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Histone post-translational modifications regulate DNA-templated processes in eukaryotes by
shaping chromatin structure and regulating enzyme activity. The unstructured histone termini, or
tails, extend outwards from the globular octameric histone core that tightly wraps ~147 bp of
DNA to form the nucleosome core particle. The dynamic landscape of histone tail modifications
is installed, maintained and remodeled by dedicated nuclear proteins that tune transcriptional
outcomes in response to varying cellular needs. One dramatic histone modification that remains
poorly studied in cells is conjugation of the histone lysine side-chain with the small ubiquitin like-
modifier (SUMO) protein. Prior studies associated the presence of SUMO in chromatin with
gene repression, but could not ascribe this effect to specific lysines sites in human histones.
Semisynthetic access to site-specifically sumoylated histones, pioneered by our labs, has
enabled biochemical investigations of the mechanistic roles for SUMO in chromatin. In this
thesis, | examined the mechanistic roles for SUMO in three physiological contexts: its

biochemical crosstalk with histone modifications in chromatin, its recruitment of repressive



machinery through SUMO interaction motifs (SIMs) in key protein components of gene
repressive complexes, and its ability to regulate the biophysical properties of biomolecular

condensates in living cells.

First, to address mechanisms of biochemical crosstalk in chromatin, | focused on the role of
sumoylation at H4 Lys12, because it is a validated site of sumoylation in several cell lines and
lies in the unstructured H4 tail. By generating site-specifically sumoylated H4K12 (H4K12su)
using protein semisynthesis and incorporating it into histone octamers and reconstituted
mononucleosomes, we showed that sumoylation inhibits Rad6-Bre1-mediated
monoubiquitylation of H2BK120. In complementary cell-based assays, | demonstrated that the
in vitro biochemical effect of H4K12su could be recapitulated using SUMO-H4 linear fusions that
ensure uniform sumoylation on the intact H4 tail in living cells. By including both SUMO-H4 and
a SUMO-H4(11-11) construct that positions SUMO closer to Lys12, and hence closely mimics
H4K12 sumoylation, | demonstrated that H4 sumoylation is inhibitory toward H2B K120
ubiquitylation in cells, a modification required for subsequent H3K4 methylation by the
Set1/COMPASS family of H3K4 methyltransferases that are associated with transcription

activation and elongation.

Having shown that H4K12su and its isosteres can repress H3K4 methylation by physically
hindering Rad6-Bre1 binding to the nucleosome core particle and installing H2BK120ub, |
turned to examining the role of H4K12su in recruiting gene repressive enzyme complexes to
sumoylated nucleosomes. Toward this goal, | focused on a non-canonical SIM (ncSIM) within
the Co-repressor of REST1 protein (COREST1) and established its direct binding to SUMO3.
Two-dimensional 15N-1H HSQC NMR chemical shift perturbations with short ncSIM peptides
were employed to map their binding to the canonical SIM-binding groove in SUMO3. Reciprocal

pulldowns with either purified SUMO3 or full-length CoOREST1 as bait further confirmed their



direct binding, and alanine mutations of key residues in the ncSIM hydrophobic core were found
to weaken SUMO3-CoREST binding. Altogether, my results defined the binding interface
between the COREST1 protein and SUMOS3 and revealed how SUMO3-CoREST1 binding may
position the gene repressive LSD1-CoREST-HDAC1 complex on nucleosomes and influence
its demethylase and deacetylase activities on methylated and acetylated nucleosomes,

respectively.

In the final part of my thesis, | broadened my studies of the SUMO-SIM interaction to investigate
the fundamental biophysical properties of SUMO-dependent biomolecular condensates (BMCs),
such as Promyelocytic Leukemia bodies. Toward this, | engineered a synthetic polyvalent
platform consisting of poly(SUMO3) and poly(SIM) scaffolds and quantified how the SUMO3-
SIM binding affinity changes the internal dynamics of BMCs and the activity of enzymes
localized in BMCs. | discovered that the phase boundary (csat) for polyvalent constructs
correlates well with monovalent SUMO-SIM affinities (Kd). However, condensate number and
size do not correlate with Kd. Condensate stability to chaotoropes and internal mobility, as
measured by Fluorescence Recovery After Photobleaching (FRAP), also showed excellent
correlation with SUMO-SIM affinities. The strong correlation was also recapitulated in three
different human cell lines and demonstrated our ability to generate BMCs with predictable
properties in living cells. Finally, | demonstrated that the activity of the enzyme pyroglutamyl
peptidase 1 that plays an important role in hormone regulation and the cellular stress response

could be modulated by its recruitment to engineered BMCs of different mobilities.

Thus, my mechanistic studies with the small ubiquitin-like modifier protein have led me to
identify negative crosstalk between H4K12 sumoylation and H2BK120 monoubiquitylation, to
define the specific mode of interaction between SUMO and CoREST1, and to establish an

exciting and novel modular framework for condensate formation in vitro and in living cells, which



directly links SUMO-SIM affinities to predictable condensate properties and tunable enzyme

activities.
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Chapter 1

Introduction

1.1 Chromatin Structure and Regulation

In eukaryotic cells, genomic DNA is packaged in the nucleus as chromatin, a large nucleoprotein
complex that serves to compact DNA while regulating access to nucleoproteins.”? The
nucleosome is the basic structural unit of chromatin and is composed of ~147 base pairs of DNA
wrapped around an octameric complex of histone proteins containing two copies of H2A, H2B,
H3, and H4.® While nucleosomes serve as a means of offering structural support to package DNA,
they are also important regulators of genome access during transcription, replication, repair, and

recombination.?

Chromatin can be broadly categorized into distinct structures that offer differing levels of
accessibility to the underlying DNA. Euchromatin is a less compact structure of chromatin that is
transcriptionally active as it allows transcription factors and RNA polymerase to engage DNA.* In
contrast, heterochromatin is a compact form of chromatin that is generally transcriptionally
repressed, and it is often enriched at repetitive elements and structural regions.® The two
structural states are not static in nature, but, shift dynamically between states during development
and in response to environmental signals as primary nucleosome composition is remodeled and

chromatin-associated factors are recruited.*®

There are many mechanisms in place that function together to coordinate chromatin accessibility.

Histone post-translational modifications (PTMs) alter nucleosome-DNA interactions and recruit



effector proteins which act to shape chromatin accessibility and downstream enzyme activity.”®
The observation that combinations of PTMs correlate with distinct functional outcomes led to the
“histone code” hypothesis regarding specific patterns of histone marks corresponding to specific
DNA-templated processes.®'® A key example of this includes histone H3 trimethylation at Lys 9
(H3K9me3) that creates a high-affinity binding site for heterochromatin 1 (HP1) chromodomains,

which leads to the repressed heterochromatin structure.'"'2

Histone variants also add a second layer of complexity. Variants such as H2A.Z and H3.3 can
replace canonical histones to further tune nucleosome stability and recognition by readers and
remodelers, particularly around gene promoters and unique structural regions such as telomeres
and centromeres.">'* ATP-dependent remodelers in the SWI-SNF, ISWI, CHD, and INO80 family
of proteins can slide, evict, or restructure nucleosomes that work in combination with PTMs and

transcription factors to further tune locus-specific accessibility.'>'®

Taken together, the large number of histone variants and chromatin remodelers, histone
modifications and modification-specific readers, writers and erasers make chromatin much more
than a static scaffold to wrap genetic DNA and confer upon it the ability to regulate critical cellular

processes by responding to cellular and environmental signals and stresses.'”"

1.2 Histone Post-Translational Modifications (PTMs)

Histone post-translational modifications can provide a direct way to regulate chromatin states.
They can aid in relaxing or tightening DNA-histone contacts thereby altering nucleosome
packaging and additionally create new recognition sites for factors that serve to assemble gene
transcribing or repair machinery at specific sites.®?° These PTMs can act locally at a single

nucleosome, as well as cumulatively across promoters, enhancers, and gene bodies. Due to their



association with specific chromatin states, they have also been referred to as histone marks.
Histone PTM states offer some insight on how a single gene may have different activities across
different cell types.®'° These PTMs range from smaller chemical modifications of amino acid side-
chains such as acetylation, methylation, and phosphorylation to larger protein modifications such
as ubiquitylation, sumoylation, and NEDDylation (Figure 1).”#2"?2 The placement and turnover
of a mark may set how quickly a signal is written and how long it is maintained at a specific locus
in chromatin.*” These marks additionally influence DNA unwrapping at entry-exit sites and the
residence times of chromatin remodelers and readers, which together regulate DNA template

access at promoters and enhancers.?3*
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Figure 1. Histone Marks. Schematic representation of the diversity of histone marks that have
been discovered on human histones. Chemical groups are indicated as ac= acetyl, m= methyl,

p= phosphoryl, su= small ubiquitin-like modifier, ub= ubiquitin. The histones are colored as H2A
(orange), H2B (red), H3 (brown) and H4 (blue).

Histone acetylation serves as an example of how a single modification can alter chromatin

structure and accessibility. The addition of acetyl marks on lysine side-chains by histone acetyl



transferases (HATs) weakens histone tail-DNA and nucleosome core-DNA interactions, which
typically coincides with an open euchromatin structure with greater transcriptional activity.®?° A
single side-chain modification, such as acetylation at Lys 16 in histone H4 (H4K16ac), can disrupt
internucleosomal packing to the extent that it strongly inhibits chromatin compaction.?® At
nucleosomal DNA entry-exit sites, acetylation of histone H3 at Lys 56 (H3K56ac) increases DNA
unwrapping and makes nucleosomes easier to disassemble and reassemble during promoter
activation and during S-phase chromatin disassembly. These examples illustrate how histone
acetylation can dynamically modulate nucleosomes.?®?’ Dynamic cycles of acetylation and
deacetylation modulate transcription-initiation without locking promoters into any single structural
state.?®?° Additionally, the same acetylation PTM at different residues in different histones can
yield different biochemical outcomes because histone tail geometry and local DNA sequences

dictate the degree of DNA unwrapping in nucleosomes.**!

Histone methylation contributes site- and degree-specific information to chromatin that
methyllysine reader domains can interpret for distinct biochemical outcomes. For example,
trimethylation of histone H3 at Lys 4 (H3K4me3) is concentrated at transcription start sites, while
monomethylation of histone H3 at Lys 4 (H3K4me1) is depleted at promoters but is significantly
enriched at distal enhancer regions. Thus, the different methylation patterns distinguish genetic
elements across a genome.®*? Repressive methylation marks at histone H3 at Lys 9 (H3K9me)
and at Lys 27 (H3K27me) mark heterochromatin and Polycomb domains, while trimethylation of
histone H3 at Lys 36 (H3K36me3) builds up across gene bodies as RNA polymerase Il elongates.
Additionally, in the budding yeast Saccharomyces cerevisiae, Set2-mediated H3K36 methylation
recruits the Rpd3S deacetylase to remove acetylation within coding regions, which prevents
cryptic transcription initiation. This couples elongation states to local hypoacetylation and
stabilizing transcription units.**** Many methyllysine readers containing chromodomains, Tudor

domains, and plant homeodomain (PHD) fingers recognize these states and sort loci into stable



recruitment classes without large changes to nucleosome mechanics.***” The specific degree of
methylation can also set binding strength and residence time for methyllysine readers, so mono-
, di-, and trimethylation states can also encode for the different stabilities and persistence of

chromatin-associated complexes.®

Histone phosphorylation provides a direct link between intracellular signaling, chromatin function
and genome maintenance. Phosphorylation of histone H3 at Ser 10 was observed during mitotic
condensation as well as in rapid transcriptional responses, and serves as an example of the same
mark participating in distinct functions depending on its genomic context.®® At DNA double-
stranded breaks, H2A.X is phosphorylated on Ser 139, which spreads over megabase-sized
domains and serves to scaffold the recruitment of DNA damage response factors.**“° Because
kinase activity is stimulus dependent, these phosphate modifications are appended and removed
on short time scales and create temporary docking sites that organize cell cycle checkpoint and
repair proteins.*’** For example, during mitosis, the appearance of histone phosphorylation
supports chromosome condensation, while during transcriptional activation this mark can
accompany promoter-associated acetylation. These provide examples of how context determines
the particular downstream output.**** Phosphatases remove the phosphoryl group once the
checkpoint is satisfied, thereby releasing assembled factors and restoring the baseline state of

chromatin.*546

Histone monoubiquitylation, a well-studied non-degradative form of protein ubiquitylation, leads
to both gene activation and repression depending on its precise context. Monoubiquitylation of
H2B at Lys 120 (H2BK120ub) facilitates transcriptional elongation and promotes H3K4 and
H3K79 methylation by the enzymes Set1/COMPASS and hDot1, respectively. This trans-histone
biochemical pathway, or crosstalk, has been investigated and structural studies revealed docking

of the COMPASS complex on H2BK120ub nucleosomes to stimulate H3K4 methylation.?'#"4® |n



contrast, monoubiquitylation of H2A at Lys 119 (H2AK119ub) by PRC1 is a component of
Polycomb-mediated gene repression and heterochromatin formation.*® Due to its large size
relative to acetyl and methyl groups, ubiquitin can also alter access to the nucleosome surface
and bias proximal histone mark writers or erasers, with the precise outcomes determined by the
ubiquitylated residue and its genomic context.***® Removal of the ubiquitin mark at H2B by
deubiquitylating enzymes can limit H3K4 and K3K79 methylation and return elongating regions
to a basal inactive state, whereas the maintenance of H2A ubiquitylation supports the compact

chromatin structures associated with gene repression.>"*2

The wide range of histone marks described above rarely act in isolation and often function in a
combinatorial fashion. At promoters, H3K4me3 commonly appears along with promoter-proximal
acetylation by the histone acetyltransferases CBP/p300 or Gcn5, whereas active enhancer
regions typically contain H3K4me1 and gain H3K27ac during transcriptional activation. Poised
enhancers marked by only H3K4me1 and lacking H3K27ac are often found within H3K27me3
fields at developmental loci.??%%*%° Histone mark reader proteins have also evolved to integrate
multiple cues toward distinct outputs. The NURF subunit BPTF combines the use of a PHD finger
to recognize H3K4me3 along with an adjacent bromodomain to recognize acetylated H4, thereby
increasing affinity when both marks are present, which links the recognition of multiple marks to
remodeling promoter regions.%®*® Acting together, marks set quantitative thresholds for factor
binding and enzymatic activity across promoters, enhancers, and gene bodies.”*® This feature of
marks is also seen with the small ubiquitin-like modifier (SUMO) protein that adds an additional

protein interacting surface to chromatin and influences chromatin structure and compaction.>*°

1.3 Reversible Protein Sumoylation



Like acetylation, methylation, phosphorylation, and ubiquitylation, protein modification by the
small ubiquitin-like protein (SUMO), also known as sumoylation, helps to tune nuclear processes.
Sumoylation of lysines on target proteins reshapes their interaction surfaces, subnuclear
localization, and activity in key biochemical processes such as transcription, DNA repair,
chromatin organization, and the cellular stress response.?*®' Sumoylation functions mainly as a
signal that changes how factors assemble and modify chromatin.®?¢® In human cells, SUMO has
multiple isoforms— SUMO1, SUMO2, SUMO3, and SUMO4. SUMO2 and SUMOS3 share ~98%
(precisely 97.83%) sequence identity and can readily form head-to-tail linked polymeric chains.
SUMO1 only shares ~47% identity with SUMO2/3 and diverges from these proteins in that it
serves to terminate polymeric SUMO2/3 chains. SUMO4, on the other hand, remains less well-

characterized and is found to be expressed in only specific human cell types.?**°

Protein sumoylation follow a similar enzymatic mechanism as ubiquitylation. SUMO1/2/3
precursors that have additional residues after the C-terminal Gly-Gly sequence are first processed
by SUMO-specific proteases to expose the C-terminal diglycine motif. The same proteases also
serve to later remove SUMO to render sumoylation dynamic and reversible.5*® The heterodimeric
E1 enzyme, SAE1-UBA2, then activates SUMO through C-terminal adenylation by ATP and
subsequent formation of a thioester intermediate conjugated with UBA2 that is transferred to the
only known SUMO E2 enzyme, Ubc9.5%5” Ubc9 differs from ubiquitin E2 ligases because it
recognizes a short linear consensus motif, wKXE, where yis any hydrophobic residue in
substrates and can catalyze ubiquitylation on its own whenever this sequence is present. Similar
to ubiquitylation, SUMO E3 ligases also confer cellular location and target specificity to
sumoylation. For example, the PIAS family of E3 ligases are frequently implicated in nuclear
sumoylation, RanBP2/Nup358 undertakes sumoylation at the nuclear pore, and Pc2/CBX4 places

SUMO on chromatin-associated targets.?*¢""



Acidic residues that flank the wKXE motif, or phosphorylation of nearby serines, can enhance
sumoylation and creates phosphorylation-dependent SUMO moitifs that tie signaling pathways to
site selectivity.”*”® Recently, proteome-wide screens have catalogued thousands of SUMO
acceptor lysine sites in proteins and shown that the SUMO isoforms and the nature of SUMO
chains formed can vary under conditions of cellular stress, which is consistent with SUMO

participating in numerous cellular processes outside the nucleus.*

Histone sumoylation was first suggested to play a role in gene repression and is most often
associated with this function in the context of core or linker histones. Early studies revealed that
histone sumoylation was often enriched at silent loci, and that mutating sumoylation sites de-
repressed transcription. Additionally, these studies suggested that SUMO may recruit
corepressors, such as histone deacetylases (HDACs) and heterochromatin associated proteins
such as HP1.7*7 Depending on factors such as the precise lysine residue that is modified, co-
occurring modifications, and the recruitment of specific SUMO-binding proteins, SUMO can either
stabilize a repressive complex, or it can modulate the transitions between gene activation-

repression cycles.*%

Many nuclear proteins also carry SUMO-interacting motifs (SIMs) which are short hydrophobic
stretches with flanking acidic residues that bind to a conserved SIM-binding groove in
SUMO1/2/3.7%® Polymeric SUMO2/3 chains create platforms for multi-SIM-containing proteins,
such as the SUMO-targeted ubiquitin ligase (STUbL) protein RNF4 that couples sumoylated
proteins in chromatin to protein ubiquitylation during the DNA damage response and in nuclear

body turnover.”%2

Thus, sumoylation provides a platform that directs protein-protein interactions in and peripheral

to chromatin. The precise outcomes of sumoylation depend upon the site of modification, the



SUMO isoform, and mono- or polysumoylation. Collectively, these factors also adjust which

complexes occupy specific gene loci and how they modify the function and structure of chromatin.

1.4 The biochemical crosstalk of sumoylated histones

Sumoylation plays an important and diverse role in chromatin regulation on several levels, from
directing specific histone modifications to the remodeling of protein-protein interaction networks.
At the histone level, sumoylation is most frequently correlated with transcriptional repression by
opposing acetylation, a mark typically associated with active transcription, or by restricting access
of certain writer enzymes to install repressive modifications.®*"## At the chromatin level,
sumoylation often acts by creating, or strengthening, a binding site for SUMO-interacting motifs
(SIMs) embedded within repressors, coregulators, and repair factors that reinforce local
transcriptional repression.>%6176

Many chromatin-associated protein complexes have components containing SIMs. One such
complex is the gene repressive HDAC1-CoREST-LSD1 complex. In this complex, the scaffolding
protein COREST forms a ternary complex with the lysine specific demethylase 1 (LSD1) and class
| histone deacetylase 1/2 (HDAC1/2).2* CoREST also functions as a corepressor for REST at
neuronal targets, with early biochemical and genetic work establishing CoREST as essential for
the REST-dependent repression of neuronal genes in non-neuronal cells.®® Biochemical and
structural work has shown that CoREST stabilizes LSD1 and enables the efficient demethylation
of H3K4me1/2 in the context of a nucleosome, while the ELM2-SANT domain of COREST recruits
HDAC1/2 to remove acetyl marks within the same region.®®® In additional kinetics studies, it was
suggested that the LSD1-CoREST-HDAC1 complex adopted a flexible architecture and that the
LSD1 and HDAC1 enzymatic activities are kinetically coupled when engaged with chromatin,
which suggests coordinated deacetylation and demethylation activities during transcriptional

repression.’:84.86-88.90



SUMO can also function as a specificity determinant for COREST recruitment to chromatin.
CoREST harbors a non-canonical SIM that allows it to bind SUMOZ2/3. This interaction enhances
LSD1 activity on sumoylated and methylated promoters. By disrupting the non-canonical SIM in
CoREST, the SUMO-dependent recruitment of COREST-LSD1 may be disrupted which leads to
the weakened repression of some target genes.®' Consistent with this model, when chemically
site-specific sumoylated histone H4 at Lys 12 (H4K12su) was incorporated in H3 K4 methylated
nucleosomes, it stimulated intranucleosomal demethylation by the LSD1-CoREST sub-complex,
suggesting that sumoylation in chromatin can directly enhance the repressive activity of LSD1-

CoREST.%

Histone sumoylation can also modulate the installation of gene activating modifications such as
histone acetylation. In studies with chemically modified nucleosomes, H4K12su was found to
diminish the histone acetyltransferase (HAT) p300-mediated acetylation on the N-terminal H4 tail
and to inhibit transcription from chromatin templates. This is consistent with a direct steric

constraint on HAT access when SUMO is positioned at K12 in the H4 tail.®

More broadly,
proteomic and genomic experiments clearly indicate that histone sumoylation can not only recruit
HDAC-containing complexes, but also serves to limit the installation of gene activating methyl and

acetyl marks.>96374

Two of the three novel areas of research explored in this thesis are directly related to the role of
SUMO in stimulating gene repression and preventing the installation of gene activating marks.
First, because prior work in the Chatterjee lab had solely defined the CoREST-non-canonical SIM
interactions using SIM-containing peptides derived from CoREST, | investigated the direct binding
of the full-length SUMO3 and CoREST proteins via in vitro pulldowns. Thus, in Chapter 2, |

establish that SIM-mediated recognition is sufficient to allow CoREST to bind SUMO3. This study

10



expands our previous NMR-based binding experiments with a minimal motif and confirms that the
interaction between SUMO and CoREST is strongly dependent upon the non-canonical SIM in
CoREST. Consistent with this, | further demonstrate that mutations of the SIM in full-length

CoREST prevent its binding to SUMO3 in pulldown assays.

In Chapter 3, | explore the biochemical crosstalk between histone sumoylation and histone
ubiquitylation in human cells. Ubiquitylation at K120 in H2B (H2BK120ub) is a well-studied mark
associated with the transcription elongation-linked methylation of K4 in H3 and is generally
associated with active transcription. Chapter 3 probes whether H4K12su and H2BK120ub co-
occur on nucleosomes isolated from human chromatin. | demonstrate that a SUMO3-H4 fusion
mimic of the gene repressive H4K12su occludes H2BK120ub from nucleosomes in cellular

chromatin.

1.5 The role of SUMO in Biomolecular Condensates

While monovalent SUMO-SIM interactions serve to anchor gene repressive enzyme complexes
to chromatin, polyvalent SUMO-SIM interactions can scale to mesoscale structures, called
Biomolecular Condensates (BMCs). These membrane-less compartments enrich specific
proteins and RNAs through weak, multivalent interactions between folded domains, between
short linear motifs, and intrinsically disordered regions. BMCs provide cells a dynamic means to
control local protein/RNA composition and reaction environments without their encapsulation in
membranes (Figure 2).>** Cellular conditions such as salt, macromolecular crowding, and PTMs
can shift the network of intermolecular interactions necessary for BMC formation and potentially
provide a means to govern condensate assembly and function in a stimuli responsive and

reversible manner.%%
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Figure 2. Schematic representation of numerous condensates in the nucleus, cytoplasm and
membranes of eukaryotic cells. Some of the represented condensates exist only in specific cell
types, such as RNA transport granules (teal) which are specific to neuronal cell types.

SUMO is the scaffolding protein in a special class of BMCs that act as a nuclear regulatory hub
involved in tumor suppression, gene expression control, DNA repair, and antiviral defense. These
Promyelocytic Leukemia (PML) nuclear bodies are punctate nuclear BMCs built around the
principal component, the promyelocytic leukemia protein.*® PML contains an N-terminal Ring-B
Box-Coiled-Coil domain (RBCC) that oligomerizes, three principal SUMO acceptor lysines, and a
C-terminal SIM. Sumoylation of PML, in combination with SIM-mediated oligomerization, is
required for the formation of PML bodies, which leads to partner protein (client) recruitment in
these organelles.®®®” Under normal conditions, PML bodies are both stable and dynamic, with

continuous client exchange. Under arsenic trioxide treatment, which inhibits desumoylating
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enzymes, or oxidative and other stresses, PML oligomerization and sumoylation increases,
leading to polySUMO chain accumulation, and RNF4 recruitment. RNF4 is a SUMO-targeted
ubiquitin ligase that carries multiple SIMs to read the polySUMO signal as well as a RING domain
that catalyzes the ubiquitylation of PML, or selected PML body residents, to promote their
proteasome-directed turnover and reset PML body composition.8'#29%9 |soform-level analyses
show that the PML SIM is dispensable for basal sumoylation and RNF4 recruitment but is required
for efficient ubiquitylation and proteasome targeting during arsenic trioxide-induced clearance.

This ties SIM content to the efficiency of the stress-response mediated by PML bodies.®

Outside of PML bodies, signaling pathways can modulate where SUMO is installed or removed
inside condensates. In human cells, activation of the cAMP-Epac1 pathway produces BMCs that
enrich components necessary for SUMO conjugation and coincides with increased cellular
sumoylation, showing that BMC formation also coincides with increased sumoylation at the
cellular scale.” Under genotoxic stress, SUMO-rich repair foci assemble, RNF4 is recruited to
polysumoylated clients to promote turnover, and SUMO-dependent exchange of chromatin
proteins supports repairs.”®'% Altogether, this illustrates a relationship in which sumoylation helps
specify condensate composition, while the condensate environment influences conjugation and

deconjugation. %3104

SUMO is also found in other nuclear condensates such as nuclear speckles. The sumoylation of
spliceosomal factors enables efficient pre-RNA splicing and sumoylation-related enzymes
colocalize within these condensates.''%" Cajal bodies are another BMC and sumoylation of the
coilin protein and its SUMO-dependent interactions influence the number and size of Cajal
bodies.'®""% Thus, SUMO'’s role in the nucleus extends well beyond being a histone mark for

gene repression to also serving as an organizer of nuclear composition and function.'®
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The role of SUMO in forming BMCs is explored in the final Chapter 4 of this thesis. By employing

a well-defined polyvalent SUMO3-SIM scaffold to generate BMCs in vitro and in living cells, |

sought to investigate the direct effect of SUMO-SIM affinity on fundamental properties such as

size, stability and internal mobility in BMCs. Further, by recruiting enzymes bearing polyvalent

SIMs to BMCs, | demonstrated that enzyme activity in condensates can be up- or downregulated

by the mobility of the condensate. The outcomes presented in Chapter 4 serve to highlight the

role of SUMO within the broader physical grammar that governs the functions of nuclear

constituents.

93-95,101,103,104
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Chapter 2

CoREST1 reads the SUMO3 code for gene
repression

2.1 Introduction

The lysine-specific demethylase 1 (LSD1)-Co-repressor of REST1 (RCOR1 or CoREST1)-
histone deacetylase 1 (HDAC1) complex (LCH) is the major subunit of the COREST1 complex
that silences neuronal genes in non-neuronal cells. This complex removes gene-activating acetyl
and methyl marks from histones and reinforces a silenced chromatin state. Pioneering
biochemical and proteomics approaches established CoOREST1 as the corepressor of the REST1
(neuron-restrictive silencer factor, or repressor element 1 silencing transcription factor) protein
that scaffolds
HDAC1/2 and

LSD1 that act on

{vvv‘; e -5
histone ‘i/f_‘ o
substrates.?  X-
ray structural
studies revealed
that CoREST1
binds LSD1 172 271 417 522 833 852
through an SWIRM AoOL TOWER AOL

Figure 1. Structure of LSD1. The crystal structure of LSD1(171-836) (PDB:
2V1D), with FAD (magenta) bound in its AOL domain active site. A full-length
sequence map showing the relative positions of each of the domains is
shown below the structure.

elongated helical

bundle and the

LSD1 Tower
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domain helices (Figure 1) dock onto the SANT2 module in CoOREST1 through a long connecting
“stalk,” positioning the catalytic amine-oxidase-like (AOL) domain of LSD1 for productive
engagement with the H3 tail in nucleosomes (Figure 2).> LSD1 removes H3K4me1/2 by a flavin
adenine dinucleotide (FAD)-dependent oxidative mechanism that generates an imine
intermediate that is hydrolyzed to release formaldehyde and the free lysine e-amine. The chemical
mechanism of LSD1 enforces its specificity for mono- and dimethyllysine and the inability to
demethylate trimethyllysine.* Recent crystallographic studies of LSD1-CoREST1 bound to a
mononucleosome revealed how DNA and histone contacts align the LSD1 active site in the amine
oxidase domain with the H3 tail in a 1:1 nucleosome complex, and emphasized the important role
for COREST1 in efficient nucleosome demethylation (Figure 2).5°

HDAC1 catalyzes Zn?*-dependent hydrolysis of acetyllysine to release acetate and the free lysine

e-amine. Within the LCH sub-complex, HDAC1 activity is linked to CoOREST1 through the ELM2—

SANT1 cassette

. CoREST
(Figure 3). Class | LSD1 SWIRM
HDAC inhibitors are istones domain
used in the clinic on the Mononucleosome

Amine Oxidase /gy
Domain g/
»

strength of its disease
relevance; for example
vorinostat is  FDA-
approved for cutaneous
T-cell ymphoma.” Dual-
targeting of the L-C-H
complex is now feasible

with the discovery of the

L ) Figure 2. X-ray crystal structure of the LSD1-CoREST1 protein
hybrid inhibitor corin that sub-complex bound to its mononucleosome substrate. PDB
code 6VYP.
engages the LCH
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1 9 321 482
DAC

Figure 3. Structure of HDAC1. Crystal structure of HDAC1(8-376) with a Zn*" ion bound at
its active site (PDB: 4BKX). A full-length sequence map showing the position of the structured
deacetylase domain (DAC) is shown below the structure.

complex and achieves sustained inhibition of complex-embedded HDAC activity while co-
targeting LSD1.2 The application of selective LSD1 inhibitors, including iadademstat, in clinical
trials underscores the therapeutic promise of targeting the CoREST1-LSD1 pathway in human

hematological and solid cancers.®

CoREST1 is a modular scaffold that couples and tunes both demethylase and deacetylase
activities. The N-terminal ELM2-SANT1 region (Figure 4) recruits and stimulates HDAC1/2,

whereas an internal helical linker makes a helical bundle with the LSD1 Tower helices, while the

23



C-terminal SANT2 domain engages nucleosomal DNA (Figures 2 and 4). Together, these
contacts enable the LCH complex to efficiently act on acetylated and methylated histone tails.?3°
Additionally, extranucleosomal DNA can also enhance LSD1-CoREST1 activity, which is

consistent with the chromatin-tethering role proposed for the COREST1 SANT2 domain.®

The SUMO protein in chromatin may further regulate LHC activity. SUMO3 is installed on histone
H4 at Lys12 (H4K12su), and histone sumoylation is broadly associated with transcriptional
repression and with the recruitment of proteins that favor heterochromatin formation, including
HDACs and heterochromatin protein 1 (HP1)."® Early biophysical work from the Chatterjee lab
revealed that, despite its association with gene repression, H4K12su inhibits chromatin fiber
compaction to a degree comparable to a gene activating mark like H4 K16 acetylation. This
suggested that any role for H4K12su in gene repression may arise from its biochemical crosstalk

with gene activating modifications such as acetylation and methylation."” This motivated our lab

SANT2

Linker

1 103 189 241 296 384 432 485

Figure 4. Structure of COREST1. The crystal structure of COREST1(308-440) (PDB: 2V1D).
A full-length sequence map showing relative positions of domains is shown below the structure.
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to investigate a role for SUMO in recruiting and/or stimulating gene-repressive complexes such

as the LHC complex that remove gene activating acetyl and methyl marks.

A large majority of proteins that interact with SUMO contain a SUMO-interacting motif (SIM)
sequence. Canonical SIMs consist of a hydrophobic core often described by a V/I-V/I-X-V/I-like
pattern that is frequently flanked by acidic residues and, in some cases, regulated by proximal
phosphoserines that serve to tune SUMO-paralog binding preference by the SIM."*'* NMR-based
studies with single SIM peptides and high-throughput biochemical assays with peptide-arrays
showed that SIMs extend the B-sheet of SUMO in parallel or antiparallel orientations, with key
sequence features dictating SUMO-SIM affinity as well as the paralog selectivity of each SIM.™
Gill and coworkers had previously identified an atypical, or non-canonical, SIM that spans
residues ~255-275 in CoREST1 and enables CoREST1 to bind SUMO2/3 but not SUMO1.
Mutational scanning of this region in CoOREST1 indicated that the acidic patch, hydrophobic core,
and a short intervening segment each contribute to SUMO3 binding, consistent with known
canonical SIMs."

The Chatterjee lab envisioned that this SIM-mediated binding of COREST1 to SUMO3 may be
one mechanism by which the H4K12su mark stimulates LCH catalysis in chromatin, which leads
to gene repression. By incorporating semisynthetic H4K12su and H3K4me2 in nucleosomes and
subjecting these to biochemical assays with the LSD1-CoREST1 sub-complex, we showed that
site-specifically sumoylated H4 stimulates intranucleosomal demethylation of H3K4me2 by
LSD1-CoREST1, and that mutations in the COREST non-canonical SIM abrogate the stimulation
of LSD1 activity. Independent work in the lab also discovered that H4 sumoylation suppresses
p300-mediated transcription, reinforcing the repressive role of H4K12su in chromatin.'®'” Building
on our discoveries, we further demonstrated that H4K12su also stimulates nucleosome
deacetylation by the HDAC1-CoREST1 sub-complex. The mechanism of stimulation also

involves the non-canonical SIM in CoREST1. These findings led us to a simple hypothesis,
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namely, that SUMOS positions COREST1 on nucleosomes in a manner that stimulates LSD1 and
HDAC1 activity. However, there was no direct evidence in our studies that SUMO3 binds the full-
length CoREST1 protein. In this chapter, | provide experimental support toward this critical
premise of our biochemical model by probing the direct interaction between full-length COREST1

and full-length SUMO3.

2.2 Results and discussion

2.2.1 CoREST1 binds SUMO3 through a non-canonical SIM (ncSIM)

We set out to test the direct binding between CoREST1 and SUMOS after observing the SUMO-
dependent stimulation of the CoRES1-LSD1 and CoREST1-HDAC1 subcomplexes on
methylated and acetylated nucleosomes, respectively. The proposed SUMO3-binding region in
CoREST1 spans residues 252—-277 and contains an unusual hydrophobic core interspersed by
negatively charged residues (D and E) and bracketed by acidic residues, which makes it a non-
canonical SIM (ncSIM)."?' We employed NMR spectroscopy with isotopically labeled SUMO3 to
identify the site of ncSIM binding. By performing HSQC-based titration experiments with '°N-
labeled SUMO3 and a 26-mer CoREST1 ncSIM peptide (residues 255-280), we measured an
average Kd of ~2 mM for the ncSIM. Furthermore, we observed that SUMO3 residues with the
largest chemical-shift perturbation (CSP) surround the known SIM-binding groove formed by a1-
B2 in SUMO3 (Figure 5A-C)."2"* This indicated that the ncSIM also binds to the canonical SIM-
binding groove in SUMO3. The millimolar K4 we measured by NMR is well above typical cellular
concentrations of individual proteins. However, the peptide-based measurement does not capture
additional contributions from the full-length CoOREST protein or the pre-association of COREST

with chromatin that would increases its local concentration near H4K12su. Therefore, to test the

26



binding of COREST1 to SUMO3 at physiologically relevant concentrations we performed pulldown
experiments with the purified full-length proteins.

A full-length 2xFLAG-CoREST1(1-485) construct was cloned, overexpressed in E. coli
BL21(DE3) cells, purified to homogeneity and immobilized on anti-FLAG M2 resin. The resin was
washed until no free CoOREST1 was detected in the flow-through by SDS-PAGE. Next, 200 yM
SUMO3(C47S) was mixed with the CoREST1-bound anti-FLAG M2 resin. Resin-only controls
were included in every experiment by incubating the same 200 uM SUMO3(C47S) solution with
anti-FLAG M2 resin alone and then performing an identical number of buffer washes prior to
protein elution. In this way, the resin-only controls established the maximal amount of
SUMO3(C47S) retained on M2 resin as a result of non-specific binding. Gratifyingly, elution of all
bound material from the CoREST1-bound M2 resin showed a significant SDS-PAGE gel band at
the size of SUMO3, whereas the resin-only control displayed a minimal SUMO3 band under
identical experimental conditions (Figure 5D, top). Immunoblotting with a SUMO3-specific
antibody confirmed that SUMO3 was indeed eluted from the CoOREST1-bound M2 resin, but not
from the control resin missing CoREST1 (Figure 5D, bottom). The enrichment of SUMO3 in
CoREST1-pulldowns was consistent across three independent experiments, demonstrating that
a stable complex is formed between CoREST1(1-485) and SUMO3 at far less than 2 mM
concentrations, and that the predicted ncSIM of COREST remains functional in the context of the

full-length protein.

In order to establish that our observations were not an artefact due to immobilizing CoREST1 on

the M2 resin, we also performed the reverse pulldown experiments using SUMO3 as the

immobilized bait.
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Figure 5. The COREST1 ncSIM Peptide Binds SUMO3. (A) 'H->N-HSQC NMR spectra of 200 uM
SUMO3 titrated with 1 to 24 molar equivalents of CoREST1 (255-280). (B) Plot of chemical shift
perturbations (CSP) versus amino acid residue within SUMO3 for COREST1-ncSIM. The largest CSPs from
the COREST1-ncSIM titration correspond to residues K34, T37, and L42 of SUMOS3 with next largest CSPs|
of SUMO3 being L19, F31, and T71. (C) Crystal structure with the largest CSPs highlighted. The three]
residues in red (K34, T37, and L42) indicate the largest chemical shift perturbations. The three residues in
orange (L19, F31, and T71) indicate the next three largest CSPs. SUMO PDB: 1U4A. (D) Top: Coomassie]
stained 15% SDS-PAGE showing bead retention for full-length SUMO3 binding to immobilized full-length
2xFLAG-CoREST1 on anti-FLAG resin (E). Bottom: Immunoblot with an anti-SUMO2/3 antibody to confirm
the presence of SUMOS in the elution sample (E). Lanes: ClI=2xFLAG-CoREST1 lysate Input, CU=2xFLAG-
CoREST1 unbound fraction, CE=Immobilized 2xFLAG-CoREST1, SI=200 yM SUMO3 input, SU=Unbound
SUMO3. E=Elution of purified 2xFLAG-CoREST1 bound to SUMO3. RC=Resin control Legend: FL-
C=2xFLAG-CoREST1, S3=SUMOQO3, *= Immunoglobulin G




2.2.2 Reciprocal pulldowns confirm the SUMO3-CoREST1 interaction

To evaluate whether the precise protein immobilized on resin may influence the outcome of
pulldown experiments, we repeated the assay using immobilized SUMO3 instead of COREST1.
GST-SUMO3(C47S) was overexpressed in E. coli BL21(DE3) cells, purified to homogeneity and
immobilized on Glutathione Sepharose beads. The resin was washed until no free GST-
SUMO3(C47S) was detected in the eluate by SDS-PAGE. Then freshly purified 2xFLAG-
CoREST1(1-485) in buffered solution was incubated with the SUMO3-bound resin. A resin-control
was also undertaken where resin bound to only GST, rather than GST-SUMO3(C47S), was
incubated with purified COREST1(1-485) and subjected to an identical number of buffer washes
prior to protein elution. In this way, the resin-only control established the maximal amount of
CoREST1(1-485) retained on Glutathione resin as a result of non-specific binding (Supplemental
Figure 1). Finally, the identity of all proteins bound to immobilized GST-SUMO3(C47S) was

confirmed by immunoblotting with a FLAG-specific antibody.

In three independent experiments, a band corresponding to the size of 2xFLAG-CoREST1 was
retained on immobilized GST-SUMO3(C47S) in quantities significantly greater than its retention
on GST-resin alone (Figure 6A). The anti-FLAG immunoblot confirmed the presence of 2xFLAG-

CoREST1 when GST-SUMO3(C47S) was present on the resin (Figure 6B).

The consistent retention of either protein in pulldowns, when the other protein was immobilized
on resin beads, supports a direct binding interaction between SUMO3 and full-length CoREST1
and is consistent with our NMR-based binding measurements with the isolated ncSIM from

CoREST1."2M
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Figure 6. Reciprocal pulldown of full-length GST-SUMO3 with 2xFLAG-CoREST1. (A)
Coomassie stained 15% SDS-PAGE showing bead retention for full-length 2xFLAG-CoREST1
binding to immobilized full-length GST-SUMO3 on Glutathione Sepharose-4B resin (E). (B)
Immunoblot with an anti-FLAG antibody to confirm the presence of 2xFLAG-CoREST1 in the
elution sample (E). Lanes: SI=GST-SUMO3 lysate Input, SE=Immobilized GST-SUMO3,
Cl=2xFLAG-CoREST1 lysate input, CU=2xFLAG-CoREST1 unbound fraction. CW=2xFLAG-
CoREST1 washes. E=Elution of purified GST-SUMO3 bound to 2xFLAG-CoREST1. FL-
C=2xFLAG-CoREST1, GST-S3=GST-SUMO3.

2.2.3 Hydrophobic residues in the CoREST1 nSIM are critical for SUMO3

binding
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It is well-established that hydrophobic V/I/L residues in canonical SIM sequences interact with
hydrophobic residues Val30, Phe32, lle34, Leu43 and Ala46 in the SIM-binding groove of
SUMO3. However, it remains unknown if the ncSIM hydrophobic core is required for binding to
SUMO3. To address this question by 2D-NMR using chemical shift perturbations, we replaced
the hydrophobic residues 1273, 1275 and V277 in the 26-mer CoOREST1 ncSIM peptide with Ala
(ncSIM-3A) and measured the resultant effect on SUMO3 binding in solution by HSQC
experiments with >N-SUMO3. When compared to the wild-type ncSIM peptide, ncSIM-3A
produced markedly attenuated chemical-shift perturbations across the SIM-binding groove made
by a1 and B2 in SUMO3. Furthermore, we observed no saturation of CSPs at the highest
equivalent of peptide employed (4.8 mM, or 24-fold relative to 200 uM "®N-SUMO3). Due to its
poor binding to SUMO3, a dissociation constant could not be calculated for the ncSIM-3A peptide.
Nevertheless, our results demonstrated that the hydrophobic residues in the CoREST1 ncSIM

peptide are critical for binding SUMO3.

Finally, we asked if the same triple Ala mutation in COREST(1-485) abolishes binding in pulldown
assays. Toward this, GST-SUMO3(C47S) was immobilized on Glutathione Sepharose-4B resin
and incubated with either freshly purified 2xFLAG-CoREST1(1-485) or with the triple Ala mutant
protein 2xFLAG-CoREST1(1-485)I1273A/1275A/V277A. Although wt CoREST showed robust
binding to GST-SUMO3(C47S), the mutant CoREST did not show binding above the baseline
non-specific binding observed with GST-bound resin alone (Figure 7B). We also performed the
reciprocal pulldown assays with immobilized 2xFLAG-CoREST1(1-485) or 2xFLAG-CoREST1(1-
485)I1273A/1275A/N27T7A incubated with label-free pure SUMO3(C47S) in solution. In these
reciprocal pulldowns, the 2xFLAG-CoREST1(1-485)I1273A/I275A/V277A mutant failed to retain
SUMO3(C47S) on the column (Figure 7A), while wt COREST1 bound SUMO3(C47S) that was
visible after elution from the resin. Thus, irrespective of the protein immobilized on resin, 2xFLAG-

CoREST1(1-485)1273A/1275A/NV277A failed to bind wt SUMO3(C47S) indicating the importance
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of the hydrophobic residues in the ncSIM for binding to SUMO3 in the context of full-length

CoREST1.
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Figure 7. COREST1-ncSIM-3A does not bind SUMO3 in reciprocal pull-
downs. (A) Coomassie-stained 15% SDS-PAGE showing no bead retention
of full-length SUMO3 after incubation with immobilized full-length 2xFLAG-
COoREST1-ncSIM-3A on anti-FLAG resin; eluates contain only the
immobilized bait. Lanes: Lanes: Cl = 2xFLAG-CoREST1-ncSIM-3A lysate
input; CE = 2xFLAG-CoREST1-ncSIM-3A bait elution control from anti-FLAG
resin; SI = SUMOS input; SU = SUMO3 unbound fraction; SW = SUMO3
washes; E = elution from anti-FLAG resin after incubation. (B) Reciprocal
assay with immobilized full-length GST-SUMO3 on Glutathione Sepharose-
4B shows no retention of full-length 2xFLAG-CoREST1-ncSIM-3A; eluates|
contain only GST-SUMOS3. Lanes: SI = GST-SUMO3 lysate input; SE =
immobilized GST-SUMO3; Cl = 2xFLAG-CoREST1-ncSIM-3A lysate input;
CU = 2xFLAG-CoREST1-ncSIM-3A unbound fraction; CW = 2xFLAG-
CoREST1-ncSIM-3A washes; E = elution from resin. FL-C 3A = 2xFLAG-
CoREST1-ncSIM-3A; GST-S3 = GST-SUMO3.
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2.3 Conclusion and outlook

Using both 2-D NMR and pulldown assays, we conclusively established the direct interaction
between CoREST1 and SUMO3 that we had hypothesized from nucleosome demethylation and
deacetylation assays with sumoylated nucleosomes and the LC and HC sub-complexes. 2-D
NMR-based titration experiments with the 26-mer CoOREST ncSIM peptide and isotopically labeled
®N-SUMO revealed the low affinity (Ks ~2 mM) but high specificity of the SUMO3-CoREST1
interaction. For the first time, we showed that the CoREST1 ncSIM binds the a1-$2 groove in
SUMO3 that is also known to bind canonical SIM sequences. Qualitative binding assays using
biochemical pulldown experiments also detected binding when either 2xFLAG-CoREST1(1-485)
or GST-SUMO3(C47S) was used as the bait protein. Consistent with previous studies with SIM
peptides, Ala mutagenesis of the three hydrophobic residues in the ncSIM core, 1273, 1275 and
V277 ,significantly attenuated peptide binding in HSQC-based binding experiments and also
eliminated binding of the full-length CoREST1 and SUMOS3 proteins in pulldowns. These
convergent results lend strong support to the hypothesis that H4K12su directly binds CoREST1
and stimulates the activity of LSD1 and HDAC1 enzymes. We propose that SUMO3 in the H4 tail
likely recruits and positions the LHC complex in a more productive conformation for demethylation

and deacetylation.

Future work in our lab will seek to integrate human genetic variation information for CoOREST1 by
mining the Catalogue of Somatic Mutations in Cancer (COSMIC) and cBioPortal to identify
RCOR1 missense mutations found in the ncSIM. Variants will be mapped onto the CoREST1
sequence and prioritized for investigation by their frequency of occurrence in diseases and by

their localization in the acidic or hydrophobic regions of the ncSIM sequence. These mutations
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will be introduced into stable human cell lines and their transcriptional outcomes compared with
cells containing the wt COREST1(1-485) gene. Based on the initial work by Gill and coworkers,
we expect that a subset, but not all, COREST1-target genes will be misregulated in the COREST1

ncSIM mutants due to their inability to read the SUMO code for gene silencing in chromatin.

2.4 Experimental procedures

2.4.1 Molecular cloning

2xFLAG tagging of pET28b—Hise—CoREST1 and pET28b-Hisse—CoREST1-ncSIM-3A
constructs

The CoREST1 open reading frame refers to the full CoREST1(1-485) coding sequence in
pET28b-Hiss-CoREST1 or pET28b-Hise-COREST1-ncSIM-3A. Vectors were linearized by
restriction digest with Ndel and BamHI to open the multiple cloning site downstream of the N-
terminal Hiss-tag. Complementary oligonucleotides encoding a 2xFLAG epitope (Table 2.4.1)
were annealed to generate a double-stranded insert with 5’ overhangs compatible with Ndel and
BamHI. The digested backbone was treated with calf intestinal phosphatase to reduce vector re-
ligation. The dephosphorylated backbone and annealed 2xFLAG insert were ligated with T4 DNA
ligase to generate Hise-2xFLAG-CoREST1 and Hise-2xFLAG-CoREST1-ncSIM-3A constructs.
Ligation products were transformed into XL10-Gold chemically competent cells and plated on LB-
kanamycin agar plates. Plasmid DNA from individual colonies was prepared by miniprep,
quantified by absorbance, and submitted for Sanger sequencing to verify the Hise-2xFLAG

junction and the CoREST1 N terminus.

Construction of pGEX-2T-GST-SUMO3(C47S)
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The pGEX-2T-GST-p53 plasmid provided the vector backbone. The vector was linearized by PCR
to remove the p53 insert while retaining the GST open reading frame and the thrombin site using
backbone-linearization primers (Table 2.4.1). The SUMO3(C47S) insert was amplified from
pTXB1-SUMO3(C47S)-Ava-Hiss plasmid with primers that appended homology to the linearized
pGEX-2T ends (Table 2.4.1). PCR products were resolved by agarose electrophoresis and gel
purified. The linearized pGEX-2T backbone and SUMO3(C47S) insert were assembled by Gibson
Assembly at 50 °C for 60 min using NEB Gibson Assembly Master Mix. Reactions were
transformed into XL10-Gold and selected on LB supplemented with ampicillin. Plasmid DNA was

verified by Sanger sequencing across both junctions and through the SUMO3(C47S) insert.

Construction of pGEX-2T-GST (GST-only bait).

The pGEX-2T-GST-p53 backbone was used to generate a GST-only construct by introducing a
stop codon immediately downstream of the GST coding sequence by site-directed mutagenesis
with primers (Table 2.4.1). Post-PCR reactions were treated with KLD mix according to the
manufacturer’s protocol, transformed into XL10-Gold cells, and selected on LB supplemented
with ampicillin. Plasmid DNA was confirmed by Sanger sequencing across the GST terminus to

verify the stop codon and reading frame.

Table 2.4.1 List of ssDNA oligos used for molecular cloning.

ssDNA Oligos DNA Sequence (5’- to -3’)

2xFLAG_CoREST1_Sense TAT GGA TTA TAA AGA TGA TGA TGA CAA AGA TTA CAA

(Ndel) AGA CGA CGA TGA TAA GCG G

2xFLAG_CoREST1_Antisense | GAT CCC GCT TAT CAT CGT CGT CTT TGT AAT CTT TGT

(BamHl) CAT CAT CAT CTT TAT AAT CCA
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GST_Stop_FWD TAA TCG GAT CTG GAAGTT C

GST_Stop_REV TTT TGG AGG ATG GTC G

SUMO_Gib_FWD GTG GAT CCA TGT CCG AAG AAA AGC CCA AGG
SUMO_Gib_REV ATC GTC AGT CCC GTC TGC TGC TGG AAC
GST_Gibson_FWD GAC GGG ACT GAC GAT CTG CCT CGC
GST_Gibson_REV TCG GAC ATG GAT CCA CGC GGA ACC AG

2.4.2 Expression, purification, and intein-mediated hydrolysis of
SUMO3(C47S)-Ava-Hises to yield tag-free SUMO3(C47S)
Four liters of Luria-Bertani (LB) medium supplemented with ampicillin at 100 pg/mL were
inoculated with E. coli BL21(DE3) cells carrying the pTXB1-SUMO3(C47S)-Ava-Hises plasmid and
grown at 37 °C with shaking to an ODsgo of 0.6-0.8. Protein expression was induced with 0.5 mM
IPTG and cultures were shifted to 16 °C for 16-18 h. Cells were harvested by centrifugation at
7,000 x g for 30 min at 4 °C. Pellets from each liter were resuspended on ice in approximately 40
mL lysis buffer composed of 50 mM Na;HPO4 at pH 8.0, 300 mM NaCl, and 5 mM Imidazole.
Cells were lysed by pulse sonication for three rounds of 3 min with 5 min rest intervals on ice.
Lysates were clarified by centrifugation at 20,000 x g for 30 min at 4 °C, the supernatant was
passed through a 0.45 pm filter, and the filtrate was applied to pre-equilibrated Ni-NTA resin at a
loading of 4 mL resin per liter of cell culture. Protein binding was allowed for 30 min at 4 °C with
gentle rotation. The flow-through was collected, and the resin was washed with three 50 mL steps
of lysis buffer containing 5 mM, then 20 mM, and finally 50 mM Imidazole. Bound protein was
eluted in approximately 2 mL fractions in a total volume of 15 mL using lysis buffer containing 250
mM, then 350 mM, then 500 mM Imidazole. Elution fractions containing SUMO3(C47S)-Ava-Hise

were pooled and dialyzed at 4 °C against 2 x 2 L of 100 mM Na;HPO4 at pH 8.0, 150 mM NaCl,
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and 1 mM DTT. After dialysis, the DTT concentration was increased to 50 mM and the sample
was incubated at 30 °C for 5 h to induce intein-mediated thiolysis followed by water-mediated
hydrolysis of the SUMO3(C47S)-DTT thioester. Reaction progress was monitored by 15% SDS-
PAGE with Coomassie staining. After the hydrolysis was complete, the reaction mixture was flash-
frozen and lyophilized. The dried material was analyzed by C18 analytical reversed-phase HPLC
using a 5-75% B gradient and fractions were analyzed for the presence of hydrolyzed
SUMO3(C47S) by ESI mass spectrometry. Preparative C18 reversed-phase HPLC with a 5-75%
B gradient was used to purify the SUMO3(C47S) protein. Fractions were first assessed by mass
spectrometry, and each clean fraction was subjected to an overnight analytical HPLC run to
further confirm purity. Analytically pure fractions were pooled and lyophilized to afford
approximately 7 mg of tag-free SUMO3(C47S). Calculated May,g = 10,377.6 Da; found 10,376.5 +

0.4 Da (Supplementary Figure 2).

2.4.3 Reverse-phase High pressure liquid chromatography (HPLC)

SUMO3(C47S) was analyzed (4.6 x 150 mm, 5 ym) and purified (22 x 250 mm, 15 - 20 ym) with
C4 and C18 RP-HPLC columns from Vydac (Deerfield, IL) on either a Varian Prostar (Palo Alto,
CA) or Agilent (Santa Clara, CA) 1260 Infinity Il LC system. The mobile phase consisted of Buffer
A (0.1% trifluoroacetic acid in water), and Buffer B (90% acetonitrile in water, 0.1% trifluoroacetic

acid). Eluting SUMO3(C47S) was monitored by its absorbance at 214 and 280 nm.

2.4.4 Electrospray ionization mass spectrometry (ESI-MS)

SUMO3 mass spectrometry was performed by direct infusion on a Bruker (Billerica, MA) Esquire

ion-trap mass spectrometer operating in positive ion mode.
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2.4.5 Biochemical pulldowns with immobilized wt and mutant FLAG-

CoREST1.

E. coli BL21(DE3) Rosetta cells carrying pET28b-Hiss-2xFLAG-CoREST1 wild type or pET28b-
Hise-2XxFLAG-CoREST1(1273A/1275A/NV277A) mutant were grown in 1 L of 2xYT supplemented
with kanamycin at 50 pg/mL and chloramphenicol at 34 ug/mL at 37 °C with shaking to an ODeoo
of 0.6-0.8. Cultures were shifted to 16 °C for 1 h, induced with IPTG at 1 mM, and grown for 16—
18 h at 16 °C. Cells were harvested at 7,000 x g for 30 min at 4 °C and resuspended on ice in
binding buffer composed of 20 mM Tris pH 7.5, 100 mM NaCl, 0.1 mM EDTA, 0.1% (v/v) IGEPAL,
5% (v/v) glycerol, and 1 mM DTT. PMSF was added to 0.2 mM and cOmplete protease inhibitor
cocktail (Roche) was added at 200 pL per liter of culture from a stock made from 1 tablet dissolved
in 1 mL water. Cells were lysed by three passes through a French press at about 50 psi followed
by brief sonication to reduce viscosity. Lysates were clarified at 20,000 x g for 20 min at 4 °C and

the supernatants were passed through 0.45 um syringe filters.

Anti-FLAG M2 resin was pre-equilibrated on ice by three washes with binding buffer. For each
pulldown, 20 uL of settled resin was combined with 1 mL of clarified wt CoOREST1 or triple Ala
mutant CoREST1- lysate and nutated for 1 h at 4 °C. Resin was pelleted at 6,000 x g in a pre-
chilled microcentrifuge, the unbound fraction was removed, and a second 1 mL aliquot of the
same lysate was added and incubated for an additional 1 h at 4 °C. The resin was washed five
times with 500 pL of binding buffer per wash, and washes continued until wash fractions showed
no FLAG-CoREST1 or other impurities by SDS-PAGE. A resin-only tube that received no lysate
was treated to the exact same number of washes, in parallel, and served as a control for non-

specific retention of SUMO3(C47S) on M2 resin.
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For SUMOS binding, wt COREST1- or triple Ala mutant CoOREST1-bound anti-FLAG M2-resin was
incubated with native, label-free SUMO3(C47S) at 200 uM in binding buffer at a total volume of
500 pL for 2 h at 4 °C with gentle nutation. The same batch of SUMO3(C47S) solution was used
for both forms of COREST1. Folowing binding, the resin was pelleted at 6,000 x g, the unbound
fraction was saved, and the resin was washed a further five times with 500 pL of binding buffer
with each wash collected separately. The resin-only control was incubated with the same 200 yM
SUMO3(C47S) solution and washed identically prior to elution, in order to identify the degree of

nonspecific retention of SUMO3(C47S) on the anti-FLAG M2 resin.

The washed resins were resuspended in 1x Laemmli sample buffer and heated at 95 °C for 2 min
to release all bound proteins. Eluted samples were resolved on 12% SDS-PAGE. All pulldowns
were performed in triplicate with resin-only controls processed identically and in parallel for both

wt CoREST1 and triple Ala mutant COREST1 pulldowns.

2.4.6 Biochemical pulldowns with immobilized SUMO3(C47S).

E. coliBL21(DE3) cells carrying the pGEX-2T-GST-SUMO3(C47S) plasmid were grownin 1 L LB
containing ampicillin at 100 pg/mL at 37 °C with shaking to an ODeoo of 0.6-0.8. Protein expression
was induced with IPTG at 1 mM and cultures were grown for 4 h at 37 °C. Cells were harvested
at 7,000 x g for 30 min at 4 °C and resuspended on ice in binding buffer composed of 20 mM Tris
pH 7.5, 100 mM NacCl, 0.1 mM EDTA, 0.1% (v/v) IGEPAL CA-630, 5% (v/v) glycerol, and 1 mM
DTT, supplemented with PMSF at 0.2 mM and cOmplete protease inhibitor cocktail at 1x. Cells
were lysed by pulsed sonication on ice. Lysates were clarified at 20,000 x g for 30 min at 4 °C
and the supernatant was passed through a 0.45 ym syringe filter. In parallel, E. coli BL21(DE3)
cells carrying pGEX-2T-GST were grown, induced, lysed, clarified, and filtered in the same

manner to generate GST bait for resin-control pulldowns.
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Glutathione Sepharose 4B resin was pre-equilibrated on ice by three washes with binding buffer.
For each pulldown, 20 pL settled resin was combined with 1 mL clarified GST-SUMO3(C47S)
lysate and nutated for 1 h at 4 °C. Resin was pelleted at 6,000 x g in a prechilled microcentrifuge,
the unbound fraction was removed, and the resin was washed five times with 500 pL binding
buffer per wash until wash fractions showed no eluting proteins by SDS-PAGE. A GST-only bait
was prepared by binding glutathione resin with clarified pGEX-2T-GST lysate generated as

above, and this resin-only control tube was carried through all subsequent steps.

CoREST1 lysates were prepared as described for Hiss—2xFLAG-CoREST1 wild type and Hiss-
2xFLAG-CoREST1(1273A/1275A/N277A). Either GST-SUMO3(C47S)-bound resin or GST-bound
resin was incubated with 1 mL of clarified COREST1 wild type or triple Ala mutant COREST1 lysate
for 1 h at 4 °C with nutation. The resin was pelleted at 6,000 x g, the unbound fraction was saved,
and the resin was washed five times with 500 pL binding buffer with each wash collected. The
resin-only control was incubated with the same CoREST1 lysates and processed with identical

washes to identify nonspecific retention on the resin beads.
Resins were resuspended in 1x Laemmli sample buffer and heated at 95 °C for 2 min. Eluted
samples were resolved on 12% SDS—PAGE. All pulldowns were performed in triplicate, with GST-

resin-only controls processed in parallel for both wild-type CoREST1 and triple Ala mutant

CoREST1 containing lysates.

2.5 Product characterization and supplemental data
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Supplementary Figure 1. GST control shows no
2xFLAG-CoREST1 retention. (A) Coomassie stained
15% SDS-PAGE showing bead retention for full-length
2XFLAG-CoREST1 incubated with immobilized GST on
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incubation with 2xFLAG-CoREST1. FL-C=2xFLAG-
CoREST1, GST=GST
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Chapter 3

Sumoylated histone H4 inhibits histone H2B
ubiquitylation at K120 in human cells

3.1 Introduction

Our cells face the challenging task of packaging approximately six billion base pairs of genomic
DNA into the very small nuclear volume of approximately 500 um®." To achieve this, about 147
base pairs of double-stranded DNA are wrapped around a cylindrical protein spool composed of
two H2A-H2B dimers and one H3-H4 tetramer to form the nucleosome core particle; the
fundamental repeating unit of chromatin.® Although compacting genomic DNA is essential for
fitting it into the limited nuclear space, cellular machinery still requires access to large stretches
of DNA for transcription, replication and repair. The reversible regulation of compact DNA
structures found in chromatin is undertaken by various post-translational modifications (PTMs)
found in histones.*® The chemical nature and genomic locations of these modifications, along
with their complex interplay and crosstalk, are central to the “histone code” hypothesis®’, which
posits that histone PTMs, either acting by themselves or in various combinations, encode specific
signals that are interpreted, or read, by effector proteins to influence chromatin structure and gene
expression.® Numerous histone modifications, such as methylation, acetylation, phosphorylation,
and ubiquitylation, have been extensively studied through biochemical, structural, and cell-based
molecular biological approaches. The extensive focus on understanding histone methylation,
acetylation and phosphorylation was largely driven by their earlier discovery and high abundance
in cells.®® However, the roles for many newer histone PTMs remain to be elucidated due to the

lack of chemical and molecular biological tools.
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The small ubiquitin-like modifier protein (SUMO), approximately 90-100 amino acids in length, is
the largest reversible covalent modification of histones known till date and was first identified >20
years ago. The mechanistic role for sumoylation in chromatin, however, remains poorly
understood. SUMO conjugation on lysine side-chain amines proceeds through an E1
(SAE1/SAE2), E2 (Ubc9), and E3 (PIAS family ligases) cascade and protein sumoylation is
reversed by SUMO-specific sentrin proteases (SENPs).'®"" Unlike other well-studied histone
PTMs, reliable tools for studying histone sumoylation, such as site-specific antibodies essential
for their isolation and identification, are presently absent. Furthemore, sumoylated histones are
<5% of total histones founds in cells.'*"® Highly sensitive proteomics studies have discovered
histone sumoylation in budding yeast, plants and humans and SUMO was found to modify all 4
core histones, the linker histone H1, and several histone variants.'® Based on mutational and
knockout or knockdown studies, histone sumoylation has been proposed to play several crucial
cellular roles, including heterochromatin formation by the H1 linker histone, the regulation of
chromatin structure and transcription, and double-strand break repair.'® Histone H4 was the first
histone reported to be sumoylated in human cells in 2003, with lysine 12 (H4K12su) emerging as
a common site for SUMO2/3 modification in multiple proteomic studies."” '>'® Although H4
sumoylation was proposed to participate in gene silencing, how it contributes to this process,
especially within human chromatin, remained poorly understood. In particular, its biochemical
crosstalk with other key histone PTMs directly involved in gene regulation, such as methylation
and ubiquitylation, which are frequently misregulated in human disease, remained unclear.
Clarifying the biochemical crosstalk involved in H4K12su is important as it connects a highly
dynamic histone mark that is hard to study in native chromatin with important transcriptional

outcomes.

To understand the biochemical roles for H4K12su, the Chatterjee lab developed a semisynthetic

strategy utilizing disulfide-directed chemical sumoylation to install SUMO site specifically onto
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histone H4 at Lys 12. This approach enabled reconstitution of the modified histone into octamers
and assembly of defined nucleosomes and chromatin arrays.'? The method for accessing
homogenous H4K12su containing a disulfide linkage led to the discovery that sumoylation
disrupts chromatin compaction, an unexpected observation for a modification associated with
gene repression that is typically associated with a highly compact folded chromatin structure.®?°
Subsequent biochemical studies with native isopeptide linked H4K12su obtained by chemical

synthesis®?"?2

revealed that H4K12su stimulated the intranucleosomal activity of lysine-specific
histone demethylase 1 (LSD1) which demethylates the mono and dimethylated states of histone
H3 Lys 4 (H3K4me1/2)."® These studies revealed that although histone sumoylation biophysically
prevents chromatin compaction, it may enable gene silencing by stimulating the activity of
enzymes that erase histone modifications associated with gene activation.'®'° 192

Building on those early discoveries, the Chatterjee lab also examined how H4K12su affects two
transcription-related chromatin modifications, acetylation and ubiquitylation. We found that
H4K12su perturbs N-terminal histone H4 acetylation by the histone acetyltransferase p300.
Additionally, H4K12su also inhibits trimethylation of histone H3 at Lys 4 (H3K4me3) by the
Set1/COMPASS complex. These observations were also validated in human cells using a SUMO-

H4 fusion model. The combined outcome of inhibiting at least acetylation and methylation, and

potentially other factors as well, was reduced in vitro transcription by RNA polymerase I1.%’

Our findings raised important questions regarding how H4K12su may interact with other histone
modifications that are a pre-requisite for histone methylation. One of these modifications is histone
H2B Lys 120 ubiquitylation (H2BK120ub), which is associated with transcriptional elongation and
enabling trans-tail signaling to histone H3 methylation at Lys 4 and Lys 79.% While we previously
showed H4K12su inhibits H3K4me3 by the Set1/COMPASS complex, this was accomplished by
using the limited six-subunit extended catalytic module (eCM) of COMPASS that is capable of

nucleosome methylation in the absence of H2BK120ub.?* While this system provided key insights
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on the direct inhibition of H3K4 methylation by H4K12su, it did not fully capture how this crosstalk
may functions in cells, where nucleosome methylation by the intact 8 protein COMPASS complex
is dependent on the presence of H2BK120ub in chromatin.?* This led us to ask if H4K12su may
inhibit earlier regulatory steps, including the nucleosome-targeted activity of the Rad6-Bre1 ligase

complex that is responsible for depositing H2BK120ub in chromatin.

To explore the crosstalk between SUMO and ubiquitin in chromatin, we developed a total
chemical synthesis strategy to generate full-length histone H4 in combination with a high-yielding
Cys-mediated ligation to conjugate SUMO3 at Lys12 in H4. This novel strategy was designed to
overcome key limitations of the earlier semisynthetic method, which restricted access to sufficient
quantities of H4K12su for mechanistic studies. Ubiquitylation assays revealed that H4K12su
inhibits Rad6-Bre1 activity on nucleosomes, which should, in principle, result in the reduction of
H2BK120ub in cellular chromatin. To confirm that the in vitro results are true in the cellular context,
linear SUMO-H4 fusion constructs were utilized as mimics of H4K12su in human cells. The
expression of these constructs led to decreased amounts of H2BK120ub levels in nucleosomes,
consistent with our in vitro findings. Thus, our results revealed that H4K12su has a negative
biochemical relationship with H2BK120ub, suggesting that SUMO contributes to transcriptional
repression by disrupting ubiquitylation, methylation and acetylation that are all necessary for

efficient transcription elongation.

3.2 Results and discussion

3.2.1 A total chemical synthesis approach to site-specific H4K12

sumoylation and reconstitution into nucleosomes.
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The Chatterjee lab had previously reported and utilized a semisynthetic strategy for generating
homogenously site-specific sumoylated histone H4 (H4K12su). This was accomplished using an
auxiliary-mediated strategy and led to the discovery of negative biochemical crosstalk with
histone H3K4 methylation, via stimulation of histone demethylation'® by LSD1 and by the
inhibition of trimethylation by SET1/COMPASS.?' Our studies also revealed the negative
crosstalk of H4K12su with histone acetylation by perturbing acetylation of the N-terminal tail of
histone H4 by p300.2' While our semisynthetic strategy enabled these key discoveries, it
remained limited by (1) the use of a ligation auxiliary that is thermodynamically reversible and
precludes complete ligation (Scheme 1A), and (2) the inefficient cleavage of an N-terminal Ni**-
affinity hexahistidine tag from a truncated form of histone H4, H4(D1-12), due to it's poor
solubility, necessitating multiple rounds of tag cleavage and affinity purification that reduced

overall yield (Scheme 1A).2"%

As a means of overcoming these limitations and to enable access to multi-milligram quantities of
homogenously sumoylated histones for biochemical studies, we developed a total chemical
synthesis strategy to generate H4K12su. To accomplish this, the full-length histone H4 protein
was divided into three synthetically tractable fragments—H4(1-37), H4(38-75), and H4(76—
102)—assembled via C-to-N-terminal native chemical ligation (Scheme 1B). Additionally, a
protected Cys residue was coupled to K12 in H4(1-37) and the peptide was synthesized as a C-
terminal hydrazide (Figure S$1). Recombinant pure SUMO3(2-91), containing a Cys47-to-Ser47
substitution (SUMO3(2-91)C47S) and missing the terminal Gly92, was prepared as a C-
terminal a-thioester using intein-mediated thiolysis (Figure S2). The thioester was ligated to Cys
at the K12 site to yield the SUMO3(2-92)C47S,G92C-conjugated N-terminal H4(1-37)
fragment. Subsequent hydrazide activation and thioesterification with 2-mercaptophenylacetic

acid (MPAA) yielded compound 4 (Scheme 1B and Figure S3).
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The central fragment H4(38—-75)A38Cacm Was synthesized as a C-terminal hydrazide with the N-

terminal Cys protected with an acetamidomethyl (Acm) group (Figure S4) to enable site-selective




ligation with the C-terminal fragment H4(76-102)A76C, 3 (Figure S5). Fragment H4(76—
102)A76C was ligated to the central fragment, followed by Pd(Il)-mediated removal of the Acm
protecting group to yield deprotected H4(38—102)A38C,A76C peptide 5 (Figure S6 and S7).%’
Finally, peptide 5 was ligated to the K12 sumoylated H4(1-37) a-thioester, 4, to generate full-
length H4 bearing site-specific SUMO3(G92C) at K12. Radical-mediated desulfurization yielded
H4K12su(G92A), hereafter referred to as H4K12su (27% overall yield over two steps), 6 (Figure

1A and B).?®

Each step of the synthesis was monitored by analytical HPLC and confirmed by ESI-MS.
Successful conjugation was further validated by SDS-PAGE, which showed a distinct molecular

weight shift indicative of SUMO attachment.

To validate the structural and functional integrity of the SUMO(G92A) modification, we assayed
its enzymatic desumoylation by the catalytic domain of sentrin-specific protease 2 (SENP2). This
demonstrated complete desumoylation of SUMO3(G92A) at a level comparable to wild-type
SUMO3 (Figure S8). Circular dichroism spectra of SUMO3(2-92)C47S,G92A and H4K12su
confirmed their properly folded states in solution (Figure S9 and S10). Finally, the synthetic
H4K12su was successfully incorporated into histone octamers with histones H2A, H2B, and
H3(C110A) via salt dialysis (Figure 1C), and reconstituted into mononucleosomes by combining
with the high-affinity 147 bp Widom 601 DNA sequence (Figure 1D)." This demonstrates
compatibility of this chemically synthesized H4K12su with chromatin assembly and enables

further downstream biochemical assays.

51



Ajg‘ C. Octamer " Nucleosome
B H4 suH4 H4 suH4
s bp B
S kDa 700
® 25 —SUH4 600
% 20 H3 400
© == ‘ H2B
o 15— R H2A

' - - ' - . H4 100
5 10 15 20 25 30 35
min

B. E. Ube1 + Rad6-Bre1
2 Ub +ATP - - 3 $
g MN suH4 H4 suH4 H4
- P DG O AL
= 253
()

2 20

©

[ anti-uH2B
14

650 850 1050 1250 1450 15

m/z anti-H2B

Figure 1. Total chemical synthesis of sumoylated H4 and its biochemical crosstalk with
ubiquitylated H2B in vitro. (A) C18 analytical RP-HPLC chromatogram of purified synthetic
H4K12su. (B) ESI-MS spectrum of purified synthetic H4K12su. Calculated 21,609.8 Da and
observed 21,610.2 + 1.3 Da. (C) Coomassie-stained 15% SDS-PAGE of octamers assembled
with either H4 or H4K12su (suH4). (D) 5% TBE gel of mononucleosomes assembled from wild-
type or chemically sumoylated octamers. (E) Rad6—Bre1-mediated nucleosomal ubiquitylation
assay. Assay products were probed with an H2BK120ub-specific antibody to detect
ubiquitylation and with an H2B-specific antibody as a loading control.

3.2.2 H4K12 sumoylation inhibits Rad6-Bre1-mediated H2B

ubiquitylation in vitro

The Chatterjee lab has previously investigated the crosstalk between H4K12su, methylation and
acetylation of histone tails in nucleosomes. One such investigation was looking at crosstalk
between H4K12su and H3K4me3. We found that H4K12su inhibited the installation of H3K4me3
by the 6-protein extended catalytic module of the Set1//COMPASS complex which exhibits Ub-
independent methylation activity on modified nucleosomes. This is unlike the eight-subunit intact

COMPASS complex that strictly requires the presence of H2BK120ub for activity.?"* However,

52



the biochemical crosstalk of H4K12su with H2BK120ub, the pre-requisite mark for methylation,
remained unknown.

In order to address crosstalk with ubiquitylation, we performed in vitro ubiquitylation assays
using the E2 and E3 ligases, Rad6 and Bre1, respectively, with reconstituted mononucleosomes
containing either wild-type (wt) H4 or H4K12su. The Rad6-Bre1 complex was recombinantly
expressed in Sf9 insect cells and purified using affinity purification and ion-exchange
chromatography by Xiaowen Xie in the Zheng lab (Figure S11).%° Ubiquitylation assays were
supplemented with ATP to enable the E1 activation step mediated by Ube1. From these assays,
we observed that nucleosomes bearing wt H4 were efficiently ubiquitylated at H2BK120 as seen
via western blot analysis with a commercial H2BK120ub-specific antibody. In stark contrast,
nucleosomes containing H4K12su showed a dramatic decrease in the level of H2BK120ub,

clearly indicating that H4K12su inhibits ubiquitylation.

To probe the mechanism underlying the negative crosstalk, we performed an electrophoretic
mobility-shift assay (EMSA) with Rad6-Bre1 and wt or sumoylated mononucleosomes under
native conditions (Figure 2). Incubation of wt mononucleosomes with Rad6-Bre1 led to a
concentration-dependent shift in their native gel migration, consistent with complex formation.
However, mononucleosomes containing H4K12su failed to exhibit any gel-shifts across the same
concentration range (Figure 2). This revealed that the inhibition of H2B ubiquitylation by H4K12su
was due to the inability of Rad6-Bre1 to bind sumoylated nucleosomes. Thus, our in vitro assay
results support a model in which H4K12su acts as a negative regulator of Rad6-Bre1-mediated
H2BK120ub by preventing Rad6-Bre1 complex binding to nucleosomes. As H2BK120ub is a

necessary modification for stimulating H3K4me3 by the COMPASS complex,?® the reduction of
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ubiquitylation by H4K12su offers an additional mechanism for its ability to inhbit the installation of

H3K4me3.
_ 100 nM MNs
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Figure 2. Mononucleosome binding by the Rad6-Bre1 complex. Wild-type and SUMOylated
mononucleosomes were incubated with increasing amounts of the Rad6-Bre1 complex and
nucleosome-binding was visualized by supershift of the mononucleosome band in 5% TBE gels
stained with SYBR safe DNA-stain. MN = mononucleosome, wt = wild-type.

3.2.3 SUMO-H4 mimic expression leads to decreased H2BK120

ubiquitylation in vivo

While our in vitro assays provided a clear mechanism for the negative crosstalk between H4K12su
and H2BK120ub through the physical inability of Rad6-Bre1 to bind to sumoylated nucleosomes,
it remained unknown if this negative biochemical crosstalk is also conserved in cells. To address
this question, we adopted a genetic fusion strategy to mimic the N-terminal sumoylation of histone

H4 in cells. We designed a construct that encoded the protease-stable HA-tagged SUMO3(AGG)
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protein fused to an N-terminally truncated histone H4 to generate HA-SUMO3(AGG)-H4(A1-11),
referred to here as SU-H4. This genetic fusion places SUMO3, in a non-removable form due to
the absence of the di-Gly motif at its C-terminus that is required for SENP activity, in close
proximity to the K12 side-chain of H4. This ensured nuclear localization of the fusion and we found
it to be compatible with downstream chromatin incorporation and detection with anti-HA
antibodies. An immortalized human embryonic kidney cell line, HEK293T, was transiently
transfected with the plasmid encoding for SU-H4 under a CMV promoter, and cells were
harvested 48 h post-transfection. Expression of the protein was confirmed via western blot

analysis using an anti-HA specific antibody.

Following harvesting, cells were lysed and nuclei were isolated by centrifugation. Nuclear
chromatin was subjected to limited Micrococcal nuclease (MNase) digestion to generate
mononucleosomes. Analysis of the digested chromatin by non-denaturing agarose gel
electrophoresis showed a low molecular weight ~150 bp (Figure 3a). The enrichment of
mononucleosomes ensures that H2BK120ub blots report on their occurrence in single
nucleosomes that also contain one or two copies of SU-H4; rather than in polynucleosome
fragments that may or not contain SU-H4 in every mononucleosome. Mononucleosomes
containing SU-H4 were selectively immunoprecipitated using magnetic anti-HA-conjugated
affinity beads under native conditions to preserve intact mononucleosomes (Figure 3b). The
efficiency of these pulldowns was further validated by additionally immunoblotting for the co-
purifying core histone H3, which also verified the successful incorporation of SU-H4 into

chromatin.

Next, to assess the effect of SU-H4 on H2BK120 ubiquitylation levels, western blotting analysis
was performed on both the total chromatin used as input and the immunoprecipitated SU-H4-

containing nucleosomes. A H2BK120ub-specific antibody was employed to evaluate the levels of
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Figure 3. Native chromatin immunoprecipitation of HA-SUMO3(AGG)-H4(A1-11) from
HEK293T cells. (A) Micrococcal nuclease (MNase) digestion of cellular chromatin (Chr) to
generate mononucleosomes (MNs). (B) HA-tag-mediated immunoprecipitation of
mononucleosomes containing SU-H4. Inp = input nucleosomes, Elu = eluate from anti-HA resin,
Cont = resin control, SU-H4 = HA-SUMO3(AGG)-H4(A1-11). An H3-specific antibody was used
as a loading control for the total amount of MNs in the input and elution lanes. A filled triangle
indicates antibody-chains released from the resin under denaturing conditions.

ubiquitylation in immunoprecipitated mononucleosomes. Predictably, the total chromatin input
displayed robust H2BK120ub signal as it reflects the total amount of ubiquitylated histones in
cells. In contrast, SU-H4-containing nucleosomes that were immunoprecipitated from total cellular
chromatin exhibited no detectable H2BK120ub across multiple biological replicates (Figure 3b).
This drastic loss of H2BK120ub within sumoylated nucleosomes suggests that the inhibitory role
of H4K12su toward H2BK120ub observed in vitro is also conserved in the chromatinized, cellular

context.

3.2.4 Control constructs reveal specificity of SUMO-H4-mediated

crosstalk
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With the exciting confirmatory results in hand, we wanted to further evaluate the precise SUMO-
H4 construct employed in our cellular experiments. To exclude the possibility that the observed
inhibition of H2BK120ub may be due to the truncation of the H4 N-terminal resiudes 1-11, or
indeed other factors that are associated with the first 11-residues in H4, rather than the proximity
of SUMO3 to K12 in H4, we performed a series of control experiments.

First, to evaluate the possibility that truncation of the H4 tail itself—independent of SUMO3—may
be sufficient to perturb the occurrence of H2BK120ub in mononucleosome, we designed a
construct encoding H4(A1-11) with an N-terminally fused double Myc-tag to make Mycz-H4(A1—
11). This corresponded to the same N-terminal tail truncation of H4 found in SU-H4 but lacked
the SUMO3 fusion. HEK293T cells were transfected with this construct followed by chromatin
isolation and mononucleosome generation by Mnase digestion. Chromatin immunoprecipitation
was performed using magnetic anti-Myc-affinity resin and levels of H2BK120 ubiquitylation were
evaluated via western blot, comparing total cellular H2BK120ub content to its presence in
immunoprecipitated nucleosomes. Gratifyingly, immunoprecipitated mononucleosomes retained
robust H2BK120ub signal (Figure S12), which confirmed that N-terminal tail truncation of H4 is
not sufficient to completely inhibit H2B monoubiquitylation. Thus, the observed negative crosstalk
between SU-H4 and H2BK120ub was not an artifact of the H4(A1-11) truncation in the fusion

construct.

We next examined whether SUMOS fused to the N-terminus of the full-length H4 may still inhibit
the installation of H2BK120ub in cells. Hence, we generated a plasmid encoding a HA-tagged
non-cleavable SUMO3(DGG) fused to the N-terminus of full-length H4 (HA-SUMO3(AGG)-H4).
This placed SUMO3 11-residues away from K12 and tested if the precise site of sumoylation is
important for its function in chromatin. Following transfection and chromatin isolation,
mononucleosomes were immunoprecipitated with magnetic anti-HA-affinity resin and the levels

of H2BK120ub were evaluated via western blot. Similar to our observations with HA-
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SUMO3(AGG)-H4(A1-11), we also observed the strong reduction of H2BK120ub levels in the HA-

SUMO3(AGG)-H4 nucleosomes (Figure S13).

Collectively, our control experiments demonstrated that the presence of SUMO3 on H4,
regardless of whether it is fused to a truncated or full-length H4 protein, was sufficient to disrupt
H2BK120ub levels in nucleosomes that contained at least one copy of SUMO. This indicated that
the negative crosstalk we observed in vitro and in cells arises specifically from the attachment of
SUMOZ3 to the H4 tail, although the precise site of sumoylation is less critical as long as it is near
K12. These findings strongly support our model where H4K12su directly interferes with the
machinery necessary to install ubiquitin at H2B Lys 120. This negative crosstalk of H4K12su with
H2BK120ub, a key modification associated with actively transcribed genes in cells, is consistent

with the proposed role of H4 tail sumoylation in gene repression.'”?’

3.3 Conclusion and outlook

In this study, we developed and streamlined a facile total synthesis strategy to generate histone
H4 modified by SUMO3 at lysine 12. This new approach avoided previous limitations such as the
necessary TEV-protease-mediated release of H4 from affinity tags used for purification and the
use of a thermodynamically reversible 2-aminoxyethanethiol ligation auxiliary with a high-yielding
cysteine-mediated native chemical ligation reaction. The novel synthetic H4K12su was validated
in biochemical assays by its recognition and cleavage, by the catalytic domain of the SUMO
protease SENP2, in addition to its successful incorporation into in vitro reconstituted octamers
and nucleosomes. These initial successes allowed us to directly probe the functional

consequences of H4K12su in a homogenous sumoylated chromatin context.
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In both the reconstituted biochemical system and in HEK293T cells, we observed a striking
negative crosstalk between H4K12su and ubiquitylation at H2BK120, a modification commonly
associated with transcriptional elongation. Our findings reveal a previously unknown mechanism

of biochemical crosstalk in which H4K12su suppresses H2BK120ub.

As our initial cellular studies employed a genetic SUMO3-H4 fusion that included a truncated H4
tail, we confirmed that the observed effects were not artifacts of histone tail truncation by
demonstrating that truncating H4 alone did not lead to significant changes in total cellular
H2BK120ub levels. Additionally, we used a control that fused SUMO3 to full-length H4 to confirm

that the inhibition was specifically due to SUMO present in the H4 tail.

Importantly, our findings addressed an open mechanistic question raised by a prior study from
our lab (Leonen et al. 2021), which documented the negative crosstalk between H4 sumoylation
and H3K4me3 with an enzyme complex that did not require H2BK120ub for its methylation
activity. The reagents developed here, including synthetic SUMO3-H4, control constructs, and
reconstituted nucleosomes, offer an approachable platform for interrogating SUMO-dependent
crosstalk within chromatin.

Looking to the future, the strategies employed herein will enable future investigations of crosstalk
involving multiple modifications within H4 that are challenging to address without the total
synthetic approach. Future studies in our labs will explore how H4K12su dictates the state of
neighboring modifications such as H4K16ac, which is associated with chromatin decompaction
and transcriptional activation. The preparation of homogenous synthetic histone H4 bearing both
H4K12su and H4K16ac will permit interrogating if these marks function in opposition to each other
and if one dominates overall gene function, due to their opposing repressive and activating roles,
respectively. Thus, our work has and will continue to contribute to the growing understanding that

chromatin modification by SUMO is a versatile modulator of chromatin structure and function. By
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establishing a robust route to access site-specifically sumoylated histone and revealing an
inhibitory link between H4K12su and H2BK120ub, this study provides a foundation for dissecting

SUMQO'’s roles across transcriptional control, DNA repair, and other critical cellular processes.

3.4 Experimental procedures

3.4.1 General Methods

2-Chlorotrityl resin (1.5 mmol/g substitution) was purchased from AnaSpec (Fremont, CA). Fmoc-
Gly-Wang resin (0.32 mmol/g substitution) was purchased from EMD Millipore (Gibbstown, NJ).
Fmoc-L-amino acids were purchased from Chem-Impex Intl. (Wood Dale, CA), AGTC
Bioproducts (Wilmington, MA), Creosalus (Louisville, KY), and Sigma-Aldrich (St. Louis, MO).
Other chemical reagents were purchased from either Fisher Scientific (Pittsburgh, PA) or Sigma-
Aldrich Chemical Company (St. Louis, MO). Plasmid mini-prep, PCR purification and gel
extraction kits were purchased from QIAGEN (Valencia, CA). Reversed-phase HPLC (RP-HPLC)
was performed on either a Varian (Palo Alto, CA) ProStar HPLC or an Agilent (Santa Clara, CA)
1260 Infinity Il HPLC using an Agilent Poroshell 120 SB C18 analytical column (2.7 micron, 100
x 4.6 mm) at a flow rate of 1 mL/min, a Grace-Vydac (Deerfield, IL) semi-preparative C18, C4
column (5 micron, 150 x 4.6 mm) at a flow rate of 3.5 mL/min, or a Grace-Vydac preparative C18
column (10 micron, 250 x 22 mm) at a flow rate of 9 mL/min. Mobile phases were Buffer A
containing 0.1% trifluoroacetic acid (TFA) in water, and Buffer B containing 90% acetonitrile and
0.1% TFA in water. Solid phase peptide synthesis was performed on a Liberty Blue Automated
Microwave Peptide Synthesizer (CEM Corporation, Matthews, NC). Mass spectrometric analysis
was conducted on a Bruker (Billerica, MA) Esquire, or a Thermo Scientific (Waltham, MA) LTQ

Orbitrap ESI-MS.
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3.4.2  Synthesis of H4(1-37)K12¢ys (1)

HoN-SGRGKGGKGLGK(Cys)GGAKRHRKVLRDNIQGITKPAIRRL-C(O)NHNH:

The 2-chlorotrityl hydrazide resin for peptide synthesis was prepared by reacting 2-chlorotrityl
chloride resin (1.5 mmol/g, 0.3 mmol) in a 10% (v/v) solution of hydrazine in DMF at 30 °C for 30
min.>® The reaction was repeated once with fresh 10% (v/v) hydrazine solution. The resin was
then treated with 10% (v/v) methanol in DMF for 10 min to cap any unreacted sites on the resin.
In order reduce the loading capacity of resin the first amino acid, Leu, was coupled as mixture of
Fmoc-Leu-OH and Boc-Leu-OH in a 1:2 molar ratio, respectively. The coupling reaction with
Fmoc-Leu-OH (0.4 mmol), Boc-Leu-OH (0.8 mmol) O-(6-Chlorobenzotriazol-1-yl)-N,N,N’,N'-
tetramethyluronium hexafluorophosphate (HCTU, 1.1 mmol), and DIEA (2.4 mmol) proceeded for
60 min at 30 °C. Any unreacted hydrazine sites were then capped by treating the resin with acetic
anhydride (0.6 mmol), and DIEA (0.6 mmol) for 30 min at 25 °C and the reduced Fmoc-amino
acid loading of the resin was confirmed by suspending the Fmoc-protected resin in 20% (v/v)
piperidine in DMF to generate the dibenzofulvene-piperidine adduct that was quantified by
absorbance at 304 nm (E. Next, each sequential amino acid was coupled in a 5-fold molar excess
based on the reduced resin loading using a CEM microwave-assisted peptide synthesizer.
Deprotection of the Fmoc- group was achieved by treating the resin with 5% (w/v) piperazine with
0.1 M HOBt in DMF for 3 min at 75 °C. Coupling reactions were undertaken for 10 min at 75 °C
with a mixture of Fmoc-amino acid (0.5 mmol), DIC (0.49 mmol), Oxyma (0.49) and DIEA (0.98
mmol) in DMF. For Fmoc-Arg(Pbf)-OH, an additional coupling reaction was performed for 10 min
at 75 °C. The Lys at position 12 was orthogonally protected with the 4,4-dimethyl-2,6-
dioxocyclohex-1-ylidene (ivDde) protecting group. The N-terminal amino acid, Ser was coupled
as Boc-Ser-(O'Bu)-OH. After the completion of linear amino acid couplings, the orthogonal
deprotection of ivDde protecting group at K12 was performed by treating the resin-bound peptide

with a solution of 5% (v/v) hydrazine in DMF for 5 min. The deprotection was repeated twice to
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ensure completion. Finally, the side-chain deprotected peptidyl resin was coupled with Boc-
Cys(Trt)-OH (0.5 mmol) with DIC (0.49 mmol), Oxyma (0.49) and DIEA (0.98 mmol) in DMF to
attach Cys at K12 as a ligation handle for SUMO3 a-thioester ligation.

Peptide cleavage from the resin. The final resin was successively washed with DMF and
DCM, then dried under vacuum. A cleavage cocktail consisting of TFA, triisopropylsilane and
water, 95:2.5:2.5 (v/v), was added to the resin and the mixture shaken for 2 h at 25 °C. The
resin was filtered, and the combined filtrate was added dropwise to a 10-fold volume of ice-cold
diethyl ether and the resulting precipitate was centrifuged at 3000 rpm for 5 min at 25 °C. The
clear solution was decanted and the precipitated crude peptide was dissolved in 50% (v/v) AcN
in H20, filtered through a 0.45 um filter and lyophilized to a dry powder. The dry peptide was
dissolved in RP-HPLC Buffer A and then purified by C18 preparative RP-HPLC with a gradient
of 0-73% B over 30 min. The isolated yield after lyophilization was 12% based on the initial resin

loading. Calculated for 1, Mayg 4,055.2 Da and observed 4,054.8 + 0.6 Da.

3.4.3 Synthesis of H4(38-75)A38Cacm (2)

HoN-C(Acm)RRGGVKRISGLIYEETRGVLKVFLENVIRDAVTYTEH-C(O)NHNH;

The synthesis of the middle fragment of histone H4 on hydrazide resin followed the same protocol
as described for fragment 1. One key addition was the coupling of Cys(Acm) at the N-terminus
using Fmoc-Cys(Acm)-OH (0.5 mmol) with DIC (0.49 mmol), Oxyma (0.49) and DIEA (0.98 mmol)
in DMF. The isolated yield of purified peptide was 8% based on the initial resin loading. Calculated

for 2, Mayg 4,465.2 Da and observed 4,465.8 £ 0.6 Da.

3.4.4 Synthesis of H4(76-102)A76C (3)

H2N-CKRKTVTAMDVVYALKRQGRTLYGFGG-CO:H
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Fmoc-Gly-Wang resin (0.32 mmol/gm) was allowed to swell for 10 min in excess DMF.
Following resin deprotection with 20% piperidine in DMF (v/v), each amino acid was coupled in
5-fold molar excess based on resin loading using the CEM microwave peptide synthesizer.
Deprotection of the Fmoc- group was achieved by treating resin with 5% (w/v) piperazine with
0.1 M HOBt in DMF for 3 min at 75 °C. Coupling reactions were undertaken for 10 min at 75 °C
with a mixture of Fmoc-amino acid (0.5 mmol), DIC (0.49 mmol), Oxyma (0.49) and DIEA (0.98
mmol) in DMF. Cleavage and purification protocols were as mentioned for peptide 1. The
isolated yield of purified peptide was 14%. Calculated for 3, Mag 3,019.5 Da and observed

3,019.8 + 0.5 Da.

3.4.5 Overexpression and purification of SUMO3(2-91)C47S-MESNa

E. coli BL21(DE3) cells were transformed with the plasmid pTXB1-SUMO3(2-91)C47S.? Cells
were grown in 6 L Luria-Bertani medium supplemented with 100 ug/mL of Ampicillin at 37 °C with
shaking at 250 rpm until ODegoo ~0.6-0.8. Overexpression of the desired fusion protein was induced
by the addition of 0.3 mM IPTG, and cells were grown for an additional 4 h at 25 “C with constant
shaking. The cells were then harvested by centrifugation at 7,000xg for 15 min. The cell pellet
was resuspended in a lysis buffer consisting of PBS, pH 7.2, containing 1 mM 2-
Mercaptoethanesulfonic acid sodium salt (MESNa). Cells were lysed by sonication then
centrifuged at 20,000xg for 15 min. The lysate supernatant was passed through a 0.45 um filter
then applied to a 30 mL chitin column pre-equilibrated with lysis buffer. Proteins were bound to
the column over a period of 12 h at 4 °C. The column was then washed with 20 column volumes
(CV) of lysis buffer followed by 2 CV of PBS at pH 7.75. The SUMO3(2-91)C47S-MESNa o-
thioester was generated from its intein-chitin-binding domain (CBD) fusion by incubation with 1.5
CV of PBS, pH 7.75, containing 100 mM MESNa for 72 h at 4 °C. The eluted o-thioester was

purified by C18 preparative RP-HPLC employing a gradient of 0-60% B over 60 min. Fractions
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containing the desired thioester were identified by ESI-MS. Calculated Mag 10,444.7 Da and
observed 10,443.8 + 1.5 Da. The N-terminal Met of SUMQOS is consistently processed in E. coli
by the methionyl aminopeptidase enzyme, leading to the SUMO3(2-91)C47S a-thioester product.

Typical yields of the a-thioester were 4-5 mg/L of BL21(DE3) culture.

3.4.6 Synthesis of SUMO3(2-92)C47S,G92A for Circular Dichroism

studies

The purified SUMO3(2-91)C47S-MESNa was dissolved in a buffer containing 6 M Gn+HCI, 200
mM NaPi, 100 mM L-Cysteine and 30 mM TCEP at pH 7.0. The reaction mixture was incubated
at 25 °C for 4-6 h to allow L-Cys ligation. Reaction progress was followed by analytical C18 RP-
HPLC with a gradient of 0-60% B over 30 min. After the reaction was considered to be complete,
the reaction mixture was treated with 250 mM TCEP, 30 equivalents of VA-044 (0.08 mmol), and
10% (v/v) 'BuSH and then incubated at 42 °C for 6 h in order to desulfurize the C-terminal Cys92
to Ala. The desulfurized product was purified by C18 analytical RP-HPLC with a gradient 0-60 %
B over 30 min. Calculated Mayg for SUMO3(2-92)C47S,G92A, 10,373.8 Da and observed

10,374.5 + 1.4 Da.

3.4.7 Circular Dichroism studies of SUMO3(2-91)C47S,G92A;

SUMO3(2-91)C47S-MESNa and H4K12su

Circular Dichroism (CD) spectra were recorded on a JASCO J-720 spectropolarimeter fitted with
a Peltier temperature controller. Each pure protein was dissolved at a final concentration of 15
MM in 10 mM NaPi, 100 mM NaF, pH 7.4 at 20 °C in 1 mm quartz cuvettes and measurements

were undertaken at a scanning speed of 100 nm/min over a range of 190-270 nm.

64



3.4.8 Expressed protein ligation of H4(1-37)K12¢ys (1) with SUMO3(2-

91)C47S-MESNa to generate the sumoylated H4 tail peptide (4)

Purified peptide H4(1-37)K12¢,s-hydrazide (13 mg, 0.0032 mmol, 2 mM) was dissolved in
ligation buffer containing 6 M Gn*HCI, 200 mM NaPi, 100 mM MPAA and 35 mM TCEP at pH
7.2. The dissolved peptide solution was added to SUMO3(2-91)C47S-MESNa (28.2 mg, 0.0027
mmol, 1.6 mM), and the buffer pH was re-adjusted to 7.2 with dilute aqueous NaOH. The
reaction mixture was incubated at 37 °C for 6-8 h to allow expressed protein ligation to proceed.
Reaction progress was followed by analytical C18 RP-HPLC with a gradient of 0-73% B over 30
min. After the ligation was considered to be complete, the reaction mixture was dialyzed against
500 mL of 6 M Gn+HCI, 200 mM NaPi buffer, pH 7.2, overnight to remove unreacted MPAA and
TCEP. The dialyzed solution was treated with 10 equivalents of 20 mM aqueous NaNO; at -15
°C at pH ~3.0 for 20 min to undertake oxidation of the acyl hydrazide to an acyl azide
intermediate. Subsequently, 50 equivalents of MPAA (100 mM) were added to the peptidyl
azide in situ and the pH adjusted to 6.0. The displacement of azide by MPAA was followed by
C18 RP-HPLC with a gradient of 20-60 %B over 30 min. The same gradient was used to purify
the MPAA ao-thioester product by C18 semipreparative RP-HPLC with an isolated yield of 40%
over three steps. Calculated Ma,g for MPAA a-thioester form of 4, 14,359.4 Da and observed

14,359.9 + 0.7 Da.

3.4.9 Native chemical ligation of H4(38-75)A38Cacm (2) and H4(76-

102)A76C (3) to yield H4(38-102)A38Cacm,A76C

The peptide H4(38-75)A38CAcm (2) (14.5 mg, 0.003 mmol, 2 mM) was dissolved in a buffer
consisting of 6 M Gn+HCI, and 200 mM NaPi at pH 3.0 and then treated with 10 equivalents of 20
mM aqueous NaNO; at -15 °C for 20 min. Subsequently, 50 equivalents of MPAA (100 mM) were

added to the peptidyl azide in situ and the pH adjusted to 6.0. The displacement of azide by MPAA
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was followed by C4 RP-HPLC with a gradient of 20-80 %B over 30 min. To the reaction mixture
of H4(38-75)A38Cacm MPAA a-thioester a solution of H4(76-102)A76C (3) (11.6 mg, 0.0024
mmol) in 6 M GneHCI, 200 mM NaPi, and 35 mM TCEP at pH 7.2 was added and the pH of the
ligation mixture was re-adjusted to 7.2 with dilute aqueous NaOH. The ligation mixture was
incubated at 37 °C for 6 h and the reaction was followed by C4 analytical RP-HPLC with a gradient
20-80 % B over 30 min. After the ligation was considered complete, the product was purified using
C4 preparative RP-HPLC with a gradient of 20-80% B over 60 min. The isolated yield of the

ligation product was 35%. Calculated Mayg for 5 was 7,451.9 Da and observed 7,450.8 + 1.1 Da.

3.4.10 Palladium-mediated Acetamidomethyl (Acm) protecting group

removal from H4(38-102)A38Cacm, A76C (5)

The ligation product H4(38-102)A38CAcm,A76C (8.5 mg, 0.0011 mmol) with N-terminal Acm-
protected Cys was dissolved in ligation buffer containing 6 M Gn<HCI, 200 mM NaPi, 100 mM
MPAA and 35 mM TCEP at pH 7.2, and incubated with 15 equivalents of PdCl, for 1 h at 37 °C.%’
The reaction mixture was quenched with 100 mM DTT and centrifuged at 13,000 rpm for 5 min to
precipitate the Pd-complex, and the supernatant containing deprotected peptide 5 was purified
by C4 preparative RP-HPLC with a gradient of 30-70% B over 60 min. This led to an isolated yield
of 85%. Calculated Mag for the Acm-deprotected form of 5, 7,381.6 Da and observed 7,380.6 +

1.2 Da.

3.4.11 Native chemical ligation of the sumoylated H4 tail peptide (4) with
H4(38-102)A38C,A76C (5) to generate H4(1-
102)K12SUMO3(G92C),A38C,A76C and desulfurization to obtain

H4K12su (6).
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To a solution of the MPAA a-thioester form of peptide 4 (15.6 mg, 0.001 mmol, 2 mM) dissolved
in ligation buffer containing 6 M GneHCI, 200 mM NaPi, 80 mM MPAA and 40 mM TECP at pH
7.2, the Acm-deprotected H4(38-102)A38C,A76C peptide 5 (7.2 mg, 0.0009 mmol) was added.
The pH was re-adjusted to 7.2 and ligation allowed to proceed at 37 °C for 14 h. Reaction progress
was followed by C4 analytical RP-HPLC with a gradient of 30-70% B over 30 min. After the ligation
was considered complete, the reaction mixture was dialyzed against 500 mL of 6 M Gn+HCI, 200
mM NaPi buffer, pH 7.2, in a 3.5 kDa cut-off dialysis cassette in order to remove excess MPAA.
The dialyzed reaction mixture was then treated with 250 mM TCEP, 90 equivalents of VA-044
(0.08 mmol), and 10% (v/v) 'BuSH and then incubated at 42 °C for 6 h in order to desulfurize
Cys38 and Cys76 and convert these to the native Ala found in wild-type H4. The reaction was
analyzed by C4 analytical RP-HPLC with a gradient of 30-70% B over 30 min and purified by C4
semi-preparative RP-HPLC over a gradient of 30-70%B over 45 min. The isolated yield of pure
H4K12SUMO3(C47S,G92A), or  H4K12su, was 27%. Calculated Mayg  for
H4K12SUMO3(C47S,G92A), or H4K12su, 21,609.8 Da and observed 21,610.2 + 1.3 Da. For

simplicity, hereon H4K12SUMO3(C47S,G92A) is referred to as H4K12su in the text below.

3.4.12 Octamer assembly

Individual histones H2A, H2B and H3 were dissolved at final concentrations of 4 mg/mL in an
unfolding buffer consisting of 7 M Gn*HCI and 20 mM Tris, pH 7.5. Equimolar amounts of the
three histones were combined with either wild-type H4 or synthetic H4K12su and the resulting
mixture dialyzed into a refolding buffer consisting of 10 mM Tris, 2 M NaCl, 1 mM EDTA at pH
7.5. The self-assembled crude octamers were concentrated with a 10,000 MWCO Vivaspin
concentrator and then purified by size-exclusion chromatography using a Superdex S-200 column

attached to an AKTA FPLC pump. Fractions containing the desired octameric species were
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identified by 18% SDS-PAGE followed by coomassie staining, combined, and concentrated with

a Vivaspin 500 concentrator prior to nucleosome assembly.

3.4.13 Mononucleosome (MN) assembly

Octamers and 147 bp of Widom 601 DNA were combined in 10 yL of the high-salt octamer
refolding buffer consisting of 10 mM Tris, 2 M NaCl, 1 mM EDTA at pH 7.5 to a final concentration
of 2 uM. After incubation at 37 °C for 15 min, 3.3 pL of dilution Buffer 1 (10 mM HEPES, 1 mM
EDTA, 0.5 mM PMSF, pH 7.9) was added and the incubation temperature was reduced to 30 °C.
Further additions of 6.7, 5.0, 3.6, 4.7, 6.7, 10, 30, and 20 uL of Buffer 1 were undertaken after
every 15 min. A final addition of 100 uL of dilution Buffer 2 (10 mM Tris, 1 mM EDTA, 0.5 mM
PMSF, 20% (v/v) Glycerol, pH 7.5) was undertaken and after an additional 15 min at 30 °C, the
MNs were concentrated by Vivaspin 500 concentrator, and their composition verified by 5% Tris-
Borate-EDTA (TBE) non-denaturing polyacrylamide gel electrophoresis followed by staining with

SYBR Safe DNA stain.

3.4.14 Desumoylation of synthetic H4K12su by Sentrin-specific

protease 2 (SENP2)

The recombinant human Hise-SENP2 (Sentrin-specific protease 2) catalytic domain cloned in
pET28a (Addgene Plasmid 16357) was expressed in E. coli BL21(DE3) cells and purified using
Ni-affinity chromatography using 20 mM Tris and 500 mM Imidazole buffer, pH 7.5, as the
eluent.®' The H4K12su octamer (1 uM) was incubated with Hiss-SENP2 (4.5 uM) in desumoylation
buffer consisting of 50 mM Tris-HCI, 1 mM DTT, 1 mM PMSF, 0.1 mM EDTA, 10% (v/v) glycerol,
pH 7.5 at 4 °C for 6 hrs. The products were resolved by 18% SDS-PAGE followed by coomassie

staining and anti-histone H4 immunoblotting.
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3.4.15 Overexpression and purification of the full-length Rad6-Bre1

complex.

The full-length Rad6 and Bre1 genes were PCR amplified from Saccharomyces cerevisiae
genomic DNA and sub-cloned into a modified pFastBac vector for co-expression in Sf9 insect
cells. Recombinant viruses were produced as per manufacturer instructions, and subsequently
amplified in Sf9 monolayer cells to generate high-titer viruses for protein expression in HighFive
monolayer cells. Cells were harvested 2-3 days post-infection and lysed by sonication in 40 mM
HEPES buffer, pH 7.5, 350 mM NaCl, 5mM b-Mercaptoethanol. The lysate was cleared of
insoluble matter by ultracentrifugation at 30,0009 for 30 min and the protein complex purified by
Glutathione-affinity chromatography (Thermo Fisher) using the GST-tag on Bre1. The protein
complex was obtained by overnight on-column cleavage of the GST-tag by TEV protease at 4 °C.
The eluted Rad6-Bre1 protein complex was further purified by anion-exchange chromatography
on a 1 mL HiTrap Q-HP column (GE Healthcare) followed by size-exclusion chromatography with
a Superdex 200 increase column (GE Healthcare) in a final buffer containing 40 mM HEPES, pH
7.5, 100 mM NacCl, and 1mM DTT. The pure proteins were mixed with 20% sterile glycerol and

stored in frozen aliquots at -20 °C.

3.4.16 Nucleosome ubiquitylation assays with Rad6-Bre1

For nucleosome ubiquitylation assays, 0.5 yM wild-type or sumoylated mononucleosomes, 100
nM UBE1 (E1 activating enzyme) , 10 uM Rad6 (E2 ligase)-Bre1 (H2BK120-specific E3 ligase)
complex, 100 uM Ubiquitin, 3 mM ATP, and 100 uM DTT were mixed in a reaction volume of 10
uL buffered with 50 mM Tris-HCI, pH 8.0, 50 mM NacCl, 50 mM KCI, and 10 mM MgCI2. Assays

were undertaken for 90 min at 30 °C and stopped by the addition of 4 yL SDS-containing gel-
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loading buffer. Assay products were analyzed by 15% SDS-PAGE followed by immunoblotting

with anti-H2B and anti-H2BK120ub-specific antibodies.

3.4.17 Rad6-Bre1 nucleosome binding assays

A fixed concentration of reconstituted wild-type or sumoylated nucleosomes (0.1 uM) was
incubated with increasing concentrations (0 to 6 uM) of the Rad6-Bre1 complex in a nucleosome-
binding buffer consisting of 50 mM Tris, pH 7.5, 100 mM NaCl, 8 mM MgCI2 at 4 °C for 45 min.
Bound/unbound nucleosomes were resolved by 5% TBE non-denaturing polyacrylamide gel

electrophoresis followed by staining with SYBR Safe DNA stain.

3.4.18 Transient Transfection of HEK293T cells with the HA-
SUMO3(AGG)-H4(A1-11) fusion, the HA-SUMO3(AGG)-H4 fusion,

and the Myc2-H4(A1-11) truncant.

HEK293T human embryonic kidney cells were cultured in T75 flasks containing Dulbecco’s
modified Eagle medium supplemented with 10% (v/v) fetal bovine serum. Cells were grown at 37
°C in an atmosphere of 5% CO2 until ~50% confluency. Each T75 flask of cells was transiently
transfected with 15 pug of pcDNA3.1-HA-SUMO3(AGG)-H4(A1-11), pcDNA3.1-HASUMO3(AGG)-
H4, or pcDNA3.1-Myc2-H4(A1-11) using Lipofectamine 3000 (Invitrogen). The growth media was
changed once 24 h post-transfection and cells grown for an additional 24 h prior to cellular
detachment by trypsination. Detached cells were gently collected by centrifugation at 3,000 rpm
for 3 min. The resulting cell pellet was washed thrice with Dulbecco’s phosphate-buffered saline

(PBS) before being subjected to protein purification and subsequent ChIP assays.
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3.4.19 Native chromatin immunoprecipitation (ChlP) of sumoylated or

truncated H4(A1-11) nucleosomes.

HEK293T cells harvested 48 h post-transfection were resuspended in a modified STM-N/D buffer
consisting of 250 mM Sucrose, 50 mM Tris-HCI, pH 7.4 at 4°C, 5 mM MgCl,, 10 mM
lodoacetamide (IA), 20 mM N-Ethylmaleimide (NEM), 0.5 % (v/v) IGEPAL CA-630, 1x cOmplete
protease inhibitor cocktail, 0.5% (w/v) Sodium deoxycholate in order to lyse cells and nuclei were
isolated by centrifugation 2.5 KRCF for 5 min at 4 °C. The precipitated nuclei were resuspended
in Buffer 150 consisting of 20 mM Tris, pH 7.4 at 4°C, 0.15 M NaCl, 5 mM MgClz, 5 mM CaCly,
0.1% (v/v) IGEPAL CA-630, 1 mM PMSF, 10 mM IA, 20 mM NEM, 1x cOmplete protease inhibitor
cocktail, and 10% (v/v) glycerol followed by digestion with Micrococcal nuclease (MNase) diluted
in MNase Buffer consisting of 50 mM Tris-HCI, pH 8.0 at 37 °C, 5 mM CacClz, 20 mM NEM, 10
mM IA, 0.1% (v/v) Triton X-100, and 1x cOmplete protease inhibitor cocktail. Cellular chromatin
(400 pL volume) was digested with MNase for 1 hour at 37 °C with mixing every 30 minutes to
ensure solution homogeneity. After 1 h, chromatin digestion was halted by the addition of 54 uL
of 0.5 M metal-chelator, EGTA, and the digested chromatin mixture was passed through a 25-
gauge needle several times in order to reduce solution viscosity. The digested chromatin was
mixed with 450 pL of Buffer 500 consisting of 20 mM Tris-HCI, pH 7.4 at 4 °C, 0.5 M NaCl, 5 mM
MgClz, 5 mM CaCly, 0.1% (v/v) IGEPAL CA-630, 1 mM PMSF, 10 mM IA, 20 mM NEM, 1x
cOmplete protease inhibitor cocktail, and 10% (v/v) glycerol. The mixture of chromatin and Buffer
500 was supplemented with 5 M NaCl to adjust the final salt concentration back to 0.5 M NaCl,
then centrifuged at 17.2 kRCF for 20 min at 4 °C to remove any insoluble material. After sample
clarification, an aliquot of the soluble fraction was analyzed by non-denaturing agarose gel
electrophoresis to ascertain the generation of mononucleosomes through the observation of low
molecular weight ~150 bp DNA. The remaining majority of soluble fraction was mixed with anti-

HA magnetic resin beads, pre-equilibrated in Buffer 500, for 2 h at 4 °C. The unbound fraction
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was subsequently removed by pipetting and the magnetic beads washed several times with Buffer
500. The HA-SUMO3(AGG)-H4(A1-11), HA-SUMO3(AGG)- H4, or Myc,-H4(A1-11) were eluted

by boiling the magnetic beads in SDS-containing gel-loading dye for no more than 3 minutes.

3.4.20 Western blotting to detect H2BK120ub and either HA-
SUMO3(AGG)-H4(A1-11), HA-SUMO3(AGG)-H4, or Myc2-H4(A1-

11).

Immunoprecipitated histones were transferred to a PVDF membrane using 35V for2 hat4 °C in
a modified Towbin transfer-buffer consisting of 25 mM Tris-HCI, 192 mM Glycine, 4 mg/L SDS,
and 10% (v/v) methanol. After protein transfer, the PVDF membrane was blocked with 5% (w/v)
non-fat milk in PBS at 25 °C for 1 h prior to overnight incubation at 4 °C with specific primary
antibodies. Primary antibodies were diluted in PBST (PBS containing 0.05% (v/v) Tween-20),
supplemented with 5% (w/v) non-fat milk powder. The next day, membranes were washed in
PBST and then incubated for 1 h at 25 °C with the appropriate IR-dye-conjugated secondary
antibody diluted in PBST supplemented with 5% (w/v) non-fat milk powder. The membrane was
first washed with PBST and then PBS and subsequently scanned on a Li-COR Biosciences

Odyssey IR scanner.

3.4.21 Table of Antibodies and Cell Lines used in this study.

No. | Catalog # Supplier Protein target Dilution employed
1. ab1790 Abcam Histone H2B 0.1pg/mL (WB 1:10,000)
2. 39623 Active Motif Histone H2BK120ub 1 pug/mL (WB 1:1,000)
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3. ab10158 Abcam Histone H4 1 pug/mL (WB 1:1,000)
4. ab24834 Abcam Histone H3 1ug/mL (WB 1:1,000)
5. ab1791 Abcam Histone H3 1 pug/mL (WB 1:1,000)
6 37245 | Cell Signaling HA-tag 22 ng/mL (WB 1:1,000)
' Technologies Y
7 20765 | Cell Signaling Myc-tag 80 pg/mL (WB 1:1,000)
’ Technologies o
IR Dye 800CW Goat 66.67 ng/uL (WB
8. ]926-32210 | LI-COR anti-Mouse 1:15,000)
IR Dye 680RD Goat 66.67 ng/uL (WB
9. |926-68071 ) LI-COR anti-Rabbit 1:15,000)
) i IR Dye 800CW Goat 66.67 ng/uL (WB
10. | 926-32351 LI-COR anti-Mouse 1gG2a 1:15,000)
HEK293T cell line
11. | CRL-3216 ATCC used for studies of Lot number 70029111
biochemical crosstalk

3.5 Product characterization and supplemental data
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Figure S1. Synthesis of H4(1-37) K12.ys (1). (a) C18 analytical RP-HPLC trace of pure
1 injected on a 0-73% B gradient over 30 min. (b) ESI-MS of pure 1. Calculated Mayg
4,055.2 Da and observed 4,054.8 + 0.6 Da.
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Figure S2. Intein-mediated generation of SUMO-3(2-91)C47S a-thioester. (a) C18 analytical
RP-HPLC trace of pure SUMO-3(2-91)C47S a-thioester injected on a 0-60% B gradient over 30
min. (b) ESI-MS of pure SUMO-3(2-91)C47S a-thioester. Calculated Mavg 10,444.7 Da and
observed 10,443.8 + 1.5 Da.
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Figure S3. Ligation of H4(1-37)K12.ys (1) with SUMO3(2-91)C47S a-
thioester. (a) C18 analytical RP-HPLC trace after 8 h of ligation
injected on a 0-73% B gradient over 30 min. Peak a1 corresponds to
unreacted H4(1-37)K12ys, peak b1 is the excess MPAA in ligation
buffer, peak d1 is hydrolyzed SUMO3(2-91)-CO-H, and peak c1
corresponds to the desired ligation product. (b) C18 RP-HPLC trace of
the MPAA a-thioester form of the ligation product (4). (c) Calculated
Mayvg for MPAA a-thioester form 4, 14,359.4 Da and observed 14,359.9
+ 0.7 Da.
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Figure S4. Synthesis of central fragment H4(38-75)A38Cacm (2). (a) C18 analytical RP-
HPLC trace of pure 2 injected on a gradient of 20-80% B over 30 min. (b) ESI-MS of pure
2. Calculated Mayq 4,465.2 Da and observed 4,465.8 £+ 0.6 Da.
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Figure S5. Synthesis of H4(76-102)A76C (3). (a) C18 analytical RP-HPLC trace of pure 3
injected on a gradient of 0-73% B over 30 min. (b) ESI-MS of pure 3. Calculated for 3, Mayg
3,019.5 Da and observed 3,019.8 + 0.5 Da.
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Figure S6. Ligation of H4(38-75)A38CAcm (2) and
H4(76-102)A76C (3). C4 analytical RP-HPLC trace
after (a) 30 min, and (b) 4 h of ligation. Peak a1
corresponds to unreacted H4(76-102)A76C, peak b1
contains the desired product, and peak c1
corresponds to unreacted H4(38-75)A38Cacm-MPAA
a-thioester. (c) C4 analytical HPLC trace of the
purified ligation product on a 20-80% B gradient over
30 min. (d) ESI-MS of purified H4(38-
102)A38Cacm,A76C. Calculated Mayg for H4(38-
102)A38Cacm,A76C was 7,451.9 Da and observed
7,450.8 + 1.1 Da.
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Figure S7. Acm-deprotected H4(38-102)A38C,A76C peptide (5). (a) C4 analytical
HPLC trace of pure 5 injected on a gradient of 30-70% B over 30 min. (b) and ESI-MS
of purified 5. Calculated Mayg 7,381.6 Da and observed 7,380.6 + 1.2 Da.
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Figure S8. SENP2-mediated deSumoylation of H4K12su. (a) Coomassie-stained 15%
SDS-PAGE of pure SENP2 catalytic domain. (b) 18% SDS-PAGE of H4K12su
deSumoylation by the SENP2 catalytic domain. (c) Western blot with anti-H4 antibody to
detect H4K12su deSumoylation by the SENP2 catalytic domain.
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Figure S9. Synthesis of SUMO3(2-92)C47S,G92A. (a)
C18 analytical RP-HPLC trace of pure SUMO3(2-
92)C47S,G92A injected on a 0-60% B gradient over 30
min. (b) ESI-MS of pure SUMO3(2-92)C47S,G92A.
Calculated Mayg 10,373.8 Da and observed 10,374.5 +
1.4 Da.
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Figure S10. Circular Dichroism spectra of SUMO3(2-92)C47S,G92A;
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Figure S11. Purification of the
Rad6-Bre1 complex. Coomassie-
stained 10% SDS-PAGE of the
pure Rad6 and Bre1 proteins.
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Figure S13. HA-tag-mediated immunoprecipitation of mononucleosomes containing
SUMO3(AGG)-H4. Input = input mononucleosomes (MNs) obtained by Micrococcal nuclease
digestion of cellular chromatin. Elution = eluate from anti-HA resin. HA-SUMO3(AGG)-H4 = HA-
tagged protease-resistant SUMO3 missing its C-terminal Gly91 and Gly92 residues, fused to the N-
terminus of full-length histone H4. An H3-specific antibody was used as a loading control for the total
amount of MNs in input and elution lanes. A filled triangle indicates non-histone species cross-
reactive to the secondary antibody used for imaging western blots.
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Chapter 4

Protein Scaffold Affinities Regulate Stress-
associated Enzyme Activity in Biomolecular
Condensates

4.1 Introduction

Liquid-liquid phase separation (LLPS) is a physical phenomenon in which a soluble mixture of
molecules in solution spontaneously divides into two distinct liquid phases upon exceeding
threshold conditions of temperature or concentration. Phase separation in cells, also called
biomolecular condensation, is driven by favorable interactions between mixtures of proteins,
nucleic acids and their ligands. Biomolecular condensates (BMCs) serve to compartmentalize
diverse biochemical processes in membraneless organelles. In addition to concentrating various
reactants, the core condensate composition is actively set by multivalent scaffold molecules that
recruit lower valency clients, which enables selective enrichment in response to and aligned
with cellular needs.' BMCs can range from about 50 nm to 5 mm in diameter and can regulate
diverse biochemical reactions associated with metabolism, biosynthesis, transcription, stress
response and proteolysis.? In cells, BMCs often display liquid-like behaviors such as fusion,
rounding, and rapid component exchange, and in some contexts mature into less dynamic gel-
like states depending on composition and environment.?® Proteins scaffolding BMCs may
contain multiple well-structured domains or intrinsically disordered regions that enable their
binding to polyvalent targets leading to an extended network of inter-protein interactions in the
separated phase. Sequence features within low-complexity segments and short linear motifs

create a means to tune condensate formation and material properties.* Given its key role in cell
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biology, the inability to form functional BMCs underlies human diseases such as leukemia and
neurodegeneration. Examples include altered promyelocytic leukemia (PML) nuclear bodies in
acute promyelocytic leukemia and liquid-to-solid transitions of the RNA-binding protein FUS in
amyotrophic lateral sclerosis.>® Therefore, there is an urgent need to understand the

fundamental physical properties that guide BMC formation and function in living organisms.

Although many types of membraneless organelles have been identified in cells, the complex
mixtures of proteins and/or nucleic acids, in each organelle pose significant challenges to
gaining a fundamental understanding of how the affinities of scaffolding protein-peptide
interactions dictate BMC properties such as size, number, stability and dynamics. This
comprehensive knowledge is critically needed for engineering separated phases with well-
defined and tunable properties that may be harnessed to control enzyme-catalyzed reactions for
biotechnological and therapeutic applications. In cells, multivalency is widespread and arises
from: (1) multidomain folded proteins with repeating or diverse interaction modules, (2)
intrinsically disordered regions (IDRs) containing multiple short linear motifs, and (3) hybrid
architectures that combine well-folded domains and IDRs; RNA can function as both a scaffold
or as a client depending on specific contexts.?® Naturally occurring scaffolding proteins include
the RNA-binding protein FUS, which form liquid droplets that adopt less dynamic states in
disease®, heterochromatin protein HP1a, which forms droplets linked to chromatin compaction’,
and the LAF-1 helicase that phase separates with RNA to build P-granule condensates.®
Additionally, engineered polyvalent protein scaffolds such as poly-SUMO/poly-SUMO-
interacting motif (SIM) serve as excellent scaffolds for testing fundamental rules for BMC
composition and client recruitment.” Clients can include low-valency variants of these scaffolds
and nucleic acids; for example condensates formed by DEAD-box helicase 4 (Ddx4), a germline
RNA helicase whose N-terminal intrinsically disordered region is sufficient for phase separation,

solubilize a range of nucleic acids in a sequence- and composition-dependent manner.®
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In mixtures of heterotypic scaffolds, where two different proteins associate to form BMCs, client
partitioning depends on the valency of scaffolds and the relative abundance of complementary
binding sites. Thus, the composition of BMCs can undergo a sharp transition when the relative
concentrations of scaffold molecules cross the phase boundary (csat) defined by the system's
phase diagram."'° Indeed, sumoylation state tunes the composition and number of PML bodies,
and increased SUMOZ2/3 conjugation, due to the loss or inhibition of, the SUMO protease
sentrin-specific protease (SENP6), expands PML body number and size while enhancing

recruitment of SIM-containing clients.""'2

Deciphering the physical determinants of LLPS in intracellular mixtures requires connecting
microscopic sequence features and pairwise affinities to macroscopic condensate traits such as
density, composition, stability, and internal dynamics across many interacting components. Key
unanswered questions regarding LLPS include how valence, affinity, and stoichiometry combine
to determine the stability and composition of multicomponent networks, how nucleic acids and
small molecules remodel these networks in a concentration-dependent manner, and how
compositional diversity relates to function.”>'® A central challenge toward understanding LLPS
lies in relating sequence-level grammar and specific interaction interfaces to mesoscale material
properties in cells.’® These gaps motivate the use of platforms in which valence, sequence
context, and binding strength can be varied independently and phase-diagram position

measured directly, as demonstrated in modular multivalent systems.™'"'8

To achieve the goal of understanding how sequence features and binding affinities regulate
BMC formation and function, we were drawn to the small ubiquitin-like modifier isoform 3
(SUMO3)-based LLPS system first reported by Rosen and coworkers. In this elegant binary

system, polyvalent interactions between multiple copies of the SUMO3 protein and SIM
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peptides drives phase separation.! The system closely mimics the membraneless nuclear PML
bodies that are formed by the polysumoylated PML protein as a result of its polyvalent binding
to SUMO-interacting motifs (SIMs) in PML and other proteins.> The multimeric (SUMO3)-
(SIM), system was previously applied to study client protein recruitment and to identify
molecular features that dictate small-molecule partitioning in condensates.'® At the molecular
level, SIMs present a short hydrophobic core, flanked by acidic residues, that docks into a
shallow groove formed between the only a-helix and second S-strand of SUMO. Precise
sequence composition of the SIM leads to varied SUMO2/3 affinities over micromolar ranges.'®-
22 Given the wide range of SIMs with previously reported dissociation constants (K4) for SUMO3
binding, we envisioned the modular SUMO3-SIM platform may be applied toward studying the

variance in BMC properties with varying affinities of their scaffolding components.

Early results from our in vitro studies revealed a surprising lack of correlation between SUMO3-
SIM affinities and the size or number of BMCs formed. No correlation was observed between
the length of a SIM, the number of hydrophobic/hydrophilic residues, or its overall charge at pH
7.5 to particle dimensions. This indicates that multiple parameters, beyond the key hydrophobic
SUMO-SIM interaction, contribute to the number and size of BMCs formed. Nevertheless, as
phase separation is necessarily nucleated by the initial binary interaction between polySUMO3
and polySIM, the minimal concentrations of both polySUMO3 and polySIM required for BMC
formation correlated well with their predicted binding affinity. This indicates a conserved
mechanism for the initiation of condensate formation among the different SIMs. The stability of
BMCs to chaotropic agents, such as urea and guanidine, also correlated well with the affinity of
SUMO3-SIM interaction, and tighter binding (lower K4) SIMs led to greater salt and chaotrope-
resistant BMCs. These studies are challenging in cells, where factors such as protein and RNA

concentration and adenosine triphosphate (ATP) at physiological millimolar levels may modulate
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condensation and material properties, which underscores the importance of our biochemical
approach with well-defined components.?2*

One highly correlative property across various BMCs was the fluidity or dynamics of the
separated phase. Fluorescence recovery after photobleaching (FRAP) experiments performed
in vitro and in living cells revealed consistently greater dynamics in condensates assembled with
weaker binding SIMs (higher Kg). Consistent with this observation, alanine mutants of key
hydrophobic residues in tight-binding SIMs, which diminished their affinity for SUMO3, also
enhanced BMC dynamics. Finally, to engineer BMCs of varying sizes with varying SUMO3-SIM

scaffolds, we found that the addition of increasing amounts of positive charge to the C-terminus

of a polySIM construct led to increasing particle sizes and diminished condensate dynamics.

Thus, our studies with the modular polySUMO3-polySIM system identified three unique
properties of BMCs that correlate with protein-peptide affinities, namely, (1) the minimal
concentration at which phase separation is observed, (2) the stability of the BMC to
salts/chaotropic agents, and (3) the dynamics of the separated phase. Importantly, we have
discovered that observed trends in BMC dynamics in vitro are preserved across three different
cell types, which bodes well for future efforts to engineer BMCs in specific cell types with unique
dynamic properties. Our surprising discovery that protein-peptide binding affinity alone is not
predictive for either condensate size or number, but, predicts BMC dynamics may explain how
cells generate membraneless organelles using scaffolds of vastly varying affinities. Thus, we
suggest that weakly associating polyvalent scaffolds may be best suited for most biochemical

processes that require the free diffusion of enzymes and their substrates.

4.2 Results and discussion
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4.2.1 The phase boundaries of polyvalent biomolecular condensates

vary with scaffold affinities

Inspired by pioneering work from Rosen and coworkers, we employed the 91-residue protein
SUMO3 as a scaffold for BMC generation.” While many protein and peptide-based coacervate
systems have been reported to date, Rosen’s system based on SUMO3 binding to a SUMO3-
interacting motif peptide (SIM) benefits from its well-defined 1:1 stoichiometry and a specific
region, the SIM-binding groove, of SUMO3 where binding occurs in a groove between 52 and
al. All known SIMs till date have a hydrophobic core of 3-to-4 residues flanked by acidic or
phosphorylatable residues, providing a well-defined region that can be tuned by minor sequence
changes.®?%%2¢ Hence, the SUMO3-SIM system is highly engineerable because varying the
SIM changes binding affinity to SUMO3 but retains the mode of binding in the groove. We
envisioned that would allow us to directly map scaffold K4 to BMC properties.19:20.22:27

We began our studies with a SUMO3-SIM system consisting of an N-terminal monomeric
enhanced green fluorescent protein (MEGFP) fused with three copies of SUMO3, mEGFP-
(SUMO3)3, and another N-terminal mEGFP fused with three copies of the SIM sequence from
PIASX, Protein Inhibitor of Activated STAT x, mEGFP-(PIASx); (Table 1). The repeated SUMO3
and SIM sequences were separated by a conserved 12-mer linker sequence N-
GGSGGSGGSGGS-C. Because higher-valent SUMO:SIM ratios, such as 10:10 or 5:5, exhibit
sub-nanomolar affinities," we chose a 3:3 SUMO:SIM ratio to generate BMCs in order to capture
the effects of varying SUMO-SIM Ky on BMC properties. We reasoned that biophysical effects of
10-fold changes in SUMO3:SIM affinity (~5 uM to ~50 uM) would be distinguishable in the 3:3

system as its apparent Ky lies in the mid-nanomolar regime."

91



SIM Primary sequence Reported K, (uM) | Measured K, (uM)
MCAF1 GSPEFKTIDASVSKKAADSTSQCGKATGSDSSGVIDLTMDDEESGASQD 1.3+0.1125 3.8+0.2
PIASx KVDVIDLTIESSSDEEEDPPAKR 5.07 + 0.5120 8.4+0.8
DAXXn MATANSIIVLDDDDEDE 38 + 628 16.6 +1.9
RETAGDE|VDLTCESLEPRW 40 + 1026 63.8+1.7
DAXXc KTSVATQCDPEE|IVLSDSD 102.5 + 13.929 70.3+3.0

Table 1. SIM sequences with literature and standardized ITC affinities. For the SIM
modules examined, sequences are shown alongside the published Ky under original
conditions and an ITC Kq measured here using matched, standardized conditions.

We observed robust phase separation upon mixing the mEGFP-(SUMO3)3; with mEGFP-
(PIASx)3 by using confocal fluorescence microscopy with excitation and emission wavelengths
of 488 nm and 507 nm, respectively. The minimal concentration of SUMO3 and peptide at which
phase separation was first observed, also known as csat at the phase boundary,>'® correlated
well with the previously reported and our own measured Ky of monovalent interactions (Table 1).
Thus, tighter SUMO3 binding SIMs such as the MBD1-Containing Chromatin-Associated Factor
1 (MCAF1) and PIASx SIMs formed distinct phases beginning at 60 nM mEGFP-(SUMO3);
(Figure 1A)."% A much weaker binding SIM, such as the C-terminal SIM from Death domain
Associated Protein (DAXXc), separated at higher concentrations of 100 nM mEGFP-(SUMO3)s
(Figure 1A).% SIMs with intermediate affinity such as DAXXn from the N-terminus of DAXX,
showed phase boundaries at intermediate concentrations of about 80 nM mEGFP-
(SUMO3)5.26%:2° Similar correlations in csat Were previously noted with phase-separating
systems that employed changing polyvalency to modulate scaffold affinities™'” or changing Kq in

intrinsically disordered peptide-based systems.*® The clear correlation between phase
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boundaries and SUMO3-SIM Ky indicates that binding is both necessary and sufficient for phase

separation in this platform.

Interestingly, however, we observed no correlation between SUMO3-SIM affinities and either
condensate size or the number of condensates observed (Supplementary Figure S1). We
tested if the lack of correlation was a consequence of the magic number effect for polyvalent
systems, where equivalent numbers of binding sites on both scaffolding proteins may inhibit or
entirely preclude phase-separation.®' Therefore, we generated an asymmetric system of
MEGFP-(SUMO3)s and mEGFP-(SIM); which retains the 3:3 ratio of SUMO3-SIM binding but
has two additional unfilled valencies in SUMO3 that preclude magic number effects. The phase
boundary observed for each SUMO3-SIM pair tested in the 5:3 asymmetric system also
correlated with reported K4, and phase boundaries moved to higher concentrations for weaker
binders (Figure 1B). However, even in the asymmetric 5:3 system, no correlation was observed
between SUMO3-SIM affinities and the size or number of condensates formed (Supplementary
Figure S2). The SIM peptides employed in these assays covered a wide range of molecular
weights, isoelectric points (pl), charged residues, and hydrophobicity (Table 2) and no single
parameter was found to be predictive for the observed particle sizes and numbers of BMCs

formed.
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Grand average of Positively Negatively
Sequence Molecular
SIM pl hydropathicity Charged Charged
Length Weight (Da)

(GRAVY) Residues Residues
MCAF1 49 4,912.16 4.00 -0.706 8% 20%
PIASx 23 2,572.76 4.79 -1.026 13% 26%
DAXXn 17 1,865.94 2.76 -0.412 0% 41%
20 2,319.53 4.03 -0.725 10% 30%
DAXXc 20 2,150.34 3.66 -0.240 5% 20%

Table 2. Sequence-derived properties of the SIM peptides. For each SIM peptide, molecular
weight, pl, counts of acidic and basic residues, and a hydrophobicity index are reported,
highlighting broad variation across sequences.
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Figure 1. Phase diagram characterization of polymeric SUMO constructs to polymeric
SIM constructs. Phase diagram between mEGFP-(SUMO3)3 (A) or mEGFP-(SUMO3)s (B) and
MEGFP-(MCAF1)3 (red), or mEGFP-(PIASX); (red), or mEGFP-(SIM2)s (green), or mEGFP-
(DAXXn)s (green), or mMEGFP-(DAXXc)s (blue), indicating where the solution consists of a single
phase (open dots) or of two phases (colored dots). Axes show concentration of each scaffold.
Dotted lines indicate the apparent phase boundary.

4.2.2 Condensate stability varies with scaffold affinities

Having observed a clear correlation between SUMO3-SIM affinities and phase boundaries, we
asked if the stability of BMCs to cellular hydrotropes, electrolytes, and chemical denaturants
may also correlate with affinities of the scaffolding proteins. The mEGFP-(SUMO3)s and
mEGFP-(SIM); system was employed to first generate BMCs at concentrations that promote
phase separation for each peptide and were firmly within the phase boundary (>Csat). This was
followed by the addition of increasing amounts of ATP, KCI, urea or guanidine hydrochloride

(GnHCI) (Figure 2A-D).
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Interestingly, increasing amounts of the hydrotrope ATP, up to 10 mM, did not lead to a
significant change in the number of BMCs formed over 24 h (Figure 2A). Because ATP’s
hydrotropic action is expected in the millimolar range, the absence of an effect even at 10 mM
indicates that these SUMO-SIM condensates are ATP-resistant within the physiological window,
which ranges between ~1-10 mM.2*32

In contrast with this observation, even condensates generated by SIMs with low micromolar
affinities, such as PIASx and MCAF1 (K4 ~4-8 uM) exhibited a concentration-dependent
sensitivity to KCI, urea and guanidine (Figure 2B-D). This was evident from the formation of
fewer condensates at all concentrations of salt and denaturants tested. Indeed, as little as 50
mM KCI or 250 mM urea/GnHCI reduced the number of BMCs formed by weaker binding
peptides such as SIM2 and DAXXc, whereas SIMs such as PIASx and MCAF1 showed less
sensitivity to these concentrations of salt and denaturant.

Overall, the SUMO3-SIM binding affinity correlated well with the midpoint of total BMCs
observed in the presence of KClI, urea or guanidine. Tighter SUMO3-SIM binding shifted the
midpoint to higher perturbant concentrations, indicating that the same specific interactions that
lower csat also confer resistance to destabilization by salts and chaotropes.

Collectively, these results are consistent with BMC stability requiring a well-folded structure of
SUMO3 and suggest that in addition to the well-known hydrophobic core interactions there is an
electrostatic component to the SUMO3-SIM interaction. This is consistent with the proposed role
for negatively charged residues or phosphorylatable residues found near the hydrophobic patch

in SIMs.
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Figure 2. Evaluation of condensates, formed by mEGFP-(SUMO3)s and mEGFP-(SIM)s,
resistance to hydrotrope, salts, and chaotropes. (A) Treating preformed condensates with
increasing concentrations of ATP, which disrupts electrostatic interactions in condensates,
showed no significant trends in condensate integrity. (B) Treating preformed condensates with
increasing concentrations of KCl dissolved condensates after 400 mM KCI. Condensates formed
via strong SUMO-SIM interactions were more resistant at increased KCI concentrations. (C,D)
Treating preformed condensates with increasing concentrations of chaotropes dissolved
condensates after 1 M of urea (C) or 1M guanidine (D). Condensates formed via strong SUMO-
SIM interactions were more resistant toward increasing chaotrope concentrations.

4.2.3 The dynamics of condensates correlate with SUMO3-SIM

affinities

Although cellular biomolecular condensates are comprised of many different protein and/or

nucleic acid components, it is unclear how the binding affinities of various components, that may
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bind the same protein(s), influence the dynamic properties of condensates. This is especially
relevant to many enzymatic functions associated with membraneless organelles. Hence, we
investigated the dynamics of each unique condensate formed by SUMO3-SIM pairs of varying
affinities. We used the standard interpretation of condensate biophysics that fast recovery
reflects higher mobility within the particle and/or faster unbinding, whereas slower recovery

indicates reduced mobility and longer residence times in the bound form.3334

In this platform, the time required to recover fluorescence in a bleached spot is an indicator of
the dynamic nature, or mobility, of components in the BMC. FRAP recovery in condensates can
arise from internal rearrangement inside the dense phase, exchange with the surrounding dilute
phase, or a combination of the two. Our experimental design was chosen to differentiate these
possibilities.*** The constructs MEGFP-(SUMO3)s and mEGFP-(SIM); were mixed at specific
concentrations indicated by their phase boundaries, incubated to allow phase separation, and
then transferred to glass slides before FRAP imaging. To standardize geometry, we used a
circular bleach region corresponding to ~50% of the total visible area, a regime where single-

exponential fits typically capture the dominant reaction-diffusion mode in droplets.>*

We found that condensates formed by tighter SUMO3-SIM interactions, such as with the
MCAF1 or PIASx SIMs, recovered fluorescence more slowly when compared to condensates
formed by weaker-binding SUMO3-SIM pairs such as SIM2 or DAXXc (Figure 3A,

Supplementary Figure S3).

The fact that fluorescence recovery was faster in condensates formed by weaker binding pairs
suggests that replacement of bleached proteins from the bulk solution is not the major
mechanism underlying FRAP, because recruitment from the bulk solution should be favored for

tighter binding SUMO3-SIM pairs at equimolar concentrations as weaker binding pairs. Instead,
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reorganization within the condensate is a more likely mechanism underlying fluorescence

recovery in the (SUMO3)s+(SIM); system.

Consistent with the internal reorganization mechanism, when condensates were generated at
identical protein concentrations for different SUMO3-SIM pairs, their FRAP half-lives remained
largely unchanged, with weaker binders forming more dynamic condensates (Supplementary
Figure S4, Supplemental S5). Equimolar protein concentrations ensured that any contributions
from bulk exchange were only reflective of differences in SUMO3-SIM Kq4 and highlighted the
major contribution of differences in dissociation kinetics between scaffolding pairs.>* Finally,
consistent with our hypothesis, the correlation remained unchanged even when initial
concentrations of the weaker-binding SUMO3-SIM pair were lower than for the tighter-binding
SUMO3-SIM pair. Thus, the dynamic properties of condensates formed by polyvalent
interactions between binding partners with K4 ~1 to 100 yM are dominated by the redistribution
of proteins within condensates and not by protein transport from the bulk solution to
condensates. The inverse correlation between SUMO3-SIM Ky and FRAP half-lives also
indicates that dissociation of polyvalent interactions is the rate-limiting step in the redistribution

of proteins in condensates.

99



Together, our results support a model in which dissociation of polyvalent interactions is the rate-

limiting step for redistribution, so that stronger SUMO3-SIM binding yields longer residence

times and slower FRAP.3334
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Figure 3. Histogram of measured average half-lives of photobleached condensates.
BMCs were formed with SUMO-SIM pairs of different affinities at equimolar concentrations. The
mean half-times for each condensate group was calculated from 26 similarly sized condensates
(~6 pm?) where ~50% of the total visible area was photobleached. Error bars indicate the
standard error of the mean.

4.2.4 Hydrophobic core residues in SUMO3 peptides dictate

condensate properties

While we discovered that SUMO3-binding SIM peptides with increasing Kq formed increasingly
mobile condensates (Figure 3A), the different amino acid compositions and lengths of the
peptides employed in our studies (Table 2) left the possibility that any of several factors besides
Kq, such as molecular weight or pl may also underlie observed trends in condensate properties.
To eliminate these confounding variables and to test whether affinity alone explains the trends,
we implemented a perturbation strategy in which sequence length, net charge, linker spacing,

and valence were held constant while affinity was tuned by single-site alanine substitutions in
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the SIM hydrophobic core. Alanine preserves backbone geometry and charge while replacing
hydrophobic side chains (Val, lle, Leu) with a smaller methyl group, which reduces hydrophobic
packing in the SUMO groove and weakens the extended 3-sheet contact with the 2 strand in
SUMOZ3. This substitution also lowers shape complementarity and buried hydrophobic area
within the groove, while leaving the flanking acidic residues intact so their contacts with the
basic patches of SUMO3 are preserved.'92%222%36 To confirm that the varying properties we
observed primarily arose from changes in Ky we tested the effect of single mutations in two
different SIM peptides on condensate stability and dynamics. Prior studies have shown that
alanine substitutions at these core hydrophobic positions reduce SUMO binding to varying
degrees.'®23¢ We envisioned that single Ala mutations in the hydrophobic cores of the
relatively tight-binding PIASx and MCAF1 peptides would weaken SUMO3 interactions without
changing other peptide parameters. Hence, we mutated Val in the conserved hydrophobic core
sequence (N-VIDL-C) of MCAF1 and PIASx. We introduced a Val-to-Ala substitution in all three
SIMs, generating mEGFP-(PIASx(V4A)); and mEGFP-(MCAF1(V34A))s, to preserve the overall
scaffold architecture such that changes in csat or BMC dynamics could be attributed to altered

SUMO3-SIM affinity.

Consistent with their expected lower affinity for SUMO3 and with our previous observations with
weaker binding peptides, both MCAF1(V34A) and PIASx(V4A) scaffolds exhibited a higher Csat
for condensation than their wild-type (wt) counterparts (Figure 4A). To confirm their reduced
affinity for SUMOS, the wt SIM and Ala mutants were synthesized via solid-phase peptide
synthesis (SPPS) and their binding to SUMO3 measured via isothermal titration calorimetry
(ITC) by a colleague, graduate student Madyson Briggs, in the Chatterjee lab. These
measurements revealed that the Ky increased from 8.4 + 0.8 uM for wt PIASx to 57.1 + 3.5 yM

for PIASx(V4A) and from 3.8 + 0.2 yM for wt MCAF1 to 16.5 + 0.4 uM to MCAF1(V34A),
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respectively (Figure 4B, Table 3). The change in csat for the Ala mutants is consistent with

previously observed effects of K4 controlling the csat in IDR peptides.’ 1"

In addition to the PIASx(V4A) mutant, another Ala mutants of the PIASx hydrophobic core
sequence, Leu-to-Ala (L7A), was also generated. The mEGFP-(PIASx(L7A))s construct was
expressed and purified similar to the wild-type SIM constructs. Surprisingly, however, our
attempts to generate condensates with this Ala mutant construct were unsuccessful at all
concentrations tested with mEGFP-(SUMO3)s. We surmised that this may be due to their
greatly reduced affinity for SUMOS3. To test this hypothesis, Madyson Briggs additionally
generated this peptide via SPPS to measure their binding affinity to SUMO3 via ITC. Consistent
with their inability to form condensates at the concentrations tested in vitro, the synthetic peptide
for PIASx (L7A) failed to bind SUMO3 at the highest concentration tested in ITC experiments.

(Supplemental Figure S4.4.11.4. Supplementary Figure S6).

SIM Primary sequence Measured K, (uM)
MCAF1 GSPEFKTIDASVSKKAADSTSQCGKATGSDSSGVIDLTMDDEESGASQD 3.8+0.2
MCAF1
(V34A) GSPEFKTIDASVSKKAADSTSQCGKATGSDSSGAIDLTMDDEESGASQD 16.5+0.4

PIASx KVDVIDLTIESSSDEEEDPPAKR 8.4+0.8

PIASX

(V4A) KVDAIDLTIESSSDEEEDPPAKR 57.1+3.5
Table 3. Ks comparison for wild-type SIM sequences for MCAF1 and PIASx with their
alanine mutants. For the SIM modules examined, sequences are shown alongside the ITC Ky
measured here using matched, standardized conditions.
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We next subjected condensates formed by mEGFP-(PIASx(V4A));s and mEGFP-
(MCAF1(V34A)); at concentrations above their csat to increasing concentrations of KCI, urea or
guanidine. In keeping with other peptides exhibiting weaker affinities for SUMO3 (Kyq ~50 pM in
Figure 2) condensates generated by the Ala mutants were significantly more sensitive to salt
and denaturant than the wild-type condensates and closely resembled low-affinity SUMO3
peptides (Figure 4C). This pattern is consistent with KCI screening electrostatic contacts
between acidic SIM flanks and basic patches on SUMOS3, and with urea and guanidine
weakening hydrophobic and hydrogen-bonding within the SUMO groove. Guanidine produced
stronger effects than urea at matched molarity, as expected for a more chaotropic cosolute.??
Based on the observation that the phase boundary and salt/denaturant sensitivity of Ala mutants
resembled other mid-range SUMO3 binding peptides, we asked if they would also show
diminished t1 and greater dynamics in FRAP experiments. FRAP was performed on size-
matched condensates with a circular bleach region that covered about half of the droplet area,
and fluorescence recoveries were quantified as ti». Analysis of FRAP half-times for both
PIASx(V4A) and MCAF1(V34A) revealed significantly greater dynamics when compared to
condensates generated with wt peptides (Figure 4D, Supplementary Figure S7). Together,
these outcomes indicate that reducing SUMO3-SIM affinity shortens contact lifetimes in the

dense phase, at fixed valence, and yields faster internal reorganization.

Collectively, these results strengthen our conclusion that SUMO3-SIM affinity is a primary
determinant of condensate behavior. In the native SIM series, weaker binding increased the
concentration required for phase separation, heightened sensitivity to KCI, urea, and guanidine,
and yielded shorter FRAP half-times. The V4A and V34A substitutions reproduced the same

shifts while sequence length, linker spacing, charge, and valence were held constant, indicating
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that changes in affinity arising from the hydrophobic core are sufficient to account for these

trends.
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Figure 4. Alanine mutations in SIM cores reduce SUMO3-SIM affinity, lower
dissolution thresholds to salts and chaotropes, and shorten FRAP half-
times. (A) Two-component phase diagrams for mMEGFP-(SUMO3)s mixed with
SIM arrays: mEGFP-(PIASx)s (left panel), mEGFP-(PIASx(V4A))s (middle panel),
and mEGFP-(MCAF1(V34A))s (right panel). Open symbols indicate one phase
and filled symbols indicate two phases; dashed curves mark apparent phase
boundaries. Axes show scaffold concentrations. (B) Isothermal titration calorimetry
of SUMOS3 with PIASx(V4A) (left panel) and MCAF1(V34A) (right panel).
Thermograms and integrated heats were fit to a 1:1 heteromeric association
model; Ky values are reported in Table 3. (C) Stability of preformed condensates
at equimolar scaffold levels. Top row, PIASx vs PIASx(V4A); bottom row, MCAF1
vs MCAF1(V34A). KCl titration (left panel), urea titration (middle panel), and
guanidine-HCl titration (right panel). Wild-type droplets resist higher
concentrations than alanine variants, with complete dissolution by ~400 mM KClI,
~1 M urea, and ~1 M guanidine-HCI. Error bars denote the standard error of the
mean. (D) FRAP half-times for PIASx vs PIASx(V4A). (E) FRAP half-times for
MCAF1 vs MCAF1(V34A). Bars or points represent mean + standard error of the
mean, indicating faster internal dynamics for the alanine variants.

4.2.5 Condensate stability is enhanced by electrostatic interactions

with SUMO3

Having discovered that condensate stabilities correlate with scaffold-peptide affinities and that
weaker binding peptides lead to less stable and more dynamic condensates, we sought
additional strategies to control and modulate condensate properties. We were especially
intrigued by the challenge of generating larger condensates in a predictable manner, because
our results showed no clear correlation between SUMO3 affinities and the size of condensates
formed. One reported strategy was to recruit protein cages to condensate interfaces as
Pickering agents, where the adsorbed cages lower interfacial energy and slow coalescence,
yielding larger apparent droplets without changing the sticker-spacer architecture.*® Pickering
agents are surface-active particles that stabilize liquid-liquid droplets by adsorbing to the
interface and creating a steric barrier to fusion; in our context, protein cages would form an
interfacial layer that reduces interfacial fluctuations and drainage while leaving scaffold valence
unchanged.* We envisioned that another solution may lie in accessing additional binding sites

on SUMOZ3 that could lead to greater interactions between condensates. Toward this, we were

106



attracted by the well-documented acidic patch on SUMO3 (Figure 5A) that has been proposed
to participate in electrostatic interactions at low pH, when surface histidines are protonated, and
by structural maps of acidic surface regions on SUMO3.%* To preclude any pH dependence, we
appended a constitutively charged segment, N-(RK)s-C, to the C-terminus of mMEGFP-(PIASX)3
via a short linker so that the tag remains positively charged at physiological pH and can engage
the acidic SUMO3 surface. At pH 7.5, the positive patch may associate with the negative patch
of SUMO3, adding a second peptide binding mode to the hydrophobic SUMO3-SIM interaction,
potentially leading to the additional nucleation of condensates. Consistent with this hypothesis,
we observed greater numbers and sizes of condensates when the mEGFP-(PIASx)z-(RK)s
construct was mixed with mEGFP-(SUMO3); (Figure 5B). Importantly, the mEGFP-(PIASx)s-
(RK)s construct did not phase separate by itself at the highest concentration tested. This argues
that the enhancement requires engagement with SUMO3 rather than non-specific self-

association of the basic tag.

To confirm that such dramatic changes were due to the (RK)s motif, we also tested a truncated
half-sequence, mEGFP-(PIASx);-RKRKR. This shorter sequence generated more and larger
condensates than mMEGFP-(PIASx)s alone, but smaller and less than mEGFP-(PIASx)z-(RK)s
(Figure 5B). The graded response between RKRKR and (RK)s is consistent with a simple
charge-density dependence that strengthens attraction to the acidic SUMO3 surface.** The
presence of additional electrostatic interactions also rendered both sets of condensates more
stable to salts or chaotropes and significantly less dynamic than condensates generated by SIM
peptides alone (Figures 5C-D, Supplementary Figure S8). Higher concentrations of salt and
denaturant were required to reduce condensate number when the basic tag was present, and
FRAP half-times increased relative to PIASx-only condensates, in keeping with established salt

and chaotrope effects on protein LLPS.*” These observations are consistent with a bipartite
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interaction model where the SIM-groove contact nucleates binding and the basic tag engages

the acidic SUMO3 surface to reinforce the dense phase.

Initial attempts to measure binding by ITC with the extended 50-mer PIASx-(RK)s peptide, which
was synthesized by native chemical ligation (NCL) due to its size (Supplementary Figure
$4.4.11.11- S4.4.11.13), did not yield reliable isotherms in buffers where other SIM Kys were
measured due to insolubility of the peptide. However, at pH 6.5 in MES buffer, the PIASx-(RK)s
peptide exhibited binding to SUMO3 while PIASx did not show any binding. Consistent with this
observation, relative to PIASx alone, PIASx-(RK)s produced more and larger condensates with
mEGFP-(SUMO3)s at lower protein concentrations. These BMCs were also more stable toward
KCI, urea, and guanidine, and displayed longer FRAP half-times (Figures 5B-D). Taken
together, these observations indicate the stronger effective engagement of SUMO3 when the
basic tag is present, consistent with the principle that increasing effective interaction strength
stabilizes the condensed phase.?'® Thus, by adding a secondary electrostatic component that
increases overall binding affinity beyond the primary hydrophobic/van der Waals interactions
between SUMO3 and its SIMs, it is possible to increase the size, stability, and rigidity of
condensates in the polyvalent SUMO3-SIM system. Thus, we have identified electrostatic
engagement of the SUMO3 acidic surface as a second interaction mode that enhances effective

affinity without changing SUMO3:SIM ratios.*?*
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Figure 5. RK extensions on PIASx shift phase boundaries, enlarge condensates,
increase stability, and lengthen FRAP half-times. (A) Two-component phase diagrams for
mEGFP-(SUMO3)s mixed with SIM arrays: mEGFP-(PIASx); (left panel), mMEGFP-(PIASx)s-
RKRKR (middle panel), and mEGFP-(PIASx)s;-(RK)s (right panel). Open symbols indicate
one phase and filled symbols indicate two phases; dashed curves mark apparent phase
boundaries. Axes show scaffold concentrations. (B) Condensate size (left panel) and number
(right panel) for PIASx, PIASx-RKRKR, and PIASx-(RK)s. The RK extension yields larger and
more numerous condensates on average compared to PIASx. (C) Stability of preformed
condensates at equimolar scaffold levels for PIASx, PIASx-RKRKR, and PIASx-(RK)s: KCI
titration (left panel), urea titration (middle panel), and guanidine-HCl titration (right panel). RK
extension variants resist higher concentrations than wild type, with complete dissolution by
~800 mM KCI, ~2 M urea, and ~2 M guanidine-HCI. Error bars denote the standard error of
the mean. (D) FRAP half-times for PIASx, PIASx-RKRKR, and PIASx-(RK)s. Points or bars
represent mean * standard error of the mean; RK extension variants exhibit slower internal
dynamics.

4.2.6 The highest affinity scaffolding component dictates dynamics of

complex biomolecular condensates

Advancing from binary SUMO3-SIM scaffold systems, we asked how ternary or quaternary
complexes of scaffolding proteins may modulate condensate dynamics. This is especially
relevant toward understanding the dynamic properties of complex coacervates formed in cells,
where many interacting proteins are simultaneously present, such as in PML bodies. PML
bodies are enriched for SUMO conjugates and SIM-bearing partners, and several SUMO-SIM
interactions contribute to their assembly and turnover.>*° DAXX contains a SIM required for
PML nuclear body localization, and MCAF1 carries a SIM that preferentially engages SUMO2/3,
placing both within SUMO-rich nuclear assemblies.*"*? Building upon trend observed in binary
mixtures, namely, that higher SUMO3-SIM affinity slowed FRAP recovery, we asked whether
BMC dynamics in mixtures would appear as an average of all the components, or, would be

dominated by the scaffold with the strongest SUMO3 engagement.
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We first generated condensates from the lowest-affinity mEGFP-(SUMO3)s and mEGFP-
(DAXXc)s pair for 12 h, then added the tighter binding mEGFP-(MCAF1); protein and incubated
the condensates for an additional 12 h. This produced well-defined puncta on glass slides
(Figure 6A). The order of addition allowed droplets to mature with the weak pair before
introducing a tighter SUMO3 binder. Control condensates for comparison were generated with
SUMO3 and either weak or strong SIM as a binary mixture. The ternary mixtures formed after
24 h exhibited dynamic properties in FRAP experiments that lay between the highly dynamic
DAXXc and less dynamic MCAF1-mediated condensates (Figure 6B). This intermediate
mobility in FRAP supports the idea of co-assembly of both scaffolds within a single network,

rather than selective partitioning of one or other component.

Separation of these condensates from the bulk medium by centrifugation followed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis revealed the presence
of both low and high affinity peptides in the ternary condensate (Supplementary Figure S9).
This supports co-assembly of scaffolds within a single network rather than selective partitioning
and supports the view that slower recovery reflects longer-lived SUMO3-SIM contacts within a
shared network rather than a change in composition. A similar shift in FRAP to a less dynamic
state was also observed when condensates initially generated with DAXXc were mixed with free
mMEGFP-(PIASx)s-(RK)s (Supplemental Figure S$10). This directional change matches the

ternary result and was observed while puncta remained well-defined.

Consistent with the observed trends in ternary mixtures, condensates formed by complex
quaternary mixtures containing mEGFP-(SUMO3)s, mEGFP-(DAXXc)3, mEGFP-(MCAF1)s, and
mEGFP-(PIASXx)3-(RK)s exhibited dynamics that most closely resembled that of the tightest
SUMO3-binding scaffold, mMEGFP-(PIASx)s-(RK)s (Figure 6C, Supplementary Figure S11).

FRAP half-lives in these quaternary mixtures approached those of mMEGFP-(PIASx)s-(RK)s
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Figure 6. FRAP reveals composition- and affinity-dependent dynamics in binary, ternary, and
quaternary SUMO assembilies. (A) Representative image of preformed SUMO:DAXXc condensates
(left) and after addition of mMEGFP-(MCAF1); to generate the SUMO:DAXXc:MCAF1 trimeric mixture
(right). Scale bars (black boxes), 10 ym. (B) FRAP half-times comparing binary mixtures SU:Dc and
SU:M1 (green) with the trimeric SU:Dc:M1 assembly (blue). Points or bars represent mean * standard
error of the mean. (C) FRAP half-times comparing binary SU:Dc, SU:M1, and SU:PxFull mixtures (green)
with trimeric SU:Dc:M1 and quaternary SU:Dc:M1:PxFull assemblies (blue). Points or bars represent
mean + standard error of the mean.

Abbreviations: SU, mEGFP-(SUMO3)s; Dc, mEGFP-(DAXXc)s; M1, mEGFP-(MCAF1)s; PxFull, mMEGFP-
(P1ASX)3-(RK)s.

rather than the arithmetic average of the individual components. Our results suggest that when
multiple proteins in a condensate have similar binding modes, the tightest pair of interacting
proteins contribute the most to the overall condensate dynamics. Thus, when considering
SUMO-rich nuclear condensates, our data provides a mechanistic basis for understanding client

exchange and dynamics in these multi-component assemblies.
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4.2.7 Enzyme activity in condensates is modulated by scaffold

affinities

Previous studies have demonstrated that condensates can enhance or limit enzymatic activity
by modulating kinetic parameters such as Kn and ket for specific enzyme-substrate pairs. We
wondered whether our observed differences in condensate mobility would lead to measurable
differences in the activity of enzymes recruited to the dense phase. A systematic evaluation of
enzyme function in closely related condensates that vary only in scaffold affinity, but have the
same mode of binding and identical valency, has not been previously reported. Therefore, we
used the mEGFP-(SUMO3)s and mEGFP-(SIM)s platform to create droplets of different
mobilities and investigated how mobility influences enzyme function under identical conditions of
temperature, buffer and substrate. We employed the SUMO:DAXXc and SUMO:PIASx
condensates, due to their higher and lower mobility, respectively, at identical concentrations of

SUMO and SIM proteins.

For the enzyme, we chose the cysteine protease pyroglutamyl peptidase 1, or PGP1.
Pyroglutamyl peptidase is as an w-peptidase that hydrolyzes the amino terminal pyroglutamate
(pGlu) residue from various pyroglutamylated substrate proteins.** Three forms of PGP have
been identified in mammalian tissues. Type 1 is a monomeric, cytosolic, cysteine peptidase
displaying broad substrate specificity and a low molecular mass of ~24 kDa, while Types 2 and
3 are membrane-associated high molecular weight enzymes that specifically act on Thyrotropin-
releasing hormone. As a fluorogenic substrate for the reaction, we selected and synthesized a
previously characterized probe (Supplemental Figure 12) that incorporates L-Pyroglutamic

acid C-terminally conjugated with a hemicyanine fluorophore (pGlu-HCA).** Hydrolysis of pGlu-
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HCA by PGP1 releases the fluorescent product HCA (Supplemental Figure S$12), which we
followed by its characteristic near-IR fluorescence emission at 700 nm during confocal

microscopy.

To ensure recruitment of PGP1 into different condensates, we expressed and purified two
trivalent SIM fusions, PGP1-(PIASx); and PGP1-(DAXXc)s, and then labeled them with Alexa
Fluor 568 (AF568). AF568 was chosen to label the two enzyme constructs in order to measure
their recruitment into condensates while preventing spectral overlap with mEGFP and HCA. To
establish baseline kinetic parameters of the labeled enzymes, Michaelis-Menten steady-state
kinetics were measured on a plate reader for each enzyme in solution using varying
concentrations of the pGlu-HCA substrate. Reactions were monitored by HCA fluorescence at
Aex 670 nm and Aem 700 nm, and initial velocities were fit to the Michaelis—Menten equation to
obtain Kn and kcat. Under these conditions, AF568-PGP1-(PIASx)s exhibited Kn=5.42 + 2.81 yM
and kea= 48.29 + 19.82 5!, whereas AF568-PGP1-(DAXXc); had Km= 2.55 + 1.64 uM and Keat =
11.17 £ 4.01 s™'. Thus, addition of the C-terminal SIM extensions and non-specific amine-
labeling by AF568 had small measurable effects on the overall activities of the two PGP1 forms,
however, their catalytic efficiencies were very similar. For AF568-PGP1-(PIASX)3 kcat/ Km Was

8.91 + 5.89 uM's™ and for AF568-PGP1-(DAXXC)s Keat/Km Was 4.38 + 3.23 uM's™,

With the active and well-characterized enzymes in hand, we next measured their catalytic
activities when recruited to condensates formed under identical conditions. Toward this,
confocal microscopy was used to follow pGlu-HCA hydrolysis in SUMO+PIASx and
SUMO+DAXXc droplets. These droplets were assembled at 2 yM SUMO3 and 2 uM of the
respective SIM construct. Condensates formed after 16 h of incubation were treated with 50 nM
AF568-PGP1-(PIASXx)s or 50 nM AF568-PGP1-(DAXXc)s and incubated for 1 h to allow for

enzyme recruitment to condensates. The presence of enzymes in condensates was then
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confirmed by AF568 fluorescence at 603 nm. Finally, pGlu-HCA was added to 2 uM and HCA
fluorescence was recorded at Aex 670 Nnm with a detector window of 710-799 nm. The
encapsulation efficiency for pGlu-HCA was 89.55 + 0.72% in SUMO+PIASx condensates and
88.38 + 0.54% in SUMO+DAXXc condensates, indicating that initial concentrations of the probe
were near identical in both types of condensates. Droplet and dilute-phase regions in the same
wide-field image were segmented, background fluorescence from the dilute-phase was
subtracted, and the early linear portion of each trace was used to measure initial rates of
hydrolysis. Substrate-only and condensate-only controls showed no increase in fluorescence
signal at 700 nm over a period of 2 h. Under the identical 2 mM substrate and 50 nM enzyme
concentrations, the product HCA fluorescence was consistently visible in SUMO+DAXXc
droplets well before its appearance in SUMO+PIASx droplets (Figure 7B-C). Thus, confocal
microscopy with condensates of differing mobility clearly indicated that more mobile
SUMO+DAXXc condensates led to faster enzyme activity than the less mobile SUMO+PIASx

condensates.

As recruitment of additional proteins may inadvertently change the properties of a condensate,
we also undertook FRAP experiments with condensates after PGP1 recruitment. A circular
region accounting for ~50% of the visible droplet area was bleached in each condensate, and
the recovery of fluorescence was visualized by confocal microscopy. The percentage of
fluorescence recovered as a function of time was fit to a single-exponential model to obtain the
half-time (t1,2) for FRAP. Interestingly, enzyme recruitment slowed the internal dynamics in both
sets of condensates by about 3.3-fold. However, the relative order of mobility remained
unchanged with SUMO+PIASx+PGP1 condensates recovering significantly slower than
SUMO+DAXXc+PGP1 condensates (Supplementary Figure S13). These control FRAP
experiments confirmed that the initial mobility differences in condesnates persisted under the

conditions used for imaging PGP1 activity.
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To quantitate the differences in enzyme activities observed by confocal microscopy, we
measured initial rates in bulk solutions of SUMO+PIASx or SUMO+DAXXc condensates
containing PGP1. Assays were conducted in 96-well plates by adding pre-formed condensates
to each well followed by the addition of 50 nM of AF568-PGP1-(PIASx); or AF568-PGP1-

(DAXXc)s. Reactions were started by the addition of 4 yM pGlu-HCA to each well and
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hydrolyzed HCA fluorescence was observed at 700 nm. Initial rates were calculated from the
first five minutes of activity and averaged across three wells. As expected, substrate-only and
condensate-only controls showed no detectable fluorescence over 2 h (Figure 7A). Relative to

the initial rate of free AF568-PGP1-(DAXXc)s, SUMO+DAXXc+AF568-PGP1-(DAXXc)3
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Figure 7. Scaffold affinity sets condensate mobility and tunes PGP1 catalysis in SUMO3:SIM
droplets. (A) Bulk kinetics by plate reader at identical conditions. Top panel, AF568-PGP1-(DAXXc)3 in
solution vesus the matching SUMO-DAXXc condensates. Bottom panel, AF568-PGP1-(PIASx)3 in
solution versus the matching SUMO-PIASx condensates. Initial rates were extracted over the first five
minutes and averaged across three wells. Rates are mean £+ SEM and show ~5.1-fold enhancement in
SUMO-DAXXc and ~2.7-fold in SUMO-PIASKX relative to enzyme in solution. (B) Confocal images of
preformed SUMO-PIASx and SUMO-DAXXc droplets after recruitment of the matching AF568-PGP1
fusion and addition of pGlu-HCA. Product HCA fluorescence was monitored at Aex 670 nm with a 710-
799 nm detector window. Scale bars, 10 um. (C) Time courses of HCA signal within segmented droplets
(20 droplets) under identical conditions. Product signal appears sooner in SUMO-DAXXc droplets than
in SUMO-PIASX droplets.

condensates exhibited an apparent rate increase of ~5.1-fold. In comparison, SUMO+PIASx+
AF568-PGP1-(PIASx)s; condensates gave a smaller enhancement of ~2.7-fold over free AF568-
PGP1-(PIASx)s in solution. Collectively our measurements in single condensates and in the bulk
solution revealed that recruitment to condensates elevates PGP1 activity. Furthermore, the
increase in PGP1 activity correlates well with increased mobility of the condensates, which

suggests that condensate mobility may be used to control enzyme activity in cells.

4.2.8 Condensate dynamics in cells reflect SUMO-SIM affinities

Having established the strong correlation between binding affinity and condensate dynamics in
vitro, we sought to test if this correlation is recapitulated in living cells. The ability to control
condensate properties, such as composition and dynamics, in living cells is highly desirable for
efforts to engineer metabolic pathways, to isolate disease-associated enzymes, and to regulate
gene transcription. In the eukaryotic cell nucleus, SUMO conjugates and SIM-bearing client
proteins concentrate in PML nuclear bodies, providing an important cellular context in which
SUMO-SIM contacts contribute to condensate assembly and turnover.*° Rosen and coworkers
previously demonstrated that linear fusions of poly-SUMO3-poly-SIM repeats may phase
separate in cells by overcoming limitations imposed by the mismatched expression levels of

separate polySUMO3 and polySIM genes." Therefore, we generated a series of linear fusion
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constructs containing the monomeric Cherry fluorescent protein (mCherry), five SUMO3 and
three SIM repeats, namely mCherry-(SUMO)s-(SIM)s. In this linear construct, the SIM
component could be readily changed to cover a broad range of Ky values. The mCherry
fluorescent protein enabled condensate visualization at a longer excitation wavelength of 587
nm that is less damaging to cells than the lower wavelengths used for mMEGFP visualization.
Three SIMs with distinct affinities for SUMO3, PIASx ~8 uM, SIM2 ~60 uM, and DAXXc ~70 pM
were chosen to generate the mCherry-(SUMO3)s-(SIM)s fusions. HelLa cells were separately
transfected with each fusion construct and imaged for condensate formation after 48 h.
Consistent with their behavior in vitro, all constructs formed distinct puncta in cells (Figure 8A).
The puncta were similar in size, with most measurements clustered at ~1-6 pm? when
measured as the maximal in-plane cross-sectional area for each droplet. Consistent with our
observations in vitro, there was no correlation between Ky and size. Surprisingly, in contrast with
sumoylated PML bodies that are formed in the nucleus, our engineered puncta were localized to
the cytoplasm,.*® The fluidity of these cytoplasmic puncta formed in HeLa cells was measured
by FRAP in an area corresponding to ~50% of the droplet area. In keeping with the trends
observed in vitro, condensates formed by mCherry-(SUMO3)s-(PIASx)s recovered slower than
mCherry-(SUMO3)s-(SIM2)3 and the latter recovered slower than mCherry-(SUMO3)s-(DAXXc)s
(Figure 8B). The fact that relative dynamics observed in vitro within condensates made from
mEGFP labeled scaffolds present in trans are also recapitulated in cells with mCherry labeled
scaffolds fused in cis, indicates that K4 clearly drives condensate dynamics for polyvalent
protein-protein interactions. We further confirmed that the observed trends in mobilities were not
limited to Hela cells alone by repeating the experiments in HEK293T and H1299 cells

(Supplementary Figure S14).

We next asked if addition of the basic (RK)s appendage to the linear fusion construct would

have a similar effect in cells as we observed in vitro. When HelLa cells were transfected with the
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mCherry-(SUMO3)s-(PIASx)s-(RK)s construct, large puncta were observed within the cell
nucleus with much slower dynamics than mCherry-(SUMO3)s-(PIASx)s alone (Figure 8B and
8C). The nuclear localization of mCherry-(SUMO3)s-(PIASx)s-(RK)s is not surprising because
polyarginine sequences can promote nuclear import via classical basic nuclear localization
motifs recognized by importin-a/B.*>*¢ Nevertheless, the localization of the (RK)stag in the
nucleus led us to ask if reducing the number of arginines may potentially lead to cytoplasmic
localization. Truncating the RK repeats in mCherry-(SUMO3)s-(PIASx)3-RKRKR, was indeed
sufficient to generate condensates in the cytoplasm that exhibited slower dynamics than
mCherry-(SUMO3)s-(PIASx)s alone (Figure 8B and 8D). Thus, our cellular measurements
revealed that modulating scaffold affinities by changing SIM sequences and by including
additional sites of interaction in SUMO enable regulating condensate mobility in both the

cytoplasm and nucleus.

In summary, the genetically fused mCherry-(SUMO3)s—(SIM)s platform fully recapitulates the
affinity-mobility relationship observed in vitro. The same hierarchy of FRAP half-lives were
conserved across three different cell lines, HeLa, HEK293T, and H1299 cells, and in both the
cytoplasmic and nuclear spaces. The localization of condensates could be readily tuned by
introducing the short basic (RK)s segment rather than by any changes to the SUMO3-SIM
interface. As these FRAP measurements were performed in living cells, the recovery half-lives
report intra-condensate dynamics within the crowded cellular milieu and further solidify the

affinity—mobility relationship discovered in our in vitro platform.*’
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Figure 8. Cellular SUMO3-SIM condensates show cytoplasmic localization and affinity-dependent
FRAP. (A) Representative fluorescence overlays of HelLa cells expressing mCherry-(SUMO3)s-(PIASX)3
(left panel), mCherry-(SUMO3)s-(SIM2)s (middle panel), or mCherry-(SUMO3)s-(DAXXc)s (right panel).
Blue corresponds to the nuclear stain Hoechst 33342, magenta corresponds to mCherry, and red
corresponds to the membrane stain WGA647. Condensates are predominantly cytoplasmic. Scale bars
(black boxes), 10 um. (B) FRAP half-times in cells for the indicated constructs. As observed in vitro,
stronger SUMO:SIM interactions correspond to slower recovery. Each point represents one condensate;
bars denote mean + standard error of the mean. (C) Condensate size in cells for PIASx and its RK-
extension variants (RKRKR and (RK)s). RK extensions yield larger condensates on average than PIASx.
Points or bars denote mean + standard error of the mean. Significance notation: ns, not significant; *, p <
0.05
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4.3 Conclusions and outlook

By employing a polyvalent SUMO3-SIM-based system that phase separates at physiologically
relevant concentrations of SUMOS3, we sought to learn the properties of coacervates best
predicted by the binding affinities, or Kg, of scaffold proteins. By varying SIM affinity for SUMO,
while holding scaffold valence and SUMO architecture constant, we isolated the single
parameter, Ky, and measured its direct effect on condensate properties. Our results clearly
revealed that scaffold Kqalone is a poor predictor of condensate size or number. However,
condensate stability and dynamics are both closely related to the Ky of scaffold proteins. In both
salt- and chaotrope-induced dissolution of condensates and FRAP experiments in vitro and in
living cells, tighter SUMOS3-SIM interactions lowered the csat and condensate mobility. This
strongly indicated that scaffold interaction lifetime sets the pace of network relaxation under our
conditions, a relationship anticipated by polymer-network models that link condensate relaxation
to sticker lifetimes and connectivity.*® While the entire sequence of amino acids in the SUMO-
interacting motif (SIM) peptide scaffold poorly correlates with condensate properties, 3-to-4
amino acids in the SIM hydrophobic core that bind a groove in SUMOS3 formed by its only a-
helix and second 2-strand strongly dictate condensate properties. Hence, single Ala mutations
of Val residues in the hydrophobic cores of PIASx and MCAF1 had significant detrimental
effects on both condensate stability and dynamics. The conservative V-to-A mutations
recapitulated the effects of K4-based trends seen with different SIM sequences without changing
SIM length, charge, linker spacing, or valence, which points to binding free energy at the SUMO
groove as the dominant contributor to condensate properties.?? Furthermore, by identifying a

secondary electrostatic interaction between the positively charged peptide (RK), peptide and
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the acidic surface of SUMO3, we demonstrated that condensate size, stability, and dynamics
may be further modulated in a predictable manner both in vitro and in living cells. Short basic
extensions also provided a practical handle for subcellular localization while preserving the
affinity-driven hierarchy of condensate mobilities. To understand how condensate mobility may
directly influence important cellular functions such as the stress response, we measured activity
of the pyroglutamyl peptidase type 1 enzyme (PGP1) recruited to condensates using
condensate-matching SIM repeats. By confocal microscopy we observed that condensates that
recovered fluorescence faster in FRAP experiments also exhibited higher initial rates of product-
formation rates than droplets with slower fluorescence recovery in FRAP. This indicates that the
scaffold-dependent exchange timescale can also influence reaction flux in puncta of similar

composition and size.

Membraneless organelles in cells, such as proteasome storage bodies and stress granules,
contain many proteins that either act as scaffolds to favor phase separation, or as clients
recruited to the separated phase. Our studies with mixtures of scaffolding SIM peptides with
varying affinities for SUMO revealed that the dynamics of increasingly complex condensates
containing ternary and quaternary mixtures of scaffolds are dictated by the dynamics of the
tightest SUMO-SIM interaction. Thus, condensates become increasingly less mobile as tighter
binding SIMs are present in scaffold mixtures. This suggests that the overall properties of any
given membraneless organelles is likely reflective of the tightest binding scaffolding proteins,
which warrants further studies in cells. Finally, toward engineering well-defined and predictable
condensates in living cells, we demonstrated that the polySUMO and polySIM scaffolds may be
fused in cis to ensure the expression of equivalent ratios of the two, that trends in mobility of
condensates formed by in cis fusions also correlate with SUMO-SIM K. Altogether, the results

of our combined experiments in vtiro and in living cells help us define a practical design rule for
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condensate formation that is based on a single readily measurable and changeable parameter,

the affinity of scaffold interactions.

In the immediate future, we are working toward creating a truly orthogonal SUMO-SIM
scaffolding pair that shows minimal binding to endogenous SUMO isoforms and SIM-containing
proteins in cells. This will enable engineering well-defined condensates that do not recruit
SUMO or SIM binding proteins and are compositionally homogeneous. One reasonable path
toward our goals is to re-sculpt the conserved SIM-binding groove by mutating wild-type
SUMO3 (mutSUMO) and to then identify a mutant SIM (mutSIM) peptide that binds the
engineered SUMO3.% This biologically orthogonal mutSUMO-mutSIM pair would permit
identical cell-based studies of condensate mobility in a more homogeneous background. By
incorporating the inducible control of local concentration or valence, for example using light-
activated optoDroplet recruitment in living cells,* the same mutSUMO-mutSIM framework could
be employed to test how in vitro measured interaction lifetimes set recovery on defined
timescales in cytoplasmic or nuclear environments. Additional experiments include estimating
on- and off-rates for individual scaffolds in cells from calibrated FRAP or tracking analyses,
comparing SUMO1 versus SUMO2 or SUMO3 selectivity within a shared scaffold architecture,
and measuring how client load or enzymatic activity influences condensate properties across
different crowding regimes. We anticipate that affinity-tuned and orthogonal scaffolds combined
with localization tags will yield programmable condensates whose turnover, composition, and
cellular placement can be adjusted independently, opening a route to controlled catalysis and

signaling in living systems.

4.4 Experimental procedures
4.4.1 General methods
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DNA synthesis was performed by Integrated DNA Technologies (Coralville, IA), and Sanger
sequencing was performed by Eurofins Genomics (Louisville, KY). Plasmid miniprep, PCR
purification, and gel extraction kits were from Qiagen (Germantown, MD). HisPur Ni-NTA resin
was from Thermo Scientific (Waltham, MA). HeLa, HEK293T, and H1299 cells were cultured in
T75 flasks or 8-well u-Slides (Ibidi, Grafelfing, Germany) in Dulbecco’s Modified Eagle Medium
(DMEM; HeLa and HEK293T) or Roswell Park Memorial Institute Medium (RPMI 1640; H1299)
supplemented with 10% fetal bovine serum at 37 °C in a humidified incubator with 5% CO.,.
Routine confocal microscopy was performed on a Leica SP8 X scanning confocal microscope
using Leica LAS X. PCRs used Phusion High-Fidelity DNA Polymerase in HF buffer (Thermo
Scientific, Waltham, MA) unless otherwise noted. All buffers were prepared with 18.2 MQ-cm
water. Protein concentrations were determined either by SDS-PAGE with Coomassie staining
relative to bovine serum albumin standards or, for constructs bearing mEGFP, by absorbance at
488 nm using €485 = 56,000 M~ cm™. Peptides were synthesized by Fmoc solid-phase peptide
synthesis on CEM Liberty Blue 1.0 and CEM Liberty PRIME 2.0 microwave synthesizers from
CEM Corporation (Matthews, NC), using the resins and protocols specified in each subsection.
HPLC: Reverse-phase chromatography used Buffer A (0.1% TFA in H,O) and Buffer B (90%
acetonitrile, 9.9% H,0, 0.1% TFA) on Agilent 1260 Infinity Il systems from Agilent Technologies
(Santa Clara, CA), with C18 or C4 columns as specified; analytical runs were typically 0-73% B
over 30 min at 1.0 mL min™', and semi-preparative or preparative runs used the indicated C18
or C4 columns at 4—20 mL min~" with UV detection at 214 and 280 nm. Where Waters columns
were used, they were sourced from Waters Corporation (Milford, MA). Mass spectrometry:
Routine peptide and protein masses were measured by direct-infusion electrospray ionization
on a Bruker Esquire ion-trap from Bruker (Billerica, MA) or a Finnigan LTQ ion-trap from Thermo

Fisher Scientific (Waltham, MA) operated in positive-ion mode.
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4.4.2 Molecular cloning of DNA and sequencing

All PCR amplifications and site-directed mutagenesis used Phusion polymerase (Phusion High-
Fidelity PCR Master Mix with HF Buffer, Thermo Scientific).

The plasmid pTEV19-His1o-mEGFP-(SUMO3); containing three repeats of the human SUMO3
gene separated by Gly- and Ser-rich flexible linkers was purchased from Addgene (plasmid
#127093). A stop codon was introduced by PCR-based site-directed mutagenesis using primers
listed in (Table 4.4.2) to terminate translation immediately after the final SUMO3 repeat,
preventing expression of the downstream TEV site. The modified pTEV19 plasmid containing
five repeats of SUMOS with intervening Gly- and Ser-rich linkers, pTEV19-His10-mEGFP-
(SUMO3)s, was generated by restriction-digest cloning on the pTEV19-His1o-mEGFP-(SUMO3);
plasmid as the vector source, using Aatll and Xhol restriction sites (New England Biolabs
(NEB), Ipswich, MA). The cut vector was treated with calf intestinal phosphatase to prevent self-
ligation (NEB, Ipswich, MA) and purified by gel excision from agarose using the QIAquick PCR
& Gel Cleanup Kit (Qiagen, Germantown, MD). The same restriction enzymes were used to cut
a synthetic gene fragment encoding two additional SUMOS repeats with Gly- and Ser-rich
linkers and flanked by 5’ Aatll and 3’ Xhol restriction sites (Table 4.4.1). The digested insert and

dephosphorylated vector were ligated with T4 DNA ligase (NEB, Ipswich, MA).

All pTEV19-His1o-mEGFP-(SIM)s constructs used in vitro were generated by restriction-digest
cloning of the plasmid GFP-(SIM)s purchased from Addgene (plasmid #126955). The vector was
digested with BsrGl and Xhol and treated with calf intestinal phosphatase to prevent self-
ligation. The same restriction enzymes were used to cut a synthetic gene fragment
corresponding to each SIM peptide, separated by Gly- and Ser-rich linkers and flanked by 5’
BsrGl and 3’ Xhol restriction sites (Table 4.4.1). The digested insert and dephosphorylated

vector were ligated with T4 DNA ligase.
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Two PIASx variants were prepared by PCR-based site-directed mutagenesis. For mEGFP-
(PIASX)s, a stop codon was introduced using primers listed in (Table 4.4.2) to terminate
translation immediately after the final PIASx repeat. For mEGFP-(PIASx):-RKRKR, a second
stop codon was introduced further downstream using primers listed in (Table 4.4.2). The

mEGFP-(MCAF1)3 (V34A) construct was synthesized and purified by Genscript.

To generate PGP1 fusion constructs in pTEV19, the host vector pTEV19-His1o--mEGFP-
(SUMO3)s, synthesized and purified by GenScript, was linearized by PCR ampilification using
Phusion polymerase with primers listed in (Table 4.4.2) to remove the mEGFP-(SUMO3)s
cassette and to introduce 20—40 bp overlaps compatible with HiFi assembly for insertion of
either the (PIASx)s or (DAXXc)s fragments. The (PIASx)s and (DAXXc)s inserts were generated
by PCR amplification from pTEV19-His1o-mEGFP-(PIASx)s; and pTEV19-His1o-mEGFP-
(DAXXc)s, respectively, using Phusion polymerase and primers listed in (Table 4.4.2) designed
to provide sequence overlap with the linearized host vector. Assembly reactions were performed
using NEBuilder HiFi DNA Assembly Master Mix (NEB, Ipswich, MA) at an ~2:1 insert:vector

molar ratio and incubated at 50 °C for 60 min according to the manufacturer’s guidelines.

For mammalian expression, the plasmid RFP-(SUMO)s-(SIM)10 (pC1-mCherry-(SUMO3)e-
(PIASX)10) was purchased from Addgene (plasmid #122027) and served as a positive control for
condensate formation in cells. pC1-mCherry-(SUMO3)s-(PIASx)3, pC1-mCherry-(SUMO3)s-
(SIM2)3, pC1-mCherry-(SUMO3)s-(DAXXc)s3, and pC1-mCherry-(SUMO3)s-(PIASX)3-(RK)s in-cis
fusion constructs genes utilized for transient transfection in human cells were custom
synthesized, purified, and cloned into the host pC1-mCherry-(SUMO3)e-(PIASX)10 plasmid
between restriction sites BsrGl and Sall by GenScript (Piscataway, NJ). The plasmid pC1-

mCherry-(SUMO3)s-(PIASx)3-(RK)s was used to generate the plasmid pC1-mCherry-(SUMO3)s-
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(PIASx)3-RKRKR. Using the primers below (Table 4.4.2), the portion of the gene encoding for

the (RK)s extension was truncated to RKRKR through exclusion of them via PCR.

Assembled or ligated products were transformed into XL10-Gold ultracompetent E. coli (Agilent

Technologies, Santa Clara, CA). Constructs were screened by agarose gel electrophoresis and

verified by DNA sequencing.

Table 4.4.1 List of synthetic gene fragments used for molecular cloning.

Synthetic Gene Fragments

DNA Sequence (5’- to -3’)

3xSIM2_BsrGl_Xhol

CTC GGC ATG GAC GAG CTG TAC AAG TCC GGA
GGT AGT GGC GGA AGC GGT GGC TCT TGG GGT
GGG AGC CGC GAA ACC GCC GGG GAT GAG ATC
GTG GAT TTAACT TGC GAG TCATTG GAG CCT
CGC TGG GGC GGT AGC GGT GGC TCT GGC GGG
AGC GGC GGC TCG CGT GAA ACA GCA GGT GAT
GAA ATT GTC GAT CTG ACG TGC GAATCC CTG
GAG CCA CGT TGG GGC GGC TCG GGA GGT TCG
GGC GGC AGC GGC GGA AGC CGC GAG ACT GCA
GGG GAT GAA ATT GTG GAT CTT ACA TGT GAG
AGT TTG GAA CCA CGT TGG TAA TAA GGG GGC
TCATGC GGG GGT TCT CTC GAG AAC CTG TAT
TTT CAG GGC

3xDAXXn_BsrGl_Xhol

CTC GGC ATG GAC GAG CTG TAC AAG TCC GGA
GGT AGT GGC GGA AGC GGT GGC TCT TGG GGT
GGG AGC ATG GCT ACT GCC AAT TCT ATC ATC
GTA TTA GAC GAT GAC GAT GAA GAC GAA GGC
GGT AGC GGT GGC TCT GGC GGG AGC GGC GGC
TCG ATG GCG ACG GCT AAC TCG ATT ATC GTC
TTG GAT GAT GAC GAC GAA GAT GAA GGC GGC
TCG GGA GGT TCG GGC GGC AGC GGC GGA AGC
ATG GCA ACC GCTAATTCCATTATTGTT TTG
GAC GAC GAT GAC GAG GAT GAA TAA TAA GGG
GGC TCA TGC GGG GGT TCT CTC GAG AAC CTG
TAT TTT CAG GGC

3xDAXXc_BsrGl_Xhol

CTC GGC ATG GAC GAG CTG TAC AAG TCC GGA
GGT AGT GGC GGA AGC GGT GGC TCT TGG GGT
GGG AGC AAA ACG AGT GTT GCG ACC CAATGC
GAT CCG GAA GAG ATC ATC GTT CTG AGC GAT
AGT GAT GGC GGT AGC GGT GGC TCT GGC GGG
AGC GGC GGC TCG AAG ACC AGC GTG GCC ACC
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CAG TGC GAT CCA GAAGAAATTATT GTGTTA
AGT GAT AGC GAC GGC GGC TCG GGA GGT TCG
GGC GGC AGC GGC GGA AGC AAAACC AGT GTT
GCG ACT CAG TGT GAC CCA GAG GAG ATT ATC
GTC CTG TCG GAT AGC GAC TAA TAA GGG GGC
TCA TGC GGG GGT TCT CTC GAG AAC CTG TAT
TTT CAG GGC

3xMCAF1_BsrGl_Xhol

CTC GGC ATG GAC GAG CTG TAC AAG TCC GGA
GGT AGT GGC GGA AGC GGT GGC TCT TGG GGT
GGG AGC GGC TCC CCT GAG TTT AAG ACG ATT
GAT GCC AGT GTG AGT AAG AAA GCC GCT GAT
TCC ACT TCT CAATGT GGC AAA GCC ACG GGC
TCG GAC AGC TCT GGG GTG ATT GAT TTG ACT
ATG GAT GAC GAA GAA TCT GGG GCA TCA CAA
GAT GGC GGT AGC GGT GGC TCT GGC GGG AGC
GGC GGC TCG GGC AGC CCG GAG TTC AAAACC
ATT GAT GCATCC GTT TCG AAG AAG GCG GCT
GAT TCA ACG TCC CAA TGC GGC AAG GCT ACG
GGT TCC GAT AGT AGC GGT GTG ATT GAC CTT
ACA ATG GAT GAT GAA GAA AGC GGT GCG TCA
CAG GAC GGC GGC TCG GGA GGT TCG GGC GGC
AGC GGC GGA AGC GGT AGC CCG GAATTC AAA
ACG ATC GAT GCC TCC GTA AGT AAA AAA GCT
GCT GAC AGC ACA AGC CAG TGT GGC AAA GCT
ACA GGA AGC GAC AGT TCA GGG GTAATT GAC
TTA ACA ATG GAC GAC GAG GAG AGT GGT GCG
TCT CAA GAT TAA TAA GGG GGC TCA TGC GGG
GGT TCT CTC GAG AAC CTG TAT TTT CAG GGC

3xPIASx(V4A)_BsrGI_Xhol

CTC GGC ATG GAC GAG CTG TAC AAG TCC GGA
GGT AGT GGC GGA AGC GGT GGC TCT TGG GGT
GGG AGC AAA GTA GAT GCG ATC GAC TTG ACC
ATC GAA AGC AGC AGC GAC GAA GAA GAA GAT
CCG CCT GCC AAA CGC GGC GGT AGC GGT GGC
TCT GGC GGG AGC GGC GGC TCG AAA GTT GAT
GCC ATT GAC CTT ACAATT GAATCT TCG AGC
GAT GAA GAG GAA GAT CCT CCA GCG AAA CGT
GGC GGC TCG GGA GGT TCG GGC GGC AGC GGC
GGA AGC AAA GTC GAT GCAATT GAC TTAACG
ATC GAA TCT AGC AGC GAT GAA GAA GAA GAT
CCA CCG GCT AAA CGT TAA TAA GGG GGC TCA
TGC GGG GGT TCT CTC GAG AAC CTG TATTTT
CAG GGC

3xPIASx(I15A)_BsrGl_Xhol

CTC GGC ATG GAC GAG CTG TAC AAG TCC GGA
GGT AGT GGC GGA AGC GGT GGC TCT TGG GGT
GGG AGC AAA GTA GAT GTG GCG GAC TTG ACC
ATC GAA AGC AGC AGC GAC GAA GAA GAA GAT
CCG CCT GCC AAA CGC GGC GGT AGC GGT GGC
TCT GGC GGG AGC GGC GGC TCG AAA GTT GAT
GTC GCC GAC CTT ACAATT GAATCT TCG AGC
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GAT GAA GAG GAA GAT CCT CCA GCG AAA CGT
GGC GGC TCG GGA GGT TCG GGC GGC AGC GGC
GGA AGC AAA GTC GAT GTA GCA GAC TTAACG
ATC GAA TCT AGC AGC GAT GAA GAA GAA GAT
CCA CCG GCT AAA CGT TAA TAA GGG GGC TCA
TGC GGG GGT TCT CTC GAG AAC CTG TATTTT
CAG GGC

3xPIASx(L7A)_BsrGI_Xhol

CTC GGC ATG GAC GAG CTG TAC AAG TCC GGA
GGT AGT GGC GGA AGC GGT GGC TCT TGG GGT
GGG AGC AAA GTA GAT GTG ATC GAC GCG ACC
ATC GAA AGC AGC AGC GAC GAA GAA GAA GAT
CCG CCT GCC AAA CGC GGC GGT AGC GGT GGC
TCT GGC GGG AGC GGC GGC TCG AAA GTT GAT
GTC ATT GAC GCC ACAATT GAATCT TCG AGC
GAT GAA GAG GAA GAT CCT CCA GCG AAA CGT
GGC GGC TCG GGA GGT TCG GGC GGC AGC GGC
GGA AGC AAA GTC GAT GTAATT GAC GCG ACG
ATC GAA TCT AGC AGC GAT GAA GAA GAA GAT
CCA CCG GCT AAA CGT TAA TAA GGG GGC TCA
TGC GGG GGT TCT CTC GAG AAC CTG TATTTT
CAG GGC

2xSUMO3_Aatll_Xhol

GAC GAG GAC ACC ATT GAC GTC TTC CAG CAA
CAA ACT GTA GTG GGG GGC TCC GGC GGA AGC
GGG GGG TCG GGA GGT TCC ATG TCT GAA GAG
AAA CCG AAG GAA GGG GTG AAA ACA GAG AAC
GAT CAC ATT AAT CTG AAG GTT GCG GGG CAG
GAT GGT TCC GTC GTG CAG TTC AAA ATT AAG
CGT CAT ACT CCACTG TCG AAATTG ATG AAG
GCA TAC TGT GAA CGT CAA GGC CTG TCA ATG
CGC CAAATC CGC TTC CGT TTT GAT GGC CAA
CCA ATT AAT GAA ACT GAC ACC CCA GCA CAA
TTA GAG ATG GAA GAC GAA GAT ACG ATC GAT
GTG TTT CAA CAA CAG ACT GTC GTC GGG GGT
AGC GGG GGA AGT GGT GGT TCG GGA GGG TCG
ATG TCA GAG GAG AAA CCT AAA GAG GGA GTC
AAA ACT GAG AAT GAT CAT ATC AAT CTT AAG
GTA GCA GGA CAG GAC GGT AGC GTT GTA CAG
TTC AAG ATT AAA CGC CAC ACT CCC TTG AGC
AAG CTT ATG AAA GCT TAT TGC GAG CGC CAA
GGATTATCT ATG CGC CAG ATC CGC TTT CGT
TTT GAC GGC CAA CCC ATT AAC GAA ACT GAC
ACT CCC GCG CAA CTG GAA ATG GAA GAT GAA
GATACGATTGACGTTT TTC AGC AGC AGA CCG
TAG TTG GTG GCT CCT GCG GTG GCT CTC TCG
AGA ACC TGT ATT

Table 4.4.2 List of ssDNA primers used for molecular cloning.
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Primer

DNA Sequence (5’- to -3’)

SUMO3_Stop_FWD

TAA GGT GGC TCC TGC GGT G

SUMO3_Stop_REV

AAC TAC GGT CTG CTG CTG AAA AAC

PIASx_Stop FWD

TAA GGG GGC TCATGC GGG

PIASx_Stop REV

ACGTTT AGC CGG TGGATCTTC

PIASx_RKRKR_FWD

ACG TAAACG TTAACG TAAACG TAAAG

PIASx_RKRKR_REV

TTA CGG CCC TGA AAATAC

PGP1_vec_PIASx_HiFi_FWD

TAAACG TTAAGG TGG CTC CTG CGG TGG C

PGP1_vec_PIASx_HiFi_REV

CATCTACTT TGG ATC CGC CAGACCCGCC

PIASx_ins_PGP1_HiFi_FWD

TGG CGG ATC CAA AGT AGA TGT GAT CGACTT
GAC

PIASx_ins_PGP1_HiFi_REV

AGG AGC CACCTT AAC GTTTAG CCG GTG G

PGP1_vec_DAXXc_HiFi_ FWD

TAG CGA CTAAGG TGG CTC CTG CGG TGG C

PGP1_vec_DAXXc_HiFi_REV

CACTCGTTT TGG ATC CGC CAGACC CGCC

DAXXc_ins_PGP1_HiFi_FWD

TGG CGG ATC CAAAAC GAG TGT TGC GAC C

DAXXc_ins_PGP1_HiFi_REV

AGG AGC CAC CTT AGT CGC TAT CCG ACA GG

4.4.3 Recombinant protein expression and purification

mEGFP fusions (pTEV19-His1o-mEGFP-(SUMO3)3, pTEV19-His1o-mEGFP-

(SUMO3)s, pTEV19-His1o-mEGFP-(SIM)s).

Two liters of Luria-Bertani medium, supplemented with 100 ug/mL ampicillin and 34 pug/mL

chloramphenicol, were inoculated with E. coli BL21(DE3)pLysS cells transformed with pTEV19-

His1o-mEGFP-(SUMO3)3, pTEV19-His1o-mEGFP-(SUMO3)s, or pTEV19-His1o-mEGFP-(SIM)s,

where the SIM is interchanged with the respective SIM peptide. The cells were grown at 37 °C,

shaking at 250 rpm to ODeoo 0.6—0.8. Protein expression was induced with 1 mM IPTG and

cultures were shifted to 16 °C for ~18 h. Cells were harvested by centrifugation at 7,000 x g at 4
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°C, and the pellet was either flash frozen in liquid nitrogen and stored at -80 °C or lysed in buffer
containing 50 mM sodium phosphate, pH 7.5, 300 mM NaCl, and 1 mM DTT, supplemented
with 1 mM iodoacetamide, 2 mM N-ethylmaleimide, and 1x cOmplete protease inhibitor cocktail
(Roche). Cells were lysed by French press followed by brief sonication for 10 pulses. Lysed
cells were clarified by centrifugation at 20,000 x g for 30 min at 4 °C. The supernatant was
passed through a 0.45 um PES filter and loaded onto 5 mL Ni-NTA resin. Protein was incubated
for 1 h at 4 °C with gentle nutation. The flow-through was collected and the resin was washed
with lysis buffer containing 20 mM imidazole (5 column volumes, CV) followed by 50 mM
imidazole (5 CV), and proteins were eluted with 500 mM imidazole (2.5 CV). Fractions were
analyzed by SDS-PAGE, and fractions containing the target protein were pooled and dialyzed at
4 °C twice against 2 x 4 L of 20 mM Tris, pH 7.5, and 1 mM DTT, first for 3 h then overnight.
The dialyzed protein was purified by anion-exchange chromatography on a SOURCE 15Q
4.6/100 PE column (GE Healthcare, Chicago, IL). A linear 0—-100% gradient over 40 CV was
used to increase NaCl concentration. Buffer A was 20 mM Tris, pH 7.5, and 1 mM DTT. Buffer B
was 20 mM Tris, pH 7.5, 1 M NaCl, and 1 mM DTT. Fractions were analyzed by SDS-PAGE,
and the most concentrated and highest-purity fractions were pooled. The pooled elution was
dialyzed against 2 x 4 L of microscopy buffer composed of 20 mM HEPES, pH 7.5, 150 mM
KCI, 1 mM MgCl,, 1 mM EGTA, and 1 mM DTT. Protein concentration was determined by
absorbance at 488 nm using the reported mEGFP extinction coefficient (56.0 x 10°M-1 cm™;
Kremers et al., 2011). Proteins were aliquoted into single-use volumes, flash frozen in liquid

nitrogen, and stored at —80 °C until use.

SUMO3(C47S) for ITC. Three liters of Luria-Bertani medium supplemented with 100 pg/mL
ampicillin were inoculated with E. coli BL21(DE3) transformed with the plasmid pTXB1-
SUMO3(1-91)C47S-SUMO3(2-91)C47S-Hiss. The cells were grown at 37 °C with shaking at

250 rpm to ODsoo 0.6—0.8. Protein expression was induced with 0.8 mM IPTG and cultures were
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incubated for 3 h at 37 °C with shaking at 250 rpm. Cells were harvested by centrifugation at
7,000 x g for 20 min at 4 °C. The cell pellet was lysed in buffer containing 50 mM sodium
phosphate (pH 7.7), 300 mM NaCl, and 5 mM imidazole supplemented with 0.2 mM
phenylmethylsulfonyl fluoride (PMSF) and 1x cOmplete protease inhibitor cocktail (Roche).
Cells were lysed by sonication, and lysates were clarified by centrifugation at 20,000 x g for 30
min at 4 °C. The clarified lysate was passed through a 0.45 um filter and loaded onto 5 mL Ni-
NTA resin pre-equilibrated with lysis buffer. Protein was incubated for 45 min at 4 °C with gentle
nutation. The column was washed with 10 column volumes (CV) of lysis buffer, followed by lysis
buffer containing 20 mM imidazole (10 CV) and 50 mM imidazole (10 CV), and proteins were
eluted with 500 mM imidazole (5 x 3 CV). Fractions were analyzed by SDS-PAGE and fractions
containing the diSUMO3 fusion were pooled and dialyzed at 4 °C against 2 x 4 L of 50 mM
sodium phosphate (pH 7.7), 150 mM NaCl, and 1 mM DTT. To liberate untagged SUMO3 from
the fusion construct, the catalytic domain of SENP2 was added to a final concentration of 0.5
MM and the reaction was incubated at 30 °C for 2 h. After incubation, the reaction was diluted
1:1 with 50 mM sodium phosphate (pH 7.7), 150 mM NaCl to halve the DTT concentration. The
diluted reaction mixture was loaded onto 5 mL Ni-NTA resin pre-equilibrated with reaction buffer
lacking DTT to bind the tagged diSUMO3 fusion and the catalytic domain of SENP2. The flow-
through was collected as untagged SUMOS3. The column was washed 4 times with 2 CV of
reaction buffer lacking DTT containing 5 mM imidazole. Untagged SUMO3 collected in the flow-
through and washes were dialyzed against water 2 x 4 L. The dialysate was then collected,
flash frozen, and lyophilized to dryness. The crude protein was purified via C4 preparative RP-
HPLC (5-75% B over 45 min) to yield the cleaved monomeric SUMO3. Fractions were
characterized by ESI-MS. The calculated average mass for SUMO3 was 10,377.6 Da, and the

observed mass was 10,377.2 + 1.6 Da.
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PGP1 fusions (pTEV19-His1,-PGP1-(PIASx): and pTEV19-His1,-PGP1-(DAXXc)s). Two liters
of Luria-Bertani medium, supplemented with 100 ug/mL ampicillin and 34 pg/mL
chloramphenicol, were inoculated with E. coli BL21(DE3)pLysS cells (Novagen, Darmstadt,
Germany) transformed with pTEV19-His10-PGP1-(PIASx)3 or pTEV19-His10-PGP1-(DAXXc)3.
The cells were grown at 37 °C, shaking at 250 rpm to ODsgo 0.6—0.8. Protein expression was
induced with 1 mM IPTG and cultures were shifted to 16 °C for ~18 h. Cells were harvested by
centrifugation at 7,000 x g at 4 °C, and the pellet was either flash frozen in liquid nitrogen and
stored at —80 °C or lysed in buffer containing 50 mM sodium phosphate, pH 7.5, 300 mM NacCl,
and 1 mM DTT. Cells were lysed by French press followed by brief sonication for 10 pulses.
Lysed cells were clarified by centrifugation at 20,000 x g for 30 min at 4 °C. The supernatant
was passed through a 0.45 um PES filter and loaded onto 5 mL Ni-NTA resin. Protein was
incubated for 1 h at 4 °C with gentle nutation. The flow-through was collected and the resin was
washed with lysis buffer containing 20 mM imidazole (5 column volumes, CV) followed by 50
mM imidazole (5 CV), and proteins were eluted with 500 mM imidazole (2.5 CV). Fractions were
analyzed by SDS-PAGE, and fractions containing the target protein were pooled and dialyzed at
4 °C twice against 2 x 4 L of 20 mM Tris, pH 7.5, and 1 mM DTT, first for 3 h then overnight.
The dialyzed protein was purified by anion-exchange chromatography on a SOURCE 15Q
4.6/100 PE column (GE Healthcare, Chicago, IL). A linear 0—100% gradient over 40 CV was
used to increase NaCl concentration. Buffer A was 20 mM Tris, pH 7.5, and 1 mM DTT. Buffer B
was 20 mM Tris, pH 7.5, 1 M NaCl, and 1 mM DTT. Fractions were analyzed by SDS-PAGE,
and the most concentrated and highest-purity fractions were pooled. The pooled elution was
then dialyzed against 2 x 4 L 10 mM NazHPQOy4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KClI,
and 1 mM DTT, pH 7.5 (PBS). Protein concentration was determined by SDS-PAGE and
Coomassie staining relative to bovine serum albumin standards of known concentration.

Glycerol was added to 10% v/v, and samples were flash frozen and stored at —80 °C until use.

134



4.4.4 General protocol for confocal microscopy imaging of
condensates
All confocal microscopy was performed on a Leica SP8 X scanning confocal

microscope from Leica (Grafelfing, Germany).

In vitro samples. Imaging was performed with a 40x oil-immersion objective for in vitro
samples. A tunable white-light laser (WLL) was set to 488 nm to excite mMEGFP, and emission
was collected on PMT detectors as follows: 497-577 nm when used alone, with Alexa Fluor 568
(AF568), and when used with pGlu-HCA to minimize crosstalk. For AF568-labeled PGP 1-
(PIASx)3 and PGP1-(DAXXc)s, the WLL was set to 577 nm, and emission was collected at 582—
677 nm when imaged with mEGFP, and 582-650 nm when imaged with pGlu-HCA. For pGlu-
HCA, the WLL was set to 670 nm, and emission was collected at 710-799 nm. Line-sequential
scanning was used for multi-color acquisitions to reduce crosstalk. The z-focus was set at the

glass surface, and the x and y coordinates were centered in each well.

In-cellulo imaging. Cellular imaging was performed using a 60x oil-immersion objective. A
fixed-wavelength 405 nm laser was used to excite Hoechst 33342, and emission was collected
on PMT detectors at 410-587 nm. For condensates containing mCherry fusions, the WLL was
set to 587 nm to excite mCherry, and emission was collected at 587-592 nm. For WGA647, the
WLL was set to 650 nm to excite AF647, and emission was collected at 592-653 nm. Line-
sequential scanning was used for multicolor acquisitions to minimize crosstalk. A z-stack was

acquired over the condensates, and the middle optical section was used for imaging.

4.4.5 Phase diagram mapping
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mEGFP-(SUMO3); and mEGFP-(SIM); or mEGFP-(SUMO3)s and mEGFP-(SIM)s proteins were
mixed in experimental buffer composed of 20 MM HEPES (pH 7.4), 150 mM KCI, 1 mM MgCly,

1 mM EGTA, and 1 mM DTT, at the indicated concentrations in a final volume of 80 pL.
Mixtures were prepared in 96-well plates (Cellvis) surface-treated with bovine serum albumin
(BSA) and incubated for 20—24 h at room temperature. Wells were imaged at 40x magnification
using a Leica SP8X scanning confocal microscope. Condensate formation was scored as

present or absent to construct the phase boundary for each SUMO3-SIM pair.

4.4.6 Measuring the stability of condensates to changing salt, ATP,
and chaotropes (Decomposition)

For all decomposition experiments, mixtures were prepared in 96-well plates (Cellvis) surface-

treated with bovine serum albumin (BSA) and incubated for 20-24 h at room temperature prior

to imaging.

To test the effects of KCI concentration on the stability of condensates, mMEGFP-(SUMO3)s and
mEGFP-(SIM)s proteins were mixed in the experimental buffer, composed of 20 mM HEPES
(pH 7.5), 1 mM MgCl2, 1 mM EGTA, and 1 mM DTT. Experimental buffer containing
concentrated KCl was added to the preformed condensates to reach final KCI concentrations of

0-3 M in a total volume of 80 pL.

To test the effects of ATP on condensate stability, mMEGFP-(SUMO3)s and mEGFP-(SIM)3
proteins were mixed in the experimental buffer, composed of 20 mM HEPES (pH 7.5), 150 mM
KCI, 1 mM MgCl,, 1 mM EGTA, and 1 mM DTT. Experimental buffer containing concentrated
ATP was added to the preformed condensates to reach final ATP concentrations of 0-50 mM in

a total volume of 80 pL.
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To test the effects of chaotropes, such as guanidine-HCI and urea, on condensate stability,
mEGFP-(SUMO3)s and mEGFP-(SIM)s proteins were mixed in the experimental buffer,
composed of 20 mM HEPES (pH 7.5), 150 mM KCI, 1 mM MgCl,, 1 mM EGTA, and 1 mM DTT.
Experimental buffer containing concentrated guanidine-HCI or urea was added to the preformed

condensates to reach final concentrations of 0-3 M in a total volume of 80 pL.

4.4.7 Fluorescence recovery after photobleaching (FRAP)

In vitro phase-separated condensates were subjected to the same preparation as described
above. A Leica SP8X scanning confocal microscope with a 40x oil-immersion objective was
used with the FRAP module in Leica LAS X software. Pre-bleach images were acquired for
baseline normalization. A zoom factor was applied to center an individual condensate, and the
region of interest (ROI) was defined as approximately 50% of the visible droplet area. The ROI
was photobleached with a 488 nm argon laser at 100% power. Recovery was monitored by
time-lapse acquisition until fluorescence reached a plateau, and intensities were background-

subtracted and normalized to the pre-bleach mean.

For cellular experiments, cells were transfected and counterstained as described in 4.4.25
Counterstaining of human cells for confocal microscopy. A Leica SP8X scanning confocal
microscope with a 63x oil-immersion objective was used with the FRAP module in Leica LAS X
software. FRAP acquisition settings matched the in vitro assays. The ROl was photobleached
with a 587 nm WLL at 100% power. Recovery was monitored by time-lapse acquisition until
fluorescence reached a plateau, and intensities were background-subtracted and normalized to

the pre-bleach mean.
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4.4.8 Statistical analysis of FRAP data

Data were analyzed in ImageJ/Fiji. Fluorescence intensities were background-subtracted and
normalized to the pre-bleach mean of each droplet ROI. To account for acquisition-induced
photobleaching during the post-bleach recovery phase, intensities were corrected using an
unbleached reference ROI. The resulting normalized intensities, /(t), were fit by nonlinear least-
squares to a single-exponential model /(t) = I.. + (o —I.)e™, where lpis the intensity in the
bleached ROI immediately after bleaching, /- is the plateau intensity after recovery, and k is the
apparent first-order rate constant. The characteristic time constant r was defined as 1/k. Half-

times, t12, were calculated as In(2)/k.

4.4.9 Reverse Phase High Performance Liquid Chromatography (RP-
HPLC)

RP-HPLC used Buffer A (0.1% TFA in H,O) and Buffer B (90% acetonitrile, 9.9% H,O, 0.1%
TFA) as the mobile phases. Analytical RP-HPLC was performed on an Agilent 1260 Infinity Il
quaternary system with either a Grace-Vydac C18 column (5 uym, 4.6 x 150 mm) or a Waters C4
column (5 um, 4.6 x 150 mm) at 1.0 mL/min. A typical analytical gradient was 0—73% B over 30
min. Semi-preparative and preparative RP-HPLC were performed on an Agilent 1260 Infinity Il
preparative HPLC with either a Zorbax StableBond preparative C18 column (21.2 x 250 mm), a
Hypersil Gold preparative C4 column (25 x 250 mm), a Zorbax StableBond semi-preparative
C18 column (9.4 x 250 mm), or a Waters semi-preparative C4 column (10 x 250 mm).
Preparative runs were performed at 20 mL/min and semi-preparative runs at 4 mL/min. Elution

was monitored by UV-vis at 214 and 280 nm.

4.4.10 Electrospray lonization Mass Spectrometry (ESI-MS)
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Routine peptide and protein mass measurements were acquired by direct infusion electrospray
ionization on a Bruker Esquire ion trap mass spectrometer (Billerica, MA) or on a Finnigan LTQ

ion trap mass spectrometer (Thermo, Waltham, MA), operated in positive ion mode.

4.4.11 Synthesis, purification, and characterization of SIM peptides
used for ITC
General. Peptides were prepared by Fmoc solid-phase peptide synthesis (SPPS) on the
indicated resins with microwave assistance (CEM Liberty Blue 1.0 or CEM Liberty PRIME 2.0).
Where noted, initial resin loading was intentionally reduced to limit aggregation and deletion
products. Crude peptides were precipitated in ice-cold diethyl ether, collected by centrifugation,
dissolved, and purified by C18 preparative RP-HPLC using the gradients specified below.
Collected fractions were pooled and analyzed by ESI-MS; purity was confirmed by analytical
RP-HPLC. Where applicable, immediate acetyl capping was performed after specific Asp
couplings to avoid the formation of aspartic-acid deletion peptides. HPLC solvents: Buffer A
(99.9% H,0, 0.1% trifluoroacetic acid (TFA)); Buffer B (90% acetonitrile, 9.9% H,O, 0.1% TFA).

All gradients are reported as %B.

(1) PIASx wild-type:

Ac-KVDVIDLTIESSSDEEEDPPAKR-CONH,

Rink amide (MBHA) resin (0.667 meq g™') was swollen in 1:1 DMF/DCM and deprotected with
20% (v/v) piperidine in DMF for 30 min. To reduce loading, the third residue (Ala) was coupled
as a 1:1 mixture of Fmoc-Ala-OH and Boc-Ala-OH (0.8 mmol each) with Oxyma (0.8 mmol) and
DIC (0.8 mmol) for 60 min at 25 °C. Reduced loading was verified by measuring the
dibenzofulvene—piperidine adduct at 301 nm after treatment with 20% (v/v) piperidine in DMF.

Chain elongation proceeded on the Liberty Blue using 5 equivalents of each Fmoc amino acid
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relative to the reduced loading. Fmoc deprotection used 5% (w/v) piperazine with 0.05 M HOBt
in DMF for 3 min at 75 °C. Standard couplings were 10 min at 75 °C with Fmoc-AA (0.5 mmol),
DIC (0.49 mmol), Oxyma (0.49 mmol), and DIEA (0.98 mmol) in DMF; additional double
couplings were used for Fmoc-Arg(Pbf)-OH, Fmoc-Thr(OtBu)-OH, Fmoc-Val-OH, Fmoc-
Lys(Boc)-OH, Fmoc-Asp(OtBu)-OH, and Fmoc-Leu-OH as needed. The N terminus was capped

with acetic anhydride (0.5 mmol) and DIEA (0.5 mmol) for 10-15 min at 25 °C.

Cleavage used TFA/triisopropylsilane/H,O, 90:5:5 (v/v), for 2 h at 25 °C. The ether-precipitated
pellet was dissolved, filtered (0.45 um), lyophilized, and purified by C18 preparative RP-HPLC
(17—-48%B over 40 min). Pooled fractions were analyzed by ESI-MS. Final QC used RP-HPLC
(0-73% over 30 min) and ESI-MS. Calculated Mayg = 2,613.3 Da; found 2,613.3 + 0.4 Da.

Supplementary Figure S4.4.11.1
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Supplemental Figure S4.4.11.1. Characterization of PIASx wt (1). (A) C18 analytical HPLC
chromatogram of 1 on a gradient of 0—73% B over 30 min. * indicate the buffer peak. (B) ESI-MS
of pure 1. Observed [M]" = 2,613.3 + 0.4 Da, calculated [M]* = 2,613.3 Da.

(2) PIASx (V4A):
Ac-KVDAIDLTIESSSDEEEDPPAKR-CONH,
Synthesized as in (1). Calculated Mayg = 2,585.7 Da; found 2,585.4 + 0.4 Da.

Supplementary Figure $4.4.11.2
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Supplementary Figure S4.4.11.2. Characterization of PIASx V4A (2). (A) C18 analytical HPLC
chromatogram of 2 on a gradient of 0—73% B over 30 min. * indicate the buffer peak. (B) ESI-MS
of pure 2. Observed [M]" = 2,585.4 + 0.4 Da, calculated [M]* = 2,585.7 Da.

(3) PIASXx (I5A):

Ac-KVDVADLTIESSSDEEEDPPAKR-CONH,

Synthesized as in (1). To avoid the formation of aspartic-acid deletion peptides, Asp3 and Asp6
were double-coupled and immediately acetyl-capped with acetic anhydride (0.5 mmol) and
DIEA (0.5 mmol) after these couplings. Calculated Mayg = 2,571.7 Da; found 2,571.5 + 0.2 Da.

Supplementary Figure $4.4.11.3
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Supplemental Figure S4.4.11.3. Characterization of PIASx (I15A) (3). (A) C18 analytical HPLC
chromatogram of 3 on a gradient of 0—73% B over 30 min. * indicate the buffer peak. (B) ESI-
MS of pure 3. Observed [M]" = 2,571.5 + 0.2 Da, calculated [M]* = 2,571.7 Da.

(4) PIASx (L7A):
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Ac-KVDVIDATIESSSDEEEDPPAKR-CONH,
Synthesized as in (1). Calculated Mayg = 2,571.7 Da; found 2,571.2 + 0.3 Da.

Supplementary Figure S4.4.11.4
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Supplemental Figure S4.4.11.4. Characterization of PIASx L7A (4). (A) C18 analytical HPLC
chromatogram of 4 on a gradient of 0—73% B over 30 min. * indicate the buffer peak. (B) ESI-MS
of pure 4. Observed [M]" = 2,571.2 + 0.3 Da, calculated [M]" = 2,571.7 Da.

(5) PIASx (V4A, L7A):
Ac-KVDAIDATIESSSDEEEDPPAKR-CONH,
Synthesized as in (1). Calculated Mayg = 2,543.6 Da; found 2,543.6 + 0.6 Da.

Supplementary Figure S4.4.11.5
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Supplemental Figure $S4.4.11.5. Characterization of PIASx (V4A,L7A) (5). (A) C18
analytical HPLC chromatogram of 5 on a gradient of 0-73% B over 30 min. * indicate the buffern
peak. (B) ESI-MS of pure 5. Observed [M]" = 2,543.6 + 0.6 Da, calculated [M]* = 2,543.6 Da.
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(6) DAXXc:

Ac-KTSVATQCDPEEIIVLSDSD-CONH,

Fmoc-Asp-Wang resin (0.57 meq g') was swollen in DMF for 20-30 min and deprotected with
20% (v/v) piperidine in DMF. Loading was reduced as in (1) using Fmoc-Ser(OtBu)-OH (0.4
mmol). Elongation used a CEM Liberty PRIME 2.0 with the “no-wash” method® and 5
equivalents per coupling. After elongation, capping and cleavage followed (1). Purification used
C18 preparative RP-HPLC (20-44% B over 40 min). Final QC used RP-HPLC (0-73% B over
30 min) and ESI-MS. Calculated Mayg = 2,192.3 Da; found 2,192.2 £ 0.1 Da.

Supplementary Figure $4.4.11.6
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Supplemental Figure S4.4.11.6. Characterization of DAXXc (6). (A) C18 analytical HPLC
chromatogram of 6 on a gradient of 0—73% B over 30 min. * indicate the buffer peak. (B) ESI-MS
of pure 6. Observed [M]" = 2,192.2 + 0.1 Da, calculated [M]" = 2,192.3 Da.
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(7) MCAF1 wild type:
Ac-GSPEFKTIDASVSKKAADSTSQCGKATGSDSSGVIDLTMDDEESGASQD-CONH,

Rink amide (MBHA) resin (0.667 meq g™') was swollen in 1:1 DMF/DCM and deprotected with
20% piperidine in DMF (v/v). Loading was reduced as in (1) using Fmoc-Asp(OtBu)-OH (0.24
mmol). Elongation used a CEM Liberty PRIME 2.0 with the “no-wash” method.*® Additional
double couplings were applied for Fmoc-lle-OH, Fmoc-Thr(OtBu)-OH, Fmoc-Val-OH, Fmoc-
Lys(Boc)-OH, Fmoc-Ala-OH, Fmoc-Leu-OH, Fmoc-Gly-OH, Fmoc-Cys(Trt)-OH, Fmoc-
Ser(OtBu)-OH, and Fmoc-GIn(Trt)-OH. Cleavage used TFA/triisopropylsilane/H,O/anisole,
85/5/5/5 (v/v). Purification used C18 preparative RP-HPLC (19-43%B over 45 min). Final QC
used RP-HPLC (0-73% over 30 min) and ESI-MS. Calculated Mayg = 4,953.2 Da; found 4,953.1
+ 0.1 Da.

Supplementary Figure $4.4.11.7
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Supplemental Figure S4.4.11.7. Characterization of MCAF1 (7). (A) C18 analytical HPLC
chromatogram of 7 on a gradient of 0—73% B over 30 min. * indicate the buffer peak. (B) ESI-
MS of pure 7. Observed [M]" = 4,953.1 + 0.1 Da, calculated [M]* = 4,953.2 Da.

(8) MCAF1 (V34A):
Ac-GSPEFKTIDASVSKKAADSTSQCGKATGSDSSGAIDLTMDDEESGASQD-CONH,
Synthesized as in (7). Calculated Mayg = 4,925.1 Da; found 4,925.8 + 0.9 Da.

Supplementary Figure S$4.4.11.8
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Supplemental Figure S4.4.11.8. Characterization of MCAF1 (V34A) (8). (A) C18
analytical HPLC chromatogram of 8 on a gradient of 0-73% B over 30 min. * indicate the buffer
peak. (B) ESI-MS of pure 8. Observed [M]" = 4,925.8 + 0.9 Da, calculated [M]* = 4,925.1 Da.

(9) DAXXn:

Ac-MATANSIIVLDDDDEDE-CONH,

Synthesized as in (7). Cleavage used TFA/triisopropylsilane/H,O/anisole/thioanisole,
85/5/5/2.5/2.5 (v/v). Purification used C18 preparative RP-HPLC (17—48% B over 40 min). Final
QC used RP-HPLC (0-73% over 30 min) and ESI-MS. Calculated Ma,g = 1,906.9 Da; found
1,907.2 £ 0.3 Da.

Supplementary Figure $4.4.11.9
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Supplemental Figure S4.4.11.9. Characterization of DAXXn (9). (A) C18
analytical HPLC chromatogram of 9 on a gradient of 0-73% B over 30 min. * indicate the
buffer peak. (B) ESI-MS of pure 9. Observed [M]* = 1,907.2 £ 0.3, calculated
[M]* = 1,906.9 Da. * indicate salt adducts.
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(10) SIM2:

Ac-RETAGDEIVDLTCESLEPRW-CONH,

Synthesized as in (7), with additional double couplings for Fmoc-Glu(OtBu)-OH and Fmoc-
Arg(Pbf)-OH. Cleavage used TFA/triisopropylsilane/H,O/anisole/thioanisole, 85/5/5/2.5/2.5 (v/v).
Purification used C18 preparative RP-HPLC (25-55% B over 40 min). Final QC used RP-HPLC
(0-73% B over 30 min) and ESI-MS. Calculated Ma,g = 2,360.5 Da; found 2,361.1 + 0.4 Da.

Supplementary Figure $4.4.11.10
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Supplemental Figure S$4.4.11.10. Characterization of SIM2 (10). (A) C18 analytical HPLC
chromatogram of 10 on a gradient of 0-73% B over 30 min. (B) ESI-MS of pure 10. Observed
[M]* =2,361.1 £ 0.4 Da, calculated [M]" = 2,360.5 Da.

Synthesis of PIASX-(RK)s peptide by native chemical ligation (NCL)

(A) PIASx hydrazide:

Ac-KVDVIDLTIESSSDEEEDPPAKRGGS-C(O)NHNH,

2-Chlorotrityl hydrazide resin was prepared by reacting 2-chlorotrityl chloride resin (1.5-2.0 meq
g™") with 10% (v/v) hydrazine in DMF at 25 °C for 30 min, repeated once with fresh hydrazine.
Residual sites were capped with 10% (v/v) methanol in DMF for 10 min. SPPS followed (1), with
reduced loading using Fmoc-Gly-OH (0.2 mmol). Calculated Mayg = 2,829.9 Da; found 2,829.6 +
0.4Da.

Supplementary Figure S4.4.11.11
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Supplemental Figure S4.4.11.11. Characterization of hydrazide peptide (11). (A) C18
analytical HPLC chromatogram of 11 on a gradient of 0—73% B over 30 min. * indicate the buffer
peak. (B) ESI-MS of pure 11. Observed [M]" = 2,829.6 + 0.4 Da, calculated [M]" = 2,829.9 Da.

(B) PIASx cysteine peptide:

H,N-CGGSLENLYFQGRKRKRKRKRKG-CONH,

Synthesized as in (1) with additional double couplings for Fmoc-Glu(OtBu)-OH, Fmoc-Asn(Trt)-
OH, and Fmoc-Cys(Trt)-OH. The N terminus was left free for NCL. Calculated Mayg = 2,765.3
Da;found 2,765.0 + 0.1 Da.

Supplementary Figure $4.4.11.12
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Supplemental Figure S4.4.11.12. Characterization of cysteine peptide (12). (A) C18
analytical HPLC chromatogram of 12 on a gradient of 0-73% B over 30 min. * indicate the buffer
peak. (B) ESI-MS of pure 12. Observed [M]" = 2,765.0 + 0.1 Da, calculated [M]" = 2,765.3 Da. *
indicate fragments.

(C) NCL to generate PIASx-(RK)s
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Peptide (A) was dissolved in 0.2 M sodium phosphate, pH 3.0, with 6 M guanidine HCI. Sodium
nitrite (10 equivalents) was added at —20 °C for 20 min to form the acyl azide. Peptide (B) (1.5
equivalents) was dissolved in the same buffer and mixed with MPAA (100 equivalents). After
conversion of (A) to the acyl azide, the solution of (B)+MPAA was added to initiate NCL at 25
°C. Aliquots were removed hourly, quenched with phosphate buffer and ~80 equivalents TCEP,
and analyzed by RP-HPLC and ESI-MS. Upon completion, the reaction was quenched with ~80
equivalents TCEP and purified by C18 RP-HPLC (20-60%B over time). Product identity was
confirmed by ESI-MS. Calculated Mayg = 5,563.2 Da; found 5,564.3 + 1.0 Da.

Supplementary Figure $4.4.11.13
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Supplemental Figure S4.4.11.13. Characterization of PIASx-(RK)s (13). (A) C18

analytical HPLC chromatogram of 13 on a gradient of 0—73% B over 30 min. * indicate the buffer
peak. (B) ESI-MS of pure 13. Observed [M]" = 5564.3 + 1.0 Da, calculated [M]* = 5,563.2 Da. *
indicate TFA adducts.

4.4.12 Isothermal titration calorimetry (ITC) of SUMO3 with SIM peptides
ITC experiments were performed in a buffer composed of either 20 mM Tris (pH 7.6) or 20 mM
MES (pH 6.5), 150 mM KCI, on a MicroCal PEAQ-ITC (Malvern Panalytical, Westborough, MA)
or an Affinity ITC (TA Instruments, New Castle, DE). The titration program consisted of one 0.4
uL priming injection followed by 18 injections of 2 pL, spaced 150 s, at 25 °C. SUMO3 was

dialyzed into the chosen buffer. The same dialysis buffer was used to dissolve each SIM
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peptide, and peptide solutions were adjusted to match the protein pH. Following instrument
protocols, the sample cell and syringe were washed with 20% Contrad70, rinsed with H20, and
dried with methanol. The sample cell was then rinsed manually with H20 four times, followed by
the working buffer three times. Three hundred microliters of protein solution were loaded into
the cell and 40 uL of peptide solution into the syringe. Heats of injection were integrated to
generate binding isotherms, and AH values were fit with the instrument binding model to obtain

binding affinities.

For SIM2, PIASx (V4A), PIASx (L7A), MCAF1 (V34A), Malvern Panalytical’s concatenation
workflow was used to extend the isotherm to higher ligand-to-protein ratios without increasing
peptide concentration. Two sequential titrations were performed per replicate: after the first
titration, the syringe was refilled with peptide while the same protein sample remained in the

cell. The two titrations were concatenated in the software and analyzed as a single isotherm.

4.4.13 Synthesis of amino hemicyanine (HCA)

HCA was synthesized as described®' with minor modifications. Briefly, 3-nitrophenol (461 mg,
3.75 mmol) and K2CO3 (458 mg, 3.75 mmol) were suspended in 20 mL acetonitrile under an
argon atmosphere. IR-780 (1.0 g, 1.33 mmol) was added, and the reaction mixture was stirred
for 4 h. The solvent was then evaporated, and the residue was dissolved in DCM, washed with
H20 (3x), and dried over Na,SO4. The organics were evaporated, and the residue was

dissolved in 40 mL MeOH and maintained under argon.

SnCl» (6.0 g, 30 mmol) in concentrated HCI (5 mL) was added via syringe, and the reaction

mixture was gently refluxed overnight. The next morning, the reaction was quenched by the

addition of saturated Na,COs3 and filtered. The filtrate was diluted with DCM, washed with H20
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(3x), and dried over Na>SO4. After solvent evaporation, the crude residue was purified by silica

gel chromatography (2—20% MeOH/DCM) to afford HCA as a green solid (162 mg, 26%).

4.4.14 Synthesis of L-pyroglutamic acid hemicyanine (pGlu-HCA)
Boc-L-pyroglutamic acid (71 mg, 0.3 mmol) and HATU (230 mg, 0.6 mmol) were suspended in
dry DCM (15 mL) at 0 °C under an argon atmosphere. DIPEA (196 uL, 0.9 mmol) was added
via syringe, and the reaction mixture was stirred for 30 min on ice. HCA (162 mg, 0.3 mmol)
dissolved in dry DCM (2 mL) was then added via syringe, and the reaction was brought to room
temperature and stirred vigorously for 36 h under an argon atmosphere. The reaction mixture
was then diluted with DCM, washed with H,O (3x), and dried over Na SO, before solvent
evaporation.

The residue was then suspended in DCM (10 mL) at 0 °C, and trifluoroacetic acid (5 mL) was
added dropwise. The reaction mixture was then brought to room temperature and stirred for 3 h.
After solvent evaporation, the crude residue was resuspended in MeOH and purified by C18
preparative RP-HPLC (30-90% B over 40 min). Fractions deemed pure by C18 analytical RP-
HPLC and ESI-MS were combined and lyophilized to yield pGlu-HCA (12.4 mg, 6%) as a violet
solid.

Supplementary Figure S4.4.14.1 and Supplementary Figure S4.4.14.2
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Supplemental Figure S4.4.14.1. H-NMR of pGlu-HCA (CDCls, 300 MHz).
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Supplemental Figure S4.4.14.2. Characterization of pGlu-HCA. (A) C18 analytical HPLC
chromatogram on a gradient of 20-100% B over 30 min. * indicate the buffer peak. (B) ESI-MS of
pure pGlu-HCA. Observed [M]* = 522.36 Da, calculated [M]" = 522.28 Da.
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4.4.15 Labeling of PGP1-(PIASx)3; and PGP1-(DAXXc)s

PGP1-(PIASx)s and PGP1-(DAXXc)s were labeled with Alexa Fluor 568 following the
manufacturer’s protocol (Invitrogen). Labeled proteins were purified on the gel filtration column
supplied with the kit. The protein concentrations were determined by absorbance at 577 nm and
280 nm using a NanoDrop 2000c UV-Vis spectrophotometer (ThermoFisher Scientific,
Waltham, MA). Concentrations were calculated using the equation below (€280 = 25,900 M™*
cm™ for both enzymes):

[A,50 — 0.46 x As,;] x Dilution factor

C
25,900 M~1¢cm™1

protein (M) =

Where A2so and As77 denote absorbance at 280 nm and 577 nm, respectively.

4.4.16 Michaelis-Menten kinetics analysis of AF568-labeled PGP1-
(PIASx); and AF568-labeled PGP1-(DAXXc)s
Flat-bottom 96-well plates were passivated with 0.1 mg/mL bovine serum albumin (BSA) in 10
mM NazHPOg4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCI (pH 7.5) (PBS) for 1 h at room
temperature. Wells were washed with H20 (5x) followed by PBS (3x) to remove residual BSA.
Reactions (200 pL) were prepared in PBS in these BSA-passivated wells at 37 °C. pGlu-HCA
was titrated at 1, 2.66, 7, 13, and 19 yM. Reactions were initiated by adding either AF568-
labeled PGP1-(PIASx)s or AF568-labeled PGP1-(DAXXc)s to a final concentration of 50 nM and
monitored in a BioTek Synergy 2 microplate reader (Winooski, VT) at Aex/Aem = 670/700 nm,
recording every 30 s for 2 h. For each enzyme (AF568-labeled PGP 1-(PIASx); and AF568-
labeled PGP1-(DAXXc)s3), initial velocities (vo) were computed from the linear portion of the first
5 min of each progress curve using linear regression. Background (no-enzyme and enzyme-

only) slopes were subtracted.
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Vo values were plotted versus substrate concentration and fit by nonlinear least squares to the
Michaelis—Menten equation, vo= (Vmax[S])(Ku + [S]), in R (RStudio; packages: ggplot2 and
broom) to obtain K, and Vmax. kcat Was calculated as Vimax/[E]r using the active enzyme
concentration. All conditions were identical for AF568-labeled PGP 1-(PIASx); and AF568-

labeled PGP 1-(DAXXc)s.

4.4.17 Spectroscopic analysis of reaction kinetics

Bulk fluorescence measurements of PGP1 activity were carried out in flat-bottom 96-well plates.
Plates were first passivated with 0.1 mg/mL bovine serum albumin (BSA) in phosphate-buffered
saline (PBS; 10 mM NazHPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 mM KCI, pH 7.5) for 1 h at
room temperature. Wells were washed five times with H.O followed by three washes with PBS

to remove residual BSA.

Reactions (200 yL) were assembled in BSA-passivated wells in PBS at 37 °C. For condensate-
containing samples, preformed SUMO:PIASx or SUMO:DAXXc condensates were prepared as
described above and diluted into PBS immediately before use. Aliquots of these condensate
suspensions were added to the wells, followed by AF568-labeled PGP 1-(PIASx); or AF568-
labeled PGP1-(DAXXc)s to a final enzyme concentration of 50 nM. For matched solution
controls, the same concentration of AF568-labeled PGP1 construct was added to wells

containing PBS lacking condensates.

Reactions were initiated by addition of the fluorogenic substrate pGlu-HCA to a final
concentration of 4 uM. Formation of the fluorescent HCA product was monitored in a microplate
reader (BioTek Synergy 2, Winooski, VT) using excitation at 670 nm and emission at 700 nm.

Fluorescence intensity was recorded as a function of time for each well. Substrate-only and
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condensate-only controls, lacking AF568-labeled PGP 1, were included to confirm that changes

in signal arose from enzyme-catalyzed hydrolysis.

For each condition, fluorescence time courses from three technical replicate wells were
collected. Traces were background-subtracted using the corresponding substrate-only control
and, where indicated, normalized to the initial fluorescence at the start of the reaction. For each
replicate, an apparent initial rate was obtained from a linear fit to the early, approximately linear
portion of the fluorescence versus time trace. These slopes were averaged across technical
replicates and used to compare the relative extent of PGP 1-catalyzed product formation

between solution and condensate conditions.

4.4.18 Confocal microscopy analysis of reaction kinetics

Condensates were prepared as previously described. AF568-labeled PGP 1-(PIASx)s was
added to solutions of preformed SUMO:PIASx condensates and AF568-labeled PGP 1-
(DAXXc)s was added to solutions of preformed SUMO:DAXXc condensates at a final
concentration of 50 nM. After 1 h of incubation with the enzymes, pGlu-HCA was added to the
solution of condensates at a final concentration of 2 uM. For control solutions, preformed
condensates were not treated with enzyme. The reaction was monitored over time for ~30 min
using a Leica SP8X scanning confocal microscope, with Aex = 670 nm and Aem = 710-799 nm.
For each condition, 20 condensates were analyzed in ImageJ FlJI to quantify mean

fluorescence over time.

4.4.19 Encapsulation Efficiency of pGlu-HCA
Condensates for SUMO:PIASx and SUMO:DAXXc were prepared as described above. In the

absence of AF568-labeled PGP 1-(PIASx)s or AF568-labeled PGP 1-(DAXXc)3, 2 uM pGlu-HCA
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was added to each mixture. The fluorescence signal was acquired on a Leica SP8X scanning
confocal microscope, with Aex = 600 nm and Aem = 610-699 nm. Fluorescence intensity was
measured inside condensates and in the surrounding dilute phase on n = 10 condensates and n
= 10 dilute-phase ROls per image, 30 s after pGlu-HCA addition. The encapsulation efficiency

(EE) was calculated using:

%EE = ( Intensityqroplets ) % 100

Intensity groplets + Intensitypackground

4.4.20 Preparation of pC1-mCherry plasmids for transfection

DNA for transient transfection was prepared by Miraprep of E. coli cells as previously described
using a Qiagen (Germantown, MD) DNA miniprep kit. Briefly, transformed E. coli XL10-Gold
cells (Agilent, Santa Clara, CA) were grown overnight at 37 °C in 50 mL Luria-Bertani medium
supplemented with ampicillin (100 pg/mL). Cells were collected by centrifugation and
resuspended in Buffer P1 supplemented with fresh RNase. After alkaline lysis and
neutralization, the supernatant was cleared by centrifugation. The supernatant was diluted with
an equal volume of 96% (v/v) ethanol prior to loading onto four Qiagen miniprep spin columns.
DNA was washed and eluted according to the Qiagen protocol. Purity of the eluted DNA was
checked by measuring the Azso/A2s0 ratio on a NanoDrop 2000c¢ spectrophotometer and by
agarose gel electrophoresis. The correct gene sequences for all constructs were confirmed by

DNA sequencing prior to transfection in human cells.

4.4.21 Transient transfection of human cells

HelLa, HEK293T, and H1299 cells were maintained in DMEM (HelLa, HEK293T) or RPMI 1640
(H1299) supplemented with 10% fetal bovine serum at 37 °C in a humidified incubator with 5%
CO,. HelLa, HEK293T, and H1299 cells were cultured to ~60% confluence before transient

transfection with pC1-mCherry plasmids. The cell growth medium was replaced at least 1 h
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before transfection. Cells were transfected using Lipofectamine 3000 (Invitrogen) at 0.26 ug
DNA per well in 8-well p-Slides (Ibidi), and the medium was replaced 24 h later. Cells were
incubated in transfection medium for an additional 24 h at 37 °C in a humidified incubator with

5% CO, prior to counterstaining as described in 4.4.21 and confocal microscopy.

4.4.22 Counterstaining of human cells for confocal microscopy

HelLa, HEK293T, and H1299 cells were washed 3x with warm DPBS prior to counterstaining
with Hoechst 33342 (Thermo Scientific) and wheat germ agglutinin conjugated to Alexa Fluor
647 (WGAB47, Invitrogen). A mixture of Hoechst 33342 at 1 ug/mL and WGAB47 at 5 ug/mL
was prepared in warm DPBS. This mixture was added to cells and incubated for 10 min at room
temperature, protected from light. Following this, cells were washed 3x with warm DPBS to
remove residual stain and returned to warm growth medium. Confocal microscopy was

performed immediately after counterstaining.

4.5 Product characterization and supplemental data
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Supplementary Figure S3. Individual FRAP recovery traces for SUMO3-SIM
condensates used for quantitation. Panels show single-droplet recovery curves
used to extract half-times for the indicated assemblies: (A) SUMO:MCAF1, (B)
SUMO:PIASX, (C) SUMO:SIM2, (D) SUMO:DAXXn, (E) SUMO:DAXXc. A circular
region covering ~50% of the visible droplet area was photobleached with a 488 nm
laser. Traces are normalized to the pre-bleach frame, and half-times were obtained
from single-exponential fits to these primary data.
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Supplementary Figure S4. FRAP half-times are consistent across all tested
concentrations, with DAXXc recovering faster than PIASx. Histograms show FRAP half-
times for PIASx and DAXXc SUMO3-SIM droplets at 1, 2, and 4 yM under equimolar scaffold
concentrations. PIASx is the tighter binder and DAXXc the weaker binder in the 5:3 system.
BMCs were formed at matched input composition. For each condition, the mean half-time was
calculated from =6 similarly sized condensates (~6 um?), with ~50% of the visible droplet area
photobleached. Error bars denote the standard error of the mean. Half-times were largely
unchanged across this concentration range.

159



Scale: 1 pm

|
10 20 30 60 920 120 150

Pre-bleach 1]

SUMO3:PIASXx

SUMO3:DAXXc

Time (s)

Supplemental Figure S5. Time-lapse FRAP at matched concentration: SUMO:PIASx versus
SUMO:DAXXc. Pre-bleach, post-bleach, and recovery frames show FRAP for SUMO:PIASx (top)
and SUMO:DAXXc (bottom) condensates at 2 uM per scaffold under matched input composition
and buffer. A circular region covering ~50% of the visible droplet area was bleached using a 488
nm laser. Images are displayed on the same intensity scale. Scale bars, 10 um. Recovery is
faster for SUMO:DAXXc than for SUMO:PIASx.
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Supplemental Figure S6. PIASx(L7A) does not measurably bind SUMO3 by ITC. Thermogram (A)
and integrated heats (B) were analyzed with a 1:1 heteromeric association model; no fit yielded a finite Kq
at the highest peptide concentration tested, consistent with no detectable binding.
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Supplemental Figure S7. Time-lapse FRAP: wild type versus alanine variants for PIASx and
MCAF1. Pre-bleach, post-bleach, and recovery frames show FRAP for four SUMO3-SIM
condensate types arranged by row: SUMO:PIASx (row 1), SUMO:PIASx(V4A) (row 2),
SUMO:MCAF1 (row 3), and SUMO:MCAF1(V34A) (row 4). A circular region covering ~50% of the
visible droplet area was bleached using a 488 nm laser. Images are displayed on the same intensity
scale. Scale bars, 10 um. Recovery is faster for the alanine variants than for their wild-type
counterparts.
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Supplemental Figure S8. Time-lapse FRAP: PIASx versus RK-extended variants. Pre-bleach,
post-bleach, and recovery frames show FRAP for three condensate types arranged by row:
SUMO:PIASX (top), SUMO:PIASx-RKRKR (middle), and SUMO:PIASx-(RK)s (bottom). A circular
region covering ~50% of the visible droplet area was bleached using a 488 nm laser. Images are
displayed on the same intensity scale. Scale bars, 10 um. Recovery is slower for the RK-extended
variants than for PIASx.

162



n=1 n=2 n=3

kDa
250 —

150 — — SUMO
100 —

75 —

— MCAF1
50 —

— DAXXc

37 —

Supplemental Figure S9. SDS-PAGE of sedimented SUMO:DAXXc:MCAF1
condensates shows co-assembly with MCAF1 enrichment. Preformed ternary
condensates of mMEGFP-(SUMO3)s, mMEGFP-(DAXXc)s, and mEGFP-(MCAF1)s, across three
replicates, were centrifuged to separate droplets from bulk. SDS-PAGE of experimental
lanes shows bands for both MCAF1 and DAXXc, consistent with co-assembly within a single
condensed phase rather than selective partitioning. Analyzing protein bands indicates
MCAF1 is 2.719 £ 0.284-fold higher than DAXXc under these conditions. L, ladder. C, input
control with proteins at equal concentration. E, experimental sample after sedimentation.
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Supplemental Figure $S10. Adding PIASx-(RK)s to preformed SUMO-DAXXc condensates slows
FRAP recovery. Histograms show FRAP half-times for SUMO-DAXXc condensates before and after
addition of MEGFP-(PIASx)s-(RK)s as well as SUMO-PIASx-(RK)s condensates. For each condition, the
mean half-time was calculated from =6 similarly sized condensates (~6 um?), with ~50% of the visible
droplet area photobleached using a 488 nm laser. Error bars represent standard error of the mean.
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Supplemental Figure S11. SDS-PAGE of sedimented SUMO:DAXXc:MCAF1:PIASx-
(RK)s condensates shows co-assembly with PIASx-(RK)s enrichment. Preformed
quaternary condensates of MEGFP-(SUMO3)s, mEGFP-(DAXXc)3, mMEGFP-(MCAF1)3, and
mEGFP-(PIASx)s-(RK)s across three replicates, were centrifuged to separate droplets from
bulk. SDS-PAGE of experimental lanes shows bands for both MCAF1 and PIASx-(RK)s,
indicating enrichment of both components and competing out the lowest affinity partner,
DAXXc. L, ladder. C, input control with proteins at equal concentration. E, experimental
sample after sedimentation.

Supplemental Figure $S12. pGlu-HCA substrate and released HCA product by PGP1
catalysis. Left, pGlu-HCA containing an N-terminal L-pyroglutamate. Right, HCA generated
after PGP 1-catalyzed hydrolysis of the pyroglutamate. Product fluorescence was monitored
at Aex 670 nm and Aem 700 nm.
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Supplemental Figure $S13. PGP1 recruitment slows FRAP relative to enzyme-free condensates,
with SUMO:PIASx remaining slower than SUMO:DAXXc. (A) FRAP half-times for SUMO:PIASx
condensates with and without PGP1. (B) FRAP half-times for SUMO:DAXXc condensates with and
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laser, and recovery was fit to a single-exponential to obtain ti.. Bars show mean + standard error of the
mean. PGP1 recruitment slows recovery in both systems, and the relative order is preserved with
SUMO:PIASx recovering more slowly than SUMO:DAXXc.
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Supplemental Figure S14. FRAP recoveries for PIASx and DAXXc condensates are
consistent across HelLa, HEK293T, and H1299 cells. Histograms show FRAP half-times for
mCherry-(SUMO3)s-(PIASx); and mCherry-(SUMO3)s-(DAXXc)s condensates in Hela,
HEK293T, and H1299 cells. Bars indicate mean + standard error of the mean. For each
condition, n=6 similarly sized condensates were analyzed with ~50% of the visible droplet area
photobleached. Within each construct, half-times were similar across cell lines.
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