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Abstract: Liquid-Liquid phase separation has emerged
as fundamental process underlying the formation of
biomolecular condensates. Insights into the composition
and structure of biomolecular condensates is, however,
complicated by their molecular complexity and dynam-
ics. Here, we introduce an improved spatially-resolved
NMR experiment that enables quantitative analysis of
the physico-chemical composition of multi-component
biomolecular condensates in equilibrium and label-free.
Application of spatially-resolved NMR to condensates
formed by the Alzheimer’s disease-associated protein
Tau demonstrates decreased water content, exclusion of
the molecular crowding agent dextran, presence of a
specific chemical environment of the small molecule
DSS, and ~150-fold increased concentration of Tau
inside the condensate. The results suggest that spatially-
resolved NMR can have a major impact in under-
standing the composition and physical chemistry of
biomolecular condensates.

N\ J

Biomolecular condensation of proteins and nucleic acids is
implicated in a wide range of biological processes and
human diseases." Formation of biomolecular condensates in
cells is linked to the physico-chemical process of liquid-
liquid phase separation (LLPS) of molecular components.?
Multivalent interactions involving intrinsically disordered
proteins (IDPs) and low-complexity domains are often
essential in  promoting LLPS and biomolecular
condensation.”) Small-molecule therapeutics concentrate in
protein condensates affecting drug activity.™ Small molecule
partitioning also affects the formation and properties of
biomolecular condensates as demonstrated for adenosine
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triphosphate.”! In addition, hydration plays an important
role in the formation and regulation of biomolecular
condensates.™

Due to the molecular complexity and dynamic nature of
condensates, effective tools to investigate their composition
and structure are required. This is the case for biomolecular
condensates in cells, which often contain hundreds of
proteins and nucleic acids.) Even for biomolecular con-
densates reconstituted in vitro from a limited number of
components, however, it is challenging to obtain accurate
component quantification.” This is particularly the case for
water and other small molecules, which often cannot be
labeled to allow their selective observation and thus
quantification inside multicomponent condensates. In addi-
tion, available approaches for quantification of even single
components are often performed under non-equilibrium
conditions and thus do not fully capture the dynamic nature
of biomolecular condensates. Here, we show that these
challenges can be overcome through improved spatially-
resolved NMR, providing quantitative insights into the
composition of multicomponent condensates in equilibrium
and label-free.

To be able to study biomolecular condensates in
equilibrium, we phase separated the 441-residue IDP Tau
(Figure S1; Table S1) with the molecular crowding agent
dextran, centrifuged the sample and formed a macroscopic
condensate at the bottom of the NMR tube (Figure 1a, left).
In contrast to previous approaches,® the Tau condensate
does not cover the full length of the NMR tube, but the
condensate as well as the dilute phase contribute to the
NMR signal. To achieve high sample and temperature
stability, we used a coaxial NMR sample setup combining an
inner Shigemi tube and an external tube filled with
methanol-d, for temperature control (Figure la left; Fig-
ure S2). We then mapped the signal intensity of the water
signal along the z-axis by applying a permanent gradient
during the NMR acquisition period (Figure S3). For a
uniformly mixed, non-phase separated sample, we observed
the typical bell-shaped profile that represents the spin
density along the z-axis (Figure 1a, right, grey). In the case
of the Tau condensate sample, an intensity drop occurred in
the region from ~9-13 mm (Figure la, right, black). The
intensity drop suggests a reduction of 18.8+0.5% water
content in the protein-rich phase compared to the protein-
dilute upper phase (Figure S4).

An additional challenge for spatially-resolved NMR of
biomolecular condensates, is the suppression of the water
resonance. Highly efficient water suppression is necessary,
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Figure 1. Label-free multi-component quantification of Tau condensates by spatially-resolved NMR spectroscopy. a) Slice-selective detection of
NMR spectra of the condensed and dilute protein phase in equilibrium. Tau phase separation was promoted with 8.3 % dextran (left). (Right) z-
profile experiment monitoring the signal of water along the NMR coil in a uniformly mixed reference sample (grey) and the Tau condensate sample
(black). The positions and widths of the gradient-selected slices of the dilute (pink) and condensed phase (blue) are marked. b) DSS signal along
the z-axis monitored by slice-selective WET-DPFGSE. The 'H chemical shift of DSS in the dilute phase was set to 0 ppm. Signal intensities are color
coded from blue to red. c) "H NMR spectra of the condensed (blue) and dilute phase (pink) recorded with WET-DPFGSE at 25°C. A standard 'H
WET NMR spectrum without slice selection (black) is shown for comparison. Concentrations of the individual components are indicated. d) Non-
selective 'H-"C HSQC of the methyl region of the Tau condensate sample. The observed cross peaks arise mostly from the protein-dense lower
phase.

in order to be able to quantify the ~10°-10° lower condensate. However, most of the well-known water
concentrated protein and small molecule components in the  suppression methods are not compatible with spatial encod-

Angew. Chem. Int. Ed. 2023, 62, €202218078 (2 of 6) © 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

ASUDOIT SUOWWOY) dANEAID) d[qeatidde ) Aq PAUISA0S dIe SI[PIIE YO AN JO $9[NI 10§ AIRIqIT AUIUQ AJ[IA UO (SUONIPUOD-PUB-SULIA)/WOD A[IM " AIRIqI[UT[U0//:sdNYy) SUONIPUOD) PUB SWIAL, Ay} 995 *[£20T/#0/90] U0 ATeIqrT QuIuQ AS[IAN “SOPOINAN Ing WNNUdZ sayasnad £q 8£081220T AUB/Z00] 01/10p/wod* K[im* Kreaquauruoy/:sdny woiy papeojumod ‘L1 ‘€70T ‘SLLEITST



GDCh
~~—~

ing elements. To overcome this limitation, we introduced
the water suppression enhanced through 7 effects (WET)
pulse sequence element” into the slice-selective Doubled
Pulsed Field Gradient Selective Echo (DPFGSE) pulse
sequence!"”! (Figure S5). The WET block is placed before
the slice selection element and avoids saturation of the
protein resonances.

We then applied the spatially-resolved WET-DPFGSE
NMR pulse sequence to the two-phase condensate sample
of Tau. Using a magnetic field gradient together with
selective NMR pulses, we selectively detected 1.5 mm thick
slices along the z-axis of the phase-separated sample (Fig-
ure 1a, right). The slice thickness chosen covers a spectral
width of 10 ppm (Aw~7 kHz at 700 MHz) ensuring a good
compromise between signal-to-noise ratio and spatial selec-
tivity. The two slices were positioned near the center of each
phase, where maximum magnetic field homogeneity was
present (Figure 1a). This is important, because in phase
separated systems magnetic susceptibility changes at the
interphase region cause NMR line broadening associated
with B, inhomogeneities.!"!! In addition, non-negligible slice
thicknesses require careful positioning of the slices in order
to ensure that the acquired NMR signals belong to the
desired phase. To further support the selection of the slice
positions, we mapped the NMR signal of the reference
compound sodium 3-(trimethylsilyl) propane-1-sulfonate
(DSS) along the z-axis. In a slice of ~1.5 mm, we detected
the maximum signal intensity of DSS inside the Tau
condensate (Figure 1b).

We then recorded slice-selective, one-dimensional 'H
NMR spectra in the condensed lower and the dilute upper
phase of the Tau condensate (Figure 1c). In the dilute upper
phase, we detected the NMR signals of Tau, dextran, DSS,
and  4-(2-hydroxyethyl)-1-piperazineethanesulfonic  acid
(HEPES). In the condensed lower phase, the NMR signals
of Tau, DSS and HEPES were present (Figure 1c). Only
very weak signals of dextran were observed in the Tau
condensate, indicating that the molecular crowding agent is
largely excluded from the condensate (Figure S5). In con-
trast, the Tau protein was strongly enriched in the
condensate (Figure 1c). For quantification (see Methods
section), we selected Tau’s methyl signals that can provide
the most favorable signal-to-noise ratio and retain high
mobility even in the condensate (Figure 1c,d; Table S2). The
analysis determined the Tau concentration in the dilute and
condensed phase as 0.021+0.001 mM and 3.16+£0.09 mM,
respectively (Figure 1c and S6). The Tau concentration in
the condensate is thus 150-fold higher than in the dilute
phase.

The improved spatially-resolved NMR experiment also
allowed us to quantifiy the concentrations of dextran, DSS
and buffer in both phases (Figure 1c and S6; Table S2): 10+
1% and 0.18 £0.04 % dextran in the upper and lower phase,
respectively; 0.74+£0.10 mM and 1.26+0.14 mM DSS, re-
spectively, corresponding to a partition coefficient of 1.7 £
0.3 in the condensed lower phase; 18.0+1.9 mM and 23.0+
2.5 mM HEPES, i.e. a =30 % enrichment of HEPES in the
condensed phase. We further note that the DSS signal is
shifted by ~0.03 ppm to lower chemical shift compared to
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the dilute phase, demonstrating that DSS experiences a
distinct chemical environment in the protein-dense lower
phase.

Next, we investigated the temperature-dependence of
Tau condensation. To this end, we prepared a Tau
condensate without crowding agent. Consistent with pre-
vious studies,"” we observed Tau phase separation in a low
ionic strength buffer. Supported by centrifugation, two
stable phases were formed. The phase-separated sample was
then stored at 4°C for one week to ensure that the system
reached equilibrium. The concentrations of Tau in both the
condensate and the dilute phase were subsequently quanti-
fied using the novel WET-DPFGSE NMR experiment at
stepwise increasing temperatures (Figure 2a). Raising the
temperature from 5 to 10°C and from 10 to 15°C, increased
the Tau concentration in the condensed phase by 2.4-7.4 %
in each step (Figure 2a; blue lower row). In parallel, the
concentration of Tau in the dilute phase was decreased
(Figure 2a, red upper row). Increase of the temperature to
20, 25, 30 and 35°C further increased the Tau concentration
in the condensed phase. At 35°C, the Tau concentration in
the condensate was ~46 % higher than at 5°C (Figure 2a).

Real time monitoring of the Tau concentration during
the temperature jump experiment using spatially-resolved
NMR, further highlights the importance of reaching equili-
brium prior to determining phase diagrams. After raising
the temperature by 5°C, approximately 2 hrs were required
before a stable Tau concentration in the condensate was
reached (Figure 2b). Even after 5 hrs, the concentration in
the dilute phase was still slightly decreasing at temperatures
<25°C (Figure 2a, upper row). In addition, the differences
between peak height and peak intensity changes in the
condensed phase when raising the temperature suggest that
chemical exchange processes or temperature-induced sam-
ple inhomogeneities contribute to peak broadening and thus
affect more strongly the peak height.™

Previous studies showed that Tau can experience lower
critical solution temperature (LCST) or upper critical
solution temperature (UCST) phase separation in a context-
dependent manner¥ This assessment has profound implica-
tions related to the kinetic process. For systems that undergo
LCST, the system is undergoing, after temperature increase,
demixing driven by nucleation or spinodal decomposition."”
Contrary, in systems that display UCST the next equilibrium
condition is reached mainly by diffusion. Visual inspection
showed that the Tau-rich phase turned turbid when the
temperature was raised (Figure S7). This observation is
consistent with an entropy-driven nucleation process driven
by water in the condensed phase. Nucleation sites rich in
water are formed and after fusion are expelled from the
protein-rich phase. Consequently, the protein concentration
increases along with a “dehydration process” of the lower
phase. In the dilute upper phase, no turbidity was visible
likely because of less extensive protein nucleation due to the
lower Tau concentration.

After reaching constant Tau signal intensities, a z-profile
experiment was recorded at each temperature (Figure 2c).
The temperature-dependent z-profiles of the water reso-
nance showed that the height of the condensed phase
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Figure 2. Kinetics of Tau condensation followed by spatially-resolved NMR. a), b) Time-dependent area and height of the methyl signals of Tau in
the condensed (blue, lower panels) and dilute (red, upper panels) phase in temperature-jump experiments. The Tau condensate was formed at low
ionic strength without dextran. NMR spectra of the two phases were recorded using the slice-selective WET-DPFGSE experiment. Vertical dashed
lines mark temperature changes (see legend). b) Time-dependent WET-DPFGSE methyl signals observed after temperature jump from 15 to 20°C
(marked in grey in (a)). Dashed lines indicate near equilibrium condition. c) z-profile experiments recorded after the system reached near
equilibrium. (Right) Relative amount of water in the protein-rich phase calculated from the normalized z-profile. d) Phase diagram of Tau
determined by spatially-resolved NMR. Tau concentrations in the diluted and condensed phase (at/near equilibrium) determined in the slice-
selective NMR spectra are displayed (see also Table S3). Error bars are based on signal-to-noise ratios in the spectra and the uncertainty in the
concentration of the reference Tau sample. All NMR spectra were recorded at a 700 MHz NMR spectrometer.

decreased with increasing temperature. At 35°C, the height
was 30 % smaller than at 5°C (0.3736 +0.0002 cm at 35°C vs
0.53244+0.0002 cm at 5°C; Figure 2¢). Using the information
provided by the z-profile experiment, the amount of water
in the Tau condensed phase was then estimated. At 5°C, we
observed an 8.28% decrease in water content in the
condensed phase when compared with the dilute phase. At
35°C, the decrease in water content in the condensed phase
reached 16 %. The compaction of the condensed phase thus
likely arises from the decrease in water content in the
condensed phase with increasing temperature, in agreement
with the importance of dehydration for LLPS.['!
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In order to determine the phase diagram of Tau, the
areas under the methyl proton signals, which were measured
after reaching equilibrium, were converted into Tau concen-
trations (see Methods section). The Tau concentrations in
the condensed and dilute phase represent the high and low
concentration part of the phase diagram (Figure 2d). At
5°C, the Tau molar concentration is ~32 % lower than at
35°C ([Tau]ssc: 3.0 mM and [Tau]s.c: 2.0 mM), in agreement
with the percentage of compaction observed by the z-profile
experiments (Figure 2¢). In parallel, the Tau concentration
in the dilute phase was decreased by ~26 % in the studied
temperature range (Figure 2c¢).
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We showed that improved spatially-resolved NMR
enables the quantification of multiple components in bio-
molecular condensates in equilibrium and label-free. Pro-
tein, small molecules and water can be simultaneously
quantified with high reliability in both the condensed and
dilute phase. Multi-component quantification can be per-
formed in a temperature-dependent manner in real time
providing insight into the kinetics of condensation processes.
The improved WET-DPFGSE NMR experiment thus com-
plements and extends previous NMR approaches that relied
on the use of fluorinated molecules for quantification of
protein or small molecule concentrations in phase-separated
systems.*"] In addition, Raman microscopy can be useful
to quantify protein concentrations, on the basis of the signals
emerging from the different amounts of water present in the
condensed and dilute phase.'®

The improved spatially-resolved NMR is applicable to
effectively any IDP as long as its NMR resonances are
observable. Protein concentrations determined by spatially-
resolved NMR characterize protein phase diagrams with
high reliability. This will be important to better understand
the mechanisms that drive the phase separation of IDPs and
their modulation by disease-associated mutations and post-
translational modifications. The high reliability of phase
diagrams determined by spatially-resolved NMR will also be
important to improve current computational methods which
explore the molecular forces that govern biomolecular phase
transitions.'” We further expect that the ability to simulta-
neously observe proteins, small molecules and water will
provide critical guidance in understanding the partitioning
into and modulation of biomolecular condensates by small
molecules. Importantly, spatially resolved NMR is not
restricted to the simultaneous quantification of the concen-
tration of proteins, small molecules and water in phase
separated systems, but is also sensitive to differences in the
chemical environment in the two phases.
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