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ABSTRACT. The kinetics of bindingL-arginine and three alternative substrates (homoarginhie,
methylarginine, andN-hydroxyarginine) to neuronal nitric oxide synthase (nNOS) were characterized by
conventional and stopped-flow spectroscopy. Because binding these substrates has only a small effect on
the light absorbance spectrum of tetrahydrobiopterin-saturated nNOS, their binding was monitored by
following displacement of imidazole, which displays a significant change in Soret absorbance from 427
to 398 nm. Rates of spectral change upon mixing Im-nNOS with increasing amounts of substrates were
obtained and found to be monophasic in all cases. For each substrate, a plot of the apparent rate versus
substrate concentration showed saturation at the higher concentrations,, k—», and the apparent
dissociation constant were derived for each substrate from the kinetic data. The dissociation constants
mostly agreed with those calculated from equilibrium spectral data obtained by titrating Im-nNOS with
each substrate. We conclude that nNOS follows a two-step, reversible mechanism of substrate binding in
which there is a rapid equilibrium between Im-nNOS and the substrate S followed by a slower isomerization
process to generate nNNOSS: Im—nNOS+ S« Im—nNOS-S < nNOS—S + Im. All four substrates
followed this general mechanism, but differences in their kinetic values were significant and may contribute
to their varying capacities to support NO synthesis.

Nitric oxide (NO} is an ubiquitous signal molecule that Because binding Arg is an essential event in NO synthesis,
functions in the cardiovascular, nervous, and immune systemsunderstanding the NOSsubstrate interaction in greater detail
(1—4). Animals express three NO synthase isozymes (NOSs)is important for elucidating the enzyme kinetic mechanism
that are homodimeric in their active forms and contain FAD, and possibly for developing highly selective inhibitors.
FMN, tetrahydrobiopterin (kbiopterin), and iron protopor-  Crystallographic data with substrate-bound NOSs indicates
phyrin IX (heme) prosthetic groups. The NOSs catalyze a a funnel-shaped substrate binding channel that leads to the
two-step oxidation of -arginine (Arg) to generate NO plus distal heme pocket, where a conserved glutamate residue
L-citrulline, with N-hydroxy+-arginine (NOHArg) being  holds the guanidinium group of Arg in place above the heme
formed as an enzyme-bound intermediate. The heme ironiron (14—16). The close proximity between heme and
plays a central role in catalysis by accepting NADPH-derived substrate as determined by crystallography is consistent with
electrons from the NOS reductase domain, bindip@i®oth EPR, resonance Raman, and light absorbance spectral data
steps in the reaction, and activating it for incorporation into that showed Arg influences heme iron electronic properties
Arg and into NOHArg 6—11). Thus, consecutive heme- (17), reduction potentiall8), and ligand binding properties
catalyzed monooxygenase reactions lead to oxygen incor-(19—26) and causes expulsion of bulky heme iron ligands
poration into the NO and citrulline products, (12). The  such as imidazole or DTT2@, 27—29).
proximal axial ligand for the NOS heme iron is a cysteine A variety of data suggest that the three NOS isozymes
thiolate, as in the case for cytochrome P450s, and in the differ somewhat in their substrate binding propert2 80).
presence of bound substrate the ferric NOS heme iron isFor example, only in neuronal NOS (nNOS) is Arg binding
predominantly five-coordinate and high-sp# 7, 13). affinity independent of imidazole concentratioR2( 23).

When Arg binds to imidazole-bound nNOS mNQOS), the
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Ficure 1: Structures of substrates used in this study.

arginine (NMA), and.-homoarginine (homoArg) (Figure 1).
Together, our results provide a kinetic model for substrate
binding to NnNOS.

MATERIALS AND METHODS

ReagentsHuman kidney cells expressing cloned rat brain
nNOS were a kind gift of Drs. Solomon Snyder and David
Bredt. All other reagents and materials were obtained from
Sigma, Alexis, or from sources previously reporté@)(

Cell Culture and Enzyme PurificationKidney cells
expressing nNOS were growm i3 L spinner flasks in
Dulbecco’s modified Eagle medium supplemented with F-12
nutrient mixture (Gibco) containing 10% calf serum (Gibco),
at 37°C and 5% CQ Cells were harvested by centrifugation
after reaching a density of 42) x 10° cells/mL. The nNOS
was purified from cell supernatants in the continuous
presence of kbiopterin, using a dual-column procedure and
a Pharmacia FPLC as previously describ@dlLQ). Column
fractions containing purified nNOS were concentrated in
centricon-30 microconcentrators (Amicon, Danvers, MA) at
4 °C and stored in 50 mL aliquots at70 °C in 20 mM
Bis-Tris propane buffer, pH 7.6, containing 3 mM DTT, 10%
glycerol, and 2«M each of FAD and kbiopterin. The nNOS
was ~90% pure as judged by SBFAGE, with specific
activities that ranged between 500 and 850 nmol of NO
formed/min per mg of protein at 37C, in good agreement
with previous results§—11). Protein content was assayed
with the BioRad kit, using bovine serum albumin as a
standard.

Measurement of NO SynthesiBhe initial rate of NO
synthesis by nNOS was quantitated at 37 using the
oxyhemoglobin assay for NO as described previou8ty (
11). nNOS (0.5ug) was added to a cuvette containing 40
mM Tris buffer, pH 7.8, supplemented with—30 uM
oxyhemoglobin, 0.3 mM DTT, 1 mM Arg (or an alternative
substrate), 0.1 mM NADPH, 4M each of FAD, FMN, and
Hbiopterin, 100 units/mL of catalase, 10 units/mL of
superoxide dismutase, and 0.1 mg/mL of bovine serum
albumin, to give a final volume of 0.7 mL. The NO-mediated
conversion of oxyhemoglobin to methemoglobin was moni-

2 Because imidazole did not alter Arg binding affinity toward nNOS

as determined under equilibrium conditions, this means that the free

energy difference between Arg-free and Arg-bound states is unaffected
However, it cannot address whether the transition state for Arg binding
is unaffected by imidazole.
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tored over time as an absorbance increase at 401 nm and
guantitated using an extinction coefficient of 38 mhém2.

To deriveK, values, substrate concentrations were varied
from 3 uM to 5 mM, and double reciprocal velocity versus
substrate concentration curves were used to estiiate

Optical SpectroscopySpectra were recorded with a
Hitachi 3110 spectrophotometer, at 4G, in Bis-Tris pro-
pane buffer pH 7.6. Titration experiments were performed
with a 1 mL sample containing nNOS (G-7L uM), 1 mM
imidazole, 1 mM DTT, and 4M H biopterin. Concentrated
volumes of Arg solution or analogues were added consecu-
tively to the sample cuvette, and absorbance changes were
recorded from 300 to 700 nm after each addition. Difference
spectra were obtained by subtracting the spectrum collected
after each addition of substrate from that collected before
the addition of substrate. The substrate spectral binding con-
stant,Ks, was determined from theintercept of a double
reciprocal plot of the difference in the respective peak to
trough absorbances versus substrate concentration. Linear
transformation of titration data was obtained by regression
analysis.

Resonance Raman Measuremefitsee apparatus used to
obtain resonance Raman spectra of NOS has been described
in detail 20, 31). Typically, a transparent rotating cell con-
tained 100uL samples of 2Q«M nNOS, 1 mM imidazole,

4 uM Hbiopterin, and 3 mM DTT. The sample was irradi-
ated at low laser power (0.3 mW) using an excitation wave-
length of 406.7 nm, such that signals from both high-spin
(Soret 395 nm) and low-spin (Soret 430 nm) hemes of Im
NNOS were able to be resonance enhanced. The scattered
light spectra were baseline-corrected but unsmoothed. The
frequencies of the Raman shift lines were calibrated against
an indene standard. Absorption spectra of the samples were
obtained in the sealed Raman cell (path length, 2 mm) before
and after measuring the Raman spectra to ensure that the
low-power laser excitation did not modify the enzyme.

Rapid Kinetic Measurementall rapid kinetic measure-
ments were obtained at & using a thermostated stopped-
flow instrument obtained from Hi-Tech Ltd. (model SF-51).
Experiments were performed by mixing a fixed amount of
the Im—nNOS complex (0.M initial concentration) with
different concentrations of Arg or substrate analogues. Both
sample and substrate were dissolved in Bis-Tris propane
buffer, pH 7.6, containing 1 mM imidazole, 4AM H,-
biopterin, and 0.5 mM DTT. The reaction was monitored
by following the increase or decrease in absorbance at 390
or 427 nm, respectively. To determine the apparent rate
constant, the time course for each kinetic experiment was
fit to first-order exponential equations using a nonlinear least-
squares method provided by the instrument manufacturer.
The signal-to-noise ratios were improved by averaging 10
individual experiments.

RESULTS

Our nNOS preparation catalyzed initial rates of NO
formation from homoArg, NMA, and NOHArg at initial rates
of 630 *25), 50 &5), and 540 £17) nmol/(min/mg of
enzyme) at 37C, respectively, compared to a rate of 500
(£15) nmol/min per mg of enzyme from Arg. This confirmed
that they serve as alternative substrates for nN&Bp (Ve
next obtained spectral changes associated with binding of
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Ficure 2: Spectral change upon binding Arg to nNOS in the
presence or absence of imidazole. Consecutive spectra were
obtained for H4biopterin-saturated nNOS in the absenrceqr
presence (---) of 1 mM Arg. In a separate sample, consecu-
tive spectra were recorded in the presence of 1 mM imidazole T = T [
alone (-- -) and following addition of 1 mM Arg «+). The inset 1400 1500 1600 1700
compares difference spectra generated by subtracting the spec- : -
trum of the Arg-free state from that of the Arg-replete state for the Raman Shift (cm”)

?_a_nj)p?le containing no imidazole- or containing 1 mM imidazole Ficure 3: High-frequency resonance Raman spectra of nNOS and

Im—nNOS. Trace A was obtained for 20M nNOS in 40 mM

. ... .. HEPES buffer pH 7.4, containing 20M H4biopterin. Spectrum
each substrate to nNOS in order to study their binding B was obtained after adding 6 mM imidazole to the sample. Trace
kinetics. However, addition of any substrate tglépterin- C was recorded after adding 8 mM Arg to the same sample. The

saturated nNOS caused only a small change in absorptionsamples were excited at 406.5 nm.
at 420 or 395 nm, owing to the predominantly high-spin state
of Hibiopterin-saturated nNOS. Previous reports have dem- Table 1: Resonance Raman Marker Lines (in&gnfor High- or
onstrated that Arg binding affinity toward seiopterin- ~ -OW-SPin Heme Ferric nNOS
saturated nNOS is unaffected by imidaz&@,@23), and thus V2 V1o
imidazole can be used to increase the degree of spectral va vs  (muvs) (ved)
change obtained with substrate binding. Figure 2 compares high-spin (5- or 6-coordinate) 1370 1487 1562 1623
spectral changes obtained with our nNOS preparation upon 12W-spin (6-coordinate) 13725 15005 1577 1634
binding Arg in the presence and absence of saturating
imidazole. Arg binding to our ImnNNOS was also found to  nm or increase at 400 nm were recorded upon mixing- Im
be independent of the imidazole concentration (data not nNOS with increasing amounts of substrate at’C5 The
shown). We therefore utilized I/NNOS to study the  experiments were performed under pseudo-first-order condi-
kinetics of substrate binding. tions where substrate concentration was higher that the

We initially employed resonance Raman spectroscopy to binding constant calculated by equilibrium spectral titration
confirm that Arg binding to Im-nNOS releases imidazole (see below) and much higher than the4nNOS concentra-
from the heme and forms an nN©®8rg complex. Spectra  tion. In all cases, the kinetic traces of absorbance change
were obtained for nNOS and for kmNOS in the absence  during substrate binding to IFNNOS were similar when
and presence of Arg. The spectrum of nNOS in the absencemeasured at either wavelength and were best fit to a single-
of Arg (Figure 3, trace A) confirmed it contains some ferric exponential equation. Figure 4 shows the time course for
high-spin heme iron20, 31). Specifically, the spin-state  the reaction of Im-nNOS with two different concentrations
marker linevs is located at 1487 cm, characteristic of high- ~ of Arg when monitored at 427 nm. Both signals exhibited
spin heme iron (either five- or six-coordinate). Coordination first-order kinetics and when fit to a single-exponential
of imidazole to substrate-free nNOS (Figure 3, trace B) equation gave observed rate constants of 2.7 and %0 s
resulted in a shift of3 to 1500.5 cm?, indicating conversion respectively. Figure 5 contains plots of observed rate constant
to six-coordinate low-spin ferric heme. In addition, the versus substrate concentration for each of the four substrates
frequency shifts of other marker lines suchvasv,, andvig used in this study. Saturation kinetics were obtained for all
(see Table 1) and the intensificationiafare all consistent ~ substrate3The kinetic values for each substrate were derived
with this assignment. Introduction of Arg to FNNOS from the graphs and are listed in Table 2.
(Figure 3, trace C) restored the high-spin heme spectral Spectral binding constant&d) for the four substrates were
pattern, indicating that under this condition coordination of also derived by equilibrium titration of the low-spin
imidazole to the heme iron is prohibited by the binding of nNOS complex with increasing concentrations of each
Arg.

We next studied substrate binding to +mNOS using 3 This may distinguish nNOS from eNOS, whose Arg binding did
stopped-flow spectroscopy. An absorbance decrease at 42hot appear to exhibit saturation kinetic30y,.
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Ficure 4. Time course of spectral change associated with Arg
binding to Im—nNOS at 15°C. The nNOS (M) in the presence

of 1 mM imidazole was mixed rapidly with 5M Arg (left panel)

or 6 mM Arg (right panel), and the progress of the reaction was
monitored at 427 nm. The solid line drawn through each experi-
mental trace is the curve of the best fit described by a single-
exponential equationy(= Ae ™t + C).
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observed upon substrate binding to +mNOS plotted versus
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high spin upon binding, some of the substrates have some-
what different effects on heme iron electronic and coordina-
tion properties 17). They also differ in their capacity to act

as substrates for NO synthesis. For example, conversion of
either Arg or NOHArg to NO is tightly coupled to nNOS
NADPH oxidation @0, 33). In contrast, NO production from
homoArg or NMA is partially or highly uncoupled from
enzyme NADPH oxidation, respectively, and NMA metabo-
lism is associated with time-dependent heme destruction and
irreversible loss of NNOS enzyme activit§4). Uncoupling

and eventual enzyme inactivation during NMA oxidation is
due in part to NMA requiring oxidative N-demethylation
prior to or following N-hydroxylation in order to generate
NO (35).

All four substrates we tested contain a guanidino moiety.
In recent crystal structures of NOS oxygenase domdi#s (

16), an Arg guanidino bridging nitrogen and terminal
nitrogen form hydrogen bonds with the carboxylate moiety
of a conserved glutamate residue that is located in the distal
heme pocket. Mutagenesis and substrate analogue studies
indicate that these hydrogen-bonding interactions are critical
for high affinity binding and possibly for NO synthesB&(-

38). The hydrogen-bonding arrangement positions the sub-
strate’s free guanidino nitrogen above the heme iron,
presumably to react with heme-bound activated oxygen.
Thus, spectral changes seen upon substrate binding-to Im
nNNOS likely reflect conformational and electronic changes
in the heme pocket associated with enzyrsabstrate
hydrogen bond formation and expulsion of imidazole from
the heme iron.

Kinetics of Substrate Bindingn general, substrate binding
can occur in a single step or can follow a two or more step
mechanism 32). A one step mechanism will result in an
ever-increasing apparent rate of binding as substrate con-

substrate concentration. The insets show data obtained at the loweF€ntration increases. In contrast, a two or more step mech-

substrate concentrations. Thentercepts provide an estimate of
k_, values and were derived by linear regression analysis of the
inset data (solid lines).

Table 2: Kinetic Parameters Calculated for Substrate Binding to
nNOS Using Pre-Steady-State (Stopped-Flow) or Equilibrium
Methods

substrate Koi(MM) k(s k(s Ks@M) K& Kb
Arg 0.5 81 0.45 3 3 4
homoArg 10 42 0.2 48 50 57
NOHArg 2.7 57 0.07 3 1 5
NMA 1.7 27 0.2 12 2 ]

2 Determined by the equilibrium spectral titration methb®eter-
mined by measuring steady-state rates of NO or citrulline synthesis.
¢ From ref 42.9 For mouse iNOS from ref 35.

substrate, as done previously for Arg and NOHA28)( The
equilibrium Ks values are listed in Table 2, along wikh,

values determined for each substrate using the oxyhemo-

globin NO synthesis assay.

DISCUSSION

Substrate Interaction with nNOS and Capacity To Support
NO Synthesisln this report we utilized stopped-flow and
equilibrium methods to characterize the mechanism of
substrate binding to nNOS. Although all four substrates we
used shifted the nNOS heme iron spin equilibrium toward

anism will result in an increasing apparent rate of binding
that reaches a maximum at some finite substrate concentra-
tion. In such cases, the rate obtained at saturation is governed
by the first-order reversible transformation of an ES t8 E
complex B2). In all cases a number of kinetic parameters
and the overall binding constant can be determined from the
kinetic data.

Because rebinding of imidazole to nNOS is negligible
when substrate concentrations are well above the substrate
Ks (23), we were able to directly determine rates of substrate
binding from the spectral change that accompanies conver-
sion of Im—nNOS to its imidazole-free, substrate-bound
form. For each substrate tested, the apparent rate for binding
approached or achieved a maximal value at higher substrate
concentrations. In addition, for any given substrate or
concentration the spectral changes versus time traces were
best fit to a single-exponential equation, indicating a mono-
phasic transition was occurring in all cases. As summarized
in Scheme 1, these kinetic features suggest that substrate
binding to nNOS is a two-step reversible reaction in which
there is a rapid binding equilibrium between+mNOS and
the substrates (S) to form an intermediate that contains bound
imidazole and substrate. Both the initial and intermediate
species display the same spectrum. This is followed by a
slower conformational change in the #renzyme-substrate
complex that is associated with release of bound imidazole,
a shift in the spectrum, and generation of a modified
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