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ABSTRACT: How 6R-tetrahydrobiopterin (H4B) participates in Arg hydroxylation as catalyzed by the nitric
oxide synthases (NOSs) is a topic of current interest. Previous work with the oxygenase domain of inducible
NOS (iNOSoxy) demonstrated that H4B radical formation is kinetically coupled to disappearance of an
initial heme-dioxy intermediate and to Arg hydroxylation in a single turnover reaction run at 10°C
[Wei, C.-C., Wang, Z.-Q., Wang, Q., Meade, A. L., Hemann, C., Hille, R., and Stuehr, D. J. (2001)J.
Biol. Chem. 276, 315-319]. Here we used 5-methyl-H4B to investigate how pterin structure influences
radical formation and associated catalytic steps. In the presence of Arg, the heme-dioxy intermediate in
5-methyl-H4B-bound iNOSoxy reacted at a rate of 35 s-1, which is 3-fold faster than with H4B. This was
coupled to a faster rate of 5-methyl-H4B radical formation (40 vs 12.5 s-1) and to a faster and more
productive Arg hydroxylation. The EPR spectrum of the enzyme-bound 5-methyl-H4B radical had different
hyperfine structure than the bound H4B radical and exhibited a 3-fold longer half-life after its formation.
A crystal structure of 5-methyl-H4B-bound iNOSoxy revealed that there are minimal changes in
conformation of the bound pterin or in its interactions with the protein as compared to H4B. Together, we
conclude the following: (1) The rate of heme-dioxy reduction is linked to pterin radical formation and
is sensitive to pterin structure. (2) Faster heme-dioxy reduction increases the efficiency of Arg
hydroxylation but still remains rate limiting for the reaction. (3) The 5-methyl group influences heme-
dioxy reduction by altering the electronic properties of the pterin rather than changing protein structure
or interactions. (4) Faster electron transfer from 5-methyl-H4B may be due to increased radical stability
afforded by the N-5 methyl group.

Nitric oxide synthases (NOSs1, EC 1.14.13.39) are fla-
voheme enzymes that catalyze oxidation ofL-arginine (Arg)
to nitric oxide (NO) andL-citrulline (1-3). The reaction is
catalyzed in two steps with the first being a NADPH- and
O2-dependent hydroxylation of Arg that formsNG-hydroxyl-
L-arginine (NOHA) as an enzyme-bound intermediate (Scheme
1). Reactions take place within a heme-containing oxygenase
domain dimer (NOSoxy) that receives electrons from at-
tached flavoprotein domains. NOSoxy proteins can be
expressed independently and can catalyze both steps of NO
synthesis if provided with a source of electrons (4-6).

NOS are unique among flavoheme enzymes because they
contain (6R)-5,6,7,8-tetrahydro-L-biopterin (H4B) as a tightly
bound cofactor. Crystal structures of various NOSoxy
proteins revealed how heme, Arg, and H4B bind within the
active site and have identified residues that interact with H4B
(7-9). How H4B and heme cooperate during oxygen
activation is a topic of current interest. The NOS ferric heme
receives an electron from the flavoprotein domain, and this
step limits the rate of NO synthesis in the full-length enzyme
(10-12). Dioxygen then binds to ferrous heme to create a
heme-dioxy intermediate (FeIIIO2

-) that has been directly
observed in NOS and characterized by various spectroscopic
methods (4, 13-16). The FeIIIO2

- species must receive
another electron to complete the oxygen activation process.
Although the NOS flavoprotein can supply this electron (17,
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Scheme 1: Reaction Catalyzed by NO Synthases
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18), H4B is a kinetically preferred source when it is bound
(19-21). H4B reduction of the FeIIIO2

- intermediate has been
studied in single turnover Arg hydroxylation reactions
catalyzed by NOSoxy proteins (15, 19, 21-23). The resulting
H4B radical appears to be cationic (23) and exists long
enough in NOSoxy so that its buildup and decay can be
investigated by rapid freezing and EPR spectroscopy (19,
21, 22).

Our single turnover studies of Arg hydroxylation in mouse
inducible NOSoxy (iNOSoxy) showed that reduction of the
FeIIIO2

- intermediate by H4B is kinetically coupled to Arg
hydroxylation (19) (Figure 1). Moreover, a conserved Trp
residue (W457) that interacts with H4B by π stacking was
found to control the tempo of FeIIIO2

- reduction by H4B (22).
This appears important because slower reduction of FeIIIO2

-

by H4B in the mutants was associated with slower and less
complete Arg hydroxylation. Crystal structures of the W457
iNOSoxy mutants suggest that they alter H4B redox function
by causing discreet structural changes within iNOSoxy that
destabilize the H4B radical cation (24). Thus, it appears that
the iNOSoxy protein can influence the tempo of FeIIIO2

-

reduction by H4B and in this way control the extent of Arg
hydroxylation.

Given the above, we investigated if altering H4B structure
would influence its redox function during Arg hydroxylation
in the single turnover system. Several structural analogues
of H4B are known to bind to NOS and support either full or
diminished NO synthesis rates as compared to H4B (25-
27). In particular, theN5-methyl analogue of H4B (5MeH4B)
was found to support full NO synthesis by neuronal NOS
(25). We chose this analogue for our current study, reasoning
that the N5 methyl group might affect radical formation or
stability during Arg hydroxylation. We determined the
kinetics of heme transitions, radical formation and decay,
and Arg hydroxylation in a single catalytic turnover by
5MeH4B-containing iNOSoxy and solved a crystal structure
of the 5MeH4B-bound protein to 1.8 Å resolution. The kinetic
differences, their possible structural basis, and mechanistic
implications are presented and discussed.

MATERIALS AND METHODS

Chemicals. [U-14C]Arg was purchased from Perkin-Elmer
Life Sciences. 5MeH4B was obtained from Schircks Labora-
tory (Jona, Switzerland). All other chemicals were obtained
either from Sigma Chemical Company or Fisher Scientific.

Protein Expression and Purification.Mouse iNOSoxy
(amino acid 1-498) containing a six-histidine tag at the
C-terminus was expressed inEscherichia coliBL21 using

the PCWori vector and purified in the absence of H4B as
reported previously (28). The enzyme concentration was
determined from the 444 nm absorbance of the ferrous-CO
complex by using an extinction coefficient of 76 mM-1 cm-1.
The concentrated protein was diluted in buffer containing
50 mM HEPES (pH 7.5), 2 mMâ-mercaptoethanol, and 0.25
M NaCl before use.

UV-Vis Spectrometry.Conventional spectra were obtained
using a Cary 100 BIO instrument equipped with temperature
control and automatic stirring.

Kinetic Experiments.Ferrous iNOSoxy was prepared as
described previously (19). Prior to performing the dithionite
titration, a solution containing concentrated iNOSoxy, 1 or
2 mM 5MeH4B, and 10 or 20 mM Arg was incubated
overnight for the stopped-flow and rapid-freeze experiments,
respectively. All single turnover reactions were performed
at 10 °C. The rapid-scanning stopped-flow spectroscopy,
rapid-quench experiment, amino acid HPLC analysis, and
rapid-freeze EPR were performed as described previously
(19). Experiments were repeated at least three times for
stopped-flow and rapid-quench experiments and two times
for the rapid-freeze EPR experiment. The protein concentra-
tions and reaction conditions are described in the text.

Analysis of EPR Data.Kinetics of radical formation and
decay and the amount of radical formed per heme were
determined using methods described previously (19). The
p1/2 value of microwave power saturation for the 5MeH4B
radical was determined over a microwave power range of
50.2 µW to 200 mW and utilized least-squares fitting.
Simulations of EPR spectra were carried out using the XEMR
simulation package (50), operating under the Linux operating
system. A simpleS) 1/2 system was assumed, with isotropic
g and A tensors. Satisfactory simulations were obtained
assuming coincident tensors (i.e., with Eulerq andf angles
of 0. The linewidths providing the best fits for the spectra
for H4B and 5-Me H4B were 8.5 and 7 G, respectively, along
with a Laurentzian/Gaussian line shape ratio of 1.0 in each
case.

Stoichiometry Measurement. The amount of NOHA formed
per heme from Arg in the single turnover reaction was
determined by HPLC with precolumn derivatization or with
radioisotope detection. Briefly, 0.1 mM iNOSoxy was
incubated with 1 mM 5MeH4B or H4B and 1, 3, or 6 mM
Arg. The solution was made anaerobic, the enzyme reduced
by dithionite titration, and then 0.2 mL of the solution was
mixed with 50µL of O2-saturated buffer. The reaction sample
was then stored in a mixture of ethanol and dry ice. HPLC
detection was performed as described using orthophalalde-

FIGURE 1: Model of Arg hydroxylation. In an NADPH-driven reaction, the slow step is electron transfer from the NOS flavoprotein
(FMNH2) to the ferric heme. Dioxygen then binds to the ferrous heme to form the FeIIIO2

- species, which receives an electron from H4B
and forms a presumed heme-peroxo intermediate that was recently characterized spectroscopically (49). Subsequent steps that lead to and
include Arg hydroxylation are as fast or faster than H4B electron transfer. The reaction generates ferric iNOSoxy containing NOHA and the
H4B radical. Adapted from ref19.
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hyde for precolumn derivatization (4). For radioisotope
detection, 10µM iNOSoxy was incubated with 0.6 mM
5MeH4B or 0.2 mM H4B, 20 µM [14C]Arg, and 0.23 mM
Arg for at least 4 h. UV-vis spectroscopy was used to
monitor the completeness of Arg binding as judged by
buildup of a heme Soret peak at 395 nm. The solution was
made anaerobic, the enzyme reduced by dithionite titration,
and 0.2 mL was quickly mixed with 20µL of O2-saturated
buffer containing 1 mM Arg, 100µM NOHA, and 100µM
L-citrulline for 10-30 s followed by quenching with 20µL
of quenching buffer (2 N HCl in 50% 2-propanol). Sample
workup, separation on cation HPLC, and quantitation were
done as described previously (19).

Crystallization.Murine iNOSoxy∆65 (residues 66-498)
was overexpressed and purified for crystallization as de-
scribed previously (33, 37). Crystals were grown at 4°C
using the hanging drop method. The iNOSoxy concentration
was 25 mg/mL in 40 mM EPPS (pH 7.6) containing 4 mM
5MeH4B and 3 mM AR-C95791AA, an N-substituted amino-
pyridine NOS inhibitor, supplied by AstraZeneca. This
inhibitor improves NOSoxy crystal stability and diffraction
quality (details of AR-C95791AA interactions in the substrate
binding site of NOS to be published elsewhere). The reservoir
contained 26% LiSO4, 100 mM MES (pH 5.3), and 50 mM
BOG. A total of 2.5µL of protein was mixed with an equal
volume of reservoir, and crystals were grown in 1-2 days.
Diffraction data were collected at the Stanford Synchrotron
Radiation Laboratory (SSRL) on beamline 7-1 at-170°C.
DENZO (30) was used to process the data. The initial model
was obtained from the iNOSoxy plus H4B structure (7). CNS
(31) was used for crystallographic refinement, and TURBO-
FRODO (32) was used for electron density map fitting.

RESULTS

We used UV-vis spectroscopy to determine conditions
required to bind 5MeH4B to iNOSoxy. In the absence of
Arg and 5MeH4B, the iNOSoxy dimer had DTT bound to
its heme as judged by its split Soret absorbance at 395 and
475 nm (not shown), consistent with previous results (28).
When 5MeH4B was added to the protein at 0.5 mM (Figure
2) or incubated with the protein overnight (not shown) it
was unable to displace DTT, although H4B displaces DTT
under these conditions (28). This suggests that 5MeH4B when
added alone does not bind to iNOSoxy. However, when 0.2

mM Arg was added to the mixture of iNOSoxy plus 5MeH4B
it caused displacement of bound DTT within 20 min as
judged by appearance of a new Soret peak at 395 nm (Figure
2). Because Arg when added alone displaces DTT much
more slowly from iNOSoxy (33), this result indicated that
5MeH4B can bind to iNOSoxy in the presence of Arg. This
is consistent with H4B and Arg binding to full-length iNOS
in a cooperative manner (33, 34).

We next ran single catalytic turnover reactions at 10°C
by ferrous iNOSoxy that contained Arg plus 5MeH4B.
Anaerobic protein solutions were rapidly mixed with an O2-
containing buffer to initiate the reactions. They were then
analyzed by rapid scanning to follow heme transitions, rapid
freezing to follow buildup and decay of the 5MeH4B radical,
and rapid quenching to follow product formation from Arg.
Results were compared to those obtained in reactions that
contained Arg- and H4B-saturated iNOSoxy run under
identical conditions (19).

Heme Transitions.Rapid scanning discerned three spec-
trally distinct species during the single turnover reaction
(Figure 3, panel A), whose spectral properties identified them
as the beginning ferrous iNOSoxy species, a transient heme
FeIIIO2

- intermediate, and ending ferric enzyme species (19,
22). The Soret and visible absorbance peaks of the FeIIIO2

-

intermediate were at 425, 554, and 586 nm, respectively,
which are highly similar to absorbance features of the
FeIIIO2

- intermediate formed in a reaction of iNOSoxy that
contains H4B plus Arg. Global analysis of the spectral data
showed that it fit best to an Af B f C kinetic model with
monophasic transitions for formation and disappearance of
the FeIIIO2

- intermediate. Figure 3, panel B illustrates how
the concentrations of the three species changed with time
during the single turnover reaction. The observed rate of
FeIIIO2

- formation in this circumstance was identical to that
obtained in a reaction with iNOSoxy containing H4B plus
Arg (Table 1). However, conversion of the FeIIIO2

- inter-
mediate to ferric enzyme was approximately 3 times faster
in the 5MeH4B-bound iNOSoxy as compared to the H4B-
bound iNOSoxy (Table 1). Doubling the concentration of
5MeH4B did not alter the kinetics of these transitions,
consistent with saturation binding.

To check the accuracy of the global analysis, we plotted
actual absorbance values recorded at 427 and 395 nm during
the single turnover reaction (Figure 3, panel C). Absorbance
at these two wavelengths represents the Soret maximum for
the FeIIIO2

- intermediate and the ferric iNOSoxy species,
respectively. Absorbance change at each wavelength was
biphasic because of O2 binding to ferrous iNOSoxy in the
first 30 ms (35). Subsequent absorbance data recorded at
either wavelength (from approximately 30 to 280 ms) fit well
to a single-exponential equation and thus suggested a
monophasic transition without detectable buildup of spec-
trally distinct intermediates. Rates of absorbance change at
395 and 427 nm during the transition were 30.4 and 29.9
s-1, respectively, which match well to the rates calculated
by global analysis (Table 1). Thus, we conclude that 5MeH4B
supports faster conversion of the FeIIIO2

- intermediate to
ferric enzyme as compared to H4B during the Arg single
turnover reaction catalyzed by iNOSoxy.

Kinetics of Radical Formation and Decay.Rapid-freeze
experiments with 5MeH4B- and Arg-saturated iNOSoxy
protein showed that a free radical signal built up during the

FIGURE 2: Absorbance spectra of iNOSoxy. The thick line spectrum
is 2 µM iNOSoxy in the presence of 0.5 mM 5MeH4B and DTT.
The thin line spectrum was recorded 20 min after subsequent
addition of 0.2 mM Arg.
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single turnover reactions run at 10°C. The radical signal
was centered atg ) 2.0, had a peak to trough width of 40
G, and exhibited ap1/2 value of 40 mW at 150°K (Figure
4). These characteristics are highly similar to the H4B radical
that forms in iNOSoxy under identical reaction conditions
(19), although the radical signal formed in the 5MeH4B
iNOSoxy reaction had a different hyperfine spectrum as
compared to the H4B radical (Figure 4). Changing the
measurement temperature did not alter the line shape of the
radical signal, and increasing the 5MeH4B concentration
2-fold in the reaction did not change the intensity of the
radical signal (data not shown). Together, these data indicate
that 5MeH4B forms a radical in iNOSoxy during the Arg
single turnover reaction.

Simulations of the H4B and 5MeH4B radicals are shown
as the dotted and dashed lines in Figure 4. Hyperfine coupling
constants that we obtained from the simulations are sum-

marized in Table 2. In the case of H4B, the simulation that
gave the best fit to the data involved two14N nuclei with
(isotropic) splitting of 13.0 and 2.5 G, and three1H nuclei
with (again isotropic) splittings of 14.5, 10, and 5 G.2

Utilization of additional proton coupling or incorporating
anisotropy into the coupling of the three predominant protons
did not significantly improve the fit to the data, resulting in
only modest line-broadening and no improvement in the low-
and high-field shoulders. There was no manifest coupling
to the heme, but as previously noted (23) proximity to the
heme site was reflected in the resistance to power saturation
of the pterin radical signal.

Fits of the 5MeH4B spectra required three equivalent1H
nuclei with couplings of 12.5 G rather than the one with 10

2 We have been unable to reproduce the simulations reported by
Schmidt et al. (23) using the coupling parameters reported in this work.
Our simulations of the H4B radical spectra reported here systematically
overemphasize to a certain degree the shoulders on the spectrum that
lie to low and high field, as reflected in Figure 4, but nevertheless
represent acceptable simulations of the data.

FIGURE 3: Light absorbance spectra and kinetics of heme species
present during a single turnover Arg hydroxylation catalyzed by
5MeH4B-containing iNOSoxy. Final enzyme concentration was 10
µM. Panel A, light absorbance spectra for three species discerned
by global analysis of the kinetic data: The beginning ferrous
iNOSoxy (solid line), a transient FeIIIO2

- intermediate (dashed line),
and the final ferric iNOSoxy (dotted line). Panel B, concentrations
of these three species vs time of the reaction. Panel C, absorbance
values at 427 and 395 nm vs time of the reaction, showing single-
exponential line of best fit created with data points recorded at 30
ms and beyond. Data are representative of 3 or 4 independent
experiments.

Table 1: Data for Arg Single Turnover Reactions Catalyzed by
iNOSoxy Containing H4B or 5MeH4Ba

transformation H4B 5MeH4B

FeIIIO2
- formation (s-1)b 52.7( 2.2 (4)c 52.7( 6.0 (4)

FeIIIO2
- disappearance (s-1) 12.5( 0.2 (4)c 34.7( 2.2 (4)

NOHA formation (s-1) 9.2( 1.1 (3)c 30 ( 4 (3)
pterin radical formation (s-1) 11.1 (2)c 40 (2)
pterin radical decay (s-1) 0.71 (2)c 0.2 (2)

NOHA production per heme 0.61( 0.08 (3)d 0.84( 0.07 (3)d

0.57( 0.12 (3)e 0.73( 0.15 (3)e

a Anaerobic ferrous iNOSoxy that contained Arg (or [14C]Arg) and
H4B or 5MeH4B was rapid-mixed with O2-containing buffer at 10°C
to start the reaction. Subsequent transformations were followed either
by stopped-flow rapid-scanning spectroscopy, rapid-quenching and
HPLC analysis, or rapid-freezing and EPR spectroscopy.b Values are
the means( SD with number of experiments in parentheses.c Data
from ref 19. d Values obtained from reactions that contained [14C]Arg.
e Values obtained from reactions that contained Arg at a concentration
of 1 mM.

FIGURE 4: Pterin radical signals formed during Arg oxidation by
iNOSoxy. Reactions were initiated by rapid mixing O2-saturated
buffer with an anaerobic solution of 0.4 mM ferrous iNOSoxy
containing 2.5 mM 5MeH4B and 20 mM Arg. Data shown are from
two independent experiments. Data for reactions that contained H4B
are taken from ref19. Simulated EPR spectra of H4B (5 nucleus,
dotted line; 7 nucleus, dashed line) and 5MeH4B radicals (dotted
line) were obtained using the xmer program and employing the
Monte Carlo method (50) and similar parameters used in ref23.
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G splitting and presumably arise from the three protons of
the N5-methyl group. The strength of coupling of the methyl
protons is consistent with the majority of the unpaired spin
density on the pterin nucleus being largely localized on N5
in the 5-methyl derivative as well as normal H4B (36).
Simulations of the 5MeH4B spectrum were not significantly
improved by including additional proton coupling in the
simulation or by incorporating anisotropy into either the
nitrogen or the proton hyperfine coupling, despite the fact
that our EPR spectrum exhibited considerably greater fine
structure than that reported by Schmidt et al. (23). On the
basis of the number of proton couplings included in their
simulations, a total of five in the case of normal H4B, those
authors conclude that the pterin radical exists as a protonated
cation in NOS. Since in our simulations no more than three
protons were required to adequately simulate the data, we
cannot conclude on the basis of our own data that the pterin
radical must be protonated in the signal-giving species. We
note that a protonated H4B radical is expected to be extremely
acidic (36) and very likely to deprotonate to the neutral
radical at pH∼7, the electrostatic interaction with the heme
propionate group notwithstanding.

Figure 5A compares buildup and decay kinetics of
5MeH4B and H4B radical signals during single turnover
reactions catalyzed by iNOSoxy at 10°C. Radical signal
intensities were fitted to an Af B f C reaction model to
determine formation and decay rates (22), using a lag time
of 15 ms to account for the time required for O2 binding to
ferrous iNOSoxy heme. The 5MeH4B radical signal achieved
a maximum intensity at 60-80 ms as compared to 125 ms
for H4B. The fitting gave rates of formation and decay for
the 5MeH4B radical that were 40 and 0.2 s-1, respectively,
and indicated that 100% of the bound 5MeH4B participated
in radical formation during the reaction. Thus, the 5MeH4B
radical formed at a rate that was approximately 4 times faster
than the H4B radical in identical Arg reactions run at 10°C,
and it decayed 3 times more slowly than the H4B radical
(Table 1).

Product Formation Kinetics.Rapid-quench experiments
revealed that [14C]Arg conversion to NOHA was 3 times
faster in 5MeH4B-containing iNOSoxy as compared to an
equivalent H4B-containing enzyme (Figure 5B and Table 1).
Other experiments that measured the extent of Arg oxidation
showed that iNOSoxy containing 5MeH4B generated 38%
more NOHA per heme than an equivalent H4B-containing
enzyme (Table 1). This indicated that faster pterin radical
formation in the single turnover reactions is associated with
faster and more extensive Arg hydroxylation.

Crystallographic Structure of 5MeH4B-Bound iNOSoxy.
To determine if protein structural changes were associated
with the kinetic differences that we observed for H4B
substitution with 5MeH4B, we determined the crystal struc-
ture of a 5MeH4B-bound iNOSoxy dimer to 1.8 Å resolution.
Crystallographic data collection and refinement statistics are

listed in Table 3. The overall structure of the 5MeH4B-bound
iNOSoxy was almost indistinguishable from iNOSoxy with
bound H4B (7, 37-39). The close similarity extends to the
pterin ring site, where most of the H-bonding and all of the
π stacking interactions between H4B and the protein residues
(7) are preserved in the 5MeH4B structure (Figure 6A,B).
Hydrogen bonds between the heme propionate and the pterin
ring are also maintained bwtween the H4B-bound and
5MeH4B-bound structures. An overlay of these two structures
shows only minor differences between them in the confor-
mation, orientation, and position of the pterin and surround-
ing residues (Figure 6C). The pterin N5 remains tetrahedral,
with the added methyl group out of the ring plane. The pterin
tilts slightly to avoid a collision of the 5-methyl group with
Arg 375. The hydrogen bond from pterin N5 to a structural
water molecule is broken, and both this water molecule and

Table 2: Hyperfine Coupling Constants Obtained from Simulation

species
AI

N5
AI

N5-HR

AI

N5-CH3â1

AI

N5-CH3 â2

AI

N5-CH3 â3

AI

C6-Hâ

AI

N8
AI

N8-H
AI

C7-Hâ1

AI

C7-Hâ2

H4B radical (5 nucleus) 13.0 10.0 14.5 2.5 5.0
H4B radical (7 nucleus) 13.0 12.0 14.5 1.5 4.5 3.5 2.0
5MeH4B radical (7 nucleus) 10.0 12.5 12.5 12.5 14.0 3.5 3.3

FIGURE 5: Kinetics of pterin radical formation, decay, and product
formation during Arg hydroxylation by 5MeH4B- or H4B-saturated
iNOSoxy. Reactions were set up and run as described in Figure 4.
Panel A shows radical formation and decay vs the log of the reaction
time. Inset, radical buildup vs time during the first 130 ms of
reaction for iNOSoxy containing 5MeH4B (solid squares) or H4B
(solid circles). Panel B shows the kinetics of NOHA formation.
Reactions were initiated by mixing an anaerobic solution of 3µM
ferrous iNOSoxy containing 1 mM 5MeH4B and 10µM [14C]Arg
with air-saturated buffer. Data for H4B-bound iNOSoxy was taken
from ref19. The percentage of [14C]Arg conversion to [14C]NOHA
was 39% for H4B-bound iNOSoxy and 10% for 5MeH4B-bound
iNOSoxy under these experimental conditions. Data are normalized
to better compare their time courses and are the representative of
three experiments each.
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a neighboring water molecule adjust their positions to
maintain other hydrogen bonds. The tilt of the pterin and
shifts in the side chain of Met 114 bring its thiomethyl group
slightly closer to the pterin ring (Figure 7). Overall, these
subtle structural changes imply that 5MeH4B binds without
significant differences in its conformation or in the confor-
mation of the surrounding protein relative to H4B-bound
iNOSoxy.

DISCUSSION

H4B reduces a transient FeIIIO2
- intermediate to create the

ultimate heme-oxy species that hydroxylates Arg (Figure
1). Here, we show that modifying the structure of H4B alters
the kinetics of its electron transfer to the FeIIIO2

- intermedi-
ate. Our stopped-flow UV-vis and rapid freeze EPR
experiments suggest that 5MeH4B reduces the FeIIIO2

-

intermediate about 4 times faster than does H4B. This
complements our previous finding that Trp457 in iNOSoxy
also controls the speed of this electron transfer (22). Thus,

both the pterin structure and the surrounding protein environ-
ment can tune electron transfer from H4B.

Faster 5MeH4B radical formation was associated with
faster conversion of the FeIIIO2

- intermediate to ferric
enzyme and with faster Arg hydroxylation. A kinetic match
among these three processes had also been observed in
reactions catalyzed by H4B-containing wild-type iNOSoxy
and for the W457A and W457F mutants (19, 22). In those
studies, the mutants had slower H4B radical formation that
was associated with slower FeIIIO2

- disappearance and slower
Arg hydroxylation. Our current data extend these results by
showing that kinetic matching is still maintained among these
processes even when pterin radical formation becomes 4-fold
faster than that observed with H4B.

Equivalent rates of Arg hydroxylation and 5MeH4B radical
formation suggest that the latter process is still rate limiting
for the single turnover reaction. This is consistent with our
observing no spectral intermediates during conversion of the

Table 3: Crystallographic Data Collection and Refinement Statistics
for 5MeH4B-Containing iNOSoxy

wavelength (Å) 1.08

cell dimensions (Å) a ) b )214.16;c ) 117.65
data resolution (Å) 30.0-1.8 (1.86-1.80)a

total observations 1 279 733
unique observations 142 082
completeness (%) 97.5 (92.4)
〈I/σ〉b 29.6 (4.2)
Rsym

c 0.03 (0.28)
Rd 0.201
Rfree

e 0.216
no. non-hydrogen atoms 7957
no. waters 847
〈overall B〉 (Å2) 29.4
〈main chain B〉 (Å2) 28.7
〈side chain B〉 (Å2) 29.9
rms bond (Å) 0.009
rms angle (deg) 1.4

a Highest resolution shell for compiling statistics.b Average intensity
signal-to-noise ratio.c Rsym ) ∑∑j|I j - 〈I〉|/∑∑jI j.

d R) ∑||Fo| - |Fc||/
∑|Fo|, whereFo andFc are the observed and calculated structure factors,
respectively.e 5% of the reflections were set aside randomly forRfree

calculation.

FIGURE 6: Comparison of pterin ring binding sites in H4B-bound and 5MeH4B-bound iNOSoxy. In Panels A and B, the bound pterin is
yellow and is surrounded by green and blue residues from the same or partner subunit of the dimer, respectively. Hydrogen bonds are
shown as white dotted lines, oxygen atoms are red, while nitrogen atoms are blue. Panel C shows a superimposition of the H4B-bound
(green) and 5MeH4B-bound (yellow) iNOSoxy. Water molecules and hydrogen bonds are omitted for clarity.

FIGURE 7: Pterin dihydroxypropyl side chain binding environment
in H4B-bound and 5MeH4B-bound iNOSoxy. The figure overlays
structures for the H4B (green) and 5MeH4B (yellow) bound
iNOSoxy. The sulfur atom of Met114 is yellow. Water molecules
and hydrogen bonds are omitted for clarity.
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FeIIIO2
- intermediate to ferric enzyme in 5MeH4B-saturated

iNOSoxy. If reaction steps downstream from 5MeH4B
electron transfer had become rate limiting, we should have
observed a slower rate of Arg hydroxylation and possibly
observed buildup of new spectral intermediates. Thus, we
conclude that subsequent steps in the iNOSoxy reaction that
follow FeIIIO2

- reduction by 5MeH4B (i.e., formation of the
ultimate heme-based oxidant and its reaction with Arg) likely
proceed at similar or greater speed than 5MeH4B radical
formation (30 s-1 at 10°C). To observe these steps, we may
need to find a H4B analogue that supports even faster FeIIIO2

-

reduction or engineer the protein to receive electrons through
a pulse laser step (40).

The extent of Arg hydroxylation per heme was 28-37%
greater in 5MeH4B-saturated iNOSoxy as compared to the
H4B-saturated enzyme. We previously observed that slower
FeIIIO2

- reduction by H4B was associated with proportionally
less Arg hydroxylation in W457 mutants (22). Indeed, the
rank orders of FeIIIO2

- reduction rate and product yield are
the same (5MeH4B > H4B > H4B/W457F> H4B/W457A).
This relationship between kinetics and product yield can be
rationalized if one considers that the speed of FeIIIO2

-

reduction by H4B controls partitioning of this intermediate
between productive (Arg hydroxylation) versus nonproduc-
tive (superoxide release) pathways (20). Thus, greater product
yield with 5MeH4B may reflect its ability to shift a higher
percentage of the FeIIIO2

- intermediate toward Arg hydroxy-
lation. This relationship underscores the need for timely
FeIIIO2

- reduction in iNOS. Moreover, it helps rationalize
why H4B provides an electron at this step instead of the NOS
flavoprotein domain, whose electron transfer to heme is
slower in iNOS (approximately 1 s-1) (26).

The driving force for electron transfer between H4B and
the FeIIIO2

- intermediate is determined in part by the redox
couples of the two participating species. Although midpoint
potential values for H4B and the FeIIIO2

- intermediate have
not been measured in any NOS, some related information is
available. Gorren et al. (41) utilized cyclic and square wave
voltammetry to study oxidative transitions of various reduced
pterins in solution at neutral pH. One-electron oxidative
transitions for H4B and 5MeH4B were observed at+270 and
+400 mV, respectively. Because these values are far more
positive than midpoint potentials estimated for a heme-
thiolate FeIIIO2

- intermediate (-300 to 10 mV) (42-44),
the NOS protein may perturb bound H4B to increase its
reducing power. Flavoproteins provide a good precedent for
this effect because they can perturb the hydroquinone-
semiquinone midpoint potential of a single bound flavin over
an approximate 400 mV range (45). In a related study3, we
have observed that binding 5MeH4B lowers the ferric heme
midpoint potential of an Arg-bound iNOSoxy by about 40
mV, which is a slightly greater negative change than what
we obtained using H4B in the same circumstance (46). On
the other hand, if oxidation of Arg is fast and irreversible it
may overcome the reversible and unfavorable electron-
transfer step from the pterin. It will be important to study
how NOS proteins tune the midpoint potential of H4B and
understand what other factors promote its electron transfer
to the FeIIIO2

- intermediate.

In principle, the different rates of 5MeH4B and H4B radical
formation should relate to their different chemical structures
and/or to distinct changes in iNOSoxy structure once either
pterin is bound. Crystal structures suggest that bound H4B
may be stabilized within NOSoxy as a cation radical during
turnover by an extensive hydrogen bonding network (8, 24,
37). The positive charge is thought to localize predominantly
at the N5 position in H4B (37) and to be additionally
stabilized by a cation-π cloud interaction that is contributed
in iNOSoxy by conserved aromatic residues W457 and F470
(24). Importantly, the H4B radical has also been proposed
to be cationic with radical density primarily located at N5
of the biopterin ring as judged from15N isotope substitution
and other EPR experiments (21, 23). This radical density
assignment is consistent with our EPR data since methyl
group substitution at N5 changed the hyperfine fingerprint
as compared to the H4B radical (Figure 4). Given these
circumstances, adding a methyl group at N5 should further
stabilize the radical and thus facilitate its formation during
Arg hydroxylation.

Regarding protein interactions with 5MeH4B, our crystal
structure suggests that there are no significant differences
between iNOSoxy proteins containing 5MeH4B versus H4B.
The hydrogen bonding andπ stacking interactions between
bound cofactors and the surrounding amino acids are very
similar. Relative to H4B in iNOSoxy, 5MeH4B is slightly
tilted to accommodate the added methyl group. Two struc-
tural water molecules shift to improve packing with the
methylated H4B, but one of these loses a hydrogen bond to
N5. The thiomethyl of Met 114 packs more closely with
5MeH4B, but no conformational strain in 5MeH4B is evident
from the crystal structure. Thus, faster radical formation by
5MeH4B is not linked to obvious changes in protein structure
or interactions. This contrasts with the iNOSoxy W457A and
W457F mutants, whose slower H4B radical formation is
linked to discrete structural changes in their H4B binding
sites that may destabilize the cation radical (22, 24).

The half-lives of radicals in our iNOSoxy reactions were
much longer than the half-life of an H4B radical formed in
solution at neutral pH (47, 48). Thus, iNOSoxy appears to
stabilize the H4B radical after it forms during Arg hydroxy-
lation. This is important because delaying its oxidation would
give the enzyme time to reduce the radical back to H4B,
which must occur before the second step of NO synthesis
can be initiated (4, 5).

Although we do not know with certainty the fate of the
pterin radical in our experiments, we and other groups have
argued that the pterin radical is likely to become oxidized
following completion of the single turnover reaction. This
assumption is consistent with the pterin radical being
inherently unstable in the presence of O2 (and so eventually
must oxidize according to the thermodynamics). Also, there
are no obvious reducing agents present in our reactions to
transform the pterin radical back into its fully reduced form.
We do not expect that disappearance of the radical is
connected to pterin dissociation from NOS, as binding studies
(33) and multiple turnover experiments have clearly indicated
that enzyme affinity for H4B and its radical are high enough
to keep them bound during multiple rounds of catalysis.

Stabilizing the H4B radical may also be a fundamental
means for regulating H4B electron-transfer rate in iNOSoxy.
A synthesis of our current and previous work reveals a direct3 Santolini, J., and Stuehr, D. J., unpublished results.
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correlation between H4B radical half-life and the rate at
which it forms in iNOSoxy (Figure 8). These data predict
that the speed of H4B radical formation is equivalent to the
radical half-life multiplied by a factor of 11. The degree of
correlation is remarkable given that radical half-life was
altered by mutating the protein in two cases (W457A and
F) and by modifying H4B structure in one case. To the best
of our knowledge, this is the first example where the rate of
radical formation in a protein has been directly related to
the stability of the resulting radical. It will be interesting to
investigate the basis for this relationship and to see if it holds
in other NOS isozymes.
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