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Abstract. We present a Molecular Dynamics simulation study of the effect of trehalose concentration on
the structure and dynamics of individual proteins immersed in trehalose/water mixtures. Hen egg-white
Lysozyme is used in this study and trehalose concentrations of 0%, 10%, 20%, 30% and 100% by weight
are explored. Surprisingly, we have found that changes in trehalose concentration do not change the global
structural characteristics of the protein as measured by standard quantities like the mean square deviation,
radius of gyration, solvent accessible surface area, inertia tensor and asphericity. Only in the limit of pure
trehalose these metrics change significantly. Specifically, we found that the protein is compressed by 2%
when immersed in pure trehalose. At the amino acid level there is noticeable rearrangement of the surface
residues due to the change in polarity of the surrounding environment with the addition of trehalose. From
a dynamic perspective, our computation of the Incoherent Intermediate Scattering Function shows that
the protein slows down with increasing trehalose concentration; however, this slowdown is not monotonic.
Finally, we also report in-depth results for the hydration layer around the protein including its structure,
hydrogen-bonding characteristics and dynamic behavior at different length scales.

1 Introduction

Understanding anhydrobiosis in Tradigrades and Nema-
todes is a first class challenge in scientific research. Indeed,
it has been a topic of intense interest and research in the
scientific community for three decades now [1-3]. In an-
hydrobiosis, living organisms are frozen in a state where
their biological activities are almost completely halted.
This dormant state is a function of the environment sur-
rounding the organism. As long as the environment re-
mains hostile to the organism’s normal functioning as a
being, this dormant state is preserved. As the environment
becomes more hospitable, biological activity is restarted,
thus taking the organism to an active state. Depending
on the species, an increase in the amount of sugars like
trehalose and sucrose which have been reported mainly in
invertebrates and plants, respectively, or alcohols like glyc-
erol has been identified as the main reason for the onset of
anhydrobiosis [1]. This insight has already found valuable
practical applications in the formulations of dry vaccines
that reactivate once they are injected into the body. Since
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many current vaccines are protein-based, a plethora of sci-
entific studies about the behavior of proteins in various
kinds of complex, including bio-preserving, solvents have
followed. The study we present in this paper contributes
to this field by investigating the effect of trehalose con-
centration (in water) on the structure and dynamics of
globular proteins.

It has been established that trehalose is one of the
most effective substances (biopreservants) for increasing
the stability of proteins [1-7]. The presence of four hy-
droxyl groups on each ring allows for the formation of
a large number of hydrogen bonds with the surround-
ing water [8] and protein surface. Water molecules usu-
ally form a spanning hydrogen-bonded network around
the protein [9]. However, this network is destructured by
the presence of trehalose [8]. In addition, it is also well
documented that proteins require a minimum amount of
hydration to be biologically active [10,11]. The destruc-
turing [8,12] effect of trehalose leads to a decrease in the
hydration water rendering the protein inactive. Similarly,
the presence of trehalose hinders the formation of ice, thus
protecting the protein from liquid-water-to-ice transition
induced damage.
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Another important aspect of protein solutions is their
dynamic behavior. In this case, understanding the struc-
ture and dynamics of the protein-solvent interface is crit-
ical for a comprehensive understanding of the dynamic
behavior of proteins. Indeed, it is well known that the dy-
namics of proteins is slaved to the one of the surrounding
solvents [13-17]. In the case of pure trehalose, the dynamic
coupling between the protein and the solvent has been
studied by Dirama et al. [18]. In this study, the authors
concluded that the protein atoms at the core of the pro-
tein can relax at a faster or slower rate than surface atoms
depending on the dynamics of the surrounding medium
which, in turn, is controlled by temperature. The dynamic
information of the medium is transfered to the protein
through the interface thus providing a compelling argu-
ment for its study. The results of Dirama et al. [18] show
that the dynamics of proteins is heterogeneous and slaved
to the solvent. In general, Frauenfelder et al. [15] have ar-
gued that the effects of hydration and solvent viscosity are
mutually exclusive and important for understanding the
dynamics of proteins. Thus, the case of trehalose-water
binary mixtures at various concentrations provides use-
ful insights into the effect of solvent on the structure and
dynamics of the protein-solvent interface and its conse-
quences on protein dynamics.

Computer simulation studies for a protein-water sys-
tem in the 100 ps time scale have shown that dehydration
and a decrease in temperature have the same effect on pro-
tein dynamics [19]. Indeed, a decrease in the temperature
of the system reduces solvent translational motions, thus
increasing the lifetimes of protein-water hydrogen bonds
and slowing down protein dynamics. Similarly, an increas-
ing degree of dehydration makes the internal dynamics of
the protein less activated [20]. In this paper we discuss
similar findings, i.e. an increasing concentration of tre-
halose leads to higher dehydration close to the protein
surface and, consequently, to longer hydrogen bond life-
times and slower protein dynamics. This effect, which we
study at low trehalose concentration in this paper, is ex-
pected to become more significant as the concentration of
trehalose increases.

The behavior of proteins in pure water [19,21-56] and
pure trehalose [18,57] has been studied extensively using
computer simulation methods. In the particular case of
globular proteins immersed in trehalose-water binary mix-
tures Lins et al. [58] and Lebret et al. [56] have reported
studies of Lysozyme in various trehalose-water mixtures.
Indeed, Lins et al. studied the behavior of Lysozyme in
a 18% by weight trehalose-water binary mixture [58] and
concluded that trehalose helps enhance the stability of
the protein by forming a network of trehalose molecules
around the protein thereby trapping a layer of water
molecules between the trehalose network and the pro-
tein. Lerbret et al. [56] studied Lysozyme in water-sugar
(trehalose/maltose/sucrose) solutions of 37, 50 and 60%
by weight of sugar. Although the aim of the study was
to understand the differences in the behaviour of various
sugars, interesting insights were obtained for a protein in
water-trehalose binary mixtures. Trehalose was found to
be preferentially excluded from the protein surface and
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the relaxation time of the protein increased with increas-
ing amounts of trehalose.

More recently, differential scanning calorimetric stud-
ies showed that at low hydration, the denaturation tem-
perature of proteins in protein-trehalose-water ternary
mixtures closely followed the glass transition temperature
of corresponding trehalose-water binary mixtures [59,60].
Trehalose has also been called a “chemical chaperone” [61]
responsible for preserving the structure of proteins in dried
as well as lightly hydrated systems [62,63].

In this paper we focus on the changes induced in
the equilibrium and dynamic properties of the protein-
trehalose-water mixtures during the initial build-up of tre-
halose. This is important for various reasons. First, we are
interested in clarifying the equilibrium structure of the
solvent next to the protein surface. Among the various
questions we want to address, we are interested in under-
standing the conditions for the formation of the trehalose
network surrounding the protein suggested by Lins et al.
Second, as stated before, hydrogen bonds play a funda-
mental role in protein dynamics. However, in the case of
mixtures, various kinds of hydrogen bonds can form and
their effects on protein dynamics and solvent structure
must be quantified and studied. Third, the local viscosity
of the solution around the protein increases due to changes
in the local structure of water, solvent composition and
the enhanced lifetimes of the hydrogen bonding network.
It is of interest to study such increases in viscosity due
to decreases in water of hydration. It is this increase in
viscosity which is supposed to curb the internal motions
of proteins therefore contributing to its bio-preservation.
For this work we have chosen hen egg-white Lysozyme
(HEWL PDB 193L) [64] as the model protein and we will
address the first two topics leaving the third one for a
future publication.

Desiccation triggers the production of trehalose at an
elevated rate in some organisms [65]. Our interest here
is in the early stages of desiccation where the concen-
tration of trehalose is relatively low. Based on previous
work, it is reasonable to expect the protein to be prefer-
entially hydrated at higher trehalose concentrations [56].
Also, at higher trehalose concentrations, movement of wa-
ter is damped which will necessitate simulation time scales
much longer than those employed here to attain equilib-
rium. It is due to these reasons that we confine this study
to 10, 20 and 30% wt trehalose in the binary mixtures.

This paper is organized as follows. In sect. 2 we de-
scribe the details of the computer simulation protocol used
in this study. Section 3 contains the results of our study
and their discussion. Finally, we present the conclusions
in sect. 4 followed by the appropriate acknowledgments.

2 Simulation protocol

In this study we employed the AMBER. 9.0 Molecular Dy-
namics package [66] with the ff99SB [67] force field to
model the protein. Trehalose was model with the Gen-
eral Amber Force Field (GAFF) [41]. The structure and
partial charges were obtained from the work of Dirama
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et al. [18]. We modeled water with the TIP3P rigid wa-
ter model [51].

We built and equilibrated the trehalose-water mix-
tures as follows. First, a single trehalose molecule was sur-
rounded with the appropriate number of water molecules
to make unit boxes with 10, 20 and 30 percent trehalose by
weight. Afterward, these unit boxes were copied multiple
times to create a larger box for each trehalose concentra-
tion.

This box was first heated from 0 to 200 K while being
subjected to a pressure of 10atm over a period of 200 ps.
This was done to remove any voids in the box. Once the
boxes attained near cubic dimensions without voids, the
pressure was reduced from 10atm to 1latm in 3 decre-
ments of 3atm each while maintaining the temperature
at 200K and running each simulation for 100ps in the
NPT ensemble.

This was followed with two isobaric simulations; in
each of them the temperature was increased by 50 K over a
period of 100 ps and the pressure was 1 atm. This resulted
in boxes with a homogeneous distribution of trehalose in
water which were later equilibrated for 500 ps in the NPT
ensemble at 1atm and 300 K.

In the case of pure trehalose, 600 molecules were con-
fined in a cubic box which was first heated from 0 to 500 K
while being subjected to a pressure of 10atm over a pe-
riod of 200 ps. This removed the voids present in the box.
The pressure was then reduced from 10atm to 1atm in 3
decrements of 3 atm each while maintaining the tempera-
ture at 500 K and running each simulation for 100 ps in the
NPT ensemble. This was followed with two isobaric simu-
lations; in each of them the temperature was decreased by
100 K over a period of 200 ps. Afterward, the simulation
box was equilibrated for 500 ps in the NPT ensemble at
latm and 300 K.

The protein was placed in the geometric center of
the pre-equilibrated boxes of 10, 20, 30 and 100 per-
cent by weight of trehalose in water at 300 K and 1 atm.
All solvent molecules within 2A from the protein sur-
face were removed and additional solvent molecules were
added /removed to keep the concentration as desired. This
produced boxes with 48(8270), 64(4864), 116(5104) and
471(0) trehalose(water) molecules for the 10, 20, 30 and
100 percent by weight trehalose-water mixtures, respec-
tively.

The partial mesh Ewald (PME) [68] procedure was
used to calculate long-range electrostatic interactions and
the 6-12 Lennard-Jones potential was used to calculate
van der Waals interactions. A cutoff of 10 A was used for
non-bonded van der Waals interactions and was also the
cutoff used for the calculation of Ewald’s standard direct
sum; corrections are taken in to account via the recipro-
cal sum. The equations of motions were integrated using
the leap-frog Verlet algorithm with a step size of 1fs. The
Berendsen barostat was used to maintain constant pres-
sure [69] and Langevin thermostat with a collision fre-
quency of 1ps~! was used for temperature control [70].

The equilibration of the final boxes was done following
a four step process. In the first step, the energy minimized

Page 3 of 16

boxes were heated from 0 to 400 K under constant volume
conditions over a period of 500 ps. Second, the system was
cooled to 300 K over a period of 100 ps also under constant
volume conditions.

During the first two steps the motions of the atoms
in the protein were restrained using a harmonic potential
on each atom with a spring constant of 2 Kcal/mol Az,
Third, the restraints on the protein were removed and the
system was simulated for 100 ps under constant volume
conditions. Fourth, the equilibration was completed with
a 100 ps of NPT simulation. After equilibration, 50 ps of
data were collected every 10fs and then 20ns every ps
at 300K and 1 atm under NPT conditions. The first 50 ps
were collected to study the short-time dynamics of protein
and solvent using the Incoherent Intermediate Scattering
function.

In the control case, the protein was solvated with 5138
TIP3P rigid water molecules. The system was heated from
0 to 250 K at constant volume for 100 ps followed by 100 ps
of constant pressure and constant temperature simulation
at 250 K. This was followed by 1ns of heating from 250
to 300K at constant pressure. 20ns of data were then
collected at 300K and 1atm under NPT conditions.

3 Results and discussions
3.1 Protein structure

The first step in quantifying the effect of complex sol-
vents on the structure of proteins involves the evaluation
of the root mean-squared deviation (RMSD) of the pro-
tein atoms with respect to their positions in the crystal
configuration. The RMSD provides a measure of the aver-
age degree of deformation induced on the protein by the
surrounding solvent when the translation of the center of
mass of the protein and rigid-body rotations are removed
from the trajectories. We evaluated the RMSD [71] for
all the protein atoms and for the backbone atoms only,
i.e. a-carbon, carboxyl carbon and oxygen, and nitrogen
during the last 10 ns of the simulation. Table 1 shows the
results. The RMSD for all the systems studied is small
and shows no statistically significant correlation with the
concentration of trehalose. The RMSD computed using all
atoms in the protein displays a maximum at 20% trehalose
concentration. This peak is not observed when only back-
bone atoms are used to compute the RMSD which indi-
cates that the maximum in the RMSD is a consequence of
atoms present on side groups. Thus, no significant change
in the structure of the protein occurs at 20% trehalose con-
centration. However, at 100% trehalose concentration the
RMSD of the backbone atoms is larger than for the other
systems studied. This indicates a larger degree of defor-
mation of the protein. Still, the RMSD is below 2 A, so it
is small. In all the cases studied the RMSD is smaller than
2 A indicating a very small deviation of the protein struc-
ture from its crystalline configuration. These findings are
in very good quantitative agreement with previous com-
putational studies done at different trehalose concentra-
tions [56, 58].
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Table 1. RMSD of the protein atoms with respect to the crystal structure for all and backbone atoms (in A), radius of gyration
(in A) and solvent accessible surface area (in A?). Numbers in parentheses are the errors as measured by the standard deviation.

% trehalose RMSD (all atoms) RMSD (backbone) VER2 SASA

0 1.579 (0.095) 0.945 (0.118) 14.269 (0.077) 7293 (106)
10 1.511 (0.103) 0.888 (0.085) 14.296 (0.070) 7331 (94)
20 1.766 (0.188) 0.894 (0.084) 14.287 (0.065) 7320 (88)
30 1.458 (0.125) 0.907 (0.109) 14.317 (0.064) 7324 (101)
100 1.502 (0.038) 1.195 (0.038) 13.996 (0.043) 6730 (45)

We also calculated the radius of gyration of the pro-
tein. Table 1 shows this analysis for all the systems stud-
ied. As in the case of the RMSD no statistically significant
dependence of (R?) on trehalose concentration is observed.

However, in the case of pure trehalose, <R§) is smaller than
for the other systems. This indicates that the increase in
the RMSD of the backbone atoms for the case of pure
trehalose is due to the compression of the protein. This is
an interesting observation with possible connotations for
biopreservation.

Table 1 also shows the solvent accessible surface area
of the protein (SASA) which was computed using the Vi-
sual Molecular Dynamics package, VMD [26]. The size of
the scanning probe was 1.4 A which is comparable to the
size of a water molecule. As in the cases of the RMSD
and (R2), our results show the absence of any statisti-
cally significant correlation between SASA and trehalose
concentration. However, the SASA decreases for pure tre-
halose in agreement with the aforementioned compression
of Lysozyme under this condition.

To further characterize the effect of trehalose concen-
tration on the structure of Lysozyme, we computed the
inertia tensor, I [72], and asphericity, {2 [73]. Each ele-
ment of the inertia tensor was computed as follows:

I, = <Zg_1 mi((ri — 9)20i; — (ris — 9)i(ri — g)j)>

N
D k=1 Mk

and the asphericity was computed using the formula

(1)

(I — L)* + (Io — I3)? + (Is — I)?
21 + I + I3)? ’

0= (2)

where I, I and I3 are the principal moments of inertia of
the tensor I. Table 2 shows the principal moments of iner-
tia and (2. The results clearly show that the principal mo-
ments of inertia and asphericity are insensitive trehalose
concentration. Moreover, in the case of pure trehalose, we
observe a uniform decrease in the principal moments of
inertia from their values in the trehalose-water mixtures
of about 4%. This decrease does not change the value of
the asphericity indicating a uniform compression of the
protein. Various energy terms related to the structure of
the protein are shown in table 3. None of the energy terms
display a statistically significant correlation with trehalose
concentration. However, it is interesting to observe that
for the case of pure trehalose the bond energy does not

Table 2. Principal moments of inertia (A?) and asphericity.
The errors in these quantities are of the order of 1 to 2%.

% trehalose L I I3 0}
0 153.51 162.95 87.68 0.031
10 154.01 163.48 88.01 0.031
20 154.33 162.70 88.45 0.030
30 155.31 164.03 87.34 0.032
100 148.18 157.31 84.13 0.031

Table 3. Bond, angle and dihedral energies in Kcal/mol. Num-
bers in parentheses are the errors as measured by the standard
deviation.

% trehalose Bond Bond angle Dihedral angle
0 380 (16) 929 (23) 1353 (14)
10 380 (16) 932 (23) 1355 (14)
20 379 (16) 929 (23) 1354 (14)
30 379 (16) 929 (23) 1354 (14)
100 381 (16) 967 (23) 1411 (15)

change with respect to its values for the other systems
but, the energies related to the bond and dihedral angles
increase significantly. This indicates that the compression
of the protein in pure trehalose is achieved by twisting the
dihedral angles and bending the bond angles. Surely, this
must generate a significant amount of internal stress in
the protein.

The data from tables 1, 2 and 3 tell us that when
the protein is immersed in pure trehalose it occupies a
smaller volume than when it is immersed in pure water
or trehalose-water mixtures. The compression generates
the bending and twisting of bond and dihedral angles in
the protein, respectively. Additionally, the asphericity (2
shows that the compression is isotropic.

The global structural properties of the protein change
little between 0, 10, 20 and 30% wt trehalose. Possible
reason for this is that only above 37% wt trehalose there
exists a precolating hydrogen bond network [56]. Below
this limit, although we do not observe large changes glob-
ally, there are many interesting local changes as discussed
below.

A deeper study of the changes induced in the protein’s
structure can be carried out by identifying the contribu-
tions of the individual domains that comprise the protein.
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Table 4. List of domains in Lysozyme (193L).

Domain number Domain type Residue group

1 Loop 1-4

2 Helix 5-15

3 Loop 16-19
4 Helix 20-22
5 Loop 23-24
6 Helix 25-35
7 Loop 36-42
8 Beta 43-45
9 Loop 46-50
10 Beta 51-53
11 Loop 54-57
12 Beta 58-59
13 Loop 60-79
14 Helix 80-83
15 Loop 84-87
16 Helix 88-100
17 Loop 101-108
18 Helix 109-115
19 Loop 116-119
20 Helix 120-124
21 Loop 125-129

A protein’s secondary structure can be divided into a-
helices, B-sheets and loops. Using the STRIDE [74] pro-
gram implemented in VMD [26], residues of the crystal
structure of hen egg-white Lysozyme (PDB 193L) [64]
were grouped into domains of «-helices, (-sheets and
loops. The assignments of the domains are showed in ta-
ble 4. Figure 1 reveals that the domains primarily respon-
sible for the shrinkage of the protein are 1, 2, 8, 13, 17
and 18 of which the odd-numbered domains correspond
to loops, while domains 2 and 18 correspond to a-helices
and 8 is a (J-sheet. A visual inspection of the PDB file
using VMD showed that all these domains were exposed
to the solvent which explains why their SASA are more
sensitive to a compression of the protein than the other,
more buried domains.

Figure 2 provides a deeper insight at the residue
level. The changes in the SASA of individual residues
in trehalose-water mixtures is compared with the ones
in pure water and shown in figs. 2(a),(b),(c). We note
that residue CYS6 is more exposed while CYS127 is more
buried. In the crystal structure, the sulfur in residue
CYS6, which is part of the CYS6-CYS127 disulfide bond,
is on the surface of the protein. As trehalose is introduced
into the solvent, this sulfur is more exposed to the solvent
consequently pulling CYS127 away from the surface. This
contributes to the reduced SASA of CYS127. ARG112
is more buried. This contributes to the decreased SASA
of domain 18 observed in all binary solutions studied.
ARG61 is more buried in all the solutions. Both ARG61
and ARG112 are on the surface giving them access to the
solvent. This result combined with the fact that Arginines
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Fig. 1. SASA of each domain (as defined in table 4) of
the protein in trehalose-water solutions compared to the
protein in pure water. (a) 10% trehalose-0% trehalose. (b)
20% trehalose-0% trehalose. (¢) 30% trehalose-0% trehalose.
(d) 100% trehalose-0% trehalose.

are polar explains why they are more buried in the pres-
ence of a solvent (trehalose-water binary mixture) less po-
lar than water.

When the structure of the protein in pure trehalose is
compared to the one in pure water, seven of the eleven
Arginines in the protein are more buried. Arginine being
a strongly basic residue is typically found on the surface
of a protein when immersed in water. However, when it is
immersed in trehalose [75], a solvent less polar than water,
Arginine tends to reduce the area of contact. The behavior
of neutral residues however depends strongly on their spa-
tial neighbors. VAL109, for example, is surrounded by hy-
drophobic residues which tend to get exposed in pure tre-
halose causing it to be buried. On the other hand, VAL120
is surrounded by polar residues which tend to be buried
in pure trehalose; this leads to the increase in its SASA.
The reduction in the SASA of residues ASN44, ARG45
and ASN46 contributes to the decreased SASA of domain
8. A similar effect is seen in domain 13 due to ARG61,
domain 17 due to ASN103 and domain 18 due to residues
VAL109, TRP111 and ARG112.

3.2 Protein dynamics
3.2.1 Incoherent Intermediate Scattering function

The overall dynamic behavior of the protein was charac-
terized using the Incoherent Intermediate Scattering func-
tion, I(q,t), which was computed from its definition

N
1 i {r: () —r;
I(q,t) = N< E :e[m{ 5(t) J(O)}]>, (3)
j=1
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where q is the wave vector (in units of A=1), ¢ is time (in
units of ps), N is the total number of atoms used in the
evaluation, r;(t) is the position of the jth atom at time ¢
and the brackets indicate averaging over time origins. For
the evaluation of I(q,t) we used |q| = 2A~", as done in
previous studies on this subject [19,76]. Furthermore, the
results were averaged over 66 different directions of the
wave vector, . The results are shown in fig. 3. The data
for the time interval 0.01-1 ps were obtained by running a
100 ps long simulation for all the compositions and storing
the data after every 10fs. For the rest of the time interval
1ps—10ns we employed the protocol described in sect. 2.

The evaluation of I(q,t) was done using the hydrogen
atoms because of their approximately uniform distribution
through out the protein. However, the work by Sokolov
and co-workers [77,78] have shown that methyl group rota-
tion is activated at temperatures as low as 100 K degrees.
Thus, we did not consider methyl hydrogens because their
contributions would have obscured the true structural re-
laxation of the protein.

As expected from previous studies [18], we observe in
fig. 3 that the I(q,t) of the protein in pure trehalose de-
cays at a much slower rate than in solutions where water is
present; this result is in very good quantitative agreement
with previous studies [18]. Moreover, the effect of caging
on protein dynamics is clearly depicted and lasts for 5ns,
approximately. At this time trehalose is known to have a
secondary structural relaxation [18] which is known to ac-
celerate the dynamics of proteins. Thus, I(q,t) decreases
more rapidly. Note that for proteins in pure trehalose two
relaxation processes are clearly identifiable. This is not the
case of Lysozyme in trehalose-water mixtures or in pure
water. Indeed, the behavior in hydrated solutions follows

the one reported before [19,49]. For the cases of pure wa-
ter and trehalose-water mixtures one relaxation process
can be identified in the 0.1 ps time scale clearly. However,
the second process has been pushed to a timescale out-
side our time window or has disappeared altogether due
to the non-glassy behavior of water and trehalose-water
mixtures at room temperature. For the case of pure wa-
ter, the plot seems to suggest that a second plateau might
occur in the tens of ns time scale. Longer simulations are
needed to confirm this speculation.

In fig. 3 we see that as the concentration of trehalose
increases, the curves move upward showing how the effect
of caging is built up. This increase in the concentration
of trehalose decreases solvent diffusion around the protein
thus creating the cage and slowing down the dynamics
of the protein [58]. Curiously, above 2 ps, protein relaxes
faster in 30% trehalose than in 20% trehalose, although
the difference is very small. It is reasonable to expect re-
laxation times to increase with increasing trehalose con-
centrations. The observed discrepancy might be due to
insufficient length of simulations and insufficient time in-
terval between storing trajectories (we stored trajectories
every picosecond).

Finally, it is interesting to observe a very uncommon
behavior for the Incoherent Intermediate Scattering func-
tion. The I(q,t) for the cases of the trehalose-water mix-
tures do not show the typical plateau followed by a de-
cay behavior which is usually used to detect relaxation
processes. Indeed, these curves show a clear linear depen-
dence on the logarithm of time, i.e. logarithmic decay,
over two or three orders of magnitude in time. This is a
very uncommon situation since it shows the absence of a
characteristic time scale in the decay.
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Fig. 3. Intermediate scattering function of non-methyl hydrogen atoms in the protein. At short time scales, protein atoms relax
faster in 20% trehalose than in 30% trehalose solutions but the trend reverses at longer time scale.
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Fig. 4. Intermediate scattering function of non-methyl hydrogen atoms in the protein separated in to loops and helices. Plots
for 0, 20 and 100% trehalose have been included for the sake of clarity.

For the purpose of gaining a deeper insight into the dy-
namic behavior of the protein, we computed I(q, t) for two
different types of domains: loops and helices. The results
are shown in fig. 4. For each unary and binary solvent the
structural relaxation of loops is faster than the one of he-
lices as it is to be expected because of the intrinsic rigidity
of the helical structure. In addition, the logarithmic decay
is also observed for each type of domain in the cases of
trehalose-water mixtures.

As the process of desiccation progresses and more tre-
halose is found in the vicinity of proteins, the dynamics of
the protein will be more damped and start approaching

the limit of pure trehalose. This damping of protein mo-
tions as a function of trehalose content can be expected
to be non-linear as is the case with many binary mix-
tures [56]. At a critical trehalose concentration, the pro-
tein dynamics can be expected to heavily damped beyond
which damping happens only in smaller and smaller steps
as the limit of pure trehalose approaches.

3.2.2 Dynamic cross-correlation map

A different perspective on protein dynamics can be
obtained using the dynamic cross-correlation matrix,
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Fig. 5. DCCM of the a-carbons in the protein at different trehalose concentrations.

DCCM. The elements of this matrix quantify the correla-
tion between the motions of different protein atoms and
provide information about the effect of solvent on the col-
lective motions in the protein. Such correlations are cal-
culated using the equation [79-81]

<ATZ' . A’I“j>

where Ar; is the displacement of the i-th atom from its
mean position during the simulation, the dot indicates
scalar product, the brackets indicate averaging over the
entire simulation, and the possible values of the matrix
elements range from 1 to —1. Calculations based on this
method have been successfully employed to identify func-
tional domains [82] and important spatial interactions in
proteins [83].

We evaluated the DCCM for the every pair of alpha
carbons in the protein and used a gray scale to present the
data in a 2D format shown in fig. 5. The abscissa and or-
dinate correspond to residue numbers. Dark gray or black
indicates positive correlation and white indicates negative
correlation. The diagonal elements equal one since they
measure self-correlation. Figure 5 shows a clear distinction
between the hydrated and dehydrated cases. The similar-
ities of the DCCM for solutions containing water indicate
that the solvent surrounding the protein is essentially the
same for all the compositions. Thus, we can safely con-
clude that it is water that primarily coats the surface of
the protein in agreement with the exclusion principle sug-
gested by Gekko and Timasheff [44,45] and the results of
Lins et al. [58] and Lerbret et al. [56].

3.3 Dynamics of the hydration layer

We define the hydration layer as the layer of solvent that
coats the protein and has a thickness equal to 3 A. Many
properties of this layer are important and we start by look-
ing at the residence times for water molecules. The basic
idea is that if V molecules are in the layer at time 0, only a
fraction of those N molecules will still remain in the layer
at time t. At longer times, the number of water molecules
that were in the layer at ¢ = 0 reaches a constant value
which is the number of bound water molecules. The num-
ber of these bound water molecules should reveal interest-
ing information about the effect of trehalose concentration
on water molecules close to the protein’s surface. For this
computation we only used the last 10 ns of the simulations.
The data were first plotted for fourteen different starting
points spread evenly between 10 ns and 16.5ns, and these
plots were later averaged. Figure 6 shows the result for
the pure water case.

As can been seen from fig. 6, there are two kinds of wa-
ter molecules: mobile and bound. To account for the time
scale characteristic of the diffusion of the mobile water
molecules, we fitted the data with functions of the form

N(t) = Nbound + Mmobile exp(_t/Tmobile)y (5)

where, npound and Ngepbile are the number of bound and
mobile water molecules while T,oni1e 1S the diffusion time
of the mobile water molecules. At long enough times, even
the bound water molecules will be replaced by other water
molecules. Thus, the data could be better modeled using
the mathematical expression

N(t) = TMbound exp(_t/Tbound) + Nmobile eXp(_t/Tmobile)

(6)
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Fig. 6. An example to illustrate the number of water molecules
within 3 A from the protein surface as a function of time.

Table 5. Number of bound water molecules, number of mobile
water molecules and their residence times at the protein sur-
face. The bound water molecules have residence times of the
order of tens of ns for which good statistics cannot be obtained
in a 20ns simulation.

% trehalose Nuound Niobile Tmobile (PS)
0 44 207 87.64
10 26 168 145.71
20 39 145 204.64
30 42 162 227.01

instead of eq. (5). However, the T,oung was found in the
time range of 25-100ns which is much longer than the
length of the simulation in our study, 20ns. Thus, our
treatment of the slow diffusing water molecules as bound
water molecules is appropriate. This distinction between
bound and mobile water molecules has been successfully
used in literature before to explain the two vastly different
dielectric relaxation times observed for water associated
with biomolecules [84, 85].

Table 5 shows the fitting parameters for eq. (5) for all
the simulations. It is particularly encouraging to see that
the fast relaxation times are of the order of picoseconds.
This result is in good quantitative agreement with values
reported in ref. [84]. The slow relaxation times found in
this study (not reported here) are of the order of nanosec-
onds which also agree with those reported in the litera-
ture [84].

Forty-four water molecules are bound to the protein in
pure water. However, this number drops to 26 for the 10%
trehalose-90% water mixture and increases to 39 and 42
for the 20% and 30% trehalose in water mixtures, respec-
tively. Clearly, some bound water molecules are replaced
by trehalose upon the addition of trehalose to pure water.

Since trehalose is a large molecule compared to wa-
ter, a protein-trehalose hydrogen bond at a particular site
on the surface affects many other surrounding sites. This
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Fig. 7. I(q,t) of water hydrogens that are within 3 A from the
protein surface. A |q| of 6.28 A~! was used.

could explain the nearly 40% drop in the number of bound
water molecules in 10% trehalose.

However, further addition of trehalose leads to an in-
crease in the number of bound water molecules which is
roughly compensated by a decrease in the number of mo-
bile water molecules. This trend continues for 30% tre-
halose mixture.

In addition, while the number of mobile water mole-
cules in binary mixtures is less than the one in pure water,
their relaxation time increases steadily with an increase in
trehalose concentration. Clearly, an increase in the con-
centration of trehalose builds a barrier around the protein
that keeps the mobile water molecules closer to the surface
of the protein for longer times. This picture is in agree-
ment with the mechanical entrapment model proposed in
literature [58].

It is reasonable to expect a similar increase in the re-
laxation time due to a decrease in temperature, the reason
being that at lower temperatures [19] the water molecules
are less mobile and, consequently, diffuse more slowly.

In a second study of the hydration layer, we computed
the Incoherent Intermediate Scattering function for the
water hydrogens at two different length scales: 1 A and
3.1A. The first length scale provides information about
the relaxation of the internal structure of the layer while
the second length scale provides information about the
structural relaxation of the layer as a whole. The results
are shown in figs. 7 and 8. Figure 7 shows that the relax-
ation of the internal structure of the layer is insensitive
to the presence of trehalose. This is probably due to the
time scale of the relaxation which is shorter than 1 ps.
Moreover, it is interesting to observe the presence of two
relaxation processes separated by a plateau at time scales
close to 0.1ps. These two processes are independent of
trehalose concentration. Figure 8 shows the structural re-
laxation of the layer as a whole. Note that in this case,
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the relaxation needs one order of magnitude in time more
than in the previous case and it is sensitive to the con-
centration of trehalose. Clearly, trehalose molecules must
be displaced for the structure of the whole layer to relax;
thus, the higher the concentration of trehalose, the longer
the relaxation time.

3.4 Solvent structure

The standard protocol to characterize solvent structure
is to compute radial distribution functions. However, the
evaluation of this type of function becomes very complex
in the case of proteins due to the non-spherical nature of
the protein surface. Indeed, the computation of the radial
distribution function for trehalose or water molecules as
a function of the distance from the surface of the protein
becomes a computationally challenging task. The reason
for this is the calculation of the volume of a shell of thick-
ness 0r at a distance r from the protein surface, the latter
being very irregular. Moreover, this has to be done for
every time step in the simulation. Figure 9 shows a sim-
plified representation of the complexity involved in the
evaluation of the radial distribution function. Thus, we
opted for computing the distribution of solvent molecules
around the protein using the formula

nz t
Z Z TN; 47r7'25r (7)

t=

where, n; +(r) is the number of solvent molecules between
r 4+ ér and r from the protein surface at time ¢ and N; is
the total number of solvent molecules of type i, T' is the
total number of time steps in the simulation.

We computed the distribution of water molecules
around the protein using the oxygen atoms. Figure 10

Eur. Phys. J. E (2013) 36: 14

or

Fig. 9. Cartoon of a shell of water of thickness dr at a distance
r from the protein surface.

shows the distributions for the three cases analyzed in this
paper. Two distinct peaks at 1.91 A and 2.68 A from the
protein surface are clearly observed. This is in very good
quantitative agreement with work by Gu and Schoen-
born [22]. The first peak at 1.91 A is the best distance
for the formation of a hydrogen bond between a water
oxygen and a protein hydrogen. On average this is the
closest a water oxygen can get to the protein surface. The
second peak at 2.68 A corresponds to a different configu-
ration where a water molecule makes two hydrogen bonds
with the protein surface. This places the water hydrogens
at a distance 1.91 A from the protein surface and the oxy-
gen atom attached to them at 2.68 A from the protein
atom nearest to it. Figure 11 illustrates the two stable
configurations discussed here.

Figure 10 shows a large increase in the heights of the
peaks when the concentration of trehalose increases from
10% to 20%. However, the increase from 20% to 30% tre-
halose concentration does not change the heights of the
peaks significantly. It is possible that the entrapment of a
water layer is complete and thus no further increase in the
probability of finding water at the surface of the protein
is possible.

3.5 Hydrogen bond analysis

Proteins interact with the embedding solvents via non-
covalent interactions of which hydrogen bonds are known
to play a crucial role in determining the dynamics of the
protein. We have characterized the formation of solvent-
protein hydrogen bonds using standard geometric criteria:
a hydrogen bond is said to have formed if the distance
between the donor and acceptor atoms is less than 3.5 A
and the angle between the donor atom, acceptor hydrogen
and acceptor electronegative atom is more than 150° [19].
The latter is a stricter definition than the 120° commonly
used.
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Fig. 11. Positions of water molecules that gives rise to the two
peaks observed in fig. 10. Configuration A corresponds to the
peak at ~ 1.92 A while configuration B corresponds to peak at
position ~ 2.68 A which is the smallest distance between the
water oxygen and a protein atom, X in this case.

Table 6 shows the total number of protein-water hy-
drogen bonds. Note that the numbers of protein-water hy-
drogen bonds in pure water reported in this study are sig-
nificantly lower than those reported in ref. [56]. This is
due to the different definitions used to determine the for-
mation of hydrogen bonds. Indeed, ref. [56] uses a cutoff
for the donor and acceptor distance of 3.4 A and an angle
larger than 120° as compared to 3.5 A and 150° used in

this study. Similar values were obtained when we used the
cutoffs used in ref. [56].

We know that the SASA of the protein does not change
appreciably in binary mixtures. Thus, the area available
for the solvent molecules to interact with the protein re-
mains the same. In pure water there are about 196 protein-
water hydrogen bonds. At 10% trehalose, about 26 of those
hydrogen bonds are transferred from water to trehalose.
At 20% trehalose, 37 are transferred to trehalose. As ad-

Table 6. Number of protein-water (P-W) and protein-treha-
lose (P-T) hydrogen bonds. Numbers in parenthesis are the
errors as measured by the standard deviation.

% trehalose N (P-W) Ny (P-T)

0 195.82 (9.16)

10 169.30 (12.61) 25.69 (5.32)
20 157.32 (9.86) 36.96 (4.05)
30 167.93 (9.6) 24.37 (3.55)
100 90.85 (5.34)

ditional trehalose molecules are put in the solution, one
would expect additional transfer of hydrogen bonds from
water to trehalose. But the opposite is observed. Only 24
hydrogen bonds are transferred.

It is interesting to note that the total number of hydro-
gen bonds the protein makes with solvent in all composi-
tions remains around 196 except in pure trehalose where
it falls to 91. This is due to the two reasons: first, the sur-
face area of the protein in pure trehalose is smaller than
in the cases of pure water and trehalose-water mixtures
and, second, trehalose covers a larger area of the protein
surface per hydrogen bond than water.

Using the definition of hydrogen bond previously de-
scribed, we calculated the hydrogen bond correlation func-
tion, ¢(t), following the methods employed in the litera-
ture [23]

(h(0)h(t)H (1)) ()
(h(0)H(0))

where h(t) is the hydrogen bond operator which is 1 when
a hydrogen bond is present and 0 when it is absent and

c(t) =
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Fig. 12. Hydrogen bond correlation function of protein-

H(t) is an operator equal to 1 when the atoms involved
in the hydrogen bond are within a distance r. Essentially,
¢(t) is the probability that a hydrogen bond formed at
time zero exists at time t irrespective of whether it was
present or broken in between. Due to the libration and
translation of the solvent molecules, this probability de-
creases to zero quickly. The hydrogen bond network relax-
ation time, 7g, is defined as the time at which ¢(¢) decays
to 1/e [19,21] and is different from the average lifetime
of a hydrogen bond which is defined as the time of unin-
terrupted existence of a hydrogen bond. A hydrogen bond
with a molecule like water is easily broken by rotation and
translation of the water molecule. The network relaxation
time however, is affected primarily by the translation of
water molecules.

The most important pair of molecules to be studied is
the protein-water pair. Figure 12 shows that the addition
of trehalose to a protein-water system enhances the sta-
bility of the average protein-water hydrogen bond. The 75
of this pair is 5.85 ps, 7.43 ps, 11.28 ps, and 10 ps for solu-
tions with 0%, 10%, 20% and 30% trehalose concentration
in water.

A similar behavior is seen when the temperature of
a protein-solvent system is reduced. A decrease in tem-
perature decreases the mobility of molecules in the sys-
tem and, consequently, the average hydrogen bond has a
longer lifetime. This has been shown to be true in ref. [19]
for the case of Ribonuclease A in pure water and by Di-
rama et al. [57] for the case of Lysozyme in glycerol or
in trehalose [18]. Thus, the effect of an increase in tre-
halose concentration is very similar to that of a decrease
in temperature.

The second pair that we studied was the water-water
pair. It is known that water molecules form a hydrogen
bonded network around the protein [9]. A strong network

100 10000

Time (ps)

1000

water hydrogen bonds in trehalose-water binary solutions.

of water around the protein can potentially shield it from
changes in the bulk. In our simulations we have looked
at shells of water between 0-3 A, 3-6 A and 6-9 A from the
nearest protein atom. In pure water as well as in trehalose-
water binary solutions, the water molecules closest to the
protein are the least mobile while the water molecules fur-
thest from the protein surface are the most mobile. For the
purpose of illustration, we plot the case of 10% trehalose-
90% water mixture in fig. 13.

The data obtained for the 0-3 A shell for the case of the
protein in pure water and in trehalose-water binary mix-
tures show an interesting result. As the trehalose content
increases, the water-water hydrogen bonds in this shell re-
lax more slowly pointing to a stronger hydrogen bonded
network. This result is shown in fig. 14. This observation
is in agreement with the trend seen in the behavior of
protein-water hydrogen bonds.

Finally, we focus on the protein-trehalose hydrogen
bonds. The value of 7 for this pair is 1.5ns, 0.6 ns and
0.47ns in 10%, 20% and 30% by weight trehalose concen-
tration, respectively. Figure 15 shows the results. While
the 7R of protein-trehalose hydrogen bonds decreases with
increase in trehalose concentration, the 7z of protein-
water hydrogen bonds increases.

4 Conclusions

As quantified by the root mean square deviation, radius
of gyration, inertia tensor, solvent accessible surface area
and asphericity, we observe no significant difference in
the global structure of protein immersed in pure water,
10, 20 and 30% wt trehalose. Indeed, the numerical val-
ues of Ry, RMSD, asphericity and SASA are essentially
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Fig. 14. Hydrogen bond correlation function of the water molecules between 0-3 A from the protein surface in different solutions.

constant. However, at the local level, the addition of tre-
halose clearly changes the dielectric constant of the solu-
tion making it less polar. This causes the surface residues
on the protein to behave differently based on their po-
larity, spatial position and connectivity to other residues.
It is the complex interplay among all of these properties
of the residues that leads to their final structures. Thus,
the local structure of the protein (e.g. the SASA of each
residue) is different from the one in pure water. Notwith-

standing the changes at the local level, the fact that the
global structure of the protein does not change indicates
that the small changes at the residue level somehow cancel
each other out. Above 37% wt trehalose where a percolat-
ing hydrogen bond network has been observed in the liter-
ature, the behavior can be expected to be quite different.
Protein dynamics can be heavily damped and resemble
the behavior in pure trehalose.
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We studied the global dynamic behavior of the pro-
tein using the I(q,t). Our findings show that the dynamic
behavior of the protein slows down with increasing tre-
halose content. This is true at short time scales, i.e. until
about 2 ps. However, for longer time scales we showed that
the dynamics of the protein in the 20% trehalose-80% wa-
ter mixture become slower than in the 30% trehalose-70%
water mixture. The origin of this change in the dynamics
can be rationalized by studying the number of protein-
trehalose hydrogen bonds. In the case of 30% trehalose-
70% water, there are 35% fewer protein-trehalose hydro-
gen bonds than in 20% trehalose-80% water. The trans-
lation and libration of the protein involve the displace-
ment of the solvent molecules. When protein atoms are
hydrogen bonded to trehalose molecules, their dynamics
are slowed down due to the larger inertia of the solvent
when compared to a protein-water hydrogen bond. Thus, a
higher number of protein-trehalose hydrogen bonds leads
to slower dynamics in the protein. The DCCM of the o-
carbons in the protein sheds light on the local dynamics of
the protein which remain largely insensitive to trehalose
concentration in binary mixtures.

Pure trehalose, being glassy at 300 K, drastically slows
down the protein dynamics. The origin of this slow down is
two fold. First, there are more protein-trehalose hydrogen
bonds, see table 6, which slow down the dynamics of the
protein due to an increase in inertia. Second, the protein
is under isotropic compression as shown by the reduction
of its SASA by 8% when compared to the case of pure wa-
ter. This decrease, which is caused by burying the highly
polar surface residues inside the protein, reduces the space
available for the motions of atoms in the protein. Thus,
the protein does not have as much freedom to move as in
the case of water or water-trehalose binary mixtures.

The equilibrium structure of the hydration shell was
studied and the results show the existence of two peaks in
the distribution of water around the protein. The peaks
occur at distances of 1.91 A and 2.68 A from the protein
surface and they do not change with changes in the con-
centration of trehalose. However, their heights do change.
Upon an initial addition of trehalose, the heights of the
peaks increase until about 20% trehalose concentration in
water. Beyond this concentration the heights remain con-
stant. This was interpreted as the near-complete wetting
of protein surface around 20% trehalose, consequently, no
significant change was observed at higher trehalose con-
centration.

Finally, we also explored the dynamics of the hydra-
tion layer at two different length scales: 1 A and 3.1 A. We
found that the dynamics are insensitive to trehalose con-
centration when explored at short length scales. However,
when studied at long length scales, the dynamics of the
layer were found to be very sensitive to trehalose concen-
tration.
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