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ABSTRACT. The nitric oxide synthases (NOS) are the only heme-containing enzymes that require
tetrahydrobiopterin (BH4) as a cofactor. Previous studies indicate that only the fully reduced (i.e.,
tetrahydro) form of BH4 can support NO synthesis. Here, we characterize pterin-free inducible NOS
(INOS) and iNOS reconstituted with eight different tetrahydro- or dihydropterins to elucidate how changes
in pterin side-chain structure and ring oxidation state regulate iINOS. Seven different enzyme properties
that are important for catalysis and are thought to involve pterin were studied. Only two properties were
found to depend on pterin oxidation state (i.e., they required fully reduced tetrahydropterins) and were
independent of side chain structure: NO synthesis and the ability to increase heme-dependent NADPH
oxidation in response to substrates. In contrast, five properties were exclusively dependent on pterin
side-chain structure or stereochemistry and were independent of pterin oxidation state: pterin binding
affinity, and its ability to shift the heme iron to its high-spin state, stabilize the ferrous heme iron
coordination structure, support heme iron reduction, and promote iINOS subunit assembly into a dimer.
These results clarify how structural versus redox properties of the pterin impact on its multifaceted role
in INOS function. In addition, the data reveal that during NO synthesis all pterin-dependent steps up to
and including heme iron reduction can take place independent of the pterin ring oxidation state, indicating
that the requirement for fully reduced pterin occurs at a point in catalysis beyond heme iron reduction.

Nitric oxide (NO} has emerged as a significant signaling tively expressed 4), whereas a third inducible isoform
and effector molecule in many physiologic systems, including (iNOS) is expressed only in cells exposed to endotoxins or
the immune, cardiovascular, and nervous systems (forinflammatory cytokinesg—7).
reviews see ref§—3). To fulfill its diverse functions, NO
is generatedh vivo by a family of three similar yet distinct
enzymes collectively termed the NO synthases (NOS). Two
of these, endothelial NOS and neuronal NOS, are constitu-

The three NOS exhibit a similar catalytic profile and
composition. They each catalyze an NADPH- angt O
dependent five-electron oxidation ofarginine to generate
L-citrulline and NO, via formation oN®-hydroxy-+-arginine
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Pterin Cofactor Requirement in NO Synthesis

reduced, the ferrous heme can bind @8, 29) and then
proceed with the oxygenation of substrate.

The NOSs are the only heme-containing enzymes known
to require a pterin cofactor for activity. BH4 appears to
support NO synthesis only in its fully reduced (i.e., tetrahy-
dro) form 30—33); however, the basis for this requirement
is unclear. Most studies of BH4 function have been limited
by an unavailability of pterin-free NOS preparations. Nev-
ertheless, a number of functions have been proposed includ-
ing stabilization of the NOS active dimeric structurE9(
34—38), promotion of subunit dimerization for INOS3%,

39, 40), allosteric modulation of the enzym83, 34, 38,

41), and attenuation of the feedback inhibition by Na2(

43). A possible role for BH4 in providing electron equiva-
lents for heme reduction and/or oxygen activation had also
been proposed(, 31, 44) on the basis of its known function

in aromatic amino acid hydroxylatiod%). However, it was
subsequently shown that NOS utilize an NADPH- and flavin-
based reductase system to provide reducing equivalents to
its heme, much unlike the aromatic amino acid hydroxylases
that utilize BH4 as a sole source of electrons. Moreover,
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mechanistic considerations indicate that NOS is supplied with
sufficient reducing equivalents by NADPH and substrate to FIGUREL: Structures, names, and abbreviations of the pterins used
fully account for NO synthesisl(11, 12, 46), implying that kréét;lssatzdy The numbering of the pterin ring atoms is shown for
no additional electrons are needed from BH4. Consistent '
with this, redox cycling of the pterin cofactor has not been Diego, CA). DTT andS-ethylisothiourea (SEITU) were
detected during catalysis by NOS4( 47), although experi-  purchased from Aldrich (Milwaukee, WI).N-Hydroxy-
mental difficulties may limit investigation of BH4 redox guanidine was purchased from Pfaltz and Bauer (Waterbury,
cycling in NOS. Thus, results to date suggest th&){6 CT). Urea was purchased from Bio-Rad (Richmond, CA).
BH4 supports NO synthesis by a variety of means that do Glycerol and Terrific Broth were purchased from Gibco-
not neccessarily involve its redox cycling. BRL Life Technologies (Gaithersburg, MD). His-Bind
To better define BH4's role in regulating NOS structure (nitrilotriacetate, NTA) resin was purchased from Novagen
and catalysis, we have characterized a pterin-free form of (Madison, Wi). Carbon monoxide was purchased from Gas

mouse iINOS expressedfirscherichia colreconstituted with 1 €chnics (Cleveland, OH)L-Thiocitrulline was a gift from

a number of tetrahydro- and dihydropterins, alone or in Dr_. P. L. Feldman, Glaxo Research Institute, Research
conjunction withL-arginine or substrate analogues. Each Triangle Park, NC. _

pterin’s capacity to affect the electronic, catalytic, and  ENZyme Preparatian Mouse macrophage iNOS was

structural properties of INOS is compared and discussed with PUrified from anE. colistrain coexpressing iNOS (N-terminal
regard to (&)-BH4 function in NO synthesis. histidines-tagged) and calmodulin as described previously
(48). Briefly, 1 L cultures of Terrific Broth containing 125

ug of ampicillin, 50ug of chloramphenicol, and 4 mL of
glycerol were initiated with 100 mL of overnight bacterial
Materials The pterin analogues used in this study are culture and shaken at 250 rpm at 37. At ODggo Of 0.8—
shown in Figure 1, along with their structural formulas and 1.0, protein expression was induced by addition of 1mM
designations. All pterin analogues were purchased from Dr. IPTG plus 0.4 mMJd-aminolevulinic acid, and the cultures
B. Schirck’s laboratory (Jona, Switzerland). The tetrahy- were continuously shaken for 2418 h at 25°C. The cells
dropterin analogues were dissolved in 40 mM 4-(2-hydroxy- were harvested by centrifuging at 5000 rpm for 15 min at 4
ethyl)-1-piperazinepropanesulfonic acid (EPPS) buffer, pH °C, and the pellet was resuspended in lysis buffer containing
7.6, with a 3-fold molar excess of dithiothreitol (DTT). The 40 mM EPPS (pH 7.6), 3 mM DTT, 250 mM sodium
dihydropterins were dissolved in dimethyl sulfoxide. All chloride, 1 mMc-arginine, 5Qug/mL lysozyme, and protease
pterin solutions were kept at70 °C when not in use. inhibitors [aprotinin/leupeptin and phenylmethanesulfonyl
Agmatine, L-o-aminof-guanidinopropionic acid (AGPA), fluoride (PMSF)/pepstatin A]. The cells were ruptured by
N-aminoguanidineg-aminolevulinic acid, ammonium sul-  three successive freezéhaw cycles followed by sonication
fate, L-arginine, bovine serum albumin (BSA), chloram- (3 x 30 s) and then centrifuged for 20 min at 13 000 rpm
phenicol, L-citrulline, EPPS, 4-(2-hydroxyethyl)-1-pipera- and 4°C. The supernatant was initially purified by an
zineethanesulfonic acid (HEPES), homoarginine, imidazole, ammonium sulfate fractionation step (45% cut). The pre-
sodium dithionite, sodium nitrate, sodium nitrite, and su- cipitate from this step was dissolved in a minimum volume
peroxide dismutase were purchased from Sigma (St. Louis,of buffer as above minus the lysozyme and then applied to
MO). Ampicillin, catalase, FAD, FMN and isoproptp- a Ni-NTA affinity column preequilibrated with buffer. The
thiogalactopyranoside (IPTG) were purchased from Boe- protein was eluted with 100 mL of 200 mM imidazole. The
hringer Mannheim GmbH (Germany). NOHA arid’- eluted protein was further purified by,2-ADP—Sepharose
methyl+-arginine (NMA) were purchased from Alexis (San affinity chromatography as described previousdp,(49),

MATERIALS AND METHODS
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except that the running buffer contained 0.5 mMrginine

Presta et al.

analyzer radical purger, containing vanadium(lll) and hy-

and no BH4. The NOS fraction was then concentrated and drochloric acid at 90C. Nitrite and nitrate in the sample

dialyzed twice with buffer containing 40 mM EPPS (pH 7.6),
10% glycerol, and 2.5 mM DTT to removearginine.
L-Arginine Spectral Binding ConstantsSpectral binding
constants were determined forarginine binding to (B)-
BH4- or BH2-saturated iNOS at 28C. The pterin- and
substrate-free enzyme was incubated &€ 4vernight with
20uM (6R)-BH4 or 150uM BH2. The enzyme was diluted
to approximately 4(M in a volume of 35QuL with 40 mM
EPPS, pH 7.6, and 10% glycerol. Imidazole (0.2 mM) was
added to shift the INOS heme iron to low-sp#8). Aliquots

are reduced to NO by V(lll), and helium gas was used to
purge NO from the solution for subsequent chemilumines-
cence detection. The citrulline concentration in each aliquot
was determined by precolumn derivitization followed by
reversed-phase HPLC and fluorescence detection as de:
scribed elsewhere2g), with authenticL-citrulline used to
prepare a standard curve. Samples were analyzed in
duplicate in all cases.

Spectroscopic MeasurementSteady-state UV visible
absorption spectra and NADPH oxidation time scans were

of concentrated-arginine solution were added sequentially acquired on Hitachi U-2000 and U-3110 spectrophotometers
and spectra were recorded 15 and 20 min after each additioncontrolled by the spectral acquisition and manipulation

Spectra were corrected for dilutiom-Arginine binding was program SpectraCalc (Galactic Industries, Salem, NH). Pre-
determined as a Type | shift to high-spin heme iron by steady-state kinetic measurements were performed using &
monitoring an increase in absorbance at 392 nm and aHi-Tech Model SF-51 stopped-flow spectrometer. The rates

decrease in absorbance at 428 nm.

Enzyme Actity Measurements The rate of NADPH
oxidation by iINOS was determined in cuvettes at 340 nm
assuming aress = 6.22 mMt cmt. The assay buffer
contained 40 mM EPPS (pH 7.6), 0.3 mM DTT, 0.1 mg/
mL BSA, 4 uM FAD, 4 uM FMN, 10 units/mL SOD, 100
units/mL catalase, and protease inhibitors. To dgbof

of INOS flavin and heme reduction were determined by rapid
mixing of an anaerobic solution of 1M NADPH with

an anaerobic solution containingi®1 enzyme in 40 mM
EPPS (pH 7.6) in the presence or absence of pterin cofactors
[50 uM (6R)-BH4 or 150uM BH2] and 5 mM_L-arginine.
Absorbance change was monitored at 485 nm for flavin
reduction and at 440 nm for heme reduction in replicate

enzyme was added the pterin and/or the substrate as requiredxperiments. Exponential fitting of the absorbance change
for each experiment, and the volume was brought to 300 over time was performed using software provided by the

uL with assay buffer. In some cases, relative NADPH
oxidation rates for (R)-BH4-bound and BH2-bound iNOS

instrument manufacturer as previously describ&g).(
Subunit Dimerization The ability of pterin analogues to

in the presence of various substrate analogues were estimategromote dimerization of either full-length iNOS monomers

using a 96-well microplate and a Molecular Devices THER-
MOmax microplate reader using Molecular Device’'s Softmax
software. NADPH consumption was followed at 32 by
monitoring change in absorbance at 340 nm.

or oxygenase domain monomers was done using methods
previously describeddQ, 51). The dimeric INOS oxygenase
domain with a histidingtag at its carboxy terminus was
overexpressed i&. coliand purified as previously reported

NO synthesis by a BH2-saturated iNOS was in one case(41, 52). The iNOS oxygenase domain dimer was dissoci-

measured at 28C using the spectrophotometric oxyhemo-
globin method (Sennequier & Stuehr, 1996). A 300
reaction contained 40 mM EPPS (pH 7.6), 0.3 mM DTT, 1
mM NOHA or L-arginine, 15QuM BH2, 0.1 mg/mL BSA,
4 uM FAD, 4 uM FMN, 5 uM iNOS, 104M oxyhemoglo-

ated into monomers by dialysis for 90 min at’@ in 40
mM HEPES buffer (pH 7.5) containing 10% glycerol, 3 mM
DTT, ard 5 M urea, followed by 4-h dialysis in buffer
containirg 2 M urea, and finally overnight dialysis with
buffer containing 0.1 M uread(). Gel-filtration chroma-

bin, 10 units/mL SOD, 1300 units/mL catalase, and proteasetography confirmed that this protocol resulted #B80%

inhibitors. The reaction was initiated by adding 10
NADPH, and the NO-mediated conversion of oxyhemoglo-
bin to methemoglobin was followed at 401 nm, using a
difference extinction coefficient of 38 mM cm™.
Time-course studies of NO and citrulline synthesis using
the various pterin analogues anehrginine or NOHA as

subunit dissociation. Dimerization of oxygenase domain
monomers was performed by incubation ofill enzyme

at room temperature fol h in 40 mM HEPES (pH 7.5)
containing 3 mM DTT, 0.05 mg/mL BSA, the required
pterin, and in some casesarginine. The extent of dimer-
ization was determined by gel-filtration chromatography

substrate were done in assay buffer consisting of 40 mM using a Pharmacia Biotech Inc. (Piscataway, NJ) FPLC

EPPS (pH 7.6), 0.5 mg/mL BSA, 0.3 mM DTT, 1300 units/
mL catalase, 150 units/mL SOD,:/M FAD, 4 uM FMN,

and protease inhibitors. Substrate and pterin (final concen-

trations are given in the Results) were added to g&f
iINOS diluted in assay buffer to 150L total volume.
NADPH (350 uM) was then added to initiate enzyme
activity. Aliquots (15uL) were removed from the assay at
known time points and immediately acidified withul of

concentrated HCI to terminate the reaction. The concentra-

tion of NO,~ plus NO&~ (both derived from spontaneous
oxidation of NO in solution) was determined by chemilu-

system and a Pharmacia Superdex 200 column using 40 mM
HEPES (pH 7.5) plus 3 mM DTT as the running buffer and
a flow rate of 0.5 mL/min 40).

Full-length pterin- and-arginine-free INOS was dissoci-
ated into monomers by incubation for 90 min at°&7in 40
mM EPPS (pH 7.6) containing 10% glycerol, 3 mM DTT,
and 2 M urea%1). Dimerization was induced in the urea-
incubated sample itself by incubating with a pterin alone or
in some cases with-arginine for 45 min at 25C. The
extent of dimerization was estimated by determining NO
synthesis activity following the dimerization reactiosil)

minescence using the Sievers nitric oxide analyzer, Model using the oxyhemoglobin NO ass&i8] at 37°C. For this

NOA 280 (Sievers Instruments, Boulder, CO), using au-

assay, 2 mL of the incubated sample was diluted in a cuvette

thentic sodium nitrite and sodium nitrate as standards. A to a total volume of 75uL in 40 mM EPPS (pH 7.6)

4-ul sample from each time point was injected into the NO

containing 0.3 mM DTT, 1 mg/mL BSA, 10 units/mL SOD,
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100 Spectral binding constants were determined in the presence

— XL of 0.2 mM imidazole forL-arginine binding to INOS
0.02 mM (6R}-BH4 ' containing (&)-BH4 or BH2. Reciprocal plots af-arginine
0.8 mM sepiapterin 4 concentration versus the Type | spectral shift obtairegh(
— Ayz9) gave spectral binding constants fearginine ofKs
E = 12 uM with (6R)-BH4-bound iNOS ands = 24 uM with
! M E P4 BH2-bound iNOS. The similar affinity toward-arginine
is consistent with radioligand binding data that showed both
BH2- and BH4-saturated iNOS exhibits a similar affinity
1 mM 6-OHMePH4 toward Ne-nitroarginine and in general exhibit a binding
synergism between pterins and substrate or substrate ana
logues 41).
Pterin andL-Arginine Effects on NOS CatalysiSpecific
0 L ‘ rates of NO synthesis by iINOS reconstituted with the various
0 100 200 1440 pterins were determined by removing aliquots from reactions
Time (minutes) . . . o .
at known time points and analyzing for nitrite plus nitrate

FiIGURE 2: Heme iron spin shift associated with pterin binding to . : A
iNOS. The pterin- and sﬂbstrate-free enzymel® v?/as incubate%l content by chemiluminescence and for citrulline content by

at 25°C with each pterin or arginine at the specified concentrations, HPLC? As shown in Table 1, all tetrahydropterin analogues
and its absorbance spectrum was acquired at periodic time intervalssupported NO and citrulline synthesis from eithearginine
The extent of spectral shift toward high spin was determined by or NOHA at rates that matched those observed for iNOS

the absorbance difference at 400 and 459 nm. A complete shift of ; _ ; _
100% was designated for INOS incubated with 10 midrginine saturated with (R)-BH4. By contrast, the three dihydro

and 20uM (6R)-BH4 for 2 h, after which time no further changes pterins supported no detectable NO or citrulline synthesis

in absorbance were observed. The data points at 24 h were acquiredrom eitherL-arginine or NOHA.
from samples that were dialyzed in buffer containing the pterin of ~ To determine if BH2 could support NO synthesis at a level

interest. below the detection limit of our normal assay, we used the
100 units/mL catalase, 4«M FAD and FMN, 5 uM oxyhemoglobin assay to measure NO synthesis in a reaction
oxyhemoglobin, 1 mM.-arginine, 0.1 mM NADPH, and 25  containing BH2-saturated iNOS at a concentration sufficient
uM (6R)-BH4. The NO-mediated conversion of oxyhemo- to detect NO synthesis due to a single catalytic turnover (5
globin to methemoglobin over the first 5 min of the reaction 4M iINOS). However, we observed no detectable NO
was monitored at 401 nm and converted to a rate of NO synthesis from either-arginine or NOHA in a 10 min

10 mM L-Arginine

80

60

40

% Shift to High-Spin

20

synthesis using the difference extinction coefficientaf reaction compared to a substrate-free control, indicating BH2
=38 mM*tcm did not support NO synthesis even at this level of detection.
RESULTS Rates of NADPH consumption by iNOS reconstituted with

) ) o o or without the various pterins are also shown in Table 1.

‘Spectral Analysis of Pterin and-Arginine Binding.  The pasal level of NADPH oxidation by a pterin- and
Binding of each pterin or-arginine to ferric INOS was | _grginine-free iNOS at 37C was 61+ 5 nmol of NADPH
investigated spectroscopically by comparing their ability to 13;-1 (mg of enzyme)! (~8 min~! per monomer). Addition
cause a shift in heme iron spin state from low- to high-spin 4 5 sypstrate-based inhibitor of heme iron reduction (thio-
(increase in absorbance at 400 nm and decrease at 459§"Eitrulline) did not alter the basal rate of NADPH oxidation,
over time. The results are shown in Figure 2, with @ 100% gyggesting that it occurs independent of electron transfer to
shift representing that achieved upon incubating iINOS with he 'iNOS heme iron (54). Adding eitherarginine or
both 20uM (6R)-BH4 and 10 mM.-arginine, which causes  NOHA to pterin-free iNOS increased its NADPH consump-
a nearly complete shift to high-spirl9). In all cases tjon rate to 165+ 1 and 300+ 12 nmol of NADPH mir
exar_mned, spectral chap_ge associated with binding occurred(mg of enzyme)?, respectively, indicating that substrates can
relatively slowly, requirig 2 h or more to approach  jncrease iNOS NADPH consumption in the absence of bound
equilibrium. After 24 h, samples that receivedrginine, pterin.
(6R)-BH4, (69)-BH4, or BH2 all achieved- 90% transition Adding (6R)-BH4 alone to iNOS increased its NADPH
to high-spin, whereas samples receiving sepiapterin, NH4, qviqation to 245+ 1 nmol of NADPH mirrt (mg of
6-MePH4, or 6-OHMePH4 achieved intermediate transitions enzymeJL. In marked contrast, the tetrahydropterin ana-
that ranged from 75% to 50% high-spin by 24 h, respec- |oques NH4, 6-OHMePH4, and 6-MePH4 were found not
tively.?2 For pterins that caused intermediate spin shift 5 increase NADPH consumption by iNOS over the basal
transitions, replicate experiments were done using highereye| while (69-BH4 only caused a minor enhancement.
pterin concentrations to test if saturating conditions had beenypg dihydropterins BH2, sepiapterin, and deoxysepiapterin
achieved. The spin shift transitions obtained were identical g5ch increased iINOS NADPH consu}nption to levels similar
in magnitude to those achieved at the lower concentrations;q that observed with ®-BH4. Increased NADPH oxida-
(data not shown), indicating the original concentrations were tiqy associated with ®-BH4 or BH2 saturation was in both
sufficient to saturate iINOS. These concentrations were thencases negated by thiocitrulline, suggesting that NADPH
used in the remainder of our studies unless specified yjgation promoted by these pterins involves electron transfer
otherwise. to the iINOS heme iron.

2 Spectra were recorded to determine the extent of INOS heme iron  ®The oxyhemoglobin NO trapping assay could not be used to
spin shift to high-spin after 24 h dialysis of the enzyme with the pterin measure NO synthesis because tetrahydropterins at the concentration
analogue of interest. used in this study interfered with the assay.



302 Biochemistry, Vol. 37, No. 1, 1998 Presta et al.
Table 1: Enzymatic Activities of INOS Reconstituted with Different Pterins
pterin
ECs, for
NADPH NADPH citrulline
oxidatior? oxidatiorf NO synthesis synthesi%
pterin substrafe (uMm) (nmol mim! mg™) (nmol mim* mg™) (nmol mim mg™)
none none 615 0 0
L-arginine 165+ 1 0 0
NOHA 300+ 12 0 0
thiocitrulline 69+ 7 NAd NA
(6R)-BH4 none 0.60 245 1 0 0
L-arginine 0.11 127& 140 219+ 4 (1520+ 160y 219+ 7
NOHA 390+ 10 205+ 3 210+ 17
thiocitrulline 69+ 11 NA NA
BH2 none 6.2 304t 7 0 0
L-arginine 280+ 30 0 0
NOHA 291+2 0 0
thiocitrulline 79+ 20 NA NA
sepiapterin none 50 13% 3 0 0
L-arginine 281+ 5 0 0
deoxysepiapterin none 11 2404 0 0
L-arginine 290+ 40 0 0
(6S-BH4 none 97+ 5 0 0
L-arginine 6.5 126@: 140 97+ 5 90+ 9
NOHA 331+ 12 124+ 3 124+ 10
NH4 none 60t 2 0 0
L-arginine 100 107& 120 223+ 8 270+ 20
NOHA 415+ 24 179+ 7 190+ 20
6-MePH4 none 6% 1 0 0
L-arginine 59 120Gt 120 210+ 8 197+ 15
NOHA 360+ 22 163+ 5 190+ 20
6-OHMePH4 none 5& 3 0 0
L-arginine 89 132G 120 202+ 9 195+ 25
NOHA 327+ 6 200+ 10 270+ 20

a Concentrations used were 5 miMarginine, 1 mML-NOHA, and 1 mM thiocitrulline ? ECso represents the pterin concentration at which 50%
of maximal activity was obtained, as determined by double-reciprocal LineweBuek plots.c NADPH oxidation assays were done at¥7 and
the NO and citrulline synthesis assays were done 4C2%alues are the mean plus standard error of two determinations €Blais. measurement
is not applicable since thiocitrulline inhibits heme iron reduction and thus cannot support product syfatftasispecific activity for NO synthesis

was determined at 37C using the oxyhemoglobin method.

Addition of L-arginine to the (R)-BH4-saturated iNOS
boosted its rate of NADPH consumption, consistent with
previous studies using BH4-replete INOS isolated from

L-arginine, homoarginine, and agmatine moderately inhibited
NADPH consumption relative to substrate-free BH2-bound
iINOS. L-Thiocitrulline or SEITU inhibited NADPH oxida-

mammalian cellsZ7). Because the rate increase is greater tion by (6R)-BH4-saturated and by BH2-bound iNOS to

than the sum of the individual rates obtained witR&8H4
or L-arginine, it identifies a synergism between the pterin

identical degrees, whil&-aminoguanidine only inhibited
NADPH consumption by the @-BH4-saturated iNOS and

and substrate in enhancing electron transfer through thedid not appreciably affect BH2-saturated iNOS. By com-

enzyme. An increase in NADPH oxidation in response to

parison, an iNOS saturated with NH4 responded to the

L-arginine was also observed for INOS saturated with each substrate analogues in a qualitatively identical manner as a

of four tetrahydropterin analogues. In contrast, iINOS
saturated with any of the three dihydropterins did not
significantly increase its NADPH consumption rate in
response ta-arginine.

The inability of BH2-bound iNOS to increase its NADPH
consumption in response tearginine was further investi-
gated by examining its NADPH oxidation in response to a

(6R)-BH4-saturated iINOS regarding their positive or negative
effects on NADPH oxidation rate (data not shown). This
suggests that the divergent response seen for BH2 is relatec
to a difference in oxidation state relative to BH4.

Effect of Pterins and.-Arginine on iNOS Heme Iron
Reduction Spectral analyses of heme iron reduction in INOS
samples saturated with various pterins are presented in

variety of substrate analogues that are known to (a) increasehe multiple panels of Figure 4, with the results summarized

NADPH oxidation by BH4-replete iINOS while being
metabolized to NO (NMA, homoarginine), (b) increase
NADPH oxidation without being metabolized to NO (ag-
matine,N-hydroxyguanidine, AGPA), or (c) lower NADPH
consumption without being metabolized to NO (thiocitrulline,
SEITU, N-aminoguanidine) §5). The results are sum-

in Table 2. These experiments were performed under
anaerobic conditions in CO-saturated buffer such that INOS
heme iron reduction would lead to formation of the ferreus
CO complex, which absorbs at 444 ndB(56). For each
experiment a concentrated sample of iINOS was incubated
overnight at 4°C with the pterin of interesti L-arginine)

marized in Figure 3. Of five substrate analogues that to assure binding equilibrium.

increased NADPH oxidation by §-BH4-bound iNOS, only

two (N-hydroxyguanidine and AGPA) increased NADPH
oxidation by the BH2-saturated iNOS. NMA did not
significantly affect its NADPH consumption rate, while

For pterin-free iINOS (panel A), addition of excess
NADPH decreased absorbance from 390 to 500 nm and
between 600 and 650 nm, indicating reduction of the INOS
flavins (27). However, no spectral signal at 444 nm was
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Ficure 3: Effect of substrate analogues on the rate of NADPH oxidation fBj-BH4-bound iNOS and BH2-bound iNOS. The data
represent the percent difference in specific activities between the pterin-bound enzyme in the presence or absence of each particular st
analogue. NADPH consumption was monitored at 340 nm using a 96-well microplate reader as described in Materials and Methods
data shown are means and standard deviations of three experiments done in duplicate. The concentrations us&tline8,20uM
(6R)-BH4, 150uM BH2, 2 mM L-arginine, 0.5 mM NMA, 1 mM homoarginine, 0.5 mM agmatine, 5 niNhydroxyguanidine, 1 mM
AGPA, 0.2 mM thiocitrulline, 0.2 mM SEITU, and 0.5 mM aminoguanidine.

observed, indicating that heme iron reduction did not occur. for the (6R)-BH4-bound enzyme, addition of excess NADPH
Subsequent addition of-arginine to pterin-free INOS led to development of spectral bands at 421 and 444 nm,
resulted in an immediate and intense signal at 444 nm, indicating heme iron reduction had occurred. Formation of
indicating thatL-arginine alone could trigger reduction of the cysteine-ligated ferrousCO species was~90% of
the INOS heme iron as mediated by the iINOS flavins. The maximal. Thus, the extent of heme reduction achieved for
extent of NADPH-dependent heme iron reduction was the BH2-saturated iNOS was equivalent to or slightly greater
estimated as in Siddhanta et ab2| by comparing the  than that obtained with @-BH4-saturated iNOS. In the
absorbance difference obtained at 4800 nm after NADPH presence of-arginine, the BH2-saturated iNOS formed the
addition and after adding excess sodium dithionite to cysteine-bound ferrous hem€O complex almost exclu-
completely reduce the sample (panel B). By this method, sively (panel F) with~90% of the heme iron being reduced.
approximately 80% of the heme iron was judged reducible Unfortunately, preparations of iINOS saturated with sepiap-
by NADPH in the presence afarginine alone. A similar  terin or deoxysepiapterin could not be analyzed in this
experiment performed with NOHA instead ofarginine manner due to their strong absorbance in the visible region.
showed it also supported NADPH-dependent heme iron For iNOS saturated with @-BH4 (spectral data not
reduction in iINOS on its own (data not shown). shown; results summarized in Table 2), addition of excess
Addition of excess NADPH to (8)-BH4-saturated INOS  NADPH primarily formed the six-coordinate ferrou€0O
(panel C) generated a major peak at 444 nm and left a minorspecies with the extent of heme reduction estimated at 45%
peak at 421 nm. The 444-nm signal represents the cysteineimaximal. When both (§-BH4 andL-arginine were present
ligated six-coordinate ferrousCO complex 87), while the we observed exclusive formation of the six-coordinate
signal at 421 nm represents a five-coordinate ferrd@® ferrous-CO complex with~65% of the heme being reduced.
complex in which the cysteine ligand has been weakened or Panel G contains spectra of INOS saturated with NH4.
dissociated from the heme irofq). The extent of NADPH- The initial spectrum was recorded prior to NADPH addition
dependent heme iron reduction as judged by the absorbance&nd contains a very broad Soret absorbance composed of
of the 444-nm band was estimated to 80%. In the band centered at 395 nm, which is due to high-spin ferric
presence of both ®-BH4 andL-arginine (panel D), addition ~ heme, and an equally intense band centered at 417 nm, whict
of excess NADPH resulted in complete reduction of the is due to low-spin ferric heme28). Addition of excess
iINOS heme iron and exclusive formation of the six- NADPH resulted in buildup of a small absorbance peak at
coordinate ferrousCO complex, as previously observed 422 nm and no peak at 444 nm, suggesting little or no heme
(59). iron reduction occurred. A lack of heme iron reduction is
Identical experiments were performed using pterins that also evidenced by the continued presence of ferric heme
differed in their abilities to promote NADPH oxidation or bands in the 500650 nm region of the spectrum following
NO synthesis relative to §-BH4. Panel E shows the NADPH addition. After addition of -arginine, the 444-nm
results for NADPH reduction of BH2-saturated iNOS. As peak characteristic of the six-coordinate ferro@O com-
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Ficure 4: Absorbance spectra of INOS showing the effects of individual pterinsLeanginine on the characteristics of INOS heme
reduction by NADPH. All experiments were performed in CO-saturated 40 mM EPPS (pH 7.6). Inset figures represent the differe
spectra from the initial spectrum in each panel. (A) Solid line, pterin- and arginine-free INOS; dakite line, after addition of 50 mM
NADPH; dotted line, after addition of 5 mM-arginine. In panels BF, the solid line represents the spectrum of the initial enzyme with
the particular pterin and/ar-arginine, the dasheetotted line is the spectrum taken after addition of excess NADPH, and the dotted line
is the spectrum taken after addition of excess sodium dithionite. (B) iNOS plus % +afdinine; (C) iNOS plus 2&M (6R)-BH4; (D)
iNOS plus 20uM (6R)-BH4 and 5 mMc-arginine; (E) INOS plus 15@M BH2; (F) iINOS plus 15QuM BH2 and 5 mMc-arginine. (G)
Solid line, INOS plus 60&M NH4; dashed-dotted line, following addition of excess NADPH; dotted line, after addition of 5 ralginine.

(H) solid line, iINOS plus 60«M NH4 and 5 mML-arginine; dasheddotted line, after addition of excess NADPH; dotted line, after
addition of excess sodium dithionite. Data shown are representative of two or three individual experiments.
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Table 2: Extent of NADPH-Dependent Heme Iron Reduction in 0.05 i
iINOS in the Absence or Presence of Pterins aifdtginine? \
extent of heme iron presence of 0.20
reductior® (% reduced) 422-nm signdl
—L- +L- —L- +L- §
pterin arginine arginine  arginine  arginine kS
none 0 80 minor §
50uM (6R)-BH4 80 ~100 yes minor £ 010
150uM BH2 90 90 yes minor
300uM (69)-BH4 45 65 yes minor
600uM NH4 very little > 90 yes major
1 mM 6-OHMePH4  very little >90 yes major
2 Pterins were added to iNOS in the presence or absencarginine 0.00
in an air-tight cuvette and incubated fb h at 4°C under a stream of 350 450 550 650 750
argon. CO-saturated buffer was then added to a total volume of 350 Wavelength (nm)

uL. The final concentrations were approximately:8 iNOS, 5 mM
L-arginine, and the given concentration of pterin. After an initial
absorbance spectrum was acquired, NADPH B was added, the
spectrum of the NADPH-reduced iNOS was collected, excess sodium
dithionite was then added, and the final spectrum of the fully reduced
enzyme was recorded. Data are representative of at least two replica
experiments? The extent of heme iron reduction was estimated by the
equation 100%Ruas — Asog)naoprH/(Asasa — Asoo)dithionid, Where the
subscripts NADPH and dithionite indicate the reductant used prior to
each scant The 422-nm absorbance is associated with formation of a
five-coordinate cysteine-dissociated ferret®0 complex (Martinis et

al., 1996).

FIGURE5: Absorbance spectra of oxidized and reducd®)-BH4-
saturated INOS. Spectra were collected under anaerobic conditions
before (solid line) and after adding excess NADPH (dotted line).
The inset shows the reduced minus oxidized difference spectrum.

0.044 F

0.041

0.038

plex formed as a minor component that was overshadowed
by a 422-nm peak that is characteristic of a five-coordinate
ferrous-CO complex §7). Addition of NADPH to an iNOS
saturated with both NH4 andarginine (panel H) produced 0.032
peaks of equal intensity at 422 and 444 nm, indicating 0
NADPH could support substantial heme iron reduction in
this circumstance to generate both five- and six-coordinate
ferrous-CO complexes. Adding dithionite led to small
changes in the spectrum, suggesting that greater than 90%
of the heme iron was reduced by NADPH. Results obtained
with 6-OHMePH4-saturated INOS were similar to those
obtained for the NH4-saturated enzyme in both the presence
and absence af-arginine (spectral data not shown; sum-
marized in Table 2).

Kinetics of Heme Iron ReductiorThe above results show
that (6R)-BH4, BH2, orL-arginine enabled NADPH-depend- 0.080 —————— 20
ent reduction of the INOS heme iron. We next determined Time (s)
how these molecgles would affect the rate. of heme iron FiGure 6: Kinetics of NADPH reduction of (B)-BH4-saturated
reduction. Experiments were performed in a CO-free iNOS as monitored by stopped-flow spectroscopy. The reaction was
anaerobic environment. Figure 5 shows the spectral changesnitiated by mixing of an anaerobic buffered solution containing
observed upon NADPH reduction of iNOS containin)6 INOS and (&)-BH4 with an anaerobic solution containing NADPH.
BH4 andL-arginine. Flavin reduction was evidenced by a The absorbance change at 440 nm was monitored to determine the

. . . . rate of heme reduction (A) and at 485 nm to determine the rate of
decrga;e in absorbance at 485'nm, while heme iron reductio lavin reduction (B) by NE\D)PH. The scans shown are representative
was indicated by a decrease in absorbance at 400 nm angf 5-10 repetitive scans.
an increase at 440 and 570 nm. Similar spectral changes
were observed in an experiment containing BH2 in place of biphasic due to overlapping flavin absorbance, which gives
(6R)-BH4 (data not shown). A control experiment in which an initial decrease in absorbance at 440 nm that represent:
the oxygenase domain of INOS (which does not contain NADPH-dependent reduction of the flavinsQj.
flavins) was reduced with dithionite confirmed that the  The pseudo-first-order rate constants for iNOS flavin and
increase in absorbance centered at 440 nm is primarily dueheme iron reduction by NADPH under various conditions
to heme iron reduction (data not shown). Therefore, we are listed in Table 3. Adding-arginine or pterins did not
monitored NADPH-dependent reduction of INOS flavin and appreciably alter the rate of flavin reduction. However, they
heme groups by following the absorbance change over timeeach enabled heme iron reduction which was otherwise not
at 485 and 440 nm, respectively. Time scans obtained atobserved under pterin- and substrate-free conditions. When
both wavelengths are shown in Figure 6 for INOS saturated added singlyj-arginine supported the fastest rate of heme
with (6R)-BH4 andL-arginine. The 440-nm time scan is iron reduction, followed by BH2, then BH4. Indeed, the

0.035

Absorbance (440 nm)

0.046

0.042

0.038

0.034

Absorbance (485 nm)
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Table 3: First-Order Rate Constants for the Reduction of INOS Table 5: Promotion of Full-Length INOS Subunit Dimerization by
Flavins and Heme Iron by NADPH Pterins in the Presence and Absence of Substrate
flavin reduction heme reduction NO synthesis % full-
pterin L-arginine (s (s activity [nmol mint  length
none no not observed pterin substrate (mg of enzyme)!] reassembly
yes 4.0+ 0.1 0.98+ 0.02 none none 28& 10 18+ 3
50uM (6R)-BH4 no 41+0.1 0.18+ 0.02 20uM (6R)-BH4  none 1240 829
yes 48+ 0.1 0.86+ 0.02 150uM BH2 none 870 5# 6
150uM BH2 no 3.5+0.2 0.47+ 0.03 6004M NH4 none 590 394
yes 3.9£0.2 1.29+ 0.02 600uM NH4 1 mM L-arginine 1180 78 8
1.0 mM sepiapterin  none 930 616

@ Rate constants were determined by mixing an anerobic buffered
solution containing 33.5 M iNOS, the desired pterin, and 10 mM
L-arginine (where indicated) with an anaerobic solution of 100 aDimerization of full-length INOS monomers was promoted by
NADPH. The pterin concentrations are those obtained after mixing. incubation with the various pterins with or withoutarginine. The
Flavin and heme iron reduction were monitored at 485 and 440 nm, extent of dimer reassembly was estimated by the recovery of NO
respectively. Values are the meanSD from 5-10 individual scans. synthesis as determined using the oxyhemoglobin assay‘&.3the
pterin-treated enzyme samples were diluted into a buffer solution
containing excess B-BH4, L-arginine, and NADPH and the assay
run as described in Materials and MethotiRelative to a NO synthesis
Table 4: Promotion of INOS Oxygenase Domain Dimerization by  specific activity for dimeric full-length iINOS of 1526 160 nmol NO/

1.0 mM sepiapterin 1 mM-arginine 1250 829

Pterin Analogues with and without Substrate minute/mg enzyme.
pterin L-arginine extent of
pterin (mM) (mM) dimerization (%) The ability of certain pterins to promote dimerization of

(6R)-BH4 0.01 0 > 80 full-length iINOS monomers was assessed by measuring the
(69-BH4 0.01 10 >8200 recovery of NO synthesis activitg®, 55) and is summarized
BH?2 0.1 0 80 in Table 5. Full-length INOS monomers incubated with no
sepiapterin 0.1 0 20 pterin or with 1 mML-arginine alone achieved a specific

0.3 80 activity of 280+ 10 nmol of NO mir? (mg of enzyme)?,
deoxysepiapterin 10_1 0 0 >gg which indicates that 18%: 3% of INOS was dimeric at the
NH4 0.6 0 40 end of these incubations [based oVa. activity for the

1 80 parent full-length iINOS dimer of 1528 160 nmol of NO
6-MePH4 1 0 46-50 min~t (mg of enzyme)! at 37 °C]. In the absence of
6-OHMePH4 1 10 >82950 L-arginine, (&R)-BH4 promoted the greatest amount of

1 >80 dimerization, followed by sepiapterin, BH2, and NH4. As

— ; — - seen for the INOS oxygenase domain, the presence of pterir
@ The dimeric INOS oxygenase domain was dissociated into mono- . : . o
mers as described in Materials and Methods. The extent of dimer plusL-arginine further increased dimerization of full-length

reassembly promoted by the pterin, with and withowtrginine, was INOS monomers.
estimated by gel-filtration chromatography. The monomer preparation

was estimated to contain 20% residual dimeArginine at 1 mM alone DISCUSSION
was not sufficient to promote dimerization of the INOS oxygenase

monomers. Data are representative of two similar experiments. Availability of dimeric, pterin-free iINOS 48) allowed

rate of heme iron reduction in BH2-saturated iNOS wag2  reconstitution of the enzyme with a variety of non-native
times faster than in a ®-BH4-saturated iNOS. Addition ~ dihydro- and tetrahydropterins to investigate how each
of L-arginine to either BH2- or (8)-BH4-saturated iNOS  influences the structure-function of INOS. As discussed

samples further increased the rate of heme iron reduction inP€low, the pterin-free and -reconstituted enzymes exhibited
both cases. a number of surprising similarities and differences that, when
iINOS Subunit Reassociatiorlthough BH4 can promote yigwed together, increase our understanding of BH4 function
dimerization of both full-length and oxygenase domain N INOS.
monomers35, 39, 40), nothing is known about the structural Unigue Properties of Pterin-Free iINOSThe pterin-free
specificity of this process. We therefore examined the iINOS was distinguished by being primarily dimeric and
capacity of each pterin to promote dimerization of both INOS containing heme iron in a mixture of high- and low-spin
oxygenase and full-length monomers. Table 4 summarizesstates. The former property contrasts overexpression of full-
the results of experiments where iNOS oxygenase domainlength iNOS in bacteria from its normal expression in
monomers were incubated with each ptetin-arginine and mammalian cells, which requires BH4 to form significant
the extent of dimerization was assessed by gel-filtration amounts of dimer39). The latter property distinguishes
chromatography. Certain pterins RBH4, BH2, deoxy- expression of the full-length enzyme from its oxygenase
sepiapterin] promoted extensive dimerization on their own, domain (amino acids-1498), which is isolated as a dimer
while others (sepiapterin, NH4, 6-MePH4, or 6-OHMePH4) that contains only low-spin heme irodk). The high-spin
promoted a lesser extent of dimerization. Adding individual component in our full-length INOS apparently does not result
pterins plusL-arginine (0.1 or 1 mM) enabled almost from L-arginine contamination, because other than a partial
complete dimerization in all cases tested. high-spin character it exhibited no properties of aarginine-
bound form. We found that pterin-free iINOS was completely
4 -Arginine added alone at 1 mM promoted less than 20% inactive regarding NO synthesis from eithearginine or
dimerization in this assay system. NOHA but could reconstitute its NO synthesis after incuba-
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tion with any of five tetrahydropterins. This indicates that recent direct measurements of pterin binding to neuronal
full-length INOS can properly fold before incorporating NOS or iNOS 83, 41) and will not be further discussed.
pterin and confirms what had previously been surmised from Regarding the other four functions, it is remarkable that heme
work using pterin-deficient enzyme3(, 32, 33); namely, a iron reduction and stabilization of a six-coordinate ferreus
tetrahydropterin must be present to support NADPH-driven CO species are only affected by side-chain composition and
NO synthesis by iNOS. independent of ring oxidation state. Apparently, these two

A Role for Pterin and Substrate in Supporting Heme Iron functions are sensitive to binding geometry as influenced
Reduction. The pterin-free iNOS exhibited a defect of clear bY the side chain or to associated structural changes within
functional significance-it was unable to transfer NADPH-  INOS and are insensitive to the electronic state of the pterin
derived electrons to its heme iron unless reconstituted with I'"Ng.

(6R)-BH4, L-arginine, or certain other pterins. Thisidentifies  Three tetrahydropterins (NH4, 6-MePH4, and 6-OHM-
a novel role for BH4 on-arginine in supporting electron  ePH4) were unable to support NADPH-dependent heme iron
transfer between the iNOS flavins and heme. Work done reduction despite their stabilizing a considerable{80%)
previously with BH4-replete NOS enzymes had shown that proportion of the heme iron in its high-spin state. Thus,
the flavin-to-heme electron transfer requires bound calm- changes brought on when the heme iron undergoes a high-
odulin 27, 58) and enzyme dimeric structurgl, 52). We spin shift cannot by themselves account for BH4's ability
can now conclude that for iINOS these two posttranslational to support electron transfer to the heme. Their collective
modifications are necessary but in the absence of BH4 orinability to support heme iron reduction also explains why
L-arginine are insufficient for heme iron reduction as NADPH oxidation rates by iNOS samples saturated with
catalyzed by the reductase domain. Becausg-BH4 and these three tetrahydropterins remained at the basal level of
L-arginine stabilize the high-spin state of INOS and alter the pterin-free iINOS. Although they each allowed NADPH-
heme environment in other way2§ 36, 41, 59), we dependent heme iron reduction to occur-ifirginine was
speculate that binding either molecule might increase thealso present, this led to considerable formation of a five-
reduction potential of the iron relative to the flavins and make coordinate ferrousCO species instead of the six-coordinate
electron transfer to the heme thermodynamically favorable. thiol-ligated ferrous-CO complex that is normally seen with

A thermodynamic model is attractive, based on work done (6R)-BH4-saturated iNOS. Given that iINOS saturated with
with cytochrome P-450s that shows the degree of high-spin -arginine alone forms a six-coordinate ferret®®O com-
character achieved upon substrate binding can be correlateglex, the results imply that the three tetrahydropterin
with the reducibility of the heme group@-62). Incontrast  analogues promote a weakening of the axiat Eéond and

to iNOS, recent evidence suggests that neuronal NOS maystabilize the five-coordinate CO complex of iNOS, whose
be capable of catalyzing NADPH-dependent heme iron formation is usually associated with enzyme inactivat®n (
reduction even in the absence of bound BHA-@rginine  64). In spite of this, all tetrahydropterin analogues supported
(63), implying a fundamental difference may exist between NO synthesis that was fully coupled to NADPH oxidation
the NOS isoforms regarding control of heme iron reduction. and proceeded at rates that matched an iNOS saturated witt

Structural Elements Important for Pterin Binding and (6R)-BH4. In order for this to occur, we speculate that the
Function It is useful to consider how the two main elements analogous six-coordinate ferrou®, (28) and ferrous-
of the biopterin molecutenamely, the oxidation state of its  NO (42, 50, 65) complexes that form during iNOS catalysis
ring structure (7,8-dihydro versus 5,6,7,8-tetrahydro) and the must remain six-coordinate, or instead reversibly convert
composition/stereochemistry of the aliphatic side chain between a five- and six-coordinate form (ferred¢O
attached to the ring at the sixth positiemfluence the ~ complex only). Although additional work is required to
binding and functioning of the molecule. For iNOS, the resolve how tetrahydropterins can stabilize different coor-
properties most affected by changes in side-chain composi-dination states of the ferrous iron while still supporting NO
tion/stereochemistry and least affected by pterin ring oxida- synthesis, it is interesting to note that a five-coordinate
tion state were the binding affinity, magnitude of the high- ferrous-CO iNOS complex forms in the presence of the
spin shift obtained upon binding, capacity to support heme inhibitor ADT, and it can convert to a six-coordinate
iron reduction, capacity to stabilize the six-coordinate ferrous-CO species upon displacement of the inhibitor with
ferrous-CO complex, and ability to promote subunit dimer- excess.-arginine 64). This identifies one case where ferrous
ization. For each of these five functions, partial deletion of iINOS is able to reversibly change the coordination state of
the side chain (6-MePH4, 6-OHMePH4) or addition of an its heme iron.

extra hydroxyl group (NH4) caused greater perturbation than Al of the pterins studied were capable of promoting INOS
changing the stereochemistry at the sixth position (6S-BH4), dimer assembly either alone or in combination with
substituting a side-chain carbonyl for a hydroxyl (sepiap- arginine. There was only a weak indication that dimerization
terin), or additionally removing another side-chain hydroxyl might be dependent on pterin side-chain composition, given
group (deoxysepiapterin). That a similar structuaetivity that some of the analogues with abbreviated side chains
relationship is seen for all five functions SuggeStS they arise appeared IeSS Capable than Others in promoting Subunit
through a common interaction between the pterin side chain association on their own. Tolerance toward change in pterin
and iNOS. structure and electronic state is reminiscent of the low level
Although we obtained our pterin binding information of structural specificity observed for dimerization promoted
indirectly by measuring the concentration-dependent effect by L-arginine and guanidine analoguéb), suggesting for
of each pterin on INOS NADPH oxidation rate, our conclu- both pterin and substrate simple binding site occupancy is
sions regarding relative affinities are entirely consistent with sufficient to drive iINOS subunit dimerization.
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Only two iNOS functions were dependent on the oxidation to O,. Other substrate analogues can actually lower the rate
state of the pterin ring: the ability to support NO synthesis of INOS NADPH oxidation below the basal level by directly
and the capacity to change NADPH oxidation rate in inhibiting heme iron reduction5d). In our current study,
response to substrate or substrate analogue binding. Our datave saw that only two of the six analogues which stimulate
using pterin-free iINOS confirm that there is an absolute NADPH consumption by BH4-saturated iNOS could also
requirement for fully reduced pterin in NADPH-dependent increase NADPH oxidation by the BH2-bound enzyme, while
NO synthesis. However, it was unexpected that all five two of the three analogues known to inhibit NADPH
tetrahydropterins we tested would prove equivalent in consumption by BH4-bound iNOS also inhibited NADPH
supporting the reaction. Their equivalence underscores anconsumption by BH2-saturated iNOS. This suggests that
independence toward pterin side-chain composition or ster-the mechanism responsible for increasing electron transfer
eochemistry. Although the oxidation state of the ring appears from iINOS to Q in response to substrate (or substrate
to be the primary feature that determines if a pterin can analogues) may be more sensitive to the oxidation state of
support NO synthesis, it is interesting to note that at least the pterin ring than is substrate-based inhibition of electron
one tight-binding tetrahydropterin analogue (4-aminotetrahy- flux. The two analogues that inhibited electron flux through
drobiopterin) does not support NO synthesis by iINOS or BH2- and BH4-bound iNOS (thiocitrulline and SEITU) may
neuronal NOS 38, 66). In addition, energy minimization  act by lowering the reduction potential of the heme fron
calculations predict the geometry of the pterin ring structure and thus prevent its reductiorb4). Apparently, these
differs greatly between the tetrahydro and dihydro states, with analogues inhibit heme iron reduction independent of the
tetrahydropterin capable of existing in two energetically oxidation state of the bound pterin. Whether substrate-
equivalent nonplanar conformatiohsWhether such struc-  induced increases in NADPH oxidation rate are likewise
tural differences contribute to the tetrahydropterin require- associated with positive changes in heme iron potential is
ment in NO synthesis is presently unknown. unknown and will require further study.

A New Specific Function for BH4 We observed a Our current findings limit the number of possible points
surprising difference in the catalytic properties of INOS where tetrahydropterins might manifest their unique capacity
reconstituted with dihydropterins versus tetrahydropterins; to support NO synthesis. Consider that catalysis by dimeric
namely, only the latter group was able to increase its NADPH iNOS includes (a) steps leading to and including heme iron
consumption rate in response ttearginine. The inability reduction, (b) @ binding to the ferrous heme iron and its
of BH2 to support a substrate-induced increase in NADPH stepwise activation, (c) substrate interaction with reactive
consumption is unique because BH2 otherwise enabled INOSoxygen and subsequent oxygenation, and (d) product release
to respond normally towand-arginine. This represents only along with a return of the heme iron to its starting ferric
the second case where BH2 differs from BH4 regarding an state. On the basis of our current work, we now can state
effect on NOS (the first is in supporting NO synthesis). The that all steps prior to and including heme iron reduction, such
inability of BH2-saturated iNOS to responditearginine in as iNOS dimer assembly, substrate binding, spin state change
this manner is remarkable when one considers that for BH4-and flavin reduction, are fundamentally the same for INOS
saturated iINOS|-arginine triggers a 5-fold increase in containing either tetra- or dihydrobiopterins. Therefore, the
NADPH oxidation rate even though a majority of the enzyme unique requirement for tetrahydropterins [and specifically
is present as an inactive ferrouO complex during the  (6R)-BH4] must be at a step beyond heme iron reduction.
rate measurement because of NO synthesls §5). For Of the subsequent steps noted indabove, we can probably
BH2-saturated iNOS, a ferrotdNO complex cannot form  exclude Q binding to the heme because CO, a molecular
during NADPH oxidation in the presence afarginine mimic for O;, clearly binds to ferrous NOS in the presence
because NO is not made. Thus, all things being equal, oneor absence of-arginine, BH2, or (R)-BH4. However, it
would expect NADPH consumption in response-arginine is still possible that individual pterins might support different
to rise to much higher levels in the BH2- versus BH4- rates of Q binding to and dissociation from the iINOS heme.
saturated INOS. Understanding why this does not occur maySuch differences could help explain whyarginine only
help reveal why only tetrahydropterins can support NO increases the rate of NADPH oxidation in tetrahydropterin-
synthesis. saturated iINOS. Regarding NO synthesis, we can only

Although the BH2-saturated iINOS did not change its speculate what point(s) beyond, ®inding are uniquely
NADPH oxidation rate in response tearginine, this defect  affected by (&®)-BH4. Recently, (R)-BH4 has been shown
was not absolute because it extended to most but not all ofto dramatically reduce the stability of the NOS ferret®
the L-arginine and guanidine analogues we examined. complex £8), suggesting tetrahydropterins can modulate the
Although this response pattern is complex, it is consistent reactivity of iron-oxy species formed during catalysis. This
with L-arginine and analogues adopting at least four distinct has important implications for the second step of NO
binding modes in NOS26) and supports our current data synthesis, because single-turnover studies withRxB3H4-
that show interactions with bound substrate still occur at saturated NOS suggest that the ferro@s species reacts
some level in the BH2-saturated enzyme. As discussed in adirectly with enzyme-bound NOHA to generate citrulline and
previous publicationg5), several_-arginine and guanidine  NO (29). As discussed above, the ferreuS, species surely
analogues can increase NADPH oxidation by iNOS above forms after heme iron reduction in either dihydro- or
the basal rate without serving as a substrate for NO synthesistetrahydropterin-saturated iINOS. However, this presents a
In such cases, the increase in NADPH oxidation reflects an paradox: why does the ferrou©, species react with NOHA
increase in electron transfer from the enzyme’s heme iron to generate products only in the tetrahydropterin-saturated

5J. Wang, personal communication. 6 A. Presta and D. J. Stuehr, unpublished results.
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enzyme? The current work should help construct experi-
ments that can address and potentially solve this paradox.

SUMMARY

The dihydro- and tetrahydropterins exhibited a diverse
capacity to support seven functions in iINOS that are
modulated by (B)-BH4 and important for NO synthesis.
Five of these functions (pterin binding affinity, ability to shift
the heme iron to its high-spin state, stabilization of the ferrous
heme iron coordination structure, allowing NADPH-depend-
ent heme iron reduction, and promoting iINOS subunit
assembly) were supported by either dihydro- or tetrahydrop-
terins, indicating the pterin cofactor fulfills these multiple
roles independent of its ring oxidation state. On the other
hand, two related catalytic functions (NO synthesis and
NADPH consumption in response to substrates) required
fully reduced (tetrahydro-) pterins. Only the natural cofactor
(6R)-BH4 supported all seven functions to their maximal
extent. These results identify a new role foR{@BH4 in
modulating electron flux through INOS in response to
substrates and reveal that the tetrahydropterin must fulfill
its unique function at a step in catalysis that follows heme
iron reduction.
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