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ABSTRACT. The two-state model [Monod, J., Wyman, J., and Changeux, J. P. (1968yl. Biol. 12
88—118] postulates a single conformational change which, in the case of hemoglobin, has been related to
the structural differences between deoxy and ligated hemoglobins [Perutz, M. F. &8¢ (London)

228 726—-739]. In its simplest form, the model does not represent satisfactorily either the equilibrium or
the kinetics of the hemoglobiroxygen reaction. The kinetic difficulty is with the rate of dissociation
from the T-state, and may be met by assuming a wide difference in behavior betwardS-subunits.
Experiments with Ni-Fe hybrids, however, show almost identical rates of combination with, and
dissociation from, the two types of subunit, both of which develop R-like reactions as the pH is raised,
the a-Fe-subunits at lower pH than tifeFe-subunits [Shibayama, N., Yonetani, T., Regan, R. M., and
Gibson, Q. H. (1995Biochemistry 3414658-14667]. The reactions of oxygen with hemoglobin A and

the effect of pH upon them may be represented by assuming behavior of its subunits similar to that of the
Ni—Fe hybrids. In such a schene;-o andj—f interactions become important elements in cooperativity,

and more than two allosteric states are required, for reconsideration of the structural basis of cooperativity.

The two-state model of Monod, Wyman, and Changeux though qualitatively adequate, failed to give an acceptable
(1) has been widely accepted since the classical 1970 papelaccount of oxygen binding kinetics under conditions where
of Perutz @), offering a convenient and flexible frame for the properties of the T-state make a significant contribution
visualizing the reactions of hemoglobin with ligands, and a to the observed reaction [see Sawicki and Gib&nRigure
means of relating structural and functional data. In its 7]. Expansion of the model to include subunit differences
simplest form, functional identity ofi- and -subunits is increases the number of parameters to be assigned, and this
assumed, and the final equation uses five intermediates ands especially so if rates of R- and T-state interconversion
three parameters. Opinion has been divided, however, onare included. The problem is complicated by the high rates
whether the experimental equilibrium curves were credibly of oxygen dissociation from the T-state which are too great
represented by it. The last 10 years have seen significantto be followed effectively by the stopped-flow method.
progress in the application of an expanded model to the Indeed, the existence of a high rate of oxygen dissociation
equilibrium curve by Ackers and his associates in work from the T-state was first inferred more by considering the
recently reviewed in detaiBj. Estimates of oxygen binding  part of the reaction which could not be seen by stopped flow
affinity were obtained for all 10 intermediates in a general than by observing it [Gibsorgf]. The range of times open
scheme permittinge—/ differences, by measuring dimer- to study was expanded from the milliseconds of stopped-
ization of a range of stable intermediate analogues in which flow experiments to microseconds by Sawicki and Gibson
known subunits were blocked by metal substitution or fixed (5). They used laser photolysis of oxygen in hemoglobin
ligands. A wide range of analogues has been examined, andsolutions at low ligand saturations to observe presumably
the close correlation of the results appears to validate theT-state reactions during oxygen recombination. The results
conclusions drawn from them (see, e.g., Table 1 of the review could not be represented by the two-state model, unless a
cited). large difference between subunits was assumed, a finding

In contrast to the extensive literature on the hemoglebin  of particular interest in view of the classic paper of Perutz
oxygen equilibrium, the two-state model has been little (2), who had predicted that ligand binding fsubunits
applied to kinetics. As the model describes equilibria, it would be hindered in the T-state.

_requires supplementary assumption_s about the rates of Using metat-Fe hybrids analogous to those studied by
mttercgn_\{etrsul)(r_l bte_tweeTr;] the alltoster:m R- an(: Tf-ftatet)s 0 Blough et al. ), oxygen binding kinetics of NiFe hybrids
extend 1t 1o kineucs. These rales have most often DeeNpaye recently been examined in detail by Shibayama et al.

assumed to be fast enough to maintain R- and T-state(g) anq those of Mg, Mn(ll), and Cr hybrids (Unzai et al.,
populations close to equilibrium at all times. This form of 1ggg. 13). All the work agrees in showing litle or no

the model, applied to a range of data by Hopfield et4). ( gitference between the kinetic parameters of theand

p-subunits in the T-state, with modest differences in the
T Supported by United States Public Health Service Grant GM 14276. R-state. The observed reactionscoef and -subunits may
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5154, allosteric parametek that defines the ratio of the R- and
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T-state populations rather than on intrinsic differences in was recorded with a photomultiplier and amplifier driving a
subunit kinetic parameters. 12-bit 1us DAS50 A/D converter (Metrabyte Inc., Taunton,

The apparent contradiction between the behavior of metal MA) in an IBM PC.
hybrids and the earlier work with HbA calls for reinvestiga-  Data reduction and analysis were performed using two
tion of HbA, not only because of its theoretical interest but models. The first was a conventional Monod, Wyman, and
also because kinetic information about the subunits is a Changeux 1) allosteric model as used by Sawicki and
fundamental requirement for understanding and predicting Gibson §), with some modifications. In the earlier work, it
the properties of genetically engineered hemoglobins. Hy- was assumed that the long dye laser flash had removed all
brids with Ni—Fe substitution were chosen because crystal bound oxygen, and as a result the only R-state species present
structures, with and without CO as ligand (Luisi and Was R-deoxy, which converted to T-deoxy in a short time
Shibayama, 19899) are available and because detailed as compared with any ligand rebinding. With the 9 ns flash,
equilibrium studies of normal angpj-cross-linked hybrids ~ geminate rebinding is extensive, and only a fraction of bound
have been reported recently by Shibayama etl#). (This oxygen is released to solvent. To take account of this,
paper shows that the kinetics of native HbA, especially in pPhotolysis was represented by two parameters describing
the T-state, can be represented in a suitable model withoutpartial photolysis of R and T species, which are known to
invoking subunit differences, by assuming subunit kinetics have significantly different apparent quantum yields (Morris

similar to those of metal hybrids. and Gibson, 198410). As this model was not used except
for control purposes, it is not described further.
EXPERIMENTAL SECTION The second model was intended to allow the kinetic

) _ . parameters for the NiFe hybrids to be used in representing

Hemoglobin A was obtained by nail bed puncture. Adrop  he reaction of ligands with hemoglobin A. The two hybrids
of blood was mixed W|th 5 volumes of distilled water and (o- and B-Fe) require significantly different values of the
allowed to stand for 5 min. An equal volume of buffer was  5j|osteric constarit when their ligand binding reactions are
then added and the mixture centrifuged in a microcentrifuge reated using a two-state model. With HbA it is, therefore,
for 3 min at maximum (14 000) rpm to remove cell debris necessary to use two separate two-state ladders, one for each
and unhemolyzed red cells. The supernatant was furtherype of subunit. This would yield a maximum value of Hill's
diluted with buffer to the working heme concentration, n of 2, so in addition to the«—a and3—p interactions, the
usually between 0.03 and 0.15 mM. doubly ligandedx-subunit (R) is allowed to interact revers-

Photometric observations were made in a 100 mL tonom- ibly with the singly ligandeg3-subunit (T) to give a three-
eter fitted wit a 1 mmpath cell. The sample was first rotated  liganded R-state intermediate. Other 3 interactions could,
for 5 min with air in the vessel to displace any CO. The of course, be specified, but given the difference in the values
tonometer was then flushed with high-purity Mtroduced of L reported by Shibayama et aB)( they would have less
through a serum stopper fitted over the tonometer stopcock,effect in increasing cooperativity. The simple scheme
and the sample was again rotated. This was repeated, andescribed above and shown in Figure 1 has sufficient
the tonometer was transferred to the photolysis apparatus tcflexibility in practice to represent the results of experiments
test for the absence of photodissociable species. The peakwith hemoglobin A with good precision. It was assumed that
to-peak absorbance excursion was always less than 0.001 inhe doubly liganded forms of both subunits were subject to
absorbance: it was due to photon noise and did not show adimerization.
systematic trend in the period of observation. The concentra- To use the model, the corresponding set of differential
tion of the sample was measured at this time, often both in equations was solved numerically using values of rate
a spectrophotometer and in the kinetic apparatus, to establistconstants for binding and dissociation of oxygen reported
a relation between the two. The extinction coefficient for py Shibayama et al.8f for Ni—Fe hybrids throughout.

deoxyhemoglobin at 430 nm was taken as 145 Thibin. Values of other parameters were optimized using a nonlinear
The values at 436 nm obtained from the kinetic apparatus, least-squares program that was run repeatedly starting with
with its filters and monochromator, were 115 mMcm™ randomly chosen values of each parameter varied. The

for deoxyHb with a deoxyoxy difference extinction coef-  reactions do not show sufficient response to allow unique

ficient of 74 mM™ cm™*. Known concentrations of oxygen values to be assigned to all of the rates of interchange

were obtained by injecting air from a gastight syringe through between R- and T-states, but plausible sets of parameters
the septum and stopcock of the tonometer and rotating for Swere obtained in every case.

min. The saturation was estimated by measuring the differ-  photolysis of R- and T-Statelorris and Gibson 10),

ence spectrum between deoxyhemoglobin and the equili-ysing dye laser pulses, showed that different proportions of

brated sample, at low fractional saturation, and from readings oxygen were dissociated from these states in hemoglobin
made in the kinetic apparatus at higher values. The amounta requiring that two values be assigned in the present

of air injected was always less than 10 mL. experiments. A value for the R-state was obtained by using
Kinetic measurements were made using the apparatusair-equilibrated hemoglobin A, which, under most conditions,
described in some detail by Shibayama et&. In outline, is saturated, and almost wholly in the liganded R-state. The

the 9 ns photolysis flash was obtainednra Q switched amount of deoxyhemoglobin at the beginning of microsecond
YAG laser (Continuum Inc., Santa Clara, CA). The beam observation gives the required quantity immediately. This
was telescoped to 3 mm diameter and was collinear with is not, of course, a quantum vyield, but the fraction of the
the observing beam from a 75 W Xe arc. This passed throughsample dissociated under the conditions of the experiment.
a blue glass filter and a 436 nm interference filter, through This procedure is less satisfactory in providing values for
the sample, into a Spex 250 mm monochromator. The outputthe T-state because it is difficult to find conditions in which
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it can be asserted with confidence that oxygen is bound only

to the T-state. Addition of inositol hexaphosphate reduces Reaction Scheme

the proportion of R-state species, but may alter the effective ™2
guantum yield. Experiments have been performed in which X Alpha

the fraction of oxygen photolyzed was related to initial T X2
saturation as measured by static spectrophotometry. The

fraction increased at low saturation, with values close to 2 R RX4
times those found in experiments with the R-state, but the RX-F!XZ/
precision decreases seriously under these conditions. Nu-

merical experiment with the model shows that the photo- ™
sensitivity assumed for the T-state correlates with the value T j

of allostericL which increases as the relative photosensitivity RX2
of the T-state is decreased. In some simulations, fractional Beta

photolysis of the T-state was included among the variables L R RX

treated by optimization. The larger amplitude of geminate
recombination too-subunits was also taken into account. FiGure 1: Scheme used for computation. R (R-state) and T (T-

Under the Cond|t|ons Of the expe”ments the max|mum State) |dent|fy the type of ||gand b|nd|ng behavior associated with
' each species. T-state parameters were fixed auBl5! s~ and

i 0,
photolysis of oxygen observed_ was 30%. 2000 s for combination and dissociation throughout: the values
Although the scheme requires 18 parameters, for theyere taken from Shibayama et a8)(and used for botl- and
present purpose many of these can be assigned beforehang-subunits. The R-state combination rates were set al\86 s1
or have minor effects on the course of the computed reaction.for a-subunits and at 72M~* s™* for f-subunits. These rates reflect
To begin with, the four rates for oxygen binding to, and literature values for the subunits and for HbA tetramers [see Unzai

: et al. (L3) for references]. The rates of oxygen dissociation were
release from, the T-state have been taken from Shlbayamalz and 21 st for a- and8-subunits, respectively, from Olson et

et al. @), the R-state off rates from Olson et a2(, the al. (20). X is a ligand molecule. Each vertical line between R and
R-state on rates from Unzai et @l3), and analysis of small- T denotes an interconversion between allosteric states defined by
amplitude flash photolysis experiments at high oxygen Rto T and T to R rates. The rates in each direction increase (T to
concentrations. The tetramedimer dissociation constant has R and decrease (R to T) lmy? as each ligand is added, where
been assigned a value ofuM (see ref3), and the fraction ﬁb%’)”(g"“/;‘]UR"”' SpeciesrRX2 andf-TX interact o give R-state
¢ ; ! . . A list of rates is given in the Appendix.
of R-state species dissociated by the flash was determined
in separate experiments. The rate at which the conformationinteracts, reversibly, with the singly ligandgdspecies to
of the triply liganded species can return from R to T has form an R-state triply liganded species. The choices made
relatively little effect on the kinetics, though the ratio of reflect earlier observations on CO binding of hemoglobin
forward and reverse rates influences equilibria, and must alsoby Marden et al. 11), who followed CO rebinding spectro-
be included to maintain reversibility. The rate of appearance photometrically following flash photolysis, as well as binding
of the triply liganded R-state species is significant, however, and release of the fluorescent effector pyrene trisulfonate,
and has been assigned by optimization. It has the dimensionsvhich binds some 60 times more strongly to deoxy than to
of a second-order reaction as the diligandedimer reacts  liganded hemoglobin. They found that R-state rates of ligand
with the monoligandegs-dimer (Figure 1). The scheme binding appeared earlier in the reaction than the two-state
includes explicit rates of interchange between R- and T-states.model will permit and also observed release of pyrene
Relatively little is known about these rates, though they are trisulfonate at rates corresponding to R-state rates of CO
known to be strongly dependent on pH, increasing markedly binding. They concluded that there must be an additional
under acid conditions [Sawicki and Gibsd)]( It has been state or states in which pyrene trisulfonate is bound (a T-state
assumed that as ligand binding proceeds the R to T and T tocharacteristic) but which also reacts rapidly with CO as
R rates decrease and increase, respectively, by the samehough in the R-state. The anomalous state was identified
factor at each step, i.e., equal energy changes. The progranwith the doubly liganded tetramer.
was run from 50 to 500 times with randomly chosen starting ~ Oxygen Recombination in pH 7.1 Phosphate Buffer at Low
values of the parameters being optimized. It is difficult to Initial Saturation.Two sets of data that agree well with the
give estimates of the precision of the individual parameters, earlier data of Sawicki and GibsoB) @re illustrated in Figure
since the errors calculated from the residuals are influenced2. Panel A shows the effect of varying hemoglobin concen-
by the assumption that the ligand binding and dissociation tration at constant p£) and panel B gives the results of
rates are precisely known. The fits obtained show that the varying oxygen concentration with constant hemoglobin. The
scheme is capable of representing the reactions well, but thecontinuous lines have been generated from the scheme
values may not be unique. described in the Experimental Section, with the assumption
that the T-state rates of bimolecular combination and

RESULTS AND DISCUSSION dissociation of oxygen are identical for the two types of

Reaction Schem@o relate values for the ligand binding  subunit and have the numerical values suggested by Shiba-
reactions of the NiFe hybrids to the behavior of native yama et al. §) for the Ni—Fe hybrids. The fits are good,
hemoglobin, the scheme of Figure 1 was adopted. dhe and the equilibrium curve and cooperativity of hemoglobin
and p-subunits are allowed to make functional allosteric A are well-represented with mvalue of 2.76. However, as
transitions independently of one another. As in the metal reported earliers), good fits with root-mean-square residuals
hybrids, the interactions aree—a and g—p with the as low as 0.00025 in absorbance can be obtained for the
additional assumption that the doubly ligandedpecies same data with the two-state model, if the subunits are
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Ficure 2: (Panel A) Absorbance changes following photolysis of
oxyhemoglobin in equilibrium with 13.4M O,, Hb (5.2, 9.2, 17.1,
and 25.8uM tetramer), and 0.1 M KPi, pH 7.0, with 0.3 mM
EDTA, 21°C, 436 nm. Parametersy, = 6680+ 83,Lq = 10 300
+ 210, RX20—0o)+TX(p) (rate 12), 625 + 51, Ry—Toa =
26 400+ 1600, Rg—Tgs = 243 000+ 17 000. Other parameters
as in the Appendix list. (Panel B) Hb (14M) and &, (5.2, 10.4,
15.6uM). Parametersig, = 18 300+ 116,Lq = 25 800+ 214,
RX2(a—0)+TX((p) (rate 12), 3 855+ 42, Ryy—Toq = 445 000
=+ 29000, Rg—Tgs = 295 000+ 2500. Other parameters as in
the Appendix list.

allowed to have different rates of.®inding and dissociation.

Gibson
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Ficure 3: The upper line shows the time course of oxygen
recombination following photolysis of 23V hemoglobin in 0.1

M KPi + 0.3 mM EDTA, pH 6.5, equilibrated with 13 4M O,.
Other conditions as for Figure 4. The lower time course is for the
same solution after the addition of 0.1 mM inositol hexaphosphate.
Parametersiq, = 12 700+ 351,Lq = 4 570 000+ 10 000 000,

i.e., large but undefined, RX@a)+TX(p) (rate 12.) 234G 103,
Roo—Toe = 26 4005+ 1600, Ry—Tos = 259 + 564.

rates to the subunits are obvious in Figure 2. Their proposal,
however, conflicts with the kinetic results for NiFe, Mn-
(I —Fe, and Mg-Fe hybrids which have led to closely
similar rates for the R- and T-states of threand-subunits
(8, 13). The oxygen equilibrium and subunit assembly
experiments recently reviewed by Ackerd) for a large
number of hybrids also indicate cooperative interactions in
the binding of the first two ligand molecules, without subunit
differences. The schemes differ in that the interactions
observed in kinetic experiments with the hybrids studied are
between like ¢—a and5—/3) pairs of subunits rather than
the o—f interactions of Ackers’ scheme. In kinetic experi-
ments with hemoglobin A, this is a distinction without a
difference as the subunits can scarcely be resolved by optical
spectroscopy.

Effect of pH on Recombinatiofihe scheme predicts that
at extremes of pH the marked biphasicity of the data of
Figure 2 should decrease, and this is observed experimentally
(Figure 3). The model gives a good fit to data at pH 6.5 (a
modest change in pH in this context) with modified allosteric
parameters. Two groups of solutions were obtained: in one,
the interaction between unlike subunits is decreased, and the
R to T rates associated with the tweg values are different,
with lower rates for thex-subunit. Thelo values for like
pairs are little changed. In the other group of solutions, the
Lo value for the3-subunit is large enough for it to remain in
the T-state throughout, and the interaction between unlike
subunits becomes more important. The addition of inositol

The two phases of the recombination reaction that led hexaphosphate at pH 6.5 has an effect much larger than that

Sawicki and Gibson¥) to assign different T-state reaction

of the pH change alone, with almost complete disappearance
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Ficure 4: Oxygen binding to 18.6M HbA in 0.1 M borate buffer, FiGURE 5: Representation of stopped-flow data of Gibsénky
pH 9.1, with 2.6uM O,. ParametersLq, = 66,Lq; = 44. Relative Figure 1. The data were recovered using the descriptive rate
photolysis intensities of 1, 0.25, and 0.0625. Data points at intervals constants assigned at that time. Data and computed values are joined
of 10us. Rates of ligand reactions are as in the list in the Appendix; by lines. The rms residual was 0.0021 in absorbance, or 0.68% of
other conformational parameters are ill-defined (see text). the excursion measured. From top to bottom, the initia] {@lues
were 124, 62, 31, and 16/8M. The reactions were followed for
of the slower phase of the reaction (Figure 3). This result 10, 20, 40, and 40 ms, respectively. The original experiments were
may be represented by increasing the values of allostgric ~ Performed using 0.1 M KPi buffer, pH 7.0 at 2@. Parameters:

X L . . > " Log = 1700, Log = 4600, RX26—o)+TX(f) (rate 12.) 17.4,
andLg while retaining equivalence of_subunlt T-state kinetic Rou—Tox = 140 000, Ry—Tos = 95 000. Other values are from
parameters with the same numerical values as for thethe Appendix list; so many other sets of values are possible. The
experiments at pH 7.1. Under these conditions, the R-stateexperiment shows that the equilibrium curve can be well reproduced
parameters are poorly defined as the state is scarce|y(l’ms_ residual 0.48%) with ligand affinities taken from -Nte
populated. Taking the experiments with and without inositol NYPrids.
hexaphosphate together, it seems that the experiments at pH 0.06
6.5 without effector are better represented by the second 0
parameter set.

The scheme shown in Figure 1 is also successful in
describing experiments using borate buffer at pH 9.1. The
values of bothL, and Lz must be reduced by a factor of
about 100 to give the fits of Figure 4, though their relative
sizes are not well determined. As the affinity is so high at
pH 9, very small amounts of oxygen were needed, and the
data are for relatively high initial saturations. It is possible
to fit data from a wide range of initial saturations in
experiments at high pH because the behavior of the T-state
is only marginally relevant. It was this circumstance which
allowed Hopfield et al.4), using a basic two-state model,
to represent stopped-flow data of Gibsds) for oxygen
combination at high pH with fair success, while failing Time ms
seriously with experiments at pH 7. Ficure 6: Simultaneous fit of kinetic and equilibrium data. The

In view of this problem, it is of interest to see if the scheme equilibrium curve has been scaled to fit the frame of the figure;
! the filled circles are experimental, the open circles computed. The

of Figure 1 is consistent with the pH 7 stopped-flow data. It parameter values used are given in the Appendix, and the kinetic
was found that the data may be reproduced with relatively data were taken from Figure 4 with additional data (not shown)
small errors (Figure 5). As the raw 1970 data are no longer from Figure 8. The highest correlation was betwdgnand L
available, traces were generated from the best-fitting param-(0-73)5 all other correlations were significantly smaller. Note that
eter values of the kinetic equivalent of the Adaltdy all standard errors are much smaller than in other computer runs.
equation used at the time. The treatment then used included). Morris and Q. H. Gibson, unpublished). The two
extrapolation to the absorbance value at the time of mixing. parameters and the—/ interaction parameters were varied.
This is an important quantity in stopped-flow work with the A good fit was obtained over a wide range of oxygen
oxygen reaction as, at the highest]@sed, nearly 50% of  concentrations, but the correlation between the parameters
the observed reaction took place during the dead time of theis so high that other sets of parameters are acceptable if the
apparatus so the results shown in Figure 5 are much betterequilibrium curve is treated alone.

than might have been expected. The reactions were followed This situation was greatly improved by fitting kinetics and
nearly to equilibrium, so it is evident that Figure 1 is able to equilibria together. As may be seen by comparing Figure 2
reproduce the equilibrium curve as well as the kinetics. This and Figure 6, the fit to the kinetic data is scarcely impaired,
has been confirmed by fitting an equilibrium curve for HbA but the indicated errors in parameters (see Appendix) are
obtained under the conditions of the 1970 experiments (R. greatly reduced and only 1 solution was found in more than

3 4

LA
oot

0.04

Delta absorbance
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200 trials with different initial parameter values. The subunit A o3
L values, theow—p interaction parameter, and the rates of
R—T interconversion were varied.

Flash Photolysis of Fully Liganded Hemoglob&ithough
the rate of binding of oxygen to H{D,); has been measured
by numerous authors (see re@R for references), new
experiments with the present buffer and apparatus were
performed to give an estimate of the rates to be used in curve- 0.2 |
fitting. As the concentration of oxygen is usually substantially
greater than that of hemoglobin, the rate of the recombination
reaction may be expected to be proportional to oxygen
concentration. This, however, turned out to be only partly
true even when the reaction was followed after photolysis
of as little of 2% of the combined oxygen. Data were
collected over a 128-fold range of light intensities and a 0.1
4-fold range of oxygen concentrations. The resulting families
of eight records at each oxygen concentration could be fitted
by the scheme of Figure 1 with a root-mean-square residual 0.05
of less than 0.0005 in absorbance (Figure 7A,B). The time
course of recombination is biphasic, as expected, both
because partial flash photolysis will always yield a mixture
of intermediates, and because the main photoproduct at low 0
fractional photolysis, Hi{O,)s, may switch from the R- to
the T-state fast enough to compete with recombination with Time ms
oxygen. The amplitude of the slower phase, however, is B
larger than had been anticipated, probably because of the
use of a phosphate buffer. To compare the observed and

0.25

0.15

Delta absorbance

computed time courses, each was fitted to a sum of two 016 ¢
exponentials, giving rates and amplitudes for both compo-
nents. When the data are treated in this way, the faster 014 4
component corresponds to a second-order rate gf\85* 012 \

s1, in good agreement with earlier work. The slower
component yields an apparent second-order rate declining

1
from 10 to 3.5uM™! s as the oxygen concentration 01 1
decreased from 262 to GaVl. Figure 8 compares observed '
and computed rates and amplitudes for these preflash oxygen 0.08
levels. The scale for the slower component with 5%h@s
been increased 5-fold to show the results more clearly. Both 0.08
faster and slower second-order rates are largely independent
of fractional photolysis in the range accessible with a short 0.04 K
flash.

Delta Absorbance

The percentage of the slow reaction at each light level is 0.02
also shown in Figure 8, and is larger with 5% than with
air. The percentage trends downward as the flash intensity
is decreased, changing more than 2-fold with 5%¢kigure
8, panel B). These results are consistent with a contribution
to the slow rate from an intermediate re'axing from fast to FIGURE 7: Flash_ phOtOIySIS of HbA at hlghlnltlal saturation with
siow (o R o ) in competon with owygen rebinding.  99%0 A0 ArLus 1 kel Parel & el 0, 202,
As the slower component retains about half its amplitude ;5 (a) HbA ='33.6uM; (B) HbA = 30.3uM tetramer. Relative
even below 2% photodissociation, in the two-state model light intensities: 1, 0.5, 0.25, 0.125, 0.0625, 0.0313, 0.0156, and
this intermediate can only be B{®.)s. The effect of oxygen Sl(__J)-0078-t Buzferi zoislaiMlzléPLi' p":ué-gi szitg RO)-(S;(XmM)f_lPxTA-

; i} idParametersLo, = Lo = , —Q -
e e e i 1) s 31 Ao 3 d0 1605
o = 1160 000+ 100 000. Other values from the Appendix list.

rate of the transition of HI§O,); from R to T and on the
rate of oxygen rebinding. At the higher oxygen concentration, differences and with finite rates of interconversion between
if the transition is limiting, the second-order rate would be R-and T-states, is also able to reproduce the data of Figures
expected to be greater at the higheg][O 7 and 8 with much the same goodness of fit as is shown

The experiments of Figures 7 and 8 may be representedthere. The implication is that H{O,); divides between R-
by Figure 1 with R-state on rates for oxygen bindingxto and T-states, equilibrating in a time of the same order as
andj-subunits of 37 and 72 M s71, respectively, close to  that required for oxygen recombination, as suggested by the
the values reported by Unzai et al3f for subunits in Cr experiments of Ferrone and Hopfieltl with HbCO. The
hybrids. The two-state model, expanded to admit subunit two-state model requires, however, that as each ligand

0 0.8 1.6 2.4 3.2
Time ms
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A reviewed by Ho 15), have usually suggested equilibrium
70 differences less than 2-fold between and 8- subunits in
the T-state. The experiments are inherently difficult because
the cooperativity of mammalian hemoglobins is so high that
the population of intermediates with a single ligand, critical
for assessing the relative affinities of the subunits in the
T-state, is always small even at low fractional saturation.
Nevertheless, Figure 1 with the parameter values in the
Appendix appears substantially consistent with NMR data
(15, 23, 24). Signals correlated with the- and s-subunits
in the unliganded T-state disappeared in parallel on partial
oxygenation in phosphate-free buffers. With phosphate or
effectors, thex-subunit signal was lost earlier than that from
the S-subunit. Interpretation of the results called for coop-
erativity within the T-quaternary structure; i.e., they were
not consistent with the two-state model. Very different
experiments on crystals of HbA and on HbA in silica gels,
0 however, showed noncooperative binding and a 5-fold
1 2 3 4 5 6 7 difference in subunit affinity 25, 26). No clear choice can
Light Intensity be made at present from the range of possible explanations
of this interesting result which is not consistent with Figure
60 1

60 A

50 A

40 4

30 4

Rates and fraction slow

20 1

10 A

The structures of the subunits revealed by crystallography,
on the other hand, are significantly different, a difference
that led Perutz2) to conclude that ligands could not bind
to S-subunits in the T-state, and to make this an element in
his classical interpretation of the two-state model of Monod
et al. () in structural terms. Direct kinetic evidence for HbA
is limited to experiments with CO as ligand that are much
easier to perform than experiments with oxygen, but these
experiments have consistently failed to show any evidence
of significanta—/ differences. For example, experiments
with hybrid hemoglobins in which protoheme of specific
T subunits was replaced either with meso- or with deutero-
heme showed na—g differences [Parkhurst et alL§)], as
well as experiments with hybrids in which Fe in specific
hemes has been replaced by other mefgl8,(13). Further
0 S S S S S S convincing evidence in favor ofi—fg-equivalence in the

1 2 3 4 5 6 7 T-state has been given in Table 1 of the review of Ackers

Light Intensity (3)

FiGure 8: Analysis of data from Figure 2. In both panels, the Mechanism of Figure IThe main difficulty in representing
continuous lines refer to experimental data, the dashed lines togxygen kinetics has always been to account for the slower

computer representations. From top to bottom in both panels, thesecond phase in rebinding of oxygen at low fractional
top pair represent the second-order rate of the faster component in

units of uM~1s-L, the lowest pair the second-order rate of the slower Saturation. In Figure 1, it is modeled by rearrangement of
component in the same units. Note that the data of this line in panelligands among binding sites from their initial kinetic
B have been multiplied by 5 to improve clarity. The middle pair distribution to an equilibrium distribution favored by coop-
of lines gives the percentage of the total absorbance changeerativity. As compared with the two-state model, Figure 1
contributed by the lower rate. Abscissa: the light was halved at ¢, the distribution reaction because, with suitable values
each step from 2 to 7. . . .

of L, R-state behavior appears much earlier in the reaction.
molecule is removed the T-state be favored relative to the The difference in theL values for o- and S-subunits
R-state by allosteric, the ratio of the oxygen affinities of  suggested by the NiFe hybrids is an important element of
R- and T-states. This has a value on the order of 500, so if flexibility in curve-fitting operations. It enhances the slower
the three-liganded form has a significant proportion of T-state secondary phase, because fheubunits, which have the
at equilibrium, the two-liganded form must be almost entirely larger value ot and are more likely to remain in the T-state,
in the T-state, a conclusion at variance with the experiments can give up ligand to the-subunits, which by switching to
of Ackers @), the kinetic experiments of Marden et allj, the R-state retain it. This mechanism, of course, is applicable
and the requirements of the kinetic Figure 1 of this paper. only when hemoglobin is in large excess over ligand, as in

The Model Scheme in Relation to Other Experiments. the old experiments of Sawicki and Gibsds).(

Subunit equivalence in the T-state is a basic element in the In terms of the model, the effect of pH on thevalues of
new scheme, and it is necessary, therefore, to examine theghe subunits is large, and at low pH and in the presence of
consistency of this assumption with other experimental inositol hexaphosphate, hemoglobin remains largely in the
evidence. Many equilibrium experiments of several types, T-state until much higher saturations have been reached. The
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40 r

30 r

20 |

Rate constants and fraction siow
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intrinsic similarity of subunits in the T-state is more fully two-state model. Thus, the kinetic experiments described here
expressed, the observed rate constant for approach tcand the equilibrium and subunit assembly experiments appear
equilibrium with ligand is increased, and the recombination to reinforce one another. In the same connection, experiments
reaction with oxygen approximates closely to a single carried out more than 40 years ago by Gibson and Roughton
exponential (Figure 3). These features are reproduced in(21) on the kinetics of CO binding to sheep hemoglobin,
Figure 1 by increase in the values bffor both types of when analyzed in terms of four consecutive reactions,
subunit. Conversely, at high pH, binding of a ligand by required a larger than statistical value for the rate of binding
deoxyhemoglobin is associated with an immediate changethe second molecule, as is consistent with Scheme 1.
of affinity, modeled by drastic reduction in the valueslLof In sum, the behaviors of hemoglobin A and of the-Rie
for both subunits. hybrids are consistent with one another, and an extension of
The model has two three-member two-state arrays. As thisthe two-state model, based on the behavior of the Fdi
would lead to a maximum value of 2 for Hillls, interaction hybrids, can account for the kinetics of the principal reactions
between the arrays as well as within them is needed to reachof HbA with oxygen.
a higher value. In the interest of simplicity, only a single
step has been added, and again based on th&&hybrids, ACKNOWLEDGMENT
it is assumed that a doubly ligandedsubunit, if in the
R-state, can interact with a singly ligandgesubunit in the
T-state, raising the probability of conversion of the remaining
unliganded -subunit to the R-state. This step should APPENDIX
correlate with the major structural changes described by
Perutz and his associated.(That change, however, though List of Parameter Values from the Data of Figure I7.
still associated with cooperativity, would now have a and 2. Ly and Lg, 5400 £ 110 and 20 000+ 470,
secondary role, with most cooperativity in Figure 1 arising respectively; 3. and 4o and § T-state on rates, fixed
from interactions between like subunits. Calculation shows throughout at 6.5«M~* s7%; 5. and 6.a. and3 R-state on
that much of the total cooperativity of HbA must arise from rates, 36.0+ 0.2 and 78+ 0.64uM™1 s'1 for a and 3,
intradimer reactions with values ofwithin the dimer greater ~ respectively; 7. and 8x and  T-state off rates, fixed at
than 1.5. This is not consistent with the lowalues for the 2000 s%; 9. and 10.0. and 8 R-state off rates, fixed at 12
Ni—Fe hybrids reported by Shibayama et d8)( who, in and 20 s?, respectively; 11. tetramedimer dissociation
experiments with 4M hemoglobin, foundh greater than 1 constant, fixed at kM; 12. rate ofaf interaction and T to
only for the a-Fe hybrid, with the slope of the Hill plot R change of3-TX — f5-RX, 3400+ 310; 13. reverse of
increasing above 50% saturation. More recently, experimentsreaction 12., often fixed at 10 000%s 14. and 15. rates R
with cross-linked hybrids (Shibayama et al., 1999), where — To for o and 3, 1600 + 29 and 142 000+ 5600,
dimerization is not a factor, have yielded valuesaip to respectively; 16. photolysis efficiency farsubunits, break-
1.75, consistent with the calculations using Figure 1. It has down set at 0.7 off amplitude to allow for difference in
always seemed unlikely that a single change in structure geminate recombination; 17. photolysis efficiency for T-state
would account for the complex allosteric behavior of subunits, 0.5; 18, photolysis efficiency f8rsubunits, 0.23.
hemoproteins, and evidence of this kind is beginning to  Correlation of ParametersThe model of Figure 1 has
appear, Ansari et al.17), for example, seeing multiple  the problem that the cooperativity inherent in the difference
absorbance changes even in myoglobin. Relating kinetic between the R- and T-state affinities is expressed in two
models and structure is always speculative, and evenways. It may appear in the values and in parameters 12.
excellent ability to reproduce experiments does not prove aand 13. which describe the—f interaction. The result is a
model correct. With this proviso in mind, Figure 1 has high correlation between these parameters and comparable
worked well in a wide range of conditions, but should fits to data with divergent parameter values. When this
nevertheless be applied cautiously in experiments at highoccurs, less extreme values have been selected.
hemoglobin saturation. It will be clear from the Experimental  Standard Errorslt is not possible to give sound estimates
Section that the rates assigned to theTRinterchanges are  of standard errors because their calculation assumes that fixed
not always well-defined and the precise values for them parameter values are precisely known. Further, residuals are
included in the figure legends are given for completeness assumed to be normally distributed, which is another way
only. In general, however, large values for R to T rates are of saying that the model correctly describes the data. In most
usually found in optimization. cases, however, standard errors have been included in the
Although the model was developed in relation to the figure legends because their relative sizes give some indica-
specific question of the applicability of data from metal tion of the sensitivity of the fits to specific parameters. Note

hybrids to T-state hemoglobin A, flash experiments with that the solutions were highly constrained when equilibria
saturated oxyhemoglobin could also be modeled, and evenand kinetics were fitted together.

the calculated rate for the oxyhemoglobin dithionite reaction
measured 28 years ag6) (was readily simulated. REFERENCES
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