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The interaction between proteins and hydration water stabilizes protein structure and promotes functional
dynamics, with water translational motions enabling protein flexibility. Engineered solvent-free protein-
polymer hybrids have been shown to preserve protein structure, function, and dynamics. Here, we used
neutron scattering, protein and polymer perdeuteration, and molecular dynamics simulations to explore how
a polymer dynamically replaces water. Even though relaxation rates and vibrational properties are strongly
modified in polymer coated compared to hydrated proteins, liquidlike polymer dynamics appear to
plasticize the conjugated protein in a qualitatively similar way as do hydration-water translational motions.

DOI: 10.1103/PhysRevLett.126.088102

The coupling to hydration water via a dynamic hydro-
gen bond network endows proteins with the internal
dynamics required for being biologically active [1].
Removing hydration water from the surface of a protein
is known to generally suppress biological activity by
inhibiting macromolecular conformational flexibility [2].
Neutron scattering is a technique largely used to probe
protein dynamics on the picosecond-nanosecond time-
scale [3] by, e.g., measuring atomic mean square displace-
ments (MSD). The temperature dependence of MSDs in a
hydrated protein reveals the onset of protein flexibility at
about 240 K (the so-called protein dynamical transition
[4]), which is suppressed upon water removal [5]. The
onset of water center-of-mass translational motions has
been proposed as the atomistic mechanism able to
plasticize proteins through the hydrogen bond (HB)
interaction of water with their surface. The finding was
first predicted by molecular dynamics (MD) simulations
[6,7] and later verified and complemented by quasielastic
neutron scattering (QENS) experiments [8]. This physical
scenario was challenged when solvent-free protein-
polymer surfactant nanohybrids were engineered [9—14].
Indeed, a myoglobin-polymer hybrid was shown to
be structurally intact [11], hyperthermophilic [11], bio-
logically active [9], and still displaying a dynamical
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transition at about 250 K analogous to that observed in
hydrated myoglobin (Mb) [15].

However, the determination of MSDs [15,16] provides
only limited information on the nature of the underlying
dynamics. In particular, the dynamical transition can be
interpreted either as a thermal population of a temperature
independent number of degrees of freedom or as a temper-
ature dependent structural evolution activating additional
degrees of freedom. A detailed description of the (thermo)
dynamical properties that emulate hydration mechanisms in
solvent-free protein-polymer hybrids remains -elusive.
Recent efforts in the field of protein-polymer nanohybrids
are devoted to fine-tuning the activity of the embedded
protein by adjusting the polymer layer properties [17].
Neutron scattering has been used already to study the
influence of the length [18] and the number [16,19] of
polymer chains on the structure and dynamics of the
hybrids. Here, we used QENS and inelastic neutron
scattering (INS) in combination with MD simulations to
unravel the physical basis for the activity and dynamics of a
Mb-polymer hybrid and to show the similarities and
differences between the dynamics of protein-polymer
hybrids and hydrated proteins.

The Mb-polymer hybrid was synthesized by electro-
statically grafting anionic surfactant chains (glycolic acid

© 2021 American Physical Society
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FIG. 1. (a) example of fitting results for the spectrum of

D-Mb/H-polymer at 260 K and ¢ = 0.78 A~'. (b) jump distance
d (see inset and SM for details) as a function of temperature upon
subtraction of the average in the 200-240 K temperature range.
Dashed lines are to guide the eye. (c) Arrhenius plot of parameter
I'. Dashed lines are fitting curves with a VFT function in the
whole temperature range (D-Mb/H-polymer) and up to 250 K
(H-Mb/D-polymer).

ethoxylate lauryl ether) to the surface of Mb cationized with
N, N-dimethyl-1,3-propanediamine [9,15]. Details on the
preparation of the samples used here have been published
elsewhere [9,15]. Two different Mb-polymer hybrids had
been prepared by selective perdeuteration: hydrogenated
Mb conjugated with deuterated polymer (H-Mb/D-poly-
mer) and deuterated Mb conjugated with hydrogenated
polymer (D-Mb/H-polymer). Because of the dominating
incoherent signal from hydrogen nuclei, about 89% (91%)
of the incoherent scattering signal originates from

Mb (polymer) dynamics in the H-Mb/D-polymer
(D-Mb/H-polymer) sample [15]. A fully hydrogenated
sample had also been prepared (H-Mb/H-polymer). A
fourth sample consisted in a freeze-dried powder of hydro-
genated Mb hydrated with D,0O at a level of 0.43 g D,O/g
Mb (H-Mb/D,0). In the H-Mb/D,0O sample, 98% of
the incoherent scattering signal originates from protein
hydrogen atoms. The coherent signal accounts for less
than 20% of the total scattering signal in all the samples
investigated [15].

QENS experiments, which probe motions on the
picosecond-to-nanosecond timescale, were carried out on
H-Mb/D-polymer, D-Mb/H-polymer, and H-Mb/D,0
between 200 and 300 K, on the SPHERES [20,21] spectro-
meter (energy resolution ~0.7 ueV FWHM) operated by
JCNS at the Heinz Maier-Leibnitz Zentrum (MLZ),
Garching, Germany. QENS spectra of both H-Mb/D-
polymer and D-Mb/H-polymer can be approximated
in the explored momentum transfer range (0.6 < g <
1.8 A™!) by a single Lorentzian term with a width
independent of ¢, as expected, if we consider that the
dynamics of hydrogen atoms bound to the polymer or to
Mb are intrinsically confined. To obtain a quantitative
description from the experimental data, we used a two-well
model where the hydrogen motion is modeled as a jump
between two different sites separated by a jump distance d,
corresponding to a potential composed of two energy
minima with energy difference AG and energy barrier
AGx [inset of Fig. 1(b)] [4,22]. The scattering function
S(g,w) corresponding to the two-well model can be
derived with a semiclassical treatment [23] and applied
to the analysis of neutron scattering data, as described in the
literature [22,24] and summarized in the Supplemental
Material (SM) [25].

In Fig. 1(a), an example of the fitting results is shown for
D-Mb/H polymer at 260 K and at g = 0.78 A~'. Similar
results are obtained at all other temperatures and ¢ values
(Fig. S1 in the SM). Figure 1(b) shows the change in the
jump distance d relative to the low-temperature value (~3.6
and ~3.7 A for H-Mb/D-polymer and D-Mb/H-polymer,
respectively, in agreement with previous data [22]) as a
function of temperature. Interestingly, there is a clear
difference between the protein (H-Mb/D-polymer) and
the polymer (D-Mb/H-polymer) dynamics: d is barely
dependent on temperature in the protein, while it clearly
increases with temperature above 250 K in the polymer. Mb
embedded either in the polymer matrix or in hydration
water are characterized by a similar temperature depend-
ence of d [Fig. 1(b)], indicating that motions accessed by
the proteins in the two different environments at tempera-
tures above the dynamical transition are of the same
nature, even if the MSDs measured by neutron scattering
are larger in the hydrated protein [15]. In Fig. 1(c), we
report the temperature dependence of the rate I of the
hopping process between the two minima [22]. I" follows a
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super-Arrhenius temperature dependence that can be
approximated by a Vogel-Fulcher-Tamman (VFT) function
[ =Tye PT/(T=T") in the entire temperature range for
D-Mb/H-polymer, but only at low temperature for
H-Mb/D-polymer. The two curves evolve in parallel below
250 K and above 270 K [Fig. 1(c)] (i.e., they have the same
fragility parameter D ~ 0.5 and very similar divergence
temperature 7* ~ 140 K), suggesting that the two systems
are dynamically coupled [28]. Preexponential factors I'y are
different below 250 K and similar above 270 K, implying
that polymer and protein motions occur on a different
timescale at low temperature and on the same timescale
above the dynamical transition. Above ~250 K the relax-
ation rate I" of H-Mb/D-polymer approaches that of
D-Mb/H-polymer. The parameter I" of H-Mb/D,0 is also
shown in Fig. 1(c). Its temperature dependence is consistent
with that of H-Mb/D-polymer up to ~250 K, while at
temperatures above ~250 K the relaxation rate is system-
atically higher in H-Mb/D,0, in agreement with the fact
that the MSDs measured by neutron scattering are larger in
the hydrated protein [15].

Thermodynamic transitions in the protein-polymer
hybrid were investigated by differential scanning calorim-
etry (DSC). A glass transition is detected in H-Mb/H-
polymer with an onset temperature 7, ~ 200 K (see Fig. S2
in the SM), compatible with the divergence temperature
T* ~ 140 K of the VFT function, which is usually lower
than 7, [29]. Analogous DSC data on hydrated Mb have
shown that hydration water undergoes a glass transition
and a first-order-like endothermic transition with onset
temperatures at ~180 K and ~240 K, respectively [30].

In order to characterize the nature of motions with atomic
details, we employed MD simulations that probe the same
nanosecond-to-picosecond timescale as QENS. The Mb-
polymer hybrid was previously modeled and shown to
accurately reflect the structural properties of the Mb-
polymer hybrid sample [31]. Here, we have used this
model to simulate atomic trajectories at different temper-
atures, between 200 and 300 K, and assessed its validity to
accurately reproduce the sample dynamics by computing
the scattering function S(g, w) from atomic trajectories and
comparing them with the QENS data (Figs. S3 and S4 in
the SM). The agreement of simulated and experimental data
in the 200 to 260 K range is remarkable for both proteins
(Fig. S3 in the SM) and polymer (Fig. S4 in the SM). At
280 and 300 K, the experimental QENS signals are higher
than the corresponding computed values, revealing that the
simulations underestimate the dynamics. This under-
estimation might originate from the limited accuracy of
the forcefield or modeling of the protein-polymer hybrid.
We first report the hydrogen displacement probability
densities, which represent the distance between an atom
at t =0 ps and the same atom at t = x ps (x = 100 ps,
1000 ps, and 5000 ps) in Fig. 2 at 260 K. Protein hydrogens
show two distinct peaks at around 0.5 and 1.8 A,
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FIG. 2. Displacement probability densities of protein hydro-
gens (a) and polymer hydrogens (b) at 260 K after 100 ps (red),
1 ns (blue), and 5 ns (magenta).

the position of which does not change with time, recalling
confined motions [Fig. 2(a)]. The peak at 1.8 A originates
from methyl-hydrogen rotations (see Fig. S5 in the SM),
and the one at 0.5 A from all other atoms. Conversely, the
polymer hydrogens show a significant population for
which displacement probability does not exhibit a charac-
teristic distance, but rather a tail (above 1.5 A), which
extends to longer distances with increasing displacement
times [Fig. 2(b)]. This tail reflects diffusivelike dynamics,
where atoms spread away from their initial position. A
similar difference between protein and polymer motions is
observed at different temperatures between 200 and 300 K
(Fig. S6 in the SM).

We next compared the simulation of the polymer with
that of hydration water. As the reference of a hydrated
protein, we simulated the powder of the maltose binding
protein (MBP) hydrated at 0.4 g H,O/g protein, which has
been validated with experimental data in previous work [8].
Noting that similar hydration properties were found for the
MBP and for the intrinsically disordered protein tau [8], we
assume that MBP and Mb hydration resemble each other
even more closely. The hydrogen displacement probability
densities [Fig. 3(a)] indicate the same diffusivelike dynam-
ics on the 100 ps timescale in hydration water and in the
polymer corona [Fig. 2(b)]. Yet, the one of water hydrogens

T T T T T 1.0 T T T T T |
1.0 (a) ——Polymer 260K = (b) ——Protein-polymer 260K
= = Hydration water 260K = = = Protein-water 260K
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FIG. 3. (a) Displacement probability densities of polymer

hydrogens (continuous lines) and hydration water (dashed lines)
at 260 K (blue) and 300 K (red) after 100 ps. (b) polymer-protein
(continuous lines) and water-protein (dashed lines) HB correla-
tion function at 260 K (blue) and 300 K (red).
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extends to larger distances, most likely originating from
larger diffusion coefficients of water molecules. Note that
when probed on the fs time scale, hydrogen dynamics of
protein hydration water results in more localized dynamics
[32]. Figure 3(b) represents the hydrogen bond (HB)
correlation function [6], reporting on the dynamics of
the HB network, for MBP water (data extracted from
[8]) and Mb polymer. Mb-polymer HBs are significantly
slower to break than typical protein-water HBs (Fig. 3(b)).
The HB relaxation time (defined as the time at which the
correlation function has decayed to 1/e = 0.368) is 226
times shorter at 300 K for the MBP-water system (91 ps)
than for the Mb-polymer system (21 ns), confirming a
faster dynamics for hydration water compared to the
polymer corona.

The low-frequency vibrational spectra of Mb either
embedded in the polymer corona (H-Mb/D-polymer) or
in hydration water (H-Mb/D,0) were measured by INS
(TOFTOF spectrometer, MLLZ) and compared. In Fig. 4 we
show the inelastic spectra collected at 140 K and at
g =1.8 A~!. At this temperature the modes responsible
for the so-called boson peak are already sufficiently
populated to be detected on the energy gain side of the
INS spectrum and, at the same time, the QENS contribution
is still negligible [33]. The Boson peak is visible at 2 meV
and at 3.5 meV for the H-Mb/D-polymer and the
H-Mb/D,0 sample, respectively (Fig. 4), indicating that
vibrational modes are softer in the former than the latter. A
similar softening has been observed in dry compared to
hydrated protein powders [34] and was attributed to the
absence of the water dissipative bath for low-frequency
vibrations in the dry proteins. The softening observed in the
H-Mb/D-polymer sample indicates that the polymer
matrix is not able to mimic the water dissipative effect.
The vibrational modes of the polymer matrix (D-Mb/
H-polymer sample) are peaked at about 1.6 meV and are
thus even softer than those of the conjugated protein (see
Fig. 4). In Fig. 4 these modes are compared with the modes
observed in the hydration water of perdeuterated MBP [33]
(data reported as D-MBP/H,0 in Fig. 4) and of hydro-
genated Mb (data extracted from the literature [35]).

A first conclusion from our QENS analysis is that the
nature of polymer and protein dynamics is qualitatively
similar, as the same physical model can be used to fit the
data from both H-Mb/D-polymer and D-Mb/H-polymer
[Fig. 1(a) and Fig. S1 in the SM]. The parameters obtained
from fitting, however, reveal significant differences. At
temperatures above ~250 K the jump distance d has a
steplike temperature dependence in Mb, while it markedly
increases in the polymer [Fig. 1(b)], revealing diffusivelike
motions in the polymer that are absent in the protein. This
contrast between confined motions in the protein and
diffusivelike motions in the polymer was confirmed by
MD simulations (Fig. 2). The increase in d occurring above
~250 K [Fig. 1(b)] indicates a dynamical change in the

polymer. In energetic terms, the states accessible to the
polymer at temperatures above 250 K correspond to
structural configurations where hydrogen atoms perform
larger-amplitude motions. Conversely, the interactions
stabilizing protein conformations do not allow a change
in the conformational degrees of freedom of the protein.
The change in the polymer structural dynamics revealed by
the temperature dependence of d [Fig. 1(b)] correlates with
a change in the temperature dependence of Mb energetic
parameters. The temperature dependence of the free energy
difference AG has an inflection point at ~250 K (Fig. S8 in
the SM) from AG ~ 50 kJ/mol at low temperature to AG ~
10 kJ/mol at high temperature, revealing that higher
energy states become thermally accessible to the protein
above ~250 K. The possibility for protein hydrogen atoms
to visit these states gives rise to the large amplitude motions
revealed by the steep increase in MSDs at temperatures
above the dynamical transition [15]. The temperature
dependence of the rate I" shows a clear change in the
same temperature region and becomes similar for the
polymer and the protein above ~250 K [Fig. 1(c)],
revealing a strong coupling between them.

The dynamical behavior of the protein-polymer hybrid
can be summarized as follows. The polymer corona under-
goes a structural-dynamical change related to a calorimetric
glass transition at ~200 K (Fig. S2 in the SM), which is
detected at 250 K on the timescale probed by the neutron
spectrometer (nanosecond-picosecond). Above this transi-
tion, the polymer conformational freedom is progressively
enhanced via an increase of the atomic confinement
volume, mimicking diffusivelike motions. The time and
space scales accessible by the QENS data presented here
allow to probe the local segmental motion of polymers [36]
activated above the glass transition. Structural evidence
from small angle scattering and simulations [31] and our
QENS data suggest a geometrical confinement of polymer
chains on the nanosecond-picosecond timescale, yet our
data do not enable us to discern if such a confinement gives
rise to a reptation motion [37,38]. The dynamics of the
protein, which is embedded in the polymer corona and
interacts electrostatically with it, correlates with the change
in polymer dynamics described above: at ~250 K, higher
energy states become accessible and the rate of anharmonic
motions starts following exactly that of the polymer,
originating in the dynamical transition evidenced by
MSDs [15]. We note that other protein-polymer hybrids
investigated recently do not show the same behavior: they
lack a dynamical transition in the absence of water, as well
as the polymer glass transition [39].

The dynamical properties of the polymer qualitatively
resemble those of hydration water previously analyzed by
QENS and MD simulations [8]. Indeed, the polymer
(i) shows diffusivelike motions (Fig. 2), (ii) exhibits an
apparent dynamical and thermodynamical transition at
~240 K [Fig. 1(b)], and (iii) is dynamically coupled to
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the protein, in particular above this temperature [Fig. 1(c)].
However, there are quantitative differences in the amplitude
of the dynamics between the polymer and hydration water,
as shown by MD simulations. Diffusivelike motions
observed in both polymer and water are more populated
and have a higher diffusion coefficient in hydration water
[Fig. 3(a)]. In addition, the protein-polymer HB network is
significantly less dynamic than the protein-water HB net-
work [Fig. 3(b)]. The lower dynamics of the polymer
compared to hydration water corroborates the previous
proposal that the reduced conformational freedom of the
polymer might allow an increased stabilization of the
protein in the hybrid [11]. Although the mb-polymer hybrid
has been shown to be biologically active, the slower
dynamics in the polymer compared to hydration water is
likely to affect the dynamics of the protein activity, in
agreement with the previous observation that O, binds
much faster to hydrated Mb than to Mb in the hybrid [9].

INS data indicate that Mb vibrational properties are
strongly affected by the polymer corona. Mb low-frequency
modes are softened in the hybrid with respect to the
hydrated protein, most likely due to both the different
nature of protein interactions with its environment (poly-
mer or water) and the distribution of vibrational modes of
the polymer matrix. The importance of protein low-fre-
quency modes in determining the dynamics accompanying
functional reactions at catalytic sites has been demonstrated
[40,41] and recently reviewed [42]. We speculate that
replacing hydration water by a polymer corona, even if
the overall Mb flexibility is preserved [9,15], affects protein
reactivity by suppressing vibrational modes directly
involved in functional protein processes like ligand binding
and release [41,43]. Further developments of protein-
polymer hybrids for specific biotechnological applications

might focus on conserving the vibrational properties of
hydrated proteins and increasing the polymer dynamics.
This might be achieved, for instance, by weakening the
interpolymer interactions or by lowering the molecular
weight of the polymer to reduce the microscopic viscosity.
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