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ABSTRACT: A novel model linking the thermodynamics and kinetics of hemoglobin’s allosteric (Rf T)
and ligand binding reactions is applied to photolysis data for human HbCO. To describe hemoglobin’s
kinetics at the microscopic level of structural transitions and ligand-binding events for individual [ij ]-
ligation microstates (ijR f ijT, ijR + COf (i+1)kR, andijT + COf (i+1)kT), the model calculates activation
energies,ij∆G‡, from previously measured cooperative free energies of the equilibrium microstates (Huang,
Y., and Ackers, G. K. (1996)Biochemistry 35, 704-718) by using linear free energy relations (ij∆G‡ -
01∆G‡ ) R[ ij∆G - 01∆G], where the parameterR, describing the variation of activation energy with
reaction energy perturbation, can depend on the natures of both the reaction and the perturbation). TheR
value measured here for the allosteric dynamics, 0.21( 0.03, corresponds closely to values observed
previously, strongly suggesting that the thermodynamic microstate energies directly underlie the allosteric
kinetics (as opposed to theR(ij∆GRT) serving merely as arbitrary fitting parameters). Besides systematizing
the study of hemoglobin kinetics, the utility of the microstate linear free energy model lies in the ability
to test microscopic aspects of allosteric dynamics such as the “symmetry rule” for quaternary change
deduced previously from thermodynamic evidence (Ackers, G. K., et al. (1992)Science 255, 54-63).
Reflecting a remarkably detailed correspondence between thermodynamics and kinetics, we find that a
kinetic model that includes the large free energy splitting between doubly ligated T microstates implied
by the symmetry rule fits the data significantly better than one that does not.

The cooperative ligand binding mechanism of hemoglobin
remains incompletely understood despite extensive studies
motivated both by its important role in respiration and its
usefulness as a model for the allosteric regulation of protein
function. The difficulty in studying hemoglobin’s mechanism
lies in the nature of cooperativity itself, which tends to
obscure the properties of reaction intermediates. Typically
too ephemeral for equilibrium studies and commingled in
kinetic studies, it is the properties of just such intermediates
that can illuminate most strongly the mechanism of coop-
erativity.

Progress has been made recently in measuring the free
energies of all 10 equilibrium ligation microstates (the two
end states, T0 and R4, and eight intermediate states) for a
variety of ligation systems (1). Those thermodynamic results
point to an allosteric mechanism that lies between the
traditional limiting cases of a pure two-state model (MWC)1

(2) and a purely sequential model (KNF) (3). In this
mechanism, the equilibrium between the two canonical

quaternary states, R and T, of the hemoglobin tetramer is
modulated by strain forces induced within its constituentRâ-
chain dimers by the binding of ligands to the T structure.
The strain energies are observed to be localized in large part
to a given dimer, a situation that is sometimes called dimer
autonomy (4). Moreover, most of the strain energy is
produced by the binding of the first ligand to a given (T-
state) dimer, the binding of the second ligand being observed
to have a much smaller effect (sequential cooperativity).
Those thermodynamic observations underlie a “symmetry
rule” for quaternary change: the binding of at least one
ligand to each dimer is necessary to switch the tetramer from
the (low affinity) T to the (high affinity) R state (and is
sufficient in the absence of allosteric effectors). Note that
this symmetry requirement for the R state, the presence of
ligands on each dimer, is different in nature than the
symmetry proposed in the early MWC model. The latter
postulated a strict conformational symmetry between subunits
throughout an R- or T-state tetramer that has not been borne
out by observation. Overall, the symmetry rule model of
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hemoglobin cooperativity can be considered a hierarchical
combination of the KNF and MWC models in that the
sequential cooperativity of ligand binding observed within
each dimer is coupled to the two-state quaternary equilibrium
mediating the global cooperativity of the tetramer.

We now report that the detailed knowledge of ligation-
intermediate thermodynamic properties underpinning this
hierarchical model of hemoglobin allostery also provides a
key to understanding its dynamics. We find that the free
energies of the intermediates provide a simple guide to
understanding the kinetics of hemoglobin allostery in the face
of the complexity that comes with its cooperative nature. In
doing so, we are able to independently test important
predictions of the thermodynamic model, including the
symmetry rule.

In favorable cases, the thermodynamic and kinetic effects
of perturbing a reaction are linked such that the activation
energy∆G‡ changes in a way that can be predicted simply
from the change in the reaction energy. The simplest example
of this situation is a linear free energy relation:∆G‡ ) R
(∆G - ∆G0) + ∆G0

‡, where∆G0 and ∆G0
‡ refer to the

unperturbed reaction and 0e R e 1 (5). A transition state
for whichR is small is sometimes called “reactant like” with
respect to perturbation, meaning that its free energy is
perturbed in a manner very similar to that of the reactant,
whereas a transition state for whichR is closer to one would
be called “product like”. In the case of the RfT quaternary
structural transition of hemoglobin, the activation energy
appears to obey a linear free energy relation with anR value
of 0.2 for a variety of perturbations such as pH, ligand
binding, and anionic allosteric effectors (6). In other words,
the RfT transition state is rather R-like with respect to
perturbation by the common physiological effectors.

Kinetic modeling of the RfT transition after ligand
photolysis is typically complicated by the fact that concurrent
ligand rebinding modulates the allosteric rate constant.
Because the hemoglobin tetramer cooperatively binds a total
of four ligands, the observed RfT dynamics reflects the
aggregate behavior of an evolving distribution of ligation
intermediates, rather than a single rate constantkRifTi

corresponding to a particular numberi of ligands bound (7).
Previous models have attempted to simplify this situation
by assuming that the rate constant decreases by a constant
factord with the binding of each additional ligand (i.e.,kRifTi

) kR0fT0/d
i) (8). With respect to linear free energy relation-

ships, this is equivalent to assuming a constant change in
the free energy difference between R and T conformations
as each ligand binds, an approximation that has proven useful
in analyzing the kinetics of hemoglobin allostery (7).

With the more complete information about allosteric
energies now available (9), it has become possible to
construct more precise microscopic linear free energy kinetic
models. In the model presented here, free energies of reaction
for the microscopic allosteric transitions,ij∆GRfT, were used
with a linear free energy relation to predict relationships
between the corresponding free energies of activation,
ij∆G‡

RfT, where [ij ] labels the ligation microstates,i indicat-
ing the number of ligands andj labeling their distribution
among theR andâ heme sites within each dimer (using the
numbering convention shown in Table 1). The reaction free
energies were derived from the cooperative free energies
measured previously for all 10 equilibrium ligation mi-

crostates of HbCO by Huang and Ackers (9). In addition, a
second free energy relation was used to predict similar
relationships between the activation energies of the ligand
binding reactions for the R and T microstates, again using
the cooperative free energies as inputs for calculating the
reaction free energies of the microstates. Thus, the coopera-
tive free energies served here to both link thermodynamically
the microstate linear free energy relations (MLFERs) of
ligand binding and quaternary structure change and to
systematize the microscopic kinetics of each process.

In extending our understanding of the allosteric dynamics
of photolyzed HbCO to the microscopic level of individual
ligation microstates, an important issue addressed by the
MLFER model is the symmetry rule for quaternary change
inferred previously from purely thermodynamic evidence.
The model is applied in the present work to photolysis data
for HbCO, and to data for iron-cobalt HbCO hybrids in a
companion paper (10), to assess what role the symmetry rule
may also play in the dynamics of hemoglobin allostery.

EXPERIMENTAL PROCEDURES

Time-resolved absorption spectra were measured in the
Soret spectral region (400-460 nm) at 65 logarithmically
spaced delay times that ranged from 16 ns to 40 ms after
CO photolysis by use of an optical multichannel analyzer
apparatus described previously (11). The HbCO samples
were photolyzed with 20-mJ pulses of 532-nm light from a
frequency-doubled Nd:YAG laser with a pulse length of 10
ns. Photoselection effects were eliminated by orienting the
laser and probe polarizations at the magic angle, 54.7°. The
photolysis difference spectrum reported for each delay time

Table 1: HbCO Microstate Thermodynamic Parameters (0.1 M
Cl-)a

a Free energies are in kcal/mole.b Tetrameric Fe/FeCO ligation
species. Orientation ofR andâ subunits are indicated in species [01].
Open squares represent unliganded Fe subunits and X-filled squares
represent liganded subunits.c Data of Huang and Ackers (9). d Calcu-
lated fromijKRT ) exp{-[ ij∆Gc(T) - ij∆Gc(R)]/RT} and the∆Gc values
in Figure 2.
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represents the average of 1000 individual absorption mea-
surements using a 15-ns sampling gate. The HbCO concen-
tration was 120µM in a sealed 0.5-mm path length anaerobic
cell. Before sealing under 1 atm CO in a glovebag, the
samples were degassed under argon, followed by CO, and
reduced with excess dithionite (250µM). Each sealed sample
was used for 48-128 individual absorption measurements
at all 65 delay times. There was no discernible difference in
the static absorption spectra of samples measured before and
after the laser photolysis protocol, which excluded the
possibility that permanent photodegradation of the sample
may have affected our results. Sample temperature was
maintained at 20( 1 °C. Samples contained Hb A that had
been column-stripped of the physiological allosteric effector
DPG. Effector-bound samples were produced from stripped
Hb A by adding 2 mM IHP. All samples were in pH 7.4
buffered solutions containing 0.1 M Tris, 0.1 M NaCl, and
1 mM EDTA.

Kinetic Modeling Procedures

Geminate Recombination.The earliest ligand recombina-
tion processes in photolyzed HbCO involve the geminate
recombination of ligands that have not yet escaped from the
protein matrix. Geminate recombination appears to proceed
in two kinetic phases, the first with a time constant on the
order of tens of nanoseconds (12-14), and the second with
a longer time constant observed to be∼160 ns in double-
pulse photolysis experiments (15). The geminate recombina-
tion processes are overlapped in time by a relaxation of
protein tertiary structure at the heme pocket (16).

Geminate rebinding to heme iron and ligand escape from
the heme pocket into solution were represented (Scheme 1)
by the first-order rate constantsk1 andk2, respectively, for
the fast recombination process and byk5 andk6, respectively,
for the slow process. Tertiary relaxation from the liganded
heme conformation (r), present in HbCO before photolysis,
to the unliganded form (t) after photolysis was represented
by the rate constantsk3 andk4. These relaxation rate constants
were set equal to one another on the assumption that
structural relaxation drives the modulation of geminate
binding and escape kinetics implied by the two rebinding
rate processes, while the reverse coupling is weak (i.e., the
tertiary dynamics are not themselves affected by the presence
or absence in the heme pocket of geminately dissociated
ligand).

Thus, photolysis of the Fe-CO bond produces a gemi-
nately dissociated species [Fe‚‚‚CO]r whose evolution branches
between three processes: (1) recombination throughk1, (2)
ligand escape throughk2 to produce a CO-less heme pocket
that eventually relaxes to [Fe‚‚‚]t, and (3) structural relaxation
to [Fe‚‚‚CO]t, which in turn branches between rebinding and
ligand escape to reach the final geminate product, [Fe‚‚‚] t.

The overall probabilityp for photodissociation of Fe-CO
to produce [Fe‚‚‚] t in Scheme 1 (geminate escape yield) is
given by

Scheme 1 contains five independent rate constants (after
settingk3 ) k4) corresponding to three possible observed
time constants. (Although, note that only two time constants,
τ1 andτ2, are typically detected on the geminate recombina-
tion time scale in model-independent 6-exponential global
analyses of HbCO photolysis data (17).) We thus used three
free parameters,g1 ) (k1 + k2 + k4)-1, g2 ) (k5 + k6)-1,
andg3 ) k4

-1, to represent the three microscopic geminate
time constants.

Two additional constraints were needed to determine the
six geminate rates: (1) the value ofp was set to 0.7, and (2)
the ratio of the yields of the fast and slow geminate
recombination processes was set to 0.67, the experimental
values observed by Esquerra et al. (15) under essentially
identical excitation conditions. The length and intensity of
the photolysis laser pulse used in these experiments tended
to produce significant rephotolysis of geminately recombined
sample, which lowered the observed geminate recombination
yield from the literature value,∼40%. However, rephotolysis
was not explicitly incorporated into the model used here. In
this light, the value ofp served as an effective photolysis
yield intended to allow Scheme 1 to approximate the results
of more elaborate possible models convoluting the kinetics
of Scheme 1 with the effects of strong excitation over a finite
time period corresponding to the time profile of the laser
pulse. We also tested the assumption thatp ) 0.7 by fitting
the photolysis data to a model that includedp as a free
parameter and the constraint that tertiary relaxation had a
minimal effect on the photolysis difference spectral intensities
of ther andt species (i.e., Rr ) Rt) using the heme spectral-
type labels introduced below. Those fits returned values of
p that were very close to 0.7. In any event, the optimized
values of parameters obtained from fitting procedures in
which p was fixed were relatively insensitive to variations
in p over the range(7%. In applying this kinetic scheme to
analyzing the data, the geminate species were treated on a
per heme basis, as the geminate dynamics for each heme in
the tetramer are expected to be independent of one another
(18).

Bimolecular Recombination and Allostery.We attempted
with the model presented in Scheme 2 to analyze the kinetics
of ligand binding and quaternary structure change in pho-
tolyzed HbCO at the microscopic level of individual con-
formational microstates, paralleling the equilibrium thermo-
dynamic analysis of Huang and Ackers (9).

An overview of the allosteric kinetics can be summarized
phenomenologically in terms of the four longest observed
time constants obtained in a 6-exponential global fit of the
Soret absorption data (17). The first of these,τ3 ∼ 1 µs, has
been assigned to heme pocket tertiary relaxation concomitant
with a relaxation of dimer-dimer contacts at theR1â2

interface, the latter constituting the first step in a compound
mechanism for the quaternary transition (19-22). The
structural changes associated with this relaxation are probably
rather subtle, involving changes in dimer-dimer contacts at
the hinge region of the interface such as formation of a

Scheme 1

p ) (k2 + k4k6/(k5 + k6))/(k1 + k2 + k4) (1)
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Trpâ237-AspR194 hydrogen bond rather than the large
relative motion of subunits associated with the full RfT
transition (22). Correspondingly, the amplitude of the spectral
changes observed in the heme bands are very small (17).
The next time constant (τ4), on the order of tens of
microseconds, is conventionally assigned to the RfT
quaternary structural transition (8). However, the quaternary
nature of the process associated withτ3 implies thatτ4 is
more precisely associated with the rate-limiting step of the
RfT pathway. Moreover, kinetic competition between
structural relaxation from the R state and bimolecular ligand
recombination typically convolutes microscopic rate con-
stants for the RfT transition and CO recombination together
in τ4. Finally, τ5 ≈ 200 µs andτ6 ≈ 4 ms are traditionally
assigned as time constants for the fast and slow bimolecular
recombination of CO to the R- and T-state conformations
of the protein, respectively.

The right-hand rectangle of allosteric reactions in Scheme
2 bears some resemblance to a simple two-state scheme
(Figure 1). However, anticipating the correlation between
allosteric kinetics and the pattern of microstate cooperative
energies presented below, Scheme 2 explicitly distinguished
the special character of the21T conformational microstates
from the other doubly liganded T-microstates,2jT (wherej
) 2, 3, 4). As discussed further below, the different
cooperative energies of the two “flavors” of T2 microstates
leads to a branching (shown offset to the right) from the
rectangle of traditional allosteric reactions. (For simplicity,
the singly and triply ligated microstates were grouped by
ligation number and quaternary conformation as in more
traditional kinetic schemes, e.g., R1 ) {11R,12R}.) This
bifurcation of kinetics among the doubly liganded microstates
is the central novel feature of the model. It has the significant
consequence of introducing two distinct RfT rate constants
for the doubly liganded states,21kRT and2jkRT.

Although some of the allosteric rate constants considered
in Scheme 2 are expected to be negligibly small (e.g.,01kTR),
most of the twelve rate processes shown are expected to make
a significant contribution to the observed time constantτ4.
A deconvolution of the individual contributions of the
microstate rate constants was accomplished with the MLFER
model described below. All of the allosteric rates were
determined in this model by using two free parameters,01kRT

and the MLFER parameterRRT.
The two-state rate constant for bimolecular recombination

of CO to the R microstates,kR, was a free parameter in the
model and is expected to have a value similar to the inverse
of the observed time constantτ5. (All bimolecular rate
processes were treated in the kinetic modeling as pseudo-
first order.) Similarly, a two-state rate constant for T-state
bimolecular recombination,kT, would be expected to have a
value∼τ6

-1. However, another novel feature of the model
presented here is the introduction of different bimolecular

Scheme 2

FIGURE 1: Simple two-state model of cooperativity during bimo-
lecular rebinding of ligands to photolyzed HbCO. Traditional two-
state models postulate that ligand binding affinities and rate
constants depend only on the quaternary state, R or T, the R-state
CO rebinding rate constant,kR, being an order of magnitude faster
than that for T,kT (statistical factors multiply these rate constants
by the number of heme sites available for binding in the tetramer).
The number of ligands bound,n, then affects observed binding
affinities and rate constants (cooperativity) only by shifting the R
f T equilibriaLn ) [Tn]/[Rn] ) kRTn/kTRn ) L0cn, whereL0 ≈ 104,
in equal increments corresponding to the factorc ≈ 0.01. The two-
state model does not distinguish between conformational microstates
of a givenn value. Thus, the distinction between21T and the other
T2 microstates, important in the symmetry rule model, is absent in
the traditional two-state model (see Table 1 for microstate indexing).
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CO recombination rate constants for different T ligation states
(e.g., the rate constant for recombination to a heme in the
T0 state01f11kT in Scheme 2, is not equal to that for T3,
31f41kT). Reflecting the bifurcation of kinetics at the T2

microstate level mentioned above, the model also distin-
guishes the reaction of CO with the T1 microstates to form
21T (11f21kT) from the reaction forming the remaining2,j*1T
microstates (e.g.,11f22kT), and similarly for the reactions of
21T and2,j*1T to produce T3. This feature of the model was
included as a further consequence of the different steps in
the cooperative energies (free energy penalties) upon ligand
binding of microstates within the T state (9), which by
thermodynamic linkage imply different binding affinities.
The different affinities in turn imply different binding rates
via linear free energy relations. The width of the distribution
about the central value (expected to be near the two-state
value) of the T-state rate constants resulting from the MLFER
model then becomes of interest and is discussed below. As
in the case of the allosteric structure relaxation, all of the
bimolecular ligand binding rate constants (for both R and T
microstates) were determined by using two free parameters,
kR and the MLFER parameterRCO.

The Rt species in Scheme 2 (Rt,0, Rt,1 ...) correspond to
the various ways in which the geminate product of Scheme
1, [Fe‚‚‚] t, can be produced within a given photolyzed
tetramer after geminate recombination has restored an Fe-
CO bond to 30% of the hemes on average for all of the
tetramers. In other words, Rt,0 corresponds to a tetramer with
all four hemes photolyzed to the [Fe‚‚‚] t form, Rt,1 corre-
sponds to three hemes photolyzed to [Fe‚‚‚] t, and so on.
Besides bimolecular recombination with CO which is not
expected to be very extensive during the short lifetime of
Rt, the Rt,n species also undergo interfacial relaxation viaki

(corresponding to the inverse of the observed time constant
τ3) to produce the corresponding Rn species. We thus setki

) τ3
-1 in the kinetic model. (Because the relaxation

corresponding toki is detected only very weakly in Soret
absorption data, we did not attempt to investigate the
possibility that this rate constant may also depend on the
tetramer’s ligation state in a manner analogous tokRT.) The
factors of 1/3 and 2/3 in the branching of Rt,2 to produce
21R and{22,23,24}R, respectively, are statistical factors reflecting
the relative probabilities of forming each species.

Scheme 1, which is posed on a per heme basis, must be
combined with Scheme 2, which is necessarily posed on a
per tetramer basis because of heme-heme interactions, to
obtain an overall kinetic model for photolyzed HbCO. While
one could describe the geminate recombinations on the same
per tetramer basis as used in Scheme 2, this would lead to
a cumbersome proliferation of possible intermediates as the
various steps in Scheme 1 proceed at the four hemes. The
observation that the distribution of heme ligation among the
tetramers produced by geminate recombination is well
predicted by simple combinatorial statistics (23) implies that
these reactions proceed identically, as well as independently,
within each heme site. This finding (and the large difference
in the time scales of the geminate and the later processes)
simplifies the task of connecting Schemes 1 and 2, since
one can then use binomial statistics and the probabilityp of
a CO ligand being bound to a particular heme site to calculate
the distribution of the geminate-escape heme product [Fe‚‚‚]t

among the corresponding tetrameric species, Rt,n. The details
of this procedure are presented in the Appendix.

Microstate Linear Free Energy Model.The MLFER model
used the free energies of quaternary structure transformation
and ligand binding reactions (Scheme 2) to predict relation-
ships between the activation energies of those reactions for
individual R and T conformational microstates. In the case
of the ijRfijT structural relaxations, reaction free energies
were calculated from thermodynamic data for the cooperative
free energies using the relation

The cooperative energies used for stripped and IHP-bound
hemoglobin are shown in Figures 2 and 3, respectively. Not
all of the cooperative energies shown were measured directly
(experimental values of Huang and Ackers (9) for stripped
HbCO are shown as solid lines), equilibrium experiments
generally being limited to observing either the R or T
quaternary form of a given ligation microstate, whichever
form is lowest in energy. Therefore, further assumptions were
required to arrive at estimates for the remaining values
(dashed lines).

To estimate the remaining values for the R microstates,
we assumed that the R configurations not observed by Huang
and Ackers (01R, 11R,12R, and21R) hadij∆Gc values equal to
those measured for the R species that were observed (22R,
23R,24R,31R,32R, and41R). In other words, we assumed that
all the ijR had approximately the sameij∆Gc value, ∼6.5
kcal/mol in HbA0 (the notable exception being41R, which
is stabilized by 0.3 kcal/mol relative to the other R mi-
crostates by addition of the fourth ligand, a phenomenon
called quaternary enhancement). This extrapolation of the
near-ligation-independence of the R-state energies observed
by Huang and Ackers to the unobserved R microstates seems
reasonable, given that the dimer-dimer forces underlying
changes in cooperative energies upon ligand binding are
much weaker in the R microstates than in the T microstates.
Moreover, the value ofL0 ≡ [T0]/[R0] implied by 01∆GRT )

FIGURE 2: Scheme of cooperative energies,ij∆Gc, for ijR and ijT
microstates of (stripped) HbCO. Experimental values (solid) were
taken from data of Huang and Ackers (9). Remaining values
(dashed) used as fixed inputs for MLFER kinetic model were
estimated as discussed in text.

ij∆GRT ) ij∆Gc(T) - ij∆Gc(R) (2)
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01∆Gc(T) - 01∆Gc(R) ) 6.5 kcal/mol (cf.01KRT, Table 1) is
in reasonable agreement with experimental values measured
under similar conditions (24).

We estimated similarly the energy of the rightmost T
microstate in Figure 2,41∆Gc(T), from an experimental value
of c ) 0.01 in the two-state allostery expressionL4 ) [T4]/
[R4] ) c4L0 (cf. 41KRT, Table 1), a procedure which yielded
a value of 11 kcal/mol (25). The value ofij∆Gc(T) for the
[22], [23], and [24] ligation microstates was determined to
be 7.9 ( 0.3 kcal/mol from measurements ofL2 in di-
(FefCo) substituted Hb tetramers, the results of which are
presented in a companion paper (10). Finally, completion
of the cooperative energies shown in Figure 2 requires the
value of ij∆Gc for 31T and 32T. In the absence of further
experimental guidance, this was assumed to be halfway
intermediate between the values for the{22,23,24}T and 41T
conformational microstates. (Note that the kinetic model is
expected to be least sensitive to theij∆Gc values of the31T,
32T, and41T microstates as their populations are expected to
remain relatively small during the post-photolysis ligand
recombination reactions.)

It is well-known that the allosteric effector IHP binds more
strongly to the deoxy T state than to the liganded R state
(24). To model the effect of IHP on HbCO photolysis
kinetics, however, information is required on the effect of
IHP binding on the energies of individual T microstates
corresponding to ligation intermediates (see Figure 3).
Although comprehensive equilibrium measurements of mi-
crostate energies such as those reported by Huang and Ackers
(9) have not been carried out for IHP-bound Hb, the effect
of IHP binding on the energies of some intermediate ligation
states has been investigated by Robert et al. (26). Their
results, along with similar results for DPG binding (27),
suggest that the magnitude of the preferential binding energy
of organic phosphate effectors to the T quaternary structure
relative to the R structure decreases monotonically to zero
with increasing oxygen ligation. We thus modeled the effect
of preferential IHP binding on the energies of the T-

microstate ligation intermediates as a linear function of the
number of CO molecules bound to the tetramer. The free
energy of preferential IHP-deoxyHb binding,01∆GIHP, was
set to the value obtained from a linear least-squares fit to
free energies calculated from equilibrium constants (λ0, λ1,
λ2, andλ4) reported by Robert et al. (26), -5.0 kcal/mol.

Relative RfT allosteric activation energies, and thus rate
constants, were then calculated from

where the linear free energy parameterRRT was determined
by optimizing the fit of the MLFER model to the kinetic
data. For a given value ofRRT, this approach fixed the values
of the microscopic RfT rate constantsijkRT obtained from
an Arrhenius expression to within a common factor (01kRT),
which was also optimized as a parameter in the model. Thus,

whereR is the gas constant andT is temperature.
Rate constants for the microstate bimolecular recombina-

tion reactions were calculated similarly from the microstate
cooperative free energies by use of a linear free energy
relation and the free parametersRCO andkR. The activation
free energies of the bimolecular recombination reactions are
related to the reaction free energies by

where (ij ) and ((i + 1)k) index the reactant and product
microstates, respectively, and the reference reaction is01R
+ CO f 11R. The free energies of ligand binding and
cooperativity are linked for the processijT + CO f (i+1)kT
such that

whereD∆GCO is the free energy of (noncooperative) ligand
binding to freeRâ-chain dimers. Equation 6 refers only to
T states, because the relative ligation-independence of
R-microstate cooperative energies mentioned above implies
that the R microstates have identical ligand affinities
(ijf(i+1)k∆GCO(R) ) D∆GCO) and, hence, rate constants,kR.
In the approximation that the R microstates have identical
cooperative energies, Equations 5 and 6 lead to the following
relationship between the T and R rates:

The values of the two free parameters in this relation,kR

andRCO, were determined by optimization of the fit of the
model to the data, paralleling the approach to modeling of
the allosteric rates represented by eq 4.

To summarize the MLFER model parametrization, seven
parameters were optimized simultaneously in the fitting of
the model to the data: the geminate time constant parameters
introduced above,g1, g2, andg3; and the allosteric parameters
01kRT, RRT, kR, and RCO. However, an additional free

FIGURE 3: Scheme ofijR andijT cooperative energies,ij∆Gc, used
as inputs for MLFER kinetic model of HbCO+ IHP. Line types
are as in Figure 2 legend. For simplicity, the zero of cooperative
energy used in the IHP-free case was adjusted by the energy of
IHP binding to R4, so that the effect of IHP binding appears only
as a lowering of the T-state energies by the preferential binding
energy.

ij∆G‡
RT ) RRT(

ij∆GRT - 01∆GRT) + 01∆G‡
RT (3)

ijkRT ) 01kRT exp{-RRT(
ij∆GRT - 01∆GRT)/RT} (4)

ijf(i+1)k∆G‡
CO )

RCO[ ijf (i+1)k∆GCO - 01f11∆GCO(R)] + 01f11∆G‡
CO(R)

(5)

ijf(i+1)k∆GCO ) (i+1)k∆Gc(T) - ij∆Gc(T) + D∆GCO (6)

ijf(i+1)kkT )

kR exp(-RCO((i+1)k∆Gc(T) - ij∆Gc(T))/RT) (7)
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parameter introduced above as an input to the MLFER
model, τ3, was first optimized in a global fit of a model-
independent 6-exponential decay expression to the data.
Taken altogether, then, the MLFER model presented here
used eight parameters to describe the full time course of
ligand rebinding and structural relaxation in photolyzed
HbCO. The values of these parameters, with the constraint
conditions described above, were sufficient to algebraically
determine the values of the rate constants in Schemes 1 and
2.

Dimer-Tetramer and Effector Binding Equilibria.The
model accounted for the multiple equilibria corresponding
to the dissociation of carboxy R tetramers into dimers (eq
8) and the binding of IHP to the R4 and dimer species (eqs
9 and 10) in the prephotolysis sample. (Photolysis-induced
changes in dimerization and effector binding were neglected,
as these were expected to occur too slowly to significantly
influence hemoglobin allostery on the time scales investi-
gated here.) The free energy value for the dissociation of
the sample (R4) into dimers (∆GD ) -RT ‚ ln(KD) ) -8.0
kcal/mol), taken from Huang and Ackers (9), corresponded
to 10% dissociation on a per heme basis under the conditions
in this study. The value of the free energy of IHP binding to
the R4 tetramer species (-5 kcal/mol) was estimated from
the data of Robert et al. (26), and the IHP binding energy
for the dimer was estimated from the data of Gray (28) to
be about 1 kcal/mol less stable than that for the R tetramer
(∆GIHP

D ≈ ∆GIHP
R + 1 kcal/mol).

(Note that D2 in the above equations refers to a doubly CO-
ligated dimer.)

Parameter Optimization. Typical trial starting values for
the parameters are shown in Table 2. Most of these were
obtained from the observed time constants as explained above
(e.g., 01kRT ∼ τ4

-1) or in the literature (e.g.,RRT) (6). The
trial value for the CO binding linear free energy parameter
was obtained from the relationRCO ≈ (log(kR) - log(kT))/
(log(KCO(R)) - log(KCO(T))) and previously measured values
for the (two-state) binding rate constants and equilibrium

constants (29). The mathematical procedures used to optimize
the model parameters are described in the Appendix.

RESULTS

The MLFER model was tested with HbCO photolysis data
measured under two allosteric conditions: (1) protein
“stripped” of the physiological organic phosphate effector
DPG (Figure 4a), and (2) in the presence of 2mM IHP
(Figure 4b), an allosteric effector strongly stabilizing the
deoxy T state relative to the liganded R state. The addition
of IHP lengthened the time required for ligand to recombine
bimolecularly after photodissociation, as can be seen by
comparing time-resolved photolysis difference absorption
spectra for HbCO with and without IHP. More dramatic
effects of IHP on bimolecular recombination have been
reported by previous workers using different conditions of
pH, temperature, or incomplete photodissociation (30, 31).
The difference was most evident here in the 1-10 ms time
regime, wherein recombination to T-state hemoglobin is
expected to be the dominant process. This effect can be seen
more clearly in the SVD components (Figures 5 and 6). The
first component is an approximate measure of the extent of
heme photodissociation, its spectrum (see Figures 5a and 6a)
resembling the static Hb- HbCO difference spectrum. The
corresponding temporal amplitudes thus approximately re-
flect the time course of ligand rebinding, both geminate and
bimolecular. The latter process was extended in time by the
large increase in the T-state recombination amplitude in the
presence of IHP (see Figures 5d and 6d). The second SVD

Table 2: Fitting Parameter Values for MLFER Model of
Photolyzed HbCO Kineticsa

parameter triald optimized averagede

g1
b 0.02 0.01

g2
b 0.12 0.13

g3
b 0.05 0.05

RRT 0.2 0.20 0.21( 0.03
01kRT 2 × 104 1.6× 104 1.6( 0.4× 104

RCO 0.5 0.44 0.45( 0.03
kR

c 5 × 103 9.6× 103 1.0( 0.3× 104

a Rate constants are in s-1. b Time constants are inµs. c Pseudo-first-
order rate constant (1 mM CO).d Trial values used to determine the
starting point for optimization procedures.e Statistical average ofN )
100 optimizations run usingij∆Gc and∆GIHP energy inputs that were
randomly varied by( 0.3 kcal (standard deviation) from values given
in text.

R4 {\}
KD

2D2 (8)

R4 + IHP {\}
KIHP

R

R4 · IHP (9)

D2 + IHP {\}
KIHP

D

D2 · IHP (10)

FIGURE 4: Time-resolved Soret region absorption spectra of
photolyzed HbCO. Photolysis difference spectra for (a) HbCO
stripped of DPG and (b) HbCO plus IHP.
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component corresponds approximately to the extent of heme
spectral relaxation, which is apparent as an increasingly blue-
shifted deoxy peak as the protein structure relaxes at the
heme pocket. The magnitude of spectral relaxation was larger
in the presence of IHP (compare Figures 5b and 6b), again
suggesting an increased RfT rate constant and increased
T-state production. The correlation of T-state stabilization
and faster RfT kinetics apparently induced here by IHP
would be an expected consequence of the linear free energy
relation known to link the thermodynamics and kinetics of
allostery in response to many types of perturbations. The
exploration of this linkage on a microstate level is the
program of the MLFER model evaluated below.

A more quantitative picture of the effect of IHP on post-
photolysis kinetics is provided by the results of simple
6-exponential fits to the data. These fits show significant
changes in the last three observed processes (Figure 7). (The
assignments of the observed time constants and correspond-
ing decay spectra to specific molecular processes are given
above.) The amplitude of the T-state recombination more
than doubles, whereas the R-state recombination amplitude

decreases by 30% (Table 3). The amplitude of the fourth
process also changes, decreasing by∼15%, althoughτ4 does
not change. These changes are consistent with increased T
state production in the presence of IHP and a concomitant
decrease in the amount of R states recombining with CO.
Although an increase in the RfT conversion rate might also
be expected to decrease the magnitude ofτ4, this effect was
apparently offset by a decrease in the CO recombination
rates, which are also convoluted into this time constant. The
decreased contribution of recombination to the fourth process
in the presence of IHP was also reflected in a decrease in
observed amplitude, the intrinsic spectral amplitude of the
RfT process being much smaller than that of ligand
recombination. Accordingly, the 437-nm band in the fourth
decay spectrum (see Figure 7), the shape of which is a
convolution of the CO difference spectrum (cf. decay
spectrum of process 5), and the R-T difference spectrum
(similar in band shape to the decay spectrum of process 3),
shifted to longer wavelength by 1 nm on the addition of IHP.

The phenomenological picture provided by the 6-expo-
nential fits shows that binding of IHP to the tetramer directly
reduces the CO binding rate constant of hemoglobin,
particularly when the tetramer is in its T conformation. The
observed time constants assigned to bimolecular recombina-

FIGURE 5: The first three SVD components of photolysis data for
stripped HbCO. (a-c) Basis spectra (columns ofU ‚ S1/2). (d-f)
Temporal amplitudes (columns ofV ‚ S1/2) shown as points. Lines
represent fits of the SVD temporal amplitudes calculated from the
MLFER kinetic model.

FIGURE 6: The first three SVD components of photolysis data for
HbCO + IHP. Panels are labeled as in Figure 5 legend.
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tion to the R and T states were both lengthened (50% and
90%, respectively) by the addition of IHP (Table 3). Such
observations have posed a challenge for the MWC model
(32, 33). An allosteric effector such as IHP would not be
expected to directly influence the binding rates and affinities
of the R and T states in the simplest two-state models, which
posit that only the rates and equilibria for interconversion
of the quaternary states are directly modified by effectors.
A natural mechanism for a direct role for allosteric effectors
in controlling the T-state recombination kinetics is provided
by the MLFER model, as discussed below.

The optimized values of the MLFER parameters obtained
from a simultaneous fit to kinetic data for stripped and IHP-
bound HbCO are presented in Table 2. The optimized values
were close in each case to the respective trial values expected
from the a priori considerations given above. A statistical
analysis testing the stability of the fits was carried out by
addition of normally distributed noise (standard deviation
) 0.3 kcal) to the experimentalij∆Gc and ∆GIHP energy
values that were used as fixed inputs to the model. (The
signal-to-noise ratio of the spectrokinetic data, being greater
than 100, was much larger than the corresponding ratio of
the thermodynamic data,∼20. Hence, the energy uncertain-
ties were deemed the dominant source of instability in the
modeling.) The statistically averaged values of the allosteric
parameters were identical to the values optimized for the
energy values given above within the uncertainties of theR
((10%) and rate constant ((20-30%) parameters, allowing
us to conclude that the results of the MLFER kinetic model
were stable with respect to experimental noise.

The essential spectrokinetic features of HbCO’s post-
photolysis recombination and relaxation processes were
accurately captured by the model, as can be seen by the very
close fits to the global time evolutions for both allosteric
effector conditions, stripped vs IHP (see panels d-f in
Figures 5 and 6). The modeling of the geminate and
bimolecular recombination reactions was most clearly dem-
onstrated by the excellent fits to the firstV vector for each
case, whereas the success of the model in reproducing the
second and third vectors demonstrated good accuracy in
modeling the structural relaxation kinetics.

The central result of the MLFER model is the deconvo-
lution of microstate allosteric transition rates (Table 4). The
calculatedijkRT values decreased with increasing ligation and
increased in the presence of IHP, as expected. However, the
variation of rate constant with ligation number was well
described by the simple two-state expressionkRT(i) ) kRT(0)/
di, wherei is the number of ligands bound, only for ligation
states withi * 2 (Figure 8). Deviating from simple two-
state behavior, the RfT rates of thei ) 2 microstates
bifurcated such that the21R f 21T rate constant was similar
to the {11,12}R f {11,12}T rate constant, and the{22,23,24}R f
{22,23,24}T rate constant was closer to the{31,32}R f {31,32}T
value, whereas their geometric mean lay close to the two-
state line. This bifurcation of the calculated rates fori ) 2
is a direct consequence in the MLFER model of the split in
the thermodynamic energies of the doubly ligated T mi-
crostates. The TfR rate constants depended much more
strongly on ligation number than did the RfT rate constants,
increasing by 107 over the rangei ) 0 to 4, albeit their values
also had larger margins of uncertainty (see Table 4). They
were also affected more dramatically by the presence of IHP,
decreasing by a factor of 10-3 for i ) 0.

The CO recombination rate constants calculated from the
MLFER model for the T microstates were very heteroge-
neous, ranging from a low value of 0.2µM-1 s-1, for the
reaction21T + CO f {31,32}T, to a high value of 5µM-1

s-1, for {11,12}T + CO f 21T (Table 5). In other words, the
recombination of CO with a T1 microstate to form the21T
microstate proceeded∼25 times faster than the next step in
the recombination chain, the reaction of CO with21T to form
a T3 microstate. Indeed, the former rate constant was only a
factor of 2 smaller than that of the R states. The T-microstate

FIGURE 7: Model-independent decay spectra calculated from a
6-exponential fit to photolysis data for HbCO (a) strippped and (b)
+ IHP. Spectra for decayτ’s: τ1 (-), τ2 (- - -), τ3 (- ‚ -), τ4 (‚‚‚),
τ5 (s s), τ6 (- - -) (numbering as in Table 3).

Table 3: Effect of IHP on Observed Time Constants and Spectral
Amplitudes from Simple 6-Exponential-Decay Global Fitting of
HbCO Soret Band Photolysis Dataa

τ1 τ2 τ3 τ4 τ5 τ6

HbCOb 0.025 0.10 1.5 40 130 2800
(0.24) (0.20) (0.02) (0.17) (0.32) (0.08)

HbCOb + IHPc 0.027 0.12 2.4 41 200 5200
(0.22) (0.19) (0.03) (0.14) (0.22) (0.19)

a Time constants are inµs, fractional amplitudes (proportional to
the vector norms of the decay spectra) are listed in parentheses.
b Conditions: 120µM heme, pH 7.4, 0.1 M Tris, 0.1 M NaCl, 1 mM
EDTA, 20 °C. c 2 mM IHP.
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bimolecular rate constants calculated for stripped HbCO are
graphed logarithmically in Figure 9, wherein the widely
distributed rate constants calculated for the individual mi-
crostates clustered roughly around the nominal T-state value
(T) calculated fromτ6 of the phenomenological 6-exponential
fit.

Note that the rates inferred here imply a cooperativity in
ligand binding that is independent of the classical two-state
mechanism. Binding of the first ligand to T0, for instance,
enhanced the rate of binding of a second ligand (to form the
21T microstate) by a factor of 6. The latter binding event
was in turn anticooperative, as the binding rate constant then
decreased by the factor of 25 mentioned above. This change
in ligand binding rate concomitant with T-state ligation is
not much smaller in magnitude than the change traditionally
associated with transformations between the R and T
quaternary states. Similarly, the rates reported here also
indicate that IHP binding had a direct effect on the T-state
CO-binding rate constants, decreasing them by a factor of
2-3. A similar direct effect on the CO-binding bimolecular

rate constant of T-state deoxy HbA was measured previously
for IHP in a stopped-flow mixing study (34).

The concentrations calculated for the R states evolved with
time largely as expected for sequential ligand binding, the
concentration peaks appearing in the temporal order R0, R1,
R2, R3 (R2 ) 21R + 2jR) before R3 recombined to form the
starting material, R4 (Figure 10). The higher peak concentra-
tion of R1 compared with that of R0 mainly reflected the
higher statistical probability of producing a singly liganded
tetramer after geminately recombining 30% of the heme sites,
although the higher statistical factor for bimolecular CO
recombination and the higher rate constant for RfT trans-
formation also contributed to speeding the R0 rate of decay
and limiting its peak concentration. The addition of IHP
accelerated the rate of decay and decreased the magnitudes
of the peak concentrations for all of the R microstates (see
Figure 10b).

The calculated T-state evolution, on the other hand, was
more complicated principally because the21T microstate
acted as a kinetic bottleneck. This role would be consistent
with its enhanced rate of production compared with the other
T microstates, both by RfT conversion and CO recombina-
tion, and its decreased rate of decay through CO recombina-
tion noted above. The21T microstate thus dominated the
T-state concentration dynamics under both of the effector
conditions investigated (Figure 11). Indeed, the role of this

Table 4: Microstate RfT and TfR Quaternary Transition Rate Constants Calculated from MLFER Modela

ijkRT
ijkTR

[ij ] stripped IHP stripped IHP

[01] 1.6( 0.4× 104 1.0( 0.2× 105 0.3( 0.2 3.5( 2.5× 10-4

[11],[12] 5 ( 1 × 103 1.9( 0.4× 104 24 ( 18 0.16( 0.15
[21] 4 ( 1 × 103 9 ( 2 × 103 75 ( 45 2.6( 1.7
[22],[23],[24] 1.1( 0.4× 103 2.6( 0.8× 103 8 ( 6 × 103 3 ( 2 × 102

[31],[32] 6 ( 3 × 102 9 ( 5 × 102 9 ( 4 × 104 1.6( 0.8× 104

[41] 3 ( 2 × 102 4 ( 2 × 102 1.2( 0.8× 106 9 ( 6 × 105

a Rate constants are in s-1.

FIGURE 8: Semilog plot of microstate RfT rate constants calculated
from MLFER model vs number of CO ligands.

Table 5: Microstate Bimolecular CO Recombination Rate Constants
Calculated from MLFER Modela

stripped IHP

kR 10 ( 3 10( 3
01f11kT 0.8( 0.3 0.3( 0.1
11f21kT 5 ( 2 1.9( 0.6
11f22kT 0.4( 0.1 0.15( 0.05
21f31kT 0.18( 0.02 0.067( 0.006
22f31kT 2 ( 1 0.9( 0.2
31f41kT 3 ( 1 1.4( 0.6

a Rate constants are inµM-1 s-1.

FIGURE 9: Semilog histogram of microstate bimolecular CO-binding
rate constants. The solid bars show the distribution of T-microstate
rate constants, where maximumx(t) is the maximum fractional
concentration of the reacting microstate. The dashed bar labeled
‘T’ indicates the traditional T-state rate constant from a phenom-
enological 6-exponential fit, its height reflecting the total T-
microstate fractional concentrations. The R-microstate rate constant
is included for comparison (dashed bar labeled R).
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microstate in the recombination kinetics appeared to be so
dominant that the calculated concentration profiles for the
remaining T2 microstates (2jT) and the subsequently formed
T3 states were nearly negligible. The addition of IHP did
not qualitatively change this scenario, although overall T-state
production doubled, consistent with the faster R-state decay
mentioned above. The longer time required for T-state decay
simply reflected the decrease in CO recombination rate
constants reported above for IHP.

The MLFER model calculated concentration dynamics for
the Rr, Rt, R, and T heme conformational types (Figure 12)
reflecting the overall effect of IHP on the R and T state
kinetics inferred above: the photolyzed R-type hemes
decayed more rapidly in the presence of IHP to produce about
twice as many T-type hemes, which in turn decayed through
CO recombination more slowly. The calculated spectra of
the four heme types show the expected progression in the
position of the deoxy peak wavelength to increasingly shorter
wavelength as the protein structure near the heme pocket
relaxed after ligand photodissociation (Figure 13a). The band
shape of the calculated T-R difference spectrum was very
similar to that of the equilibrium T-R difference spectrum
over the 430-450 nm spectral region (Figure 13b). This was
an expected consequence of the spectral fitting penalty,

derived from a comparison of these two spectral shapes, that
was used in the kinetic modeling procedures to constrain
the T and R spectra. (The second peak appearing at the
carboxyheme peak wavelength, 419 nm, in the calculated
spectrum is attributed to a stray light artifact associated with
the spectrograph (17).)

DISCUSSION

The overall program of the MLFER kinetic model is the
systematic application of linear free energy relations (LFERs)
to the kinetics of ligand binding and quaternary structure
change on the ligation microstate level in hemoglobin. The
first application of LFERs to hemoglobin’s ligand binding
reactions was due to Szabo (35). He proposed thatR values
of about 0.1, 0.4, and 1 described the variation of the binding
“on” rate constant for the ligands O2, CO, and NO,
respectively, as a function of variations in the binding
equilibrium constants as the protein structure changes
between the R and T quaternary states. Similar values were
found for the variations of O2 and CO binding rate constants
to tetraphenylporphyrin heme models in toluene as a function

FIGURE 10: Calculated concentrations of R microstates vs time for
HbCO (a) strippped and (b)+ IHP.

FIGURE 11: Calculated concentrations of T microstates vs time for
HbCO (a) strippped and (b)+ IHP.

FIGURE 12: Calculated concentrations of heme conformational
species Rr (-‚-), Rt (‚‚‚‚), R (-), and T (- -) vs time for HbCO (a)
strippped and (b)+ IHP.

FIGURE 13: (a) Calculated spectra of heme conformational species
for HbCO (average of stripped and IHP) labeled as in Figure 12
legend. (b) Calculated T-R difference spectrum (-) and equilib-
rium T-R difference spectrum (‚‚‚‚) from Perutz et al. (50). The
latter spectrum is scaled to the vector norm of the calculated
spectrum over the 435-450 nm spectral region, as in the calculation
of the spectral fitting penalty,F, described in the text.
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of “basket handle” and “picket fence” structural perturbations
to the binding equilibrium constants (36). The LFER
approach was applied to the RfT transition rate constant
by Eaton et al. (6), who found that anR value of 0.17(
0.02 described its variation in response to allosteric effectors
and ligand binding. Later HbCO photolysis studies have also
reported similar values (7, 37, 38).

With the concepts established that the variation of ligand
binding rate constants with quaternary structural change and
the variation of structural transition rate constants with ligand
binding can both be described in hemoglobin by LFERs, the
combination of these reciprocal perturbative relationships into
a systematic microscopic description of hemoglobin’s allo-
steric dynamics then only requires microscopic knowledge
of the corresponding thermodynamic quantities, the free
energies of ligand binding and structural change. This
knowledge became available in large part for the case of
HbCO with the microstate thermodynamic measurements of
Huang and Ackers (9). When the cooperative free energies
of the 10 equilibrium ligation microstates were measured,
those results gave access, via thermodynamic linkage to the
ligand affinity of the free dimers, many of the requisite
ligation microstate binding energies. However, determining
the remaining binding energies and all of the quaternary
structural transition energies requires additionally knowing
the ij∆Gc values of the remaining 10 metastable ligation
microstates representing the higher energy quaternary con-
former of each stable ligation microstate. Those values were
estimated in the MLFER model from additional experimental
information, whenever available, or from interpolations and
extrapolations of the experimental values, as described above.

The most fundamental test of the MLFER approach
afforded by the experimental results presented here is a
comparison of theRRT andRCO values determined from the
model to the values determined previously by the more
macroscopic (microstate averaged) studies cited above.
Although some differences could be expected betweenR
parameters determined from macroscopic and microscopic
kinetic models, too large a difference would suggest that the
microscopic energies used here were unrealistic and that the
RRT and RCO parameters served merely as arbitrary fitting
parameters. TheRRT value found here, 0.21( 0.03, is about
20% larger than values previously reported (e.g., 0.17(
0.02) (6). However, this small difference can probably be
attributed to the neglect of dissociated dimers in previous
studies, as it vanishes when tetramer dissociation to dimers
is also neglected in the MLFER model (results not shown).
Thus, the correspondence found here between previous
macroscopic and the current MLFER values for bothRRT

and RCO is close and suggests that the microstate energy
values used are indeed reasonably realistic, although some
cancellation of errors among neglected factors may contribute
to this agreement, as discussed further below.

The central assumption made in arriving at the free energy
values used in the model was the extrapolation of theij∆Gc

value of the stable (in stripped HbCO) R microstates,
{22,23,24}R and {31,32}R, (6.5 kcal/mol) to the metastable R
states,01R, {11,12}R, and21R. The approximation that the R
microstates have essentially identical cooperative free ener-
gies, in contrast to the large differences between the T
microstate energies, is consistent with the much weaker
dimer-dimer interactions present in the R microstates. Free

dimers are noncooperative; therefore, it is the strong con-
straints imposed by the T-state interactions that provide the
resistive force underpinning the large changes in conforma-
tional energy caused by ligand binding. (Note that this picture
implicitly takes the view of Shulman and others (39) that
T-state conformational strain energies are delocalized to a
large extent throughout the tetramer, as opposed to being
strictly localized to the progressive breaking of dimer-dimer
interactions with ligation first proposed by Perutz (40). The
delocalization of strain (which the intra-dimer cooperativity
inferred in the present work suggests remains localized
mainly to the ligated dimer) implies that the T dimer-dimer
contacts tend to resist deforming forces more stiffly than
other conformational degrees of freedom in the protein and
are thus less able to store strain energy.) The dimer-dimer
contacts are energetically weaker (e.g., by 6.5 kcal/mol for
01R relative to01T) and apparently much less conformation-
ally constrained in the R than in the T state; however, they
are still finite (∼8 kcal/mol) (9). Thus, we cannot rule out
the possible presence of significant (>0.3 kcal/mol) coopera-
tive free energy differences between the stable and metastable
R microstates. In particular, the small quaternary enhance-
ment evident in41∆Gc(R) relative to the R3 free energies
(0.3 kcal/mol stabilization) may be echoed in small enhance-
ments of R2 vs R1 or R1 vs R0. Also in this regard, some
reported L0 values suggest that01∆Gc(R) is a little larger
than 6.5 kcal/mol in the presence of 0.1 M Cl- (24). (Note
that any direct effect of IHP on R-state cooperative free
energies and ligand binding kinetics has also been neglected
in the model for simplicity, although there is evidence that
such effects may be significant (30, 32).)

The roles of chloride ion and IHP as allosteric effectors
are straightforward, as described above in the model, but
become more ambiguous when one considers that the present
experiments started with HbCO in the R conformation before
photodissociation. Even if effector binding is diffusion
controlled, there probably is not enough time after photo-
dissociation and the subsequent conversion of R conformers
to T for the reequilibration of effector binding. Thus, the
kinetic behavior of the T microstates reported here probably
reflects R-state levels of effector binding, whereas the
thermodynamic energies used in the model pertain to
effector-equilibrated states. Nonetheless, given the high
concentrations of chloride ion and IHP used relative to the
respective R-state effector binding affinities (26), we expect
that effector binding was reasonably close to stoichiometric
(95% for IHP binding). (The R4 binding affinity of Cl- does
not seem to be available. Hence, by analogy with IHP and
DPG, we assumed that the R4 binding affinity was ap-
proximately equal to the square root of the known T0

affinity.)
Having established the overall validity of the MLFER

approach to kinetic modeling in HbCO, we now examine
more detailed features of the model. In particular, we are
interested in the kinetic consequences of the splitting of the
T2 microstate energies, the free energy of placing both ligands
on the same dimer (21T) being several kcal lower than placing
a ligand on each dimer. The latter thermodynamic observa-
tion is at the core of the symmetry model for hemoglobin
allostery of Ackers and co-workers. Can we distinguish
kinetic correlates as well? To answer this question, we made
two comparisons. First, we compared the MLFER model to
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the simplest two-state model that still retained LFERs for
ligand binding and allostery. In this two-state LFER (TLFER)
model, the T microstate energies used above were replaced
by free energies that increased with ligation in equal
increments between the same endpoints as those used in the
MLFER model (i.e.,∆Gc

two-state(Ti) ) (i/4)11 kcal/mol).
(Note that all the models compared here used the same
number of free parameters.) This is a classical two-state
model in the sense that the equal spacing of the T levels
removes any cooperativity in ligand binding that is inde-
pendent of the R to T transition. In particular, setting the T2

microstate energies equal to one another implies loss of the
large intradimer cooperativity underlying the symmetry rule
for quaternary structural switching. A second, closer com-
parison was also made to a modified TLFER model in which
all of the MLFER ij∆Gc values were retained except for
21∆Gc(T), which was set equal to the value used for the
remaining T2 microstates (7.9 kcal in stripped HbCO).
(Although other values for equal T2 microstate energies could
be used, this value was determined to be the least disruptive
to the quality of the kinetic fits.) The modified TLFER model
thus retained some of the sequential T-state cooperativity
inherent in the MLFER model, but discarded the T2 energy
gap, the major manifestation of intradimer cooperativity. As
can been seen from the results in Table 6, both “two-state”
models produced significantly poorer fits to the data than
did the MLFER model. The modified model performed
significantly better than the simplest TLFER model, however,
implying that the inclusion of both novel features of the
MLFER model, T-state cooperativity in general and its large
intradimer component (the symmetry rule) in particular, is
important in arriving at the most accurate description of
HbCO kinetics.

A surprising kinetic consequence of the T-state cooper-
ativity inherent in the MLFER model is the prediction that
ligand recombination to the singly liganded T quaternary
structure proceeds nearly as rapidly as R-state rebinding.
Although we are aware of no precedent for this kinetic
assignment in hemoglobin, the identification of a fast
component in the distribution of T-microstate rebinding rate
constants may provide an explanation for a longstanding
puzzle in HbCO ligand binding kinetics: the appearance of
heterogeneous rebinding rates for the R state. This hetero-
geneity is exemplified by the observation of two rebinding
time constants in the 100-300 µs time regime in 7- and
8-exponential phenomenological fits of HbCO photolysis
kinetics (41). A second piece of this puzzle is the sensitivity
of this apparent R-state heterogeneity to the presence of
allosteric effectors (42). This kinetic heterogeneity has

traditionally been attributed to differentR and â chain
affinities within the tetramer, which are expected to correlate
with different binding rate constants. Theâ chains typically,
but not always, have been assigned the higher affinity, as
observed directly for the isolated chains (29). Yet, significant
chain differences are not observed in any of the post-
photolysis kinetic phases of cobalt-iron hybrid HbCO
tetramers (43) nor in the geminate rebinding dynamics of
native HbCO (44). The results of two-state kinetic modeling
of HbCO photolysis carefully elaborated to distinguishR,â
chain differences also indicate that there is very little
difference in their rebinding kinetics (7). In this light, the
present results suggest that the fast "â-chain" rebinding phase
(τ ∼ 100 µs) is actually due to R-state rebinding to both
types of chains, whereas the slow "R-chain" rebinding phase
(τ ∼ 300µs) is due to the atypically rapid T-state rebinding
reaction T1 + CO f 21T. This reassignment would also
naturally explain the other heretofore puzzling aspect of the
putative R-state kinetic heterogeneity, the ability of IHP and
other effectors to slow theR-CO binding rate constant but
not theâ-CO rate constant (28).

The sensitivity of the kinetic modeling results to the effects
of T-state cooperativity points out the inherent advantage of
kinetic techniques over equilibrium ligand binding measure-
ments such as saturation measurements in evaluating models
of cooperativity. Historically, the most compelling evidence
for the two-state model has come from the kinetic experi-
ments of Sawicki and Gibson (8), which identified only two
species after photolysis, a slow (T) and a fast (R) ligand-
rebinding form, regardless of the distribution of ligation states
created. In contrast, the MWC and KNF models of hemo-
globin cooperativity have been more difficult to distinguish
by use of equilibrium measurements. Similarly, significant
T-state cooperativity has not been observed in equilibrium
measurements of oxygen binding to T-state crystals, which
found that the Hill parametern ) 1 (45, 46). However, the
T-state cooperativity predicted by the MLFER model is a
“zero-sum game” in that the cooperative enhancement of the
rate constant for the reaction T1 + CO f 21T is immediately
offset by the roughly equal disenhancement of the rate
constant for the subsequent reaction21T + COf T3. Hence,
these effects are expected to largely cancel from aggregate
equilibrium measures of cooperativity such as the Hilln
value. The greater sensitivity of kinetic measurements in this
regard arises from the ability to study appreciable populations
of ligation intermediates that can be distinguished from one
another by differences in their dynamics, as opposed to
studying aggregate equilibrium populations that are domi-
nated by the reaction end states.

While advancing the propositions of T-state cooperativity
and the symmetry rule contained in the MLFER model, we
are also retaining the most basic feature of the two-state
model, the equilibrium between two quaternary structures.
In the MLFER model, the binding of ligands shifts the
equilibrium between the R and T conformers through
T-conformer strain forces that are primarily localized within
each dimer. A possible mechanistic scenario rationalizing
this localization is based on the premise that theR1â2

interactions are strong enough in the T conformation to resist
changes in interdimer structure upon binding of the first
ligand as forces pushing for such changes are transmitted
from the heme pocket to the interface by motion of the

Table 6: Comparison of Fit Qualities for Microstate and Two-State
LFER Kinetic Modelsa

model f + F

MLFER 0.025( 0.004
TLFER 0.053( 0.007
modified TLFER 0.036( 0.008

a Fit quality was measured by the quantityf + F. f, the sum of the
residuals squared, is defined in eq A15. The T-R spectral fitting penalty
F ) 0.1 ‚ ∑ (H i4 - H i3 - Di)2, whereH is the matrix of heme spectra
in eq A16 andD is the equilibrium T-R difference spectrum normalized
to the vector norm ofH4 - H3 (calculated T-R difference spectrum
after photolysis).
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F-helix. The resulting strain is accommodated in this scenario
by distortion of the ligated subunit’s tertiary structure as its
heme pocket is allowed to move toward theR1â2 interface
while the T-state dimer-dimer contacts are preserved. Be-
cause the subunits within a dimer are bound together very
tightly at theR1â1 interface, much of the tertiary distortion
induced in the first subunit could plausibly be echoed by
roughly parallel distortions in the second subunit as it is
tugged by the first at their common interface. A second ligand
can then bind to a subunit in this dimer more easily than to
subunits in the unligated dimer, the former being already
partially accommodated to the ligated tertiary structure,
whereas binding to the latter would require perturbing both
remaining subunits. If the second ligand does bind to the
unligated dimer, the free energy stored within each strained
dimer will exceed the free energy difference between the R
and T conformations of theR1â2 interface (at least in stripped
hemoglobin), triggering the TfR transition (the symmetry
rule).

The major cooperativity effects in ligand binding are still
mediated by the two-state equilibrium in the symmetry rule
model (and its kinetic analogue, the MLFER model), but
cooperativity within the quaternary states, particularly the T
conformer, cannot be neglected either. The important ad-
vantage gained in admitting this complication to the two-
state model, besides a more realistic description of hemo-
globin allostery, is the simplification afforded by using the
microstate cooperative energies as a guide to the kinetics.
In the present case, the complete post-photolysis kinetics of
HbCO in two very different effector conditions can be well
described by a MLFER model that uses only 8 free
parameters and less than 20 intermediates. Moreover, the
values of at least 4 of these parameters,RRT, kRT, RCO, and
kR are expected to apply to a wide variety of effector
conditions. It will be interesting to test this prediction of the
MLFER model against kinetic data for a wider variety of
perturbations such as pH, inorganic anions, and organic
phosphates, in addition to IHP.

In summary, we have applied a novel model combining
the LFER paradigm (5, 6, 35) and advances in the thermo-
dynamic characterization of hemoglobin cooperativity (1) to
describe the photodissociation kinetics of HbCO on the
microstate level. The excellent fit to the kinetic data and the
agreement of the rate constants obtained here with those
found in previous studies support the validity of this
approach. However, even stronger support is found in the
remarkably close correspondence of theR values determined

from the fitting with those found in previous studies. These
correspondences imply strongly that the thermodynamic
energies reported by Huang and Ackers directly underlie the
allosteric dynamics observed here. Accordingly, the model
confirms specific kinetic features predicted by those energies
such as cooperative ligand binding within the T microstates
and the importance of the21T microstate as a bottleneck
during ligand rebinding reactions. It also provides a natural
mechanism for incorporating the direct effect of allosteric
effectors on the ligand affinity and binding rate of the T
quaternary structure. This feature of hemoglobin allostery
implies direct communication between the (homotropic)
heme and heterotropic effector binding sites via conforma-
tional plasticity within the T quaternary state (47); hence, it
has been difficult to explain with simple two-state models
(48).

The utility of the model presented here is 2-fold: (1) it
promises to systematize the study of hemoglobin dynamics
via a small number of MLFER relation parameters that are
universal for a large class of perturbations, and (2) it provides
the ability to test microscopic details of allosteric dynamics.
Most interesting in the latter regard is the question of the
symmetry rule for quaternary change that has been deduced
by Ackers and co-workers from the thermodynamic evidence.
We find that fitting with a kinetic model that does not include
the energy splitting between T2 microstates that is implied
by the symmetry rule gives a significantly poorer fit to the
data than one that does include the symmetry rule. Statisti-
cally significant as this independent support for the symmetry
rule is, however, we recognize that it may not be dramatic
enough to decisively settle such an important question.
Therefore, more compelling evidence, obtained from ap-
plication of the model to kinetic data from iron-cobalt
hemoglobin hybrids, is presented in a companion paper (10).

APPENDIX

Coupling of Schemes 1 and 2. Scheme 1 (per heme basis)
and Scheme 2 (per tetramer basis) were coupled by use of
combinatorial statistics to describe the distribution of pho-
tolyzed hemes remaining within a tetramer after geminate
recombination. The relative populations of the Rt,n species
produced by geminate recombination are a simple function
of p (net photolysis yield) andn given by

Scheme 3

Pn ) 4!
(4 - n)!n!

p4-n(1-p)n (A1)
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The connections between Scheme 1 and Scheme 2 are then
made explicit by replacing the reaction step

with the four steps

where the statistical factorsCn are given by

and by making a similar replacement for

Optimization of Model Parameters in Fitting of Kinetic
Data. The full kinetic model comprising the geminate and
allosteric reactions (Schemes 1 and 2 combined via eqs A1-
10) can be represented by a matrix of rate constantsK in
the symbolic first-order rate equation

wherec(t) is a column vector containing the time-dependent
concentrations of the species in the combined Schemes 1
and 2. Matrix techniques were then used to solve eq A11
for the concentrations given the starting conditionc1(0) )
c0 (49), where c1(0) was the initial concentration of the
prompt geminate species [Fe‚‚‚CO]r and c0 was the total
HbCO concentration (assuming complete photodissociation
before geminate recombination.)

Our goal was to find the parameter values inK that
produce the best fit to the data matrixA (indexed by
wavelength and time) in

where the columns ofC are the values ofc(t) evaluated at
the experimental delay times and the columns ofB are the
spectra of the kinetic intermediates. In principle, the opti-
mization could be carried out directly using eq A12, but it

was more efficient to first decomposeA into separate spectral
and temporal matrixes and use the latter more compact
representation of the kinetic data.

Starting with chemically reasonable values for the model
parameters, the parameters were varied in a search (simplex
algorithm) for the set of values that optimized the fit of the
concentration kinetics to the time course of the data (i.e.,
minimizing the sum of squares of the deviations (f) between
the time course and the calculated fit). This optimization was
global over time and wavelength in that the time course was
represented by a matrixV obtained from singular value
decomposition (SVD) of the data matrixA, the former matrix
being indexed by time and SVD component number (11).
In the SVD expression

S is a diagonal matrix of nonnegative singular values
(spectrokinetic magnitudes of the orthogonal SVD compo-
nents), U contains the orthonormal SVD spectral basis
functions as columns, andV′ is the transpose of the matrix
of orthonormal temporal basis functions,V. The SVD
components were truncated to therth largest singular values
to obtain the approximate decomposition of the data matrix

The function to be minimized is then

wheret ands index a double sum over delay times and SVD
component number, respectively, and the sum overs is
truncated ats ) r. The indexed matrix element expression
in square brackets represents the best least-squares fit to the
observed temporal data inVr, using the heme chromophore-
type time-evolution functions inMC , where pinv(MC ) is
the Moore-Penrose pseudoinverse ofMC . M is a matrix
(Scheme 3) indexed by heme spectral type and kinetic species
number. Its effect in eq A15 is to constrain the fit to use
only four possible photolysis difference spectra for the
photolyzed hemes, labeled Rr, Rt, R, and T. The latter
correspond to the four conformationally distinct heme sites
recognized in the model: the prompt photolysis product, the
product of geminate tertiary relaxation, the product of early
R1â2 interfacial relaxation, and the product of full quaternary
relaxation, respectively. Thus Mij corresponds to the number
of heme sites of spectral typei contained in a tetramer
corresponding to the kinetic speciesj. This procedure
improved the stability of the fits by greatly reducing the
number of intermediate spectra calculated by the model
relative to the maximum possible, the latter being equal to
the total number of photodissociated species in Schemes 1
and 2 (n ) 17). The heme component spectra (columns of
H) were calculated from

The spectra of the individual intermediates in Equation
A12 are obtained from

[Fe‚‚‚CO]t 98
k6

[Fe‚‚‚]t

[Fe···CO]t98
C0k6

Rt,0 (A2)

[Fe···CO]t98
C1k6

Rt,1 (A3)

[Fe···CO]t98
C2k6

Rt,2 (A4)

[Fe···CO]t98
C3k6

Rt,3 (A5)

Cn ) nPn/ ∑
n′ ) 0

3

n′Pn′ (A6)

[Fe‚‚‚]r 98
k3

[Fe‚‚‚]t:

[Fe···]r 98
C0k3

Rt,0 (A7)

[Fe···]r 98
C1k3

Rt,1 (A8)

[Fe···]r 98
C2k3

Rt,2 (A9)

[Fe···]r 98
C3k3

Rt,3 (A10)

dc(t)
dt

) Kc(t) (A11)

A ) BC (A12)

A ) USV′ (A13)

Ar ) Ur Sr Vr′ (A14)

f ) ∑
ts

Sss
2(Vts - [(MC )′ ‚ pinv(MC )′ ‚ Vr]ts)

2

(A15)

H ) Ar pinv(MC ) (A16)

B ) HM (A17)
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Finally, an additional constraint was added to the modeling
to better resolve the kinetics of bimolecular recombinations
to the R and T states. Without such a constraint, it was found
that their kinetics tended to mix in the modeling because of
the relative spectral similarity of their unliganded heme sites
(17). This spectral constraint was implemented by comparing
the T f R difference spectrum calculated from the model
with the equilibrium difference spectrum measured by Perutz
et al. (50). A penaltyF proportional to the sum of squares
of the deviation of the shape of the calculated spectrum from
the Perutz spectrum was added tof, the totalf + F then being
minimized as a function of the fitting parameters. (A
proportionality factor assured that the penalty was roughly
similar in magnitude tof. The results of the optimization
were found to be insensitive to variations of this factor within
an order of magnitude around values obeying the condition
f ≈ F.)
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