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ABSTRACT: Residues surrounding and interacting with the heme proximal ligand are
important for efficient catalysis by heme proteins. The nitric oxide synthases (NOSs) are
thiolate-coordinated enzymes that catalyze the hydroxylation of L-Arg in the first of the two
catalytic cycles needed to synthesize nitric oxide. In NOSs, the indole NH group of a
conserved tryptophan [W56 of the bacterial NOS-like protein from Staphylococcus aureus
(saNOS)] forms a hydrogen bond with the heme proximal cysteinate ligand. The purpose of
this study was to determine the impact of increasing (W56F and W56Y variants) or
decreasing (W56H variant) the electron density of the proximal cysteinate ligand on
molecular oxygen (O2) activation using saNOS as a model. We show that the removal of the
indole NH···S− bond for W56F and W56Y caused an increase in the electron density of the
cysteinate. This was probed by the decrease of the midpoint reduction potential (E1/2) along
with weakened σ-bonding and strengthened π-backbonding with distal ligands (CO and O2).
On the other hand, the W56H variant showed stronger Fe−OO and Fe−CO bonds
(strengthened σ-bonding) along with an elevated E1/2, which is consistent with the formation
of a strong NH···S− hydrogen bond from H56. We also show here that changing the electron density of the proximal thiolate
controls its “push effect”; whereas the rates of both O2 activation and autoxidation of the FeIIO2 complex increase with the
stronger push effect created by removing the indole NH···S− hydrogen bond (W56F and W56Y variants), the W56H variant
showed an increased stability of the complex against autoxidation and a slower rate of O2 activation. These results are discussed
with regard to the roles played by the conserved tryptophan−cysteinate interaction in the first catalytic cycle of NOS.

Nitric oxide synthases (NOSs) are thiolate-coordinated
heme proteins that catalyze the two-step oxidation of the

amino acid L-arginine (L-Arg) to L-citrulline and nitric oxide
(•NO) with molecular O2 and NADPH as cosubstrates. They
are present in both the eukaryotic and prokaryotic kingdom.
The best-characterized NOSs are the three isoforms found in
mammals. •NO synthesized by the endothelial NOS (eNOS),
neuronal NOS (nNOS), and inducible NOS (iNOS) isoforms
act in various physiological processes such as the regulation of
blood pressure, signal transmission in the nervous system, and
the production of nitrosative stress by the immune system.1−4

All mammalian NOS isoforms are homodimers that share two
common structural regions known as the oxygenase domain
(NOSox) and the C-terminal reductase domain (NOSred).
NOSox contains the binding site for the catalytic heme center,
which is coordinated to the sulfur atom of a cysteinate residue.
On the opposite side of the thiolate coordination, the active site
comprises the binding site for the substrate L-Arg in the
proximity of the heme Fe where O2 binds. The cofactor (6R)-
tetrahydrobiopterin (H4B) that is required for •NO synthesis
forms a radical as it provides an electron for O2 activation
during catalysis. NOSred has binding sites for NADPH and two

flavin cofactors (FAD and FMN). The latter transfers electrons
from NADPH to NOSox. Connecting the two domains and
regulating the flow of electrons from NOSred to NOSox is a
calmodulin (CaM)-binding region.4−7

NOSs are present not only in mammals and other higher
organisms but also in a subset of bacteria such as Staphylococcus
aureus (saNOS), Bacillus subtilis (bsNOS), Bacillus anthracis
(baNOS), and Deinococcus radiodurans (drNOS) and the
thermophilic species Geobacillus stearothermophilus
(gsNOS).8−10 These enzymes are structurally related to the
oxygenase domain of mammalian NOSs with an overall highly
conserved three-dimensional structure.11−15 However, striking
differences distinguish the mammalian and bacterial NOSs.
First, the bacterial NOSs are smaller than their mammalian
counterparts as they lack the C-terminal reductase domain. The
electrons from NADPH necessary for catalysis may transit to
the bacterial NOS via various redox partners that may not
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normally be associated with •NO production16 except for the
NOS of Sporangium cellulosum . This NOS has an N-terminal
domain, which contains a [2Fe-2S] ferredoxin-like subdomain
and binding sites for FAD and NADPH, that is fused to the
NOS domain and allows the production of •NO from NADPH
and NADH in the presence of H4B or tetrahydrofolate.17

Second, the zinc-binding site of the mammalian NOSs found at
the dimer interface is absent in the bacterial enzymes. With
regard to the nature of the redox active cofactor, as most
bacteria containing a nos gene lack the sepiapterin reductase
gene necessary for H4B synthesis, another cofactor such as
tetrahydrofolate may be used by the bacterial NOSs.8,18−20

Both of these cofactors support the synthesis of •NO or a •NO-
related compound in vitro. The in vivo production of •NO, or a
•NO-related compound, has been demonstrated for some
bacteria.21−23 The range of biological activities of the bacterial
NOSs appears to be varied.9 NO produced by the NOS of D.
radiodurans acts as a transcriptional regulator for growth
recovery after exposure to UV radiation.23 In B. subtilis and B.
anthracis, the NOS appears to protect bacilli against oxidative
stress through the suppression of the Fenton reaction and the
direct activation of catalase. In addition, the NOS gene of B.
anthracis is essential for spore virulence.22,24 Interestingly,
Gusarov et al. demonstrated that bacterial nos gene provides an
increased level of protection against a wide spectrum of
antibiotics.25 Despite these differences, much evidence points
to a common catalytic mechanism of the bacterial and
mammalian NOS. The substrates L-Arg and Nω-hydroxy-L-
Arg (NOHA) are recognized with high affinity by both types of
enzymes. These substrates bind in the same location at the
active site and form similar hydrogen bonding interactions with
conserved residues.13,14,26

The conversion of L-Arg to citrulline and •NO is a two-step
mechanism that requires three electrons to complete the
chemistry.1,3 The first step necessitates two electrons and
converts L-Arg to NOHA, while the second converts NOHA to
citrulline and •NO using one electron globally, although a
second electron is transiently needed during the course of the
reaction. For both of these steps, the initial event is the
reduction of the heme FeIII to heme FeII followed by the
binding of an oxygen molecule (O2) to generate the oxygenated
complex (FeIIO2). From there, the hydroxylation of L-Arg to
the NOHA intermediate requires a second electron provided by
the pterin cofactor and is believed to be performed by a
compound I species, i.e., a ferryl heme with an associated
radical (FeIVO π +•). For the second catalytic step, the pterin
cofactor transiently provides an electron to aid in the formation
of the active species involved in the conversion of NOHA to L-
citrulline and •NO, which may be the hydroperoxy complex
(FeIII−OOH).27−31 Alternative scenarios have been proposed
for both steps of the catalytic cycle (reviewed in refs 31 and
32).
It is relatively well established that the proximal ligand

(cysteinate) is crucial for O2 activation and catalysis in heme−
thiolate protein.33,34 Residues surrounding and interacting with
the cysteine S− and the heme play an important role in the
stability of the active site as well as during catalysis. In NOSs, a
conserved tryptophan residue in the proximal binding loop
forms π−π stacking interactions with the heme and supplies a
hydrogen bond from its indole NH group to the sulfur atom of
the deprotonated proximal cysteine (Figure S1 of the
Supporting Information). Several groups, including us, have
studied the structure−function relationship of this Trp in

bacterial35,36 and mammalian NOSs (mNOSs).36−42 We
recently characterized the FeIICO and FeIIINO complexes of
W56F and W56Y variants of the NOS of S. aureus (saNOS) by
optical and resonance Raman spectroscopy and demonstrated
that the Trp56−Cys interaction has a structural and electronic
role in regulating the thiolate ligand basicity similar to that in
mNOS.36 A similar study that was also recently conducted with
Trp66 variants of the NOS-like protein of B. subtilis also points
out a structural and electronic role for the Trp−Cys
interaction.35 In theory, the OH group of Y56 of saNOS
could provide a hydrogen bond to the cysteine sulfur. However,
with W56Y of saNOS as with W60Y of bsNOS, there is no
evidence that this occurs in FeIICO and FeIIINO com-
plexes.35,36

Over the past several years, our characterization of the
saNOS enzyme by resonance Raman spectroscopy revealed
how the substrates L-Arg and NOHA interact with heme-bound
ligands (CO and •NO43,44), including the physiological ligand
O2.

45,46 The purpose of this study was to look at the impact of
increasing or decreasing the electron density of the proximal
cysteinate ligand on the catalytic properties of NOS during the
first catalytic cycle and to correlate these with the spectroscopic
features of the oxygenated complex (ν Fe−OO and νO−O modes).
In this regard, mutations at position 56 (W56F, W56Y, and
W56H) were designed to minimize changes in the π−π
stacking interactions with the heme. We used the W56F and
W56Y variants of the bacterial saNOS that display increased
electron density of the axial cysteine as a consequence of the
removal of the hydrogen bond involving the indole nitrogen of
W56 and the sulfur of C62.36 In light of the report by Stuehr’s
group that a W188H variant of iNOSox was able to form a
hydrogen bond with the axial cysteine that is stronger than that
originating from W188 of the WT enzyme,47 we generated the
analogous W56H variant of saNOS (the W66H variant of
bsNOS was independently obtained by one of us35). If indeed
H56 is able to form a strong hydrogen bond in saNOS, as it
does in bsNOS35 and iNOS,47 this variant would complement
our previous work with the W56F and W56Y variants and may
allow generation within the same protein framework a set of
variants that may display increased (W56F and W56Y36) and
decreased (W56H) electron density of the axial cysteine, which
would allow the investigation of the impact of the thiolate
electron density on O2 activation. These variants provide
evidence that changing the basicity of the cysteinate ligand
modifies the “push effect” with a direct impact on the kinetics
of activation of the oxygenated complex by H4B and the
kinetics of autoxidation of the oxygenated complex.

■ EXPERIMENTAL PROCEDURES

Chemicals. L-Arg was obtained from Alexis Biochemicals
(QBiogene, Carlsbad, CA). H4B and H2B were obtained from
Schircks laboratories (Jona, Switzerland). Sodium dithionite
was purchased from Fluka (Sigma-Aldrich, Oakville, ON).
Argon, 12C16O gas, and 16O2 gas were purchased from Praxair
(Mississauga, ON). 13C18O and the 18O2 isotope were
purchased from Icon Isotopes (Summit, NJ). Redox indicators
(phenosafranin and benzyl and methyl viologen) were
purchased from Sigma-Aldrich (Lyon, France).
Mutagenesis. Site-directed mutagenesis of the saNOS

coding sequence was performed as described previously.36,48

The W56H mutation was confirmed by sequencing at a local
facility.
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Protein Expression, Purification, and Storage. WT
saNOS and the W56 variants were expressed in Escherichia coli
cells and purified as described previously.36,43 The heme b was
quantified via the pyridine hemochrome method as described
by Appleby.49 All sample concentrations are reported on the
basis of heme concentrations. The proteins were dialyzed
against a 40 mM HEPES buffer (pH 7.6) containing 150 mM
NaCl, 1 mM DTT, and 10% glycerol and stored at −80 °C.
Affinity for L-Arg. The affinity of saNOS and the W56H

variant for L-Arg was obtained from the titration of the ferric
proteins with L-Arg at equilibrium. Binding of L-Arg induced
large optical absorption changes that reflect the transition from
a six-coordinate low-spin heme to the five-coordinate high-spin
state. These were used to calculate the concentration of the L-
Arg-bound complex of these NOSs, [RL]. The [RL] versus [L]
data were then fitted to eq 150 using Kaleidagraph (Synergy
Software, Reading, PA):

(1)

where R is the protein, RL is the NOS−L-Arg complex, L is the
ligand (L-Arg), and Kd is the equilibrium dissociation constant.
The heme of the W56F and W56Y variants in the ferric state

is mostly five-coordinate and high-spin in the absence of added
substrate. To determine an apparent Kd [Kd(app)], a six-
coordinate complex was first formed by the addition of 1 mM
imidazole. Titration with L-Arg then afforded a transition to the
five-coordinate high-spin state as L-Arg displaced the bound
imidazole. The changes in absorbance induced by L-Arg binding
(shift of the Soret band from 427 to 398 nm) were used to
calculate the concentration of the L-Arg-bound NOSs, [RL].
The plot of [RL] as a function of the concentration of L-Arg
was fitted to eq 1 to determine an apparent Kd. We did not
attempt to calculate the true Kd from these data as the
competitive binding of L-Arg and imidazole may not behave as
expected for a two-state model.51 The protein concentration
was 5 μM.
Preparation of the Sample for Spectroscopy. All

experiments were conducted at room temperature (20−25
°C) in 40 mM HEPES buffer (pH 7.6) containing 40 mM
NaCl. For samples containing L-Arg and pterins, the following
concentrations were used: 1 mM L-Arg, 1 mM H2B, and 1 mM
H4B.
Absorption Spectroscopy. FeIICO complexes of the

saNOS W56H variant were prepared as described previously.36

Briefly, the protein solutions were made anaerobic by being
flushed with argon. A known volume of gaseous CO was then
injected into the cuvette, and the heme was reduced by addition
of a small volume of a freshly prepared anaerobic solution of
sodium dithionite. Optical absorption spectra were recorded
with a Cary 3 spectrophotometer with samples placed in a 1 cm
path-length anaerobic cuvette (Hellma, Mu ̈llheim, Germany).
The samples were prepared at a concentration of 5 μM based
on heme.
Resonance Raman Spectroscopy. The resonance

Raman acquisitions of the FeIICO complexes of W56H were
recorded as previously reported using the 442 nm line of a He/
Cd laser (Liconix laser, Melles-Griot, Ottawa, ON) with an
excitation power of ≈3 mW.36 These spectra were used to
investigate changes in the strength of the proximal ligand that

occur upon mutations at position 56. We did not measure
directly the strength of the Fe−S bond in the ferric state. This
determination requires the acquisition of resonance Raman
spectra with near-UV laser excitation, which is a technology
unavailable in our laboratory. The spectra were analyzed with
Grams (ThermoGalactic, Salem, NH). Regression analysis of
the Raman lines was performed with a mixed Lorentzian/
Gaussian function without any restrictions in terms of peak
position, width at half-height, or Lorentzian/Gaussian ratio.
Optical spectra were recorded before and after the acquisition
of resonance Raman spectra to verify the stability of the FeIICO
complexes. The experiments were performed at room temper-
ature (20−25 °C) with a sample concentration of 50 μM. The
resonance Raman spectra were calibrated with the lines of
indene.
Stopped-Flow Spectroscopy. Single-turnover kinetics

were studied by stopped-flow spectroscopy conducted inside
an anaerobic glovebox (MBraun LabMaster 100) with an
Applied Photophysics (Leatherhead, U.K.) SX.18MV stopped-
flow spectrometer. A 10 mm path-length cell was used for data
acquisition, and the estimated dead time of the stopped-flow
apparatus was approximately 1.5 ms. Briefly, anaerobic samples
(5 μM) were reduced with 2 equiv of sodium dithionite (10
μM), and an optical spectrum was recorded to confirm that the
reduction of the heme was complete. The reduced samples
were mixed with O2 concentrations increasing from 5 to 100%.
We used the value of 1356 μM for the dissolved O2
concentration of O2-saturated water at 1 atm for the calculation
of the bimolecular rate constants for O2 binding.52 The
experiments were performed at 20 °C.
The kinetics of formation and decay of the oxygenated

complex were followed either at single wavelengths or in the
kinetic scanning mode where single-wavelength kinetic traces
were recorded at 5 nm intervals from 460 to 380 nm and used
to generate an optical spectrum-versus-time data set. The latter
data set was analyzed using the Specfit global analysis software
(Spectrum Software Associates, Chapel Hill, NC) with a three-
species kinetic model (A → B → C) with species A
corresponding to the initial reduced form, B to the transient
oxygenated complex, and C to the final ferric form (non-
catalytic condition, with or without Arg and with or without
H2B) or with a four-species model (A → B → C → D) when
two rates of decay were apparent under catalytic conditions
(with Arg and H4B). A model with concurrent rates for the
decay to the ferric state from a single optical species (FeIIO2
complex, species B) cannot be handled properly by Specfit. To
test the concurrent versus sequential models for the decay of
the FeIIO2 complex to the ferric state, we obtained the rates of
decay from the fits of single-wavelength kinetics at 440 nm to
(1) a model with two concurrent exponentials and (2) a model
with two sequential exponentials. The rates determined from
both models were the same (the rates with the concurrent
model are reported in Table 2) and were also the same as those
obtained from global analysis with the sequential (A → B → C
→ D) model (Table 2). The rates determined from global
analysis and the fits of single-wavelength kinetic traces were
used to calculate the reported mean rates and standard
deviations. With L-Arg and H4B, the faster rate of decay
corresponds to the rate of O2 activation [kdecay(H4B)] while the
slower rate, similar in value to the rate of decay of the
oxygenated complex determined from the L-Arg/H2B samples,
likely corresponds to the fraction of the oxygenated complex
that underwent autoxidation to the ferric state [kdecay(H2B)].
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Resonance Raman with a Continuous-Flow Mixer.
Construction of the homemade continuous-flow mixer was
previously described by Chartier et al.45 The current version
has a dead time of approximately 1−2 ms. Briefly, the reduced
form of the W56 variants was obtained by equilibrating the
samples (80 μM) with pure argon gas for 30 min at room
temperature (20−25 °C) followed by the addition of 2 equiv of
sodium dithionite (160 μM). An optical spectrum of the sample
(visible region) was acquired prior to the experiment to
confirm the complete reduction of the heme. A buffer saturated
with 100% O2 (

16O2 or
18O2) before mixing was used for the

experiments with W56F and W56Y, while concentrations of 10
and 50% were used for W56H in the absence and presence of L-
Arg, respectively. Prior to the experiments, the continuous-flow
mixer was incubated with a solution of 10 mM sodium
dithionite to make it anaerobic. It was then washed with
anaerobic buffer to eliminate the excess dithionite. The 442 nm
line of a He/Cd laser (Liconix laser, Melles-Griot, Ottawa, ON)
was used to probe the oxygenated complex with an excitation
power of ∼9.0 mW focused on the sample in the detection cell.
Typically, several 60 s spectra were recorded at room
temperature and averaged with Grams (ThermoGalactic).
The resonance Raman spectrum of reduced myoglobin was

recorded at the beginning of each experiment to compare and
correct the resonance Raman spectra for small differences that
arise between calibrations on different days.
Spectroelectrochemistry. UV−visible-mediated spec-

troelectrochemical titrations of WT saNOS and the W56
variants were performed in a homemade two-compartment
bulk electrolysis cell as described previously.53,54 The working
electrode was a gold grid; the auxiliary electrode was a Pt wire,
and the reference electrode was a DRIREF-2 Ag/AgCl/KCl 3M
model (World Precision Instruments; E° = 0.210 V vs NHE; T
= 20 °C). All potentials are given versus NHE. The cell was
maintained under a positive argon pressure during the entire
experiment and kept at a constant temperature, 20 °C. Samples
for the redox titration experiments were prepared in 100 mM
NaCl/40 mM Hepes buffer (pH 7.6) with saturating
concentrations of L-Arg (1 mM). The final protein concen-
tration was 30 μM. Samples were washed by two successive
cycles of dilution and centrifugation in this final buffer using a
Millipore membrane filter (30 kDa cutoff) at 4 °C. The
titration was performed with combinations of various
mediators, including methyl viologen (10 μM; E°′ = −0.657
V vs NHE), benzyl viologen (20 μM; E°′ = −0.567 V vs NHE),
and phenosafranin (20 μM; E°′ = −0.428 V vs NHE).

Figure 1. Resonance Raman spectra of the FeIICO complex of W56H in the absence and presence of L-Arg. (A) Low-frequency region of the
resonance Raman spectra with 12C16O of substrate-free W56H (−, −) and of L-Arg-bound W56 (Arg, −). Diff. (−, −) and Diff. (Arg, −) are the
12C16O spectra minus the 13C18O difference spectra of substrate-free and L-Arg-bound W56H, respectively. The inset shows the optical spectra of the
FeIICO complex of W56H in the absence () and presence (···) of L-Arg. (B) Very high frequency region of the resonance Raman spectra with the
12C16O and 13C18O isotopes. The difference spectra (Diff.) correspond to the 12C16O minus 13C18O spectra of substrate-free W56H (−, −) and L-
Arg-bound W56H (Arg, −).

Table 1. Resonance Raman Frequencies of the Fe−C−O and C−O Modes of saNOS and the W56 Variantsa

protein condition ν Fe−CO (13C18O) (cm−1) δ Fe−CO (13C18O) (cm−1) ν C−O (13C18O) (cm−1) Soret (nm) ref

WT saNOS (−, −) 482 (470) 560 (543) 1930 (1843) 444 43
497 (481) 1949 (1857)

(Arg, −) 502.5 (490) 567 (548) 1917 (1830) 446 this work and ref 43
(Arg, H4B) 502 (490) 565 (547) NDb 446 36 and 43

W56H (−, −) 482 (469) 561 (543) 1929 (1844) 442 this work
497 (482) 1949 (1861)c

(Arg, −) 506 (494) 567 (548) 1919 (1831) 444 this work
(Arg, H4B) 505 (NDb) 566 (NDb) NDb 444 this work

W56F (Arg, H4B) 500 (NDb) 565 (NDb) undetectable 449 36
W56Y (Arg, H4B) 500 (NDb) 565 (NDb) undetectable 449 36

aA regression analysis of all Fe−C−O modes was performed with mixed Lorentzian/Gaussian function without any restrictions in terms of
frequency, width at half-height, or Lorentzian/Gaussian ratio using Grams. Values in this table are those obtained from the regression analysis. bNot
determined. cThe superimposed 13C18O spectra of WT saNOS and W56H spectra are nearly identical. The apparent 4 cm−1 upshift for W56H (1861
cm−1) with respect to saNOS (1857 cm−1) appears to arise solely from the regression analysis and may not be significant.
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Electrolysis was conducted under stirring and using a
homemade potentiostat as described previously.54 Oxidative
titration from −550 to 0 mV was then performed before the
potential was swept negatively to re-reduce the protein.
Depending on the conditions, the potentiometric titration
was monitored at 406 nm (phenosafranin isosbestic point) or
450 nm (benzyl viologen and methyl viologen isosbestic point).
The data were analyzed using the following Nernst equation:

where n is the number of electrons, Em is the applied potential,
and E°′ is the midpoint potential of interest (F = 96500 C/mol;
R = 8.31 J mol−1 K−1). Fitted values of n ranged from 0.75 to
1.34 for WT saNOS and the W56 variants, indicating that the
redox process involved one electron. R 2 values were ≥0.996.

■ RESULTS

Optical Absorption Spectra of W56H. The optical
absorption spectra of W56H displayed a Soret band maximum
centered at 442 nm (444 nm with L-Arg) (Figure 1A, inset),
which is typical of thiolate-coordinated FeIICO complexes
(P450 state), with only a negligible fraction of a Soret band
centered near 420 nm. An absorption band near 420 nm would
be an indication that an inactive form, often termed the P420
state, was formed as the proximal cysteine became protonated
or was replaced with a histidine.55 The P420 state may arise for
substrate-free and pterin-free NOS samples, but this is not the
case here with W56H. Interestingly, the Soret band of W56H is
blue-shifted by 2 nm from that of WT saNOS in the absence
(444 nm) or presence of L-Arg (446 nm) (not shown), which is
the opposite of the 2 nm red shift observed for W56F and
W56Y36 (Table 1). We suggested that the 2 nm red shift of
W56F and W56Y was caused by an increased electronic density
of the axial thiolate.56,57 Accordingly, the 2 nm blue shift
detected with W56H saNOS is consistent with a decreased
electron density of the thiolate as a result of the formation of a
strong NH···S− bond (vide infra). Analogous variants of
bsNOS35 and eNOS36 exhibit the same behavior. It thus
appears that the optical Soret transition is a sensitive marker of
the electron density of the proximal cysteinate of NOS.
Affinity for the Substrate L-Arg. The equilibrium

dissociation constant (Kd) of WT saNOS and the W56H
variant was obtained from the titration of the ferric proteins
with increasing concentrations of L-Arg. When L-Arg bound, the
coordination and spin state of the heme shifted from the six-
coordinate and low-spin state (Soret band near 415 nm) to the
five-coordinate and high-spin state (Soret band at 397 nm)
(Figure S2 of the Supporting Information). W56H displayed a
5-fold lower affinity for L-Arg (Kd = 4.5 μM) than WT saNOS
(Table S3 and Figure S2 of the Supporting Information). The
heme of the ferric W56F and W56Y variants is predominantly
in the five-coordinate and high-spin state (not shown). This
precluded the direct determination of the affinity for L-Arg. The
affinity was estimated from the apparent Kd [Kd(app)] for the
displacement of heme-imidazole species by L-Arg. W56F and
W56Y displayed 1.5−5.5-fold higher apparent affinities for L-
Arg than WT saNOS (Table S3 and Figure S3 of the
Supporting Information). These results show that the W56
variants display variations in their affinities for L-Arg but all
have low-micromolar affinities for L-Arg.

Resonance Raman Spectra of the FeIICO Complex of
W56H. Heme proteins have a high affinity for gaseous
molecules such as CO, •NO, and O2 because each of these
can effectively accept a heme FeII dπ electron into their π*
orbitals (π-backbonding).58 The FeIICO complex is well-
characterized and widely used to probe the active site because
CO forms stable complexes with heme and is sensitive to polar
and steric interactions with surrounding residues.58,59 These
interactions weaken or strengthen π-backbonding of heme Fe
with CO, which is revealed by the frequency of the C−O
stretching mode.60 Backbonding may also be modulated by
variations in the basicity of the proximal trans ligand to the
heme.60 The basicity of the proximal trans ligand not only
affects π-backbonding but also modulates σ-bonding with
exogenous ligands (O2,

•NO, and CO).60 We are using this
series of variants to determine if mutations at position 56
modulate the basicity of the proximal cysteinate ligand and in
turn could affect σ-bonding and π-backbonding with the distal
CO ligand.
We have determined the frequencies of the ν Fe−CO, ν C−O,

and δ Fe−C−O modes of the FeIICO complexes of the W56H
variant. Results for W56F and W56Y were reported
previously.36 The Fe−CO and C−O stretching frequencies
(ν Fe−CO and ν C−O, respectively) of W56H were determined
with 12C16O and 13C18O (Figure 1 and Table 1). The low-
frequency region of the Raman spectrum (Figure 1A) of
substrate-free W56H displays isotope sensitive lines best
observed in the 12C16O minus 13C18O difference spectrum
(diff −, −). The line centered at 489 cm−1 with 12C16O (500
cm−1 in the difference spectrum) is in the region corresponding
to the ν Fe−CO mode. Regression analysis revealed that it
contains two lines assigned to two ν Fe−CO modes at 482 and
497 cm−1 based on the amplitude of their isotopic shifts with
13C18O (Table 1). These frequencies are nearly identical to
those of WT saNOS (Table 1). The third isotope sensitive line
centered at 561 cm−1 (562 cm−1 in the difference spectrum)
was assigned to the Fe−C−O bending mode (δ Fe−C−O) (Figure
1A). In the very high frequency region (Figure 1B), an isotope
sensitive line near 1949 cm−1 was shifted to ∼1850 cm−1 with
13C18O. Regression analysis revealed two lines positioned at
1929 and 1949 cm−1 that shifted to 1844 and 1861 cm−1,
respectively, with 13C18O (Figure 1B). These lines, at the same
frequencies as the two νC−O modes of WT saNOS and
relatively similar in proportion, were assigned to the νC−O
modes of W56H (Table 1). Overall, these results show a very
similar heme environment of the FeIICO complexes of
substrate-free W56H and WT saNOS.
We repeated these studies in the presence of substrate (L-

Arg) to determine the frequencies of the Fe−C−O modes of
substrate-bound W56H. Two isotope sensitive lines were
detected in the low-frequency region [Figure 1A (Arg, −)]. The
line centered at 506 cm−1 (507 cm−1 in the difference
spectrum) was attributed to ν Fe−CO, while the line at 567
cm−1 (567 cm−1 in the difference spectrum) was assigned to
δ Fe−C−O (Figure 1A). With respect to WT saNOS, the ν Fe−CO
frequency of W56H is 3 cm−1 higher but that of δ Fe−C−O is
identical (Table 1). In the very high frequency region [Figure
1B (Arg, −)], W56H displayed an isotope sensitive line
centered at 1919 cm−1 (1831 cm−1 with 13C18O) that was
assigned to the C−O stretching mode. This frequency is 1−2
cm−1 higher than that of WT saNOS (Table 1). As observed
previously with WT saNOS, the effect of H4B was modest.43 Its
binding decreased slightly (∼1 cm−1) the frequencies of both
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the Fe−CO stretching mode and the Fe−C−O bending mode
of W56H (Table 1). These results reveal that ν Fe−CO of L-Arg-
bound W56H was upshifted by 3 cm−1 and νC−O was also
upshifted by 1−2 cm−1. Overall, the ν Fe−CO frequency of the L-
Arg-bound W56 variants decreases in the following order:
W56H > WT > W56Y ∼ W56F36 (Table 1).
Redox Potentiometry Measurements. Modulation of

the electronic density on the thiolate bond in the W56 mutants
likely affects the heme midpoint reduction potential.47 The
potentiometric titration assays of WT saNOS and the W56
variants were conducted in the presence of L-Arg; under this
condition, the heme adopts a five-coordinate and high-spin
state (ref 43 and results not shown). The inset of Figure 2

shows the optical absorption spectra recorded at the various
potentials applied to drive the oxidized−reduced transition of
WT saNOS (straight lines) and of the mediator (benzyl
viologen, dotted lines). As one can see, the spectral region near
450 nm features large spectroscopic changes arising from the
oxidized−reduced transition of the heme; in comparison, the
changes arising from the mediator redox state remain negligible.
The absorbance changes of the other mediators (phenosafranin
and methyl viologen) were also negligible under the conditions
we used for the W56 variants. The spectral transitions of WT
saNOS and its W56 variants, obtained at 450 or 406 nm, were
plotted against their corresponding applied potential (milli-
volts) and fitted to a one-electron Nernst function (Figure 2).
The calculated heme midpoint reduction potential (E1/2) of
WT saNOS (− 334 ± 1 mV) decreased by 80−100 mV to
−419 ± 1 mV (W56F) and −436 ± 1 mV (W56Y) for the W56

variants with no hydrogen bond from residue 56. On the other
hand, E1/2 increased by 31 mV to −303 mV for the W56H
variant. These results show that in this system, the heme
midpoint redox potentials decrease in the same order (W56H >
WT > W56F > W56Y) as the ν Fe−CO frequencies (W56H >
WT > W56Y ∼ W56F).
Kinetics of Formation and Decay of the FeIIO2

Complex. Stopped-flow experiments were conducted to
examine the relation between the kinetics of formation and
decay of the oxygenated complex (FeIIO2) and the electron
density of the proximal cysteinate. The kinetics of formation
and decay of the FeIIO2 complex were acquired from single-
turnover kinetics performed under catalytic conditions (with L-
Arg and H4B) and noncatalytic conditions (with L-Arg and H2B
or with L-Arg alone) (Table 2). In NOSs, the oxygenated
complex is formed after O2 binds to the reduced heme. Its
activation is then initiated by the transfer of one electron from
the cofactor H4B.

47 H2B is the oxidized form of the pterin
cofactor H4B that lacks the ability to transfer electrons to
activate the oxygenated complex.14,47,61 In the presence of H2B,
the oxygenated complex autoxidizes to the ferric state when
superoxide dissociates from the heme. The use of H2B and H4B
thus allows the determination of the rate of autoxidation of
FeIIO2 (with H2B) and the rate of O2 activation (with H4B) of
pterin-bound and L-Arg-bound NOS. Under noncatalytic
conditions, a three-species kinetic model (A → B → C) was
used to fit the data, with species A corresponding to the initial
chemically reduced protein (FeII), species B to the transient
oxygenated complex (FeIIO2), and species C to the final ferric
form of the protein (FeIII). Under catalytic conditions, a four-
species model was used (A → B → C → D) because the
oxygenated intermediate decayed with two apparent rates to
the ferric state.
Figure 3 is a representative figure showing the stopped-flow

results obtained from mixing chemically reduced W56H with
O2 under catalytic conditions (L-Arg- and H4B-bound W56H).
Figure 3A shows a set of original optical spectra recorded over a
time course of 10 s. The kinetic traces (raw data) and the fits to
the kinetic traces obtained from the four-state sequential model
(A → B → C → D) by global analysis are shown at the
wavelengths that correspond to the disappearance of the
reduced state (415 nm), the buildup of the FeIIO2 complex
(440 nm), and, finally, the decay of the FeIIO2 complex and the
concomitant buildup of the ferric five-coordinate state [395 nm
(Figure 3B)]. The transition from the FeIIO2 complex (species
B) to the ferric state (species C and D of the four-state model)
is best modeled with two rates (Table 2). The data fitted nicely
to the kinetic model as the amplitudes of the residuals were less
than 0.001 absorbance unit at all wavelengths (not shown).
Rates of decay similar to those from the global analysis were
obtained when the FeIIO2 to ferric state transition was modeled
with single-wavelength kinetic data with two concomitant
exponentials (Table 2) or two sequential exponentials (not
shown). The optical spectra obtained from global analysis
(Figure 3C) match the actual spectra of the reduced species
(solid line), the FeIIO2 species (dotted line), and the ferric
species (dashed lines). These stopped-flow experiments were
repeated for WT saNOS and the three W56 variants. The
calculated optical spectra from the global analysis revealed that
the optical spectrum of the FeIIO2 complex (species B) was
similar for all three variants (Figure S4 of the Supporting
Information) and displayed a Soret band ranging from 427 to
430 nm under all conditions tested like WT saNOS. The W56

Figure 2. Heme midpoint redox potential (E1/2) of L-Arg-bound WT
saNOS and the W56 variants. The changes in the protein redox
equilibrium (fraction oxidized), plotted as a function of the applied
potential (millivolts), were fitted through a one-electron Nernst
function. The fitted E1/2 values are −303 ± 1 mV for W56H, −334 ± 1
mV for saNOS, −419 ± 1 mV for W56F, and −436 ± 1 mV for W56Y.
The inset shows the spectral transition near 450 nm for WT saNOS as
the ferric state (thin solid line) is reduced to the ferrous state (thick
solid line) and as the redox active mediator benzyl viologen (thin
dotted line) is reduced (thick dotted line). The redox indicator
phenosafranin was used in potentiometric titrations of W56H, and
methyl viologen was used for W56F and W56Y.
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variants displayed apparent rates of formation of the FeIIO2

complex [kobs (Table 2)] and bimolecular rate constants [kon
(Table 2)] similar to those of WT saNOS45 (Table 2). As was
observed previously for WT saNOS, the rates of formation of
the oxygenated complex were not sensitive to the presence of
the pterin45 (Table 2).
The rates of decay of FeIIO2 [kobs (Table 2)] through either

autoxidation [kdecay(H2B)] or activation [kdecay(H4B)] were
obtained by a combination of global and single-wavelength
analyses. Under noncatalytic conditions, the autoxidation rate

of the FeIIO2 complex of WT saNOS saturated with L-Arg and
H2B was 0.86 s−1 (Table 2). This autoxidation rate was 5-fold
slower for W56H (0.17 s−1), while W56F (5.6 s−1) and W56Y
(17.2 s−1) exhibited autoxidation rates 5−17-fold higher than
that of WT saNOS (Table 2). Similarly, the autoxidation rate of
L-Arg-bound but pterin-free samples was smaller for W56H
(0.33 s−1) than that of WT saNOS (1.6 s−1) but higher for
W56F and W56Y variants [9.7 and 27.9 s−1, respectively (Table
2)]. The stopped-flow kinetics thus showed that the rate of
decay of the FeIIO2 complex through autoxidation increases in

Table 2. Rates of Formation and Decay of the Oxygenated Complex of saNOS and Its W56 Variants in the Presence of
Substrate L-Arg

protein kon
a (×106 M−1 s−1)

rate of formation,b,d kobs
(s−1)

rate of decayc,d (global analysis), kobs
(s−1)

rate of decayc,e (single wavelength), kobs
(s−1)

saNOS (Arg, −) 1.2 ± 0.1 518 ± 43 NDf 1.6 ± 0.1 (20.4 ± 5.5)g

saNOS (Arg, H2B) NDf 587 ± 54 0.97 ± 0.03 0.86 ± 0.03
saNOS (Arg, H4B) 1.3 ± 0.2 452 ± 43 NDf 22.6 ± 4.9

2.6 ± 0.1
W56F (Arg, −) 1.2 ± 0.3 438 ± 45 12.6 ± 0.4 9.7 ± 1.2
W56F (Arg, H2B) NDf 414 ± 38 5.7 ± 0.2 5.6 ± 0.1
W56F (Arg, H4B) 1.0 ± 0.2 366 ± 45 82.9 ± 8.3 69.7 ± 7.4

10.0 ± 0.9 7.8 ± 0.4
W56Y (Arg, −) 1.0 ± 0.2 340 ± 43 33.1 ± 1.5 27.9 ± 2.0
W56Y (Arg, H2B) NDf 397 ± 13 17.4 ± 0.3 17.2 ± 0.3
W56Y (Arg, H4B) 0.8 ± 0.2 351 ± 43 87.6 ± 22.4 87.7 ± 24.7

13.9 ± 1.4 16.7 ± 1.5
W56H (Arg, −) 0.9 ± 0.2 315 ± 14 0.34 ± 0.01 0.33 ± 0.01
W56H (Arg, H2B) NDf 330 ± 38 0.20 ± 0.01 0.17 ± 0.01
W56H (Arg, H4B) 0.7 ± 0.1 255 ± 25 4.2 ± 0.4 4.1 ± 0.4

0.61 ± 0.03 0.61 ± 0.06
aThe kon values were obtained by linear regression of the rates of formation of the oxygenated complex obtained from global analysis plotted at
different O2 concentrations. The following O2 concentrations were used: 25, 50, 75, and 100% (before mixing). bThe experiments were performed in
50% O2-saturated buffer before mixing (678 μM). The rates of formation obtained from global analysis represent the mean of at least three
independent experiments each comprised of at least three kinetic data sets. The values reported are the means ± the standard deviation. cThe rates of
decay represent the means of a minimum of three independent experiments each comprised of at least three kinetic data sets. The values reported
are the means ± the standard deviation. They correspond to autoxidation under noncatalytic conditions [(Arg, −) or (Arg, H2B)] and O2 activation
under catalytic conditions (Arg, H4B).

dRates determined with SPECFIT using a global analysis model: A → B → C under noncatalytic conditions
and A → B → C → D under catalytic conditions. eRates determined with SPECFIT using single-wavelength kinetics (440 nm) fitted to one
(noncatalytic conditions) or two concurrent exponentials (catalytic conditions) except the L-Arg-saturated saNOS kinetics that had to be fitted to
two exponentials. fNot determined. gMinor fraction that seems to autoxidize at a rate similar to that of L-Arg-free saNOS that suggests that a small
fraction of the protein may have been free of substrate.

Figure 3. Kinetics of formation and decay of the transient oxygenated complex of W56H in the presence of L-Arg and H4B (catalytic condition). (A)
Set of the original optical spectra recorded after the reduced W56H had been mixed with O2 that show the spectral transitions over a time course of
10 s. (B) Original data and fits obtained from the global analysis to the four-state kinetic model (A > B > C > D) that show the disappearance of
reduced W56H (415 nm), the formation and decay of the oxygenated complex (440 nm), and the buildup of the ferric state as the reaction is
completed (395 nm). (C) Calculated optical absorption spectra of the reduced (state A, solid line), oxygenated (state B, dotted line), and ferric
(states C and D, dashed lines) forms.

Biochemistry Article

dx.doi.org/10.1021/bi200965e |Biochemistry 2011, 50, 10069−1008110075



the following order: W56H < WT < W56F < W56Y. These
results are consistent with those of Tejero et al. with the
W188H variant of iNOS.47

In contrast to the rates of decay measured with L-Arg- and
H2B-bound samples, those obtained with L-Arg- and H4B-
bound samples could not be fitted with a single exponential.
The transition of the FeIIO2 complex to the ferric state had to
be fitted to two exponentials either by global analysis
[sequential model (Table 2)] or by single-wavelength kinetics
with a concurrent (Table 2) and sequential model (not shown).
These methods gave similar rates. The slower rate (that
corresponds to small amplitude changes) seems to correspond
to a fraction of the FeIIO2 complex undergoing autoxidation
[kdecay(H2B)]. Indeed, this rate is similar to that determined in
the presence of H2B and shows the same trend: W56H < WT <
W56F < W56Y. The faster rate that corresponds to the rate of
O2 activation and catalysis [kdecay(H4B)] seems to obey the
same rule; the kdecay(H4B) of W56H was 5-fold slower (4.1 s−1)
than that of WT saNOS (22.6 s−1). In contrast, the kdecay(H4B)
values of W56F (69.7 s−1) and W56Y (87.7 s−1) were 3−4-fold
faster (Table 2). This trend is nicely illustrated in Figure S5 of
the Supporting Information, which compares the lifetime of the
transient FeIIO2 complexes of WT saNOS with that of its W56
variants (calculated from the global analysis). One can notice
that even though the formation of FeIIO2 occurs at a similar
pace, its fate differs as a result of the mutations introduced at
position 56. The complex is long-lived for W56H and short-
lived for W56Y and W56F compared to WT saNOS. The ratio
of kdecay(H4B) to kdecay(H2B) reveals the H4B-induced catalysis.
This ratio, 24−26 for WT saNOS and W56H, is similar in
amplitude to those of other NOSs.18,20 This ratio is, however,
smaller for W56F (ratio of 12) and W56Y (ratio of 5), which
suggests that the oxygenated complex was less efficiently
activated by H4B in these variants (see Discussion).
Resonance Raman Spectroscopy of the FeIIO2 Com-

plexes of the W56 Variants. We also used resonance
Raman spectroscopy to determine if the W56 mutations had an
impact on the frequencies of the Fe−OO (ν Fe−OO) and O−O
(νO−O) stretching modes. The resonance Raman spectra were
recorded using a homemade continuous-flow mixer45 when the
oxygenated complex had reached its maximal concentration as

determined from the stopped-flow kinetics. Those of substrate-
free W56F and W56Y could not be obtained as fast rates of
autoxidation prevented the accumulation of the FeIIO2 complex
(not shown). In contrast, the buildup of the FeIIO2 complex
was observed for all variants in the presence of L-Arg. Figure 4A
displays the high-frequency region of the resonance Raman
spectra of the FeIIO2 complex of the W56 variants. The ν 4 and
ν 3 lines of the W56 variants that indicate the oxidation and
coordination state of the heme, respectively, are similar to those
obtained for WT saNOS by Chartier et al.45 In the absence of
L-Arg (Figure 4A, top panel), W56H exhibited a ν 4 line at 1375
cm−1 and a ν 3 line at 1505 cm−1, while in the presence of the
substrate, all W56 variants exhibited a ν 4 line at 1373 cm

−1 and
a ν 3 line at 1500 cm

−1 (Figure 5A, bottom panel). These heme
vibrationnal modes are typical for a six-coordinate and low-spin
FeIIO2 complex.

Figure 4. High-frequency (A) and low-frequency (B) regions of the resonance Raman spectra of the oxygenated complexes (FeIIO2) of the W56
variants. (A) The top panel shows the high-frequency region (900−1600 cm−1) of the resonance Raman spectra of W56H with 16O2 and

18O2 in the
absence of L-Arg. The difference spectrum is the 16O2 minus 18O2 spectrum. The bottom panel shows the high-frequency region of the resonance
Raman spectra of W56F with 16O2 and

18O2 in the presence of L-Arg. The difference spectra are the 16O2 minus 18O2 spectra of all three L-Arg-bound
W56 variants. (B) Low-frequency region (400−1200 cm−1) of the resonance Raman spectra of W56H with 16O2 and

18O2 in the absence of L-Arg.
The difference spectra are the 16O2 minus 18O2 spectra in the absence (−, −) (W56H) and presence of L-Arg (Arg, −) (W56H, WT saNOS, and
W56Y). The spectrum of WT saNOS is shown as a reference.

Figure 5. Plots of the rates of O2 activation [kdecay(H4B)] and
autoxidation of the oxygenated complex [kdecay(H2B)] as a function of
the heme midpoint redox potential (E1/2). kdecay(H4B) decreases
linearly as E1/2 increases (R

2 = 0.99), while kdecay(H2B) decreases more
abruptly. The plot of the kdecay(H4B)/kdecay(H2B) ratios (inset) vs E1/2
indicates that the optimal ratio is reached near −350 mV.
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An isotope sensitive line centered near 1135 cm−1 (1071
cm−1 with 18O2) was detected in the high-frequency region of
the resonance Raman spectra of all substrate-bound W56
variants (Figure 4A, bottom panel) and for substrate-free
W56H (Figure 4A, top panel). It was assigned to the O−O
stretching mode (νO−O) on the basis of the frequency and
amplitude of the isotopic shift that are similar to those of WT
saNOS (Table 3). It must be pointed out that there is no

ambiguity in the assignment of the O−O frequencies of
substrate-free W56H. In the absence of L-Arg, a single line at
1137 cm−1 shifts to 1071 cm−1 with 18O2 (Figure 4A, top panel,
and Figure S6 of the Supporting Information). The amplitude
of the isotopic shift (66 cm−1) fits the expected value of 65
cm−1 for a diatomic oscillator, and the νO−O frequency of
W56H is identical to that of WT saNOS (Table 3). However,
the assignment of the frequency of the νO−O mode of the
substrate-bound variants is made difficult by vibrational
coupling of the νO−O mode obtained with 16O2 with an
overlapping heme mode centered at 1133 cm−1 as observed
previously with WT saNOS.45 This effect is similar to that
observed for adamantanone-bound cytochrome P450cam in
which a substrate mode with an energy similar to that of the
νO−O mode caused a broadening of the O−O stretching mode
region with 16O2 compared to that with 18O2.

62 For L-Arg-
bound WT saNOS, this vibrational coupling was apparent from
the regression analysis of the lines of the O−O region with 16O2
and 18O2 as the relative intensities and line widths with 16O2
differed from those with 18O2.

45 This vibrational coupling likely
explains why the line shape with 18O2 in the O−O region (near
1064 cm−1) was similar in all spectra while differences are
observed in the relative intensities of lines in the O−O region
with 16O2 (near 1135 cm−1) (Figure 4A, bottom panel).
Apparently because of this vibrational coupling, the frequencies
of the νO−O modes with 16O2 could not be obtained reliably

with the W56 variants by regression analysis (not shown).
Therefore, only the νO−O frequencies obtained with 18O2 were
used for comparison. In the presence of L-Arg (Figure 4A,
bottom panel), all three W56 variants exhibited two isotope
sensitive lines, like WT saNOS.45 The higher-frequency mode,
similar to the νO−O mode observed for L-Arg-free saNOS,
displays a frequency that is 2 cm−1 lower (for W56F and
W56Y) and 1 cm−1 higher (for W56H) than that observed for
WT saNOS [1075 cm−1 (Table 3 and Figure S7 of the
Supporting Information)]. Similarly and most importantly, the
lower-frequency mode, arising as L-Arg and the terminal oxygen
of the heme-bound O2 form a hydrogen bond interaction, has a
frequency that is 1 cm−1 lower (for W56F and W56Y) and 2
cm−1 higher (for W56H) than that of WT saNOS [found at
1062 cm−1 (Table 3 and Figure S7 of the Supporting
Information)]. Overall, the νO−O frequencies of the L-Arg-
bound W56 variants decrease in the following order: W56H >
WT > W56Y ∼ W56F (Table 2 and Figure S7 of the
Supporting Information).
In the low-frequency region of the resonance Raman spectra

(400−1200 cm−1), the Fe−OO stretching mode (ν Fe−OO) of
substrate-free W56H was detected in the 16O2 minus 18O2
difference spectrum (Figure 4B). An isotope sensitive line
centered around 520 cm−1 (490 cm−1 with 18O2) was detected
and assigned to the Fe−OO stretching mode (ν Fe−OO) of
W56H on the basis of the frequency and amplitude of its
isotope shift (Figure 4B). With respect to that of WT saNOS,
ν Fe−OO of W56H is upshifted by ∼3 cm−1, thus indicating an
increase of the strength of the Fe−O bond (Table 3). With L-
Arg-bound W56H, the ν Fe−OO mode was upshifted by 7 cm−1

to 524 cm−1 (Figure 4B and Table 3). It must be pointed out
that the Fe−O bond strength of oxygenated complexes of
model compounds shows a direct correlation with the strength
of the axial ligand; i.e., the stronger the axial ligand, the stronger
the Fe−O bond.63 However, the opposite trend is observed in
heme proteins.63 For example, cytochrome P450cam with a
strong thiolate ligand displays much lower ν Fe−O frequencies
compared to those of histidine-coordinated heme proteins.62

Thus, the apparent 3−7 cm−1 upshift of ν Fe−OO for the W56H
variant is consistent with the decreased electronic density of the
thiolate that is suggested by the 2 cm−1 upshift of νO−O (Table
3). We tried without success to determine the frequency of
ν Fe−OO of W56F and W56Y saturated with L-Arg. The 16O2
minus 18O2 difference spectra recorded in the low-frequency
region did not show any isotope sensitive line in the ν Fe−OO
region [W56Y (Figure 4B)]. The smaller amount of the FeIIO2
complex that accumulates during the course of the reaction
(Figure S5 of the Supporting Information), the intrinsic weak
intensity of the ν Fe−OO line and the poor quality of the
resonance Raman spectra for these variants likely contributed
to this situation.

■ DISCUSSION
The conserved tryptophan residue of NOSs (W56 in saNOS)
forms π−π stacking interactions with the heme and supplies a
side chain hydrogen bond from its indole nitrogen to the
proximal cysteinate sulfur (C62 in saNOS), which helps to
stabilize the negative charge of the deprotonated sulfur of the
proximal cysteine.35,36,40,55,64,65 The purpose of this study was
to investigate how the modification of this hydrogen bonding
interaction, which modulates the electronic density of the
proximal cysteine, affects the enzymatic activity of a NOS. The
characterization of W56 variants of saNOS designed to

Table 3. Frequencies of the ν Fe−OO and νO−O Modes of the
W56 Variants with and without L-Arg

protein condition
ν Fe−OO (18O2)

a

(cm−1)
νO−O (18O2)

b

(cm−1) ref

saNOS
WT

(−, −) 517 (487) (1071) 45

(Arg, −) 517 (487) (1062, 1074.5) 45
W56F (−, −) NDc NDc this

work
(Arg, −) undetectable (1061, 1073) this

work
W56Y (−, −) NDc NDc this

work
(Arg, −) undetectable (1061, 1072) this

work
W56H (−, −) 520 (490) (1071) this

work
(Arg, −) 524 (497) (1064, 1075.5) this

work
aThe ν Fe−OO frequencies are those obtained from the 16O2 minus 18O2
difference spectra. bA regression analysis of the O−O mode was
performed with a mixed Lorentzian/Gaussian function without any
restrictions in terms of frequency, width at half-height, or Lorentzian/
Gaussian ratio using Grams. Values in this table are those obtained
from the regression analysis with the 18O2 spectra. Those with

16O2 are
not considered reliable because the O−O mode overlaps a heme mode
causing vibrational coupling of these modes. cNot determined as the
oxygenated complex did not accumulate as determined from the
stopped-flow kinetics.

Biochemistry Article

dx.doi.org/10.1021/bi200965e |Biochemistry 2011, 50, 10069−1008110077



decrease (W56H) or increase (W56F and W56Y) the electron
density of the proximal cysteine establishes a direct correlation
between the strength of the Trp−Cys hydrogen bond and its
effect on (1) σ-bonding and π-backbonding of the heme with a
distal ligand (CO, •NO, and most importantly O2), (2) the
redox potential of NOS heme, and (3) the catalytic functioning
of NOS, including O2 activation and autoxidation.
Conservation of the Overall Structure and the Distal

Environment of the Heme. It is first necessary to verify the
structural integrity of the heme environment of the W56
variants. For that purpose, we can analyze the effects on the
heme spectral fingerprints as the substrate L-Arg forms the
electrostatic and/or steric interactions with heme ligands that
are revealed by resonance Raman spectroscopy (reviewed in ref
59). We observe here that the FeIICO complexes of all W56
variants show the same sensitivity to L-Arg binding that is
probed by the restriction of the conformational freedom:
diminution of the number of conformations, narrowing of the
line width, and upshift in the δ Fe−C−O frequency (Table 1).
Besides, the frequency of the δ Fe−C−O mode in the presence of
L-Arg remains almost identical (∼565 cm−1) for all three W56
variants, suggesting the maintenance of the FeIICO geometry.66

As previously observed with WT saNOS, the νO−O frequency
decreased in all three W56 variants upon L-Arg binding (Table
3 and Figure S7 of the Supporting Information), which is an
indication that similar hydrogen bonding interactions are
formed with the terminal oxygen of the heme-bound O2.

45 In
terms of its effect on kinetics, L-Arg diminishes the rate of
autoxidation of the oxygenated complex for all W56 variants as
with WT saNOS (Table 2 and Table S1 of the Supporting
Information). In addition to these L-Arg-induced effects, the
similar frequencies of the high- and low-frequency heme modes
obtained in various states [FeIII, FeII, and FeIICO (Table S2 of
the Supporting Information)] suggest a conservation of the
overall heme structure.
Mutations at Position 56 of saNOS Affect σ- and π-

Bonding with O2 and CO. The investigations of the role of
the proximal Trp on the coordination of distal ligands have so
far focused on noncatalytic ligands (such as CO or •NO35,36,40)
or concerned only the F/Y mutants of eNOS and nNOS36−40

or only the H variant of iNOS.47 The comparative analysis of
this effect for the complete set of variants (F, Y, and H) within
the same protein framework reported here reveals two opposite
trends. On one hand, the W56F and W56Y variants display
reduced ν Fe−CO and νO−O frequencies consistent with an
increased electron density of the thiolate in the absence of the
Trp−Cys hydrogen bond. On the other hand, the upshifts of
ν Fe−CO and ν Fe−OO for the W56H variant suggest that the
electronic density of the thiolate decreased as a His−Cys
hydrogen formed and that it is stronger than the Trp−Cys
hydrogen bond of WT saNOS. This strong hydrogen bond
likely accounts for the enhanced σ-bonding with the distal
ligands and weakened π-backbonding of the heme Fe with CO
and O2 (Tables 1 and 3). Together, W56F, W56Y, and W56H
of saNOS constitute a set of variants with increased thiol
basicity (W56F and W56Y) or decreased thiol basicity (W56H)
that modulate σ-bonding and π-backbonding with CO and O2.
Effect of the W56 Mutations on O2 Binding and

Catalysis. L-Arg hydroxylation by NOSs proceeds via the
initial formation of a FeIIO2 complex. Its activation necessitates
the transfer of an electron from H4B and may proceed via a
“push−pull” effect31 to a compound I species defined as a ferryl
heme with an associated radical. The hydrogen bonds among L-

Arg, water, and the terminal oxygen atom of the heme-bound
O2 exert the “pull effect” that may favor the double protonation
of the terminal oxygen, while electron density of the proximal
cysteine would provide a push effect. Both effects would
promote the cleavage of the O−O bond and help activate the
heme-bound O2.

2,26,45,59,67 We show here that the push effect
that is modulated in W56 variants has a strong impact on the
rate of decay of the FeIIO2 complex. When the proximal
cysteinate is less rich in electrons, as in the W56H variant,
kdecay(H4B) and kdecay(H2B) are 3−5-fold smaller than that of
WT saNOS (Table 2 and Table S1 of the Supporting
Information). On the other hand, when the electron density
of the cysteinate is increased, as with the W56F and W56Y
variants, kdecay(H4B) and kdecay(H2B) are 3−17-fold larger
(Table 2 and Table S1 of the Supporting Information). We did
not observe any effect of the W56 mutation on the reaction
sequence of O2 activation. Each variant exhibited a 5−24-fold
enhancement of the rate of O2 activation by H4B (Table 2).
The amplitude of the enhancement by H4B with W56H is
similar to that of WT saNOS and those of other bacterial NOS.
However, this ratio is lower for W56F and W56Y, which reveals
that the oxygenated complex was less efficiently activated by
H4B in these variants and suggests a competition between
decay of the oxygenated complex via autoxidation and via
catalysis. Tejero et al.47 revealed that the rates of activation of
O2 and hydroxylation of L-Arg are reduced for the W188H
variant of iNOSox. In addition, they detected a new catalytic
intermediate in the single-turnover reaction with L-Arg.
Although we observed a reduction of the rate of O2 activation
with W56H saNOS as they reported with W188H iNOS, we
did not detect this intermediate whose nature remains to be
determined.
The Heme Midpoint Reduction Potential Is Sensitive

to the NH···S− Hydrogen Bond Interaction of W56. The
W56 variants of saNOS show that within the same protein
framework, mutations of the conserved Trp of NOS can
effectively change positively (W56H) and negatively (W56F
and W56Y) the heme midpoint potential. Besides, the catalytic
activity of heme proteins appears closely linked to E1/2 as
kdecay(H4B) and kdecay(H2B) seem to vary with the heme redox
potential.47,57 This relationship is illustrated in Figure 5 for the
saNOS variants. As E1/2 increases, both kdecay(H2B) and
kdecay(H4B) become smaller. These results extend those
obtained with iNOS by Stuehr’s group, who observed a 6-
fold reduction in the rate of O2 activation for the W188H
variant that was related to the 88 mV increase in its E1/2
potential,47 and those of Ost et al., who showed using variants
at position F393 of P450BM3 a direct correlation between an
increased stability of heme−O2 species versus autoxidation and
an increase in E1/2.

57,68,69 Modifications to the electronic
structure of the heme (through distortion of the porphyrin or
the addition of substituents), the heme ligation and spin state,
and the polarity of the heme binding pocket could modulate
the heme redox potential.70−74 However, we can essentially rule
out these possibilities for saNOS: as the interactions between L-
Arg and CO and O2 are not modified by the mutations
introduced at position W56 of saNOS, there is no evidence that
the polarity of the heme binding pocket has changed upon
mutation of W56. The hemes of the W56 variants and WT
saNOS remain five-coordinate and high-spin in the ferric state
in the presence of the substrate L-Arg. Finally, as discussed
above, the similar frequencies of several heme modes in various
heme states suggest the conservation of the heme environment
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(Table S2 of the Supporting Information). On the other hand,
various model compounds of P450cam, CPO, and iron−sulfur
proteins, designed to vary the electron density of a Fe-
coordinated sulfur atom through the formation of the NH···S−

bond, showed that as the electron density of the sulfur
decreases, the E1/2 potential increases.75−77 This is the
conclusion that is reached here with the W56 variants. The
decreased midpoint redox potential of W56F and W56Y
variants arises from the absence of the indole NH···S−

hydrogen bond. On the other hand, the increased heme
redox potential of the W56H variant arises from the formation
of a strong His56···Cys62 hydrogen bond. Together, the W56
variants show in a protein system that the heme redox potential
may be modulated by the addition or removal of hydrogen
bonding interactions involving the proximal cysteine with a
direct impact on kdecay(H4B) and kdecay(H2B). We also notice
that the modification of E1/2 has a larger impact on kdecay(H2B)
(nonlinear response) than on kdecay(H4B) (Figure 5). The
apparently less efficient activation of the oxygenated complex of
W56F and W56Y at low E1/2 values may arise as kdecay(H2B)
increased rapidly and approached kdecay(H4B). A plot of the
kdecay(H4B)/kdecay(H2B) ratios as a function of E1/2 reveals that
the maximal value is reached around −350 mV, which is close
to the value of WT saNOS (inset of Figure 5). It thus appears
that the increased rate of O2 activation of W56F and W56Y
may come at the price of an increased rate of autoxidation.
With regard to WT saNOS, these results suggest that the
Trp56···Cys62 hydrogen bond interaction is important to
dampen the push effect, which effectively reduces the rate of
autoxidation enough to allow O2 activation by H4B while
maintaining a relatively fast catalytic rate during the first
catalytic cycle. In addition, the Trp56···Cys62 hydrogen bond
increases E1/2 by ∼90 mV to values within the range expected
for heme reduction of saNOS from NADPH via a reductase in
a physiological context.

■ CONCLUSIONS

We report here an investigation of the impact of the
modulation of the thiolate basicity on the kinetic and
spectroscopic properties of the oxygenated complex of
saNOS. The formation of the NH···S− hydrogen bond from
H56 of the W56H variant caused an upshift in both ν Fe−CO and
ν Fe−OO showing that the decreased electron density of the
proximal cysteinate, as it weakened the Fe−S− bond, enhanced
σ-bonding with CO and O2. The decreased thiolate density also
caused a weakening of π-backbonding with CO and O2. These
effects on σ-bonding and π-backbonding of W56H with
exogenous ligands are the opposite of those displayed by the
W56F and W56Y variants that have no NH···S− hydrogen
bond. The redox potentiometry measurement of the W56
variants clearly demonstrates that as the electron density of the
thiolate is increased by removing the NH···S− hydrogen bond
(W56F and W56Y variants), this led to an increase in the push
effect, as kdecay(H4B) and kdecay(H2B) are both increased.
However, the increase is much more pronounced for
kdecay(H2B) than for kdecay(H4B). It thus appears that in NOS,
in addition to its recognized role in maintaining the integrity of
the thiolate bond, the conserved tryptophan···cysteinate
hydrogen bond is necessary to dampen the push effect and
to optimize catalysis by preserving a relatively fast rate of O2
activation while sufficiently reducing the rate of autoxidation of
the FeIIO2 complex to maintain an efficient activation of the

oxygenated complex by H4B during the L-Arg hydroxylation
reaction.
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