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Abstract

Oxidation of L-arginine (L-Arg) to nitric oxide (NO) by NO synthase (NOS) takes place at the
heme active site. It is of current interest to study structures of the heme species that activates O,
and transforms the substrate. The NOS ferrous—NO complex is a close mimic of the obligatory
ferric (hydro)peroxo intermediate in NOS catalysis. In this work, pulsed electron—nuclear double
resonance (ENDOR) spectroscopy was used to probe the hydrogen bonding of the NO ligand in
the ferrous—NO heme center of neuronal NOS (nNOS) without a substrate and with L-Arg or N-
hydroxy-L-arginine (NOHA) substrates. Unexpectedly, no H-bonding interaction connecting the
NO ligand to the active site water molecule or the Arg substrate was detected, in contrast to the
results obtained by X-ray crystallography for the Arg-bound nNOS heme domain [Li et al. J. Biol.
Inorg. Chem. 2006, 11, 753-768]. The nearby exchangeable proton in both the no-substrate and
Arg-containing nNOS samples is located outside the H-bonding range and, on the basis of the
obtained structural constraints, can belong to the active site water (or OH). On the contrary, in the
NOHA-bound sample, the nearby exchangeable hydrogen forms an H-bond with the NO ligand
(on the basis of its distance from the NO ligand and a nonzero isotropic hfi constant), but it does
not belong to the active site water molecule because the water oxygen atom (detected by 170
ENDOR) is too far. This hydrogen should therefore come from the NOHA substrate, which is in
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agreement with the X-ray crystallography work [Li et al. Biochemistry 2009, 48, 10246-10254].
The nearby nonexchangeable hydrogen atom assigned as H,. of Phe584 was detected in all three
samples. This hydrogen atom may have a stabilizing effect on the NO ligand and probably
determines its position.

nNOS heme center Fe(ll)-NO H-bonding by pulsed ENDOR
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INTRODUCTION

Mammalian nitric oxide synthases (NOSs) are enzymes responsible for oxidation of L-
arginine (L-Arg) to nitric oxide (NO). These reactions occur at the heme active site(s) in
the oxygenase domain of NOS. Their mechanistic aspects are not completely understood,?
and it is of current interest to study structures of the heme species that activates O, and
transforms the substrate.3 Knowledge of the relative structural arrangement of the heme,
substrate, and possible other molecules relevant to catalysis is important for understanding
the chemical mechanism. One specific, important problem is the role of hydrogen bonding,
and in this context, of the active site water molecule, in the catalysis. According to the X-ray
structures, a single water molecule is within H-bonding distance from the diatomic ligand
(O2) and is proposed to provide at least one of the protons necessary for promoting
heterolytic cleavage of the O-O bond followed by oxidation of L-Arg to N-hydroxy-L-
arginine (NOHA) and then to NO.4

Electron paramagnetic resonance (EPR) is a powerful tool for elucidating protein/enzyme
structures both at the level of local environment of the enzyme active site(s)® and at the level
of the overall protein geometry and folding (using site-directed spin labeling).® In addition
to complementing X-ray crystallography by providing structural information in solution,
EPR also can directly detect the presence of protons in the vicinity of a paramagnetic center.
Importantly, it can determine if a hydrogen bond is formed between a particular hydrogen
and the paramagnetic center.’

One of the most crucial and interesting paramagnetic intermediates in the catalytic NOS
heme domain, the ferric (hydro)peroxo heme complex, is extremely reactive® and presents
serious challenges for direct EPR detection. However, various indirect approaches to EPR
investigations of the heme active site structure in this state can be employed. In some of the
works by Brian Hoffman’s group,”??® the ferric intermediate was generated by using a
cryoreduction technique. As a more accessible alternative, we have recently started pulsed
EPR study of a stable ferrous nitrosyl form of NOS heme centers, which is isoelectronic to
the native ferric (hydro)peroxo intermediate in NOS.10 Another advantage of this approach
is that a significant spin density is localized on the NO ligand, which improves EPR
sensitivity to the structural details of the second coordination sphere.
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Using this approach, we have previously obtained information on the position of the L-Arg
substrate relative to the NO ligand of the ferrous—NO heme center of neuronal NOS (nNOS)
and compared it with the crystal structure.1! It was found that the L-Arg position in frozen
solution is noticeably different from that in the crystal, with the shifts of some of the atoms
as large as 1 A. This result shows that although the crystal structures provide valuable
guidance regarding the relative position of various structural elements of the protein and the
substrate, a certain amount of caution should be exercised when these structures are used for
making conclusions about possible interactions between the molecular components in
solution. This is particularly significant in the case of the hydrogen bonding because a ~1 A
shift in the relative position of the potential hydrogen bonding partners may correspond to
two qualitatively different chemical situations of the H-bond being either present or absent.
In the present work, we used the pulsed electron—-nuclear double resonance (ENDOR) at the
microwave (mw) K, band (~30 GHz) to probe the hydrogen bonding of the NO ligand in the
ferrous—NO nNOS samples without a substrate and with the L-Arg or NOHA substrate.

MATERIALS AND METHODS
1. EPR Sample Preparation

Rat nNOS oxygenase (NOSoxy) construct, in which only the heme-containing oxygenase
domain is present, was expressed and purified as reported earlier.}2 Three types of EPR
samples were prepared in the H,0, D,0, or H,170 buffers: without substrate, with L-Arg, or
with NOHA. Buffer exchange into D,O was accomplished by concentrating the protein
samples to 20 uL and then diluting to 0.5 mL with the appropriate Buffer in D,O. This
procedure was repeated three times. The value of pD was calculated as described by Glasoe
and Long, =3 i.e., pDyrye = PDapparent + 0.4. The 17O-enrichment was accomplished by mixing
the protein sample with 70% H,170 buffer (final H,1’O concentration: ~50%). The EPR
samples were then prepared in a septum-sealed quartz cuvette (Starna Cells, 9/Q/10-GL14-
S). A 300 pL aliquot of 500 uM nNOSoxy was added into the cuvette; buffer: 200 mM Bis—
Tris—propane, 200 MM NaCl, 1 mM DTT, 10 uM Hy4B, 10% glycerol, pH 7.4. The protein
solution was deoxygenated with three cycles of vacuum pumping and purging (with
dioxygen-scrubbed argon gas). NO gas was introduced into the headspace until complete
disappearance of the high spin ferric heme band at 650 nm, indicative of the formation of the
ferric—-NO adduct. The sample was then reduced with excess amount of freshly prepared
dithionite solution. To prepare the substrate-containing samples, solid L-Arg hydrochloride
or NOHA monoacetate salt was added to a final concentration of 10 mM; the change in pH
of the sample was negligible. A ~45 L sample was then transferred into an EPR tube and
rapidly frozen in a pentane and liquid nitrogen slurry.

2. Pulsed EPR Experiments

The pulsed EPR experiments were performed on a home-built broadband (26-40 GHz) K;-
band pulsed EPR spectrometer.14 The specific techniques used in this work to detect the 170
and 1H/2H ENDOR spectra were the regular Mims ENDOR?® and the refocused Mims
ENDOR techniques,’218 respectively. The detailed experimental conditions are given in the
figure captions. The numerical simulations of the ENDOR spectra were performed using the
SimBud software.1”
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RESULTS AND DISCUSSION

1. Structural Background

In this work, we investigated the H-bonding of the NO ligand of the ferrous heme center of
nNOS in the preparations without substrates and with L-Arg or NOHA substrate. For
simplicity of reference, these respective samples are denoted NNOS/NS (“NS” stands for
“No Substrate™), nNOS/Arg, and nNOS/NOHA.. The relevant X-ray structures available in
the protein data bank and described in the literature are those of the ferrous—NO form of the
oxygenase domain of nNOS/Arg (pdb 2G6K) and nNOS/NOHA (pdb 3HSP). Figure 1
shows the relative positions of the NO-coordinated heme, the substrate, the oxygen of the
active site water molecule, and the nearby amino acid residues implicated in the H-bonding
with the active site water. The arrows in Figure 1 show the potential H-bonds between the
active site water, substrate, and the NO ligand, as identified on the basis of the local
geometric considerations in the X-ray investigations.* To the best of our knowledge, no X-
ray structures for the ferrous—NO form of the oxygenase domain of nNOS/NS are available.

2. Approach and Complications

To detect the H-bonding of the NO ligand, 1H, 2H, and 17O ENDOR experiments were
performed with the samples prepared in H,0, D,0, and H,170. The 2H ENDOR and the
“H,0 - D,0” difference 1H ENDOR spectra show the deuterons and the exchangeable
protons, respectively. The distances from the NO ligand to the exchangeable protons are
estimated from the anisotropic hfi that is found from the analysis of the ENDOR spectra.
These distances represent the basis for making a decision regarding possible H-bonding. To
qualify as H-bonds, these distances should be smaller than the sum of the van der Waals
radii of N or O, ~1.55 and 1.52 A, respectively, and H, ~1.2 A. In addition, a nonzero
isotropic hfi constant is expected in the case of an H-bond. The 170 spectra mostly play an
auxiliary role: they help to establish if the H-bonded hydrogen(s) could belong to the nearby
active site water.

To estimate the distance from the NO ligand to a particular proton (or another magnetic
nucleus) from its hfi anisotropy, one must take into account the distribution of the electronic
spin density over the Fe—-NO fragment. Several distributions were estimated by density
functional theory (DFT) calculations’®%-18 ranging from (pre, pno) ~ (0.74, 0.26) to (0.2,
+1.2). The analysis of the ENDOR spectra from L-Arg substrate enriched in 2H at carbon
positions and 1°N at guanidino nitrogens in our previous work! has shown that the
intermediate spin population distribution with (ore, pno) = (0.2, 0.8) predicted in some of
the DFT studies!8.¢.19 js the most realistic one, and we will continue using such a
distribution in this work. The relative spin populations on N and O were found to be about
1:0.6,20 which results in the absolute spin populations of py = 0.5 and pg = 0.3.

The second complication arises from the fact that at least in some of the X-ray structures of
NOS oxygenase domain the orientations of the NO ligand for the two heme sites, A and B,
are noticeably different (Figure S1, Supporting Information).4 This could present problems
with interpreting the EPR data if NO orientational heterogeneity also is present in frozen
solution. In our previous work,1! we have shown that in the case of such orientation
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differences, the magnitudes of the anisotropic hfi tensor components are affected
significantly less (in fact, they are nearly invariant at sufficiently large distances) than the
orientations of the hfi tensors with respect to the g-frame, which is linked to the NO-ligand
orientation. This conclusion is also supported by the anisotropic hfi values calculated for the
relevant magnetic nuclei using the crystal structures (Table 1). The possible orientational
inhomogeneity of the hfi tensors makes the analysis of the orientation-selective ENDOR
spectra extremely difficult, especially taking into account the fact that they are contributed
to by multiple nuclei. To simplify the data interpretation, similar to our previous work,! we
used in our analysis the field-integrated (F1) ENDOR spectra?! obtained as weighted sums
of the normalized (by the ESE amplitude without RF) orientation-selective spectra aligned at
the Zeeman frequency of the nucleus of interest (in this work, 1H or 170), with the statistical
weights given by the relative amplitudes of the ESE signal at the corresponding
measurement positions (i.e., px = AW/Z;jAj, where py is the statistical weight of the kth
orientation-selective ENDOR spectrum and A; are the field-sweep ESE spectrum amplitudes
at the ENDOR measurement positions). The FI spectra represent an approximation to the
spectra that would be obtained in the orientationally nonselective situation (in this case, for
the hypothetical situation of isotropic g-factor of Fe(11)-NO center).

3. Field Sweep Spectra

Figure 2 shows the electron spin echo (ESE) field sweep spectra obtained at the mw K, band
(~30 GHz) for the samples of NNOS/NS, nNOS/Arg, and nNOS/NOHA (numerical first
derivatives of these spectra are shown in Figure S2 of the Supporting Information). One can
see that the spectra of NNOS/NS and nNOS/Arg are nearly identical and exhibit a resolved
triplet structure at the intermediate turning point, gy, due to the hfi of the 14N nucleus that
belongs to the NO ligand (Ay ~ 2.1 mT). The spectrum of NNOS/NOHA is very different,
with smaller overall g-anisotropy, but significantly greater g-strain broadening, which
obliterates the hyperfine structure at gy.

The principal g-values determined from these spectra are (gx, gy, 97) ~ (1.969, 2.003,
2.083) for nNOS/NS, (gx, gy, 07) ~ (1.969, 2.003, 2.084) for nNNOS/Arg, and (gx, 9y, 97) ~
(1.985, 2.007, 2.076) for NNOS/NOHA.. These principal g-values are mostly in good
agreement with those determined by continuous wave EPR at the X-band.1% The only
notable difference is the intermediate g-value of nNOS/NOHA, 2.007 in this work vs 2.021
estimated at X-band. The value found in this work is more accurate because the assignment
of the EPR turning points at K,-band is straightforward due to a higher Zeeman resolution,
whereas at the X-band the gy region of the spectrum is complicated, making a definitive
assignment difficult.10P

The feature marked by an asterisk is located at g ~ 2.027. It is the largest in the spectrum of
nNNOS/NOHA, but in the other two spectra it is also present, although with a smaller
amplitude. This feature was observed in ferrous—NO samples of various heme
proteins,’¢d422 and its origin is not entirely clear. The DFT calculations suggest that it could
result from a 5-coordinate heme with the NO ligand in an eclipsed conformation, i.e., when
the Fe-NO plane (approximately) coincides with the Nyo)~Fe-Nporph) plane.18 This
would indicate that in a minor fraction of the nNOS heme sites the cysteine ligand could

J Phys Chem A. Author manuscript; available in PMC 2015 August 12.
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have (partially) dissociated. A numerical simulation (Figures S2 and S3, Supporting
Information) shows that the contribution of this species to the ESE signal for nNOS/NOHA
sample does not exceed 15%. Therefore, regardless of the origin, such a minor species does
not interfere with the analysis of the ENDOR data, where only major ENDOR lines are
considered.

4. ENDOR Spectra of Nonexchangeable Protons

Figure 3 shows the ENDOR spectra of nonexchangeable protons obtained at the EPR
positions where the largest splitting between the ENDOR lines is observed (see Figure S4 of
Supporting Information for the full set of the orientation-selective spectra). The largest
splitting is achieved at the EPR position approximately 13 mT (for nNOS/NS and nNOS/
Arg) or 11 mT (nNOS/NOHA) downfield from gy, and it equals to about 7.65 MHz.
Assuming the isotropic hfi constant, ajso, to be zero, which is reasonable for
nonexchangeable protons, one can equate this splitting with the largest component of the
anisotropic hfi tensor, T (in spite of a possibility of some nonaxiality of the hfi tensor, we
will still retain the notation T| for this component). This EPR position corresponds to the
angle between the axis of gz and the vector of the external magnetic field, By, of 65 ~ 52° +
6° (depending on the azimuthal angle of B, in the g-frame).

To obtain structural information for a magnetic nucleus (proton or 170) from its anisotropic
hfi, the following approach was used. The possible positions of the nucleus with respect to
the NO ligand were calculated using the three-point spin density distribution (ore, ons 00) =
(0.2, 0.5, 0.3) described above. Specifically, the anisotropic hfi tensor was calculated for a
trial position of the magnetic nucleus, and this position was varied until the agreement with
the experimental T value was reached. For any given T value, the solution is not unique,
and the whole set of solutions represents a surface enveloping the Fe-NO fragment.

Because pre is small, the solution surface has a near-cylindrical symmetry with respect to
the N—O bond in the part of space distant from the Fe(ll) ion (i.e., where the studied second
sphere nuclei are located). For this part of space, the obtained possible positions for a given
magnetic nucleus can be presented by a line in the XY coordinate system with axis X
coinciding with the N-O bond and the nitrogen atom located at the coordinate origin. This
line represents an intersection of the solution surface with the XY plane. The direction of
axis Y is generally different for each magnetic nucleus: it is selected in such a way that this
nucleus is located in the (++) quadrant of the XY plane. As a consequence of the near-
cylindrical symmetry, the 2D position estimates virtually do not depend on the specific
orientation of axis Y as long as it points in a general direction parallel to or away from the
heme plane and the heme Fe atom. Such a flexible definition of the Y axis allows one to
conveniently present the positions of all relevant surrounding magnetic nuclei on the XY
plane. The above description of the XY coordinate system implies that the Fe(ll) ion, which
is not explicitly shown in the plots, is located at Xge ~# —=1.53 A and Y, € [-0.92, 0] A,
depending on specific orientation of the Y-axis. Such XY coordinate system is used in
Figures 4 and 6 below.

The calculated range of possible positions of the nonexchangeable proton with T = 7.65
MHz is shown by the solid black line in Figure 4. The analysis of the X-ray structures shows

J Phys Chem A. Author manuscript; available in PMC 2015 August 12.
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that the closest proton to the NO ligand is H,. of Phe 584 (Figure S1 of the Supporting
Information). The positions of this proton obtained from several X-ray structures are shown
by black open circles. Good agreement between the X-ray and ENDOR distances in this
case provides extra support to the spin density distribution (ore, on, o) = (0.2, 0.5, 0.3)
used in our distance calculations.

The angles &g calculated for H, of Phe 584 using the X-ray structures of nNOS/Arg and
nNOS/NOHA are within the range of 50-56°, in agreement with the experimental ENDOR
observations. In these estimates, the g-tensor orientation established both by DFT
calculations and by X-ray crystallography for the 6-coordinated ferrous-NO heme centers?
was used, with the axis of gz lying in the heme plane, perpendicular to the Fe-NO plane,
and the axis of gy approximately coinciding with the direction of the NO bond.

5. ENDOR Spectra of Exchangeable Protons

Figure 5 shows the FI 1H ENDOR spectra obtained as a difference between those recorded
for the samples prepared in H,O and D50 (the original orientation-selective spectra used to
calculate the FI spectra are shown in Figure S4 of the Supporting Information). The
difference spectra of NNOS/NS and nNOS/Arg are significantly narrower than that of
NNOS/NOHA.. The numerical simulations of the spectra (dashed lines in Figure 5) show that
while in the first two cases the hfi is purely anisotropic (ajso = 0), in the last case a
noticeable isotropic hfi constant is present (ajso &~ —0.6 MHz). The anisotropic hfi in the
cases of NANOS/NS and nNOS/Arg is with good accuracy axial, with T about 3 MHz. In the
case of nNOS/NOHA, the anisotropic hfi is noticeably rhombic and is about twice as strong:
TH ~ 5.7 MHz.

The solid black lines in Figure 6 show the possible positions of the nearby exchangeable
protons with respect to the NO ligand calculated on the basis of the T|| values obtained from
ENDOR and using (ore, oy 20) = (0.2, 0.5, 0.3). The shaded area indicates the H-bonding
distance range defined as the sum of the van der Waals radii of H and N or O. One can see
that for the nNOS/NS and nNOS/Arg samples the nearby exchangeable proton is outside the
H-bonding range, whereas in the case of NOHA it is within the H-bonding range. A weak
H-bond with NOHA is consistent with the nonzero isotropic hfi constant (ajsq ~ —0.6 MHz;
see above). The assignment of the H-bonding hydrogen in the nNNOS/NOHA sample is
discussed below.

6. 170 ENDOR Spectra

Figure 7 shows the 17O FI ENDOR spectra obtained for samples prepared with 1’O-enriched
water (solid lines; the original orientation-selective spectra used to calculate the FI spectra
are shown in Figure S5 of the Supporting Information). These spectra exhibit two distinct
features: the relatively narrow central peak due to the +1/2 <+ —1/2 transition of 17O (the
noticeable asymmetry of this peak is caused by the second order effects of the ngi) and a
broad background peak mostly contributed to by +1/2 <+ £3/2 transitions. The lines of +3/2
+> £5/2 transitions are about twice as broad and about one-half in amplitude. Our approach
to the numerical simulations of these spectra is described in the Supporting Information. The
results of the simulations are shown by the dashed lines in Figure 7. In contrast to the
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exchangeable protons results (see the anisotropic hfi values above), the weakest 170 hfi is
observed for INOS/NOHA (T = -0.23 + 0.02 MHz), whereas the strongest one is found for
the NNOS/NS sample (T = -0.36 + 0.05 MHz).

The red lines in Figure 6 show the possible positions of the active site water oxygen for each
of the samples obtained from the analysis of the 170 anisotropic hfi. One can see that for the
nNOS/NS and nNOS/Arg samples the minimal projection of the distance between the
nearby exchangeable proton and the 170 on the XY plane of the figure is shorter than the OH
bond length of ~1 A. This indicates that the nearby exchangeable proton detected by
ENDOR can belong to the active site water molecule. In contrast, the projection of the H-O
distance on the XY plane in the case of NANOS/NOHA is at least 1.4 A, significantly greater
than the OH bond length. It thus follows that the nearby exchangeable proton in nNOS/
NOHA cannot belong to the active site water molecule. The most likely other H-bonding
candidate in this case is the NH hydrogen of NOHA, as suggested in the X-ray
crystallographic work.42

7. Comparison with the Crystal Structures

The red open circles in Figure 6 indicate the positions of the active site water oxygen atom
in the crystal structures of NNOS/Arg and nNOS/NOHA (for nNOS/NS no X-ray data are
available). The ~3 A distance between this oxygen atom and the NO ligand observed in the
crystal structures was interpreted as pointing at the existence of a hydrogen bond between
these two moieties, at least in nNOS/Arg (for nNNOS/NOHA, the water molecule was
suggested to be an H-bond donor to the nitrogen of the NH-OH group of NOHA,; see Figure
1B).4? The positions of the water hydrogen in the nNOS/Arg active sites predicted from the
crystallographic positions of the water oxygen in the heme sites A and B are shown by black
open circles in the middle panel of Figure 6.

Although the water oxygen positions estimated by ENDOR are at least 0.5 A longer than
those obtained by X-ray crystallography, they formally allow a similar interpretation in
terms of potential H-bonding with the NO ligand. For instance, using the 17O position
obtained by ENDOR for nNOS/Arg, one could place the water hydrogen marginally within
the H-bonding distance range: at least for the Onyo—Npo—Owater angles under 30°, the
Ono-H distance predicted from the 17O position would be ~2.5-2.6 A. The latter distance
could even be shortened to ~2.4 A by considering a stronger 170 anisotropic hfi at the
margin of the error limits (-0.3 A rather than the median value of —0.27 A). Fortunately,
however, with the magnetic resonance approach one does not need to make such predictions
because the protons (unlike in the X-ray crystallography) are observable directly and the
distances to them are readily obtained from the analysis of the 1H ENDOR data. This direct
estimate (solid black line in Figure 6) places the nearby exchangeable proton in nNOS/Arg
outside the H-bonding range.

Thus, although both the X-ray and ENDOR water oxygen positions in nNOS/Arg are
formally within the H-bonding range from the NO ligand, the 1H ENDOR data for the
frozen solution sample show definitively that the exchangeable protons are outside the H-
bonding range. It is not clear, however, if the latter observation reflects an actual difference
with the situation in a crystal sample studied by the X-ray crystallography because the
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hydrogen atoms are not directly observed by the X-ray, and it may be difficult to
unequivocally assign the actual H-bond partner(s) on the basis ofly on the positions of
heavier atoms such as oxygen.

For nNOS/NOHA, the situation is different. Although we found the water oxygen to be at
least 0.5 A further away from the NO ligand than in the X-ray structure, the ENDOR
estimate for the nearby exchangeable proton position is in good agreement with the
predicted position of the NH hydrogen atom of NOHA (black open circles in the bottom
panel of Figure 6). The nearby hydrogen atom forms an H-bond with the NO ligand, in
agreement with the conclusions of the X-ray crystallographic work.42

To improve the agreement between the X-ray and ENDOR O,yater POSsitions, we have made
an attempt to reconsider the spin density distribution in the Fe-N-O fragment of the heme
center. As stated above, the ENDOR data were analyzed in terms of structure using (ore, oN»
o) = (0.2, 0.5, 0.3). The fact that the ENDOR distances estimated using these spin densities
are significantly larger than those found in the crystal structures could be interpreted as
implying that oy and pg are actually smaller than those we used. The analysis of all
available data (both obtained here and in our earlier work1) shows, however, that no
satisfactory solution for this problem exists. For example, the spin density distribution
required to match the ENDOR estimate of the water oxygen position in nNOS/Arg (T =
-0.27 MHz) with that obtained by X-ray is (ore, oN, £0) ~ (0.65, 0.22, 0.13) (assuming
polon = 0.6, as discussed above). Such a distribution, however, will place the guanidino
nitrogen of the L-Arg substrate (T|| = 0.66 MHz for 14N) at 1.8 A from N(NO), which is
approaching a covalent bonding distance (1.4-1.45 A) and is therefore completely
unrealistic. This distance is also significantly shorter than the X-ray crystallographic
distance of about 3 A. The H,. proton of Phe 586 will be located at the estimated 1.65 A
from O(NO), also noticeably closer than the X-ray distance of 2.2 A.

In the distribution discussed above, the overall spin density on the NO ligand was reduced in
favor of the central Fe ion, but the ratio of po/pN = 0.6 was retained. Alternatively, one can
keep o + po = 0.8 constant but increase oy at the expense of po. Because the water oxygen
is closer to O(NO) than to N(NO) (on the basis of the crystal structures), this might also
make the ENDOR estimates for 17O more similar to the X-ray distance. Dashed lines in
Figures 4 and 6 show, as an example, the calculated possible positions for (ore, ons 00) =
(0.2, 0.7, 0.1), where most of the spin density is concentrated on the NO ligand nitrogen.
Even such an extreme and totally unrealistic distribution, however, does not result in
agreement between the ENDOR and X-ray oxygen positions. It also does not change our
conclusions regarding the H-bonding situation because the closest possible positions the
exchangeable proton in nNOS/NS and nNOS/Arg are on the border or barely within the
formal H-bonding range (see the dashed lines in Figure 6).

We therefore confirm the conclusion of our previous work that the spin density distribution
of ~ (0.2, 0.5, 0.3) produces the most balanced results and is the most realistic one. Two
kinds of reasons may be responsible for the deviations from the X-ray data. First, the
changes could be attributed to the fact that the crystals for the X-ray investigation were
grown from solutions at pH 5.6-6.0,4P whereas our solution samples were prepared at pH
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7.4. 1t is conceivable that the increase in pH could lead to minor nonspecific structural
alterations. It could also result in the active site water molecule being replaced by a
hydroxide, HO™, which could dramatically change the hydrogen bonding situation at the
heme active site. To test the potential effect of pH, we investigated a sample of NNOS/Arg at
pH 6.0. The EPR and ENDOR spectra for this sample were identical to those of the sample
prepared at pH 7.4 (Figure S8, Supporting Information). The effect of pH can thus be
excluded from consideration.

Alternatively, the differences could be caused by structural restrictions imposed by the
crystal packing, which are absent for the protein in solution. A certain degree of inherent
structural flexibility in the side chains could lead to subtle structural rearrangements (note
that the absolute differences of the relevant distances are on the order of 1 A) compared to
the crystal structure. This implies, in particular, that in liquid solution the hydrogen bonding
network at the heme active site is most likely dynamic, with the H-bonds forming, breaking,
and switching between various partners in response to the relatively minor modifications of
the local protein geometry. In some structural realizations (e.g., nNOS in a crystal#?), the H-
bond between the active site water and the NO ligand (or, the peroxo ligand in the case of
ferric peroxo intermediate) required by the NOS mechanism is formed. In other structural
realizations (like that observed in this work for NNOS/NS or nNOS/Arg in frozen solution),
the NO ligand does not participate in the hydrogen bonding.

This dynamic model allows one to reconcile the absence of any H-bonding to the NO ligand
in the nNOS/Arg sample (as observed in this work by pulsed ENDOR) with the proton
availability (supposedly provided by the H-bonding) necessary for the cleavage of the O-O
bond and subsequent hydroxylation of L-Arg to NOHA;*P23 note that the NOS ferrous-NO
complex is a close mimic of the obligatory ferric (hydro)peroxo intermediate in NOS
catalysis.10 An attractive feature of this model is that it naturally allows the ligand, water,
and substrate molecules to be readily incorporated into or released from the active site. An
additional observation in support of this view is that in the Enos—NO structure2* the electron
density for the water molecule near the NO ligand is weak even though the amino acids and
the local protein structures surrounding the NO ligand are identical in eNOS24 and nNOS.4P
Thus, the two crystal structures (nNOS and eNOS) represent the two extremes, ordered
water and weakly bound water in the active site, whereas our present results provide a
picture midway between these two extremes.

With this dynamic model, it is reasonable to expect that the specific H-bonding situation
observed for a given NOS sample might depend on the NOS isoform, substrate, and the type
of the heme complex. Indeed, the H-bonding situation for the nNNOS/NOHA sample
observed in this work is qualitatively similar to that in a crystal structure.*® Another example
is provided by the study of peroxoferri—-NOS form in the cryo-reduced oxy—eNOS with Arg
substrate, where a proton characterized by significant anisotropic and isotropic hfi
(signifying the H-bond formation) was detected by 1H ENDOR in the frozen solution
sample, which was prepared at pH 7.4.7°

It is also interesting to note that there is a correlation between the ENDOR structural results
and the shape of the EPR spectra. The EPR spectra of nNOS/NS and nNOS/Arg are nearly
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identical, which correlates with the fact that in both preparations the NO ligand does not
form hydrogen bonds with either water oxygen or the guanidino nitrogen of L-Arg substrate.
In NNOS/NOHA, on the contrary, the NO ligand forms a hydrogen bond with the substrate
(NOHA), which possibly results in a slight repositioning of this ligand and, as a
consequence, in the change of the EPR spectrum (interestingly, the rhombic form of the
EPR spectrum of myoglobin—-NO, where the NO ligand participates in an H-bonding, has the
principal g-values similar to those of NANOS/NOHA®). A minor redistribution of the
electronic and spin density in the Fe—-NO fragment caused by the H-bond could also
contribute to the observed change of the EPR spectrum.

The nearby nonexchangeable hydrogen atom assigned as H, of Phe584 was detected in all
three samples. This hydrogen atom may have a stabilizing effect on the NO ligand and
probably determines its position: H, eclipses one of Cyeso atoms of the heme, whereas the
oxygen of NO eclipses a pyrrole nitrogen on either side of that Ceqo (Figure S1, Supporting
Information). On the basis of the NO—H,. distance of about 2.2 A, it appears that there should
be some specific interaction between the NO and H,. Although the H-bond with a C-H
hydrogen is traditionally believed impossible (because the CH bond is practically nonpolar),
the existence of such bonds has been considered in the literature already for several decades,
and lately such a concept was employed to explain protein structures.2> One may speculate
that such a specific interaction with H,. of Phe584 also exists in the native ferric-O, complex
(the analog of which ferrous—NO represents), and it plays a role in positioning the peroxide
ligand properly for the interaction with the substrate.

CONCLUSION

This investigation aimed to obtain direct information about the H-bonding network at the
heme active site(s) of nNOS using the ferrous—NO mimic of the ferri—peroxo species.
Unexpectedly, however, no H-bonding interactions connecting the NO ligand to the active
site water molecule or Arg substrate were detected, in contrast to the results obtained earlier
by X-ray crystallography for nANOSoxy containing the Arg substrate.? The nearby
exchangeable proton in both the nNOS/NS and nNOS/Arg samples is located outside the H-
bonding range and, on the basis of the obtained structural constraints, can belong to the
active site water (or OH). On the contrary, in the NOHA-bound sample, the nearby
exchangeable hydrogen forms an H-bond with the NO ligand (on the basis of its distance
from the NO ligand and a nonzero isotropic hfi constant), but it does not belong to the active
site water molecule because the water oxygen atom (detected by 1’0 ENDOR) is too far.
This hydrogen should therefore come from the NOHA substrate, which is in agreement with
the X-ray work.42

The apparent contradiction between the lack of any H-bonding as observed for the NO
ligand in nNOS/Arg by 1H pulsed ENDOR in this work and the necessity of such H-bonding
for the hydroxylation of L-Arg to NOHA is rationalized by hypothesizing that in liquid
solution the H-bonding network at the heme active site is most likely dynamic, with various
transient H-bonds being formed in response to the relatively minor modifications of the local
protein geometry. The specific H-bonding situations observed in the crystal (where the H-
bond with the NO ligand is likely present) and in frozen solution (no H-bond with the NO
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ligand) correspond to somewhat different local structural realizations stabilized in these
samples and are within the overall range of possible H-bonding situations realized in a liquid
solution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of heme active sites of nNOS/Arg (panel A, pdb 2G6K) and nNOS/NOHA (panel

B, pdb 3HSP). The arrows show the potential H-bonds between the active site water,
substrate, the NO ligand and nearby residues, as identified on the basis of the distance and
angle considerations in the X-ray investigations# (the arrow direction is from the H-bond
donor to the acceptor).
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Figure 2.
Two-pulse ESE field sweeps of ferrous—NO heme centers in nNOS/NS (trace 1), NNOS/Arg

(trace 2), and NNOS/NOHA (trace 3). The arrows indicate the EPR positions, at which the
ENDOR spectra were measured. The Bg values (in mT) corresponding to the indicated EPR
positions: (1042, 1055, 1068, 1081, 1089.5, 1098) for nNOS/NS and nNOS/Arg and
(1045.8, 1056.8, 1067.8, 1078.8, 1084.8, 1090.8) for NNOS/NOHA. Experimental
conditions: mw frequency, 30.305 GHz; mw pulses, 15 and 22 ns; time interval between the
mw pulses, 7= 200 ns; temperature, 15 K. The asterisk indicates a commonly observed
minor feature of unknown origin (see Figures S2 and S3 in the Supporting Information for a
numerical simulation).
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Figure 3.
Refocused Mims ENDOR spectra of nonexchangeable protons in the vicinity of ferrous—NO

heme centers of NNOS/NS, nNOS/Arg, and nNOS/NOHA in D,0 (traces 1-3, respectively)
at the EPR position where the largest ENDOR splitting is observed (B = 1068 mT for
NNOS/NS and nNOS/Arg; Bg = 1067.8 mT for nNOS/NOHA\). Experimental conditions:
mw frequency, 30.305 GHz; mw pulses, 15, 15, 15, and 22 ns; time interval between the
first and second pulses, 7= 80 ns; time interval between the second and third pulses, T = 20
us; time interval between the third and fourth pulses, t = 280 ns; RF pulse length, 18 ps;
temperature, 15 K.
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Figure 4.
Position of H, of Phe584 with respect to the NO ligand. Black lines show the range of
possible positions predicted on the basis of T = 7.65 MHz using the spin density
distributions (oge, on, £0) = (0.2, 0.5, 0.3) (solid line) and (ore, ons £0) = (0.2, 0.7, 0.1)

(dashed line). Open circles are the positions of Phe584 H,. in nNOS/Arg and nNOS/NOHA
predicted from crystal structures (pdb 2G6K and 3HSP, respectively).
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Figure 5.
Field-integrated refocused Mims ENDOR of exchangeable protons in the vicinity of

ferrous—NO heme centers of NNOS/NS, nNOS/Arg, and nNOS/NOHA (traces 1-3,
respectively). Solid traces are experimental results, obtained as differences between the
ENDOR spectra of samples in H>O and D,O (the original orientation-selective spectra used
to calculate the FI spectra are shown in Figure S4 of Supporting Information). Experimental
conditions are the same as in Figure 3. Dashed traces are simulations with (ajsg, T11, T22,
Tsa3) = (0, —1.55, -1.55, +3.1) MHz for nNOS/NS, (0, -1.4, —1.4, +2.8) MHz for nNOS/Arg,
and (-0.6, —3.4, -2.3, +5.7) MHz for nNOS/NOHA. In the above notation, T3 corresponds
to T used for simplicity in the text. The accuracy of Tsz is 0.1 MHz, and the
corresponding accuracy for Tq1 and Ty, is £0.05 MHz. The formal accuracy for ajgg is £0.05
MHz, but because the exchangeable protons for nNOS/NS and nNOS/Arg are beyond the H-
bonding range (Figure 6), ajso in these samples is strictly zero for all practical purposes.
Individual Gaussian line widths were 0.25 MHz in all simulations.
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X (A)

Figure 6.
Positions of the nearby exchangeable proton (black) and active site water oxygen (red) with

respect to the NO ligand. Solid and dashed lines (calculated using (oge, ons 00) = (0.2, 0.5,
0.3) and (0.2, 0.7, 0.1), respectively) show the possible positions predicted on the basis of
the experimental T values. Open circles show the proton and oxygen positions predicted or
directly read from crystal structures (pdb 2G6K and 3HSP).
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Figure 7.
Field-integrated Mims ENDOR spectra of exchangeable 170 in the vicinity of ferrous-NO

heme centers of NNOS/NS, nNOS/Arg, and nNOS/NOHA in H,170 (traces 1-3,
respectively). Solid traces are experimental results (the original orientation-selective spectra
used to calculate the FI spectra are shown in Figure S5 of Supporting Information).
Experimental conditions: mw frequency, 30.305 GHz; mw pulses, 15, 15, and 15 ns; time
interval between the first and second pulses, z= 700 ns; time interval between the second
and third pulses, T = 15 ps; RF pulse length, 10 ys; temperature, 15 K. Dashed traces are
simulations with ajgo = 0 (for all traces) and T|| = =0.36 MHz for nNOS/NS, -0.27 MHz for
nNOS/Arg, and —0.23 MHz for nANOS/NOHA.. The ngi parameters were e2Qq/h = 6.5 MHz
and 7= 1. The orientation of the nqgi frame with respect to the hfi one is described by the
Euler angles (thq, ¥hg) = (60°, 30°), (40°, 50°), and (40°, 50°) for nNOS/NS, nNOS/Arg,
and nNOS/NOHA, respectively (the angle ¢nq is arbitrary because the hfi tensor is axial. See
the Supporting Information for the Euler angles definition). Individual Gaussian line widths
were 0.2 MHz for nNOS/NS and 0.1 MHz for nNOS/Arg and nNOS/NOHA. See the
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Supporting Information for the simulation details. Simulation examples using other
parameters are also presented in Figures S6 and S7 of the Supporting Information.
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