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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 temperaturé@s, in the hydrated protein and protein formulated in
glycerol. © 2003 American Institute of Physic§DOI: 10.1063/1.1541614

INTRODUCTION of temperature and environment of biopolymers. In this

study we use low-frequency Raman spectroscopy to directly

Extreme temper_atures gnd/or de.hydra'uon Irrevers'.blyprobe the dynamical differences of the protein lysozyme pre-
damage most biologically active organisms. However, a lim

ited ber of plant d : ithstand | 'served in both glycerol and trehalose. These are two well-
Ited number of plants and organisms can withstand 1ong P&,y anqg widely used cryoprotectants for lyophilizing pro-

riods of dehydrf';\tion while others retain biological activiFy teins. It was recently shown that glycerol and trehalose have
aft_er experiencing ternper_atures .We" below the freezmq/ery different effects on a protein function both deep in the
point of water. A crucial biochemical commonality among lassy state and above the glass transition temperéﬁgﬁe
these life forms is the accumulation of viscous sugars oL well as in an aqueous environm&mle identify strong

polyalcohols in the intra- and intercellular fluid&Jpon de- differences in the manner by which glycerol and trehalose

hyd_ratlon or cqolmg, these viscous liquids are believed sffect the picosecond dynamics of lysozyme over a wide
vitrify and kinetically arrest diffusion and restrict molecular

range of temperatures. These differences correlate strongly

motion. This prevgntg Fhe osmotic §tresses from d(_astroyl_ng,ith established trends in the biochemical activity and dena-
cell membranes, inhibits denaturation of both pe”plasm'c[uration temperatures

and cytoplasmic proteins, and even frustrates ice formation.
The kinetic hindering of these processes allows the life fornMATERIALS AND METHODS
to remain dormant until the temperature and/or moisture con-
ditions are once again favorable for biological activity. Dry chicken egg white lysozyme powder was obtained

Likewise, protein-based pharmaceuticals are fragile ifrom Sigma(Certain commercial equipment and materials
that they require stabilization against dehydration and therare identified in this paper in order to specify adequately the
mal extremes to preserve biological function. However, theexperimental procedure. In no case does such identification
molecular mechanisms by which a viscous sugar or polyalimply recommendation by the National Institute of Standards
chohol cosolvent confers stability are poorly understoodand Technology nor does it imply the material or equipment
Stabilization is realized through a balance of solvent viscosidentified is necessarily the best available for this purpose
ity, protein conformation, dynamics, and specific interactionsand used without further purification. Thermogravimetric
between the protein, the solvent, and water. There is a gemnalysis(TGA) shows that content of water is below 4% by
eral understanding that reduced molecular mobility and glasaeight in the dry sample. At this level of hydration, the water
formation is important for preservation. However, glass for-is bound principally to the charged grouffswet lysozyme
mation alone does not ensure preservation. Even in casegas produced by exposing the lysozyme powder for 3 weeks
where the capacity for hydrogen bonding exists, certaino 98% relative humidity at room temperature. Protein took
glasses provide more effective protection than others upouop additionally ~0.35 g water pel g of lysozyme. That
freeze-drying~ Thus, a deeper understanding of how pro-corresponds te-1:280 protein/water mole ratio and is con-
teins respond to different glassy environments is required. sidered as protein having a complete water monol#}8ta-

It is known that low-frequency Raman spectra of bilized aqueous solutions were created by dissolving equal
proteins’® and DNA(Ref. 7 are very sensitive to variations mass fractiong~1:155 mole ratid of dry lysozyme powder
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and glycerol(L1G1) as well as lysozyme:trehalose mixtures

at mass ratios of 1:1~1:38 mole ratip (L1T1) and 2:1
(~1:19 mole rati¢ (L2T1). These aqueous solutions were
freeze-dried into powders and maintained at subambient tem-"5’
peratures. A sample of lysozyme:glycerol with 1:3 mass ratio .S,
(~1:465 mole ratip (L1G3) was prepared by directly mixing
dry lysozyme with glycerol. Crystallographic structure of
wet lysozyme is known, however, no comparable structural
information on lysozyme in glycerol or trehalose is available.
It is known that both glycerol and trehalose replace the sur-
face water and forms hydrogen bonds with protein surface,
and protein(lysozyme remains intac(properly folded.}*12

In particular, Infrared measurements of Amide mddeem-
onstrate that trehalose forms hydrogen bonds with lysozyme
similar to water hydrogen bonds. Our Raman measurements
on lysozyme in trehalose and in glycerlamples L1T1, FiG. 1. Low-frequency Raman spectra of lysozyme:glycerol sarftl& 1)
L2T1, L1G1, and L1GB also show no significant spectral (symbol$ and glycerol(lines at 340 K. The inset shows high-frequency

differences compared to the wet lysozyme at the Amide Part of the spectra. The intensities of the spectra are scaled to glycerol
. modes atv=400 to 550 cm'. The asterisk marks Raman modes of sap-
region (data not shown

phire.
Low frequency Raman measurements were performed

on samples(0.3—0.5 mm thick sealed between sapphire

windows. Sapphire does not have a significant contributiorgpectra of L1G1 and pure glycerol. These spectra are scaled
to the Raman signal in the low-frequency regiom ( at the high-frequency modes of glycefet400 cnit to 550
<100cm'*) of interest. An optical cryofuraceJanis cm™ ) to estimate the contribution of the glycerol to the total
ST100 was used for the temperature variations. At least tWaspectrum of the L1G1 sample. In the low frequency range of
separate samples were prepared for each case, and multigigerest, 3 cmi<»<100cm?, the scattering from pure
measurements were performed on each sample to ensure ggycerol is negligible and the Raman spectrum is dominated
producibility. Significant differences were not observed.  py the lysozyme. A similar analysis reveals that contribution
The Raman scattering spectra were measured in thg glycerol to the low-frequency Raman spectra of L1G3 is
backscattering geometry using a triple-monochromator Jobig|sg weak. Figure 2 shows the Raman spectra of L1T1 and
Yvon T64000 spectrometer with a 514.5 nm"Arlaser and  pyre trehalose scaled at the high-frequency modes of treha-
(10-25 mW of power incident on the sample. Special carejgse (380 to 550 cm?). The contribution of trehalose in the
was taken to avoid a contribution of the tail of the elastic line|q,, frequency spectrum is also negligible. Estimating wa-
in low frequency ¢<10 cm ') region. The measured signal ter's contribution to the Raman spectra of the wet
has two contributions: Raman scattering and fluorescence.
The latter has featureless spectr(ampproximated by a sec-

Raman Intensity

0 50 100 150 200 250
v [em’]

ond order polynomial that was subtracted from the raw 100 — —————
spectra. All the data presented here have been corrected fo —O—LIT1 )
e Trehalose e ]

the fluorescence. The ratio of the Raman signal to the fluo-
rescence background depends on sample and varies strongl?
with temperature. The fluorescence background was consid- «
erably weaker than the Raman signal at temperatures abovi"
200-250 K, and the fluorescence correction does not intro- =
duce significant uncertainty into the data. However, the fluo- %
rescence contribution increases strongly below 200 K. Our 8 50
estimates show that the maximum uncertainty in the low- ,5
frequency Raman intensitidue to the fluorescence correc-

tion) is =20% atT=100 K, but this decreases sharply with
increasing temperature. Reliable low-frequency Raman mea- g
surements were not possible below 100 K due to the strong
fluorescent background. With L1T1 samples the fluorescence
backgroundmostly due to trehalogevas already significant

at 250 K, and data for these samples are not presented belov 0
225 K. 0

RESULTS

; ; ; FIG. 2. Low-frequency Raman spectra of lysozyme:trehalose sample
To isolate and study the dynamics of the lysozyme itself, L1T1) (symbolg and trehaloselines) at room temperature. The inset

one must first determine the ConltribUtionS of the pure solve hows high-frequency part of the spectra. The intensities are scaled to tre-
to the total Raman spectrum. Figure 1 compares the Ramaralose modes at~380 to 550 cri™.

Downloaded 12 Mar 2003 to 129.6.154.32. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



4232 J. Chem. Phys., Vol. 118, No. 9, 1 March 2003 Caliskan et al.

1600

8000
6000 { 1200
N O Wet lysozyme
—_— —— Water w00
:: 4000 —_— (a)
‘2 2000 400 =
z ©
75} e
§ 0 : 0 :
S is000d, 3000 N
o +
§ : = (b)
g 10000 {3 O Solution 1 2000 = A v
=2 " Water . = oo B
5000 = RO o]
- 0.014 :
0 o — —- fJ 0 0.00 : . ©
0 100 200 300 3000 3100 3200
-
v [em ] 0.024
FIG. 3. Comparison of Raman spectra of wet lysozyme and waltand of 001
solution(1 g of protein/3 g of watgrand water(b) at room temperature. The d
intensities of the spectra are scaled to high frequency mode at 0.00 . - 7 (d)
»~3100 to 3400 cm’. 0 2 g0
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FIG. 4. The low-frequency Raman spectra of wet lysozymelysozyme/
lysozyme is more complicated due to absence of sharp wat@lycerol sampldL1G1) (b), lysozymeitrehalose sample2T1) (c), and dry
modes in the Raman spectra. Figuf@)3hows a compari- YS0Zyme(d at different temperatures.
son of the Raman spectra of wet lysozyme and bulk water.

The spectra are scaled at the high frequency O—H modg, spectral densities that are independent of temperature.

71 . .
(3100,_34,00 cm’). The contribution F’f water at I_O,W fre-. This temperature independence is not observed at the lower
quencies is below 10% O,f the total signal. In addition, F'g'frequencies in Figs. 4 and 5, emphasizing that the motions
3(b) shows that contribution of water to the low-frequency are more complicated than simple harmonic vibrations.
Raman spectra is below 50% even in concentrated lysozyme The low-frequency Raman and neutron scattering spec-

s_olutlon(l g of protein/3 g of watgrwhere there |s_nearly_10 tra of proteins contain two primary componeftsts (i) an
times more water than in our “wet” sample. This confirms

our conclusion that contribution of water to the Raman signal

of wet lysozyme is below 10%. Furthermore, it is worth T
emphasizing that 20 of the 129 amino acid residues in 0.03F
lysozyme contain hydroxyls that will contribute to the Ra-
man spectra in the 3100—3400 chregion. Thus, compari-
sons based on scaling the —OH band overestimate the con-
tributions from the pure water. Recently Urahst al®
interpreted the quasielastic scatterifgpectra below~15
cm 1) in wet lysozyme as direct scattering of light on water
of hydration. Our resultgFig. 3) show that this interpretation

is not correct and contribution of water molecules to the
low-frequency Raman spectra of wet lysozyme is negligible.
The present analysiéFigs. 1-3 suggests that the protein
dominates the low-frequency Raman spectra in all of our
samples, and analysis of the spectra provides information on 0.00 . .
protein dynamics.

Figures 4 and 5 present the low-frequency Raman spec-
tra as a function of temperature for the lysozyme in the dif-
ferent solvents and the dry state. The spectra are presented ir
terms of spectral density,=I/{v[n(v)+1]}, and normal-
ized over the frequency range of 75—150 ¢irwhere har-
monic vibrations dominate. In such a spectral density plot,
the scattering intensity is divided by the frequeneyand -1
scaled by the Bose population factov)+1=[1—exp v [cm ]

(=hvikgT)] " to account for trivial temperature differences FIG. 5. The low-frequency Raman spectra of lysozyme in different solvents

(in the classical high temperf_iture limits whére> kBT! In at three selected temperatures. The intensities are normalized at frequencies
~|/kgT). In a purely harmonic system, Bose scaling results~75 to 150 cm™.
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T T T T T T T " QES intensity occurs near 150 to 200 K for the wet and
’ glycerol based samples. There is a crossover and the QES
intensities exceed that of the dry lysozyme near 250 K and
280 K for the wet and glycerol environments, respectively.
Interestingly, the QES intensity in the lysozyme:trehalose
samples is similar to the dry lysozyme over the entire tem-
perature range. In both, the QES increase with temperature is
B st subtler than in either the wet or lysozyme:glycerol samples.
% O A L1G1 For a more quantitative analysis, these spectra are typi-
) —A—11G3 cally fit by a sum of the vibrationalthe boson peakand

A\ e e —0O—L2T1 relaxation(QES contributions. The latter, in most cases, is
éz/\ e :;: Em approximated by a multiple Lorentzian functi®t® For ex-
0.01 1 A i ] ample, the Raman spectra of lysozyme were anafyasd

p — % e suming five vibrational modes and two relaxation processes
100 150 200 250 300 350 400 described by Lorentzian&@ total of 19 free fitting param-

Temperature [K] eters. It was found®1*~*®however, that the relaxation spec-

tra of biopolymers are rather complex and cannot be de-
scribed by a sum of a few Lorentzians. The spectra clearly
demonstrate a presence of two well separated relaxation pro-
cesses, slow and fast}’~1%Both are stretchethonexponen-
tial), but the slow process is stretched from the high-

inelastic peak av~10-50 cm*, commonly referred to as frequency side while the fast process is stretched from the
the boson peak, andi) a quasielastic scatterinQES or . o X :
P d)ag S low-frequency side. This is typical for relaxation spectra of

broadening around elastic line, prominent fiox 15 cmi . lassforming liauid
The former corresponds to low-frequency collective amino-m"’m_?_/hg assl orming IQUIf tsh fit i is th i
acid residues vibrations related to the elasticity of the protein € only purpose of the Tit In our case 1S the separation

while the latter reflects local conformational jumps or fastof the vibrational and re Ia_xatlonal cqntrlbutlorjs to the Ra-
conformational fluctuations. A higher QES intensity corre-Man spectra and qualitative analysis of their temperature

sponds to greater protein flexibility and faster local rear-va”??g)nt_s' Thus t?e ex'f"clt fspectral shla pe ofwthe quasu_atle_lstlc
rangements of the amino-acid residues. contr uﬂ:o? r']s Eof crucia o>r3our5 an%/s(ls. hor(ta(i_ver,; 'S
Both the boson peak and QES are clearly visible in theknOWn at igh frequency ~35—25 cm = (or short ime,
<1 ps) part of the relaxation spectra in polymers and glass-

spectra of Fig. 4. The main variations di¢ an increase in formin tems have sinale exponential-like behavior and
the QES intensity andi) softening of the boson peak with 0 g systems have single exponentiai-like behavior a
ecomes nonexponential at lower frequencies or longer re-

increasing temperature. Both variations are strong in we L 0.24 .
lysozyme and lysozyme/glycerol samples but mild in the dr axatlboln times. . Sot,_ the fLorir:tman sh_alpe ts_*hould bte a r?a-
and lysozyme/trehalose samples. In particular, the quasiela§9na € approximation for the quasieiastic spectrava

7y . . . .
tic intensity increases more than ten times for the proteins>5 cm . Bearing this in mind, we fit the low frequency

dissolved in water and glycerol, while only a factor of 2 is region of the spectra with the sum _Of a sipgle Lorentzian for
observed in the dry and trehalose preserved proteins. the QES part and a lognormal distribution for the boson

Comparison of the spectra of different samplE&y. 5 peak,
demonstrates the peculiar influence of water and glycerol on )
dynamics of lysozyme. The quasielastic scattering in the wet | Avo B exp[ _ [In(¥/vgp)] ] 1)
and in the glycerol preserved samples is much weaker than va+ 12 2[In(W/ vgp) 1?
in the dry sample at low (<250 K), while it is much stron-
ger at highefT. In contrast, the spectra of lysozyme/trehaloseHere,vq andA are the width and the intensity of the Lorent-
samples are similar to the dry lysozyme with slightly higherzian, vgp is the frequencyW is the width andB is the am-
frequency of the boson peak maximum,.,. The quasielas- plitude of the boson peak. The log-normal distribution is a
tic intensity, however, increases more slowly with tempera+raditional approximation for the asymmetric shape of the
ture, especially at higheF. boson peak in disordered systefhis?® and it fits well the
peak in lysozyme up te-60 cm * (Fig. 7). Contributions of
higher frequency modes become significant at highdtre-
viously we mentioned that the relaxation spectra of biopoly-
As a first approach, we simply integrate the quasielastieners are complex. However, here we can use a single
intensity as a model independent measure of conformationdlorentzian because of the low frequency limit used in these
activities of the protein. Figure 6 summarizes theinte- measurementg~3 cm 1); one needs access to considerably
grated overr=(5-8) cm! as a function of temperature. lower wavenumbers to see the distribution of relaxation
This part of the spectra is dominated by the QES contributimes’~1° Fitting the spectra with this single Lorentzian
tion. At 100 K, both water and glycerol substantially sup-does not reveal any significant temperature dependence for
press the QES intensity in lysozyme, more so than either the,. This is typical for disordered systems, as shown by
trehalose embedded or dry conditions. A rapid increase in th8urovtsev and co-workef8.The typical fits are shown in

0.1

Integrated Spectral Density (5-8cmi’) [a.u.]
\
{E\

FIG. 6. Normalized Raman intensity,(v) integrated over the frequency
range 5 to 8 cm! for different lysozyme samples.

ANALYSIS OF THE SPECTRA

Downloaded 12 Mar 2003 to 129.6.154.32. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 118, No. 9, 1 March 2003

305K

O Raman Data
Fit

------ Lognormal
- - - -Lorentzian

4234
0.04
== 0.024
=
S
=
+ 000
>
=
4 0.04 -
=
0.02-
0.00
0

FIG. 7. Raman spectra of wet samg#smbolg and their fit using Eq(1).
Boson peak and QES contribution estimated from the fit are shown sep

rately.

Fig. 7. This simple approximation provides reasonable fit of

Caliskan et al.

the boson peak has the highest frequency in wet lysozyme
and lysozyme dissolved in glycerol, but it softens sharply at
temperatures above 200[Kig. 8a)]. The boson peak in dry
and lysozyme:trehalose samples has a significantly lower fre-
quency at lowT, but then it shows only mild variations with
temperatur¢Fig. 8@)]. The fit QES intensity variationg-ig.

8(b)] are similar to results from the direct integration of the
I, presented in Fig. 6. The notable exception is the difference
between dry and lysozyme:trehalose samples. This is due to
lower frequency of the boson peak in the dry stffég.
8(a)]. Part of the low frequency tail of the boson peak con-
tributes in the 5—-8 cm window where the integration for
Fig. 6 was performed.

DISCUSSION

It is widely believed”?® that proteins demonstrate har-
monic motion below their dynamic transition temperature
T4. The dynamic transition is usually defined as a sharp rise
of mean squared atomic displacemérf). Below the dy-
namic transition,(x?) increases nearly linearly witff, a
characteristic of a harmonic solid. Hydrated proteins display
T4s around 200-230 K while dehydrated proteins typically
do not exhibit aT,.1"?>26 Neutron scattering experiments

Fndicate aT4 near 220 K for hydrated lysozyme, and around

270 K for lysozyme in glycerol, whereas no transition has
been observed up to 430 K for the dry prot&in.
Harmonic motions should give a temperature indepen-

the Raman spectra for all the samples at all temperaturedent spectral density,(»). This harmonic behavior is ob-

(shown as the solid lines in Fig).4
The resulting boson peak frequencies and integrated 75 cm ') frequenciegFig. 4). The low-frequency spectra

QES intensities are presented in Fig. 8. At low temperatureg€veal anharmonic motions for the lysozyme/glycerol and
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FIG. 8. Results of the fit for the frequency of the boson peak maximgn
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(a) and integrated quasielastic intensky(b).

served for the lysozyme samples only at high (

wet samples above 150—-200 K, and over the entire tempera-
ture range for the lysozyme:trehalose and dry sam{Hes

4). This anharmonicity shows up as an increase in the quasi-
elastic intensity and as the shift of the boson peak with tem-
perature(Figs. 4, 5—8. Similar anharmonicity was observed

in the detailed analysis of neutron scattering spectra of dry
and wet DNA®?7 This clearly contradicts the previous no-
tion of purely harmonic motions beloWwy .

The frequency of the boson peak appears to be very
sensitive to environmental conditionfig. 8b)]. It is the
highest in solid lysozyme:glycerol sample at loly de-
creases in lysozyme:trehalose sample and is the lowest in the
dry state, i.e., with no solvent surrounding the proteigay
decreases slightly with an increase in temperature for both
the dry and trehalose environments. We also notice a sudden
drop of the boson peak frequency in water and glycerol en-
vironments above 170 to 200 K, which correlates with the
sharp decrease of elastic constants of these solvents above
their glass transition temperatureg,. These observations
support the idea that the boson peak vibrations involve the
entire protein molecule. The frequency of these global vibra-
tions would be very sensitive to the elasticity of the sur-
rounding solvent. This is consistent with the picture from
recent molecular dynamic simulatidfisvhere it was shown
that side chains and backbone, surface and inner part of a
protein are all involved in the boson peak vibrations.

Let us now turn to the analysis of the QES. The QES
intensity reflects internal relaxationlike motions of a protein,
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i.e., local conformational transitions between substates at and &b)]. It was showfi that above 270 K there is a cross-
picosecond time scale. These relatively fast, local relaxationsver and the conformational diffusion and ligand escape be-
are necessary precursors for the much slower, global proteicome faster in the myoglobin/glycerol sample as compared
motions requisite for biological activity. Analysis of the QES to myoglobin/trehalose system. This is exactly analogous to
intensity provides a powerful tool to directly observe how athe crossover in the protein conformational fluctuations ob-
given preservation agent influences these precursor motiorsgrved in the QES intensiti¢Bigs. 6 and &)]; above 270 K

of the protein, without relying on mechanism dependenfluctuations become greater in the lysozyme dissolved in
models or computer simulations. glycerol.

At high temperatures it appears that water and glycerol  The similarities between the CO rebinding kinetics in
impart greater flexibility to the protein, leading to strongermyoglobin and the integrated QES intensities in lysozyme
conformational fluctuations than observed in the dryfor the trehalose and glycerol environments are striking and
lysozyme. Increased conformational flexibility in water andsupport a direct relation between the QES intensity and bio-
glycerol was observed in many different experiments andogical activity. Trehalose is very effective at preserving
interpreted as “lubrication” by the solveAt:® It is known  many proteins and living organisms against dehydration un-
that higher local conformational flexibility leads to lower der ambient temperatures. On the other hand, glycerol, pro-
thermal stability of protein&’ This is supported by a corre- viding little suppression of dynamidselative to the wet pro-
lation of the quasielastic intensiffFigs. 6 and &)] and the tein) under ambient conditions, is very effective at
lysozyme melting temperatufg,, obtained from differential suppressing protein dynamics under cryogenic conditions.
scanning calorimetryDSC) measurement¥. According to There are also recent spectral diffusion experiments on
the DSC measurements,, decreases from 430 K in the dry horseradish peroxidase in trehalose and glycerol based buff-
state to 370 K in L1G1, and to 340 K in the wet lysozyfhe. ers at very low temperaturé&These experiments lead to the
The temperature shift in the rising QES intensities betweersame conclusion; trehalose increases the conformational
the wet and L1G1 samples is also 30—40[Kgs. 6 and flexibility of the protein relative to the glycerol/water
8(b)], i.e., of the order of the difference if,’s of these two  buffer3® Thus, our interpretation based on Raman scattering
samples. Thus, the molecular motions responsible for the ins supported by multiple independent measurements.
crease in the QES intensity reflect the thermal stability of the  The notion that trapping a protein in a highly viscous
protein. glass confers stability might suggest that a highgglass is

At low temperatures, glycerol appears to be the most superior preservation agefitHowever, theT s of glycerol
effective solvent for suppressing the local motions of theand trehalose are 193 and 387 K, respectively. Hence there is
protein. Water also strongly suppresses the conformationatindow between 193 and 270 K where the viscous liquid
activity of a protein at low temperatures. This suppression faglycerol is more effective at suppressing the dynamics and
exceeds the simple cooling effect observed in dry lysozymeactivity than the glassy trehalose. Clearly this demonstrates
In comparison, trehalose allows greater conformational flucthat there is more to protein stabilization than glass forma-
tuations in the protein at low temperatuf€sgs. 6 and &)]. tion alone. This points to argumefftshat conformational
This unexpected result is already visible in Fig. 5. Observachange in a protein “may not be frozéwith trivial tempera-
tions of a higher QES intensity in dry vs wet samples at lowture effect$ so much as stuck” under the influence of a sol-
temperatures have been reported in neutron scattering expevient. One must consider not only the viscosity of the preser-
ments on myoglobif? a-amylase’® and DNA®?’ Thus, vation agent, but also the interactions with the protein and
suppression of conformational motion by water of hydrationany structural water that may be retained by the protein.
at low temperatures is a general property for different At present, there is no clear explanation why glycerol
biopolymers. The same seems to be true for glydefig)s. 6  suppresses the protein dynamics more efficiently than treha-
and &b)]. lose at low temperatures, and vice versa at high tempera-

The unexpected result that liquid glycerol suppresses theures. There are repottahat the escape rate of CO from Mb
fast relaxations in lysozyme better than solid trehalose agreds faster in sucrose—water solutions than in glycerol-water
with time-dependent geminate CO recombination measuresolutions under conditions where the viscosities of the sol-
ments for myoglobin(Mb) in glycerof® and trehalos&3*  vents are identical. The authors explained this finding using
Near 200 K, the ligand escape and conformational rearrangedeas of preferential hydration. It is well known that prefer-
ments are faster in the Mb dissolved in trehalose glass asntial hydration of proteins occurs in aqueous glycerol and
compared to Mb in glycerdt3334This is consistent with the trehalose solution®-*! This effectively changes solution vis-
stronger low temperature suppression of the QES intensitgosity around the protein surface. The preferential hydration,
induced by glycerol. Using a model-dependent analysis, ihowever, cannot explain our observatigfgys. 6 and &)]
has been fourfdthat activation energy for conformational because at low temperatures suppression of dynamics in wet
rearrangements of Mb dissolved in glycerol is approximatelysample is stronger than that in lysozyme/trehalose sample. It
3 times higher than those in Mb dissolved in trehalose. Usings difficult to believe that viscosity at the surface of protein
another model approximation Hagenal2® also found that embedded in trehalose can be lower than in wet protein. That
activation barriers are 1.5—2 times higher in Mb dissolved inthe suppression of internal protein motions can be greater in
glycerol than those in Mb dissolved in trehalose. These obthe liquidlike glycerol in comparison to glassy trehalose sug-
servations are consistent with the milder temperature depemests that glycerol interacts more intimately with lysozyme.
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