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A transition as a function of increasing temperature from harmonic
to anharmonic dynamics has been observed in globular proteins by
using spectroscopic, scattering, and computer simulation tech-
niques. We present here results of a dynamic neutron scattering
analysis of the solvent dependence of the picosecond-time scale
dynamic transition behavior of solutions of a simple single-subunit
enzyme, xylanase. The protein is examined in powder form, in D0,
and in four two-component perdeuterated single-phase cryosol-
vents in which it is active and stable. The scattering profiles of the
mixed solvent systems in the absence of protein are also deter-
mined. The general features of the dynamic transition behavior of
the protein solutions follow those of the solvents. The dynamic
transition in all of the mixed cryosolvent-protein systems is much
more gradual than in pure D;0, consistent with a distribution of
energy barriers. The differences between the dynamic behaviors of
the various cryosolvent protein solutions themselves are remark-
ably small. The results are consistent with a picture in which the
picosecond-time scale atomic dynamics respond strongly to melt-
ing of pure water solvent but are relatively invariant in cryosol-
vents of differing compositions and melting points.

X-ray diffraction, dynamic neutron scattering, and various
spectroscopies have demonstrated a quantitative change in
the nature of internal motions of proteins, at ~200-220 K (1-8).
Below this transition, the internal motions are essentially har-
monic whereas above it anharmonic dynamics contribute and, at
physiological temperatures, dominate the internal fluctuations.
The anharmonic motions may involve confined continuous
diffusion (6, 9) and/or jump diffusion between potential energy
wells associated with “conformational substates” of slightly
different structure in which proteins are trapped below the
transition (2, 10-12).

Correlations have been made between some protein functions
(such as ligand binding, electron transfer, and proton pumping)
and the presence of equilibrium anharmonic motion (8, 13-17).
Recent x-ray diffraction work on carbon monoxy-myoglobin
showed that, below 180 K, photodissociated ligands migrate to
specific sites within an internal cavity of an essentially immobi-
lized, frozen protein, from which they subsequently rebind by
thermally activated barrier crossing (18). On photodissociation
above 180 K, ligands escape from the distal pocket, aided by
protein fluctuations that transiently open exit channels.

The increased flexibility conferred by anharmonic dynamics
may indeed be required for some proteins to rearrange their
structures to achieve functional configurations. However, the
forms and time scales of the anharmonic motions required for
function are in general unknown. In particular, it was recently
shown that, in cases of enzyme activity in a cryosolvent, the
rate-limiting step is independent of the ~220 K dynamic tran-
sition (19, 20). Furthermore, it was demonstrated that dynamic
transition temperatures in a cryosolvent solution of glutamate
dehydrogenase are strongly dependent on the time scale of the
motions involved (21).

To further understand the nature of dynamic transitions in
proteins, it is particularly important to characterize solvent

effects. Solvent can in principle affect protein dynamics by
modifying the effective potential surface of the protein and/or
by frictional damping (22, 23). Solvent viscosity is known to
influence fast, diffusion-limited reaction rates in, for example,
ligand binding to myoglobin (24). Changes in the structure and
internal dynamics of proteins as a function of solvent conditions
at physiological temperatures have been found by using several
experimental techniques. In the absence of minimal hydration,
lysozyme does not function (25), and related NMR measure-
ments of exchangeability of the main chain amide hydrogens
suggest a hydration-related increase in conformational flexibility
of the protein (26), which may be coupled to (probably small)
Raman-detected conformational changes that appear to be
necessary before activity (26, 27). Rayleigh scattering of Moss-
bauer radiation demonstrated an increase of dynamic amplitudes
on hydration of myoglobin (28). This increase was also found in
subsequent neutron work on lysozyme powders (29), and qual-
itatively similar results have been found in more recent neutron
work on parvalbumin, lysozyme, myoglobin, and the bovine
pancreatic trypsin inhibitor (23, 30-33).

It is clear from the above and other work that solvent affects
protein dynamics at physiological temperatures. Therefore, a
solvent dependence of the dynamic transition might be expected.
Indeed, measurements on CO binding to myoglobin indicate that
dynamic behavior of the protein is correlated with a glass
transition in the surrounding solvent (34, 35), and a recent
molecular dynamics analysis of hydrated myoglobin also indi-
cates a major solvent role in protein dynamic transition behavior
(36). Several recent neutron studies have been made of envi-
ronmental effects on the dynamic transition in proteins. These
studies indicate that gross changes in the environment, such as
dehydration or trehalose embedding, can abolish the transition
(14, 37, 38).

Here, we examine how modification of the composition of the
solvent affects dynamic transition behavior by using neutron
scattering, which provides a means of directly probing atomic
fluctuations in protein solutions (32, 39). The dynamic informa-
tion is obtained from the elastic scattering, which can be used to
derive the cross section-weighted average mean-square displace-
ment (u?) of the atoms in the solution. The (u2) contains
contributions from all motions resolvable by the instrument
used, which in the present experiments corresponds to those
faster than ~100 ps. It is found that, in pure water, the dynamics
reflect melting but are invariant in cryosolvents of strongly
different composition and phase transition behavior.
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Methods

The experiments were performed on a thermophilic xylanase
enzyme in a dry powder, in DO, and in single-phase water-
solvent mixtures consisting of 40% CD;OD/60% D)0, 70%
CD50D/30% D0, 40% DMSO/60% D0, and 80% DMSO/
20% DO (all solvent percentages are by volume). The corre-
sponding mixed solvent solutions in the absence of protein were
also examined. These cryosolvents were chosen because they are
all well-characterized and maintain enzyme activity. The xyla-
nase was chosen because it is a relatively simple, single subunit
enzyme that is stable under all of the experimental conditions
used in this work and active down to at least 190 K. The enzyme
was purified and assayed as described elsewhere (19, 20). For the
40% CD3;0D/60% D>0O and 70% CD3;0OD/30% D-O solvents,
xylanase activity data exist (40, 41). As found in previous work
(20), all of the xylanase activity was recovered at the end of the
present experiments, confirming that the enzyme is stable under
all of the experimental conditions used here.

The dynamic neutron scattering measurements were per-
formed on the IN6 time-of-flight spectrometer at the Institut
Laue-Langevin, Grenoble. The incident neutron wavelength was
5.12 A, and energy resolutionwas 50 ueV. All data were collected
with the sample holder oriented at 135° relative to the incident
beam. The samples were contained in aluminum flat-plate cells
of 0.7 mm thickness for the protein—cryosolvent and 2 mm
thickness for the cryosolvent solutions. The following protein
samples were run (with their measured transmissions in paren-
theses): 68 mg/ml xylanase in 70% CD30D/30% D,0 (0.89); 68
mg/ml xylanase in 40% CD3;OD/60% D,O (0.88); 51 mg/ml
xylanase in 80% DMSO/20% D,0 (0.87); 68 mg/ml xylanase in
40% DMSO/60% D,0 (0.90); 100 mg/ml dry powder xylanase
(0.98); and 100 mg/ml xylanase in D,O (0.90).

The dry powder was prepared by freeze drying and then
holding at 100 milliTorr for 2 days at 200°C. The following
perdeuterated solvents were run: 70% CD30D/30% D»0O (0.80);
40% CD;0D/60% D>O (0.79); 80% DMSO/20% D,0O (0.80);
40% DMSO/60% D,O (0.86); and pure D,O (0.82).

Samples were first cooled to 110 K and then heated back up
to 300 K in steps of 10 K. Raw data were corrected in identical
fashion. The elastic intensity was determined by integrating the
detector counts over the energy range of the instrumental
resolution. The detectors were calibrated by normalizing with
respect to a standard vanadium sample. The cell scattering was
subtracted, taking into account attenuation of the singly scat-
tered beam. Finally, the scattering was normalized with respect
to that at the lowest measured temperature, 110 K.

The quantity measured in neutron scattering is the dynamic
structure factor, S(q,w), which is a function of the scattering wave
vector q and the energy transfer o (32, 29). S(q,w) has two
components: incoherent (which arises from self-correlations in
the atomic positions) and coherent (which arises from self- and
cross-correlations in the atomic positions). The incoherent scat-
tering cross section (scattering power) for hydrogen is an order
of magnitude greater than any other cross section in biological
systems. Therefore, the hydrogen incoherent scattering domi-
nates the signal from the protein. Because hydrogens are evenly
distributed in a protein, the protein scattering gives a global view
of the protein motions. To maximize the contribution from the
protein motions under controlled conditions, the present exper-
iments were performed by using fully deuterated solvents and
hydrogen/deuterium exchanged proteins (twice dissolved in
D,O and freeze-dried). This deuteration procedure serves to
ensure that the solvent is fully deuterated (and not partially
hydrogenated by exchange of hydrogen from the enzyme) and
that no change in the deuteration of the enzyme or solvent occurs
during the experiment. The consequent partial deuteration of
the enzyme is limited to the exchangeable hydrogens, which
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means that the hydrogens left are essentially all in the protein.
Knowledge of the isotopic scattering cross sections and isotopic
compositions of the samples then indicates that, for the protein
solutions, about 50% of the scattering is incoherent and 50%
coherent. Seventy-five percent of the incoherent scattering
originates from the protein, because of the strong hydrogen
contribution. Therefore, 25% originates from the solvent atoms
and will influence the observed profile in a manner depending
on the solvent dynamics and the region of q,w space examined.

The isotopic coherent scattering cross sections and protein
solution sample composition indicate that most of the coherent
scattering originates from the solvent. The self-coherent contri-
bution to this, which is strongest in the low q reglme considered
here (below 1 A1), is dynamic and identical in form to the
incoherent scattering from the same atom (the amplitude is not
identical because it is weighted by the coherent cross section)
(39). In addition, there is a contribution originating from cross-
correlations (i.e., distance distributions). The intramolecular
“Bragg” part of this contribution lies at q values higher than
those considered here. However, a structural “small-angle”
scattering contribution can also exist in the same q-range as the
self-coherent and incoherent scattering. The small-angle scat-
tering can be distinguished from the dynamic self-coherent
scattering by its q-dependence. To remove the temperature-
independent small-angle scattering, the scattering profiles were
normalized with respect to the intensities measured at 110 K. For
the protein solution samples examined here, there was no
evidence for additional temperature-dependent, small-angle
coherent scatterlng

We define (u}) as the mean-square displacement of the Lth
atom, where the brackets indicate an ensemble-average. If qXu?)
< 1, the elastic incoherent scattering is given by (39)

2 binc e

L

1
Sinc(@y0 = 0,T) = - gD, [1]

where by is the scattering length of atom L. Assuming a uniform
mean-square displacement (u?), this (u?) can be accessed by
performing a plot of In S(q, = 0,7) vs. > and taking the limiting
slope as q—0 at each temperature. In the present work, the (u?)
thus determined is equal to (u?)7 — U?)110), where U)o is the
absolute mean-square displacement at 110 K. (u?) is analogous
to that obtained by x-ray crystallographic temperature factor
analysis except that it is molecule averaged, time resolved, and
purely dynamic, i.e., without a static disorder contribution.

We introduce here the integrated elastic intensity Sinr(7),
obtained by summing S(q,w = 0,7) over a range of small q values.
Sint(7) provides a qualitative guide of dynamic transition be-
havior, with good counting statistical accuracy, and it is espe-
cially useful in cases where the In S(q,0 = 0,7) vs. ¢® plots are
too noisy to extract meaningful (u?) data, such as was found for
the pure solvent samples in the present work. The improved
statistics are obtained by integrating over a range of q chosen to
lie in the dynamic scattermg region, i.e., the straight-line regions
in the In S(q,0 = 0,7) vs. > plots (035 <q<103A'in Fig.
2). The approximate physical sense of Sint(7) can be appreci-
ated by expanding the exponential in Eq. 1 to first order,
integrating over ¢, and averaging over the atoms. One then
obtains that Sint(T) « —(u?).

In certain pure solvent systems, significant temperature-
dependent small-angle coherent scattering was found (see Re-
sults). The pure solvent Sinr(7) should therefore be considered
only as an approximate guide to the dynamic transition behavior
of the pure solvent systems studied. Moreover, relatively poor
counting statistics were obtained for the pure solvent samples,
due in part to the absence of strongly scattering hydrogens,
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rendering impossible the extraction of statistically significant
mean-square displacements for these samples.

Structural and Thermodynamic Measurements on the Solvents. X-ray
scattering experiments on the cryosolvents were carried out
down to 110 K in Debye-Scherrer geometry on line 9.1 at the
Daresbury Synchrotron Radiation Source (Daresbury, U.K.)
using a curved image-plate detector system (41). The cryosol-
vents were in standard 0.7-mm, thin-walled glass capillary tubes.
The cooling rate of 120 K/h was similar to that used in the
neutron experiments, and the warming rate was 360 K/h. The
scattering from the samples was observed on both cooling and
warming at a number of intermediate temperatures. The pres-
ence of crystallization was identified by the appearance of
powder diffraction peaks. Where no crystallization was ob-
served, the changes to measured diffraction patterns were as
would be expected from a liquid or glass on changing the
temperature. Samples were also examined visually during image
plate changes down to 110 K for any change in optical opacity
that would have indicated possible changes, such as crystalliza-
tion or phase separation. Differential scanning calorimetry
(DSC) measurements were made by using a Shimadzu DSC-50
differential scanning calorimeter. Samples were sealed in 50 u/
aluminum crucibles (sample weights between 25 and 40 mg) and
cooled down by using a flowing nitrogen atmosphere. All data
were collected in heating at a standard rate of 10 K/min (42).

Results

Dynamic Neutron Scattering. In Fig. 1 are presented Sint(7) for the
samples. For the protein samples, it was possible to fit the data
to straight lines in semilog plots of In S(q,0 = 0,T) vs. g (an
example of such a fit is given in Fig. 2) so as to obtain
corresponding mean-square displacement data, which are shown
in Fig. 3. The dry powder Sint(7) profile in Fig. 14 shows only
a relatively small decrease, with temperature over the range
examined (from 110 K to 300 K), and there is a correspondingly
small increase in (u?) in the data in Fig. 34. The major compo-
nent of this (u?) is expected to be due to small-amplitude,
solid-like, vibrational dynamics, the physical nature of which has
been explored (43) although one cannot rule out the existence
of a small anharmonic contribution. The profile indicates that,
in dehydrated powder form, xylanase does not possess a marked
transition in the neutron scattering data, consistent with previ-
ous work on other proteins (14, 15, 28).

For the pure D,O sample in Fig. 14, there is a significant
decrease with temperature from 110 K to 280 K, without any clear
transition but with a gradual increase in curvature. The profile is
again consistent with predominantly vibrational fluctuations, but of
larger amplitude than in the dry protein powder. Between 280 K
and 290 K, there is a sharp transition occurring slightly above the
thermodynamic melting point, the latter being at 277 K. This
strongly nonlinear increase of (u%) with T is consistent with the
activation of anharmonic picosecond dynamics.

The general form of Sinr(7) for xylanase in D,O resembles
that of the pure D,O, again with a sharp transition associated
with melting of the solution. Fig. 34 indicates that the melting
transition in the xylanase/D,O system is associated with an
8-fold increase in the mean-square displacement over the tem-
perature range 270-290 K. In Fig. 14, the drop starts earlier and
is less steep than that of D,O, indicating that the transition in the
protein solution is slightly more gradual and begins at a slightly
lower temperature (=270 K). This suggests that the protein acts
to depress the dynamic transition temperature. Experiments
performed on glutamate dehydrogenase and myoglobin in D,O
(not shown) produced results similar to the present xylanase
work.

A phenomenon seen in all of the systems is that, below the
transition, Sint(7) is higher for xylanase solution than for the
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corresponding pure solvent. This indicates that, in the protein
solution, the atomic fluctuations are decreased relative to those
in the pure solvent. This may reflect the relatively high packing
of the protein interior, which might lead to restricted vibrational
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Table 1. Thermodynamic and stability data

Solvent melting Half-life of

Solvent temperature, K xylanase in solvent
70% CH30H/30% H,0 188 20 min at 50°C
40% CH30H/60% H,O 233 18 h at 60°C

80% DMSO/20% H,0O 235 <2 min at 50°C
40% DMSO/60% H,0 232 6 h at 80°C

The stability data were taken at temperatures well above that at which the
present experiments were performed. The half-lives at the temperatures used
in the present neutron work are very much longer than those given here. The
half-life of xylanase in water is >20 h at 95°C.

motion relative to in-bulk solvent. Furthermore, the amplitude
of the vibrational modes of the solvent molecules could be
reduced by interaction with the protein.

The decrease of Sin(7) with T'in all four enzyme—cryosolvent
systems and the corresponding pure solvents (Fig. 1 B and C) is
much more gradual than in the D,O samples. To a first approx-
imation, the dynamics of the protein solutions follow that of the
pure solvents. Sint(7) decreases continually over the whole
temperature range examined. For some of the samples, uneven-
ness in Sint(7) is seen at low temperatures (below 220 K). This
is likely to be related to the thermodynamic and structural phase
transitions in these samples discussed in the next section; some
contamination from small-angle scattering cannot be ruled out.
Apart from this contamination, no clear inflection points in
Sint(T) are visible for the pure CD;0D/D,0 samples whereas
for the DMSO samples a change of slope is seen at ~200-220 K.

The dynamic transition behavior of the protein—cryosolvent
solutions is clearly visible in the (u?) vs. T plots in Fig. 3. In the
protein—cryosolvent solutions, large-amplitude anharmonic dy-
namics are activated at significantly lower temperatures than in
the protein/D,O sample, and the increase of (u?) with T is much
more gradual, resembling that seen in hydrated protein powders
(7). The (u?) data in the four cryosolvent-protein systems are
virtually identical.

Structural and Thermodynamic Properties of the Solvents. Published
melting temperatures in the hydrogenated mixed solvents (44, 45)
and data on the enzyme stability in the mixed solvents are given in
Table 1. Three of the four solvents melt in the range 232-235 K
whereas the 70% CH3OH remains liquid to below 190 K.

The DSC and synchrotron x-ray diffraction measurements
were performed to provide additional structural and confirma-
tory thermodynamic information on the perdeuterated pure
solvents. Both methods were used to indicate the presence of
phase changes, whereas the diffraction data additionally probed
structural effects as evidenced by the appearance of Bragg peaks,
using heating/cooling rates closely similar to those used in the
neutron experiments. The DSC indicated that the melting tem-
perature is at 170-190 K for the 70% CD30D/30% D,0O sample
and ~235 K for the 40% CD3;0D/60% D,0O sample, consistent
with the above published results.

All solvents showed noticeable Bragg scattering at low
temperatures at q > 0.8 AL For the 70% CD;0D/30% D,0O
sample, this was visible at temperatures below 190 K, whereas
the 40% CD3;0D/60% DO solution exhibited Bragg diffrac-
tion at 220 K but not 245 K (intermediate temperatures were
not examined). These results are consistent with the above
published melting temperatures and our DSC measurements.
The 40% CD3;0D/60% D,0O sample also exhibited small-angle
x-ray scattering at very low q (0.34 A~1) at 160-180 K,
suggesting some long-range periodicity accompanying the
formation of microcrystallites at these temperatures in this
sample. The above Bragg scattering is consistent with the
Sint(7) data in Fig. 1B, which shows nonsmooth behavior
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below 235 K for the 40% CD;OD/60% D,O sample but
smooth behavior in the 70% sample. The nonsmooth behavior
may be due to dynamic effects accompanying structural phase
transitions or due to contamination of Sint(7) by low-q
diffraction in the sample. The x-ray data for both the 80% and
40% DMSO solvents showed complex solid-state phase be-
havior between 170 K and 210 K, which, for the 80% sample,
could be related to the uneven Sint(7) and the peak in (u?) at
190 K and 200 K seen in Fig. 3B. The final melting temperature
was between ~230-245 K for both these samples, again
consistent with the results of refs. 44 and 45.

Discussion

A number of investigations strongly suggest that the intrinsic
anharmonicity of the protein potential surface will be modulated
by qualitative changes in solvation conditions (see, for example,
refs. 14, 16, 22-33, and 37). The present results indicate a large
effect of solvent on dynamic transition behavior by showing that
the fast picosecond fluctuations of concentrated protein solu-
tions largely follow those of the corresponding pure solvents.

The compositional inhomogeneity of the mixed solvents may
play a role in the nonlinear increase of (u?) in the protein—
cryosolvent systems being much more gradual than in D,O (Fig.
3). This (u?) behavior is consistent with the presence of a
distribution of energy barriers, with successively higher barriers
being crossed on the picosecond time scale with increasing
temperature. This is in contrast to the abruptness of the tran-
sition in D,O, which indicates a more cooperative dynamic
transition, associated with the melting point. The cooperativity
may in principle involve both the ice—water structural transition
and associated whole-molecule diffusion.

The results also indicate that, in solutions of proteins in
markedly different cryosolvents, similar picosecond dynamic
transition behavior is seen. The (u?) data for xylanase in all
four cryosolvents are closely similar, with onset of anharmo-
nicity seen at ~230 K (Fig. 3). This is around the highest
melting points of three of the four cryosolvents which are at
232-235 K. Therefore, the dynamical transition behavior of
these three samples occurs at about the same temperature as
their phase transition. However, although the highest melting
point for 70% CDs0D/30% D,0 is below 190 K, no associated
activation of the picosecond dynamics is seen close to this
temperature in the corresponding protein solution. The 230-
235 K transition does remain, although perhaps at a slightly
lower temperature than for xylanase in 40% CD;OD/60%
D,0O. Remarkably, then, there is little difference in the tem-
perature dependence of the picosecond dynamics of protein—
cryosolvent samples here that contain very different propor-
tions of the mixed solvents and water contents and have very
different highest melting points. Melting of the 70% CDsOD/
30% D,0 solvent system has no measurable effect on the fast
dynamics. The present results also raise the interesting ques-
tion as to how the dynamics will vary as the proportion of
CD3;0OD (or DMSO) is decreased, i.e., whether there is a
(perhaps narrow) concentration range where a “switch” to the
sharp D,0O transition behavior takes place.
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Structural effects that might be related to the presently
observed dynamic insensitivity to cryosolvent composition
would be interesting to investigate. One possible explanation
might be that the structure of the solvent shell of the enzyme may
be qualitatively similar in all of the cryosolvents but different
from pure water. What limited evidence we do have from
crystallographic studies in mixed solvents suggests that the
non-water solvent molecules do interact with certain parts of the
protein surface directly (46—49). However, although xylanase is
active in all of the cryosolvent mixtures used here, the mixtures
do destabilize the protein relative to water, and they do so to
differing degrees (See Table 1). Therefore, if the effect of a
solvent on stability is mediated in part by perturbing the shell of
molecules closest to the protein, then these stability results would
indicate that the composition of the solvent shell is not similar
in each sample.

Another possibility, suggested by a referee and consistent
with the present and other data, is that the onset of the
anharmonic protein motion takes place at a temperature,
determined either by the solvent or by the protein, being
governed by the component having the higher transition
temperature. According to this scenario, the solvent would
drive the transition in the pure D,O solution whereas the
protein would drive it in the 70% CD3;0D/30% H,O system,
for which in the absence of protein the solvent melts at about
190 K whereas the onset of anharmonicity is seen at ~230-240
K. For the other mixed solvent systems, the protein and solvent
transition temperatures would essentially coincide. This ex-
planation is consistent with molecular dynamics simulations of
isolated myoglobin, for which an intrinsic protein dynamic
transition was seen at ~220 K (50) and is also in agreement
with the “protein cold/solvent hot” and “protein hot/solvent
cold” results in the recent molecular dynamics simulations of
hydrated myoglobin by Vitkup et al. (36).

In the future, it will be important to determine the time scale
dependence of the solvent influence on dynamic transition
behavior. Although it is shown here that the phase transition
behavior of xylanase in 70% CD;0OD/30% D;0 is decoupled
from the picosecond dynamic transition behavior, it is likely to
be coupled to slower motions. Furthermore, because the time
scale accessed in the present experiments is also well sampled
with modern computer power in molecular dynamics simulation,
this computational technique can in principle be used to obtain
a detailed decomposition of the dynamic transition behavior
revealed here.
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