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Transient and moderate affinity protein�protein interactions
(PPIs) play a critical role in the regulation of essential

cellular processes including protein folding, ubiquitylation, and
transcription. A number of disease states are believed to be the
result of aberrations within these protein networks; therefore, a
longstanding therapeutic goal has been to design small molecules
that can tunably modulate the constituent interactions.1�8

However, the discovery of small molecule modulators has been
hindered by lack of structural and mechanistic information, in
part due to the limitations of the approaches currently available
for studying transient PPIs in their native environments. Tech-
niques such as co-crystallization and co-purification in vitro and
two-hybrid studies in vivo are best suited for probing stably
associated proteins but are less ideal for studying proteins that
engage in modest affinity and/or transient multiprotein binding
interactions.9�12 Here we demonstrate the in vivo covalent
capture of such binding partners of the prototypical activator
VP16, focusing on the chromatin-modifying coactivator complex
Swi/Snf. Through these in vivo photo-cross-linking experiments
we find that one region of VP16 contacts the Snf2 ATPase and a
second relies upon the Snf5 scaffolding component for Swi/Snf
binding, suggesting a cooperative recruitment mechanism for
this complex at individual promoters. A similar in vivo analysis of
the mechanistically related activator Gal4 reveals Snf2 to be a

shared target, suggesting that the ATPase may be a viable target
for small molecule intervention in the expanding roster of disease
states that exhibit mis-regulated Swi/Snf.13�15 The success of
using a genetically encoded photoactivatable amino acid for
characterizing activator�coactivator complexes in vivo indicates
that this strategy can be implemented more broadly for the
capture and discovery of transient protein�protein interactions
in their native contexts.

Transcriptional activators are signal responsive regulatory
proteins that assemble the transcriptional machinery at the pro-
moter of a gene through dynamic binding interactions with a
variety of coactivator complexes, including chromatin-modifying,
helicase, and scaffolding complexes.19,23 Activators are modular in
architecture and are minimally composed of a DNA binding
domain (DBD) that localizes the activator to its cognate DNA
binding site and a transcriptional activation domain (TAD) that
mediates the majority of contacts with transcriptional complexes.
Although the interactions between activators and suppressor
proteins can be high affinity and specific in nature, activator�
coactivator interactions are mediated through lower affinity,
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ABSTRACT: Currently there are few methods suitable for the discovery and character-
ization of transient, moderate affinity protein�protein interactions in their native
environment, despite their prominent role in a host of cellular functions including protein
folding, signal transduction, and transcriptional activation. Here we demonstrate that a
genetically encoded photoactivatable amino acid, p-benzoyl-L-phenylalanine, can be used
to capture transient and/or low affinity binding partners in an in vivo setting. In this study,
we focused on ensnaring the coactivator binding partners of the transcriptional activator
VP16 in S. cerevisiae. The interactions between transcriptional activators and coactivators
in eukaryotes are moderate in affinity and short-lived, and due in part to these
characteristics, identification of the direct binding partners of activators in vivo has met
with only limited success. We find through in vivo photo-cross-linking that VP16 contacts
the Swi/Snf chromatin-remodeling complex through the ATPase Snf2(BRG1/BRM) and
the subunit Snf5 with two distinct regions of the activation domain. An analogous
experiment with Gal4 reveals that Snf2 is also a target of this activator. These results suggest that Snf2 may be a valuable target for
small molecule probe discovery given the prominent role the Swi/Snf complex family plays in development and in disease. More
significantly, the successful implementation of the in vivo cross-linking methodology in this setting demonstrates that it can be
applied to the discovery and characterization of a broad range of transient and/or modest affinity protein�protein interactions.
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transient contacts (Figure1a).16�21 In vivo co-localization studies
have defined the complexes that are recruited by activators during
transcription but have not readily provided information on the
direct coactivator targets within these complexes.24�26 For exam-
ple, the well-characterized amphipathic activator VP16 has been
shown to recruit the Swi/Snf chromatin-remodeling complex early
in transcription initiation, as evidenced by both in vivo and in vitro
co-localization studies.27�32 In vitro assays have identified several
subunits within this complex as possible targets of VP16, but in vivo
interaction studies have not distinguished which of the compo-
nents are the relevant binding partner(s).17,33,34 Thus there is a

clear need for in vivo methodologies that can capture transient
activator�coactivator interactions in their native environment.

In vivo cross-linking with the genetically incorporated, photo-
labile amino acid p-benzoyl-L-phenylalanine (Bpa) has been
demonstrated previously as a useful method for capturing direct,
high affinity protein�protein interactions.22,35�37 More specifi-
cally, Bpa placement within the TAD of the activator Gal4 did
not impair function of the protein, and photoactivation led to
covalent capture of its high affinity (low nanomolar KD) sup-
pressor protein Gal80.22,38 However, although successful in the
case of a very tight interaction, this method has not been

Figure 1. (a) The transcriptional activation domain (TAD) of amphipathic activators can engage in high affinity interactions, such as those with
masking proteins (mp), but the interactions between the TAD and coactivator complexes are more moderate in affinity and transient in nature.16�21 (b)
Amphipathic activators share little sequence homology but do share binding targets, at least in vitro. The photo-cross-linking amino acid, Bpa, has been
incorporated within the Gal4 TAD (positions of incorporation in red) with little impact on the function and binding profile of that TAD.22

Figure 2. Incorporation of Bpa within the VP16 TAD. (a) Plasmids encoding the DNA binding domain (DBD) of LexA fused to either the N- or
C-terminal VP16 TAD as well as a FLAG tag were constructed. The LexA DBD was utilized to exclusively examine transcriptional activation at
the 2 unique LexA binding sites upstream of the LacZ reporter in S. cerevisiae. Positions at which Bpa mutagenesis was carried out are within regions of
the VP16N or VP16C subdomains known to participate in coactivator binding (sites of incorporation highlighted in red). The loading control is
a ∼71 kDa, FLAG-detected yeast protein whose expression level does not vary with activator identity.22 (b) Yeast cells bearing plasmids encoding the
various LexA+VP16 constructs and the Bpa specific tRNA/synthetase pair expressed by pSNRtRNA-pBpaRS were grown in the presence or absence of
1 mM Bpa and analyzed by Western blot. (c) LexA+VP16N L444Bpa and LexA+VP16C F475Bpa were assessed for their ability to upregulate
transcription of an integrated LacZ reporter gene in S. cerevisiae as measured by liquid β-galactosidase assays. Each activity is the average of values from at
least three independent experiments with the indicated error (SDOM). See Supporting Information Figure S7 for activity assays of the remaining
mutants.
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employed in the case of moderate affinity transient interactions
such as those between activators and coactivators. In this study,
we test the utility of in vivo Bpa cross-linking for capturing
VP16-coactivator interactions and for resolving the identity of
the Swi/Snf components targeted by this activator.
Results and Discussion. The VP16 TAD is comprised of two

subdomains that can function independently from one another,
an amino terminal VP16N (residues 413�456) and a carboxy
terminal VP16C (residues 446�490) (Figure 1b); therefore, we
incorporated Bpa within regions of each subdomain shown to be
involved in forming protein interactions. Further, because Bpa
cross-linking is affected by its intrinsic reactivity and by
positioning,22,39 we examined six distinct mutants (VP16N:
L439, F442, L444; VP16C: F473, F475, F479).40�42 Bpa in-
corporation into VP16 is dependent on an enhanced nonsense
suppression method that has been described previously.22,43,44

Each Bpa-containing construct was expressed in Saccharomyces
cerevisiae as a fusion protein bearing the bacterial LexA DBD and
a carboxy-terminal FLAG tag for detection (Figure 2a). All six
Bpa mutants were assayed for Bpa incorporation and activation
potential in a yeast strain with an integrated LacZ reporter gene
under the control of a GAL1 promoter bearing two LexA binding
sites (Figure 2b,c). The LexA+VP16C F479Bpa mutant was
poorly expressed and was therefore removed from further
testing. The remaining mutants displayed good incorporation
and activity profiles (Figure 2d and Supporting Information
Figure S7).
A strong body of in vitro evidence exists to support the

Mediator protein and coactivator Med15 as a target of VP16,
and this model is supported by in vivo deletion and mutagenesis
experiments.16,39 The interaction between Med15 and activators
such as VP16 is moderate in affinity, with dissociation constants
g2 orders of magnitude weaker than that of the Gal4-Gal80
interaction (Figure 3a).16,22,38,39 Thus, this appeared to be an
excellent test case of the effectiveness of the in vivo cross-linking
strategy for capturing moderate affinity binding interactions. We
first tested the ability of each VP16 subdomain to cross-link to
the coactivator Med15 in vivo by coexpressing myc-tagged
Med15(1-416) alongside either LexA+VP16N L444Bpa or

LexA+VP16C F475Bpa and irradiating live yeast with 365 nm
UV light. The covalent adducts were isolated from the yeast
lysate and analyzed byWestern blot (Figure 3b). A direct contact
between each subdomain of VP16 and Med15 was observed and
was dependent upon irradiation, thus validating the utility of this
method in capturing a moderate affinity, in vivo interaction of a
transcriptional activator.
As outlined earlier, the Swi/Snf chromatin-modifying complex

has also been proposed to be a direct binding partner of activators
such as VP16, but there is conflicting evidence as to which
subunit(s) serves as the activator-binding motif in vivo. VP16
enhances Swi/Snf recruitment to promoters such as the GAL1
promoter used in our studies and structural studies of Swi/Snf in
complex with the nucleosome suggest that the catalytic subunit
Snf2 is positioned close to the activator.27�32,45�47 However, in
vitro binding studies have shown several additional subunits can
serve as binding partners (Swi1, Snf5).17,33,34 We hypothesized
that the in vivo cross-linking strategy could be used to test if the
Swi/Snf complex is directly bound by VP16 in the cell and, if so,

Figure 3. In vivo photo-cross-linking captures the moderate affinity
interaction between LexA+VP16 and the Mediator protein, Med15. (a)
VP16 has been shown to interact transiently with the coactivatorMed15,
as determined by measured kinetic rate constants. Equilibrium binding
measurements place the affinity of the TAD for Med15 in the moderate
category, with DNA-bound homodimers exhibiting the highest affinity
(0.1 μM) and isolated TADs in the low tomidmicromolar range.16,39 (b)
Live yeast cells bearing plasmids expressing LexA+VP16N L444Bpa
or LexA+VP16C F475Bpa fusion proteins, in addition to a plasmid
expressing myc-Med15(1-416) were irradiated with UV light (365 nm)
for 30 min. Subsequently, cell lysates were immunoprecipitated with
α-LexA and analyzed by Western blot (α-myc). For both constructs, a
cross-link with Med15 is observed. Supporting Figure S1 shows expres-
sion of myc-Med15(1-416), and Supporting Figure S2 shows the full
Western blot, complete with molecular weight references. Figure 4. Analysis of VP16 cross-linking to the Swi/Snf coactivators,

Snf2, Swi1, and Snf5. (a) The recruitment of the Swi/Snf chromatin
remodeling complex by VP16 has been proposed to occur through
interactions with the Snf2, Swi1, and Snf5 subunits, although the direct
binding partners in vivo have not been determined.17,33,34 (b) Live yeast
cells expressing LexA+VP16C F475Bpa were irradiated with 365 nm
light (30 min), and subsequently the cell lysates were immunoprecipi-
tated with an antibody to Snf2 and resolved byWestern blot (α-FLAG),
revealing a direct interaction between VP16C and endogenous Snf2. In
line with previous biochemical experiments, when phenylalanine 479 in
VP16C was mutated to either alanine or proline, cross-linking to Snf2
was abolished. (c, d) LexA+VP16C F475Bpa and LexA+VP16N
L444Bpa were expressed in yeast strains lacking either Swi1 or Snf5,
and the live yeast cells were irradiated with 365 nm light. Subsequently,
cell lysates were immunoprecipitated (α-LexA) and resolved byWestern
blot (α-FLAG). In the individual blots for LexA+VP16N, the marks a
and b denote cross-linked protein bands at the appropriate size for Swi1
and Snf5, respectively. In the individual blots for LexA+VP16C, the
marks c, d, and e indicate bands at the appropriate size for Snf2, Swi1, and
Snf5, respectively. (e) To test if Gal4 also contacts Snf2, cross-linking
experiments were carried out with live yeast cells expressing LexA+Gal4
F867Bpa as in panel b. The full Western blot of panels b and e can be
found in Supplemental Figures S4 and S6, respectively.
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to identify Swi/Snf subunits that are directly bound by VP16 in
the native complex environment. In the case of both the LexA+
VP16N L444Bpa and the LexA+VP16C F475Bpa activators,
irradiation of the live yeast cells expressing the activators
followed by visualization of all cross-linked products via immu-
nodetection of the FLAG tag revealed several bands in the
130�220 kDa molecular weight range, consistent with the size
range expected for covalent complexes with the Snf2, Swi1, and
Snf5 subunits (Figure 4 and Supporting Information Figure S3).
To test this, immunoprecipitation of whole-cell extracts from
irradiated cells with an antibody to Snf2 was carried out. In these
experiments, no detectable LexA+VP16N-Snf2 product was
observed for any of the three LexA+VP16N Bpa mutants, but
as seen in Figure 4b, the LexA+VP16C F475Bpa mutant cross-
linked directly to Snf2. Consistent with this result, point muta-
tions (F479A and F479P) known to decrease VP16 coactivator
binding in vitro were introduced, and in line with these earlier
biochemical experiments, abrogation of VP16 cross-linking to
Snf2 in vivo was observed.48�50 These results are consistent with
the recent structural model proposed by Dechassa et al. that
places Snf2 proximal to the transcriptional activator in the
context of a Swi/Snf-nucleosome-activator complex.32 Further,
the data suggests that it is the C-terminus of the VP16 TAD that
is responsible for the bulk of the Snf2 recruitment activity.51

In contrast to the Snf2 immunoprecipitation experiments,
enrichment with either a Swi1 or Snf5 antibody did not result in
any detectible cross-linked product.52 To probe these interac-
tions further, we generated yeast strains lacking either Swi1 or
Snf5 and carried out cross-linking experiments. No differences in
cross-linked product formation between the WT strain and Swi1
delete strain were observed with either VP16-derived activator,
suggesting that Swi1 is not a direct target of VP16 (Figure 4c). In
contrast, deletion of Snf5 disrupts the normal binding pattern of
LexA+VP16N L444Bpa, consistent with Snf5 interacting with
VP16N (Figure 4d). However, upon deletion of Snf5, LexA+
VP16C F475Bpa displayed no change in binding pattern, suggest-
ing that the VP16C TAD does not interact with Snf5. Together
with the results of Figure 4b, these data support a model in which
the subdomains of VP16 work cooperatively to recruit the Swi/Snf
complex, withVP16Cdirectly contacting Snf2 andVP16Ndepending
on Snf5 during transcription initiation.
Snf2 is an ATPase that is essential for Swi/Snf function and is

highly conserved among eukaryotes,making it a likely shared target
among other transcriptional activators.53 In fact, in addition to
VP16, the amphipathic activators Gal4 andGcn4 have been shown
to recruit Swi/Snf to a variety of promoters in vivo, and in vitro
binding studies have suggested that these activators contact a
conserved set of targets within this complex.17,31,33,34,54�58 To test
if Snf2 is a shared target of these activators, Gal4 and Gcn4 were
modified to contain pBpa within regions of each TAD implicated
in coactivator binding and then tested for their ability to cross-link
to Snf2. As shown in Figure 4e, Gal4 directly interacts with Snf2,
whereas Gcn4 does not for any position tested (Supporting
Information Figure S5). These data suggest that Snf2 (Brg1/
Brm in metazoans) could be a key target for small molecule probe
development in order to characterize the role of the conserved
Swi/Snf complexes that are associated with pathophysiological
processes.13�15,59 However, further studies will be needed to
dissect if VP16 and Gal4, as well as other activators, interact with
the same binding site within Snf2. In addition, experiments with
cross-linking moieties of distinct chemical reactivities will enable
further refinement of the binding models.

Taken together, these data demonstrate that genetically
encoded photo-cross-linkers are a viable and perhaps indis-
pensible tool for capturing moderate affinity and transient
protein�protein interactions in vivo. In this instance, employ-
ment of the in vivo photo-cross-linking strategy revealed an
interactionmodel for the cooperative recruitment of the chromatin-
modifying complex Swi/Snf to gene promoters and, further,
identified the Snf2 coactivator and ATPase to be a direct target of
the prototypical transcriptional activators VP16 and Gal4. These
data represent a significant step toward the development of a
complete interaction map of the direct binding partners of
transcriptional activators, long an elusive goal. Successful im-
plementation of the in vivo cross-linking methodology for this
class of moderate affinity, transient interactions sets the stage
for the dissection of the complex interactions of the many
other cellular mechanisms that function through similar binding
networks.
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