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Abstract: We describe in detail the use of 35 GHz Mims pul&&tland®2H electron-nuclear double resonance
(ENDOR) spectroscopy to study the binding of substrates and inhibitors to nitric oxide synthase (NOS). We
show that reliable distance estimates, and limited orientation information, can be derived from a small set of
data taken near the peak of the absorption mode EPR signal, while more precise orientations require a more
extensive data set. The ENDOR approach is then applied to the binding of isoform-selective and non-selective
nitroarginine inhibitors. Recently, we reported a family Nf-nitroarginine-containing dipeptide amides as
highly selective inhibitors of nNOS (Huang, H. et a.Med. Chem1999 42, 31473153). Two of the most

potent analogues were thetro-inversodipeptide amides-ArgN©-L-Lys-NH, (LL ) and p-Lys-D-ArgNC—

NH, (DD). To rationalize the common selectivities bf. and DD, it was proposed that in both cases the
nitroarginine group binds at the heme binding site, therefore requiring one of these molecules to undergo a
180 flip to accommodate such an interaction. The present studies confirm that the dipeptides indeed bind to
holo-nNOS quite similarly from the point of view of the nitroguanidine functionality, supporting the earlier
interpretation. The data further suggest that a substantial fraction &@hepimer is distributed among other
binding geometries.

Nitric oxide synthases (NOS, E. C.1.14.13.39) comprise a Scheme 1

family of isozymes that catalyzes the oxidationeérginine H
(2) to L-citrulline (3) and nitric oxide in an NADPH- and £ NH HoN. N—OH o
dependent process (Scheme' The first step in the reaction HzN‘( 2+T HzN\(

catalyzed by NOS involvehl-hydroxylation of the guanidino N Nos NH NOS N .
group ofL-arginine to giveN®-hydroxy-+-arginine @), which H NADPH /{ NADPH ﬁ/ * N=0
is further oxidized in a NADPH- and £2dependent reaction to . LT _ 0, . _
L-citrulline and nitric oxide. The structure @fshown in Scheme N~ "C00 HN™ "C00 HLNT "C00

1 derives from previous ENDOR studfeand recently reported ! 2 }

density functional theory calculatiofis. for inhibition of the neuronal isozyme of NOS over the other
Two of the isozymes in this family, the neuronal (NNOS)  two isozymes. This nNOS selectivity has implications in the
and endothelial (eNOS) forms, are constitutive, and one, the potential treatment of strokés, migraine headaché&sand
form found in macrophage, is inducible (iNOSBecause a  Alzheimer's diseas& Two of the more selective of the
breakdown in the regulation of NO production has been inhibitors reported were-ArgN-L-Lys-NH, (LL ) and itsretro-
implicated in a wide variety of diseasksnhibition of NOS inversoanaloguél12p-Lys-p-ArgN®-NH, (DD). To rationalize
has the potential of being a useful approach for the treatmentthe high degree of selectivity for both compounds, the active-
of a variety of diseases, but only if inhibition is isoform  sjte model shown in Figure 1 was propo$§eghemyakin et a3
selective® Recently, we reported the design and synthesis of a y -
series of N-nitroarginine-containing dipeptide amides that (g);'uﬁgg' 2%3;{;855’4'32';51‘2?3&'5"31;MaSterS’ B.S.S.; Silverman,
exhibited remarkable selectivity (hundreds- to thousands-fold) *(7) Choi, D. W.; Rothman, S. MAnnu. Re. Neurosci.199q 13, 171—

182.
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Figure 1. Proposed model for the binding ofArgN®z-L-Lys-NH, (LL )
and p-Lys-p-ArgN%—NH, (DD) to the active site of neuronal NOS.

had proposed a similar kind of model for the binding of two
retro-inversopeptides to pepsin based on the observation that
theK; value for thep-,p-peptide was similar to thk, value of

the correspondingetro-inversoL-,L-peptide substrate. To the
best of our knowledge, there is only one report of crystal
structures ofetro-inversopeptides bound to a protein, in this

Tierney et al.

binding geometry and protonation state of-Nydroxy-. -
arginine (NOHA)?21.22|n the present report, we examine the
binding of nitroarginine>N-labeled at only the nitro nitrogen
(Arg-15NO,) and at both the nitro nitrogen and the guanidino
nitrogens N-Arg-15NO,), as well as!®NO,-LL and 1>NO,-

DD. We first give a more complete description of the methodol-
ogy as applied to the structure of nitroarginine bound to holo-
nNOS. The resulting framework provided by the structural
model for nitroarginine binding is then used to help interpret
the data forLL and DD bound to the functional holo-nNOS,
the net result being a confirmation of the proposal depicted in
Figure 1, in which the nitroguanidino groups of bdth and

DD are bound at the same binding site as a result of & flip0

of one of the molecules.

Experimental Section

Preparation of N-Labeled Inhibitor Analogues and Inhibitor-
nNOS ComplexesThe nitro nitrogen in nitroarginine and in thetro-
inversodipeptidesLL and DD were labeled with®N by nitration of
L- or p-arginine using NHNO; (Cambridge Isotope Laboratories, Inc.,
Andover, MA) in H,SO,.2% After Fmoc protection of - and p-[*°N]-
nitroarginine, the dipeptide amidés andDD were prepared by the
previously reported synthetic methb&oubly labeled>N-nitro-1>NC¢-
L-arginine was prepared by the same method ¥id-nitration of
commercially availablé>N®-L-arginine (Cambridge Isotope Labora-
tories). The appropriately labeled compound was then added, in 20-
fold excess, to a solution of holo-nNOS. Samples were prepared for
ENDOR spectroscopy as described previod$gamples in RO were
prepared by two successive 10:1 dilutions igODbuffer, followed by
reconcentration.

ENDOR Spectra of the Inhibitor —nNOS ComplexesMims?* and
refocused Mim® (Re-Mims) pulsed ENDOR spectra were recorded
at 35 GHz with instruments of local desighAn important aspect of
Mims pulsed-ENDOR is that the absolute intensities, defined as
ENDOR intensity per transient divided by ESE intensity and expressed
as percent, are well-defined quantittég.he ENDOR response from a
weakly coupled nucleus with= %/, (e.g.,*H and**N) is made up of
doublets centered at the nuclear Larmor frequemgy,and split by
the hyperfine couplingA. The Mims ENDOR protocol introduces
hyperfine selectivity by modulating the ENDOR response according
to the relationM(r) = 1 — cos 2rAt (wherert is the delay between

case thermolysin, showing that both peptides bind in the samethe first and second microwave pulses), thereby creating blind spots,

orientation with their thiolate bound to the active-site zincibn.
The crystal structure of an end group-modifiero-inverso
isomer of glutathione disulfide bound to glutathione reductase
also was obtained to explain why it is a poor substrate for the
enzymet®

Electron—nuclear double resonance (ENDOR) spectroscopy

or “holes,” at integral multiples oA = 771, as well as a null aA =

024 The Mims ENDOR response is governed by the interplay of two
governing factors: the exponential decay of the ESE with increasing
7, and theM(r) hyperfine selectivity of the Mims pulse sequence.
Resonances from theN of labeled substrates/inhibitors appear in a
region where they overlap with*N resonances from the pyrrole
nitrogens. However, in all spectrA(**N) < 7=, while for the pyrrole

has proven to be a sensitive tool for determining the structure nitrogens,A(N) > L. As a result, the Mims hyperfine selectivity

of paramagnetic centers in enzyme active site We recently
showed that 35 GHz Mims pulsed ENDOR spectroscopy is
surprisingly effective for studying non-covalently bound sub-
strates in the vicinity of the high spin ferriheme of fully

attenuates the response of #id and affords a clean spectral window
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B. M. J. Am. Chem. S0d.998 120, 2983-2984.
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for the observation of weakly couplééN. In these measurements,
is chosen to optimize the absolute ENDOR responseNobr *H, rather
than concerns about the proximity of a resonance to a “hole” (see
Figure 5B).

Because substrates and inhibitors bind near to the NOS ferriheme,
without coordinating to it, the observed hyperfine coupling® and
IH nuclei of the substrate or inhibitor is determined by the dipolar
interaction with the high spin Fe. The intrinsic dipolar interaction
between theS = %, ferric ion and a substrate/inhibitor nucleus has
axial symmetry;T = [—Tg, —Tg, Ty] = [T, —T, 2T], where the unique
direction corresponds to the metal-nucleus vector, and the magnitude
of the perpendicular component is given by eq 1.

T= pFegegNﬁeﬁN/rs 1

In eq 1,gv andge are the nuclear and electrorgdactors, respectively,
PBeandpy are the electronic and nuclear magnetons,raedhe metat
nucleus distance. The fraction of the total electron spin (five unpaired
electrons) on ironpge, (defined aspr. = 1 for a purely ionic F&") was
estimated by determining the spin density in the sigma orbitals of the
pyrrole nitrogens through analysis of tHymole iSotropic couplings
(Aso = 8—8.5 MHz for each nitrogen, Figure S1) as described
earlier?®?° This treatment gives roughly-8% of one electron spin
on each of the four pyrrole nitrogens. Assuming thdt0% of one
electron (2% of the total spin) resides on the axial cysteine thiolate,
then ~40% of an electron, or8% of the total spin, is delocalized
onto ligand atoms; given the existence of small spin densities on other
heme atoms this was rounded to 10%, givirg~0.9. This value has
subsequently been verified through comparison of ENDOR-derived
distances to crystallographically derived oAdhe strongg anisotropy
of the nNOS ferriheme scales the hyperfine coupling by the observing
g-value; for example, when the metal-nucleus vector lies atpntihen
the dipolar interaction has principal values of = [T/, T2, T3] =
[—(9/9e) T, —(92/9e) T, 2(gs/ge) T]. Equations for the general case are
availablé® and are incorporated in the programs used here for detailed
analyses! A particularly useful characteristic of the dipolar interaction
is that even for appreciable deviations from coaxialitygandT, the
ENDOR spectrum obtained at the peak of the absorption mode EPR
signal @) is dominated by a doublet whose splitting is closely
approximated byT,'. As a result, in general, the metal-nucleus dis-
tancer, can be determined directly from the measured doublet splitting
at go.

The orientation of the metal-nucleus vector relative togitensor
can be accurately determined through simulation of the full 2D field-
frequency plot generated by collecting ENDOR spectra at numerous
fields across the EPR enveloffé’ This permits evaluation of the
hyperfine tensorA, both its principal values and its orientation. Fits
to such data allow for the possibility of an isotropic coupling term, as
well as the anisotropic dipolar term. However, in the present work,
where we examine non-covalently bound substrates and inhibitors, this
term is uniformly small. A rough estimate of the angular position of
the substraté®N can be obtained by analyzing the line shapeat
specifically the breadth and intensity of the shoulders outside the central
doublet (see, for example, Figure 3). Only at relatively large values of
6 (rotation of A, away fromg,), are the spectra no longer dominated
by A5, and then a determination ofrequires a more complete field
dependent analysis. For smédll (<5°), the parameter is largely
undetermined, due to the axial nature of the dipolar interaction. It is
important to note that, in this case (rhomlgicaxial A), the observed
doublet splitting in the “single-crystal-like” ENDOR spectrum taken
at the low-field (highg) edge of the EPR envelope is highly dependent
on the angular parameters. In general, and in contrast tgtregion,
the distance cannot be estimated reliably from the low-field spectra.
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Figure 2. Absorption mode 35 GHz CW EPR spectra for holo-nNOS
with bound nitroarginine, with bound-ArgN®2-L-Lys-NH, (LL ), and
with boundp-Lys-pD-ArgN®-NH, (DD). Conditions: vyw = 35.0 GHz,
MW power= 50 uW, 2 G field modulation (100 kHz), time constant
= 32 ms, receiver gair- 80.

T
5000

Results

EPR Spectra. Absorption mode 35 GHz CW EPR spectra
of NNOS in the presence afnitroarginine and the dipeptide
amide inhibitorsLL andDD, are presented in Figure 2. The
spectra are characteristic of thé/, doublet of arS= /,, high-
spin & system with large zero field splitting. Previous EPR
studie$? have shown that binding of substratesArg and
NOHA, quantitatively shift the EPR signal of the nNOS
ferriheme from that of a six-coordinate, low spin®fF¢o a that
of a five-coordinate, highly rhombic high-spin #ewith g; 2.3
=[7.56, 4.19, 1.81] for-Arg and [7.65, 4.03, 1.81] for NOHA.
Binding of L-nitroarginine causes a similar shift in the ferriheme
spin equilibrium, although the resultant high spin state is slightly
less rhombié? Our measurements for the-nitroarginine
complex giveg = [7.39, 4.28, 1.88]; the value @f given here
for the nitroarginine complex is smaller than that previously
reported ¢, = 4.43§2 and was deduced from simulations of
the>N ENDOR pattern (discussed below). The spectra for the
two dipeptide complexes also are quantitatively shifted to a high-
spin form with the same@-tensor seen for-nitroarginine.

Mims 15N Pulsed-ENDOR Spectra atgy. 1SN ENDOR
spectra for!®NC-L-arginine {°N-Arg), 15N"itro- -nitroarginine
(Arg-15N02), 15\nitro_| | (15N02_|_|_ )’ and15Nnitro.ppD (lSNOZ_

DD) bound to holo-nNOS, taken gt = 4.28 (except for>N-
Arg, whereg, = 4.19), are presented in Figure 3. All of the
spectra display theT,’ doublet, from which one directly
calculates the value af.n given in Table 1. For Arg®NO,,
the observed splitting aj; is A = 0.19 MHz, slightly smaller
than the 0.22 MHz observed fé?N-Arg. This indicates that
the nitro nitrogen of Arg®®NO; is farther from the heme iron
(fre-n = 4.3 A) than the guanidino nitrogen &IN-Arg (rre-n

= 4.1 A). The similarity of the line shapes for the two
compounds indicates that both nitrogens occupy similar positions
with respect to the ferric ion’g-tensor (below).

The two dipeptides show’N T, signatures at, that are
indistinguishable from that of Arg®NO,, indicating that the
distance to the nitro nitrogen is the same for the dipeptides as
it is for nitroarginine (Table 1). This result establishes that the

(32) Salerno, J. C.; McMillan, K.; Masters, B. S.Bochemistryl996
35, 11839-11845.
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Figure 3. Comparison of 35 GHz Mims pulsed-ENDOR spectrgzat -0.2 0 02
for holo-nNOS with bountN-Arg, Arg->NO,, >NO,-LL and®NO- v—v(“N) (MHz)
DD (g, = 4.28, except fof*N-Arg, whereg, = 4.19). Conditions:T Figure 4. Field dependent35 GHz Mims pulsed-ENDOR spectra for

=2 K, vuw = 34.70 GHz, MW pulse lengths 40 ns,r = 700 ns, RF holo-nNOS with bound5N-nitro-L-arginine (ArgSNO,). Conditions:
pulse length= 40us, repetition rate= 200 Hz. Each spectrum consists  game as in Figure 3. The dotted lines are simulations based on-ah Fe
of 256 points, with each point an average of 2000 transients. distance of 4.3 A, with Euler angles 6f= 15° and ¢ = 45°. The

Table 1. ENDOR-derived Structural Parameters féN-labeled simulations include 15 kHz of isotropic hyperfine coupling.

Substrate and Inhibitors Bound to nNOS Examination of the normalized ENDOR intensities shows that

frenb  0° ¢ the maximum for nitroarginine occurs g¢ = 4.28, hence our
ra e f ' !
T2 (A) (deg) (deg) %l° fwhm' Are reassignment of this value. At fields outside the window near

lsN-ﬁsfg 022 41 15 45 28 44 012 g, the pattern changes appreciably with field, as orientations
ﬁ.,,r\?c') NL(L)Z 8&3 i'g ig jg %g gg’ 8'14 with hyperfine couplings other thaf,' begin to contribute
o= . . . . . - . . . .

15\0,-DD 019 43 15 45 14 49 015 proportionately greater intensity. Thus, S|r_nulat|on_s of the entire
15N-Arg-1NO, 0.19 — - - 50 43 0.3 set of 2D 15N data for Argi®NO, give reliable orientational
guanidino'™>N  0.19 4.3 0 0 information, as well as the metal-nucleus distance. The best fit
nitro **N 019 43 15 45 to the data, shown as overlays to the experimental data in Figure

aDoublet splitting atg, in MHz (+0.01 MHz).? Calculated from 4, indicates that the FeN vector is 4.3 A inlength and subtends
eq 1 (0.1 A). c Rotation ofA, away from g, £5°. ¢ Rotation ofA in a 15(5} angle with the heme norma#); lying roughly between
the gy plane,+10°. ¢ Percent ENDOR effect, defined as: ((ENDOR  the Fe-Npymole bonds in the heme planeg (= 45(10f). The
intensity/transient)/(ESE intensity/transient)) 100. " fwhm in kHz. Euler angles for Arg®NO, obtained from the field-dependent

9 Calculated using fwhm in eq In(T2' + Y, fwhm) — r(T2' — ¥, fwhm). data are identical to those féiN-Arg.20

This extended data set can be used to examine the expectation
that spectra neay, are sufficient to determine the metalucleus
distance to good accuracy, as well as to provide limited
orientation information. While data g, and often over a range
of fields aroundy,, is easily obtained, more extensive data often
cannot be acquired due to the loss of ESE intensity at fields
away fromgy. As seen in Figure 4, the shaffy’ doublet

dipeptided_.L andDD both bind with the nitroarginine moiety

in the same location, adjacent to the heme iron, consistent
with the model depicted in Figure 1. TA&N doublets ay, for
15N-Arg and the three inhibitors all show sharp peaks, with full
width at half-maximum (fwhm)<51 kHz. The appearance of
such sharp lines requires that the nitro nitrogen must be held in
a very well-defined position iall cases. Attributing this entire o minates not only the ENDOR spectrum takemabut also
breadth to positional disordeAf) gives an upper limitto the  h9se taken within a range of fields arougg (4.07 < g <

spread in distances dfr ~ 0.15 A. A formal treatment of the 4.43). The splitting of this doublet is relatively field independent,
distribution problem, to be published, confirms this approxima- confirming that it is a robust measuremenflefand thug re_n.

tion. Fitting only the spectrum af,, we could place the following
Analysis of 2D Data for 1°N-labeled Substrates/Inhibitors limits on the position of the nitro nitrogen of AFNOy: rren
Bound to nNOS. Two-dimensional field-frequency®N EN- =4.3 A, 6=5-25, ¢ = 15— 75°. Fitting the spectra between

DOR data were collected for ARPNO, over the extended field g = 4.07—4.43 givesrgeny = 4.3 A, 0 = 10-20° and ¢ =
range ofg = 4.07—7.39 (Figure 4). Additional data outside of 25—65°. Comparing these values to those obtained from fitting
this range could not be obtained because of diminished ESEthe full 2D data set of Figure 4. = 4.3 A, 8 = 15(5F, ¢
intensity. Simulations of the field dependéf pattern show = 45(10Y), one sees that and alsd®, are very well determined
that the maximum intensity of the perpendicular component of by the spectra at and negy, but the more extended data set is
the observed hyperfine is expected to occur at exagily necessary to determine the best valueof
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v—v(*N) (MHz)

Figure 5. Comparison of 35 GHz Mims pulsed-ENDOR spectrgat

= 4.28 for holo-nNOS with bouriN-Arg-**NO, and with bound Arg-
NO,. (A) Spectra atr = 700 ns, scaled to the same heigfi)
Dependence of absolute ENDOR intensity on the interpulse delay,
for the!®N-Arg-1>NO; (solid) and Arg*®NO, (dashed) complexes of
nNOS. (C) Absolute intensity **;N® spectrum obtained as thé°{-
Arg-1>NO;) — (Arg->NO,) difference at = 700 ns (solid). The overlay
(dashed) is the Arg®NO, spectrum atr = 700 ns. This comparison
clearly shows that the outer shoulders belong to the nitro nitrogen.
Conditions: Same as in Figure 3.
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The Structure of Nitroarginine Bound to nNOS. To further
refine the binding geometry of nitroarginine, a sample was
prepared with doubly®N labeled nitroarginine'fN-Arg-13NO,).
When scaled to the same height, #id ENDOR spectra at
for doubly labeled nitroarginine and for singly labeled nitroargi-
nine bound to NNOS (Figure 5A) appear indistinguishable, from
which one might infer that the guanidifi®N does not give a

J. Am. Chem. Soc., Vol. 122, No. 33, 2806

v-v, (MHz)

Figure 6. 35 GHz refocused Mim& ENDOR spectra taken gi =
7.39 for nitroarginine in (A) HO and (B) BO, for (C) LL, and for
(D) DD bound to holo-nNOS, and their difference spectra. Condi-
tions: T = 140 ns, MW pulse lengths 28, 28, 28, and 60 ns, 3000
transients; other conditions as in Figure 3.

contributions fromboththe nitro’>N and one of the guanidino
I5Ns. For a given field and, therefore, the difference between
the spectra for the doubly and singly labeled samples corre-
sponds to the spectrum for the guanidiidl (Figure 5C).

Observation of apair of N nuclei from doubly labeled
nitroarginine, each with a perpendicular hyperfine coupling of
~0.19 MHz requires that both the nitro nitrogen and the
guanidino nitrogen to which it is attached are essentially
equidistant from the heme iron. To determine the minimum
spread inrpe—n Necessary to resolve a pair BN doublets, a
series of simulations were performed, varying the difference in
the two iron—nitrogen distancesAr) while holding all other
parameters fixed. The results of these simulations are sum-
marized in Table S1. Comparison of the calculated fit residuals
shows that the best simulation is for a distance difference of
0.1-0.2 A. The same trend is apparent in the simulated line
widths (Table S1).

Although T, and thusrgey, for the two1°N of 15N-Arg-
15N, is essentially the same, the orientations are not. Com-
parison between data for doubly labeléd-Arg-15NO, and data
for singly labeled Argl®NO; (double!®N — single1N, Figure
5C) shows that all of the intensity in the outer shoulders on the

detectable signal, perhaps because it is farther from the heme!>N doublet for the doubly labeled compound must be attributed

iron. However, closer examination of the absolute ENDOR
intensities, taken over a rangeoFigure 5B), reveals that, in
fact, the doubly*®>N-labeled sample quantitatively gives double
the ENDOR response of singlyN-labeled nitroarginine. The
ratio of the pealintensitiesfor the two compounds ranges from
2.3 at shortr, to 2.1 at longz, reflecting differences in the
intensity of the outer shoulders on the tweN doublets.
Numerical integration of the spectray(+ 0.3 MHz) shows
that the ratio of peakreasis 2+ 0.1 for all values of. Clearly,

the T, doublet for the doubly labeled sample reflects equal

to the nitro nitrogen. These shoulders appear because of a
significant displacement of the nitro nitrogen from the heme
normal ¢ ~ 15°). The absence of outer shoulders on the doublet
for the guanidino nitrogen indicates tHf lies almost exactly

on the heme normald(~ 0°). The field dependence of the
difference spectra (Figure S2 and S3), which should correspond
to the spectra for the guanidideN, were fit to determin@ge—n,

6 and¢ for this nitrogen. The best orientational parameters for
the individual nitrogens (Table 1) predict the binding geometry
depicted in Scheme 2.
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Figure 7. Three-dimensional models of Arg-N®ound to nNOS based on the ENDOR-derived constraints. The two models are related By a 180
rotation about the EN® bond. The oxygens of Arg-N£are shown in black; the protons and the central carbon of Arg-E®well as the carbons
of the heme are shown in gray; the pyrrole nitrogens are shown in white. Below the simulations are corresponding structures of the nitroguanidino

group.

Placement of the two nitrogens of the nitroguanidine moiety constraintg. The two models shown in Figure 7 appear to be
as in Scheme 2 leads to the expectation that the substitutedhe only arrangements compatible with the ENDOR-derived
terminal amine (NH-NO,) of nitroarginine will show exchange-  constraints on the twé&N and the'H, and are related to each
able proton signals, analogous to those reported previously forother by a 180 rotation about the €NC bond.
the NH-proton of NOHA's terminal NHOH.? Re-Mims *H Binding Geometries of LL and DD. Two-dimensional field-
ENDOR spectra ay; = 7.39 for nitroarginine in 5O and DO, frequency 1N ENDOR data sets obtained for the nNOS
shown in Figure 6, demonstrate the presence of an exchangeableomplexes of the dipeptide amid&NO,-LL and *NO,-DD
proton that contributes to the inner shoulders of the outermost also have been collected (Figure §4= 4.07—6.89). Simulation
doublet. The coupling for this proton, clearly seen in th©H of the 1N ENDOR patterns (dashed lines in Figure S4)%or
D20 difference (A-B in Figure 6,A; = 2.4 MHZz,Ire-y ~ 4.9 NO,-LL and5NO,-DD indicate thatboth bind with the nitro
A), is 0.1-0.2 MHz smaller than that seen for NOHA. This nitrogen~4.3 A from Fe, with Euler angle8 ~ 15°, ¢ ~ 45°.
can be considered as indicative of either a slight increase in These parameters are the same as those forl3@,,
r'ee-+ for the nitroarginine proton relative to NOHA, consistent demonstrating that bothL and DD bind to nNOS with the
with the~0.2 A increase imge—y, or a larger displacement from  nitro nitrogen in the same location as that of nitroarginine.
the heme normal for the nitroarginine proton (see above). The 15N line widths atg, for the two dipeptides and for

The ENDOR constraints placed on the distances and orienta-nitroarginine are all similar (Figure 3, Table 1), which would
tions of °NC and*N""°, as indicated in Scheme 2 and listed alsoappearto indicate that.L andDD bind in the same well-
in Table 1, in combination with the ENDOR constraints on the ordered geometry as nitroarginine. However, comparison of their
location of the NHNQ proton, significantly restrict the number absolute ENDOR intensities shows tHaNO,-LL and Arg-
of possible arrangements of nitroarginine relative to the P450- 15NO, give approximately the same response, while the response
type heme. To explore the possible structures consistent withof the 15NO,-DD complex is only~50% that of Arg?NO,
the ENDOR-derived constraints, a model of nitroarginine was (Figure S5). The similarity of the observed line widths for the
constructed using the software package Chem Office (Chem-three complexes shows that thbsewed signals arise from a
Draw and Chem3D, CambridgeSoft, Cambridge, MA) and well-defined substateAr ~ 0.15 A). We, therefore, suggest
placed above an idealized model of the heme, subject to normalthat the diminished intensity fdbD implies that this epimer is
geometric constraints and supplemented by the ENDOR-deriveddistributed among one or more other substatther with a
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range of positions that smears out the signals, or at a slightly The ENDOR results imply a slight repositioning of the
greater distance such that the coupling is too small to be detectedjuanidino nitrogen in nitroarginine, relative to the guanidino

(>5 A).

As in the case of nitroarginine, the dipeptides are also

nitrogen of L-arginine (from 4.1 A and~15° off the heme
normal to 4.3 A and almost directly above the Fe).

expected to have an exchangeable proton very near the heme The EPR spectra in Figure 2 establish thiatandDD bind

iron. The Re-Mims'H ENDOR spectra fotL andDD bound

to nNOS taken atj; = 7.39 are also shown Figure 6. The
epimer gives alH spectrum similar in shape to that for
nitroarginine, including a doublet with; = 2.4 MHz that can

be seen in the H/D difference 4B in Figure 6). However,
the DD analogue shows little evidence of shoulders inside the
outermost proton doublet and does not give a well-defined H/D
difference (D-B in Figure 6). Again, this likely reflects a lower
degree of order fobD; a 50% loss in signal intensity for the
DD proton, one that parallels the diminishéeN ENDOR
intensity of DD, could easily preclude its detection.

Discussion

The current'>N and1?H 35 GHz pulsed-ENDOR study of
the binding of nitroargininep-ArgN®-L-Lys-NH, (LL) and
D-Lys-D-ArgN®:-NH, (DD) to holo-nNOS illustrates the ap-
plication of ENDOR spectroscopy to examining the structure

quantitatively to holo-nNOS, while the ENDOR spectra in
Figure 3 andsS3 establish that the nitro groups of bdth and

its retro-inversoanalogué;12DD, bind close to the heme iron
of holo-nNOS. Analysis of the ENDOR data shows that the
nitro nitrogen of each dipeptide (Figure 3) is at the same distance
from the heme iron as that of nitroarginine, 4.3 A. THal
spectra fofNO,-LL and'®NO,-DD are nearly identical to each
other and to that of nitroarginine, which indicates that nitroargi-
nine and the two inhibitorall bind with the nitroguanidine
moiety in the same location “above” the heme iron. Clearly,
the ENDOR data establish the binding modeslfbr and DD
shown in Figure 1.

The sharp-line!>N spectra observed at, dor all of the
substrates and inhibitors (e.g., Figure 3) further give the
impression that all of them bind to holo-nNOS in a well ordered
fashion, with the observed ENDOR intensities coming from
substrate molecules with a distributionrilof no more than\r

of non-covalently bound substrates/inhibitors. Such experiments~ 0.15 A. However, on the basis of differences in the absolute
are technically demanding because the EPR spectrum of theMims pulsed-ENDOR intensities, we suggest that nitroarginine

high-spin nNOS ferriheme shows both large g anisotrapgt
considerableg-strain linebroadening, in contrast to the well-
defined EPR spectrum of a nitroxi#é*or the V&' ion.35 The
short phase memory and electrofic of the high-spin ferri-
nNOS EPR signal makes acquisition of pulsed-ENDOR data
particularly difficult. However, the spread in field for the high

and theLL epimer bind almost exclusively in the geometries
described, but that thBD epimer binds in multiple substates.

It appears that as little as50% of theDD molecules reside in

the well-defined geometry exhibited by the other two, while
the rest are either distributed over a range of distances or are at
a slightly greater distance, and not detected. This supposition

spin ferriheme enhances the sensitivity of the ENDOR spectra is supported by the appearance of tHeENDOR atg; in Figure

to both distance and orientation. Analysis of complete 2D field-

6.

frequency patterns confirms that reliable distance estimates and Thus, the ENDOR data support the proposed rationalization

limited orientation information can be gleaned from a small set

for the holo-nNOS selectivities afL. andDD shown in Figure

of field dependent data around the peak of the absorption model, while disclosing subtle differences in the binding of the two

EPR signal ¢y). This has been demonstrated previously for both
substratesi-Arg!® and NOHA?Z and has been applied to all
three NOS isoform3? While confirming this method of analysis,

epimers. This is the first spectroscopic evidence to support the
model shown in Figure ®land suggested previously!® for
how retro-inverso peptides bind to enzymes.

the present report also shows that the angular parameters can _
be determined more precisely by analysis of a more complete Acknowledgment. We acknowledge the instrumental efforts
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