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SUMMARY

The C-terminal domain (CTD) of RNA polymerase I
(Pol 1) is composed of repeats of the consensus
YSPTSPS and is an essential binding scaffold for
transcription-associated factors. Metazoan CTDs
have well-conserved lengths and sequence compo-
sitions arising from the evolution of divergent motifs,
features thought to be essential for development.
On the contrary, we show that a truncated CTD
composed solely of YSPTSPS repeats supports
Drosophila viability but that a CTD with enough
YSPTSPS repeats to match the length of the wild-
type Drosophila CTD is defective. Furthermore, a flu-
orescently tagged CTD lacking the rest of Pol Il
dynamically enters transcription compartments, indi-
cating that the CTD functions as a signal sequence.
However, CTDs with too many YSPTSPS repeats
are more prone to localize to static nuclear foci sepa-
rate from the chromosomes. We propose that the
sequence complexity of the CTD offsets aberrant
behavior caused by excessive repetitive sequences
without compromising its targeting function.

INTRODUCTION

Transcription in eukaryotes involves coordination of RNA synthe-
sis, RNA processing, and modulation of chromatin structure. The
C-terminal domain (CTD) of the largest RNA polymerase Il (Pol II)
subunit, Rpb1, plays a central role by serving as a landing pad
for many of the proteins involved in these processes (Corden,
2013; Egloff et al.,, 2012; Eick and Geyer, 2013; Harlen and
Churchman, 2017; Zaborowska et al., 2016). There is considerable
variation in the amino acid sequence composition of CTDs across
different evolutionary lineages (Yang and Stiller, 2014). For
example, the yeast CTD and the proximal half of the mammalian
CTD are composed primarily of the repeating consensus heptad
YSPTSPS, whereas the distal half of the mammalian CTD consists

primarily of divergent motifs that differ from the consensus at one
or more positions (Figure 1A). In addition, the length of the CTD
roughly scales with developmental complexity (Yang and Stiller,
2014). The divergent motifs and CTD length are postulated to
have evolved to provide additional layers of control for gene
expression programs essential for the development of multicellular
organisms (Chapman et al., 2008; Corden, 2013; Dias et al., 2015;
Egloff et al., 2012; Eick and Geyer, 2013; Schrdder et al., 2013; Si-
monti etal., 2015; Sims et al., 2011; Zaborowska et al., 2016; Zhao
et al., 2016), although this remains largely untested.

Here we assess the significance of sequence complexity and
length of the CTD in animal development and viability by using
Drosophila as a model. The Drosophila CTD contains 42 repeats,
only 2 of which match the consensus heptad (Figure 1A). Surpris-
ingly, CTDs composed solely of YSPTSPS repeats suffice to
support fly development. In addition, although consensus
CTDs at approximately half wild-type lengths fully support devel-
opment, consensus CTDs at wild-type lengths do not. Thus, hav-
ing too many consensus heptads is deleterious, and this can be
counteracted by substituting consensus heptads with divergent
motifs. These results argue against the notion that highly
conserved, lineage-specific divergent motifs and lengths of the
CTD are essential for metazoans. To gain insight into the func-
tional differences between various CTDs, we analyzed their be-
haviors when expressed separately from the rest of Pol Il. We
observe that a GFP-tagged wild-type Drosophila CTD dynami-
cally enters transcription compartments. This defines the CTD
as a signal sequence that could serve to target Pol Il to sites of
active transcription. Furthermore, CTDs harboring too many
consensus heptads form static nuclear foci when fused to GFP
and fail to support viability in the context of Pol Il. Our results sug-
gest that the sequence of the CTD has evolved to balance length
and composition to dynamically target Pol Il to transcription
compartments without resulting in aggregation.

RESULTS
A CTD Solely Composed of 29 Repeats of Consensus
Heptads Is Sufficient for Viability of Drosophila

Differences between the levels of amino acid sequence con-
servation and the underlying nucleic acid conservation for
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Figure 1. The CTD of Drosophila Is Composed Primarily of Divergent Motifs that Are under Selective Pressure

(A) Display of the CTD of S. cerevisiae (26 repeats), D. melanogaster (42 repeats), and H. sapiens (52 repeats), with consensus heptads highlighted in magenta. The
acidic tip (underlined) was retained in all consensus CTD mutants described throughout this study.

(B) Variation in the codon positions and amino acids of the Drosophila CTD. Variation was defined as having at least one sequence variant among 12 species of
Drosophila.

See also Figure S1.

Drosophila species indicate that the amino acid sequence of the  Leveraging the sequence complexity of the Drosophila CTD, we
CTD is subject to strong purifying selection (Figure 1B; Fig- set out to test the long-standing hypothesis that the divergent
ure S1). This observation and prior analysis revealing lineage- motifs enriched among metazoan CTDs and conserved within
specific conservation of divergent motifs in metazoans (Yang lineages serve crucial roles in development. Previously, we
and Stiller, 2014) suggest that the diversity of motifs is adaptive.  found that ectopic expression of an RNAi-resistant Rpb1 mutant
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Figure 2. Replacing Endogenous Rpb1 with
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L s sequence with an HA or FLAG tag attached to the
|'“°§;”1§" Homology Arm 2 £ end of the C terminus. Rpb12%°°" has 29 YSPTSPS
TETOP el : " motifs substituted for the wild-type CTD and a FLAG
Q&“" Qch‘”e cf“" tag attached to the end of the C terminus. The
< sequence of the CTD (orange) in each fly line was
c - - D verified by sequencing the PCR product amplified
o 100 o from genomic DNA with primers flanking the CTD
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§§ % é after egg deposition; n > 300 for each genotype.
EE 40 % (C) Percentages of hatched embryos that devel-
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& Ry 3 e medians and interquartile ranges.

(G) Immunofluorescence with anti-HA and anti-
FLAG antibodies on polytene chromosomes
derived from salivary glands of third-instar larvae
(FLAG-Rpb12°°°"/Rpb14,) under non-heat shock

FLAG-Rpb 175

FLAG-Rpb 12%en

with as few as 29 Drosophila motifs, including the two consensus
heptads, rescued lethality caused by depleting endogenous
Rpb1 with RNAI (Gibbs et al., 2017). To assess whether viability
was conferred by the remaining divergent motifs, we matched
the length of this mutant by replacing the Drosophila CTD with
a FLAG-tagged, all-consensus CTD (called Rpb12°°°" hereafter)
composed of 29 YSPTSPS heptads. Following CRISPR-Cas9-
mediated replacement of sequences encoding the wild-type
CTD, we obtained homozygous viable flies whose only Rpb1
contained 29 consensus heptads (Figure 2A). For comparison,
two fly lines with either a hemagglutinin (HA) tag or a FLAG tag

and heat shock conditions. Chromosomes derived
from salivary glands lacking either the tagged form
of Rpb1 (FLAG-Rpb 12°°°"/+ or Rpb1,4/+) served as
negative controls. The heat shock puffs are readily
visible and indicated by yellow arrows.

Two-sided chi-square tests were used for (B)-(E).
Mann-Whitney U tests were used for (F). ns,
not significant (p > 0.05); *p < 0.05, **p < 0.01,
***p < 0.001, and ***p < 0.0001 were considered
statistically significant from Rpob1e,ac.

appended to the C terminus of a wild-
type Drosophila CTD were generated
(called Rpb1ya and Rpbigag, respec-
tively, hereafter). Rpb12°°°" flies were
indistinguishable in morphology from
these wild-type counterparts. Hatch rates
and percentages of Rpb129°°" individuals that completed devel-
opment when grown at 24°C were only slightly less than wild-
type (Figures 2B and 2C). When raised at 30°C, these three fly
lines were also morphologically indistinguishable and showed
similar hatch rates and similar percentages of individuals devel-
oping into pupae (Figures 2D and 2E). In addition, Rpb129°°" flies
recovered normally after cold shock (Figure 2F). Rob129°°" flies
were mated to Rpb 1, flies to generate larvae expressing both
forms of Pol Il. Immunostaining of polytene chromosomes for
the two forms of Rpb1 with anti-FLAG and anti-HA antibodies re-
vealed nearly identical staining patterns both before and after
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Figure 3. CTDs with Too Few or Too Many Consensus Heptads Are Dysfunctional

(A) Schematic of the ubiquitous Rpb1i rescue assay. The Act-GAL4 transgene expresses GAL4 throughout development and drives the expression of UAS-
associated transgenes. UAS-Rpb1iis a GAL4-activated transgene encoding RNAI that knocks down the expression of endogenous Rpb1. Rpb1i expression in
the absence of ectopically expressed Rpb1 eliminates all straight-winged adult progeny (Act-GAL4/+; UAS-Rpb1i/+). Co-expression of a functional derivative of
Rpb1 that has been rendered resistant to RNAi by synonymous mutations rescues the lethality and yields straight-winged progeny.

(B) Quantification of the results from the Rpb1i rescue assay; n > 150 for each genotype. 10con, 20con, 24con, 29con, 42con, and 52con designate Rpb1
derivatives with 10-52 consensus heptads. WT designates the wild-type Drosophila CTD, and human designates the human CTD. Two-sided chi-square tests;
ns, p > 0.05; *p < 0.05; **p < 0.01, **p < 0.001, or ***p < 0.0001 were considered statistically significant from UAS-Rpb1i, UAS-Rpb 1",

(C) Western blots of late pupae showing the expression of FLAG-tagged, RNAi-resistant forms of Rpb1 derivatives and knockdown of the RNAi-sensitive Rob 4.
Spt5 served as a loading control. UAS-Rpb1 and Act-GAL4 were each marked with w+, allowing late pupae with Act-GAL4 to be distinguished from their CyO
counterparts by an additional copy of w+.

(legend continued on next page)
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heat shock (Figure 2G). In contrast to the hypothesized role of
divergent motifs in metazoans, these observations show that
Pol Il harboring a fully consensus CTD is sufficient to execute
the complex gene-regulatory programs necessary for develop-
ment, reproduction, and thermotolerance.

A Consensus CTD Matching the Wild-type Length of the
Drosophila CTD Is Defective

Like sequence complexity, the length of the CTD is highly
conserved within taxonomic lineages and is also thought to be
essential for viability (Chapman et al., 2008; Corden, 2013; Eick
and Geyer, 2013; Liu et al., 2010; Yang and Stiller, 2014; Zabor-
owska et al., 2016). However, the role of conserved CTD length
has been difficult to study in developmentally complex organ-
isms, where changing CTD length also alters motif composition.
Our finding that Pol Il with a fully consensus CTD functions in the
fly enabled us to directly test the role of altered CTD length on fly
viability, divorced from the confounding influence of altered
numbers of divergent motifs. To this end, we used our previously
described RNAI rescue assay (Gibbs et al., 2017; Portz et al.,
2017) to test whether CTDs with 10, 20, 24, 42, or 52 consensus
heptads (Rpb1'°%°", Rpb12°°°" Rpb124°°" Rpb142°°" and
Rpb1%2°°" could rescue flies from the lethality caused by
depleting endogenous Rpb1 with RNAi (Figure 3A). Act-GAL4-
mediated expression of the RNAi against Rpb1 in all tissues re-
sulted in complete lethality (Figure 3B, upstream activating
sequence [UAS]-Rpb1i). Co-expression of RNAi-resistant forms
of Rpb12%°°" or Rpb124°°" restored viability, whereas co-expres-
sion of Rpb1'%%°" or Rpb132°°" did not (Figure 3B). In contrast
to Rpb1°2°°", the human CTD, which also has 52 repeats
(Rpb1M'™a" was able to restore viability (Figure 3B), raising
the possibility that the divergent motifs counteract defects
caused by having too many consensus heptads. Likewise,
Rpb142°°" a mutant closely matching the length of the
Drosophila CTD, restored viability into adulthood but was mark-
edly less efficient than Rpb1"T (Figure 3B; Figure S2A). Impor-
tantly, Rpb119°°", Rpb142°°" and Rpb152°°" were expressed at
levels similar to or greater than Rpb 17, suggesting that the fail-
ure to rescue was not due to the instability of these mutants (Fig-
ure 3G, cf. lanes 4, 7, and 8 with lane 2). In addition, endogenous
Rpb1 was efficiently depleted (Figure 3C, cf. lane 1 with lanes 2,
4-9). Therefore, the differences in rescue efficiency were not due
to variation in the levels of Rpb1 knockdown.

We also performed a wing-specific knockdown of the endog-
enous Rpb1 and tested the effects of co-expressing various
forms of mutant Rpb1. The wing-specific knockdown of Rpb1
gave rise to severely distorted, miniature-sized wings that were
rescued by the expression of Rpb1"T, Rpb12°°°" Rpb124c°n,
and Rpb12°°°". As observed in the whole-animal experiments,
expression of Rpb1'%°°" failed to rescue wing defects.
Conversely, expression of either Rpb142°°" or Rpb152°°" in the
wing partially rescued the RNAi phenotype (Figure 3D). This sug-

gests that the basis for the defects caused by reducing the num-
ber of consensus heptads may be different from defects caused
by having too many consensus heptads.

To definitively test whether the simplified CTDs can replace
the functions of the wild-type CTD, we used CRISPR-Cas9 to
introduce various mutations into the endogenous Rpb1 locus
in flies. Rob12°°°", Rpb124°°" Rpb142°°" and Rpb1%2°°" were
introduced, whereas two attempts to introduce Rpb1'1°%°" were
unsuccessful. As was the case for Rob129°°", Rob12°°°" and
Rpb124c°" supported development and proliferation under
normal growth conditions (Figure 3E; Figures S2B, S2C, and
S2G). They also functioned similarly as Rpb7g 4 in response
to stress (Figures S2D-S2F). Hemizygous males carrying
Rpb142°°" were sterile, whereas Rpb1°2°°" was unable to sup-
port development into adulthood. In contrast to Rpb1%2°°",
Rpb1"uman sybstituted for the endogenous Rpb1 to produce ho-
mozygous viable adults that were fertile (Figure 3E; Figure S2G).
The dysfunction of Rpb142°°™ and Rpb1%2°°" was not simply due
to under-expression because all CRISPR derivatives of Rpb1
were expressed at comparable levels (Figure 3F). Collectively,
these results suggest that, although a fly can survive without
divergent motifs, too many consensus heptads can be delete-
rious, even at CTD lengths comparable with the wild-type length.

The Drosophila CTD Dynamically Enters Sites of Active
Transcription Independent of the Body of Pol Il

Results from previous studies have lead to the conjecture that
transcription occurs in “transcription compartments” or “tran-
scription factories” (Papantonis and Cook, 2013; Yao et al.,
2007). More recent findings suggest that these could be
phase-separated liquids formed by networks of weak interac-
tions between RNA and proteins with multivalent, low-
complexity regions (Burke et al., 2015; Cho et al., 2018; Chong
et al.,, 2018; Kwon et al., 2013; Lu et al., 2018; Sabari et al.,
2018). In vitro, the CTD has been shown to partition into liquid
and gel phases comprised of other low-complexity domains
and that this partitioning is influenced by both the length and
sequence composition of the CTD (Boehning et al., 2018;
Kwon et al., 2013). Because transcriptionally active loci are easily
observed as puffs on polytene chromosomes in Drosophila sali-
vary glands, we explored whether the CTD could serve to parti-
tion Pol Il into sites of active transcription and, if so, whether this
might provide insight into the functionality of our various CTD de-
rivatives of Rpb1. To this end, we tagged the Drosophila CTD
with green fluorescent protein and expressed this GFP-DmCTD
protein or a GFP control in salivary glands. Each protein had a
nuclear localization signal (NLS) and a FLAG tag, and both
were expressed at comparable levels and localized to nuclei
(Figure S38). Indirect immunofluorescence microscopy of spread
chromosomes revealed that the GFP-DmCTD co-localized with
Pol Il at puffs whereas GFP alone did not (Figures 4A and 4B).
Live-cell imaging using confocal microscopy showed that the

(D) Testing the function of various Rpb1 derivatives in Drosophila wings. Wing-specific expression was driven by ms1096-GAL4. Red arrows indicate creases in

the wing or changes in the vein path.

(E) Functionality of CRISPR derivatives of Rpb1 in hemizygous males. The Rpb1 gene resides on the X chromosome.
(F) Western blot showing the expression of FLAG-tagged CRISPR derivatives of Rpb1 in late pupae. Spt5 served as a loading control.

See also Figure S2.
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Figure 4. GFP-DmCTD Is Dynamically Associated with Sites of Active Transcription and Sensitive to 1,6-Hexanediol

(A) Indirect immunofluorescence detection of HA-tagged Pol Il and FLAG-tagged NLS-GFP derivatives on fixed and spread polytene chromosomes. Salivary
glands containing the polytene chromosomes were dissected from progeny derived from matings of Rpb 1,4, da-GAL4 to UAS-NLS-GFP-DmCTD-FLAG or
UAS-NLS-GFP-FLAG. See STAR Methods for details.

(B) Magnified view of the yellow boxes in (B).

(legend continued on next page)
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GFP-DMCTD associated with puffs, whereas GFP alone was
dispersed throughout the nucleus (Figure 4C). Thus, the CTD
alone can function as a signal sequence that facilitates the inter-
action of Pol Il with transcriptionally active loci.

Previous analyses of Pol Il interactions with puffs in live cells
showed dynamic exchange of Pol Il between the puff and the
surroundings; fluorescence recovery after photobleaching
(FRAP) showed fluorescence recovery times for Pol Il of approx-
imately 1to 2 min (Yao et al., 2007). In contrast, our GFP-DmCTD
displayed recovery times at puffs of a few seconds (Figures 4D
and 4E). The difference in recovery times is not unexpected given
that Pol Il in the puffs is engaged in transcription.

In addition to its association with puffs, GFP-DmCTD also
formed foci that appeared to be separate from the chromosomes
(Figure 4C, yellow arrows). FRAP analysis showed that some
GFP-DmMCTD-containing foci are dynamic, whereas others are
static (Figure S4A; Videos S1 and S2). Dynamic foci that recov-
ered fluorescence did so with times of several seconds, similar
to the recovery time for fluorescence at puffs. In contrast, static
foci did not recover fluorescence. Dynamic foci tended to be in
the space between the chromosomes and nuclear periphery,
whereas static foci tended to be at the nuclear periphery.

Several recent studies provide evidence that the CTD can
partition into phase-separated liquid droplets (Boehning et al.,
2018; Burke et al., 2015; Lu et al., 2018). The dynamic nature
of the interaction of GFP-DmCTD with chromosomes and a sub-
set of foci suggests that the CTD could be partitioning into
phase-separated liquid compartments. To test this, we exam-
ined the effect of treating glands with 1,6-hexanediol, a chemical
that has been shown to disperse proteins from phase-separated
compartments (Boehning et al., 2018; Cho et al., 2018; Krosch-
wald et al., 2017; Lu et al., 2018; Sabari et al., 2018; Strom et al.,
2017). Treatment of intact glands with 1,6-hexanediol resulted in
significant loss of GFP-DmCTD from chromosomes (Figure 4F,
top) and the disappearance of a subset of GFP-DmCTD foci (Fig-
ure S4B). Although the nucleus shrunk in size upon treatment
with 1,6-hexanediol, the histone banding pattern was not disrup-
ted (Figure 4F, bottom), indicating that the dissociation of GFP-
DmCTD from chromosomes was not due to a global disruption
of chromosome structure.

Consensus CTDs at Wild-type Lengths Tend to Localize
to Static Nuclear Foci Separate from Chromosomes

We next investigated the behavior of the consensus CTDs by
fusing them to GFP and expressing them in salivary glands.
Unlike GFP-DmCTD, which was enriched at a few puffs during
the stationary larval stage and tended to be enriched at more puffs
during the early prepupal stage (Figure 4C), GFP-10con was not

enriched on puffs and showed no increase in concentration on
chromosomes over what was observed in the nucleoplasm (Fig-
ure 5A). Similar to GFP-DmCTD, GFP-20con, GFP-24con, and
GFP-29con were also enriched on puffs, although the enrichment
was not observed until the early prepupal stage (Figures 5B and
5C; Figures S5A-S5D). This argues that the increase in CTD length
facilitates targeting to sites of active transcription.

The distributions of the GFP-42con and GFP-52con deriva-
tives in salivary glands were very different from GFP-DmCTD.
Although GFP-DmCTD was enriched in puffs in most cells,
GFP-42con or GFP-52con was more frequently localized in
extrachromosomal foci than on chromosomes (Figures 5D-5M;
Figures S5E-S5N). Many of the foci containing GFP-42con did
not recover after photobleaching (Figure 5N; Video S4), suggest-
ing that consensus CTDs at wild-type lengths are more prone to
localize in static foci. Together, our results with GFP-CTD fusions
support the hypothesis that additional CTD length improves tar-
geting to transcription compartments, but CTDs above a length
threshold form less dynamic, possibly aggregated structures.
This propensity for aggregation is counteracted by the divergent
motifs that predominate in metazoans.

DISCUSSION

Consensus Heptad Repeats Are Sufficient to Satisfy
Requirements for Multicellularity
Our functional analysis of the CTD in Drosophila challenges the
long-standing proposition that features of the CTD unique to
multicellular organisms are essential for development. We
show that CTDs of 20 to 29 consensus heptads support
Drosophila viability, development, and thermotolerance. In
contrast, CTDs of 10, 42, or 52 consensus heptads do not. It is
unlikely that the viability of our fully consensus CTD flies is due
to compensatory mutations that have occurred elsewhere in
the genome because the generation of healthy fly lines contain-
ing the 20, 24, and 29 consensus heptads using CRISPR did not
require screening an inordinate number of candidates. More-
over, these results are in accordance with the RNAi rescue re-
sults, in which the selective pressure is only applied during one
generation when flies are mated to a GAL4 driver line.
Remarkably, the optimal range in the number of consecutive
consensus heptads that functions in Drosophila is similar to the
number of consecutive consensus and near-consensus heptads
found in a wide spectrum of eukaryotes ranging from yeast to
plants (Yang and Stiller, 2014). We propose that this consecutive
array of consensus heptads functions as a single unit. Otherwise,
it is difficult to account for why the number of consecutive hep-
tads that is conserved within a given taxon far exceeds the sizes

(C) Single-stack confocal images of nuclei in live salivary glands expressing either NLS-GFP or NLS-GFP-DmCTD. More than 99% of cells expressing NLS-GFP-
DmCTD from the stationary larval stage have a range of appearances that resemble the images at the left and center, whereas more than 99% cells from the early
prepupal stage have a range of appearances that resemble the images at the center and right. Examples represent the range of appearances observed. Red and
yellow arrows indicate examples of chromosomal puffs and extrachromosomal foci that show enrichment of the GFP-tagged CTD, respectively.

(D and E) FRAP images (D) and average GFP intensity at GFP-DmCTD puffs following photobleaching (E). The red box indicates a bleached region. Data are from

15 puffs in 15 different salivary glands. Error bars represent SEM.

(F) Treatment with 1% 1,6-hexanediol disrupts the association of GFP-DmCTD with chromosomes. Fluorescence from mCherry-labeled H2B indicates that the
chromosomes remain intact following 1,6-hexanediol treatment. Each image is a single z stack.

The scale bar in (A) represents 50 um; all other scale bars represent 5 um.
See also Figures S3 and S4 and Videos S1, S2, and S3.
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Figure 5. Varying the CTD Sequence Composition Alters Its Distribution in the Nucleus

(A-H) Single-stack confocal images of nuclei in live salivary glands expressing NLS-GFP-10con (A), NLS-GFP-29con (B and C), and NLS-GFP-42con (D-H). (B)
and (D) were collected from the stationary larval stage, whereas (C) and (E) were collected from the early prepupal stage. The examples depicted in (A) and (F)-(H)
can be observed in both stages. Red arrows indicate bright puffs that show GFP enrichment over the surroundings.

(I-L) Maximum intensity projections of the same nuclei as shown in (D) and (F)-(H), respectively.

(M) GFP-42con cells are more prone to partition in extrachromosomal foci, many of which do not recover after photobleaching, as shown in (N). Sample sizes are
indicated in parentheses. Darker shades of gray indicate that more CTD associates with static compartments than with chromosomes. p < 0.0001, two-sided
chi-square tests.

(N) FRAP images on a cluster of GFP-42con foci. The red box indicates the bleached region.

All scale bars represent 5 um.

See also Figures S3 and S5 and Video S4.
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of the binding sites for known proteins. For example, a stretch of
15 consensus heptads is conserved between human and
mouse, but the known binding sites for proteins that associate
with the CTD only span three heptads or less (Jasnovidova and
Stefl, 2013). In addition, CTD mutant strains of yeast with varied
numbers of consensus heptads spontaneously acquire addi-
tional mutations that result in CTDs approximating the natural
number of 26 (Morrill et al., 2016; Nonet and Young, 1989).
How this consecutive array of repeats functions as a single unit
is not known. One possibility is that it provides for phosphoryla-
tion-dependent, highly cooperative regulation of factor binding
(Lenz and Swain, 2006). This entropically driven mechanism of
regulation could provide switch-like binding and release of fac-
tors dictated by threshold levels of phosphorylation.

Functionality of Divergent Motifs Is Dictated by Their
Sequence Context

The divergent motifs of Drosophila likely function within the specific
context established by the overall amino acid sequence of the
Drosophila CTD. Otherwise, it is difficult to reconcile how all of
the divergent motifs can be replaced with consensus heptads
but the natural sequence of the CTD is highly conserved between
distantly related species of Drosophila. Likewise, in spite of the
high sequence conservation within the chordate lineage, the
CTD in human cells grown in culture can be replaced with an all-
consensus CTD without losing viability (Chapman et al., 2005).
We envision several ways in which the functions of the divergent
motifs could be context-dependent. Our small angle x-ray scat-
tering (SAXS) analysis of the Drosophila CTD reveals that it adopts
a compact random coil structure. This implies the occurrence of
transient intramolecular interactions (Portz etal., 2017). In addition,
the CTD self-associates, and this self-association could contribute
to the clustering of Pol Il molecules that has been linked to tran-
scription (Boehning et al., 2018). These intra- and intermolecular
interactions could extend over the entirety of the CTD, placing
constraints on the sequence composition throughout the CTD.
Another possibility is that divergent motifs themselves, or through
interaction with other proteins, serve as binding sites for the same
cadre of proteins that otherwise directly bind consensus heptads.
This would explain why a fully consensus CTD functions in place of
the natural Drosophila counterpart. A corollary to this hypothesis is
that the divergent motifs do not provide unique regulatory func-
tions; they simply provide alternative pathways for interactions
normally provided by consensus heptads. Divergent motifs could
have emerged as a consequence of constructive neutral evolution
(Gray et al., 2010) in which a chance mutation resulted in loss of
consensus heptads but fortuitously produced motifs that associ-
ated with a protein providing an alternate to the lost consensus
heptads. Future investigations should seek to determine whether
known proteins that recognize consensus heptads also associate
with divergent motifs and whether there are adaptor proteins
selectively binding divergent motifs in the Drosophila CTD that, in
turn, serve to recruit proteins that, in other species, bind directly
to consensus heptads.

Targeting of the CTD to Transcription Compartments
Our finding that the functionality of the consensus CTD is depen-
dent on the number of consensus heptads prompted us to

explore the behavior of the various CTDs when they were ex-
pressed separately from the rest of Pol Il. We were motivated
by previous reports that the CTD partitions into liquid phase-
separated droplets and hydrogels (Burke et al., 2015; Kwon
et al., 2013) and the proposition that the highly transcribed re-
gions of Drosophila polytene chromosomes known as puffs
could be liquid phase-separated compartments (Harlen and
Churchman, 2017).

We find that GFP-tagged versions of the CTD associate with
puffs, and the characteristics of these interactions are consistent
with puffs being phase-separated compartments. First, treat-
ment of salivary glands with 1,6-hexanediol caused the CTD to
disperse from puffs, a behavior consistent with that of proteins
partitioning into liquid phase-separated domains (Boehning
et al., 2018; Chong et al., 2018; Lu et al., 2018; Sabari et al.,
2018). Second, FRAP analysis showed that the CTD’s associa-
tion with puffs is dynamic and has a recovery time after photo-
bleaching of several seconds. This is similar to the recovery
times reported for the CTD when it partitions into phase-sepa-
rated droplets formed by the low-complexity domain of the
FUS protein (Burke et al.,, 2015). Finally, although CTDs
composed of 20, 24, or 29 consensus heptads become enriched
in puffs, a CTD composed of 10 consensus heptads did not. This
dependence on length is consistent with the puff interaction
being dependent on the valency of the CTD. Liquid phase sepa-
ration in biological systems is driven by networks of weak inter-
actions between multivalent molecules (Banani et al., 2017; Li
et al., 2012). The capacity of a protein to become enriched in a
phase-separated domain depends on its capacity to interact
favorably with the network. We speculate that the CTD with 10
consensus heptads lacks sufficient valency to interact favorably
with other components in the puff.

We propose that the CTD is functioning as a signal sequence
and is serving to target Pol Il to highly transcribed regions of the
genome. Several molecules are known to reside at puffs that could
be involved in establishing a compartment that is targeted by the
CTD. One is the CTD itself because it was recently shown that
the CTD self-associates into phase-separated droplets in the pres-
ence of crowding agents and that these droplets recruit Pol Il
(Boehning et al., 2018). Another is poly(ADP-ribose), whose chains
are known to contribute to puff formation (Tulin and Spradling,
2003) and have been shown to nucleate phase separation (Alt-
meyer et al.,, 2015; McGurk et al., 2018). Yet another could be
FUS, which has been shown to be present at puffs and to form
phase-separated droplets that can enrich the CTD (Burke et al.,
2015; Immanuel et al., 1995). Notably, all three of these compo-
nents of puffs are also found at transcribed lociin diploid cells, indi-
cating that transcription compartments analogous to puffs could
form in these cells (Petesch and Lis, 2012; Schwartz et al., 2012).

Divergent Motifs Counteract Aggregation of the CTD

In addition to its enrichment at puffs, we observed that GFP-
tagged CTD formed foci that were clearly separate from the
chromosomes. FRAP analysis showed that some of these foci
were dynamic whereas others were not. The recovery time for
the dynamic foci was comparable with the recovery times de-
tected at puffs. Future experiments with fluorescently labeled
Pol Il should reveal whether the foci formed by the CTD also
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include Pol Il or other transcription machinery harboring the
multivalent, low-complexity domains so often associated with
phase separation.

The abundance of CTD foci increases dramatically when the
number of consensus heptads in the CTD increases from 29 to
42 or 52. In some cases, a small number of large clumps is
observed instead of multiple foci, as if the foci have coalesced.
The increase in the number of foci and formation of large clumps
is consistent with the known behavior of multivalent polymers,
where expansion of repeat numbers can cause molecules to tran-
sition from being dynamic to forming static, dysfunctional aggre-
gates (Weber and Brangwynne, 2012). In contrast to the 42
consensus CTD, the Drosophila CTD, which is comparable in
length, does not form large numbers of foci or clumps. This raises
the possibility that divergent motifs function to counteract the ten-
dency of the multivalent CTD to form dysfunctional aggregates.
We speculate that the formation of such aggregates could be the
reason why Pol Il with the 42 or 52 consensus heptads result,
respectively, in defects in male fertility and pupal development.

Drosophila Provides a Tractable Model for Investigating
CTD Function

It has been almost 4 decades since the CTD was first described,
and its function remains enigmatic. Virtually everything we know
about the CTD’s function has focused on the consensus heptads
in yeast and mammalian cells grown in culture. Our results now
establish Drosophila as a powerful model system for investi-
gating CTD function. Specifically, imaging Drosophila polytene
chromosomes in intact nuclei represents a democratizible sys-
tem for the simultaneous visualization of the nucleoplasm and
complete genome with common and accessible microscopy.
The platform introduced here is amenable to exploring the parti-
tioning, miscibility, and dynamics of any number of low-
complexity domains associated with the transcription machinery
with the ability to map localization to precise genomic loci,
discern between heterochromatic, euchromatic, and nucleo-
plasmic compartments, and to tune expression levels and timing
with the available suite of Drosophila genetic tools.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse anti-HA Thermo Cat#26183; RRID: AB_10978021
Rabbit anti-Spt5 Gilmour lab N/A
Rabbit anti-Rpb3 Gilmour lab N/A
Rabbit anti-HA Thermo Cat#71-5500; RRID: AB_2533988
Mouse anti-FLAG M2 Sigma F1804
Goat anti-rabbit IgG Alexa Fluor 488 Thermo Cat#A-11034; RRID: AB_2576217
Goat anti-mouse IgG Alexa Fluor 568 Thermo Cat#A-11004; RRID: AB_2534072
Goat anti-mouse IgG Alexa Fluor 647 Thermo Cat#A-11004; RRID: AB_2534072
Goat anti-mouse IgG Alexa Fluor 488 Thermo Cat#A-11001; RRID: AB_2534069
Goat anti-rabbit IgG Alexa Fluor 568 Thermo Cat#A-11036; RRID: AB_10563566
Chemicals, Peptides, and Recombinant Proteins
Hoechst 33258 Sigma-Aldrich Cat#B2883
Schields and Sang M3 Insect Medium (M3 Medium) Sigma-Aldrich Cat#S8398
1,6-hexanediol Alfa Aesar Cat#A12439
Experimental Models: Organisms/Strains
UAS-Rpb1i Bloomington Drosophila RRID:BDSC_36830
Stock Center
w; Act-GAL4 (w+)/CyO Bloomington Drosophila RRID:BDSC_4414
Stock Center
ms1096-GAL4 Bloomington Drosophila RRID:BDSC_8860
Stock Center
da-Gal4 Bloomington Drosophila RRID:BDSC_55850
Stock Center
FM7(Tb) Bloomington Drosophila RRID:BDSC_36337
Stock Center
UAS-Rpb1i, UAS-Rpb 1™ Portz et al., 2017 N/A
UAS-Rpb1i, UAS-Rpb17uman Portz et al., 2017 N/A
vas-Cas9 Gratz et al., 2014 RRID:BDSC_51324
Rpb1", da-GAL4 (Figures 4A and 4B) This paper N/A
Sgs3-GAL4, UAS-mCh-H2B/TM6 Verrijzer lab N/A
Oligonucleotides
Primer encoding sgRNA: Rpb1_fw1: 5-CTTCGTA This paper N/A
GGGATTTGAGAGCCAGTG-3
Primer encoding sgRNA: Rpb1_rev1: 5'-AAACCA This paper N/A
CTGGCTCTCAAATCCCTAC-3
Primer encoding sgRNA: Rpb1_fw2: 5'- CTTCGA This paper N/A
GAAACACTCGGCGAGGCT-3'
Primer encoding sgRNA: Rpb1_rev2: 5'-AAACAG This paper N/A
CCTCGCCGAGTGTTTCTC-3
Primer for PCR genotyping (Figure S2): fw: 5'- CGC This paper N/A
CTTCGGCTGCATCGG-3
Primer for PCR genotyping (Figure S2): rev: 5'-ACAA This paper N/A

AGATCCTCTAGAGGTACCCTCGAGC-3'
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Primer for PCR genotyping (Figure S4): fw: 5'-GGCG This paper N/A
ATCGAGCGTAGTCGGTACTT-3'

Primer for PCR genotyping (Figure S4): rev: 5'-CCAGG This paper N/A

ACCTTCGATGTCGCCGTATTT-3

Recombinant DNA

pUASTattB
pHD-DsRed-attP
pUB-2-Bbsl-gRNA

Bischof et al., 2007
flyCRISPR
Gratz et al., 2014

Drosophila Genomics Resource Center #1419
Drosophila Genomics Resource Center #1364
Drosophila Genomics Resource Center #1363

Software and Algorithms

Fiji
lllustrator

Prism

Clustal Omega
flyCRISPR Optimal Target Finder

ImageJ
Adobe

Graphpad

EMBL-EBI
Gratz et al., 2014

http://fiji.sc/
https://www.adobe.com/uk/products/
illustrator.html

https://www.graphpad.com/
scientificsoftware/prism/

https://www.ebi.ac.uk/Tools/msa/clustalo/

http://tools.flycrispr.molbio.wisc.edu/

targetFinder/
https://doi.org/10.6084/m9.figshare.106631

https://www.adobe.com/uk/products/
photoshop.html

Genotype Builder Roote and Prokop, 2013
Photoshop Adobe

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to the Lead Contact, David S. Gilmour (dsg11@
psu.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila strains
UAS-Rpb1i, Act-GAL4 [w; Act-GAL4 (w+)/CyQ], ms1096-GAL4 and da-Gal4 fly lines were obtained from the Bloomington Stock
Center (Bloomington 36830, 4414, 8860 and 55850 respectively). UAS-Rpb1i, UAS-Rpb1WTand UAS-Rpb1i, UAS-Rpb 1™ |ines
were previously described (Portz et al., 2017). DNA encoding either mutant Rpb1 with double FLAG-tags at the C terminus, or various
NLS-GFP derivatives were subcloned into the pUAST-attB vector, followed by transformation into the PhiC31 attP 86Fb site (Bischof
etal., 2007). Rpbii-resistance of transgenic Rpb1 was achieved by changing the part of the coding sequence of Rpb1 that is targeted
by the 21 nucleotide shRNA (sense strand: AACGGTGAAACTGTCGAACAA) to AACCGTCAAGTTGAGCAACAA. The UAS-Rpb1i,
UAS-Rpb1 line, as well as the w, Rpb14; Act-GAL4 (w+)/CyO and Rpb1,; da-GAL4 lines were generated by routine matings
and meiotic recombination. All NLS-GFP derivatives have a Strep-tag appended to their C terminus in addition to the FLAG tag.
CRISPRed Rpb1 fly lines were generated through injection of DNA mixtures into a Cas9 expressing fly line (Bloomington 51324). As
previously described (Gratz et al., 2014), each DNA mixture contains two CRISPR targeting vectors that express sgRNAs and a ho-
mology donor vector. The two CRISPR targets were selected from a list of targets with zero predicted potential off-target sites using
flyCRISPR Optimal Target Finder (http://tools.flycrispr.molbio.wisc.edu/targetFinder/, Maximum Stringency, NGG PAM sequence
only). Complementary strands encoding the sgRNAs were annealed, phosphorylated and cloned into the Bbsl site of pU6-Bbsl-
chiRNA (Addgene plasmid 45946). The combination of Rpb1_fw1: 5-CTTCGTAGGGATTTGAGAGCCAGTG-3 and Rpb1_rev1i:
5-AAACCACTGGCTCTCAAATCCCTAC-3' directed cleavage downstream of the 3'UTR of Rpb1.The combination of Rpb1_fw2:
5- CTTCGAGAAACACTCGGCGAGGCT-3'and Rpb1_rev2: 5'-AAACAGCCTCGCCGAGTGTTTCTC-3' directed cleavage adjacent
to the start of the Drosophila CTD. Two homology arms, each about 1kb in length were PCR amplified from strain w’’"8. The homol-
ogy arm adjacent to the 3'UTR of Rpb1 was cloned into the Aarl site of pHD-ScarlessDsRed (DGRC plasmid 1364). The other
homology arm was cloned into the Sapl site alongside desired mutations in the CTD and the CRISPR targeting site (Figure 2A). Candi-
date recombinant flies were identified by expression of the DsRed marker in eyes. Individual DsRed candidates were out-crossed to
strainw’""8, Desired candidates were verified by sequencing and western blot. The insertion of the DsRed cassette disrupts the gene
adjacent to the 3'UTR of Rpb 7, which to our knowledge does not affect the interpretation of our data. The Cas9 transgene on the
third chromosome was subsequently removed by selection against the 3xP3-GFP marker. Rpb12°°" and Rpb1%%°°" alleles were
maintained over FM7(Tb) balancer (BDSC 36337).
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lllustration of the genetic mating scheme in Figure 3A was generated using Genotype Builder (Roote and Prokop, 2013).
METHOD DETAILS

Sequence alignment
Previously published amino acid and nucleotide sequences of the CTDs of 12 species of Drosophila were downloaded from
FLYBASE and aligned using Clustal Omega.

PCR genotyping

DNA was extracted from male individuals of desired genotypes as previously described (Gloor et al., 1993), and analyzed with the
following primers: fw: 5'- CGCCTTCGGCTGCATCGG-3' and rev: 5'-ACAAAGATCCTCTAGAGGTACCCTCGAGC-3' (Figure S2A);
fw: 5'-GGCGATCGAGCGTAGTCGGTACTT-3' and rev: 5'-CCAGGACCTTCGATGTCGCCGTATTT-3' (Figure S2G). The resulting
PCR products were isolated and sequenced to verify the presence of the desired mutations.

Western blotting

Lysate was prepared from late pupae (Figures 3C and 3F) as previously described (Gibbs et al., 2017). Samples were subsequently
loaded onto a 7% Tris-Acetate gel (Figures 3C and 3F). Rpb14 was detected with mouse anti-HA antibody monoclonal antibody
(1:2500, Pierce, 26183, Thermo Scientific). Spt5 and Rpb3 were detected with rabbit anti-Spt5 antibody (1:3000) and rabbit anti-
Rpb3 antibody (1:3000) respectively (Qiu and Gilmour, 2017). Expressions of FLAG Rpb1 were detected with mouse anti-FLAG
M2 antibody (1:2500; Sigma). Blots were subsequently probed with goat anti-rabbit IgG (1:3000; Alexa Fluor 488) and goat anti-
mouse IgG (1:3000; Alexa Fluor 647) and visualized with a Typhoon (GE Healthcare).

Immunofluorescence

For polytene chromosome staining, salivary glands from wandering third-instar larvae were dissected and squashed as previously
described (Schwartz et al., 2004). Slides were then incubated with rabbit anti-HA antibody (1:100; ThermoFisher 71-5500) and mouse
anti-FLAG M2 antibody (1:200; Sigma) overnight at 4°C. For Figure 2G, the slides were subsequently probed with goat anti-rabbit IgG
(1:200; Alexa Fluor 488) and goat anti-mouse IgG (1:200; Alexa Fluor 568) for 4 hours at room temperature. For Figures 4A and 4B, the
slides were subsequently probed with goat anti-mouse IgG (1:200; Alexa Fluor 488) and goat anti-rabbit IgG (1:200; Alexa Fluor 568)
for 4 hours at room temperature. Samples were imaged on a CARV |l spinning disc confocal (BD Biosystems) and adjusted for bright-
ness and contrast using ImageJ.

Animal assays

For Figures 2D and E, animals were cultured at 30°C and 33% humidity. For Figure 3D, animals were cultured at 18°C and 33% hu-
midity. Wings were dissected from 1 to 3 day old females. For cold shock analysis in Figure 2F, 0-6h old adults were aged for 96h,
placed on ice for 14h and recover at room temperature (21°C). Recovery of movement was monitored over the course of at least 4
hours with a video camera. Recovery time was defined as the time point at which an individual started to move. For the rest of the
figures, animals were maintained at 24°C and 65% humidity.

Drosophila live imaging

Larvae were raised in a non-crowded vial with standard cornmeal culture media. Prior to dissection, wandering third instar larvae
expressing a GFP-tagged CTD derivative fusion and mCherry tagged H2B-CTD (Sgs3-GAL4, UAS-mCh-H2B/UAS-NLS-GFP-
DmCTD) were transferred to a fresh vial. The selected larvae tended to migrate away from the food and always developed into early
prepupae within 1 to 6 hours if left undissected, which corresponded to the “stationary larvae stage” (Fletcher and Thummel, 1995).
Newly formed prepupae (< 1 hour post puparium formation) were selected as the “early prepupae stage.” Individuals at this stage
have transparent glands that can be clearly distinguished from prepupae of later stages, which have white non-transparent glands.
Glands were isolated and imaged in M3 medium (Sigma Aldrich S8398) supplemented with 2.5 g of bactopeptone and 1 g of yeast
extract per liter medium (M3+BPYE). Confocal images were acquired using a Zeiss LSM800 with a 63X oil objective (NA1.4) and
adjusted for brightness and contrast using ImagedJ. For consistency in comparison, all images of single nuclei were collected from
the distal 5 of the salivary glands. Polytene nuclei were imaged at a depth no greater than 60 pm into the salivary gland tissue.
For Figure 4C, Figure 5 and Figure S5, the intensity of GFP was adjusted based on the intensity of mCherry-H2B to correct for minor
intensity differences produced by variation in imaging depth. Non-confocal images in Figure S3 were collected at the same exposure
times on a Carl Zeiss Axioskop 40 microscope and adjusted for brightness and contrast using Imaged.

Fluorescence recovery after photobleaching (FRAP)

Salivary glands were prepared as above. Three images were taken before bleaching. On the fourth frame, a square region of approx-
imately 4 um X 4 um was bleached with full laser power and recovery was recorded at 0.2% power, at 0.5 s intervals for 90 s.
Normalized fluorescence intensity was calculated with a two-step normalization: first by normalizing the fluorescence intensity of
GFP-DmCTD puffs to that of pre-bleach, second by normalizing this ratio to the ratio obtained from an unbleached region to correct
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for the subtle loss in fluorescence intensity due to bleaching. For calculating half time recoveries, normalized values from each
recording were separately fit to a single exponential model, and half time recovery was presented as mean + standard error.

1,6-Hexanediol treatments

Salivary glands were prepared as above and immediately imaged in M3+BPYE (before treatment). Salivary glands were then trans-
ferred to the same medium containing 1% 1,6-hexanediol (Alfa Aesar A12439), incubated for approximately 20 min and imaged again
(after treatment).

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed using the Prism 6 software. Two-sided chi-square tests were used for the analyses in Figures
2B-2E, Figure 3B, Figure 5M, Figures S2B-S2E and Figure S5N. Mann-Whitney U tests were used for the analyses in Figure 2F

and Figure S2F. The *p < 0.05, **p < 0.01, ***p < 0.001 or ****p < 0.0001 values were considered statistically significant from Rpb1g 4G
or UAS-Rpb1i, UAS-Rpb 1.
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