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The interactions between the heme CO ligand in the oxygenase domain of nitric oxide synthase and a set
of substrate analogues were determined by measuring the resonance Raman spectra of the Fe-C-0 vibra-
tional modes. Substrates were selected that have variations in all the functional units: the guanidino

group, the amino acid site and the number of methylene units connecting the two ends. In comparison
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to the substrate free form of the enzyme, Interactions of the analogues with the CO moiety caused the
Fe-CO stretching and the Fe-C-0 bending modes to shift in frequency due to the electrostatic environ-
ment. An unmodified guanidino group interacted with the CO in a similar fashion despite changes in the
amino acid end. However, an unmodified amino acid end is required for catalysis owing to the H-bonding
network involving the substrate, the heme and the pterin cofactor.

© 2009 Elsevier Inc. All rights reserved.

Nitric oxide synthase (NOS) catalyzes the synthesis of NO in a
two-step mechanism in which the reaction of L-Arg with oxygen
forms N-hydroxy-i-Arginine (NOHA) which in turn reacts with an-
other molecule of oxygen to yield NO and citrulline. In addition to
L-Arg and NOHA, only two other L-Arg derivatives (NMA and homo-
arginine) have been shown to be substrates for NOS [1-3]. Three ma-
jor mammalian isoforms of the enzyme have been identified, two
constitutive forms from brain (nNOS) and endothelium cells (eNOS),
and one inducible form (iNOS), from marcrophage [4,5]. The func-
tional form of all three isoforms are homodimeric with a heme-con-
taining oxygenase domain incorporating a tetrahydrobiopterin
(H4B) cofactor binding site, and a reductase domain that has the site
for the electron donor, NADPH. The electron transfer to the oxygen-
ase domain is enabled by the binding of Ca-calmodulin.

The NOS substrates possess multiple points for interaction with
the enzyme. Both the positively charged guanidino group and the
amino acid end interact directly with either amino acid residues
or prosthetic groups in the active site as revealed by crystal struc-
ture studies [6,7]. The length of the intervening methylene groups
also affects the binding and activity [8]. The similarity of the sub-
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strate binding sites in each of the isoforms has made the develop-
ment of isoform-specific inhibitors a challenging task. A major
advance in selective inhibitor design was made recently by con-
structing inhibitors that can bind in the substrate site but also have
bulky tails that can bind in remote sites [9]. These remote sites dif-
fer among the isoforms so outstanding selectivity can be achieved.
As these inhibitors need structures to interact both with the nor-
mal substrate site as well as the remote site a clear understanding
of the interactions in the substrate binding site are of crucial
importance for efficient inhibitor design.

To identify substrate-enzyme interactions in NOS, resonance
Raman spectroscopy coupled with small molecular probes has pro-
ven to be a powerful tool as it reflects the position of the substrate
or substrate analogue with the bound ligand [10,11]. Well before
the determination of NOS structures, it was established that sub-
strates strongly interact with heme bound ligands and the interac-
tions are dependent on the nature of bound substrate [10]. Also,
structural differences among the three NOS isoforms were identi-
fied in which the interaction of the substrate with the ligand was
the same in iNOS and eNOS and distinct from that in nNOS [12].
This work reports the studies of the interaction of a bound-CO li-
gand of iNOSyxy, with substrates and analogues with variations in
all the functional units: the guanidino group, the number of meth-
ylene groups and the amino acid site (Fig. 1).

Materials and methods

L-thiocitrulline and S-methyl-thiocitrulline were obtained from
Calbiochem (La Jolla, CA) and all of the others substrates and
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Fig. 1. Structures of the NOS substrate analogs used in this study.

analogues were purchased from Sigma (St. Louis, MO). Carbon
monoxide was purchased from Matheson (CP grade, 99.5%).

The expression and reconstitution of iNOS,,, was described pre-
viously [13]. Samples were buffered (pH 7.6, 40 mM Bis-Tris with
1 mM of dithiothreitol) and mixed with substrates or inhibitors.
The final heme and substrate analog concentrations were 30 UM
and 3 mM, respectively. Ferrous CO-adducts of the enzyme were
prepared by reducing the sample in a sealed Raman cell with 5-fold
excess of sodium dithionite, followed by exposure to the CO gas
and monitored by optical absorption. To avoid any spectral compli-
cations from H4B [14], the pterin was not introduced in any of the
samples.

Resonance Raman measurements were performed with a
1.25m polychromator (Spex) equipped with a CCD detector
(Princeton Instruments). The signal was collected in a right angle
geometry with a 100 micron entrance slit. Excitation at
441.6 nm, provided by a He-Cd laser (Liconix), was used to selec-
tively enhance the active form of the CO-bound enzyme which
has an absorption maximum at ~445 nm [14]. Spectra were cali-
brated with lines from toluene and an aqueous solution of sodium
ferrocyanide. Data processing and analysis were performed with
routines provided by Grams386 (Galactic Industries Corp.).

Results

Arginine analogs were introduced into the CO-bound complex
of iNOSoxy and the resonance Raman spectra were measured. The
orientation of the substrate with respect to the CO, and also the
bound oxygen during catalytic activity, is determined by the H-
bonding interactions between the substrate, or analogue, and the
residues in the catalytic site. The binding of native substrates, such
as L-Arg, involves H-bonding interactions to both the guanidino
end and the amino acid end of the molecule as shown in Fig. 2
for the oxygenase domain of nNOS. The guanidino end is held in
place by Glu-592 (the nNOS sequence numbering is used through-
out) and by an H-bond to the polypeptide carbonyl group of Trp-
587. The carboxylate group of the amino acid end of L-Arg is H-
bonded to Tyr-588 and the amino group is H-bonded to Glu-592
and to one of the carboxylate oxygen atoms of a heme propionate
group. The other oxygen atom of the propionate group is H-bonded
to the pterin cofactor. As shown in Fig. 2A, when CO is present
there is an H-bonding interaction to it from the NH group of the
1-Arg and from a water molecule coordinated in the distal pocket.
The distance of each of these groups to the oxygen atom of the CO
is ~3 A.

A

Glu-592

HEME

Fig. 2. The structure of the r-arginine-bound nNOS,,, catalytic site. The models
were depicted with PyMOL from the structure (2G6M) reported by Li et al. [7]. (A)
The interactions between the CO heme-ligand and the L-Arg and water molecule in
the distal pocket. (B) The H-bonding interaction that stabilize the .-Arg substrate in
the catalytic site.

To determine the affect of these two ends of the Arg and its ana-
logues on their juxtaposition with respect to the heme ligand, the
selected analogues are divided into two groups: those in which the
native guanidino group is present and those in which the amino
acid end of the molecule has its native substituents (Fig. 1). By this
organization, the influence of each end of the analogues on the
interactions at the heme catalytic site can be evaluated. For the na-
tive guanidino group, HomoArg and AGPA represent cases in which
the methylene spacing between the two ends is either longer or
shorter, respectively, than that in .-Arg. Agmt and ArgA have mod-
ified amino acid ends. For those cases in which the amino acid ter-
minal is intact some of the molecules have derivatized NH groups
in the guanidino end, such as NOHA, a native substrate, and NMA.
All of the others, including the final product, Cit have one of the
terminal NH groups replaced by a different atom or atoms.

To measure the interactions between each of the analogues and
the catalytic site, the vibrational modes of heme-bound CO, an oxy-
gen surrogate, were examined. The Fe-CO vibrational modes are
very sensitive to the electrostatic environment owing to changes
in the back-bonding between the heme and the CO as reflected
in the relationship below relating the limiting case structures [15].

Fe’ — C = 0° (I) « Fe=C=0(1I)

A positively charged distal environment shifts the equilibrium
toward structure II, thereby increasing the Fe-CO bond strength
and hence its stretching mode frequency and concomitantly
decreasing the C-O bond strength and its associated stretching
mode frequency as compared to structure I.

Several prior studies of the effect of substrates and their ana-
logues on the FeCO modes in the NOS isoforms have been reported
and have revealed important properties of the heme active site
[10,11,14]. In the absence of substrates and the pterin cofactor
the Fe—CO stretching mode is broad and can be deconvoluted into
two or three different components reflecting alternate conforma-
tions in the distal pocket accessible in the absence of the substrates
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[16]. Although multiple components were also detected in the
presence of substrates, a single component tended to dominate
resulting in a sharper and better-defined line making the central
component a useful indicator of the distal interactions between
the substrate and the bound CO. In iNOSyy, and eNOS,y, the mul-
ticomponent line in the 480-490 cm™! region in the absence of
substrate shifted to a well defined line at ~512 cm™! in the pres-
ence of L-Arg, whereas in nNOS,,, the line is located at 503 cm!
in the presence of L-Arg [12].

To assess the occupancy of the substrate analogues in the sub-
strate binding site, the shape and frequency of the Fe-CO stretch-
ing mode was examined along with the frequency and intensity of
the Fe-C-O bending mode. Sharpening of the stretching mode
indicates restriction of the conformational freedom and therefore
occupancy of the substrate binding site. The higher the frequency
of the mode is, the greater the positive electrostatic interaction.
Similarly, a higher frequency of the bending mode tends to corre-
late with a stronger positive electrostatic interaction although such
a correlation has not been as thoroughly substantiated as that of
the stretching mode. Stronger interactions also give more intense
bending modes.

Based on the data in Fig. 3, for the compounds with an intact
guanidino group, all but AGPA show evidence of coordination in
the substrate binding site with variable interaction strengths.
However, the variation is relatively small demonstrating that the
position of the guanidine group is relatively insensitive to the
changes that occur at the amino acid end of the molecules. The
three compounds shown in Fig. 4A, which have modified guanidino
groups, all bind to the enzyme but the interactions with the CO are
very different. As reported and discussed previously [16], NOHA, a
physiological substrate, results in a weaker interaction with the CO
than that of L-Arg. NMA has a strong but heterogeneous interaction
as indicated by the broad Fe-CO stretching mode. L-NIO has a low
Fe-CO stretching frequency but the line is narrow indicating that
the conformation is relatively homogeneous. Of the three com-
pounds in Fig. 4B, SMTC shows evidence for binding but Cit and
ThioCit show no indication of any modification to the distal pocket.
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Fig. 3. The low frequency resonance Raman spectrum of CO-bound ferrous iNOSy
in the substrate free (SF) form (trace a) compared to its spectra in the presence of
various substrate analogues. All of the analogues have an unmodified guanidino
end. Their structures are depicted in Fig. 1. The sample conditions are given in
Material and methods section. Spectra are averages of 10 one minute accumulations
at room temperature. The Fe-CO stretching mode and the Fe-C-O bending modes
are designated by Vre_co and Spe_c_o, respectively.

Discussion

The data reported here reveal clear differences between the ef-
fect of structural changes in the guanidino end versus the amino
acid end of iNOS,y substrate analogues on the heme binding site.
When the guanidino group is near the CO ligand it exerts a positive
interaction that shifts the Fe-CO stretching mode to higher fre-
quency. In addition, the mode narrows when the conformational
heterogeneity is restricted by the presence of this moiety. Associ-
ated with these changes the bending mode also shifts to higher fre-
quency and gains intensity.

Of the five compounds with intact guanidino groups, 1-Arg,
HomoArg, Agmt, and ArgA all show the characteristic changes of
an increased Vge_co frequency, a sharpening of the mode and a sig-
nificant enhancement of the bending mode, 8g._c_o. This indicates
that despite structural changes in the amino acid end, the H-bond-
ing interactions between the guanidino end with the heme-pocket
residues can position the compounds in similar positions with re-
spect to the heme. The observation that AGPA, with its shortened
methylenic section results in a similar spectrum to that obtained
in the absence of substrate indicates that either it does not bind
to the protein or if it does it is too far from the CO to interact with
it. The former possibility is excluded by a back titration experi-
ment. A sample was prepared with 1-Arg to generate a spectrum
characteristic of arginine binding. Then AGPA was added and the
spectrum reverted to that of the substrate free form, showing that
AGPA competes with L-Arg for binding to the active site even with
CO-bound to the heme. However, its bound orientation does not al-
low it to be close enough to the heme to influence the CO ligand. As
may be seen in Table 1, its ICsq reveals that its binding affinity is
relatively high. This suggests that the amino acid end binds with
its normal interactions placing the guanidino end too far away
from the CO to be detected owing to the short methylenic group.

The fact that the large differences in the amino acid tail of the
analogues have a relatively small effect on the Fe-CO modes has
implications with regard to the differences in the mode frequencies
in the presence of L-Arg between nNOS (502 cm™!) and those in
iNOS and eNOS (512 cm™1) [12]. Li et al obtained the crystal struc-
ture of the CO-bound complexes of nNOSy, and eNOS,, [7]. The
H-bonding distance between the 1-Arg and the CO was 2.9 A in
nNOSy but a very short 24Ain eNOS,y,. Based on the fact that
none of the changes in the amino acid end of the analogues exam-
ined in this study resulted in a frequency as low as 502 cm™!, it is
the differences in direct H-bonding to the guanidino end of the
molecule that must be the origin of the isoform differences. Thus,
the difference between nNOS and the other two isoforms are in
the positions of the groups forming the H-bonds to the guanidino
end of the molecule. These differences need not be very large to
cause a slight shift or re-orientation of the analogue thereby chang-
ing the local electrostatic potential on the CO.

The addition of compounds with a modified guanidino group
brings about a wide range of changes. L-NIO and SMTC both show
evidence of binding by a narrowing of the Fe-CO stretching mode
and an increase in intensity of the bending mode. However, the fre-
quency of the stretching mode is relatively low, indicating that
there a strong positive polar interaction is not present. This may
be interpreted as an interaction of the methyl group for these
two compounds with the CO. Both of these compounds are rela-
tively good inhibitors (ICses of 1.8 and 34 puM, respectively, as
listed in Table 1). This suggests that both of these compounds bind
with the same interaction as does L-Arg but with the methyl sub-
stituent pointing toward the CO thus accounting for the Raman
data.

NMA also shows evidence for binding with a strengthened
bending mode and a shifted stretching mode to higher frequency.
However, both of these modes are relatively broad indicating
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Fig. 4. The low frequency Raman spectra of the CO-bound ferrous of the iNOSox in the presence of substrate analogues with an unmodified amino acid end. The experimental

conditions and labeling are the same as described in Fig. 3.

Table 1
The Fe-CO stretching (Vre_co) and the Fe-C-0 bending (8ge_c_o) modes compared to
the activities of iNOS,y substrate analogues.

Compound VEe-CO SFe-C-0 NO Inhibitor
(cm™) (cm™1) synthesis ICs0 (M)
Substrate-free 486 (broad) 560 NA NA
L-Arg 512 570 Y NA
Agmatine 509 568 N 98.5%
NMA 509 (broad) 573 (broad) Y 6.6°
HomoArg 508 568 Y 19.4(Ki)°
Argininic acid 507 562 N 388
NOHA 499 564 Y NA
L-NIO 494 567 N 1.8°
SMTC 486 (sharp) 561 (strong) N 2.24
Citrulline 486 561 NA NA
ThioCitrulline 486 561 N 3.6(Ki)®
AGPA 486 561 N 23

IC50 data references a: [8]; b: [21]; c: [22]; d: [23]; e: [19].

heterogeneity in the binding. This is likely a result of the methyl
amine end of the guanidino group pointing toward the CO ligand
resulting in an interaction of the CO with either the methyl group
or the proton of the HNCH; moiety. The placement of this
group over the iron atom is consistent with the formation of
1-N¢-hydroxy-N¢-methylarginine as shown by Feldman et al. [2]
Thus, NMA can bind with the same interactions as L-Arg accounting
for its strong binding (Table 1).

The binding of NOHA differs from that of 1-Arg and other ana-
logues as the proton on the hydroxide group is H-bonded to a back-
bone peptide nitrogen [17]. This may displace the substrate
slightly away from the heme ligand, accounting for a weaker elec-
trostatic interaction [16]. Furthermore, in the crystal structures of
L-Arg and NOHA adducts of bsNOS [17], a water molecule was
found to be in H-bonding distance of the terminal oxygen on the
NO in the presence of L-Arg just a shown in Fig 2A for the CO deriv-
ative reported by Li et al. [7] However, in the bsNOS study the
water was not in H-bonding distance of the terminal oxygen of
the NO when NOHA was present. The combination of these differ-
ences accounts for the lowered positive electrostatic potential near
the CO ligand.

Cit and ThioCit have spectra of the CO derivative identical to
that of the substrate free form. We conclude that these do not bind
in the presence of CO. Indeed, for the enzymatic product, Cit, even
in the ferric form the binding has been shown to be very weak [18].
However, for ThioCit it has been shown that it binds in the ligand-
free form in different conformations, one of which involves appar-
ent coordination to the heme by the sulfur atom [19,20]. When CO

is present both of the molecules plausibly exert too great an elec-
trostatic repulsion to the CO to bind in the catalytic site.

In summary, the data reported here clarify the effect of the two
ends of the substrate analogues on binding in the catalytic site of
iNOS,xy,. Both ends of the molecules contribute to the stability
and the guanidino end very precisely positions the substrate over
the heme to enable catalysis to proceed. However, the amino acid
end is also important for catalysis as indicated by argininic acid
and agmatine which bind to the CO-bound active site in a very sim-
ilar manner to that of the native substrates. Thus both of these ana-
logues appear to be positioned appropriately for catalysis but they
are inactive owing to the structure of the amino acid end. These
observations indicate that proper static poising of the substrate
in the active site is not the sole requirement for catalysis. This sug-
gests that the amino acid end is needed to stabilize the H-bonding
interactions between the heme and the pterin cofactor presumably
to facilitate the electron transfer from the pterin to the heme cat-
alytic site.
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