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Protein dynamics at low temperatures
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The low temperature conformational dynamics of the heme type protein mesopor-
phyrin-IX-substituted horseradish peroxidase is investigated by spectral diffusion waiting time/
aging experiments. Spectral diffusion broadening is governed by a power law in time. There is a
small but significant aging effect. It is assumed that the conformational dynamics of the protein
which leads to the spectral broadening of the burnt-in holes is governed by a diffusion type equation.
In this case the shape of the spectral diffusion kernel is Gaussian. This model is contrasted with
spectral diffusion phenomena as described by the TLS-model~TLS, two level system!. © 2000
American Institute of Physics.@S0021-9606~00!50306-7#
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I. INTRODUCTION

Understanding the basic laws which govern the dyna
ics of a protein in its conformation space constitutes an
portant aspect in protein physics because conformationa
namics determines everything from folding to functionin
Most experimental methods for measuring conformatio
dynamics require the preparation of a specific nonequi
rium state of the protein under investigation. Conformatio
dynamics is then monitored via its influence on the rel
ation of this nonequilibrium state back to equilibrium.

One of the best known examples is carbonmono
myoglobin.1–3 After flashing off the CO-ligand from the
prosthetic group, the resulting state of the protein is far fr
equilibrium. The back relaxation is highly nonexponenti
This nonexponential relaxation feature is associated with
motion of the apoprotein in conformation space. The conf
mational motion changes the barrier between the photop
uct state and the ground state and, as a consequence, th
an accompanying change of the rate constant of the b
reaction which modifies the relaxation of the prepared ini
state.4,5

The most straightforward way to study conformation
relaxation and fluctuations is spectral diffusion.6–8 In spectral
diffusion experiments the frequency fluctuations of abso
tive or emissive transitions are measured. These fluctuat
are directly associated with conformational motions.9 In
some cases, for instance in single molecule experiments,
possible to measure frequency fluctuations directly and
determine the respective frequency autocorrelat
function.10,11 In ensemble averaged experiments, like h
burning, it is the width of the conditional probability distr
bution that a molecule absorbs at frequencyv at timet given
it absorbed atv0 at time zero, which is measured. This wid
is also directly related to the frequency autocorrelation fu
tion. The respective relation is obtained from measuring
width of the hole as a function of time~in the following
referred to as ‘‘waiting time’’tw). However, in order to ex-
tract the conditional probability from the measured ho
3040021-9606/2000/112(6)/3045/6/$17.00
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width, a model is needed for the basic physics which gove
the conformational motion and the associated frequency fl
tuations.

A well known model which has been widely used f
describing structural changes and the associated frequ
fluctuations in glasses and polymers12–15 but also in
proteins,15–20is the so-called TLS-model21,22~TLS stands for
‘‘two level system’’!. The model is based on the assumpti
that structural relaxation occurs in local double well pote
tials ~the TLSs! associated with a rather small number
atoms. Under certain restrictive assumptions as to the c
pling of the relaxation to the monitoring transition and t
density of the TLS, the model makes precise predictions
the time evolution of the conditional probability which a
accessible to experimental checks. The TLS-model leads
Lorentzian line shape. Another, quite different approach
the diffusion model.9,23,24 In the diffusion model it is as-
sumed that conformational dynamics is governed by dif
sion processes. In this case, the appropriate equation fo
time evolution of the conditional probability in conformatio
space is a Fokker–Planck-type equation. The implication
the shape of the conditional probability in frequency spa
which is the quantity measured~the so-called spectral diffu
sion kernel!, is quite severe; this shape is Gaussian.

In this paper we report on low temperature spectral d
fusion experiments with a modified heme type prote
namely mesoporphyrin IX-substituted horseradish pero
dase. We demonstrate that the TLS model which has b
quite successful in explaining structural changes in glas
and polymers at sufficiently low temperatures, seems to
less appropriate for describing conformational dynamics
proteins.

II. SPECTRAL DIFFUSION MODELS AND THEIR
CHARACTERISTIC FEATURES

A. General aspects

The purpose of our spectral diffusion experiments is
characterize the specific features of conformational dynam
5 © 2000 American Institute of Physics
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of proteins. To this end it is important to make sure that
features observed are related to the protein under study
not to the host glass. We note that in horseradish peroxid
the chromophore is deeply buried in the protein, hence
decoupled from the host glass to a high degree. We h
verified the decoupling from the host glass experimenta
for smaller heme-type proteins than horseradish peroxid
by comparing the spectral diffusion behavior of the ch
moprotein with the isolated chromophore in similar ho
glasses.23,25,26 We found qualitative differences. Similar re
sults were obtained from comparative Stark-effe
experiments.27,28If the chromophore is well decoupled in th
smaller heme-type proteins, decoupling in larger proteins
this type, like horseradish peroxidase, is even better. A
result we can conclude that the dynamics probed by
present spectral diffusion experiments essentially refle
features of the protein under consideration and not of
host glass.

B. The TLS-model

The TLS-model is based on a few essential assumpti
a homogeneously distributed spatial density of double we
where only the two lowest states play a significant role. T
independent characteristic parameters, namely the en
splitting and the so-called tunneling parameter govern st
tural dynamics in the double wells. The density of states w
respect to both parameters is constant.21,22 The coupling of
the double wells to the monitoring transition occurs via
polar forces. If so, then the spectral diffusion line shape~i.e.,
the conditional probability distribution in frequency space! is
Lorentzian29–32 and the respective width broadens with tim
proportional to logtw .6,7,31,32 It is especially the
log tw-dependence which has been verified experimentall
many glassy systems6,7,32,33and which is considered as th
signature of the tunneling model. Recently, deviations fr
the logtw-behavior has been found.13,14,34In one case it could
be shown that these deviations were due to the fact tha
TLS were not in thermal equilibrium.34 In other cases they
were related to TLS–TLS coupling.13,14,35 TLS–TLS-
coupling was predicted to play a role only at temperature
low as millikelvin.35,36 We note that even if the double we
barriers are crossed via activated processes, the time de
dence of the spectral diffusion width would not change s
nificantly.

Clearly, some of the basic ingredients of the TLS-mo
are never met by proteins, for instance the homogene
spatial distribution. Yet, this would only influence the lin
shape but not the time evolution of the width which is sole
determined by the distribution of the relaxation rates.

C. The diffusion model

The concept of the diffusion model is very different
compared to the TLS-model. It is assumed that motion
conformation phase space is a diffusive process where
whole protein is involved. If the protein is not in equilibrium
potential forces are superimposed on the diffusive forces
that the appropriate equation for the conditional probabi
in conformation space is a Fokker–Planck-type equation.
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has been shown quite generally by Stephenset al.,37 diffu-
sive motion in conformation space can be directly related
the fluctuations in frequency space via the frequency au
correlation functionC(t). C(t) gives rise to a time depen
dence in the line widths(t) of the spectral diffusion kernel

s2~ t !5s0
2@12C2~ t,t!#, ~1!

wheres0 is the final width which the spectral diffusion ke
nel would reach after an infinite waiting time. As long as t
conformational dynamics is sufficiently slow, the associa
line shape is Gaussian.

C(t) contains all the physics of the respective conform
tional diffusion processes. In the simplest caseC(t) is an
exponential implying a Gauss–Markov process for the f
quency fluctuations. However, proteins are not that simp
Instead, as our experiments show, the correlation functio
nonexponential. In this case, an appropriate ansatz forC(t)
is a stretched exponential,

C~ t !5exp@2~ t/t!a#. ~2!

t is the frequency correlation time. The stretching parame
a is a measure for the complexity of the energy landscap
which the protein is moving.

We stress that within the frame of the diffusion mod
the nonexponential correlation function is a homogene
property of the system quite in contrast to the TLS-mod
where nonexponential features arise from the heterogen
of the TLS-ensemble.

D. Aging effects

A very interesting aspect of spectral diffusion pheno
ena concerns sample aging. Whenever aging effects
present, one time parameter~e.g., the waiting timetw) is not
enough to describe the phenomena. In addition totw , a so-
called aging timeta is introduced.ta is the time elapsed afte
the sample has reached its final temperature but before
labeled with a hole.

In the TLS-model, aging occurs whenever the two lo
est states of the double well ensemble are not in ther
equilibrium. This yields an excess contribution to the sp
tral diffusion width which ceases as the ensemble com
closer to equilibrium.34 In the diffusion model aging may
occur as well. If the protein is far from equilibrium~at low
temperatures this is almost always the case!, there is, in ad-
dition to the frequency fluctuations, also relaxation. Rela
ation may lead to a time dependence of the parameters
volved, i.e., the correlation timet, the final widths0 and the
stretching parametera. However, sinceta is the same for all
members of the ensemble of protein molecules, aging d
not seem to change the shape of the spectral diffusion ke
It should also be stressed that aging does not necess
have to occur, even if the protein is far from equilibrium
Diffusion in conformational space can also attain a station
character, as has been found, for instance, in cytochrom9

III. EXPERIMENT

Holes were burnt with a CW dye ring laser in sulfo
hodamine to a relative depth of about 30%. The hole burn
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reaction is a light induced transfer of the inner ring proto
of the chromophore mesoporphyrin-IX.38 Burning times and
powers were of the order of 16 s and 1mW, respectively.
Reading of the holes was performed in the transmiss
mode. The respective power was reduced by more than t
orders of magnitude. The temperature of the experiment
4.2 K. The sample was immersed in liquid helium and k
in a glass cryostat with a stand-by time of the order of 20
At 4.2 K, the homogeneous line width is about 1 GHz. T
bandwidth of the laser light~,1 MHz! and even the respec
tive frequency jitter are orders of magnitude less and can
neglected.

Data evaluation was performed in the following wa
The holes were fit to Lorentzians. Then a Voigtian profi
was calculated with the same width, whose Lorentzian co
ponent was taken from the very first hole. The Gauss
kernel of this Voigtian profile was taken as the spectral d
fusion kernel. This procedure ensured an efficient data ev
ation. We checked the accuracy of this procedure for a
holes by comparing the respective Gaussian kernels
those obtained from a direct fit of the hole to a Voigtian li
shape. Agreement was always excellent. Apart from fitt
the line shape also the hole depth was treated as a fit pa
eter to account for the significant decay of the holes due
the back reaction.

IV. RESULTS

Figure 1 shows the inhomogeneously broadened abs
tion spectrum of mesoporphyrin-IX-substituted horserad
peroxidase at 4.2 K. Hole burning was performed close
the maximum of the main peak at about 16 300 wave nu
bers~arrow!. In order to estimate the inhomogeneous wid
this peak is fit to a Gaussian~insert!. The respective width
~FWHM! is 60615 wave numbers. The rather large unc
tainty in the inhomogeneous width comes from the unc
tainty in the baseline.

Figure 2 shows a log–log representation of the time e
lution of the linewidth at 4.2 K for a series of spectral hol

FIG. 1. Absorption spectrum of mesoporphyrin-IX-substituted horsera
peroxidase at 4.2 K. Hole burning was performed close to the maximum
the main origin~arrow!. The insert shows that the shape of this band is w
described by a Gaussian with a width~FWHM! of 60 wave numbers. Also
shown is the chromophore, free base mesoporphyrin-IX.
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burnt at different aging timesta . Plotted is the square root o
the variances(tw) of the spectral diffusion kernel over th
waiting time tw . The span of the aging times covered mo
than two orders of magnitude. The actual numbers are sh
in the insert. There are two clear-cut results: First,s(t) does
definitely not follow a logtw-law. Instead, within the error
limit of the experiment, it seems to be governed by a pow
law in time. This result is independent of whether the sp
tral diffusion kernel is assumed to have a Lorentzian o
Gaussian line shape. If the data analysis is based on a Ga
ian line shape, then the respective exponents is 0.2760.02.

Second, spectral diffusion broadening is subject to
ing, although the respective amount is rather moderate. In
insert it is shown how the spectral diffusion width at a wa
ing time of 104 min decays as a function ofta . Within about
200 h, s decays by about 20%. The data suggest that
decay may also be governed by a power law.

V. DISCUSSION

A. Failure of the TLS-model

Disorder phenomena in proteins show up in almost
experimental investigations despite their high level of org
nization. Kinetic experiments show strong nonexponen
behavior,1,2,3 thermodynamic experiments show a low tem
perature specific heat linear in temperature,16,17x-ray scatter-
ing experiments show unusually large mean squ
displacements,1 optical experiments show rather strong inh
mogeneous line broadening, spectral diffusion broaden
and thermal line broadening reminiscent to the respec
behavior of glasses.39 Several of these findings were inte
preted on the basis of models which were quite successfu
describing properties of glasses. For instance, the TLS m
was used to describe the low temperature properties of

h
of
l

FIG. 2. Log–log representation of the spectral diffusion broadenings as a
function of waiting timetw at 4.2 K for various aging timesta as indicated
by the different symbols. The solid line represents an average straight
fit. The respective slope is 0.2760.02. Holes are shown at the beginning an
close to the end of a waiting time experiment. Another insert shows
aging behavior of the spectral diffusion widths at a waiting time of 104

min, also in a log–log-representation.
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teins such as the specific heat, dielectric relaxation as we
some of the spectral diffusion phenomena. A general re
of this interpretation was that, if there are TLS in a protein
all, their number is small, namely on the order of one p
protein.16,19 As mentioned above, the signature of TL
dynamics is a logtw-dependence of the spectral diffusio
broadening. As can be inferred from Fig. 2, this is clearly n
the case. The TLS model offers a few possibilities to acco
for a nonlogarithmic spectral diffusion behavior: The mo
straightforward possibility is to adapt the distribution fun
tion of relaxation rates in a proper way. This is almost
ways possible.

It has been argued in the literature40 that a dye probe
may itself be a perturbation of the lattice into which it
doped, hence, may create TLS-like excitations in its imm
diate neighborhood which follow a Gaussian distributio
Although this view may be correct in the case of glasses
does not seem to be justified for proteins. There, the ch
mophore is not a dopant but is a natural constituent of
protein. Hence, adapting the distribution functions in t
case has a touch of a fit routine.

Another way to account for the non-logarithmic beha
ior is considering a non-Boltzmann population of t
TLS-levels.34 In this case the time evolution would have tw
branches, an equilibrium branch and a nonequilibri
branch, both of which evolve logarithmically with time, y
with different slopes. The nonequilibrium branch would
subject to aging. As the aging time goes on, the onset of
nonequilibrium branch would shift with waiting time totw

'ta . For tw,ta , all data points would fall on the same plo
because this time window characterizes the equilibri
branch. Fortw.ta , there would be a bunch of parallel line
shifted along the logtw-axis by an amount determined by th
aging times.

The data in Fig. 2 do not seem to support this vie
either. First, aging is a small effect, and second, at least
data series for the first three aging times do not seem to h
a common equilibrium branch.

Finally, TLS–TLS coupling was shown to change t
distribution of relaxation rates in a way that spectral diff
sion broadening is governed by a power law instead o
log tw-law.13,14 There are two reasons why we do not co
sider TLS–TLS coupling to play any role in the conform
tional dynamics of proteins. First, as mentioned above,
number of TLS, if present at all, would be of the order
one. Hence, there is no coupling as long as we assume
the proteins do not interact with each other. Second, TL
TLS coupling is of a coherent nature and breaks down as
temperature increases beyond the milliKelvin range.36

Summarizing the problems with a TLS-like descriptio
of proteins, one could adopt two views, which we call t
‘‘one TLS-view’’ and the ‘‘many TLS-view.’’ The ‘‘one
TLS-view’’ is based on the assumption that there are jus
few TLS per protein, say one, but the parameters of this T
differ from protein to protein. Hence, as the waiting tim
goes on, the proteins with the progressively slower T
would come into play. This situation would be perfect
equivalent with a non-Boltzmann populated TLS-mod
which is not supported by our experiments as stated ab
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The many TLS-view is based on a large manifold of the T
per protein. If so, however, their rates cannot be independ
because a protein is structurally highly correlated and,
addition, is quite small. These structural constraints wo
put constraints onto the dynamics of the TLS which wou
eventually be best described by a diffusive motion.

The conclusion is that the TLS-model does not seem
describe conformational dynamics in proteins in a pro
way.

B. The origin of the power law in the diffusion model

Our view of the basic physics of spectral diffusion in
protein is the following: At low temperatures the protein
far from equilibrium. This is already obvious from the rat
of kT to the inhomogeneous width, which covers in our ca
approximately one order of magnitude. In addition, with
the experimental time scale of the order of 107 s, there is no
observable tendency that spectral diffusion levels off. A
cording to our view, spectral diffusion in deeply frozen pr
teins is governed by a diffusive motion in a rather comp
energy landscape towards equilibrium. The time law wh
governs this diffusion process must somehow reflect
complex structure. We take care of the complex nature of
energy landscape by choosing a stretched exponential a
ansatz for the frequency autocorrelation function@Eq. ~2!#.
Since we argue that the protein is far from equilibrium, t
experimental time has to be much smaller than the corr
tion time t. Hence, a short time expansion ofC(t) is a good
approximation. From Eq.~1!, we get

sSD~ t !521/2s0•~ t/t!a/2. ~3!

This is the desired power law for the spectral diffusi
width.24 The present experiments are well described bya/2
50.2760.02. An important question concerns the fin
width s0 which the spectral diffusion width would eventu
ally reach after an infinitely long waiting time. A straightfo
ward possibility is to identifys0 with the inhomogeneous
width ~i.e., with the square root of the variance! of the tran-
sition considered. This identification complies with the d
fusion model because the energy landscape which is sam
by the diffusing particle, is built from all kind of relevan
interactions. In this cases0 can be taken from the spectrum
It is 60 cm21/A8 ln 2. Inserting this value into the abov
power law@Eq. ~3!, Fig. 2#, we can calculate the frequenc
correlation timet.

t is of the order of 1016 min. Considering such a long
correlation time there is no need to take into account t
diffusion occurs in a finite system. As tot, it depends of
course strongly on temperature. In cytochrome c, for
stance, we assumed a power lawsSD}Tb for spectral diffu-
sion broadening and determinedb from experiments at two
different temperatures, namely, 100 mK and 4 K.9 b turned
out to be close to 1. Provided the same temperature de
dence holds for horseradish peroxidase, we estimate f
Eq. ~3! a temperature dependence fort of the form,

t}T2j, ~4!

with j being of the order of 3. It is clear that the dependen
of t on temperature becomes much steeper at higher t



ro
er
he
r-

d-
io
o
e-
a

om
e

n
ua
d

.

be
an
u
o
d
on

t
o

e

ig
th
e
s
s

I
ro
ti

ng
hy
at

f
an
fu
nt

-
n
pr

via

are

s
soci-

-
f pro-
y of
in a
. A
re of

es
ec-
if-

ive
of
en-

on-
th

ace-
ncy
ion

o-
of
pe

c-
ons
ble
op-
ar-
ed.
av-

a

an
the

tate
ntri-
led

ible
ion

nd
eter
ep-
ta
e
ad-

ed
ics
i-
he

3049J. Chem. Phys., Vol. 112, No. 6, 8 February 2000 Protein dynamics at low temperatures
peratures. From many experiments it is well known that p
teins undergo a dynamic transition at about 200 K, wh
large amplitude motions start to dominate t
dynamics.41,42,43 These large amplitude motions will ce
tainly change the temperature dependence oft quite se-
verely.t is related to the diffusion coefficient. In rough lan
scapes, at sufficiently high temperatures, the diffus
coefficient is quite often governed by an Arrhenius Law
by Ferry’s Law,44,45 which show very steep temperature d
pendencies. In both cases the individual diffusive step is
tivated. Recently, the frequency correlation time at ro
temperature could be measured in a single protein exp
ment. It is of the order of seconds.46

Finally we stress that within the frame of the diffusio
model, the observed time law is a property of each individ
protein and not of an ensemble. Hence, the associated
namics is homogeneous in nature and not heterogenous

C. Aging

Within the frame of the TLS model there must always
aging whenever the waiting time exceeds the aging time
spectral diffusion broadening has not yet entered the sat
tion regime. In the diffusion model, there is no aging, pr
vided that the parameters which determine the spectral
fusion width do not depend on aging time. This situati
was, for instance, encountered in the case of cytochrome9

However, in the present case, we observe aging, although
effect is rather moderate. Consequently, within the frame
the diffusion model, the respective parameters must dep
on aging time. In principle, all three parameters in Eq.~3!,
s0 , t, anda could depend onta . A time dependence ofa
would imply a breakdown of the power law. The data in F
2, however, suggest that the power law behavior is ra
well documented. On the other hand, a time dependenc
s0 and/ort would affect the intercept in Fig. 2, only. In thi
case, aging would show up as a series of parallel line
reasonable agreement with the experimental results.

D. Microscopic aspects

The diffusion model is a phenomenological model.
does neither offer any insight into the nature of the mic
scopic processes which determines the frequency correla
time t, nor does it offer any explanation for the stretchi
parametera. Nevertheless, one can speculate about the p
ics which leads to the observed power law and the associ
aging processes. We are considering diffusion in conform
tion space with many degrees of freedom. This space is
sure nonhomogeneous. Some of the atoms may easily ch
their position, others are quite tightly packed, so that dif
sive motion is hindered. We may translate this situation i
a diffusive motion of a fictive particle~with which we asso-
ciate with protein as a whole! in a complex energy land
scape. The structure of this landscape, i.e., the distributio
its features of roughness, determines the motion of the
tein, i.e., determines the associated parametersa, s0 , andt.
a is the ‘‘landscape parameter,’’ which measures the de
-
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tion of this landscape from homogeneity. Alsos0 is related
to the irregular features of the energy landscape as they
reflected in inhomogeneous line broadening.

As compared to cytochrome c,9 the present experiment
are more complicated because we observe aging. We as
ated the occurrence of aging with a time dependence ofs0

and t. This implies that, in addition to the fluctuation pro
cesses, there are also relaxation processes. Both types o
cesses can occur on different time scales. One possibilit
how this can be interpreted is via an energy landscape
reduced coordinate space which itself changes with time
time dependent energy landscape is based on the pictu
an effective mean field of the local environment.

We introduce two time scales for the two process
which show up in our experiments, namely, aging and sp
tral diffusion. In a first approximation we consider the d
fusing atoms or groups of atoms~or residues! in configura-
tion space as moving independently in their local effect
mean field which is determined by the neighboring groups
atoms. Note that as long as the particles are moving indep
dently, this landscape is constant in time, implying a stati
ary spectral diffusion behavior. This view complies wi
x-ray scattering experiments,1,43 where the individual resi-
dues are characterized by individual mean square displ
ments. The respective motion shows up in the freque
fluctuations which are observed in the spectral diffus
waiting time experiment. However, as time goes on, the m
tion of certain atoms may eventually trigger the motion
other ‘‘resting’’ atoms. Thus the effective energy landsca
becomes time dependent.

That the coupled motion of the diffusing particles is ne
essarily correlated with a ceasing of the related fluctuati
is obvious. The protein is moving towards its most sta
structure. When the atoms get closer and closer to their
timum structural position the respective conformational b
riers steadily increase until the optimum position is reach
Higher conformational barriers correspond with a smaller
erage amplitude of the frequency fluctuations, i.e., with
smallers0 , and with larger frequency correlation timest. In
the optimum structural position, structural relaxation of
atom cannot anymore be triggered by another one, thus
effective energy landscape is fixed in time and steady s
behavior has been reached. In other words, the extra co
bution to the spectral diffusion broadening due to coup
motion dies away, as the sample ages.

We conclude this discussion with addressing poss
relations of our low temperature experiments, to relaxat
experiments at higher temperatures. Ansariet al.47 studies
the viscosity dependence of CO rebinding in MbCO a
found a stretched exponential with a stretching param
close to what we measured at 4 K. An experiment conc
tionally similar to our experiment was performed by Shiba
et al.48 on Zn-substituted myoglobin. They performed tim
resolved hole burning experiments measuring the line bro
ening and the line shift as a function of time between 1028

and 1022 s. They, too, described their results by a stretch
exponential. In both cases it was found that the dynam
was controlled by the viscosity of the solvent which obv
ously puts constraints onto the motion of the protein. T
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origin of the stretched exponential was attributed to a h
archy of sequential cooperative motions similar to the mo
developed by Palmeret al.49

For our experiments the appropriate starting picture
that of a static energy landscape as discussed above
attributed the origin of the stretched exponential and the c
comitant anomalous diffusion to the inhomogeneity of co
formation space. In a complex inhomogeneous space re
ation and fluctuation seem to be naturally governed b
hierarchy of processes. They can be viewed as a search p
lem of finding the optimum way to the final state. This op
mization procedure sets the hierarchy scale. Easy steps
carried out first before the more difficult steps are tackled.
time goes on the fast processes~i.e., the easy steps! eventu-
ally contribute via entropy only,49 but do not have a sever
influence on the dynamics anymore. The occurrence of ag
supports such a view even more, because, in this case
slower processes are triggered by the faster processes
they become so slow that aging eventually stops. Althou
the distance traveled by the protein in conformation spac
extremely small at low temperatures, the respective diffus
physics shows parallels to the high temperature relaxatio
it is also encountered in the final steps of protein folding50

VI. SUMMARY

Spectral diffusion broadening of optical holes burnt in
the spectrum of free base mesoporphyrin-IX-substitu
horseradish peroxidase was investigated over four order
magnitude in time in waiting time experiments combin
with aging time experiments. It does not follow a logtw-law.
Instead, it seems to be governed by a power law, and the
a rather small but definite aging process going on. Th
results were interpreted in terms of a diffusion model quite
contrast to spectral diffusion phenomena in glasses wh
seem to be well described by the popular TLS-model. So
microscopic aspects as to where the observed anomalou
fusion and aging might come from are discussed.
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