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Abstract

Water dynamics at the surface of two homologous proteins with different thermal resistances is
found to be unaffected by the different underlying amino-acid compositions, and when proteins
are folded it responds similarly to temperature variations. Upon unfolding the water dynamics
slowdown with respect to bulk decreases of a factor of two. Our findings are explained by the
dominant topological perturbation induced by the protein on the water hydrogen bond dynamics.

1 Introduction

Proteins from thermophilic organisms are stable and function at very high temperatures, up
to 100 °C. The molecular origins of such resistance -very appealing for chemical processing
and biotechnology- are still unknown®2. It is now widely accepted that the enhanced
stability as compared to the mesophilic counterparts does not originate from a single
mechanism. Putative stabilizing factors include the high number of salt-bridges and
hydrogen bonds (HB)3, the efficient hydrophobic packing as well as the strong coupling
with the solvent!. While intramolecular forces have been largely studied, much less is
known about the role of hydration in thermal stabilization®8.

Buried water molecules detected in crystal structures are thought to stabilize key regions in
thermostable proteins by extending the intramolecular HB networks’- or filling inter-nal
cavities10. Moreover, thermophilic proteins are generally enriched in charged amino-acids
that form strong HBs with the solvent at the protein surface. These interactions may prevent
water penetration in the hydrophobic core and avoid the early steps of unfolding!?. It was
recently demonstrated that enhanced protein stability can be achieved by optimizing the
interactions between charged amino-acids at the protein surfacel2. Bulk and interfacial water
molecules play an indirect role on the stability of intramolecular interactions too, e.g. salt-
bridges were suggested to be stronger at high temperature because the lower value of water
dielectric constant reduces the desolvation penalty3-13.14, The role of hydration on protein
stability has been also addressed for another class of extremophiles, the halophilic proteins
that resist to high salt concentration (seel® and refs within).
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It is hard to discern the most important mechanism involving water for protein stability5. We
note that a shift of ~50 K in the protein melting temperature is associated to a difference in
unfolding free energies as small as a few kcal/mol which in turn corresponds to a few extra
HBsS. Therefore a systematic study on the role of hydration on the stability of thermophiles
is essential.

Here we start by focusing on the effect of protein composition, conformation and
temperature on the average hydration dynamics of two homologous proteins: the mesophilic
(Escherichia coli) and hyperthermophilic (Sulfolobus solfataricus, SS) variants of the G-
domain of the Elongation Factor-Thermo unstable (EF-Tu) and -1a. The EF-Tu controls the
delivering of aminoacyl-tRNA to the ribosome during protein synthesis in prokaryotes, a
process energized by the GTPase reaction occurring in the G-domain. The E.Coli and SS G-
domains are stable and functional at very different temperatures, e.g. half guanosine
diphosphate (GDP) binding activity is measured at about 41°C and 84 °C for the
mesophile!® and the hyperthermophilel’, respectively. While as shown in Figure 1 the two
G-domains share a similar structure, their sequence identity is rather low, 34% and the
hyperthermophilic variant is enriched in charged (mostly basic) amino-acids, ~ 30% vs ~
23%. The surplus of positively charged amino-acids is a common property of
hyperthermophiles!8, These domains are a good case study since i) their stability gap is very
large, ~40 °C, ii) their folds contain both arand g structures and are representative of the G
protein superfamily, iii) they are part of multi-domain proteins with a similar stability gap (~
50 °C) to which they will be compared in a future investigation of the stability of inter-
domains interfaces:14.19 and finally iv) EF-Tu is considered a potential target for a new
generation of antibioticsZC.

The two proteins have been studied by extended molecular dynamics simulations in a wide
range of temperatures between 300 K and 360 K. Water translational and rotational
dynamics were investigated?!, and HB dynamics was rationalized via analytic
modeling?22:23,

Anticipating our main result, we found that for the folded state the average water dynamics
at the protein surface is not affected by the different amino acid compositions of the two
proteins and responds similarly to a temperature increase. The dynamics of water within the
hydration shell is retarded by a factor between 3 and 5, depending on the specific motion
being considered, and this slowdown factor is comparable to what has been previously
computed?1:23 and measured24 for other globular proteins. This weak perturbation is
suggested to be a common feature of globular proteins because it is mostly caused by an
excluded volume effect on the water HB reorientation?3. For this reason, when we modeled
the unfolded mesophilic protein in an extended conformation -therefore reducing the local
confinement-the interfacial water slowdown decreased by a factor of two.

The remainder of the article is organized as follows: In section 2 we describe the
computational protocol of the simulations as well as the tools used to analyze the water
dynamics, in section 3 we discuss the results obtained for hydration water translational and
rotational motions, HB dynamics and its analytical modeling. We end the manuscript with
brief concluding remarks.

2.1 Computer simulations

2.1.1 System preparation—We have simulated by classical Molecular Dynamics two
homologous proteins exhibiting different thermal stabilities: the G-domain of the E.Coli EF-
Tu and the SS EF-1a. The G-domain is the part of the protein where the guanosine
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triphosphate (GTP) is hydrolyzed in GDP. The G-domains were extracted from the
crystallographic structures of the proteins (PDB codes 1EFC and 1SKQ for the mesophilic
and the hyperthermophilic protein, respectively). The two domains have been previously
simulated for a short time (4-10 ns)!L. The final protein configurations extracted at the end
of the trajectories at 300 K were solvated in a larger simulation box containing water and
counter-ions to neutralize the systems. The larger number of water molecules allows to
avoid finite-size effects on protein stability and hydration. The mesophilic domain (196 aa)
was solvated with 7440 water molecules and the hyperthermophilic one (226 aa) with
10673. New simulations were performed at temperatures of 300 K, 330 K and 360 K and
P=1 atm for about 260 ns. These simulations are part of a long term effort aimed at the
investigation of the long-time dynamics, stability and eventual unfolding of these
homologous proteins. In order to sample the soft modes of the proteins and their response to
temperature we combined the charmm22 force field2>:26 for the protein and the TIP3P water
model for which charm22 was originally developed2. The results of this investigation will
be presented in future works.

In order to study the effect of protein composition, protein conformation and temperature on
water dynamics, four representative configurations separated from each other by at least 20
ns were extracted from each of these long trajectories and used as starting points for new
simulations, see 2.1.2. The relative distance between each pair of configurations is measured
through the root mean square displacement (RMSD) which lies in the 2.0-4.5 A range at 300
K and increases to 4-8A at the higher temperatures. It is worth noting that the configurations
sampled at high temperature are still representative of the folded state, since the unfolding of
the mesophilic domain is observed only on a longer time scale (5).

2.1.2 The MD protocol—Since in the present study we are especially interested in the
dynamics of water, we chose to use the SPC/E model2’, which was shown to provide a very
good description of water dynamics28:2, In contrast, at ambient temperature, the TIP3P
model predicts translational and rotational dynamics which are approximately twice faster
than those determined experimentally?L,

Each configuration was equilibrated for 2 ns in the NPT ensemble followed by a 2-ns
production run in the NVT ensemble. In order to improve the accuracy of the activation
energies for the translational and rotational water motions (see Figure 2), four additional
simulations were performed at T=310K, 320K, 340K and 350K for both proteins. We also
studied water dynamics close to the fully unfolded mesophilic G-domain. To obtain the
completely unfolded random coil structure, the simulation temperature was raised to T=700
K. After the complete unfolding, the protein was solvated using 86,136 water molecules.
After a short equilibration, 2 ns of production runs in the NVT ensemble were performed at
a series of temperatures comprised between 300 and 360 K.

We used the NAMD software package3° to run the simulations. The NVT ensemble was
sampled using the Langevin algorithm with a frictional frequency of 1 ps~1 and the
trajectories were integrated with a time-step of 1 fs. Configurations were saved every 200 fs.
Analyses were performed with inhouse developed codes.

2.2 Analysis of results

2.2.1 Translational and rotational dynamics—The translation and reorientation
dynamics were calculated for the water molecules in the hydration layer of the protein. The
hydration layer is defined as including all water molecules whose oxygen atom lies within
454 from any heavy atom of the protein. This definition was verified to give very similar
results to others commonly used, including e.g. a) an atom-dependent radial cut-off and b)
Voronoi-cell based hydration shell construction?®. The water translational dynamics in the
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hydration shell was measured by computing the mean square displacement <|r () [*>. since
water translation close to protein surfaces shows a rather strong sub-diffusive transient
character, we have characterized this motion by computing the time 77needed for a water to
cover a distance of 34, a typical water molecular length-scale.

To characterize the reorientation dynamics we have computed the time correlation function
(tcf):
1

— 3 2

where &9 is the angle formed between the water dipole 77 at times rand 7+ fand whose
relaxation time is 7. The characteristic time (7z) for the average water reorientation in the
hydration shell is computed by fitting the time correlation function decay using a stretched
exponential function?!, the parameters of the fitting are reported in ESI.

2.2.2 Extended Jump Model—Laage and Hynes?2 suggested that water reorientation is
not a diffusive process but occurs mainly via large angular jumps caused by a hydrogen
bond (HB) exchange event. The non diffusive path is combined with a minor diffusive
contribution that describes the reorientation of the local frame of a water OH bond occurring
bezt\ZNeen successive jumps. The extended jump model (EJM) reorientation time is calculated
as

1/7_5!]]\/121/lei{unlp_Fl/Tlira‘me. @)
The jump contribution is given by
TP —7IMP /[ — sin (5A0/2) / (5sin (A0/2)].  (3)

The jump time, /4™, s defined as the time to replace one stable HB acceptor by another
stable HB acceptor and it corresponds to the inverse rate constant for the HB acceptor
exchange reaction. The frame reorientation is instead defined as the characteristic time of
the water OH bonds reorientation between successive jumps?2. The jump angle is close to
70° in pure water and is evaluated following the reactive path of the HB exchange process.
The EJM reorientation time reproduces the characteristic time for reorientation directly
computed via MD simulation using eq. 1 and following the water OH bonds dynamics
(TP ). Further details are given in refs22:23.31 Within the protein hydration shell, the water
OH bonds can be conveniently separated into three distinct ensembles: i) water OH lying
next to a hydrophobic protein group and donating a HB to another water, ii) water OH
receiving a HB from a protein HB donor group and donating a HB to another water, iii)
water OH donating a HB to a protein HB acceptor group. The HB formed by water with an
acceptor ais defined geometrically using rather tight criteria on the OO, distance
(d<3.24), and the H,0,0, angle (6< 20°). The proximity to a hydrophobic group is based
on a radial cut-off (r,=4.44). These criteria are used to compute the 7/ for the water OHs
near HB acceptor, HB donor and hydrophobic groups. Moreover, for each site the local
™D is extracted using an exponential fit of the tcf in eq. 1 and requiring for the water
molecules to verify at = 0 the tight criteria listed above. Since in this study we are
interested in the effect of the protein amino-acid composition we limited the calculations to
amino-acid side-chains.

2.2.3 The Transition State free energy terms—The kinetics of the water HB
exchange mechanism is determined by the free-energy barrier separating the reactant and the
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product states. The perturbation of this kinetics with respect to the pure water situation can

be estimated using a Transition State picture. It was shown that the ratio pl"™P=rJump /7wP
can be predicted on the basis of two solute features, the first one measuring the hindrance to
the water reorientation caused by the presence of the solute, and the second one estimating
the strength of the HB that should be broken in order to activate the rotation. We detail

below how to compute such contributions.

2.2.3.1 Excluded Volume Factor: The transition state excluded volume (TSEV) slowdown
is determined32 from thefraction fof transition state (TS) locations excluded by the presence
of the solute

pv=1/(1—=f). @

This factor is determined for each protein site by calculating3? fas the fraction of transition
state locations which overlap with the protein.

2.2.3.2 Hydrogen-Bond Strength Factor: The TransitionState Hydrogen Bond (TSHB)
factor is given by33

Pup=€XP [(AGiInterface - AGiulk) / RT] > (9

where AG* is the free energy cost to stretch the initial HB with a protein (or with a water)
HB acceptor to its TS length, computed from the potential of mean force (pmf) along the
acceptor—water oxygen distance. The pmf is calculated for each HB acceptor protein site
following the procedure described in refs23:33,

Our analytical model is expected to provide robust results with respect to the water force
field used in simulations. The flexible and polarizable model Amoeba and SPC/E give
qualitatively similar results at ambient temperature28 for the water jump mechanism and
kinetics. Recently it was also shown by ab-initio MD simulations3#35 that the water-water
HB strength is not affected by the proximity with a small apolar solute and that the excluded
volume picture holds. Explicitly considering the water polarization may lead to a
strengthening of the few HB with charged protein HB acceptor sites36. However, on the
basis of previous results on lysozyme23 no qualitative change is expected.

3 Results and Discussion

3.1 Translational and rotational dynamics

In this section we focus on the average dynamics of water in the hydration shell. Crucially,
the data reveal that the water roto-translational dynamics is insensitive to protein
composition as previously suggested by NMR measurements'®24, and exhibits an Arrhenius
behavior with temperature. Figure 2 displays the translational and rotational relaxation times
of water averaged over the hydration shell, 7-determined from the mean square
displacement and 7z calculated from the second order reorientation time correlation function
for the water dipole y/ (see Sec. 2.2.1). In both cases the value of the tcfs at time #were
computed by considering the contribution from water molecules continuously present in the
hydration shell for the interval £ The uncertainty determined at each temperature from 4
independent trajectories is between 2 and 5%. This small variability suggests that the
differences between protein conformations, representative of substates of the folded basin,
have a weak impact on the average water dynamics. However, as we discuss later in the text,
we have verified that around individual amino-acids water motion experiences rather
important fluctuations coupled to the amino-acids conformations. The apparent activation
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energy for rris approximately E ~4.4 kcal/mol for both proteins. Comparable energies are
obtained for the reorientation of the water dipole, 4.0 kcal/mol. We define the translational

. . . . bulk bulk
and rotational slowdown factors relative to the bulk situation as #=7r.r)/ 7. p, Where T,

are respectively the translational and rotational relaxation times in pure water. At room
temperature, both prand pp are approximately 5, in agreement with previous simulations
and experiments on globular proteins?1:23.24_ The reorientation time correlation function was
computed also using the vector orthogonal to the water plane and we obtained very similar
results, as reported in ESI.

Since the mesophilic protein unfolds at high temperature the water dynamics was also
monitored around a conformation modeling the unfolded state. This random-coil weakly
perturbs the solvent motion and both retardation factors drop from approximately 5 to
respectively pr=2.9 and pz=2.3. A weak perturbation of water dynamics at ambient
temperature was recently measured by NMR for the unfolded state of a halophilic-like small
proteinl® (o ~ 2) and by THz spectroscopy for the irreversible unfolded human serum
albumin3’. When a protein extends to the random-coil state upon unfolding, the superficial
pockets and clefts that hinder water motion?? disappear and the water dynamics is less
perturbed, and resembles more that observed for isolated amino-acids33. However this
finding may lack generality since the unfolded state might be different from a random-coil
depending on other factors, e.g. if protein aggregation occurs a fraction of hydration water
could be confined in the aggregates slowing down the average dynamics.

3.2 Water reorientation and HB dynamics

While the average water dynamics is not affected by the different amino-acid compositions
of the two G-domains, the dynamics of water next to a specific site probably depends on the
chemical nature of this site. It was recently shown by two of us23 that the elementary step of
water reorientation at a protein surface, similarly to the bulk behavior, is not diffusive and is
more correctly described by the Extended Jump Model?2(EJM). According to EJM water
reorients mainly via a HB exchange mechanism with sudden large angular jumps. We have
successfully tested EJM for the mesophilic G-domain at room temperature and verified that
the main contribution to water reorientation comes from the HB exchange. Since the main
contribution to water reorientation comes from jump HB exchanges, we hereafter restrain
our attention to this mechanism?23,

The jump and frame times as well as the jump angle were computed for HB exchange events
near each individual protein site classified according to its type, HB acceptor, donor and

hydrophobic groups, respectively. For each site, the EJM reorientational time was compared
to the time directly computed via MD showing good agreement. For about 80% of the water

in the hydration shell the relative error (TEJM/T,]:[D - 1) was less than 20% (see ESI-Fig.

2).

Figure 3 reports the distribution of the retardation factor obtained for the jump time with
respect to the bulk analogue. The distributions obtained for the two proteins are both
strikingly similar to that obtained for lysozyme in a prior study?3, and they do not noticeably
change with temperature. A Gaussian peak centered at a mild retardation factor, p /4P

1-2, is followed by a power law decay extending at larger p/“" value. The average
retardation computed from the distribution is < p /4™ >~ 2.7 — 3.0 for both proteins. The
retardation factor calculated for each site at T=300 K is mapped onto the protein surfaces,
see Fig. 4. We observe a rather uniform distribution of mild retardations for both domains,
isolated spots associated to slow water dynamics are individuated in superficial pockets or at
the edge of the binding site.

Phys Chem Chem Phys. Author manuscript; available in PMC 2014 January 10.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Rahaman et al.

Page 7

To compute the average < p/“MP >we have excluded the water molecules that have jump
times longer than 100 ps whose statistics is poor. The contribution of these molecules is
negligible for the mesophile but it increases the average retardation by about 16-30% for
some conformations of the hyperthermophile. This finding suggests that a difference in the
hydration between the two proteins, if any, should be found in the behavior of a few water
molecules buried in the protein structure. These water molecules penetrated surface clefts,
generally at the interface between different secondary structures but their locations vary
depending on the conformation and the temperature. We have however individuated a cavity
filled by several water molecules that is common between the two domains, see lower panels
of Fig. 4. A detailed investigation of the behavior of these molecules and their contribution
to protein stability is reserved to future work.

We note that the effect of the water molecules with long residence times present in the tail of
the distribution could be probed by NMR experiments38. Moreover, the rate of water
exchange from the interior of the protein to the bulk and its temperature dependence provide
a valuable indirect information on the conformational landscape of the protein, as pioneered
in the analysis of NMR experiments3? and MD simulations*®:41, therefore providing a new
key to investigating the contribution of protein flexibility to stability6:42-45,

3.3 The effect of local conformational states

Although the average hydration dynamics is rather insensitive to the different conformations
of the protein in the folded state, water reorientational dynamics exhibits significant
variability in specific locations. In Figure 5 we separately report for HB acceptor, donor and
hydrophobic sites the range of 7/%77 values determined from the four independent
trajectories generated at T=300 K for the two proteins. The sites that show the larger
variability are generally at the interface between adjacent secondary structures and loops or
form ion-pairs. The fluctuations in the reorientation dynamics are caused by a different
degree of confinement due to local rearrangement of the protein matrix (open/close
fluctuations of superficial cleft or pocket). Despite the structural homology, the water
dynamics variability is differently partitioned in the two proteins mirroring a specific
distribution of rigid and flexible regions. This feature could be checked experimentally by
2D IR spectroscopy and using an ad-foc probe linked to different protein regions?6.

3.4 The molecular origin of water slowdown

We now investigate the physical origin of the water slowdown with respect to the bulk.
Following previous studies?3:33, the reorientational slowdown can be ascribed to the protein
excluded volume inhibiting the HB exchange mechanism, and to an energetic contribution
coming from the strength of the HBs formed by water with protein HB acceptor sites.
Therefore, we decompose the free energy barrier for the jump mechanism in a geometrical
(transition state excluded volume factor, TSEV) and an energetic (transition state hydrogen
bond strength factor, TSHB) contribution, whose details are given in 2.2.3 and23. According
to the TSEV/TSHB decomposition, the time for a jump event is predicted to be

jump :

TP —p s p ok ], where P is the jump time in pure water. In Figure 6 we report
the TSHB and TSEV factors for the HB acceptors (left panel), HB donors and hydrophobes
(right panel).

The data in Figure 6 indicate that the mesophilic and the hyperthermophilic proteins perturb
the hydration layer in a very similar way. The majority of water molecules in the hydration
shell is retarded because of a mild excluded volume effect py,~1.5-3.0 caused by HB donor
and hydrophobic sites. Although 90% of water molecules HBonded to protein acceptor
groups lie in the tail of the distribution of retardation factor (/4™ > 3) they represent only a
minor fraction of the whole hydration shell, 12% for the hyperthermophile and 16% for the
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mesophile, see ESI. For HB donors and hydrophobes only 16-18% of waters contributes to
the tail of the distribution (0/“ > 3). Including explicitly polarization effect in the
simulation36 would stretch the tail of the slowdown distribution without a qualitative
change.

The cumulative contribution of the three groups to the distribution of retardation factors is
highlighted in Figure 7. This result explains why the difference in the amino-acid
composition between the two G-domains does not affect the average hydration dynamics
that is mainly controlled by a geometric excluded volume effect mostly associated to apolar
groups. Apolar CH, groups are present in the side-chain of every amino-acid and constitute
the majority of the sites accessible to water. This causes, on average, a weak slowdown of
water dynamics: a conserved common feature among proteins of globular shape24. Such an
effect is strongly reduced for an unfolded protein in extended conformation because of the
change in the local topology, where confined sites occur much less frequently. It is worth
highlighting that collective processes involving hydration water could be more sensitive to
surface chemistry as recently suggested by ultrafast optical Kerr effect spectroscopy?’.
Interestingly the effect of surface chemistry could also be investigated by using neutron
spectroscopy and focusing on THz vibrational dynamics®8.

4 Conclusion

In conclusion, we have shown that the average hydration dynamics of two homologous
proteins is not affected by their different amino-acid compaositions because it is mostly
controlled by a similar geometrical perturbation. In addition, our analysis also indicates that
potentially important differences should be found in the behavior of a small set of buried
waters that reorient slowly compared to the bulk. Further investigations are required to
unveil whether this and other hydration properties are important for thermostability. These
studies should include the free-energy contribution to protein stability of buried and
interfacial water molecules and the water dielectric response at the protein interface and its
effect on the stability of ion-pairs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Meso-

Fig. 1.

Superimposition of the two G-domains showing the high degree of structural homology (left
panel), the two proteins share the same globular shape with some structural differences (two
helices insertion at the N- terminus, a small helix insertion at mid sequence and a loop
insertion at the C- terminus of the hyperthermophilell). The surface of the two proteins
shows specific characters as graphically represented in the right panel figures. Amino acid
chemical groups are colored according to their HB propensity: charged HB acceptor (red),
charged HB donor (blue), neutral HB acceptor (orange), neutral HB donor (cyan), and
apolar (white).
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Fig. 2.

Top Panel: characteristic times of water translational motion (77). Bottom Panel:
characteristic times of reorientational motion computed using the water dipole moment
(7). The arrows indicate the temperature transition between the folded and unfolded states
in the mesophilic protein. The red circles refer to the hyperthermophilic domain (H), the
blue circles refer to the mesophilic domain (M) and the open blue circles refer to the
unfolded model of M (M ;).
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Fig. 3.

Probability distribution of the retardation factor p™™P=7i"mP /=P for the jump time with
respect to the bulk. Left chart: comparison of retardation factor distributions for the
mesophilic and hyperthermophilic proteins at T=300 K. The dashed line is a guide to the eye
for the distribution for H system. The right panels show the distributions for M (top) and H
(bottom) at different temperatures.
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Fig. 4.

The mapping of the retardation factor /4™ onto the surface of the two proteins is showed
on the top panels, E.coli G-domain on the left, and SS G-domain on the right, respectively.
The surface is almost uniformly characterized by a mild slowdown p/4™° < 5. The
hyperthermopbhilic protein shows a somewhat higher number of localized sites with high
slowdown value mainly caused by the presence of local clefts and pockets. The lower panels
show the location of the internal water molecules filling a common protein cavity.
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Fig. 5.

Effect of local conformation on the jump time estimated as averaged over the four
independent trajectories (300K). The vertical bar represents the range of jump times for each
site. The top panel refers to the mesophilic protein and the bottom panel to the
hyperthermophilic protein.
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Fig. 6.

Distributions of the retardation factors, o and pyg for acceptor (left), and donor and
hydrophobic (right) sites. The data are extracted from simulations at T=300 K for both the
hyperthermophilic (red) and mesophilic (blue) proteins. The area of each disk is proportional
to the square root of the water population associated to each site. Dashed lines in the panel
represent curves at p*pg = ¢ for different values of c.
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Fig. 7.

The probability distribution of the retardation factor p/"™P=7i"mP /"™ js decomposed as
the cumulated sum of contributions from hydrophobic (green), HB donor (blue), and HB
acceptor (red) groups. The top panel refers to the mesophilic protein, the lower panel refers
to the hyperthermophilic protein.
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