structural homology nNOS-catalyzed reduction of cytochroro& (Appendix).
between CPR and the nNOS reductase domain is considered, In the one-site ping-pong mechanism for DCIP, only
it seems reasonable that the product and dead-end inhibitiorbinary enzyme-substrate complexes form and the release
studies for the nNOS-catalyzed reduction of cytochrafie of the first product, NADP, occurs before the addition of
are also consistent with a (two-site) ping-pong mechanism. DCIP. However, since NADPH and cytochroneg" are
In this mechanism, the product (NADBr cytochromec?") proposed to act at catalytically independent sites on the
can be released before or after the addition of the substrateenzyme, the formation of a ternary complex between the two
(NADPH or cytochrome3*) and the reaction is not restricted  substrates and nNOS is possible. The difference may be do
to either exclusive formation of binary complexes or to the flavin cofactor that reduces the electron acceptor. Since
compulsory formation of a central ternary complex. nNOS depleted of its FMN cofactor is still able to reduce
This is in contrast to the classical (one-site) hexa-uni ping- DCIP, the reduction of this substrate may occur through the
pong mechanism shown in Scheme 3 where the formationdirect two-electron transfer from the fully reduced FAD,
of the ternary complex is precluded. With this mechanism, presumably through the conversion of (FABAMNH®) to
product inhibition by NADP is expected to be noncompeti- (FAD-FMNH®) (29). Once NADPH reduces ;E(FAD-
tive versus NADPH and competitive versus cytochrartie FMNH") to Es, disproportionation of electrons on the flavins
(Appendix). Furthermore, product inhibition by cytochrome establishes an equilibrium of (FADHFMNH*) and (FADH-
c** is expected to be noncompetitive versus NADPH and FMNH,). It has been proposed that NADFRshifts the
noncompetitive versus cytochrom#& (Appendix). Instead,  reduction potential of the FAD semiquinone to a more
NADP* was found to be a competitive inhibitor when negative value and stabilizes the FABFVINH, form of
NADPH was the variable substrate and an uncompetitive the enzyme48). Similar effects have been observed in P450-
inhibitor versus cytochromec®*. Cytochrome c** was BM3 (63) and adrenodoxin reductasé4j. As such, it is
noncompetitive versus NADPH and competitive when cy- possible that the oxidized nucleotide is required to dissociate
tochromec®" was the variable substrate (Table 3). These from the nNOS to allow the disporportionation of electrons
patterns are identical with those reported for the CPR- on the flavins to favor the reduction of DCIP, thereby
catalyzed reduction of cytochrono&™ (50) and are consistent  restricting the kinetic mechanism to the exclusive formation
with the unique product inhibition patterns that are commonly of binary enzyme-substrate complexes.
observed with the enzymes listed above which follow a (two- ~ According to the two-site ping-ping mechanism, NADPH
site) ping-pong mechanism. The first product (P) is always oxidation and cytochrome®* reduction operate indepen-
competitive with the first substrate (A). Similarly, inhibition  dently during nNOS catalytic turnover. This catalytic inde-
by the second product (Q) is competitive with the second pendence may be facilitated by topographically separate
substrate (B)45). Therefore, we propose that the nNOS- substrate binding sites on nNOS and/or by FMN acting as
catalyzed reduction of cytochroneg™ also follows a (two- the terminal electron donator. On the basis of sequence
site) ping-pong mechanism in which the enzyme binds comparisons, the nNOS reductase domain and CPR belong
NADPH at site 1 in a uni-uni fashion and follows a tetra- to a class of dual flavin-containing proteins that have
uni ping-pong reaction for two molecules of cytochroaie independent NADPH/FAD and FMN binding domais).
at site 2 (Scheme 4). This kinetic mechanism is only Mutational analysis and sequence comparison with CPR
applicable for CPR at a high ionic strength, 850 mBO)( suggests that cytochrone&” interacts with a cluster of acidic
At a lower ionic strength (300 mM), the CPR cytochrome residues in the FMN domain, while NADPH binds in
c*" reductase activity is still consistent with a (two-site) ping- proximity to FAD (29). Therefore, if the substrates bind to
pong mechanism, but the binding of cytochrociefollows different domains, which are separated by an internal electron
a bi-bi random sequential mechanism at site62).( This carrier that stores reducing equivalents, independent reactions
was deduced from the nonlinear initial velocity patterns with either substrate could occur.
observed when cytochron@* was the variable substrate Comparison of the inhibition constants foARMP deter-
for CPR at low ionic strengths. However, nNOS does not mined with DCIP or cytochrome®* as the electron acceptor
show any curvature in the initial velocity patterns for led to the second modification of the mechanisms proposed
reduction of cytochrome®" at low ionic strengths (panels  for DCIP and cytochrome®** reduction. In both the iso ping-
A and B of Figure 2). pong and the (two-site) ping-pong mechanisms, the NADPH
Inhibition by NADP" versus cytochrome®! at nonsat- analogue binds to the same enzyme form as NADPH, E
urating concentrations of NADPH should be noncompetitive This is consistent with the '8MP dead-end inhibition
for a two-site ping-pong mechanism, but CPR and nNOS patterns listed in Tables 2 and 3; however,"&IP bound
both exhibited uncompetitive inhibition patterns (Table 3). to E; in both mechanisms, then the values of the inhibition
To explain this observation, it was assumed that the reverseconstants for AMP should be the same regardless of the
rate of hydride transferk,, catalyzed by CPR was much electron acceptor. Nevertheless, a large increase in the
slower than the rate of cytochrona& reduction kg (Figure apparent affinity for 22AMP in the presence of DCIP
4) (50). The lack of any pronounced curvature in inhibition compared to that for cytochrome&* was observed. To
patterns with cytochrome?* further indicated that hydride interpret these results, an additional free enzyme forfy, E
transfer,ks, was much slower than electron transfer from was proposed to occur in both mechanisms. The differences
the flavins to cytochrome®*, ko (50). Since nNOS exhibits  in the inhibition constants for’2MP would arise if the
the same inhibition patterns as CPR and it does not displayfollowing conditions were met: (1) the NADPH analogue
any curvature in the inhibition patterns with cytochroode could only form dead-end complexes with' Bnd not &,
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Es, or, in the case of cytochron®@", E; (2) NADPH and in the inhibition study caused a 2-fold increase in the
NADP* could not bind to E; and (3) & is in rapid inhibition constant for NADP, suggesting that it may
equilibrium with &'. The last assumption still results in a slightly reduce the affinity of the enzyme for NADPThe
competitive inhibition pattern for’2AMP versus NADPH. activated cofactor also caused an increase ithaf 2 AMP
The kinetic mechanisms proposed for DCIP and cytochrome versus NADPH with either DCIP or cytochrongg™ as the
¢t were revised to include the isomerization step for the electron acceptor. Although the dead-end inhibitor is also
free enzyme governed by the equilibrium constir(fFigures competitive versus NADPH, th&;s value is not a direct
3 and 4). The two mechanisms also include different dead- measure of the dissociation constant because it is also a
end complexes between'Eand 2AMP which could account  function of the equilibrium constarK, equal to [E]/[E{],
for the differences in the apparent affinity 6AXP observed (eqs A19, A20, and A39 in the Appendix). If it is assumed
in dead-end inhibition studies. that C&"-CaM has a negligible effect on the equilibrium
On the basis of sequence homology, the putative NADP between Eand B, the increase in thKjs value for 2AMP
and FAD binding motifs of nNOS belong to the flavoenzyme may be interpreted as the ability of the cofactor to slightly
family of which ferridoxin-NADP" reductase (FNR) is the reduce the affinity of nNOS for 'AMP. The activated
prototype. The early crystal structure of FNR failed to reveal cofactor also caused a 1.5-fold increasekig/Km)nappr With
the geometry between FAD and the nicotinamide ring. The DCIP as an electron acceptor (Table 1). While the average
only relevant structural information was obtained with the value of kea/Km)nappr With cytochromec®" increased~2-
2'AMP portion of the NADP molecule complexed with the  fold in the presence of C&CaM, the large error associated
enzyme 66). This occurred because positioning of the with the value, which originates with the difficulty in
nicotinamide ring in proximity to thee face of the FAD determining the lowK, for NADPH under these conditions,
cofactor required the energetically unfavorable displacementdid not make the change significant (Table 1). If it is assumed
of a tyrosine residues?). The two alternate forms of nNOS, that the 1.5-2-fold increase inkca/Km)naoer i valid for both
E; and B', may likewise result from the positioning of a acceptors, it would be do to an increase in the value of the
similar residue in NNOS. expressiorks/Kia (1 + 1/K) (Appendix). Thus, the presence
Rate equations were derived for the proposed di-iso ping- of Ca*t-CaM could affect either the rate of hydride transfer,
pong bi-bi mechanism for DCIP and the iso (two-site) ping- ks, the dissociation constant for NADPI;a, or both.
pong mechanism for cytochron@é™ under initial velocity Cé&"™-CaM caused a 4.5-fold increase k{Km)ocip and
conditions and for product and dead-end inhibition studies a 23-fold increase ink{a/Km)cyic (Table 1). Both of these
(Appendix). The derivation of the nNOS-catalyzed reduction kinetic parameters are defined by the ratio of forward rate
of cytochromec®" is similar to the derivation for the CPR-  constants for the reduction of the electron acceptor in the
catalyzed reduction which assumes that the binding andsecond half-reactiork{ andk; for DCIP andkg andks for
release of ligands occur in rapid equiliborium and the cytochromec®") as well as their associated binding constants
conversion of enzyme forms (i.e.; B Es) occurs at steady  shown in egs 6 and K is the dissociation constant for
state. This assumption was also used for the derivation of

the NNOS-catalyzed reduction of DCIP. All of the experi- kKyq

mental initial velocity and inhibition patterns were consistent (KealKmdocip = m (6)

with the patterns predicted for the rate equations derived By

under the appropriate conditions. The turnover rkig,(the Kok 5

Michaelis constanti,), and the values fok../Km for each (keaf Km)cytc = m (7)
I

substrate are also defined in terms of rate and equilibrium
constants in the Appendix [i.e kf/Km)naoprn = Ko/Kia (1 +

1/K) (Figures 3 and 4),%a{Km)DCIP = k7k11/KiB(k7 + kg)
(Figure 3), andKcalKm)cytc = kekis/Kig (ke + kis) (Figure 4)].
The ratio of rate and equilibrium constants for definikgy
Km)nappn Was the same for both mechanisms.

Although C&™-CaM increased the rate of DCIP and
cytochromec®" 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 Ga-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'€a
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

DCIP and cytochrome®' in eqs 6 and 7, respectively. The
rate constantk;, ks, andk;; in eq 6 are the same as those in
Figure 3, and the rate constamdsandk;s in eq 7 are the
same as those in Figure 4. The data suggest that the binding
of C&"-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 C&CaM also caused an approximate
2-fold increase in the Michaelis constant for NADPH,
Knappr, With DCIP as an electron acceptor and a 10-fold
increase with cytochrome&®t as an electron acceptor.
Equations 8 and 9 defin&nappn in terms of rate and
equilibrium constants according to the derivation of the
mechanisms proposed for the reduction of DCIP and cyto-
chromec3*, respectively.

affected.
NADP* is a competitive inhibitor of NADPH in the Kyaopr = Kin(1+ 1K) (8)
presence of nonsaturating concentrations of cytochigme (1 + kafky + Kylkyy)

therefore, the reporteK;s is a direct measure of the
dissociation constant for NADP The presence of C&CaM The rate constantks, k7, andk;; in eq 8 are the same as
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_ Ka(@+ 1K) X
Kiaper = (1 + kalky + Kofkys) ©)

those in Figure 3, and the rate constaatdo, andk;sin eq fukyy fiksy

7 are the same as those in Figure 4. The reaséh-CaM
exerts more of a che_mge KNADP_H with cytochromec3* may 7 Ny
be the difference in the ratios of rate and equilibrium < :

constants defined foKyappp. If it is assumed that Ca- fok,

CaM had no effect oiK, then the increase iKnappn may FIGURE 5: Steady-state steps for the nNOS-catalyzed reduction of
be do to the decrease ky/ky and/orks/kss ratios. In other DCIP. X, Y, and Z refer to the rapid equilibrium segments drawn

words, C&'-CaM accelerates electron transfer to cytochrome 51 Figure 3.X represents all the enzyme species that bind NADPH,

" . . . 'AMP, and DCIR; Y represents all the enzyme species that bind
c*" by increasingk, and/orkss to a greater extent then its NADP*, andZ represents all the enzyme species that bind QCIP

stimulation of hydride transfer given lkg. The C&*-CaM- (e, X=E +E/ +E/l +EIQ + E/Q + EA Y = EP + E3;
induced increase iRy and/ork;s also agrees well with the 7z = E;' + E3'B). Thef; represents the fractional concentration of
large increase (23-fold) irkéa/Km)eytc (€0 7). Similarly, the rapid equilibrium segment involved in the reaction given by the
2-fold change inKnapp With DCIP may be caused by rate constants (eqs AL-AG).

changes irks/k; and/orks/k;; ratios.

The presence of Ca-CaM does not significantly change  state equation was derived according to the method of Cha
the K for 2AMP with either DCIP or cytochro_me?.’ as  (68). For the purposes of illustrating how dead-end inhibition
the variable substrate. For DCIP, this observation is consis- sy, dies with 2AMP lead to the proposal of the rapid
tent with the reaction occurring in two half-reactions, and 5omerization of Eto E/ in the overall reaction scheme
for cytochromec®”, the observation is also consistent with 6 enzyme-inhibitor complexes that would form with the
the two half-reactions occurring at two separate catalytic S'tessubstrate analogue'AMP (1), are also included in Figure

Onlr:h:ui?é])g:]e.we have shown that the nNOS-catalvzed 3. The fractionation factors for the mechanism drawn in
Y Y Figure 3 are as follows:

reduction of DCIP and the nNOS-catalyzed reduction of
cytochromec®" are accommodated by the di-iso ping-pong
bi-bi mechanism and by the iso (two-site) ping-pong mech- E,A

anism, respectively. Although the presence of'@@aM  f3 =~ = (WK1 + AKj, +

accelerates the rate of electron transfer, its presence does . . K

not alter either of these mechanisms. (LK) A+ 1K + QlKig + QUKigKi)T (AL)
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APPENDIX W=7 =178k, (A5)
Derivation of the Rate Equation for a Di-Iso Ping-Pong E'Q
Bi-Bi Mechanism for nNOS-Catalyzed Reduction of DCIP. f,= 1> _ (Q/KiQ)/[l + AK, +
Figure 3 shows the kinetic scheme for the di-iso ping-pong X
mechanism proposed for the nNOS-catalyzed reduction of (L/K)(L + 1/K;; + Q/Kig + QI/KigK;)] (A6)

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- whereA, B, P, Q, and| represent_NADPH, DCIEFX)’ NADP",
DCIP.q, and 2AMP concentrations, respectively, and the

reduced state, & followed by reduction of DCIP which ; . ; L
converts the enzyme back to the one-electron-reduced state|,<‘ values refer to their respective dissociation constants. E

E.. (b) A steady-state isomerization step occurs between two2Nd B' are the one-electron (FAD-FMNHforms of nNOS
forms of the three-electron-reduced state of the enzyme, E that exclusively bind NADPH and'2MP, respectively. &
and B/, one that binds NADP and one that binds DCIP. ~ and B’ are the three-electron (FADHFMNH,) or (FADH,-

(c) An alternate form of the free enzymey Fexists in the ~ FMNH?) forms of nNOS that exclusively bind NADPand
reaction sequence, which is in rapid equilibrium withelid ~ DCIPoy, respectivelyK (equal toEy/Ey) is the equilibrium

is able to bind the NADPH analogue’AMP, but not the constant for the conversion of the two free enzyme forms,
substrate NADPH. The binding of substrates and/or inhibitors E1 and B'. X=E; + E1 + E{/I + E/'IQ + E/'Q + E/A.

and the release of products are assumed to occur in rapidY = EsP + Es. Z=E3' + Es’B. Bt = X+ Y + Z. Using the
equilibrium; thus, the kinetic mechanism is divided into three scheme shown in Figure 5 as the basic Kigtman figure,
rapid equilibrium segments, labeled X, Y, and Z. The steady- the following velocity equation is obtained:
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UA
Elt = (k3k7k11f3f7f11 - k4k8k12f4f8f12)/ (k4k8f4f8 +
I(4k11f4f11 + I(7k11f7f11 + k3k8f3f8 + k3kllf3f11 +
k8k12f8f12 + k3k7f3f7 + k4k12f4f12 + k7k12f7f12) (A7)
Under initial velocity conditons B = Q = | = 0),

substitution of the fractionation factors (eqs -AA6) into
eq A7 yields the following equation:

Z)A
E‘{: {[AI[BI[ kskzky4/(Ksks + kakyy + koki DI} {[A][B] +
[B][ KiA(l + 1/K)k7k11/(k3k7 + k3k11+ k7k11)] +
[All Kig (Kskz + kgkg)/(Ksks + Kgkyq + Kok )]} (A8)
The kinetic constants are defined as follows:

k3 k7 kl 1

kcat: k3k7 + I(3k11+ k7k11 (Ag)
Kia kK (14 1/K

AZkILAJzItl(k - kk) (AL0)

37 3™M1 7™M 1
— KiB(k3k7 + kSkS) (All)

. k3k7 + k3k11+ k7k11

Equation A8 simplifies to eq A12.

v VIAIE] (A12)

E. [AlB] + Kg[A] + K,[B]

Wolthers and Schimerlik

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 InhibitionFor dead-end inhibition by the
substrate analogue;AMP (1), P = Q = 0, substitution of
egs AL-A6 into eq A7 yields the following velocity
equation:

%= (VAIBI/([AIB] + Kg[A] + KA[BI{1+
(VI (L + K)I}) (A18)

With A as the varied substrate, the double-reciprocal form
of eq Al8 is

U

K (1 + K)

1
[A]

5 (A19)

E 1 Kg Ka
1+E +V 1+

The equation predicts a competitive pattern for | 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

Et_l Ka
Z—dl—kr (A20)

(1] Ks 1
1+K”(1+ K) } +VE

which has the same form as the rate equation for a ping-
pong mechanism, eq 1. Thus, the proposed mechanism forncompetitive inhibition is predicted for | when B is the

NNOS reduction of DCIP is consistent with the observed 4 jape substrate, consistent with the experimental results.
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 = | = 0 and
substituting the fractionation factors from eqs-AA6 into
eq A7:

U.

E'(Z (MAIBN/IAIB] + Kg[A] + KA[B] +

[PI(D./Kip) + [AIIPI(DA/Kip) + [BI[PI(Do/Kip) +
[AIBI[PI( D/Kip)] (A13)

where

_ KigKiakikg(1 + 1/K) (AL4)

! I(7k11 + k3k11+ k3k7
_ Kiglkaky + kike) A5)

2 I(7kll + I(3kll+ k3k7
_ Kiakski1(1 + 1/K) (A16)

3 I(7k11 + I(3k11+ k3k7

k-k,, + k,k

31 4™N1 (Al?)

D4 N I(7k11 + k3kll+ k3k7

Comparison of eq 2 with eq A19 and eq 3 with eq A20 shows
that the Kis and K; values are both a function of the
dissociation constank, and the equilibrium constari,
between Eand E'.

Derivation of Rate Equations of an Iso Two-Site Ping-
Pong Mechanism for nNOS-Catalyzed Reduction of Cyto-
chrome é*. 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 cytochrong&™ 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 fotrARIP
obtained with DCIP compared to that with cytochronié
as an electron acceptor led to the proposal that the reaction
proceeds via an iso mechanism, Figure 4 also shogR
forming a dead-end complex with,'E 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

The double-reciprocal form of eq A13 predicts noncompeti- form with nNOS and the various ligands, and Figure 6B
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A KA kP '

EAB EB —> EPB i i .k,
k, X, ‘X E ——— E,
; N Lk,
kB[ k, kB |k kB |k, E E
S fokyo || £k,
KA kP i i
EA E EP ! ;
k. K, g E foykm \
H E/’ iv— E,
i \ fpkys
k,,Q|ky, k,Q Tk, ki:Qf ky :____________:
FIGURE 7: Steady-state steps for the nNOS-catalyzed reduction of
A P cytochromec®'. E;, E;', E;, and E, the rate constants, adare
EAQ : EQ - EPQ the same as in Figure 4. The dotted box labeled X represents the

k, k; rapid equilibrium segments betweendhd B', and the values for
the fractionation factord;, are given in eqs A21A25.

forms of nNOS that exclusively bind NADPH antAMP,
respectively. Eis the two-electron (FAD-FMNE) enzyme
kB, E/IB form, and & is the three-electron (FADH-MNH,) form of
the enzymeK (equal toEj/E;") is the equilibrium constant

kB Tk,
K for the conversion of the two free enzyme formgs. = E;
B~ El + EA+ EB+E,P+ E, Q-+ EAB+ E-BP + E,AQ +
NQ EPQ. Es = E3 + EsA + EsB + EsP + EsQ + EsAB +
E’IQ EsBP + EAQ + EPQ. Exx = E; + E;A + EiB + E;P +
4 E.Q + E;AB+ E;BP+ E;AQ+ E;PQ+ E + E/'l +E/B
%l + E/'Q + E/'IB + E{/IQ. Using the fractionation factors
E’Q and the scheme in Figure 7 as the basic KiAdfman

FiGURE 6: Kinetic scheme showing the various rapid equilibrium Pattern, one can derive the following velocity equation:
enzyme-ligand complexes that form in the iso (two-site) ping-

pong mechanism for the nNOS-catalyzed reduction of cytochrome ?; ,

ct. A, B, P, Q, and | represent the same molecules as in Figure 4,E = (k3k9k15fAfoB - k4k10k16fPfoQ )/(k4k10fPfQ +

and the rate and equilibrium constants are the same as those in

Figure 4. In panel A, E represents, [E,, or E;. Panel B illustrates KoKy sfpf 1 Kokysfefg + kakofafp 1 Kikefef' +
the equilibrium between { the free enzyme form that binds : '
NADPH but not 2AMP, and B/, the free enzyme form that binds k9k16foQ + k3k10fAfQ + k3kl5fAfB + klOlefoQ) (A26)

2'AMP but not NADPH. R . .
Under initial velocity conditons ¥ = Q = | = 0),

N ] substitution of the fractionation factors defined in egs A21
shows the additional dead-end complexes that form with E - A25 simplifies the overall rate equation to the following
in the presence of AaMP. Equations were derived using the  equation.
method of Cha@2) with the fractionation factors defined

as follows: Ui
E = [(Kekoky AIIBI/( K3kg + Kskys + koky ) I/([A][B] +
fa = (E;A+ E;AB+ EJAQ)/Ey = (AK))/[1 + AKi, + [Al{[Kig(K3Kqs T Ksko)/(Kskg + Kskys + kokig)} +
P/Kip + 1K(1 + 1/K;)] (A21) [BI{ [Kiakokys(1 + 1/K)J/(ksky + kakis + kokyg)}) (A27)
fg = (E;B + E,AB+ E,PB)/E, = (E;B + E;AB+ Kinetic constants are defined in eqs A2830.
EsPB)/E; = (BIKg)/(1 + BIK;g + Q/Kio) (A22) ek
kc — 3k9 15 (A28)
fo = (EsP + E;PB + E;PQ)/E; = (PIKip)/(1 + AIKiy + A kgkg + Kgkys + Kokys
PIKip) (A23) o _ Kukdodd + 1K) "29)
fo= (ExQ + E,AQ + E,PQ)/E, = (Q/Kip)/(1 + B/Kig + AT Kakg + KaKys + KoKys
/Kio) (A24
Qo) (A24) o Ml + i) 0
fo' = (E/'Q/Ex = (Q/KKg){ (1 + B/Kig + Q/Kig)[1 + B Kgkg + kgkys + kokys
AIK, + PIKip + 1K1+ 1/K,)]} (A25) . ,
Thus, the rate equation reduces to the following:
whereA, B, P, Q, and! represent NADPH, cytochroné*, U VIA][B] (A31)
NADP*, cytochromec?", and 2AMP concentrations, re- E. [Al[B] + Kg[A] + K,[B]

spectively, and th&; values refer to the respective dissocia-
tion constants. Eand &' are the one-electron (FAD-FMNH Ka andKg refer to the Michaelis constants of NADPH and
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cytochromec®t, respectively, and is the maximal velocity. Scheme 5

Equation A31 has the same form as eq 1, to which the KA K
parallel initial velocity patterns were fit. Thus, the proposed E, r_k—A (E,A ~E.P) f‘i
two-site ping-pong mechanism for nNOS reduction of ’ )

cytochromec®" is consistent with the observed initial velocity ki 1K K || ksB

patterns. However, a hexa-uni one-site ping-pong mechanism ki KQ

would also generate a rate equation having the same form EQED === b B0

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- sincek;o and ki, which represent the rate of cytochrome
anism is valid for nNOS. c?* reduction of & and g, respectively, are assumed to be

(1) Product Inhibition Patternsin the CPR-catalyzed ~Much slower than electron transfer to cytochroai®, ko
reduction of cytochrome®*, NADP* is uncompetitive versus ~ @Ndkis. This assumption is based on the absence of curvature
cytochromes®*. Sem and Kasper accounted for this inhibition in the initial velocity patterns. Furthermore, if hydride
pattern by assuming that electron transfer from tB transfer,ks, is much slower than electron transfer to cyto-
cytochromec3* is much faster than electron transfer from chromec®*, thenC, > Cs. Both of these assumptions were
Es to NADP* (i.e., ko > ks) (50). This assumption was also made in the derivation of the rate equation for cyto-
supported by the absence of pronounced curvature in thechromec?" inhibition studies with CPRJ0). Thus, eq A33
double-reciprocal plots with cytochrong&™ as an inhibitor. reduces to the following equation:

Since NADP is uncompetitive versus cytochrona&™ and

the double-reciprocal plots with cytochron®@® as an v

inhibitor are linear, the same assumptions were made for 1 _

the nNOS mechanism. In the presence of@P=f | = 0), = (VIAIBIIAIB] + [BIK, + [ATKs + [AIIQ]
substitution of the fractionation factors defined in eqs A21 (C1/KiQ) + [Q](CZ/KKiQ)] (A38)
A25 into eq A26 and omission of terms in eq A26 containing

ks gave the following equation:

7]

Equation A38 predicts product inhibition by Q with B as
v, the variable substrate to be competitive. The corresponding
= = (VIAIB])/([AI[B] + [B]K, + [A]Kg + [B][P] equation describing product inhibition by Q with A as the
& variable substrate predicts noncompetitive inhibition. There-
{Ka/[Kip(1 + 1/K)]}) (A32) fore, the proposed iso two-site ping-pong mechanism is
consistent with the cytochroneé™ product inhibition patterns
Equation A32 predicts competitive inhibition by P when A obtained experimentally.
is the variable substrate. The corresponding equation describ- o
ing product inhibition by P with B as the variable substrate  (2) Dead-End Inhibition by AMP. In the presence of
predicts uncompetitive inhibition. Thus, the mechanism 2AMP, | (P = Q = 0), substitution of the fractionation
correctly predicts the product inhibition patterns obtained factors defined in eqs A21A25 into eq A26 leads to the

experimentally. following equation:
With product inhibition by Q P = | = 0), substitution of
the fractionation factors defined in eqs A2A25 into eq Y,
A26 produces the following rate equation: E- (VIAIBD/(AIB]  + Kg[A] + KAB{1+
” (VK (1 +K)I}) (A39)
I
£ = (VIAIBI Y/IAIB] * + [BIK, + [AIIB] Ky + [A]
Equation A39 predicts that | will be competitive versus A
B C,/Ky) +[B CJ/KKs) + [A CJ/K) +
[BIQI(Cy/Kig) +1 ]Z[Q]( 2/2 o) 2[ QI N ) and uncompetitive versus B. As with the di-iso ping-pong
[AI[Q] (Cy/Kig") + [QI(C/KK )] (A33) mechanism described for DCIP as an electron acceptor, the
overall apparent affinity for AMP is a function of its
where dissociation constant and the equilibrium constingequal
to Ei/Ey); i.e., Kis = Ki(1 + K), andK;; = K;(1 + K).
C1 = Kigl(kako - kakyo 1 Kky o)/ (Kko + Koy kakys)] Derivation of the Rate Equation Describing a Hexa-Uni

(A34) Ping-Pong Mechanism for nNOS-Catalyzed Reduction of
C, = KinKig[KoKy o/ (Kakg + Kokys + Kskis)]  (A35) Cytochrome €. Scheme 5 shows the kinetic scheme for
the hexa-uni ping-pong mechanism with NADPH binding
C;= KiBz[kskm/(kgk‘3 + Kokys + Kkis)]  (A36) in a uni-uni fashion followed by the binding of cytochrome
5 c®" in a tert-uni ping-pong fashion. The reaction consists of
C, = KiaKig Tkygky o/ (Kgkg + kokys + K3kyg)] (A37) two half-reactions with only the formation of binary com-
plexes possible. Using Scheme 5 as the basic Kkigman
The termsC; andC, predominate ove€; andC, in eq A33 figure, the following rate equation is obtained.
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- = (KykgKskokoky JfATIB] 2 — Kok kekeks ks JPIIQIZ)/[IA]

[B] 2(k1k5k7k9kll + k1k3k5k9k11 + klk3k5k7k9) + [B] 2
(k3k5k7k9kll + k2k5k7k9kll) + [A][B]( klk3k7k9kll +
klk3k6k9kll + k1k3k5k7k11 + klk3k5k7k10) + [B][P]
(k2k4k6k9k11 + k2k4k7k9k11) + [A][B][P]( k1k4k6k9k11 +
k1k4k7k9kl]) + [Q] 2(k3k6k8k10k12 + k2k6k8k10k12) + [A]
[Q](k1k3k6k8kll + klk3k6k8k10) + [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 + klk4k6k8k10) + [B][P] [Q]( k2k4k7k9k12 +

Kokakekskio)] (A40)

Equation A40 simplifies to the following equation under

initial velocity conditions P = Q = 0).

- = (Kykgkskokoky JJATIBI/ITATIBI( kykskokskyy +

k1k3k5k9k11 + klk3k5k7k9) + [B](k3k5k7k9kll +
k2k5k7k9kl]) + [A]( k1k3k7k9k11 + k1k3k6k9k11 +
k1k3k5k7kll + klk3k5k7k10)] (A41)

The kinetic constants are defined in eqs A444.
Keat = (Kakaky 1)/ (KzKy 1 + Kokq g + ksko) (A42)
Ka = [KoKq (K + kg)l/[ky(kzkyq 1 Ksky g + kska)]  (A43)

KB = [k3(k7k9kll + k6k9kll + k’:3k7k11 + k5k7k10)]/[ k5k9
(k7k11 + k3k11 + k3k7)] (A44)

whereK, andKg refer to the Michaelis constants of NADPH
and cytochrome?*, respectively. Equation A41 reduces to

the following equation:

u_ VIAIB]
E " AIB] tKoAl T KB )

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 cytochrotieis
consistent with the observed initial velocity patterns.

(1) Product Inhibition PatternsWith product inhibition
by P @Q = 0), eq A40 reduces to the following equation:

%z (Kokakskkoky JATBI/IAIIB( Kokekokokiy +
klk3k5k9kll + klk3k5k7k9) + [B](k3k5k7k9kll +
k2k5k7k9k11) + [A]( k1k3k7k9k11 + k1k3k6k9k11 +
klk3k5k7kll + k1k3k5k7k10) + [P](k2k4k6k9kll +

ok hokaky) + TATIPI( K kkkoksy + kkkkoks )] (A46)

Equation A46 can be rewritten as

E_Ka Pl Y1 1
5oV (“[B]KG,)[A]+ L
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= (VIAI[BD/([A][B] + [A]Kg + [B]K, + [PI/G, +
[AlIP)/ Gy (A47)
whereKu, Kg, andk., are defined as above and

k1k5k9(k7kll + k3kll + k3k7)

= (A48)
' KoKyKeks1(Ks 1 k7)
Kkqp + Kskyq + Kgk
2=k5(711 aKgg 1 ko) (A49)
Koki1(ks + k7)

In double-reciprocal form, eq A47 becomes

i )
ol ]

(A50)

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 NADEP)
versus NADPH (A) with cytochrome3* as the electron
acceptor. Arranging eq A50 with B as the variable substrate
gives

E_Kefy, [PI_ [P

Ka
7 AIK:G, ' K Gz)[B] ’ (”[A]) (A5

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

With Q as a product inhibitorR = 0), eq A40 becomes

E,

— = (K;K3kskkoks 1 [A][B] 2)/ [[Al[B] 2(k1k5k7k9k11 +

k1k3k5k9kll + klk3k5k7k9) + [B] 2(k3k’5|(7k9k11 +
k2k5k7k9k11) + [A][B]( I(1k3k7k9k11 + klk3k6k9kll +
k1k3k5k7kll + k1k3k5k7k10) + [Q]z(k3k6k8k10k12 +
KoksKakyoks2) + [ATTQI( KkskskgKyy + Kykakekekso) + [B]

[Q1(Kakokaky ya + KoKskgkyoks) + [A][B][Q]
(k1k3k5k8k11 + k1k3k5k8k10) + [B] [Q]( k3k5k7k10k12 +
k2k5k7k10k12) + [B] 2[Q](ksk’:'>k7k9k12 + k2k5k7k9k12)]
(A52)

Equation A52 reduces to the following equation

E,

— = (VIAIIB] J/(AIIB] * + Ke[AI[B] + K,[B]° +

[QI?13, + [AIIQV J, + [BI[Q]*/3; + [AIBIIQY I, +
[BIIQ)/ Js + [BI[Ql/J) (A53)

whereKa, Kg, andkg, are defined in eqs A42A44.
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_ KyKeKo(K7Kyy 1 Kgkyy + kgky)

= (A54)
! Kekekyokyo(ks 1+ Ks)
3 = k5k9(k7k11 + k3k11 + k3k7) (A55)
? Kakekg(kyo 1 Ki)
X — kle(kYkll + kSkll + k3k7) (A56)
k8k10k12(k2 + k3)
Kokyy + KoKy g + Kok
J4: k9( 7k11 k 3 llk 3 7) (A57)
aKa(kio T Kg9)
X — kle(k7kll + kSkll + k3k7) (A58)
I(7k10k12(k2 + k3)
Kyko(koKy; + Kakyq + Kok
6: 1k9( 7™M 3™M1 3 7) (A59)
k7k12(k2 + k3)

In double-reciprocal form with A as the variable substrate,

eq A53 becomes.

B_1 [Q* | QP , Q] Q|1
Y _VKA+31[B]2 JS[B]2+ Js  J[B]JIA]
i, K [Q | [Q
Lt 5] + LEF LB (A60)

Inhibition by Q would generate a double-reciprocal plot in
which both the intercept and slope are affected and are

nonlinear functions of) and/orB. Although Table 3 shows

that cytochromes?t, 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

E_1 [QF Q1 , [Ql)1
w VA JS[—A])W
o2\ 1] 1  Ka . [Q
1A e T T ar T 5gar] OV

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 of. As shown in Table 3,
cytochromec?t, Q, is competitive versus cytochroneé",

B; therefore, the product inhibition pattern is not consistent

with the hexa-uni ping-pong mechanism.
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