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ABSTRACT. The neuronal nitric oxide synthase (nNOS) basal and calmodulin- (CaM-) stimulated reduction
of 2,6-dichloroindophenol (DCIP) and cytochroma&™ follow ping-pong mechanisms [Wolthers and
Schimerlik (2001Biochemistry 404722-4737]. Primary deuterium [NADPH(D)] and solvent deuterium
isotope effects on the kinetic parameters were studied to determine rate-limiting step(s) in the kinetic
mechanisms for the two substrates. nNOS was found to abstraaoHR(A-side) hydrogen from NADPH.
Values for®V andP(V/K)nappn Were similar for the basal (1:3L.7) and CaM-stimulated (1-3.1) reduction

of DCIP, whilePV (2.1-2.8) was higher thaR(V/K)nappn (1.1—1.5) for cytochromes®t reduction with

and without CaM. This suggests that the rate of the reductive half-reaction (NADPH oxidation) rather
than that of the oxidative half-reaction (reduction of DCIP or cytochrafmglimits the overall reaction

rate. A value foP(V/K)nappr close to 1 indicates the intrinsic isotope effect on hydride transfer is suppressed
by a slower step in the reductive half-reaction. The oxidative half-reaction is insensitive to NADPD isotope
effects as botR(V/K)pcie andP(V/K)eyic equal 1 within experimental error. Large solvent kinetic isotope
effects (SKIE) observed foM{K) for basal (-8) and CaM-stimulated~31) reduction of cytochrome

c3* suggest that proton uptake from the solvent limits the rate of the oxidative half-reaction. This step
does not severely limit the overall reaction rateP#d/ equaled 2 an®°(V/K)nappn Was between 0.9

and 1.3 for basal and CaM-stimulated cytochrocfie reduction.

Mammalian nitric oxide synthase (NOSJonsumes 1.5 The binding of C&™-activated calmodulin (Ca-CaM) to
NADPH and 2 Q in the two-step conversion afarginine the CaM-binding motif located between the two domains
to NO and.-citrulline (1). All three known isoforms of NOS,  facilitates electron transfer between the flavins and the heme
neuronal (NNOS), endothelial (eNOS), and inducible (iNOS), (5). A rise in intracellular C& concentration triggers the
function as homodimersl). Each polypeptide subunit is binding of CaM to eNOS and nNOS)( however, CaM
divided into an oxygenase domain, which contains a P450- remains tightly bound to iNOS at basal levels of?C&7).
type heme and the binding sites folRje5,6,7,8-tetrahydro- The NOS reductase domain is structurally and functionally
biopterin (HB) andL-arginine @), and a reductase domain, similar to cytochrome P450 reductase (CPR). Amino acid
which contains FAD, FMN, and the binding site for NADPH  alignment of the last 641 residues on nNOS revealed 36%
(3). During catalysis the flavins transfer NADPH-derived sequence identity and 58% sequence homology with CPR
electrons to the oxygenase domain to enable heme-base3). nNOS and CPR are both composed of an NABPH
oxygen activation and subsequent oxidation-afginine @). FAD module, homologous to ferridoxifNADP* reductase

(FNR), and an FMN module that is homologous to bacterial
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SE tal and Health S Center, O State Univer- o ; o
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neuronal NOS; eNOS, endothelial NOS; iNOS, inducible NO®B,H as DCIP and EeCN reduction increases32fold and
(6R)-5,6,7,8-tetrahydrobiopterin; €aCaM, C&™-activated calmodulin; L Lo
CPR, NADPH-cytochrome P450 oxidoreductase; FNR, ferridexin cytochromec®" reduction increases $@0-fold (17). The

NADP* reductase; FeCN, ferricyanide; DCIP, 2,6-dichloroindophenol; CaM-stimulated reduction of these nonphysiological sub-
cytc, cytochromec®; 2’AMP, 2-adenosine monophosphate; GBPDH,  strates is not linked to electron transfer to the heme, to

lucose-6-phosphate dehydrogenase; DHFR, dihydrofolate reductase; ; ; ;
%XDPD’ (4%)-[2IE)I]NADPH;yDV, geuterium isotopele¥fect o D(V;J production of superoxidel@), or to a change in the redox

K), deuterium isotope effect Othna/Km: %20V, solvent isotope effect  Potentials of the flavins(1). C&*-CaM does increase pre-
0N Vimax P°(V/K), solvent isotope effect oMmayKm. steady-state flavin reductiori§, 18) and induces confor-
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mational changes in the diflavin domait9j. The structural
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glycerol dehydrogenase (0.227 unit/mg), and yeast hexoki-

rearrangement may remove the autoinhibitory effects of a nase (270 Ul/mg) were also purchased from Sigma (St.

45-50 amino acid insert located in the middle of the FMN-
binding domain of eNOS and nNO3(Q). This insert, which
is not found in other structurally related flavoproteins or
iINOS, promotes the dissociation of CaM at low intracellular
C&" concentrations and inhibits electron transfer in the
absence of Ca (21, 22). Additionally, C&*-CaM may
interact with the 20 amino acid C-terminal tail to promote
interflavin electron transfer. The C-terminal tail, unique to
the NOS isoforms, inhibits electron transfer to nonphysi-
ological electron acceptors in the absence ¢f'daaM (18,
23).

In lieu of a three-dimensional crystal structure of NOS
depicting the specific structural role of CaM, an understand-
ing of how the activated cofactor imparts control of electron

Louis, MO). p-[1-*H(N)]Glucose (specific activity of 11.3
Ci/mmol) was obtained from New England Nuclear (Boston,
MA). DO (D, 99.9%) and deuterated glycerol (1,1,2,3,3-
Ds, 99%) were from Cambridge Isotope Laboratories (An-
dover, MA). T4 bacteriophage dihydrofolate reductase
(DHFR) was a gift from Dr. Christopher Mathew’s laboratory
(Oregon State University), and calmodulin and calmodulin
Sepharose were donated by Drs. Sonia Anderson and Dean
Malencik (Oregon State University).

Preparation of [4(SEH]NADPH. The procedure for the
synthesis of [4R)-*H]INADPH and [48)-*H]NADPH was
adapted from Moran et al2{). A 0.1 mL sample containing
1 uCi (8.7 nmol) of PH]glucose dissolved in 95% ethanol
was dried with a gentle stream of argon.®H}Glucose was

transfer relies on the above-mentioned and future biochemicalthen dissolved in 10Q:L of 50 mM Tris-HCI (pH 7.8)
and mutagenesis studies as well as comparative analysis witltontaining 1umol of MgCl, and 0.1umol of ATP and
structurally related enzymes. Steady-state kinetic data for thephosphorylated to give [IH]glucose 6-phosphate with the

basal and CaM-stimulated reduction of cytochrowte

addition of 0.5 unit of hexokinas@8§). After incubation at

catalyzed by nNOS were shown to be consistent with a room temperature for 10 min, the reaction volume was

nonclassical two-site ping-pong mechanism, which is similar

to the mechanism previously described for the CPR cyto-

chromec®' reductase activity24). Ternary complexes are

brought to 0.2 mL with HO. Ten nanomoles of NADP
and 0.5 unit of G6PDH were added to generat&S4H]-
NADPH. The reaction was incubated at room temperature

permissible for this kinetic mechanism as the substrate activefor 30 min, then brought to a volume of 1 mL with,@,

sites and the catalytic activities do not overlap. In contrast,

the kinetic mechanism for basal and CaM-stimulated reduc-

tion of DCIP is limited to the formation of binary complexes

and applied to an 8.4 mL (1.2 & 7 cm) TSK-GEL
TOYOPEARL DEAE-650M (65¢«m resin) column equili-
brated with 10 mM ammonium acetate at@. An 80 mL

as kinetic data for this substrate are consistent with a ping-linear gradient from 10 mM to 0.75 M ammonium acetate
pong bi-bi mechanism. In this paper, primary deuterium was applied to the column at a flow rate of 0.5 mL/min, and
isotope effects using NADPD and solvent isotope effects 0.8 mL fractions were collected. The amount of tritium in a

were employed to identify possible rate-limiting step(s) in

10uL sample was determined by liquid scintillation counting.

these kinetic mechanisms. nNOS was found to abstract theFractions with amPed/Ass0 @absorbance ratig 2.4 and a high

pro-R hydrogen from NADPH. Primary deuterium [NADPH-
(D)] isotope effects onv and V/K for basal and CaM-
stimulated DCIP and cytochroneé" reduction suggest that,
of the two half-reactions, the reductive half-reaction involving
NADPH oxidation limits the overall reaction rate. However,
a small value foP(V/K) indicates that hydride transfer to
FAD is not the slow step within the reductive half-reaction.
Large solvent kinetic isotope effects (SKIE) observed for
(VIK)eyie Suggest that proton uptake is the rate-limiting step
in the oxidative half-reaction. However, proton uptake does
not limit the overall reaction rate since small SKIE ¥n
and V/K)nappr Were observed.

EXPERIMENTAL PROCEDURES

Materials. The cDNA for rat neuronal NOS was kindly
provided by T. M. Dawson (Johns Hopkins University,
Baltimore, MD; 25), and the pCWorif) expression vector
was a gift from F. W. Dalhquist (University of Oregon,
Eugene, OR26). Tetrahydrobiopterin (kB) was purchased
from Cayman Chemical Co. (Ann Arbor, Ml);,3'-ADP—

specific activity (+8.5 Ci/mmol) were pooled.

Preparation of [4(R)3H]NADPH. To synthesize [4})-
SH]NADPH, the purified [46)-*H]NADPH was converted
to [4-3H]NADP* by DHFR, which stereospecifically removes
the unlabeled 4ro-R hydrogen 29). The reaction mixture
containing the pooled fraction of [8(-*H]NADPH, 42 mM
B-mercaptoethanol, 0.133 mM dihydrofolate, and 0.5 unit
of T4 bacteriophage DHFR was incubated at room temper-
ature for 10 min, then diluted to 60 mL with B, and
applied to an 8.4 mL (1.2 ctnx 7 cm) TSK-GEL
TOYOPEARL DEAE-650M (65¢m resin) column equili-
brated with 10 mM ammonium acetate at@. An 80 mL
linear gradient from 10 mM to 0.75 M ammonium acetate
was applied to the column at a flow rate of 1 mL/min.
Fractions were collected (1 mL), and fractions with a high
specific activity havingAgso absorbance without algsg
absorbance were pooled. B-face reduction of the nicotina-
mide ring was accomplished using G6PDH by adding the
following to approximately 6 mL of [#H]NADP*: 19.8
mM glucose 6-phosphate, 60 mM MgChand 0.5 unit of

Sepharose was from Amersham Pharmacia Biotech (Piscat-G6PDH. The reaction was incubated at room temperature

away, NJ), and the TSK-GEL TOYOPEARL DEAE-650M
(65 um resin) was bought from Supelco (Bellefont, PA).

for 10 min before dilution with 50 mL of KD and
purification on TSK-GEL TOYOPEARL DEAE-650 as

Hepes was purchased from Research Organics (Clevelandgescribed above. Fractions with a high specific activity (2.53

OH). Ammonium acetate, from EM Scientific (Gibbstown,

Ci/mmol) were combined.

NJ), was prepared from reagent grade crystals, and the pH Preparation of [4(R)?H]NADPH. [4(R)-°’H]NADPH was

was adjusted to 7.5 with NJ@H. NADPH, NADP', DCIP,
cytochromec®*, dihydrofolate, yeast glucose-6-phosphate
dehydrogenase (G6PDH; 260 Ul/mg)spergillus niger

synthesized with the addition of 0.1 unit of glycerol
dehyrdrogenase fromy. nigerto a 1 mLmixture containing
2 mM NADP* and 10 mM deuterated (1,1,2,3,3)@lycerol



198 Biochemistry, Vol. 41, No. 1, 2002 Wolthers and Schimerlik

in 50 mM glycine/NaOH (pH 9.0). The reaction was [4(R)-'HINADPH from Sigma in 0.5 M ammonium acetate.
incubated at room temperature for 45 min, and the production Primary kinetic substrate isotope effects were determined by
of NADPH was followed by an increase in absorbance at direct comparison of the initial rates for reduction of
340 nm. The enzyme was then heat inactivated by immersingcytochromec®" (Ae = 21.1 mMt cm™?) at 550 nm or DCIP

the reaction for 2 min in a water bath at 4C. The reaction
was applied to a 20 mL (1.2 énx 14 cm) TSK-GEL
TOYOPEARL DEAE-650M column equilibrated with 10
mM ammonium acetate, pH 7.5. A 100 mL linear gradient
from 0.01 b 1 M ammonium acetate was applied to the
column at a flow rate of 0.75 mL/min, and 1 mL fractions
were collected. Fractions with aged/Ass0 @absorbance ratio

(Ae = 21 mMt cm™Y) at 600 nm 85) with [4(R)-?H]-
NADPH or [4(R)-'HI[NADPH. Reactions were performed in
3.5 mL at 25°C usirg a 5 cmpath-length cuvette. Reaction
mixtures contained 50 mM Hepes (pH 7.5), variable con-
centrations of substrates R¢’HJNADPH or [4(R)-'H]-
NADPH, cytochromes®* or DCIP, and, where appropriate,
10 uM CaCl and 100 nM CaM. Reactions were initiated

<2.4 were pooled and used in the substrate kinetic isotopewith the addition of 0.52 ug of nNOS. nNOS-catalyzed

studies. The concentration of NADP(H/D) was determined
spectrophotometrically usingso = 6.22 mM cm™ (30).
NNOS Expression and PurificatioRecombinant rat NNOS
was purified fromEscherichia colistrain BL21(DE3) after
overexpression of the cDNA with the pCWoti) vector.

reductions of DCIP and cytochronté" follow ping-pong
mechanisms; thus/ and V/K for the substrates, NADPH,
DCIP, and cytochrome® were obtained by directly fitting
initial velocities at varying [4R)-°H]NADPH or [4(R)-*H]-
NADPH concentrations with varying DCIP or cytochrome

The enzyme was purified according to the protocol published c3* concentrations to eq 1 with Origin v 4.0 software

by Gerber and Ortiz de Montellano with slight modification
(31). nNOS was more than 85% pure as judged by SDS
polyacrylamide gel electrophoresis with a specific activity
of 150 nmol of NO min! mg™* at 25°C. The rate of NO
production was measured by the hemoglebWO capture
assay following the procedures of Stuehr et a2)( Protein

(MicroCal Software Inc., North Hampton, MA). In eq &,

. VAB
' KB+ KA+ AB

(1)

is the initial velocity,V is the maximal velocityA is the

concentration was determined with the Lowry assay using concentration of [4Q)-2H[NADPH or [4(R)-'H]NADPH, and

BSA as a standard3g).

Determining the Stereospecificity of nNOS-Catalyzed

NADPH Hydride TransferThe procedure for determining

B is the concentration of DCIP or cytochrora&, andKa
and Kg are their corresponding Michaelis constaniskK
values were then computed by dividing the fitted values of

the stereospecificity of hydride transfer was adapted from \, 5 g eithelK or Kg and propagating the error. Reciprocal

Vanoni and Matthews34). The hemoglobirNO capture

assay was used to determine which hydrogen was transferre

under conditions of NO synthesi& 1 mL reaction mixture
containing 0.+0.3uM [4(R)-*H]NADPH or 0.7uM [4(S)-
SH]NADPH and 4uM oxygenated hemoglobin, &V FAD,
100uM L-arginine, 1QuM CaChk, 100 nM CaM, and &M
H4B was incubated with kg of nNOS at 25C for 30 min.
Duplicate reaction mixtures, lacking nNOS, were also
incubated under the hemoglobilNO capture assay condi-

initial velocities were plotted against the reciprocal substrate
oncentrations, and in all cases, the plots were lind&dy.
equal toVu/Vp, was calculated by dividingy, for experi-
ments containing [4)-'H]INADPH by Vp, determined with
[4(R)->H]NADPH as a substrat®(V/K) is the ratio ¥/K)u/
(VIK)p, where ¥/K)y and /K)o were determined with
[4(R)-'HINADPH or [4(R)-2H]NADPH as the substrate. A
control experiment showed that B¢*H]NADPH prepared
in the same manner as Rf’H]NADPH exhibited the same

tions to determine the extent of nonenzymatic tritium release ;- otic parameters as [R-'HJNADPH purchased from

into the solvent. The stereospecificity of hydride transfer
under uncoupled NADPH oxidation conditions was deter-
mined by addition of 1«M CaCk and 100 nM CaM to
either 0.1-0.3 uM [4(R)-*HINADPH or 0.7 uM [4(9)-3H]-
NADPH. Finally, to examine if C&-CaM influences the
stereospecificity of hydride transfer, 6:0.3uM [4(R)-*H]-
NADPH] or 0.7uM [4(9-H]NADPH was incubated along
with 50 uM DCIP and 1ug of nNOS at 25°C for 30 min.

At the completion of the reaction the radioactivity released
from the solvent was separated from radioactive NADPH
and/or NADF by condensation of the solvent on a cold
finger. Solvent fractions from reactions with and without
nNOS were collected from the cold finger{ mL), and

solute fractions from the enzymatic and the nonenzymatic

reactions were collected and redissolved in 1 mL e©H
The amount of radioactivity in each sample was then
analyzed by liquid scintillation counting.

Determination of°(V/K) and P(V) Associated with the
Oxidation of [4(R)2HJNADPH. The [4R)-°’HINADPH eluted

from the column at 0.5 M ammonium acetate. Fractions

containing [4R)->H]NADPH were pooled, and the concen-
tration was determined at 340 nm usiago = 6.22 mM

cm L. A stock of the same concentration was then made of

Sigma.

Sobent Kinetic Isotope Effect®\ 50 mM Hepes solution
in DO was prepared by two lyophilizations of a 50 mM
Hepes solution in KD, each time redissolving the dry residue
in D,O. pD values were determined by adding 0.4 to the pH
meter reading (pB3= pH + 0.4;36). For reactions performed
in D,O, nNOS and CaM were diluted in,D, and stock
solutions of NADPH, cytochrome®*, DCIP, and CaGlwere
prepared by dissolving their lyophilized powders intg(D
The SKIE on Y¥/K)pcip Was determined by measuring the
initial rate of DCIP reduction at varying DCIP concentrations
with a fixed, subsaturating concentration of NADPH (0.25
uM). Since both basal and CaM-stimulated reductions of
DCIP follow a ping-pong mechanism, the concentration of
NADPH will not influence the values of\W/K)ocie (24);
however, the value o¥ could not be determined since the
NADPH concentration was not saturating. The data were fit
to the Michaelis-Menten equation (eq 2) by nonlinear least-
squares analysis with Origin v 4.0 software:

VA

()
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Table 1: Stereospecificity of the Oxidation of NADP(H/T) Catalyzed by nNOS

dpm released into solvent

dpm retained in residue

concn
substrate (uM) +enzyme —enzyme +enzyme —enzyme
[ 4(R)-*H]NADPH
HbO? 0.1 217223 (74) 22218 (10) 57336 (26) 211839 (90)
0.3 664264 (84) 74046 (13) 109134 (16) 570954 (87)
0.3 753876 (89) 92192 (14) 88408 (11) 640829 (86)
uncoupled 0.3 641646 (81) 123281 (19)
DCIF 0.3 814592 (87) 110381 (13)
[4(9-*H]NADPH
HbO, 0.7 99201 (3) 154542 (5) 2933589 (97) 3345873 (96)
0.7 78604 (3) 140567 (4) 2993746 (97) 3133324 (97)
0.7 228073 (9) 55513 (2) 2465362 (91) 3138312 (98)
uncoupled 0.7 100706 (3) 3213992 (97)
DCIP 0.7 487964 (17) 2869820 (83)

a2 NADPH oxidation was performed under conditions of the Ha®say described in Experimental Proceduté$ADPH oxidation was performed
in the absence af-arginine.c DCIP was used as the terminal electron acceptor for NADPH oxidatiBercent of counts in the reaction mixture
is given in parentheses.

wherey; is the initial velocity,V is the maximal velocityA
is the variable substrate concentration, akg is the

Table 2. Measurement &V and®(V/K) for nNOS-Catalyzed
NADPH Oxidatior?

Michaelis constant foA. The SKIE onV and {//K)cyc was substrate CH-CaM Dy O(V/K)naorr  P(V/K)ace

determined by comparing the initial rate of cytochrocie DCIP _ 1561010 142:013 1.01L010
reduction at increasing concentrations of cytochrafieand DCIP + 1914+ 033 1.60+0.17 1.02+0.10
saturating concentrations of NADPH (M) in 50 mM cytc3t - 2.7240.07 1.19+0.10 0.98+0.07
Hepes (pH/D 7.5) prepared in@ or D,O. A nonlinear least- cytc® + 2.24+0.16 131+0.16 0.974+0.04

squares fit of the data to eq 2 gave values\fandK, for 2 Reaction conditions are described under Experimental Procedures.
cytochromec?’*. 0//|<)Cytc was then calculated as described Values are from a global fit of eq 1 to three experimesitstandard
above. Since concentrations of cytochrom® > 5K, errors.
inhibits the reduction of the electron acceptor, the SKIE on
(VIK)napp Was determined by measuring cytochroonié HINADPH or [4(R)-°H]NADPH with varying concentra-
reduction with varying NADPH concentrations at a fixed tions of DCIP or cytochrome3' to eq 1, as described in
subsaturating concentration of cytochroaie (0.4uM). The Experimental Procedures. The valuesHY) in the presence
data were fit to the MichaelisMenten equation (eq 2) by  and absence of €&CaM with DCIP as the terminal electron
nonlinear least-squares analysis. acceptor were 1.56: 0.10 and 1.9% 0.33, respectivel\P(V/
K)nappu for basal activity was 1.42t 0.13 while CaM-
RESULTS stimulated activity produced a value of 1.600.17.°5(V/

Stereospecificity of nNOS-Catalyzed NADPH Oxidation K)ocie with and without Cé&'-CaM was 1.02+ 0.10 and
The stereospecificity of NADPH oxidation was determined 1:01+ 0.10, respectively, indicating that the oxidative half-
under conditions for NO synthesis, uncoupled NADPH reaction is isotopically insensitive to hydride transfer.
oxidation, and NADPH oxidation with DCIP as an electron (V) for basal reduction of cytochrome* was 2.72+
acceptor. Table 1 shows that, under each of these conditionsQ.07. In the presence of €aCaM, °(V) equaled 2.24+
thepro-R hydrogen is abstracted. Approximately 85% of the 0.16. The value foP(V/K)nappn was 1.31+ 0.16 and 1.19
tritium was released into the solvent in the presence of nNOS+ 0.10 in the presence and absence of'@@aM, respec-
with [4(R)-*HINADPH as the substrate. The majority of the tively. (V/K)eyie did not exhibit an NADPH(D) primary
tritium remained with the residue in the absence of nNOS. isotope effect in either the presence (0290.04) or absence
The percentage of tritium released into the solvent was the (0.98=+ 0.07) of C&"-CaM, since the values were 1 within
same in the absence and presence of the enzyme wih [4( experimental error. The lack of an observed NADPD isotope
3HINADPH as the substrate. On the basis of these results,effect on the oxidative half-reaction with DCIP and cyto-
nNOS catalyzes the stereospecific removal of fhe-R chromec®" is consistent with the reactions following ping-
hydrogen at the 4-position of NADPH, and the subsequent pong mechanisms and further suggests that the label ex-
exchange of this hydrogen with the solvent occurs, possibly changes with the solvent prior to reduction of these two
on the enzyme-bound flavin. substrates34).

Substrate Isotope Effects with [4(RNADPH. [4(R)- Sokent Kinetic Isotope Effects on Kinetic Parameters
IH]NADPH was prepared in the same manner aR]4H]- Solvent kinetic isotope studies involve comparing the values
NADPH to ensure that the synthesized NADPH had the sameof V and V/K for various substrates (NADPH, DCIP, and
properties as NADPH purchased from Sigma. The synthe- cytochromec®") in buffer prepared in kD or D,O. The
sized [4R)-*H]NADPH exhibited the sam& and K., for deuterium in DO exchanges with all of the hydrogenic sites
NADPH compared to [4])-'"HJINADPH purchased from  on nNOS and the substrates; thereforgDDas the potential
Sigma (data not shown). The primary deuterium isotope to affectV and V/K by altering substrate binding and/or
effects onPV andP(V/K) listed in Table 2 are ratios &fi/ affecting the stability or conformation of the enzyng¥)

Vp and ¥/K)/(V/IK)p, respectively, which were obtained by To determine if the latter contributed to the observed SKIE,
fitting initial velocities at varying concentrations of R nNOS and the substrates (NADPH, DCIP, and cytochrome
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Table 3: Kinetic Solvent Isotope Effect on Kinetic Parameters for
NADPH Oxidatior?

substrate Cd-CaM v B(VIK)

NADPH - 0.87+ 0.08
NADPH + 1.17+£0.07
DCIP - nd® 0.724+ 0.07
DCIP + nd 3.97+0.32
cytcdt - 1.994 0.06 8.38+ 0.69
cytc3t + 2.07+ 0.09 31.00+ 2.99

Wolthers and Schimerlik

including glutathione reductas28), thioredoxin reductase
(45), and lipoamide dehydrogenasd6), catalyze two-
electron transfers between nicotinamide nucleotides and
disulfide—dithiol pairs.

As shown in Table 1, thero-R hydrogen is abstracted
during nNOS-catalyzed NADPH oxidation. Therefore, nNOS
obeys the relationship between the class of transhydrogenases
and stereospecificity of hydride transfer.

Substrate Isotope Effect&stablishing that thepro-R

#Reaction conditions are described under Experimental Procedures.hydrogen is stereospecifically removed permitted investiga-

Values are generated from a global fit to eq 2 of three experiments
standard errors Determined with cytochrome®" as the second
substrate® Not determined.

c3") were equilibrated in BD, and the catalytic rates of DCIP
and cytochrome?®* reduction were compared to nNOS and
the three substrates diluted in®lunder identical conditions.
No differences in catalytic rates were observed; therefore

tion of the primary isotope effects of [B(-°H]NADPH on
basal and CaM-stimulated DCIP and cytochrorfiereduc-
tion. ThePV andP(V/K) values (Table 2) will be used to
describe rate-limiting step(s) in the ping-pong kinetic mech-
anisms previously reported for the nNOS-catalyzed reduction
of these two substrates. The two half-reactions consist of
reduction of the enzyme-bound flavin by NADPH and release

' of the oxidized nucleotide (reductive half) followed by the

the observed solvent isotope effects are not attributed to aNyinding of the oxidant, DCIP or cytochrome*, and

irreversible change in the structure of the enzyme itself.
The solvent isotope effects on the kinetic parameters for
the reduction of DCIP and cytochrone&™ are summarized
in Table 3. An inverse solvent isotope effect, 0#2.07,
was observed for\/K)pcip for the basal reduction of this
electron acceptor. However, in the presence of"@zaM
the value forP20(V/K)pcip was equal to 3.9% 0.32. A large
SKIE was observed for the basal reduction of cytochrome
c3* with a value forP(V/K)ey of 8.38 £ 0.69. This value
increased approximately 4-fold in the presence ¢f'@zaM
to 31.004 2.99. The values fd-°V for the basal and CaM-
stimulated reduction of cytochrone"™ were equal within
error, 1.99+ 0.06 (basal) and 2.0F 0.09 (C&"-CaM). The
large SKIE associated withV(K)y indicates that proton
uptake from the solvent is the rate-determining step in the
half-reaction involving the reduction of this substradd)(
Since the value foPV is ~2 for the basal and CaM-
stimulated reduction of cytochroneé®, proton uptake does
not completely limit the rate of the overall reaction. Values
for PO(V/K)nappn Of 0.87 + 0.08 and 1.17 0.07 for the
basal and CaM-stimulated reduction of cytochroodé,
respectively, indicate that proton transfer is not a rate-limiting
step in the reductive half-reaction.

DISCUSSION

Stereospecificity of nNOS-Catalyzed NADPH Oxidation
The separate NADPH/FAD and FMN binding modules of
nNOS and other related dual flavoproteins such as CGPR (
sulfite reductase3g), and methionine synthase reducte3®) (
are homologous to FNR and flavodoxin, respectively. FNR
is the prototypic member of the transhydrogenase family of
proteins which also includes NADHhitrate reductase and
NADH —cytochromebs reductase§, 40). Enzymes in this

reoxidation of the reduced flavin (oxidative half).
Steady-state initial velocity and inhibition studies have
shown that the ping-pong kinetic mechanisms for DCIP and
cytochromec®" reduction are different. Basal and CaM-
stimulated DCIP reduction follows a classical single-site
ping-pong bi-bi mechanism (Figure 3 in r&f) whereas the
initial velocity and inhibition patterns for the basal and CaM-
stimulated reduction of cytochron@d" are consistent with
a two-site ping-pong mechanisr24).? The salient feature
of the latter mechanism is the ability of NADPH and
cytochromec®" to act at catalytically independent sites on
nNNOS, permitting ternary complexes to form. The derivation
of these two kinetic mechanisms produced identical expres-
sions for ¥/K)napph:

VIE\

Kyl
whereV is the maximal velocityE; is the concentration of
NNOS,Ka is the Michaelis constant for NADPHKi4 is the
NADPH dissociation constari is the equilibrium constant
for the conversion of Eto E,', andks is the rate constant
for hydride transfer. In both kinetic mechanisms, only the
rate constant representing hydride transkgr,is sensitive

to isotopic substitution of NADPH; thus, the expression for
a substrate isotope effect oX/K)nappH IS

k3
Kia(1+ 1/K)

3)

D(V/ K)nappr = Dk3 (4)
where Pk; equals ksn/ksp with ks defining the rate of
NADPH hydride transfer andsp the rate of NADPD
deuteride transfer. As shown in eq 2V/K)naper equals
Pks, the intrinsic isotope effect on hydride transfer. Typically,

family catalyze the transfer of electrons between nicotinamide {he value of the intrinsic isotope effect ranges between 5

nucleotides (obligate two-electron or hydride donors/accep-

tors) and obligate one-electron donof§)( The stereospeci-

and 8, which corresponds to the differences between the zero-
point vibrational energies of €H and C-D bonds in the

ficity of hydride transfer appears to be a conserved feature ground and transition states, but values are observed outside

for this enzyme family as members including FNR)( CPR
(42), NADPH—cytochromebs reductase43), and NADH-
nitrate reductase4d) were shown to abstract thgro-R

hydrogen. A second class of flavin-containing enzymes, the

carbon-sulfur transhydrogenase family, are stereospecific
for the pro-S hydrogen 40). Enzymes of this family,

this range due to the nature of the transition state or tunneling
(47). Thus, the value o?(V/K)naopr Should fall within this

2 These mechanisms are identical to those shown in Figures 1 and
2 of this paper, with the exception that the charge-transfer complex
was omitted.
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range. However, as shown in Table 2, the value %pr/
K)nappn Was much lower for the basal or CaM-stimulated
reduction of DCIP or cytochrome*. This suggests th&(V/
K)nappn IS composed of more rate-limiting isotopically
insensitive step(s) that suppress the valu€kaf(48). The
other microscopic rate constants defining)nappn may
include binding and release of NADPH or conformational
changes occurring after NADPH binding (see below).
Previous steady-state dead-end inhibition experiments
suggest that NADPH binds in rapid equilibriur@4j. The
NADPH analogue, AMP, was shown to be a competitive
dead-end inhibitor versus varying concentrations of NADPH
at fixed concentrations of DCIP or cytochrons&™. The
inhibition pattern suggests that both the dead-end inhibitor

and the nucleotide bind to the same one-electron reduced

state of nNOS, E However, 2AMP exhibited different
apparent affinities for the free enzyme in the presence of
DCIP and cytochromes®', indicating that NADPH and
2'AMP bind to conformationally distinct forms of;EThe
competitive inhibition pattern requires that the binding of
NADPH and 2AMP and the isomerization of;Eare in rapid
equilibrium. If NADPH binding and release were at steady
state, 2AMP would be a noncompetitive inhibitor of
NADPH. Thus, the binding of the nucleotide is not the rate-
limiting step in the reductive half-reaction.

Another possible rate-limiting step may be the formation
of a charge-transfer complex. Biochemical and structural
studies have shown that the structurally and functionally
related enzymes, FNR and CPR, change conformation to
form a charge-transfer complex that positions NADPH close
to FAD to facilitate hydride transfer. The crystal structures
of rat CPR 49 and pea FNR & 50) revealed that the
aromatic ring of a tryptophan residue in the former and a
tyrosine residue in the latter shield the isoalloxazine ring of
the FAD from the nicotinamide cofactor. To form the charge-
transfer complex, both aromatic side chains reposition

themselves so that the nicotinamide ring is at an appropriate

distance from the N5 of FAD for hydride transfer. Stopped-
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Ficure 1: Kinetic scheme for a ping-pong bi-bi mechanism for
the nNOS-catalyzed reduction of DCIP with a step representing
the formation of the charge-transfer complexAHEo E;A). A, B,
P, Q, and | represent NADPH, DGJP NADP*, DCIP,q and
2'AMP, respectively. TheK; values refer to their respective
dissociation constants.;Eand B' are the one-electron (FAD/
FMNH?-) forms of nNOS that exclusively bind NADPH anthMP,
respectively. Eand E' are the three-electron (FADHFMNH, or
FADH,/FMNH?*) forms of nNOS that exclusively bind NADRand
DCIP,y, respectivelyK is the equilibrium constant for the conver-
sion of the two enzyme forms,nd B'. The dotted boxes labeled
X, Y, and Z indicate the proposed rapid equilibrium segments for
the reaction mechanism, where=XE; + E;' + E;'I + E/'IQ +
E,/Q + E/A, Y = EsP + E3, andZ = E5' + E3'B.
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flow fluorescence studies have demonstrated that a conserved

tryptophan residue in human CPR is mobile and “flips away”
from the isoalloxazine ring during the formation of the
charge-transfer comples). Movement of the homologous
residue in nNOS, Phe1395, which has been shown by X-ray
crystallography to occupy the same position as the tryptophan
residue in CPR52), may also be necessary for hydride
transfer and may be the origin of the isotopically insensitive
rate-limiting step in the reductive half-reaction.

The kinetic mechanisms for the reduction of DCIP and
cytochromec®™ were modified to incorporate this step (bold
portions of Figures 1 and 2). In both kinetic mechaniskas,
andk, represent the forward and reverse rate constants for
formation of the charge-transfer complex, respectively. Rate
equations derived for the kinetic mechanisms in Figures 1
and 2 are consistent with the steady-state initial velocity and
inhibition data obtained previously24). With the addition
of the charge-transfer compleX//K)nappH iS Now described
by the equation:

VIE, kiKs
Ka — Kia(1+ 1K)(k, + ko)

(5)

and the expression fo{V/K)napew is defined as

B
k]5
z\\ “E,;B T E/Q \4 E;
Ka Ky Kio

FicurRe 2: Kinetic scheme illustrating the two-site ping-pong
mechanism for the nNOS-catalyzed reduction of cytochrafiie
with a step representing the formation of the charge-transfer
complex (BA to E;A). A, B, P, and Q represent NADPH,
cytochromec®t, NADP*, and cytochrome?*, respectively. Eand
E,' are the one-electron (FAD/FMNH forms of nNOS that
exclusively bind NADPH and '2AMP, respectively. Eand &
represent the two- (FAD/FMN}) and three-electron (FADH

FMNH,) reduced forms of nNOXK is the equilibrium constant
for the conversion of the two enzyme forms, &d B'.

Py + kg ik,

D —
(V/K)NADPH - 1+ k3H/k2

(6)
Equation 6 illustrates thd(V/K)nappr is @ function ofks,

or the rate constant for the reversal of the charge-transfer
complex formation. Ifk, < ksy, then the value oPks is
suppressed iR(V/K)napp. For example, iPks is ~7, the
classical limit for the intrinsic isotope effect, then féfv/
K)nappu to range between 1.2 and 118, > k; by 10-30-

fold. Alternatively, if °ks approaches 3, observed if there is
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a small change in the €H and C-D vibrational energy Dk3(1 + Ky/k,) + (KgpK,)(X)

difference between the ground state and the transition state, Py = 9)
thenksy need only be 2.510-fold greater thatk,. If k, < 1+ kifky + (kap/ko) (%)

ksy, NADPH can be characterized as a “sticky” substrate, b

as was found for several NADPH dehydrogenaSds %3, o, K1+ ki/ko) + (K5 /ko)(y) 10
54). A substrate is considered sticky if partitioning of the o1+ Ky/Ky + (Kap/Ko)(Y) (10)
enzyme-substrate complex toward catalysis is favored

compared to release from the enzyme (ile.,< ks; 53). Ineq 9,x = (1 + ki/ky + ki/ky1), and in eq 10y = (1 +

Vanoni and Mathews proposed that dehydrogenases whichky/kg + ki/kis). If kan/ks is =10 (assuming the intrinsic isotope
exhibit suppression of the isotope effect of hydride transfer effect is near the classical limit arR{V/K)nappn ~ 1; see

in P(V/K)naopH are optimized for catalytic efficiency of their — above),PV for cytochromec®t (eq 10) will be smaller than
reductive half-reaction3d, 55). Thus, nNOS would be PV for DCIP (eq 9) only ify > x. This suggests that under
exhibiting a high forward commitment to catalysis since the basal conditionsk; (the steady-state rate constant for the
E.—NADPH charge-transfer complex, once formed, would isomerization of Eto Eg') and/orky; (electron transfer from
undergo oxidoreduction to form the;ENADP* complex  the flavins to DCIP) must be greater thas and/or ks
rather than dissociate to form, Bnd NADPH. (electron transfer from the flavins to cytochrorme).

The value of the intrinsic deuterium isotope effect can be  Comparison oPV andP(V/K) values in ping-pong mech-
estimated using the method of Northrop with values obtained anisms also provides information concerning the relative rates
for the tritium isotope effects orM{K)naopH, T(V/K)naoph, of the two half-reactions5(7). For example, a value fdtV
and®(V/K)naopH @s long as the deuterium and tritium isotope similar to P(V/K), as observed for the basal and CaM-
effects are measured the same way. However, Ryerson estimulated reduction of DCIP, or slightly larger th&¢v/
al. demonstrated through transient and steady-state kinetick), as seen for cytochrom@* reduction, suggests that the
isotope studies with bacterial NAD(P)H flavoprotein mo- reductive half-reaction limits the overall reaction ra&)(
nooxygenase$g), which have the same kinetic mechanism If the reductive half-reaction is more rate limitinky, and/
for the reductive half-reaction as nNOS, tRgV/K)naopn or ks, < ks or ky; for DCIP reduction (Figure 1) anki, and/
and T(V/K)nappn are composed of different rate constants or ks, < kg or kis for cytochromec3* reduction (Figure 2).
because they were measured by different experimentalThe analysis of the pH dependence\of(V/K)napph, and
methods: optical methods for deuteride transfer and tritium (V/K)pcp for basal and CaM-simulated reductiom9)
exchange with the solvent from the reduced flavin. The suggests that hydride transfée, is slower thark; or ky;.
exchange with solvent constitutes the first irreversible step Furthermore, noncompetitive inhibition patterns with cyto-
in the reaction sequence. In contrast, the first irreversible chromec?* as the inhibitor and NADPH as the variable
step for the reaction with NADPD is the release of NADP  substrate did not display any curvature for the nNG=) (
D(V/K)nappr @andT(V/K)nappH are not measured by the same and CPR-catalyzed reduction of cytochrorog (58),
method and are composed of different rate constants;indicating that hydride transfer is slower than electron transfer
therefore, the method of Northrop cannot be used to calculatefrom FMN to cytochromec3t, kg andk;s. These results, in
Dks for this system. conjunction with the SKIE studies discussed below, indicate

As described above?l(V/K)nappn for DCIP and cyto- that the rate of the reductive half-reaction rather than that of
chromec®" reduction are functions of the same rate constants, the oxidative half-reaction limits the overall reaction rate in
and as expected, the values #§¥/K)nappr in the presence  both ping-pong kinetic mechanisms.
of DCIP and cytochrome®" are similar. The expressions Stopped-flow experiments with CPR revealed that the
for PV for the two substrates are different; therefore, they formation of the charge-transfer complex occurred rapidly;
will not necessarily exhibit similafV values. As shown in  the apparent rate constant of the first step w0 s,
Table 2, the values fdtV for CaM-stimulated reduction of  followed by an isomerization of a second transfer complex
DCIP and cytochrome®" are not significantly different.  (~200 s?; 51). The rate of hydride transfer was much
However, PV for basal DCIP reduction is significantly slower, ~3 s (51). If nNOS were to exhibit the same

smaller thanPV for basal cytochrome3" reduction. Ac- relative rates fok; andks, then it follows that the ratio of
cording to the mechanism illustrated in Figure/ifor DCIP ksn/ka < ki/ky sinceksy > kp andk; > ks. Equations 9 and
reduction is defined by the equation: 10 illustrate the influence of thksn/k, and ki/ko ratios in

the value of°V for reduction of DCIP and cytochronms,

(7) reSpeCtively. Ifki/ko > k3|-|/k2 andk; < k7 and ky; (DC'P
reduction) orkg andk; s (cytochromec®* reduction), the®V
would be equal for reduction of the two oxidants and equal

where the rate constants are the same as those in Figure lthe value of the intrinsic isotope effedis. However, the

In contrastV for reduction of cytochrome®" is a function value of PV is lower than the expected value f8ks;

Vv _ kykgkzKy 1
B Kiksky + KiKpg(Ks 4 k) + kokyy(k, + ko)

of the rate constants: therefore, it is suppressed by different amounts by the value
of ksn/k, multiplied byx andy in eq 9 and eq 10. Ik/k, <
V k1k3k9k15 (8) 1 andk; < ky, ki1, Ko, andkis, then®V equaISD(V/K)NADpH

B Kokye(ky + Ky + k) 4 Kokg(Kg + Kpe) for the reduction of either DCIP or cytochrone&". Since

this is clearly not the case for cytochroms#™ reduction,
wherek, kp, ks, ko, andk;s are shown in Figure 2. Witks wherePV > P(V/K)nappr, thenky/k, must also contribute
defined as the isotopically sensitive stBy,equals eq 9 and  substantially to the value &V for it to be greater thaR(V/
eq 10 for DCIP and cytochrome* reduction, respectively.  K)napph.
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The values foP(V/K)pcir andP(V/K)c,c were equal to 1 The relatively small observe8°V suggests that proton
within experimental error. This is consistent with the transfers causing the lar§e’(V/K) for cytochromec®t are
proposed ping-pong mechanism for these substrates sincanot rate limiting in the overall steady-state mechanism. These
P(V/K)pcip and P(V/K)cyic are not functions oks (24). The results agree with the primary NADPH(D) substrate isotope
data also suggest that the label exchanges with the solveneffects showing that the reductive half-reaction is more rate
prior to reduction of the DCIP or cytochrom&*. This limiting. Structural differences in cytochronm@" induced
conclusion is supported by the NADPH stereospecificity by D,O affecting its affinity for nNOS and the value for
study described above as ih®-R *H appeared in the solvent  P(V/K)yc would not be observed iV as it is not a function
fraction, presumably through solvent exchange while bound of substrate binding.
to the flavin. Small SKIE were also observed f8(V/K)nappn for the

Sobent Kinetic Isotope EffectdJnlike substrate isotope basal and CaM-stimulated reduction of cytochrondg,
effects which investigate changes in the catalytic rate indicating that proton transfer is not a rate-limiting step in
associated with one isotopic substitution, solvent isotope the reductive half-reaction. The expression f@f)nappu
effects are global in nature as they relate to changesencompasses all of the rate constants from the binding of
associated with the complete replacement of exchangeableNADPH up to the first irreversible step. If hydride transfer
solvent protons with deuterons on the enzyme and substratdrom C-4 of the nicotinamide ring to N-5 of the flavin
(37). Deuterium oxide could change the reaction rate by constitutes the first irreversible step, the SKIE would not be
affecting several steps in a multistep mechanism, substrateobserved on subsequent proton-transfer steps such as pro-
binding and/or the stability or conformation of the enzyme tonation of N-1 of the FAD isoalloxazine ring.

(37). Large SKIE are thought to arise from rate-determining  In summary, both primary substrate isotope effects and
step(s) in which there is direct proton or hydride transfer in solvent isotope effects demonstrate that the reductive half-
the transition state3(/). The isotope effect would likely be  reaction is more rate determining than the subsequent
primary, where water is the reactant or functional group(s) oxidative half-reaction in the ping-pong mechanisms for
on the enzyme or substrate becomes labeled by exchang®CIP and cytochrome3" reduction, and the presence of
with the solvent. In contrast, secondary isotope effects, C&"-CaM does not alter this behavior. The slow step in the
defined by those involving conformational changes in the reductive half-reaction is not hydride transfer but may be
enzyme caused by the properties of hydrogen bonds,the reversal of the formation of the charge-transfer complex
hydrophobic interactions, and other factors, typically yield (E;—NADPH) known to form in CPR and FNR. The slow
smaller values for the SKIE. step in the cytochrome®" oxidative half-reaction appears

The large SKIE values of 8 and 30 fotC(V/K)eye to involve the transfer of the proton(s) from the solvent and/
observed for the basal and CaM-stimulated reduction of or exchangeable sites on nNOS or the substrate.
cytochromec®" suggest that proton uptake directly from the
solvent or from an exchangeable site(s) on nNOS or ACKNOWLEDGMENT
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