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Fine-Tuning of FACT by the Ubiquitin Proteasome System in
Regulation of Transcriptional Elongation
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Department of Biochemistry and Molecular Biology, Southern lllinois University School of Medicine, Carbondale, lllinois, USA

FACT (facilitates chromatin transcription), an evolutionarily conserved histone chaperone involved in transcription and other
DNA transactions, is upregulated in cancers, and its downregulation is associated with cellular death. However, it is not clearly
understood how FACT is fine-tuned for normal cellular functions. Here, we show that the FACT subunit Spt16 is ubiquitylated
by Sanl (an E3 ubiquitin ligase) and degraded by the 26S proteasome. Enhanced abundance of Spt16 in the absence of San1 im-
pairs transcriptional elongation. Likewise, decreased abundance of Spt16 also reduces transcription. Thus, an optimal level of
Spt16 is required for efficient transcriptional elongation, which is maintained by San1 via ubiquitylation and proteasomal degra-
dation. Consistently, San1 associates with the coding sequences of active genes to regulate Spt16’s abundance. Further, we found
that enhanced abundance of Spt16 in the absence of Sanl impairs chromatin reassembly at the coding sequence, similarly to the
results seen following inactivation of Spt16. Efficient chromatin reassembly enhances the fidelity of transcriptional elongation.
Taken together, our results demonstrate for the first time a fine-tuning of FACT by a ubiquitin proteasome system in promoting
chromatin reassembly in the wake of elongating RNA polymerase II and transcriptional elongation, thus revealing novel regula-

tory mechanisms of gene expression.

I n eukaryotes, DNA is packaged into nucleosomes to form chro-
matin. Each nucleosome within chromatin consists of ~147 bp
of DNA wrapped around a histone octamer containing one his-
tone H3-H4 tetramer and two histone H2A-H2B dimers (1).
Thus, chromatin structure plays crucial functions in regulation of
DNA transactions such as transcription, replication, and DNA
repair (2—4). A variety of factors are involved in altering chroma-
tin structure and, hence, DNA transactions. These factors are gen-
erally classified as ATP-independent histone modifying enzymes,
ATP-dependent chromatin remodelers, and histone chaperones.
Histone modifying enzymes function through addition or re-
moval of specific chemical groups (e.g., acetyl, methyl, ubiquitin,
phospho, and SUMO), while ATP-dependent chromatin remod-
elers alter DNA-histone interactions or the composition of the
nucleosome in an ATP-dependent manner. On the other hand,
histone chaperones function by binding with nucleosomes or hi-
stones to facilitate assembly and/or disassembly of nucleosomes in
an ATP-independent fashion. The histone chaperone that was
first found to alter chromatin structure during transcription is
FACT (facilitates chromatin transcription), which is evolution-
arily conserved among eukaryotes (5, 6). In budding yeast (Sac-
charomyces cerevisiae), FACT is composed of Spt16 (suppressor of
Ty) and Pob3 and physically interacts with nucleosomes with the
assistance of the HMG (high mobility group) protein Nhp6. Like-
wise, FACT is also a heterodimer of Spt16 and SSRP1 (structure-
specific recognition protein 1) in humans. SSRP1 contains HMG
domain, while HMG domain is present in Nhp6 but not Pob3 in
yeast. Thus, Pob3 is a truncated homologue of human SSRP1.
Both Spt16 and Pob3 carry the pleckstrin homology (PH) domain
and other protein interaction domains.

FACT facilitates nucleosomal disassembly at the promoter to
stimulate the formation of preinitiation complex and, hence, tran-
scriptional initiation (5-8). FACT also promotes nucleosomal re-
assembly at the coding sequence in the wake of RNA polymerase I
for optimal transcriptional elongation (9-11). Therefore, FACT
plays crucial roles in both transcriptional initiation and elonga-
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tion, and hence, functional impairment of FACT would alter tran-
scription and cellular growth. FACT is found to be upregulated in
cancers, especially aggressive and poorly differentiated tumors,
and its downregulation leads to tumor cell death (12-14). Thus,
FACT has been suggested to be an attractive therapeutic target.
However, it is not clearly understood how FACT is upregulated in
aggressive tumor cells. Such knowledge would enrich our under-
standing of the molecular basis of tumorigenesis via FACT and,
hence, enable the development of better or specific therapies. It is
quite likely that FACT is regulated by the ubiquitin proteasome
system (UPS); UPS defects lead to increased levels of FACT and,
thus, to oncogenesis. To test this, we carried out experiments in
yeast (Saccharomyces cerevisiae) and found that FACT is con-
trolled by UPS, thus hinting at the UPS regulation of FACT in
humans. Specifically, we found that Spt16, the FACT subunit, is
ubiquitylated by San1 (which is involved in nuclear protein qual-
ity control; 15, 16) and degraded by the 26S proteasome. En-
hanced abundance of Spt16 in the absence of Sanl impairs tran-
scriptional elongation, while decreased abundance of Spt16 also
reduces transcription. Consistently, San1 associates with the cod-
ing sequences of the active genes to regulate Spt16’s abundance for
optimal transcriptional elongation. Further, we found that en-
hanced abundance of Spt16 in the absence of San1 impairs chro-
matin reassembly at the coding sequence in the wake of RNA
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FIG 1 Sanl associates with the coding sequence of ADHI to promote the engagement of elongating RNA polymerase II into transcription. (A) Schematic
diagram showing the locations of different primer pairs at ADH]I for the ChIP analysis. The numbers are presented with respect to the position of the first
nucleotide of the initiation codon (+1). UAS, upstream activation sequence. (B) ChIP analysis of San1 association with ADH]1. Yeast cells expressing Myc-tagged
Sanl were grown in YPD at 30°C to an ODy,, of 1.0 prior to formaldehyde-based in vivo cross-linking. Immunoprecipitated DNA was analyzed by PCR using the
primer pairs targeted to different locations of ADHI and an inactive region within chromosome V (Chr.-V). The ratio of immunoprecipitate to input in the
autoradiogram was measured. The maximum ratio was set to 100, and other ratios were normalized to 100. The normalized ratio (represented as normalized or
relative occupancy or ChIP signal) is plotted in the form of a histogram. (C) San1 association with the ADHI coding sequence is impaired in the rpbI-ts mutant
following 1 h ts inactivation at 37°C. (D) ChIP analysis of the association of TBP and Rpb1 with ADH1 in the Asanl and wild-type strains, using an anti-TBP
antibody against TBP and 8WG16 antibody (Covance) against the carboxy-terminal domain of Rpb1. (E) RT-PCR analysis of ADHI mRNA levels in the Asanl
and wild-type strains (with 18S rRNA as control). (F) Growth analysis of the AsanI and wild-type strains in the solid SC-uracil medium containing 2% dextrose
with or without 6-AU (100 pg/ml) at 30°C. (G and H) ChIP analysis of Rpb1 association with 5" (G) and 3" (H) ends of the ~8-kb-long YLR454W coding
sequence (under the control of the GALI promoter) upon switching the carbon source in the growth media from galactose to dextrose. ORF, open reading frame.

1692 mch.asm.org Molecular and Cellular Biology June 2016 Volume 36 Number 11


http://mcb.asm.org

polymerase II. Likewise, inactivation of Spt16 also reduces chro-
matin reassembly. Chromatin reassembly at the coding sequence
in the wake of RNA polymerase II promotes the fidelity of tran-
scriptional elongation (9-11). Collectively, our results demon-
strate that a fine-tuning of the Spt16 component of FACT by UPS
is essential for proper chromatin reassembly and efficient tran-
scriptional elongation, thus revealing a novel UPS regulation of
FACT with physiological relevance in gene expression, as pre-
sented below.

MATERIALS AND METHODS

Plasmids and strains. The plasmids and yeast strains used in this study are
described in the supplemental material.

Growth media. The yeast strains were grown in YPD (yeast extract-
peptone plus 2% dextrose) to an optical density at 600 nm (ODy,) of 1.0
at 30°C prior to formaldehyde-based in vivo cross-linking or harvesting
for RNA analysis for the studies at the ADHI, PGK1, PYKI, and PMAI
genes. For ubiquitylation analysis, yeast cells were grown in synthetic
complete medium (yeast nitrogen base and complete amino acid mixture
plus 2% dextrose) at 30°C to an ODyy, of 0.7 and were then treated with
0.1 mM CuSO, for 6 h. The wild-type and temperature-sensitive (ts)
mutant strains of Rpt4 and Rpb1 were grown in YPD at 23°C to an OD,
of 0.85 and were then switched to 37°C for 1 h prior to harvesting. For
studies at GAL genes, yeast cells were grown in YPR (yeast extract and
peptone plus 2% raffinose) to an ODg, of 0.9 at 30°C and were then
switched to YPG (yeast extract and peptone plus 2% galactose) for 90 min.
For Spt16 overexpression, a yeast strain expressing Spt16 under the con-
trol of the GALI promoter was grown in YPG at 30°C. For Spt16 under-
expression, a yeast strain expressing Spt16 under the control of the GALI
promoter was initially grown in YPG at 30°C to an ODy, of 0.6 and was
then transferred to YPD for 2 and 4 h. For growth curve analysis in YPD,
yeast cells were grown in YPD at 30°C to an ODg, of 0.1, and then the
0Dy, was measured at different time points. For studies of chromatin
reassembly at the GAL genes, yeast cells were grown in YPG to an ODy, of
0.9 at 30°C and were then switched to YPD for 2 or 5 min. For analysis of
chromatin disassembly at the GAL genes, yeast cells were grown in YPR to
an ODg,, of 0.9 at 30°C and were then switched to YPG for 20, 30, and
60 min.

ChIP assay. The chromatin immunoprecipitation (ChIP) assay was
performed as done previously (17-21) and is briefly described in the sup-
plemental material. The primer pairs used for PCR analysis of immuno-
precipitated DNA samples are also described in the supplemental mate-
rial.

WCE preparation and Western blot analysis. To analyze the global
levels of the FACT components, yeast strains expressing Myc epitope-
tagged Spt16 and Pob3 components of FACT were grown in 25 ml YPD to
an ODy, of 1.0. Yeast cells were then harvested, lysed, and sonicated to
prepare whole-cell extract (WCE) with solubilized chromatin following
the protocol as described for the ChIP assay. The WCE was run on an
SDS-polyacrylamide gel and was then analyzed by Western blotting assay.
An anti-Myc (9E10; Santa Cruz Biotechnology, Inc.) or antiactin (A2066;
Sigma) antibody was used for Western blot analysis.

Total RNA preparation. Total RNA was prepared from yeast cell cul-
ture as done previously (22); the method is briefly described in the sup-
plemental material.

RT-PCR analysis. Reverse transcription-PCR (RT-PCR) analysis was
performed as done previously (22-24) and as briefly described in the
supplemental material. The primer pairs used for PCR analysis of cDNAs
are also described in the supplemental material.

Growth analysis in the presence of 6-AU, HU, and MMS. Growth
analysis of the yeast cells in solid media in the presence and absence of
6-azauracil (6-AU), hydroxy urea (HU), and methyl methanesulfonate
(MMS) was performed as described in the supplemental material.
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Ubiquitylation assay. The ubiquitylation assay was performed as
done previously (22, 25) and is briefly described in the supplemental
material.

Formaldehyde-based in vivo cross-linking and co-IP assay. The co-
immunoprecipitation (co-IP) assay was performed as done previously
(26, 27) and is briefly described in the supplemental material.

Immunopurification of Sptl6 and Pob3. Immunopurification was
performed as done previously (26), and the method is briefly described in
the supplemental material.

Protein interaction assay in vitro. To analyze the interaction of Spt16
with Sanl, the yeast strain expressing Myc-tagged Sanl was grown in 100
ml YPD to an ODg, of 1.0, and 800 pl WCE was subsequently prepared.
WCE (400 pl) was used for immunoprecipitation as described for the
ChIP assay using 10 pl anti-Myc antibody and 100 pl protein A/G plus
agarose beads. Immobilized San1 on beads was thoroughly washed under
high-stringency washing conditions as described for the ChIP assay, and
then the washed beads with immobilized Sanl were incubated with im-
munopurified hemagglutinin (HA)-tagged Spt16 in buffer E (50 mM
Tris-HCI, 250 mM NaCl, 1% NP-40, 1 mM EDTA; pH 7.5) containing HA
peptide and aprotinin for 15 min at 25°C. Subsequently, the beads were
washed using buffer W (50 mM Tris-HCI, 2 mg/ml bovine serum albumin
[BSA], 250 mM NaCl, 1% NP-40, 1 mM EDTA; pH 7.3) containing apro-
tinin four times (1 ml each time). The last wash was performed using
buffer E containing aprotinin. The washed beads were then boiled in
SDS-PAGE loading buffer, and the supernatant was subsequently ana-
lyzed by SDS-PAGE and Western blotting to determine the interaction
between Spt16 and Sanl. An anti-HA-peroxidase antibody (H6533-1VL;
Sigma) was used in the Western blot analysis to detect HA-tagged Spt16.
Likewise, the interaction of Pob3 with Sanl was analyzed using Myc-
tagged Sanl and immunopurified HA-tagged Pob3.

RESULTS AND DISCUSSION

San1 associates with the coding sequences of active genes to pro-
mote transcriptional elongation. San1 has disordered N- and C-
terminal regions with interspersed substrate-binding sites to rec-
ognize misfolded or unfolded proteins and a central RING (Really
Interesting New Gene) domain for ubiquitylation of substrate
proteins (15, 16). Sanl has been well characterized and has been
shown to recognize hydrophobic patches of abnormally folded or
unfolded proteins for ubiquitylation and subsequent proteasomal
degradation to maintain nuclear protein quality (15, 16). Since
Sanl is involved in nuclear protein quality control, it may regulate
transcription or the nuclear phase of gene expression either di-
rectly or indirectly via the maintenance of protein quality in the
nucleus. However, such a possibility has not been clearly eluci-
dated. To determine the role of San1 in transcriptional regulation,
we first analyzed the association of San1 with a constitutively ac-
tive gene, ADHI. To that end, we tagged Sanl by the use of Myc
epitope at its chromosomal locus and then performed the ChIP
assay at different regions of ADHI (Fig. 1A), using an anti-Myc
antibody against Myc-tagged Sanl (Myc epitope tagging did not
alter cellular growth [see Fig. S1 in the supplemental material]).
An anti-HA antibody was used as a nonspecific antibody. We
found that Sanl1 is specifically associated with the coding sequence
(ORF1 and ORF2 in Fig. 1A) of ADH1 (Fig. 1B; see also Fig. S2A).
For a nonspecific DNA control, we also analyzed the association of
Sanl with a silent region within chromosome V (Chr.-V) as done
in our previous studies (28) and found that San1 was not associ-
ated with an inactive region within chromosome V (Fig. 1B; see
also Fig. S2A). Moreover, an anti-Myc ChIP signal was not ob-
served at the ADHI coding sequence, using the yeast strain that
did not have Myc-tagged protein (see Fig. S2B). Further, we found
that the ts inactivation of the largest subunit (Rpb1 [essential for
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FIG 2 Sanl associates with the coding sequences but not promoters of the PGKI, PMA1, and PYK]I genes to facilitate the association of elongating RNA polymerase II
and, hence, transcription. (A) ChIP analysis of San1 association with PGK1, PMAI, and PYKI. (B to D) ChIP analysis of the association of TBP and Rpb1p with PYK1,
PGK1, and PMAT in the Asanl and wild-type strains. ORF1 and ORF2 represent two different locations in the coding sequence toward the 5" and 3" ends, respectively.
(E) RT-PCR analysis of PGK1, PMA1, and PYKI mRNA levels in the Asanl and wild-type strains. (F to H) ChIP analysis of the association of TBP and Rpb1 with GALI,
GALI0, and GAL7 in the Asan1 and wild-type strains following 90 min of transcriptional induction in galactose. (I) RT-PCR analysis of GALI, GAL10,and GAL7 mRNA
levels in the Asanl and wild-type strains following 90 min of transcriptional induction in galactose.
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transcription]) of RNA polymerase II impaired the association of
Sanl with the ADHI coding sequence (Fig. 1C). Thus, San1 asso-
ciates with the coding sequence but not the promoter in a tran-
scription-dependent manner.

Since Sanl associates with the ADH1 coding sequence, it may
enhance the engagement of RNA polymerase II to promote tran-
scriptional elongation. To test this, we analyzed the level of RNA
polymerase II at the coding sequence of ADHI in the Asanl and
wild-type strains, using an antibody (8WG16; Covance) against
the carboxy-terminal domain of Rpbl of RNA polymerase II.
Rpblp is essential to maintain the structural and functional integ-
rities of RNA polymerase II and thus serves as a representative
component for the ChIP analysis of RNA polymerase II associa-
tion with active gene. Our ChIP analysis revealed that the associ-
ation of RNA polymerase II with the ADHI coding sequence was
significantly decreased in the absence of San1 (Fig. 1D; see also Fig.
S2C in the supplemental material). Such a reduction in the asso-
ciation of RNA polymerase II with the ADHI coding sequence is
not due to decreased stability of Rpbl in the Asanl strain, as re-
vealed by Western blot analysis (see Fig. S2D; the actin level was
monitored as a loading control). However, the reduction in the
association of RNA polymerase IT with the ADH1 coding sequence
in the Asanl strain could have indirectly resulted from impaired
preinitiation complex (PIC) formation at the promoter in the ab-
sence of San1. To test this possibility, we analyzed the recruitment
of TBP (a PIC component that nucleates the formation of PIC by
a set of general transcription factors at the core promoter; 29, 30)
to the ADHI promoter in the Asanl and wild-type strains. We
found that the recruitment of TBP to the ADHI promoter was not
significantly altered in the absence of San1 (Fig. 1D; see also Fig.
S2E). Likewise, the recruitment of RN A polymerase II (a PIC com-
ponent that joins PIC toward the end [30]) to the ADHI promoter
was not significantly altered in the Asan1 strain in comparison to
the wild-type equivalent (Fig. 1D; see also Fig. S2C). Thus, Sanl
does not regulate the PIC formation at the ADHI promoter but
rather plays a direct role in facilitating the association of RNA
polymerase II with the coding sequence. Consistently, San1 trav-
elled with elongating RNA polymerase II at ADHI but was not
recruited to the promoter (Fig. 1B; see also Fig. S2A and B).

Since the association of RNA polymerase II with the ADHI
coding sequence was decreased in the absence of Sanl, transcrip-
tion of ADHI is likely to be impaired in the AsanI strain. To test
this, we performed RT-PCR analysis and determined the levels of
ADHI mRNAs in the AsanI and wild-type strains. We found that
the level of ADHI mRNA was significantly decreased in the Asan1
strain in comparison to the wild-type equivalent (Fig. 1E; see also
Fig. S2F in the supplemental material). As a control, we analyzed
the levels of 18S rRNAs in the wild-type and Asanl strains and
found that the 18S rRNA level was not altered in the absence of
Sanl (Fig. 1E; see also Fig. S2F). Further, we observed that the
growth of the Asan1 cells was impaired in solid synthetic complete
(SC)-uracil medium containing 6-AU (Fig. 1F). 6-AU decreases
nucleotide pools for transcriptional elongation by RNA polymer-
ase II, which results in a slow (or impaired) growth phenotype

upon deletion or mutation of the factor involved in transcrip-
tional elongation (31). Hence, impaired growth of the Asanl
strain in the presence of 6-AU supports the idea of a role of San1 in
stimulation of transcriptional elongation. This is further substan-
tiated by the slow movement of the last wave of RNA polymerase
II on the ~8-kb-long YLR454W coding sequence (that is under
the control of galactose-inducible GALI promoter; 32) upon
switching off transcription (by transferring cells from galactose-
to dextrose-containing growth media) in the Asan1 strain (Fig. 1G
and H).

The results presented above support the hypothesis that Sanl
associates with the coding sequence of a constitutively active
ADHI gene and enhances the engagement of elongating RNA
polymerase II to promote transcription. To determine whether
Sanl also associates with the coding sequences of other active
genes to promote their transcriptional elongation, we performed
ChIP analysis of San1 at several active genes such as PYKI, PGK1,
and PMAI. We found that Sanl specifically associated with the
coding sequences but not promoters of these genes (Fig. 2A). Fur-
ther, the association of RNA polymerase II with the coding se-
quences of these genes was enhanced by the presence of San1 (Fig.
2B to D). However, the recruitment of TBP and RNA polymerase
II to the promoters of these genes (and hence PIC formation) was
not significantly altered in the Asan1 strain in comparison to the
wild-type equivalent (Fig. 2B to D). Thus, similarly to the ADH1
results, we found that San1 specifically associated with the coding
sequences of the PYK1, PGK1, and PMAI genes to promote the
engagement of elongating RNA polymerase II but not of initiating
RNA polymerase II (or PIC formation). Consistently, transcrip-
tion of these genes was significantly impaired in the AsanI strain
(Fig. 2E), and the Asanl strain grew slowly in comparison to the
wild-type equivalent in liquid growth curve analysis (see Fig. S2G
in the supplemental material). Likewise, the engagement of elon-
gating RNA polymerase II with the inducible GAL genes such as
GALI, GAL7, and GALIO (and hence transcription) was also facil-
itated by San1 (Fig. 2F to I). Collectively, our results demonstrate
an important function of a nucleus-localized E3 ubiquitin ligase,
Sanl, in enhancing the association of RNA polymerase II with the
coding sequence to promote transcriptional elongation.

Sanl is involved in ubiquitylation and proteasomal degrada-
tion of the Spt16 component of FACT. The protein interaction
database (16, 33-36) revealed the interaction of Sanl with the
Sptl6 component of FACT that is involved in promoting tran-
scriptional elongation (5, 6). On the basis of this information, we
hypothesize that San1 regulates transcriptional elongation, possi-
bly by controlling the stability or abundance of Spt16 via ubiqui-
tylation and proteasomal degradation. To test this, we analyzed
the global levels of both components (i.e., Spt16 and Pob3) of
FACT in the presence and absence of Sanl. For this purpose, we
tagged both Sptl6 and Pob3 by the use of Myc epitope in the
Asanl and wild-type strains (such epitope tagging did not alter
cellular growth [see Fig. S1 in the supplemental material]) and
then performed Western blot analysis, using an anti-Myc anti-
body against Myc-tagged Sptl6 and Pob3. We found that the

analysis was performed using an anti-Myc antibody against Myc-tagged Spt16. (F) Formaldehyde-based in vivo cross-linking and co-IP assay. WB, Western blot.
(G) Analysis of interaction of Sanl with immunopurified Spt16 or Pob3 (right panel) and schematic outlines of the experimental strategy to analyze protein-
protein interactions in vitro (left panel). (H) ChIP analysis of the association of Spt16 with the coding sequences of ADH1, PGK1, PMAI and PYK1 (ORF2) in the

wild-type and Asanl strains.
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FIG 4 Effect of high or low abundance of Spt16 on the engagement of elongating RNA polymerase II in transcription. (A) Spt16 expression analysis under the
control of GALI promoter (P, ;-SPT16) in galactose-containing growth medium (or YPG) by Western blotting assay. Yeast cells were initially grown at 30°C
to an ODg, of 0.6 and were then collected immediately (0 h) and after 4 h. (B and C) ChIP analysis of Rpb1 association with ADH1, PGK1, PMA1I, and PYK1
(ORF2 [B] and core promoter [C]) following overexpression of Spt16 in YPG. (D) RT-PCR analysis of ADHI, PGKI, PMAI, and PYK] mRNAs following
overexpression of Spt16 in YPG. (E) Growth analysis of the yeast strains expressing SPT16 under the control of the GALI promoter (P, ,-SPT16) or of its own
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of Spt16 in YPD. (I) RT-PCR analysis of ADH1, PGKI, PMA1, and PYK] mRNAs following underexpression of Spt16 in YPD.
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global level of Spt16 was significantly increased in the absence of
Sanl, while the stability or abundance of Pob3 was not altered
(Fig. 3A and B). The level of actin was monitored as a loading
control, and the level did not change in the absence of San1 (Fig.
3A and B). Thus, our results demonstrate that Sanl regulates the
stability or abundance of the Spt16 component of FACT.

Sanl might be regulating Spt16’s stability via ubiquitylation
and proteasomal degradation. To test this, we analyzed whether
Spt16 is degraded by the 26S proteasome. For this purpose, we
tagged Spt16 by the use of a Myc epitope at its C terminus in the
chromosomal locus in the wild-type and ts mutant strains of Rpt4,
a component of the 26S proteasome that is essential for its proteo-
lytic activity (29, 37, 38), and determined Spt16 levels in these
strains at the nonpermissive temperature. We found that the
global level of Spt16 was dramatically enhanced in the rpt4-ts mu-
tant strain (Fig. 3C). However, the level of actin was not changed
in the rpt4-ts mutant strain in comparison to the wild-type equiv-
alent (Fig. 3C). Thus, Spt16 has much higher turnover than actin,
and such turnover is impaired in the rpt4-ts mutant strain. There-
fore, our results support the idea that the 26S proteasome is in-
volved in the degradation of Spt16. To complement this further,
we also analyzed the stability of Spt16 in the presence and absence
of MG132, which inhibits the proteolytic function of the protea-
some. For this purpose, we deleted a multidrug resistance gene,
PDR5, in the yeast strain expressing Myc-tagged Spt16 and then
analyzed the level of Spt16 with or without MG132 treatment, as
done previously (28). We found that the stability of Spt16 was
significantly increased following MG132 treatment (Fig. 3D).
However, the actin level was not changed in the presence of
MG132 (Fig. 3D). Thus, taken together, our results support the
idea that Sptl6’s stability or abundance is regulated by the 26S
proteasome.

Since the 26S proteasome is involved in targeted degradation of
the ubiquitylated proteins, Spt16 is thus likely to be ubiquitylated
for its proteasomal degradation in the presence of Sanl. To test
this, we analyzed the ubiquitylation status of Sptl16 in the wild-
type strain. To this end, we introduced a plasmid expressing hexa-
histidine-tagged ubiquitin under the control of the CUPI pro-
moter (pUB221) in the wild-type strain expressing Myc-tagged
Sptl6. Using this strain, we performed the ubiquitylation assay as
described previously (22, 25). Ubiquitin and ubiquitylated pro-
teins were precipitated from the WCE using nickel-nitrilotriacetic
acid (Ni*"-NTA)-agarose beads, which bound to the hexahisti-
dine tag attached to ubiquitin. The precipitate was analyzed by
Western blotting assay for the presence of Spt16 using an anti-Myc
antibody against Myc-tagged Sptl6. We observed Sptl6 in the
precipitate (lane 2 in Fig. 3E), thus supporting the idea of ubiqui-
tylation of Spt16 in the presence of Sanl. To determine whether
Sanl is involved in ubiquitylation of Spt16, we next analyzed the
ubiquitylation status of Spt16 in the absence of Sanl. We found

UPS Regulation of FACT in Controlling Transcription

that ubiquitylation of Spt16 was impaired in the Asan1 strain (lane
4 in Fig. 3E). The Asanl strain contained a significantly high level
of Spt16 in comparison to the wild-type equivalent (Fig. 3E; com-
pare lane 1 with lane 3), as the stability of Spt16 was increased in
the absence of Sanl (Fig. 3A). Even in the presence of a high
abundance of Spt16 in the AsanI strain, Spt16 was not found in
the precipitate (lane 4 in Fig. 3E). Together, these results support
the idea that San1 is involved in ubiquitylation of Spt16.

Since Sanl is involved in ubiquitylation of Spt16, it is likely to
interact with Spt16. To test this, we performed an in vivo formal-
dehyde cross-linking-based co-IP assay as done previously (26).
For this purpose, we tagged San1 and Spt16 by the use of Myc and
HA epitopes, respectively, in the wild-type strain and then per-
formed the co-IP assay. Our co-IP analysis revealed that Sanl
interacts with Spt16 in vivo (Fig. 3F). To determine whether San1
interacts with Sptl6 in vitro, we immunopurified HA-tagged
Sptl6 and Myc-tagged Sanl and then analyzed their interactions,
as done previously (26). We found that San1 interacts with Spt16
but not with the Pob3 component of FACT (Fig. 3G). Taken to-
gether, our results support the idea that Sanl interacts with the
Sptl6 component of FACT for ubiquitylation and proteasomal
degradation.

Increased stability or abundance of Spt16 is associated with a
decreased level of RNA polymerase II at the coding sequences of
active genes and, hence, with transcriptional elongation. Since
Sanl interacts with Spt16 for ubiquitylation and proteasomal deg-
radation (Fig. 3A to G) and associates with active coding sequence
(Fig. 1B and 2A), the level of Spt16 at the active coding sequence is
likely to be increased in the absence of Sanl. To test this, we ana-
lyzed the association of Myc-tagged Sptl6 with the coding se-
quences of ADH1, PGK1, PMA1I, and PYK]I genes in the wild-type
and Asanl strains and found a significantly increased level of
Sptl6 at the coding sequences of these genes in the Asanl strain
(Fig. 3H). Since the association of RNA polymerase II with the
coding sequences of these genes (and with transcription) was de-
creased in the absence of Sanl (Fig. 1D and E and 2B to E), it is
likely that increased abundance of Spt16 in the Asanl strain im-
pairs RNA polymerase II association with the coding sequence
(and hence transcription). To test this, we analyzed the association
of RNA polymerase II with the coding sequences of ADHI, PGK1,
PYK1, and PMA1 following overexpression of Spt16. To this end,
we replaced the endogenous promoter of SPT16 with GALI and
overexpressed Sptl6 in galactose-containing growth medium
(Fig. 4A). Subsequently, we analyzed the level of RNA polymerase
IT at the promoters and coding sequences of ADHI, PGK1, PYK1,
and PMAI. Our ChIP analysis revealed that the association of
RNA polymerase II with the coding sequence was significantly
decreased in the presence of a high abundance of Spt16 (Fig. 4B
and C; see also Fig. S3A and B in the supplemental material).
Consistently, transcription of these genes was also impaired fol-

FIG5 Sanl promotes chromatin reassembly at the coding sequence. (A to D) ChIP analysis of histone H3 (A and C) and H2B (B and D) levels at the GALI coding
sequence (toward the 3" end or ORF2) in the Asanl and wild-type strains after switching off transcription in dextrose-containing growth medium (2 [A and B]
and 5 [C and D] min). (E to H) ChIP analysis of histone H3 (E [20 min]) and H2B (F [20 min], G [30 min], and H [60 min]) levels at the GALI coding sequence
in the Asanl and wild-type strains after switching on transcription in galactose-containing growth medium for the indicated time periods. (I and J) ChIP analysis
of histone H3 (I) and H2B (J) levels at the GALI core promoter in the AsanI and wild-type strains after switching off transcription in dextrose-containing growth
medium (2 min). (K to N) ChIP analysis of histone H3 (K [20 min]) and H2B (L [20 min], M [30 min], and N [60 min]) levels at the GALI core promoter in the
Asanl and wild-type strains after switching on transcription in galactose-containing growth medium for the indicated time periods. (O to R) ChIP analysis of
histone H3 and H2B levels at the coding sequences (toward the 3" end or ORF2 [O and Q]) and core promoters (P and R) of GAL7 (O and P) and GALI0 (Q and
R) in the Asanl and wild-type strains after switching off transcription in dextrose-containing growth medium (2 min).
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lowing overexpression of Spt16 (Fig. 4D; see also Fig. S3C). Thus,
a high abundance of Spt16 is associated with decreased levels of
RNA polymerase II at the coding sequence (and hence of tran-
scription), similarly to the results determined for the Asan1 strain
that has a high abundance of Spt16. Consistently, we found that
yeast cells grew slowly following overexpression of Spt16 in solid
growth medium containing 6-AU (Fig. 4E), thus supporting the
idea of impairment of transcriptional elongation in the presence
of a high abundance of Spt16.

Decreased abundance or stability of Spt16 is associated with
reduced levels of RNA polymerase II at the active genes and,
hence, transcription. Similarly to the results associated with in-
creased abundance, a decreased level of Spt16 is likely to impair
the association of RNA polymerase II with the active genes and
transcription, since Spt16 is required for transcription (5-11). To
test this, we analyzed the association of RNA polymerase II with
the coding sequences of ADH1, PGK1, PYKI, and PMA]I following
decreased expression of Spt16 (which is under the control of the
GALI promoter) in dextrose-containing growth medium (Fig.
4F). We found that the association of RNA polymerase II with the
coding sequences of these genes was decreased following a reduc-
tion of the abundance of Spt16 (Fig. 4G; see also Fig. S3D in the
supplemental material). Similarly, decreased association of RNA
polymerase IT with the promoters of these genes was also observed
in the absence of Spt16 (Fig. 4H; see also Fig. S3E), in agreement
with the fact that Sptl6 is required for transcription initiation
(5-8). Thus, a decreased level or decreased abundance of Spt16 is
associated with a reduction of the association of RNA polymerase
II with the active genes. Consistently, transcription of these genes
was also reduced following decreased expression of Spt16 (Fig. 41;
see also Fig. S3F).

Taken together, our results support the idea that increased or
decreased abundance of Spt16 is associated with a reduced level of
RNA polymerase II at the active genes and, hence, transcription.
Thus, an optimal level of Spt16 is required for efficient transcrip-
tion. Our results support the idea that San1-mediated ubiquityla-
tion and proteasomal degradation or UPS regulation maintains an
appropriate cellular level of Spt16 for optimal transcription.

Chromatin reassembly in the wake of elongating RNA poly-
merase II is impaired in the absence of San1 (or in the presence
of a high abundance of Spt16). Spt16 has been previously impli-
cated in nucleosomal disassembly and reassembly at the active
gene (5-11). Spt16 is involved in chromatin disassembly at the
promoter to facilitate transcriptional initiation (5-8). During
transcriptional elongation, Spt16 promotes chromatin reassembly
in the wake of RNA polymerase II to maintain the fidelity of tran-
scriptional elongation (9-11). Likewise, histone H2B ubiquityla-
tion is also involved in transcriptional elongation via enhance-
ment of chromatin reassembly in the wake of elongating RNA
polymerase II (10, 39—41). Moreover, histone H2B ubiquitylation
(or Rad6/Brel) and Spt16 interact functionally to promote chro-
matin reassembly and transcriptional elongation (10). On the ba-

UPS Regulation of FACT in Controlling Transcription

sis of these results, we hypothesize that a high abundance of Spt16
in the absence of San1 would impair chromatin reassembly in the
wake of elongating RNA polymerase II and would reduce tran-
scriptional elongation. To test this, we analyzed the deposition of
histone H2A-H2B dimer and H3-H4 tetramer at the GALI coding
sequence (Fig. 5A) in the AsanI and wild-type strains immediately
after switching off GALI transcription in dextrose-containing
growth medium (for 2 min). The levels of histones H2B and H3
were monitored as representative components of the histone
H2A-H2B dimer and histone H3-H4 tetramer, respectively. We
found that the deposition of histone H3-H4 tetramer as well as
histone H2A-H2B dimer to the GALI coding sequence was signif-
icantly impaired in the Asanl strain immediately after switching
off the transcription of GALI (Fig. 5A and B; see also Fig. S4A in
the supplemental material). Similar results were also observed at 5
min after switching off GALI transcription (Fig. 5C and D). These
results support the idea of a role of San1 in chromatin reassembly
at the GALI coding sequence. Next, we analyzed the eviction of
histone H2A-H2B dimer and histone H3-H4 tetramer from the
GALI coding sequence in the Asanl and wild-type strains follow-
ing GALI transcriptional induction in galactose-containing
growth medium. We found that the eviction of histone H3-H4
tetramer and histone H2A-H2B dimer from the GALI coding se-
quence following 20 min of transcriptional induction was not im-
paired in the absence of Sanl (Fig. 5E and F; see also Fig. S4B).
Similar results (Fig. 5G and H) were also observed at later tran-
scriptional induction time points (e.g., 30 and 60 min). Taken
together, our results support the idea that Sanl promotes chro-
matin reassembly at the coding sequence.

Since Sanl does not regulate PIC formation at the core pro-
moter (Fig. 1D and 2B, C, D, and F to H), it is not likely to regulate
chromatin disassembly or reassembly at the core promoter. To
test this, we analyzed the role of San1 in chromatin disassembly
and reassembly at the GALI core promoter. We found that the
deposition of histone H2A-H2B dimer and histone H3-H4 te-
tramer to the GALI core promoter was not impaired in the ab-
sence of San1 after switching off GALI transcription in dextrose-
containing growth medium (Fig. 5] and J; see also Fig. S4C in the
supplemental material). Likewise, San1 does not regulate chroma-
tin disassembly at the GALI core promoter following transcrip-
tional induction in galactose-containing growth medium (Fig. 5K
to N; see also Fig. S4D). Similar results were observed at other GAL
genes such as GAL7 and GALIO (Fig. 50 to R). Thus, Sanl does
not regulate chromatin disassembly at the core promoter and cod-
ing sequence, while it facilitates chromatin reassembly at the cod-
ing sequence but not at the promoter.

Since the loss of Sanl impairs chromatin reassembly in the
wake of elongating RNA polymerase II and increases Spt16’s sta-
bility, a high abundance of Sptl16 is likely to impair chromatin
reassembly at the coding sequence. To test this, we analyzed chro-
matin reassembly at the GALI core promoter and coding sequence
in the presence of a high abundance of Spt16. For this purpose, we

FIG 6 High abundance of Spt16 impairs chromatin reassembly at the coding sequence. (A and B) Chromatin reassembly analysis at the GALI coding sequence
(A) and core promoter (B) following overexpression of Spt16. (C and D) Chromatin reassembly analysis at the GAL10 coding sequence (C) and core promoter
(D) following overexpression of Spt16. (E and F) Chromatin reassembly analysis at the GAL7 coding sequence (E) and core promoter (F) following overexpres-
sion of Spt16. (G) Growth analysis of the Asanl and wild-type strains in the solid YPD medium with or without 0.026% MMS and HU (100 mM) at 30°C. (H)
Growth analysis of the yeast strains expressing SPT16 under the control of the GALI promoter (P, ;-SPT16) or of its own endogenous promoter (WT) in the
solid YPG medium with or without 0.026% MMS and HU (100 mM) at 30°C. (I) Schematic diagram showing the UPS regulation of Sptl6 in controlling

chromatin reassembly at the coding sequence and transcriptional elongation.
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overexpressed Spt16 under the control of the GALI promoter in
galactose-containing growth medium and then switched off GALI
transcription to immediately (2 min) analyze the deposition of
histone H3-H4 tetramer to the GALI core promoter and coding
sequence. Similarly to the results determined with the Asani
strain, we found that chromatin reassembly at the GALI coding
sequence but not at the core promoter was impaired in the pres-
ence of a high abundance of Spt16 (Fig. 6A and B). We found
similar results at other GAL genes such as GAL7 and GAL10 (Fig.
6C to F). Therefore, a high abundance of Spt16 or loss of Sanl
impairs chromatin reassembly at the coding sequence in the wake
of RNA polymerase II.

Growth of the Asanl cells (or yeast cells overexpressing
Spt16) is impaired following replication stress or DNA damage.
Since Spt16 or FACT is involved in DNA replication and repair (5,
6, 42-47), increased abundance of Spt16 in the AsanI strain may
alter DNA replication as well as repair. To test this, we analyzed
the growth of the Asan1 strain in comparison to that of the wild-
type equivalent following replication stress in the presence of HU
(hydroxy urea) or DNA damage in the presence of MMS (methyl
methanesulfonate). We found that the growth of the Asan1 strain
was impaired following replication stress or DNA damage (Fig.
6G), thus indicating the role of Sanl in DNA replication and re-
pair. Since the stability of Spt16 is increased in the Asanl strain
(Fig. 3A), a high abundance of Spt16 is likely to impair cellular
growth following replication stress and DNA damage. Indeed, our
results reveal that a high abundance of Spt16 reduced the growth
of yeast cells following HU-induced replication stress or DNA
damage caused by MMS (Fig. 6H). Therefore, our results support
the idea that a high abundance of Spt16 or the absence of Sanl
impairs DNA replication and repair. Such inhibition of DNA rep-
lication and repair in the presence of a high abundance of Spt16 or
in the absence of San1 could be mediated via impairment of tran-
scription of the genes involved in DNA replication and repair.
Alternatively, increased abundance of Spt16 or loss of San1 might
have been impairing chromatin assembly or disassembly during
DNA replication and repair. These possibilities remain to be fur-
ther elucidated.

In summary, we show here that San1 associates with the coding
sequences of active genes and fine-tunes the level of Sptl6 of
FACT via ubiquitylation and proteasomal degradation for opti-
mal nucleosomal reassembly at the coding sequence and tran-
scriptional elongation (Fig. 61). In the absence of San1, the abun-
dance of Spt16 is increased at the coding sequence, which reduces
chromatin reassembly in the wake of elongating RNA polymerase
II and transcriptional elongation (Fig. 61). However, it is not clear
how enhanced abundance of Spt16 or loss of Sanl impairs chro-
matin reassembly at the coding sequence and transcriptional elon-
gation. It is possible that excess Spt16 in the absence of San1 alters
FACT’s composition or binding to partner proteins, which needs
to be further investigated. Nonetheless, our results demonstrate
for the first time a fine-tuning of Spt16 by the UPS in maintaining
optimal chromatin reassembly and transcription elongation, thus
providing novel gene regulatory mechanisms.
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