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ABSTRACT. The pH dependence of basal and calmodulin- (CaM-) stimulated neuronal nitric oxide synthase
(NNOS) reduction of 2,6-dichloroindophenol (DCIP) and cytochraiftewas investigated. The wave-
shaped logV versus pH profile revealed that optimal DCIP reduction occurred when a gréumfp
7.6—7.8, was ionized. TheW/K)nappn and V/K)pcip vVersus pH profiles increased with the protonation of

a group with a K, of 6.5 or 5.9 and the ionization of two groups with the sankg pf 7.5 or 7.0,
respectively. Y/K)ocip decreased with the ionization of a grougamf 9.0. SimilarV, (V/K)nappr, and
(V/K)pcip versus pH profiles for DCIP reduction were obtained with and without CaM, indicating that
CaM does not influence ionizable groups involved in catalysis or substrate binding. In contrast, CaM
affected the pH dependence of cytochrodie reduction. The wave-shaped lagversus pH profile for

basal cytochrome®* reduction revealed that ionization of a grouj,mf 8.6, increased catalysis. Log

V for CaM-stimulated cytochrom&* reduction displayed a bell-shaped pH dependence with the protonation
of a group with a 5 of 6.4 and the ionization of a group with &pof 9.3, resulting in a loss of activity.

The log{//K)eyic Versus pH profiles with and without CaM were bell-shaped with the ionization of a
group at fiKa of 7.1 or 7.6 (CaM) or §a of 9.4 or 9.6 (CaM), increasing and decreasiNg<{c,.. These
results suggest that CaM may change the nature of the rate-limiting catalytic steps or ionizable groups
involved in cytochromes®* reduction.

The nitric oxide synthases (NO'Sare a family of three binding site for NADPH 12, 13). The calmodulin- (CaM-)
mammalian isozymes which produce the physiologically binding motif, located at the center of each of the NOS
important free radical nitric oxide (NO) (for reviews see refs polypeptide subunits, tethers the oxygenase domain to the
1-5). Each of the isozymes functions as a homodimer to reductase domain14—16). A rise in intracellular C&
produce NO and-citrulline via the five-electron oxidation  concentrations promotes the binding of CaM to neuronal
of L-arginine 6, 7). The polypeptide subunit for each of the (nNOS) and endothelial (eNOS) NOS which triggers inter-
three isoforms is divided into two distinct domains. The domain electron transfer, an essential step for NO synthesis
oxygenase domain contains a P450-type heme and thg17—19). In contrast, CaM is tightly bound to the inducible
binding sites for the cofactor §§-5,6,7,8-tetrahydrobiopterin  (iNOS) isoform at basal intracellular levels of Caenzyme

(H4B) and the substrate-arginine 8—11). The reductase  activity is modulated at the transcriptional level through the
domain contains 1 mol each of FAD and FMN and the action of cytokines 16).
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CPR, NADPH-cytochrome P450 oxidoreductase; FeCN, ferricyanide; transfer, resulting in a-23-fold increase in FeCN and DCIP
DCIP, 2,6-dichloroindophenol; cyt, cytochromec3"; 2AMP, 2- reduction and a 1020-fold increase in cytochrome**
adenosine monophosphate; MESN2rjorpholino)ethanesulfonic acid;  radqyction 14, 17). Similar levels of Ca&"-CaM-induced
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form of DCIP. reductase domain. Thus, this behavior is not attributed to
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the cofactor triggering electron transfer to the hef& 26, Protein Expression and PurificationRecombinant rat
27). C&™-CaM also has a negligible effect on the flavin nNOS was purified fronEscherichia colistrain BL21(DE3)
midpoint potentials; thus, the cofactor does not change theafter overexpression of the cDNA with the pCWori vector.
thermodynamic driving force of electron transfer in the The enzyme was purified according to the protocol published
reductase domair2@). However, Ca"-CaM has been shown by Gerber and Ortiz de Montellano with slight modification
to increase the pre-steady-state rate of electron transfer from(36). The rate of NO production was measured by the
NADPH to the flavins 17) and to induce conformational hemoglobin-NO capture assay at 23C following the
changes in the diflavin domairi4, 23, 28). procedures of Stuehr et aBY). nNOS was more than 85%

The binding of C&"-CaM may remove the suppression Pure as judged by SDSpolyacrylamide gel electrophoresis
of electron transfer by acting on structural components which With a specific activity of 150 nmol of NO mirt mg™ at

are absent in CPR. All three NOS isoforms possess4®l
additional amino acids at the C-terminal tail, and the
constitutive isoforms (nNOS and eNOS) contain &89
amino acid insert located in the FMN-binding domain. In
the absence of G&CaM, eNOS and nNOS lacking their
C-terminal tails exhibit faster rates of flavin and cytochrome
¢t reduction compared to wild-type29). The CaM-
stimulated cytochrome®" reductase activity was similar for
the wild-type and the truncated forms, suggesting that the
C-terminal tail acts to suppress electron transfer which can
then be alleviated with the binding of &aCaM (29).
Removal of the 4550 amino acid sequence in the FMN
domain demonstrated that this is a putative autoinhibitory
element as it promotes the dissociation of CaM at low
intracellular C&" concentrations and inhibits electron transfer
in the absence of Ca&CaM (30—-32).

The NOS isoforms exhibit varying rates of NO synthesis,
which is correlated to their rate of interflavin electron transfer
and/or transfer between the FMN and the heB8. Because
the reductase domain controls the rate of NO production,
there is great interest in the role of TaCaM in mediating
electron transfer. The steady-state kinetic mechanisms for
DCIP and cytochrome®" reduction were the same in the
presence and absence of the activated cofactor. The reductio
of DCIP and cytochrome?" occurs in two half-reactions
by a one-site ping-pong and a two-site ping-pong mechanism
respectively 84). The role of C&"™-CaM is further investi-
gated in this paper by determining its influence on ionizable
groups associated with catalysis or binding of substrates. Th
pH profile for V yields K, values for groups involved in
rate-limiting step(s) of the mechanism. In contrast, thg p
values in thev/K versus pH profiles represent groups in the
steady-state mechanism that participate in events from
binding of the substrate up to the first irreversible step, which
could be a catalytic step or product release. If tiggppears
in both theV and V/K versus pH profiles, it represents the
particular ionization state of a group on the enzyme or
substrate that is limiting for catalysis rather than one involved
solely in substrate binding3b). The proposed steady-state
kinetic mechanisms for the reduction of these two substrates
provide a framework for the interpretation of the dependence
of V andV/K for substrates on pH.

EXPERIMENTAL PROCEDURES

Materials.Hepes was purchased from Research Organics
(Cleveland, OH). BB was from Cayman Chemical Co. (Ann

u

eW

25°C. Protein concentration was determined with the Lowry
assay using BSA as a standaB8)(

Substrate Titrations$!P NMR spectra for NADPH titration
curves were obtained with a Bruker DRX 600 spectrometer
operating at 242.9 MHz using a 9®bservation pulse.
Experiments were performed at 26 usirg a 5 mm NMR
tube. The spectra were collected unlocked with constant
compensation for field drift. Titration samples contained 1
mM NADPH in the buffer used for the pH kinetic studies.
The spectrophotometric titration of DCIP at 600 nm was
performed at 28C. The samples contained 2M DCIP in
the buffer used for the pH kinetic experiments.

Measurement of Reductase Adttes. A three-component
buffer system consisting of 15 mM MESKp6.15), 15 mM
Hepes (K, 7.55), and 15 mM CHES . 9.5) was used for
the pH dependence studies. The buffer was titrated to the
desired pH with NaOH. Reactions were performed in a 5.0
mL volume at 25°C using eithea 1 or 5 cmpath-length
cuvette. The rate of cytochrone&' reduction was measured
by following absorbance changes at 550 niv (= 21.1
mM~cm™%; 39). The rate of DCIP reduction was measured
by following absorbance changes at 600 nm using an
extinction coefficient for DCIP that was calculated at each

RH (described below). Reaction mixtures contained variable

concentrations of substrates (NADPH, cytochrocig or
DCIP) and, where appropriate, 1M CaClk and 100 nM
CaM. Reactions were initiated by the addition of 0155

g of NnNOS b a 5 mLreaction volume. The pH profiles
ere extended as far as possible into the pH extremes until
enzyme or substrate instability prevented the measurement
of initial rates. At pH values below 7 the level of uncatalyzed
NADPH oxidation in the absence of nNOS was subtracted

from initial rates obtained in the presence of the enzyme.

Data Analysis.Values for the various parameters were
derived by nonlinear least-squares fitting (Levenberg
Marquardt algorithm) using the computer program Origin

version 4.0 (MicroCal Software Inc., North Hampton, MA)

or MicroMath Scientist (MicroMath Scientific Software, Salt
Lake City, UT).V andKcy values for the basal and CaM-
stimulated reduction of cytochrom#&* were obtained by
measuring the rate of cytochrone&™ reduction at a fixed
saturating concentration of NADPH (10/). The initial rates

were fit to the MichaelisMenten equation:

, —_VA
K, A

(1)

Arbor, MI). The 2,5-ADP—Sepharose was from Amersham wherev; represents the initial rat¥,is the maximal velocity,
Pharmacia Biotech (Piscataway, NJ), and the calmodulin A is the variable substrate concentration, dfgl is the
Sepharose and calmodulin were generous gifts of Dr. S. Michaelis constant for the variable substraté/K)c,. was
Anderson (Oregon State University). All other reagents were obtained from the fitted values of and K¢y with the
from Sigma Chemical Co. (St. Louis, MO). appropriate error propagatio//K)nappr Values for the basal
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and CaM-stimulated reduction of DCIP were obtained in the whereY is the observed\/K)pcip, Kai, Kaz, andKss are the
same fashion with DCIP present at a constant subsaturatingdissociation constants for the groups that ionize at low,
concentration of 2&M. Concentrations of NADPH greater neutral, and high pH, respectively, aNd and Y, are the
than Knappn inhibit DCIP reduction at DCIP concentrations high- and low-pH plateau values fof, respectively. Bell-
less tharKpcip; thus, V//K)pcip in the presence and absence shaped pH profiles where catalysis requires the ionization
of Ca&*-CaM was determined by fitting the initial rates at of a group with a low g, and the protonation of a group
various DCIP concentrations at a fixed nonsaturating level having a higher K, (panel B of Figures 4 and 5) were fit to
of NADPH (0.3uM) to eq 1. This method is valid since the the equation:
basal and CaM-stimulated reduction of DCIP follows a ping-
pong mechanism3¢); therefore, the concentration of the Yy
nonvariable substrate can be maintained at nonsaturating log Y =log| T T 7 (6)
levels without affecting the value of/K for the variable az - al
substrate. TheV versus pH profile for basal and CaM-
stimulated reduction of DCIP was determined by measuring
the initial rate at saturating concentrations of NADPH (20
uM) and DCIP (100uM).

Titration curves for NADPH and DCIP were fit to the

whereY is the observed’ or (V/IK)cy, Kaz and Ky, are the
dissociation constants for the groups that ionize at low and
high pH, respectively, andl is the value foV or (V/K)cye
when both groups are in their preferred ionization states.

equation: RESULTS
Yy + Y (H/K) Determination of Substrate p/alues.The K, values
= HIK, + 1 () for ionizable groups on NADPH and DCIP were determined

to aid in the interpretation of the pH profiles. The pH
whereY is the 3P NMR chemical shift of NADPH or the  Variation in the chemical shift ofP by NMR has been the
extinction coefficient of DCIPH is the proton concentration, ~Method previously employed to determine th¢, pf the
Ka is the acid dissociation constant, avidand Yy are the ~ NADPH 2-phosphate. Thelfy values were reported to be
low- and high-pH plateau values, respectively,YoAll plots 6.1°for NADPH in 100% DO containing 500 mM KCl at
of the kinetic data contain error bars for each data point 11 °C (40) and 6.52in 10% EO and 10% glycerol at 25C
corresponding to one standard deviation. The following (41). At an ionic strength of 800 mM and in the absence of
equation was used to fit a wave with the ionization of one D20, Sem and Kasper reported &qpof 5.91 for the 2

group leading to an increase in the rate of catalysis (Figure Phosphate of NADPHAZ). From the variation in the above-
1 and panel A of Figure 4): reported values, it is apparent that both ionic strength and

the presence of D will affect the K, of the NADPH 2-
phosphate. Therefore, it was necessary to determineithe p
3) under the conditions of our pH studies. To avoid the use of
D,0 in the buffer, the spectra were collected unlocked with
constant compensation for the field drift. At 26 the K,

where Y denotes t_he ob_served m.ax'mal V?'QC'H’"S the of the NADPH 2-phosphate equaled 6.460.02 (data not
proton concentrationk, is the acid dissociation constant shown)

(listed asKy, for Figure 1 ancKa for panel A of Figure 4), A DCIP hydroxyl group ionizes in the pH range studied
alndYH and¥, are thle values fov at the Elgh-f?nd_lowr-lpl;: and therefo):e af)f/ecq[s tﬁe extinction copefficiegt for this
Fhitﬁ)?::;':iiipsgver%mx?ﬁ? I\é ngcregge: ;(igl whic substrate. Thelf, of this group under the buffering condi-
and the ionizationgof tvso groups with the saméemegazptHo tions us_ed for the nNOS pH studies was detgrmined by
an increase in/K) (Figure 2) were fit to the equation: measuring the _absorbance of 2t D_CIP at various pH
NADPH (G q * values. A nonlinear least-squares fit of the data to eq 2

yielded a K, for the hydroxyl group equal to 5.8% 0.02
(4) (data not shown), which is identical within error to the value
obtained by Sem and Kaspd?2j. The extinction coefficients
used for calculating initial rates of DCIP reduction in the
where Y is the observed W(/K)xaopn, H is the proton pH dependence studies were calculated at each pH using eq
concentrationK,, is the acid dissociation constant of the 2 and assuming an extinction coefficient of 21.0 midm™
group which ionizes at a lower pHKs, is the acid  atpH 7.0 &3).
dissociation constant for the two groups that ionize at a high PH Dependence of the Kinetic Parameters for DCIP
pH, andY, andY, are the values ofM/K)naopw at the high- Reduction.The kinetic parameters for the nNOS-catalyzed
and low-pH plateaus, respectively. Th&K)oci versus pH  reduction of DCIP were measured over the pH range of 5.5
profiles in which the ionization of a group with a lowkg 9. The [Kavalues forV, (V/K)naoen, and ¥//K)ocip are listed
the protonation of two groups with the same midrange' p in Table 1. The |OgV versus pH profiles for the basal and
and the ionization of a group with a higtkpall lead to a CaM-stimulated reduction of DCIP were wave-shaped with
decrease in\(/K)ocie (Figure 3) were fit to the equation: ~ the ionization of a group with aky (pKao) of 7.65+ 0.06
(basal) or 7.7# 0.04 (C&"-CaM) leading to an increase in
Y, + YL(H/Ka])(H/Ka2)2 the rate of DCIP reduction (Figure 1).
> (5) The (V/K)nappw Versus pH profiles for basal and CaM-
(1+ HK)(1 + H/K ) (1 + KdH) stimulated DCIP reductase activity are shown Figure 2.

Yy + Y (H/K)

log Y =log —7 3k
a

Yy, + Y (H/K ) (H/IK )?
(1 + HIK (1 + HIK )

logY=log

log Y=log
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Table 1: pH Dependence of Kinetic Parameters for DCIP Reduction

kinetic
parameter Ca-CaM PKar pPKaz pKas
\% - 7.65+ 0.06
\% + 7.77+£0.04
(VIK)napPH - 6.47+ 0.37 7.51+ 0.07
(VIK)napPH + 6.47+£0.20 7.564+0.05
(VIK)pcip - 5.87 6.97+0.07 9.00+0.22
(VIK)pcip + 5.8% 7.08£0.07 9.014+0.21
aValue was fixed.
3.90
A
3.58 +
3.27 +
295+
logV
263+
232+ & -
2.00 f } } t f } t }
50 55 6.0 6.5 7.0 75 8.0 8.5 9.0 9.5
pH
4.00
sz B
3.631
log V
3.45T
3.271
3.08T
2.90 } } t } } }
60 65 70 75 80 85 90 95
pH

Ficure 1: pH dependence of loy for the nNOS-catalyzed
reduction of DCIP in the (A) absence and (B) presence of¥0
CaCl and 100 nM CaM. The reaction mixtures also contained 100
uM DCIP, 20uM NADPH, and 1.5ug of nNOS. The data points

in panels A and B were fit to eq 3, and thEvalues are listed in
Table 1.

(V/K)nappH increased in the low-pH extreme when a group
with a pK, (pKai) of 6.47 + 0.37 (basal) or 6.4 0.20
(Ca&*-CaM) was protonated Ky may reflect the ionization
of the 2-phosphate of NADPH since it equals th&p
determined in the titration of'P for NADPH and does not
appear in the/ versus pH profile (Figure 1). The increase
in (V/K)nappr at a low pH suggests that the protonated or
monoanionic form of the'Zphosphate is the preferred state
for binding of the nucleotide to NNOSV{K)nappH iNCreases
with the ionization of two groups with aiy, of 7.51+ 0.07
(basal) or 7.56+ 0.05 (C&"-CaM). One of the groups in
each profile reflects a group involved in catalysis since a
similar pK, is observed in th& versus pH profile for DCIP
reduction.

(VIK)pcip also increases at low pH (Figure 3). Thip
for this group, Ka1, is shifted to low pH compared to that
found for (//K)naopn. The number of data points was
insufficient to obtain an accurate determination Kfpwhen
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280+
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Ficure 2: pH dependence of 10g(K)nappn for the nNOS-catalyzed
reduction for DCIP in the (A) absence and (B) presence qiI0
CaChb and 100 nM CaM. The reaction mixtures also contained
varying concentrations of NADPH, 2@M DCIP, and 0.5ug of
nNOS. The data in panels A and B were fit to eq 4, and tKg p
values are listed in Table 1.

eq 4 or eq 5 was used to fit the data, and the pH profile
could not be extended to lower pH values due to the increase
in uncatalyzed NADPH oxidation. If it is assumed thét,p
originates from the ionization of the hydroxyl group on DCIP
and Ky is fixed at 5.87 during the fitting routine, a
reasonable fit of the data is obtained using eq 5. TKg p
values for the ionization of two groups resulting in an in-
crease in/K)pcip, PKaz, were equal with values of 6.9%
0.07 (basal) or 7.08: 0.07 (C&" — CaM). On the basic pH
limb, (V/K)pcip decreased with an ionization of a groupap
of 9.00+ 0.22 (basal) or 9.0% 0.21 (C&*-CaM). A more
accurate determination oKp; could not be obtained because
NNOS was unstable at pk9.0. The value of Wi is
comparable to theky,, in the V versus pH profile for basal
and CaM-stimulated reduction of DCIP (Figure 1). Therefore,
it probably reflects an ionizable group involved in catalysis
and not the binding of DCIP. However, the othé¢,pand
pKas represent ionizable groups on nNOS that affect the
binding of DCIP since they only appear in the/K)pcie
versus pH profile.

pH Dependence of the Kinetic Parameters for Cytochrome
¢ Reduction The K, values associated with pH depen-
dence of the steady-state kinetic parameters for cytochrome
c3* reduction are summarized in Table 2. The Wgersus
pH profile for the basal reduction of cytochrona&™ is a
wave, where the ionization of a group with E4a of 8.60+
0.04 leads to optimal cytochrom&" reductase activity
(panel A of Figure 4). In contrast, a plot of ldgversus pH
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2.80
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Ficure 3: pH dependence of 109(K)pcip for the nNOS-catalyzed
reduction for DCIP in the (A) absence and (B) presence o0
CaCh and 100 nM CaM. The reaction mixtures also contained
varying concentrations of DCIP, 0.28M NADPH, and 0.5ug of
nNOS. The data in A and B were fit to eq 5, and th&, palues
are listed in Table 1.

Table 2: pH Dependence of Kinetic Parameters for Cytochrothe
Reduction

kinetic
parameter Ca-CaM PKaz pKaz

\ - 8.60+ 0.04

\% + 6.40+ 0.06 9.25+ 0.09
(VIK)cyte - 7.10+ 0.12 9.38+ 0.23
(VIK)eyte + 7.57+0.12 9.62+ 0.37

for the CaM-stimulated reduction of cytochroro® forms

a bell-shaped curve (panel B of Figure 4). The pH depen-
dence ofV shows that the CaM-stimulated activity is
dependent on the ionization of a group withk&,pequal to
6.40+ 0.06 and the protonation of a group witK equal

to 9.25+ 0.09. Comparison of the pH dependenceé/dbr
basal and CaM-stimulated cytochrorté reduction indicates
that in the presence of €aCaM either two different
ionizable groups are involved oKp, is shifted over 2 pH
units and an additional group with a highd€ s involved.

The pH variations for {/K)e for the basal and CaM-
stimulated reduction of cytochroneg" are shown in Figure
5. Both profiles show bell-shaped curves, with the ionization
of a group with a Ka of 7.10 4+ 0.12 (basal) or 7.58
0.12 (C&"-CaM) increasing {/K)cy and the ionization of
a group with a K,z of 9.38+ 0.23 (basal) or 9.62= 0.37
(Cat-CaM) resulting in a decrease iV/K)cyic (Table 2).
For the basal cytochrom@&* reductase activity, .1 shifts
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5.00
483+ A
425+
388 1
logV
350+
313+
275
2381
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pH
3.50
334+ B
®
318
3.014- ®
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2534~
236
2204+
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FiGUrRe 4: pH dependence of loy for the nNOS-catalyzed
reduction of cytochrome®* in the (A) absence and (B) presence
of 10uM CaClk and 100 nM CaM. The reaction mixtures contained
varying concentrations of cytochroneé®, 10 uM NADPH, and
0.5ug of nNOS. The data in panel A were fit to eq 3, and the data
in panel B were fit to eq 6. Thelfy values are listed in Table 2.

from 8.6 in theV versus pH profile to 7.1 in theW(K)cyic
versus pH profile. Since Ky, appears in both profiles, it
reflects an ionizable group involved in a catalytic step, and
the pH shift could reflect differences in the microenvironment
of the cytochrome-free enzyme compared to nNOS com-
plexed with the electron acceptorKp found in the pH
dependence ofM/K).y for basal cytochrome®" reduction

is not in the correspondiny versus pH profile; thus, the
ionization of this group results in a decrease in the binding
of cytochromec®". For CaM-stimulated cytochrome®*
reduction, the two ionizable groups appear in both the bell-
shaped logv/ and log{//K)eyc versus pH profiles; thus, they
represent groups involved in catalysis. The outward shift of
the Ka; value from theV to (V/K)cyc versus pH profile by
1.2 pH units possibly reflects a slow substrate release step
or solvent exclusion from the active site.

DISCUSSION

Interpretation of the pH Profiles for the Reduction of
DCIP. The pH profiles for the substrates DCIP and cyto-
chromec®" will be interpreted in terms of their previously
proposed kinetic mechanism$84j. Initial velocity and
inhibition studies were consistent with DCIP reduction in
the presence and absence ofC&aM following a ping-
pong bi-bi mechanism shown in Figure 6. The rate equation
for the mechanism drawn in Figure 6, assuming that the
binding of substrates/inhibitors and the release of products



210 Biochemistry, Vol. 41, No. 1, 2002

3.50
351+ A
3.00+
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275+
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225+
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1751
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pH
4.40
405+ B i
3704
| ]
3354
3.00
log (ViK)eye
265+
2.30
1.95 -+
180 e ———
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Ficure 5: pH dependence of log(K)cy for the nNOS-catalyzed
reduction of cytochrome3* in the (A) absence and (B) presence
of 10uM CaCl, and 100 nM CaM. The reaction mixtures contained
varying concentrations of cytochroneé*, 10 uM NADPH, and
0.5ug of NNOS. The data in panels A and B were fit to eq 6, and
the K, values are listed in Table 2.

occurs in rapid equilibrium, gives the following expressions
for V and the Michaelis constants for NADPH and DCIP:

4 _ kakzkyq )
B kaky + kgkyy + kokyy
B Kia (kK )1 + 1/K) g
AT kakz + Kgkyq 1 Kok ®
Kig(Ksk7 + kskg) )

B~ k3k7 + k3kll + I(7kil.1

Vis the maximal velocityk; is the nNOS concentratioi
andKg are the Michaelis constants for NADPH and DCIP,
respectively, andK;x and Kjg are their corresponding

dissociation constants. The rate constants are shown in Figure

6, andK (equal to B/E;") is the equilibrium constant for the
conversion of the two free enzyme forms.
The log V versus pH profile for the basal and CaM-
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X Y Z
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Ficure 6: Kinetic scheme for a ping-pong bi-bi mechanism for
the nNOS-catalyzed reduction of DCIP. A, B, P, and Q represent
NADPH, DCIR,,, NADP*, and DCIRg and theK; values refer to
their respective dissociation constants. &hd E' are the one-
electron (FAD/FMNH) forms of nNOS that exclusively bind
NADPH and 2AMP, respectively. Eand &' are the three-electron
(FADH*/FMNH; or FADH,/FMNH*) forms of nNOS that exclu-
sively bind NADP and DCIR,, respectivelyK is the equilibrium
constant for the conversion of the two enzyme formsabd E'.

Scheme 1
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of nNNOS are catalytically active. Plots of the pH dependence
of V may show changes to a new plateau level when
ionization of a group increases the rate of the step that is
normally rate limiting 44). The basal reduction of DCIP
exhibits an~20-fold difference in the high- and low-pH
plateau values foV while the CaM-stimulated activity
increases-7-fold from low to high pH. This suggests that
the ionizable step is more rate determining for the basal
activity. According to eq 7, the ionization of a group that
leads to an increase in a rate-limiting step may be associated
with hydride transferks, the steady-state isomerization of
E; to B, ks, and/or the rate of electron transfer to DCIP,
k]_]_.

To determine which of the rate constants may be affected
by pH, the log¥/K)nappn and the log¢/K)pcie versus pH
profiles were investigated V{K)nappn and {/K)pcp are
defined by the following rate and equilibrium constants:

VIE, B Ky

( Ka )NADPH a Kia(1 + 1/K) (10)
VIE, B k7kqq

( Kg )DCIP a Kig(k; + kg) ()

The (V/K)nappr Versus pH profiles with and without €a
CaM were similar in shape (Figure 2). On the acidic limb,

stimulated reduction of DCIP is a wave where the ionization (V/K)nappn increased due to the protonation of a group with

of a group with a K4, of 7.5-7.6 leads to an increase in

a pKy of 6.47. As the pH became more basic, ionization of

catalysis (Figure 1). The rate of catalysis reaches a plateauwo groups with a g, of 7.5-7.6 increased the value

at high and low pH; therefore, it follows the simplified

observed for Y/K)nappu. The ionization of one of these

mechanism shown in Scheme 1 where the proton cangroups is responsible for an accelerated rate of catalysis, since

associate with either the substrate-free or substrateyme

the same K, value also appears in théversus pH profile.

binary complex, and both the ionized and protonated forms Sinceks is the only catalytic rate constant which appears in
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(V/IK)naope (eq 10), the Kaz of 7.5-7.6 which appears in
the both theV and {//K)nappu Vversus pH profiles may
represent a group whose ionization status affects the rate of
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hydride transfer. Iks is slow, or rate limiting compared to " Ka k, K
k; andkis, thenV is largely dependent oks. Site-2:

Stopped-flow experiments have shown that'G@aM B Q
increases the rate of flavin reduction at 485 n@f)( Eg\LAEjB-—kL EzQTA E,
Assuming this signal correspondskg the rate of hydride K ky Ky
transfer to FAD, these results may explain the difference in B Q
plateau values for basal DCIP reduction (20-fold) compared \ ks A
to CaM-stimulated DCIP reduction (7-fold). If €aCaM E,< - EB T—— " E'Q < X E;

. y N

stimulates DCIP reduction by increasikg which is rate o _ _ _ _
limiting and affected by pH, then the ratio between the high- FiIGUuRe 7: Kinetic scheme illustrating the (two-site) ping-pong

) . mechanism for the nNOS-catalyzed reduction of cytochrofne
and low-pH plateaus is expected to be smaller, beckse A, B, P, and Q represent NADPH, cytochromié, NADP*, and

would become less rate determining in the presence of thegyiochromes?t, respectively. Eand B’ are the one-electron (FAD/
activated cofactor. FMNH") forms of nNOS that exclusively bind NADPH antha/P,
The second group with akp, of 7.5-7.6 and the group  respectively. Eand k& represent two- (FAD/FMNE) and three-
with a pKa; of 6.47 in the Y/K)nappn Versus pH profile elec_}_rgr) (FADH/FMI\#Hz)hreduced f_orms% ﬂf nNOSK is tI?e
(Figure 2) affect the binding of the nucleotide since they do E?Lgr:d”éw constant for the conversion of the two enzyme forms,

not appear in a plot o¥ versus pH for DCIP reduction

(Figure 1). The value of 6.47 forka, was also observed in - yyaits the three-dimensional crystal structure of the enzyme
the titration of the NADPH 2phosphate, suggesting thatp and/or site-directed mutagenesis of these residues.

originates from the nucleotide. If this were the case, then The pH profiles for V/K)oae (Figure 3) and Y/K)uaopr

the monoanionic form of the'phospahate of NADPH (Figure 2) are similar in thaMM/K)pcip increases at the low
N . . .. DCIP -
preferentially binds nNOS. This result is in contrast to a pH limit. A fit of the data in Figure 3 to eq 4 or eq 5 does

number of other nicotinamide-binding enzymes including i i defined value for thi&.s b f
CPR @), isocitrate dehydrogenasetl), dihydrofolate i?l%bﬁi?)r/] ?(r)aoebtzmedgz a;/?ol\J/\(/eeropr)H \I/aﬁesecl?uviee :ssirr]ne
reductase4s), and glyceraldehyde-3-phosphate dehydroge- that K1 originates from the ionization of the DCIP hydroxyl

nase 46) in which the dianionic form of NADPH prefer- and fix this parameter at 5.87, then the remaining parameters
entially binds. NADPH complexed with these enzymes can be calculated from eq 5. Studies on CPR-catalyzed

typically exhibits a lower K, value (5-5.5) for the 2- ;

phosphate, possibly as a result of interactions with positively rel_(|:iuct|on rOf D(\i/lili’hrevealfeg ;hav(rlf)DC'P 2351 re::ts?ks{ alt:)ICO\I/;
charged groups in the active site or distortion of theR>-O pH as a group alf, of 5.9, correspo g to the L
angles 46). The dianionic form of NADPH may also bind hydroxyl, is protonated4?). In contrast, an increase .".v’(

to nNOS, and thelf, of the 2-phosphate may be shifted to K) pcip in t_)oth the basal and CaM-stimulated activities of
a lower pH value comparable to the above nucleotide-binding nNOS md@ates that the protonated form of DCIP has a
enzymes, such that it is not observed in téyaopr VErsus higher affinity for nNOS. If this t,(,?1 corresponds to the DCIP
pH profiles. If this were true, the group with &g of 6.47 hydroxyl group, the Q|fference' In the nNOS and .CF\R (
would belong to nNOS. The second group with K,pof Kocie versus pH profiles at acidic pH may be aftributed to
7.5—7.6 affects the binding of the nucleotide since it only tThrﬁstvrvr?asn;érgeesxglz\i/rllngvr?;/ﬁﬁﬁgtsbéned;;?eqreﬂti? E,{AND %I;n
appears in the/K)uaopn versus pH profile and notinthe o DCIP23), while CPR cannot0). Alternatively, pKa:

pHTﬁ:p:&?sgcgc?g' sequence of the NOS NADPH/FAD may originate from a group on nNOS that facilitates DCIP
binding.

binding motif in the reductase domain is similar to a class ) o
of flavoproteins, the transhydrogenases, which include fer- A fit of the data in Figure 3 to eq 5 gavekp, values for
ridoxin—NADP* reductase (FNR), CPR, NADHhitrate the ionization of two groups ranging between 6.9 and 7.1
reductase, NADH cytochromebs reductase, and phthalate @nd a a3 of 8.8-9.2 for the ionization of a third group.
dioxygenase reductasé?). The three-dimensional structure  The presence of Ga-CaM did not significantly influence

of the FNR 2'-phosphate AMP complex shows interaction ~ the Ka values. According to eq 11, thes&jpvalues may
between the "2phosphate and residues Ser234, Arg235, be a funcuon of ionization equilibria affecting .(1).steady—
Tyr236, and possibly Lys22418). These conserved residues State isomerization of#Ho Ey', ks andks, (2) the binding of
have also been implicated in binding thephosphate of DCIP, Kig, or (3) the rate of electron transfer from the flavins
NADPH in other members of the transhydrogenase family. 0 NNOS, ky.

The corresponding residues in nNOS, Ser1313, Argl314, Interpretation of the pH Profiles for Cytochromeé*c
Lys1320, and Tyrl322, may also play a role in stabilizing Reductase Actity. Steady-state kinetic data for basal and
the 2-phosphate. Site-directed mutagenesis combined with CaM-stimulated reduction of cytochrone&™ are consistent
pH studies identified Arg597 on CPR with &pof 9.5 as with the two-site ping-pong mechanism shown in Figure 7
aresidue involved in ionic interactions with thepghosphate  (34). Equations 1214 are expressions fo¥ and the

of NADPH (49). The V/K)nappr Versus pH profile for ANOS  Michaelis constants for NADPH and cytochrowté derived
could not be extended beyond 9.0 due to enzyme instability, from the rate equation for the mechanism shown in Figure
preventing observation of a similaKp value at high pH. 7, assuming the binding of substrates/inhibitors and the
Assignment of these residues in stabilizing NADPH in nNOS release of products occur in rapid equilibrium.
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KsKoKis values in the range studied and are known to be perturbed
VIE = KoKy + Kokys + Kok (12) dramatically with changes in flavin redox state or when the
3 3715 15 flavins are protein boundsQ, 51). Since C&"-CaM has been
_ (Kia)(keky9)(1 + 1/K) shown to induce a conformational change in the FMN-

(13) binding domain, the shift in thely, may reflect a change in
the local environment of flavin within the protein.
The ability of C&"-CaM to shift the K, in the V versus
_ (Kig) (kskys + ksko) (14) pH profiles for cytochrome3" and not DCIP may be related
B Kok + Kgkis + Kokis to the catalytic mechanism by which nNOS reduces these
two substrates. nNOS depleted of its FMN cofactor is still
Ka and Kg are the Michaelis constants for NADPH and able to reduce DCIP, while it cannot reduce cytochrafiie
cytochromec®™ and Kix and Kig are their corresponding  (23), indicating that the former substrate is reduced by FAD
dissociation constants. The rate constants are shown in Figurgvhile the FMN cofactor transfers electrons to cytochrome
7, andK (equal to B/Ey') is the equilibrium constant for the ~ ¢3". The binding of C&"-CaM may be directly affecting the
conversion of the two free enzyme forms. pH dependence df by acting upon the 9, of FMN or a
The logV versus pH profile for the basal cytochrome neighboring residue and facilitating faster electron transfer
reductase activity is a wave where the ionization of a group at physiological pH.
with a pKa; of 8.6 increases catalysis (panel A of Figure 4).  The pH dependence ofV(K)c (Figure 5) was also
The difference between the high- and low-pH plateau values investigated for basal and CaM-stimulated reduction of
is ~280-fold, indicating that the pH-sensitive step is more cytochromec®". Both profiles showed tha¥/(K)., increased
rate-determining for basal cytochromi reduction than that ~ with the ionization of an acidic group with &K, of 7.10
observed for DCIP reductios). According to eq 12, the  (basal) or 7.57 (Cd-CaM) and decreased when a group with
rate-limiting catalytic step is either hydride transfky, or a pKa2 0f 9.38 (basal) or 9.62 (C&-CaM) ionized. According
electron transfer from FMN to cytochroneé*, ko, Kis. to eq 15, the expression fov/K).y, the K, values observed
The pH dependence of cytochrong' reduction is in these pH profiles may reflect groups on nNOS, whose
dramatically altered in the presence offG&aM as the log ionization status affects the rates of electron transfer from
V versus pH profile (panel B of Figure 4) is bell shaped FMN to cytochromec®*, ks and kis, or the binding of
with catalysis dependent on the deprotonation of an acidic cytochromec®", Kig:
group with a K, of 6.40 and protonation of basic group

AT k3k9 + k3k15 + k9k15

with a K42 of 9.25. The binding of Cd-CaM may affect V/_Et _ Kokis (15)
the pH profile by changing the rate-limiting step(s). For Kg  (Kig)(kis 1 kg)

example, if the rate of hydride transfer is slower than electron

transfer from the flavins to cytochrom@" (ks < ko, kis), The two ionizable groups in th&/(K)cy. versus pH profile

then the [K,; observed in the/ versus pH profile for the  (panel B of Figure 5) also appear in the pH dependence of
basal cytochrome®" reductase activity will reflect the pH  V (panel B of Figure 4) for the CaM-stimulated reduction
dependence of the former step. The increased ratgwaith of cytochromec®", indicating that they are not involved in
respect tdkg andkys, induced by the binding of Ca-CaM, binding of the substrate. Thus, they represent groups involved
could potentially shift Ka; from 8.60 to 6.40. Alternatively,  in electron transfer from the flavins to cytochroro®, ke
the conformational changes associated with the binding of and/ork;s. The outward displacement oKg, by 1.2 pH units
C&t-CaM may change the ionizable groups on nNOS that from a plot of §{//K)cyc versus pH (a1 = 7.57) to theV
participate in hydride transfer or electron transfer from FMN versus pH profile (K.1 = 6.40) for CaM-stimulated cyto-
to cytochromec3*. chromec®" may indicate thaks is partially rate-limiting such
Candidates for ionizable residues on nNOS that could that it affects the observedKp, value observed in the pH
participate in hydride transfer include Cys1348, Ser1177, anddependence of/. Alternatively, the shift in K, may be
Aspl407. The three-dimensional crystal structures of FNR attributed to differences in the microenvironment of cyto-
and CPR reveal that these conserved residues are close tohromec®*"-free nNOS compared to the cytochromi&—
the FAD isoalloxazine ring. Substitution of the corresponding nNOS complex (i.e., solvent exclusiofd). Sem and Kasper
cysteine in CPR (Cys630) to an alanine shifted tKe @f a also note a 1 pHunit perturbation (7.23 to 6.21) from the
ionizable group necessary for catalysis from 6.9 to 7.8, (V/K)q to V versus pH profiles for CPR reduction of
indicating that it may be a proton donor/acceptor to the FAD cytochromec®*(42). Interestingly, the two enzymes exhibit
prosthetic group. The corresponding residue in nNOS the same pH profiles when they elicit similar kinetic
(Cys1349) is in the putative NADPHadenine binding motif, mechanisms (two-site ping-pong) and turnover rates. The
adjacent in primary sequence to the C-terminal tail, which former occurs when the steady-state kinetic analysis of
has been shown to inhibit electron transfer to FAD in the CPR-cytochromec®" reductase is performed in high ionic
absence of Cd-CaM (29). The C-terminal tail may affect  strength (850 mM), and the latter occurs when the nNOS
the location of the Cys1349, Ser1176, and/or Asp1393 by cytochromec®" reductase activity is stimulated by €a
distancing these residues from the FAD, causing them to beCaM.
ineffective in hydride transfer. This may explain the different ~ The Kx, of 9.38, appearing in théV(K)c versus pH
pKa values observed in th&/ versus pH profiles for  profile (panel A of Figure 5), is not present in theversus
cytochromec®' in the presence and absence of G&aM. pH profile (panel A of Figure 4) for basal cytochrom#&
Alternatively, the K, values exhibited in these profiles reduction, indicating that this residue is involved in the
may originate from the flavins themselves, which exhilsitp  binding of cytochromec®t. The ionizable group may
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originate from cytochrome?*, which is known to have
several lysine residues involved in binding interactions with
other enzymes including CPR (46). The correspondifg p
may not occur in the\(/K)y versus pH profile for CaM-
stimulated cytochromes*" reduction because the group
ionizes at high pH, and it is difficult to resolve two ionizable
groups versus one ionizable group in this region. Alterna-
tively, C&*-CaM may induce a conformational change such
that this ionizable group no longer participates in the binding
interaction between cytochronwé™ and nNOS.

In summary,V for basal and CaM-stimulated reduction
of DCIP is optimized as a group ionizes with K of 7.5.
This same a2 appears in the/K)nappn Versus pH profile,
indicating that the rate-determining step for this kinetic
mechanism is hydride transfer from NADPH to FAD.
Additional pK, values appearing in both the/K)nappn and
(V/IK)ocip versus pH profiles are ionizable groups that
participate in the binding of these two substrates. The
presence of Ca-CaM does not significantly change thip
values observed in pH dependence profiles for DCIP,
indicating that the presence of the activated cofactor does
not affect the nature of the rate-limiting step nor does it alter
the groups involved in binding of that substrate. In contrast,
C&"-CaM dramatically affects the pH dependence/dbr
the reduction of cytochrom&*. The activated cofactor may
alter the ionizable groups involved in catalysis, thg yalues
of the flavin cofactors, or the steps that are rate limiting in
the kinetic mechanism. It would be of interest to determine
the identity of these ionizable groups. This information might
be accessible directly from structural analysis or by conduct-
ing similar pH studies on NNOS mutants lacking the
autoinhibitory domain or the C-terminal tail or the enzyme
bound to different flavin analogues.
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