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Our understanding of eukaryotic transcriptional activation mechanisms has been hampered by an inability to
identify the direct in vivo targets of activator proteins, primarily because of lack of appropriate experimental
methods. To circumvent this problem, we have developed a fluorescence resonance energy transfer (FRET)
assay to monitor interactions with transcriptional activation domains in living cells. We use this method to
show that the Tra1 subunit of the SAGA (Spt/Ada/Gcn5/acetyltransferase) complex is the direct in vivo target
of the yeast activator Gal4. Chromatin-immunoprecipitation experiments demonstrate that the Gal4–Tra1
interaction is required for recruitment of SAGA to the upstream activating sequence (UAS), and SAGA, in
turn, recruits the Mediator complex to the UAS. The UAS-bound Mediator is required for recruitment of the
general transcription factors to the core promoter. Thus, our results identify the in vivo target of an activator
and show how the activator–target interaction leads to transcriptional stimulation. The FRET assay we
describe is a general method that can be used to identify the in vivo targets of other activators.
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Transcription initiation by RNA polymerase II involves
the assembly of general transcription factors (GTFs) on
the core promoter to form a preinitiation complex (PIC).
A variety of studies indicate that promoter-specific acti-
vator proteins (activators) work, at least in part, by in-
creasing PIC formation (Orphanides et al. 1996; Roeder
1996; Ptashne and Gann 1997; Lee and Young 2000). Ac-
tivator-mediated stimulation of PIC assembly is believed
to result from a direct interaction between the activation
domain (AD) and one or more components of the tran-
scription machinery, termed the “target.” The unam-
biguous identification of the direct in vivo targets of ac-
tivators has been a major challenge in the field.
Transcriptional induction of genes involved in galac-

tose utilization (GAL genes) has been a model experi-
mental system for studying transcriptional activation
mechanisms. The well-characterized acidic activator
Gal4 is responsible for the transcriptional stimulation of
GAL genes, such as GAL1, which contain Gal4-binding

sites in their promoters (Johnston 1987; Johnston and
Carlson 1992; Dudley et al. 1999). A variety of transcrip-
tional components have been proposed to be the target of
Gal4 including TBP (Melcher and Johnston 1995; Wu et
al. 1996), TFIIB (Wu et al. 1996), Srb4 (Koh et al. 1998;
Park et al. 2000), Gal11 (Jeong et al. 2001), the Swi/Snf
complex (Neely et al. 2002), and the SAGA (Spt/Ada/
Gcn5/acetyltransferase) complex (Bhaumik and Green
2001; Brown et al. 2001; Larschan and Winston 2001).
These proposals are based on either in vitro protein in-
teraction studies or inferences from various indirect in
vivo experiments, and to date there is no definitive evi-
dence that Gal4 directly interacts with any of these pu-
tative targets in vivo. The major obstacle has been the
lack of an experimental strategy to measure direct inter-
actions with transcriptional ADs in vivo.
The development of spectral variants of green fluores-

cent protein (GFP) has made it possible to perform fluo-
rescence resonance energy transfer (FRET) analysis in
living cells. FRET occurs when two compatible GFP-de-
rived fluorophores are positioned within a critical dis-
tance of one another (Patterson et al. 2000). For one well-
characterized pair of compatible GFP-derived fluoro-
phores, enhanced cyan fluorescent protein (ECFP) and
enhanced yellow fluorescent protein (EYFP), this dis-
tance is ∼50 Å (Heim and Tsien 1996). When the struc-
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ture of GFP is considered (Ormo et al. 1996; Yang et al.
1996), an interfluorophore distance of 50 Å corresponds
to a separation between ECFP and EYFP of 25–35 Å
(Damelin and Silver 2000). Therefore, if a pair of ECFP–
EYFP fusion proteins gives rise to a FRET signal, the
probability of direct binding is extremely high. Accord-
ingly, FRET can be used as an assay to detect direct pro-
tein–protein interactions in living cells (Berney and Da-
nuser 2003).
We have been studying the yeast SAGA complex and

its potential role as an activator target (Bhaumik and
Green 2001, 2002). Yeast SAGA is a 1.8-MD complex,
which contains at least 14 subunits: Ada1, Ada2, Ada3,
Ada5/Spt20, Gcn5, Spt3, Spt7, Spt8, TAF5, TAF6, TAF9,
TAF10, TAF12, and Tra1 (Hampsey 1997; Grant et al.
1998; Brown et al. 2000). To determine whether SAGA is
in fact a direct target of Gal4 and, if so, to identify the
SAGA subunit directly contacted, we developed a FRET
assay to monitor interactions with the Gal4 AD in vivo.
The results of these experiments reveal that a single
SAGA subunit, Tra1, is the direct in vivo target of Gal4.
Using chromatin-immunoprecipitation (ChIP) assays in
conjunction with appropriate yeast mutants, we show
that the Gal4–Tra1 interaction initiates an ordered pro-
tein interaction network culminating in PIC assembly
and transcription activation.

Results

Development of a FRET assay for detecting
interactions with Gal4 in vivo

Figure 1A illustrates the experimental strategy for de-
tecting proteins that interact with Gal4 by FRET. We
derived yeast strains in which enhanced cyan fluorescent
protein (ECFP) was fused to Gal4, and enhanced yellow
fluorescent protein (EYFP) was fused to a potential inter-
acting protein. Following excitation of the donor fluoro-
phore (ECFP) with the 405-nm laser line, fluorescence
emission intensity is measured over a range of wave-
lengths. Interaction between two fluorophore-tagged
proteins permits energy transfer between the fluoro-
phores, which leads to quenching of ECFP (donor) emis-
sion and sensitized emission of EYFP (acceptor), result-
ing in a peak of fluorescence emission at 525 nm.
To test the feasibility of this approach, we first per-

formed a series of control experiments that monitored
the interaction between Gal4 and its negative regulator
Gal80. In the absence of galactose, Gal80 binds to the
Gal4 AD and inhibits its activity (Johnston 1987; Johns-
ton and Carlson 1992). We derived a yeast strain in
which endogenous Gal4 and Gal80 were fused to ECFP
and EYFP, respectively, and expressed under their native
promoters from their natural chromosomal loci. The re-

Figure 1. Development of a FRET assay for detecting interactions with Gal4 in vivo. (A) Experimental strategy. Direct interaction
between Gal4–ECFP and an EYFP-tagged protein (black) results in a peak of fluorescence emission at 525 nm and a concomitant
reduction in donor (ECFP) emission. (B) Fluorescence emission spectra in yeast strains coexpressing Gal4–ECFP and Gal80–EYFP, or
expressing Gal4–ECFP alone, Gal80–EYFP alone, or Gal4–ECFP and unfused EYFP expressed from the GAL80 promoter. (C) Fluores-
cence emission spectra in Gal4–ECFP/Gal80–EYFP cells in which the EYFP acceptor fluorophore was photobleached at 514 nm prior
to excitation of the ECFP donor fluorophore with the 405-nm laser line. (PB) Photobleaching.
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sults of Figure 1B show that in dextrose medium, Gal4–
ECFP/Gal80–EYFP cells displayed a strong peak of fluo-
rescence emission at 525 nm, as expected for a FRET
signal. Significantly, a FRET signal was not detected in
yeast strains expressing Gal4–ECFP alone, Gal80–EYFP
alone, or Gal4–ECFP and unfused EYFP.
A true FRET signal should be reduced by photobleach-

ing the acceptor fluorophore with an accompanying in-
crease in donor emission (Karpova et al. 2003). Figure 1C
shows that after photobleaching the acceptor, EYFP, the
emission intensity of ECFP (donor) observed in Gal4–
ECFP/Gal80–EYFP cells substantially increased, whereas
EYFP emission was reduced. Thus, the FRET signal ob-
served in Gal4–ECFP/Gal80–EYFP cells is due to EYFP
sensitized emission and not ECFP leak-through emis-
sion. Collectively, the results of Figure 1 demonstrate
that FRET can be used to identify proteins that directly
interact with the Gal4 AD in vivo.

Identification of the SAGA subunit that is contacted
by Gal4

Having established the validity of the experimental ap-
proach, we constructed a panel of yeast strains coex-
pressing Gal4–ECFP and one of the 14 SAGA subunits
fused to EYFP. Each strain was grown in galactose me-
dium, in which Gal4 is active, and analyzed for FRET as
described above. The results of Figure 2A reveal that a
FRET signal was observed only when the SAGA subunit
Tra1 was fused to EYFP. Quantitation of these FRET
results are presented in Figure 2B. Significantly, the
FRET signal in Gal4–ECFP/Tra1–EYFP cells (FRET effi-
ciency; 0.78) was higher than that in Gal4–ECFP/Gal80–
EYFP cells (FRET efficiency; 0.55 [galactose] or 0.66 [dex-
trose]).
Several experiments confirmed that the inability to

detect a FRET signal between Gal4–ECFP and the re-
maining 13 SAGA subunit–EYFP fusions was not due to
a failure to express sufficient levels of functional fusion
proteins. First, the EYFP emission spectra of Figure 2C
show that all 14 SAGA subunit–EYFP fusion proteins
were expressed and at roughly comparable levels. Sec-
ond, six of the SAGA subunits are essential for viability
(TAF5, TAF6, TAF9, TAF10, TAF12, and Tra1; Saleh et
al. 1998; Green 2000) and five are required for GAL1
transcription (Ada1, Spt3, Spt7, Spt20, and Tra1; Roberts
and Winston 1997; Dudley et al. 1999; Sterner et al.
1999; and see below). Figure 2D shows that strains ex-
pressing all 14 EYFP fusions grew on dextrose and galac-
tose media, indicating that the fused subunits were func-
tional. Third, all SAGA subunits are required for PHO84
transcription (Bhaumik and Green 2002; our unpub-
lished data), which occurred normally in all 14 SAGA
subunit–EYFP fusion strains (Fig. 2E).
Figure 3A presents several control spectra. First, as ex-

pected, no FRET signal was detected in cells expressing
Tra1–EYFP alone. Second, following photobleaching of
the acceptor in Gal4–ECFP/Tra1–EYFP cells, the 525-nm
fluorescence emission peak was substantially reduced,
and there was a concomitant increase in donor emission,

as expected for a true FRET signal. As described above,
only five of the 14 SAGA subunits (Ada1, Spt3, Spt7,
Spt20, and Tra1) are required for GAL1 transcription. To
verify the occurrence and specificity of the Gal4–Tra1
interaction, for these five critical SAGA subunits and
two additional SAGA subunits, Ada2 and Gcn5, we
switched the fluorophore tag from the C to the N termi-
nus and retested interaction with Gal4 in the FRET as-
say. The emission spectra of Figure 3B (quantitated in
Fig. 3C) indicate, once again, that a FRET signal was
detected only with Tra1.
Finally, as discussed above, several other factors have

been proposed to be direct targets of Gal4. We analyzed
four such factors (TBP, TFIIB, Srb4, and Gal11) in the
FRET assay. The results of Figure 3D show that a FRET
signal was not detected in Gal4–ECFP/TBP–EYFP, Gal4–
ECFP/TFIIB–EYFP, Gal4–ECFP/Srb4–EYFP, and Gal4–
ECFP/Gal11–EYFP cells. These FRET data are consistent
with the results of ChIP experiments presented here and
in our previous study (Bhaumik and Green 2001), which
also suggest that TBP, TFIIB, and Mediator subunits are
not direct in vivo targets of Gal4.

The Gal4–Tra1 interaction occurs only in galactose
medium

The interaction between Gal4 and its relevant target
should occur only in galactose medium, in which the
Gal4 AD is relieved from Gal80 inhibition (Johnston
1987; Johnston and Carlson 1992). To test this predic-
tion, Gal4–ECFP/Tra1–EYFP cells were shifted from raf-
finose to galactose medium, and a series of emission
spectra were recorded at various time points. Figure 4A,B
shows that the FRET signal was evident in galactose but
not raffinose medium and increased linearly for ∼50 min
after the shift and then leveled off. Significantly, the ki-
netics of the Gal4–Tra1 interaction, as measured by
FRET, and transcriptional induction of GAL1, as mea-
sured by primer extension, were very similar (Fig. 4B).
Notably, in Gal4–ECFP/Gal80–EYFP cells, a FRET sig-

nal was evident in dextrose, raffinose, and galactose me-
dia (Fig. 4C). These results are in excellent agreement
with previous biochemical experiments showing that in
galactose media Gal80 remains physically associated
with Gal4 at a second site (Sil et al. 1999), again validat-
ing the FRET assay for detecting Gal4 interactions in
vivo.

The Gal4–Tra1 interaction is required for SAGA
recruitment and transcriptional activation

Collectively, the results described above demonstrate
that Gal4 and Tra1 interact in vivo. To test whether this
interaction was dependent on the Gal4 AD, as expected
for an interaction between Gal4 and its relevant target,
we derived a yeast strain coexpressing Tra1–EYFP and an
ECFP fusion to a Gal4 derivative lacking its AD,
Gal4(�AD)–ECFP. Figure 5A shows that an emission
spectrum recorded from Gal4(�AD)–ECFP/Tra1–EYFP
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cells lacked the characteristic 525-nm emission peak,
indicating that the Gal4 AD is required for the Gal4–
Tra1 interaction. A FRET signal was also not observed
using a Gal4 mutant lacking its DNA-binding domain
[Gal4(�DBD)–ECFP/Tra1–EYFP cells]. Significantly, both
of these Gal4 mutants are unable to support transcrip-
tion activation.
To determine the role of Tra1 in Gal4-mediated tran-

scriptional activation, we analyzed a tra1 temperature-
sensitive mutant (Kulesza et al. 2002). Figure 5B shows

that inactivation of Tra1 substantially decreased tran-
scription of GAL1 but not SED1, a SAGA-independent
gene (Bhaumik and Green 2002). A ChIP assay shows
that following inactivation of Tra1, Gal4 was still bound
to the GAL1 upstream activating sequence (UAS),
whereas SAGA recruitment, as monitored by association
of SAGA TAFs with the UAS (Bhaumik and Green 2001),
decreased significantly, explaining the transcriptional
defect.
The SAGA subunit Spt20 is required for complex in-

Figure 2. Identification of the SAGA subunit that is contacted by Gal4. (A) Fluorescence emission spectra in yeast strains coexpress-
ing Gal4–ECFP and one of the 14 SAGA subunits fused to EYFP. (B) FRET efficiency in yeast strains coexpressing Gal4–ECFP and
Gal80–EYFP or one of the 14 SAGA subunits fused to EYFP. FRET efficiency (EFRET) was calculated using the formula
EFRET = (Ipost − Ipre)/Ipost, where Ipre and Ipost are the fluorescence intensities of ECFP before and after photobleaching, respectively (see
Materials and Methods for details). Spectra were recorded from three cells; the average FRET efficiency and standard deviation are
shown. (C) Fluorescence emission spectra for all 14 Gal4–ECFP/SAGA subunit–EYFP strains following excitation of the EYFP acceptor
fluorophore with the 488-nm laser line. (D) Growth of strains expressing SAGA subunit–EYFP fusions in dextrose (YPD) and galactose
(YPG) media. (E) Analysis of PHO84 transcription in strains expressing SAGA–EYFP fusion proteins. Transcription was monitored by
primer-extension analysis, quantitated, and presented as the percent PHO84 transcription relative to the untagged strain FY23.
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tegrity (Grant et al. 1997; Sterner et al. 1999) and thus
transcription of SAGA-dependent genes such as GAL1
(Roberts and Winston 1997; Dudley et al. 1999; Bhaumik
and Green 2001). Figure 5C shows that in an spt20� de-
letion mutant, the interaction between Gal4–ECFP and
Tra1–EYFP, as measured by FRET, failed to occur even
though Tra1–EYFP was expressed at normal levels (in-
set). These results suggest that Tra1 must be incorpo-
rated within SAGA for interaction with Gal4 in vivo. To
confirm this result, we used a ChIP assay to analyze Tra1
recruitment to theGAL1UAS in the presence or absence
of an intact SAGA complex. Figure 5D shows that in the
spt20� deletion mutant, recruitment of Tra1 to the
GAL1 UAS was substantially reduced.

The Gal4–Tra1 interaction initiates an ordered protein
interaction network at the GAL1 UAS

The results of the FRET experiments indicate that Tra1,
and thus SAGA, is directly targeted by the Gal4 AD and
recruited to the UAS. We next attempted to determine

how recruitment of SAGA to the UAS by Gal4 increases
PIC assembly. The SRB/Mediator complex was of par-
ticular interest because, like SAGA, Mediator has been
implicated as a target of some transcriptional activators
(Myers and Kornberg 2000; Naar et al. 2001). We per-
formed a ChIP assay using two sets of promoter-specific
primer pairs that we have previously shown can distin-
guish binding to the GAL1 UAS or core promoter (Bhau-
mik and Green 2001). To monitor SAGA recruitment to
the GAL1 UAS, we analyzed the association of subunits
present exclusively in SAGA (e.g., Spt3) or TAFs that are
specifically recruited to the GAL1 UAS as part of the
SAGA complex (e.g., TAF10 and TAF12; Bhaumik and
Green 2001). Mediator recruitment was monitored by
analyzing either Srb2 or Srb4. Figure 6A shows that, like
Gal4 and SAGA (see also Bhaumik and Green 2001), Me-
diator was bound to the GAL1 UAS and not the core
promoter.
We next analyzed recruitment of Gal4 and Mediator to

the GAL1 UAS in four SAGA subunit deletion mutants
(ada1�, spt3�, spt7�, and spt20�) known to compromise
GAL1 transcription (Roberts and Winston 1997; Dudley

Figure 3. Confirmation of the Gal4–Tra1
interaction and analysis of other putative
Gal4 targets. (A) Fluorescence emission
spectra in Gal4–ECFP/Tra1–EYFP cells
that have been photobleached as described
in Fig. 1C. (PB) Photobleaching. (B) Fluo-
rescence emission spectra of yeast strains
expressing Gal4–EYFP and an N-terminal
ECFP-tagged SAGA subunit. (C) FRET ef-
ficiency in yeast strains coexpressing
Gal4–EYFP and ECFP–SAGA fusion pro-
teins. FRET efficiency was calculated as
described in Fig. 2B. (D) Fluorescence
emission spectra in cells expressing Gal4–
ECFP and one of four EYFP-tagged possible
targets, TBP, TFIIB, Srb4, or Gal11.
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et al. 1999; Bhaumik and Green 2001). Figure 6B shows,
as expected, that in all four mutants, Gal4 was bound but
recruitment of Mediator to the UAS was dramatically
reduced compared with the wild-type strain. Thus,
SAGA is required for efficient recruitment of Mediator
to the GAL1 UAS.
To determine whether Mediator has a role in recruit-

ment of SAGA or Gal4, we performed ChIP assays in a
strain harboring a temperature-sensitive mutation in the
Mediator subunit Srb4, which is required for complex
integrity (Koh et al. 1998; Kang et al. 2001). Figure 6C
shows, as expected, that inactivation of Srb4 substan-
tially decreased recruitment of Mediator (Srb2) to the
UAS. However, inactivation of Srb4 did not significantly
affect recruitment of SAGA or Gal4. These data, in con-
junction with our previous study (Bhaumik and Green

2001) and the results presented above, reveal the follow-
ing interaction network at the GAL1 UAS: Gal4–SAGA–
Mediator.

Recruitment of SAGA and Mediator to the GAL1 UAS
is required for PIC assembly at the core promoter

Finally, we analyzed the roles of SAGA and Mediator in
PIC assembly at the core promoter. Figure 7A shows that
in cells lacking functional SAGA (an spt20� deletion
strain) or Mediator (Srb4 inactivation), the GTFs TBP,
TFIIB, and RNA polymerase II (Rbp1) were not recruited
to the core promoter. In contrast, inactivation of TBP or
TFIIB had only a negligible (less than twofold) effect on
recruitment of Mediator, SAGA, or Gal4 to the UAS (Fig.
7B; Bhaumik and Green 2001) but, as expected, virtually
eliminated PIC assembly, as measured by RNA polymer-
ase II recruitment.

Discussion

Tra1 is the in vivo target of the Gal4 AD

In this study, we have shown that FRET can be used to
identify proteins that interact with a transcriptional AD
in vivo. The power of this experimental approach is that
protein–protein interactions are analyzed in vivo on in-
tact complexes and not isolated subunits. Using this
method, we found that the SAGA subunit Tra1 is the
direct target of Gal4. Several findings presented here and
in previous studies are consistent with this conclusion.
First, transcriptional activation by Gal4 requires SAGA
(Bhaumik and Green 2001; Larschan and Winston 2001)
and, specifically, the SAGA subunit Tra1 (Fig. 5B). Sec-
ond, ChIP experiments have shown that SAGA is re-
cruited by Gal4 to the UAS of several GAL genes (Bhau-
mik and Green 2001; Larschan and Winston 2001) and to
minimal Gal4-binding sites in vivo (Bhaumik and Green
2001). Finally, in vitro protein interaction experiments
have shown that Tra1 can interact with the Gal4 AD
(Brown et al. 2001).
Interestingly, we found that the Gal4–Tra1 interaction

did not occur in an spt20� deletion mutant in which the
SAGA complex is disrupted (Fig. 4C). Thus, Tra1 does
not have an intrinsic ability to interact with the Gal4
AD but rather requires proper presentation within the
SAGA complex. It seems likely that this finding is rel-
evant to the selective interaction of Gal4 with SAGA
and not the NuA4 complex (Reid et al. 2000), which also
contains Tra1. In this regard, our in vivo results differ
from those of Brown et al. (2001), who reported, using an
in vitro protein–protein interaction assay, that Gal4 in-
teracted with isolated Tra1.
The yeast Tra1 protein is homologous to the human

transformation/transcription domain-associated protein
TRRAP, a member of the ataxia telangiectasia mutated
(ATM) family. TRRAP has been reported to interact with
the ADs of several oncogenic transcription factors, such
as c-Myc and E2F (McMahon et al. 1998). Thus, Tra1 and

Figure 4. The Gal4–Tra1 interaction occurs only in galactose
medium. (A) Fluorescence emission spectra in Gal4–ECFP/
Tra1–EYFP cells at various time points following a shift from
raffinose to galactose medium. (B) Kinetics of the Gal4–Tra1
interaction, monitored by FRET (data from A), and transcrip-
tional induction of GAL1, monitored by primer-extension
(Bhaumik and Green 2002; inset), following a shift from raffi-
nose to galactose medium. (C) Fluorescence emission spectra in
Gal4–ECFP/Gal80–EYFP cells in dextrose, raffinose, and galac-
tose media.
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TRRAP may function as direct targets of multiple tran-
scriptional ADs in yeast and humans, respectively.

An ordered protein–protein interaction pathway
for transcription complex assembly on the GAL1
promoter

Using a combination of biophysical, molecular biologi-
cal, and genetic experiments, we have delineated an or-
dered protein interaction pathway by which the activa-
tor Gal4 stimulates transcription (summarized in Fig.
7C, top). The functional consequence of the Gal4–Tra1
interaction is recruitment of SAGA to the UAS, which
initiates a series of protein–protein interactions culmi-
nating in PIC assembly at the core promoter. One of the
earliest events is the SAGA-directed recruitment of Me-
diator to the UAS. Consistent with our model, a recent
publication has shown, using ChIP assays, that Mediator
is associated with the UAS of GAL genes (Kuras et al.
2003). Also in support of our model, Bryant and Ptashne
(2003) found that the transcriptional machinery as-

sembles at the promoters of GAL genes in three stages:
SAGA is recruited first, followed by Mediator, and fi-
nally TBP, RNA polymerase II, and other GTFs. Recruit-
ment of SAGA also precedes Mediator on the HO pro-
moter (Cosma et al. 1999), although in this case, SAGA
provides an essential histone acetyltransferase activity,
whereas on the GAL1 promoter Gcn5 is dispensable and
SAGA acts solely as an adaptor (Bhaumik and Green
2001).
Mediator is a conserved multisubunit complex that

has been implicated as a target of several transcriptional
activators in yeast and mammalian cells (for review, see
Myers and Kornberg 2000; Naar et al. 2001). Our finding
that SAGA serves as an “adaptor” that recruits Mediator
to the Gal4 AD fits in well with these previous studies
and demonstrates how different activator–target interac-
tions can trigger similar activation pathways (Fig. 7C,
bottom).
In addition to the protein interaction network we de-

scribe here, several other transcription complex assem-
bly pathways have been proposed. For example, in some

Figure 5. The Gal4–Tra1 interaction is re-
quired for SAGA recruitment and transcrip-
tional activation. (A) Fluorescence emission
spectra of yeast strains expressing Tra1–EYFP
and ECFP fused to either Gal4 or derivatives
lacking its AD, Gal4(�AD)–ECFP, or its DNA-
binding domain, Gal4(�DBD)–ECFP. (B) Tran-
scriptional analysis of GAL1 and SED1 by
primer-extension (left) and ChIP analysis of
Gal4 and SAGA recruitment to the GAL1 UAS
(right) following inactivation of Tra1. Formal-
dehyde-based in vivo cross-linking and ChIP
was performed as previously described (Bhau-
mik and Green 2001). Immunoprecipitated (IP)
DNA was amplified by PCR using primer pairs
corresponding to the GAL1 UAS, and IP DNA
was quantitated and presented as the ratio of IP
to input relative to wild type. (C) Fluorescence
emission spectra in Gal4–ECFP/Tra1–EYFP
cells in the presence and absence of the SAGA
subunit Spt20. (Inset) Immunoblot showing
Tra1–EYFP levels in wild-type and spt20�

strains. (D) ChIP analysis of Tra1 recruitment
to the GAL1 UAS in wild-type cells and in an
spt20� deletion mutant.
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assays direct interactions between Gal4 and Mediator
have been detected (Koh et al. 1998; Park et al. 2000;
Jeong et al. 2001). Consistent with this possibility, Bry-
ant and Ptashne (2003) reported that Mediator was re-
cruited to the GAL1 promoter in an spt20� mutant,
prompting the suggestion that in the initial stages of
activation, SAGA and Mediator are independently con-
tacted and recruited by Gal4. In contrast, using four in-
dependent SAGA deletion mutants, we found that re-
cruitment of Mediator to the UAS required SAGA (Fig.

6B). We note that in the Bryant and Ptashne (2003) study,
Mediator recruitment was not specifically measured at
the UAS, and the amount of bound Mediator in wild-
type and spt20� strains was not directly compared. Per-
haps in the absence of SAGA, Mediator is recruited at a
low level or to a region of the GAL1 promoter other than

Figure 7. Recruitment of SAGA and Mediator to the GAL1
UAS is required for PIC assembly at the core promoter. (A) PIC
assembly at the GAL1 core promoter is dependent on Gal4,
SAGA, and Mediator. (B) Analysis of Gal4, SAGA, and Mediator
recruitment and PIC assembly following inactivation of TBP
and TFIIB. (C) Schematic summary. (Top) At the GAL1 UAS,
SAGA serves as an “adaptor” that recruits Mediator to the Gal4
AD, and ultimately results in PIC assembly at the core pro-
moter. The interaction between Gal4 and SAGA occurs directly
via Tra1. Other interactions, indicated by arrows, have not been
demonstrated to be direct. (Bottom) At some promoters, the
activator (Act) functions by direct contact with Mediator.

Figure 6. An ordered protein interaction network at the GAL1
UAS facilitates PIC assembly. (A) ChIP analysis of Gal4, SAGA,
and Mediator binding at GAL1. IP DNA was amplified by PCR
using primer pairs corresponding to the UAS or core promoter of
GAL1 (Bhaumik and Green 2001). (B) SAGA is required for re-
cruitment of Mediator to the GAL1 UAS. A ChIP assay was
performed using primer pairs corresponding to the GAL1 UAS,
and IP DNA was quantitated and presented as described in Fig.
5B. (C) ChIP analysis of Gal4, SAGA, and Mediator recruitment
at the GAL1 UAS following inactivation of Srb4.
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the UAS. However, because SAGA is absent, such a pu-
tative complex would be nonproductive and fail to sup-
port PIC assembly and transcription.
Previous studies have suggested that SAGA interacts

with TBP via the Spt3 subunit (Larschan and Winston
2001). This proposal is based largely on genetic experi-
ments showing partial suppression of a tbp mutant by
particular spt3mutations, which has been interpreted as
evidence for an Spt3–TBP interaction (Eisenmann et al.
1992; Larschan andWinston 2001). However, this type of
extragenic suppression is not always the result of a direct
protein–protein interaction (see, e.g., Guarente 1993).
Nonetheless, our results do not rule out the possibility of
parallel pathways to the protein interaction network we
have described.
Several aspects of the SAGA-mediated protein inter-

action network remain to be clarified. For example, what
is the basis by which SAGA recruits Mediator? Func-
tional interactions between SAGA and two Mediator
subunits, Sin4 and Gal11, have been reported (Roberts
and Winston 1997), and may help explain how Mediator
is recruited by SAGA. An equally important issue is how
UAS-bound Mediator facilitates PIC assembly at the
core promoter. Presumably, this results from interac-
tions between specific Mediator subunits and one or
more GTFs. An understanding of such Mediator–GTF
interactions is likely also relevant to those instances in
which Mediator is the direct activator target.
GAL1 is a TAF-independent (TAFind) promoter as de-
fined by the dispensability of TBP-associated factors
(TAFs) for transcription (Li et al. 2000). Activator-medi-
ated recruitment of TBP to a TAFind promoter requires
multiple GTFs, including Mediator (Li et al. 2000), and
the interaction pathway we have delineated (Fig. 7C, top)
explains this requirement. Like GAL1, several TAFind
promoters require SAGA for transcription (Lee et al.
2000; Bhaumik and Green 2002). It will be important to
determine whether the other SAGA-dependent promot-
ers use Tra1 as the activator target and a similar inter-
action network.
In contrast to TAFind promoters, TAF-dependent

(TAFdep) promoters require multiple TAFs for transcrip-
tion (Kuras et al. 2000; Li et al. 2000), and TBP recruit-
ment is dependent on TAFs but not Mediator or other
GTFs (Li et al. 2000). It thus seems likely that activation
of TAFdep promoters will involve a different activator
target and protein interaction pathway. Moreover, un-
like GAL1, the majority of yeast genes are not SAGA-
dependent (Lee et al. 2000), and thus their expression
must involve activator targets other than SAGA. The
FRET assay we describe here is a general method that
can be used to identify the in vivo targets of other acti-
vators.

Materials and methods

Plasmids

The plasmids TSGP1 (pFA6a-ECFP-kanMX6) and SGP27
(pFA6a-EYFP-TRP1) were derived from pFA6a-GFP(S65T)-

kanMX6 and pFA6a-GFP(S65T)-TRP1 (Longtine et al. 1998) by
replacing GFP(S65T) with ECFP and EYFP, respectively. TSGP1
and SGP27 were then used to C-terminally tag each protein of
interest expressed from its natural chromosomal locus as pre-
viously described (Longtine et al. 1998). For N-terminally tag-
ging proteins with ECFP, we constructed plasmid TSGP2, in
which the Kan resistance marker and ECFP fragment were
cloned under the GAL1 promoter; therefore, a protein N-termi-
nally tagged by this method is expressed from its natural chro-
mosomal locus but under the GAL1 promoter. The plasmids
pFA6a-13Myc-KanMX6 and pFA6a-3HA-His3MX6 (Longtine et
al. 1998) were used for genomic myc- and HA-epitope tagging
proteins of interest.

Yeast strains

All strains used in the FRET experiments were derived from the
haploid strain FY23 (Roberts and Winston 1996). We first tagged
Gal4 with ECFP at the C terminus to generate TSGY1 (Gal4–
ECFP), and then genomically tagged each of the 14 SAGA sub-
units, other possible Gal4 targets, or Gal80 at the C terminus in
TSGY1 to generate a panel of double-tagged strains: TSGY2
(Gal4–ECFP/Ada1–EYFP), TSGY3 (Gal4–ECFP/Ada2–EYFP),
TSGY4 (Gal4–ECFP/Ada3–EYFP), TSGY5 (Gal4–ECFP/Gcn5–
EYFP), TSGY6 (Gal4–ECFP/Spt20–EYFP), TSGY7 (Gal4–ECFP/
Spt3–EYFP), TSGY8 (Gal4–ECFP/Spt7–EYFP), TSGY9 (Gal4–
ECFP/Spt8–EYFP), TSGY10 (Gal4–ECFP/TAF5–EYFP), TSGY11
(Gal4–ECFP/TAF6–EYFP), TSGY12 (Gal4–ECFP/TAF9–EYFP),
TSGY13 (Gal4–ECFP/TAF10–EYFP), TSGY14 (Gal4–ECFP/
TAF12–EYFP), TSGY15 (Gal4–ECFP/Tra1–EYFP), TSGY16
(Gal4–ECFP/Gal80–EYFP), TSGY31 (Gal4–ECFP/TBP–EYFP),
TSGY32 (Gal4–ECFP/TFIIB–EYFP), TSGY33 (Gal4–ECFP/Srb4–
EYFP), and YDA038 (Gal4–ECFP/Gal11–EYFP). To generate a
panel of N-terminally tagged ECFP–SAGA subunit strains, we
first tagged Gal4 with EYFP at the C terminus to generate
TSGY22 (Gal4–EYFP), and then genomically tagged SAGA sub-
units in TSGY22 to generate double-tagged strains: TSGY23
(Gal4–EYFP/ECFP–Ada1), TSGY24 (Gal4–EYFP/ECFP–Ada2),
TSGY25 (Gal4–EYFP/ECFP–Gcn5), TSGY26 (Gal4–EYFP/
ECFP–Spt3), TSGY27 (Gal4–EYFP/ECFP–Spt7), TSGY28 (Gal4–
EYFP/ECFP–Spt20), and TSGY29 (Gal4–EYFP/ECFP–Tra1). The
endogenous SPT20 gene in TSGY15 was disrupted using stan-
dard PCR-based methods to generate TSGY17 (Gal4–ECFP/
Tra1–EYFP/spt20�). To generate TSGY18 [Gal4(�AD)–ECFP/
Tra1–EYFP], the ECFP cassette, which contained the ADH ter-
minator, was inserted into the GAL4 open reading frame (ORF)
to produce a truncated protein lacking the AD. To generate
TSGY30 [Gal4(�DBD)–ECFP/Tra1–EYFP], the cassette for ECFP
N-terminal tagging was inserted into the GAL4 ORF, replacing
amino acids 1–147 corresponding to the DNA-binding domain
of Gal4. To generate TSGY21 (Gal4–ECFP/EYFP expressed from
theGAL80 promoter), the EYFP cassette was integrated into the
5�-end of the GAL80 ORF. Single-tagged strains containing
Tra1–EYFP (TSGY19) and Gal80–EYFP (TSGY20) were also gen-
erated. All strains were verified for expression of ECFP and/or
EYFP fusion proteins by microscopy and by immunoblotting
with a GFP antibody (SC-9996; Santa Cruz Biotechnology, Inc.).
For ChIP experiments, we generated a series of strains in

which Srb4 and Srb2 were epitope-tagged at the C terminus and
expressed from their natural chromosomal loci. Srb4 was myc-
tagged to generate: SGY216 (Srb4-myc; ada1�) and its wild-type
equivalent, SGY211; SGY209 (Srb4-myc; spt7�) and its wild-
type equivalent, SGY210; SGY215 (Srb4-myc; spt3�) and its
wild-type equivalent, SGY212; and SGY191 (Srb4-myc; tfIIb-ts)
and SGY192 (Srb4-myc; tbp-ts) and their wild-type equivalent,
SGY190. Srb4 was also HA-tagged to generate SGY179 (Srb4-
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HA; spt20�) and its wild-type equivalent, SGY178. The parental
strains for the Srb4-tagged derivatives were as follows: FY1559
(ada1�) and its wild-type equivalent, FY602 (Sterner et al. 1999);
FY963 (spt7�) and its wild-type equivalent, FY61 (Roberts and
Winston 1996); FY294 (spt3�) and its wild-type equivalent,
FY631 (Sterner et al. 1999); JZY102 (tfIIb-ts; Li et al. 1999) and
tbp-ts (Cormack and Struhl 1992) and their wild-type equivalent
JZY101; and FY1097 (spt20�) and its wild-type equivalent, FY67
(Roberts and Winston 1996). Srb2 was C-terminally tagged with
the myc epitope in the srb4-ts strain Z628 and its wild-type
equivalent, Z579 (Thompson and Young 1995) to generate
SGY203 and SGY204, respectively. Tra1 was C-terminally
tagged with the myc epitope in the spt20� strain FY1272 and its
wild-type equivalent, FY251 (kindly provided by Fred Winston,
Harvard Medical School) to generate TSGY30 and TSGY31, re-
spectively. The tra1-ts (Kulesza et al. 2002) and gal4� (SGY14;
Bhaumik and Green 2001) strains have been described.

FRET analysis

Cells were grown at 30°C to log phase in dextrose- (YPD), ga-
lactose- (YPG), or raffinose-containing rich medium, transferred
to poly-lysine-coated glass slides, and examined immediately on
a Leica confocal laser scanning microscope system (TCS SP2
AOBS; Leica Microsystems), which contained 405-, 458-, 476-,
488-, 514-, 543-, and 633-nm laser lines. The 458-nm laser line
was used to excite the focused cells, and the images were cap-
tured with a liquid-cooled CCD camera. The analysis of digi-
tized microscope images allowed selection of a certain region of
interest (ROI) of a single cell and thus optimized the signal-to-
noise ratio. For all FRET experiments, spectra were recorded
from three cells and the three spectra were averaged and plotted.
To record ECFP emission spectra, the ECFP donor in the se-
lected ROI of a single cell was excited with the 405-nm laser
line to avoid leak-through of ECFP emission over EYFP emis-
sion, and emission spectra were generated by scanning the ROI
eight times with 10-nm spectral resolution and recorded using
Leica Confocal Software (LCS). To record EYFP emission spec-
tra, the EYFP-fluorophore was excited by the 488-nm laser line.
For EYFP acceptor photobleaching experiments, cells were pho-
tobleached by scanning an ROI eight times using the 514-nm
argon laser line. Fluorescence emission spectra were recorded
before and after photobleaching following ECFP excitation at
405 nm to assess changes in donor ECFP fluorescence. FRET
acceptor photobleaching software was used to document that
FRET occurred by showing that the intensity of donor ECFP
fluorescence increased after the EYFP acceptor was photo-
bleached. FRET efficiency (EFRET) was calculated using the for-
mula EFRET = (Ipost − Ipre)/Ipost, where Ipre and Ipost are the fluo-
rescence intensities of ECFP before and after photobleaching,
respectively.
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