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The master tumor suppressor p53 activates transcription in response to various cellular stresses in part by facili-
tating recruitment of the transcription machinery to DNA. Recent studies have documented a direct yet poorly
characterized interaction between p53 and RNApolymerase II (Pol II). Therefore, we dissected the human p53/Pol II
interaction via single-particle cryo-electron microscopy, structural docking, and biochemical analyses. This study
reveals that p53 binds Pol II via the Rpb1 and Rpb2 subunits, bridging theDNA-binding cleft of Pol II proximal to the
upstream DNA entry site. In addition, the key DNA-binding surface of p53, frequently disrupted in various cancers,
remains exposed within the assembly. Furthermore, the p53/Pol II cocomplex displays a closed conformation as
defined by the position of the Pol II clamp domain. Notably, the interaction of p53 and Pol II leads to increased Pol II
elongation activity. These findings indicate that p53 may structurally regulate DNA-binding functions of Pol II via
the clamp domain, thereby providing insights into p53-regulated Pol II transcription.
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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 (Levine et al. 2014). To precisely
transcribe a gene, Pol IImust assemble at the transcription
start site (TSS) of the promoter along with a host of addi-
tional factors to form the preinitiation complex (PIC).
The PIC comprises >85 polypeptides, including Pol II, Me-
diator, and the six general transcription factors (GTFs);
namely, TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH
(Roeder 1996; Levine et al. 2014). The process of PIC for-
mation in the absence of transcriptional activators is gen-
erally inadequate in response to various environmental
cues (Maston et al. 2012). To overcome this inefficiency,
transcriptional activators stimulate PIC assembly to
promote transcription upon stimuli (Ptashne and Gann
1997; Beckerman and Prives 2010). A key factor among
these activators is the p53 tumor suppressor protein. p53
activates vast gene networks to maintain genomic stabil-
ity by regulating diverse cellular processes such as DNA
repair, cell cycle arrest, and apoptosis (Menendez et al.
2009; Bieging et al. 2014). p53 is rapidly activated upon ex-
posure to a variety of stress signals, including DNA dam-
age, oncogene activation, hypoxia, and oxidative stress
(Carvajal andManfredi 2013; Bieging et al. 2014). Not sur-
prisingly, p53 plays a central role in tumor suppression.

This is further highlighted by a battery of evidence show-
ing that p53 is inactivatedbymutations in∼50%ofhuman
cancers (Joerger and Fersht 2010; Freed-Pastor and Prives
2012; Bieging et al. 2014). Hence, it is important to under-
stand themolecularmechanismunderlying howp53 regu-
lates gene expression, which maintains cell integrity and
prevents transformation into a cancerous state.
p53 binds consensus sequences on target gene promot-

ers to directly activate transcription (Menendez et al.
2009). Thus far, p53 has been shown to directly bind and
recruit several components of the transcription initiation
machinery (e.g., Mediator, TFIIB, TFIID, and TFIIH) to
synergistically promote PIC assembly on the promoter
(Liu and Berk 1995; Espinosa et al. 2003; Li et al. 2007;
Di Lello et al. 2008; Okuda et al. 2008; Liu et al. 2009;
Meyer et al. 2010). The interactions of p53 with multiple
components of the PIC are thus crucial for transcription
initiation. Previous structural studies using advanced sin-
gle-particle electron microscopy (EM) have begun to re-
veal the direct interaction of p53 with Mediator or
TFIID, featuring distinct structural changes specifically
induced by p53 (Liu et al. 2009;Meyer et al. 2010). Howev-
er, the structural insights into how transcriptional
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activators (e.g., p53 in this study) bind additional PIC com-
ponents remain limited, largely due to several challenges,
including dynamic interactions and inherent protein flex-
ibility (Levine et al. 2014).

Little is also known about the direct role of p53 in the
regulation of Pol II activities such as PIC assembly and
elongation. A recent elegant high-resolution genome-
wide study on p53’s binding to target genes uncovered
that Pol II and p53 were in close proximity to its response
elements under a variety of stresses (Chang et al. 2014).
Furthermore, biochemical studies in yeast documented
an enrichment of Pol II on target genes in the presence of
p53 (Kim et al. 2011). Importantly, a direct association be-
tween Pol II and p53’s core DNA-binding domain was ob-
served (Kim et al. 2011). These findings suggest that p53
directly or indirectlymediates Pol II recruitment to govern
transcription in response to stimuli.Therefore,wehypoth-
esize that p53 directly binds Pol II to structurally aid in its
recruitment to DNA and modulate transcription activity.
Understanding the detailed structural mechanism of the
p53/Pol II interaction will shed light on how p53 regulates
Pol II activity for gene expression. Furthermore, it will be
intriguing to structurallydissect p53’s ability to efficiently
recruit multiple factors during PIC assembly.

As the first step to address these pivotal questions, we
developed a strategy to generate sufficient amounts of
the p53/Pol II cocomplex, which allowed us to determine
the three-dimensional (3D) structure using single-particle
cryo-EM. The structure of the assembly reveals that p53
binds Pol II over the DNA-binding cleft proximal to the
upstream DNA entry site through distinct contacts with
the Rpb1 and Rpb2 subunits. We further corroborated
these observations by photoactivable protein cross-link-
ing label transfer assays. In addition, p53-bound Pol II dis-
plays a closed conformation, as defined by the narrow
position of the Pol II clamp domain. Docking analysis fur-
ther suggests that p53’s central DNA contact interface,
frequently altered in a variety of cancer patients (Freed-
Pastor and Prives 2012), is exposed within the p53/Pol II
assembly. Notably, we investigated the potential func-
tional impact of their direct interaction on Pol II elonga-
tion activity via in vitro elongation/exonuclease III (Exo
III) mapping assays. Our work demonstrates that p53’s
binding increases Pol II elongation activity. These inte-
grated studies begin to provide new insights into the regu-
lation of p53 on the DNA-binding and transcription
activities of RNA Pol II.

Results

The assembly of p53 and RNA Pol II

Previous biochemical studies revealed a direct association
between human p53 and yeast Pol II (Balakrishnan and
Gross 2008; Kim et al. 2011). As a first step toward struc-
turally dissecting the interaction between mammalian
Pol II and p53, we set out to assemble the human p53/
Pol II cocomplex in vitro (Fig. 1). To obtain p53/Pol II
cocomplexes for cryo-EM studies, we modified our Pol II
immunopurification protocol to permit p53 loading (Fig.

1A). In addition, the human full-length wild-type p53 pro-
tein was used and is represented in Figure 1B to structur-
ally visualize the direct interaction between p53 and Pol II
in their native forms. Briefly, we carried out highly specif-
ic immunoprecipitation of Pol II from fractionated HeLa
nuclear extracts using a monoclonal antibody against
theRpb1 subunit of Pol II. Pol II-bound resinswerewashed
extensively to remove loosely associated and nonspecifi-
cally bound proteins and then coincubated with a fivefold
molar excess of p53. Unbound p53 was removed from the
affinity resin by extensive washing. The cocomplex was

Figure 1. Purification and biochemical analysis of the p53/Pol II
protein cocomplex. (A) Schematic representation of the strategy
used to purify the binary human p53/Pol II cocomplex. Pol II
was first immunoprecipitated using a monoclonal antibody
(mAb) against the C-terminal domain (CTD) of the Rpb1 subunit.
After extensive washing, a fivefoldmolar excess of p53 was added
to the resins containing Pol II. A homogeneous stable p53/Pol II
cocomplex was obtained after extensive washes followed by an
elution step using a specific peptide against the CTD of Rpb1.
The cocomplex was analyzed by 4%–12% SDS-PAGE and visual-
ized by Flamingo fluorescent gel stain (Bio-Rad) and a Typhoon
image scanning system (GE). (B) Schematic representation of
the domain structure of p53. Delineation of the transcription ac-
tivation domain (TAD; red), proline-rich domain (PRD; orange),
DNA-binding domain (pink), nuclear localization signal (NLS;
silver), oligomerization domain (OD; green), and C-terminal reg-
ulatory domain (CTD; light blue) are presented (Freed-Pastor and
Prives 2012). The approximate locations of the four key residues
for DNA binding within the core domain are indicated. These
four residues occur as hot spot cancer mutations in ∼20% of can-
cer patients. The crystal structure of the human p53 protein span-
ning the core DNA-binding domain (Protein Data Bank [PDB] ID
2OCJ) (Wang et al. 2007) was docked into our p53/Pol II structure.
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eluted from the affinity column using a specific competi-
tor peptide recognized by the Rpb1 antibody. The eluted
p53-bound Pol II was analyzed by SDS-PAGE/Flamingo
staining and designated as p53/Pol II (Fig. 1A, right panel).
A coimmunoprecipitation assay and Western blot analy-
sis were also performed to confirm the association be-
tween p53 and Pol II (Supplemental Fig. S1).

3D reconstruction of the p53/Pol II cocomplex

Currently, no 3D structures have been reported for activa-
tors bound to Pol II. Previous structural studies have es-
tablished that p53’s binding to large basal transcription
factors, such as TFIID and Mediator, introduces specific
structural features to the cocomplex (Liu et al. 2009; Mey-
er et al. 2010). It is unclear whether p53 structurally regu-
lates Pol II in a similar manner. Thus, we used single-
particle cryo-EM to determine how p53 binds Pol II and
whether p53 induces distinct structural features within
Pol II. To maintain the native, biologically relevant state
of the cocomplex, we chose not to cross-link our p53/Pol
II samples for acquisition of cryo-EM images. Since our
samples were not cross-linked, heterogeneity (i.e., p53-
bound Pol II vs. unbound Pol II) occurred in the data set
(see the Materials and Methods). This was consistent
with a previous study showing heterogeneity resulting
from a mixture of free Pol II and DNA-bound Pol II (Ber-
necky et al. 2016). To help define potential extra density
within the assembly, we performed a control 3D analysis
of our Pol II preparations lacking p53, generated exactly as
in Figure 1A, and further compared it with previously pub-
lished Pol II structures (Supplemental Fig. S2).
To circumvent potential model bias, we also generated

a reference-free initial model of p53/Pol II by applying the
random conical tilt (RCT) approach (Radermacher et al.
1987) followed by the unsupervised 3D classification
with the entire data set via RELION (regularized likeli-
hood optimization) (Supplemental Fig. S3; Scheres 2012).
The 3D reconstruction of p53/Pol II at ∼11 Å global reso-
lution displays signature features of Pol II, including the
stalk, clamp, and lobe (Fig. 2A; Supplemental movie S1).
By docking atomic models of human and bovine Pol IIs
(Protein Data Bank [PDB] ID 5IY7 and 5FLM) (Bernecky
et al. 2016; He et al. 2016) into our 3D reconstruction,
prominent extra densities absent from Pol II structures
were defined and thereby assigned to represent the p53
protein. The structure reveals that p53 targets distinct
surfaces within Pol II via the Rpb1 and Rpb2 subunits.
In addition, p53 is positioned over the DNA-binding cleft
(Bernecky et al. 2016). p53 binds adjacent to the protrusion
domain of the Rpb2 subunit close to the region where the
upstream DNA entry site resides (Fig. 2A). In particular,
p53 binds a distinct region of Rpb1, which predominantly
forms the clamp domain that is responsible for the open/
closed conformation of Pol II (Kostek et al. 2006). There-
fore, to clarifywhich Pol II formwas primarily represented
when bound to p53, our structure was superimposed with
the open/closed state of Pol II (Fig. 2B). p53-bound Pol II
clearly displayed a closed conformation, as determined
by narrowing of the clamp.

Given the inherent structural flexibility of the N termi-
nus and C terminus of p53, we suspected that the EM den-
sity observed would most likely represent the core
sequence-specificDNA-binding domain of p53. In support
of this hypothesis, a previous biochemical report docu-
mented the direct association of Pol II and the p53 core
domain (Balakrishnan and Gross 2008; Kim et al. 2011).
To test this idea, we docked a crystal structure of p53’s
core DNA-binding domain into our reconstruction (Fig.
3). First, we generated an ∼11 Å EM map from the crystal
structure of one p53 core domain (PDB ID 2OCJ) (Wang
et al. 2007) to assist the orientation of the docking. After
the position was defined, the crystal structure was docked
into the density map of the p53/Pol II cocomplex via flex-
ible fitting using iMODFit (Fig. 3; Supplemental Fig. S4;
Lopez-Blanco and Chacon 2013). The analysis shows
that a singleDNA-binding domain accounts for amajority

Figure 2. The cryo-EM3D structure of the p53/Pol II cocomplex.
(A) 3D reconstruction of p53/Pol II (∼11 Å) is shown in two differ-
ent views. The prominent extra EM density between the p53/Pol
II and Pol II-alone maps is defined as the p53 protein (highlighted
in dark purple). Pol II is colored gold, with canonical structural
features of Pol II indicated. Bar, 60 Å. (B, left panel) The 3D struc-
tures of published Pol II display open and closed clamps (high-
lighted in blue and pink, respectively) (Kostek et al. 2006). The
3D reconstruction of p53/Pol II was superimposed onto free Pol
II structures using Chimera (Pettersen et al. 2004). The clamp
domain of p53/Pol II (shown in gold mesh) that overlaps with
the closed conformation of free Pol II (pink) is indicated by the
white circle. The correlation score for the fitting of the closed
Pol II form and p53/Pol II is 0.9626, and the correlation score for
the open Pol II form versus p53/Pol II is 0.9574 (Chimera). The
p53 density is highlighted in purple.

Structure of p53-bound RNA polymerase II

GENES & DEVELOPMENT 2529

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.285692.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.285692.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.285692.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.285692.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.285692.116/-/DC1


of the p53 density in our structure, with the flexibleN ter-
minus and C terminus of p53 being mostly averaged out
during data processing. This finding is consistent with
the evidence that the core domain of p53mediates binding
to Pol II (Kim et al. 2011). Furthermore, the docking anal-
ysis suggests that p53’s key DNA-binding interface can be
exposed when bound to Pol II.

To potentially probe themissing density of p53, focused
two-dimensional (2D) classification was carried out on se-
lect class averages corresponding to the view of p53-bound
Pol II (Supplemental Fig. S5). We found no large extra den-
sity that could correspond to the ∼200-kDa tetrameric
DNA-binding form of p53. In addition, variability around
the p53/Pol II contact surface was detected, indicating
structural plasticity of p53’s interaction with Pol II. This
structural flexibility appeared to limit the visibility and
resolution of the p53 density within the 3D reconstruc-
tion. Nevertheless, even though our structure indicates
a p53 monomer that is most likely present in the assem-
bly, it is possible that other oligomeric forms of p53 can
associate with Pol II.

Biochemical mapping of p53 contact surfaces

To validate our observations and map potential contact
surfaces in the context of intact Pol II, we carried out
photo-cross-linking label transfer assays using the trifunc-
tional reagent Sulfo-SBED (S-SBED) (Supplemental Fig.
S6), which had been used previously to determine the tar-
gets of activators within various transcription complexes
(Brown et al. 2001; Neely et al. 2002; Liu et al. 2009). To
identify all potential Pol II contacts with p53, we first la-
beled purified p53 with S-SBED at pH ∼7.9 to target all in-
ternal tertiary amines (i.e., lysines), thereby biasing the
reaction toward “body labeling” (Fig. 4, left panel). Previ-
ous studies reported that the N-terminal transactivation
domain of p53 interacts with basal transcription factors
(Liu et al. 1993; Di Lello et al. 2006). We thus also sought
to examine which Pol II subunits contacted the N-termi-
nal transactivation domain of p53. Hence, the p53 protein
was also labeled with S-SBED specifically at pH ∼7.2,
which allows the sulfonated ester group to react primarily
with theN-terminal primary amine group, thus achieving
an N-terminal labeling (Fig. 4, right panel). With the ex-
ception of differential pH used, the “body-labeling” and
“N terminus-labeling” experiments were conducted in

Figure 3. p53’s DNA-binding interface is exposed within the as-
sembly. Docking of the crystal structure of the human p53 core
DNA-binding domain (dark purple; PDB ID 2OCJ) (Wang et al.
2007) into the 3D reconstruction of p53/Pol II is shown in two dif-
ferent zoomed views. The p53 density is highlighted in light pur-
ple, and Pol II is colored in gold. The surface region on the EMmap
containing four p53 key DNA-binding residues (i.e., G245, R248,
R273, andR280) is highlighted in pink. TheN terminus andC ter-
minus of the core domain are indicated. The correlation score in
iMODFit (Lopez-Blanco and Chacon 2013) for flexible fitting of
p53 into the segmented extra density in the p53/Pol II map is
0.87595. (Bottom panel) Docking of human Pol II from the open
PIC (PDB ID 5IY7) (He et al. 2016) into our cryo-EM map of
p53/Pol II shows no obvious steric clashes between p53 and
Rpb1 (green) or Rbp2 (blue).

Figure 4. p53 contacts within Pol II using label transfer assays.
p53 was labeled at internal lysines (left panel, marked as
“body”) and the N terminus (right panel, marked as “N termi-
nus”) with the trifunctional S-SBED cross-linker (Thermo Fisher
Scientific). Reactions containing cross-linker alone (lanes 1,2,5,6)
and labeled p53 (lanes 3,4,7,8) were mixed with Pol II (lanes
2,4,6,8) and exposed to UV light. Pol II subunits that are within
17–21 Å distance of the S-SBED were covalently conjugated to
p53. After cleaving the cross-linker with DTT, the biotin group
was transferred from p53 to the cross-linked Pol II subunit.
SDS-PAGE and immunoblotting with anti-biotin revealed Pol II
subunits that specifically contact the p53 protein. The stars rep-
resent nonspecific cross-linked bands. The arrow represents
cross-linked p53 dimers. Consistent with our previous report
(Liu et al. 2009), p53 cross-linked with itself easily due to its olig-
omerization domain.
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the same manner (Supplemental Fig. S6). Our purified
native Pol II was incubated with S-SBED-labeled p53 to
initiate formation of the p53/Pol II cocomplex. The sam-
ples were then exposed to UV to activate the aryl azide
group on S-SBED, which cross-links to nearby subunits
of Pol II. After cleavage of the disulfide bond within
S-SBED, the biotin moiety was transferred from p53 to
any adjacent Pol II subunits within a 17–21 Å radius
(Brown et al. 2001; Neely et al. 2002). The resulting bio-
tin-tagged Pol II subunits were visualized by Western
blot analysis using an antibody against biotin.
Our analysis of the p53/Pol II association showed that

when we body-labeled the lysines throughout p53, the
Rpb1 subunit was strongly tagged with biotin, while
Rpb2 was also weakly cross-linked (Fig. 4, left panel, cf.
lanes 3 and 4). These specifically cross-linked Pol II sub-
units migrated according to their known molecular
weights (217 kDa and 134 kDa, respectively). This result
corroborates our structural and docking analysis, which
demonstrated that p53 contacts the Rpb1 and Rpb2 sub-
units. Intriguingly, our results showed that the N-termi-
nal activation domain of p53 contacts the Rpb1 subunit
but not Rpb2 (Fig. 4, right panel, cf. lanes 7 and 8). This
would place theN terminus of p53 distal to Rpb2. Howev-
er, the flexibility of p53’s N-terminal activation domain
prevented its visualization in our structure.

p53 modulates Pol II elongation activity

While the association between p53 and Pol II was docu-
mented previously (Balakrishnan and Gross 2008; Kim
et al. 2011) and in this study, the functional activity of
their interaction remains poorly understood. To this
end, we investigated whether the p53/Pol II assembly
had an effect on the elongation activity of Pol II via an
in vitro Exo III mapping assay (Fig. 5; Supplemental Fig.
S7), as established previously (Sidorenkov et al. 1998; Kir-
eeva et al. 2000). In brief, an elongation complex was
formed by loading Pol II onto a fluorescently labeled
DNA template with a bubble containing an RNA/DNA
hybrid (Fig. 5, top panel; Supplemental Fig. S7). To map
out the position of Pol II on the template, Exo III was added
to digest the DNA in a 3′-to-5′ direction until encounter-
ing the elongation complex. These mapping reactions
were carried out on Pol II alone (Fig. 5A, lanes 2,3), Pol II
preassembled with p53 (Fig. 5A, lanes 4,5, designated as
“p53/Pol II”), or Pol II with later addition of p53 (Fig. 5A,
lanes 6,7, designated as “Pol II, +p53”). For the location
of Pol II specifically loaded onto the template strand, the
Exo III digestion reaction yielded a single major product
at 143 base pairs (bp), representing loaded Pol II. Once
Pol II was loaded onto the bubble, transcription was initi-
ated by adding a mixture of nucleotide triphosphates
(NTPs) lacking uridine triphosphate (UTP), which allows
Pol II to transcribe 5 bp and stall on the template (Supple-
mental Fig. S7). UponNTP (−UTP) addition, Pol II elonga-
tion occurred on the template and yielded a 138-bp Exo III
digestion product, representing elongated Pol II (Fig. 5A,
lanes 3,5,7). The elongation efficiency was then deter-
mined based on the intensity of the 138-bp band relative

to the sum intensity of both the 138-bp and 143-bp bands
(i.e., loaded plus elongated Pol IIs) (Fig. 5B). When Pol II
was preassembled with p53, the relative percentage of
elongation was increased compared with Pol II alone. An
elevated elongation efficiency of Pol II was also observed
in the presence of p53 after Pol II was loaded. These results
indicate that p53’s binding can modulate the elongation
activity of Pol II.
In addition to elongation activity, somemild differences

in the loading of Pol II onto the bubble were also consis-
tently detected (Fig. 5A, cf. lanes 2, 4, and 6). Preassembly
of p53/Pol II slightly inhibited Pol II loading onto the
RNA/DNA hybrid template (Fig. 5A, cf. lanes 2 and 4).
On the other hand, Pol II loading was not affected when
p53 was subsequently added (Fig. 5A, cf. lanes 2 and 6).
This finding indicates that the p53/Pol II association
may affect engagement of Pol II with the RNA/DNA bub-
ble. Perhaps the preassembly of p53 on Pol II might inhibit
nonspecific loading of the DNA into the Pol II cleft in the
absence of additional core promoter recognition factors.

Figure 5. p53/Pol II assembly affects Pol II elongation via Exo III
mapping. (A) DNA templates with a bubble containing an RNA:
DNA hybrid weremixed together with Pol II alone (lanes 2,3) or a
preassembled p53/Pol II complex (lanes 4,5) and incubated for
20 min at 30°C. (Lanes 6,7) A third set of reactions (i.e., Pol II,
+p53) contained Pol II incubatedwith the RNA:DNA hybrid tem-
plate for 10 min at 30°C followed by addition of p53 for another
10min. (Lanes 3,5,7) Elongation of Pol II was initiatedwith amix-
ture of NTPs lacking UTP for 10 min at 30°C, resulting in Pol II
stalling 5 bp downstream at a T residue in the template. Exo III
digestion was carried out for 10 min at 37°C to map out the posi-
tion of Pol II on the template in the absence and presence of
NTPs. The 143-bp digestion product signifies Pol II loaded onto
the 3′ of the RNA:DNA hybrid, while the 138-bp band represents
elongated Pol II. (B) Quantitation of the percentage of elongated
Pol II represents the intensity of the 138-bp band divided by the
sum intensity of the 138-bp band and the 143-bp band. At least
six independent experiments were performed and yielded stan-
dard deviations as indicated.
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Collectively, our structural and biochemical findings re-
veal that p53 targets distinct surfaces of Pol II to regulate
its conformational state and elongation function, thereby
providing insights into p53-mediated gene expression for
tumor suppression.

Discussion

Our studies reveal that p53 specifically targets distinct sur-
faces of Pol II that engage DNA. p53 appears to contact
Rpb1 via the clamp domain and Rpb2 via the lobe and pro-
trusion domains (Fig. 2). These domains form part of the
cleft intricately involved in Pol II/DNA interactions. The
clamp domain directs open and closed conformations of
Pol II responsible for its specific functions (Kostek et al.
2006). The open conformation functions to accommodate
DNA into the Pol II cleft (Chakraborty et al. 2012; He et al.
2013). The closed conformation stabilizes the interaction
of Pol II with nucleic acids during transcription initiation
and elongation (Gnatt et al. 2001;Kosteket al. 2006;Chak-
raborty et al. 2012; Bernecky et al. 2016). Here, a closed
conformation was observed when p53 bound to Pol II
(Fig. 2B). In addition, p53 aids inPol II elongation efficiency
(Fig. 5). Another study using a yeast system suggests that
p53 inhibits Pol II processivity on episomal reporter genes
(Kim et al. 2011). These findings indicate that p53 could
directly modulate Pol II’s clamp domain to regulate tran-
scription initiation and elongation. In support of this
idea, the elongation factor Spt4/5 targets the sameposition
on the Pol II cleft as p53, displaying a closed conformation
within the context of an elongation complex (Gnatt et al.
2001; Kostek et al. 2006; Bernecky et al. 2016). Important-
ly, Spt4/5 directly interactswith the clampdomain to both
positively and negatively regulate Pol II elongation (Yama-
guchiet al. 1999;Berneckyet al. 2016;Crickardet al. 2016).

The docking analysis reveals that p53’s key DNA-bind-
ing interface, frequently mutated in a variety of cancers
(Freed-Pastor and Prives 2012), is exposed on the surface
of the assembly (Fig. 3). This indicates that p53 could re-
tain its ability to associate with DNA directly while in
complex with Pol II. Perhaps this ability could allow p53
to mimic elongation factors Spt4/5 and NusG, which sta-
bilize the upstream DNA and the nontemplate strand in
the transcription bubble to help prevent Pol II backtrack-
ing (Herbert et al. 2010; Chakraborty et al. 2012; Bernecky
et al. 2016; Crickard et al. 2016). Therefore, a conserved
structural mechanism may be used by p53, Spt4/5, and
NusG to modulate Pol II elongation activity. An impor-
tant and challenging next step will be to pursue cryo-
EM-derived p53/Pol II/DNA structures. It will be intrigu-
ing to ascertain whether these p53-induced changes can
accommodate or even facilitate DNA contacts that may
stabilize the binding of Pol II to DNA and/or the transcrip-
tion bubble.

Recent elegant structural studies using advanced sin-
gle-particle cryo-EM have begun to reveal the relative ar-
rangements between Pol II and the basal factors within
the PIC (He et al. 2013, 2016; Murakami et al. 2015;
Plaschka et al. 2015; Louder et al. 2016). However, the

structural insights into how transcriptional activators
(e.g., p53 in this study) bind human Pol II and the PIC com-
ponents remain limited largely due to several challenges,
including dynamic interactions and inherent protein flex-
ibility (Levine et al. 2014). Therefore, we docked our 3D
structure into atomic models of the nearly complete hu-
man closed and open PICs (Fig. 6; Supplemental Fig.
S8A; Supplemental Movies S2, S3; He et al. 2016). These
docking experiments reveal that p53 would occupy a dis-
tinct surface of Pol II near the core promoter DNA be-
tween the TSS and the upstream elements (e.g., TATA-
box and BRE). However, the p53 density appears to overlap
with DNA in this region. Since structural variability oc-
curs when p53 binds Pol II, p53’s position is likely dynam-
ic (Supplemental Fig. S5). Perhaps, to accommodate the
upstream DNA, p53 could adjust its location accordingly
within the PIC. The variability of p53’s contact surface
within Pol II implies the potential flexibility of p53 to

Figure 6. Representative computational models of p53’s multi-
plex interactions within the core PICs. (A) Docking of our cryo-
EM structure of the p53/Pol II cocomplex into atomic models de-
rived from the high-resolution 3D reconstructions of the closed
and open human PICs (PDB ID 5IY6 and 5IY7) (He et al. 2016)
is shown. The EM density representing p53 is highlighted in
dark purple, while Pol II is colored gold. Components within
this core PIC are color-coded as in He et al. (2016). p53 could po-
tentially reorientate during the transition between the open and
closed PICs. (B) Rotated and zoomed views display the location
of p53 with respect to DNA and the adjacent components within
the core closed PIC (left panel) and open PIC (right panel). TFIIE-β
is omitted for clarity. The TATA-box (TATA, yellow) and TSS
(pink) within the core promoter are listed. Analyses imply that
p53 likely contacts the TBP subunit (red spheres) of TFIID, TFIIB
(blues spheres and ribbons), and upstream promoter DNA during
p53/TFIID-mediated PIC assembly.
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engage Pol II and DNA. This unique position indicates
that p53 may be involved in the progression of the PIC
from a closed to an open state, potentially binding non-
template DNA strands in the bubble.
Notably, certain target genes harbor the p53 response

elements distal to the core promoter (Chang et al. 2014).
In these cases, a looping mechanism during transcription
activation could be involved. Based on our structure, we
speculate that Pol II could bind a p53 monomer or dimer.
Perhaps when the p53/RNA Pol II complex encounters a
response element, association with additional p53 oligo-
mers may help it to loop and bind the core promoter in a
hemispecific manner via contacts within the PIC compo-
nents. In support of this idea, a previous study suggests
that one dimer of p53 occupies the response element,
while the other dimer of the tetramer can bind nonspecific
DNA (Leith et al. 2012). Additionally, Pol II recruitment
could be mediated by p53’s interactions with other PIC
components such as TFIID and Mediator.
The computational models in Figure 6 also imply that

p53 bound to Pol II would be in close proximity to the
binding site of the core initiation machinery, specifically
the GTFs TFIID and TFIIB, (Geiger et al. 1996; Nikolov
et al. 1996; Kostrewa et al. 2009; Muhlbacher et al.
2014). This observation is supported by several lines of ev-
idence. First, both biochemical and structural reports
have shown that p53 interacts directly with TFIID (via
its TBP and TAF subunits) and TFIIB (Liu et al. 1993,
2009; Martin et al. 1993; Liu and Berk 1995; Bereczki
et al. 2008). Second, the N-terminal activation domain
of p53 can bind the first helical repeat of TFIIB that is im-
mediately adjacent to p53 present in our docked structure
(Jonker et al. 2005; Langlois et al. 2008). Moreover, a re-
cent elegant high-resolution genome-wide mapping study
documented that p53, Pol II, and TFIIB are in close prox-
imity at p53 response elements during stress across differ-
ent cell lines (Chang et al. 2014). Collectively, these
studies imply that p53 could stimulate a core scaffold
via multiplex interactions with Pol II, TFIIB, and TBP/
TFIID within the PIC (Liu et al. 2009).
Activators, such as p53, target the Mediator coactiva-

tor complex to assist Pol II recruitment on DNA (Maston
et al. 2012). Therefore, we also superimposed our p53/Pol
II structure onto the yeast Mediator core initiation atom-
ic model (i.e., the cITC–cMed complex) (Supplemental
Fig. S8B; Plaschka et al. 2015). We found no steric clashes
between p53 and core Mediator components (i.e., cMed),
posing the possibility that p53 and Mediator can co-oc-
cupy Pol II. In further support of our model, a recent
cryo-EM structure of a complete yeast Mediator/PIC fur-
ther suggests that the flexible Mediator tail domain can
swing up close to TBP and the upstream DNA where
the activator GCN4 resides (Robinson et al. 2016). We
also compared our reconstruction with structures of the
human Mediator/Pol II/TFIIF cocomplexes (with or with-
out the activator VP16) (Bernecky et al. 2011; Bernecky
and Taatjes 2012). The results indicate that p53’s posi-
tion may not interfere with the interface between Pol
II, TFIIF, and Mediator. In addition, a previous report
on a human p53/Mediator cocomplex suggests that p53

binds distinct surfaces (i.e., the head to middle section)
immediately adjacent to the Pol II-docking pocket within
Mediator (Meyer et al. 2010). Taken together, these
findings raise a possibility for p53 to simultaneously
bind Pol II and Mediator for corecruitment to a target
gene promoter.
How full-length wild-type human p53 associates with

its binding targets remains inconclusive, in large part
due to the inherent structural plasticity of the protein at
its N-terminal and C-terminal domains (Okorokov et al.
2006; Emamzadah et al. 2011; Melero et al. 2011; Pham
et al. 2012). For instance, p53, along with other potent
transcriptional activators (e.g., VP16), contains intrinsi-
cally disordered regions that fold upon interaction with
different partners (Triezenberg 1995; Dyson and Wright
2005; Jonker et al. 2005; Lee et al. 2009; Park et al.
2011). Here our reference-free 2D class averages and the
3D structure of the cocomplex did not reveal a tetrameric
DNA-binding form of p53 when bound to Pol II (Fig. 2;
Supplemental Fig. S5). Rather, themajority of the p53 den-
sity in our structure corresponds to that of a lone p53
DNA-binding domain. This indicates that p53 may inter-
act with Pol II as a monomer in the absence of DNA (Fig.
3). However, the p53 density determined from single-par-
ticle reconstructions represents only themost stably asso-
ciated portion of p53 bound to Pol II. This common
situation would invariably lead to underrepresenting the
actual size of the protein in a manner not unlike crystal
structures of domainswith flexible loops that become “in-
visible” in the crystal structure (Levine et al. 2014). We
therefore cannot rule out that oligomeric p53 (e.g., dimer)
could be present in our p53/Pol II structure. Thus far, lim-
ited evidence has been provided regarding the oligomeric
status of p53 when bound to its interactors (Kamada et al.
2016). Therefore, it remains an open questionwhether the
tetrameric form of p53 exclusively binds to its interacting
factors. To potentially test this idea, we docked a p53 core
tetramer into our structure (Supplemental Fig. S9). The
analysis suggests that Pol II could potentially bind tetra-
meric p53. Nevertheless, it is possible that the interaction
of Pol II and the p53 core domain could allosterically reg-
ulate p53 oligomerization. Consistent with this concept,
intramolecular contacts between p53’s DNA-binding
core domain and an N-terminal hinge region was shown
to influence its oligomeric status (Natan et al. 2011). De-
spite the potential significance of monomeric p53 bound
to Pol II, it is premature to speculate regarding its func-
tional importance. Overall, structurally dissecting p53’s
multiplex interaction with several basal factors of the
PIC on target genes will advance our understanding of
how activators stimulate eukaryotic transcription.

Materials and methods

Purification of p53/Pol II

Human recombinant full-length p53 protein with a Strep tag II
and 6× histidine tag at the N terminus (plasmid details available
on request) was expressed in Sf9 cells using the baculovirus sys-
tem and purified over StrepTactin resins (GE Life Sciences)
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according to themanufacturer’s protocols. Nuclear extract gener-
ated from 32 L of HeLa cells was incubated overnight at 4°C with
the 8WG16 anti-Pol II C-terminal domain (CTD) monoclonal an-
tibody (mAb) covalently conjugated to protein G beads (GE Life
Sciences). The 8WG16 immunoprecipitates were centrifuged at
1000 rpm for 5 min at 4°C followed by extensive washing with
0.5 M KCl/HEMG buffer and 0.1 M KCl/HEMG buffer (at pH
7.9, 20 mM HEPES, 0.2 mM EDTA, 2 mM MgCl2, 10% glycerol,
0.05%NP40, 1mMDTT, 0.5mMPMSF). A fivefoldmolar excess
of purified p53 was added, and the reaction was first incubated for
5 min at room temperature and then for 2 h at 4°C. The beads
were washed five times with 0.1 M KCl/HEMG buffer. The
p53/Pol II cocomplex was eluted using 1.5 mg/mL peptide in
0.1 M KCl/HEMG recognized by 8WG16. The eluates were con-
centrated with a Microcon-50 concentrator (EMD-Millipore).
Protein samples were analyzed by 4%–12% SDS-PAGE and visu-
alized by Flamingo fluorescent gel stain (Bio-Rad) and a Typhoon
image scanning system (GE Life Sciences).

Cryo-EM and single-particle 3D reconstruction of p53/PolII

For cryo-EM sample grid preparation, a thin carbon film support-
ed by a 400-mesh carbon-thickened C-flat holey grid with hole
diameter 1.2 µm and spacing 1.3 µm (CF-1.2/1.3-4C, Protochips)
was freshly glow-discharged using a high-vacuum evaporator
(Denton). The grid was loaded onto a Vitrobot (FEI) that was pre-
set at 100% humidity and 4°C for vitrification of our samples.
The assembled p53/Pol II cocomplex (3.5 µL; 80∼90 ng in total
amount) was applied directly on the grid for 10 sec followed by
5.5 sec of blotting. The sample grid was then washed with 3.5%
trehalose in 0.1 M KCl/HEM buffer (20 mM HEPES, 0.2 mM
EDTA, 2 mM MgCl2 at pH 7.9) for 10 sec, blotted for 5.5 sec,
and finally frozen in liquid ethane.
Initial cryo-EM data were collected with a JEM-2100F trans-

mission electron microscope (JEOL) operated at 200 KeV with a
defocus range of −0.5 µm to −3.5 µm. Digital micrographs were
collected using a K2 direct electron detector (Gatan) operating
in counting mode at a calibrated magnification of 34,014 (1.47
Å per pixel) and a defocus range of −0.5 µm to −3 µm, along
with the Leginon data collection software for semiautomated ac-
quisition targeting (Suloway et al. 2005). Twenty-five frame expo-
sures were taken at 0.4 sec per frame (10 sec total exposure time)
and a total dose of 41.13 electrons per square angstrom permicro-
graph. Particles were selected using the CTF parameters of the
micrographs that were estimated using CTFFIND3 (Mindell
and Grigorieff 2003). After using these images for the initial
data analysis, new digital micrographs were collected with a Ti-
tanKrios transmission electronmicroscope (FEI) using aK2 direct
electron detector (Gatan) operating in counting mode at a cali-
brated magnification of 45,455 (1.1 Å per pixel) and a defocus
range of −0.5 µm to −3 µm, along with the Leginon data collec-
tion software for semiautomated acquisition targeting (Suloway
et al. 2005). Fifty frame exposures were taken at 0.2 sec per frame
(10 sec total exposure time) and a total dose of 66.80 electrons per
square angstrom per micrograph. Particles were selected using
theCTF parameters of themicrographs thatwere estimated using
CTFFIND3 (Mindell and Grigorieff 2003).
A total of 1000–2000 homogeneous particles was initially

picked manually from micrographs that represented the entire
defocus spectrum and was used to generate 2D class averages in
a preliminary 2D classification run. These initial 2D class averag-
es were then used as references to pick particles from all micro-
graphs using the autopicking function in RELION (Scheres
2012, 2015). All particles were then used to generate 2D class av-
erages in RELION so that the particles from obvious junk classes

could be removed. The remaining particles were applied for the
3D reconstruction. A total of 16,215 particles was obtained
from JEM-2100F/K2-derived micrographs for the initial recon-
struction. A total of 14,999 particles was obtained from those im-
ages recorded using the Titan Krios cryo-microscope and a K2
detector.
All 3D classification analyses were carried out in RELION

(Scheres 2012). To circumvent initial model bias, 3D classifi-
cation was run using a 60 Å low-pass-filtered initial model of
p53/Pol II that was generated using the RCT approach (Supple-
mental Fig. S3B; Radermacher et al. 1987). Initial 3D reconstruc-
tion was carried out using 16,215 particles derived from JEM-
2100F/K2 images. These analyses helped to resolve the heteroge-
neity of the data set to distinguish p53-bound Pol II particles from
unbound Pol II particles. The p53/Pol II structure obtained after
sorting displayed distinct canonical features of Pol II and a prom-
inent extra density assigned as the p53 protein. To further define
structural features of p53, the JEM-2100F-derived structure of
p53/Pol II (low-pass-filtered to 60 Å) was used as an initial model
for additional unsupervised 3D classification analysis using the
new 14,999-particle data set obtained from the Krios/K2-derived
micrographs (Supplemental Fig. S3B). Two out of three classes
were indicative of the p53/Pol II initial structure and were pooled
together (8097 particles) and subjected to 3D autorefinement fol-
lowed by another 3D classification to generate the final p53/Pol II
structure at a global resolution of 10.8 Å. Resolution of the struc-
ture was determined using the RELION software and correspond-
ed to the gold-standard Fourier shell correlation using the 0.143
criterion (Supplemental Fig. S3C). Angular distribution of particle
views used in the reconstruction was determined using RELION,
and its 3D plot was visualized in Chimera (Supplemental Fig.
S3D; Supplemental Movie S4). Local resolution was calculated
using the Resmap software package (Supplemental Fig. S3B;
Kucukelbir et al. 2014), and figures were generated using Univer-
sity of California at San Francisco Chimera (Pettersen et al. 2004).

Generation of an initial 3D model of p53/Pol II using RCT

To prevent any initial model bias during 3D reconstruction, an
initial model was generated by the RCT method using the
EMAN2 scientific image processing suite (Tang et al. 2007). Mi-
crographs of negatively stained p53/Pol II particles were first re-
corded at tilts of 0° and −50°. The picking of the untilted/tilted
particle pairs from themicrographs was carried out using the pro-
gram e2boxer.py. The 2D class averages of the untilted particles
were then yielded using the program e2refine2d.py. The best 2D
class averages showing clear features and representing different
views of the p53/Pol II structure were selected for further analy-
sis. RCT reconstructions were generated using the particles
from each selected class along with the corresponding tilted par-
ticles using the program e2rct.py. The RCT reconstructions were
then aligned and averaged to produce an optimal reconstruction,
which was then low-pass-filtered to 60 Å and used as the initial
reference model for 3D classification in RELION (Supplemental
Fig. S3B).

Focused classification of p53

Focused classification was carried out using the IMagic-4D soft-
ware (van Heel et al. 1996). All particles that generated the p53/
Pol II 3D structure were first subjected to reference-free 2D clas-
sification. Select classes that displayed the characteristic view of
p53-bound Pol II were then chosen and resubjected to 2D classifi-
cation using a 2D mask segmenting the p53 density.
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Docking of the p53 core domain into the p53/Pol II structure

An EM density map filtered to 11 Å was generated from a crystal
structure of the p53 core domain (PDB ID 2OCJ) (Wang et al.
2007). This EM density of the p53 core domain, along with its
crystal structure, was superimposed onto the p53/Pol II recon-
struction via rigid body fitting in Chimera. The prominent extra
density representing p53 in the p53/Pol II maps was then seg-
mented in Chimera. We then used this segmented density to per-
form flexible fitting with the crystal structure of p53 (PDB ID
2OCJ) via iMODFit (Lopez-Blanco and Chacon 2013) with a final
correlation of 0.87595. The RMSD (root mean squared deviation)
between the final flexible fit p53model and the initial p53 crystal
structure (PDB ID 2OCJ) was 1.709 Å.

Label transfer assays

One microgram of p53 was incubated with 20 µL of nickel resin
(Qiagen) prior to addition of the cross-linking reagent S-SBED
(Thermo Scientific) following the manufacturer’s instructions,
which reacts with lysines using 0.1 M KCl/HMG buffer (at pH
7.9, 20 mM HEPES, 2 mM MgCl2, 10% glycerol, 0.1% NP40,
0.5 mM PMSF). The N terminus of p53 was labeled using 0.1 M
KCl/HMG buffer (pH 7.2). As a mock control, 0 µg of p53 was in-
cubated with 20 µL of nickel resin. The reactions were incubated
for 15 min at room temperature in the dark. Excess unreacted
cross-linker was removed via extensive washing. S-SBED-labeled
p53 was eluted off the nickel resin with 40 µL of elution buffer
(0.3 M imidazole, 139 mM KCl, 20 mM HEPES, 2 mM MgCl2,
10% glycerol, 0.1% NP40, 0.5 mM PMSF). One-hundred-fifty
nanograms of S-SBED-labeled p53 was incubated with 60 ng of
Pol II for 1 h at 30°C. The mixture was then exposed to UV light
(365 nm) for 10 or 13min at room temperature to activate the aryl
azide moiety on the SBED-labeled p53 and covalently cross-link
any protein within 17–21 Å. The reactions were treated with
DTT to cleave the disulfide bond and thus transfer the biotinmoi-
ety from p53 to the cross-linked subunits of Pol II. The biotin-
labeled Poll II subunits were disrupted and detected by SDS-
PAGE and subjected to immunoblotting using an anti-biotin an-
tibody (Rockland). The identities of biotin-labeled Pol II subunits
were determined based on their known migration in SDS-PAGE
gels and confirmed byWestern blotting analysis using antibodies
against the specific Pol II subunits (Santa Cruz Biotechnology).

In vitro elongation/Exo III mapping assays

The elongation complex containing RNA Pol II bound to a RNA/
DNA hybrid template was formed according to previously estab-
lished procedures (Sidorenkov et al. 1998; Kireeva et al. 2000)
with the followingmodifications. First, 0.8 pmol of 5′ fluorescent-
ly labeled IRDye 800 (IDT)-labeled PCR fragment (258 bp) encom-
passing the supercore promoter (Revyakin et al. 2012) weremixed
together with 125 pmol of a complimentary 10-bp RNA fragment
inddH2Oandheated for 5min to 99°C.ThedenaturedRNA/DNA
mixturewas then cooled at a rate of 0.1°C per second to 45°C. The
sample remained for an additional minute at 45°C followed by a
second round of cooling at a rate of 0.1°C per second to 25°C to al-
low formation of the RNA/DNA hybrid. p53 (50 nM) was preas-
sembled with 50 nM Pol II for 30 min at 30°C to form the
assembly (i.e., p53/Pol II). Next, elongation complexes were as-
sembled by incubating 1.7 nM RNA/DNA template with either
50 nM Pol II or 50 nM preassembled p53/Pol II in 50 mM KCl/
HEMG buffer (at pH 7.9, 12.5 mM HEPES, 0.05 mM EDTA, 6.25
mM MgCl2, 5% glycerol) for 20 min at 30°C. For reactions (i.e.,
Pol II, +p53) in which p53 was added 10min after complex forma-
tion, p53 was added subsequently for 10 min at 30°C. After elon-

gation complexes formed, Pol IIs were allowed to transcribe for 5
bp and then stalled by adding a mixture of NTP containing only
ATP, CTP, and GTP (i.e., 50 µMNTP −UTP) for 10 min at 30°C.
Tomap the position of the RNAPol II complex along the RNA/

DNA template, 50 U of Exo III (New England Biolabs) was added
to these reactions for 10 min at 37°C. Exo III digestion was then
terminated by addition of 2× sample loading buffer containing
formamide (Alfa Aesar) prior to heat denaturation for 3 min at
70°C. Reactions, along with fluorescently labeled DNA size stan-
dards, were immediately loaded and electrophoresed on a 10%
TBE–urea polyacrylamide gel containing 7 M urea (Invitrogen)
followed by fluorescent scanning of the gel (Licor Odyssey). The
percentage of elongation efficiency was calculated based on the
signal intensity from the 138-bp digestion product divided by
the combined signals of the 138-bp and 143-bp fragments. Com-
plete details regarding the sequences of the 258-bp PCR product
and the complementary 10-bp RNA fragment are in the Supple-
mental Material. At least six independent experiments were per-
formed to yield the standard deviations presented in Figure
5B. Representative data are shown in Figure 5A.
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