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Abstract: A quantum mechanical/molecular mechanical (QM/MM) study of the formation of the elusive
active species Compound | (Cpd I) of nitric oxide synthase (NOS) from the oxyferrous intermediate shows
that two protons have to be provided to produce a reaction that is reasonably exothermic and that leads
to the appearance of a radical on the tetrahydrobiopterin cofactor. Molecular dynamics and energy
considerations show that a possible source of proton is the water H-bond chain formed from the surface
to the active site, but that a water molecule by itself cannot be the source of the proton; an H3O" species
that is propagated along the chain is more likely. The QM/MM calculations demonstrate that Cpd | and
H,O are formed from the ferric—hydrogen peroxide complex in a unique heterolytic O—O cleavage
mechanism. The properties of the so-formed Cpd | are compared with those of the known species of
chloroperoxidase, and the geometry and spin densities are found to be compatible. The Mdssbauer
parameters are calculated and may serve as experimental probes in attempts to characterize NOS Cpd |I.

Introduction

Nitric oxide synthase (NOS) catalyzes the conversion of
L-arginine toL-citrulline and NO in two half-reactions (Scheme
1). In the first half-reactiod;® L-arginine is converted tbl -
hydroxy4.-arginine (NHA) upon consumption of Qand two
electrons ultimately provided by NADPH. The second half-
reaction converts NHA ta-citrulline and generates the physi-
ologically important neurotransmitter substance nitric oxide
(NO), again with consumption of £but this time with only
one-electron reduction. Both half-
of a tetrahydrobiopterin (i) cofactor, which loses an electron
and is converted to a radical in the process and is known to be
kinetically coupled to the decay of the peroxo'FeO,~
intermediate speci€s? These results are consistent with an
electron transfer occurring from4B to the ligated @ moiety,
to form Fé'—0,%2". To date, while the F&—O,~ species has
been experimentally identified within a working cyéi the
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The Two NOS Half-Reactions
First half-reaction
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Second half-reaction

successive one-electron-reduced specidé—Fa,2~ has only

reactions occur in the presencepeen detected under cryogenic conditions, after cryo-reduction

using y-irradiation to add an additional electron into the
systemt® The details of the ensuing NOS reaction mechanism
are, however, still unclear. For instance, no ferifiydroperoxy
Compound 0 species (fte-OOH, Cpd 0) could be detected
using cryo-annealing EPR and ENDOR spectroscopies, which
is in sharp contrast to other heme enzymes like P450 and heme
oxygenasé? Also, due to the similarity of NOS to cytochrome
P450 systems, the current consensus is that the oxidation of
Arg is caused by the high-valent iretoxo species, Compound

I (Cpd 1), which is known to be present in many other heme-
containing system¥-17 However, the existence of such a
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species in the NOS reaction mechanism has yet to be experi-this study for the QM part, and CHARMM potentials were used for
mentally verified. The actual observed intermediate immediately the MM part. Polarization of the QM layer by the MM layer is taken
after Fé'—O, in the first half-reaction is, in fact, the product into accoqnt by inclusion of point charges_ ir_] th_e framework of_ the
Fell complex of the hydroxylated arginine (Scheme 1), indicat- charge-shift methoép QM_/MM geometry optlmlzatlon was done Wlth
ing a fast substrate hydroxylation by the oxidizing species, Turbomole/DL-POLY using a doublgbasis set (LACVP, as defined

10 . in Jaguar), where the QM region and the immediate vicinity in the
presumably Cpd %19 The present paper addresses mechanlsmsMM region were allowed to move (see Supporting Information). QM/

of formation of this species and provides spectroscopic param-yi\ energy evaluations were done with the larger LACV3Phasis
eters for characterization of this elusive but nonetheless key gq¢ by performing a Jaguar/DL-POLY single-point calculation on the
species of NOS. optimized Turbomole/DL-POLY geometry. Spin and charge density
In most mechanistic proposals, two protons are required in values given in the text are taken from the LACV3Ptalculations.
order to cleave the ©0 bond and form Cpd | and4®. These Jaguar was used only for single-point QM/MM using a patch for
protons are believed to be supplied (from an unspecified source)Chemshell written in our laboratory (by E. Derat). To ensure that the
to Fé''—0,2, after the electron transfefrom H,B to Fé!l— Jaguar and Turbomole programs are compatible for the QM/MM
O, in order to assist in Cpd | formatiGi#180ur study focuses  calculations, comparisons were made on the same structliResrd
on the question of when these protons are supplied, the timing 1P), showing that the generated energies were compatlble' within the
of the H,B radical appearance, and the consequences thereofChemShe" scheme (Table S0O.1 in the Supporting Information).

for th . h hani Add . hi . Mdo'ssbauer Spectroscopic Calculationdlo evaluate the Mesbauer
or the ensuing reaction mechanism. ressing this questlonparametersy the ORCA progrémwas used, and the Msbauer

is important since the knowledge of a correct protonation state parameters were obtained from single-point B3LYP calculations (at
(and hence charges) around the active site is critical to any futurethe geometries obtained after QM/MM optimization). The isomer shift
modeling studies of NOS. Moreover, our results will enable us was evaluated from the electron density at the iron nucielisn was

also to characterize the hitherto unknown structure of NOS Cpd described by the triply polarized core properties basis set CP@®PP),

| vis-arvis the known Cpd | structure of an another thiolate
enzyme, chloroperoxidase (CP8).2and to establish thereby
fundamental information for a key enzyme.

Methods

Definitions of the Quantum Mechanical System.Three guiding
principles underlie our study. First, there is indirect evidéhitet Cpd
I, although still elusive, is formed in NOS, and this is also the current
consensus. This provides the incentive to probe Cpd | formation in
NOS. Second, as forming water is energetically much more favorable
than having Cpd | and OH radical or OHhnion, it is valid to assume
that the distal oxygen atom of F€, must acquire two protons from
the surroundings in order to split the<®@ bond and thereby form
Cpd I and HO. Third, we assume that protons can be shuttled into the

active site, since the active site location should be easily accessible to

HO molecules, which are known to play a key role ir-O activation
in other heme enzymég1+1°As will be shown below, this assumption
was confirmed by our own molecular dynamics simulations. Thus, even

though no obvious proton sources exist, other than the Arg substrate

itself, water molecules are known to shuttle protons from the surface
to the active site, e.g., in P43®Other ways to add protons to the
active site may come from the heme propionate arms, which remain
mobile and can “fetch” protons from, for example,B4 Although the
guestions of the exact origin of the extra protons and their activation
of the O-O bond remain elusive, as shall be seen, protons must be
available in order to observe theBt* radical-cation and to complete
the formation of Cpd I.

Computational Details. Calculations have been done within the
hybrid quantum mechanical/molecular mechanical (QM/MM) scheme
using the Chemshéflapplication combining Turbomoi#Jaguat? and
DL-POLY.2° The hybrid B3LYF3-26 functional was used throughout
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and the other atoms were described by the SV(P) basisvsi¢h the
inner s-functions left uncontracted. For the iron atom, an enhanced
integration grid was used, and the overall integration accuracy was
increased to 72 MM point charges were included in these calculations
to probe the effect of the protein environment.

Models. Our models involve six reactions (reactions@), starting
from different reactant states and ending with Cpd | by means of
protonating the @O moiety. The initial structures were based on the
published iINOS PDB8 which was solvated in a 16 A layer of water,
O, was added, and the system was further prepared according to
standard procedures (see the Supporting Information). The QM part
consists of 93-98 atoms, containing the porphine part of the heme
with one propionate arm that hydrogen-bonds tgBHthe thiolate
ligand, Q, H4B, part of the substrate Arg, Arg375 which hydrogen-
bonds to HB, and in some reactions one crystal water closest to the
heme site (Scheme 2). All the structures in reaction8 have been
calculated at multiplicities 1, 3, 5, and 7, with a QM total charge ranging
from 0 to+2. Reactions 46 were calculated at singlet states only. To
elucidate the mechanism of Cpd | formation and the appearance of the
H4B radical before or after Oprotonation, we explored a few putative
reactions with different protonation states of the Arg substrate, iBe H
and the @ molecule ligated to the heme (reactions3.and tests of
deproptonating kB; see below). In order to estimate the energetic cost
of protonating our reactant species, another set of calculations was
performed by extending the singlet reactant models to include as proton
source the crystal water that forms a hydrogen bond to the Fe
[HJOO(H) moiety. The crystal water was taken as neutral and as a
hydronium ion species (reactions-8). These reactions are described
below.

Results

Molecular Dynamics Simulations.To investigate the changes
in the environment over time, we performed a CHARMM
molecular dynamics (MD) simulation for 300 ps using the PDB
file obtained from the procedure described above, with the heme,
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Scheme 2. Schematic View of the QM Model Systems Used in
the Calculations@

Arg H_CzNHQ
/ A
HsC NH,
. {H0}
[HIO-0"
Argys ’}‘HQ (H)
® H H
HoN"® NH, H
o) SASCN

HS-Por-Fe-[HJOO(H)

H H H

a2The (H) proton is added in reaction 2, and both (H) and [H] protons
are added in reaction 3. Reactions@!contain{H,O}.

O,, Cys194, and outer solvent water layetr(® A) being fixed.
Figure 1 shows snapshots of the simulation at 0, 122, and 293
ps. At O ps (Figure 1a), only one of the water molecules is
present in the region, a crystal water molecule already present
in the original PDB file. The snapshot at 122 ps (Figure 1b)
shows that this crystal water can be oriented differently with
regard to Q. Finally, at 293 ps (Figure 1c), a hydrogen-bonded
network of a few solvent molecules has been created around
the O—O moiety of the heme complex, due to the entrance of
water molecules from the surface to the active site. The
hydrogen-bonding network forms a connection to the solvent
in the surface. This latter snapshot is then a “wet” pocket
representation of the active site (see, e.g., discussions in refs
10 and 42), and this may be crucial for conduit of protons from
the outside in. Interestingly, thep of the Arg substrate in the
“wet” site is 7.98 (calculated by PROPKAjJ while when the

0 ps snapshot is used, it is 7.24. The unprocessed crystal
structure PDB file (LNOD) vyields a Ky of 11.64. This
demonstrates that # molecules may very well “leak into”
the active site, form hydrogen bond chains out to the surface,
and affect the acidity of Arg, or of any potential proton donor
other than Arg. Since the precise mechanism of protonation
cannot be studied by QM/MM and requires extensive sampling
of protonation states, the ensuing QM/MM calculations were
started from the O ps snapshot.

QM/MM Calculations. To elucidate the protonation state " X VD 0 () 122 and (@) 293
at Wh.ICh the KB radical first appears, we explored three putative 'ﬁ?g :)eoilrit-of-vrigt\jvissn I"jtl)r())sldr?gt;sfr?)m therrlljgrr?é ((fao)reg’rf)u)nd) t(;ma/\eri]rd gﬁ)e outsi%se.
reactions, labeled @R — nP (n = 1-3; R andP are reactants  iprough the water channel. The substrate Arg is shown abeyer@ HB
and products). The respective reactant®, (2R, 3R) and is visible in the background. Hydrogen bonds are highlighted in blue. The
products {P, 2P, 3P) are shown in Figure 2 for the energetically ~shapshots are discussed in the text.
lowest multiplicities of each species, together with valence )
electron orbital diagrams of each structure. The choice of the Of 2. In all cases, the products include Cpd | angDHThe
QM models is as described in the Methods section. In the first €nergies of the reactions are collected in Table 1, while spin
reaction (reaction 11R — 1P), no excess protons are present densities are given in Tgble 2. (Many other details are given in
at the active site, and the formation of® and Cpd | in1P the Supporting Information.) _
requires the abstraction of two protons from the substrate Arg. _Reaction 1.Inspection of Table 1 shows that the formation
The total system charge in this model is 0. In the second reaction®f CPd I is endothermic, well over 20 kcal/mol, in all the four
(reaction 22R — 2P), one proton has been added to the distal SPIN state_s. The reactan_t SideR] consists of a smglet-sFate
oxygen of G to form 2R with a total system charge of1. structgre in the energetlcal!y Iowest_ form., with two singly
The third reaction (reaction 3R — 3P) adds yet another proton occupied valence orbitals with opposite spins, located one on

at the proximal oxygen position of Oleading to a total charge  the iron (z*y;) and the other on £Xz*o0). The Arg substrate
is hydrogen-bonded to Qvia its N“-proton by 1.69 A. With

(32) Li, H.; Robertson, A. D.; Jensen, J. Froteins2005 61, 704-721. this electronic structure, this complex is still in the oxy form,

H
“a

Vi
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Figure 2. Structures of reactantsR) and productsr{P) for the three reactions investigated in this study. The geometric data correspond to the species with
the energetically lowest multiplicity. The valence electron configurations are shown alongside the structures. All distances are in A.

Table 1. Relative QM/MM Energies (in kcal/mol) for the
Conversion of [HS—Por—Fe[H]OO(H)] (nR) to Cpd | and Various
Protonation States of Arg (nP); i = 1—3

singlet? triplet quintet septet
1R (Fe—00) 0.00 1.61 1.39 1.06
1P (Arg—N®) 22.77 22.72 22.88 31.91
2R (Fe—OOH) 0.00 0.42 5.32 3.53
2P (Arg—NH) 13.83 12.40 14.29 25.47
3R (Fe—~HOOH) 0.00 —3.45 —6.11 —6.22
3P (Arg—NH2)* —25.65 —25.72 —25.32 —15.07

a2The reactant structure of each reaction has been chosen as referenc

for the reaction (marked in bold). All the products contain also Cpd | in
addition to the indicated species in edelentry.

Table 2. Excess Spin Density Distribution in the Ground States
for the Species in the Reactions nR — nP?

Fe O\nner Ouuter SCyleA Por Argsubs HAB
1R 115 -053 -048 -0.02 -0.10 -0.01 0.00
1P 1.38 0.79 0.01 -0.22 -0.94 0.98 0.00
2R 114 0.00 -0.01 -0.15 -0.92 0.00 —0.06
2P 1.40 0.77 0.01 -0.29 -0.51 0.21 0.43
BR  4.12 0.00 0.00 0.39 0.62 0.00 0.87
3P 152 0.67 0.01 -0.33 -081 0.00 0.94

aThe left-hand superscript signifies the spin state of the species.

Fe'—0O,". In accordance with this assignment, no electron
transfer takes place fromsB immediately after the @binding

to form the F&'—0O,2~ complex, and indeed no spin is found
on HB in 1R in Table 2. On the product sid&R), the triplet-
state structure is found to be nominally the lowest in energy,
with the usual doubletr* ! 7*y! axt Cpd | valence orbital
configuratiort*~17 together with a radicalni a p orbital on the
doubly deprotonated Natom of substrate Arg. The lack of

from H4B (Table 2) do not support the proposals that spontane-
ous electron transfer must take place fromBHO O, upon
binding of G to the heme. Considering that the barriers leading
to and from this structure are likely to be higher than the endo-
thermicity of the reaction, this reaction pathway is ruled out.

Reaction 2.Here the reactan2R) contains an additional
proton to form an Fe OOH moiety. However, this species, with
the singly occupiedr*y, orbital on the iron and the,gorbital
on the porphyrin, is not Cpd 0, since it is still missing one
electron in the porphyrin. As can be seen from Table 2, despite
$he addition of one protort4B still does not supply an electron
to the heme moietyAttempts to obtain a Cpd 0 species starting
from a wave function where the missing electron comes from
H4B (thus creating an B** cation-radical) were not successful;
the calculations always ended up with the current spin distribu-
tion as shown fo2R in Table 2. It follows that addition of one
proton to form Fe-OOH does not lead to Cpd 0 formation with
concomitant creation of an4B** cation-radical. As such, in
line with the cryogenic experiment in NG3ye find no support
for a Cpd 0 intermediate in the catalytic cycle of NOS, unlike
in other heme enzymes where Cpd 0 is well known to égikt.
While H4B carries no spin on the reactant side, about half a
spin is developed on it on the product side. Here, one proton
has been taken from the Arg substrate to forpOHcreating a
moderate amount of spin on Arg as well. The reaction itself is
endothermic, but three of the states do not reach the 17 kcal/
mol mark, calculated to be an approximate upper limit on the
basis of the measured enzyme kinetics and the Eyring eqiétion.
Thus, tentatively and provided that the barriers are not too much
higher, these states may still be within the plausible limit. The
overall assessment of reaction 2 is that, while the reaction is

protons at the active site required an abstraction of both Arg plausible, the relatively high energy of the product combined

Ne-protons during the formation of 4@, and the requisite excess

electron needed for the process was provided by the depro-

with a moderate development of thgBispin makes the reaction

tonated Arg. This and the fact that no electron transfer occurs (33) Cho, K.-B.; Gauld, J. WJ. Phys. Chem. B005 109, 23706-23714.
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Scheme 3. Schematic Picture of H4B Hydrogen Bonded to One of

Seanning points lor singlet Reaction 3
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is in line with the very high energy>(20 kcal/mol) found in a

o Reacion Coordinate recent QM/MM calculation of GO activation in P4534 The

Figure 3. QM/MM energy scanning points fror8R to formation of3P, Fe—OOH, species possesses one excess spimjp and an

using the LACVP basis set. Except for the ground states, each scan pointadditional one is delocalized between thg @rbital and HB,
is optimized with loose convergence criteria in the interest of saving time. - - : . -
The arrows show the scanned distance parameter between the steps. AIFhus ShOW'”Q a V_alence elec_tron conflg’uratlon consustet_nt with
calculations were done in the singlet state®M radical-cation coupledto  an intermediate in the reactidR — 3R'" — 3P. Due to its
a doublet heme moiety). higher energy, however, t18R'’ structure was not pursued any
) ) . . further. At the same time, it should be emphasized that, as long

less compatible with experiments and would be best classified 55 two protons are added, the result is formation of Cpd | and
as a “borderline case”. Moreover, the fact that th8*i cation- water and the appearance of a radicaBt in an exothermic
radical has been observed experimentally even without the Arg process, as in the n8R — 3P process.
substratéis a strong indication that the spin should be entirely ~ \1echanistic Impact of the Protonation State of HB. Since
on H48-. ) ) reactions 1 and 2 showed that deprotonation of Arg is not

Reaction 3. Here, the reactants3R) involve the ferric- favorable, we investigated the potential ofBHas the proton
hydrogen peroxide complex, ¥e-H;0,. The Fe-O bond is  sqyrce for all three reactions. As can be seen from Scheme 3,
weak, and the ground state for this hert&O, complex species  gye (o the hydrogen bond that exists between the heme
is therefore a septet state with six unpaired valence electrons:y qnionate group and the N3-hydrogen ofBH there is a
five on Fé'—H,0; and one+ full spin on B. It can be seen possibility that HB may get deprotonated by the carboxylate
from Table 2 that the kB cation-radical formation corre- 4.5 in"the process, and after electron transfer will form a
sponds to an electron transfer fromBHo assist the formation e 1ra radical rather than a cation-radical. Indeed, some studies
of H0,, thus corresponding in principle to a proton-coupled paye suggested that this would be the ¢498while other
electron transfer (PCET) mechanism, where the electron a”dexperimental studies favor the cation-radical madé?
proton are su.ppli.ed b){ different sources. The lowest state IaI Using the singlet structures of each of the six species
the product side is a triplet state (the ground state of Cpd | is presented in this study, the N3-proton was shifted to the
the doublet state coupled into a triplet state to the radical on carboxylate group and then optimized. However, in all of the
H4B), lying more than 10 kcal/mol lower in energy than the  g,cqres, no such stable state was found. Instead, the proton
septet prqduct. Hence, a spin-state crossover has to occur duringet red to HB during the optimizations. In an attempt to keep
this reaction to produce Cpd I. In contrast to the above tWo o hrot0n with the carboxylate, the-®i distances were held
model reactions, this one is exothermic. Clearly, therefore, when ., a1 0.95 A. This constraint resulted in structures that were
the two protons are supplied from external sources (not from anywhere from 14 to 55 kcal/mol higher in energy (LACVP
the Arg sgbsltrate), the process is exothermic and 48 'H o o1gies) than the correspondinggei cation-radical structures
catlon-r_adlca appears. . ) (Table S4.3). The only significant changes to the spin distribu-

The final feature of reaction 3 is the for_mat|on of Cp.d I f.rom tion were in reaction 2 (Table S4.2), where half a spin developed
Fe-HOOH by a rather unusual mechanism, shown in Figure j, 5p ang a full spin in2P, but again, these states were
3. Thus, the scan from FEHOOH to Cpd I+ H.0 exhibits an i nificantly higher in energy than the ones listed in Table 1.
initial homolytic O—O bond bre_aklng_ couplgd with internal Hence, within our QM/MM scheme, the scenario involving
electron transfer (to form porphyrin cation-radical) and hydrogen deprotonation of the N3-proton and the creation of a neutral

gbst”rac;ion ]?f the r?roximal H bly the depr:artinglo.H ericaI. All ¢ H4B radical is not supported. Our study does not, however, treat
IE all, t ek:e oorle, td |]? process feads(,j tob etero ytlIC c eﬁvage O the cases where B is initially protonated (to B +)1° or when

the O-O bond and formation of Cpd | by a novel mechanism.  in g o the enzyme with the N5-proton either deprotonated
Once again, this mechanism implies that the intermediacy of
Fe—OOH (Cpd 0) is not necessary for the formation of Cpd I, (34) zheng, J.; Wang. D.; Thiel, W.; Shaik, & Am. Chem. So2006 128

i . i 13204-13215.

since there seems to be a low energy path dlreCtly from Fe (35) Morao, I.; Periyasamy, G.; Hillier, I. H.; Joule, J. 8hem. Commur2006
HOOH. 3525-3527.

it H H H (36) Crane, B. R.; Arvai, A. S.; Ghosh, S.; Getzoff, E. D.; Stuehr, D. J.; Tainer,
Addition of two protons to the distal oxygen in the singlet 3 A Blochemistry2000 30, 4608-4621.

state generated an alternati8R' structure, FeeO—OH, that (37) Schmidt, P. P.; Lange, R.; Gorren, A. C. F.; Werner, E. R.; Mayer, B.;
Andersson, K. KJ. Biol. Inorg. Chem2001, 6, 151-158.

was 20.2 kcal/mol abov@R, 8.5 kcal/mol of the excess energy  sq) "> veh, H.-C.. Berka, V- Wang, L-H.. Tsai, A, L. Biol. Chem.

deriving from the QM region (see Supporting Information). This 2003 278 6002-6011.
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Table 3. Energetics (in kcal/mol) for Reactions 4, 5, and 6 Table 4. Calculated Mossbauer Data for NOS Cpd | and
- - - Experimental Values for CPO Cpd |

reaction reactant (intermediate) product

4 1R + H,0 — 2R~ + OH 7 AEq (mmis) 0 (mms)

0.00 40.71 1P 0.115 1.019 0.12

5 1R + HzO*" — 2R+ H,O — 3R+ OH° 2P 0.081 1.064 0.10

33.76 0.00 53.39 3P 0.195 1.294 0.09

6 2R + H3O*" — 3R + H0 CPO (exp} n/a 1.02 0.14
34.40 0.00

a2 Data from ref 40.

or missing altogether, a case that has been postulated as anothexs in reaction 5 to obtain the energy of®f + 2R. Now, in
possibility to generate the 4B radical3® addition to3R, there appears a radical-cationB#*. Inciden-
The Role of Water Deprotonation on the Energetic of 1R tally, the structure for BO* + 2R involves a hydrogen bond
and 2R. In order to investigate the feasibility of protonating between HO™ and the distal oxygen of the FOOH (2R)
1R and2R to yield 2R and 3R, respectively, we extended the moiety, presumably setting up for a formation of the alternate
models to include the nearby crystal water that is hydrogen- high-energy species F®OOH, (3R') as described earlier instead
bonded to the @moiety. Specifically, we studied the three new of the lower Fe-HOOH (3R). This is of no consequence to
processes, reactions-8, as described below. All the calcula- the conclusions, however, as the exothermicity of this reaction
tions were done on singlet states, and the energetic results arés still clearly greater than the energy difference between the
summarized in Table 3. two 3R'’s (20.2 kcal/mol).
Reaction 4.This reaction is formalyiR + H,O — 2R(-1-2 Comparisons of NOS Cpd | with Known Cpd | Species.
+ OHZ, whereZ defines the charge; in the casef —1, the The spin density on thecgies4ligand of NOS Cpd | is seen
reaction forms2R and OH-, while in the case oZ = 0, the from Table 2 to be approximately 0.3, in reasonable accord with
reaction leads t@R~ and OH. As we found, however, in this  the recent spin density assignment in CPO (0123he Fe-O
reaction and in the next one, formation of an Qkldical was and Fe-S bond lengths in Figure 2 are seen to be also in
always preferred over production of OHand the water reasonable agreement with the recent EXAFS values for CPO
molecule could not be used as a source of protons. The firstCpd | of 1.65 and 2.48 A, respectivel.
entry in Table 3 shows that “protonatingR by H,O is highly The calculated Mssbauer isomer shift, quadrupole splitting,
endothermic. Furthermore, as we noted, this is not actually a and asymmetry parameters for the three models of triplet Cpd
protonation process, but rather an H-atom transfer, since thel of NOS are given in Table 4, alongside the corresponding
reaction leads to an Otadical. All efforts to swap an electron  experimental data for CP@.The data obtained foBP are
and generate an OHspecies led back to a wave function that different from the data obtained f&P and2P. These two latter
corresponds to the OHadical. Due to the Htransfer, the species have parameters similar to the experimental values of
resulting Fe-OOH species i2R is Cpd 0,but it forms at an CPO Cpd I. The differences between them are, however, large
energetic cost of more than 40 kcal/mék such, the H-atom  enough to be potentially observable.
transfer reaction from water can be ruled out, and since the OH  Comparing the NOS Cpd | to other theoretical studies, similar
state is even less stable than the*Cddirect proton abstraction  features are seen. Our+8 bond length values of 2.58, 2.58,
from water is ruled out, too. We therefore studied in parallel and 2.57 A forlP, 2P, and3P triplet (doublet, if only Cpd | is
also protonations by #D* in the next reaction. considered) structures, respectively, are in good agreement with
Reaction 5.In this reaction we studied both the protonation the value of 2.592 A obtained with QM/MM on cytochrome
of 1R by H3O" and that of2R by water,1R + H3O" — 2R + P45Qam using comparable models and basis 4efEhe same
H,O — 3R~ + OH. The use of HO' stands to reason, agreement can be seen for thef distance as well (1.66,
considering that the source of the proton more likely comes 1.65, and 1.67 A vs 1.653 A). The spin distributions are similar,
from the bulk solution, wherexcessprotons are available.  too, where the combined FeO (2.17, 2.17, and 2.19 vs 2.177)
Hence, the first part of reaction 5 describegO protonating and &ys (—0.22,—0.29, and—0.33 vs—0.270) spin densities
1R to form 2R (second entry of Table 3). The process is, in are in reasonable agreement. The spin density on the porhyrin
fact, spontaneous, and in order to obtain the energy of 6H  (—0.94,—0.51, and—0.81 vs—0.915) differs substantially when
+ 1R species, we had to keep the-BI* distance fixed at 1.0 it comes to the Cpd | species in tF@P structure, a result that
A, or else the proton moves automatically over to the@iety can be seen to originate in radical delocalization between the
during the optimization. In the follow-up step of reaction 5, we porphyrin, substrate Arg, and4B.
attempted to transfer a proton from®ito 2R. As can be seen
in Table 3, this process is endothermic by 53.4 kcal/mol and
again generates an OHadical along with3R™. Since the The protonation state of the NOS active site, including O
H-atom transfer supplies an electron to the heme, now8™H and H;B, is a subject of mechanistic importance that has so far
radical-cation is formed, making the reaction further incompat- generated quite a few puzzles. Considering the stoichiometries
ible with experiment and once again ruling out water as a in Scheme 1, it is inevitable to have to account for the two
protonating species. extra protons that must enter the system at some point. By
Reaction 6.Here, we calculated the protonation energy of comparing the reaction energies of reactionrs3lwe are led
2R by HzO%, 2R + H30™ — 3R + H,0. This is seen to be
exothermic by 34.4 kcal/mol, using the same 1.0 A constraint (40) gggﬁjﬁng-r?’ Eaégﬁbcher?i;strDﬁSSZ”z’s,Hééé*g‘f’é%q%'?’ M. Valentine, M.

(41) Schimeboom, J. C.; Lin, H.; Reuter, N.; Thiel, W.; Cohen, S.; Ogliaro, F.;
(39) Menyhad, D. K. Chem. Phys. Let2004 392 439-443. Shaik, S.J. Am. Chem. So@002 124, 8142-8151.

Discussion
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to two key conclusions: (a) the protons most likely have to be transformed to Cpd | and water. In addition, our preliminary
suppliedbefore H4B turns into a radical-cation, and (b) the calculations show that 4D, binding to Fd! in NOS by itselfis

source of proton is external. not an exothermic procedsut is either thermoneutral or slightly
Conclusion (a) originates in reaction 3, which shows tmdy endothermic (data not shown).
when two such protons are supplied, thgBH radical-cation Finally, our study reveals a novel mechanism of @ bond

appears along with a reasonably low-energy mechanism thatheterolysis and formation of Cpd I, directly from the-A¢OOH
generates Cpd I. Conclusion (b) arises from the fact that complex, with an estimated energy barrier of around 13 kcal/
reactions 1 and 2 show that using Arg as a proton source leadsmol or less (estimatedsaa 6 kcal/mol spin-flip from septet to
to endothermic reactions. Since the use @BHs the proton singlet, followed ly a 7 kcal/mol barrier, as shown in Figure
source (via the N3-position) was also found to be unlikely, the 3). This, in turn, means that Cpd 0 may not be an essential
proton source should be external. At the same time, our MD intermediate in the cycle, in conformity with the cryo-annealing
simulations (Figure 1) show, in accord with previous postu- results, where this species was not seen for NOSowever,
lates®#?that water can access the active site, thus providing a the cryo-annealing experiments independently generated an
pathway of supplying the protons from the surface/bulk into Fé''—0,2~ species byy-irradiation at 77 K, while subsequent
the active site. Reactions+ were carried out to have a better annealing to 165 K was found to be sufficient to convert the
assessment of whether the source of protons is water orspecies to the ferric complex of the hydroxylated arginine. This
hydronium ions. The results of reaction 4 and the reaclibn s in contrast to P45Qy, where Cpd 0 appears with the addition
— 5P clearly rule out the possibility that a water molecule by of an electron to the oxyferrous complex already at 77 K, and
itself can be the proton source; the cost of the process isthe reaction continues only after annealing to above 210 K. This
energetically too high, and the process leads to iDbstead of different behavior in NOS did not absolutely rule out that non-
OH™ (Table 3). By contrast, the reacti@R — 5| and reaction accumulating Cpd 0 is an intermediate in the process, but the
6 demonstrate that a more realistic modeling of the proton sourceauthord? interpreted the results to signify that proton(s) could
should be HO* (presumably shuttled from the bulk water). In  be abstracted from elsewhere in the pocket than the substrate.
this case, the protonation process is exothermic and fBetH The same conclusion was reached from a recent study of eNOS
species appears, thus showing that protonation from bulk solventcrystal structures with CO or NO bour@iThis interpretation
should be possible without any excessive energy penalties. matches our results that protons do not originate in the substrate
Our modeling of the external proton source agH, while and that Cpd 0 really is not essential to the formation of Cpd I.
not ideal, reasonably assumes that such a proton shuttle isAs such, while we cannot absolutely and conclusively rule out
possible in NOS, via a Grotthaus mechanism, since the activereaction 2, our calculations suggest that, in order for the NOS
site is accessible to the outside solvent (Figure 1c), and sincecycle to proceed forwarda simultaneous double protonation
HsO™ ions exist in the bulk near the surface. A full study would of O, could be taking place after binding to e
require, however, sampling of protonation states of the protein
and of the water molecules in order to properly address how
this excess proton is transferred from the bulk/surface via a chain  The results in this paper show that the availability of protons
of water molecules to the active site. Such a study of the is aprerequisitefor the NOS reaction to progress beyond the
protonation mechanism with bulk solvent is beyond our means Fée''—0O,~ intermediate, since B electron transfer transpires
and beyond the scope of the paper. Thus, this paper demonstratesnly when the active site is doubly protonated. Calculations
a principle: when protons are zailable, the HB** radical- show that protonation from the bulk solvent should be possible,
cation appears and subsequently Cpd | is generated and once the heme is protonated to form-F©OOH, the HB**
Concerning the presence of Cpd | in the first half-reaction, radical-cation species appears. The reaction can then occur in a
our study shows that Cpd BP) can certainly be made from  facile manner through cleavage of the-O bond and hydrogen
3R as a starting point (Figure 3), in a process that is exothermic abstraction from FeOH by *OH to form HO and Cpd | (Figure
and does not involve excessive barriers. Future calculations will 3). The M@ssbauer data show that Cpd | spedBswhere HB
address the issue of whether Cpd | can catalyze the NHA is itself a radical, is significantly different thadiP and2P, which

Conclusions

formation as well. In addition, we note that ti& and 3R are also formed via endothermic pathways. These parameters
species, calculated here, are also possible sources of the observaday help the eventual characterization of NOS Cpd | species
productions of free @~ and HO,, respectively*344 Although by experiment.

H.O, may derive also from &, our results are compatible
with proposals that there is a separate production £9-Hs
well.6 It should, however, be pointed out that our results
regarding reaction 3 do not at all imply that the NOS process
can be short-circuited by using,6; instead of @, as is also Supporting Information Available: Computational proce-
found experimentally® In our proposal, the Fe—H,0, complex dures, xyz coordinates, energies of the various species, and
appears along with an electron transfer frogBnd is quickly complete ref 20. This material is available free of charge via

- : : the Internet at http://pubs.acs.org.
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