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Nitrite reduction by cytochrome cd; nitrite reductase (cd;NIR) is currently accepted to involve coordination of the
nitrite nitrogen atom to the ferrous d; heme. Here, density functional theory results are reported on the previously
unexplored O-hinding of nitrite to ferrous and ferric cd;NIR. Although the N-isomer (nitro) is energetically favored
over the O-nitrite (nitrito), even one single strong hydrogen bond may provide the energy required to put the two
isomers on level terms. When hydrogen bonding existent at the cdiNIR active site is accounted for in the computational
model, the O-nitrite isomer is found to spontaneously protonate and thus yield a ferric—hydroxo species, liberating
nitric oxide. An O-nitrite ferrous cd;NIR complex appears to be an energetically feasible intermediate for nitrite
reduction. O-Coordination would offer an advantage since the end product of nitrite reduction would be a ferric—
hydroxo/water complex, rather than the more kinetically inert iron—nitrosyl complex implied by the N-nitrite mechanism.

Introduction Scheme 1

Nitrite reduction by cytochromesd; nitrite reductase

(cdiNIR) has been proposed to occur (cf. Scheme 1) via - —» - —>.
N-coordination of nitrite to thel; heme of caNIR.>? Pro-

tonation of a nitrite oxygen atom within the ferrousitrite E\> E> E
complex would lead to release of a water molecule, forming
a weakly bound [FeNGjcomplex, that subsequently decays \ + 2,;% Ho
via NO liberation. Nitrite and nitric oxide adducts of tbe -NO z
heme in cdNIR have been characterized experimentally and Osn (NOy*
computationally~® -

A detailed QM/MM examination of the mechanism shown GD
in Scheme 1 has recently been repoftéanino acid residues {'\> N\>
were identified at the active site that would be important for ENH

protonation or hydrogen bond donation events. The N mode
of binding of nitrite and the feasibility of NO bond cleavage

(1*)Ev'vfﬂﬁlga]:”aghjgcgﬁ{gbugs-?%lérman E E Saunders. N.F.w. Were reported upon, thus providing computational support
Ferguson, S. J. Hajdu, Blature 1997, 389, 406-412.  for previous proposals supported by crystallographic Hata.

2 Rar(ljghino, Gh Scorza, E.; Sjongren, T.; Williams, P. A.; Ricci, M.;  However, the key issue of the mechanism remained unre-
Hajdu, J.Biochemistry200Q 39, 10958-10966. .

(3) Allen, J. W. A; Higham, C. W.; Zajicek, R. S.; Watmough, N. J.; solved by the QM/MM Stu_dy' does the Fe(H—I_NO addl_JCt
Ferguson, S. Biochem. J2002 366, 883-888. feature an FeNO bond labile enough to make it catalytically

(4) Richter, C. D.; Allen, J. W. A.; Higham, C. W.; Koppenhoffer, A competent? Experimental data available to date in fact
Zajicek, R. S.; Watmough, N. J.; Ferguson, S1.Biol. Chem2002 P ) P

5, 3093-3100. suggests that the answer to the above question manobe
(%) gluriztfl?, D.;C CuTtruzquaMl;._; Arr]ese_, {\/Iyl sla?’goaugg?eolig,9 8D%;_ %lég%ri, M.  the decay of the glllIR Fe(Ill)—NO adduct appears too slow
ambpiliau, C.; Tegoni, lochemistr s . . .
(6) George, S. J.; Allen, J. W.; Ferguson, S. J.; Thorneley, R. Biol. to _be Catalyt'ca”y competeﬁtWhlle the QM/MM stud)3
Chem.200Q 275 33231-33237. pointed out factors that would influence the structure of the
10.1021/ic035403p CCC: $27.50 © 2004 American Chemical Society Inorganic Chemistry, Vol. 43, No. 12, 2004 3715
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Fe(ll)—NO adduct, it failed to confirm the very long Fe-0: (11.9349%

Fe—NO bond observed experimentaliyand it failed to FeO-NO: 1.33 A Fe—"-'{:-g: i}

provide evidence for a low-energy barrier associated with Feon0 ¥ N-O: 1.25 A
(1.214) (1.24 A)

cleavage of the Fe(lltyNO bond. In fact, our own unpub-
lished data also suggest that elongation and bending of the
Fe(lI)—NO unit from its canonical equilibrium structure to
the geometry seen in the NO-boundMNtR crystal structure
would require more than 20 kcal/mol, and that such an
elongated-bent moiety is not an equilibrium structure even
when the oxygen or nitrogen is protonated, or when a hydro-
gen bond donor such as ammonium is included in the model.Figure 1. Optimized geometries for O- and N-ferreusitrite models of
These and other (see below) issues may justify revisiting in the cdNIR active site. Distances for the corresponding ferrittrite models
great detail the Scheme 1 mechanism with QM/MM. are given in parentheses.

Rather than entertaining a theoretical polemic by again geometry optimization in the absence of the above-mentioned
addressing the issue of +&O bond cleavage (for which  geometrical constraints, or by reducing the number of frozen atoms
apparently QM/MM as well as experimentabpproaches o five (the four meso carbons of the heme plus the non-iron-bound
fail to yield the “desired” result) we wish to report here nitrogen of the imidazole) led to iron-nitrite moieties essentially
density functional theory results on the previously unexplored identical to those reported in text. On the other hand, free geometry
O-bindingof nitrite to ferrous and ferric gtlIR. An O-nitrite optimization resulted in an essentially planar heme and an imidazole
ferrous cdNIR complex appears to be an energetically ligand aligned on the heme normal. These latter features were
feasible intermediate for nitrite reduction, offering the extra Nowever not lost in the model where only the four meso carbons
advantage (compared to an N-nitrite adduct) that it avoids "d the NH nitrogen were frozen.
formation of a kinetically undesirable iremitrosyl complex. The deviations from heme planarity perhaps deserve an extra

While solid experimental and theoretical evidence exists to comment here. In & recent report @iaracoccus pantotrophus
P cthiNIR, an essentially planar henty moiety appears to have

support the mechanism shown in Scheme 1, we report erénergeq from QM/MM calculatioris.However, all the >20
an alternative mechanism that is also consistent with all o4 NIR crystal structures deposited in the Protein Data Bank feature

available experimental data. hemed, active sites distorted essentially the same way as in the
models we employ here. The origin of these distortions and the
Methods reason why ciNIR would use an atypical heme (i.ey) at its active
All models consisted of a truncated hexe(porphyrin substit- site are unknown at this time and perhaps deserve further investiga-

uents, excepting the oxo atoms, were replaced by hydrogen atoms)tion- While the equilibrium structures obtained at the QM/MM level
coordinated axially by nitrite and protonated imidazole, respectively. @il to reproduce the experimentally observed porphyrin distortions,
Starting atomic coordinates were from the crystal structure of nitrite- U @pproach of constraining the heme to its experimentally
bound cytochromed, nitrite reductase (pdb entry 1AOM). Low- observed geometry is likely to provide a more sound account of
spin states were assumed throughout (cf. refs 2 and 10). The UBpgghe perturbations induced by the protein on the porphyrinic ring.
functional (the gradient-corrected exchange functional of Becke
(1988), the correlation functional of Perdew (1986)),and the
DN** numerical basis set (comparable in size to 6-31G**) were  Figure 1 shows optimized geometries for ferrous and ferric
used. In SCF calculations, a fine grid was used; the convergenceN- and O-nitrite hemed; models. N-Nitrite complexes of
criteria were 10° (root-mean square of electron density) and®10  hemes (including cdNIR) have been characterized else-

(e_rtmer_gy), resgeg(t)i\l/ely. For geometry dc.’ptitmiz.?tic.’n' conzj/e(;goeon(;:; wheré1land are discussed here only to the extent to which
eriteria were . au (maximum gradient criterion) and 0. a comparison with the O-nitrite isomers is required.

maximum displacement criterio). o -
(maximum disp iteriof) Compared to the N-nitrite isomer, the ferrous O-nitrite

To reflect potential second-sphere (steric) effects that the protein
may impose on the heme and on its histidine ligand, all heavy atomscompIex featured one longer (Fey®IO bond (1.33 A) and

except for the Fenitrite unit were frozen in the models reported ©On€ shorter N-O bond (1.23 A), suggestive of nitrite

in text. This approach conserves potentially important features at activation toward G-N bond cleavage and nitric oxide
the active site, features that are lost upon full geometry optimiza- release. The N-isomer was favored over the O-isomer by 6
tion: a relatively short Feimidazole bond with the imidazole plane  kcal/mol in the ferrous and 4.5 kcal/mol in the ferric model.
skewed relative to the heme normal, and a distorted porphyrinring.  The cdNIR active site features a network of hydrogen
bonds consisting of two histidine, one tyrosine, and water

(7) Spartan 5.0, Wavefunction, Inc., 18401 Von Karman Avenue Suite mojecules, all within hydrogen bonding distance from the
(8) Becke, A. D.Phys. Re. 1988 3098-3100. heme-coordinated nitriteSuch hydrogen bonding may be
(9) Perdew, J. PPhys. Re. 1986 B33 8822-8824. expected to provide enough energy to render the O-binding

(10) We found that use of UB3LYP/LACVP** or UB3LYP/6-31G** (as o . . .

implemented in the Jaguar and Gaussian98 packages), either forOf nltnte.entlrely physiologically reIeyant, f0|.' both the ferrous
%?\?metry Optimizaéi?jn or ?Ilr;p#/ for ﬁnergy calculatitf)nhat the UBP86/ and ferric states. To further examine the importance of hy-

** geometries, did not (1) affect the geometries of the ranitrite ; P P
moieties (N-O bond cleavage included) nor (2) bias the energies drogen bonding for the ferrousitrite adducts, we optimized
toward the N-nitrite isomers. In fact, the B3LYP functional (regardless
of basis set) reduced the gap between the N-nitrite and O-nitrite to (11) Einsle, O.; Messerschmidt, A.; Huber, R.; Kroneck, P. M. H.; Neese,
2—3 kcal/mol, further arguing for the viability of the O-nitrite isomer. F.J. Am. Chem. So@002 124, 1173711745.

Results and Discussion
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the geometry of a ferrousO-nitrite model similar to thatin ~ turnover*® One exception in this respect may however be
Figure 1, but with the iron-bound oxygen atom protonated the findings of Hollocher and co-worket%,*¢ who demon-
(i.e., a neutral HONO ligand; this is a limiting structure, strated oxygen atom exchange between nitrite and water, as
describing a state where hydrogen bonding has resulted inwell as nitrosation reactions, for which #iR appeared to
complete protonation of nitrite). Upon geometry optimization, be responsible. Hollocher and co-workers proposed two
this system converged toward a ferrigydroxo state, with explanations for their findings. OM&involved formation of

a neutrally charged NO entity placed 1.7 A away from the a nitrito—iron adduct, identical to the one that we now
oxygen atom of the iron-bound hydroxide. By contrast, single propose to be involved in the ¢ddIR mechanism. While
protonation of one of the oxygen atoms in the ferrous acknowledging that this nitrito explanation cannot be ruled
N-nitrite complex resulted in significantly shorter (presum- out* Hollocher and co-workers in fact elaborated more on
ably stronger) N-O bonds: 1.45 A for N-OH and 1.20 A a second explanation, which involved the “canonical”
for N—O (in agreement with previous QM/MM investiga- mechanism shown in Schemé“11® These isotope substitu-
tions)? Further, we optimized the geometry of an O-nitrite tion and nitrosation experiments were carried out either on
ferrous model similar to that of Figure 1 but including a water whole cells in the presence of acetylene as an exogenous
molecule hydrogen-bonded to the Fe-bound oxygen atom ofinhibitor of nitrous oxide reductase or on purified;SdiR.

the nitrite, plus an imidazole ring hydrogen bonded to the The electron donor system used in the turnover assays with
water, as seen at the #4IR active site'> Upon geometry  purified cdNIR consisted of ascorbaté p-phenylenedi-
optimization, the water molecule donated one proton to the amine, chemicals which were shown not to interfere in their
iron-bound nitrite oxygen atom (while the imidazolium in  reduced “resting” state with the isotope exchange and/or
turn donated its proton to the water). Thus, our results give nitrosation processé$However, under turnover conditions

a dramatic account of the difference in reactivity between a steady-state level of aromatic amine radicals is likely to
nitrito and nitro isomers. While QM/MM resuftishave be generated in these experiments. The reactivity of such

suggested that NO bond cleavage in ferrousiitro cNIR radicals is complex (see, e.qg., ref 17) and may have affected
would be a facile process, we now find that such cleavage the results of Hollocher and co-workers. Furthermore, since
is even more facile in the nitrito isomer a nonphysiological electron source was used for turnover,

Taken together the above data suggest that O-nitrite glectron delivery to the GflIR active site may have been
complexes would be energetically feasible, and at least asejther slower or not sufficiently concerted with substrate
catalytically competent as N-nitrite complexes, inftR. binding and/or proton delivery, thereby biasing the active
In faCt, unlike the preViOUSly characterized N-nitrite isomers, Site toward formation Of thermodynamica”y favored Species
ferrous O-nitrite complexes of eNIR would feature sucha  sych as N-nitrite over O-nitrite. Also, the extent to which
weak O-NO bond that they would be unlikely to be isolated  cq,NIR activity was affected in vivo by a nonphysiological
with anything but the most rapid kinetic techniques; instead, stress such as acetylene (which blocks nitrite metabolism at

one would expect to either isolate a ferrisydroxo species g stepimmediately afteciNIR) may have been underes-
(if a proton is readily available) or the N-isomer (via isom-  tjmated.

erization, if proton delivery is delayed). Experimental prece-
dent exists for our proposed reaction mechanism: a Co(lll)
porphyrin model compound (isoelectronic with our ferrous
heme) reacts with nitrite via transient formation of an
O-adduct, followed by formation of the thermodynamically
stable N-nitrite isome¥

The currently accepted @dIR catalytic cycle (Scheme
1) implies formation of a [FeNG]complex. This [FeNT]
complex at the cANIR active site was reported to feature
an unusually long (and presumably weakened) R bond,
thus being primed for NO release from the active 5itAs
mentioned before, computational efforts so far, including
QM/MM approaches have failed to confirm this hypothesis.
There is in fact no direct experimental evidence to show that
a [FeNO?} species would indeed fornunder turnaer
conditionswith cdiNIR, or that the FeNO bond in this
species would cleave at rates compatible with catalytic

N-Nitrite as well as nitric oxide adducts of gdIR have
been observed with X-ray crystallograpfyand spectro-
scopic techniques, including stopped-flow, under essentially
single turnover conditions and wigxcess nitrité-® Indeed,
our results suggest that N-binding of nitritetiermodynami-
cally preferred over O-binding. Furthermore, since these
iron—NO adducts are relatively stadfl@nd since NO is the
product of catalysis at the active site, the reported observation
of nitric oxide adducts rapidly forming at ttte heme is not
surprising. By contrast, our results suggest that O-binding
of nitrite to thed; heme would be extremely transient, with
Fe—ONO bond formation triggering a concerted proton-
assisted N-O bond cleavage. Alternatively, under physi-
ologically irrelevant conditions, alteration of the proton
delivery machinery at the active site may allow time for a
nitrito-to-nitro rearrangement. Such rearrangement may be
followed by N-O bond cleavage to yield the observed

(12) Heavy-atom coordinates for this extended model were taken from pdb relatively stable Fe(llB—NO adduct.
entry 1AOM.; besides the heme, truncated as in Figure 1, and the
imidazole ligand, the imidazolium ring of H345 and a water molecule
placed instead of the Y25 phenolic oxygen were included in this (14) Garber, E. A. E.; Hollocher, T. Q. Biol. Chem1982 257, 8091

extended model. Ranghini et al. have already demonstrated that at 8097.

least one of the two histidine residues at theNI® active site is (15) Kim, C. H.; Hollocher, T. CJ. Biol. Chem1984 259, 2095-2099.

diprotonated (i.e., imidazolium, rather than imidazole). (16) Friedman, S. H.; Massefski, W.; Hollocher, T.XCBiol. Chem1986
(13) Seki, H.; Okada, K.; limura, Y.; Hoshino, M. Phys. Chem. A997, 261, 10538-10543.

101, 8174-8178. (17) Saunders B. CReroxidase Butterworths: London, 1974.
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The physiological function of IR is currently accepted
to be nitrite reduction to nitric oxid& Yet, under certain in
vitro conditions, nitric oxide may also be further reduced
by caNIR, to produce NO.X Using computational argu-
ments put forth elsewhei¥(correlated with the presence of
a neutral axial ligand at thé;, heme, and the presence of a
nearby electron source, the cytochromdomain), cdNIR

Silaghi-Dumitrescu

is not feasible. However, we report DFT results suggesting
that an alternative mechanism may exist, which is more
efficient than the canonical one while also correlating well
with the available experimental data. This alternative mech-
anism involves binding of nitrite to the iron via an oxygen

atom (nitrito). Although the N-isomer (nitro) is energetically

favored over the nitrito, even one single strong hydrogen

may indeed be expected to competently reduce nitric oxide bond may provide the energy required to put the two isomers

to nitrous oxide. Our alternative mechanism, involving
O-coordination of nitrite to the heme, would explain well
why nitric oxide reduction to nitrous oxide does not normally
occur subsequent to nitrite reduction in;NtR, under
physiological conditionsan iron—NO bond is according to
our mechanism never formed upon nitrite reduction. Ofers
have pointed out however that the redox potential ofdhe
heme may also play a role in this respect.

The crystal structures of gdIR? reveal various confor-
mational changes at the hemtgactive site (mainly involving

on level terms. When hydrogen bonding existent at the cd
NIR active site is accounted for in the computational model,
the O-nitrite isomer is found to spontaneously protonate and
thus yield a ferrie-hydroxo species, liberating nitric oxide.

A nitrito ferrous cdNIR complex thus appears to be an
energetically feasible intermediate for nitrite reduction.
Moreover, O-coordination would offer an advantage since
the end product of nitrite reduction would be a fefric
hydroxo/water complex, rather than the more kinetically inert
iron—nitrosyl complex implied by the N-nitrite mechanism.

movement of Y25) upon changes in redox state, with at leastIt now remains to be demonstrated experimentally whether
one conformation where N-binding, but not O-binding, of any of the two mechanisms is preferred byNiR, or if the
nitrite would be sterically obstructed by the Y25 side chain; enzyme in fact offers an example of catalytic promiscuity
the latter would, nevertheless, be ideally placed to participate (reminiscent of the TSR described by Shaik and co-workers

in protonation of an O-coordinated nitrite.

Conclusions

Nitrite reduction by cytochromesd; nitrite reductase
(ciNIR) is currently accepted to involve coordination of
the nitrite nitrogen atom to the ferrods heme. We do not

for other hemoproteidd, where the same reaction is
catalyzed at the same site with different mechanisms.
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