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The high-potential flavin and heme of nitric oxide synthase are not
magnetically linked: implications for electron transfer
Jason M Perry!, Namdoo Moon?, Yunde Zhao3, W Richard Dunham? and

Michael A Marlettal3

Background: The homodimeric nitric oxide synthase (NOS) catalyzes
conversion of L-arginine to L-citrulline and nitric oxide. Each subunit contains
two flavins and one protoporphyrin IX heme. A key component of the reaction is
the transfer of electrons from the flavins to the heme. The NOS gene encodes
two domains linked by a short helix containing a calmodulin-recognition
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sequence. The reductase domain binds the flavin cofactors, while the

oxygenase domain binds heme and L-arginine and additionally mediates the
dimerization of the NOS subunits. We investigated the origin of the unusual
magnetic properties (rapid-spin relaxation) of an air-stable free radical localized

to a reductase domain flavin cofactor.

Results: We characterized the air-stable flavin in wild-type NOS, both in the
presence and absence of calcium and calmodulin, the imidazole-bound heme
complex of wild-type NOS, the NOS Cys415—Ala mutant, and the isolated

reductase domain. All preparations of NOS had the same flavin electron-spin
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relaxation behavior. No half-field transitions or temperature-dependent changes

in the linewidth of the radical spin signal were detected.
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Conclusions: These data suggest that the observed relaxation enhancement of

the NOS flavin radical is caused by the environment provided by the reductase
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domain. No magnetic interaction between the heme and flavin cofactors was
detected, suggesting that the flavin and heme centers are probably separated

by more than 15 A,

Introduction

Nitric oxide svnthase (NOS; EC 1.14.13.39) catalvzes the
conversion of L-arginine to nitric oxide (NQ) and L-cit-
rulline at the expense of NADPH and molecular oxygen
(Figure 1). The physiological role of NO has been a
subject of intense investigation: NO has been shown to be
a signal transduction agent that acts through stumulation of
soluble guanylate cvclase, a component of the host

such as synaptogenesis, ncuronal development, and apop-
tosis [1]. The particular activity that NO mcediates scems
to be a function of the tissue type and cellular location in
which itis synthesized. Despite the growing body of infor-
mation regarding the actions of NO, important questions
about the molecular mechanism of the NOS-catalyzed
reaction remain unanswered.

Two general classes of NOS isoforms have been character-
ized [2]. The constitutive isoforms, which are best repre-
sented by neuronal NOS (nNOS) and endothelial NOS
(eNOS), are regulated by a Ca?-dependent interaction
with calmodulin that permits NADPH-dependent heme
reduction. ‘The cyrokine-induced NOS isoforms, such as

the one found in macrophages, are generated as a product of
dynamic gene regulation and copurify with calmodulin as a
tightly bound subunit [3,4]. All of the 1soforms isolated to
date are catalvucally competent only as homodimers, and
cach subunit has been shown to contain stoichiometric
amounts of flavin adenine¢ dinucleotide (FAD), flavin mono-
nucleotide (FMN), (6R)-5, 6, 7. 8-tetrahydro-1.-biopterin
(I1yB) and protoporphvrin IX heme [5-11]. "The protein-
donated ligand to the axial position of the NOS heme is a
cysteine thiolate, and thus it displays clectronic absorption
and clectron paramagmetic resonance (EPR) properties
similar to those observed with substrate-bound cytochrome
P450, including the signature ferrous-CO complex with a

k.. at approximacely 445 nm [8,12].

“nax
Fach NOS subunit 1s composed of two separate domains
that are linked to each other by the region of the enzyme
that contains a calmodulin-recognition scquence, and, upon
proteolvtic  digestion of this region, the independent
domains can be isolated [13]. The amino-terminal heme
domain contains the putative active site of the enzyme. The
amino-terminal domain mediates dimerization of NOS sub-
units and binds heme, H B and L-arginine. "The carboxy-
terminal reductase domain displavs significant sequence
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Figure 1
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homology to cvtochrome P450 reductase and likewise con-
tains onc equivalent cach of FAD and FMN. The striking
functional resemblance between the reductasc domain of
NOS and P450 reductase is the ability to stabilize a neutral
flavin-semiquinone radical, shown in P450 reductase (and
presumed in NOS) to be localized to FMN [14]. 'The cat-
alvtic cycle of NOS 1s believed to be fueled by the calmod-
ulin-dependent sequential transfer of NADPI-derived
clectrons from the reductase domain to the active site,
where heme reduction has been observed. Whether there
is a direct clectron-transfer cvent between a reduced flavin
and the heme or if other functional groups participate in an
clectronic relay to bridge the two centers i1s not vet clear;
the former, however, has been the putative model based
on analogics drawn to the cytochrome P450/cytochrome
P450 reductase system and previous investigations of the
magnectic properties of the flavin-semiquinone radical [7].

The flavin-semiquinone radical of NOS has an intrinsic
spin-relaxation rate that is somewhat faster than would be
expected for an isolated free radical, which has prompted a
modcl of a dipolar spin—spin intcraction between the flavin
radical and the high-spin heme which could result in a
relaxation enhancement of the radical [7]. In this report, we
have applied progressive microwave power saturation EPR
to several preparations of recombinant rat nNOS in order to
locate the origin of the observed magnetic propertics char-
acteristic to the flavin radical spin. Our findings demon-
strate that all of the components necessary for the relaxation
behavior of the flavin semiquinone radical are contained
within the reductase domain of NOS, and indicate that the
distance between the flavin radical and the active-site heme
is probably at least 15 A. This distance is likely to be too
great to allow direct electron transfer between the flavin
and heme centers and suggests the participation of other
protein components in the clectron-transfer process.

Results

Relationship between heme spin state and flavin-radical
relaxation

As expected from previous results, the NOS heme was
observed to be predominantly high-spin ferric (spin = 3/2)

following the purification procedure [8], and it is with this
species of heme that the flavin-semiquinone radical has
been reported to engage in a dipolar spin—spin interaction
[15]. In the presence of 2 mM imidazole, the heme can be
quantitatively converted to the low-spin ferric state (spin
1/2), by coordinating imidazole as a distal ligand [6]. Elec-
tronic absorption spectra of these heme specics are shown
in (Figure 2). The promincnt features of the wild-type
nNOS optical spectrum include a rather broad Soret band
centered at 396 nm, a B/oe band centered at 544 nm, and a
Fe(lll)>porphyrin  charge-transfer band centered  at
646 nm. The bound flavins also contribute to the spectrum
by adding maxima at 454 nm and 480 nm (oxidized flavin
species) and by adding to the absorbance between 550 and
700 nm (neutral flavin semiquinonc). Flavin transitions at
380 nm and 355 nm are not obscrved becausce of the spec-
trally dominating heme chromophore. The imidazole-
bound wild-type nNOS exhibits a sharp Soret band with a
maximum at 427 nm, B/o transitions between 510 nm and
590 nm and a & band with a maximum at approximately
365 nm. The flavin absorbance is largely masked bv the
heme, but the shoulder at 380 nm and that between
450 nm and 500 nm probably represent oxidized flaving the
absorbance from 620 nm to 700 nm 1s the semiquinone.

Field-swept EPR spectra confirm the electronic nature of
the two heme species (Figure 3). 'The wild-type high-spin
heme has transitions at g = 7.68, g = 4.13, and g, = 1.82,
showing a high degree of rhombic distortion similar to that
observed in other cytochrome P450 ¢nzymes [16]. Transi-
tions at g =2.44, g =228, and g = 1.88 result from a
minor amount of low-spin heme that is consistently
observed in wild-type nNOS preparations. T'he imidazole-
bound low-spin heme transitions appear at g, = 2.57,
g.=2.28, and g, = 1.81. Both spectra display an isotropic
free-radical signal centered at g = 2.003 with a linewidth of
approximately 20 G, which arises from the ncutral flavin-
semiquinonc radical.

We used progressive microwave power saturation to
determine if the flavin-radical spin could engage in an
clectron- spin interaction with cither population of heme,
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This technique can be applied to calibrate spin-relaxation
rates by measuring the peak-to-trough height of a signal as a
function of the incident microwave power at a constant
temperature [17]. All power saturation data presented in
this report were collected at 25 K. "The relaxation properties
of the flavin-semiquinone radical show no dependence on
the spin state of the heme, which suggests that there is no
dipolar interaction between the two spins (Figure 4). Both
heme species relax faster than the flavin radical and would
be expected to dominate the relaxation behavior of the
semiquinone if the spins were relaxing together through
dipolar or exchange intcractions. The high-spin heme
should relax faster than the low-spin specics because of the
complexity of its ground state, however; this allows for a
more cfficient interchange of energy quanta (i.¢., coupling
of the spin and phonon systems). For a high-spin ferric ion,
there is an S ground term that is partitioned into three dou-
blets by high-order perturbations dependent on the ligand
field and spin-orbit interactions; there will therefore be

some relatively low lving excited states (within the phonon
contnuum) avatlable to participate in the relaxation
process that allows the phonon system to efficiently inter-
change quanta with the spin system [16]. Also, there 1s no
change in the linewidth of the flavin radical upon conver-
sion of the heme from spin 5/2 to spin 1/2. Dipolar mag-
netic interactions often induce spectral broadening that
would be particularly pronounced if the monitored species
has a 7' that is significantly longer than that of the perturb-
ing species, and this would be the case when considering
the relaxation of a flavin radical compared to the relaxation
of a high-spin iron [17].

In addition to these observations, no half-field spin inter-
action signals were deteeted between the flavin radical and
cither heme spccics at an incident microwave power of
200 mW (data not shown); this transition is almost alwavs
forbidden when considering an interaction between a
radical and a spin 5/2 iron, however. We also examined the
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Field-swept EPR spectra of wild-type nNOS immediately following
purification (upper trace) and wild-type nNOS in the presence of 2 mM
imidazole (lower trace). EPR parameters: modulation frequency,

100 kHz; modulation amplitude, 0.1 mT; temperature 25 K; microwave
frequency, 9.175 GHz. The upper spectrum was collected with an
incident microwave power of 20 mW, and the lower spectrum was
collected with an incident microwave power of 10 mW. A buffer blank
was subtracted from each spectrum to eliminate resonance cavity
signals. The y-axis is the derivative of the magnetic susceptibility with
respect to the magnetic field strength. The integral of this derivative is
the EPR intensity. The scale bar reflects the effective g value at the
given magnetic field and is nonlinear because it is proportional to the
inverse of the field strength.

imidazole-bound nNOS flavin radical lincwidth as a func-
tion of temperature and obscrved no additional broadening
(data not shown). Cooling from 25K to 12K would be
expected to dampen some vibrational modes that could
mask a spin-spin interaction between a rapidly relaxing
system and a radical, allowing the interaction to be
observed as a change in linewidth with the concomitant
appearancc of a half-ficld transition. In accord with this, no
half-field signals were detected at 12 K; this experiment
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Progressive microwave power saturation EPR of wild-type nNOS and
wild-type nNOS in the presence of 2 mM imidazole. Blue symbols
represent nNOS immediately following purification (circles are the flavin
radical, diamonds are the high-spin heme) and red symbols represent
nNOS + 2 mM imidazole (circles are the flavin radical, diamonds are the
low-spin heme). S’ is the peak-to-trough amplitude of the flavin radical or
the g, of the low-spin heme or the peak height of the g, of the high-spin
heme. EPR parameters were identical to those used to collect the field-
swept spectral data shown in Figure 3.

was also performed at 6 K. and, likewise, no change in line-
width of the flavin radical signal was obscrved. Similar
power saturation results have been demonstrated by Tisai
et al. [18] on a recent EPR investigation of the eNOS.

Relationship between heme occupancy and flavin radical
relaxation

To circumvent the potential complication of a similar net
cffect on the flavin radical relaxation propertics brought
about by the ditferent heme spin states, we wished to assess
the radical relaxation behavior in the absence of heme. This
was accomplished by using two heme-free NOS polypep-
tides: the Cys415—Ala (C415A) point mutant (heme-ligand
mutant) and the reductase domain, which was generated by
protcolysis of the wild-type nNOS. Elcectronic absorption
spectra (Figure §) of these species demonstrate the absence
of bound heme, which is corroborated by ficld-swept EPR
(Figure 6). The optical spectra of the C415A mutant and
the rcductase domain are not identical; both, however,
demonstrate the full complement of transitions imparted to
the nNOS spectrum by the flavin prosthetic groups. The
semiquinonc absorbance is most prevalent in the visible
rcgion of these spectra from 530-700 nm. The other major
transition associated with the semiquinone redox specics is
centered at 355 nm and 357 nm in the C415A mutant and
the reductase domain, respectively. Spectral maxima, which
represent the optical contribution from the fully oxidized
population of flavin, appear at 383, 454, and 480 nm in both
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Electronic absorption spectra of the C415A point mutant and the
reductase domain of wild-type nNOS. Both spectra were collected
immediately following the purification procedure and illustrate the
absorbance contributions of the oxidized flavin and the neutral flavin
semiquinone chromophores.

preparations. ‘T'he reason for the optical discrepancy
between the two preparations is unclear; it could, however,
be accountcd for by a low extinction charge transfer band
derived from the heme domain. The EPR spectra of the
C415A mutant and the reductase domain are identical, and
cach contains the 20 G scmiquinone radical as the only
obscrvable paramagnetic center. When the power satura-
tion experiment was applied to these preparations, the
relaxation behavior of the semiquinonc radical in each was
dctecrmined to be identical to that observed in the full
lecngth, wild-type preparations of nNOS (Figure 7).

Effect of Ca*2/calmodulin binding on flavin radical
relaxation

Because the binding of the Ca*?/calmodulin complex is
known to trigger NADPH-supported electron transfer
from the high potential flavin to the heme of nNOS, we
investigated whether the addition of the Ca?*/calmodulin
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Field-swept EPR spectra of the C415A point mutant (upper trace) and
the reductase domain (lower trace) of nNOS. Both spectra were
collected with an incident microwave power of 2 mW; other EPR
parameters were identical to those used to generate the field-swept
spectra of the wild-type nNOS shown in Figure 3.

complex would alter the magnetic properties of the flavin
radical. As in all other preparations studied, powcr satura-
tion of the nNOS flavin radical in the presence of the
Ca*Z/calmodulin complex demonstrates no perturbation of
the flavin radical relaxation properties from those measured
on nNOS immediately following purification (Figure 8).

Discussion

EPR studies on the air-stable ncutral flavin semiquinonc
radical of nNOS have been carricd out as part of our
ongoing investigation of the overall reaction mechanism
that results in the conversion of L-arginine to L-citrulline
and NO. At least some part of the overall conversion is
driven by NADPII-dependent heme reduction, which is
presumably mediated by electron-pair splitting on the
isoalloxazine rings of the two-flavin system contained in
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Progressive microwave power saturation of the flavin-semiquinone
radical observed in the C415A point mutant and the reductase
domain of nNOS. Blue circles represent the saturation behavior of
the flavin radical of wild-type nNOS in both plots, and red circles
represent the saturation behavior of the flavin radical in the

(a) C415A point mutant and (b) the reductase domain. S’ is the
measured peak-to-trough amplitude of the flavin radical; EPR
parameters were identical to those used to collect the field-swept
spectral data shown in Figure 3.

the reductase domain of NOS. Thcrefore, an assessment of
any observable interactions between the flavin and heme
cofactors is integral to gaining a better understanding of
the architecture of the active site as well as the mechanism
by which clectron transfer and, ultimately, catalysis pro-
ceeds. It had previously been speculated that the flavin
radical and the high-spin heme were close cnough to
engage in a dipolar spin—spin intcraction, which was bascd
on an EPR-visible flavin radical signal at an incident
microwave power of 10 mW [7]. 'I'his hypothesis was sup-
ported by a recent power saturation EPR experiment in
which the relaxation propertics of the resting wild-tvpe
nNOS were compared to those of a heme-depleted sample
[15]. Tc was obscrved that the flavin-radical spin of the

radical of mangancse-depleted photosystem [ indicated
that this type of curve could be generated by a dipolar-
spin interaction [19]. Surprisingly, however, neither the
substrate L-argininc [15] nor the addition of Ca*?/calmod-
ulin [18] (Figure 8) (which triggers NADPH-dependent
heme reduction) had any significant cffect on the relax-
ation propertics of the NOS flavin radical. The lack of an
effect by Ca*)/calmodulin is particularly interesting
because it apparently rules out the rather simple model
that calmodulin binding scrves as a switch that reorients
the flavin and heme cofactors to permit efficient clectron
transfer between them.

Our data contrasts with the previous observations rcgard-
ing the relaxation bchavior of the flavin-semiquinone
radical. First, we observed no change in flavin relaxation
on conversion of the heme from high (S =35/2) to low
(S = 1/2) spin. 'T'he high-spin heme has five unpaired elec-
trons and a magnetic moment approximately 3.5 umes
that of the low-spin heme, which has only one unpaired
clectron. 'The altered magnetic properties of the heme
center should affect the relaxation properties of the flavin
radical if the two spins have a dipolar interaction; in face, if
the intcraction is strong, the spins should relax together. If
the low-spin heme were to bring about a similar net
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Figure 9

Models of cofactor positioning and electron
transfer in NOS. (@) An earlier model was
based on speculation on the relationship
between the high-potential flavin and heme
cofactors of NOS. A magnetic linkage
between these two cofactors in the resting or
Cat*?/calmodulin-activated state of the enzyme
would indicate that they are in close proximity
to each other, and that there is probably a
direct electron-transfer event between them.
(b) Based on the current data, we present the
possibility of an alternative heme-reduction
pathway that invokes the participation of other
amino-acid residues in the electron-transfer
process (for example, tryptophan residues as
shown in the figure), and permits a greater
distance between the flavin and heme
cofactors {2 15 A).
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enhancement of radical relaxaton as the high-spin heme,
so that progressive microwave power saturation of the
radical spin could not distinguish between the interactions
(as could be the case if the low-spin iron were moved
closer to the radical center or into a gecometry more favor-
able for spin diffusion), it should generatc a half-field rcs-
onance. We were unable to detect any  half-field
interaction signals betwecen the flavin radical and the low-
spin heme at either 25 K or 12 K. These data suggested
that chere might not be any magnetic interaction between
the flavin and heme cofactors.

T'o examine whether the flavin relaxation propertics were
dependent on any other unspecified interaction with the
heme domain, we gencrated two  heme-free NOS
polypeptides for comparison: the C415A point mutant and
the independent reductase domain. Both of these prepara-
tions werc able to maintain the air-stable semiquinone
radical, and the spin-relaxation propertics of thesc radicals
were indistinguishable from each other and from the
wild-type nNOS. This has led us to the conclusion that
any componcnts necessary for enhancing the relaxation of
the flavin radical are contained within the reductase
domain, and are most likely to be the dircct effects of local
polypeptide composition and conformation.

"T'he reason for the discrepancy between the current resules
and the previously reported observations is unclear; it
could, however, reflect differences in sample preparation.

At the ume when the earlier studies were initated, the
Escherichia coli expression system of nNOS was not readily
available and the authors had to rely on the relatively harsh
procedurc of prolonged dialysis against 2 M urea to gener-
ate the heme-free apoNQOS that was used for comparison
with the intact wild-type cnzyme [20]. This urea dialysis
preparation was not ablc to stabilize the semiquinonc
radical, and the sample used for the power saturation
cxperiment had to be pre-reduced immediately prior to
freezing; hencee, the environment of observed radical signal
might not have been homogencous [13]. If the structure of
the reductase domain were perturbed during the sample
preparation, and structural integrity is required for the
flavin-radical relaxation enhancement, one might expect to
obscerve a morce slowly relaxing radical specics that more
closely resembles an isolated free radical.

Relaxation enhancements of a protein-associated radical
greater than what would be expected for an isolated free
radical are not unprecedented. P2 is the microwave power
needed for half-saturation of an EPR signal and is a conve-
nicnt comparative measurc of spin-relaxation rates. The
P2 value reported for the NOS flavin radical ranges
bertween 1 and 50 pW depending on the protein source and
amount of dissolved oxvgen in the sample. Therefore,
although there is an intense semiquinone signal visible up
to 20 mW, the spin is heavily saturated. ‘The PY2 of the
FMN semiquinone radical of flavodoxin was mcasured to
be 200 wW at 170 K, which indicates a significant relaxation
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cnhancement over an isolated free radical [21]. As a caveat,
this value cannot provide a direct comparison between the
NOS flavin radical and that of flavodoxin because relax-
ation properties are temperature-dependent and  the
process 1s accclerated at a higher temperature as more
relaxation pathways become accessible. This trend is par-
ticularly apparcent when considering the EPR properties of
high-spin species, such as the wild-typec nNOS heme, for
which it is necessary that the sample be cooled to 25K or
lower to observe the associated resonance transitions.

Local magnetic ficlds induced by unpaired electron spins
that arc in a fixed onentation because of the protein matrix
should have distance-dependent interactions with each
other. Therc are two major clectron-spin interactions to
consider, dipole—dipolc and exchange. The exchange com-
poncnt is of electrostatic origin and at distances of less than
5 A, or when bridging atoms can participate, it usually dom-
inates and gives rise to a coupled-spin system such as that
observed bctween heme a; and the mononuclear copper
center (CuB) in cytochrome c¢ oxidase. Dipolar interactions,
however, are the result of overlapping magnetic ficlds and
operate through a significantly greater range, usually up to
~15A [22]. Becausc the flavin radical of nNOS seems to
have no dipolar interactions with the active-site heme (even
in the presence of Ca*? and calmodulin), we infer that the
distance between the two cofactors is probably greater than
15 A_ This is not surprising in light of the proposed domain
structure of NOS; it is in contrast, however, with the current
modcl which places the high-potential flavin in spatial prox-
imity to the high-spin heme, a juxtaposition that would pre-
sumably permit a direct clectron transfer (Figure 9a).
Although a direct electron transfer between these two
cofactors cannot be ruled out by the abscence of a magnetic
interaction, the presumed minimal distance between the
flavin radical and the heme suggests that other functional
groups, perhaps aromatic amino acids, could be involved in
the process. 'T'he NOS heme domain contains ten trypto-
phans that are completely conscerved in the 30 genes that
have been scquenced. Any of these cryptophans could
potcntially scrve to facilitate long-range clectron transfer.
Consistent with this, the recently solved crystal structure of
the NOS heme¢ domain reveals that two of these trypto-
phans are positioned adjacent to the heme, one on each side
of the heme planc [23]. Figure 9b depicts a potential route
of clectron transfer that is consistent with both the crystal
structure and the data presented in this report. Alterna-
tively, the process could be mediated by electron tunneling
along the peptide backbone, which is an increasingly attrac-
tive model of electron transfer in other known electron-
transfer proteins such as azurin and cytochrome c [24].

In conclusion, we judge the relaxation behavior of the
flavin-semiquinone radical of nNOS to be a product of its
environment within the reductase domain and is proba-
bly not a result of an electron-spin intcraction with the

active-sitc heme, or any other component of the heme
domain. These obscrvations arc in contrast to the current
model which contends that efficient clectron-spin relax-
ation of the flavin radical is a consequence of an interaction
with the active-site heme. In addition, our resules indicate
that the high-potential flavin of NOS is probably not incor-
porated into the active site; rather, the flavin donates clec-
trons to the heme from a more remote location.

Significance

Nitric oxide synthase (NOS) is a homodimeric enzyme
that catalyzes the NADPlH-dependent conversion of
L-arginine to I.-citrulline and nitric oxide. Each subunit
contains one equivalent each of the two flavin cofactors
FAD and FMN, as well as one equivalent of a protopor-
phyrin IX heme. The NOS gene encodes two domains, a
reductase domain that binds the flavin cofactors and
NADPH and an oxygenase domain that binds the heme
and L-arginine. A short helix containing a calmodulin-
recognition sequence is belicved to link these two domains.
The catalytic mechanism of NQOS is thought to be driven
by the calmodulin-dependent sequential transfer of
NADPH-derived electrons from the reductase domain to
the active site where the heme is reduced. It is not yet
clear whether there is a direct electron transfer between a
reduced flavin and the heme or if other protein compo-
nents participate in an electronic relay to bridge the two
centers. The pre-existing model, based on similarities
between NOS and cytochrome P450 reductase enzymes,
favors a direct electron-transfer process. Our demonstra-
tion that two paramagnetic species of redox-active cofac-
tors (high-potential flavin-semiquinone radical and ferric
heme) localized to separate domains of nitric oxide syn-
thase (NOS) have no magnetic interaction with each
other contradicts the previously described model of eclec-
tron transfer. The former model placed the high potential
flavin of the reductase domain of NOS in close proximity
to the active site of the oxygenase (heme) domain and
implied that a direct electron-transfer event occurred
between flavin and heme. We have proposed a novel and
testable model of the electron transfer between these two
cofactors that recruits the redox capability of conserved
amino-acid residues. This model is permissive of the long-
range electron transfer that is implied by our results,
which indicate that the distance separating the high-
potential flavin and heme of NOS is at least 15 A.

Materials and methods

Materials

2’, 5’-ADP-Sepharose, calmodulin-Sepharose 4B, and the Hiload
26/60 Superdex-200 gel filtration column were obtained from Pharma-
cia. (6R) -5, 6, 7, 8-tetrahydro-L-biopterin was purchased from Dr. B.
Schircks Laboratories (Jona, Switzerland), and 10 mM stock vials of
this reagent were prepared in 50 mM Hepes buffer pH 7.4 containing
100 mM dithiothreitol (DTT). E. coli DH50 competent cells, T4 DNA
ligase, and IPTG were from Gibco-BRL. Ail necessary restriction
enzymes, ampicillin, and the Expand High Fidelity PCR kit were pur-
chased from Boehringer Mannheim. The original cDNA clone for rat
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neuronal NOS contained in the vector Bluescript (SK-) was a gift from
Dr Solomon H. Snyder (Johns Hopkins University), whereas the expres-
sion plasmid used, pCWori, was generously provided by Dr Michael R.
Waterman (Vanderbilt University). All materials and reagents not
described above were obtained from Sigma.

Cloning and mutagenesis

The pCWnNOS expression vector was constructed using the protocol
developed by Gerber and Ortiz de Montellano {25]. The C415A mutant
was generated using the overlap extension PCR method [26]. The
external primers used for this purpose were (5-GGCTCCAAGGC-
CCACATGGAC-3') and (5"-CACTTCCAGCACCAGCTCTGG-3). The
mutagenic primers were {5-ACGCCTCTCGAGCTGTGGGCAGGA-3)
and (5"-TCCTGCCCACAGCTCGAGAGGCGT-3). The resulting PCR
fragment was subcloned into pCWnNQOS that had been pretreated with
Sacl, and the orientation of the inserted fragment was assessed by
screening transformants with a mixture of Apal and Narl. Mutations and
fidelity of the PCR reactions were confirmed by DNA sequencing. All
primer synthesis and DNA sequencing was performed by the University
of Michigan Biomedical Research Core Facility.

pCWnNOS expression

An overnight culture of DH50-pCWnNOS was used to inoculate four
4 flasks each containing 1 | of modified 2xYT media and 50 mg ampi-
cillin. Casein N-Z plus enzymatic hydrolysate was used in lieu of the
tryptone recommended for the YT media. These cultures were grown
at 37°C until the ODg,, was 0.8, at which time the temperature in the
incubator was equilibrated to 22°C. Upon cooling of the cultures,
pCWnNOS expression was induced by adding IPTG to a final concen-
tration of 1 mM. After induction, the cultures were allowed to grow for
an additional 18 h at 22°C betore being harvested by low-speed cen-
trifugation. The expression scheme used for the C415A mutant was
identical to that used to express the wild-type nNOS.

Purification

The cell pellets generated from 41 of culture were resuspended in
50 m! of sonication buffer {100 mM Hepes pH 7.4, 2 mM CaCl,, 35%
glycerol, 1 ug/ml antipain, and 1 uM benzamidine) and lysed in the
presence of 100 yM H,B and 1 mM DTT. The cell debris was pelleted
by ultracentrifugation at 100,000 x g for 1.5 h and the resulting super-
natant was applied to a 30 mL calmodulin~Sepharose column that had
been pre-equilibrated with 2 bed volumes of buffer A (100 mM Hepes
pH 7.4, 50 mM NaCl, 2 mM CaCl,, and 10% glycerol). After loading,
the column was washed with 250 ml of buffer A containing 10 uM H,B
and 0.1 mM DTT. The bound protein was eluted from the calmod-
ulin—Sepharose column with buffer B (100 mM Hepes pH 7.4, 150 mM
NaCl, 10puM H,B, and 0.1 mM DTT) containing 10 mM EGTA and
passed directly onto a 10 ml 2’, 5™-ADP-Sepharose column that had
been pre-equilibrated with 2 bed volumes of buffer B. This column was
washed with 100 ml of buffer B and subsequently with 100 mL of
buffer B supplemented with 300 mM NaCl. The bound protein was
eluted with 50 m! of buffer B containing 10 mM NADPH and concen-
trated to 10 mL using ultrafiltration. The protein concentrate was sub-
jected to gel filtration on a Superdex—200 column pre-equilibrated with
buffer C {100 mM Hepes pH 7.4, 400 mM NaCl, and 10% glycerol),
and fractions containing NOS, which migrates as a single band at
160 kDa on a Coomassie-stained SDS-PAGE, were pooled. Samples
were concentrated and desalted, if necessary, and stored at —-80°C
until use. This purification procedure typically yields between 3 and
5 mg of pure nNOS per litre of culture with a specific activity ranging
from 480-640 nmol min~' mg~"! as determined by monitoring the con-
version of ferrous-oxy hemoglobin to methemoglobin at 37°C [27]. The
purification procedure for the C415A mutant was identical to that of
the wild-type NOS with the exception that it elutes from the gel filtration
column at a significantly longer retention time, consistent with it being
monomeric. The reductase domain was obtained as a by-product of the
nNOS overproduction system and copurified with the full-length
protein until the gel filtration step where it was separated to greater
than 90% purity, as judged by Coomassie-stained SDS-PAGE. The

amino terminus of the reductase domain was sequenced using Edman
degradation at the University of Michigan core facility; the readable
sequence was LAEAVKFS (using single-letter amino-acid code), which
corresponds to amino acid residues 734-741 of the rat nNOS. Imida-
zole-bound wild-type nNOS was prepared by concentrating the sample
in buffer B containing 2 mM imidazole. Protein concentrations were
determined using the Bradford microassay procedure with bovine
serum albumen (BSA) as the standard.

Electronic absorption characterization

All optical spectra were recorded on a Cary 3E spectrophotometer at a
constant temperature of 25°C, maintained by a circulating water bath.
A buffer blank was subtracted from each spectrum.

Electron paramagnetic resonance characterization
Measurements were made using a Varian Century E-Line X-band EPR
Spectrometer. Protein samples used in the EPR studies were
50-100 uM, and all spectra reported here were collected at 25 K. The
final concentration of glycerol in all EPR samples ranges between 20
and 30% (v/v). The precise concentration is unknown because protein
samples were concentrated by water evaporation under vacuum imme-
diately prior to freezing; this technique also limits the amount of dis-
solved oxygen in the sample. Progressive microwave power saturation
data were fitted to the following equation:

y =peak amplitude x gaing, / gain, x (power, / power,)/2 (1)

where r and s represent the reference point and the recorded spectrum
used to generate data points respectively.
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