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Transient expression of the poliovirus-encoded protease 2APro in eukaryotic cells results in inhibition of both
cellular transcription and translation. The inhibition of transcription observed in cells expressing 2APro could
be due to a primary effect or secondary effect caused by inhibition of translation. Because transcriptional
activity of the TATA-binding protein (TBP) is drastically reduced in poliovirus-infected cells, we determined
if 2APro is able to cleave TBP in vitro. We demonstrate here that 2APro directly cleaves the single tyrosine-
glycine bond at position 34 of TBP. This cleavage is also seen in poliovirus-infected HeLa cells. Surprisingly,
despite TBP cleavage 2APro was unable to inhibit RNA polymerase II transcription in vitro. Under similar con-
ditions, however, 2APro inhibited translation of a capped cellular mRNA in vitro. Thus, cleavage of TBP at position
34 does not alter its transcriptional activity in vitro. These results suggest that inhibition of host cell RNA poly-
merase II transcription seen in cells transiently transfected with 2APro is due to host cell translational shutoff.

Poliovirus is the prototype member of the group Picornaviri-
dae. The single-stranded, plus polarity RNA genome of polio-
virus is translated as a large polyprotein in infected mammalian
cells which is then proteolytically processed to produce all viral
structural and nonstructural proteins (15, 35). The poliovirus
RNA genome encodes three proteases, 3CPro, 2APro, and
3CDPro, which participate in polyprotein processing. 3CPro and
3CDPro cleave only at glutamine-glycine sites within the
polyprotein, while 2APro cleaves only tyrosine-glycine bonds.

Poliovirus shuts off both host cell transcription and transla-
tion. Genetic evidence suggests that 2APro is involved in host
cell translational shutoff (1, 32). This inhibition is thought to be
mediated by the cleavage of p220, a component of cap-binding
initiation factor eIF-4F (10, 14). However, recent studies
showed that cap-dependent translation could still occur in the
presence of cleaved p220 (24). It is believed that poliovirus
2APro does not directly cleave p220, rather it activates a qui-
escent cellular protease which then cleaves p220 (14, 19, 37,
38). In contrast, rhinovirus or coxsackie virus 2APro is capable
of cleaving p220 directly (16, 18, 31). No cellular protein has
been shown to be directly cleaved by poliovirus 2APro to date.
Recent studies suggest 2APro may play a role in viral replica-
tion (22), although an earlier report suggested 2APro is not
required in a minireplicon system (23). 2APro may also be
involved in enhancing translation of mRNAs containing the
poliovirus 59 untranslated region (12).

Studies from our laboratory have shown that poliovirus-
encoded protease 3CPro directly inhibits host cell transcription
catalyzed by RNA polymerase II (Pol II) and III both in vivo
and in vitro (2, 3, 28, 39). The TATA-binding protein (TBP), a
component of transcription factor TFIID, is directly cleaved by
3CPro, which leads to Pol II transcription shutoff (2). The
cleaved TBP is unable to form a complex with the TATA box
(38). Likewise, the largest subunit of the Pol III DNA-binding
transcription factor TFIIIC is cleaved by 3CPro, leading to shut
off of Pol III transcription (28). Apparently, cleavage of TBP

does not contribute to Pol III transcription shutoff, although
the multicomplex Pol III transcription factor TFIIIB contains
the TBP polypeptide. 3CPro also catalyzes shut off of Pol I
transcription (26, 27). However, the precise nature of the Pol
I transcription factor(s) inactivated by 3CPro remains unknown.

Davies et al. demonstrated that transient expression of
2APro in eukaryotic cells inhibited both cellular translation and
transcription (8). The inhibition of transcription seen in cells
expressing 2APro could be due to a primary effect or a second-
ary effect caused by inhibition of translation. Because TBP
contains a cleavable tyrosine-glycine bond, we determined if
2APro is able to cleave TBP in vitro. We demonstrate here that
2APro directly cleaves the single tyrosine-glycine bond (at po-
sition 34) of TBP. This cleavage is also seen in virus-infected
cells. Surprisingly, despite TBP cleavage, 2APro was unable to
inhibit RNA Pol II transcription in vitro. Thus, cleavage of
TBP at amino acid 34 does not alter its transcriptional activity
in vitro. Under similar conditions, 3CPro totally inhibited Pol II
transcription. Thus, inhibition of host cell RNA Pol II tran-
scription seen in cells expressing 2APro may be due to host cell
translational shutoff by 2APro.

MATERIALS AND METHODS

Cells and viruses. HeLa cells were grown in spinner culture containing min-
imum essential medium, 5% newborn calf serum, and 1 g of glucose and 105 U
of ampicillin per liter of cells. Cells were infected with poliovirus (Mahoney type
1) at a multiplicity of infection of 25 as previously described (7).

Extract preparation. Nuclear extracts were made from mock- and poliovirus-
infected cells as described earlier (9) with slight modifications. Instead of dialysis
against buffer D, the extracts were precipitated with ammonium sulfate at 50%
saturation. These extracts were centrifuged at 30,000 3 g for 30 min. The
precipitate was dissolved in TMO.1 buffer (50 mM Tris-HCl [pH 7.4], 20%
glycerol, 1 mM EDTA, 1 mM dithiothreitol, 12.5 mM MgCl2, 100 mM KCl) and
dialyzed against the same buffer overnight. These extracts were aliquoted and
stored at 270°C.

Protein purification. Poliovirus protease 2APro was subcloned into the pet 15b
vector (Novagen) and transformed into Escherichia coli BL21 (DE3) cells. The
deleted D2APro was generated by cleaving 2APro at the NdeI site. This removes
the C-terminal 150 nucleotides which include part of the protease active site.
D2APro was also cloned into the pet 15b vector and transformed into BL21
(DE3) cells. 2A BL21 (DE3) or D2A BL21 (DE3) cultures at an optical density
of 0.7 at 600 nm were induced with 1 mM isopropyl thiogalactoside for 4 h to
make 2APro. 2APro and D2APro were purified from E. coli lysates under dena-* Corresponding author.
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turing conditions by nitriloacetic acid-nickel chromatography. These proteins
were renatured for 2 days with gradual dilutions of 4, 2, and 0 M urea containing
TMO.1 buffer.

Protease reactions and Western immunoblot analysis. The indicated amounts
of 2APro or D2APro were directly added to in vitro-translated [35S]methionine-
labeled TBP, purified TBP, or mock-infected nuclear extracts and incubated at
30°C for 3 h. The reaction was stopped by adding an equal volume of 23 sodium
dodecyl sulfate (SDS) gel loading buffer (100 mM Tris [pH 6.8], 200 mM dithio-
threitol, 20% glycerol, 4% SDS, 0.002% bromophenol blue) and heating at 95°C
for 5 min. These reactions were then separated on an SDS–14% polyacrylamide
gel. For Western blotting, the proteins were electrophoretically transferred onto
a nitrocellulose membrane (Schleicher and Schuell) and blotted with 10% blot-
ting reagent (Bio-Rad). A rabbit polyclonal TBP antibody (Santa Cruz Biotech,
Inc.) was used as the primary antibody. Western blots were developed by using
a chemiluminescence detection system (Bio-Rad).

Transcription plasmids and in vitro transcription assays. The plasmids used
for the analysis of transcription were a generous gift from Steven Smale, Uni-
versity of California, Los Angeles. These plasmids were identical to those de-
scribed previously (29, 30). Plasmid 1634 (pl 1634) contains the terminal de-
oxytransferase initiator (Inr) sequence inserted into pSP72 and simian virus 40
21-bp repeats (Sp1 binding sites). Plasmid 126 (pl 126) contains the adenovirus
major late promoter TATA box and Sp1 binding sites inserted into the BglII site
of pSP72. Both plasmids contain 12 Sp1 binding sites.

Transcription reaction mixtures contained 450 mg of template DNA, 150 mg of
HeLa nuclear extracts, 2.5 mM ribonucleoside triphosphates, and 100 U of
RNAsin, and the reaction volume was made up to 50 ml with TMO.1 buffer.
These reaction mixtures were incubated at 30°C for 90 min, and the reactions
were terminated by the addition of 90 ml of stop solution (200 mM NaCl, 20 mM
EDTA, 1% SDS, 250 mg of tRNA per ml). The RNA was extracted with
phenol-chloroform followed by ethanol precipitation. The RNA was annealed
with 50,000 cpm of Sp6 primer in 10 ml of annealing buffer (250 mM NaCl, 5 mM
Tris [pH 7.4], 1 mM EDTA) for 90 min. This annealed mix was analyzed by the
primer extension method. The primer extension reaction mixture contained 10 ml
of the above annealed mix, 1 mM dithiothreitol reverse transcriptase buffer (50
mM Tris [pH 8.3], 8 mM MgCl2, 50 mM KCl, 1.5 mM [each] deoxynucleoside
triphosphate), and 40 U of avian myeloblastosis virus reverse transcriptase (Life
Science Inc.) in a 20-ml reaction volume. These reaction mixtures were incubated
at 40°C for 90 min. The reactions were stopped by addition of 15 ml of stop dye
(80% formamide, 0.01% xylene cyanol, 0.01% bromophenol blue), loaded onto
an 8% acrylamide–8 M urea gel, and subjected to electrophoresis.

In vitro translation assay. HeLa translation extracts were prepared as previ-
ously described (6). The extracts were incubated with 10 ml of 2APro or D2APro

for 3 h at 30°C. These extracts were used for translating p53 mRNA as previously
described (6). The protein products generated were separated on an SDS–14%
polyacrylamide gel electrophoresis (PAGE) gel.

Site-directed mutagenesis of TBP. The parental TBP plasmid clone pKB104
used was as previously described (5). TBP insert from pKB104 was cloned into
vector M13mP18 to give pSDTBP (5). The single-amino-acid TBP mutant with
the 34th tyrosine mutated to alanine was generated by the protocol established
by Amersham. A mutagenic oligonucleotide with the nucleotides corresponding
to tyrosine changed to nucleotides corresponding to alanine was annealed to the
single-stranded template DNA. The annealed oligonucleotide was extended and
ligated with Klenow polymerase and T4 DNA ligase to form the heteroduplex.
Deoxythiocytidine triphosphate was used during the extension of the mutant
strand which protects it from nicking with the enzyme Nci. The heteroduplex was
then treated with Nci to nick the parental strand, which was removed by limited
digestion with exonuclease III. The mutant strand was used as a template to form
the homoduplex mutant by a repolymerization reaction. The mutant recombi-
nants were then used to transform E. coli XL-1 Blue cells.

RESULTS

2APro cleaves TBP. The poliovirus-specific 2APro specifically
cleaves tyrosine-glycine bonds in the viral polyprotein (17, 34).
To determine whether the single tyrosine-glycine in TBP (Fig.
1) is cleaved by 2APro, in vitro-translated TBP was incubated
with purified 2APro. Both the wild-type 2APro and an inactive
deletion mutant (D2APro) having no protease activity were
expressed in E. coli and purified to near homogeneity by using
Ni-affinity chromatography. The activity of the purified pro-
tease was determined by measuring its ability to cleave a viral
precursor protein (data not shown). At the lowest concentra-
tion tested, purified 2APro did not cleave in vitro-translated,
[35S]methionine-labeled TBP (Fig. 2, lane 2). However, as the
concentration of 2APro was increased in the reaction, the in-
tensity of full-length TBP decreased with a concomitant in-
crease in a faster-migrating band (Fig. 2). At the highest con-
centration tested, almost all of the full-length TBP was
converted to the faster-migrating product (lane 4). The enzy-
matically inactive mutant 2APro was unable to cleave TBP
(lane 5).

Cleavage of TBP by 2APro is direct. Poliovirus 2APro is
known to cleave the p220 component of the cap-binding com-
plex (37, 38). This cleavage, however, does not appear to be
direct and is believed to be mediated by a cellular protease
following its activation by the viral 2APro. To determine if TBP
is cleaved directly by 2APro, both TBP and 2APro were purified
from E. coli expressing these proteins. Analysis of these pro-
teins by SDS-PAGE followed by Coomassie blue staining
showed a high degree of purity for both proteins (Fig. 3A). The
purified TBP was incubated with the purified 2APro, and the
products were separated on an SDS–20% PAGE gel and an-
alyzed by Western blotting using a polyclonal anti-TBP anti-

FIG. 1. Sequence and potential poliovirus protease cleavage sites in TBP.
Predicted amino acid sequence of human TBP is shown. Three glutamine-glycine
(QG) sites are boxed, and a tyrosine-glycine (YG) site is circled.

FIG. 2. Cleavage of in vitro-translated TBP with poliovirus protease 2APro.
Human TBP cloned into pGEM3 (Promega) was in vitro transcribed with T7
RNA polymerase and translated in vitro in rabbit reticulocyte lysate in the
presence of [35S]methionine. One microliter of labeled TBP translation mixture
was incubated with the indicated amounts of 2APro or D2APro (D2A) at 30°C for
4 h. The reaction was stopped by adding equal amounts of 23 SDS-PAGE buffer,
and the proteins were separated on an SDS–14% PAGE gel. 14C-labeled mo-
lecular weight markers are shown in lane M. Numbers at left are in kilodaltons.
The position of full-length TBP is indicated by an arrow and that of the cleaved
product is indicated by an asterisk.
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body. Again, cleavage of TBP by 2APro was apparent in reac-
tions containing various amounts of 2APro in the presence of a
constant amount of TBP (Fig. 3B, lanes 1 to 4). The cleaved
product (38 kDa) was not observed when wild-type 2APro was
replaced by the inactive, mutant 2APro (Fig. 3B, lane 5). Also,
no background bands at 43 and 38 kDa were observed when
the reaction contained 2APro alone (Fig. 3B, lane 8). Incuba-
tion of TBP with purified 3CPro generated a 41-kDa cleaved
product as previously observed (2) (Fig. 3B, lane 7). When
TBP was incubated with both 2APro and 3CPro, two cleaved
products migrating at 41 and 38 kDa were observed, as ex-
pected (lane 6). Both the 41- and 38-kDa bands were detected
when an extract from poliovirus-infected HeLa cells was ana-
lyzed by Western blotting (Fig. 3B, lane 10) compared to
mock-infected cell extract (lane 9). The results presented in
Fig. 3 suggest that (i) cleavage of TBP by 2APro is most prob-
ably direct, and (ii) the TBP cleavage products seen in infected
cells can be recapitulated by incubating purified TBP with
poliovirus-specific proteases 3CPro and 2APro. Thus, it appears
that both viral proteases directly cleave TBP in infected cells
(2) (Fig. 3).

2APro cleaves the tyrosine-glycine bond of TBP at position
34. Both poliovirus 3CPro and 2APro are remarkably specific in
cleaving the viral polyprotein to generate mature viral polypep-
tides. While 3CPro cleaves at glutamine-glycine pairs, 2APro

cleaves the viral precursor polypeptide at tyrosine-glycine
bonds. Examination of the amino acid sequence of TBP re-
vealed only one tyrosine-glycine pair, which was located at
position 34 (Fig. 1). To determine whether 2APro cleaves this
tyrosine-glycine bond, the tyrosine at position 34 was changed

to an alanine moiety by site-directed mutagenesis. Both the
cloned wild-type (Y-G) and mutant (A-G) polypeptides were
translated in rabbit reticulocyte lysate, and the labeled proteins
were incubated with purified 2APro. As can be seen in Fig. 4,
substituting the tyrosine at position 34 by alanine rendered the
mutant TBP almost totally resistant to cleavage by 2APro com-
pared to the wild-type TBP which was readily cleaved by 2APro

(Fig. 4, lanes 1 to 4).
2APro does not inhibit RNA Pol II-mediated transcription in

vitro. To determine whether 2APro is able to inhibit host cell
transcription, TATA- and Inr-mediated, Sp1-activated Pol II
transcription was examined in the presence and absence of
purified, proteolytically active 2APro. Nuclear extracts pre-
pared from mock-infected (uninfected) HeLa cells were used
for transcription from a plasmid containing the adenovirus
major late promoter TATA box and Sp1 binding sites. The
RNA transcripts synthesized were analyzed by primer exten-
sion (39). Figure 5A indicates the position of the correctly
initiated 70-bp transcript. Synthesis of the transcript, as mea-
sured by primer extension, was not at all inhibited by prior
incubation of the extract with various concentrations of 2APro

(Fig. 5A). In fact, stimulation of transcription was observed
consistently as the amount of 2APro was increased in the reac-
tion. Quantitation of the primer-extended product showed an
approximately fourfold stimulation over that of the control
(Fig. 5A, lanes 1 and 4). When aliquots of the same nuclear
extract treated with various contractions of 2APro were ana-
lyzed by Western blotting, cleavage of TBP was clearly ob-

FIG. 3. Western blot analysis of recombinant purified TBP treated with re-
combinant purified 2APro and 3CPro. (A) One microgram each of recombinant
purified 2APro (lane 1) and TBP (lane 2) was analyzed by SDS-PAGE followed
by Coomassie blue staining. (B) Bacterially expressed and purified TBP (lane 1)
was incubated with increasing amounts of 2APro (lanes 2 to 4) or with D2APro

(lane 5), 3CPro (lane 7), or both 2APro and 3CPro (lane 6). 2APro alone was also
run alongside as a control (lane 8). Mock- and poliovirus-infected HeLa cell
extracts (lanes 9 and 10, respectively) were also analyzed. The position of full-
length TBP is indicated by an arrow. The positions of 3CPro- and 2APro-cleaved
TBP are indicated by a square and an asterisk, respectively. Numbers at the left
of both panels are molecular weights in kilodaltons.

FIG. 4. Identification of 2APro cleavage site in human TBP. The lone ty-
rosine-glycine site in TBP was mutated to an alanine-glycine site by site-directed
mutagenesis. Cloned wild-type TBP and mutant TBP (mTBP) were translated in
rabbit reticulocyte lysate in the presence of [35S]methionine. Wild-type TBP and
mTBP were incubated with 2APro (lanes 2 and 4) or buffer alone (lanes 1 and 3).
The products were separated on an SDS–14% PAGE gel and visualized by
autoradiography. 14C-labeled marker proteins are shown in lane M. Numbers at
left are molecular weights in kilodaltons. The positions of full-length TBP and
the cleaved product are indicated by an arrow and an asterisk, respectively.
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served (Fig. 5C, lanes 2 to 4). Thus, although almost all TBP
was cleaved at the highest concentration of 2APro, no transcrip-
tion inhibition was apparent at the same concentration of the
protease (compare Fig. 5A, lane 4, with Fig. 5C, lane 4). The
precise reason for the stimulation of Pol II transcription in the
presence of purified 2APro is not known and could be due to
proteolytic degradation of one or more nonspecific inhibitors
of transcription by the protease. A very similar result was
obtained when Inr-mediated transcription was examined (Fig.
5B). Again, 2APro did not inhibit transcription, and a slight
stimulation of the intensity of the product was observed at a
higher concentration of 2APro (Fig. 5B, lane 3).

Figure 6A compares the effect of poliovirus infection on host
cell transcription with that of 3CPro or 2APro treatment on
transcription. When extracts prepared from poliovirus-infected
cells were used for transcription, very little transcription was
observed (Fig. 6A, lane 5) compared to that seen in mock-
infected cell extracts (lane 1). Transcription in infected extracts
was approximately fivefold lower than that observed in mock-
infected extracts (Fig. 6A, compare lanes 1 and 5). A similar
degree of inhibition of transcription was observed when the
mock-infected extracts were treated with 3CPro (lane 4). No
significant inhibition of transcription was observed when mock-
infected extracts were treated with 2APro (lane 2). Inhibition of
transcription seen in reactions containing both 3CPro and
2APro (Fig. 6A, lanes 3) was unaltered compared to that con-
taining 3CPro alone (lane 4). These results suggest that host cell
transcription shutoff seen in poliovirus-infected cells can be
recapitulated in vitro by incubation of cell extracts with 3CPro

but not with 2APro.
As a positive control, the effect of 2APro on capped mRNA

translation in HeLa cell extracts was determined. 2APro is
known to inhibit capped, cellular mRNA translation in vitro.
Only half of the amount of 2APro that was used in transcription

reactions (Fig. 6A) was sufficient to almost totally inhibit
(90%) in vitro translation of a capped mRNA in HeLa cell
extracts (Fig. 6B, lanes 1 and 2). This inhibition of translation
was specific to 2APro as the inactive mutant 2APro had very

FIG. 5. In vitro transcriptional analysis of nuclear extracts treated with 2APro. Nuclear extracts were treated with increasing amounts of 2APro for 3 h at 30°C before
in vitro transcription analysis. (A) Analysis of transcription from TATA promoter activated by Sp1. Nuclear extracts treated with 2APro (lanes 2 to 4) were used for
in vitro transcription reactions with pl 126. This plasmid has an adenovirus major late promoter TATA box and (Sp1 binding sites). The RNA transcript synthesized
was analyzed by primer extension analysis, and the position of the correctly initiated transcript (70 bp) is indicated. (B) Effect of 2APro on Inr-mediated transcription.
Nuclear extracts treated with 2APro (lanes 2 and 3) were used for in vitro transcription reactions with pl 1634. This plasmid contains the terminal deoxytransferase Inr
sequence and Sp1 binding sites. The RNA transcript synthesized was examined by primer extension analysis, and the position of the correctly initiated transcript (79
bp) is indicated. (C) Aliquots of the same nuclear extracts shown in panels A and B were treated with 2APro or D2APro and analyzed by Western blotting using an
anti-TBP antibody. The positions of full-length TBP and cleaved product are indicated by an arrow and an asterisk, respectively. Numbers on the left are molecular
weights in kilodaltons. Mext, mock-infected extracts.

FIG. 6. Effect of 2APro and 3CPro on cellular translation and transcription in
vitro. (A) In vitro transcription was measured from TATA promoter activated by
SP1 in mock-infected (Mext, lane 1) and poliovirus-infected (Pext, lane 5) ex-
tracts and in mock-infected extracts treated with indicated amounts of 2APro

(lane 2), 3CPro (lane 4), and 2APro and 3CPro together (lane 3). (B) In vitro
translation of a capped cellular mRNA (p53 mRNA) was examined in HeLa cell
extract in the absence (lane 1) and presence of the wild type (lane 2) or the
enzymatically inactive mutant protease (lane 3). Molecular weight marker pro-
teins are shown in lane M, and numbers at left are molecular weights in kilo-
daltons.

6884 YALAMANCHILI ET AL. J. VIROL.



little effect (2% inhibition) on translation. These results dem-
onstrate that 2APro does not inhibit RNA Pol II-mediated
transcription in vitro, although it is capable of inhibiting
capped mRNA translation under similar conditions.

DISCUSSION

We have shown here that the poliovirus-encoded protease
2APro catalyzes cleavage of TBP both in vitro and in HeLa cells
infected with poliovirus. The cleavage of TBP by 2APro appears
to be direct as incubation of purified TBP with purified 2APro

results in the appearance of the cleaved product (Fig. 3). That
a mutant 2APro which lacks protease activity is not able to
cleave TBP suggests that cleavage of TBP is not due to a
contaminating E. coli protease. We have also demonstrated
that 2APro-mediated cleavage of transcription factor TBP oc-
curs between the tyrosine and glycine moieties at position 34.
Thus, the specificity of 2APro cleavage appears to be identical
for both viral precursor proteins and a cellular protein. This is
the first example of a cellular protein being cleaved directly by
the viral protease 2APro. 2APro-induced cleavage of the p220
component of eukaryotic initiation factor 4F (eIF-4F) is be-
lieved to be mediated by a cellular protease which is activated
in the presence of 2APro and eukaryotic initiation factor 3
(eIF-3) (37, 38).

The experiments presented here were initiated because of a
previous report which showed that transient expression of
2APro in COS-1 monkey kidney cells resulted in significant
inhibition of both cellular translation and transcription (8).
The reduction in transcription seen in 2APro-expressing cells
could result from direct inhibition of transcription or could be
due to inhibition of translation. For example, inhibition of
translation of an essential transcription factor with a relatively
short half-life would result in inhibition of transcription.
Whether cellular translation or transcription is directly affected
by 2APro can only be addressed by using in vitro translation and
transcription systems. Previous results from our laboratory
have shown that the poliovirus protease 3CPro was able to bring
about host cell transcription shutoff both in vivo and in vitro in
the absence of other viral proteins (2, 3, 39). Results presented
in Fig. 6 clearly show that while 2APro can inhibit in vitro
translation of a capped mRNA, it was totally ineffective in
inhibiting cellular transcription by RNA Pol II. This was sur-
prising since 2APro cleaved TBP at the tyrosine-glycine bond at
position 34 under conditions used for transcription. We, there-
fore, conclude that removal of the N-terminal 34 amino acids
from TBP does not interfere with its transcriptional activity.
Indeed, TBP deletion studies have shown that the N-terminal
amino acid sequences may not be necessary for TBP transcrip-
tional activity (25, 40). We have recently shown that 3CPro

cleaves TBP at both the 18th and 108th glutamine-glycine sites
(references 5 and 39 and unpublished results). It is the 3CPro-
mediated cleavage at the 108th glutamine-glycine bond of TBP
which leads to inhibition of transcription (39a).

Why is the tyrosine-glycine bond at position 34 of TBP
cleaved by 2APro? Clearly, this cleavage does not appear to be
necessary for inhibition of host cell Pol II transcription in vitro.
There are two possible explanations. The tyrosine-glycine bond
at position 34 may be exposed and is fortuitously cleaved by
2APro. An alternative hypothesis is that this cleavage plays an
important role in the shut off of host cell transcription by RNA
Pol I and/or III. Both the Pol III transcription factor TFIIIB
and the Pol I transcription factor SL1 contain TBP as one of
the components in these multiprotein complexes (4, 13, 20, 33,
36). Previous results from our laboratory have shown that
transcription factor fractions containing TFIIIB and SL1 had

reduced transcriptional activity when isolated from poliovirus-
infected cells compared to those from mock-infected cells (11,
26).

The function of the N-terminal amino acids of TBP is not
clear at present. The N-terminal region of TBP does not ap-
pear to be needed for Pol II transcription. However, recent
studies indicate that the N-terminal region of TBP plays an
important role in small nuclear RNA transcription (21). It
would be interesting to examine whether 2APro is able to in-
hibit small nuclear RNA transcription in vitro.

Although the poliovirus-encoded protease 2APro cleaves
TBP both in vitro and in vivo, this cleavage does not appear to
bring about host cell RNA Pol II transcription shutoff in vitro.
The possibility that 2APro inhibits Pol II transcription directly
in vivo cannot be completely ruled out. It appears unlikely,
however, for the following reasons. Inhibition of host cell
translation by 2APro has been documented both in vivo and in
vitro (15). Likewise, host cell transcription shutoff by 3CPro has
been demonstrated both in vitro and in vivo (2, 3, 11, 39). We,
therefore, suggest that the inhibition of host cell transcription
observed in cells expressing 2APro is due to inhibition of cel-
lular translation.

ACKNOWLEDGMENTS

This work was supported by National Institutes of Health grant
AI-27451 to A.D. P.Y. was supported by Public Health Service awards
AI-07323 and GM-07104 from the National Institutes of Health.

We are grateful to E. Berlin for excellent secretarial assistance.

REFERENCES

1. Bernstein, H. D., N. Sonenberg, and D. Baltimore. 1985. Poliovirus mutant
that does not selectively inhibit host cell protein synthesis. Mol. Cell. Biol.
5:2913–2923.

2. Clark, M. E., M. Lieberman, A. J. Berk, and A. Dasgupta. 1993. Direct
cleavage of human TATA-binding protein by poliovirus protease 3C in vivo
and in vitro. Mol. Cell. Biol. 13:1232–1237.

3. Clark, M. E., T. Hammerle, E. Wimmer, and A. Dasgupta. 1991. Poliovirus
proteinase 3C converts an active form of transcription factor IIIC to an
inactive form: a mechanism for inhibition of host cell polymerase III tran-
scription by poliovirus. EMBO J. 10:2941–2947.

4. Comai, L., N. Tanese, and R. Tjian. 1992. The TATA binding protein and
associated factors are integral components of the RNA polymerase I tran-
scription factor, SL-1. Cell 68:965–976.

5. Das, S., and A. Dasgupta. 1993. Identification of cleavage site and determi-
nants required for poliovirus 3CPro-catalyzed cleavage of human TATA-
binding transcription factor TBP. J. Virol. 67:3326–3331.

6. Das, S., D. Keenan, D. Bocskai, J. Keene, and A. Dasgupta. 1996. Sequences
within a small yeast RNA required for inhibition of internal initiation of
translation: interaction with La and other cellular proteins influence its
inhibitory activity. J. Virol. 70:1624–1632.

7. Dasgupta, A. 1983. Purification of host factor required for in vitro transcrip-
tion of poliovirus RNA. Virology 128:245–251.

8. Davies, M. V., J. Pelletier, K. Meerovitch, N. Sonenberg, and R. J. Kaufman.
1991. The effect of poliovirus proteinase 2APro expression on cellular me-
tabolism. J. Biol. Chem. 266:14714–14721.

9. Dignam, J. D., R. M. Lebovitz, and R. G. Roeder. 1983. Accurate transcrip-
tion initiation by RNA polymerase II in a soluble extract from isolated
mammalian nuclei. Nucleic Acids Res. 11:1475–1489.

10. Etchison, D., S. C. Milburn, I. Edery, N. Sonenberg, and J. W. B. Hershey.
1982. Association of cap binding protein with eukaryotic initiation factor 3 in
initiation factor preparations from uninfected and poliovirus infected HeLa
cells. J. Biol. Chem. 257:14806–14810.

11. Fradkin, L. G., S. K. Yoshinaga, A. J. Berk, and A. Dasgupta. 1987. Inhibi-
tion of host cell RNA polymerase III-mediated transcription by poliovirus:
inactivation of specific transcription factors. Mol. Cell. Biol. 7:3880–3887.

12. Hambridge, S. J., and P. Sarnow. 1992. Translational enhancement of the
poliovirus 5 noncoding region mediated translation by virus-coded polypep-
tide 2A. Proc. Natl. Acad. Sci. USA 89:10272–10276.

13. Kassavetis, G. A., C. A. P. Joazeiro, M. Pisano, E. P. Geiduschek, T. Colbert,
S. Hahn, and J. A. Blanco. 1992. The role of the TATA binding protein in
assembly and function of the multisubunit yeast RNA polymerase III tran-
scription factor TFIIIB. Cell 71:1055–1064.

14. Krauslich, H.-G., M. J. H. Nicklin, H. Toyoda, D. Etchison, and E. Wimmer.
1987. Poliovirus proteinase 2A induces cleavage of eukaryotic initiation
factor 4F polypeptide p220. J. Virol. 61:2711–2715.

VOL. 71, 1997 2APro DOES NOT INHIBIT Pol II TRANSCRIPTION 6885



15. Krausslich, H., and E. Wimmer. 1988. Viral proteinases. Annu. Rev. Bio-
chem. 57:701–754.

16. Lamphear, B. J., R. Yan, F. Yang, D. Water, H. D. Liebig, H. Klump, E.
Kuechler, T. Skern, and R. E. Rhoads. 1993. Mapping the cleavage site in
protein synthesis initiation factor eIF-4r of the 2A proteases from human
coxsackie virus and rhinovirus. J. Biol. Chem. 268:19200–19203.

17. Lee, C. K., and E. Wimmer. 1988. Proteolytic processing of poliovirus
polyprotein: elimination of 2APro mediated, alternative cleavage of polypep-
tide 3CD by in vitro mutagenesis. Virology 166:405–414.

18. Liebig, H. D., E. Ziegier, R. Yan, K. Hartmuth, H. Kurmp, H. Kowalski, D.
Blaas, W. Sommergniber, L. Frasel, B. J. Lamphear, R. W. Rhoads, E.
Kuchler, and T. Skern. 1993. Purification of two picornaviral 2A proteinases:
interaction with eIF-4 gamma and influence on in vitro translation. Biochem-
istry 32:7581–7588.

19. Lloyd, R. E., H. Toyoda, D. Etchison, E. Wimmer, and E. Ehrenfled. 1986.
Cleavage of cap binding protein complex polypeptide p220 is not effected by
second poliovirus protease 2A. Virology 150:299–303.

20. Lobo, S. M., M. Tanaka, M. L. Sullivan, and N. Hernandez. 1992. A TBP
complex essential for transcription from TATA-less but not TATA-contain-
ing RNA polymerase III promoter is part of the TFIIIB fraction. Cell
71:1029–1040.

21. Mittal, V., and N. Hernandez. 1997. Role of the amino terminal region of
human TBP in U6 SnRNA transcription. Science 275:1136–1139.

22. Molla, A., A. V. Paul, S. K. Jang, and E. Wimmer. 1993. Studies on dicis-
tronic poliovirus implicate viral proteinase 2A in RNA replication. Virology
196:739–747.

23. Pal-Ghosh, R., and C. Morrow. 1993. A poliovirus minireplicon containing
an inactive 2A proteinase in expressed in vaccinia virus-infected cells. J. Vi-
rol. 67:4621–4629.

24. Perez, L., and L. Carasco. 1992. Lack of direct correlation between p220
cleavage and the shut off of host translation after poliovirus infection. Vi-
rology 189:178–186.

25. Peterson, M. G., N. Tanese, B. F. Pugh, and R. Tjian. 1990. Functional
domains and upstream activation properties of cloned human TATA binding
protein. Science 248:1625–1630.

26. Rubinstein, S. J., and A. Dasgupta. 1987. Inhibition of rRNA synthesis by
poliovirus: specific inactivation of transcription factors. J. Virol. 63:4689–
4696.

27. Rubinstein, S. J., T. Hammerle, E. Wimmer, and A. Dasgupta. 1992. Infec-
tion of HeLa cells with poliovirus results in modification of a complex that

binds to rRNA promoter. J. Virol. 66:3062–3068.
28. Shen, Y., M. Igo, P. Yalamanchili, A. J. Berk, and A. Dasgupta. 1996. DNA

binding domain and subunit interactions of transcription factor IIIC revealed
by dissection with poliovirus 3C protease. Mol. Cell. Biol. 16:4163–4171.

29. Smale, S. T., and D. Baltimore. 1989. The “Initiator” as a transcription
control element. Cell 57:103–113.

30. Smale, S. T., M. C. Schmidt, A. J. Berk, and D. Baltimore. 1990. Transcrip-
tional activation by Sp1 as directed through TATA or initiator: specific
requirement for TFIID. Proc. Natl. Acad. Sci. USA 87:4509–4513.

31. Sommergruber, W., H. Ahorn, H. Klump, J. Seipelt, A. Zoephel, F. Fessl, E.
Krystek, D. Blaas, E. Kuechler, and H. D. Liebig. 1994. 2A proteinases of
coxsackie and rhinovirus cleave peptides derived from eIF-4 gamma via a
common recognition motif. Virology 198:741–745.

32. Sun, X. H., and D. Baltimore. 1989. Human immunodeficiency virus tat-
activated expression of poliovirus protein 2A inhibits mRNA translation.
Proc. Natl. Acad. Sci. USA 86:2143–2146.

33. Taggart, A. K. P., T. S. Fisher, and B. G. Pugh. 1992. The TATA binding
protein and associated factors are components of pol III transcription factor
TFIIIB. Cell 71:1029–1040.

34. Toyoda, H., M. J. H. Nicklin, M. G. Muray, C. W. Anderson, J. J. Dunn,
F. W. Studier, and E. Wimmer. 1986. A second virus encoded proteinase
involved in proteolytic processing of poliovirus polyprotein. Cell 45:761–778.

35. Wellink, J., and A. Van Kammen. 1988. Proteases involved in the processing
of viral polypeptides. Arch. Virol. 98:1–26.

36. White, R. J., and S. P. Jackson. 1992. Mechanism of TATA binding protein
recruitment to a TATA-less class III promoter. Cell 71:1041–1054.

37. Wyckoff, E. E., R. E. Lloyd, and E. Ehrenfeld. 1992. Relationship of eukary-
otic initiation factor 3 to poliovirus-induced p220 cleavage activity. J. Virol.
66:2943–2951.

38. Wyckoff, E. E., J. W. Hershey, and E. Ehrenfeld. 1990. Eukaryotic initiation
factor 3 is required for poliovirus 2A protease induced cleavage of the p220
component of eukaryotic initiation factor 4F. Proc. Natl. Acad. Sci. USA
87:9529–9533.

39. Yalamanchili, P., K. Harris, E. Wimmer, and A. Dasgupta. 1996. Inhibition
of basal transcription by poliovirus: a virus-encoded protease (3Cpro) inhibits
formation of TBP-TATA box complex in vitro. J. Virol. 70:2922–2929.

39a.Yalamanchili, P., and A. Dasgupta. Unpublished data.
40. Zhou, Q., T. G. Boyer, and A. J. Berk. 1993. Factors required for activated

transcription interact with TATA box binding protein conserved core do-
main. Genes Dev. 6:1964–1974.

6886 YALAMANCHILI ET AL. J. VIROL.


