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Abstract: Ferrihemoproteins in buffer solutions bind nitric oxide to yield their nitric oxide adducts. Reversible
binding of NO was found for ferricytochromec (CytIII ) and metmyoglobin (MbIII ) at pH values lower than ca. 7.0.
The equilibrium constants were obtained as (1.6( 0.1)× 104 M-1 for CytIII and (1.3( 0.1)× 104 M-1 for MbIII .
At higher pH, the reversible formation of the NO adducts is no longer observed; the NO adduct of CytIII (CytIII-
NO) undergoes reduction to ferrocytochromec, CytII, and that of MbIII (MbIII-NO) to the nitrosyl adduct of MbII

(MbII-NO). Methemoglobin (HbIII ) reacts readily with NO even at pH< 6 to give the nitrosyl adduct of hemoglobin
(HbII-NO). The rates for the formation of CytII, MbII-NO, and HbII-NO were measured as functions of NO and
OH- concentrations. Kinetic analysis indicates that CytIII-NO and MbIII-NO undergo nucleophilic attack by OH-

at higher pH to yield CytII and MbII, respectively. MbII thus produced further reacts with NO to give MbII-NO.
For HbIII , the nitrosyl adduct (HbIII-NO) was found to react with both OH- and H2O to give HbII-NO in the
presence of excess NO. The rate constants for the reaction between the nitrosyl ferrihemoproteins and OH- were
determined as (1.5( 0.1)× 103 M-1 s-1 for CytIII-NO, (3.2( 0.2)× 102 M-1 s-1 for MbIII-NO, and (3.2( 0.2)
× 103 M-1 s-1 for HbIII-NO. The reductive nitrosylation of HbIII observed at pH< 6.0 is explained by reaction
of H2O with HbIII-NO: the rate constant is (1.1( 0.1)× 10-3 s-1.

Introduction

Nitric oxide has recently been recognized to have important
physiological roles as a vascular regulator,1-5 in neuronal
communication,6-9 and in nonspecific defense against bacterial
infection by macrophages.10-13 It is producedin ViVo from
arginine by NO synthase in various organs.14-16 Hemoproteins
are known to be very reactive toward NO to give the nitrosyl
adducts,17,18and this reactivity is now widely viewed as relevant
to in ViVo activity. Even before the biological importance of

nitric oxide was appreciated, NO interactions with metallopro-
teins were the subject of extensive studies.17,18 For example,
paramagnetic adducts of NO with ferrohemoproteins had been
probed by ESR spectroscopy,19-27 and various groups have
investigated the photochemical reactivities of various nitrosyl
metal porphyrins.28-33

Recently, we described flash photolysis studies of nitrosyl
complexes of ferri- and ferrohemoproteins in pH 6.5 aqueous
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solutions.33 Among the ferrihemes, metmyoglobin, ferricyto-
chromec, and catalase were found to bind NO reversibly to
give the respective nitrosyl adducts, but methemoglobin reacted
with NO irreversibly to yield nitrosylhemoglobin. In the last
case, the net reaction was reductive nitrosylation similar to
earlier reports regarding NO reactions with certain iron(III)
hemes.20,34-37 Despite those qualitative observations, quantita-
tive studies of ferriheme protein reductive nitrosylations are
lacking as is a substantiated unified reaction mechanism for this
reaction which has potentially wide reaching implications
regarding the interactions between metal centers and NOin ViVo.
The present work was undertaken to evaluate the detailed
kinetics of the reductive nitrosylations of ferricytochromec,
metmyoglobin, and methemoglobin as a function of the medium.

Experimental Section

Ferricytochromec (horse heart), methemoglobin (human), and
metmyoglobin (whale skeletal muscle) were obtained from Sigma and
were used as supplied. Nitric oxide gas (99.9%) was purchased from
Takachiho Chemicals Inc. Co. The major impurities of the NO gas
were N2, CO2, and N2O. The pH values (pH 5-8) of phosphate buffer
(ionic strength< 1.0) were adjusted with the use of the aqueous
solutions of 0.067 M KH2PO4 and 0.067 M Na2HPO4. At pH higher
than 8.0, the aqueous solutions of 0.10 M KH2PO4 and 0.05 M Na2-
BO4 were used.
A glass apparatus used for the present study consists of a round-

bottomed vessel (50 mL), a quartz cell (1 cm optical path length), and
a Teflon stopcock with a glass joint. A sample solution (10 mL) was
pipetted into the vessel, and then the apparatus was fixed to a vacuum
line with the glass joint.
All the sample solutions were prepared on the vacuum line with

meticulous care in order to avoid oxygen contamination. After
degassing the buffer solutions of ferrihemoproteins, NO was introduced
into the solution via vacuum line techniques.33 The total pressure (sum
of PH2O plusPNO) of the sample solution was measured by a mercury
manometer. The concentration of NO dissolved in the sample solution
was calculated from the partial pressure of NO with the use of the
Bunsen coefficient of NO (4.71× 10-2 at 1 atm and 293 K).38 It was
assumed that the solubility of NO in the buffer solutions is the same
as that in water.
Absorption spectra and the time profile of the absorbance changes

at a given wavelength were recorded on a Hitachi 330 spectrophotom-
eter. Kinetic data were treated according to the method of least squares.
The quantitative analysis of ionic products, NO2

- and NO3-, from
the reductive nitrosylation of ferrihemoproteins was made by ion
chromatography. An anion exchange column was mounted on an ion
chromatographic analyzer (IC 100 from Yokogawa-Hokushin Electric
Co. Ltd.) with the conductivity detector. The eluent was an equimolar
mixture of 4× 10-3 M Na2CO3 (4 cm3) and NaHCO3 (4 cm3). The
column pressure and the temperature used for analysis were, respec-
tively, 50 kg/cm2 and 40°C.

Results

Ferricytochrome c (CytIII ). Figure 1 shows the absorption
spectra observed for CytIII in a pH 6.2 buffered solution under
different NO pressures. The absorption maxima at 530 and 405
nm characteristic of CytIII decreased in intensity and new peaks
appeared at 528, 580, and 410 nm asPNO was increased. The
spectral changes proved to be reversible: decreases inPNO
resulted in re-formation of CytIII , consistent with the following
labile equilibrium:33

The equilibrium constantK was obtained from the spectral
changes according to eq 2, whereD(λ) is the absorbance of the
solution at wavelengthλ for a particular [NO] andD0(λ) and

D∞(λ) are, respectively, the absorbances at [NO]) 0 and at
“infinite” [NO]. The linear plot of Y vs [NO] obtained with
the pH 6.2 buffer solution of CytIII is shown in Figure 1. From
the slope of this plot,K was determined to be (1.6( 0.1)×
104 M-1.
At pH > 7.0, the spectral changes were no longer reversible;

i.e., the CytIII-NO formed from CytIII and NO underwent further
reaction. Figure 2 displays the time-dependent spectral changes
observed for CytIII in a pH 8.5 buffer solution withPNO ) 100
Torr. The absorption bands characteristic of CytIII-NO disap-
peared and new bands appeared at 550, 520, and 420 nm over
a period of minutes. The spectrum measured 20 min after
initiation of the reaction was identical to that of authentic CytII.
This result indicates that CytIII-NO is transformed to CytII at
higher pH, a likely path being eq 3. It was found that CytII

reacts further with NO (eq 4), but this was very slow (data not
shown) and was ignored in the kinetic analysis.

The kinetics for CytII formation from CytIII plus NO according
to eqs 1 and 3 can be formulated as follows:

where

and

The absorbanceD(λ) at wavelengthλ is

(34) Chien, J. C. W.J. Am. Chem. Soc. 1969, 91, 2166-2168.
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(36) Keilin, D.; Hartree, E. F.Nature1937, 139, 548.
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6041.
(38)Kagakubinran; Japan Chemical Society, Ed.; Maruzen: Tokyo,

1984; Vol. II, p 158.

Figure 1. Absorption spectral changes of CytIII in a buffer solution at
pH 6.1 in the presence of NO: (1) NO pressure (PNO) 0 Torr; (2)PNO
) 27 Torr; (3)PNO ) 45 Torr; (4)PNO ) 95 Torr; (5)PNO ) 255 Torr.
The concentration of CytIII is 1.6× 10-5 M. The inset is the plot of
Y vs the concentration of NO, obtained from the absorption spectral
changes of CytIII in a buffer solution at pH 6.2 in the presence of NO
(see the text).

CytIII + NO {\}
K
CytIII-NO (1)

K[NO] ) Y) [D(λ) - D0(λ)]/[D∞(λ) - D(λ)] (2)

CytIII-NO+ OH- 98
kOH

CytII + HNO2 (3)

CytII + NO98
slow

CytII-NO (4)

[CytII] ) [CytIII ]0[1 - exp(-kt)] (5)

[CytIII ]0 ) [CytIII ] + [CytIII-NO] + [CytII] (6)

kobs) kOH[OH
-]K[NO](1 + K[NO])-1 (7)
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with εIII , εNO, and εII being, respectively, the absorption
coefficients of CytIII , CytIII-NO, and CytII. From these, the
following equation is obtained:

whereD∞(λ) is the absorbance at an infinite time, i.e., equal to
εII [CytIII ]0 and

The time profile of the absorbance change∆D (i.e., D(λ) -
D(λ)0, whereD(λ)0 is the absorbance att ) 0), at 550 nm is
illustrated in Figure 2.∆D gradually increases with time and
levels off as predicted by eq 9. The rate constantkobs was
obtained from the slope of the linear plot of ln(D∞(λ) - D(λ))
vs t.
The relationship betweenkobsand [NO] is illustrated in Figure

3. With increasing [NO],kobsasymptotically increases toward
a limiting value,klim, of 4.0× 10-3 s-1, whereklim ) kOH[OH-]
according to eq 7. It can be shown from the above equations
that the relationshipklim(klim - kobs)-1 ) 1 + K[NO] pertains.
Consistent with this, the plot ofklim(klim - kobs)-1 vs [NO] was
linear with an intercept of 1.0. The slope of the line gaveK )
(1.4 ( 0.2) × 104 M-1, in good agreement with the value
obtained from the spectral changes illustrated in Figures 1 and
2 for CytIII with various [NO] in buffer solutions at pH 6.2.
The effects of pH on the rate constantkobs were examined

over the pH range 7.49-8.45 atPNO ) 100( 10 Torr. Figure
4 displays a plot ofkobsas a function of hydroxide concentration.
As predicted by eq 7, this is linear with a slope described by

From these data the bimolecular rate constant for the reaction
between CytIII-NO and OH- was determined to bekOH ) (1.5
( 0.1)× 103 M-1 s-1.
Metmyoglobin. Figure 5 shows the absorption spectra of

pH 6.13 buffered solutions of metmyoglobin MbIII under various
PNO. As PNO increased, the absorption maxima at 631, 500,
and 408 nm characteristic of MbIII decreased in intensity
and new bands appeared at 575, 535, and 417 nm. The
spectral changes are reversible, indicating that the reaction is

described as33

From the spectral changes, the equilibrium constant of eq 12
was determined to be (1.3( 0.1)× 104 M-1, a value nearly
identical to that obtained previously in unbuffered aqueous
solution at pH 6.5 (1.4× 104 M-1).33 The reversible reaction
was observed over the pH range 6.0-7.2, andK was found to
be independent of pH in the range studied.
For solution pH> 8.0, spectral changes for the reaction of

MbIII with NO were no longer reversible. Figure 6 shows the
absorption spectra of MbIII in a pH 8.79 buffer solution atPNO
) 130 Torr. The spectrum observed immediately after exposing

Figure 2. Time-dependent spectral changes of CytIII-NO atPNO )
132 Torr in the buffer solution at pH 8.0: (1) before initiation of the
reaction; (2) after 4 min; (3) after 15 min; (4) after 25 min. The inset
shows the absorbance change measure at 550 nm as a function of time.
The concentration of CytIII is 1.6× 10-5 M.

D(λ) ) εIII [Cyt
III ] + εNO[Cyt

III-NO] + εII [Cyt
II] (8)

D(λ) ) D∞(λ) - B exp(-kt) (9)

B) [CytIII ]0{(εII - εIII ) +
(εII - εNO)K[NO]}/(1+ K[NO]) (10)

slope) kOHK[NO](1 + K[NO])-1 (11)

Figure 3. Rate constantsk for the formation of CytII from CytIII-NO
at pH 8.35, represented as a function of NO concentration, [NO]. The
solid line is calculated from eq 7 with the use ofk∞ ) kOH[OH-] ) 4.0
× 10-3 s-1 andK ) 1.4× 104 M-1.

Figure 4. Rate constantsk for the formation of CytII from CytIII-NO
at an NO pressure of 100 Torr, represented as a function of the
concentration of OH- ions.

Figure 5. Absorption spectral changes of MbIII in the buffer solution
at pH 6.5 in the presence of NO: (1) NO pressure (PNO) 0 Torr; (2)
PNO ) 19 Torr; (3)PNO ) 46 Torr; (4)PNO ) 100 Torr; (5)PNO ) 255
Torr. The concentration of MbIII is 1.0× 10-5 M.

MbIII + NO {\}
K
MbIII-NO (12)
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the MbIII solution to NO is that of MbIII-NO. However, after
20 min, the spectrum was confirmed to be the same as that of
authentic MbII-NO prepared directly from MbII plus NO. This
suggests a sequence of reactions where MbIII-NO reacts further
with OH- to give MbII (eq 13), which is then rapidly trapped
by NO to give MbII-NO (eq 15). Free MbII was not detected
spectroscopically, presumably because of the rapid reaction
between MbII and excess NO (kNO ) 1.7× 107 M-1 s-1).33

The failure to observe MbII indicates the trapping by NO (eq
15) is very fast, so that rate-limiting step for MbII formation is
eq 13. Therefore,

where

Thus, the rate for the formation of MbII-NO follows first-order
kinetics, and the rate constant,kMb, has the same expression as
eq 7:

where

The value ofkMb measured at a given pH higher than 8.3
asymptotically increases toward a limiting value with an increase
in [NO]. The plot of (kMb)-1 vs ([NO])-1 gives a straight line.
From the slope and intercept of the line, the values ofkOH′ and
K are determined. Surprisingly, the equilibrium constantsK
proved to be pH dependent, giving (1.0( 0.1)× 103, (9 ( 1)
× 102, and (6.2( 0.5) × 102 M-1 at pH 8.3, 9.0, and 9.2,
respectively. These are an order of magnitude smaller than those
determined at lower pH by the spectroscopic titration method

which gave the value (1.3( 0.1)× 104 M-1 over the pH range
6.0-7.2 but a lower value, (0.5( 0.2)× 104 M-1, at pH 8.2.
The rate constantskOH′ were determined as (8.8( 0.2) ×

10-4, (3.6( 0.1)× 10-3, and (5.0( 0.2)× 10-3 s-1 at pH
8.3, 9.0, and 9.2, respectively. The plot ofkOH′ vs the
concentration of OH- gave a straight line with an intercept at
the origin. The slope of the line giveskOH ) (3.2 ( 0.2)×
102 M-1 s-1.
Equation 16 was derived on the assumption that the rate for

the reaction between MbII and NO is much faster than that
between MbIII-NO and OH-. This can be rationalized by
examining the pseudo-first-order rate constants for depletion
and formation of MbII under the reaction conditions.33 In this
context, the reaction of MbIII and NO in pH 8.79 buffer solutions
was studied over thePNO range 10-300 Torr. None of the
uncomplexed form MbII could be detected even at aPNO as
low as 10 Torr. This was expected given that bothkNO (1.7×
107 M-1 s-1) andK(ca. 1011M-1) for the reaction between MbII

and NO are both much larger than those for the reaction between
MbIII and NO (1.9× 105 M-1 s-1 and 1.3× 104 M-1,
respectively).33

Methemoglobin. Absorption spectral changes of methemo-
globin in the presence of NO were studied in buffer solution.
The NO adduct of methemoglobin, HbIII-NO, initially produced
is gradually changed to HbII-NO even at pH 6.3. Spectral
changes under NO (PNO ) 10-300 Torr) were not reversible,
and the equilibrium constant for eq 18 could not be determined
directly.

The spectrum of HbIII-NO observed immediately after
exposing the solution of HbIII to 200 Torr of NO gas changes
gradually to that of HbII-NO within 30 min. HbII was not
detected under these conditions; thus, the mechanism for
formation of HbII-NO appears to be analogous to that of MbII-
NO formation from MbIII-NO and OH-.
The equilibrium constantK in eq 18 and the rate constant

kOH can be obtained with the measurements of the rate constants
kHb for the formation of HbII-NO as a function of [NO] at a
given pH. On the assumption that eq 19 is the rate-determining
step,kHb is given bykHb ) kOH′K[NO]/(1 + K[NO]). The plot
of (kHb)-1 vs ([NO])-1 gave a straight line. From the slope
and the intercept,K and kOH′ are obtained. The equilibrium
constants are independent of pH in the range 5.6-7.4: (1.4(
0.1)× 104, (1.4( 0.1)× 104, (1.2( 0.1)× 104, and (1.3(
0.1)× 104 M-1 at pH) 5.6, 6.2, 7.1, and 7.4, respectively.
Figure 7 shows the plot ofkOH′ as a function of [OH-]. Since

the plot gives a straight line with a nonzero intercept,kOH′ is
formulated as

The slope and the intercept of the line givekOH ) 3.2× 103

M-1 s-1 and the pseudo-first-order rate constant,kH2O ) 1.1
× 10-3 s-1, respectively. The fact that the line has an inter-
cept implies that HbIII-NO reacts not only with OH- but also
with H2O to yield HbII, which is subsequently transformed to
HbII-NO by excess NO. Thus, the reductive nitrosylation of
HbIII observed at low pH is mainly ascribed to the following

Figure 6. Absorption spectral change of MbIII-NO in the buffer
solution at pH 9: (A) before initiation of the reaction; (B) after 20
min. The NO pressure is 204 Torr: Spectrum B is in agreement with
that of authentic MbII-NO. The concentration of MbIII is 1.2× 10-5

M.

MbIII-NO+ OH- 98
kOH

MbII + HNO2 (13)

HNO2 + OH- a NO2
- + H2O (14)

MbII + NO98
kNO

MbII-NO (15)

-d[MbII-NO]/dt ) kOH[OH
-][MbIII-NO] ) (kOHK[NO]/

(1+ K[NO]))[OH-]([MbIII ]tot - [MbII-NO]) (16)

[MbIII ]tot ) [MbIII-NO] + [MbIII ] + [MbII-NO]

kMb ) kOH′K[NO]/(1 + K[NO]) (17)

kOH′ ) kOH[OH
-]

HbIII + NO {\}
K
HbIII-NO (18)

HbIII-NO+ OH- 98
kOH

HbII + HNO2 (19)

HbII + NO98
kNO

HbII-NO (20)

kOH′ ) kOH[OH
-] + kH2O

(21)
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reaction:

With the increase in pH, eq 19 becomes a major reaction to
yield HbII.
Detection of NO2- and NO3

-. As mentioned above,
reductive nitrosylation of ferriheme proteins should give nitrous
acid or NO2- as the product. The ionic products were measured
by ion chromatography. An aqueous solution (10 cm3) of 1.1
× 10-4 M MbIII and 1.0× 10-3 M Na2CO3 was degassed and
exposed to NO gas at 120 Torr. The color of the solution
instantaneously turned from brown to red. The formation of
MbII-NO in the solution was confirmed by absorption spec-
troscopy. After removing the excess NO, the solution was
exposed to air. The products observed by chromatography of
the aerated solution were 1.03× 10-4 M NO2

- and 0.81×
10-4 M NO3

-. The fact that the ratio [NO2-]/[MbIII ] is
approximately unity indicates that 1 mol of NO2- is produced
from 1 mol of MbIII by reductive nitrosylation. The formation
of NO3

- is readily explained by the air oxidation of MbII-NO:

The thermal oxidation of MbII-NO shown in eq 23 has already
been studied in detail.39

Detection of NO2- and NO3- was carried out for an aqueous
solution of 1.0× 10-3 M Na2CO3, which was exposed to NO
gas at 200 Torr. After removal of NO gas, the aqueous solution
was aerated. The concentrations of NO2

- and NO3- detected
in the aerated solution are far less than 10-6 M.
A quantitative analysis of NO2- and NO3- was also carried

out for the aqueous solution of 1.0× 10-4 M CytIII after
exposure to NO gas at 120 Torr. The spectroscopic measure-
ment revealed that the solution after removal of the excess NO
contained 90% CytII and 10% CytII-NO. The aeration of this
solution yields NO2- and NO3-: [NO2

-] + [NO3
-] ) 7.1×

10-5 M and [NO2-]/[NO3
-] ) 0.4. A similar study was carried

out for the aqueous solution of 0.25× 10-4 M HbIII and 1.0×
10-3 M Na2CO3: [NO2

-] + [NO3
-] ) 1.24× 10-4 M and

[NO2
-]/[NO3

-] ) 0.4. These results are summarized as
follows: (1) [NO2

-] is much smaller than the stoichiometric
amount expected from the reductive nitrosylation reactions and
(2) the amounts of [NO2-] + [NO3

-] detected here are ca. 30-
40% less than those expected from the reductive nitrosylation
reactions of CytIII and HbIII and the subsequent air oxidation of
CytII-NO and HbII-NO. It is suggested that, during the course

of air oxidation of CytII-NO and HbII-NO, NO2- produced
by reductive nitrosylation is, in part, oxidized to NO3-. Such
a complicated air oxidation reaction of CytII-NO and HbII-
NO would give a poor value for [NO2-] + [NO3

-] detected in
the present system.

Discussion

Ferrihemoproteins MbIII , HbIII , and CytIII each reversibly bind
NO in aqueous solution.33 The central iron atom of MbIII has
the imidazole nitrogen of proximal histidine as the fifth ligand
and H2O as the sixth. As the water is readily replaced with
other ligands, we assume that this represents the process leading
to formation of MbIII-NO. Similarly, the labile sixth iron site
of HbIII is readily available to formation of a Fe-NO bond.
The reaction of MbIII with NO is quite rapid (k ) 1.9× 105

M-1 s-1) although slower than that for MbII.33

In contrast, the axial coordination sites of CytIII are occupied
by a methionine sulfur and the imidazole nitrogen of the
proximal histidine,40 one of which, presumably the methione,
is replaced by NO to give the nitrosyl complex. As we have
reported, the reaction of CytIII with NO is several orders of
magnitude slower (k ) 7.2× 102 M-1 s-1)33 than that of MbIII

although the equilibrium constants for complex formation are
about the same. This suggests that theK values are dominated
by the binding between NO and Fe(III) while the rate constants
are influenced by other factors such as protein conformational
changes. As noted in the Results, the reaction of CytII with
NO to form CytII-NO is even slower (k ) 8.3 M-1 s-1)33 than
that for the ferric analogue CytIII , and it is for this reason that
CytII, not CytII-NO, is the principal product of the NO reduction
of CytII under the conditions studied here. The axial coordina-
tion sites of the heme iron in CytII are occupied by a methionine
sulfur and an imidazole nitrogen, and the differences from CytIII

are subtle, but it was argued that the oxidized form has a greater
degree of heme exposure to the medium than the reduced form
and that Fe-S bonding is weaker in the former.40

In an earlier study33 we reported equilibrium constants for
the reaction of NO with ferrihemoproteins in unbuffered
solutions to form the respective nitrosyl adducts. The studies
described here were carried out in buffered solutions. The
present data obtained for CytIII and HbIII indicate little sensitivity
of K to the presence of phosphate buffer or to pH. The
equilibrium constantK for the reaction of CytIII with NO was
determined to be (1.6( 0.2) × 104 M-1 in pH 6.5 buffer
solution, identical with that (1.6× 104 M-1) obtained in a
nonbuffered aqueous solution at pH 6.5.33 At pH > 7.0, the
subsequent reductive process was sufficiently rapid that it was
necessary to obtainK from the kinetic analysis (i.e., eq 7).K
determined in this manner for reaction of CytIII with NO at pH
8.5 was (1.4( 0.2)× 104 M-1, within experimental uncertainty
of that determined at pH 6.5.
A similar observation was made for formation of the NO

adduct of MbIII ; the spectroscopic titration of MbIII with NO
indicated thatK ) (1.3 ( 0.1) × 104 M-1 in the pH range
6.13-7.2. The kinetic analysis for the reductive nitrosylation
gaveK values for the formation of MbIII-NO at pHg 8.2.
TheK values thus obtained at pHg 8.2 are markedly smaller
than those at pHe 7.2. This decrease inK was also observed
by spectroscopic titration at pH 8.2. However, that value was
prone to greater error owing to the rate of reductive nitrosylation.
Although one might expect the acidity of H2O in the axial site
to affectK in this case, only about 14% of MbIII-H2O would
have been ionized at pH 8.2 according to the pKa (8.99).41 This
may suggest that the differences inK values between pH 7.2
and pH 8.2 are not ascribed to the ionization of the axial H2O

(39) Anderson, H. J.; Skibsted, L. H. J.J. Agric. Food Chem. 1992, 40,
17041-1750. (40) Takano, T.; Dickerson, R. E.J. Mol. Biol. 1981, 153, 95-115.

Figure 7. Rate constantskOH′ for the reaction between HbIII-NO and
OH-, represented as a function of [OH-].

HbIII-NO+ H2O98
kH2O

HbII + HNO2 + H+ (22)

MbII-NO+ O2 f MbIII + NO3
- (23)
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at higher pH. A possible interpretation could be a change in
the conformation of the proteins surrounding heme in MbIII-
NO at pH> 7.5. Further study is necessary for full elucidation
of the pH dependence ofK values.
For HbIII , the nitrosyl adduct is very unstable even at pH<

6.5, and reversible formation of HbIII-NO was not detected.
Thus, the determination ofK values cannot be made by
spectroscopic titration of HbIII by NO. The kinetic analysis for
the reductive nitrosylation of HbIII affordedK ) (1.3( 0.1)×
104 M-1 in the pH range 5.6-7.4.
The rate constantskOH for the bimolecular reaction between

nitrosylferrihemes and OH- were determined to be 1.46× 103,
3.2× 102, and 3.2× 103 M-1 s-1 for CytIII-NO, MbIII-NO,
and HbIII-NO, respectively. The HbIII undergoes reductive
nitrosylation even at pH below 6.0, presumably because of a
facile reaction with H2O while CytIII-NO and MbIII-NO react
with H2O much more slowly.
A few mechanisms have been proposed to explain reductive

nitrosylation of ferrihemoproteins. One such proposal is that
the NO adduct is reduced either intramolecularly or intermo-
lecularly by the protein fragment surrounding the heme to give
the nitrosyl adduct of the ferrohemoprotein.42

Another proposal35 is that the NO adduct of ferrihemoprotein
thermally dissociates NO+ to give the ferrohemoprotein. The
NO+ would react with OH- (or another nucleophile), leaving
ferrohemoproteins as a stable product or a product which reacts
further with NO. This can be illustrated for CytIII as follows:

However, the only way in which this mechanism can display a
rate law dependent on [OH-] would be for the rate of the back
reaction of eq 25 (k-2) to be competitive with the trapping of
NO+ by OH- or H2O. Since the rate for trapping of NO+ by
H2O (55 M) has been estimated to be extremely large (k3 ≈
1010 M-1 s-1),43 even a diffusion-limited value fork-2 cannot
be competitive with the hydrolysis of NO+ by solvent water.
Thus, a mechanism occurring by spontaneous dissociation
cannot explain the observed rate law.
The third proposed mechanism involves reaction of the

ferriheme protein nitrosyl adduct with OH- to give a nitrofer-
roheme protein (or its conjugated acid).34 Dissociation of nitrite
ion (or nitrous acid) would give the ferroheme protein, and
further reaction with NO would give the eventual nitrosyl
ferroheme protein adducts.

This mechanism finds analogy with that proposed for the
reversible hydrolysis of nitroprusside to give [Fe(CN)5NO2]4-

and in the hydrolysis of several ruthenium(II) nitrosyls.44-47

However, intermediate nitroferroheme proteins were not detected
in the present study. This can easily be explained if the
intermediate N-bound nitrous acid complex (and/or the conjugate
base nitro complex) is labile toward dissociation under the
reaction conditions. In that case, the rate-limiting step would
be the reaction with OH-, a mechanism consistent with the rate
law described in eq 17.
The reactivity of the ferriheme protein nitrosyl adducts is

easily rationalized in terms of the charge transfer from the nitric
oxide to the metal to give a linear structure best described
electronically as FeII‚‚‚NO+. This makes the nitrosyl consider-
ably more electrophilic, hence more susceptible to attack by
hydroxide or another nucleophile. We do not have a ready
explanation for the reactivity order characterized by thekOH
values, i.e., HbIII-NO > CytIII-NO > MbIII-NO, or for the
much greater reactivity of HbIII-NO toward H2O. One
consideration might be the Fe(III)/Fe(II) reduction potentials
of these proteins, since the charge transfer might correlate with
this parameter. However, while methemoglobin (E0 ) 0.144
V at pH 7) is a stronger oxidant than metmyoglobin (0.06 V),
the same is not true for CytIII (0.22 V).48 Clearly there are other
factors which may also play a role.
The NO+ moiety is isoelectronic to carbon monoxide, and it

is notable that a number of metal carbonyls (M-CO) are
similarly susceptible to reaction with nucleophiles (such as OH-)
to form nucleophile carbonyl adducts (such as M-C(O)OH-).49

Loss of CO2 plus H+ from the hydroxycarbonyl adduct leads
to formal reduction of the metal center by two electrons rather
than the formal one-electron process depicted by eq 30.

In summary, reductive nitrosylation of the ferrihemeproteins
CytIII , MbIII , and HbIII first involves formation of the nitrosyl-
ferrihemoprotein adducts. The coordinated NO of these species
is activated toward nucleophilic attack by OH- to give the
ferrohemoproteins plus nitrite ion, presumably via the interme-
diacy of N-bonded NO2- or HONO. The ferrohemoproteins
can react further with NO to give the respective nitrosyl
complexes. The rate-limiting step of this sequence is apparently
the reaction of the nitrosyl-ferriheme adducts with OH-. The
rate constantskOH vary in the order HbIII > CytIII > MbIII .
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