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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 onby mesoporphyrin IX, whose inner ring protons undergo a
chromoproteins concerns the question of to what extent theght-induced proton transfer reaction. This reaction is ex-
chromophore, which serves as a probe for the conformaploited for spectral hole burning. Horseradish peroxidase
tional dynamics, is also sensitive to processes that occuwas selected because of its stability, known crystal structure
close to the surface of the protein or in the host matrix(Gajhede et al., 1997) and central heme position. We have
(Fritsch et al., 1996, 1998; Thorn-Leeson et al., 1997). Arecently investigated this protein in a glycerol/buffer glass
straightforward way to solve this problem are comparative(Schlichter et al., 2000a). Thus, a comparison of its spectral
experiments between solutions of the same protein in difdiffusion behavior in glycerol/buffer and in the respective
ferent host glasses. trehalose-enriched glass became possible.

A glass-forming material with a very specific interaction  The influence of trehalose on protein dynamics has been
with proteins is trehalose (Branca et al., 1999; Crowe et al.investigated by different groups (Gottfried et al., 1996;
1994, 1998; Green and Angell, 1989). Trehalose is a disad-agen et al., 1995, 1996; Sastry and Agmon, 1997). Hagen
charide that has a high H-bonding affinity, thus may replaceet al. investigated CO-rebinding in myoglobin after flash
the water molecules close to the protein surface. It has photolysis. The kinetics in trehalose was found to be faster
rather high glass-transition temperature, much higher, fothan in glycerol. This result was attributed to the high
instance, than a glycerol/water glass (Green and Angelliscosity of trehalose, which prevents protein relaxation and
1989; Miller et al., 1999), which we use as a referencethus keeps the barriers for rebinding low. Another interpre-
matrix. Hence, the naive expectation is that the spectraiation was offered by Sastry and Agmon (1997), who argued
diffusion dynamics of a protein may slow down in a treha-that the sugar matrix preserves water in the heme pocket.
lose environment because the rigidity of the protein isWater molecules in the protein interior may retain a high
increased, thus the number of conformational degrees ahternal flexibility and thus speed up the rebinding kinetics.
freedom is reduced. Relaxation of the protein, in contrast, may not be hampered

To check this idea, we performed a series of low-tem-at all through the trehalose environment. As we will show,
perature spectral diffusion experiments with a modifiedthis latter view is also favored by our experiments.
horseradish peroxidase protein in a trehalose environment.

The native heme chromophore of the protein was replaced
EXPERIMENTAL

Mesoporphyrin X substituted horseradish peroxidase was
Received for publication 24 October 2000 and in final form 4 January prepared and purified as described elsewhere (Paul and
2001 Stigbrand, 1970; Teale, 1959). The protein was dissolved in

Address reprint requests to J. Friedrich, Technische Univeiditachen, . . .
Lehrstuhl fur Physik Weihenstephan, D-85350 Freising, Germany. TeI.:a saturated trehalose/buffer mixture at PH 8, which, in turn,

0049—8161-71-3294; Fax: 0049—8161-71—4517: E-mail: J.Friedrich@IrzVas mixed with glycerol. Glycerol was necessary to ensure
tu-muenchen.de. a sufficiently good glass quality. We investigated two sam-

© 2001 by the Biophysical Society ples to check a possible dependence of the results on the
0006-3495/01/04/2011/07  $2.00 concentration of trehalose. In sample 1, the concentration of




2012 Schlichter et al.

saturated trehalose/glycerol/buffer in the respective mixturdreinl et al., 1984; Schlichter et al., 1999).is extracted
was 40/50/10% v/v. In sample 2, the respective concentrarom a line shape which is a convolution of the initial hole
tions were 60/33/7% v/v. In the comparative experimentwith the so-called spectral diffusion kernel which is the
without trehalose, a glycerol/buffer mixture of 50/50% v/v time-dependent part. To extragtfrom the measured holes,
was used (Schlichter et al., 2000a). The samples wera model is needed. Our data evaluation is based on the
quickly frozen to 4.2 K by plunging them into liquid He- assumption that the diffusion kernel is a Gaussian (Skinner
lium. et al., 1999) with a variance®. This assumption is quite in
Hole burning was performed with a dye ring laser contrast to the TLS-model used to describe spectral diffu-
pumped by a frequency-doubled Nd:vanadate laser. Typicalion in glasses, which predicts a Lorentzian diffusion kernel
burn intensities were of the order of a fewV. During hole  (Reinecke, 1979; Pack et al., 1990). The data evaluation
reading, the laser power was reduced by a factor®00. procedure is described elsewhere (Schlichter et al., 2000a).
We measured the spectral diffusion broadeniag of
burnt-in holes as a function of waiting tintg and aging
timet,. We definet, as the time elapsed after the sample haﬁESULTS
reached its final temperature but before it is labeled with aFigure 1A shows the widtho of the spectral diffusion
hole. The first waiting/aging time experiment (FigALran  kernel as a function of waiting timig, for a series of aging
for about two weeks. During this time period, seven holesimest, at 4.2 K. Figure 1B shows the comparative exper-
were burnt in a very narrow frequency range at differentiment where the trehalose concentration was changed from
aging times reaching from 40 min to about 264 h. The40% to 60%. Three features should be stressed: First, in the
second waiting time experiment (sample 2, Figg)¥an for  representation ofr over logt,, it is immediately obvious
about four days. In addition, we measured the so-callethat o(t,) does not increase proportional to lgg Other-
quasi homogeneous line widthat 4.2 K. wise, the data points should fall on straight lines. Second,
The quantity measured in a spectral diffusion waiting-spectral diffusion broadening is clearly subject to aging: as
time hole-burning experiment is the changeof the hole  the aging times increase,becomes progressively smaller.
width as a function of time (Friedrich and Haarer, 1986;However, the change ef 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

157 significant influence on spectral diffusion broadening: the
:‘S‘Oh”““ ': data points for sample 1 and sample 2 (40% versus 60%
| a23h *% trehalose concentration) measured at the same aging time
1.0 | »7h oAt fall on top of each other (Fig. B).
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FIGURE 1. @) Spectral diffusion widthr (square root of variance of the

Gaussian diffusion kernel) as a function of waiting tiyefor various FIGURE 2 The decay of the spectral diffusion broadening with aging
aging times ifiser) in a semilogarithmic representation. Temperature timet,in a log-log representation measured at a waiting tigre 10% min.

4.2 K. Sample: Mesoporphyrin IX-substituted horseradish peroxidase in &he data sets for the trehalose-enrich@&e)(and for the trehalose-free
trehalose/glycerol/water glass. The overall width of the holes after burningglass follow the same power law. The respective coefficgrt 0.07 +

(t, = 0) was ~3 GHz. B) A comparative experiment with a higher 0.01. Note that the data points at the beginning of the aging experiments
trehalose concentration. (t,o are arbitrarily normalized to 1.
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measured as a function ff 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 exponen = 0.07=*= 0.01.

Figure 3A shows that all the spectral diffusion data of
Fig. 1 fall on the same master plotdf is scaled with the
respective aging-time dependence as obtained from Fig. 2.

Again, this scaling behavior holds for both glasses. The 8x:§:cﬂ:TH
important message, which follows from this behavior, is

that the two processes that contribute to spectral diffusion, 0.5 T U OIS B
namely fluctuation and relaxation (i.e., aging) are decoupled 00 01 02 03 04 05
processes. The two data series in FigA 8learly demon- Avoe /U

strate the trehalose effect on spectral diffusion. FiguBe 3

shows the inhomogeneous width in the two glasses with an _ )
ith hal h . ianifi diff alose-free glass as a function of hole area. The extrapolation to area zero

wit .OUt trehalose. There is n_o significant '_ erence yields the so-called quasihomogenous line width. Different symbols indi-
Figure 4 shows the hole widths as a function of hole areaate different burning intensities of the laser. Temperature: 4.2 K.

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 width For the trehalose-enriched glass, the respective value is 1.4 GHz, for the trehalose-free
glass 0.9 GHz, i.e.y differs by the same amount as

namely by~(35 = 5)%. y may be influenced by phonon
scattering and by spectral diffusion processes. From the
(a) 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 lasatifferent symbols

IGURE 4 The hole width in the trehalose-enrichdd) and the tre-
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O without TH Conformational diffusion and spectral diffusion:
The model
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. The data in Fig. 1 and the respective representation in Fig.
t, /min 3 demonstrate that spectral diffusion is governed by a power
14 law in time. Although the respective exponents are almost
I (b) exactly the same for the two glasses, spectral-diffusion
13 - broadening is significantly larger in the presence of treha-
| o without TH lose. What could be a possible reason for this behavior?
Lz winTH 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-
) . 1 . ; ‘ actions, or the trehalose environment influences the internal
16200 16300 16400 16500 parameters of the protein, which govern spectral diffusion.
wavenumber Let us, for the moment, assume that it is the internal pa-
, , o rameters that are influenced by the trehalose environment.
FIG_URE 3 _@) Sc_allng behavior of the sp_ectral diffusion data of horse- Then, the interesting question is which of these parameters
radish peroxidase in trehaloseH, see also Fig. 1) and trehalose-free glass ! . .
in a log-log representation. The influence of aging time on spectral diffu-cOUld possibly be affected by trehalose. (Below we will
sion is scaled out by dividing: by the respective aging time dependence present arguments that support the internal effect.)
(t/n)"P. Both data sets follow the same power law. The expoaéRt= The dynamics of a protein in conformation space is
0.25+ 0.02. @) The inhomogeneous Iing width in the trehalose-enriched enerally assumed to be governed by diffusive processes
and the trehalose-free glass. The arrow indicates the frequency range whe .
hole burning was performed. The insert shows a hole at the beginning an&gmon et al., 1983). I_n the fOIIO_WI_ng’ we base our argu-
at the end of a spectral diffusion waiting-time experiment. The respectivdN€Nts on the assumption that this is also true at 4 K. As a
frequency scale covers 20 GHz. All data are taken at 4.2 K. consequence, we describe the low-temperature spectral dy-
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namics as a diffusive process in frequency space (Skinner @iso influenced by rather fast processes, which, in many
al., 1999). cases, even dominate the quasihomogeneous width (Fig. 4
Note that spectral diffusion in glasses is, at sufficientlyand respective discussion).
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 independe
double wells. Because such a dynamics leads to a logarit
mic time pattern (Friedrich and Haarer, 1986), we do notEgs. 3-5 are characterized by three parameters, namgely
consider it as appropriate for describing proteins. 7, and a. Within an infinite time span the protein will
It was shown by Stephens et al. (1997) that fluctuations irexplore the total conformational phase space, which is ac-
frequency space are directly related to fluctuations in concessible at the beginning of the experiment. Hence, we
formation space via the frequency autocorrelation functioridentify o, with the inhomogeneous width, which is gener-
C(t). C(t) determines the variance®(t) of the spectral ally assumed to scale with the area of the accessible con-
diffusion kernel formational phase space. Because trehalose has a much
higher glass transition temperature than glycerol/water, one
o*(t) = ogl1 — CAO). (1) would expect that, in the trehalose glass, a larger area of the
o, is the spectral diffusion width for an infinitely long conformation space gets frozen in, and, therefore, the inho-
waiting time. To account for the observed power |a3(t) mogeneous width would be larger. However, this is not the

Elfhe trehalose effect in spectral diffusion

has to be a stretched exponential, case. From this observation, it is obvious that conformations
of the protein surface do not contribute to the inhomoge-
C() = exd —(U/7)]. (2)  neous line broadening of a chromophore that is buried

7 is the frequency correlation time. As documented by ourVithin the protein. The conclusion is that probing the pro-
experiments, spectral diffusion at 4 K is an extremely slowt€n With & chromophore concerns the nearby environment
process.r is many orders of magnitudes larger than the©f the probe only.. _ _
experimental time. Hence, a first-order expansion©ft) is From Fig. 3A, it is obvious that, apart from the inhomo-

a very good approximation. From Egs. 1 and 2, we get geneous widthr,, also the slope parameteris unaffected
by the trehalose environment. Hence, the only parameter

a(t,) = 2Y20(t 1) (3)  responsible for the influence of trehalose on spectral diffu-
. L sion must be the frequency correlation time The fre-
Here, we_haV(_a mdexe-d the “”";“.V'th aw tq stress that the guency correlation time, which characterizes spectral diffu-
relevanttime in Eq.. 3is the waiting time, €., the time SPaNsion also characterizes conformational diffusion (Stephens
elapsed after burning the ho.Ie. E.q' s represents the des'reeqpal., 1997; Schlichter et al., 2000b). Then, the obvious
power law for the spectral d|ffg$|on widi. . . Tjnﬂuence of trehalose is to increase the conformational
T_he Concep.t of a speptral d'ﬁus.'o.n experiment is that o flexibility of the protein by decreasing This finding may
an |d¢al dn‘fuspn experiment: an |n|.t|aIIy pre_par_édunc- be counterintuitive, because one would expect that the
tion-like h_ole d|.ffuses apart. Accordmg to this view, Eq: 3 higher glass transition temperature of trehalose would lower
can be written in terms of a time-dependent spectral diffuy, flexibility of the protein. However, the same conclusion
sion coefficientD, (t), was also obtained by Sastry and Agmon (1997) when treat-

dA(t,) = 2D, (t )ty (4) ing the influence of trehalose on the CO recombination in

) ) Mb. According to these authors, trehalose prevents the

with D,(t,) given by internal water molecules from leaving the heme pocket.
D,(t,) = [oZ/r][t/7]* ™ (5) Internal water obviously lowers the rigidity of the protein,

thereby enhancing its conformational fluctuations. This

As is known from microscopic models, correlation func- seems to be one of the functional effects of internal water
tions of the stretched exponential type occur within somgGreen et al., 1994). We stress that, also in horseradish
time window, only. However, compared to practical time peroxidase, there are several internal water molecules close
scales, this time window may cover many orders of mag+o the heme pocket (Gajhede et al., 1997), so that the idea of
nitude (Palmer et al., 1984). As a consequence, also Eq. fluctuation enhancement by reducing the rigidity should
holds within a certain, yet huge, time window, only (Berlin, hold in this case, too.
1996; Berlin and Burin, 1996). A, — 0, it breaks down. From the fact that a trehalose environment affects the
Note, however, that the zero time limit does not touch thequasihomogeneous line width in the same way as the
results of our experiments because the shortest times (burspectral diffusion broadening(Fig. 4), we conclude thay,
ing + first reading of a hole) are of the order of a few too, must be largely determined by spectral diffusion pro-
minutes. This is already well within the above-mentionedcesses occurring, however, on time scales shorter than typ-
time window, considering the fact that spectral diffusion isically a minute. This observation yields additional support
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to the idea that spectral diffusion is governed by one generab distinguish it from the rest of the conformation space,
parameter, namely the frequency correlation time which we call the “dark” space.
Eqg. 8 seems to be the key for understanding the origin of
. the stretched exponential dynamics: if the degrees of free-
The relation between spectral and dom in the light space are strongly coupled to the degrees of
conformational diffusion freedom in the dark space via constraining conditions, the

Correlations between structural and spectral properties afdynamics will be governed by stretched exponential corre-
quite common and have been addressed in the literatuf@tion functions (Berlin, 1996; Berlin and Burin, 1996;
several times, also in context with the Spectroscopy oPaImer et aI., 1984) In our case, the situation is even more
chromoproteins (Agmon, 1988; Campbell et al., 1987; Sracomplicated because, in addition to the spectral diffusion
jer and Champion, 1991; Steinbach et al., 1991). In th&lynamics, we observe aging. Aging, too, seems to be gov-
following, we show that a simple relation exists between theerned by a stretched exponential (Fig. 2). In a similar way as
mean square disp|acement in conformation Spéég, and relaxation in the dark space influences the dynamics in the
the spectral diffusion widthr. This relation allows us to light space, the opposite may occur as well. Hence, relax-
relate the spectral dynamics in a straightforward way to thétion in the dark space slows down as time goes on. This
dynamics in conformation space (Schlichter et al., 2000b)slowing down manifests itself as a time dependence of the
Consider, for example, a chromophore that interacts wittforrelation timer, which governs the dynamics in the light
an amino acid residue separated from it by a distaRce Space. To getrid of the aging effect in our data (Fig) ve
The interaction depends strongly on the distance, say likecaledo with t, # (Fig. 2). This scaling results in the master

R ", and gives rise to a frequency shift, plots shown in Fig. 3.
We measure a power law f¢61%), hence, according to
v =CcR™. (6)  Eq. 8, the mean square displacement in conformation space

cis a difference coupling constant that is responsible for theeVOIVes with the same power law,

solvent shift. The solvent shift originates, as a rule, from () o o (9)
dispersion or higher-order electrostatic interactions, so a '

good number fon is 6. The total shiftv is obtained from Accordingly, conformational dynamics of proteins is gov-
summing Eq. 6 over all residues. However, because thgmed by anomalous diffusion (Fritsch et al., 1998; Schlich-
protein is constantly diffusing around in its conformation ter et al., 1999, 2000a: Skinner et al., 1999). The respective
space R is uncertain within a bound;. This uncertainty  coefficienta, which is about 0.5¢ 0.04 for both glasses, is
gives rise to fluctuationsdv of the solvent shift of an 5 measure of the inhomogeneity of conformation space.
individual protein molecule. In lowest order iy we get  Thjs inhomogeneity may arise from the respective inhomo-
Sv = —NCSxR"MY. @) geneity of the energy landscape (Frauenfelder, 1984, 1995;
Ansari et al., 1985; Frauenfelder et al., 1988, 1991; Frauen-
We take the square average of Eq. 7 over the whole enserfelder and Wolynes, 1994; Frauenfelder and Leeson, 1998).
ble. Assuming for the moment that the various residuediowever, this inhomogeneity is not changed by the treha-
move independently (Frauenfelder et al., 1979; Frauenlose glass, despite its higher glass transitioiis the same
felder, 1989) and introducing fdx?) an average valu@x®)y  for the two glasses.
(averaged over the ensemble of protein molecules and over Eq. 9 can be written in an analogous way to Eq. 5 by
the residues), we arrive at introducing a time-dependent conformational diffusion co-

<3V2> =g = <<X2>>n2C22iR1;2(n+1). efficient Dx(tw)r

2\\ —
Eg. 8 represents a transparent and practically important (060 = 2Dyt (10)
result: it tells us that the mean square displacement it D,(t,,) given by
frequency space, which is the quantity measured in a spec-
tral diffusion experiment, is directly proportional to the D,(t,) = D,(t,)/[c2n*S,R-21)]. (11)
average mean square displacement in conformation space.

There is another interesting aspect of Eq. 8. Because tHerom Eq. 3 we can determine taking o, and « from the
distance® appear with a high negative power, it is only the experiment. From Eq. 8 we can determine the interaction
first shell of residues around the chromophore that contribfactor 2 = n?c?s,R~2""1 by exploiting that, fort,, — o,
utes significantly to the spectral diffusion fluctuations. o(t,) — oa. The associateix?)) coincides with the values
Hence, the experiment is only sensitive to a few essentias obtained from x-ray experiments. We denote i{5$)),.
coordinates of the whole protein, which are the distances tén order of magnitude number is 0.05° AFrauenfelder,
the nearest neighbors around the chromophore. We call thE989; Frauenfelder et al., 1979, 1988). We obtkin=
respective part of the conformation space the “light” spacerg/((x?), With this result, the conformational diffusion
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coefficient can be written as Two independent processes determine spectral diffusion
_ w172 in proteins, namely relaxation and fluctuations. Relaxation
Di(tw) = [/ 7] KO . (12) shows up as an aging effect. Both processes follow a power
o o law in time. The origin of these power laws is explained in
Considering absolute numbers: nonergodicity of terms of a “light” conformational phase space whose asso-
low temperature proteins ciated motions are directly seen in the experiment, and of a
We consider the factd?, first. Inserting foro, a value of  dark” conformational phase space whose motions are ob-
25 cmi %, and for((®), a value of 0.05 A we obtain|f| = served only via their influence on the light motions. It is this

110 cmv YA. This is a reasonable number. It tells us that anMutual coupling that gives rise to the observed power laws.

average displacement of about 1 A of the nearest neighbél;he influence of trehalose is traced back to the internal
residues causes a spectral shift of the order of 100 wavevater molecules around the heme pocket, which cannot
numbers. escape from the protein and which obviously speed up the

Next we consider the absolute length scale probed by ouf?otions in the light phase space by lowering the rigidity of

experiment. The total spectral diffusion width probed by ourthe protein lattice. Because of this, the correlation time is

experiment is about 1 GHz (Fig. 1). This width correspondsShortened. As to our reasoning, this is the only influence of
with a length scalé(>x)*2 that can be determined from the trehalose on protein dynamics. Because neither the aging
experimental results. From Eq. 8 we obtain dynamics nor the inhomogeneous width is changed, we

infer that motions from the surface or from the host glass
o?laf = (N . cannot significantly contribute to spectral diffusion. Obvi-
ously, it is largely determined by the nearby protein envi-

Inserting again the respective numbers fe§, o® and
ronment.

{(x®),, we obtain, as an order of magnitude number,
((O@)Y? = 10 “A. Note that the motion associated with this
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. We _Can also determine the correlation tlmd_\t 4 K_'t '_S western University, Evanston, lll.; S. F. Fischer, Technische Univérsita
incredibly long, of the order of 10 s. We obtained similar Minchen; Y. Kagan, Kurchatov Institute, Moscow; and J. L. Skinner,
numbers for cytochrome ¢ and myoglobin-type proteins.University of Wisconsin, Madison. J. Fidy thanks S. Stavrov, Tel Aviv
This huge number Just shows that protelns at 4 K are trulaniVerSity, for Suggesting experiments in trehalose gIaSS.
nonergodic systems. They never have a chance to samp$epport from the Deutschen Forschungsgemeinschaft (SFB 533), the Ger-
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