RESEARCH PAPER

PCCP

Alexander L. Tournier,wa Valerie Réat,b Rachel Dunn,c Roy Daniel,c
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Experimental and computer simulation studies have suggested the presence of a transition in the dynamics
of hydrated proteins at around 180–220 K. This transition is manifested by nonlinear behaviour in the
temperature dependence of the average atomic mean-square displacement which increases at high temperature.
Here, we present results of a dynamic neutron scattering analysis of the transition for a simple enzyme: xylanase
in water : methanol solutions of varying methanol concentrations. In order to investigate motions on diﬀerent
timescales, two diﬀerent instruments were used: one sensitive to B100 ps timescale motions and the other to Bns
timescale motions. The results reveal distinctly diﬀerent behaviour on the two timescales examined. On the
shorter timescale the dynamics are dictated by the properties of the surrounding solvent: the temperature of the
dynamical transition lowers with increasing methanol concentration closely following the melting behaviour of
the corresponding water : methanol solution. This contrasts with the longer (ns) timescale results in which the
dynamical transition appears at temperatures lower than the corresponding melting point of the cryosolvent.
These results are suggested to arise from a collaborative eﬀect between the protein surface and the solvent which
lowers the eﬀective melting temperature of the protein hydration layer. Taken together, the results suggest that
the protein solvation shell may play a major role in the temperature dependence of protein solution dynamics.
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Introduction
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Experimental techniques such as Mössbauer spectroscopy,
X-ray diﬀraction and neutron scattering have suggested the
presence of a transition in the internal dynamics of protein
motions at B180–220 K.1–9 This apparent dynamical transition has been observed to have similarities to the phase
transition that appears in glass-forming liquids.10–13 The motions below the transition are believed to be mostly harmonic
whereas the mean-square displacements above the transition
are dominated by anharmonic contributions. Below the transition the protein may be trapped in local potential energy
minima or ‘conformational substates’ of the protein.14 Above
the transition, protein motion may involve diﬀusive-like
motions involving jumps between substates.
The presence of conformational substates has been argued to
be important for function. Myoglobin has been shown to have
several conformational substates at low temperature with
diﬀerent functional properties.15,16 Also, function may depend
on the ability of a protein to explore diﬀerent substates in cases
where the functional conformation is not the minimum-energy
conformation but rather is induced through, for example,
interaction with the ligand. However, for those enzymes that
have been examined, the rate-limiting step for catalysis is
unaﬀected by the ps-timescale 220 K dynamical transition.17,18
Moreover, dynamical transition temperatures have been shown
to depend on the timescale investigated.19–21
w Present address: Biomolecular Modelling Laboratory, Cancer Research UK, Lincoln’s Inn Fields, London, UK.
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In order to further understand the relationship between
protein dynamics and function, it is necessary to characterise
the role of solvation.22 The presence of solvent aﬀects the
protein motion, eﬀectively modifying the potential energy
landscape the protein is exploring. Recent work argues for
the presence of two types of processes: slaved and nonslaved.23
Nonslaved processes would correspond to processes which are
independent of the solvent dynamics, whereas slaved processes
would depend critically on solvent dynamics. Enzymatic activity such as bond formation would be a typical nonslaved
process whereas opening and closing of channels would be a
slaved process. A hydration-induced increase in ﬂexibility is
thought to be important for function.24 Neutron scattering
experiments have shown protein dynamical amplitudes to
increase upon hydration.25–27 One possibility is that, in the
absence of water, protein sidechains form hydrogen bonds with
each other thus rigidifying the protein. Upon hydration, some
of these hydrogen bonds would be transferred to water molecules, with the eﬀect that the sidechains diﬀuse more freely in
the solvent.28–30
A number of experiments and simulations have indicated
that when a protein is solvated the dynamical transition at
B220 K is strongly coupled to the solvent.31,32 Neutron
scattering experiments have shown that dry protein samples
exhibit little motion at 300 K over that expected from a
harmonic solid.33,34 The presence of highly-viscous solvents
such as trehalose has been shown to abolish the dynamical
transition.35
In the present work we investigate the dependence of the
dynamical transition on solvent composition. In recent years a

This journal is & The Owner Societies 2005

number of cosolvents have found a wide range of uses in
biology: as cryosolvents, protein denaturants, protein fold
stabilizers, protein function modulators, and more.30 In the
present work methanol was used as cryosolvent. Methanol
preserves protein structure and function at moderate concentrations although at higher concentration it tends to denature
protein structure and promotes helix formation.30 Some cosolvents have been shown to interact with protein surfaces in very
speciﬁc ways.28,30,36–38 Using neutron diﬀraction it was possible to locate speciﬁc cosolvent molecules on the protein surface. In studies on lysozyme, ethanol and dimethyl sulfoxide
(DMSO) were found to interact mostly with the nonpolar
(‘‘hydrophobic’’) parts of the protein.36,37
In order to investigate the dynamics of methanol-based
cryosolvent/protein solutions, neutron scattering techniques
were employed here. Neutron scattering is able to probe
directly the dynamics of proteins in solution. The present
measurements were performed on the enzyme xylanase in
solutions of diﬀerent cryosolvent concentrations. Two diﬀerent
sets of experiments were performed at the Institut LaueLangevin (ILL) in Grenoble, on instruments corresponding
to two diﬀerent timescales: the IN6 instrument is sensitive to
motions on the 100 ps timescale whereas the IN16 instrument is
sensitive to nanosecond-timescale dynamics. The results indicate that on short timescales the protein dynamics closely
follow the properties of the cryosolvent in which it is dissolved.
In contrast, nanosecond-timescale motions appear to be
relatively independent of the cryosolvent concentration
above B15% v/v methanol. This suggests that the protein
surface may be preferentially solvated by methanol, lowering
the eﬀective melting point of the solvation shell surrounding
the protein.

Methods
Data collection
The experiments were performed on a thermophilic xylanase
enzyme in D2O and in D2O–methanol mixtures. Xylanase was
chosen as it is a relatively simple enzyme that is stable and
active under all the experimental conditions of this study.39
The activity of xylanase is maintained under all the solvent
conditions used here.18 The experiments were performed using
hydrogen/deuterium exchanged proteins (twice dissolved in
D2O and freeze-dried).
A ﬁrst set of measurements was performed on the IN6 timeof-ﬂight spectrometer at the Institut-Laue-Langevin in Grenoble. The methanol : water ratio was varied, ranging in concentration from 0% CD3OD/100% D2O to 40% CD3OD/60%
D2O (concentration in v/v). Deuterated solvents were used to
reduce the scattering contribution from the solvent. The incident wavelength used was 5.12 Å. The energy resolution of
the apparatus was 50 meV, such that motions on the timescale
of B100 ps and below are accessed. All data were collected
with the sample holder oriented at 1351 relative to the incident
beam. The samples were contained in aluminium ﬂat-plate cells
of 0.5 mm thickness. Neutron scattering intensities were recorded on the following samples: 63 mg xylanase in 100%
D2O, 70 mg xylanase in 3.5% v/v CD3OD/D2O, 72 mg
xylanase in 7% v/v CD3OD/D2O, 68 mg xylanase in 15% v/v
CD3OD/D2O, 71 mg xylanase in 20% v/v CD3OD/D2O, 76 mg
xylanase in 25% v/v CD3OD/D2O and 66 mg xylanase in 40%
v/v CD3OD/D2O. The measured transmissions of these samples (and their corresponding concentration) were 0.92 (63 mg
ml1), 0.91 (70 mg ml1), 0.88 (72 mg ml1), 0.91 (68 mg ml1),
0.89 (68 mg ml1), 0.92 (72 mg ml1) and 0.90 (63 mg ml1),
respectively.
Data were collected over the temperature range from 100 K
to 300 K for each methanol concentration. The samples were
ﬁrst cooled to B100 K and then slowly reheated in steps back

to 300 K over a period of B6 h, during which time the data
were recorded. The measured elastic intensity was normalized
to 115 K to remove coherent scattering contributions.
Data were also collected on IN16, a back-scattering spectrometer with a higher energy resolution of 1.2 meV that is capable
of resolving motions on approximately the nanosecond timescale and below. These measurements were again performed on
the enzyme xylanase at diﬀerent CD3OD/D2O concentrations.
Five samples were run on IN16: 81 mg xylanase in D2O, 95 mg
xylanase in 15% v/v CD3OD/D2O, 75 mg xylanase in 27% v/v
CD3OD/D2O, 75 mg xylanase in 40% v/v CD3OD/D2O and
69 mg xylanase in 70% v/v CD3OD/D2O. The data were
collected with sample holder oriented at 1351 relative to the
incident beam. The samples were contained in aluminium ﬂatplate cells of 0.5 mm path length. The measured transmissions
(and respective protein concentrations) were 0.92 (76 mg ml1),
0.92 (88 mg ml1), 0.95 (71 mg ml1), 0.94 (71 mg ml1) and
0.97 (66 mg ml1), respectively. Samples were cooled to 80 K
then heated progressively to 320 K over 22 h, during which
time the data were collected. The measured elastic intensity was
normalized to 80 K to remove coherent scattering contributions.
Data analysis
Thermal neutrons are especially sensitive to slow, thermal
motions.40,41 Neutrons scatter strongly from hydrogen nuclei
for which they have a 10 times larger incoherent scattering
cross section than for any other nucleus. Using selective
deuteration—i.e. deuterated solvent plus exchanged hydrogens
on the protein—in principle allows us to focus on the dynamics
of the interesting parts of the system, in the present case, the
protein.
In the Gaussian approximation the incoherent scattering
function, Sinc, can be expressed as:
 2

1X 2
q  2
ui
ð1Þ
Sinc ðq; o ¼ 0Þ ¼
bi exp 
N i
6
where q is the scattering vector, 
ho the energy transfer, N the
number of atoms, bi the scattering length and hui2i the mean
square displacement of atom i.
Assuming all atoms to be identical, the sum of Gaussians in
eqn. (1) can be approximated by a single Gaussian, thus
allowing the average mean-square-displacement, hu2i, of the
atoms in the system to be obtained from the slope of the plot of
ln Sinc (q, o ¼ 0) vs. q2. However, the procedure for obtaining
mean-square displacements in this way is subject to a number
of approximations that have been demonstrated to underestimate hu2i by as much as 30% depending on the instrument
used.42
An alternative way of obtaining the mean-square ﬂuctuation
of the protein,
hu2i is directly from the integrated peak intensity
P
SINT ¼ Sinc ðqi ; o ¼ 0Þ. This approach has the advantage
i
that it does
not rely on ﬁtting the low q region of the scattering
data, a procedure that is often made diﬃcult by statistical
noise. This simpler approach uses the statistically stronger
integrated peak intensities to calculate the hu2i. SINT is expressed as:
SINT ¼ C 

X
i

b2

q2i  2 
u
6

ð2Þ

where C is a constant. This procedure was used to determine
the hu2i in the present study. The integrated elastic peak
intensities, SINT(T ), were determined by summing SINT (q, o ¼
0, T) from q ¼ 0.35 Å1 to q ¼ 1.05 Å1. This range of q was
chosen to lie in the Gaussian scattering region. SINT (T )
provides a qualitative guide of dynamic transition behaviour,
with good counting statistical accuracy.34 SINT was normalised to
T0 ¼ 115 K for IN16 and to T0 ¼ 80 K for IN6 such that
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Table 1 Average protein and solvent contributions to the total
scattering cross sections for the diﬀerent samples used (in mm2 ml1)

Protein
Solvent
Total

sinc

scoh

sinc þ scoh

27.9 (2.8)
12.3 (0.5)
40.2 (2.8)

2.1 (0.2)
46.8 (1.6)
48.9 (1.6)

30.0 (3.0)
59.5 (2.2)
89.5 (3.7)

hu2iTnormalised ¼ hu2iT  hu2iT0. In comparing the results from IN6
and IN16 the diﬀerence in the baseline temperature used for
normalisation leads to a relative increase in the hu2i values
calculated for IN6 estimated to be B0.05 Å2.

Solvent scattering
Using knowledge of the isotopic scattering cross sections and
the isotopic compositions of the various samples allowed the
protein and solvent contributions to the scattering intensity to
be estimated. The results presented in Table 1 indicate that, for
the protein solutions, about 50% of the scattering is incoherent
and 50% coherent. 70% of the incoherent scattering originates
from the protein, due to the strong hydrogen contribution.
30% of the incoherent scattering originates from the solvent
atoms and inﬂuences the observed scattering proﬁle in a
manner dependent on the solvent dynamics and the region of
q, o space examined. Most of the coherent scattering originates
from the solvent. The self-coherent contribution to this, which
is strongest in the low q regime considered here (below
B1 Å1), is dynamic in origin. In addition, there is a contribution originating from cross-correlations. The intramolecular
‘Bragg’ part of this contribution lies at q values higher than
those used here. However, a structural ‘small-angle’ scattering
contribution can also exist in the same q-range as the selfcoherent and incoherent scattering. The small-angle scattering
can be distinguished from the dynamic self-coherent scattering
by its q-dependence. To remove the temperature-independent
small-angle scattering, in the present work the scattering
proﬁles were normalized with respect to the intensities at low
temperatures (115 K and 80 K, respectively, on IN6 and IN16).
However, the remaining background scattering due to the
solvent has been shown to contribute signiﬁcantly to the
displacements calculated from neutron scattering data.43 The
results in Hayward et al.43 indicate that the solvent is expected
to contribute a constant background to the elastic peak
intensity until the solution reaches its melting temperature.
At this point the contribution from the solvent diminishes
sharply as the motions of the solvent move out of the time
windows of the instrument. This produces a saturation feature
in the integrated peak intensities in IN6 and IN16 above
B280 K. The protein contribution to the measured hu2i adds
to the solvent contribution as a steady increase with temperature of the hu2i above the dynamical transition temperature.43
In the present experiments it is diﬃcult to dissociate the
contributions coming from the protein from those coming
from the solvent as the maximum slope in the transition is
seen to coincide with the solvent melting point.
The general lowering of the transition temperature with
increasing methanol concentration that is observed in these
results (see below) could be due to the contribution of the
solvent. Methanol is a bigger molecule than water and is less
mobile. Scattering from methanol contributes 65% of the total
solvent background scattering at 70% methanol concentration.
This slow component to scattering would make a contribution
to the elastic peak intensity that would not vanish at high
temperatures, artiﬁcially lowering the average hu2i at high
temperatures.
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Fig. 1 IN6 Mean-square displacement vs. temperature for the protein
in pure D2O (—K—), 3.5% v/v CD3OD/D2O (—m—), 7% v/v
CD3OD/D2O (—.—), 15% v/v CD3OD/D2O (—’—), 20%
v/v CD3OD/D2O (—E—), 25% v/v CD3OD/D2O (—c—), and 40%
v/v CD3OD/D2O (—b—). The maximum slope of the hu2i data for
the diﬀerent methanol concentrations is presented as an inset.

Results
Mean-square-displacements
hu2i obtained for the diﬀerent samples on the fast timescale
instrument, IN6, are presented in Fig. 1. The hu2i for the
protein in pure D2O increases slowly with temperature up to
275 K, with no marked transition but a gradual increase in
slope from 250–275 K. There is a sharp transition between 275 K
and 280 K, occurring across the solvent melting point (277 K for
D2O). This strongly nonlinear increase of hu2i with temperature
is consistent with the activation of anharmonic dynamics on the
sub B100 ps timescale of the experiment.
The general form of hu2i for xylanase in the diﬀerent
methanol/water solutions is similar to that of xylanase in pure
D2O. However, several diﬀerences are apparent. The increase
in hu2i with temperature from 120 K to B240 K is greater in
the mixed solvent systems than in pure D2O, indicating that the
presence of methanol—even in small concentrations—leads to
larger displacements at low temperatures than does pure D2O.
Furthermore, the onset of the transition moves to lower
temperatures with increasing methanol concentrations (see
Table 2). Whereas a sharp transition around 275 K is visible
in the 3.5% CD3OD/96.5% D2O data set, the transition is
smoother at higher concentrations. The ‘sharpness’ of this
dynamical transition can be estimated from the maximum
Table 2 Onset and midpoint temperatures of the transition at the
diﬀerent methanol concentrations measured on IN6 and IN16
Methanol
concentration
(% CD3OD/D2O v/v)

Onset of
transition/K

Midpoint of
transition/K

IN6

0
3.5
7
15
20
25
40

275
267
265
267
255
253
240

(2)
(2)
(3)
(3)
(5)
(5)
(3)

276
274
271
273
264
262
250

(2)
(3)
(4)
(2)
(4)
(4)
(6)

IN16

0
15
27
40
70

270
200
170
170
170

(2)
(10)
(5)
(5)
(5)

277
268
255
241
210

(2)
(2)
(4)
(5)
(10)
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Fig. 2 IN16 Mean-square displacement vs. temperature for the protein in pure D2O (—K—), 15% v/v CD3OD/D2O (—m—), 27% v/v
CD3OD/D2O (—.—), 40% v/v CD3OD/D2O (—’—), and 70% v/v
CD3OD/D2O (—E—). The maximum slope of the hu2i data for the
diﬀerent methanol concentrations is presented as an inset.

gradient, at the midpoint of the transition. The concentration
dependence of this gradient is shown in the inset of Fig. 1,
which quantiﬁes the eﬀect of the transition becoming much less
sharp for concentrations above B10% CD3OD. Fig. 1 also
shows that hu2i at temperatures above the transition decreases
with increasing concentrations of methanol. This is consistent
with an increase in solvent viscosity due to the presence of
methanol.44
The corresponding data obtained from IN16 are shown in
Fig. 2. As for IN6, the 0% methanol data exhibit a slow
increase in hu2i at low temperatures until a marked transition
appears, again at 277 K, coinciding with the melting temperature of the D2O solution. At higher methanol concentrations
the onset of the transition i.e. the point above which hu2i starts
increasing with temperature more rapidly, is B170 K. Thus,
there is a relatively sharp change in dynamical behaviour from
the linear regime below 170 K to a steeper, initially linear,
increase in hu2i above 170 K. The steepness of the transition is
also presented in the inset in Fig. 2, showing the transition
again to become less sharp with increasing methanol concentration.
The hu2i data exhibits a plateau at high temperatures. This
feature is more pronounced for the nano-second timescale. The
temperature of onset of the plateau decreases with increasing
methanol concentration, going from 277 K at 0% methanol
down to 240 K for 70% methanol on IN16. Moreover the
amplitude of the dynamics at high temperatures is seen to
generally diminish with increasing methanol concentration,
though the diﬀerences for the three lower concentrations are
small.
Table 2 lists the temperatures of onset of the transition and
temperatures of its midpoint at the diﬀerent methanol concentrations as measured on IN6 and IN16.

Discussion
The sharp transition at 277 K seen in both the IN6 and IN16
data for 0% methanol coincides with the freezing point of
D2O. This suggests that pure D2O dominates the motions in
the solution. Below 277 K, the protein, which together with its
solvent, had been previously cooled to very low temperatures
of 115 K or below, is caged in ice and cannot move freely;
hence the very low hu2i.
Another feature common to the IN6 and IN16 data is that
hu2i at high temperatures (4280 K) decreases with increasing
methanol concentration (Figs. 1 and 2). This may arise from
reduced diﬀusion due to the increase in viscosity of the solution

Fig. 3 Methanol/water mixture freezing point as a function of
methanol/water concentration (v/v) (—E—). For comparison the plot
presents the temperature of the onset of the transition (—D— , —J—),
and the temperature of steepest slope of the MSD plots (—m— , —K—),
for both the IN6 and IN16 data (respectively).

with increasing methanol concentration.44 This explanation is
consistent with the IN6 data, for which the high temperature
hu2i decreases with increasing methanol concentration up to
40%, the highest concentration measured on this instrument.
However this hypothesis would not explain why the decrease in
hu2i continues in the IN16 data (Fig. 2) for methanol concentrations higher than 40%, as at about this concentration the
viscosity of bulk methanol : water solutions actually starts to
decrease with increasing methanol concentration.44
The dynamical transition onset temperature under discussion is generally lowered in the IN16 data by B70 K; in only
pure D2O is the transition maintained at around the melting
point of pure D2O (B4 1C) on both instruments. An explanation for this eﬀect may be found in the diﬀerent timescales of
the dynamics observed with the diﬀerent instruments:19–21,45
IN6 is sensitive to motions on the sub B100 ps timescale whereas IN16 can observe motion on the ns timescale.
Therefore, motions appearing at a given temperature on
the ns timescale of IN16 would appear only at higher temperatures in the B100 ps timescale of IN6. The high-temperature plateaux in the IN16 hu2i data arise due to the energy
resolution function, as explained in Becker and Smith45
and Becker et al.21
Comparison with properties of methanol/water mixtures
Fig. 3 presents the methanol/water freezing point as a function
of temperature and methanol/water concentration (taken from
refs. 44 and 46). We note that these data are for the behaviour
of hydrogenated solvents; for the deuterated solvents we are
comparing with, we would expect all the temperatures to be
higher but by no more than a few degrees (for example, pure
D2O melts at a temperature 4 1C higher than H2O, while the
melting point diﬀerence between hydrogenated and deuterated
methanol is even less). For comparison the temperatures of
maximum slope of hu2i, i.e., the midpoint of the transition (see
Table 2), are presented on the same plot. As shown by previous
work,43 the midpoint of transition—the temperature of maximum slope—can be identiﬁed with the melting temperature of
the solvent. For both the IN6 and IN16 experiments the
transition midpoint is seen to follow the methanol/water
freezing point closely, certainly within the estimated error of
the temperatures determined from the observed transitions.
Due to the diﬀerence in the timescale under investigation, the
IN6 midpoint is shifted to higher temperature compared to the
IN16 results—a result also consistent with the conclusions of
Hayward et al.43
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Fig. 3 also presents the temperatures corresponding to
the onset of the dynamical transition for the diﬀerent
methanol concentrations on the two instruments. A qualitatively diﬀerent picture emerges here. Whereas the IN6
onset temperatures again follow the methanol/water freezing
point curve, the IN16 results do not, and depart dramatically
from both the melting line and the IN6 onset temperatures.
On IN16 the onset of the dynamical transition appears
at temperatures much lower than the melting point of the
solution.
Although a conclusive explanation for the above behaviour
is diﬃcult to deduce, a possibility can be suggested. The data
can be rationalised if the hypothesis is considered, that the
protein is preferentially solvated by methanol. Cosolvents have
been shown to solvate proteins by displacing some of the looser
water molecules on a protein surface.28,30,36 In this case, then,
we could expect that in the methanol/water mixtures the
protein disturbs the solvent around it in such a way that it
eﬀectively freezes—or melts—at much lower temperatures than
the bulk. In this context, we recall that crystallographic
measurements discussed earlier28,30,36–38 conclude that, for
example, ethanol interacts with the protein surface through
contact with nonpolar groups on the surface. Therefore, we
might well expect preferential association of methanol molecules with nonpolar parts of the protein surface. Further,
recent structural studies of the methanol–water solutions
themselves show microsegregation behaviour of the alcohol
component even at relatively low concentrations (see for
example refs. 47–49). These microscopically-associating methanol molecules interact through their respective nonpolar
methyl groups. Therefore, it is these clusters, rather than single
methanol molecules, that are likely to interact with nonpolar
parts of the protein surface, enhancing further any preferential
solvation eﬀects.
This points towards the existence of a collaborative eﬀect
between the protein and methanol which results in a hydration
shell around the protein that contains excess methanol, interacting with the surface through the nonpolar groups on the
surface in a way consistent with results from related crystallographic and solution scattering measurements. The hydration shell would then exhibit a melting temperature much
reduced relative to that of the nominal concentration of the
bulk solvent. The lowest temperature at which we would expect
to see a freeing up of motions due to the melting of this shell
would be the lowest temperature at which liquid is found
to exist in the methanol–water system. For the hydrogenous methanol–water system, this lowest temperature is at
156 K.50 Considering that the corresponding minimum temperature for the deuterated system is likely to be several degrees
higher than this, the observed lowest transition temperature of
170  5 K on IN16 (Table 2) would seem to be consistent with
this hypothesis.
The question remains as to why the IN6 experiment does
not show the presence of this preferential solvation layer.
A possible explanation can again be proposed by considering
the results of Hayward et al.,43 which decomposed the changes
in the neutron scattering intensity of the total system solvent þ
protein into the contributions from the solvent and protein
separately. On longer timescales, the onset of changes in
the dynamics of the protein occurs at signiﬁcantly
lower temperatures than on the shorter timescales. These
results suggest that the onset of the transition we see on
IN16 comes from the longer timescale protein motions being
loosened up by the methanol rich solvent shell. On the
shorter (IN6) timescale, the protein motions start at a
temperature higher than the melting point of the solvent,
and are therefore masked by the solvent contribution to the
transition.

Conclusion
The results discussed above suggest that in pure water, the
solvent dictates the motions of the protein solution. Increased
dynamics is activated only at 277 K, a temperature corresponding to the solvent melting temperature. On both timescales
examined, the presence of methanol at concentrations as low as
3.5% considerably loosens protein dynamics compared to pure
water solvent. The temperature at the onset of the transition in
the mean-square displacement is seen to decrease with increasing methanol concentrations: going from 270 K for pure water
down to 240 K for 40% methanol on IN6 and down to 170 K
for 30% methanol and above on IN16.
Comparison of the protein dynamics at diﬀerent methanol
concentrations with the bulk properties of methanol/water
mixtures suggests a collaborative eﬀect between the protein
surface and methanol molecules involving a methanol-rich
solvation shell around the protein. This solvation-shell melts
at temperatures that are much lower than the melting temperature of the cryosolvent of the nominal concentration. On
the longer timescales, it is this temperature that is measured as
the dynamic transition temperature, underlining the strong
inﬂuence of the solvation shell on the ns dynamics of the
protein. On shorter timescales (B100 ps), the bulk properties
of the cryosolvent dictate the dynamics of the system and set
the observed dynamical transition temperature.
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