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The dynamics and functionality of proteins are significantly influenced by their interaction with water.
For lyophilised (i.e. h < 0.05 where h = g of H,O per g of protein) and weakly hydrated systems (i.e.
h < 0.38) hydration generally enhances protein mobility above the so-called ‘dynamical transition’
temperature (Ty > 220 K). However, water-induced mobility hindrance at low temperatures (T < 175 K)
has been reported in various proteins of varying secondary structure; namely green fluorescent protein
(GFP), pig liver esterase, lysozyme, ribonuclease A (RNAse A) and apoferritin. By focussing on the
dynamic behaviour of the apoferritin molecule, this study proposes mechanisms driving these hydration-
induced mobility changes, particularly the less understood hindrance at low temperatures. Using
atomistic molecular dynamics (MD) simulations of horse spleen apoferritin in the lyophilised (h = 0.05)
and weakly hydrated (h = 0.31) states, we report here the impact of water on protein dynamics as a
function of temperature. Through residue-specific mean squared displacement (MSD), radial distribution
function (RDF), solvent accessible surface area (SASA), local hydration degree and hydrogen bonding
analyses, we demonstrate that while water proximity directly correlates with mobility enhancement at
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high temperatures, the hydration-induced mobility reduction observed at temperatures below 175 K is
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1. Introduction

The interaction between water and proteins is known to dictate
protein dynamics and functionality."™ Indeed, the presence of
water is usually essential for a protein to function.> Complete
recovery of biological activity is only observed above monolayer
coverage, i.e. 2-3 water molecules per residue or # = 0.38 (where
h = grams of H,O per gram of protein),* although the hydration
threshold for activity is commonly defined to be & = 0.2.°
Hydration water, the ensemble of water molecules directly
exposed to the macromolecule surface, can play an active role
in the function of proteins;"? for example, water molecules
mimic the substrate present in the biotin binding site of
streptavidin, inducing a conformational transition of a protein
loop.” In addition to lacking biological activity, dehydrated
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primarily propagated through the protein backbone.

biomolecules exhibit significantly reduced dynamics;’ in gen-
eral, water is expected to have a plasticizing effect on protein
dynamics, i.e. hydration should cause the system to exhibit
enhanced mobility compared to its dry state.>® While this is
true above the so-called ‘dynamical transition’ temperature
(Tq),"°*? a thermal condition above about 200-250 K (depend-
ing on the system) where segmental motions in weakly
hydrated proteins become anharmonic, water-induced dynami-
cal hindrance at low temperature has been observed in various
proteins, such as the green fluorescent protein (GFP),"? pig liver
esterase,"* lysozyme,">'® and ribonuclease A (RNAse A)."” This
dichotomy presents a complex and intriguing challenge in
understanding the role of water as related to protein dynamics.
Several interpretations have been given to the dynamical tran-
sition of biomacromolecules.'® For some systems, a direct
dynamical coupling between water and macromolecules has
been proposed.'® ' Additionally, it has been observed that the
thermal onset of interfacial water mobility occurs at a universal,
surface-independent temperature.>* The relationship between
hydration water and protein dynamics has been widely
investigated.® For proteins in solutions, dynamical correlations
between the protein and solvation layer have been detected
regionally,>>>* as well as correlation between the local structure
of a water-protein interface and protein fluctuations in a
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protein dimerization interface.>” In this respect, the occurrence
of a correlation between the structure and dynamics of water
molecules in the hydration shell of biomacromolecules has also
been shown.>®?” However, the detailed mechanisms under-
lying water-induced effects on protein mobility are still not
fully understood, especially for low temperature phenomena.
For example, the hindrance observed below 200 K for weakly
hydrated GFP relative to its dry state was attributed to the high
B-structure content of this protein."®> However, this phenom-
enon has also recently been observed, both from experimental
quasi-elastic neutron scattering (QENS)*® data and comparative
molecular dynamics (MD) simulations, in apoferritin;*® a multi
subunit molecule which is virtually devoid of B-sheet structured
regions.*® Such contrasting observations suggest that there
must be other factors driving the low temperature mobility
attenuation of proteins in the weakly hydrated state. The
underlying mechanism needs further clarification.

By focussing on the dynamical behaviour of the apoferritin
molecule, this study aims to characterise the observed water-
induced effects on protein mobility and propose a temperature-
dependent mechanism which may explain the trends reported
widely in the literature, particularly the less studied hindrance
effect at low temperatures.

To tackle this issue, our team have performed atomistic
molecular dynamics (MD) simulations on horse spleen apofer-
ritin (PDB structure: 2W00,%° Fig. 1), using a protocol which
proved to be effective in reproducing the experimental
behaviour.*

Apoferritin (molecular weight ~ 444 kDa,*" for horse spleen
apoferritin) is the apo-form of the iron-regulatory protein
ferritin, present in many living organisms,”* and consists of
an ordered non-covalent assembly of 24 structurally equivalent
subunits with a high content of a-helical regions, forming a
hollow spherical nanoparticle permeable to water, ions and
small molecules.’®*® These features confer to apoferritin poten-
tialities in biomedicine.**** The native biological assembly is

&0
,,m'b“ 4%
B

iv
|
Fig. 1 PDB structure 2W0O of horse spleen apoferritin. Each of the 24
subunits is represented in a different colour.
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extremely stable,>>*” although fibrillation of apoferritin has
been detected under denaturing conditions.*®

In brief, the mobility of horse spleen apoferritin in the dry
amorphous state and at low hydration has been investigated
experimentally by means of quasi-elastic neutron scattering
(QENS).*>*% To authenticate the experimental findings, in silico
models of the lyophilised and weakly hydrated material
were built, with the dynamical behaviour of the model assem-
blies being simulated using MD methods. Comparative ana-
lyses, via observation of the temperature dependence of the
mean squared displacement (MSD) of the protein hydrogen
atoms, validated the experimental results; the MSD parameter
being accessible via both experimental QENS*® measurements
and simulated scattering functions extracted from the MD
trajectories.

Consistent with the expected plasticizing effect of water on
protein dynamics,® a dynamical transition, ie. a significant
mobility enhancement in the weakly hydrated protein with
respect to the dry state, is observed above ~220 K.*® However,
in contrast, and relative to the dry state, the hydrated protein
mobility is attenuated in the temperature range of 100-150 K.*°

While similar behaviour is reported in other macromolecu-
lar systems,™™"” the unique pseudo-spherical symmetry of the
apoferritin molecule, as compared to the aforementioned pro-
teins, offers the opportunity to identify correlations between
the hydration-induced dynamical effects experienced by indivi-
dual residues relative to both their specific location within the
oligomeric assembly and proximity to the solvation shell. As a
result, the influence of hydration on protein dynamics can be
determined via:

(i) Characterisation of water’s effect on the mobility (mean
squared displacement, MSD) of individual amino acids, provid-
ing a detailed analysis of local dynamic changes,

(ii) Topological characterisation, by means of radial distri-
bution function (RDF) analysis, of residues experiencing sig-
nificant hydration-induced changes in mobility allowing the
effect of proximity to external and internal interfaces, and thus
to water molecules, on dynamics to be better understood,

(iii) Local characterisation of the solvent accessible surface
area (SASA) and degree of hydration at the single residue level,
providing further insights into hydration-induced effects on
protein mobility,

(iv) Characterisation of protein-water hydrogen bonds and
of backbone vs. side-chain MSD contributions.

Our findings reveal that, for the apoferritin molecule at
least, above Ty water directly enhances protein mobility, con-
sistent with existing theories of the dynamical transition.'®
Conversely, at low temperatures, the water-induced hindrance
of protein mobility turns out to be an indirect effect, propa-
gated through the protein’s backbone.

2. Methods

Building on our experience simulating polymers in solution,*"
atomistic molecular dynamics simulations were carried out on

This journal is © the Owner Societies 2025
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lyophilised (2 = 0.05 g of D,O per g of protein) and weakly
hydrated (2 = 0.31 g of D,O per g of protein) horse spleen
apoferritin. The models were built following a specific route,
going from the hydrated system to the lyophilised one; this
procedure mimics the primary drying step of an in vitro freeze-
drying process.”

Such a simulation protocol was benchmarked against quasi-
elastic neutron scattering data and proved to be effective in
reproducing experimental trends and behaviour.>® The hydra-
tion level chosen for the lyophilised system is that expected
after primary drying,*> while the 4 value of the hydrated model
was set to 0.31 in order to match the hydration degree used in
the neutron experiment.

All details concerning the simulation protocol are reported
in ref. 29, with the most salient aspects being summarised here.
MD simulations were performed using the GROMACS software
package®® (version 2020.6) and the OPLS-AA force field.** The
hydrated model was constructed using the 2W00>° PDB entry,
adding hydrogen atoms and then assembling the 24 subunits.
A number of TIP3P*® water molecules equal to the number of
D,0 molecules in a sample with # = 0.31 was added after
removal of crystallographic water molecules. The choice of
OPLS-AA as the force field was based on its widespread use
for the simulation of biomacromolecules; TIP3P being one of
the water models compatible with the OPLS-AA energy
landscape.*® The ionization state of the protein was that
corresponding to pH 7, according to the experimental condi-
tions before lyophilisation. Seven (7) Na" ions per subunit were
added for electroneutrality. The addition of each component
was followed by energy minimization (steepest descent algo-
rithm) with a 1000 k] mol™* nm™' tolerance. To preserve
structural integrity and minimize the loss of secondary struc-
ture, a preliminary 5 ns NPT simulation at 290 K was carried
out on the weakly hydrated system using position restraints on
protein heavy atoms. The final configuration was used as the
starting structure for the NVT simulation at 290 K, run for a
total of 150 ns.

The lyophilised model was obtained starting from the last
configuration of the NVT simulation at 290 K of the hydrated
system, removing water molecules in distinct steps until reach-
ing a hydration level of & = 0.05. Each dehydration step was
followed by a 10 or 20 ns NPT simulation at 100 K, to relax the
system and mimic the low temperature lyophilisation condi-
tions. Once a hydration state corresponding to z = 0.05 had
been reached, the system was gradually brought from 100 to
290 K by performing four NPT simulations. A final NPT
equilibration was carried out at 290 K for 400 ns; the structure
obtained at the end of this simulation being used as the
starting configuration for a subsequent NVT simulation at
290 K. The details of the in silico lyophilisation protocol are
given in Section 1.1.2 of the ESI of ref. 29.

For both weakly hydrated and lyophilised apoferritin, after
the simulation steps leading to the starting configuration at
290 K, NVT simulations were performed at 16 different tem-
peratures, including 150 K. The simulation temperature scan
was guided by the experimental data temperature points and
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Table 1 Composition, size and density of the simulated systems

Apoferritin

h=0.05 h=0.31
Subunits 24
Residues per subunit 170
Biological assembly 24-mer
Water molecules 1257 6844
Sodium ions 168
Total number of atoms 69 051 85812
Cubic box side before NPT simulation (nm) 12.3 15
Cubic box side after NPT simulation” (nm) 10.4 12.3
Density” (g dm™3) 722.6 532.5

“ The box from the final frame of the NPT simulation is used for the
subsequent NVT simulations. ? Density in the NVT simulations.

performed on cooling from 290 to 10 K at 1 K ns . NVT
isothermal runs of about 180 ns were collected, with a sampling
frequency of 1 frame every 5 ps. The temperatures explored and
the corresponding simulation times are reported in Table S1 of
the ESI of ref. 29. An independent replica, simulated by follow-
ing the above protocol, was also acquired to ensure reproduci-
bility. The LINCS*” algorithm was used to constrain all
bonds involving hydrogen atoms and allowed a simulation
time step of 2 fs using the leapfrog integration algorithm.*®
Periodic boundary conditions and the minimum image con-
vention were applied. One series of simulations and one
independent replica were acquired for both systems at all
temperatures. Table 1 reports data on the systems’ composition
and density, and on the size of the simulation box. Lyophilised
and weakly hydrated systems are labelled as 2 = 0.05 and & =
0.31, respectively.

The equilibration condition for the molecular structure
in each trajectory was verified by monitoring the long-time
behaviour of the root mean squared deviation (RMSD)
of the protein’s atoms (see Section SI.1.1 Root Mean Squared
Deviation (RMSD) in the ESIt). The last 20 ns of the trajectories
were typically considered for analysis; when not differently
specified, the results presented are the mean values and
associated error (standard deviations) from analysis of two
individual production runs, ie., the last 10 ns and the
second-to-last 10 ns of the NVT trajectories. Trajectory analyses
were conducted focusing solely on the dynamical behaviour of
the hydrogen atoms since the simulations were benchmarked
against neutron scattering experimental data,”® where the
incoherent scattering from hydrogen atoms dominates the
measured signal.”®

The mobility of weakly hydrated and lyophilised apoferritin
was investigated by analyzing the mean squared displacements
(MSDs) of protein hydrogen atoms at 150 K and 290 K. The MSD
parameter is calculated as a function of time using eqn (1):

MSD(?) = (|r(t) — ro|?) 0

Here, ro represents the reference position of the particle at time
¢t = 0, while 7(¢) denotes the position of the particle at time ¢. An
average is taken over both time origins and hydrogen atoms.

Phys. Chem. Chem. Phys., 2025, 27,1901-1915 | 1903
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Mobility was studied for each individual amino acid, aver-
aging over the 24 subunits (see Section SI.1.7 Verification of
the pseudo-symmetry assumption in residue-wise analyses in the
ESIt). No correction for center of mass motion was applied (see
Section SI.1.2 MSD per residue in the ESIt). To obtain the time
independent MSD(¢) value, for each 10 ns production run the
MSD(t) curves were averaged over the interval 6-8 ns. In this
range the MSD(t) response was seen to have broadly plateaued.
The results presented in this work are the mean values and
associated errors (standard deviations) from the two 10 ns
production runs (for the effect of extending the length of the
analysed trajectory see Section SI.1.2 MSD per residue in the
ESIt). The residue-wise MSD was also selectively determined for
backbone and side chain. All MSD calculations were performed
considering hydrogen atoms only. Analyses of root mean
squared fluctuation (RMSF) of all apoferritin hydrogen atoms
detected that MSD and RMSF parameters give comparable
information regarding protein mobility (see Section SI.1.8 in
the ESIt).

The dynamics of protein-water hydrogen bonds in weakly
hydrated apoferritin was evaluated by studying the normalized
time autocorrelation function,

Cult) = (sij(t0)sij(t + o)) @)
(sij(0)s3(10))

where the state variable s; has a value of 1 or 0 depending on
the existence or nonexistence of a hydrogen bond between a
selected donor-acceptor pair #j. The values of ¢, and ¢ in eqn (2)
range from 0 to half of the simulation time considered for
analysis. The function st + ¢,) is set to 1 if the hydrogen bond
between ij is found to be present in the time steps ¢, and ¢, + ¢,
even if the same hydrogen bond can be interrupted at some
intermediate time. According to the given definition, the Cy(¢)
function reflects the effective time persistence of a hydrogen
bond*® and in our system the kinetic stability of the protein
hydration shell. The characteristic lifetime, 7, of protein-water
hydrogen bonds was defined as the time when Cy(t) reaches e ™"
(see Fig. SI.2, ESIT). This definition of the characteristic lifetime
has already been adopted to characterise water hydrogen
bonding in hydrated protein environments.”> The activation
energy was calculated by fitting an Arrhenius form to In(zy) vs.
T '. Geometric criteria for the definition of protein-water
hydrogen bonds are reported in Section SI.1.5 Protein-water
hydrogen bonds of the ESL.¥ The same definition was used for
water-water hydrogen bonding.

SASA of selected apoferritin components has been calcu-
lated using a spherical probe with a radius of 0.14 nm and the
values of van der Waals radii from the work of Bondi.”>*"

Further details about trajectories analyses are given in
Section SI.1 of the ESIL.{ The consistency between the original
and independent replica simulations was verified for both
lyophilised and weakly hydrated apoferritin (Section SI.1.2 in
the ESIT). Graphic visualization was obtained using the mole-
cular viewer software package VMD>> and the web-based open-
source molecular viewer Mol* viewer.>
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3. Results and discussion

As reported by us in ref. 29, the evolution of the mean square
displacement as a function of temperature, MSD(T), for
hydrated and lyophilised apoferritin, both experimentally
detected from neutron scattering data and predicted from
associated MD simulations, shows that hydration has two
opposing effects on the overall average mobility of the protein:
while there is a clear enhancement of the mobility upon
hydration at temperatures greater than 175 K, the lyophilised
protein is seen to be slightly more mobile than the hydrated
system at low temperatures (T < 175 K).*°

To further this work, therefore, we now investigate the local
mobility of apoferritin using MD tools to probe the simulations,
better understand the trends observed on a molecular level and
isolate the influence of water. Such analysis should provide
critical insights into the different effects of hydration on
protein’s dynamics at low and high temperatures.

First, the mobility of apoferritin was studied on a local level
by computing an MSD value for each individual amino acid,
with an average over the 24 subunits being presented, at 150
and 290 K. In this way, the impact on local mobility relative to
the chemical nature of the residues, as well as their position in
the primary sequence, was explored. Next, topological charac-
terisation, by means of RDF analysis, of residues experiencing
significant hydration-induced changes in mobility allowed the
effect of proximity to external and internal interfaces, and
therefore to water molecules, on dynamics to be better under-
stood. Then, the analysis of residue-resolved hydration and
SASA focussed possible correlations between local hydration
degree and hydration-induced effects on protein mobility.
Finally, MSD per residue, also considering backbone and
side-chain MSD components, and hydrogen bonding analyses
allowed us to propose mechanisms for hydration-induced
mobility changes at high and low temperatures.

3.1 MSD per residue analysis

By considering the mean squared displacement parameter per
residue, heterogeneities in mobility along the primary apofer-
ritin structure, both in the lyophilised and hydrated material,
could be explored. The MSD parameter was considered and
calculated for each individual amino acid at 290 K and 150 K.
For the reason given earlier, only apoferritin hydrogen atoms
were considered, and the result reported per residue was the
average over the 24 subunits of the biological assembly. MSD
per residue values along the primary structure at 290 and 150 K
are shown in Fig. SI.4 and SI.5 (ESIt), respectively, comparing
lyophilised and weakly hydrated protein. The corresponding
distributions are reported in Fig. 2(a) and (b).

Considering first the results at 290 K (Fig. 2(a)), multimodal
distributions with fractions of comparable weight are detected
at this temperature for both hydration states. The most popu-
lated fraction is associated with those residues that exhibit the
lowest mobility; fractions with decreasing population being
observed as a function of increasing residue mobility. For
weakly hydrated apoferritin the whole distribution curve moves

This journal is © the Owner Societies 2025
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Fig. 2 Distributions of MSD per residue values for apoferritin in the lyophilised (apo_h005, orange) and weakly hydrated (apo_h031, blue) states at (a) T =

290 K and (b) T = 150 K.

to higher MSD per residue values, as compared to the distribu-
tion of lyophilised material, highlighting the hydration-
induced mobility enhancement at 290 K. At 150 K (Fig. 2(b)),
however, the distributions of MSD per residue values are
approximately bimodal, and this decrease in temperature leads
to a drastic reduction in the population of residues with
intermediate MSD values. An MSD of 0.009 nm? is the highest
frequency value for both lyophilised and weakly hydrated states
at 150 K. Interestingly, this MSD value has the highest fre-
quency also at 290 K for the lyophilised state. Fig. 2(b) illus-
trates the hydration-induced mobility hindering at 150 K at the
single amino acid level: the distribution curve for lyophilised
apoferritin exceeds the one of weakly hydrated protein starting
from the MSD per residue value of 0.012 nm? and the hindering
effect is relevant for residues with higher mobility, for some of
which the mobility in the hydrated state is almost suppressed.
Although the overall effect of hydration on apoferritin mobility
at 290 and 150 K is an enhancement and reduction, respec-
tively, the influence on residue mobility at a given temperature
appears to be non-uniform, with both increases and decreases
in amino acids’ MSD (Fig. SI.4 and SI.5, ESIt). To better explore
such changes, the residues were classified according to the
variation in mobility upon hydration, relative to their dry state
motion at the same temperature. The change in mobility (%)
was defined using eqn (3):

MSDyp, — MSD
Change in mobility (%) = pl\;[(m
L apOn0os

aPOhoos 100 (3)

The residues were then classified according to change in
mobility (%) upon hydration, as described in Table 2.

Table 2 Definition of the effect of hydration according to the change in
mobility (%) upon hydration (egn (3))

Change in mobility Effect of hydration

Hindrance

Negligible effect

Moderate enhancement of mobility
Great enhancement of mobility

<—10%
From —10% to +10%
From +10% to +60%
>+60%

This journal is © the Owner Societies 2025

Table 3 Number and percentage of residues experiencing hindrance,
negligible effect, moderate enhancement and great enhancement of
mobility upon hydration at 290 K in the apoferritin subunit (total number
of residues = 170). Results are obtained averaging MSD per residue values
over all 24 subunits. Errors are generated by analysing the last and second-
to-last 10 ns intervals of the trajectory and determining a standard
deviation

T =290 K Number of residues Percentage of residues (%)
Hindrance 12 £ 2 7+1

Negligible effect 28+ 3 17 +1

Moderate 53£5 31+3

enhancement

Great enhancement 77 £9 45 + 5

The rationale behind this classification system is discussed
in Section SI.1.3 of the ESI{ Results obtained at 290 K are
reported in Fig. SI.6 (ESIT) and summarized in Table 3.

At 290 K the prevalent effect of hydration is an increase in
mobility, with 45% of residues displaying a substantially
enhanced mobility and 31% of residues showing a moderate
rise in mobility. Despite this general trend in mobility enhance-
ment upon hydration, there are also instances where certain
residues show negligible changes or even decreases in mobility
(Fig. SI.6, ESIt). This variability suggests that water’s effect on
residue mobility is not uniform across all residues and may
depend on specific structural or chemical properties. The
influence of structural or chemical properties was studied by
evaluating the contribution of each amino acid class to the
observed hydration-induced effects (Table 4).

Charged residues give the most significant contribution to
the greatest mobility enhancement upon hydration, followed by
neutral polar residues. Since these are hydrophilic amino acids,
this finding suggests that water proximity and water—protein
interaction likely play a role in high temperature hydration-
induced phenomena, as discussed later. The results of the
residue-resolved MSD analysis at 150 K are reported in Fig.
SL.7 (ESIt) and summarized in Table 5.

The main effect of hydration at 150 K is hindrance, observed
in 54% of residues. The possibility that the hindrance effect

Phys. Chem. Chem. Phys., 2025, 27,1901-1915 | 1905
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Table 4 Contribution of each amino acid class (methyl-containing,
charged, polar neutral, aromatic, aliphatic but not methyl-containing) to
each hydration-induced effect (hindrance, negligible effect, moderate
enhancement, great enhancement) at 290 K. The number of residues
belonging to each class and showing a certain hydration-induced effect in
the apoferritin subunit (total number of residues = 170) is reported. Results
are obtained averaging MSD per residue values over all 24 subunits. Errors
are generated by analysing the last and second-to-last 10 ns intervals of
the trajectory and determining a standard deviation (SD). Where errors are
not reported, SD = 0O (indicating that the analysis on the two production
runs gave identical results)

View Article Online
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Table 6 Contribution of each amino acid class (methyl-containing,
charged, polar neutral, aromatic, aliphatic but not methyl-containing) to
each hydration-induced effect (hindrance, negligible effect, moderate
enhancement, great enhancement) at 150 K. The number of residues
belonging to each class and showing a certain hydration-induced effect
in the apoferritin subunit (total number of residues = 170) is reported.
Results are obtained averaging MSD per residue values over all 24 subunits.
Errors are generated by analysing the last and second-to-last 10 ns
intervals of the trajectory and determining a standard deviation (SD). Where
errors are not reported, SD = 0 (indicating that the analysis on the two
production runs gave identical results)

Negligible Moderate Great

Negligible Moderate Great

T =290 K Hindrance effect enhancement enhancement
Methyl-containing 9 + 2 17 £ 2 302 542
Charged 0 2 10+ 3 38+ 3
Polar neutral 1 4+1 8+1 18 +1
Aromatic 2 5 2+1 6+1
Aliphatic, non-CH3 0 0 3+£3 10+£3

Table 5 Number and percentage of residues experiencing hindrance,
negligible effect, moderate enhancement and great enhancement of
mobility upon hydration at 150 K in the apoferritin subunit (total number
of residues = 170). Results are obtained averaging MSD per residue values
over all 24 subunits. Errors are generated by analysing the last and second-
to-last 10 ns intervals of the trajectory and determining a standard
deviation (SD). Where errors are not reported, SD = 0 (indicating that the
analysis on the two production runs gave identical results)

Number of Percentage of
T=150 K residues residues (%)
Hindrance 91+ 1 54
Negligible effect 54+1 32
Moderate enhancement 23 13
Great enhancement 2+1 1

results from the local formation of ice or an uneven distribu-
tion of water molecules in the system was explored by analysing
the distribution of the number of water-water hydrogen bonds
per water molecule (Fig. SI.18, ESIT) and the water cluster size
distribution (Fig. SI.19, ESIT) in weakly hydrated apoferritin at
290 K and 150 K. The maximum number of hydrogen bonds per
water molecule at 150 K is much lower than 2 (Fig. SI.18, ESIY),
the value expected for a tetracoordinated water molecule in ice.
This finding rules out the formation and presence of ice nuclei.
Similarly, the possibility of hindrance being caused by densely
hydrated regions was excluded, as the majority of water mole-
cules remain either single or form small clusters (Fig. SL.19,
ESIT). While overall protein mobility shows a slowdown upon
hydration, as observed experimentally and in simulated all-
hydrogen-atoms MSD analysis®® and confirmed by these
results, water affects residue mobility in a non-uniform man-
ner, with some residues being either not influenced or showing
an increased mobility (Fig. SL.7, ESIt). Hydration-induced
effects are in fact dependent on the residues’ structural or
chemical properties, with methyl-containing residues contri-
buting most significantly to the hindered behaviour, followed
by charged and neutral polar residues (Table 6).

1906 | Phys. Chem. Chem. Phys., 2025, 27,1901-1915

T=150K Hindrance effect enhancement enhancement
Methyl-containing 34 17 £ 2 8+2 2+1
Charged 23 +1 22 +£1 5 0

Polar neutral 18+1 6+3 7+2 0

Aromatic 11+1 2+1 2+1 0

Aliphatic, non-CH3 5 £+ 1 7£1 1 0

It is noteworthy that, within the subset of hindered residues,
separating the contributions of methyl and non-methyl resi-
dues to the change in mobility upon hydration (eqn (3)) reveals
that methyl-containing residues exhibit, on average, a greater
hindrance effect (—27 + 2%) as compared to non-methylated
residues (—19 + 1%). This difference can be attributed to
methyl groups’ more external position in the residue, allowing
them to move more freely as compared to non-methylated
moieties and making methyl-containing species intrinsically
more sensitive to constraints. Considering that the extent of the
rotational methyl motion is independent of the hydration level
(Fig. 4a of ref. 29), its removal should increase the signal-to-
noise ratio in the residue-resolved mobility analysis. Therefore,
the MSD per residue parameters and changes in mobility (%)
upon hydration (eqn (3)) were also calculated using trajectories
in which the rotation of methyl groups was removed,* at 150
and 290 K (see SI.2.3 MSD per residue analysis with methyl
rotation removal, in the ESIT). In general, the outcome of such
analysis makes the temperature-dependent effects of hydration
on mobility more evident. At 290 K, the number of residues
with greatly enhanced mobility increases (Table SI.1, ESIt),
with methyl-containing residues now showing great mobility
enhancement (Table SI.2, ESIf), as opposed to the case of
trajectories with methyl rotations. In a similar way, the hin-
drance effect at 150 K is accentuated in the trajectories without
methyl rotations (Table SI.3, ESIt), with the number of methyl-
containing residues having hindered mobility increasing (Table
SL.4, ESIY).

At both temperatures, some regions of the protein exhibit
clusters of residues with similar changes in MSD, suggesting
potential localized effects of hydration on protein dynamics
(see Fig. SI.6 and SI.7, ESIT). Among these, it is worth mention-
ing that the cluster of hindered residues at 150 K formed by
residues 104 to 118 (Fig. 3(a)) includes most of the residues
belonging to the 3-fold channels of the protein (residues 109 to
120, Fig. 3(b)), which serve as the main entry and exit pathways
for iron;>*>> the Fe(u) uptake is facilitated by an electrostatic
gradient, allowing the ion to enter this funnel-shaped
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Fig. 3 PDB 2WO0O structure of apoferritin, highlighting (a) residues 104 to 118, showing suppressed mobility upon hydration at 150 K, in blue, and (b)
residues 109 to 120, forming the 3-fold channels of the protein, in purple. (c) PDB 2WO0O structure of apoferritin with residues colour-graded according
to the number of water molecules within a 0.35 nm radius, using a blue-grey-red scale; residues 104 to 120 are highlighted.

hydrophilic channel, whose conserved carboxy groups act as
transient binding sites.*”

On the other hand, the cluster of residues with greatly
enhanced mobility at 290 K formed by residues 145 to
153 (Fig. 4(a)) is located near the 4-fold channels of apoferritin
(residues 160 to 171, Fig. 4(b)). These channels are hydrophobic
and therefore not permeable to ions, but are thought to
be permeable to oxygen.”>* Additionally, they have smaller
pore diameters®® compared to 3-fold channels, which inhibits
uptake. In this context, the enhanced mobility observed
upon hydration at 290 K may be correlated with the need for
greater flexibility to allow molecules to pass through the
channel.

The potential correlation between water proximity and
hydration-induced effects on protein mobility was investigated
by evaluating the local hydration degree of weakly hydrated
apoferritin. The analysis consisted of calculating the number of
water molecules within a 0.35 nm radius of each residue in the
last and second-to-last 10 ns production runs at 290 and 150 K.

The PDB 2WO0O structure of apoferritin was then visualized,
with residues colour-graded based on the average number of
water molecules per residue (averaged over the 24 subunits)
using a blue-grey-red scale (Fig. 3(c) and 4(c)). Significant
(influenced and channel forming) residues were highlighted.
Overall, most residues with greatly enhanced mobility at 290 K
(Fig. 4(a)) appear to be medium to highly hydrated, with water
mostly located near residues closer to the 4-fold channels
(Fig. 4(b)). Residues forming the 4-fold channels also have
mostly medium-high hydration levels (Fig. 4(c), inset). Conver-
sely, residues with hindered mobility (Fig. 3(a)) and forming 3-
fold channels (Fig. 3(b)) appear to be, in general, only weakly
(medium-low) hydrated, with the only notable peak in the
number of nearby water molecules being associated with ASP
112; the residue forming the highest number of hydrogen
bonds at 150 K (see Section 3.4). While the colour-graded
visualization provides a preliminary analysis, these observa-
tions were supported by radial distribution function analyses
(see Section 3.2).

number of H,0 molecules
per residue

Fig. 4 PDB 2WO0O structure of apoferritin, highlighting (a) residues 145 to 153, having greatly enhanced mobility at 290 K, in red, and (b) residues 160 to
171, forming the 4-fold channels of the protein, in orange. (c) PDB 2WO0O structure of apoferritin with residues colour-graded according to the number of
water molecules within a 0.35 nm radius, using a blue-grey-red scale; residues 145 to 153 and 160 to 171 are highlighted. (c) Inset: Residues 160 to 171.
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3.2 Radial distribution function analysis

Having identified those species whose mobility is most influ-
enced by water at both low and high temperatures, radial
distribution function (RDF) analysis was performed to investi-
gate how hydration affects mobility of hydrogen atoms depend-
ing on their position relative to the protein’s internal and
external interfaces (see Section SI.1.4, ESIt). The centre of mass
of the whole biological assembly was used as the reference
position of these RDFs, that, due to the pseudo-spherical
symmetry of apoferritin, provide an overall picture of the
distribution of the different species throughout the protein
shell, allowing the relationship between hydration-induced
mobility effects and water proximity to be explored. RDFs of
weakly hydrated apoferritin were calculated for: (i) hydrogen
atoms associated with residues having greatly enhanced mobi-
lity at 290 K, (ii) hydrogen atoms associated with residues with
hindered mobility at 150 K, and (iii) methyl and non-methyl
hydrogen atoms at 150 K; radial distributions being compared
to the RDF of water molecules at the same temperature.

The RDF of hydrogen atoms that experience a great enhance-
ment of mobility at 290 K (Fig. 5) shows two peaks (red curve)
that broadly correlate with water molecule distribution (blue
curve), suggesting a direct effect of water proximity on the
mobility enhancement observed at high temperatures. Conver-
sely, the radial distribution of hindered hydrogen atoms at
150 K (Fig. 6(a)) and that of methyl hydrogens (Fig. 6(b)) suggest
the existence of an indirect mechanism for hydration-induced
hindrance at 150 K. In this respect, the double peak shape of
the RDFs associated with water molecules in Fig. 5 and 6 shows,

View Article Online

PCCP

irrespective of temperature, a higher local concentration of
water at the internal and external surfaces of the pseudo-
spherical biological assembly. The double peak shape of the
RDF associated with those hydrogen atoms belonging to resi-
dues with greatly enhanced mobility in Fig. 5 is a consequence
of the uneven distribution of water molecules and indicates the
proximity of such residues to water at the temperature of 290 K.

3.3 Residue-resolved analysis of solvent accessible surface
area and hydration

To support the findings suggested by RDF analyses, the expo-
sure and extent of hydration in weakly hydrated apoferritin
were explored at a local level. This was done by computing, for
each of the 170 amino acids of the subunit, the SASA and the
number of water molecules located within 0.35 nm of any atom
of that residue. This cutoff distance approximates the thickness
of the water first coordination shell surrounding a hydrophilic
moiety. The results obtained at 290 and 150 K, with an average
over the 24 subunits of the biological assembly, are reported in
Fig. 7 and 8, respectively.

Typically, for a protein in solution, SASA and a residue’s
degree of hydration correlate i.e. the larger the SASA the higher
the hydration. However, in this system such correlation only
holds in the range of low SASA values (see the dotted lines in
Fig. 7(a) and 8(a)), because of the weak hydration level
(h = 0.31 g D,O per g of protein). In the correlation range, the
slope of the linear fit line is greater at 150 K, as compared to
290 K, because of the higher surface density of water molecules
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Fig. 5 RDFs of water molecules (blue), hydrogens belonging to residues with greatly enhanced mobility (red, as defined by column 4 Table 4), and
hydrogens belonging to all other residues (grey, as defined by columns 1-3 Table 4). T = 290 K. The protein's COM was chosen as the point of reference
for RDF calculation. Inset: Equatorial section of hydrated apoferritin. Protein atoms are coloured in blue, water oxygen atoms are red.
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Fig. 7 Number of H,O molecules within a 0.35 nm radius of each atom of a residue as a function of the SASA of that residue at 290 K for weakly hydrated
apoferritin. Average values over the 24 subunits and time. (a) Data for all residues. Surface- and water-exposed residues belonging to class (i) are those
falling in the top-right part of the plot (shaded box area). The dotted line represents the correlation between SASA and a residue’s degree of hydration,
which is expected for proteins in solution but only holds at low SASA values in a weakly hydrated system. To aid visualization, only representative error
bars (showing the minimum and maximum size of the error bar for each observable) are included; errors are standard deviations over the last 10 ns of the
trajectory. (b) Data for residues with greatly enhanced mobility (red) and not influenced residues (grey) with respect to the dry system. (c) Data for charged

residues, polar neutral residues, and all other residues.

at low temperature, as proved by the higher hydrogen bond
connectivity between them (see Section SI.7.1 of the ESIf).

The amino acids, ALA119 and VAL101, with hydrophobic
side-chains located on the external surface of the apoferritin
spherical assembly are examples of residues where the SASA/
hydration degree correlation breaks down. As shown in
Fig. 7(a), these two residues have quite large SASA values of
~ 0.9 nm? but very low hydration (less than 1 water molecule).
As Fig. 7(a) and 8(a) demonstrate, for weakly hydrated apoferri-
tin, SASA-only is not a useful metric with which to probe the
local extent of hydration.

However, such analysis does highlight that at 290 K
(Fig. 7(b)) most residues with greatly enhanced mobility

This journal is © the Owner Societies 2025

(according to the classification of eqn (3)) are highly hydrated.
In contrast, those not influenced have a lower hydration degree,
confirming the result shown by the RDFs in Fig. 5.

Moreover, Fig. 7(c) shows that charged and polar amino acids,
ie. those categories exhibiting the highest hydration-induced
mobility enhancement at 290 K (see Table 4), are significantly
hydrated. On the other hand, the results at 150 K (Fig. 8(b))
suggest no direct correlation between the extent of local hydration
and hindered mobility, as shown by the overall view provided by
the RDFs in Fig. 6(a). In this respect, Fig. 8(c) does confirm that
methyl-containing amino acids, ie. the category undergoing the
highest hydration-induced mobility suppression at 150 K (see
Table 5), largely exhibit a low hydration level.
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Fig. 8 Number of H,O molecules within a 0.35 nm radius of each atom of a residue as a function of the SASA of that residue at 150 K for weakly hydrated
apoferritin. Average values over the 24 subunits and time. (a) Data for all residues. Surface- and water-exposed residues belonging to class (i) are those
falling in the top-right part of the plot (shaded box area). The dotted line represents the correlation between SASA and a residue’s degree of hydration,
which is expected for proteins in solution but only holds at low SASA values in a weakly hydrated system. To aid visualization, only representative error
bars (showing the minimum and maximum size of the error bar for each observable) are included; errors are standard deviations over the last 10 ns of the
trajectory. (b) Data for residues with hindered mobility (blue) and not influenced residues (grey) with respect to the dry system. (c) Data for methyl-

containing residues, charged residues, and all other residues.

Introducing a two-parameter criterion based on the results
in Fig. 7(a) and 8(a), it is possible to discriminate between
surface- and water-exposed residues (class (i)) and buried OR
scarcely hydrated residues (class (ii)). The aim of this classifica-
tion is to quantitatively detect effects on mobility coming from
a direct contact with water molecules. The findings of the MSD
per residue analysis have been then elaborated by distinguish-
ing between the above defined classes of residues in terms of,
first, hydration-induced mobility effect (Tables SI.6 and SI.8,
ESIT) and, subsequently, hydration-induced mobility effect and
chemical characteristics (Tables SI.7 and SI.9, ESIt). A consis-
tent picture of water-induced effect on mobility, water- and
surface-exposure, and amino acid class is obtained, where the
direct influence of water proximity on protein mobility is clearly
shown at 290 K, but missing at 150 K (see Section SI.6, ESIY).

3.4 Protein-water hydrogen bonding analysis

Considering the results of RDF and residue-resolved hydration
analyses, we investigated the mechanisms underlying the
influence of water on protein’s dynamics by studying protein-
water hydrogen bonds (HBs).

First, the total number of protein-water hydrogen bonds was
calculated (see Section SI.1.5, ESIt) as a function of tempera-
ture in the range 100-290 K (Fig. 9). The number of hydrogen
bonds formed shows a non-linear decrease with increasing
temperature, as expected.”’

To further characterise the protein-water interaction, the
hydrogen bond autocorrelation function Cy(t) was calculated.
The time decay of this function is due to the exchange of water
molecules hydrogen bonded to protein, occurring with a char-
acteristic relaxation time, 7y, defined as the time when Cy(?)
reaches the value e . By fitting an Arrhenius form for In(ty) as
a function of 7", an activation energy of 34.1 & 0.5 k] mol ™" is
obtained (Fig. 9 (inset)). This is in agreement with the finding
of a system independent protein-water hydrogen bond

1910 | Phys. Chem. Chem. Phys., 2025, 27,1901-1915

relaxation process with an energy barrier of ~30-35 kJ mol~'.*?
It is worth noting that this barrier has a common value to that
observed for water-water hydrogen bond relaxation in
apoferritin®® and other macromolecular systems.>?

To assess how the interaction with water influences residue
mobility, the presence of protein-water hydrogen bonds
formed for more than 20% of the 290 and 150 K 10 ns
trajectories, even if only intermittently (i.e., not continuously
present in each 5 ps sampled frame of the 10 ns trajectory but
instead making and breaking at various times), was considered.

At 290 K there is a direct correlation between enhanced
mobility and hydrogen bonding with water: residues that
exhibit a greater increase in mobility upon hydration tend to
have stronger bond interactions with water molecules (Fig. 10).

This correlation is absent at 150 K (Fig. 11). At this tempera-
ture, the distribution of the number of HBs among residues
with different hydration-induced effects is more uniform. How-
ever, notable peaks (i.e. >80 HBs) are observed, with 8 out of
these 13 peaks corresponding to residues that experience
hindrance upon hydration. These 8 residues include charged
amino acids (GLU or ASP) and a terminal leucine (LEU171).
Most neighbouring residues (11 out of 15) are also hindered
(see Fig. SI.7, ESIt). These results show that only a small (~ 5%)
fraction of amino acids characterised by both high water
exposure and strong residue-water interaction (i.e., a signifi-
cantly high number of HBs) are directly hindered by water
proximity. For instance, residue ASP 112, which forms the
highest number of persistent hydrogen bonds with water
(Fig. 11(a)) and is located in the 3-fold channel (Fig. 3(b)),
was found to participate in a hydrogen bond/dipolar inter-
action network. This network includes water molecules and
atoms of ASP 112 and neighbouring residues, connected by
hydrogen bonds and dipolar interactions (Fig. SI.20, ESIT).
Such connectivity is probably involved in the water-induced
hindering effect of this region. Since this is not a common
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Fig. 11 Number of hydrogen bonds formed for at least 20% of the trajectory (even non-continuously) at 150 K by amino acids experiencing
(a) hindrance, (b) no effect, (c) moderate enhancement of the mobility, and (d) great enhancement of the mobility upon hydration. Each panel displays
results specific to a particular class of amino acids, with x-ticks representing only residues within that class. Note that x-ticks without corresponding bars
indicate amino acids that did not form hydrogen bonds. Results and errors are averages and standard deviations over the last and second-to-last 10 ns
intervals of each trajectory, respectively. Individual versions of each panel, with expanded x-axes, are reported in Fig. SI.22 (ESI).

feature of the system, it appears that the generalised (ie.,
observed in 54% of residues) mobility attenuation observed at
150 K arises from propagation of a hindrance effect along the
biopolymer chain, as discussed in Section 3.5.

3.5 Backbone vs. side-chain contributions to water-induced
mobility changes

Finally, to further investigate the temperature-dependent
mechanism driving the hydration-induced effects on mobility,
we computed mean square displacement parameters for each
individual amino acid at 150 K and 290 K, separating out
backbone and side-chain hydrogen contributions to the total
hydrogen atom MSD. First, for each residue, the MSD was
computed including only the backbone hydrogen atoms, which
account for about 24% of the total hydrogen atoms. Next, the
MSD parameter was computed including only side-chain hydro-
gen atoms of each amino acid. The values of the residue-wise
MSD for the backbone and side-chain of dry and weakly
hydrated apoferritin are reported in Fig. SI.10 and SI.11 (ESIt)
for the temperatures of 290 and 150 K, respectively. At 290 K
both systems show that the residue-wise MSD of the backbone
is lower than that of the side chain for almost all residues. This
result confirms the direct role of water in affecting the protein
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local mobility at this temperature, since the SASA and degree of
hydration of side-chains are greater than those of the backbone
(Fig. SI.13 and SI.14, ESIt). Comparing the mobility of dry and
weakly hydrated apoferritin at 290 K, the residue-wise MSD for
the backbone is always greater in the solvated system. This
trend generally extends to the side-chains as well, although
there are some exceptions occurring for amino acids with
hydrophobic side-chains and thus lower water affinity. At
150 K (Fig. SI.11, ESI}), in contrast to 290 K (Fig. SI.10, ESIY),
there are several amino acids for which the MSDs of the
backbone and side chains are comparable. This result suggests
a dynamical coupling between these residue components. The
hydration-induced hindering, as shown by the greater MSD
values of the dry system, in some hydrophobic residues is more
accentuated for side chains, as compared to the backbone (see
residues ALA14, PHE50, LEU93, and ALA109 in Fig. SI.11, ESI¥).

The change in mobility upon hydration (%) for backbone
and side-chain components was then calculated using eqn (3).
Finally, to assess the potential influence of backbone and side-
chain contributions relative to each other, the average change
in mobility across all residues was calculated separately for
backbone and side-chain hydrogen atoms. The results are
reported in Table 7.
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Table 7 Average change in mobility (%) upon hydration (eqgn (3)) for
backbone and side-chain hydrogen atoms at 150 K and 290 K. Results
and errors are mean values and standard deviations, respectively, calcu-
lated from the last and second-to-last 10 ns production runs

Average % change Average % change

backbone side-chain
150 K —7.2 + 0.1 —-7.5 + 0.7
290 K 88 +1 72 £ 1

At 150 K the backbone and side-chain residue mobilities
show, within error, the same hindrance upon hydration. This is
further evidenced by strong agreement (Fig. SI.12, ESIY)
between the distribution of backbone and side-chain hydrogen
atom mobility changes. This clear correlation between back-
bone and side-chain hydration-induced mobility changes at
150 K suggests that the low temperature water-induced hin-
drance observed in apoferritin occurs via an indirect mecha-
nism, where the slowing of backbone motion propagates to
affect side-chain motion.

In contrast, at 290 K, the hydration-induced mobility
increases experienced by the backbone and side-chain hydro-
gen atoms are different, suggesting that the backbone propaga-
tion mechanism proposed is exclusive to low temperature
phenomena. Note that, at 290 K, backbone hydrogen atoms
show greater mobility enhancement on average compared to
side-chain hydrogen atoms because their mobility changes
more uniformly upon hydration across all protein residues,
leading to a narrower distribution of values (see Fig. SL12,
ESIT). While the only effect of hydration on the backbone is that
of mobility enhancement, side-chain hydrogens experience a
wider range of effects, including hindered or unaffected mobi-
lity (Fig. SI.10, ESIT). This heterogeneity leads to a lower average
change in mobility (%) for side-chains, as reported in Table 7.

To better understand the role of water in hydration-induced
changes to backbone and side-chain mobility, the hydration of
apoferritin’s backbone and side-chain atoms was studied by
separately calculating the SASA, degree of hydration (number of
water molecules within a 0.35 nm radius), and protein-water
hydrogen bonding for each atom group at 290 and 150 K.
Irrespective of temperature and hydration state, the SASA
of the side chains is much larger than that of the backbone
(Fig. SI.13, ESIT). However, the relative hydration of side chains
vs. backbone is not so accentuated (Fig. SI.14, ESIT), since the
water content is not sufficient to saturate the protein surface; a
surface populated also by hydrophobic side chains with a lower
water affinity as compared to the hydrophilic backbone. The
relative hydrogen bonding capability of side chains and back-
bones (Fig. SI.15, ESIt) is similar to the corresponding relative
hydration. In terms of distribution of water molecules sur-
rounding the side chains and backbone, no significant tem-
perature dependant difference is detected. This finding shows
that the different effect of hydration on protein mobility at 290
and 150 K does not depend on a different partition of water
molecules between the two (side group and backbone) amino
acid components.
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4. Conclusions

Experimental observations and molecular dynamics simula-
tions of horse spleen apoferritin reveal that while protein
mobility is enhanced upon hydration above the dynamical
transition temperature, the presence of water hinders protein
internal motion at low temperatures (T < 175 K).*>*° This
study focuses on elucidating the temperature-dependent
mechanisms underlying the interplay between hydration and
protein dynamics. The high temperature regime is charac-
terised by significant enhancement in residue mobility which
can be directly correlated with water proximity, as evidenced by
radial distribution function, SASA, local hydration degree, and
hydrogen bonding analyses. While water directly facilitates
mobility enhancement above the dynamical transition tem-
perature (Tq ~ 220 K), it imposes a more complex, indirect
hindrance at low temperatures, suggesting a mechanistic shift
from direct to indirect effects of hydration. At temperatures
below 175 K water proximity directly hinders motion only for a
small fraction of residues (about 5%), with the overall
reduction in mobility, involving more than 50% of residues,
primarily arising from backbone propagation effects which
indirectly mute side-chain dynamics.

Considering the structure of proteins for which a water-
induced attenuation of mobility has been detected at low
temperature using neutron spectroscopy (see Table SI.10, ESIf),
the presence of a specific secondary structure does not
seem to be the determining factor for this effect. However,
these proteins share the feature to have relatively long polypep-
tide chains, with 124 or more residues. Vice versa, insulin, a
small protein of 51 amino acids,® and shorter chain
homopolypeptides,”® do not display water-induced reduction
of mobility below 175 K. While the level of hydration, 4, is likely
to play a role, we hypothesise that the propagation of mobility
hindering could be amplified in long chain weakly hydrated
polypeptides.

Finally, concerning the role of the backbone in this low
temperature phenomenon, backbone-specific vibrational
motions of myoglobin were found to be damped in the
presence of hydration water at 150 K, while a similar damping
was undetected for a hydrated amino acids mixture with the
chemical composition of myoglobin but lacking the polypep-
tide chain.”

In this work we propose a mechanism for the influence of
water on apoferritin dynamics. Our contribution provides work-
ing hypotheses to be explored in future experiments and
simulations of other biomacromolecules and biomimetic poly-
mers, to increase the overall knowledge on how the interplay
between water and complex molecules determines the system
behaviour.
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