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ABSTRACT: To better understand potential roles of conserved Trp457 of the murine inducible nitric oxide
synthase oxygenase domain (iNQ3esidues 1+498) in maintaining the structural integrity of theR)6
5,6,7,8-tetrahydrobiopterin ¢B) binding site located at the dimer interface and in supportigg tedox
activity, we determined crystallographic structures of W457F and W457A mutantiNiDers (residues
66—498). In W457F INOS;, all the important hydrogen-bonding and aromatic stacking interactions that
constitute the BB binding site and that bridge the,Bl and heme sites are preserved. In contrast, the
W457A mutation results in rearrangement of the Arg193 side chain, orienting its terminal guanidinium
group almost perpendicular to the ring plane aBHAIthough Trp457 is not required for dimerization,
both Trp457 mutations led to the increased mobility of the N-termin® binding segment (Serl112
Met114), which might indicate reduced stability of the Trp457 mutant dimers. The Trp457 mutant structures
show decreased-stacking with bound pterin when the wild-typestacking Trp457 position is occupied

with the smaller Phe457 in W457F or positive Arg193 in W457A. The reduced ptestacking in these
mutant structures, relative to that in the wild-type, implies stabilization of redugBdkid destabilization

of the pterin radical, consequently slowing electron transfer to the heme femamxsy (Fe'O,) species
during catalysis. These crystal structures therefore aid elucidation of the roles and importance of conserved
Trp457 in maintaining the structural integrity of theBlbinding site and of EB-bound dimers, and in
influencing the rate of electron transfer betweesBtind heme in NOS catalysis.

Nitric oxide synthases (NOSsgatalyze the five-electron  substrate L-Arg, and {-5,6,7,8-tetrahydrobiopterin ¢B);
oxidation ofL-arginine (L-Arg) to produce-citrulline and (2) the central linker region (amino acids 49930 for
nitric oxide (NO), an important signaling molecule and murine iINOS) that binds calmodulin (CaM); and (3) the
cytotoxin in biological systems. The reaction proceeds via C-terminal electron-supplying reductase domain (N®S
formation of an enzyme-bound stable intermedidtk; amino acids 5311144 in murine iINOS) with binding sites
hydroxy+-arginine (NOHA) (, 2). Three distinct NOS  for flavin mononucleotide (FMN), flavin adenine dinucleo-
isoforms, inducible (iNOS), endothelial (eNOS), and neu- tide (FAD), and NADPH 8—6). In the biologically active
ronal (nNOS), have been identified in mammalian systems. NOS homodimer, CaM binding to the central linker region
All isoforms require dimerization for activity and share a mediates electron transfer from N@Sof one subunitin
similar basic domain architecture: (1) the N-terminal cata- transto NOSy of the other subunit of the dime? ( 8).
lytic oxygenase domain (NQg amino acids 3498 in NOSs are the only enzymes known to contain both heme
murine iINOS) which binds Fe-protoporphyrin IX (heme), and HB. H,B has combined structural and electronic roles
in NOS catalysis which despite extensive study are still not
"Supported by National Institutes of Health Grant HL58883 fully understood. In iNOS, kB facilitates subunit interactions

(E.D.G.). i - .
* PDB codes for the structures are reported within: W457F iNOS E:?ea]\-/lla)(i;gefé)eazﬁg tir:1€cI:Seu;sceesptiﬁglt){;f?ifnli_g/szf%: EO,AEJrg?Ltg)OIytIC
(I3WJ); W457A iNOS, (IIWK). ), . . . - .
* To whom corresp(x)ndence should be addressed. Telephone: (858)-Based on biochemical studies showing thaBtanalogues,
784-2878. Fax: (858)-784-2289. E-mail: edg@scripps.edu. such as 7,8-dihydrobiopterin ¢B) and 4-amino-5,6,7,8-

8 The Scripps Research Institute. - . o . .
I'The Lerner Research Institute. tetrahydrobiopterin (4-amino-B), can mimic the afore

© Present address: Department of Biochemistry, University College Mentioned allosteric effects, but do not support iNOS
of Sciences, Calcutta 700 019, India. catalysis 16, 17, an electronic role for kB was anticipated.

! Abbreviations: BOGN-octyl-3-p-glucopyranoside; CaM, calmod-  |ndeed. HB likelv participates in redox chemistry durin
ulin; H2B, 7,8-dihydrobiopterin; eNOS, endothelial nitric oxide syn- . H yp b y 9

thase; EPR, electron paramagnetic resonance; 4-amjBp4-amino- NO.HA_formation G'S)_' and a pterin radical Wajs detected
5,6,7,8-tetrahydrobiopterin; B, (6R)-5,6,7,8-tetrahydrobiopterin; iNOS,  during iINOS, catalysis by electron paramagnetic resonance
inducible nitric oxide synthase; L-Arg.-arginine; MES, 24{-mor- (EPR) experimentsl@, 20. The redox roles of kB seem

pholino)ethanesulfonic acid; NOHA\“-hydroxy+.-arginine; nNOS, et ; [P
neuronal nitric oxide synthase; NO, nitric oxide; NOS, nitric oxide to justify the absolute requirement ofyBi for catalysis in

synthase; NOS, nitric oxide synthase oxygenase domain; N@Sitric all three isozymes, whergas the allosteric and structural
oxide synthase reductase domain. effects of HB vary among isozymes.
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Heme

Ficure 1: Structural coupling among4B binding, dimerization, and substrate binding. Residues and cofactors of the adjacent subunit are
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labeled in red (PDB code 1NOD). (A) Secondary structure elements linkiBcgokhding, substrate binding, and dimerization. The substrate
binding helix (green) provides the conserved Arg375 faBHbinding, and helical lariats (blue, subunit A; purple, subunit B) contain
aromatic residues interacting withyBl bound on each subunit of the dimer. (B) A schematic diagram of key hydrogen-bonding (dashed
lines) andz-stacking interactions in panel A. Protein residues provided by the helical lariat of the other subunit are indicated in red.

Crystal structures of dimeric iNQgindicate that the kB

important functional roles in iB-supported NO synthesis

site (Figure 1) is formed by aromatic residues contributed and, to a lesser extent, iyB-mediated dimer stabilization.
by both subunits at the dimer interface, and is structurally — To address the structural biochemistry of Trp457 in NOS
and electronically coupled to the heme active site via a function, we present here the crystal structures of W457F

hydrogen bond network, which tunes theBHprotonation
and resonance state®l( 22. Side chains of Trp455 and
Phe470 on the helical lariat of one subunit stack agaigBt H
bound to another subunit of the dimer (Figure 1A). Although
the location of HB with respect to the heme eliminates the
possibility that the cofactor directly participates in hydrox-
ylating the substrate L-Arg2(), H4B forms hydrogen bonds
from N3 directly and O4 indirectly through a water molecule
to heme propionate A (Figure 1B), which also interacts with
the a-amino group of L-Arg. HB O4 and N5 also form

and W457A iNOS, refined to 2.6 and 2.3 A resolution,
respectively. Structural reorganization associated with each
mutation is examined to assess potential roles of Trp457 in
controlling the structural integrity of the /B binding site,
H,B-mediated dimer stability, and electron transfer during
NO synthesis. In the accompanying paper, Wang eP8). (
report effects of these Trp457 mutations on heme transitions,
pterin radical formation, and NOHA formation during a
single turnover reaction of INQg Together, our results help
establish how the conserved Trp457 mediatgB-slipported

hydrogen bonds to Arg375, which is located on the substrate NOS activity.

binding helix (Figure 1B). Trp457 forms-stacking (Figure
1A) and hydrogen-bonding (Figure 1B) interactions witlBH

EXPERIMENTAL PROCEDURES

bound to the same subunit via its indole ring and backbone  p,iain Preparation and CrystallizationRecombinant

carbonyl, respectively. The indole ring is sandwiched
between HB and the guanidinium group of Arg193, which

murine W457F and W457A INQRBAB5 (residues 66498)
were overexpressed and purified fragscherichia coli as

is linked by hydrogen bonds through the Tyr485 hydroxyl yescribed previously2(, 26, 29. Residues 66498 of

to heme propionate B. These residues, which form critical

interactions with KB, are highly conserved among different
NOS isoforms 21, 23-25).

The roles of Trp457, which forms extensiwestacking
interactions with BB, in dimer formation, HB and L-Arg

murine iINOSx were previously shown to be sufficient to
form a functional dimeric enzymel). Unless otherwise
noted, all crystallization experiments were performed using
the hanging drop technique af@ in the presence of 4 mM
H4sB and 10 mM AR-C95791AA, an N-substituted amino-

binding, and catalysis have been investigated by site-directedpyridine NOS inhibitor, supplied by AstraZeneca. AR-
mutagenesis studies. Although both W457F and W457A C95791AA, which like substrate L-Arg2() stacks on the

iINOS,« dimerize in the presence of,B and/or L-Arg, the
mutations lead to reduced,Bland L-Arg affinity, and slower
NO synthesisZ6). Sagami et al. also reported that W678L
nNOS (equivalent to Trp457 in murine INOS) dimerizes in
the presence of L-Arg and B, but exhibits a slow rate of
heme reduction by NADPH and no NO formatio@7y.

heme distal side and forms a bidentate salt bridge to Glu371,
improves crystal stability and diffraction quality (details of
AR-C95791AA interactions in the substrate binding site to
be published elsewhere). A-2 ulL aliquot of the purified
mutant protein (20 mg/mL) in 40 mMI-(2-hydroxyethyl)-
piperazineN'-3-propanesulfonic acid (EPPS), pH 7.6, was

These biochemical analyses indicate that Trp457 may play mixed with an equal volume of reservoir solution containing
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Table 1: Crystallographic Data Collection and Refinement Statistics

for W457F and W457A iNO&

structure WA457F

WA457A

wavelength (A) 1.0 1.08

cell dimensions (A) a=h=12136, a=hb=2135,
c=116.9 c=116.2

data resolution (A) 50:02.6 20.0-2.3
(2.69-2.60% (2.38-2.30)

total observations 142979 490274

unique observations 46998 63261

completeness (%) 97.2 (87.0) 91.4 (59.7)

Mo 15.1 (2.0) 31.6 (1.8)

Reym” 0.07 (0.45) 0.04 (0.38)

R 0.218 0.218

Rirec® 0.257 0.244

no. of non-H atoms 7255 7351

no. of waters 335 461

[@verallBL(A2) 47.6 445

Main chairBE&Az) 46.8 43.5

(3ide chairB(A?) 48.6 45.8

rms bond (A) 0.0073 0.0065

rms angle (deg) 1.3 1.3

aHighest resolution shell for compiling statisti¢sAverage intensity
signal-to-noise ratio® Ryym= Y 3j|l; — D3 3jl;. 4R= Y ||Fo| — [Fell/
> |Fol, whereF, andF. are the observed and calculated structure factors,
respectively® 5% of the reflections were set aside randomly Rage
calculation.

27—30% saturated ammonium sulfate, 50 mMN&+for-
pholino)ethanesulfonic acid (MES), pH-®5, 10-30 mM
N-octyl-5-p-glucopyranoside (BOG), and £330 mM dithio-
threitol. Crystals of both mutant proteins were isomorphous
with those previously reported for wild-type iINQSAG5,
belonging to space group6,22 with unit cell dimensions
a=b=~214 A c=~117 A, 2 molecules per asymmetric
unit, and a solvent content of 70921, 22, 30.

Data Collection and Structure Determinatioffable 1
summarizes statistics for diffraction data collection and
crystallographic refinement. The data for W457F and W457A
iINOSo« were collected from flash-cooled crystals (100 K)

Aoyagi et al.

obtain superpositions of the crystallographic models and root-
mean-square distance deviations among different models.

RESULTS

Overall Structure.We determined crystallographic struc-
tures of catalytically active, MB-bound WA457F (2.6 A
resolution) and W457A (2.3 A resolution) mutant iINQS
dimers. The final structural models include all residues of
INOS. except the terminal residues (amino acids-86 and
497—-498) and residues surrounding the structural Zn site
(amino acids 106108), where only weak electron density
was observed. Difference electron density maps indicate no
peaks for the structural Zn ighHigh mobility and poor
electron density in this region are common in many Zn-free
INOS. structures 21, 24. No peaks were found on an
anomalous difference electron density map, further confirm-
ing the absence of Zn. The overall structures of both mutants
are indistinguishable from the previously reported wild-type
INOS. structure 21). The average root-mean-square distance
deviations of @ positions of 380 residues (residues 16
496) among W457F, W457A, and wild-type iNQSubunits
are in the range of 0.3 A. The assembly of mutant iINOS
subunits into catalytic dimers does not deviate from that seen
in wild-type crystallographic structures. Neither mutant
structure shows any significant differences at the substrate
binding site above the heme when compared to the wild-
type. W457A iNOS structures with boun&-ethylisothio-
urea determined at lower resolution (unpublished 2.9 and
3.4 A data) confirm preservation of the wild-type geometry
at the heme active site. Thus, the previously reported effects
(26) of these Trp457 mutations on dimer stability and
catalytic activity result from local changes surrounding the
H,B binding site, rather than the propagation of structural
changes to the heme active site or dimer assembly.

H4B Binding Site.In W457F iINOSy, most of the wild-
type hydrogen-bonding and stacking interactions between

at beam lines 14-BM-C (Advanced Photon Source, Argonne) HsB and protein residues are preserved (Figure 2A,B and

and 7-1 (Stanford Synchrotron Radiation Laboratory, Palo
Alto). The cryoprotectant solution consisted of the equili-
brated crystallization solution (50 mM MES, pH-5, 10—

30 mM BOG, 30% saturated ammonium sulfate) with 30%
ethylene glycol. Raw diffraction data were processed with
DENZO and SCALEPACK (Table 1)3().

Programs CNS32) and XFIT 33) were used for structure
refinement and model building, respectively. The wild-type
INOS,« crystal structure [PDB code 1NODZ21)], with
substrate, gB, Trp457, and water molecules omitted, was
used as an initial starting model in rigid-body refinement,
leading to reduction oR-values fromR = 39.6% Riee =
38.9%) toR = 29.0% Riree = 28.4%) for WA57F, and from
R = 50.1% Riee = 49.7%) toR = 32.3% Riee = 32.4%)
for WA57A. The HB binding site was rebuilt using, — F.
omit electron density maps, while water molecules were
modeled based on standdfgd— F. and &, — F. maps over
cycles of minimization and simulated annealing refinement
followed by B-factor refinement. The final models include
residues 7799, 109-496 for W457F iINOSg,, and 7799,
108—-497 for W457A iINOSy. No residues for either mutant
structure were found in the disallowed region of the
Ramachandran plots obtained using PROCHECH).(
LSQKAB from the CCP4 program suit8%) was used to

Table 2). HB is located between Phe457 of one subunit and
Phe470 of an adjacent subunit (Figure 2B). A simulated-
annealed omit electron density map indicates the Phe457 side
chain is oriented and positioned to formstacking interac-
tions with HB (Figure 2B). As in wild-type Trp457, the
backbone carbonyl of Phe457 forms a hydrogen bond with
the H4B N2 (Figure 2B and Table 2). The distance between
the centers of the Phe457 ring and thgBH2-amino-4-
hydroxypyrimidine moiety is 3.8 A. When the W457F
INOSo structure is superimposed with the wild-type, the
Phe457 side chain overlays with the five-membered moiety
of the Trp indole (Figure 2D). An ordered water molecule
mediating a hydrogen bond between the Trp457 indole NH
and 010 of the KB dihydroxypropyl side chain in the wild-
type enzyme is not observed in W457F iINQS his ordered
water molecule, always found in the wild-type NS
structures 21, 23-25), commonly has a thermd-factor
lower than the average over8&ifactor for a given structure.
The W457A INOS crystal structure shows an unexpected
local structural rearrangement that compensates for loss of
the bulky aromatic residue at theBibinding site. Replace-

2The structural Zn ion, which is variably present in recombinant
NOS isozymesZ42, 36, is not required for catalysis37).
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Ficure 3: N-terminal HB binding segment. The bound,Bi (gold)
and the 2F, — F. electron density maps (cyamw,lmagenta &,
yellow 30) for Serl12-Met114 of the Zn-free wild-type (2.6 A
resolution), W457F (2.6 A resolution), and W457A (2.3 A
resolution) INO$Gy structures.

to the center of the B 2-amino-4-hydroxypyrimidine is
4.2 A. This is within the reported range (3:28.5 A) for
Arg—aromatic stacking interactions typically found in pro-
teins 38). The same movement of Arg193 has been observed
in multiple crystal structures of W457A iNQ§ including
complexes witts-ethylisothiourea or with pterin analogues,
H.B and 4-amino-EB (unpublished results). In addition,

- . Arg193 mimics wild-type Trp457 by hydrogen-bonding with
FiGure 2: H4B binding site. (A) Hydrogen-bonding (gray dots) a terminal guanidinium nitrogen to the water molecule that
andz-stacking interactions betweenyBi (orange) and conserved interacts with O10 on the 4B dihydroxypropy! side chain.

residues and water molecules (red) at the dimer interface in wild- ] ; :
type INOS,. The bound KB interacts with both residues on the The averageB-factor of this water molecule in W457A

same subunit (green) and those provided by the other subunit (blue)) NOSox Was 59 R, higher than the average value of 48 A
of the dimer. (B) Aoa-weightedF, — F. omit map (blue 3.6, calculated from all the water molecules in this model.

magenta 5.6) showing the bound kB and Phe457 side chain in _ ; P
WA457F INOS,. (C) A sa-weightedF — F, omit map (blue 3.6, N-Terminal HB Binding Segmenin both the W457F and

magenta 5.6) showing the bound #B and Arg193 side chain in WA457A muf[ant iNO&_str_uctures, wild—type_interactions of
W457A iINOS,. (D) Superposition of the wild-type (green), W457F the N-terminal HB binding segment (residues Serti2
(pink), and W457A (blue) BB binding sites, showing how the ~ Met114 in murine iINOS) with kB are preserved. The
mu_tations affec_t the packing of the,Bi site. Water molecules are Ser112 carbonyl oxygen hydrogen-bonds to th® idihy-
omitted for clarity. droxypropyl side chain, and Met114 packs against the bound
cofactor (Figure 3). In W457A mutant iINQS however,

Table 2: Hydrogen Bond Distances at thgBHBinding Site for

W457 Mutant and Wild-Type iNOS rearrangement of the Arg193 side chain results in the loss
, , of the wild-type hydrogen bonds to the carbonyl oxygen
wild-type - wild-type atoms of lle113 and Met114. Accordingly, a lowef.2—
structure WA457F  W457A (INOD?)  (2NOD) gl onsite i observed i th aly, 12
heme O2&—H.B Ny (R) 2.7 8 29 57 . electron density is observed in the region of Se
26 27 28 238 Metl114, compared to the Zn-free wild-type structure at a
heme 0O2A-H,B N2 (A) 3.2 3.2 3.1 3.1 comparable resolution (2.6 A) (Figure 3). However, lower
2.9 3.2 3.2 3.2 electron density for this region is also observed in the W457F
457'0—H.B N (A) gg %3 3-8 gg iINOS, structure (Figure 3), despite conservation of the wild-
1456 O—H4B Ng (A) 31 31 59 59 type.hydroger] bonds with.Ar9193._ Therefore, the higher
3.1 3.0 3.0 3.1 mobility seen in the N-terminal B binding segment does
S112 O-H,B 010 (A) gg 22g 22.3 22.88 not result simply from the arrangement of Arg193 in the
. : : : : W457A mutant, but rather from the less optimal packing of
(M114 S—H:B Cig)*(A) g% j'.g gg gi the H,B binding site due to the loss of the bulky Trp457

aPDB codes of wild-type INOs structures with L-Arg (INOD) side chain in both W457F and W457A INQS

and with water molecules (2NOD) at the heme active <8 (sed Hydrogen Bond Network betweenBiand HemeEffects
for comparison® Nomenclatures correspond to those shown in Figure of the Trp457 mutations on the long-range hydrogen-

1B. ¢ Two numbers are obtained from two noncrystallographic sym- pqnding/stacking network betweenBiand the heme differ
metry related subunits in the asymmetric ufiPhe457 in W457F, 9 9 R

Ala457 in W457A, and Trp457 in wild-type iINQg € Interatomic between the tWO, Trpas7 mmant iN@Sstructures (Figure
distances. 4). In W457F iINOSx (Figure 4B), Phed57 preserves
sr-stacking interactions with B and maintains the wild-
ment of the Trp aromatic ring by Ala at position 457 does type conformation (Figure 4A) of Arg193, Tyr485, and heme
not affect the hydrogen bond formed between the Ala457 propionate B. The W457A mutation in iN@QSleads to
backbone carbonyl O and,B N2 (Table 2); however, it  rearrangement of the Arg193 side chain, reorganizing the
causes the Arg193 side chain to rotate with its guanidinium hydrogen bond network that connects théBHbinding site
group oriented almost perpendicularly to thgBHiing (Figure and the heme propionate B (Figure 4C). Although the Tyr485
2C). AnF, — F; omit map calculated without the Arg193 hydroxyl group remains hydrogen-bonded to the heme
side chain shows clear density for the guanidinium group in propionate B, it no longer hydrogen-bonds to the rearranged
a T-shaped orientation with the bound cofactor (Figure 2C). Arg193 (Figure 4C). The W457A iNQgcrystal structure
The average distance from the terminal nitrogens of Arg193 reported here indicates that this mutation leads to changes
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Ficure 4: Stereoviews of the hydrogen bond network linking thé8 Hbinding site and the heme site. For clarity, some residues and
hydrogen bonds are omitted from the figures. (A) In wild-type iNQ3rg193, which stacks with Trp457, forms a hydrogen bond (gray
dots) with heme (orange) propionate B via Tyr485. (B) Hydrogen bond configuration surrounding Arg193 and Tyr485 remains unaffected
in WA457F iNOSx. (C) The W457A mutation causes the Arg193 side chain to rotate, breaking the hydrogen bond with Tyr485.

in long-range interactions among Arg193, Tyr485, and heme 2A—D). Hence, aromaticity at position 457 is not essential
propionate B, which appear to be critical for structural for dimer formation, consistent with the earlier mutational
integrity of the HB binding site. studies of iINO% (26) and full-length nNOS Z7). Rear-
rangement of Arg193 in our W457A structure (Figure 2C)
DISCUSSION provides a structural basis for the differential effects gBH
The structural studies of the iIN@3nutants reported here  on the extent of dimer formation in W457A iNQS(26)
help distinguish which of the diverse functional roles @BH  and W678L nNOS Z7); W457A iNOS is 80% dimeric
in NOS are modulated by the conserved Trp457. Particularly, (>90% for wild-type), whereas W678L nNOS is only 15%
we are interested in contributions of this hydrogen-bonded, dimeric (94% for wild-type) in the presence of L-Arg and
m-stacking Trp457 to the structural integrity of theB-site, H4B. According to our crystallographic structures, the
H,B-dependent dimer stability, and electron-transfer pro- replacement of the bulky Trp side chain with the smallest
cesses. aliphatic amino acid Ala, not the larger Leu, allows confor-
Despite mutations of well-conserved Trp457 at thdBH  mational changes of the Arg193 side chain to fill the open
binding site, our crystallographic structures show that the space (Figure 2C). The guanidinium group of Arg193 can
wild-type position, orientation, and hydrogen-bonding @BH  exert charge-dominant T-shaped stacking effects on bound
are preserved in both W457F and W457A iNQG-igure H4B, thus achieving stable protein dimerization. The Arg
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side chain is known to participate in-cation interactions

with aromatic residues in either T-shaped or parallel geom-

etries @9). Similar interactions of Arg with EFB might
explain the unusual naturally occurring NOS from the great
pond snail 40), which has apparent substitutions of Trp457
with Arg and Arg193 with Gly. The W457A iINOg crystal

Biochemistry, Vol. 40, No. 43, 200112831

binding site 22) among the wild-type, W457F, and W457A
INOSy« structures makes it unlikely that Trp457 mutations
alter the oxidation or protonation states of NOS-bounB H

or disrupt the electron pathway betweesB-and the heme.
The Trp457 mutations do not change the positions of the
conserved hydrogen-bonding residues at th8 binding site

structure reported here reveals the contributions of Arg193 (Figure 2 and Table 2), which were previously suggested as

to the HB-mediated dimer formation of W457A iNQ3hat
were not otherwise apparent.

Both W457F and W457A mutations result in the increased
mobility of the N-terminal HB binding segment (residues
Serl12-Metl14 in murine iNOS) (Figure 3), which is

crucial in controlling oxidation or protonation states of bound
pterins @2). Furthermore, these Trp457 mutations do not
affect configurations of the direct hydrogen bonds between
the heme propionate A, and;Bi N3 and N2 (Figure 2 and

Table 2), which were suggested to be key for the electron

located across the dimer interface and may be associated withiransfer 2). In agreement with our crystal structures, both
dimer stability. Substitution of the structural Zn site by a WA457F and W457A mutations have little impact on the
self-symmetric disulfide bond (Cys109 in murine iNOS) at extent of pterin radical formation [see the accompanying

the human iINO& dimer interface has been reported to cause
a peptide flip at Gly (Gly111 in murine iINOS) and weaken-

paper 28)]. Therefore, the slower than wild-type rates
observed in both W457F and W457A iN@$nutants 28)

ing of the hydrogen bond between Ser (Ser112 in murine for pterin radical formation and coupled heme ferrodgxy

INOS) and the B dihydroxypropyl side chain, possibly
linking the importance of the structural Zn center and dimer
stability 24). This flip interpreted 83 A resolution, however,
was not seen in the equivalent structures of murine ipOS
dimers at higher resolutior2q, 239. In the Trp457 mutant
INOSy« structures, the N-terminal /B binding region is

(FE'0,) reduction leading to L-Arg hydroxylatior2Q) are

not due to disruption of electronic communications between
the cofactors or the altered oxidation state of the bouxil H
but rather due to lack of the optimal stabilizing forces
provided by the protein environment to facilitate pterin
radical formation.

represented by lower electron density, but the hydrogen bond Relative to wild-type iINOS,, the W457F and W457A

distances between Ser112 O angBHD10 do not change
from those in the wild-type enzyme (Table 2), implying that

mutations are likely to both stabilize the protein binding of
the ground-state M8 and destabilize the protein binding of

neither the absence of Zn nor the Trp457 mutations the H,B radical. In the wild-type iNO& structure, quadru-
significantly propagate to this backbone-mediated interaction pole moments of the ground-state, protein-bound tnd

at the dimer interface. Although the position of Met114 side
chain is affected by the W457A mutation (Table 2), this
change is unlikely to influence dimer stability because the
M114A INOSx mutation does not interfere with dimerization
in solution @1), and Val occupies this position in bovine
and human eNOg (23, 25. However, in both Trp457
mutants, the loss of the optimal packing provided by the
mr-stacking Trp457 indole clearly reduces the order of the
N-terminal HB binding segment. This increased disorder
may indicate reduced stability of the,Btbound Trp457
mutant iINOSx dimers, compared to the wild-type enzyme.
The observed conservation of the wild-type structural

Trp457 indole should produce-electron clouds with nega-
tive electrostatic potential above and below the aromatic
rings, favoring pterin radical formation. The decreased
s-electron cloud of Phe457 in W457F iNQ&®ompared to
the wild-type Trp457 should therefore stabilize the protein-
bound, ground-state/B, and destabilize the protein-bound,
neutral or cationic pterin radical, thus slowing radical
formation and accelerating its decay, as observed by EPR
in the accompanying papeq). In the W457A mutant
iINOS. structure, the rearrangement of positively charged
Arg193 to form a T-shaped-cation interaction with kB
should further stabilize protein binding to the ground-state

environment at the heme and substrate binding sites in ourH4B while further destabilizing protein binding to the pterin
Trp457 mutant crystallographic structures is consistent with radical. If H,B forms a cation radical, as suggested by the

nearly identical U\~visible heme spectra, heme redox
potentials, and @binding data [see the accompanying paper
(28)]. However, the differences in4B-site packing and kB-

mediated dimer stability might well explain the reported

eNOS crystallographic structure with L-Arg bound at the
H4B site 23) and more recently by EPR experimerd)

the protein binding of B would be further destabilized by
repulsive positive charge distribution between Arg193 and

biochemical differences in solution, such as changes in thethe cofactor. Consistent with these theoretical predictions

binding affinity for H,B and substrate L-Arg26). Likewise,
the importance of long-range interactions amongBH
Trp457, Argl93, and Tyr485 was proposed from the
decreased B binding affinity and consequent reduced
dimerization of NNOS mutants27), in which the Arg
(equivalent to Arg193 in murine iINOS) was mutated to Glu
or Leu, and the Tyr (equivalent to Tyr485 in murine iNOS)
was mutated to Phe or Leu.

Not only do our Trp457 mutant INQ@structures provide
insights into the influential roles of Trp457 in structural
stability of the HB binding site and the iINQsg dimer, but
more importantly in the appropriate tuning of the boun@H
by the protein for redox activity during NO synthesis. The
conservation of key hydrogen-bonding interactions at tkie2 H

based on the crystallographic structures, the rate of radical
formation is further decreased and the rate of radical decay
is further increased in W457A iNQ relative to the W457F
mutant [see the accompanying pap28)]. In addition, the
aforementioned effects of the Trp457 mutations on the
mobility at the N-terminal BB binding segment and dimer
stability may result in dissociation of the pterin radical during
catalysis in the full-length enzyme.

In summary, determination and analyses of crystal-
lographic structures of W457F and W457A mutant murine
iINOS,« provided insights into the function of hydrogen-
bonded,z-stacking Trp457 in the B binding site. Com-
parisons of the mutant and wild-type structures revealed that
the overall fold and dimer assembly of wild-type INQRS
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are preserved in these mutants, as are the conformation and17. Presta, A., Siddhanta, U., Wu, C., Sennequier, N., Huang, L.,
binding modes of both B and heme. The structural

biochemistry presented here implicates Trp457 in the integ-

rity of the HyB binding site, HB-mediated dimer stability,
and the regulation of electron transfer during NO synthesis. 19. Hurshman, A. R., Krebs, C., Edmondson, D. E., Huynh, B.
Although Trp457 is not required for dimer formation, the
aromaticity at position 457 is important for the spatial
packing that integrates the heme angHbinding sites, and

for the stability of HB-bound dimers. Our crystallographic

analyses together with spectroscopic and kinetic analyses [see21.

the accompanying pape2&)] provide insights into how the
mr-stacking Trp457 maintains the optimal stabilizing environ-
ment for regulating the rate of electron transfer betweg® H
and the heme P@©, intermediate, a step required for L-Arg
hydroxylation in NOS catalysis.
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