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Looking into the energy landscape
of myoglobin
D. Thorn Leeson and D. A. Wiersma

Using the haem group of myoglobin as a probe in optical experiments makes it
possible to study its conformational fluctuations in real time. Results of these
experiments can be directly interpreted in terms of the structure of the potential
energy surface of the protein. The current view is that proteins have rough energy
landscapes comprising a large number of minima which represent conformational
substates, and that these substates are hierarchically organized. Here, we show that
the energy landscape is characterized by a number of discrete distributions of barrier
heights each representing a tier within a hierarchy of conformational substates.
Furthermore, we provide evidence that the energy surface is self-similar and offer
suggestions for a characterization of the protein fluctuations.
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Although proteins have well-defined tertiary structures
they exhibit substantial structural indeterminism. This
structural disorder is reflected in the fact that a protein
can assume a large number of conformational sub states
(CS's)1.Different CS's represent the same coarse structure
but differ on a microscopic level. Proteins also exhibit
structural dynamics going from one CS to another. The
CS's are separated by energy barriers that can be crossed
by thermal activation. Because the distribution of energy
barriers is very broad, the dynamics of proteins cover an
extremely wide range of time scales. From a biochemical
point of view, studying the conformational dynamics of
proteins is important because their biological functions
are often accompanied by conformational changes. One
of the most important events in biology, protein folding,
is a conformationally dynamic process by its very nature.
On the other hand, physicists are interested in proteins
as ideal model compounds for the dynamic behaviour
of related systems such as glasses and spin glasses2.

The energy landscape
Understanding the conformational dynamics of proteins
requires a detailed knowledge of the structure of their
potential energy landscapes. Because of the large num-
ber of atoms, and the various kinds of interactions that
determine the energy of a particular structure, such
knowledge cannot be obtained by direct calculation.
Therefore, there is great need for experimental methods
that give direct access to the potential energy surface as
well as allow a productive interplay between experiments
and model simulations. From a wide range of experi-
mental and theoretical studies it is becoming increas-

ingly clear that the energy landscape of a protein has a
very specific structure3. Ansari et al. suggested that the
energy landscape is hierarchically organized4. The idea
is that every CS within a particular tier in the hierarchy
is split into a number of sub-states which comprise the
next tier of CS's. The average height of the energy barri-
ers between CS's within one tier decreases for descend-
ing tiers. Experimental evidence suggests that a number
of tiers exist for myoglobin3,4.

Structural dynamics and spectral line
broadening
The use of optical line narrowing techniques on haem
proteins provides great potential for the study of pro-
tein dynamics, particularly in the low-temperature re-
gions,6. Excellent reviews are available that explain in
great detail the general principles behind these tech-
niques as well as their particular merits for the study of
structurally disordered systems7-I0.

The central idea of the experiments presented in this
paper is that the haem serves as an ultrasensitive probe
for structural rearrangements of the protein. There are
many studies that clearly show that the resonance fre-
quencies of the haem are strongly coupled to the con-
formation of the apoprotein I1,12.Structural fluctuations
of the protein cause fluctuations of the optical resonance
frequencies of the haem. This is called spectral diffusion.
Spectral diffusion causes a time dependence of the ho-
mogeneous linewidth, Γh, of an optical transition13. The
time dependence ofΓh is related to a distribution, P(R),
of rates, R, of fluctuating perturbers of the frequency of
the chromophoreI4,1s. These perturbers represent con-
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Fig. 1 Line broadening of the 0-0 transition of Zn-
mesoporphyrin IX complexed to apomyoglobin as a
function of time and temperature. The solid lines through
the data are fits to Eq. 1 using the distributions that are
displayed. See text for explanation.

formational fluctuations in the protein. Roughly speak-
ing, fluctuations cause line broadening on a time scale
of the inverse of their rates. The exact dependence is given
by:

∞

Γh(t) = Γh( to) + f dR P(R) { exp[-R toJ - exp[-RtJ} (1)
o

Our approach is straightforward. We measure the time
evolution of Γh, for the 0-0 transition of the Zn-substi-
tuted haem group in myoglobin. Data are subsequently
fitted to Eq. 1 from which we obtain the distribution of
rates at which the protein fluctuates between CS's. The
temperature dependence of this rate distribution then

gives specific information on the structure of the energy
landscape.

Recently, we showed that below 3 K myoglobin ex-
hibits conformational fluctuations described by a single
narrow rate distribution16. Here, we focus on the issue
of whether narrow rate distributions arise from a low
density of CS's or from restrictions imposed by the struc-
ture of the potential energy surface.

The distribution of barrier heights
Fig. 1 shows Γh as a function of time at temperatures
between 3.0 and 8.1 K. The most important informa-
tion that can be deduced from these data is that the rate
distribution that accounts for the time dependence of
the line broadening consists of a number of discrete fea-
tures that shift with temperature. Because each feature
shifts with a different rate they move closer together with
increasing temperature. As a consequence, individual
features can only be resolved within a limited tempera-
ture range. From the data at 3.0 K it can be seen that
there is a sharp feature, denoted as a (Fig. 1). From the
broadening that starts at 10-3 s we can also see that a sec-
ond feature, b, is 'moving in' from the direction of slow
rates. At 4.7 K feature b has shifted enough to determine
that it is also relatively sharp because the line broaden-
ing levels off in the millisecond-region. The same argu-
ment applies to feature c. At 5.6 K it 'moves in' while at
8.1 K we can see that the broadening levels off. Data at
intermediate temperatures can be fitted using the same
features, a, band c.

An important issue is the mechanism by which
transitions between CS's occur. At low temperatures,
apart from classical thermally activated barrier crossing,
tunnelling contributions may become important. A
strong argument in favour of thermally activated barrier
crossing arises from Fig. 2, which shows the temperature
dependence of the fluctuation rates corresponding with
the centres of the three discrete distributions that are
shown in Fig. 1. The temperature dependencies of the
rates corresponding with the three distributions each
follow an Arrhenius law. The barrier heights and
preexponentials obtained from linear fits to the data in
Fig. 2 are presented in Table 1. If we accept thermal
activation as the dominant mechanism, a picture of the
potential energy surface emerges which is in excellent
agreement with current views. In the case of a thermally
activated mechanism each of the distributions of
fluctuation rates corresponds to a distribution of barrier
heights between CS's centred around the values given in
Table 1. Each distribution of barriers corresponds to a
single tier in a hierarchy of CS's. This explanation
accounts for the narrowness of the distribution as well

Table 1 Thermodynamic parameters for
conformational fluctuations of myoglobin

Rate distribution a b c

E (kJ mol') 0.19 0.37 0.71

A (s-') 2×106 7×106 2×107
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Fig. 2 Temperature dependence of the fluctuation rates,
Ro' corresponding with the centres of the rate distributions
obtained from line broadening data as displayed in Fig.
1. The triangles, circles and squares refer to the
distributions in Fig.1 that were denoted as a, band c
respectively. The solid lines are fits to Ro = A exp (-E/kT)
with A the pre-exponential factor, E the barrier height
and k Boltzmann's constant.

as the increasing barrier height corresponding with each
successive distribution and the increasing magnitude of
the line broadening associated with each successive
distribution (vide infra). It should be stressed that this
interpretation of the results in terms of the energy
landscape of the protein relies on the assumption that
thermal activation is indeed the dominant mechanism
of the conformational fluctuations. However, we
emphasize that, in the case of a tunnelling model, there
is no plausible explanation for the regular behaviour that
is observed.

Self-similarity?
In the remaining part of this paper we take the
hierarchical model of CS's a little further and present a
phenomenological model that seems to be in good
agreement with the experimental observations. A closer
look at the data reveals that the energy landscape may
be more strictly ordered than is implied by a hierarchical
organization of CS's. We observe that, moving upwards
within the hierarchy, the average barrier height increases
by the same factor of roughly two for successive tiers,
while similar pre-exponentials are found. This suggests
that the potential energy surface is self-similar in terms
of the relation between barrier heights that characterize
successive tiers. What we mean is that if a particular tier
is characterized by an average barrier, Ei , then higher
tiers exist with average barriers of αE., α2E., ... and lower
tiers exist with average barriers of (1/α)E', (1/α2 )E., ....
There are indications that this apparent self-similarity
covers more tiers of CS's than the three tiers that are
deduced from Fig. 2. Extrapolation of the
thermodynamic parameters displayed in Table 1predicts
that fluctuations within higher tiers are activated around
10K, 20 K, 40 K and so forth. Evidence for such
behaviour is given by temperature cycling hole burning
experiments17. Evidence for the existence of lower tiers

of CS's comes from the line broadening between 10-5 s
and 10-8 s. Lower tiers will be characterized by barriers
that are so small that even at very low temperatures the
rates of barrier crossing are close to the upper limit
determined by the preexponential factors. If all tiers are
characterized by similar preexponentials, the rate
distributions corresponding to the lower tiers will be too
close together to be individually resolved. On the basis
of the thermodynamic parameters given in Table 1, a self-
similar model predicts that, above 3 K, line broadening
induced by fluctuations within the lower tiers indeed
occurs between 10-8 sand 10-5 s.

A microscopic picture
A self-similar model suggests that the protein fluctua-
tions associated with each of the rate distributions be-
long to the same class of conformational rearrangements.
The small preexponentials exclude the possibility of lo-
cal fluctuations of small groups but point in the direc-
tion of global conformational fluctuations, although
again we emphasize that this conclusion only holds for
thermally activated barrier crossing. The data reveal that
the magnitude of the total line broadening induced by
the fluctuations that are characterized by the individual
rate distributions increases for ascending tiers. The mag-
nitude of the line broadening is a measure for the ampli-
tude of the conformational fluctuations. This reflects the
fact that fluctuations with larger amplitudes cause fluc-
tuations of the optical frequency of the haem with a larger
magnitude. If the conformational rearrangements are
global this suggests that the mean atomic displacements
between CS's increase for ascending tiers. In this case
discrete distributions of barriers correspond to discrete
distributions of mean atomic displacements between
CS's. This also means that the magnitude of the spectral
shifts of the haem that accompany transitions between
CS's are restricted to certain values. For higher tiers the

Fig. 3 Schematic representation of the potential energy
surface of myoglobin based on the results presented. This
representation is simplified in the sense that the true
hyper-surface spans the coordinates of all atoms in the
protein.
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magnitude of the spectral jumps may become large
enough to cause changes in the homogeneous line shape.
Again this is observed in hole burning experiments18.

The concepts provided in the previous discussion are
united in Fig. 3 which gives a schematic representation
of the potential energy surface.

Implications
It appears that, due to their highly specific nature, the
results presented here may prove to be a serious test case
for theoretical models that describe conformational dy-
namics of proteins, for instance, those involved in
protein folding. In general terms the results quite ex-
plicitly show a fascinating property of proteins that
seems to set them apart from related disordered sys-
tems such as glasses, spin glasses and polymers. The
observation of substantial line broadening reveals that
proteins are disordered, even at very low temperatures.
However, the particular time- and temperature-depen-
dent features show that the disorder itself is in fact ordered,

as is shown by the highly organized structure of the energy
landscape.

Methods
Sample preparation. The haem group of myoglobin from horse
heart (Sigma) was extracted at pH 3.9 with 2-butanone. After
several dialysis steps against water the apoprotein was reconstituted
at pH 8.6 with Zn-mesoporphyrin IX (Porphyrin products) dissolved in
dimethylformamide. The Zn-substituted protein was dialysed several
times against 10 mM phosphate buffer pH 7.0. The volume was
quadrupled with glycerol. After degassing samples were sealed in an
cuvette of 1 mm optical path length. The protein concentration was
approximately 1 mM. Samples were pre-cooled by plunging them
into liquid nitrogen and further cooled to the desired temperature in
a helium bath cryostat (Oxford instruments) equipped with an active
temperature controller (Oxford instruments).

Spectroscopy. The homogeneous line width of the 0-0 transition of
the Zn-mesoporphyrin was measured at 578 nm using three-pulse
stimulated photon echoes. Principles and experimental details of
the experiments are available elsewhere'6.'9

Received 13 June; accepted 28 July 1995.

Acknowledgements
We gratefully
acknowledge J.M.
Vanderkooi, A.A. van
Dijk, and G.T.
Robillard for their
assistancewith
sample preparation.
Thiswork was
supported by the
Netherlands
Foundation for
PhysicalResearch
(FOM) with financial
aid from the
Netherlands
Organization for
Scientific Research
(NWO)

1. Frauenfelder, H., Petsko, G. & Tsernoglou, D. Temperature-
dependent X-ray diffraction as a probe of protein structural dynamics.
Nature 280, 558-563 (1979)
2. Frauenfelder, H. & Wolynes, PG. Biomolecules: Where the physIcs
of complexity and simplicity meet. Physics Today 47, 58-64 (1994)
3. Frauenfelder, H., Sligar, S. G. & Wolynes, P G The energy
landscapes and motions of proteins. Science 254, 1598-1603 (1991).
4. Ansari, A. et al. Protein states and proteinquakes. Proc. natn.
Acad. Sci U.S.A. 82, 5000-5004 (1985)
5. Zollfrank, J., Friedrich, J., Vanderkooi, J.M. & Fidy, J.
Conformational relaxation of a low-temperature protein as probed by
photochemical hole burning. Biophys. J. 59, 305-312 (1991)
6. Thorn Leeson, D. & Wiersma, D.A. Low-temperature protein
dynamics studied by the long-lived stimulated photon echo. J. phys.
Chem. 98, 3913-3916 (1994).
7. Jankowiak, R. & Small, G.J. Hole-burning spectroscopy and
relaxation dynamics of amorphous solids at low temperatures. Science
237,618-625(1987).
8. Wiersma, D.A. & Duppen, K. Picosecond holographic-grating
spectroscopy. Science 237, (1147-1154 (1987)
9. Narasimhan, L.R. et al. Probing organic glasses at low temperature
with variable time scale optical dephasmg measurements. Chem. Rev.
90, 439-457 (1990)
10. Friedrich, J Hole burning spectroscopy and physics of proteins
Meth. Enzym. 246, 226-259 (1995).
11. Friedrich, J, Gafert, J., Zollfrank, J., Vanderkooi, J.M. & Fidy, J.

Spectral hole burning and selection of conformational substates in
chromoproteins. Proc. natn. Acad. Sci. U.S.A. 91,1029-1033 (1994).
12. Gafert, J., Friedrich, J., Vanderkooi, J.M. & Fidy, J Structural
changes and internal fields in proteins: A hole-burning Stark effect
study of horseradish peroxidase. J. phys. Chem. 99, 5523-5527 (1995).
13. Littau, K.A., Bai, Y.S. & Fayer, M.D. Time evolution of non-
photochemical hole burning linewidths: Observation of spectral diffusion
at long times. Chem. Phys. Lett. 159, 1-6 (1989).
14. Hu, P,& Walker, LR. Spectral-diffusion decay in echo experiments.
Phys. Rev. B 18, 1300-1305 (1978)
15. Bai, Y.S. & Fayer, M.D. Time scales and optical dephasing
measurements: Investigation of dynamics in complex systems. Phys.
Rev. B 39, 11066-11084 (1989)
16. Thorn-Leeson, D. & Wiersma, D.A. Real time observation of low-
temperature protem motions. Phys. Rev. Lett. 74, 2138-2141 (1995).
17. Shibata, Y., Kurita, A. & Kushida, 1. Non-Lorentzian hole shape
induced by spectral diffusion in H,-protoporphyrin substituted
myoglobin in Spectral Hole-Burning and Related Spectroscopies:
Science and Applications (Optical Society of America, Washington),
15,80-83 (1994).
18. Kurita, A., Shibata, Y. & Kushida, 1. Two-level systems in myoglobin
probed by non-Lorentzian hole broadening in a temperature-cycling
experiment. Phys. Rev. Lett. 74, 4349-4352 (1995).
19. Meijers, H.C. & Wiersma, D.A. Low temperature dynamiCs in
amorphous solids: A photon echo study. J. chem. Phys. 101, 6927-
6943 (1994).

nature structural biology volume 2 number 10 october 1995 851


