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The TATA-binding protein (TBP) plays a crucial role in cellular transcription catalyzed by all three
DNA-dependent RNA polymerases. Previous studies have shown that TBP is targeted by the poliovirus
(PV)-encoded protease 3Cpro to bring about shutoff of cellular RNA polymerase II-mediated transcription in
PV-infected cells. The processing of the majority of viral precursor proteins by 3Cpro involves cleavages at
glutamine-glycine (Q-G) sites. We present evidence that suggests that the transcriptional inactivation of TBP
by 3Cpro involves cleavage at the glutamine 104-serine 105 (Q104-S105) site of TBP and not at the Q18-G19 site
as previously thought. The TBP Q104-S105 cleavage by 3Cpro is greatly influenced by the presence of an
aliphatic amino acid at the P4 position, a hallmark of 3Cpro-mediated proteolysis. To examine the importance
of host cell transcription shutoff in the PV life cycle, stable HeLa cell lines were created that express
recombinant TBP resistant to cleavage by the viral proteases, called GG rTBP. Transcription shutoff was
significantly impaired and delayed in GG rTBP cells upon infection with poliovirus compared with the cells
that express wild-type recombinant TBP (wt rTBP). Infection of GG rTBP cells with poliovirus resulted in
small plaques, significantly reduced viral RNA synthesis, and lower viral yields compared to the wt rTBP cell
line. These results suggest that a defect in transcription shutoff can lead to inefficient replication of poliovirus
in cultured cells.

Poliovirus (PV) is the prototype virus of a large group of
medically important viruses (picornaviruses) that include those
inducing poliomyelitis (polioviruses), infectious hepatitis (hep-
atitis A virus), the common cold (rhinoviruses), and encepha-
litis and myocarditis (coxsackie viruses) (31). The single-
stranded, plus-polarity RNA genome (�7,500 nucleotides) of
PV (18, 30) is translated into one large polyprotein, which is
cotranslationally processed by virally encoded proteases 2Apro,
3Cpro, and 3CDpro into mature viral structural and nonstruc-
tural proteins (22). The viral proteases have been studied ex-
tensively and found to be very specific in polyprotein cleavage;
3Cpro and 3CDpro cleave the polyprotein at glutamine-glycine
(Q-G) bonds while the 2Apro cleaves only at tyrosine-glycine
(Y-G) bonds (20). The proteases do not cleave every potential
cleavage site within the polyprotein; other determinants such
as accessibility and context of the cleavage site are also impor-
tant.

Accurate initiation of transcription by RNA polymerase
(Pol) II requires the assembly of a multiprotein complex on the
core promoter around the mRNA start site (13). The multi-
protein complex, consisting of at least seven to eight general
transcription factors (GTFs) and RNA Pol II form a preinitia-
tion complex at specific cis-acting elements (promoters) on the

DNA template. The most common cis-acting element, the
TATA box, is situated approximately 25 nucleotides upstream
of the transcription start site. Among the GTFs in the complex,
the TATA-binding protein (TBP) has been studied extensively
(29). The TBP was first identified through its role in Pol II
transcription, where it associates with 13 or 14 TBP-associated
factors to form the TFIID complex (34). The unique aspect of
TBP is its additional presence in complexes required for RNA
Pol I (SL1) and RNA Pol III (TFIIIB) transcription. In both
SL1 and TFIIIB complexes, TBP associates with a distinct set
of TBP-associated factors (7, 33). Thus, TBP appears to be
involved in all three RNA polymerase-mediated transcriptions.
TBP has a bipartite structure with a highly conserved C-termi-
nal core domain (amino acids 159 to 339), which folds as a
molecular saddle, and is responsible for DNA binding via the
concave underside. Additionally, the core also interacts with
GTFs and other regulatory proteins via the solvent-exposed
convex side. In contrast, the N-terminal region (amino acids 1
to 141) is variable in both length and sequence but is well
conserved among vertebrates. It modulates DNA binding by
interacting with the core domain and is characterized by a
glutamine repeat region (Fig. 1). Recent studies have under-
scored the importance of the TBP N-terminal domain in tran-
scriptional regulation both in yeast and mammalian systems
(15, 21). Moreover, deletion of 55 and 96 amino acids from the
N-terminal domain of TBP leads to inactivation of TATA-
mediated transcription from the U6 small nuclear RNA pro-
moter (24).

Infection of HeLa cells with PV causes a severe decrease in
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cellular transcription catalyzed by all three cellular RNA poly-
merases (10). Transcription mediated by RNA polymerase I
(Pol I) is inhibited first, at 1 to 2 h postinfection, followed by
inhibition of Pol II and Pol III transcription at approximately
3 and 4 h postinfection, respectively. Crawford et al. first
showed that PV-induced inhibition of transcription observed in
vivo could be recapitulated in vitro (8). Further studies showed
that the viral protease 3Cpro alone was responsible for the
shutoff of transcription by all three cellular RNA polymerases
(36). Recent studies have shown that 3Cpro enters the nucleus
in the form of its precursor 3CD (32), which presumably un-
dergoes autocatalysis to generate 3Cpro in the nucleus of in-
fected cells. A primary target of 3Cpro in PV-infected cells was

previously identified to be the TATA-binding protein (6). Con-
sistent with this observation, the TFIID complex isolated from
PV-infected HeLa cells was transcriptionally inactive in an in
vitro reconstituted transcription assay compared to the TFIID
isolated from uninfected cells (19). Moreover, purified TBP
could be directly cleaved by the purified 3Cpro in vitro, and the
addition of purified TBP could completely restore both basal
and activated transcription from the TATA and initiator pro-
moters in HeLa cell extracts from PV-infected cells (37). Ex-
amination of the human TBP sequence revealed three Q-G
sites at positions 12, 18, and 112 (Fig. 1). Subsequent in vitro
studies using purified components showed that only the 18th
Q-G site in TBP could be efficiently cleaved by 3Cpro both in
vitro and in vivo (9).

To determine if cleavage of TBP at the 18th Q-G bond is
responsible for the shutoff of transcription in PV-infected cells,
we expressed and purified a recombinant TBP that lacks the
N-terminal 18 amino acids (called �N18 TBP). If cleavage at
the 18th Q-G bond is the primary cause of transcriptional
inactivation of TBP, then �N18 TBP should not be able to
restore transcription in PV-infected cell extracts. We found
that �N18 TBP was as active as the wild-type (wt) TBP in fully
restoring Pol II transcription in PV-infected cell extracts from
the adenovirus major late promoter (Ad MLP). We also found
that the transcriptional activity of �N18 TBP was comparable
to that of wt TBP in an in vitro transcription reconstitution
assay. Since both genetic and biochemical evidence suggested
that 3Cpro was involved in the shutoff of transcription and that
TBP was the primary target of 3Cpro, we set out to determine
if TBP was being cleaved by 3Cpro at sites other than the 18th
Q-G bond. We report here identification of a Q-S site at
position 104 to 105 of TBP, which appears to be cleaved by the
viral protease 3Cpro. We also demonstrate that an alanine
residue at P4 is critical for 3C-mediated cleavage of the 104th
Q-S bond. A truncated form of TBP lacking the first 100 amino
acids is significantly less active transcriptionally than the wt
TBP in vitro. Finally, we demonstrate that a stable HeLa cell
line expressing a recombinant TBP (rTBP) resistant to cleav-
age by the viral proteases is significantly refractive to the shut-
off of transcription by poliovirus compared to the control cell
line expressing wt TBP. Infection with poliovirus of the HeLa
cell line expressing the noncleavable form of TBP shows small
plaques and significantly reduced viral RNA synthesis com-
pared to the control TBP cell line, suggesting that a defect in
the shutoff of transcription can lead to inefficient replication of
the virus.

MATERIALS AND METHODS

Cell culture. HeLa cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) containing 5% newborn calf serum and 5% fetal calf serum.
Cells were split at a 1:10 ratio in fresh medium every 3 days. HeLa suspension
cells were grown in minimum essential Eagle medium (Sigma Inc.) with 5%
newborn calf serum at 37°C with constant stirring. Cells were reinoculated in
fresh medium every 3 days at ratios of 1:5 to 1:10.

Mutant constructs. All mutagenesis studies were done using the pGem3:
wtTBP recombinant transcription vector carrying the wt TBP construct (39). For
deletion of the C-terminal 68 (�C68TBP) and 172 (�C172TBP) amino acid (aa)
residues, the BamHI-HincII and BamHI-SspI fragments were subcloned into the
BamHI and HincII sites of the pGem3Zf� vector (Promega Inc.). To generate
TBP with C-terminal deletions of 201 aa (�C201TBP), 139 aa (�C139TBP), and
105 aa (�C105TBP), fragments were PCR amplified using T7 promoter primer
and a gene-specific primer carrying restriction sites. Fragments were digested

FIG. 1. Shutoff of RNA polymerase II-mediated transcription does
not correlate with 3Cpro-induced cleavage at the 18th glutamine-gly-
cine site in TBP. (A) The domain structure of TBP consisting of the
core, N-terminal with the glutamine stretch (Q), and acidic domain
(IV) is shown. (B) Transcription shutoff in vitro does not correlate with
TBP cleavage at the 18th Q-G site. Kinetics of transcription shutoff was
examined in HeLa transcription extracts (80 �g) using a template
DNA containing the TATA element (37) in the presence of 1 �g of
purified 3Cpro, and the reactions were stopped at indicated times. The
transcribed RNA was analyzed by primer extension using a 32P-labeled
Sp6 promoter primer (37). The arrowhead indicates the size (79 nu-
cleotides) of the correctly initiated transcription product. (C) The
same reactions as shown in panel B were examined by Western blotting
using a polyclonal antibody to human TBP. The positions of migration
of wt TBP and �N18 TBP are indicated. (D) The primary sequence of
TBP is shown. The Q-G and Y-G sites in TBP are underlined. The
arrow and the arrowhead indicate the known 2Apro and 3Cpro cleavage
sites within TBP, respectively.
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with BamHI and HindIII or HincII and cloned into the same sites of the
pGEM3Zf� vector. A gene-specific primer with a PstI site and SP6 promoter
primer were used to amplify a fragment from 388 nucleotides (nt) to the end of
the stop codon of TBP. It was digested with PstI and HindIII and ligated with
PstI-HindIII-cut pGem3:wtTBP. Thus, an in-frame deletion of 101 to 129 aa of
TBP was created. A PCR product 400 nt long with an SmaI site in the 3� end was
amplified using T7 promoter primer and a gene-specific primer. It was digested
with BamHI and SmaI and ligated with an SspI-HindIII-cut fragment of TBP,
and then the ligated product was religated into the BamHI-HindIII-cut
pGem3Zf� vector to generate an in-frame deletion of 132 to 167 amino acid
residues. All these deletion mutation clones, therefore, were under the control of
the T7 promoter.

Amino acid substitution mutagenesis was performed using the double-
stranded site-directed mutagenesis protocol. PCR primers carrying the mutated
sequences were designed for both strands, and PCR was performed using Pfu
Turbo DNA polymerase (Stratagene Inc.) in a 50-�l reaction volume. Product
was digested with DpnI, and 2 �l of that was used to transform DH5� competent
cells. All mutations were confirmed by subsequent sequencing. The mutated TBP
in which all three protease cleavage sites were altered was generated by sequen-
tial mutagenesis of wt TBP and named rTBPGG (QG18,19AA, YG34,35AA, and
AA100,101GG) or rTBPLL (QG18,19AA, YG34,35AA and AA100,101LL).

rTBPGG and rTBPLL along with the wt TBP were subcloned into the
pET28a� vector in BamHI and HindIII sites for bacterial expression and puri-
fication. From pET28a� clones, BamHI and NotI fragments carrying TBP were
subcloned into the same sites of mammalian expression vector pEF6/HisC (In-
vitrogen Inc.). Expression from the T7 promoter was confirmed in an in vitro
assay using both plasmid clones.

To generate a �N100 TBP (TBP with a deletion of the N-terminal 100 amino
acids) construct, the PCR fragment was amplified with a gene-specific forward
primer (designed to amplify from 301 nt) and an SP6 promoter primer as reverse
primer. The gene-specific primer had NdeI and BamHI sites at the 5� end. For
cloning of �C239TBP (a deletion of the C-terminal 239 aa) a fragment was
amplified with T7 promoter primer as a forward primer and a gene-specific
primer designed to amplify up to 300 nt of TBP. The latter primer had an HindIII
site. The �N100 and �C239 PCR products were digested with NdeI-HindIII and
BamHI-HindIII, respectively, and cloned into the pET28a� vector cut with same
restriction sites.

In vitro transcription translation and protease assays. In vitro coupled tran-
scription and translation in the presence of [35S]methionine was performed with
TNT Quick coupled transcription/translation system (Promega) as described
previously (38). In a 25-�l reaction mixture, 20 �l of TNT master mix, 10 �Ci of
[35S]methionine, and 1 �g plasmid DNA were added. The reaction was carried
out at 30°C for 90 min. One microliter of this reaction mix was digested with 1 �g
of purified 3C protease for 3 to 4 h at 30°C in a 10-�l reaction volume. The mix
also contained 20 mM HEPES, 100 mM NaCl, 1 mM EDTA, and 1 mM dithio-
threitol (DTT). A control reaction was incubated for same time but without 3C
protease. Products were separated on either 10% or 12.5% polyacrylamide gels
containing 0.1% sodium dodecyl sulfate (SDS), fixed, and detected after fluo-
rography.

SDS-PAGE. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed on 16- by 18-cm gels (1.5 mm thick). Polyacrylamide gels (125 mM
Tris-HCl, pH 8.8, 10 to 12.5% polyacrylamide with a 30:0.8 ratio of acrylamide
to bisacrylamide) were prepared by standard procedures using ammonium per-
sulfate (0.05%, wt/vol) and 0.2 ml of TEMED (N,N,N�,N�-tetramethylethyl-
enediamine) for initiation. The stacking gel consisted of 4% acrylamide. The
composition of buffers was as follows: 5� sample buffer consisted of 0.2 M
Tris-HCl, pH 6.8, 10 mM DTT, 20% (vol/vol) glycerol, 10% (wt/vol) SDS, and
0.05% bromophenol blue; 1� running buffer contained 25 mM Tris-HCl, 200
mM glycine, and 0.1% (wt/vol) SDS. The gels were run at 400 to 500 V until the
bromophenol blue dye reached the bottom of the gel.

Bacterial expression and purification. Wild-type and mutated TBPs were
purified from BL21(DE3) codon-plus Escherichia coli host carrying the recom-
binant pET28a�:wt TBP or rTBPGG or rTBPLL. Expressed protein was purified
from soluble fractions by nickel affinity chromatography using a standard proto-
col. Purified protein was finally dialyzed against suspension buffer containing 20
mM HEPES, pH 7.6, 0.5 mM EDTA, 2 mM MgCl2, 50 mM KCl, 1 mM DTT,
20% glycerol, and 0.01% NP-40.

Transfection and cell line. Two micrograms of plasmid DNA was transfected
to HeLa cells using Lipofectamine-Plus reagent (Invitrogen Inc.) following the
manufacturer’s protocol. Cells were transferred to a medium containing 3 �g/ml
of blasticidin 24 h after transfection, and medium was replaced every 48 h until
the colonies appeared. Distinct bigger colonies were picked up with clone-disk
and multiplied.

Pol II transcription assay. Two to four liters of HeLa suspension culture at a
concentration of 4 � 105 cells/ml was used to make nuclear extract. Nuclear
extract was prepared using a standard protocol (19). Template DNAs were
p1634, p2038, or p126 as described earlier (37) carrying the Ad MLP TATA box
and terminal deoxy transferase initiator sequence, only the TATA box, or the
Sp1 activator sequence upstream to TATA box, respectively. Transcription re-
action mixtures contained 700 ng of DNA template, 0.4 mM nucleoside triphos-
phate mix, 5 mM MgCl2, 1 mM DTT, 8.8% glycerol, 8.8 mM HEPES, pH 7.6, 40
U of RNAsin (Promega), and 100 �g of HeLa extract in a 50-�l reaction volume.
It was incubated for 90 min at 30°C and purified by phenol-chloroform-isoamy-
lalcohol extraction and alcohol precipitation. Primer extension with labeled SP6
promoter primer was performed using avian myeloblastosis virus reverse tran-
scriptase (Promega Inc.) following the manufacturer’s protocol. The product was
subjected to 8% Tris-borate-EDTA-Urea–PAGE and detected by autoradiogra-
phy.

Plaque assay. About 1 � 106 cells were plated in a 60-mm plate the day before
the assay. Blasticidin at a concentration of 5 �g/ml was added to cell lines. Before
infection, cells were washed once with phosphate-buffered saline (PBS) and once
with serum-free DMEM. Virus was diluted in DMEM without serum, and 200 �l
of virus suspension was added per plate. Virus was allowed to adsorb for 30 min
with agitation at 37°C and then was removed from the plate. A solution of 0.9%
noble agar prepared in DMEM was poured on top of the plate and allowed to set
at room temperature for 15 min, followed by incubation at 37°C for 48 h. The
agar overlay was removed, and plaques were stained with a solution of 0.1%
crystal violet in 20% ethanol.

[3H]uridine incorporation assay. The day before assay, wt and GG cell lines
were plated in six-well plates at a concentration of approximately 0.3 � 106 cells
per well in the presence of 5 �g/ml blasticidin. After 24 h, cells were washed once
with PBS and once with serum-free DMEM and infected with poliovirus at a
multiplicity of infection of 30 cells per well in a 100-�l volume at 37°C with
constant agitation. After adsorption 1 ml of DMEM was added and incubated at
37°C. At 3 h postinfection, actinomycin D was added at a concentration of 5
�g/ml and incubated for 15 min at 37°C, followed by the addition of 5 �Ci of
[3H]uridine as previously described (11). Infection was stopped by the addition
of ice-cold PBS. Cells were washed twice with ice-cold PBS, and detached cells
were collected by centrifugation. Cell lysis was performed by the addition of 0.5
ml of 0.5% SDS followed by scraping, and nucleic acids were precipitated with
0.5 ml of 10% cold trichloroacetic acid. The precipitate was collected on What-
man GF/C glass fiber filters, air dried, and counted in a biodegradable counting
cocktail.

Northern blot analysis. Twenty micrograms of total RNA isolated from PV-
infected cells using Trizol reagent (Life Technologies) was separated by dena-
turing gel electrophoresis, transferred to nylon membranes, and hybridized with
[�-32P]dCTP-labeled DNA probes. The hybridization probe radiolabeled with a
High Prime labeling kit (Roche) consisted of PV cDNA encompassing the 3Dpol

coding region.

RESULTS

Shutoff of RNA polymerase II transcription does not corre-
late with TBP cleavage at the 18th Q-G bond. To determine
whether 3Cpro-mediated cleavage at the 18th Q-G site of TBP
was the primary cause for shutoff of Pol II transcription, a time
course of transcription from a plasmid containing the TATA
element (37) was performed in HeLa nuclear extracts follow-
ing treatment with the purified recombinant 3Cpro. Transcrip-
tion from the template DNA remained almost unaffected up to
2 h following treatment with 3Cpro (Fig. 1B, lanes 1 to 4), with
the exception of the 1.5-h time point, at which time slight
stimulation of transcription was observed (lane 3). Significant
shutoff of transcription in vitro was first detected at 2.5 h
following treatment with 3C and was almost complete by 3 h
(lanes 5 and 6). Western blot analysis of endogenous TBP in
the transcription extract, however, revealed a significant
amount of TBP cleavage at 1.5 h of 3Cpro treatment without
any concomitant decrease in transcription (Fig. 1B and C,
lanes 3). Although almost all of the full-length TBP had been
cleaved to a truncated form by 2 h of 3Cpro treatment, there
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was hardly any inhibition of transcription at this time point
compared to the control (Fig. 1B and C, lanes 4). Our previous
results have identified the faster-migrating TBP species as one
that lacks the N-terminal 18 amino acids as a result of 3Cpro

cleavage at the 18th Q-G bond (Fig. 1C) (9). Thus, there was
no correlation between the shutoff of transcription and the
cleavage of TBP at the 18th Q-G bond in the in vitro tran-
scription assay.

To further investigate whether 3Cpro is capable of cleaving
TBP at an alternative site, in vitro translated, [35S]methionine-
labeled TBP was incubated with purified 3Cpro for 4 h, and the
products were analyzed by SDS-PAGE. As can be seen in Fig.
2A, two proteolysis products of TBP having approximate mo-
lecular masses of 27 and 24 kDa were clearly evident in addi-
tion to �N18 TBP in this reaction. We were unable to detect

the 27- and 24-kDa cleaved products by Western analysis (Fig.
1C). This could be due to the inability of the TBP antibody to
react with these truncated TBP molecules on the Western blot.
Alternatively, these polypeptides might have been degraded
quickly in the translation lysates.

To determine if the 27- and 24-kDa TBP-related polypep-
tides could be detected in PV-infected cells, cell extracts from
4-h mock- or PV-infected cells were compared with purified
TBP treated with buffer or 3Cpro in vitro in Western blotting
using anti-TBP polyclonal antibody (Fig. 2C and D). A diffused
27-kDa band, which comigrated with the in vitro 3Cpro-gener-
ated 27-kDa product, was detected in PV-infected extract only
when the blot was overexposed (Fig. 2D, lane 4). This band was
not present in mock-infected extract (lane 3). The 27-kDa
band was not detected in a short exposure of the same blot
(Fig. 2C, lane 4). We were unable to detect the 24-kDa band in
PV-infected extract even after overexposure of the immuno-
blot (Fig. 2D). Since TBP is limiting in HeLa cells, a similar
experiment was conducted where [35S]methionine-labeled in
vitro translated TBP was incubated with 4-h PV- or mock-
infected extracts, and the products were analyzed by SDS-
PAGE. As can be seen in Fig. 2B, incubation of the labeled
TBP with PV-infected cell extract, but not mock-infected ex-
tract, for 5 h resulted in the generation of 27 and 24-kDa
products (compare lanes 2 and 5). At 16 h of incubation, only
the 27-kDa band was visible (lane 6).

To determine whether TBP is directly cleaved by 3Cpro to
generate the 27- and 24-kDa polypeptides, purified TBP and
3Cpro were incubated, and the products were examined by
Western blot analysis using anti-TBP. Only the 27-kDa product
was detected in the reaction containing 3Cpro (Fig. 2E). Again,
the 24-kDa product could not be detected in the direct cleav-
age assay. Taken together, these results suggest that TBP is
likely cleaved by 3Cpro at a site(s) other than the 18th Q-G
bond.

Identification of the alternative 3Cpro cleavage site within
TBP. To localize the alternative 3Cpro cleavage site(s) within
TBP, we initially prepared both NH2 and COOH-terminal
deletion mutants of TBP. Various truncated TBP molecules
(Fig. 3A) were translated in vitro in the presence of [35S]me-
thionine and then incubated with purified 3Cpro, and the prod-
ucts were analyzed by SDS-PAGE. Incubation of the �N18
TBP with 3Cpro resulted in the generation of the correspond-
ing 27-kDa product (Fig. 3B, lanes 1 and 2). A similar result
was obtained with the �N90 TBP (lanes 3 and 4). In both
reactions the faster-migrating (24 kDa with the wt TBP) prod-
uct was not detected. This is most probably due to relatively
quick degradation of this product in translation extracts. De-
letion of the N-terminal 115 amino acids prevented further
cleavage of TBP by 3Cpro (lanes 5 and 6). These results sug-
gested that the alternative 3Cpro cleavage site was most prob-
ably present between amino acids 90 to 115 of TBP. Carboxy
terminal deletions of up to 210 amino acids had no significant
effect on TBP cleavage (Fig. 3A and D), suggesting that the
alternative 3Cpro cleavage site was situated within the NH2-
terminal 129 amino acids. The deletion of the C-terminal 68
amino acids of TBP did not have any significant effect on the
generation of the corresponding 27-kDa product (Fig. 3D,
lanes 7 and 8). TBP molecules with C-terminal deletions of
105, 129, and 210 amino acids still generated the corresponding

FIG. 2. TBP cleavage by 3Cpro generates other proteolytic products
in addition to �N18 TBP. (A) In vitro 3Cpro induced cleavage of TBP
at sites other than the 18th Q-G site. One microliter of in vitro trans-
lated [35S]methionine-labeled TBP was incubated with buffer (lane 1)
or 1 �g of purified 3Cpro (lane 2) for 4 h, and products were analyzed
by SDS-PAGE. The positions of migration of TBP, �18 TBP, and two
additional bands at 27 and 24 kDa are indicated. (B) Incubation of
TBP with PV-infected extract generates the 27- and 24-kDa products.
[35S]methionine-labeled TBP (�150,000 cpm) was incubated with 40
�g of 4-h mock- or PV-infected (lanes 1 to 3 and lanes 4 to 6, respec-
tively) extracts for 1, 5, and 16 h as indicated, and the reactions were
analyzed by SDS-PAGE. (C and D) Detection of the 27-kDa polypep-
tide in PV-infected cells. In a Western blot using anti-TBP, the cell
extracts from 4-h mock- or PV-infected (lanes 3 and 4, respectively)
cells were compared with HeLa cell extract treated with buffer (lane 1)
or purified 3Cpro (lane 2) in vitro. An overexposure of the blot shown
in panel C is shown in panel D. The migrations of TBP, �N18TBP, and
the 27-kDa polypeptide are indicated. (E) Generation of 27-kDa
polypeptide by direct cleavage of TBP. Approximately 60 ng of purified
TBP was incubated with buffer alone (lane 1) or with 250 ng of purified
3Cpro (lane 2) for 4 h, and the TBP-related products were visualized by
Western blot analysis using a polyclonal anti-TBP antibody.
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faster-migrating product upon incubation with 3Cpro but with
lower efficiency compared with the �C68 mutant (Fig. 3D).
This is most probably due to changes in the protein structure
induced by relatively large deletions in the TBP molecule.

To confirm the results of amino- and carboxy-terminal de-
letions, internal deletions of amino acids spanning residues 101
to 129 and 132 to 167 of TBP were made. While �132–167 TBP
was cleaved by 3Cpro to the same extent as wt TBP, the cleav-
age of the �101–129 TBP mutant that generates the 27-kDa
product was not apparent (Fig. 3C, lanes 1 to 6). These results
suggest that the alternative 3Cpro cleavage site within TBP was
possibly present between amino acid residues 105 and 129.

Double and single mutations of amino acid residues 101 to
129 identify the 3Cpro alternative cleavage site. Examination of
the amino acid sequence between residues 101 and 129 of TBP

identified a number of potential 3Cpro (alternative) cleavage
sites including Q104-S105, Q109-A110, Q112-G113, Q117-
A118, Q120-L121, and Q125-T126. All potential primary and
alternative 3Cpro cleavage sites within the amino acid sequence
101 to 129 of TBP were altered by double amino acid substi-
tutions. Double amino acid substitutions of the Q109-A110,
Q112-G113, Q117-A118, Q120-L121, and Q125-T126 pairs did
not prevent formation of the 27-kDa polypeptide when incu-
bated with purified 3Cpro (Fig. 4C, lanes 5 to 16, and Table 1).
However, mutating the Q104-S105 and Q103-Q104 pairs al-
most completely blocked formation of the 27-kDa product,
although the 3Cpro-induced 18th Q-G cleavage was apparent
with both double mutants (Fig. 4C, lanes 1 to 4, and Table 1).
These results suggested that amino acid residues 103 to 105
were important for 3Cpro-mediated generation of the 27-kDa
product.

Because the picornaviral 3C protease is known to cleave Q-S
bonds in the viral polyprotein precursors (17), we carried out
point mutagenesis of the Q104-S105 site in TBP. The Q104 or
the S105 were mutated individually, and the effects of these

FIG. 3. Effects of various TBP terminal and internal deletions on
3Cpro-induced cleavage of TBP. (A) Schematic representation of ami-
no- and carboxy-terminal and internal deletion mutants of TBP. The
pluses and minuses in parentheses indicate qualitatively whether these
polypeptides are cleaved (�) or not cleaved (�) to generate the 27-
and 24-kDa products by 3Cpro. (B) Various N-terminal deletion mu-
tants of TBP were translated in vitro in the presence of [35S]methi-
onine and subjected to digestion with buffer only (lanes 1, 3, and 5) or
1 �g of purified 3Cpro (lanes 2, 4, and 6). (C) The wild-type (lanes 5
and 6) and internal deletion mutants of TBP, �101–129 (lanes 1 and 2),
and �132–167 (lanes 3 and 4) were digested with buffer alone (lanes 1,
3, and 5) or purified 3Cpro (lanes 2, 4, and 6). The arrows indicate the
proteolyzed products. (D) The in vitro translated, [35S]methionine-
labeled C-terminal deletion mutants �C210 (lanes 1 and 2), �C139
(lanes 3 and 4), �C105 (lanes 5 and 6), and �C68 (lanes 7 and 8) of
TBP were digested with buffer alone (odd-numbered lanes) or purified
3Cpro (even-numbered lanes).

FIG. 4. Effects of double and single amino acid substitution muta-
tions of potential 3Cpro cleavage sites between amino acid residues 101
and 126 of TBP. (A) The primary sequence of amino acid residues 101
through 129 of TBP is shown. The potential 3Cpro alternative cleavage
sites are underlined. (B) In vitro translated, [35S]methionine-labeled
wild type or various point mutants of TBP were digested with buffer
alone (odd-numbered lanes) or 1 �g of 3Cpro (even-numbered lanes)
prior to SDS-PAGE. (C) wt TBP or various double mutants were
digested with buffer (odd-numbered lanes) or 3Cpro (even-numbered
lanes). The proteolysis products are indicated by arrowheads to the
right.
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mutations were determined in the in vitro 3Cpro cleavage assay.
As can be seen in Fig. 4B, substitution of Q104 with proline
almost completely blocked the generation of the 27-kDa band
compared to the wt TBP (Fig. 4B, lanes 1 to 4, and Table 1).
However, replacement of Q104 with a very similar amino acid
(Q104N) only partially affected TBP cleavage (lanes 5 and 6).
Substitution of the S105 with proline also partially blocked
TBP cleavage; however, substituting the S105 with threonine
almost totally blocked generation of the 27-kDa product (Fig.
4C, lanes 7 to 10, and Table 1). Taken together, these results
suggest that the Q104-S105 bond is the most likely alternative
3Cpro cleavage site in TBP.

To further confirm our results, we compared the 3Cpro cleav-
age pattern of wt TBP with the patterns of �N100 and �C239
TBP mutants consisting of the C-terminal 239 and N-terminal
100 amino acid residues, respectively. The wt and �C239 TBP
(both with intact N termini) had an extra 3.5-kDa N-terminal
peptide, while the �N100 TBP (deletion of N-terminal 100
amino acids) had 12 N-terminal extra amino acids that resulted
from cloning manipulations. The amino acid sequence of the
extra N-terminal amino acids in these TBP molecules did not
reveal any potential sequence with respect to either cleavage
site or context. In this experiment, the labeled TBP or mutants
synthesized by in vitro translation were digested to completion
by purified 3Cpro. The products were then examined by SDS-
PAGE followed by autoradiography. Complete digestion of wt
TBP generated three polypeptides migrating at approximately
27, 24, and 6 kDa (Fig. 5A, lane 2). Amino acid composition
and N-terminal sequencing of the 24-kDa band revealed that it
had an actual molecular mass of �12-kDa and contained G19
as the N-terminal residue (data not shown). The 24-kDa
polypeptide presumably consisted of amino acids 19 through
104 of TBP. Amino acid sequencing of both the C terminus of

the 24-kDa as well as the N terminus of the 27-kDa polypep-
tides was inconclusive (data not shown). Relatively slower mi-
gration of the 24-kDa fragment was most probably due to the
presence of the 38 consecutive glutamine residues in this mol-
ecule (Fig. 1A). The 6-kDa band most probably represented
the N-terminal 18 amino acids (�2.1 kDa) linked to an addi-
tional 3.5-kDa peptide generated during the cloning proce-
dure. The 27-kDa band was presumed to represent the C-
terminal TBP fragment (amino acids 105 to 339). Consistent
with the origin of the 27-kDa band (235 amino acids), the
�N100 TBP (C-terminal 239 amino acids plus 12 extra N-
terminal amino acids generated by cloning manipulations) mi-
grated slightly more slowly than the 27-kDa polypeptide at
approximately 30 kDa (Fig. 5A, lane 3, and B). The 3Cpro

cleavage of �N100 generated a band that comigrated with the
27-kDa product generated by incubation of full-length TBP
with 3Cpro (compare lanes 2 and 4). The difference in the
molecular weights between the uncleaved and cleaved �N100
TBP could be explained by the loss of the TBP N-terminal four
amino acids linked to an additional 12 amino acids incorpo-
rated at the N terminus due to cloning manipulations. The
6-kDa band was not generated from the �N100 TBP due to the
lack of the N-terminal 100 amino acids. The �C239 TBP (100

FIG. 5. Comparison of complete 3Cpro digestion products of TBP,
�N100 TBP, and �C239 TBP. (A) In vitro translated [35S]methionine-
labeled wt TBP (lanes 1 and 2), �N100 (lanes 3 and 4), and �C239
(lanes 5 and 6) were digested with buffer (lanes 1, 3, and 5) or 3Cpro

(lanes 2, 4, and 6) to completion. The radiolabeled products were
analyzed by SDS-PAGE. (B) A schematic presentation of the pre-
dicted 3Cpro cleavage products generated from TBP and truncated
TBP molecules. Arrowheads indicate Q18-G19 and Q104-S105 cleav-
age sites. The numbers within parentheses indicate the molecular
weights of the products, while the numbers marked with asterisks
indicate actual molecular weights of these products compared to how
they migrate during gel electrophoresis.

TABLE 1. Effect of mutations on 3C-mediated cleavage of TBP

TBP mutation 27-kDa band
(% of wt control)a

Q104V-S105V............................................................................. 2
Q103A-Q104A ........................................................................... 4
Q109A-A110R............................................................................ 93
Q112A-G113A ........................................................................... 101
Q117A-A118A............................................................................ 107
Q120A-L121A ............................................................................ 97
Q125A-T126A ............................................................................ 99
A100G-A101G ........................................................................... 0
A100L-A101L............................................................................. 0
A101L-V102L............................................................................. 35
V102L-Q103L............................................................................. 93
Q104P.......................................................................................... 1
Q104N ......................................................................................... 30
S105P........................................................................................... 31
S105T........................................................................................... 12
A96L............................................................................................ 98
V97L............................................................................................ 95
A98L............................................................................................ 102
A99L............................................................................................ 100
A101G ......................................................................................... 10
A101V ......................................................................................... 99
V102A ......................................................................................... 95
Q103A ......................................................................................... 115

a The values shown were obtained by densitometric scanning of the 27-kDa
band generated by incubation of mutant TBP with 3Cpro relative to the value of
the same band generated from wt TBP by 3Cpro digestion.
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N-terminal amino acids), which has an estimated molecular
mass of approximately 12 kDa, actually migrated much more
slowly than anticipated due to the presence of the stretch of 38
Q residues in this polypeptide. 3Cpro treatment of �C239 gen-
erated the 6-kDa band (the N-terminal 18 aa linked to an
additional 3.5-kDa sequence derived from the cloning vector)
and an 18-kDa band (actual molecular mass of 10 kDa) (lane
6). These results together with mutagenesis studies are consis-
tent with two 3Cpro-mediated cleavages within TBP: one at
Q18-G19 and the other at Q104-S105 (Fig. 5B).

Amino acid residues surrounding the Q104-S105 site mod-
ulate 3Cpro-mediated TBP cleavage. Previous studies on the
mechanism of 3Cpro-catalyzed cleavage of viral precursor
polypeptides have shown that in addition to the scissile Q-G
bond, surrounding amino acids are important for proteolytic
cleavage by 3Cpro. In particular, the enterovirus 3Cpro prefers
alanine (or aliphatic amino acids) in the P4 position, whereas
cardiovirus 3C seems to prefer proline in the P2 or P2� position
(25, 26, 27). Examination of the amino acid sequence preced-
ing the Q104-S105 site showed that there was a stretch of seven
aliphatic residues in positions P3 through P9 (V102, A101,
A100, A99, A98, V97, and A96) (Fig. 6A). To determine which
of these surrounding residues were important for TBP cleav-
age, we introduced point mutations throughout this stretch.
There was no significant effect on 3Cpro-mediated cleavage
(that generates the 27-kDa product) of TBP mutants contain-
ing the Q103A, V102A, A101V, A99L, A98L, V97L, and A96L
substitutions compared to the wt TBP (Fig. 6B and C, and
Table 1). However, in the A101G substitution mutant, forma-
tion of the 27-kDa band was reduced �90% compared with the
wt TBP (Fig. 6C, lane 2, and Table 1). Substitution of both
A100 and A101 by glycine totally blocked the formation of the
27-kDa product, and almost all of mutant TBP was converted
to a product that comigrated with �N18 TBP (Fig. 6D, lanes 1
and 2, and Table 1). Similar results were obtained when these
two alanine residues (A100 and A101) were replaced by

leucine (Fig. 6D, lanes 5 and 6). Double amino acid substitu-
tions in positions 102 to 103 (VQ to LL) did not have a
significant effect on the formation of the 27-kDa product (lanes
9 and 10). However, an AV (101 and 102) to LL substitution
did have a significant effect (�65%) on the generation of the
27-kDa product. These results suggest that A100 (P4) and
A101 (P5) are important for the 3Cpro cleavage at the Q104-
S105 site in TBP.

N-terminal 100-amino-acid deletion drastically reduces the
transcription restoration activity of TBP in PV-infected ex-
tracts. To determine whether truncation of the N-terminal
domain of TBP interferes with its transcriptional activity, we
used the �N100 TBP in a transcription-restoration assay that
measures the ability of recombinant TBP to rescue inhibition
of transcription in PV-infected extracts. The bacterially ex-
pressed recombinant �N100 TBP was purified, and its ability
to restore basal transcription from a TATA promoter in PV-
infected nuclear extract was compared with that of the wt
rTBP. In previous studies we have shown that the inhibition of
TATA-mediated transcription from a core promoter in PV-
infected cell extracts can be completely restored by TFIID as
well as purified recombinant TBP (19, 37). As can be seen in
Fig. 7, the �N100 TBP was severely defective in restoring
transcription from the TATA promoter compared with the wt
TBP. Although it could partially restore transcription at very
high concentrations (Fig. 7A), the specific activity of the trun-
cated TBP was 8- to 10-fold lower than the wt TBP in this
assay. Thus, the 3Cpro-mediated cleavage of TBP at the Q104-
S105 site is likely to reduce TBP transcriptional activity se-
verely, an observation consistent with our previous findings
(37).

Constitutive expression in HeLa cells of recombinant mu-
tant TBP resistant to viral protease results in incomplete
shutoff of transcription and yields virus with a small-plaque
phenotype. To determine whether efficient replication of PV
requires host cell transcription shutoff, HeLa cell lines consti-

FIG. 6. Amino acid residues preceding the Q104-S105 bond important for 3Cpro-induced cleavage of TBP. (A) The primary sequence of amino
residues 95 to 111 of TBP is shown. The Q104-S105 bond is underlined. The upward arrowhead indicates the P4 residue. (B) Single amino acid
substitution between residues 96 to 99 does not influence TBP cleavage at the Q104-S105 site. TBP mutants with the single amino acid substitutions
A96L, V97L, A98L, and A99L were digested with buffer (lanes 1, 3, 5, and 7) or 3Cpro (lanes 2, 4, 6, and 8). (C) Substitution of A101 (P4 position)
with G, but not with V, significantly inhibits 3Cpro-mediated cleavage that generates the 27- and 24-kDa products. Single amino acid substitution
mutants A101G, A101V, V102A, Q103A, and wt TBP were digested with buffer (lanes 1, 3, 5, 7, and 9) or 3Cpro (lanes 2, 4, 6, 8, and 10) prior
to analysis by SDS-PAGE. (D) Double amino acid substitution at A100-A101 completely blocks the 3Cpro-mediated cleavage that generates 27-
and 24-kDa products. TBP double amino acid substitution mutants A100G-A101G, A100L-A101L, A101L-V102L, V102L-Q103L, and wt TBP
were digested with buffer alone (lanes 1,3, 5, 7, 9, and 11) or 3Cpro (lanes 2, 4, 6, 8, 10, and 12).
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tutively expressing mutant TBP, which is resistant to cleavage
by the poliovirus-encoded 3C protease, was prepared. Previous
results from our laboratory as well as results presented here
have shown that altogether TBP can be cleaved at three sites in
PV-infected cells: Q18-G19, Y34-G35, and Q104-S105. The
cleavages at the Q18-G19 and Q104-S105 sites are mediated by
3Cpro, while the Y34-G35 bond is cleaved by 2Apro (Fig. 1A).
We have shown previously that 2Apro-mediated cleavage of
TBP at the Y34-G35 bond does not contribute to the shutoff of
transcription by RNA Pol II in vitro (39). Results presented
here indicate that 3Cpro-mediated cleavage of the Q104-S105,
but not the Q18-G19, bond is most likely responsible for shut-
off of transcription by RNA Pol II. Although cleavage of TBP
at the Q18-G19 and Y34-G35 sites does not appear to reduce
its transcriptional activity in vitro, it is possible that TBP
cleaved at these sites could become destabilized and degraded
quickly in vivo. For this reason, we decided to make mutant
TBP cell lines in which all three viral protease-cleavable sites in
TBP are altered. We cloned and expressed two TBP mutants
for this purpose containing the following mutations: Q18A-
G19A, Y34A-G35A, and A100G-A101G (called GG rTBP),
and Q18A-G19A, Y34A-G35A, and A100L-A101L (called LL
rTBP). The bacterially expressed His-tagged proteins were pu-
rified and examined by SDS-PAGE. Both GG rTBP and LL
rTBP were stable (Fig. 8A), and their transcriptional activity
was comparable to that of wt TBP in the in vitro transcription
restoration assay (Fig. 8B). Stable HeLa cell lines constitu-
tively expressing the wt and mutant TBP were then prepared as
outlined in Materials and Methods. The level of TBP expres-
sion in wt and two GG lines was comparable (Fig. 9A, lanes 2
to 4). In particular, the level of TBP expression was very similar
between the wt and GG1 rTBP cells. However, expression of
TBP in LL rTBP cells was relatively poor (lanes 5 to 7). There
was no significant difference between the wt rTBP- and GG1
rTBP-expressing cells with respect to the rate of cell growth,
morphology, and overall RNA and protein synthesis (data not
shown). Additionally, the levels of mRNA encoding glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH), dihydrofolate
reductase, CDC25B, Oct-1, and TFIIB were very similar be-

tween the cell lines expressing wt and GG1 rTBP, as deter-
mined by semiquantitative reverse transcription-PCR (RT-
PCR) analysis (Fig. 9C). It should be noted that for each
mRNA, the data from one concentration from the linear range
of RT-PCR analysis are shown. The GG1 rTBP from the cell
line was completely resistant to 3Cpro at a concentration that
efficiently cleaves wt rTBP in vitro (Fig. 9B).

To determine whether replication of poliovirus is affected in
HeLa cells that constitutively express GG1 rTBP, clonally se-
lected cell lines expressing wt rTBP and GG1 rTBP (or GG2
rTBP) were infected with poliovirus type 1 (Mahoney strain)
and assayed for formation of viral plaques as described in
Materials and Methods. As can be seen in Fig. 10, HeLa cells
expressing the wt rTBP showed relatively large plaques char-
acteristic of wt PV infection (panels A and B, in duplicate). In
contrast, infection of HeLa cells expressing GG1 rTBP and
GG2 rTBP resulted in the formation of significantly smaller
plaques compared with those expressing the wt rTBP (panels C
and D). The number of plaques, however, did not change
significantly between the wt rTBP and GG1 rTBP cells. The
cell-free lysates from two separate PV-infected GG1 rTBP
(and wt rTBP) cultures were used to infect naı̈ve HeLa cells.
The viral yields were found to be lowered approximately 20- to
30-fold with the virus harvested from GG1 rTBP cells com-
pared with yields from the wt rTBP cells in two separate ex-
periments (Table 2). These results suggest that the efficiency of
virus replication is significantly affected in HeLa cells that
express the form of TBP not cleaved by the viral proteases and
that shutoff of transcription may contribute to efficient viral
replication in infected cells.

To determine whether the overall pattern of shutoff of host
cell transcription by poliovirus is altered in HeLa cell lines that
express the protease-resistant form of TBP, we compared the
kinetics of shutoff by poliovirus of cellular RNA synthesis be-

FIG. 7. �N100 TBP is highly defective in restoring RNA Pol II-
mediated transcription in PV-infected extracts. (A) TATA box-depen-
dent in vitro transcription from a template DNA containing Ad MLP
was performed in poliovirus-infected (4 h postinfection) cell extracts in
the absence and presence of purified �N100 TBP or wt TBP. The
primer-extended product was quantified by densitometric scanning,
and the percentage of relative transcription with respect to 4-h mock-
infected control was plotted against the concentration of TBP in the
reaction. (B) Western blots of various concentrations of wt and �N100
TBP used in the transcription assay are shown.

FIG. 8. Purification and transcriptional activity of GG rTBP and
LL rTBP. (A) Recombinant His-tagged wt TBP, GG rTBP, and LL
rTBP were expressed in bacteria and purified by Ni�� affinity chro-
matography. Silver-stained gel of the purified proteins is shown.
(B) The transcriptional activity at 3 and 5 �M of each of the wt (lanes
2 and 3), GG (lanes 4 and 5), and LL (lanes 6 and 7) rTBP was
measured using a template containing the Ad MLP (lanes 2 to 7) in
PV-infected cell extract as previously described (37). Bovine serum
albumin (5 �M) was used as a negative control (lane 8). Lane 1 shows
transcriptional activity of the infected extract in the absence of any
added protein. The numbers at the bottom indicate the increase in
stimulation (n-fold) over control as determined by densitometric quan-
tification of the transcript.
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tween cells expressing wt rTBP and GG1 rTBP. In the absence
of virus infection, the rate of cellular RNA synthesis, as deter-
mined by acid-insoluble [3H]uridine incorporation, was com-
parable between Wt rTBP- and GG1 rTBP-expressing cells
(Fig. 10E). These results were consistent with our semiquan-
titative RT-PCR analysis of at least five individual cellular
mRNAs having stabilities ranging from those having relatively
long half-lives to moderate half-lives (Fig. 9C). Thus, cellular
RNA synthesis was not significantly affected by expression of
wt or mutant rTBP in the cell lines. HeLa cell lines expressing
wt and GG1 rTBP were either mock-infected or infected with
poliovirus in the absence and presence of actinomycin D, and
the extent of transcription shutoff was determined by applying
the values of acid-insoluble [3H]uridine incorporation into the
following formula: Inf � [(Inf � actD) � (Uninf � actD)]/
[(Uninf) � (Uninf � actD)] (2, 3), where Inf indicates [3H]
uridine incorporation (cpm) in infected cells in the absence
and presence of actinomycin D and Uninf indicates [3H]
uridine incorporation (cpm) in uninfected cells in the absence
and presence of actinomycin D. These values were then plotted
as percentages of RNA synthesis. As can be seen in Fig. 10F,
host cell transcription shutoff in GG1 rTBP cells was signifi-
cantly delayed compared to the wt rTBP cells. At 4 h postin-
fection, almost 75% of cellular RNA synthesis was inhibited by
poliovirus in wt rTBP cells, while �10% inhibition was ob-
served in GG1 rTBP-expressing cells. Even at 8 h postinfec-
tion, cellular RNA synthesis was inhibited by �60% in GG1
rTBP cells compared to �85% in wt rTBP-expressing cells.
The overall viral RNA synthesis was reduced in GG1 rTBP
cells approximately 3.5-fold and appeared to peak at a later
time point compared with that in wt rTBP cells as determined
by the [3H]uridine incorporation assay (Fig. 10G). Northern
analysis showed approximately 3.2-fold inhibition of viral RNA
synthesis in GG1 rTBP compared to wt rTBP cells at 4 h
postinfection (Fig. 10H). These results suggest that the lack of
proper transcription shutoff could influence the efficiency of
viral RNA replication in infected cells.

DISCUSSION

We present evidence here suggesting that poliovirus-in-
duced shutoff of host cell transcription (by RNA polymerase
II) is mediated by cleavage of transcription factor TBP at an
alternate 3Cpro cleavage site, which is distinct from the most
frequently cleaved site in the viral polyproteins by 3Cpro,
namely a glutamine-glycine (Q-G) pair. Previous reports from
our laboratory had identified the 18th Q-G bond as the most
vulnerable site within TBP to be cleaved by 3Cpro both in vitro
and during PV infection (9). However, a recombinant TBP
mutant (�N18) that lacks the first 18 amino acids of TBP was
found to be as active as the wt TBP in restoring RNA Pol
II-mediated transcription in poliovirus-infected cell extracts.
Moreover, time course experiments showed a lack of correla-
tion between the onset of transcription shut-off and generation
of the cleaved �N18 TBP as determined by Western analyses
(Fig. 1).

Our previous studies have shown that the two other Q-G
sites at positions 12 and 112 of TBP were not cleaved by 3Cpro

(9). The PV 3Cpro has been shown to prefer glutamine at P1
and either glycine, alanine, or serine at P1� for cleavage of viral
precursor polypeptides (12, 17). In addition, aliphatic amino
acids (such as alanine, valine, or isoleucine) at P4 are preferred
for 3C/3CD-mediated cleavage between P1 and P1� (4, 14).
Initial amino- and carboxy-terminal as well as internal deletion
studies of TBP indicated the presence of an additional 3Cpro

cleavage site between amino acid residues 101 to 129 (Fig. 3).
In vitro cleavage assays using purified 3Cpro and triple (data
not shown) and double amino acid substitution mutants of
TBP indicated that amino acid residues from 101 to 129 played
important roles in 3Cpro-induced cleavage of TBP that resulted
in generation of two polypeptides having approximate molec-
ular masses of 27 and 24 kDa. These two polypeptides were
detected when 35S-labeled TBP was incubated with PV- but
not mock-infected extracts for 5 to 16 h (Fig. 1B). Moreover,
the 27-kDa proteolysis product could be detected in PV-in-
fected cell extracts by overexposing a Western blot developed

FIG. 9. Cell lines that constitutively express wt and mutant TBP resistant to cleavage by 3Cpro. (A) Detection of mutant TBP in various cell
lines. Five clonally selected HeLa cell lines that constitutively express His-TBP were isolated as described in Materials and Methods. Each line was
examined for expression of recombinant TBP by Western analysis using an antibody to the His tag. Two of these lines (GG1 and GG2) contained
His-TBP in which the two alanines at positions 100 and 101 were replaced by glycine. The two alanine residues in three other lines (LL1, LL2, and
LL3) were replaced by L. In both mutants the 18Q-19G and the 34Y-35G bonds were mutated to 18A-19A and 34A-35A, respectively. The
wild-type line expresses wt His-TBP. In lane 1, HeLa cell extracts containing the endogenous TBP, not detected by anti-His antibody, was used.
(B) GG1 rTBP is resistant to 3Cpro-mediated cleavage. Cell extracts from wild-type and GG1 rTBP (GG1) lines were digested with buffer (lanes
1 and 3) or purified 3Cpro (lanes 2 and 4) prior to Western analysis using anti-His antibody. (C) Five cellular mRNA levels as indicated were
examined by RT-PCR from wt rTBP (odd-numbered lanes) and GG1 rTBP (even-numbered lanes) cells.
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with a polyclonal anti-TBP antibody (Fig. 2D). Finally, the
27-kDa polypeptide could be detected by incubating purified
recombinant TBP with purified 3Cpro, suggesting a direct
cleavage of TBP by 3Cpro (Fig. 2E). The 24-kDa polypeptide
appears to be very unstable both in PV-infected extract and in
the in vitro cleavage assay. Additionally, the 24-kDa peptide
was not easily detectable by Western blotting.

Analysis of the primary sequence of TBP surrounding resi-

dues 101 to 129 revealed the presence of a number of alternate
3Cpro cleavage sites such as Q104-S105, Q109-A110, Q112-
G113, Q117-A118, Q120-L121, and Q125-T126 (Fig. 4A).
Double amino acid substitutions at these sites revealed that
only mutagenesis of the Q104-S105 site blocked 3Cpro-induced
generation of the 27- and 24-kDa products, although cleavage
at the Q18-G19 site was still visible (Fig. 4B, lanes 1 to 4).
Single amino acid substitutions of Q104 with proline and S105
with tyrosine almost totally blocked the formation of the 27-
and 24-kDa bands (Fig. 3C, lanes 3 to 4 and 9 to 10). Thus, it
is highly likely that Q104-S105 could constitute an alternative
cleavage site of 3Cpro in TBP. This notion is also supported by
mutational analysis of the amino acids preceding the Q104-
S105 site. For example, generation of the 27-kDa product was
inhibited to almost 90% of the control when the alanine at P4
was replaced by glycine (A101G) (Fig. 6C, lane 2, and Table 1).
The 3Cpro activity was totally abolished when both alanines at
P4 and P5 were replaced by either glycine (AA100-101GG) or
lysine (AA100-101LL), suggesting that the amino acid residue
at P4/P5 could contribute to efficient cleavage at the Q104-
S105 site (Fig. 6D).

FIG. 10. Constitutive expression in HeLa cells of recombinant mutant TBP resistant to 3Cpro cleavage yields virus with a small-plaque
phenotype. (A to D) HeLa cells expressing wild-type His-rTBP (A and B), GG1 His-rTBP (C), or GG2 His-rTBP (D) were infected with poliovirus
type 1 (Mahoney strain) in duplicates and assayed for plaque formation as described in Materials and Methods. (E to H) Transcription shutoff is
delayed and viral RNA synthesis is significantly inhibited in GG1 His-rTBP cells. HeLa cell lines expressing either wt rTBP or GG1 rTBP were
infected with poliovirus type 1 (Mahoney strain) as described in Materials and Methods. Mock- and PV-infected cells were labeled with 5�Ci of
[3H]uridine per 0.3 � 106 cells in the absence and presence of 5 �g/ml actinomycin D, and cellular (E) and viral RNA synthesis (G) were measured
as described in the text. Transcription shutoff (F) was determined by using the values of acid-insoluble [3H]uridine incorporation according to the
following formula: Inf � [(Inf � actD) � (Uninf � actD)]/[(Uninf) � (Uninf � actD)]. The experiments shown in panels E to G were performed
in duplicate, and the average values are plotted. (H) Northern analysis of viral RNA was performed from total RNA isolated from wt and GG1
rTBP cells at 0 (lanes 1 and 4), 2 (lanes 2 and 5), and 4 (lanes 3 and 6) h postinfection. The lower panel shows GAPDH RNA used as a loading
control.

TABLE 2. Viral yields in single cycle infection

Virus stock prepared from cell line Titer (PFU/cell)a

Experiment 1 (6 h)
Wt rTBP........................................................................ 723
GG1 rTBP .................................................................... 36

Experiment 2 (12 h)
Wt rTBP........................................................................ 1,639
GG1 rTBP .................................................................... 53

a wt rTBP and GG1 rTBP cells were infected with wt poliovirus at an MOI of
10 at 37°C. Cells were harvested at 6 and 12 h postinfection, and virus stocks were
prepared by cell lysis. Viral yields were determined by plaque assay on naive
HeLa cells as described in Materials and Methods.
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Finally, analysis of full-length, �N100, and �C339 TBP as
well as the products generated by complete digestion of these
molecules by 3Cpro suggested two 3Cpro-mediated cleavages:
one at Q18-G19 and the other at Q104-S105 site (Fig. 5).
Amino acid composition of the 24-kDa polypeptide indicated
that this polypeptide had an actual molecular mass of 12 kDa.
The aberrant migration of this polypeptide with an apparent
higher molecular mass was most probably due to the presence
of 38 consecutive glutamine residues in this molecule. These
results along with the mutational analysis strongly suggest that,
in addition to cleavage at the Q18-G19 site, TBP is also cleaved
at an alternate site, Q104-S105.

Mammalian TBP consists of a 181-amino-acid core that is
common to all eukaryotes, fused to a vertebrate-specific 141-
amino-acid long N-terminal domain (Fig. 1). Previous studies
have suggested the importance of the conserved C-terminal
181 amino acids as well as some acidic amino acids just N-
terminal to the conserved core of yeast TBP in transcription
and normal cell growth (16, 28, 41). However, recent studies
have underscored the importance of the TBP N-terminal do-
main in transcriptional regulation both in yeast and mamma-
lian systems (15, 21). Moreover, deletion of 55 and 96 amino
acids from the N-terminal domain of TBP leads to inactivation
of TATA-mediated transcription from the U6 small nuclear
RNA promoter (24). Our functional studies on the transcrip-
tion-restoration activity of �N100 TBP in poliovirus-infected
cell extracts clearly suggest that a cleavage of TBP at Q104-
S105 could lead to significant inactivation of TBP transcrip-
tional activity, as observed during infection of HeLa cells with
poliovirus (Fig. 7), underscoring the importance of the N-
terminal domain of TBP in RNA Pol II transcription. The
specific activity of TBP, as determined by in vitro reconstitu-
tion assay, was reduced six- to eightfold as a result of deletion
of the N-terminal 100 amino acids (data not shown). Thus,
both transcription-restoration and in vitro reconstitution as-
says suggest that the loss of the N-terminal 104 amino acids of
TBP could lead to significant inhibition of RNA polymerase II
transcription.

The cleavage at the Q104-S105 site appears to be inefficient
compared with that at the Q18-G19 site. This could be due to
the fact that TBP in the SL-1 (Pol I) and TFIIIB (Pol III)
complexes is cleaved only at the Q18-G19 site, whereas TBP in
the TFIID (Pol II) complex is cleaved at the Q104-S105 site.
Additionally, the 27- and 24-kDa products generated by cleav-
age of TBP in the TFIID complex could act in a dominant-
negative manner, leading to significant inhibition of Pol II
transcription in PV-infected cells. It is well known that TBP is
present in limiting quantities in mammalian cells and is shared
by all three polymerase systems. Thus, small of amounts of the
cleavage products could be sufficient to block wt TBP that is
actively engaged in transcription of mRNA.

The identification of the Q104-S105 3Cpro-cleavage site in
TBP that could lead to transcriptional inactivation of TBP
presented us with the opportunity to examine the role of tran-
scription shutoff in viral replication in vivo. Two cell lines
expressing mutant TBP, termed GG1 rTBP and GG2 rTBP,
showed a small-plaque phenotype compared to the cell line
expressing wt rTBP in a poliovirus plaque assay (Fig. 10). The
titer of the cell-free lysates recovered from GG1 rTBP cells
was found to be 20- to 30-fold lower than those recovered from

wt rTBP cells (Fig. 10). This suggested that viral replication
was significantly compromised in cells expressing the mutant
noncleavable forms of TBP. Both the wt and mutant TBP-
containing cells grew with similar kinetics and did not show any
significant differences in overall cellular RNA (Fig. 10E) and
protein synthesis (data not shown), suggesting that a defect in
cellular transcription shutoff could lead to slower viral replica-
tion. Indeed, transcription shutoff was incomplete or delayed
in GG1 rTBP cells compared to wt rTBP cells (Fig. 10F). The
highest difference (three- to fourfold) in the magnitude of
transcription shutoff between GG1 and wt rTBP cells was ev-
ident at 4 h postinfection. Since TBP is an essential component
of Pol I factor, SL-1, and Pol III factor (TFIIIB) (7, 33), the
defect in cellular transcription shutoff observed at 4 h postin-
fection is likely to include incomplete shutoff of transcription
of both RNA polymerase I and III in addition to a defect in Pol
II transcription shutoff. The decline of cellular transcription in
GG1 rTBP cells at later time points of infection could be due
to inactivation of activated Pol II transcription factors Oct-1,
p53, and CREB (35, 38, 40) as well as upstream binding factor
(Pol I factor) and TFIIIC (Pol III factors), whose activities are
independent of TBP (5, 36). In addition, inhibition of TBP-
independent RNA Pol II transcription (23) could also contrib-
ute to the decline of transcription seen in PV-infected GG1
rTBP cells.

Viral RNA synthesis, as measured by both actinomycin D-
resistant, acid-insoluble [3H]uridine incorporation and North-
ern analysis, was significantly inhibited and delayed in GG1
rTBP cells compared with wt rTBP cells (Fig. 10). It appears,
therefore, that lack of efficient transcription shutoff can lead to
significantly lower levels of viral RNA synthesis. The exact
cause for this is not known but could, at least in part, be due to
competition between the viral and cellular RNA polymerases
for the ribonucleoside triphosphate pool in infected cells, as
previously suggested by Baltimore and Franklin (1). Since po-
liovirus overproduces viral RNA and proteins, it is not clear
whether a 3.5-fold reduction in viral RNA synthesis could
cause a 20- to 30-fold decrease in the viral yield. While trans-
lation of viral proteins in GG1 rTBP cells was reduced pro-
portionately to viral RNA synthesis, there were no obvious
polyprotein processing defects in these cells (data not shown).
However, we cannot rule out the possibility that viral processes
(such as assembly) other than translation, processing, and
RNA synthesis could contribute to lower viral yields in infected
GG1 rTBP cells. It is also possible that subtle intracellular
changes created by expression of the protease-resistant rTBP
mutant could influence viral replication directly or indirectly.

In summary, we have presented evidence here which sug-
gests that cleavage of the TATA-binding protein at an alter-
native 3Cpro cleavage site, Q104-S105, could lead to shutoff of
host cell RNA polymerase II transcription by poliovirus. Anal-
ogous to viral precursor polypeptide processing, cleavage at
the Q104-S105 dipeptide is facilitated by the presence of an
aliphatic amino acid (alanine) at the P4 position. We have also
shown that PV-mediated transcription shutoff is inefficient (or
incomplete) in stable cell lines that express a mutant, noncleav-
able form of TBP compared to those expressing the wt TBP.
Interestingly, viral replication is significantly affected in HeLa
cells that constitutively express a mutant TBP resistant to 3Cpro

cleavage. These results suggest for the first time that the shut-
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off of host cell transcription could play an important role in
efficient replication of poliovirus in cultured cells.
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