
Abstract Using stopped-flow rapid mixing and flash
photolysis techniques, the dissociation rate coefficients of
horse carbonmonoxy myoglobin (hMbCO) and oxygen-
ated myoglobin (hMbO2) in aqueous solution have been
determined as a function of temperature between 274 and
342 K. From the Arrhenius plot, an activation enthalpy for
dissociation of 74 kJ/mol was obtained for both ligands.
The pronounced kinetic differences arise from markedly
different pre-exponentials. We compare the Arrhenius pa-
rameters with those of the association reaction, as meas-
ured at cryogenic temperatures. In our analysis we con-
clude that the entropy loss upon binding of O2 is twice as
large as that for CO. Taking reasonable estimates for the
frequency factor, the transition state entropy in hMbO2 is
located roughly half way in between the entropies of the
bound and unbound states. By contrast, the entropy of the
transition state in hMbCO appears to be identical to that
of the bound state. Possible structural reasons for the dif-
ferent behavior are discussed.
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1 Introduction

All functional processes in living systems are based on
chemical reactions that take place in the complex but highly
organized environment provided by biological macromol-
ecules. To understand biology at the molecular level, we
need to know how the reaction rates are controlled and fine-
tuned. Heme proteins offer unique advantages for these
studies, and consequently, ligand binding to heme proteins

is most likely the single best-studied chemical reaction in
the condensed phase (Frauenfelder and Wolynes 1985).
The small, monomeric myoglobin (Mb), is a particularly
useful model system, and myoglobins of many different
species and many mutants have been characterized struc-
turally (Phillips 1980; Kuriyan et al. 1986; Schlichting
et al. 1994; Yang and Phillips 1996). Functional aspects
have been studied in great detail using steady-state and
time-resolved spectroscopic methods, including visible
(Austin et al. 1975; Steinbach et al. 1991; Ansari et al.
1994), near-infrared (Campbell et al. 1987; Steinbach et al.
1991; Nienhaus et al. 1992; Lim et al. 1993), mid-infrared
(Alben et al. 1982; Shimada and Caughey 1982; Mourant
et al. 1993; Braunstein et al. 1993; Li et al. 1994; Nien-
haus et al. 1994) and resonance Raman (Rousseau and Ar-
gade 1986; Champion 1988; Ahmed et al. 1991; Gilch et al.
1993) spectroscopies.

Ligand binding is a complex process that does not only
involve motions of the ligand and the heme iron, but also
conformational rearrangement of the entire protein glob-
ule. The basic features of the reaction can be described with
the following scheme (Nienhaus et al. 1994; Nienhaus
et al. 1995),

A [ B0
[ B3

[ S . (1)

Here, A represents the ligand-bound state. Immediately 
after ligand dissociation, the system is in state B0, where
the protein globule is in an intermediate, metastable state
similar to A, and the ligand is in the heme pocket. From
B0, it can relax to the equilibrium unligated structure, with
the ligand still in the heme pocket (state B3). Finally, the
ligand can exit to the solvent, and the protein is in the de-
oxy state (state S).

In this contribution, we focus on the final binding step,
A [ B0, in the association and dissociation of carbon
monoxide (CO) and dioxygen (O2). Below 160 K, protein
motions are mostly arrested, and the molecule remains in
state B0 after photodissociation until it returns to A upon
recombination. Cryo-crystallographic studies of B0 of
MbCO have recently been performed (Schlichting et al.
1994; Teng et al. 1994; Hartmann et al. 1996). The rebind-
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ing (B0 → A) can be conveniently studied by flash photo-
lysis at low temperatures (Austin et al. 1975). The reverse
reaction (A → B0) can only be studied at higher tempera-
tures where thermal energy is sufficient to yield a reason-
able rate of dissociation events 1. In either direction, the
temperature dependence of the rate coefficients is given by
the Arrhenius law,

k = A (T /T0) exp [−H /RT ] , (2)

where A is a pre-exponential factor, T is the absolute tem-
perature and T0 is a reference temperature set to 100 K.
The activation enthalpy is denoted by H and the universal
gas constant by R.

The ligand binding process involves motions of the nu-
clei and also spin-tunneling processes in the electronic sub-
system. In many reactions, the electronic configuration
adapts adiabatically to the positions of the nuclei, and the
reaction proceeds on a single, adiabatic reaction surface.
In some cases, for instance in reactions involving spin
changes or electron transfer over long distances, the elec-
tronic subsystem cannot keep up with the nuclear motion,
and its dynamics has to be taken into account in a nonadi-
abatic theory. The oxygen binding reaction involves a net
spin change of one which implies a first-order spin-orbit
interaction. This process should be sufficiently fast that an
adiabatic approach is warranted. For CO binding, however,
a spin change of two has to take place via the slower second-
order spin-orbit interaction, and nonadiabatic theories have
been put forward by Hopfield and collaborators (Redi et al.
1981) and Jortner and collaborators (Jortner and Ulstrup
1979; Buhks and Jortner 1985).

Frauenfelder and Wolynes (1985) pointed out that the
electronic differences in the binding of CO and O2 to sperm
whale myoglobin (swMb) and hemoglobin chains should
be reflected in pronounced differences in the Arrhenius pa-
rameters of the recombination reaction. Surprisingly, how-
ever, geminate recombination (B → A) after photodissoci-
ation between 60 and 160 K shows very similar kinetics
for MbO2 and MbCO 2. The fraction of molecules that have
not rebound a ligand at time t after photodissocation, N (t),
can be described with a single distribution, g (HBA), of ac-
tivation barriers, so that

N (t) = ∫ g (HBA) exp [−kBA t] dH , (3)

with kBA given by Eq. (2). The enthalpy barrier distribu-
tions for both ligands peak at ≈10 kJ/mol, and the pre-
exponentials ABA ≈109 s–1. It was suggested that the pres-
ence of friction and intermediate states along the reaction
coordinate renders the normally nonadiabatic CO recom-
bination reaction adiabatic (Frauenfelder and Wolynes
1985).

Additional information about the A [ B transition can
be obtained from the dissociation reaction. Measurements
of dissociation rates of heme proteins have a long history.
Early work was summarized by Gibson (1959), and an ex-
tensive compilation was given by Antonini and Brunori
(1971). While rate coefficients at room temperature are of-
ten measured and reported, measurements of the tempera-
ture dependencies are much less frequently found. They
are, however, most interesting if one wants to elucidate the
details of the reaction mechanism. Here we have measured
the temperature dependence of the rate coefficients for 
dissociation of CO and O2 from horse myoglobin over as
wide a temperature range as possible to determine the pre-
exponentials and activation enthalpies of dissociation.
While the association parameters for CO and O2 are sim-
ilar, the pre-exponentials for dissociation are in fact very
different. Based on the assumption that the reaction sur-
face that governs the final binding step is weakly depen-
dent on temperature, we will show that the entropy differ-
ence between the unbound and bound states leads to the
faster dissociation of dioxygen from myoglobin and dis-
cuss possible structural reasons for the difference.

2 Experimental Procedures

Samples of hMbCO and hMbO2 were prepared by dissolv-
ing freeze-dried myoglobin powder in phosphate buffer
(0.1 M, pH 7) and reducing with a three-fold excess of so-
dium dithionite solution under anaerobic conditions. The
ligated forms were obtained by equilibration with 1 atm of
CO or O2. The final protein concentrations of the samples
was ≈15 µM. For the stopped-flow experiments, phos-
phate buffer (0.1 M, pH 7) was equilibrated with 1 atm of
CO or NO. The NO gas was washed in carbonate buffer
(pH 10) prior to use.

To determine the ligand dissociation rates in hMbCO
and hMbO2, the protein solutions were rapidly mixed with
a solution of the replacing ligand in a stopped-flow spec-
trometer (Kinetic Instruments, Bethesda, MD) equipped
with a thermostatted water circulator (Haake, Paramus,
NJ). NO was used to replace CO, and CO was used to re-
place O2. The progress of the replacement reaction was
monitored at a wavelength of 420 nm. At each tempera-
ture, between 3 and 10 kinetics traces were taken. Data
were collected with a digital storage oscilloscope (model
3091; Nicolet, Madison, WI) linked to a Gateway 2000 PC.

Ligand association was studied with a flash photolysis
system that employs a 6 ns (FWHM) wide pulse from a
frequency-doubled, Q-switched Nd-YAG laser (532 nm,
300 mJ) for the photolysis (model NY-61, Continuum,
Santa Clara, CA). Rebinding was monitored with light
from a tungsten lamp that passed through a monochroma-
tor set at 440 nm. The light intensity was measured with 
a photomultiplier tube (model R 928; Hamamatsu Corp.,
Middlesex, NJ) and digitized with a home-made loga-
rithmic-time-base digitizer (Wondertoy II) (Berendzen
et al. 1989) from 1 µs to 100 s and a 500 MHz digital 
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1 In the following, we shall drop the superscript ‘0’ for simplicity,
since we are not concerned with the protein relaxation here
2 A substantial fraction of MbO2 is not observed to recombine 
geminately on the nanosecond time scale and probably rebinds very
fast (Petrich et al. 1988; Chance et al. 1990). This subpopulation is
characterized by small out-of-plane displacements of the heme iron
(Ahmed et al. 1991). We will not consider this component in our dis-
cussion



storage oscilloscope from 2 ns to 100 µs (model TDS 520;
Tektronix, Wilsonville, OR). The sample was kept in a 
storage cryostat (model 10-DT; Janis Research Co. Inc.,
Wilmington, MA) equipped with a digital temperature con-
troller (model DRC82C; Lake Shore Cryotronics Inc.,
Westerville, OH).

The apparent rate coefficients were extracted from both
stopped-flow and flash photolysis data by least-squares fits
of exponentials.

3 Determination of kAB

The replacement reaction can be written as

λ –L λR

MbL + R [ Mb + L + R [ MbR + L , (4)
λL λ –R

where L is the ligand that is initially bound, R is the re-
placing ligand, λ–L and λ–R are the overall dissociation rate
coefficients, and λL and λR are the overall association rate
coefficients. We use here pseudo-first-order rate coeffi-
cients because in our experiments the ligand concentration
(≈1 mM) is much larger than the protein concentration 
(≈15 µM). For this scheme, the apparent rate coefficient,
λapp , in a stopped-flow experiment is given by (Olson,
1981)

(5)

In the replacement of CO by NO, NO binds about 70 times
faster and dissociates about 200 times slower than CO.
Thus, λR oλL , λ–R O λ–L , and Eq. (5) simplifies to

λapp ≈ λ–L . (6)

Therefore, the apparent rate coefficient obtained from the
CO/NO replacement reaction is in a very good approxima-
tion the overall CO dissociation rate coefficient.

In contrast, upon replacement of O2 by CO, the replac-
ing CO ligand has the smaller association rate, and sim-
plifications cannot be applied to Eq. (5). Therefore, we
measured the association rate coefficients λR and λL of the
CO and O2 ligands using flash photolysis. Taking the dis-
sociation rate coefficient λ–R of CO from the CO/NO re-
placement and the measured λapp of the O2/CO replace-
ment, we calculated the overall dissociation rate coeffi-
cient λ–R of O2 with Eq. (5).

The overall dissociation rate coefficient represents
those events where, after thermal cleavage of the iron-
ligand bond, the ligand escapes into the solvent, where it
subsequently competes with the replacing ligand for the
vacant binding site. However, a certain fraction of ligands
rebinds geminately, without leaving the protein. To obtain
the microscopic dissociation rate coefficient, kAB, which
represents all bond-breaking events, we divide the overall
dissociation rate coefficient by NS, the fraction that escapes
to the solvent after dissociation,

kAB ≈ λ–L /NS . (7)

λ λ λ λ λ λ λ
λ λ λapp

L R R L L R

L R R
= + +

+ +
– – – –

–
.

The fraction NS , extracted from the flash photolysis data
on hMbCO and hMbO2, is shown in Fig. 1. These data are
in good agreement with earlier measurements by Chatfield
et al. (1990). For hMbCO, nearly all ligands escape into
the solvent after dissociation. Therefore, in the CO/NO re-
placement reaction, the CO dissociation rate coefficient
kAB is almost identical to λ–L (and also λapp). Figure 2
shows kAB of hMbCO, calculated with Eqs. (6) and (7), at
various temperatures in an Arrhenius plot. Note that sev-
eral measurements were performed at each temperature. In
Fig. 3 we plot the association rate coefficients from flash
photolysis of hMbCO and hMbO2. These data together
with the measured λapp of the O2/CO replacement reaction
were subsequently used to calculate λ–L for MbO2 ac-
cording to Eq. (5). For hMbO2, Fig. 1 shows that ligand
escape from the heme pocket after dissociation increases
from 48% at 274 K to 92% at 332 K. Therefore, applying
Eq. (7) introduces a significant, temperature-dependent
correction. The dissociation rate coefficients kAB of hMbO2
are plotted in Fig. 2 together with the hMbCO data.
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Fig. 1 The fraction of ligands that leaves the heme pocket after 
photodissociation of hMbCO and hMbO2, NS , between 274 and
330 K, as determined by transient spectroscopy with nanosecond
time resolution

Fig. 2 Arrhenius plots of the dissociation rate coefficients, kAB , of
hMbCO and hMbO2, determined by stopped-flow rapid mixing and
flash photolysis techniques



4 Data analysis and discussion

Table 1 contains pre-exponentials and activation enthalp-
ies of the dissociation of ligands from hMbCO and hMbO2,
and also the association parameters from flash photolysis
at low temperatures (Nienhaus et al. 1995). The associa-
tion data for hMbCO are identical within error to those re-
ported by Doster and coworkers (Post et al. 1993). For
comparison, we also include data for sperm whale myo-
globin (Beece et al. 1979; Steinbach et al. 1991). The pre-
exponentials AAB and activation enthalpies HAB of hMbCO
and hMbO2 were obtained with a non-linear least-squares
fit of the Arrhenius equation, Eq. (2), to the data in Fig. 2.
For both ligands, the fit yields an activation enthalpy of
74 kJ/mol. However, the pre-exponentials of hMbCO and
hMbO2 are 1011.3 s–1 and 1013.8 s–1, respectively. They dif-
fer by a factor of 300, and consequently, the higher disso-
ciation rate of hMbO2 arises solely from the larger pre-
exponential. Our hMbO2 dissociation parameters are very
similar to those from a previous replacement experiment
on swMbO2 (Beece et al. 1979). Antonini and Brunori also
reported activation enthalpies for the dissociation of CO
and O2 from hMb, citing unpublished work by Antonini,
Gibson and Wyman (1965). While their activation enthalpy
for hMbCO, 70 kJ/mol, agrees within error with our re-
sult, their enthalpy for hMbO2, 80 kJ/mol, is significantly
larger. Our data also yield an activation enthalpy of
80 kJ/mol if we omit the correction with Eq. (7). There-
fore, we believe that this discrepancy is a direct conse-
quence of the fact that, back in 1965, geminate processes
were not yet understood, and the older data were not cor-
rected for incomplete ligand escape. From the activation
enthalpies and the dissociation rate coefficients at room
temperature that were reported by Antonini and Brunori
(1971), we have calculated pre-exponentials with Eq. (2)
as 1010.2 s–1 for hMbCO and 1014.7 s–1 for hMbO2. Their
data yield an even larger difference in pre-exponentials

between the two ligands than our data (as a consequence
of the different activation enthalpies) and support our con-
clusion that the dissociation pre-exponentials for the two
ligands are substantially different. By contrast, the associ-
ation pre-exponentials differ only by a factor of 2.5, and
the peak activation enthalpies HBA of the low temperature
distributions are identical (Table 1).

What do the different pre-exponentials for the two li-
gands tell us about the system? The pre-exponential can be
written as

A = ν exp (S /R) , (8)

where S is the activation entropy, and the frequency factor
ν = ν0κ . Typically, ν0 is taken to be 1012 – 1013 s–1. The
transmission factor κ depends on friction and nonadiaba-
ticity (0<κ <1). If we assume about equal frequency fac-
tors in wells A and B, ν cancels in the ratio of pre-
exponentials of the forward and backward reactions,

(9)

and we obtain the ratio of the number of states between the
dissociated and bound forms, nB/nA . Note that this analy-
sis implies that the reaction surface governing the final
binding step (A [ B) does not change strongly between
cryogenic temperature, where the association parameters
were determined, and the region around 300 K, where the
dissociation was studied. For hMbCO, the number of states
increases by a factor of 125 when the ligand is dissociated.
For hMbO2, this number amounts to more than 15,000.
Frauenfelder and Wolynes (1985) suggested that the loss
of entropy upon binding can be entirely attributed to the
loss of translational and rotational entropy of the ligand in
the heme pocket plus the spin change of the heme iron.
However, this would imply a similar ratio nB/nA for CO
and O2. The observed difference in the number of states
makes this explanation rather doubtful. Furthermore, the
sharpness of infrared lines of photodissociated CO in the
heme pocket (Mourant et al. 1993) and two recent x-ray
structure analyses (Schlichting et al. 1994; Hartmann et al.
1996) indicate that the ligand resides in a well-defined po-
sition in the heme pocket after dissociation, which seems
incompatible with estimates of translational entropy loss
based on the volume of the heme pocket. The present data
point more toward the protein as the source of the entropy
difference. The x-ray structure of photodissociated MbCO
(Schlichting et al. 1994; Hartmann et al. 1996) shows clear
structural differences between the bound and unbound
state. Upon binding, the heme iron moves into a well-
defined position near the heme plane. The associated struc-
tural changes may contribute significantly to the loss of
entropy. For MbO2, we have to consider another effect that
leads to an additional loss of entropy. The dioxygen does
not only bind to the heme iron but also forms a hydrogen
bond to the Nε atom of the distal histidine (His-E7) 
(Olson et al. 1988). This additional bond contributes addi-
tional binding enthalpy but also restricts librations of the
bound ligand and motions of the imidazole sidechain of

A
A

S R
S R

S S RAB

BA

AB

BA
B A= = −exp( / )

exp( / )
exp[( )/ ] ,
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Fig. 3 Arrhenius plot of overall association rate coefficients, λL , of
hMbCO and hMbO2



His-E7 inside the heme pocket. Thus an additional loss of
entropy upon binding is expected for MbO2.

While it is straight-forward to calculate the ratio nB/nA
from the data, the activation entropy exp(S/R) can only be
extracted from A by assuming a frequency factor, ν. For
oxygen binding, an adiabatic reaction is expected, with a
typical frequency factor of 1012 s–1. The data then would
imply that, upon binding, about half of the entropy gets
lost upon approaching the transition state, and the other
half afterwards. In MbO2, bond formation leads to the 
polar Feδ (+)–O–Oδ (–) complex that hydrogen-bonds to
His-E7. Upon approach of the transition state, polarization
of the dioxygen may be insufficient for hydrogen bond for-
mation with His-E7. Therefore, the loss of entropy up to
the transition state may reflect iron-ligand bond formation
only, and the formation of the hydrogen bond will lead to
an an additional entropy loss after passing through the tran-
sition state.

For CO binding, we cannot assume a frequency factor
ν = 1012 s–1 a priori. From the spin change of two and the
weaker second-order spin-orbit coupling between the two
diabatic energy surfaces, a much lower frequency factor is
expected, indicating that many transitions through the
Landau-Zener mixing region occur without spin change.
However, the calculation of the electronic matrix element
|Vqs | that couples the quintet with the singlet state is diffi-
cult, and there has been considerable inflation in this pa-
rameter over time, starting with Jortner and Ulstrup (1979),
who quoted |Vqs | = 1 cm–1, continuing with Redi et al.
(1981) with |Vqs | = 10 cm–1, and Buhks and Jortner (1985),
who calculated |Vqs | = 90 cm–1 and a Landau-Zener param-
eter γ = 0.3, implying a reduction of ν by only a factor of
three from its adiabatic value. The latter result means that
the reaction rate is essentially not affected by the spin
change. Indeed, Miers et al. (1991) have observed pre-
exponentials as high as 1011.5 s–1 for protoheme-CO. Hence
we take 1011.5 s–1 as the frequency factor for hMbCO, and
from comparison with the pre-exponential of the dissoci-
ation reaction (Table 1) we conclude that a loss of states
by a factor of 200 occurs essentially upon approach of the
transition state, without any further loss as the product is
formed.

In this work, temperature-dependent measurements of
the association rate coefficients were necessary for the de-
termination of kAB of hMbO2. In Table 2, we list the pa-

rameters that were obtained from a fit of the Arrhenius law,
Eq. (2), to the ligand association data in Fig. 3. The fits are
given as solid lines in Fig. 3. The association rate coeffi-
cient is a complicated, model-dependent function of the
microscopic rate coefficients and thus not expected to fol-
low a simple rate theory, such as thermally activated cross-
ing of a single barrier. Nevertheless, Fig. 3 shows that the
Arrhenius relation works reasonably well as an empirical
parameterization in the fairly narrow temperature range
considered (note, however, the curvature in the hMbCO
data).

In a sequential model, the association rate coefficient is
given by

λL = 〈kBA〉 PB NS , (10)

where PB is the pocket occupation factor, which only
weakly depends on temperature, and NS is close to 1 at
higher temperatures (Doster et al. 1982). In this model, the
enthalpies in Table 2 should reflect the activation enthalpy
of the inner barrier for ligand binding. Note that the 
enthalpies are much higher than those measured at cryo-
genic temperature (see Table 1), which can be explained
by conformational relaxation (B0→B3) of the protein 
after ligand dissociation at higher temperatures (Stein-
bach et al. 1991; Nienhaus et al. 1992; Ansari et al. 1994).
The reaction step A [ B0 that we have dealt with in this
paper is an important intermediate step that governs 
the dissociation (for NS ≈1). Bimolecular ligand associa-
tion, however, occurs from the relaxed state B3 which has
a much higher activation enthalpy than B0 (Nienhaus et al.
1994).
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Dissociation Association

System log (AAB /s–1) HAB (kJ/mol) log (ABA /s–1) HBA
peak (kJ/mol) log (AAB /ABA)

hMbCO 11.3±0.4 a 74±2.6 a 9.2±0.2 b 13 ±0.4 b 2.1 a

hMbO2 13.8±0.5 a 74±3.4 a 9.6±0.2 b 13 ±0.4 b 4.2 a

swMbCO – – 8.8±0.2 c 9.7±0.4 c –
swMbO2 13.6 d 73 d 8.9±0.3 c 9.2±0.6 c –

a This work
b Data from (Nienhaus et al. 1996)
c Data from (Steinbach et al. 1991)
d Data from Fig. 5 in (Beece et al. 1979), analyzed with Eq. (2) (T >280 K)

Table 1 Arrhenius parameters
for the final binding step of CO
and O2 binding to myoglobin

Table 2 Arrhenius parameterization of the overall association of
CO and O2 to horse myoglobin

System log (A /s–1) H (kJ/mol)

hMbCO 5.7±0.6 20±2
hMbO2 8.5±0.4 29±1
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