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Dynamic entity formed by protein and its hydration water
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The interaction between protein and water plays a pivotal role in shaping the structure, dynamics, and function
of biomacromolecules. A comprehensive understanding of this intricate interplay necessitates a systematic
evaluation of interaction strength and its consequential impact on the dynamics of proteins and water across
diverse protein systems. Despite numerous works on understanding the dynamics of water and proteins and the
coupling between them, there are still unanswered questions. Here, we combine neutron scattering and isotope
labeling to probe the dynamics of proteins and their hydration water in a variety of protein systems. We consider
proteins of different structures and varying thermostability as well as proteins within living cells with distinct
growth temperatures. Simultaneous characterization of protein and hydration water dynamics across diverse
systems was achieved. Moreover, we performed water sorption isothermal measurements on three representative
proteins to correlate the observed dynamics with the strength of the interaction energies governing each system.
The experimental results underscore that proteins manifesting stronger attractive interactions with water display
diffusionlike dynamics with higher flexibility upon hydration, concomitant with a reduced mobility in hydration
water. Significantly, our findings suggest that, in fact, it is the interaction between protein and its hydration water
that facilitates the transfer of mobility from water to protein, with stronger interactions correlating to greater
protein flexibility and slower hydration water diffusion.
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Protein hydration water assumes pivotal roles in numer-
ous biological activities, encompassing but not limited to
protein folding, ligand recognition, proton transfer, and en-
zymatic catalysis [1-3]. A comprehensive exploration of
these diverse functions necessitates a meticulous examina-
tion of the dynamics of both protein and its hydration water,
coupled with an in-depth understanding of their intricate
interactions. To probe these dynamics, researchers have em-
ployed a diverse array of experimental techniques, such as
nuclear magnetic resonance (NMR) [4—6], neutron scattering
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[7-11], femtosecond fluorescence spectroscopy [12-14], and
dielectric spectroscopy [15—17], among others [18-21]. Com-
plementary insights into molecular details of protein-water
interactions have been gleaned through the application of
molecular dynamics (MD) simulations [22-25]. The discus-
sion on protein-water interaction has seen an abundance of
research, with only a fraction of the literature cited. Despite
these endeavors, the intricate interplay between protein and
its hydration water remains a subject of extensive debate.
Notably, Frauenfelder et al. [15,26] and Fenimore et al. [16]
have posited a coupling effect between conformational fluctu-
ations in proteins and the dynamics of the solvent, primarily
composed of water molecules. However, insights drawn from
NMR [27] and electron spin resonance [28] studies suggest
a potential decoupling of the dynamics of internal protein
residues from that of the solvent. Furthermore, predominant
studies on the hydration water of intrinsically disordered pro-
teins (IDPs) consistently reveal more restricted water motions
on the IDP surface than folded proteins [7,29-32]. Conversely,
a simulation study has suggested that water molecules hy-
drating a disordered protein (AfS;_4,) exhibit relatively faster
dynamics than those hydrating a globular protein (ubiqui-
tin) [33]. Consequently, a more profound understanding of
protein-water interactions demands the simultaneous charac-
terization of the individual dynamics of protein and its hydra-
tion water across a spectrum of protein-water model systems.

Neutron scattering is an ideal technique to probe dynamics
in biological systems, as one can probe water and biomass
independently. Moreover, it has also been proven to be useful
to look not only at model systems but at real, more complex,
systems, e.g., living cells [34]. The versatility of neutron
instruments, with varying energy resolutions, provides a valu-
able means to explore the dynamics of the proteome [35,36],
hydration water [37,38], and bulklike water [39,40] within
living cells. Notably, neutron instruments with energy reso-
lutions of 0.8 and 17 ueV can probe the motions at the time
scales of ~1 ns and ~60 ps and thereby have been used
to elucidate the diffusionlike dynamics of the proteome and
intracellular water in Escherichia coli, respectively [36,39].
The substantial incoherent scattering cross-section of hydro-
gen (H), exceeding that of other elements by at least an order
of magnitude, bestows upon neutron scattering the distinc-
tive ability to discern the diffusion dynamics of hydration
water from those of the protein, and vice versa, particularly
through isotopic labeling. This inherent capability establishes
neutron scattering as an ideal methodology for characterizing
the individual dynamics of protein and its hydration water
within a hydrated protein system [24,29,41]. In addition to
probing the diffusion dynamics of protein and its hydra-
tion water, neutron and x-ray scattering can characterize a
range of complex protein collective dynamics involving the
so called fast sound in the terahertz range, extending be-
yond the diffusionlike motions discussed above. For instance,
Brillouin-like low-frequency collective modes have been ob-
served in both dry and hydrated proteins by means of neutron
scattering [42,43]. The structural and dynamical properties
of hydrated proteins, as measured by x-ray scattering, have
been demonstrated to correlate with the short-time collective
vibrational motions intrinsic to proteins [44]. Additionally,
collective dynamics are also observed in water [45-49]

and other biochemical systems, such as DNA [50,51], lipid
membranes [52,53], and living cells [54] using coherent neu-
tron scattering. Importantly, both diffusionlike dynamics and
fast collective vibrational motions of protein and its hydration
water can affect the functionality of the biological molecules.

In this paper, neutron instruments with variable resolu-
tions were employed to assess the diffusionlike dynamics
of the proteome and its hydration water in diverse liv-
ing cells. The proteome of the mesophile displayed the
highest flexibility, followed by the thermophile, while the
hyperthermophile showed the most rigid proteome dynamics.
Conversely, the hydration water of the mesophile exhibited
the slowest movement, contrasting with the hydration water
of the hyperthermophile, which demonstrated the most rapid
diffusion. Additionally, three groups of globular proteins with
distinct structures were selected for a more detailed investi-
gation. Combining neutron scattering with isotope labeling,
we probed the diffusionlike dynamics of individual proteins
within each group and their corresponding hydration water
dynamics. Strikingly, an inverse correlation was observed be-
tween the dynamics of a hydrated protein and its hydration
water, indicating that protein with greater flexibility exhibited
slower motion of its hydration water across all three protein
groups. This observation aligns with prior reports emphasiz-
ing the increased flexibility of IDPs compared with globular,
folded proteins, along with more restricted water motions on
the IDP surface [29]. Moreover, water sorption isothermal ex-
periments suggested that proteins with stronger attractive in-
teractions with water displayed increased flexibility upon hy-
dration. These experimental findings unveil the potential sce-
nario wherein protein may acquire mobility from its hydration
water through interaction, highlighting the formation of a dy-
namic entity through the coupling between protein and water.

II. MATERIALS AND METHODS
A. Materials

All cellular specimens and cytochrome P450s (CYPs) un-
derwent preparation at Shanghai Jiao Tong University (SJTU).
The provision of green fluorescence protein (GFP) was fa-
cilitated by H.O. and Q.Z. at Oak Ridge National Lab.
Hydrogenated lysozyme (LYS) sourced from chicken egg
white, hydrogenated myoglobin (MYO) from equine skeletal
muscle, and deuterium oxide (D,0O, 99.9 atom % D) were
procured from Sigma Aldrich (Shanghai, China).

B. Sample preparation

E. coli BL21 underwent aerobic cultivation in LB medium
at 37°C, whereas Zhurongbacter thermophilus 3DAC and
Thermococcus eurythermalis A501 were anaerobically cul-
tured in TRM medium which contained 4 g/L tryptone, 1 g/
yeast extract, 23 g/LL NaCl, 5 g/L. MgCl, e 6H,0, 0.02 g/L
CaCl,, 0.01 g/L SrCl,, 0.05 g/L NaBr, 1 mL 10 mM NaWOy,
0.06 g/LL KH,PO4, 0.06 g/ K,HPO,4, 0.5 mL/L Resazurin,
and 1 mL 25 mM FeCl; ¢ 6H,0 (pH 7.0 and 2.3% NaCl) at
70 and 85 °C, respectively, following previously established
batch culture procedures [36,55,56]. Harvesting of all cells
occurred during the late exponential phase through centrifu-
gation at 6000 x g at 4°C for 10 min. Subsequently, the cell
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samples were converted into aluminum sample containers for
neutron scattering in anaerobic conditions and stored within
anaerobic bags.

Prior to usage, LYS and MYO underwent dialysis.
Cytochrome P450 101 (CYP101), cytochrome P450 119
(CYP119), and GFP were internally prepared in both hy-
drogenated and perdeuterated forms. The expression and
purification protocols for hydrogenated and perdeuterated
CYP101, CYP119, and GFP adhered to previously outlined
methods [57-59]. For simplicity, the prefixes H and D de-
note hydrogenated and perdeuterated, respectively. All five
hydrogenated proteins were dissolved in D, O to ensure the ex-
changeable hydrogen atoms underwent deuteration, followed
by a 12 h lyophilization period. Similarly, the exchangeable
deuterium atoms in D-CYP and D-GFP were replaced with
hydrogens by dissolving them in H,O, subsequently undergo-
ing lyophilization.

The protein hydration process was executed within a glove
box, partially filled with H,O (or D,0), and subjected to inert
gas purging to mitigate atmospheric water interference [60].
Protein samples were hermetically sealed in a desiccator to
facilitate water adsorption until achieving the desired hydra-
tion level (h, gram water/gram protein). The determination
of hydration levels relied on precise weight measurements
before and after water adsorption. Ultrapure water (H,O)
was sourced from a Millipore Direct-Q system (18.2 MQ cm
at 25°C), while deuterium oxide (D,0, 99.9 at. % D) was
procured from Sigma Aldrich (Shanghai, China). The result-
ing samples for elastic and quasielastic neutron scattering
(QENS) are detailed in Table S1 in the Supplemental Ma-
terial [61], with the protein samples meticulously sealed in
aluminum cans within the glove box before neutron scattering
experiments.

C. Determination of the chemical compositions
of 3DAC and A501

DNA, RNA, and proteins were concurrently isolated uti-
lizing a coextraction methodology to elucidate the chemical
compositions of 3DAC and A501. Differential solubilities in
organic and inorganic solutions facilitated the simultaneous
separation of nucleic acids and proteins from a singular sam-
ple. Subsequent extraction involved the individual isolation of
nucleotides, with % allocated for DNA purification and the

remaining 2 for RNA purification, while all proteins under-
went puriﬁéation. Concentrations of DNA, RNA, and protein
(expressed in mg/mL) were assessed using nanodrop. The
concrete volume of the solution was precisely determined
through the DNA and RNA dissolution process during coex-
traction. The quantification of the weight of isolated DNA,
RNA, and protein was conducted by considering the specific
volume and concentration of their respective solutions. The
total weights of DNA and RNA were adjusted based on a
factor of 3 and % according to the ration of volume utilization
of nucleotides solution. The resulting relative dry weights are
detailed in Table S2 in the Supplemental Material [61].

D. Small angle x-ray scattering (SAXS)

In situ synchrotron small angle x-ray scattering (SAXS)
measurements were performed at the BL19U2 beamline

within the Shanghai Synchrotron Radiation Facility (SSRF),
utilizing an x-ray wavelength of 0.103 nm. E. coli samples
were dissolved in LB medium, while 3DAC and A501 were
dissolved in TRM medium supplemented with 1% (v/v) Na,S
to prohibit the influence of oxygen. Each strain maintained
a cell density of ~0.7 x 108 mL~". For uniform suspension,
samples were carefully resuspended with a pipet before mea-
surements. The cell suspensions were loaded into a silica
cell and gently refreshed using a syringe pump to prevent
x-ray damage. Measurements were conducted at various tem-
peratures ranging from 25 to 70°C, with a heating rate of
5°C/min, and each sample was equilibrated for 10 min at
each measuring temperature. To calculate the absolute inten-
sity of the samples, empty cells and buffers were measured at
corresponding temperatures. Two-dimensional (2D) diffrac-
tion patterns were captured by the Pilatus 2 M detector,
featuring a resolution of 1043 x 981 pixels with dimensions
of 172 x 172 um. Twenty consecutive 2D images were ac-
quired, each with a 1 s exposure time per frame. These 2D
scattering patterns were subsequently integrated into one-
dimensional (1D) intensity curves using the RAW software
[62], with frames exhibiting no radiation damage selected for
further processing.

E. QENS

The QENS signal manifests as a broadening around the
elastic line and is ascribed to diverse motions occurring within
the temporal constraints of the spectrometer. In the context
of a neutron scattering experiment, insights into MD are
gleaned by evaluating the dynamic structure factor, denoted
as S(q, AE). This factor encapsulates the likelihood of an
incident neutron partaking in a scattering event, involving the
transfer of both momentum (q) and energy (AE). The resul-
tant experimental scattering function Syeasurea(q, AE) can be
represented by

hw
Smeasured(q’ AE) = exXp (—m)R(q, AE) & S(q’ AE),

ey

where exp(—hw/2kgT) is a detailed balance factor, and
R(q, AE) denotes the experimentally determined resolution
function, convoluted with the scattering model S(q, AE). This
model encapsulates the dynamic intricacies of the sample,
comprehensively addressing all components of its dynamical
system. In hydrogenous samples, the dominance of incoherent
scattering in S(q, AE) is noteworthy, given the substantially
higher incoherent scattering cross-section of hydrogen atoms
than other atoms. The term Sj,.(q, AE) corresponds to the
self-correlation function or incoherent dynamic structure fac-
tor, expressed as the summation of both elastic and inelastic
contributions:

Sinc(@, AE) = exp(—q”(u*))Ao(Q)S(AE)
+[1 —Ao(q)IL(q, AE), (2
where the exponential term, exp(—q®(u?)), is the Debye-
Waller factor, Ao(q)S(AE) delineates the elastic contribution

attributed to motions exhibiting time scales slower than the
longest observable time, dictated by the energy resolution of
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the spectrometer. The subsequent term in the equation char-
acterizes the quasielastic component. The direct provision of
temporal and spatial information on the investigated system
is facilitated by Sinc(q, AE) directly provides time/space in-
formation on the system investigated: temporal insights are
derived from the neutron energy transfer (AE), and spatial
characteristics are elucidated through the momentum scatter-
ing transfer (q). As the QENS data in the time domain are
inherently exponential, their representation in the energy do-
main involves the approximation using Lorentzian functions
with varying widths, I" [full width at half maximum (FWHM)
= 2 x half width at half maximum (HWHM)], describing
motions transpiring on diverse time scales:

Loy = ~— )
= 5.
T (3)

The examination of the dependency of each I value on q
enables a comprehensive analysis, offering detailed insights
into the distinct dynamical components that collectively con-
tribute to the comprehensive QENS profile observed in the
experimental setup.

FWHM parameters were derived from the Lorentzian func-
tions characterizing specific dynamical components inherent
in the system. This extraction facilitated the determination
of key parameters such as translational diffusion coefficients
(D), jump times (tr), and correlation times associated
with localized motions of cellular macromolecules (). The
analysis of translational Lorentzians incorporated a jump-
reorientation mechanism, described by the equation [63,64]:

Drq?

Fr(q) = —————.
T D™

“
where Dy denotes the translational coefficient at temperature
T, while 73" corresponds to the translational jump time,
signifying the mean residence time of a water molecule within
each conceivable location.

The QENS data for E. coli, 3DAC, and A501 cell samples
were acquired using the DNA spectrometer at J-PARC in
Japan, employing a resolution of 13 ueV. The experiments
covered a q range from 0.025 to 1.975A~! and an energy
transfer window from —500 to 1500 ueV. The data collection
for E. coli, 3DAC, and A501 occurred in the temperature
ranges of 4-30, 4-70, and 4—70 °C, respectively, employing a
heating rate of 1.0 K/min. Corrections for detector efficiency
were applied to the QENS spectra, and resolution functions
were independently determined through calibration runs for
vanadium. The QENS spectra fitting, performed within the q
range of 0.325-1.825 A~ and energy transfer range of —500
to 1500 ueV, utilized the MANTID program 6.8.0 [65]. The
fitting incorporated one delta function (representing the elastic
component) and three Lorentzians (representing quasielastic
contributions), as illustrated in Fig. S1 in the Supplemen-
tal Material [61] (see also Refs. [29,66-70] therein). These
components were assigned to specific dynamical populations:
(1) very slow motions of the largest organelles, cytoskele-
ton, and global macromolecular motions within the cell; (2)
slow diffusion of cellular water molecules (hydration water);
(3) fast diffusion of cellular water molecules (bulklike water);
and (4) internal localized motions of macromolecules and/or
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FIG. 1. Dynamics of three representative globular proteins and
their hydration water. (a) Dynamic structure factor S(q, AE) of
lyophilized hydrogenated green fluorescence protein (GFP), myo-
globin (MYO), and lysozyme (LYS), which are denoted as “dry
H-protein.” S(q, AE) of hydrogenated GFP, MYO, and LYS hy-
drated in (b) D,O and (c) H,O at & = 0.3, which are denoted
as “H-protein + D,O” and “H-protein + H,O,” respectively. (d)
S(q, AE) of hydration water, obtained as the difference between
S(q, AE) of H-protein + H,O and that of H-protein + D,0, denoted
as “hydration water.” GFP, MYO, and LYS are represented by black
squares, red dots, and blue triangles, respectively. The insets in (b)
and (d) illustrate the local details of the spectra for H-protein + D,O
and hydration water, which are enclosed in green blocks. Spectra
were collected at DNA with a resolution of 3ueV at 280 K and
normalized to maximum peak intensity.

fast rotation of water molecules within the cellular medium.
The extraction of dynamic information regarding hydration
water in the cell was achieved through the fitting of the QENS
curves (Fig. S2 in the Supplemental Material [61]).

For CYP101 and CYP119, the QENS spectra were ob-
tained in D-protein + H,O form at 280 K using the OSIRIS
instrument with a resolution of 25.4 ueV at ISIS in the UK.
The experimental data covered a q range from 0.244 to
1.814 A~!, capturing the energy transfer window from —376
to 1420 ueV.

For the three representative globular proteins, namely, GFP,
LYS, and MYO, QENS were conducted on dry H-protein,
H-protein + D,0, and H-protein + H,O form at 280 K. The
experiments were carried out using the DNA spectrometer
with a resolution of 3ueV and within the energy transfer
range from —40 to 100 ueV at J-PARC in Japan. The acquired
S(q, AE) data were integrated over the q range spanning from
0.175 to 1.825 A" and normalized to ensure consistent peak
intensities over energy for comparative analysis. To elucidate
the S(q, AE) of hydration water on H-proteins [see Fig. 1(d)],
we performed spectral subtraction by appropriately normal-
izing the spectra of H-protein + D,O and H-protein + H,O,
ensuring the ratio of integrals of their corresponding S(q, AE)
matched the ratio of hydrogen atoms in each system.
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F. Elastic incoherent neutron scattering

The elastic scattering intensity, denoted as S(q, At), corre-
sponds to the elastic peak within the dynamic structure factor.
This intensity is conventionally normalized concerning the
lowest temperature, typically ~10 K, or with respect to the
resolution function. It approximates the value of the interme-
diate scattering function as it decays to the resolution time of
the instrument At [35,71]:

S(q, At) ~ Inc(q, At)
1 N

= 2 b inclexpl—iq - ;(0)]
J

x expliq - r;(A1)]), )

where N is the total number of atoms, b;;,. signifies the
incoherent scattering length associated with a specific atom j,
and r; denotes the position vector of said atom. The brackets
encapsulate an ensemble and orientation average, while q rep-
resents the scattering wave vector. Here, fi,.(q, At) elucidates
self-correlations intrinsic to atomic motions.

The elastic scattering intensity is calculated by the convo-
lution of the experimentally measured structural factor and the
resolution function:

S(q, AE = 0) = /S(q, AE)-R(q,0 — AE)d(AE). (6)

For the cell samples, the neutron scattering experiments
of E. coli, 3DAC, and A501 were carried out using the
backscattering Emu spectrometer at ANSTO in Australia with
a resolution of ~1 ueV, equivalent to a time scale of ~1 ns.
These experiments were designed to scrutinize the dynamics
of the cellular proteome. The elastic scattering intensities
S(q, At) for E. coli, 3DAC, and A501 were acquired over a
temperature range spanning 430, 4-70, and 4—70 °C, respec-
tively, during over a controlled heating process at a rate of
1.0 K/min. The q values of the collected data ranged
from 0.27 to 1.97A~'. A vanadium sample served as a
reference for defining instrument resolution and correcting
detector efficiency. The intensity data underwent corrections
for sample container and buffer scattering, followed by nor-
malization using vanadium scattering to generate S(q, Ar)
as a temperature-dependent function for each sample. The
sample containers were situated in a nitrogen exchange
gas atmosphere to ensure a uniform temperature profile.
Mean-squared displacement (MSD), (x*(At)), were esti-
mated utilizing a Gaussian approximation, where S(q, At) =
exp —éqz(xz(At))], in the q range from 1.30 to 1.97 A~!,
corresponding to a spatial-temporal measurement window of
a few Angstroms in ~1 ns.

For GFP and CYP119, S(q, At) datasets were collected
across various forms, including dry proteins, H-protein +
D;0, and D-protein + H,0, within the temperature range of
~10-300 K during a controlled heating process at a rate of
1.0 K/min. These measurements were conducted employing
the high flux backscattering spectrometer (HFBS) at the NIST
Center for Neutron Research in the U.S., offering a resolu-
tion of ~1 ueV. Meanwhile, CYP101 was examined in both
dry and hydrated forms in D,O under the same conditions.
The energy resolution of HFBS approximates 1 ueV, corre-

sponding to Ar ~ 1ns. Given that samples were prepared
for neutron transmission over 0.9, no correction for multiple
scattering was applied, as the impact of multiple scattering can
be considered negligible under these conditions [72]. The q
range of our measurement spans from 0.36 to 1.75 A~!. MSD
was determined utilizing the Gaussian approximation in the q
range from 0.36 to 1.32 A1,

G. Water sorption isothermal experiment

Multitemperature isotherms at 280, 288, 293, 298, and
303 K were conducted for GFP, LYS, and MYO using the
MicrotacBEL BELSORP-max II apparatus at ShanghaiTech
University, China. Preceding each adsorption measurement,
a meticulous degassing procedure was implemented at room
temperature overnight for all protein samples, ensuring the
removal of moisture and other contaminants, facilitated by the
Quantachrome FloVac system. Each adsorption-desorption
cycle commenced from the dry state, with the sample exposed
to water vapor until reaching a relative vapor pressure p, =
p/po = 0.9. Here, p denotes the equilibrium water vapor pres-
sure corresponding to a given temperature and hydration level
(h), while pq signifies the saturated value. Subsequently, the
p/po values were systematically reduced to zero with step
intervals ranging from 0.02 to 0.05. To prevent potential irre-
versible structural changes in the protein molecule induced by
exhaustive drying [73], only the desorption isotherms within
the p/po range of 0.9-0.1 were considered for the analysis of
the thermodynamic properties of the system.

The differential thermodynamic characterizing protein hy-
dration can be deduced from the following equations:

AG = RTn Y = RTnp,, %)
Po
dlnp, dlnp,
AH = —RT*( S25) =1000 x R| ——br | (3)
ar ), d(%)
h

dinp,
AS = —RT
ar

) — Rlnp,, ®
h

where R is the gas constant, and p and p, represent the experi-
mental equilibrium water pressure and the saturation pressure
of bulk water, respectively. Here, AG denotes the alteration in
Gibbs free energy when a mole of water molecules is adsorbed
onto the protein relative to the bulk water, and AH and AS
correspond to the associated enthalpy and entropy changes.
The van’t Hoff plots, specifically In p, vs 1000/T, exhibited
linearity across all three systems within the hydration levels
spanning from 0.1 to 0.3. This linearity suggests that AH is
exclusively determined by & within the investigated hydration
range. The enthalpy terms were assessed through linear fits,
while the entropy terms were derived as the intercepts of
the van’t Hoff lines upon extrapolation to 1000/7T = 0 (see
Fig. S3 in the Supplemental Material [61]).

III. RESULTS
A. Dynamics of proteome and the hydration water in living cells

In a preceding investigation, we focused on three microor-
ganisms to assess the diffusionlike dynamics of the proteome
within living cells [36]. The first microorganism E. coli is
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a mesophilic bacterium with a growth temperature range of
21—49°C and an optimal temperature of 37 °C [74]. The sec-
ond microorganism is 3DAC, characterized as a thermophilic
bacterium with a growth temperature range of 30—75 °C and
an optimal temperature of 70 °C [55]. The third microorgan-
ismis AS501, identified as a hyperthermophilic archaeon with a
growth temperature range of 50—100 °C and an optimal tem-
perature of 85 °C [56]. The overall compositions of these three
cells exhibit minimal variation between cell types, with pro-
teins constituting the most abundant dry weight cellular com-
ponent (see Table S2 in the Supplemental Material [61]). This
suggests that despite the sample being fully hydrogenated,
proteins predominantly contribute to the neutron signal.
Meanwhile, cellular water has minimal contribution within
the time window accessible on Emu, a spectrometer for elastic
neutron scattering, at a resolution of ~1 peV. Consequently,
the neutron signals at Emu predominantly portray the self-
diffusive dynamics of the average protein or proteome in the
cytoplasm [35,75,76]. As illustrated in Fig. 2(a), the proteome
in E. coli demonstrates the highest flexibility, succeeded
by 3DAC, while the hyperthermophile exhibits the most
rigid proteome. This outcome aligns with previous neutron
experiments [35,76], where thermophiles exhibited greater
macromolecular rigidity than mesophiles, indicating that pro-
teins in thermophiles are more likely to possess stronger
intramolecular interactions to adapt to higher temperatures.
Furthermore, our investigation encompasses an explo-
ration of the diffusion dynamics of cellular water and
biomacromolecules in the three microorganisms under study.
Previous studies have indicated that QENS with a resolution
of ~15ueV can reveal contributions to cellular dynamics
categorized into four components: (i) very slow motions of
biomacromolecules, (ii) slow diffusion of hydration water
molecules, (iii) fast diffusion of water molecules beyond hy-
dration shells, and (iv) localized motions of macromolecules
and water molecules [37,38]. Considering that proteins con-
stitute the majority of the dry weight cellular composition,
and the size of most proteins (2—5 nm) [77] is much smaller
than that of ribosomes (21 nm) [78], it is reasonable to as-
sume that neutron signals from hydration water molecules are
predominantly influenced by the hydration water surround-
ing the proteome. Therefore, we can reveal the diffusion
dynamics of hydration water on proteins and water beyond
hydration shells in living cells by using QENS at ~15 ueV.
Subsequently, QENS data at a resolution of 13 ueV were
collected for 3DAC and A501 in the temperature range from
4 to 70 °C, while the dynamics of E. coli were probed from
4 to 30°C. SAXS measurements indicated that no signif-
icant changes were observed within the temperature range
examined for cellular dynamics, suggesting that the biomacro-
molecules remain structurally intact [79] (see Fig. S4 in the
Supplemental Material [61]). Following the analytical method
used in Ref. [38], we extracted the diffusion dynamics of
hydration water molecules and the water molecules beyond
the hydration shells from the QENS data (see Figs. S1 and
S2 in the Supplemental Material [61]). Figure 2(b) illustrates
a remarkably similar diffusion coefficient Dyyjixe between
water molecules beyond the hydration shells in different cells
at various temperatures. These water molecules exhibited only
slightly slower diffusion than bulk water, earning them the
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FIG. 2. Dynamics of proteome and cellular water in living cells.
(a) Mean-squared displacement (MSD) of proteome in E. coli (black
squares), 3DAC (red dots), and A501 (blue triangles) as a function of
temperature. The data were extracted from Ref. [36] and replotted.
(b) Diffusion coefficients Dyyike Of bulk water (green stars) and
bulklike water in E. coli (black squares), 3DAC (red dots), and A501
(blue triangles) as a function of temperature. (c) Diffusion coeffi-
cients Dyyaraion Of hydration water in E. coli (black squares), 3DAC
(red dots), and A501 (blue triangles) as a function of temperature.
Error bars represent one standard deviation.

designation of bulklike water. Notably, the hydration water of
the proteome in A501 exhibited the fastest diffusion, followed
by that in 3DAC, while the hydration water of the proteome
in E. coli moved most slowly [see Fig. 2(c)]. Our neutron ex-
perimental findings demonstrated that the hyperthermophilic
AS501 possessed the most rigid proteome and the most rapid
diffusion of hydration water of the proteome, whereas the
mesophilic E. coli exhibited the most flexible proteome and
the slowest motion of hydration water of the proteome. The
dynamics of the proteome and its hydration water exhibited
an inverse correlation in these three microorganisms, wherein
a less dynamic proteome corresponded to faster diffusion of
its hydration water. Based on this observation, we postulated
whether this inverse correlation between the dynamics of pro-
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FIG. 3. Dynamics of CYP101, CYP119, green fluorescence protein (GFP), and their hydration water. Mean-squared displacements (MSDs)
of CYP101 and CYP119 in the (a) dry and (b) hydrated forms as a function of temperature. (c) Quasielastic neutron scattering spectra of
hydration water on CYP101 and CYP119 at OSIRIS with a resolution of 25.4 ueV at 280 K. Spectra in (c) were normalized to maximum peak
intensity. The results of CYP101 and CYP119 are expressed as black squares and red dots, respectively. MSDs of GFP and CYP119 in the (d)
dry and (e) hydrated forms as well as (f) the hydration water as a function of temperature. The results of GFP and CYP119 are presented as
blue triangles and red dots, respectively. The elastic scattering intensity datasets were collected at HFBS with a resolution of ~1 ueV. Error

bars represent 1 standard deviation.

teome and its hydration water also holds for the correlation
between the dynamics of a protein and its hydration water, i.e.,
a more flexible protein has slower hydration water. Also, it is
noteworthy that a thermophilic protein can be more dynamic
than a mesophilic protein [80,81]. This prompts us to pose a
further question: Does the thermophilic protein with higher
flexibility exhibit slower hydration water motions than that on
a more rigid mesophilic protein?

B. Dynamics of proteins and their hydration water in the
mesophilic and thermophilic proteins

To address this question, we opted to explore the diffu-
sionlike dynamics of a mesophilic CYP101 in comparison
with its thermophilic counterpart CYP119. Despite these two
proteins sharing very similar secondary and tertiary structures
(see Fig. S5 and Table S3 in the Supplemental Material [61]),
their denaturation temperatures differ significantly, with a gap

of ~40°C (50°C for CYP101 vs 90°C for CYP119) [80].
To assess the dynamics of both proteins, we conducted elas-
tic neutron scattering experiments to determine the MSDs
of the proteins in both dry and hydrated forms (H-protein
+ D,0). As shown in Fig. 3(a), dry CYPI01 is slightly
more flexible than dry CYP119, while CYP119 demon-
strates higher MSDs when hydrated across the temperature
range from 200 to 300 K [see Fig. 3(b)]. For a quantitative
analysis of the hydration water diffusion dynamics, we per-
formed QENS on perdeuterated protein hydrated with H,O,
where the neutron signals predominantly capture the mo-
tion of hydration water [8]. As illustrated in Fig. 3(c), the
quasielastic component of water on CYP101 at 280 K appears
broader than that on CYP119, indicating increased mobility
in the former, in contrast with the dynamics observed in the
two proteins.

In addition, we chose another mesophilic protein GFP, with
a structurally distinct profile from that of CYP119 (see Fig. S5
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FIG. 4. Dynamics of protein and its hydration water for green
fluorescence protein (GFP) and CYP119. (a) Mean-squared displace-
ments (MSDs) of hydrated CYP119 (black squares) and its hydration
water (red dots). (d) MSDs of hydrated GFP (black squares) and
its hydration water (red dots). The blue arrows point out the tem-
peratures for the dynamic separation between the proteins and their
hydration water. Error bars represent one standard deviation.

and Table S3 in the Supplemental Material [61]), to juxtapose
the dynamics of the protein and its hydration water with those
of CYP119. As depicted in Figs. 3(d) and 3(e), GFP and
CYP119 exhibit analogous dynamics in their dry form, while
the hydrated CYP119 demonstrates greater flexibility than
the hydrated GFP. In contrast with the dynamic features of
the proteins, the hydration water moves more slowly around
the thermophilic CYP119 than around the mesophilic GFP
[see Fig. 3(f)]. These findings closely align with a previous
report [29] emphasizing greater flexibility in IDPs than
globular, folded proteins and more restricted water motions
on the IDP surface (Figs. S6(a) and S6(b) in the Supplemental
Material [61]). Moreover, the coupling effect between protein
and water can be assessed by comparing the temperature
dependence of their respective MSDs (Fig. 4). With increasing
temperature, they closely track each other up to 250 K in the
case of CYP119 but diverge at 220 K in the case of GFP. This
suggests a tighter coupling with hydration-water dynamics
for the thermophilic CYP119 than for the mesophilic
GFP. Similar observations were made when comparing
the protein-water coupling effect between an IDP and a
folded protein (Figs. S6(c) and S6(d) in the Supplemental
Material [61]). Based on these findings, we propose that
a more dynamic protein is highly likely to correspond to
less mobile hydration water due to their stronger coupling
interactions.

It is noteworthy that, for both dry and hydrated proteins,
the MSDs exhibit a sudden increase ~100 K, which is as-
sociated with the rotation of methyl groups on the protein
side chains (see Figs. S7(a) to S7(f) in the Supplemental
Material [61]) [82,83]. However, in contrast with dry protein,
the MSDs of hydrated proteins, including CYP101, CYP119,
and GFP, rapidly increase ~200 K, corresponding to the so
called dynamical transition (see Figs. S7(d) to S7(f) in the
Supplemental Material [61]) [84—87]. This transition has been
attributed to the hydration effect, where the motion of the side
chains of the protein is significantly driven by hydration water
[84,88]. The MSDs of the hydration water for both CYP119
and GFP, as depicted in Figs. S7(g) and S7(h) in the Supple-
mental Material [61], also commence ~200 K, corroborating
the driving role of hydration water. Additionally, we can ob-

iments on three representative globular proteins: GFP, LYS,
and MYO. These proteins manifest remarkable distinctions in
their secondary and tertiary structures (see Fig. S5 and Table
S3 in the Supplemental Material [61]), forming a gradient
from a protein predominantly characterized by S sheets to
one primarily constituted by an « helix. While both GFP and
MYO exhibit a singular domain, LYS comprises two domains
interconnected through a hinge region. The measured param-
eter in the QENS experiments is the dynamic structure factor,
denoted as S(q, AE), which elucidates the distribution of
dynamical modes in the system across energy AFE at a given q.
The explored energy range spans from a few microeletronvolts
to 100 ueV, corresponding to temporal scales of 10—100 ps.

Here, S(q, AE) datasets acquired at 280 K for the three
proteins are illustrated in Fig. 1, with each protein examined
in three distinct states: lyophilized in the dry state [Fig. 1(a)],
hydrated in D,O [Fig. 1(b)], and hydrated in H,O [Fig. 1(c)].
For brevity, these states are referred to as dry H-protein,
H-protein 4+ D,0, and H-protein 4+ H,O, respectively. The
hydration levels of the latter two, denoted as h, are both
0.3 g water per gram protein, roughly corresponding to a
monolayer of water enveloping the protein surface. Due to the
neutron incoherent scattering cross-section of hydrogen atoms
being an order of magnitude larger than the incoherent and
coherent cross-sections of other elements, the recorded neu-
tron signals predominantly depict the dynamics of hydrogen
atoms in the system [8,41,90]. Consequently, Figs. 1(a)-
1(c) delineate the diffusionlike dynamics of dry protein, the
motions of hydrated protein, and the combined mobility of
both protein and water in powder form, respectively. As de-
picted in Fig. 1(a), S(q, AE) of the three dry samples are
virtually indistinguishable, suggesting similar flexibility in
the lyophilized state despite substantial differences in their
structures. Upon hydration, S(q, AE) of the three proteins
(H-protein + D, 0) significantly broadens compared with that
of the dry sample (Fig. S8 in the Supplemental Material
[61]), signifying heightened protein dynamics upon hydra-
tion. More notably, S(q, AE) of the three hydrated proteins
differs [see Fig. 1(b)], with the quasielastic component being
broadest for LYS and narrowest for GFP. Thus, the rank-
ing of protein flexibility stands as Prys > Puyo > Pgrp once
they are hydrated by a monolayer of water. Here, the letter
P denotes protein.

Notably, S(q, AE) of the three proteins converges to an
approximately indistinguishable profile when characterizing
H-protein 4+ H,O, implying a close resemblance in the
combined mobility of protein and water across different
samples. By integrating Figs. 1(b) and 1(c), one can infer
an inverse correlation between the mobility of hydration
water and the flexibility of the protein, ensuring a comparable
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FIG. 5. Thermodynamic parameters of water sorption on three
globular proteins. All thermodynamic parameters of green fluores-
cence protein (GFP), myoglobin (MYO), and lysozyme (LYS) were
collected at the hydration level of 0.3 at 280 K. AH is the enthalpy
change when one mole of water molecules adsorbed to protein sur-
face by reference to bulk water at a given hydration level, and AS
is the corresponding entropy change. The results of GFP, MYO, and
LYS are expressed as black, red, and blue columns, respectively.

combined mobility in various systems. Consequently, the
mobility of hydration water on these three proteins is
expected to rank oppositely compared with the proteins, i.e.,
Worp > Wamyo > Wiys, where the letter W signifies hydration
water. This is further substantiated by Fig. 1(d), where the
subtraction of S(q, AE) of H-protein + D,O from that of
H-protein + H,O is employed to portray the diffusion dy-
namics of protein hydration water [designated as Sw(q, AE)]
[91], and the resulting Sw(q, AE) indeed exhibits the broadest
profile for water on GFP and the narrowest for that on LYS.

D. Interaction strength between protein and its hydration water

In addition to investigating the diffusionlike/diffusion dy-
namics of protein and its hydration water, we undertook
measurements to assess the interaction strength between these
two components in the context of the three protein systems.
Specifically, water sorption isothermal experiments were con-
ducted to quantify the enthalpy and entropy changes, AH and
AS, associated with water adsorption to the protein surface
at h = 0.3, using bulk water as a reference [73,92]. A neg-
ative AH value signifies hydrophilic hydration [92], and a
more negative AH indicates a stronger attractive interaction
between the protein and water [93]. As depicted in Fig. 5, AH
values for all three proteins are negative, with the absolute
values ranking as Prys > Puyo > Pgpp. This indicates that
LYS exhibits the highest affinity for water, while GFP displays
the least. Additionally, AS represents the entropy loss of water
upon adsorption to the protein surface, with a higher AS
value indicating that water experiences a greater restriction in
freedom upon adsorption. Figure 5 illustrates that the entropy
loss of protein hydration water follows the ranking Wiys >
Wmyo > Wgpp. Consequently, the mobility of the hydration
water should exhibit an opposite ranking, aligning precisely
with the observations in the neutron scattering experiments
[Fig. 1(d)].

By combining the outcomes of neutron scattering
experiments with water sorption isothermal data for the three
protein systems, it can be inferred that a heightened protein-
water interaction contributes to increased protein mobility
while concurrently diminishing the mobility of its hydration
water. Within the probed timeframe, water molecules exhibit
considerably greater mobility than protein residues. Following
the principles of the second law of thermodynamics, when
a swifter entity encounters a slower one, the mobility of the
former is inherently transferred to the latter through their
reciprocal interaction. Consequently, hydration inevitably
curtails the mobility of protein hydration water compared with
bulk water [8], concurrently augmenting protein flexibility
concerning the dry state (Fig. S8 in the Supplemental
Material [61]). A more robust interaction intensifies protein
flexibility by further constraining water mobility, providing
a rational explanation for the observations in Figs. 1 and 5.
In this paper, we unveil a hitherto unexplored mechanism
governing protein-water coupling, wherein the protein and its
hydration water collectively form a dynamically united entity.
Furthermore, the mobility of these two components can be
reciprocally adjusted by altering their interaction strength.

IV. DISCUSSION

In this investigation, neutron scattering experiments were
conducted to understand the diffusionlike/diffusion dynam-
ics of proteins and water in a systematic way, by choosing
proteins of different structures and characterized by varying
thermostability as well as living cells with distinct growth
temperatures. The outcomes reveal a discernible inverse cor-
relation between the flexibility of hydrated proteins and the
mobility of their hydration water. Subsequent water sorption
isothermal experiments elucidated that samples exhibiting
higher protein flexibility and lower water mobility concur-
rently manifest a greater attractive interaction energy between
the protein and water. The experimental results indicate that
the diffusionlike dynamics of the various dry proteins are
consistent, and the diffusionlike dynamics of the protein-
water combinations are indistinguishable (Fig. 1). However,
the individual dynamics of each component, protein and its
hydration water, are observed to change with the interac-
tions between them. These experimental insights collectively
propose a conceptual framework regarding the dynamics of
protein-water systems, positing that these two components
integrate into a unified dynamic entity. Within this entity,
the mobility of water is transferred to the enclosed protein
molecule through protein-water interaction, with stronger in-
teractions resulting in enhanced transportation. This finding
holds fundamental significance for comprehending the phys-
ical underpinnings of protein flexibility in the hydrated state
and its modulation across different biological species. Further-
more, our results harmonize with the theoretical framework
proposed by Mukherjee et al. [22], suggesting that an increase
in protein energy corresponds to a decrease in water energy
in accordance with the law of energy conservation. Given that
the dynamics of hydration water are dictated by the interaction
strength with the protein rather than the protein structure,
our findings offer an explication for the accelerated diffusive
motion of hydrated water on an IDP (ABj_42) compared
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with water molecules on a globular protein (ubiquitin) [33].
Additionally, notwithstanding the potential decoupling of the
dynamics of internal residues in proteins from the surrounding
matrix [27,28], we posit a delicately balanced reciprocation
between the dynamics of the protein and its hydration water
when treating all residues in the protein as an ensemble.

More importantly, as illustrated by the findings in Ref. [80],
the heightened thermal stability of CYP119 arises from the
increased dynamism of the protein in its folded state. This
enhanced dynamics reduces the entropy gain during denatura-
tion, consequently elevating the unfolding free energy barrier.
In this paper, we introduce a complementary perspective,
contending that the enhanced mobility of CYP119 in its na-
tive state is attributed to a stronger interaction with water
rather than its intrinsic structure. This implies that, through
smart design of amino acid sequences, nature has the capac-
ity to finely regulate the interaction strength between water
and distinct proteins within a given enzyme family. This
regulation leads to substantial dynamic distinctions among
these proteins without necessitating significant alterations to
their structures. The preservation of protein structures within
an enzyme family is of paramount importance to ensure
the execution of specific bioactivities, while the introduc-
tion of dynamical diversity may prove vital for adapting
a particular protein to a specific environmental context.
For instance, while CYP101 operates under ambient condi-
tions, CYP119 functions in hot springs with temperatures
exceeding 80 °C [67].

Furthermore, the observed inverse correlation between the
dynamics of protein and its hydration water aligns with the
intricate interplay between the proteome and its hydration
water within living cells. The proposed higher rigidity of the
proteome in thermophiles has been suggested as an adaptive
strategy to cope with elevated temperatures [35,76]. While it is
reasonable to anticipate that the hydration water surrounding
the proteome in thermophiles is more dynamic than that in
mesophiles, additional investigations are imperative to eluci-
date the specific role of the enhanced diffusion dynamics of
hydration water in the proteome during the thermal adaptation
of thermophiles.

In summary, in this paper, we employ neutron scattering
techniques to comprehensively characterize the dynamics of
proteins and their hydration water in diverse systems. We
unveil a reciprocal coupling effect governing the dynamics of
proteins and their hydration water across proteins exhibiting
distinct thermostability and structural variations. Furthermore,
this coupling phenomenon extends to the dynamics of the pro-
teome and its hydration water in living cells, illustrating that
a more flexible proteome corresponds to constrained motions
of its hydration water. Our water sorption isothermal exper-
iments elucidate that the weaker interaction between protein
and its hydration water leads to decreased protein flexibil-
ity and increased water mobility, emphasizing the dynamic
synergy between protein and its hydration water. It is worth
noting that structural flexibility plays a pivotal role in design-
ing proteins for specific ligand binding, adapting to extreme
environments (e.g., high temperature, pressure, or pH), and
targeted therapeutic applications. Through a focused inves-
tigation of thermophilic and mesophilic cytochrome P450s,
in this paper, we demonstrate the capacity of nature to

modulate protein-water interaction strength, thereby altering
protein flexibility without significant structural modifications.
This tunability is crucial for preserving the functionality of
diverse proteins within a given biological context while en-
abling adaptation to challenging environments. Consequently,
in this paper, we introduce a potential avenue for designing
proteins with tailored flexibility for applications in medical
or industrial settings through strategic mutations that adjust
biomolecular interactions with water. The profound insights
into the dynamic interplay between proteins and their hy-
dration water presented herein hold promise to engage a
broad audience, including those in food science [94], personal
care [95,96], pharmaceutical industries [97], and scientific
communities interested in protein folding, binding, and recog-
nition [2,3]. It is our expectation that these findings will
contribute to a deeper understanding across diverse scien-
tific and industrial domains focused on proteins and their
hydration water.

Data are available online [98].
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