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Abstract

The two-state allosteric model of Monod, Wyman, and Changeux(MWC) provides an excellent description of
homotropic effects in a vast array of equilibrium and kinetic measurements on cooperative ligand binding by
hemoglobin. However, in contrast to experimental observations, the model does not allow for alteration of the ligand
affinity of the T quaternary structure by allosteric effectors. This failure to explain heterotropic effects has been
appreciated for over 30 years, and it has been generally assumed to result from tertiary conformational changes in
the absence of a quaternary change. Here we explore a model that preserves the essential MWC idea that binding
without a quaternary conformational change is non-cooperative, but where tertiary conformations of individual
subunits play the primary role instead of the quaternary conformations. In this model, which we call the ‘tertiary
two-state(TTS) model’, the two affinity states correspond to two tertiary conformations of individual subunits rather
than the two quaternary conformations of the MWC two-state allosteric model. Ligation and theR quaternary
structure bias the subunit population toward the high affinity tertiary conformation, while deligation and theT
quaternary structure favor the low affinity tertiary conformation. We show that the model is successful in quantitatively
explaining a demanding set of kinetic data from nanosecond carbon monoxide photodissociation experiments at times
longer than;1 ms. Better agreement between the model and the submicrosecond kinetic data may result from
detailed considerations of the distribution and dynamics of conformational substates of the two tertiary conformations.
The model is consistent with the results of solution, gel, and single crystal oxygen binding studies, but underestimates
the population of doubly-liganded molecules determined in low-temperature electrophoresis experiments.� 2002
Elsevier Science B.V. All rights reserved.
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Fig. 1. Schematic structure of hemoglobin. Adapted from Dick-
erson and Geisw48x.

1. Introduction

It is a great pleasure to be able to contribute
this article in honor of Maurizio Brunori. The
article is concerned with the mechanism of oxygen
binding to hemoglobin, the paradigm for under-
standing cooperative effects in multi-subunit pro-
teins. Brunori and the Rome group have been at
the center of experimental and conceptual devel-
opments of this subject for over 40 years. For this
special issue, it seemed only fitting to focus on an
aspect of hemoglobin research that has always
been of great interest to Brunori, namely the two-
state allosteric model of Monod, Wyman, and
Changeux(MWC) w1,2x. Jeffries Wyman was a
mentor, and friend of Brunori and a colleague in
the biochemistry department at ‘La Sapienza’ from
1961 to 1986w2x. Moreover, as explained below,
Brunori and colleagues are responsible for an
important extension of this model.
The MWC modelw1x has provided a powerful

framework for investigating the mechanism of
cooperativity in hemoglobinw3–11x and many
other multi-subunit proteinsw12x. In its simplest
form, the MWC partition function for hemoglobin
is:

4 4Ž . Ž .JsL 1qK p q 1qK p (1)T R

whereL is the population ratio of fully deoxygen-
ated T and R quaternary structures,K is theT

oxygen affinity in theT quaternary structure,KR

is the oxygen affinity in theR quaternary structure,
and p is the oxygen pressure. This partition func-
tion requires the four subunits to be structurally
identical (i.e. the molecule must possess either
tetrahedral or square symmetry), and therefore
cannot be strictly correct for hemoglobin. Two
modifications of the MWC model address this
problem. The first takes into account the chemical
inequivalence ofa andb subunitsw8x:

a b2 2Ž . Ž .JsL 1qK p 1qK pT T
a b2 2Ž . Ž .q 1qK p 1qK p (2)R R

This partition function retains the essential idea
contained in Eq.(1) that binding without a change
in quaternary structure is non-cooperative and that
all cooperativity arises from a shift in the popula-
tion from the low affinity T quaternary structure

to the high affinityR quaternary structure as the
oxygen pressure increases. The second modifica-
tion is an extension of the MWC model by Brunori
and co-workers, which they called the dimeric
cooperon modelw13,14x. This model retains the
MWC symmetry assumption implicit in Eq.(1)
that there is no cooperative interaction in either
quaternary structure between structurally identical
units, the so-called ‘protomers’ of MWC, but
allows for cooperative interaction within the pro-
tomers. In the case of hemoglobin the protomers
are theab dimers that are interchanged by the
twofold rotation axis, y(Fig. 1). The modification
of Eq. (2) by Brunori and co-workers derives from
the partition function:

a1 b1 a1b1 a1 b1 2µ Ž . ∂JsL 1q K qK pqd K K pT T T T T
a2 b2 a2b2 a2 b2 2µ Ž . ∂1q K qK pqd K K pT T T T T

a1 b1 a1b1 a1 b1 2µ Ž . ∂q 1q K qK pqd K K pR R R R R
a2 b2 a2b2 a2 b2 2µ Ž . ∂1q K qK pqd K K p (3)R R R R R
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In this partition function thea1b1 and a2b2
dimers are the two protomers of MWC(the func-
tion is written out in detail to anticipate the
importance of the equivalence of the twoab

dimers). There is a cooperative interaction of
magnituded betweena and b subunits on the
same dimer without a change in quaternary struc-
ture, but no interaction across the dimer interface,
i.e. between protomers. In other words, the second
ligand binds to anab dimer in a fixed quaternary
structure with an affinity that isd-fold higher than
the first ligand, instead of with its intrinsic affinity
as required by Eq.(2); however, binding either
the first or second ligand to one dimer has no
effect on the ligand affinity of the other dimer.
Brunori and co-workers assumed that coopera-

tive binding could occur in theT quaternary
structure(d )1), but not inR (d s1). They alsoT R

assumed that thea andb subunits inR have equal
affinities. Since the twofold symmetry axis makes
a1 equivalent toa2 andb1 equivalent tob2, Eq.
(3) simplifies to the partition function for the
dimeric cooperon modelw14x:

2a b a b 2µ Ž . ∂JsL 1q K qK pqd K K pT T T T T
4µ ∂q 1qK p (4)R

Brunori and co-workers showed that thermody-
namic linkage requires cooperative oxygen binding
to T state ab dimers to result in a quaternary
equilibrium constant and a tetramer–dimer disso-
ciation constant that are position-dependent forT-
state tetramers with onea and oneb subunit
liganded, i.e. the constants for(a1O b1O )(a2b2)2 2

and(a1O b1)(a2b2O ) cannot be the same. They2 2

further showed that using this partition function,
the (currently) observed pattern of the ratios of
tetramer–dimer dissociation constantsw15x could
be reproducedw14x.
A value of d has been estimated from twoT

different kinds of experiments. From single crystal
studies of oxygen binding to theT quaternary
structure the Hilln was found to be 1.0, suggesting
perfectly non-cooperative bindingw16–18x. How-
ever, after correcting for the difference in the
intrinsic affinity of a andb subunits, cooperative
binding toT is exposed(Hill n-1.2), correspond-
ing to 1-d -2.5 w17,18x. The more extensiveT

series of experiments was the determination of the

tetramer–dimer dissociation constants for the 10
distinct ligation microstatesw15x. These data are
consistent with a comparably small value ofd f4T

w10x. Most recently, an innovative measurement of
the tetramer–dimer dissociation rate of a rapidly
prepared doubly liganded hybrid also demonstrates
that the position-dependence and therefored mustT

be small w19x. Although it appears that there is
cooperativity in binding within theT quaternary
structure, it is small compared to the increase in
affinity of ;10 -fold generated by the change in3

quaternary structure fromT to R. The net result,
then, of the analysis of equilibrium data is that a
change in quaternary structure is primarily respon-
sible for cooperativity, as postulated by MWC, and
that the deviation from perfect MWC(Eqs. (1)
and (2)) can be quantitatively accounted for by
the dimeric cooperon model of Brunori and co-
workers w10x. Their model allows for cooperative
interaction withinab dimers, but does not abandon
the MWC symmetry assumption of no cooperative
interaction betweenab dimers.
Kinetics provide a more demanding test of a

model in cooperative systems because intermedi-
ates are present at much higher concentrations than
at equilibrium. Several studies have shown that
the rather complex kinetics of hemoglobin are also
consistent with the MWC model of Eq.(1). This
was first qualitatively demonstrated for ligand
dissociation and bimolecular rebinding kinetics by
Hopfield, Shulman and Ogawa using the results of
Gibson, Antonini, and Brunoriw4,7,20x. Subse-
quently, Sawicki and Gibsonw21x investigated the
kinetics following microsecond photodissociation
of the carbon monoxide complex, and concluded
that the MWC model was not consistent with the
data. More recently, however, Henry et al.w22x
reinvestigated these kinetics with the improved
time resolution of nanosecond lasers. They showed
that the multiphasic kinetics of both ligand rebind-
ing and conformational changes in the nanosec-
ond–millisecond time regime could be explained
with a kinetic version of the MWC model
described by the partition functions in Eqs.(1)
and (2) that was extended to include geminate
rebinding and tertiary conformational relaxation in
theR statew22x. The agreement between the model
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and the data is excellent, again suggesting that
cooperativity in theT quaternary structure is small.
A remaining issue, which is the subject of this

paper, is whether the kinetic data are also consis-
tent with models that address a long-known defi-
ciency in the MWC model, namely the role of
tertiary conformational changes observed to occur,
e.g. upon ligand binding, without a change in
quaternary structurew3,9,23,24x. According to
MWC, all conformational changes are associated
with the change in quaternary structure. For this
reason the MWC model fails to explain heterotrop-
ic effects, such as the decrease in oxygen affinity
of the T quaternary structure with decreasing pH
w25–27x. In the MWC model allosteric effectors
alter oxygen affinity only by preferentially binding
to theT quaternary structure, without alteringK .T

The importance of purely tertiary conformational
changes for explaining heterotropic effects was
recognized in early statistical mechanical models
motivated by Perutz’s stereochemical mechanism
w3,5,6x. In particular, in the Szabo and Karplus
model tertiary conformational changes, which
accompany oxygen binding in theT quaternary
structure and rupture salt bridges, explain the
change inK with pH w5,28x. We should note,T

however, that breaking salt bridges in accord with
the Perutz stereochemical mechanism is a confor-
mational change that has yet to be directly
observedw11x.
Herzfeld and Stanleyw6x proposed a more gen-

eral model, which allows for tertiary conforma-
tional changes without ligand binding, cooperative
interactions without a change in quaternary struc-
ture, and considers both tertiary and quaternary
heterotropic effects. The Pauling sequential model
w29,30x, now of only historical interest for hemo-
globin studies, and the MWC model are limiting
cases. Another interesting limiting case is one in
which there are no cooperative interactions within
a quaternary structure, as in the MWC model, but
tertiary–quaternary coupling is incomplete. That
is, high and low affinity conformations of individ-
ual subunits, which we shall callr and t, exist in
equilibrium within each quaternary structure. In
this model the affinity state corresponds to the
tertiary conformation of the subunit, not the qua-
ternary structure. The quaternary structure influ-

ences the affinity by biasing the t|r
conformational equilibrium, theT conformation
favoring t and theR conformation favoringr. In
bothR andT ligand binding favorsr. As we shall
see, the net result is that while liganded subunits
in R are all in ther conformation and unliganded
subunits inT are all in thet conformation, bothr
and t conformations are significantly populated at
equilibrium in unliganded subunits inR and
liganded subunits inT. We shall call this model
the tertiary two-state allosteric(TTS) model, to
distinguish it from the classical, quaternary two-
state allosteric(QTS) model of MWC. The parti-
tion function for this model with equala and b

affinities is:

L9 4µ Ž .∂Js 1qK pql 1qK pr T t4lT
4µ Ž .∂q 1qK pql 1qK p (5)r R t

whereL9 is the ratio of theT to R populations in
which all the subunits ofT are unligandedt and
all the subunits ofR are unligandedr, l is theT

ratio of t to r populations of the unliganded
subunits in theT quaternary structure,l is theR

corresponding equilibrium constant in theR qua-
ternary structure, andK andK are the affinitiest r

of the subunits in thet and r conformations in
which the liganded subunits remain int and r,
respectively. In this model, heterotropic effectors
can influenceL9, l , and l , but notK or K . InR T r t

the limit wherel is large andl small, Eq.(5) isT R

identical to the QTS partition function(Eq. (1))
with LsL9, K sK and K sK . Notice that theT t R r

mathematical form of the partition functions in
Eqs. (1) and (5) are the same, and therefore
provide identical fits to equilibrium oxygen bind-
ing data. However, the structural interpretation of
the parameters is different because tertiary and
quaternary conformations are now considered sep-
arately, rather than as the concerted conformational
change of the QTS model of MWC.
Our consideration of the TTS allosteric model

has been motivated by its simplicity and intuitively
appealing way of considering the relative roles of
tertiary and quaternary conformations. In addition
to explaining the condition dependence of the
affinity for the first ligand (K of MWC), itT
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provides a conceptual framework for describing
the complex conformational kinetics of hemoglo-
bin, as well as several important experimental
observations on molecules constrained to remain
in the T quaternary structure. First, the affinity of
single crystals ofT-state hemoglobin was found to
be lower than theT state in solution and inde-
pendent of pHw16,17x. This result was explained
by suggesting that the extreme low affinity results
from suppression by lattice contacts not only of
the T™R quaternary conformational change, but
also of the tertiary conformational change that is
presumed to occur in solution and is responsible
for the (tertiary) Bohr effect w17x. The crystal
binding affinity would correspond toK in the TTSt

allosteric model. Another intriguing observation
has been that the Hilln for oxygen binding to
hemoglobin trapped in theT state in silica gels is
much less than 1.0, indicating heterogeneous bind-
ing within T w31,32x. The proposed explanation is
that the constraints of the gel not only prevent the
T to R quaternary conformational change but also
prevent interconversion of tertiary structures hav-
ing different affinities withinT w33,34x. Interest-
ingly, the lower affinity state in the gel has the
same affinity as the crystalw34x. Finally, spectro-
scopic studies have suggested that there are only
two tertiary conformations. Time-resolved absorp-
tion spectra following photodissociation of the
carbon monoxide(CO) complex of hemoglobin in
theR quaternary structure can be described to high
precision by two linearly independent deoxyheme
spectral components even though there is both
tertiary relaxation and conversion to theT quater-
nary structurew35x. Furthermore, photodissociation
of CO from the T quaternary structure shows
spectral changes corresponding to tertiary confor-
mational changes that are almost identical to those
found in R w36x. Because of the presumed associ-
ation of deoxyheme spectra with binding rates,
these observations suggest that individual subunits
exist in only two affinity states.
The present work is concerned with an initial

exploration of the applicability of the TTS allo-
steric model to a subset of kinetic and equilibrium
data. Only the time-resolved absorption spectra
following nanosecond photodissociation of the CO
complex of human hemoglobin are considered

w35x, as this remains the most complete set of data
that measures the kinetics of both ligand rebinding
and conformational changes over a wide range of
times. Simultaneous fitting to the equilibrium CO
binding curve and population of ligation states as
a function of carbon monoxide saturation provides
important constraintsw37,38x.

2. Methods

2.1. Kinetic rules

The set of tertiary states and notation for rates
of the TTS model are shown in Fig. 2. As before
w22x, we have assumed that there is no coupling
between protein conformation and the position of
the ligand. The result of this assumption is that
the rate of entry of the ligand into the protein to
form the geminate state and the rate of exit of the
ligand from the geminate state are independent of
both tertiary and quaternary conformations, and,
conversely, the rates of tertiary and quaternary
conformational changes are independent of the
position of the ligand. The observation of non-
exponential tertiary relaxation processes has been
attributed to incomplete equilibration of the con-
formational substates within a tertiary conforma-
tion on the time scale of interconversion between
two overall tertiary conformationsw39x. Rather
than attempt to include the conformational substa-
tes explicitly, we have treated this effect approxi-
mately by introducing time dependence into the
r|t rate coefficients in order to produce a speci-
fied overall relaxation functionw22x. The relaxation
function chosen was the stretched exponential form
expwy(kt) x, where 0-b-1, with the sameb forb

all tertiary rates. The method for simulating this
relaxation in the model differential equations has
been described in detail previouslyw22x.
The rates of interconversion between a species

in theR quaternary state and the correspondingT-
state species with the same subunit states depend
only on the tertiary states of the subunits and not
the number of ligands bound per se. Because of
the assumption that the subunits are indistinguish-
able, these rates depend only on the numbers ofr-
and t-state subunits in the tetramer. We designate
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Fig. 2. States of the tertiary two-state model. Only a few quaternary states are shown, but they show that the quaternary rates depend
only on the number of subunits in ther tertiary conformation, and not on the number of ligands bound as in the kinetic version of
the QTSyMWC model of Henry et al.w22x.

by k(R ™T ) andk(T ™R ) the quaternary ratesn n n n

for molecules containingn r-state subunits(ns
0,1,2,3,4). Rather than include all 10 rates as
adjustable parameters, we assumed a linear free-
energy relation between the quaternary rates and

equilibrium constantsw40x as a function of the
number ofr-state subunits in the tetramer, follow-
ing a similar assumption made previously for rates
and equilibrium constants indexed by numbers of
bound ligandsw22x. That is,
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n aB ES WL9 lT TR
U XŽ . C Fk R ™T sgT Tn n 4
V Yl lD GR T

n ay1B ES WL9 lT TR
U XŽ . C Fk T ™R sgT Tn n 4
V Yl lD GR T

where g is a scaling parameter that sets the
absolute rates, and 0-a-1. We could then choose
a single referenceR™T rate (i.e. for a single
value ofn) and derive all the other rates by scaling
this rate up or down by powers of the scale factor
ds(l yl ) .ya

R T

A complete enumeration of all possible combi-
nations of tertiaryyligation states(selected from
the set { r,r..x,rx,t,t..x,tx} ) for the four subunits
yields 6s1296 combinations for each quaternary4

state. However, we have made the simplifying
assumption that the subunits are indistinguishable
(no a–b subunit inequivalence), yielding 126
tertiaryyligation configurations for each quaternary
state, for a total of 252 species in the kinetic
model. The model was implemented as a system
of 252 differential equations describing the inter-
conversions among these species. Allowed transi-
tions between species with the same quaternary
structure involve a change in the state of a single
subunit. Stepwise changes in the subunit state take
the form of either a change in the tertiary state or
a change in the ligation state, but not both; ligation
state changes were only permitted between the
geminate state and either the unliganded state or
the liganded state. Transitions involving a change
in quaternary state were only permitted between
species with identical tertiaryyligation configura-
tions. With these restrictions a total of 2072
connections between kinetic species were enumer-
ated for this model.

2.2. Computational methods

The application of the TTS model to sets of
time-resolved spectra was similar to that described
by Henry et al.w22x for the extended QTS model,
and needs only be summarized here. The data used
for the modeling consisted of difference spectra,
spanning the wavelength range 390–470 nm,
between equilibrium(unphotolyzed) HbCO and a
photolyzed sample, measured at logarithmically

spaced time intervals from nanoseconds to approx-
imately 70 ms following photolysis by a 10-ns
laser pulse. Sets of such spectra were measured
for probe-pulse polarizations both parallel and
perpendicular to the polarization of the photolysis
pulse, and for 16 different levels of photolysis.
Preliminary analysis of the data was described by
Jones et al.w35x and results in sets of spectra,
measured atn different photolysis levels, whichp

are interpolated onto a single common grid ofnl

wavelengths andn time delays. These sets oft

spectra were collected into a singlen =(n n ) datal p t

matrix D.
An essential simplification of the modeling was

achieved by grouping the complete set of model
species inton sets of spectroscopically distincts

species, i.e. all species in a set were assumed to
have the same spectrum. In our analysis, we
assumed that the spectra of all subunits with a
ligand bound to the heme(both unphotolyzed
subunits and photolyzed subunits that have
rebound ligands) are the same, and are proportional
to the measured equilibrium spectrum of the HbCO
tetramer; these subunits therefore do not contribute
to the simulated difference spectra. Moreover, the
spectra of all subunits without a bound ligand are
distinguished only by the tertiary structure. There-
fore, there are onlyn s2 distinct spectra in thes

problem, the spectrum of unligandedr subunits
and the spectrum of unligandedt subunits.
A single step in the modeling took the following

form: for a given set of kinetic parameters, the
system of differential equations describing the
model was solved for each of then initial sets ofp

species populations derived from the different
photolysis levels represented in the data.(For use
in the modeling we selectedn s5 photolysisp

levels which span the range of the 16 levels
represented in the full experimental data set.) This
yielded for each photolysis level a set of popula-
tions of the 252 model species computed at each
of the n experimental time delays, which weret

used to compute the time-dependent total popula-
tions of unligandedr subunits and unligandedt
subunits. These populations comprised the
2=(n n ) matrix P. The two correspondingp t

unknown species spectra, of unligandedr subunits
and unligandedt subunits, made up the columns
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of the n =2 matrix S, and were determined for al

given population matrixP by solving the linear
least-squares problemSPfD w41x.
The modeling was performed by adjusting the

kinetic parameters to produce a matrix of time-
dependent subunit populationsP and a matrix of
corresponding species spectraS, derived by least-
squares, which together minimized the squared
residual≤DySP≤ . Useful constraints on the par-2

ameters were imposed by introducing additional
contributions to the overall residual to be mini-
mized. For example, an optimal simulation of the
experimental data was required not only to have a
small residual matrixDySP, but also to produce
species spectra(columns ofS) that are physically
reasonable, as judged by the known shapes of such
spectra. As beforew22x it was found helpful in this
regard to include a contribution to the residual
given by the magnitude of the difference between
the matrix of time- and photolysis-dependent pop-
ulations of unrecombined deoxyhemes and the first
amplitude vector(first column of the matrixV—
see below) from the singular-value decomposition
of the complete experimental data matrixD.
It was also required that the partition function

derived from the kinetic parameters reproduce the
observed equilibrium properties of CO binding to
Hb. The equilibrium data used in this analysis
were those of Perrella and co-workersw37,38x and
consisted of a CO binding curve(saturation vs.
CO pressure) and a set of populations of each of
the five ligation states as a function of fractional
saturation with CO. As beforew22x we have
allowed for differences in the values of selected
parameters between the buffer used for these meas-
urements(0.1 M chloride) and that used by Jones
et al. (0.1 M phosphate). Since the sensitivity to
solution conditions is primarily in theT quaternary
structure, independent values forL9 and l wereT

used in fitting the equilibrium data, while the same
values of the parametersK , K and l were usedt r R

in fitting kinetic and equilibrium data.
Thus, the total residual to be minimized in the

course of the modeling was given by the weighted
sum of the residuals from simulation of the pho-
tolysis-dependent time-resolved spectra, from the
comparison of the simulated ligand rebinding to
the first SVD amplitude vector, and from simula-

tion of the equilibrium CO binding data. A Mar-
quardt–Levenberg algorithm was used to adjust
the values of the various model parameters to
effect this minimization, with constraints imposed
to restrict the allowed range of certain parameters
and parameter combinations(Tables 1 and 2).

3. Results

Fig. 3 shows the singular value decomposition
(SVD) of the kinetic data of Jones et al.w35x on
the photodissociation of the CO complex of human
hemoglobin at room temperature. Five different
levels of photolysis are shown. There are only two
significant SVD components, indicating that all of
the time-resolved spectra can be described by
linear combinations of just two basis spectra(U1

and U ). This result also indicates that there are2

only two linearly independent liganded-minus-
unliganded difference spectra. The basis spectrum
of the dominant component(U ) corresponds to1

the average spectrum and is very similar to a static
liganded-minus-unliganded difference spectrum.
The second basis spectrum(U ) represents the2

deviation from the average spectrum, and describes
the change in shape and amplitude of the deoxy-
heme photoproduct. The time course of the ampli-
tude ofU (V ) is an excellent approximation to1 1

the ligand rebinding curve, while the time course
of the amplitude of the second basis spectrum
(V ) contains contributions from deoxyheme spec-2

tral changes caused by protein conformational
changes, depletion of deoxyhemes by ligand
rebinding, and spectral changes from kinetic hole
burning.
The equilibrium data of Perrella and co-workers

w37,38x are shown in Fig. 4. The data include the
CO binding curve and the fraction of each ligation
state as a function of fractional saturation with
CO. Since we are not considering the effect of
inequivalent binding toa andb subunits, the data
for the individual species obtained by Perrella and
DiCera w38x having the same number of ligands
bound have been summed to give the results
presented here for the five ligation states. In an
MWC analysis of the data they found that the
affinity of the R quaternary structure was the same
for the two subunits, and that in theT quaternary
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Table 1
Parameters of tertiary two-state model used in fitting to kinetic and equilibrium data

Parameter Description Fit value Range of valuesa

L Quaternary equilibrium 6=105 4=10 –1=105 6

constantswTt xywRr x4 4

lR Tertiary equilibrium constant for deoxy 0.7 0.5–0.8
subunits inR quaternary structure

lT Tertiary equilibrium constant for deoxy 340 250–500
subunits inT quaternary structure

k (r™t)R Tertiary transition rate for unliganded 5.8=10 s5 y1 2=10 to 1.5=10 s5 6 y1

subunits inR quaternary structure
k (r™t)T Tertiary transition rate for unliganded 1=10 s8 y1 )10 s8 y1

subunits inT quaternary structure
k (rx™tx)R Tertiary transition rate for liganded 1 sy1 0.1–10 sy1

subunits inR quaternary structure
k (rx™tx)T Tertiary transition rate for liganded 90 sy1 20–250 sy1

subunits inT quaternary structure
k (r)gem Geminate rebinding rate tor 5.7=10 s6 y1 5=10y7=10 s6 6 y1

k (t)gem Geminate rebinding rate tot 7.6=10 s3 y1 1=10 to 5=10 s3 4 y1

kin Rate of ligand entry into the protein 2.4=10 s4 y1 2.1=10 to 2.7=10 s4 4 y1

(Pseudo-first-order rate assumed
independent of protein state)

kout Rate of ligand exit from protein 7.4=10 s6 y1 6=10 to 9=10 s6 6 y1

(independent of protein state)
k(R ™T )3 3 Quaternary rate, for tetramers 5.7=10 s3 y1 4=10 to 8=10 s3 3 y1

containing threer subunits
d Scale factor forR™T rates with 4.0 3–6

decreasing number ofr subunits
b ‘Stretching’ parameter for tertiary 0.6 0.5–0.7

relaxation
Kr Equilibrium constant for geminate 3.6=108 2=10 to 5=108 8

binding to r subunits
Kt Equilibrium constant for geminate 1.1=105 10 to 104 6

binding to t subunits
L9 (Cl )y L9 for Cl solvent conditions ofy 9=105 2=10 4=105y 6

Perrella and co-workersw37,38x
l (Cl )y
T l for solvent conditions of Perrella andt 9=102 80 to 5=103

co-workersw37,38x

This is the range of values obtained by varying one parameter at a time and noting the extremes at which the sum-of-squaresa

increased by 20% above the value obtained at the minimum.

structure there was only a two-fold difference in
affinity.
The model requires 16 independent parameters

to fit the equilibrium and kinetic data. Five are
required for the equilibrium data(Eq. (4)), and
an additional 11 for the kinetic data. Because the
equilibrium and kinetic data were collected under
different solution conditions, the conformational
equilibrium parameters of the modelL9 and l , butT

not l , were allowed to differ from those used inR

the kinetic fits. Table 1 gives the values of the

parameters that were used in calculating the fitted
curves in Figs. 3 and 4. Two additional constraints
were employed in fitting the data. To be consistent
with the approximately 10-fold difference in the
two affinity states found in the gel equilibrium
studiesw34x, more than approximately 90% of the
liganded subunits in theT quaternary structure
were required to be in ther tertiary conformation
at equilibrium (by constrainingK yl K )10). Tor T t

insure the low geminate yield of theT statew36x
the rate of the unligandedr™t tertiary conforma-
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Table 2
Parameters derived from fit values required by detailed balance

k (t™r)R 9=10 sy15

k (t™r)T 3=10 s5 y1

k (tx™rx)R 5=10 s3 y1

k (tx™rx)T 9=10 s2 y1

k (r)diss 0.02 sy1

k (t)diss 0.07 sy1

k(R ™T )0 0 4=10 s5 y1

k(R ™T )1 1 9=10 s4 y1

k(R ™T )2 2 2=10 s4 y1

k(R ™T )4 4 1=10 s3 y1

k(T ™R )0 0 0.1 sy1

k(T ™R )1 1 10 sy1

k(T ™R )2 2 2=10 s3 y1

k(T ™R )3 3 2=10 s5 y1

k(T ™R )4 4 3=10 s7 y1

Fig. 3. Kinetic data and fits with TTS and extended QTS mod-
els. (a) kinetics of ligand rebinding.(b) Kinetics of confor-
mational changes of deoxyheme photoproduct. In both panels
the points are the experimental data, the(green) dashed curves
are the fits from Henry et al.w22x using the extended QTS
model of MWC, and the(red) continuous curves are the fits
from the TTS model using the parameters given in Table 1.
The fit to the ligand rebinding with the QTSyMWC model is
so good that the dashed curves are barely visible.

tional change in theT quaternary structure,k (r™T

t), was required to be greater than 10 s .8 y1

A detailed picture of the kinetics can be obtained
by showing populations of molecular species as a
function of time(Fig. 5). The tertiary equilibrium
constant for liganded subunits inR is 2=10 , soy4

prior to photolysis onlyr is populated. Photodis-
sociation results in unligandedr subunits which
then either geminately rebind or relax tot. The
geminate yield is primarily determined by a com-
petition between ligand rebinding tor and ligand
escape from the protein. Slow geminate rebinding
by t has only a slight influence on determining the
geminate yield because geminate rebinding is
largely complete before the beginning of the
stretched r™t tertiary conformational change
which has a half-time of;1 ms. The kinetics now
become complex because of the distribution of
quaternary rates. The fastestR™ T quaternary rate
is for molecules that contain allt subunits. This
rate (sd =k(R ™T )s4 =5700) is 3.6=103 3 5

3 3

s . The major contributor to the amplitude ofy1

deoxyheme spectral changes arising from quater-
nary conformational changes is forR ™T , which2 2

takes place with a rate(sd=k(R ™T )) of3 3

2.3=10 s . This rate is much slower than the4 y1

rate of 10 s forr™t of unliganded subunits in8 y1

T, so the tertiary change occurs instantaneously
after the quaternary transition.

4. Discussion

4.1. Successes of the TTS model

Our objective in the present study was to deter-
mine whether a kinetic version of the tertiary two-
state(TTS) allosteric model could fit the extensive
kinetic data of Jones et al.w35x, and also be
consistent with equilibrium data on solutions, gels
and crystals. Figs. 3 and 4 show the kinetic and
equilibrium data, together with the fits obtained
by the TTS allosteric model, with parameters
summarized in Table 1. The previous fit to the
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Fig. 4. Equilibrium data of Perrella and co-workersw37,38x and
fits with TTS model.(a) Equilibrium CO binding curve. The
(blue) continuous curve is the fit with the TTS model using
the parameters in Table 1.(b) Equilibrium population of liga-
tion states as a function of saturation. The continuous curves
are the fit to the data using the parameters in Table 1: zero-
liganded(filled circles), singly-liganded(open circles), dou-
bly-liganded(filled-squares), triply-liganded(filled triangles),
quadruply-liganded(open squares).

kinetic data using an extension of the quaternary
two-state(QTS) model of MWC w22x is shown
for comparison. Except for the first 30 ns, the fit
to the kinetic data is superior to what was found
previously with the extended QTSyMWC model.
Although 16 parameters were varied in the kinetic
modeling, each parameter has a well-defined phys-
ical interpretation. Furthermore, the number of
model parameters is much lower than the 30–67
parameters(amplitudes and relaxation times) that
are required for a purely empirical description of
the kinetic dataw22x. The remaining 15 parameters

of the model result from detailed balance(Table
2). The fits to the CO saturation curve and the
fraction of ligation states as a function of CO
saturation are most probably within the experimen-
tal errors of these measurements, with the possible
exception of the fraction of doubly-liganded spe-
cies(see below).
In the extended QTSyMWC model, the disap-

pearance of the immediate product of photolysis,
labeled r*, was postulated to explain the time
course at the earliest times. The stretched tertiary
conformational change fromr* to r (within R),
with a corresponding decrease in geminate rebind-
ing rate, explained the non-exponential geminate
rebinding. In the TTS model the stretched tertiary
conformational change fromr to t in theR quater-
nary structure occurs at times(t f1 ms) longer1y2

than the tertiary conformational change of the
extended QTSyMWC model (t f60 ns) w22x.1y2

It therefore has relatively little effect on the gem-
inate process, and accounts for the more exponen-
tial-like geminate rebinding phase of the TTS
model (Fig. 3). The TTS model does not distin-
guish between liganded and unliganded subunits
in the high affinity r conformation, so it appears
that it is somewhat of an oversimplification as far
as the geminate kinetics are concerned.
Perhaps the most interesting parameters of the

model are the tertiary conformational equilibrium
constants inR andT for liganded and unliganded
subunits(l and l ). They predict that in theRR T

quaternary structure at equilibrium liganded sub-
units are all in ther tertiary conformation and in
the T quaternary structure all unliganded subunits
are in thet tertiary conformation. The incomplete
coupling of tertiary and quaternary structure is
revealed in unligandedR and ligandedT. The
occupancy of thet conformation for unliganded
subunits inR is 40%, while the occupancy of the
r conformation for liganded subunits inT is 90%.
This latter value could be smaller, because the
minimization was constrained to have 90% as the
lowest allowed occupancy. The purpose of the
constraint was to determine whether it is possible
to provide a quantitative explanation of the kinetic
data with parameters that are consistent with one
of the major results of recent binding studies of
hemoglobin encapsulated in silica gelsw34x. Like
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Fig. 5. Time course of populations of subunit and quaternary conformational states predicted by TTS model following 100%
photolysis using the parameters of Table 1.(a) Population of tetramers containing various number of ligands in theR quaternary
structure(dashed curves); deoxyheme population inR quaternary structure(continuous curve). (b) Population of tetramers con-
taining various numbers of ligands in theT quaternary structure(dashed curves); deoxyheme population inT quaternary structure
(continuous curve). The population ofT-state tetramers with four ligands bound is too small to be observable on a linear scale.(c)
Population of tetramers containing various numbers of subunits in ther (the sum of liganded and unliganded) tertiary conformation
in theR quaternary structure. The population ofR-state tetramers with all subunits in thet (Rtttt) conformation is too small to be
observable on a linear scale.(d) Population of tetramers containing various numbers of subunits in ther conformation in theT
quaternary structure. The population ofT-state tetramers with all subunits in ther (Trrrr) conformation is too small to be observable
on a linear scale.(e) Populations of subunits in ther and thet tertiary conformations: totalr and totalt (continuous curves), deoxy
(dashed) and liganded(dotted) r and t (dashed curves). Notice that almost all of the subunits in thet conformation are unliganded.



161E.R. Henry et al. / Biophysical Chemistry 98 (2002) 149–164

the crystal, the gel enormously slows the quater-
nary conformational change as determined by oxy-
gen binding measurements. Gels prepared in the
absence of oxygen remain in theT quaternary
structure upon oxygenation and only slowly con-
vert to R. Bruno et al.w34x found that encapsula-
tion in the presence of the strong allosteric
effectors inositol hexaphosphate and bezafibrate
produces a non-cooperative binding curve(Hill
ns0.94"0.02) with an affinity 10-fold lower than
for deoxyhemoglobin encapsulated in the absence
of these effectors(Hill ns0.93"0.03). (The Hill
n values lower than 1.0 were explained by Bruno
et al. as arising from inequivalence of the affinities
of a andb subunits.) In the presence of allosteric
effectors the affinity was found to be very close
to that determined in single crystal studies and, as
in the crystal, independent of pH. Bruno et al.
interpreted their results as evidence for the exis-
tence of two tertiary conformations within theT
state, as was proposed by Rivetti et al.w17x. A
similar interpretation has been given by Shibayama
and Saigow33x, except that they found a larger
difference between the high and low affinity states.
In the context of the present model, binding to

the crystal or the low affinity gel state would
correspond to binding byt in the T quaternary
structure with no change in tertiary(or quaternary)
conformation. In contrast, the 10-fold higher affin-
ity state of the gel without allosteric effectors
would correspond to binding of a ligand tot
followed by a tertiary conformational change from
tx to rx (but no T to R quaternary change) with
an approximately 1:10 population ratio(Eq. (5),
Fig. 2). In gels where both states are present
w32,33x, one would argue that the multiphasic
binding curve results from the gel kinetically
constraining molecules from making thetx™rx
conformational change withinT.
Another interesting consequence of the model

is that it predicts the spectral changes following
photolysis of carbonmonoxyhemoglobin, initially
in the T quaternary structure, to have the same
shape as those observed for photolysis of the
liganded R structure, since they both should reflect
the unligandedr to t conformational change. These
changes were most clearly seen in a study of an
ironycobalt hybrid hemoglobin with cobalt substi-

tuted for iron in theb subunits w36x. Since the
cobalt heme does not bind CO, the fully saturated
molecule contains only two ligands and could be
converted to more than 90%T with inositol hex-
aphosphate and bezafibrate, as judged by the mark-
edly decreased geminate yield, absence of any
conformational changes in the 10-ms relaxation,
and mostly slow bimolecular rebindingw36x. The
shape of the spectral change for the tertiary relax-
ation following photodissociation is nearly identi-
cal, although slightly blue-shifted, to that found in
the absence of allosteric effectors where it is
presumed that the molecule is almost entirely in
theR quaternary structure.

4.2. Problems with the TTS model

One problem with the TTS model is that it is
apparently inconsistent with the observation in
photodissociation studies of tertiary conformation-
al changes taking place at times longer than 10 ns
for hemoglobin initially in theT quaternary struc-
ture w36,42x. Murray et al.w36x found the tertiary
relaxation times following photodissociation ofR
andT-state ironycobalt hybrids to be very similar.
In order to have a high population of ligandedr
conformations in theT quaternary structure, but
simultaneously account for the low geminate yield
of the T state, it is necessary for ther™t rate in
T to be sufficiently fast that it is nearly complete
before the beginning of geminate rebinding. This
leaves the apparentr™t conformational change,
described by relaxations at 40 and 330 nsw36x,
unexplained. One possible way of rationalizing
this result, as well as the inability of the model to
fit the data in Fig. 3 for the first;30 ns, is to
consider the distribution of conformational substa-
tes, as first described for myoglobinw43x. Hagen
et al.w44,45x showed that for myoglobin embedded
in a trehalose glass at room temperature, the rates
of geminate rebinding for individual conformation-
al substates vary by more than a factor of 10 .6

The observation of a stretched exponential time
course for the tertiary conformational change in
myoglobin has been interpreted using a model in
which interconversion of conformational substates
occurs on the same time scale as the overall
conformation changew39x. The tertiary relaxation
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in bothR andT states is also a stretched exponen-
tial w22,35,36x. If substate interconversion is com-
parable to or slower than the;100 ns required to
complete the geminate rebinding phase, then the
distribution of substates and the rates of substate
interconversion should be considered for an accu-
rate description of the kinetics. In this more
detailed description, one might imagine that it is
still possible to have well-definedr and t states
for explaining equilibrium data or kinetic data at
times longer than;1 ms, when substate intercon-
version is sufficiently rapid that the equilibrium
distribution is maintained. For example, in the
fully liganded T quaternary structure, where 90%
of the subunits(with the current parameters) are
in the r conformation, one could imagine that the
T quaternary structure biases the distribution of
substates toward conformations that are moret-
like. This could simultaneously account for the
low geminate yield of theT state, and anr™t
conformational change that occurs during and after
the completion of geminate rebinding. The devia-
tions of the fit with the TTS model at early times
in Fig. 3 might also be explained by such consid-
erations. Moreover, the small differences between
the deoxyheme spectral changes associated with
the tertiary relaxations inT and R in the irony
cobalt hybrids are consistent with these ideas.
Another problem with the TTS model is that it

is not capable of accurately predicting the popu-
lation of doubly liganded species from low tem-
perature electrophoresis experiments reported by
Perrella and Di Ceraw38x (Fig. 4b). As these
authors and Ackersw15x have pointed out, there is
no simple way of rationalizing the distribution of
the four distinct doubly-liganded states. Introduc-
ing inequivalence ofa andb subunits and coop-
erativity within theab dimer (i.e. the interaction
found by Ackersw15x and described by the dimeric
cooperon model) does not eliminate the discrep-
ancy with either the TTS model or the QTSyMWC
model.
Finally, we should point out that Gibsonw46x

has revisited the problem of the kinetics of oxygen
binding and concluded that the MWC model can-
not simultaneously explain the data on metal
hybrids and the unsubstituted tetramer. It will be

interesting to determine whether this apparent dis-
crepancy can be resolved by the TTS model.

4.3. Concluding remarks

We have shown that it is possible for a tertiary
two-state(TTS) model to fit a demanding set of
kinetic data reasonably well with parameters that
are consistent with the equilibrium results from
solution, crystal and gel binding studies. This
model has the same spirit as the original MWC
model in that there are only two affinity states and
non-cooperative binding within each quaternary
structure. There is, however, inconsistency with
the low temperature electrophoresis data that
remains to be resolved. Although we have not
discussed the subject in any detail, the model
provides a natural way of exploring the influence
of allosteric effectorsw27,47x, and this would be
an important next step. It would also be interesting
to reinvestigate the X-ray crystallographic struc-
tures of unliganded hemoglobin in theR quaternary
structure and liganded hemoglobin in theT qua-
ternary structure, with the view of describing the
data in terms of a mixture ofr andt conformations.
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