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SUMMARY

The velocity of dissociation of oxygen from the acand /3
chains of saturated tetrameric oxyhemoglobin has been
measured by detailed analysis of the time course of the
replacement of oxygen by carbon monoxide. The rates for
cychains vary over a 6-fold range, the lowest rate, for guinea
pig hemoglobin, being only 2.5 set-1 at pH 9 and 20”. When
comparedwith isolated chains, the rates for human Q(chains
within the hemoglobin molecule are decreased 2-fold; the
rates for /3 chains are little affected. The rates for the /3
chains from man, horse (two electrophoretic types), guinea
pig, and sheep(two electrophoretic types) are all larger than
the corresponding cx chain rates, vary over a S-fold range,
and are slightly slower at pH 9 than at pH 7.

Replacementreactionsof the form I-Iba(X)r + 4Y + Ilb,(Y),
+ 4X, where X and Y are two differ&
ligands, such as oxygen
and carbon monoxide, combining reversibly with hemoglobin,
were first systematically studied by Roughton (l), who showed
that. the rate of dissociation of carbon monoxide from saturated
hemoglobin could be obtained by mixing carbon monoxide hemoglobin with a large excess of oxygen-saturated buffer or by shaking
carbon monoxide hemoglobin with gaseous oxygen for measured
periods of time. The method was next applied some 20 years
later to measure the rate of dissociation of oxygen from saturated
sheep hemoglobin by mixing it with carbon monoxide solutions
(2). A.t this time the theory of the method was fully developed
for the case of similar noninteracting
heme groups in a tetrameric
molecule. It, was assumed that the exchange reaction proceeds
with the species Hb,(X),(Y)z-,
as inlcrmediatc
and that this
intermediate is present only in small concentrations in the solution. In the notation of Gibson and Roughton (a), the rate of
formation of Hb4(0J3 is k4Hb4(0J4, and its rate of disappearance
is the sum of the velocities with which Ilb,(OJa combines with
oxygen and with carbon monoxide, i.e. (V&O + V402)Hb4(0J3.
The observed rate of formation of carbon monoxide hemoglobin
* Recipient of a National Science Foundation Graduate Fellowship.
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is then k4Hb4(0,),(/‘&O/(/‘,C0
+ V40J), and the desired value
of kq, the dissociation velocity constant for the first molecule of
oxygen leaving saturated oxyhemoglobin, is obtained by usinga
series of oxygen concentrations
and extrapolating
the observed
rate of the replacement reaction to zero oxygen concentration.
It was later suggested by Gibson and Roughton (3) that a similar
result should be achieved by mixing oxyhemoglobin
with a solu-

tion of dithionite saturated with carbon monoxide. The dithionite will rapidly lower the partial pressure of oxygen to zero and
thus allow kq to be obtained directly in a single operation.
The
simplified method was shown to work correctly with sheep hemoglobin at pH 9. Later attempts in this laboratory to use the
simplified procedure at pH 7 were less successful, giving an apparent value of kq greater than that obtained by the extrapolation procedure, and a re-examination
of the replacement reaction
was, therefore, undertaken.
The reaction has been found to be
complicated by differences in the reactions of (Yand /3 chains with
oxygen and carbon monoxide; the extent of the difference varies
widely from species to species and is great enough to be a complicating factor in accurate physicochemical
work with hemoglobin.
The (Y and p chain differences already reported for the
bulky ligand n-butyl isocyanide (4) are thus extended to the
physiologically
important case of oxygen and carbon monoxide.
EXPERIMENTAL

Gus Xolutions-Stock
solutions were prepared by bubbling the
required buffers with pure O2 and CO taken from t.anks, and
working solutions were prepared by mixing air-equilibrated
and
oxygenated solutions in the required proportions with the use of
syringes whose accuracy was checked by weighing their contained
water.
Oxyhemoglobin-Stock
solutions were prepared as described by
Olson and Gibson (4) and diluted with the appropriate buffer to
give a working solution of about 800 /.JR~in heme. This solution
was equilibrated
with room air and then diluted lo-fold with
buffer of known oxygen content.
The concentration
of hemoglobin was determined as oxyhemoglobin by means of the extinction coefficients listed by Banerjee et al. (5).
StoppedFlow and Data Collection-The
methods and program
were as previously described (6), except that no less than 5, and
more usually 10, reaction records, each represented by 400 data
points, were averaged for each set of conditions examined.
Corrections for optical artifact due to the finite band width of the
observing light were calculated and applied as described by Olson
and Gibson (4). Except in the neighborhood
of the isosbestic
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FIQ. 1 (left).
The
upper panel
shows
the
time
course
of the
replacement reaction following mixture of 87 pM oxyhemoglobin
eauilibrated
with room air with 0.92 mM carbon monoxide in 0.05
M-borate buffer, pH 9.15. The reaction was followed with light
of mean wave length 579 nm, at 20°, in a 2-cm cuvette. The time
interval between the points was 0.04 sec. The line was calculated
as described in the text from Scheme A of Fig. 2. The lower panels
show the differences between the observed and calculated values
for similar reactions carried out with the oxygen concentrations
shown (in micromolar) in each panel. The absorbance scale for
all small panels is the same as that shown for the upper one, the
time scale varies with the oxygen concentration.
FIG. 2 (right). Schemes for the replacement
reaction between
oxyhemoglobin
and carbon monoxide.
A, without distinction
between chains; B, incorporating
a-0 chain differences.

point, these corrections were very small and, at the wave length
most used, were of the order of 0.05% of the tot.al absorbance
excursion measured.
Estimates of parameter values were obtained by a linearized least squares procedure, modifying the
matrix of coefficients of the normal equations according to the
standard Davidon-Fletcher-Powell
procedure as previously described (7) and obtaining the required derivatives by numerical
methods.. The program accepted input in the form of absorbance
values and could process simultaneously data obta,ined at several
wave lengths.
Separated Hemoglobin ComponentsAll
hemolysates were examined by starch gel electrophoresis by the method of Poulik (8).
Human and guinea pig bloods showed only a single major component, whereas two components were observed in the horse blood
samples. The electrophoretic patterns of the sheep blood samples
varied, exhibiting either one or two major components.
The
two components in horse and sheep blood hemolysates were separated by identical chromatographic
procedures.
The hemoglobin sample was first passed through a Sephadex G-25 column
equilibrated
with 0.01 M phosphate buffer, pH 6.6, and then
applied to a large carboxymethylcellulose
column (45 x 2 cm)
equilibrated
with the same buffer. The electrophoretically
fast
components were eluted with 0.01 M phosphate buffer, pH 6.6,
and the electrophoretically
slow components removed from the
columns with 0.1 M phosphate buffer, pH 7.8. The fractions
were examined by electrophoresis before use and showed single
components in every case.
Isolated Chains-Mercury-free
CYand /3 chains were prepared

Replacement of Oxygen by Car&m Monoxide; Preliminary
Experiment-A
part of an experiment performed with human hemoglobin in 0.05 M borate buffer, pH 9, is shown in Fig. 1. The data
were fitted to the simplest possible replacement scheme (Fig. 2,
Scheme A). The corresponding
values of led and of the ratio
V4 : 1’4, derived according to the method of Gibson and Roughton
(2), are 36.4 & 1.9 set+ and 4.1 ZIZ0.3, respectively, with a root
mean square residual of 0.012 in absorbance or 2.7% of the total
absorbance change measured at 579 nm, corresponding
to the
conversion of OzHb to COHb. Six different initial oxygen concentrations were used, and the time course of the reaction for one
of these is given in Fig. 1. The differences between the calculated
and observed values are not only about 10 times greater than the
differences between replicates but are also nonrandomly
distributed. This point is brought out more clearly in the six small
panels below Fig. 1, which show these differences on an expanded
scale for each of the oxygen concentrations used. Not only is
the distribution
of residuals nonrandom in the results for each
oxygen concentration taken by themselves, but the distributions
for all the oxygen concentrations
are highly correlated.
This
result implies either a serious systematic error in the collection of
the data or the use of an unsuitable model in representing them.
A clue is provided by considering the results of treating the data
of Fig. 1 exactly as was done by Gibson and Roughton (2). Although the time course of the oxygen replacement reaction can
be represented by an analytic equation, the solution is arithmetically inconvenient,
and Gibson and Roughton
(with but one
exception which will be discussed later) restricted themselves to
examining the initial rates of the replacement reactions, which
were approximated
by drawing tangents to the experimental
curves. When this method is applied to the data of Fig. 1, an
excellent straight line is obtained on plotting the reciprocal of
the rate of replacement of oxygen by carbon monoxide against
the concentration of oxygen (Fig. 3). The combined results of
Figs. 1 and 3 may be explained by supposing that the oxyhemoglobin solutions contain two components with different intrinsic
rates of dissociation of oxygen or ratios of V4:lt4 or both.
Functional Heterogeneity in Oxygen-Carbon Monoxide Replacement Reaction-Proof
of the presence of more than one spectrophotometrically
distinct species was obtained by following the
replacement reaction at a series of wave lengths near to isosbestic points. Fig. 4 shows that the time course of the absorbance change is a function of the wave length of the observing
light. These results have been corrected for the contribution
of
optical artifact, as described previously (4). Identification
of
the principal species contributing
to the results of Fig. 4 as the
QI and /3 chains was made by comparison of the OzCO difference
spectra of the chains with the difference spectra of the slow and
fast kinetic components of the replacement reaction.
In order
to separate the rates widely, human hemoglobin was allowed to
react with 2 eq of p-hydroxymercuribenzoate
per tetramer, and
the spectrum scanned through in the Soret region, making a
series of kinetic determinations
of the rate of the replacement
reaction with the use of high 02 and CO concentrations (0.6 and
0.5 mu, respectively).
The kinetic curves were fitted with the
sum of two exponentials whose weights represented the contributions of the assumed two spectral components at each wave
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FIG. 3 (left). Relation between the reciprocal of the initial
velocity (r) of the replacement reaction between oxyhemoglobin
and carbon monoxide and the concentration
of oxygen in the
reaction mixture.
FIG. 4 (riaht). The apparent time course of the replacement
reaction between guinea pig oxyhemoglobin and carbon-monoxide
as followed, taking the curves from above downwards, with light
of mean wave lengths 570,569,573, and 572 nm. The absorbance
excursions measured were 0.092, 0.144, 0.104, and 0.040, respectively. The results have been normalized
to facilitate
comThe lines were calculated from Scheme B of Fig. 2 with
parison.
the rate constants given in Table I for pH 7.
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FIG. 5. The difference spectra, HbOn-HbCO,
for separated
a chains (- - -) and separated p chains (-),
as obtained in
static experiments, and averaged for three chain preparations,
and the same spectra calculated for the slow (0) and rapid (0)
components of the replacement reaction between HbOz treated
with p-hydroxymercuribenzoate
and carbon monoxide.
The
kinetic measurements were made as described in the text.

As the effects lie towards the lower limit of observation, the matter
was not pursued further, especially since the treatment of the
data would require that rates for dimer association and dissociation be taken into account, both because of the dilution which
length to the OzHb-COHb difference spectrum.
The spectra so occurs on initiating the reaction in the stopped flow apparatus
and because of differences between oxy- and carboxyhemoglobins.
obtained are compared in Fig. 5 with those for isolated chains.
Correlation of Observations on Replacement Reaction Made with
Control experiments to check for effects of p-hydroxymercuriLight of Different WaveLengths-The
benzoate on the spectra were performed as already described (4).
rate constants, ka4 and ks4,
and the corresponding ratios for the rates of combination of oxyThe results show that the spectra of the two kinetic components
of the replacement reaction are those of the a and p chains and
gen and carbon monoxide permit the course of the replacement
reaction for each type of chain to be calculated.
The spectral
identify the more rapidly reacting component as the p chains.
differences between the chains allow the results of calculation to
It should be noted that p-hydroxymercuribenzoate
affected primarily the fast or /3 replacement rate in agreement with its effects be compared with those of experiment, and this was done for
human hemoglobin by making observations with light of mean
on the replacement of n-butyl isocyanide from human hemoglobin
wave lengths of 571,573, and 579 nm, including cases of predomiby carbon monoxide (4).
nantly fast, predominantly
slow, and approximately equal weights
Rates of Oxygen Dissociation from cr and p Chains in Hemoglobin
of fast and slow components.
The results showed that the data
Tetramer-Data
similar to those presented in Fig. 1 were then
obtained at all three wave lengths could be accounted for with an
analyzed on the assumption that the replacement reaction proceeds independently for the (Y and /3 chains. The procedure (Fig.
over-all mean residual for 284 points of 0.00067 in absorbance,
which includes the effect of errors introduced in making the dilu2, Scheme B) involved the fitting of two rate constants, ka4 and
ka,, and two ratios of the velocity constants, kaq) :la4’ and h?,’ : tions of the reagents and in resetting the monochromator
during
the collection of data at each of five oxygen concentrations.
A
P,‘. Starting values were obtained graphically by following the
qualitative impression of the effects involved is given in Fig. 4,
reaction through at least 95% of its course and plotting initial
and final rates derived by drawing tangents to the curves. A which shows a part of a similar experiment performed with guinea
pig hemoglobin.
The results have been normalized
to permit
good approximation
to the rates for the (Y chains may also be obtained from observations at 573 nm. Excellent fits to the data
ready comparison of the shapes of the curves with one another,
and the lines were calculated by means of a single set of rate
were now obtained, and, as shown in Table I, the root mean
square residual was of the order of 0.25% of the absorbance ex- constants, varying only the weights attached to the (Y and /3
cursion. Although all the residuals now lay within the thickened
components.
In this particular
experiment,
which involved
observations at many more wave lengths than those shown in
central line of the strips in Fig. 1, their distribution still could not
Fig. 4, only one stopped flow run was made at each wave length.
be regarded as truly random, correlation between the residuals
Differences Among In&n&al
Mammalian
HemoglobinsA
from corresponding experiments accounting for about 40% of the
This possibly may be due to the presence
number of samples of hemoglobin from readily available domestic
remaining variance.
of dimers in the solutions which might amount to about 10% of animals have been examined, and, where major components could
be separated by electrophoresis, these have been examined septhe total hemoglobin molecules. A few experiments were perarately.
In each case a qualitative check has been performed
formed to examine the effect of hemoglobin concentration
with
with light of several wave lengths to make sure that the observed
the use of concentrations down to 0.6 mu in heme. Although no
heterogeneity could reasonably be attributed
to Q and p chain
gross differences were observed at pH 7, at pH 9 the chain differdifferences. As Table I and Fig. 6 show, there are marked species
ences with human hemoglobin seemed to be much reduced, and
good fits to the results were obtained with Scheme A of Fig. 2. differences. Within species, the two major components obtained
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TABLE
I
Replacement of oxygen by carbon monodcle from saturated hemoglobins
The rate constants for the dissociation of oxygen from saturated
sorbance, based on a total change in absorbance of 0.3 to
oxyhemoglobin of the species indicated were calculated according
various experiments.
The entries without values for ratios
to Scheme B of Fig. 2. They do not include a statistical factor.
combination velocity constants represent values obtained
The column headed “Mean residual” gives the mean percentage
method of Gibson and Roughton (3). The results of each
of discrepancy between observed and calculated values of ab- ment are based on an analysis of about 40,000 data points.

Human ................
Human ................
Human ................
Human ................
Human ................
Human ................
Guinea pig. ...........
Guinea pig. ...........
Sheep A ...............
Sheep A ...............
Sheep B ...............
Sheep B. ..............
Sheep B ...............
Sheep B ...............
Horse I ................
Horse II.. .............
Horse II ...............
Human ................
Human ................
Guinea pig. ...........
Guinea pig. ...........

7
7
7
9
9
9
7
9
7
9
7
7
9
9
7
7
9
7
9
7
9

0

12.5
13.6
13.2
6.3
6.3
6.5
3.4
2.6
10.7
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16.0
17.6
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6.0
8.6
5.8
3.2
2.4
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0.85
0.79
0.82
0.13
0.09
0.09
0.03
0.02
0.37
0.53
0.83
1.02
0.37
0.16
0.55
0.30
0.18
0.12
0.06
0.04
0.17

0.16
0.15
0.14
0.27
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FIG. 6. The hatched columns represent values of le, for the
species indicated.
The full height of the columns reDresents the
o%responding values of ks. TIhe left-hand
column in each pair
represents experiments performed at pH 7, 20”, in 0.05 M phosphate buffer; the right-hand
column represents experiments performed with 0.05 M borate buffer, pH 9.

0.14
0.010
0.010
0.009
0.005
0.005
0.003
0.003
0.007
0.016
0.011
0.010
0.005
0.004
0.009
0.008
0.008

21.8
21.8
20.1
15.9
15.4
18.9
18.3
14.9
20.6
11.4
38.8
39.3
19.5
18.8
19.8
14.9
10.5
24.0
18.0
20.5
15.2

f
f
i
i
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f
f
f
f
f
f
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i
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i
f
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i
i
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f
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2.01
1.55
1.51
0.61
0.41
0.59
0.52
0.31
1.00
0.86
3.7
4.0
0.95
0.50
1.56
0.74
0.43
0.46
0.24
0.47
0.20

0.15
0.16
0.15
0.18
0.19
0.15
0.21
0.26
0.13
0.19
0.09
0.09
0.16
0.16
0.11
0.16
0.19
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i
f
f
f
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f
f
f
*
&
i
f
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f
&
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0.017
0.014
0.013
0.010
0.007
0.006
0.003
0.003
0.008
0.019
0.012
0.011
0.005
0.006
0.006
0.010
0.010

Mean

0.45 in
of the
by the
experiresidual

0.33
0.23
0.23
0.37
0.26
0.21
0.25
0.19
0.15
0.19
0.22
0.25
0.15
0.12
0.22
0.21
0.19
0.11
0.10
0.29
0.13

and that the resultsat pH 9 may be regardedasreliable, in the
senseof agreeingwith the values obtained in replacementreactions.
Similar experiments
were performed with sheep and
horsehemoglobins,but the results were not suitablefor numerical analysisand individual resultsfor o(and p chainscould not
be obtained. The form of the resultsfor sheephemoglobinwas
very similar to that obtained about 10 yearsago.* At that time
it appearedthat Type A gave a relatively slow but kinetically
almosthomogeneous
reaction at pH 9 (kbat 19” about 40 set-I),
while Type B gave a more rapid but kinetically heterogeneous
reaction (k4 (initial) about 60 seP). Similar results were reported by Kernohan (11) in a more comprehensivestudy of the
two types of sheephemoglobin,but he did not commenton the
time courseof the oxygen replacementreaction for either Type
A or Type B hemoglobin. In general,the new and old experimentsare in excellent agreement.
DISCUSSION

The figuresin Table I deservesomecomment. It is clear that
the ratesfor the p chainsaregreaterthan the ratesfor the a~chains
(seeFig. 6) for all the speciesexamined. Further, there is a
from horse blood seemed to be very similar functionally, whereas
definite effect of pH in every case,although this differs substantially from speciesto speciesand is never very great. The averthe two electrophoretically
different sheep species first identified
by Harris and Warren (10) differed widely. Sheephemoglobin, agechangein rate for the over-all constantdeterminedas in Fig.
Type A, showedlittle differencebetweenthe chains,but Type B 3 is usually lessthan 30%, but is contributed to by both (Yand
p chainsin every case. The ratios of the combinationvelocity
showeddifferencesof morethan averagesize.
constantsfor oxygen and carbon monoxide (P:k’) do not differ
Determinationof ka4andke, from Experimentswith DithioniteThe procedureof Gibson and Roughton (3) was used, mixing greatly between the chains except for hemoglobinfrom sheep
oxyhemoglobinwith a solution of CO containing 0.4yo sodium Type B, which in this, as in other properties, seems to stand at
dithionite. The results obtained for human and guinea pig one end of the spectrum.
hemoglobinshave beenincludedin Table I. It is clear that the
1 Q. H. Gibson and F. J. W. Roughton,
unpublished
obserchain differencesare reflected in the resultsat both pH values vations.
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between

the

behavior

of the

isolated

chains

and

the chains in the tetramer is possible only for human hemoglobin.
Values have been given by Brunori et al. (12), who report dissociation velocities of 28 f 6 see-l for ac chains and 16 f 5 se0
for fl chains, with the use of sodium dithionite at pH 7. The
corresponding
values for chains in the tetramer arc 13 f 0.7
set-l and 21 f 1 set-1, showing a 2-fold discrepancy
for the LY
chains and a more modest disparity for the /3 chains. The ratios
of l’:k’, also taken from Brunori et al. (la), are 0.13 and 0.20 for
a! and /3 chains, respectively, comparing closely with 0.15 and
0.15 from Table I. Since p chain preparations
have been reported to be tetrameric (13), the difference in environment
in
hemoglobin and in the p4 state may well be responsible for the
observed differences in this case.
As a check on our over-all procedure, single preparations of a:
and p chains were examined by means of the replacement procedure which yielded values for k, and I’, :k’, at pH 7 and 20”
of 23.8 f 0.55 and 0.12 f 0.012, respectively.
The dissociation
velocit)y obtained by the use of dithionite was 24 set;‘, in good
agreement with the displacement
experiment and well within
the range of values quoted by Brunori et al. (12).
The replacement reaction with /? chains was biphasic, showing
that the preparation was functionally
heterogeneous.
It should
be stressed that this heterogeneity was not due to the presence
of mercury, which, as reported by Brunori et al. (12) and as we
have confirmed on our own preparation,
induces a IO-fold increase in the rate of dissociation
of oxygen.
The reciprocal
plot of the type of Fig. 3 was linear, giving an intercept corresponding to kp of 18 set;‘, close to the value already reported.
It thus appears that Q chains undergo significant change in
their kinetic properties on incorporation
into the tetrameric
functiollkbl unit of hemoglobin and that there are further changes
when pH is altered.
These differences in reactivity between the
separated chains and the liganded tetramer are, however, small
compared with the changes which follow deoxygenation,
when
the tetramer undergoes the major structural
change recently
and fully documented by Perutz and his associates (14).
The demonstration
of substantial ar and fi chain differences
in the rate of dissociation of the first molecule of oxygen from
saturated hemoglobin, apart from its intrinsic interest, is significant in relation to precise physicochemical work with hemoglobin generally.
In principle, many more species must be considered in formulating
equilibrium
and kinetic equations.
The
information in Table I of this paper is not, by itself, sufficient to
allow definitive discussion of many of the problems which arise
in relation to equilibrium
work, because of the possibility of
compensatory differences in other rate constants, and more
work on these constants will be required.
It may be noted,
however, that Gibson (15) was unable to reconcile kinetic data
for the reaction of oxygen with human hemoglobin in phosphate
buffers with equilibrium
observations of Roughton and Lyster
(16) at the bottom of the equilibrium
curve. If there arc differences in chain affinity which persist throughout the oxygenation
reaction, they would lead to an apparent decreased separation
of the asymptotes of the equilibrium
curve in a Hill-type plot,
since current experimental equilibrium
methods would emphasize the higher affihity species at the bottom of the curve and
the lower affinity species at the top. It is clear that treatment
of equilibrium
data by the classical scheme of Adair (17) yields
equilibrium
constants which are combinations
of microscopic
constants relating to the individual chains, which in general are
not yet accessible to experiment.

5923

The effects of intrinsic chain differences on the equilibrium
curve seem likely to be especially severe when phosphate buffers
or organic phosphates are used in preparing hemoglobin
solutions, since Olson and Gibson (18) have already demonstrated a
differential effect of phosphates on the o( and p chains in deoxyhemoglobin
reacting with n-butyl isocyanide and Gibson (19)
has calculated that the effect of 0.1 M inorganic phosphate should
contribute as much as 1.4 kcal of the total interaction energy
for normal human hemoglobin in its reaction with oxygen, perhaps mainly by altering the affinity of one type of chain. It
seems, indeed, that the pressing need is for methods which
will permit distinction
between the chains in as many ligand
reactions as possible, the more so since Perutz (14) has recently
derived an especially attractive and comprehensive model from
detailed structural considerations which specifically envisages a
role for a! and /3 chain differences in function.
A final note, of more interest perhaps to one of the authors
than to many readers, concerns the successful use by Gibson and
Roughton (2) of the integrated form of the rate equation derived
from Fig. 2, Scheme A, to describe the time course of the replacement reaction of sheep hemoglobin at pH 9. This is, of course,
the same equation whose failure with human hemoglobin at pH
9 is documented in Fig. 1. The original records of Gibson and
Roughton’s experiment and calculations are still extant, and, on
plotting the data, the reason for their success was at once apparent. They had, albeit unwittingly
as their experiment
was
performed the year before the report of Harris and Warren
(lo), used sheep hemoglobin of type A. As shown in Table 1
and Fig. 6, this hemoglobin has uniquely close values for k,
and ko. The actual value of the observed replacement rate in
the experiment of 1954, after allowing for temperature
effects,
was within 10% of that reported in this paper for separated sheep
hemoglobin type A.
1. ROUGHTON,
2.
3.
4.
5.
6.
7.
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