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A summary is presented of our current understanding of the kinetics of ligand rebinding and conformational changes at room
temperature following photodissociation of the carbon monoxide complex of hemoglobin with pulsed lasers. The events which occur
subsequent to excitation have been followed over 12 decades in time, from about 100 fs to the completion of ligand rebinding at
about’ 100 ms. Experiments with picosecond and subpicosecond lasers by others, together with molecular dynamics simulations,
indicate that by 1 ns the deoxyhemoglobin photoproduct is in a thermally equilibrated ground electronic state, so that subsequent
processes are unaffected by the initial laser excitation. The principal results have been obtained from time-resolved optical absorption
spectroscopy using a sensitive nanosecond laser spectrometer. Five relaxations have been observed which are interpreted as geminate
rebinding at about 50 ns that competes with motion of the ligand away from the heme which produces a. tertiary conformational
change, a second tertiary conformational change at 0.5-1 us, tramsition from the R to T quaternary structure at about 20 pus, and
overall bimolecular rebinding of ligands from the solvent to the R and T quaternary structures at about 200 x5 and 10 ms. Assuming
that the dissociation pathway in photolysis experiments is the reverse of the association pathway, we find that for the R state there is
a 40% probability that the ligand will bind to the heme after entering the protein, and a 60% probability that it will return to the
solvent. Studies on the a-subunit of an iron-cobalt hybrid hemoglobin indicate that carbon monoxide enters the protein at the same
rate for both R and T quaternary structures. For the a-subunit in the T state the probability of binding after entry is much lower,
and the ligand returns to the solvent more than 99% of the time, accounting for the 60-fold overall lower association rate. This
decreased probability of binding results from a decreased rate of binding to the heme from within the protein, and not an increased
rate of return to the solvent. There are still unresolved problems on the basic structural description of carbon monoxidé binding and
dissociation, particularly the functional significance of the tertiary relaxations in both the R and T states, and the precise number of
kinetic barriers within the protein.

1. Introduction protein. This process is called geminate recombi-
: nation. At room temperature geminate recombina-

Dissociation of ligands from hemoglobin is a tion of carbon monoxide occurs on a nanosecond
multistep process [1]. This has been demonstrated time scale [2-18], while for oxygen geminate re-

by experiments in which a short laser pulse is used binding is observed on both nanosecond [8,9,19,20]
to break the heme-ligand bond. Not all photodis- and picosecond time scales [2,3,10,21,22]. A struc-
sociated ligands escape from the protein into the tural basis for geminate recombination has been
solvent. A certain fraction rebind from within the known since the early X-ray findings that there is

no open path from the heme iron to the solvent
Corrspondence address: W.A. Eaton, Laboratory of Chemical [23,24]. Residues on the surface of the protein

Physics, Building 2, Room B1-04, National Institute of Diabetes - "0Uld have to be displaced to allow the ligand to
and Digestive and Kidney Diseases, National Institutes of leave the protein after dissociation of the iron-
Health, Bethesda, MD 20892, U.S.A. ligand bond, or to enter the protein from the
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solvent. In terms of kinetics, this displacement
introduces a free energy barrier for both the entry
and the exit of the ligand.

In addition to geminate recombination, pulsed
laser measurements have exposed a series of time-
dependent changes in both the optical absorption
[14,15,18,25,26] and resonance Raman spectra
[27-34] of the deoxyheme photoproduct. Spectro-
scopic changes of the deoxyheme are expected
from X-ray crystallographic studies. Comparison
of the X-ray structures of liganded and deoxyhe-
moglobin in both the R and T quaternary struc-
ture shows changes that might be observable by
time-resolved spectroscopy [35—38). These include
displacement of the iron from the heme plane and
a doming of the porphyrin, a reorientation of the
heme plane [39-41], and tilting of the proximal
histidine relative to the heme plane as a result of
motion of the F-helix. The interpretation of spec-
tral changes in terms of specific structural changes
is still a major problem in making detailed inter-
pretations of the results of both time-resolved
absorption and resonance Raman studies. Molecu-
lar dynamics calculations are, however, beginning
to play a significant role in the interpretation of
experimental results on a subnanosecond time
scale [42,43).

In this article we summarize the major results
of our studies on' the kinetics of conformational
changes and ligand rebinding in human hemo-
globin following photodissociation of the carbon
monoxide complex at room temperature. The
principal objectives of this work have been to
develop a mechanism for ligand dissociation and
binding that describes the functional role of the
various conformational changes and to determine
the elementary kinetic steps of this mechanism
that are responsible for kinetic cooperativity
[14,18,44). Our approach has been to make very
precise measurements of optical absorption spec-
tra at various time delays following the photodis-
sociation of the carbon monoxide complex with
nanosecond laser pulses [14,15,18,44]. From these
measurements we have been able to determine the
kinetics of spectral changes resulting from confor-
mational changes in the deoxy photoproduct, as
well as the much larger spectral changes due to
ligand rebinding. In addition to the experimental

studies, we have employed molecular dynamics
calculations to simulate the photodissociation pro-
cess [42,43]. These calculations have been used as
a guide to understanding events that occur on a
subnanosecond time scale.

We begin by briefly summarizing the results of
these calculations and some of the experimental
results from other laboratories using picosecond
and subpicosecond lasers.

2. Subnanosecond experiments and molecular dy-
namics simulations

To understand fully the results of our studies
with nanosecond lasers, it is important to consider
first what processes have already taken place. One
would like to know as much as possible about the
details of the photodissociation process in order to
determine the relation between photodissociation
and the spontaneous thermal dissociation of the
ligand. Important results have been obtained both
from experiments using subnanosecond laser
pulses and from molecular dynamics simulations
of the photodissociation process.
~ The mechanism of photodissociation is still not
clear. Spectroscopic studies employing polarized
single-crystal absorption, and natural and mag-
netic-field-induced circular dichroism of solutions,
together with molecular orbital and crystal field
calculations, have provided a general description
of the nature of the electronic transitions that give
rise to the observed optical spectrum of the heme-
CO complex [41,45,46]. The lowest observed states
arise from electronic promotions within the iron d
orbitals [46]. There are several low-lying excited
states of the heme-CO complex with zero, two, or
four unpaired electrons [3,41,46] which might be
expected to have a repulsive potential for CO
binding because there is an electron in the d_:
orbital which is antibonding for the axial ligands
[47,48]. Any one of these could lead to photodis-
sociation [3,48]. The simplest description of the
photophysics would be one in which optical exci-
tation into the porphyrin o — 7 * state is followed
by relaxation into the d - d excited state with
four unpaired electrons, which has the same d-
orbital electronic configuration as the deoxyheme
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ground state (d2.d,,d d..d,=_ ) [46,49]. In this
description photodissociation occurs-on a single
potential surface. After correcting the steady-state
quantum yield for geminate recombination, the
photochemical quantum yield for myoglobin is
very close to unity [50].

Experiments on carbonmonoxyhemoglobin with
250 fs pulses show that the ground-state absorp-
tion spectrum in the region of the intense
porphyrin # — #* transition disappears in a time
shorter than the pulse width [51,52]. The ap-
pearance of a deoxyheme-hike absorption spec-
trum is slower, with a time constant of about 300
fs. This result was interpreted as indicating that a
deoxyheme in its.ground electronic state with the
iron displaced from the heme plane is formed
within about 300 fs. Molecular dynamics: studies
support this interpretation. Calculations have been
performed on a complete a-subunit of hemoglobin
in vacuo [42]. (The absence of solvent in this
calculation should not have a major effect on the
result since the heme is well buried inside the
protein.) In order to simulate the photolysis event,
a trajectory of the liganded molecule was inter-
rupted, the iron-carbon monoxide bond was
broken by introducing a weakly repulsive poten-
tial, and the potential function describing the
iron-porphyrin and iron-histidine bonding was
changed to one appropriate for a deoxyheme in its
ground electronic state. These calculations show
that the iron can be displaced from the heme
plane to a position close to that found in de-
oxyhemoglobin in less than 150 fs, in agreement
with the interpretation of the optical study (fig. 1).
The trajectories are not sufficiently accurate, how-
ever, to determine the extent of the displacement
to better than +0.1-0.2 A. Moreover, time-re-
solved resonance Raman studies of the “core-size
marker band> suggest that the iron displacement
at 30 ps following photolysis is smaller than that
found in equilibrium deoxyhemoglobin until the
time regime 10-300 ns [27-29,53].

A major difference between photodissociation
and thermal dissociation is that there is a large
amount of excess energy deposited in the heme as
a result of absorption of one or more photons. For
absorption of a single photon this energy is the
difference between the photon energy (e.g., 54

. 0.8
+
- 0.6}
0.4+
02f
Q

i
|
I
1
I
!
|
L "l
_0.2|||I
0.8 rrrr
!
I
|

L
|
|
1

Il
T T T

06l s
0.4 |
02}
ok
P P

-02 0 02 04 06 o] 02 04 0.6
TIME (picoseconds)

DISTANCE FROM MEAN PLANE (R)

Fig. 1. Photodissociation of HbCO a-subunit of hemoglobin
(from ref. 42). The distance of the iron from the mean plane of
the pyrrole nitrogens. for three trajectories is plotted as a
function of time using two different deoxyheme potential
functions (a and c). The vertical dashed line indicates the time
at which the heme potential function was changed to simulate
the initiation of photodissociation of the carbon monoxide
ligand. The curves in (b and d) are the average displacements
calculated from the three curves in (a and ¢). The horizontal
dashed lines in (b and d) are the displacements obtained from
a 9 ps average starting at +1 ps, while the horizontal dotted
line is the average displacement from a deoxyhemoglobin
trajectory.

keal/mol for a 530 nm photon) and the bond
dissociation energy (about 20 kcal /mol} or about
35 kcal /mol. In a typical experiment with picosec-
ond pulses many photons are absorbed per heme
(20 per heme in the original study [3]). If this
energy is converted into excess vibrational energy
of the ground electronic state of the deoxyheme
photoproduct, the resulting temperature of the
heme can be many hundreds of degrees above the
ambient temperature [43,54]. Conversion of a
single 530 nm photon into excess vibrational en-
ergy of a metal porphin is estimated to raise the
temperature by about 460 K [43).

To determine how fast the heme gives up this
excess vibrational energy to the surrounding pro-
tein, i.e., how fast the heme ‘cools’, a molecular
dynamics simulation was performed [43]. In these
calculations the velocities of the 24 porphyrin
skeletal atoms, the atoms of the = electron chro-
mophore, were scaled to increase the kinetic en-
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ergy by amounts corresponding to typical photon
energies in photolysis experiments. The tempera-
ture of the heme was calculated from the average
kinetic energy of the atoms. Calculations on
myoglobin and cytochrome ¢ give very similar
results, with about 50% of the temperature de-
crease occurring in about 10 ps (fig. 2). The energy
is transferred to the protein by collisions between
the heme and protein atoms. Analysis of the tem-
perature of the protein atoms indicates that they
heat up relatively uniformly, suggesting that the
energy is taken up by low-frequency modes that
involve collective motions of a large number of
atoms [55,56). By 50 ps the temperatures of both
the heme and the protein are stable. It will be
interesting to include solvent in future calculations
to simuldte the complete thermal equilibration of
the protein. Approximate classical heat conduc-
tion calculations suggest that the protein atoms
thermally equilibrate with the solvent in less than
100 ps.

Experiments with ‘8-ps pulses are consistent
with the molecular dynamics simulations. Spectral
changes of the myoglobin deoxy photoproduct are
observed that relax in 10-50 ps to a spectrum that
is stable until 1 ns [57). Similar results would be
expected for hemoglobin. These spectral changes
could correspond to decay of electronically excited
states [2,51,52,57,58], or, as suggested by the

800

T T T

Mb (+54)

-
3

° 8 8

—TT —TT

eyt—c (+81)

—TT

Mb (+81)

TEMPERATURE (K)
[+:]
8

IS
3

1w
8

o ,
0 20 40 60
TIME (ps)

20 40
TIME (ps)

Fig. 2. Molecular dynamics simulation of cooling after laser

excitation for absorption of a 353 nm (81 kcal /mol) or 530 nm

(54 kcal /mol) photon by myoglobin and cytochrome ¢ (from

ref. 43). The kinetic temperature of the 24 porphin skeletal

atoms (the w-electron chromophore), obtained from the aver-
age of eight trajectories, is plotted vs. time.

molecular dynamics simulations, to the dissipation
of excess vibrational energy resulting from laser
heating [43]. Not only is the shape of the optical
spectrum of the hemoglobin deoxy photoproduct
stable from about 30 ps to 10 ns, but no amplitude
changes have been observed, indicating that there
is less than about 10% subnanosecond geminate
rebinding at room temperature [3,10,59]. In
addition to optical absorption measurements, res-
onance Raman experiments have also been per-
formed in the time regime 30 ps-10 ns. Both the
iron-histidine. stretching frequency [33] and the
porphyrin core size marker band have been moni-
tored [27-29,53]). Although there are shifts in these
bands relative to their frequencies in equilibrium
deoxyhemoglobin, there are no changes between
30 ps and 10 ns.

The net result of the subnanosecond experi-
ments and molecular dynamics simulations is that
in less than 1 ns photodissociation of the carbon
monoxide complex of hemoglobin produces a
molecule at a temperature which is close to
ambient with the iron already displaced from the
heme plane, but possibly not as far as in equi-
librium deoxyhemoglobin. Furthermore, there does
not seem to be any reason at present to believe
that there are significant differences between the
photodissociated molecule and the spentaneously
dissociated molecule for times: of nanoseconds or
longer. With this background we can proceed to
discuss the results of our photodissociation experi-
ments with nanosecond laser pulses.

3. Kinetics of conformational changes and ligand
rebinding to R state hemoglobin

The simplest and most useful framework for
discussing the results of laser-photolysis experi-
ments is the two-state allosteric model [35,44,
60-63]. According to this 'model hemoglobin ex-
ists in only two affinity states, a low-affinity T
state having the quaterndry structure of the fully
deoxy molecule and a high affinity R state with
the quaternary structure of the fully liganded
molecule. Ligand binding to the heme in a T state
molecule produces conformational changes that
are transmitted to the intersubunit interface be-
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tween the af dimers that are related by a 2-fold
axis. This interface becomes increasingly destabi-
lized as successive ligands bind and, after the
binding of two or three ligands, is sufficiently
destabilized to tip the equilibrium between the
two quaternary conformations in favor of the R
state, causing a ‘switch’ from T to R. An essential
feature of the model is that within each quaternary
structure the binding constant for a heme does not
change with the number of ligands bound, but
depends only on the quaternary structure. There
are, then, two dissociation and rebinding mecha-
nisms to be investigated, one in which the liganded
molecules are in the R state prior to photodissoci-
ation, and another in which they are in the T state
prior to photodissociation. We shall see that it is
possible to explain all of the observed kinetic
behavior in the photolysis experiments without
having to introduce a more complex model. We
first discuss the results on hemoglobin in which all
molecules are in the R quaternary structure prior
to photodissociation.

One problem with measurements on the intact
tetramer is that the spectra of the « and 8 hemes
are almost identical, so that it is not possible to
study the behavior of the individual subunits. This
problem can be overcome by working with iron-
cobalt hybrid hemoglobins in which cobalt is sub-
stituted for iron in either the a- or B-subunit [64].
These molecules have several important properties
[19,20,64-66]. Cobalt porphyrins do not bind
carbon monoxide at all. Hemoglobin in which
cobalt is substituted for iron in both a- and f-sub-
units has a structure that is unchanged from the
all-iron molecule [67], and exhibits only slightly
reduced cooperativity in oxygen binding [68]. It is
therefore possible to treat the hybrid molecules,
a(Fe-C0O),B(Co), and a(Co),B(Fe-CO),, as
though they are doubly liganded intermediates of
normal all-iron hemoglobin.

Fig. 3 shows a portion of the data from a
typical experiment on intact carbonmonoxyhe-
moglobin. There is a multiphasic decrease in the
amplitude of the spectrum due to ligand rebind-
ing. There is also a change in the shape of the
spectrum, due to conformational changes in the
deoxy photoproduct. To condense and filter the
information contained in the approx. 100 mea-

a(Fe—C0),8(Fe—CO),

Fig. 3. Transient spectra (400-460 nm) as a function of the

logarithm of time following complete photodissociation of

carbonmonoxyhemoglobin at room temperature in 0.1 M
potassium phosphate buffer, pH 7.0 (from ref. 15).

sured spectra the data are subjected to singular
value decomposition [14,15,69]. This analysis de-
composes the observed spectra into a set of ortho-
normal basis spectra, together with the time
courses of the amplitudes of the basis spectra.
After fitting the time courses with a sum of ex-
ponentials we obtain a ligand rebinding curve as
well as the spectral changes associated with each
of the observed relaxations. ]

Fig. 4 shows the results of the analysis of the
data in fig. 3. Five relaxations are invariably ob-
served, which we label I-V. The spectral changes
in each relaxation appear to be almost exclusively
changes in the spectrum of the deoxy photoprod-
uct, and consist mainly of an increase of the
deoxyheme absorption intensity with time. By
varying the carbon monoxide pressure and the
degree of photolysis it has been possible to assign
four out of the five relaxations to well-defined
molecular processes [14,44]. About 40% of the
hemes rebind carbon monoxide in relaxation I at
about 50 ns. Experiments on the iron-cobalt hy-
brid molecules indicate that the geminate yield
and relaxation times are very similar for the a-
and B-subunits [1518]. Decreasing the carbon
monoxide pressure by 10-fold has no effect on
either the amplitude or time constant for rebind-
ing, indicating that it is a unimolecular process
and therefore corresponds to geminate rebinding
{14]. In partial photolysis experiments, where the
immediate photoproduct contains two or three
liganded hemes, the amplitude and rate for relaxa-
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tion I are unchanged [14]. This is consistent with
an allosteric picture in which the kinetic proper-
ties, at least for the first 100 ns or so after photo-
dissociation, do not depend on the number of
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bound ligand melecules per se, but only on the
quaternary structure.

There is also a deoxyheme spectral change asso-
ciated with the geminate rebinding in relaxation I
The rate of this spectral change is indistinguish-
able from the rate of geminate rebinding under a
variety of solution conditions {14,15,18]. This re-
sult indicates that the spectral change reflects a
parallel process that competes with geminate re-
binding, and is not some unrelated process. The
observed rate for relaxation I, then, is the sum of
the rates for geminate rebinding and the process
that causes the spectral change in the deoxy mole-
cule. * We shall discuss possible structural inter-
pretations of this spectral change later.

Relaxation II at 0.5-1 ps is the most difficult to
interpret. It consists mainly of a spectral change
of the deoxy heme, with barely detectable geminate
rebinding. In our initial studies [14,44), there was
a hint that the extent of rebinding may depend on
the carbon monoxide pressure, but subsequent
studies revealed no significant pressure depen-
dence (J. Hofrichter, unpublished results).

Relaxation ITT at 20 us corresponds to the
quaternary transition from R to.T. This interpre-
tation is based mainly on the results of partial
photolysis experiments [14]. If the degree of pho-
tolysis is sufficiently low, the photoproduct con-
sists almost completely of molecules with three
ligands bound. Three-fold liganded molecules are
prevented thermodynamically from switching to
the T quaternary structure, so that there should be
no observable R — T transition. This is indeed
what is observed. In experiments discussed later,
where the liganded molecule is already in the T
conformation prior to photodissociation, this re-
laxation is absent, confirming the assignment from
a totally different approach [18].

Relaxations IV and V at about 200 xs and
about 10 ms are assigned on the basis of previous
kinetic studies as bimolecular rebinding to hemo-
globin in the R and T quaternary conformations.

* For parallel first-order processes with a common reactant
(in this case the immediate photoproduct), the observed
relaxation rate is the sum of the rates for the individual
processes, and the fraction of each process is given by the
rate constant for the individual process divided by the
observed relaxation rate.
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The basis for this interpretation is that in partial
photolysis experiments only a rapid (200 pus) bi-
molecular phase is observed; in full photolysis
experiments, where the slower bimolecular phase
_is observed, the rate for the slow phase is close to
the rate observed when fully deoxygenated hemo-
globin is mixed with carbon monoxide [14,70).
There is additional information about R —» T
switching rates in the amplitudes of the R and T
state bimolecular rebinding phases. In a two-state
model the fraction of hemes that bind with a T
state overall association rate after photodissocia-
tion of an R state molecule is the fraction of
deoxy subunits which belong to tetramers that
change quaternary structure from R to T. If only
zero-liganded tetramers switch, the fraction of
hemes that bind with a T state rate is (1 — $)* for
all-iron hemoglobin, and (1 - ¢)? for the iron-
cobalt hybrids (where ¢ is the total geminate
yield), minus the fraction of hemes that bind
during the R, — T, transition (relaxation III). This
simple relation is realized for the iron-cobalt hy-
brids, indicating that the R; — T, rate is slower
than the R state binding rate (1/240 us for
a(Co), B(Fe)B(Fe-CO) in phosphate buffer [15],
and 1,/150 ps for a(Fe)a(Fe-CO)B(Co), in bis-tris
buffer [18]). For all-iron hemoglobin the fraction
of hemes binding with a T state rate is more than
twice that predicted from only R, — T, switching,
indicating that the R, — T, rate is comparable to
the overall association rate for the R state (1,/200

ps) [14].

4. Kinetics of conformational changes and ligand
rebinding to T state hemoglobin

Obtaining the equivalent kinetic information
on molecules that are in the T quaternary struc-
ture prior to photolysis presents special problems.
One possibility is simply to reduce the fractional
saturation of the sample to close to zero thereby
producing a population of partially liganded T
state molecules. This idea fails because as the
fraction of the liganded R state molecules de-
creases, their dilution increases dissociation into
dimers with the result that a significant liganded
dimer population is present at any practically
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useful hemoglobin concentration [71,72]. It is pos-
sible, however, to use allosteric effectors to switch
the doubly liganded iron-cobalt hybrid, a(Fe-
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CO), B(Co),, almost completely into the T state
[65]. The hybrid a(Co), B(Fe-CO), remains in the
R state in the presence of allosteric effectors
[65,66).

Fig. 5 compares the results for photodissocia-
tion of a(Fe-CO),B8(Co), in the presence and
absence of the allosteric effectors inositol
hexaphosphate (IHP) and bezafibrate (BZF) [18].
IHP binds in the cleft between the S-subunits [73],
while BZF binds in that between the a-subunits
[74]. In the absence of allosteric effectors this
molecule behaves like R state hemoglobin. The
addition of IHP and BZF produces striking
changes in the amplitudes of the ligand rebinding
phases. There is a marked reduction in the frac-
tion of hemes that undergo geminate recombina-
tion and rapid bimolecular rebinding (relaxation
IV). Over 90% of the ligand rebinding takes place
in the slow bimolecular phase (relaxation V) char-
acteristic of T state rebinding. In spite of these
large amplitude changes, there is almost no change
in the observed relaxation time for geminate re-
binding, bimolecular rebinding to the R state, or
bimolecular rebinding to the T state. The molecule
appears to behave like an ideal two-state allosteric
molecule. The only influence of the allosteric ef-
fectors is to increase the population of the T state
molecules relative to that of the R state, without
affecting the kinetic properties of either quaternary
state.

A small amount of rapid bimolecular rebinding
(relaxation I'V) remains, indicating that conversion
of the population to the T state is incomplete. To
obtain the properties of the pure T state the
various kinetic properties can be extrapolated to
zero rapid bimolecular rebinding, i.e., to condi-
tions where there are no R state molecules and no
dimers (which have a bimolecular rate very similar
to that of the R state). As pointed out earlier, this
extrapolation results in zero amplitude for the
spectral change in relaxation III, which is con-
sistent with its assignment to the R - T transi-
tion. * The extrapolated value for the geminate

* An alternative interpretation of the spectral changes in
relaxations I-1IT has been proposed on the basis of a change
in the tyrosine resonance Raman spectrum {75). The
observation of a ‘T-like’ tyrosine spectrum in the deoxy

yield in relaxation I is —0.009 +0.009. The
geminate yield cannot, of course, be zero since
there must be some finite probability of rebinding
to the heme after photodissociation. (If the inter-
mediate produced by photodissociation is the same
as that obtained after the ligand enters the protein
from the solvent, then the geminate yield must be
a finite, positive number otherwise no reaction
would take place). For the present we use a value
of 0.01 as an upper limit for the geminate yield of
the T state molecule [18].

In order to complete the kinetic analysis of
geminate rebinding in the T state we need to know
the rate for relaxation I. Determination of the
relaxation rate from the ligand rebinding progress
curve is not possible because the observed ampli-
tude is dominated by the R state and dimer con-
tribution. This rate can be determined, however,
from the rate for the associated spectral change if
we assume that it is a parallel process that com-
petes with geminate rebinding, as in the R state.
The extrapolated value is’virtually the same as is
found for the geminate process in the R state,
indicating that the low geminate yield in the T
state does not arise from an increase in the rate of
the competing process, but a marked decrease in
the rate of ligand rebinding to the heme [18].

6. Elementary steps in kinetic éooperativity

The difference in affinity of R and T state
hemoglobin for carbon monoxide is manifested
mainly in the overall association rate [70,76,77].
The R state binds carbon monoxide about 60
-times faster than the T state [18]. In contrast, the
overall dissociation rate for the T state is about
10-times faster than that for the R state [78)]. The
rebinding data in the photolysis experiments can

photoproduct of 7 ns laser excitation led to the proposal
that the quaternary change occurs in less than 7 ns and that
the optical relaxations I-III at 50 ns, 0.5-1 ps, and 20 ps
represent the tertiary relaxation in response to the quaternary
change. This possibility scems unlikely in view of the ob-
servation that relaxation III is absent after photodissociation
of the T state, yet relaxations 1 and II remain in the absence
of any possible quaternary change.
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be used to explain these differences in the overall
rates for the two quaternary structures in terms of
the elementary kinetic steps that make up the
reaction. To do so we first consider the simplest
‘model that accounts for the major features of the
ligand rebinding curve. In this model there are
only three significant species for each quaternary
structure: the liganded molecule (HbCO), the
molecule in which the ligand is dissociated from
the heme, but is still localized to the region of the
heme pocket (Hb - CO), and the molecule in which
the ligand has escaped into the solvent (Hb + CO)
[50], i.e.:

SpeCieS 1 kg 2 ks 3
HbCOSHb - COS Hb + CO (1)
Ky, » :

This kinetic scheme introduces the possibility that

I. Only entry rate changes

|

Protein  Solvent

Heme

Observed

$, Only heme binding rate
changes

Fig. 6. Schematic diagram for possibie origins of kinetic coop-
erativity (from ref. 18). The relative free energy is plotted vs.
the distance between the heme iron and the ligand. The solid
curves are for the R state, while the dashed curves are for the T
state. Three hypothetical cases are presented in which the
decrease by a factor of about 60 in the overall T state binding
rate compared to the overall R state binding rate is accom-
plished by decreasing the rate of entry of the ligand into the
protein (case I), increasing the rate of return of the ligand into
the solvent (case II), and decreasing the rate of binding to the
heme from within the protein (case III). The observed data are
very close to case III.

II. Only exit rate changes

the quaternary structure can change the overall
rate by changing one or more elementary rates
(fig. 6). ‘

Using the steady-state approximation for the
intermediate species (Hb-CO) the relation be-
tween the overall dissociation, k.., and associ-
ation, k,, rates and the kinetic constants of eq. 1
is given by:

kog=kyy(1—¢), ¢=ky/(ky+ky),

kgem=k21+k23 (2)
and
kon = k32¢’ (3)

where ¢ is the geminate yield and k., the rate
constant for the geminate relaxation phase. For
the overall dissociation rate the difference in
geminate yields (¢) of 0.4 for the R state and
<001 for the T state indicates that the heme-
ligand bond-breaking rate (k,,) is mainly respon-
sible for the difference in factor of 10 for kg [14].
Eq. 2 shows that only a factor of at most 1.7 can
be accounted for by the difference in geminate
yields for the two quaternary structures.

The geminate process is much more important
in determining the difference in overall association
rates between the T and R quaternary structures.
In considering the association reaction the
geminate yield in the photolysis experiments is
equivalent to the probability that the ligand will
bind to the heme after it enters the protein from
the solvent. For the R state the ligand binds to the
heme 40% of the time and returns to the solvent
60% of the time. For the T state the probability of
binding is less than 1%, and the ligand returns to
the solvent over 99% of the time after entering the
protein.

The close correspondence between the ratio of
the overall association rates (~ 60) and the ratio
of the geminate yields (> 40) for the two
quaternary structures indicates that the 60-fold
slower overall association rate does not arise from
a decteased rate of entry (k,,) of the ligand from
the solvent into the protein in the T state. The
decreased overall association rate must result from
a low probability of binding to the heme once the
ligand has entered the protein. This could in
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principle arise either from an increased rate of
return of the ligand to the solvent (k,;) or a
decreased binding rate to the heme (k,;) (see eq.
2). The finding that the relaxation time of the
associated spectral change (=1/(k, +k,;)) is
close to the R state value indicates that the de-
creased binding rate is responsible [18].

According to the simplest model for the kinetic
data, then, it would appear that quaternary struc-
ture has little or no effect on the barriers for the
entrance and exit of the ligand, but influences the
overall association rates almost entirely by chang-
ing the rate of binding to the heme from within
the protein [18]. Use of a three-species model (eq.
1), however, may be a significant oversimplifica-
tion. First, we have ignored relaxation II at 0.5-1.0
ps in this analysis. There is very little ligand
rebinding in relaxation II, but there is a clear
deoxyheme spectral change. This relaxation can be
incorporated in a straightforward way by postulat-
ing that the ligand does not exit from the protein
in relaxation I, but moves from the heme pocket
to some other part of the protein. Relaxation II
would then correspond to the parallel processes in
which the ligand exits from the protein into the
solvent, or returns to the heme pocket. In this
slightly more complex model, the effect of
quaternary structure would still be to alter the rate
of binding of the ligand to the heme from within
the heme pocket.

In addition to relaxation II, there may be an
additional ligand rebinding relaxation occurring
on a subnanosecond time scale. As pointed out
earlier, transient optical spectra measured with
either 8- or 35-ps pulses [3,10,59] show no mea-
surable geminate recombination in less than 10 ns,
These experiments were, however, designed for
measuring changes in spectral shape, and geminate
recombination of less than 10% could have escaped
detection. Single-wavelength kinetic studies show
that at 10°C there is about 10% recombination
for R state hemoglobin in the time regime 30
ps—2.4 ns [22,79]. Also B8* chains in 75% glycerol
at room temperature show about 15% geminate
recombination with a time constant of approx. 1
ns [80). There are no data on carbon monoxide
rebinding to T state hemoglobin on a subnano-
second time scale, but geminate rebinding cannot

be more than a few percent, since the apparent
photochemical quantum yield measured with mi-
crosecond lasers is greater than 95% [81].

Although the addition of a subnanosecond re-
laxation and relaxation 1I would complicate the
ligand rebinding mechanism, it does not change
the fundamental result that the lower overall as-
sociation rate for the T state compared to the R
state most probably results from a lower rate of
binding to the heme from within the protein [18].
It will not be possible to proceed further with the
analysis of the mechanism until transient spectra
are measured over a wide range of temperatures,
as in the single-wavelength studies [80], and the
spectra on a subnanosecond time scale are mea-
sured with a . sensitivity comparable to our
nanosecond studies.

7. Origin and significance of the deoxyheme spec-
tral changes

Perhaps the most important question concern-
ing the deoxyheme spectral changes is their func-
tional significance. In the kinetic scheme that we
discussed above, it was implicitly assumed that the
tertiary conformational changes that produce the
deoxyheme spectral changes in relaxations I and
II are associated with movement of the ligand
from one part of the protein to another or with
exit into the solvent. Such a conformational change
could result from the collapse of the protein into
the ‘hole’ left by the departing ligand [14]. If these
tertiary relaxations are not associated with ligand
motion, a more complex model must be employed.
The simplest of such models is one in which the
photodissociated ligand remains in the heme
pocket during relaxation I, and the tertiary con-
formational change in relaxation I decreases the
heme binding rate sufficiently to allow almost all
of the remaining unbound ligands to escape into
the solvent (or to another part of the protein)
[15,34,82,83). In this model the decreased binding
rate at the heme is still responsible for the de-
creased overall binding rate to the T state. An
unattractive feature of this model is that the
quaternary structure would have no effect on the
rate of the tertiary relaxation that is slowing down
the binding rate at the heme.
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There are some interesting implications of the
model in which the tertiary conformational
changes of relaxations I and II have no effect on
the binding rate of the ligand to the heme from
within the protein. This interpretation requires
that if any functionally significant tertiary confor-
mational changes do take place, they must have
occurred prior to ligand rebinding, i.e., on a sub-
nanosecond time scale. As pointed out earlier, no
such changes have been observed. Both optical
absorption [3,10,59] and resonance Raman experi-
ments [27-29,33] have failed to reveal any spectral
changes in the time regime 30 ps-10 ns, There are
two possible explanations. One is that the protein
maintains the conformation of the liganded mole-
cule until relaxation I at 50'ns [34). In this case the
conformational changes of the globin observed by
X-ray crystallography [38] would result entirely
from ligand motion or escape of the ligand to the
solvent during the observed relaxations I and II.
The second explanation is that the response of the
globin to ligand dissociation is very rapid, occur-
ring in less than 30 ps. Spectral changes due to
sub-30-ps conformational changes would be dif-
ficult to distinguish from those that result from
electronic [2,52,57,58,84] and vibrational relaxa-
tion (i-e., heme ‘cooling' [43]). In this case some
portion of the tertiary conformational changes
observed by X-ray crystallography [38] would be
associated with the sub-30-ps response to the heme
conformational change, and the remainder associ-
ated with ligand motion.

The question of the time scale on which func-
tionally significant conformational changes occur
relative to that of ligand rebinding is an important
issue in interpreting the results at physiological
temperatures in terms of the processes observed in
low-temperature kinetics, Single-wavelength kinet-
ic studies in the temperature range 100-180 K
have been carried out for carbon monoxide re-
binding to carp hemoglobin under solvent condi-
tions that favor either the R or T affinity states at
room temperature [85]. The nonexponential re-
binding was interpreted in terms of an activation
energy distribution for rebinding to the heme from
within the heme pocket resulting from a distri-
bution of conformational substates that are ‘frozen
in” at low temperature and bind with different

rates [1]. This distribution was then used to calcu-
late the average rate at 280 K, assuming that all
conformational substates at this temperature are
sampled on a time scale which is short compared
to the fastest binding rate. The ratio of the average
rates calculated in this way was only 2.5, com-
pared to the ratio of 30 for the overall association
rates. From this result the authors concluded that
the ‘outer barriers’ for ligand motion, and not
ligand binding at the heme, are being altered by
the change in quaternary structure [85]. An alter-
native explanation for this result is that the distri-
bution of conformational substates at low temper-
ature is the distribution corresponding to the
liganded molecules, because at this temperature
protein conformational changes that affect the
binding rate have not yet occurred (these would
presumably correspond to the sub-30-ps confor-
mational changes that may occur in human hemo-
globin at room temperature).

Up to now we have only presented a phenome-
nological discussion of the deoxyheme spectral
changes, with no attempt to give any detailed
structural interpretation. The reason is simply that
the optical spectra of deoxyhemes are complex
[41,46] and not - sufficiently well understood to
provide any concrete theoretical insights. How-
ever, it is clearly important to understand  the
structural origin of changes in the heme optical
spectrum in order to incorporate the results of
X-ray crystallography into the binding mecha-
nism. A brief discussion is therefore worthwhile at
this point in order to clarify the principal issues.

All of the optical changes that have been ob-
served up to now appear to be exclusively associ-
ated with the deoxyhemes (figs. 4 and 5). No
changes in the spectrum of the heme-CO complex
have been observed, either because they are fast
relative to the ligand rebinding rates, or because
the spectrum is relatively insensitive to conforma-
tional changes [36,86]. One of the major findings
concerming the deoxyheme spectral changes is that
they all have very similar shapes (figs. 4 and 5),
suggesting that the structural changes responsible
for the spectral changes are very similar. Also, the
amplitudes for the tertiary conformational changes
are very similar in magnitude for the R and T
quaternary structures. After normalizing for the
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number of deoxyhemes that undergo the R-»T
transition, the amplitude of the quaternary transi-
tion is larger than the sum of the amplitudes for
the two tertiary changes. This is comsistent with
the finding from X-ray crystallography that con-
formational changes associated with the quaterna-
ry change are larger than the tertiary conforma-
tional changes upon ligand dissociation within
either the R or T quaternary structure [38]}.

The tertiary conformational changes observed
crystallographically are different for the R and T
quaternary structures [38], suggesting that the
changes in the optical spectra do not arise solely
from changes in the heme environment. A more
likely cause for the optical spectral changes is that
the globin conformational change is coupled to a
change in the geometry of the heme complex.
Several changes in the geometry of the heme com-
plex are known from X-ray crystallography to
occur upon ligand dissociation within the R or T
quaternary structures, or upon switching from the
deoxy R to deoxy T quaternary structure. These
include displacement of the iron from the heme
plane toward the proximal histidine, tilting of the
histidine imidazole ring relative to the porphyrin
plane, and doming of the porphyrin ring [38). The
most likely candidate for the origin of the ob-
served spectral changes is the iron displacement,
since it is the only change that appears to be
clearly common to the three types of conforma-
tional changes examined in the time-resolved opti-
cal experiments (i.e., tertiary conformational
changes resulting from ligand dissociation within
the R or T quaternary structures, and tertiary
coriformational changes resulting from the switch
from deoxy R to deoxy T) [38].

Since the d-orbital energy levels are sensitive to
the detailed geometry of the iron-ligand complex,
changes in the iron position could have an indirect
effect on the Soret = — «* transition as a result
of changes in the population of the sublevels of
the ground electronic state. * A more direct effect

* The spectral change of the Soret band of the deoxyheme
photoproduct is mainly an increase in intensity and a slight
blue shift with increasing time (figs. 4 and 5). The ground
electronic state of deoxyheme has the d-electron configura-
tion d2,d, d d,2d,:_ 2 [46,49), which derives from a state

in octahedral symmetry that is 15-fold degenerate (3T;).

would be expected on transitions in which the
d-orbitals are directly involved in the optical tran-
sition. Such an effect has been observed on the
760 nm charge-transfer band [26,88,89] which
arises from the orbital promotion: porphyrin,
ay,(#w)—iron, d , [46]. **. The band of the im-
mediate photoproduct is initially red-shifted com-
pared to the equilibrium spectrum, and moves
toward the equilibrium spectrum as a function of

time with kinetics at room temperature that are

very similar, and possibly identical, to what is
observed for the Soret band [26]. The blue shift
with time is consistent with the results of extended
Hiickel calculations on the imidazole complex of
ferrous porphin (L.K. Hanson and W.A. Eaton,
unpublished results). These calculations show that
the energy of the iron d,, orbital increases with

** An alternative assignment for the 760 nm band has been
proposed in which the orbital promotion responsible for
the transition is jron, d,:_,2 — porphyrin, e (=*) [90].
Because of the degeneracy of the acceptor orbital in the
electronic promotion this assignment predicts that the
tramsition exhibit x, y-polarization. A careful determina-
tion of the polarization for the 760 nm band of the deoxy-
hemoglobin single crystal shows that it is not x,y but
is consistent with the nondegenerate porphyrin, a,, (%) —+
iron, d , [46]. For deoxymyoglobin the polarization was
reported as x,y [90], but this conclusion was based on an
indirect procedure (91} in which the contribution from the
760 nm band to the crystal polarization ratio in this
wavelength region was not separately determined. The
d,2_,2 > g (7*) assignment is also inconsistent with the
observation of very weak natural circular dichroism, since
this transition should have significant magnetic dipole
strength [41,46,92,93].

"Although the 3-fold orbital degeneracy is removed by the
asymmetric ligand field of the pyrrole nitrogens and prox-
imal histidine, and the 5-fold spin degeneracy by spin-orbit
coupling, 11 sublevels are spread over an energy range of
only 400 cm~! [49]. One of these derives from the A, state
with the low-spin configuration d2,d2 d2, and is calculated
to lie about 100 cm™! above the lowest sublevel. The low
encrgy of the separation between these 11 sublevels suggests
that rather small structural changes could produce signifi-
cant changes in their relative population. Differences in the
wave functions for the individual sublevels could result in
different transition intensities. The biggest difference would
be expected for transitions from the ‘A, state, which would
also be expected at different energy. Changes in the popu-
lation of this singlet state are analogous to the high-spin,
low-spin equilibrium observed in ferric heme proteins, where
there are large optical changes [87].



L.P. Murray et al. / Time-resolved spectroscopy and dynamics of hemoglobin 75

increasing displacement of the iron from the
porphin plane, with no significant change in the
energy of the porphryin a, () orbital. It would
be worthwhile at this point to carry out motre
realistic calculations of the spectra of deoxyhemes
as a function of geometry to test these ideas, and
to explore other possible causes for the optical
changes, such as changes in the tilt of the prox-
imal histidine with respect to the heme plane [34],
and changes in porphyrin doming.
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