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The yeast two-hybrid system has been used to identify mammalian clones that interact with poliovirus 2A
proteinase (2Apro). Eight clones which encode previously unidentified human proteins were selected from a
HeLa cell cDNA expression library. In addition, five clones encoding short peptides that interact with polio-
virus 2Apro were also identified. The lengths of these peptides range from 6 to 30 amino acids, but all of them
contain the Leu-X-Thr-Z motif (X represents any amino acid; Z represents a hydrophobic residue). This
sequence is invariably located just at the carboxy terminus of each peptide. This approach raises the possibility
of designing substrate analogue inhibitors of 2Apro. Thus, two nonhydrolyzable peptides containing the
Leu-X-Thr-Z motif prevented cleavage of eukaryotic initiation factor 4G by poliovirus 2Apro in vitro. A more
general method for identifying peptides with antiproteinase activity is discussed.

All poliovirus proteins are generated by proteolytic process-
ing of a large polyprotein synthesized upon translation of the
genomic RNA (23). All proteolytic cleavages of the polypro-
tein but one are carried out by the three virus-encoded pro-
teinases, 2A proteinase (2Apro), 3Cpro, and 3CDpro (23, 33).
2Apro is a multifunctional enzyme that participates in several
processes during the replication cycle of poliovirus. In addition
to its basic function as a protease that cleaves the viral polypro-
tein, poliovirus 2Apro also enhances viral translation, blocks
cellular gene expression, and participates in viral RNA repli-
cation (6, 11, 14, 21, 28).

2Apro-mediated cleavage of the viral polyprotein occurs at
Tyr-Gly bonds. The first cleavage takes place intramolecularly
at the P1-2Apro junction, in a reaction where 2Apro cleaves at
its own amino terminus. This cleavage separates the capsid
protein precursor P1 from the nascent polyprotein (27). Alter-
native processing of 3CDpro by poliovirus 2Apro generates 3C9
and 3D9 polypeptides (16, 27). Since 2Apro hydrolyzes only 2 of
the 10 Tyr-Gly bonds present in the viral polyprotein, addi-
tional amino acid residues and/or structural determinants sur-
rounding the cleavage sites determine 2Apro specificity (27).
However, little is known about these additional determinants
of substrate recognition by 2Apro. Sequence comparison and
site-directed mutagenesis of amino acids flanking the scissile
bond in VP1-2Apro and 3CDpro showed that Thr at position P2
(nomenclature of Berger and Schechter [4]) is the most im-
portant determinant, whereas a variety of substitutions at other
positions, including the scissile Tyr-Gly dipeptide, can be tol-
erated without loss of substrate proteolysis (13, 26, 31). More-
over, data from rhinovirus and coxsackievirus 2A proteinases
suggest that the proposed cleavage site for picornavirus 2Apro

within eukaryotic initiation factor 4G (eIF-4G) is an Arg-Gly
dipeptide instead of Tyr-Gly (15).

The three-dimensional structure of picornavirus 2Apro is not
yet available, but both random and site-directed mutagenesis,
together with the use of proteinase inhibitors, have given some
insights about the structure-function relationships of 2Apro (2,

3, 12, 20, 35). Poliovirus 2Apro activity is blocked by alkylating
agents, such as iodoacetamide and N-ethylmaleimide, and also
by elastase-specific inhibitors, such as elastatinal and methoxy-
succinyl-Ala-Ala-Pro-Val-chloromethylketone, but not by other
serine/cysteine protease inhibitors, such as aprotinin, leupep-
tin, antipain, or E-64 (20). Thus, 2Apro has been classified as a
novel subclass of trypsin-like serine proteinases where the cat-
alytic triad of the enzyme is formed by His-20, Asp-38, and
Cys-109 (3). In addition, a number of residues outside the
predicted catalytic pocket of poliovirus 2Apro have recently
been implicated in substrate recognition (2, 35).

A genetic assay, the yeast two-hybrid system, has recently
emerged as a powerful tool for the demonstration of protein-
protein interactions in intact cells (8, 9). The sensitivity of this
method is high enough to detect certain enzyme-substrate in-
teractions (1, 30). More recently, combinatorial peptide librar-
ies have been used to study peptide-protein interactions by the
two-hybrid system (34). This method has allowed the identifi-
cation of short sequences and amino acid residues critical for
their interaction with a given protein target. Furthermore, ge-
netic selection of peptides that interact with a target protein
with high affinity might constitute the basis for designing in-
hibitors of protein function.

Our initial aim was to find human proteins that might inter-
act with poliovirus 2Apro. To this end, the Saccharomyces cer-
evisiae two-hybrid system was used (MATCHMAKER; Clon-
tech). The poliovirus 2Apro gene was amplified by PCR and
cloned into plasmid pGBT-9 by standard procedures (25) to
generate a hybrid protein between the proteinase and GAL-4
DNA-binding domain. Yeast strain Y190 (MATa ura3 his3
leu2 lys2 ade2 trp1 gal4-542) was transformed with plasmid
pGBT-2Apro by the lithium acetate method (10) and tested for
expression of the hybrid gene GAL-4BD-2Apro. Synthesis of
this protein neither affected yeast growth nor by itself activated
the transcription of the b-galactosidase gene (data not shown).

Our next step was to transform the yeast clone expressing
the hybrid GAL-4BD-2Apro gene with a HeLa cell cDNA
library. Of ;2.5 3 105 colonies screened, 40 clones with a His1

b-Gal1 phenotype were obtained. Twenty of these were taken
for further analysis. To assay the specificity of the interaction
between poliovirus 2Apro and the proteins encoded by pGAD-
GH, these plasmids were isolated from positive clones and
retransformed with pGBT-2Apro or pGBT-3Cpro. Only clones
cotransformed with poliovirus 2Apro showed b-galactosidase
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activity (data not shown). pGAD-GH-containing inserts iso-
lated from these clones were sequenced. About 60% of these
sequences encode unidentified proteins (unpublished data).

Notably, five clones encoded short peptides, as deduced
from the sequences of the cDNA inserts. Although these in-
serts are quite large (0.12 to 1.3 kbp), the predicted translation
frames are halted by the appearance of stop codons. Interest-
ingly, two of these clones contain previously identified DNA
sequences. Clone 18 contains the sequence from nucleotide
(nt) 927 to nt 1837 of the hnRNP-F gene (GenBank accession
no. L28010), but this sequence is out of frame, whereas the
insert in clone 16 encompasses nt 1017 to 1137 of the 39
untranslated region of the RHOA gene (L09159). These re-
sults indicate that these peptides are most likely not synthe-
sized by human cells but are selected because expression li-
braries offer a rich source of diverse protein sequences that can
bind to a given protein. Indeed, only one-third of the clones in
the cDNA library are in frame.

Western blotting using a monoclonal antibody raised against
the activation domain (AD) of GAL-4 indicated that these
clones synthesized hybrid polypeptides slightly larger than pro-
tein GAL-4AD alone, reinforcing the notion that these clones
express short peptides (data not shown). As shown in Fig. 1,
the interaction of these clones is specific for poliovirus 2Apro,
whereas neither poliovirus 3Cpro (Fig. 1) nor poliovirus 2B
protein (data not shown) gave a positive signal. The strength of
the interaction between the different clones and poliovirus
2Apro varied. Thus, clone 16 and, to a lesser extent, clones 26
and 32 showed the highest b-galactosidase activities (Table 1).

The lengths of the selected peptides range from 30 amino
acids (clone 16) to 6 amino acids (clones 26 and 33) (Fig. 2A).
However, all of them have significant homology at their car-
boxy termini. A threonine residue at position P2 and a leucine
at position P4 are invariably present in all five clones. In four
of them, an arginine at position P7 is also present. Further-

more, the carboxy-terminal residue in all clones is a hydropho-
bic amino acid (Leu, Phe, or Ile). Interestingly, alignments of
these sequences with those present surrounding the 2Apro

cleavage sites in VP1-2Apro, 3CDpro, and eIF-4G reveal an
absolute conservation at positions P2 and P4, whereas the rest
of the positions are variable. The arginine residue at P7 is also
present in eIF-4G, but not in VP1-2Apro and 3CDpro sub-
strates. These findings agree well with those reported by
Hellen et al. (13), where any change at position P2 in the
VP1-2Apro junction abolished cleavage by 2Apro in trans, point-
ing to this residue as critical for substrate recognition by this
poliovirus protease.

In conclusion, the carboxy terminus of the selected peptides
mimics the sequence found at the amino-terminal half of cleav-
age sites of poliovirus 2Apro in physiological substrates. Since
none of the selected peptides contains the scissile dipeptide
Tyr-Gly, our findings suggest that the amino acid half flanking
the cleavage site contains a major determinant for substrate
recognition by poliovirus 2Apro. These findings also help us
understand why 2Apro cleaves only 2 of the 10 Tyr-Gly dipep-
tides present in the viral polyprotein (27). Only the two cleav-
able Tyr-Gly dipeptides are flanked by the recognition se-
quence of 2Apro.

Also of interest is the presence of a hydrophobic amino acid
at the P1 position of the consensus sequence of these peptides,
instead of the tyrosine or arginine residues found in 2Apro

substrates (Fig. 2B). Perhaps this hydrophobic amino acid
serves to stabilize the interaction of peptides with the 2Apro

catalytic pocket, whereas the presence of a polar amino acid
(Tyr or Arg) in natural substrates may induce a more rapid
release of the hydrolyzed products.

To test whether the peptides described above are able to
interact in vitro with poliovirus 2Apro, two peptides were de-
signed and synthesized. In principle, the selected peptides can-
not be cleaved by poliovirus 2Apro, because they lack Tyr-Gly
bonds. Thus, we hypothesized that these peptides could behave
as potential nonhydrolyzable inhibitors of poliovirus 2Apro.
Such substrate analogues have been described for other viral
and cellular proteinases (7, 18, 24). To test this hypothesis, two
peptides of 8 amino acids were synthesized containing the
invariable residues found with the two-hybrid system. Peptide
1 contains the sequence found in clone 32, whereas peptide 2
was designed by modifying the sequence present in clone 16:
the Val at position P3 was replaced by a Ser, and an additional
Arg was placed at position P8 (Fig. 2A and 3A). These changes
were introduced to increase the solubility of the peptide and to
make it more similar to the cleavage site present in eIF-4G
(Fig. 2B and 3A).

The effects of these peptides on poliovirus 2Apro activity
were tested by an in vitro cleavage assay of eIF-4G. Poliovirus
2Apro was purified as a fusion protein with maltose binding
protein (MBP) as described previously (22). Previous results in
vitro showed that recombinant MBP-2Apro is able to bisect
human eIF-4G in cell-free systems (22). Addition of 1 mg of

FIG. 1. Interaction of poliovirus 2Apro with clones from a human cDNA
library tested by the two-hybrid system. Shown are results of a filter b-galacto-
sidase assay of yeast cotransformants bearing the cDNA library clones indicated
and plasmid pGBT-2Apro or pGBT-3Cpro. Colonies were transferred to What-
man 3MM filter paper, lysed, and incubated with an X-Gal (5-bromo-4-chloro-
3-indolyl-b-D-galactopyranoside) solution. A blue color indicates a positive in-
teraction. pGAD-V is the library vector without an insert, used as a negative
control. The VA3 and pTD1 vectors encode p53 and T antigen from simian virus
40, respectively (17), and were used as a positive control of interaction.

TABLE 1. b-Galactosidase activities in liquid medium

Plasmid
b-Galactosidase activitya with:

pGAD-V Clone 26 Clone 16 Clone 32 Clone 33 Clone 18 VA3

pGBT-3Cpro ,1 ,1 ,1 ,1 ,1 ,1 ,1
pGBT-2Apro ,1 6.8 6 0.18 28.4 6 2.36 6.78 6 1.59 3.54 6 0.42 4.66 6 1.47 ND
pTD1 ND ND ND ND ND ND 138.4 6 46.8

a Expressed in Miller units (19). Standard deviations obtained from three independent measurements are given. ND, not determined.
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MBP-2Apro to HeLa S10 extract is sufficient to cleave endog-
enous eIF-4G almost completely (Fig. 3A, lanes 2 and 13). This
cleavage is abolished by the addition of 0.5 mM elastatinal, the
most powerful inhibitor of picornavirus 2Apro (Fig. 3A, lane
11). Addition of increasing concentrations of peptide 1 in-
duced a significant inhibition of eIF-4G cleavage (Fig. 3A,
lanes 3 through 6). However, upon incubation of MBP-2Apro

with peptide 2, a stronger blockade of eIF-4G cleavage was
obtained with 1 mM peptide 2, whereas at 2 to 3 mM the
cleavage of eIF-4G was almost completely abolished. The 50%
inhibitory concentrations (IC50) were 1.6 mM for peptide 1
and 0.6 mM for peptide 2 (Fig. 3B).

To demonstrate if the inhibition of eIF-4G cleavage is spe-
cific for these peptides, a parallel incubation with an unrelated
peptide containing an irrelevant sequence was carried out (Fig.
3A, control peptide). This peptide did not show any significant
effect on eIF-4G cleavage at the highest concentration tested
(3 mM) (Fig. 3A, lane 12).

In conclusion, the results shown in Fig. 3A indicate that
synthetic peptides derived from the sequences selected in vivo
inhibit poliovirus 2Apro activity in vitro in a dose-dependent
manner. Furthermore, the degree of interaction observed in

vivo correlates well with the extent of inhibition of eIF-4G
cleavage exerted by these two peptides in cell-free systems.

Understanding viral proteinase specificity is of key impor-
tance, not only for basic research, but also for designing anti-
viral drugs that block proteinase activity. Potent inhibitors of
cellular and viral proteases based on synthetic peptide ana-
logues have been developed (18, 24, 32). Usually, the scissile
dipeptide in these pseudosubstrates is replaced by a nonhydro-
lyzable bond (7). In contrast, peptides used here to block
poliovirus 2Apro activity in vitro lack a nonscissile Tyr-Gly pair.
In spite of this, these peptides are able to interact with 2Apro,
as determined by the two-hybrid system, and to block its pro-
teolytic activity on an eIF-4G substrate. These results suggest
that the cleavable dipeptide (Tyr-Gly) is dispensable for rec-
ognition and interaction with 2Apro. On the other hand, these
findings provide additional support for the notion that polio-
virus 2Apro recognizes and cleaves eIF-4G directly (5, 29).

Although the concentrations of peptides that inhibit 2Apro

activity are relatively high, the sequences of these peptides
suggest a consensus necessary for binding. A genetic approach
similar to that described here may help further identification of
new peptides with increased affinity for 2Apro and higher in-

FIG. 2. Sequences of poliovirus 2Apro-binding clones. (A) Nucleotide sequences and derived amino acid sequences of clones selected by the two-hybrid system. Only
cDNAs encoding regions are indicated. Boxed nucleotides, artificial linkers used to construct the library (see the Clontech catalog for additional information).
Underlined residues identical amino acids found at the same positions. AMB and OPA, stop codons. (B) Amino acid sequence alignments of the carboxy termini of
2Apro-binding peptides and cleavage sites present in all known 2Apro substrates. Conserved residues are boldfaced. The positions of amino acids with respect to the
cleavage site are numbered according to the system of Berger and Schechter (4). Asterisks indicate that the cleavage site of poliovirus 2Apro within eIF-4G has not been
formally demonstrated. This putative site is predicted on the basis of studies using rhinovirus and coxsackievirus 2Apro.
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hibitory potency. Moreover, the use of a peptide library instead
of a cDNA library might increase the number of positive clones
selected (34). Alternatively, mutagenesis of selected peptides
and rapid screening in yeast could improve the affinity of the
peptides selected. This may constitute the basis for designing
nonpeptidic analogues able to permeate cells in order to block
poliovirus replication. The approach described in the present
work may be extended to other proteinases or enzymes in
general, of either viral or cellular origin.
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