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Intrinsically disordered regions (IDRs) pervasively engage in essential
molecular functions, yet they are often poorly conserved as assessed by
sequence alignment. To explore the seeming paradox of how sequence
variability is compatible with persistent function, we examined the
functional determinants for a poorly conserved but essential IDR. We show
that IDR function depends ontwo distinct but related properties: sequence
and chemical specificity. Whereas sequence specificity operates via
binding motifs and depends on the precise order and identity of residues,
chemical specificity reflects the sequence-encoded chemistry of multivalent
interactions across an IDR and depends on local and global chemical
properties. Unexpectedly, abinding motif essential in the wild-type IDR can
beremoved when compensatory changes to the sequence chemistry are
introduced, highlighting the orthogonality and interoperability of these
properties, and expanding the sequence space compatible with function.
Ourresults provide a general framework for the functional constraints on

IDR evolution.

Intrinsically disordered proteins and protein regions (collectively
referred to as intrinsically disordered regions (IDRs)) play important
and often essential roles in many biological processes across the king-
doms of life, often in the context of molecular recognition' . Despite
their importance, IDRs are often poorly conserved as assessed by
alignment-based methods*®. One exception hereis short linear motifs
(SLiMs, referred to here as motif's): 5- to 15-residue regions that often
containmultiple conserved positionsina consensus pattern’ ", Motifs
canengage in sequence-specific binding (also referred to as site-specific
binding'?), where the precise order and identity of amino acids is
critical™. Importantly, motifs are modular: they can mediate molecular
recognition when inserted into otherwise non-binding contexts®".

IDRs can also mediate molecular interactions in the absence
of motifs via distributed multivalent interactions driven by
sequence-encoded chemistry, an idea referred to as chemical
specificity*®'*, Such interactions can mediate stoichiometric
protein-protein interactions or the formation of biomolecular
condensates™'**, For distributed multivalentinteractions, the precise
order or evenidentity of specificamino acids canbe unimportant; what
matters is the presentation of certain chemical moieties.

Motif-based (sequence-specific) interaction and distributed mul-
tivalent (chemically specific) interaction are generally thought todrive
orthogonal types of molecular recognition (that is, loss of a motif can-
not be compensated for by changing the distal chemical context)'®?.,
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Fig.1|IDRs are poorly conserved, as assessed by linear alignment, and
Abflis an essential protein with a poorly conserved yet essential IDR. a,
Schematic showing conservation and disorder across a hypothetical protein.
b, Histogram of per-protein correlations (r) between per-residue conservation
and disorder scores. The inset shows an example of a single protein, with each
marker representing a single amino acid. The histogram reports on r values for
the entire yeast proteome. ¢, Percentage of the sequence defined as IDRs for
essential (n =1,182) versus non-essential (n =3,989) S. cerevisiae proteins. The
box plot reports on the distribution of values across the yeast proteome, with the
median value shown as a central line, the box capturing the interquartile range
and whiskers representing values within 1.5x the interquartile range. A Mann-

Whitney U-test to assess whether the two distributions differ revealed a P value

of 0.69, indicating that they are not significantly different. d, Sequence analysis
of Abfl with per-residue conservation. The horizontal grey line corresponds

to the conservation score expected for arandomly shuffled sequence (Null). e,
Schematic of the plasmid shuffle assay. The measured variants were expressed
from a plasmid. f, Spot dilution assays for semi-quantitative assessment of
sequence-dependent growth rates, scoring each viable construct between +4 and
+1 (Supplementary Fig. 2). g, Domain diagrams for Abfl variants encoded from
truncation mutations, with their viability shown to the right-hand side. h, Amino
acid sequence of Abf1 IDR2**-¢>—the focus of this study. NLS, SV40 NLS; WT, wild

type.

This orthogonality may also reflect the degree of order in the bound
state. Accordingly, our current working model for IDR evolution posits
that substantial sequence variation is tolerated so long as essential
conserved positions in motifs are retained and/or the bulk amino acid
composition and patterning are maintained>**,

Inthis Article, using Saccharomyces cerevisiae asamodel, we inves-
tigate the interplay between these two modes of interaction in the
context of conservationand functioninan essential IDR. Our results sug-
gest that, rather than two distinct modes of interaction, IDR-mediated
molecular recognition should be considered as atwo-dimensional (2D)
landscape, in which motifs can cooperate with—and even be entirely
replaced by—distributed multivalent interactions (that is, chemical

specificity). The insertion of short sequence modules canimpart func-
tion not as bonafide motifs, but simply by altering the sequence chemis-
try. Ourresults imply that sequence context and motifs can compensate
for and buffer one another, providing a key missing piecein our under-
standing of the sequence constraints on IDR evolution.

Results

Proteome-wide analyses reveal weak alignment-based
conservation for yeast IDRs

IDRs often undergo more substantial sequence variation than folded
domains*®. To quantify this difference (Fig. 1a), we performed a system-
atic analysis of sequence conservation and predicted disorder across
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Fig. 2| IDR2 shows relatively conserved composition, yet most orthologous
sequences cannot rescue function. a, Schematic of compositional and
sequence conservation. b, An analysis of all S. cerevisiae IDRs revealed that Abfl
IDR2 (coloured dot) was relatively conserved in charge and hydrophobicity
(Hydro.) composition, but less so for polar composition. See also Extended Data
Fig. 2. ¢, Schematic of orthologous IDR2s shown across full sequence alignment.
d, Phylogenetic tree (for the whole organism) versus IDR2 rescue ability. Red

and green shading represent inviability and viability, respectively, of the IDR2
orthologuein S. cerevisiae (shaded yellow). Most orthologues did not support
viability. Sequence identity versus S. cerevisiae IDR2 is shown to the right. See
also Extended Data Fig. 3. e, Alternative IDRs tested, with their original functions
noted to the right. In all cases, IDRs are fused C-terminal of the bipartite Abfl
DBD. See also Supplementary Fig. 4.

the S. cerevisiae proteome (Methods)*?°. This analysis revealed per-
vasive disorder and confirmed an expected anti-correlation between
conservationand disorder (Fig. 1b and Extended Data Fig. 1a-f). Inter-
estingly, essential proteins in S. cerevisiae were, on average, as dis-
ordered as non-essential proteins (Fig. 1c)”. We therefore wondered
whether seemingly poorly conserved IDRs in essential proteins could
be functionally conserved despite substantial sequence variation.

Abflis an essential chromatin protein with an essential IDR

We sought a model protein to explore the conservation of function
without sequence conservation. Because long IDRs are abundant in
chromatin-associated proteins (Extended Data Fig. 1g), we turned
to yeast general regulatory factors (GRFs). GRFs typically harbour
sequence-specific DNA-binding domains (DBDs) and long IDRs
(Supplementary Fig. 3)*, are abundant and are mostly essential for
viability. Although often referred to as transcription factors, their IDRs
mostly do not contain transactivation domains®’, and they modulate
genomic processes by organizing or partitioning chromatin®*-, akin
to mammalian architectural factors, such as CTCF”.

Abflisan essential S. cerevisiae GRF*° that modulates DNA acces-
sibility via nucleosome positioning®***, Asaninsulator, ituncouples
expression levels at bidirectional promoters*****? and participates in
roadblock termination of transcription*~*. With a bipartite DBD and
two poorly conserved IDRs (IDR1 and IDR2), Abfl was well suited for
our study (Fig.1d). Although the DBD mediates sequence-specific DNA
recognition, the function of the IDRsis unclear, although all evidence
suggests they mediate molecular interactions with partners*®=°,

Our interest in Abfl was buoyed by previous observations—
reproduced by us (Supplementary Figs. 1 and 2)—that the full-length
Kluyveromyces lactis orthologous Abfl could complement functionin
S.cerevisiae, despite 150+ million years of evolution®. That orthologous
IDRs offer the same functional conservation is often assumed but
rarely tested. To investigate this, we began by asking which wild-type
(8. cerevisiae) IDRs from Abfl were necessary and sufficient for function.

Previous truncation experiments suggested important carboxy
(C)-terminal sequences (CS1/2) in IDR2 (refs. 52,53). We extended this
truncationapproachusingaclassical plasmid shuffling assay, in which
the genomic copy of ABF1 was deleted and the sole copy of wild-type
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ABF1 was provided on a plasmid carrying a URA3 marker (Fig. 1e)*.
Transformation with aplasmid bearing amutated abfI gene and selec-
tionon 5-fluorooroticacid (5-FOA) plates for loss of the wild-type ABF1
gene plasmid (5-FOA is toxic in the presence of URA3) enabled us to
assess whether the mutated abf1 gene supported viability (Methods,
Supplementary Fig.1and Supplementary Tables 1-8).

While abfI deletions are inviable, how Abf1 variants alter growth
rate provides one route to investigate Abfl’s essential (but so far
ill-defined) function. We rated the growth rates of viable mutant con-
structs semi-quantitatively, from +4 (similar to that of the wild type)
to +1 (very slow growth) in serial-dilution spotting assays (Fig. 1f and
Supplementary Fig. 2). For the inviable constructs, we further con-
firmed that they: (1) were expressed; (2) entered the nucleus; and (3)
bound specifically to selected Abfl DNA-binding sites by anti-Flag
chromatin immunoprecipitation (ChIP) targeting the Flag-tagged
Abfl variant in contrast with untagged wild-type Abfl (Methods and
Extended Data Fig. 2a).

Our truncationapproachrevealed that IDR2 was essential, but not
IDR1(Fig.1g). The maximal C-terminal IDR2 truncation reported previ-
ously tobeviable in the presence of IDR1(that is, IDR2***-%%)** was also
viable at awild type-like growth rate in the absence of IDR1 (Fig. 1g,h).
We used IDR2*97%%2 s our wild-type IDR reference and refer to it as IDR2
for the remainder of this work.

IDR2 is poorly conserved across all orthologues (Fig. 1d), yet
essential for viability, at least in S. cerevisiae. The CS1/2 region—the
conservation peakin Fig.1d ataround residue 650—is a nuclear locali-
zationsignal (NLS)*’ and was unnecessary if a heterologous SV40 NLS
wasincluded, as was the case for all mutant constructs herein (Fig. 1g;
IDR244‘)—623)‘

Abf1IDR2 is poorly conserved by alignment but modestly
conserved by chemistry

Although conservationis often assessed by linear sequence (for exam-
ple, via alignment), previous work established that IDRs can be con-
served in terms of sequence composition**'°, We reasoned that protein
sequences could be analysed in terms of compositional conservation
and linear sequence conservation (Fig.2a). Acomprehensive analysis
across S. cerevisiae IDRs and folded domains found that many IDRs
were well conserved compositionally, despite poor linear sequence
conservation (Fig.2b and Extended Data Fig. 2b-g). Importantly, this
analysis revealed that IDR2is more conserved in terms of charged and
hydrophobic residues than most IDRs with asimilar degree of sequence
conservation (Fig. 2b and Extended Data Fig. 2c-f).

IDR2s from orthologous Abfl proteins largely fail to rescue
functionin. cerevisiae

We expected that compositional conservation in IDR2 would explain
functional conservation, such that orthologous IDRs with similar com-
position would support viability in S. cerevisiae. To test this, we fused
orthologous versions of IDR2*-¢2 from 18 different yeast Abfls to the S.
cerevisiae Abf1 DBD (Fig. 2c). These orthologous IDR2**-* regions were
identified using the highly conserved DBD and NLSs, which defined the
start and end of IDR2*°"¢2 orthologues (Fig. 1d).

We tested our evolutionary chimeric proteins (S. cerevisiae
Abf1 DBD and orthologous Abf1IDR2) in our plasmid shuffle assay
(Fig. 2d). Unexpectedly, outside of the sensu stricto S. cerevisiae com-
plex (the bottom four species in Fig. 2d), only two of the 15 chime-
ras were viable. There was no obvious relationship between viability
and sequence composition, sequence identity or sequence length
(Extended DataFig.3a,b), falsifying our expectation that composition-
ally conserved IDRs would be functionally conserved.

Next, we tested several IDRs from proteins with similar func-
tions and similar amino acid compositions, including IDRs from Abfl
(IDR1), other GRFs (Rapl and Mcml), a yeast transcription factor
(Gen4) and a human insulator (CTCF) (Fig. 2e, Extended Data Fig. 3¢

and Supplementary Fig.4). We also tested unrelated but composition-
ally similar low-complexity IDRs from the human RNA-binding protein
FUS and the yeast translation termination factor Sup35 (Fig. 2e and
Extended Data Fig. 3c). These IDRs failed to confer viability. However,
to our surprise, some compositionally similar IDRs taken from other
S.cerevisiae DNA-binding proteins (the transcription factors Gal4 and
Pho4, as well as another GRF, Reb1) conferred viability in place of IDR2
(Fig. 3aand Supplementary Fig.5).

Collectively, these results suggested that: (1) not any IDR could
functionally replace Abf1 IDR2; (2) similarity in IDR composition is
insufficient for IDR2 function; (3) not allyeast GRFs functionin the same
way via their IDRs; and (4) there may be functional overlap between
the GRF Abfl and some transactivating transcription factors (Gal4 and
Pho4), but not others (Gcn4).

Amino acid composition in IDR2 is insufficient to explain
function

IDR2 appears to provide molecular recognition similar to that of
Gal4, Pho4 and Rebl. These factors can also mediate chromatin
remodelling® %>, We therefore wondered whether these IDRs share
a common motif for recruiting the requisite machinery. Given that
motifs depend on their linear sequence, shuffling a motif should dis-
ruptits function. As aninitial test, we designed three globally shuffled
variants of IDR2 in which ~65% of the residues were shuffled across
the sequence (Fig. 3b). These shuffles retained the same composition
and wild type-like levels of patterning for different chemical groups
(Extended Data Fig. 3d-f). These shuffles were inviable, demonstrat-
ing that IDR2-like composition alone is insufficient for viability and
suggesting the presence of one or more motifs.

IDR2 possesses an essential SLiM

To identify motif(s) in IDR2, we developed an unbiased approach
termed sequential sequence shuffling (Fig. 3¢). IDR2 was subdivided
into abutting 30-residue windows and the sequence in each window was
locally shuffled. This revealed two central windows that were intolerant
to shuffling, which we confirmed by shuffling everything except the
central 60-residue sub-sequence (Fig. 3c). We thenrepeated the proce-
dure using ten-residue windows within the 60-residue sub-sequence.
We identified a 20-residue sub-sequence (the essential motif) that
could not be shuffled and was essential for IDR2 function (Fig. 3c).
Despite being essential, this region was unremarkable with respect to
conservation and other sequence properties (Fig. 3d).

We questioned whether similar motifs might exist in the other
functional IDRsidentified in Fig. 3a. Sequence alignment between IDR2
and Gal4™*® %! was relatively poor (Extended Data Fig. 3g), identifying
justoneloosely homologous region (named Abf1%in Abfland Gal4%*in
Gal4) (Fig. 3e). Intriguingly, shuffles of IDR2 in which Abf1°* was shuffled
(LS-13 and LS-15) showed a growth defect (Fig. 3c), hinting that Abf1¢*
may contribute to function as anadditional, albeit non-essential, motif.

Finally, we investigated the molecular basis for essential motif
function. Structural bioinformatics predicted that this region forms
atransient helix (Fig. 3f)—a feature that is frequently associated with
IDR-mediated interactions”. To establish the importance of helicity,
we introduced helix-disrupting point mutations in the DNA encoding
the essential motif, which abrogated viability (Fig. 3g). These results
are atleast consistent withamodelin which sequence-specificbinding
relies on a helical bound state.

IDR context is a critical functional determinant

Motifs should—in principle—confer function when inserted into a
non-functional context'’. Context here refers to the IDR sequence sur-
rounding the motif (Fig. 3h). We tested whether the essential motif met
this definition. As anon-functional context, we selected the phosphomi-
metic variant of the low-complexity IDR from the human RNA-binding
protein FUS (FUS'®*12E)*® (Supplementary Fig. 6). FUS'®12E is a
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the EMin forming a transient helix. g, Mutations leading to helix disruption
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compositionally uniform low-complexity disordered region that lacks
secondary structure or known binding motifs***. However, FUS" **12E
contains uniformly spaced hydrophobic (aromatic) and acidicresidues,
conferring sequence properties similar to those of IDR2. Although
FUS"®*12E alone was inviable (Fig. 2e), insertion of the essential motif
into the FUS''*12E context rescued viability (Fig. 3i). Similarly, insert-
ing the essential motifinto another inviable low-complexity sequence
(Sup35'Y) also conferred viability (Fig. 3i). These results were consist-
entwith the essential motif being abonafide motif: it conferred viability
asamodular entity. Interestingly, insertion of Gal4%* and Abf1®* into the
FUS"'®*12E context also rescued viability (Fig. 3i), consistent with (but
not demonstrating) amodel where Gal4°* and Abf1°* are also motifs.

Inadditiontotheimportance ofinserted motifs, we tested whether
viability depended on properties of the host IDR sequence context.
First, the essential motif alone fused to the Abfl DBD wasinviable, dem-
onstrating the need for IDR context (Supplementary Fig. 1). Next, we
inserted Gal4“*in three more otherwise inviable IDR contexts (Sup35"
B Rap1?'**'and Abf1IDR1¥-*") (Fig. 3j). In all of these, Gal4“* conferred
viability, confirming its general ability to rescue function. Although
these constructs were viable, they showed distinct growth rates; the
Abf1IDR1and Sup35 contexts conferred slower growth than the Rapl
and FUS"®*12E contexts. Apparently, viability could be modulated not
only through motifs, but also by altering the context.

Motivated by our conservation analysis, we tested theimportance
of hydrophobicity outside the essential motif (Fig. 2b). In stark contrast
with our shuffle variants (Fig. 3c), two variants that preserved the essen-
tial motif but reduced hydrophobicity in distinct ways were inviable
(Fig. 3k). Next, we designed variants of FUS"¢*12E + Gal4%* in which
the contextual aromatic residues were converted to serine or leucine
(Fig. 31), yielding inviable constructs (Fig. 31). Furthermore, if Gal4%*
was inserted into a glutamine-rich IDR from the yeast transcriptional
co-repressor Ssné, this variant was also inviable (Supplementary Fig.1).
This indicates that IDR context hydrophobicity is a key determinant
of IDR function.

Compositionally selected sub-sequences can rescue Abfl
function

Although IDR context depends on sequence chemistry, motifs should
depend on sequence order and amino acid identity. To confirm that
Abf1%* and Gal4®* were bona fide motifs, we intended to demonstrate
that unrelated but length-matched sub-sequences with amino acid
composition matching Abf1°* or Gal4®* were inviable. To our surprise,
fiverandomly selected sub-sequences from yeast and non-yeast tran-
scription factor IDRs with an amino acid composition similar to Gal4%*
(Supplementary Fig.7) were viableifinserted in the FUS' *12E context
(Fig. 3m). This extremely surprising result forced us to step back and
revisit how IDR2 could be interacting with its partners.

IDR-mediated function is driven by sequence and chemical
specificity

Conventionally speaking, the ability of ashort (<20-residue) sequence
to confer function wheninserted into a non-functional context is taken
to demonstrate a bona fide motif (for example, a SLiM)*“. Given that
SLiMs caninteract without acquiring a defined 3D structure, structural
characterization is sufficient but not necessary to nominate a region
asaSLiM®.

Sequence-specific motifs are often defined by three characteristics:
aninability to tolerate shuffling (Fig. 3¢); sensitivity to point mutations
(Fig. 3g); and autonomous modular activity (Fig. 3i). Assuch, our results
confirmed that the essential motif is a bona fide motif. However, the
discovery that compositionally similar but unrelated sub-sequences
were also functionalimplied that either we had a remarkable ability to
identify motifs by eye or something else was at play.

Thus far, we identified two functional determinants: (1) the pres-
ence of amotif (Fig.3g,i,j); and (2) the presence of an IDR context that

we interpreted to mediate distributed multivalent interactions, as
hydrophobic residues were critical (Fig. 3k,1). These two functional
determinants can be considered in terms of sequence specificity
(dependence on a precise amino acid sequence) and chemical speci-
ficity (dependence onsequence-encoded complementary chemistry,
without the requirement for an exact amino acid order). Generally,
these two modes are discussed separately; motifs are considered in
the context-specific stoichiometricinteractions, whereas distributed
multivalent interactions are mainly associated with biomolecular
condensates™'***?', However, we now wondered whether these two
interaction modes might instead exist on a combined 2D landscape
(Fig. 4a).

To guide our intuition, we performed simple, coarse-grained
simulations to quantify 1:1 binding between an IDR and a partner
as a function of motif and context binding strength (Fig. 4b and
Extended Data Fig. 4a-d). These simulations revealed a2D landscape
in which a bound state could be achieved through many combina-
tions of motifand context binding strengths. Sequence changes could
alter the context (Fig. 4b; from 1>2), the motif (Fig. 4b; 1>3) or both.
Accordingly, we tested this conceptual framework via further rational
sequence design.

Motifs are, by definition, sequence specific; they depend on their
precise linear order of amino acids. It should not be possible to shuf-
fle or distribute the residues of a motif and retain function. In sup-
port of this, variants in which the essential motif was either locally
shuffled or had its residues distributed across the FUS'*12E context
were inviable (Fig. 4c). Essential motif distribution was also not toler-
ated in a Sup35 context (Fig. 4¢), confirming that this result was not
context dependent.

Next we asked whether motif shuffling or redistribution could be
interpreted in the context of our 2D landscape. Motif redistribution
simultaneously disrupted the motif and altered the context chem-
istry (Fig. 4d; 2>3). Motif shuffling (or point mutations in the DNA
sequence encoding the motif) disrupted the motif withoutimpacting
the context chemistry (Fig. 4d; 4-6). Finally, variants resulting from
mutationsintroduced to the DNA sequence encoding amino acid resi-
dues outside the motif disrupted the context chemistry (Fig.4d; 4-5).
This conceptual framework allowed us to re-interpret our additional
variantsinanew light.

The identification of motifs requires motif shuffling or
redistribution as a control

Our binding landscape model raised the intriguing possibility that
Gal® and other sequences identified in Fig. 3m were not bona fide
motifs, but instead altered the IDR sequence chemistry (that is, con-
text), albeit locally. We tested this by distributing the amino acids of
these sequences across the IDR context. In all cases, including multi-
pleindependent shuffles of the same sequence and across numerous
distinct contexts, these distributed variants were viable (Fig. 4e). This
demonstrated that these subregions (that is, Gal4“*, p65 and GR, as
showninFig.3m)wereinfact not bonafide motifs, butinstead simply
altered the sequence chemistry without regard for precise amino acid
order or identity. In contrast, we reiterate that the essential motifis a
bona fide motif: it does not tolerate point mutations (Fig. 3g), shuffling
(Fig.3c) or distribution (Fig. 4c). However, the same degree of viability
could be achieved either with a combination of context and motif or
with a context-only IDR.

Rational design reveals the molecular grammar of chemical
specificity

The context-only IDRs (Fig. 4e) prompted us to generate rational
designs based on chemical principles. Given the importance of hydro-
phobicresidues (Fig. 3k,1) we tested the sufficiency of a hydrophobic
context by designing a FUS"**12E variant with additional, evenly distrib-
uted hydrophobicresidues (+4 tyrosine (aromatic) and +3 methionine
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Fig. 4 |IDR2-mediated interactions can be understood viaa 2D binding
landscape. a, IDR-mediated interactions can be understood in terms of motif
binding and context binding. b, Motif and context binding can be projected onto
asimple 2D binding surface. Numbers represent identifiers to describe different
types of mutations that modulate context (1~2) or motifs (1->3).c, TheEMisatrue
motif; it cannot be shuffled or distributed (distr.). d, Variants can be interpreted
through the 2D binding landscape. e, The sub-sequences identified in Fig. 3m
conferred viability if distributed in FUS"™*12E and Sup35 contexts, with minimal
change to growth phenotypes compared with the non-distributed motifs. Two
independent Gal4“* distribution variants were tested to exclude the possibility that
anew motifwas generated by chance. f, Rational de novo design of a functional
context-only IDR based on FUS"*12E. g, Gal4* rescued viability when added to

the FUS'12E context, and the residue order or relative positions of the Gal4%*
residues did not affect this effect. The composition of acidic residues tuned the
growth phenotypes in both a FUS'**12E context (top, shaded blue) and a Sup35
context (bottom, shaded orange). The patterning of aromatic residues also tunes
the growth phenotype in a FUS'"*12E context. h, Abf1* rescued functionin the
FUS"'12E context, but did not tolerate distribution, suggesting that this region
isamotif. i, For the 68 sequences that lacked the EM, viable (blue) and inviable
sequences (red) could be delineated based on the charge score and binding score.
The numerical values are based on the weighted sequence composition. j, Global
shuffles of the Gal4*% %! construct revealed a variety of functional consequences.
k, Although Pho4'?* supported viability, global and segmental (seg.) shuffle
constructs were inviable, suggesting that Pho4'** harbours a motif.

(aliphatic)) mirroring the chemical groups introduced by Gal4%*, This
completely synthetic construct was fully viable with a near-wild-type
growth phenotype (Fig. 4f). This result demonstrates that—at leastin
the context of our growth assay—an IDR with an evolved and essential
bonafide motifcanbereplaced by ade novo-designed IDR lacking any
kind of motif. We further established that locally shuffling or distribut-
ing Gal4“*in FUS'**12E had no impact ongrowth (Fig. 4g, top), cement-
ing the ability of amotif-free sequence to confer wild type-like viability.

We further explored the molecular grammar of chemical speci-
ficity using rational sequence design. Our bioinformatics analysis

implicated acidic residues as conserved (Fig. 2b). To test their impor-
tance, we removed all acidic residues from the context in the
FUS'%*12E + Gal4“* sequence, with no impact on growth compared
with FUS'*12E + Gal4®* (Fig. 4g; bottom). However, removing all acidic
residues fromthe sequenceresultedinaviable but slow-growing phe-
notype (Fig. 4g). Weinterpret these variants as tuning chemical speci-
ficity (Fig.4b). Similarly, the Sup35 + Gal4%* and Sup35 + EM constructs
(where EM stands for essential motif) showed slower growth at baseline
than the FUS™12E + Gal4°* and FUS'*12E + EM constructs, respec-
tively, and removing all acidic residues from the Sup35 context led to
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Fig. 5| Chemical specificity imparts cryptic conservation that is challenging
toidentify from multiple sequence alignments. a, Chemical specificity
between two IDRs can be predicted directly from sequence using FINCHES.

b, Insilico evolution scheme. Mutations were generated by converting the
protein sequence to nucleic acids, stochastically mutating nucleotides using
standard transition/transversion rates and then converting back to protein
space. Selection was then performed by computing the predicted intermolecular
interaction map between the IDR2 variant and the partner protein, requiring
overall conservation of attractive interactions. ¢, Comparison of per-residue
conservation for sets of orthologues evolved under selection (blue) versus

no selection (dashed red). These two profiles were indistinguishable.d,
Schematic of error-prone PCR used for in vitro evolution. e, Expected

in Abf1
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conservation patterns for sequence (left) versus chemical (right) specificity. If
sequence-specific conservation s at play, we expect to see local conservation
peaks reflecting highly conserved regions. f, Results fromin vitro and in silico
evolution experiments. Top, in vitro evolution identified 14 viable and 34
inviable constructs. Viable constructs had mutations distributed throughout
the sequence, including the region encoding the EM, without conserved peaks.
Residues that were never altered in viable constructs are coloured by amino acid
type (top bar plot). Bottom, comparison of per-residue conservation from 14
invitro (black) and insilico (blue) evolution, where in silico experiments show the
distribution that emerged when sets of 14 viable variants (that is, with conserved
attractive interactions) were generated many different times with the same
average number of mutations. Segs., sequences.

aninviable construct (Fig. 4c,g). Together, these results suggested that
Sup35 provided a weaker context than FUS' ¢*12E. The Sup35 context
may be generally worse for binding than the FUS'*12E context, or
the two contexts may lead to distinct patterns of interaction with
cellular components.

Patterning of aromatic residues has been shown to tune intermo-
lecular interactions in various contexts'®®>*>, To investigate this, we
designed aFUS™*12E + Gal4“ variant with aromatic residues clustered
together (Extended Data Fig. 4e). Although this variant was viable—
suggesting that evenly spaced aromatic residues were not a strict
prerequisite for function—we observed agrowth defect (Fig. 4g). This
result suggests that changes in residue patterning can further tune
chemical specificity.

Next we asked whether the essential motif is the only bona fide
motif in IDR2. Given that shuffling Abf1°* in IDR2 compromised
growth (Fig. 3c; LS-13 and LS-15), this hinted that IDR2 may contain
another non-essential motif (i.e. Abf1°*) in addition to the already
identified essential motif (EM). To test this, we designed a construct
in which Abf1¢* was distributed across FUS''*12E (Fig. 4h). Whereas

FUS"'$312E + Abf1°* was viable, this distributed-Abf1* construct was
inviable, suggesting that Abf1°*is a bona fide motif.

Finally, we asked whether our motif-free constructs could reveal
chemical principles to differentiate between viable and non-viable
sequences. We divided our 67 viable and inviable sequences based on
amino acid composition along two dimensions: charge (y axis; charge
score) and the hydrophobicity of aliphatic and aromatic residues
(x axis; binding score) (Fig. 4i). This enabled us to deliniate between
viable and inviable sequences (dashed line in Fig. 4i). In doing so, we
noted two outliers—Gal47%%%! and Pho4'2*—suggesting that these
sequences may also possess bona fide motifs. We designed further
variants to explicitly test this.

With Gal47% 88! we generated three global shuffles (controlling
for residue patterning; Extended Data Fig. 3e). Although each of
these was viable, they showed variable growth phenotypes, ranging
from wild type (+4) to relatively slow growing (+2) (Fig. 4j). Despite
excluding the presence of a bona fide motif, these results illus-
trate how local sequence chemistry (beyond just composition) can
influence function.
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With Pho4'?*, we generated two types of shuffle: (1) a global
shuffle, where the entire sequence was shuffled; and (2) a segmental
shuffle, in which subregions of ~40 amino acids were locally shuffled,
preserving the overall chemical distribution (Fig. 4k). The segmental
shuffle was designed explicitly to preserve local chemical composition
and sequence patterning (Extended Data Fig. 3f). Unlike in Gal47¢% 581,
both of these shuffles were inviable, consistent with the presence of at
least one bona fide motif. Although further investigationis needed to
pinpoint the motif(s) (Discussion), this suggests that additional motifs
beyond the essential motif could mediate Abfl function.

Insummary, although IDR-mediated interactions have historically
beenviewed through thelens of sequence-specific motifbinding, here
we show that amotif-free construct can fully rescue an IDR withan essen-
tial motif in the wild-type context if appropriate chemically specific
interactionsare provided. Furthermore, chemically specificinteractions
were sufficient and necessary for function, whereas sequence-specific
interactions were essential only in asmall window of chemical contexts
and were otherwise insufficient. More generally, our results imply that
chemical specificity could be conserved despite massive changes in
linear sequence—anidea we sought to investigate further.

Conservation of chemical specificity is invisible to
alignment-based methods

Next we asked how conservation of chemical specificity might mani-
fest across orthologues. To investigate this, we leveraged FINCHES,
arecently developed approach to predict IDR-mediated chemical
specificity from sequence®*. FINCHES allowed us to take an IDR and
apartner protein and predict which IDR regions or residues facilitate
attractive and repulsive interactions (Fig. 5a). Using this, we evolved
IDR2 in silico under the constraints of retaining chemically specific
interactions with a putative partner.

Althoughthe IDR2 binding partners essential for viability remain
unknown, Abf1 was previously isolated in a stable trimeric complex
with Rad7 and Rad16 (refs. 47,65). Moreover, the amino (N)-terminal
IDR of Rad7 (Rad7"™) possesses several distinct regions that are pre-
dicted to interact with IDR2 (Extended Data Fig. 4f,g). We therefore
performed in silico evolution of IDR2 under selection for chemically
specificinteractions with the Rad7"™® (Fig. 5b). Although Rad7"™ was
used here, we emphasize that our conclusions do not depend on the
specific partner (Extended Data Fig. 4h). As a control, we also evolved
IDR2 without selection. Inthe limit of small sets of orthologues (20-30
sequences), we could not distinguish conserved versus unconserved
sets of artificial orthologues via alignment-based methods, despite
the conserved variants being evolved under strong selective pressure
(Fig. 5¢). This suggests that alignment-based approaches are unable
to capture conservation of chemical specificity.

To test our computational results experimentally, we performed
random mutagenesis to investigate the signatures of conservationin
IDR2 (Fig. 5d). Using error-prone PCR, we generated a large number of
length-matched randomly mutagenized versions of IDR2, tested their
viability in vivo and then assessed per-residue conservation across via-
ble sequences. High conservation of specific residues or regions would
imply conservation of sequence specificity (Fig. 5e; top). Alternatively,
alack of regional conservation would be consistent with (although not
unambiguously demonstrate) conservation of chemical specificity
(Fig. 5e; bottom). This approachyielded 48 variants—14 viable and 34
inviable—with a distribution of point mutations (Fig. 5f; top). Across the
14 viable sequences generated by error-prone PCR, noregion or residue
was statistically enriched for conservation as assessed by alignment.
Furthermore, a pool of mutationally matched sequences evolved in
silico under conservation of chemical specificity produced data that
were statistically indistinguishable from the experimental data (Fig. 5f;
bottom). Although caveats remain (Discussion), these results further
support the conclusion that alignment-based methods cannot capture
conservation of chemical specificity.

Finally, across the yeast proteome, we identified -450 IDRs from
proteins that were poorly conserved as assessed by alignment, yet
highly conserved in chemical specificity across various chemical
interactions (Methods and Supplementary Table 9). These proteins
areinvolved in essential cellular processes, including transcriptional
regulation, DNArepair and cell signalling. We reiterate that conserved
sequence features (for example, amino acid compositionand pattern-
ing parameters) have beenreported before>****°, Here we propose that
conservation operates not at the level of sequence-intrinsic features
butat the level of complementary chemical interfaces. Our work, and
that of others, argues that conservation in yeast IDRs is widespread,
albeit following different rules than conservation in folded domains.

The IDR of Abfl is not required for nucleosome barrier
functioninvitro

Next, we sought to determine which essential cellular function(s) IDR2
is responsible for. The best-known role of Abfl is nucleosome barrier
function. Abfl binding to DNA generates nucleosome-free regions
(NFRs) and an alignment point (barrier) against which regular nucle-
osome arrays become phased***"*%, Such nucleosome positioning
impacts transcription at promoters, both by NFR generation and by
positioning the so-called +1 nucleosomes at transcription start sites®’.
The nucleosome barrier function of Abfl1 relies on cooperation with
ATP-dependent chromatin remodellers (for example, the yeast INO8O
complex). The remodeller slides nucleosomes against DNA-bound Abf1
and spaces nucleosomes into regular phased arrays®’°, We hypoth-
esized that this nucleosome barrier function involves the IDR of Abf1
(for example, by regulating or recruiting the remodeller).

We tested this hypothesis using in vitro genome-wide chromatin
reconstitution, an approach previously used to demonstrate bar-
rier function mechanism®”’%”", This assay employs purified factors
and micrococcal nuclease digestion coupled with high-throughput
sequencing (MNase-seq), allowing genome-wide mapping of nucleo-
some positions (Fig. 6a). To our surprise, neither an Abfl variant with
aninviable IDR (FUS"®*12E) nor the lack of an IDR (AIDR1/2; that is,
Abf1DBD only) compromised the barrier function of Abfl (Fig. 6b and
Extended Data Fig. 5a-c). Furthermore, the IDR was not involved in
INO80 remodeller recruitmentin vitro (Extended Data Fig. 5b). Inshort,
our resultsdemonstrate that IDR2 is not required for barrier function,
falsifying our first hypothesis.

Inviable Abfl variants mostly maintain NFRs and flanking
nucleosomal arrays invivo

Our next hypothesis was thatinviable Abf1IDR2 variantsimpair nucleo-
some organization in vivo, especially at essential genes. We turned
to an ad hoc invivo depletion approach using an Abfl anchor-away
system, which allows the testing of inviable Abf1 variants after deple-
tion of wild-type Abf1 (Fig. 6¢)*>**%, Our ad hoc depletion system
was validated by the recapitulation of previous observations. Upon
Abfl depletion, NFRs became partially filled and flanking nucleo-
somal arrays became disorganized (the peaks shifted towards the
NFRs and peak-to-trough ratios decreased) at previously anno-
tated Abfl responder sites in promoters, in contrast with annotated
non-responders (Extended DataFig. 5d,e)*°. Moreover, we reproduced
gene expression changes (total RNA sequencing (RNA-seq)) for genes
with responder Abflsites (defined by effects on nucleosome organiza-
tion®’) in their promoters® (Extended Data Fig. 5f).

Although we used MNase-seq to recapitulate previous work, we
turned to next-generation DNA methylation footprinting coupled
with nanopore sequencing (occupancy measurement by DNA meth-
ylation (ODM-seq)—also known as Fiber-seq; Fig. 6d’"7*). ODM-seq is a
single-moleculetechnique thatscores bothoccupied and non-occupied
DNA (Fig. 6d), employs saturation of methylation, yields low variation
amongreplicates and thereby reliably measures nucleosome positions
and occupancy (Extended Data Fig. 6 and Supplementary Fig. 8).
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Fig. 6| Variant IDRs have diverse effects on Abfl function. a, Schematic of
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nucleosome positioning barrier function. The lines compare the indicated purified
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dialysis (SGD) chromatin) and the yeast chromatin remodeller INO8O. The grey
areareflects the experiment with wild-type Abfl, but in the absence of INO8SO.

¢, The anchor-away technique enables ad hoc depletion of wild-type Abfl from
thenucleus. The wild-type copy of Abflis genetically fused to FRB, whereas the
ribosomal protein Rpl13A, which transits through the nucleus during ribosome
assembly, is fused to the double FKBP12 tag (2xFKBP). After adding rapamycin,
FRB and FKBP bind and nuclear Abfl is sequestered at cytosolic ribosomes, leading
toad hocnuclear depletion. d, Schematic of ODM-seq chromatin mapping. A
change fromblack to yellow represents DNA methylation. e, Abf1IDR variants did
notincrease occupancy in NFRs relative to wild-type Abfl and did not grossly alter
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nucleosome organization around Abflsites. The composite plots show ODM-seq
datafor theindicated Abf1IDR variants aligned at n =380 responder sites (classes |
and II; see also Extended Data Fig. 5d,e).f, Inviable Abf1 IDR variants or conditions
lacking Abfl affected +1 nucleosome positioning at essential genes differently than
viable Abf1IDR variants (growth rates in parentheses). PCA results are shown for all
essential genes of ODM-seq data in the upstream flank of the in vivo +1 nucleosome
(Extended Data Fig. 7g) averaged over two biological and two technical replicates
(Extended Data Fig. 8a) each for the indicated Abfl conditions. g, The Gal4
transactivation domainin the Gal47*% % construct allowed growth even under
fully GAL-inducing conditions with galactose as the sole carbon source. Shownisa
spotdilution assay after two days of incubation. h, Whereas a classical view might
delineate IDRs into motifs and non-motifs, our work here—and that of others—
supports anemerging model in which motif function s licensed by a permissive
context and in which chemical specificity contributes additional interactions that
can even compensate for the loss of amotif. aro. clust., aromatic clusters.

Combining the anchor-away technique with ODM-seq, we mapped
genome-wide nucleosome organization for seven different conditions
inthe nucleus upon wild-type Abfl depletion: wild-type Abfl1 (positive
control); no Abfl (negative control); two inviable constructs (that is,

FUS'®*12E (Fig. 3i) and essential motif shuffle (LS-12; Fig. 3¢)); and
three viable constructs with either a wild type-like growth rate of +4
(FUS™®*12E + Gal® distr. (Fig. 4¢) or Gal47*® 8! shuffle 1 (Fig. 4j)) or a
compromised growth rate of +2 (FUS' '®*12F aromatic clusters (Fig. 4g)).
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Both viable and inviable Abfl IDR variants generated nucleosome
organizations at previously annotated promoter Abfl responder sites
that were very similar to wild-type Abfl and different from those gen-
erated in the absence of Abfl (Fig. 6e). This suggested that both NFR
generation or maintenance and nucleosome positioningin vivo mainly
relied on the Abf1 DBD and less on the IDR properties as seen in vitro
(Fig. 6b). Nonetheless, we note that composite plots of many genes
may obscure small effects and/or effects at few genes.

AbflIDR is required for +1 nucleosome positioning at essential
genes

As annotated Abfl responder sites did not reveal gross differences in
nucleosome organization between viable and inviable constructs, we
wondered whether we were missing relevant effects by focusing only
on these sites. A comprehensive comparison of annotated Abfl sites
in yeast—identified either via various in vivo mapping techniques or
consensus DNA sequence motifs (position weight matrices (PWMs))—
revealed astrikingincongruency (Extended DataFig.7a,b). Thisanalysis
alsorecapitulated the previous conclusion that binding sites mapped
in vivo need not contain a PWM (Extended Data Fig. 7c)*". Further-
more, recent work by Mahendrawada et al.”* identified many genes
whose expression changesinresponseto transcription factor ablation,
evenifthose geneslack bindingsites for the ablated transcription factor
in their promoters. We plotted our ODM-seq data of wild-type versus
no Abf1 at genes annotated by Mahendrawada et al.” as: (1) only hav-
ing Abf1 binding sites in their promoters; (2) only responding to Abf1
ablation; or (3) both being responders and having Abfl promoter sites.
Indeed, transcription response, but not necessarily Abfl sites, corre-
lated with altered nucleosome organization (Extended Data Fig. 7d-f).
This confirmed, on the previously unassessed level of nucleosome
organization, that a response to Abfl ablation need not be linked to
an Abfl site. It also confirmed that alterations in nucleosome organi-
zation at the NFR and +1 nucleosome correlate with gene expression
changes®***”>", Therefore, we searched in our ODM-seq data of Abfl
variants not for Abfl sites around which nucleosome organization was
affected, but for genes where nucleosome organization was affected
at NFRs or +1 nucleosomes.

As gleaned from the composite plots comparing wild-type Abfl
and no Abfl, we looked for changes in: (1) the NFR region, which may
reflect differential binding of nucleosomes or transcription machinery
(for example, a preinitiation complex); (2) the upstream flank of the +1
nucleosome, which usually contains the transcriptionstart site*"”” and
where even small shifts of nucleosome positions may impact transcrip-
tionregulation®®**>"*8; and (3) the downstream flank of the +1 nucleo-
some, which also reflects shifted positions (Extended Data Fig. 7g).
Givenourfocus on essential genes, we performed principal component
analyses (PCAs) of ODM-seq data for wild-type Abf1, no Abfl and Abfl
variantsin these three regions of essential genes. Strikingly, PCA clearly
separated inviable from viable conditions for the upstream flank of the
+Inucleosomes of essential genes (Fig. 6f) and the downstream flank,
but not for the NFR region (Extended Data Fig. 8). We concluded that
proper +1nucleosome positioning—as a proxy for proper gene regula-
tion—atessential genes depended on Abf1IDR, inamannerincompat-
ible with theinviable variants or the absence of Abf1.

Abfl can accommodate a strong and transcriptionally active
activation domain

Abfl lacks a transactivation domain® and participates in the insula-
tion of transcription regulation*”. It was therefore unclear a priori
whether a GRF such as Abfl could tolerate bearing a strong transac-
tivation domain. We identified several viable Abf1 constructs with
well-known transactivation domains, especially the Gal47%* %8 construct
with the strong Gal4 transactivation domain (Fig. 3a). Nonetheless, it
was possible that the Gal4 activation domain, including the short Gal4%*
activation domain sequence present in several of our constructs, was

repressed by Gal80 in our glucose-containing media®’. We confirmed
that the Gal47°® 88! construct still supported viability with galactose
asthesole carbon source (thatis, with the GAL regulon fully induced;
Fig. 6g). We concluded that Abf1’s essential GRF function was compat-
ible with a strong transactivation potential.

Discussion

IDR-mediated interactions are often seen to be driven by
sequence-specific binding motifs (for example, SLiMs) or by distrib-
uted multivalentinteractions. These interaction modes are determined
by sequence specificity and chemical specificity, respectively, and
both are functionally important”?"*%_Surprisingly, we uncovered
here that—at least in Abfl-these two modes were compensatory for
one another. Using viability as areadout for function, a weak context
could be compensated for by introducing a motif (Fig. 3) and, more
surprisingly, the absence of a motif could be compensated for by the
gain of context strength (Fig. 4). Importantly, we showed that testing
motifshuffling or distribution was essential to identify bona fide motifs.

Weinterpreted our results using a2D binding landscape, where the
function of IDR2 reflects the interoperable combination of motif-and
context-dependent binding (Fig. 4b). Based on our molecular under-
standing, we rationally designed new IDRs that were functional, albeit
dramatically different from the wild-type sequence (Fig. 4). Beyond our
work here, biophysical hints foramodel in which sequence and chemi-
cal specificity cooperate in driving IDR-mediated binding have been
found in in vitro reconstituted systems'"***"%, Finally, our work sug-
gests plausible rules for evolutionary conservation in IDRs. Although
ourinsilicoandinvitro evolutionexperiments do not definitively prove
one model over another, they are consistent with the conservation of
chemical specificity shaping sequence variation in IDRs. Moreover,
proteome-wide analyses identified hundreds of examplesin whichsuch
conservationindicated conserved intermolecular interactions despite
large changes in amino acid sequences (Supplementary Table 9).

We note several limitations of our work. First, we posit that if two
IDRs offered equivalent growth phenotypes when provided ina protein
where alteration or deletion of the same IDR rendered yeast inviable,
these IDRs were functionally equivalent. This definition was empirically
determined by our assay. However, different IDRs may confer viability
in different ways by interacting with different partners. As the Abfl
interactomeis revealed in future work, this question can be answered
moredirectly. Second, we focus here ona minimal system lacking IDR1.
However, assessing full-length IDRs (as opposed to just IDR2) of Abfl
orthologues may reveal motif migration within IDRs (see below). Third,
IDR2 was important for +1 nucleosome positioning in vivo—especially
atessential genes (Fig. 6f)—by a so far unknown mechanism beyond a
pure nucleosome barrier function. Invivo +1 nucleosome positioning
depends on combinations of barriers, such as Abf1, with remodellers,
and possibly the transcription machinery®”**°°, We speculate that the
interplay with transcriptional machinery may depend onIDR2, but we
showed that the pure barrier function did not (Fig. 6b). Furthermore,
+1 nucleosome positioning may involve a role of GRFs in torsional
insulation” or 3D chromatin organization®?, which may also affect
genes without Abflsites, for which we could not distinguish direct from
indirect effects. The distinction between direct and indirect effects,
while mechanistically important, does not matter for the distinction
between viable and inviable outcomes.

Our ODM-seq data for Abflvariantsin vivo demonstrate that the
function of GRFs such as Abfl does not solely entail generating NFRs
by binding to specific sites. Although NFR maintenance was grossly
impaired upon Abfl depletion, as described®’, even inviable Abfl
constructs maintained NFRs (Fig. 6e). Instead, the combination of
NFRs and proper organization of flanking nucleosomes, especially
+1 nucleosomes, appeared to constitute Abfl function, especially
at essential genes (Fig. 6f). This parallels with recent findings in the
context of replication® and 3D genome organization®?, where not
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just NFRs alone but the combination of NFRs and phased regular
arrays was key.

Over the past decade, there has been a growing appreciation for
theintersection of sequence and chemical specificity in the context of
IDR function. The chemical determinants of IDR function have been
explored in various contexts>®>%636+6694101 'yet how these properties
influence the evolutionary landscape of disordered regions remains
less clear. Our work suggests that compensatory changes, facilitated
by chemical specificity, may buffer the loss of motifs. Our insilicoand
invitro evolution experimentsimplied that the conservation of chemi-
cal specificity may be almostinvisiblein alignment-based analyses. This
motivates novel interpretations of conservation in IDRs>?2 2466102103,

Functional molecular interactions generally involve specificity,
facilitating interactions with relevant partners and preventing deleteri-
ous off-target binding. Shape complementarity and chemical compat-
ibility typically mediate specificity in folded domains and, to alesser
extent, SLiMs™'**, Here we find that even for an IDR that depends on
abonafide motif, alternative sequences with rationally interpretable
chemical features can uphold function without any motif. Whether
motif-free variants interact with the same partners as motif-containing
variants (our preferred interpretation) or with different partners with-
outobvious phenotypic consequences (an alternative interpretation)
remainsto be seen. However, we speculate that this context-only mode,
driven by just chemical specificity, offers an evolutionarily plastic
mode of molecular recognition (Fig. 6h)>"?°. Although work here does
not strongly support a homotypic phase-separation-based model to
underlie Abfl function (Extended Data Fig. 9), it is consistent with a
modelinwhich Abflis recruited to specificlociin the nucleus through
chemically specific interactions'®%”, With this in mind, we propose
that chemically specific recognition could tune or even determine
recruitment or interaction with molecular assemblies without the
need for strict stoichiometry (for example, biomolecular conden-
sates)'%®'%° providing an ideal paradigm for evolutionarily adaptable
multicomponent cellular assemblies. Finally, our work demonstrates
that nothing can be assumed when interrogating motifs; shuffling
and/or distribution are required tests to confirm whether the effect
of a putative motif is mediated by sequence or chemical specificity
(Extended DataFig. 9h,i).

Theimportance of contextin relation to motif function hasbeen
seen in other systems®-**""°_If context can tune motif function, we
might expectarational evolution experiment to reveal compensatory
mutations in action. To test this, we took a sequence generated by
random mutagenesis (NCS-21) with 55 point mutations and a+3 growth
phenotype. We reverted six mutations that had introduced de novo
hydrophobic residues outside the essential motif to their original polar
amino acids. Although this variant was more similar to the wild typein
sequence, it showed severely impaired growth (+1 growth phenotype)
(SupplementaryFig.2). Therefore, NCS-21 provided adirect example of
compensatory mutations offsetting otherwise deleterious mutations.

Whereas full-length Abfl from K. lactis confers functionality in S.
cerevisiae, the K. lactis IDR2 does not. More broadly, we found limited
functional conservation of IDR2 across orthologues, despite conser-
vation of amino acid composition and sequence features (Fig. 2d and
Supplementary Fig. 9). There are several (non-mutually exclusive)
explanations for this result. First, interaction networks co-evolve by
coupled evolutionary changes, such that motifs in orthologues may
be incompatible with partners in S. cerevisiae. Second, functionally
important features can relocate across an IDR-containing protein.
The specificlocation of abinding motifin the protein may be relatively
unimportant, such that motifs can be lost fromone region and emerge
in another. An intriguing prediction from our work is that motifs are
expected to appear and disappear within a given IDR, a prediction
supported by extant work on ex nihilo motif evolution™.

Although the essential motif in Abfl appeared to be poorly con-
served by alignment, we still expect evolutionarily conserved motifs

to be important and ubiquitous across proteomes. Accordingly, we
identified thousands of short, conserved hydrophobic sub-sequences
withinIDRs, with almost twice as many in essential versus non-essential
proteins (Extended Data Fig. 10 and Supplementary Tables 10-14).
We also identified many IDRs with low sequence conservation but
extremely high chemical specificity (Supplementary Table 9). As a
corollary, we wondered whether other non-conserved regions of tran-
sient structure may be found inthe yeast proteome and, upon analysis,
identified 963 short (<40-residue) subregions in IDRs with predicted
transient helicity (Supplementary Table 17). This set of de novo pre-
dictions included the previously identified Pho4 activation domain
(Pho4%°-°*) and four separate subregions in the N-terminal IDR of Rebl,
both of which conferred viability (Fig. 3a). Moreover, global and seg-
mental shuffles (in which local subregions were internally shuffled) of
Pho4'**were non-viable (Fig. 4k), suggesting abona fide motif within
Pho4'%*, Although many such regions may be inert, others may offer
specific bindinginterfaces (as was the case for Abfl) or specific helical
regions identified in transactivation domains®"2,

Finally, we focused on the function measured by viability in S.
cerevisiae growing under low-challenge laboratory conditions. This
probably missed some facets of Abfl function and, accordingly, the
importance of other Abflregions and features. For example, ongoing
workimplied large-scale IDR-dependent remodelling of transcription
during glucose starvation with IDRs asintrinsic sensors of intracellular
state'”. Tuning IDR chemistry (via post-translational modifications,
changes in protonation state or changes in side chain solvation proper-
ties) offers an attractive route to modulate interaction specificity and
thereby regulatory output.
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Methods

Plasmids and yeast strains for 5-FOA plasmid shuffling assay
and growth rate scoring by spot assay

The plasmid pRS416-Abf1 contained the wild-type ABFI gene (a PCR
fragment from 690 base pairs (bp) upstream and 170 bp downstream of
the codingregion, generated with primers pRS416_AbfI forand pRS416_
AbfI rev (Supplementary Table 2) and genomic DNA of BY4741 as a
template) inserted into the EcoRl and BamHI sites of plasmid pRS416
(ref.114). Plasmid pRS315-Abfl contained the equivalent insert to plas-
mid pRS416-Abfl (a PCR fragment amplified with primers pRS315_Abf1_
forand pRS315_Abf1 rev (Supplementary Table 2) and genomic DNA
of BY4741 as atemplate), but it was inserted via BamHI and Hindlll in
plasmid pRS315 (ref. 114).

Rationally designed abfl mutant constructs were generated
via Gibson cloning*"¢ using the PCR primers and templates in
Supplementary Table 3 for insert and backbone fragments. The tem-
plates forinserts were mainly ordered by gene synthesis (Thermo Fisher
Scientific; Supplementary Table 3) or amplified from genomic DNA of
strain BY4741. All constructsin pRS315 contained an SV40 NLS (amino
acid sequence: PKKKRKYV) at the C terminus. All rationally designed
constructs in pRS315, except AIDR1, contained the 3xFlag tag intro-
duced via Gibson cloning using primers and template, as specified in
Supplementary Tables 2 and 3.

For PCR, Phusion polymerase (New England Biolabs) and thermo
cycling conditions were used according to the manufacturer’s rec-
ommendations. A pool of inserts for randomly mutagenized abf1
constructs was generated by error-prone PCR (ANTP-Mutagenesis
Kit; PP-101; Jena Bioscience) with primers N2-IDR2-N*dC and
N3-IDR2-N*dCand assembled via Gibson cloning into abackbone PCR
fragment generated with primers NI-IDR2-N*dC and N4-IDR2-N*dC
(Supplementary Table 4).

For both the mutagenized insert and the plasmid backbone PCR,
pRS315-AIDR1&IDR2*97%62 was used as a template. After transfor-
mation of the Gibson assembly reaction into Escherichia coli strain
DH5a and DNA isolation (NucleoSpin Plasmid (NoLid); 740499.250;
Macherey-Nagel) from single bacterial colonies, the insert DNA
sequences were confirmed by Sanger sequencing with the primers
listed in Supplementary Table 5.

The parent diploid strain with heterozygous deletion of the
ABF1 gene (Y24962 (BY4743; MATa/MATa; his341/his3A1; leu2A0/
leu2A0; LYS2/lys240; met1SAO/METIS; ura340/ura340; YKL112w/
YKL112w::kanMX4)) was obtained from EUROSCARF (www.euroscarf.
de).Y24962 was transformed with plasmid pRS416-Abfl and sporulated
inliquid culture (1% potassium acetate, 5 pug ml histidineand 25 pg ml™
leucine). Sporulation and tetrad dissection were performed accord-
ing to Dunham et al.'”. Spores with both the abfi::kanMX deletion
allele and plasmid pRS416-Abfl were selected after tetrad dissection
(MSM400; Singer Instruments) on yeast nitrogen base (YNB) — uracil
plates and sub-sequent growth on YPDA + kanamycin (0.2 mg ml™)
selection medium.

Three strains originating from independent such spores were
kept for further use: 7-A2 (MATa), 7-C5 (MATa) and 7-D4 (MATa).
Their mating type was determined by colony PCR with primers as
published"®. These strains were transformed with plasmids (pRS315-
[abf1 construct name]) bearing abfI mutant constructs, as detailed
in Supplementary Tables 1-4, and selected on YNB —uracil - leucine
medium. The insert region of every plasmid batch was checked by
Sanger sequencing before transformation into yeast. For each con-
struct, independent single colonies after transformation (for which
the numbers of replicates (always >3) are givenin Supplementary Fig.1
and Supplementary Table 1) were re-streaked for single colonies on
YNB —uracil - leucine selection medium, then single colonies thereof
were streaked out as patches on the same medium. From these patches,
strains were streaked again as patches on 5-FOA - leucine plates (0.67%
YNB, 0.2% Synthetic Complete Supplement Mixture — uracil - leucine

drop-out mix, 2% glucose, 50 pg ml™ uracil and 0.1% 5-FOA (Toronto
Research Chemicals (F595000) or Diagnostic Chemicals Limited (1555))
and incubated for 3 days at 30 °C. Viability on 5-FOA plates was visu-
ally scored by comparison with known viable or inviable strains on the
same plate.

Inviable strains were distinguished from viable strains because
they showed a smeary appearance and, at most, sparse single colo-
nies. In contrast, viable strains grew as one more or less dense patch.
(Supplementary Fig. 1 and Supplementary Table 1). Sparse single
colonies that came up on 5-FOA plates (Supplementary Fig. 1) were
shown to bear a plasmid of the wrong size or sequence by colony PCR
(Supplementary Table 8), usually reflecting recombination between
pRS416-Abfl and pRS315-[abfI construct name] so that at least parts
of wild-type Abf1 IDR2 were gained that supported viability. Three
independent single colonies of strains with constructs that scored
as inviable on 5-FOA plates were stored as glycerol cultures from the
patches on YNB - uracil - leucine medium.

Constructs viable on 5-FOA plates were tested for uracil auxotro-
phy on YNB - uracilmediumand for bearing the correct plasmid by col-
ony PCRusingthe primers givenin Supplementary Table 8. The colony
PCR product was often further validated by Sanger sequencing using
the primers givenin Supplementary Table 5. For each construct, three
validated strains from independent single colonies that were viable on
5-FOA andinviable on —uracil medium were stored as glycerol culture.

Yeast cells grown from these three glycerol cultures of inde-
pendent clones for each viable Abfl construct were scored for
growth rate by spotting serial dilutions in water (1:10, 1:100, 1:1,000
and 1:10,000) of overnight cultures adjusted with yeast peptone
dextrose adenine (YPDA) media to an optical density measured at
a wavelength of 600 nm (ODy,,) of 0.5 (Genesys 20 photometer;
Thermo Fisher Scientific) on YPDA plates, then incubated at 30 °C for
1-3 days (Supplementary Fig. 2). Growth rates were scored visually
into four broad categories (+1to +4) compared with the rate of two
independent clones of strain 7-A2 bearing plasmid pRS315-Abfl spot-
ted on the same plates and defined to have a growth rate score of +4
(Supplementary Fig. 2 and Supplementary Tables1and 7).

ChIP and quantitative real-time PCR

ChIP assays were performed for all inviable constructs bearing a
Flag-tag and some viable constructs, as indicated by the respective
ChIP values in Supplementary Table 1. Corresponding yeast strains
were grown to logarithmic phase in YNB — uracil - leucine selection
medium (inviable constructs or viable constructs together with the
plasmid pRS416-Abf1) or in YNB - leucine selection medium (viable
constructs) at 30 °C. One hundred ODq, units (Zeiss PMQ Il photom-
eter) were crosslinked for 15 min at room temperature with a 1% final
concentration of formaldehyde while shaking slowly, and crosslinking
was quenched by adding a 250 mM final concentration of glycine for
10 minatroom temperature while shaking slowly. Cells were harvested
by centrifugation for 5 minat4,000 r.p.m. (Heraeus Cryofuge 6000i)
and 4 °C. Cell pellets were washed with ice-cold ST buffer (10 mM
Tris-HCI (pH 7.5) and 150 mM NacCl) and washed twice in FA lysis buffer
(50 MM HEPES-KOH (pH 7.5),150 mM NaCl,1 mM ethylenediaminetet-
raacetic acid (EDTA), 1% Triton X-100, 0.1% sodium deoxycholate and
0.1% sodium dodecyl sulfate (SDS)). Washed pellets were flash-frozen
in liquid nitrogen and stored at =80 °C. For cell lysis, pellets of 50
0D, units were resuspended in 250 pl FA lysis buffer supplemented
with protease inhibitors (1x cOmplete EDTA-free protease inhibitor
cocktail (Roche) and 1 mM phenylmethylsulfonyl fluoride). Zirconia
beads (350 pl 0.5 mm glass beads; 11079105; BioSpec Products) were
added and cells were lysed in abead beater (Precellys 24; Bertin Tech-
nologies). Lysis efficiency was controlled by comparing OD, values
before and after bead beating and was 75-90%. Beads were removed by
centrifugation, celllysates were adjusted to 1.2 ml with FA lysis buffer,
and chromatin was sheared by sonication at 4.5 °C (30 cycles; 30 s on
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and 30 s off; high intensity; Bioruptor, Diagenode). Fragment lengths
were usually around 1 kilobase as assessed in a Bioanalyzer after DNA
purification (high-sensitivity DNA chip). If this fragmentation range
was not met, the sample preparation was repeated, starting froma new
culture. The chromatin solution was pre-cleared by incubation with
25 pl protein G beads for1-2 hat 4 °C with soft rolling. Forimmunopre-
cipitation, 500 pl pre-cleared chromatin solution was incubated with
or without (no antibody control) 2.5 pl anti-Flag M2 antibody (F3165;
Sigma-Aldrich) overnight at 4 °C with soft rolling and for four further
hours with 25 pl pre-blocked (10% bovine serum albumin) protein G
beads. Beads were washed twice with high-salt FA lysis buffer (0.50
instead of 0.15 M NaCl), twice with ChIP Wash buffer (10 mM Tris-HCI
(pH 8.0), 250 mM LiCl, 0.5% NP-40, 0.5% sodium deoxycholate and
1mMEDTA) and once with TE buffer (10 mM Tris-HCI (pH 8.0) and1mM
EDTA). Elution was done twice for 15 minat 65 °C while shakingin100 pl
ChIP Elution buffer (50 mM Tris-HCI (pH 7.5),10 mM EDTA and 1% SDS).
Eluates were pooled, and crosslinking was reversed by incubation over-
night at 65 °C while shaking. 50 pl chromatin sample forinput DNA was
taken off after sonication, adjusted to 200 pl with ChIP Elution buffer
and treated in parallel for DNA purification. Immunoprecipitated or
input chromatin was treated with RNaseA (0.5 mg ml™) for 30 min at
37°C, then with proteinase K (0.5 mg ml™) for 2 h at 37 °C while shak-
ing. DNA was purified with AMPure beads (1.8 vol), according to the
manufacturer’sinstructions.

Input DNA (1 pl; 1:100 dilutionin water), immunoprecipitated DNA
(1 pl) and mock-precipitated (no antibody) DNA (1 pl) were analysedin
triplicate by quantitative real-time PCR (LightCycler 480 II; Roche) in
al0 pltotal volume using the primers givenin Supplementary Table 6
(at a final concentration of 3 uM) and 1x Fast SYBR Green Master Mix
(Applied Biosystems). ChIP values were calculated from quantitative
real-time PCR cycle threshold values as an average of PCR triplicate
averages for each of the three amplicons with the Abf1 site divided by
the average of PCR triplicate averages for each of the three amplicons
without the Abflsite.

For unknown reasons, some replicates of inviable constructs
failed to score in the ChIP assay (that is, they had a ChIP value close to
1; Supplementary Table 1). Nonetheless, if at least one replicate was
positive (with a ChIP value of > 10), this confirmed that the respective
construct was expressed and imported into the nucleus and could
bind specifically to Abfl sites. ChIP values for inviable versus viable
constructs were, on average, lower (Extended Data Fig. 2a). This was
probably dueto the competition between the untagged wild-type Abfl
and the Flag-tagged inviable construct for binding to Abfl sites. This
competition was unavoidable for inviable constructs, but usually not
the case for viable constructs, as these were tested in the absence of
the untagged wild-type Abfl. To confirmthis, we tested two viable con-
structsinthe presence of untagged wild-type Abf1to mimic the compe-
tition between wild-type Abfl and the Flag-tagged construct (marked
in Extended Data Fig. 2a) and found that they indeed showed ChIP
values that matched the expected values from the inviable constructs
(P=0.24; Mann-Whitney U-test) in the range of the viable constructs.

Abfl anchor-away strains and growth conditions for RNA- and
ODM-seq analyses

The Abfl anchor-away strain ABF1-aa-V5 clone A9 was obtained from
W. de Jonge and F. Holstege*’. The strain was transformed with the
same pRS315-based plasmids encoding wild-type Abf1, select Abfl
constructs or the empty pRS315 plasmid (no Abfl control), as was
used for the 5-FOA plasmid shuffle assays. At least three independent
cloneswereisolated and stored as glycerol cultures after transforma-
tion and used for biologically independent replicate experiments.
Anchor-away strains were grown to log phase (~OD,, = 0.4; Genesys
20; Thermo Fisher Scientific) in YNB — leucine media, incubated for
75 min (or 60 min for one RNA-seq replicate each for wild-type Abf1,
Abf1IDR2, FUS™312E and FUS%* + Y/M) with 8 pug ml™ rapamycin

(Santa Cruz Biotechnology) and crosslinked for 5 min (for ODM-seq)
with 1% formaldehyde at room temperature. Formaldehyde crosslink-
ingwas quenched for 15 min with250 mM glycine at room temperature.

RNA-seq

Total RNA was prepared after Abflanchor-away induction with an RNe-
asy kit (Qiagen) according to the manufacturer’s protocol. Briefly, four
0Dy, units (Genesys 20; Thermo Fisher Scientific) of cells were washed
with phosphate-buffered saline (50 mM phosphate buffer (pH 7) and
150 mM NacCl) and flash-frozen in liquid nitrogen. The cell wall was
broken up by incubation with beta-mercaptoethanol and zirconia
bead beating (6 x 3 min at 30 Hz with 3 min breaks; Precellys; Bertin
Technologies). The cell lysate was cleared by centrifugation, mixed with
ethanoland bound to a column provided in the kit. We also employed
the optional DNase I digestion on the column. RNA was washed on the
resin, eluted and digested using DNase I (Qiagen) in solution. After
ethanol precipitation, the total RNA preparation was converted into
sequencinglibraries with the NEBNext Ultrall directional RNA library
prep kit for lllumina.

Cloning, expression, purification and characterization of
M.SssI DNA methyltransferase
DNA methyltransferase cloning. The DNA sequence coding for the
M.Sssl methyltransferase, where the TGA stop codons coding for tryp-
tophan in the original organism were replaced by TGG codons, was
PCR amplified from the plasmid pCMV-FLAG-4azf-M.Sssl (a gift from
K.Ford atKings College London) and cloned into the Ncol and Sall sites
of the pBAD24 plasmid (87399; American Type Culture Collection) to
achieve tight transcriptional control by the E. coli arabinose-regulated
araBAD promoter. An in-frame C-terminal 6xHis-tag was introduced
via the 3’ primer during the PCR. The resulting expression plasmid is
called pBAD24-M.Sssl-His6 and was transformed (selection on plates
containing Luria-Bertani growth medium supplemented with ampicil-
lin (LB amp) plus 0.2% glucose) into E. coli One Shot TOP10 (Thermo
Fisher Scientific), yielding the expression strain for M.Sssl expression.
A single colony streaked out on LB amp plates containing 0.2%
glucose was used toinoculate a100 ml overnight cultureinLBamp with
0.2% glucose at 37 °C and 130 r.p.m. Six 11 volumes of LB amp media
(without glucose) were inoculated with 10 ml each of the overnight
cultureandincubated at 37 °C and 130 r.p.m. until the OD,,, reached 0.5
(Genesys 20; Thermo Fisher Scientific). Expression wasinduced by the
addition of 0.0002% arabinose for 4 hat 37 °Cand 130 r.p.m. Cells were
harvested by centrifugation (4,000 r.p.m.; 30 min; 4 °C; Avanti JXN-26;
JLA-8.1000 rotor; Beckman Coulter), resuspended and combined in
75 mllysis buffer (50 mM Tris-HCI (pH 8) and 300 mM NacCl). Aliquots
of 35 ml were snap-frozenin liquid nitrogen and stored at =70 °C.

DNA methyltransferase purification. Purification started with one
frozen cell pellet aliquot that was thawed at room temperature, topped
up to 50 mlwithlysis buffer and supplemented with1 mg miI™ chicken
egg-whitelysozyme (28260; SERVA) and protease inhibitors (0.7 pg ml™
pepstatin A, 1 pg mi™ leupeptin, 1 pug ml™ aprotinin and 0.2 mM phe-
nylmethylsulfonyl fluoride), incubated on ice for 30 min and then
sonicated (six cycles of 10 s bursts and 10 s breaks at 50% peak power;
Branson 250D sonifier). Lysed cells were centrifuged for 1 hat4 °Cand
20,000g (Optima XPN-80; Ti-45 rotor; Beckman Coulter). During cen-
trifugation, 5 mlslurry of Ni-NTA agarose (745400.25; Macherey-Nagel)
was washed twice with 20 ml lysis buffer (1 min; 1,000 r.p.m.; 4 °C;
Eppendorf5810R centrifugation for collecting the agarose) and resus-
pended in 30 ml lysis buffer and then distributed into three 10 ml
aliquots. Next, Ni-NTA beads were collected by centrifugation and
the supernatant discarded. After ultracentrifugation, the lysed cells’
supernatant was evenly distributed onto the pre-washed Ni-NTA beads
andincubatedfor 1.5 hat4 °Conarotating wheel. Beads were collected
by centrifugation (2 min; 1,000 r.p.m.; 4 °C; Eppendorf 5810R), the
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supernatant was discarded and the beads were resuspended in 20 ml
cold lysis buffer with protease inhibitors then transferred to a gravity
flow column (Econo-Pac; 7321010; Bio-Rad) at room temperature.
The column was then washed by gravity flow with 100 ml cold lysis
buffer, 20 ml cold wash buffer (50 mM Tris-HCI (pH 8), 250 mM NacCl
and 20 mM imidazole-HCI (pH 6.6)). After the addition of 2 ml cold
elution buffer (50 mM Tris-HCI (pH 8), 250 mM NaCl and 300 mM
imidazole-HCI (pH 6.6)), the column was closed, lightly vortexed and
incubated onice for10 min with light vortexing every 2 min. One 2 ml
fraction was collected on ice by gravity flow. Additionally, three 1 ml
fractions were collected after the addition of 3 mlelution buffer. Frac-
tions of the purification steps were analysed by SDS polyacrylamide gel
electrophoresis (SDS-PAGE) (Supplementary Fig.10a and uncropped
Supplementary Fig.13a).

Fractions from the column enriched for the 42 kDa M.Sssl meth-
yltransferase were pooled and directly loaded in the cold room onto
a HiLoad 16/600 Superdex 200 pg exclusion column (Cytiva) equili-
brated with size exclusion buffer (20 mM Tris-HCI (pH 8), 500 mM
NaCl, 0.1 mM EDTA and 0.1 mM dithiothreitol (DTT)). Elution was
with size exclusion buffer at a 0.5 ml min™ flow rate, and 2 ml frac-
tionswere collected inthe cold. Fractions were analysed by SDS-PAGE
(Supplementary Fig.10b and uncropped Supplementary Fig.13b) and
fractions were enriched for M.Sssl combined and dialysed against
dialysis buffer (10 mM Tris-HCI (pH 8),0.2 mMEDTA,1 mMDTT and 50%
glycerol), which also concentrated the protein solution. The dialysed
and concentrated M.Sssl solution was analysed again by SDS-PAGE
(Supplementary Fig.10c and uncropped Supplementary Fig.13c) and
the methyltransferase activity was quantified by restriction enzyme
activity assay. Aliquots corresponding to -440 units were snap-frozen
inliquid nitrogen and stored at—80 °C.

Quantification of CpG-specific DNA methyltransferase activity.
Plasmid pUC19-ftz (500 ng; containing a fragment of the Drosophila
ftzlocus fromsequence TAGTTTCCTAATGAT to GCCGAAGATGATGCT
cloned into the pUC19 multiple cloning site) was incubated in a122 pl
final volume with increasing amounts of purified M.Sssl solution or
commercially acquired M.Sssl (M0226; New England Biolabs (NEB)) in
NEBuffer 2 (NEB) supplemented with 160 pM S-adenosyl-L-methionine
for1hat25°C. Thereactionwasstopped by the addition of aone-tenth
volume of 10x stop buffer (50 mM Tris-HCI (pH 7.5),4% SDS and 100 mM
EDTA) and incubated with 5% proteinase K. After incubation for 1 h
overnight at 37 °C, a one-fifth volume of 5M NaClO, was added to
the solution, followed by an equal volume of phenol (77607; Sigma-
Aldrich), vortexing, an equal volume of chloroform:isoamylalcohol
(24:1) and then more vortexing. After this, the phases were separated
by centrifugation (Hettich Microliter). The DNA was recovered from
the aqueous phase by ethanol precipitation and resuspended in 37 pl
rCutSmart Buffer (NEB). The DNA was incubated with 30 units each of
BamHI-HF and Pvul-HF (NEB) for 1 h at 37 °C. The complete reaction
was loaded onto a1% agarose gel in 1x Tris-acetate-EDTA (TAE) buffer
and electrophoresed for1.5 hat 100 V. The DNA in the gel was stained
with 5 pl Midori Green solution (Nippon Genetics Europe) per 100
ml gel for a few minutes and directly imaged (ChemiDoc; Bio-Rad)
(Supplementary Fig. 11a and uncropped Supplementary Fig. 14a,b).
BamHI linearized the 5,769 bp pUC-ftz plasmid regardless of CpG
methylation. Pvul cutina CpG-methylation-sensitive way and yielded
2,544-,2,329- and 896-bp fragments in combination with the BamHI
cutif cleavage was complete, but only yielded the 5,769-bp linearized
plasmid band if complete CpG methylation blocked Pvul digestion.
Comparison of the degree of blocked Pvul digestionbetween reactions
with purified and commercial M.Sssl (NEB) allowed us to quantify the
specificactivity of the purified M.Ssslaccording to the unit definition
by NEB.

The M.Sssl preparation was checked for contaminating nucleases
by incubation with 500 ng supercoiled pUC19-ftz plasmid in either

rCutSmart or NEBuffer 2 (NEB) for 2 h or overnight at 25 °C. The reac-
tionwaselectrophoresedin 1% agarose 1x TAE gel, stained and imaged.
The persistence of the supercoiled form demonstrated the lack of
contaminating nucleases (Supplementary Fig. 11b and uncropped
Supplementary Fig. 14c).

Absolute nucleosome occupancy mapping by ODM-seq
Chromatin was prepared from formaldehyde-crosslinked yeast cul-
tures as described”. Chromatin corresponding to a 0.1gwet cell pellet
waswashedin coldKladde buffer (20 mMHEPES-NaOH (pH 7.5),70 mM
NaCl, 0.25 mMEDTA (pH 8.0), 0.5 mM EGTA (pH 8.0) and 0.5% (vol/vol)
glycerol), resuspended in 870 pl Kladde buffer and incubated with
4,000 UM.SssImethyltransferase at 25 °C. After 90 min, 4,000 U M.Sssl
were added, together with the plasmid pUC19-ftz, whichwasincluded
as a spike-in control. After 180 min, one 430 pl aliquot was removed,
and plasmid pFMP233 (ref. 119) was added to the remaining aliquot as a
second spike-in control. Thereaction was furtherincubated for 60 min
(240 mintotal) at 25 °C. Asimilar degree of CpG methylation after 180
versus 240 min (Extended Data Fig. 6a), in combination with ongoing
CpG methylation as probed by methylation of the spike-in plasmids
(Extended Data Fig. 6b), indicated saturated CpG methylation. After
DNA methylation, the reaction was stopped by adding a one-tenth vol-
ume of 10x stop buffer. The resulting DNA was purified by proteinase
K digestion, phenolization and ethanol precipitation and then resus-
pendedin TE buffer. Nanopore sequencinglibraries were prepared and
sequenced on a PromethlON device by the Laboratory for Functional
Genome Analysis at the Gene Center at LMU Munich.

Cloning, expression and purification of wild-type Abfl and the
constructs FUS'%*12F and AIDR1/2

Expression plasmids for wild-type Abfland Abfl variant constructs were
constructed in pPROEX as described by Krietenstein etal.”’, but starting
from the respective pRS315 plasmids with the respective Abfl con-
structsand using the primers for backbone andinsert PCR, respectively,
which were combined by Gibson cloning using the following sequences:
pPROEX_V_rev (AATTTGTCCATggGATCCATGG); Abf1_I_for (GATCC-
CATGGACAAATTAGTCGTGAAT); Abf1_I_rev (ACCGCATGCCTCGAGC-
TActtatcgtcatcgtctttg); and pPROEX_V_for (CTCGAGGCATGCGGTACC).

Wild-type Abfl and variant proteins were expressed using the
BL21Star (DE3) pLysS strain (Thermo Fisher Scientific). LBamp media
(100 ml) wasinoculated with a single colony and incubated overnight
at 130 r.p.m. and 37 °C. Then, 20 ml of this preculture was used to
inoculate 11 LB amp and incubated at 130 r.p.m. and 37 °C until the
0Dy, Was 0.5-0.6 (Genesys 20; Themo Fisher Scientific). Isopropyl
B-D-1-thiogalactopyranoside was added to a final concentration of
1 mM and incubated for 4 h at 37 °C and 130 r.p.m. Cells were col-
lected by centrifugation (4,000 r.p.m.; 20 min; 4 °C; Avanti JXN-26;
JLA-8.1000 rotor; Beckman Coulter), combinedina 50 ml Greiner tube
in 30 ml lysis buffer with protease inhibitors and centrifuged (1 min;
1,000 r.p.m.; 4 °C; Eppendorf 5810R). The pellet was flash-frozen and
stored at-70 °C.

For purification in the cold room, the cell pellet was thawed on
ice, resuspended in 40 mllysis buffer with1 mg ml™ chicken egg-white
lysozyme and incubated for 30 min on ice. Cell lysis was performed
by sonication on ice (Branson 250D sonifier; six cycles of 10 s bursts
and 10 s breaks at 50% peak power). The cell lysate was centrifuged
at 45,000 r.p.m.for1hat4 °C (Optima XPN-80; Ti-45 rotor; Beckman
Coulter) and the supernatant was collected and transferred toa 50 ml
Greiner tube, where it was mixed with pre-washed Ni-NTA resin (see
above) equivalent to 2 ml slurry. This mixture was incubated for 1.5 h
at4 °Conarotating wheel, then washed with 100 ml lysis buffer then
20 ml wash buffer and eluted with 5-10 ml elution buffer. The eluate
was dialysed overnight at 4 °C against 1-2 | dialysis buffer II 20 mM
HEPES-NaOH (pH 7.5),70 mM NacCl, 0.1% Tween, 40% glyceroland 1 mM
DTT) and concentrated if necessary (Amicon Ultra-4 Ultracells 10 or
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30 K; Millipore). The dialysed and maybe concentrated sample, for the
wild-type Abfl and FUS'**12E variants, was loaded onto a1 mlHiTrap
Q FF anion exchange chromatography column (Cytiva) equilibrated
inlow-salt buffer (50 mM Tris-HCI (pH 8.0), 80 mM NacCl,10% glycerol,
1mMDTTand1 mMEDTA) and washed to baseline with low-salt buffer.
Elution was by linear gradient from 0-100% high-salt buffer (50 mM
Tris-HCI (pH 8.0), 350 mM NaCl, 10% glycerol, 1 mM DTT and 1 mM
EDTA) over 20 column volumes. The dialysed and maybe concentrated
AIDR1/2 construct was loaded onto a1 ml HiTrap Heparin HP column
(Cytiva) equilibrated with heparin buffer A (25 mM Tris-HCI (pH 7.6),
10%glycerol,1mMDTT, 50 mM NaCland 1 mM EDTA), washed to base-
line with heparin buffer A and eluted by linear gradient from 0-100%
of heparin buffer B (25 mM Tris-HCI (pH 7.6),10% glycerol,1 mM DTT,
1MNaCland1 mM EDTA) over 30 column volumes.

The purified proteins (Supplementary Fig. 12 and uncropped
Supplementary Fig.15) were dialysed overnight against storage buffer
(20 MM HEPES-NaOH (pH 7.5),350 mM NacCl, 0.1% Tween, 40% glycerol
and 1mM DTT), aliquoted, flash-frozen in liquid nitrogen and stored
at-80°C.

Genome-wide chromatin reconstitution and remodelling assay
Genome-wide chromatinreconstitution, remodelling assay, MNase-seq
assay and Illuminasequencing were done as described by Chacin et al.”
for Fig. 6b and Extended DataFig. 5a,c, and as described by Oberbeck-
mann et al.*? (but without ammonium sulfate in the final buffer) for
Extended Data Fig. 5b, with the exception that: (1) lllumina sequenc-
ing was in paired-end mode; and (2) for the samples shown in Fig. 6b,
recombinanthumanoctamerswere used, reconstituted from H2A/H2B
dimers and H3/H4 tetramers according to Kunert et al.”*. Recombinant
human histones were obtained from the Histone Source (Colorado
State University). The concentration of INO80 was 10 nM unless stated
differently in Extended Data Fig. 5b. To verify the robustness of this
assay, we repeated the experiment (as seenin Fig. 6b) using Drosophila
embryo histone octamers (Extended Data Fig. 5¢), yielding analogous
results. Wild-type and variant Abfl proteins were used at 30 nM in
Fig. 6b and Extended Data Fig. 5b and 20 nM in Extended Data Fig. 5c.
We showed that INO8O0 could not generate nucleosomal arrays phased
to Abflsitesin the absence of Abfl (Extended Data Fig. 5a).

Data processing for RNA-seq

Raw sequence reads were preprocessed with a Snakemake pipeline
that involved several steps, including quality control, alignment of
reads to the S. cerevisiae sacCer3 (R64-1-1 build) genome using the
STAR aligner'” and quantification of gene expression via RSEM'?,
Rule-based directives in Snakemake made it easier to perform key
preprocessing steps, ensuring the effective management of compu-
tational resources and data dependencies. The processed data were
imported into RStudio, where a summarized experiment object was
created to encapsulate gene expression metrics alongside sample
metadata. This structured data object made robust datamanipulation
and subset selectionin R easier. Before creating plots, the transcripts
per million data were log, transformed to normalize expression lev-
els, improving the statistical reliability of comparisons. The ggplot2
(refs.123,124) package was utilized to generate boxplots thatillustrate
the differencesin gene expression between wild-type Abfl and the Abf1
variants (Extended Data Fig. 5f).

Data processing for occupancy measurement via DNA
methylation and high-throughput sequencing (ODM-seq)

Both natural and modified bases were called for Oxford Nanopore
sequencing reads, and reads were filtered and demultiplexed with
Dorado (version 1.0.0+4a76f8aa; Oxford Nanopore Technologies
(ONT) Basecalling Software). The resulting reads were mapped to the
S. cerevisiae genome (sacCer3 build R64-2-1) with minimap2 (version
2.17), sorted using samtools sort (SAMtools version 1.9) and indexed

with samtoolsindex (SAMtools version1.15). Methylation information
was added to the BAM files using modkit repair (version 0.1.13; ONT).

For computational analysis in R (R versions 4.2.0 and 4.3.1 and
tidyverse version 2.0.0), the methylation probabilities were extracted
frombam files using modkit pileup (version 0.1.13; ONT). The modkit
pileup output corresponds to the averaged methylation probabili-
ties over all reads per genomic coordinate per sample. The genome
average methylation was calculated for each sample by averaging
the modkit pileup output for SmC modifications over all coordinates
(Extended DataFig.10c). As slight batch effects were visible on thislevel
of genome average methylation, weintroduced acorrection factor. For
each Abfl variant, the genome average methylation was determined
by averaging across the four genome average methylation values for
eachindividual replicate (two biological replicates (numbers1and 2)
with two technical replicates each (180 and 240 min incubation with
M.Ssslas DNA methylation reached saturation; Extended DataFigs. 6a
and10c)). Theresulting sample averages were divided by the analogous
average of the four wild-type Abfl replicates. This quotient was used
asacorrection factor for each individual replicate.

+1-alighed composite plots. The corrected modkit pileup outputs
were plotted in composite plots (ggplot2 version 3.4.2) relative to
alignment points. Genomic coordinates were converted to new coor-
dinatesrelative to the alignment points (data.table versions 1.14.8 and
1.17.8; foverlaps function), which were set to zero in each case. Signs
of relative coordinates were flipped if the gene corresponding to the
alignment point was on the negative strand. Averages of all four rep-
licates per relative coordinate were calculated. Plots were smoothed
by plotting the rolling mean over a 50 bp window at the central base
pair of each window (data.table; frollmean(., n =50, align = “center”)).
Thein vivo +1 nucleosome dyad annotations for this were taken from
Mahendrawadaetal.”.

PCA.PCAwas conducted using the corrected modkit pileup outputs,
converted to relative coordinates with respect to the +1 nucleosome
positions (see the section ‘+1-aligned plots’). PCA (stats 4.3.1; prcomp(.,
scale. =F))) compared average occupancies per sample (first averaged
over the biological replicates and then over the technical replicates)
or perindividual replicate in respective regions: downstream flank of
+Inucleosome (0 to 50 bprelative to the in vivo +1 nucleosome dyad);
upstream flank of +1 nucleosome (=80 to O bprelativetotheinvivo +1
nucleosome dyad); and NFR (-145 to —95 bp relative to the in vivo +1
nucleosome dyad). Each +1 nucleosome annotation for each sample
or replicate contributed individually to the PCA. In very few cases,
the same +1 nucleosome dyad annotation belonged to two different
upstream or downstream genes.

Venn diagrams of binding sites. First, we compiled acomprehensive
list of all sites, annotated either by PWMs or some in vivo mapping
technique. PWMs for the prediction of Abfl binding sites solely from
DNA sequence (FIMO (MEME version 5.5.7)) were taken from JASPAR
(https://jaspar.elixir.no)'* and Badis et al.*. Previously annotated
coordinates according to PWM predictions by others were according
to Kubik et al.*”, Maclsaac et al."”® and Pachkov et al."”. The previously
annotated in vivo-mapped Abfl binding sites were either according
toMahendrawadaetal.” (and kindly shared by L. Mahendrawada and
S. Hahn) or published by Zentner et al."*®, Badjatia et al."”’ and Gutin
et al.”°. If binding sites were annotated as regions, each binding site
was mapped to the single genomic coordinate at its central position.
If binding sites were annotated for replicates, we averaged over the
replicates and used the central position of the average.

Foreach Venndiagram, the compared subset of Abfl binding sites
selected fromthe comprehensive list was turned into a reference set of
sites. For eachsite, the distance to the closest site with alower genomic
coordinate was measured. If this distance was <20 bp, the site with the
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higher genomic coordinate was discarded. From this reference set of
sites, pseudo-windows of 1 bp length were constructed.

The Abfl binding sites selected from the comprehensive list for
comparison in each Venn diagram were extended by 75 bp to either
side, and overlap with the previously constructed reference set of
these sites was determined using foverlaps (data.table 1.17.8). Venn
diagrams were constructed from the reference set IDs in each of the
displayed categories using ggVennDiagram (of the ggVennDiagram
Package) inR".

Data processing for MNase-seq

Illumina sequencing data were mapped to the S. cerevisiae sacCer3
(R64-1-1build) genome using Bowtie 2 (ref. 132), excluding reads with
multiple matches. The BAM files were converted to BED files and then
toRDSfiles of ranges (start to end), which wereimported into RStudio.
For comparing samples with different total read numbers, we applied
subsampling. To mainly include DNA fragments generated by MNase
digestion of canonical nucleosome core particles, we selected only
120-to 170-bp reads. To visualize the MNase-seq patterns, we plotted
50-bp extended dyads. Regions of >200 bp contiguous nulls (no cover-
age) were omitted amongall compared samples for a particular graph.
Signs of relative coordinates were flipped if the gene corresponding to
the alignment point (the Abfl1site) was on the negative strand.

Proteome-wide bioinformatics analysis of disordered regions
Motivated by previous work, the set of aligned syntenic genes from
20 different yeast species was obtained from the Yeast Gene Order
Browser, as described previously>***?1** This dataset contains 5,430
protein sequences. Orthologous sets of sequences were then aligned
using Clustal Omega to generate alignments for every S. cerevisiae
protein™*. Per-residue sequence conservation was calculated using
normalized Jensen-Shannon divergence based on the BLOSUM62
matrix, as was first introduced by Capra and Singh™>'¥, This analysis
yields a per-residue conservation score, with values ranging from
0.019-0.948 across the yeast proteome (Fig. 1).

Disorder scores and predicted predicted local distance difference
test (pLDDT) scores for analyses were calculated using metapredict (V1),
where defined IDRs were identified using the IDR delineation mode®.
The predicted pLDDT value reflects a prediction of the per-residue
pLDDT score—a metric introduced by DeepMind in the context of
structural evaluation for AlphaFold2. Metapredictimplements adeep
learning model to predict the pLDDT score from the sequence alone.

Almostalldisorder predictions in this work used metapredict V1,
instead of the more accurate metapredict V2 or V3. Thiswas adeliberate
decision driven by the underlying training data used for metapredict V2
and V3. Metapredict V1 was trained ina manner that avoids convolving
evolutionary information inferred from AlphaFold, whereas V2 and
V3 combine AlphaFold-derived information with a set of additional
predictions, meaning evolutionary informationis (indirectly) encoded,
given that AlphaFold’s ability to confidently predict structureis in part
determined by the availability of large sets of alignable homologous
sequences. Using the V1 predictions allows us to legitimately compare
disorder and conservation without inadvertently capturing trends
encoded in the underlying bidirectional recurrent neural networks.
The one exception to this is examining IDRs that are conserved in
terms of chemical specificity but not sequence specificity (Fig. 5). For
this analysis, we used metapredict V3 first to identify IDRs across the
yeast proteome, and then followed up using these IDRs. We made this
decision given the accuracy metapredict V3 has for correctly identify-
ing large contiguous IDRs. At the time of writing, metapredict V3 was
not published but was publicly available in abranch of metapredict.

pLDDT-defined structured domains are set using a predicted
pLDDT threshold of 65 or greater; gaps between contiguous stretches
of predicted pLDDT values over 65 that are three residues or smaller are
filledin. Aminimum regionsize of five residues is set for convenience.

Sequence analysis

All sequence analyses were performed using SHEPHARD (https://
shephard.readthedocs.io/). The complete set of sequences, con-
servation scores, disorder scores, ppLDDT scores and IDR domain
boundaries are provided as SHEPHARD-compatible data files (struc-
tured, tab-separated datafiles). IDR sequence analyses (compositional
analysis, hydrophobicity, predicted disorder and predicted pLDDT
scores) were performed using localCIDER, SPARROW (https://github.
com/idptools/sparrow/) and metapredict?*"574°,

Sequence design

IDR designs were generated using GOOSE, a Python package for the
rational design of IDRs and IDR variants'*. Documentation for GOOSE
isavailable at https://goose.readthedocs.io/ and the open-source code
isavailable at https://github.com/idptools/goose.

Sequence designs constrained residue patterning parameters
to retain wild type-like residue patterning (Extended Data Fig. 3d-f).
Patterning here is quantified in terms of binary patterning using a
kappa-like definition for patterning for chemically distinct residue
groups, where k is a patterning parameter that measures the degree
to which sets of residues intermix**"**'*2, A high k value means that
residuesin groups are highly segregated, whereas alow value implies
an even intermixing of residues. In the original definition of k, three
residue groups were considered (positive, negative and neutral), where
k quantifies the extent of intermixing between positive and negative
residues. k can also be defined as a binary patterning parameter'®'*,
where it measures the extent to which residues in one group seg-
regate from all other residues. The other patterning parameters in
Extended Data Fig. 3d-f reflect the binary patterning of groups of
amino acids noted below each datapoint versus all other residues.
For example, GSNHQT reflects the degree of segregation of residues
{GSNHQT} from all other residues. While not quantified here, all shuffle
and distribution designs ensured that residues were evenly distributed
across the context sequence to minimize the possibility of accidentally
generating an additional ex nihilo motif.

Identification of conserved sub-sequences in the yeast
proteome

Conserved sub-sequences were identified via the following proce-
dure. First, hydrophobic (I, L, V, M, Y, F and W) residues in an IDR with
aconservation score above 0.65 or higher were identified. These resi-
dues are in the 85th (or higher) percentile for conservation across all
disordered regions (dashed lines; Extended Data Fig. 1b-d). For each
conserved hydrophobic residue (initiator methionine residues are
excluded) in anIDR, we identified the residues +6 of that central con-
served IDR (truncating at the N and C termini as necessary). We then
calculated the median disorder for this subregion of (up to) 13 amino
acids. Finally, having done this for an entire protein, we extracted
contiguous subregions where the median disorder score was above
somethreshold. Alower disorder threshold finds more regions but runs
therisk ofidentifyingresidues at the boundaries between disordered
and folded domains, which may, in fact, be folded. A higher disorder
threshold identifies fewer regions but provides higher confidence
that the identified regions are bona fide IDR. With the most permissive
disorder threshold, we identified 5,173 conserved subregions. With
theleast permissive disorder threshold, weidentified 884 subregions.
All sub-sequences, including their position and parent protein, are
provided in Supplementary Tables 7-11.

Identification of sub-sequences with predicted transient
structure

Using a deep learning model trained on ~360,000 protein struc-
tures from AlphaFold2, we used the metapredict package to pre-
dict per-residue predicted structure across the yeast proteome?.
Cross-referencing those scores against predicted disordered regions

Nature Cell Biology


http://www.nature.com/naturecellbiology
https://shephard.readthedocs.io/
https://shephard.readthedocs.io/
https://github.com/idptools/sparrow/
https://github.com/idptools/sparrow/
https://goose.readthedocs.io/
https://github.com/idptools/goose

Article

https://doi.org/10.1038/s41556-025-01867-8

and excluding sub-sequences directly adjacent to folded domains, we
finally filtered for contiguous sub-sequences with apredicted pLDDT
score above 40, where the sub-sequence was up to 40 residues long.
The complete set of these sub-sequences, average disorder score and
average conservation are provided in Supplementary Table 17.

Identification of IDRs with compositional conservation
Compositional conservation was calculated by taking aset of ortholo-
gousaligned IDRs and computing the mean Euclidean distance between
fractional amino acid composition across all IDRs. Compositional
conservation was only calculated for IDRs ten residues or longer in
length (without alignment gaps) and for sequences where ten or more
orthologous IDRs were identified. The complete set of IDRs, including
median and meansequence conservation and compositional conserva-
tion, is provided in Supplementary Table 16.

Hydrophobicity and charge scores
Hydrophobicity and charge scores (Fig. 4i) were calculated as compo-
sitional weighted metrics.

The hydrophobicity score (B) for asequence was calculated using
the following expression;

L
B=2f; M

Where, foragiven protein, Bisthe binding score, Sis the set of residues
used to calculate the binding score (Y, W,F,M, V, I, L, Aand P), §;is the
bindingscore coefficient associated with residueidentity iandf;is the
fraction of the sequence made up of residue i.

The charge scores (C) were calculated analogously:

C=>.fib; @

i

Where the residues in set 8 are R, K, Eand D and 6;is the charge score
coefficient. These coefficients are listed in Supplementary Table 16.
This definition is an ad hoc analysis used specifically in the context of
ADbf1IDR2,and we do not necessarily expect these precise parameters
to be transferable over to other systems. That said, the spirit of this
analysis may well transfer to other types of IDR-mediated interactions.

AlphaFold2 model

The AlphaFold2 model was taken directly from the European Bioin-
formatics Institute AlphaFold2 protein structure prediction database
(https://alphafold.ebi.ac.uk/entry/P14164)"*4*,

Gene Ontology analysis

The Gene Ontology analysis described in Extended Data Fig. 1g, and for
proteins with IDRs that are conserved in terms of chemical specificity
but not sequence, was performed using PANTHER*.

Structure predictions
Helical structural predictions were generated using AlphaFold2
(Fig.3)"™.

Coarse-grained simulations

Coarse-grained simulations were performed using the PIMMS simula-
tion engine (https://github.com/holehouse-lab/pimms) to generate the
2D bindinglandscapes. A 50-bead flexible polymer was defined in which
the central six residues were designated as amotif, whereas the flanking
residues on either side were defined as the context. A second 50-bead
polymer that collapsed due to attractive intramolecular interactions
defined a binding partner. Motif:globule (M) and context:globule
(C) interactions were systematically titrated to generate a 2D sweep
of parameter space (Extended Data Fig. 4a-d). The fraction bound

was calculated for each simulation run at a unique combination of M
and Cinteraction strengths. Binding here was defined as the two mol-
eculesindirectinteraction and did not distinguish between motif-and
context-based binding.

Monte Carlo simulations were run on a cubic lattice of 30 x 30 x 30
sites. The system was evolved via a combination of chain repetition
and rigid-body translation moves. Each simulation was run for a total
of approximately 30 x 106 individual Monte Carlo moves.

Insilico evolution

In silico evolution (Fig. 6) was performed by iteratively acquiring a
set of mutations and then evaluating the fitness of the sequence with
respect tosome selection function. Inour case, mutations were intro-
duced assingle-point mutations only (no insertions or deletions) and
fitness was evaluated in terms of attractive interactions with a specific
binding partner.

Chemical specificity was calculated using FINCHES with the
Mpipi-GG forcefield®*'°>'*’, In silico evolution used a fitness function
whereby the summed attractive interactions across the predicted
intermolecular interaction map were computed and variants survived
if the summed attractive interactions remained approximately equal
to or more attractive than the wild-type-associated value. Mutations
were introduced by sequentially making a series of mutations before
evaluating fitness, enabling compensatory mutations to appear.

Mutations were introduced through aniterative mutational strat-
egy. First, the amino acid sequence was converted into a nucleotide
sequence. Next, the underlying nucleotide sequence was stochastically
mutated according to the expected transition or transversion rate for
nucleobases in coding sequences. This was done by randomly select-
ing a nucleotide and having it undergo a transition or transversion
event. We typically performed 30-40 events per nucleotide sequence
to mutagenize the underlying nucleic acid sequence to a consistent
number of amino acid changes. Having mutagenized the underlying
nucleic acid sequence, this sequence was converted back into protein
space. If a premature stop codon was introduced, the sequence was
discarded; otherwise, that sequence was saved as one of a set of pos-
sible variants. This procedure was repeated many timesto generate an
initial library of variants. Finally, each variant was assessed with respect
to the underlying fitness function and only those variants that were
sufficiently fit were kept. For null models (evolution-absent selection),
the same procedure was carried out, except we did not apply afitness
selection filter at the end. The acquisition of all mutations before
evaluation by fitness function facilitated the gain of compensatory
mutations. It also more accurately mirrors the logistical steps taken
for theinvitro error-prone PCR experiment.

The described protocol for in silico evolution was used to create
two libraries of 350 sequences; in one library (the real library), every
sequence was evaluated and kept based on the fitness function, whereas
inthe other (the nulllibrary), sequences were randomly mutagenized
without constraints on which sequences were kept or discarded. We
ensured that the numbers of mutations observed in sequences in the
real library and null library were always matched and were typically
around 28-31 mutations per sequence (that s, affecting 12-15% of the
residues). However, it is worth noting that the results did not change
if weincreased or decreased the number of mutations.

To performstatistical comparisons, we performed abootstrap-like
analysis toinvestigate per-residue conservation for sequences gener-
ated for our two libraries (Fig. 5¢). This involved randomly sampling
20 sequences (without replacement) from either the real library or the
null library, and for those 20 sequences, calculating the per-residue
conservation score. This was then repeated ten times to build a dis-
tribution of per-residue conservation scores expected for sequences
generated under selection versus sequences generated from the null
model. For eachresidue position, the mean and standard deviation for
those distributions are shownin Fig. 5c.
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We initially compared the conservation of IDR2 versus the
N-terminal IDR of Rad7 as our hypothetical target protein. To establish
that the apparentlack of conservation observed with alignment-based
methodsis ageneralphenomenon rather thanafluke, we repeated this
analysis using eight additional IDRs from proteins with which Abfl has
been proposed to interact. Putative interactors were taken as physi-
cal interactors from BioGRID*’. However, we note that in many cases
the interactions were identified in the presence of DNA, such that we
cannotdistinguish betweenascenarioin which Abflinteracts directly
with the putative partner and one inwhichboth proteinsinteract with
the same DNA molecule.Rad16 and Rad7 are notable exceptions where
protein-only complexes have been identified**. Regardless, in silico
evolution for the eight additional potential partners leads us to the
same conclusion (Extended Data Fig. 4h).

For comparing in silico evolution versus the results from
error-prone PCR experiments (Fig. 5e), asimilar strategy was taken to
that described above, except we matched the number of mutations
to the average number of mutations seen experimentally (-28) and
subsampled groups of 14 sequences to mirror the number of viable
sequencesidentified experimentally.

As a final note, our in silico evolution was far from a faithful
reproduction of the putative dynamics that shape mutations in
protein-coding sequences. We consider this a toy system enabling
us to ask a stylized question: if the only determinants of protein
sequence changes were constrained in this way, could conservation
be detected through multiple sequence alignments? In reality, part-
ners are co-evolving and post-transcriptional restraints (that is, RNA
secondary structure, processing and degradation) will also shape
protein-coding sequences, and insertions and deletions will contribute
additional noise. We consider our simplified model to be an overly
stringent and deliberately simple model for selection—if signatures
of conservation are not easily detectable here, the ability to do so in
even noisier scenarios seems even less likely.

Conservation of chemical specificity

To assess IDRs in which chemical specificity was conserved, we first
identified those IDRs with alow degree of average sequence conserva-
tion. We used an average sequence conservation value of 0.35. To assess
chemical specificity, we computed average IDR interactions with aset
of 36 previously identified chemically orthogonal dipeptides®*. For
eachset of orthologous IDRs, we calculated the variance in mean-field
interaction scores with each of those 36 peptides. We then identified
those IDRs where, despite very low sequence conservation, the variance
among one or more dipeptide interactions wasinthe bottom15%. The
setof proteins, IDR sequences and dipeptides they were conserved with
respecttoareincluded in Supplementary Table 9.

This analysis focused explicitly on large IDRs and is a relatively
unsophisticated way to systematically identify signatures of conserva-
tion with respect to chemical specificity. This is an area of active and
ongoinginvestigation.

Flory-Huggins phase diagrams

Togenerate hypothetical Flory-Huggins phase diagrams, we solved the
Flory-Huggins free energy of mixing using the FIREBALL package'*®.
This allowed us to calculate volume fraction (¢) and temperature
phase diagrams for different chain lengths (Extended Data Fig. 9c).
Thereduced temperature was calculated as the binodal temperature
divided by the critical temperature (7.). To convert volume fraction
into molar concentration, we operated under the assumption that

Where ¢ is the volume fraction, cis the mass concentration (inmg ml™),
v, is the average volume occupied by a single amino acid (140 A%, N,

is Avagadro’s number and M,, is the average mass of an amino acid
(110 g mol™). Given that three of the four terms here are known, this
expression canbe rewritten as

C=¢po “)

Where p,is1,310.16 mg ml™. Converting volume fraction to mass con-
centration (in units of mg ml™) involves multiplying the volume frac-
tionby1,310.16.

Converting from mass concentration to molar concentration
involves dividing the mass concentration by the molar mass of the
molecule. For the short and long synthetic repetitive FUS sequences,
the molar masses were 7,208.9 and 17,422.1g mol™, respectively. The
precise sequences are listed in Supplementary Table 1.

Data collection
Throughout the methods, data collection and analysis were not per-
formed blind to the conditions of the experiments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Sequencing data have been deposited in the NCBI Gene Expression
Omnibus (https://www.ncbi.nlm.nih.gov/geo/) under accession
numbers GSE314049, GSE314050 and GSE314051, as well as in the
Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra) database
under BioProject number PRJNA1377534. All data associated with
our figures are provided at https://doi.org/10.5281/zenodo.17770967
(ref. 149). They are also available via our GitHub repository at https://
github.com/holehouse-lab/supportingdata/tree/master/2026/
Langstein-Skora_2026.

Code availability

The code used to perform the analyses and generate the figures is
provided at https://github.com/holehouse-lab/supportingdata/
tree/master/2026/Langstein-Skora_2026. The complete code is pro-
vided at https://doi.org/10.5281/zenodo.17770967 (ref. 149). Code
for the ODM-seq is deposited at https://github.com/gerland-group/
LS_ODM _seq_analysis.
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Extended Data Fig. 1| Informatics analysis across the yeast proteome. a,
Distribution of correlation between per-residue predicted structure and per-
residue conservation across the S. cerevisiae proteome. Per-residue predicted
structure was calculated using the predicted pLDDT, a metric that quantifies the
likelihood that AlphaFold2 would correctly predict a structure for the residue
inaspecific sequence context. This predicted pLDDT was generated using
metapredict and correlated (r) with per-residue conservation. b, Rank-ordering
every yeast protein by fraction disordered illustrates how prevalent disordered
regions are predicted to be in S. cerevisiae, where almost half of all proteins are
10% disordered or more. In comparison, about 18% of all residues reside in IDRs
(inset). We note that these numbers reflect disorder predicted by metapredict
V1, which underestimates disorder relative to the more accurate V2 and V3
implementations. ¢, To further convert from fractional disorder into the number
of residues, we show the fraction of proteins in the yeast proteome that contain
one (or more) IDRs of various lengths. Over 30% of yeast proteins contain one

or more IDRs of sixty residues or longer. d, Conservation vs. IDR length reveals
that, while many IDRs are poorly conserved, a subpopulation of IDRs with awide
range of lengths is relatively highly conserved. Colours track with median IDR
conservation (that is, x-axis values). Gene ontology (GO) analysis reveals that the
top 200 most conserved IDR-containing proteins are enriched for nucleosomal
proteins (for example, histones), ribosomal proteins, and DNA repair proteins.
e, Histograms of per-residue conservation for each amino acid type within IDRs.
We calculated the per-residue conservation for each instance of each amino acid,

separated by amino acid type, and histogrammed the values. For hydrophobic
and aromatic residues, there tend to be two populations: alarge population

of poorly conserved residues (conservation scores of 0.3 to 0.4) and a smaller
population of highly conserved residues. This is most noticeable for tryptophan
(W), tyrosine (Y) and phenylalanine (F). Given that SLiMs are often driven by
hydrophobicresidues, we defined a threshold conservation score of 0.65 and
defined any of the three aromatic (Y/W/F) and four bulky aliphatic (L/I/V/M)
residues with ascore above this as ‘highly conserved’ (dashed lines). Based

on this delineation, we extracted sub-sequences centred on highly conserved
hydrophobicresidues as possible signatures for binding motifs (Supplementary
Tables10-14). f, Histograms that show the distribution of per-residue
conservation scores across the entire proteome and for all IDRs. The per-residue
conservation scores for every residue across the whole yeast proteome (black)
or within disordered regions (red) were histogrammed. Disordered regions
show amonomodal distribution with a peak around 0.3, whereas the whole
proteome shows abimodal distribution, with one peakin line with the disordered
regions ataround 0.3 and a second peak with substantial skew at around 0.75.

g, Comparison of disordered residues in chromatin-associated proteins versus
all proteins. The fraction of disordered residues in the entire yeast proteome
(n=5430 proteins, left) is compared with chromatin-associated proteins
(n=190, right). Chromatin association is based on annotation with the GO term
“chromatin” (GOA = 785). Disordered regions are defined based on metapredict
(V1) with standard thresholds.
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Extended Data Fig. 2| Proteome-wide conservation of composition vs.
sequence. a, ChIP scores for viable vs. inviable constructs confirm the ability

of variants to bind Abfl-specific genomic loci even in the event of inviability.

The distribution of ChIP scores for selected viable and all inviable rationally
designed constructs (Supplementary Table1) is plotted. Horizontal bars mark
the median value. Boxed values of viable constructs were measured in the
presence of untagged wild-type Abfl (Methods). These two populations do not
differ significantly (Mann-Whitney U-test; P value = 0.24). b, Panels showing
median sequence conservation as assessed by alignment (y axis for all) compared
with the per-residue compositional conservation (x axis) for four different
compositional groups: negative (E,D), positive (R,K), hydrophobic (I,LV,M,Y,FW)
and polar (Q,S,N,H,G) residues. In each panel, we also show the compositional
conservation and sequence conservation scores for the set of IDRs generated
viarandom mutagenesis (Methods and Fig. 5f), which were either viable (green
square) or inviable (red square). Inaddition, the position of IDR2 is noted
(circles). These points are included only to be compared with one another and

Average vacompositional
variation for hydrophobic residues

Average amino acid compositional
variation for polar residues

are not easily comparable with “natural” proteins. c-f, All IDRs that fall below the
dashedlinein b are histogrammed on compositional conservation, with IDR2
from Abflshown as ared vertical line on the histogram. ¢, Positive amino acid
compositionin IDR2 is more conserved than 93% of other IDRs, but the number
of positively charged residues is low, indicating that IDR2 is less likely to acquire
positive residues. d, Negative amino acid composition in IDR2 is more conserved
than 64% of other IDRs. e, Hydrophobic amino acid compositionin IDR2 is more
conserved than 93% of other IDRs. f, Polar amino acid composition in IDR2 is
more conserved than 48% of other IDRs. From this, we naively conclude that
charge and hydrophobicity are more constrained in IDR2 than polar amino acid
content. g, Sequence conservation vs. compositional conservation compared
withall other similarly conserved folded domains in the yeast proteome. Folded
domains were identified using predicted pLDDT-based sequence analysis,
analogous to the identification of disordered regions. Compositional and linear
conservation analyses confirm that folded domains are substantially more
conserved inboth respects.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| Analysis of orthologous IDRs, designed variants,

and Abfl:Gal4 alignment. a, Comparison of various sequence features for
viable vs.inviable IDR2 orthologues. Across the 13 sequence analyses tested
(excluding similarity and identity), only one (fraction of proline) has a Welch’s
t-test Pvalue below 0.05 when testing for a statistical difference in viable vs.
inviable sequences. In addition to sequence features, we computed sequence
similarity and identity to wild type. Including species from Saccharomyces sensu
stricto, an evolutionarily close species complex that includes Saccharomyces
cerevisiae, Saccharomyces uvarum, Saccharomyces mikatae and Saccharomyces
kudriavzevii, sequence identity is not statistically different between viable
andinviable orthologues. Although sequence similarity has a P value below
0.05when the Saccharomyces sensu stricto species are included, the viable
andinviable sequences are indistinguishable in similarity without this species
complex. Sequence properties were calculated using local CIDER, SPARROW

or metapredict (Methods). NCPR, net charge per residue; FCR, fraction of
charged residues. b, Evolutionary tree (asin Fig. 2d) showing amino acid
composition for each construct as a stacked bar chart. The grey lines reflect

the composition of S. cerevisiae IDR2. ¢, Comparison of tested IDRs from other
proteins (asin Fig. 2e) with the amino acid composition for each construct,
shown as astacked bar chart. d, Abfl1IDR2 shuffles (first shown in Fig. 3b) were

designed to largely preserve residue patterning for different residue groups,
with small perturbations above and below the wild-type sequence. Regardless

of patterning, all shuffles were inviable. e, For Gal47*% %! shuffle 1/2/3, Gal47¢8-88!
was globally shuffled to generate a range of sequence patterns across different
residue types. In this case, all sequences were viable, albeit with varying growth
scores. Although {GP} patterning followed an approximate trend in which
further from wild type showed an increasing growth defect, this trend is not
preserved inany of the other designs, and Gal47*%*%!js relatively glycine and
proline deficient (total fraction just 11%). In contrast, for most other shuffles,
thereis no correlation between residue patterning and growth score. f, Shuffles
for Pho4'* were explicitly designed to test residue patterning. We compared
aglobal shuffle with asegmental shuffle, in which local, chemically self-similar
subregions were shuffled. Both shuffles are inviable, but patterning analysis for
the segmental shuffle matches 1:1with wild type. g, Alignment of Abf1IDR2 (wild
type) and Gal4™® %! (Gal4TA). The EM, Abf1* subregion and Gal4%* subregion are
highlighted. Although other regions in the alignment are also reasonable (for
example, the N termini of both proteins), our goal here was to determine whether
any regions in Gal4 explicitly align with the EM. Although we did not find any such
region, we reasoned that testing adjacent to the EM would be most meaningful.
The alignment was performed using EMBOSS Needle.
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Extended Data Fig. 4 | Chemical specificity through simulations and
FINCHES-based analysis. a, Coarse-grained simulations were performed using
asimplified representation, in which an IDR comprises a central binding motif
(yellow) with longer N- and C-terminal flanking residues (red). This species binds
to apartner represented as a globular polypeptide, showningrey. b, Interaction
strength for inter-bead interactions. ‘M’ defines an interaction strength between
the IDR motifand globular binding partner. ‘C’ defines an interaction between the
IDR context and the globular binding partner. Globular intra-bead interactions
are strong, whereas motif:globular protein (‘M‘) and context:globular protein
(‘C’) binding strengths are systematically varied. ¢, Example of a single simulation
trajectory, revealing an almost 50:50 split of bound and unbound. Simulation
progress here is measured in terms of Monte Carlo steps. d, Reproduction of
Fig.4b,d. The 2D landscape is generated by systematically varying both Cand

M parameters, as defined above. e, Aromatic residues clustered in the FUS12E
patchy sequence. The top sequence shows the normal FUSI2E sequence (FUS®

16312F) with the embedded G4 motif, whereas the bottom sequence shows the
patchy variant. Compositionally, these two sequences are identical, but the
patterning of aromatic residues is very different. Specifically, using the inverse-
weighted distance (IWD) to compute residue clustering, the aromatic clustering
of the wild-type sequence is 0.82, whereas the aromatic IWD clusteringin the
patchy sequenceis 2.49.f, Predicted intermolecular interaction map (InterMap)
generated using FINCHES to predict specific subregions in Rad16 (UniProt
P31244;1-143) that will interact with IDR2. g, Predicted InterMap generated using
FINCHES to predict specific subregionsin Rad7 (UniProt P06779;1-207) that
willinteract with IDR2. h, Conservation of chemical specificity yields alignment-
based conservation scores that are indistinguishable from random noise
regardless of the interaction partner. As described in Fig. 5b, in silico evolution
of Abf1IDR generates conserved interaction profiles with other IDRs taken from
potential interaction partners.
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Extended Data Fig. 5| MNase-seq, ODM-seq and RNA-seq analysis. a,
MNase-seq data for whole yeast genome reconstitution show that INO8O

could not generate nucleosomal arrays phased to Abf1sites without Abfl. Two
independent replicates are shown, as in Fig. 6b, but with the indicated conditions.
b, The INO8O remodeller concentration was titrated to assess whether Abf1IDRs
contribute to INO8O recruitment. If this were the case, differencesin+IDR at

low INO8O concentration would be expected, whereas those differences should
vanish in excess INO80. Our results here do not show this behaviour and suggest
that the IDRs of Abflare not required for remodeller recruitment. This panelis as
inFig. 6b, but with the indicated concentrations of INO80. The fact that wild-type
Abflvs. AIDR1/IDR2 overlapped almost perfectly across different INO8O
concentrations indicated that we were notin aregime in the experiment shownin
Fig. 6b where INO8O0 concentration was so high that IDR-dependent recruitment
to Abfl was masked. n =1for each condition ¢, Replicate in vitro reconstitution
experimentasin Fig. 6b, but with some altered conditions (for example,
Drosophila histones), as detailed in the Methods. d, When Abfl was depleted
from the nucleus, the NFR around Abfl sites filled up with nucleosomes, whereas
the flanking nucleosomes (-1, +1) and up- and downstream nucleosome arrays
became disordered. These results are reported as decreased peak-to-trough
ratios and shifts of occupancy peaks towards the NFR. This panel is as in Fig. 6e;
thatis, the dataare aligned at responder Abflsites (classes land II; n = 397)
asidentified by Kubik et al. based on MNase-seq data in an analogous Abfl
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anchor-away strain and oriented such that a gene is to the right for unidirectional
promoters®. e, Asind, but for non-responder sites (classes Il to V; n=478), as
defined by Kubik et al.*’. f, Different Abfl constructs enhance or suppress RNA
levels for genes (n =279) linked to Abfl responder sites (d and e; Methods).
Shown are the changesin total RNA levels in Abfl anchor-away strains with the
indicated Abfl constructs leftin the nucleus relative to a strain with wild-type
Abflleftin the nucleus. n =3 for FUS"°*12E + Y/M, no Abfl; n = 2 for all other
constructs. NCS506 is arandom mutagenesis construct (Fig. 5d) with just 13
point mutations. Boxes span the middle two quartiles; whiskers extend to 1.5x the
interquartile range; and horizontal bars denote median log,[fold change] values
of the Abfl variant relative to wild-type Abfl. The naive expectation that the
degree of downregulationin RNA-seq data for these genes with Abfl responder
promoter sites would scale with the degree of viability in Abf1 IDR variants was
notborne out. Instead, there were reproducible but idiosyncratic transcription
responses. In hindsight, such varied outcomes may even be expected given

that total RNA-seq after 75 min of rapamycin treatment should include indirect
effects. Inaddition, the range of tested IDRs may mediate more or less specific
interactions with various partner proteins, exerting diverse effects depending on
the Abflsites, that is, where in the genome these IDRs are recruited via the Abfl
DBD. Different IDRs need not necessarily lead to aloss of function in terms of an
inability to recruit native Abfl partners, but also a gain of functionin recruiting
other nuclear components.
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Extended Data Fig. 6| ODM-seq analysis. a, ODM-seq reaches saturated DNA
methylation. Incubation of each yeast chromatin preparation with CpG-specific
DNA methyltransferase M.Sssl for 180 vs. 240 min resulted in the same
occupancy patterns of composite plots aligned at all in vivo +1 nucleosomes.
Importantly, active methyltransferase activity during the 60 additional minutes
ofincubation for the 240 min samples was demonstrated by de novo methylation
of plasmid pFMP233 spiked in at 180 min (b). b, Spike-in control for sustained

DNA methylation after 180 min. Average occupancy levels (occupancy =

1- methylation; thatis, low occupancy reflects high DNA methylation levels)

are shown for plasmid pFMP233, which was spiked into the indicated samples
at180 min. ¢, Independent biological replicates demonstrate near-perfect
reproducibility in ODM-seq occupancy patterns. ODM-seq data for the indicated
samples after 240 min incubation with M.Sssl are aligned at the responder Abfl
sites, as defined by Kubik et al. (see also Extended Data Fig. 5d)*’.
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Extended Data Fig. 7| Responder overlap and analysis. a, Venn diagrams
comparing previously annotated Abf1 sites from in vivo annotations (Pugh
group: Rossi et al. 2021, Hahn group: Mahendrawada et al. 2025, Henikoff
group: Zentner et al. 2025, Gutin et al. 2018)*7#12%3° We allow a generous 75 bp
window for overlapping sites. b, Comparison between Abfl sites predicted
from published PWMs (Badis et al. 2008, Kubik et al. 2018, JASPAR data base:
Rauluseviciute etal. 2024, Maclsaac et al. 2006, Pachkov et al. 2013)****»7%,
Again, we allow a generous 75 bp window for overlapping sites. ¢, Comparison
between allin vivo annotated sites, asin a, versus all PWM-predicted sites, asin
b. We recapitulated the previous conclusion that binding sites mapped in vivo
need not contain a sequence motif. d-f, In vivo +1 nucleosome-aligned composite
plots of ODM-seq data for wild-type Abf1 (Abf1 present) and no Abf1 (Abf1

ablated), shown for different gene sets, as defined by Mahendrawada et al. 2025
(ref. 74). Abfl binding sites were called by ChEC-seq signal in the region of 400
bp to +200 bp relative to the transcription start site. Responder genes were called
by significant changes in nascent RNA levels after Abfl ablation. d, Comparison
for non-responder genes (n = 807). e, Comparison for responder genes without
Abflsites (n=800).f, Comparison for responder genes with Abfl sites (n = 579).
g, Schematic showing the three windows (NFR, upstream and downstream
flank of in vivo +1 nucleosome position) used for PCA in Fig. 6f. ODM-seq data
for wild-type Abf1 (Abf1 present) and no Abf1 (Abfl ablated) are aligned at
invivo +1 nucleosome positions of responder genes (n =1,378) as defined by
Mahendrawada et al. 2025 (see also d-f)"*.
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the +1nucleosome. This PCA is as in Fig. 6f, but for the downstream flank of the
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Extended Data Fig. 9| See next page for caption.
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Extended Data Fig. 9| Phase separation analysis. a, Intracellular phase
transitions have beenimplicated in the molecular basis for chromatin
organization. Although FUS'™®12E is, in principle, highly soluble, could our
results be interpreted in terms of a phase-transition mode in which Abf1
undergoes homotypic phase separation? We emphasize that the theoretical
investigation here focuses on amodel in which IDR2/FUS' 12 self-assembles
into de novo phase-separated assemblies. It in no way speaks to amodelin

which Abfl partitions into extant condensates, where recruitment is defined

by the presence/abundance of an interacting partner in those condensates. To
investigate this, we used Flory-Huggins theory to predict the expected shift in
the saturation concentration (c,,) with IDR length. We designed a basic repeating
unit (top) and used it to generate n = 6 and n = 2 synthetic polymer units (middle
and bottom). b, Flory-Huggins theory allowed us to predict an expected

change in saturation concentration for two polymers with identical attractive
interactions but of different lengths. As such, in a phase separation model, we can
predict how changing the IDR length would shift the saturation concentration.

¢, Constructing phase diagrams requires reconstruction from the free energy of
mixing to extract coexisting phases. The expression for the free energy of mixing
isshown to theright.d, Phase diagram for n =67 and n =167 polymers in reduced
temperature (y axis) versus volume fraction (x axis) space. Reduced temperature
is an effective parameter for tuning intramolecular interactions up to the critical
temperature (reduced temperature =1.0). As such, the y axis position reflects the
normalized intermolecular interaction between polymers. With this in mind, we

can convert from volume fraction into molar concentration and ask how, at any
arbitrary intermolecular interaction strength, the saturation concentration (in
1M) would change in response to achange in IDRlength. e, Full phase diagram
showing a change in molar concentration of the phase diagram expected for

the two IDRs of lengths 67 and 167 residues. f, Under concentration regimens
compatible with cellular conditions, the change from 167 to 67 residues yielded a
predicted change in saturation concentration of almost five orders of magnitude.
g, Even at the top of the phase diagram, where the difference is minimal, we
found a concentration difference of almost two orders of magnitude. h, Given
that the EM appeared to function as a hydrophobic helix, we wondered if we
could rationally design an IDR with a hydrophobic helix. The conserved region
(CR) from the human RNA-binding protein TDP-43 forms a transient helix. The
structural model of this helix shows hydrophobic residues lining up along a
consistent interface. i, Inserting the 25-residue CR from TDP-43 into the (inviable)
FUS'™®*12E context rendered it viable, albeit with a +2 growth score. This result
wasinitially interpreted as indicating that the TDP-43 helix could function as
abonafide motif. However, redistribution of the helix residues was also viable
(withabetter growth score of +3), indicating the importance of performing
motif-redistribution controls to establish whether an inserted sub-sequence
isabona fide motif or not. We also confirmed that—even in the presence of the
TDP-43 CRregion—altering the context by removing aromatic residues yielded
aninviable construct, mirroring results observed in other systems.
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Extended Data Fig. 10 | Conserved sub-sequences and ODM-seq saturation
analysis. a, Using the conservation threshold of 0.65 (Extended Data Fig.1b-d),
we identified sub-sequences centred on a +6-residue window containing
conserved hydrophobic residues to identify conserved subregions. Hydrophobic
residues here were defined as1, L, M, V, Y, F, W. Initiator methionines were
discarded from the analysis. Depending on the stringency of the disorder score
for the resulting sub-sequence, between 5,173 and 884 conserved sub-sequences
were identified across IDRs in the yeast genome. All sub-sequences at all

disorder thresholds are reported in Supplementary Tables 10-14. b, Assessment
of the number of conserved hydrophobic sub-sequences in essential versus

non-essential yeast proteins. On average, there are almost twice as many
conserved sub-sequences in essential proteins as in non-essential proteins. The
distribution was generated by bootstrapping (the black line is the overall mean)
with a Pvalue below the detectable threshold using anindependent ¢-test with
unequal variance. The analysis here used the most stringent disorder threshold
(0.7; see Extended Data Fig. 1f), but analogous results were obtained regardless
ofthe threshold. ¢, Genome-averaged methylation reached saturation for each
sample. This panelis asin Extended Data Fig. 6b, but the genome-wide average
occupancy of the indicated samples and conditionsis plotted.
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