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Abstract

Protein dynamics is crucial for protein function. Proteins in living systems are not isolated, but operate in networks
and in a carefully regulated environment. Understanding the external control of protein dynamics is consequently
important. Hydration and solvent viscosity are among the salient properties of the environment. Dehydrated proteins
and proteins in a rigid environment do not function properly. It is consequently important to understand the effect of
hydration and solvent viscosity in detail. We discuss experiments that separate the two effects. These experiments
have predominantly been performed with wild-type horse and sperm whale myoglobin, using the binding of carbon
monoxide over a broad range of temperatures as a tool. The experiments demonstrate that data taken only in the
physiological temperature range are not sufficient to understand the effect of hydration and solvent on protein
relaxation and function. While the actual data come from myoglobin, it is expected that the results apply to most or
all globular proteins.� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Protein in living systems work in networks that
may contain as many as a few thousand proteins
w1–4x. Such a network can be effective only if the
function of an individual protein is not immutable,
but can be influenced by external factors, such as
protein–protein and nucleic acid–protein interac-
tions, or by the effect of small molecules, such as
lactate. The study of the dynamics and function of
proteins under the influence of external agents is
consequently an important task. In the present
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review, we discuss two relevant agents, hydration
and viscosity. Both are controlled by the medium
surrounding the proteins. One reason for this dis-
cussion is the fact that special and unique qualities
have been attributed to one particular medium,
trehalosew5–7x. We show, using data available in
the literature, that hydration and solvent viscosity
both have to be varied in order to understand the
phenomena observed.
Myoglobin (Mb) is the protein that we use to

discuss the effects of hydration and viscosity. Mb
has long served as a model. It was the first protein
for which the structure was determinedw8x. Maur-
izio Brunori has contributed essential insights into
the study of the function of Mbw9,10x. Long
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Fig. 1. Myoglobin, the model: the cross-section shows the protein, the heme group with the central iron atom, a number of cavities,
the hydration shell, some internal water and the solvent(liquid or solid).

considered just a storage protein, Mb is actually
an allosteric enzyme. At high pH, it acts as a
dioxygen storage protein; at low pH, it behaves
like an enzyme involved with NOw11,12x. Here
we use the binding of carbon monoxide(CO) to
Mb w13x to discuss the effect of hydration and
viscosity on biological function. A cross-section
through Mb is sketched in Fig. 1. At the heart of
Mb is a heme group, with a central iron atom and
four custom-made cavities, Xe-1 to Xe-4w14,15x.
The protein is surrounded by the hydration shell,
a thin layer of waterw16–23x. In addition, a
number of water molecules are buried insidew24–
27x. The external and internal water molecules and
the solvent viscosity are important for protein
motion w28–34x.

The binding of CO to Mb is studied by flash
photolysis. The system is initially in the bound
state, MbCO, as indicated in Fig. 1. A laser flash
breaks the bond between the iron and the CO, and
the CO moves away from the heme. The motion

of the CO is followed by spectroscopically meas-
uring N(t), the fraction of Mb molecules that have
not rebound a CO at the timet after the flash.
Typical kinetic curves are shown in Fig. 2w35x.
At low temperatures, the CO moves only a few A˚

and rebinds in a single step. At high temperatures,
the CO escapes into the solvent and rebinds from
there. The steps involved in rebinding can be
described by the equationw13x:

A§B|C|D|S (1)

that is represented schematically in the reaction
landscape in Fig. 3a. A denotes the bound state, S
the state with CO in the solvent, and B, C and D
are intermediate states. Kinetics, of course, gives
no structural information. Such information comes
from X-ray diffraction dataw36–41x. These show
that in B, the CO is in the heme pocket, and in D
it has moved to the proximal side into the Xe-1
cavity. In C, the CO may be in Xe-4. Sperm whale
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Fig. 2. Kinetics of CO recombination to horse myoglobin from 140 to 300 Kw35x. The sample is 500 mM KCl, pH 9.0 and 3:1
glycerolywater.

(swMb) and horse heart Mb(hMb) behave some-
what differently. In hMb, position C is difficult to
observe kinetically. In the following we discuss
how hydration and solvent viscosity affect the
various steps in the scheme in Eq.(1). Three
remarks should be added to Eq.(1) and Fig. 2. In
a number of papers(e.g. w42x), Eq. (1) has been
extended by adding branching. Branching can
certainly not be excluded, but we can fit the data
over the entire temperature range(40–300 K)
without using such branching. We therefore do not
include it in the discussion. The second remark
again concerns the relevance of studies covering
the entire temperature range, from below 200 to

300 K. As Fig. 2 shows, the fraction of CO that
escapes into the solvent is very close to 1 near
ambient temperature. The unimolecular(i.e. gem-
inate) transitions in Eq.(1) are therefore nearly
indistinguishable; separating them at high temper-
atures requires taking the difference of two large
numbers. Systematic extrapolation starting from
low temperatures is needed to unambiguously sep-
arate the various steps. The third remark concerns
the role that studies on mutant Mb played in
establishing the location of the intermediates C
and D in Eq. (1). Such studies were indeed
relevant, but the unambiguous assignment has
come from X-ray data.
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Fig. 3. (a) The reaction landscape for the binding of CO to
swMb, as deduced from flash photolysis experimentsw13x. (b)
A schematic cross-section through the energy(conformation)
landscape. The landscape is a construct in 3Ny3 co-ordinates,
whereN is the number of atoms in the protein and the hydra-
tion shell. A point in this landscape describes the positions of
all atoms in a given substate.

We wish to understand and distinguish protein
dynamics and ligand migration. This is accom-
plished in a controlled fashion by varying temper-
ature, solvent viscosity, etc. The interpretation of
the function of proteins is clarified through the
concept of an energy or conformation landscape
w13,43,44x: a given protein can assume a very
large number of different, but usually related,
structures. The multitude of these conformational
substates is described by the energy landscape, a
construct in a space of 3Ny3 dimensions, where
N is the number of atoms in the protein and its
hydration shell. A simplified one-dimensional
cross-section through such an energy landscape is
sketched in Fig. 3b. Each location on the energy
landscape characterizes the positions of all atoms
of the protein and of the hydration shell. The

energy landscape is hierarchically organized into a
number of tiers, which are characterized for
instance by the average barrier height between
substatesw45x. Of interest here are the top two
tiers, 0 and 1. Tier 0 describes a small number of
measurably different conformations, called taxo-
nomic substates, which can have different func-
tions w11x. In Fig. 3b, two such taxonomic
substates are shown. Mb has three taxonomic
substates, called A , A and Aw46,47x. A dom-0 1 3 1

inates at high pH and is involved in dioxygen
storage. A dominates at low pH and may perform0

NO enzymaticsw10,11x. Initially, the taxonomic
substates were defined through the infrared stretch
frequencies. X-ray data now show that in A the0

protonated distal histidine has moved out from the
heme pocketw48x. The structure of A is still not3

known. Each taxonomic substate can assume a
very large number of tier-1 statistical substates.
These substates all perform the same function, but
at different rates. At temperatures below the so-
called protein glass temperature,T , the frozeng

heterogeneity of the statistical substates gives rise
to non-exponential time-dependent relaxation and
reaction phenomenaw49x. Each statistical substate
may again contain substates of lower tiers, the
function of which is not yet clear.
The existence of statistical substates is observed

in the non-exponential low-temperature binding of
CO, as depicted in Fig. 2 below approximately
180 K. A multi-flash experiment proved, in a
primitive version of a single-molecule technique,
that the non-exponential time dependence is caused
by inhomogeneityw13x: at these low temperatures
each protein rebinds exponentially, but proteins in
different substates do so with different binding
rates. The different binding rates can be attributed
to different barrier heights,H, for binding to the
heme iron. The non-exponential time dependence
of rebinding can consequently be written as an
integral over contributions from proteins with dif-
ferent barrier heightsH:

Ž . Ž . µ Ž . ∂N t s g H exp yk H t dH (2)|
whereH is the height of the enthalpy barrier for
the step B™A, g(H)dH the probability of finding
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Fig. 4. (a) Rebinding of CO to Mb in water(ice) from w13x. Above the melting point(270 K), binding is exponential in time and
proportional to the CO concentration in the water. Below the freezing point, CO can no longer escape from the protein interior and
binding is non-exponential in time. ‘II’ and ‘III’ denote kinetics processes two(mostly C™A) and three(mostly D™A). (b)
Binding of CO to Mb embedded in solid PVAw13x. CO cannot escape into the solvent and binding is non-exponential in time.

a barrier with height betweenH andHqdH, and
k(H)sA(TyT )exp(yHyRT) the relevant Arrhe-0

nius rate coefficient.T is an arbitrary constant,0

usually taken to be 100 K. Eq.(2) fits the CO
binding data for the three taxonomic substates A ,0

A and A over the range from approximately 401 3

to 180 K with different enthalpy distributions and
different pre-exponential factorsw50x.

2. Data

In this section, we present data culled from our
own and from related work. Fig. 2 showsN(t) for
the binding of CO to hMb at temperatures below

(Fig. 2a) and above(Fig. 2b) 200 K w35x. N(t)
denotes the fraction of the Mb molecules that have
not rebound a CO molecule at timet after photo-
dissociation. Fig. 4 gives the recombination kinet-
ics of CO to sperm whale myoglobin for Mb
embedded in poly(vinyl alcohol) (PVA), in water,
and in icew13x. Fig. 5 reproduces some of the data
taken by Hagen and co-workers of Mb embedded
in trehalosew5,6x, and by Kleinert and co-workers
in a mixture of 92% sucrose–waterw34x. Infor-
mation on the binding process also comes from
temperature-derivative spectroscopy(TDS) w51x.
In this technique, MbCO is photolyzed at a low
temperature, 12 K, where rebinding is extremely
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Fig. 5. Binding of CO to Mb embedded in trehalose and in 92% sucrose–water(syw), The curves for trehalose are taken from
Hagen et al.w5,6x, and those for sucrose–water from Kleinert et al.w34x.

slow. The sample is then slowly heated and rebind-
ing is followed by recording the reformation of
MbCO, for instance by observing the infrared
spectra of the three taxonomic substates A , A0 1

and A . The result for swMb, shown in Fig. 6a,3

verifies that rebinding at low temperatures must
be described by an activation enthalpy distribution,
Eq. (2), and that the distribution is different for
the different taxonomic substates. Additional
insight comes from Fig. 6b. In this experiment,
the sample was first cooled from 160 to 12 K
under illumination. The TDS experiment was then
started at 12 K and rebinding was observed up to
approximately 140 Kw52x. Rebinding from the
three states B, C and D, introduced in Eq.(1), can
be clearly observed. In hMbCO, state C is barely
observable. Protein motion and the migration of a
ligand through the protein depend, for instance, on
the viscosity of the medium in which the protein
is embedded. Fig. 7, taken from Beece et al.w30x
and Ansari et al.w31,34x, shows the dependence
on solvent viscosity of three characteristic process-
es, exit and entry of the CO from the protein

, and migration of the CO from D to C.Ž .D|S
Also shown in this figure is the rate coefficient
for the process D™C in PVA. PVA prevents the
entry and exit of CO, and therefore no correspond-
ing point is shown. Fig. 8 compares the process

S™A in water at 270 K with process III(D™A)
at 250 K in ice and in 75% glycerol–water(gy
w). To obtain the curve for gyw, the rebinding
from the solvent has been subtracted from the data
points measured(Fig. 2) and the rate coefficient
has been corrected for the escape process D™S.

3. Data interpretation—hydration

In 1975, the multi-well model summarized by
Eq. (1) described the kinetic data obtained over
extended ranges of time and temperature tolerably
well w13x. The structural interpretation, however,
was guesswork. Studies with mutants suggested
that the CO could be in Xe-4, but solid information
came from sophisticated X-ray diffraction experi-
ments. Using the results of TDS experiments, such
as those shown in Fig. 6bw52x, the X-ray data
provide the structural information sketched in Fig.
1: in state B, the CO is still in the heme pocket,
parallel to the heme plane and approximately 4 A˚
from the center of the heme group. In C, the CO
is most likely in the Xe-4 cavity. In D the CO has
moved to the proximal side into the largest cavity,
Xe-1. These assignments have been tested by
measuring the binding of CO in the presence of
Xe (w53x and Chu et al., in preparation): Xe slows
the transit of CO to Xe-1.



41H. Frauenfelder et al. / Biophysical Chemistry 98 (2002) 35–48

Fig. 6. Binding of CO to swMb at pH 6.0, using temperature-
derivative spectroscopy(TDS) w51,52x. (a) Binding after a sin-
gle photoflash at 12 K. The temperature was then increased at
a constant rate(3.125 mK s ) and the binding was monitoredy1

at the stretch frequencies of the bound CO and depicted as
contour maps.(b) TDS contours after cooling under constant
illumination from 160 to 12 Kw52x.

Most of the photodissociation experiments have
been performed with the MbCO embedded in a
75% glycerol–water solventw13,35x. In this sol-
vent the transition from B to A dominates up to
approximately 200 K, as is evident in Fig. 2a.
Above approximately 150 K, CO begins to move
to C and D. Above approximately 200 K CO can
also escape into the solvent. In Fig. 2, these
processes are denoted by I–IV: Process I is the
direct binding, B™A. Process II involves C™B
and C™D. Process III describes both escape into
the solvent and rebinding, and process IV is
binding from the solvent.
Quantitative evaluation of the data shows that

binding from D to A slows by a factor of approx-
imately 30 above 230 Kw35x. We ascribe this
slowing to a shift of the distal histidinew24–28x

and possibly to a water molecule entering after
CO has leftw54x.

With this background, we turn to the effect of
hydration on ligand binding. Fig. 5 shows the
binding of CO to Mb embedded in trehalosew5,6x
and 92% sucrose–waterw34x at several tempera-
tures. Rebinding is non-exponential up to nearly
300 K and only the direct binding to A, B™A, is
apparent. Transitions to C and D are essentially
absent up to the highest temperatures measured.
N(t) can be fitted with Eq.(2) up to approximately
300 K and the resulting distribution functiong(H)
is similar to theg(H) that reproduces process I for
the binding to Mb in glycerol–waterw13x. What
is going on here? To understand, we present in
Fig. 4 data for the CO binding in water, in ice,
and in solid poly(vinyl alcohol) w13x. In water
(Fig. 4a) rebinding from the solvent(process IV)
dominates. As soon as the sample freezes, the
solvent process disappears. In contrast to the bind-
ing in trehalose and in sucrose–water depicted in
Fig. 5, however, processes II and III are visible,
and they are non-exponential in time. Thus, the
CO can move from the heme pocket to Xe-4 and
Xe-1 even in ice, but it can no longer escape into
the surroundings. The situation is similar in PVA
(Fig. 4b) where processes II(C™A) and III (D™
A) appear above 200 K. What causes the differ-
ence between trehalose and sucrose–water on one
hand, and ice and PVA on the other? The answer
is sample preparation. MbCO in trehalosew5,6x
and in 92% sucrose–waterw34x was dehydrated.
The residual water content was 3.5 and 8%, respec-
tively. The data in Fig. 5 thus represent dehydrated
MbCO, without all the internal water. In this
dehydrated protein, the ligand can still be photo-
dissociated, but it cannot leave state B in the heme
pocket. The passage from B to C and D may be
blocked because dehydration has changed the
structure or has stopped internal motion. In the
hydrated protein, in contrast, passage to C and D
is possible, even in solid PVA and in ice. Thus, in
a hydrated protein near 300 K, transitions in all
tiers of the energy landscape take place. In a
dehydrated protein, however, transitions among
substates of tier 1 are absent or very slow. Other-
wise, binding would be an exponential function of
time. Transitions between the taxonomic substates
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Fig. 7. Viscosity dependence of the rate coefficients in MbCO of the exit(D ™S) and entrance processes(S™D ), of the migrationR R

from D to C at 260 Kw30x, and of the protein relaxation R at 293 Kw32x. The index R indicates that the protein is relaxed. The
filled square labeled D™A represents the transition in PVA at 240 K, and corresponds to essentially infinite viscosity. The ratek
given for S™D is the pseudo-first-order rate coefficient and is equal tor =10 mM .y5 y1

R biomolecular

Fig. 8. Selected dataw13x. The binding of CO to Mb in water at 270 K corresponds to the process S™A. The curves for binding
in ice and 75% glycerol–water near 250 K describe process III, D™A. The curve for gyw was obtained by subtracting the solvent
process from the total binding curve, and correcting for the fact that a fraction of the CO escapes to the solvent in gyw.

A and A are also absent, as has been shown by0 1

Cordone and co-workersw7x. Thus, a dehydrated
protein is dead. These results imply that it is not
trehalose that is responsible for reducing or elimi-
nating conformational motion, but dehydration.
Water is necessary for motions in tiers 0 and 1 of
the energy landscape.

4. Slaving and viscosity

Proteins in living systems are not isolated; they
interact with their environment. In the present
section we consider one aspect of this interaction,
the effect of the viscosity of the solventw29–34x,
or in other words the effect of solvent mobility on
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protein mobility w55,56x. Case and Karplus first
pointed out that the transitions in Mb described by
Eq. (1) could not occur in a rigid protein, but had
to involve fluctuationsw57x. Such fluctuations can
be described as transitions among conformational
substatesw58,59x. While experimental and theoret-
ical exploration of the organization of the energy
landscape and the coupling of transitions in the
various tiers is still in its infancy, some general
remarks can be made. The energy landscape is
hierarchically organizedw43,45x. Fluctuations in
the different tiers decrease with decreasing tem-
perature. For each tier a glass temperature can be
postulated. Below the glass temperature, transitions
rates between substates are smaller than, say,
10 s . Transitions among substates in tiers 0y3 y1

and 1 are strongly coupled to motion in the solvent;
they can be called slaved. The glass transitions in
these tiers will not only depend on the protein, but
also on the solvent and its motion. They can
therefore be calledslaved glass transitions w47x.
The Arrhenius relation, normally used by biophys-
icists and biochemists, does not contain a term
that characterizes the motion of the environment;
it is consequently not suited to describe phenomena
in biomolecules. An equation introduced by Kra-
mers provides insightw60–62x. Kramers showed
that escape over a barrier depends on friction. In
the low-friction limit, the rate coefficient,k, is
proportional to the friction,h. In the high-friction
limit, k is proportional to 1yh. Stokes’ law implies
that the friction coefficient is proportional to the
viscosity. We can therefore write for a rate
coefficient:

kksconst h (3)

wherek can vary fromy1 to 1, depending on the
magnitude of the viscosity. Viscosity is actually
not necessarily the sole or most appropriate prop-
erty to describe the solvent–protein interaction, as
has been pointed out by Yedgar et al.w33x. Nev-
ertheless, we use it here because many measure-
ments have been performed as a function of
solvent viscosity. Even for a reaction inside a
protein, the effective viscosity is not only a prop-
erty of the protein, but also depends on the external
viscosity. The connection between motion in the
solvent and the protein has, in particular, been

explored by Doster and collaboratorsw63,64x and
Vitkup et al. w56x. Two different types of motions
are distinguished, rapid collisions(10 s ) that13 y1

are nearly viscosity-independent, and slower struc-
tural fluctuations that depend on viscosity and
correspond to transitions among substates. For
these slow structural fluctuations, three regimes
can be distinguished. At very high external viscos-
ity, some internal protein motion still occurs and
is essentially independent of the solvent viscosity.
At very low external viscosity, all internal motion
is governed by the protein viscosity. In the inter-
mediate region, Eq.(3) with kF1 appears to be a
good approximation.
The data in Figs. 2, 4, 6–8 display some of

these features. In a hydrated protein processes II
and III are observable, even in a rigid environment,
for example ice or solid PVA, where the viscosity
is extremely high. The CO can still move from
cavity to cavity. Escape to S, however, is no longer
possible. These observations imply that transitions
between cavities may be governed by internal
fluctuations.
Fluctuations in more than one tier of the substa-

tes must be involved in the motion of the CO and
the protein relaxation, as can be deduced from the
data in Fig. 8. These data demonstrate that transit
to Xe-1 (D) and return from there are nearly
equally fast in a mobile and a frozen solvent. The
rebinding is, however, an exponential function of
time in the glycerol–water solvent, but highly non-
exponential in ice and solid PVA.

5. Ligand binding, concepts and detours

The binding of CO to Mb, once considered the
prototype of a simple one-step reaction, has turned
out to be exceedingly complex. After more than
30 years of work by many groups, involving many
detours and wrong directions, we believe that the
main features are now understood. We can ask
three questions: what are these features? What
concepts have emerged from the ligand-binding
studies? What were the major detours and why
were they made? We sketch some answers to these
questions.
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5.1. Ligand binding

Our present picture of the binding of CO to Mb
is close to that introduced in 1975 and described
by the scheme in Eq.(1) w13x. Binding involves
the states A–S. At temperatures below approxi-
mately 200 K, no water molecule enters B(or C)
and the motion of CO from D to B is governed
by unrelaxed barriers. Above approximately 200
K, however, a water molecule can enter and slow
the CO motion. Moreover, the distal histidine, His-
64, can change position and further slow the
transition to B. We describe this relaxation by a
subscript R on D, D™D . Near 300 K, bindingR

still involves the states B, C and D , but in mostR

of these solvents transitions among them, and also
escape to the solvent, are fast compared to the
final binding step B™A. The rate coefficientkBA
for this rate-limiting step still follows the Arrhe-
nius law used for Eq.(2) and is of the order of
10 s . After photodissociation, the probability,7 y1

N , of escape to the solvent is nearly 1, geminateS

rebinding is difficult to observe(Fig. 2b), and
separating B™A from D™A is even more diffi-
cult. Two remarks follow from this result. First, at
these temperatures the various states B, C and D
are in quasi-equilibrium. Even if sidepaths exist,
they would also be included and the essential
results would not be changed. Second, the result
again shows that low-temperature data are essential
for arriving at a clear picture. Room-temperature
data alone do not permit unique assignments.

5.2. Concepts

Proteins are complex systems. The complexity
is already apparent from the reaction and the
conformational energy landscapes sketched in Fig.
3. Essential concepts that have emerged from
studies of ligand binding to myoglobin are: the
energy landscape and its organization into a hier-
archy w43,44x; the different functions of different
taxonomic substates; the multi-step binding as
expressed in Figs. 1 and 3a and Eq.(1); the
importance of custom-made cavities; the effects of
the external solvent(slaving); the hydration shell
and internal water molecules; and the necessity of
describing protein reactions by a(generalized)

Kramers equation. It is likely that these concepts
also apply to other proteins and more complex
systems. Myoglobin may consequently be a pro-
totype for complex systems in general, and in
particular for the exploration of protein functions
in networks.

5.3. Detours

The search to understand a physical or biological
phenomenon rarely follows a straight path. Detours
are unavoidable and can be of two types. Either
two different models explain a particular observa-
tion equally well, or a real mistake is made, either
in the recording or evaluation of data. In either
case, additional experiments or simulations can
lead to the right path. The story of ligand binding
provides a number of examples of detours and we
dissect a few here.

5.3.1. Are protein ensembles homogeneous or
heterogeneous?
The observation of non-exponential rebinding of

CO to Mb at low temperatures, as in Fig. 2, can
be explained in two ways. Either each protein
rebinds exponentially but different Mb molecules
do so with different rates, or all proteins rebind
equally but non-exponentially. Multiple flash
experiments unambiguously showed that the first
model is correct and led to the concept of an
energy landscape(Fig. 24 in w13x). Explanations
other than the existence of different conformations
were put forward, for instance based on anharmon-
ic vibrational spectroscopiesw65x. Many additional
experiments, however, in particular spectral and
kinetic hole-burning, support the concept of an
energy or conformation landscapew43,66x.

5.3.2. Conformational diffusion or multi-well
transitions?
The initial modelw13x and the model we now

favor involves five wells(A, B, C, D and S) onR

the reaction landscape. Transitions between wells
are described by a Kramers-type equation. A dif-
ferent model was introduced in a seminal paper by
Agmon and Hopfieldw67x. These authors proposed
that the kinetically observed states C and D,
represented by processes II and III, are in reality
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still the same transition B™A, but that the barrier
for rebinding increases because of the relaxation
of the protein from the bound to the deoxy state.
Ligand binding is described as conformational
diffusion on an effective, temperature-dependent
potential determined by two co-ordinates, the
ligand–iron separation and an effective protein co-
ordinate. The model has been used by Agmon and
collaborators to describe CO binding to Mb
embedded in glycerolywater w68x and in trehalose
w69x. At one time we also accepted part of this
model and showed that it can describe process II
well w70x. The two models can be combined. There
can be five barriers, as in Eq.(1), but relaxation
can increase the barrier between B and A, and
thus slow rebinding. Which of these models is
correct? The X-ray data imply that states C and D
indeed exist and can be identified with Xe-4 and
Xe-1. Thus, they rule out a purely relaxational
model. States C and D are also kinetically observed
in Fig. 6b. Moreover, the quantitative evaluation
based on Eq.(1) w35x provides a fit over the entire
temperature range that is much better than the fit
shown in Figs. 1 and 3 of Sastry and Agmon.
Thus, we believe that the model sketched in
Section 5.1 is closer to reality and that a model
based on diffusion in a temperature-dependent
potential cannot explain all the data.

5.3.3. Does the barrier between B and A increase
when the protein relaxes?
The question as to whether the barrier between

B and A increases because of relaxation from the
bound state to the deoxy structure is answered by
another argument. The Arrhenius slope ofl atS

high temperatures should show if the barrierHBA

has increased upon relaxation. The early dataw13x
demonstrated that no relaxation takes place; they
gaveH fH(l )f10 kJ mol . We assert thaty1

BA S

the innermost barrier is essentially unaffected by
the protein relaxation accompanying the photodis-
sociation. This also implies that the rate coefficient
k f2=10 s measured by Henry et al. at room5 y1
21

temperature does not describe B™A, but more
likely D™A w71x.

5.3.4. Slaving: the effect of the external viscosity
Some detours are still not finished. A quantita-

tive description of the effect of the solvent viscos-

ity is such a case. Eq.(4) indicates that the rate
coefficient for a transition will in general depend
on viscosity. If such a transition takes place inside
the protein, the question arises as to what viscosity
will be relevant. Beece et al.w30x neglected the
internal viscosity and wrote in effect:

B E B EA H
Ž . C F C Fk T,n s qB exp y (4)

kn RTD G D G

Eaton and collaboratorsw31,32x assumed the
effective viscosity to be the sum of the internal
viscosity, s, and the solvent viscosity,n, and
wrote:

B EC H
Ž . C Fk T,n s exp y (5)

sqn RTD G

Neither relation is satisfactory. Eq.(4) hides the
internal viscosity in B and makes an arbitrary
assumption about the co-operation between inter-
nal and external friction. Eq.(5) predicts vanishing
rate coefficients for very large external viscosity.
This prediction is contradicted by the observation
of internal motion in rigid environments, as for
instance shown in Fig. 4. More experimental data
and theoretical models are required to solve this
problem.

5.3.5. Is trehalose special?
After photodissociation of MbCO embedded in

trehalose, Hagen and collaboratorsw5,6x observed
only the final step B™A up to nearly 300 K.
They attributed the nearly complete absence of the
transition B™C™D to the essentially infinite
viscosity of the trehalose glass. Sastry and Agmon
evaluated the Hagen experiment and suggested
that trehalose prevents ‘protein collapse’ and pre-
serves the internal protein mobilityw69x. The
experiments in ice and PVA discussed above imply
that these explanations are wrong. The viscosity
in PVA and ice is also essentially infinite, but the
transitions to C and D still occur. We believe that
trehalose plays no special role in the Mb experi-
ments, but that the dehydration prevents the inter-
nal motion, and hence also the CO transitions to
C and D.
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6. Does myoglobin research have a future?

The work of the past few decades that involved
myoglobin could lead to the assumption that this
field is finished, but we believe that there are a
number of directions in which further experiments
and computations will yield rich dividends. Even
extension of the present work could continue for
a considerable time, for instance involving
mutants, other heme proteins, other ligands and
with different external parameters. We believe,
however, that three areas of future research are
most promising and important. The first is the
effect of protein–protein interactions in protein
networks. As pointed out in Section 1, Mb has
different functions in the substates A and Aw11x.0 1

What is the role of the protein network in the
control of the function of Mb? The second direc-
tion is the search for taxonomic substates in other
proteins, such as cytochrome P-450. How are these
substates controlled and do they have different
structures and functions? The third is a more
complete elucidation of the energy landscape, its
organization and connection to structure, dynamics
and function in a few selected proteins.
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