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Biopreservation has been a critical area of technical and scientific research as it enables various forms of biomolecular therapeutic
agents to find practical use in medicine. The mechanism at which biomimicry-inspired solutions to stabilize biomolecules has
been of great scientific interest. We have studied the behavior of lysozyme immersed in glycerol and trehalose, two solvents
frequently used in the bio-preservation of proteins, with the purpose of identifying the microscopic origins of their very different
dynamical suppression capabilities. In agreement with experiments, we find that glycerol is superior to trehalose at low
temperatures, although the latter is deeper in the glassy state, while trehalose is better at higher temperatures. We traced the basis
of this phenomenon to the different temperature dependencies of the intermolecular hydrogen bonds between the model protein

structure and the surrounding solvent.
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1. INTRODUCTION

Biomolecules are essential for life. They represent
therapeutic agents and targets in treating various medical
diseases and conditions. Biological activity and properties of
biomolecules (e.g., deoxyribonucleic acid (DNA),
ribonucleic acid (RNA), proteins) depend on their three-
dimensional (tertiary) structure. The tertiary conformational
structure also dictates the biological activity of proteins such
as enzymes, transporters, growth factors, receptors,
antibodies, and signaling molecules. When biomolecules are
introduced into environments with high or low temperature,
acidity, pressure etc., they can go through significant and
irreversible conformational changes (i.e., denaturation) that
make them biologically inactive.

Understanding the molecular basis of the denaturation
process and the investigation of the stability of proteins is an
active area of interest in biological physics[1], [2]. Such an
understanding is crucial in the development of various
biomedical applications.[3] In fact, the scientific knowledge
in this field built over the years has resulted in many real-life
applications such as in developing detection kits for
antibiotics resistant bacteria[4], lyophilized preservation of
bone morphogenetic protein[5], biopreservation systems to
preserve not just proteins but also cells[6], and stabilization
of lyophilized antibody powders[7]. It is now well
established that many sugars and polyols act as
cryoprotectants in various species[3]. Hence, they are used

in pharmaceutical applications of proteins as active
ingredients. Their addition to the formulation help improve
the stability of the active protein and extend the shelf life.

Among the various bio-preserving agents available, glycerol
(1,2,3-propantriol) has proven to be very efficient in
stabilizing the native state of proteins and the activity of
enzymes at low temperatures.[8] Specifically, for low-
temperature applications, glycerol has proven to be superior
to other bio-preserving agents such as sugars. However, one
sugar, trehalose (a-D-glucopyranosyl a-D-
glucopyranoside), is known to be more effective than
glycerol at room temperature and it has been reported to be
the most effective bio-protecting agent by means of
functional recovery[9]. On the other hand, studies of
geminate CO combination to myoglobin in trehalose and
glycerol environments showed significant differences in
terms of reaction kinetics.[10], [11] Counterintuitively, the
rebinding kinetics was found to be faster in trehalose than in
glycerol at low temperatures (<215 K). The mobility of
myoglobin was higher in trehalose than in glycerol. This
experimental finding has posed an unanswered question of
how glycerol is more effective than trehalose at low
temperatures.

The biological function of proteins shown to be reliant on
structural fluctuations among their various conformational
sub-states[12]. Consequently, the study of the dynamics of
proteins is valuable for the understanding of the biological
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activity and the stabilization by the bio-preserving agents.
Low-temperature Raman spectroscopy of lysozyme
embedded in glycerol and trehalose has revealed that the
former is a better bio-preserving agent than the latter even
though trehalose is deeper in the glassy state.[13] On the
other hand, trehalose was found to be more efficient at high
temperatures. These results correlate with the kinetics of CO
rebinding to myoglobin.[11] Namely, at low temperatures (<
200 K), glycerol inhibits the reaction kinetics more
effectively. Caliskan et al.[13] argued that these
counterintuitive findings in the dynamics of the protein are
not due to the decoupling of protein-solvent interactions,
rather the fragile character of trehalose. Namely, a lower
energy barrier for conformational fluctuations in trehalose
lead to a lower energy barrier for conformational fluctuations
in the protein. However, experimental or theoretical
evidence has not been presented and the nature of these
interactions remains to be explored.

The main goal of this study is to identify and study the
protein-solvent interactions based on the same model system
(i.e., lysozyme in glycerol and trehalose) and to bring
insights into to the peculiar influence of these two solvents
on the dynamical behavior of proteins[14], [15] using
Molecular Dynamics (MD) simulations.

2. MODELING AND SIMULATION METHOD

The simulations were performed AMBER molecular-
dynamics package[16] with ff99 force field[17] to model
lysozyme, trehalose and glycerol. The crystal structures of
the solvent molecules (trehalose and glycerol) were
optimized using the software package GAUSSIAN 03.[18]
The same package was used to determine the electrostatic
potentials on atom surfaces. The source of the 3-dimensional
structure of our model protein (lysozyme, 193L) was
retrieved a structural database.

The 6-12 Lennard-Jones potential was used for the van der
Waals interactions. The Lennard-Jones parameters for the
lysozyme-solvent interactions were calculated using the
standard combination equations. The electrostatic
interactions were determined using the particle-mesh Ewald
method with a cutoff distance of 0.8 nanometers.

The initial velocities of atoms were assigned randomly using
the Leap-frog Verlet algorithm. 1 fs of the simulation step
size was used.

Rectangular and parallelepiped simulation box was created
and periodic boundary conditions were used. Solvents were
equilibrated at room temperature. The protein was placed in
the middle of the simulation box after energy minimization.

The protein-solvent mixtures went through a series of
equilibration steps in both the constant volume (first at 500
K and then at 300K) and the constant pressure conditions
(0.1 MPa) for over 600 ps. After the equilibrium stages, the
simulation was run at constant pressure conditions for over 2
nanoseconds.
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The system was cooled down from an equilibrated state to
low temperatures using 0.1 K/ps cooling rate for a 50K
interval. Once the desired temperature has been reached, a
further constant pressure equilibration simulation was run for
300 ps. Only after the system has reached the equilibrium,
the data collection simulations were run.

3. RESULTS AND DISCUSSION

In order to reveal the impact of solvents on the dynamics of
our model protein, i.e., lysozyme, within a nanosecond (ns)
time range, we compared the dynamics of lysozyme in each
solvent. We compared the ratio of the mean square
displacement ((u?)) of lysozyme in glycerol to the one in
trehalose at 1 ns resolution shown in Figure 1. Clearly,
glycerol provides a better suppression of the dynamics as
compared to trehalose at low temperatures in alignment with
experimental studies[13] .

We used incoherent intermediate scattering function
(S(g,t)) in addition to {u?) to study lysozyme’s dynamics.
The formula for S(g, t) is given below.

N
S(q,t): %<Z e'q;{ itR j(0)]> (Equation 1)
=1

Here, q is the scattering wave vector, t is time in n. N stands
for the number of hydrogen atoms, Rj(t) is the three
dimensional location of the j-th atom at time t. The brackets
mean that the averaging takes place over time. This function
presents important insights about the dynamic behavior and
the relaxation of the biomolecule. Namely, since this
function is presented over time scale, one can infer the
various forms of relaxation from this representation such
vibrations, conformational changes and translations.
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Figure 1. The ratio of (u2) for lysozyme hydrogen atoms in

solvents at 5 different temperatures. Averaging of (u2)(t)

was carried out over 1 ns.
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It is clear that in Figure 2a (as also in Figure 1), at elevated
temperatures (i.e., 300 K), the pico-nanosecond range



T Dirama

dynamics of lysozyme in glycerol is faster than in trehalose.
The physical origin of this result is intuitively explained by
the fact that the liquid nature of glycerol and the glassy
behavior of trehalose at this temperature. Indeed, glycerol is
well above its glass transition temperature (Tg) of 192 K,
while trehalose is well below its T4 of 388 K. At this
temperature, glycerol allows fluctuations among the
conformational sub-states of the protein beyond the
harmonic-like motions,[14] whereas trehalose prevents such
motions and limits the dynamics to harmonic-like
motions.[15] However, at lower temperatures the dynamic
behavior of lysozyme reverses. Indeed, at 200 K lysozyme
becomes slower in glycerol than in trehalose, although the
latter is substantially deeper in the glassy state. This result
agrees with experiments performed on the same systems and
was attributed to the superior effectiveness of glycerol in the
preservation of biological agents at low temperatures[13].
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Figure 2¢ Figure 2a. S(q,t)) of lysozyme in trehalose
(continuous lines) and glycerol (dashed lines) at three
temperatures. b. HB correlation function for the hydrogen
bonds between the protein and glycerol (dashed lines) and
trehalose (continuous lines) at three temperatures.

While the conformational denaturation of proteins occurs at
a time scale which is substantially longer than the resolution
of the experimental measurements and the current simulation
study, the protein motions at this shorter time scale could be
precursors to larger scale conformational changes.[19]
Firstly, it is known that the rapid and small scale atomic
fluctuations in the native conformation of a protein play a
key role in protein function.[20] Additionally, it has been
shown that these fluctuations serve as a “lubricant” for larger
scale motions such as perturbation of the average structure
by the binding of ligands.[21], [22] This idea can further be
clarified using the concept of the hierarchical arrangement of
substates. Tier O refers to few unique conformations each
corresponding to different biological functions. Each of
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these tier-O substates can assume many tier-1 statistical
substates, which perform the same functions at varying rates.
Since motions in tier-0 occur as a result of successive
transitions among substates in tier-1, Fenimore et al.
suggested that freezing out these transitions would prevent
the occurrence of the mations in tier-0.[23] This idea could
be extrapolated to the larger scale protein motions that
exceed the transitions involving protein function and
extending to the conformational denaturation. Namely,
suppressing the atomic motions in pico-nanosecond time
range might improve the conformational stability of the
protein. Indeed, this idea has been supported by studies that
combine the analysis of the short-time dynamics and the
measurements of enzyme activities.[24] These ideas are also
supported by our findings that the dynamics of lysozyme in
the nanosecond time window correlate with the experimental
findings of its stability embedded in the solvents.

The dynamics of proteins are greatly influenced by hydrogen
bonds.[25] More specifically, it has been shown that before
the relaxation of the protein could occur, the hydrogen
bonding (HB) network (between the protein-solvent) has to
go through a relaxation.[26] Since the solvents under the
consideration are highly capable of establishing HB network,
the conformational dynamics of such protein-solvent
systems will naturally be affected by the hydrogen bonds at
the protein-solvent interface. In fact, it has been shown that
the dynamical behavior of the HB network present between
the model protein and the first solvent layer dictates the
structural relaxation of the entire model protein.[14], [15]
Consequently, we studied the HB network based on a set of
criteria involving distances and angles among atoms forming
hydrogen bonds.[27] We analyzed the hydrogen bonds using
a correlation function, c(t).

(h(t)h(0))
{h)

Here, h(t) is 1 when a acceptor-donor pair satisfies the
hydrogen bond criteria and it is 0 otherwise. Since c(t) is time
dependent, it indicates the probability that a random
hydrogen bonded donor-acceptor at time zero is still bonded
at time t. Therefore, the change of c(t) quantifies the
longevitiy of hydrogen bonds.

c(t) = (Equation 2)

Figure 2b shows c(t) for lysozyme in pure glycerol and in
pure trehalose at different temperatures. The initial decline
relates to the vibration of atoms and rotation of hydroxyl
groups of solvent molecules which lead to short living
hydrogen bonds (i.e., lifetimes < 1 ps). Therefore, they have
limited influence over the dynamics of the model protein. On
the other hand, the secondary decline observed at longer
times relates to long-living hydrogen bonds. Since, these
long-living hydrogen bonds have lifetimes that are similar to
the structural relaxation of lysozyme (e.g. relaxation of
S(q,t)), the secondary decline in c(t) has important
consequences on the dynamics of the protein. The
comparison of the hydrogen bond correlation function with
S(q, t) shows a clear correlation between both functions. At
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low temperatures, the efficacy of the HB network between
lysozyme and glycerol is more robust than the one between
lysozyme and trehalose, i.e. c(t) for trehalose declines faster
than for glycerol at long times. Whereas the opposite is true
at 300 K. At intermediate temperatures (250 K), the strengths
of HB networks for both systems are similar in line with the
similar dynamics displayed by lysozyme in both solvents,
Figure 2a.

These findings follow the findings of the work of Tarek and
Tobias[26]. They find that the structural relaxation the
protein associate with the dynamics of protein-solvent
hydrogen bonds and infer that the hydrogen bonding
relaxation is a priori for the structural relaxation of the
protein [26].

We observe that the dynamic behavior of the protein-solvent
HB network is has a determining role in the nature of the
structural dynamics of the protein. We also infer that his
relation can also include the bio-preserving capabilities of
the solvent. To bring a deeper understanding to the effect of
the HB network, we calculated the protein-solvent hydrogen
bonds life-time. We calculated the occupancy and the mean
HB lifetime (1) Of the intermolecular hydrogen bonds. The
occupancy means the average number of simulation steps
during which a hydrogen bond existed. The averaging is
done over hydrogen bonds. trg is the occupancy multiplied
by the simulation time step and divided by the number of
times that the hydrogen bond is broken. These two quantities
represent the strength of the hydrogen bonds since the
frequency of occurrence and the duration of a hydrogen bond
indicate the level of stability of the hydrogen bond. Figure 3
shows the results of this analysis. Observe that the results for
glycerol decay at a faster rate than those for trehalose with
increasing temperature. These different dependencies on
temperature result in stronger lysozyme-glycerol hydrogen
bonds at low temperatures (T < ~250 K) and weaker
hydrogen bonds at high temperatures (T > ~250 K). The
crossover seen at around 250 K implies that both solvents are
equally effective at this temperature in suppressing the
dynamics of the protein. This finding supports the results
shown in Figure 1, where the relative dynamics of lysozyme
in different solvents merge at 250 K. A comparison of
important properties in relevance to the discussion is
presented below in Table 1. It is clear that the dynamical
parameters (i.e., Tug and occupancy) of the hydrogen bond
network are as expected comparing their molecular weight
and T for these molecules at 350K. Trehalose suppress the
lysozyme’s dynamics more effectively. The same parameters
at 150 K, on the other hand, counterintuitively switch in
order and glycerol suppresses lysozyme’s dynamics more
effectively. This observation is similar in essence to the
experimental results of the rebinding kinetics of myoglobin
[10], [11]. The rebinding kinetics was found to be faster in
trehalose than in glycerol at low temperatures. Therefore, it
is possible that the molecular mechanism of the switching we
observe in this study might also be responsible in myglobin
kinetics and other biomolecules in similar systems[13].
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Table 1
Thp at T at Occ.at  Occ. at
Molecule (g'\//ln\{gl) (-I}—(g) 150 K 350 K 150 K 350 K
(ps) (ps) (%) (%)
Glycerol 92 192 780 3 95 14
Trehalose 342 388 490 8 92 52

The strong correspondence between the hydrogen bond
analyses and the structural relaxation of the protein supports
the idea that the HB network at the protein-solvent interface
is accountable for the efficacy of glycerol at low
temperatures. Lowering the temperature strengthens the
intermolecular hydrogen bonds in glycerol solvent (between
glycerol and lysozyme) at a faster rate than trehalose does.
This is due to the fact that glycerol, a simple polyol with
three hydroxyl groups attached to each carbon atom, with a
Tg of 192 K has significantly higher degree of mobility to be
able to form intricate HB network with the protein as
compared to trehalose. Trehalose (a disaccharide connected
by a glycosidic linkage) with a T, 0f 388 K, loses its mobility
at the glycosidic linkage hindering its ability to change its
conformation and at the hydrogen bonding capable hydroxyl
groups to be able to form and maintain long lasting hydrogen
bonds to form an effective dynamics-suppressing network.
Thus, even though glycerol has a significantly higher
mobility in its pure form than trehalose, it is capable of
suppressing protein dynamics more effectively due to its
superior HB network forming capability.
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Figure 3. Lifetime (tHg) and occupancy for hydrogen bonds
formed between lysozyme and glycerol/trehalose.
Occupancy is presented as percent of the total number of
simulation steps.
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4. CONCLUDING REMARKS

We conclude that the HB network at the protein-solvent
interface is responsible for the effectiveness of solvent in
suppressing structural relaxation of the protein. The degree
at which the solvents are able to form and maintain an
intricate HB network dictates the relative effectiveness of the
dynamical suppression. The effectiveness of this network is
of such critical importance that it supersedes the relative
internal mobility of the solvents.

It is important to note that there is a substantial difference in
the time scales available to MD simulations and those
involved in conformational denaturation of proteins. As the
boundaries for the computational limitations expand the gap
between these time scales will diminish. By then, the
molecular simulations could clarify if there are other
molecular mechanisms that are responsible for the
conformational denaturation.

REFERENCES

[1]. M. Tollinger, K. A. Crowhurst, L. E. Kay, and J. D.
Forman-Kay, “Site-specific contributions to the pH
dependence of protein stability,” Proc. Natl. Acad. Sci., vol.
100, no. 8, pp. 45454550, 2003.

[2]. T. J. Magliery and L. Regan, “Combinatorial approaches
to protein stability and structure,” Eur. J. Biochem., vol. 271,
no. 9, pp. 1595-1608, 2004.

[3]. P. H. Yancey, “Organic osmolytes as compatible,
metabolic and counteracting cytoprotectants in high
osmolarity and other stresses,” J. Exp. Biol., vol. 208, no. 15,
pp. 28192830, 2005.

[4]. Mei Yang-woytowitz, Charles Yu, and Timothy Wiles,
“Kits for the detection of beta-lactamases,” 8389234.

[5]. V. R. Garigapati, D. Su, R. Khanzada, and S. J.

Sawamura, “Protein stabilization formulations,”
US8435943B2, 2013.
[6]. Ali Eroglu, “Compositions and Methods for

Biopreservation,” US20190098891A1, 2018.

[7]. H. Faghihi, S. Merrikhihaghi, A. Ruholamini
Najafabadi, V. Ramezani, S. Sardari, and A. Vatanara, “A
Comparative Study to Evaluate the Effect of Different
Carbohydrates on the Stability of Immunoglobulin G during
Lyophilization and Following Storage,” Pharm. Sci., vol. 22,
no. 4, pp. 251-259, 2016.

[8]. K. Gekko and S. N. Timasheff, “Mechanism of protein
stabilization by glycerol: preferential hydration in glycerol-
water mixtures,” Biochemistry, vol. 20, no. 16, pp. 4667—
4676, 1981.

[9]. M. Uritani, M. Takai, and K. Yoshinaga, “Protective
effect of disaccharides on restriction endonucleases during
drying under vacuuml,” J. Biochem. (Tokyo), vol. 117, no.
4, pp. 774-779, 1995.

[10]. R. B. Gregory, Ed., Protein-solvent interactions. New
York, N.Y: M. Dekker, 1995.

[11]. G. M. Sastry and N. Agmon, “Trehalose prevents
myoglobin collapse and preserves its internal mobility,”
Biochemistry, vol. 36, no. 23, pp. 7097-7108, 1997.

584

Academic Platform Journal of Engineering and Science 8-3, 580-584, 2020

[12]. A. Ansari et al., “Protein states and proteinquakes.,”
Proc. Natl. Acad. Sci., vol. 82, no. 15, pp. 5000-5004, 1985.
[13]. G. Caliskan et al., “Protein and solvent dynamics: How
strongly are they coupled?,” J. Chem. Phys., vol. 121, no. 4,
pp. 1978-1983, 2004.

[14]. T. E. Dirama, G. A. Carri, and A. P. Sokolov,
“Coupling between lysozyme and glycerol dynamics:
Microscopic insights from molecular-dynamics
simulations,” J. Chem. Phys., vol. 122, no. 24, p. 244910,
2005.

[15]. T. E. Dirama, J. E. Curtis, G. A. Carri, and A. P.
Sokolov, “Coupling between lysozyme and trehalose
dynamics: Microscopic insights from molecular-dynamics
simulations,” J. Chem. Phys., vol. 124, no. 3, p. 034901,
2006.

[16]. David A Case, TA Darden, and J. W. Caldwell, “Amber
9,” Univ. Calif. San Franc., vol. 45, 2006.

[17]. J. Wang, R. M. Wolf, J. W. Caldwell, P. A. Kollman,
and D. A. Case, “Development and testing of a general
amber force field,” J. Comput. Chem., vol. 25, no. 9, pp.
1157-1174, 2004.

[18]. “Frisch, M.J., Trucks, G.W., Schlegel, H.B., et al.,
(2004) Gaussian 03, revision E. 01, Gaussian Inc.,
Wallingford CT. - References - Scientific Research
Publishing.”
http://lwww.scirp.org/(S(351jmbntvnsjtlaadkposzje))/refere
nce/ReferencesPapers.aspx?ReferencelD=631962 (accessed
Jul. 23, 2019).

[19]. M. T. Cicerone, A. Tellington, L. Trost, and A.
Sokolov, “Substantially improved stability of biological
agents in dried form the role of glassy dynamics in
preservation of biopharmaceuticals,” Bioprocess Int., vol. 1,
no. 36, pp. 3647, 2003.

[20]. D. A. Waller, “Protein folding,” Biochem. Educ., vol.
21, no. 1, p. 50, 1993.

[21]. T. Ackermann, “C. L. Brooks III, M. Karplus, B. M.
Pettitt. Proteins: A Theoretical Perspective of Dynamics,
Structure and Thermodynamics, Volume LXXI, in:
Advances in Chemical Physics, John Wiley & Sons, New
York 1988. 259 Seiten, Preis: US $ 65.25,” Berichte
Bunsenges. Fiir Phys. Chem., vol. 94, no. 1, pp. 96-96, 1990.
[22].R. V. Dunn, V. Réat, J. Finney, M. Ferrand, J. C. Smith,
and R. M. Daniel, “Enzyme activity and dynamics: xylanase
activity in the absence of fast anharmonic dynamics,”
Biochem. J., vol. 346, no. 2, p. 355, 2000.

[23]. P. W. Fenimore, H. Frauenfelder, B. H. McMahon, and
R. D. Young, “Bulk-solvent and hydration-shell fluctuations,
similar to - and -fluctuations in glasses, control protein
motions and functions,” Proc. Natl. Acad. Sci., vol. 101, no.
40, pp. 14408-14413, 2004.

[24]. M. T. Cicerone and C. L. Soles, “Fast dynamics and
stabilization of proteins: binary glasses of trehalose and
glycerol,” Biophys. J., vol. 86, no. 6, pp. 38363845, 2004.
[25]. W. S. Doster and M. Settles, “The dynamical transition
in proteins: the role of hydrogen bonds,” in Hydration
Processes in Biology: Theoretical and Experimental
Approaches, M.-C. Bellissent-Funel., vol. 305, Berlin: 10S
Press, pp. 177-191.



Academic Platform Journal of Engineering and Science 8-3, 580-584, 2020

T Dirama

[26]. M. Tarek and D. J. Tobias, “Role of Protein-Water [27]. M. Mezei and D. L. Beveridge, “Theoretical studies of
Hydrogen Bond Dynamics in the Protein Dynamical hydrogen bonding in liquid water and dilute aqueous
Transition,” Phys. Rev. Lett., vol. 88, no. 13, p. 138101, solutions,” J. Chem. Phys., vol. 74, no. 1, pp. 622632, 1981.
2002.

585



