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Oxidations of hemoglobin in oxygen-saturated and 
deoxygenated media by 10 structurally variant alkyl 
nitrites  have been examined  in  kinetic  detail.  Pro- 
nounced structural influences on rate constants, whose 
values span a range  of 80 in oxidations  of both oxy- 
and deoxyhemoglobin, have been observed. tert-Butyl 
nitrite provides the  slowest oxidation rate that for 
deoxyhemoglobin terminates  after only half of the 
available iron(I1) heme units  have been oxidized. Ac- 
tivation parameters have been determined for oxida- 
tions of oxyhemoglobin and deoxyhemoglobin by ethyl, 
isopropyl, and neopentyl nitrites from kinetic  evalua- 
tion of these reactions as a function of temperature, 
The differences in free  energies of activation (AG$) 
between hemoglobin R and T states range from 1.8 to 
2.9 kcal/mol for the three  alkyl  nitrites examined. The 
composite data portray alkyl  nitrite  oxidations as in- 
ner sphere electron transfer processes whose kinetic 
characteristics  reflect the ligand binding properties of 
hemoglobin. A sulfhydryl-induced alkyl  nitrite  oxida- 
tion of oxyhemoglobin that is most  pronounced in  ox- 
ygen-saturated media has been observed, and its cause 
has been traced to nitrosyl  exchange of alkyl  nitrites 
with the 8-93 cysteine sulfhydryl group of hemoglobin. 

The  oxidation of hemoglobin to methemoglobin by chemical 
agents is recognized to be a  complex transformation  that is 
dependent  on  the  nature of the chemical oxidant (1-3), on 
structural  features of the  protein molecule (1, 4-6), and  on 
the  distance over which electron  transfer  occurs (7-9). Al- 
though  the  literature is replete with examples of oxidants  that 
are  capable of electron  transfer from hemoglobin, few  of these 
oxidative transformations have  been examined in exacting 
detail,  and  there  is  virtually  no  information  on  the  structural 
influences of the  oxidant  in hemoglobin  oxidations. The  trans- 
formation of hemoglobin to methemoglobin can conception- 
ally occur by either  an  outer  sphere process,  in which iron(I1) 
and  the chemical oxidant  each  retains  its own full  coordina- 
tion  shell, or an  inner  sphere process, which is characterized 
by intimate association of the  oxidant  to  the  sixth  coordina- 
tion position of hemoglobin. An outer  sphere  electron  transfer 
process is clearly  defined in  oxidations  that occur with  metal- 
loproteins  that have an inaccessible metal  site (10). However, 
when the  metal  site  is accessible to ligand  association, as is 
the case  for  hemoglobin, both  inner  sphere  and  outer  sphere 
electron  transfer processes are possible. 

In  reactions  with hemoglobin, an  inner  sphere  electron 
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transfer process is suggested if oxidation occurs on  both  the 
oxy and deoxy forms with the  same  kinetic dependence on 
hemoglobin and  on  the chemical oxidant  and if iron  ligands 
that include dioxygen inhibit  oxidation (11-14). We have 
recently reported  results which  suggest that  the oxidative 
characteristics of ethyl  nitrite  fit  these  criteria  and  that  this 
system  provides an exemplary model for inner  sphere  metal- 
loprotein oxidations (15, 16). As an  inner  sphere  electron 
transfer process, structural  variation of the oxidatively unin- 
volved alkyl  group of alkyl nitrites is predicted to influence 
the  rate of hemoglobin oxidation as a result of attractive 
hydrophobic and repulsive steric  interactions with the  protein. 
However, until  quite  recently, a potentially predictive model 
to which rate  constants  for  inner  sphere  electron  transfer 
reactions could be compared was unavailable.  Reisberg and 
Olson (17-19) have recently reported  their  exhaustive  exam- 
ination of the  rates  and equilibrium constants for  isonitrile 
binding  to hemoglobin, and  their  results offer the  first avail- 
able model with which the  structural influences of alkyl 
nitrites  in hemoglobin oxidations  can be  evaluated. 

MATERIALS  AND  METHODS 

Human hemoglobin A (type IV), obtained from Sigma, was reduced 
with excess sodium dithionite  and  further purified by passing the 
resulting aqueous solution  through  a G-25 Sephadex column using 
0.05 M phosphate buffer at  pH 7.0. Concentrated  solutions of oxyhe- 
moglobin (approximately 1.0 mM heme) were degassed under reduced 
pressure (less than 0.5 torr),  and  the  resultant deoxyhemoglobin was 
maintained in a sealed air-tight flask at  atmospheric  pressure  under 
nitrogen.  Reaction of p-93 cysteine residues of the  reactant hemoglo- 
bin was performed at  pH 7.8 with oxyhemoglobin and a 10-fold molar 
excess of iodoacetamide, relative to heme, according to  the procedure 
of Winterbourn  and Carrel1 (2). The p-93 sulfhydryl blocked hemo- 
globin was separated from excess iodoacetamide on a G-25 Sephadex 
column. The absence of accessible sulfhydryl groups was determined 
with 5,5’-dithiobis(2-nitrobenzoic acid) by the method of Ellman 
(20). Heme concentrations for deoxyhemoglobin were calculated from 
the extinction coefficients of Banerjee et al. (21). Heme concentra- 
tions for oxyhemoglobin samples were calculated from the molar 
absorptivities of Moore and Gibson (22). Oxygen concentrations in 
the  buffered solutions employed for this study were measured and 
varied as previously described (16). 

Alkyl nitrites were prepared from their respective alcohols by 
treatment with sodium nitrite in aqueous sulfuric acid (23) and 
purified by distillation; the physical constants of these synthetically 
derived reagents were identical to  literature values (24), and spectro- 

were determined at  25.0 “C in 0.05 M phosphate-buffered  solution 
scopic evaluations confirmed their identity. Hydrolytic rate  constants 

(pH 7.0) for each of the alkyl nitrites employed in kinetic  investiga- 
tions of hemoglobin oxidation.  Half-lives for hydrolysis ranged from 
0.8 to 2.4 h  for  primary alkyl nitrites  and from 0.8 to 1.2 h for 
secondary and  tertiary alkyl nitrites. The detailed  results of this 
hydrolytic investigation are reported elsewhere (25). Stock  solutions 
of alkyl nitrites in anhydrous  acetonitrile were prepared immediately 
prior to  their use for  kinetic  measurements. Acetonitrile compositions 
in the reaction  solution never exceeded 1% of the  total volume and 
were not observed to affect reaction rates  or product  distributions. 

Reactions were initiated with the injection, using a  gas-tight sy- 
ringe, of a  concentrated alkyl nitrite solution into  the hemoglobin 
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sample  (usually 20-40 PM) contained in 0.05 M phosphate buffer at  
pH 7.0. Rates for oxyhemoglobin oxidations were determined by 
monitoring the decrease in absorbance at  576 nm with time  using  a 
Pye  Unicam SP8-200 spectrophotometer. With deoxyhemoglobin, 
oxidation rates were determined by monitoring the decrease in ab- 
sorbance at  552 nm with time. In all  kinetic  experiments,  reactions 
were carried out under  pseudo-first  order  conditions where alkyl 
nitrite  concentrations were generally in 10-fold molar excess with 
respect to  the  total heme groups present. Monophasic time courses 
were fitted  to  an  integrated single exponential process from which 
the pseudo-first  order rate  constants were calculated. Biphasic  time 
courses were fitted  to a  two-exponential  expression from which 
pseudo-first order rate  constants were calculated for both the  fast 
and slow phases. Typically, from 5 to 12 replicate  time  courses were 
obtained for each kinetic determination,  and  the averaged rate con- 
stants  are reported. The compositions of nitrosylhemoglobin and 
methemoglobin from alkyl nitrite oxidations of deoxyhemoglobin 
were calculated from product  absorbances observed at  542, 552, and 
572 nm in each experiment,  and  the resulting composition determi- 
nations were averaged to  obtain  the reported values. Deviations in 
per cent  HbNO from calculations at  these  three wavelengths were 
less than  1%,  and deviations in  per  cent MetHb' between individual 
reaction determinations  amounted  to  k2%. 

Reaction rates for oxy- and deoxyhemoglobin oxidation by ethyl, 
isopropyl, and neopentyl nitrites were determined a t  selected temper- 
atures k O . 1  "C, and  their  rate  constants were obtained from the 
average of at  least four separate measurements. Oxyhemoglobin oxi- 
dation  rate  constants, ko, were calculated from the previously deter- 
mined relationship kobs = 2kJt?/(P" + [O,]), where I@ is the 
equilibrium constant for oxygen dissociation from hemoglobin, using 
reactions  performed at  oxygen saturation (16). Activation energies, 
E.,,, were determined from the slopes of the lines (-Eact/R, where R 
is the gas constant in cal/deg-mol) in plots of  In  k, versus 1/T. The 
estimated  error of these  determinations for oxidations of oxyhemo- 
globin were f l . O  kcal/mol, and for oxidations of deoxyhemoglobin 
error  limits were f1.5 kcal/mol. Activation enthalpies (AH$), entro- 
pies (AS$), and free  energies (AGS)  were obtained from application 
of the  transition  state  rate equation  evaluated at  25.0 "C. Estimated 
error limits for oxidations of oxyhemoglobin were f1.0 kcal/mol 
(AH$),, +2.0 e.u. (ASS),  and  f0.2 kcal/mol (AG$) ,  and those for 
oxidatlons of deoxyhemoglobin were k1.5 kcal/mol (AH$), +4 e.u. 
(ASS), and kO.2 kcal/mol (AGS). Composite errors in AH$ and AS$ 
cancel in calculations of AG$. 

RESULTS 

Sulfhydryl-induced Alkyl Nitrite Oxidation-Our prior eval- 
uation of the  kinetic  characteristics of ethyl  nitrite  oxidations 
of oxyhemoglobin identified  an inverse first  order  kinetic 
dependence  on  the  concentration of molecular oxygen that 
deviated  from  linearity when the oxygen concentration  ap- 
proached  saturation (16). This  same  deviation was not ob- 
served  in  similar  investigations of oxymyoglobin oxidations 
by ethyl  nitrite,  and  the  existence of an  alternate  pathway for 
the  oxidation of hemoglobin, but  not of myoglobin, was evi- 
dent. We can now report  that  this  alternate  pathway for 
hemoglobin oxidation  is  due  to  the  presence of accessible 
cysteine residues at  the  93-position  on  the  @-chains of hemo- 
globin. 

Although alkyl  nitrites  are hydrolytically stable  under  re- 
action  conditions employed for hemoglobin oxidation,  they 
are  capable of rapid  nitrosyl  exchange with thiols (25-27). 
Similar  transformations  also occur  between thiols  and  nitrous 
acid or dinitrogen  tetroxide (26-29). S-Nitrosocysteine  (30) is 
rapidly formed from  cysteine upon  reaction with  ethyl  nitrite 
in aqueous  media, although  subsequent  reactions  result  in  the 
eventual  formation of the disulfide cystine  and, presumably, 
nitric oxide. Since hemoglobin, but  not myoglobin, possesses 
an accessible cysteine residue,  conversion of this sulfhydryl 
group to a derivative sulfide was anticipated  to block the 

The abbreviations used are: MetHb, methemoglobin; Hb, hemo- 
globin; Et, ethyl-; Pr, propyl-; i, iso-; Bu, butyl-; s, secondary;  Pe, 
pentyl-. 

alternate  pathway for hemoglobin oxidation  and  to afford 
linear inverse  dependence on  the  concentration of molecular 
oxygen in  kinetic  investigations of oxyhemoglobin oxidations 
by ethyl  nitrite, even at  oxygen saturation. Fig. 1 describes 
the composite results from investigations of the oxygen de- 
pendence  on oxyhemoglobin oxidations by ethyl  nitrite with 
both unmodified HbO, and  @-93 sulfhydryl-blocked HbO,. 
Clearly, the sulfhydryl  group is  the active functionality  that 
provides the  alternate  pathway for hemoglobin  oxidation. The 
composite results  fit  the  two-term  rate law 

where k, for the  oxidation of unmodified hemoglobin is 2.53 
X IO4 M"S" at 10.0 "C (16) and kSH, the  rate  constant for 
sulfhydryl-induced  alkyl nitrite  oxidation,  is 21 ~ " s " .  The 
alternate  pathway for oxidation of hemoglobin is not observ- 
ably dependent  on  the  concentration of molecular oxygen and 
is specifically facilitated by the cysteine  sulfhydryl  group at  
the  @-93 position. Free  cysteine  added  to  the reaction  solution 
containing p-93  sulfhydryl-blocked  HbO, did not increase the 
observed rate  constant for hemoglobin oxidation even when 
a  10-fold molar excess of cysteine was employed. 

Alkyl Nitrite Oxidations of Oxyhemoglobin-In order  to 
determine  the effect of structure  on reactivity in alkyl nitrite 
oxidations of HbO, without  competition from sulfhydryl- 
induced  alkyl nitrite  oxidation,  @-93 sulfhydryl-blocked oxy- 
hemoglobin was employed  for kinetic  determinations.  Since 
the slope of the  line  that describes  inverse  kinetic  dependence 
on oxygen concentration (Fig. 1) for  oxidation of p-93  sulfhy- 
dryl-blocked  HbO, is identical  to  that for oxidation of un- 
modified hemoglobin, the use of iodoacetamide as  the blocking 
reagent does not influence the kinetic character of oxyhemo- 
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FIG. 1. Dependence of the rate constant for ethyl nitrite 
oxidation of unmodified oxyhemoglobin (0) and 8-93 sulfhy- 
dryl-blocked oxyhemoglobin (0) on the Concentration of oxy- 
gen. All reactions were observed at  576 nm in 0.05 M phosphate 
buffer, pH 7.0, 10.0 "C, and  total oxygen concentration is reported. 
The inset is an expansion of this plot for kinetic behavior at oxygen 
concentrations near  solution saturation.  Rate  constants for the first 
phase of the reaction  are  reported. 
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globin oxidation. Oxidations of oxyhemoglobin to  methemo- 
globin were performed at  25.0 "C in oxygen-saturated solu- 
tions with ten  representative alkyl nitrites. Typical time 
courses are described in Fig. 2. Like the  corresponding oxi- 
dations by ethyl  nitrite  (16),  these  reactions  are biphasic, 
consisting of a rapid  initial  phase  and a distinctly slower 
second phase.  In  the second phase of oxidation, alkyl nitrites 
generally exhibit  reaction  rates  that  are only 0.1-0.3 times  as 
fast  as  their  initial  rates.  That  this behavior  does not  result 
from hydrolysis of the alkyl nitrite  and  subsequent  competi- 
tive oxidation of HbO, by the  nitrite ion is known  from the 
hydrolytic rate  constants for each of the alkyl nitrites  exam- 
ined (27).  The  fastest  rate for alkyl nitrite hydrolysis  projects 
production of the  nitrite ion in  concentrations  that are equiv- 
alent  to  those of the HbO, concentration only after 800 s. As 
a result, Fig. 2  displays time courses  for these  reactions only 
to 800 s. 

Oxidation of oxyhemoglobin by tert-butyl  nitrite provided 
the only  example of hydrolytic  influence on  the reaction 
course. In  this case,  a rapid  autocatalytic  oxidation was ob- 
served subsequent  to  the  initial hemoglobin oxidation. This 
autocatalytic  oxidation is characteristic of the  nitrite ion 
acting upon oxyhemoglobin (31). A similar  nitrite ion-induced 
oxidation was not observed with  any  other alkyl nitrite. 

First  order  kinetics  is observed  in each  phase of HbO, 
oxidation by these alkyl nitrites with the requisite linear 
correlation between In ( c ~ ~ ~ ~ / c ? ~ ~ ~ )  and  time  extending  to  the 
first 50% of the reaction  in the  first  phase  and,  in a  second 
linear  relationship,  extending  from  approximately 60 to 385% 
of the  time course of the  reaction. Various explanations for 
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FIG. 2. Typical time courses for reactions of hemoglobin in 
oxygen-saturated solutions with representative alkyl  nitrites. 
Reactions were observed a t  576 nm for iodoacetamide-treated oxy- 

nitrite (O), 3.60 X M (heme), 3.61 X IO" M (n-PentONO).  n- 
hemoglobin in 0.05 M phosphate buffer, pH 7.0, 25.0 "C. n-Pentyl 

Butyl nitrite (0), 2.43 X M (heme), 2.42 X M (n-BuONO). 
n-Propyl  nitrite (A), 3.49 X M (heme), 3.49 X M (n-PrONO). 
Isopropyl nitrite (A), 2.75 X M (heme), 5.49 X M (i-PrONO). 
Isobutyl nitrite (+), 4.01 X lo-' M (heme), 8.06 X M (i-BuONO). 
Neopentyl  nitrite (a), 2.54 X lo-' M (heme), 5.10 X M (neo- 
PentONO). sec-Butyl nitrite (m), 3.53 X M (heme), 7.04 X 
M (s-BuONO). 

this  moderate  biphasic  character have been previously dis- 
cussed (161, and  the possibility that  partially oxidized hemo- 
globin tetramers  exhibit  differential  rates for oxidation (6,32) 
should  also be  considered. The  second  order  rate law for 
oxyhemoglobin oxidation by these alkyl nitrites,  first  order  in 
[HbO,] and  first  order  in [RONO], was confirmed byperform- 
ing these  oxidations  with  different  molar  ratios of [RONO]/ 
[HbO,]. 

Kinetic  results for the  oxidation of 6-93 sulfhydryl-blocked 
oxyhemoglobin by a representative  series of alkyl nitrites is 
presented  in  Table I. Rate  constants for the fast initial  phase 
from each of these alkyl nitrites  are  reported  as kFkoz. Those 
for  the slow second phase,  reported  as kEb","/k%i, are only 
provided for primary alkyl nitrites,  since complicating sec- 
ondary  reactions  due  to alkyl nitrite hydrolysis are  not com- 
petitive when these  substrates  are employed. In  the series of 
n-alkyl  nitrites,  rate  constants for the  initial  phase of hemo- 
globin oxidation  reach a minimum a t  n-propyl nitrite.  Isopro- 
pyl and  n-propyl  nitrite oxidize hemoglobin at  similar  rates, 
but  in  the  butyl series, the degree of branching produces  a 
dramatic effect on  the  rate  constants for oxidation. A 31-fold 
change  in  the  rate  constants for the  initial  phase of oxidation 
is observed  with structural  variation from n-butyl  to  tert- 
butyl  and, overall, an 80-fold rate  change  is observed  from 
ethyl  to  tert-butyl.  The effect of replacing a hydrogen by a 
methyl group at  the position a to  the  nitrite  functionality 
(ethyl >> isopropyl >> tert-butyl)  is  greater by a factor of 8 
than  is  the  kinetic response to replacement of a  hydrogen by 
a methyl group at  the position 0 to  the  nitrite  functionality 
(n-propyl > isobutyl > neopentyl).  Replacement of a hydrogen 
by a methyl group at  the  y-position  (n-butyl > isopentyl) 
appears  to produce the  same  kinetic response as does  replace- 
ment of a hydrogen by a methyl group at   the 0-position. 

Alkyl Nitrite Oxidations of Deoxyhemoglobin-Oxidations 
of deoxyhemoglobin were performed at  10.0 "C with the  iden- 
tical  set of alkyl nitrites  as was employed for reactions  with 
HbO,, and typical time courses are described in Fig. 3. Unlike 
the  corresponding  oxidations by ethyl  nitrite ( E ) ,  which 
exhibit  pseudo-first  order  kinetics  through  greater  than  80% 
of their  time courses, the  structurally  variant alkyl nitrites 
normally  produce distinctly biphasic kinetic  time courses. 
With  the exception of tert-butyl  nitrite, which causes effective 
termination of oxidation at approximately  50%  oxidation, 
alkyl nitrites generally exhibit reaction rates in the second 
phase of oxidation that  are only 0.4-0.7 times  as  fast  as  their 
initial  rates.  Rates for oxidation of 6-93 sulfhydryl-blocked 
hemoglobin were identical with those  obtained  with  unmodi- 

TABLE I 
Observed and calculated rate  constants for oxyhemoglobin oxidation 

by structually  variant alkyl nitrites a t  p H  7, 25.0 "C 

k:k@ = 2k,,Koz/(Koz + [O,]) (16), and KZFoZ is  the  rate  for alkyl 
Reaction conditions  are given in Fig. 2, k, was  calculated from 

nitrite  oxidation of oxyhemoglobin  relative to  that for tert-butyl 
nitrite. 

Nitrite krbr2 10" k. kzrz k!CW/k%' 
M ' S "  

Ethyl 43.0 13.1 80 4 . 0  
n-Propyl 8.9  2.71 16 0.19 
n-Butyl 17.0  5.18 31 0.23 
n-Pentyl 22.6 6.89 42 0.17 
Isobutyl 2.3  0.702  4.3  0.13 
Isopentyl 7.1 2.17 13 0.16 
Neopentyl 1.62 0.494  3.0 
Isopropyl 7.2  2.20 13 
sec-Butyl 1.01 0.308 1.9 
tert-Butyl 0.54 0.165 1.0 
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FIG. 3. Typical  time  courses for reactions of hemoglobin in 
deoxygenated solutions with representative alkyl  nitrites. Re- 
actions were observed at 552 nm for  iodoacetamide-treated deoxy- 
hemoglobin in 0.05 M phosphate  buffer,  pH 7.0, 10.0 "c. n-ProPYl 
nitrite (A), 4.46 X loL5 M (heme), 4.44 X 10" M (n-PrONO).  n-pentyl 
nitrite (O), 3.51 X lo-' M (heme), 3.50 x lo-' M (n-PentONO).  n- 
Butyl  nitrite (0), 2.96 X M (heme), 2.95 X lo-' M (n-BuONO). 
Isobutyl nitrite (+), 4.48 X M (heme), 4.48 X IO-' M (i-BuONO). 
Isopropyl nitrite (A), 3.96 X M (heme), 3.95 X IO-' M (i-PrONO). 
sec-Butyl nitrite (m), 4.04 X M (heme), 4.04 X IO-' M (s-BuONO). 
Neopentyl nitrite (a), 2.68 X M (heme), 2.68 X io-' M 
PentONO). 

TABLE I1 
Rate  constants for deoxyhemoglobin oxidation by structurally variant 
alkyl nitrites a t  pH 7, 10.0 "C and  the percentage of total hemoglobin 

converted to nitrosylhemoglobin 
Reaction  conditions are given in Fig. 3 and kg;  is the  rate  constant 

for alkyl nitrite oxidation of deoxyhemoglobin relative to  that for 
tert-butyl  nitrite.  Determination of per cent  HbNO was made as 
described under  "Materials  and Methods." 

Nitrite k 22 k. k 2  k E e f k 2  HbNO 
m-'s-' % 

Ethyl 1120  560 77 -4.0 28 
n-Propyl 812  406 56 0.54 21 
n-Butyl 598  299  41 0.64 18 
n-Pentyl 755  378  52 0.60 22 
Isobutyl 308  154 21  0.58 24 
Isopentyl 345  172 24 0.52  32 
Neopentyl 45 22 3.1 0.48  23 
Isopropyl 174 87 12 0.33 26 
sec-Butyl 77  38  5.3 0.38 25 
tert-Butyl 14.5 7.2 1.0  c0.05 

fied hemoglobin  which  suggests the  requirement for  molecular 
oxygen in  alkyl  nitrite  oxidations of HbO, induced by the 
sulfhydryl group. 

Kinetic  results  for  the  oxidation of deoxyhemoglobin by 
these  alkyl  nitrites  are  presented  in  Table I1 together  with 
the  percentage of total hemoglobin that was converted  to 
nitrosylhemoglobin. Rate  constants for the  fast  initial  phase 
are  reported  as kt;, and  those for the second slower phase  are 
presented  as kt:r/kE. In  the  series of n-alkyl  nitrites,  rate 
constants for the  initial  phase of hemoglobin oxidation reach 

a minimum a t  n-butyl  nitrite  rather  than  at  n-propyl  nitrite, 
as occurs in oxyhemoglobin oxidations  (Table  I). However, 
the degree of branching  in  the  butyl series  again dramatically 
affects  the  rate  constants for oxidation, causing a 41-fold 
change  with  structural  variation  from  n-butyl  to tert-butyl. 
The effect of replacing  a hydrogen by a methyl group at  the 
position 01 to  the  nitrite  functionality  (ethyl >> isopropyl >> 
tert-butyl)  is  greater by a factor of between 2 and 4 than is 
the  kinetic response to  replacement of a hydrogen by a  methyl 
group at  the  position @ to  the  nitrite  functionality  (n-propyl 
> isobutyl > neopentyl).  Replacement of a  hydrogen by a 
methyl group at  the  y-position  (n-butyl > isopentyl) appears 
to produce  only two-thirds of the  kinetic response that is 
observed with  replacement of a  hydrogen by a methyl group 
at  the @-position. 

Variation of alkyl nitrite  structure does not greatly  affect 
the relative yield of nitrosylhemoglobin. However, the overall 
observed changes in per  cent  HbNO, from 18 to 32%, are 
beyond experimental  error. That  the increased  production of 
methemoglobin is not due to sulfhydryl-induced nitric oxide 
oxidation (33) was  confirmed by separate  experiments  in 
which 1:1 molar ratios of nitric oxide, based on  NO/heme 
iron, were employed with iodoacetamide p-93 sulfhydryl- 
blocked  deoxyhemoglobin,  identical results  to  those previ- 
ously reported for  unmodified hemoglobin (15) were obtained. 

The  reaction of tert-butyl  nitrite  with deoxyhemoglobin is 
singularly important for its apparent  termination  after only 
half of the available iron(I1) heme units have  been oxidized 
when this  reaction  is performed at  10 "C. Oxidation  continues 
after  this  half-oxidation  stage  but  on a time scale which 
approaches  that of the exceedingly slow nitrite ion  oxidation 
(15) under  the  same  conditions.  The  time course for this 
transformation, which is  presented  in Fig. 4, describes an 
initially  rapid  change  in  absorbance followed by a time period 
at  constant  absorbance  and,  after 500 s, a  perceptively slow 
conversion to  the  final  state.  The  spectral  changes  from 650 
to 450 nm  for  the  transformation of the  initial deoxyhemoglo- 
bin to  the  intermediate  and  final  states (Fig. 5) define the 
overall  uniform  conversion of Hb  to  MetHb  and  HbNO. 
Identical  results  are  obtained  with @-93 sulfhydryl-blocked 
hemoglobin. At 25 "C,  oxidation of hemoglobin by tert-butyl 
nitrite does not  terminate at the half-oxidation stage  but 
continues  to  completion,  although with evident biphasic  ki- 
netic  character. 

Temperature Effects on Alkyl Nitrite Oridations-Compar- 

TIME (s) 
FIG. 4. Time course for the reaction of deoxyhemoglobin 

with tert-butyl nitrite. Reaction was performed on  the deoxygen- 
ated solution in 0.05 M phosphate buffer, pH 7.0, 10.0 "C, and ob- 
served at  552 nm, 3.21 X M (heme), 6.42 X M (t-BuONO). 
The final  absorbance  reading (t-) was obtained after 22 h. 
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FIG. 5. Spectral time course for the reaction of deoxyhem- 

oglobin with tert-butyl nitrite. Reaction was performed on the 
deoxygenated  solution  in 0.05 M phosphate buffer, pH 7.0, 10.0 "C, 
3.21 X M (heme), 1.61 X 10" M (t-BuONO).  Spectra were 
recorded at  80-s intervals. The  spectrum  at t, (---) was obtained 
after warming the reaction  solution to 25 "C. 

ative  kinetic  results for the  ethyl  nitrite  oxidation of deoxy- 
and oxyhemoglobin a t  10 "C show  an oxidative rate  enhance- 
ment of 45 that  has  been suggested to  result  from  the T -+ R 
change  in hemoglobin conformation (16). If hemoglobin oxi- 
dation by alkyl nitrites  occurs by inner  sphere  electron  trans- 
fer,  as is now suggested by structural influences on reactivity 
(Tables I and II), the observed rate  enhancement for oxidation 
of oxyhemoglobin could be a  reflection of differential  steric 
barriers in the R and T state  conformations (34). Alterna- 
tively, this  rate  enhancement could be caused by the relative 
electronic  accessibility of the heme iron  in  the R and T states 
to  the alkyl nitrite (35, 36). In  order  to  evaluate  the energies 
associated  with  alkyl nitrite  oxidations of hemoglobin, the 
temperature effects on  rates were determined,  and  the  char- 
acteristic energies of alkyl nitrite  oxidations were calculated. 

Ethyl, isopropyl, and  neopentyl  nitrites were chosen  for 
this  investigation since they  span  the  spectrum of observed 
relative reactivities  and  structural  variations.  tert-Butyl  ni- 
trite was not included  because of its previously  discussed 
special  behavior towards deoxyhemoglobin and  its hydrolytic 
instability  during  reactions  with oxyhemoglobin. Rate  con- 
stants were determined a t  a minimum of four  different  tem- 
peratures for oxidations of hemoglobin in  both  oxygen-satu- 
rated  and deoxygenated  media. Plots of In k, versus (l/T) 
(Figs. 6 and 7)  exhibited  strikingly  linear  correspondance 
throughout  the  temperature range, and  the  values of the 
corresponding  activation energies, E,,,, were obtained from 
the  Arrhenius  equation.  The  linearity  that  characterizes  the 
plots in Figs. 6 and 7 suggests that  conformational  changes 
in the  protein or other  aberrant behavior that would have 

p 10.0- 
E - 

::+ 3.30 ' 7.0' 
3.40 3.50 

1OYT 
FIG. 6. Temperature effects on rate constants for oxidations 

of hemoglobin by alkyl nitrites in oxygen-saturated solutions. 
Reactions were observed at 576 nm for  iodoacetamide-treated oxy- 
hemoglobin in 0.05 M phosphate buffer, pH 7.0, 0, ethyl  nitrite; A, 
isopropyl nitrite; 0, neopentyl nitrite. The averages of a t  least  three 
kinetic determinations were used to  obtain  each  data  point. E,, for 
each  alkyl nitrite oxidation was obtained from the slope of line (-Eact/ 
R) . 
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FIG. 7. Temperature effects on rate constants for oxidations 
of hemoglobin by alkyl  nitrites in deoxygenated solutions. 
Reactions were observed at  552 nm for deoxyhemoglobin in 0.05 M 
phosphate buffer, pH 7.0; 0, ethyl  nitrite; A, isopropyl nitrite; 0, 
neopentyl nitrite.  The averages of a t  least five kinetic determination 
were used to  obtain  each  data  point. Eact for  each  alkyl nitrite 
oxidation was obtained from the slope of the line (-Eaa/R). 
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TABLE I11 
Activation  energies  and  calculated  rate  constants for hemoglobin 

oxidations  by  alkyl  nitrites  in  oxygenated  and  deoxygenated  solutions 
Values of AH$,  AS$, and AG$ were calculated at  25.0 "C from 

values of Ead (Figs. 6 and 7). 
Nitrite E ,  lO-'k, AH$ AS$ 9G$ 

"1 s-1 kcallmol (25,0 oc) kcaljmol e.u. kcallmol 

Oxygenated solutions 
EtONO 16.3 1310 15.7 17.6 10.5 
i-PrONO 18.4 122 17.8 19.8 11.9 
neoPeONO 23.3 34.2 22.7 33.8 12.6 

EtONO 16.8 25.0  16.2  9.5  13.4 
Deoxygenated solutions 

i-PrONO 19.4 5.35 18.8 17.0 13.7 
neoPeONO 21.2 1.50 20.6 20.4 14.5 

altered access of the  alkyl  nitrite  to  the  heme cavity  did not 
occur in  these  temperature ranges. The  enthalpy ( A H $ ) ,  
entropy (AS$),  and  free  energy (AG$) of activation were 
determined  from  application of the  transition  state  rate  equa- 
tion  evaluated a t  25.0 "C. Table I11 provides the  listing of 
these  characteristic energies for  alkyl  nitrite  oxidations of 
oxy- and deoxyhemoglobin. 

The composite  data show that  in  each  series of hemoglobin 
oxidation,  activation energies (Eact) increase  in  the  order 
EtONO < i-PrONO < neoPeONO,  and  that  the  free energy 
of activation (AG$) determined for each alkyl nitrite  is  greater 
for  deoxyhemoglobin oxidation  than for oxyhemoglobin  oxi- 
dation. Values of A S $  increase  with  increasing  steric bulk of 
the alkyl nitrite alkyl  group, but  they  are  surprisingly  greater 
for  oxyhemoglobin oxidations  than for  deoxyhemoglobin  ox- 
idations.  Similarly,  values of AH$ also increase  in  the  order 
EtONO < i-PrONO < neoPeONO. 

DISCUSSION 

Alkyl Nitrite Oxidations of Hemoglobin-Four lines of evi- 
dence point  to  the  inner  sphere  electron  transfer  mechanism 
for  alkyl nitrite  oxidation of hemoglobin: 1) inverse [O,] 
dependence  on  the  rate  for hemoglobin oxidation (Fig. I), 2 )  
structural effects of alkyl nitrites  on  rate  constants for  hemo- 
globin oxidation  (Tables I and 11), 3) the  apparent  termination 
of deoxyhemoglobin oxidation  in  reactions  with  tert-butyl 
nitrite  after  only half of the available  iron(I1) heme  units have 
been  oxidized  (Figs. 4 and 5), and 4) inhibition of HbNO 
formation  in  ethyl  nitrite  oxidations of deoxyhemoglobin at 
[EtONO]/[Hb] between 10 and 100 (15). Inverse  kinetic ox- 
ygen dependence  alone does not  demonstrate  an  inner  sphere 
electron  transfer process since  Fe(II)02 could  be resistant  to 
outer  sphere  electron  transfer,  and in  hemoglobin oxidations 
by such  agents  as  ferricyanide (12) or ferricytochrome c (6), 
this  latter  explanation  is  most  consistent  with available data. 
However, structural effects on hemoglobin oxidation by  alkyl 
nitrites offer  a convincing  argument for the  inner  sphere 
electron  transfer process. 

Variations of k ,  with  alkyl  nitrite  structure (Fig. 8) exhibit 
trends  that  are  similar,  but  not  parallel,  to  those observed in 
kinetic  and  equilibrium  data  for  isonitrile association with 
hemoglobin (17-19). Structural effects in  isonitrile associa- 
tion with  hemoglobin have  been  interpreted  in  terms of fa- 
vorable  hydrophobic interactions  and  unfavorable  steric  ef- 
fects  in  the  protein  cavity  surrounding  the ligand at  the  sixth 
coordination  position of the  heme  iron,  and a similar  expla- 
nation may be offered for structural  effects  in alkyl nitrite 
oxidations.  In  this  latter case, however, association of the 
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FIG. 8. Dependence of oxidation rate constants on alkyl 
nitrite structure. Data  taken from Tables I and 1 1 . 0 ,  oxyhemoglo- 
bin oxidations; 0, deoxyhemoglobin oxidations.  Abbreviations far 
alkyl nitrites  are given in Fig. 2. 

alkyl nitrite  with iron(I1) is  anticipated  to occur at  nitrogen 
(A and B) in  accord with  the association of hemoglobin with 

- N- Fe "N -Heme - N- Fe "N -Heme 

A E 

nitroso  compounds (37),  and  the  structural effects that define 
alkyl nitrite  oxidations  cannot be  expected to  parallel  those 
observed  for isonitrile association. The  alkyl group of nitrite 
esters is not rigidly affixed to a particular geometry  with 
respect to  the  nitroso group but  is flexible in  its  orientation 
within  the  bonding  constraints of the  ether linkage.  Conse- 
quently,  conformational  orientation A can be  expected to 
contribute  to  the  net  structural  arrangement of the complex 
when R is unbranched  and  be of significantly  lesser impor- 
tance  for  a-branched alkyl  groups. tert-Butyl  nitrite, which 
cannot  adopt  conformation A for steric reasons, is the  least 
reactive of all of the alkyl nitrites  examined,  and in reactions 
with deoxyhemoglobin at  10 "C, this  nitrite  is capable of 
oxidizing only half of the available heme  units, presumably 
only the  P-chains (19) of hemoglobin. 

The  mechanism of alkyl nitrite  oxidations of hemoglobin 
can be  described as involving initial  nitrite association with 
iron(I1) followed by electron  transfer  from iron(I1) to  the 
bound alkyl nitrite. 

Hb + RONO 2 Hb(RON0) 
k-2 

Hb(RON0) 2 MetHb + [RONO]' 

[RONO]:+ H' + ROH + NO 
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Protonation of the  resulting alkyl nitrite radical anion  results 
in the  formation of alcohol and  in  the  liberation of nitric 
oxide. That nitric oxide dissociation  does not occur in  the 
rate-limiting  step is suggested by the  absence of a pH depend- 
ence on the  rates for ethyl  nitrite  oxidation of either deoxy- 
hemoglobin (15) or oxyhemoglobin (16). However, attempts 
to electrochemically generate alkyl nitrite radical anions  and 
to  establish  their reduction potentials by conventional  meth- 
ods  (38) were not successful. The  fate of nitric oxide in 
oxygen-saturated  and deoxygenated  media has previously 
been  discussed (15, 16). 

Spectral evidence for a stable complex between  alkyl ni- 
trites  and hemoglobin has  not been obtained. However, an  
estimate of the equilibrium constant (k2/k-J for association- 
dissociation  with ethyl  nitrite at 10°C, which was calculated 
from product  data for reactions  with deoxyhemoglobin, has 
been given as 4 X lo-" M" (15).  Furthermore,  the large 
positive A S $  values determined for  alkyl nitrite  oxidations of 
hemoglobin (Table 111) point  to  the  formation of a complex 
between the  reactants  in  both oxygenated and deoxygenated 
media. Partial  oxidation of deoxyhemoglobin by tert-butyl 
nitrite also demands  the  mechanistic  requirement of alkyl 
nitrite association  with  iron(I1). 

Hemoglobin,  which under reaction conditions utilized in 
this  study  exists principally in  its  tetrameric form (39, 40), is 
viewed as undergoing oxidation by  alkyl nitrites  in a  stepwise 
process. Restrictive  oxidation by tert-butyl  nitrite  points  to a 
substantial difference in  the accessibility of this alkyl nitrite 
to  the a and p subunits of hemoglobin and suggests, by analogy 
with conclusions drawn from investigations of isonitrile  as- 
sociation  with hemoglobin (19),  that access by tert-butyl 
nitrite  to  the a subunits,  particularly  in  the low affinity T 
state  conformation, is blocked. In  addition,  inhibition of oxi- 
dation of a subunits is, as  indicated by k ~ ~ ~ / k ~ ~  values for 
oxidation of deoxyhemoglobin by alkyl nitrites  (Table 11), 
more pronounced  with secondary  alkyl nitrites  than with 
primary alkyl nitrites. 

Prior  results  for  oxidations of hemoglobin in  oxygenated 
and deoxygenated  media have been interpreted  in  terms of R 
and T state reactivities (16).  The AG$ values obtained for 
these  oxidations provide confirmation of this hypothesis.  Ox- 
idations of hemoglobin in oxygenated  media are characterized 
by uniformly lower AG$. values than  are  oxidations  in deox- 
ygenated  media (Table 111). The energy  differences, ACS (T)- 
,LC$ (R), for alkyl  nitrite  oxidations  are  comparable  with  the 
1.5-2.7 kcal/mol for differences in T and R state  barrier 
potentials  determined for isonitrile association with hemoglo- 
bin (19). 

Sulfhydryl-induced Alkyl Nitrite Oxidation of Hemoglobin- 
The effect of sulfide formation at the p-93  cysteine position 
of hemoglobin on  the  rate  constant for oxidation of hemoglo- 
bin at  or near oxygen saturation  and  the  absence of rate 
enhancement by free  cysteine in  ethyl  nitrite  oxidation of 
HbO, demonstrate  that  the p-93  sulfhydryl  residue is  inti- 
mately involved in  the  oxidation of iron(I1) in  the /3 subunits 
of hemoglobin. Since  nitrosyl exchange  with thiols occurs 
readily (25-27), even in aqueous  media, the  first  step  in  this 
oxidation certainly involves thionitrosyl  formation at the p- 
93 position. 

Hb(P-93-SH) + RON0 --f Hb(B-93-SNO) + ROH  (5) 

Although  a direct measure of the  rate for nitrosyl transfer  to 
the p-93  cysteine  residue  relative to  nitrosyl  transfer  to free 
cysteine is not available, comparative influences of the p-93 
cysteine  residue and free cysteine suggest that nitrosyl trans- 
fer with the  protein-bound sulfhydryl group occurs a t  a faster 
rate. Oxidation of iron(I1) by the  internal  thionitrosyl  can be 

described to occur in several ways but,  since  neither oxygen 
inhibition of this  electron  transfer process nor  detectable 
influences of the  p-93 sulfhydryl  group in  oxidations of deox- 
yhemoglobin are observed, nitric oxide  dissociation from the 
thionitrosyl followed by oxidation of nitric oxide by the 
iron(I1) bound dioxygen (41, 42) affords a  reasonable  expla- 
nation for the observed oxidative transformation: 

Hb(02)(P-93-SNO) + MetHb(6-93-S ) + NO; (6) 

However, since  neither  the  rate for  alkyl nitrite oxidation of 
deoxyhemoglobin nor  the  percentage of HbNO produced in 
this  transformation  are measurably  affected by the sulfhydryl 
group, the  direct involvement of iron-bound dioxygen, eg. 

Hb(O2)(D-93-SNO) + MetHb(P-93-S-) + 0, + NO (7) 

Hb(0,) + NO + MetHb + NOT (8) 

cannot be excluded  from consideration.  The absence of any 
increase in  the  rate of oxidation of HbOn  due  to  the presence 
of added  free  cysteine  may  be due to  the occurrence of nitro- 
sative  reactions by this  thionitrite,  transformations  that  are 
prohibited for the  protein  interlocked  p-93 cysteine thioni- 
trite. 
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