
 

 

 

博士論文 

 

 

 

 

 

Molecular dynamics studies of lysozyme solution and 

bio-protective sugar solutions for controlling water 

rotational relaxation time  

(水分子の回転緩和時間の制御を目指したリゾチー

ム水溶液と生体保護物質糖類水溶液の 

分子動力学的研究) 

 

 

 

 

 

 

 

 

胡 康 

 



 

 

  



 

 

 

Doctoral Dissertation 

 

 

Molecular dynamics studies of lysozyme solution and 

bio-protective sugar solutions for controlling water 

rotational relaxation time 

 

By 

 

Kang HU 

 

 

Presented to 

GRADUATE SCHOOL OF ENGINEERING, THE UNIVERSITY OF TOKYO 

in Partial Fulfillment of the Requirements for the Degree of 

 

 

Doctor of Philosophy 

in the Field of Mechanical Engineering 

 

 

 

February 2023 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



i 

Abstract 

Along with the great advancements in therapeutic proteins, the stabilization methods 

are in urgent demand to maintain the high quality of these biopharmaceuticals, given 

the necessity of protein stability for the successful implication of its therapy. Protein 

pharmaceuticals are usually in a liquid formulation, and the surrounding water layers 

(hydration layer, HL) are known to have a significant influence on the stability and 

dynamics of protein conformation. During the stabilization processes, protective agents 

(PAs) are usually added to help the preserved biological materials overcome the 

induced physiochemical stresses, such as ice crystallization, low temperature, 

dehydration, etc. Therefore, the capability of predicting the effect of additives and 

designing protein stabilizers could facilitate the preservation of biopharmaceuticals. 

Among PAs, sugars, the membrane impermeable molecules, have been widely 

employed to protect protein drugs and food during the freezing and drying processes, 

due to the unique sugar-water interactions. The investigations of water dynamics 

surrounding proteins and the effect of sugars on water dynamics may advance our 

knowledge of controlling water dynamics, thus the design of protein stabilizers.   

In this dissertation, after a systematical review of recent processes in the 

experimental and computational studies on water dynamics in protein/sugar solutions, 

the molecular origin of the gigahertz domain of the dielectric spectra is first revealed in 

the following Chapter 2, by combining molecular dynamics (MD) simulation with 

broadband dielectric spectroscopy (BDS) experiments. The dielectric spectra for 

protein solutions and sugar solutions are obtained by the probability distribution of 

water relaxation time from MD simulation. The dielectric relaxation time obtained from 

this distribution is in good agreement with the measured  relaxation time, which 

suggests that the rotational self-correlation of water molecules underlies the gigahertz 

domain of the dielectric spectra. This original finding associates the molecular water 

behavior with the macroscopic dielectric measurements which are widely employed to 

characterize different food products. 

Upon validating the present MD simulation, two questions of the ongoing debate 

regarding the fundamental water-protein interaction are addressed (Chapter 3): 1) how 

far proteins can affect water rotational dynamics, i.e., the thickness of protein HL; and 

2) to what extent the characteristics of hydration water differ from those of the bulk 
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water. To disentangle the molecular scale distribution of water dynamics around a 

solute biomolecule, the rotational dynamics of water around lysozyme are investigated 

here by MD simulation. Water rotational relaxation time is found to range from several 

picoseconds to tens of nanoseconds in protein solutions. Depending on the overall time 

it stays within the HL (total residence time), water can be classified into 3 kinds: highly 

mobile water (HMW), partially restricted water (PRW), and completely restricted water 

(CRW). In dilute solutions, water relaxation time exhibits a Gaussian probability 

distribution. In concentrated solutions, the distribution is distorted to a longer time 

constant due to the increasing proportion of PRW and CRW. A stochastic analysis 

combining the relaxation times and trajectories of every single water molecule is 

proposed and the two-dimensional probability distribution of water relaxation time and 

its distance from the protein surface is obtained. This analysis suggests that water 

rotational dynamics accelerate with the farther distance from the protein surface. 

Regardless of protein concentration, this spatial distribution of relaxation time reveals 

that the water rotation is severely retarded within 3 Å from the lysozyme surface and is 

nearly comparable to pure water when farther than 10 Å. The HL thickness is 

subsequently identified as this 3 Å thick water layer from the protein surface, in view 

of the remarkable slowdown wherein.  

In the next chapter (Chapter 4), the molecular mechanism of water rotational 

dynamics is investigated from the perspective of electrostatic interactions, by MD 

simulation. By monitoring the variation of the exerted electric field on the individual 

water molecule, how the exerted intrinsic electric field determines water rotational 

dynamics is presented. It is found for the first time that the relaxation time of water 

rotation is equivalent to that of the reorientation of the exerted electric field for each 

water molecule, regardless of its translational motion. Namely, water rotation 

synchronizes with the experienced electric field reorientation. Furthermore, bringing 

the MD's superiority into full play, the reorientation process of the local field near the 

protein surface is obtained, which provides insight into the local hydration dynamics. 

Within the HL, the relaxation time of local field reorientation ranges from a few 

hundred femtoseconds to a little surpassing one hundred picoseconds. Comparing the 

spatial distribution of local field reorientation relaxation time with that of water 

rotational relaxation time, it is further suggested that water rotation dynamics are 

subject to the reorientation of the local overall field within the HL. While outside the 
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HL, the relaxation time of the local electric field reorientation is short enough (sub-

picosecond) to assume the delta function, showing the electric force with randomly 

changing orientation is applied to each water molecule. This observation suggests the 

importance of the total residence time, and it is consequently found that water rotation 

relaxation time is approximately exponentially dependent on its total residence time.  

Based on findings in Chapters 2-4, water dynamics in aqueous PAs solutions (sugars 

and sugar alcohol here) are discussed in Chapter 5 by analyzing the probability 

distributions of both water residence time and water relaxation time obtained by MD 

simulations. In bio-protective sugar and sugar alcohol solutions, water is just mildly 

retarded with the relaxation time spanning from several picoseconds to merely a few 

tens of picoseconds. Water residence time exhibits a gaussian distribution under various 

concentrations. These two observations are discrepant from the case of protein solutions. 

Moreover, I find that in all solutions, water relaxation time also increases exponentially 

with its residence time. Based on this, a decuple-retarding period which specifies the 

prerequisite residence time to obtain tenfold retardation of the relaxation time is defined. 

The larger the solute dipole moment, the smaller the decuple-retarding period, therefore 

the faster the increment rate of relaxation time versus residence time. The discovered 

random walk of water within the solution further suggests that the larger ratio of the 

hydration volume (total volume of HLs) to the overall water accessible space results in 

a longer residence time, thus the longer relaxation time distribution. This result 

indicates that the specific surface area of the additive is another key factor affecting 

water dynamics. When water residence time distribution is similar, the solute dipole 

begins to manifest. The above findings suggest the effect of balance between PA dipole 

and size on water rotational dynamics. Acquiring such kinds of basic laws for 

controlling water dynamics will have a meaningful impact on the development of 

protein stabilizers, which is of great significance in the long-term preservation of 

pharmaceutical proteins.  

To summarize, this dissertation mainly focuses on the water rotational dynamics 

(relaxation time) of individual water molecules in biomolecule solutions and bio-

protective sugar solutions. The proposed stochastic analysis is an original method that 

circumvents the balance of spatial resolution and calculation accuracy of water 

relaxation time, compared with the widely accepted multiple HLs model. The 

macroscopic dielectric measurements are associated with molecular water behavior. 



iv 

The perspective of electric field reorientation reveals the driving mechanic of water 

rotational relaxation. The finding that water relaxation time is exponentially 

proportional to residence time paves the way to controlling water rotational relaxation 

time, thus to the design of protein protective agents.   
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Chapter 1 Introduction 

1.1 Stabilization of therapeutic proteins  

 In recent decades, the major process in liposome technology and development in 

molecular biology have brought up the great advancement in therapeutic proteins1. 

Since protein stability is one of the key factors that can hinder the successful implication 

of its therapy, stabilization methods are in urgent demand to maintain the high quality 

of these biopharmaceuticals1-2. Currently, the four prevailing protein preservation and 

stabilization methods are classic slow freezing, ice-free vitrification, freeze-drying 

(lyophilization), and drying. During the above stabilization processes, ice formation 

and/or glass transition occur(s), probably inducing an array of detrimental stresses on 

the preserved biomolecules, such as ice crystallization, low temperature, dehydration, 

etc2. 

In this regard, protective agents (PAs), also named cryoprotectants are usually added 

to help the preserved biological materials survive the aforementioned physiochemical 

stresses. PAs have been reported to suppress ice crystallization, facilitate glass 

transition, and structure the hydration water around protein both directly and indirectly1-

5.  

1.1.1 Molecular preservation mechanism of additives  

Weng et.al summarized the four main hypotheses used to explain the biomolecule 

stabilization mechanism, by the example of protein in a sugar–water system in Figure 

1-12. 1) First, the vitrification hypothesis (Green and Angell) suggests that 

carbohydrates form a glassy matrix with high viscosity and that this matrix rigidity 

inhibits the protein molecular motion, thereby preventing the conformation change of 

the embedded protein6. This hypothesis is also known as mechanical entrapment. 2) 

Second, the water replacement hypothesis (Crowe et al.) suggests that, in a dehydration 

state, sugar molecules replace the hydration water molecules by forming direct 

hydrogen bonds (HBs) with the biomolecule, to preserve the native structure of the 

embedded biomolecule7-9. 3) Third, the water entrapment hypothesis (Belton and Gil) 

presumes that the existence of sugar molecules helps trap the water molecules between 

protein and sugar molecules upon cooling or/and dehydration, thereby maintaining 
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sufficient hydration water to prevent the protein denaturation10-11. 4) Fourth, the 

preferential exclusion/hydration theory (Xie and Timasheff) proposes that sugar 

molecules are preferentially excluded from the protein hydration layer (HL), thus 

increasing the solvent-accessible surface area (SASA) of proteins and resulting in 

preferential hydration of proteins. Owning to this reason, protein denaturation becomes 

thermodynamically unfavorable12-13. This exclusion could originate from the excluded 

volume effects and an increment in the surface tension of water caused by solutes (i.e., 

the free energy cost to remove water from the surface)14-15.  

 

Figure 1-1. A summary of current hypotheses regarding the cryoprotectants protection 

mechanism in preventing protein damage induced by freezing or dehydration. Gold 

spheres indicate cryoprotectant molecules (for instance, trehalose), and blue ones 

indicate water molecules2. 

Corradin et.al visualized this preferential exclusion by MD simulation16. As shown 

in Figure 1-2, there is a region in the vicinity of the protein (from ~12 to ~17 Å, T = 

300 K for instance) where the trehalose density is evidently lower than the average and 

an outer area (from ~17 to ~30 Å, T = 300 K) where the trehalose density is higher16. 

The latter part signals the formation of the transient cage of trehalose around the protein. 

The constrained, thin water layer between the protein and the sugar could lock the 

protein surface and hinder the large-scale, solvent-coupled protein motions15. It also 

works as the bridge between the protein and the externally excluded sugar-water 
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matrix17-20 and this "double-shell" structure could significantly reduce the motional 

freedom of the loop and helix structures of the protein conformation, with respect to the 

water-only solvated system17. On the other hand, this trapped water layer was also 

believed to possess reduced electrostatic solvation properties toward the protein, since 

the trehalose may compete with the target protein for forming HBs with the trapped 

water molecules and finally reduce the number of protein–solvent HBs by a factor of 

four21. Such a reduction of the solvation might take responsibility for a compensating 

enhancement of intra-protein interactions and, thus, a stabilization of the protein in its 

native structure21. 

 

Figure 1-2. (Top) Density profile of trehalose molecules around the lysozyme. This density 

profile is derived by dividing the number of trehalose molecules found between an interval (r 

and r + Δr) by the corresponding spherical shell volume 4π[(r + Δr)3 − r3]/3, with Δr = 0.02 Å. 

(Bottom) Color heat maps of the 2D projections of the density profile of trehalose molecules 

around the lysozyme. The variable r indicates the distance between the center of mass (COM) 

of trehalose and that of lysozyme16. 

The water entrapment scenario is somewhat the extension of the preferential 

exclusion presumption, while the water replacement theory seems to discord with them. 

However, it is worth noting that the preferential exclusion and water entrapment 

mechanisms are applicative when the protein is hydrated which means that it is solvated 

in an aqueous sugar-water solution with a sugar mass percent less than 90%2. As the 

solution becomes dehydrated (for example, sugar is highly concentrated), the water 

replacement theory begins to take effect. Besides, the vitrification hypothesis does not 
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conflict with the other theories either, given the observation by Corradin et.al that the 

presence of trehalose introduces a glass-like behavior of water in the cage of trehalose 

molecules near proteins, of which the rotational diffusion is significantly slower16, 22-24. 

In general, slowing down the water dynamics around protein seems to be the key to 

achieving high-quality stabilization. 

1.2 Water dynamics around protein molecules 

1.2.1 Role of water dynamics in protein stability 

Water layers surrounding proteins (hydration shells/layers) are known to have a 

significant influence on the stability and dynamics of protein conformation25-26. The 

conformational fluctuations in proteins are slaved to the dynamics of water both in the 

hydration shell and in the bulk solvent (the so-called "unified model of protein 

dynamics")27-29. And the protein folding rate, which has been reported directly related 

to the degradation rate30-31, is inversely proportional to the power of the solvent 

viscosity28. The "master-slave" model shedding light on the water-protein interactions 

has been recently revisited by the Molecular dynamics (MD) simulations32. Even 

relatively distant water molecules can influence the dipolar functional groups of protein 

due to the low static dielectric constant of both protein core and hydration water32. 

Furthermore, by the Pearson correlation coefficient, the correlation between the energy 

of any two separate parts of the system (EA and EB) is defined as 

 
A B

AB
2 2

A B

,
( ) ( )

E E

E E

 


 
=   (1-1) 

where δE denotes the energy fluctuation and ρAB denotes the correlated contributions. 

For five different protein-water solutions, the values of ρAB between the protein self-

energy (EP-P) and protein-water interaction energy (EP-W) are all around -0.9, which 

signifies the strong anticorrelation of the energy fluctuations between protein and water 

contributions 32. The trajectories of δEP-P and δEP-W for the myoglobin-water system are 

shown in Figure 1-3 which shows this anticorrelated fluctuation clearly32. Energy flows 

from protein to water (and vice versa) aided by the side-chain conformational 

fluctuations like a coupled-oscillator scenario and a single transition in the protein 

energy landscape corresponds to multiple transitions in the case of water32.  
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Figure 1-3. Protein (myoglobin) self-energy fluctuations (δEP-P) and protein-water cross-

energy fluctuations (δEP-W)32. 

Recently, as shown in Figure 1-4, the deterioration rate of lactose dehydrogenase 

(LDH) in solution was found to have the power-law relationships with the dielectric 

relaxation times of water in the solution, particularly sensitive to the  relaxation time 

attributed to the rotation of bulk water which was viewed as the distant water 

unperturbed by biomolecule33. With Debye's theory where the relaxation time is linear 

to the solvent viscosity, this work supports the high-viscosity hypothesis34 where the 

molecular mobility surrounding the target protein dominates its deterioration from 

molecular-scale phenomena and the unified model of protein dynamics29. The 

extremely lower T1 relaxation times from the 1H NMR experiments (viz. the longer 

rotational correlation time) have been ascribed to a more "ice-like" behavior of water35. 

The simulation study together with free energy calculations by Saladino et.al showed 

that the driving force behind the native state protection is a slowdown of the solvent 

rotational dynamics which corresponds to a higher unfolding transition temperature of 

protein HP3536. The retarded solvent behaves like the "colder" aqueous solvent which 

works less effectively in interfering with the intra-protein interactions thus sustaining 

the native fold36. In the same spirit, a state-of-the-art THz spectroscopy study on 

aqueous ribonuclease A solutions with the addition of various osmolytes by Hishida 

et.al reported that the inhabited water collective rotational dynamics induce an 

increment in protein denaturation temperature in the presence of protein stabilizers and 

vice versa37. These findings suggest that controlling and evaluating water dynamics (e.g, 

the  relaxation time in Figure 1-4) leads to managing the deterioration of biomolecules, 
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which might be a potentially useful method for screening the bioprotective agents in 

the long-term preservation of pharmaceutical proteins.  

 

Figure 1-4. (Left) Schematic description of the distribution of water molecules in the 

preservative solution with protective agents. Bulk water (τβ) is shown in blue spheres, which is 

the farthest water from the protective agents. Water molecules in stronger interaction with 

protective agent molecules (τγ) are shown in red (strongly) and orange (weakly) spheres, which 

interacted with the protective agents (Trehalose or ε-poly-l-lysine). (Right) Power law between 

the dielectric relaxation times of corresponding water molecules in the preservative solution 

and the deterioration time of LDH in the preservative solution at 40 °C. Error bars signify the 

standard deviation33. 

1.2.2 Hydration layer thickness 

With regard to the understanding of water dynamics surrounding proteins, one of the 

relevant questions is how thick such an HL is, i.e., how distant the bulk water is. The 

first HL was first determined as the area within 3 Å from the lysozyme surface in terms 

of density and structural properties by both small-angle scattering (SAS, Figure 1-5) 

and MD simulation38-39. In a successive simulation performed by Ebbinghaus et. al, 

water dynamics were characterized by the HB correlation function, C(t), which 

quantifies the probability that an HB which is formed between two water molecules at 

a given time, t = 0, still exists at a later time, t, regardless whether the bond has once 

been broken between 0 and t40. They found that this HB correlation function of water 

within ~ 10 Å around protein 𝜆6−85
∗  was distinct from that of bulk water40. A following 

simulation by Heyden et.al suggested that the vibrational motion between atoms of the 

protein surface and water extended up to 10 Å from the -repressor protein41 In the 

recent decade, except that the Neutron scattering (NS) spectroscopy has demonstrated 

the slowdown of water relaxation time within ~5.5 Å from a green fluorescent protein42, 

most studies have reported the protein-induced perturbation reaching over 10 Å, such 

weakly- 

strongly- 
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as the Overhauser dynamic nuclear polarization (ODNP)-enhanced nuclear magnetic 

resonance (NMR) measurement on a peripheral membrane protein43 and the time-

dependent fluorescence Stokes shift (TDFSS) studies on rat liver fatty acid-binding 

protein (rLFABP)44 and fish eye lens protein γM7-crystallin (γM7)45. In terms of the 

water relaxation time obtained from MD simulation, with the advancement of the 

Voronoi tessellation method, several groups46-49 have dissected the solvent into 6~9 

HLs based on the initial position of water and calculated the averaged relaxation time 

thereof. Regardless of the various proteins simulated and differing HL thicknesses 

adopted, both Steinhauser's group46 and Halle's group48 have observed that water 

rotational dynamics are severally retarded within their self-defined first HL (5~6 Å for 

globular protein). Beyond the first layer, water rotational relaxation time approximates 

that of bulk water (pure water). Figure 1-6 shows the four-protein average excess 

rotational retardation factor (RRF) versus the layer index n48. The RRF is the water 

relaxation time normalized by that of bulk water, often expressed as 𝜁 = 𝜏𝑅/𝜏𝑅,𝑏𝑢𝑙𝑘 

where  indicates relaxation time and the subscript 'R' indicates water rotation. The 

excess RRF is  𝜂 ≡ 𝜁 − 1. 

 

Figure 1-5. Relationship among the scattering densities of the bulk solvent, protein, and 

protein–solvent interface for x-rays and neutrons in H2O and D2O. (1) Bulk solvent, (2) a shell 

with a density 20% above that of the bulk solvent, (3) mobility of the side chains on the protein 

surface; scattering density in the interface is drawn in the middle between those of protein and 

of bulk; (4) protein. The scattering density of protein in D2O is larger than that in H2O because 

of H/D exchange38. 
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Figure 1-6. Excess rotational retardation factor for water molecules in the n-th hydration shell 

averaged over the four proteins (a triple mutant of the immunoglobulin-binding domain B1 of 

protein G (GB1), bovine pancreatic trypsin inhibitor (BPTI), mammalian ubiquitin without the 

three C-terminal residues (UBQ), and isoform 2-14 of the -helical antifreeze protein from 

Tenebrio molitor (AFP))48. 

1.2.3 Heterogeneity of hydration water dynamics 

Another essential question is to what extent the characteristic of hydration water 

differs from those of bulk water. As the time scales and processes for bulk (pure) water 

summarized in Figure 1-7, water librational motion occurs on a time range between 

several tens and several hundreds of femtoseconds26. For the molecular 

rotation/reorientation, it occurs on a time scale of around several picoseconds25-26, 50. In 

the present work, the focus is on how water rotational relaxation is affected by a 

biomolecule, particularly the hydration water molecules. 

Early dielectric spectroscopy (DS) measurements on protein solutions implied 

different water dynamics in the hydration shell51. The subsequent analyses of such 

measured spectra categorized 4 kinds of dielectric relaxations for whale myoglobin 

solution (viz,  = 74 ns,  = 10.3 ns,  = 40 ps, and  = 8.29 ps) and concluded that 

the -dispersions originate from the bound water (hydration water)52-54. It should be 

noted that the nomenclature of dielectric relaxation time here is different from that used 

by Wei et.al (Figure 1-4)33. A DS study on lysozyme solution found a bimodal 

relaxation composed of a low-frequency process (1.22 ns) assigned to the relaxation of 

bound water and a high-frequency process (10.0 ps) to free water55. In a similar study 

on equine myoglobin solutions, 5 relaxations were detected, namely   29 ns 
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ascribable to the tumbling of the whole myoglobin molecule,  = 10 ps and   5 ps 

to free water, and   10 ps and   200 ps to hydration water together with the internal 

motions of the solute56. In recent decades, quite extensive DS studies57-58 have measured 

the dielectric spectra of diverse protein solutions where several discrete relaxation 

components were detected consisting of a β (~ 10 ns), one or two δ (dozens of ps ~ 

several hundred ps), and a γ relaxation times (approximately 10 ps). A following NMR 

experiment discerned the presence of such a slow relaxation component subject to 

bound water59. However, NMR60-61 and magnetic relaxation dispersion (MRD)62-66 

techniques provided an average relaxation time of all water molecules in the solution, 

which is 2-6-fold slower than the average relaxation time of bulk water. Extended 

depolarized light scattering (EDLS)67-68 and NS42 spectroscopy experiments also 

reported a comparable retardation range (2-10) for hydration water. TDFSS44-45, 50, 69-70 

of protein solutions even suggested the dramatic slowdown of water relaxation by 

several orders of magnitude. To summarize, although the results of both experiments33, 

42-45, 50, 57-75 and in silico simulations46, 48-49, 76-96 suggested that water dynamics are 

retarded by the protein molecules, quantitative descriptions of the slowdown in 

hydration water dynamics remain controversial.   

 

Figure 1-7. Time scales of different processes in bulk (pure) water. Red arrows above the 

logarithmic time axis denote the periods of vibrational and librational degrees of freedom 

schematically illustrated at the top of the figure. Horizontal boxes below the time axis depict 

the time span covered by the particular processes of bulk water dynamics26. 
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Capable of providing insight into molecular-scale water dynamics, MD simulations 

have been intensively employed to study the rotational movement of single or collective 

motions of water in HLs to probe the corresponding relaxation times. Some pioneering 

works88-89, 94 on protein solutions calculated the rotational relaxation time of each single 

water molecule within 4.4 Å from the atom belonging to a protein molecule, which they 

defined as hydration water. However, it is worth noting that although Laage and his 

coworkers calculated the time auto-correlation function (ACF) with trajectories of 5 or 

even 20 ns, they merely used the 2–10 ps interval of the ACF to derive the relaxation 

time for the sake of removing the contributions from water which have moved out of 

the HL88-89.  Later simulation studies by Bagchi's group95-96 defined water within 1 nm 

of its nearest protein atom as water of the first HL and water within 1 and 2 nm of the 

protein surface as water of the second layer. They also reported a rotational relaxation 

time distribution of water molecules that stay in the first protein HL longer than 100 ps 

(Figure 1-8).  

 

Figure 1-8.  Probability distribution of rotational relaxation time of water molecules inside the 

protein HL for four different proteins and bulk water (blue). In the insets, the normalized and 

averaged rotational time auto-correlation function is shown with the same color codes. (a) 

Lysozyme, (b) myoglobin, (c) monellin, and (d) protein-G95-96. 

All the above studies claimed that the rotational relaxation time of the hydration 

water was distributed much more broadly than that of the bulk water. Additionally, the 
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relaxation times of hydration water derived from MD are on average 2~3 times longer 

than that of bulk water. In a recent report97 of MD simulation study coupled with DS, 

water molecules within 3.5, 5.5, and 9.0 Å from bovine serum albumin (BSA) protein 

surfaces were categorized as tightly bound, loosely bound, and bulk water, respectively. 

The relaxation times of these water were found to correspond well to the measured β, 

δ, and γ dielectric relaxation time. Recently, dividing the solvent into even more 

consecutive HLs has been attracting more attention with the advancement of Voronoi 

tessellation analysis46, 48-49. Apparently, the statistical populations of water molecules 

used to calculate the local water relaxation time in these MD simulations are confined 

to empirical or adjusted "hydration layers". Moreover, the hydration water which 

directly interacts with the proteins usually possesses a time constant of at least on the 

scale of hundreds of picoseconds. In this regard, a 10 ps or 100 ps long time period may 

be insufficient to characterize its rotational dynamics. For instance,  Fogarty and 

Laage89 have assessed the simulation convergence by computing the reorientation time-

correlation function and the distribution of reorientation slowdown factors respectively 

by two independent 20 ns trajectories and a shorter 4 ns trajectory, and found that the 4 

ns trajectory could provide a reliable determination of these quantities. Therefore, 

defining the HLs based on the initial position of water molecules may call the 

computation accuracy of relaxation time into question, especially for water near the 

protein surface. 

1.3 Water rotational dynamics mechanism 

In addition to the quantity of water rotational relaxation, the knowledge of the 

predominant factors of water rotational dynamics is also necessary to manipulate the 

water dynamics around proteins. Although water dynamics dominating these 

characteristics have been extensively studied by means of various computational83, 95, 98 

and experimental methods42, 44, 66, 69, the underlying mechanism characterizing the water 

rotational dynamics is still a field of active research. 

1.3.1 Extended jump model 

For example, the extended jump model (EJM) introduced by Laage and Hynes99 

provided a quantitative description of the HB reorientation relaxation time in liquid 

water. In this model, the water molecule reorients predominantly via the sudden, large-
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amplitude jumps when any of its water hydroxyl (OH) groups trades HB with the 

surrounding water molecules. The HB exchange process is regarded as a chemical 

reaction, as illustrated in Figure 1-9 (a). First, a new water oxygen acceptor approaches 

from outer shells while the initial HB elongates. Once the initial and the approaching 

oxygen acceptors are equidistant from the target water oxygen, the water OH can 

suddenly jump orienting from one acceptor to another. Finally, the new HB stabilizes, 

and the previous partner leaves. Additionally, a minor contribution results from the 

slower tumbling of the frame of the intact H-bonded complex98. They further applied 

this HB jump model to water on a biomolecule interface (Figure 1-9 (b)).  

 

Figure 1-9. (a) Molecular H-bond jump mechanism for water reorientation process. (b) 

Schematic diagram with a protein interface and the three types of sites, respectively 

hydrophobic, H-bond donor, and H-bond acceptor, together with a pictorial representation of 

the types of perturbation they induce on water dynamics (excluded volume and H-bond strength 

factors)26. 

Hydrophobic groups affect HB jump dynamics merely by impeding the approach of 

a new water HB acceptor through an excluded volume effect, while the hydrophilic 

groups by forming strong HBs. HB donors and acceptors also act differently: although 

the donors can form bonds of different strengths, these bonds basically act only on the 

oxygen atom of the rotating water molecule. Thus, the resulting torque's influence on 

the OH reorientation is negligible, and these HB donors impact water dynamics mainly 

via their excluded-volume effect like hydrophobic groups. On the other hand, the H-
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bong acceptors can disturb water reorientation dynamics via both the excluded-volume 

effect and the formed HB strength88-89. However, in their work, water reorientation 

relaxation time was derived from ab exponential fit within the interval 2–10 ps of the 

ACF to avoid contributions from water molecules "which have moved to a different 

environment"88-89, as introduced above. Such concerns may be warranted for water near 

hydrophobic groups, but not for water near hydrophilic residues or in confined sites 

where water features essentially zero diffusion in such a short time span48, 100. Therefore, 

the relaxation time of the water was underestimated by an order of magnitude48 and the 

rotational retardation factor (RRF, water relaxation time normalized by that of bulk 

water) distribution over the protein surface was "quite uniform"88.  

1.3.2 Exchange-mediated orientational randomization mechanism 

Persson and Halle developed an exchange-mediated orientational randomization 

(EMOR) picture to account for the effect of protein confinement on the periphery water 

rotation motion101, as illustrated in Figure 1-1048. For unconfined water molecules, 

water rotation is governed by the cooperative motion of neighboring several water 

molecules which "lowers the transition-state barrier by enabling water-water H-bonds 

to be broken and formed in concert"48, just as bulk water. This is consistent with the 

EJM in some respects. For water in low-confinement sites (top panel), the mechanism 

is also essentially the same as that collective mode for bulk water. Nevertheless, due to 

the presence of the protein on one side, the distribution of water neighbors is less 

symmetric than bulk water. Besides, in the polar sites, the O and N atoms on proteins 

cannot act as efficiently in this cooperative process as the more mobile water molecules 

in the bulk region. For the highly confined circumstance, owning to the steric exclusion 

of most water neighbors and the essentially fixed HB polarity and position of the most 

protein polar atoms, water molecules are therefore orientationally restricted. The 

exchange event is thus required to rescue the target water molecule, whereby a new 

water molecule enters the confined cavity and replaces its position and the original one 

now can rotate with little retardation. This rotation mechanism is termed EMOR. They 

thus concluded that "water rotation interpolates between a perturbed but bulk-like 

collective mechanism at low confinement and an exchange-mediated orientational 

randomization (EMOR) mechanism at high confinement."48 It should be noted that this 

EMOR picture does not provide a quantitative description of water rotational relaxation, 
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despite that it affords an understanding of the protein surface structure effect on water 

rotational dynamics in the view of the HBs exchange scenario.   

 

Figure 1-10. Schematic illustration of water rotation in low and high confinement sites, 

showing H-bonds (green), protein-O (red), and protein-N (blue) atoms48. 

1.3.3 The perspective of electrostatic interactions 

In consideration of the essence of intermolecular interactions, the effect of 

electrostatic force has aroused wide interest in the research field of the water rotation 

mechanism. Earlier Time-Dependent Fluorescence Stokes Shift (TDFSS) experiments 

performed by Zhong and his coworkers suggested that the fundamental water-protein 

electrostatic interaction was crucial to HL formation50, 102-103. It was presumed that the 

exerted electro-static force from the protein immobilized the water molecules in its 

rotational motion, and hence to reorient, the exchange with water of the outer layer was 

required. As shown in Figure 1-11, their recent TDFSS determination further 

demonstrated that the hydration dynamics were highly related to the local residue 

charge44-45, 104. Combing with the recently developed fluctuation theory, the EJM also 

revealed that the electrostatic interactions dominated the activation energies for HBs 

jump and water reorientation (Figure 1-12), independent of the water model adopted105-

106. 
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Figure 1-11. Time scales of the water-network relaxations τ3S. The mutants are classified based 

on their local chemical identities (solid red, heavy charge; pink, partial charge; gray, 

hydrophobic) and secondary structures (orange bar, β-sheet; green bar, α-helix)44. 

 

Figure 1-12. Total activation energy and its electrostatic, Lennard-Jones, and kinetic energy 

components for the H-bond jump time (blue), diffusion coefficient (red), reorientation time 

(purple), and shear viscosity (magenta) of TIP4P/2005 water106. 

As a kind of dipolar molecule with a permanent dipolar moment, a water molecule 

can be oriented by the local electric field107-109.  In a protein solution, the effective dipole 

moment of the protein molecule is usually 2 orders of magnitude larger than the water 

dipole95, which renders the alignment of the water dipole with the protein dipole 

plausible. Even though neither water orientation nor the exerted electric field is 

currently accessible by experiments, the molecular dynamics (MD) simulation can 

calculate these properties. To date, several simulation works39, 46-49, 110-112 have 

addressed the affinity of a single water dipole toward the protein's electric field although 

the studies are fairly limited and have reached only few consensuses.  
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Figure 1-13. Correlation of angle between water dipoles and electrostatic field with the density. 

Solid line: electrostatic field calculated only from protein atoms. Dashed line: electrostatic field 

calculated from the entire system (protein and explicit water atoms)39. 

A seminal simulation work reported that water dipole moments within the shell of 3 

Å thickness exhibited a more perpendicular alignment ordering with regard to the 

normal vectors from the lysozyme surface and that the water dipole was electrostatically 

driven to orient towards the line of electric field originating from the protein atoms 

(Figure 1-13)39. The long-range electrostatic interactions also lead to the heterogeneous 

orientation of the hydration water depending on the electrostatic potential of the local 

protein surface110. With the recent advancement of the Voronoi analysis of water shells, 

the long-range ordering influence of the protein on the structure of solvent distant from 

the protein was further demonstrated47, 49, 111. The parallelization of water dipole to the 

electric field outside the first HL was implied to be achieved by water-water interactions 

from shell to shell, instead of by the dielectric response of the solvent to the decaying 

electric field of the protein111. Similarly, for water outside the first HL, the tendency of 

water dipoles to be aligned with the electric field is concluded as an intrinsic property 

of bulk water47, 49. In the state-of-the-art experimental and computational studies of 

chiral sum frequency generation (chiral SFG) spectroscopy113, Konstantinovsky et al. 

determined that the ordering of water dipoles extends 30−40 Å away from the protein 

and gradually fades into random arrangements beyond 40 Å. Besides, the much less 

symmetrical ordering within the first HL relative to that beyond provides the chiral SFG 

sensitivity to the water in the first hydration shell. 

To summarize, all the reports introduced here suggest a strong relationship, albeit 

not quantitatively clear enough, between water dipole and the electric field (especially 
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from protein). In addition, the above investigations mainly paid attention to the static 

alignment (the angle) of the water dipole to the electric field generated from protein, 

but not to its effect on the dynamics of the water dipole. The very few works on 

investigating the effect of electric field alignment on these dynamics were made by 

probing the 17O nuclear quadrupole relaxation (NQR), a superposition of the second-

rank Legendre polynomials which describe the rotation of the electric field gradient46, 

112. However, the authors themselves reported that this technique was incapable of 

calculating the strong retardation of the water rotation caused by an electric field 

exerted by the protein interface46, 112. Using a similar method, the later study further 

concluded that the short-range mechanisms in the first hydration shell of protein 

dwarfed the alignment effect of the electric field on the rank-1 time correlation 

functions (TCF)48. 

1.4 Water dynamics in cryoprotectant solutions 

Among the PAs, sugars, the nonpermeable additives, have been widely employed to 

protect protein drugs and food during the freezing and drying processes. The sugar-

water interactions are also deemed to be responsible for its unique protection 

mechanism1-5. Therefore, not only the inspection of the sugar effect on water dynamics 

helps the understanding of its protection mechanism in protein stabilization, but the 

water dynamics in aqueous sugar solutions can also be extrapolated to the study of that 

surrounding a large biomolecule by a reductionist approach4. 

1.4.1 Retardation of water relaxation by sugars 

It has reached a consensus that water dynamics close to sugars are retarded relative 

to bulk water, by a variety of experiments114-119 and MD simulations120-122. However, 

current studies disagree on to what extent the sugar solute can retard the surrounding 

water molecules and whether the disaccharide trehalose perturbs the water dynamics to 

a larger extent than other monosaccharides or disaccharides.  

Ultrafast fluorescence spectroscopy experiments114 suggested that trehalose slowed 

down the solvation dynamics more effectively than sucrose.  The computation studies 

by MD simulation120-122 showed that trehalose formed more HBs with water molecules 

than both sucrose and maltose did. A femtosecond infrared spectroscopy 

measurement115 found water rotation motion was more strongly retarded in trehalose 
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solutions than that in glucose or sorbitol solutions. Recent broadband dielectric 

spectroscopy (BDS) experiments116-117 also illustrated that trehalose induced a stronger 

slowdown of water dynamics than glucose and sucrose. The time-dependent Stokes 

shift (TDSS) measurements118 suggested that sucrose slowed down the translational 

diffusion in greater magnitude with respect to trehalose and maltose. However, the 

depolarized light scattering123 did not detect any obvious difference between trehalose 

and other monosaccharides or disaccharides. A later MD simulation122 calculated the 

intermolecular nuclear Overhauser effect (NOE), nuclear quadrupole relaxation (NQR), 

and dielectric relaxation spectroscopy (DS), and concluded that trehalose slowed down 

the water dynamics a little bit stronger than other sugars. The very recent wide-angle 

X-ray scattering measurement119 showed that trehalose preferred a more disordered 

arrangement, the bulky arrangement, which could disturb the water dynamics more 

effectively compared to sucrose. Therefore, whether trehalose is more effective in 

slowing down water dynamics is still highly debatable. 

The BDS experiments116-117 on the aqueous sucrose and trehalose solutions 

performed by Shiraga et.al showed that the HL extended up to ~ 3.5Å (corresponding 

to the average hydration number, Nhyd  25) from the sugar surface and that the average 

retardation factor ranged from 2.4 to 5.5 depending on the disaccharide concentration. 

The NMR measurements124 found a modest retardation factor of merely 1.67, by 

assuming the HL was comprised of 47 water molecules. The EDLS experiments68, 123 

suggested a higher retardation factor of 5-6, which is quite independent of the sugar 

species (fructose, glucose, trehalose, and sucrose) and the sugar concentrations. The HL 

is around 3.1 Å from the solute surface, which corresponds to the hydration number of 

16 for glucose and 25 for trehalose. A femtosecond mid-infrared study115 suggested that 

the hydration number for glucose, trehalose, and sorbitol was 24  3, 46  5, and 21  

3, respectively. The retardation factor was found to be 1.65  0.15 for all three sugars, 

similar to the NMR measurements. It should be pointed out that the deduction of such 

results was aided by a probability model where water molecules were assigned to zero, 

one, two, or three HLs according to their increasing relaxation times, since they 

believed that water within the HLs of multiple sugar molecules rotated 2.7 times slower.     
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1.4.2 Random close-to-contact condition 

As a kind of small molecule compared with proteins, sugar molecule has a higher 

specific surface area and a higher solubility. Although different experimental 

techniques have given the various number of hydration water (Nhyd), they all have 

suggested that Nhyd decreases with the increasing sugar biomolecule solution68, 116-117, 

123, probably due to the HL overlapping and solute aggregation both occurring in 

concentrated solutions and releasing the hydration water into the bulk. It is 

straightforward to understand that the latter phenomenon happens in the higher 

concentrated case.  

 

 

Figure 1-14. (Top) Schematical diagram of the solvent-sharing model. The radius of the 

spherical solute molecule is c, the external radius of the HL is a, the intermolecular distance is 

r, and the height of two spherical caps is h = a-r/2125. (Bottom) The number of shared hydration 

water molecules of glucose molecules was obtained from MD simulations (squares) and the 

geometric model (solid line). The inset shows the glucose molecules (red), hydration water 

(green), and shared hydration water (blue) in the simulation box at the solute mass percent of 

9.1 wt%125. 
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To discriminate these two factors,  Fioretto et al.125 propose a solvent-sharing model 

for small molecules, where hydration water is merely subject to the finite probability of 

close-to-contact condition among different solute molecules. This simple geometric 

model (Figure 1-14 (top)) which assumes the small solute molecule to be spherical 

estimates the hydration number through the predefined hydration thickness, sugar 

concentration, and number density of water. Once the intermolecular distance among 

sugars is obtained from the concentration or molar ratio, the number of hydration water 

shared by these two solute molecules can be deduced from the overlapping volume and 

water number density. They also calculated the number of the shared hydration water 

molecules from the MD simulation, by assuming the HL ~ 2Å and counting the water 

molecules belonging to different solute molecules125. The corresponding results versus 

the distance between the solute molecules are shown in Figure 1-14 (bottom). Here, 

the glucose molecule has been modeled as a sphere of radius c=3.41 Å. The results from 

both MD and the analytic model show that a hydration water molecule may be shared 

among different solute HLs even in this pretty dilute case (9.1 wt%).  

In addition to sugars, the slowdown effect of several zwitterionic molecules has also 

been studied, such as triethylamine N-oxide (TEAO), TMAO, and 4-methylmorpholino 

N-oxide (MMO)4, 37. Despite that all these works explored how different additives 

influence water dynamics through water-structure-making or water-structure-breaking 

effect37, the practical principles for retarding water rotational dynamics by protective 

agents are not sufficiently discussed. For developing effective protective agents, a 

systematic investigation to extract the essential and specific parameters is of great 

significance. 

1.5 Predictive role of MD simulation 

As is known to all, the experiment techniques can provide valuable insights into 

certain aspects of water dynamics, such as HBs115, water dielectric relaxation time116-

117, and water self-diffusion coefficients126. However, due to the general limitation in 

their temporal and spatial resolution, the output is usually the collective response or 

ensemble average properties, instead of the individual water dynamics or the site-

specific water-biomolecule interactions. In contrast, the MD simulation can record the 

behavior of water, protective agents, and protein molecules at the atom level. In 

consequence, this computation tool has been widely implemented to unravel the 
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mystery of water motions and the water-biomolecule interplay with sufficient temporal 

and spatial resolution. With the recent rapid advancement of computer hardware, 

parallel algorithm, and force field development, the MD simulation has evolved to be 

more precise and the longer simulation span on the scale of milliseconds is also 

realizable2. Therefore, MD simulation should work as a powerful tool in predicting the 

effect of additives and designing the protein stabilizer. Figure 1-15 summarizes the 

spatial and temporal scales of MD simulation for biopreservation and other relative 

fields. 

 

Figure 1-15. Solute size and timescales covered by representative MD simulations for 

biopreservation, along with state-of-the-art biomolecular simulations beyond the field. 

Abbreviation: DPMC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine2. 

1.6 Motivation and objective of this Dissertation 

In order to better predict the experiment outcome and facilitate the design of the 

protein stabilizer, the motivation of this dissertation is to have a better understanding of 

the water rotational dynamics surrounding proteins and how the protective additives 

slow down the water dynamics, from a molecular level.  
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Specifically, the main objectives of this dissertation are highlighted as follows: 

1) To reveal the molecular nature behind the dominant dielectric response measured 

by broadband dielectric spectroscopy (the  dielectric dispersion). 

2) To depict the probability distribution of water molecular rotational relaxation time 

(heterogeneity of individual water dynamics) and illustrate how far proteins can perturb 

the water dynamics by mapping the spatial dependence of water relaxation time. 

3) To probe the molecular mechanism of water rotational dynamics from the 

perspective of electrostatic interactions, whereby the role of protein in water rotational 

relaxation and the correlation between water rotational and translational dynamics can 

be analyzed, and to disentangle the myth over the local hydration dynamics.  

4) To shed some light on the dependence of water relaxation time on its residence 

time within the HL and on the solute dipole in aqueous sugar solutions, in order to 

provide guidance for controlling water rotational relxation.  

1.7 Organization of this Dissertation 

In chapter 1, the background of this work, including the dominant role of hydration 

water in protein conformation, water rotational dynamics in aqueous protein/sugar 

solutions, and the four prevailing hypotheses about the protection mechanism of 

protective agents (sugars here) in various preservation methods, is introduced. 

Meanwhile, chapter 1 also summarizes the recent progress in probing the underlying 

mechanism of water rotational dynamics and the slowdown effect of a variety of sugar 

molecules, by differing experimental techniques and MD simulations. The 

practicability of MD simulation in designing the protective additives for therapeutic 

proteins is also reviewed briefly wherein. 

In chapter 2, the molecular water behavior behind the macroscopic dielectric 

measurement in the high-frequency domain is investigated. The dielectric spectra of 

various concentrations of protein solutions are derived from the relaxation times of all 

water molecules by MD simulation and measured by broadband dielectric spectroscopy 

(BDS). Comparison of the dielectric relaxation time between the calculated value from 

MD and the measured one by BDS reveals the molecular origin of the dielectric spectra 

in the gigahertz domain ( relaxation in Figure 1-16 (a)). 
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In chapter 3, the preliminary understanding of individual water rotational dynamics 

in protein solutions is explored by MD simulation of lysozyme solutions. The 

probability density function of the rotational relaxation time of all water molecules in 

lysozyme solutions is calculated without predefining the "HLs", whereby the empirical 

or adjusted hydration shells are excluded. Based on that, the spatial distribution of water 

relaxation time is illustrated. Practically, MD simulations of the pure water system and 

lysozyme-water systems of various concentrations in the equilibrium state are carried 

out. From the trajectories and relaxation times of all water molecules, the two-

dimensional probability distribution of water at a distance from the lysozyme surface 

with a rotational relaxation time can be derived. Based on this 2-D probability 

distribution, the expected value of water rotational relaxation time as a function of the 

distance from the lysozyme surface (the distance, x, in Figure 1-16 (b)) is obtained, 

from which the average retardation factor relative to bulk water and the thickness of the 

first HL are discussed ultimately.   

   

Figure 1-16. (a) Schematic diagram of the spectrum of the imaginary part of the complex 

permittivity (dielectric loss spectrum) of the solution (break line); ,  and  are Debye peaks 

decomposed from the dielectric spectrum57-58, 71, 73, 127. (b) Schematic representation of partial 

water molecules surrounding lysozyme. 

In chapter 4, the mechanism of water molecular rotational dynamics from the 

perspective of electrostatic interactions is probed by MD simulation. The reorientation 

of the exerted electric field on the water molecule is analyzed and compared with its 

rotational dynamics. The relaxation time distribution of the local electric field (electric 

field at interior fixed positions) reorientation is also computed meanwhile. This picture 

provides insight into the local hydration dynamics. The discrepant water rotation 

mechanisms within the HL and outside of the HL are illustrated. This observation leads 
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to further discussion about the dependence of water relaxation time on its residence 

time, which provides a basic understanding of controlling water rotational dynamics 

surrounding proteins.  

In chapter 5, water dynamics in aqueous PAs solutions (sugars and sugar alcohol 

here) are studied based on the findings in the above chapters, by MD simulation and 

BDS measurement. The probability distributions of both water residence time and water 

relaxation time are depicted in an array of sugar and sugar alcohol solutions (glucose, 

trehalose, sucrose, maltose, and sorbitol). Water molecular dynamics in these PAs 

solutions are compared with that in protein solutions. Moreover, through a systematic 

study of water residence time distribution with a geometric model, this chapter 

demonstrates how the solute size (specific surface area) governs water residence time. 

The effect of the HL overlapping on water residence is also discussed. Meanwhile, the 

summary of the relationship between water relaxation time and its total residence time 

indicates the importance of solute dipole moment in slowing down water dynamics. 

Finally, the effect of balance between PA dipole moment and its size on water dynamics 

is discussed. The basic laws acquired in this chapter for controlling water dynamics 

might have a meaningful impact on the development of protein stabilizers. 

The main conclusions of the present work as well as the future perspectives are 

summarized in the last session of this dissertation.   
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Chapter 2 Dielectric Relaxation 

The dielectric spectroscopy technique has been widely employed to characterize 

different food products. As introduced in Sec. 1.2.1, a previous work in the current lab 

found that the deterioration rate of lactose dehydrogenase (LDH) in solution has the 

power-law relationships with the dielectric relaxation times of water in the solution, 

particularly sensitive to the  relaxation time (20 GHz)33. This chapter reveals the 

molecular water behavior behind the macroscopic dielectric time constant. 

2.1 MD simulation and post-analysis theory 

2.1.1 MD simulation setup 

Molecular dynamics (MD) simulations were carried out for lysozyme aqueous 

solutions and pure water employing an extended point charge water model (SPC/E128) 

with periodic boundary conditions by the GROMACS129 package (Version: 2019.4). 

For protein-water systems, the initial configuration of lysozyme (molecular weight: 14 

kDa, total charge: +8e) was obtained from the crystallographic structures with PDB 

code 1AKI, and the OPLS-AA force field130 was used in the simulation. The protein 

was solvated in a cubic box of length ~9 nm containing several lysozymes and ~20000-

24000 water molecules, corresponding to effective mass concentrations ranging from 

33 to 235 mg/mL. The protonation state of the amino acids corresponds to a pH of 7. 

Next, chloride ions of 8 times lysozyme molecules were added to neutralize the system. 

First, the potential energy of the whole system was minimized using the steepest descent 

algorithm. Then, the system was equilibrated in the NVT ensemble for 10 ns at constant 

temperature (298.15 K), followed by equilibration in the NPT ensemble at constant 

temperature (298.15 K) and pressure (1 bar) for another 10 ns. During the equilibration 

processes, the positions of protein-heavy atoms were restrained with the Lincs 

algorithm131. Finally, the production runs were performed in the NPT ensemble (298.15 

K and 1 bar) for 100 ns with a 2-fs time step, and the last 5 ns - continuous running 

molecular trajectories were taken as sample populations for further analysis. A cutoff 

radius of 1 nm was used for the nonbonded Lennard−Jones interactions and neighbor 

searching, which was updated every 20 fs. The modified Berendsen thermostat132 

(coupling time constant of 0.1 ps) and the Parrinello-Rahman barostat133 (coupling time 

constant of 2.0 ps) were used to keep the temperature and pressure constant, 
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respectively. The electrostatic interactions were calculated by the Particle Mesh Ewald 

(PME) method134-135 with a Fourier grid spacing of 0.16 nm and a 1 nm cutoff for the 

short-range part in real space. For pure water, 11225 water molecules were included in 

an ~7 nm cubic box, and the simulation protocols were completely the same as the 

protocols implemented in the protein solution case. 

2.1.2 Water rotational relaxation time 

The rotational dynamics of a single water molecule was investigated by measuring 

the time evolutionary reorientation of its dipole vector (symmetrical axis vector of a 

water molecule) u, i.e., the dipole moment time autocorrelation function (ACF), which 

is defined as 
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where dipole moment vector u(t) is the summation of single water OH-bond vector e at 

time t. Here, dipole moment u was calculated for all the water molecules in the 

lysozyme aqueous solution within a 5 ns continuous dynamic trajectory. Since water 

rotation should depend on the position of water relative to the lysozyme surface, the 

present work took the water position data relative to the lysozyme surface to the end of 

the calculation. The dipole moment ACF obtained was then approximated with a multi-

decaying exponential by the least squares method to extract the rotational relaxation 

time constants, as expressed by Eq. (2-2). The optimized fitting was derived based on 

a combination of a correlated function (R2) and a two-tailed significance test (Student's 

t-test; | t | > 2) to guarantee the reliability of the calculated relaxation times. The number 

of the exponential curve was increased one by one starting from a single exponential 

curve until the t value of any of the fitting parameters became smaller than 2. 
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Here, Ak and τk are the amplitude and time constant of the kth relaxation mode, 

respectively. The subscript 'D' represents the water molecular dipole which corresponds 

to the symmetric axis of the water molecule, and this subscript is used to distinguish 

from the reorientation process of the electric field discussed in the following chapter.  

Note that the summation of Ak is equal to 1. The average rotational relaxation time of 

each water molecule was calculated as95 
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k

A =    (2-3) 

2.1.3 Theory of calculation of dielectric loss from MD 

Statistically, the dielectric spectrum is calculated by Fourier transformation of the 

ACFs of the total dipole moments in the measured material107, 136. Thus, the correlation 

function of the collective dipole moment, which is composed of all water and lysozyme 

molecules (Eq. (2-4)), should be calculated to obtain the dielectric spectrum of the 

lysozyme solution. 

 
,( ) ( ) ( )t j lys l

j l

t t t= + M M M   (2-4) 

Here, Mt(t) is the total dipole moment of the solution at time t, obtained from the vector 

summation of all molecular dipoles present in the solution, i.e. those of water, yielding 

𝑀𝑗(𝑡) = ∑ 𝜇𝑗(𝑡), and those of the protein molecules, 𝑀𝑙𝑦𝑠,𝑙(𝑡) = ∑ 𝜇𝑙𝑦𝑠,𝑙(𝑡).  Subscript 

j is a certain single water molecule, and lys,l is a certain single lysozyme molecule. This 

correlation function 〈𝑴𝑡(0)𝑴𝑡(𝑡)〉 has five terms, namely, ACF of water, ACF of 

lysozyme, cross correlation function (CCF) between two water molecules, CCF 

between two lysozyme molecules, and CCF between lysozyme and water molecules. 
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Because the focus here is paid on the dynamics of all solvents in the system, only 

the ACF of water (the first term on the right-hand side) was calculated to investigate its 

contribution to the dielectric spectrum (neglecting other terms). Therefore, the 

imaginary part of the dielectric spectrum is  

 
, ,
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( )1
'' ,

1 ( )

j k j k

j k j k

A

N







=

+
   (2-6) 

where  is the circular frequency. Note that the imaginary part of dielectric relaxation 

strength  was not presented here. 
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2.2 Experimental method: Broadband dielectric spectroscopy  

2.2.1 Experiment apparatus 

The dielectric spectra of lysozyme solutions in the frequency range from 5 kHz to 

43.5 GHz were measured using two impedance analyzers (4294A, Agilent 

Technologies, available frequency range of 40 Hz to 110 MHz and E4991B, Keysight 

Technologies, 1 MHz to 3 GHz) and a vector network analyzer (N5224A, Agilent 

Technologies, 10 MHz to 43.5 GHz). These three instruments are connected to an open-

ended coaxial probe with a diameter of 1.2 mm via a multiport coaxial switch (8767M, 

Keysight Technologies, DC to 50 GHz) and coaxial flexible cable (FC-182, Flexco 

Microwave, DC to 40 GHz). For the calibration of measurement, several standard 

materials with known dielectric properties, air, 2-propanol137, ethylene glycol137, and 

water136, were used. The sample temperature was controlled at 25.0 ± 0.1 °C by 

circulating water in the sample cell holder from a thermostatic bath (TRL-108H, 

THOMAS KAGAKU).  

2.2.2 Sample preparation 

Solute lysozyme powder from chicken egg white was purchased from Sigma–

Aldrich (62970, ~100000 U/mg) and used without further purification. Lysozyme 

solutions of 34-284 mg/mL were prepared by dissolving the solute in ultrapure water 

(Simplicity UV, Merck). 

2.2.3 Calculation of dielectric loss ′′ from measured real part ′ using the 

Kramers-Kronig relations 

The imaginary part " (dielectric loss) of the complex permittivity, 𝜀∗ = 𝜀′ − 𝑖𝜀′′ (i 

is the imaginary unit), was calculated from the measured real part ′ using the Kramers–

Kronig transform107, 136-141. This transformation from the real part '  allows the 

elimination of the effect of static electrical conductivity, which often overlaps with the 

dielectric loss peaks of water107, 136. Concretely, Kramers-Kronig (KK) relations 

provide a physical connection between the real and imaginary parts of an analytic signal 

that describes causal processes, and they are commonly used in the study of optical 

materials142, where the refractive phenomena are derived by the measurements of 

absorptive phenomena or vice versa. For the complex permittivity * = ′ – i′′ in the 
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presence of static electrical conductivity , the real and imaginary parts are connected 

by KK relations as expressed in Eqs. (2-7) and (2-8)138. 
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where  is the angular frequency, ∞ is the high-frequency limit of the complex 

dielectric permittivity, and 0 is the dielectric permittivity of vacuum. The symbol P in 

Eqs. (2-7) and (2-8) denotes the Cauchy principal value of the integral. Eqs. (2-7) and 

(2-8) show that ′() and ′′() are the Hilbert transform pairs. The Hilbert transform 

of x(t) as a function of time t is defined as Eq. (2-9)141. 
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Here, symbol * indicates the convolution operation and ^ indicates a Hilbert-

transformed function. From Eqs.(2-8) and (2-9), dielectric loss without the contribution 

of electrical conductivity, ′′() – /(0), can be obtained by the Hilbert transform of 

 ′()143. 

2.2.4 Decomposition of the measured dielectric loss spectra 

The obtained dielectric loss spectra were decomposed into Debye relaxation 

functions of several relaxation dispersions by the least square approximation. 

 
2

( )

1 ( )

n n

n n

''
 




 
=

+
   (2-10) 

Each Debye relaxation has a relaxation time, n, and relaxation strength, n. In the 

present study, the Bayesian information criterion (BIC) was used to determine the 

number of relaxation terms on the right-hand side in Eq. (2-10) where the value of BIC 

in the approximation is preferred to be the minimum in the model selection144-145. 
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2.3 Dielectric loss spectra 

2.3.1 Probability distribution of water relaxation time 

As expressed by Eq. (2-6), the dielectric loss spectrum is obtained from the 

rotational ACF of all water molecules, and the rotational relaxation times of all 

individual water molecules are first calculated. Figure 2-1 shows the probability 

density of the rotational relaxation time, P() of water molecules in a pure water system 

and in lysozyme solutions with various protein mass concentrations. In the inset of 

(Figure 2-1 (a)), the PDF of pure water exhibits a sharp narrow distribution and is 

perfectly fitted to a single Gaussian distribution, where the averaged rotational relaxati- 

 

Figure 2-1. Probability density of water relaxation time in pure water and lysozyme solutions 

with various concentrations with abscissa in (a) linear and (b) logarithmic scale. The inset is 

the Gaussian fit (red) result of the probability distribution of relaxation time (black) for pure 

water. Panel (a) and (b) share the same legend in color.  
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-on time is 4.96 ps with a small deviation of 0.42 ps, indicating the homogeneous 

relaxation behavior of pure water. However, water molecules influenced by lysozyme 

have a broad spectrum of rotational relaxation times, and the relaxation time 

distribution is distorted to the longer relaxation time side from a symmetric Gaussian, 

principally because of the increasing ratio of hydration water with longer rotational 

relaxation time. However, at a relatively lower concentration (<100.1 mg/mL), the 

probability density of relaxation time can still be well fitted by Gaussian (results not 

shown here), possibly because only a small portion of water in the solution is hydration 

water at lower lysozyme concentrations. Hence, the PDF is not distorted too much from 

the Gaussian distribution. Upon increasing the solute concentration again, this 

relationship between PDF and Gaussian distribution never holds. 

2.3.2 Dielectric loss spectra calculated from MD 

Dielectric loss spectra calculated by the solvent component from MD simulation (Eq. 

(2-6)) for pure water (inset) and aqueous lysozyme solutions are shown with black solid 

lines in Figure 2-2, where the red (blue for pure water) dashed-dotted lines indicate the 

corresponding fitting curves by a single Debye function. The dielectric loss spectrum 

of pure water overlaps perfectly with the single Debye curve with a dielectric relaxation 

time of 4.96 ps, which is identical to the mean value of the relaxation time distribution 

of pure water. Thus, the dielectric relaxation property is proven to be exactly the 

macroscopic consequence of the molecular rotational relaxation, and the cross 

correlation among water molecules is negligible for pure water. For dilute lysozyme 

solutions (< 100.1 mg/mL), as shown in Figure 2-2 (a) and (b), the calculated dielectric 

loss is well fitted by the single Debye function (Eq. (2-10)) with a negligibly small 

residual error, probably because the relaxation time distribution used for calculating 

dielectric loss is not a complete normal distribution. When the solute density increases, 

this residual error derived from the fitting with the Debye function becomes larger, 

especially in the lower frequency region. However, the measured dielectric loss 

spectrum has a single peak without any shoulder-like shape, even in the most 

concentrated case.  
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Figure 2-2. Dielectric loss spectra of water in various concentrations of protein solutions from 

MD simulation using Eq. (2-6). Debye fit (red or blue dashed-dotted line) is also shown for 

each case with its relaxation time. (a) 33.2 mg/mL; inset indicates pure water, (b) 100.1 mg/mL, 

(c) 167.3 mg/mL, and (d) 234.6 mg/mL. 

2.3.3 Dielectric loss spectra measured by BDS 

In comparison, Figure 2-3 and Figure 2-4 show the dielectric spectra, measured by 

the BDS experiments. Figure 2-3 is the real part of the permittivity. In the low-

frequency range, the effect of electrode polarization (EP), which is induced by the ions 

accumulating on the electrode/sample interface107, 136, 146, is dominant. Since EP often 

exists around 10 MHz, the decomposition of so-called β relaxation related to rotational 

dynamics of the protein57-58, 73, 127 in this frequency range is hindered. In the present 

study, however, the β relaxation is not the target relaxation. 
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Figure 2-3. Dielectric dispersion obtained in the experiment. (Top panel) Raw data measured 

by the impedance analyzers and the vector network analyzer (25.0 °C). (Bottom panel) 

Dielectric dispersion after removing EP contribution EP = A–
 ( is the angular frequency; A 

and  are the constants of the system.107, 136, 146).  

Figure 2-4 compares the dielectric loss spectrum of lysozyme aqueous solution (34 

mg/ml) obtained by the measurement (raw data) with that by the transformation from 

experimentally obtained real part ′ using KK relations. While they agree well in the 

high frequency region, there is a significant difference in the lower frequency region. 

This is because the contribution of the static electrical conductivity  overlaps the 

dielectric relaxation of water for the raw data. On the other hand, the dielectric loss 

spectrum without the contribution of  was obtained by the transformation using KK 

relations, which is convenient for the analysis of dielectric relaxation of water. 
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Figure 2-4. Comparison of the dielectric loss spectrum obtained by the measurement with the 

vector network analyzer (raw data) with that by the transformation from experimentally 

obtained real part ′ using KK relations for lysozyme aqueous solution with the concentration 

of 34 mg/ml at 25 °C. 

Figure 2-5 summarizes the dielectric loss spectra of lysozyme aqueous solutions 

obtained by the transformation from experimentally obtained real parts ′ using KK 

transformation. At approximately 20 GHz, the fastest relaxation, γ process, attributed 

to the collective orientational motion of the dipole moments of water molecules57-58, 73, 

136 was observed.  

 

Figure 2-5. Dielectric loss spectra for lysozyme solutions of various concentrations at 25.0 ℃ 

by BDS. 
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Figure 2-6. Decomposition of the dielectric loss spectra of lysozyme solutions to the Debye 

relaxation functions (by Eq. (2-6); to be continued). 
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Figure 2-6. Decomposition of the dielectric loss spectra of lysozyme solutions to the Debye 

relaxation functions (by Eq. (2-6)). The spectrum summarizing all decomposed Debye 

relaxation curves is shown as an orange line (Fitting), and the γ relaxation is shown as a red 

line (Debye relaxation 1). 
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Figure 2-6 shows the decomposition of the dielectric loss spectrum for the various 

concentrations of lysozyme solutions. The dielectric loss spectra are identical to the 

sum of decomposed Debye-type relaxation curves. At all concentrations, γ relaxation 

at approximately 20 GHz is perfectly approximated by single Debye relaxation with the 

highest peak frequency (red curve (Debye relaxation 1)). A few small relaxations 

known as the δ process57-58, 73, the molecular origin of which is still under discussion71, 

136, 147, are in the frequency range below γ relaxation. These relaxations have often been 

attributed to hydration water or bound water57-58, 73, 136, but it is more accepted today to 

consider that the δ process is related to not only slowed water molecules but also other 

factors, including local peptide chains on the surface of protein molecules136 and cross 

correlation between water and protein71, 147-148. According to this consideration, only 

the γ relaxation was focused on and compared with the MD simulation results in this 

study. 

2.3.4 Comparison of the γ relaxation between MD and BDS 

To investigate the correspondence relationship between the dielectric spectrum 

(measured by BDS) and the molecular rotational movement of water, the dielectric 

relaxation times derived from MD simulation (Figure 2-2) were compared with the 

 relaxation time measured by BDS (red line in Figure 2-6) for various concentrations 

of lysozyme solution, as shown in Figure 2-7. In Figure 2-7, all the relaxation times 

are normalized by the relaxation time of pure water, respectively, i.e., 4.96 ps for the 

calculated value and 8.27 ps for the measured value. Both normalized relaxation times 

increase monotonically with the protein concentration, and they agree well within the 

maximum relative difference of 6%. This agreement unambiguously suggests that the 

distribution of rotational relaxation times of water molecules in Figure 2-1 composes 

 dielectric relaxation in lysozyme solutions. Since the rotational relaxation times are 

originally derived from the ACF of the water molecular dipole moment, it is further 

concluded that the collective effect of the self-correlation of water rotational movement 

is responsible for the dielectric loss peak in the gigahertz region ( relaxation part) in 

protein solutions. 
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Figure 2-7. The normalized relaxation time of various concentrations of lysozyme solutions, 

in mg/mL. Blue circles depict the normalized dielectric relaxation time of water rotation 

calculated by Eq. (2-6)using the results from the MD simulation. The red triangle depicts the 

normalized g dielectric relaxation time measured by BDS with the error bar. Each relaxation 

time was normalized by the calculated or measured relaxation time of pure water. 

Given the significant practicability of the dielectric spectrum in the bio-preservation 

industry, the successful link between molecular-level water rotation and dielectric 

relaxation may foster computational protein modeling to develop new proteins for 

biomedical and biotechnological applications. Moreover, it is noteworthy that the  

relaxation times presented here were derived from the dielectric loss spectra composed 

by the rotational autocorrelation of the single water molecule, rather than from the 

exponential fit of the collective ACF of defined HLs. Though, reproducing the  

dielectric relaxation will be intractable with this method. Besides, the approximation of 

the classical forcefield used in our MD simulation (SPC/E) has the disadvantages of the 

fixed charge points and the fixed distance between the charged points. The 

intramolecular vibration and bending that may affect the rotational relaxation time 

cannot be calculated. Nevertheless, the fixed-charge force fields are equally capable of 

describing the change in an average electric field associated with solvent polarity149. 

On account of this, M. Sega and C. Schröder successfully reproduced the main peak of 

the experimental dielectric loss spectra of water using three-charged site (SPC, SPC/E) 

and further complex six-charged site model (SWM6)150, but failed to quantitatively 

obtain the peak around 5 THz which has been suggested to originate from the coupling 

of the electronic cloud and intermolecular motions.  
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Including the electronic polarization and charge transfer effects, the ab initio 

quantum mechanical calculation has become a progressively more important approach 

that allows deriving the molecular dipoles through decomposing the electronic structure 

in terms of maximally-localized Wannier orbitals151. In a state-of-art ab initio and force 

field MD simulation work, the dielectric loss spectra in the GHz range obtained by the 

classical forcefield still agreed well with that obtained by ab initio MD and dielectric 

spectroscopy experiments152. Thus, the classical forcefield is capable of analyzing the 

 peak of the spectral response of water in interest here. For higher frequency domains 

(around or over 200 GHz), the ab initio MD is more suitable. 

2.4 Summary 

In this chapter, BDS experiments and MD simulations were carried out for lysozyme 

aqueous solutions with various concentrations, to reveal the molecular origin of the 

gigahertz domain of the dielectric spectra.  

Dielectric loss spectra calculated from the probability density function of water 

relaxation time could be approximated by the Debye function. Upon increasing the 

protein solutions, the dielectric loss spectrum was gradually distorted from the Debye 

curve due to the broader non-Gaussian distribution of the probability density function 

of water relaxation time. The dielectric relaxation time calculated from this probability 

function is nearly identical to the  relaxation time measured by broadband dielectric 

spectroscopy. The excellent agreement unambiguously proves that the dielectric 

relaxation in this gigahertz domain ( relaxation) originates from the collective effect 

of the rotational self-correlation of water molecules only. This finding provides a good 

connection between the molecular water behavior with the macroscopic dielectric 

measurements. 
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Chapter 3 Water Rotational Dynamics around Protein 

As summarized in Chapter 1, the current few MD simulations which reported on the 

water dynamics first assigned water molecules to multiple predefined HLs based on 

their initial positions relative to the protein surface. This kind of analysis may 

compromise the calculation accuracy of water relaxation time. To circumvent the trade-

off between spatial solution and calculation accuracy, a stochastic analysis model is 

presented in this chapter and the spatial distribution of water relaxation time around the 

protein is obtained. Focused on the dynamics of individual water dynamics, two 

fundamental questions about the water dynamics introduced in Sec. 1.2 in protein 

solutions have been addressed.  

3.1 Theory of stochastic analysis 

The definition of molecular rotational relaxation time requires a longer calculation 

period than the expected relaxation time, during which the molecule is in translational 

motion. Thus, to define the probability that water at a certain distance x (which is the 

distance from the nearest atom in lysozyme) has the relaxation time , 𝑃(𝜏|𝑥) , 

stochastic calculations regarding water position, x, and molecular rotational relaxation 

time, , were performed, assuming an ergodic system. By using Bayes' theorem, the 

conditional probability density function (PDF), 𝑃(𝜏|𝑥), of the system is expressed as 

 ( )
( )

,
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P x

P x


 =   (3-1) 

where P(x) is the PDF of the water molecule at a certain position x, which could be 

treated as the water distribution, and 𝑃(𝜏 ∩ 𝑥) is the joint PDF of relaxation time and 

distance. 𝑃(𝜏 ∩ 𝑥) was calculated by taking the statistics of the joint PDF, 𝑃𝑗(𝜏 ∩ 𝑥), 

of all the water molecules as: 
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Here, N is the number of water molecules in the simulation unit and the joint PDF, 

𝑃𝑗(𝜏 ∩ 𝑥), of a single water molecule j is expressed as: 

 ( ) ( ), ,,   ,  j j k j j kP x A P x  = =   (3-3) 
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where Ajk corresponds to the probability that molecule j has relaxation time j, k. P(x) 

was also calculated by taking the ensemble average of the PDFs of the surface distance 

of all single water molecules 𝑃𝑗(𝑥) as 

 ( )
1

1
( ) .
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j

j

P x P x
N =

=    (3-4) 

𝑃𝑗(𝑥) was derived by taking the statistics of x in the calculation period. That is, the 

probability of water j at x in the calculation period, 𝑃𝑗(𝑥), was calculated using the 

kernel density estimation method. Finally, by substituting Eqs. (3-2), (3-3), and (3-4) 

into Eq. (3-1), the conditional PDF 𝑃(𝜏|𝑥) was obtained as 
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Finally, to denote the relaxation time at a specific position 𝜏(𝑥), the expected value was 

calculated by integrating the conditional PDF at x: 

 ( )( ) .x P x d   =    (3-6) 

3.2 The rotational relaxation time of individual water molecules 

A few reports have suggested that water rotation dynamics are highly correlated with 

its translation movement83, 153. In light of this, the water molecules are categorized into 

3 types based on the time spent within the HL (the residence time), namely, highly 

mobile water (HMW), partially restricted water (PRW), and completely restricted water 

(CRW). It is first observed that the nearest distance between water and the protein 

surface is around 2 Å. Meanwhile, given that both SAS experiments (Svergun et. al)38 

and MD simulation (Merzel et. al)39 have concluded that the thickness of lysozyme was 

3 Å due to the found markedly high water density wherein, this study first adopted the 

definition of the HL as a 3 Å thick layer from the lysozyme surface. In this 

categorization, during the entire calculation period (5 ns), HMW always stays outside 

the HL, CRW is always in this HL, and PRW moves in and out of this HL from time to 

time (residence time is longer than 0 and shorter than 5 ns). It should be marked that 

the present classification is completely different from those defined in Refs46-49. Firstly, 
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the 3 classes of water are defined by the length of residence time, rather than based on 

the initial water position of a water molecule. Secondly, there are no bi or multi HLs 

defined throughout this dissertation. Thirdly, the 5-ns long trajectories are used to 

obtain the ACF and thus the relaxation time for every water molecule, whatever kind 

of water class a water molecule belongs to.  

 

 

 

Figure 3-1. ACF of dipole moment (left), trajectory for 5 ns (middle), and probability 

distribution of distance to protein surface (right) for 3 typical types of water molecules in the 

solution of 33.2 mg/mL. (a) Highly mobile water (HMW) and (c) partially restricted water 

(PRW). The snapshots of the trajectories for HMW are shown in panel (b). To be continued. 
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Figure 3-1. ACF of dipole moment (left), trajectory for 5 ns (middle), and probability 

distribution of distance to protein surface (right) for 3 typical types of water molecules in the 

solution of 33.2 mg/mL. (a) Highly mobile water (HMW), (b) partially restricted water (PRW), 

(c) completely restricted water (CRW). The snapshots of the trajectories for HMW, PRW, and 

CRW are shown in panels (b), (d), and (f), respectively. The black arrows indicate the positions 

of corresponding water molecules. 
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Figure 3-1 shows the rotation ACF, the momentary distance between the lysozyme 

surface and water, and the probability density of this distance during the sampling 

period of 5 ns for 3 kinds of water. As shown in Figure 3-1 (a)(center) and (b), a typical 

HMW molecule traveled all over the simulation box but never drifted into the protein 

HLs even though it may be close to them. HMW exhibits a single relaxation time of 

around 5.0 ps comparable to pure water (mean value: 4.96 ps) (Figure 3-1 (a) (left)). 

The active translation movement resulted in a very broad distribution of P(x) (Figure 

3-1 (a) (right)). 

In contrast, a PRW molecule in Figure 3-1 (c) and (d) moved actively as HMW 

when it was outside the HL for a long period, but then stopped its translational motion 

upon being captured by the cavities on the solute lysozyme (snapshots of 2.0 - 4.0 ns in 

Figure 3-1 (d)). Water in this category had two relaxation times of ACF, a short 

relaxation time (7.1 ps) slightly slower than pure water and an extremely long relaxation 

time of 3 orders of magnitude slower (1332.3 ps) than pure water. This water was 

moving around in the simulation box at the beginning (< 1 ns) and then trapped onto 

the protein surface (probably surface depressions, cavities, hydrophilic groups) without 

release. Thus, its probability density function of position had a peak close to the surface 

of the lysozyme with variance depending on the trapping time during the sampling 

period. Some water molecules in this category rotate like HMW when it stays on the 

protein surface for only tens of ps at most. It is also worth noting that at the initial 

moment (0.0 ns), the water molecule moves into the depressions on the lysozyme 

surface rather than into the cavities like in its later life. In consequence, this molecule 

is more viable in the translational motion and escapes from the protein surface tens of 

picoseconds later. 

CRW, as exhibited in Figure 3-1 (e) and (f), stayed within the cavity on the 

lysozyme surface (distance from lysozyme surface ~ 2.0 Å) during the entire sampling 

time and exhibited a significantly slow rotational relaxation time of ACF (over 10 ns) 

with a sharp peak in its probability density function of the position. Although all the 

CRW maintains similar positions (2.0 Å from the lysozyme surface), the rotational 

relaxation time distributes in an extremely wide range. Besides, water with extremely 

slow relaxation time longer than 10 ns was usually attributed to protein tumbling in the 

studies of Dielectric Spectrum57, 73. MD simulation by Persson et. al also found such 

kind of long-lived buried water molecules, and they pointed out that protein tumbling 
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motion played the role in their rotation which therefore might reach the microsecond 

range48. As introduced in Sec. 1.3.2, the proposed EMOR mechanism suggested that it 

was the confined site declining the H-bonding opportunities that accounted for such a 

severe retardation48.  

A similar variety of water dynamics in the HL was reported by other groups. In the 

simulation work by Heyden and coworkers100, three distinct hydration water species 

were defined in addition to "bulk water" based on their thermodynamic and vibrational 

signatures, which were named "bound", "weakly bound", and "unbound" water. Like 

the CRW classified, the "bound" water molecules were also reported to feature 

essentially zero diffusion and exhibit significant heterogeneity in rotational dynamics.  

 In the following analysis within this chapter, water with extremely slow relaxation 

time longer than 10 ns, which was usually attributed to protein tumbling in the studies 

of Dielectric Spectrum57, 73, would be ignored, since the number ratio of such kind of 

slow water was less than 0.4% even for the most concentrated case. 

3.3 Distribution of water position 

The probability distribution of water at a certain distance x between water and the 

closest protein surface, i.e., the position distribution of water within the simulation box, 

is shown in Figure 3-2. An increasing number of water molecules were shown to 

approach the solute molecule of protein with increasing protein concentration. Two 

distinct peaks appear at 1.9 and 2.7 Å, which are in excellent agreement with the work 

of Ghattyvenkatakrishna et al.78 and Gu et al.154. They stated that the first peak at 1.9 

Å is the best hydrogen bonding distance formed between water oxygen and protein 

hydrogen, while the second at 2.7 Å is associated with a disparate configuration where 

a water molecule makes two HBs with the HB acceptor groups on the protein surface. 

In this context, water within 2.7 Å from the protein surface can form strong hydrogen-

bond interactions with the protein surface and thus be categorized as hydration water, 

as defined by Laage et al.88-89. At a higher solute concentration, the distance between 

proteins is shorter. Interestingly, while the overall water distribution changes as the 

protein concentration increases, the first (1.9 Å) and second peaks (2.7 Å) of the water 

distribution remain at their positions.  
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Figure 3-2. Distribution of water molecules regarding their distance to the nearest protein in 

various concentrations of lysozyme solutions. 

Moreover, the result that the PDF height of the first and second peaks increase 

linearly with the protein concentration (see Figure 3-3) is due to the increase in the 

ratio of the volume close to the protein molecular surface in the whole system volume. 

Based on these results and the fact that augmentation of solute concentration reduces 

the water content relative to solute, it is straightforward to deduce that the amount of 

hydration water (<2.7 Å) per single protein declines with the protein concentration, as 

estimated by the dielectric measurement127 where this phenomenon was interpreted by 

the aggregation process forming protein clusters. 

 

Figure 3-3. Height of the first and second peaks in the water distribution (Figure 3-2) for 

various lysozyme concentrations. 

As shown in Figure 2-1 (b), Sec. 2.3.1, water relaxation time distribution is distorted 

to the longer side from a symmetric Gaussian, principally because of the increasing 
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ratio of hydration water (x < 2.7 Å; see Figure 3-2), which tends to have longer 

rotational relaxation times (see Figure 3-1 (c)). The relaxation time distribution 

exhibits a long tail extending from dozens of picoseconds up to the magnitude of 

nanoseconds owing to the restricted water. With the increment in lysozyme 

concentration, the proportion of this restricted water, corresponding to the progressively 

improving 1st and 2nd peak in Figure 3-2,  accumulates and broadens the longer region 

of relaxation time distribution. It should be pointed out that this dissertation is focusing 

on every single water molecule within the solutions without defining any hydration 

shells based on the water's initial positions. Upon defining the HLs in advance and 

merely paying attention to the hydration water, the relaxation time probability function 

would be readily expected to exhibit more broadly since this customized (predefined) 

hydration water resembles somewhat the restrained water (PRW and CRW) categorized 

here. For instance, Bagchi's group obtained such distribution of water molecules that 

have residence times more than 100 ps inside of the protein HL defined within 10 Å 

from the protein atoms, which is found to be log-normal and comparatively broader95. 

3.4 Relaxation time distribution 

3.4.1 Joint probability distribution  

Compared with the global distributions of water distribution (P(x)) and water 

relaxation time (P()), the following 2D stochastic analysis regarding water position 

and relaxation time is of more interest in the present work. Figure 3-4 shows the joint 

PDFs of the rotational relaxation time  of water at a distance x from the protein surface 

(Eq. (3-5) in Sec. 3.1), where the population of the statistic was taken over the 

calculation region and the calculation time. First, for all the simulated lysozyme 

solutions, the closer the distance from the protein surface, the broader the distribution 

of relaxation time, 𝑃(𝜏 ∩ 𝑥), although its peaks are nearly constant at 5 ps. For a 

solution concentration of 33.2 mg/mL, most water existed approximately 27.5 Å from 

the protein surface (peak in Figure 3-4 (a)), behaving like pure water (5 ps), and a small 

portion of water molecules could stroll up to 55 Å away. With more lysozymes in the 

solution (100.1 mg/mL), almost all water molecules were within 40 Å from the protein 

surface and crowded at approximately 21 Å (peak in Figure 3-4 (b)), although they still 

had relaxation time similar to pure water (~5 ps). However, at this concentration, a 

small but noticeable peak appeared in the region next to the protein (the peak at the 
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black arrow in Figure 3-4 (b)). When the concentration of lysozyme was higher 

(Figure 3-4 (c) and (d)), this small peak near the protein surface became the highest 

peak in 𝑃(𝜏 ∩ 𝑥) although the relaxation time of the peak (5.6 ps) at this position only 

changed slightly. However, as can be observed in the insets of Figure 3-4 (a-d), the 

deviation of the relaxation time distribution at the position of this peak becomes broader 

with increasing protein concentration. The longest relaxation time in the relaxation time 

distribution thereof reaches the order of nanoseconds. In contrast, the farther the 

position, x, is, the smaller the deviation of the relaxation time becomes. In addition, the 

relaxation time at these main peak positions seems to be slightly longer than that of 

pure water in the most concentrated solution. A series of these results on 𝑃(𝜏 ∩ 𝑥) with 

various lysozyme concentrations suggests that the water distribution around the solute 

lysozyme depends on the concentration of lysozyme, which might be one of the reasons 

for the change in the probability density of water relaxation time (Figure 2-1).  

  

  

Figure 3-4. The joint probability density function of the distance to the protein surface and the 

relaxation time, 𝑃(𝜏 ∩ 𝑥), for water in various concentrations of lysozyme solutions. The inset 

highlights the percentage of longer relaxation time by showing the color bar on a limited scale. 

For visual convenience, only relaxation times shorter than 30 ps are shown here. (a) 33.2 

mg/mL, (b) 100.1 mg/mL, (c) 167.3 mg/mL, and (d) 234.6 mg/mL. 
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3.4.2 Spatial distribution of the expected relaxation time  

To elucidate the relationship between the expected number of water relaxation time 

and its position (Eq.(3-6)), the statistical distribution of the rotational relaxation time 

along the radial distance from the protein surface is obtained and illustrated in Figure 

3-5 (a). In this figure, the rotational dynamics of water accelerate as water moves farther 

from the protein surface. And it is evident that the extent of protein perturbation is 

beyond 10 Å. 

 

Figure 3-5. (a) Relaxation time of water rotation, , and (b) its first derivative versus distance, 

d/dx, along the distance from lysozyme surface, x, in various concentrations of lysozyme 

solutions. Panel (a) and (b) share the same legend. The black dashed line in Panel (a) indicates 

the calculated mean value of pure water. The inset in Panel (b) shows the same plot with a wider 

x range. 

Evidently, the rotational relaxation of water molecules prominently tends to be 

strongly retarded in the region adjacent to the protein surface for all the conditions 
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studied here. The relaxation time in Figure 3-5 (a) declines drastically within 3-4 Å 

from the protein surface and gradually converges to the relaxation time of pure water 

farther than 3-4 Å. To express this trend more clearly, the first derivative of relaxation 

time versus the distance from the protein surface is plotted in Figure 3-5 (b). 

Interestingly, independent of the solution concentration, the rotational relaxation time 

most drastically decreases at 2 Å from the protein surface and scarcely changes at a 

position beyond 3 Å.  

This consistency suggests that the first HL, where the water rotational relaxation 

process is restricted by protein, lies within a thickness of 3 Å from the protein surface, 

which is identical to several reports. Svergun et al.38 claimed that the average density 

of the first hydration shell (0–3 Å from the protein surface) is markedly higher than the 

average density of bulk water for lysozyme by combining small-angle scattering (SAS) 

of X-rays in H2O with SAS of neutrons in H2O and D2O. Merzel et al.39 consolidated 

this measurement by MD simulation, and they also found that the dipole moments 

within this 3-Å-thick first shell align more parallel to each other and more perpendicular 

to the surface normal than that outside this shell does. The significant retardation of the 

expected number of water rotational relaxation time within 3Å obtained here is in 

perfect agreement with these experimental and theoretical reports.  

Besides, it is worth noting that the relaxation time of every single water molecule 

was obtained from the 5-ns long trajectories (see Sec. 3.2) and that all water molecules 

in the protein solutions were used in this stochastic analysis (see Sec. 3.1) not only those 

CRW molecules or those of which the initial positions were in the first HL. Thus, the 

excellent agreement has nothing to do with the water classification in Sec.3.2 and is 

undoubtedly not a coincidence. It should also be noted that the trend of the relaxation 

time as a function of the distance from the protein surface is nearly the same regardless 

of lysozyme concentration, but shifts to a longer relaxation time as the concentration 

becomes higher. This shift happens because the probability density of relaxation time 

at a given position (see 𝑃(𝜏 ∩ 𝑥)  at certain x in Figure 3-4) moved to a longer 

relaxation time as the lysozyme concentration increased. 

Using the expected relaxation time as a function of distance from the protein surface 

(termed as the spatial distribution of water relaxation time, Figure 3-5 (a)) together 

with the water distribution (P(x); Figure 3-2),  the PRF was derived from 
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The PRF was compared with other studies that were also focused on lysozyme solutions. 

Mukherjee et al.95 reported that the relative retardation factors within 10 Å from the 

protein surfaces for four different protein-water systems, including lysozyme, are 2.5-

3.0, which is identical to our relative retardation factor of 2.72. Marchi et al.83 

calculated the retardation factor within 3.3 Å from the lysozyme surface to be 5.3, in 

good agreement with our result, 5.19. They also indicated that how much the rotational 

dynamics of water in the vicinity of lysozyme is slower than that in the bulk depends 

on how the hydration shell is defined, which is also consistent with our finding that 

water relaxation time decreases with the farther distance from the protein surface. Braun 

et al.46 reported the retardation factor of the first HL for the globular protein ubiquitin 

as 5.7, while our result also shows an identical value of 5.68. All this consistency with 

various studies using hydration shell models with differing thicknesses proved the 

feasibility of the proposed stochastic method of evaluating the average retardation of 

water rotational dynamics within the HL. 

Among the current studies endeavoring to establish the correlation between water 

relaxation time and the location relative to the solute molecule, two approaches have 

been reported available. Given that the dielectric spectroscopy experiments always 

detect several dielectric relaxation times for protein solutions and that these discrete 

time constants are assigned to some distinct water species (for instance, Charkhesht 

et.al97), one method divides the solvent into several HLs and optimizes the shell 

thicknesses to make the time constants derived from the collective ACF of the defined 

HLs match the experimentally measured dielectric relaxation times; then the protein 

HLs can be identified, as mentioned in the introduction part. The second method divides 

the HLs and assigns the thicknesses manually, without involving experiment techniques. 

Besides the studies where only one or two layer95 were defined, some research groups 

sliced the solvent into 9 consecutive layers with the help of Voronoi tessellation 

analysis46, 48-49 as reviewed in Sec.1.2.2. Afterwards they calculated the relaxation time 

of individual water molecules residing in each hydration shell, and finally obtained the 

average retardation relaxation time which can be associated with the position of the 

respective defined HLs.  
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In short, defining the HLs seems to be inevitable in the two presently available 

methods. However, predefining the HLs has the disadvantage of balancing spatial 

resolution and calculation accuracy of water relaxation time. Nevertheless, as the 

trajectories shown in Figure 3-1, it seems to be difficult for a water molecule to stand 

still or diffuse slowly at some place beyond 3 Å from the protein surface. For instance, 

Laage and his coworkers obtained the reorientation time from an exponential fit only 

on the 2–10 ps interval in order to avoid the contributions from waters which have 

moved to a different environment88-89. Hence, the active translation movement of water 

molecules will somewhat limit the sampling time within the HLs, thus reducing the 

time range to compute the relaxation time of the target water molecule, especially for 

those within the shells distant from the protein. Fewer HLs may improve the accuracy; 

however, it will sacrifice the spatial resolution instead. The stochastic approach 

proposed here circumvents the process to define any non-a priori HL and thus provides 

a continuous relaxation time distribution regarding the distance from the protein surface 

with a higher spatial resolution, although quite a computation effort is demanded. 

3.5 Summary 

In this chapter, MD simulations were performed for pure water and lysozyme 

aqueous solutions with various concentrations, to have a better understating of the 

fundamental water rotational dynamics around protein.  

Water rotational relaxation time is found to range from several picoseconds to tens 

of nanoseconds in protein solutions. Depending on the time it stays within the hydration 

layer (HL) (the residence time), water can be classified into 3 kinds: highly mobile 

water (HMW), partially restricted water (PRW), and completely restricted water 

(CRW). In dilute solutions, water relaxation time exhibits a Gaussian probability 

distribution. In concentrated solutions, the distribution is distorted to a longer time 

constant due to the increasing proportion of restricted water with longer relaxation time 

(PRW and CRW).  

A stochastic analysis combining the relaxation times and trajectories of every single 

water molecule is proposed and the two-dimensional probability distribution of water 

relaxation time and its distance from the protein surface is obtained. This analysis 

suggests that water rotational dynamics accelerate with the farther distance from the 

protein surface. This spatial distribution surprisingly reproduces the average slowdown 
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factors of hydration water reported by other studies83,95,46. Moreover, regardless of 

protein concentration, this spatial distribution of relaxation time reveals that the water 

rotation is severely retarded within 3 Å from the lysozyme surface and is nearly 

comparable to pure water when farther than 10 Å. In view of the remarkable slowdown, 

the HL thickness is subsequently identified as this 3 Å thick water layer from the protein 

surface, in excellent agreement with the determination by X-ray and neutron SAS of 

solution38-39. The presented stochastic analysis is an original method that circumvents 

the balance of spatial resolution and calculation accuracy of relaxation time, compared 

with widely accepted multiple HLs. This work may contribute to a better understanding 

of the picture of hydration water and its coupling with protein.    

 

 

  



54 

Chapter 4 Molecular Mechanism of Water Rotational 

Dynamics 

To control and slow down the water rotational dynamics around proteins, a better 

understanding of water rotational mechanism is necessary. This chapter explores the 

behind mechanism from the perspective of electrostatic interactions. For the rotational 

relaxation of a single water molecule, the reorientation of the exerted electric field is 

studied; for local hydration dynamics within the HL, the reorientation of the electric 

field at fixed positions (local electric field) is illustrated.    

4.1 Methodology 

4.1.1 Calculation of the electric field by Coulomb's law 

The electric field, E, at the target water's position is defined at the midpoint of its 2 

hydrogen atoms which corresponds to the center point of the water dipole, at its mass 

center, or at the position of its oxygen atom. To avoid any confusion over the 

terminology in this paper, it should be pointed out that this electric field exerted on the 

target water molecule is termed the "exerted electric field ". Therefore, it signifies the 

electric field that is always targeted at the diffusing water, while the "local electric field 

" discussed in the subsequent Sec. 4.5 indicates the electric field at the fixed positions 

within the simulation boxes. Since the direct output from MD simulation provides only 

the force applied onto each atom, E is calculated with the Coulomb's law using the 

charge amount of each atom and its coordinates. Therefore, the electric field at a given 

position r, E(r), is derived by Eq. (4-1), where the Columbic interactions generated by 

all the charged atoms (atoms of protein and water molecules, ions) in the simulation 

unit and its neighboring periodic images are summarized. L indicates the side length of 

the simulation box. Here, the first summation is for all periodic images n, the second is 

for all charged atoms j in the image n, and the nearest 26 images ((L, 0, 0), (0, L, 0), 

(0, 0, L), (L, L, 0), (0, L, L), (L, 0, L), and (L, L, L)) are considered in the 

calculation. Expanding the area for the summation to 125 images (-2L ~ 2L, -2L ~ 2L, 

-2L ~ 2L) gives an identical E(r) to that using the nearest 26 images and the unit box.  
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4.1.2 Extraction of the electric field from GROMACS package 

In MD simulation, the electrostatic interactions were dealt with the Particle Mesh 

Ewald (PME) method which is slightly different from the direct summation of the 

Columbic interaction in the above section. To guarantee the validity of the present 

method, the electrostatic field applied onto the atoms during the sampling time was 

extracted from the docking package according to the approach proposed by Fried et. 

al,155 and compared with the direct summation method. 

In Fried's method, first, 1) the total force on a target atom (hydrogen atom was 

chosen here), 𝒇𝑡𝑜𝑡
𝑖 , at each time step was extracted and saved. Then, 2) to remove the 

long-range electrostatic interactions, a charge-free topology file was prepared for the 

simulation system in which the partial charges for all the atoms were set to zero (charges 

on all the water molecules, all the protein molecules, and all the ions). Meanwhile, all 

other charge-free parameters remained unchanged. Next, 3) the trajectory from the 

production run was post-processed with the generated charge-neutralized topology 

using GROMACS' rerun utility. In the resulting trajectory, only the electrostatic 

interactions were absent. Likewise, the modified non-electrostatic total force on the 

target atom, 𝒇𝑛𝑜𝑛𝑒𝑙𝑒𝑐𝑡𝑟𝑜
𝑖 , was extracted for each snapshot. Consequently, 4) the total 

electric force, 𝒇𝑒𝑙𝑒𝑐𝑡𝑟𝑜
𝑖 , was obtained by subtracting all the non-electrostatic forces 

extracted by rerunning the trajectory with the charge-free topology, 𝒇𝑛𝑜𝑛𝑒𝑙𝑒𝑐𝑡𝑟𝑜
𝑖 , from 

the total force,  𝒇𝑡𝑜𝑡
𝑖 , (Eq. (4-2)). Finally, 5) the electric field on the target atom exerted 

by all the charged particles, 𝑬𝑒𝑙𝑒𝑐𝑡𝑟𝑜
𝑖 ,  can be converted by simply dividing by the charge 

of the atom with Eq. (4-3). 

 
i i i

electro tot nonelectro= −f f f   (4-2) 

 /i i

electro iq=E f   (4-3) 

Here, i is the index of time, f indicates the force, and E denotes the electric field. 

4.1.3 Relaxation times of rotational water dipole and exerted electric field 

To find out the effect of the reorientation of the exerted electric field, E, on the water 

molecular rotational movement, the momentary experienced electric field for each 

target water molecule was monitored. Similarly, the time auto-correlation function 

(ACF) of the experienced electric field E, EACF, is defined as 
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where E(t) is the orientation of the electric field exerted on the target water molecule at 

time t and subscript 'E' depicts the electric field. The relaxation time of electric field 

reorientation, 𝜏𝐸,𝑘 , was calculated by the same processes as that for calculating the 

relaxation times of dipole rotation (Eqs. (2-2) and (2-3)), 
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where 𝜏𝐸,𝑖𝑛𝑡  is the averaged relaxation time of the electric field reorientation for each 

water molecule. 

4.2 Validity of the direct summation method 

The angle and strength of the electric field, E, derived from these two approaches 

for a target H atom during the sampling time (6251 data points corresponding to 5 ns) 

are shown in Figure 4-1, for a water molecule in 33.2 mg/mL lysozyme solution. It 

clearly shows that the direct summation of Coulomb force (Sec. 4.1.1) gives the 

identical value of electric field strength with that extracted from the GROMACS 

package (Sec. 4.1.2) which was experienced in practice through the simulation run. 

Since the direction of E is the very quantity of interest in the present work, the angular 

difference between these E vectors obtained from these 2 different methods was also 

compared and found to be less than 4 degrees (see Figure 4-1 (Right)). To clarify the 

difference between the two methods, the two-dimensional probability density 

distribution of the angular difference and the relative difference between the magnitude, 

E, is plotted in Figure 4-2. The highest peak in the contour is at around E = 0.5%, 

angle = 0.46, and over 99% of the data set has a strength difference within 2.5% and 

an orientation difference less than 1.5. The excellent agreement validates that the 

method of the direct summation of the Coulomb interaction is consistent with that used 

in the production MD simulation. The direct summation method was used to compute 

the electric field at the midpoint of the 2 hydrogen atoms and at the water mass center, 
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while that at the oxygen atom's position was extracted from GROMACS package due 

to the much less computation load.  

 

Figure 4-1. (Left) Strength of the electric field, E, experienced by one hydrogen atom of a 

water molecule during the sampling time. The black hollow triangle indicates the result 

obtained by directly summing up the Columbic terms, and the green hollow circle indicated 

that extracted from GROMACS package. (Right) The angle between the two electric field 

vectors was calculated from these two methods during the sampling time. 

 

Figure 4-2. Two-dimensional probability density distribution of the angular difference and the 

relative difference between magnitude, for the two electric field vectors calculated from two 

different methods. 

4.3 Electric field-water dipole alignment effect 

To evaluate the tendency of the water dipole alignment to the exerted electric field, 

the angle between water dipole (D) and the exerted electric field (E) for every single 

water, , was investigated at first. For every moment of a single water molecule, a data 

set (x, ) could be obtained. By setting a series of continuous small intervals for x (x  
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dx), the whole data sets among all water molecules at all snapshots were categorized 

into an interval based on the first parameter (x). Then, the distribution of the angle () 

was obtained within each interval. The result on the time and ensemble average with 

standard deviation is shown in Figure 4-3 (a) with a solid line as a function of the 

distance from the lysozyme surface, x. Wherever a water molecule is (x > 2.2Å), the 

averaged angle between E and D keeps a constant value of around 16 with a deviation 

of ~8.9. Meanwhile, the angle between the water dipole and the overall field in the 

state of pure water, , is also obtained and  on average is 16  8.7. Due to this global 

strong alignment of water dipole along the exerted electric field in the lysozyme 

solution, a strong correlation between water rotation and electric field reorientation can 

be expected. 

In addition, to dissect the respective contribution from solute and solvent to this 

tendency of water dipole (D) – electric field (E) alignment, the overall exerted electric 

field, E, was decomposed into the electric field originating in water solvent and that 

originating in protein molecules and ions, EPI. It is worth noting that, for the ion 

concentrations investigated here, the effect of chloride ions on water rotational 

relaxation time is negligible compared with that of protein molecules156. Clearly, PI 

(Figure 4-3 (a)), the angle between D and EPI, is nearly perpendicular (~86) especially 

when water is far from the protein. This observation indicates that the exerted electric 

field generated from protein (EPI) has a negligible effect on the alignment of the water 

dipole especially when water is distant from the protein surface. However, this angle 

reduces drastically as water approaches within circa 5 Å from the protein surface, which 

suggests that the alignment of the water dipole is being gradually affected by the local 

electric field from the protein (EPI) when close to the protein. As claimed by Merzel et. 

al39, water dipole is being electrostatically driven to orient towards the progressively 

stronger electrostatic field lines originating from the protein atoms when it approaches 

the protein surface.  Soper and Weckstrom157 also observed a similar trend for water in 

the HLs of ions. On the other hand, Figure 4-3 (a) also illustrates the angle between 

the water dipole and the field from water solvent, W (the olive long-dashed line), which 

exhibits the opposite trend from that of PI. Away from the protein surface (x > 5 Å), 

W shows excellent agreement with  (red solid line), which suggests that the alignment 

of water dipole orientation with the electric field therein is due to the water-water 

interactions like pure water. In the vicinity of protein, W begins to increase markedly, 
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which together with the progressively improving alignment with the protein's field (the 

decreasing PI), contributes to the global strong alignment of water dipole along the 

exerted electric field (red line). It is also intriguing that W and PI are identical at the 

nearest position from the protein surface. 

  

 

Figure 4-3. Illustration of electric field-water dipole alignment effect. (a) Distribution of the 

angle between water dipole and the exerted electric field in lysozyme solutions of 33.2 mg/mL. 

The red solid line represents the angle between the water dipole (D) and the exerted overall 

electric field (E),  the navy short-dashed line represents the angle between the water dipole 

(D) and the exerted electric field from protein (EPI), PI; and the olive long-dashed line 

represents the angle between water dipole (D) and the exerted electric field from water solvent 

(EW), W. The same results hold for concentrations up to 234 mg/mL. (b) Average (time) 

autocorrelation function (ACF) of electric field reorientation (EACF, dashed line) and dipole 

moment rotation (DACF, solid line) for highly mobile water (HMW), partially restricted water 

(PRW), and tightly bound water (CRW) in lysozyme solution of 234 mg/mL. To be continued. 
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Figure 4-3.  Illustration of electric field-water dipole alignment effect. (c) Comparison of 

relaxation time of dipole rotation (𝜏𝐷,𝑖𝑛𝑡) and that of the exerted electric field reorientation 

(𝜏𝐸,𝑖𝑛𝑡) for every single water molecule in various concentrations of lysozyme solutions and in 

pure water. The black solid line represents the function 𝜏𝐷,𝑖𝑛𝑡 = 𝜏𝐸,𝑖𝑛𝑡 . (d) Illustration of 

synchronization between water dipole (D) rotation and the exerted electric field (E) 

reorientation for individual CRW and HMW in lysozyme solutions.  The results plotted here 

are based on the electric field at the midpoint between the two hydrogen atoms and hold for the 

field at the water mass center and the oxygen atom, even though the local electric field is non-

uniform at the molecular scale.   

As elaborated in the above chapter (Sec. 3.2), the HMW is the most viable water, 

showing a fast rotational relaxation time similar to pure water. In contrast, CRW is 

severally suppressed in diffusion, possessing an extremely long relaxation time. 

Behaving like the combination of HMW and CRW, PRW exhibits a relaxation time 

ranging from a few picoseconds to tens of nanoseconds depending on its residence time. 

To clearly discriminate PRW from HMW, this section only focuses on the PRW with a 

rotational relaxation time longer than 60 ps here (Figure 4-3 (b) and Figure 4-4). Again, 
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multiple "HLs" are not divided here, and the focus is on the dynamics of each individual 

water molecule wherever it translates. 

The aforementioned results from Figure 4-3 (a) clearly show that a water dipole is 

aligned with the exerted electric field on average. With this trend of alignment, it is 

expected to deduce the mechanism of water rotational dynamics related to the 

electrostatic force applied to a water dipole. In Figure 4-3 (b), the averaged 

autocorrelation functions of electric field reorientation (EACF) and dipole moment 

rotation (DACF) of HMW (500 molecules), PRW (374 molecules), and CRW (47 

molecules) are plotted for lysozyme solution of 234 mg/mL, respectively. The standard 

deviation of each ACF is shown in Figure A1 (a) (see the Appendix). The DACF and 

EACF of pure water (PW, 3000 molecules) are also plotted here, showing an excellent 

agreement with that of the highly mobile water (HMW). More interestingly, the DACF 

of the relatively more mobile waters (HMW and PRW), which occupy over 99.7% of 

the water population in total, is overlapped with their respective EACF. For CRW, 

DACF and EACF still exhibit similar relaxation except for the initial drastic drop which 

results from the strength difference of a sub-picosecond relaxation time. The more 

precise similarity of relaxation times between DACF and EACF of CRW, PRW, and 

HMW can be seen in Table S1, which are derived by fitting each ACF to the multiple 

decaying exponential functions. Thus, in general, water dipole and the exerted electric 

field lose the memory of orientation at the same speed.  

The identical decaying curves of DACF and EACF are found not only in the 

lysozyme solution of high concentration shown above, but in the wide range of 

concentrations of lysozyme solutions. In Figure 4-3 (c), the averaged relaxation times 

(Eq. (4-6)) of individual water dipole rotation, 𝜏𝐷,𝑖𝑛𝑡 , vis-a-vis that of the exerted 

electric field reorientation, 𝜏𝐸,𝑖𝑛𝑡, are plotted for pure water and lysozyme solutions of 

various concentrations. Although the averaged value may have confounded the 

corresponding motions of a single water molecule, the identical value of 𝜏𝐷,𝑖𝑛𝑡  and 

𝜏𝐸,𝑖𝑛𝑡 with nearly the same relative deviation shows a near-perfect correlation between 

the electric field reorientational ACF and the rotational ACF time-decay for every 

single water molecule, which clearly illustrates that the water molecular rotation 

movement synchronously follows the reorientation of the exerted electric field (Figure 

4-3 (d)), as implied in Figure 4-3 (a). Furthermore, the data points in Figure 4-3 (c) 

cover all the categories of water molecules with rotational relaxation times ranging from 
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4 picoseconds to tens of nanoseconds, including the CRW which stays within the HL 

during the entire sampling period. Thus, this result unambiguously demonstrates that 

the electrostatic interactions play a dominating role in the water rotational relaxation 

wherever water is, even in the first HL.  

This agreement of 𝜏𝐷,𝑖𝑛𝑡  and 𝜏𝐸,𝑖𝑛𝑡  here shows clear contrasts to the reported 

illustrative short-range EMOR mechanism which underestimates the alignment effect 

of electric field on the rank-1 time correlation functions (TCF) in the first hydration 

shell (2.8 Å thick in their case).48 This discrepancy might be attributed to two factors: 

1) in the present study, the exerted electric field from all charged particles (viz., protein, 

water, and ions) is taken into account, not merely that from protein; 2) both the DACF 

and EACF are built on individual water molecule here, not on the "hydration shells or 

the subsets of the first shell based on the initial location of water oxygen".48  

Much as I agree that water rotational perturbation is proportionally related to the 

confinement degree of the hydration sites48, 158, it is believed that this confinement effect 

is probably achieved by modifying the local electric field rather than by the short-range 

perturbation, as manifested by the quantitative correlation established in Figure 4-3. 

The femtosecond-resolved measurements also reported that the electrostatic 

interactions with the protein's residues affected the water-network rearrangements44, 50. 

Link and Heng even inferred that the stronger interplay between water and protein 

surfaces in combination with ions in solution led to an increase in the hydrogen bond 

strength between hydration water and the insulin residues.159 Among the studies 

associating the water reorientation process with HBs, the EJM introduced by Laage and 

Hynes99 provided a quantitative description of the H-bond reorientation in liquid water. 

However, combing with the recently developed fluctuation theory, they also pointed out 

that the electrostatic interactions dominated the activation energies for HBs jump and 

water reorientation105-106. From this viewpoint, the electrostatic interactions are the 

driving force for water rotational dynamics and the dynamic dipole-filed alignment 

perspective presented here has complemented this understanding.  

Moreover, in the very latest MD simulation study on a dilute artificial dumbbell 

water system, Matyushov et.al also reported a good agreement between the relaxation 

time of solute rotation and the relaxation time of the electric field from water, in case 

that the partial charge of the investigated dumbbell is larger than 0.6 e.160 Despite that 

the target particle of our research is different or even opposite (solute or solvent), the 
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intriguing agreement of both relaxation times in this report demonstrates how the 

molecular rotation movement synchronously follows the exerted electric field 

reorientation process. It should also be noted that the intrinsic field investigated in the 

present dissertation is around 2 V Å−1 in magnitude (see Figure A1 in the Appendix), 

while several studies reported the asymmetric response of interfacial water near a 

monolayer graphene electrode161 or a Janus interface162 to the applied external electric 

fields of 0.03 V Å−1 or weaker. 

4.4 Contribution of the electric field from protein/solvent to water rotational 

dynamics 

With the dynamic field alignment picture proposed in the former section, the 

respective contribution of the electric field from protein and solvent to water rotational 

dynamics (relaxation time) is unpicked. The typical EACFs using the overall exerted 

electric field, E, and using that originating solely from protein and ions, EPI, of water 

in the three categories are shown in Figure 4-4, respectively. The dashed-dotted lines 

indicate the results using EPI, while the other dashed lines indicate those using E as 

shown in Figure 4-3 (b). The standard deviation is plotted in Figure A1 (b). Only the 

EACFs of CRW using E and EPI are nearly overlapped, leading to the corresponding 

relaxation time ratio between both EACFs being 1.008 (Table S1).  

 

Figure 4-4.  Average EACF obtained by using the overall electric field (E) and the electric 

field originating solely from proteins and ions (EPI), for the above 3 classes of water in a 

lysozyme solution of 234 mg/mL. The dashed lines indicate the EACF using the overall exerted 

electric field while the dashed-dotted ones indicate that using the electric field only from 

proteins and ions (viz., without the contribution from water).    
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The agreement of both EACFs of CRW elucidates that it is the electric field from 

the protein, EPI, that dominates the rotation of CRW which stays inside the HL. Since 

both the protein and the CRW hardly ever diffuse, it is further concluded that the 

extremely slow protein tumbling gives rise to the slow orientating electric field, thus 

resulting in the severely retarded water rotation dynamics. In consequence, the 

reorientation of EPI might reflect the protein tumbling which has been deemed to be 

responsible for the  relaxation time in the dielectric spectroscopy studies. Interestingly, 

the reorientation time of protein tumbling speculated to be around 22 ns (= the 

relaxation time of EACFs of CRW using EPI, see Table S1) is commensurate with the 

detected  relaxation time which was reported to be in the order of 10-30 ns in lysozyme 

solutions57, 73, 75, 147. The time-dependent fluorescence Stokes shift (TDFSS) 

experiments by Zhong and his coworkers also suggested a protein tumbling motion in 

∼20 ns104. 

On the other hand, for PRW, the difference between the initial drop of EACF using 

E and that using EPI is observed. EACF using EPI shows a relaxation time of 1.5 times 

as long as that using E (Table S1). Therefore, the rotation of these comparatively 

mobile waters that occasionally move outside the HL is accelerated by the electric field 

from the surrounding water. In this sense, the intrinsic solvent-solvent electrostatic 

interactions also play a significant role in addition to the effect of the protein's electric 

field.  

For HMW, the most mobile water which is always outside of the HL, the difference 

in the initial drop of EACFs is more remarkable. Consequently, 𝜏𝐸,𝑖𝑛𝑡 of EACF using 

EPI is even 2 orders of magnitude slower than that using E (Table S1). This wide 

discrepancy indicates that the influence of protein is already inappreciable for water 

outside the HL. Thus, the fact that EACF (and DACF) of HMW and EACF (and DACF) 

of pure water are identical leads to the conclusion that the dynamic alignment of water 

dipole and electric field outside the HL is just an intrinsic property like pure water, as 

suggested in Refs47, 49, 111. However, the objective here is the effect of protein's electric 

field on water rotational dynamics, rather than the shell-averaged dipolar orientational 

order parameters47, 49, 111. 



65 

4.5 Reorientation of the local electric field   

The electric field reorientation analysis of CRW, PRW, and HMW shown in Sec. 

4.4 concludes that the rotation dynamics of water near the protein surface are subject to 

the interaction with protein. It is also illustrated in Figure 4-4 that the rotational 

dynamics of the relatively more mobile waters (PRW moving inside and outside the HL 

and HMW moving only outside) are strongly affected by the electric field from the 

surrounding water molecules. These observations imply that the active translation 

movement of water might facilitate the electric field of the surrounding solvent 

overwhelming the effect of a slow protein electric field.  

  

 

Figure 4-5. (Top) Schematic diagram of local field reorientation and water rotational relaxation. 

(Bottom) Relaxation time of electric field reorientation at fixed positions, 𝜏𝐸(𝑥), in lysozyme 

solution of 33.2 mg/mL. The red dotted line represents the average value of water rotational 

relaxation time, 〈𝜏𝐷,𝑖𝑛𝑡〉(4.96 ps), of pure water or HMW in lysozyme solutions. The solid 

orange line is the spatial distribution of water rotational relaxation time obtained from the 

stochastic analysis.158 
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To address the obvious slowdown of water near proteins, the local overall electric 

field dynamics at multitudes of "fixed " positions within the simulation boxes are first 

monitored. Then the local electric field reorientation relaxation time, 𝜏𝐸(𝑥) , was 

obtained. Its distribution versus the distance from the protein surface is depicted in 

Figure 4-5 where the average rotational relaxation time of a single pure water molecule 

(4.96 ps) is also plotted by a dotted line for comparison. As a whole, the reorientation 

of the local electric field drastically accelerates with the farther distance from the 

protein surface. In addition, it is evident that the local electric field reorients much 

slower within a layer 3 Å from the protein surface that corresponds to the HL. 

Inside the HL, the spatial distribution of the local electric field reorientation 

relaxation time, 𝜏𝐸(𝑥), also shows a decent consistency with that of the water rotational 

relaxation time derived from the stochastic analysis (the orange line in Figure 4-5 and 

Figure 3-5 (a)). This agreement strongly consolidates that the local water rotation in 

the HL is ruled by the slow variation of the electric field in the HL. One striking 

example is the CRW, which merely stays within the HL, has almost no diffusion, and 

rotates synchronously with the exerted electric field. This is consistent with the MD 

simulation from S. Balasubramanian and B. Bagchi163. In their report, the extremely 

slow mean-square-displacement of water molecules near the micellar surface indicated 

that the transient partial localization was reflected in their DACF. In contrast, the 

proposed electrostatic perspective in this dissertation demonstrates a more quantitative 

agreement.  

Moreover, using tryptophan (Trp) as a local optical probe, the TDSFF experiment 

has enabled the measurement of the dynamical properties of the protein hydration water 

near various amino acid side chains. Through this technique, Qin et.al found the 

heterogeneous dynamics spanning from a few hundred femtoseconds to a few hundred 

picoseconds104, which is consistent with the wide range of 𝜏𝐸(𝑥) (Figure 4-5) in the 

HL, i.e. the relaxation time of water rotation in the HL. As a non-invasive method, the 

local filed reorientation by MD simulation presented here provides insight into the local 

hydration dynamics, which is pretty interesting. 

In contrast to the observation inside of the HL, the reorientation relaxation time of 

the local electric field, 𝜏𝐸(𝑥), outside the HL, is almost 20 times faster (0.25 ps) than 

the water rotational relaxation time (a little over 5 ps).158 Interestingly, the averaged 

𝜏𝐸(𝑥) in pure water is also merely 0.25 ps (standard deviation: 0.07 ps), which is much 
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smaller than the relaxation time of pure water or HMW (~ 4.96 ps). The extremely fast 

relaxation time of the local electric field outside the HL as well as in pure water suggests 

that the reorientation of the electric field outside the HL and in pure water is practically 

a random process. Clearly, the orientation of any dipole in such a randomly changing 

electric field should show the relaxation process intrinsic to the dipolar molecule.  

As introduced in Sec. 1.3.1, Laage et.al have found that even water molecules near 

the hydrophobic residues of the protein exhibit slower reorientation dynamics than bulk 

water, due to the excluded volume effect98. Moreover, hydrophilic groups induce a 

marked slowdown of the water dynamics by accepting strong HBs from water98. Water 

rotational dynamics was also reported to most positively correlate with the tetrahedral 

structure, although the anti-correlation is observed for the hydrogen-bonded water 

molecules. Persson et.al also performed a systematical study on the correlation between 

relaxation time and confinement, polarity, and charge properties of the proximal 

residues48. The inspection of the local structural effects will foster our understanding of 

the rotational dynamics of the hydration water. The relation between these surface 

properties and the rotational relaxation time of nearby water merits further study and 

might be elucidated from the perspective of local electric field reorientation (e.g., 

EACF) provided here. For instance, the local electric field reorientation relaxation times, 

𝜏𝐸(𝑥),within the HL plotted in Figure 4-5 also cover those sites near the solvent-

exposed hydrophobic residues on the studied lysozyme (Ala11, Tyr 23, Trp123, Ile124, 

and His15). Nevertheless, the local field reorientation therein is also visibly slower than 

that outside the HL which reorientates randomly with a universal time constant of 

merely 0.25 ps, and this observation might shed some light on why water rotation is 

also slower even approximate to the hydrophobic groups compared with the bulk water. 

4.6 Water relaxation time versus residence time 

Considering the prominent discrepancies in the local electric field reorientation 

inside and outside the HL, the rotational relaxation time of PRW should be related to 

its translational movement during which it moves into and out from the HL. To quantify 

the relationship here, the rotational relaxation time of PRW and the normalized total 

residence time (tR, Total) were compared. In Figure 4-6, the rotation relaxation times of 

all water in lysozyme solutions are plotted as a function of the normalized residence 

time. If not specified, residence time (tR) indicates the normalized total residence time. 



68 

The rotational relaxation time of water nearly exponentially depends on the length of 

its residence time, and the rotation relaxation time of water in protein solutions 

converges to that of pure water as tR,Total becomes shorter. Since all water molecules 

within each solution are plotted here, several points even around 10 ps are observed 

when tR, Total = 0. However, it should be noted that Figure 4-6 does not reflect the density 

of data points. The rotational relaxation times of HMW molecules (tR, Total = 0) are de 

facto centered at around 5 ps identical to that of pure water with an extremely small 

deviation (see Figure 2-1).  

 

Figure 4-6. Correlation between rotation relaxation time and residence time for individual 

water molecules in lysozyme solutions. The abscissa, residence time tR, is normalized by the 

sampling time (5 ns).   

While at the other extreme (tR,Total = 1: CRW), the rotation relaxation times 

prominently range from several hundred picoseconds to dozens of nanoseconds. As 

introduced above, this heterogeneous water rotational dynamics within the HL has been 

suggested to pertain to the discrepant confinement degree, hydropathy, polarity, and 

charge neutrality among the local surface residues of the protein48, 94, 100. At all events, 

in general, depending on the residence time, the averaged water rotation time, 𝜏𝐷,𝑖𝑛𝑡, is 

interpolated between the relaxation time controlled by the bulk-like intrinsic solvent 

electric field outside the HL and that controlled by the extremely slow protein's electric 

field inside the HL. I also hope the endogenous electrostatic field reorientation 

perspective provided here could contribute to a better understanding of the rotational 

relaxation of dipolar molecules and could also help with the increasing scrutiny of the 

effect of extraneous electric fields on water hydrations surrounding biomolecules.164-165 
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4.7 Summary 

The present MD simulation has probed the driving mechanics behind the water 

rotation dynamics.  

By analyzing the reorientation of the exerted electric field on every single water 

molecule, a global excellent static alignment (~ 16) between the water dipole and the 

exerted electric field is revealed. I find for the first time that the relaxation time of water 

rotation is equivalent to that of the reorientation of the exerted electric field for each 

water molecule, regardless of its trajectory. Namely, water rotation synchronizes with 

the experienced electric field reorientation. By separating the exerted electric field 

generated by protein and ions (EPI) from the overall electric field (E), it is found that 

the electric field from protein governs the rotational relaxation of water which stays 

within the HL invariably (CRW). When water frequently drifts outside of the HL 

(PRW), the effect of protein continues to decline. For the other extreme water never 

traversing the HL, the effect is already inconsiderable.  

Bringing the MD's superiority into full play, the reorientation process of the local 

field (electric field at fixed positions) is depicted. The corresponding relaxation time is 

shown to range from a few hundred femtoseconds to a little longer time than one 

hundred picoseconds. The observed results show that the severe retardation of water 

rotation within the HL is probably attributed to the slow reorientation of the local 

electric field. For the very few CRW molecules which always stay in the HL, it is almost 

merely contributed from the protein's field. On the other hand, outside the HL, the 

rotational relaxation is predominantly determined by the electric field of the 

surrounding water which randomly reorientates akin to the case in pure water. This 

observation underlies the discovery that water rotational relaxation time is 

approximately exponentially dependent on its total residence time (time water spends 

within the HL). The relationship between water relaxation time and residence time will 

have a meaningful impact on controlling water dynamics in protein solutions.  
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Chapter 5 Water Dynamics around Sugar  

Sugar additives are effective in preserving protein drugs by slowing down the 

surrounding water dynamics, thus reducing protein conformation fluctuations. In this 

chapter, how sugars affect the rotational dynamics of individual water molecules is 

studied. First, the main of the above findings on protein solutions are tested on sugars 

solutions. More importantly, the slowdown effect of sugar on water relaxation time is 

illustrated by its effect on water residence time distribution, based on the findings in 

Sec. 4.6. The importance of sugar dipole is also discussed in this chapter.  

5.1 Method: MD simulations 

5.1.1 MD simulation setup 

GROMACS is a molecular dynamics package mainly designed for simulations of 

proteins, lipids, and nucleic acids. It is straightforward to import the lysozyme structure 

(PDB file), implement the empirical force field, and solvate it. However, it is not easy 

for some small molecules (other than water and ions) such as sugars and sugar alcohols. 

The necessary topology file for MD simulation contains not only its structure 

information but the bonded and unbonded interactions information. Thus, the topology 

file of sugar for MD simulation in GRMACS was prepared by the CHARMM Graphical 

User Interface (CHARMM-GUI) (http://www.charmm-gui.org)166-168. The embedded 

Ligand Reader & Modeler module can build the desired structure and generate various 

ligand structures and carbohydrate topology files for various MD simulation packages, 

such as NAMD, GROMACS, Amber, OpenMM, and so on. Initial structures of all 

simulated sugars (glucose, trehalose, sucrose, maltose) and sugar alcohol (sorbitol) 

were downloaded from the GlycoSciences Database (http://www.glycosciences.de/). 

The sugars and sugar alcohol were described by the CHARMM36m force field169-

170 and the simple point charge (SPC/E) model was used for water128. For these 

carbohydrate-water systems, tens of solute molecules were solvated in a cubic box of 

length around 3 nm with 6~10 hundreds of water molecules, corresponding to a mass 

percent from 10 to 40 wt%. After two energy minimization processes with the steepest 

descent algorithm, the system was equilibrated 10 ns in the NVT ensemble (298.15 K) 

and another 10 ns in the NPT ensemble (298.15 K, 1 bar). During the equilibration stage, 

http://www.glycosciences.de/
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all heavy atoms were restrained with the Lincs algorithm131. Finally, I performed a long 

100 ns NPT simulation with a 2-fs time step and took the last 5 ns track as the sample 

populations for post analysis. A cutoff radius of 1 nm was used for the nonbonded 

Lennard−Jones interactions and neighbor searching and the updating frequency is 20 

fs. The temperature was controlled using the modified Berendsen thermostat132 

(coupling time constant of 0.1 ps) and the pressure using the Parrinello-Rahman 

barostat133 (coupling time constant of 2.0 ps). The electrostatic interactions were 

calculated by the Particle Mesh Ewald (PME) method134-135 with a Fourier grid spacing 

of 0.16 nm and a 1 nm cutoff for the short-range part in real space.  

5.1.2 Self-diffusion coefficient 

For any particle, the diffusion coefficient, D, can be calculated through the Einstein 

equation171 below: 
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where t is time, ri is the position of the particle center of mass, and N is the number of 

particles of a given type. The summation on the right hand of Eq. (5-1) is the mean 

square displacement (MSD) of particles from a set of initial positions.  
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5.2 Self-diffusion coefficient of water and sugars 

Figure 5-1 shows the MSD of trehalose and water in a 10 wt % solution, respectively. 

Except for the very initial stage (0~100 ps), the MSDs of both trehalose and water 

increase linearly with time. Fitting the MSD to a linear relationship with the range [20, 

60 ns], the self-diffusion coefficient of trehalose and water is 0.370.08 and 2.210.08, 

respectively.  



72 

 

Figure 5-1. MSD of trehalose (Top) and water (Bottom) in 10 wt% trehalose solution.   

Figure 5-2 summarizes the self-diffusion coefficient of both water and sugar in 

trehalose solutions and sucrose solutions with mass percent ranging from 10 to 40 wt%, 

calculated from the Einstein equation by MD. Results measured by NMR 

experiments126, 172 are also plotted for comparison. It should be noted that Rampp et 

al.172 measured the self-diffusion coefficient at 303 K and Ekdawi-Sever et al.126 at 298 

K, while the present MD was performed at 298 K. Figure 5-2 shows that the MD 

simulations agree well with the measurement of Ekdawi-Sever et al. (olive symbols) in 

molecular translational motion at the same physical situation (10 wt% and 30wt% 

trehalose solutions, and 10 wt% and 30 wt% sucrose solutions, 298 K), which validates 

the MD protocols employed in this section.  
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Figure 5-2. Comparison of self-diffusion coefficient between MD and NMR measurements (by 

Rampp et al.172 and Ekdawi-Sever et al.126). The solid symbols indicate the sugar solute, and 

the hollow symbols indicate the water solvent. The circles indicate results from MD simulation, 

and the squares indicate experimental results. (Top) Trehalose; (Bottom) Sucrose. 

5.3 Water relaxation time 

5.3.1 Probability distribution 

Figure 5-3 shows the PDF of water relaxation time in various concentrations of 

glucose solutions and trehalose solutions. In dilute sugar solutions (30 wt% or below), 

water relaxation time exhibits a normal distribution. When it is more concentrated (40 
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wt%), relaxation time distribution is slightly distorted to a longer time scale like the 

case in protein solutions. In all concentrations of monosaccharide and disaccharide 

solutions, water relaxation time ranges from around 3 to about 40 ps. In addition, in 

dilute solutions (10 and 20 wt%), water in glucose solutions and trehalose show an 

almost identical distribution. With the increasing concentration, the percent of the water 

with relaxation longer than 10 ps in trehalose solution is found to be higher than that in 

glucose solutions, i.e., water in trehalose solutions exhibits broader distribution.  

  

Figure 5-3. PDF of water relaxation time in various concentrations of glucose solutions and 

trehalose solutions. Only the probability distribution of relaxation time less than 20 ps is shown 

here. 

It is also worth noting that in all concentrations of monosaccharide and disaccharide 

solutions, water relaxation time ranges from around 3 to about 40 ps. This range is 

extremely narrow compared with the case of water in lysozyme solutions where some 

water molecules with an extremely slow relaxation time of several hundreds of 

picoseconds or tens of nanoseconds have been observed48, 88, 158. In addition, at 10 wt%, 

the main peak of water relaxation time PDF of lysozyme solution (Figure 2-1) is around 

5.2 ps158, while that of sugar solutions (glucose and trehalose) is around 6.0 ps. At ~20 

wt%, the main peak of lysozyme solution is about 5.3 ps158, while that of sugars 

solutions is around 6.6 ps. This finding demonstrates that although a few water 

molecules in lysozyme solution are severely retarded by hundreds or even thousands of 

times, sugars slow down the water rotational dynamics more effectively on the whole.   
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5.3.2 Comparison of dielectric spectra between MD and BDS 

 With the same method explained in Sec. 2.1.3, dielectric loss spectra calculated by 

the solvent component from MD simulation for aqueous trehalose solutions are shown 

with a black solid line in Figure 5-4 , where the red dashed-dotted lines indicate the 

corresponding fitting curves by a single Debye function. For dilute sugar solutions (< 

20 wt%), as shown in Figure 5-4 (a) and (b), the calculated dielectric loss is well fitted 

by the single Debye function (Eq. (2-10)) with merely a small residual error. When the 

solute density increases, this residual error by fitting with the Debye function becomes 

larger, especially in the lower frequency region. However, the dielectric loss spectrum 

has a single peak without any shoulder-like shape, even in the most concentrated case. 

 

   

Figure 5-4. Dielectric loss spectra of water in various concentrations of trehalose solutions 

from MD simulation using Eq. (2-6). Debye fit (red dashed-dotted line) is also shown for each 

case with its relaxation time. (a) 10 wt%, (b) 20 wt%, (c) 30 wt%, and (d) 40 wt%. 
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Figure 5-5. The normalized relaxation time of various concentrations of sugar/sugar alcohol 

solutions. (Top) sorbitol and glucose; (Bottom) disaccharides. Solid symbols depict the 

normalized dielectric relaxation time of water rotation calculated by Eq. (2-6) using the results 

from the MD simulation. The swallow symbols depict the normalized  dielectric relaxation 

time measured by BDS with the error bar173. Each relaxation time was normalized by the 

calculated or measured relaxation time of pure water. 

Results from the MD simulation (Figure 5-4) are compared with the  relaxation 

time measured by BDS173 for various concentrations of sugar solutions, as shown in 

Figure 5-5. As in the case of protein solutions, all the relaxation times are normalized 

by the relaxation time of pure water, respectively, i.e., 4.96 ps for the calculated value 

and 8.27 ps for the measured value. Both normalized relaxation times increase 

monotonically with the sugar concentration, and they agree well within the maximum 

relative difference of 16% resulting from the most concentrated trehalose solution (40 

wt%). Although the difference between MD simulation and BDS experiments is 

acceptable for sorbitol and glucose solutions,  relaxation time obtained from MD is 
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always faster than that from BDS and this small difference is worth further discussion. 

This observation on sugar and sugar alcohol solutions cements the finding that the 

collective effect of the self-correlation of water rotational movement is responsible for 

the dielectric loss peak in the gigahertz region ( relaxation part) in protein solutions. 

5.3.3 Electric field-water dipole alignment 

Figure 5-6 shows the averaged relaxation times (Eq. (4-6)) of individual water 

rotation, 𝜏𝐷,𝑖𝑛𝑡, vis-a-vis that of the exerted electric field reorientation, 𝜏𝐸,𝑖𝑛𝑡, for sugar 

solutions and sugar alcohol solutions with the mass percent of 10 wt%. For each water 

molecule,𝜏𝐷,𝑖𝑛𝑡 is nearly equal to 𝜏𝐸,𝑖𝑛𝑡 within around 1psec. For several very few water 

molecules, the discordance appears but the proportion of such water molecules is 

merely 1.1% which is negligible. This indicates that for water in sugar and sugar alcohol 

solutions, the water molecular rotation movement also synchronously follows the 

reorientation of the exerted electric field (Figure 4-3 (d)). Whether the solute is charged 

(for instance, lysozyme) or electrically neutral (such as sorbitol, glucose, trehalose, 

sucrose, maltose), this result demonstrates that the electrostatic interactions play a 

dominating role in the water rotational relaxation. 

 

Figure 5-6.  Comparison of relaxation time of dipole rotation (𝜏𝐷,𝑖𝑛𝑡) and that of the exerted 

electric field reorientation (𝜏𝐸,𝑖𝑛𝑡) for every single water molecule in various concentrations of 

sugar solutions and sugar alcohol solutions (10 wt%). The black solid line represents the 

function 𝜏𝐷,𝑖𝑛𝑡 = 𝜏𝐸,𝑖𝑛𝑡.  
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5.3.4 Water relaxation time versus residence time 

By terahertz absorption measurements, Heyden et al. found that the THz absorption 

of the hydration water is increased in a range of 3.7 ± 0.9 Å and defined the HL 

thickness of 3-4 Å, for monosaccharide solutions174. EDLS experiments by Lupi et.al 

suggested the evident retardation of water within 3.1Å from any solute atom relative to 

the bulk water, for monosaccharide and disaccharide solutions123. Therefore, the sugar 

HL in this dissertation is also adopted as a 3 Å water layer from the sugar surface. 

Consequently, the residence time (tR,Total) of each water molecule in all the sugar and 

sugar alcohol solutions studied here is obtained. 

The relationship between water rotational relaxation time and residence time is 

depicted in Figure 5-7 for various sugar solutions and sugar alcohol solutions. Water 

relaxation time shows a decent exponential correlation with its residence time, for all 

the solutions studied here. The correlation between the relaxation time and the residence 

time is approximated by an exponential equation as follows,  

 

R,Total

PW 10 .

t

  =   (5-3) 

Here, PW is the relaxation time of pure water (5.0 ps).  is the decuple-retarding period 

which represents the prerequisite residence time for water relaxation time to become 10 

times that of pure water. In short, it indicates how effectively the solute molecule retards 

the rotational relaxation of the water molecule. It is straightforward that the smaller the 

 is, the more effectively the water relaxation time increases with its residence time. 

The respective fitting result is plotted in Figure 5-7 with a solid black line, and the 

fitting expression is also denoted for each sugar solution. The intercept of all solutions 

corresponds to the relaxation time of HMW, which is also ~5.0 ps. The decuple-

retarding period is around 2.5 for sorbitol and monosaccharide (glucose), while it is 

about 1.8 for disaccharide solutions. Therefore, the water rotational relaxation is 

retarded more quickly in the HL of disaccharide than that in the HL of monosaccharide, 

i.e., the increasing rate of the water relaxation time with the residence time is faster in 

disaccharide solutions than that in monosaccharide solutions. In this regard, the present 

result coincides with the BDS experiments116-117, the femtosecond infrared 

spectroscopy measurement115, and the calculations of the intermolecular NOE and NQR 

by MD simulation122. Particularly, this observation implies that slowing down water 
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rotation dynamics might be achieved by shortening the increment rate and elongating 

the water residence time. 

 

Figure 5-7. Correlation between rotational relaxation time and residence time for individual 

water molecules in sugar alcohol and sugar solutions. Each symbol represents one single water 

molecule. (a) sorbitol, (b) glucose, (c) trehalose, (d) sucrose, and (e) maltose. 
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5.4 Increment in water relaxation time with residence time (Effect of the dipole 

moment of protective agents) 

Figure 5-7 clearly shows that the water relaxation time exponentially increases with 

its residence time and the corresponding decuple-retarding period () rests with the 

solute species. In consequence, the water relaxation time is different among species 

even though the residence time is identical. As a kind of dipolar molecule with a 

permanent dipolar moment, a water molecule can be oriented by the local electric 

field107-109. Water in the vicinity of a solute molecule may react to the solute tumbling, 

i.e., the solute dipole reorientation. The aforementioned Sec.4.4 elaborates on the 

predominant role of protein's electric field on the rotational relaxation of hydration 

water(CRW). This fundamental physics leads to the idea that the solute dipole moment 

may be a simplified key factor in characterizing the effect of protective agents on this 

decuple-retarding period. Figure 5-8 shows the decuple-retarding period versus the 

solute dipole moment. It is found that the larger the solute dipole, the shorter the 

decuple-retarding period, therefore the faster the water relaxation time increases with 

the residence time. Given that water relaxation time is exponentially proportional to its 

residence time (Eq. (5-3)), upon the increment in solute dipole, water relaxation time 

increases much faster with the residence time.   

 

Figure 5-8. Correlation between the decuple-retarding period obtained from the exponential fit 

in Figure 5-7 and the dipole moment of various solute molecules. The molecular dipole of 

glucose is from the calculation of Fulton175and the BDS experiment of Shiraga et.al116; for 

maltose, it is also from Fulton175; for trehalose and sucrose, they are from  Shiraga et.al1; for 

sorbitol, it is from the quantum repository of  University of Pittsburgh176. 
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5.5 Water residence time distribution (Effect of the size of protective agents) 

Not only the water rotational relaxation time in a certain concentration shows normal 

distribution (Figure 5-3), but water residence time for the same concentration also 

disperses according to Figure 5-7. To quantify this dispersion, the PDFs of water 

residence time in various concentrations of glucose solutions and trehalose solutions 

are plotted in Figure 5-9 and Figure 5-10 with the black lines, respectively. For each 

condition of these two saccharide solutions, the PDF of water residence time is perfectly 

fitted to a normal distribution (red line). Interestingly, unlike the deviation of the PDF 

of water rotational relaxation time that increases with sugar concentration, the deviation 

of the PDF of water residence time is nearly identical at all concentrations. This 

observation suggests that the residence time distribution of water in sugar solutions is 

uniform and that water molecule has an equivalent probability of entering the sugar 

HLs.  

 

 

Figure 5-9. PDF of water residence time in various concentrations of glucose solutions. The 

abscissa shown here is the normalized residence time. The mean value and standard deviation 

of the Gaussian distribution are shown in the upper left legend of each panel.  
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Figure 5-10. PDF of water residence time in various concentrations of trehalose solutions. The 

abscissa shown here is the normalized residence time. The mean value and standard deviation 

of the Gaussian distribution are shown in the upper left legend of each panel.  

Due to this random walk of water in sugar HL which may be caused by the weak 

restriction of the water translational movement in sugar HL, no HMW or CRW is 

observed in sugar solutions within the concentration investigated here. Even in the most 

concentrated 39 wt% sugar solutions, CRW is not found. All water molecules move in 

and out of the sugar HLs (free translation), which is markedly different from that in 

protein solutions where all 3 kinds of water (HMW, PRW, and CRW) coexist in each 

studied condition. These results are also observed in sorbitol, sucrose, and maltose 

solutions. 

The HL thickness in this study is defined as 3 Å, and the water residence time is 

defined as the total time when a water molecule stays within the HLs. Now that the 

normal distribution of water residence time in sugar solutions (Figure 5-9 and Figure 

5-10) has suggested that water molecules have the same probability of moving into and 

out from the sugar HLs (random walk of water), the ratio of sugar HLs volume to the  
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Figure 5-11. The percent of water within the HLs among total water in sugar solutions, obtained 

from MD (black squares) and a simple geometric model (red circles. The percent of water 

within the HLs among total water could be regarded as the average residence time of water 

molecules.  

total solvent-accessible space should be equivalent to the normalized water residence 

time for a given sugar solution. In case that HLs never overlap each other, the volume 

of sugar HLs is the geometric summation of a single HL space. Consequently, the ratio 

of sugar HLs volume (𝑉𝐻𝐿𝑠) to the total solvent-accessible space (𝑉𝑎𝑐𝑐𝑒𝑠𝑠) is 

 HLs solute

access solution solute solute

SASA
,

V N L

V V N V

 
=

− 
  (5-4) 

where Nsolute indicates the number of solute molecules in the solution, Vsolute the solute 

molecular volume, SASA the solvent-accessible surface area, ΔL the HL thickness, and 

Vsolution the solution volume. This equation could further be expressed as 
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( )

HLs

access solute solute

SSA
,

1/ 1

V L

V V


=

 −
  (5-5) 

where SSA is the specific surface area of the solute (=SASA /Vsolute) and 𝜌solute is the 

solute number density (=Nsolute/Vsolution). Eq. (5-5) indicates that a larger solute SSA is 

necessary for a longer residence time. Given that the extended depolarized light 

scattering experiments together with the MD simulations have shown that glucose could 

be modeled as a sphere of the radius of  3.41 Å177 and trehalose of 4.30 Å178, this ratio 

in sugar solutions is 

 HLs solute

3

access solute solute

1/
,

1/ ( 4 / 3) 1

V r L

V r 

 
=

 −
  (5-6) 

where rsolute is the radius of a single solute molecule. 

Figure 5-11 compares the VHLs/Vaccess obtained from the geometric model (red 

circles) and the averaged water residence time obtained from MD simulations (gray 

squares) for various concentrations of glucose solutions and trehalose solutions. 

VHLs/Vaccess shows good agreement with the mean tR in the dilute sugar solution (20 wt% 

or below), but evidently overestimates the water residence time when glucose is over 

30 wt% and trehalose is over 40 wt%. This overestimation is probably due to the 

overlapping of HLs at higher sugar concentrations (Figure 5-12 (Top)), that is a 

hydration water molecule may stay within the HLs of two or even more different solute 

molecules, as reported by Fioretto et al.125.  

MD simulation is able to evaluate the area of overlapped HLs in a sugar solution. 

For instance, for a randomly chosen water molecule in the 10 wt% glucose solution, 

during the total sampling time (5000.0 ps, 6251 snapshots), it stays in the HLs for 1343 

snapshots (1074.4 ps). Concretely, it stays within only 1 HL for 1123 snapshots, within 

2 HLs at the same time for 193 snapshots, and within 3 HLs at the same time for 27 

snapshots. Divided by the total snapshots it stays within the HLs (1343) respectively, 

the probability that this water molecule is shared by the HLs of different glucose 

molecules when it is in the HLs is obtained, as shown in Figure 5-12 (Bottom). Taking 

the average over all water molecules, the probability that a hydration water molecule is 

shared by the HLs of several sugar molecules is derived and shown in Figure 5-13 (a).  
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Figure 5-12. (Top) Schematical illustration of the HL overlapping. (Bottom)The probability 

that a water molecule (#8) in the 10 wt% glucose solution is shared by the HLs of different 

glucose molecules when it is in the HLs. 

Multiplied by the average residence time, tR,Total, which corresponds to the 

probability for water to be in HL (see Figure 5-9 and Figure 5-10), the probability that 

a water molecule is shared by the HLs of different sugar molecules is shown in Figure 

5-13 (b). It should be emphasized again that there is no HMW (water always staying 

outside the HLs) in the sugar solutions studied here. From Figure 5-13, it is observed 

that 19.93% of water is shared by 2 HLs and that 5.62% of water is even shared by 3 

HLs at the same time in the concentrated 39 wt% glucose solution. For 39 wt% trehalose 

solution, the corresponding sharing rates are 16.53% and 3.28%, respectively. In the 39 

wt% glucose and trehalose solutions, the overall overlapping percent reaches 23.78% 

and 17.53%, respectively. Therefore, in the concentrated sugar solutions, the 

overlapping of HLs is non-negligible and the estimation of such an overlapping rate 

merits further study to predict the water residence time. Nonetheless, the normal 

distribution of water residence time (viz. the random walk of water within the sugar 
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solutions) suggests that the ratio of the hydration volume (total volume of HL) to the 

overall water accessible space equals the water residence time. This indicates the 

significant role of solute size in affecting water residence time. 

 

 

Figure 5-13. (a) The probability that a hydration water molecule is shared by the HLs of 

different glucose/trehalose molecules. (b) The probability that a water molecule is shared by 

the HLs of different glucose/trehalose molecules. 

5.6 Trade-off between the molecular size and dipole moment of protective agents 

In previous work, It was shown that the protein deterioration rate is most sensitive 

to the  dielectric relaxation time33 and that this  relaxation originates from the 

rotational ACF of all water molecules158. In light of these discoveries, the water 

relaxation time distribution shall work as the evaluation criterion for protective agent 
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effectiveness. In the above Secs. 5.4 and 5.5, it has been established that the electric 

dipole (Figure 5-8) and molecular size (Eq. (5-6))) of the solute molecule have great 

impacts on the decuple-retarding period and residence time, thus on the water rotational 

relaxation time. According to Eqs. (5-3) and (5-6), water relaxation time could be 

simply expressed as 

 solute
10 3

solute solute

1/ 1
log ( / ) (1 )

1/ ( 4 / 3) 1
PW

r L

r
  

  

 
= − 

 −
  (5-7) 

, where  is the overall percentage of HLs overlapping within the solutions. For a 

unique solute molecule,  determines the increment rate of water relaxation time vis-à-

vis its residence time whilst r and  dominate water residence time. Although the HLs 

overlapping rate, , is also a notable parameter, it is probably related to the solute size 

(r) and density () based on the geometric definition of HL in the present work. Besides, 

since molarity is a variable of extensive property not any inherent physical or chemical 

attribute of the solute, only how solute dipole and size exert their influences 

simultaneously is discussed here for better guidance in the development of protein 

stabilizers.  

 

Figure 5-14. Correlation between water relaxation time and residence time (Eq. (5-3)) for 

glucose solutions and trehalose solutions. The abscissa of the symbols is the average water 

residence time obtained from Figure 5-9 and Figure 5-10. 

Figure 5-14 summarizes the relationships between water relaxation time and 

residence time (Eq. (5-3), plotted with solid line) for glucose solutions and trehalose 

solutions. A clear comparison between these two solutions with the same mass percent 

is shown with the symbols. Under each condition, the water residence time in glucose 
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solutions is ~0.05 higher than that in trehalose concentration, due to the larger specific 

surface area of the smaller glucose molecule. Although water relaxation time increases 

exponentially with the residence time and the decouple-retarding period () for 

trehalose is 1.3 times smaller than that for glucose, when sugar mass percent is 10 wt 

and 20 wt%, water relaxation time distributions in these two sugar solutions are almost 

identical because the slighter longer water residence time distribution in glucose 

solutions can counteract the slower relaxation time rise rate while the residence time is 

0.2~0.4. This observation suggests that a larger specific surface area to extend the 

hydration layers and thus elongate water residence time is of great significance. When 

the residence time reaches 0.5 and even larger (concentration: 30 wt% and 39 wt%), 

the exponential growth rate (viz. the decouple-retarding period) of relaxation time 

manifests itself. As a result, at these two dense concentrations, the relaxation time PDF 

for trehalose solutions broadens to the slightly longer side compared with that for 

glucose solutions (Figure 5-3). In light of this, the solute dipole moment which 

measures the decouple-retarding period seems to be dominant.  

Therefore, in the design of a protective agent, the trade-off between its molecular 

size and dipole moment is key to controlling water rotational dynamics. Ideally, the 

protective agent should also be designed to possess a larger specific surface area and a 

stronger electric dipole. It is our hope that the definition of decuple-retarding period 

(Eq. (5-3) and the estimation of water residence time (Eq. (5-6)) proposed in the 

present work could help to better understand the slowdown effect of some protein 

stabilizers, such as polyol, zwitterionic molecules (TMAO), amid acids, and other 

carbohydrates. A whole picture of water relaxation time and residence time in solutions 

of additives from small to large is also expected to shed more light on the design of 

bioprotective agents. 

5.7 Difference in water residence time between protein solution and sugar solution 

The above findings provide a principal law for evaluating water rotational relaxation 

time, thus for developing the bio-protective agents. The period water spends within the 

HLs of solute molecules (water residence time) is of great significance. Therefore, the 

understanding of how water behaves on the surface (i.e., in the HLs) of different 

additives is also noteworthy.  
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Figure 5-15. Percentage of the 3 typical types of water molecules in the lysozyme solutions 

(proportion of CRW is magnified 10 times). HMW represents the highly mobile water, PRW 

the partially restricted water, and CRW the completely restricted water. 

 

 

Figure 5-16. CDF and PDF of water residence time in protein solutions. The legend indicates 

lysozyme mass concentration in unit mg/mL and mass percent. 
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For example, the aforementioned 3 types of water coexist in lysozyme solutions of 

from 3.3 to 22.2 wt%. In the most dilute 3.3 wt% lysozyme solution, there are still 

several CRW molecules that are attracted on the protein surface; in the most 

concentrated 22.2 wt% protein solution, the HMW still occupies a percentage of 7 % 

(Figure 5-15). The coexistence of the above 3 classes of water indicates that water 

residence time in protein solutions always ranges from 0 to 1, as shown in Figure 5-16. 

Unlike sugar solutions, the residence time in lysozyme solution has a more distorted 

distribution (Figure 5-16). And due to larger molecular size and smaller SSA, the 

relative averaged value is even less than half of that in sugar solution at the same mass 

percent as shown in Figure 5-14. 

It is also observed that when the concentration is less than 100.1 mg/mL (black and 

red lines), HMW takes quite a proportion and the PDF at 𝑡R,Total  = 0 is remarkably 

high. For instance, around 40% water nerve comes into the protein HLs for 33.2 mg/mL 

lysozyme solutions. With the increment in protein concentration, the main peak of PDF 

shifts to a longer residence time. Clearly, the residence time PDFs for all the 

concentrations studied here exhibit pretty large deviations and are far from the normal 

distribution, due to the existence of both the HMW and CRW. The following Table 5-1 

summarizes the ratio of the HLs volume to the total solvent space for various 

concentrations of lysozyme solutions. The molecular SASA and volume of lysozyme 

used for the calculation are 691 nm2 and 222 nm3, respectively95. When comparing 

the 𝑉𝐻𝐿𝑠/𝑉𝑎𝑐𝑐𝑒𝑠𝑠 in Table 5-1 with the mono peak of the PDF in Figure 5-16 (c >= 

167.3 mg/mL), it is found that 𝑉𝐻𝐿𝑠/𝑉𝑎𝑐𝑐𝑒𝑠𝑠  is almost twice the residence time 

corresponding to the main peak. Therefore, it is evident that the water molecule does 

not have an equal chance to come into the HL.  

Table 5-1. 𝑉𝐻𝐿𝑠/𝑉𝑎𝑐𝑐𝑒𝑠𝑠 estimated for various concentrations of lysozyme solutions 

wt % 𝑉𝐻𝐿𝑠/𝑉𝑎𝑐𝑐𝑒𝑠𝑠 

3.30 0.030 

9.76 0.096 

12.92 0.133 

16.03 0.173 

19.11 0.216 

22.10 0.261 
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Figure 5-17. Momentary distance from the solute surface x, of the slowest water molecule in 

trehalose solution (39 wt%).  

Water residence time in protein solutions is in contrast with the sugar solutions 

(Figure 5-9 and Figure 5-10) where only PRW exists. Furthermore, even for the PRW, 

water movement in sugar solutions is also discrepant from that in protein solutions. 

Figure 5-17 shows the time-history of the distance from the sugar (trehalose) surface 

for the slowest water molecule in the studied trehalose solutions here, which has a 

rotational relaxation time of 35.3 ps and a normalized total residence time of 0.85 (4.23 

ns). Although trapped on the solute surface for a period as long as in protein solutions, 

it drifts in and out of the HLs many times, which means that the total residence time is 

segmented into plenty of short time spans. The longest continuous period of this water 

is around 0.8 ns starting from around 1.5 ns.  

 

Figure 5-18. Comparison of the total residence time (tR,Total) and the maximum continuous 

residence time (tR,Max) of each water molecule in lysozyme solutions and trehalose solutions, 

including all the concentrations studied here. 



92 

By counting the number of the continuous snapshots where a target water molecule 

resides in the HL, the maximum continuous residence time (tR,Max) can be obtained. 

These two kinds of residence times (tR,Total and tR,Max) of all water molecules in 

lysozyme and trehalose solutions are summarized and compared in Figure 5-18. It is 

found that they could be equivalent for some water molecules in protein solutions. But 

tR,Max is always much shorter than tR,Total for water in sugar solutions. For water in sugar 

solutions, the total residence time consists of plenty of short periods, while it is usually 

contributed by a long commensurate continuous period for water in protein solutions. 

  

Figure 5-19. Comparison of the total residence time (tR,Total) and the maximum continuous 

residence time (tR,Max) on ensemble average, for water in different solutions. 

For every single water molecule, a data set (tR,Total, tR,Max) could be obtained. By 

setting a series of continuous small intervals for t (t  dt), the whole data sets among all 

water molecules (data shown in Figure 5-18) were categorized into an interval based 

on the first parameter (tR,Total). Then, the distribution of the maximum continuous 

residence time (tR,Max) was obtained within each interval.  The result on the ensemble 

average with standard deviation is shown in Figure 5-19. The maximum continuous 

residence time (tR,Max) is closer to the total residence time (tR,Total) for lysozyme solution, 

compared with sugar solutions or sugar alcohol solutions. For sugar solutions or sugar 

alcohol solutions, tR,Max increases slowly with tR,Total; but for disaccharide solutions, the 

increment rate becomes higher when tR,Total is larger than 0.7. For lysozyme solutions, 

tR,Max also increases slowly at first then fast with the increment in tR,Total; when  tR,Total is 

larger than 0.3, the slope of the linear increase is around 1. Due to the heterogeneous 

protein surface properties, tR,Max for lysozyme solution exhibits a larger deviation 
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compared with other solutions. Nevertheless, it is concluded that sugar does not trap 

water molecules as strongly as protein does. Some water molecules tend to be trapped 

on the protein surface for a long time, reducing the possibility of other water coming 

into the HLs. This is in part due to the depressions or cavities on the protein surface48, 

88. 

5.8 Summary 

This chapter mainly studies the water rotational dynamics in sugar solutions by MD 

simulation. A good agreement of the dielectric relaxation time in the gigahertz region 

measured by BDS experiments and the relaxation time of the self-correlation of water 

rotation calculated by MD simulation strongly suggests that the origin of the dielectric 

loss peak in the gigahertz region ( relaxation part) for protein solutions and sugars 

solutions is a collected rotational relaxation of the single water molecule. The relaxation 

time of water rotation is also equivalent to that of the reorientation of the exerted electric 

field for a water molecule in sugars solutions, which also consolidates the water dipole 

alignment along exerted electric field proposed in Sec. 4.3. In addition to the extension 

of the findings on protein solutions to sugars solutions, the following conclusions are 

obtained: 

(1) In sugar solutions, only PRW is observed which indicates that all water 

molecules move in and out of the sugar HLs. Unlike water in protein solutions, 

the total water residence time in sugar solutions shows a Gaussian norm 

distribution, which suggests the random walk of water with the sugar HL, i.e., 

within the solution.  

(2) Owing to the conclusion (1), the total water residence time in sugar solutions is 

identical to the ratio of sugar hydration volume to the total solvent accessible 

area. Due to the smaller specific surface area, water in monosaccharide solutions 

shows a longer residence time compared with that in disaccharide solutions, on 

average.  

(3) The water relaxation time increases exponentially with the total residence time. 

Water relaxation time in monosaccharide solutions increases slower than that in 

disaccharide solutions. These decuple-retarding periods of relaxation time in all 

sugars solutions are much slower than that in protein solutions.  
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(4) A larger dipole moment of solute enhances the increasing rate of water 

relaxation time to the water residence time. 

(5) The relaxation time in sugar solutions is about 1~1.5 ps longer than that in 

protein solutions due to the longer residence time, although the increasing rate 

of the relaxation time versus its residence time in protein solutions is much faster 

than that in sugar solutions at the same solute mass percent. Increasing the ratio 

of the HLs volume (i.e., the specific surface area of solute) is key to increasing 

the residence time, thus slowing down the rotational relaxation time. 

Comparison between disaccharide and monosaccharide also suggests the 

increment in water residence time could counteract the effect of a slower 

relaxation time rise rate. 

(6) An effective solute for a longer rotational relaxation time requires a larger 

specific surface area of solute with a larger dipole moment. 
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Chapter 6 Conclusions and Outlook  

6.1 Main conclusions 

The dynamics of surrounding water are essential to the stability of protein 

pharmaceuticals. The research conducted in this dissertation mainly by molecular 

dynamics (MD) simulation contributes to the understanding of water rotational 

dynamics in protein solutions, as well as the designing of the protective agents in terms 

of their specific surface area and dipole moment.   

Firstly, the dielectric spectra for protein solutions and sugar solutions are obtained 

by the probability of water relaxation time from MD simulation. Together with the 

dielectric spectroscopy experiments, it is discovered that the dielectric relaxation time 

obtained from this distribution is in good agreement with the measured  relaxation time, 

which suggests that the rotational self-correlation of water molecules underlies the 

gigahertz domain of the measured dielectric spectra. This original finding associates the 

molecular water behavior with the macroscopic dielectric measurements.  

Secondly, two basic questions of water rotational dynamics in protein solutions are 

addressed by MD simulation of lysozyme solutions: 1) how far proteins can affect water 

rotational dynamics, i.e., the thickness of protein HL; and 2) to what extent the 

characteristics of hydration water differ from those of the bulk water. Water rotational 

relaxation time ranges from several picoseconds to tens of nanoseconds in protein 

solutions. Depending on the time it stays within the HL(the residence time), water can 

be classified into 3 kinds: highly mobile water (HMW), partially restricted water (PRW), 

and completely restricted water (CRW). In dilute solutions, water relaxation time 

exhibits a Gaussian probability distribution. In concentrated solutions, the distribution 

is distorted to a longer time constant due to the increasing proportion of PRW and CRW. 

A stochastic analysis using the relaxation times and trajectories of every single water 

molecule is proposed and the two-dimensional probability distribution of water at a 

distance from the lysozyme surface with its rotational relaxation time is obtained. It is 

found that water rotational dynamics accelerate with the farther distance from the 

protein surface. Regardless of protein concentration, water rotational relaxation time 

versus the distance from the lysozyme surface reveals that the water rotational 

relaxation is severely retarded within 3 Å from the lysozyme surface and is nearly 
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comparable to pure water when farther than 10 Å. The thickness of the first HL is 

subsequently identified as this 3 Å thick water layer from the protein surface, in view 

of the remarkable slowdown wherein. The presented stochastic analysis of water 

rotational relaxation time is an original viewpoint compared with the widely accepted 

multiple HLs model through the Voronoi tessellation method. This method circumvents 

the balance of spatial resolution and calculation accuracy of relaxation time, and 

provides a precise HL thickness in great agreement with the SASX experiments and 

other MD simulations. 

Thirdly, the driving mechanism behind the single water molecular rotational 

dynamics is investigated from the perspective of electrostatic interactions, by MD 

simulation. By analyzing the reorientation of the exerted electric field on a water 

molecule, I first find that the relaxation time of water rotation is equivalent to that of 

the reorientation of the exerted electric field for each water molecule, regardless of its 

trajectory. Namely, water rotation synchronizes with the experienced electric field 

reorientation. Furthermore, bringing the MD's superiority into full play, the 

reorientation process of the local field (electric field at fixed positions) is explored. The 

corresponding relaxation time is shown to range from a few hundred femtoseconds to 

a little longer time than one hundred picoseconds. The observed results show that the 

severe retardation of water rotation within the HL is probably attributed to the slow 

reorientation of the local electric field. For the very few CRW molecules which always 

stay in the HL, it is almost merely contributed from the protein's field. On the other 

hand, outside the HL, the rotational relaxation is predominantly determined by the 

electric field of the surrounding water which randomly reorientates akin to the case in 

pure water. This observation suggests the importance of the time length of water 

residing in the HL, and it is found that water rotation relaxation time is approximately 

exponentially dependent on its total residence time.  

Finally, water dynamics in aqueous PAs solutions (sugars and sugar alcohol here) 

are discussed, by showing the probability distributions of both water residence time and 

water relaxation time through MD simulations. In PAs solutions studied here, water is 

just mildly retarded with the relaxation time spanning from several picoseconds to 

merely a few tens of picoseconds. Water residence time exhibits a gaussian distribution 

for various concentrations of sugar solutions and sugar alcohol solutions. This finding 

suggests the random walk of water within the sugar HL, i.e., within the solution. These 
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two observations are discrepant from the case of protein solutions. Furthermore, it is 

found that in all these sugar solutions (monosaccharides and disaccharides) and sugar 

alcohol solutions, water rotational relaxation time also increases exponentially with the 

increase of its residence time. Based on this, a decuple-retarding period which specifies 

the prerequisite residence time to obtain tenfold retardation of the relaxation time is 

defined. The larger the solute dipole moment, the smaller the decuple-retarding period, 

therefore the faster the increment rate of relaxation time versus residence time. It is also 

found that the larger ratio of the hydration volume (total volume of HL) to the overall 

water accessible space results in a longer water residence time, thus a longer relaxation 

time distribution. This result indicates that the solute size is one of the key factors 

affecting water dynamics. When water residence time distribution is similar, the solute 

dipole begins to manifest. The above findings suggest the effect of balance between PA 

dipole and size on water dynamics, which paves the way to controlling water rotational 

dynamics, thus to the design of bioprotective agents. 

6.2 Prospect 

This dissertation mostly focuses on the rotational dynamics of the individual water 

molecule in proteins solutions and PAs solutions, and successfully obtains several basic 

but useful findings about the factors dominating water rotational dynamics. Therefore, 

this research provides the fundamental stone for controlling water dynamics and 

designing PAs. Some continuing studies could pay attention to: 

(1) The reorientation process of the local electric field and the electrostatic energy 

of water near various protein side chains. These 2 factors will provide a better 

understanding of the site-specific water dynamics surrounding proteins, which 

may account for the existence of CRW, therefore the residence time span (0~1), 

in protein solutions. The heterogeneous hydration dynamics may also be 

explained with such a viewpoint. 

(2) The relationship between the relaxation time of local electric field reorientation 

and the commensurate relaxation time measured by TDFSS experiments. 

(3) The relationship between water rotational relaxation time and residence time, 

for aqueous solutions of various additives with size and dipole from small to 

large, such as polyol, zwitterionic molecules (TMAO), amino acids, and 

peptides. The sizes of such solutes are between that of carbohydrates and 
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lysozyme studied in this dissertation. A whole picture of water relaxation time 

and residence time in solutions of additives from small to large is expected to 

facilitate the design of bioprotective agents.  
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Appendix 

  

 

Figure A1. (a) Average (time) autocorrelation function (ACF) of the exerted electric field 

reorientation (EACF) and dipole moment rotation (DACF) for highly mobile water (HMW), 

partially restricted water (PRW), and tightly bound water (CRW) in lysozyme solution of 234 

mg/mL. The dashed line indicates the EACF, and the solid line indicates the DACF. Results of 

pure water (PW) were also plotted here for comparison, which are overlapped with the results 

of HMW. Results shown here are the same as those in Figure 4-3 (b) in the main text, except 

that the stand deviation of each ACF is shown here. Since EACF and DACF have identical 

deviations for PW and HMW, only the standard deviation of EACF for HMW is plotted here 

(the green one). Due to the heterogeneous dynamics of the restricted water (PRW and CRW), 

the corresponding DACF and EACF show a larger deviation compared with that of PW of 

HMW. However, for each of PRW and CRW, the deviation of DACF and EACF is also 

identical at the same t. 
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                  (b) Average EACF obtained by using the overall electric field (E) and the 

electric field originating solely from proteins and ions (EPI), for the above 3 classes of 

water in a lysozyme solution of 234 mg/mL. The dashed lines indicate the EACF 

using the overall electric field (with the part from water) while the dashed-dotted ones 

indicate that only uses the electric field from proteins and ions (without the part from 

water).  Results shown here are the same as those in Figure 4-4  in the main text, 

except that the stand deviation of each EACF is shown here.  

 

 

Figure A2. Intrinsic electric-field probability distribution in the 33.2 mg/mL lysozyme 

solutions. The internal electric field within our simulated protein-water system is around 2 V 

Å−1. 
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TABLE S1. Multi-exponential fitting parameters of the averaged DACF and FACF for 

3 classes of water (Figure 4-3 (b) and Figure 4-4), in ps unit. int depicts the averaged 

relaxation from (4-6). The superscript 'PI' indicates the EACF using the electric field 

only from proteins and ions. i is the fitted relaxation time, and Ai the corresponding 

strength. In dielectric spectroscopy studies, the dielectric relaxation time of pure water 

is 8.27 ps,73, 158 while the rotational relaxation time of pure water from MD is 4.87 ps. 

When comparing the relaxation time of protein tumbling with the  relaxation time 

which is ascribable to protein tumbling, the results shown here should be normalized 

by the value of pure water. In this sense, the relaxation time of DACF and FACF for 

CRW is around 22 ns. 

Subset ACF A1 1 A2 2 A3  int R 

CRW DACF 0.78 16179.87 0.09 103.67 -- -- 12536.40 0.97 

EACF 0.81 16729.12 0.09 98.02 -- -- 13495.02 0.98 

EACFPI 0.83 16402.05 0.08 124.84 -- -- 13598.53 0.98 

PRW DACF 0.22 1198.98 0.14 38.49 0.57 4.65 277.04 1.00 

EACF 0.23 1224.25 0.140 40.08 0.57 4.77 292.94 1.00 

EACFPI 0.43 1100.65 0.34 76.94 0.18 14.58 497.11 1.00 

HMW DACF 0.80 5.92 0.20 0.68 -- -- 4.87 1.00 

EACF 0.80 5.99 0.20 0.74 -- -- 4.92 1.00 

EACFPI 0.30 431.32 0.45 89.68 0.22 17.87 174.58 1.00 
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