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Sequence-specific DNA-binding activators, key regulators of gene expression, stimulate transcription in part by
targeting the core promoter recognition TFIID complex and aiding in its recruitment to promoter DNA. Although
it has been established that activators can interact with multiple components of TFIID, it is unknown whether
common or distinct surfaces within TFIID are targeted by activators and what changes if any in the structure
of TFIID may occur upon binding activators. As a first step toward structurally dissecting activator/TFIID
interactions, we determined the three-dimensional structures of TFIID bound to three distinct activators (i.e., the
tumor suppressor p53 protein, glutamine-rich Sp1 and the oncoprotein c-Jun) and compared their structures as
determined by electron microscopy and single-particle reconstruction. By a combination of EM and biochemical
mapping analysis, our results uncover distinct contact regions within TFIID bound by each activator. Unlike the
coactivator CRSP/Mediator complex that undergoes drastic and global structural changes upon activator binding,
instead, a rather confined set of local conserved structural changes were observed when each activator binds holo-

TFIID. These results suggest that activator contact may induce unique structural features of TFIID, thus
providing nanoscale information on activator-dependent TFIID assembly and transcription initiation.
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Expression of protein-coding genes mediated by mamma-
lian RNA polymerase II (Pol II) is a highly coordinated and
elaborate process. To accurately transcribe a gene, a pre-
initation complex (PIC) is required to form at specific
regions of the promoter DNA (Thomas and Chiang 2006).
One critical step during PIC assembly involves directing
the core promoter recognition complex to specific target
genes. The core promoter recognition complex TFIID is a
principal component within the transcriptional machin-
ery responsible for recognizing and binding specific pro-
moter DNA. Holo-TFIID consists of the TATA-binding
protein (TBP) and 10-14 evolutionarily conserved TBP-
associated factors (TAFs). Once TFIID alights on core pro-
moter DNA, it directs a sequential recruitment of other
general transcription factors including TFIIA, TFIIB,
TFIIE, TFIH, TFIF, CRSP/Mediator, and Pol II that
culminates with activated transcription at specific pro-
moters.

Sequence-specific DNA-binding activators facilitate
transcriptional activation at several levels including
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transcriptional preinitiation, promoter escape, and elon-
gation/reinitiation that are dependent on various param-
eters including the context and complexity of gene
promoters (Stargell and Struhl 1996; Naar et al. 2001).
One well-documented mechanism involves activators
directly interacting with various components of the PIC
to enhance recruitment and to stabilize general transcrip-
tion factors at specific promoters. Not surprisingly, mul-
tiple components within TFIID can serve as targets for
mediating activator-stimulated transcription initiation
(Wu and Chiang 2001). As such, a number of reports
suggest that activators can enhance the kinetics of TFIID
recruitment to DNA (Chi and Carey 1996). Conversely,
emerging evidence has also revealed that TAF subunits
within TFIID can, in some instances, actually help recruit
activators to specific promoters to stimulate transcrip-
tion (Ainbinder et al. 2002; Hilton et al. 2005; Liu et al.
2008). Therefore, it seems reasonable that activators can
target TFIID prior to or after binding to DNA, depending
on the context and conditions at specific promoters.
However, it was not clear whether different activators
use the same or distinct surfaces within holo-TFIID
during activator/TFIID assembly, even though in vitro
biochemical studies revealed that activators can bind to
distinct subsets of TAFs in binary binding reactions.
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As an alternative and increasingly important mecha-
nism to regulate transcription, activators also have been
shown to directly induce structural alterations in certain
components of the PIC and/or DNA (Roberts and Green
1994; Chi and Carey 1996; Lieberman et al. 1997; Taatjes
et al. 2002). Electron microscopy (EM) and single-particle
reconstruction studies have begun to reveal the three-
dimensional (3D) structures of mega-Dalton-size macro-
molecular assemblies including components of the PIC,
and these studies have unmasked significant structural
features and complex dynamics. For example, EM studies
have determined a common structural framework of
holo-TFIID complexes that feature a “horseshoe” shape
consisting of three large lobes and a well-defined central
cavity (Andel et al. 1999; Leurent et al. 2002). Impor-
tantly, recent cryo-EM studies have revealed significant
structural flexibility within human TFIID with distinct
open and closed conformational states that likely define
the end points of a potential “breathing” mechanism
(Grob et al. 2006). Indeed, we found recently that a cell
type-specific TFIID complex preferentially adopts an
open conformation that could likely promote synergistic
transcription activation by the coordinate actions of two
activators, c-Jun and Sp1 (Liu et al. 2008). EM studies have
also visualized the highly mobile structure of the 1.2
MDa CRSP/Med complex, which can adopt distinct
conformational states when bound to different activators
(Naar et al. 2002; Taatjes et al. 2002, 2004). It remained
unknown if holo-TFIID would similarly undergo such
global structural alterations in the process of PIC assem-
bly aided by specific activator-TFIID interactions. There-
fore, it has become of interest to interrogate the surfaces
of activator/TFIID association and any potential struc-
tural features induced in large multisubunit coactivator
TFIID complexes when targeted by activators.

To begin the challenging task of probing the activator/
TFIID-mediated transcription initiation assembly at the
single-particle level, we chose to examine three dis-
tinct activators, the tumor suppressor protein p53, the
glutamine-rich activator Spl, and the proto-oncoprotein
c-Jun, when bound to distinct subunits of TFID. In
response to physiological and pathological stimuli, each
of these activators direct diverse gene expression pro-
grams by activating a number of promoters that partici-
pate in various critical cellular processes including cell
cycle progression (Hess et al. 2004; Riley et al. 2008;
Wierstra 2008). Although a long history of biochemical
reports has documented specific activator/TAF interac-
tions in activator-mediated gene initiation, no direct
structural evidence exists for stable activator/TFIID as-
semblies. Given the significant impact of the association
between these activators and TFIID in transcriptional
regulation, we first set out to assemble the activators
individually with holo-TFIID in vitro and subsequently
visualize the 3D structures of these activator/TFIID
assemblies by EM and single-particle reconstruction.
More importantly, we attempted to document potentially
distinct activator targeting surfaces within holo-TFIID
and any alterations that could be induced within these
TFID complexes with three different activators binding

Mapping activator/TFIID interactions by EM

distinct TAF subunits. In addition to locating the position
of each activator when bound to holo-TFIID by EM, we
also investigated potential TAF-activator contacts using
photoactivatable protein cross-linking label transfer
assays. By combining both biochemical and structural
studies, we gained new insights into the assembly of
active intact complexes.

Results

Activator and TFIID assembly in vitro

Currently, no 3D structures have been reported for stable
activator/TFIID complexes. This paucity of structural
information on key activator/TFIID modules is in great
part due to several technical hurdles including the dif-
ficulty of obtaining homogenous binary activator/TFIID
cocomplexes. As a first step toward overcoming these
technical challenges to obtain stable activator-bound
TFID, we developed a strategy to assemble nearly 1:1
complexes of TFIID bound to activators in vitro. In order
to obtain stable activator-bound TFIID species for struc-
tural analysis, we established various activator loading
procedures that take advantage of our well-established
immunopurification of holo-TFIID (Fig. 1A; Liu et al.
2008). In brief, we carried out highly specific immuno-
precipitations from fractionated HeLa nuclear extracts
using a peptide-elutable monoclonal antibody against
TAF4 (Fig. 1A). The holo-TFIID bound to protein G resin
containing covalently conjugated TAF4 mAb was washed
extensively to remove loosely associated and nonspecif-
ically bound proteins. Our previous work established
that this “affinity purification” of TFIID yielded holo-
complexes that were ~99% pure and contain TBP along
with TAFs 1-13 as determined by SDS-PAGE and mass
spectrometry (Liu et al. 2008). Next, a 10-fold molar ex-
cess of activator (either p53, c-Jun, or Spl) was incubated
with the affinity-purified TFIID complex while still bound
to the TAF4 mAb/protein G resin. Unbound activators
were removed by extensive washing of the TAF4 affinity
resin. A complex containing activator stably bound to
TFIID was eluted from the TAF4 antibody affinity col-
umn using specific peptides recognized by the TAF4 mAb.
The p53- and c-Jun-bound TFIIDs were analyzed by SDS-
PAGE/Flamingo staining (Bio-Rad) and designated as
p53-IID and c-Jun-IID, respectively (Fig. 1B,C). Since Spl
comigrates with TAF5 in the SDS-PAGE gels, we were
unable to directly determine the extent of Sp1 association
with TFID by gel electrophoresis. To circumvent this
problem, we performed a tandem immunoprecipitation
using peptide-elutable monoclonal antibodies against
both TAF4 and Flag-tagged Spl, sequentially (Fig. 1A,
right panel). Flag-tagged Spl protein was incubated with
TFIID-bound resins as described above. Following ex-
tensive washes, the eluate from the first affinity purifi-
cation was next incubated with resin conjugated with
anti-Flag antibody. The stable Flag-tagged Spl-bound
TFID was then eluted with a peptide against the Flag
epitope. After this sequential affinity purification pro-
cedure, we obtained a TFIID complex containing near
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sents the anti-Flag eluates.

stoichiometric amounts of Spl, designated as Sp1-1ID, as
characterized by SDS-PAGE/Flamingo staining (Bio-Rad)
and Western blot analysis using antibodies against either
Flag or TAF5 in which we detected the full-length Spl
stably bound to holo-TFIID (Fig. 1D). Notably, this strat-
egy of activator loading appeared to be highly specific,
since proteins such as TFIIB that interact weakly with
TFIID failed to be retained on the affinity resin (Supple-
mental Fig. S1).

Structural architecture of three activator/TFIID
assemblies

3D reconstruction of the p53/TFIID assembly. Several
important potential mechanisms for activators to en-
hance TFIID-mediated transcription involve a direct in-
teraction between activators and components within the
PIC. In some cases, certain structural changes of basal
factors can be induced by activator targeting (Roberts and
Green 1994; Chi and Carey 1996; Taatjes et al. 2002). Our
earlier cryo-EM study of TFIID had demonstrated an
intrinsic conformational plasticity as determined by the
open/closed states of TFIID (Grob et al. 2006). Therefore,
it has remained an open and intriguing question whether
TFID contacts different activators using a common or
distinct surfaces and whether the TFIID/activator assem-
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blies display any structural alterations upon activator
binding. To this end, we next determined the 3D struc-
tures of the three distinct activator/TFIID assemblies de-
scribed above (i.e., p53-IID, c-Jun-IID, and Sp1-IID) by EM
and single-particle reconstruction.

Having isolated three distinct stable activator/TFIID
complexes, we first developed optimized negative stain-
ing conditions for protein complex preservation and im-
age quality. To minimize potential bias in our single-
particle 3D constructions, we chose to use the “average”
conformational form of the cyro-TFIIID EM structure
filtered to 60 A as an initial reference for data processing
(see the Materials and Methods). We obtained the 3D
structure of p53-IID derived from a total of 13,855 par-
ticles employing the projection matching method (Grob
etal. 2006). The final 3D structure was resolved to 33 A as
determined by Fourier-shell correlation (FSC) with a 0.5
cutoff (Supplemental Fig. S2, FSC curve of p53-IID). The
resulting p53-IID 3D reconstruction, filtered at 33 A, is
presented with a similar threshold condition except for
a total protein mass of ~1.2-1.3 MDa as described pre-
viously (Fig. 2, left panel; Liu et al. 2008). This structure
revealed that the overall architecture of the p53-IID com-
plex is highly reminiscent of free holo-TFIID with its
signature trilobed horseshoe shape containing a central
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cavity (Fig. 2, cf. left and right panels). However, the
distances between lobe A and B (ChA-B) as well as
between lobe B and D (ChB-D) across the central cavity
of p53-IID are considerably shorter than in holo-TFIID
(seen in Fig. 2, the bottom view), indicating that the
structure of p53-IID appears to be tighter around the
central cavity compared with the holo-TFIID structure on
average. In fact, we found that the p53-IID structure
appears to be more similar to the closed conformational
form of cryo-TFIID structure than the open form (Grob
et al. 2006), suggesting that binding of p53 to TFIID either
selects or promotes a more closed state of the complex.
Importantly, a careful comparison of p53-IID to unbound
holo-TFIID revealed a prominent extra density region
between lobes A and C, suggesting the potential location
of the activator p53 (Fig. 2, left panel, front view).

To further analyze this structure and locate the puta-
tive p53-binding site, a 3D density difference map was
calculated between the newly defined p53-IID complex
and free holo-TFIID structures (Liu et al. 2008) by using
volumes that were both filtered to 33 A. The structural
features shown in magenta represent the positive den-
sity difference when the 3D volume of free holo-TFIID is
subtracted from the reference volume of p53-1ID (Fig. 2,
middle panel). The negative density difference is repre-
sented in green at the same density threshold. The most
likely location of the tumor suppressor p53 protein when
bound to holo-TFIID was assigned to a prominent posi-

Mapping activator/TFIID interactions by EM

holo-TFIID

Figure 2. The 3D EM structure of p53-1ID. 3D
reconstructions of p53-IID (left), holo-TFID
(right), and a 3D density difference map (center)
between p53-1ID and TFIID are shown in four
different views (front, bottom, back, and side).
The major lobes are labeled A, B, and C, and
a smaller domain labeled D lobe (see the back
view). Channels within the central cavity be-
tween the A and B (ChA-B) or the B and D
(ChB-D) lobes are shown with the dotted blue
lines. The center column shows the difference
map between p53-IID and holo-TFIID recon-
structions, with solid magenta representing
positive differences and mesh green represent-
ing negative differences relative to the holo-
TFIID reconstructions. The gray mesh corre-
sponds to the 3D structure of p53-IID with the
A, B, C, and D lobes indicated. The most pro-
minent difference region denoted by the red
circle is located at lobe C, weakly connected to
lobe A, and was interpreted as the location of
the p53 protein. Two small extra density pock-
ets are located in lobe D (back view). The
missing densities in p53-IID are predominantly
located at lobes A and C. Bar, 100 A.

tive density located between lobes A and C (best seen in
the front view in Figure 2; Supplemental Movie S1). This
important feature revealed by the positive density differ-
ence map suggests that p53 likely attaches to both the A
and C lobes, and in doing so may stabilize a structure
resembling the “closed” conformation of the complex. A
few additional small positive and negative densities are
also located in lobes A, C, and D, possibly due to different
partitioning resulting from the open/closed conforma-
tional states of these two complexes. There were no
detectable differences in lobe B, which appears to remain
in a fixed position with respect to lobe C. The significance
of the observed differences between p53-bound and un-
bound holo-TFIID structures was further verified by ad-
ditional analysis using FSC calculations of mixed particle
data sets as previously described (Supplemental Fig. S2A;
Liu et al. 2008).

The p53-IID data set may contain a minor population
of TFIID particles lacking activators that might average
out some potential differences between p53-IID and free
TFIID reconstructions. To reduce this potential “noise”
and improve our 3D reconstructions, we also sorted out
particles using our newly refined p53-IID 3D structure
filtered to 45 A as an additional reference in addition to
the TFIID reference volume for projection matching
refinement (Grob et al. 2006). The resulting p53-IID 3D
reconstruction, filtered at 31 A, is very similar to the orig-
inal p53-IID reconstruction from the unsorted particle
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data set (Supplemental Fig. S2B; details in the Supple-
mental Material). To confirm our results and avoid
possible variations in staining, we calculated the differ-
ence density maps between the newly defined p53-IID
and holo-TFIID generated from the same particle data set.
These studies again revealed a significant positive density
located at the lobe A/C interface where we propose p53
binds TFIID (Supplemental Fig. S2B). Because there is no
commensurate “negative differences” associated with the
“positive differences” attributed to p53 binding, it is
unlikely that the latter corresponds to a conformational
change. Thus, our data strongly suggest that the main
positive density difference we observed is most likely
attributed to an additional density bound to holo-TFIID
instead of movement between lobes A/C that might have
resulted from the breathing activity of TFIID (Grob et al.
2006).

3D reconstruction of the Sp1/TFIID assembly. Next,
we used an identical experimental approach to determine
the structure of Sp1-IID and to examine potential struc-
tural differences with respect to the unbound holo-TFIID.
The final 3D structure of Sp1-IID using a total of 17,824
particles was resolved to 33 A as determined by FSC with
a 0.5 cutoff (Supplemental Fig. S3, the FSC curve of Spl-
D). The overall structural architecture of Spl-IID is
similar to the structures of both p53-bound IID and free
TFID (cf. Figs. 2 and 3, both left and right panels),

Figure 3. The 3D EM structure of Sp1-IID. 3D
reconstructions of Spl-IID (left), holo-TFID
(right), and 3D density difference map (center)
between Spl-IID and TFID are shown as in
Figure 2 with the major lobes and channels as
previously indicated. The channel within the
central cavity between lobes A and B (ChA-B)
of Sp1-IID is significantly narrower than that of
holo-TFIID (see bottom view). The center col-
umn shows the difference map between Sp1-IID
and holo-TFIID, with solid red representing
positive differences, mesh green representing
negative differences with respect to the holo-
TFIID reconstruction, and the gray mesh corre-
sponding to the 3D structure of Spl-IID. The
solid red circle denotes the most significant
positive difference, and is assigned as the posi-
tion of Spl contact within TFID. There are
missing densities in Sp1-IID located at the top
of lobe C and within lobe A. Bar, 100 A.
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demonstrating that Sp1-IID also retains the global struc-
ture of free holo-TFIID. However, similar to p53-1ID, a
few prominent altered features can also be seen with the
Spl-IID structure. A slightly tighter central cavity with
a shorter distance of ChB-D is observed in the Spl-IID
structure on average compared with the free holo-TFIID
structure on average (Fig. 3, bottom view), once again
revealing features that more closely resemble the closed
conformational state of free holo-TFIID. In addition, there
appears to be a significant extra density located in lobe A,
facing the central cavity that potentially represents bound
Spl (Fig. 3, left panel, front and bottom views).

In order to identify the putative site of Spl binding
within TFIID and map significant density differences
between the Spl-IID and free holo-TFIID structures, we
calculated a 3D density difference map using both vol-
umes represented as described in Figure 2 (Fig. 3, middle
panel), except that the positive density differences are
shown in red. The density difference map shows a signif-
icant extra density attached to Lobe A that extends across
the central cavity that most likely corresponds to Spl
(refer to Supplemental Movie S3). We again observed
additional minor positive differences in lobes D and A,
features also seen in the p53-IID structure, while some
missing density differences can be seen located at lobes C
and A, with lobe B again being mostly unaffected (Fig. 3,
middle panel). To gauge the significance of these observed
differences between Spl-IID and free holo-TFIID, we

holo-TFIID

2



again performed FSC calculations using mixed particle
data sets as described previously (Liu et al. 2008). The FSC
curve from the mixed data sets resolved to 43 A, which is
much poorer than the resolution of Sp1-IID and TFIID,
thus confirming the significance of the structural changes
seen between Spl-bound TFIID and free TFIID (Supple-
mental Fig. S3A). In addition, we applied the same par-
ticle sorting algorithm for Sp1-IID as we did for p53-1ID
and performed the density difference map calculation as
described above for p53-IID. This analysis adds further
support to our conclusion that Sp1 is likely positioned at
lobe A within the central cavity (Supplemental Fig. S3B;
details in the Supplemental Material).

3D reconstruction of the c-Jun/TFIID assembly. Finally,
we determined the 3D structure of c-Jun-bound TFIID,
thus allowing us to compare three distinct activator—TFIID
structures as a means of potentially mapping both unique
and common features induced by activator—TFIID inter-
actions. We analyzed 14,434 particles using the identical
strategy described above to obtain a 33 A c-Jun-IID struc-
ture as determined by FSC with a 0.5 cutoff (Fig. 4, left
panel; the FSC curve in Supplemental Fig. S4A). The struc-
ture of c-Jun-IID was the most similar to free holo-TFIID.

However, a careful comparison of these two large struc-
tures by density difference map analysis again revealed
several prominently altered features (Fig. 4, middle panel).
First, one significant extra density is now located near Lobe
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B in the c-Jun-IID structure and likely represents the
activator c-Jun bound to TFIID (Fig. 4, front view; Supple-
mental Movie S4). Similar to both p53-IID and Spl-IID
assemblies, the c-Jun-IID structure exhibits an extended D
lobe when compared with free holo-TFIID complexes (Fig.
4, back view). There are also substantial pockets of density
missing in lobes A and C in c¢-Jun-IID as was observed in
the p53-IID and Spl-IID structures (cf. Figs. 2, 3, and 4).

To further verify the distinct new density difference
observed in lobe B, we again performed the mixed FSC
calculations (Supplemental Fig. S4A) and the sorting
algorithm as described above (Supplemental Fig. S4B;
details in the Supplemental Material). The results vali-
date the density difference between c-Jun-IID and free
holo-TFIID. Furthermore, we calculated an additional
density difference map between the 3D reconstructions
of both c¢c-Jun-IID and Spl-IID complexes as described
above (Fig. 5A). The positive difference shown in yellow
represents the extra density located in c-Jun-IID but not
in Spl-IID. Indeed, a significant positive density “knob”
can be seen situated at the same location in lobe B, as
shown in Figure 4 (best seen in the front view, orange
circle). These results lend further support to the notion
that the significant extra density in lobe B of c-Jun-IID
likely corresponds to ¢c-Jun bound to TFIID.

Thus far, we determined three activator-TFIID struc-
tures and calculated their corresponding density differ-
ence maps when compared with holo-TFIID. To reduce the

holo-TFIID

Figure 4. The 3D EM structure of c-Jun-IID.
3D reconstructions of c-Jun-IID (left), holo-
TFID (right), and 3D density difference map
(center) between c-Jun-IID and TFIID are pre-
sented as in Figures 2 and 3. The distance
within the central cavity between lobes A and
B (ChA-B) of ¢c-Jun-IID is similar to the one of
holo-TFIID (bottom view). The center column
shows the difference map between c-Jun-IID
and holo-TFIID, with orange representing pos-
itive differences, green representing negative
differences, and the gray mesh corresponding
to the 3D structure of c-Jun-IID. The orange
circle denotes the significant positive difference
c and is predicted as the position of ¢-Jun contact
within TFIID. Two positive differences are
located at the tip of Lobe D and the junction
between lobes A and D. Similar to p53- and
Spl-IID, missing densities in c-Jun-IID are lo-
cated at the top of lobe C and within Lobe A.
Bar, 100 A.

GENES & DEVELOPMENT 1515



Liu et al.

c-Jun-1ID

Difference map

Sp1-IiD

Figure 5. The significance of extra density by
additional density difference map analysis. (A)
3D reconstructions of c-Jun-IID (left), Spl-IID
(right), and 3D density difference map (center)
of ¢-Jun-IID minus Spl-IID are shown with the
major lobes and channels as previously indicated
in Figures 2-4. The yellow and green mesh
represents positive and negative differences, re-
spectively, with the gray mesh corresponding to
the 3D structure of c¢-Jun-IID (shown at center).
The orange circle denotes the significant positive
difference on the surface of TFIID and is pre-
dicted as the position of c-Jun contact within
TFIID. (B) Summed 3D density difference maps of
each activator for p53-IID (top center), Spl-1ID
(bottom left), and c-Jun-IID (bottom right). The
summed positive density differences are shown
in magenta (p53), red (Sp1), and yellow (c-Jun) and
confirm the points of contact for each respective
activator on TFIID. The green mesh represents
the sum of the negative differences. Bar, 100 A.

nonsignificant density variations between different recon-
structions and strengthen the specific differences that we
observed, we computed the sum of all density differences.
In the case of p53, we summed up the density differences
calculated from p53-IID minus holo-TFID together with
both the p53-IID minus c-Jun-IID and the p53-IID minus
Spl-IID (Fig. 5B). This same formula was applied to the
other two activator-TFIID complexes (Fig. 5B). The result-
ing structures clearly confirm our previous observations
(Supplemental Figs. S2-S4). Taken together, our 3D EM
reconstructions indicate that each activator very likely
targets a different surface within TFIID. Remarkably, while
none of these activators caused dramatic global structural
changes, all three activators induced a common set of small
but consistent and significant structural changes in the
conformational state of the mega-Dalton TFIID complex.

Each activator contacts distinct TAFs within TFIID

Most previous biochemical studies have examined direct
contacts between activators and isolated TAF subunits of
TFID rather than activator contacts in the context of
holo-IID complex. For example, p53 is capable of binding
to TAF1, TAF3, TAF6, TAF9, and TBP when tested as
binary binding partners in isolation (Martin et al. 1993;
Lu and Levine 1995; Thut et al. 1995; Li et al. 2004,
Bereczki et al. 2008). Likewise, the oncoprotein c-Jun has
been reported to associate with TAF7, TAF1, or TBP in

1516 GENES & DEVELOPMENT

FRONT

view

100 A

isolation (Franklin et al. 1995; Munz et al. 2003; Lively
et al. 2004), while the glutamine-rich activator Spl was
found to bind TAF4 and TAF7 (Lively et al. 2004). It seems
reasonable to propose that, depending on the context of
the binding region, different activators could be targeting
multiple TAFs. Our unexpected and intriguing finding
with each activator binding to distinct regions within
holo-TFIID prompted us to further use a complementary
biochemical strategy to determine the TAF subunits
targeted by each activator (i.e., p53, c-Jun, and Sp1) when
in association with highly purified native TFIID com-
plexes. To map potential activator-TAF contacts in the
context of intact holo-TFIID, we performed photo-cross-
linking label transfer reactions using the trifunctional
reagent Sulfo-SBED (S-SBED) (Supplemental Fig. S5A),
which has been used previously to determine the targets
of activators within various transcription complexes
(Brown et al. 2001; Neely et al. 2002)

First, we labeled p53, c-Jun, or Spl each with S-SBED,
respectively. Since the activation domains of these three
activators reside within the N-terminal half of each pro-
tein, we chose to label activators with a low pH (~7.0)
buffer that allows the sulfonated ester group to react
primarily with the N-terminal primary amine group, thus
achieving an N-terminal labeling. To examine potential
TAF contacts with additional domains of our activators,
we also labeled each activator with S-SBED using a higher
pH buffer to target internal tertiary amines (lysines), thus



biasing the reaction toward “body labeling.” After re-
moval of unreacted S-SBED, we incubated our highly
purified TFIID with S-SBED-labeled p53, c-Jun, or Spl to
initiate formation of activator/TFIID assemblies (Supple-
mental Fig. S5B). The samples were then exposed to UV
to activate the aryl azide group that will cross-link to
nearby TAFs. After cleavage of the disulfide bond within
S-SBED with DTT, the biotin moiety will be “transferred”
from the activator to any adjacent TAF within 21 A
(Brown et al. 2001; Neely et al. 2002). The resulting
biotin-tagged TAFs in the holo-TFIID were disrupted by
SDS, subjected to gel electrophoresesis and examined by
immunoblotting using an antibody against biotin.

Our analysis of the p53-TFIID complex showed that the
N-terminal activation domain of p53 most likely con-
tacted TAF6 (Fig. 6A, lane 4). Since p53 contains an olig-
omerization domain, not surprisingly, p53 cross-linked
with itself easily and several forms of p53 in addition to
the monomer were observed in our assays. When we
body-labeled the lysines throughout p53, two additional
subunits, TAF1 and TAF5, plus TAF6, were tagged with
biotin while TBP was weakly cross-linked (see Fig. 6A,
lane 8; also refer to a longer exposure in Supplemental Fig.
S6). These specifically cross-linked TAFs were confirmed
by Western blot analysis using the same blots that were
stripped and reprobed with antibodies against TAFI,
TAF5, TAF6, and TBP (Supplemental Fig. S7). However,
since there was a background band present in the p53-
alone sample around 230 kDa where TAF1 migrates on
the gel (Fig. 6B, lanes 7,8), we had to perform two addi-
tional experiments to confirm the cross-linking of TAF1.
One approach was to pass SBED-labeled activators or
GST over our TFIID affinity resins in a strategy analogous
to that used for our EM work, followed by cross-linking of
the activator/TFIID complexes while still bound to the
column (Fig. 6C). This data confirmed that TAFl was
cross-linked when p53 was bound to TFIID on the affinity
resins compared with the control GST samples (Fig. 6C,
cf. lanes 10 and 12). Another approach was to specifically
label the C terminus of p53 with the MTS label transfer
reagent (Pierce) followed by an identical label transfer
experiment as described in Figure 6A. We found that
TAFlwas again selectively cross-linked to the MTS-
labeled C terminus of p53 (data not shown). Furthermore,
these specifically cross-linked TAFs were confirmed by
Western blot analysis using the same blots that were
stripped and reprobed with antibodies against TAFI,
TAF5, and TAF6 (data not shown).

Next, we found that the N-terminally labeled Spl
cross-linked predominantly to a band corresponding to
either TAF2, TAF3, or TAF4, which all comigrate in SDS-
PAGE gels, in addition to very weak cross-linking to
TAFG6 (Fig. 6B, lane 4). TAF4 is most likely a main target
of Spl in this cross-linking assay given the previously
measured strong binary association between the Spl acti-
vation domain and TAF4 (Rojo-Niersbach et al. 1999;
Wang et al. 2007). Using body-labeled Spl revealed that
TAF1, TAF4, and TAF6 are located within 21 A of Spl
bound to TFIID. Label transfer experiments of SBED-
labeled Spl bound to the TFIID affinity resin confirmed
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Figure 6. Activator contacts within TFIID by label transfer

assays. Activators p53 (A), Spl (B), and c-Jun (C), were labeled at
the N terminus (left panel, marked as N Terminus) and internal
lysines (center panel, marked as body) with the heterotrifunc-
tional SBED cross-linker. Activators and a control GST protein
labeled at internal lysines were also loaded onto our TFIID
affinity columns (right panel, marked as loading, lanes 9-12).
Reactions containing cross-linker alone (lanes 1,2,5,6) and
labeled activators/GST (lanes 3,4,7-9,11) were mixed with
TFID (lanes 2,4,6,8,10,12) and exposed to UV light. TFIID
subunits that are within 21 A of the S-SBED were covalently
cross-linked to the activator. After cleaving the cross-linker
with DTT, biotin was transferred from the activator to the cross-
linked TFID subunit. SDS-PAGE and immunoblotting using
anti-biotin antibodies reveals TFIID subunits that contact dis-
tinct regions of the three activators. The stars represent non-
specific cross-linked bands in the blots.

that TAF1, TAF4, and TAF6 cross-link to Spl (Fig. 6B,
lane 10). These specifically cross-linked TAFs were fur-
ther identified by Western blot analysis using the same
blots that were stripped and reprobed with antibodies
against TAF1, TAF4, and TAF6 (data not shown).

In the case of c-Jun, surprisingly, there were no TAFs
that strongly cross-linked to the N-terminally labeled pro-
tein (Fig. 6C, lane 4). We confirmed the above result with
a number of strategies and conditions (data not shown).
In contrast, the body-labeled c-Jun clearly targeted TAF6
when c¢-Jun was bound to TFIID (Fig. 6C, lane 8). Because
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these two conditions of labeling ¢-Jun picked up different
background bands that may complicate our findings, we
performed an additional label transfer experiment with
SBED-labeled c¢-Jun bound to the TFIID affinity resin. The
results suggest that TAF1 could also cross-link to ¢c-Jun in
addition to TAF6 (Fig. 6C, lane 10). The identity of the
cross-linked TAFs was ascertained by Western blotting
using anti-TAF1 and TAF6 antibodies (data not shown).
Taken together, these label transfer results suggest that
these three different activators indeed bind to distinct
regions of TFIID, likely making contact with different
subsets of TAFs that are targeted by each of the activators
(p53, Spl, and c-Jun). This biochemical label transfer
analysis thus provided an independent means of confirm-
ing our EM reconstructions of activator/ TFIID assemblies
that also revealed these three activators contacting dif-
ferent surfaces within holo-TFIID.

Discussion

Our 3D density difference maps generated from recon-
structions of the three independent activator/TFIID as-
semblies (i.e., p53-IID, Spl-IID, and c-Jun-IID) and free
holo-TFIID have served as a method to map the most
likely contact sites of these activators within the native
TBP-TAF complex. Remarkably, each activator contacts
TFIID via select TAF interfaces within TFIID (presented
as a model in Fig. 7). The unique and localized arrange-
ments of these three activators contacting different
surfaces of TFIID could be indicative of the wide diversity
of potential activator contact points within TFIID that
would be dependent on both the specificity of activation
domains as well as core promoter DNA sequences ap-
pended to target gene promoters. It is also possible, how-
ever, that these distinct activator-TFIID contacts can
form a common scaffold when TFIID binds to the core
promoter DNA.

It is well established that activators including p53, Spl,
and c-Jun frequently work synergistically with each other
or other activators to potentiate selective gene expression

100 A

Figure 7. A representative model of distinct surfaces within
TFIID that are targeted by activators. Overlay of 3D density
difference maps of p53-IID/holo-TFIID, Sp1-IID/holo-TFIID, and
c-Jun-IID/holo-TFIID. The holo-TFID structure (light pink)
along with positive density differences for p53 (magenta), Spl
(red), and c-Jun (orange) are shown, suggesting the location of
potential distinct activator contacts. Bar, 100 A.
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programs in response to a variety of stimuli in vivo
(Chinenov and Kerppola 2001; Wierstra 2008). Therefore,
combinatorial mechanisms of promoter activation might
favor distinct nonoverlapping activator-binding sites
within TFIID, which can be achieved by specific inter-
actions between selective TAF subunits and activators.
Indeed, it was established that TAF1 and TAF4 serve
as coactivators for Spl, while TAF1, TAF6, and TAF 9
mediate p53-dependent transactivation (Rojo-Niersbach
et al. 1999; Hilton et al. 2005; Wang et al. 2007) and TAF1
and TAF7 subunits are thought to be coactivators for
c-Jun (Munz et al. 2003; Lively et al. 2004). Since ac-
tivators make sequence-specific contacts with the DNA
template at various positions upstream of the core pro-
moter, it is also plausible that activators bound to unique
surfaces of TFIID can influence specific structures of
a promoter as the DNA traverses along TFIID resulting
in distinct activator/promoter DNA structures.

Our activator mapping results also complement and
structurally extend the functional relevance of previous
biochemical and immunomapping studies of TFIID.
For example, our label transfer studies show that the
N-terminal activation domain of p53 contacts TAF6 (Fig.
6A), confirming previous biochemical evidence showing
that amino acids 1-42 of p53 contact TAF6/9 (Thut et al.
1995). In support of this observation, the p53-ID 3D
structure indicates that p53 contacts TFIID at lobes A and
C where TAF6/9 are located as determined by EM im-
munomapping (Leurent et al. 2002). In addition, previous
studies have shown that both TBP and TAF1 can directly
contact p53 in the absence of additional TFIID subunits
(Li et al. 2004). Interestingly, body-labeled p53 cross-
linked to TAF1, TAF5, and weakly to TBP, thus extending
the immunomapping studies that determined the loca-
tions of TBP and the N terminus of TAF1 at lobe C (Andel
et al. 1999; Leurent et al. 2002, 2004). Thus, our EM acti-
vator mapping studies show a significant interface be-
tween p53 and specific TAFs located at lobes A and C of
TFID. Likewise, our Spl label transfer results confirmed
previous biochemical data showing a direct interaction
between TAF4 and the N-terminal glutamine-rich do-
mains of Spl (Rojo-Niersbach et al. 1999; Wang et al.
2007). In addition to TAF4, we identified TAF6 as weakly
cross-linked to Spl, suggesting that TAF6 may also be in
the vicinity but perhaps more distal to the N terminus of
Spl. The largest TFIID subunit, TAF1, was cross-linked
when body-labeled Spl was used. This result is not en-
tirely unexpected, since previous studies found that TAF1
is required for Spl-dependent transactivation (Hilton
et al. 2005), possibly through a direct interaction between
TAF1 and Spl as shown in Figure 6B.

In comparison with p53 and Spl, body-labeled c-Jun
was shown to contact TAF1 and TAF6 in our label trans-
fer studies with no subunits contacting the N-terminal
activation domain of c-Jun (Fig. 6C). This N-terminal
activation domain of c-Jun may be structurally flexible
or predominantly unstructured and is apparently posi-
tioned away from TFIID contacts. Indeed, successful
structural studies of c-Jun thus far have been limited to
the C-terminal leucine zipper DNA-binding region when



bound to DNA (Glover and Harrison 1995; Junius et al.
1996; Chen et al. 1998). Previous biochemical assays have
shown that the C-terminal basic leucine zipper DNA-
binding region also contacts the N terminus of TAF1(Lively
et al. 2004).

It is worth noting that the extra density representing
c-Jun and the other activator polypeptides in our EM
studies may not reflect the full-expected size of the acti-
vators. This is due to the presence of large unstructured
regions in these proteins that are averaged out during
structural analysis. As activators contain multiple mol-
ten globular domains that likely interact with different
partners, one would expect a high degree of structural
disorder in the domains that are not in direct contact with
TFID. Thus, the extra density associated with each ac-
tivator determined from the single-particle reconstruc-
tions likely only represents minimally the most stably
associated portion of activators bound to TFIID. This
common situation would invariably lead to underrepre-
senting the actual size of the activator in a manner not
unlike crystal structures of domains with flexible loops
that become “invisible” in the crystal structure.

Based on EM immunomapping, there are two copies of
TAF6 within TFIID, wherein one copy resides in lobe A
and another in lobe B (Leurent et al. 2002). Collectively,
our studies suggest that two distinct activators (p53 and
c-Jun) strongly contact the two different TAF6 subunits
that are each located in different lobes of TFIID. It is
unknown how p53 or c-Jun discriminates between TAF6
on lobe A versus B when binding to TFIID. In the future, it
will be interesting to investigate if these two activators
can bind to a single TFIID molecule simultaneously and
decipher 3D structures of TFIID assemblies bound to se-
lect endogenous promoter DNA sequences in the pres-
ence and absence of distinct activators that are engaged in
synergistic transcriptional activation.

It is of note that unlike the radical, diverse, and global
structural changes observed with CRSP/Mediator com-
plexes upon activator binding (Naar et al. 2002; Taatjes
et al. 2002, 2004), TFIID largely retains its overall archi-
tecture when bound by three different activators (Figs. 2—
4). Interestingly, we found that two of the activator/IID
structures, p53-IID and Sp1-IID assemblies appear to be
more constricted around the central cavity with narrower
ChB-D and ChA-B channels, while the third structure,
c-Jun-IID, remains most similar to free holo-TFIID. In
particular, the p53-IID structure more closely resembles
the closed conformational state of our previous cryo-
TFIID structure (Grob et al. 2006). To test if p53-bound
TFID mimics the most closed conformational form of
holo-TFIID, we performed 3D reconstructions using
either the most closed or “open” cryo-TFIID structures
as an initial reference volume for refinement. Interest-
ingly, we found that both newly refined 3D structures
generated from either the closed or open reference vol-
ume are fairly similar, with possibly a partial occupancy
of p53 on lobe A (data not shown). These findings suggest
that the overall p53-TFIID structure tends to move to-
ward the closed conformation with moderate movement
at the outer tips of lobes A and B (Supplemental Fig. S2B),
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even though p53-IID is predominantly observed in an
intermediate average conformational form between the
most closed and open forms (Grob et al. 2006). Perhaps
factors contacting lobe A or C can induce certain co-
ordinated movements within lobes that lead to a closed
conformation of TFIID.

Although TFIID largely retains its prototypic global
architecture upon activator binding, we observed several
common localized structural changes induced upon acti-
vator binding in our 3D reconstruction. For example, we
observed a prominent and consistent induced extra den-
sity protrusion located in lobe D when each of the three
different activators binds TFIID (Figs. 2-4, BACK, BOT-
TOM, and SIDE views). Given that all these activators are
represented by distinct densities with unique sizes and
shapes within the bound TFIID structure, and the fact
that we and others have demonstrated that they each can
target different subunits within TFIID by a number of
independent biochemical assays, it seems reasonable to
assign “unique and significant” extra densities located at
distinct sites as representing the different bound activa-
tors. In contrast, the common similarly sized extra density
seen at lobe D of each activator-IID structure most likely
represents a conserved conformational change induced by
these three different activators. Interestingly, this protru-
sion in lobe D resides distal to each of the activator-binding
sites, suggesting that these three activators may poten-
tially induce a long-range internal conformational change
within TFIID. It would be intriguing to identify which TAF
subunits are located at the tip of lobe D and eventually
determine the function, if any, of this extended lobe in
activator-induced transcription initiation. However, de-
spite the potential significance of these structural changes
induced by activators, it is premature to speculate re-
garding their functional importance.

The low yields of human TFIID purified from HeLa
cells have constrained our initial studies to negative stain
EM. An important and challenging next step will be to
pursue cryo-EM-derived activator/TFIID structures. It
will also be of great interest in the future to ascertain
if these activator-induced changes can accommodate or
even facilitate DNA contacts that may stabilize the bind-
ing of TFIID to DNA during PIC assembly. Eventually, it
will be important to unravel the enigmatic relationship
between promoter recognition, transcriptional activity,
and the closed/open conformations of TFIID during TFIID-
mediated transcription initiation.

Materials and methods

Reagents and protein purification

Details of reagents and protein purification of activator/TFIID
complexes used in this study are described in the Supplemental
Material.

EM and single-particle 3D reconstructions

Four microliters (10-20 ng in total amount) of the fresh activator/
TFIID assemblies was applied directly onto a thin carbon film
supported by holey carbon on a 400-mesh copper grid (Electron

GENES & DEVELOPMENT 1519



Liu et al.

Microscopy Sciences), which was freshly glow-discharged. After
exchange with 3% Trehalose in 0.1 M KCI/TEM buffer (50 mM
Tris-HCI, 0.1 mM EDTA, 2 mM MgCl, at final pH 7.9), the
sample grid was stained in five successive 75-pL drops of 1%
Uranyl formate.

The image data were collected with a Tecnai 12 transmission
EM (FEI) operated at 120 KeV and at a magnification of 30,000
with a defocus range of —0.85 wm to —1.5 wm. All the images
were collected on SO-163 films (Kodak) and developed with D-19
developer (Kodak). The micrographs were digitized with a Super
Coolscan 8000 scanner (Nikon) at a pixel size of 12.7 pm,
resulting in a 4.23 A per pixel size at the specimen scale.

A total of 13,855 particles (for p53-IID), 14,000 particles (for
c-Jun-IID), or 17,824 particles (for Spl-IID) were manually se-
lected using Boxer (EMAN) (Ludtke et al. 1999) and then
extracted to a particle window size of 119 X 119 pixels and
converted to the SPIDER (system for processing of image data
from electron microscopy and related fields) format for further
data processing by SPIDER. The particles were then normalized
prior to the 3D reconstruction using SPIDER’s projection match-
ing approach (Frank et al. 1996).

The average conformation of TFIID from cryo-EM data (Mac-
romolecular Structure Database accession no. 1195) was filtered
to 60 A as a reference for the first cycle of projection matching for
the p53-IID, ¢-Jun-IID, and Sp1-IID particle data in SPIDER. New
3D volumes reconstructed from each data set were used as
references for all subsequent cycles of alignment (angular step
sizes ranging from an initial 20° to a final 2°). The resolution
throughout the refinement was determined by the 0.5 cutoff in
the FSC curve. The 3D structures shown for p53-1ID, c-Jun-1ID,
and Spl-IID assemblies were filtered at a final resolution as
indicated in the Result section. As for the difference map, the
activator/TFIID and free TFIID density maps are defined as
Volume 1 and Volume 2 or as indicated in the figures (i.e., Figure
5), respectively. Both 3D densities were normalized and sub-
tracted from one another. The positive densities resulting from
the difference [Volume 1-Volume 2] are shown either in magenta
(Fig. 2), solid red (Fig. 3), or solid orange (Fig. 4). The negative
densities were all shown in mesh green. The density difference
maps are presented with a strong threshold (>30). In Figure 5A,
the c¢-Jun-IID and Sp1-IID density maps are defined as Volume 1
and Volume 2. The positive density differences resulting from
the difference maps [Volume 1-Volume 2] are shown in yellow
(Fig. 5A). The negative densities were shown in mesh green. The
summed 3D difference maps were calculated using the following
formula: (p53-IID minus holo-IID) + (p53-IID minus ¢-Jun-IID) +
(p53-IID minus Spl-IID) (Fig. 5A, top center), (Spl-IID minus
holo-IID) + (Sp1-IID minus p53-IID) + (Sp1-IID minus c-Jun-IID)
(Fig. 5A, bottom left), and (c-Jun-IID minus holo-IID) + (c-Jun-IID
minus p53-IID) + (c-Jun-IID minus Spl-IID) (Fig. 5A, bottom
right). The positive densities in the summed 3D difference maps
are colored magenta (p53), red (Spl), and yellow (c-Jun) in Figure
5A, and the negative densities were shown in mesh green. All the
3D reconstructions were represented as isodensity surfaces using
the University of California at San Francisco Chimera package
(Pettersen et al. 2004) from the Resource for Biocomputing,
Visualization, and Informatics at the University of California at
San Francisco (supported by NIH P41 RR-01081).

To assess the significance of the differences observed, the FSC
was calculated between halves of the activator/TFIID and free
holo-TFID datasets as previously described (Liu et al. 2008). The
point of the 0.5 cutoff indicated a significant correlation between
the two data sets only up to 43 A, much poorer than the re-
solution of the reconstructions, indicating that the differences
between the structures are overall significantly above the level of
the noise.
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Label transfer assays

Zero micrograms (as a mock control) or 1 ug of activators (i.e.,
c-Jun or Spl) were incubated with the 0.5 mM final concentra-
tion of cross-linking reagent S-SBED (Thermo Scientific) follow-
ing the manufacturer’s instructions, which reacts with lysines
using 100 mM KCI/HMG buffer (pH 7.9, [20 mM HEPES, 2 mM
MgCl,, 10% glycerol]) or the N terminus of the proteins using
1 X PBS (pH 7.2). The reactions were incubated at room tem-
perature in the dark for 15 min. Excess unreacted cross-linker
was removed using Bio-Spin 6 chromatography columns (Bio-
Rad). As for p53, the S-SBED-labeling conditions were identical
as described, except that the His-tagged p53 proteins or buffer
alone were bound to 15 pL of the nickel resins (Qiagen) prior to
addition of the cross-linker and eluted off the resins with 40 wL of
elution buffer (0.3 M Imidazole, 138 mM KCI, 20 mM HEPES, 2
mM MgCl,, 10% glycerol, 0.1% NP-40) after extensive washes to
remove unreacted S-SBED cross-linker. Eighty nanograms of
S-SBED-labeled activator proteins were incubated with 60 ng of
TFIID at 30°C for 45 min. The mixture was then exposed to UV
light (365 nm) at room temperature for 10 min to activate the aryl
azide moiety on the SBED-labeled activators and covalently cross-
link any protein within 21 A of the activators. The reactions were
treated with DTT to cleave the disulphide bond, and thus transfer
the biotin moiety from activators to the cross-linked subunits
of TFIID. The biotin-labeled activator-interacting TAFs were
detected by SDS-PAGE and subjected to immunoblotting using
anti-biotin antibody (Rockland). The identity of biotin-labeled
TAFs was determined based on their known migration in SDS-
PAGE gels and confirmed by Western blotting analysis using
antibodies against the specific TAFs as indicated in the figures.
Each reaction was repeated at least three times with the represen-
tative data shown. Details for the SBED labeling, loading of deriva-
tized activators onto a TFIID affinity column and cross-linking can
be found in the Supplemental Material.
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