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ABSTRACT: Nitrosyl hydride, HNO or nitroxyl, is the one-electron reduced and protonated form of nitric
oxide. HNO is isoelectronic to singlet O,, and we have previously reported that deoxymyoglobin traps free
HNO to form a stable adduct. In this report, we demonstrate that oxygen-binding hemoglobins from human,
soy, and clam also trap HNO to form adducts which are stable over a period of weeks. The same species can be
formed in higher yields by careful reduction of the ferrous nitrosyl adducts of the proteins. Like the analogous
0,—Fe'adducts, the HNO adducts are diamagnetic, but with a characteristic HNO resonance in "H NMR at
ca. 15 ppm that splits into doublets for H'*'NO adducts. The 'H and "N NMR resonances, obtained by
HSQC experiments, are shown to differentiate subunits and isoforms of proteins within mixtures. An
apparent difference in the reduction rates of the NO adducts of the two subunits of human hemoglobin allows
assignment of two distinct nitrosyl hydride peaks by a combination of UV—vis, NMR, and EPR analysis. The
two peaks of the HNO—hHb adduct have a persistent 3:1 ratio during trapping reactions, demonstrating a
kinetic difference between HNO binding at the two subunits. These results show NMR characterization of
ferrous HNO adducts as a unique tool sensitive to structural changes within the oxygen-binding cavity, which

may be of use in defining modes of oxygen binding in other heme proteins and enzymes.

Nitrosyl hydride (HNO),' the protonated form of nitroxyl
anion (NO™), has distinct physicochemical properties from its
congener nitric oxide (NO), much of which has been defined only
recently (/, 2). The anionic form is isoelectronic with dioxygen
and exists as a triplet, °NO~, above pH 12; at lower pH, the
singlet "HNO dominates but is susceptible to rapid dimerization,
resulting in the formation of N,O (eq 1) (3, 4). The rate of this
dimerization has been reported to be 8§ x 10°M~'s ! (5) and thus
severely limits the lifetime and concentration of HNO generated
in solution.

HNO + HNO—N,0 + H,0 (1)

HNO is the simplest analogue of alkylnitroso compounds,
RNO, long known to bind to ferrous heme proteins (6). Mansuy
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and co-workers were the first to describe the binding of RNO
compounds to ferrous globins myoglobin (Mb) and human
hemoglobin (hHb) (7), as well as to make the analogy of RNO
binding to that of dioxygen (8). Although quite rare, a number of
organometallic HNO complexes of Ir, Os, Re, and Ru have been
identified (9—14), all of which are low-spin d® transition metal
complexes and diamagnetic (15).

NO-Mb +e¢~ +H*—HNO—-Mb (2)

HNO + Mb—Fe!'=HNO—Mb (3)

In the last several years, we have reported the preparation and
characterization of the HNO adduct of myoglobin (HNO—Mb)
by electrochemical (/6) or bulk reduction (/7) of the ferrous
nitrosyl adduct (NO—Mb) (eq 2) and by trapping of free HNO by
deoxy myoglobin (Mb—Fe") (eq 3) (18). Like the isoelectronic
oxy adduct of myoglobin (oxy-Mb), the ferrous nitrosyl hydride
adduct (HNO—MD) is diamagnetic and uniquely characterized
by an '"H NMR signal of the N-bound hydride, which is well
separated from other protein resonances at ca. 15 ppm. This
unique resonance allowed more detailed structural characteriza-
tion of the heme pocket of HNO—Mb by two-dimensional NOE
and COSY experiments (19).
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Several routes to HNO—metal complexes have been reported
(15), but until now, only deoxymyoglobin (Mb—Fe') has been
shown to directly trap free HNO in solution to form an
identifiable HNO complex. Because of its limited lifetime, free
HNO must be produced in situ from the decomposition of
precursors like methylsulfonylhydroxylamic acid (MSHA) or
Piloty’s acid (PS) (Scheme 1) (20). Using such reagents, the
trapping of HNO by deoxy-Mb can be observed in time course
'H NMR spectra by the formation of the diamagnetic HNO—
Mb, orin UV—vis spectra by the loss of the deoxy-Mb Soret peak
(18). The maximum HNO—Mb yield obtained by this method is
ca. 80%, apparently due to competitive side reactions and further
reactivity of Mb—HNO (21).

In this report, we demonstrate the ability of other oxygen-
binding globins to trap free HNO to form long-lived HNO
adducts; examples include recombinant and native isoforms of
leghemoglobin (IgHb) (22), hemoglobin I isolated from the
invertebrate clam Lucina pectinata (cHb) (23), and human
hemoglobin (hHb) (24). These HNO adducts can also be
generated by careful reduction of the corresponding NO adduct
and are characterized by absorbance and "H NMR spectra, as
well as "H-'H NOESY and 'H-'°N HSQC methods. The
unique 'H NMR hydride resonance serves as a sensitive indicator
of structural changes within the heme pocket, distinguishing
subunits and isoforms in protein mixtures.

MATERIALS AND METHODS

General. The HNO precursor phenylsulfonylhydroxylamic
acid [Piloty’s acid (PA)] was purchased from Cayman Chemicals
and recrystallized before use; the precursor methylsulfonylhy-
droxylamic acid (MSHA) was synthesized and recrystallized by a
literature procedure (25). *N-labeled sodium nitrite (98.16%
I5N)) was purchased from Promy Chemicals. All other chemicals
were purchased from Aldrich at 98% purity or better and used as
received unless otherwise specified. Water was purified to a
specified resistance of 18 MQ cm in a Barnstead nanopure water
purification system before the addition of buffer salts.

Horse skeletal muscle myoglobin (95—100%) and lyophilized
human hemoglobin were purchased from Sigma-Aldrich and
were used as received. Leghemoglobin (IgHb) was expressed and
purified as described previously (26). A mixture of leghemoglobin
isoforms isolated from soybeans was obtained from Fraser
Bergeson and purified using size exclusion chromatography
(27). Hemoglobin I (cHb) from L. pectinata was isolated and
purified using size exclusion and ion exchange chromatography
(23). All manipulations of ferrous proteins were conducted inside
an anaerobic glovebox. Purification of proteins was carried out
on pre-equilibrated Sephadex G-25 columns in 50 mM phosphate
buffer at pH 7 or 9.4.

Absorption spectra for kinetic experiments were recorded with
a Hewlett-Packard 8453 diode array spectrophotometer, or for

reductive titrations on an Ocean Optics USB 2000 spectrometer
in an anaerobic glovebox. X-Band EPR spectra were recorded
with a Bruker EMX spectrometer equipped with a standard
TE; 9> (ER 4102ST) or a high-sensitivity ER 4119HS resonator.
Proton NMR experiments were conducted on Bruker Avance
600 and Varian 800 MHz spectrometers. The spectra were
acquired by direct saturation of the residual water peak during
the relaxation delay. Chemical shifts were referenced to the
residual water peak at 4.8 ppm.

Preparation of Ferrous Heme Proteins. The ferrous states
of the heme proteins (IgHb, cHb, and hHb) were prepared by the
reduction of the ferric proteins (300 uL, 0.5—0.7 mM) with an
~30-fold excess of sodium dithionite in carbonate buffer at pH
9.4; the resulting ferrous forms were purified on a Sephadex G-25
size exclusion column pre-equilibrated with carbonate buffer at
pH 9.4 and then concentrated on a YM-10 membrane filter to
give a 0.5—0.7 mM solution.

Reactions of Globins with HNO Precursors and Char-
acterization of HNO Adducts. An anaerobic stock solution of
HNO precursor in phosphate buffer (pH 7) was freshly prepared
in deionized water before each set of experiments; all manipula-
tions were carried out under a N, atmosphere in a glovebox.
Samples of HNO adducts of the monomeric globins were prepared
anaerobically by addition of 100 uL of an 8.9 mM solution of PA
to a ca. 0.5 mM solution of ferrous heme proteins in 50 mM
carbonate buffer (pH 9.4). The solution was allowed to stand for
45 min and then purified on a G-25 column using 50 mM
phosphate buffer (pH 7). For "H NMR experiments, the proteins
were concentrated on a YM-10 membrane filter to concentrations
0f 0.5—0.7 mM; typically, 50 uL of D,0 was added to a ca. 450 uL
sample of the HNO adduct before measurements.

Similarly, the reaction of 100 uL of 46 mM MSHA with ca.
0.5 mL of 1 mM hHb in 50 mM carbonate buffer (pH 9.4) was
followed by time course NMR spectra at | h intervals over a day.
Afterward, G-25 column filtration was used to remove impu-
rities, and quantification of NO—Hb concentrations was ob-
tained by comparison of doubly integrated EPR spectra of the
products with that of an authentic NO—hHb sample. Deter-
mined yields of HNO—hHb over six trials ranged from 32 to
48%, per heme content.

Preparation of NO Adducts of Heme Proteins. Inatypical
procedure, a 200 uL solution of ca. 10 uM ferric heme proteins
(IgHb, cHb, and hHb) in 50 mM phosphate buffer (pH 7) was
prepared anaerobically and a 10-fold excess of sodium nitrite was
added and the mixture allowed to stand for 5 min before the
addition of a 30-fold excess of sodium dithionite. The resulting
nitrosyl adduct solution was purified by size exclusion chroma-
tography using a Sephadex G-25 column and then concentrated
ona YM-10 membrane. Samples of '’NO—ferrous adducts were
prepared using 99% Na'°NO.,.

Reactions of Nitrosyl Globins with Reduced DTDP To
Form HNO Adducts. This procedure for chemical reduction
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FIGURE 1: (A) Sequential UV —vis spectra of formation of HNO trapping by deoxy-lgHb, forming HNO—IgHb over 30 min during reaction with
a 4-fold excess of PA in a 50 mM carbonate buffer (pH 9.4). (B) UV—vis spectra of HNO—IgHb (—) and NO—IgHb (—) at equivalent

concentrations, ca. 50 uM in 50 mM phosphate buffer (pH 7).

follows that previously described for HNO—Mb (28). A sample
of 4.4'-dimethyl-1,1'-trimethylene-2,2'-dipyridinium (DTDP)
(0.0024 g, 0.062 mmol) was dissolved in 200 uL of anaerobic
50 mM carbonate buffer (pH 9.4) and reduced with Zn—Hg
amalgam (2 mg). Small aliquots (10 uL) of the reduced solution
of DTDP were added to NO—hHb (1 mL, 1.5 mM) in an
anaerobic glovebox, followed by in situ UV—vis absorbance
measurements. A positive shift of the Soret band from 418 to
420 nm is characteristic of HNO adduct formation; a loss of Soret
intensity indicates over-reduction, generating deoxy-hHb. The
resulting HNO adduct solution was filtered through glass wool,
run on a G-25 column using 50 mM phosphate buffer (pH 7), and
concentrated for NMR experiments using a YM-10 Centricon as
described above.

Quantification of Impurities. As described for HNO—hHb,
the percentages of ferrous NO adduct impurities in prepared
HNO adduct samples were obtained by comparison of EPR
spectra with those of authentic samples, as previously reported
for HNO—MD (78, 28). For example, EPR spectra of NO—cHb
and HNO—cHb samples were recorded at the same concentra-
tion (normalized by the protein absorbance at 280 nm), and
the integrated signals were used to calculate the percentage of
NO-—cHb impurities in the HNO—cHb sample.

RESULTS AND DISCUSSION

HNO Adducts of Monomeric Globins. The globin protein
family is widespread in nature with more than 700 members (29);
the best known are oxygen binders, e.g., myoglobin and hemo-
globin. Leghemoglobin (IgHb) is a small 16 kDa protein respon-
sible for the binding and transport of O, to bacteroids in root
nodules of legumes; it has an oxygen affinity that is ca. 20 times
higher than that of Mb (30, 31). Another monomeric globin, cHb,
from the clam L. pectinata, binds H»S in its native role but also
forms a stable O, adduct; cHb has been widely studied because of
a very hydrophobic distal pocket and altered ligand binding
affinities (32).

Stoichiometric reactions of the deoxy states of IgHb and cHb
with HNO donor agent PA at pH 9.4, as illustrated for IgHb in
Figure 1, result in absorbance changes similar to those seen
during a similar reaction with deoxy-Mb (18); the sequential
loss of the deoxy state’s Soret absorbance gives a direct measure
of the reaction with HNO. The reactions are stopped after
45 min by passing the reaction mixtures through a size exclu-
sion column, analogous to the general method developed for

Table 1: UV—Vis and '"H NMR Data of Ferrous Globin Adducts

UV—Vis Ayay (nm) '"H NMR (ppm)
protein Fe'"-NO Fe''-HNO Fe''-HNO
IgHb 414, 548, 571 415, 544, 569 15.0
cHb 420, 541, 568 421, 542, 565 15.53
Mb 421, 548, 580 423, 546, 578 14.80
hHb 418, 543, 580 420, 544 (br) 14.63, 14.80

generation of HNO—Mb (21). After purification, the solutions
are stable over weeks when kept anaerobic and in the
dark (28). These solutions are easily concentrated, and the buffer
is exchanged from pH 7 to 9.5 without any appreciable change
in the UV—vis or 'H NMR spectra (Table 1). As of yet, there is no
evidence of a stable, deprotonated nitroxyl adduct of any protein
studied.

The formation of HNO adducts is confirmed by '"H NMR
spectra of the product solutions which show a characteristic
HNO peak between 13 and 16 ppm (Figure 2) (15). Also
characteristic are peaks below 0 ppm that can be assigned to
amino acid residues close to the heme plane; these resonances are
shifted upfield due to the porphyrin ring current. The two valine
methyl groups in HNO—Mb are seen as two distinct peaks at
—0.88 and —2.63 ppm; the latter has strong NOE interactions
with the nitrosyl hydride peak (/9). A similar peak for a distal
pocketisoleucine is seen at —1.80 ppm for HNO—IgHb; however,
cHb has no equivalent alkyl group above the heme, and no
resonance is seen in this region. The hydrophobic distal pocket of
this HNO—cHb also has the lowest-field hydride absorbance at
15.53 ppm.

As isolated from soybeans, IgHb is obtained as mixtures of
isoforms whose expression ratios change over the life of the plant,
and which can be identified by HPLC—MS (33). A native IgHb
mixture was reduced and reacted with PA as with the recombi-
nant form, and the product solution was analyzed by "H NMR.
As seen in Figure 3, the nitrosyl hydride region shows two
overlapping peaks while the distal isoleucine resonances are split
into three discernible peaks. Gaussian modeling of the isoleucine
resonances gives a ratio of 8:2:4 (supplemental). LC—MS of the
native IgHb mixture distinguished three isoforms in a ratio of ca.
4:1:1, in rough agreement with the NMR analysis.

HNO Adducts of Human Hemoglobin. Similar reactions of
tetrameric human hemoglobin and PA yield solutions containing
HNO-hHb species. '"H NMR analysis of these solutions shows
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FIGURE 2: '"H NMR spectra of HNO adducts of (A) Mb, (B) cHb, and (C) IgHb generated by reaction of deoxy proteins with PA in carbonate
buffers (pH 9.4) and then purified to ~0.5 mM in 50 mM phosphate buffer (pH 7.0).
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F1GuRe 3: Nanospray LC—MS of the wild-type IgHb isoform mix-
ture (top) and "H NMR spectra (bottom) of HNO—IgHb adducts of
this sample (500 4L, 0.7 mM) in 50 mM phosphate buffer (pH 7.0).

two nitrosyl hydride peaks at 14.63 and 14.80 ppm (Figure 4) in a
3:1 ratio, which can be attributed to HNO adducts of the ocand
subunits (vide supra), with resonances assigned to distal pocket
valine methyls at —2.18 and —2.23 ppm in a similar ratio. The
characteristic doublet splitting of both hydride resonances is
also seen for ""N-labeled samples prepared by reduction of
"NO—hHb.
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FiGure 4. '"H NMR of HNO adducts of deoxy-hHb, prepared by
different methods. (A) H'*NO—hHD prepared by DMDT/Zn reduc-
tion of NO—hHb. (B) H'>’NO—hHb prepared by reduction of
SNO—hHb. (C) H'*NO—hHb prepared from deoxy-hHb by trap-
ping of HNO produced by PA decomposition at pH 9.4.

Significantly, two broad resonances are observed at 12.3 and
13.0 ppm (Figure 4), analogous to peaks in '"H NMR spectra of
oxy-hHb assigned to protons on Hisa122 and Hisa103 which
take part in strong H-bonds between the subunits (34). Changes
in these signals have been linked to transitions between tensed
and relaxed allosteric states upon the binding of O», and similar
changes can be observed in time course spectra obtained during
HNO trapping using the donor MSHA, which releases HNO
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FIGURE 5: "H NMR time course spectra for the reaction of 40 mM
MSHA with 2.0 mM deoxy-hHb in 0.1 M phosphate buffer at pH 9.4
and 25 °C, showing the growth of two nitroxyl peaks at 14.6 and 14.8
ppm and changes in the Hisa122 peak at 12.3 ppm, at 1 h intervals
over 16 h.

over hours under these conditions (Figure 5) (18, 20). The shifting
of the peak at 12.3 ppm occurs during the initial stages of HNO
adduct formation, as might be expected for an allosteric response
to ligand binding.

The two nitrosyl hydride peaks have a persistent 3:1 ratio
during the MSHA trapping reaction, which was also seen in
product mixtures from reactions of deoxy-hHb with PA, demon-
strating a kinetic difference in free HNO binding at the two
subunits. Similarly, a difference in the reduction rates of the NO
adducts of the two subunits has allowed assignment of the
nitrosyl hydride peaks by sequential reduction of NO—Hb and
concurrent UV—vis, NMR, and EPR analysis, as follows.

A solution of NO—hHb was titrated with reduced DTDP and
the reaction monitored by UV—vis spectrophotometry. Sequen-
tial samples (A and B) were taken from the solution after
titrations had shifted the Soret absorbance from 418 nm of
NO—Hb to 419 and 420 nm, as shown in Figure 6. "H NMR
spectra of these samples after concentration displayed the two
characteristic HNO—hHDb peaks, but that of sample A had a
significantly smaller peak at 14.8 ppm as compared to sample B
(Figure 6). Comparison of the EPR spectra of these isolated
samples revealed significant differences that can be attributed to
different subunit contents of ferrous nitrosyl adducts; the spec-
trum of sample A has enhanced resonances at ca. 3235 and
3330 G, which are characteristic of the ferrous nitrosyl of the a
subunit (35, 36). An excess of the nitrosyl adduct in the o subunit
implies that of the § subunit has been lost by conversion to the
HNO-Fe'" state. This logic assigns the '"H NMR peaks at 14.6
and 14.8 ppm to f and a subunits of HNO—HDb, respectively, and
peaks at —2.13 and —2.20 ppm to E11 Val peaks of § and o
subunits, respectively.

Two-Dimensional NM R Characterization. During initial
characterizations of HNO—Mb, '"H—'"H NOESY experiments
showed a strong cross-peak at —2.67 ppm due to dipolar
relaxation of the nitroxyl hydride with a closeby valine methyl
group at one side of the heme pocket (/7); subsequently, more
detailed experiments identified some 20 NOEs between the
nitrosyl hydride and protein and heme-based signals, which were
used to determine the three-dimensional solution structure (19).
In a similar manner, initial "H—"H NOESY experiments with
HNO-—hHb exhibit strong cross-peaks to the distal valine methyl
in the two subunits (Figure 7a), suggesting the orientation of the
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FI1GURE 6: (I) Soret band absorbances of partially reduced NO—hHb
samples A, with maxima at 419 nm (—), and B, with maxima at 420
nm (—). (II) '"H NMR of HNO—hHb samples A and B. (III) EPR
spectra of samples A (—) and B (—).
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FIGURE 7: (a) '"H—"H NOESY spectrum of HNO—hHb showing
cross-peaks between the nitrosyl hydride and distal pocket valine
methyl groups. (b) ""N—"H HSQC spectrum of HNO—hHDb showing
both 'H and '*N chemical shifts for the two subunits.

nitrosyl hydride within the heme pocket is analogous to that of
HNO-Mb. 'H-""N HSQC experiments are also useful for
HNO adducts as rapid characterizations of both the '*N isomer
shifts and Jyy coupling values (Figure 7b). The '“N isomer shifts
provide an additional unique identifer of a nitrosyl hydride
adduct and its electronic environment (Table 2).
Quantification of HNO Adduct Yield. The described
reactions generate the HNO adduct in mixtures with other
species, the paramagnetic deoxy and nitrosyl adduct species,
and accurate quantification is problematic. For the trapping
reactions of deoxy globins with HNO precursors, NMR analysis
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Table 2: "H and >N NMR Chemical Shifts and Coupling Constants of
H'*NO Adducts of Globins

o (ppm)
protein 'H 1SN J (Hz)
H'"NO-Mb 14.87, 14.99 549.1 71.2
H'>NO—hHb 14.57, 14.65 560.0 70.39
14.75, 14.84 556.2 66.37
H'’NO-IgHb 14.94, 15.05 553.0 71.19
H'"NO—cHb 15.55, 15.44 not available 70.1

“From "H—"SN HSQC experiments, referenced to ""NH4CI.

confirms the generation of the diamagnetic HNO adduct, but
often smaller paramagnetic peaks due to the NO adduct are
seen (/7). During the early stages of these reactions, the deoxy
Soret absorbance is rapidly lost; addition of CO to the headgas
over the product mixture produces no change, thus implying
minimal deoxy impurity. As given in Table 1, the HNO adduct
and NO adducts have absorbance maxima shifted by only 1-3
nm; therefore, EPR analyses of the product solutions are used to
quantify the nitrosyl adduct concentration by comparison with
authentic samples, and these values are used to estimate the yield
of the HNO adduct (Supporting Information). By this analysis,
the reaction of PA with deoxy-Mb, ca. 4:1 stoichiometry, gives a
yield of 70—80% HNO—Mb (I8). By comparison, that of
HNO—hHb under analogous reactions with PA is ca. 25%,
but yields of up to 48% were obtained in slower reactions with the
precursor MSHA. The overall yield of the HNO adduct from
reactions of PA with other monomeric globins is also low, e.g.,
30—40% by EPR calibration of the NO adduct content for cHb.
Reductive titrations of the ferrous nitrosyl adduct samples
using the DTDP/Zn—Hg method generate higher-purity samples
of the HNO adduct. These titrations are monitored by the typical
increase and shift of the Soret absorbance as the HNO adduct is
formed; loss of Soret absorbance indicates an over-reduction
generating the deoxy species, observable in the absorbance
spectra or by CO trapping. This method has been used to
generate HNO—Mb at >90% purity (27), HNO—hHb in 80%
yield, and other globins in an estimated range of 60—90%.
Kinetics of HNO Trapping. The rates of the trapping
reactions of ferrous globins were obtained by measuring loss of
the ferrous Soret absorbance in sequential UV—vis absorbance
spectra taken during reactions with PA over ca. 500 s, as shown in
Figure 1 for IgHb. As the generation of free HNO by PA is rate-
limiting, the rate constants are modeled with a kinetic simulation
program (37) utilizing a reaction sequence analogous to that
previously reported for Mb (/8). This sequence includes the
release of HNO from PA (eq 4), its dimerization (eq 5), and its
trapping by the ferrous globin to form the HNO adduct (eq 6).

PhSO,NHOH + OH —HNO +PhSO,” + H,0 (4)

HNO + HNO—N,0 + H,0 (5)
cHb—Fe"" + HNO—HNO—cHb (6)
HNO—cHb + HNO—NO—cHb (7)

The bimolecular rate constants for HNO trapping resulting
from this analysis are on the order of 10> M~" s~ for all the

Table 3: Initial Rate Constants of Trapping of HNO by Ferrous Globins

protein rate constant £ (M~ 's™")
1gHb" 12x10°
cHb* 9.0 x 10°
hHb ca.2.0 x 10°
Mb* 2.2x 10°

“As determined by simulations using over 500 s. ®Over 50 s. °From
ref 39.

[IPHNQ], uM

0.00— T T
0 400 1200

2000 2800 secs
FiGure 8: HNO binding kinetics. Experimental (O) and calculated
(—) concentration profile of HNO—cHb obtained using Soret ab-
sorbance changes at 421 nm during the reaction of deoxy-cHb (5 uM)
with PA (25 uM) in carbonate buffer (pH 9.4).

monomeric globins (Table 3). For tetrameric hHb, the loss of the
deoxy absorbance during HNO trapping reactions is multiphasic
over the same period, likely due to allosteric interactions between
subunits as well as a competing reaction of HNO with the f-
Cys93 (38); the value given in Table 3 was obtained by compar-
ison of the loss of deoxy Soret absorbance over 50 s in
comparison to Mb under conditions of equivalent heme and
PA concentrations (Supporting Information).

A key factor limiting HNO adduct yield in trapping reactions
is a subsequent reactivity of the adduct with free HNO (eq 7),
previously described for HNO—MD (18, 39). As a comparison, a
more complete modeling was performed for the reaction of cHb
and PA over 1 h (Figure 8), using the transient changes at the
Soret absorbance of HNO—cHb at 421 nm. Multiple iterations
were performed using fixed rate constants for PA decomposition
(eq 4) and HNO dimerization (eq 5) until experimental and
calculated concentration profiles gave an acceptable match. EPR
quantification of the NO—cHb content of the final reaction
mixture (Supporting Information) at ca. 80% is in good agree-
ment with the calculated speciation of 85% by the kinetic
analysis. The modeled bimolecular rate constant of eq 7 for
cHb, at 7 x 10* M™' 57!, is considerably faster than that
determined for Mb, at 4 x 10* M~"s™" (39), which may explain
the lower yield of HNO—cHb obtained under equivalent reaction
conditions.

CONCLUSION

This work demonstrates that several oxygen-binding globins
react with free HNO in solution to form long-lived HNO adducts
and that such adducts can be alternatively formed by careful
reduction of the ferrous NO adducts of these proteins. The HNO
adducts are diamagnetic and have a unique '"H NMR HNO
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hydride signal well away from those of other protein residues.
The location of nitrosyl hydride peaks is sensitive to the protein
environment and thus differentiates subunits and isoforms within
protein mixtures. More broadly, these diamagnetic Fe"~HNO
adducts may be of value as models of ferrous oxy complexes and
allow characterizations of structural changes accompanying
oxygen binding and activation in similar proteins.
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