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ABSTRACT. The substrate binding site in nitric oxide synthase (NOS) can accommodate the physiological
substratesi -arginine andN®-hydroxy L-arginine as well as many substrate analogues and inhibitors.
Resonance Raman spectra of carbon monoxide-bound NOS were measured to determine how these
substrates and analogues interact with heme, the prosthetic group which activates oxygen for the catalytic
generation of NO and citrulline from arginine in the enzyme. Two distinct conformations of the Fe
C—0 moiety were detected in the resonance Raman spectra, although in the optical absorption spectra
the two species are indistinguishable. In one, termegstfem, the Fe-CO stretching frequency and

the C-0O stretching frequency, located-a#87 and~1949 cn1l, respectively, demonstrate that the-Fe

C—0 group adopts a linear conformation perpendicular to the heme plane (“open” structure). In the
other, termed the-form, frequencies 0f-502 and~1929 cnt?, respectively, indicate that the binding
properties of bound CO are significantly affected by its immediate environment thereby leading to a
“closed” structure. In the presence iofrginine orN®-OH-L-arginine all of the molecules exhibit the
closed structure, indicating that the substrates exert a strong polar (and/or steric) effect on the heme-
bound ligand. In the absence of any substrate or inhibitor only half of the heme population adopts the
open structure whereas the rest of the heme content retains the closed conformation. It is proposed that
in this population with the closed structure tetrahydrobiopterin, a cofactor of NO synthase, may reside in
close proximity to the heme-bound ligand and interact with it in a similar manner as do substrates. The
inverse correlation between the-F€O and C-O stretching modes suggests that in NOS the bonding of

the cysteine to the heme iron may be weaker, as found in chloroperoxidase, than in cytochrome P-450
enzymes. This work continually proves resonance Raman spectroscopy as a powerful probe for the
interactions between substrate/inhibitor and the heme active site of proteins.

Nitric oxide (NO), an unstable, diatomic free radical and system’s ability to kill tumor cells and intracellular parasites.
potentially toxic molecule, has been the subject of a large Further studies indicate that this inorganic gas is synthesized,
number of studies recently (Feldman et al., 1993; Ignarro & in vivo, by a family of enzymes termed nitric oxide synthases
Murad, 1995; Feelisch & Stamler, 1996) owing to the (NOSs) found in animals as diverse as barnacles, fruit flies,
discovery of the many diverse functional roles it plays in horseshoe crabs, chickens, trout, and humans (Feldman et
physiology. First, Furchgott (1988), Moncada et al. (1988) al., 1993). It is noteworthy that NO is much more than just
and Ignarro et al. (1988) found that NO (or a labile compound another biological messenger in that its trafficking is
releasing NO) is the endothelium-derived relaxing factor independent of the specific transporter or channels used by
(EDRF), the substance which activates soluble guanylyl other chemical counterparts. Instead, NO diffuses freely in
cyclase (sGC) and induces vascular smooth muscle relax-all directions from its site of origin. The control of synthesis
ation. Second, NO is released from cerebellar cells of rat of NO catalyzed by NOS# vivo thus becomes a key issue
brain, in response to glutamate binding to tkenethylo- in regulating its activity and all its physiological functions.
aspartate (NMDA) receptor, which in turn activates sGC, The understanding of the nature of NOSs is extremely
converting guanosine triphosphate (GTP) to cyclic guanosinevaluable for both fundamental physiological and practical
monphosphate (cGMP) and ultimately serving as a messengemedicine.
in central and peripheral nervous systems. Finally, Hibbs The synthesis of NO catalyzed by NOSs consists of a two-
(1987), Marletta et al. (1988), and Stuehr and co-workers step oxidation of arginine, each of which involves a
(Stuehr et al., 1989; Stuehr & Nathan, 1989) found that NO monooxygenation reaction as found in the catalysis reactions
also acts as a cytotoxic agent by playing a role in the immune of the cytochrome P-450 class of enzymes (Bredt et al., 1991;
Culotta & Koshland, 1992; Lancaster, 1992; Stamler et al.,
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Sessa, 1994). The neuronal enzyme from rat bizNQ@S), 1991; Wells et al., 1992) and IR spectra (O’Keeffe et al.,
which we use in the present work, and the protein from 1978a; Jung et al., 1992) exhibit substantial changes due to
endothelial cells € NOS) are constitutive, while the NO the presence and the identity of the substrates. In particular,
synthase purified from macrophage is inducible and cytokine the homogeneous and bent/titedH&—-0 linkage inferred
dependent. All the isoforms of NOSs contain FAD and FMN from Raman and IR data has been confirmed by the X-ray
in the reductase domain and tetrahydrobiopterinBkeme crystallographic data from the CO adduct of camphor-bound
and the binding site for substratearginine, in the oxygenase cytochrome P-45Q,,where heme-bound CO has to bend or
domain. The enzymes exist as homodimers in which, astilt from the heme normal by T4in order to accommodate
found in recent studies of the macrophage enzyme (Ghoshthe polar (and/or steric) effect from the substrate, camphor
& Stuehr, 1995), the two subunits align in a head-to-head (Raag & Polous, 1989).

manner with the oxygenase domains of the two subunits  The initial characterization on the CO derivativebeNOS
interacting with each other. For the constitutive NOSs the by resonance Raman spectroscopy (Wang et al., 1993)
binding of calcium-calmodulin (C&"-CaM) near the inter-  showed an FeCO stretching modevfe_co) with a very low
face of the two domains facilitates the electron transfer from frequency (\,490 Crn‘l) in Comparison to hemeproteins in
NADPH to the heme catalytic site during the enzymatic which histidine is the proximal ligand (Yu & Kerr, 1988;
synthesis of NO (Abu-Soud & Stuehr, 1993). Ray et al., 1994; Wang et al., 1996a), consistent with the
The heme of NOSs is necessary for both steps of coordination by a proximal cysteine (thiolate) residue. In

monooxygenation reactions involved in the synthesis of NO the absence of BHthe heme active site of NOSs is
(see eq 1) (Stuehr & Ikeda-Saito, 1992; Pufahl & Marletta, significantly destabilized and the bonding between the heme
1993) and is coordinated by a thiolate proximal ligand (Wang jron and the proximal cysteine is loosened. CO coordination
etal., 1993, 1995a; Chen et al., 1994; Richards & Marletta, 1o the heme causes a gradual dissociation of tthes

1994; McMillian & Masters, 1995). The resting form of = cysteine residue thereby leading to a switch of the proximal
NOSs has a high-spin ferric heme iron and the reduced formjigand (to a histidine residue) (Wang et al., 1995a). In

of NOSs shows a pentacoordinate high-spin (5C/HS) heme, addition, in the absence of exogenous substrates such as
available for the coordination of exogenous ligands such as L-arginine oN®-OH-L-arginine (substrate-free form)ze-co

CO, NO, and CN as well as Othe physiological ligand s found to be quite broad, indicating the presence of multiple
(Wang etal., 1993, 1994, 1995a). Several laboratories havejigand binding active sites for NOSs. Although the effects
found that BH plays a crucial role in maintaining a stable of substrates on the heme ire@0 binding properties is still
pocket for the heme catalytic active site (Wang et al., 1995a; unclear, we found that the presencemﬂrginine L-Arg)

Klatt et al., 1996) as well as in stabilizing the dimeric appreciably stabilizes the coordination of NO to the ferrous
structure of NOSs (Baek et al., 1993; Mayer & Werner, 1995; heme iron and also alters the binding properties of the Fe
Tzeng et al., 1995), despite the negative effects recentlyN—O linkage (Wang et al., 1994). All of these suggest
reported in dimerization a&-NOS (Rodriguez-Crespo et al.,  strong interactions between substrates/cofactors and heme/
1996). In its absence, the enzymes becomes less stabl&eme-bound ligands and also implicate a close proximity of
(Hevel & Marletta, 1992) and the heme environment of NOS bound substrate to the heme active site of NOSSs.

i§ Substantially perturbgd by the'coorldination of alow-spin |, yhis work we extend our previous investigation on the
ligand to the heme, leading to an inactive form of the enzyme g ,s4rate-dependent structural perturbations of the heme-

(Wang et al., 1995a). In addition, NOSs are also similar to l ; : ;
i ) gand active site by studying the effects of substrates (e.g.,
cytochromes P-450 (Dowson & Sono, 1987; Champion, L-Arg, N°-OH-L-Arg) and L-arginine-like inhibitors -

1988) by displaying a susceptibility of the spectral properties ¢y lline and L-thiocitrulline) (Figure 1) on the binding

of heme-exogenous ligand complexes to the presence of properties and dynamics of CO derivativesbeNOS(+2).

substrate (Wang et al., 1994). _ _ We have also compared the resonance Raman scattering
The full understanding of the catalytic mechanism of the results from NOS-CO complexes with those from the CO

enzyme requires knowledge of the substrate binding site(s) dducts of cytochromes P-450 which show structural sen-

ﬁnd the inter?ctions bet\r/]veen the §ub§trates]: 2nd the hemeiivity to the presence and identity of substrates and whose
eme-bound ligands. The CO derivatives of hemeproteins oy s¢a structures are known. Our data demonstrate that in

are a unique model for such studies owing to the similar & spsence of substrates. bound CO exhibits a wide
molecular (diatomic) and electronic structure of CO to the distribution of conformations suggesting an open distal

physioilogical ligand, @ and the greater stability of the GO ocket. In the presence of substrate, a strong polar (or steric)
heme iron complexes. Resonance Raman spectroscopy anfact is exerted on the bound CO.

Fourier transform infrared spectroscopy (FT-IR) offer excel-

lent probes for these due to the rich information they can \jATERIALS AND METHODS

provide, such as the identity of the proximal ligand, the

configuration, and the oxidation state of the heme iron and The constitutive NOS from rat brain was purified by
the interaction of heme with its environment. In addition, sequential chromatography on,2-ADP Sepharose and
the spectra of the Cbheme complexes are very sensitive Mono Q anion exchange resin as described previously
to the presence of substrates/co-factors and to other change§Stuehr & Ikeda-Saito, 1992). Chloroperoxidase (CPO) was
in the CO binding properties induced by the environment. purchased from Sigma and used without further purification.
This is most evident by the observation that the optical The isotopically labeled CO gase&'°0O, 12C'®0, and
spectra of the CO adducts of cytochrome P45Gre 13C180) were products of ICONX99%,99% labeled). The
unperturbed by the presence of substrates whereas the COreduced form of NOS or CPO was prepared by anaerobically
associated marker lines in the resonance Raman spectra (Unadding dithionite solution to the previously degassed enzyme,
et al., 1985; Bangcharoenpaurpong, 1987; Hu & Kincaid, from which the CO adducts were generated by exposure of
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Ficure 1: Molecular structure of several substrates and inhibitors of nitric oxide synthase.

the samples to either natuf&C*eO (Matheson;>99% purity) +2)-

or a stable isotop&®C*0, 12C'80, or 3C180 (Wang et al., bNOS(+2)-CO/441.6nm
1993). All of the samples were buffered by 40 mM Hepes,

pH 7.4, containing ZM BH,4 and 3 mM dithiothreitol (DTT).

The resonance Raman instrumentation used in present
study has been described elsewhere (Wang et al., 1996a).
Typically, the sample aliquots (1Qd_, 20—40 uM) sealed
in a rotating cell were irradiated at extremely low laser power
(~0.3 mW) to minimize the photoinduced dissociation of
heme-bound CO. The excitation wavelength of the hetium
cadmium laser used in the present study (441.6 nm) is very
close to the Soret maxima of CO adducts of NOS or CPO
(~446 nm) and thus greatly enhanced the intensities of the
resonance Raman spectra of them. The scattered light Was,a‘
dispersed by a 1.25-m monochromator and detected by a‘g
CCD camera. Some of the spectra are base line corrected, €
but none was smoothed. Optical absorption data wer
recorded, on a SLM Aminco DW2000 UWis spectropho-
tometer, both prior to and after each Raman measurement
to ensure the formation and stability of the CO adducts during
the measurements. The frequencies of the Raman shifted
lines were calibrated against the lines from indene (Aldrich) (e) ! -~ (+) L-Arg
(150-1800 cn1?) as well as those from acetone (1709.7 546 /

cm™1) and potassium ferrocyanide (2056.7 and 2091.7%xm ot

e 3
=

500 1218 1341
563 c"o-"c'o

RESULTS 0 |3 \

Figure 2 depicts the resonance Raman spectra of CO W“‘\N %;ubstrate-free
adducts of dithionite-reducd®NOS in its substrate-free form 471—1 5,"5
(trace a),L-Arg-bound form (trace b), antl*-OH-L-Arg- | | | | | T
bound form (trace c). The substrate-free form exhibits a 300 400 500 600 700 800
spectrum that is similar to that which we reported previously . 4
(Wang et al., 1993). Specifically, this species displays a Raman Shift (cm )

weak line for the Fe-C~O bending modedfe-c-o) at 562 Ficure 2: Effects of substrates or inhibitors on the low-frequency

1 H ~ 1 L.

cm. and a strong and brqad line foFe—co at ~491 cm™, resonance Raman spectra of the CO adducts of dithionite-reduced
which was deconvoluted into two components centered ath-NOS. Spectrum a was obtained from the substrate-free form of
487 and 501 cmt. The addition of substrates suchLaérg the enzyme and traces—e were from samples containing-2

or N*-OH-L-Arg to b-NOS dramatically alters the resonance MM L-arginine (b), N-OH-L-Arg (c), L-citrulline (d), andL-

; 1; thiocitrulline (e). The binding of-Arg or N*-OH-L-Arg in the
Raman spectra. The broad line from.-co at 491 cnt in istal pocket greatly perturbed the F€—O spectra, but in the

the substrate-free species is replaced by a sharp line at 503 esence of-citrulline orL-thiocitrulline a spectrum that is similar
cmt (for L-Arg) or 502 cnt* (for N-OH-L-Arg) and the to that from its substrate-free form was obtained. Trace f is the
Ore-c—o line (at 562-565 cn1Y) is greatly intensified. The  difference between the spectrum from thérg-bound form (b)

slight shift in frequency{2 cm2) of the dre_c-o line upon and that from the substrate-free form (a). In order to minimize

P Y g photo-induced dissociation of CO, all the spectra were recorded at
the blndmg of substrate and its intensification were also extremely low laser power (0-20.5 mW) (441.6 nm). The buffer
reported in the CO complexes of cytochrome P450Jno solution contains M BH, and 3 mM DTT.

etal., 1985). In addition to the changes in the CO-associated
marker lines (e.9.¥re-co and dre—c—0), the presence of  porphyrin macrocycle vibrations (e.g., 393, 407, 691, and
substrates significantly strengthens the Raman signals from801 cnt?) as well, as evident in the difference spectrum
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Ficure 3: Isotopic shifts of resonance Raman lines (in the low-
frequency region) of the CO adducts from redubeNOS in the
presence of 2 mM-Arg. Spectra ad were from12C160O- (a),
13C160- (b), 12C180- (c), and*C80-bound (d) forms ob-NOS.
Trace e is the difference spectrum of spectra a mind3ai¢O —
13C180) where the contributions from porphyrin modes balance out,
revealing the isotopic shifts from the FEO stretching £503
cm1) and Fe-C—O bending (565 cml) modes. Trace f is a
similar difference spectrum dfC®0 minus3C®0 adducts but
was obtained from the substrate-free form INOS. The
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Ficure 4: Laser power dependence of the low-frequency resonance
Raman spectra of th€CO adduct from reduced-NOS in the
presence of 2 mM-Arg. The spectra were obtained at 0.5 (- - -),

5 (—), or 15 mW ¢--) of incident laser power. The arrows designate
the direction of increase in laser power. The bottom spectrum is
the difference of the spectrum recorded at low power (0.5 mW)
minus that recorded at high power (15 mW). The experimental
conditions are the same as those described in Figure 2.

free form and ther-thiocitrulline-bound (orL-citrulline-
bound) form (see Figure 2) implicate a similar immediate
environment experienced by the bound CO in both forms.
However, we cannot determine from the current data if the
CO and the -thiocitrulline (orL-citrulline) cannot both bind
simultaneously or if the-thiocitrulline does bind but does
not perturb the hemeCO structure.

The assignments of lines near 500 and 565 tim the
spectrum ofL-Arg-bound b-NOSH2)—CO have been es-
tablished by utilizing multiple isotopically labeled CO as
shown in Figure 3. Substitution fCO by *CO (trace b)
shifts both lines: from 503 to 500 crhand from 565 to
549 cml. The replacement of the oxygen atom in CO by
180 (trace c), however, decreases only the frequency of the
503 cm?! line (to 497 cm?Y). In the presence of doubly
labeled CO C!0) (trace d), both lines are significantly
down-shifted by 10 cmt (to 493 cm?) and 18 cm? (to

experimental conditions are the same as those described ingy7 cnt?). The isotope-induced frequency changes of the

Figure 2.

two lines are more apparent in the difference spectra between

(trace f). They may arise from changes in the doming of Spectra from thé?C'**0-bound forms and those from the

the porphyrin or in its peripheral groups as a direct

13C180-bound counterparts (traces e and f). It should be

consequence of the binding of substrates, although thenoted that for the same isotopic substitutiodCt°O to

confirmation of these conclusions requires additional evi-
dence.

In contrast to the effect of-arginine andN®-OH-L-
arginine, the spectra dfNOSH2)—CO in the presence of
L-citrulline (trace d) and-thiocitrulline (trace €) are the same

13C180) the substrate-free form of the enzyme shows a much
greater apparent shift in the difference spectrum for the line
near 500 cm! (trace f,~29 cnT?) than theL-Arg bound
species (trace e, 14 cri). As discussed previously (Wang
et al., 1993) the large shift in the difference spectrum is a

as that of the substrate-free species. The binding of consequence of the presence of two lines separated by about

L-thiocitrulline, a potent inhibitor for NOSs, (arcitrulline)
to fully oxidized b-NOS appreciably alters its resonance

15 cnrt and both shifting by an amount comparable to the
separation. Thus, in the difference spectrum only the lowest

Raman (Wang et al., unpublished results) and optical and the highest frequency components appear with the other
absorption (Frey et al., 1994) and EPR (Salerno et al., 1995)components canceling out.

spectra, indicating a strong interaction with the ferric heme

iron of NOS. Such interactions result in the inhibition of
the enzyme via either blocking the ligand binding site or

The resonance Raman spectra from CO-bobidiOS-
(+2) is sensitive to the power of the excitation laser (see
Figure 4). As a consequence of photodissociation of CO

affecting the redox potential of the heme iron (Abu-Soud et from heme iron, an increase in the laser power (from 0.5 to
al., 1994; Wang et al., unpublished results). The similarities 15 mW) leads to the weakening of both thg-c—o line at
of the Raman spectra of the CO adducts of the substrate-549 cnt* and the higher frequency componentvgf_co at
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FicurRe 6: Resonance Raman spectra of the CO adducts from
reduced chloroperoxidase in the low-frequency agdo (inset)
regions. Spectra a and b were fréfe'%0 and'3C!0 adducts of
dithionite-reduced CPO, respectively. Trace c is the difference
spectrum oft2C1%0-bound minust3C®0O-bound CPO{2) in the
Vre-co/Ore-c—o region. The inset is the same difference but in the
vc—o region. The samples were dissolved in 100 mM phosphate
buffer, pH 6.1, and excited at 441.6 nm (4 mW).

T
400

at 1493 and 1572 cm, respectively, as previously reported
(Wang et al., 1993, 1995a). Similar to those observed in
the low-frequency region, the presence 16fArg also
intensifies the porphyrin mode at 1558 tin However, this

FicURe 5. Resonance Raman spectra of the CO adducts of reducedchange does not occur in the sample contaiifigOH-L-

b-NOS in the high-frequency ang-_o regions. Spectra a and b
are of thel2C1%0 and!3C!80 adducts of substrate-freeNOS, while
traces c and d are #C'%0— and3C80—NOSH-2) in the presence

of 2 mM L-Arg. Traces e-g are the differences of spectra of the
12C160-bound forms minus those of th&%0-bound species from
substrate-free (e),-Arg-bound (f), andN®-OH-L-Arg-bound (g)
forms of the enzyme. The €0 stretching mode is evident in
1800-2000-cnT1! region. The experimental conditions are the same
as those described in Figure 2.

500 cntt in the spectrum of -Arg-boundb-NOS-+3C1¢0.

Arg (data not shown). This line exhibits no isotopic
substitution sensitivity and thus probably originates from the
porphyrin modeys;, consistent with such an assignment in
other heme proteins (Dasgupta et al., 1989; Spiro et al., 1990;
Wang et al., 1992). It should be noted that the difference
spectrum (trace e) between the natural and isotopically
labeled CO adducts ®tENOS(2) in the absence of substrate
displays a clear shift ofc_o. The frequency ofc—o in the
12C160 adduct is at 1936 cm and is very broad (half-width

However, the laser power increase results in an intensificationI'y, = ~35 cntt). The presence af-arginine (trace f) and

of the lower frequency species ofe—co at 481 cnt. In

N®-OH-L-Arg (trace g) causes the frequency of the center

addition, the photolysis of heme-bound CO in the sample is of thevc_o band to shift down by 7 crt (for L-Arg) and 8
associated with the variations in the porphyrin macrocycle cm™ (for N*-OH-L-Arg) and the line to become substantially

as evident by the changes in intensity of porphyrin lines (e.g.,

393, 407, and 691 cm) (also see the difference spectrum
at the bottom in Figure 4). A similar difference spectrum

narrower [’y = ~14 and~18 cnT?, respectively).
As a model for the catalytic active site of nitric oxide
synthase, the binding properties of CO in CRQJ—CO,

has been obtained from the power dependent experimentsvhich also possesses a cysteine proximal ligand (Champion,
of b-NOSH2)—CO in the absence of substrate (data not 1988; Wang et al., 1993, 1995a, 1996a), was carried out in

shown). The laser induces a conversion in the-Ee O

the vee—co andvc—o regions (Figure 6). The low-frequency

binding geometry from a conformation possessing a higher spectra front?C*¢0 (trace a) and*C'®0 adducts of reduced

Fe—CO bond orderire_co = ~500 cn?) to a species with
weaker Fe-CO bond strengthife-co = ~481 cnl).

chloroperoxidase (trace b) are consistent with a previous
study (Hu & Kincaid, 1993), showing a strong and sharp

The binding properties of the CO to the reduced heme of vg._co at 485 cmt and a weak line at 560 crhfor the Fe-
b-NOS have been examined in the high-frequency region C—O bending mode (trace c). Here we also reportthe

containing the €O stretching ¢c-o) mode (Figure 5). The
appearance of,, an oxidation state marker line, at 1369
cm! [for the six-coordinate low-spin (6C/LS) CO-bound

frequency at 1957.5 cm from the difference spectrum
between thet?C%0 and3C'80 adducts of CPO (inset of
Figure 6). We found that the frequencyief_o from CPO-

reduced heme] and the absence of any contribution at 1347CO is much higher than those frotRNOS—CO samples
cm1 (5C/HS) indicate that the spectra are dominated by the and that the bandwidth (16 c) of vc_o from CPO-CO

CO-bound form ofb-NOSH2) (traces ad) (Wang et al.,
1993). The contributions of other porphyrin macrocycle
modes such ag; andv, from the CO adducts are apparent

is quite small (Table 1) in comparison to that from the
substrate-free form db-NOS—CO but similar to those of
b-NOS—CO in the presence of substrates (Figure 5).
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Table 1: Frequencies of Raman Lines from CO Adducts-dfOS, P-450s, and CPin cm™)

no. in VFe-CO OFe-c-0 vc-o
protein  figure 8  substrates/inhibitors ~ form (isotope shift)  T'ire-coy (isotope shift)  (isotope shift)  I'izc-o ref
b-NOS 1A none p 487 (~10) 27 [562 (18)] 1949 (93) 27 b,c
1B o 501 (~10) 15 562 (18) 1930 (93) 23 b,c
2 L-arginine o 503 (10) 17 565 (19) 1929 (88) 14 ¢
3 N®-OH-L-Arg o 502 (11) 15 563 (18) 1928 (88) 18 ¢
4 L-citrulline o/ 484/498 562 c
5 L-thiocitrulline o/p 484/498 562 c
P-450 6A none p 464 ~31(main) (556) 1963 ~31(50) d—g
6B o ~480 (sh) 556 1940 (50) d—g
7 norcamphor o 473 1947 10 g-h
8 adamantanone o 474 1955 9 g-h
9 CPRQ a 476 1941 ~11 g,i
10 fenchone a 480 1945 11 g,i
11 camphor o 481 558 1940 13 d—h
12 TMCH a 485 9.7 1934 10 g,i
CPO 13 pH~3.3 488-492 ~25 ND 1942 f,j—k
14 pH~6.1 485 (11) 16 560 (22) 1957.5 (86) 16 ¢, f, k

3 Ore-c—0, Vre—co, aNdvc_o are the Fe-C—0 bending, Fe-CO stretching, and €0 stretching modes, respectively.1,, represents the full-
width at half height. The isotope shifts are the frequency differences betwe&ctf@ and the'3C'®0 derivatives. Fovee-co, they were measured
from the absolute spectra of tA&C'0- and3C®0-bound forms of NOSE2) obtained at the excitation wavelength of 441.6 AWang et al.,
1993.¢ This work. 4 Wells et al., 1992¢ Uno et al., 1985f O’Keeffe et al., 1978a¢ Jung et al., 1992" Hu & Kincaid, 1991." Bangcharoenpaurpong,
1987.1 Bangcharoenpaurpong et al., 1986iu & Kincaid, 1993.' For samples containing-citrulline or L-thiocitrulline, the Raman spectra of
NOSH2)—CO are virtually the same as that from the substrate-free species.

DISCUSSION spectra (data not shown) and that the shoulder is completely
absent in the negative trough at 491 ¢nfin °C%0 —

Assignment of Three CO-Associated Marker Lin€bree 130180 (i .
. ; ifference spectrum, trace e) strongly support this
CO-associated marker lines are detected for the CO addUCtSargument P ) gly supp

of b-NOS in both the substrate-free and substrate-bound The C-O stretching mode of heme proteins appears in

forms. The two lines at~500 and~565 cnT! have been ; :
: - the high-frequency region (1862200 cnm?) (Yu & Kerr,
reported previously for the substrate free form and tentatively 1988; Sampath et al., 1996; Wang et al., 1996a). In the three

g;'g;gdm?dg&%o) s:;estg 2 :;T%@?%%gg Cl_ggs) CO adducts of ferrous-NOS that we examined (substrate-
e C-oh N __free form, L-Arg-bound form, andN®-OH-L-Arg-bound

In the present work, the assignments of these lines are .
: ! S ; form), a line near 1930 cm has been detected f&#C'°0O
unequivocally established by the utilization of multiple (traces e-g in Figure 5) which shifts to-1840 cm upon

isotopically substituted CO. Specifically, the line near 500 the substitution by*C%0. We assign the line ag o since

cmt (e.g., 503 cm?! for L-Arg-bound form in Figure 3) ; h . .
exhibits a monotonous decline in the frequency with respect .bOth its frequency-¢1930 cnT’) and the magnitude in the

; : topic shift ¢~90 cnT?) of the line are similar to those
to the increase in the mass of bound CO (fréi@'%0 to IS0 ; -
13C16Q, 12C180, and'3C!80), thereby confirming the assign- reported in cytochrome P-45@, CPO (Table 1; O'Keeffe

ment of this line asre_co (Table 1). In contrast, the line et al., 1978a; Jung et al., 1992), and other heme proteins

near 565 cm' only displays a zigzag pattern in frequency, (1236& Kerr, 1988; Ray et al., 1994; Wang et al., 1995b.c,
establishing its assignment as the-f&-0 bending modé, a)_. o ]
as found in other heme proteins (Benko & Yu, 1983). It Multiple CO-Binding Conformations The substrate-free
should be noted that our results clearly preclude the shoulderform of b-NOS(+2)—CO ha? very broagre-co (~491 cnt?)
(~515 cn?) of vre_co as originating from another compo- @ndvc—o lines (~1936 cn?) in comparison to those from
nent of vee_co due to the insensitivity of its frequency to  itS substrate-bound counterparts (Figures 2 and 5 and Table
CO isotopic substitution (traces—a in Figure 3). We 1) and other heme proteins (Yu & Kerr, 1988; Jung et al.,
attribute the appearance of a shoulder on the 505dime 1992; Ray et al., 1994; Want etal., 1996a). We have carried
(at 515 cm?) in the 12C1%0—13C180 difference spectrum  ©Outaspectral deconvolution in the two regions, as shown in
(trace e) as originating from the enhancement of Fermi Figure 7, in which the position, line width, and Gaussian/
resonance coupling due to the similar frequencies for both Lorentzian ratio of the lines were unconstrained. In the low-
(Proniewicz & Kincaid, 1990; Wang et al., 1995c). As frequency region the spectral deconvolution results indicate
Vre_co Shifts away from it by applying labeled CO, this effect the existence of two componments with CO isotope sensitiv-
is expected to diminish. That this shoulder becomes muchity and a porphyrin contribution near 515 cnin the
weaker in thé3CL60—13C180 and2Cl80—13C180 difference  Substrate-free form df-NOSH2)—CO (Figure 7A). The
two vee-co Species were identified at 486.7 and 501.0°&m
! Kitagawa and co-workers (Hirota et al., 1994) recently suggested ig?;:;ar tOI th?hse which we repg_rted pl’?élOl:Sly (;Nang etal.,
that a newly detected line at360 cnm! might originate from the ). In thevco region (Figure 7B) two forms are
fundamental of the FeC—O bending mode and that the line at 560  apparent at 1930.0 and 1949.2 ¢nas well. Interestingly,
570 cm* is possibly a combination of the-360-cnt™ line with a the two species are interconvertable by either varying the

porphyrin mode. For CO adductsieiNOS, as evident in the difference ot ; ; T
spectra (traces e and f in Figure 3), no line in the-2880-cnT? region excitation laser power (Figure 4) or by addingirginine

shows isotopic sensitivity. Therefore, we accept the original assignment"ke_S_Ubsn’a'[es or inhibitors (Figure 2). For example, the
in which the line at 565 cmt is the fundamental bending mode. addition ofL-Arg or N*-OH-L-Arg to the substrate-free form
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Ficure 8: Correlation between the-.-co andvc—o frequencies.

The squares represent proteins containing a proximal histidine (or
imidazole) such as hemoglobins, myoglobins, and porphyrins with
neutral imidazoles, and the circles correspond to peroxidases. The
solid line is the correlation curve for those proteins. The family
of terminal oxidases is indicated by the asterisks. Proteins
possessing a proximal cysteine ligand are indicated by the darkened
symbols and include cytochromes P-450 (wedges), chloroperoxidase
(triangles), and nitric oxide synthases (squares). The dashed line
is the correlation curve for the P-450s and the data points from
b-NOS and CPO locate above the P-450s curve. The numbering
Raman Shift (cm'1) of the points correspond to the those listed in Table 1.

FiIGURE 7: Spectral deconvolution of the resonance Raman data shoulder near~480 cn1! (Uno et al., 1985). Here we also
gg&“ the Srgbiséaa;e(g;eelgotm Tc')\‘rgi(:;f)gu?\g igt:ir:\eVFfiéci?h(ei)the classify them intax- or S-forms, in a similar manner as we
Ve . , . . .
positign? no? the width, nor the G%ussian/Lorentzi%n ratio of the used forb-NOS, anc_i summarize the.aSSIQnment.S in Table
lines was constrained. The line at 513.2énn the top panel 1. For chloroperoxidase, conformational switching of the
does not originate from a CO-associated vibration. Fe—C—O linkage was also detected by altering the pH
(O’Keeffe et al., 1978a; Hu & Kincaid, 1993) despite the
of b-NOS(*2)—CO narrows and shifts both thge-co and absence of the involvement of substrates in that protein.
ve—o lines (Figures 2 and 5), leading to a single species vrecovc—o Correlation The frequency Ofveeco IS
having vee-co at ~502 cnt! andvc-_o at ~1929 cntl. In correlated with that ofc—o owing to the binding properties
addition, the isotopic shift ofre—co (14 cnm?) observed from of the proximal ligand-Fe—C—O linkage (Yu & Kerr, 1988;
the difference spectrum &C'*®0-bound minug*C¥0-bound Rousseau et al., 1993; Ray et al., 1994; Wang et al., 1995b,
b-NOS in the presence af-Arg (trace e in Figure 3) is  1996a). Carbon monoxide, possessing ten valence electrons,
consistent with a single CO-binding conformation. It also is ac-donor and ar-acceptor. It binds to heme iron via the
supports the proposal that two CO-bound species are presentionation of electron density from its lone pair to the irgn d
in the substrate-free form of NOS2)—CO which we made  orbital (o-bond) and via the back-donation from the irop d
in a previous study on the basis of an anomalously large orbitals to the CO emptyt* orbital (z-bond) (Yu & Kerr,
shift of vee-co (~29 cnT?) obtained in thé?C'%0 — 13C'80 1988; Rousseau et al., 1993; Ray et al., 1994; Wang et al.,
difference spectrum [trace f in Figure 3 and Wang et al. 1995b, 1996a). Such coordination allows the bond order of
(1993)]. We conclude that thgeco at 501.0 cm?* and Fe—CO to be correlated with that of-€0, with respect to
vc—o at 1930.0 cm? originate from the same species, which the changes in the structural environment. For heme proteins
we term theo-form here. We assign this same structure to containing the same type of proximal ligand, the distribution
the L-Arg and the N®-OH-L-Arg-bound forms (Table 1) of the z-electron density within the FeC—O linkage is
owing to the similar frequencies and line widthsief-co susceptible to the polar or steric environment around bound
and vc—o. The Fe-C—0O binding conformation showing CO in the distal pocket (Ray et al., 1994; Li et al., 1994;
Vre-co at low frequency (486.7 cm) and vc_o at higher Kushkuley & Stavrov, 1996). The structural effects promot-
frequency (1949.2 cml) in the substrate-free form of ingz-back-bonding strengthen the++€0 bond order (i.e.,
b-NOS—-CO is termed as thg-form. The origin of these  a frequency increase .-co) and also weaken-€0 bond
forms will be described in a subsequent section. strength due to the increase in the electron density in the
The identification of multicomponent F&CO binding CO antibonding orbital. This allows the establishment of a
conformations were reported for cytochromes P-450 and well-known correlation between the frequenciesvaf co
CPO (Table 1). FT-IR studies on the substrate-free form of andvc_o (Figure 8) in which the variations in the immediate
P-45Q.mrevealed a broad line fofc—o which led to at least  environment of the bound CO result in changes in frequen-
two distinct species ofc—o (O’'Keeffe et al., 1978a; Jung et cies Ofvee-coandvc—o (Ray et al., 1994; Wang et al., 1995b,
al., 1992). Thevreco signal in the resonance Raman 1996a). A highly polar environment favors theback-
spectrum of the substrate-free form of P-450 is also quite donation and thus moves the. co/vce—o frequencies along
broad (31 cnT!) with a main peak at 464 cmh and a the curve toward the left. In addition, the frequencies of



4602 Biochemistry, Vol. 36, No. 15, 1997

vee-co aNdvc_o and the correlation between them are able
to serve as a probe for the identity or properties of the
proximal ligand since CO interacts with the proximal ligand
by competing for the same orbital (irog)to bind the heme
iron (o-bond). As a result of such competition, coordination
of an electron-rich proximal residue on thans side will
substantially weaken the-bonding between the heme iron
and bound CO which in turn lowers only the frequency of
Vre-co Without greatly altering that ofc—o. As a result,

Wang et al.

modes from the porphyrin macrocycle, between the spectrum
of the native enzyme (active formb-NOS;59) in the
substrate-free form and that dFNOS;y, (Wang et al.,
1995a), lines from thb-NOS;,, form would appear in other
regions of the spectrum. Changes in the identity or properties
of the proximal ligand could also lead to a significant
difference in the Fe CO bond order as we discussed above.
This interpretation, however, is very unlikely since the optical
data from the substrate-free form d&FNOSH2)—CO

the CO derivatives of hemeproteins or porphyrins possessing(mixture of a- andj-forms) are identical to those from the

a similar proximal ligand (e.g., histidine, imidazole) lie on
the same correlation curve (solid line in Figure 8) while those
in cytochromes P-450 having a proximal thiolate lie along a
different curve (broken line).

substrate bound form (onlw-form) but changes in the
proximal ligand would be expected to affect the optical
spectrum.

Another possibility for the origin of the two forms arises

In both cytochromes P-450 and CPO, cysteine has beenfrom the similarity of thevee_co andvc—o frequencies from

identified as the proximal ligand (Poulos et al., 1985;

the a-form of the substrate-free enzyme with those from

Champion, 1988). However, as may be seen from Figure a-form of the substrate-boundNOS (Table 1). It could
8, CPO is displaced from the P-450 correlation curve. This be argued that this observation suggests the presence of

was attributed to a weaker F& linkage (Bangcharoenpau-

substrate-bound forms in our “substrate-free” samples.

rpong et al., 1986), possibly due to less electron donation However, chromatographic analysis did not show the pres-

from the thiolate ligand in CPO than in the P-450s. Indeed,
a weaker Fe S bond ¢re-s = 347 cn?) was found, from
the ferric high-spin heme, in CPO (Champion et al., 1982)
than in P-45@,, (vee-s = 351 cnT?) (Bangcharoenpaurpong
et al., 1986), which may be related to the distinct orientation

of the proximal helices between the two proteins (Poulos,

1996). Itis now well established that the ironbrNOS is

ence ofL-arginine orN®-OH-L-Arg, thereby precluding an
equal mixture of the substrate-free and the substrate-bound
forms. Furthermore, EPR spectra of the resting enzyme have
ruled out the presence of any boundrginine (Salerno et

al., 1995). In cytochrome P-45@, the vee-co and vc—o
frequencies for one of the two equal specieddrm) present

in the substrate-free enzyme also coincide with those from

coordinated on the proximal side by cysteine (Stuehr & the substrate-bound counterpart (O’Keeffe et al., 1978a). It
Ikeda-Saito, 1992; McMillan et al., 1992; Wang et al., 1993, was not attributed to the contamination from substrates since
1995a, 1996a). When the cysteine residue predicted as theelectron spin resonance data clearly demonstrated that the
candidate for the proximal ligand ®mNOS (Cys-184) (Chen  substrate-free form of the enzyme accounted for more than
etal., 1994) ob-NOS (Cys-415) (Richards & Marletta, 1994; 90% of the population (Griffin & Peterson, 1975; O’Keeffe
McMillian & Masters, 1995) is removed by site-directed et al., 1978b). We thus conclude that the distinction between
mutagenesis, NO synthases lose the absorption bands fronthe two Fe-CO speciesd- and5-forms) in the substrate-
the heme, indicating loss of the heme as a consequence ofree b-NOS must result from the intrinsic differences in the
the disruption of the bonding between heme iron and binding properties of CO and in the polar and/or steric effects
apoprotein via the cysteine residue. All of the_co/vc-o exerted by the immediate environment of CO.
data fromb-NOS on which we are reporting here lie above  We propose that in substrate-free NO synthases, the bound
the cytochrome P-450 correlation curve. Thus, as found in CO with theS-conformation has a relatively open structure
CPO, a weaker interaction between heme iron and thelacking either strong polar and/or steric constraints. The
proximal cysteine is anticipated i-NOS than in P-450s  much lowerveeco (486.7 cmtt) and higherve—o (1949.2
evident by the displacement of its correlation data from that cm™) frequencies (i.e., closer to the right side in the co/
for the P-450s. Although a new correlation line above that vc_g correlation curve; Figure 8) in comparison to those from
from P-450s may be drawn that includes the curteNOS the o-form (~501 and~1930 cnt?, respectively; Table 1)
and the CPO data, we are reluctant to do so at present as isupport this argument (Ray et al., 1994; Wang et al., 1995a,b,
is derived from a small body of data. When a larger data 1996a). Such a flexible environment allows the bound CO
set is obtained the correlation should be re-evaluated. Ato adopt multiple conformations. Indeed, the much broader
measurement of the F stretching frequency by Raman line widths forvee-co (I'yz = 26.5 cntl) andve—o (12 =
scattering to obtain an indication of the-F® bond strength ~ 26.7 cn1?) for the S-form than those for the-form of the
should also help to clarify this issue. enzyme ['12 = 14—17 and 14-23 cnt?, respectively) are
Origin of Multiple Ligand-Binding Conformers The in agreement with this proposal. Although the X-ray
origin of the two Fe-CO conformations in the substrate- crystallographic structure for the CO adduct of cytochrome
free form ofb-NOS is quite intriguing. In a previous report P-45Q.n in the absence of substrate is still not available,
(Wang et al., 1993), we were able to exclude contamination previous investigators have ascribed the CO conformation
from b-NOSy,0, a cytochrome P420-like denatured product possessing a higheg—o (1963 cnt?) (3-form; see Table 1)
of b-NOS (Wang et al., 1995a), as the optical absorption as originating from a local structure with less electronic
spectrum indicated only an insignificant population of the polarity and steric hindrance (O’Keeffe et al., 1978a; Jung
b-NOSy, species £10%) and also the resonance Raman et al., 1992). Indeed, the high yield (90%) of the geminate
spectra obtained by exciting at 441.6 nm selectively enhancedrecombination for the CO adducts of substrate-free P50
only the active form of the enzyme (Soret at 445 nm) but with respect to the extremely low yield (2%) from its
not the b-NOS,,o form, and therefore neither of the lines substrate-bound form, reported by Tian et al. (1995), is
can originate from th&-NOS;,, form. In addition, as there  consistent with an “open” distal pocket for bound CO in
are differences in both the CO-associated marker lines andg-form. In this case, the binding properties of bound CO is
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not severely affected by its immediate environment and CO between NO synthases, myoglobins, and cytochrome B50

may bind to the heme iron in a linear orientation. A

we propose that the presence i6fArg or N®-OH-L-Arg

calculation by Jung et al. (1992) also suggests a nearly could exert a strong polar (and/or steric) effect on the bound

straight Fe-C—0 linkage (angle between CO bond and heme
normal, <5°) corresponding to th@-form of cytochrome
P-45Q.» We propose that thg-form of b-NOS (in the

CO thereby generating a closed distal pocket (model ¢ in
Figure 9).
The above argument is supported by the shifts ofthe-o

substrate-free form) has an “open” distal pocket analogousand vc—o upon the binding of camphor in cytochrome

to that present in th8-form of cytochrome P-45@, (Figure

P-45Q.» They are quite substantial in view of the relatively

9a), where the bound CO could also coordinate to the hemesmall bending angle (% and the absence of H-bonding of

iron in a nearly linear orientation.

In the presence of a substrate (eigArg or N°-OH-L-
Arg) the binding conformation for bound CO Iin-NOS
differs appreciably from the substrate-free enzyfwéofm).
Such a conversion leads to the completdorm of the
enzyme characterized by highefe_co (~502 cnt?) and
lower vc_o frequencies{1929 cn?), indicating the strength-

CO with substrate as reported in the X-ray crystallographic
results (Raag & Poulos, 1989). It should be noted that the
oxygen atom of the bound CO is nestled into a groove
formed by an unusual helical H-bonding between Thr-252
and Gly-248 (Raag & Poulos, 1989), which may account
for the strong polar environment experienced by the CO
molecule in substrate-bound cytochrome P450In CPO,

ening in the electronic polarity or steric hindrance near the two CO-binding conformations are also evidenti co

bound CO. The small line widths for the two marker lines

andvc_o at 492 and 1942 cm at pH ~ 3 (O’Keeffe et al.,

in the substrate-bound form are consistent with the highly 1978a; Bangcharoenpaurpong et al., 1986; Hu & Kincaid,
homogeneous local environment exerted by the existence 0f1993) but at 485 and 1957.5 cfmat pH ~6 (Figure 6) (Hu

substrates. In cytochrome P-450 the binding of substrate
(camphor) results in shifts of both the.-co (from 464 to
481 cml) andvc—o (from 1963 to 1940 cm') modes with
respect to those from thzform in the substrate-free protein
(O’Keeffe et al., 1978a; Uno et al., 1985; Jung et al., 1992).
Whether frequency shifts in the FE€—0O moiety result
from steric or polar effects was recently called into question.
X-ray crystallographic data for the camphor-bound cyto-
chrome P-45Q,—CO demonstrate that the bound CO is
forced to bend and tilt away from the heme normal by 14
(Raag & Poulos, 1989). Meanwhile, camphor, H-bonded
to Tyr-96, also moves away from heme iron by 0.8 A in
comparison to the CO-free form of the enzyme to accom-

& Kincaid, 1993). The frequency shifts were attributed to
the presence of a strong interaction via H-bonding at pH 3
between the bound CO and distal residues which is disrupted
by the pH increase (O’Keeffe et al., 1978a; Hu & Kincaid,
1993), despite the unavailability of the crystal structure for
CPO(-2)—CO at either pH. For NOS, it is thus anticipated
that a strong polar interaction such as a H-bonding may exist
in its substrate-bound form. Indeed, our recent data indicate
the formation of H-bonding to the heme-bound CO is
associated with the binding ofarginine to the distal pocket
as well as a conversion from an “open” to a “closed” form
(Wang et al., unpublished data).

Binding Sites in the Distal Pocket of b-NO$Ve infer a

modate the presence of the CO, maintaining a nonbondedhighly polar, and crowded, distal environment for the CO
distance to the heme-bound CO of 3.067 A. On the basis molecule in thex-form of b-NOS in the presence afArg

of these X-ray anac_o data from the camphor-bound form

or N-OH-L-Arg. However, the most puzzling question is

of cytochrome P-45Q., Jung et al. (1992) calculated the what causes nearly half of the CO population to bind to the
average CO ligand orientation with respect to the heme heme iron in thex-conformationin the absence of substrate

normal, in conjunction with a linear correlation between the

It appears that the substrate binding site is occupied by some

ve-o frequency and the angle of the CO bond to the heme group in half of the population. This conclusion is supported

normal derived from CO adducts of myoglobin (Ormos et

by the CO binding rate constants determined by Matsuoka

al., 1988). They ascribed the substrate-induced transitionet al. (1994). They found that CO coordinationdNOS

in the CO-binding conformation (frons- to o-form) as

is biphasic in the absence of substrate. The fast phase (rate

arising from the steric hindrance caused by the presence ofconstant: 1.9« 10° M~*s™1), which accounted for only 40%
substrates, which forces bound CO to take a bent/tilted of the total absorbance change, was attributed to a species

geometry (up to~29°) to accommodate the nearby sub-
strates. However, the above correlation betweenvthe

lacking any interactions from the substrafeférm). The
slow phase has an association rate constant that is 8-fold

frequency and the angle of bound CO has been put intosmaller (2.3x 10* M~% s7%) and is almost identical to that
guestion, based on the newly reported crystal structure observed from the-Arg bound enzyme (2.4 10* M~1s™1).

(Quiillin et al., 1993) and infrared circular dichroism data
(lvanov et al., 1994; Lim et al., 1995) from CO adducts of
myoglobins. They found that all the CO-binding conforma-
tions in myoglobin, albeit apparently distinct in thei_o

frequencies, have a virtually similar orientation with respect
to the heme normal (all nearly linear). It has thus been

Thus, in the substrate-free enzyme, the substrate binding site
appears occupied in a fashion similar to that when the
physiological substrate {Arg) is present. This occupancy
result in the reduced CO on-rate and in the formation of the
a-conformation.

As possible candidates for occupancy of the distal pocket

concluded that the frequency shifts among the conformationsin the absence of substrate we consider the following: (a) a
of heme proteins are not primarily determined by the-Fe water molecule/water cluster present in the substrate-free

C—O distortion (steric effect) but are more sensitive to
perturbations in the polarity of the distal pocket near the
bound CO (Sakan et al., 1993; Ray et al., 1994; Li et al.,
1994; Ivanov et al., 1994; Kushkuley & Stavrov, 1996). On

form of the enzyme; (b) the close proximity of Bidhich
may affect the binding properties of CO. In the substrate-
free form of ferric cytochrome P-45Q, an H-bonded water
cluster coordinates to Feresulting in a 6C/LS heme iron

the basis of the similarity of the conformational changes (an (Dawson & Sono, 1987; Poulos et al., 1986). The addition

“open” form to a “closed” form) in the heme-bound CO

of camphor to the enzyme blocks the water from coordinating
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substrate-free L-Arg boun
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Ficure 9: Scheme for the mechanism of CO photolysis and dependence of #e-F@ conformation on the presence of substrates or
inhibitors inb-NOS. (a, b) Thex- andj-conformations, respectively, of the FE—O linkage in the substrate-free formleNOS. In the

latter CO binds to the heme iron in a nearly linear orientation as a consequence of relatively open pocket, whereas in the former the pocket
becomes more polar and/or crowded due to the presence of a hindering group such astBHor an amino acid residue (designated by

X). (c) The addition of substrates suchiaarginine orN®-OH-L-arginine to substrate-frd@NOS—CO completely converts the “open”

(8) Fe—-C—0 moiety to a homogeneowsconformation. The current data cannot determineafginine is competitive with the group X.

(d, e) Two transient species produced by laser-induced photodissociation of CO frontéimformation of substrate-bound or substrate-

free forms ofb-NOS—CO. In these cases, substrates (d) or the group X (e€) may swing away or dissociate to allow the CO to diffuse from
the site. (f) A photo-induced conversion fromeitonformation to g-form of b-NOS—CO is produced since the photolyzed CO recombines

to the heme iron at a rate faster than the return of the hindering group to its position in the distal pocket.

to the iron atom so that it becomes 5C/HS, but the pocket affinities of both (Mayer & Werner, 1995). These data imply
remains filled with loosely bonded or disordered water that BH, may bind to the distal pocket at a site as close to
molecules (Poulos, 1986). It has been proposed (Jung etthe heme as-arginine does so that it can affect the binding
al., 1992) that when CO is bound to the substrate-free form properties of heme-bound ligand in a similar manner as
of cytochrome-P45Q,, the water cluster still resides above L-arginine. Indeed, our recent Raman data show that, when
it and thus affects its binding properties, although the crystal the oxygen domain of-NOS is prepared in the absence of
structure for it is not available at present. Itis possible that BH,, the a-conformation is markedly decreased and the
a water molecule or H-bonded water cluster is also presentS-form becomes predominant in its CO adducts (Wang et
in the distal pocket df-NOS and is responsible for the nearly al., 1996b; Wang et al., unpublished data). Addition of,BH
half the population adopting the--conformation in its to the CO adduct of the Bjree oxygenase domain
substrate-free form, although more direct evidence is requiredsignificantly restores the population in theconformation.

to firmly establish such effects. Further experiments which may help to clarify this issue are
An alternative origin for thex-structure in the substrate- underway.

free enzyme is the coordination of Blih the heme pocket. Itis very natural to argue that the same Raman frequencies

Mayer and co-workers (Klatt et al., 1994, 1995) recently for the *“closed” structure in itsL-arginine-bound and

reported a 6-fold increase in theNOS affinity for BH, in substrate-free forms may reflect a secondary effect on the

the presence of-arginine and also a 2-fold enhancement heme-bound CO of NOSs, whereArg or BH, resides at a

for the binding ofN“-nitro-L-arginine in the presence of BH remote site and affects its CO-binding conformation through
These data also suggest an allosteric conformational changerotein residues. In fact, the recent Raman data from human
in b-NOS induced by both BiHandL-arginine, which may  i-NOS (Wang et al., unpublished results) indicate that the
optimize both binding sites and thus lead to the enhancedmagnitude of the frequency shifts {30 cnt!) of CO-
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associated lines depends on the structure of the inhibitors,structures (Koshland, 1976) so the two structures in the
thereby disfavoring a secondary effect. absence of substrate could represent a dynamic interconver-
Photodynamics and Intercoarsion of the Two CO-  sion between an “open” and a “closed” structure (Tian et
Conformers We observed a laser-induced conversion from al., 1993). Dynamic processes could have kinetic conse-
ana- to af-conformation of thd>-NOS-CO complex in both  quences on the catalytic function as suggested by the
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