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ABSTRACT  Binding of carbon monoxide to B chains of
hemoglobin Ziirich has been studied by flash photolysis over the
time range of nanoseconds to seconds at temperatures from 20 to
300 K. From 20 to 200 K a single rebinding process (process I) is
seen, characterized by a distribution of barrier heights with a peak
enthalpy of 2.3 kJ/mol. Above 200 K some ligands escape from
the pocket into the matrix, and above 260 K recombination from
the solvent sets in. Process I is visible up to 300 K, but above 200
K its rate remains essentially constant at about 4 X 10%s~". Above
about 250 K, process I is exponential in time, indicating rapid con-
formational relaxation. The results are discussed within the
framework of a sequential model for ligand binding.

Binding and dissociation of small ligands, such as O, and CO,
to monomeric heme proteins is one of the simplest biological
reactions. Early studies near physiological temperatures ex-
plained binding as a one-step process in which the ligand, com-
ing from the solvent, overcomes a barrier of unspecified origin
to bind at the heme iron (1). The work of Austin et al. (2), using
flash photolysis and covering wide ranges in temperature (2—
320 K) and time (microseconds to thousands of seconds), led to
a model in which a ligand must overcome a series of sequential
barriers (2). The %del implies that proteins exist in a large
number of structurally related conformational substates (2, 3),
and that the innermost barrier, at the heme, is still present at
physiological temperatures. Moreover, the experiments sug-
gest that even at physiological temperatures the heme barrier,
rather than diffusion (4, 5), controls binding (2, 6, 7). Because
understanding one simple biological process in full detail may
lead to deeper insight into more complex phenomena, it is cru-
cial to prove or disprove the central features of the sequential-
barrier model.

In the sequential-barrier model (2, 7, 8), a ligand coming from
the solvent (S) migrates through the protein matrix (M) to the
heme pocket (B) and overcomes a final barrier at the heme to
bind covalently to the heme iron (state A):

S==M=B

solvent matrix pocket

A (1]

heme iron

In a photodissociation experiment, the system starts out in
state A. The laser pulse breaks the Fe—CO bond and the sys-
tem moves rapidly from A to B (9). In the heme pocket the li-
gand is essentially free (10, 11). Further evolution of the system
depends on temperature. Below about 160 K, each protein re-
binds its ligand from the pocket (process I). Process I is not ex-
ponential in time but approximately follows a power law. We
explain this observation by postulating that there is a distri-
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bution of barrier heights, g(Hg,), over the ensemble of mol-
ecules. The fraction of proteins that have not rebound a ligand

at the time ¢t after photodissociation is given by

N() = f dHpag(Hpa)exp[—ksa(Hpa, T)t]. 2]
0

Above about 40 K, the rate coefficient kg, for the step B— A
is given by an Arrhenius relation,

kpa(Hpa,T) = Apa(T/To)’exp(—Hpa/RT), (3]

where Ty is an arbitrary reference temperature and £ is a free
parameter. Without loss of generality, we take To = 100 K. Be-
low 40 K, tunneling through the barrier becomes dominant and
Eq. 3 is no longer valid (12, 13). Earlier, Eqs. 2 and 3 with £
= ( were used to fit the observed rebinding functions N(t) in
a wide variety of heme proteins (2, 7, 14).

In Mb, at temperatures above about 160 K, some ligands move
into the protein matrix, migrate in the matrix, return to the
pocket, and bind. Above about 200 K, some ligands move from
the matrix into the solvent. We denote with N, (T) the fraction
of systems initially in state B that move to state S. All ligands
in the solvent then compete for the vacant binding site; the rate
of the solvent process consequently is proportional to the ligand
concentration. The solvent process is exponential in time, with
a pseudo-first-order rate coefficient A,,. The nonexponential
time dependence at low and the exponential time dependence
at high temperatures can be explained in terms of conforma-
tional substates and relaxation (2, 3): Each protein can exist in
a large number of structurally similar substates that intercon-
vert with an average relaxation rate A,. At low temperatures,
A, is small compared with rebinding rates and each protein is
frozen into a particular substate with a corresponding barrier
height Hg,. At high temperatures, A, becomes large compared
with A,, and rebinding is exponential in time; A, can then be
written as (7)

Aon(T) = kpa(T)Pa(T)Now(T) (4]

zBA(T) = f dHpag(Hpa)kpa(Hpa,T) [5]

where kg,(T) is an average rate coefficient for the step B— A
and Pg(T) is the probability of finding state B in the limit kg,
— 0.

Eq. 5 assumes that the low temperature distribution g(Hg,)
is also relevant at high temperatures at which it relaxes to its
mean value Hg,. This point will be discussed below.

The central assumptions underlying Eq. 4 are (i) process I
still operates at high temperatures, (ii) binding is sequential as
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shown in Eq. 1, (iii) extrapolation of the rate coefficient kg,
with Eq. 5 is valid, and (iv) the temperature is high enough so
that the relaxation rate (A,) is fast compared with the binding
rate (A,p).

All experimental data available are consistent with the four
assumptions, but proofs are incomplete. A direct verification
of, for instance, assumption i should consist in following process
I from low temperatures, where only I is seen, to about 300 K.
The difficulty of such an experiment with most heme proteins
can be realized by considering the scheme Eq. 1. In a first ap-
proximation, Nj, the fractional intensity of direct rebinding,
can be written as Ny = (1 + kgy/kga)~!, where kgy is the ef-
fective rate coefficient for moving from B to M. If kgy/kpa >>
1, as is the case for instance in Mb-CO at 300 K, N; becomes
very small and I is consequently difficult to observe. Assuming
that kgy is similar in different heme proteins, the best chance
to follow process I up to high temperature exists in a protein
that has a small BA barrier so that kg, at 300 K is large. For-
tunately such a protein exists: In the isolated 8 chain of hemo-
globin Ziirich, 8% (15, 16), the distal histidine is replaced by
arginine and the average barrier between B and A is only about
2 kJ/mol, one-fifth of that in myoglobin (7) or half of that in
normal B chains. The small barrier is one among several fea-
tures distinguishing the mutant protein from the normal one (7,
15, 16), which demonstrates the importance of the distal res-
idue in controlling ligand binding. In the present paper, we
show that flash photolysis experiments with B indeed permit
observation of process I up to 300 K.

MATERIALS AND METHODS

The B chains (8Z") of hemoglobin Ziirich with regenerated SH
groups were separated as described elsewhere (16). The sam-
ples were stored in the CO-bound form in liquid nitrogen. Sam-
ples for flash photolysis were prepared by diluting the con-
centrated stock solution to a final concentration of =1 mM in
75% glycerol (vol/vol)/0.1 M potassium phosphate, buffering
the solution at pH 7. The solvent was initially saturated with 1
bar (1 bar = 100 kPa) CO. Dithionite was added to remove re-
sidual Oj. In the 0.8-mm sample cells, the optical density at our
monitor waveleB§th (442 nm) was between 0.5 and 0.6. It is
likely that the 8" chains form tetramers as is known for g*
(17).

The flash photolysis apparatus used to study the kinetics of
CO recombination at times longer than 50 ns has been de-
scribed (7). The absorbance change induced by the 30-ns laser
pulse at 530 nm was monitored at 436 nm. We extended the
time resolution down to about 1 ns by using as the photolyzing
source a frequency-doubled Nd/YAG laser (532 nm) that pumps
a dye laser (Rhodamine 6G dye), producing a 15-ps 5-uJ pulse
at 570 nm with a maximum repetition rate of 500 Hz (18). The
sample was placed in a closed-cycle helium refrigerator. The
exciting beam was focused down to =150 wm on the sample,
photolyzing =50% of the molecules. The continuous 442-nm
light of a helium/cadmium laser (Liconix 4210) was passed
through the photolyzed sample volume with an angle of a few
degrees between the two laser beams. After passing through a
monochromator, the 442-nm beam was monitored with a pho-
tomultiplier tube (1P28A) with a pulse-response time of 1.5 ns
FWHM. For most experiments, the flash-induced transmission
changes were recorded with a sampling oscilloscope (Tektronix
7512 with S2 sampling head). The sampling rate was 500 Hz,
synchronized with the exciting laser pulses. The sweeptime was
2 s, resulting in 1,000 samples per sweep. The time scale cov-
ered by one sweep was varied between 20 and 200 ns. To get
sufficient time for baseline recording before the exciting pulse,
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Fic. 1. Rebinding of CO to BZ in 75% glycerol/water. «---- ,
Experimental data, measured at 20-200 K; ——, fit to the data as de-
scribed in the text. The resulting enthalpy distribution is shown in Fig.
3.

the detector output signal was delayed. Typically, 600-800
sweeps were averaged in a 12-bit signal averager and plotted
on an x-y recorder. The raw data were transferred to a CYBER-
170 computer (Control Data, Minneapolis, MN) by tracing the
curves on a digitizer board. A limited number of traces (40-120
K) were recorded with a Tektronix 7912 transient digitizer sys-
tem equipped with a minicomputer. The flash repetition rate
in this case was 2-5 Hz so that complete recombination be-
tween flashes was ensured. The main source of noise was in-
tensity fluctuations in the He/Cd laser.

For a single sweep of the sampling scope, the signal-to-noise
ratio was =2. After signal averaging 600-800 sweeps, a signal-
to-noise ratio of =50 was obtained. The zero point of the time
scale was determined by recording the detector response to the
exciting laser pulses with the monitor beam blocked. These traces
also revealed some artifacts due to cable reflections and small
residual laser pulses after the main pulse. Artifacts in the signal
traces correlated to those in the laser pulse response were re-
moved during data analysis. In the experiments with the pi-
cosecond laser, we normalized each trace individually by ex-
trapolating on a semilogarithmic plot to ¢ = 0 and matching the
traces at different time scales. For the data obtained with the
nanosecond laser, the traces at all temperatures were normal-
ized with the constant determined at 40 K. The two data sets
matched well in the overlap region (=100 ns). The measured
absorbance change was independent of the monitor light in-
tensity and did not change when the flash repetition rate of the
exciting laser was reduced. Consequently the two laser beams

log N(t)
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Fic. 2. Rebinding of CO to 2 in 75% glycerol /water at 200-300
K. The solvent process is seen at 280 and 300 K. The data from about
0.1 us to 10 ms were obtained with the flash-photolysis equipment de-
scribed previously (7).
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Hga, kdJ/mol

FiG. 3. Activation enthalpy distribution g(H) for 82 and 8. The
curves were calculated with the analytical g(H) from ref. 14, using the
parameters that produced the best agreement with the experimental
data shown in Fig. 1. The parameters for g% (84) are H, = 2.3 kJ /mol
(4.2 kd/mol), Ags = 1.5 X 10°s71 (1.1 X 10° 571), and & = 1 (0).

did not cause significant sample heating and the monitor light
induced no additional photolysis.

RESULTS

With only two optically distinct states involved, CO-bound and
ligand-free [the amplitudes of other states are expected to be
small (19)], the observed absorbance change is proportional to
N(#), the fraction of molecules that have not rebound a ligand
at time t. The kinetics of binding of CO to 8% is shown as plots
of the logarithm of N(t) versus the logarithm of ¢ in Figs. 1 and
2. Fig. 1 shows a single nonexponential rebinding process be-
low 200 K. We associate it with process I, the transition from
the pocket state B to the bound state A (Eq. 1). The solid curves
are calculated from Egs. 2 and 3 by using an analytical form
with three free parameters (the peak enthalpy H,, and two shape
parameters) for g(Hpa) (14). H,, Aga, and & were varied to find
the best simultaneous fit to the data from 60 to 200 K. The fits
in Fig. 1 and the distribution function in Fig. 3 were achieved
with H, = 2.3 = 0.3 kJ/mol, Agy = 1.5 X 10°s™!, and £ =
1. Simirar fits were obtained by varying £ between 0.8 and 1.2
and adjusting Ag, within a factor of 3. It was not possible, how-
ever, to reproduce the data with a temperature-independent
preexponential factor (£ = 0). Data below 60 K were not con-
sidered, since their temperature dependence may be affected
by tunneling. Also shown in Fig. 3 is g(Hz,) for normal B chains
(14), which peaks at the significantly higher enthalpy H, = 4.2
kJ /mol.

Above 200 K, the shape and the temperature-dependence of
N(t) change as shown in Fig. 2: Between 210 and 260 K a second
(slower) process. (M) appears. Above 260 K, a third approxi-
mately exponential and even slower process (S) with strongly

log N(t)

% 20 20 60 80 100
Time, ns

Fic. 4. Expanded semilogarithmic plot of the data in Fig. 2. The
fast process I can be clearly distinguished from the slower process M.
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F16. 5. Decomposition of the trace recorded at 300 K into processes
S, M, and I. While S and I are exponential in time, M clearly is not.

temperature-dependent amplitude develops. The rate of pro-
cess S is proportional to CO concentration and we consequently
identify it as the second-order recombination from the solvent
(state S in Eq. 1). At 300 K the rate of solvent recombination,
Aon, at 1 bar (1 bar = 100 kPa) CO is 1.2 X 10* s™%, and the
amplitude, which corresponds to the fraction Ny, of ligands
escaping into the solvent, is 0.12. Normal B chains in the same
solvent have A,, = 2.2 X 10° s™! and N, = 0.3 (13). Fig. 4
is an expanded semilogarithmic plot of the high-temperature
kinetics of B##—CO, showing the two internal processes I and
M.

We separate the processes present above 200 K by subtract-
ing the slower processes S and M from N(¢), as shown in Fig.
5 for the 300 K data. The subtraction of S is straightforward in
Fig. 2. It is, however, difficult to recognize the presence of two
processes, I and M, in the log-log plot Fig. 2 that covers the
entire range of N(t) and . The separation of process M is there-
fore carried out in an expanded plot as for instance in Fig. 4.
Fig. 5 and corresponding data at other temperatures between
200 and 300 K provide the following information on the pro-
cesses I, M, and S: I decreases and M and S increase with in-
creasing temperature, as is shown in Fig. 6, which gives the

T.K
9 300 200160 120 80 60
10 T T T T T
ooho
IOB‘ —
T
(7]
n‘<=
10’ ° .
| | I
5 10 15
1/T, 10%/K

F1G. 6. Plotof A; versus 103/T. A, is the rate corresponding to a de-
crease in amplitude of process I to 1/e of its initial value. The solid line
was constructed from the theoretical fits in Fig. 1; the slight curvature
reflects the temperature-dependent preexponential term in Eq. 3.
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Fi6. 7. Relative amplitudes of process I (N), matrix process (Ny),
and solvent process (N,,,) at 200-300 K.

relative amplitudes Ny, Ny, and N, as a function of temper-
ature. Process I is clearly observable up to 300 K. At 200 K, I
is given by a power law; at 300 K, it has become exponentiak.
The change from power law to exponential time dependence
occurs at about 250 K. The rate of process I becomes essentially
temperature independent above 200 K, deviating from what is
expected from the extrapolation of the low-temperature data
with Egs. 2, 3, and 5. The discrepancy is illustrated in Fig. 7,
in which an effective rate A; determined from the time of decay
to 1/e of the initial amplitude is plotted versus 10°/T: The de-
viation is outside the uncertainty introduced by the subtraction
of the slower processes. While processes I and S are exponen-

tial in time at 300 K, process M is unambiguously not, as is shown -
in Fig. 5. The nonexponential time dependence of M is even.

more apparent at temperatures between 240 and 280 K. At these
temperatures, Ny(t) follows a power law [Ny(t) « t7"] with n
= 0.5 over nearly 2 orders of magnitude in time.

DISCUSSION.

The results shown in' Figs. :2-7 test some of the assumptions-

underlying the sequential-barrier model. Four central assump-
tions were stated in the Introduction and we discuss them here
in.the same order.

(i) Process I at High Temperatures. Figs. 1, 2, and 5 show
that direct rebinding after flash photolysis, process I, can be
observed from 20 to 300 K. This fact implies that the innermost
barrier at the héme is present at all temperatures.

(#) Sequential Barriers. In our model, Eq. 1, the barrier at

the heme is also the final step in binding at physiological tem-_
peratures. In other models (4, 5), the low- and the high-tem- -

perature reactions are assumed to occur in parallel. The present
data are consistent with both sequential and parallel ‘barriers.

Earlier, it was found, however, that the pH dependence of the.

binding of CO to Mb and the B* chain at high temperatures is
given by the pH dependence of process I at low temperatures
(7). Barring an unlikely coincidence, this relation implies se-
quential steps.

(ii) Extrapolation of the Low-Temperature Data. In our
earlier work, Eqs. 3 and 5 were used to extrapolate the low-
temperature data to 300 K. In the present work, we determine
kga directly. Fig. 6 shows.that the quantitative agreement be-
tween the calculated and the measured kg, does not extend be-
yond 200 K for g%, At 300 K, the observed rate falls short of
the extrapolated one by about a factor of 3. One explanation for
such a deviation from Arrhenius behavior has been suggested
by Agmon and Hopfield (20): The protein structure immedi-
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ately after photodissociation is known to differ from the deoxy
structure. At temperatures below 200 K, the protein will re-
main in this structure. Above 200 K, the protein may relax into
the deoxy conformation, thus modifying the B — A transition.
If kg, is smaller in the deoxy structure, the binding rate can
level off in the temperature range at which the conformatienal
equilibrium shifts from the ligated to the deoxy strueture. Our
analysis of a simple model involving a transition between two-
B states has shown that such a model indeed can fit the ob-
served temperature dependence. The difference between the -
CO-bound and the deoxy structure is lager in 8% ‘than for in-
stance in Mb. X-ray crystallography (21, 22).shows movement
of the distal arginine sidechain-(arginine E7) and rearrange-
ment of several groups in the vicinity of the heme. Although -
the x-ray studies were carried out en Hb?" tetramers, it is likely
that the %" tetramers will also undergo major changes. An al- -
ternative explanation for the behavior-of process I is suggested
by another structural feature found by x-ray diffraction of. gZ*"
(21; 22): The distal arginine E7 interacts with the propionate of:
the heme, leaving the pocket wide open whereas in normal g8
chains access to the-activessite is:blacked by-the distal histidine. -
Since the gap is wide enough to allow access of sulfamilamides.
to the iron (21), it is likely that the solvent also enters.the pocket.
The binding kinetics could therefore be affected by changes in
the solvent properties (in glycerol/water a liquid—glass tran-
sition is known to-oceur near 200 K). Preliminary flash pho--
tolysis data of B in solvents of different viscosities indicate
that process I indeed depends on the solvent while in myoglo-
bin, where the entrance to the pocket is blocked, this effect is
much smaller.

(iv) Conformational Relaxation. Fig. 5 shows that process I
is exponential in time at 300 K. The transition from nonex- -
ponential ‘to exponential time -dependence occurs:around 250
K, but the limited accuracy of the data and the uncertainty in-
troduced by the subtraction of the slower processes makes it
difficult to determine the transition temperature accurately.
The data imply a relaxation rate A, =. lOP s " at 300 K, con--
sistent with values from Massbauer and Rayleigh scattering ex-
periments on Mb (23-25). Since A, is of the order of 10* s7!
(Fig. 2), A, >> A, and assumption iv is satisfied.

Our data yield other-information..

(v) The Arrhenius Relation. Because of the small Hg, in 821,
the temperature dependence of the preexponential factor Ag,
can be studied. A satisfactory fit of the data up to 200 K (Figs.
1 and 6) was obtained by using a preexponential factor of the
form Ag(T/To)f with &in the range of 0.8 to 1.2 and assuming
a temperature-independent activation enthalpy distribution,
g(Hg,). The data cannot be fit with £ = 0. We cannot, however,
exclude the possibility that g(Hg,) changes with temperature.

(vi) Process M. Fig: 5 shows-the presence of a process that
we call M; M is independent of the ligand concentration in the -
solvent and nonexponential in time. The time 7™ at which the
amplitude is reduced to 1/e of:its initial value.is about 50 ns
at 300 K. This process has been observed in Mb (2) and the
separated Hb chains (14) at temperatures up to about 280 K and
called “processes II and III.” At around 300 K, a fast geminate
binding has been seen by a number of groups (26-30). Lind-
qvist et al. (29), in.particular, noticed that this geminate re-
binding was not exponential in time. The characteristic time 7
observed in B* (29) and Mb (30) is also of the order of 100 ns.
We interpret process M as rebinding from the protein matrix.
In contrast, Agmon and Hopfield (20) interpret a similar pro-
cess in their calculation as being due to rebinding from the pocket
in the relaxed protein. Since the rebinding: process shown in
their work is exponential in time and the experimentally ob-
served process M is close to a power law, we favor the inter-
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pretation that process M is due to migration of the ligand through
the protein matrix and the solvation layer.
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