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ABSTRACT We performed spectral diffusion experiments in trehalose-enriched glycerol/buffer-glass on horseradish per-
oxidase where the heme was replaced by metal-free mesoporphyrin IX, and compared them with the respective behavior in
a pure glycerol/buffer-glass (Schlichter et al., J. Chem. Phys. 2000, 112:3045–3050). Trehalose has a significant influence:
spectral diffusion broadening speeds up compared to the trehalose-free glass. This speeding up is attributed to a shortening
of the correlation time of the frequency fluctuations most probably by preventing water molecules from leaving the protein
interior. Superimposed to the frequency fluctuation dynamics is a relaxation dynamics that manifests itself as an aging
process in the spectral diffusion broadening. Although the trehalose environment speeds up the fluctuations, it does not have
any influence on the relaxation. Both relaxation and fluctuations are governed by power laws in time. The respective
exponents do not seem to change with the protein environment. From the spectral dynamics, the mean square displacement
in conformation space can be determined. It is governed by anomalous diffusion. The associated frequency correlation time
is incredibly long, demonstrating that proteins at low temperatures are truly nonergodic systems.

INTRODUCTION

A central problem of spectral diffusion experiments on
chromoproteins concerns the question of to what extent the
chromophore, which serves as a probe for the conforma-
tional dynamics, is also sensitive to processes that occur
close to the surface of the protein or in the host matrix
(Fritsch et al., 1996, 1998; Thorn-Leeson et al., 1997). A
straightforward way to solve this problem are comparative
experiments between solutions of the same protein in dif-
ferent host glasses.

A glass-forming material with a very specific interaction
with proteins is trehalose (Branca et al., 1999; Crowe et al.,
1994, 1998; Green and Angell, 1989). Trehalose is a disac-
charide that has a high H-bonding affinity, thus may replace
the water molecules close to the protein surface. It has a
rather high glass-transition temperature, much higher, for
instance, than a glycerol/water glass (Green and Angell,
1989; Miller et al., 1999), which we use as a reference
matrix. Hence, the naive expectation is that the spectral
diffusion dynamics of a protein may slow down in a treha-
lose environment because the rigidity of the protein is
increased, thus the number of conformational degrees of
freedom is reduced.

To check this idea, we performed a series of low-tem-
perature spectral diffusion experiments with a modified
horseradish peroxidase protein in a trehalose environment.
The native heme chromophore of the protein was replaced

by mesoporphyrin IX, whose inner ring protons undergo a
light-induced proton transfer reaction. This reaction is ex-
ploited for spectral hole burning. Horseradish peroxidase
was selected because of its stability, known crystal structure
(Gajhede et al., 1997) and central heme position. We have
recently investigated this protein in a glycerol/buffer glass
(Schlichter et al., 2000a). Thus, a comparison of its spectral
diffusion behavior in glycerol/buffer and in the respective
trehalose-enriched glass became possible.

The influence of trehalose on protein dynamics has been
investigated by different groups (Gottfried et al., 1996;
Hagen et al., 1995, 1996; Sastry and Agmon, 1997). Hagen
et al. investigated CO-rebinding in myoglobin after flash
photolysis. The kinetics in trehalose was found to be faster
than in glycerol. This result was attributed to the high
viscosity of trehalose, which prevents protein relaxation and
thus keeps the barriers for rebinding low. Another interpre-
tation was offered by Sastry and Agmon (1997), who argued
that the sugar matrix preserves water in the heme pocket.
Water molecules in the protein interior may retain a high
internal flexibility and thus speed up the rebinding kinetics.
Relaxation of the protein, in contrast, may not be hampered
at all through the trehalose environment. As we will show,
this latter view is also favored by our experiments.

EXPERIMENTAL

Mesoporphyrin IX substituted horseradish peroxidase was
prepared and purified as described elsewhere (Paul and
Stigbrand, 1970; Teale, 1959). The protein was dissolved in
a saturated trehalose/buffer mixture at pH 8, which, in turn,
was mixed with glycerol. Glycerol was necessary to ensure
a sufficiently good glass quality. We investigated two sam-
ples to check a possible dependence of the results on the
concentration of trehalose. In sample 1, the concentration of
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saturated trehalose/glycerol/buffer in the respective mixture
was 40/50/10% v/v. In sample 2, the respective concentra-
tions were 60/33/7% v/v. In the comparative experiment
without trehalose, a glycerol/buffer mixture of 50/50% v/v
was used (Schlichter et al., 2000a). The samples were
quickly frozen to 4.2 K by plunging them into liquid He-
lium.

Hole burning was performed with a dye ring laser
pumped by a frequency-doubled Nd:vanadate laser. Typical
burn intensities were of the order of a fewmW. During hole
reading, the laser power was reduced by a factor of;5000.
We measured the spectral diffusion broadenings of
burnt-in holes as a function of waiting timetw and aging
time ta. We defineta as the time elapsed after the sample has
reached its final temperature but before it is labeled with a
hole. The first waiting/aging time experiment (Fig. 1A) ran
for about two weeks. During this time period, seven holes
were burnt in a very narrow frequency range at different
aging times reaching from 40 min to about 264 h. The
second waiting time experiment (sample 2, Fig. 1B) ran for
about four days. In addition, we measured the so-called
quasi homogeneous line widthg at 4.2 K.

The quantity measured in a spectral diffusion waiting-
time hole-burning experiment is the changes of the hole
width as a function of time (Friedrich and Haarer, 1986;

Breinl et al., 1984; Schlichter et al., 1999).s is extracted
from a line shape which is a convolution of the initial hole
with the so-called spectral diffusion kernel which is the
time-dependent part. To extracts from the measured holes,
a model is needed. Our data evaluation is based on the
assumption that the diffusion kernel is a Gaussian (Skinner
et al., 1999) with a variances2. This assumption is quite in
contrast to the TLS-model used to describe spectral diffu-
sion in glasses, which predicts a Lorentzian diffusion kernel
(Reinecke, 1979; Pack et al., 1990). The data evaluation
procedure is described elsewhere (Schlichter et al., 2000a).

RESULTS

Figure 1A shows the widths of the spectral diffusion
kernel as a function of waiting timetw for a series of aging
times ta at 4.2 K. Figure 1B shows the comparative exper-
iment where the trehalose concentration was changed from
40% to 60%. Three features should be stressed: First, in the
representation ofs over logtw, it is immediately obvious
that s(tw) does not increase proportional to logtw. Other-
wise, the data points should fall on straight lines. Second,
spectral diffusion broadening is clearly subject to aging: as
the aging times increase,s becomes progressively smaller.
However, the change ofs with aging time is much smaller
than the respective change with waiting time. Third, an
increase of the concentration of trehalose does not have a
significant influence on spectral diffusion broadening: the
data points for sample 1 and sample 2 (40% versus 60%
trehalose concentration) measured at the same aging time
fall on top of each other (Fig. 1B).

Figure 2 shows the aging-time dependence of spectral
diffusion broadening for the trehalose-enriched glass in
comparison with the trehalose-free glass. In this experiment,
the waiting timetw was kept fixed at 104 min, ands was

FIGURE 1. (A) Spectral diffusion widths (square root of variance of the
Gaussian diffusion kernel) as a function of waiting timetw for various
aging times (insert) in a semilogarithmic representation. Temperature
4.2 K. Sample: Mesoporphyrin IX-substituted horseradish peroxidase in a
trehalose/glycerol/water glass. The overall width of the holes after burning
(tw 5 0) was ;3 GHz. (B) A comparative experiment with a higher
trehalose concentration.

FIGURE 2 The decay of the spectral diffusion broadening with aging
time ta in a log-log representation measured at a waiting timetw 5 104 min.
The data sets for the trehalose-enriched (TH) and for the trehalose-free
glass follow the same power law. The respective coefficientb 5 0.076
0.01. Note that the data points at the beginning of the aging experiments
(ta0) are arbitrarily normalized to 1.
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measured as a function ofta. The aging kinetics is the same
for the two glasses within the error limits of the experiment.
In both glasses, aging follows a power law governed by the
same exponentb 5 0.076 0.01.

Figure 3A shows that all the spectral diffusion data of
Fig. 1 fall on the same master plot ifs is scaled with the
respective aging-time dependence as obtained from Fig. 2.
Again, this scaling behavior holds for both glasses. The
important message, which follows from this behavior, is
that the two processes that contribute to spectral diffusion,
namely fluctuation and relaxation (i.e., aging) are decoupled
processes. The two data series in Fig. 3A clearly demon-
strate the trehalose effect on spectral diffusion. Figure 3B
shows the inhomogeneous width in the two glasses with and
without trehalose. There is no significant difference

Figure 4 shows the hole widths as a function of hole area
for the two glasses. The hole area is proportional to the
absorbed radiation energy, hence, is a measure of spectral
saturation. Extrapolation to area zero yields the so-called
quasihomogenous hole widthg. For the trehalose-enriched glass, the respective value is 1.4 GHz, for the trehalose-free

glass 0.9 GHz, i.e.,g differs by the same amount ass,
namely by;(35 6 5)%. g may be influenced by phonon
scattering and by spectral diffusion processes. From the
measured difference in the two glasses, we conclude that the
latter processes dominate. Note that the results are indepen-
dent of the power level of the laser (different symbols).

DISCUSSION

Conformational diffusion and spectral diffusion:
The model

The data in Fig. 1 and the respective representation in Fig.
3 demonstrate that spectral diffusion is governed by a power
law in time. Although the respective exponents are almost
exactly the same for the two glasses, spectral-diffusion
broadening is significantly larger in the presence of treha-
lose. What could be a possible reason for this behavior?

Either the increased spectral diffusion is an outside effect,
i.e., structural dynamics in the trehalose environment is
faster as compared to the pure glycerol/water environment,
and this increased dynamics is reflected by an increased
spectral diffusion of the chromophore via long range inter-
actions, or the trehalose environment influences the internal
parameters of the protein, which govern spectral diffusion.
Let us, for the moment, assume that it is the internal pa-
rameters that are influenced by the trehalose environment.
Then, the interesting question is which of these parameters
could possibly be affected by trehalose. (Below we will
present arguments that support the internal effect.)

The dynamics of a protein in conformation space is
generally assumed to be governed by diffusive processes
(Agmon et al., 1983). In the following, we base our argu-
ments on the assumption that this is also true at 4 K. As a
consequence, we describe the low-temperature spectral dy-

FIGURE 3 (A) Scaling behavior of the spectral diffusion data of horse-
radish peroxidase in trehalose (TH, see also Fig. 1) and trehalose-free glass
in a log-log representation. The influence of aging time on spectral diffu-
sion is scaled out by dividings by the respective aging time dependence
(ta/h)2b. Both data sets follow the same power law. The exponenta/2 5
0.256 0.02. (B) The inhomogeneous line width in the trehalose-enriched
and the trehalose-free glass. The arrow indicates the frequency range where
hole burning was performed. The insert shows a hole at the beginning and
at the end of a spectral diffusion waiting-time experiment. The respective
frequency scale covers 20 GHz. All data are taken at 4.2 K.

FIGURE 4 The hole width in the trehalose-enriched (TH) and the tre-
halose-free glass as a function of hole area. The extrapolation to area zero
yields the so-called quasihomogenous line width. Different symbols indi-
cate different burning intensities of the laser. Temperature: 4.2 K.

Trehalose Effect on Protein Dynamics 2013

Biophysical Journal 80(4) 2011–2017



namics as a diffusive process in frequency space (Skinner et
al., 1999).

Note that spectral diffusion in glasses is, at sufficiently
low temperature, well described by the so-called Two Level
System (TLS) model. In the TLS model, the dynamics is
based on quantum jumps in rather localized independent
double wells. Because such a dynamics leads to a logarith-
mic time pattern (Friedrich and Haarer, 1986), we do not
consider it as appropriate for describing proteins.

It was shown by Stephens et al. (1997) that fluctuations in
frequency space are directly related to fluctuations in con-
formation space via the frequency autocorrelation function
C(t). C(t) determines the variances2(t) of the spectral
diffusion kernel

s2~t! 5 s0
2@1 2 C2~t!#. (1)

s0 is the spectral diffusion width for an infinitely long
waiting time. To account for the observed power law,C(t)
has to be a stretched exponential,

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

t is the frequency correlation time. As documented by our
experiments, spectral diffusion at 4 K is an extremely slow
process.t is many orders of magnitudes larger than the
experimental timet. Hence, a first-order expansion ofC(t) is
a very good approximation. From Eqs. 1 and 2, we get

s~tw! 5 21/2s0~tw/t!a/2. (3)

Here, we have indexed the timet with a w tostress that the
relevant time in Eq. 3 is the waiting time, i.e., the time span
elapsed after burning the hole. Eq. 3 represents the desired
power law for the spectral diffusion widths.

The concept of a spectral diffusion experiment is that of
an ideal diffusion experiment: an initially preparedd-func-
tion-like hole diffuses apart. According to this view, Eq. 3
can be written in terms of a time-dependent spectral diffu-
sion coefficientDn(tw),

s2~tw! 5 2Dn~tw!tw, (4)

with Dn(tw) given by

Dn~tw! 5 @s0
2/t#@tw/t#a21. (5)

As is known from microscopic models, correlation func-
tions of the stretched exponential type occur within some
time window, only. However, compared to practical time
scales, this time window may cover many orders of mag-
nitude (Palmer et al., 1984). As a consequence, also Eq. 5
holds within a certain, yet huge, time window, only (Berlin,
1996; Berlin and Burin, 1996). Astw 3 0, it breaks down.
Note, however, that the zero time limit does not touch the
results of our experiments because the shortest times (burn-
ing 1 first reading of a hole) are of the order of a few
minutes. This is already well within the above-mentioned
time window, considering the fact that spectral diffusion is

also influenced by rather fast processes, which, in many
cases, even dominate the quasihomogeneous width (Fig. 4
and respective discussion).

The trehalose effect in spectral diffusion

Eqs. 3–5 are characterized by three parameters, namelys0,
t, and a. Within an infinite time span the protein will
explore the total conformational phase space, which is ac-
cessible at the beginning of the experiment. Hence, we
identify s0 with the inhomogeneous width, which is gener-
ally assumed to scale with the area of the accessible con-
formational phase space. Because trehalose has a much
higher glass transition temperature than glycerol/water, one
would expect that, in the trehalose glass, a larger area of the
conformation space gets frozen in, and, therefore, the inho-
mogeneous width would be larger. However, this is not the
case. From this observation, it is obvious that conformations
of the protein surface do not contribute to the inhomoge-
neous line broadening of a chromophore that is buried
within the protein. The conclusion is that probing the pro-
tein with a chromophore concerns the nearby environment
of the probe only.

From Fig. 3A, it is obvious that, apart from the inhomo-
geneous widths0, also the slope parametera is unaffected
by the trehalose environment. Hence, the only parameter
responsible for the influence of trehalose on spectral diffu-
sion must be the frequency correlation timet. The fre-
quency correlation time, which characterizes spectral diffu-
sion, also characterizes conformational diffusion (Stephens
et al., 1997; Schlichter et al., 2000b). Then, the obvious
influence of trehalose is to increase the conformational
flexibility of the protein by decreasingt. This finding may
be counterintuitive, because one would expect that the
higher glass transition temperature of trehalose would lower
the flexibility of the protein. However, the same conclusion
was also obtained by Sastry and Agmon (1997) when treat-
ing the influence of trehalose on the CO recombination in
Mb. According to these authors, trehalose prevents the
internal water molecules from leaving the heme pocket.
Internal water obviously lowers the rigidity of the protein,
thereby enhancing its conformational fluctuations. This
seems to be one of the functional effects of internal water
(Green et al., 1994). We stress that, also in horseradish
peroxidase, there are several internal water molecules close
to the heme pocket (Gajhede et al., 1997), so that the idea of
fluctuation enhancement by reducing the rigidity should
hold in this case, too.

From the fact that a trehalose environment affects the
quasihomogeneous line widthg in the same way as the
spectral diffusion broadenings (Fig. 4), we conclude thatg,
too, must be largely determined by spectral diffusion pro-
cesses occurring, however, on time scales shorter than typ-
ically a minute. This observation yields additional support
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to the idea that spectral diffusion is governed by one general
parameter, namely the frequency correlation timet.

The relation between spectral and
conformational diffusion

Correlations between structural and spectral properties are
quite common and have been addressed in the literature
several times, also in context with the spectroscopy of
chromoproteins (Agmon, 1988; Campbell et al., 1987; Sra-
jer and Champion, 1991; Steinbach et al., 1991). In the
following, we show that a simple relation exists between the
mean square displacement in conformation space,^x2&, and
the spectral diffusion widths. This relation allows us to
relate the spectral dynamics in a straightforward way to the
dynamics in conformation space (Schlichter et al., 2000b).

Consider, for example, a chromophore that interacts with
an amino acid residue separated from it by a distanceRi.
The interaction depends strongly on the distance, say like
Ri

2n, and gives rise to a frequency shift,

ni 5 cRi
2n. (6)

c is a difference coupling constant that is responsible for the
solvent shift. The solvent shift originates, as a rule, from
dispersion or higher-order electrostatic interactions, so a
good number forn is 6. The total shiftn is obtained from
summing Eq. 6 over all residues. However, because the
protein is constantly diffusing around in its conformation
space,Ri is uncertain within a boundxi. This uncertainty
gives rise to fluctuationsdn of the solvent shift of an
individual protein molecule. In lowest order inxi, we get

dn 5 2ncSixiRi
2(n11). (7)

We take the square average of Eq. 7 over the whole ensem-
ble. Assuming for the moment that the various residues
move independently (Frauenfelder et al., 1979; Frauen-
felder, 1989) and introducing for^xI

2& an average valuê̂x2&&
(averaged over the ensemble of protein molecules and over
the residues), we arrive at

^dn2& 5 s2 5 ^^x2&&n2c2SiRi
22(n11). (8)

Eq. 8 represents a transparent and practically important
result: it tells us that the mean square displacement in
frequency space, which is the quantity measured in a spec-
tral diffusion experiment, is directly proportional to the
average mean square displacement in conformation space.

There is another interesting aspect of Eq. 8. Because the
distancesRi appear with a high negative power, it is only the
first shell of residues around the chromophore that contrib-
utes significantly to the spectral diffusion fluctuations.
Hence, the experiment is only sensitive to a few essential
coordinates of the whole protein, which are the distances to
the nearest neighbors around the chromophore. We call the
respective part of the conformation space the “light” space

to distinguish it from the rest of the conformation space,
which we call the “dark” space.

Eq. 8 seems to be the key for understanding the origin of
the stretched exponential dynamics: if the degrees of free-
dom in the light space are strongly coupled to the degrees of
freedom in the dark space via constraining conditions, the
dynamics will be governed by stretched exponential corre-
lation functions (Berlin, 1996; Berlin and Burin, 1996;
Palmer et al., 1984). In our case, the situation is even more
complicated because, in addition to the spectral diffusion
dynamics, we observe aging. Aging, too, seems to be gov-
erned by a stretched exponential (Fig. 2). In a similar way as
relaxation in the dark space influences the dynamics in the
light space, the opposite may occur as well. Hence, relax-
ation in the dark space slows down as time goes on. This
slowing down manifests itself as a time dependence of the
correlation timet, which governs the dynamics in the light
space. To get rid of the aging effect in our data (Fig. 1A) we
scaleds with ta

2b (Fig. 2). This scaling results in the master
plots shown in Fig. 3.

We measure a power law for^dn2&, hence, according to
Eq. 8, the mean square displacement in conformation space
evolves with the same power law,

^^x2&& } tw
a . (9)

Accordingly, conformational dynamics of proteins is gov-
erned by anomalous diffusion (Fritsch et al., 1998; Schlich-
ter et al., 1999, 2000a; Skinner et al., 1999). The respective
coefficienta, which is about 0.56 0.04 for both glasses, is
a measure of the inhomogeneity of conformation space.
This inhomogeneity may arise from the respective inhomo-
geneity of the energy landscape (Frauenfelder, 1984, 1995;
Ansari et al., 1985; Frauenfelder et al., 1988, 1991; Frauen-
felder and Wolynes, 1994; Frauenfelder and Leeson, 1998).
However, this inhomogeneity is not changed by the treha-
lose glass, despite its higher glass transition.a is the same
for the two glasses.

Eq. 9 can be written in an analogous way to Eq. 5 by
introducing a time-dependent conformational diffusion co-
efficient Dx(tw),

^^x2&& 5 2Dx~tw!tw, (10)

with Dx(tw) given by

Dx~tw! 5 Dn~tw!/@c2n2SiRi
22(n11)#. (11)

From Eq. 3 we can determinet, taking s0 anda from the
experiment. From Eq. 8 we can determine the interaction
factor f 2 5 n2c2SiRi

22(n11) by exploiting that, fortw 3 `,
s2(tw)3 s0

2. The associated̂̂x2&& coincides with the values
as obtained from x-ray experiments. We denote it by^^x2&&x.
An order of magnitude number is 0.05 Å2 (Frauenfelder,
1989; Frauenfelder et al., 1979, 1988). We obtainf 2 5
s0

2/^^x2&&x. With this result, the conformational diffusion
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coefficient can be written as

Dx~tw! 5 @tw/t#a21^^x2&&x/t. (12)

Considering absolute numbers: nonergodicity of
low temperature proteins

We consider the factorf 2, first. Inserting fors0 a value of
25 cm21, and for^^x2&&x a value of 0.05 Å2, we obtainufu >
110 cm21/Å. This is a reasonable number. It tells us that an
average displacement of about 1 Å of the nearest neighbor
residues causes a spectral shift of the order of 100 wave-
numbers.

Next we consider the absolute length scale probed by our
experiment. The total spectral diffusion width probed by our
experiment is about 1 GHz (Fig. 1). This width corresponds
with a length scalê^x2&&1/2 that can be determined from the
experimental results. From Eq. 8 we obtain

s2/s0
2 5 ^^x2&&/^^x2&&x .

Inserting again the respective numbers fors0
2, s2 and

^^x2&&x, we obtain, as an order of magnitude number,
^^x2&&1/2 > 1024Å. Note that the motion associated with this
length scale is quasistatic.

We can also determine the correlation timet. At 4 K it is
incredibly long, of the order of 1017 s. We obtained similar
numbers for cytochrome c and myoglobin-type proteins.
This huge number just shows that proteins at 4 K are truly
nonergodic systems. They never have a chance to sample
their structural phase space in reasonable times. Neverthe-
less, as our experiments show, conformational dynamics
can be probed, although the respective area of the phase
space that is sampled is extremely small. The question
immediately arises whether general conclusions on protein
dynamics can be drawn from spectral diffusion experiments
since the phase space sampled is so small. According to our
view the answer is yes. One should keep in mind that the
number of conformational states of a mid-sized protein is
extremely large so that, even if the dynamically accessible
conformational phase space is small, the associated number
of states may still be large enough to comprise a statistically
representative ensemble. The conclusion then is that the
general dynamic laws, as reflected for instance in Eqs. 3, 10,
and 12, may hold up to physiologically relevant tempera-
tures, and that the dynamic changes that occur are solely due
to the temperature dependence of the relevant parameters,
i.e., of the correlation timet or, equivalently of the diffusion
coefficient Dx. As is well known, these parameters may
change with temperature extremely rapidly (Zwanzig,
1988).

Summarizing conclusions

From the spectral diffusion experiments the time evolution
of the mean square displacement in conformation space
could be deduced. It is governed by anomalous diffusion.

Two independent processes determine spectral diffusion
in proteins, namely relaxation and fluctuations. Relaxation
shows up as an aging effect. Both processes follow a power
law in time. The origin of these power laws is explained in
terms of a “light” conformational phase space whose asso-
ciated motions are directly seen in the experiment, and of a
“dark” conformational phase space whose motions are ob-
served only via their influence on the light motions. It is this
mutual coupling that gives rise to the observed power laws.
The influence of trehalose is traced back to the internal
water molecules around the heme pocket, which cannot
escape from the protein and which obviously speed up the
motions in the light phase space by lowering the rigidity of
the protein lattice. Because of this, the correlation time is
shortened. As to our reasoning, this is the only influence of
trehalose on protein dynamics. Because neither the aging
dynamics nor the inhomogeneous width is changed, we
infer that motions from the surface or from the host glass
cannot significantly contribute to spectral diffusion. Obvi-
ously, it is largely determined by the nearby protein envi-
ronment.
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