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ABSTRACT: Nitric oxide (NO) synthases (NOS) are thiolate-ligated heme-, tetrahydrobiopterig)-(BH

and flavin-containing monooxygenases which catalyze the NADPH-dependent conversiangaiine

(L-Arg) to NO and citrulline. NOS consists of two domians: an N-terminal oxygenase (heme- apd BH
bound) domain and a C-terminal reductase (FMN- and FAD-bound) domain. In this study, we have
spectroscopically examined the bindingteArg and BH, to the dimeric, BH-free ferric neuronal NOS
(nNOS) oxygenase domain expresseéatherichia coliseparately from the reductase domain. Addition

of L-Arg or its analogue inhibitordN®-methyl4 -Arg, NC-nitro-L-Arg) and BH,, together with dithiothreitol

(DTT), to the pterin-free ferric low-spin oxygenase doméina¢ 419, 538, 568 nm) and incubation for

2—3 days at 4°C converted the domain to a native enzyme-type, predominantly high-spin &tate (
~395,~512, ~650 nm). 7,8-Dihydrobiopterin and other thiols (e frmercaptoethanol, cysteine, and
glutathione, with less effectiveness) can replace, BRtd DTT, respectively. The UVvisible absorption
spectrum ofL-Arg-bound ferric full-length nNOS, which exhibits a relatively intense band&%0 nm

(e = 7.5-8 mM~1 cm™1) due to the presence of a neutral flavin semiquinone, can then be quantitatively
reconstructed by combining the spectra of equimolar amounts of the oxygenase and reductase domains.
Of particular note, the heme spin-state conversion does not occur in the absence of a thiol even after
prolonged (3548 h) incubation of the oxygenase domain with B&hd/or L-Arg under anaerobic
conditions. Thus, DTT (or other thiols) plays a significant role(s) beyond keepingiBiHs reduced

form, in restoring the pterin- and/or substrate-binding capability oEtheoli-expressed, Biifree, dimeric

NNOS oxygenase domain. Our results in combination with recently available X-ray crystallography and
site-directed mutagenesis data suggest that the observed DTT effects arise from the involvement of an
intersubunit disulfide bond or its rearrangement in the NOS dimer.

The inorganic free radical gas nitric oxide (N@)nctions spectrally P450-like, but flavin (FMN and FAD)- and
as a neurotransmitter in the brain cerebellum and as a bloodtetrahydrobiopterin (Bkj-containing heme proteins called
flow-controlling factor in endothelial cells. NO is also nitric oxide synthases (NOS) through NADPH-dependent
generated as a cytotoxic agent in macrophages. NO ismonooxygenation reactions (for selected reviews, see refs
synthesized in vivo from.-Arg and Q by a family of 1-5).

Three isoforms of NOS are known which have consider-
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NOS (nNOS) has-220 N-terminal amino acid extra residues which is somewhat unusual because of the presence of a
(containing the so-called “GLGF motif”) that probably serve neutral semiquinone as compared with the spectra of other
as an intracellular anchor domain for cellular protegamotein thiolate-ligated heme-containing protei28), has then been
interactions, resulting in cellular localization of this isoform successfully reconstructed from both the oxygenase and
(6). Thus, NNOS {160 kDa) is considerably larger than the reductase domairfsinterestingly, however, we have ob-
endothelial (constitutive) (eNOS) and macrophage (inducible) served that the heme spin-state conversion, i.e,, &td/or
(iINOS) (~130 kDa for the latter two) isoforms. Among the L-Arg binding to the domain, does not occur without a thiol
three isoforms, only eNOS is membrane-associated througheven under anaerobic conditions where ;88 kept in its
myristoylation of its N-terminal residues; nNOS and iNOS fully reduced form. The significance of this finding is
are cytosolic. discussed in relation to an intersubunit disulfide bohd, (
NOS is only catalytically active in its homodimeric form 15) or intersubunit Zn(Cyg)metal center ¥3—15) which
(7—9). The C-terminal half of NOS consists of the reductase has been recently revealed by X-ray crystallography for the
domain ¢80 kDa) which contains the NADPH-binding site  dimeric iNOS and eNOS oxygenase domains.
and protein-bound FAD and FMN. The latter two prosthetic
groups serve as an electron-transport chain from NADPH EXPERIMENTAL PROCEDURES
to the N-terminal half, the oxygenase (heme-bound) domain
(1-5). The two domains are connected by a calmodulin
(CaM)-binding module. The binding of €aCaM serves
as a switch for interdomain electron transfer to initiate
catalysis 10). Thus, NOS is a catalytically self-sufficient
monooxygenase similar to P4&0.; from Bacillus mega-
terium (11) except that the latter does not require Bhd

Materials. BH,4, 4-amino-BH, and BH were purchased
from Research Biochemicals, BIOMOL Research Labora-
tories, and Dr. B. Schirck’s laboratory (Jona, Switzerland),
respectively NC-Nitro-L-Arg (NNA) and N¢-methyl4-Arg
(NMA) were purchased from Alexis Biochemicals. CO and
argon gases were obtained from Matheson Co. All other

Cat-CaM. The NOS reductase domain shares striking chemicals including -Arg and L-thiocitrulline were pur-
sequence homology with mammalian NADPR450 reduc- chased from Sigma or Aldrich and used as received.
tase, as well as with the reductase domain of R459 In Preparation of Full-Length nNOS and the Separated nNOS
contrast, the oxygenase domain of NNOS has a sequence thgPXygenase (Heme-Bound) and Reductase:{fi&ound)
distinctly differs from those of P450s, thereby excluding NOS Domains. E. cokexpressed full-length rat brain nNOS and
from the cytochrome P450 gene family. Recent X-ray crystal its separately expressed,_ heme_—conta_lnmg oxygenase do_maln
structures of the Bl andL-Arg-bound dimeric iNOS and ~ (the N-terminal 714 amino acid residues) and the flavin-
eNOS oxygenase domains2-15) have, in fact, revealed ~ containing reductase domain (amino acid residues—715
structural distinctions between NOS and P450 as well. ~ 1429) were prepared as described previoust$, (24.
Among the four NOS prosthetic groups, FAD, FMN, Concgntrated full-length nN'OS protein and the oxygenase
heme, and B the first three components serve as redox domain ¢-1004M on the basis of heme) were stored-&t0
cofactors. The exact role(s) of Bl NOS catalysis remain- € in 50 mM Tris-HCI (pH 7.4) containing 10% glycerol, 1
(s) to be clarified. Previous studies have indicated that BH MM BME, and 150 mM NaCl. The stock solutions of the
is required to stabilize the catalytically active dimeric '€ductase domain{120uM) were also stored in the same
structure of NOS 16, 17. Yet, more recent studies have Puffer without BME and NaCl.
also implicated BHin redox reactions in the NOS catalysis ~ Spectral and Substrate-, Inhibitor-, and Heme Ligand-
either as a two-electron-transferring cofactv8,(19 as in Binding Experiments for the nNOS Oxygenase Domylin.
aromatic amino acid hydroxylase2Q, 2J or as a unique  experiments in this study were carried out at’@ to
one-electron-transferring redox cofact@8( 29. Recently, ~ minimize spectral changes of the proteins associated with
the intact (full-length) as well as the separated oxygenasetheir denaturation during prolonged incubation periods (up
and reductase domains of the three recombinant NOSto 10 days). Stock solutions afArg (500 mM), NNA (20
isoforms have been successfully expresseél icoli (8, 23— mM), NMA (20 mM), thiocitrulline (20 mM), DTT (0.1 and
26). SinceE. coli lacks the BH synthesis systen®p), this 1 M), and BME (1 M) were prepared in water, and those of
expression technique has enabled researchers to preparBHs and 4-amino-BH (10 mM) were made in water
completely BH-free NOS proteins. This has made it possible containing either 0.1 M DTT or 0.1 M BME. BHwas
to study the effects of BiHon the spectral, structural, and dissolved in dimethyl sulfoxide as a 20 mM stock solution.
catalytic properties of intact NOS, as well as its separated All of these solutions were stored in small aliquots (00
oxygenase domain. 250 uL) at —70 °C. For anaerobic incubation experiments
The E. coli-expressed, B and substrateL{Arg)-free  With the nNOS oxygenase domain, a small aliquot{286
oxygenase (heme-bound) domain of rat nNOS exhibits auL) of concentrated protein stock solutions was diluted in
largely low-spin-type electronic absorption spectru@8)(  argon-bubbled buffer<300xL) in a rubber septum-sealed
in sharp contrast to the predominantly high-spin-type spectral cuvette (0.2 cm) by using a gastight microsyringe. While
properties of BH-bound, Arg-free native full-length nANOS ~ continuously purging oxygen by blowing argon into the
(28, 29. In the present study, we have examined the binding cuvette, desired volumes<@5 uL) of stock solutions of
of BH, as well as substrate or inhibitors to the pterin-free, compounds (substrate, pterins, etc.) were added to the sample,
dimeric nNOS oxygenase domain. We have been able toalso by microsyringe. Preincubation of the nNOS oxygenase
convert the low-spin oxygenase domain to a native enzyme-domain ¢-80 uM in 50 mM Tris buffer, pH 7.5) with DTT
type high-spin form by addition af-Arg and BH, together
with DTT. The characteristic electronic absorption spectrum 2 presented at the 8th International Conference on Biological
of full-length ferric NNOS containing bound BtndL-Arg, Inorganic Chemistry, Yokohama, Japan, July-20gust 1, 1997 §1).
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(2.5 mM) was also performed under argon. Anaerobic stock
solutions of easily autoxidizable compounds such as thiol-
free BH,, thiols (cysteine, glutathione), and ascorbate were «
prepared in argon-bubbled water (BRHCI, 10 mM), or in
50 mM potassium phosphate buffer, pH 6.8 (thiols, 100 mM),
or in 100 mM sodium carbonate (ascorbic acid, 100 mM).
For typical spectral and titration experiments, the oxyge-
nase domain~100 «M) stock solution (containing 1 mM
BME) was diluted to 16-20uM in either 50 mM potassium
phosphate (pH 6.5, 6.8, or 7.5) or 50 mM Tris (pH 7.5)
buffer. The buffers contained 10% glycerol, 0.1 mM EDTA,
and no BME. A 0.1 or 0.2 cm cuvette was used having a
total volume of 150 or 30QiL, respectively. Equilibrium
dissociation constant&g) for the ferric oxygenase domain
complexes with heme ligands (imidazoles, cyanide, and
DTT) were determined by spectrophotometric titrations. Data
analysis was done by using double-reciprocal plots (1/
A(AA) vs 1/[L]) of the resulting difference spectra in the
Soret region (356500 nm) using the equation: A(AA)
= KdA(AAL)[L] + L/A(AA), where [L] is the free ligand e ahe e b0
concentration andAA and AA. are absorbance changes Wavelength (nm)

caused by ligand at & [L] < o and [L] = o, respectively. . 1: MCD (A) and electronic absorpti tra (B) of th
. : : . FiGure 1: and electronic absorption spectra of the
Preparation and Spectral Recording of the Half-Semi BH,-free ferric nNOS oxygenase domain and camphor-free ferric

quinone Form of the NNOS Reductase Domiaman aerobic  p450-CAM. The nNOS oxygenase domain in the absenged
solution of the ferricyanide-oxidized reductase domaitiZ0 presence of 10 mM-Arg (- - *) and camphor-free P450-CAM
uM, based on 2 mol of flavin/mol of domain: see below) in (- - -). The spectra in the visible region (48¥00 nm) are enlarged

; ini o 7.5 times. The spectra of the nNOS oxygenase domain ¢(i1)38
50 mM potassium phosphate, pH 7.5, containing 10% were recorded at 4C in 50 mM potassium phosphate buffer (pH

glyc?rOI and 0'1, mM EDTA was added NADPH (1JBM_) . 6.5) containing 10% (v/v) glycerol and 0.1 mM EDTA using 0.5
at 4°C. Upon this treatment, the absorbance of the oxidized ¢cm'(MCD) and 0.2 cm (U visible) cuvettes. The spectra of P450-

reductase domain in the regierd00 nm initially drastically CAM are taken from reB3.
decreased due to reduction of the flavins. The solution was
then gently bubbled with-20 uL of air using a microsyringe.  (the N-terminal amino acid residues-I14) in the absence
The absorbance of the resulting reductase domain betweerand presence of 10 mMArg are shown in Figure 1, panels
400 and 700 nm gradually increased with time~iB0 min), A and B, respectively, together with the spectra of camphor-
as in the case of P450 reductas@)( to give a relatively  free ferric P450-CAM 83). Both proteins exhibit very similar
stable neutral semiquinone spectrum having absorption band$ow-spin-type absorption and MCD spectra with respect to
at 590 and 630 nm, in addition to those at 456 and 476 nm. band positions and intensities, and spectral patterns. Given
Determination of Subunit-Based Protein Concentrations the fingerprinting capability of MCD spectroscop4 39,
The concentrations of full-length NnNOS and the nNOS this indicates that the ferric oxygenase domain most likely
oxygenase domain were determined based on (1 hemehas an [RS—Fe'"(heme)-OH,] active site coordination
subunit protein) the pyridine hemochromogen assay € sphere structure, where RS- Cys 415 for n(NOS 23, 35,
34 mMt cmY) (29). The concentration of ferricyanide- as does camphor-free P450-CAN4( 3. No detectable
oxidized reductase domaii3) was determined based on 2  spectral differences were observed for the oxygenase domain
flavins/subunit protein usings = 20.6 mM™ cm! at pH in potassium phosphate buffer (pH 6.5 and 7.5) and Tris
7.4 (30—32). buffer (pH 7.5). Addition of the substrateArg (10 mM)
Optical Absorption and Magnetic Circular Dichroism (Figure 1, dotted lines) or substrate analogue inhibitors (1
(MCD) SpectroscopyElectronic absorption spectra were MM, NNA and NMA) (not shown) to the ferric oxygenase
recorded with a Varian/Cary 210 or 219 spectrophotometer domain (Figure 1, solid lines) caused only very small spectral
interfaced to IBM PCs. MCD spectra were recorded with a changes, if any, even after overnight incubation aC4
Jasco J500A spectropolarimeter equipped with a Jasco MCD-  The ferric oxygenase domain forms low-spin complexes
1B electromagnet operated at 1.41 T. All spectral measure-With heme ligands such as imidazoles (unsubstituted and
ments were performed at4 °C using 0.1, 0.2, 0.5, or 1 cm  substituted), cyanide, and DTT. These oxygenase domain

A€/H (Mcm-T)

€ (mM-cm)?

quartz cuvettes (see rep). complexes exhibit absorption and MCD spectra (not shown)
very similar to those of the corresponding P450-CAM
RESULTS derivatives 83, 37, 38 in band positions, intensities, and

i i spectral patterns. Similar MCD spectra (except for some

Spectral Properties and Complex Formation of the nNOS jitferences in intensity) for the corresponding complexes
Oxygenase Domain with Substrate, Inhibitors, and Heme
Ligands.The nNOS oxygenase domain used in this study

was judged to be dimeric based on a gel filtration chromato- ... 'he NNOS oxygenase domain expressecircoli and used in
this study was primarily dimeric as judged by the final gel sizing column

gram at its final purification stepThe MCD and electronic  chromatogram (Hiload 26/60 Superdex 200 gel, Pharmacia). Shoulder
absorption spectra of the BHree ferric oxygenase domain fractions containing the monomer were excluded.
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Table 1: Electronic Absorption Spectral Parameters and Dissociation Cond{aiial(ies) for Heme Ligand Complexes of the Ferric nNOS
Oxygenase Domain at 4C

Anm (me’1 cm’l)

Soret visible Kg (MM)
heme ligand 0 y B o pH 6.3 pH 7.5
none 360 (32) 419 (100) 538 (11.9) 568 (11.2)
Imid 361 (35) 429 (92) 545 (12.3) 59(9.4) - 0.022
N-Melmid 361 (36) 429 (92) 545 (12.1) 57(.3) 0.13 0.038
cyanide 368 (40) 439 (69) 556 (11.2) 1.7 -
DTT 376 (56) 460 (57) 560 (13.6) 1.1 0.12

a|mid, imidazole; N-Melmid,N-methylimidazole; DTT, dithiothreitol? 50 mM potassium phosphate containing 10% glycerol and 0.1 mM
EDTA. ©50 mM Tris containing 10% glycerol and 0.1 mM EDTAShoulder.

with imidazole and cyanide for full-length eNOS have also
been recently reporte®9). Absorption spectral data as well
as dissociation equilibrium constant&y(values) of four
selected complexes are summarized in Table 1. All the
imidazole derivatives examined in this study formed low-
spin complexes with the ferric NNOS oxygenase domain
which exhibit similar absorption spectra to one another. The

bsorbance
Absorbance

<

observed pH dependence of th& values for theN-
methylimidazole (K, = 7.25, see re#0for imidazoles) and
DTT (pKa = 8.1) complexes indicates that it is the unpro-
tonated (neutral) form dfi-methylimidazole and the depro-
tonated (anionic) form of DTT that coordinate to the ferric
heme iron of the enzyme. Similar results have been previ

ously reported for DTT binding to camphor-free P450-CAM  ~ ~
(38). TheK, values of the complexes at pH 7.5 are similar 8 8
for unsubstituted imidazole K = 6.9), N-phenylimidazole = =
(PKa = ~5.85, estimated)Ky = ~20 «M for both), and E E
N-methylimidazole K4 = 38 uM). However, the affinity for w w

4-phenylimidazole (i = 6.0) (Kq = 0.69 mM) is consider-
ably lower (by>15-fold) than those for the others. Interest-
ingly, while the 4-phenylimidazole complex is low-spin for

the nNOS oxygenase domain, the analogous complex is high-

spin for full-length eNOS39) and nNOS (this study). The
Kq value €0.12 mM) of the DTFoxygenase domain
complex at pH 7.5 was either not affectd¢ & 0.12 mM)
by 10 mML-Arg or 1 mM NMA or somewhat affected
= 0.25 mM) by 1 mM NNA.

Spectral Changes Due to Spin-State @amsion upon
Binding ofL-Arg, Inhibitors, and BH to the Ferric nNOS
Oxygenase DomairBinding of L-Arg, its analogue inhibi-
tors, or BH, to NOS has been shown to correlate with spectra

(spin state) changes of the ferric enzyme by using radioisotope

400 | soo ebO_
Wavelength (nm
Ficure 2: (A) Electronic absorption spectral changes of the ferric
nNOS oxygenase domain (16:81) from a low-spin to high-spin
type after addition of 2 mM.-Arg, 0.25 mM BH,, and 2.5 mM
DTT as a function of incubation time. The spectra were recorded
using a 0.5 cm cuvette after incubatiom tbh (- - +), 24 h (= - —),
42 h (---), and 70 h-). See the legend to Figure 1 for other
conditions. (B) Normalized electronic absorption spectra of the
incubated (70 h) nNOS oxygenase domain as described in panel A
| before ) and after {--) subtraction of a fractional (15%)
spectrum of the DTT complex (- - -). The spectrum of the dithionite-
“reduced ferrous-CO form—(- —) of the same incubated nNOS

labeled compounds for binding and spectrophotometric oxygenase domain sample is also shown.

techniques for the spin-state changdd,(24, 41, 4p*
Individual addition of either the substrateArg (10 mM)

or its analogue inhibitors NNA and NMA (1 mM), or BH
(0.25 mM), to the low-spin ferric oxygenase domain did not

slow, spectral changes were observed during prolonged
incubation at £C. Figure 2A displays representative results
where, upon concomitant addition 6fArg (2 mM) and BH,

cause readily detectable spin-state conversion of the heme0.25 mM) together with DTT (2.5 mM) at pH 6.5, the low-

iron even after incubation for 2 days at@ under aerobic
conditions. However, when BH(0.25 mM) was added
together with DTT (2.5 mM) either in the presence or in the
absence of-Arg, NNA, or NMA, noticeable, although quite

4 Recent crystal structural analysis of the Bldnd/orL-Arg-bound
dimeric oxygenase domains of iINOS and eNOS indicates that there i

spin-type absorption spectrum of the oxygenase domain (see

Figure 1B, solid line) was initially quickly€30 s) converted

to that of a partially ¢70%, Kg = 1.1 mM) DTT-bound

form (Figure 2A, dotted line). During the next hour, only a

small spectral change was observed (not shown). After

incubation for 24 h at 4C, the spectrum changed consider-
sably to that of a high-spin-type (detlashed line) having

a close linkage, through an extensive hydrogen bond network, betweenmajor peaks at-395 and~650 nm. Upon further incubation

pterin/substrate binding and formation of the five-coordinate (high-
spin) heme (see refs2—15 for details). Thus, it is unlikely that BH
and/orL-Arg could bind to the low-spin NOS oxygenase domain without
perturbing the spectrum of the heme in the oxygenase domain.

for a total of 42 h (long dashed line), the intensity of the
two peaks increased further and reached a near-maximum
value in~70 h (solid line). During the spectral change, only



Thiol-Restored BHArg Binding to nNOS Heme Domain

one set of isosbestic points was observed. The resulting

spectrum still has a small band at460 nm which is
attributable to a small amount of the DTT complex of the
ferric oxygenase domain. Similar spectral conversion results
were obtained at pH values of 6.8 (phosphate) and 7.5 (Tris

or phosphate) to those at pH 6.5 (phosphate) except that at

pH 7.5 the ferric NnNOS oxygenase domain was almost
completely (-95%, K4 = 0.12 mM) saturated with 2.5 mM
DTT at the initial stage of incubation.

To obtain the spectrum of the DTT-free oxygenase domain
of the incubated sample, we arithmetically subtracted frac-
tions (10-20%) of the spectrum of the DTHoxygenase
domain complex from the spectrum of the incubated sample
obtained at pH 6.5 (Figure 2B, solid line). Spectral subtrac-
tion of 15% of the DTT complex (spectrum with 15%
intensity plotted in Figure 2B, short dashed line) completely
removed the band at460 nm. This yielded an absorption
spectrum typical of a high-spin ferric heme with a Soret band
at 394 nm and visible region bands @612 and 646 nm
(Figure 2B, dotted line). The integrity of the incubated
oxygenase domain was ensured by converting it to dithionite-
reduced deoxyferrous species [spectrum not shawg, nm
(emm~t emt): 412 (74), 555 (13.6)] and then, by CO bubbling,
to the ferrous-CO form. Both of these forms exhibited
electronic (Figure 2B, detdashed line, for the latter) and
MCD (not shown) spectra that are very similar to those of
the corresponding states of intact nNC9)(

Moreover, the high-spin ferric oxygenase domain, gener-
ated as described above by prolonged incubation in the
presence of-Arg (2 mM), BH, (0.25 mM), and DTT (2.5
mM), readily binds potassium cyanide to exhibit absorption
bands at~364, 439, and~562 nm (spectrum not shown).
The cyanide affinity Kq = ~10 mM) of the high-spin nNOS
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Ficure 3: BH4/DTT-induced low-spin to high-spin spectral changes
of the ferric NNOS oxygenase domain (107 uM) after prolonged
incubation for 2-6 days in the presence and absence of various
inhibitors. Panel A, with 0.5 mMNC-nitro-L-Arg (NNA); panel B,
with 0.5 mM NC-methyli-Arg (NMA); panel C, with BH/DTT

" 760

oxygenase domain thus generated is somewhat lower tharalone; panel D, after addition of 2 mMthiocitrulline to panel C

that Kq = 1.7 mM) of the BH- and L-Arg-free low-spin
oxygenase domain. But th& value is similar to thatky =
6—8 mM) of pterin- and substrate-bound full-length nNOS
in the absence of Ca-calmodulin @3, this work).

The MCD spectrum of the-Arg-bound ferric high-spin

and further incubation for 24 h. Plotted are the spectra of the nNOS
oxygenase domain before «(-, panel A only) and after{ —)
addition of and prolonged incubation with 0.25 mM BR2.5 mM
DTT, and the various inhibitors. All spectra in the visible region
(460—700 nm) are enlarged 5 times. The incubation was carried
out for 69-72 h (~3 days) for panels A and B and fer6 days

oxygenase domain thus generated after subtraction of thefor panel C in 50 mM potassium phosphate (pH 6.5 for panels A

spectrum (15%) of the DTT complex has a spectral band
pattern (spectrum not shown) that is similar to that-éfrg-
bound full-length ferric NNOS29). Their MCD spectra are
characteristic of thiolate-ligated five-coordinate ferric high-
spin heme complexe84). The nNOS reductase domain (half
semiquinone or fully oxidized) exhibits a very small MCD
signal (Ae/H| < 1 M~ cm™t T2) in the 306-700 nm region
(this work).

When the inhibitors NNA and NMA were used in place
of Arg, together with BH and DTT, a similar low-spin to
high-spin spectral conversion also occurred for the ferric
oxygenase domain as shown in Figure 3A (NNA) and 3B
(NMA). Subtractions of 10% (for NNA) and 15% (for NMA)
of the DTT—oxygenase domain complex spectrum yielded
typical high-spin-type spectra for both inhibitors. Noticeably,
the absorption band positions for the NNAxygenase
domain adductAmax 401, 516, 650 nm) are slightly but
detectably red-shifted from those of the NMA andArg
adducts fmax 394,~512, 646 nm for both adducts).

The spectrum of the nNOS oxygenase domain in the
presence of BE(0.25 mM) and DTT (2.5 mM), but without
L-Arg or the inhibitors, also resulted in a low-spin to high-

and B, pH 6.8 for panels C and D) at'€. Solid line spectra—<)

are obtained after subtraction (from the dashed line spectra) and
normalization for 10% (A), 15% (B), 20% (C), and 15% (D) of
the oxygenase domaitDTT complex spectrum. In panel D, the
spectral change upon addition efthiocitrulline was nearly
complete within 1 min.

spin spectral change as displayed in Figure 3C (dashed line).
However, the maximum extent of formation of the high-
spin species after 6 days incubation in this case (see a high-
spin marker band at 644 nm) was somewhat smaller than
those in the presence of the substrate or inhibitors. After
subtraction of 20% of the spectrum of the DF¥dxygenase
domain complex, the resulting spectrum (solid line in Figure
3C) accounts for~70% high-spin. Thus, in this case, the
overall distribution is~20% DTT complex (Bh-free),
~55% high-spin (DTT-free, BiHbound) species, and25%
low-spin (DTT-free, BH-bound) species. Such detailed
estimation £5%) of low (high)-spin fractions for the ferric
NNOS oxygenase species is possible because of the success-
ful conversion of the ferric nNOS oxygenase domain in this
study from its nearly completely>95%) low-spin to high-
spin (=95%) form. The estimation was done by simulation
of the absorption spectrum (36800 nm) by arithmetically
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Table 2: Effects oL-Arg (or NMA or NNA), Pterins (BH, BH,), Thiols, Imidazole, and Ascorbic Acid on the Low-Spin to High-Spin
Conversion of Ferric nNOS Oxygenase Domain upon Incubation at pH668&and 4°C in 50 mM Potassium Phosphate Containing 10%
(v/v) Glycerol and 0.1 mM EDTA

rel conversion rate

conversion to high-sph (time required for 50%
compound(s) addéd (max conversion) of max conversion)

L-Arg no
DTT no
BH,d no
BH,+ DTT yes (~70%) very slow (1.5-2 days)
L-Arg + BH,°d no
L-Arg + DTT yes (~80%) very slow (1.5-2 days)
L-Arg (or NMA or NNA) + BH, + DTT yes =95%) slow (~10 h)
L-Arg + BHs + BME yes (~90%) slow (15-20 h)
L-Arg (or NMA) + BH, + DTT yes =95%) slow (15 h)
L-Arg (or NMA) + BH» no
BH> no
BH,+ DTT yes (~70%) very slow (2-3 days)
imidazole no
imidazole+ L-Arg + BH, no
imidazole+ L-Arg + BH,+ DTT yes (~90%) very slow (1.5-2 days)
L-Arg + BH; + cysteiné yes (~70%) very slow (1.5-2 days)
L-Arg + BH; + glutathioné yes (~70%) very slow (1.5-2 days)
L-Arg + BH; + ascorbic acig no

aWith 0.5 or 2.5 mMc-Arg (or 0.5 mM NMA and NNA), 0.25 mM (aerobic) or 1 mM (anaerobic) Bi8.15 mM BH, 2.5 mM DTT, 10 mM
BME, 1 mM imidazole, 10 mM cysteine, glutathione, or ascorbic atMo: no detectable spectral changes observed in 2 days. The “very slow”
conversion was monitored for 10 days for glutathione and cysteine and-ford@ys for the others. No detectable precipitation or denaturation
(examined by conversion to the dithionite-reduced CO form) of the samples was observed even after prolonged incubd@iomte percent
high-spin fractions are estimated after subtraction of the remaining DTT or BME complex (see text for details, no spectrally detectable complex
formation observed with the other thiol§)Under anaerobic conditions (argon atmosphet@atalase (0.1 mg/mL) was added to prevent any
effects of adventitiously produced,6..

combining the spectra of the low-spin (Figure 1B, solid line, mM~* cm™* (cf. 120 mM?! cm™* for P450-CAM =+
or Figure 3A, dotted line) and high-spin (Figure 2B, dotted camphor).

line) NNOS oxygenase domains in various ratios. In the experiments described above, Biths used always

Addition of another competitive inhibitor, thiocitrulline (1  in combination with DTT because BHtock solutions (10
mM) (44), to the above BWHDTT-containing ferric oxyge- mM) were prepared in 100 mM DTT to maintain the pterin
nase domain sample (solid line in Figure 3C), followed by in its reduced form. To understand the roles of;@Bidd DTT
further incubation for-24 h at 4°C, converted it to another  in the heme spin conversion of the ferric nNOS oxygenase
predominantly high-spin-type species (Figure 3D, dashed domain, the effects of each of these compounds as well as
line). The resulting species exhibits an absorption spectrumthose of other compounds on the absorption spectral change
that is distinguishable from the spectrum of the thiocitrulline- of the domain were further investigated. Those compounds
free species in the~405 nm (narrower band for the include BH (an autoxidation product of BH, other thiols
thiocitrulline complex) and~510 nm (more intense band (cysteine and glutathione), imidazole (heme ligand), and
for the complex) regions. Subtraction of 15% of the DIT  ascorbate (reductant). They were used individually or in
oxygenase domain complex spectrum (Figure 2B, dashedcombination with others. Results are summarized in Table
line) gave an apparently DTT-free predominantly76%) 2. The most noteworthy finding is that a thiol is essential
high-spin-type absorption spectrum (Figure 3D, solid line) for the heme spin conversion to occur. Even though any of
which has a considerably more red-shifted Soret band thanthese individual thiols alone was apparently ineffective
those for the-Arg, NNA, and NMA complex. (Overall 15%  (however, see below for preincubation effects), their use in
DTT complex,~65% high-spin species, and20% low- combination with substrate (or its analogue inhibitor) and/
spin species; the latter two are DTT-free and thiocitrulline- or BH, (or BH,) did induce a spectral change of the nNOS
bound.) The complexes of ferric NNOS witkArg and these ~ oxygenase domain from a low-spin to high-spin type. Of all
inhibitors were also shown to exhibit electron paramagnetic the conditions examined, we found that a combination of
resonance spectra that are distinguishable from one anothesubstrate (or its analogue inhibitors), Bldnd DTT exhibited
(45). the fastest rate of spectral change (with an appasgrf

For all of the cases described above, the resulting spectra™10 h) and the largest extent §5%) of conversion to high-
(after DTT complex subtraction) minus the starting low-spin SPin state. Note that-Arg plus pterin did not induce spin
spectrum of the ferric oxygenase domain exhibited difference conversion of the imidazole complex unless DTT was added.
spectra (not shown) having a peak-890 nm and a trough ~Among the four thiols used, DTT was considerably more
at ~420 nm. These so-called type-1 difference spectra effective than the others.

(observed with P450 enzymes upon substrate bindi@) ( We also found significant acceleration of the spin-state
have varying peak-to-trough intensiti@s(Aepeak — A€trougn)] conversion of the NNOS oxygenase domain when it had been
depending on the compound used. TX@\epeak — Aé€wrough preincubated with DTT. For example, preincubation of the

value for the nNOS oxygenase domathL-Arg was 86 nNOS oxygenase domain with 2.5 mM DTT for 2 days at 4
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°C under argon led to an increase in the spin-state conversion 25 +—r—r—+—T T
rate by more than 2-fold. Thus, thi, values for the jA 456 -
preincubated oxygenase domain containing,/BAT or 50 4
L-Arg/BH4/DTT were 10-15 and~5 h, respectively. In -
addition, for the former case, the maximum extent of the ~
spin-state conversion increased frerit0% (without prein- S
cubation) to~90%. =
Furthermore, somewhat unexpectedly, Bidone (even E
at 1 mM) or in combination with.-Arg is incapable of
changing the heme spin state even under anaerobic conditions”
(argon) where autoxidation of BHivas carefully prevented.
When the absorption spectrum of BHmax 296 nm,e =
8.8 mMtcmat pH 6.8 @7)] was monitored between 255
and 400 nm, only about 15% of BHvas autoxidized to
BH, at the end of 35 h anaerobic incubation of the nNOS

:"._}'76 r

oxygenase sample. BHexhibits Amax of 279 and 328 nm | -
(this work for the latter) withe = 12.7 and 6.8 mM! cm™® g 8
at pH 6.8 47), respectively. The sample in this work < <
contained 1 mM pterin and 2.5 mMArg at pH 6.8 and 4 E E
°C. During the incubation, no detectable spectral change of ™~ ~
the oxygenase domain was observed. In these experiments\w w
the spectral change of the oxygenase domain and that of BH

were monitored in the 466750 nm region (where Biand o

BH, do not absorb) and 255400 nm region (after subtract- 300 400 . sbo | s00. 700

ing the oxygenase domain absorption), respectively. In Wavelength (nm

control experiments where the autoxidation of Al BH, FIGURE 4: Reconstruction of the electronic absorption spectrum

was monitored under similar conditions for longer incubation of native full-lengthL-Arg-bound ferric nNOS from the spectrum
time without the enzyme, no spectrally detectable intermedi- of the L-Arg/BH/DTT-induced high-spin state of the nNOS
ates were observed during the autoxidation process. Simi-0Xygenase domain and that of the reductase domain containing one

- . . semiquinone moiety and one oxidized flavin moiety (i.e., a half-
larly, 4-amino-BH, a potent antagonist of BH(17), in semiquinone form). Panel A: absorption spectra of the reductase

combination with.-Arg, did not induce a low-spin-to high-  domain of nNOS before ¢ -) and after £ - —) its aerobic reduction
spin-type spectral change in the nNOS oxygenase domainwith NADPH to the half-semiquinone form. The half-semiquinone
without DTT. 4-Amino-BH; (Amax 293 nm at pH 6.8, this form was prepared as described under Experimental Procedures.

; ; Py . Panel B: absorption spectra of theArg/BH4/DTT-induced and
}NorI:]) IS "’?:;0 rgad'hé aUtOX'_d'Zik())ld'(.‘ax' 29& gnsd 32(1842:”1 DTT complex-subtracted (15%) high-spin form of the nNOS
or the oxidized producty, = ~40 min at pH 6.8 an oxygenase domain (- - -) plus the spectrum of the ferricyanide-

under air, this work). It effectively converted the heme spin oxidized reductase domain (combined spectrum) or plus that
state of the NNOS oxygenase domain when it was added inof the half-semiquinone form of the reductase domain (combined

combination with DTT and-Arg either in its reduced form fSL?IIeretLugTH_ Aa-b'gnﬁds?;ﬁéurf&ng%Cﬁgﬁ;nLZ% J%ngmiai':ﬁgt
as is the case of full-length ree iNOS or in its . LA
E)xidized form (data not s%ow?).f 7] study (cf. ref29) is also overplotted.

Spectral Reconstruction of Nagi Intact Ferric nNOS from cm?) of the other two thiolate-ligated ferric heme proteins
Its Separated Oxygenase and Reductase Domaiatve P450 and chloroperoxidasgd). This unusual spectral feature
intact ferric NNOS has been shown to contain a neutral Of native intact NOS was lostdss decreased to-5 mM™
semiquinone radical species that is air-stable and detectec?™ ") when the ferric enzyme was oxidized with ferricya-
with electron paramagnetic resonance spectrosc2@y I nide, and reappeared by stoichiometric anaerobic reduction
this work the semiquinone form of the nNOS reductase With NADPH (28, 35, 48.° The UV-—visible absorption
domain (residues 7151429) was generated by aerobic SPectrum of-Arg-bound ferric full-length nNOS is reason-
reduction of the ferricyanide-oxidized domain (dotted line, @bly well simulated by arithmetically combining the spectrum
Figure 4A) with NADPH. The absorption spectrum of the ©f the BH- andiL-Arg-bound high-spin oxygenase domain
resulting semiquinone form (detlashed line, Figure 4A) with the spectrum of the reductase domain containing one
has prominent bands at592 and~630 nm with extinction flavin neutral semiquinone and one oxidized flavin (dot
coefficient ¢) values of 4.3 and 3.9 mM cm%, respectively. dashed line in Figure 4B). Although spectral reconstruction
These spectral features are in reasonable agreement, in botA@S previously been reported for trypsin-cleaved full-length
the band positions and intensities, with those of the corre- INOS (7), this study provides a stoichiometrically more
sponding state of the yeast-expressed nNOS reductasé@ccurate spectral reconstruction by using the separately
domain @#8), the baculovirus-expressed heme-deficient expressed oxygenase and reductase domains of NNOS. Thus,
Cys415Ala mutant of full-length nNOS8), and microsomal the substrate-bound, fully heme- and flavin-saturated full-
P450 reductase30—32).

The absorption band intensity at 64650 nm (high-spin ® Air-oxidation by incubation overnight at 4C of the dithionite-

marker band) of reductase domain-containing, Arg-bound reduced, ferrous-CO form of native full-lengthArg-bound nNOS also
’ yielded high-spin ferric enzyme exhibiting a low absorption intensity

full-length ferric NOS ¢ = 7.5-8 mM~* cm™) (solid line (e = ~5 mMtcm ) at~650 nm, i., the enzyme having completely
in Figure 4B) is noticeably greater that thoge<{ ~5 mM~1 oxidized flavins (this work).
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length ferric NOS has afusd/Asgs Value no greater than 0.35,

Sono et al.

55). These effects of thiols are explained by (a) their ability

and the reductase domain flavin groups contribute to the totalto maintain BH in its catalytically active reduced fornb4—

absorbance for the Soret band of the enzyme & ~100
mM~t cm™1) by about 12.5% (oAe = 12.5 mM* cm™?).

DISCUSSION

Effects of BH on the Absorption Spectrum and Spin State
of Ferric NOS and on Binding of Heme Ligands to the
EnzymeUnlike the majority of the P450 isoforms, the three
full-length BH;-containing ferric NOS isoforms are all
predominantly £80%) five-coordinate high-spinlfax =
~400 and~650 nm) even in the absence of the substrate
L-Arg (8, 28, 29. Both ferric intact NOS 24, 43, 49 and
P450 @3, 50 form complexes with several types of heme
ligands including imidazole, cyanide, and pyridine. In
contrast to P45038, 50, however, substrate-free full-length
ferric NOS does not readily bind DTBY), unless NOS is
also BH-free. Thus, DTT only gains access to the active
site of BH,-free full-length dimeric nNOS and forms bis-
thiolate adducts with the ferric heme iron, exhibiting unique
split Soret (or “hyperporphyrin”) spectra with absorption
bands at~380 and~460 nm @8, 52. The active site of
intact BH-containing ferric iNOS has also been shown to

become accessible to DTT upon addition of the denaturant

urea in molar concentrations. This was attributed to dimer
to monomer conversion of full-length iINOSY), which is
accompanied by dissociation of the enzyme-bound. B,
also stabilizes the dimeric structure of full-length nNQ8,(
41) and iNOS (7), but apparently not for eNOS8), although
the enzymes are largely-80%) dimeric in their BH-free
forms @, 13, 41, 53 in these cases.

Requirement of DTT for Binding of BldndL-Arg to NOS
and for Catalytic Function of NOShe most striking finding
in this study is that neither BHnor L-Arg readily binds to

56) and, in part, by (b) possible reductive protection of the
NOS protein $2, 55. However, it should be emphasized
that these previous studies have not specifically examined
the requirement of a thiol for binding of BHand/orL-Arg

to either BH-free full-length NOS or Bi-free NOS oxy-
genase domain as we have done in this study for the nNOS
oxygenase domain. The present study clearly rules out the
BH,-regenerating role of DTT for its requirement. Since the
NNOS oxygenase domain used in this study was judged to
be dimeric vide supraDTT does not appear to be required
simply for dimerization of the domain for the binding of the
pterin and/or substrate. However, the thiol requirement for
BH, and/orL-Arg binding as well as the significant binding
rate acceleration by preincubation with DTT are suggestive
of protein cysteine group involvement in the restoration of
the pterin- and substrate-binding capability of the separated
domain. Relevant to this proposal, recent crystallographic
as well as cysteine residue point mutation studies by several
research groups are described below.

Recently, Masters, Poulos, and co-workefs3)(and,
shortly afterward, Fischmann and co-workedsd)( have
determined the X-ray crystal structures of the dimeric eNOS
and iNOS (and also nNOpoxygenase domains. The eNOS
(and nNO3%) oxygenase domain used by the former group
was prepared by trypsin cleavage of tBecoli-expressed
full-length enzyme 13). The structures for both isoforms
revealed the presence of a Zn(Cysetal center at the dimer
interface which involves two conserved cysteine groups
(Cys101 and Cys96 for eNOS) and is likely important for
the stability of the protein dimeric structure as well as the
binding of BH, andL-Arg to the protein 13, 14. It should
be pointed out that both of these research groups crystallized
the BH;- andL-Arg-bound oxygenase domains under reduc-

the nNOS oxygenase domain unless a thiol (e.g., DTT) ating conditions using tris(2-carboxyethyl)phosphin&3)(

2.5-10 mM is present. Low concentrations (6:0.2 mM)
of BME that had been brought in from the stock solutions
of the NNOS oxygenase domain had little effect. Moreover,
only in the presence of DTT, BH(a BH, autoxidation
product which is not reducible with DTT) can also bind to

glutathione sulfonatel@), or DTT (14). When zinc is absent,
one of the thiol ligands (Cys101 in bovine eNOS, Cys99 in
human eNOS, Cys109 in murine iINOS, and Cys331 in rat
brain nNOS) is proposed to form an intersubunit disulfide
bond (3). Crane, Stuehr, and co-workef<] first detected

the oxygenase domain (Table 2). Stuehr, Mayer, and their sych a disulfide bond in the murine INOS oxygenase domain
co-workers have reported that, in the case of the pterin-freedimer structure. In fact, Poulos and collaborators have quite

iINOS oxygenase domain, BHan bind to the protein in
competition with BH with somewhat lower affinity than BH

recently demonstrated that either the disulfide bond-contain-
ing or the Zn(Cys) metal center-containing (with added

(42). More recently, Stuehr’s group has demonstrated that znSQ, and a reducing agent) structure can be prepared for
BH, and several other pterin derivatives can induce spin- the human iINOS oxygenase domain under different Crysta|_
state conversion of full-length iNOS as well as its separated |ization conditions {5).

oxygenase domain to similar extents to those caused by BH  Other laboratories had shown earlier that the Cys99Ala

(53), despite the fact that BHcannot support the NOS
catalysis 53). Again their buffer contained 1 mM DTT or

mutant of human eNOS{) and the Cys109Ala mutant of
murine INOS #2) had partially impaired Bhktbinding

2.5 mM BME. Based on these results, we propose that DTT capabilities. As isolated, these mutants gainezD% and

(and other thiols), in addition to maintaining the pterin in
the reduced form (i.e., BP, plays a crucial role(s) in

~70% of the full catalytic activity of the wild-type enzymes,
respectively, when sufficiently high concentratiorrs100

converting the Bigfree nNOS oxygenase domain from a ;M) of BH, were added. Further, Masters and co-workers

form which is inaccessible to BHand/or L-Arg to an
accessible form.

A thiol (DTT or BME in 1—2.5 mM) is always included
in a standard NOS assay mixture. Many thiols (also including

glutathione and cysteine) are known to dramatically enhance

the catalytic activity of purified NOS by up to severalfold
in dose- and preincubation time-dependent manrssi4,

have recently demonstrated that the full-length Cys331Ala
NNOS mutant is largely low-spin and defective lrArg
binding and catalysis5@). However, prolonged~12h at 4
°C) incubation of the mutant in the presence of a relatively

6C. S. Raman, H. Li, T. L. Poulos, P. Mastk, and B. S. S. Masters,
unpublished observations.
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high concentration of-Arg (10 mM), with or without BH

(300uM), has restored the high-spin-type absorption spec-

trum. More significantly, the full catalytic activity (with 10

uM

BH,) was also restored for theArg-incubated mutant

even in the absence of the enzyme-bound & §9).The
Cys331Ala nNOS mutant lacks Zn-binding capabiligy.
Thus, Zn is not essential for catalysis.

In view of these recent findings, the thiol-assisted restora-

tion of the pterin- and substrate-binding capability of Ehe

coli-expressed nNOS oxygenase domain might be related to
the reductive cleavage or rearrangement of the intersubunit 13,

disulfide bond. The bond most likely involves either one or

both of the two conserved cysteine groups (Cys331 and 14
Cys326 for nNOS), as detected by X-ray crystallography for

the

present case, zinc does not appear to be playing a crucial 15

homologous residue in INOS (Cys103p( 19. In the

role; the zinc content in theE. coli-expressed nNOS

oxygenase domain preparation has been shown to be less

than stoichiometric (i.e., 0.2 mol/mol of dimer 0.1 mol/
mol of heme) §9). In addition, any zinc that might be

inadvertently contained in the buffer used would be unavail-
able for the oxygenase domain because EDTA (0.1 mM),

which is added to the buffer, would remove the free zinc.

We have recently found that the DTT-assisted restoration

of the BH;- and substrate-binding capability of the nNOS

oxygenase domain is essential for generation of a stable ,,
dioxygen complex of the dithionite-reduced nNOS oxygenase

domain in 50% (v/v) ethylene glycol at30 °C (60).

In conclusion, this study has demonstrated that a thiol, 21.

DTT in particular, is essential for the binding of Bldnd
L-Arg to the E. coli-expressed pterin-free ferric nNOS

spectroscopically identical to the full-length ferric nNOS

active site structure having a five-coordinate high-spin ferric

heme. This work will facilitate future studies aimed at

achieving a better understanding of the significance of the

unique cysteine-involving dimeric conformation of the NOS

oxygenase domain and its active site structure, which have 26.

been recently revealed by X-ray crystallograpig-15).
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