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ABSTRACT: We have analyzed the nanosecond-millisecond kinetics of ligand binding and conformational
changes in hemoglobin. The kinetics were determined from measurements of precise time-resolved optical
spectra following nanosecond photodissociation of the heme-carbon monoxide complex. To fit the data,
it was necessary to extend the two-state allosteric model of Monod, Wyman, and Changeux (MWC) to
include geminate ligand rebinding and nonexponential tertiary relaxation within the R quaternary structure.
Considerable simplification of the model is obtained by using a linear free energy relation for the rates
of quaternary transitions, and by incorporating concepts from recent studies on the physics of geminate
rebinding and conformational changes in myoglobin. The model, described by 85 coupled differential
equations, quantitatively explains a demanding set of complex kinetic data. Moreover, with the same set
of kinetic parameters it simultaneously fits the equilibrium data on ligand binding and the distribution of
ligation states. The present results, together with those from single-crystal oxygen binding studies, indicate
that the two-state MWC allosteric model has survived its most critical tests.

Understanding cooperative oxygen binding to hemoglobin
has been one of the central problems in biochemistry. Its
role as a paradigm for understanding cooperative behavior
in other biological systems has, however, diminished some-
what in recent years because of confusion in the literature
concerning the basic explanation of the origin of cooperat-
ivity. This is unfortunate, since an enormous amount of
structural, spectroscopic, thermodynamic, and kinetic infor-
mation can be synthesized by a relatively simple model, in
spite of numerous claims to the contrary. This MWC-PSK
model consists of the two-state allosteric model of Monod,
Wyman, and Changeux (MWC) (Monod et al., 1965;
Shulman et al., 1975; Edelstein, 1975), the stereochemical
mechanism of Perutz (P) (Perutz, 1970; Perutz et al., 1987),
and the statistical thermodynamic formulation of the Perutz
mechanism by Szabo and Karplus (SK) (Szabo & Karplus,
1972; Lee et al., 1988).

The principal idea of MWC was that hemoglobin exists
in only two affinity states, corresponding to a low-affinity
structure called T and a high-affinity structure called R.
Binding to either structure is statistical, i.e., for a given
structure of the tetramer the affinity of each subunit is
independent of the number of ligands already bound. In this
model cooperative oxygen binding arises from a shift in the
population from the low-affinity (T) to the high-affinity (R)
structure as the oxygen pressure increases. This contrasted
with the earlier proposal by Pauling (1935), later elaborated
by others (Koshland et al., 1966), that cooperative interac-
tions arose in a sequential fashion, the binding of a ligand
changing the conformation of the subunit and thereby directly
influencing the affinity of the neighboring subunits. Perutz’s
X-ray crystallographic studies showed that fully liganded and
fully unliganded hemoglobin have different arrangements of

the four subunits, identifying the affinity states of the MWC
model with the two quaternary structures, R and T.

Perutz further made the novel proposal that salt bridges
between subunits stabilized the low-affinity (T) quaternary
structure, lowered the affinity of T relative to R, and were
responsible for the Bohr effect (the decrease in oxygen
affinity with decreasing pH, promoting the release of oxygen
in the more acid tissues) (Perutz, 1970). Szabo and Karplus
(1972) showed that Perutz’s mechanism could explain the
existing equilibrium data. They also showed that the
mechanism was perfectly consistent with the hypothesis of
noncooperative binding within each quaternary structure, the
cornerstone of the MWC two-state model. This fact has
rarely been mentioned in the literature (Hess & Szabo, 1979;
Rivetti et al., 1993), and consequently Perutz’s mechanism
has often erroneously been used as support for a sequential
mechanism. The Perutz mechanism also explained why the
T-state affinity is changed by allosteric effectors, which was
not envisaged in the original MWCmodel (Szabo & Karplus,
1972, 1975).

Because hemoglobin in the R quaternary structure has an
affinity very close to that of the free chains, the issue has
always centered on whether the increase in affinity with
increasing oxygen pressure arises entirely from a switch from
T to R, as proposed by MWC, or whether there is significant
cooperativity in binding to the T quaternary structure.
Single-crystal binding experiments have directly addressed
this question. They showed that in crystals of hemoglobin,
where the quaternary structure is known to remain T by X-ray
diffraction (Liddington et al., 1988), binding is non-coopera-
tive with a value for the Hill parametern ) 1.0 (Rivetti et
al., 1993; Mozzarelli et al., 1991). Non-cooperative binding
has also been observed for deoxyhemoglobin encapsulated
in a silica gel, presumed to prevent the T to R transition
(Shibayama & Saigo, 1995). Dissociation of oxyhemoglobin
encapsulated in the gel is noncooperative as well, with a 500-
fold increase in affinity as expected for R-state hemoglobin.
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A caveat in both the crystal and gel experiments is that
noncooperative binding of a tetramer, defined by a Hilln of
1.0, can be the result of exact compensation of cooperative
interactions by inequivalence in the intrinsic affinity ofR
andâ subunits. Rivetti et al. (1993) considered this problem
by taking advantage of the small difference in projection of
theR andâ hemes onto the crystal axes of their measure-
ments. From the two apparent binding curves for light
linearly polarized parallel to the two axes, Rivetti et al.
calculated that the Hilln of 1.0 does indeed result from
compensation of inequivalence in oxygen binding to theR
andâ subunits (with intrinsic affinity differences of less than
a factor of 5) and a small amount of cooperativity within
the T quaternary structure. This cooperativity within T can
be most simply described by the dimeric cooperon model
of Brunori and co-workers (Brunori et al., 1986; Gill et al.,
1986) with the parameterδ ≈ 2, which means that there is
a 2-fold increase in affinity of anR (or â) subunit following
ligand binding to aâ (or R) neighbor. This is small
compared to a factor of 100-400 increase in affinity upon
changing from T to R. Confirmation of this analysis has
been obtained recently, using the nickel-iron hybrid hemo-
globin, in which only theâ hemes bind oxygen (Bettati et
al., 1996). This study shows that Rivetti et al., if anything,
overestimated theR/â inequivalence and therefore did not
underestimate the cooperativity in binding to the T quaternary
structure. The crystal studies also showed that oxygen
binding is pH-independent in the crystal, where the salt
bridges are known to remain unbroken by X-ray crystal-
lography, in keeping with Perutz’s mechanism for the Bohr
effect (Mozzarelli et al., 1991; Rivetti et al., 1993; Bettati et
al., 1996). The net result of the crystal work, where there
is no ambiguity about quaternary structure, is that two critical
elements of the equilibrium properties of the MWC-PSK
model are experimentally confirmed: oxygen binds non-
cooperatively in the absence of a Tf R quaternary
conformational change and there is no Bohr effect when the
salt bridges remain intact.
Crystal studies might be criticized because lattice forces

may not just prevent the transition from T to R, but may
also distort the properties of the T state. In the case of the
nickel-iron hybrids, Bettati et al. (1996) showed that this
is not the case, finding that the oxygen affinities in crystal
and solution are virtually identical. Rivetti et al. (1993) also
pointed out that as the Hilln in solution studies decreased
toward 1.0 by stabilizing the T state with strong allosteric
effectors, the affinity approached that of the crystal. Nev-
ertheless, one would like to design experiments on solutions
of hemoglobin that provide comparably incisive tests of
models. The problem with equilibrium studies in solution
is that there are no unambiguous markers of quaternary
structure and the system is so cooperative that intermediates
are always present at low populations. To circumvent the
latter problem metal substitution or oxidation has been used
to create stable ligation states as models for intermediate
states of oxygenation. Ackers and co-workers have observed
a dependence of the tetramer-dimer dissociation constants
on the positions of the bound ligands for analogues of
doubly-liganded tetramers (Ackers et al., 1992). These
observations also require such a position dependence for the
R a T equilibrium constant for doubly-liganded tetramers.
That is, the tetramer-dimer and Ra T equilibrium constants
are different for a tetramer with both ligands on the same

dimer compared to a tetramer with one ligand on each dimer
[R1(x)â1(x)R2â2 andR1(x)â1R2â2(x)]. This has intuitive
appeal, because hemoglobin does not have pseudotetrahedral
symmetry (with only one kind of interface between subunits)
but has pseudo 222 symmetry (with four kinds) with different
R1â1 andR1â2 interfaces. In terms of binding, the position-
dependence of the tetramer-dimer dissociation constants
requires cooperative binding to the T state, as pointed out
by Brunori and co-workers (Brunori et al., 1986; Gill et al.,
1986). The results suggest that binding to anR (or â) subunit
raises the affinity of theâ (or R) subunit on the same dimer
but not the subunit on the opposite dimer. Brunori and co-
workers showed that the pattern of tetramer-dimer dissocia-
tion constants could be explained with such a model. On
structural grounds one might have expected that the coopera-
tive dimer is notR1â1 (andR2â2), as suggested from the
work of Ackers and co-workers. Instead one would expect
that it isR1â2 (andR2â1), because it is the interface between
these subunits, rather than theR1â1 (andR2â2) interface,
that changes with the quaternary change and is directly
connected to the heme via the F helix.
Given that there is some cooperativity in binding to the T

quaternary structure in solution, the important question is
how large is this deviation from perfect two-state behavior.
The investigation of tetramer-dimer dissociation equilibria
in cyanomet hybrid hemoglobins by Ackers and co-workers
(Ackers et al., 1992, Holt & Ackers, 1995) leads to the
conclusion that the T quaternary structure can bind ligands
(in this case the hypothetical binding of the CN radical to
ferrous heme) with high cooperativity.1 Edelstein (1996) has
pointed out, however, that equilibrium oxygen binding curves
cannot possibly be explained using cooperativity parameters
similar to those obtained from studies of cyanomet deriva-
tives (δ ) 170), showing that they are not reliable analogues
of intermediate oxygenation states. [Note Added in Proof.
Shibayama et al. have just reported that they have redeter-
minedδ and find that it is more than 10-fold smaller, i.e.,δ
< 17; Shibayama, N., Morimoto, H., & Saiger, S. (1997)
Biochemistry 36, 4375-4381.] In the case of the carbon
monoxide complex, the data of Perrella and co-workers on
the population of ligation states as a function of carbon
monoxide saturation determined by low-temperature elec-
trophoresis show a possible deviation from perfect two-state
behavior (Perrella et al., 1990, 1995). Their data, which we
shall consider in detail in this paper, require a cooperativity
parameterδ in the model of Brunori and co-workers of 2.9,2

which is the same within experimental error as the value of
∼2 derived from the crystal oxygen binding curves (Rivetti
et al., 1983; Bettati et al., 1996; Mozzarelli et al., 1997).
Kinetic methods provide another means of generating large

populations of intermediate states in solution. In general,
kinetic experiments provide more incisive tests of mecha-
nism, and have played a central role in the history of

1 Gill et al. (1986) were able to fit the data on cyanometHb hybrids
with the dimeric cooperon model but did not know it at the time because
of an incorrect value for the cooperative free energy of species22,
which was later found to be the same as that of species23 and 24
(Ackers et al., 1992).

2 Using the expressions for the cooperative free energy for each
ligation state given in Table 1 by Gill et al. (1986), we varied the three
parameters of the “dimeric cooperon” model,L, c, andδ, to obtain the
best least-squares fit to the cooperative free energies reported in Table
2 of Perrella et al. (1990) for carbonmonoxy Hb. The resulting values
areL ) 1.4× 105, c ) 0.0021,δ ) 2.9.
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hemoglobin. However, the kinetics of hemoglobin are
complicated, and in recent years there has been a tendency
to deal with only small pieces of the problem. Gibson made
the seminal observation that in mixing experiments the
bimolecular rate of carbon monoxide binding to deoxyhe-
moglobin is∼30 times slower than the rate of bimolecular
rebindingafter flash photolysis (Gibson, 1959). This result
immediately showed that the rate of ligand binding was not
determined by the number of ligands already bound, as
required by Pauling’s sequential model. Gibson also found
that the deoxyhemoglobin produced by photolysis had an
altered structure, as judged by the heme spectrum, and he
called this the spectrum of a “fast-reacting” hemoglobin, Hb*.
Hopfield et al. (1971) pointed out another important conse-
quence of Gibson’s results for models of hemoglobin,
namely, that Hb* should be identified as deoxyhemoglobin
in the R quaternary structure. These investigators also
showed that a variety of kinetic experiments on both ligand
association and dissociation could be qualitatively explained
with a simple two-state allosteric model in which the rates
for the quaternary transitions were considered to be instan-
taneous relative to ligand binding. Sawicki and Gibson
(1976), photodissociating carbonmonoxyhemoglobin with 0.6
µs laser pulses, found that deoxyheme spectral changes and
ligand rebinding occurred simultaneously in the microsecond-
millisecond time regime. Although Sawicki and Gibson
were able to explain the ligand rebinding kinetics and spectral
changes (presumed to arise from quaternary conformational
changes) at alkaline pH with an MWC model, they reported
that they could not satisfactorily fit the data on spectral
changes at neutral pH.
With the advent of time-resolved optical spectroscopy of

hemoglobin using picosecond (Greene et al., 1978) and
nanosecond lasers (Hofrichter et al., 1983; Henry et al.,
1983a,b), the focus shifted toward the submicrosecond
regime, where it was possible to observe geminate recom-
bination of the photodissociated ligands: carbon monoxide
(Duddell et al., 1979), oxygen (Chernoff et al., 1980), and
nitric oxide (Cornelius et al., 1983). Time-resolved reso-
nance Raman spectroscopy first exposed tertiary relaxation
kinetics of the protein (Lyons & Friedman, 1982), which
were subsequently studied in detail by optical absorption
methods (Hofrichter et al., 1983). In subsequent years the
connection of the submicrosecond studies to the problem of
the cooperative mechanism was considered [see reviews by
Murray et al. (1988a) and Goldbeck et al. (1996)] but never
fully explored.
The objective of the present investigation has been to

bridge the gap between the classic studies of Gibson and
co-workers and the submicrosecond investigations. We ask
the following question: can the kinetics of hemoglobin be
explained by an obvious extension of the two-state allosteric
model of MWC to include geminate rebinding and tertiary
relaxation? The “kinetics” in this case are represented by
the data of Jones et al. (1992) in which the carbon monoxide
complex of human hemoglobin was photodissociated and the
ligand rebinding and conformational kinetics monitored by
measuring very precise time-resolved spectra from∼10 ns
to∼70 ms. Jones et al. used the Gibson strategy of changing
the distribution of ligation states by varying the degree of
photolysis (Sawicki & Gibson, 1976). They showed that
both the kinetics of geminate rebinding and the kinetics of
conformational relaxation were independent of the degree

of photolysis for times less than∼1 µs. In terms of the two-
state model, this result indicates that the quaternary structure
remains R until∼1 µs. After∼1 µs the kinetics are highly
dependent on the degree of photolysis as observed previously
(Sawicki & Gibson, 1976; Hofrichter et al., 1983). In the
present study we have taken on the more ambitious project
of fitting the kinetic data on both conformational changes
and ligand rebinding with a two-state allosteric model over
the complete time range, from the beginning of geminate
rebinding at nanoseconds to the completion of bimolecular
rebinding at tens of milliseconds. To ensure that our results
are consistent with equilibrium data, we also simultaneously
fit the carbon monoxide binding curve and the distribution
of ligation states as a function of carbon monoxide saturation
determined by low-temperature electrophoresis (Perrella et
al., 1990, 1995).
There are two important simplifying features to the model.

One is the use of a linear free energy relation between the
rates and equilibria for the quaternary conformational changes
(Eaton et al., 1991). This markedly reduces the number of
parameters required to describe these rates. The second is
the use of a stretched exponential relaxation function for the
tertiary conformational change. The extended, continuous
nature of this relaxation was apparent from the early optical
studies, which showed that the time course consisted of at
least two overlapping exponential functions (Hofrichter et
al., 1983, 1985). The more precise data of Jones et al. (1992)
showed that the description of the tertiary relaxation required
three exponential functions, with relaxation times of 20, 90,
and 820 ns at room temperature. Frauenfelder and co-
workers, by analogy to relaxation in glasses, had suggested
that conformational relaxation in myoglobin might be
described by a stretched exponential function, i.e.,
exp[-(kt)â], 0 < â < 1 (Frauenfelder et al., 1990, 1991).
The initial observations on this relaxation in myoglobin
following photodissociation indicated nonexponential be-
havior (Ansari et al., 1992), but it was not until the work of
Anfinrud and co-workers that there was compelling evidence
for continuous, extended behavior of the conformational
relaxation in myoglobin (Lim et al., 1993; Jackson et al.,
1994). There still remained the problem of the physical basis
of the nonexponential time course. This question was
recently considered by Hagen and Eaton (1996). They
showed that two ingredients were necessary to explain the
extended time course: (i) the interconversion of conforma-
tional substates having different optical frequencies occurring
on the same time scale as the overall change from one
average conformation to another and (ii) a simplification of
the rate equations with a kinetic rule for the interconversion
among substates. Their kinetic rule assumes that all transi-
tion states have the same energy. As a consequence, the
activation energy becomes progressively larger and the
apparent rate for substate interconversion slows dramatically
as the system moves from the substates of the unrelaxed
conformation to those of the relaxed conformation at lower
energy. The solution of the kinetic equations describing this
model closely approximates a stretched exponential function.
The present model is too complex to consider individual
conformational substates or substate distributions. However,
we can incorporate the substates indirectly by writing the
differential equation for the tertiary relaxation in a form that
produces a stretched exponential function upon integration,
and by considering geminate rebinding to take place with a
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time-dependent rate “constant”.
Another aspect of work on myoglobin has influenced our

thinking about hemoglobin kinetics. Henry et al. (1983b)
and Hofrichter et al. (1985) had suggested that the nonex-
ponential geminate rebinding observed at room temperature
in hemoglobin could arise either from multiple geminate
states, as in the original Frauenfelder model for myoglobin
(Austin et al., 1975; Beece et al., 1980), or from a slowing
of geminate rebinding due to tertiary conformational relax-
ation. These models could not be distinguished by conven-
tional kinetic experiments. The former model was less
attractive because it implied that a spectral change very
similar to that occurring in the Rf T conformational change
did not influence the rebinding rate. Steinbach et al. (1991)
successfully employed the relaxation model, first suggested
for myoglobin by Agmon and Hopfield (1983), to ligand-
rebinding data over a wide temperature range. Ansari et al.
(1994) supported this analysis by studying the kinetics of
the conformational change as well as the ligand rebinding
as a function of temperature and viscosity, and showed that
the data could be simultaneously fit with a model in which
the spectral change was produced by a relaxation that slowed
geminate rebinding. A striking confirmation of the influence
of the tertiary relaxation on geminate rebinding has been
demonstrated recently by Hagen et al. (1995, 1996). They
placed myoglobin in a glass (viscosity> 1015 cP) at room
temperature. All of the deoxyheme spectral changes could
be explained by kinetic hole burning, indicating that inter-
conversion among substates and tertiary relaxation of the
protein following photodissociation is prevented, as predicted
from the high viscosity dependence found by Ansari et al.
(1992, 1994). In the glass the geminate rebinding of carbon
monoxide becomes distributed because the very slow dy-
namics effectively trap the substates, preventing the averag-
ing that normally produces near-exponential geminate re-
binding at room temperature. The substate-averaged rate in
the glass is, however,∼2500 times faster than the rate
observed for the relaxed protein. These experiments provide
the most convincing evidence that conformational relaxation
slows the geminate rebinding rate in myoglobin, strongly
suggesting that the tertiary relaxation in hemoglobin does
so as well.

THE KINETIC MODEL

Two-State Allosteric Kinetic Model. The historical starting
point for constructing a kinetic version of the equilibrium
two-state allosteric model for hemoglobin is shown in Figure
1. In this model there are two quaternary structures, R and
T, and five ligation states for each structure to produce a
total of ten states{Ri, Ti, i ) 0-4}. Interconversion between
states is accomplished by bimolecular ligand binding (e.g.,
Ri f Ri+1), unimolecular ligand dissociation (e.g., Ri f Ri-1),
and quaternary conformational changes Ri h Ti. There is a
single ligand dissociation rate and a single bimolecular ligand
binding rate for each quaternary structure (apart from
statistical factors) and ten quaternary rates. Thermodynamic
linkage produces the following relation for the equilibrium
constants:

where the quaternary equilibrium constant with no ligands

boundL ≡ [T0]/[R0], and the allosteric parameter for the
ratios of the affinitiesc ≡ (Tkon/Tkoff)/(Rkon/Rkoff).2

Two new kinds of states must be added to the scheme of
Figure 1 to account for tertiary relaxation and geminate
rebinding (Figure 2). The simplest extension allows protein
subunits to exist in two possible tertiary structures, which
interconvert on the submicrosecond time scale to account
for the spectral changes, and an additional ligand state to
account for geminate recombination in which the ligand is
not bound to the heme but is still within the protein. We
designate the more rapidly geminate-rebinding species
produced by ligand dissociation as r* , and the more slowly
rebinding but more stable tertiary state as r. Therefore, each
tertiary state exists in three possible ligation states:ligand
bound (r*x or rx), ligand inside the protein but not bound to
the heme (r*‚x or r‚x), and ligand outside the protein (r* or
r). It is assumed that all liganded subunits prior to photolysis
are in the r*x state, so that photodissociation initially
populates exclusively r*‚x.
The T state also exhibits geminate rebinding and tertiary

relaxation following CO dissociation (Murray et al., 1988b).
However, only the bimolecular ligand rebinding to the T state
is observed in the present experiments, so all subunits in
T-state tetramers are assumed to be in a single tertiary state,
designated t. It is assumed that an R tetramer undergoing a
quaternary conformational change to T will have all r and
r* subunits undergo a simultaneous structural change to the

Li ) Lci (1)

FIGURE 1: Species and rate constants of MWC two-state kinetic
model. Possible states of the system are characterized by quaternary
structure (R or T) and the number of subunits having ligands bound
at the heme (subscript). The rateskon andkoff are overall rates of
ligation and deligation, respectively, of individual subunits.
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T state (without ligand motion). Therefore, three corre-
sponding ligation states (tx, t‚x, and t) are also required for
the subunits in the T quaternary structure, even though the
geminate rebinding step (t‚x f tx) is not directly observable
in the current data. Since the presence of the unbound ligand
in the protein should not influence the spectrum of the
deoxyheme, we consider only three deoxyheme optical
spectra in the model, corresponding to the tertiary conforma-
tions r*, r, and t, with t having the spectrum of equilibrium
deoxyhemoglobin.
We initially did not distinguish betweenR andâ subunits,

which is justified by the work of Hofrichter et al. (1985).
They studied the nanosecond-millisecond kinetics of theR
andâ subunits separately in cobalt-iron hybrid hemoglobins,
in which the iron in either theR or â subunits was substituted
with the cobalt; cobalt porphyrins do not bind carbon
monoxide. The relaxation times for geminate rebinding,
tertiary relaxation, the fastest quaternary relaxation, bimo-
lecular rebinding to the R quaternary structure and bimo-
lecular binding to the T quaternary structure were very
similar, and always differed by less than a factor of 2. We
shall relax the constraint of equivalence of all four subunits
in the last phase of the kinetic fitting, but, as we shall see,
it has a small effect.
The scheme in Figure 2 contains 18 rate constants, of

which 16 are independent because of the two thermodynamic
cycles in describing the kinetics within the R quaternary
structure. This number is readily reduced. First, Murray et
al. (1988b) studied geminate rebinding in a cobalt-iron
hybrid hemoglobin as a function of the fraction of T state
tetramers. They found that the geminate yield for the T state
was less than 1% compared to 40% for the R state. By also
measuring the geminate relaxation time they concluded that
the 60-fold lower bimolecular rate for carbon monoxide
binding to the T quaternary structure could be almost entirely
explained by the decreased rate of geminate rebinding to the
T state (t‚x f tx), and that the rates of entry of the ligand

into the protein and exit from the protein are nearly identical
in the two quaternary structures. We have therefore assumed
identical rates for exit and entry of ligands for all three
subunit conformations, eliminating four rate constants. Two
more may be eliminated by making the assumption that the
subunit conformation does not depend on the position of the
ligand, so that the rates for r*‚x f r‚x and r* f r are
identical, as are the reverse rates r‚x f r* ‚x and rf r*.
The ligand dissociation rates are so slow that ligand binding
is effectively irreversible, so these rates play no role in fitting
the kinetic data. They are, however, determined by the
equilibrium data. Finally, we assume that rxf r*x is
instantaneous and irreversible. For fitting kinetic data, then,
there are only seven independent rate constants:kgem(r*),
kgem(r), kgem(t), kin, kout, k(r*fr), andk(rfr*) in addition to
the quaternary rates.
Nonexponential Tertiary Conformational Relaxation. As

pointed out in the Introduction, the model of Hagen and
Eaton (1996) postulates that the nonexponential tertiary
relaxation arises because the spectral property monitoring
this conformational relaxation is sensitive to the distribution
of the substates for each molecular species. In chemical
solution kinetics on long time scales at room temperature,
there is usually complete thermal averaging over the mi-
crostates of the system. Each molecular species can be
assigned a single spectral property and its transition to
another molecular species can be assigned a single rate
constant. However, on short time scales, thermal averaging
is incomplete, and when species interconvert on time scales
that are comparable to the transitions among the microstates,
which are here called conformational substates, the substates
must be considered explicitly, as was done by Hagen and
Eaton (1996).
Our mechanism is too complex to treat the individual

substates. We therefore seek a compromise by altering the
differential equations of a conventional chemical kinetics
scheme to produce the effects of interconversion of confor-
mational substates occurring simultaneously with the change
in the average conformation, labelled r* and r. We ac-
complish this by introducing time dependence into the rate
coefficients describing the interconversion between two
average conformations, r* and r. Specifically, we require
time-dependent rate coefficientsk1(t) andk2(t) such that the
system of differential equations

has a solution of the form

for some specified relaxation functionf(t). It is easily shown
that for a relaxation function of the general formf (t) )
exp[-g(t)], the desired result is obtained using functions of
the form:

FIGURE 2: Minimal set of tertiary/ligation states of individual
subunits required to describe tertiary conformational changes and
geminate rebinding. Elementary transitions permitted between states
are also shown. The nomenclature for the states and transition rates
is described in the text.

dr*/dt ) -k1(t)r* + k2(t)r (2)

dr/dt ) k1(t)r* - k2(t)r

r*( t) ) r*(∞) + [r*(0) - r*(∞)] f (t) (3)

r(t) ) r(∞) + [r(0) - r(∞)] f (t)

k1(t) ) l
1+ l

dg/dt (4)

k2(t) ) 1
1+ l

dg/dt
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wherel [) r(∞)/r*(∞)] is the equilibrium constant between
the two states.

For the relaxation functiong(t) we choose the stretched
exponential form,f (t) ) exp[-(kt)â] with 0 < â < 1. A
small technical difficulty in using this specific form arises
from the fact that the derivative ofg(t) ) (kt)â becomes
infinite as t f 0 for â < 1, which complicates integration
of the system of differential equations in eq 2. However,
this singularity is readily handled by using a modifiedg(t)
having the form

for some small positive constanta. For typical values ofk
andâ encountered in this work,a ) 0.001 produced ag(t)
which was indistinguishable from that appropriate for the
simple stretched exponential over the experimental time
range t > 10 ns. In the full model, the nonexponential
tertiary relaxation was simulated by replacing the rate
constantsk(r*fr) andk(rfr*) by the time-dependent rate
expressions (eq 2) in all transitions involving a change in
tertiary state, using the modifiedg(t) of eq 5 with

The adjustable parameters in the modeling of the tertiary
relaxation were thenâ, k(r*fr), and the tertiary conforma-
tional equilibrium constantl.

Quaternary Conformational Relaxation. In analyzing the
simpler allosteric mechanism of Figure 1, Sawicki and
Gibson (1976) assumed that the Ri f Ti rates were slowed
by a constant factord for each ligand bound. This is identical
to assuming a linear free energy relation between the
quaternary rates and equilibria described by Eaton et al.
(1991). That is, the variation in the activation free energy
for the quaternary change from the addition of a ligand to
the tetramer is proportional to the change in the equilibrium
free-energy difference between the quaternary states, with a
proportionality constantR, i.e.,δ(∆Gq) ) Rδ(∆G), or

whereγ is a scaling parameter that sets the absolute rates,
and Sawicki and Gibson’sd ) c-R. Ten quaternary rates
are now described by only four parameters:R andγ and
the MWC allosteric parametersL andc.

To include two tertiary conformations for the unliganded
subunits within the R quaternary structure, the linkage
relation (eq 1) is expanded to

wherei is the number of bound ligands andj is the number
of unliganded subunits in the r* tertiary conformation. The
definitions of the allosteric constants,L andc, now include

the two tertiary conformations in the R quaternary structure,
i.e.,

The possible (ij ) combinations are (00), (01), (02), (03), (04),
(10), (11), (12), (13), (20), (21), (22), (30), (31), and (40).
The most general description of the quaternary conforma-
tional kinetics within this model would require specifying
the 15 rateskij(RfT) for the allowed (ij ) combinations, plus
the parametersL, c, andl, from which the 15 corresponding
rateskij(TfR) may be determined using eq 9. However,
there is certainly insufficient information in the experimental
data to determine such a large number of independent rates,
so it is necessary to reduce this number by assuming some
relationship among them.
We have extended the linear free energy idea of Eaton et

al. (1991) to include the two tertiary conformations of the R
quaternary structure with the relation

Assuming the same proportionality constantR between
activation and equilibrium free energies, the factorf ) l-R.
The complete set of RfT transition rates may then be
defined by a single reference rate with all others obtained
by scaling this rate up or down by powers of the constants
f andd. Because independent information is available on
quaternary transition rates in triply-ligated hemoglobin from
the work of Ferrone and co-workers (1985) we chose the
ratek30(RfT) as the reference rate. The complete set of 30
quaternary rates is then determined by only five param-
eters: k30(RfT), the conformational equilibrium constants
L and l, c, and the linear free energy parameterR.
Geminate Ligand Rebinding. The nonexponential tertiary

relaxation requires that we modify the conventional approach
to geminate ligand rebinding kinetics. According to the
mechanism of Hagen and Eaton (1996), the system is not at
thermal equilibrium with respect to the conformational
substates of either r* or r during the conformational
relaxation. Consequently, at any given time it cannot be
described by two species, r* and r, each with a single
geminate rebinding rate. Instead, at any given time there is
a non-equilibriumdistribution among both the substates of
r* and r, the extended time course arising mainly from the
redistribution among conformational substates of the relaxed
conformation (r) to establish the final Boltzmann-weighted
occupancies (Hagen & Eaton, 1996). The individual sub-
states have different geminate rebinding rates (Austin et al.,
1975; Steinbach et al., 1991; Hagen et al., 1995, 1996), which
can be accounted for by considering a property which
correlates with the geminate rebinding rate. Steinbach et
al. (1991) showed that for myoglobin the logarithm of the
geminate rebinding rate is nearly linearly proportional to the
frequency of the near-infrared charge transfer band. Hagen
et al. (1996) found a similar relation for the frequency shift
of the intense porphyrinπ f π* (Soret) band for myoglobin.
The spectral change in hemoglobin has components of both
a shift in frequency and a change in spectral shape, but can
be simply described by the fractional amplitude of a spectrum
that must be added to the photoproduct spectrum. It is this

g(t) )
(kt)â

1+ a(kt)â-1 (5)

k) k(r*fr) + k(rfr*) (6)

k(RifTi) ) γ(Lci)R (7)

k(TifRi) ) γ(Lci)R-1

Lij ≡
kij(RfT)

kij(TfR)
) Lcil j (8)

L ≡ [T0]

[R00]
, c≡

KTi

KRi0

(9)

kij(RfT) )
k00(RfT)

dif j
(10)
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amplitude which changes in a highly nonexponential fashion
(see Figure 3).
Rather than using the populations of r* and r with their

geminate rates,kgem(r*) and kgem(r), we employ the same
geminate rebinding rate for both species with a time-
dependent geminate rate coefficientkgem(r*/r,t) that loga-
rithmically interpolates between the r* and r rates according
to the relation

wherex(t) measures the progress of the tertiary relaxation.
x(t) varies from 1 att ) 0 [kgem(r*/r,t) ) kgem(r*)] to 0 at t
) ∞ [kgem(r*/r,t) ) kgem(r)]. The value ofx(t) is obtained
from the tertiary relaxation function discussed above:

In this way the logarithm of the geminate rebinding rate
scales with the spectral change, and thereby accounts, at least

in a qualitative way, for the differences in geminate rebinding
rates among the substates.

METHODS

Simulating the Experimental Data Sets. The molecular
species in our kinetic model is of course a tetramer. A
tetramer is characterized by its quaternary structure and the
tertiary and ligation states of each of the four constituent
subunits taken from the set{r*x, rx, r* ‚x, r‚x, r*, r} for the
R quaternary structure and from the set{tx, t‚x, t} for the T
quaternary structure. A detailed description of the imple-
mentation of this model may be found in the Supporting
Information. The model consists of 70 R+ 15 T ) 85
kinetic species (ignoring rx). With the connections between
tertiary/ligation states of a single subunit shown in Figure
2, the allowed transitions between kinetic species in a single
quaternary structure involve a change in state of only one
subunit at a time. Transitions between quaternary structures
may only connect tetrameric states having the same ligation
state. With these restrictions, a total of 600 connections
between kinetic species were enumerated for this model.
The data of Jones et al. (1992) consist of difference spectra

spanning the wavelength range 390-470 nm measured at
logarithmically-spaced time intervals from nanoseconds to
about 70 milliseconds following photolysis by a 10-ns laser
pulse; sets of such spectra were measured for probe-pulse
polarizations both parallel and perpendicular to the polariza-
tion of the photolysis pulse, and for 16 different levels of
photolysis. The conditions of these experiments were 120
µM hemoglobin (in heme), 0.1 M potassium phosphate, pH
7, 8 mM sodium dithionite, 20°C. Preliminary analysis of
the data set, described in detail by Jones et al. (1992), began
with a smoothing operation, the creation of isotropically-
averaged data from the measurements for the two probe
polarizations to eliminate photoselection effects, and inter-
polating the spectra measured for different photolysis levels
onto a common wavelength grid (consisting ofnλ wave-
lengths) and a common time grid (consisting ofnt times).
At this stage the data set for each photolysis level was in
the form of anλ × nt matrix, and a complete data matrix for
a set ofnp selected photolysis levels was formed by column-
concatenating the data matrices for each photolysis level.
The singular value decomposition of the full data matrix
formed from all 16 photolysis levels was computed, and the
12 most significant components (singular values, basis
spectra, and amplitude vectors) were kept for subsequent
analysis. The data matrix re-created from these 12 compo-
nents provided the experimental data set to be modeled in
the present work.
The goal of modeling thenλ × (npnt) data matrixD is, for

a specified set ofns spectroscopically distinct species, to
produce a set of time-dependent species populations (which
comprise a matrixP havingns rows andnpnt columns) and
a set of corresponding species spectra (which comprise a
matrix S having nλ rows andns columns), such that the
productSP optimally approximates the matrixD. In the
present case, there is little if any difference between the
spectrum of liganded subunits and that of subunits which
have been photolyzed and rebound ligand. We therefore
assume that all liganded subunits have the same spectrum,
so that there are three unliganded species, distinguished by
three unliganded-minus-liganded difference spectra: unli-

FIGURE 3: Kinetic data and fitted curves. Amplitudes for the
experimental (dots) and simulated (dashed curves) data sets were
derived by least-squares fitting to the set of basis spectra (columns
of U) from the SVD of the experimental data set of Jones et al.
(1992). (The corresponding most significant basis spectra are shown
in insets to each panel.) The dotted curves therefore coincide exactly
with the singular-value weighted amplitude vectors from this SVD.
The heavy dashed curves show the results from fitting with the
85-state model, and the light dashed curves show the results after
the introduction ofR-â inequivalence. (a) Amplitude profiles
corresponding to the most significant basis spectrum (first column
of U). (b) Amplitude profiles corresponding to the second column
of U.

kgem(r*/r,t) ) kgem(r*)[ kgem(r*)/kgem(r)]
x(t)-1 (11)

x(t) ) exp[- (kt)â

1+ a(kt)(â-1)] (12)
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ganded subunits in the r* tertiary structure, unliganded
subunits in the r tertiary structure, and unliganded subunits
in the t tertiary structure. For a specified set of elementary
kinetic rate constants, the column subset of the matrixP
corresponding to one level of photolysis is constructed by
solving the model system of differential equations over the
required set of times using the appropriate initial conditions
and computing from the populations of all the tetrameric
states at each time the total populations of unliganded
subunits in each of the three tertiary structures. The complete
P matrix is then built up from these populations computed
for each of the chosen levels of photolysis.
Given the populations of the species inP, the matrixSof

corresponding species spectra is computed by solving the
linear least-squares problemSP≈ D using efficient matrix
algorithms. Methods for incorporating prior knowledge and
assumptions about the shapes of one or more of the species
spectra into this operation are described elsewhere (Henry,
1997). For our analysis, we have fixed the shape of the
(unliganded-minus-liganded) difference spectrum of the t
tertiary structure by assuming that the final decay to zero
amplitude of the measured spectra is entirely due to ligand
rebinding to subunits in this tertiary structure. All measured
difference spectra for time delays greater than 5 ms were
extracted from the data sets for all 16 levels of photolysis,
and the most significant component of the SVD of the
resulting matrix was used to define the shape of the required
difference spectrum. However, the amplitude of the differ-
ence spectrum per deoxy subunit was not fixed but rather
incorporated as an adjustable scale factor that was allowed
to vary in subsequent fitting operations. The matrix product
of the column vector of this scaled difference spectrum and
the row vector of populations of unliganded t subunits from
the solutions of the differential equations was subtracted from
the data matrix. The (unliganded-minus-liganded) difference
spectra for the r and r* tertiary structures were then
determined entirely by the linear least-squares fitting involv-
ing the residual data matrix and the matrix of populations
of unliganded r and r* subunits.
Fitting Procedure, Shapes of Spectra, and Parameter

Constraints. The above procedure for simulating the matrix
D of experimental data first specifies a set of rate constants,
then solves the differential equations of the model for several
sets of initial conditions to produce the species population
matrix P, and finally creates a best estimate of the corre-
sponding species spectrum matrixS using linear least-
squares. The fitting operation adjusts the various elementary
rate constants (as well as possibly additional parameters
required to fix certain of the species spectra) to minimize
the sum of squares of all the elements of the residual matrix
D - SP. Rather than perform the fits using all 16 photolysis
levels, we selected the data for five photolysis levels that
effectively spanned the range of available values. A Mar-
quardt-Levenberg nonlinear least-squares fitting algorithm,
incorporating optional linear constraints on parameter values,
was used for all fits.
An optimal simulation of the experimental data is required

to produce a residual matrixD - SPthat is small. Moreover,
it must also produce species spectra that are physically
reasonable, as judged by the known shapes of such spectra.
However, this property is generally not guaranteed for spectra
generated by the mathematical linear least-squares operations
outlined above. Our attempts to produce physically reason-

able species spectra using parametrized analytical functional
forms (e.g., Gaussian or Lorentzian shapes) (Jones et al.,
1993; Henry, 1997) were unsuccessful, because typical
deoxyheme spectra in the Soret region are highly asymmetric.
It was, however, possible to obtain undistorted spectra of
the unliganded r and r* subunits determined purely from the
least-squares conditions by requiring that the time- and
photolysis level-dependence of the total population of
unrecombined deoxyhemes be well approximated by the first
amplitude vector (column ofV) from the singular value
decomposition of the complete data set. This requirement
was enforced by introducing a second contribution to the
residuals to be minimized in the fitting procedure, given by
the norm of the difference matrix between the first amplitude
vector and the set of deoxyheme populations computed from
the time- and photolysis level-dependent state populations
provided by the solutions of the model differential equations.
The “strength” of this requirement in the fitting was
determined by adjusting the weighting factors applied to the
residuals from the kinetic simulation of the experimental data
and to the residuals from the deoxyheme population condi-
tion.
The adjustable parameters used in the modeling are

summarized in Table 1. During the fits linear constraints
were imposed on certain sets of parameters in order to ensure
that they remained within acceptable bounds. The most
important such constraints, reflecting either information from
other experimental studies or fundamental assumptions in
the kinetic model, are also listed in Table 1.
Simultaneous Fitting of Equilibrium Data. The kinetic

model presented here is complete in the sense that rate
parameters are included for all interspecies transitions, so
that equilibria among all of the states may be established. It
is (of course) essential that the kinetic parameters also be
consistent with the known equilibrium ligand-binding prop-
erties of the system. The partition function which provides
the equilibrium populations of all the states in the model
may be constructed using the various kinetic parameters
introduced above. The partition function is

whereKR andKT are the equilibrium constants for ligand
binding to the heme from the r and t geminate states,
respectively, andKin is the equilibrium constant for entry/
exit from the protein, obtained by scaling the ratio of the
ligand entry and exit rates from the kinetic modeling for the
ligand concentration [CO]k used in the kinetic experiments.
(Because the free CO concentration is∼10-fold higher than
the heme concentration, the parameterkin determining the
rate of ligand entry into the protein is here regarded as a
pseudo-first-order rate constant which incorporates the

Θ([CO]) ) (1+ Kin[CO](1+ KR))
4 +

L( l
l + 1)

4
(1+ Kin[CO](1+ KT))

4 (13)

Kin ≡ (kin/kout)/[CO]k

KR≡ ( l
l + 1)

kgem(r)

kdiss(r)

KT ≡
kgem(t)

kdiss(t)
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solvent ligand concentration.) It is then possible to compute
an equilibrium ligand binding curve from these parameters,
by summing the properly weighted populations of all the
liganded states. This allows us to construct an equilibrium
binding curve for the CO ligand without introducing ad-
ditional parameters, and thereby obtain a thermal CO
dissociation rate,kdiss(r*x), which is too small to be deter-
mined by the kinetic data, from fits to the equilibrium data.
This description of CO binding permits us simultaneously
to fit the available kinetic and equilibrium data on CO
binding by varying only the kinetic parameters.
The equilibrium data used in this analysis were taken from

Perrella et al. (1990, 1995) and consisted of a CO binding
curve (saturation versus CO concentration) and a set of
populations of each of the five ligation states as a function
of fractional saturation with CO. The solution conditions
for these measurements (20°C, pH 7.0, 0.1 M chloride) were
somewhat different from those of Jones et al. (20°C, pH
7.0, 0.1 M phosphate). To adjust for this difference we made
use of two-state MWC model parameters tabulated by Imai
(1982) for oxygen binding under these two sets of anionic
conditions (pH 7.4, 25°C) which indicate that for chloride
the allosteric parameterL is∼10-fold lower andc is slightly
higher so thatLc4 is the same as for phosphate. In fitting to
the equilibrium data we introduced scale factorsλCl andγCl

relatingL andc, respectively, for the two anions (LCl ) λClL
and cCl ) γClc), as two additional fitting parameters,
constrained so that 3< 1/λCl < 30 and 0.1< λClγCl

4 < 10.
All other parameters required to construct the partition
function for CO binding were carried over from the kinetic
model.
The partition function for the binding of other ligands may

also be constructed from the kinetic parameters for CO
binding. To this end, we assume further that the kinetics of

the outer ligand entry and exit processes do not depend on
the nature of the ligand; all of the ligand dependence of the
binding therefore appears in the heme binding and dissocia-
tion steps, as found for myoglobin (Henry et al., 1983a).
We can then construct binding curves for any other ligand
by introducing ligand-specific equilibrium constantsKR and
KT only for these steps, replacing the CO-specific ratios
kgem(r)/kdiss(r), etc., in the partition function.
The equilibrium binding curve for oxygen has been very

well characterized over a wide range of solution conditions
[see e.g. Imai (1982)]. Therefore, as an adjunct to the fits
to the kinetic model and the equilibrium CO data we also
included a simultaneous fit to an oxygen binding curve
synthesized over a wide range of pressures using the Adair
parameters for the appropriate solution conditions (Imai &
Yonetani, 1975). The simulated binding curve was computed
from the partition function using the current values of the
kinetic parameters and the values of two oxygen-specific
equilibrium constants for the geminate step, which were
treated as additional adjustable parameters in the fits.
Determination of Best-Fit Parameter Sets. The fitting

operation involved selecting initial values for all of the
adjustable parameters and initiating an algorithmic search
for a set of parameters that minimized the residuals between
the simulated and experimental data sets. As is common
with most procedures of this type, minimizations starting
from different initial parameter values produce different final
parameters due to trapping in local minima. Given the
number of adjustable parameters, an exhaustive search of
parameter space to identify all local minima was not feasible.
However, a partial survey was possible using Monte Carlo
and simulated annealing techniques. The procedure that we
used began by assigning randomly-chosen values to all
adjustable parameters (within physically plausible bounds),

Table 1: Parameter Definitions

parameter description comments

L quaternary equilibrium constant) [T0]/[R00] a; constrain 0.1< Lc3 < 1b

c ratio of affinities) KT/KR a
l tertiary equilibrium constant) k(r*fr)/k(rfr*) constrainl >1c
k(r*fr) tertiary transition rate
kgem(r*) geminate rebinding rate to r*

constrain 1.2kgem(r) < kgem(r*) < 100kgem(r)c

kgem(r) geminate rebinding rate to r
kgem(t) geminate rebinding rate to t
kdiss(r) heme-CO thermal bond breaking rate generally fixed at “small” value (∼0.1) (see text)
kin rate of ligand entry into protein generally pseudo-first-order rate assumed

independent of protein state
kout rate of ligand exit from protein assumed independent of protein state
k30(RfT) quaternary rate, for triply-liganded tetramers

containing no r* subunits
a; constrain 2.7< log(k) < 3.3b

d scale factor for RfT rates with decreasing ligation a; constraink30(RfT)d 3 < 106 s-1 d

â “stretching” parameter for tertiary relaxation constrain 0< â < 1 (see text)
KR equilibrium constants for geminate binding step in R

and T quaternary structures
required for fits to O2 equilibrium binding curve

KT

f scale factor for t-state difference spectrum (see text)
λCl,γCl scale factors relating allostericL andc respectively,

for Cl- and PO4- solvent conditions (see text)
a; required only for fits to equilibrium data;
constrain 3< 1/λCl < 30 and 0.1< λClγCl

4 < 10
a Parameters for which multiplicative constraints were required involving other parameters (e.g.,pqi < constant) were replaced by their logarithms

as adjustable parameters in the fits, thereby allowing such constraints to be written as linear constraints involving the logarithmic parameters [i.e.,
log p + i log q < log(constant)].b Ferrone et al. (1985) have measured the Rf T and Tf R quaternary transition rates for triply-liganded Hb
under comparable solution conditions to be 1000 and 4000 s-1, respectively. Consistency with these measurements is enforced by the listed constraints.
Relaxation of these constraints decreases the sum-of-squares by 20%, compared to a 30% improvement obtained by introducingR-â inequivalence
which is shown in Figure 3.c The kinetic model is symmetric with respect to the interchange of r and r* tertiary states (along with associated
kinetic parameters). These constraints force the selection of the r* state as the less stable, more highly reactive tertiary state.d Jones et al. (1992)
showed that both ligand rebinding (V1) and conformational (V2) kinetics are independent of the number of ligands bound at times less than∼1 µs.
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which were then varied simultaneously in a Monte Carlo
search for a parameter set that minimized the sum-of-squared
residuals between the observed and calculated data. The
Metropolis criterion for acceptance was employed in which
the sum-of-squared residuals,F, was treated as the “energy”.
Steps which decreasedF were always accepted, while steps
involving an increase inF, δF, were accepted with a
probability exp(-δF/τ), whereτ is the simulation “temper-
ature”. Also, steps were rejected which entered a region of
parameter space that violated one or more of the specified
constraints on the relations among parameters. Initially a
high τ was employed to allow for an effective sampling of
the accessible parameter space, irrespective of the presence
of “barriers” between local minima. During the course of a
series of such steps,τ was gradually lowered according to a
pre-determined schedule; this “cooling” had the effect of
drawing the system in a generally downhill direction inF,
while the finiteτ still enabled traversal of barriers.
Several hundred distinct simulations were performed, each

involving at least 1000 successful Monte Carlo steps, during
which an aggressive annealing schedule [τ(stepn) ∼ τ0n-1/2]
was followed. For this analysis, contributions to the sum-
of-squared residuals from the fits to the limited sets of
equilibrium CO binding data were omitted. Therefore, the
sum-of-squared residuals consisted of weighted contributions
from the comparison of three simulated and experimental
data sets: the time-resolved spectra, the total population of
unrecombined deoxyhemes obtained fromV1, and the equi-
librium oxygen binding curve. The final parameter sets from
each annealing simulation were used to initiate Marquardt-
Levenberg minimizations. Each such calculation, terminated
after a finite number of iterations, yielded an approximate
minimum for the residuals in parameter space.
A screening procedure was then applied to the∼300

approximate minima produced in this way, to cluster those
minima lying in the same sum-of-squares “wells” in param-
eter space. The sum-of-squared residuals were evaluated
along linear paths connecting all possible pairs of minima.
Any two minima connected by a path along which the sum-
of-squares did not pass through a maximumsi.e., the two
minima were not separated by a barrierswere grouped
together.

RESULTS

Figure 3 shows a subset of the kinetic data of Jones et al.
(1992) for photodissociation of the carbon monoxide complex
of human hemoglobin at room temperature. The data are
presented in the form of a singular value decomposition of
the time-resolved spectra between 10 ns and 68 ms. Results
from the five levels of photolysis that were used in fitting
with the model are shown.
The data can be well represented by two SVD components.

The basis spectrum of the dominant component (U1) corre-
sponds to the average spectrum and is very similar to an
HbCO-minus-Hb static difference spectrum. The second
basis spectrum (U2) represents the deviation from the average
spectrum, and describes the shift and change in amplitude
of the deoxyheme photoproduct. Because there is only a
very small feature inU2 near the sharp peak of the CO
complex at 419 nm,U2 contains very little contribution from
ligand rebindingper se. The time course of the amplitude
of U1 (V1) therefore is an excellent approximation to the

ligand rebinding curve. The time course of the amplitude
of the second basis spectrum (V2) contains three contribu-
tions. One is the kinetics of the spectral changes of the
deoxyhemes caused by protein conformational changes, the
second is an overall decrease in amplitude due to the
depletion of deoxyhemes by ligand rebinding, and the third
is spectral changes from kinetic hole burning. There are two
types of kinetic hole burning: tertiary and quaternary.
Tertiary kinetic hole burning occurs because geminate
rebinding in the presence of the two tertiary conformations
r* and r occurs on a time scale comparable to or slower than
equilibration of these species. Faster geminate rebinding to
r* results in an increase in the fractional population of r,
producing a deoxyheme spectral change. Similarly, quater-
nary kinetic hole burning occurs because bimolecular rebind-
ing to R increases therelatiVe fraction of T.
Parameters of the Model. The simulated annealing/

minimization procedure described above, in which parameter
space was first explored by Monte Carlo sampling followed
by minimization, identified nine apparently distinct clusters
of minima (wells). Only two of these were significantly

FIGURE 4: Analysis of the principal cluster of minima from the
Monte Carlo/simulated annealing study. (a) Least-squares projec-
tions of the parameter sets for the 249 minima in the cluster onto
a two-dimensional pseudo-parameter space. The logarithms of the
15 parameter values for each minimum [the first 16 parameters
listed in Table 1, excludingkdiss(r)] were computed, except forâ
and the scale factorf, for which linear variations were kept. The
249 × 249 matrix∆ was computed consisting of all pairwise
Euclidean distances between the resulting transformed parameter
sets. A pseudo-parameter pair (pi,qi) was associated with each
minimum, and a least-squares minimization algorithm was used to
determine values for the 2(249)) 498 parameters such that the
synthetic data matrix constructed from pairwise distances between
all pseudo-parameter pairs optimally matched the full distance
matrix ∆ (Henry, 1993; Levitt, 1983). The resulting (pi,qi) pairs
are plotted as points on ap-q plane. (b) Extraction of the set of
points of approximately constantp contained within the box in a,
showing the actual sum-of-squares value for each minimum vs the
q coordinate. The tendency toward a “global” minimum nearq )
0 may be clearly seen.
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occupied. The lowest-lying well (minimum sum-of-squares
≈ 0.014) contained by far the largest number of minima.
Figure 4 shows the structure of the largest cluster as a two-
dimensional projection in a pseudo-parameter space. The
spread in the distribution of minima in this projection reflects
the variability of the parameter sets that comprise this cluster.
Much of this variability arises from the existence of subsets
of parameters which are highly correlated in the vicinity of
this wellsi.e., two or more parameters which may vary by
large amounts, but in a correlated fashion, such that the sum
of squares changes relatively little. (The existence of such
correlated sets of parameters also tends to degrade the
convergence properties of typical minimization algorithms.)
Two prominently correlated parameters in this cluster areL
andc; their high degree of correlation arises from the strong
tendency of all the fits to place the productLc3 at the
constrained limiting value 0.1, while allowingL alone to vary
over almost 3 orders of magnitude. Within this cluster there
are also highly correlated variations of the three rate
parametersk(r*fr), kgem(r*), and kgem(r), as well as an
apparent strong coupling among the rate parameterskgem(r),
kin, andkout. The correlations are not surprising because these
parameters dominate the determination of the largest am-
plitude decays, namely, geminate ligand rebinding and
bimolecular rebinding to the R state.
These strongly correlated variations within certain sets of

parameters in this principal cluster make the determination
of a unique set of parameters difficult. Given the experi-
mental uncertainties, parameter sets corresponding to all of
the lowest-lying points in the cluster must be regarded as
nearly equivalent in their ability to reproduce the data. Table
2 summarizes the results as median values and ranges of
parameters found in this cluster.kdiss(r) was not determined
by the least-squares criteria provided in the initial analysis.
As discussed above, it was possible to obtain fitted values
for this parameter, as well as the equilibrium parametersλCl
and γCl, by expanding the analysis to include fits to the
equilibrium CO binding data of Perrella et al. (1990, 1995).
A single fitting operation was performed including these

additional contributions to the sum-of-squares, using the
median parameter values in Table 2 as starting values. The
resulting set of parameters is listed in the last column of
Table 2. The only substantial change in parameter value
brought about by including the CO binding data is a reduction
in l, which, likeL andc, is presumably condition dependent
and therefore different for the kinetic and equilibrium
experiments. However, this final value is still within the
relatively “soft” range of values of this parameter represented
in the principal cluster of minima.
A comparison of the simulated kinetic data set, obtained

using this set of parameters, with the measured data set is
shown in Figure 3. The simulated and experimental data
sets are represented as amplitude vectors obtained by least-
squares fitting the complete data set to linear combinations
of the basis spectra from the global SVD of the experimental
data set. The most significant amplitude vector, which to a
good approximation reflects the temporal dependence of
spectral changes due to ligand rebinding, is fit very well at
all degrees of photolysis. The variations in the second
amplitude vector are also fit well but with systematic
deviations in the 10-5-10-3 s time range. [The third
amplitude vector (not shown) is only about 10% as large as
the second vector and consequently quite noisy, but is
nonetheless qualitatively reproduced by the fit.]
We should emphasize that fitting procedures must be

constrained in some way to produce physically-plausible
spectra, which is generally a difficult computational problem.
The only explicit constraint on the tertiary species spectra
produced by modeling is that they combine in proportions
dictated by the species populations to produce an adequate
simulation of the experimental data sets. A useful post facto
test of these spectra is provided by the T-minus-R difference
spectrum for zero-liganded tetramers, which has been
extensively studied (Bellelli & Brunori, 1994). According
to our model, the molecule in the unliganded R quaternary
state consists of a mixture of r and r* subunits in proportions
dictated by the parameterl, and the unliganded T quaternary
state consists entirely of t subunits. The difference spectrum

Table 2: Parameter Values Resulting from Least-Squares Fits

parameter range of valuesa median valuea representative sete

L 1.2× 107-1.4× 108 b 2.2× 107 2.2× 107

c 9× 10-4-2× 10-3 b 1.6× 10-3 1.6× 10-3

l 1.5-22 12 3
k(r*fr) 2.4× 106-2.1× 107 s-1 5.1× 106 s-1 5.1× 106 s-1

kgem(r*) 5.5× 107-5.5× 108 s-1 1× 108 s-1 9.9× 107 s-1

kgem(r) 1.7× 105-4× 105 s-1 2.6× 105 s-1 2.6× 105 s-1

kgem(t) 5× 103-1.2× 104 s-1 7.5× 103 s-1 7.6× 103 s-1

kdiss(r) <10-4 s-1 c <10-5 s-1 0.005 s-1

kin 8.6× 104-2× 105 s-1 1.3× 105 s-1 1.3× 105 s-1

kout 5.8× 106-6.6× 106 s-1 6.1× 106 s-1 6.2× 106 s-1

k30(RfT) 5× 102 s-1 d 5× 102 s-1 5× 102 s-1

d 4.7-5.6 4.9 4.8
â 0.21-0.36 0.29 0.30
KR 2.1× 105-8.2× 105 3.2× 105 3.2× 105

KT 6.7× 102-1.7× 103 1.0× 103 1.0× 103

λCl 0.03
γCl 1.3

a The analysis was performed as follows: the 70 points having the lowest sum-of-squares values (<0.014) were selected from the 249 points in
the principal cluster of minima (Figure 4) as being least likely to have parameter values lying well outside the desired distributions. Means and
standard deviations were computed for each parameter for these 70 parameter sets [except fork30(RfT), which exhibited no variation] and the 60
parameter sets for which every parameter fell within two standard deviations of its respective mean were retained. The median value and the range
of values assumed by each parameter from this set are tabulated.b Lc3 ) 0.1 (a constrained limit) for each parameter set.c This parameter was
allowed to vary freely in this analysis but is essentially undetermined by the least-squares criteria used.d This parameter assumed the constrained
limiting value in all parameter sets.eSee text.
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between these two states therefore incorporates contributions
from all three tertiary species spectra. A comparison, with
no scaling, between a synthetic difference spectrum produced
from these species spectra and a measured T-minus-R
difference spectrum for the unliganded state is shown in
Figure 5. A small (∼1 nm) wavelength shift, as well as some
irregularities in the synthetic spectrum in the vicinity of the
CO absorption peak (possibly arising from small non-
linearities in the transient spectrometer), are the only
differences between these spectra.
The model allows the quaternary transition rate to depend

on both the degree of ligation and the number of r* subunits
in the molecule. The allosteric parametersL andc are used
to relate the Rf T and Tf R rates for specific ligation/
tertiary configurations, and linear free energy relations are
used to relate the Rf T or Tf R rates for different ligation/
tertiary configurations. In this way the description of the
complex manifold of possible quaternary transition rates is
reduced to the specification of a single reference rate and a
linear free energy parameter, in addition to the allostericL
andc and the tertiary equilibrium constantl. The reference
rate chosen was the Rf T transition rate for triply-liganded
molecules containing no r* subunits,k30(RfT) (eqs 9 and
10); this rate was constrained to lie within a 2-fold range
above and below a value of 103 s-1. In almost all cases, the
analysis placed the value of this rate firmly against the
constrained lower bound of 500 s-1. To enforce consistency
with available values for the Tf R rate for triply-liganded
molecules, the parameter combinationLc3 was also con-
strained to lie within a 10-fold range above and below 1. As
noted above, the analysis tended to place this combination
at the constrained lower bound of 0.1. The combination of
these two tendencies, to lower both the Rf T and Tf R
rates for triply-liganded molecules, suggests that the con-
strained analysis is not allowing the conformational kinetics
to become sufficiently slow to fit the measured spectral
relaxations at long time delays.
The linear free energy parameter chosen was the scale

factor d relating transition rates at successive degrees of
ligation (and also by assumption the transition rates for

successive numbers of r* subunits in the tetramer, through
the derived parameterR). The range of values of this
parameter and of the allosteric parameterc produce values
of the slopeR in the range 0.2-0.25, which is consistent
with the value of 0.2 derived by Eaton et al. (1991) from an
analysis of the available thermodynamic and kinetic data on
quaternary transitions in human hemoglobin. Usingd ) 5
andk30(RfT) ) 500 s-1 produces a transition rate for zero-
liganded molecules ofk00(RfT) ≈ 6 × 104 s-1. The
additional ratesk01...k04 are successively larger by factorslR

≈ 100.2≈ 1.6, or an increase of∼6 for four r* subunits in
a tetramer. However, the participation of these rates in the
observed kinetics is suppressed by the reduced populations
of r* subunits (determined by the value ofl) toward the end
of the tertiary relaxation.
Equilibrium Properties. The evaluation of the kinetic

model undertaken here incorporates the requirement that the
kinetic parameters also describe the equilibrium binding
properties of the molecule. Equilibrium measurements of
the binding properties of Hb for both the CO and O2 ligands
were included as constraints on the kinetic parameters at
various stages of the analysis. Consistency of the kinetic
model with the well-characterized equilibrium binding
properties of O2 is imposed as an auxiliary constraint on
certain combinations of model parameters. The equilibrium
description of O2 binding is linked to the kinetic description
of CO binding through the allosteric parameterL ()[T0]/
[R00]), the tertiary parameterl, and the kinetic parameters
kin andkout for the rates of ligand entry into and exit from
the protein, respectively, which are assumed to be indepen-
dent of ligand type. The additional parametersKR andKT

are required to describe the ligand-dependent equilibria for
the geminate rebinding step in the two quaternary structures.
Contact with the more familiar parameters obtained in the
MWC analysis of ligand binding curves is easily ac-
complished using the model parameters listed in Table 1:
the allosteric parameterc for O2 binding may be expressed
asKT/KR ≈ 0.003, and the overall association constants for
O2 binding to the R and T states (at the O2 pressure of 760
mmHg equivalent to the presumed CO pressure in the kinetic
experiments) areKR,T(kin/kout) ≈ 7000 and 200 atm-1,
respectively. Figure 6 shows the fit to the O2 binding curve
using the parameter set listed in the last column of Table 2.
As required, the fit is excellent, deviating significantly only
in a range of pressures for which the original Adair model
parametrization of the binding curve is no longer meaningful.
Consistency of the kinetic model with the available

equilibrium binding data for the CO ligand is more diagnostic
of the success of the model because several more kinetic
parameters are required. Here the connection between the
kinetic and equilibrium descriptions involves the allosteric
parametersL andc as well as the kinetic parameterskin and
kout for ligand entry/exit,kgem(r) and kdiss(r) for binding/
dissociation at the heme, and the tertiary equilibrium
parameterl. The additional parametersλCl and γCl were
required to make small adjustments for differences between
the solution conditions of the kinetic and equilibrium
measurements. Figure 7a shows a comparison of the ligand
binding curve and populations of liganded intermediates
computed from these parameters to the corresponding
measured data of Perrella et al. The ligand binding curve is
well fit with the equilibrium parametersLCl ) λClL ≈ 0.03
× 2.2× 107 ) 6.6× 105, cCl ) γClc ) 1.3× 1.6× 10-3 )

FIGURE 5: Difference spectrum between the T and R quaternary
states in the unliganded state synthesized from the tertiary species
spectra determined in the kinetic modeling (solid curve), with the
corresponding measured difference spectrum provided by Bellelli
and Brunori (1994) (circles).
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2.1× 10-3, andKRKin ) [l/(1 + l)][(kgem(r)/kdiss(r)](kin/kout)
≈ 8 × 104 mM-1 (the latter assuming that the kinetic
measurements were performed at 1 atm≈ 1 mM CO). The
fit to the populations of the five ligation states as a function
of saturation is shown in Figure 7b. There are only very
small deviations between the simulated and measured
populations, but the most difficult feature to reproduce, the

similar maximum populations of the one- and three-liganded
species, is clearly being approached. The final fitted value
of λCl is held at the constrained lower limit; relaxing this
constraint, thereby allowing a smallerLCl than was computed
above, improves the reproduction of this feature and the
overall quality of the fit.
As noted earlier, the temporal evolution of the second

amplitude vector is determined both by the decay in the
overall amplitude of the data set due to ligand rebinding (as
approximately reflected by the first amplitude vector) and
by changes in the spectra of the remaining deoxyhemes with
time. To a good approximation, we can extract from this
vector the evolution of the deoxyheme spectral changes per
remaining deoxyheme by dividing the amplitude at each time
by the current deoxyheme population, which is well ap-
proximated by the first amplitude vector. Figure 8 shows
the evolution of deoxyheme spectral changes computed in
this way for data sets with high and low photolysis yields.
Also shown is another measure of the progress of the
deoxyheme spectral changes using the wavelength of the zero
crossing of the HbCO-Hb difference spectrum in the vicinity
of 425 nm; in the absence of deoxyheme spectral changes,
this crossing point should be a true HbCO-Hb isosbestic
point with fixed wavelength. The two measures of deoxy-
heme spectral changes are seen to be quite consistent. The
deoxyheme spectrum evolves continuously over the time
range from nanoseconds to milliseconds. In the kinetic
modeling we are able to describe this evolution in terms of
the temporally extended interconversion between populations
of r* and r subunits, which persists until about 10µs, and
the subsequent interconversion between the r*+ r population
of the R quaternary structure and the t subunits of the T
quaternary structure. At high degrees of photolysis these
two contributions merge seamlessly to produce a continuous
relaxation until the millisecond time scale.
InequiValence ofR and â Subunits. All of the analysis

described to this point has made use of the simplest of the
class of two-state allosteric models which incorporate tertiary
conformational changes in the R quaternary structure as well
as geminate rebinding. This 85-state model, which treats
the four subunits in the tetramer as identical, has produced
an excellent overall description of the kinetic and equilibrium
data presented to it. The clearest, possibly significant
discrepancy is the small difference between the measured
and predicted amplitudes of the second component vector
in the time range 10-6-10-3 s (Figure 3b) of the kinetic
data. This defect is sufficiently small so that a complete
accounting may need to include possible instrumental effects
as well as spectroscopic perturbations outside the scope of
such modeling (e.g., heme-heme electronic couplings).
Possible alternative explanations notwithstanding, it is
instructive to ask whether these deviations may be reduced
by taking the analysis to the next level.
As discussed earlier, the simplest extension of the basic

model introduces inequivalence betweenR andâ subunits,
while still requiring that both subunits of a given type behave
identically. This extended model requires 225 R+ 36 T)
261 states. Moreover, most of the parameters used in the
basic model will “split” into distinct possible values forR
andâ subunits. Because of the∼3-fold larger set of states
and∼2-fold larger set of adjustable parameters, the com-
putational effort required in applying this model is consider-
ably greater than that required for the basic model. There

FIGURE6: Oxygen equilibrium binding curve: (dots) curve obtained
from Adair parameters of Imai and Yonetani (1975); (dashed) curve
produced from kinetic parameters of the model.

FIGURE 7: Comparison of equilibrium data of Perrella et al. (1990,
1995) with predictions from the kinetic parameters of the model.
The conditions of these experiments were 3 mM in heme, 0.1 M
KCl, pH 7, 20°C. (a) CO binding curve, experimental (filled circles)
and the synthetic binding curve predicted by the model (continuous
curve). (b) Fractional populations of ligation states versus total
saturation by CO. Points and error bars represent the measured
values: zero-liganded (filled circles), singly-liganded (open squares),
doubly-liganded (open triangles), triply-liganded (open circles), and
quadruply-liganded (filled squares); continuous curves are synthe-
sized from kinetic parameters of the model.
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is also a compounding of the number of possible spectro-
scopically distinct subunit species, because the tertiary spectra
may in principle differ betweenR andâ subunits. However,
if we assume that the subunit spectra for a given tertiary
species differ only by a wavelength shift, then matrix
manipulations are possible that enable the least-squares fitting
problem to be reduced to an equivalent description in terms
of the spectra of a single subunit type plus the introduction
of one or more adjustable wavelength-shift parameters
(Henry, 1997).

In evaluating this extended model we have chosen to
impose limits on the permitted size of theR-â inequivalence
(i.e., the differences between corresponding parameters
associated with the two subunit types). For most elementary
parameters the “splitting” between the values for the two
subunit types was constrained to be less than a multiplicative
factor of 2, that is,pR/2 < pâ < 2pR. Because of the added
complexity of this model, it has not been possible to
systematically explore parameter space in search of low-
lying minima. However, extended-model minimizations
started in the vicinity of the lowest-lying minimum for the
basic model (by initially assigning the single optimal value
of each parameter from the basic model to bothR and â
parameters in the extended model) generally succeeded in
lowering the sum-of-squares by an additional 30% by
adjusting the mean value and/or theR-â inequivalence of
some of the parameters. The formulation of this extended
model is essentially symmetric with respect to interchange
of the identities of theR andâ subunits. As a result, only
the magnitudes of the individual splittings, and the relative
directions of the splittings of different parameters, are
meaningful. The only result of fitting with inequivalentR
andâ subunits which differs significantly from the corre-
sponding result for the basic model is the simulated second
amplitude vector (Figure 3b). The simulated curve tracks
the experimental vector somewhat more closely at intermedi-
ate times.

DISCUSSION

In this work we have carried out exhaustive modeling of
a set of time-resolved spectra following varying degrees of
photolysis of the carbon monoxide complex of hemoglobin.
Because large populations of intermediate ligation states are
generated by photolysis, the kinetics make much greater
demands on a model than equilibrium studies in which they
are sparsely populated. Moreover, different distributions of
ligation states are obtained by varying the degree of
photolysis. We have fit this data with the simplest possible
extension of the two-state allosteric model (Monod et al.,
1965), without altering the fundamental postulate of the
model that ligand binding within each quaternary structure
is non-cooperative. The extension was required to include
geminate ligand rebinding and the “modern” kinetic results
from time-resolved spectroscopy that there is a structural
relaxation following photodissociation before any quaternary
structural changes (Friedman & Lyons, 1982; Hofrichter et
al., 1983). It is also consistent with the optical polarization
(Makinen & Eaton, 1974) and X-ray crystallographic results
(Perutz et al., 1987) which show differences in protein
conformation in the crystalline state between the fully
liganded and fully unliganded hemoglobin, both in the R
quaternary structure.
Formally, we postulate two tertiary conformations for

subunits in the R quaternary structure, called r and r* (Figure
2). According to the model the r* conformation is favored
by ligation, while the r conformation is favored by deligation.
Before ligand photodissociation the molecule is in the R
quaternary structure, with all four subunits in the r*x state.
Photodissociation populates the r*‚x state (with the dissoci-
ated ligand in the protein and the affected subunit in the r*
tertiary conformation) to an extent determined by the
photolysis pulse intensity. Subunits in this state may undergo
a conformational relaxation (r*‚x f r‚x), have the ligand
geminately rebind (r*‚x f r*x) or escape into the solvent
(r* ‚x f r* + x). At later times, a quaternary conformational

FIGURE 8: Time course of deoxyheme spectral changes from data sets corresponding to 30% photolysis (a,b) and 80% photolysis (c,d).
(a,c) Time courses determined by normalizing the second amplitude vector from the global SVD corresponding to each data set using the
corresponding first amplitude vector (see text). (b,d) Time course of the wavelength of the zero-crossing of the Hb-HbCO difference
spectrum: experimental data set reconstructed from first 12 components of the global SVD of original data (solid), synthetic data set
produced by kinetic modeling (dashed). The three labeled wavelengths on the right-hand vertical axis indicate the zero-crossing wavelengths
of the deoxy-CO difference spectra of the tertiary species produced by the modeling.
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change from R to T will occur (to an extent determined by
the number and conformation of deoxy subunits remaining
after geminate rebinding), converting subunits in the r and
r* conformation to the t conformation. Ligands from the
solvent may enter any of the ligand-free subunits (r+x f
r‚x, r*+x f r‚x, t+x f t‚x) and either escape back into the
solvent or bind to the heme.
Our initial attempts to fit these data ran into difficulties

because the tertiary relaxation phase, defined by deoxyheme
spectral changes prior to either kinetic or spectroscopic
evidence for Rf T transitions, was extended in time and
required three relaxations when described with exponential
functions [relaxation times of 20, 90, and 820 ns (Jones et
al., 1992)]. Since there did not appear to be any justification
for introducing more than two tertiary conformations, and
there was no evidence for clear separation of the three
relaxations, we took a different approach motivated by the
conformational relaxation kinetics observed in myoglobin
(Ansari et al., 1992, 1994; Lim et al., 1993; Jackson et al.
1994). As in myoglobin the extended nature of the time
course for the tertiary structural relaxation is well described
by a stretched exponential function, exp[-(kt)â]. We
therefore wrote the differential equations in a form that
yielded a stretched-exponential function upon integration (eqs
2-6). Justification for the stretched exponential function
was provided by the work of Hagen and Eaton (1996). They
showed that this type of extended time course is a conse-
quence of slow equilibration among conformational substates.
It also required a different approach to the treatment of
geminate ligand rebinding, since geminate rebinding does
not occur with only two rates, one corresponding to r* and
one corresponding to r. Intermediate rates must be consid-
ered which scale with the progress of the conformational
relaxation (eqs 11 and 12).
The kinetics of the quaternary conformational change are

also influenced by the stretched exponential tertiary relax-
ation, which is not yet complete at times when the Rf T
quaternary transition begins. To deal with this complexity,
as well as the large number of rates, we introduced a linear
free energy relation between the rates and equilibrium
constants (eqs 7 and 10), as suggested from the analysis of
Eaton et al. (1991). The use of a linear free energy relation
produces an enormous simplification in the model, because
30 quaternary transition rates could be described with only
five parameters.
In addition to testing the model by its ability to fit the

kinetic data, we have also shown that the parameters of the
model can simultaneously reproduce the well-known T-
minus-R difference spectrum (Figure 5), the equilibrium
oxygen binding curve (Figure 6), the equilibrium carbon
monoxide binding curve (Figure 7a), and the equilibrium
distribution of ligation states (Figure 7b). In the case of the
oxygen binding curve we utilized the same allosteric
parameterL for the equilibrium between the zero-liganded
tetramers as in the kinetic fitting. For the carbon monoxide
equilibrium data, we used, in addition toL, the tertiary
equilibrium constantl and the kinetic parameters that describe
geminate rebinding from the r*, r, and t subunit conforma-
tions. The dissociation ratekdiss(r) was an adjustable
parameter, while the ratekdiss(r*) was determined by the
constraint of a thermodynamic cycle.
A total of 17 parameters, all with well-defined physical

significance, were varied in the fitting procedure (Table 1).

One might argue that fitting data with so many parameters
is not a valid test of a model because the problem is
underdetermined. Of the 17 parameters, 12 pertain to the
kinetic data. A purely empirical description of the kinetic
data, in terms of sums of exponentials, requires 12 amplitudes
for each of the five different degrees of photolysis, plus seven
relaxation times, or a total of 67 parameters. Because the
relatiVeamplitudes are the same for the first three relaxations
at less than 1µs, and because the lowest degrees of photolysis
require only three relaxations for an adequate fit, the total
number of parameters required for an empirical description
could be as low as∼30. Nevertheless, the number of
empirical parameters still far exceeds the number of model
parameters.
The fits to the data are excellent, but not perfect. The

model slightly overestimates the amplitude of the deoxyheme
spectral changes (V2, Figure 3b) at low degrees of photolysis
and underestimates it at high degrees of photolysis. It is
not yet clear whether these small differences have any
physical significance. The magnitude of the difference
between the simulated and experimental data sets, computed
as∑t,λ|Asim(λ,t) - Aexp(λ,t)|/∑t,λ|Aexp(λ,t)|, is 1.3%, decreasing
to 1.1% when the inequivalence of theR andâ subunits is
introduced. One possible explanation for small deviations
is the presence of electronic heme-heme interactions, which
would result in deoxyheme and liganded heme spectra that
are not independent of the number of ligands that are bound.
The presence of dimers has not been included in the analysis,
but would decrease the photolysis dependence of the
amplitude of V2, which is opposite from the deviation
observed between the fitted and measured curves. Further-
more, from tetramer-dimer constants determined for HbCO
by flash photolysis under the same solution conditions
(Antonini et al., 1967), less than 8% of the hemes are in
dimers at 120µM. To test the model further it would be
useful to investigate the concentration-dependence in more
detail, and also to measure the effect of CO pressure on the
kinetics, which would provide a more detailed description
of the competition between quaternary switching and bimo-
lecular rebinding.
It is instructive to comment on each of the parameter

values, since another requirement of a successful model is
that the parameters not only have physically reasonable
values, but also compare sensibly with parameters obtained
in other studies. The parameters are defined in Figure 2 and
Table 1, and the values obtained from the fitting are listed
in Table 2.
The values of the MWC allosteric parametersL andc in

the literature have been derived by fitting oxygen equilibrium
curves. The value ofL ≈ 2 × 107 obtained by fitting the
kinetic data is∼10-fold higher than usually reported but, as
can be seen from the simultaneous fit to the oxygen
equilibrium curve in Figure 6, reproduces the data extremely
well. On the other hand,c, which describes the ratio of the
T and R state affinities is similar for carbon monoxide and
oxygen [c(O2) ≈ 0.003,c(CO)≈ 0.002]. The median value
of the linear free energy parameterR [≡ -(log d/log c)]
that describes the quaternary transition rates is 0.25, close
to the value of 0.18 found by Eaton et al. (1991) in a simpler
analysis of quaternary transition rates and equilibria measured
in different laboratories. This parameter has interesting
physical significance. It can only take on values between 0
and 1 (assuming the transition state has thermodynamic
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properties intermediate between the R and T structures). A
value of 0 indicates that the transition state has the
thermodynamic properties of the R state, whileR ) 1
indicates that it has the thermodynamic properties of the T
state. In a naive but interesting interpretation, intermediate
values measure the fractional “distance” along the reaction
coordinate from R to T (Eaton et al., 1991). The value ofR
≈ 0.2 suggests that the transition state is closer to the R
state. Surprisingly, this is exactly the value that Eaton et
al. (1991) derived from Janin and Wodak’s reaction path
for the quaternary transition using only buried surface area
as a measure of the stabilization free energy (Janin & Wodak,
1985).
The value of the tertiary equilibrium constant,l ≈ 10,

while not precisely determined, indicates that the immediate
photoproduct conformation, r*, is mostly a transient, but is
significantly populated (∼10-20%) in the completely deox-
ygenated R state at equilibrium. The rate of the r*f r
conformational change is 5× 106 s-1. Because the relaxation
is extended, however, with a stretched exponential parameter
â ≈ 0.3, it still contributes to the spectral changes at several
microseconds. This value ofâ is higher than the value of
0.1 found for the conformational relaxation in myoglobin
by Anfinrud and co-workers (Lim et al., 1993; Jackson et
al., 1994; Hagen & Eaton, 1996). However, it is not yet
known how much conformational relaxation occurs on a
subnanosecond time scale. The 1/e time observed for the
conformational relaxation in myoglobin is very much shorter,
∼10 ps (Lim et al., 1993; Jackson et al., 1994; Hagen &
Eaton, 1996), indicating that not only is the conformational
relaxation very much slower in hemoglobin but that the
interconversion of conformational substates is also much
slower. Studies of the viscosity dependence of the confor-
mational relaxation in myoglobin by Ansari et al. (1992,
1994) showed a simple 1/η Kramers behavior, indicating a
global motion of protein atoms, such as might occur in a
slight rearrangement in the packing of helices. The global
nature of the conformational change is also suggested by
the findings of Hagen et al. (1995, 1996) that conformational
relaxation and interconversion of conformational substates
is prevented even at room temperature when the protein is
embedded in a glass (η > 1015 cP). Perhaps the intersubunit
contacts are responsible for slowing conformational relax-
ation and interconversion of substates in hemoglobin. Sup-
port for this idea comes from nanosecond-resolved crystal-
lographic studies of myoglobin which suggest that
intermolecular contacts in the crystal considerably slow the
conformational relaxations following CO photolysis (Sˇ rajer
et al., 1996; Eaton et al., 1996).
With two tertiary conformations in the R quaternary

structure (r* and r), and one in the T quaternary structure
(t), there are three geminate rebinding rates:kgem(r*),
kgem(r), andkgem(t) (Figure 2, Table 1). The geminate rate
slows by almost a factor of 400 upon relaxation from r* to
r and by another factor of∼30 in the rf t conformational
change that accompanies the Rf T quaternary structural
change. The conformational relaxation, which is occurring
on the same time scale as geminate rebinding, has a very
large effect on the geminate yield. Given the rate of escape
from the heme pocket of 5× 106 s-1, the geminate yield ()
kgem/[kgem + kout]) for the r* conformation is 95%, while it
is only 5% for the r conformation and only∼0.1% for the
t conformation. In myoglobin Hagen et al. (1995, 1996) have

shown that conformational relaxation following photodis-
sociation of CO slows geminate rebinding by a factor of
∼2500. The relaxation in myoglobin, however, is much
faster so that it is essentially complete before geminate
rebinding begins, and there is little competition between
conformational relaxation and geminate rebinding (in H2O).
As in myoglobin (Ansari, 1994), the Soret band shifts to the
shorter wavelengths as the conformation relaxes to a more
slowly rebinding species.
The availability of a complete kinetic and thermodynamic

description permits us to calculate the population of each of
the 85 molecular species as a function of time at any degree
of photolysis. Figure 9 shows two population plots of
particular interest at 100% photolysis; one is the fraction of
the different ligation states as a function of time, and the
other is the population of deoxyhemes in each of the three
different conformations, r* and r in the R quaternary
structure, and t in the T quaternary structure. The time scales

FIGURE 9: Populations of ligation states in the (a) R and (b) T
quaternary structures predicted by the model at 100% photolysis.
(c) Populations of unliganded tertiary species predicted by the model
at 100% photolysis. The thick continuous curve in each panel is
the fraction of deoxyhemes. The population ratio of r* and r
becomes constant at∼30 µs, indicating that equilibrium has been
established. After∼100µs the t conformation dominates the deoxy
subunit populations, because r* and r have been depleted by
bimolecular rebinding.
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begin at 100 ps,∼100 times shorter than the beginning of
our observations. These plots are useful for designing
experiments to test our model, and for also suggesting the
magnitude of the amplitude to be observed in the sub-10 ns
time scale not resolved in our experiments. For example,
the model predicts that after photodissociation with a
δ-function light pulse, about 4% geminate recombination is
expected at 1 ns. Using excitation with 300 fs pulses and
monitoring by infrared spectroscopy Anfinrud et al. (1989)
found 4.6%( 0.7% geminate rebinding at 1 ns, in excellent
agreement with the prediction of the model.

CONCLUDING REMARKS

In this work we have critically tested the modern kinetic
version of the MWC two-state allosteric model (Monod et
al., 1965). We have required that the model fit the kinetics
of geminate and bimolecular ligand rebinding, as well as
the kinetics of tertiary and quaternary conformational
changes, which are contained in a set of very precise time-
resolved spectra. These fits simultaneously reproduced three
kinds of equilibrium data under very similar solution
conditions: the carbon monoxide and oxygen equilibrium
binding curves and the distribution of ligation states deter-
mined upon electrophoretic separation at partial saturation
with carbon monoxide. Our conclusion is that the model
satisfactorily explains a demanding set of kinetic and
equilibrium data, but the fits are not perfect.
Together with the single crystal oxygen binding curves

(Mozzarelli et al., 1991, 1997; Rivetti et al., 1993; Bettati et
al., 1996), the kinetic and equilibrium studies in solution
described in this work provide strong support for the
mechanism of cooperative ligand binding proposed in the
original two-state allosteric model of MWC (1965). We
should emphasize, however, that we have only dealt with
so-called homotropic effects, i.e., interactions between identi-
cal ligands, which were the primary concern of Monod et
al. (1965). As pointed out earlier, it has been known for a
long time that the original MWC model fails to explain so-
called heterotropic effects, i.e., the interaction of oxygen (or
carbon monoxide) with protons, organic phosphates and other
so-called allosteric effectors. In the MWC model allosteric
effectors influence onlyL, the R/ T equilibrium constant,
and not the R- or T-state affinities. Szabo and Karplus
showed how the MWC model could be expanded to account
for the greater complexity of allosteric effectors (heterotropic
effects) without altering the mechanism for the origin of
cooperative ligand binding (homotropic effects). A next
obvious step, in probing structure-function relations of
hemoglobin, is to measure the kinetics of ligand rebinding
and conformational changes under varying solution condi-
tions, and rigorously model the data as we have done in the
present study.
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