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Understanding how protein rich condensates formed upon liquid—liquid phase separation (LLPS) evolve
into solid aggregates is of fundamental importance for several medical applications, since these are
suspected to be hot-spots for many neurotoxic diseases. This requires developing experimental
approaches to observe in real-time both LLPS and liquid—solid phase separation (LSPS), and to unravel
the delicate balance of protein and water interactions dictating the free energy differences between the
two. We present a vibrational THz spectroscopy approach that allows doing so from the point of view of
hydration water. We focus on a cellular prion protein of high medical relevance, which we can drive to
undergo either LLPS or LSPS with few mutations. We find that it is a subtle balance of hydrophobic and

Received 12th July 2023, hydrophilic solvation contributions that allows tuning between LLPS and LSPS. Hydrophobic hydration

Accepted 1st September 2023 provides an entropic driving force to phase separation, through the release of hydration water into the
DOI: 10.1039/d3cp03299; bulk. Water hydrating hydrophilic groups provides an enthalpic driving force to keep the condensates in

a liquid state. As a result, when we modify the protein by a few mutations to be less hydrophilic, we shift
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1. Introduction

Cellular compartmentalization and spatiotemporal control of
biochemical reactions have been longstanding questions in cell
biology. Cells contain membrane-defined compartments,
or organelles, that can physically segregate cellular regions.
Additionally, membrane-less compartments, such as stress
granules, nucleolus, and P-bodies, have also been observed
and garnered much interest in recent years. Evidence suggests
that liquid-liquid phase separation (LLPS), also referred to as
condensate formation, plays a vital role in the construction of
membrane-less bodies."™ Biomolecular condensates can
rapidly form upon stimulation and be dissolved when their
function is completed. They can serve as reaction centers for
biochemical processes or storage centers for biomolecules
under stress conditions. Interestingly, many proteins that can
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from LLPS to LSPS. This molecular understanding paves the way for a rational design of proteins.

undergo LLPS contain intrinsically disordered regions (IDRs) or
low complexity domains (LCDs) that enable multivalent inter-
actions. Recently, it has been evident that many pathogenic
proteins linked to neurodegenerative disease can undergo LLPS
in vitro and in cellulo.>>” This has led to a hypothesis that the
formation of biomolecular condensates through LLPS precedes
the formation of pathogenic protein aggregates through liquid-
solid phase separation (LSPS). Therefore, understanding the
mechanism of LLPS and LSPS and the transition between the
two are prominent challenges for biological and medical
applications.

Tackling this challenge requires experimental techniques
that can monitor LLPS, LSPS, and the maturation of conden-
sates in real time and unravel the delicate balance of protein-
protein, protein-water, and water-water interactions dictating
their free energy.®*** While the protein-protein effects and
protein conformational changes have been extensively investi-
gated, the driving forces behind such phase-separation pro-
cesses are not fully understood. In particular, the contribution
of hydration enthalpy and entropy to the process of LLPS
has often been neglected so far. Nevertheless, hydration free
energies do provide key driving forces to LLPS,'""**™'7 as well as
to LSPS.'*7%!

Recently, we introduced a spectroscopic approach that can
quantify the solvation-based driving forces associated with
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Fig. 1 THz signatures of LLPS. (A) A typical example of difference THz
spectrum upon LLPS. In our approaclr1,8'11 THz spectra are measured as a
function of time during LLPS, and difference THz spectra are constructed
by subtracting the initial spectrum (i.e. measured before LLPS takes place)
from the spectrum recorded subsequent to LLPS. The two characteristic
hydration water signatures of LLPS, i.e. the negative band at ~150 cm™*
(red, as quantified by the negative amplitude) and the Aa (almost linear)
increase in the 450-650 cm™~* range (blue, as quantified by the associated
slope, Ao/Av), are highlighted. (B) Molecular sketches illustrating the
corresponding hydration populations: cavity-wrap water hydrating
hydrophobic patches is released upon LLPS, giving rise to a loss of the
~150 cm™! band, while bound water hydrating hydrophilic groups is
retained, causing an increase in the slope (Ax/Av) in the cm™ range.

LLPS; this method directly correlates signatures in the low-
frequency vibrational THz spectrum (50-650 cm™ ') of the
phase-separated system to solvation free energies.®'" The THz
range is ideal for probing changes in the hydration water
network,?73° and the spectra can be deconvoluted so that they
specifically report on how hydration changes upon LLPS.® A
typical example is illustrated in Fig. 1. It shows two character-
istic features due to local hydration water changes upon LLPS,
as described in details in ref. 8, 22, 27 and 31:

e A negative amplitude in the 100-250 cm ™" spectral region, due
to the distortion of the water H-bond network that wraps around the
cavity that hosts the protein. This feature is due to hydrophobic
hydration, ie. cavity formation, and referred to as cavity-wrap.

e An almost linear Ao increase in the librational part of the
THz spectrum, from 450 to 650 cm ', which is assigned to
bound water hydrating hydrophilic moieties. For bound water,
the steric constraints in water rotational motions induced by
the proximity to and direct H-bonding with the solutes cause a
reduction in the amplitude of soft librational modes and an
increase in that of hard librations, resulting in a characteristic
Ao linear increase in the >400 cm™* frequency range.*'*?

The combination of these two observables is characteristic
of the occurrence of LLPS.*'" In order to understand what
makes the difference between forming either liquid conden-
sates or solid aggregates, we here focus on the cellular prion
protein (PrP), which can be driven to undergo LLPS vs. LSPS
with few mutations.*® Based on our results, we can state that it
is a subtle balance of hydrophobic and hydrophilic solvation
contributions that is decisive. Very interestingly, such balance
can be tuned by ad hoc designed modifications of the amino
acid sequence, as in the case of PrP.
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2 Results and discussion
N1 but not N1APB undergoes LLPS

We have recently shown that the intrinsically disordered domain
of the mammalian prion protein undergoes LLPS.*® In particular,
only the N1 domain of PrP (N1PrP) is necessary for the formation
of protein condensates. Further, removing the polybasic motifs in
the N1 domain impedes the formation of liquid-like droplets and
rather gel-like or aggregated assemblies are formed (LSPS). N1APB,
a variant in which lysines and arginines in the polybasic motifs
(PB) 1 and 2 were mutated to alanines, formed undynamic protein
aggregates indicative of LSPS.** The amino acid sequence and
modifications are shown in Fig. 2A. The different behavior
between N1 and N1APB is illustrated in the volumetric three-
dimensional reconstitutions and fluorescence recovery after photo-
bleaching experiments (FRAP) recordings shown in Fig. 2B.

THz observables for hydration contributions to LLPS vs. LSPS

We hereafter use the novel THz-calorimetry technique to decipher
the effect of the mutations on the protein’s hydration entropy and
enthalpy. Difference THz Spectroscopy in an attenuated total
reflection geometry was used to capture the distinct hydration of
the protein undergoing either LLPS or LSPS. For comparison,
Fig. 2C displays difference THz spectra between final (after LLPS)
and initial (before LLPS) states of a time series of THz measure-
ments (see methods for details). Example spectra of a full time
series are shown in the ESL{ They report on the hydration water
contributions that change upon phase separation.®

The N1 PrP difference spectrum shows two absorption
features reporting on hydrophobic (at lower frequency, red) and
hydrophilic (at higher frequency, blue) hydration contributions
upon LLPS. Strikingly, a much different spectral shape is
observed for the N1APB PrP variant that undergoes LSPS. This
result already indicates that hydration water plays very different
roles in LLPS and LSPS processes, and that THz spectroscopy
sensitively captures these differences. Specifically, both differ-
ence spectra display a negative Aa contribution from the release
of wrap water at lower frequency, albeit much weaker in the case
of the N1APB PrP variant. What is truly remarkable, however is
the distinctive hydration signatures in the frequency range where
the bound water (hydrophilic) hydration population is probed.
For N1 PrP, Ax increases (almost linearly) with frequency above
400 cm ™', a clear signature of the presence of bound water within
the condensates. In contrast, Ao decreases in the same frequency
range for N1APB PrP, indicating a loss of bound water. This
demonstrates that the hydrophilic hydration contribution upon
phase separation yields an opposite trend in the cases of LLPS
and LSPS, ie it is the discriminant hydration contribution
among the two processes. The specific contributions from hydro-
phobic and hydrophilic hydration can be quantified by the THz-
phase diagram that we recently introduced for LLPS in ref. 8, as
shown in Fig. 3. The axes of the diagram specifically report on the
changes of the cavity-wrap and bound THz observables during
phase separation. To quantify the hydrophobic cavity-wrap
water contribution (x-axis), the amplitude of the negative band
at ~150 cm ™' is used. For the hydrophilic bound water

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp03299j

Open Access Article. Published on 20 September 2023. Downloaded on 11/19/2025 4:45:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

A

PB1
+++ + + +

View Article Online

Paper

PB2
+ ++ +

MKKRPKPGGWNTGGSRYPGQGSPGGNRYPPQGGTWGQPHGGGWGQPHGGSWGQPHGGSWGQPHGGGWGQGGGTHNQWNKPSKPKTNMKHMAGA

+ + +
MAAAPAPGGWNTGGSRYPGQGSPGGNRYPPQGGTWGQPHGGGWGQPHGGSWGQPHGGSWGQPHGGGWGQGGGTHNQWNAPSAPATNMKHMAGA
N1 APB
B

N1 N1 APB
215 21.5
E E
2101 210
3 \ /f z
5 / o
£o5{ / £05
c { = w :
80,0 1 v r T \ SOAO 1 T v r .
E"0 50 100 150 200 E 70 50 100 150 200
sec sec
C
5 5
0
_— >5 —_— 0
" 10 y e
L e 5
,,]: -15 Y* 5]
20 m v 0
25 "
-30 -15
100 200 300 400 500 600 100 200 300 400 500 600
Wavenumber (cm") Wavenumber (cm'1)
Fig. 2 (A) Amino acid sequence (one letter code) of N1 and N1APB (PB, polybasic cluster). (B) volumetric three-dimensional reconstitution using Z-stack

images (volume of 67.5 x 67.5 x 10 um) from confocal laser scanning microscopy (upper panels, scale bar represents 10 um). Fluorescence recovery
after photobleaching (FRAP) was used to detect the protein mobility within the condensates (lower panels). (C) Average difference spectra generated by
the subtraction of the first spectrum obtained in the measurement series (no LLPS) from the final spectrum obtained at 60 min in the measurement series
(LLPS). The N1-PrP (blue) displays stronger LLPS signatures than the N1APB (red). Interestingly, the contribution of bound water at high frequency displays

an opposite slope between the two PrP variants.

contribution (y-axis) we use the slope (Ax/Av) obtained by linearly
fitting the Ao increase/decrease in the 400-650 cm ™' frequency
range, previously demonstrated to be the best choice to quantify
the contribution in a robust and transferable way.%?72831,32:34
Each point in the THz phase diagram corresponds to a measured
sample. Non phase-separating systems provide points close to
(0,0), by construction. For comparison, the points obtained for
the present two systems (red and light blue) are reported in Fig. 3

This journal is © the Owner Societies 2023

together with several previously studied systems (grey points)
undergoing LLPS (from ref. 8 and 11).

Notably, all systems undergoing LLPS are inscribed in the
same quadrant of the THz phase diagram, corresponding to
negative Ao (wrap) and positive Ao (bound) values. As it is
already known, these values are due to (i) cavity-wrap water
hydrating hydrophobic patches of the protein surfaces that is
released outside of the condensates, into the diluted phase

Phys. Chem. Chem. Phys., 2023, 25, 28063-28069 | 28065
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Fig. 3 Thz phase-diagram showing the correlation between bound (y-axis)
and cavity-wrap (x-axis) water contributions to phase separation (LLPS vs.
LSPS), as well as the associated entropic and enthalpic driving forces as
quantified by means of egn (2). The blue point shows the correlation between
bound water and cavity-wrap water for N1, while in red is that of the N1APB.
The grey points correspond to previous measurements of systems undergoing
LLPS, from ref. 8 and 11. Protein solutions prior to phase separation corre-
spond to the (0,0) point, by construction. The upper quadrant (blue) is
associated with LLPS, where we see a gain in bound water paired with a loss
of cavity-wrap water,® while the lower quadrant (red) is associated with LSPS,
where there is a loss of both bound and cavity-wrap water.

upon LLPS; (ii) bound water hydrating hydrophilic patches that
is retained as much as possible into the condensates. While the
sign of the wrap and bound contributions are common for all
LLPS systems, the absolute values show a variance that depends
on the nature of the protein, temperature, concentration, etc.®

The striking result is that the N1-PrP mutant undergoing
LSPS is contained in a different quadrant of the diagram, where
both Ax (wrap) and Ax (bound) are negative. This result has two
important implications. First, it proves that our spectroscopic
approach allows to discriminate between LLPS and LSPS based
on spectroscopic observables. Second, it means that upon LSPS
both water hydrating hydrophilic and hydrophobic patches are
released into the liquid bulk.

A hydration entropy/enthalpy balance keeps the condensates
liquid

The entropic and enthalpic driving forces that give rise to the
different behavior of hydration water upon LLPS and LSPS can
be rationalized directly from the measured THz spectra thanks
to the THz-calorimetry approach. We previously showed®?" that
the hydration contributions to AH and AS upon phase separa-
tion can be quantitatively expressed as a sum of hydrophobic
and hydrophilic contributions from the cavity-wrap and bound
spectroscopic populations, respectively:

hydration __ hydration hydration
AGLLPS - AI-ILLPS - TASLLPS

AS]E}]/_C}:zsmon = AScavity + ASbound (1)
AHE{(i}rstion = AHcavily + AI'Ibound
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The partial ASc.iy, hydrophobic contribution is expected to
dominate the hydration entropy changes, while the AHpouna
contribution is most relevant for hydration enthalpy,®2%3%3°
Therefore, in the following we will focus on ASc.i, and
AHpouna, Only. In order to quantify these partial free energy
terms, we use the following linear correlation functions with
the measured cavity-wrap (Aoyr,p) and bound (Aoyouna/Av)
water spectroscopic observables:®**

hydration <
ASLLPS =~ ASt:avity = Ao‘wrapASwrapa

ASyrp = —4.4Tmol ' K™ ' em
(2)

hydration I7
AHL}J/_PS ~ AHpound = AOCbound/AVAI'Ibound:

AHpound = — 320kJmol ! cm

where Adyrap and Aapoung are plotted in the diagram of Fig. 3
(we remind the reader that Aopoung is measured as a slope,
therefore the nomenclature Adpouna/Av), while ASwrap and
AHpoung are constant correlation factors that we previously
obtained based on a large set of solutes.””*' The concept
beyond this set of equations is that the variations in the local
hydration water network that dictate hydration entropy and
enthalpy are fully encoded in the spectroscopic response of
hydration water in the low frequency THz range. Therefore,
such constant correlation factors are general and system inde-
pendent, as detailed in previous works.*'**3¢

The negative sign of AS’Wtap, combined with the negative
amplitude, i.e. Aoyrap < 0 of the wrap spectroscopic population,
already tells us that the release of cavity-wrap water into the
diluted phase provides a hydration driving force for phase
separation, as it increases the entropy. This result is in agreement
with previous theoretical®” and experimental studies®'" on dif-
ferent protein solutions, showing the generality of our finding.
Therefore, it is now evident why our spectra show Aoy, < 0 for
both LLPS and LSPS: the entropic driving force from hydrophobic
hydration is mandatory to have favorable solvation contributions
to phase separation. Based on these results we can more gen-
erally propose that if a protein is too hydrophilic, there will be not
enough cavity-wrap water to release and the solvation contribu-
tion to phase-separation would be unfavorable.

By contrast, the bound water contribution disfavors phase
separation, since AHpoung < O implies that releasing bound
waters to create protein-protein interactions requires an
enthalpic penalty. However, such enthalpic penalty from hydro-
philic hydration is the driving force to retain water within the
condensates formed upon LLPS and keep them in a liquid,
reversible state. This driving force depends on the amount of
hydrophilic groups on the protein surface that can form strong
interactions with bound water. Having removed the hydrophilic
polybasic domain in the mutated N1PrP, the enthalpic driving
for retaining bound waters is dramatically reduced. We can
quantify the magnitude of such reduction based on the THz
observable. By plugging the measured Aopouna (slope) values
into eqn (2), we find that the enthalpic driving force is reduced
by 35.2 k] mol " (= 14 kT) for the mutated prion protein. Our

This journal is © the Owner Societies 2023
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experimental evidence that LSPS instead of LLPS takes place for
the mutated N1 PrP demonstrates that this 35.2 k] mol ™" is
sufficient to disfavor the retain of bound water and shift the
phase separation equilibrium from LLPS to LSPS.

3 Conclusion

The final picture obtained from our novel THz spectroscopic
approach (THz-calorimetry) is summarized in Fig. 4. We find
that LLPS involves a tight balance of hydrophobic and hydro-
philic hydration contributions. The hydrophobic solvation con-
tribution is mandatory to have a favorable solvation driving
force for LLPS, ie. solvation will disfavor LLPS for a too
hydrophilic protein. Nevertheless, we also find that tuning
the balance too much on the hydrophobic side shifts the
phase-separation equilibrium from LLPS toward LSPS. These
hydration contributions upon phase separation are captured by
a THz-phase diagram: The axes quantify the hydrophobic and
hydrophilic hydration observables, which are quantitatively
correlated to entropic and enthalpic driving forces by means
of eqn (2). As a consequence of the balance/imbalance of both
hydration contributions, LLPS and LSPS appear in different
quadrants of the diagram. Interestingly, for the investigated
prion protein, we can state that just the presence vs. lack of
bound waters differentiate between LLPS and LSPS, by provid-
ing an enthalpic driving force of as much as 35 k] mol " to keep
the condensates in liquid vs. solid state.

These results pave the way toward rationally tuning the
hydrophobic-hydrophilic hydration balance to either induce
or prevent LLPS vs. LSPS, by choosing specific mutations of the
prion protein. We expect this will benefit the many biological
and medical efforts to prevent LSPS as well as condensate
maturation into solid aggregates.
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4 Experimental
Expression and purification

Plasmid and proteins were maintained, expressed and purified
as previously described.?® Briefly, PrP constructs were based on
the coding region of the mouse PrP gene (Prnp: GenBank
accession number M18070) and modified to express PrP-
L108M/V111M.*® The N1 construct consists of residues 23 to
114. The modified N1 construct, N1APB, has had lysines and
arginines in both polybasic motifs modified to alanines. Both
constructs were expressed in BL21-DE3 strains and induced
with 100 pM IPTG when the cells reached an absorbance
(600 nm) of 0.9. Proteins were stored in 50 mM Na,HPO,/
NaH,PO, (pH 8.0), 500 mM NacCl, 0.01 mM ZnCl,, 5% glycerol
at —80 °C until further use.

Sample preparation for microscopy and THz spectroscopy

All experiments were conducted with the protein in 10 mM Tris,
pH 7.4. Buffer exchange was done using Vivaspin 500 columns
with a 30 kDa molecular weight cut off (Sartorius Stedim
Biotech). The protein was then centrifuged five times for 7
minutes at 4 °C and 12 000 g. The concentration was measured
with a NanoDrop2000 (Thermo Scientific) before use. To induce
phase separation of the protein, TEV protease was added to
each sample and incubated at room temperature for 1 hour.
Samples were measured immediately after TEV cleavage.

Laser scanning microscopy

Fluorescent imaging laser scanning microscopy was performed
on a microscope (ELYRA PS.1; Carl Zeiss) with an imaging
detector (LSM 880; Carl Zeiss) as previously described.'™** A
stack of 67.5 x 67.5 x 10 um and 0.9 pm for each optical section
was recorded with a 63x numerical aperture 1.4 oil-immersion

LSPS

«‘rg’“

Released
Wrap-Hydrophobic

Retained

Bound

Hydrophilic

Lepe Too hydrophobic

Bound (AH>0) / Wrap (AS>0)

Fig. 4 Our results reveal that LLPS is favored by solvation only for a tight balance of hydrophobic and hydrophilic hydration contributions. Both release
of (hydrophobic) cavity-wrap water and retain of (hydrophilic) bound water provide essential driving forces for LLPS, which are entropic and enthalpic,
respectively. A too hydrophilic protein lacks the hydrophobic entropic driving force to phase separate, while a too hydrophobic protein misses the
enthalpic driving force to retain bound water, shifting the phase separation balance toward LSPS instead of LLPS.
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objective for Z-stack scanning. The Argon laser power was 0.006%
at 488 nm with pixel dwell time of 5.71 ps. These settings were
kept constant during all measurements. For 3-D reconstitution of
the Z-stack images, the surface model from Imaris 9.3.1 was used.
FRAP experiments were performed using ZEN2.1 bleaching
region software module Plan-Apochromat 100x numerical aper-
ture 1.46 oil-differential interference contrast M27 objective. The
regions of interest were three circular areas with a 12-pixel
diameter. Two regions were used as reference and background
signal. The third region was bleached with 100% laser power, a
pixel dwell time of 8.71 ms, with a scan time of 111.29 ms and a
pixel dwell time of 1.61 ms. Data was analyzed in Excel 2016 and
diagrams were generated with GraphPad Prism.

Fourier transform THz spectroscopy

FT-THz spectra were collected on an Bruker Vertex 80v FT-IR
(Bruker, Billerica, MA) spectrometer using a liquid-Helium-
cooled silicon bolometer (Infrared Laboratories, Tucson, AZ)
as a detector. The sample compartment was equipped with a
room-temperature single-reflection ATR MVP-Pro unit (Harrick
Scientific, Pleasantville, NY) containing a diamond prism (2 x
3 mm). The sample (20 pL) was deposited on the diamond
crystal and measured for 60 min at intervals of 2 minutes, resulting
in a total of 30 spectra per sample. The time series chosen ensures
that after 60 min the endpoint of the measurements is reached, i.e.
when most of the volume probed is condensates formed from
LLPS, see all details in ref. 36 Upon LLPS formation, the denser
LLPS droplets sink to the bottom of the ATR unit, and are probed
by the evanescent fields in FTIR-ATR. Spectra are recorded con-
tinuously until no further changes are observed. At this time the
ATR probing depth is fully covered with the droplets or aggregates
that are formed. The observed continuous increase in both
absorption features related to phase separation is used as an
experimental check for the stability in the spectrometer, spectra
are thus recorded every 2 minutes. The difference spectrum shows
the difference between the initial spectrum (solvated protein
solution) and the final spectrum of the protein enriched conden-
sates. All spectra were collected as an average of 64 scans and
spectral resolution of 2 cm ™. Only the initial (¢ = 0 min) and final
(¢ = 60 min) spectra were used for analysis.

For analysis, the ATR absorption coefficient, «, was calcu-

lated using eqn (3),
1 I(v)
a(v) = —d—pln (10(1/)) (3)

where d,, is the frequency-dependent penetration depth, I(v) is
the intensity of the sample, and I,(v) is the intensity of the
reference, in this case the clean diamond crystal. The penetra-
tion depth was calculated by taking into account the refractive
indices of the diamond crystal, ngjamond, and of the sample,
Ngample USINg eqn (4).

A

a 27'5\/ndiamond2 sin(9)2 - nsamplez

4

dp

Where 4 is the wavelength of the incident light and 0 is the
incident angle (45°). The refractive index of diamond was set at
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a constant value of 2.38 and that of the sample was set to 1.5.
The refractive index of the sample was assumed to be the
average of water at this frequency range for the sake of
simplicity. All data shown here, and all analysis was conducted
on difference absorption spectra, Ax, which were calculated by
subtracting the spectrum at ¢ = 0 min from subsequent spectra,
as shown in eqn (5)

AO{ = Ofinal — %initial (5)

where g, is the spectrum collected at ¢ = 60 min.
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