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Abstract: Mammalian nitric oxide synthase (NOS) is a homodimeric flavo-hemoprotein that catalyzes the
oxidation of L-arginine to nitric oxide (NO). Regulation of NO biosynthesis by NOS is primarily through
control of interdomain electron transfer (IET) processes in NOS catalysis. The IET from the flavin
mononucleotide (FMN) to heme domains is essential in the delivery of electrons required for O, activation
in the heme domain and the subsequent NO synthesis by NOS. The NOS output state for NO production
is an IET-competent complex of the FMN-binding domain and heme domain, and thereby it facilitates the
IET from the FMN to the catalytic heme site. The structure of the functional output state has not yet been
determined. In the absence of crystal structure data for NOS holoenzyme, it is important to experimentally
determine the Fe---FMN distance to provide a key calibration for computational docking studies and for
the IET kinetics studies. Here we used the relaxation-induced dipolar modulation enhancement (RIDME)
technique to measure the electron spin echo envelope modulation caused by the dipole interactions between
paramagnetic FMN and heme iron centers in the [Fe(lll)][FMNH] (FMNH": FMN semiquinone) form of a
human inducible NOS (iNOS) bidomain oxygenase/FMN construct. The FMNH---Fe distance has been
directly determined from the RIDME spectrum. This distance (18.8 + 0.1 A) is in excellent agreement with
the IET rate constant measured by laser flash photolysis [Feng, C. J.; Dupont, A.; Nahm, N.; Spratt, D.;
Hazzard, J. T.; Weinberg, J.; Guillemette, J.; Tollin, G.; Ghosh, D. K. J. Biol. Inorg. Chem. 2009, 14,

133-142].

Introduction

Nitric oxide synthase (NOS) is the enzyme responsible for
the oxidation of L-arginine (Arg) to nitric oxide (NO), a key
signaling molecule for vasodilation and neurotransmission at
low concentrations and a defensive cytotoxin at higher
concentrations.*? NO’s availability is tightly regulated at the
synthesis level by NOS. Aberrant NO synthesis by NOS is
associated with an increasing number of human pathologies,
including stroke, hypertension, and cancer.?® Selective NOS
modulators are required for therapeutic intervention because of
the ubiquitous nature of NO in mammalian physiology and the
fact that multiple NOS isoforms are each capable of producing
NO in vivo. Until recently, advances in understanding the
structural and functional mechanisms of this enzyme class led
to identification of agents that are designed to selectively
modulate NOS.*® However, clinical agents that directly and
selectively modulate NOS isoform activity remain elusive.
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Clearly, molecular mechanisms of NOS regulation, once fully
understood, are key targets for development of selective new
pharmaceuticals for treating a wide range of NOS-mediated
diseases that currently lack effective treatments.

Mammalian NOS is a homodimeric flavo-hemoprotein that
catalyzes the oxidation of L-Arg to NO and L-citrulline with
NADPH and O, as cosubstrates.” Each subunit contains a
C-terminal electron-supplying reductase domain with binding
sites for NADPH (the electron source), flavin adenine dinucle-
otide (FAD) and flavin mononucleotide (FMN), and an N-
terminal catalytic heme-containing oxygenase domain. The
substrate, L-Arg, and a cofactor, (6R)-5,6,7,8-tetrahydrobiopterin
(H4B), both bind near the heme center in the oxygenase domain.
The oxygenase and reductase domains are connected through a
calmodulin (CaM)-binding region, which is irreversibly bound
to CaM in iNOS (inducible NOS) at all physiological Ca?"
concentrations, while reversible CaM binding to the region of
nNOS and eNOS (neuronal and endothelial NOS) requires an
increase in intracellular Ca?* concentration.” The major differ-
ences between the CaM-regulated isoforms of NNOS/eNOS and
the Ca?t insensitive isoform iNOS are intrinsic regulatory
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elements,” including a unique autoregulatory insert within the
FMN domain of eNOS/nNOS® and the C-terminal tail.°

The three NOS isoforms, iINOS, eNOS, and nNOS, achieve
their biological functions via an intricate regulation of interdo-
main electron transfer (IET) processes.” These IET processes
are key steps in NO synthesis through coupling reactions
between the flavins and heme domains. Uncoupled or partially
coupled NOS results in synthesis of reactive oxygen species
such as superoxide, hydrogen peroxide, and peroxynitrite.* It
is of current interest to investigate the thermodynamics**~*® and
kinetics'"~22 of the IET processes in NOS, as well as structures
of IET-relevant NOS intermediates by advanced spectroscopy
techniques.?®2* In particular, it is important to elucidate control
mechanisms for the IET process from FMN to heme,'":2%2¢
which is essential in the delivery of electrons required for O,
activation in the catalytic heme domain and the subsequent NO
synthesis.

An “FMN-domain tethered shuttle” model (Figure 1) was
recently proposed®”?® and strongly supported by IET kinetic
studies'”?6 % and low temperature MCD data.®” This model
involves the swinging of the FMN domain from its original
electron-accepting (input) state to a new electron-donating
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Figure 1. Tethered shuttle model: the FMN-binding domain shuttles
between the FAD domain and heme-containing oxygenase domain. Top:
input state; bottom: putative output state. CaM binding unlocks the input
state, thereby enabling the shuttling of the FMN domain between the two
enzyme states. CaM is also required for proper alignment of the FMN and
heme domains in iINOS.

(output) state. This molecular rearrangement facilitates efficient
IET between the FMN and the catalytic heme in the oxygenase
domain. The structure of the functional output state has not yet
been determined. To favor observation of the output state,
bidomain NOS oxyFMN constructs, in which only the oxyge-
nase and FMN domains, along with the CaM binding region,
are expressed, were originally designed by Ghosh and Salerno.®
Rat nNOS oxyFMN protein was also constructed in other
laboratories.®?*° Biochemical, kinetic, and spectroscopic results
have shown that these homologous dimeric oxyFMN constructs
are well-validated models of the output state for NO produc-
tion.28'3l'37’38

Currently, only the oxygenase and reductase domain crystal
structures are available, while the structures of the NOS
holoenzyme remain elusive. Since 1998, crystal structures have
been reported for the truncated NOS constructs, including the
oxygenase domains of each of the NOS isoforms,*°~*2 rat NANOS
reductase constructs,**** CaM bound human iNOS FMN
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domain,*® and CaM bound to peptides corresponding to the
CaM-binding region in nNOS (PDB 2060) and human eNOS.*®
Trying to piece together the heme and reductase domain
structures by computational docking studies may provide some
insights,®*® but alternative models will be difficult to distinguish
when compared to the favored ones. Therefore, it is important
to identify a method that can provide distance constraints within
the FMN—heme IET complex. The FMN---Fe distance infor-
mation is also important for better understanding the FMN—heme
IET mechanism, because the distance between redox centers is
critical for controlling electron transfer processes in proteins.*’

The FMN---Fe distance can be evaluated from magnetic
dipolar interactions determined by electron paramagnetic reso-
nance (EPR). Continuous wave (CW) EPR was used previously
to detect the magnetic relaxation enhancement of FMN semi-
quinone (FMNH") at cryogenic temperatures due to the dipole
interaction with the heme iron center,*®4° but no concrete
distance estimates were made. In another report®™ neither
relaxation enhancement nor EPR line broadening was observed
for FMNH®, and it was proposed that the Fe---FMN distance
should be greater than 15 A. Unlike CW EPR, the pulsed EPR
techniques of electron—electron double resonance (ELDOR),
double-quantum coherence (DQC), selective hole-burning, and
relaxation-induced dipolar modulation enhancement (RIDME)
have sufficiently high spectral resolution to measure the dipole
interactions directly. These techniques have been recently
applied to measure distances between paramagnetic centers
in proteins in general and in electron transfer protein systems
in particular.®7%¢ In this study, we performed a RIDME
experiment®”*® on the [Fe(I1)][FMNH] form of a human
iNOS oxyFMN construct. To make the heme iron center
readily observable by pulsed EPR, we chose to convert it to
the low-spin (S = 1/2) state (rather than the high-spin (S=
5/2) state) by adding imidazole that coordinates to the heme
iron. Dipolar modulation of the electron spin echo (ESE)
signal of FMNH® induced by the longitudinal relaxation of
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Figure 2. Refocused stimulated ESE pulse sequence used for RIDME
measurements. The nominal flip angles of the mw pulses are indicated.
The labels “SE” and “RSE” indicate the stimulated ESE and refocused
stimulated ESE signals, respectively. The arrows show the mw pulses and
ESE signals whose positions are varied during the experiment. In the
RIDME experiment, only time interval 7 is varied, while T and t are kept
constant. The echo signal of interest is the refocused stimulated ESE
(“RSE™).

the heme iron center was detected and analyzed, yielding an
FMNH'---Fe distance of 18.8 + 0.1 A.

Experimental Section

Preparation of EPR Sample of NOS. A human iNOS oxyFMN
construct was expressed and purified as described elsewhere.?® For
the EPR experiments in this work, the heme was converted to an
exclusively low-spin form by adding imidazole that binds directly
to the heme iron. The [Fe(lI)][FMNH] form of the imidazole-
bound iNOS was prepared by titration with dithionite. Briefly, the
iINOS sample was degassed with argon and titrated to the
[Fe(1I)][FMNH‘] form by adding certain volumes of fresh buffered
dithionite solution under anaerobic conditions. The titration was
followed by UV—vis spectra (Figure Sla in Supporting Informa-
tion). For the pulsed EPR sample, the total [INOS] was 324 uM,
and 42% ethylene glycol was added as a glassing agent; buffer:
100 mM bis-Tris-propane, 200 mM NaCl, 3 mM imidazole, pH
7.6. Formation of the [Fe(lI)][FMNH] form in high yield was
confirmed by UV—vis and CW EPR spectra (Figures S1b and S2,
respectively).

Pulsed EPR Spectroscopy. The pulsed EPR experiments were
performed on a home-built Ks-band (26—40 GHz) pulsed EPR
spectrometer®® at a microwave (mw) frequency of 29.454 GHz.
The K, band was chosen for our experiments in order to improve
sensitivity compared to the lower-frequency mw bands. The
refocused stimulated ESE pulse sequence used for RIDME mea-
surements is shown in Figure 2. The parameters of specific
experiments are described in the figure caption. The measurement
temperatures were 15 and 25 K.

Docking of the Heme and FMN Domains of iNOS. ZDOCK®°
was employed to dock crystal structures of human iNOS oxygenase
domain (pdb 1NSI) and a complex between Ca?*/CaM and human
iNOS FMN domain, including the CaM-binding region (pdb 3HR4).
Glu546 (FMN domain) was included as a required residue in the
contact area because spectroscopic studies have identified this
residue as being involved in the interaction with the oxygenase
domain in human iNOS,*” and the equivalent residue in rat nNOS
FMN domain (E762) has been shown to be important for the
FMN—heme electron transfer and nNOS activity.®* Arg203 (oxy-
genase domain) was also at the interface because it is near the
corresponding residue (Asn208) of rat nNOS Lys423 (that is crucial
for nNOS activity®®), while another nearby Arg215 was not included
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Figure 3. Refocused stimulated ESE field sweeps of low-spin [Fe(ll)]
[FMNH] form of imidazole-bound human iNOS oxyFMN recorded at
temperatures of 15 K (a, b) and 25 K (c) and repetition rates of 10 Hz (a,
¢) and 1000 Hz (b). The convention of this work for correspondence between
the heme iron principal g-values and g-frame axes (X,Y,Z) is indicated in
panel a. Other experimental conditions: mw frequency, 29.454 GHz; mw
pulses, 9, 9, 9, and 15 ns; 7 = 20 ns; T = 20 us; t = 200 ns.

because it is on the other side of the protein surface containing
Asn208. An acceptable ZDOCK solution should satisfy the fol-
lowing two structural constraints. First, the distance between FMN
Ns and heme iron should be close to 18.8 A, as determined by
RIDME in this study. Second, the FMN domain should dock to
one subunit of the oxygenase domain (A; Figure 9), while
positioning the Arg511 residue (CaM-binding region) at a distance
of <25 A from GIu502 of the other oxygenase domain subunit (B;
Figure 9). The latter requirement is based on the facts that the
FMN—heme IET is intersubunit,?® and the residues E502 and R511
in the holoenzyme are separated by a 9-amino acid fragment.®®
The residues that covalently link Glu502 and Arg511 are missing
from the crystal structures available. When the CaM molecule was
included in the input pdb file of the INOS FMN domain (3HR4),
ZDOCK did not produce any satisfactory solutions. The CaM
molecule was then removed from the pdb file to obtain ZDOCK
solutions that meet the two restrictions described above (the four
Ca?" ions are still included in the input file). The ZDOCK score,
Fe---Ns distance, and R511---E502 distance of the top nine
solutions are listed in Table S1; the sixth model was selected
because it meets all the requirements above. No further refinement
of the docked structure was attempted.

Results

Figure 3 shows the field-sweep spectra of iINOS oxyFMN
recorded at different temperatures and repetition rates using the
refocused stimulated ESE pulse sequence (Figure 2) that was
also used for the distance measurements (see below). The broad
low-amplitude signal in Figures 3a and 3b has the principal
g-values (gx, Oy, 9z) = (2.52, 2.30, 1.85) and originates from
the ferric heme center coordinated by imidazole and cysteine.

(63) Charles, I. G.; Palmer, R. M.; Hickery, M. S.; Bayliss, M. T.; Chubb,
A. P.; Hall, V. S.; Moss, D. W.; Moncada, S. Proc. Natl. Acad. <ci.
U.SA. 1993, 90, 11419-11423.
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The strong narrow signal at g ~ 2.003 belongs to the neutral
FMNH" radical.

The width of the K, band EPR spectrum of heme iron is about
300 mT. Such a large line width precludes meaningful use of
ELDOR for distance measurements between the heme iron and
FMNH". In a pulsed ELDOR experiment on the NOS sample,
one would normally observe the ESE signal from Fe(ll1), while
flipping the spins of FMNH" by the pumping mw pulse.
However, for any resonance position of the observation pulse
sequence with respect to the EPR spectrum of Fe(lll), only a
limited subset of orientations of the heme centers (and therefore
a limited subset of orientations of the radius vector R joining
Fe(l1) and FMNH") will contribute to the ESE signal. This
orientational selectivity requires multiple pulsed ELDOR experi-
ments to be performed, with the observation frequencies
sampling various positions across the EPR spectrum of the
Fe(l11) signal. The required offsets between the pumping and
observation mw frequencies can be up to 6 GHz, and both
frequencies cannot be simultaneously accommodated within a
single mode of a mw resonator.

Therefore, in this work we used an alternative distance
measurement technique, RIDME; the pulse sequence is shown
in Figure 2. Unlike pulsed ELDOR, it only uses mw pulses to
observe one of the paramagnetic centers forming a pair (usually
referred to as “spin A”). The other center, “spin B”, is not
manipulated by the mw pulses but is allowed to flip due to the
natural process of spin—Ilattice relaxation (during the time
interval T). The relaxation-induced reorientation of spin B
changes the local magnetic field at the position of spin A by
D/gap (where D is the dipole interaction energy, ga is the
g-factor of spin A, and f3 is the Bohr magneton) and results in
the oscillatory dependence of the ESE signal of spin A as a
function of the time interval 7. The oscillation frequency is equal
to D (as is customary in pulsed EPR, we are not making a
distinction between energy and frequency units). This oscillatory
dependence is often called the dipolar electron spin echo
envelope modulation (ESEEM), and it is superimposed on the
ESE signal decay (as a function of 7) along with the ESEEM
caused by the interaction of the unpaired electron with nearby
magnetic nuclei.

An efficient RIDME experiment requires the spin—lattice
relaxation time of spin B to be much shorter than that of spin
A (T1a > Tyg). This requirement is usually satisfied for a pair
consisting of an organic radical (slowly relaxing spin A) and a
transition metal ion center (fast-relaxing spin B). For the NOS
system at hand, the longitudinal relaxation of FMNH" is orders
of magnitude slower than that of the Fe(lll) heme center.
Therefore, we can designate FMNH" as spin A and the ferric
heme center as spin B.

In order to separate the dipolar ESEEM from other sources
of ESEEM, two experiments have to be performed. The first
experiment is performed at the measurement temperature Tqy
selected in such a way as to possibly minimize the flip
probability for spin B during the time interval T of the RIDME
pulse sequence. The second experiment is performed at the
temperature Thigy that maximizes the flip probability for spin B
(the asymptotic probability of 50% is reached when the
relaxation is complete). The ESE signal containing pure dipolar
ESEEM is then obtained as a quotient of the ESE signals
recorded at Thigh and Tiow.

The general requirements for selecting the measurement
temperatures and the relaxation time interval, T, are as follows:
(1) As arule, T should be kept as short as possible in order to
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Figure 4. Inversion recovery traces for the Fe(lll) heme center recorded
at temperatures of 15 and 25 K. Other experimental conditions: mw
frequency, 29.454 GHz; magnetic field, B, = 914.8 mT (gy); inversion
mw pulse, 15 ns; observation mw pulses, 20 and 40 ns. The vertical dashed
line shows the relaxation time interval T = 20 us used in the RIDME
measurements.

minimize the spectral diffusion effects but still much longer
than the maximal interval 7, Tma, SO that the longitudinal
relaxation of spin B during 7 could be neglected; (2) the
temperature Ty, should be as low as possible in order to
minimize the relaxation of spin B during the time interval T
but still high enough for the slow-relaxing spin A to be
observable at reasonable repetition rates of, at least, 5—10 Hz;
and (3) the temperature Thign Should be sufficiently high to
provide for possibly complete relaxation of spin B during the
time interval T but still low enough to satisfy the condition of
Tig > Tax-

In order to select the appropriate Thigh and Tiew for our RIDME
experiments, the longitudinal relaxation of the Fe(lll) center
was measured at different temperatures using the inversion
recovery technique. Figure 4 shows the results of inversion
recovery experiments for the Fe(lll) center at temperatures of
15 and 25 K. Note that, for T = 20 us, the relaxation at 25 K
is practically complete, while at 15 K only about 20% of Fe(Il1)
spins have flipped. At temperatures lower than 15 K, the flip
probability for Fe(lll) was even smaller (e.g., ~5% at 10 K),
but a strong saturation of the FMNH" ESE signal required the
use of very low repetition rates (~1 Hz), which made the
RIDME measurements at such low temperatures impracticable.
Therefore, we have designated the following conditions for our
RIDME measurements: Thigh = 25 K, Tiow = 15 K, and the
relaxation time interval T = 20 us.

The two measurements (one at Thigh and one at Tyo,,) described
above represent a formal minimum that pertains to a situation
when the EPR spectra of spins A and B do not overlap. In our
case, however, the EPR signal of FMNH"* overlaps with that of
the Fe(111) heme center (see Figure 3). Therefore, the ESE signal
detected at the temperature Ty, at the resonance position of
FMNH" is also contributed to by the ESE signal of Fe(lll). At
Thigh N0 Fe(lI1) contribution exists because at T = 20 us the
longitudinal relaxation of Fe(l1) reduces its refocused stimulated
ESE signal to virtually zero (see Figure 3c).

In order to obtain the pure ESE signal of FMNH® at Ty,
one can use the dramatic difference in the longitudinal relaxation
rates of Fe(I1l) and FMNH". In fact, the ESE signal of Fe(lIl)
at 15 K has the same amplitude at the repetition rates of several
Hz and 1000 Hz (Figures 3a and 3b). On the other hand, the
ESE signal of FMNH" rapidly saturates and, at 1000 Hz,
becomes practically unobservable (Figure 3b). Therefore, in
order to separate the FMNH® ESEEM from the contribution of
the Fe(lIl) signal, the refocused stimulated ESEEM traces at
Tiow Were collected at repetition rates of 10 and 1000 Hz (Figure

ESE Amplitude

0.0 0.5 1.0
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Figure 5. (a) RIDME traces recorded at 15 K, B, = 1050.9 mT (the
resonance position of FMNH®), at repetition rates of 10 Hz (trace 1, the
ESE signal is mostly contributed to by FMNH®) and 1000 Hz (trace 2,
the ESE signal is mostly contributed to by Fe(lll)). Trace 1 of panel b is
the difference of RIDME traces 1 and 2 of panel a, and it corresponds to
FMNH® contributions only. Trace 2 of panel b is the experimental RIDME
trace recorded at 25 K, B, = 1050.9 mT, and a repetition rate of 10 Hz.
Trace 3 of panel b is the quotient of traces 2 and 1 in the same panel; the
ESEEM observed in this trace is from the magnetic dipole interaction
between Fe(l11) and FMNH". Other experimental conditions: mw frequency,
29.454 GHz; mw pulses, 9, 9, 9, and 15 ns; starting = 20 ns; T = 20 us;
t =200 ns.
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Figure 6. Cosine FT of the dipolar ESEEM spectrum shown in the quotient
RIDME trace (trace 3 of Figure 5b).

5a), and then the 1000 Hz trace was subtracted from the 10 Hz
one (trace 1, Figure 5b).

Dividing the trace recorded at Thig, (trace 2 in Figure 5b) by
the difference trace obtained at T, (trace 1 in Figure 5b) results
in the pure dipolar ESEEM (trace 3 in Figure 5b). By subtracting
the nonoscillating background and performing a cosine Fourier
transformation (FT), we obtain the spectrum of the dipolar and,
possibly, exchange interactions between FMNH® and the ferric
heme center (Figure 6). The shape of this spectrum resembles
the Pake doublet, with the peaks corresponding to the effective
dipolar couplings |D,| &~ 8.3 MHz (correspond to R L B,) and
the shoulders corresponding to the couplings |Dy| ~ 19 MHz
(correspond to R Il By). The RIDME spectrum of Figure 6 is
analyzed below assuming the exchange interaction constant to
be zero (J = 0). The validity of such an approximation is
evaluated in the Discussion section.

If the g-factors of FMINH' and heme iron forming a pair were
isotropic, the ratio |D,/D,| = 2 would be observed. The g-factor
of Fe(lll), however, is noticeably anisotropic (see Figure 3),
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which results in orientation-dependent rescaling of the dipolar
interaction as compared with the case of isotropic g-factors. The
dipole interaction in systems with anisotropic g-factor(s) was
described in detail elsewhere.®*~°® For the spectroscopic situ-
ation of this work, the dipole interaction can be written as

g \2
D= ;YZ(—BB') *Dy(0; — 3rr)bb; 1)
LI=AY,

where X, Y, and Z are the principal axes of the spin B (i.e.,
heme iron) g-frame (see Figure 3a for the assignment of the
axes to the EPR turning points), D, = gags?/hR®, ga is the
g-factor of spin A (i.e., FMNH"), § is the Bohr magneton, h is
the Planck constant, gg; are the principal components of the
g-tensor of spin B, gs = [(gsxbx)? + (gavby)? + (9szb2)Y2,
and by and ry are the projections of, respectively, B, and R on
axes X, Y, and Z. Equation 1 can be conveniently rewritten as

2
_ % \? 998 % o
D= z (—) 'TDij biby ~ Z EBDU’ bib;

ij=X.Y,Z 9 ij=X.Y,z

@

where D) are the components of a reference dipole interaction
tensor defined for two spins with isotropic g = 2. The last part
of eq 2 (after the “~” sign) takes into account that ga ~ 2 with
very good accuracy.

From eq 2 one can see that the anisotropic g-factor of Fe(l1l)
will result in effective elongation or shortening of D{) with the
factor of g&;/(2gs). This can result in the observable ratio |D}/
D,| in the experimental RIDME spectrum being generally
different from eq 2. This is illustrated by the simulated dipole
interaction spectra shown in Figure 7. These spectra correspond
to the three possible situations where the dipolar axes are aligned
with the spin B g-frame, which results in the principal
components of D@ being multiplied by gg;/2.

In the studied NOS system, the orientation of R with respect
to the g-frame of the heme iron center is not known a priori,
and different assumptions about this orientation may result in
somewhat different distance estimates because of the scaling
of the dipolar tensor components described above. Based on
|IDil= 19 MHz, the possible point—dipole distance estimates
range from 17.4 A for R Il Z to 19.3 A for R Il X. These
estimates, however, do not guarantee that the corresponding D,
features will coincide with the experimental ones, and it is
possible that only a significantly narrower range of distances
will actually fit the experimental data. Therefore, in order to
improve the distance estimate and obtain the information about
the orientation of R with respect to the heme g-frame, numerical
simulations of the experimental RIDME spectrum were per-
formed. In these simulations, the orientation of R with respect
to the heme iron g-frame was defined by the polar angle 6 (the
angle between R and Z) and azimuthal angle ¢ (the angle
between the projection of R on the XY plane and axis X). For
each orientation, the distance R was adjusted in such a way as
to reproduce the positions of D, peaks. The coincidence or
divergence between positions of the calculated and experimental

(64) Bedilo, A. F.; Maryasov, A. G. J. Magn. Reson., Ser. A 1995, 116,
87-96.

(65) Hurst, G. C.; Henderson, T. A.; Kreilick, R. W. J. Am. Chem. Soc.
1985, 107, 7294-7299.

(66) Hoffman, B. M.; Martinsen, J.; Venters, R. A. J. Magn. Reson. 1984,
59, 110-123.
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Figure 7. Examples of simulated dipole interaction spectra for the cases
of isotropic and anisotropic g-factors. Solid traces, ideal dipole interaction
spectra calculated for the system with isotropic gs = 2 and anisotropic gg
= (gex, sy, Usz) = (2.52, 2.3, 1.85). The reference dipole interaction tensor
D® is axial, with the components (8, 8, —16) MHz. In panels a, b, and c,
the long axis of D@ is aligned with axis Z, X, and Y of the spin B g-frame,
respectively. Dashed traces show the dipole interaction spectrum corre-
sponding to D®@ (that is, in the system with isotropic ga = gs = 2).

Dy shoulders was used as a main criterion for acceptability of
the given structural model.

Figure 8 shows the spectra calculated for 6 = 0°, 30°, 60°,
and 90° and for similar values of ¢. The corresponding reference
dipole interaction tensors (D) are given in Table 1. One can
see that for & = 0° and 30° the simulated D, features are too
narrow (Figures 8a and 8b), while for 6 = 90° they are too
wide compared with the experimental ones (Figure 8d). At 6
= 60° and ¢ = 0°—30° the position of D, approximately
reproduces the experimental one (Figure 8c). Additional calcula-
tions for @ close to 60° allow one to establish the range of
acceptable values of 6 to be from 60° to 70° and the range of
@ to be from 0° to 30°. While the larger values of 6 (up to 80°)
and ¢ (up to 90°) allowed reproduction of the position of the
Dy shoulder, the D, feature became unacceptably broad (e.g.,
the short-dashed and dash-dotted traces in Figure 8c). The D@
values corresponding to & = 60° and 70° are 8 and 8.2 MHz,
respectively, which correspond to the respective distances of
18.9 and 18.7 A (i.e, R=18.8 + 0.1 A).

Discussion

In the Results section we described the detection of the dipole
interaction between the NOS heme iron and FMNH" centers
using RIDME. The distance between these two centers was
estimated under the assumptions of full orientational disorder,
point dipole approximation, and negligibility of the scalar
exchange interaction. The accuracy of these three approxima-
tions is discussed below.

The orientational selectivity is first discussed. The inversion
recovery experiments show that the relaxation rate of Fe(lll)
depends very little on the orientation of its molecular frame
with respect to the external magnetic field vector, B, (see Figure
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Figure 8. Comparison of experimental and simulated dipole interaction
spectra. The solid trace in each panel is the experimental RIDME spectrum
reproduced from Figure 6. Dashed, dotted, short-dashed, and dash-dotted
traces in all panels are simulated with parameters described in Table 1. To
emulate the experimental line width, the simulated “ideal” spectra were
Fourier-transformed, truncated to a 1 us time interval, apodized using a
cosine window, and Fourier-transformed back to the frequency domain.

Table 1. Reference Dipole Interaction Tensors (D®) and Their
Orientations Used for Simulating the Dipole Interaction Spectra in
Figure 82

Panel in dashed line dotted line short-dashed line  dash-dotted line
Figure 8 D (MHz), 6, ¢ D? (MHz), 6, ¢  D? (MHz), 6, ¢  D? (MHz), 0, ¢
a 7.3,0° 0° - - -
b 7.4,30°, 0° 7.4, 30°, 30° 7.4, 30°, 60° 7.5, 30°, 90°
c 8.0, 60°, 0° 8.0, 60°, 30° 8.2, 60°, 60° 8.3, 60°, 90°
d 9.0, 90°, 0° 9.0, 90°, 30° 9.0, 90°, 60° 9.0, 90°, 90°

#The reference tensors are axial and are characterized by their
perpendicular component D chosen in such a way as to fit the position
of the 8.3 MHz peak in the experimental spectrum. The orientation of
the long component, D, with respect to the heme iron g-frame is
defined by the polar, 6, and azimuthal, ¢, angles.

S3). Therefore, the ensemble of spins B flipped by the relaxation
process under the conditions of our RIDME experiment is, to a
good accuracy, completely orientationally disordered. In addi-
tion, the field sweep spectrum of FMNH" (Figure S4) is almost
symmetric, and its width (AB,, = 2.4 mT) is comparable with
the mw excitation width (B, = 1 mT for the 90° mw pulses of
9 ns). Thus, the ensemble of spins A observed in our RIDME
experiment is also, to a good accuracy, completely orientation-
ally disordered. This orientational disorder of the observed spins
A and relaxing spins B results in the lack of orientational
selectivity in our RIDME experiments.

In order to evaluate the scale of possible departures of the
reference dipole interaction tensor D@ from that based on a

point dipole approximation, one has to take into account the
spin density distribution in the heme system and in the sz-system
of FMNH'. For the heme system the worst scenario would
correspond to the d,, ground state, which is characterized by a
relatively low spin population of the central Fe(lIl) (~0.65) and
a relatively high spin population of the porphyrin meso carbons
(~0.06).577%° For the heme systems with a d. ground state the
spin population of the central Fe(lll) is significantly larger
(~0.85),°8 and the whole heme system corresponds more closely
to a point dipole. In FMNH", the electronic spin is mostly located
on nitrogens Ns and Ny and carbon Cy, (total spin population
~0.6%™ in the central part of the molecule. The rest of the
spin density is distributed over the isoalloxazine s-system in a
sign-alternating manner. Calculations of the reference dipole
interaction tensor D@ for the above-mentioned spin density
distribution show that for distances R~ 19 A the largest possible
rhombicity does not exceed 2% and the departure of DP) from
the point—dipolar value is no more than 8%. This results in the
possible inaccuracy in the distance estimate of ~2% (about 0.5
A), which is much less than the size of one of the aromatic
rings in FMNH".

With regard to the possible scalar exchange interaction, a
survey of the literature on model systems shows that for
characteristic distances of 15—20 A considerable exchange
coupling constants J of up to several MHz can only be observed
if the two paramagnetic centers are linked by conjugated bonds,
while, in the case of o-bonds or in the absence of a direct linker,
the exchange coupling is effectively zero.”>”® These results
confirm that the approximation of J = 0 used in our analysis is
reasonable.

Let us now consider the orientational information we obtained
in this work. The orientation of vector R was determined with
respect to the g-frame of the heme iron center. In order to obtain
the orientation with respect to the molecular frame (e.g., the
angle between R and the heme plane), one needs to know how
the g-frame axes are oriented relative to the molecular axes and,
specifically, which g-axis, X or Z, corresponds to the heme plane
normal. To our knowledge, no experimental data that can
unequivocally answer this question have been reported, and we
will address this problem in our future experiments. Nonetheless,
if we tentatively assign gz to the heme plane normal, then the
angle between R and the heme plane is within 20°—30°, and
the edge-to-edge distance between FMNH" and the heme (that
is, the shortest distance between their respective s-systems) can
be as low as ~13 A, while, for g, being one of the in-plane
principal components, the distance can be up to 18 A.

Our recent low temperature MCD studies indicate that the
interdomain FMN—heme interactions modulate the interactions
between the substrate and catalytic heme center.>” A kinetic
study by Haque et al. suggested that the FMN domain docking
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(68) Ghosh, A.; Gonzalez, E.; Vangberg, T. J. Phys. Chem. B 1999, 103,
1363-1367.
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T. K.; Walker, F. A. J. Phys. Chem. A 2002, 106, 74-82.

(70) Edmondson, D. E. Biochem. Soc. Trans. 1985, 13, 593-600.

(71) Garcia, J. I.; Medina, M.; Sancho, J.; Alonso, P. J.; Gomez-Moreno,
C.; Mayoral, J. A.; Martinez, J. . J. Phys. Chem. A 2002, 106, 4729-
4735,

(72) Margraf, D.; Cekan, P.; Prisner, T. F.; Sigurdsson, S. T.; Schiemann,
O. Phys. Chem. Chem. Phys. 2009, 11, 6708-6714.
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Figure 9. (a) A ZDOCK model of a complex between the human iNOS
oxygenase and FMN domains satisfying the structural constraints described
in the text. This model was selected from the ZDOCK solutions listed in
Table S1. The FMN and heme cofactors are shown in sticks. Note that the
FMN domain (yellow) docks to oxygenase subunit A (green) and is
covalently connected to the other oxygenase subunit B (blue) through the
residues R511 (CaM-binding region) and E502 (oxygenase subunit B); these
two residues are labeled and shown in balls and sticks. The arrangement of
the domains meets the major constraint that the FMN-heme IET should be
intersubunit.?? The cofactors, between which the distance is measured (FMN
of subunit B and heme of subunit A), are indicated by arrows. (b) Stick
representation of the heme and FMN cofactors in the complex showing
their distances. The graph was created using Discovery Studio Visualizer
2.0.

may be involved in regulating NOS catalytic activity.”* In that
work, a neutralization mutation at the nNOS FMN domain
surface was shown to increase NO synthesis activity by
enhancing the rate of [Fe(1l)—NO] oxidation. Another study
showed that FMN domain residue E658 is important for human
iNOS activity and also suggested the importance of the FMN
module for such activity.”® These results indicate the importance
of appropriate docking of the FMN domain for both efficient
IET and substrate—heme interactions. Therefore, we have used
the ZDOCK software®° to calculate possible structures of the
IET complex between the heme and FMN domains, in which
the distance between the heme iron and FMN centers should
be close to the experimental distance obtained in this work.
Because the center of the electron spin density of the neutral
flavin radical in flavoproteins is near the Ns position of the
pyrazine ring,’®"* the Fe--+FMN Ns distance in the human
iNOS oxyFMN construct should be ~18.8 A. The docking
structure shown in Figure 9 represents a ZDOCK solution
(number 6 in Table S1) that satisfies this major constraint and
the other two conditions described in the Experimental Section

(74) Haque, M. M,; Fadlalla, M.; Wang, Z. Q.; Ray, S. S.; Panda, K.; Stuehr,
D. J. J. Biol. Chem. 2009, 284, 19237-19247.

(75) Liu, X.-D.; Mazumdar, T.; Xu, Y.; Getzoff, E. D.; Eissa, N. T.
J. Immunol. 2009, 183, 5977-5982.
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(that Arg511 of the CaM-binding region and Glu502 in the
oxygenase subunit B be within 25 A from each other, and that
residues Arg203 of the oxygenase subunit A and Glu546 in the
FMN domain of subunit B be in the interdomain FMN—heme
interaction area). Note that the shortest distance between the
heme and the flavin (i.e., the vinyl group of the B ring and the
Cg methyl group of FMN) in this model is 13.1 A (Figure 9b),
which is in excellent agreement with the IET rate constants
determined by CO photolysis.?®3*

It is known that CaM binds tightly to iNOS and should
actually be present in the complex of the FMN and heme
domains. As described in the Experimental Section, no satisfac-
tory ZDOCK solutions could be obtained with the CaM
molecule included in the input file for the calculation, and the
selected solution (Figure 9) does not contain CaM. Nonetheless,
the inspection of the structure of Figure 9 shows that there may
be enough space in this structure to accommodate the CaM
molecule. The proposed structure including CaM is shown in
Figure S5, and the contact area between the CaM and NOS
proteins of this structure does include the CaM EF hand 3, which
is important in iNOS catalysis.”® This suggests that the docking
solution of Figure 9 may still be a reasonable model of the CaM-
bound iINOS FMN—heme complex. The inability of ZDOCK
to find satisfactory docking solutions that include CaM in the
input file could be caused by a possible slight change in the
structures of the heme and FMN domains in the docking
complex as compared to the respective crystal structures of the
separate domains (e.g., the specific position of the CaM molecule
found in the INOS FMN domain crystal structure may obstruct
the docking of the heme domain in the ZDOCK settings).
Indeed, the complex between CaM and the FMN domain of
human iNOS has been crystallized in four different conforma-
tions, demonstrating the flexible nature of interdomain interac-
tions between CaM and the FMN domain.*®

Conclusion

In the absence of crystal structures of full length mammalian
NOS proteins, it is important to employ alternative experimental
methods to obtain structural information relevant for the NOS
function. One such alternative approach is to use EPR to
determine the FMN---Fe distance in the FMN—heme IET
complex. The distance measurement by EPR is critical for
studying functional NOS systems in solution because the FMN
domain motion is required for NOS IET and catalysis (Figure
1) and crystal structures provide rather static information. In
this study, we have found optimal conditions for making
[Fe(IIN][FMNH samples in which the two paramagnetic
centers reside in the same protein molecule, and have identified
a suitable pulsed EPR technique for measuring the dipole
interaction between the unpaired electrons on the Fe(lll) and
FMNH-® centers, from which the FMNH®---Fe(l1l) distance has
been determined.

The pulsed EPR measurements described in this work
represent the first direct determination of the distance between
the heme iron of one subunit and the FMN center of the other
subunit in the NOS dimer (Figure 9). The distance 18.8 + 0.1
A obtained by pulsed EPR is between the Fe(lll) ion and the
pyrazine ring of FMNH®, where the most of the respective
electronic spin populations are concentrated. Depending on the

(76) Newman, E.; Spratt, D. E.; Mosher, J.; Cheyne, B.; Montgomery, H. J.;
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D. K.; Guillemette, J. G. J. Biol. Chem. 2004, 279, 33547-33557.
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orientation of the Fe(l11)—FMNH" radius vector, R, with respect
to the heme molecular frame, this distance range translates to
the range of the shortest distances between the s-systems (edge-
to-edge distances) of about 13—18 A. These distances are in
excellent agreement with the IET rate constants. To narrow
down the range of the estimated edge-to-edge distances, one
needs to experimentally establish the orientation of the heme
iron g-frame with respect to the molecular frame. This work is
currently in progress.

The experimental distance between the heme iron and the
FMN centers, along with other information from crystal
structures of NOS domains and Kinetic studies of NOS
constructs, was used to evaluate various domain docking
structures. This analysis demonstrates that the distance con-
straints obtained from EPR can significantly facilitate the choice
between alternative computational docking solutions. The
selected docking model(s) may in turn help design further
experiments to test the role of specific residues in the NOS IET
processes. Additional pulsed EPR spectroscopic studies of NOS
with point mutations at the interdomain interaction sites should
provide new important insights into the role of key structural
determinants in regulating the IET and NOS catalysis in the
isoforms by docking of the FMN domain. The pulsed EPR study
will provide unique insight into the alignment of the NOS FMN

and heme domains, a key component of the NOS isoform
catalysis, and will possibly reveal the FMN domain movements
during the catalysis.
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