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ABSTRACT: In nitric oxide synthase (NOS), i§-tetrahydrobiopterin (kB) binds near the heme and can
reduce a hemedioxygen intermediate (&,) during Arg hydroxylation [Wei, C.-C., Wang, Z.-Q., Wang,

Q., Meade, A. L., Hemann, C., Hille, R., and Stuehr, D. J. (20D1Biol. Chem. 276315-319]. A
conserved Trp engages in aromatic stacking wifB,knd its mutation inhibits NO synthesis. To examine
how this W457 impacts HB redox function, we performed single turnover reactions with the mouse
inducible NOS oxygenase domain (iNOSoxy) mutants W457F and W457A. Ferrous mutants containing
Arg and HB were mixed with G-containing buffer, and then heme spectral transition8 kadical
formation, and Arg hydroxylation were followed versus time. A heméOzeéntermediate was observed

in W457A and W457F and had normal spectral characteristics. However, its disappearance rate (6.5 s
in W457F and 3.0 in W457A) was slower than in wild-type (12.5%. Rates of HB radical formation

(7.1 stin W457F and 2.7 s in W457A) matched their rates of @, disappearance, but were slower
than radical formation in wild-type (137%. The extent of HB radical formation in the mutants was
similar to wild-type, but their radical decayed-2 times faster. These kinetic changes correlated with
slower and less extensive Arg hydroxylation by the mutants (wild-typM#457F> W457A). We conclude

that W457 ensures a correct tempo of electron transfer frgetbl heme F&O,, possibly by stabilizing

the HyB radical. Proper control of these parameters may help maximize Arg hydroxylation and minimize
uncoupled @ activation at the heme.

Nitric oxide synthases (NOSare homodimeric enzymes as an enzyme-bound intermediate, and then NOHA is
whose subunits contain an N-terminal oxygenase and aoxidized to NO plus citrullinel—4). Each step represents a
C-terminal reductase domaid4). The NOS oxygenase mixed-function oxidation that consumes a molecule gf O
domain binds Fe-protoporphyrin IX (heme), Arg, and the and utilizes NADPH-derived reducing equivalents. Crystal
essential cofactor (§-tetrahydrobiopterin (kB). Two oxy- structures of NOS oxygenase domain dimers (NOSd&y) (
genase domains associate to form the dimer interface, thus8) show that Arg and NOHA are held directly above the
creating two active sites per homodimer. Attached reductaseheme, consistent with the heme bindingadd activating it
domains bind FAD, FMN, and NADPH and support catalysis for substrate oxidation. Indeed, ferrous NOS bind$agdorm
by providing electrons to the oxygenase domains. a detectable but transient ferretdioxy intermediate (F&,)

Because NOS are the only enzymes known to contain both(9—11). During NO synthesis, a second electron must be
heme and B, how these groups participate in NO synthesis provided to the PO, intermediate to form the ultimate
is a topic of interest. NO synthesis occurs in two steps: Arg oxidant(s) that react(s) with Arg or NOHA.,B binds near
is first hydroxylated to formN“-hydroxyarginine (NOHA) the heme in such a way that it could provide an electron to
the heme (Figure 1). Observations that bounB Hecomes
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R375 Arg purified as repo_rted previously29). Concer_ltrations of
ji mg\“" iNOSoxy are given on a per heme basis (one heme
o ) _— incorporated per monomer), as determined by absorbance
| 4 \é difference measurement at 44800 nm for the ferrous
: CO complex, using an extinction coefficient of 76 mM

cm L,

Enzyme Solution PreparatioWV457 mutants were pre-
incubated with Arg plus kB or H,B on ice overnight before
performing experiments, because of their lower affinity
toward substrate and cofact@f. Ferrous iINOSoxy proteins
were generated as described previoush). Briefly, overnight-
incubated ferric proteins were placed in a cuvette, and graded
amounts of a dithionite solution were added under anaerobic
conditions, monitoring heme reduction spectroscopically. Full
Ficure 1: Residues whose side chains interact with the ring of heme reduc,“c?” '_[yplcally_requwed adding a §I|ght molar
H4B. W455 and F470 residues are contributed by the partner €xcess of dithionite. All single turnover experiments were

subunit. Bound Arg and heme are indicated. Based on the crystalrepeated at least 3 times using different batches of INOSoxy
structure of the mouse iINOSoxy dimer INOD (5). proteins.

intermediate to create the ultimate oxidant, which then can  Stopped-Flow Spectroscoi¥apid scanning measurements
quickly hydroxylate Arg. Because reduction of'Ba by HsB were carried outin a Hi-Tech (SF-61) stopped-flow apparatus
appears to be faster than heme reduction by NOS reductas€duipped for anaerobic work and coupled to a Hi-Tech diode
domains 17, 18), we have proposed that,B may be a  array detector. Ferric INOSoxy proteins were diluted ia N
kinetically preferred source of the second electron that helpsPurged Hepes buffer (50 mM, pH 7.5) containing DTTEH
NOS couple its @reduction to Arg hydroxylation and NO  Of Hz2B, and Arg. After reduction by dithionite, solutions were
synthesis 19). transferred into the stopped-flow instrument using a gastight
Given the temporal and quantitative links betweesBH  Syringe. Reactions mixed equal volumes of anae_roblc enzyme
radical formation, F&0, reduction, and Arg hydroxylation ~ Solutions with air-saturated Hepes buffer at@0 Final (post
in wild-type iINOSoxy, we wished to examine how protein Mixing) concentrations for wild-type iNOSoxy were &M
structure impacts these processes. Electron transfer betweeRrotein, 100uM H4B or H;B, 0.5 mM DTT, and 100«M
H,B and the F&O, intermediate is likely influenced by their ~ Arg. Final concentrations for the WA57 mutants werel®
structural proximity and by the surrounding amino acid #M protein, 1 mM HB or H;B, 3 mM DTT, and 1 mM
residues. In mouse iINOS, the,Bi ring interacts with a  Arg. Ninety-six spectral scans were obtained after each
number of highly conserved residues (Figure 1). Two Mixing. Se_quenﬂal spec_tral data were fl_t to different reaction
residues (W457, R375) are provided by the same subunitmodels using the Specfit global analysis program (provided
while another two (F470, W455) are provided by the partner by Hi-Tech Ltd.), which could calculate the number of
subunit of the dimer. All of these residues contagBH  different enzyme species, their spectra, and their concentra-
through z-stacking and/or hydrogen-bonding interactions tions versus time during the single turnover reactions. In
(Figure 1, also see refs, 8, 20). The importance of each ~SOme cases, reacted samples were collepted fr.om the exit
residue regarding subunit dimerization and NO synthesis wasl0op of the instrument and frozen immediately in dry ice
recently investigated in iNOSoxy and neuronal NOS through for product analysis by HPLC.
site-directed mutagenesis studiexl,(22). In particular, Rapid-Quench ExperimentBhe kinetics of Arg oxidation
mutation of W457 to Ala and Phe in iNOSoxy allowed for during the single turnover reaction were studied using a Hi-
dimerization but diminished NO synthesis by iINOS het- Tech rapid-quench instrument and#G]Arg as described
erodimers containing the mutant subunits (wild-type previously for wild-type iNOSoxy15). In general, solutions
WA457F > W457A) (21). To better understand how W457  of reduced ferrous iNOSoxy proteins containingBHand
controls HB and NOS catalytic functions, we have examined Arg were rapidly mixed with an equal volume of air-saturated
how W457A and W457F mutations impact heme transitions, buffer containing 10 mM Arg at 10C followed by rapid
H.B radical formation, and Arg hydroxylation during a single quenching with the same volume of acidic 2-propanol.
turnover reaction by iNOSoxy. An accompanying paper by Analysis of amino acids present in the quench flow reactions
Aoyagi et al. R0) reports on the crystal structures of these is described elsewherd). We used relatively high con-
two iINOSoxy mutants. Together our studies help define how centrations of mutant iNOSoxy proteins arfddJArg due
H,B participates in @activation and how its redox functions  to their lower binding affinity toward ArgZ1). Reactions

W455

are modulated by the surrounding protein structure. contained 3«M wild-type or W457A protein plus 2M [“C]-
Arg, and 20uM W457F protein plus 1uM [*C]Arg.
MATERIALS AND METHODS Otherwise, ferrous protein solutions were prepared as

Materials and Enzyme Preparatiolll reagents were described above for the rapid scanning experiments.
obtained from Sigma or from sources reported previously Rapid-Freeze EPR ExperimenExperimental conditions
(15). NOHA was a kind gift from Dr. Bruce King, Wake for rapid-freeze reactions and EPR spectroscopy were as
Forest University. Wild-type and mutant iINOSoxy proteins previously reportedl(5). The initial concentrations of mutant
(amino acids £498 plus a 6-his extension at the C-terminus) proteins, HB, and Arg were~270uM, 1 mM, and 10 mM,
were overexpressed in BL21 using the pCWori vector and respectively, and the reactions were done at@0
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EPR Data AnalysisTo estimate how much bound,Bl 0.57
formed a radical during the single turnover reactions, the oust WASTA e
H,4B radical concentration determined at each time point was T Feo, | O] — F§§||§oz
fit to a kinetic model as follows: 8os0r Felth g0 WY T Fe(lll
AT;BTZ’C £018 2 o4f
. . . 0.00 o
where A, B, and C are IB, its radical, and the oxidized , , , . . . . .
radical (diamagnetic), respectively, akdandk, are rate 00 400 500 600 700 80 400 500 600 700
constants for radical formation and decay. The equation
developed from this kinetic model was N e, o500 Wa57F e
Ky (—ky(tdlt)) (—ko(tdlt)) § o4r o g o3l Y/ T Eiﬂ:??z
[B] [BT] _k1+ k2 [e € ] “g g
§ 02 g 0.20]
[B] is the concentration of kB radical present at each time -
point. [By] is the total concentration of /B that formed a e o of L =
radical during the reaction, and @ the lag time of radical 300 400 500 600 700 300 400 500 600 700
formation. Values for [B], ki, ko, and d were determined Wavelength (nm) Wavelength (nm)

by curve-fitting using the above equation and Delta Graph Ficure 2: Light absorbance spectra of W457 mutants during Arg
software (5). The percentage of 48 that formed a radical ~ hydroxylation. Single turnover reactions contained 1 mM Arg and

: : : 1 mM H4B, and were initiated by mixing anaerobic ferrous proteins
in each iINOSoxy protein was calculated ag|[BNOSOX]ioa with air-saturated buffer. See Materials and Methods for details.

x 100. We assumed all INOSoxy heme proteins contained | eft panels contain spectral scans collected at 0.064) sud 0.66

one HB bound per heme. s (- - -) after mixing, and highlight the @, intermediate and ferric
Product Stoichiometry AnalyseSOHA production from iNOSoxy species, respectively, for both mutants. Right panels

Arg was measured by two different methods. (i) Reaction fCO”ta'S” Spﬁtc”la gf lthe f‘?”‘?us’;%' i.”d I.ergc ,[Spe[‘)"?s as Calcu'atedt

samples collected from single turnover reactions run in t{ggof%e8; 4gi?1d2pz?1?1)éﬂ$gxpeﬁn:2ﬁtlsc. ala. Dala are representa-

anaerobic vessels or collected from stopped-flow rapid

scanning experiments (see above) were derivatized WithTabIe 1: Light Absorbance Data for Ferrous,)'©g and Ferric

o-phthalaldehyde, and then analyzed by reverse-phase HPLGrorms of Wild-Type, W457A, and W457F iNOSoXy

with fluorescence detection as described previouklyZ3).

Reactions contained 1, 2, or 5 mM Arg. After reactions were

absorbance peak positions (nm)

completed, sample solutions were filtered through an Amicon ___Potein ferrous PO, ferric
Centricon device (10 000 MW cutoff) prior to derivatization ~ Wild-type 414 (412) 426 (426) 393 (396)

for 2 min. An aliquot was then immediately injected into a 553 (553) 5%?((559535)) 5%3(&417))
Hewlett-Packard ODS-Hypersil column and eluted with a  \wa457A 416 (413) 430 (428) 396 (396)
gradient of buffer A (5 mM ammonium acetate, pH 6.0, 20% 554 (553) 556 (556) 644 (644)
methanol) and buffer B (100% methanol). Retention times 593 (594) 547 (547)

and concentrations of amino acids were calculated based on  W4>7F ;5153 ((545143) 545256 ((545232)) 633?86 ((63??(?))

Arg and NOI—(IjAbstanqud solu;ions. (ii) NOHA§ i;‘((I_Jgr?ation 590 (586) 537 (536)

was measurec by rapl _—quencl experlments u rg. aValues were determined by Specfit analysis except for those in
For W457A, 1QuM protein was incubated with 1M [*C]- parentheeses \(/evhich V\(/eere taken):‘ror% selectedykinetic trgces.

Arg, 140 uM Arg, and 1 mM HB prior to reaction. For
WA457F, 20uM protein was incubated with 20M ['4C]- . . : .
Arg, 80 M /Xrg,pand |1 r;vM I—lI;B.uBecaunglthesg co[ndit]ions the _|n|t|al f_errous iNOSoxy, an F_’@z |nte_rmed|ate, and
should allow only~50% Arg binding to W457F iNOSoxy ending ferric enzymel®). In reactions using the W457A
as judged from published binding dagi), we assumed 50% and W457F iINOSoxy mutants, we discerned these same three

binding saturation when calculating W457F product stoich- SPectral species. Figure 2 contains recorded spectra (left

iometry by this method. panels) and calculated spectra (right panels) from both W457
mutants undergoing single turnover reactions. Spectral traces
RESULTS and absorbance maxima for the ferrous!@g and ferric

species in both mutants were very similar to one another

initiated by rapid mixing an oxygen-containing buffer with &nd to wild-type iNOSoxy (Table 1). There also was good
a prereduced ferrous iNOSoxy protein that containg8 H agreement betw_een thg reco_rded and calculated spectra of
(or H,B) and Arg. The reaction mixture then underwent rapid the FE€O; or ferric species (Figure 2, Table 1). The Soret
UV —visible scanning to follow heme transitions, or was aged absorbance position of the mutant ferric proteins indicated
for various times followed by rapid freezing for EPR that their heme groups were in a predominantly high spin

detection of the BB radical, or rapid chemical quenching state at the end of the single turnover reactions (Figure 2,
to follow Arg conversion to products. Table 1). We conclude that the W457 mutations still

Spectral Species and Heme Transitioms. wild-type permitted buildup of an F®, intermediate, and did not
iINOSoxy, one can discern three spectral species during thesignificantly alter its spectral characteristics or those of the
single turnover reaction. They are in order of appearanceferrous or ferric species.

All single turnover reactions were done atl®and were
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W457A Table 2: Data from Arg Single Turnover Reactions for Wild-Type
. UL iINOSoxy and W457 Mutants
= s Jties -
% o7 Eeﬂ:go wild-type W457F WA457A
/” - © .
‘% 4 e Fe(lil) ’ Fe'O, disappearance  12.5+ 0.2 6.5+ 0.1 3.0+ 0.1
g rate (s1)P
e Fe'O, disappearance rate 0.30+0.08 0.37+0.01 0.052+ 0.003
8 7 + HoB (s7H)P
e H.4B radical formation 13 7.1 2.7
U rate (s'1)°
: : : ! H4B radical decay rate 0.6 1.0 2.7
(sh°
W . amount of HB radical 100 78 72
W457F _.-7" formed per heme (%)
= & . T e Fe(ll) rate of NOHA formation 9.2+ 1.1 43+1.2 2.6+ 0.7
2 y = Felllo, (s e
s 9 e NOHA produced 055+ 006 0.22+0.13 0.15+0.06
® per heme
s 4r 0.43+ 0.1 0.30+ 0.0 0.16+ 0.0¢
e Ll 0.32 0.18
© a All reactions contained kB unless otherwise specifieBlFrom two
[ separate experiments of eight mixings< 16). ¢ Rates calculated from
00 02 0e 06 05 two separate data sets containingID points each? Calculated as

explained under Materials and Methodfates calculated from three
separate data sets containing@®points eachf Values obtained from
FIGURE 3: Concentration of ferrous, If®,, and ferric species versus ~ reactions that contained“C]Arg (n = 3). 9 Values obtained from
time during Arg hydroxylation by the W457 mutants. Based on reactions that contained Arg at a concentration of 1 niv=( 6).
Specfit global analysis of kinetic data from reactions described in " Values obtained from reactions that contained Arg at a concentration
Figure 2. of 5mM (n = 1).

Time (s)

The two panels of Figure 3 show how concentrations of Pinding. The kinetic data were fit to a two-step process of
ferrous, F80,, and ferric species change during a single radical formanon and d_ecay (solid and dashed lines in r|_ght
turnover reaction for each mutant. Loss of the initial ferrous Panel of Figure 4). This gave calculated rates of r?dlcal
species, buildup of the '8, intermediate, and its conversion  formation in W457A and W457F of 7.1 and 2.7°s
o ferric enzyme were best described by monophasic transi-féspectively, which are slower than in wild-type (13',s
tions in both mutants, as is the case for wild-type NOSoxy Table 2). The calculated rates of ra_ldlcal decay in W457F
proteins @, 10, 15). Observed rates of K@, formation  and WA457A were 1.0 and 2.7 which were faster than
ranged between 50 and 100 slepending on the experiment wild-type (0.6 s*, Table 2). Our data analysis also estl_mated
and were relatively fast compared to"Be decay in both that 72%, 78%, and 100% of boundBiformed a radical
mutant and wild-type proteins. This allowed significant (P€r heme) during the single turnover reactions of WAS7A,
buildup of the FBO, intermediate in all cases (Figure 3). W457F, and wild-type iNOSoxy, respectively (Table 2).
Importantly, F8O, disappearance in the W457F mutant was Arg Hydroxylation We next st_udled the stoichiometry and
1.9 times slower than wild-type iNOSoxy and in the W457A kinetics of Arg hydroxylation in the W457 mutants. For
mutant was 4.2 times slower (Table 2). To help understand stoichiometry studies, some of the single turnover reactions
how bound HB influenced the kinetics of F@©, disappear- contained different concentrations of Arg (1, 2, and 5 mM)
ance, we repeated the reactions usinBHound mutantand 0 ensure that data were being obtained under saturation
wild-type iNOSoxy proteins. In all cases, three species were Pinding conditions. The W457F and W457A mutants con-
observed whose spectral features were identical to the ferrousSiStently catalyzed one-half and one-third as much Arg
Fe'0,, and ferric species in the 48-bound proteins (data hydroxylation as wild-type iINOSoxy on a per heme_ba5|s
not shown). However, conversion of the'Bg intermediate ~ (Table 2). NOHA was the only amino acid product in all

to ferric enzyme was 2660 times slower in the B- cases, and its formation depended completely ¢B ¢data
saturated proteins, with W457A being the slowest (Table 2). N0t shown). o _
H.B Radical Formation and DecajRapid-freeze experi- Figure 5 shows the kinetics offC]Arg disappearance and

ments showed that a radical withvalue 2.0 built up in [ *CINOHA formation in the single turnover reactions as
WA457A and W457F iNOSoxy during the single turnover determlned by rapld—quench.analys,ls. These experiments
reactions (Figure 4, left panel). The spectra and saturationcontained ¥'CJArg concentrations that were substoichio-
properties of the mutant radicals were identical to those of Metric with respect to enzyme, and thus provide information
the H,B radical formed in wild-type iNOSoxy (Figure 4) ©Nn the rate b_ut not the exter?t of Arg hyc_iroxylanon. The data
(14, 15). Signal intensities were used to calculate the amount fit Well to a single exponential process in all cases. Rates of
of H,B radical per heme that was present at each time point. AT9 disappearance and NOHA formation were equivalent
Values for the two mutants and wild-type iNOSoxy are Within experimental error. They were 4.3 and 2.6 for
plotted versus time in the right panel and inset of Figure 4. W457F and WAS7A, respectively, which are slower than in
Less HB radical accumulated during the W457F and W457A Wild-type iNOSoxy (9.2 s, Table 2).

reactions compared to wild-type iNOSoxy. Increasing the

H4B concentration in the reactions from 1 to 3 mM did not DISCUSSION
alter the results in any way (data not shown), suggesting that Our results build on mechanistic concepts advanced in
the observed differences were not due to incomplef®@ H previous studiesld—17, 19) and provide new insight into
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Ficure 4: H4B radical formation and decay during Arg hydroxylation in W457 mutants and wild-type iNOSoxy. Anaerobic ferrous iNOSoxy
proteins containing 10 mM Arg and 1 mM,B were rapidly mixed with an @saturated solution at 1T to start the reaction; reactions

were aged for the indicated times, and then quenched by rapid freezing. Left panel: EPR traces were recorded at 125 ms for wild-type
(dashed line), 300 ms for W457F (thick line), and 200 ms for W457A (thin line) after initiating the reaction. Right panel: Calculated
concentrations of the 4B radical versus time for wild-typal), W457F @), or W457A @) reactions. Curve fitting was done as described

under Materials and Methods. Data are representative of two experiments.
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FiGurRe 5: Arg disappearance and NOHA formation in W457 mutants and wild-type iNOSoxy during a single catalytic turnover. Anaerobic
solutions of ferrous iINOSoxy proteins W457k)( W457A @), and wild-type #) that contained kB and substoichiometric quantities of
[*4C]Arg were rapidly mixed with an air-saturated solution at°fDto start the reaction. Reactions were aged for the indicated times and
then rapidly quenched with acidic 2-propanol. See Materials and Methods for details. The percéafi#gg Eonversion to *CINOHA

in each single turnover reaction was 39%, 28%, and 22% for wild-type, W457F, and W457A proteins, respectively. These values were used
to normalize concentrations offC]Arg or [*“CINOHA among the three proteins to best compare their time courses. Data are representative
of three experiments.

Quantity WT > W457F > W457A

) Arg ,
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Y
Rate W457A > W457F > WT

Ficure 6: Effect of W457 mutations on various aspects of Arg hydroxylation by iINOSoxy. Both mutations altered the rajBsadidal
formation and decay, and also diminished the amount of Arg hydroxylated in the single turnover reaction. Steps that occyB after H
transfers an electron to 1H®, are fast relative to the electron transfer itself. Although th8 Fadical is shown as a cation, it could also

be uncharged. See text for details.

Rate WT > W457F > W457A

NOS structure-function (Figure 6). Both W457 mutants ref 20). As in wild-type iINOSoxy {5), the rate of HB
maintained an ability to oxidize /B to its radical during radical formation in both mutants was closely coupled to
the single turnover reaction. Because both mutants aredisappearance of their H®, intermediate. This process was
partially active in NO synthesis assay®l), our current in turn kinetically coupled to their Arg hydroxylation (or
finding reinforces the connection betweegB+edox func- NOHA formation) and to regeneration of ferric enzyme. Such
tion and NO synthesis. It is also consistent with structural strong kinetic correlates support the concept th# tadical
data showing that B is bound in its normal position near formation represents electron transfer fronBHio the FEO,

the heme in both W457 mutants (see accompanying paperjntermediate. Thus, W457 mutants appear to conserve the
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fundamental redox functions of thei,Bland heme groups, formed during Arg hydroxylation must be reduced back to
and proceed through a standard catalytic mechanism: Ferrou$d,B before starting the second step of NO synthesis.
heme binds @to generate the B, intermediate, which Reduction of the BB radical must occur before it undergoes
then receives an electron fromBito generate a heme-based oxidative decay, because NOS cannot reduce further oxidized
oxidant that can hydroxylate Arg. Because Arg hydroxylation species such as,B (24). The NOS reductase domain is
by the W457 mutants was as fast as theiyBHadical expected to reduce the4Bl radical. Although the rate is
formation and F&O, disappearance within experimental unknown, it must be faster than oxidative decay of th8 H
error, we conclude that/B electron transfer remained rate- radical in wild-type NOS enzymes to keep their NADPH
limiting for Arg hydroxylation by the mutant ferrous proteins. oxidation coupled to NO synthesis. Indeed, the available data

W457 mutations clearly altered the rates of8Hadical ~ Show that HB radical decay is relatively slow in wild-type
formation and decay in our single turnover reactions. INOSoxy (14, 15, this report), but its decay in the W457
However, they appeared to have little impact on the amount Mutants is faster. In W457A iNOSoxy, the rate offtadical
of H,B that formed a radical. This conclusion is suggested decay (2.5 s!) approaches or exceeds the rate of heme
by our calculation that the mutants generated-@8 H,B reduction in full-length iNOS (+2 s™) when determined
radical per heme during their reactions (Table 2), and by under similar conditions1@, 25). In principle, the W457
our observing single exponential rates of ©g disappear- ~ Mutations might promote oxidation of the;Bi radical by
ance in both mutants that were equivalent to their rates of increasing its exposure to solvent or by causing it to
H.,B radical formation. Thus, electron transfer betwegBH  dissociate from the enzyme. Structural changes related to
and the FEO, intermediate appeared to be practically these possibilities are discussed in the accompanying paper
complete and well-coupled in both W457 mutants. This is (20). Although it will ultimately be important to compare
also the case in wild-type iINOSoxyL%). If H,B electron rates of HB radical formation, reduction, and decay in full-
transfer were incomplete or poorly coupled in the w457 length NOS enzymes, measuring these rates may be chal-
mutants, then we should have observed biphasic rates for€nging because full-length NOS contain a stable flavin
their F&/O, disappearance, where the slow rate component Sémiquinone radical6—29) that complicates interpretation
matches rates obtained with,Btloaded mutant proteins  ©Of the EPR data.

(H:B cannot reduce the K@, intermediate). Since MO, Wild-type NOSoxy proteins consistently generate subs-
disappearance was 260 times slower in kB-loaded toichiometric amounts of NOHA from Arg in single turnover
proteins compared to B-loaded proteins (see Table 1), experiments{0-12, 14, 15, 23). How the W457 mutations
biphasic decay corresponding to incomplete or uncoupled further diminish the extent of Arg hydroxylation remains an
electron transfer would have been easily detected duringOpen question. Previous spectroscopic studies suggest that
analysis of the kinetic spectral data. Therefore, we concludethe mutants have lower affinities toward Ar@lj, thus

that W457 primarily regulates the tempo of electron transfer raising the possibility of incomplete Arg binding. However,
between HB and the FEO, intermediate, rather than Spectral traces recorded after the single turnover reactions
influences the extent or coupling of the electron transfer. Its show that the W457 mutant ferric hemes are in a predomi-
kinetic function may be important, because slowing down nantly high-spin state (Figure 2), which is attainable only
H.B electron transfer by a factor of 2 in WA57F or 4 in when Arg binds to the B-bound proteins. Moreover, yields
WA457A was associated with the mutants catalyzing propor- of NOHA in these reactions did not increase upon increasing

tionally less Arg hydroxylation than wild-type iINOSoxy
(Table 2, Figure 6).

W457A and W457F iINOSoxy mutants had diminished
rates of NO synthesis in INOS heterodimer studies (activity
of wild-type = W457F > W457A,; see ref21). Also, NO

the initial Arg concentration from 1 to 5 mM (Table 2). These
data argue against incomplete Arg binding being responsible
for the different product yields. Because the extent of Arg
hydroxylation correlated so well with rates of,Bi radical
formation (wild-type> W457F > W457A), the kinetics of

H,B electron transfer may be an important factor in
determining product yield. The simplest explanation is that
slowing reduction of PEO, by H4B increases the likelihood
that F&O, will decay before it can be reduced. In theory,
circumstances that increase the rate ¢B Iradical formation
and extent of Arg hydroxylation are possible. We are
investigating this with BB analogues that appear to reduce
the FEO, intermediate faster than,B in single turnover
experiments$.As a third possibility, W457 mutations might
diminish the reactivity of the heme-based oxidant toward
Arg. Because this effect would occur aftegBireduces the
Fe'O, intermediate, it is surprising that its impact would vary
so closely with the rates of /B electron transfer. The
W457A mutation may alter heme reactivity during®3-
driven NOHA oxidation, because in this assay the activity
of HsB-bound W457A iINOSoxy was less than wild-type,
whereas the W457F mutant had a normal r&#).(The

synthesis activities of full-length W457A iNG%nd corre-
sponding neuronal NOS mutants W678L and W6788) (
were less than wild-type, and were uncoupled with respect
to enzyme NADPH oxidation. These catalytic profiles are
consistent with our single turnover results. Specifically,
W457 mutations primarily slowed the rate of,Biradical
formation and sped up radical decay. Slower electron transfer
from H4B to F'O, could uncouple NOS oxygen activation
from NO synthesis if PEO, decay is sufficiently fast in full-
length NOS, as may be the cag&)( In such a circumstance,
superoxide release from the'f® intermediate would occur

at the expense of NADPH oxidation, and would uncouple
NADPH oxidation from NO synthesis in NOS.

Faster decay of the 4B radical could also diminish NO
synthesis and uncouple NADPH consumption, but by a
different mechanism. Because fully reducegBHs required
in both steps of NO synthesid(, 11, 23), the H,B radical

3Wei, C.-C., and Stuehr, D. J., unpublished results.

2Wang, Z.-Q., and Stuehr, D. J., unpublished results. 4 Santolini, J., Wang, Z.-Q., and Stuehr, D. J., unpublished results.
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heme-based oxidant that forms when ferric NOS reacts with 10. Boggs, S., Huang, L. X., and Stuehr, D. J. (2@@chemistry
H»0; is thought to be similar or identical to the species that
hydroxylates Arg during normal NOS catalysi®(30). Our

crystallographic analysis of WAS7 mutants (see accompany- 1 witteveen, C. F. B., Giovanelli, J., and Kaufman, S. (1999)
ing paper, ref20) shows that their overall structures are
mostly unchanged compared to wild-type, including the heme 13. Reif, A, Frohlich, L. G., Kotsonis, P., Frey, A., Bommel, H.

environment. However, there are some changes in hydrogen
bonding patterns near the heme, as well as increased mobility 14
in discreet areas of the protein, that could conceivably '
influence heme reactivity. But the effects must be subtle,

because both mutants formed"Bg intermediates with

spectral properties indistinguishable from wild-type, and the

heme midpoint potential in W457A iINOSoxy is similar to

wild-type* We are investigating these issues by character-

izing other NOS mutants that may have altere ldlectron
transfer, and by using 4B or substrate analogues that
modulate electron-transfer rates in NOS.
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