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ABSTRACT A sensitive in vitro crosslinking technique
using a photoactive derivative of the chimeric activator LexA-
E2F-1 was used to identify yeast proteins that might influence
the response of RNA polymerase II to transcriptional activa-
tors. We found that a novel yeast protein, Xtclp, could be
covalently crosslinked to the activation domain of LexA-E2F-1
when this derivatized activator was bound to DNA upstream
of an activator-responsive RNA polymerase II promoter. Be-
cause affinity chromatography experiments showed that
Xtclp also bound directly and specifically to the activation
domains of E2F-1, the viral activator VP16, and the yeast
activator Galdp and copurified with the RNA polymerase 11
holoenzyme complex, Xtclp may modulate the response of
RNA polymerase II to multiple activators. Consistent with this
notion, yeast strains deleted for the X7C1 gene exhibited
pleiotropic growth defects, including temperature sensitivity,
galactose auxotrophy, and a heightened sensitivity to activator
overexpression, as well as an altered response to transcrip-
tional activators in vivo.

RNA polymerase IT (RNA pol II), the enzyme responsible for
synthesis of messenger RNA in eukaryotes, is controlled
through the action of positive- and negative-acting regulatory
proteins (1, 2). Of primary importance are the large number
of sequence-dependent DNA-binding proteins that regulate
the activity of RNA pol II in a gene-specific manner. For
positive-acting gene regulators, a defined region of the protein,
its activation domain, often retains the ability to stimulate
transcription when fused to a heterologous DNA-binding
domain such as that of the yeast activator Galdp (3) or the
bacterial repressor LexA (4). Activation domains frequently
exhibit a characteristic amino acid composition. For example,
the activation domains of many mammalian, viral, and yeast
activators are rich in acidic amino acids (3, 5, 6), although
negative charge is neither sufficient nor essential for activation
domain function (7, 8). Because activation domains often
retain the ability to potentiate transcription in evolutionarily
divergent species, the mechanism(s) that mediate transcrip-
tional activation may be conserved.

Studies on the control of transcription in the yeast Saccha-
romyces cerevisiae have led to the suggestion that one key
function of activators is to facilitate the recruitment of a
preassembled RNA pol IT holoenzyme complex to promoter
DNA (9-12). Indeed, artificial tethering of individual compo-
nents of the RNA pol II transcriptional machinery to promoter
DNA as a result of fusion to a DNA-binding domain can result
in an activated level of transcription in the absence of a bona
fide activation domain (11-14). Activators also appear to
stimulate the activity of RNA pol II subsequent to its engage-
ment with the promoter, either by enhancing the rate of
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transcript initiation, promoter clearance, and/or chain elon-
gation (15). It is generally assumed that this potentiation of
transcription arises, at least in part, though direct contact of
activators with components of the RNA pol II transcriptional
machinery. Putative targets of activators in both yeast and
higher eukaryotes include a number of the general transcrip-
tion factors (16—19) that mediate the interaction of RNA pol
II with the core promoter DNA sequences as well as a range
of coactivator proteins now known to have either intrinsic or
associated chromatin remodeling activities (for example, refs.
20 and 21).

Activators, in turn, can be regulated through direct associ-
ation with specific repressor proteins. For example, the yeast
activator Gal4p is maintained in an inactive state in the
absence of galactose by the direct and specific interaction of
the inhibitory protein Gal80p with its C-terminal activation
domain (22). A similar form of control may operate in higher
eukaryotes as well. Both the human tumor suppressor protein
pS3 and the cell cycle-regulated activator E2F-1 are negatively
regulated through interaction of their activation domains with
inhibitory proteins Mdm-2 and Rb, respectively (23, 24).

To identify additional proteins that might influence the
response of RNA pol II to transcriptional activators, we
developed a photochemical crosslinking technique to detect
proteins in close proximity to the derivatized activation do-
main of the sequence-specific transactivator LexA-E2F-1 in an
in vitro transcription system. Using this approach, we have
identified a novel yeast protein Xtclp that appears to act as a
negative regulator of transcriptional activation in vivo.

MATERIALS AND METHODS

Yeast Cell Extracts. For our initial crosslinking experiments,
whole-cell extracts were prepared from the haploid yeast strain
DPY213 (aleu2 ura3 his3 trp1 lys2 tafl 30A::TRPIA + pRS313-
flu3-TAF130) (25) and fractionated by chromatography on a
Bio-Rex 70 ion-exchange column as described for the purifi-
cation of yeast RNA pol II holoenzyme (26). The transcrip-
tion-competent 0.6-M potassium acetate fraction was used in
the crosslinking experiments after dialysis against transcription
buffer (50 mM Hepes'KOH/90 mM potassium acetate/10%
glycerol/10 mM Mg acetate/2 mM EGTA/2 mM DTT, pH
7.6) and had a final protein concentration of ~20 mg/ml.
Similar column fractions were prepared from isogenic wild-
type and xtcIA strains in which the X7CI! ORF had been
replaced with either the LEU2 or TRPI gene by standard
gene-replacement procedures. Affinity-purified yeast RNA
pol II holoenzyme was a generous gift from G. Pan and J.
Greenblatt (27).

Abbreviations: RNA pol 11, RNA polymerase II; MBP, maleimide-4-

benzophenone.
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Preparation of Photoreactive LexA-E2F-1. The LexA-E2F-1
fusion protein was expressed in Escherichia coli cells by using
a modified pET-19b expression vector (Novagen) encoding
tandem N-terminal poly(10)His and heart muscle kinase rec-
ognition tags and was purified to homogeneity by metal chelate
chromatography (28). The recombinant protein was labeled
with [y-32P]ATP (6,000 Ci/mmol; New England Nuclear) to a
specific activity of 2 X 10° cpm/pmol by using heart muscle
kinase (Sigma) (28). The labeled protein was bound to Ni%*-
NTA agarose beads (Qiagen) and washed extensively with
buffer B (20 mM Hepes'NaOH, pH 7.9/100 mM NaCl/20%
glycerol/0.2 mM EDTA). A 5-fold molar excess (relative to
protein) of maleimide-4-benzophenone (MBP) (Sigma) dis-
solved in dimethyl formamide then was added under reduced
lighting conditions. After incubation in the dark for 2 h at 25°C,
the beads were washed with buffer B and eluted with buffer
containing 1 mM DTT and 0.5 M imidazole. Derivatization
was determined to be 90% (28).

Crosslinking. Photoreactive LexA-E2F-1 (3 pmol; ~5 X 103
cpm) was added under reduced lighting to microtubes con-
taining 10 pl of yeast transcription extract (0.2 mg protein)/0.5
pmol of template DNA/3 pmol of recombinant yeast TFITA
(28), in a final volume of 25 ul. The mixture(s) were placed 5
cm under an inverted UV-transilluminator (Fotodyne model
3-3100, Hartland, WI) and U V-irradiated for 12 min at 25°C.
The reaction products were fractionated on 7.5% polyacryl-
amide gels containing SDS. The gels were dried and exposed
to film with an amplifying screen for 12 h at 25°C.

Affinity Chromatography, Immunoblotting, and Immuno-
precipitation. Protein ligands were coupled to AffiGel 10 resin
(Bio-Rad) to a final concentration of 2 mg/ml. Microcolumns
were prepared as described (29) and loaded with either 0.4 mg
of yeast transcription extract or 2 ug of purified recombinant
Xtclp. The columns were washed with 10 column volumes of
transcription buffer and eluted with 3 column volumes of
buffer containing 1 M NaCl. To prepare protein for microse-
quencing, 40 ml of Bio-Rex 70-fractionated yeast extract was
loaded on a 2-ml LexA-E2F-1 affinity column. The bound
yeast proteins were eluted by 1 M NaCl, concentrated by TCA
precipitation, and fractionated on a 12.5% polyacrylamide gel.
Protein sequencing was as described (30). Xtclp was detected
on immunoblots by enhanced chemiluminescence (ECL; Am-
ersham) using polyclonal serum from rabbits immunized with
recombinant Xtclp. To immunoprecipitate Xtclp, 20 ul of a
standard crosslinking reaction was diluted with 500 ul of TTBS
(0.05% Tween 20/10 mM TrissHCI, pH 7.9/0.5 M NaCl) and
incubated with 2 ul of rabbit antisera for 4 h on ice and then
with protein A beads. The beads were boiled in SDS gel sample
buffer before electrophoretic separation of bound proteins.

Yeast Cell Manipulations. Yeast cells were transformed by
using the Li acetate technique (31). The X7CI ORF was
replaced with a LEU2 or a TRP1 gene cassette in the diploid
W3031 strain LP112 (a/a canl-100/canl-100 his3-11, 15/
his3-11, 15 leu2-3, 112/leu2-3, 112 trpl-1/trpl-1 ura3-1/
ura3-1 ade2-1/ade2-1) or a haploid derivative (32). B-Galac-
tosidase assays (32) were normalized to the ODsgs of the
cultures and the assay time. A yeast expression vector for
Gal4-E2F-1 under control of the ADHI promoter was kindly
provided by A. Pearson and J. Greenblatt (33).

RESULTS

Crosslinking of LexA-E2F-1 to Yeast Proteins in a Cell-Free
Transcription System. To better characterize the range of
protein—protein interactions that influence the response of
RNA pol II to sequence-specific activators, we sought to
identify components of the yeast RNA pol II transcriptional
machinery that can interact with, or are positioned nearby, the
activation domain of a promoter-bound activator during the
process of transcriptional activation in vitro. Our approach
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involved the selective placement of a photoreactive crosslink-
ing side chain on the single cysteine residue within the
activation domain of the chimeric activator LexA-E2F-1 (28),
an activator that consists of the acidic C-terminal activation
domain (amino acid residues 400—-437) of the human activator
E2F-1 (24) fused to the bacterial DNA-binding protein LexA.
This chimeric protein is a potent sequence-specific activator of
transcription by RNA pol II in vitro (ref. 28; see below) and in
vivo (Fig. 5).

Purified recombinant LexA-E2F-1 was labeled to a high
specific activity with [3?P]JATP. Next, the cysteine residue
located within the E2F-1 activation domain (residue 427 in
E2F-1; refs. 24 and 28) was selectively derivatized with the
hetero-bifunctional, photoreactive chemical crosslinking re-
agent MBP (Fig. 1a) (28). This derivatization of the activator
did not affect its ability to potentiate transcription by RNA pol
II in a yeast in vitro transcription system (Fig. 1b; see also ref.
28).

To induce crosslinking between LexA-E2F-1 and yeast
proteins in close proximity to the E2F-1 activation domain
during transcriptional activation, photoreactive LexA-E2F-1
was incubated with a partially purified preparation of the yeast
RNA pol IT holoenzyme complex and a DNA template bearing
LexA-binding sites upstream of the CYCI core promoter and
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F1G. 1. Selective crosslinking of a transcriptional activator to yeast
proteins in an in vitro transcription system. (a) Schematic of the
32P-labeled, MBP-derivatized, photoreactive LexA-E2F-1 activator
protein. (b) Autoradiogram of RNA transcripts produced by a yeast
transcription extract with (+) and without (—) photoreactive LexA-
E2F-1 added. The DNA template had two LexA-binding sites up-
stream of the CYCI promoter (28). (¢) Autoradiogram of SDS-gel-
fractionated crosslinking reactions containing photoreactive LexA-
E2F-1, yeast transcription extract, and the DNA template used in b. All
reactions, except for lane 2, were subject to UV irradiation. In lane 3,
the activator had not been treated with MBP. Crosslinking by LexA-
E2F-1 derivatives without a Cys residue or mutated to have a Cys at
amino acid position 411 or 420 in E2F-1 also are shown (lanes 4-6).
M, of protein markers are given in kDa; LexA-E2F-1 is indicated with
a star. (d) Promoter-dependent crosslinking by LexA-E2F-1.
Crosslinking by photoreactive LexA-E2F-1 in the presence of DNA
templates with (+) or without (—) LexA-binding sites or a TATA-box
initiator element. The templates had either the CYCI (lanes 1 and 2)
or the HIS3 Tr (lanes 3 and 4) core promoter elements (28).
Promoter-dependent, activator-crosslinked complexes I, II, and I11 are
indicated. (¢) Impaired crosslinking by the D428A/F429A E2F-1
activation domain mutant (lane 2) relative to the wild-type activator
(lane 1).
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irradiated briefly with UV light. As seen in Fig. 1c, several
labeled complexes with distinct electrophoretic mobilities,
presumably consisting of LexA-E2F-1 covalently bound to
different yeast proteins, could be resolved by SDS/PAGE
(lane 1). Control reactions confirmed that formation of these
activator-crosslinked complexes depended on irradiation of
the extract with UV light (Fig. 1c, lane 2) and on pretreatment
of the activator with the crosslinker (lane 3). Substitution of the
reactive cysteine residue in LexA-E2F-1 with alanine also
abrogated crosslinking of LexA-E2F-1 to these yeast proteins
(lane 4), indicating that the crosslinking was mediated solely
through the derivatized cysteine residue located within the
E2F-1 activation domain. Furthermore, the crosslinking ex-
hibited by LexA-E2F-1 appeared to be selective since the
pattern of crosslinked complexes was altered by repositioning
the reactive cysteine residue and, therefore, the crosslinker, at
residues 411 or 420 within the E2F-1 activation domain (lanes
5 and 6)—changes that did not substantially affect the ability
of the activator to stimulate transcription (23, 28).

To establish whether the crosslinked complexes resulted
from an interaction between DNA-bound LexA-E2F-1 and
yeast proteins present at the adjacent RNA pol II promoter,
the same crosslinking reaction was performed by using DNA
templates that lacked either LexA-binding sites or a TATA-
box promoter element. The results shown in Fig. 1d indicate
that three of the more prominent activator-crosslinked com-
plexes (I, II, and III) formed preferentially when the DNA
template contained LexA sites and the TATA box. The
appearance of these complexes was reduced markedly using
templates lacking either of these elements (compare lanes 1
and 4 with lanes 2 and 3).

The promoter-dependent crosslinking exhibited by photo-
reactive LexA-E2F-1 suggested that one or more of the
crosslinked yeast proteins might be associated with the re-
sponse of RNA pol II to this activator. Therefore, the effects
of introducing a double point mutation (D428A/F429A) into
the E2F-1 activation domain, a change that impairs the ability
of LexA-E2F-1 to activate transcription in vitro and in vivo (ref.
28; Fig. 5), was analyzed. As seen in Fig. le, this mutant
activator was impaired in its ability to form complexes I, II, and
III. It would appear, therefore, that the promoter-dependent
crosslinking exhibited by LexA-E2F-1 may reflect important
interactions mediated by this activator with the RNA pol II
transcription machinery.

Identification of Xtclp as an Activation-Domain Binding
Protein. To identify yeast proteins that crosslinked to LexA-
E2F-1, we used affinity chromatography as a purification step.
Yeast cell extract, enriched for components of the RNA pol II
holoenzyme complex by chromatography on Bio-Rex 70 (26),
was fractionated further on an affinity column matrix contain-
ing immobilized LexA-E2F-1 as ligand. After extensive wash-
ing of the matrix, activator-bound proteins were eluted with a
high-salt buffer and visualized by silver staining (Fig. 2a).
Several proteins were found to be retained selectively on the
LexA-E2F-1 affinity column (compare lane 1 with the eluate
of the LexA control column, lane 2). UV irradiation of this
eluate in the presence of photoreactive LexA-E2F-1 resulted
in the formation of three crosslinked complexes (Fig. 2b, lane
2) with the same mobilities as that of complexes I, II, and III
formed with the input yeast extract (lane 1), suggesting that the
crosslinkable yeast proteins were retained specifically by the
affinity matrix. In contrast, none of these complexes was
observed after a similar crosslinking with the high-salt eluate
from the control LexA affinity column (lane 3) or in the
absence of added yeast extract (lane 4).

Because it seemed that the 28-kDa protein present in the
LexA-E2F-1 affinity column eluate (Fig. 22) might account for
the formation of complex I in the crosslinking reactions with
photoreactive LexA-E2F-1, we scaled up the affinity-
purification procedure to obtain a sufficient amount of this

Proc. Natl. Acad. Sci. USA 95 (1998)

Eluate

°
b= o
= c
7] [+]
O z

[+ = E' d
83 rXTC1
wrk A - +
-97 =l -200
66 -
-45 _o7
-31
— p—
-66
-21 |- -
-45
1 2 3 1 2 3 4

FiG. 2. Purification and cloning of Xtclp. (a) Silver-stained SDS
gel of the high-salt eluates from a LexA-E2F-1 (lane 1) and a control
LexA (lane 2) affinity column. A 28-kDa yeast polypeptide that binds
specifically to the E2F-1 activation domain is indicated. (b) Crosslink-
ing by photoreactive LexA-E2F-1 in a yeast transcription extract (lane
1), in eluates from the LexA-E2F-1 and LexA affinity columns (lanes
2 and 3), or in the absence of added protein (lane 4). (¢) Immunoblots
with anti-Xtclp of extracts (50 ng) prepared from isogenic wild-type
(lane 1) and xtcIA (lane 2) yeast strains and of an aliquot (100 ug) of
TFIIS affinity-purified yeast RNA pol IT holoenzyme (lane 3) (27). (d)
SDS-gel analysis of crosslinking by photoreactive LexA-E2F-1 to
proteins in extracts from wild-type and xzcIA yeast cells (lanes 1 and
2) and crosslinking by photoreactive LexA-E2F-1 in the absence and
presence of 200 ng of purified recombinant Xtclp (lanes 3 and 4).

protein for direct identification by peptide microsequencing.
The 28-kDa band was excised from a preparative SDS gel and
a 17-mer peptide sequence, LIQRVGNIAREESVILK, of
high confidence obtained (see Materials and Methods). This
sequence was found to match perfectly to a portion of an ORF,
YDR296W, located on chromosome IV of S. cerevisiae that
encodes a previously uncharacterized gene product of 226 aa
(M, = 26,906, pI = 9.64). Although the predicted amino acid
sequence of the putative full-length gene product, which we
have named Xtcl for crosslinked transcription component 1,
did not provide additional insight as to its cellular function, it
did exhibit limited sequence similarity (20-25% identity over
residues 75-216 in Xtclp) to both the yeast (34) and human
(GenBank accession no. X97795) DNA repair-associated he-
licase Rad54 in a region encompassing Rad54’s canonical
helicase motifs IV, V, and VI. The functional significance of
this sequence similarity remains unclear because the much
smaller Xtclp protein lacks motifs I, Ia, II, and III, which are
required for helicase/ATPase activity. As indicated above,
Xtelp copurified with yeast RNA pol IT and other components
of the RNA pol II holoenzyme complex upon fractionation of
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a crude yeast cell lysate on Bio-Rex 70 resin. Subsequently, we
found that Xtclp also was present in a more highly purified
preparation of yeast RNA pol II holoenzyme isolated by
affinity chromatography on immobilized yeast TFIIS (Fig. 2¢).
Xtclp therefore may be a component of the RNA pol II
transcriptional machinery targeted by transcriptional activa-
tors.

To confirm that the activator-crosslinked complex I formed
in the in vitro transcription system did indeed consist of
LexA-E2F-1 covalently linked to Xtclp, the following exper-
iments were performed. We first established that a transcrip-
tion extract prepared from yeast cells deleted for the X7TC!
gene failed to generate complex I in crosslinking experiments
with photoreactive LexA-E2F-1 (Fig. 2d, compare lanes 1 and
2), although formation of the other activator-crosslinked com-
plexes was largely unaffected. We also showed that recombi-
nant Xtcl protein, expressed in and purified from E. coli cells,
was by itself capable of forming a crosslinked complex with
photoreactive LexA-E2F-1 (lane 4) with the same electro-
phoretic mobility on an SDS-polyacrylamide gel as that of
complex I. In addition, we found that crosslinked complex I
formed with a wild-type yeast transcription extract could be
immunoprecipitated selectively with antibodies raised against
recombinant Xtclp but not with preimmune serum (data not
shown).

Activator-Binding Activities of Xtclp. To further assess the
activation domain-binding activities of Xtclp, protein affinity
chromatography was used. As anticipated from our crosslink-
ing and purification experiments (Figs. 1 and 2), immobilized
LexA-E2F-1 was found to bind strongly to and retain Xtclp in
a yeast cell extract (Fig. 3 Upper). Since LexA-E2F-1 also
bound well to purified recombinant Xtclp (Lower), this inter-
action appears to be direct. In contrast, both the cellular and
recombinant forms of Xtclp bound poorly to the D428A/
F429A mutant derivative of LexA-E2F-1 (lane 4) that is
impaired for both transcriptional activation in vivo (Fig. 5, line
7) (24) and the ability to form crosslinked complex I in vitro
(Fig. le).
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Fic. 3. Xtclp interacts directly with the activation domains of
several different activators. (Upper) Immunoblot analysis of Xtclp
(arrow) in the input yeast extract (lane 1) and high-salt eluates (lanes
2-9) from a series of affinity columns. The column ligand is indicated
above each lane. (Lower) Coomassie blue-stained SDS gel showing the
input recombinant Xtcl protein (lane 1) and high-salt eluates (lanes
2-9) from a duplicate set of affinity columns. For both panels, 20% of
the input sample and 50% of the column eluate were analyzed.
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To establish whether Xtclp could interact with the activa-
tion domains of other transcriptional activators, additional
affinity chromatography experiments were performed using
the activation domains of the yeast activator Galdp (amino
acids 841-874) (6) and the herpes viral protein VP16 (amino
acids 413-490) (3) as ligands. As with immobilized LexA-
E2F-1, both the native and recombinant forms of Xtclp were
retained efficiently on affinity columns bearing either of these
two other activation domains (Fig. 4, lanes 5 and 7). Further-
more, similar to the effects of the D428A /F429A mutation on
binding by the E2F-1 activation domain, mutation of the
Phe-442 residue in the VP16 activation domain to proline or
truncation at amino acid 456 greatly reduced the affinity of
VP16 for Xtclp (lanes 8 and 9). These alterations have been
shown previously to impair the ability of VP16 to activate
transcription (7). Thus, the ability of both VP16 and E2F-1 to
interact with Xtclp correlates positively with their ability to
stimulate transcription.

Growth and Transcription Defects in Yeast Strains Deleted
for the XTC1 Gene. To better assess the physiological function
of Xtclp, a targeted deletion of the XTC! gene was performed.
As observed with yeast strains deleted for other accessory
components of the RNA pol II transcriptional machinery, such
as the Srb, Ada, and Swi/Snf classes of transcription cofactors
(21, 35, 36), yeast strains deleted for the X7TCI gene (xtcIA)
exhibited a variety of growth defects. For example, the xtcIA
cells grew more slowly than wild-type cells on rich media and
this growth was temperature-sensitive (Fig. 4a). The xtc1A cells
also were unable to grow on media containing galactose as the
carbon source, although viability was restored by plasmid-
based expression of Xtclp (Fig. 4b).

To determine whether the growth defects exhibited by the
Xtclp-deficient yeast cells were associated with an impaired
response of RNA pol II to transcriptional activators, we
assessed the ability of isogenic wild-type and xtcIA strains to
support activated levels of transcription in vivo. Because the
activation domain of Gal4p, like that of E2F-1, bound to Xtclp
in our affinity chromatography experiments, we first evaluated
the ability of endogenous Galdp to activate transcription in
wild-type and xtcIA yeast cells. Surprisingly, Gal4p was found
to activate transcription of three different Gal4p-responsive
lacZ reporter genes three to five times more efficiently in the
xtc1A cells than it did in wild-type cells (Fig. 5, lines 1-3). This
increased responsiveness of RNA pol II to Galdp in the
absence of Xtclp appears to be because of a general enhance-
ment of activation domain potential in the mutant cells since
a LexA protein fusion bearing the C-terminal activation do-
main of Galdp also stimulated transcription more effectively in
a xtcIA mutant background (Fig. 5, line 5). LexA-E2F-1 and
the D428A/F429A mutant form of LexA-E2F-1 also were
found to activate transcription more effectively in the xtc/A

a b c

Galactose

FiG. 4. Xtclp is required for normal cell growth. (a) Growth of
wild-type and xtcIA yeast strains on glucose at 30°C and 37°C. (b)
Impaired growth of xtcIA yeast cells on galactose and restoration of
growth by ectopic expression of Xtclp. Cells were transformed with
either a control vector (pADH1) or this vector expressing Xtclp under
control of the ADHI promoter (pADHI-XTC1I). (¢) Impaired growth
of xtc1A cells after overexpression of the strong activator Gal4-E2F-1
(33) but not the DNA-binding domain of Gal4p alone (GAL4-DBD).
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Fi1G. 5. Enhanced activation of transcription in Xtclp-deficient
yeast. B-Galactosidase activities in permeabilized yeast cells contain-
ing the following lacZ fusion reporter genes: lines 1 and 4, a single copy
of the integrated plasmid RY171 (39), which contains Gal4-binding
sites derived from the GAL1-10 UASg element upstream of the GAL !
core promoter; line 2, a 2-u derivative of RY171; line 3, the 2-u
plasmid pJK101 (4), a derivative of RY171 in which the UASg is
located a further 100 nt distal to the GALI promoter; and lines 5-7,
the 2-u plasmid p18-40 (4), which has a single LexA operator
sequence upstream of the GALI core promoter. LexA-E2F-1 and
LexA-GAL4 were expressed from the ADHI promoter on 2-u vectors
(4). The strain used in line 4 had the MIGI gene deleted. Cells were
grown in the presence of 2% (wt/vol) galactose supplemented with
either 2% (wt/vol) sucrose (lines 1-3, 5-7) or glucose (line 4) and were
harvested at mid-log phase. Activities are expressed in Miller units
(32); SD values were less than 20%.

cells (lines 6 and 7). Like extracts prepared from Xtclp-
containing cells (Fig. 1b), extracts fromxtc/ A cells also showed
enhanced transcription in vitro in response to addition of the
activator LexA-E2F-1 (data not shown).

Deletion of the XTC1 gene also had a pronounced effect in
relieving glucose-mediated repression of transcriptional acti-
vation by Gal4p in cells that also lacked the MIG1 gene product
(line 4), similar to effects observed after deletion of the SRBS,
SRBI0, and SRBI1 genes (37), which encode regulatory sub-
units of the RNA pol II holoenzyme complex. However, as
there was no measurable promoter activity from the Gal4p-
responsive reporter genes in a gal4A xtcIA strain (data not
shown), this increase in transactivation potential in the absence
of Xtclp was not a consequence of constitutive transcription.
Together, the results of this in vivo transcription analysis
suggest that Xtclp functions as a repressor of transcriptional
activation.

As overexpression of strong transcriptional activators had
been shown previously to inhibit RNA pol II-dependent
transcription and to impair yeast cell growth, a phenomenon
referred to as “squelching” (38), we reasoned that the pleio-
tropic defects exhibited by xtcA strains might have resulted, at
least in part, from the hyperactivity of one or more cellular
activators in the absence of the inhibitory function of Xtclp.
Consistent with this notion, we found that the growth of xtc7A
cells was impaired dramatically relative to that of wild-type
cells when the potent chimeric activator Gal4-E2F-1 (amino
acids 387-437 of E2F-1 fused to the DNA-binding domain of
Galdp) was expressed under control of the ADHI promoter
(Fig. 4c).

DISCUSSION

One current view of the process of activating transcription by
RNA pol II is that promoter-bound activator proteins stimu-
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late transcription by interacting directly with components of
the RNA pol II transcriptional machinery (9-11). These
interactions may hasten the assembly and/or alter the activity
of preinitiation complexes at nearby promoters. In addition,
several large, multiprotein complexes, such as those containing
the Sw1/Snf (40) or Ada (21) proteins, some of which may be
associated with RNA pol II in vivo (41), are thought to
contribute to efficient activation of many yeast genes by virtue
of their ability to remodel chromatin structure at promoters.

Although there is already documentation of a number of
interactions of activators with different components of RNA
pol II machinery, we reasoned that the crosslinking approach
used in this study might be a useful method to reveal new
aspects of the activation process. We anticipated that the
identification of proteins that are capable of promoter-
dependent crosslinking to a DNA-bound transcriptional acti-
vator might either confirm the involvement of previously
described interactions in the activation process (16-19) or
identify new proteins with undiscovered roles in transcription.
In this report, we have identified one of several yeast proteins
that can be crosslinked to a promoter-bound form of the
chimeric activator LexA-E2F1. This crosslinked protein,
Xtclp, is capable of interacting tightly and specifically with the
activation domains of a number of different activators and
appears to play a physiologically significant role, negatively
regulating the potency of activators.

Our previous studies had shown that a photoreactive deriv-
ative of LexA-E2F1 could be crosslinked to the TATA-box-
binding protein TBP when both LexA-E2F1 and TBP were
bound to adjacent sites on promoter DNA (28). These exper-
iments, and others using affinity chromatography, had indi-
cated that TBP and the general transcription factor TFIIH
might each be contacted directly by this activator (33). There-
fore, we had anticipated that when the crosslinking experi-
ments were performed in the context of a complete activator-
responsive system, some or all of these same interactions with
components of the RNA pol II holoenzyme might be detected.
Although the first of these crosslinked proteins identified,
Xtclp, is similar in size to yeast TBP polypeptide, there was no
evidence for an appropriately sized crosslinked complex con-
taining TBP, even in the xtcIA cell extract. The lack of
crosslinking to TBP in these current experiments using a
complete transcription system may have resulted from pref-
erential detection in our experiments of interactions that occur
after the initial formation of a RNA pol II preinitiation
complex at the promoter. Alternatively, the addition of TFIIA
to the extracts in the crosslinking experiments may have
inhibited formation of this particular crosslink as it did in our
previous studies (28). Furthermore, derivatization of the Cys-
427 position may not be optimal for crosslinking to TBP in the
context of the complete pol II holoenzyme. Other differently
sized proteins appeared to be crosslinked when the Y411C and
G420C derivatives were used (Fig. 1c).

The crosslinking experiments reported here certainly do not
rule out the importance of direct activator contacts with the
general transcription factors. Nevertheless, several lines of
evidence suggest that Xtclp also mediates some important
aspect of transcriptional control. First, not only did Xtclp
interact with the activation domain of E2F-1 in a promoter-
dependent manner, but it also bound well to the activation
domains of Gald4p and VP16 in affinity chromatography ex-
periments. That these latter interactions were observed in the
absence of promoter DNA is presumably a result of the
significantly higher activator concentrations (=100 uM) used
in the affinity chromatography experiments compared with
those in crosslinking reactions (=100 nM), where promoter
dependence was observed. Second, the ability of Xtclp to
interact with these activators correlated well with the ability of
each activator to stimulate transcription. Third, Xtclp copu-
rified with the cellular RNA pol II holoenzyme complex
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through steps of Bio-Rex 70, DEAE-Sepharose, and TFIIS
affinity chromatography. Finally, both the increased transcrip-
tional response with a number of different reporter gene
constructs and the growth defects exhibited byxtcA strains are
consistent with the loss of an inhibitor of transactivation.
Taken together, these data implicate Xtclp as a negative
regulator of the transcriptional activation process. Other com-
ponents of the RNA pol II holoenzyme complex, namely,
Sindp, Rox3p, Srb8p, and Srb9p, also have been implicated in
the repression of transcription (42).

The mechanism by which Xtclp acts to down-regulate the
response of yeast RNA pol II to activators presently is unclear.
One possibility is that Xtclp functions as a direct inhibitor of
activation by competing with general transcription factors and
coactivators for binding to activation domains. Alternatively,
as with several other components of the yeast RNA polymer-
ase II holoenzyme, Xtclp may act as a more general repressor
of transcription whose inhibitory effects are relieved by con-
tact with activators. A third possibility is that Xtclp inhibits
transcriptional activation indirectly by influencing the stability
of the activator to which it binds, just as the mammalian Mdm?2
protein modifies the stability of p53 (43, 44). Our current
efforts, which are focused on elucidating the mechanism by
which Xtclp represses transcription, as well as on the identi-
fication of the other yeast proteins that crosslinked to LexA-
E2F1, should lead to a more complete understanding of the
regulation of transcription by RNA polymerase II.
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