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The nitroxyl, a one-electron reduced form of nitric oxide, has
been suggested to play an important role in many biological
systems which involve heme proteihsLike nitric oxide, the
nitroxyl has been linked to processes such as vasodifagiod L
cytotoxicity It has been proposed to be the released product of
arginine oxidation by inducible P4R&.> Nitroxyl—heme adducts w00 250 500 550 600
are postulated as intermediates in mechanisms of several types
of nitric oxide reductasée®’ In a previous paper, we described Wavelength (nm)
the reversible electrochemical reduction of nitrosyl myoglobin Figure 1. Absorbance spectra of NEMb, 1, (solid line) and HNG-
(NO—Mb) to a long-lived nitroxyl adduct.In this work, we Mb, 2, (dotted line) at~0.3 mM concentration in 50 mM borate buffer,
describe the characterization and unusual stability of nitroxyl pH 10.
myoglobin in aqueous solution, and clearly identify it as an HNO- . . . o
adduct. Electrochemical reduction df, using N-methyl-4,4-bipyridine

Voltammetry of NO-Mb adduct at high pH and in the absence i0dide as a mediatorg,""® = —800 mV), also produces the
of exogenous NO gave evidence of a reversible formation of a SPectral changes we attribute 23 The reduced protein thus
one-electron reduced product &0.63 V vs NHE, eq 1. The fqrmed can be separated by S|z_e-exclu5|on chromatography to
potential of this reduction is at the edge of those known in Yield purified samples for analysis.
biological systems, but in the range of certain highly reduced
ferregoxin a)rlld siroheme proteins W%ich are accessigl]aleyin agueous Mb—NO + Cr' — Mb_ZHNO 2
medium?1°The product was postulated as a nitroxyl anion, NO 1
adduct in analogy to several such adducts formed from reductions
of Fe porphyrin nitrosyl in organic solvents!?The lifetime of
the nitroxyl adduct, as indicated by voltammetric reversibility,
was dramatically increased at high pH in these measurements
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The formation of2 by chemical reduction is pH dependent,
and only at pH> 9.5 are high yields obtained. At lower pH, the
reaction is incomplete and susceptible to side reactions resulting
in deoxy—Mb from ligand loss. Once formed, the nitroxyl adduct
e B 2 is very long-lived, with a half-life greater than weeks. Purified
Fé'—NO-——j Fd'-NO Q) samples oR may be dialyzed and the pH adjusted to 6 without

- a change in the apparent stability of the adduct. The reduced state
of 2 is demonstrated by its titration with methyl viologen, (kv
E1NHE = —440 mV); reaction oR with a stoichiometric amount
of MV?* regenerates NOMb over several minutes (spectra are
given in the Supporting Informatiody. There is no reaction
between2 and metMb over several hours. More extensive

The chemical reduction of solution-based NMb, 1, to
HNO—Mb, 2, was achieved using an excess of @agents (as
the tacn or edta complexes), and could be followed by the shift
in the Soret absorbance from 421 to 423 nm, Figur® 1.
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Figure 2. Water-decoupledH NMR spectra of (A) natural abundance

2, (B) 1N-labeled?. Broad peaks are due to paramagnetic Mb impurities.
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Mb at room temperaturé. A unique feature of théH NMR of
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Table 1. Characterized HN©Metal Complexes

1H NMR JNH
complex (ppm) (Hz) ref
Os(HNO)(CO)(PP¥).Cl, 21.2 75 20
Re(HNO)(CO)(PPh)" 21.7 725 22

Figure 3. Modeled active-site structure of HNOMb, as described in
the text. The large dark circle is the nitroxyl oxygen, the small white

2is proton peak at 14.8 ppm, Figure 2, well-separated from the cjrcle the nitroxyl H. The lines show nearest neighbor interactions between

protein peaks. This peak is split into a doublet (72 HZ) farmed
by reduction of*N-labeled NG-Mb, consistent with protonation
at the nitrogert’ The chemical shift of labeled by >N NMR,
at+788 ppm vs*NH, ", is similar to RS-NO adducts as well as
several CBNO complexeg®

Although HNO has been well-studied in the gas pHdsery
few examples of transition metal adducts have been rep&rtéd.

the HNO ligand and the protein Val62 and His64 residues(MO) to
the methyl carbons of VVal62 distances are 2.85 A (C1) and 2.52 A (C2);
(HN)—O to N1 of His64 distance is 2.88 A in this model.

s23 A possible source of the stability & is direct H-bonding
between the bound ligand and the distal pocket histidine, His64,
analogous to that known to stabilize the dioxygen adéti¢o

These HNO complexes have been synthesized by oxidativetest this hypothesis, NOESY experiments were conducte®, on

addition of HCI to a metal nitrosy®, or by the oxidation of a
metal-bound hydroxylamin®:?> Characteristic of these HNO
complexes is afH NMR peak assignable to the-H{NO) at~20
ppm, with N coupling ~70 Hz in *>N-labeled samples, Table
1_22

The stability of2 suggests an unusual protection of the HNO
adduct within the distal Mb pocket. By comparison, the half-life

which show two cross-peaks at0.93 and—2.67 ppm due to
dipolar relaxation with the nitroxyl H (data given in the Supporting
Information). In NMR spectra of oxyMb, these peaks have been
assigned to the methyl groups of Val68, located at one side of
the distal pocket. The relative peak integrals of the methyls are
~3:1 compared to the H(NO) peak, Figure 2.

Molecular modeling oR yielded an active-site structure that

of an analogous one-electron reduced product generated by flashs consistent with the NOESY results, Figuré®3n this model,

photolysis of NO-Fe(tpps) in agueous pH 6 solution was only 2
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the sp-hybridized N is bound to the Fe, with the nitroxyl H within
3 A of the two Val methyl rotors. This orientation points the

dissolving 3 mg of methyl viologen in pH 10.0 buffer, and then it was added nitroxyl O atom toward the distal His64, and suggests a H-bonding

by aliquots to the solution a2 in a gastight UV-vis cell. Resulting spectra
are given in the Supporting Information.
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form 15N nitroxyl myoglobin, as per ref 13. For tH&N NMR experiment, a

DEPT technique was used to enhance the signal-to-noise ratio by utilizing

the Jy-n coupling of 72 HZ. The reference fd®N NMR was *NH,CI
(Oxford).

(18) Bultitude, J.; Larkworthy, L. F.; Mason, J.; Povey, D. C.; Sandell, B.
Inorg. Chem.1984 23, 3629.

(19) (a) Dalby, F. W.Can. J. Phys1958 36, 1336. (b) Kohout, F. C;
Lampe, F. WJ. Am. Chem. S0d965 87, 5795. (c) Pearson, J.; Orr-Ewing,
A. J.; Ashfold, M. N. R.; Dixon, R. NJ. Chem. Phys1997, 106, 5850.

(20) (a) Grundy, K. R.; Reed, C. A.; Roper, W. @hem. Commuri970
1501. (b) Wilson, R. D.; Ibers, J..Anorg. Chem 1979 18, 336.

(21) Wieghardt, K.; Holzbach, W.; Weiss, 4. Naturforsch 1982 37h
680

(22) Southern, J. S.; Hillhouse, G. IL. Am. Chem. S0d997, 119, 12406.

(23) [tpps= meso-tetrakigt-sulfonatophenyl)porphyrinate] Seki, H.; Hoshi-
no, M.; Kounose, SJ. Chem. Soc., Faraday Tran996 92, 2579.

(24) Qlson, J. S.; Phillips, G. Nl. Biol. Inorg. Chem1997, 2, 544.
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was changed to Span H-atom added, and the protein adduct allowed to

minimize from several different starting conformations, resulting in the shown

active-site structure.
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interaction between this residue and the nitroxyl, Scheme 1. The
HNO plane is at-85° relative to the proximal His93 plane, Figure

3, a swing of over 6D from the relative orientation in the
published structures of NGMb.2¢ The implied reorientation of
the NO moiety upon reduction is perhaps driven by thigack-
bonding competition between the two ligands, in conjunction with
H-bonding and steric interactions.

In conclusion, we have described a very rare example of a
stable HNO metalloprotein adduct, and as such a potential source
of free nitroxyl for chemical and biochemical studies. We also
believe it to be of possible physiological importance in relevance
to the action of the various nitric oxide synthase enzymes. Further
experiments are underway to elucidate the active-site structure
of 2, as well as the source of its stability.
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