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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-m@des, two level systetn © 2000
American Institute of Physic§S0021-9606)0)50306-7

I. INTRODUCTION width, a model is needed for the basic physics which governs
the conformational motion and the associated frequency fluc-
Understanding the basic laws which govern the dynamtyations.
ics of a protein in its conformation space constitutes an im- A well known model which has been widely used for
portant aspect in protein physics because conformational dyescribing structural changes and the associated frequency
namics determines everything from folding to functioning. fluctuations in glasses and polym&rs® but also in
Most experimental methods for measuring conformationaproteins>~%is the so-called TLS-mod&t??(TLS stands for
dynamics require the preparation of a specific nonequilib«two level system”). The model is based on the assumption
rium state of the protein under investigation. Conformationakhat structural relaxation occurs in local double well poten-
dynamics is then monitored via its influence on the relax+tjals (the TLSSY associated with a rather small number of
ation of this nonequilibrium state back to equilibrium. atoms. Under certain restrictive assumptions as to the cou-
One of the best known examples is carbonmonoxypling of the relaxation to the monitoring transition and the
myoglobin!~* After flashing off the CO-ligand from the density of the TLS, the model makes precise predictions on
prosthetic group, the resulting state of the protein is far fromhe time evolution of the conditional probability which are
equilibrium. The back relaxation is highly nonexponential. accessible to experimental checks. The TLS-model leads to a
This nonexponential relaxation feature is associated with theorentzian line shape. Another, quite different approach, is
motion of the apoprotein in conformation space. The conforthe diffusion modef:2324 In the diffusion model it is as-
mational motion changes the barrier between the photoprodsumed that conformational dynamics is governed by diffu-
uct state and the ground state and, as a consequence, thergiisn processes. In this case, the appropriate equation for the
an accompanying change of the rate constant of the baakme evolution of the conditional probability in conformation
reaction which modifies the relaxation of the prepared initialspace is a Fokker—Planck-type equation. The implication on
state®® the shape of the conditional probability in frequency space
The most straightforward way to study conformationalwhich is the quantity measurdthe so-called spectral diffu-
relaxation and fluctuations is Spectral dlfoSﬁ)_ﬁm spectral sion kerne), is quite severe; this shape is Gaussian.
diffusion experiments the frequency fluctuations of absorp-  |n this paper we report on low temperature spectral dif-
tive or emissive transitions are measured. These fluctuationgsion experiments with a modified heme type protein,
are directly associated with conformational motidng namely mesoporphyrin IX-substituted horseradish peroxi-
some cases, for instance in single molecule experiments, it Gase. We demonstrate that the TLS model which has been
possible to measure frequency fluctuations directly and t@uite successful in explaining structural changes in glasses
determine the respective frequency autocorrelatiorand polymers at sufficiently low temperatures, seems to be
function!®* In ensemble averaged experiments, like holejess appropriate for describing conformational dynamics in
burning, it is the width of the conditional probability distri- proteins.
bution that a molecule absorbs at frequercyt timet given
it absorbed at at time zero, which is measured. This width || SPECTRAL DIFFUSION MODELS AND THEIR
is also directly related to the frequency autocorrelation funcCHARACTERISTIC FEATURES
tion. The respective relation is obtained from measuring th% G |
width of the hole as a function of timén the following - General aspects
referred to as “waiting time™t,,). However, in order to ex- The purpose of our spectral diffusion experiments is to
tract the conditional probability from the measured holecharacterize the specific features of conformational dynamics
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of proteins. To this end it is important to make sure that thehas been shown quite generally by Stephenal.®’ diffu-
features observed are related to the protein under study arsive motion in conformation space can be directly related to
not to the host glass. We note that in horseradish peroxidagbe fluctuations in frequency space via the frequency auto-
the chromophore is deeply buried in the protein, hence, isorrelation functionC(t). C(t) gives rise to a time depen-
decoupled from the host glass to a high degree. We haveence in the line widthr(t) of the spectral diffusion kernel,
verified the decoupling from the host glass experimentally 2n 2 2

for smaller heme-type proteins than horseradish peroxidase o (Y =ogl1-CHL ], @
by comparing the spectral diffusion behavior of the chro-whereaoy is the final width which the spectral diffusion ker-
moprotein with the isolated chromophore in similar hostnel would reach after an infinite waiting time. As long as the
glasse€3?>26\We found qualitative differences. Similar re- conformational dynamics is sufficiently slow, the associated
sults were obtained from comparative Stark-effectline shape is Gaussian.

experiment£’-28|f the chromophore is well decoupled in the C(t) contains all the physics of the respective conforma-
smaller heme-type proteins, decoupling in larger proteins ofional diffusion processes. In the simplest c&3g) is an

this type, like horseradish peroxidase, is even better. As axponential implying a Gauss—Markov process for the fre-
result we can conclude that the dynamics probed by thguency fluctuations. However, proteins are not that simple.
present spectral diffusion experiments essentially reflectinstead, as our experiments show, the correlation function is
features of the protein under consideration and not of th@onexponential. In this case, an appropriate ansatZ {oy
host glass. is a stretched exponential,

C(t)=exd — (t/7)“]. (2

7is the frequency correlation time. The stretching parameter
The TLS-model is based on a few essential assumptions; js a measure for the complexity of the energy landscape in
a homogeneously distributed spatial density of double wellsyhich the protein is moving.
where only the two lowest states play a significant role. Two e stress that within the frame of the diffusion model
independent characteristic parameters, namely the energie nonexponential correlation function is a homogeneous
splitting and the so-called tunneling parameter govern strucproperty of the system quite in contrast to the TLS-model,

tural dynamics in the double wells. The density of states withyhere nonexponential features arise from the heterogeneity
respect to both parameters is constarit. The coupling of  of the TLS-ensemble.

the double wells to the monitoring transition occurs via di-
polar forces. If so, then the spectral diffusion line shape,
the conditional probability distribution in frequency spaise
Lorentziarf®~*2and the respective width broadens with time A very interesting aspect of spectral diffusion phenom-
proportional to logd,, .67 It is especially the ena concerns sample aging. Whenever aging effects are
logt,-dependence which has been verified experimentally ifpresent, one time parameter.g., the waiting time,,) is not
many glassy systei$%233and which is considered as the enough to describe the phenomena. In addition,toa so-
signature of the tunneling model. Recently, deviations froncalled aging timé, is introducedt, is the time elapsed after
the logt,-behavior has been fourtd*34In one case it could the sample has reached its final temperature but before it is
be shown that these deviations were due to the fact that tHabeled with a hole.
TLS were not in thermal equilibriurf In other cases they In the TLS-model, aging occurs whenever the two low-
were related to TLS—TLS coupling:!*%® TLS-TLS- est states of the double well ensemble are not in thermal
coupling was predicted to play a role only at temperatures aequilibrium. This yields an excess contribution to the spec-
low as millikelvin3>2¢We note that even if the double well tral diffusion width which ceases as the ensemble comes
barriers are crossed via activated processes, the time depetieser to equilibriun?? In the diffusion model aging may
dence of the spectral diffusion width would not change sig-occur as well. If the protein is far from equilibriugat low
nificantly. temperatures this is almost always the ¢agieere is, in ad-
Clearly, some of the basic ingredients of the TLS-modeldition to the frequency fluctuations, also relaxation. Relax-
are never met by proteins, for instance the homogeneouwation may lead to a time dependence of the parameters in-
spatial distribution. Yet, this would only influence the line volved, i.e., the correlation timg the final widtho and the
shape but not the time evolution of the width which is solelystretching parameter. However, since, is the same for all

B. The TLS-model

D. Aging effects

determined by the distribution of the relaxation rates. members of the ensemble of protein molecules, aging does
not seem to change the shape of the spectral diffusion kernel.
C. The diffusion model It should also be stressed that aging does not necessarily

o ) . have to occur, even if the protein is far from equilibrium.
The concept of the diffusion model is very different as pjffusion in conformational space can also attain a stationary

compared to the TLS-model. It is assumed that motion incharacter, as has been found, for instance, in cytochroine c.
conformation phase space is a diffusive process where the

whole _protem is involved. !f the protein is no_t in gqumbnum, Il EXPERIMENT

potential forces are superimposed on the diffusive forces, so

that the appropriate equation for the conditional probability = Holes were burnt with a CW dye ring laser in sulfor-
in conformation space is a Fokker—Planck-type equation. Aflodamine to a relative depth of about 30%. The hole burning
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FIG. 1. Absorption spectrum of mesoporphyrin-1X-substituted horseradish 1 10 100 1000 10000
peroxidase at 4.2 K. Hole burning was performed close to the maximum of t /min

the main origin(arrow). The insert shows that the shape of this band is well
described by a Gaussian with a widfRlWHM) of 60 wave numbers. Also

shown is the chromophore, free base mesoporphyrin-IX. FIG. 2. Log—log representation of the spectral diffusion broadenirg a

function of waiting timet,, at 4.2 K for various aging times, as indicated
by the different symbols. The solid line represents an average straight line
fit. The respective slope is 0.20.02. Holes are shown at the beginning and

reaction is a light induced transfer of the inner ring protonsgjose to the end of a waiting time experiment. Another insert shows the
of the chromophore mesoporphyrin-?XBurning times and  aging behavior of the spectral diffusion widthat a waiting time of 16
powers were of the order of 16 s andudV, respectively. —min, also in a log—log-representation.

Reading of the holes was performed in the transmission
mode. The respectlve power was reduced by more_than thr%eurnt at different aging timefs, . Plotted is the square root of
orders of magnitude. The temperature of the experiment wag

4.2 K. The sample was immersed in liquid helium and kept e variancer(t,) of the spectral diffusion kernel over the

in a glass cryostat with a stand-by time of the order of 20 hwamng timet,,. The span of the aging times covered more

At 4.2 K, the homogeneous line width is about 1 GHz. The_than two orders of magnitude. The actual numbers are shown

bandwidth of the laser light<1l MHz) and even the respec- n t_hg insert. There are two clear-cut results.. Ews(tt) does
. - ) definitely not follow a log,-law. Instead, within the error
tive frequency jitter are orders of magnitude less and can bg _. . .

nedlected imit of the experiment, it seems to be governed by a power

9 ) . . . _law in time. This result is independent of whether the spec-

Data evaluation was performed in the following way: e : .
: . - 2" tral diffusion kernel is assumed to have a Lorentzian or a
The holes were fit to Lorentzians. Then a Voigtian profile o L

Gaussian line shape. If the data analysis is based on a Gauss-

was calculated with the same width, whose Lorentzian comi-an line shape, then the respective exponents is-0(2a2.

ponent was taken from the very first hole. The Gaussian Second, spectral diffusion broadening is subject to ag-

kernel of this Voigtian profile was taken as the spectral dif-. . .
. . o ing, although the respective amount is rather moderate. In the
fusion kernel. This procedure ensured an efficient data evalu- L e ; .
. . Insert it is shown how the spectral diffusion width at a wait-
ation. We checked the accuracy of this procedure for a few

holes by comparing the respective Gaussian kernels wit ng time of 10 min decays as a function of . Within about
0 .
those obtained from a direct fit of the hole to a Voigtian line 00 h, o decays by about 20%. The data suggest that this

shape. Agreement was always excellent. Apart from fittingdecay may also be governed by a power law.

the line shape also the hole depth was treated as a fit param-
eter to account for the significant decay of the holes due t¢f- DISCUSSION
the back reaction. A. Failure of the TLS-model

Disorder phenomena in proteins show up in almost all
experimental investigations despite their high level of orga-

Figure 1 shows the inhomogeneously broadened absorpization. Kinetic experiments show strong nonexponential
tion spectrum of mesoporphyrin-IX-substituted horseradistbehaviort>2 thermodynamic experiments show a low tem-
peroxidase at 4.2 K. Hole burning was performed close tgerature specific heat linear in temperatth&x-ray scatter-
the maximum of the main peak at about 16 300 wave numing experiments show unusually large mean square
bers(arrow). In order to estimate the inhomogeneous width,displacement$ optical experiments show rather strong inho-
this peak is fit to a Gaussiainser). The respective width mogeneous line broadening, spectral diffusion broadening
(FWHM) is 60+ 15 wave numbers. The rather large uncer-and thermal line broadening reminiscent to the respective
tainty in the inhomogeneous width comes from the uncerbehavior of glasse¥. Several of these findings were inter-
tainty in the baseline. preted on the basis of models which were quite successful in

Figure 2 shows a log—log representation of the time evodescribing properties of glasses. For instance, the TLS model
lution of the linewidth at 4.2 K for a series of spectral holeswas used to describe the low temperature properties of pro-

IV. RESULTS
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teins such as the specific heat, dielectric relaxation as well abhe many TLS-view is based on a large manifold of the TLS
some of the spectral diffusion phenomena. A general resufper protein. If so, however, their rates cannot be independent
of this interpretation was that, if there are TLS in a protein atbecause a protein is structurally highly correlated and, in
all, their number is small, namely on the order of one peraddition, is quite small. These structural constraints would
proteinl®1® As mentioned above, the signature of TLS- put constraints onto the dynamics of the TLS which would
dynamics is a log,-dependence of the spectral diffusion eventually be best described by a diffusive motion.
broadening. As can be inferred from Fig. 2, this is clearly not ~ The conclusion is that the TLS-model does not seem to
the case. The TLS model offers a few possibilities to accoundlescribe conformational dynamics in proteins in a proper
for a nonlogarithmic spectral diffusion behavior: The mostway.
straightforward possibility is to adapt the distribution func-
tion of relaxation rates in a proper way. This is almost al-B. The origin of the power law in the diffusion model
ways possible.

It has been argued in the literatfftehat a dye probe

may itself be a perturbation of t_he Iatt|_ce _|nto _Wh_'Ch_ tis far from equilibrium. This is already obvious from the ratio
doped, hence, may create TLS-like excitations in its imme

diat iahborhood which foll G ian distributi of kT to the inhomogeneous width, which covers in our case
'ate neighbornood which Toflow a f>aussian cistnou 'on'.approximately one order of magnitude. In addition, within
the experimental time scale of the order of &) there is no

does not seem to be justified for proteins. There, the Chro()bservable tendency that spectral diffusion levels off. Ac-

mophpre Is not a dopgnt but IS a rlatqral const_ltuen'F of t_h%ording to our view, spectral diffusion in deeply frozen pro-
protein. Hence, adaptlng thg distribution functions in th'steins is governed by a diffusive motion in a rather complex
case has a touch of a fit routine. L energy landscape towards equilibrium. The time law which

_ Another way to account for the non-logarithmic behav- ¢ erng this diffusion process must somehow reflect this
lor is considering a non-Boltzmann population of the ¢, mpiex structure. We take care of the complex nature of the
TLS-levels™ In this case the time evolution would have two energy landscape by choosing a stretched exponential as an

branches, an equilibrium branch and a nonequilibriumynqat; for the frequency autocorrelation functi@. (2)].
branch, both of which evolve logarithmically with time, yet gjce we argue that the protein is far from equilibrium, the

with different slopes. The nonequilibrium branch would beexperimental time has to be much smaller than the correla-

subject to aging. As the aging time goes on, the onset of thﬁon time 7. Hence, a short time expansion®(t) is a good
nonequilibrium branch would shift with waiting time tg, approximation. From Eq(1), we get

~t,. Fort,<t,, all data points would fall on the same plot 5 i
because this time window characterizes the equilibrium — 'sp(t)=2"%0q- (t/7)*, ()

branch. Fott,,>t,, there would be a bunch of parallel lines Thjs is the desired power law for the spectral diffusion
shifted along the log,-axis by an amount determined by the \idth* The present experiments are well describeddtg
aging times. =0.27+0.02. An important question concerns the final
The data in Fig. 2 do not seem to support this viewyidth o, which the spectral diffusion width would eventu-
either. First, aging is a small effect, and second, at least thg|ly reach after an infinitely long waiting time. A straightfor-
data series for the first three aging times do not seem to havgard possibility is to identifyo, with the inhomogeneous
a common equilibrium branch. width (i.e., with the square root of the varianaef the tran-
Finally, TLS—TLS coupling was shown to change thesition considered. This identification complies with the dif-
distribution of relaxation rates in a way that spectral diffu- fusion model because the energy landscape which is sampled
sion broadening is governed by a power law instead of ay the diffusing particle, is built from all kind of relevant
logt,-law.'>!* There are two reasons why we do not con-interactions. In this case, can be taken from the spectrum.
sider TLS—TLS coupling to play any role in the conforma- |t is 60 cm %/\/81In2. Inserting this value into the above
tional dynamics of proteins. First, as mentioned above, thgower law[Eq. (3), Fig. 2], we can calculate the frequency
number of TLS, if present at all, would be of the order of correlation timer.
one. Hence, there is no coupling as long as we assume that 7 is of the order of 1& min. Considering such a long
the proteins do not interact with each other. Second, TLS-correlation time there is no need to take into account that
TLS coupling is of a coherent nature and breaks down as thgiffusion occurs in a finite system. As tq it depends of
temperature increases beyond the milliKelvin raffye. course strongly on temperature. In cytochrome c, for in-
Summarizing the problems with a TLS-like description stance, we assumed a power lawne< T# for spectral diffu-
of proteins, one could adopt two views, which we call thesion broadening and determinghfrom experiments at two
“one TLS-view” and the “many TLS-view.” The “one different temperatures, namely, 100 mK and 4 R.turned
TLS-view” is based on the assumption that there are just @ut to be close to 1. Provided the same temperature depen-
few TLS per protein, say one, but the parameters of this TLSlence holds for horseradish peroxidase, we estimate from
differ from protein to protein. Hence, as the waiting time Eq. (3) a temperature dependence foof the form,
goes on, the proteins with the progressively slower TLS —¢
would come into play. This situation would be perfectly T, @
equivalent with a non-Boltzmann populated TLS-modelwith & being of the order of 3. It is clear that the dependence
which is not supported by our experiments as stated abovef r on temperature becomes much steeper at higher tem-

Our view of the basic physics of spectral diffusion in a
protein is the following: At low temperatures the protein is
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peratures. From many experiments it is well known that protion of this landscape from homogeneity. Aleg is related
teins undergo a dynamic transition at about 200 K, whereo the irregular features of the energy landscape as they are
large amplitude motions start to dominate thereflected in inhomogeneous line broadening.

dynamics*#243 These large amplitude motions will cer- As compared to cytochrome’ahe present experiments
tainly change the temperature dependencer ajuite se- are more complicated because we observe aging. We associ-
verely. 7is related to the diffusion coefficient. In rough land- ated the occurrence of aging with a time dependenceqof
scapes, at sufficiently high temperatures, the diffusiorand . This implies that, in addition to the fluctuation pro-
coefficient is quite often governed by an Arrhenius Law orcesses, there are also relaxation processes. Both types of pro-
by Ferry’s Law}***which show very steep temperature de- cesses can occur on different time scales. One possibility of
pendencies. In both cases the individual diffusive step is achow this can be interpreted is via an energy landscape in a
tivated. Recently, the frequency correlation time at roomreduced coordinate space which itself changes with time. A
temperature could be measured in a single protein expertime dependent energy landscape is based on the picture of
ment. It is of the order of second. an effective mean field of the local environment.

Finally we stress that within the frame of the diffusion We introduce two time scales for the two processes
model, the observed time law is a property of each individualvhich show up in our experiments, namely, aging and spec-
protein and not of an ensemble. Hence, the associated dyral diffusion. In a first approximation we consider the dif-
namics is homogeneous in nature and not heterogenous. fusing atoms or groups of atonter residuesin configura-

tion space as moving independently in their local effective

mean field which is determined by the neighboring groups of
C. Aging atoms. Note that as long as the particles are moving indepen-
dently, this landscape is constant in time, implying a station-

: L S gry spectral diffusion behavior. This view complies with
aging whenever the waiting time exceeds the aging time an . . 3 S .
X-ray scattering experiment$?® where the individual resi-

spectral diffusion broadening has not yet entered the saturad—ues are characterized by individual mean square displace-
tion regime. In the diffusion model, there is no aging, pro-

vided that the parameters which determine the spectral dnr_nents. _The res_pecnve motion Sh(.)WS up in the fre.que.ncy
) . . . -~ fluctuations which are observed in the spectral diffusion
fusion width do not depend on aging time. This situation

. . waiting time experiment. However, as time goes on, the mo-
was, for instance, encountered in the case of cytochrome c,. . : .

. . tion of certain atoms may eventually trigger the motion of
However, in the present case, we observe aging, although th

effect is rather moderate. Consequently, within the frame ngeher resting” atoms. Thus the effective energy landscape

the diffusion model, the respective parameters must depen Cc%l:]]:tstr?;nc?oﬂefeedngweor':itén of the diffusing particles is nec-
on aging time. In principle, all three parameters in E), il el tpd with ing of th rg Ipt d fluctuation
og, 7, anda could depend on,. A time dependence o essanily correate a ceasing ot the refated fiuctuations

would imply a breakdown of the power law. The data in Fig_ls obvious. The protein is moving towards its most stable

2. however, suggest that the power law behavior is rathe§_tructure. When the atoms get closer and closer to their op-

well documented. On the other hand, a time dependence 6lfnum structural position the respective conformational bar-
o and/orrwould affect the intercept in Fig. 2, only. In this riers steadily increase until the optimum position is reached.

case, aging would show up as a series of parallel lines iIJ]-Ilgher conformational barriers correspond with a smaller av-

reasonable agreement with the experimental results. erage amplitude of the frequency fluctuations, i.e., with a
smalleroy, and with larger frequency correlation timesin

the optimum structural position, structural relaxation of an
atom cannot anymore be triggered by another one, thus the
effective energy landscape is fixed in time and steady state
The diffusion model is a phenomenological model. It behavior has been reached. In other words, the extra contri-
does neither offer any insight into the nature of the micro-bution to the spectral diffusion broadening due to coupled
scopic processes which determines the frequency correlationotion dies away, as the sample ages.
time 7, nor does it offer any explanation for the stretching ~ We conclude this discussion with addressing possible
parametew. Nevertheless, one can speculate about the phygelations of our low temperature experiments, to relaxation
ics which leads to the observed power law and the associatezkperiments at higher temperatures. Ansatral®’ studies
aging processes. We are considering diffusion in conformathe viscosity dependence of CO rebinding in MbCO and
tion space with many degrees of freedom. This space is foiound a stretched exponential with a stretching parameter
sure nonhomogeneous. Some of the atoms may easily changlese to what we measured at 4 K. An experiment concep-
their position, others are quite tightly packed, so that diffu-tionally similar to our experiment was performed by Shibata
sive motion is hindered. We may translate this situation intcet al*® on Zn-substituted myoglobin. They performed time
a diffusive motion of a fictive particléwith which we asso- resolved hole burning experiments measuring the line broad-
ciate with protein as a wholen a complex energy land- ening and the line shift as a function of time between .0
scape. The structure of this landscape, i.e., the distribution aind 102 s. They, too, described their results by a stretched
its features of roughness, determines the motion of the preexponential. In both cases it was found that the dynamics
tein, i.e., determines the associated parametets,, andr.  was controlled by the viscosity of the solvent which obvi-
a is the “landscape parameter,” which measures the deviaeusly puts constraints onto the motion of the protein. The

Within the frame of the TLS model there must always be

D. Microscopic aspects
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