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Dehydration and Crystallization of Trehalose and Sucrose Glasses
Containing Carbonmonoxy-Myoglobin
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ABSTRACT We report a study wherein we contemporarily measured 1) the dehydration process of trehalose or sucrose
glasses embedding carbonmonoxy-myoglobin (MbCO) and 2) the evolution of the A substates in saccharide-coated MbCO.
Our results indicate that microcrystallization processes, sizeably different in the two saccharides, take place during dehy-
dration; moreover, the microcrystalline structure is maintained unless the dry samples are equilibrated with a humidity =75%
(=60%) at 25°C for the trehalose (sucrose) sample. The evolution of the parameters that characterize the A substates of
MbCO indicates that 1) the effects of water withdrawal are analogous in samples dried in the presence or in the absence of
sugars, although much larger effects are observed in the samples without sugar; 2) the distribution of A substates is
determined by the overall matrix structure and not only by the sample water content; and 3) the population of A, substate (i.e.,
the substate currently put in relation with MbCO molecules having the distal histidine out of the heme pocket) is largely
enhanced during the dehydration process. However, after rehumidification its population is largely decreased with respect to
the values obtained, at similar water content, during the first dehydration run.

INTRODUCTION

Some organisms can survive conditions of extreme dehyand 3) the evolution of the A substates (Ansari et al., 1987)
dration and high temperature>60°C), without suffering in saccharide-coated MbCO, as a function of the water
any damage. These organisms can remain in the absenceantent of the samples. A sample of MbCO in the absence
metabolic processes (anhydrobiosis) for several years amaf sugar was also studied for the sake of comparison.
recover their vegetative cycle upon rehydration. A charac- As itis well known (Makinen et al., 1979; Caughey et al.,
teristic common to these organisms in the dry state is th&981), the CO stretching in MbCO exhibits, in the region
presence of large concentrations of sugars, particularly tret900+ 2000 cmi , four absorption bands, named in order
halose (a disaccharide composed of twe-f11]-linked o, of decreasing wavenumbepAA 4, A,, and A; (Ansari et al.,
units of glucopyranose), which has been found to be thd987). However, due to its low intensity, the, Adand is
most active saccharide for the preservation of biostructuregsually neglected in the analysis (see, e.g., Mourant et al.,
(see, e.g., Crowe et al., 1996; Panek, 1995; Leslie et al1993). These bands reflect four different conformational
1995; Uritani et al., 1995; Prestrelski et al., 1993). substates of MbCO (taxonomic substates) (Frauenfelder et
The properties that make trehalose unique with respect tal., 1991) and their relative intensity depends on external
other saccharides for preservation of dry biomaterials ar@arameters such as pH, temperature, and pressure (Ansari et
still poorly understood. Recently it has been suggested thatl., 1987; Frauenfelder et al., 1990). Moreover, as shown in
the saccharide can be stabilized by incorporating traces dfig. 1, the association band of water is observed adjacent to
water into the crystalline dihydrate; this would preventthe CO stretching bands (see, e.g., Eisenberg and Kauz-
water from acting as a “plasticizer” of the amorphous statemann, 1969). This band, assigned to a combination of the
(Aldous et al., 1995), thus increasing the glass transitiorbending mode of LD with intermolecular vibrational
temperature Ty) of the system (Green and Angell, 1989; modes, in pure liquid water, has its maximum near 2125
Crowe et al., 1996). According to this suggestion a suitablem™* and is the counterpart of the association band in ice
study of the dehydration of the biomolecule-water-suga2270 cm*; Eisenberg and Kauzmann, 1969).
glass could give information on the possible microcrystal- We obtained qualitative information on the dehydration
lization and on the “adaptation” of the biostructure. We behavior of our samples by measuring the area delimited by
therefore performed this study wherein we contemporarilythe tangent to the curve at the two minima of the association
measured 1) the dehydration process of trehalose or sucroband, as shown in Fig. 1; moreover, we followed the protein
glasses embedding carbonmonoxy-myoglobin (MbCO), 2)adaptation” by contemporarily detecting the behavior of
the dehydration of the same samples after rehumidificationthe CO stretching bands of MbCO (A substates).

Received for publication 30 June 1998 and in final form 2 February 1999.
Address reprint requests to Lorenzo Cordone, Dipartimento di ScienszATERIALS AND METHODS

Fisiche ed Astronomiche, Via Archirafi, 36, _90123 Palermg, Italy. Tgl.: Horse myoglobin was purchased from Sigma (St. Louis, MO); trehalose

3991617 1708; Fax: 39 91 616 2461; E-mail: cordone@fisica.unipa.it. and sucrose were from Hayashibara Shoij Inc. (Okayama, Japan) and from
© 1999 by the Biophysical Society Fluka Chemie AG (Buchs, Switzerland), respectively. The above products

0006-3495/99/05/2727/08 $2.00 were used without further purification.



2728 Biophysical Journal Volume 76 May 1999

—~ 0.70

)

e

o 0.65

2
© s
o 0.60

w2

=

<€

0.55 A

T T T T

1900 2000 2100 2200 2300

Wavenumber (cm)

FIGURE 1 CO stretching bands in MbC@)(and association band of
water p). Information on the water content was obtained by drawing the
tangent between the two minima as shown. The data in the figure refer to
the sample without sugar after0.5 h of dehydration within the FTIR
spectrometer (see Materials and Methods).

ODI1900

Measurements were performed at 25°C on a Biorad Digilab FTS-40A
FTIR spectrometer with 2 cit resolution. Samples were prepared by FIGURE 2 @) Area of the association band of water (in @Bm %, see

dissolying lyophilized ferric protein~£5 - 10:23 M) in solutions containing text) and b) optical density at 1900 ci (OD1900) as a function of
21077 M trehalose (or sucrose) and 20"~ M phosphate buffer, pH 7. gegiceation timeO, Trehalose[], sucroseA, no sugar. Time O is the

Solutions were centrifuged, equilibrated with CO, and reduced by anaefistant in which samples were put within the FTIR spectrometer after 7 h

Ob;c _addltlon of ISOd'urQ d'thlomte. (gd M); ?'5 ml %Ilquofts of thedacljjgvg desiccation in a silica gel desiccator (see Materials and Methods). The inset
SO(lj,ltIOI’]S were ayerr]e on Cﬁf‘"” 0\|N§ o 45¢ shur ace ar|1 rne h in (a) shows the initial slowing and the following acceleration of dehydra-
under a CO atmosphere in a silica gel desiccator. When samples were aﬁgn rate in the trehalose-containing sample. Measurements were performed

enough to stay in a vertical positios{ h at 25°C), the drying process was at 25°C. For the sake of comparison betweanand b), the data points

allowed to proceed inside the FTIR spectrometer, in a dry nitrogen alMOze ative to the microcrystallization process are shown by closed symbols.

sphere, while performing measurements. The nitrogen flux inside the
spectrometer during the desiccation process was maintained constant at 5
I/min. The FTIR sample holder was modified in such a way to enable us to

follow, alternatively, the dehydration process of both samples in a single . . . -
run. The sample without sugar was prepared by the same procedure at‘(&'thom sugar, the dehydrat'on rate of SaCCha“de'Comammg

dried under CO flux until it was hard enough to stay in a vertical position. S8mples shows three distinct behaviors: after an initial slow-
We think it is most important to underline that the details of the results areing down of the dehydration rate, a rate increase is evident
highly dependent on experimental conditions, like detailed sample com{closed symbo)sthis second behavior is followed by a third
position, temperature, and,Mux in the FTIR spectrometer. __one, wherein the dehydration rate is vanishing although
Gravimetric determination of residual water after complete dehydration . . . . .
was performed by weighing a sample of known composition before startind’vatelf IS ,S“” present in the sample;. _Th,e acceleration evi-
desiccation (liquid phase) and after complete dehydration. Rehumidificad€nt in Fig. 2ais paralleled by a turbidity increase detected
tion of dry samples was performed in a box wherein humidity was con-by following the optical density at 1900 ¢m (OD1900), as
trolled using a hygrotransmitter humidistat HD9217 (Delta Ohm, Padovag function of time. This frequency value lies on the queue of
ltaly). . e o the water association band (Eisenberg and Kauzmann,
The CO stretching bands were fitted in terms of thr(_ae Voigtian bz_andslgeg) Therefore, in the absence of a turbidity increase, it
(A substates: 4 A,, A;) (Ansari et al., 1987), a Gaussian extrapolation ’ ! ’ - !
taking into account the queue of the adjacent association band of water, agiould always decrease during dehydration. On the con-
a constant term taking into account the increasing turbidity during thetrary, Fig. 2 b shows that, in the saccharide-containing
dehydration process (see below). samples, the OD1900, after an initial decrease related to
Fittings were performed by using a least-square Marquardt algorithmy atar extrusion, has a sizeable increase reflecting an upward
(Bevington and Robinson, 1992). . Lo S
translation of the whole band, indicative of a turbidity
increase. The acceleration of the dehydration rate and the
RESULTS AND DISCUSSION parallel turbidity increase are suggestive of microcrystal
formation; in fact, microcrystals formation must bring about
1) extrusion of excess water from the crystalline structure,
and 2) turbidity increase due to the scattering of incident
In Fig. 2a we report the area of the water association bandight by microcrystals. In agreement with previous sugges-
as a function of desiccation time. We consider O the tions (Aldous et al., 1995) one can infer that fgvalue of
instant at which samples were put inside the FTIR specthe saccharide-protein complex is increased by the forma-
trometer after~7 h desiccation within the silica gel desic- tion of microcrystals, incorporating traces of water and
cator (see Materials and Methods). Figa3hows that the preventing water from acting as a “plasticizer” of the amor-
presence of sugar sizeably slows down the dehydration ragghous phase. In this respect it is worth noting that, at the end
of the sample; moreover, at difference with the sampleof the crystallization process, the amount of residual water

Evolution of the samples during the first
run of dehydration
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FIGURE 3 0D1900 as a functiom) of the area of the association band
of water and i) of the time in a logarithmic scale for trehalose- and for

sucrose-containing samples. Symbols as in Fig. 2.
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ferences in the activation free energy of the process; in
particular, we think that these differences are to be related to
the higher symmetry of the trehalose molecule, which
should bring about a lower activation entropy in the forma-
tion of the saccharide-protein-water microcrystals, and to
the fact that trehalose molecules do not form direct internal
hydrogen bonds between the two glucopyranose rings (see,
e.g., Panek, 1995); both these points should enable crystal-
lization at higher water content and in shorter times for the
trehalose-containing sample.

Rehumidified samples

Overnight equilibration of dry samples with different am-
bient humidity resulted in water absorption. If rehumidified
samples are put back in the FTIR spectrometer, a dehydra-
tion rate much larger than the one obtained in the first run,
for equal water content, was observed, unless samples were
equilibrated with a humidity=60% for sucrose ang:75%

for trehalose (see Fig. 4 andb). In the latter cases the
microcrystalline structure is lost, as evidenced also by the
0OD1900 value (see Fig. & andb), and the dehydration
process resulted to be almost identical to the one observed
in the first run. For the sake of comparison between rehu-
midified samples, we think it is most relevant to stress that
the two samples have been put in the humidifier and taken
out together.

is slightly larger in the trehalose sample; moreover, gravi- The behavior of rehumidified samples is indicative of a
tometric measurements indicated that at the end of microsooperative microcrystalline> amorphous transition that

crystallization the average residual water wa@ water
molecules per saccharide molecule in the trehalose sampteghalose remains in a microcrystalline structure up to

and slightly lower in the sucrose sample.

takes place at suitable water content; we think the fact that

higher rehumidification level than sucrose is most relevant.

A detailed discussion of the microcrystallization processThis might, in principle, be relevant in determining the
in samples of different composition will be reported in a differences between the two sugars in their action as
forthcoming paper; here we show how further interestingbioprotectants.
information is obtained from Fig. 3a and b, where the

Data in Fig. 5,a and b indicate that, although in rehu-

0OD1900 shown in Fig. d is reported as a function of the midified samples the OD1900 has the same behavior as in
samples’ water content and as a function of time on &he first run, its absolute value is, for trehalose, sizeably
logarithmic scale. Fig. 3a andb clearly indicate that the higher when the sample is rehumidified at 40% and 60%;

turbidity increase, evident in both saccharide-containingve attribute this finding to the fact that at these rehydration

samples, reflects the same kind of process that in the twkevels a reorganization of the microcrystalline structure

samples takes place in different time scales and at differerttkes place in trehalose, thus altering the microcrystal size
water contents. The different behavior is likely due to dif- and the sample turbidity.

50 50
—0o— First run —o— First run

FIGURE 4 Dehydration of rehumidified 4 40% —— 40%
samples (at 25°C). The data of the firstrun are 20 - —o 60% 20 - o 60%
reported for comparison.al Trehalose; lf) o 5% o o 15%
sucrose. The humidity values at which rehu-=" |, | = 0 A
midified samples have been equilibrated are
reported within the panels. For rehumidified | 5 |
samples the initial time was made to coincide
with the time at which samples in the first run . i . . : .
had analogous water content. 0 20 40 60 0 100 200 300

Time (h) Time (h)
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FIGURE 5 0D1900 as a function of water 10 4 —o— 75%

content for rehumidified samples. The data of
the first run are reported for comparisom) (
Trehalose;lf) sucrose. The humidity values at 0.8
which rehumidified samples have been equil-

ibrated are reported within the panels.
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Effects of saccharide coating on the A substates free; this resulted in very high-quality fittings for each
of MbCO single spectrum. However, the evolution of the parameters

In Fig. 6 we show the absorption of the CO stretching band%btba;rrllzg vz:l;eraéihger g)o 'Stg ?ﬁg tlcr>] tt:rTollgrlv riis?rllitl?/r;g;?]r:e

att = 0 (most humid samples) and that of the driest g : .
samples, at the end of the first run of measurements. etweer] the Lorenizian aqd .Gaussmn W|dfh_e(nd 7
sizeable decrease of bound CO is evident in the sample n&gSPECtively), and to the variation of the Gaussian extrapo-
containing sugar, where CO escape is prevented only folation during the dehydraﬂon process. For this reason we
lowing exhaustive dehydration; at variance, no CO escape ieerform_ed a_further fitting wherein th_e val_ues_of all the
evident in saccharide-containing samples, even in the mostorentzian widthd" and of some Gaussian widdh(i.e., the
humid amorphous phase. less resolved parameters) were kept constant and fixed to
To avoid noise in the parameters shown in Figs. 8—10 wdiven values, based on the outcome of the first fitting; this
proceeded to fit the data as follows: we first fitted the resulted again in very high-quality fittings (as shown in Fig.
experimental data points leaving all the fitting parameters$), with slightly larger residuals (Fig. 7). The evolution of

0.16
02 - No sugar No sugar
0.12 1
"~ 021 0.08 |
51 0.1 1 0.04 1
w
g2 00 . 0.00 1
FIGURE 6 CO stretching bands (A substates) of _‘g 06 Trehalose o
MbCO at the beginningléft) and at the endright) of 5 g
our measurements. The Gaussian extrapolation taking & o 044
into account the queue of the adjacent association band << 041 %
of water has been subtracted. Note that, due to the CO £ 02
release and formation of ferric myoglobin in the sample 0.2 1 2
without sugar, the area under the CO stretching bands j?
has a large decrease during the measurements; such an 0.0 ‘ " 0.0 ==
effect is not found in saccharide-containing samples, 06 1 fg, Sucrose Sucrose
where the above area exhibited an increase=00% f/, 04 1
during the dehydration process; we ascribe this effect to 0.4 4 / '
a variation of the oscillator strength relative to the A 7 g/
substates, due to the hardening of the matrix (Ansari et Q 0.2 1 ﬁ 0.2 1
al., 1987). The low value of the area under the CO o 4
stretching bands in the sample without sugar and the 2 . :
further CO release during rehumidification did not allow S 0.0 ' Water soluti 0.0 ' ' ' ‘
- g = f ater solution 1900 1920 1940 1960 1980 2000
us to perform meaningful measurements of rehumidified 2 0.04 - ﬁ pH 7
samples in the absence of saccharide. —g: 0.03 | ?/ ! Wavenumber (cm—')
f
0.02 | ] // i
0.01 j’\§
0.00 - T T ?

1900 1920 1940 1960 1980 2000

Wavenumber (cm'l)
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0.004 parameters of all samples studied, although the particular
g values of the parameters are sample-dependent. Data in
> 0.002 Figs. 8—10 show that in the absence of saccharide the
= 0.000 - effects of dehydration are much more pronounced, thus
-g ‘ indicating that the saccharide matrix protects the protein
£ -0.002 - against excessive structure deformation. Interestingly, the
j transition toward a crystalline matrix seems not to have

-0.004 1 : : : dramatic effects on the evolution of the parameters that

1900 1920 1940 1960 1980 2000 characterize the A substates.

An unambiguous finding evident in all samples is that
water withdrawal sizeably increases the fraction of the A
FIGURE 7 Residuals of the fittings for the driest trehalose sample;Substate (see e.g., Brown et al., 1983); this substate has been
closed symbolditting with all parameters left free to vargpen symbols:  thought to correspond to MbCO molecules having the distal
fitting with constraints. Note that in this case the differences between the,istidine out of the heme pocket and exposed to the solvent
residuals obtained in the two kinds of fittings are the largest; much lower, Morikis et al.. 1989): indeed. thi bstate i |
differences were typically obtained. (Morikis et al., ); indeed, this substate ls_ V?ry spa_rse y
populated at neutral pH (due to hydrophobic interaction),

while it is highly populated at low pH, due to the histidine

the parameters obtained is shown in Figs. 8-10; as it can brotonation (Ansari et al., 1987; Morikis et al., 1989). The
seen, almost no noise is present. In Table 1 are reported th@rge A increase shown in Fig. 8 therefore suggests that in
values of parameters that were kept constant and, for conihe absence of hydrophobic forces (due to the lack of bulk
parison, the maximum and minimum value obtained in thesolvent) the MbCO conformations are sizeably displaced
fitting without constraints; these parameters were kept at théoward those having the distal histidine out of the heme
same values in the fitting of data relative to the first run of pocket. Moreover, the amount of,As much larger in the
dehydration and to rehumidified samples. sample not containing sugar, wherein protein-protein con-
First we shall discuss the evolution of parameters in théacts are more likely than in saccharide-containing samples;
first run of dehydration: data in Figs. 8—10 indicate thatthis might indicate that direct contacts among MbCO mol-
water withdrawal has the same kind of effect on all theecules might play a role in keeping the distal histidine out of

Wavenumber (cm'l)
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FIGURE 8 Population of A substates as a function of water content: data points represented by circles refer to the first run of debydafane.
and at the end of microcrystallizatio®, during microcrystallization (see Figs. 2 and 3); samples rehumidified at 40% relative humidity, samples
rehumidified at 60% relative humidity® , samples rehumidified at 75% relative humidity. Note the sizeable decreasgafdAthe increase of Ain
saccharide-containing samples following rehumidification at 75%. Error bars derived from data reproducibility are shown.
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FIGURE 9 Peak frequency values of A substates population as a function of water content. Symbols as in Fig. 8.

the heme pocket in dry protein. The role played by direct As shown in Figs. 8-10, if samples are rehumidified at
protein-protein contacts is also suggested by the extremelpw humidity (40%), the distribution of A substates and of
large broadening present in the And A, substates in the the relative parameters is barely distinguishable from the

sample without sugar (Fig. 10). one observed in the first run of dehydration; at variance,
Trehalose Sucrose ' No sugar
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FIGURE 10 Bandwidth values relative to A substates as a function of water content. Symbols as in Fig. 8. Note that, as mentioned in the text, some values
have been held constant to avoid noise in the resulting fitting parameters.
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TABLE 1 Values of Lorentzian (I') and Gaussian (o) width (Green and Angell, 1989; Crowe et al., 1996). In the treha-
used in the fittings with constraints lose-containing sample, this crystallization process takes
A, A, A, place in a shorter time scale and at larger water content than
No sugar I =19 I = 23* r=o in the sucrose-containing sample. Moreover, the behavior of
o Free o Free o =82 rehumidified samples indicates that in both saccharides, the
[7.5 + 9.0] crystalline structure is lost following equilibration with a
Trehalose I'=20 I'=25 r=o suitable humidity level that is higher for the trehalose-
E}'E:f's] ([f'Flrgez'gl . containing sample. We suggest that the behavior of treha-
[4.1 ;4_6] [7_2; 8.1] lose samples in the amorphous microcrystal and micro-
Sucrose r=25 r=11 r =o* crystal — amorphous transition may be most relevant in
[2.0 + 3.2] [0.9+ 1.3] determining the peculiarity of this sugar as bioprotectant.
o=41 o Free o=17.6
[3.9 +~ 4.2] [7.4+ 8.0]

Maximum and minimum values obtained in the fitting without constraints
are shown in brackets.

*Due to the fact that in samples without sugar some substates are very littl . . . . .
resolved, a rather large interplay betwdéando was observed in fittings ﬁmtem dynam|cs are Slzeably different at low and h'gh

without constraints; therefore, for samples not containing sugaras  (€mperature (Parak et aI.., 1986; DO.Ster etal, 198_9§ Di Pace
fixed at the values obtained under the conditions where this parameter wagt al., 1992); in fact, while harmonic modes dominate the
better resolved, i.el’ (A,) was fixed at the value obtained in the most Iow-temperature behavior (Melchers et al., 1996), addi-
humid sample]” (Ay) was fixed at the value obtained in the driest sample. tional nonharmonic motions occur abovel80 K. These
#In agreement with previously reported data (Mayer, 1994) theubstate . . . .
was always found to be purely Gaussian, ife= 0. rr.1c_)t|ons,. typical for proteins, are often _callpdotem-spe-
cific motions they reflect thermal fluctuations of a molecule
among protein substates (Frauenfelder et al., 1988) and are
a prerequisite for protein function.

sizeable effects on the distribution of A substates (Figs. X . .
8-10) and on the relative parameters are seen for larger Embedding MbCO in dry trehalose glasses hinders large-

rehumidification levels (60% and 75%). This suggests thar;cellt?_p;otetln—lspelcég%.mcc:)tlc:jns (Hatge? eltge;é 11999959’ _1?;‘?.6;
during the first dehydration run, the saccharide matrix ottned et al., ; Lordone €t al, ' ); this

forces the protein within a stressed conformation Which,aVOIdS the escape of CO from the heme pocket at room

following the addition of water molecules, relaxes toward t€Mperature also after prolonged illumination. The presently

structures different from those present during the first run o]repocr:tgd results _|nd|cate tthzt 'T sa}cchand(l:;-cotahtetd MbQO
dehydration at equal water content. In particular, a sizeablIihe escape Is prevented aiso in samples that are In a

decrease in the population of thg Aubstate with respect to most humid amorphous phase. This finding indicates that

the one observed in the presence of an analogous watgP™me inhibition O.f protem-spemﬂp motions takes place even
In the most humid samples (Kleinert et al., 1998). At vari-

content in the first run of dehydration, is evident in samples . ) S
rehumidified at 75% relative humidity. This suggests 1) that?!'c€: the CO escape is not prevented n MbCQ df'ed in the
bsence of sugar, unless exhaustive dehydration is reached,

in these samples the distal histidine is again inside the hem Lo . . o
us indicating that in the absence of sugar, protein-specific

pocket and 2) that there is not one to one correspondenct i bling the CO hindered onlv i
between the protein structure (as reflected in the A sypmnotions enabiing the escape are hindered only In ex-

states) and sample water content. trelmrt]a_lt)yt(_jry prfo temi . ii i detected b
Further studies are needed for fully rationalizing the nhibition ot protein-specific motions, as detected by

- . : . - M0Ossbauer spectroscopy, has also been observed for fully
mechanisms through which the water-saccharide matrix in- " o
g dried myoglobin in the absence of sugar (Parak et al., 1986);

fluences the protein structure and, in particular, the A sub-
states at the microscopic level. hpwever, as shown by the presently reported results, large

differences in the heme pocket structure (as shown by the
evolution of A substates) are evident between the saccha-
CONCLUSIONS ride-coated protein and the protein dried in the absence of
sugar.

The effects of trehalose coating on the CO recombination
As mentioned in the Introduction, the properties that makeafter flash photolysis in heme proteins have been reported
trehalose unique with respect to other saccharides for pregHagen et al., 1995, 1996; Gottfried et al., 1996); the authors
ervation of dry biomaterials are still poorly understood. Inshowed that some part of protein dynamics is strongly
agreement with previous suggestions (Aldous et al., 1995)nhibited. In light of the present data on the evolution of A
the presently reported results indicate that the saccharidsubstates in saccharide-coated MbCO it seems most rele-
protein glasses can be stabilized by incorporating traces ofant to perform analogous measurements, as well as the
water into a crystalline structure, thus preventing water fromMdssbauer, optical, and neutron-scattering ones (Cordone et
acting as a “plasticizer” of the amorphous state and increasal., 1998, 1999) in saccharide-coated samples having dif-
ing the glass transition temperaturgg) of the system ferent “history.” This would shed light on the effects of the

Saccharide-coated MbCO

Sample dehydration and crystallization
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rigidity of the surrounding matrix and of its water content L. B. Sorensen, P. J. Steinbach, A. H. Xie, R. D. Young, and K. T. Yue.
on protein specific motions and in particular on protein 1990. Proteins and pressute.Phys. Chemd4:1024-1037.
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