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Dynamics of Ligand Binding to Myoglobin®

R. H. Austin, K. W. Beeson, L. Eisenstein, H. Frauenfelder,*
and I. C. Gunsalus

ABSTRACT: Myoglobin rebinding of carbon monoxide and
dioxygen after photodissociation has been observed in the
temperature range between 40 and 350 K. A system was
constructed that records the change in optical absorption at
436 nm smoothly and without break between 2 usec and |
ksec. Four different rebinding processes have been found.
Between 40 and 160 K, a single process is observed. It is not
exponential in time, but approximately given by N(z) = (1
+ t/to)™", where to and n are temperature-dependent, li-
gand-concentration independent, parameters. At about 170
K, a second and at 200 K, a third concentration-indepen-
dent process emerge. At 210 K, a concentration-dependent
process sets in. If myoglobin is embedded in a solid, only the
first three can be seen, and they are all nonexponential. In a
liquid glycerol-water solvent, rebinding is exponential. To
interpret the data, a model is proposed in which the ligand
molecule, on its way from the solvent to the binding site at
the ferrous heme iron, encounters four barriers in succes-
sion. The barriers are tentatively identified with known fea-
tures of myoglobin. By computer-solving the differential
equation for the motion of a ligand molecule over four bar-
riers, the rates for all important steps are obtained. The

1. Myoglobin and Its Ligands

Myoglobin (Mb),! a globular protein of about 17200 mo-
lecular weight and 153 amino acids containing one proto-
heme, plays an important role in the mammalian cell where
it stores’ (Theorell, 1934) and transports (Wittenberg,
1970) oxygen and possibly also carries energy (Hills, 1973).
An understanding of the reactions of ferrous Mb with li-
gands, particularly dioxygen and carbon monoxide, is desir-
able because, as the simplest protein capable of reversible
oxygenation, it can serve as a prototype for more complex
systems. Dynamic studies are particularly meaningful be-
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! Abbreviations, symbols, and units: Mb, ferrous sperm whale myo-
globin; L, ligand molecule; PVA, poly(vinyl alcohol). Processes I-IV
are defined in section 4, barriers [-IV and wells A-E in Figure 11.
N(t) denotes the fraction of Mb molecules that have not rebound a li-
gand at the time ¢ after photodissociation. N4(¢), for instance, gives the
probability of finding a ligand molecule in well A at time ¢, kap is the
first-order rate for transitions from well A to B. Second-order rates are
denoted by primes, for instance k.4’ (eq 6). Ep and A4,p, for instance,
denote the activation energy and the frequency factor for the transition
from well A to B. Energies are given in kcal/mol; 1 kcal/mol = 0.043
eV = 4.18 kJ/mol. Entropies are given in terms of the dimensionless
ratio S/R, where R = 1,99 cal mol~! K~ is the gas constant.
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temperature dependences of the rates yield enthalpy, entro-
py, and free-energy changes at all barriers. The free-energy
barriers at 310 K indicate how myoglobin achieves specific-
ity and order. For carbon monoxide, the heights of these
barriers increase toward the inside; carbon monoxide conse-
quently is partially rejected at each of the four barriers.
Dioxygen, in contrast, sees barriers of about equal height
and moves smoothly toward the binding site. The entropy
increases over the first two barriers, indicating a rupturing
of bonds or displacement of residues, and then smoothly de-
creases, reaching a. minimum at the binding site. The mag-
nitude of the decrease over the innermost barrier implies
participation of heme and/or protein. The nonexponential
rebinding observed at low temperatures and in solid samples
implies that the innermost barrier has a spectrum of activa-
tion energies. The shape of the spectrum has been deter-
mined; its existence can be explained by assuming the pres-
ence of many conformational states for myoglobin. In a lig-
uid at temperatures above about 230 K, relaxation among
conformational states occurs and rebinding becomes expo-
nential.

cause the primary and tertiary structures have been deter-
mined (Kendrew et al., 1958) and many properties of the
active center are known (Weissbluth, 1974).

The reactions of various ligands with Mb have been in-
vestigated extensively with stopped-flow, flash-photolysis,
and T-jump techniques. The pioneering work has been per-
formed by Gibson (Gibson, 1956); his and later experi-
ments are reviewed and referenced in the monograph by
Antonini and Brunori (Antonini and Brunori, 1971). Our
study of the binding of O, and CO to sperm whale Mb by
flash photolysis extends earlier work in three directions,
temperature, time, and dynamic range. Phenomena change
so rapidly with temperature that measurements are needed
at 10-K intervals between 40 and 350 K. Since processes
can encompass more than nine orders of magnitude in time,
we constructed a system capable of recording over this
range in one sweep. Our equipment records data over more
than three orders of magnitude in optical density and we
thus can see even processes with relative intensities of less
than 1%.

The experimental data are rich and complex but they can
be unraveled to give a coherent description of the dynamics
of ligand binding to Mb. The essential experimental fact is
the discovery of four distinct processes {Austin et al., 1973).
The central interpretative agsumption is that ligand binding
is governed by successive barriers (Frauenfelder, 1973).
The four processes depend differently on temperature and
concentration; thus all essential parameters of our model
can be determined and all observed features can be under-
stood.
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FIGURE l: Flash photolysis system designed to observe processes that
extend over many decades in time.

Preliminary data indicate that the processes discussed
here for Mb occur also in other heme proteins, namely he-
moglobin, the separated hemoglobin monomers, cyto-
chrome P450, and carboxymethylated cytochrome c. Thus
our model may well apply to many biomolecules. We will
show that the rate constants for ligand binding at physiolog-
ical temperatures are determined by multiple barriers
whose characteristics can be separated only if photodisso-
ciation is studied in the entire temperature range from
about 40 to 320 K. Low-temperature experiments are thus
necessary to understand the physiological behavior of heme
proteins.

Section 2 describes the experimental approach, section 3
the results. In section 4, we introduce a model capable of
explaining all observed features. The data evaluation fol-
lows in sections 5-8; activation energies and entropies are
collected in section 9. Section 10 provides a summary.

2. Experimental Approach

The idea underlying studies of heme protein dynamics by
flash photolysis is simple. Consider Mb with bound ligand
L, denoted by MbL. Irradiation with light absorbed by
MbL breaks the bond; L dissociates from Mb and later re-
binds. Photodissociation and rebinding can be followed opti-
cally. The Soret absorption band is at 434 nm for Mb, 423
nm for MbCO, and 418 nm for MbO,; the absorbancy near
434 nm thus indicates the fraction of Mb molecules free of
L. The sample is placed in a cryostat with optical windows
and the transmission at 436 nm monitored with a photomul-
tiplier. Photodissociation is initiated with a 590-nm flash of
2 usec duration from a 0.5-J rhodamine 6G-methanol dye
laser. Sample heating by the laser flash is less than 0.5 K at
300 K. A long-pass filter, 540-3000 nm, between laser and
sample prevents the laser from disturbing the monitoring at
436 nm.

Customarily the photomultiplier output is fed into a stor-
age oscilloscope and the data are taken from the scope trac-
ing. Since the time bases of oscilloscopes are linear, only a
limited range in time is observed after a single flash and
data from several flashes must be pieced together for com-
plete coverage. Such an approach is time consuming and in-
troduces errors. We therefore have developed a system for
smooth observation of ligand rebinding over nine decades in
time (R. H. Austin et al., to be published). The approach
and components are explained with Figure 1. A trigger si-
multaneously fires the laser and starts a “logarithmic
clock”. The flash illuminates the sample in the cryostat and
photodissociates MbL. Rebinding is followed by detecting
the transmitted 436-nm beam with a photomultiplier. The
light source, a tungsten-iodide lamp, is stabilized by moni-
toring the intensity with a temperature-controlled photo-
diode. After triggering, the crystal-controlled logarithmic
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clock emits signals in exponentially increasing intervals.
The first m intervals have a length A, the second m inter-
vals 2A, the third 22A, and the nth set of m intervals 277 1A,
Here m is an integer adjustable from 1 to 10. The photo-
multiplier output is integrated over time A, digitized, and
summed over a given interval of length 277 'A, The sum is
divided by 277! and the result stored. Thus, even though
the interval length increases exponentially with time, a con-
stant input signal results in a constant output. In the present
system, the maximum # = 24 and the minimum A = 2 usec.
If the first interval is 2 usec, the longest interval is 22477 X
2 usec = 16.8 sec, and the entire measurement extends over
m(2" — 1)A or 336 sec when m = 10. Kinetics at longer
times can be observed by increasing the length A of the
basic interval. From the observed intensity as a function of
time, the optical density is computed. The result is ex-
pressed in terms of N(z), the fraction of Mb molecules that
have not rebound a ligand molecule at time 7 after the flash.

Our system is capable of observing N(¢) over an intensity
range of more than three orders of magnitude. To avoid the
inability of most photomultipliers to reproduce rapid and
large changes in intensity well, an anti-hysteresis photomul-
tiplier, RCA Type 4837, is used. The transient response to a
fast increase in absorbance was tested by switching off a
green LED (light emitting diode) with a mercury relay in
the presence of a steady light. The overshoot or undershoot
after the LED shut-off was less than 0.01%.

Samples were prepared from Sigma Type 2 sperm whale
Mb, dissolved in 0.1 M phosphate (pH 7.6), and filtered
through 0.2-um filters. (Further purification by ion-ex-
change chromatography did not affect results.) Three types
of ferrous Mb samples were used: buffered aqueous solu-
tion, glycerol-water solution, and Mb embedded in poly(vi-
nyl alcohol) (PVA). Reduction was accomplished by adding
freshly prepared anaerobic solutions of sodium dithionite to
anaerobic samples. Samples were rendered anaerobic by
stirring in an argon atmosphere. The dithionite concentra-
tion was five times the Mb concentration for CO samples.
For O3, a twofold excess of dithionite was added for initial
reduction of Mb, then removed by stirring in the desired O,
atmosphere. To check for dithionite effects in the oxygen
runs an enzymatic reduction system (NADPH, spinach fer-
redoxin-NADP oxidoreductase, and ferredoxin) was also
employed, with identical results.

CO or O, was introduced by stirring the samples in a
thermostated cell exposed to the desired gaseous atmo-
sphere. For CO equilibration, at 20°C, 10 min of stirring
was sufficient for aqueous solutions; the viscous glycerol
samples required 1 hr for saturation. The O, samples were
prepared at 5°C. The oxygenated Mb was stabilized by
adding 10 mM EDTA. The aqueous O, solutions were equi-
librated for 0.5 hr while for glycerol runs a concentrated
aqueous Mb sample was oxygenated and then added to the
previously equilibrated glycerol, thus keeping equilibration
time to a minimum.

The aqueous samples contained 100 mA phosphate buff-
er (pH 7.6) with a freezing point of 270 K. The glycerol
samples contained 3 ml of reagent grade glycerol and 1 mi
of 100 mAM phosphate buffer (pH 7.6). The PVA samples
contained 10% by weight of poly(vinyl alcohol), dissolved in
1 mM phosphate buffer by boiling, and cooled to room tem-
perature. The Mb was then added, reduced, and equilibrat-
ed with the desired gas, and the sample was placed in a des-
iccator under the desired gaseous atmosphere and allowed
to dry to a hard film. The process took several days.
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Several concentrations of myoglobin were used in the ex-
periments. For temperatures above 200 K, 10 uM Mb was
placed in a 1-cm long cell. For measurements extending
below 200 K, a 0.5-mm thick cell containing 200 uM Mb
minimized problems with cracking of the sample. With
such a short cell, light transmission after cracking was re-
duced by only about a factor 5. Thus a monitoring light
level could be chosen that had no measurable effect on the
kinetics.

3. Results

Flash photolysis experiments by Chance et al. (Chance et
al., 1965) had already shown in 1965 that rebinding of CO
to heme proteins after a photoflash can occur at a tempera-
ture of 77 K. Our preliminary work (Austin et al., 1973,
1974) revealed three different processes in the temperature
range between 40 and 300 K. The present measurements
imply four different processes, denoted by I-IV and distin-
guished by their temperature and concentration dependen-
ces.? Below about 180 K, only process I appears. At inter-
mediate temperatures, between about 180 and 280 K, up to
four different processes can be seen. Above about 280 K,
only one process (III or IV, depending on conditions) re-
mains directly observable. Processes I-11I are independent
of the ligand concentration and IV is proportional to it.

In each experiment, we measure the intensity of the
transmitted beam as a function of time and then compute
N(t), the fraction of Mb molecules that have not rebound a
ligand molecule at the time ¢ after a flash. Usually, log
N(?) is plotted vs. t. However, our rebinding data extend
over many orders of magnitude in time, and a plot of log
N(t) vs. t either compresses the fast or eliminates the slow
part. Consequently, nearly all data are presented by plot-
ting log N(2) vs. log ¢. In a log-log plot a straight line corre-
sponds to a power law; N(t) « ¢t~ leads to log N(¢) « —n
log t. An exponential, N(t) = exp(—kt), leads to log N(z)
= —0.434 exp[2.30(log k + log ¢)] so that the shape of log
N(t) vs. log t does not depend on the rate k; k only deter-
mines the position along the log 7 axis.? After these prelimi-
nary remarks, we present the experimental results. The
curves in Figures 2-9 form a small selection from all the
data that were taken; additional information, such as the
concentration dependence of the various processes, is given
in the text.

Low-Temperature Region. Rebinding data for MbCO
and MbO; below 200 K are given in Figures 2a, 2b, and 4a.
In taking these data, two precautions are observed. (1) Be-
tween any two runs, the sample is warmed up to at least 120
K in order to allow all ligand molecules to rebind before the
next photodissociation.* (2) The intensity of the monitoring
light is adjusted so that ligand molecules that have rebound
are not driven off again.

2The classification introduced here differs from our earlier one
(Austin et al., 1973) and is based on more data.

3 We use the independence of the shape on k to construct a simple
tool for rapid preliminary data evaluation. By cutting a cardboard ex-
ponential —0.434 exp(2.30 log ) and shifting it along the log ¢ axis, we
check if a part of the experimental curve can be approximated by an
exponential; if yes, the position of the sample exponential gives a pre-
liminary value of k.

4 If this precaution is neglected, the long-time components do not re-
bind. The next flash then can drive off only the ligand molecules that
have returned quickly; an apparent temperature dependence of the
quantum yield and a short recombination time are observed. This ef-
fect may explain the discrepancy between our data and those of lizuka
et al. (lizuka et al., 1974).
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FIGURE 2: (a) Rebinding of CO to Mb after photodissociation below
160 K. The solvent is glycerol-water (3:1, v/v). We denote this low-
temperature process by [; the solid lines are least-squares fit to the data
with N(¢) = (1 + t/to)™". At each temperature, the two parameters fo
and n are determined. The dashed line is an exponential with mean re-
turn time 1 sec. Exponentials with other mean times are obtained by
shifting the dashed curve along the ¢ axis. (b) Rebinding of O, to Mb
after photodissociation.

Figures 2a, 2b, and 4a show only one rebinding process
below about 180 K; we denote it by I. It is independent of
the ligand molecule concentration in the solvent and de-
pends only weakly on solvent nature. The shape of N(¢) is
remarkable. A sample exponential is shown in Figure 2; the
experimental curves deviate markedly from exponentials
and are much closer to power laws. Indeed, for N(¢) > 0.035,
all experimental curves below about 180 K can be approxi-
mated by expressions of the form

Nol(r) = (1 + t/10)™" 1)

where parameters to and n change smoothly with tempera-
ture. The parameter n gives the slope of N(t) in the
“straight” part of the log-log plot shown in Figure 2a; ¢
very approximately gives the time where N(¢) breaks away
from the horizontal. Computer fits of eq 1 to the observed
points are shown in Figure 2 as solid lines; these fits yield
values of #o and n for each temperature. Comparison of Fig-
ure 2a and b indicates that O, and CO rebind similarly;
both ligands display the same nonexponential behavior, but
O; is somewhat faster. At a first glance, the curves in Fig-
ures 2a and 4a appear identical. A closer look, however,
shows that the solvent affects the shape of N(¢) somewhat:
the curves in PVA break away more gradually from the
horizontal and drop off less rapidly at long times.

In Figure 3, the result of a multiple flash experiment is
shown. The sample is kept at 70 K and flashing is repeated
every 18 sec, before all CO molecules have tebound.

Intermediate and High Temperature Regions. Figure 4
shows the rebinding of CO to Mb after photodissociation
for MbCO embedded in PVA. The sample is solid up to at
least 370 K. Below 180 K, only process I is present. Above
180 K, process II emerges and it constitutes the major frac-
tion of N () at 230 K. At 240 K, process III appears. As the
temperature is further increased, I1I becomes dominant. All
three processes are nonexponential and independent of CO
concentration.

Figure 5 concerns MbCO in water. At low temperatures,
only partially shown, processes I-III appear as in PVA,
nonexponential and CO-concentration independent. Above
the melting point, N(¢) becomes slower, exponential, and
with a return rate that is proportional to the CO concentra-
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FIGURE 3: Multiple flash experiment: N(¢) is plotted vs. time. Sample: MbCO in glycerol-water (3:1, v/v). T = 70 K. Flashing is repeated ap-

proximately every 18 sec.
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FIGURE 4: Rebinding of CO to Mb after photodissociation. MbCO is
embedded in poly(vinyl alcohol); the solvent is solid up to at least 350
K. (a) Low-temperature region, where only process I is visible. (b) At
temperatures above 200 K, three processes can be seen; all are nonex-
ponential. Lines are drawn to guide the eye.

tion in the solvent after the flash. We identify this process
with IV.

Figure 5 suggests that process IV, which implies ligand
diffusion into the solvent, takes place if the surrounding of
Mb is liquid. More information on this point is obtained by
observing a PVA sample during solidification (Figure 6).
Immediately after preparation, while the sample is still lig-
uid, the concentration-dependent exponential process 1V is
present. After about 2 hr, IV vanishes and is replaced by
the faster and concentration-independent process I1I. The
sample at this point is still liquid and III is exponential. If
the sample is prevented from further drying, III remains ex-
ponential. If the PVA sample is hardened by drying, I1I be-
comes nonexponential as indicated in Figure 6 and also in
Figure 4b.

To study process 1V in more detail, we use solvents with
low melting (glass) points, for instance glycerol-water (3:1
by volume) as in Figure 7. Here, only I exists up to about
180 K. Between 180 and 200 K, I and II are present simul-
taneously. At about 200 K, III sets in, and at about 210 K,
IV appears. I-11I are independent, IV is proportional to CO
concentration. The decomposition of N(z) at 215 K into
four components, done by computer, is shown in Figure 8.
The curves I-1V do not depend on the glass transition tem-
perature of the glycerol-water solvent (Bohon and Conway,
1972).

So far, we have concentrated on CO. Figure 9 gives re-
binding data for O, to Mb in glycerol-water. Only pro-
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FIGURE 5. Rebinding of CO to Mb in water (ice). Above the melting
point, 270 K, the ligand concentration-proportional and exponential
process IV is seen. Below the freezing point, diffusion into the solvent is
inhibited and the faster, concentration-independent and nonexponen-
tial, process III appears. At lower temperatures, I and II, not shown
here, are similar to the corresponding processes in Figures 2 and 4.
[CO] =104 M.

cesses I, 11, and IV can be seen clearly; I and II are inde-
pendent of, 1V is proportional to, the O, concentration.

4. A Model

The experimental curves in the previous section demon-
strate that ligand binding to Mb is complex. To understand
and evaluate the data, a model is needed. We have con-
structed one that reproduces all experimental data and can
be correlated with structural features of Mb. The salient
features are multiple energy barriers, interplay of entropy
and enthalpy, presence of an energy spectrum, and occur-
rence of conformational relaxation. It is possible that equiv-
alent models exist, but we believe that they will contain the
same central features.

The data in section 3 show four processes in the rebinding
of ligands to Mb after photodissociation.® Processes I-111
are independent of ligand concentration. 1V is proportional
to the ligand concentration and slower than a diffusion-lim-
ited process. The rates of all four processes are thus most
likely governed by barriers. Four barriers are needed to pro-
duce four distinct processes. They can be in series, parallel,

3 The number four is not universal. In some other proteins, we find
fewer processes; in MbCO, there is evidence for a fifth one. It is likely
that further improvements in equipment will lead to the discovery of
additional processes.



DYNAMICS OF LIGAND BINDING TO MYOGLOBIN

Process IZ

- Process I
N{) 10 i
MbCO in PVA ™)
295% "N [col=3 x 10°8m
© Liquid Somple AN _ -4
2 x After 2 hours ‘\\ [CO]-B X 1077
10 N\ =
2 Soiid L 1 b 1
107 1074 1072 102 0™

Time (sec)

FIGURE 6: Rebinding of CO to Mb in PVA. The curves denoted by IV
are obtained in a freshly prepared sample that is still liquid. After
about 2-hr drying time, IV disappears and the exponential, but CO in-
dependent and faster, process III appears. On complete drying, when
PV A becomes solid, the nonexponential curve II1I is observed.
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FIGURE 7: Rebinding of CO to Mb after photodissociation. Solvent:
glycerol-water, 3:1, v/v. [CO] = 3 X 1075 M. All four processes dis-
cussed in the text are recognizable.
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or mixed; they can be caused by different parts of the sys-
tem biomolecule-solvent, or by conformational transforma-
tions. We postulate four barriers in sequence.

Four barriers in sequence can be discussed without refer-
ring to the actual physical system, but we find it construc-
tive to think in terms of a concrete model, as sketched in
Figure 10. The structure of Mb shows the prosthetic group,
protoheme, in a pocket of the protein with the iron approxi-
mately 1 nm from the protein surface (Watson, 1968). The
pocket is lined with nonpolar groups; the polar residue of
the proximal histidine His-64 is close to the heme iron. The
protein is surrounded by the hydration shell, a layer of
water molecules about 0.4 nm thick with properties differ-
ent from bulk water (Cooke and Kuntz, 1974, Kuntz and
Kauzmann, 1974). The Mb-solvent system thus can be pic-
tured as in Figure 10. This figure makes it plausible that a
ligand molecule on its way to the binding site from the sol-
vent can encounter multiple barriers. We will discuss the
properties of the four barriers and a possible identification
in section 10; here we assume that the potential (enthalpy)
seen by a ligand molecule on its approach to the iron looks
as in Figure 11. The abscissa represents the reaction coordi-
nate. In each well, the ligand thermalizes before making the
next move.

The processes that a ligand molecule can undergo can be
described with Figures 10 and 11. Entering from the solvent
corresponds to association. In dissociation a ligand mole-
cule initially bound to the iron atom in well A moves to the
outside by thermally overcoming all barriers. In photodis-
sociation, L initially also occupies well A. An incident pho-
ton excites the iron atom into an antibonding state, chang-
ing the attractive well A into a repulsive one (Zerner et al.,
1966), and L moves into well B. Processes I-1V in section 3

BIOCHEMISTRY, VOL.
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FIGURE 8: Separation of N(t) for T = 215 K into the components
I-1V. MbCO in glycerol-water, 3:1, v/v. [CO] = 3 X 10~ M. The
figure also shows some tentative evidence for a fifth process between II
and III.
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FIGURE 9: Rebinding of O, to Mb. Solvent: glycerol-water, 3:1, v/v.
[02] = 6 X 10~5 M. Processes I, I, and IV are indicated; III is not
very prominent and is neglected.

can also be interpreted with the help of Figures 10 and 11,
Immediately after photodissociation, L is in well B and the
following processes can take place: I, L rebinds directly
from B to A; II, L jumps over barrier II to well C; from
there it rebinds by first returning to B and then to A; II[, L
jumps to D via C and then rebinds, D - C — B — A. IV,
L jumps to E via C and D and diffuses into the solvent. All
ligand molecules in the solvent then compete for the vacant
binding site via the chain E — D ~—'C — B > A. In this in-
terpretation, processes I-11II are independent of ligand con-
centration, IV is proportional to it. One feature observed in
section 3 is thus reproduced. A second striking feature, the
appearance of only one process below about 180 K, is intui-
tively plausible. At very low temperatures, the Mb molecule
s “frozen shut” and only intramolecular processes occur.
At high temperatures, the ligand can leave the Mb mole-
cule. To understand this feature in more detail, consider the
two-barrier situation obtained in Figure 11 if barrier III is
very high. A ligand in well B then can either rebind directly
(process I), or first move to C and then rebind via B (pro-
cess I). We assume that all rates obey Arrhenius equations

k(T) = Ae=E/RT )

A is a frequency factor, E an activation energy, and R =
1.99 cal mol~! K~! the gas constant. 4 and E are taken to
be temperature independent. The ratio of transition rates
from B to 4 and C is now determined by

ko _ A
kbc Abc

Here, kua,, for instance, denotes the transition rate from B

¢(Ebc=Eva)/ RT 3)
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FIGURE 10: Binding of a ligand molecule to myoglobin. A possible re-
action path is indicated by the dashed line. A tentative identification of
the barriers and wells with known structural features of Mb is given in
subsection 10.2.

to A, Ep, is the activation energy, and A4y, the frequency
factor for the same transition. The data evaluation in sec-
tions 5-8 indicates that

Aba/Abc < 1, Ebc>Eba (4)

Consequently, kva/knc becomes large at low and tends to
zero at high temperatures. At low temperatures, ligand
molecules in pocket B rebind directly; at higher tempera-
tures, they make the round trip via well C before rebinding.
This argument thus can explain why only one process is
present below about 180 K. To describe the occurrence of
all four processes, the treatment must be extended to four
barriers. A detailed comparison between model and experi-
ment then requires the solution of the four coupled differen-
tial equations that describe the motion of a particle over the
four barriers shown in Figure 11:

dN,/dt = —k,,N, + kpaNy
dNy/dt = kaoNa — kpaNo — kpcNp + kebNe
dNc/dt = kueNo — keoNe ~ keaNe + kacNa— (5)
dNg/dr = keaNe = kacNa — kgeNa + kegNe
dN./dt = k4eNg — keaNe

Here, N, denotes the probability of finding a ligand mole-
cule in well A at time ¢ and k,p, is the rate for transitions
from well A to well B. N(z), the quantity defined in section
3 as the fraction of Mb molecules that have not rebound a
ligand, is given by N(¢) = 1 —~ N,. The equations are valid
if the ligand concentration [L] in the solvent is sufficiently
large so that process IV can be treated as a pseudo-first-
order reaction and keq is a pseudo-first-order rate. Other-
wise, keqg must be replaced:

ked hd ked/[L] (6)

where k.4’ is a second-order rate. We will restrict our dis-
cussion to the limiting case of high ligand concentrations.

Photodissociation moves the ligand molecules from well
A to Bsothat

No(0) =1, Na(0) = Nc(0) = Ng(0) = Ne(0) =0 (7)

In general, the solution of eq 5 must be done numerically.
Dissaciation is slow at all temperatures and satisfies kap <<
kva so that we always set k., = 0 in eq 5. In the following
sections we use eq 5 to deduce the various rates from the ex-
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FIGURE 11. Potential encountered by a ligand molecule approaching
the heme iron from the solvent. The barriers are numbered -1V, the
wells labeled A-E. The energy E.q, for instance, measures the activa-
tion energy for the step E — D. The energy E,v is defined by eq 48.

perimental data. The temperature dependence of the rates
yields the activation energies and frequency factors of the
four barriers. The approach rests on the crucial assumption
that the Mb molecule does not undergo a major conforma-
tional transformation in the temperature range between 40
and 300 K, except for relaxation effects to be described in
section 7. The fact that we can fit all data with a consistent
set of energies and entropies supports the assumption, but
further experiments will be needed to prove it unambigu-
ously.

5. Direct Rebinding and Activation Energy Spectrum

At temperatures below about 180 K, only one process,
identified with the direct return B — A (Figure 11), is ob-
served. Direct rebinding implies k. << kb, and eq 5 reduces
to a one-barrier problem:

dNa/dt = kbaNb = kba(1 - Na) (8)

where we have assumed k., = 0. The solution of eq 8 with
the initial condition eq 7 is an exponential:

N(kba,t) =] - Na = e_kbar (9)

The curves in Figures 2 and 4, however, are not exponen-
tials, but closer to power laws, as expressed by eq 1. The ob-
served shape and temperature dependence of these curves
are explained (Austin et al., 1974) if the energy of barrier 1
is not sharp, but given by a distribution g(Eva), where
g(Ev,) denotes the probability of finding a Mb molecule
with activation energy between Eu, and Eps + dEp,. For a
distributed activation energy, eq 9 is generalized to read®

M0=er&£@wNWm0=

ﬁﬁmm&m*W(m

where kua is related to the activation energy Ey, and the

6 Nonexponential curves have been observed in many fields and their
explanation in terms of integrals as in eq 10 dates back to at least 1913
(Wagner, 1913). Detailed theoretical treatments can be found in pa-
pers by Macdonald (1962, 1963, 1964) and Primak (1955).
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frequency factor 4, by eq 2.7 We assume here that Ay, is
independent of Ey,. Equation 2 gives dEy, = —RTdkpa/
kba and N(t) becomes

N =RT M Ghpalgkse)/Rvale=kot (1)

By eq 2, the energy Eb, is related to kpa by Epa = RT In
{(Aba/kba). For a given frequency factor Ap,, the distribu-
tion function g(Ev,) thus can be considered a function of
kuva. We will write it alternately as g(Epa) or g(kp,), de-
pending on whether we express it in terms of Ep, or kpa. In
either case, g is different from the function f(kv,) described
in footnote 7.

For the times involved in our measurements, Ay, satisfies
the relation Apat > 1. The upper limit of the integral can
then be taken to be infinite and N(¢) becomes the Laplace
transform of g(kva)/kba:

N(t)—RTf v EK02) p—ewr =
kba

RT&{g(kba)/kva) (12)

From the measured N(t), the distribution function can be
determined in terms of kp, by the inverse Laplace trans-
form

glkva) = (kva/RT)L™HN(1)} (13)

To find the distribution as a function of the activation ener-
gy Epa, Ap, must be known. Ay, is determined by measur-
ing N(1) at a number of temperatures, as will be shown
below.

The inversion eq 13 can be performed analytically if the
observed data can be fitted by a function N(2) that can be
Laplace inverted. In general, the determination of g(k) or
g(E) must be done by computer. An approximate form for
g(k) is found by noting that Nol(t) ineq 1 represents the
observed curves reasonably well over a fair range in time.
Inserting No'(2), eq 1, into eq 13 yields

(tokba) e 0kba
k) =2l 14
gke) = T () (14)
where T'(n) is the gamma function. The peak of this distri-
bution, given by dg/dkw, = 0, occurs at

kpaP2k = nfto (15)
By eq 2, the peak energy is related to kpaP2k = n/tg by

RT In (n/to) = RT In Ay, — Ep,Peek (16)

The parameters n and ¢ are determined at each tempera-
ture by fitting eq 1 to the measured curves in Figures 2 and
4. A plot of RT In (n/to) vs. T is shown in Figure 12 for Mb
in a glycerol-water solvent. The slope of the straight line
determines Apa, the intercept Ep,Pe2k, From Figure 12, and
from analogous data for MbCO in PVA, the following
values are obtained:

"Instead of eq 10, it is also possible to write N(t) =
Sodkpaf(kva)e kot g(E)pa is related to f(kpa) by g(Epa) =
—f(kba)dkpa/dEy, = ka(kba)/RT At each tempcrature f(kvs) can
be found as the Laplace inverse of N (1), f(kv,) = £~1{N(2)}. Such an
inversion makes no assumption about the nature of the phenomenon
giving rise to the nonexponential rebinding curves; it simply replaces
one function, N(t), by another one, f(k). Our approach is more strin-
gent. We must fit all data over a wide temperature range (in PVA from
40 to 350 K) with one temperature-independent energy spectrum.

5 L T T T T
4t _
3 -1
TB
E 2F -
3
X
_ =
‘_Q
~
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£ of =
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_' _ —
Epeak=2.0 keal mol ™!
-e Epeok® 2.4 keol moi™! 7
-3 ! L ! ! ;
0] 30 80 30 120 150 180
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FIGURE 12: Plot of RT In (n/tg) vs. T determines Ava and Epeak.
MbCO and MbO; in glycerol-water (3:1, v/v).

MbCO(glyc) EpaPe2k = 2.4 keal/mol, A4y, = 1087 sec™!
MbOs(glyc) Ep,Pe2k = 2.0 kcal/mol, Ay, = 1085 sec™!
MbCO(PVA) Ep.P?2k = 1.4 kcal/mol, Ap, = 1077 sec™!

(17)

The statistical errors in these numbers are small; variations
from sample to sample lead to an error of about £0.2 kcal/
mol in Ep,Pe2k and 0.5 in log Apa. With Ay, known, ky, in
eq 14 can be expressed in terms of Ep, and the desired
g(Eva) thus is found. This procedure can be performed at
all temperatures where ¢o and » have been determined. If eq
1 were a very good approximation at all temperatures, all of
these g(Ep,) should be identical. Figure 2a shows, however,
that the fit is not equally good at all temperatures. We
therefore use the following approach to find the “best”
g(Eva). We first determine by visual inspection the temper-
ature at which eq 1 fits the data points best, and then com-
pute g(Eva) from eq 14 at this fitting temperature Ty. For
all further computer calculations, we use this g(£pa). The
fitting temperature is 120 K for MbCO in glycerol-water,
and 300 K for MbCO in PVA and MbO; in glycerol-water,

Figure 2 shows that the energy spectra thus determined
must still have a shortcoming: eq 1, on which the spectra
are based, fits the experimental data only to about N(z) =
0.05; for smaller values of N(¢), the experimental points fall
off more rapidly than eq 1. In fact, below ¥ = 0.05, N(¢) is
closer to an exponential than to a power law. An exponen-
tial corresponds to one single activation energy and can be
approached if the spectral function g(Ey,) cuts off at a
maximum energy Ep,™2*.8 The cut-off is introduced by set-
ting the upper limit of the integral in eq 10 equal to Ey,™2*.
Ey,m2* is then varied till best agreement is obtained with
the experimental data at all temperatures. For MbCO in
glycerol-water, the cut-off energy becomes Ep,™* = 5.4 £
0.2 kcal/mol. Three energy spectra are shown in Figure 13,
With these spectra and eq 10 and 17, N{¢) can be computed
numerically at any desired temperature. As an example,

BIOCHEMISTRY, VOL.

8 Of course, an abrupt cut-off as shown in Figure 13 is unnatural; a
real cut-off will be smoother. However, the essential features are repro-
duced by the approach given here.

14, No. 24, 1975 5361



OBL T T T ‘
L ——— MbCO in glyceroi-water
T 06 _ ==== MbO; in glycercl-woter”
=1 ; e i
£ — =—+= MbCO in PVA 4
X
—_ !
E 04~ /'/ /I 4
-~ }» J / i
uf | / Il
— ’ I3
o2 [/
: / 7
- / / ~
Q0 L’ <
0 2 3 4 5 6

Epg fkeal mol™)

FIGURE 13: Activation energy spectra for MbCO and MbO:.

N(t) curves for MbCO in glycerol-water are shown in Fig-
ure 14. Theoretical curves and experimental points agree
very well in the entire temperature range where process I
can be observed, from 40 to 160 K. MbCO in aqueous solu-
tion yields an energy spectrum that is close to MbCO in
glycerol-water. The energy spectrum for MbO, in glycerol-
water displays the same general shape. The rebinding curve
N(t) for MbCO in PVA in Figure 4a is generally similar to
that of MbCO in glycerol-water, but breaks away earlier
from the horizontal and curves downward later. A good fit
is obtained with the spectrum shown in Figure 14; it has a
lower peak energy and higher fitting temperature than
MbCO in glycerol-water.

Figure 14 demonstrates that a temperature-independent
energy spectrum can explain the nonexponential rebinding
curves in the temperature range from 40 to 160 K. The tem-
perature independence of g(Ey,) can be partially checked in
a different way. The rebinding at times ¢ > tq is character-
ized by rates kpa << 1/¢0 and the corresponding distribution
function g(kwa), €q 14, can be approximated by

g(kpa) = (tokua)/RTT (n) (18)

The spectral function g(Ep,) that governs rebinding for
times ¢ > tg thus becomes

(Abato)”
E =l d —nEba/RT’ Ew. < E, max
g( ba) RTF(M) € ba ba
g(Epa) =0, Ep, 2 Ey,max (19)

If the energy spectrum is temperature independent, the ap-
proximation eq 19 should be temperature independent also
and assume, for Ey, < Ey,™2%, the form

g(Eba) = Be kv (20)

Here « and 8 are two constants defined through eq 20.
Comparison of eq 19 and 20 shows that g(Eya) can be tem-
perature independent only if n satisfies the relation

= aRT (1)

In Figure 15, » is plotted vs. 7. Within errors, n is propor-
tional to T and eq 21 is satisfied. The values of « are:

MbCO in: glycerol-water a = 1.4 mol/kcal
1.4 mol/kcal
1.1 mol/keal

1.4 mol/kcal  (22)

water «

PVA o

MbOs; in glycerol-water «

The temperature independence of the activation energy
spectrum speaks against a frequency-factor spectrum. In
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such an explanation, £y, would have a unique value, Ay,
would be described by a spectrum, and eq 10 would be re-
placed by N(¢) = {dAp.g(Apa) exp(—kpat). In order to fit
the observed curves, 4p, would have to span a range from
about 103 to 1029 sec™! and g(Apa) would change with tem-
perature. Consequently we prefer a temperature-indepen-
dent energy spectrum and keep Ay, sharp.’

What causes the energy spectrum? Two possibilities
come to mind. (a) Each biomolecule possesses a number of
sites for L in well B and the rebinding rate depends on the
site occupied after the flash-off. (b) Myoglobin does not
exist only in one conformation; a given primary sequence
gives rise to different conformational states, with different
activation energies (Klotz, 1966; Weber, 1972). To decide
between these possibilities, we have performed multiple-
flash experiments where successive flashes are triggered be-
fore all CO molecules have rebound. In case (a), where all
Mb molecules are assumed to be identical, each successive
flash would pump more ligand molecules into states with
long return times, fewer ligand molecules would return fast
to the binding site, and the signal would become progres-
sively smaller. In case (b), where each Mb molecule is as-
sumed to have one rate ky,, the molecules with small ky,
would be removed from the game by the first flash and only
the ones with large kv, and hence short return times would
continue to flash off and rebind. The result of a multiple-
flash experiment is shown in Figure 3. During the first four
flashes, the flash-off increases, indicating that the light in-
tensity is not large enough to remove all CO at once. After
the fourth flash, the behavior is repetitive and indicates that
no pumping into long-lived states occurs. We consequently
favor explanation (b) and assume that we deal with an as-
sembly of Mb conformers, each with a well-defined activa-
tion energy.'® The data do not delineate how many different
states exist but the smoothness of the curves in Figures 2
and 4 indicates that there must be more than, say, ten; we
assume for simplicity that the number is so large that
g(Ev,) can be treated as continuous.

We finally return to the temperature dependence of the
energy spectrum. Figure 14 shows that a temperature-inde-
pendent g(Fpa) fits the experimental data very well. An
equivalent fit is obtained by assuming the shape of g{£pa)
to be temperature independent, but that the spectrum shifts
with temperature so that Ep(7) = Epa(0) — So7T (A. P.
Minton, private communication). We consider this possibil-
ity unlikely for the following reason. We will show in sec-
tions 7 and 8 that transitions from one conformational state
to another occur with a rate given by eq 52. Below 160 K,
this rate is smaller than 1070 sec™! so that each Mb mole-
cule remains frozen in a given conformational state for a
time long compared to our experiments and no shift of the
energy spectrum occurs. The distribution of Mb molecules
over all possible conformational states is not an equilibrium
distribution but depends on the thermal history of the sam-
ple. We will return to this point in subsection 10.6.

9 We cannot rule out the possibility that both Ey, and A4y, are con-
tinuous. The theory can be extended to this case (Primak, 1955), but
we will not use this more general approach, since we can explain all
data with our expressions.

10 Actually, the result of the multiple-flash experiment is more gen-
eral than stated in the text. It indicates that the activation energy spec-
trum is caused by a heterogeneity in the ensemble of Mb molecules.
This heterogeneity can be due to conformational states, but other ex-
planations are not excluded.
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FIGURE 14: Comparison of experimental points and theoretical curves for MbCO in glycerol-water. The experimental points are the same as in
Figure 2a. The solid lines are calculated from eq 10 assuming the energy spectrum given in Figure 13. Note the fundamental difference between the
solid lines in Figures 2a and 14. In Figure 2a, they represent separate fits at each temperature; in Figure 14, two parameters (g(Eps) and Ay,) de-

termine all curves at all temperatures.
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FIGURE 15: Plot of the exponent n as a function of temperature for
MbCO in PVA and in glycerol-water. The fact that n follows eq 21 up
to at least 200 K implies that the activation energy spectrum is un-
changed to at least this temperature.

6. Binding without Diffusion and Relaxation

Between 40 and 180 K, only process I is present and the
innermost barrier can thus be studied in detail and without
interference from other processes. Investigation of the other
barriers is complicated by two facts. All four processes may
be present simultaneously, and transitions among the con-
formational states of Mb may affect the shape of N(¢). To
unravel the phenomena above 180 K, we first discuss the
experiments shown in Figure 4 in which MbCO is embed-
ded in a solid matrix, PVA, Ligand diffusion into the sol-
vent (process IV) and transitions among conformational
states (relaxation) are absent. Below 180 K, the properties
of barrier I can be found. Above 180 K, processes I-III are
present. Since the crucial features of barrier I, g(Ep,) and
Apa, are known, the rates over the barriers II and III can be
extracted numerically at each temperature, and the corre-
sponding activation energies and frequency factors can be
found. We describe the procedure in subsection 6.1, At tem-
peratures above about 300 K, calculations become simpler
and we treat this high-temperature limit in subsection 6.2.
In subsection 6.3, we give the main conclusions.

(6.1) Activation Energies and Frequency Factors. Be-
tween about 180 and 220 K, it seems as if process I had be-
come approximately independent of temperature, as can be
seen in Figure 4. What happens is the subtle emergence of
process II. The quantitative evaluation below indicates that
process I continues to become faster as the temperature in-
creases, but process II appears and simulates a slowing
down of N(r). At about 230 K, process III appears and by
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280 K, dominates. The concentration-dependent process IV
is absent in the solid matrix so that k4 = 0. We are thus
left with a three-barrier problem, with the innermost bar-
rier characterized by the activation energy spectrum g(Ey,)
and the frequency factor Ap,.

The extraction of the rates kye, kcb, ked, and kg at a
given temperature from the rebinding curve N(t) is per-
formed by computer. In matrix form and with k,, = 0, eq 5
for three barriers (k4. = 0) is

dN/dt = MN (23)
where
Na
Nb
NC
Ny

kba 0 0
—kba - kbc kcb 0
koc —kety — ked  kac
0 0 kg —kqc
The general solution of eq 23 is found by determining the

eigenvalues \; and eigenvectors v; of the eigenvalue equa-
tion

(24)

o O o

M=xDv;=0 (25)

and expanding

4
N(t) = Z C,'V,‘ENI (26)
i=1
I in eq 25 is the unit matrix. The coefficients c;-c4 are de-
termined by the initial condition eq 7. The rebinding func-
tion is obtained from N(z) by integrating (1 — N,(¢)) with
the proper weight g(Eva)

Nata® = | B g (Eu) (1 = Na()] (27

The bar over NV, (¢) implies that an average over the experi-
mental time interval has been taken. For fixed values of the
rates Koc, kcb, Kcd, and kqc, eq 27 yields Neajea(?). To obtain
the actual values of the rates, the computer is instructed to
fit Ncaica(?) to the experimental points N(z;) by minimizing
5363
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FIGURE 16: Rates for processes [-III for MbCO embedded in a solid
PVA matrix. Activation energies and frequency factors deduced from
these curves are given in Table II.

X=X

all /

[N(ti) —]\]ctalcd(ti)]2 (28)

AN(2:)

Here N(1;) is the value of N(t) measured at time ¢;, with
error AN(t;). This procedure yields the four unknown rates
at all temperatures where processes I-11I are involved. The
rates are plotted vs. 1 /T in Figure 16. Slopes and intercepts
give the activation energies and frequency factors for
MbCO in PVA listed in Table II in section 10. With all rel-
evant parameters of the three barriers known, the rebinding
curve Neaicd(?) at any temperature can be calculated from
eq 26 and 27. A few such curves are shown in Figure 17, to-
gether with experimental points. The theoretical curves
agree nearly everywhere within error with the experimental
points. At a few temperatures, the experimental behavior is
smoother than the theoretical one; a possible explanation
will be mentioned in subsection 6.3. The curves in Figure 17
are not separate fits at each temperature; the data at al/
temperatures, from 40 to over 330 K, are faithfully repro-
duced with one set of activation energies and frequency fac-
tors.

(6.2) High-Temperature Limit. The numerical solution
of the three-well problem provides us with rates, but not
with a deeper understanding of the kinetics of the binding
process and the effect of the activation energy spectrum.
Fortunately, there exists a limit in which the solution of eq
5 can be found easily, namely if the outbound rates are
much larger than the inbound ones:

kbe D> kvay  ked D kb, Kac (29)

If these conditions are satisfied, then essentially all ligand
molecules placed into well B after a flash move first to well
D before ultimately rebinding in well A. Figure 16 shows
that eq 29 is approached above about 330 K. We call the
situation where essentially all ligand molecules move to the
outside before rebinding the high-temperature limit.

In the high-temperature limit, a quasi-equilibrium
among wells B, C, and D is established rapidly after a flash,
with most ligand molecules occupying well D. Rebinding to
well A occurs slowly by leakage from B. The situation can
be treated by the steady-state approximation where d/Vy/d¢
= dN./dt ~ 0 and N, + N4 = 1. The approximate solution
to eq 5 then becomes with k,p = kge = 0
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FIGURE 17: Comparison of some theoretical curves with experimental
data. The experimental points are from Figure 4, the theoretical curves
are computer calculations based on eq 5, the energy spectrum for PVA
given in Figure 13, and the activation energies and frequency factors
extracted from Figure 16. The experimental points are smoother than
the theoretical curves, suggesting that also barrier II could possess an
activation energy spectrum.

N(kpa,t) = 1 = Ny(1) = e= it (30)
where
kcb kdc
AL = Kpa — 31
= ka3 (31)

For a distributed energy E\,, eq 30 is generalized to

N7y = j;wdEbag(Eba)e-w (32)

The factor kepkde/kbcked in App is independent of the ener-
8y E'ba of barrier I so that for fixed barriers IT and II1
diiy _ dkye _ dEbs

Al Kba RT

Inserting dEw, = —RT dAy/ A into eq 32 gives as in eq
12

(33)

NU(2) = RTL{g(in) /M) (34)

In the absence of relaxation and in the high-temperature
limit process II1 should have the same shape as process I.
Computer calculations bear out this prediction, but it can
also be verified approximately in a simpler way. The form
of g(Ain), without cut-off, is given by eq 14 with ky, re-
placed by Ay;. The Laplace transform then gives

Nty ~ (1 + t/to*) ™" (3%)

where the parameter 7 is the same as for process I. A rela-
tion between n, to*, and Ay is obtained as in eq 15 by set-
ting dg/dA; = 0; this condition leads to

L= >\”lpeak =M (36)
[0* kbckcd
The parameters n and zo* are obtained by fitting eq 35 to
the data.

(6.3) MbCO in a Solid Matrix. The results obtained
with MbCO in PVA lead to the following conclusions. (i) In
a solid matrix, the activation energy spectrum at the inner-
most barrier determines even the shape of process III,
which corresponds to rebinding from the outer well D. (ii)
The energy spectrum g(FEb,) is essentially unchanged up to
at least 320 K. This fact can be seen from the agreement of
the experimental curves with the predictions of eq 34.
Moreover, the derivation leading to eq 35 implies that the
exponent n should be given by eq 21 as n(T) = «aRT.
Values of n for MbCO in PVA, taken from Figure 4 and
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shown in Figure 15, indeed lie close to the straight line
drawn through the process I data. (iii) Process III, as stated
in (i), reflects the activation energy spectrum at the inner
barrier. This feature supports our model in which it is as-
sumed that the various barriers are in sequence. If process
III led to rebinding by bypassing barrier I, it would be un-
likely that it would display the same energy spectrum as
process 1. (iv) The experimental curves in Figures 4 and 17
are smooth and show little structure. The theoretical curves
in Figure 17, in contrast, show small bumps that correspond
to processes II and II1. A smoothing of the bumps would be
expected if not only barrier I, but also one or both of the
other barriers were distributed in energy. It will be difficult
to explore this aspect in detail. Process I occurs alone over
about a factor 4 in temperature and consequently can be
studied easily. Processes II and III can only be observed in a
much smaller range and they never occur alone; they are
also always influenced by the innermost barrier.

7. Conformational Relaxation

We have explored the properties of the barriers 1-III in
sections 5 and 6 and we should now turn to the outermost
one. Before being able to do so, we must solve another prob-
lem. Figures 4-7 show that the rebinding of a ligand to Mb
after a photoflash is exponential in a liquid sample, but
close to a power law in a solid one. The difference can be
understood by assuming that in solid samples each Mb mol-
ecule remains in a given conformational state whereas in a
liquid one a given Mb molecule changes rapidly from one
conformational state to another. We call this process con-
formational relaxation.

Relaxation can be characterized by a correlation time, 7,
or rate, k, = 1/7,. Loosely defined, 7, is the time required
for a substantial change in the activation energy Ep, of a
given molecule, for instance by a rearrangement in the terti-
ary structure. If no relaxation occurs, the rebinding process
reflects the activation energy spectrum of the inner barrier
and the rebinding function N(¢) is nonexponential. If relax-
ation is complete, N(?) is exponential.

The influence of relaxation is easiest to discuss if process
I is alone. The maximum time spent by a ligand molecule in
well B before rebinding then is given by 7imax = 1/kpa™",
where kp,™" is the smallest rate corresponding to the ener-
gy Eva™2* in Figure 13. In terms of rates, we have no relax-
ation in process I if

kr << kpamin 37

In contrast, with fast relaxation, all Mb molecules undergo
many conformational changes before their ligands rebind.
The condition for complete relaxation in process I is

ke > kpamax (38)

where kp,™?* is the maximum return rate. At any time, the
ensemble of Mb molecules will be in dynamic equilibrium,
and the energy spectrum given by g(Ep,).!! The number of
Mb molecules with activation energies between Ey,, and Ey,
+ dEp, at time ¢ will consequently be dN(¢) = N(t)g
{Eba)dEa. The number of these that rebind during the time
interval between ¢ and ¢ + dt is d(dN(t)) = —kp,dN(t)dt

' In contrast, if no relaxation occurs, the ensemble is not in dynamic
equilibrium. At the start of the reaction, the Mb molecules that have
small activation energies react first and are depleted from the ensemble
represented by g(Epa). At long times, only the high energy tail of
g(Eva) contributes to the reaction.
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or d2N(t) = —kpaN(2)g(Ena)dEv.dz. Integration with the
initial condition N(0) = 1 yields

N(t) = e_debag(Eba)kba’ = g kbaMe2Nt (39)

Regardless of the form of g(Eva), rebinding in the limit k.
> kpa™2* will be exponential. The “effective energy spec-
trum” thus has narrowed to a delta function and the process
is similar to motional line narrowing in nuclear magnetic
resonance (Bloembergen et al., 1948; Pines and Slichter,
1955). With kpdEy, = —RTdky,, and with g(ky,) given
by eq 14, the integral can be done; the result is with eq 15 in
a good approximation

N(t) = e~ ke (40)

If condition (38) is satisfied, the ligand molecules will re-
bind exponentially with a rate corresponding to the activa-
tion energy EpaPe2k,

Another case that is easy to solve is the high-temperature
limit, where again only one process dominates. As an exam-
ple, we shall use the case discussed in section 6 where k4e =
0, process IV is absent, and N(t) =~ N"(¢). No relaxation
of process 111 implies

min
k, << Appy™in = Kpa™"kcokde (41)
kbcked
The rebinding function N(t) is nonexponential and given by
eq 34. Complete relaxation in process IIl implies

k max
ke > At = b_a_lc_“J(_dc (42)
kvcked
Again, the energy spectrum of the Mb molecules will be in
dynamic equilibrium and d?N(#) = ~kuva(kcokdc/

kyckcd)N(2)g(Eba)dEvadt which leads to

N(r)=exp[—f§,’j—": { dEbag(Eba>kbaz] (43)

Solving the integral in eq 43 gives with eq 36
N(1) = e~ hmpesks (44)

and rebinding will be exponential.
Equations 40 and 44 imply that problems in which relax-
ation is complete are solved by the replacement

JdEv.g(Eva)kba — kpaPo2k (45)

The prescription should hold even if more than one process
is present.

The general solution of the intermediate case in which re-
laxation is present but not complete during a significant
part of the rebinding process requires a theoretical model
for relaxation at times near 7. However, for times t « 7,
and ¢ >> 7, the solution should be model independent. We
can therefore get an approximate solution for N(¢) and an
approximate relaxation time at a given temperature by
making 7, one of the parameters in the computer fitting
routine and setting up the following problem. (a) Assume
no relaxation of N(¢) for times ¢ < 7,. (b) Assume complete
relaxation for times ¢t > 7,. (c) Use the final conditions of
the unrelaxed solution at ¢ = 7, as the initial conditions for
the completely relaxed solution. This procedure will be used
in section 8 for the analysis of the data in glycerol-water
solvent.

8. Binding with Diffusion and Relaxation

In a liquid solvent, two phenomena can take place in ad-
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FIGURE 18: Rates for processes I-1V for MbCO in glycerol-water,
3:1, v/v. (a) Ratio of rates over barrier 11, kuc/kcb. (b) Arrhenius plots
for all rates. Note that Ay, describing the observed rate for process 1V,
does not describe an elementary step, as is discussed in subsection 8.1.
Activation energies and frequency factors deduced from these Arrhen-
ius plots are given in Table I. [CO] = 3 X 1073 M.

dition to those discussed in section 6. (1) Some or all of the
ligand molecules released by a photoflash can diffuse into
the solvent. All ligand molecules in the solvent then com-
pete for the vacant binding site. The resulting process IV
thus is second order, proportional to the ligand concentra-
tion, and becomes pseudo-first-order at high ligand concen-
trations. (2) Conformational relaxation can set in and the
rebinding curves can become exponential. The evaluation of
rebinding after a photoflash must in general be performed
numerically; the relevant ideas have been sketched at the
beginning of section 6 and the end of section 7. Details will
be given separately (Beeson, 1975). In the high-tempera-
ture limit, an explicit formula for the rebinding rate can be
given. In this section, we will first treat the high-tempera-
ture limit and then present the results for MbCO and
MbO:s.

(8.1) The High-Temperature Limit. We define the high-
temperature limit as in eq 29 through the condition that the

outbound rates are much bigger than the inbound ones:
kpe > kbapeakQ ked > keby  kde > kde, ked  (46)

The rate Ajv for process 1V then follows from eq 5 as

kepkgc k
Aiv = kbapeakﬁ;ﬁk_:: (47)
so that
Ew =EpP* — Exe+ Ecp— Eca+ Egc — Ege + Eed
Arv = AvaAcbAdcAed/ AveAcdAde (48)

Ev is the energy difference between the bottom of well E
and the top of the innermost barrier, as indicated in Figure
11.

Equations 47 and 48 permit us to understand the behav-
ior of the rate Ajv. Figure 7 shows that process IV for
MbCO appears at about 210 K, becomes larger as the tem-
peratuie increases, and is the sole directly observable pro-
cess above 270 K. In the entire temperature range 1V is ex-
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ponential: NV (1) = N'V(0) exp(—Avt). The rate \jv can
be determined from Figure 7, for instance with the tool de-
scribed in footnote 3, and is plotted in Figure 18bvs. 103/7T.
The rate A\;v does not obey an Arrhenius relation, but shows
a pronounced bend centered at about 270 K. At low tem-
peratures, the slope yields

Ewv’ = 18.9 kcal/mol,
Above 300 K, the result is
Eyv = 2.9 keal/mol,

A = 1083 sec™!  (49)

Ay = 104! sec™! (50)

This change in apparent activation energy and frequency
factor can be understood as follows. At low temperatures,
around 220 K, where very few CO molecules diffuse into
the solvent, their return is governed by the outermost bar-
rier. Above 300 K, Figure 7 shows that all CO molecules
leave Mb after photodissociation; the conditions for the
high-temperature limit are approached or satisfied. The ac-
tivation energy measured above 300 K therefore does not
describe one barrier, but measures the energy difference be-
tween the bottom of well E and the top of barrier 1.

(8.2) MbCO in Glycerol-Water. Rates for rebinding of
CO to Mb after photodissociation, computed from the data
in Figure 7, are plotted in Figure 18b vs. 10°/ 7. The ele-
mentary rates follow Arrhenius relations very well, in some
cases over as many as seven decades in rate. The activation
energies and frequency factors deduced from the slopes and
intercepts of the various k(T) are collected in Tables I and
I1. Conclusions will be given in section 10, but a number of
remarks are in order here.

(i) In MbCO, the rates for barriers I, I1I, and IV can be
determined unambiguously. The rates for barrier II are
hard to obtain and the values for Epc, Ecp, Ape, and Aeyp, in
Table I consequently have large errors. The ratio kpc/kcb,
however, can be extracted well; it is shown in Figure 18a
and yields

Epe = Ecp = 7.7 kecal/mol
Abc/Acb= 108'2 (51)

The difficulty of finding kuc and k., separately is caused by
the time limitation of our equipment and the nature of bar-
rier 11. Between 180 and 195 K, where process II can be ob-
served well, kcp is considerably larger than kyc as is evident
from Figure 18a. A CO molecule that jumps from well B to
C returns immediately to B again. Process Il therefore
“hugs” process I closely and does not stand out as for in-
stance process V. Extension of observations to times short-
er than 2 usec would permit a much better determination of
the individual rates. The inability of obtaining the separate
activation energies and frequency factors for barrier 11 does
not affect our conclusions in section 10.

(ii) Figure 7 provides evidence for conformational relaxa-
tion. Process 1V is exponential at all temperatures where it
can be observed well, but process II is nonexponential up to
at least 230 K. The relaxation rate k. consequently must lie
between the corresponding rates. If we assume that the re-
laxation rate follows an Arrhenius relation, a computer fit
at all temperatures is obtained by assuming

E.=24kcal/mol, A= 1027 sec™! (52)

(iii) The rates in Figure 18 have been obtained by assum-
ing that conformational relaxation takes place with a single
rate satisfying eq 52. All elementary rates in Figure 18 fol-
low Arrhenius plots from 200 to 320 K. For kcq and k4e, the
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lines are straight over about seven decades. These features
suggest that no major conformational change occurs in Mb
in this temperature range, apart from the conformational
relaxation already discussed in (ii).

(8.3) MbO; in Glycerol-Water. The evaluation of the O,
data in Figures 2b and 9 proceeds as for MbCO and leads
to the rates shown in Figure 19, but some special problems
are involved. (i) The preparation of a ferrous MbO; sample
is more difficult than that of MbCO and small variations
from sample to sample lead to somewhat different high-
temperature rebinding curves. (ii) The quantum yield for
photodissociation of O; is substantially smaller than one
and the energy of the pulsed laser is not sufficient to photo-
dissociate all MbOs,. (iii) We have studied the optical spec-
trum of MbO; at temperatures below 10 K. The spectrum
after complete photodissociation differs from that of de-
oxymyoglobin. The change in optical density at the moni-
toring wavelength, 436 nm, in going from oxymyoglobin to
the photodissociated state is only 60% of the corresponding
change from oxy- to deoxymyoglobin. Thus, even if all
bound O, molecules are photodissociated, the signal ob-
served in the photomultiplier at low temperatures is 40%
smaller than at higher temperatures. We assume that the
optical spectrum observed at low temperatures after flash-
off is associated with well B and treat the data accordingly.
(iv) Photodissociation of MbO; is initiated with a 590-nm
(rthodamine 6G) or 540-nm (coumarin 6) dye laser. Both
have disadvantages. At low temperatures, the o band in the
optical spectrum of MbQO; sharpens and the overlap with
the 590-nm light decreases. The 540-nm laser gives good
overlap with the 8 band, but the laser energy is low. Combi-
nation of the problems (ii)-(iv) results in a change in the
optical density for MbO, that is about five times smaller
than for MbCO. (v) As Figure 9 shows, process III can
barely be seen. We have therefore evaluated the MbO; data
assuming only three barriers, I, II, and IV. The identifica-
tion of the barely visible process with III is based on its po-
sition in the time sequence and on the similarities of the
other three with processes I, II, and IV in MbCO. Neglect-
ing barrier III implies that the activation energy deter-
mined from the rate k¢ describes the transition from the
bottom of well C to the top of barrier IV. (vi) As in MbCO,
barrier II is not as well determined as barriers I and IV. As
a result of the difficulties listed here, the barriers for MbO,
are not as well fixed as for MbCO.

9. Activation Energies and Entropies

We present in this section the relevant equations govern-
ing rate constants and summarize activation energies and
entropies of the ligand reaction with Mb. Transition-state
theory (Glasstone et al., 1941) gives for the rate of a transi-
tion B — A

kpa = ve~Goa/RT (33)

where Gp, is the free-energy change between the initial
state B and the transition state (intermediate state or acti-
vated complex) and v is an approximately constant factor.!2
Expressing the free-energy change in terms of enthalpy and

12The popular relation » = kT/h, where k is Boltzmann’s and A
Planck’s constant, predicts » to be proportional to 7. Modern treat-
ments indicate, however, that the temperature dependence of the fre-
quency factor is strongly model dependent (Menzinger and Wolfgang,
1969; Lin and Eyring, 1972); assuming temperature independence ap-
pears to be a good compromise. )
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FIGURE 19: Rates for processes I, 11, and IV for MbO; in glycerol-
water, 3:1, v/v. Activation energies and frequency factors deduced
from these curves are given in Tabie 1. [O;] = 6 X 10~° M.

entropy changes, Gp, = Hpa — T'St,, leads to
kpa = peSta/Rg=Hra/RT (54)

We take v, S, and H to be temperature independent and as-
sume for a first-order transition

v =10"3sec! (55)
Comparison of eq 2 and 54 gives
Hva = Epa,  Sta/R =In (4pa/v) (56)

The entropy change from B to the transition state can be
obtained from the measured frequency factor by assuming »
= 1013 sec™!. This approach is modified for process IV. The
rate kea = keg’[L] (eq 6) refers to a second-order reaction
in a liquid (or glass). Reaction theory for this case is not
well-developed (Weston and Schwarz, 1972) and the ap-
proximation we are forced to make is even cruder than eq
55.1In a gas, eq 55 is replaced by

v = 101 cm3/(mol sec) = 10" (M sec)™! (57)

where »’ refers to a second-order rate. We will use eq 57 to
obtain crude values for the entropy change in the transition
E — D, even though the solvent is liquid.

Activation energies, frequency factors, and entropy
changes for the reaction of Mb with CO and O; are collect-
ed in Tables I and II. Entropy changes, obtained from eq
55-57, are listed in terms of the dimensionless quantity
S/R. Most of the numbers in Tables I and II come from the
experiments discussed in sections 4-8. Errors in the activa-
tion energies and frequency factors for barriers III and IV
are approximately given by

AE/E = £0.10,

The corresponding relative error in (S/R) is also given by eq
58; however, the calculation of S/R rests on eq 55-57 and
hence is theory dependent. Errors for barrier I are given
after eq 17. Errors in the values for barrier II are considera-
bly larger than eq 58, but the differences Ep. — Ecp and St
— S have relative errors of only about 10%. Energy and
entropy differences between wells B and C are thus much
better known than the corresponding values for barrier II.
Data for the overall transition E — A are taken from
published experiments (Keyes et al., 1971; Rudolph et al.,
1972). Since these were performed in solvents different

Alog A/log A =~ 0.10 (58)
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Table I: Activation Energies (E'), Frequency Factors (4), and Entropy Changes (S/R) for the Binding of CO and 0, to Myoglobin in

Glycerol—-Water, 3:1, v/v.h

Carbon Monoxide? Dioxygen?d
E Log A LogA’ E Log A4 LogA’

Transition4 (kcal/mol) (sec?t) M sec)™! S/R (kcal/mol) (sec=?) WM sec)™! S/R
A-B 24¢ 16d +7.1 15 134 -0.3
B- A 2.4 8.7 -9.9 2.0 8.5 -10.4
B->C 11.0 16.5 +8.1 15.6 18.9 +13.6
C->B 3.3 8.3 —10.8 10.2 13.8 +1.8
C-D 12.1 15.5 +5.8
D-C 19.3 20.9 +18.2
D—-ES 21.7 22.7 +22.3 12.5 15.0 +4.6
E->Df 18.9 18.3¢ 22.8 +27.2 12.7 13.2¢ 17.4 +14.8
E - A& -21 -17 —18 -16

@ Wells are defined in Figure 11. Unless otherwise noted, values are measured to the top of the barriers. ® Values for CO are taken from eq
17 and Figure 18, for O, from eq 17 and Figure 19. ¢ E,}, is obtained by subtraction: eq 59 with eq 48 and 50 becomes Eyp, = —Eea® + Eqy.
d Obtained from eq 60. For O,, k,p, ~ 5kgjs. € Pseudo-first-order rates, concentrations: [CO] = 3 X 10~°M, [0,] = 6 X 10~%. /' For O,, values
in these rows actually refer to the transitions C — E and E — C. & Data for the transition E — A have been taken from Keyes et al. (1971) and
Rudolph et al. (1972). The values represent differences between initial and final, not transition, states. # Relative errors are given by eq 58 as
about 0.1 except for the transitions A > B, B— C, C— B, and E = A, where they are hard to estimate.

from ours, the values for Ee,® and S.,° in Table I should be
considered approximate. The activation energy E,;, is ob-
tained by subtraction:

Eawp=—Eca® + Ecg— Ege + Eac — Eca+ Ecb — Epc + Eta
(59)

as is evident from Figure 11. Note that the energy change
E.,9 and the entropy change S, are not differences be-
tween initial and transition, but between initial and final
states. The frequency factor Ay, is extracted from the disso-
ciation rate. In dissociation, a ligand molecule initially in
well A moves to the outside by thermally overcoming all
barriers. In the high-temperature limit, a ligand that has
jumped from A to B will then nearly always move to the
outside; the dissociation rate kg;s is therefore given by the
rate-limiting step A — B:

kdis = kap (60)

In general, however, kg4is will be smaller than k,p, and k,p
must be found from kg;s and the other rates by numerically
solving eq 5. Once k,p is known, an approximate value for
Aap is determined by setting ka, = Aap exp(—Ea/RT).
The experimental values for kg;s at 293 K are (Antonini and
Brunori, 1971) kqis(MbCO) = 0.02 sec™!, kq4is(MbO;) =
10 sec™!. The resulting values of A4,, and S.p/R are given
in Table I for MbCO and MbO; in glycerol-water. Since
k4is has not been measured in PVA, the corresponding
values in Table II are missing.

10. Summary and Interpretation

In the present section, we summarize and interpret the
main results of our work. The section is largely self-con-
tained, but we refer to earlier sections for amplification and
proofs. In each of the eight subsections, a specific facet is
described.

(10.1) Multiple Barriers. We have observed the rebind-
ing of carbon monoxide and dioxygen to Mb after photodis-
sociation over a wide range in temperature and time. The
rebinding functions N(¢), displayed in Figures 4, 7, and 9,
show four different processes, I-1V, characterized in section
4. With one potential barrier alone, four distinct processes
cannot be explained. In section 4, we therefore have pro-
posed a model in which four barriers are arranged in se-
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Table II: Activation Energies (£), Frequency Factors (4), and
Entropy Changes (S/R) for the Binding of Carbon Monoxide to
Myoglobin Embedded in a Solid PVA Matrix.2

Transition E (kcal/mol) Log A (sec™") S/R
B—- A 1.4 7.7 —-12.2
B-C 9.7 14.1 +2.5
C—-B 5.3 9.4 —8.3
C-D 10.9 13 0
D-C 15 15.4 +5.5

@ Values are taken from eq 17 and Figure 16.

quence, as sketched in Figure 11. In sections 5-8, we have
determined all relevant barrier parameters; they are listed
in Table I for MbCO and MbO; in glycerol-water and
Table II for MbCO in a solid PVA matrix. In Figure 20a,
the barriers for MbCO are drawn by giving the enthalpies
H, the entropies S in units of R, and the free energies G =
H — TS at 310 K. The values of H, S/R, and G are only
measured in the wells and at the transition states (top of the
barriers); the curves are drawn to guide the eye. Figure 20b
shows the corresponding wells and barriers for MbO,.

The free energy Geq and the entropy Seq require one re-
mark. The values of Seq/R given in Table I are based on eq
6 and 57 and consequently imply a standard state of unit
mole fraction for the ligand. G4 thus also refers to the same
standard state. The wells E in Figure 20 are drawn for two
situations; the dashed lines refer to unit mole fraction, the
solid ones to concentrations [CO] = 3 X 1073 M and [O;]
=6X 1073 M.

In Figure 21, the free energy for binding of CO to Mb is
shown at two temperatures. At 50 K, the outer barriers
dwarf the inner one; at 310 K, the inner is slightly larger
than the outer ones. The change makes it clear why CO
molecules in B rebind directly at low, but move preferen-
tially to the outside at high temperatures.

In our discussions we have assumed that all four barriers
are in sequence. In subsection 6.3, we have already partially
justified this model by showing that the three barriers in
solid PVA are likely to be in series. Figures 5 and 6 suggest
that barriers III and IV are also in series: when process 1V
is blocked, process III is seen. Further support comes from
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FIGURE 20: Enthalpy, entropy, and free energy (calculated at T =
310 K) as a function of reaction coordinate for (a) CO and (b) O,
binding to Mb. The solid lines in well E for S/R and G are calculated
assuming a pseudo-first-order reaction ([CO] = 3 X 1075 M, [0,] =6
X 1075 M), the dashed ones describe a second-order reaction calculat-
ed for unit mole fraction.

consideration of all enthalpies and entropies. Equation 50
shows that the energy difference between the bottom of well
E and the top of barrier I (Figure 11) can be obtained in
two different ways, either from the slope of Ajy in the high-
temperature limit or by adding the proper energies from
Table 1. The first approach gives Ejv = 2.9 kcal/mol (eq
50), the second —0.9 kcal/mol. The two values agree within
the limits of error implied by eq 58. Similarly the frequency
factor 41y = 10*! sec™! agrees well with the combination
AbzAcbAdcAed] AvcAcdAde = 1013 sec™!. An additional test
comes from the entropy difference between wells E and A,
where the value (S/R) = —17 (Keyes et al., 1971, Rudolph
et al,, 1972) agrees within errors with the algebraic sum of
the kinetically determined numbers from Table I, (S/R)«in
= —18.6. Finally we note that it would be unlikely for the
Arrhenius plots in Figure 18 to be straight over as many as
seven orders of magnitude in rate unless the model had
some validity.

Why does Mb possess multiple barriers? Efficient oxygen
storage probably demands a highly ordered state. The tran-
sition from the free O; (or CO) in the solvent to the bound
state then requires a large negative change in S. For a given
kva, enthalpy changes to the transition state are connected
by eq 54 as

Hba 14 Sba
Zha <—>+— 61
RT "\ko./ " R (61

In order to achieve a fixed reaction rate, Hy, must decrease
with increasing order, i.e., increasing negative S. This con-
sideration explains the small activation energy at the inner
barrier. If no outer barriers were present, the small inner
one would probably be overwhelmed by all kinds of mole-
cules in the solvent. If this speculation is correct, then we
would expect to find multiple barriers in many enzymes. In-
deed, we have seen such multiple barriers in hemoglobin,
the separated hemoglobin chains, carboxymethylated cyto-
chrome c, and cytochrome P450 with and without camphor
substrate.
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FIGURE 21: The free energy for the binding of CO to Mb as a function
of reaction coordinate. At 50 K, a ligand in well B will move only to A;
at 310 K, it will predominantly go to well E.

FIGURE 22: Cross section through the region near the active center of
Mb. A pocket on the distal side of the heme can be entered from the
outside through a narrow hole formed between His-64 and the propion-
ic side chain. Shaded groups are in, unshaded ones above, the plane
containing the iron.

(10.2) Barriers and Mb Structure. So far we have inter-
preted the experimental results of section 3 by postulating
the existence of four barriers, but without identifying these
with specific parts of Mb. X-Ray and neutron diffraction
data (Kendrew et al., 1958; Watson, 1968; Schoenborn, B.
P., Norwell, J,, and Nunes, A. C., personal communication)
provide evidence for features that could produce these wells
and barriers. Figure 22 shows a cross section through part
of Mb, approximately at right angles to the heme plane.
The heme extends to the Mb surface, but the iron in its cen-
ter is well hidden. On the distal side of the iron is a promi-
nent pocket with linear dimensions of at least 0.5 nm lined
with hydrophobic residues. The distal histidine His-64 in-
side the pocket is present in all mammalian Mb; its nitrogen
N, is about 0.4 nm away from the heme center. The en-
trance to the pocket is narrow and partially blocked by the
propionic side chain of the heme. The entire molecule is sur-
rounded by a hydration shell. A plausible, but by no means
unique, scenario for the binding of a ligand to Mb is as fol-
lows. Moving from the solvent (well E) toward the en-
trance, L first overcomes barrier IV, formed by the hydra-
tion shell. Well D thus could be between the hydration shell
and the entrance to the pocket. Support for the identifica-
tion of barrier IV with the hydration shell comes from ex-
periments with heme (Alberding et al., to be published)
which show two barriers, with properties similar to the Mb
barriers I and IV. We therefore assign I to the heme and IV
to the solvent. Barrier III could be formed by the narrow
entrance to the pocket, well C by a weak bond to the sur-
face of the cavity. Breaking this bond and thus overcoming
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FIGURE 23: Plot of N°ttys, 10*/T. Nt is the total fraction of ligand
molecules that do not rebind directly, but first move into the solvent.

barrier II, L moves to well B close to the heme iron and due
possibly to His-64. Evidence for such an assignment comes
from optical (lizuka et al., 1974) and Mossbauer (Lang,
private communication) experiments which indicate that
photodissociation of CO at low temperatures does not lead
to the deoxygenated form. Finally in well A, L is bound to
the heme iron, and possibly also to His-64. The innermost
barrier, I, could be caused by the active center since there is
a connection between spin state and position of the heme
iron, planarity of the heme ring, and occupation of the ac-
tive site (Huber et al., 1970; Perutz, 1970). Of the six li-
gand positions of the iron atom, four are bound to four ni-
trogen atoms in the heme plane. Position 5 connects the iron
to the polypeptide chain at the proximal histidine. The mol-
ecules Oy or CO bind at position 6. X-Ray, neutron diffrac-
tion, and Mossbauer data indicate that the states of the iron
and the heme depend on whether position 6 is free or occu-
pied. The iron atom with free position 6 is displaced out of
the heme plane, in a high-spin state, S = 2, and the heme
plane is puckered. With CO or O, bound, the iron is more
nearly in the plane, in an S=O low-spin state, and the heme
plane is flat. As the ligand molecule approaches the heme
center with position 6 not yet occupied, the iron must move
into the plane, change spin state, and the heme must alter
shape. Possibly the activation energy required for these
changes accounts for the inner barrier. If so, the height of
the barrier could be influenced by the protein structure via
position 5 and the heme nitrogen atoms.

(10.3) Specificity and Order. Two essential attributes of
enzymes are specificity and order. The native substrate is
preferentially selected and guided to a state of high order.
Even though Mb is not an enzyme, it illustrates how speci-
ficity and order are produced.

Specificity is studied here by comparing the binding of
CO and O,. The free-energy profiles in Figure 20 tell the
following story. A CO molecule entering from the solvent
encounters monotonically increasing free energy barriers.
In each intermediate well the outbound rates are larger
than the inbound ones: kde > kdc, kcd > Kb, and Kpe > Kpa.
CO therefore proceeds to the binding site A by a random
walk. After the first step, E — D, CO has a larger probabil-
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ity to return to E than to proceed to C and it takes a few
tries before CO makes it to C. Once there, it is again more
likely to return to D and from there to E than to continue to
B. CO consequently shuttles many times among the various
wells before coming to rest at the heme iron. At 310 K, the
rate Ayy is about 600 times smaller than k.q; CO moves a
few hundred times over barrier IV before binding. Binding
of O, proceeds in a much smoother way. Barriers I and IV
dominate and they have essentially equal free-energy
heights, barrier II is smaller. At 310 K, A\jv is only about
four times smaller than k.4; an O, molecule that moves for
instance from the solvent over barrier IV has nearly equal
probability of returning to the solvent or reaching the bind-
ing site A and requires only a few tries to get from E to A.
Specificity in Mb thus appears to be achieved through a
collaboration of active center (barrier I), globin structure
(barriers II and IIT), and hydration shell (barrier IV). The
design is optimal for rejecting the intruder CO and accept-
ing the natural ligand O;: CO is discriminated against at
each barrier. O,, on the other hand, moves just as easily in
as out so that Mb is an efficient oxygen acceptor and donor.
The difference between CO and O> can also be seen in Fig-
ure 23 which gives N°U(T), the fraction of ligand molecules
that move into the solvent after photodissociation. All CO
molecules are ejected from Mb after a flash at temperatures
above about 270 K. A major fraction of all O, molecules,
however, do not leave Mb, but return directly to the binding
site after each flash.

Figure 20 also shows how order is established. Consider a
CO molecule coming from the solvent. The entropy S/R of
the system Mb + CO increases over the first two barriers
(IV and III) and then steadily decreases till it reaches a
minimum when CO is at the binding site A. The increase in
S/R at barrier IV can be due to breaking of hydrogen bonds
when CO passes through the hydration shell. The increase
at barrier III can be caused by breaking of bonds or dis-
placement of residues. S/R is larger in well C than in D or
E; this fact can find a natural interpretation in the size and
construction of the pocket, as implied by Figure 22. The
number of states, W, for the CO molecule in the pocket can
be large enough so that the Boltzmann relation, S/R = In
W, can explain all or part of the observed value. A contribu-
tion can also come from the interaction of the CO with the
protein. A problem arises in the step B — A: it appears im-
possible to obtain the large entropy change, S/R = —17, by
considering only the states of the small ligand molecule. We
suggest the following explanation. In state B, the ligand
molecule is bound to the partially charged nitrogen N,; of
the distal histidine His-64. In well A, the ligand is addition-
ally bound to the heme iron and thus links the heme group
and the distal histidine as has been suggested by Pauling
(Pauling, 1964). The state B would be the precursor to the
final state A; with binding enthalpy CO-N,, given by Ep.
~ 11 kcal/mol. A precursor could facilitate the final bind-
ing step, B — A, which involves a spin change of two units
and thus requires presumably times of the order of nanosec-
ond or longer. A number of observations support this model.
(a) The bond Fe-CO-N,> can stabilize a major part of the
protein; the drop in entropy then is caused not only by re-
stricting the states of CO but also of a number of residues,
and the observed value, S/R = —17, can be explained. (b)
CO fits well between the heme and His-64. Using the
known positions of Fe and N.» (Antonini and Brunori,
1971), a bond length of about 0.14 nm for 0-N,; results and
this value appears reasonable. (c¢) It is known that CO and
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O, stabilize heme proteins against denaturation (Cassatt
and Steinhardt, 1971). A Fe-N,; link could produce stabili-
zation. (d) The stretching frequency of CO bound to Mb
(1944 cm™1) is considerably smaller than for CO bound to
free heme (1974 cm™!) or heme proteins lacking the distal
histidine (1970 cm™!) (Alben and Caughey, 1968; Caughey
et al., 1969). Bonding with charge transfer from N, of His-
64 could explain the frequency shift (Franceschetti, D. R.
and Yip, K. L., to be published). (¢) We have also studied
low-temperature photodissociation of CO in carboxymeth-
ylated cytochrome ¢ and in heme (Alberding et al., to be
published). In both cases, no distal histidine is present. The
frequency factor Ay, is of the order of 102 sec™!, corre-
sponding to an entropy change Sva/R =~ 2, considerably
smaller than for Mb.

MbO, displays features similar to MbCO, but the entro-
py changes are generally smaller. Here also, the ligand O,
could form a bridge between the heme and the distal histi-
dine. Evidence for such a bridge has been obtained by Yo-
netani and coworkers in a related system, cobalt myoglobin
(Yonetani et al., 1974).

(10.4) Activation Energy Spectra. At temperatures
below about 180 K, only process I, the direct rebinding
from B, takes place after photodissociation. Figure 21 ex-
plains that the dominance of I is due to a shrinking of the
innermost and a growth of the outer free-energy barriers
with decreasing temperature. Against expectation, process I
is not exponential, as can be seen dramatically in Figures 2
and 4. Our explanation is to ascribe the observed time de-
pendence N(t) to the existence of an energy spectrum at the
inner barrier. From N(t¢), the spectral distribution g(Epa)
can be found and it is given for CO and O, in Figure 13.
The result of a multiple flash experiment, Figure 3, demon-
strates that the activation energy spectrum must be due to a
heterogeneity in the ensemble of Mb molecules.

We have already made some comments concerning the
activation energy spectrum in section 5, and add some fur-
ther remarks here. (a) Nonexponential rebinding at low
temperatures occurs not only in Mb, but in all heme pro-
teins that we have studied so far (N. Alberding et al., to be
published). The energy spectra depend strongly on the pro-
tein and differ, for instance, considerably for the separated
« and B chains of hemoglobin. Substrate also affects the
spectrum and cyt P450 with and without the camphor sub-
strate display very different spectra. Low-temperature spec-
tra thus may become useful for fingerprinting proteins. (b)
The innermost barrier can be studied extremely well be-
cause it can be seen alone over an enormous temperature
range (in Mb from 40 to 160 K) and because N(t) extends
at most temperatures over more than six orders of magni-
tude in time. The other barriers cannot be investigated in
similar detail and it is not possible to assert unambiguously
that they are described by only one energy. In fact, some
tentative evidence in section 6 suggests that at least barrier
IT is also distributed. (¢) The solid lines in Figure 14 are
based on the energy spectrum for MbCO in glycerol-water
shown in Figure 13. The curves are not separate fits at each
temperature. One measurement of N(z) at one temperature
yields g(kpa) through eq 11; a second temperature fixes
Apa. The energy spectrum g(Ep,) is then known and all
curves at any desired temperature are unambiguously pre-
dictable. In this sense the fit in Figure 14 is given by two
parameters, the shape of g(Ep,) and Ap,; the curves repre-
sent the experimental data extremely well over an enormous
range in N(t), t, and 7. (d) We based the determination of
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g(Ev,) on eq 1. This approximation works well for Mb, but
is less satisfactory for some other proteins and should not be
considered a universal solution. For some proteins, it may
be better to guess a g(E) and then let a computer generate
N(#) curves through eq 10. The function g(Ep,) is then var-
ied till a good fit is obtained at all temperatures. (e) In
some proteins, return after photodissociation can be ob-
served below 2 K. The observed N(t) curves can only be ex-
plained by eq 10 down to about 20 K. At lower tempera-
tures, marked deviations occur which we ascribe to tunnel-
ing of either CO or Fe (N. Alberding et al., to be pub-
lished).

(10.5) Conformational Relaxation. An attractive expla-
nation for the energy spectrum is the existence of many dif-
ferent conformational states of Mb. At low temperatures or
in a solid matrix, transitions from one conformation to an-
other are extremely slow and each Mb molecule remains in
a particular state, with a corresponding value of the activa-
tion energy. At temperatures above about 230 K in glyc-
erol-water, relaxation sets in and each molecule changes
rapidly from one state to another. Absence or presence of
relaxation can be determined from the shape of the function
N(2); complete relaxation implies exponential N(¢) as eq 44
proves. The relaxation rate for MbCO in glycerol-water is
characterized by the values E; = 24 kcal/mol, 4, = 102}
sec™!, as given in eq 52. The denaturation enthalpy of Mb
has been determined approximately as Hgen = 40 kcal /mol
(Hermans and Acampora, 1967). It is therefore tempting to
speculate that conformational relaxation as observed in our
experiments is connected to denaturation.

One question is raised by the suggestion in subsection
10.3 that ligands stabilize the protein. If stabilization in-
deed occurs, it will probably also affect conformational re-
laxation, and the relaxation process may be different de-
pending on whether or not a ligand is in well A. Investiga-
tions of relaxation rates with independent tools could clarify
this point.

The.connection between relaxation and diffusion also de-
serves more attention. The extremes are clear. In a solid
surrounding, both diffusion and relaxation are absent, as is
seen in section 6. At high temperatures and in proper liquid
solvents, diffusion is present (process IV can be seen) and
relaxation is rapid (all observed rebinding curves are expo-
nentials). In liquid PVA, however, diffusion can be absent
while relaxation still persists (Figure 6).

(10.6) Conformational Energy. The total free energy of
an Mb molecule in a given conformational state j can be de-
noted by F;. The equilibrium number of Mb molecules in
state j at temperature 7 will be proportional to the
Boltzmann factor exp(—F;/RT). To find F;, we assume
that each conformational state j gives rise to a unique acti-
vation energy Eu,; we can then label the states F; with the
corresponding activation energy Ev. and replace F; by
F(Ev,). To get the explicit form of F(Ep,), we consider the
energy spectrum for MbCO in Figure 13. According to our
assumption, the spectrum represents a Boltzmann distribu-
tion in a potential well described by F(Ev,). The tempera-
ture at which the distribution is established follows from eq
52. In a typical experiment with a glycerol-water solvent,
about 10° sec are required to cool the sample to below about
200 K. Equation 52 implies that k; < 1073 sec™! at about
200 K. The distribution will therefore freeze at about T =
200 K, and g(Eba,), normalized to F(Ep,P***) = 0, will be
given by

2(Eva,To) = g(EoaP) exp[~F(Eva)/RTo]  (62)
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FIGURE 24: Conformational energy F; as a function of the activation
energy Ev,. The spikes represent the energy barriers in relaxation. The
crosses correspond to a Boltzmann equilibrium distribution at 200 K.

With g(Epa,To) from Figure 13, F(Ey,) can be calculated
numerically; the result is displayed in Figure 24. The solid
line represents F(Ep,), and the spikes are the barriers (acti-
vation energies) that have to be overcome in conformational
relaxation. The crosses show a Boltzmann equilibrium dis-
tribution at 200 K. As the temperature is lowered below
200 K, the Mb molecules remain frozen in their states and
this distribution remains unchanged. In contrast, as the
temperature rises above 200 K relaxation sets in, Mb mole-
cules jump over the barriers, and the distribution assumes
the equilibrium shape corresponding to the ambient temper-
ature 7.

(10.7) Influence of Solvent and Relaxation. The dynam-
ical action of Mb cannot be treated without considering the
solvent an integral part of the system. The following exam-
ples bear out this assertion. (a) The outermost barrier is
intimately connected to the properties of the solvent and it
may, in fact, be produced by the hydration shell (subsection
10.2). Changes in the solvent thus will affect the rebinding
directly. (b) The surrounding can prevent diffusion into the
solvent and thus block the interchange between the interior
of the biomolecule and the outside. An example is shown in
Figure 6: PVA, before it hardens, permits relaxation, but
process IV is absent. In solid surroundings, both relaxation
and diffusion are stopped, as is shown in Figures 5 and 6.
(c) Activation energies and frequency factors for the vari-
ous barriers are considerably different in solid PVA and in
liquid glycerol-water, as is illustrated by Figures 16 and 18.
(d) The inner parts of the protein are better shielded than
the outer ones. To demonstrate this trend, we give in Table
III the rates at 310 K for MbCO in solid PVA and in liquid
glycerol-water. The ratio of rates in the two solvents shows
that the core, near the active center, is only slightly affected
while the outer barriers are strongly changed. (e) As Table
IIT shows, the rates in the liquid surrounding are larger
than in the solid one; relaxation makes access to the active
center easier. Nevertheless, Mb does not behave like a sieve
and the path to the binding site is well controlled as is dem-
onstrated by Figures 18 and 19.

(10.8) Low-Temperature Biochemistry. Our work
implies that it is not possible to understand the dynamics of
ligand binding to Mb if measurements are taken only in a
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Table 11I: Comparison of the Rates for Binding of CO to Mb in PVA
(Solid) and Glycerol-Water (3:1, v/v) at 310 K.

Log Rate (sec™?)

Transi- — Ratio of Rates
tion Glycerol— in Glycerol—
Barrier Rate PVA Water Water to PVA

I kygPeak 6.7 7.0 2
II kbe 7.3 (8.8) (30)4
kb 5.6 (6.0) (2.5)@
kuolkcn 1.7 2.7 10
111 ked 5.3 6.9 40
kdc 4.8 7.3 320
v kde 0 7.4 oo

@ Rates in parentheses have larger errors than the other ones.
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narrow temperature interval, say between 278 K (103/T =
3.6 K7!) and 320 K (103/T = 3.13 K~!). Some examples
will prove this assertion. (a) Between 278 and 320 K, only
one process is observed after a photoflash; its rate, denoted
by Ay, is shown in Figure 18 for CO and Figure 19 for O,.
If only points between 278 and 320 K are considered, the
curvature in Ay is overlooked and activation energies of 3
and 6 kcal/mol are obtained for CO and O, respectively.
They would be interpreted as barrier heights in a single-step
process. Our investigation shows, however, that the binding
process involves at least four barriers and that the activa-
tion energies observed at high temperatures must be broken
down into individual components. In the high-temperature
limit, defined by eq 46, the observed activation energies and
frequency factors are given by eq 48. (b) Figure 18 shows
that nearly all rates are approximately equal near physio-
logical temperatures (compensation effect). The one rate
that is much smaller, k.4, is a second-order rate and de-
pends on the ligand concentration. It can therefore also be
shifted toward k ~ 107 sec™! if desired. The fact that all
relevant rates are approximately equal implies that there is
not one rate-limiting step, but that all barriers must be
taken into account in any discussion of CO binding. The re-
binding curves in Figure 7 show only one process near 310
K; the complex interplay among barriers is hidden. Only if
a wide temperature range is studied can the various pro-
cesses be separated. (¢) Figure 23 displays the fraction of li-
gand molecules that do not rebind directly after a flash, but
move outside Mb. For CO, this fraction is very close to 1
above 278 K and the existence of the fast process I would be
difficult to detect. For O process I still contributes a con-
siderable fraction at high temperatures and probably has
been seen in fast laser-flash work (Alpert et al., 1974).
Without low-temperature data, however, the interpretation
is difficult. These three examples suggest that the investiga-
tion of biochemical reactions in many systems will require
experiments extending over a wide range in temperature
even though the actual physiological range is small.
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