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Protein dynamics in viscous solvents
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The mechanism of protein stabilization by glassy solvents is not entirely clear, and the stabilizer
effective for a given protein is often discovered empirically. We use low frequency Raman
spectroscopy as an effective tool to directly evaluate the ability of different solvents to suppress the
conformational fluctuations that can lead to both protein activity and denaturation. We demonstrate
that while trehalose provides superior suppression at high temperatures, glycerol is more effective
at suppressing protein dynamics at low temperatures. These results suggest that viscosity of the
solvent is not the only parameter important for biopreservation. It is also shown that glycerol and
water enhance the high temperature conformational fluctuations relative to dry lysozyme, which
explains the lower melting temperaturesTm in the hydrated protein and protein formulated in
glycerol. © 2003 American Institute of Physics.@DOI: 10.1063/1.1541614#
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INTRODUCTION

Extreme temperatures and/or dehydration irrevers
damage most biologically active organisms. However, a l
ited number of plants and organisms can withstand long
riods of dehydration while others retain biological activi
after experiencing temperatures well below the freez
point of water. A crucial biochemical commonality amon
these life forms is the accumulation of viscous sugars
polyalcohols in the intra- and intercellular fluids.1 Upon de-
hydration or cooling, these viscous liquids are believed
vitrify and kinetically arrest diffusion and restrict molecul
motion. This prevents the osmotic stresses from destroy
cell membranes, inhibits denaturation of both periplasm
and cytoplasmic proteins, and even frustrates ice format
The kinetic hindering of these processes allows the life fo
to remain dormant until the temperature and/or moisture c
ditions are once again favorable for biological activity.

Likewise, protein-based pharmaceuticals are fragile
that they require stabilization against dehydration and th
mal extremes to preserve biological function. However,
molecular mechanisms by which a viscous sugar or pol
chohol cosolvent confers stability are poorly understo
Stabilization is realized through a balance of solvent visc
ity, protein conformation, dynamics, and specific interactio
between the protein, the solvent, and water. There is a g
eral understanding that reduced molecular mobility and g
formation is important for preservation. However, glass f
mation alone does not ensure preservation. Even in c
where the capacity for hydrogen bonding exists, cert
glasses provide more effective protection than others u
freeze-drying.2–4 Thus, a deeper understanding of how pr
teins respond to different glassy environments is require

It is known that low-frequency Raman spectra
proteins5,6 and DNA~Ref. 7! are very sensitive to variation
4230021-9606/2003/118(9)/4230/7/$20.00
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of temperature and environment of biopolymers. In th
study we use low-frequency Raman spectroscopy to dire
probe the dynamical differences of the protein lysozyme p
served in both glycerol and trehalose. These are two w
known and widely used cryoprotectants for lyophilizing pr
teins. It was recently shown that glycerol and trehalose h
very different effects on a protein function both deep in t
glassy state and above the glass transition temperatureTg ,8

as well as in an aqueous environment.9 We identify strong
differences in the manner by which glycerol and trehalo
affect the picosecond dynamics of lysozyme over a w
range of temperatures. These differences correlate stro
with established trends in the biochemical activity and de
turation temperatures.

MATERIALS AND METHODS

Dry chicken egg white lysozyme powder was obtain
from Sigma ~Certain commercial equipment and materia
are identified in this paper in order to specify adequately
experimental procedure. In no case does such identifica
imply recommendation by the National Institute of Standa
and Technology nor does it imply the material or equipm
identified is necessarily the best available for this purpo!
and used without further purification. Thermogravimet
analysis~TGA! shows that content of water is below 4% b
weight in the dry sample. At this level of hydration, the wat
is bound principally to the charged groups.10 Wet lysozyme
was produced by exposing the lysozyme powder for 3 we
to 98% relative humidity at room temperature. Protein to
up additionally;0.35 g water per 1 g of lysozyme. That
corresponds to;1:280 protein/water mole ratio and is con
sidered as protein having a complete water monolayer.10 Sta-
bilized aqueous solutions were created by dissolving eq
mass fractions~;1:155 mole ratio! of dry lysozyme powder
0 © 2003 American Institute of Physics
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4231J. Chem. Phys., Vol. 118, No. 9, 1 March 2003 Protein dynamics in viscous solvents
and glycerol~L1G1! as well as lysozyme:trehalose mixtur
at mass ratios of 1:1~;1:38 mole ratio! ~L1T1! and 2:1
~;1:19 mole ratio! ~L2T1!. These aqueous solutions we
freeze-dried into powders and maintained at subambient t
peratures. A sample of lysozyme:glycerol with 1:3 mass ra
~;1:465 mole ratio! ~L1G3! was prepared by directly mixing
dry lysozyme with glycerol. Crystallographic structure
wet lysozyme is known, however, no comparable structu
information on lysozyme in glycerol or trehalose is availab
It is known that both glycerol and trehalose replace the s
face water and forms hydrogen bonds with protein surfa
and protein~lysozyme! remains intact~properly folded!.11,12

In particular, Infrared measurements of Amide modes11 dem-
onstrate that trehalose forms hydrogen bonds with lysozy
similar to water hydrogen bonds. Our Raman measurem
on lysozyme in trehalose and in glycerol~samples L1T1,
L2T1, L1G1, and L1G3! also show no significant spectra
differences compared to the wet lysozyme at the Amid
region ~data not shown!.

Low frequency Raman measurements were perform
on samples~0.3–0.5! mm thick sealed between sapphi
windows. Sapphire does not have a significant contribut
to the Raman signal in the low-frequency regionn
,100 cm21) of interest. An optical cryofurnace~Janis
ST100! was used for the temperature variations. At least t
separate samples were prepared for each case, and mu
measurements were performed on each sample to ensu
producibility. Significant differences were not observed.

The Raman scattering spectra were measured in
backscattering geometry using a triple-monochromator Jo
Yvon T64000 spectrometer with a 514.5 nm Ar11 laser and
~10–25! mW of power incident on the sample. Special ca
was taken to avoid a contribution of the tail of the elastic li
in low frequency (n,10 cm21) region. The measured signa
has two contributions: Raman scattering and fluoresce
The latter has featureless spectrum~approximated by a sec
ond order polynomial! that was subtracted from the ra
spectra. All the data presented here have been correcte
the fluorescence. The ratio of the Raman signal to the fl
rescence background depends on sample and varies str
with temperature. The fluorescence background was con
erably weaker than the Raman signal at temperatures a
200–250 K, and the fluorescence correction does not in
duce significant uncertainty into the data. However, the fl
rescence contribution increases strongly below 200 K. O
estimates show that the maximum uncertainty in the lo
frequency Raman intensity~due to the fluorescence corre
tion! is 620% atT5100 K, but this decreases sharply wi
increasing temperature. Reliable low-frequency Raman m
surements were not possible below 100 K due to the str
fluorescent background. With L1T1 samples the fluoresce
background~mostly due to trehalose! was already significan
at 250 K, and data for these samples are not presented b
225 K.

RESULTS

To isolate and study the dynamics of the lysozyme its
one must first determine the contributions of the pure solv
to the total Raman spectrum. Figure 1 compares the Ra
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spectra of L1G1 and pure glycerol. These spectra are sc
at the high-frequency modes of glycerol~;400 cm21 to 550
cm21! to estimate the contribution of the glycerol to the to
spectrum of the L1G1 sample. In the low frequency range
interest, 3 cm21,n,100 cm21, the scattering from pure
glycerol is negligible and the Raman spectrum is domina
by the lysozyme. A similar analysis reveals that contributi
of glycerol to the low-frequency Raman spectra of L1G3
also weak. Figure 2 shows the Raman spectra of L1T1
pure trehalose scaled at the high-frequency modes of tr
lose ~380 to 550 cm21!. The contribution of trehalose in th
low frequency spectrum is also negligible. Estimating w
ter’s contribution to the Raman spectra of the w

FIG. 1. Low-frequency Raman spectra of lysozyme:glycerol sample~L1G1!
~symbols! and glycerol~lines! at 340 K. The inset shows high-frequenc
part of the spectra. The intensities of the spectra are scaled to glyc
modes atn'400 to 550 cm21. The asterisk marks Raman modes of sa
phire.

FIG. 2. Low-frequency Raman spectra of lysozyme:trehalose sam
~L1T1! ~symbols! and trehalose~lines! at room temperature. The inse
shows high-frequency part of the spectra. The intensities are scaled to
halose modes atn'380 to 550 cm21.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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4232 J. Chem. Phys., Vol. 118, No. 9, 1 March 2003 Caliskan et al.
lysozyme is more complicated due to absence of sharp w
modes in the Raman spectra. Figure 3~a! shows a compari-
son of the Raman spectra of wet lysozyme and bulk wa
The spectra are scaled at the high frequency O–H m
~3100–3400 cm21!. The contribution of water at low fre
quencies is below 10% of the total signal. In addition, F
3~b! shows that contribution of water to the low-frequen
Raman spectra is below 50% even in concentrated lysoz
solution~1 g of protein/3 g of water! where there is nearly 10
times more water than in our ‘‘wet’’ sample. This confirm
our conclusion that contribution of water to the Raman sig
of wet lysozyme is below 10%. Furthermore, it is wor
emphasizing that 20 of the 129 amino acid residues
lysozyme contain hydroxyls that will contribute to the R
man spectra in the 3100–3400 cm21 region. Thus, compari-
sons based on scaling the –OH band overestimate the
tributions from the pure water. Recently Urabeet al.6

interpreted the quasielastic scattering~spectra below;15
cm21! in wet lysozyme as direct scattering of light on wat
of hydration. Our results~Fig. 3! show that this interpretation
is not correct and contribution of water molecules to t
low-frequency Raman spectra of wet lysozyme is negligib
The present analysis~Figs. 1–3! suggests that the protei
dominates the low-frequency Raman spectra in all of
samples, and analysis of the spectra provides information
protein dynamics.

Figures 4 and 5 present the low-frequency Raman sp
tra as a function of temperature for the lysozyme in the d
ferent solvents and the dry state. The spectra are present
terms of spectral density,I n5I /$n@n(n)11#%, and normal-
ized over the frequency range of 75–150 cm21, where har-
monic vibrations dominate. In such a spectral density p
the scattering intensity is divided by the frequencyn and
scaled by the Bose population factorn(n)115@12exp
(2hn/kBT)#21 to account for trivial temperature difference
~in the classical high temperature limits wherehn@kBT, I n

'I /kBT). In a purely harmonic system, Bose scaling resu

FIG. 3. Comparison of Raman spectra of wet lysozyme and water~a! and of
solution~1 g of protein/3 g of water! and water~b! at room temperature. The
intensities of the spectra are scaled to high frequency mode
n'3100 to 3400 cm21.
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in spectral densities that are independent of temperat
This temperature independence is not observed at the lo
frequencies in Figs. 4 and 5, emphasizing that the moti
are more complicated than simple harmonic vibrations.

The low-frequency Raman and neutron scattering sp
tra of proteins contain two primary components:13–15 ~i! an

at

FIG. 4. The low-frequency Raman spectra of wet lysozyme~a!, lysozyme/
glycerol sample~L1G1! ~b!, lysozyme/trehalose sample~L2T1! ~c!, and dry
lysozyme~d! at different temperatures.

FIG. 5. The low-frequency Raman spectra of lysozyme in different solve
at three selected temperatures. The intensities are normalized at freque
n'75 to 150 cm21.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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4233J. Chem. Phys., Vol. 118, No. 9, 1 March 2003 Protein dynamics in viscous solvents
inelastic peak atn;10 – 50 cm21, commonly referred to as
the boson peak, and~ii ! a quasielastic scattering~QES! or
broadening around elastic line, prominent forn,15 cm21.
The former corresponds to low-frequency collective amin
acid residues vibrations related to the elasticity of the pro
while the latter reflects local conformational jumps or fa
conformational fluctuations. A higher QES intensity corr
sponds to greater protein flexibility and faster local re
rangements of the amino-acid residues.

Both the boson peak and QES are clearly visible in
spectra of Fig. 4. The main variations are~i! an increase in
the QES intensity and~ii ! softening of the boson peak wit
increasing temperature. Both variations are strong in
lysozyme and lysozyme/glycerol samples but mild in the
and lysozyme/trehalose samples. In particular, the quasie
tic intensity increases more than ten times for the prote
dissolved in water and glycerol, while only a factor of 2
observed in the dry and trehalose preserved proteins.

Comparison of the spectra of different samples~Fig. 5!
demonstrates the peculiar influence of water and glycero
dynamics of lysozyme. The quasielastic scattering in the
and in the glycerol preserved samples is much weaker
in the dry sample at lowT ~,250 K!, while it is much stron-
ger at higherT. In contrast, the spectra of lysozyme/trehalo
samples are similar to the dry lysozyme with slightly high
frequency of the boson peak maximum,nmax. The quasielas-
tic intensity, however, increases more slowly with tempe
ture, especially at higherT.

ANALYSIS OF THE SPECTRA

As a first approach, we simply integrate the quasiela
intensity as a model independent measure of conformati
activities of the protein. Figure 6 summarizes theI n inte-
grated overn5(5 – 8) cm21 as a function of temperature
This part of the spectra is dominated by the QES contri
tion. At 100 K, both water and glycerol substantially su
press the QES intensity in lysozyme, more so than either
trehalose embedded or dry conditions. A rapid increase in

FIG. 6. Normalized Raman intensityI n(n) integrated over the frequenc
range 5 to 8 cm21 for different lysozyme samples.
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QES intensity occurs near 150 to 200 K for the wet a
glycerol based samples. There is a crossover and the
intensities exceed that of the dry lysozyme near 250 K a
280 K for the wet and glycerol environments, respective
Interestingly, the QES intensity in the lysozyme:trehalo
samples is similar to the dry lysozyme over the entire te
perature range. In both, the QES increase with temperatu
subtler than in either the wet or lysozyme:glycerol sampl

For a more quantitative analysis, these spectra are t
cally fit by a sum of the vibrational~the boson peak! and
relaxation~QES! contributions. The latter, in most cases,
approximated by a multiple Lorentzian function.6,16 For ex-
ample, the Raman spectra of lysozyme were analyzed6 as-
suming five vibrational modes and two relaxation proces
described by Lorentzians~a total of 19 free fitting param-
eters!. It was found12,14–16however, that the relaxation spec
tra of biopolymers are rather complex and cannot be
scribed by a sum of a few Lorentzians. The spectra clea
demonstrate a presence of two well separated relaxation
cesses, slow and fast.15,17–19Both are stretched~nonexponen-
tial!, but the slow process is stretched from the hig
frequency side while the fast process is stretched from
low-frequency side. This is typical for relaxation spectra
many glassforming liquids.

The only purpose of the fit in our case is the separat
of the vibrational and relaxational contributions to the R
man spectra and qualitative analysis of their tempera
variations. Thus the exact spectral shape of the quasiela
contribution is not crucial for our analysis. Moreover, it
known that high frequencyn.3 – 5 cm21 ~or short time,t
,1 ps) part of the relaxation spectra in polymers and gla
forming systems have single exponential-like behavior a
becomes nonexponential at lower frequencies or longer
laxation times.20,24So, the Lorentzian shape should be a re
sonable approximation for the quasielastic spectra an
.5 cm21. Bearing this in mind, we fit the low frequenc
region of the spectra with the sum of a single Lorentzian
the QES part and a lognormal distribution for the bos
peak,

I n~n!5
An0

n0
21n2 1B expH 2

@ ln~n/nBP!#2

2@ ln~W/nBP!#2J . ~1!

Here,n0 andA are the width and the intensity of the Loren
zian, nBP is the frequency,W is the width andB is the am-
plitude of the boson peak. The log-normal distribution is
traditional approximation for the asymmetric shape of t
boson peak in disordered systems,21–23 and it fits well the
peak in lysozyme up to;60 cm21 ~Fig. 7!. Contributions of
higher frequency modes become significant at highern. Pre-
viously we mentioned that the relaxation spectra of biopo
mers are complex. However, here we can use a sin
Lorentzian because of the low frequency limit used in the
measurements~'3 cm21!; one needs access to considerab
lower wavenumbers to see the distribution of relaxat
times.17–19 Fitting the spectra with this single Lorentzia
does not reveal any significant temperature dependence
n0 . This is typical for disordered systems, as shown
Surovtsev and co-workers.24 The typical fits are shown in
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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4234 J. Chem. Phys., Vol. 118, No. 9, 1 March 2003 Caliskan et al.
Fig. 7. This simple approximation provides reasonable fit
the Raman spectra for all the samples at all temperat
~shown as the solid lines in Fig. 4!.

The resulting boson peak frequencies and integra
QES intensities are presented in Fig. 8. At low temperatu

FIG. 7. Raman spectra of wet sample~symbols! and their fit using Eq.~1!.
Boson peak and QES contribution estimated from the fit are shown s
rately.

FIG. 8. Results of the fit for the frequency of the boson peak maximumnBP

~a! and integrated quasielastic intensityA ~b!.
Downloaded 12 Mar 2003 to 129.6.154.32. Redistribution subject to AI
f
es

d
s,

the boson peak has the highest frequency in wet lysozy
and lysozyme dissolved in glycerol, but it softens sharply
temperatures above 200 K@Fig. 8~a!#. The boson peak in dry
and lysozyme:trehalose samples has a significantly lower
quency at lowT, but then it shows only mild variations with
temperature@Fig. 8~a!#. The fit QES intensity variations@Fig.
8~b!# are similar to results from the direct integration of th
I n presented in Fig. 6. The notable exception is the differe
between dry and lysozyme:trehalose samples. This is du
lower frequency of the boson peak in the dry state@Fig.
8~a!#. Part of the low frequency tail of the boson peak co
tributes in the 5–8 cm21 window where the integration fo
Fig. 6 was performed.

DISCUSSION

It is widely believed17,25 that proteins demonstrate ha
monic motion below their dynamic transition temperatu
Td . The dynamic transition is usually defined as a sharp
of mean squared atomic displacement^x2&. Below the dy-
namic transition,^x2& increases nearly linearly withT, a
characteristic of a harmonic solid. Hydrated proteins disp
Tds around 200–230 K while dehydrated proteins typica
do not exhibit aTd .17,25,26 Neutron scattering experiment
indicate aTd near 220 K for hydrated lysozyme, and arou
270 K for lysozyme in glycerol, whereas no transition h
been observed up to 430 K for the dry protein.26

Harmonic motions should give a temperature indep
dent spectral densityI n(n). This harmonic behavior is ob
served for the lysozyme samples only at highn
.75 cm21) frequencies~Fig. 4!. The low-frequency spectra
reveal anharmonic motions for the lysozyme/glycerol a
wet samples above 150–200 K, and over the entire temp
ture range for the lysozyme:trehalose and dry samples~Fig.
4!. This anharmonicity shows up as an increase in the qu
elastic intensity and as the shift of the boson peak with te
perature~Figs. 4, 5–8!. Similar anharmonicity was observe
in the detailed analysis of neutron scattering spectra of
and wet DNA.18,27 This clearly contradicts the previous no
tion of purely harmonic motions belowTd .

The frequency of the boson peak appears to be v
sensitive to environmental conditions@Fig. 8~b!#. It is the
highest in solid lysozyme:glycerol sample at lowT, de-
creases in lysozyme:trehalose sample and is the lowest in
dry state, i.e., with no solvent surrounding the protein.nmax

decreases slightly with an increase in temperature for b
the dry and trehalose environments. We also notice a sud
drop of the boson peak frequency in water and glycerol
vironments above 170 to 200 K, which correlates with t
sharp decrease of elastic constants of these solvents a
their glass transition temperatures,Tg . These observations
support the idea that the boson peak vibrations involve
entire protein molecule. The frequency of these global vib
tions would be very sensitive to the elasticity of the su
rounding solvent. This is consistent with the picture fro
recent molecular dynamic simulations28 where it was shown
that side chains and backbone, surface and inner part
protein are all involved in the boson peak vibrations.

Let us now turn to the analysis of the QES. The QE
intensity reflects internal relaxationlike motions of a prote

a-
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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i.e., local conformational transitions between substates
picosecond time scale. These relatively fast, local relaxat
are necessary precursors for the much slower, global pro
motions requisite for biological activity. Analysis of the QE
intensity provides a powerful tool to directly observe how
given preservation agent influences these precursor mo
of the protein, without relying on mechanism depend
models or computer simulations.

At high temperatures it appears that water and glyce
impart greater flexibility to the protein, leading to strong
conformational fluctuations than observed in the d
lysozyme. Increased conformational flexibility in water a
glycerol was observed in many different experiments a
interpreted as ‘‘lubrication’’ by the solvent.29,30 It is known
that higher local conformational flexibility leads to lowe
thermal stability of proteins.30 This is supported by a corre
lation of the quasielastic intensity@Figs. 6 and 8~b!# and the
lysozyme melting temperatureTm obtained from differential
scanning calorimetry~DSC! measurements.31 According to
the DSC measurements,Tm decreases from 430 K in the dr
state to 370 K in L1G1, and to 340 K in the wet lysozyme31

The temperature shift in the rising QES intensities betw
the wet and L1G1 samples is also 30–40 K@Figs. 6 and
8~b!#, i.e., of the order of the difference inTm’s of these two
samples. Thus, the molecular motions responsible for the
crease in the QES intensity reflect the thermal stability of
protein.

At low temperatures, glycerol appears to be the m
effective solvent for suppressing the local motions of
protein. Water also strongly suppresses the conformatio
activity of a protein at low temperatures. This suppression
exceeds the simple cooling effect observed in dry lysozy
In comparison, trehalose allows greater conformational fl
tuations in the protein at low temperatures@Figs. 6 and 8~b!#.
This unexpected result is already visible in Fig. 5. Obser
tions of a higher QES intensity in dry vs wet samples at l
temperatures have been reported in neutron scattering ex
ments on myoglobin,14 a-amylase,32 and DNA.18,27 Thus,
suppression of conformational motion by water of hydrat
at low temperatures is a general property for differe
biopolymers. The same seems to be true for glycerol@Figs. 6
and 8~b!#.

The unexpected result that liquid glycerol suppresses
fast relaxations in lysozyme better than solid trehalose ag
with time-dependent geminate CO recombination meas
ments for myoglobin~Mb! in glycerol33 and trehalose.8,34

Near 200 K, the ligand escape and conformational rearran
ments are faster in the Mb dissolved in trehalose glass
compared to Mb in glycerol.8,33,34This is consistent with the
stronger low temperature suppression of the QES inten
induced by glycerol. Using a model-dependent analysis
has been found8 that activation energy for conformationa
rearrangements of Mb dissolved in glycerol is approximat
3 times higher than those in Mb dissolved in trehalose. Us
another model approximation Hagenet al.35 also found that
activation barriers are 1.5–2 times higher in Mb dissolved
glycerol than those in Mb dissolved in trehalose. These
servations are consistent with the milder temperature de
dence of the QES in the lysozyme/trehalose samples@Figs. 6
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and 8~b!#. It was shown8 that above 270 K there is a cros
over and the conformational diffusion and ligand escape
come faster in the myoglobin/glycerol sample as compa
to myoglobin/trehalose system. This is exactly analogous
the crossover in the protein conformational fluctuations
served in the QES intensities@Figs. 6 and 8~b!#; above 270 K
fluctuations become greater in the lysozyme dissolved
glycerol.

The similarities between the CO rebinding kinetics
myoglobin and the integrated QES intensities in lysozy
for the trehalose and glycerol environments are striking a
support a direct relation between the QES intensity and b
logical activity. Trehalose is very effective at preservin
many proteins and living organisms against dehydration
der ambient temperatures. On the other hand, glycerol,
viding little suppression of dynamics~relative to the wet pro-
tein! under ambient conditions, is very effective
suppressing protein dynamics under cryogenic condition

There are also recent spectral diffusion experiments
horseradish peroxidase in trehalose and glycerol based b
ers at very low temperatures.36 These experiments lead to th
same conclusion; trehalose increases the conformati
flexibility of the protein relative to the glycerol/wate
buffer.36 Thus, our interpretation based on Raman scatter
is supported by multiple independent measurements.

The notion that trapping a protein in a highly visco
glass confers stability might suggest that a higherTg glass is
a superior preservation agent.37 However, theTgs of glycerol
and trehalose are 193 and 387 K, respectively. Hence the
window between 193 and 270 K where the viscous liqu
glycerol is more effective at suppressing the dynamics
activity than the glassy trehalose. Clearly this demonstra
that there is more to protein stabilization than glass form
tion alone. This points to arguments38 that conformational
change in a protein ‘‘may not be frozen~with trivial tempera-
ture effects! so much as stuck’’ under the influence of a so
vent. One must consider not only the viscosity of the pres
vation agent, but also the interactions with the protein a
any structural water that may be retained by the protein.

At present, there is no clear explanation why glyce
suppresses the protein dynamics more efficiently than tre
lose at low temperatures, and vice versa at high temp
tures. There are reports39 that the escape rate of CO from M
is faster in sucrose–water solutions than in glycerol–wa
solutions under conditions where the viscosities of the s
vents are identical. The authors explained this finding us
ideas of preferential hydration. It is well known that prefe
ential hydration of proteins occurs in aqueous glycerol a
trehalose solutions.40,41This effectively changes solution vis
cosity around the protein surface. The preferential hydrat
however, cannot explain our observations@Figs. 6 and 8~b!#
because at low temperatures suppression of dynamics in
sample is stronger than that in lysozyme/trehalose sampl
is difficult to believe that viscosity at the surface of prote
embedded in trehalose can be lower than in wet protein. T
the suppression of internal protein motions can be greate
the liquidlike glycerol in comparison to glassy trehalose su
gests that glycerol interacts more intimately with lysozym
Glycerol is a relatively small molecule and it is feasible th
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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it can access and directly interact with the interior regions
the protein. On the contrary, trehalose is relatively bulky a
the damping of the internal dynamics probably occ
through an indirect viscous coupling mechanism, act
through the periphery of the globular protein.42–44It has been
shown that the specific volume of proteins~including
lysozyme! decreases in glycerol,29 which should then lead to
a suppression of the conformational fluctuations. If the th
mal expansion coefficient of liquid glycerol is larger than
solid trehalose, one could imagine that temperature chan
might lead to much stronger changes of protein’s spec
volume in glycerol. Speculations like these may explain w
trehalose is less effective than glycerol at suppressing pro
dynamics at low temperatures.

CONCLUSIONS

The exact mechanisms by which glycerol and trehal
confer protein stability still remain unclear. Regardless,
presented above analysis demonstrates that observed v
tions of the QES intensity correlate with changes in b
chemical activity and thermal stability of the protein in va
ous environments. It is shown that the glass formation its
is not sufficient for effective suppression of protein dyna
ics. At high temperatures, trehalose provides superior
namical suppression and stability. Conversely, liquid~as well
as glassy! glycerol appears to impart to better stability th
glassy trehalose at low temperatures. We suggest that t
counterintuitive results might be due to difference
protein–solvent interactions. Regardless of the nature
these interactions, low frequency Raman scattering app
to be an easy and viable tool to evaluate the dynamical
plications of protein stabilization schemes. However, we e
phasize that low frequency Raman does not take into acc
potential adverse interactions between the protein and
vent, such as unfolding. That information can be obtained
analyzing the amide vibrations~high frequency range, 1200
1700 cm21! that are sensitive to hydrogen bonding inside
protein and its interaction with solvents.45 We plan to com-
pare these traditional high-frequency Raman measurem
with our low-frequency spectra on the same samples.
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