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Abstract

The bio-protective properties of monosaccharaides, namely mannose, fructose and fucose, on
the stability and dynamical properties of the NMR determined hen egg-white lysozyme structure have
been investigated by means of molecular dynamics simulations at room temperature in aqueous
solution and in 7 and 13 wt % concentrations of the three sugars. Results are discussed in the
framework of the bio-protective phenomena. The three sugars show similar bio-protective behaviours
at room temperature (300 K) in the concentration range studied as shown by the small RMSDs of the
resulting MD structures from that of starting NMR structure. The effects of sugars on protein
conformation are found to be relatively strong in that the conformation of lysozyme is stable after an
initial 9 ns equilibration for fucose and mannose and 12 ns equilibration for fructose, respectively, at
high concentrations. For mannose the final RMSD is significantly smaller than that of fucose and
fructose at the higher concentration, while at the lower concentration the RMSD are essentially the
same. The radial distribution function of the water and sugars around lysozyme was used to monitor
the preferential hydration. Analysis of the solvent and sugar distributions around lysozyme was used
to investigate the interfacial solvent and sugar structure near the protein surface.
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Introduction

The tendencies of proteins to decompose denature, and aggregate are critical problems in the
biotechnology, food, cosmetics, and pharmaceutical industries. The chemical (oxidation, deamidation,
and hydrolysis) and physical (unfolding and aggregation) changes of proteins during the formulation
process, and storage not only reduce biological activity, but they can also cause adverse reactions [1].
In order to protect proteins against denaturation and aggregation, there have been efforts at various
levels, which include chemical modification of proteins and controlling the protein environment using
co-solvents. To perform their function all of these substances, generally known as co-solvents or
osmolytes like sugars, amino acids, salts, polyols, and nucleic acids, must be used at relatively high
concentrations. Typically, concentrations of osmolyes as high as 20 wt % of dry weight are needed to
efficiently protect proteins both in solution and in the dry state during and after lyophilization and in
organisms capable of surviving complete dehydration [2,3]. Initially urea was also used as a cosolvent
to solubilize proteins which were not soluble in aqueous solution [4,5,6], but subsequently it was
found to denature some proteins when used at high concentrations [7].

The ability of carbohydrates to stabilize proteins has been attributed to the preferential
hydration of protein that occurs when it is dissolved in a sugar solution [8,9,10,11]. This phenomenon
is due to the fact that carbohydrates, in general, do not interact directly with the protein molecules,
and are therefore called non-perturbing osmolytes. There are cases though, especially during drying
and freezing in the lyophilization process, that carbohydrate molecules do directly interact via
hydrogen bonding with protein molecules [3]. An increase in the concentration of carbohydrate in
bulk water engages more water molecules in solubilization and at high carbohydrate concentrations
protein and solutes begin to compete for the available water. This competition leads to reduction in
the protein solvation layer, which results in a decrease in the apparent molal volume of the protein. As
a result, the protein becomes more compact and less susceptible to destabilizing forces such as high
temperature and the presence of destabilizing osmolytes or agents like urea [8-11].

Among several osmolytes, sugars have been known to stabilize the protein conformation against
chemical denaturation or reaction, thermal denaturation, and loss of their biological activity, which
can be caused by an increase in temperature, a change in pH value and the addition of various
chemicals [12]. Sugars belong to a class of osmolytes that in nature are synthesized to protect
organisms against the stresses of high osmotic pressure and freezing, and sugar synthesis is a good
example of a defensive reaction of many organisms. Sugars are commonly employed in freeze-drying
formulations of therapeutic proteins to preserve their activity [13].

The properties and mechanism of the sugar bio-protective phenomenon are still under
discussion. Several hypotheses have been proposed, but none of them can be considered as fully
accepted. They mainly relate to the following properties: (i) sugar are able to replace more water
molecules, stabilizing the 3D protein structure during dehydration, and create sugar-protein
hydrogen bonds replacing the water protein hydrogen bonds [14], (ii) sugars destructure the
hydrogen bond network of water molecules and prevent the formation of ice because sugars bind to a
number of water molecules and therefore have a destructuring effect [15], (iii) sugars are co-solvents
thus inducing greater thermodynamic stabilization (perhaps protect protein from conformational
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disorders) [16], and (iv) sugars possess a higher glass transition temperature, which results in a
stronger decrease of the protein dynamical fluctuations [17].

Numerous experimental works and molecular dynamics simulations have been performed on
the structure and dynamics of ternary protein, sugar and water solutions [18] and more generally the
stability of lysozyme [19]. Sola-Penna and co-workers showed by fluorescence measurements that the
sugars (trehalose, glucose, fructose and sucrose) protect the function and the structure of cytosolic
enzyme against chemical denaturation. They suggested that the effectiveness of sugar or
carbohydrates for protection of enzymes depends on the nature of the sugar and of the enzyme [20].
Khan and Shabnum investigated the stabilization effect of sugar (fructose, sucrose, maltose and
glucose) on the thermal and chemical denaturation of rabbit serum albumin by viscosity and far UV
circular dichorism measurements. They showed that the stabilizing effect of the sugars seems to occur
by the preferential exclusion of the respective sugar from the surface of the protein [21]. Rosgen et al.
have studied the thermodynamically nonideal behavior in crowded osmolyte solutions. Using
Kirkwood-buff theory, they calculated the molar activity coefficients for the protective (stabilizing)
osmolytes, mannose and fucose, and the denaturing (destabilizing) osmolyte, urea. They showed that
the protective osmolytes have a much more concentration-dependent protein solvation behavior than
do denaturing osmolytes [22]. Ionov and Hedoux investigated the bioprotective properties of
disaccharides trehalose, sucrose and maltose on lysozyme using Raman spectroscopy and molecular
dynamics simulation. They showed that sugars preserve the native state of the protein and shift the
denaturation temperature to higher temperatures [23]. Drima and co-workers have studied lysozyme
in a sugar glass at different temperatures and showed that a strong coupling between lysozyme and
sugar molecules correlated with the dynamics of protein-sugar intermolecular hydrogen bonds (HBs)
[24].

In order to better understand the physico-chemical properties of sugar, in the framework of the
bio- protective solvent stability and to understand how globular proteins in their flexible native state
at room temperature are influenced by solutes at intermediate concentrations, molecular dynamics
simulations of the egg-white lysozyme in presence of solutions of three monosaccharaides mannose,
fructose and fucose in the 7-13 wt % concentration range have been performed.

The lysozyme-sugar and lysozyme-water interaction will be responsible for the specific effects
for a given protein. The HBs capabilities of fructose and mannose are directly comparable since they
possess the same chemical formula C¢H1206 and the same number of hydroxyl groups. The lysozyme-
fucose and lysozyme-water interactions and their HBs should be different than those with fructose and
mannose, because fucose has a smaller number of oxygen ether and hydroxyl groups. Fructose forms
similar numbers of HBs with lysozyme as does mannose, while fucose forms significantly fewer HGs
with lysozyme at the studied concentrations.

From the preferential hydration hypothesis [11], this work confirms that sugars are good
protein stabilizers. We have characterized the relative local distribution of water molecules around
lysozyme in a similar way to that done by Cottone et al. [25]. We have used the relative local
distribution of water and sugar molecules around lysozyme as a measure of the preferential hydration
of lysozyme with mannose, fructose and fucose. Lysozyme clearly appears to be more preferentially
hydrated with increasing sugar concentration.
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Methods
Molecular Dynamics Simulations Details

Hen egg-white lysozyme (hereafter referred to as lysozyme) is a small globular protein
consisting of 129 amino acids residues. The starting structure of Lysozyme (molecular mass of
approximately 14.5 kDa) was obtained from the NMR solution structure deposited in protein data
bank (PDB) (1e8L) [26]. Most probable charge states at pH 7 were chosen for ionizable residues. The

total charge (+8) on lysozyme was neutralized by adding eight Cl " ions. The solution concentrations of
sugars on a protein-free basis were 13 and 7 wt % respectively. Lysozyme and its 5537 TIP3 water
molecules were placed in a box with cell parameters a = 60.50 A, b=57.13 A and c = 52.64 A. Then,
monosaccharide molecules were located around lysozyme to ensure an isotropic distribution of
sugars. Molecular dynamics simulations of lysozyme in sugar and water solution have been performed
using the molecular dynamics program NAMD2 [27]. The all-atom CHARMM?22 force field has been
used for protein and sugar [28]. Visualization was done by using the VMD1.8.6 package [29].

The molecular dynamics simulations were carried out with a constant number of particles (N),
pressure (P) and temperature (T), i.e., NPT ensemble. The long range electrostatic interactions were
treated with the particle mesh Ewald [30]. The velocity Verlet algorithm with a 1 fs step size was
employed to integrate the equations of motion. A Lennard-Jones potential has been employed to
represent the van der Waals interaction. A cutoff radius of 12 A has been used for the long range
electrostatic interactions, which were switched to zero between 10 and 14 A. Periodic boundary
conditions were employed in the %, y and z directions. Temperature and pressure were maintained at
300 K and 1 atm, respectively, using the Langvin thermostat with a damping constant of 5 ps™, and

the Langevin piston with a period of 200 fs and a decay constant of 500 fs. Coordinates were saved
every 500 fs. The whole system was energy minimized for 3000 steps. Simulations were carried out
for 30 ns for lysozyme in the sugar solutions and for 70 ns for lysozyme in the water solution. A
simulation of lysozyme in pure water was performed under the same conditions as the mixtures. Table
1 summarizes some simulation data for the different systems considered in the present study.

Wt (%) Niysozyme/Nsugar/Nw Density (g.cm3) Eq./Sim. Time (ns)
ater lysozyme lysozyme
0 1/0/5537 1.04 2/70
Fucose fructose mannose Fucose fructose mannose
7 1/40/5217 1.04 1.05 1.05 2/30 2/30 2/30
13 1/81/4889 1.05 1.06 1.06 2/30 2/30 2/30

Table 1: System compositions (where Niysozyme, Nsugar and Nwater denote the number of lysozyme sugar
and water molecules, respectively), densities and equilibration/simulation times for the different
sugar concentrations on a protein-free basis.

Results and Discussion
Protein conformation

For structure comparison, the root-mean-square deviation (RMSD) was used, which is one of the
most commonly used measures. To investigate the effect of the sugars on the conformational changes
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of lysozyme, we have calculated the RMSD of the C_ atoms of the protein from the NMR structure in

Fig. 1a and Fig. 1b and from both the NMR and X-Ray structure in Fig. 1c. The RMSD of the protein
calculated as a function of simulated time is shown in Figs 1a, 1b and 1c. The values of RMSD initially
increased and reached a plateau after approximately 4 ns in water, 9 ns in the water/fucose solutions,
and 12 ns in the water/fructose solutions at high sugar concentrations, while the RMSD increase
fluctuates more and is significantly smaller in the water/mannose solution at the high sugar
concentrations. At low sugar concentrations the three sugars showed similar behaviors, the RMSD
gradually increasing and stabilizing after 18 ns. The presence of sugars at the studied concentrations
increases conformational changes of lysozyme, as seen from the increases of the RMSD in Fig. 1a and
1b. In Fig. 1c we show the RMSD for the lysozyme Cq atoms from both the NMR and X-ray structure. As
one can see there is essentially no difference. The values for all studied systems are given in Table 2.
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(e)

Figure 1. Protein root mean square deviations (RMSD) from the NMR structure are represented as a
function of simulation time in the lysozyme/water solution and in the different ternary solutions
lysozyme/water/sugar. (a) For the system at concentration of 13 wt % of sugar. (b) For the system at
concentration of 7 wt % of sugar. (c) Protein RMSD from the NMR and X-Ray structure between 9 and
10 ns for the lysozyme/water solution. (d) Configuration of lysozyme in 13 % mannose solution at 5.8
ns (grey/green) and 17.4 ns (blue), respectively. (e) Configuration of lysozyme in 13 % fucose solution
at 5.8 ns (grey/green) and 17.4 ns (blue), respectively.

The conformation of lysozyme in the different solutions has also been characterized by means of
its radius of gyration (R, ). The radius of gyration describes the effective size of molecules. The R

fluctuated and increased more significantly in sugars than in water, indicating the interactions
between protein and solvent become more significant. The R, of protein calculated as a function of

simulations time displayed in Figure 2. For the system at high concentrations of sugars the value of
radius of gyration is increased compared to the lower concentration of sugars. In the water/fructose
solution the value of radius of gyration increased but reached a plateau after approximately 2 ns. The
average values of the radius of gyration of lysozyme in the water/sugar solutions at lower
concentration are not so different from each other; (table 2, Figure 2b). The RMSD and R in

monosaccharide solutions increase relative to their value in water (aqueous) solution and they all
essentially approach stable values.
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Figure 2. Radius of gyration of atoms as function of simulations time from the lysozyme C_ in the

lysozyme/pure water solution and in the different ternary solutions lysozyme/water/sugar. (a) For
the system at concentration of 13wt % of sugar. (b) For the system at concentration of 7wt % of sugar.

In order to investigate further the effects of various sugars on the conformational changes of
lysozyme, the solvent accessible surface area (SASA) has been calculated with a probe radius of 0.14
nm. The SASA of protein was evaluated based on the final 22 ns of each simulation. The SASAs of
hydrophobic and hydrophilic residues in the protein have been calculated as well as the total SASAs
for the protein in each sugar solution and all are given in given in Table 2.

The SASA of lysozyme is increased in the presence of sugar compared to the SASA of lysozyme in
the presence of pure water. This can be because lysozyme in the presence of the sugar exposes more
non-polar residues more quickly to the solvent than lysozyme in pure water. The effect of water is
clearly shown by an increase in the SASA of the hydrophilic residues and decrease in the SASA of the
hydrophobic residues. Hydrophilic residues typically have a large fraction of SASA, but hydrophobic
residues have a small fraction of SASA. Differences in the SASA between the two concentrations of
sugar have been show in Table 2, the SASA increases when the concentration of sugar increases.

The R, and SASA of lysozyme in the presence of monosaccharide namely mannose, fructose and

fucose are larger, this may stem from the non-negligible interaction of surface residue of lysozyme
with sugars.

Protein fluctuations

The influence of osmolytes (sugar) on the internal motions of lysozyme and flexibility of the
protein has been investigated by the computation of root mean-square fluctuations (RMSF).
Fluctuations of protein backbone atoms around their positions in the original NMR structure have
been obtained from the MD trajectories only for the last 22 ns. High RMSF values indicate higher
mobility and lower RMSF values indicate restricted mobility. The addition of sugars decreases
lysozyme fluctuations and their distributions are not qualitatively the same for all sugars and their
concentrations. Figure 3 shows the RMSFs of lysozyme for the different systems by residue number.
Significant fluctuations of the protein atoms have been observed for the ternary
lysozyme/sugar/water solutions with 13 wt % sugar, a maximum of ~ 1.5 A, while the maximum for
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the 7 wt % sugar solutions was only ~1.0 A. The large fluctuations of the residues are characterized
by the RMSF; relatively large fluctuations were observed for the N-terminal and C-terminal tails, but
the fluctuation of protein reduced in presence of mannose for the system at concentration of 13 wt %
of sugar see Figure 3a.

WT (%) RMSD (A) R (A) SASA (A?)
Sugar Residues
C, atoms All atoms Hydrophilic Hydrophobic
0 2.28 14.03 7655 6132 1523
(0.21) (0.23) (169) (179) (97)
7 Fucose 3.59 1461 9142 6976 2166
(0.61) (0.14) (119) (81) (105)
7 Fructose 3.89 14.64 9405 6824 2581
(0.72) (0.15) (165) (113) (94)
7 Mannose 3.66 14.90 8737 6587 2150
(0.76) (0.24) (177) (99) (107)
13 Fucose 3.63 15.60 10083 7023 3060
(0.59) (0.24) (176) (95) (123)
13 Fructose 4,80 16.26 11435 7968 3467
(0.54) (0.22) (141) (119) (64)
13 Mannose 3.64 15.03 9893 7119 2774
(0.36) (0.15) (139) (86) (76)
Guinier Concentration
analysis of surfa(cr:\r/:;
Vis/ 5.1 13.5/
UV [31] 13.4
Vis/ 7.9 14.3/
UV [31] 13.2
Vis/ 12.2 14.7/
UV [31] 13.4
0.0 13.5
[32] SANS in 13.3
D,0

Table2. The table presents calculated values of the following parameters describing the structure of
lysozyme, in the case of lysozyme/pure water solution and in the different ternary solutions
lysozyme/water/sugar: (i) RMSD of the C, atoms of lysozyme (ii) Radius of gyration of lysozyme, and
(iii) SASA of hydrophobic residues, hydrophilic residues of the lysozyme. Standard deviations from
mean values are given in parentheses. Experimental Rg values by the Guinier method [31] and small
angle neutron scattering (SANS) [32] for comparison.

The protein fluctuations in the presence of mannose (blue) for the 7 wt % of sugar concentration
and in pure water (black) are different. In Figure 3 one can see which residues have high RMSFs. These
residues correspond to the N-terminus and the first a-domain, and the C-terminus. They are located at
the protein-water interface (the exterior of the protein), and therefore are likely to form HBs with the
solvent or the sugar molecules. The residues with lower RMSFs, corresponds to a-helices and a loop
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located in the core of lysozyme. These residues are not extensively accessible to the solvent (see f_, ),

and their motions are sterically constrained by the presence of other protein residues.

The RMSF do not reveal clear difference among the three sugars, even if mannose tends to
globally reduce slightly more protein fluctuations than fructose and fucose of the ternary
lysozyme/water/sugars solution at 7 wt %.

In Figure 4 we present the DELTA (A RMSF) calculated using the following equation, ARMSF =
RMSF/ sugar - RMSF/ water. As one can see in Figure 4, the largest changes in the RMSF are at the N-
and C-termini at high sugar concentrations, and that the fluctuations in the mannose solution are
significantly smaller than those in the fructose and fucose solutions. At low sugar concentrations,
DELTA is negative again at the N- and C-termini for all sugars. What is noteworthy is that for fucose
DELTA is negative for all residues.
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Figure 3. RMSF of atoms from lysozyme in a pure water solution and in the different ternary solutions
lysozyme/water/sugar as function of residue-number. (a) For the system at concentration of 13 wt %
of sugar. (b) For the system at concentration of 7wt % of sugar. Residues 6-15, 25-36, and 89-100
correspond to the three main a-helices (A, B, and C), while residues 111-114 correspond to a-helix D,
and residues 81-84 and 120-123 correspond to 310 helices. Residues 41-60 form the triple stranded
antiparallel B-sheet.



Current Physical Chemistry, Accepted for publication on July 5, 2012, to appear in Volume 3, Issue 1, 2013
Received: April 30, 2012; Revised: July 2, 2012; Accepted: July 5, 2012

e o T e e T B B e e o T B e o T B e

— infructose -

0.8 — in fructose 4 0.8 !
F in fucose 1 F in fucose
- in mannose . — - in mannose

N T T T8 N N T TS RO RO NP N T O I I N TR IS RO N NPR N
0 10 20 30 40 50 60 70 80 90 100 110 120 0 10 20 30 40 50 60 70 80 90 100 110 120

Residue number Residue number
(a) (b)

Figure 4. DELTA (= A RMSF) for from lysozyme in a pure water solution and in the different ternary
solutions lysozyme/water/sugar as function of residue-number. (a) A for the system at concentration

13 wt % of sugar, fructose (red), fucose (green) and mannose (blue). (b) A for the system at
concentra-tion 7 wt % sugar, fructose (red), fucose (green) and mannose (blue).

Fractional solvent accessible f_

The local environment and interaction of protein with the solvent have an effect on the
fluctuation of protein residues. Residues from the core should be more densely packed and less
accessible to the solvent than residues from the surface and the motions of the core residues are also
more sterically constrained [33]. To investigate how the lysozyme residues interact with the solvent
or to what degree each residue of lysozyme is exposed to the solvent, we calculated their time
/A is the SASA of a

particular residue in the presence of the other surrounding residues of lysozyme, while A

averaged fractional solvent accessibilities [34] as f_ = A, where A

rotein free ’ protein

is the

free

corresponding surface area when no other residues are present, i.e., of the free residue.

Figure 5 shows the fractional solvent accessible surface areas f_, as a function of the residue for
the different systems. Typically, f., values vary from 0 to ~ 0.61 for lysozyme/pure water and from 0

to ~ 0.7 for the system at 7 wt % concentration of sugar and from 0 to ~ 0.9 for the system at 13 wt %
concentration of sugar. The distributions mimic those of RMSFs (see Figure 3), and thus confirm that
residues with low solvent accessibilities fluctuate much less than residues exposed to the solvent. The
residues for which the f_, values are lower than 0.2 are mainly lysozyme core residues. The residues

for which the f., values are ~ 0.5 are attributed to lysozyme surface residues.

The magnitudes of f_, have increased for lysozyme residues in the presence of sugar compared
to those of lysozyme in the presence of pure water. The f_ do not show clear differences for fucose

and mannose at the 7 wt % and 13 wt % concentrations and for fructose at the 7 wt % concentration,

10
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but in fructose the contribution for f_, has increased for 13 wt % the concentration of this sugar as

seen in Figure 5b. These results show that the surface residues have larger motions than core residues,
because steric limitations established by other protein residues are lower at the surface of the protein.
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Figure 5. Fractional solvent accessibilities f, as a function of residue number for the lysozyme in

pure water solution and in the different ternary solution (lysozyme/water/sugar).
(a) f,, for the lysozyme in pure water (black). (b) f ., for the system at concentration 13 wt % of

sugar, fructose (i) or (red), fucose (ii) or (green) and mannose (iii) or (blue). (c) f., for the system at

concentration 7wt % sugar, with either the same notation (i, ii, iii) in separate plots or color coding
(red, green, blue) as in (b) in the single plot.

Hydrogen bonds

The sugars stabilize the protein conformation against dehydration stresses by replacing surrounding
water molecule through hydrogen bonds (HBs). We used a cutoff distance of 3.4 A between the donor and
acceptor to define an HB, and a valence angle of less than 120°. A sugar hydroxyl has the capacity to interact
with protein both as a hydrogen bond donor and as an acceptor by way of the lone electron pairs. According
to the water replacement hypothesis, sugars form HBs with protein by substitution of the hydration water
near the surface of the protein and preserve the native structure of the protein [35]. Water is able to form
4HBs, two of them as donors and two of them as acceptors. The hydroxyl group of the sugar forms three
HBs, one as a donor and two as acceptors through the lone electron pairs. In the present study, the formation
of HBs between lysozyme and osmolytes (sugars) has been analyzed. The number of sugar-protein HBs and
the number of water-protein HBs increase with the increasing of sugar concentration. In the investigated
concentration range, sugars form between about 5 and 14 % of the total number of protein-solvent HBs, as
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indicated in Table 3. This is much fewer than the number of HBs they could form, assuming that water and
sugar molecules were equally able to form HBs with lysozyme. Indeed, assuming that water is able to form
four HBs (two as donor and two as acceptor) and that each hydroxyl group of the monosaccharides may
optimally form three HBs (one as donor and two as acceptor). The proportion of sugar — lysozyme HBs
among solvent-lysozyme HBs should be about 2.7 and 5.8 % for the 7 and 13 wt % solutions with mannose
and fructose, and 2.2 and 4.7 % for the 7 and 13 wt % solutions with fucose.

The number of monosaccharide-lysozyme HBs and the number of water molecules shared between
lysozyme and monosaccharides increase with sugar concentration. Slight differences are observed among the
three sugars. Fucose molecules form a lower number of HBs with lysozyme at higher and lower
concentration. Indeed, fructose forms more comparable numbers of HBs with lysozyme at lower and higher
concentrations. The fucose HBs network maybe less developed than those of mannnose and fructose at the
studied concentration. Fructose and mannose form essentially the same number of HBs, significantly more
than number formed by fucose. Sugar-lysozyme HBs via ring and glycosidic oxygen atoms of sugars are
neglected. Although some sugars are preferentially excluded from the surface of lysozyme [36], it appears
that in the case of monosaacharides that they may actually preferentially HB with lysozyme. Sugar-protein
HBs may actually increase the stabilization of protein, because of the slower relaxation of the sugars—
lysozyme HBs as a consequence of the lower mobility of sugars [37,38].

nHB nHB
0 5537 499.72(30.46) 11.08
Fructose 465.3 (60.4) 11.21 44.4 (8.4) 8.7 (1.2)
7 5217 Fucose 586.8 (23.5) 8.89 32.9 (4.8) 5.3(0.8)
Mannose 503.8 (18.8) 10.36 42.7(16.8)  7.6(1.8)
Fructose 589.6 (26.8) 8.29 99.59 (10.2)  14.47 (1.6)
13 4889 Fucose 545.2 (31.7) 8.97 63.64 (6.8)  10.49 (1.3)
Mannose 537.1(22.6) 9.10 90.17 (6.2)  14.38(0.9)

Table 2. Mean numbers of water-lysozyme and sugar-lysozyme hydrogen bonds, n,; (W-L) and

Ngs (S-L), respectively, percentage of sugar-lysozyme HBs among water — lysozyme hydrogen bonds

(%HB(S-L) = ngg (S-L)/ (ngg (S-L) + nyg (W-L))-100%). Standard deviations from mean values are given
in parentheses.

Preferential hydration

The measurements of preferential hydration providing answer to the question whether co-
solvent is stabilize/destabilize protein and preferentially excluded/interacted to the protein surface.
The apolar groups of lysozyme do not form HBs with solvent molecules and the number of protein-
solvent HBs does not describe exhaustively protein-solvent interaction, then we well characterized the
preferential hydration of co-solvent and protein solution. The relative local distribution of water
molecules around lysozyme has been characterized and computed as the time-averaged normalized
ratio gy o = Now /(Ngy + N )(N) /(Ngy /(Ngy + Ngg)), where n,, and n,  are respectively the local

numbers of water oxygen atoms and sugar hydroxyl group oxygen, located at a distance I from the
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lysozyme, and N, and N denote respectively the total numbers of water oxygen atoms and sugar

hydroxyl group oxygen atoms [25]. The sugar molecules preferentially interact with the protein if the
ratio is lower than one in the close proximity of the protein surface; conversely, the sugar molecules
are preferentially excluded from the protein surface if the ratio is greater than one. This ratio is
represented in Figure 6 for the different ternary systems. The normalized ratio value has been lower
than one in the close proximity of the protein surface. At the distances larger than ~6 A, there is slight
water depletion which results from the presence of sugars at higher concentration, see Figure 6a.
From this result it can be concluded that sugar molecules preferentially hydrate with the protein,
taking into account that the SASA of lysozyme also increases in the sugar solutions, that is, the total
number of HBs is also larger. Fucose preferentially hydrates lysozyme more than do mannose and
fructose. These maybe fucose hydroxyl oxygens were indeed systematically more excluded from the
apolar groups of lysozyme than mannose and fructose. The preferentially hydration may be dependent
on the concentration of sugar. Lysozyme is clearly more preferentially hydrated when the sugar
concentration increased see Figure 6a. Lerbret et al. [33] have shown that lysozyme has been more
hydrated with increasing the concentration of sugars (trehalose, maltose, and sucrose) and it has been
slightly difference of lysozyme preferentially hydration between at the concentration 37 wt % and 60
wt % of sugars. Cotton et al. [25] and Beck et al. [39] have also shown that carboxy-myoglobin has
been preferentially hydrated in presence of sugar at concentration of 89 wt % of sugar.

T T
I 1 S
I — fructose — fructose
0.3 fucose B fucose
— - mannose | 0.8F — - mannose -
g ; g
g06r 7 g
G} ! G}
fl 0.6] -
0.4 -
|
Ly ]
02! i 0.4} i
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Minimal distance to lysozyme (A) Minimal distance to lysozyme (A)
(a) (b)

Figure 6. Normalized fraction of water oxygen atoms as function of the minimal distance to closest
atom of lysozyme. (a) Normalized fraction of water oxygen atoms as function of the minimal distance
to the lysozyme for the concentration 13 wt % of fructose (red), fucose (green) and mannose (blue).
(b) for the system at concentration 7 wt % of sugar.

Solvent Mobility at the interface with proteins

The presence of protein in solvent has effect on mobility of the surrounding solvent. It is convenient
to consider a description of the solvent distribution around the protein in the form of density as has been
shown and described in Makarov et al. [39,44]. There is a region inside the protein where the solvent does
not easily penetrate or where the probability of finding it is very low (solvent free region or region between
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0-2.4 A for water oxygen atom and 0-2.3 A for sugar oxygen atom with respect to water oxygen atom), see
Figure 7. Outside of the hydrophobic region there is a transitional region (region of interpenetration of
protein and solvent or region of 2.4 A for water oxygen atom and 2.3 A for sugar oxygen atom with respect
to water oxygen atom) that can be seen in Figure 7 that can be characterized by a significant degree of
interpenetration of protein and solvent. The value of solvent density in this region is smoothly increasing as
one moves away from the protein and into the solution. It has been proposed [40] that solvent penetration
provides a significant contribution to the high apparent polarizability inside the protein. A large number of
local density maxima are found in the (region 2.4- 3.2 A for water oxygen atom and 2.3-3.2 A for sugar
oxygen atom with respect to sugar oxygen atom) in Figure 7. The density value over the first hydration shell
is higher than that of the bulk solvent as evidenced in simulation [41] and experimental observations [42].
The local peaks are often referred to as hydration sites. While sites are often too close to each other to be
interpreted as individual solvent molecules. The mobility of buried interfacial water and solvent is often
severely restricted. Those water and solvent molecules that are more exposed to bulk have much shorter
residence times then that in the grooves, clefts and buried inside the protein [43,44]. The chemical
differences between hydration site as polarity of the surrounding residues or the ability of the hydration
water to hydrogen bond to the protein at the given site, only affect the residence times of water in the less
accessible locations [45]. Water in the nonpolar atomic sites has a short residence time irrespective of the
solvent accessibility [46]. Further into the bulk of solvent (at a distance of roughly 4-7.4 A for water oxygen
atom) finds only weak maxima corresponded to the second hydration shell. The second shell for fructose at
distance 3.1- 4.5 A and for fucose at distance 3.3-5.9 A and for mannose at distance 3.3-5.6 A have been
seen. The third shell have been seen at distance between 5.6-8.2 A for fructose 6.0-8.2 A and for fucose, and
5.7-8.4 A for mannose. At distances greater than 9 A from the protein, solvation shells cannot be discerned
and this is a remote region, where no maxima are found, but diffusion rate is perturbed.

For the system having a 7 wt % concentration of sugars, the first coordination shell at distance 2.4-3.3
A have been seen for water oxygen atom with respect to sugar oxygen atoms. The second shells for fructose
at distance between 3.2-5.6 A, for fucose between 3.3-6.0 A and for mannose between 3.2-5.7 A have been
seen. The third shell for fructose between 5.8-8.8 A, for fucose between 6.0-8.2 A and for mannose between
5.8-8.2 A have been seen.

Radial Distribution Function

The RDF was used to describe the distribution of water and sugar as the function of distance from
protein surface. The RDF of water oxygen-oxygen atom and monosaccharaides oxygen atom respect to water
oxygen atom were calculated for all seven simulations. It is convenient to consider a distribution of solvent
in the form of RDF and shown in Figure 7 for the system having 13 wt % and 7 wt % concentrations of
sugars.

For the lysozyme systems with 13 and 7 wt % sugars and in pure water, the RDFs of sugars oxygen
atoms respect to water oxygen atoms are represented in Figure 7, while in Figure 8 the RDFs for the
lysozyme systems with 13 and 7 wt % sugars are given (to show more details in the solvent shells). The total
exclusion of solvent and co-solvent at distances less than 2.3 A for sugar oxygen atoms with respect to water
oxygen atom can be seen, and less than 2.4 A for water oxygen atoms.
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Figure 7. RDF for the system of lysozyme in 13 wt % and 7 wt % sugar and pure water. (a) RDF of
water oxygen atoms with respect to water oxygen atoms (black) and water oxygen atoms with respect
to sugar oxygen atoms (fructose (red), fucose (green) and mannose (blue)) for the system with 7 % wt
sugar, (b) for the system with 7 wt % sugar.
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Figure 8. RDF for the systems of lysozyme in 13 wt % and 7 wt % sugar. (a) RDF of water oxyzen
atoms with respect to sugar oxygen atoms (fructose (red), fucose (green) and mannose (blue)) for the
system with 13 % wt sugar, (b) for the system with 7 wt % sugar.

The inner hydration shell shows molecular orientations very dependent on the local character of the
protein surface (either nonpolar, or positively or negatively charged), whereas the second shell extends
continuously and prefers orientations which optimizes electric dipole-electric dipole interactions in the first
few A of this shell when the closest protein atoms are either positively or negatively charged and hence
possess local dipole moments. The first maximum in the radial distance appears at 2.73 A for the water
oxygens atom and at 2.76 A for sugar oxygen atoms. With respect to water oxygen atom, these maxima
represent the centers of the inner hydration shell layers formed by the hydrogen bonds between the solvent
and polar atoms of lysozyme. The second maximum is due to the outer hydration shell layer formed by water
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hydrogen bonds and sugar hydrogen bonds with lysozyme, and van der Waals interactions between solvent
and nonpolar atoms of the protein.

The geometries and positions of the peaks in the RDFs of water oxygen atoms and the sugar oxygen
atoms with respect to water oxygen atoms around the protein for high and lower concentration of sugars are
different. The RDFs peaks for low concentration are smaller compeer to the high concentrations. Here the
sugar oxygen atoms appear to be less exposed to the protein at the lower sugar concentration.

Conclusions

This article reports the results from molecular dynamics simulations of lysozyme
/monosaccharide/water solutions for intermediate concentrations of monosaccharide (7 and 13 wt %
on a protein-free basis). Several parameters of lysozyme like its RMSD, radius of gyration and SASA
indicate that its conformation in the presence of sugars remain similar to that in pure water.
Fluctuation of lysozyme as seen from RMSF is reduced in the presence of monosaccharide. This
reduction was shown to be not homogeneous throughout the protein and follows the fractional solvent
accessibility of lysozyme residues. The analyses of the interactions of sugars with lysozyme via HBs
suggest that lysozyme is preferentially hydrated. Fucose was found more preferentially excluded from
the protein surface in high concentration of sugar (13 wt %) than fructose and mannose. As a
consequence, it's concentration in the bulk may be slightly larger than that of fructose and mannose.
When comparing the three sugars the slightly differences not observed. The number of HB was found
smaller in fucose solutions in comparison with fructose and mannose. This could be interpreted by the
larger number of intermolecular HBs of fructose. The HBs of fructose was found to be larger than that
of fucose and mannose was found to have the largest SASA. The interaction between the solvent and
protein was also represented by radial distribution function. The RDF displays the characteristic of
solvent around the protein. The hydration shell is very dependents on the local character of the protein
surface. From the maxima of the RDF indicated that hydration water is denser and narrowly defined, due to
the stronger interaction induced by the protein.

Acknowledgements

We would like to thank Morten Jensen, Per Jr. Greisen, and Rasmus Wedberg for scientific
discussions, comments and suggestions on how to improve this work. In addition, we would like to
thank the University of Southern Denmark for providing computational resources which were used to
perform the molecular dynamics simulations presented in this work. We would like to thank the
University of Illinois at Urbana-Champaign (UIUC) for providing both NAMD and VMD which were the
programs use for the simulations and subsequent analysis.

17



Current Physical Chemistry, Accepted for publication on July 5, 2012, to appear in Volume 3, Issue 1, 2013
Received: April 30, 2012; Revised: July 2, 2012; Accepted: July 5, 2012

References

[1] Affourd, F.; Lerbret. A.; Hedoux, A.; Guinet, Y.; Descamps, M. Biopreservative capabilities of disaccharides on
proteins: A study by molecular dynamics simulations. AIP Conf. Proc., 2008, 982, 690-695; doi:10.1063/1.2897879

[2] Crowe, J.H.: Crowe, L.M.; Oliver, A.E.; Tsvetkova, N.; Wolkers, W.; Tablin, F. The trehalose myth revisited.
Cryobiology, 2001, 43, 89-105; doi:10.1006/cry0.2001.2353

[3] Allison, S.D.; Chang, B.; Randolph, T.W.; Carpenter, J.F. Hydrogen bonding between sugar and protein is
responsible for inhibition of dehydration-induced protein unfolding. Arch. Biochem. Biophys., 1999, 365, 289-298;
doi:10.1006/abbi.1999.1175

[4] Burk, N.F.; Greenberg, D.M. The physical chemistry of the proteins in non-aqueous solution and mixed solvents. I.
The state of aggregation of certain proteins in urea-water solutions. J. Mol. Biol.,, 1930, 87, 197-237,
url:http://www.jbc.org/content/87/2/197 .full.pdf

[5] Greenstein, J.P. Sulfhydryl groups in proteins. I. Egg albuminin solutions of urea, guanidine, and their derivatives. J.
Biol. Chem., 1938, 125, 501-513; url: http://www:.jbc.org/content/125/2/501.full.pdf

[6] Greenstein, J.P. Sulfhydryl groups in proteins. Il. Edestin, excelsin, and globlin in solutions of guanidine
hydrochloride, urea and their derivatives. J. Biol. Chem., 1939, 128, 233-240;
url:http://www.jbc.org/content/128/1/233.full.pdf

[7]1 Neurath, J.; Greenstein, J.P.; Putnam, F.W.; Erickson, J.O. The chemistry of protein denaturation. Chem. Rev.,
1944, 34, 157-265; doi:10.1021/cr60108a003

[8] Bhat, R.; Timasheff, S.G. Steric exclusion is the principal source of the preferential hydration of proteins in the
presence of polyethylene glycols. Protein Science, 1992, 1, 1133-1143; doi:10.1002/pr0.5560010907

[9] Arakawa, T.; Bhat, R.; Timasheff, S.N. Why preferential hydration does not always stabilize the native structure of
globular proteins. Biochemistry, 1990, 29, 1924-1931; doi:10.1021/bi00459a037

[10] Arakawa, T.; Bhat, R.; Timasheff, S.N. Preferential interactions determine protein solubility in three-component
solutions: The MgCl, system. Biochemistry, 1990, 29, 1914-1923; doi:10.1021/bi00459a036

[11] Xie, G.; Timasheff, S.N. The thermodynamic mechanism of protein stabilization by trehalose. Biophys. Chem.,
1997, 64, 25-43; d0i:10.1016/S0301-4622(96)02222-3

[12] Bordat, P.; Lerbret, A.; Demaret, J.P.; Affouard, F.; Descamps, M. Comparative study of trehalose, sucrose and
maltose in water solutions by molecular modeling. Europhys. Lett., 2004, 65, 41-47; doi:10.1209/epl/i2003-10052-0

[ 13] Jain, N.K.; Roy, . Trehalose and protein stability. Curr. Prot. Prot. Sci., 2010, 59, 4.9.1-4.9.12;
d0i:10.1002/0471140864.ps0409s59; lain N.K.; Roy, I. Role of trehalose in moisture-induced aggregation of bovine
serum albumin. Eur. J. Pharm. Biopharm., 2008, 69, 824-834; doi:10.1016/j.ejpb.2008.01.032

[14] Crowe, J.; Leslie, S.; Crowe, L. Is vitrification sufficien to preserve liposomes during freeze-drying? Cryaobiology,
1994, 31, 355-366; doi:10.1006/cry0.1994.1043

[15] Branca, C.; Magazu, S.; Maisano, G.; Miglirado, P. a,a-Trehalose—water solutions. 3. Vibrational dynamics studies
by inelastic light scattering. J. Phys. Chem. B, 1999, 103, 1347-1353; d0i:10.1021/jp983470c

[16] Timasheff, S.N. Protein hydration, thermodynamic binding, and preferential hydration. Biochemistry, 2002, 41,
13473-13482; doi:10.1021/bi020316e

[ 17 1 Doster, W. The protein-solvent glass transition. Biochim. Biophys. Acta, 2010, 1804, 3-14;
doi:10.1016/j.bbapap.2009.06.019

[18] Dirama, T.E., Curtin, J.E., Carri, G.A., Sokolov, A.P. Coupling between lysozyme and trehalose dynamics:
Microscopic insights from molecular-dynamics simulations. J. Chem. Phys., 2006, 124, 034901; d0i:10.1063/1.2159471
[19] Morozova, L.A.; Haynie, D.T.; Arico-Muendel, C.; Van Dael, H.; Dobson, C.M. Structural basis of the stability of
lysozyme molten globule. Nature Struct. Biol., 1995, 2, 871-875; doi:10.1038/nsb1095-871

[20] Sola-Penna, M.; Ferreira-Pereira, A.; Lemos, A.P.; Meyer-Femandes, J.R. Carbohydrate protection of enzyme
structure and function against guanidinium chloride treatment depends on the nature of carbohydrate and enzyme. Eur.
J. Biochem., 1997, 248, 24-29; d0i:10.1111/].1432-1033.1997.00024.x

[21] Khan. R.H.; Shabnum, M.S. Effect of sugar on rabbit serum albumin stability and induction of secondary structure.
Biochemistry (Moscow), 2001, 66, 1280-1285; d0i.10.1023/A:1012386029443

[22] Rosgen, J.; Pettitt, B.M.; Bolen, D.W. Uncovering the basis for nonideal behavior of biological molecules.
Biochemistry, 2004, 43, 14472-14484; doi:10.1021/bi0486810

[23] lonov, R.; Hedoux, A.; Guinet, Y.; Bordat, P.; Lerbret, A.; Affouard, F.; Prevost, D.; Descamps, M. Sugar
bioprotective effects on thermal denaturation of lysozyme: Insights from Raman scattering experiments and molecular
dynamics simulation. J. Non-crystalline Solids, 2006, 352, 4430-4436; doi:10.1016/j.jnoncrysol.2006.01.105

[24] Dirama, T.E.; Curtis, J.E.; Carri, G.A.; Skovlov, A.P. Coupling between lysozyme and trehalose dynamics:
Microscopic insights from molecular-dynamics simulations. J. Chem. Phys., 2006, 124, 034901; d0i:10.1063/1.2159471
[25] Cottone, G.; Giuffrida, S.; Ciccotti, G.; Cordone, L. Molecular dynamics simulation of sucrose- and trehalose-
coated carboxy-myoglobin. Proteins, 2005, 59, 291-302; doi:10.1002/prot.20414

18


http://dx.doi.org/10.1063/1.2897879
http://dx.doi.org/10.1006/cryo.2001.2353
http://dx.doi.org/10.1006/abbi.1999.1175
http://www.jbc.org/content/87/2/197.full.pdf
http://www.jbc.org/content/125/2/501.full.pdf
http://www.jbc.org/content/128/1/233.full.pdf
http://dx.doi.org/10.1021/cr60108a003
http://dx.doi.org/10.1002/pro.5560010907
http://dx.doi.org/10.1021/bi00459a037
http://dx.doi.org/10.1021/bi00459a036
http://dx.doi.org/10.1016/S0301-4622(96)02222-3
http://dx.doi.org/10.1209/epl/i2003-10052-0
http://dx.doi.org/10.1002/0471140864.ps0409s59
http://dx.doi.org/10.1016/j.ejpb.2008.01.032
http://dx.doi.org/10.1006/cryo.1994.1043
http://dx.doi.org/10.1021/jp983470c
http://dx.doi.org/10.1021/bi020316e
http://dx.doi.org/10.1016/j.bbapap.2009.06.019
http://dx.doi.org/10.1063/1.2159471
http://dx.doi.org/10.1038/nsb1095-871
http://dx.doi.org/10.1111/j.1432-1033.1997.00024.x
http://dx.doi.org/10.1023/A:1012386029443
http://dx.doi.org/10.1021/bi048681o
http://dx.doi.org/10.1016/j.jnoncrysol.2006.01.105
http://dx.doi.org/10.1063/1.2159471
http://dx.doi.org/10.1002/prot.20414

Current Physical Chemistry, Accepted for publication on July 5, 2012, to appear in Volume 3, Issue 1, 2013
Received: April 30, 2012; Revised: July 2, 2012; Accepted: July 5, 2012

[26] Schwalbe, H.; Grimshaw, S.B.; Spencer, A.; Buck, M.; Boyd, J.; Dobson, C.M.: Redfield, C.; Smith, L.J. A refined
solution structure of hen lysozyme determined using residual dipolar coupling data. Prot. Sci., 2001, 10, 677-688;
d0i:10.1110/ps.43301

[27] Phillips, J.C.; Braun, R.;Wang, W.; Gumbart, J.; Tajkhorshid, E.; Villa. E.; Chipot, C.; Skeel, R.D.; Kale, L.;
Schulten, K. Scalable molecular dynamics with NAMD. J. Comput. Chem., 2005, 26, 1781-1802;
doi:10.1002/jcc.20289

[28] MacKerell, Jr., A.D.; Bashford, D.; Bellott, M.; Dunbrack Jr., R.L.; Evanseck, J.D.; M. J. Field; S. Fischer; J. Gao;
H. Guo; S. Ha; D. Joseph-McCarthy; Kuchnir L, Kuczera K, Lau FTK, Mattos C, Michnick S, Ngo T, Nguyen DT,
B. Prodhom B, Reiher Ill WE; Roux B, Schlenkrich M, Smith JC, Stote R, Straub J, Watanabe, M.; Wiorkiewicz-
Kuczera, J.; Yin, D.; Karplus, M. All-Atom empirical potential for molecular modeling and dynamics studies of
proteins. J. Phys. Chem. B, 1998, 102, 3586-3616; doi:10.1021/jp973084f

[29] Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Molec. Graphics, 1996, 14, 33-38;
doi:10.1016/0263-7855(96)00018-5

[30] Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An N-log(N) method for Ewald sums in large systems. J.
Chem. Phys., 1993, 98, 10089-10092; doi:10.1063/1.464397

[31] Hamill, A.C.; Wang, S.C.; Lee, C.T. Jr. Probing lysozyme conformation with light reveals a new folding
intermediate. Biochemistry, 2005, 44, 15139-15149; doi:10.1021/bi051646¢

[32] Stuhrmann, H.B.; Fuess, H. Neutron small-angle scattering study of hen egg-white lysozyme, Acta Crystallogr. A,
1976, 32, 67-74; doi:10.1107/S0567739476000132

[33] Lerbret, A.; Bordat, P.; Affourad, F.; Hédoux, A.; Guinet, Y.; Descaps, M. How do trehalose, maltose, and sucrose
influence some structural and dynamical properties of lysozyme? Insight from molecular dynamics simulations. J. Phys.
Chem. B, 2007, 111, 9410-9420; doi: 10.1021/jp071946z

[34] Smolin, N.; Winter, R. Molecular dynamics simulations of Staphylococcal nuclease: Properties of water at the
protein surface. J. Phys. Chem. B, 2004, 108, 15928-15037; d0i:10.1021/jp047579y

[35] Lins, P.D.; Pereira, C.S.; Hunenberger, P.H. Trehalose—protein interaction in aqueous solution. Proteins, 2004,
55,177-186; doi:10.1002/prot.10632

[36] Timasheff, S.N. The control of the protein stability and association by weak interaction with water: how do water
solvents  affect these  processes?  Annu. Rev. Biophys. Biomol.  Struct., 1993, 22, 67-97;
doi:10.1146/annurev.bb.22.060193.000435

[37] Arakawa, T.; Timasheff, S.N. Stabilization of protein structure by sugars. Biochemistry, 1982, 21, 6536-6544;
d0i:10.1021/bi00268a033

[38] Yin, Y.; Jensen, M.@.; Tajkhorshid, E.; Schulten, K. Sugar binding and protein conformational changes in lactose
permease. Biophys. J., 2006, 91, 3972-3985; doi:10.1529/biophysj.106.085993

[39] Beck, D.A.C.; Bennion. B.J.; Alonso, D.O.V.; Daggett, V. Simulations of macromolecules in protective and
denaturing osmolytes: Properties of mixed solvent systems and their effects on water and protein structure and
dynamics. Meth. Enzym., 2007, 428, 373-396; doi:10.1016/S0076-6879(07)28022-X

[40] Dwyer, J.; Gittis, A.G.; Karp, D.A.; Lattman, E.E.; Spencer, D.S.; Stites, W.E.; Garcia-Moreno, B.E. High
apparent dielectric constants in the interior of a protein reflect water penetration. Biophys. J., 2000, 79, 1610-1620;
doi:10.1016/S0006-3495(00)76411-3

[41] Makarov, V.A.; Andrews, B.K.; Pettitt, B.M., Reconstructing the protein-water interface. Biopolymers, 1998, 45,
469-478; doi:10.1002/(SIC1)1097-0282(199806)45:7<469::AlD-BIP1>3.0.CO;2-M

[42] Svergun, D.1.; Richard, S.; Koch, M.H.; Sayers, Z.; Kuprin, S.; Zaccai, G. Protein hydration in solution. Proc. Natl.
Acad. Sci. U.S.A. 1998, 95, 2267-2272; http://www.pnas.org/content/95/5/2267.long

[43] Brunne, R.M.; Liepinsh, E.; Otting, G.; Wuthrich, K.; van Gunsteren, W.F. Hydration of proteins. J. Mol. Biol.
1993, 231, 1040-1048; doi:10.1006/jmbi.1993.1350

[44] Carey, C.; Cheng, Y.K.; Rossky, P.J. Hydration structure of the a-chymotrypsin substrate binding pocket: the
impact of constrained geometry. Chem. Phys. 2000, 258, 415-425; doi:10.1016/S0301-0104(00)00178-6

[45] Luise, A.; Falconi, M.; Desideri, A. Molecular dynamics simulation of solvated azurin. Proteins, 2000, 39, 56-67;
doi:10.1002/(SICI1)1097-0134(20000401)39:1<56::AID-PROT6>3.0.CO;2-5

[46] Makarov, V.A.; Andrews, B.K.; Smith, P.E.; Pettitt, B.M. Residence times of water molecules in the hydration
sites of myoglobin. Biophys. J. 2000, 76, 2966-2974; doi:10.1016/S0006-3495(00)76533-7

19


http://dx.doi.org/10.1110/ps.43301
http://dx.doi.org/10.1002/jcc.20289
http://dx.doi.org/10.1021/jp973084f
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://dx.doi.org/10.1063/1.464397
http://dx.doi.org/10.1021/bi051646c
http://dx.doi.org/10.1107/S0567739476000132
http://dx.doi.org/10.1021/jp071946z
http://dx.doi.org/10.1021/jp047579y
http://dx.doi.org/10.1002/prot.10632
http://dx.doi.org/10.1146/annurev.bb.22.060193.000435
http://dx.doi.org/10.1021/bi00268a033
http://dx.doi.org/10.1529/biophysj.106.085993
http://dx.doi.org/10.1016/S0076-6879(07)28022-X
http://dx.doi.org/10.1016/S0006-3495(00)76411-3
http://dx.doi.org/10.1002/(SICI)1097-0282(199806)45:7%3c469::AID-BIP1%3e3.0.CO;2-M
http://www.pnas.org/content/95/5/2267.long
http://dx.doi.org/10.1006/jmbi.1993.1350
http://dx.doi.org/10.1016/S0301-0104(00)00178-6
http://dx.doi.org/10.1002/(SICI)1097-0134(20000401)39:1%3c56::AID-PROT6%3e3.0.CO;2-5
http://dx.doi.org/10.1016/S0006-3495(00)76533-7

