Accepted Manuscript

Low temperature dependence of protein-water interactions on
barstar surface: A nano-scale modelling

M.C. Mordn

PIl: S0167-7322(18)34613-0

DOI: doi:10.1016/j.molliq.2018.10.041
Reference: MOLLIQ 9786

To appear in: Journal of Molecular Liquids
Received date: 6 September 2018

Accepted date: 8 October 2018

Please cite this article as. M.C. Morén , Low temperature dependence of protein-water
interactions on barstar surface: A nano-scale modelling. Mollig (2018), doi:10.1016/
j.molligq.2018.10.041

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.


https://doi.org/10.1016/j.molliq.2018.10.041
https://doi.org/10.1016/j.molliq.2018.10.041
https://doi.org/10.1016/j.molliq.2018.10.041

r reference: MOLLIQ 9786

rticle reference: MOLLIQ_ 2018_4441

ticle title: Low temperature dependence of protein-water interactions on barstar surface: a nano-scale modelling
o be published in: Journal of Molecular Liquids

Hop o
KK o

6 September 2018

Low temperature dependence of protein-water
interactions on barstar surface: a nano-scale modelling

M. C. Morén *°

“ Instituto de Ciencia de Materiales de Aragon (ICMA), Consejo Superior de
Investigaciones Cientificas-Universidad de Zaragoza, Pedro Cerbuna 12, E-50009
Zaragoza, Spain. E-Mail: nina@unizar.es.
b Departamento de Fisica de la Materia Condensada, Facultad de Ciencias,
Universidad de Zaragoza, Zaragoza, Spain.

Corresponding author:

M. C. Morén

Instituto de Ciencia de Materiales de Aragén
Universidad de Zaragoza

Pedro Cerbuna 12

E-50009 Zaragoza

Spain

E-mail: nina@unizar.es

E-mail: oenola@gmail.com



Abstract

The dynamics of the hydration shell of the inhibitor barstar is analysed at low
temperature (300 — 243 K), through all-atom molecular dynamics simulations, and
compared with that of bulk water. The relaxation of residence times of solvent
molecules in the protein hydration shell follows a stretched exponential function exp| —

(th )B ] with 3=0.48+0.01, independent of temperature, showing that the decay process
is mainly dominated by long-range molecular relaxation channels (short-range for bulk
water). The percentage of water molecules exhibiting 4 hydrogen bonds, x"?, is found
to be a parameter essential for understanding some room and low temperature
dependent properties of the protein hydration shell, suggesting an explanation for the
unfreezing of protein hydration water as temperature decrease below 273 K. Moreover
the dynamical transition that proteins and their hydration water exhibit at ~225 K can be
explained by the decrease of ‘hydrogen bond defects’ in the protein hydration shell as
temperature goes down. If most of those water molecules would present a tetrahedral
arrangement (nearly no ‘hydrogen bond defects’), the bioactivity of proteins would be
negligible. Comparison with experimental results is provided all along the work.
Experimental data are quantitatively reproduced.
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1. Introduction

The protein hydration shell is fundamental to protein structure, dynamics, and
function. Although water is one of the simplest molecules, it plays an utmost and
ubiquitous role on Earth and in all aspects of life. Understanding its properties is of
fundamental importance in science and technology. Thus water is essential in biology,
because it participates in nearly every process necessary for life [1-3]. In native
scenarios, proteins are typically in close contact with water solutions. The shell of water
molecules in close interaction with the protein surface is usually called protein
hydration water but also biological water [4-5]. That particular water is involved in
biochemical processes such as protein folding, enzyme function, molecular recognition
or amyloid beta aggregation (Alzheimer’s disease) [6-11]. In fact in the dehydrated
state, the function of proteins is severely impeded [12]. The knowledge of the structure
and dynamics of water molecules in the so-called hydration layer surrounding proteins
is therefore of absolute relevance to the understanding of the protein functionality [13-
15]. Thus hydration water should not be treated as a simple solvent, but rather as an
active component of biomolecular systems [16].

Reciprocally both experimental [9,17] and simulation results [18-20] agree on that a
protein perturbs the water dynamics in its hydration shell. However the degree and
molecular origin of this perturbation are not yet completely understood [4,21]. Water
molecules in the protein hydration layer can be considered to be spatially confined. This
water is expected to behave differently from the bulk because of the interaction with
protein residues. If macroscopic data are considered (i.e. relaxation times), the dynamics
of biological water is affected only to a small extent (2-4-fold slowdown) when
compared with neat water [14,22,23]. However if microscopic data are taken into
account, that hydration water dynamics exhibits a slow component neatly smaller than
that of bulk water (2-3 orders of magnitude) [24-26]. The magnitude and molecular
origin of this retardation are still topics for further study [26-29]. Moreover some
authors state that the heterogeneous scenario biological water presents is due to the
heterogeneity of the protein surface itself in contrast to the more homogeneous nature of
the solvent, suggesting that the hydrogen-bond dynamics between the protein and the
hydration water is governed by the protein [30].

On the other hand in structural studies and many commercial applications, proteins
are increasingly exposed to low temperatures. The role of solvents in biomolecular
dynamics is another important topic that is directly related to the field of bio-
cryopreservation. Thus in hydrated proteins, water molecules directly in contact with, or
close to, the protein surface are not able to crystallize and form ice, usually they are still
in the liquid state below the melting point of bulk water [31]. Exact requirements for
avoiding crystallization are difficult to provide. Moreover many experimental studies
have examined the thermal limit of the biological activity of proteins and have related
its onset at low temperatures to the existence of a dynamical crossover in the hydration
water at approximately 225 K [32,33]. Although this precise value of temperature has
been questioned, due to a possible inadequate instrumental resolution, there is a
consensus that the crossover exists and that it is relevant [34]. Interestingly enough,
proteins have been also reported to present a ‘dynamical transition’ at that temperature
[35]. Recently a simple but effective computational method to predict physical
magnitudes of bulk water at low temperature, in quantitative agreement with
experimental results, has been published [26]. It would be of interest to examine if that



method could be also successfully applied to protein hydration water at low
temperatures.

In this work we explore such scenarios analysing in detail some aspects of the
dynamics of the hydration water around the protein barstar, in particular the low
temperature dependence of protein-water interactions at protein surface. The influence
of the protein on the dynamics of its hydration water is considered, but also the
opposite, the effect of water dynamics on the biomolecule. Differences and similarities
between protein hydration water and bulk water are also examined. Moreover this work
analyses at nanoscopic level, the impact of the percentage of water molecules presenting
four hydrogen bonds, either with the protein or with the solvent, on the dynamics of the
protein hydration water. On the other hand barstar is a ribonuclease inhibitor that can be
found in Bacillus amyloliquefaciens. It is an 89-residue protein of interest in molecular
recognition (drug discovery) [36], cancer cell research [37] and amyloid fibrils
investigations (neurodegenerative diseases) [38]. In order to follow the dynamics and
existing interactions between the protein and its hydration water at nanoscopic level, we
have carried out all-atoms molecular dynamics simulations at room and low
temperature. Those numerical simulations are very useful for providing details of
dynamical processes that are not experimentally reachable [25,39-40].

The paper is organized as follows. Section 2 presents the details of the computer
simulations carried out on the inhibitor barstar in a bath of water molecules at different
temperatures from ambient down to 243 K. In section III the dynamics of the protein
hydration water is analysed through relaxation processes, temporal distributions
(residence times) and hydrogen bond analysis. Those results are discussed in Section 4
and compared with previously reported experimental and simulated data as well as
theoretical models. The main conclusions are summarised in Section 5.

2. Materials and Methods

Classical all-atom molecular dynamics simulations of aqueous solutions of the
protein barstar (wild type) were conducted at 300 K [25], 288 K, 273 K, 258 K, 248 K
and 243 K. The initial structure of that inhibitor was obtained from the RCSB Protein
Data Bank (PDB ID: 1BRS). The water molecules shown in the crystallographic PDB
data were not maintained. The simulations were performed using the GROMACS
software package in double precision [41,42]. After adding the hydrogens, the whole
protein was immersed in a large cubic box, 6.2 nm along the three axes, of well
equilibrated water by carefully avoiding unfavourable contacts. The periodic boundary
condition was applied in order to prevent boundary effects. That procedure produced a
system containing 1432 protein atoms and 7430 water molecules. In order to eliminate
possible unfavourable interactions between the solute and the solvent, the energy of the
system was minimized using steepest descent and conjugate gradient algorithms
implemented in the Gromacs software package [41,42]. Conjugate gradient is slower
than steepest decent in the early stages of the minimization, but becomes more efficient
closer to the energy minimum. The minimization was stopped when the maximum force
reached a value smaller than 1.0 kJ mol’ nm™. The interactions between the
constituents of the system were described employing a multi-component all-atom force
field (OPLS-AA) [43.,44]. All bond lengths were constrained using the LINCS
algorithm [45]. The cutoff length for the Lenard-Jones and Coulomb potentials was set



at 1.4 nm. The simulations were performed using a time step (resolution) of 2 fs (0.002
ps).

In the present work the residence times of water molecules at the surface of the
protein barstar are calculated together with the number of hydrogen bonds that special
kind of water exhibits. We aim to compare our room and low temperature results with
those obtained for bulk water. In a previous work [26] we have determined those
magnitudes for neat water, reproducing experimental data even at low temperature. In
order to performed a quantitative comparison between protein hydration and bulk water,
it is important to use the same protocol, for simulations and calculations, in both cases.
Thus the molecular dynamics simulations (present work) use the three site simple point
charge model (SPC) [46] for moldelling water, as do the previous reported research
concerning bulk water [26]. As in that publication [26], the computer simulations we
show (present work) were performed using the Langevin equation of motion m(d’r/dt?)
= F - y(dr/dt) + n(t), where m, r and F are, respectively, the mass, the position and the
force field acting on the atom under consideration in the dynamics. n(t) is a noise term
with correlation function < n;(t) .m;j(t")> = 2kgT(m/taut)d;;5(t-t") [41.42]. y= m/taut is
the damping factor where taut is the coupling constant time obtained from reference
[26] for each temperature. After an equilibration period, the trajectories for data
production were performed in the canonical ensemble, i.e. at constant N, V and T,
saving the production runs every 0.1 ps for later analysis. In order to reach a correct
stabilization of the simulated systems, the equilibration times were varied for different
temperatures from a few nanoseconds at 300 K to tens of nanoseconds at 243 K. The
trajectories of the atoms were monitored during 7 ns for simulations at 300 K, 288 K
and 273 K, 10 ns at 258 K, 13 ns at 248 K and 35 ns at 243 K. Those particular
temperature values were chosen in order to compare with previous data for bulk water
[26]. During those production runs the root mean square deviation of the inhibitor
barstar was found to maintain a regular value (around 0.20 nm) with respect to its initial
configuration indicating an equilibrated state. The error bar for all the temperatures
considered in this work is + 1 K.

3. Results

The dynamics of ambient and low temperature hydration water around the inhibitor
barstar is analysed in this section through relaxation processes, temporal distributions
(residence times) and hydrogen bond calculations.

3.1. Relaxation phenomena
The dynamics of water can be described by evaluating, as a function of time, the
occupation of the water molecules on a given spatial arrangement (i.e. a spherical

region). That occupancy is related to the mobility (diffusion coefficient) of the water
molecules through the region considered. Thus we have considered the decay equation

N
D(t) = Z[< Oi(to)Oi(to + t) > /< Oi(to )Oi(to ) >]
i=1



where O/(t,+7) takes the value of 1 (unity) if the water molecule i, which is within the
region of interest at the time origin 7,, still exists in that region at time ¢, + ¢ [26,47-51].
Otherwise Ot, + t) equals 0. N is the total number of water molecules within the
region considered at 7,. The angular brackets denote averaging over various time origins
with the aim of improving statistics as well as taking into account different areas of the
trajectory. Therefore D(?) calculates the average number of water molecules that still
remain in the region of interest after a simulation time 7. In order to analyse the first
hydration layer around the protein, we have calculated that magnitude for water
molecules that are present within a shell of thickness 0.40 nm from all atoms of the
biomolecule, hydrogen excluded (see Fig. 1). Larger radius will result in taking into
account more of the bulk dynamics. It is also the thickness that has been already
considered in previous data at ambient temperature [25].

The magnitude D(t) was calculated with a resolution of 0.1 ps, using the data
obtained from all-atom molecular dynamics simulations at 288 K, 273 K, 258 K, 248 K,
and 243 K (as an example see Fig. 2). The tendency of the curves consists of a fast
initial decay followed by a slower one. This trend cannot be described using a single

exponential law. Instead a stretched exponential function exp[ — (/1) B] has been
used to fit the data (see Fig. 2) [52,53]. This function, which contains just two free
parameters: the effective relaxation time t and the stretching exponent § (0 < < 1),
was proposed empirically more than 150 years ago for its accuracy and simplicity in
describing decay data. The stretched exponential, also known as the KWW (Kohlraush-
Williams-Watts) function, is often observed in several phenomena in complex
condensed matter systems and supercooled liquids [54].

The fit of our data to that expression supplies parameter values T and 3 that are
shown in Table 1 as a function of the temperature. The time constant T gives an
estimation of the permanence time of water molecules in the solvent region under study,
providing the overall time scale over which the process develops. A particular
behaviour arises from the stretched exponent since the value of that parameter nicely
keeps constant from 300 to 243 K (f = 0.48 + 0.01) indicating an independence of the
KWW exponent § with temperature (see Fig. 3, lower inset).

The exponent of the KWW function also provides interesting information as for
example how large is the deviation of the relaxation curve from a classical exponential
since for f = 1 the mathematical expression of a simple exponential is restored. In our
case, the large stretching effect (f = 0.5), both at room and low temperature, indicates a
considerable large deviation from a classical exponential decay showing that water
dynamics in the temperatures considered is characterized by, not a unique relaxation
time (since § # 1), but a distribution of different time scales. That finding suggests the
presence of significant temporal disorder in the system [54,55]. Stretched exponentials
are frequently employed for modelling phenomena characterized by multiple relaxation
rates [56].

In addition the exponent B = 0.48 + 0.01 is in excellent agreement with experimental
determinations. Thus quasi-elastic neutron scattering experiments performed on water
molecules located at the surface of the protein c-phycocyanin indicate a stretched
exponential parameter f =~ 0.5 at 293 K [57]. Same experimental technique applied to
the hydration shell of protein lysozyme shows an independent temperature exponent 3 =



0.5 [35], as also does water confined in laboratory synthesized nanoporous silica
matrices with pore diameters of 1.8 and 1.4 nm (f = 0.5) [58].

The previous paragraphs show that, in the range considered, the stretched exponent 3
is independent of the temperature. What about the thermal dependence of the other
stretched parameter, the relaxation time t? In this paragraph the increase of the
relaxation time t as the temperature decreases is analysed with more detail. Thus, the
evolution of the effective relaxation time t with the temperature is shown in Fig. 3
(upper inset). The increase of t as the temperature decreases has been fitted to the

expression T ~ (T — TL)'Y. The result is showed in Fig. 3 where a nice linear

dependence is found for the evolution of t ~ M with temperature. The best fit

corresponds to Ty, =226 + 4 K and y = 1.8 + 0.2 in good agreement with the results also
obtained from t values (residence times) for bulk water: Tyyikwater = 227 = 3 K and y =
1.71 £ 0.1 [26]. These results, virtually the same for both neat and biological water,
show that the dynamic crossover phenomenon in protein hydration water is an intrinsic
property of isolated water, and is not due to the spatial confinement scenario. Our result
for the crossover temperature Ti, also agrees with those obtained for the hydration
water of the protein lysozyme from nuclear magnetic resonance (NMR) [32],
quasielastic neutron scattering (QENS) [33] and molecular dynamics simulations (self-
diffusion constant and self-intermediate scattering function) [59] that provide values Ty,
=225+5Kand y=1.8, Ty, =225+ 5 K and T, = 223 + 2 K, respectively. It also
agrees with Tr, = 200-230 K, a result obtained for trp-cage mini-protein hydration water,
by computing mean square displacements [60]. The convergence of all those results
supports the existence of a crossover occurring in the hydration layer of the protein
barstar in consonance with that occurring at a similar temperature for bulk water.
Interestingly enough, the low temperature thermal limit of biological activity of a
protein has been linked to the occurrence of a dynamical crossover in the hydration
water of the biomolecule at Ty = 225 K [34].

3.2 Distribution of residence times

To gain an atomic level understanding of the observed distribution of times
associated to the stretched relaxation we have analysed in section 3.1, we calculated the
residence times that water molecules exhibit around a given environment (atom) of the
inhibitor barstar. The purpose was to use the molecular dynamics simulations as an
atomic resolution instrument. Therefore the attention was focused on different atoms of
the protein (more than 50 snapshots were analysed) in order to see if the structural
images could illustrate and corroborate at atomic level the existence of various time
scales as suggested in the previous section 3.1 for protein hydration water. As an
example, two of the most representative snapshots are depicted in Figs. 4 and 5. Those
figures show the heterogeneous distribution of residence times of solvent molecules
residing at a distance smaller than 0.40 nm 1) from the oxygen atom (carboxyl group) of
the non-polar residue Alanine36 at 300 K and ii) from the oxygen atom (hydroxyl
group) of the polar residue Threoninel9 at 243 K (see Fig. 1). A wide distribution of
residence times can be observed. Please mind that the interest of those snapshots is not
the particular distribution of times_but the atomic level illustration of the multi-time
dynamics of the first hydration shell around barstar when decreasing the temperature
from ambient to 243 K.



With the aim of scrutinising a global picture, the time that the 7430 solvent
molecules of the simulations spend at a distance smaller than 0.40 nm from all the
atoms integrating the protein, hydrogens excluded, has been calculated from 300 K
down to 243 K. The results are shown in Fig. 6 for the extreme temperatures. A
heterogeneity of residence times (#,) is detected along the whole temperature range. The
longest residence times found at 300 K amounts some units of nanoseconds while those
at 243 K increase up to some tens of nanoseconds (see Fig. 6). The difference between
those room and low temperature values is one order of magnitude. Same calculations
performed for the intermediated temperatures reported above (300 - 243 K) agree with
the nanoscopic slowing of the dynamics of biological water as temperature decreases.
Slow hydration water is interesting for several reasons. It retards charge transfer
processes [61,62], prevents dehydration [61], and increases friction on the surface
involved [63]. Moreover slow confined clusters of water molecules also play a central
role in protein function, including allosteric regulation and charge transfer [64,65].
Water molecules involved in bridging proteins and single-stranded DNA molecules
have been reported to form a highly constrained thin layer with extremely retarded
mobility [66].

Same calculations performed for bulk water, following the same procedure and
simulation protocol than that of the present work, show that the largest residence times
found at 300 K amounts some tens of picoseconds while those at 243 K increases up to
some hundreds of picoseconds [26]. The difference is about one order of magnitude, as
in the case of protein hydration water.

As an example, Fig. 7 shows one of the slowest water molecules located in the
hydration shell of the inhibitor barstar. That solvent molecule spends more than 2 ns at
room temperature (300 K) and more than 20 ns at low temperature (243 K) in the
pocket defined by the residues Pro48, Leud49, Val50, Asp83, Ile84 and Thr85. These
residues are located at two of the three beta strands of barstar (see Fig. 7). The position
of that special solvent molecule coincides with that of one crystallization water
molecule, identified with the number 202, in the crystal structure of the protein (Protein
Data Bank, code 1brs).

3.3 Scale-free dynamics

Since the appearance of stretched exponentials can be related to the spread in the
residence time values indicating complex time scales [67], the number of water
molecules that spend a given time ¢, within the already considered cutoff of 0.40 nm
from the protein has been calculated as Npjoyarer(t;) for 300 [25], 288, 273, 258 and 243
K. If the evolution of Npipyare(t;) With ¢, is represented in a double-logarithm plot, a
straight line is obtained (see Fig. 8 for T = 288 and 243 K). This result shows that the
temporal distribution of the water molecules within the first hydration layer (cutoff 0.40

nm) of the protein barstar follows a power law, Npiowazer(t)) ~ z‘,-a for at least three
decades (0.1 — 100 ps) both at room and low temperature. If the exponent o were unity,
there would be one water molecule spending 100 ps within the hydration water of the
protein for every 100 solvent molecules spending 1 ps. The fact that the distribution
begins to deviate from a straight line at high times is a finite-size effect [68].

We have obtained a temperature independent exponent o = 0.63 + 0.07. The negative
sign of the slope indicates that most of the water molecules stay during short periods of



time near the protein, while few of them spend much longer times, reflecting
heterogeneity in the temporal behaviour of hydration water. The existence of that power
law for at least three decades shows that biological water displays the same type of
distribution at any scale, i.e., it is scale-free [69]. That behaviour is maintained as the
temperature decreases down to at least 243 K. Some empirically observed networks
have been reported as scale free: social, computer or biological networks [69]. Our work
presents a scale-free distribution in time with the agents at atomic level (water
molecules). On the other hand Leitner and co-workers, in a theoretical work performed
at room temperature, have reported a power law scaling for the energy flow dynamics in
proteins as myoglobin and green fluorescent protein, with positive slopes amounting
0.58 and 0.6, respectively [70,71]. In both cases the power law holds for one decade
(0.1 - 3 ps).

At that point a question arises: would bulk water also present a scale-free behaviour
with respect to the residence times of solvent molecules? In order to answer that
question, the number of water molecules that spend a given time ¢, within a spherical
region has been calculated as Npyyarer(t,). With the aim of improving statistics we have
calculated that function for bulk water molecules located within a sphere with a radius
of 2.0 nm that was centred in the simulation box. Moreover that cutoff approximates
the diameter of some small proteins of interest plus its first hydration shell [25,72]. All
these calculations have been performed using all-atom molecular dynamics simulations
carried out on bulk water at 300, 288, 273, 258 and 243 K [26], following the same
simulation protocol than that used in the present work.

At room temperature if the evolution of Npumyaer(t,) With f. is represented in a
double-logarithm plot, a straight line is obtained (see Fig. 9). These data demonstrate
that the distribution of the water molecules within the cutoff of reference follows a

power law, Npuater(t,) ~ t,_a, where 7, stands for the residence time that different
solvent molecules spend within that sphere. We find a slope of o= 0.50 + 0.04 at 300
K. A value o= 0 would evidence a homogeneous distribution of residence times. The
power law scaling shows that a characteristic single residence time does not exist but a
distribution of times. Thus the presence of that power law reflects the existence of
heterogeneity in the temporal behaviour of bulk water. Such behaviour can be also
found if the radius of the sphere considered is changed (i.e. 1.5 and 1.0 nm). Martiniano
and Galamba have studied hydrogen bond lifetime probability distributions for bulk
water using molecular dynamics simulations [39]. They report the existence of a power
law along one decade (0.1 — 1 ps). These authors suggest that the power law decay
would be related to librational and translational motions that take place on the time
scale of hydrogen bond breaking/re-forming.

The results shown in Fig. 9, a power law behaviour holding at least for three decades
(0.1 -100 ps), let to conclude that room temperature bulk water displays the same type
of distribution at any scale, i.e., it is scale-free (with respect to the residence time of
solvent molecules) [69]. Therefore the identification of bulk water as exhibiting a scale-
invariant dynamics opens the possibility of applying all the mathematical and physical
knowledge that has been already developed for scale-free systems [69,73] to this
particular solvent.

What is going to happen with those findings if the temperature of bulk water is
decreased from room temperature? Will the scale-invariant behaviour, detected for bulk



water at room temperature, be maintained at low temperature? We have found that the
answer to this question is affirmative. Thus an analysis equivalent to that we have
performed at room temperature shows the existence of a scale-free dynamics for bulk
water at 243 K (see inset Fig. 9). An equivalent behaviour has been found for the
intermediate temperatures 288, 273 and 258 K. In all cases the power law holds for at
least three decades (0.1 — 100 ps). We have obtained a temperature independent
exponent &= 0.58 £ 0.09. A power law behaviour along two decades (0.1 -10 ps), with
a temperature independent exponent oo = 0.5 £ 0.1, has also been described for bulk
water for a particular bond lifetime distribution [74]. The molecular dynamics
simulations were performed over 216 water molecules from room temperature down to
235 K. Please mind that although that power law exponent, o= 0.5 £ 0.1, nicely
coincides with the value we have calculated from our data, o= 0.58 + 0.09, the
magnitudes under consideration are different (particular bond lifetime versus residence
time).

3.4 Hydrogen bonds network

Since the special properties of water are extensively due to the particular singularity
of its hydrogen-bonded network, a variable of remarkable interest would be the number
of hydrogen bonds (nyg) that a given water molecule at the biomolecule surface can
establish with their neighbours. Thus we have considered the protein hydration water
molecules that are linked to the biomolecule using this kind of interaction and
calculated the number of hydrogen bonds that they establish with the protein and with
the rest of the solvent. The average value is presented in Table 2 as a function of the
temperature. That magnitude increases as the temperature decreases (from nyp = 3.32 +
0.02 at 300 K to nyg = 3.50 = 0.02 at 243 K). We have used standard geometrical
criterion for the determination of the existence of a hydrogen bond between two atoms:
the distance between donor and acceptor atoms within 0.35 nm and the hydrogen-donor-
acceptor angle smaller than 30° [75]. This criterion will be used all along the work. As a
consequence of that H-bond criterion, all the water molecules hydrogen bonded to the
protein will be at a distance smaller than 0.35 nm from the biomolecule. In order to
understand the referred augmentation of hydrogen bonds with cooling we have

calculated the percentage of water molecules that present a given number of hydrogen
bonds.

Thus a bulk water molecule taken as a reference can show different number of
hydrogen bonds with its neighbours as a function of time. The coordination of the first
hydration shell of a neat water molecule shows up to six hydrogen bonds at room and
low temperature (1 to 5 within the error bar) [26,76]. In the case of the protein hydration
water around the inhibitor barstar, water molecules with one, two, three, four and five
hydrogen bonds per solvent molecule are detected at room and low temperature (see
Fig. 10). The percentage of water molecules exhibiting 0 and 6 hydrogen bonds is
negligible within the error bar. As cooling, the percentage of water molecules exhibiting
4 hydrogen bonds per water molecule, x*?, increases, while that of the rest of water
molecules decreases. Considering those results it is not surprising that the average
number of hydrogen bonds exhibited by solvent molecules hydrogen bonded to the
biomolecule increases as temperature decreases, as mentioned in the previous
paragraph. Interestingly the increase of an average tetrahedral order parameter, <q..>,
with decreasing temperature have been reported for trp-cage mini-protein hydration
water [60,77]. That order parameter is an indication of the tetrahedral character of the
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hydrogen bonding network (perfect thetrahedrality corresponds to ¢, = 1). Moreover a
distribution of the tetrahedral order parameter, P(q.,), versus q., indicates that the
probability of finding trp-cage hydration water molecules exhibiting high tetrahedral
order increases with a decrease of temperature [60]. Please mind that although those
results nicely coincide with ours, the water model used, the biomolecule and the
thickness of the protein hydration water are different.

As commented above, the average number of hydrogen bonds that a water molecule
exhibits within the hydration water of barstar, amounts nyg = 3.32 = 0.02 at 300 K (see
Table 2). That value is smaller than previous experimental determinations for bulk
water that report an average value of 3.5 hydrogen bonds per water molecule [78,79]. In
order to understand that point and to test if this scenario also holds at low temperature,
we have calculated the number of hydrogen bonds that a bulk water molecule of
reference establishes with their neighbours. For performing those calculations, we have
used all-atom molecular dynamics simulations carried out on neat water at room and
low temperature [26], following the same simulation protocol than that used in the
present work. As the temperature decreases that number of hydrogen bonds increases
from nyg = 3.46 + 0.02 at room temperature up to nyg = 3.74 £+ 0.02 at 243 K
approaching the ideal value of four (see Table 2, bulk water). It is not surprising that the
average number of hydrogen bonds in the case of protein hydration water is smaller
than that of bulk water, at room but also low temperature, since the percentage of water
molecules exhibiting 4 hydrogen bonds per solvent molecule, x"??, is smaller for protein
hydration water than for bulk water, at both room and low temperature (x"?/ =38.9 +
0.5 % versus x'?* = 45.5 + 0.5 % for biological water and neat water, respectively, at
300 K; x™ = 48.4 + 0.5 % versus x"? = 59.8 + 0.5 %, at 243 K), see Fig. 10. In both
cases, protein hydration water and bulk water, the percentage of water molecules
exhibiting coordination number different from 4 decreases with temperature.

In the previous paragraph we have presented a scenario calculated for all the protein
hydration water molecules. Let now consider just one biological water molecule, a
peculiar one as that shown in Fig. 7. That special solvent molecule exhibits significant
long residence times within the protein hydration shell at room and low temperature (>
2 ns at 300 K and > 20 ns at 243 K, see section 3.2). We have calculated the average
number of hydrogen bonds this water molecule establishes with the protein and with the
solvent, as a function of time: 2.47 and 0.10, respectively, total number = 2.57 + 0.02, at
room temperature (300 K); and 2.37 and 0.22, total number = 2.59 + 0.02, at low
temperature (243 K). It is possible to conclude that nearly the totality of hydrogen bonds
of that referred water molecule are established with the protein and not with the solvent,
in both scenarios: room and low temperature. Then although for all the temperatures
considered (300-243 K), we have calculated that the average of water molecules in the
hydration shell of the protein establish more hydrogen bonds with the solvent (75 + 1 %
) than with the biomolecule (25 + 1 %), this result does not preclude some particular
water molecules from exhibiting the reverse situation: more hydrogen bonds with the
protein than with the solvent, as shown in the case of the particular water molecule
depicted in Fig. 7. Moreover since the number of hydrogen bonds that special molecule
forms with the solvent is nearly cero, the possibilities of exchange with neighbouring
water molecules are very small and therefore that slow water molecule has serious
difficulties to escape from its particular position near the biomolecule. As a
consequence, it exhibits especially long residence times within the protein hydration
shell.
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The temporal evolution of the number of hydrogen bonds associated to this peculiar
water molecule is shown in Fig. 11 at atomic level. That figure shows that the number
of hydrogen bonds that water molecule forms with the protein and the solvent, oscillates
between 0 and 5 along the simulation time (1 and 4 considering error bars). We have
also calculated the percentages of hydrogen bonds associated to those numbers. They
are depicted in Fig. 10 at room (300 K) and low temperature (243 K). That figure shows
that such a percentage does not much change with temperature, at least when compared
with the data for the protein hydration solvent molecules that are also presented in the
same figure for comparison. Moreover Fig. 10 shows that, in the case of that special
solvent molecule, the maximum of the curves corresponds to an x-axis value of 3
hydrogen bonds per water molecule, with a negligible percentage associated to an x-axis
value of 4 hydrogen bonds per water molecule. That hydrogen bonds distribution is not
at all the case for an average solvent molecule of protein hydration water, as shown in
Fig. 10. Those results clearly illustrate the particular scenario that special solvent
molecule presents when compared with the average of protein hydration water
molecules. A distribution of the tetrahedral order parameter, P(q,.,), versus g, has been
reported to depend on the particular examined area of the tenebrio molitor antifreeze
protein at 220 K [80,81].

4. Discussion

In this section the results provided in section 3 are discussed within the frame of
experimental and simulated data, as well as theoretical models, previously reported in
the bibliography.

4.1 Diffusion-trap model

A dimensionless stretched exponential parameter § = 0.48 + 0.01 has been obtained
in section 3.1 for the relaxation process of residence times of hydration water molecules
at the surface of the protein barstar (see Table 1 and Fig. 3). As mentioned in that
section, experimental results calculated for water at the surface of some other proteins
show quantitative agreement with that result, at room but also at low temperature. In
this section we propose an explanation for that particular value on the basis of the
‘diffusion-trap” model [54]. That topological model was developed to understand
electronic relaxation in amorphous semiconductors, where excitons diffuse to network
defects. Within the ‘diffusion-trap’ model a distribution of excitations diffuse to traps
where they disappear. The excitations that are near the traps are annihilated first and
those that are located at higher distances take longer times to reach the traps. This kind
of memory effect could be the origin of the stretched exponential decay reported in
section 3.1.

The ‘diffusion-trap’ model predicts 3 = 3/5 for short-range forces but 3 = 3/7 for
relaxation when long-range forces are present [54]. In the case of bulk water we have
calculated the stretched exponent as = 0.59 £ 0.01 at room temperature [26]. That
value is also valid as the temperature decreases down to 243 K [26]. Then the relaxation
process that takes place in liquid bulk water, at ambient and low temperature, is
determined by short-range molecular decay channels. However a stretched exponent § =
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0.48 + 0.01 (see Table 1 and Fig. 3) would indicate that are long-range interactions
which dominates the relaxation dynamics of protein hydration water. Therefore it is
possible to conclude that relaxation processes associated to residence times of water
molecules in the hydration shell of the protein are mainly governed by long-range
interactions, in opposition to short-range forces associated to this type of relaxation in
bulk water.

Within the diffusion-trap model, the dependence of the stretched exponent 3 with d.
follows the expression [ = desr/( degr + 2 ), Where desr is the effective dimensionality of
the pathways involved in the excitations decay. Since in our case = 0.48 £ 0.01
therefore d,y = 1.8. The protein hydration water molecules form a quasi-two-
dimensional connected hydrogen bond network around the biomolecule. Interestingly
enough, in the case of bulk water d,; has been calculated as 2.9, suggesting a quasi-
three-dimensional effective pathway of the excitations decay (relaxation of residence
times) [26]. In addition the independence of the stretched exponent with temperature,
shown in Table 1 and Fig. 3, would indicate that the nature of the relaxation process,
reflected by B, does not change when the hydration water of that protein is cooled down
from ambient to 243 K. Moreover that explanation based on the ‘diffusion-trap’ model
can be also applied to the temperature independent result f = 0.5 reported from neutron
scattering experiments performed on the hydration water at the surface of some other
proteins [35,57].

4.2 Scale-invariant dynamics

A power law temporal distribution showing scale-free dynamics has been found to
take place at the first hydration layer of the protein barstar (see section 3.3). Power law
distributions exhibit a ubiquitous appearance in different research fields [82-84]. Thus,
in physics, they are commonly associated to the occurrence of critical phenomena as
phase transitions [85]. Generic mechanisms have been proposed to clarify such ubiquity.
Power law dependences showing scale-invariance have been explained in terms of
purely stochastic multiplicative processes or in terms of a model based on the
combination of stochastic reaction like events and a diffusion process, which leads to
the development of intermittency patterns [86,87]. Self-organization models apply to
large dynamical systems that organize themselves into a state far out of equilibrium
with propagating activity of all sizes [83,88]. The macroscopic behaviour of those
systems display the spatial and/or temporal scale-invariance characteristic of the critical
point of a phase transition, but without the need to tune control parameters to a precise
value. This is because the system, effectively, evolves itself towards criticality. In a self-
organized critical state, the number of large-size events is related to the number of
small-size events by a scale-free power law, as we have shown to occur for bulk and
protein hydration water (see section 3.3)

The fact that not only protein hydration water but also bulk water exhibit a scale-free
behaviour, with respect to the residence times of solvent molecules, give rise to a point
of reflexion considering the dynamics of water around biomolecules. Thus some authors
state that the heterogeneous scenario biological water presents is due to the
heterogeneity of the protein surface itself in contrast to the more homogeneous nature of
the solvent [30]. A protein surface is highly heterogeneous presenting different amino
acid residues of diverse polar character. Thus water molecules close to the protein sense
different scenarios from point to point of the surface. On the other hand our results
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shown that bulk water also shows a heterogeneous dynamical behaviour. Therefore it
can be concluded that not only the protein is responsible of the heterogeneous scenario
protein hydration water presents but also the solvent. Biological water sees both
‘scenarios’ and tries to adapt to them since the three entities must coexist at the same
time. Thus the dynamics that special water exhibits would be the result of a compromise
between the dynamics of both protein and bulk water. In other words, both dynamics
would couple through the intermediation of biological water. That scenario holds not
only at room but also at low temperature.

4.3 Freezing protein hydration water?

The number of hydrogen bonds, per solvent molecule, associated to the hydration
water of barstar at the lowest temperature considered, nyg = 3.50 + 0.02 at 243 K (see
Table 2), is smaller than the number of hydrogen bonds, per solvent molecule, for bulk
water at its freezing point of 273 K (ngg = 3.59 + 0.02, see Table 2). That occurs
because the number of water molecules exhibiting 4 hydrogen bonds per water
molecule, is smaller for protein hydration water at 243 K than for bulk water at 273 K
(x™'= 48.4 + 0.5 % and x" = 53.8 + 0.5 %, respectively), see Fig. 10. That result
suggests a quantitative explanation for the following experimental finding: biological
water keeps liquid at temperatures well below the freezing point of bulk water, in fact it
does not freeze until the temperature is well below that temperature [89-92]. When
cooling below 273 K, protein hydration water would not freeze because it would not
exhibit a sufficiently high enough percentage of water molecules presenting 4 hydrogen

bonds. The crossover could be established at x#B4 =~ 54 % (percentage of water
molecules presenting 4 hydrogen bonds in bulk water at 273 K). Above that crossover

concentration x#%4 water would freeze, below it would not. That particular scenario

helps to preserve life under temperature extreme conditions (bio-cryopreservation).
4.4 Protein hydration water transition and bioactivity: water defects

In this section we discuss an origin for the protein hydration water transition at T =
226 + 4 K (see section 3.1) within the frame of the ‘diffusion-trap” model [54] and the
‘cage effect’ [93,94]. In section 3.4 the number of hydrogen bonds that water molecules
establishes with the protein barstar and the solvent have been calculated. Water
molecules with one, two, three, four and five hydrogen bonds per solvent molecules are
detected at room and low temperature (see Fig. 10). All-atoms molecular dynamics
simulations of hydrogen bonding in bulk water have found water molecules with up to
six hydrogen bonds (five within the error bar) [26]. Moreover experimental evidences
for isolated water suggest that the ideal tetrahedral network is not perfect but contains
‘defects’ such an extra (fifth) molecule in the first coordination shell [95,96]. The two
alone non-bonding pairs of electrons interact not with two, as expected from a perfect
tetrahedral coordination, but with three protons from three different molecules. These
‘defects’ would be caused by an increase/reduction of molecules with respect to a
tetrahedral coordination.

The “diffusion-trap’ model considers a uniform distribution of excitations that diffuse
to traps where the excitations are annihilated [54]. It sounds reasonable to propose that
in the case of protein hydration water, molecules with a coordination number higher
than 4 could act as excitons while solvent molecules with a coordination number lower
than 4 could behave as traps. The number of solvent molecules at barstar surface that
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exhibit four hydrogen bonds per water molecule, increases as the temperature decreases,
x"1=138.9+ 0.5 % at 300 K versus x**=48.4 + 0.5 % at 243 K (see Fig. 10). Thus in
the case of protein hydration water the number of ‘defects’ (‘excitons’ and ‘traps’)
decreases on cooling. That effect has been also observed in bulk water (x"* = 45.5 +
0.5 % at 300 K versus x"?*=59.8 + 0.5 % at 243 K, see Fig. 10) [26]. As temperature
goes down the number of hydrogen bonds exhibited by an average solvent molecule of
neat water increases approaching a more perfect tetrahedral hydrogen bond network.

The increase of the decay time t on cooling is the fingerprint of the protein hydration
water transition occurring at Ty = 225 K (see section 3.1). On the other hand the
augmentation of t as the temperature decreases, shown by protein hydration water (see
section 3.1), can be interpreted considering the dependence of the ‘defects’ with
temperature together with the ‘cage effect’ [93,94], i.e. the confinement of molecules
due to the interactions with neighbouring solvent molecules. Thus considering a tagged
particle, if the other liquid particles were fixed, the tagged one could not move very far.
It would be confined in a cage formed by its neighbours. It can migrate only through
rearrangement of the particles surrounding it. Therefore as the number of ‘defects’
decreases on cooling (see above), a given water molecule will be longer confined in its
cage due to a higher number of neighbours presenting tetrahedral, and then more stable,
coordination. Since the relaxation time T would be related to the lifetime of the cage,
larger T values would be expected for protein hydration water as the temperature goes
down due to a decrease on the number of ‘hydrogen bond defects’.

In this paragraph we discuss an origin for the protein dynamical transition occurring
at T, = 225 K [34] and a parameter determining protein bioactivity. Tarek and Tobias
have shown that a complete structural relaxation of the protein requires relaxation of the
water-protein hydrogen bond network via solvent translational displacement [97]. The
translational diffusion of water molecules on a protein surface promotes the large-
amplitude motion of proteins that are required for their biological activity [98].
Moreover Tarek and Tobias have also shown that inhibiting the solvent translational
mobility (protein-water hydrogen bond dynamics) is dynamically analogous to
dehydrating the protein [97]. Therefore since the decay time of protein hydration water
T tends to infinite below the dynamical transition at ~ 225 K (see section 3.1), the
protein structural relaxation time is also going to be notably affected (dynamics tends to
zero) below that temperature. That outcome can provide an origin for the dynamical
transition proteins exhibit at 225 K and the severe decrease of its bioactivity below that
temperature. Thus these two experimental findings can be explained by the decrease of
‘hydrogen bond defects’ in the protein hydration shell as temperature goes down.
Therefore a relevant property of water to account for protein dynamical transition and
protein bioactivity would be ‘hydrogen bond defects’. If most of the protein hydration
water molecules would present a tetrahedral arrangement (nearly no ‘hydrogen bond
defects”), the bioactivity of proteins would be negligible.

Considering future work, although the global dynamics of protein hydration water
does not significantly change from one protein to another (see sections 1 and 3, and
references therein), it would be of interest to compute the temperature dependence of
the number of such ‘hydrogen bonds defects’ in the case of some other proteins and
biomolecules different from barstar.
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5. Conclusions

In this work the dynamics of the hydration shell of the protein barstar is analysed at
low temperature (300 — 243 K) and compared with bulk water data. The results have
been also discussed within a scenario constituted by various proteins as lysozyme, c-
phycocyanin, myoglobin, green fluorescent protein, trp-cage or tenebrio molitor
antifreeze protein, and are in quantitative agreement with experimental data (B, Ti, o
and ng).

The low temperature relaxation of residence times of water molecules in the protein

hydration shell follows a stretched exponential function exp[ — (/1) b ]. The value of
the stretched exponent = 0.48 + 0.01 also support the existence of significant temporal
disorder in the system and multiple decay time scales. The decay process is mainly
dominated by long-range molecular relaxation channels, in opposition to the result
obtained for bulk water (short range interactions). The independence of [ with
temperature suggests that this mechanism applies not only at ambient but also at low
temperature within the range considered (300 — 243 K). As temperature decreases, the
relaxation time T increases, showing a divergence at a transition temperature T, = 226 +
4 K. The distribution of residence times in the protein hydration water quantitatively
indicates that not only the biomolecule is responsible for the heterogeneous scenario
biological water presents but also the solvent.

The percentage of water molecules exhibiting 4 hydrogen bonds, x"*?, is found to be
essential for understanding some room and low temperature dependent properties of the
protein hydration shell, suggesting an explanation for the unfreezing of protein
hydration water as temperature reduces below 273 K (too low x' value when
compared with that of bulk water at that temperature). The dynamical transition that
proteins and their hydration water exhibit at ~225 K would be explained by the decrease
of hydrogen bond defects in the protein hydration shell as temperature goes down. If
most of protein hydration water molecules would present a tetrahedral arrangement

(nearly no ‘hydrogen bond defects’), the bioactivity of proteins would be negligible.
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Figures.

Fig. 1. The protein barstar and its hydration water molecules situated at a distance smaller than 0.40 nm
from the biomolecule. The residues Alanine36 and Threoninel9 (section 3.2) are depicted in yellow and
green, respectively. The figure has been drawn using the VMD software (W. Humphrey, A. Dalke, K.
Schulten, ‘VMD - Visual Molecular Dynamics’, J. Molec. Graphics 14 (1996) 33-38).
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Fig. 2. Relaxation process for water in the first hydration shell of the inhibitor barstar. D(f) represents the
number of water molecules that remain at a distance smaller than 0.40 nm from the protein at a given time
t with respect to that number at the initial time (see section 3.1). The symbols are data points obtained
from molecular dynamics simulations at 243 and 288 K (inset). The continuous line represents the best

fit using a stretched exponential function exp[ —(¢/1 )B ]. See section 3.1 and Table 1 for additional
information.
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Fig. 3. Decay dynamics for the first hydration shell of the inhibitor barstar cooled from 300 K down to
243 K. The magnitude 7 is the effective relaxation time obtained from the fit of the molecular dynamics

simulations data to a stretched exponential function exp[ — ( ¢/t )B ]. The temperature independence of
the exponent {3 is also shown (inset below). The straight line, in the main body of the figure, illustrates the

power-law divergence 1 ~ ( T — T, )-Y with best fit for Ty =226 + 4 K and y = 1.8 £ 0.2. See Fig. 2, Table
1 and sections 3.1, 4.1 and 4.4 for details.
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Fig. 4. Snapshot showing the heterogeneous distribution of residence times for water molecules located at
a distance smaller than a cutoff of 0.40 nm from the oxygen atom (carboxyl group) within the non-polar
residue Alanine36 of the inhibitor barstar. The data corresponds to room temperature at T= 300 K. If at a
particular time of the simulation (x-coordinate), a given water molecule (y-coordinate) is located at a
distance of the protein smaller than the cutoff, then a cross appears at the corresponding (x,y) location. If
the distance is higher or equal than the cutoff, a blank is settled instead. The length of the lines inside the
figure provides the value of the resident time ¢, for each water molecule. In some cases, the lines reduce to
a single point. The presence of multiple time scales can be clearly seen at this atomic level. Data
calculated using the GROMACS software package. See section 3.2 for details.
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Fig. 5. Snapshot showing the heterogeneous distribution of residence times for water molecules located at
a distance smaller than a cutoff of 0.40 nm from the oxygen atom (hydroxyl group) within the polar
residue Threonine19 of the inhibitor barstar. The data corresponds to T= 243 K. If at a particular time of
the simulation (x-coordinate), a given water molecule (y-coordinate) is located at a distance of the protein
smaller than the cutoff, then a cross appears at the corresponding (x,y) location. If the distance is higher
or equal than the cutoff, a blank is settled instead. The length of the lines inside the figure provides the
value of the resident time ¢, for each water molecule. In some cases, the lines reduce to a single point. The
presence of multiple time scales can be clearly seen at this atomic level. Data calculated using the
GROMACS software package. See section 3.2 for additional information.

24



t, (ns)

0 L o ST p . . o ' =
0 1000 2000 3000 4000 5000 6000 7000

Water molecule i.d. T=300 K

0 1000 2000 3000 4000 5000 6000 7000
Water molecule i.d. T=243K

Fig. 6. Residence times (z,) of water molecules located at a distance smaller than a cutoff of 0.40 nm from
the protein surface. The figure shows that the maximum value of those residence times increases one
order of magnitude when water is cooled from 300 K (upper part of the figure) down to 243 K (lower

part). Please mind the y-axis scaling in both cases (upper and lower representations). See section 3.2 for
details.
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Fig. 7. The inhibitor barstar and one of the slowest water molecules exhibiting larger residence times
within its hydration shell. That solvent molecule spends more than 2 ns at room temperature (300 K) and
more than 20 ns at low temperature (243 K) in the pocket defined by the residues Pro48, Leud49, Val50,
Asp83, 11e84 and Thr85 of the protein. The figure has been drawn using the VMD software. See sections
3.2 and 3.4 for additional information.
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Fig. 8. Normalized number of water molecules (y-axis) that spend a time ¢, (x-axis) within a cutoff of 0.40
nm from the protein surface. Both axes are in logarithmic scale. The symbols are data points obtained
from molecular dynamics simulations performed on protein hydration water at 288 K (curve above) and

243 K (inset below). The straight lines represent the best fit to a power law distribution t,'OC (0=0.63 +
0.07). This figure shows that protein hydration water displays the same type of distribution at any scale,

i.e., it presents a scale-free dynamics (with respect to the residence time of solvent molecules #,). See
sections 3.3 and 4.2 for details.
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Fig. 9. Normalized number of water molecules (y-axis) that spend a time ¢, (x-axis) within a sphere of
solvent molecules with a radius of 2.0 nm. Both axes are in logarithmic scale. The symbols are data
points obtained from molecular dynamics simulations performed on bulk water at 300 K (curve above)

and 243 K (inset below). The straight lines represent the best fit to a power law distribution t,'a (a=10.58

+ 0.09). This figure shows that bulk water displays the same type of distribution at any scale, i.e., it
presents a scale-free dynamics (with respect to the residence time of solvent molecules ¢#,). See sections

3.3 and 4.2 for details.
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Fig. 10. Percentage of water molecules as a function of the number of hydrogen bonds they exhibit. ‘Bio
water’ refers to the average calculated over all the water molecules hydrogen bonded to the protein.
‘Special water’ refers to a particular molecule exhibiting exceptional long residence times within the
hydration shell of the protein (more than 2 ns at room temperature and more than 20 ns at low
temperature (243 K), see Fig. 7). The data corresponding to bulk water at 300 and 243 K are taken from
reference [26]. Lines are eye-guides. For additional information, see sections 3.2, 3.4, 4.3 and 4.4.
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Fig. 11. Number of hydrogen bonds, as a function of simulation time, that a special protein hydration
water molecule establishes with the biomolecule and the solvent at room and low temperatures (300 and
243 K). That water molecule shows significant long residence times in one pocket of the protein barstar
(more than 2 ns at 300 K and more than 20 ns at 243 K). Data calculated using the GROMACS software
package. See section 3.2, 3.4 and Fig. 7 for additional information.
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Table 1. Relaxation phenomena. Ambient and
low  temperature  stretched  exponential
parameters calculated for water molecules
located at a distance smaller than 0.40 nm from
the protein barstar. See section 3.1.

T (K) T (ps) B

3001 | 84+1" | 0.48+0.01°

288+ 1| 123+1 | 0.47+0.01

273+1 | 209+2 | 0.48+0.01

258+ 1| 419+4 | 0.48+0.01

248+ 1| 737+7 | 0.48+0.01

243+ 1 | 1173 +9 | 0.47+£0.01

 Ref. [25]

Table 2. Number of hydrogen bonds (nyg), as a
function of the temperature, an average water molecule
establishes with its neighbours. ‘nys bio water’
corresponds to an average water molecule hydrogen
bonded to the protein barstar. In this case the total
number of hydrogen bonds (solvent-protein + solvent-
solvent), per water molecule, are shown. ‘nyg bulk
water’ corresponds to an average water molecule in
neat water. See section 3.4.

T (K) | nyp bio water | nyg bulk water

300+£1 | 3.32+£0.02 3.46 +0.02

288+1 | 3.35+0.02 3.53+0.02

273+1 | 3.38+£0.02 3.59+0.02

258+ 1| 3.48+0.02 3.67+£0.02

243 +£1 | 3.50+£0.02 3.74 £ 0.02

31



Highlights

The highly heterogeneous nature of low temperature protein hydration water
dynamics is analysed through relaxation phenomena.

Protein hydration water would not freeze at ~273 K due to its too low number of
hydrogen bonds.

Protein hydration water dynamical transition at ~225 K would occur due to the
decrease of hydrogen bond defects with temperature.

The bioactivity of proteins would be negligible without hydrogen bond defects
in their hydration water.

Low temperature protein hydration water presents a scale-free dynamics,
surprisingly bulk water also does.
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