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Susl is recruited to coding regions and
functions during transcription elongation
in association with SAGA and TREX2
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Gene transcription, RNA biogenesis, and mRNA transport constitute a complicated process essential for all
eukaryotic cells. The transcription/export factor Susl plays a key role in coupling transcription activation
with mRNA export, and it resides in both the SAGA and TREX2 complexes. Moreover, Susl is responsible for
GAL1 gene gating at the nuclear periphery, which is important for its transcriptional status. Here, we show
that Susl is required during transcription elongation and is associated with the elongating form of RNA
Polymerase II (RNAP II) phosphorylated on Ser5 and Ser2 of the C-terminal domain (CTD). In addition, Sus1
copurifies with the essential mRNA export factors Yral and Mex67, which bind to the mRNA
cotranscriptionally. Consistently, ChIP analysis reveals that Susl is present at coding regions dependent on
transcription in a manner stimulated by Kin28-dependent CTD phosphorylation. Strikingly, eliminating the
TREX2 component Sac3 or the SAGA subunit Ubp8 partially impairs Susl targeting to coding sequences and
upstream activating sequences (UAS). We found, unexpectedly, that Sgf73 is necessary for association of Susl
with both SAGA and TREX2, and that its absence dramatically reduces Susl occupancy of UAS and ORF
sequences. Our results reveal that Susl plays a key role in coordinating gene transcription and mRNA export
by working at the interface between the SAGA and TREX2 complexes during transcription elongation.
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Gene expression in eukaryotes depends on the coordi-
nated action of several multiprotein complexes. These
complexes regulate transcription, mRNA biogenesis,
and the export of a mature mRNA out of the nucleus
(Komili and Silver 2008). The interplay between these
factors is necessary to ensure that a correct message will
be translated. Work from many laboratories during the
last few years has uncovered coupling mechanisms be-
tween the different machineries involved in decoding
the DNA. The TREX1 protein complex (Sub2, Yral, and
THO components) (Strasser et al. 2002) constitutes one
of the first examples of integrating different steps during
mRNA biogenesis and nuclear export. THO subunits of
TREXI1 are able to interact with chromatin, whereas
Sub2 and Yral contact the mRNA and promote the re-
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cruitment of mRNA-binding proteins during elongation
(Abruzzi et al. 2004). A further link between transcrip-
tion and mRNA export was revealed by the identifica-
tion of Susl (Rodriguez-Navarro et al. 2004). We found
that this small protein interacts with the transcriptional
coactivator SAGA and the nuclear pore-associated com-
plex composed of Sac3-Thpl-Cdc31 (recently termed
TREX2) (Kohler and Hurt 2007). We demonstrated that
its role in mRNA export is likely carried out through
physical interactions with TREX2, via Sac3-CID
(Cdc31-interacting domain) (Fischer et al. 2004). In ad-
dition, we showed that GALI1 gene tethering to the
nuclear periphery depends on Susl (Cabal et al. 2006).
Susl function is required for accurate chromatin posi-
tioning in the nucleus, and, therefore, it influences the
transcriptional status of a gene. In this context, recently
it has been shown that Suslp, Sac3p, and Thplp mediate
the post-transcriptional tethering of active genes to both
the nuclear rim and the nonnascent mRNP (Chekanova
et al. 2008).

Besides its clear involvement in gene gating and
mRNA transport, Susl is a component of the evolution-
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arily conserved SAGA coactivator complex (STAGA/
TFTC in higher eukaryotes). SAGA is organized into
modules with distinct functions in the transcription pro-
cess (Baker and Grant 2007). The SAGA complex is re-
cruited by activators to promoter upstream activation
sequences (UASs), where it facilitates access of general
transcription factors (GTFs) to chromatin (Cosma et al.
1999; Bhaumik and Green 2001; Larschan and Winston
2001; Swanson et al. 2003). SAGA contains two enzy-
matic activities involved in post-translational histone
modifications. Histone acetylation is carried out by the
SAGA subunit Gen5 (Candau et al. 1997; Grant et al.
1997), whereas the ubiquitin protease Ubp8 is necessary
for histone deubiquitinylation (Henry et al. 2003).
SAGA-dependent histone modifications play a crucial
role in the regulation of different steps during gene ex-
pression (for review, see Weake and Workman 2008). We
and others have shown that Ubp8, together with Susl
and Sgfll, form a distinct functional module in SAGA
that is required for the deubiquitinylation of H2B (Ing-
varsdottir et al. 2005; Lee et al. 2005; Kohler et al. 2006).
Our work showed that Suslp forms a stable subcomplex
with Sgfl1p and Ubp8p and plays a role in both histone
H2B deubiquitinylation and the maintenance of steady-
state H3 methylation levels (Kohler et al. 2006). Binding
of Susl to SAGA depends on the deubiquitinylating en-
zymes Ubp8 and Sgfll. Thus, the deubiquitinylation
module could work at the junction between SAGA-de-
pendent transcription and nuclear mRNA export. Apart
from the established role of SAGA in transcription acti-
vation, two recent studies suggest that SAGA also local-
izes at the coding sequences, reinforcing the previously
proposed role for the complex in elongation (Desmou-
celles et al. 2002). In fact, Gen5-dependent acetylation
promotes nucleosome eviction and appears to enhance
processivity of RNA Polymerase II (RNAP II) during
transcription elongation (Govind et al. 2007). The asso-
ciation of SAGA with coding sequences is dependent on
phosphorylation of the C-terminal domain (CTD) of
RNAP II subunit Rpbl, indicating that SAGA might in-
teract with actively transcribing RNAP II during elonga-
tion. Moreover, new findings reveal a mechanism by
which H2B ubiquitinylation acts as a barrier for the as-
sociation of Ctklp with the coding regions of active
genes, while subsequent deubiquitinylation by Ubp8p
triggers Ctk1p recruitment, suggesting an overall role for
SAGA in regulating the entire transcriptional process
(Wyce et al. 2007).

Several recent studies have shown that Susl function
is conserved in evolution. As revealed for yeast, Dro-
sophila Susl/E(y)2 is a subunit of the SAGA/TFTC-type
histone acetyltransferase complex, and it concentrates at
the nuclear periphery (Kurshakova et al. 2007b). E(y)2
interacts with the nuclear pore complex (NPC) in a com-
plex with X-linked male sterile 2 (Xmas-2, a putative
ySac3 ortholog) to regulate mRNA transport. Drosophila
Susl functions in the anchoring of a subset of transcrip-
tion sites to the NPCs to achieve efficient transcription
and mRNA export. In addition, it has been shown that
E(y)2/Susl is essential for the barrier activity of Su(Hw)-

2812 GENES & DEVELOPMENT

dependent insulators in Drosophila (Kurshakova et al.
2007a). Recently, Zhao et al. (2008) verified that Susl,
Ubp8, and Sgfll are conserved in humans (ENY2,
USP22, and ATXNY7L3, respectively) and that they form
the deubiquitinylation module in human STAGA. Fur-
thermore, they show for the first time that ENY2,
USP22, and ATXN7L3 are required as cofactors for the
full transcriptional activity of nuclear receptors (Zhao et
al. 2008).

All these findings in yeast, Drosophila, and human
cells suggest that Susl may provide a physical link be-
tween promoter-bound activators and the mRNA export
machinery. However, the mechanism by which Susl
functions in these processes remains unclear. In this
study, we investigated mechanisms underlying Susl’s
role in coupling transcription and export. We show that
Susl is required for gene transcription in a length-depen-
dent way, which suggests an active role in mRNA bio-
genesis during transcription elongation. Consistent with
this, we found that Susl copurifies with the elongating
form of RNAP II phosphorylated on Ser5 and Ser2 of the
CTD, the mRNA adaptor Yral, and the export factor
Mex67. We also provide evidence that Susl is associated
at high levels with the ARG1I gene coding sequence and
that Susl occupancy of the ORF requires transcription
and Ser5 phosphorylation of the CTD. Our findings dem-
onstrate that loss of the SAGA subunit Sgf73 prevents
Susl binding to SAGA and, unexpectedly, partially dis-
rupts Sus1-TREX?2 association. Whereas Ubp8 and Sac3
both promote association of Susl with the ARG1 UAS
and coding region, Sgf73 is more critically required for
these interactions. Our data suggest a mechanism by
which Susl plays a pivotal role in transcription during
elongation mediated by both the SAGA and TREX2 com-
plexes.

Results

Susi is able to activate transcription and is necessary
for mRNA biogenesis during transcription elongation

One of the best-characterized functions of the SAGA
complex is its role in transcription activation, mainly
due to its ability to modify histones in chromatin (for
reviews, see Baker and Grant 2007; Nagy and Tora 2007).
Since Susl is part of the SAGA complex, we tested
whether Susl is able to activate transcription when
fused to the bacterial LexA DNA-binding domain. CTY
strains containing a lexAop-lacZ reporter were trans-
formed with a plasmid encoding a LexA-Susl fusion
(pBTM-Susl) or empty vector (pBTM-Empty), and B-ga-
lactosidase activity was measured in exponentially
growing cultures of the resulting transformants. We ob-
served ~130-fold higher activity in transformants harbor-
ing pBTM-Susl compared with those containing empty
vector (Fig. 1A). Our results clearly show that Susl is
able to activate transcription. To determine whether ac-
tivation by LexA-Susl requires the SAGA complex, we
measured (B-galactosidase activity in three different
SAGA mutants that impair either Sus1-SAGA associa-
tion (sgf11A), SAGA HAT activity (gcn5A), or PIC-assem-
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Figure 1. Susl activates transcription and is important for gene
transcription in a gene-length-dependent manner. (A) Wild-type
(CTY) and the isogenic SAGA mutants sgf11A, gcn5A, and
sgf73A cells were transformed with pBTM-empty or pBTM-Susl
plasmids. Transformants were grown to mid-logarithmic phase
in selective SC-TRP medium. B-galactosidase activity was as-
sayed in cells and Miller units are represented. Values are mean
B-galactosidase activities from four transformants (error bars
represent SE). (B) Different lengths of transcription units used in
this work for the GLAM-ratio assays. (C) Wild type (BY4741)
and isogenic susIA and mft1A were transformed with the cen-
tromeric plasmids described in B. GLAM-ratios are calculated
as the relative levels of acidic phosphatase activity expressed by
the indicated transcription unit (P, ,;-PHOS LacZ (2] or Pgp;-
PHO5 LAC4 [3]), with respect to the acid phosphatase activity
from the shortest transcription unit (P, ;-PHOS [1]). For each
strain, the average of at least three experiments was considered
(error bars represent SE). (D) qRT-PCR showing the expression
levels of PHOS5 from the three transcription units (T. unit) de-
scribed in B for wild-type and susIA cells. Amplification of
SCR1 was used as a loading control. (E) Comparison of Pol II
(Rpb3p) occupancy at different locations through the Po,; ;-
YLR454w gene following galactose induction in wild-type and
sus1A cells, expressed as the ratio of occupancies in galactose
versus rafinose medium. All error bars represent the SEM.

bly (sgf73A). As shown in Figure 1A, B-galactosidase ac-
tivity derived from lexA-Susl activation is reduced in all
three mutants, but to different extents. The sgf73A strain
shows the most severe reduction, with levels similar to
the background (0.15 units), whereas activation is re-
duced by a factor of seven for gen5A. Interestingly, in
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sgf11A the reduction is less severe, which suggests that
in this context, binding of lexA-Susl to SAGA is not
completely eliminated. In conclusion, Susl activates
transcription dependent on functional SAGA.

Recent work indicates an active role for SAGA during
transcription elongation (Govind et al. 2007; Wyce et al.
2007). The fact that Susl is part of SAGA and is able to
activate transcription prompted us to test whether Susl
participates in elongation. To this end, we measured the
efficiency of gene-length-dependent mRNA accumula-
tion using the GLAM-ratio assay, (Morillo-Huesca et al.
2006). Wild-type and suslA strains were transformed
with three plasmids harboring transcription units of dif-
ferent length containing the same PHOS5 coding se-
quences but variable 3’ untranslated sequences, all under
the same (GAL1) promoter. The ratios of acid phospha-
tase activity for the short transcript versus the long tran-
scripts (GLAM-ratios) were measured for each strain (Fig.
1B). The THO complex mutant mftIA, known to be de-
fective in transcription elongation and recombination
(Chavez et al. 2000), was examined in parallel. As pre-
sented in Figure 1C, the GLAM-ratios for susl1A were
significantly reduced from wild-type levels, nearly to the
extent observed for mft1A. The gene-length-dependent
defect obtained for sus1A was further confirmed by quan-
titative RT-PCR (qRT-PCR) assays performed with
cDNAs generated from wild-type and sus1A transformants
bearing the different transcription units. PHO5 and
SCR1, as a loading control, were amplified and compared
in an ethidium bromide-stained gel (Fig. 1D). Our results
show that PHOS5 expression is decreased in sus1A when
expressed from long transcription units containing ei-
ther lacZ or LAC4 3' untranslated sequences, but is not
affected when PHOS is transcribed from the short tran-
scription unit. These results are compatible with a role
of Susl during transcription elongation. To rule out that
the observed defect in susIA is due to an mRNA export
defect, we also analyzed the GLAM-ratios for the nucleo-
porin mutant nup2A. Mutant cells lacking Nup2 do not
exhibit a significant decrease in GLAM-ratios (Supple-
mental Fig. 1). To analyze the role of SUS1 in transcrip-
tion elongation, we examined RNAP II occupancy across
the 8-kb YLR454w OREF placed under the control of the
GALI promoter, under galactose-inducing conditions.
As shown in Figure 1E, the susIA mutant showed re-
duced RNAP II occupancy across the P.,;,-YLR454w
gene compared with wild-type cells. In addition, a small
reduction in Pol II at the promoter was also observed.
Together, these results indicate a role for SUST in tran-
scription elongation and suggest that the phenotype is
not an indirect consequence of an mRNA export block.

Sus1 interacts with hyperphosphorylated forms
of RNAP II and the mRNA export factors Yral
and Mex67

Our published results favor a model in which Susl
couples transcription activation and export by physical
interactions with the SAGA complex and the NPC-
associated mRNA export complex Sac3-Thpl-Cdc31
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(TREX2) (Fischer et al. 2004; Rodriguez-Navarro et al.
2004). Nevertheless, how this coupling takes place re-
mains unclear. The strong gene-length-dependent tran-
scription defect we observed for susIA could reflect an
active role of Susl in mRNA biogenesis. To gain insight
into the mechanisms underlying Susl-dependent tran-
scription, we analyzed whether Susl interacts with fac-
tors involved in different steps during mRNA biogenesis.
TAP-tagged Susl and Ada2, as a bona fide SAGA com-
ponent, were affinity purified, and the calmodulin elu-
ates were checked for the presence of different proteins
by Western blot analysis. The results clearly demon-
strate that Susl copurifies with RNAP II (Fig. 2A). Given
that phosphorylation of RNAP II-CTD Ser5 and Ser2
residues constitutes a signal for promoter clearance and
effective elongation (for review, see Saunders et al. 2006),
we tested the presence of these RNAP II forms in a Sus1-
TAP purification. As shown in Figure 2A, Susl copuri-
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Figure 2. Susl copurifies with RNAP II and the mRNA export
factors Yral and Mex67. (A) TAP purification of Ada2, Thpl,
and Susl TAP-tagged cells was performed, and the eluates were
resolved by 4%-12% gradient gels, transferred, and immuno-
blotted. The presence of RNAP II, Ser5-hyP, and Ser2-hyP was
revealed by the use of the appropriated antibodies. Equal loading
of each TAP purification was ensured by detecting the bait
Ada2-CBP or Sus1-CBP with an anti-CBP antibody. Input level
of each protein before the TAP purification was detected from
the lysates by Western blot using the mentioned antibodies. (B)
TAP purification of Ubp8, Ada2, or Susl TAP-tagged cells was
performed and the eluates were used for Western blot analysis
as described in A. The presence of Yral and Mex67 was revealed
by the use of the appropriate antibodies. Equal loading was en-
sured by detecting the baits Ubp8-CBP, Ada2-CBP, or Sus1-CBP
with an anti-CBP antibody. Input level of each protein before
the TAP purification was detected from the lysates by Western
blot using the mentioned antibodies.
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fies with RNAP II hyperphosphorylated in both residues,
Ser5 (Ser5-hyP) and Ser2 (Ser2-hyP). Interestingly, asso-
ciation of Ser5-hyP and Ser2-hyP RNAP II with Susl
likely occurs via dynamic interactions during transcrip-
tion elongation, since SAGA (Ada2-TAP) or TREX2
(Thpl-TAP) subunits didn’t substantially enrich these
RNAP II forms when purified (Fig. 2A, middle panel).
Therefore, we conclude that Susl mainly interacts with
the Ser5 and Ser2 hyperphosphorylated forms of RNAP
II, which are indicative of promoter clearance and effec-
tive transcription elongation.

Several studies have established links between factors
involved in transcription and mRNA export (for review,
see Cole and Scarcelli 2006). Since Susl interacts dy-
namically with the transcription apparatus, it is conceiv-
able that other proteins involved in mRNA biogenesis
and export also bind to Susl during gene expression. To
identify new dynamic interactions, we studied whether
Susl copurifies with the essential mRNA export factors
Yral and Mex67. As shown in Figure 2B, Susl associates
with both Yral and Mex67. In contrast, strong interac-
tions with Yral and Mex67 were not observed when
Ada2-TAP or Ubp8-TAP was used as bait for the purifi-
cation, despite comparable levels of Yral and Mex67 in
the starting cell extracts (Fig. 2B). Therefore, we con-
clude that Susl physically interacts with the key mRNA
export factors Yral and Mex67, suggesting a more gen-
eral role for Susl in mRNA biogenesis.

Sus1 is targeted to coding regions in a manner
stimulated by CTD Ser5 phosphorylation by Kin28

The results presented so far in this study strongly sug-
gest that Susl could have an active role during elonga-
tion in coding sequences and that this function could be
mediated by SAGA. In fact, as described in the introduc-
tion, several SAGA subunits have been shown to be pres-
ent at coding regions. To analyze whether Susl is asso-
ciated with RNAP II-transcribed regions, we studied
Susl occupancy to the SAGA-regulated gene ARGI. Pre-
viously, we showed by chromatin immunoprecipitation
(ChIP) analysis that SAGA subunits are recruited to the
UAS and coding region of ARG1 by the activator Gendp
in amino-acid-limited cells where Gendp binding to UAS
elements is induced (Govind et al. 2007). Similarly, we
observed high-level association of Myc-Susl with the
UAS and the 5’ and 3’ ends of the ARG1 ORF in wild-
type cells starved for Ile and Val with the anti-metabolite
sulfometuron (SM) (Fig. 3A,B; data not shown). In gcn4A
cells, in contrast, nearly background levels of Myc-Susl
were detected at the UAS and ORF. These data demon-
strate that Susl is targeted by Gendp to the UAS and
coding regions during transcriptional induction of
ARGI. To extend the analysis of Susl presence at the
coding region of a noninducible gene, we also investi-
gated Susl association with the ADH1 gene. We found
that Susl is also bound to both promoter and coding
region of the housekeeping gene ADHI (Supplemental
Fig. 2A).

Given that Susl physically interacts with the Ser5-hyP
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Figure 3. Susl is targeted to the ARG1 coding sequence, de-
pendent on CTD phosphorylation by Kin28. (A) ARG1 showing
primers for ChIP analysis and their locations relative to the
beginning of the ORF. (B) Susl-myc GCN4 (YSR332) and Sus1-
myc gendA (YSR344) cells growing at 30°C in SC medium lack-
ing Ile and Val were treated with 0.6 mM SM for 30 min and
subjected to ChIP analysis with anti-Myc antibodies and the
ARG1 primers shown in A. The ratio of IP to input signals for
Myc-Suslp occupancy was calculated for ARG1 and divided by
the corresponding ratio for the reference sequence (POL1 ORF),
and the mean and standard errors of the resulting normalized
IP/input ratios from replicate cultures, calculated with three
PCR measurements, are plotted. Susl expression in Susl-myc
GCN4 and Susl-myc gcndA was ensured by detecting myc-Susl
from inputs by immunoblot. Representative PCR data for Myc-
Suslp in wild type and gcn4A and Myc-Ada2 occupancy at
ARG1 is shown. (C,D) ChIP analysis was performed as in B after
transferring the culture for 30 min to 37°C, and treating with
SM for another 30 min at 37°C to measure occupancy of Rpblp-
CTD phosphorylated on Ser5 (S5p-Rpblp) and Rpb3p at ARG1
in a Kin28-ts16 mutant. (E) Susl2-myc KIN28-HA (YSR336),
Susl-myc kin28-HA-ts16 (YSR334), and Susl-myc gcndA cells
were cultured and treated as in D and E and then subjected to
ChIP analysis as in B-E. All error bars represent the SEM. (F)
Cells (Susl-myc KIN28-HA [Kin28] and Susl-myc kin28-HA-
ts16 [kin28-HA-ts16]) growing exponentially were lysated after
treatment at 37°C, and Myc-tagged Susl was inmunoprecipi-
tated from extracts. Bound proteins to Susl-myc in each strain
were analyzed with the indicated antibodies.

form of RNAP II, and that this modification stimulates
the association of mRNA processing factors (Sims et al.
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2004), we asked whether Kin28, the kinase responsible
for this modification, affects Susl recruitment to the
ARG1 ORF. Wild-type and kin28-ts16 mutant cells
growing at 25°C were shifted for 30 min to 37°C and
treated with SM for another 30 min at 37°C. To ensure
that Kin28 was inactivated but RNAP II occupancy was
not reduced, we checked the occupancies of S5-hyP
RNAP II and Rpb3 (total RNAP II) at ARG1 by ChIP. As
expected (Govind et al. 2007), the amount of S5-hyP
RNAP II relative to Rpb3 was higher at the promoter
than at the 5 and 3’ ends of ARG1 in wild-type cells, and
the occupancy of S5-hyP but not Rbp3 was reduced by
kin28-ts16 (Fig. 3C,D). Importantly, the presence of Susl
at the 5’ and 3’ ARG1 coding sequences, but not at the
UAS, is clearly reduced after inactivation of Kin28p (Fig.
3E). Therefore, we conclude that Ser5CTD hyperphos-
phorylation promotes Susl recruitment to the ARGI
ORF without affecting its presence at the promoters.
Stimulation of Susl recruitment to coding regions by
Kin28 dependent on RNAP II phosphorylation suggests
that Ser5-P could be necessary for Susl association to
chromatin. To study Susl global association with chro-
matin, we performed a chromatin-binding assay wherein
a chromatin pellet (P) and soluble fraction (S) are pre-
pared and probed by Western blot analysis. We observed
an obvious shift in the distribution of Susl to the soluble
pool in kin28-ts16 cells (Supplemental Fig. 2B), indicat-
ing that phosphorylation of RNAP II Ser5 is required for
overall Susl association with chromatin. Moreover, as
expected from the ChIP results, inactivation of Kin28
strongly reduced Susl copurification with RNAP II,
Yral, and Mex67, but not with SAGA (Taf6) or TREX2
(Thpl) (Fig. 3F). These results led to the idea that Susl
contacts the export factors in the coding sequences dur-
ing transcription elongation. Accordingly, we found that
Mex67 is recruited to the ARG1 OREF, starting from the
5’ OREF to the 3’ ORF (Supplemental Fig. 2C), following
a pattern similar to published observations for elonga-
tion factors Spt4 and Pafl complex (Qiu et al. 2006).
Strikingly, in susIA cells, Mex67-GFP is localized to the
entire nuclear rim as in wild type; however, a single
strong focus several times the intensity of the rest of the
nuclear rim is visible in some cells (Supplemental Fig.
2D), similar to the phenotype exhibited by Sac3 mutants
(Fig. 5A in Lei et al. 2003). Thus, we conclude that Susl
requires Ser5-P to associate with downstream factors
likely coupling different steps during mRNA biogenesis.

Sus1 recruitment to coding regions depends on SAGA
and TREX2

Susl interacts with bulk chromatin and stably associates
with the SAGA and TREX2 complexes. To determine
the contribution of each complex to Susl association
with chromatin, we compared by ChIP analysis the
SAGA-dependent and TREX2-dependent recruitment of
Susl to the ARGI ORF. To analyze SAGA dependency
we used the ubp8A strain in which Sus1-SAGA associa-
tion is disrupted, but Sus1-TREX2 copurification is not
affected (Kohler et al. 2006). As previously shown for the
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GAL1 UAS, we found that Ubp8 is necessary for Susl
high-level occupancy at the ARG1 UAS, and, interest-
ingly, ubp8A provokes a partial reduction in Susl bind-
ing to coding sequences (Fig. 4A). Demonstrating that
SAGA is also necessary for Susl binding to bulk chro-
matin, we observed a clear enrichment in the Susl-
soluble pool in a chromatin-binding assay when Ubp8
(Fig. 4B) or other SAGA members are absent (Supplemen-
tal Fig. 3A). Hence, Ubp8 and SAGA are required to ef-
ficiently target Susl to transcribed coding regions and
bulk chromatin.

In order to address the TREX2 contribution to Susl
association with ORFs, we analyzed Susl association
with chromatin in a sac3A mutant. Sac3 is a nucleoporin
required for mRNA export and is a subunit of TREX2
(Fischer et al. 2002, 2004; Lei et al. 2003). The sac3A
deletion confers a transcription defect and hyper-recom-
bination phenotype identical to thplA (Gallardo et al.
2003), but RNAP II ORF occupancy at the ARG1 gene is
not affected (Supplemental Fig. 3B). As cited above, Sac3-
CID mediates Susl association with TREX2 (Fischer et
al. 2004). To address whether Susl association with bulk
chromatin is affected in sac3A cells, we performed the
chromatin-binding assay described above. We observed
an obvious shift in the distribution of Susl from the
chromatin bound to the soluble fraction in sac3A cells
(Fig. 4C), indicating that Sac3 is required for Susl asso-
ciation with chromatin. ChIP analysis confirmed this
result for the ARGI coding sequences (Fig. 4D, gray
bars), but also revealed an unexpected Sac3-dependent
recruitment of Myc-Susl to the UAS (Fig. 4D, black
bars). Given that SAGA mediates Susl binding to UASs
(Fig. 4A; Kohler et al. 2006), it was possible that the
Sac3-dependent Susl-UAS recruitment we observed is
an indirect effect of Sac3 elimination on Sus1-SAGA as-
sociation. To exclude this possibility, we immunopre-
cipitated Myc-Susl from sac3A and wild-type cells and
tested by Western blotting for the presence of TREX2
and several SAGA subunits. As anticipated, Sac3 dele-
tion prevents Susl-TREX2 association (Fig. 4E, left
panel). In contrast, SAGA subunits Gen5, Tafl12, Ada2,
and Taf6 were present at wild-type levels in the immune
complexes from sac3A cells, indicating an intact Susl-
SAGA association (Fig. 4E, right panel). Thus, we con-
clude that Susl binding to chromatin, including both
UAS and ORF sequences at ARG, is partially mediated
by the TREX2 member Sac3.

Sgf73 is required for Susl association with SAGA and
TREX2 and mediates its presence at coding regions

Our findings support a model in which Sus1 recruitment
to transcribing regions depends on the coordination be-
tween SAGA and TREX2. To gain insight into the
mechanism that controls this process, we sought to iden-
tify proteins besides Ubp8 and Sgfll that influence
Susl’s interaction with these complexes. Therefore, we
performed Susl-TAP purification from several SAGA
mutants. Although Susl purifications were similar to
wild type for gen5A or sgf29A extract (data not shown),
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Figure 4. Susl requires SAGA and TREX2 to associate with
chromatin. (A) ChIP analysis with anti-Myc antibodies of Sus1-
myc GCN4 (YSR353), Susl-myc ubp8A (YSR188), and Susl-
myc gcndA was done as in Figure 3. The ratio of IP to input
signals for Myc-Suslp occupancy was calculated, and the mean
and standard errors of the resulting normalized IP/Input ratios
from replicate cultures, calculated with three PCR measure-
ments, are plotted. Susl expression in wild type and ubp8A was
ensured by detecting myc-Susl from inputs by Western blot. (B)
Wild type (BY4741) and isogenic ubp8A containing a Susl-myc
tag were grown to exponential phase, and cell lysates were sub-
jected to a chromatin-binding assay. A chromatin pellet (P) and
a soluble fraction (S) were obtained. Detection of Susl by im-
munoblotting using anti-myc antibody is shown. Enrichment of
chromatin-associated proteins in the P fraction was ensured by
detection of histone H3 by Western blot. Susl stability in wild
type and ubp8A was ensured by detecting myc-Susl from
whole-cell extract using the appropriate antibodies (C) Wild
type (BY4741) and isogenic sac3A containing Susl-myc tag were
were subjected to a chromatin-binding assay as described in B.
(D) ChIP analysis with anti-Myc antibodies of Susl-myc GCN4,
Susl-myc sac3A (YSR373), and Susl-myc gcndA was done as in
A. The ratios of IP to input signals for myc-Suslp occupancy
was calculated as for A, and resulting normalized IP/Input ratios
are plotted. (E) Cells (untagged, Susl-myc [wild type] and Susl-
myc sac3A) growing exponentially were lysated, and Myc-
tagged Susl was inmunoprecipitated from extracts. Inputs from
the lysates and bound proteins to Susl-myc in each strain were
analyzed with the indicated antibodies.

sgf73A provoked a drastic change in the Susl-TAP puri-
fication pattern. (Fig. 5A, lanes 1,2). Analysis by mass
spectrometry revealed no copurification of any SAGA
component in this mutant except for Ubp8 and Sgfl1
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Figure 5. Association of Susl with SAGA, TREX2, and chro-
matin depends on Sgf73. (A) Sus1-TAP was purified from wild
type (lane 1) or sgf73A (lane 2) by the TAP method. Purifications
were analyzed on a SDS 4%-12% gradient polyacrylamide gel
and proteins stained with Colloidal Blue are shown. Some
known SAGA components are indicated as landmarks after
identification by mass spectrometry. (B) ChIP analysis with
anti-Myc antibodies of Susl-myc GCN4, Susl-myc sgf73A
(YSR307), and Susl-myc gcnd4A was done as in Figure 3. The
ratio of IP to input signals for Myc-Suslp occupancy was calcu-
lated for ARG1 and divided by the corresponding ratio for the
reference sequence (POLI ORF), and the mean and standard
errors of the resulting normalized IP/Input ratios from replicate
cultures, calculated with three PCR measurements, are plotted.
Susl expression in wild type and sgf73A was ensured by detect-
ing myc-Susl from inputs by Western blot. (C) Wild type and
sgf78A containing a Susl-myc tag were grown to exponential
phase, and cell lysates were subjected to protein-chromatin-
enriched purification as in Figure 4B. Detection of Susl by
Western blot using anti-myc antibody is shown. Enrichment of
chromatin-associated proteins in P and of soluble proteins in S
was ensured by detection of histone H3 and tubulin by Western
blot with the appropriated antibodies. (D) DAPI-stained DNA
and subcellular inmunolocalization of Susl-myc in the indi-
cated wild type and sgf73A. In situ immunofluorescence micro-
scopic photographs of representative cells are shown.

(data not shown). Therefore, as reported previously for
ubp8A and sgf11A (Kohler et al. 2006), elimination of
Sgf73 also impairs Susl association with SAGA. These

Sus1 role during transcription elongation

data are consistent with a very recent report in human
cells, where Sca7 (the human ortholog of Sgf73) is re-
quired for binding of the Sus1-Ubp8-Sgf11 submodule to
SAGA (Zhao et al. 2008). Remarkably, in contrast to the
absence of Ubp8, which does not impede Susl binding to
TREX?2, deletion of Sgf73 decreases Coomassie-stainable
levels of Sac3 and Thpl in a Susl-TAP purification (Fig.
5A, lane 2). Thus, we conclude that Sgf73 plays an im-
portant role in Susl binding to TREX2 as well as SAGA.
We showed above that Susl ORF occupancy depends
on SAGA (Ubp8-dependent) and TREX2 (Sac3-depen-
dent) (Fig. 4A-D). The finding that sgf73A impairs Susl
association with both complexes prompted us to test
whether eliminating Sgf73 would evoke an even stronger
decrease in Susl ORF occupancy. Indeed, ChIP analysis
of Myc-Susl indicates that Sgf73 is absolutely required
for Gen4-dependent Susl recruitment to the ARG1 UAS
(Fig. 5B, black bars), in accordance with Sgf73’s role in
SAGA binding to promoters (McMahon et al. 2005;
Shukla et al. 2006). We found that Sgf73 is also crucial
for Susl1 targeting to coding sequences (Fig. 5B, gray bars),
and, importantly, the low level of Susl binding to the
ARG1 ORF in sgf73A cells is closer to the basal level
seen in gcndA cells than that measured above in ubp8A
or sac3A cells (Fig. 4A,D). This supports the idea that
disrupting the association of Susl with SAGA and
TREX2 in sgf73A cells produces a compound defect in
Susl binding to coding regions that exceeds the reduc-
tion produced by impairing either association alone. We
likewise observed a severe decrease in Susl association
with bulk chromatin in the sgf73A mutant, indicated by
the drastic redistribution of Susl from the chromatin
pellet to the soluble fraction (Fig. 5C). Furthermore, im-
munofluorescence analysis of Myc-Susl revealed partial
mislocalization to the cytoplasm, as indicated by the clear
reduction in nuclear signal in sgf73A cells (Fig. 5D). In con-
clusion, Sgf73 plays a crucial role in Susl’s association
with SAGA and TREX?2, its binding to bulk and ARG1-
specific chromatin, and its nuclear association in vivo.

Interplay between SAGA and TREX?2 is necessary
for Sus1 function during transcription elongation

We demonstrated that Sgf73 has a pivotal role in the
association between Susl and coding regions (Fig. 5B).
The presence of Susl at promoters as part of SAGA and
TREX2 could be a way to facilitate contact with down-
stream factors after transcriptional activation. If so, then
it is plausible that the Sgf73-mediated interplay between
SAGA and TREX2 is decisive for Susl’s role during tran-
scription elongation, mediating the binding of Susl to
transcription/export factors. To explore this possibility,
we extended our analysis of Susl interactions with
RNAP II, Ser5-hyP, Mex67, and Yral to include sgf73A
cells. Sus1-TAP purification from wild-type and sgf73A
cells shows that Susl binding to Ser5-hyP is drastically
reduced in the absence of Sgf73 (Fig. 6A), suggesting that
Sgf73 is necessary for Susl binding to the Ser5 phosphor-
ylated CTD. Strikingly, Susl also does not bind to the
mRNA export factors Yral and Mex67 in the sgf73A mu-
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Figure 6. Sgf73 is necessary for Susl copurification with
RNAPII, Yral, and Mex67 and during transcription elongation.
(A) TAP purification of Susl TAP-tagged cells was performed
from wild-type and sgf73A cells, and the eluates were resolved
in 4%-12% SDS gradient gels, transferred, and immunoblotted.
Presence of RNAP II, Ser5-hyP, Yral, and Mex67 was revealed
by the use of the appropriate antibodies as in Figure 2. Equal
loading of both purifications was ensured by detecting the bait
Sus1-CBP with an anti-CBP antibody. Stability of each protein
in whole-cell extracts from wild-type and sgf73A backgrounds
was ensured by Western blot using the mentioned antibodies.
(B) Wild type (BY4741), susIA, and sgf73A were transformed
with the plasmids described in Figure 1B. GLAM-ratios are cal-
culated as described in Figure 1C. For each strain, the average of
at least three experiments was considered (error bars represent
SE). (C) Comparison of Pol II (Rpb3p) occupancy at different
location through the P, ,;;-YLR454w gene following galactose
induction in wild-type and sgf73A cells, expressed as the ratio of
occupancies in galactose versus rafinose medium. All error bars
represent the SEM. (D) 6-Azauracil (6-AU) growth assay. Wild-
type (BY4741) and sgf73A URA3" strains were grown exponen-
tially in SC-URA liquid medium, and then serial dilutions were
plotted in SC-URA and SC-URA containing 50 pg/mL of 6-AU.
Plates were incubated for 4 d at 30°C.

tant (Fig. 6A), reinforcing the observation that Susl re-
quires Ser5-P to facilitate its association with Yral and
Mex67 (Fig. 3F). These results indicate that Susl requires
SAGA and TREX2 to interact with downstream factors
involved in mRNA biogenesis. Given Sgf73’s role in
Susl association with SAGA, TREX2, Ser5-hyP, and
mRNA export factors, one would expect that its elimi-
nation would produce a transcription elongation defect.
Indeed, sgf73A confers a marked reduction in both
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GLAM-ratios (Fig. 6B) and RNAP II occupancy, both at
the promoter and across the P ,;;-YLR454w gene (Fig.
6C). In addition, sgf73A cells exhibit sensitivity to 6-AU,
a common phenotype for some elongation factor mu-
tants (Fig. 6D). These findings support the model that
SAGA and TREX2 both play important roles, dependent
on Sgf73, in mediating Susl function in mRNA biogen-
esis during elongation.

Discussion

We described previously a mechanism by which Susl
couples transcription activation and mRNA export, re-
locating the gene to the nuclear periphery after transcrip-
tional activation (Cabal et al. 2006). Susl is distinctive
from other factors in being present both at gene promot-
ers and at the nuclear pore via stable physical interac-
tions with the SAGA and TREX2 complexes, respec-
tively. Here, we demonstrate that Susl is able to activate
transcription and is important for transcription elonga-
tion. Work from other laboratories has suggested a role
for SAGA during elongation (Desmoucelles et al. 2002;
Govind et al. 2007; Wyce et al. 2007). In addition, Mo-
rillo-Huesca et al. (2006) demonstrated that some SAGA
mutants (gcn5A and spt3A) exhibit moderate reductions
in GLAM-ratios, indicating a mild defect in a gene-
length-dependent step of transcription, most likely elon-
gation. We found that sus1A confers a severe decrease in
GLAM-ratios, which we corroborated by gqRT-PCR mea-
surements of transcript abundance. Moreover, using the
long GAL-regulated YLR454w gene, we observed a pro-
gressive decay in RNAP II occupancy, suggesting re-
duced Pol II processivity in the absence of Susl. These
results strongly suggest that Susl is important for effi-
cient transcription elongation.

Several factors involved in elongation have been
shown to contact the transcription machinery directly.
In this study, we show for the first time that Susl physi-
cally interacts with active elongating forms of RNAP II
phosphorylated on Ser5 and Ser2 of the CTD. Both modi-
fied forms are highly enriched in a Sus1-TAP purification
when compared with another SAGA subunit (Ada2) or a
TREX2 component (Thpl), indicating that Susl associa-
tion with elongating Pol II could occur when Susl estab-
lishes physical contact with factors participating in
mRNA biogenesis. Consistent with a role in coupling
transcription and export, we also showed that Susl
physically interacts with the mRNA export factors Yral
and Mex67, which are believed to contact the transcrip-
tion machinery and be present at the coding regions of
different genes during transcription elongation (Zenklu-
sen et al. 2002; Dieppois et al. 2006). In accordance with
our biochemical data, we demonstrate here that Susl is
present in coding sequences during transcriptional acti-
vation (Fig. 3B) and that this association is stimulated by
Kin28 phosphorylation of the RNAP II-CTD on Ser5.
Along these lines, we also observed a decrease in Susl
association to RNAP II and export factors when Kin28 is
inactivated (Fig. 3F). A plausible mechanism is that Susl
enters the transcribed region from the UAS, where it was
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recruited in association with SAGA. There it interacts
with Ser5-hyP RNAP II and the mRNA export factors
Yral and Mex67 to help ensure efficient elongation and
couple mRNA synthesis to export. Supporting this
model, we found that Mex67 associates with the ARG1
coding region and that susIA produces a partial mislo-
calization of Mex67 from the nuclear pore complex in
some cells (Supplemental Fig. 2C). This phenotype is
similar to the one reported previously for sac3 mutants
(Lei et al. 2003), indicating a partial dependence on
TREX2 for Mex67 subcellular location. Notably, neither
SAGA subunit Ada2 nor Ubp8 strongly copurified with
Yral or Mex67. Hence, Susl likely accomplishes a more
direct role in mRNA biogenesis during transcription
elongation, whereas other components of SAGA partici-
pate less directly, at the level of histone modifications.
In fact, recent evidence indicates that Gen5 mediates H3
acetylation and nucleosome eviction in coding regions
during transcriptional activation (Govind et al. 2007),
and H2B deubiquitinylation by Ubp8 triggers appropriate
transcription elongation (Wyce et al. 2007).

To address which factors are involved in Susl’s re-
cruitment to coding regions, we studied the contribution
of SAGA and TREX2 subunits in this process. In a pre-
vious report, we demonstrated that Susl needs Ubp8 to
bind to SAGA and to be targeted to the GAL1 UAS dur-
ing activation (Kohler et al. 2006). In this study, we also
investigated the role of Ubp8, and, thereby, of SAGA, in
the association of Susl with coding sequences. We show
in Figure 4A that ubp8A significantly reduces Susl oc-
cupancy of both the UAS and ORF at ARGI. The fact
that Susl occupancy is reduced but not eliminated in
ubp8A cells strongly suggests that other factors besides
SAGA target Susl to chromatin. Nevertheless, we can-
not exclude the possibility that a minor pool of Susl
interacts with SAGA in ubp8A. Interestingly, in this di-
rection, we observed that Sus] still copurifies with Sgf11
and histones in a ubp8A strain where Sus1-SAGA con-
tact is largely impaired (Kohler et al. 2006). Thus, our
findings propose the existence of an intricate pathway
that mediates Susl-chromatin interaction.

SAGA and TREX2 colocalize transiently at the nuclear
periphery during transcription activation to mediate
gene gating, dependent on Susl. Accordingly, it is pos-
sible that TREX2 also contributes to overall Susl-chro-
matin association. Supporting this hypothesis, we found
that Susl binding to bulk chromatin and its recruitment
to coding sequences are reduced in the sac3A mutant in
which Susl-TREX2 contact is abolished (Fig. 4C-E;
Fischer et al. 2004). Our ChIP results show a reduction of
Susl occupancy of the ARG1 ORF in sac3A cells similar
in magnitude to that seen in ubp8A cells. Unexpectedly,
we also observed comparable reductions in Susl binding
to the UAS in sac3A and ubp8A cells. By coimmunopre-
cipitation analysis, we excluded the possibility that the
reduced UAS occupancy of Susl in sac3A cells was an
indirect effect of disrupting Sus1-SAGA contact. Inter-
estingly, we also observed a Sac3-dependent Susl asso-
ciation with the ADH]1 coding region (data not shown).
Thus, we provide the first direct evidence that TREX2

Sus1 role during transcription elongation

influences Susl’s role in transcription, at least partly by
promoting its binding to chromatin.

Our findings suggest a model in which SAGA and
TREX2 act in concert to facilitate Susl function in cod-
ing regions during transcription elongation. By searching
for mutants that affect Susl interaction with both com-
plexes, we discovered that sgf73A drastically changes the
Susl-TAP purification profile (Fig. 5A). Similar to
ubp84, Susl-SAGA interaction is disrupted by sgf73A.
Interestingly, sgf73A differs from ubp8A in also decreas-
ing the copurification of Susl with Sac3 and Thpl, indi-
cating disruption of the Sus1-TREX2 interaction. Con-
sistent with the purification data, sgf73A conferred a
larger reduction in Susl occupancy of ARG1 UAS and 3’
OREF sequences (Fig. 5B) than occurred in ubp8A or sac3A
cells, where Susl binding to SAGA or TREX2 alone is
impaired. Consistently, we also saw a marked decrease
in Susl binding to bulk chromatin, and partial mislocal-
ization of Suslp to the cytoplasm, in the absence of
Sgf73. These findings indicate that abolishing Susl ORF
occupancy by sgf73A should impede interaction with
downstream factors and reduce the efficiency of elonga-
tion. This prediction was borne out by our findings that
sgf73A disrupts copurification of Susl with RNAP I
Ser5-hyP and the export factors Yral and Mex67 (Fig.
6A). Importantly, sgf73A cells also display a strong re-
duction in GLAM-ratios, RNAP II occupancy of the
Poar-YLR454w ORF, and 6AU sensitivity (Fig. 6B-D).
Our data support the idea that Sus1 function during elon-
gation is dependent on its physical connections via Sgf73
to SAGA and TREX2. Nevertheless, the fact that in
sgf73A a residual pool of Susl bound to the ARGI 3’ end
is detected indicates that the reduced amount of TREX2
that copurifies with Susl could still partially target it to
ORFs. However, we cannot exclude the possibility of a
SAGA-independent mechanism that targets Susl to
transcribed regions.

In light of our findings, we propose that both SAGA
and TREX2 are necessary for efficient Susl recruitment
to chromatin and for its function in transcription
coupled to mRNA export. After transcription activation
(Fig. 7, top panel), Susl occupancy at the UAS detected
by ChIP could be the combination of Susl bound to
SAGA recruited to the promoter and Susl bound to
TREX2 in proximity to the promoter when localized to
the NPC. Once there, Susl can enter the coding region
stimulated by RNAP II CTD-Ser5 phosphorylation and
contact mRNA export factors during transcription elon-
gation (illustrated by the orange arrow in Fig. 7). Dele-
tion of factors that impair only the binding of Susl to
SAGA (ubp8A) or to TREX2 (sac3A) provokes a partial
reduction in Susl UAS and 3’ ORF occupancy, whereas
sgf73A, which affects both complexes, produces a more
drastic effect in Susl binding throughout the gene (rep-
resented by different block arrows in Fig. 7, bottom pan-
els). The absence of Sgf73 also impairs Susl binding to
other factors during elongation, and, consistently, sgf73A
exhibits transcription elongation defects. We speculate
that Sgf73 could be one of the SAGA subunits that me-
diate SAGA binding to TREX2. One possibility is that
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Figure 7. Coordination between SAGA and TREX2 is crucial for Susl function during transcription elongation. Susl is part of the
SAGA and TREX2 complexes. Under transcription activation, SAGA is recruited to the promoter, and Susl enters the coding region
stimulated by RNAP II CTD-Ser5 phosphorylation and contacts Yral and Mex67 during mRNA biogenesis (top panel). We observed
that deletion of factors that impair only the binding of Sus1 to SAGA (ubp8A) or to TREX2 (sac3A) provokes a partial reduction in Sus1
UAS and 3’ ORF occupancy. In sgf73A cells, in which Susl interaction with both complexes is affected, a more drastic effect in Susl
binding along the transcribing region and association with export factors is observed (bottom panels).

Sgf73 alters Susl’s structure or function in a manner that
prevents its association with both TREX2 and SAGA.
Mislocalization of Susl in sgf73A cells would impede
correct TREX2 formation and, consequently, SAGA-
TREX2 contact. Interestingly, while revising this paper,
the Hurt laboratory (Kohler et al. 2008) published that
Sgf73 is required for H2B deubiquitinylation and that it
mediates stable association between Sac3-Thpl and
Sus1-Cdc31, which strongly supports our findings. Fu-
ture work on Sgf73’s function will help us to clarify the
nature of the SAGA-TREX2 interaction.

In summary, we demonstrate that Sus1 plays a critical
role in the coordination of gene transcription and mRNA
export through physical contacts with coding regions
and factors involved in transcription and mRNA export.
These findings support a mechanism in which SAGA
and TREX2 facilitate the recruitment and function of
Susl in coding regions during transcription elongation to
coordinate mRNA biogenesis. Since Susl is conserved
from yeast to humans, it is possible that our findings will
aid understanding of how SAGA and TREX2 are inter-
connected in higher eukaryotic cells, where defects in
Sgf73 (Sca7) and Ubp8 (USP22) are involved in neurode-
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generation and cancer, respectively (Helmlinger et al.
2004a,b; McMahon et al. 2005; Zhang et al. 2008).

Materials and methods

Yeast strains, DNA recombinant work, and microbiological
techniques

See Supplemental Material for a detailed description. Yeast
strains used in this study are listed in Supplemental Table S1
and described in the Supplemental Material, along with the an-
tibodies and PCR primers employed (Supplemental Table S2).
Microbiological techniques and yeast plasmid transformation
were done essentially as described previously (Rodriguez-Na-
varro et al. 2004). Chromosomal integration of TAP (TRPI or
URA3 marker) and MYC (HIS3 marker) as C-terminal tags was
performed as described previously (Longtine et al. 1998; Gavin
et al. 2002). Strains were grown under standard conditions. For
spotting analyses, cells were growth to 0.5 OD600 and subjected
to 10-fold serial dilutions. Sensitivity to 6-AU (50 pg/mL) was
assayed on minimal media lacking uracil; when needed, ura3A
cells were transformed with a CEN/ARS URA3 plasmid.

B-Galactosidase and GLAM assays

Cells transformed with the appropriate plasmids were grown to
mid-log phase in selective synthetic medium lacking trypto-
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phan with 2% glucose for the B-galactosidase assay or lacking
uracil with 2% galactose for the GLAM assay. - Galactosidase
activity was assayed in permeabilized cells and expressed in
Miller units as described elsewhere. Acid phosphatase activity
of the GLAM assaywas assayed as described (Morillo-Huesca et
al. 2006).

TAP purifications, immunoprecipitations, and Western blot
analysis

Purification of Susl-TAP, Ada2-TAP, Ubp8-TAP, and Thpl-
TAP in wild-type and mutant strains was performed as de-
scribed previously (Rodriguez-Navarro et al. 2004) and in the
Supplemental Material. Susl-MYC immunoprecipitation in
wild type and mutants was performed as follows: 50 mL of cells
expressing Susl-MYC were grown on rich medium to a 0.5
ODG600. Cells were harvested, washed with water, and resus-
pended in 250 uL of lysis buffer (50 mM HEPES-KOH at pH 7.5,
140 mM NaCl, I mM EDTA, 10% glycerol, 0.5% NP-40, 1 mM
PMSF, protease inhibitors). An equal volume of glass beads was
added. Breakage was achieved by four pulses of vortexing during
1 min at 4°C. The extracts clarified were immunoprecipitated
during 1 h at 4°C using anti-Myc antibody (9E10). The immu-
noprecipitates were washed three times for 10 min with 1 mL of
lysis buffer and subsequently resuspended in 50 puL of SDS-
PAGE sample buffer. Western analysis was performed using ap-
propriate antibodies described in the Supplemental Material.
Whole-cell extracts were conducted by trichloroacetic acid ex-
traction. Soluble (S) and chromatin (P) fractions were prepared
from whole-cell extracts after spheroplast lysis as described
(Uhlmann et al. 1999).

ChIP

ChIPs were performed as described previously (Govind et al.
2007). After elution, 2 pL of resuspended DNA were used for
each PCR reaction, employing the appropriate primers listed in
Supplemental Table S2.

Miscellaneous

In situ immunofluorescence of Sus1-MYC and localization of
Sus1-GFP, Mex67-GFP in wild type, and sus1A were performed
as described previously, using a Leica DM6000B fluorescence
microscope (Leica) with a 63x PL APO objective. RT-PCR was
conducted as described previously (Rodriguez-Navarro et al.
2002).
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