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Abstract

The RNA-binding protein FUS mediates phase separation in biomolecular condensates and
functions in transcription by clustering with RNA polymerase Il. Specific contact residues and
interactions modes formed by FUS and the C-terminal heptad repeats of RNA polymerase

I1 (CTD) have been suggested but not probed directly. Here, we show how RGG domains
contribute to phase separation with the FUS N-terminal low complexity domain (SYGQ LC) and
RNA polymerase |1 CTD. Using NMR spectroscopy and molecular simulations, we demonstrate
that many residue types, not solely arginine-tyrosine pairs, form condensed-phase contacts via
several interaction modes including but not only sp?/r and cation-rt interactions. In phases also
containing RNA polymerase Il CTD, many residue types form contacts, including both cation-r
and hydrogen-bonding interactions formed by the conserved human CTD lysines. Hence, our data
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suggest a surprisingly broad array of residue types and modes explain co-phase separation of FUS
and RNA polymerase Il.

Introduction

The nucleus contains several membraneless organelles, including the nucleolus,
heterochromatin, and transcriptional condensates, that form via phase separation of their
protein and nucleic acid constituents~”. Found in nuclear and cytoplasmic condensates,
Fused in Sarcoma (FUS) is an RNA-binding protein with roles in RNA metabolism
including transcription. FUS is among the FET (EUS, EWS, TAF15) family of proteins that
have overlapping functions in RNA processing®-10 and has a multi-domain architecture that
facilitates self-association and RNA-binding!1-13 — a disordered N-terminal domain of low
complexity sequence enriched in serine, tyrosine, glycine, and glutamine residues (SYGQ
LC), two folded domains, an RNA recognition motif (RRM) and a zinc-finger, and three
arginine-glycine-glycine rich (RGG) domains (Fig. 1A).

The SYGQ LC domain mediates FUS self-assembly into liquid-like granules, hydrogels, and
solid aggregates4-18. Previously, we used solution-state NMR combined with molecular
simulation and found contacts stabilizing liquid-liquid phase separation (LLPS) of SYGQ
LC involve interactions between all enriched residue types via diverse interaction modes
such as hydrophobic, hydrogen bonding, and sp2/r1®. Importantly, aromatic residue repeat
number and spacing (i.e. the lack of adjacent aromatic residues) are essential determinants
of phase separation and aggregation propensity. Solution NMR also showed contacts
between aromatic-containing short motifs that have been demonstrated in the dispersed
phase (before phase separation) of a related protein0. Aromatic repeats in FUS LC also
form contacts with nuclear import proteins like karyopherin g2, which may help prevent
FUS aggregation?!, Containing distinct SYGQ LC and RGG domains, the contribution of
LC/RGG interactions and specifically the contribution of tyrosine and arginine contacts

to FUS LLPS and aggregation have been established12.17:22-2526 ' However, the molecular
details have not been investigated in detail by direct observation of the contacts in condensed
phases. NMR has proved a useful tool to evaluate contacts in the Phe/Arg-rich intrinsically
disordered N-terminal region of the related germ-granule protein Ddx427. Importantly,
nuclear Overhauser experiments (NOE) show that contacts between many other residue
pairs (not limited to Phe/Arg) are present within Ddx4 disordered domain condensed phases.
Furthermore, the shifts in the phase diagrams of Ddx4 and LAF-1 RGG and an engineered
variant of hnRNPAL LC caused by charge residue scrambling suggest that interactions
beyond aromatic-arginine contacts contribute to phase separation28:2%, Hence, here we seek
to probe the specific contacts between tyrosine, arginine, and the other residues found in the
SYGQ LC and RGG domains in FUS LLPS.

FET proteins also regulate transcription. FUS is enriched at transcriptional start sites of
thousands of genes and directly interacts with and recruits RNA polymerase 1112:30:31,

In rare leukemias and sarcomas, fusions of the SYGQ LC domain (and sometimes

with addition of RGG1) of FUS to DNA-binding domains of certain transcription

factors create potent transcriptional activators 32:33, Assembly of FUS into transcriptional
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condensates may be required for the clustering of RNA polymerase 1141234, Further,

the disordered C-terminal tail of RNA polymerase Il (RNA polymerase |1 CTD) is rich

in aromatic/polar residues and readily incorporates into phase separated FUS in cells

and biochemically431.35. Human RNA polymerase Il CTD contains 52 heptapeptide
repeats with the consensus sequence YSPTSPS and itself undergoes LLPS (with addition
of crowding agents)36. Given the importance of LLPS to transcription and potentially

to oncogenicity, an understanding of the interactions that contribute to FUS and RNA
polymerase Il co-partitioning could provide a molecular picture of transcriptional activation
and hence may facilitate the development of therapies for FET-associated cancers.

Using direct observation of multi-component condensed phases by NMR spectroscopy,
molecular dynamics simulations, and biophysical assays, we tested if a limited or broad set
of domains (RGG1, RGG2, or RGG3), contacts (e.g. R and Y) and interaction modes (e.g.
cation-t) contribute to full-length FUS LLPS and its co-partitioning with RNA polymerase
II CTD. We characterized the intermolecular interactions of two model condensed phases:

a two-component phase comprised of the SYGQ LC and RGG3 domains of FUS, and a
three-component phase of RNA polymerase Il CTD, FUS SYGQ LC, and FUS RGG3. We
tested if co-LLPS of RNA polymerase Il CTD with FUS requires either the SYQC LC or
the RGG domains and the contribution of particular degenerate residues in RNA polymerase
I1 CTD heptads (e.g. lysine) to these interactions. This work highlights the importance of
weak, multivalent interactions involving diverse interaction modes that are likely common to
many RNA-binding proteins.

RGG domains contribute to FUS LLPS

Several studies suggested that both the SYGQ-rich and RGG domains of FUS contribute
to LLPS23-26, We directly tested whether the RGG domains can enhance phase separation
of the SYGQ LC, looking for the occurrence of LLPS at concentrations below the LLPS
saturation concentration of each component. As a reference, we induced phase separation
of full-length FUS by cleavage of an N-terminal maltose binding protein (MBP) solubility
tag upon the addition of TEV proteasel4. At 5 pM, full-length FUS displays increased
turbidity, triggered by cleavage of the N-terminal MBP-tag, corresponding to the formation
of spherical droplets 1937 (Fig. 1B). At these concentrations and conditions, neither SYGQ
LC nor a construct lacking SYGQ LC (ASYGQ LC, Fig. 1A) undergoes LLPS, consistent
with contributions from both regions. To test if mixtures of both constructs can enhance
phase separation, we varied the concentrations of ASYGQ LC and SYGQ LC /n trans.

The addition of 5 yM ASYGQ LC to 50 uM SYGQ LC resulted in increased turbidity

due to LLPS (Fig. 1C). Similarly, addition of 5 UM SYGQ LC to 25 pM ASYGQ LC
resulted in increased turbidity. Although the mixing /n trans does not recapitulate LLPS at
concentrations similar to full-length (i.e. at 5 uM), these data suggest that the interactions
between the SYGQ LC and domains within the ASYGQ LC make significant contributions
to LLPS of full-length FUS14:23-26  though turbidity may quantitatively reflect differences
in droplet size. To test if a single RGG domain is sufficient for stimulating LLPS of

the SYGQ LC, we conducted a similar experiment but with the isolated FUS RGG3
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domain (453-507) (Fig. 1D). Inclusion of RGG3 induced LLPS at concentrations below

the saturation concentration of SYGQ LC alone, albeit not to the same extent as ASYGQ LC
(Fig. 1D), presumably due to differences in the RGG sequence lengths. These data suggest
that the RGG domains contribute to full-length FUS phase separation.

Next, we dissected the contribution of the different RGG domains to phase separation

of full-length FUS (Fig. 1A). We mutated the arginines to lysine in RGG1 (164-267,
RIxK), RGG2 (372-422, R8xK), or RGG3 (453-507, R10xK) within full-length FUS, as
mutations of arginine-to-lysine have previously been shown to reduce phase separation of
RGG peptides?>38. Compared to WT, each of the three full-length FUS variants containing
arginine-to-lysine mutants displayed reduced droplet formation (Fig. 1E) and reduced
turbidity (Fig. 1F). At high salt conditions (1 M NaCl), WT still shows robust phase
separation, but LLPS of arginine-to-lysine mutants is further decreased (Extended Data
Fig. 1A,B). Because arginine-to-lysine substitution of each of the three RGG domains has
a drastic effect on LLPS, we tested if these arginine-to-lysine mutants were competent

for LLPS in the presence of RNA. We measured the turbidity of these constructs in the
presence of yeast RNA extract shown to stimulate phase separation, possibly by direct
electrostatic interactions with RGG/KGG-rich sequences and/or by interactions with the
folded RNA-binding domains of FUS14:38-40_|n the presence of mass equivalents of

RNA, all arginine-to-lysine mutants formed droplets and displayed an increase in turbidity.
(Extended Data Fig. 1C,D). Interestingly, RGG1 mutation shows the least phase separation
in the presence of RNA (Extended Data Fig. 1D). Taken together, these data suggest that all
three RGG domains in FUS are critical for phase separation at physiological concentrations
and contribute to LLPS similarly.

Phase-separated RGG3 and LC remain predominantly disordered

We attempted to probe the interactions between the SYGQ LC and RGG domains without
LLPS (in the dispersed phase) using LLPS-discouraging fusion-proteins but found extremely
weak interactions (Extended Data Figure 2 and 3, see Supplementary Note), suggesting

that contacts mediating LLPS are not tight. Previously, we used NMR to characterize the
molecular structure and interactions of the SYGQ LC after LLPS within a condensed
phasel419, Therefore, to probe the structure and molecular interactions between phase
separated SYGQ LC and RGG domains, we generated a condensed phase consisting of

2:1 differentially isotopically labeled 13C-labeled SYGQ LC and °N-RGG3 by mixing the
two proteins to induce phase separation and directly centrifuging the sample into an NMR
tube to separate the dispersed and condensed phases (Fig. 2A). We selected RGG3 as the
representative for RGG-rich domains because of superior resolution (Extended Data Fig.
3A-C). To evaluate changes in the global structure of the RGG3 domain, we compared the
1H-15N HSQC spectra of RGG3 in the dispersed and two-component condensed phase (Fig.
2B). While we observed small 1H and 1°N chemical shift perturbations across the entire
domain, the global secondary structure of RGG3 remains disordered in the condensed phase
(Fig. 2B,C). Chemical shift differences likely reflect the intermolecular interactions within
the condensed phase as we observed previously for the SYGQ LC alonel41941 |n addition,
we measured 15N NMR spin relaxation as probes for the local reorientational motions of
the backbone of RGG3 within the dispersed and condensed phases (Fig. 2D). Compared
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to the dispersed phase, R; is increased, R is for the most part decreased, and {*H-}15N
heteronuclear NOE ratio (hetNOE) is increased within the condensed phase, consistent with
backbone motions that are slowed and more restricted in the condensed phase. However,
intermediate values of hetNOE (~0.5) are not consistent with the formation of structure
(structurally rigid regions of globular proteins have hetNOE values ~0.9). This observation
indicates that RGG3 retains significant nanosecond-timescale reorientational motion (at 850
MHz 1H Larmor frequency field, the hetNOE ratio sharply approaches maximal values with
a steep sigmoidal transition near 1 ns). Hence, significant motion is present — in dilute
solution the rigid parts of even small globular proteins show maximal hetNOE because
molecular tumbling is slower than this 1 ns limit#2. The observation that hetNOE near the
center of the peptide changes little while /7, and /&, values change significantly suggest
that, like for disordered proteins in the dispersed phase, reorientational motions occur via
several modes and with a range of timescales*3. The observation that R, is highest and £,
the lowest in the region spanning 475-495 may be due to the RGG repeats in this region,
unlike the region from 453-474 that contains nearly half glycine residues, known for their
flexibility, and no arginine residues. As observed previously for FUS SYGQ LC!9, R; and
hetNOE values largely do not show “bell-shaped” profiles observed for disordered proteins
in the dispersed phase (Fig. 2D, Extended Data Fig. 4) perhaps because the chain ends in
the condensed phase are constrained by the surrounding protein density. To determine if
the addition of the RGG3 domain resulted in changes in secondary structure of SYGQ LC,
we compared the 1H-13C HSQC of the two-component condensed phase with a condensed
phase containing the SYGQ LC alone (Fig. 2E)°. The resonances corresponding to the
aliphatic and aromatic regions of the spectrum match, showing the key features of disorder.
Together the data show that RGG3 and SYGQ LC remain predominantly disordered and
dynamic within the liquid condensed phase.

Contacts between many residue types contribute to FUS LLPS

Previously we showed that within a condensed phase containing only the SYGQ LC

many residues types (not only Y but for example Q) contribute to interactions using
hydrophobic, hydrogen bonding and sp2/r interaction modes stabilizing LLPS19. Here,

we characterized intermolecular contacts present in the two-component condensed phase
containing 13C-labeled SYGQ LC and 1°N-labeled RGG3 domain of FUS using 1H-1H
NOE NMR experiments (specifically 13C-HSQC-NOESY-1°N-HSQC experiment) (Fig. 3).
As also suggested by weak chemical shift perturbations before LLPS (Extended Data Figure
2 and 3), contacts between RGG3 and SYGQ LC are not localized to a specific region

of RGG3 as NOEs to all resolved residues are present (Fig. 3A). Likewise, NOEs from

all residue types enriched in SYGQ LC are found. We quantified the NOE intensity for

the glycine backbone region and arginine side chains of RGG3 with different residue

types in the SYGQ LC (Fig. 3B). While signal intensities may not quantitatively report

on the strength or frequency of contacts due to the differential relaxation properties of
various positions, the observation of NOEs between all major residue types within the
SYGQ LC and RGG3 strongly suggest the interactions are distributed across many residue
types within the condensed phase and are not concentrated only on certain amino acids
(e.g. only arginine and tyrosine). Despite significant fast motions present (Fig. 2D) that
should suppress this potential artifact, we sought to address the possibility that the many
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observed NOEs between multiple residue type pairs arises in part due to spin diffusion
(transferring magnetization indirectly, e.g. NOEs appears from residue A to residue Cdue
to mutual contact with residue B without direct proximity of A and C). We observed the
same NOE pattern (albeit with lower signal intensity) with a shorter NOE mixing time to
decrease potential contribution of spin diffusion (Extended Data Fig. 5A-B), suggesting
that these NOEs do not arise primarily from spin diffusion. Similarly, we also observed
rotating frame NOEs (ROES) across all residue types in RGG3 (Extended Data Fig. 5C),
although we were limited to ROE experiments of a single 2D plane due in part to decreased
signal-to-noise from fast transverse relaxation. Because ROE effectively suppresses multiple
magnetization transfer (ROE spin diffusion results in negative, not positive, contributions

to observed enhancements), spin diffusion cannot explain observed ROEs*. (Through-bond
ROE artifacts cannot explain ROEs to all RGG residue types as these artifactual transfers
do not cross peptide bonds.) Hence, these data further suggest that the observed NOEs
correspond to direct proximity of many distinct pairs of residue types.

To gain additional information about residue types within the RGG3 domain in contact with
residues within the SYGQ LC, we conducted 3D 12C-filtered, 13C-edited NOESY-HSQC
experiments (Fig. 3C), probing the interactions between both sidechains and backbone.

We chose to analyze in detail regions within the 1H-13C HSQC spectra of RGG3 in the
dispersed phase that did not have significant 1H signal overlap with other residue types
(Extended Data Fig. 5D). NOEs were present between the glycine, proline, methionine

and arginine within RGG3 and threonine, glutamine, tyrosine, glycine, and serines residues
within the SYGQ LC (Fig. 3C; Extended Data Fig. 5E).

To gain insight into the modes of interaction that are important for FUS SYGQ LC and
RGG domains, we characterized the interactions between FUS SYGQ LC and RGG domain
44-residue fragments (see Methods) using two chain all-atom simulations, as in our previous
work (Extended Data Fig. 4 and see supplementary note)1. For all three RGG domains,
arginine and glycine have the highest contact propensities with the SYGQ LC, likely
because these two residue types are the most abundant (Fig. 3D; Extended Data Fig. 6A,B).
Importantly, in the SYGQ LC, several residue types, not just tyrosine, but also in particular
glutamine, serine, glycine, and threonine mediate contacts with RGG3 residues, including
arginine. To further understand the contribution of specific residue types, we normalized the
contact propensities by the amino acid abundance within each sequence. After normalizing,
arginine residues remain a hotspot for interactions within the RGG domains along with
aromatic residues; however, the contacts involve all residue types within the two domains
(Fig. 3E; Extended Data Fig. 6A,B). Similar contacts are observed for the 120-163 fragment
of the SYGQ LC (Fig. 3F,G). Additionally, the contacts are distributed across the SYGQ

LC and RGG domains (Extended Data Fig. 6A-C), as much as we can ascertain within

the challenge of sampling a large inter-residue contacts configuration space. These data are
consistent with experimental NOEs present between most residue types, suggesting that all
residues can participate in the interaction between the SYGQ LC and RGG domains in the
condensed phase.

To characterize the interaction modes between residue pairs in the simulated SYGQ LC and
RGG domains beyond non-specific van der Waals (vdW) interactions between all pairs, we
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classified the total interactions (vdW contacts) into hydrogen bonding, sp?/r, and/or cation-
v interactions. All three interactions modes are represented in contacts between the SYGQ
LC and all three RGG domains (Fig. 4A). We note that the sp%/r interactions calculated
based on Vernon et al. may only account for planar stacking of the sp2/r groups; therefore,
we also used a broader definition without orientational restrictions to include other possible
sp2/r geometries (e.g. perpendicular stacking) — the overall trend for the interactions
remains the same (Extended Data Fig. 6D). To test if results depend on choice of simulated
fragment, we compared the interactions of SYGQ LC12g.163 With each FUS RGG domain
and found a similar distribution of interactions modes (Fig. 4A,B). We note that RGG2

has highest number of interactions with the compositionally representative fragment SYGQ
LC11.54, While RGG3 has the most contacts with our previously studied fragment SYGQ
LC120-163 (Fig. 4A), suggesting that certain regions of FUS may interact more favorably.
However, if we normalize the hydrogen bonds, sp?/r and cation-rt interactions by the

total number of contacts within each dataset, we find that the relative contribution of

each interaction mode is the same regardless of the SYGQ LC fragment used (Fig. 4B).
Therefore, these data suggest that all three RGG domains interact with the SYGQ LC

via similar interaction modes. Finally, we characterized the contribution of the interaction
modes between residue pairs within the SYGQ LC and RGG3 domain. We find that,

for residue pairs in vdW contact, the most frequent of these interaction modes involves
hydrogen bonding interactions (Fig. 4C,D; Extended Data Fig. 6E,F). Interestingly, contacts
involving glycine or serine show significant hydrogen bonding in addition to the previously
suggested backbone sp?/r interactions*>46. Importantly, the interactions between tyrosines
in the SYGQ LC and arginines within the RGG3 domain involve all three interaction
modes. We note that the agreement of current all-atom models to study IDPs with the
available experimental data from NMR, SAXS, FRET provides confidence in their ability
to capture structural and dynamical properties of these proteins reasonably well47-49. On
the other hand, these models have not been tested for their ability to provide insight on

the precise balance between different interaction modes (especially rt-m, cation-rt). Further,
the definitions of these contacts we adopted*® may require additional refinement based on
input from quantum calculations. Therefore, the percentage of each interaction type should
be treated with caution and should not be interpreted as providing insight on the relative
energetic contribution of each mode. Taken together, while cation-r interactions between
arginine and tyrosine have been proposed as the major contributor SYGQ LC and RGG-rich
sequences, glycine and other residue types within the RGG-rich sequences also contribute
through hydrogen bonds and sp?/m interactions as well as non-specific vdW contacts.

FUS contacts with the C-terminal tail of RNA polymerase Il

Previous studies demonstrated that the degenerate repeat half of the C-terminal tail of

RNA polymerase 1l (CTD) interacts with and partitions into FET protein liquid-like phases
and interacts with fibrillar FET LC hydrogels4:31.50, Arginine residues within TAF15 are
important for mediating co-partitioning of TAF15 and RNA polymerase3#, yet the molecular
details of these interactions are poorly understood. We hypothesized that the degenerate
repeats 27-52 of RNA polymerase Il interact not only with FUS SYGQ LC but also with the
arginine-rich domains within FUS. First, we tested whether GFP-tagged RNA polymerase 11
CTD (GFP-CTD) co-partitioned into droplets formed by FUS domains (Fig. 5). GFP-CTD
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co-partitioned into liquid droplets formed by both full-length (Fig. 5A) and SYGQ LC

(Fig. 5B) as previously reported!* and into droplets formed by ASYGQ LC alone (Fig.

5D). Therefore, the SYGQ LC is sufficient but not necessary for co-partitioning RNA
polymerase 1l CTD into FUS condensed phases, consistent with direct interactions between
RNA polymerase I CTD and several FUS domains. To test the effect of RNA polymerase

I1 CTD on phase separation of the SYGQ LC and RGG3 domain, we quantified turbidity

of FUS SYGQ LC or RGG3 below the saturation concentration for phase separation in

the presence of increasing concentrations of RNA polymerase 11 CTD. Addition of RNA
polymerase 11 CTD to SYGQ LC or RGG3 was sufficient to increase turbidity (Fig. 5C,E),
consistent with LLPS. Turbidity was further increased by addition of RNA polymerase Il
CTD in excess of SYGQ LC and RGG3. We also detected small NMR chemical shift and
intensity differences when RNA polymerase Il CTD and RGG3 are combined (Extended
Data Fig. 7A). We conducted all-atom simulations with RNA polymerase 1l CTD1g53.1896
and FUS SYGQ LCy1.54 and RGG3 fragments and analyzed the free energy surface as a
function of total contacts. Both the pairs of protein fragments have free energy minima at
non-zero contacts, suggesting that both the SYGQ and RGG3 interact with RNA polymerase
I1 CTD in simulations consistent with the experimental data (Extended Data Fig. 7B). Taken
together, these data suggest that the C-terminal heptads of RNA polymerase 1l can interact
with the RGG domains within FUS in addition to the SYGQ LC to promote co-phase
separation.

Lysines in RNA polymerase |l CTD form LLPS contacts

We characterized the interactions between FUS and RNA polymerase |1 CTD in the
condensed phase. Though RNA polymerase II CTD has significant tyrosine content, we
hypothesized other residues also mediate contacts with FUS because it also has similar
polar-residue content as FUS SYGQ LC. We generated a condensed phase sample for NMR
spectroscopy containing natural abundance (“HSQC-invisible”) FUS SYGQ LC and RGG3
mixed with 13C,15N-labeled RNA polymerase I CTD (“HSQC-visible™) (Fig. 6A). Within
this three-component condensed phase, RNA polymerase 1l CTD remained disordered
(Extended Data Fig. 7C). We measured interactions between the three-components using

a series of 3D 12C-filtered, 13C-edited NOESY-HSQC experiments. As neither SYGQ LC
nor RGG3 was isotopically enriched within this condensed phase, we identified several
residue types effectively unique to each sequence (i.e. arginine in RGG3 and threonine and
glutamine in SYGQ LC) in order to determine how each domain of FUS interacts with
RNA polymerase 11 CTD (Fig. 6A). We observed NOEs between all residue types enriched
in RNA polymerase I CTD (i.e. serine, tyrosine, proline, and lysine) to threonine and
glutamines within SYGQ LC as well as arginines in RGG3 (Fig. 6B,C; Extended Data Fig.
7D). We also observe NOEs arising from residues with 1H resonance overlap in SYGQ LC
and RGG3 (namely, serines, glycines and tyrosines) and all residue types enriched in RNA
polymerase 11 CTD.

To probe the contribution of particular residue types to the interactions between RNA
polymerase 11 CTD and FUS SYGQ LC or RGG3, we analyzed the contact propensities
between residue pairs within two-chain all-atom simulations. The interactions between
RNA polymerase Il CTD1gs3-1896 and FUS SYGQ LCq1.54 involve all enriched residue
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types (Fig. 6D, left); however, the normalized contact propensities indicate that lysines and
tyrosines within RNA polymerase 1l CTD1gs53.1896 are hotspots for interactions with FUS
SYGQ LCq1.54 (Fig. 6D, top right). In contrast, the interactions between RNA polymerase
I1 CTD1g53-1896 and FUS RGG3 are dominated by arginine and aromatic residue contacts
(Fig. 6D, bottom right). Both pairs exhibit contacts that are relatively distributed across the
protein fragments used except for some enhancement over two to three adjacent residues
(Extended Data Fig. 7E,F). Given the extreme length of simulations needed for convergence
of simulated ensembles to reliably quantify interactions at the level of each residue®!, we
focused instead on interactions between each residue type, which represents information
averaged over many occurrences of these residues within the sequence.

Finally, we characterized the contribution in the simulations of the interaction modes
between residue pairs in FUS SYGQ LC or RGG3 with RNA polymerase 11 CTD. In

both datasets we find that the contacts between residue pairs show significant presence

of hydrogen bonding interactions (Fig. 7A) though contacts between tyrosine residues in
FUS SYGQ LC and lysine residues in RNA polymerase I CTD show significant cation-r
interactions. Conversely, in both datasets, other pairs involving glycine or lysine interact
by hydrogen bonding interactions rather than sp?/r. Although we noted the caveats of
molecular simulation approaches above, our analysis of the interaction modes formed
between residue pairs in multiple systems suggests that hydrogen bond interactions may
be more important for LLPS, in general, than currently appreciated in the literature.

Because we observed that lysine residues within RNA polymerase Il CTD formed frequent
contacts by both experiment (i.e. NOEs) and molecular simulations (Fig. 6D), we tested the
importance of lysine residues for partitioning into SYGQ LC or ASYGQ LC condensates.
To this end, we induced phase separation of either SYGQ LC or ASYGQ LC in the

presence of 1 uM AlexaFluor 488-labeled RNA polymerase || CTD WT or a mutant in
which five lysines are mutated to serine (K5xS), centrifuged the reactions, and quantified
the remaining fluorescence intensity in the supernatants. The fluorescence intensity of the
fluorescently-labeled RNA polymerase 11 CTD variants alone (negative control) was used to
normalize the data to control for potential differences in the extent of fluorophore labeling.
As a positive control, the partitioning of 488-labeled SYGQ LC into SYGQ droplets was
measured to demonstrate that quantification of fluorescence intensity of the supernatant
remaining after centrifugation measures extent of partitioning (Fig. 7B). We observed that
WT RNA polymerase Il CTD partitioned into FUS SYGQ and ASYGQ LC droplets as
expected. In the case of the SYGQ LC, the lysine-to-serine variant (K5xS) RNA polymerase
I1 CTD, but not the N2xA variant with two asparagine-to-alanine substitutions, displayed
higher fluorescence in the supernatant, suggesting that loss of lysines impairs partitioning
into SYGQ LC droplets. In contrast, loss of lysine in RNA polymerase || CTD promoted
greater partitioning into ASYGQ LC droplets as lower fluorescence was observed in the
supernatant. This increase in the partitioning of the lysine-to-serine variant into ASYGQ LC
droplets (predicted net charge +17.5) may be due to the increased negative charge associated
with the loss of lysine residues (from -4 to -9 predicted net charge). Thus, experimental and
simulation data suggest that lysine residues play a role in determining the interactions and
phase partitioning of RNA polymerase Il CTD with FUS.
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Discussion

RGG-motifs are present in many proteins that undergo LLPS including Ddx4, hnRNPA2,
FMRP and FUS paralogs TAF15 and EWS#6:52-54 RGG domains are considered interaction
hubs as they can mediate self-interactions, bind nucleic acids, and mediate heterotypic
interactions with other disordered and folded protein partners. Our data are consistent

with previous biochemical studies showing RGG domains contribute to FUS LLPS and
aggregation23-25, Yet, despite extensive study of FUS LLPS, a mechanistic understanding
of multi-domain mediated LLPS has remained open. Here, we probed how RGG domains
play a significant role in FUS LLPS, interact weakly with the SYGQ LC, and contribute to
inter-domain interactions with RNA polymerase 11 CTD.

Solution-state NMR is the leading technique to characterize the structural and dynamic
properties of intrinsically disordered protein LLPS#1:55, though solid state NMR plays an
important role in characterizing gel-like states®®. Characterization of LLPS-prone proteins
is especially challenging given the limitations with sample preparation/characteristics and
applicability of various NMR methods. Yet, NOE-based NMR spectroscopy visualizes

the transient interactions important for LLPS as seen for single-component condensed
phases of FUS, elastin-like peptides and Ddx4192757 Intramolecular interactions in the
dispersed phase of hnRNPA1 mimicking important interactions for LLPS have been probed
using NOE experiments20; however, differences between contacts formed in the dispersed
and condensed phases and limitations of sample concentration and signal-to-noise may
preclude this method for every system, particularly those involving multiple components.
Therefore, we directly measured the interactions between the SYGQ LC, RGG3 and RNA
polymerase 1l CTD within the condensed phase. Though Kim and coworkers showed
particular interaction regions within CAPRIN1 in a CAPRIN1-phosphorylated FMRP
condensed phase®8, the interactions observed here between FUS SYGQ LC, RGG3 and
RNA polymerase |1 CTD appear distributed across the chains, similar to the interactions
formed between SYGQ LC domains!®. Future efforts with additional approaches may help
reveal subtle sequence-region preferences®®.

Cation-rt interactions between arginine and tyrosine (and phenylalanine) are often assumed
to be the major driving force of FUS and other disordered domain LLPS based on studies
mutating all instances of several residue types23:25.26.5258  However, mutagenic studies
replacing single residue types cannot directly probe which residue pairs form interactions,
much less tease apart synergistic contacts. Here, we demonstrate that other residue types
and interaction modes also make contributions to FUS LLPS (Fig. 3,4,8). In all-atom
simulations, we analyzed the contribution of various contact modes, including hydrogen
bonding and m-interactions, on FUS SYGQ LC and RGG LLPS. Several studies have
suggested that the number or positioning of key residues may make larger contributions to
LLPS than the bulk of the sequence, suggesting a pecking order among interactions that
induce LLPS20.28.60 \While we did not evaluate the interactions on an individual residue
position level, our data are consistent with the view that certain residue types, including
tyrosine and arginine, form primary interactions essential for robust physiological LLPS,
stemming at least in part from the additive effect of multiple potential interaction modes;
however, these residues do not interact only with each other. In fact, many residue types,
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such as serine and glycine, that are limited in potential interaction modes but enriched in

the sequence, form interactions that also contribute to LLPS. In this way, it is difficult

to precisely assign a relative weight for individual residues and interaction modes. These
results are consistent with previous NMR work demonstrating tyrosine residues in FUS LC
and phenylalanine and arginine residues in Ddx4 make contacts with many residue types
within the condensed phases®27. Addressing the relative contribution of SYGQ LC-LC,
RGG-RGG and SYGQ LC-RGG interactions to phase separation within full-length FUS, as
well as the effect of RNA on these interactions will be important next steps to understanding
LLPS of FUS.

Previous computational work on protein LLPS mostly used coarse-grained models, which
provide important information on the sequence-dependent LLPS behavior of proteins®1:62,
but cannot provide guidance on the underlying interactions. Recent studies have used
atomistic simulation data to obtain insights into the prevalence of different interactions
modes within the folded protein structures*® or interactions between short disordered
peptides®3.64, Here, we use Amber99SBws-STQ force field (with water model used in its
design, tip4p/2005) due to its ability to capture NMR-validated conformational properties
of disordered proteins with or without transiently populated secondary structure elements
combined with a correction for helical bias observed in three residue-types (Ser, Thr, and
GlIn) present in low-complexity sequences including FUS LC®5. Recent papers discuss how
these models provide molecular details of IDP structure and dynamics on par or better than
other existing all-atom force fields®8:67. Further work is needed to establish if these force
fields also capture the relative importance of different interactions modes, as significant
questions remain®.

Biomolecular condensates are complex mixtures of components. RNA polymerase 1l CTD
is recruited to SYGQ LC liquid condensates and hydrogelsl431. The degenerate half of
RNA polymerase Il CTD is enriched in lysines. Lysine-rich sequences are enriched in
liquid condensates called P bodies and are important for tau LLPS#0:69.70, Previous studies
reported that the lysine residues partially mediate incorporation of RNA polymerase Il
CTD into TAF15 hydrogels31:59; we find that lysine residues within RNA polymerase Il
CTD are also important for co-partitioning into SYGQ LC liquid condensates (Fig. 7).
While there are some parallels between the arginine-rich RGG3 domain and lysine-rich
RNA polymerase Il CTD, arginine-tyrosine pairs can form cation-r, sp%/r and hydrogen
bonding interactions simultaneously, while lysine is limited to cation-r, hydrogen bonding
and salt bridge interactions in this context (Fig. 4; Fig. 7). Indeed, co-occurrence of all
three interaction modes between arginine-tyrosine pairs may contribute to the role of these
residues as interaction hotspots. Finally, SYGQ LC is not required for co-partitioning of
RNA polymerase I CTD into FUS liquid condensates and RGG domains contribute to

the interaction with RNA polymerase |1 CTD (Fig. 5). Other arginine-rich proteins have
been shown to associate with RNA polymerase 1l CTD such as the splicing factors SRSF1/
SRSF271, Arginine and aspartate residues within TAF15 are important for RNA polymerase
clustering®*. Residue charge may contribute to the interaction between the RGG domains
and RNA polymerase Il CTD, as mutation of lysines in RNA polymerase Il CTD increased
partitioning into RGG-rich droplets (Fig. 7B). Hence, phosphorylation of RNA polymerase
I1 CTD may alter the balance of interactions with FET SYGQ LC and RGG domains,
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potentially leading to changes in RNA polymerase Il and FET protein co-localization
associated with the stages in transcription30:34:36.71,72

Protein Expression and Purification

Constructs were expressed in BL21 Star (DE3) cells (Life Technologies). Briefly, cultures
(1L) were grown to an optical density of 0.7-0.9, induced with 1 mM isopropyl-p-D-1-
thiogalactopyranoside (IPTG) for 4 hrs at 37°C, harvested by centrifugation, and stored

at —80°C. Isotopically labeled protein was expressed in M9 media supplemented with 1°N-
ammonium chloride or 13C-glucose as the sole nitrogen and carbon sources, respectively.

pTHMT FUS 1-526 (Addgene #98651).—Purification of MBP-FUS FL and variants
were carried out as previously reported®:37. Cell pellets were resuspended in 20 mM
sodium phosphate 1M NaCl 10 mM imidazole pH 7.4 and an EDTA-free protease
inhibitor tablet (Roche), lysed using an Emulsiflex C3 (Avestin). The lysate was cleared
by centrifugation at 20,000 rpm for 50 min at 4°C, filtered using a 0.2 pm syringe filter,
and loaded onto a HisTrap HP 5 mL column. The protein was eluted with a gradient from
10-300 mM imidazole in 20 mM sodium phosphate 1M NaCl pH 7.4. Fractions containing
MBP-FUS FL were loaded onto a HiLoad 26/600 Superdex 200 pg column equilibrated in
20 mM sodium phosphate 1M NaCl pH 7.4. Fractions with minimal degradation products
were determined with a gel, concentrated using a centrifugation filter with a 10 kDa cutoff
(Amicon, Millipore), and flash frozen in 25% glycerol for storage at —80°C.

RP1B FUS 1-163 (Addgene 127192).—Cell pellets were resuspended in 20 mM sodium
phosphate 300 mM NaCl 10 mM imidazole pH 7.4 and lysed using an Emulsiflex C3
(Avestin). The lysate was cleared by centrifugation at 20,000 rpm for 50 min at 4°C and the
insoluble fraction was resuspended in 8M urea 20 mM sodium phosphate 300 mM NaCl 10
mM imidazole pH 7.4 before centrifugation at 20,000 rpm for 50 min at 4°C. The insoluble
fraction was filtered using a 0.2 pm syringe filter and loaded onto a HisTrap HP 5 mL
column. The protein was eluted with a gradient from 10-300 mM imidazole in 8M urea

20 mM sodium phosphate 300 mM NaCl pH 7.4. Fractions containing FUS LC were spin
concentrated using a centrifugal filter with a 3 kDa cutoff, diluted to ~1M urea with 20 mM
sodium phosphate pH 7.4, and incubated rocking over night with in-house TEV protease at
room temperature. The TEV reaction was stopped by addition of urea to 8M, and NaCl was
added to 300 mM and imidazole was added to 10 mM. The solution was filtered using a 0.2
um syringe filter, loaded onto a HisTrap HP 5 mL column. The flow-through was collected,
buffer exchanged into 20 mM CAPS pH 11.0 using a centrifugal filter with a 3 kDa cutoff,
and flash frozen for storage at —80°C. FUS LC variants were purified similarly to wild-type.

pTHMT RGGL1 (164-267), pTHMT RGG2 (372-422), pTHMT RGG3 (453-507) WT
and variants, pJ411 FUS ASYGQ (164-526).—Cell pellets were resuspended in 20
mM sodium phosphate 1M NaCl 10 mM imidazole pH 7.4 and an EDTA-free protease
inhibitor tablet (Roche), lysed using an Emulsiflex C3 (Avestin). The lysate was cleared by
centrifugation at 20,000 rpm for 50 min at 4°C, filtered using a 0.2 pm syringe filter, and

Nat Struct Mol Biol. Author manuscript; available in PMC 2022 May 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Murthy et al.

Page 13

loaded onto a HisTrap HP 5 mL column. The protein was eluted with a gradient from 10-300
mM imidazole in 20 mM sodium phosphate 1M NaCl pH 7.4. In-house TEV was added

to the fractions containing the protein and the reaction was dialyzed into 20 mM sodium
phosphate 300 mM NaCl pH 7.4 overnight at room temperature. The dialyzed protein

was loaded onto a HiL.oad 26/600 Superdex 75 pg column equilibrated in 20 mM sodium
phosphate 300 mM NaCl pH 7.4. For experiments where the MBP-tag was retained, the
protein was immediately loaded onto a HiLoad 26/600 Superdex 200 pg column equilibrated
in 20 mM sodium phosphate 300 mM NaCl pH 7.4. The proteins were concentrated using

a centrifugal filter with a 3 kDa cutoff and flash frozen for storage at —80°C. The proteins
were buffer exchanged into 20 mM sodium phosphate 1M NaCl pH 7.4 or 50 mM MES/
Bis-Tris 1M NaCl pH 5.5 to prevent phase separation where high concentration stocks were
required (<1 mM) or 50 mM MES/Bis-Tris 150 mM NaCl pH 5.5 for NMR experiments.
For two- and three-component condensed phase NMR experiments, purified RGG3 was
buffer exchanged into 8M urea 50 MM MES 150 mM NaCl pH 3.4 (untitrated).

pJ411 RNAP CTD27-52 (Addgene #98678).—The protein was purified as previously
described®0. For three-component condensed phase NMR experiments, the protein was
buffer exchanged into 8M urea 50 mM MES 150 mM NaCl pH 3.4 (untitrated) before
storage at —80°C. RNAP CTD27-52 variants were purified similarly to wild-type.

GFP-RNAP CTD.—The protein was purified as previously described4,

Fluorescent labeling.—For experiments with FUS LC and variants, the proteins were
diluted to ~1 mg/mL in 100 mM sodium phosphate 150 mM NaCl pH 6.5 and incubated
with DyLight 488 NHS ester dissolved in DMF for 16 hr at 4°C. Excess label was removed
by desalting samples twice with 2 mL 7000 MWCO Zeba spin desalting columns. RNAP
CTD27-52 and variants with an engineered cysteine site (S1966C) were labeled with
AlexaFluor 488 maleimide as previously described0.

Turbidity Measurements

Turbidity measurements of MBP-FUS FL and FUS SYGQ LC in the presence of FUS
ASYGQ or FUS RGG3 at varying concentrations were conducted in 20 mM sodium
phosphate 150 mM NaCl pH 7.4. The absorbance at 600 nm was measured in a 70 uL
micro-cuvette using a NanoDrop 2000c. After measurement, the samples were immediately
imaged using DIC microscopy.

Turbidity was used to evaluate phase separation of 5 uM MBP-FUS FL and variants in

the presence of 0.0075 mg/mL in-house TEV protease (~0.3 mg/mL in 50 mM Tris 1 mM
EDTA 5 mM DTT pH 7.5 50% glycerol 0.1% Triton-X-100) in 20 mM sodium phosphate
pH 7.4 with the appropriate salt concentration. For experiments with RNA, mass equivalents
of desalted torula yeast RNA extract in 20 mM sodium phosphate 150 mM NaCl pH 7.4
was added to the reactions. Turbidity experiments were performed in a 96-well clear plate
(Costar) with 100 pL samples sealed with optical adhesive film to prevent evaporation
(MicroAmp, ThermoFisher). The absorbance at 600 nm was monitored over time using a
Cytation 5 Cell Imaging Multi-Mode Reader (BioTek) at 5 min time intervals for up to 12
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hr with mixing. To normalize the data, the turbidity of a no TEV control (replaced with
TEV storage buffer) for each condition was subtracted from the turbidity of the experimental
conditions. Experiments were conducted in triplicate and averaged.

Turbidity of 25 pM FUS SYGQ or 25 pM RGG3 in the presence of varying concentrations
of RNAP CTD27-52 in 20 mM sodium phosphate 150 mM NaCl pH 7.4 was measured

in a 96-well clear plate (Costar) sealed with optical adhesive film to prevent evaporation
(MicroAmp, ThermoFisher). The absorbance at 600 nm was measured using a Cytation 5
Cell Imaging Multi-Mode Reader (BioTek). To normalize the data, a turbidity of a sample
containing solely 25 uM FUS SYGQ or 25 uM RGG3 was subtracted from the turbidity of
the experimental conditions. Experiments were conducted in triplicate and averaged.

Phase separation quantification by fluorescence

To quantify partitioning, 1 uM fluorescently labeled RNAP CTD27-52 was mixed with
phase separated 200 uM FUS SYGQ at room temperature. For experiments with FUS
ASYGQ LC, 1 uM fluorescently labeled RNAP CTD27-52 was mixed with phase separated
50 UM FUS SYGQ at 4°C. The reactions were centrifuged at 14,0009 for ten minutes
to pellet the condensed phase, and the supernatant was transferred to a 96-well clear
plate (Costar) which was subsequently sealed with optical adhesive film (MicroAmp,
ThermoFisher). The relative fluorescence units were measured using a Cytation 5 Cell
Imaging Multi-Mode Reader (BioTek) with absorbance set to 493 nm and emission set
to 519 nm. To normalize the data, the relative fluorescence units of the experimental
conditions were divided by the relative fluorescence units of a sample containing only 1
UM fluorescently labeled protein.

Fluorescence and DIC microscopy

To evaluate GFP-RNAP CTD localization, samples were prepared by adding 0.3 uM GFP-
CTD to phase separated 300 uM FUS SYGQ in 50 mM MES/Bis-Tris 150 mM NaCl pH
5.5, 50 uM FUS ASYGQ in 20 mM sodium phosphate 150 mM NaCl pH 7.4, or 5 uM
MBP-FUS FL with 0.015 mg/mL TEV protease in 20 mM sodium phosphate 150 mM NaCl
pH 7.4. Samples containing MBP-FUS FL were incubated with TEV protease for 20 min
prior to addition of GFP-RNAP CTD.

Samples were spotted onto a glass coverslip and droplet formation was evaluated by imaging
with differential interference contrast or using the FITC channel for fluorescence on an
Axiovert 200M microscopy (Zeiss). For experiments with 5 uM MBP-FUS FL and variants,
the samples were incubated with 0.01 mg/mL in-house TEV protease for 20 min before
visualization.

NMR Sample Preparation and NMR Spectroscopy

NMR experiments were recorded at 850 MHz using a Bruker Avance |11 spectrometer
with HCN TCI z-gradient cryoprobes using Topspin 3.5. All experiments were carried
out at 25°C in 50 mM MES/Bis-Tris, 150 mM NaCl pH 5.5 unless otherwise noted. All
experiments were processed using NMRPipe v10 software package’2 and then visualized
using NMRFAM-Sparky 1.3 74,
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Triple resonance assignment experiments were conducted on 13C,15N-labeled FUS RGG1,
RGG2 or RGG3 in 50 mM MES pH 5.5 10% D0 at 25°C. 2D 1H-15N HSQC, 2D

1H-13C HSQC, 3D CBCA(CO)NH, 3D HNCACB, 3D HNCO, 3D HN(CA)CO, and 3D
HN(CA)NNH were used to achieve sequence specific backbone assignments. Certain
regions of the RGG sequences, namely long stretches of glycine repeats, could not be
assigned due to severe overlap. Assignment completeness of 65% was achieved for RGG1,
65% for RGG2 and 97% for RGG3. Assignments for RNA polymerase 1l CTD were
transferred from previously published assignments to the 50 mM MES 150 mM NaCl pH
5.5 10% D0 at 25°C conditions by overlaying H-1°N HSQC experiments of wild-type and
alanine mutants in both MES and Tris buffers®0,

NMR titrations of 1°N-labeled FUS SYGQ LC with natural abundance MBP-RGGs or 15N-
labeled FUS RGGs with natural abundance MBP-LC were conducted by making individual
samples containing 1:0, 1:1, 1:3, or 1:10 of each component. Chemical shifts and intensity
ratios were normalized by subtracting the 15N chemical shift values and dividing the signal
intensity of the 1:0 condition from all other datasets (except where noted). The same
approach was used for addition of natural abundance FUS RGG3 (without an MBP-tag) into
15N RNA polymerase I CTD in the above CTD NMR conditions.

To generate a condensed phase containing 2:1 13C-labeled SYGQ LC and 15N-labeled
RGG3, 13C-labeled SYGQ LC and 15N-labeled RGG3 were diluted to 666 pM and 333

UM, respectively, into 50 mM MES 150 mM NaCl pH 3.4 (untitrated) with 10% D,0 for

a total volume of 1 mL. To generate a condensed phase containing 1:1:1 13C,15N-labeled
RNA polymerase Il CTD, natural abundance FUS SYGQ LC, and natural abundance FUS
RGG3, the proteins were diluted to 333 pM each into 50 mM MES 150 mM NaCl pH 3.4
(untitrated) with 10% DO for a total volume of 1 mL. Upon dilution, samples immediately
phase-separated. The reactions were incubated on ice and centrifuged into a 3 mm NMR
tube at 3310 rpm for 10 min at a time at 0-2°C. This process was repeated until the
condensed phase reach sufficient volume to fill the NMR coil volume (approximately four to
five 1 mL reactions of 1 mM protein). The final samples contained 0.4 M residual urea from
the RGG3 and RNA polymerase CTD storage buffer.

Motions of the backbone in the condensed phase were measured at 850 MHz using standard
pulse sequences (hsqctletf3gpsitc3d, hsqct2etf3gpsitc3d, hsqcnoef3gpsi). Delays of 16.5,
264.4,181.8, 33.1, 115.7, 82.6, 165.3 ms for R,and 100, 1000, 200, 800, 300, 600, 400

ms for R; experiments and using an interscan delay of 2.5 s or 1.2 s, respectively. (*H)15N
heteronuclear NOE experiments were made up of interleaved sequences with and without
proton saturation, with a recycle delay of 5 s (greater than 7 x 1N 73, which is in most cases
longer than 1H 77).

Intermolecular NOE-based experiments were recorded on two-component or three-
component condensed phase samples. For two-component samples containing 2:1
13C-labeled SYGQ LC and 1®N-labeled RGG3, 4D 13C/15N edited 1H-13C-HSQC-
NOESY-1H-15N-HSQC (hsqcnoesyhsgcengpad) experiments were recorded with a mixing
time of 250 ms or 100 ms (test experiments for NOE build up curves were performed at
50, 100, 250, 400, and 800 ms) and with 58, 2, 58 and 2048 total points with sweep widths
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of 56, 10.5, 20, and 10.5 ppm centered at 42, 4.7, 117, and 4.7 ppm for aliphatic regions

in the F1 dimension or sweep widths of 150, 10.5, 20, and 10.5 ppm centered at 75, 4.7,
117, and 4.7 ppm for aromatic regions in the F1 dimension. (Note, the indirect 1H dimension
was not incremented/collected, resulting in an effective 3D experiment.) For all samples,

3D 13C,15N-filtered/edited NOESY-1H-13C-HSQC (noesyhsqcgpwgx13d) experiments were
also recorded with a mixing time of 100 ms or 50 ms and with 128, 60, and 3072 total
points with sweep widths of 9, 56, and 10.5 ppm centered at 4.7, 42, and 4.7 ppm for
aliphatic regions in the F2 dimension or sweep widths of 9, 56, and 10.5 ppm centered

at 4.7, 110, and 4.7 ppm for aromatic regions in the F2 dimension. A 13C/1°N edited
1H-13C-HSQC-ROESY-H-15N-HSQC was created by modifying the corresponding Bruker
NOESY sequence (i.e. hsgcnoesyhsgccngp4d) to include adiabatic ramps and spin lock as
previously proposed’® and performed with 5 kHz spin lock / mixing for 20 ms.

Simulation Details and analysis

For all-atom simulations, we chose fragments from each domain that were forty-four
residues long to allow for sufficient conformational sampling within reasonable timescales
(Extended Data Fig. 4). We selected a fragment best representing the amino acid distribution
of the SYGQ LC (11-54) within the full SYGQ LC domain in addition to the portion that we
previously used which lacks some of the less abundant residue types (120-163) (Extended
Data Fig. 4A)1°. Similarly, the fragments for RGG1, RGG2 and RGG3 were chosen such
that they were the most representative of each RGG sequence. We note that in experiments,
the length of the sequences for the SYGQ LC and RGG domains are non-equivalent;
therefore, the simulations allow us to compare the interactions between similar length
fragments. All-atom simulations were conducted on systems containing FUS SYGQ LC11.54
or SYGQ LC120_163With RGG120.267, RGG2372.419, RGG3454.501 0r RNA polymerase

Il CTD1g53-1896 and RGG3454.501 With RNA polymerase 11 CTD1g53.1g89¢. Simulations
were conducted using GROMACS 4.6.7 software package with PLUMED 2.4 plugin®.

We used the Amber99SBws-STQ force field with improved residue-specific dihedral
corrections®®, tip4p/2005 water, and improved salt parameters from Luo and Roux’’:"8,
Simulations were conducted using parallel tempering in the well-tempered ensemble (PT-
WTE) with 16 temperature replicas from 300 K to 500 K, each with a metadynamic bias

on the potential energy to enhance exchange between adjacent replicas’®®1. Single chain
simulations were conducted using this PT-WTE scheme, while two chain simulations were
conducted using this scheme coupled with a well-tempered metadynamics (WT-MetaD) bias
on the interchain vdW contacts between heavy nonpolar atoms (i.e. |g| < 0.25) as we have
previously done to improve sampling binding/unbinding events82.

Initial configurations for two-chain simulations of each chain in each replica were randomly
generated by CHARMM 46 tool83. Two chains were initially placed 10 A apart (between
any two atomic positions) and solvated in explicit water and ~100 mM NaCl with box size
= 8.0 nm. Each replica was equilibrated for 100 ps in NVT and then NPT simulations with
parallel tempering for thermal equilibrium. Production simulations were performed for 200
ns, with the first 50 ns discarded as equilibrations, and the last 150 ns used for analysis.
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The simulations were analyzed at 300 K as in the experiments. For two-chain simulations,
we calculated the free energy surface of the two-chain systems from the metadynamics
bias using the built-in function (sum_hills) in PLUMED v2.7.2, and an alternative time-
independent method from Tiwary and Parrinello84, then subtract the difference between

the two results to generate uncertainties for free energy values. Contact propensities in
all-atom two-chain PT-WTE simulations were reweighted based on free energy surface.
VdW contacts were considered as any two heavy atoms being within 6 A of each other.
Hydrogen bonds were considered as a donor atom and an acceptor atom being within 3

A and the donor-hydrogen-acceptor angle being larger than 120°. Sp2/r interactions were
calculated as presented by Vernon et al.#> and considered as any two sp2-hybridized groups
having at least two pairs of atoms being within 4.9 A and the angle between the normal
axes of the two sp2-planes being less than 60°. Cation-r interactions were considered as a
cationic atom being within 7 A of the center of an aromatic ring and less than 60° from the
normal axis of the  face. Salt bridges are considered as a cationic atom and an anionic atom
being within 6 A of each other. Uncertainties in contact propensities were calculated using
block error with N = 2 blocks (75 ns each) with reweighting, calculated using the following
formula, where the variance (squared of error) is equal to:

N 2
2o Xi = 1wi(xj —X)
- 2N
N°Yi=1wi

where wj is the weights of block i, x; is the contact propensity calculated within block i, X is
the weighted average contact propensity.

Calculation of NMR spin relaxation parameters from simulated trajectories was performed
as previously®1:85. Briefly, constant temperature molecular dynamics simulations for each
monomer using the same run parameters as above (without enhanced sampling), also in
NVT ensemble (T=300 K) were performed, with 12 independent MD simulations for 12
randomly selected initial configurations from the equilibrium ensemble (see above). Each
independent simulation is run for 200 ns, yielding a total of 2.4 us simulation time. Results
from dynamics trajectories are presented as mean averaged over 12 independent simulations,
and uncertainties are the standard error of the mean calculated from the deviation between
12 simulations.
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Extended Data Fig. 1. RGG lysinevariantsare still capable of LLPS.
A) DIC micrographs of 5 uM MBP-FUS FL WT, RGG1 R9xK, RGG2 R8xK, and RGG3

R10xK after cleavage of the N-terminal MBP solubility tag by addition of TEV protease
(left) or in the absence of TEV protease (right) in buffer containing 1 M sodium chloride.
Scale bars are 20 um. B) Turbidity over time of 5 uM MBP-FUS FL WT, RGG1 R9xK,

RGG2 R8xK, and RGG3 R10xK after cleavage of the N-terminal MBP solubility tag by

Nat Struct Mol Biol. Author manuscript; available in PMC 2022 May 10.
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addition of TEV protease in buffer containing 1 M sodium chloride over time. The data are
blanked to samples lacking TEV protease. Data are plotted as mean + s.d of measurements
from n=3 replicates in one representative data set out of two independent experiments. C)
DIC micrographs of 5 UM MBP-FUS FL WT, RGG1 R9xK, RGG2 R8xK, and RGG3
R10xK after cleavage of the N-terminal MBP solubility tag by addition of TEV protease
(left) or in the absence of TEV protease (right) in the presence of 1:1 mass equivalents of
total yeast RNA. Scale bars are 20 um. D) Turbidity of 5 uyM MBP-FUS FL WT, RGG1
RI9xK, RGG2 R8xK, and RGG3 R10xK in the presence of 1:0, 1:1 and 1:2 total yeast RNA
over time. The data are blanked to samples lacking TEV protease. Data are plotted as mean
mean + s.d. of measurements from n=3 replicates in one representative data set out of two
independent experiments.
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Extended Data Fig. 2. The RGG domains weakly interact with the SYGQ LC.
A) 15N chemical shift perturbations and intensity differences of the SYGQ LC in the

presence of increasing concentrations of MBP-RGG1, MBP-RGG2, MBP-RGG3 or MBP
alone (negative control). Intensity data are normalized to a SYGQ LC alone control and
are plotted as mean mean = s.d. of baseline noise for each spectrum as estimate of
uncertainty in one representative data set out of two independent experiments. B) 1°N

chemical shift perturbations and intensity differences of RGG1, RGG2, or RGG3 with

increasing concentrations of MBP-SYGQ LC. The data are relative to RGG1, RGG2 or
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RGG3 alone controls. The asterisks for the RGG1 and RGG2 titrations with MBP indicate
where the data are normalized to the 1:1 condition. Gray bars represent RGG motifs. Black
dots correspond to resonances that are unassigned, while gray dots represent resonances that
are assigned but not resolved due to overlap. Intensity data are plotted as mean =+ s.d. of
baseline noise for each spectrum as estimate of uncertainty in one representative data set. C)
Average 15N chemical shift perturbations across all positions in SYGQ LC in the presence
of ten times excess MBP-RGG1, MBP-RGG2, MBP-RGG3 or MBP alone (negative control)
(full data points presented in A). Data are plotted as mean + s.e.m. in one representative data
set out of two independent experiments. D) Average 1°N chemical shift perturbations across
all positions in RGG1, RGG2 or RGG3 in the presence of ten times excess MBP-SYGQ LC
or MBP alone (negative control) (full data points presented in B). Data are plotted as mean +
s.e.m. in one representative data set out of two independent experiments.
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Extended Data Fig. 3. Assigned spectra of FUSRGG domains and impact of RGG mutationson
weak interactionswith SYGQ LC

A-C) Assigned 1H-15N HSQC spectra of FUS RGG1, RGG2 or RGG3 in the dispersed
phase. D) 15N chemical shift perturbations and intensity differences of 30 uM SYGQ LC in
the presence of 300 uM of MBP-RGG3 WT, R10xK or R10xS. Intensity data are normalized
to a SYGQ LC alone control and are plotted as mean + s.d. of baseline noise for each
spectrum as estimate of uncertainty in one representative data set. E) Average 1°N chemical
shift perturbations of SYGQ LC in the presence of ten times excess MBP-RGG3 WT,
R10xK or R10xS (full data points presented in D). Data are plotted as mean + s.e.m. in one
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representative data set. F) 1°N transverse relaxation rate constant values for SYGQ LC in
the presence of ten times excess of MBP (negative control), MBP-RGG1, MBP-RGG2 or
MBP-RGG3. Data are plotted as mean + propagated best-fit parameter confidence interval
equal to 1 s.d in one representative data set.
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Extended Data Fig. 4. Composition of fragments used for all-atom simulations
A) Amino acid content of the SYGQ LC and fragments 11-54 and 120-163 used for

all-atom simulations. B) Amino acid content of the FUS RGG domains. Fragments used
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for all-atom simulations (RGG1 220-267, RGG2 372-419 and RGG3 454-501) contain
similar amino acid compoaositions to their experimental counterparts. C) Amino acid content
of RNA polymerase C-terminal tail heptads 27-52. D) 1°N spin relaxation parameters for
FUS RGG3 in the dispersed phase from experiment and simulations. The segments used
for simulations are shorter, explaining the discrepancies at the termini. Experimental data
are plotted as mean + propagated best-fit parameter confidence interval equal to 1 s.d in
one representative data set of two independent experiments. Simulated data are plotted as
mean + s.e.m of n=12 independent trajectories launched from randomly selected equilibrated
ensemble members. E) Free energy landscape as a function of van der Waals contacts
formed between hydrophobic atoms in FUS 11-54 or FUS 120-163 and RGG1, RGG2 or
RGG3 from simulations. The use of different 44-amino acid fragments of FUS LC in the
simulations produces differences in the energy landscapes, suggesting that the amino acid
variation between the fragments used can have an impact on the number of contacts. Data
are plotted as mean + s.e.m of n=5 equal divisions of the total data set from one data set
with n=16 independent replicas using PTWTE. F) Radius of gyration distribution of three
different 44-residue long RGG fragments in single-chain simulations. The differences in
compaction within the simulation system reflects the differences in amino acid composition
of each RGG fragment. Data are plotted as mean + s.e.m of n=5 equal divisions of the total
data set as in (E).
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Extended Data Fig. 5. NOEswithin a two-component condensed phase containing FUS SYGQ

LC and RGG3.

A) NOE build-up curve (NOE intensity vs mixing time, t,,) from 4D HSQC-NOESY-HSQC
experiments. No diagonal peaks are present in these HSQC-NOESY-HSQC spectra, so

data were collected as one-dimensional experiments and presented here as integration

over the resonance envelope. Each experiment was performed once. B) 2D-planes from

a 13C-HSQC-NOESY-®N-HSQC experiment recorded with a NOESY mixing time of 50
ms. C) Intermolecular ROEs from SYGQ LC are observed for arginine and other residue
types including glycine in the 2-component condensed phase. 2D-projection from a 4D
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HSQC-NOESY-HSQC (250 ms mixing time; unscaled and scaled to match ROE) and
HSQC-ROESY-HSQC (5 kHz spin lock / mixing for 20 ms). ROESY spin lock mixing time
was limited due to more rapid transverse relaxation rate as compared to the NOESY mixing
time, as the magnetization is longitudinal during the NOE transfer but transverse during the
spin-locked ROE transfer. Experiments performed once. D) 1H-13C HSQC of FUS RGG3 in
the dispersed phase. E) NOE signal intensity quantification from a 12C-filtered, 13C-edited
NOESY-HSQC experiment presented in Figure 3C. Intensity data for one representative
experiment are plotted as mean + s.d. of baseline noise for each plane as estimate of
uncertainty in one representative data set.
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Extended Data Fig. 6. Contacts between FUS SYGQ L C and RGG domains
A) Total intermolecular contact propensities from two-chain simulations of SYGQ LCq1.54

and RGG1,,0.267 binned by residue position (left), binned by residue type (center), and
binned by residue type and normalized by residue frequency (right). Plots represent the
total number of contacts for a particular residue position. Bars represent the total number
of contacts for a particular residue type. Residues colored in gray occur in the sequence

less than three times. (For A,B,C: Data are plotted as mean * s.e.m of (left) n=5 equal

divisions of the total 16 replica PTWTE data set, (middle) total contact propensities, or
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(right) normalized total contact propensities from one representative data set out of two
independent experiments.) B) Inter-residue contact propensities from two-chain simulations
of SYGQ LCq1.54 and RGG2377.419 binned by residue position (left), binned by residue
type (center), and binned by residue type and normalized by residue frequency (right).
Curved plots represent the total contact propensities for each residue. Bars represent the total
number of contacts for a particular residue type. Gray bars represent residue types that occur
less than three times in the sequence. C) Inter-residue contact propensities from two-chain
simulations of SYGQ LC11.54 and RGG3454.501 binned by residue position. Plots represent
the total contact propensities for each residue. Corresponding residue typed binned and
frequency normalized plots matching middle and right plots, respectively, for B and C) are
presented in main text Figure 3 D,E. D) Total sp2/r interactions (left) and normalized by all
VdW contacts (right) where all geometries are included (only distance-based definition) in
two-chain simulations of SYGQ LC11.54 or SYGQ LCy20.163 With RGG1, RGG2 or RGG3.
The data are binned for - (top, lightest), sp2-r (middle, lighter) and sp2"sp? (bottom)
contacts. Data are plotted as mean * s.e.m of n=5 equal divisions of the total data set. E,F)
Top fifteen interacting amino acid pairs in order of highest to lowest contact frequency (left
to right) SYGQ LCq1.54 or SYGQ LC120.163 With RGG1 or RGG2. The fraction of pairs
showing hydrogen bonds, sp?/m, and cation-rt contacts out of the total pairs with van der
Waals interactions is indicated.
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Extended Data Fig. 7. Contacts within a three-component phase containing FUS SYGQ L C and
RGG3 and RNAP2CTD

A) Chemical shift perturbations and signal intensity changes for 1°N-RNA polymerase

II CTD in the presence of increasing concentrations of FUS RGG3. Intensity data are
plotted as mean + s.d. of baseline noise for each spectrum as estimate of uncertainty in
one representative data set. B) Free energy landscape of van der Waals contacts between
hydrophobic atoms between RNAP2 CTD and FUS SYGQ LC or RGG3 from two-chain
simulations. Data are plotted as mean * s.e.m of n=5 equal divisions of the total data set
from one representative data set. C) 1H-1°N HSQC of RNA polymerase 11 CTD in the
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dispersed (orange) and condensed (green) phases. D) NOE signal intensity quantification
from a 12C-filtered, 13C-edited NOESY-HSQC experiment presented in Figure 6B. Intensity
data are plotted as mean + s.d. of baseline noise for each plane as estimate of uncertainty

in one representative data set out of two independent experiments. Inter-residue contact
propensities from two-chain simulations of RNAP2 CTD1g53.1896 and E) FUS SYGQ
LCq1.54 Or F) RGG3 binned by residue position. Plots represent the total number of contacts
for a particular residue position. Data are plotted as mean + s.e.m of n=5 equal divisions of
the total data set from one representative data set.
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Figure 1. Domains outside of the SY GQ-rich low complexity domain contributeto FUSLLPS.
A) Domain architecture of FUS and constructs used in this study. B) Turbidity of varying

concentrations of MBP-FUS FL after cleavage of the N-terminal MBP solubility tag by
addition of TEV protease, with corresponding DIC micrographs. Scale bars are 50 pm.
C) Turbidity of varying concentrations of FUS SYGQ LC and ALC with micrographs
corresponding to the top row. Filled in circles indicated the presence of turbidity. Scale
bar= 50 um. Data shown are from a single representative dataset. D) Turbidity of varying
concentrations of FUS SYGQ LC and RGG3 with micrographs corresponding to the top
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row. Scale bar=50 pum. Data shown are from a single representative dataset. E) DIC
micrographs of 5 yM MBP-FUS FL WT, RGG1 R9xK, RGG2 R8xK, and RGG3 R10xK
in the presence and absence of TEV protease in the presence of 150 mM sodium chloride.
Scale bars are 20 um. F) Turbidity of 5 uM MBP-FUS FL WT, RGG1 R9xK, RGG2 R8xK,
and RGG3 R10xK in the presence of 150 mM sodium chloride over time. Samples lacking
TEV protease were used as blank values. Data are plotted as mean * s.d. of measurements
from n=3 replicates in one representative data set out of three independent experiments.
For all micrographs in this figure:data shown are from one representative dataset of two
independent assays.
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Figure2. The RGG3 and SYGQ LC remain disordered in a two-component condensed phase.
A) A two-component phase consisting of 2:1 13C-labeled SYGQ LC and 1°N-labeled RGG3

was made by inducing phase separation of the two components and centrifuging the sample
to create a liquid condensed phase within an NMR tube. B) 1H-15N HSQC of the two-
component condensed phase overlaid with a spectrum of dispersed phase (100 pM) RGG3.
Asterisks denote resonances arising from natural isotopic abundance glutamine side chains
within the SYGQ LC. C) Chemical shift perturbations of RGG3 in the condensed phase
relative to the dispersed phase. Certain resonances are not included due to lack of resolution
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or signal broadening. D) 1°N spin relaxation values comparing local reorientational motions
of RGG3 in the condensed (purple) and dispersed (orange) phases. Data are plotted as mean
+ propagated best-fit parameter confidence interval equal to one s.d. in one out of two
independent experiments. E) 1H-13C HSQC of the two-component condensed phase overlaid
with a condensed phase of the SYGQ LC alone from prior work9. Asterisks correspond to
resonances from the initiator methionine present only within the protein construct used in
this study.
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Figure 3. Interactions between SYGQ-L C and RGG3 in the condensed phase are involve

multipleresidue pairs.

A) 2D-planes from a 13C-HSQC-NOESY-1®N-HSQC experiment demonstrating
intermolecular NOEs and hence interactions between the 1°N-attached backbone and side
chain positions in >N FUS RGG3 with the indicated residue positions within the 13C
SYGQ-LC. Asterisks denote (artifactual) intramolecular NOEs at natural isotopic abundance
15N glutamine side chain positions within the 13C-enriched SYGQ LC. B) NOE signal
intensity of the glycine backbone region and the arginine side chain region of FUS RGG3
for the indicated SYGQ LC residue types. Tyrosine signal intensity was quantified from
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a separate experiment centered on the aromatic side chain resonances. Intensity data are
plotted as mean + s.d. of baseline noise for each plane as estimate of uncertainty from

one experiment. C) 2D-planes for the indicated 12C-attached resonances from FUS RGG
in 12C-filtered, 13C-edited NOESY-HSQC experiments demonstrating interactions with
13C-attached residue positions within FUS SYGQ LC. D,F) Total intermolecular contact
propensities between two residue types from two-chain simulations of the representative
fragments (D) Mean of total contact propensities SYGQ LC11.54 or (F) SYGQ LC120-163
and RGG34s54.501 binned by residue type (from one simulation with n=16 independent
replicas using PTWTE method) with 1d plots of mean + s.e.m. of total contact propensities
(with any residue type) for each residue type plotted. Gray bars represent residue types
that occur less than three times in the sequence. E,G) Average intermolecular contact
propensities from two-chain simulations of (E) SYGQ LCq1.54 0or (G) SYGQ LCq9¢.163 and
RGG3 normalized by occurrence within the sequence. See above for statistics details.
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Figure 4. Diverseinteraction modes contributeto FUS SYGQ L C and RGG3 interactions within
the condensed phase.

A) Average number of intermolecular van der Waals contacts, hydrogen bonds, sp?/r, and
cation-mt interactions from two-chain simulations of SYGQ LCq1.54 or SYGQ LCq20.163 and
RGG1, RGG2 or RGG3. For sp?/m contacts the data are binned for rt-rc (top, lightest), sp?-nt
(middle, lighter) and sp2-sp? (bottom) contacts. Data are plotted as mean + s.e.m of n=5
equal divisions of the total data set from one PTWTE simulation with n=16 independent
replicas. B) Percentage of hydrogen bond, sp?/r, and cation-rt interactions out of the total
intermolecular contacts from two-chain simulations of SYGQ LCq1.54 or SYGQ LC120.163
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and RGG1, RGG2 or RGG3. See (A) for sp?/r shading definition and statistics information.
C-D) The percentage of hydrogen bonds, sp?/r, and cation-rt contacts out of the total van
der Waals interactions for interacting amino acid type pairs. Data are shown only for top
fifteen interacting amino acid type pairs normalized for their frequency and selected from
residue types occurring more than 2 times in the respective sequence (see Figure 3E,G)

in order of highest to lowest contact frequency (left to right) SYGQ LCq1.54 or SYGQ
LC120-163 With RGG3454-501.
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Figure 5. RGG domainsinteract with RNA polymerase |l C-terminal heptad tail.
A) Recruitment of GFP-CTD26 into droplets formed by 5 uM MBP-FUS FL after cleavage

of the N-terminal MBP solubility tag by addition of TEV protease. For all panels in

this figure, micrographs are from one representative experiment repeated two times. B)
Recruitment of GFP-RNAPol 11 CTD26 into droplets formed by 300 uM SYGQ-LC. C)
Turbidity of 25 pM SYGQ-LC in the presence of increasing concentrations of untagged
RNA polymerase 1l CTD. The data subtract turbidity values of control SYGQ-LC alone.
Data are plotted as mean + s.d. from n=3 replicates in one representative data set out of
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two independent experiments. D) Recruitment of GFP-CTD26 into droplets formed by 50
UM ASYGQ LC. E) Turbidity of 25 uM RGG3 in the presence of increasing concentrations
of untagged RNA polymerase 1l CTD. The data subtract turbidity values of control RGG3
alone. Data are plotted as mean + s.d. from n=3 replicates in one representative data set out
of two independent experiments. For all micrographs in this figure, data shown are from one
representative dataset of two experiments.
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Figure 6. Lysineresidueswithin RNA polymerase |1 CTD contributeto interactionswith FUS
within the condensed phase.

A) A three-component condensed phase made from 1:1:1 natural abundance FUS SYGQ
LC and RGG3 and 13C,15N-labeled RNAP2 CTD for NMR measurements. B) 2D-planes
for the indicated 12C-attached resonances from FUS SYGQ LC and RGG in a 12C-filtered,
13C-edited NOESY-HSQC experiment demonstrating interactions with 13C-attached residue
positions within RNA polymerase Il CTD. Intensity data for one representative experiment
are plotted as mean + standard deviation of baseline noise for each plane as estimate of
uncertainty in one representative data set. C) NOE signal intensity of residue types from
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RNAP2 CTD for the corresponding FUS SYGQ LC and RGG3 residue types. Asterisks
represent NOEs where artifacts or overlap to not allow reliable quantification. Intensity
data for one representative experiment are plotted as mean + s.d. of baseline noise for

each plane as estimate of uncertainty in one data set. D) Total (left) and normalized (right)
intermolecular contact propensities from two-chain simulations of RNAP2 CTD1g53.1396
with SYGQ LCy1.54 (top) or RGG3 (bottom) binned by residue type. Bar graph data
represent the mean + s.e.m. of contact propensities (with any residue type) for each residue
type plotted. Gray bars represent residue types that occur less than three times in the
sequence.
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Figure 7. Interaction modes and impact of CTD lysine residues on RNA polymerasell CTD and

FUS domain interactions.

A) Comparison of the dominant interaction modes between residues within SYGQ LC11.54
and RNAP21g53.1896 (left) or RGGys4.501 and RNAP21g53.1396 (right) in decreasing order of
normalized contact frequency among residue types present 3 or more times in the sequences.
B) Quantification of partitioning of AlexaFluor labeled RNA polymerase 11 CTD variants (or
positive control SYGQ LC, left) into either FUS SYGQ LC or ASYGQ LC droplets. Data
are plotted as mean + s.d. of measurements from n=3 replicates in one representative data set

out of two independent experiments.
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Figure 8. Multipleresidue types and interaction modes contribute to multi-component condensed
phases of FET proteinsand RNA polymerasell.

The interactions between FUS and RNA polymerase Il CTD that stabilized LLPS involve
hydrogen bonding, salt bridges, rt-mt stacking as well as cation-r interaction modes.
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