
Essential histone chaperones collaborate
to regulate transcription and chromatin
integrity
Olga Viktorovskaya,1 James Chuang,1,3 Dhawal Jain,2 Natalia I. Reim,1 Francheska López-Rivera,1

Magdalena Murawska,1,4 Dan Spatt,1 L. Stirling Churchman,1 Peter J. Park,2 and Fred Winston1

1Department of Genetics, Blavatnik Institute, Harvard Medical School, Boston, Massachusetts 02115, USA; 2Department
of Biomedical Informatics, Blavatnik Institute, Harvard Medical School, Boston, Massachusetts 02115, USA

Histone chaperones are critical for controlling chromatin integrity during transcription, DNA replication, and DNA
repair. Three conserved and essential chaperones, Spt6, Spn1/Iws1, and FACT, associate with elongating RNA po-
lymerase II and interact with each other physically and/or functionally; however, there is little understanding of
their individual functions or their relationships with each other. In this study, we selected for suppressors of a
temperature-sensitive spt6 mutation that disrupts the Spt6-Spn1 physical interaction and that also causes both
transcription and chromatin defects. This selection identified novel mutations in FACT. Surprisingly, suppression
by FACT did not restore the Spt6-Spn1 interaction, based on coimmunoprecipitation, ChIP, and mass spectrometry
experiments. Furthermore, suppression by FACT bypassed the complete loss of Spn1. Interestingly, the FACT
suppressor mutations cluster along the FACT-nucleosome interface, suggesting that they alter FACT-nucleosome
interactions. In agreement with this observation, we showed that the spt6 mutation that disrupts the Spt6-Spn1
interaction caused an elevated level of FACT association with chromatin, while the FACT suppressors reduced the
level of FACT-chromatin association, thereby restoring a normal Spt6-FACT balance on chromatin. Taken together,
these studies reveal previously unknown regulation between histone chaperones that is critical for their essential in
vivo functions.
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An enduring quest in the field of gene expression is to un-
derstand the function and coordination of the multitude
of proteins that dynamically associate with RNAPII dur-
ing transcription initiation, elongation, and termination
(Schier and Taatjes 2020). Many of these proteins are re-
quired for transcription to overcome the repressive effects
of nucleosomes, by helping to maintain normal chroma-
tin structure after the passage of RNAPII or by the modi-
fication of histone proteins.

Histone chaperones comprise one class of factor essen-
tial for transcription by directlymodulating histone-DNA
interactions in an ATP-independent fashion. While the
mechanisms and roles of some histone chaperones are
well understood (for example, see English et al. 2006),
the functions of most chaperones are not well defined
(Hammond et al. 2017; Warren and Shechter 2017). One

mystery is why so many histone chaperones are required
during transcription elongation, when at least eight his-
tone chaperones associatewith elongating RNAPII. These
include three that are conserved and essential for viability
and that are the focus of our studies: Spt6, Spn1/Iws1, and
FACT.

Spt6 and Spn1 directly interactwith each other, and this
interaction is important for their function in both yeast
and mammalian cells (Yoh et al. 2008; Diebold et al.
2010; McDonald et al. 2010). However, the reasons for
this interaction are not well understood, and there are sev-
eral distinctions between Spt6 and Spn1. For example, in
yeast, depletion of Spt6 results in massive changes in
the specificity of transcription initiation (Doris et al.
2018), while depletion of Spn1 has little known effect on
initiation specificity (Reim et al. 2020). In addition, Spt6
is required for the levels of certain histone modifications,
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including H3K36me2 and H3K36me3 (Carrozza et al.
2005; Chu et al. 2006; Youdell et al. 2008), while Spn1 is
not needed for the level of these modifications but rather
is required for their normal distribution on chromatin
(Reim et al. 2020). Finally, while both Spt6 and Spn1 inter-
act directly with histones (Bortvin and Winston 1996;
McCullough et al. 2015; Li et al. 2018), only Spt6 has
been shown to interact directly with RNAPII (Sdano
et al. 2017; Vos et al. 2018). Thus, both proteins play vital
roles, yet the nature of these roles and how they connect
to each other remains to be determined.
Spt6 also shares many functional similarities with

FACT, another conserved and essential histone chaperone
(Duina 2011). Both Spt6 and FACT are believed to facili-
tate transcription of RNAPII through nucleosomes and/
or to ensure nucleosome reassembly after the passage
of RNAPII. In addition, both regulate core histone levels
(Jeronimo et al. 2019) as well as the deposition of histone
H2A.Z (Jeronimo et al. 2015). Furthermore, both are re-
quired for the specificity of transcription initiation
(Cheung et al. 2008). Despite their related functions,
Spt6 and FACT clearly have independent, nonredundant
roles, since both are essential for viability in many types
of cells, as well as differing with respect to interactions
with nucleosomes and patterns of association with chro-
matin (Mayer et al. 2010; Duina 2011; McCullough et al.
2015; Pathak et al. 2018). While one of the main mecha-
nisms for recruitment of Spt6 to chromatin is by its inter-
action with RNAPII (Mayer et al. 2010; Sdano et al. 2017;
Dronamraju et al. 2018), the recruitment mechanism for
FACT is unknown and likely occurs by multiple means,
including interactions with histones (Hodges et al. 2017;
Cucinotta et al. 2019), histone H2B ubiquitylation (Flem-
ing et al. 2008; Murawska et al. 2020), and by the recogni-
tion of an altered nucleosome structure (Martin et al.
2018).
Thus, studies of Spt6, Spn1, and FACT have revealed

intriguing relationships between the three, raising the
question of how they functionally interact during tran-
scription. In this study, we have addressed this issue in
Saccharomyces cerevisiae, starting with spt6-YW, an
spt6 mutation that was designed to disrupt the Spt6-
Spn1 interaction (Diebold et al. 2010). We first show
that spt6-YW does severely impair the Spt6-Spn1 interac-
tion. Then, to understand the requirement for this interac-
tion, we isolate extragenic suppressors of spt6-YW and
identify mutations in genes encoding several known tran-
scription elongation and chromatin factors. Notably, the
suppressors include novel changes in FACT, as well as
in Spt5, a conserved and essential elongation factor. By ge-
netic and biochemical approaches, we show that the
mechanisms by which alterations of FACT and Spt5 sup-
press spt6-YW are distinct, as altered FACT bypasses the
requirement for Spn1 while suppression by altered Spt5
is Spn1-dependent. Nevertheless, both classes suppress
the chromatin defects caused by spt6-YW. Finally, we
show that the FACT suppressors cluster on its nucleo-
some binding surface, weaken FACT-histone interac-
tions, and restore a balance between the levels of Spt6
and FACT associated with chromatin. Taken together,

our studies reveal a network of interactions between es-
sential histone chaperones and other conserved factors.

Results

Suppressors of spt6-YW identify important transcription
elongation factors

To investigate interactions between the histone chaper-
ones Spt6 and Spn1, we used spt6-YW, a mutation predict-
ed to impair the Spt6-Spn1 interaction due to changes of
two conserved Spt6 residues (Y255A, W257A) on the in-
terface of Spt6 with Spn1 (Diebold et al. 2010; McDonald
et al. 2010). The spt6-YW mutation causes strong mutant
phenotypes, including temperature-sensitive growth at
37°C and sensitivity to DNA-damaging agents (Diebold
et al. 2010). By coimmunoprecipitation (co-IP), we ob-
served a dramatic decrease in Spt6-Spn1 interaction in
an spt6-YW mutant, while the interaction of Spt6 with
Rpb1 was largely unaffected (Fig. 1A). This Spt6-Spn1
defect was specific for spt6-YW, as it was unaffected in
an spt6-1004 mutant, which contains a mutation outside
of the Spn1 binding site (Kaplan et al. 2003). Thus, spt6-
YW disrupts the conserved Spt6-Spn1 interaction, provid-
ing the opportunity to study its requirement in vivo.
As a genetic approach to understand the roles for Spt6-

Spn1 interaction, we selected for suppressors of the
spt6-YW temperature-sensitive phenotype (Fig. 1B). We
isolated 28 independent revertants that allowed growth
at 37°C and identified the causative mutations for each
by a combination of whole-genome sequencing and genet-
ic tests (Materials and Methods). These analyses identi-
fied extragenic suppressors in seven genes (17/28
mutants) (Fig. 1B), as well as intragenic suppressors and
strains disomic for chromosome 16, the location of Spn1
(Supplemental Table S1).
All seven genes identified by the extragenic suppressors

encode factors that regulate transcription elongation and
chromatin (Fig. 1B; Supplemental Table S1). Among these
suppressors, the most surprising results were the identifi-
cation of mutations in three essential genes: SPT16,
POB3, and SPT5. Spt16 and Pob3 are the two subunits of
the histone chaperone FACT (Gurova et al. 2018), and
Spt5 is a conserved elongation factor that dimerizes
with Spt4, directly controls RNAPII processivity, and
has recently been implicated in controlling chromatin
structure (Hartzog and Fu 2013; Crickard et al. 2017;
Ehara et al. 2019). The identification of spt6-YW suppres-
sors in SPT16, POB3, and SPT5was unprecedented, as pre-
viously isolated mutations in these genes conferred
similar, rather than opposite, phenotypes compared with
spt6 mutations (for example, Swanson and Winston
1992; Kaplan et al. 2003; Cheung et al. 2008; Jeronimo
et al. 2015; McCullough et al. 2015; Pathak et al. 2018).
Although the analysis of the FACT and Spt5 suppres-

sors is the focus of our studies, we first briefly summarize
our findings for the other suppressors identified. The re-
maining extragenic suppressors—SET2, RCO1, CHD1,
and HTA1—were previously identified as suppressors of
either spt6 mutations or mutations that impair related
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elongation factors (Simic et al. 2003; Keogh et al. 2005;
Chu et al. 2006; Biswas et al. 2007; Quan and Hartzog
2010; McCullough et al. 2015; Lee et al. 2018). For SET2,
RCO1, and CHD1, which are not essential for viability,
we found that complete deletions also suppressed spt6-
YW, showing that suppression is conferred by loss of func-
tion (Supplemental Fig. S1A; Supplemental Table S2). The
fourth gene, HTA1, is one of two genes encoding histone
H2A, and its isolation fits with previous studies that iden-
tified H2A and H2B mutants as suppressors of a similar
spt6 mutation, spt6-F249K (McCullough et al. 2015).
The intragenic class of spt6-YW suppressors contained
three independent isolates that each contained a P231L
amino acid change in Spt6 in addition to the original
Y255A andW257A substitutions. P231 is located just out-
side of the region of Spt6 previously cocrystallized with
Spn1 (Diebold et al. 2010;McDonald et al. 2010); the prox-
imity of P231 to the Spt6-Spn1 interface suggests that it
suppresses spt6-YW by strengthening Spt6-Spn1 interac-
tions. Finally, the eight disomic suppressors each con-
tained an extra copy of chromosome 16, where SPN1 is
located. To test whether suppression was caused by the
second copy of SPN1, we supplied spt6-YW mutants
with SPN1 on a centromeric plasmid and found suppres-
sion of spt6-YW temperature sensitivity (Supplemental
Fig. S1B). This result supports the idea that the tempera-
ture-sensitive defect in the spt6-YW mutant is caused by
the impaired Spt6-Spn1 interaction.

Mutational changes in FACT and Spt5 suppress spt6-YW
in an allele-specific fashion

Given the novel genetic suppression of spt6-YW by pob3,
spt16, and spt5 mutations, we asked whether the genetic
interactions were allele-specific, which would suggest

that suppression occurs by the alteration of specific mo-
lecular properties of these factors rather than by a general
reduction of function. To test for allele-specific suppres-
sion, we first combined either pob3-E154K, the strongest
FACT suppressor, or our one spt5 suppressor, spt5-QS,
with two other spt6 mutations, spt6-F249K and spt6-
1004 (Supplemental Tables S1, S2). The spt6-F249Kmuta-
tion, like spt6-YW, impairs the Spt6-Spn1 interaction
(McDonald et al. 2010), and we found that the tempera-
ture sensitivity of spt6-F249K was suppressed by both
pob3-E154K and spt5-QS (Fig. 1C). In contrast, the spt6-
1004mutation does not impair the Spt6-Spn1 interaction
(Fig. 1A); its temperature-sensitive phenotype became
more severe with pob3-E154K and it was not suppressed
by spt5-QS. We also combined spt6-YW with previously
isolated pob3, spt16, spt4, or spt5 alleles and we did not
observe suppression of any spt6-YW phenotypes (Fig.
1D; Supplemental Table S2). In fact, some spt4 and spt5 al-
leles caused double-mutant lethality when combined
with spt6-YW. Together, these results demonstrate a
high degree of allele-specificity, indicating a distinctive
functional relationship between mutations that impair
the Spt6-Spn1 interaction and their suppressors.

Spt6, Spn1, FACT, and Spt5 functionally interact
to modulate nucleosome organization in vivo

Spt6 and FACT are required for normal nucleosome posi-
tioning and occupancy (Ivanovska et al. 2011; Perales et al.
2013; van Bakel et al. 2013; Doris et al. 2018; Jeronimo
et al. 2019). Spt5 has also been implicated in contact
with nucleosomes during transcription, and our spt5-QS
suppressor mutation maps proximal to the nucleosome
interacting region of Spt5 (Ehara et al. 2019). Therefore,
we investigated the effect of spt6-YW and its suppressors

BA
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D

Figure 1. Mutations in SPT16/POB3 and
SPT5 suppress spt6-YW in an allele-specific
fashion. (A) Western blots showing the lev-
els of Spn1, Rpb1, and Spt6-FLAG in Spt6-
FLAG immunoprecipitation (IP) samples
and the corresponding inputs from un-
tagged control (FY87), wild-type (FY3276),
spt6-YW (FY3277), and spt6-1004 (FY3283)
strains. Spn1, Rpb1, and Spt6 were detected
using anti-Spn1, 8WG16 anti-Rpb1, and
anti-FLAG antibodies, respectively (Supple-
mental Table S5). (B) A schematic showing
the isolation of spt6-YW suppressors, with
genes identified as extragenic suppressors
listed at the right. (C,D) Analysis of genetic
interactions between spt6, spt5, pob3, and
spt16mutations. Strains were grown to sat-
uration in YPD, serially diluted 10-fold,
spotted on the indicated media, and grown
at the indicated temperature.
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on nucleosome organization. To do this, we performed
micrococcal nuclease sequencing (MNase-seq) on a set
of wild-type and mutant strains grown both at 30°C and
after a shift to nonpermissive temperature, 37°C. The
wild-type strain showed the expected nucleosome pattern
over genes, with a nucleosome-depleted region upstream
of transcription start sites (TSSs) and a regularly phased
nucleosome array downstream (Fig. 2A). In spt6-YW, the
median distance between adjacent nucleosome dyads in-
creased from the wild-type value of 165 bp to 169 bp at
30°C and to 171 bp at 37°C, manifesting as a progressive
3′ shift of nucleosomes over genes (Fig. 2A,B; Supplemen-
tal Fig. S2A). The spt6-YWmutation also caused increases
in “nucleosome fuzziness”; i.e., the variability of nucleo-
some positions within the population, which we quanti-
fied as the standard deviation of dyad positions within
each region occupied by a nucleosome. Median nucleo-
some fuzziness increased from 30.6 bp in wild type to
32.5 bp in spt6-YW at 30°C, and to 34.6 bp at 37°C (Fig.
2C). From these results, we conclude that the Spt6-Spn1
interaction controls internucleosome distance and vari-
ability in nucleosome positioning genome-wide.
Strikingly, both the pob3-E154K and spt5-QS muta-

tions suppressed the spt6-YW defects in internucleosome
distance and nucleosome fuzziness (Fig. 2A–C; Supple-

mental Fig. S2A). The spt5-QS suppressor rescued spt6-
YW internucleosome distances to a greater degree than
pob3-E154K (Fig. 2B), while pob3-E154K rescued spt6-
YW nucleosome fuzziness to a greater degree than spt5-
QS (Fig. 2C). As the nucleosome organization defects of
spt6-YW are likely caused by the loss of Spt6-Spn1 interac-
tion, we investigated this further by analyzing the temper-
ature-sensitive spn1-K192N mutant, which has reduced
interactions of Spn1 with Spt6 and RNAPII (Zhang et al.
2008). MNase-seq of spn1-K192N revealed nucleosome
positioning and fuzziness defects similar to those of
spt6-YW (Fig. 2B,C; Supplemental Fig. S2B). Additionally,
the temperature sensitivity phenotype of spn1-K192N
was suppressed by both pob3-E154K and spt5-QS (Supple-
mental Table S2). These results, then, suggest that Spt6
and Spn1 are together required for normal chromatin
structure by amechanism that can bemodulated by either
FACT or Spt5.

The spt6-YW mutation alters transcription genome-wide

Previous studies showed that Spt6 is required for tran-
scriptional integrity, as when it is depleted there arewide-
spread changes in initiation specificity and RNA levels
(Cheung et al. 2008; Uwimana et al. 2017; Doris et al.

B
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Figure 2. Spt6, FACT, Spt5, and Spn1 functionally interact to modulate nucleosome organization in vivo. (A) Average MNase-seq
dyad signal over 3086 nonoverlapping verified coding genes aligned by the 30°C wild-type +1 nucleosome dyad, for wild-type
(FY87), spt6-YW (FY3223), pob3-E154K (FY3206), spt6-YW pob3-E154K (FY3205), spt5-QS (FY3273), and spt6-YW spt5-QS (FY3274)
strains grown at 30°C or with a shift to 37°C. Values are the mean of the mean library-size normalized coverage over the genes con-
sidered, over at least two replicates. (B) Mean differences in nucleosome position between mutant and wild type, quantified from
MNase-seq data. Nucleosomes are grouped based on their position in the nucleosome array of a gene, with the +1 nucleosome defined
as the nucleosome region with midpoint position immediately 3′ of the TSS. (C ) Distributions of nucleosome fuzziness, defined as the
standard deviation of MNase-seq dyad positions within a nucleosome region. Vertical lines indicate median values of each
distribution.

A histone chaperone interaction network

GENES & DEVELOPMENT 701

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348431.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348431.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348431.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348431.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348431.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348431.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348431.121/-/DC1


2018). To study the contribution of the Spt6-Spn1 interac-
tion in transcription, we performed transcription start
site-sequencing (TSS-seq) (Arribere and Gilbert 2013;
Malabat et al. 2015; Doris et al. 2018) to quantitatively
identify the 5′ ends of capped and polyadenylated tran-
scripts. This analysis was carried out for wild-type and
spt6-YW strains grown at 30°C and after a shift to 37°C.
The previously studied spt6-1004 mutant was included
for comparison as a condition when Spt6 protein is deplet-
ed (Doris et al. 2018). In contrast to spt6-1004, in an spt6-
YW mutant, Spt6 protein was stable, both at 30°C and af-
ter a shift to 37°C (Supplemental Fig. S3A). Also in con-
trast to spt6-1004, spt6-YW did not alter the level of
H3K36me2/me3, a histone modification known to regu-
late transcription (Carrozza et al. 2005; Chu et al. 2006;
Li et al. 2007; Youdell et al. 2008; Gopalakrishnan et al.
2019). Thus, any transcriptional changes observed in
spt6-YW would be independent of changes in the level of
either Spt6 protein or H3K36 methylation.

Our results showed that there are extensive changes in
spt6-YW compared with wild type after the shift to 37°C
(Fig. 3A,B; Supplemental Fig. S3B). Under these condi-
tions, >1300 genic TSSs were misregulated and several
hundred intragenic TSSs on both sense and antisense
strands of genes were induced in the spt6-YW mutant
(Fig. 3C). The intragenic TSSs induced in spt6-YW were
mostly a subset of those induced in an spt6-1004 mutant
(Supplemental Fig. S3C,D). In addition, the antisense
TSSs induced in both mutants showed preferences for
the 5′ ends of genes (Supplemental Fig. S3E), similar to an-
tisense transcription observed in other cases (Kim et al.
2012; Smolle et al. 2012; Mayer et al. 2015; Lavender
et al. 2016; Shetty et al. 2017). Interestingly, the mean an-
tisense TSS-seq signal in spt6-YW was greatest in the re-
gions between the average wild-type positions of the +1,
+2, and +3 nucleosomes (Fig. 3D), suggesting a potential
connection between these nucleosomes and antisense
transcription.

As TSS-seq measures steady-state transcript levels, the
intragenic and antisense transcripts in spt6-YW could re-
sult from increased synthesis and/or reduced degradation
of these transcripts. To differentiate between the two, we
performed native elongating transcript sequencing (NET-
seq) to quantify elongating RNAPII in wild-type and spt6-
YW strains. We then examined the NET-seq signal corre-
sponding to antisense TSSs, as antisense transcription is
not obscured by overlapping genic transcription. We ob-
served increased NET-seq signal in spt6-YW versus wild
type, consistent with increased synthesis contributing to
the intragenic transcripts observed in spt6-YW (Supple-
mental Fig. S3F).

To test whether either pob3-E154K or spt5-QS sup-
presses the spt6-YW transcriptional changes, we used
Northern blots to measure the transcript levels for two
genes with altered RNA levels in spt6-YW: SER3, which
is elevated, and DSK2, which is decreased. In both cases
we observed suppression, although the effects were mod-
est (Fig. 3E,F; Supplemental Fig. S3G,H). A more com-
prehensive approach will be required to discern the
global degree of suppression. Overall, we can conclude

that the Spt6-Spn1 interaction is required for normal
transcription, possibly in coordination with FACT and
Spt5.

Altered FACT bypasses the requirement for the Spt6-
Spn1 interaction and for Spn1 itself

One obvious possible mechanism by which changes in
FACT and Spt5 suppress spt6-YW would be by restoring
the Spt6-Spn1 interaction. To test this, we conducted ex-
tensive co-IP experiments to assay interactions among
five factors: Spt6, Spn1, FACT (Spt16), Spt5, and RNAPII
(Rpb1 or Rpb3). In a wild-type strain, when we immuno-
precipitated Spt6-FLAG, we observed co-IP of the other
proteins, Spn1, Spt16, Spt5, and Rpb1, as expected (Fig.
4A,B; Lindstrom and Hartzog 2001; Krogan et al. 2002;
Lindstrom et al. 2003). In spt6-YW extracts, while there
was a 20-fold decrease in Spt6-Spn1 co-IP, the co-IPs of
Spt6 with Spt16, Spt5, and Rpb1 were not significantly al-
tered (Figs. 1A, 4A,B), supporting that spt6-YW specifically
impairs binding of Spt6 with Spn1 without affecting other
interactions of Spt6. Reciprocal co-IPs revealed that the as-
sociation of Spn1with RNAPII, Spt5, and Spt16 is also im-
paired in spt6-YW (Supplemental Fig. S4), suggesting that
the Spt6-Spn1 interaction is necessary to recruit Spn1 to
the elongation complex. Surprisingly, neither the pob3-
E154K nor spt5-QS suppressor had an effect on the Spn1
co-IP profile in an spt6-YW background (Fig. 4A,B; Supple-
mental Fig. S4), suggesting that both suppressors circum-
vent the requirement for the Spt6-Spn1 interaction.

Given our co-IP results, we asked whether the pob3-
E154K or spt5-QS mutations allowed bypass of Spn1 ge-
netically by testing whether either mutation could sup-
press the inviability caused by a complete deletion of
SPN1 (spn1Δ). Our results showed that a spn1Δ spt5-QS
double mutant was inviable (Fig. 4C; Supplemental Table
S2), indicating that suppression of spt6-YW by spt5-QS is
dependent on Spn1.However, a spn1Δ pob3-E154K double
mutant was viable and grew comparably with a wild-type
strain (Fig. 4C; Supplemental Table S2). Thus, the pob3-
E154Kmutation bypasses the requirement for Spn1, an es-
sential histone chaperone.

Suppression by pob3-E154K does not restore the loss
of Spn1 recruitment in an spt6-YW mutant

To examine the bypass of Spn1 by an independent ap-
proach, we studied Spn1 recruitment to chromatin, using
chromatin immunoprecipitation sequencing (ChIP-seq) in
wild-type and spt6-YW strains, with and without the
pob3-E154K suppressor. To enable detection of global
changes in Spn1 occupancy, we used exogenously added
S. pombe chromatin for spike-in normalization, and to ac-
count for differences in Spn1 occupancy resulting from al-
tered levels of transcription, we performed Rpb1 ChIP-seq
from the same chromatin samples used for Spn1ChIP-seq.

In wild type, Spn1 was distributed over coding genes at
levels highly correlated to levels of Rbp1, as seen in pre-
vious studies (Supplemental Fig. S5A; Mayer et al. 2010;
Reim et al. 2020). In contrast, in spt6-YW, Spn1
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occupancy over coding genes was decreased to ∼18% of
wild-type levels. This decrease occurred uniformly over
the length of RNAPII-transcribed genes, including virtu-
ally all protein-coding genes (Fig. 5A; Supplemental Fig.
S5B), snRNA genes, and snoRNA genes. Furthermore,

the levels of Spn1 occupancy in spt6-YW were not res-
cued by pob3-E154K, consistent with the bypass of
Spn1 (Fig. 5A; Supplemental Fig. S5B). Together, these
results show that the Spt6-Spn1 interaction is required
to recruit Spn1 to transcribed genes and provide

E
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Figure 3. The spt6-YWmutation causes altered sense and antisense transcription. (A) Heatmaps of the ratio of TSS-seq signal in the spt6-
YW (FY3223) strain over wild type (FY87), grown at 30°C or with an 80 min shift to 37°C. Data are shown for the sense and antisense
strands of 3087 nonoverlapping verified coding genes aligned by wild-type genic TSS and sorted by length. The region shown for each
gene extends up to 300 nt 3′ from the cleavage and polyadenylation site (CPS), which is indicated by the dotted line. (B) Examples of altered
mRNA level (SER3), intragenic initiation (DSK2), and antisense initiation (NAB2) in spt6-YW. Relative TSS-seq signal in wild-type and
spt6-YW strains shifted to 37°C is shown for each region,with sense and antisense signals plotted above and below theX-axis, respectively.
The signal is independently scaled for each region shown. (C ) Bar plots showing the number of TSS-seq peaks differentially expressed in
spt6-YW versus wild type. “Intragenic” and “antisense” refer to sense strand and antisense strand intragenic TSSs, respectively. (D, top
panel) The average positions of the +1 through +9 nucleosome dyads in wild type and spt6-YW as determined from MNase-seq are indi-
cated with vertical dashed lines. (Bottom panel) The median antisense TSS-seq signal in wild type and spt6-YW at 37°C, over 3086 non-
overlapping verified coding genes aligned by wild type +1 nucleosome dyad. (E) Northern analysis of the DSK2 gene after a shift to 37°C,
using a probe from the 3′ region of DSK2, to assay DSK2 full-length and intragenic transcripts. SNR190 served as the loading control. (F )
Quantification of the full-length and intragenicDSK2 transcript levels from threeNortherns. Error bars indicate themean± standard error
of the Northern signal for DSK2 normalized to the SNR190 signal.
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additional evidence that pob3-E154K bypasses the re-
quirement for Spn1.

The RNAPII interactome is changed by the spt6-YW
and the pob3-E154K mutations

To better understand the bypass of Spn1, we investigated
how the spt6-YW and pob3-E154K mutations affect the
RNAPII elongation complex. We immunopurified
RNAPII complexes from wild-type, spt6-YW, pob3-
E154K, and spt6-YW pob3-E154K strains and identified
the copurified proteins by quantitativemass spectrometry
(Materials andMethods). Similar to previous studies (Tar-
diff et al. 2007;Mosley et al. 2013; Harlen andChurchman
2017), we identified 89 Rpb3-interacting proteins that
were significantly enriched in at least one strain when
comparing an Rpb3 immunopurification with a mock
immunopurification (Supplemental Table S3).

The mass spectrometry data recapitulated our co-IP re-
sults: Spn1 association was reduced 13-fold in spt6-YW
compared with wild type, and this decrease was not res-
cued in the spt6-YW pob3-E154K double mutant (Fig.
5B,C). In addition to the depletion of Spn1, therewere oth-
er smaller-scale changes in the spt6-YW strains (Fig. 5B,C),
including reductions in the association of Elf1 and the
TFIIF subunits Tfg1 and Tfg2, as well as increases in the
association of the termination factors Rai1, Rat1, and
Nrd1.

Interestingly, while some changes in the RNAPII inter-
actome for spt6-YW were rescued by pob3-E154K, other

changes were found specifically in the spt6-YW pob3-
E154K double mutant and not in either single mutant.
These changes included significantly reduced association
of Spt6, Spt5, and both FACT subunits in the double mu-
tant (Fig. 5B,C). This suggests that decreased transcription
elongation in spt6-YW pob3-E154K may be one mecha-
nism by which this double mutant overcomes loss of
the Spt6-Spn1 interaction. Overall, our mass spectrome-
try results support the model that the major effect of
spt6-YW is decreased interaction with Spn1 and that the
pob3-E154K mutation bypasses the requirement for
Spn1, possibly due to additional changes in the RNAPII
interactome.

The Pob3 and Spt16 suppressors are clustered
in the FACT domain that interfaces
with nucleosomal DNA

To gain insight into how changes in FACT might bypass
the need for Spn1, we examined the locations of all five
different pob3 and spt16 suppressors of spt6-YW, as well
as eight additional pob3 and spt16 mutations that were
isolated as suppressors of spn1Δ inviability, to be de-
scribed elsewhere (F López-Rivera, J Chuang, R Gopalak-
rishnan, et al., unpubl.). Most of the amino acid changes
caused by these mutations are charge changes of con-
served residues and are clustered within the dimerization
domains of Pob3 and Spt16 (Fig. 6A). The suppressor mu-
tants are distinct in location from previously character-
ized pob3 and spt16 mutants that do not suppress spt6-
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Figure 4. The pob3-E154K and spt5-QS suppressors do not restore the Spt6-Spn1 interaction. (A) Western blots for Spt6-FLAG co-IP anal-
ysis, as in Figure 1A. Spt5 and Spt16 were detected using their respective polyclonal antibodies. (B) Quantification of Spt6-FLAG co-IP
experiments (top) and inputs (bottom). Error bars indicate the mean± standard error of the relativeWestern blot signal from the replicates
shown. The co-IP signalwas normalized to the Spt6-FLAGpull-down signal. (C ) Assay for the ability of pob3-E154K or spt5-QS to suppress
spn1Δ inviability. Growth in the presence of 5-fluoroorotic acid (5-FOA) indicates viability after the loss of a SPN1-URA3 plasmid as the
sole source of Spn1. Strains were grown to saturation in YPD, serially diluted 10-fold, and spotted for growth on the indicated media.
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YW, including pob3-272 (I282K) and spt16-197 (G132D)
(Malone et al. 1991; Rowley et al. 1991; Lycan et al.
1994; Costa and Arndt 2000; Jamai et al. 2009; Feng
et al. 2016). Remarkably, the conserved Spt16 and Pob3
residues changed by the suppressor mutations map to
the inner surface of the “saddle” module of FACT (Fig.
6B), based on the cryogenic electronmicroscopy structure
of human FACT bound to a subnucleosome (Liu et al.
2020). Since this region of FACT interfaces with nucleoso-
mal DNA, structural analysis predicts that pob3-E154K
would affect FACT-nucleosome interactions. We tested
this prediction by immunoprecipitating Pob3 and assay-
ing co-IP of histone H3 and Spt16. Our results show that
pob3-E154K caused a twofold decrease in co-IP with his-
tone H3, while the co-IP with Spt16 was unaffected (Fig.
6C). These results provide support for the recently pro-
posed FACT-nucleosome structure (Liu et al. 2020) and
suggest that pob3-E154K bypasses the requirement for
Spn1 by weakening the interaction between FACT and
nucleosomes.

Evidence that the Spt6:FACT ratio on chromatin
is critical for their functions

Our co-IP results suggest that the pob3-E154K mutation
causes weakened FACT-chromatin interactions. To test
this possibility and to see whether it might be connected
to suppression of spt6-YW, we performed ChIP-seq of Spt6
and Spt16 in our mutants. First, our results showed that,
in most cases, the median recruitment of the mutant
Spt6-YW protein was reduced to ∼80% of wild-type Spt6
(Fig. 6E; Supplemental Fig. S6A). The reduction in Spt6-
YW occupancy was detected in both the POB3 and the
pob3-E154K backgrounds. In the one case where a reduc-
tion was not observed, the spt6-YW single mutant after
a shift to 37°C, this was likely caused by the increased oc-
cupancy of RNAPII over gene bodies, particularly near 5′

ends (Supplemental Fig. S6B). Overall, these data suggest
that spt6-YW caused a moderate decrease in Spt6 occu-
pancy. This decrease is likely the result of the lack of
Spn1 recruitment in this mutant (Reim et al. 2020).

BA

C

Figure 5. Suppression by pob3-E154K does not restore the loss of Spn1 recruitment in an spt6-YWmutant. (A) The average Rpb1-normal-
ized Spn1 ChIP enrichment over 3087 nonoverlapping verified coding genes aligned by TSS in wild type (FY3292), spt6-YW (FY3289),
pob3-E154K (FY3294), and spt6-YW pob3-E154K (FY3293). The solid line and shading are the mean and 95% confidence interval of the
mean ratio over the genes considered from two replicates. (B) Volcano plots comparing the Rpb3-FLAG interactome in spt6-YW, pob3-
E154K, and spt6-YWpob3-E154K versuswild type, asmeasured bymass spectrometry. Fold changes and significance values are calculated
from significance analysis of microarrays (Tusher et al. 2001), using either two (wild type, pob3-E154K, and spt6-YWpob3-E154K) or three
(spt6-YW) replicates. Black lines indicate significance cutoffs at an FDR of 0.1 and s0 of 0.1. Each point is an Rpb3-interacting protein en-
riched in Rpb3-FLAG IP samples over untagged mock IP samples, with blue points indicating proteins significantly changed between
strains. (C ) A heat map of the ratio of mass spectrometry signal in spt6-YW, spt6-YW pob3-E154K, and pob3-E154K versus wild type,
for selected RNAPII-interacting factors.

A histone chaperone interaction network

GENES & DEVELOPMENT 705

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348431.121/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.348431.121/-/DC1


In contrast to the decreased level of recruitment of Spt6-
YW, Spt16 recruitment was broadly elevated in the spt6-
YW mutant (Fig. 6D,F), revealing a major imbalance of
the levels of these three essential histone chaperones:
Spt6 (decreased), Spn1 (barely detectable), and FACT (in-
creased). In the spt6-YW pob3-E154K double mutant,
the recruitment of Spt16 was either restored to wild-
type levels (at 30°C) or modestly decreased (at 37°C), sug-
gesting that the elevated FACT recruitment caused by
spt6-YW was suppressed by pob3-E154K. In the pob3-
E154K single mutant, there was a moderate decrease in
Spt16 occupancy overmost genes, particularly after a shift
to 37°C (Fig. 6F; Supplemental Fig. S6A), consistent

with the structural prediction and co-IP results that
pob3-E154K causes decreased association of FACT with
nucleosomes.

We note that when we normalized Spt16 occupancy by
Rpb1 ChIP-seq levels, we observed that the relative Spt16
occupancies are equivalent between wild type and the
spt6-YW mutant, suggesting that the altered recruitment
of Spt16 in spt6-YW is coupled to changes in transcription
(Supplemental Fig. S6A). From our data, we cannot distin-
guish whether increased FACT recruitment alters tran-
scription or vice versa. However, regardless of the causal
direction of this relationship, our data show that spt6-
YW causes increased recruitment of Spt16 and that this
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Figure 6. Mutant FACT suppresses the Spt6-Spn1 defect by restoring the balance between FACTand Spt6 on chromatin. (A) A schematic
of the FACT subunits Spt16 and Pob3, depicting the amino acid changes caused by mutations suppressing spt6-YW (black) and spn1Δ
(gray). The numbers in parentheses indicate the number of times amutation was isolated if it wasmore than once. The labeled rectangles
represent the domains of FACT. (N)N-terminal, (D) dimerization, (M)middle,(C) C-terminal. (B) The structure of human FACTbound to a
subnucleosomal particle (PDB: 6UPL) (Liu et al. 2020), highlighting conserved residues corresponding to the locations of the yeast suppres-
sor changes shown inA. Human Spt16 (cyan), SSRP1 (green), and histones (gray) are shown as ribbon diagrams. The suppressor residues are
shown as red spheres, except for SSRP1-E149,which corresponds to yeast Pob3-E154 and is shown as yellow spheres.NucleosomalDNA is
shown in orange. (C ) Quantification of Pob3-V5 co-IP experiments. Error bars indicate the mean± standard error of relative co-IP signal
normalized to Pob3-V5 pull-down signal in the replicates shown. (D) ChIP analysis of Spt16 and Pob3 over the PMA1 gene. The diagram
shows Spt16 and Pob3 ChIP enrichment over input based on ChIP-qPCR measurements at the PMA1 gene in wild-type, spt6-YW, pob3-
E154K, and spt6-YW pob3-E154K strains. Error bars indicate themean± standard error of two replicates for each qPCR amplicon. (E) Scat-
ter plots showing change in Spt6 ChIP enrichment in mutants (FY3277, FY3281, FY3282) over wild type (FY3276) versus wild-type Rpb1
ChIP enrichment for 5091 verified coding genes. Rpb1 enrichment values are the relative log2 enrichment of IP over input. (F ) As in E, but
for Spt16 ChIP enrichment, using strains FY3299-3302.
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increase is suppressed by pob3-E154K. From these results,
we propose a model in which the levels of Spt6 and FACT
on chromatinmust be properly balanced for optimal func-
tion and that Spt6 and/or Spn1 modulate the level of
FACT association with chromatin.

Discussion

In this work, we have discovered several functional inter-
actions between three essential and conserved histone
chaperones, Spt6, Spn1, and FACT, during transcription
in S. cerevisiae. First, we showed that disruption of the
Spt6-Spn1 physical interaction by spt6-YW impairs re-
cruitment of Spn1 to the elongation complex, resulting
in widespread changes in both transcription and chroma-
tin structure. Second, we identified suppressors of spt6-
YW, revealing functional interactions with several regula-
tors of chromatin and transcription. Third, focusing on
two novel sets of suppressor mutations, in FACT (SPT16
and POB3) and in SPT5, we showed that they suppress
spt6-YW by distinct mechanisms. Fourth, while our un-
derstanding of suppression by spt5-QS remains unclear,
we demonstrated that a change in FACT bypasses the
need for Spn1, likely by restoring a balanced level of
FACT and Spt6 associated with chromatin. Taken togeth-
er, our studies have revealed previously unknown and sur-
prising connections between FACT activity and the
functions of Spt6 and Spn1.
One striking result from our studies was the elevated

level of FACT that was recruited to chromatin in an
spt6-YW mutant, altering the normal ratio of chromatin-
associated Spt6 and FACT.We propose amodel for this in-
creased level based on recent evidence that FACT associ-
ates with an altered nucleosome structure (Martin et al.
2018). In ourmodel, Spt6 and Spn1 normally prevent accu-
mulation of such altered nucleosomes during transcrip-
tion. However, in an spt6-YW mutant, there is a
disruption of normal chromatin structure, possibly due
to loss of Spn1 recruitment, causing an increased level
of altered nucleosomes, leading to increased recruitment
of FACT. Interestingly, FACT levels and chromatin asso-
ciation are increased in cancer cells, consistent with the
possibility that higher levels of FACT induce alterations
in growth and transcription (Chang et al. 2018).
Suppression of spt6-YW by pob3-E154K likely occurs by

a weakened FACT-nucleosome interaction, resulting in a
balanced level of FACT and Spt6 on chromatin. We note
that, during growth at 37°C, the levels of chromatin-
bound Spt6 and FACT are both reduced in the spt6-YW
pob3-E154K double mutant (Fig. 6E,F; Supplemental Fig-
ure S6A), yet the strain grows almost as well as wild
type (Fig. 1C). This supports the idea that it is the Spt6:
FACT ratio, rather than the absolute levels, that are criti-
cal for function. There is precedent for this among pro-
teins that form structures, such as bacteriophage heads
(Floor 1970; Sternberg 1976) and histone proteins
(Meeks-Wagner and Hartwell 1986; Clark-Adams et al.
1988). As the functions of Spt6, FACT, and Spt5 are all
sensitive to altered levels (Clark-Adams and Winston

1987; Malone et al. 1991; Swanson et al. 1991), it seems
likely that these proteins function by a mechanism that
requires a specific stoichiometry. Our results have provid-
ed insight into how this stoichiometry might be main-
tained, as Spt6 directly recruits Spn1, and Spt6-Spn1
modulates the chromatin association of FACT. This net-
work may be important in processes in addition to tran-
scription, as FACT is also required for DNA replication
(Formosa and Winston 2020) and all three chaperones
have been suggested to be required for genome stability
(Herrera-Moyano et al. 2014;Nojima et al. 2018; Thurston
et al. 2018).
An unexpected result from our studies was the discov-

ery that the spt6-YW and spn1-K192N mutations cause
an increase in internucleosome distances. Although we
do not know the exact impact of this change on chromatin
in our mutants, it might affect higher-order chromatin
folding, chromatin compaction, and DNA accessibility
(Correll et al. 2012; Li et al. 2016), possibly leading to
the transcriptional changes observed in spt6-YW. An in-
crease in internucleosome distances has been observed
in mutants that impair several other factors (Lombardi
et al. 2011; Vasseur et al. 2016; McCullough et al. 2019;
Prajapati et al. 2020). Interestingly, we show that inactiva-
tion of one of these factors, Chd1, suppresses spt6-YW and
spn1-K192N mutant phenotypes (Supplemental Table
S2). We cannot distinguish whether Spt6 and Spn1
directly control spacing as part of their interactions with
histones or whether they function with other proteins.
Whatever the mechanism, it also requires FACT and
Spt5, as the change in the internucleosome distances ob-
served in spt6-YW is strongly suppressed by both the
spt5-QS and pob3-E154K suppressors. We note that our
results provide the first in vivo demonstration that Spt5
controls nucleosome organization, complementing re-
cent structural and in vitro studies that implicated Spt5
in facilitating transcription past nucleosomes (Crickard
et al. 2017; Ehara et al. 2019).
In conclusion, our studies have shed light on a network

of interactions between histone chaperones that controls
transcription and chromatin structure. Another recent
study has shown that this network extends beyond Spt6,
Spn1, and FACT to additional histone chaperones (Jero-
nimo et al. 2019). Given the essential and conserved na-
ture of the three chaperones we studied, Spt6, Spn1, and
FACT, it is surprising that complete loss of Spn1 can be
strongly compensated by a single amino acid change in
FACT. In spite of this, there must be strong selection to
maintain this network of factors over evolutionary time,
something that will be understood in greater depth as
we learn the full range of the functions of these factors.

Materials and methods

Yeast strains, media, and growth conditions

All S. cerevisiae strains (Supplemental Table S4) are in the S288C
background (Winston et al. 1995) and were constructed by either
yeast transformation or crosses. Oligonucleotides and plasmids
are listed in Supplemental Table S5. For TSS-seq, NET-seq,
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ChIP-seq, and MNase-seq, yeast cultures were grown in YPD at
30°C or were shifted to growth for 80 min at 37°C (Cheung
et al. 2008). The shift for 80 min to 37°C did not greatly affect
the viability of the spt6-YW and spn1-K192N mutants, resulting
in 0.83± 0.17 and 0.85± 0.07 cell survival, respectively, compared
with 30°C. YPD plates were supplemented with hydroxyurea at a
final concentration of 150 mM or phleomycin at 13 μg/mL (Die-
bold et al. 2010).

Coimmunoprecipitation

Coimmunoprecipitations for Spt6, Spn1, and Rpb3 were per-
formed with antibody-conjugated beads: either the anti-FLAG
M2-FLAG affinity gel (20 µL per IP; Sigma) or anti-V5-conjugated
magnetic beads (30 µL per IP; MBL International Corporation) as
previously described (Reim et al. 2020). For FACT-histone co-IP
experiments, the cell extracts were prepared using buffer B for ly-
sis and coimmunoprecipitation (100 mM HEPES at pH 7.9, 20%
glycerol, 1 mM EDTA, 25 mM magnesium acetate, 0.4% NP-40
[IGEPAL, Sigma], 1mMphenylmethylsulfonyl fluoride, 1× prote-
ase inhibitor cocktail [Sigma]) followed by the pulldowns as de-
scribed. The eluates were analyzed using Western blotting. The
antibodies are listed in Supplemental Table S5.

Isolation and analysis of spt6-YW suppressors

Yeast strains FY3019, FY3297, and FY3298 were used to isolate
spontaneous andUV-induced suppressors of the spt6-YW temper-
ature-sensitive (Ts−) phenotype as follows. Independent cultures
were inoculated from single colonies and grown overnight to sat-
uration in liquid YPDmedium. Then, 200 µL of each culture was
plated on duplicate YPD plates, with one of them UV-irradiated
(Winston 2008). The plates were incubated at 37°C and colonies
were purified after either the third or fifth day of incubation,
yielding 52 independent suppressor candidates. Three purified
colonies of each candidate were retested for suppression of the
Ts− phenotype. Genetic analysis was performed for the con-
firmed suppressor strains, excluding those that did not sporulate.
The remaining 38 strains were crossed to an spt6-YW strain to
test for single-gene segregation of the suppressor phenotype.
Three strains had suppressors tightly linked to SPT6. Sanger se-
quencing of the SPT6 open reading frame for SPT6 from these in-
dependent suppressors uncovered the same nucleotide change
resulting in a P231L substitution. The genetic analysis resulted
in the identification of 25 strainswith suppressormutations (Sup-
plemental Table S1).

Identification of suppressor mutations

To identify the causative suppressor mutations, we performed
pooled linkage analysis, followed by whole-genome sequencing
(WGS) (Birkeland et al. 2010). For 20 of the suppressors, we
crossed a suppressor strain (spt6-YW sup) with a parental spt6-
YW strain, pooled an equal number of suppressor and nonsuppres-
sor progeny (12–50 segregants per pool), and sequenced the two
pools. DNA fromeach poolwas extracted and used to generate ge-
nomic libraries (Gopalakrishnan and Winston 2019). Single-read
sequencing was performed using an Illumina MiSeq according
to the manufacturer’s instructions, or on an Illumina HiSeq
2500 by the Harvard Bauer Core facility. TheWGS data were pro-
cessed using a custom pipeline (Gopalakrishnan and Winston
2019) to identify point mutations unique to the suppressor pools,
and to monitor ploidy in the suppressor strains. Additional anal-
ysis for identification of polymorphisms was performed using
Geneious Prime version 2019.0.3 (Kearse et al. 2012). The identi-

fied candidatemutations were verified by Sanger sequencing, and
the ability of eachmutation to confer suppression was verified by
genetic tests (Supplemental Table S1), including (1) complemen-
tation using plasmids expressing the wild-type candidate genes,
(2) reconstitution of the suppressor phenotype by null alleles of
nonessential genes, and (3) allele replacement of essential genes.
In parallel, while theWGS results for a subset of suppressors were
emerging, we used linkage analysis and plasmid complementa-
tion to screen the remaining suppressors for mutations in already
identified genes. This screen revealed that five suppressors likely
contained mutations in POB3, which was further validated by
Sanger sequencing identifying a pob3-E154K allele in each of
these independent suppressors.

Micrococcal nuclease sequencing

Cultures (500 mL) for strains FY87, FY3125, FY3223, FY3205,
FY3206, and FY3272-3274 were grown in YPD at 30°C and also
after a shift to 37°C for 80 min. The cells were processed and
MNase-seq libraries constructed and sequenced as previously de-
scribed (Doris et al. 2018).

Transcription start site sequencing (TSS-seq), native elongating transcript
sequencing (NET-seq), and Northern blotting

TSS-seqwas performed as previously described (Doris et al. 2018).
Analysis was done on yeast strains FY87, FY3223, and FY3125.
TSS-seq libraries were single-read-sequenced on an Illumina
HiSeq 2500 at the Harvard Bauer Core Facility. NET-seq was
done as previously described (Churchman and Weissman 2011).
Northern blotting was performed as previously described (Gopa-
lakrishnan et al. 2019). The primer pairs used to generate North-
ern probes are listed in Supplemental Table S5.

Mass spectrometry analysis of the RNA polymerase II (RNAPII)
interactome

Yeast strains bearing a C-terminal triple FLAG tag on Rpb3 were
grown as 1 L of cultures to OD600 ∼0.8 in duplicate (FY2912,
FY3287, FY3288) or triplicate (FY3019). Cells were collected by
filtration and flash-frozen in liquid nitrogen. The cells were lysed
in amixer-mill using eight cycles at 15 Hz using buffer A (20 mM
HEPES at pH 7.6, 20% glycerol, 1 mM DTT, 1 mM EDTA, 125
mM potassium acetate, 1% NP-40, 1× protease inhibitors
[Sigma], 1× phosphatase inhibitors [Sigma]). The lysates were di-
luted to have equal total protein concentration, and Rpb3was im-
munoprecipitated using 200 μL of FLAG M2 beads (Sigma).
Samples were then incubated for 2 h at 4°C on a roller, washed
three times with buffer A, and eluted with FLAG peptide (0.25
mg/mL, 10 mM Tris at pH 7.4, 150 mM NaCl, 10% glycerol).
The eluateswere submitted to theThermo FisherCenter forMul-
tiplexed Proteomics (Harvard Medical School) for tandem mass
tag (TMT)-based mass spectrometry analysis (Zhang and Elias
2017) according to the standard workflow. The resulting peptide
spectra were searched using the SEQUEST algorithm against a
Uniprot composite database for the S. cerevisiae proteome and
known contaminants. Peptide spectral matches were filtered to
a 1% false discovery rate (FDR) using the target-decoy strategy
combined with linear discriminant analysis. Proteins were quan-
tified only from peptides with a summed SN threshold of ≥100
and MS2 isolation specificity of 0.5. Differential protein abun-
dance analysis was performed for proteins with two ormore iden-
tified peptides, using the Perseus software platform (Hubner et al.
2010; Hubner and Mann 2011) as previously described (Harlen
and Churchman 2017).
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Chromatin immunoprecipitation

For Spt6 and Spt16 ChIP-seq studies, yeast strains containing
Spt6 fused with the triple FLAG epitope tag (FY3276, FY3277,
FY3281, and FY3282) or Myc-tagged Spt16 fusions (FY3299-
3302) were grown in YPD at 30°C or shifted to 37°C as described
above. For Spn1 ChIP-seq and for Pob3 ChIP-qPCR, strains con-
taining an N-terminal V5 epitope tag on Spn1 (FY3289 and
FY3292-3294) or C-terminal triple V5 tag on Pob3 (FY3303-
3306) were grown in YPD at 30°C. The cultures were processed
for cross-linking and collection as previously described (Doris
et al. 2018). Chromatin was prepared using standard methods
(Gopalakrishnan et al. 2019). Each chromatin sample used for
ChIP-seq was mixed with S. pombe chromatin (strain FWP570)
at 10% level by protein mass for spike-in normalization and split
into aliquots of 500 µg of chromatin for immunoprecipitation.
ChIP-qPCR assays for Spt16 and Pob3, depicted on Figure 6D,
were performed without spike-in normalization. Chromatin pre-
cipitations were performed using either 50 µL of anti-FLAG M2
affinity gel (Sigma) for Spt6, 30 µL of anti-Myc antibodies (Santa
Cruz Biotechnology 9E10), 8 µL of 8WG16 antibodies (Millipore
Sigma) for Rpb1, or 5 µL of anti-V5 antibodies (Invitrogen) per
500 µg of chromatin and the DNA library generated as previously
described (Gopalakrishnan et al. 2019). ChIP-qPCR was per-
formed using Brilliant III Ultra-Fast SYBR Green qPCRmix (Agi-
lent). The antibodies, oligonucleotides, and main reagents are
listed in Supplemental Table S5.

Data analysis and management

Processing and analysis of the TSS-seq, NET-seq, andMNase-seq
data sets were largely performed as previously described (Doris et
al. 2018). Analysis of the ChIP-seq data sets was done as in Reim
et al. (2020). The details on these analyses and modifications are
summarized in the Supplemental Material. All data analyses ex-
cept for mass spectrometry analyses and polymorphism identifi-
cation using Geneious were managed using the Snakemake
workflow management system (Koster and Rahmann 2012).

Data and code availability

All high-throughput sequencing data except for whole-genome
sequencing data are available on GEO under accession number
GSE160821. An archive containing code and raw data for repro-
ducing all analyses except for whole-genome sequencing and
mass spectrometry analyses is available at Zenodo (https://doi
.org/10.5281/zenodo.4174464). Additionally, updated versions
of the Snakemake pipelines used are available at http://github
.com/winston-lab.
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