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SEQUENCES INVOLVED IN THE PRIMARY
2A/2B CLEAVAGE

Early work on poliovirus polyprotein processing revealed
the existence of two proteinases within the polyprotein and
that the primary cleavage, which served to separate the
capsid protein region of the polyprotein (P1) from the rep-
licative protein polyprotein domain (P2), was mediated by
the 2A proteinase (ZA™') cleaving at its own N terminus
(Fig. 1A) (44). In the case of the aphtho- and cardiovi-
ruses, however, the primary cleavage in this region of the
polyprotein was known to be different, occurring at the C
terminus of 2A (Fig. 1A) (11, 24, 31). In the aphtho- and
cardioviruses, therefore, this primary cleavage results in the
2A protein remaining as a C-terminal extension of D1 until
it is cleaved from P1 during secondary processing (33). Pre-
cursor forms spanning the 2A/2B junction are not observed
in aphtho- or cardiovirus polyprotein processing. Compar-
ison of the sequences of the 2A regions of different picor-
naviruses showed that the entero- and rhinoviruses pos-
sessed highly similar 2A proteinases. While the cardiovirus
2A proteins (between 142 and 157 amino acids [aa]) were
of a size similar to that of entero- and rhinovirus 2A™, no
sequence similarity was apparent. Indeed, the 2A region of
aphthoviruses was thought to be only 16 aa in length. The
extremely short aphthovirus 2A region did, however, show
sequence similarity with the C-terminal region of the
longer cardiovirus 2A proteins (Fig. 1B).

Experiments analyzing the endogenous processing prop-
erties of recombinant aphthovirus (foot-and-mouth discase
virus [FMDV]) polyproteins in which cither the upstream-
or downstream contexts of 2A were deleted showed that
the 2A oligopeptide region did not function as part of a
larger precursor form. Deletion of sequences immediately
upstream did have an effect in that “cleavage” became
“highly cfficient” (~90%) rather than complete. Deletions
downstream of 2A (although maintaining the N-terminal
proline residue of protein 2B) did not appear to affect
cleavage (34). These studies indicated that the cleavage

activity could be a property of the 2A oligopeptidic region
alone. Consistent with this notion, studies on the endog-
enous processing properties of domains of the cardiovirus
Theiler’s murine encephalomyelitis virus (TMEV) polypro-
tein localized the 2A/2B cleavage activity within the 2AB
region (2). The 2A/2B cleavage activity of the cardiovirus
encephalomyocarditis virus (EMCV) was mapped to the C-
terminal third of 2A plus the N-terminal half of 2B (14).
In this study the importance of the conservation of the
scquence at the cleavage site, and the cleavage sire itself
(-NPG ! P-), was confirmed. Deletions within the TMEV
2A protein, although leaving the C-terminal region intact,
resulted in genomes that were competent, although im-
paired, in RNA replication and showed reduced virus titers
(22, 49). Interestingly, the TMEV 2A protein could not
substitute for mengovirus 2A protein (49).

These observations were extended by analyzing the
self-processing properties of artificial polyprotein systems.
Polyproteins comprised two reporter proteins (chloram-
phenicol acetyltransferase [CAT]; B-glucuronidase [GUS))
flanking 2A (trogether with the N-terminal proline residue
of protein 2B) forming [CAT2AGUS| were encoded by a
single open reading frame (ORF) (35). Translation reac-
tions in vitro were programmed with transcripts derived
from cither the control construct pPCATGUS (encoding
CAT and GUS in a single ORF) or pCAT2AGUS. The
translation profiles showed that the EMDV 2A region me-
diated a cleavage at its own C terminus, as in native FMDV
processing, and that this cleavage occurred with high effi-
cieney, but not to completion (~90%) (Fig. 2A)—as was
observed in the recombinant FMDV polyproteins in which
sequences N terminal of 2A were deleted. A nested set of
deletions extending from the N terminus into the EFMDV
ZA sequence showed that cleavage occurred with only
13 aa remaining, but not 11 aa (Fig. 2B). Furthermore,
a precursor-product relationship was shown not to exist
between uncleaved [CAT2AGUS] and the GUS and
[CAT2A] cleavage products. Following the arrest of protein
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FIGURE 1 Dicornavirus polyproteins. (A) The polyprotein organizations of entero-, rhino-,
cardio-, and aphthoviruses are shown together (boxed areas) with the sites of primary polyprotein
cleavage. (B) The sequences of the C-terminal region of cardioviruses and the 2A region of
aphthoviruses are shown together with 2A-like sequences from other virus and cellular sequences.

synthesis, the [CAT2AGUS] translation product was stable of 2B)—these cardiovirus sequences being as ethcient as
and did not subsequently cleave into [CAT2A] and GUS. the FMDV 2A in mediating cleavage. In addition, the in-
Cleavage occurred, therefore, cotranslationally, but not fluence on cleavage activity of the upstream sequences
posttranslationally. With such artificial reporter polyprotein proximal to FMDV 2A was more finely mapped to within
systems the 2A/2B cleavage activity of both EMCV and the C-terminal 5 aa of protein 1D (5). Restoration of this
TMEV was subsequently mapped to the C-terminal 18 aa 5-aa sequence increased the cleavage activity to >99%

of their 2A proteins (together with the N-terminal proline (Fig. 2B) (5, 6). Interestingly, expression of these artificial
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FIGURE 2 Translational analyses. Artificial reporter polyproteins (boxed arcas) used to program
in vitro translation systems are shown together with translation profiles obtained from rabbit
reticulocyte lysates. (A) The FMDV region was cither N-terminally extended by the incorporation
of FMDV 1D scquences or by stepwise deletion. (B) Cleavage activities (%) are shown. (C) Site-
directed mutants of FMDV 2A were constructed and the cleavage activities analyzed with in vitro
transtation systems.
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polyproteins in a prokaryotic system did not reveal any
cleavage activity. The presence of a 3C proteinase cleavage
site conserved among FMDVs (also present in the same
position in newly sequenced related viruses) led us to pro-
pose that FMDV 2A is 18 rather than 16 aa long (Fig. 1B).

We found significant levels of internal initiation oc-
curred within CAT using these in vitro translation systems,
which compromised our quantitative analyses (sce below).
Internal initiation sites within CAT were identified by N-
terminal deletion and immunoprecipitation studies (Fig.
2A). We now use green fluorescent protein (GFP), rather
than CAT, in our artificial polyprotein cleavage assay sys-
tems. Translation profiles obtained from |[GFP2AGUS]
constructs show very little internal initiacion (Fig. 2A).
Data obtained with this system are entirely consistent with
the [CAT2ZAGUS] polyprotein, but translation profiles may
be guantified much more accurately.

To determine whether the RNA scquence of this re-
gion, rather than the peptide sequence which it encoded,
was responsible for cleavage, we enginecred a construct
(pAM2) that contained the FMDV 2A sequence in a
[GFP2AGUS] construct, although out of frame (+2 frame)
with respect to the GFP and GUS scequences. Translation
profiles obtained from this construct showed no cleavage
activity (Fig. 2A). Our conclusions from these data were
that (i) the cleavage activity per sc was a function of
the aphthovirus 18-aa 2A peptide sequence, (ii) the C-
terminal 18 aa of the cardiovirus 2A protein is functionally
equivalent, (iii) proximal upstream sequences were influ-
ential in but not critical for this activity, and (iv) cleavage
did not occur in Escherichia coli.

MUTAGENETIC ANALYSES OF 2A-MEDIATED
CLEAVAGE

For purposes of this discussion, the numbering scheme
shown in Fig. 1B is used. Inspection of picornavirus (and
nonpicornavirus, see below) 2A sequences shows that only
the -DxExNPG ! P- motif is conscrved in nature. Se-
quences immediately upstream of this motif that were
shown to be either critical or very important for the activ-
ity are, however, not conserved. In a study in which this
motif was subjected to site-directed mutagenesis, Hahn and
Palmenberg found mutation of the (completely) conserved
residues of this motif to cither abrogate or very severely
affect activity (14). The single exception to this was an
E14D mutant in which partial activity was observed. We
have performed site-directed mutagenesis on the FMDV
2A sequence, and our data are summarized in Fig. 2C. We
find that, at variance with the EMCV mutagenesis, the
FMDV E14D mutant is not active, although the E14Q mu-
tant showed partial activity. Residue S15 shows natural se-
quence variation (Fig. 1B), and mutant forms not found in
nature (S15EF S151) are partially active. Residue N16 can
be mutated while retaining partial cleavage activity, but
mutation of both P17 and G18 abrogates activity. Inter-
estingly, P19 (the N-terminal residue of protein 2B) shows
very slight activity when mutated to glycine, but not to
serine or leucine (6).

While we have shown the sequences immediately up-
stream of the conserved -DxExNPGP- motif are critical for
activity, inspection of the available sequences in this region
reveals that there are a number of different “solutions” that
nature has adopted in different groups of picornaviruses and
other viruses described below. Mutants of the conserved

motif uniformly show either substantially lower or no
cleavage activity.

“2A-LIKE” SEQUENCES

Probing the databases for sequences containing this con-
served motif shows the presence of 2A-like sequences in
other virus polyproteins (Fig. 1B). We have rested these
2A-like sequences (as indicated in Fig. 1) by insertion of
the 2A-like sequences into our [GFP-GUS] reporter system
(6). Not surprisingly, the picornavirus 2A sequences from
the equine rhinoviruses types A and B and PTV-1 arc ac-
tive.

Insect Viruses

In the case of the insect viruses Drosophila C virus (DCV;
accession no. AF014388), cricket paralysis virus (CrPV; ac-
cession no. AF218039), acute bee paralysis virus (ABPV;
accession no. AF150629), and Thosea asigna virus (TaV;
accession no. AF062037), their 2A-like sequences, when
inserted between GFP and GUS, showed high cleavage ac-
tivity. In the case when cleavage was >99%, uncleaved
[GFP'2A'GUS] material was only barely detectable. In the
case of infectious flacheric virus (IFV; accession no.
ABO00906), however, the 2A-like sequence was only par-
tially active in our assay system (~50%). It can be scen
that the -DxExNPGP- motif is not conserved but differs
from the consensus by D12G (Fig. 1B).

In the case of IFV, we propose that the 2A-like sequence
functions as it does in picornaviruses—to bring about a
primary cleavage between polyprotein domains comprising
the capsid proteins and those comprising the replicative
proteins (Fig. 3A). In the case of DCV, CrPV, and ABDPYV,
however, the 2A-like sequence occurs toward the begin-
ning of ORF1 (replicative proteins; Fig. 3A), whereas in
TaV, the 2A-like sequence is present within the capsid pro-
tein precursor. In this case the activity of the 2A-like se-
quence has been demonstrated by N-terminal sequencing
of the capsid protein cleavage products (29).

Type C Rotaviruses

The 2A-like sequence is present in human, bovine, and
porcine type C rotavirus nonstructural protein 34 (NS34;
gene 6; accession no. AJ132203, L12390, and M69115, re-
spectively). Analysis of these 2A-like sequences in our
[GFP’2A'GUS] system showed much lower cleavage activ-
ity than that observed for other 2A-like sequences (6). In-
terestingly, the type C rotavirus NS34 protein may be
aligned with the NS3 protein of type A rotaviruses but has
an additional double-stranded RNA binding domain at its
C terminus. Inspection of alignments of this domain with
other dsRNA  binding domains shows this domain to
start immediately downstream of the 2A-like sequence

(Fig. 3B).

Trypanosoma Repeated Sequences

2A-like sequences are present within repeated sequences in
Trypanosoma cruzi (accession no. X83098) and Trypanosoma
brucei (accession no. X05710 and S28721). Surprisingly,
these 2A-like sequences are in different types of insertion
clement. Ribosomal insertion mobile elements (RIMEs) in-
sert themselves into trypanosome rDNA genes. These cle-
ments, in turn, are themselves disrupted by insertions. In the
case of T. cruzi a RIME may contain the insertion of a non-
long terminal repeat (LTR) retrotransposon (L1Te) (19).
This clement has three main ORFs: ORF1 (L1Tca) has sig-



nificant similarity to the human AP endonuclease protein,
ORFZ has significant similarity to retrotranscriptase-related
sequences from non-LTR retrotransposons, and ORF3 en-
codes a gag-like protein (Fig. 3C). The 2A-like sequence is
present in the N-terminal portion of the AP endonuclease-
like sequence (L1Tea) and, interestingly, the similarity with
other AP endonuclease protein family members starts im-
mediately after the 2A-like sequence (Fig. 3C).

In T. brucei, however, the RIME is disrupted by the
insertion of a different type of element with a single,
long ORF encoding a reverse transcriptase-like protein
(Fig. 3C) (19). The 2A-like sequence is formed by the
juxtaposition of two ORFs during transposition: the N-
terminal portion being derived from the RIME sequence
and the C-terminal portion being derived from the reverse
transcriptase-like protein (Fig. 3C). We have inserted these
2A-like sequences into our [GFP'2A'GUS| system and
found both to be active (6). We propose, therefore, that
in both cases the 2A-like sequence serves to gencrate ci-
ther the “mature” AP endonuclease-like protein (T. cruzi)
or “mature” reverse transcriptase-like protein (T. brucei) by
cleaving these proteins from their fusion partners.

Cellular Sequences

Probing the databases for the presence of the conserved
-DxExNPGP- motif reveals (to date) only one further oc-
currence. This motif is present within the thermophilic
cubacterium Thermatoga maritima augA - gene product «-
glucuronidase (accession no. P96105). Insertion of this 2A-
like sequence (Fig. 1B) into our reporter system shows,
however, this 2A-like sequence to be inactive (6). This
observation is consistent with our previous analyses of the
N-terminally truncated forms of 2A: the -DxExNPGD- mo-
tif alone is not sufficient to confer self-cleavage but requires
an appropriate upstream context.

STRUCTURE OF 2A

We have used a range of secondary structural prediction
algorithms on 2A and 2A-like scquences. The consensus
that cmerges is that of a helical structure followed by a
tight turn (\NPG-). The prediction of an a-helical struc-
ture was supported by dynamic molecular modeling per-
formed upon the FMDV 2A sequence (36). In this struc-
tural model residues D5, K8, D12, and N16 align along
one side of the proposed a-helical segment, an arrange-
ment that remained stable in dynamic simulations. Two salt
bridges, D5 and K8 (in an i, i + 3 arrangement) and K8
and D12 (i, i + 4), and a hydrogen bonding interaction
between D12 and N16 (1, i + 4) could serve to stabilize
this structure.

MECHANISM OF CLEAVAGE ACTIVITY

In our first report of 2A-mediated cleavage of an artificial
polyprotein system we put forward three hypotheses to ex-
plain these data: (i) that FMDV served as a substrate for a
host-cell proteinase, (ii) that 2A represented a novel type
of proteolytic element, or (iii) that 2A in some way inter-
fered in peptide bond formation (35).

The “Substrate” Hypothesis

In this model 2A represents a substrate for a cellular pro-
teinase that would need to be both very efficient and very
tightly coupled to translation, since cleavage occurs co-
translationally, but not posttranslationally (35). At present
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there are no reports of such a rihosome-associated protein-
ase. ZA has been used for many biotechnological purposes
and, as such, a wide range of recomhinant self-processing
systems have been expressed in a wide ranee of cell types,
including mammalian, insect, plant, and fungal (3, 4, 10,
15,18, 20, 25, 28, 38-40, 42, 45, 46). Such a proteinase
would, therefore, need both to be present in this range of
cell types and 1o have conserved its substrate specificity.
Our site-directed mutagenesis data (only part of which is
presented here) do not resolve this issue since the different
mutant forms could represent, for example, substrates with
different binding athnities tor the hypothetical cellular pro-
teinase. It should he noted here, however, that some point
mutants we have constructed (which show no cleavage)
arc over 10 residues N terminal of the cleavage site. Sim-
ilarly, it could be argued that our ohservations regarding
the influence of the upstream sequences retlect their role
in protein folding vis-a-vis the “presentation” of the site of
cleavage to this hypothertical proteinase.

The “Proteinase” Hypothesis

Perhaps dispensing with the protein “architecture” required
by a proteinase to recognize a substrate in trans, to cleave
a peptide bond, then regenerate the nucleophile, could en-
able such a short sequence to function as a single-turnover
cis-acting proteolytic clement. In considering a novel cis-
acting proteolytic activity for 2A, the presence of con-
served potential nucleophiles (D, E, S/T) within the ca-
nonical motif was of great interest. Indeed, asparagine
residues are known to mediate peptide hond cleavage via
a mechanism similar to the B-aspartyl shift (reviewed in
reference 48). Here our site-directed mutagenesis data are
more informative. Mutation of D12 either abrogates cleay-
age (D12H, sce reference 14; DI2E, Fig. 2C) or very se-
verely affects it (DI2N, sce reference 14). The IFV 2A-
like sequence is active and has a glycine residue in this
position (Fig. 1B). The E14Q murtation retains (reduced)
activity (Fig. 2C). These two “candidate” nucleophilic res-
idues do not appear, therefore, to function in the manner
of an acidic proteinase. Although serine or threonine (hoth
nucleophiles in proteinases) are present in all aphthovi-
ruses and many cardioviruses, natural sequence variation in
this position (Fig. 1B) precludes S15/T15 functioning in
the manner of a serine or threonine proteinase. Mutation
of N16 and retention of activity exclude peptide bond
cleavage via a mechanism similar to the Braspareyl shift.
On the basis of the site-directed mutagenesis and natural
sequence  variation data sets, a proreolytic mechanism
seems improbable.

The “Translational” Hypothesis

Analysis of the in vitro translation profiles obtained from
both [CAT2AGUS] and [GFP2AGUS| showed a common,
remarkable feature. Proteins were radiolabeled with ©°S-
methionine and the distribution of radioactivity in the ac-
cumulated products was quantified by phosphorimaging
{(normalized for methionine contents). The upstream trans-
lation product (cither [CAT2A] or [GFP2A]) was present
in a molar excess over the downstream translation product,
GUS. This effect varied between rabbit reticulocyte lysates,
where ratios were commonly 5:1, and wheat germ extracts,
where ratios were commonly 15:1. Interestingly, extension
of the N-terminal FMDV protein 2B residues present im-
mediately downstream of 2A in our reporter polyproteins
(from just -P- to -PFFE-) increased the observed imbalance
dramatically (data not shown).
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The products we are measuring are those that have ac-
cumulated: a function of both protein synthesis and deg-
radation. Protein degradation studies showed this expla-
nation  could not account for our observed product
imbalances (7). An alternative explanation for this product
imbalance could be that significant premature termination
of transcription or translation was occurring, at random, in
these coupled systems. This would give rise to a polar cffect
resulting in a greater level of synthesis of sequences N ter-
minal to the polyprotein system. In our system this effect
coupled with cleavage at a specific site could explain this
imbalance. To address this question two types of ap-
proaches were adopted: first, to reverse the gene order—to
place the (longer) GUS sequence upstream of GFD by mak-
ing a [GUS2ZAGFD] polyprotein. Sccond, a control con-
struct encoding polyprotein encoding the [P1P2] from hu-
man rhinovirus 14 (HRV14) was made—in this case DI
and P2 are cleaved by a known, characterized proteinase,
ZA™. Analyses of the [GUS2AGED] construct showed mo-
lar excess of the |[GUS2A]| cleavage product over GEP,
whercas analysis of the HRV14 [P172] construct showed
the proteolytic cleavage products P1 and D2 to be present
in ratios of between 1.3 and 1.2 to 1 (Fig. 2A) (7). This
showed that our translation systems were able to synthe-
size long ORFs (HRVI4 [P1P2] is some 55% longer
than |[GFP2AGUS]) and observe ratios of ~1:1 when this
should be the case. Interestingly, translation of a construct
(PFMDPI12ABC) encoding the [P12A2BC] region of the
FMDV polyprotein, in which 2A is in its entirely native
protein context, showed the cleavage products [P12A] and
[2BC] also to be present in ratios of between 1.2 and 1.1
to 1 (Fig. 2A) (7).

From this work we concluded that the molar excess of
the translation product N terminal of 2A over that C-
terminal of 2ZA was a product of inserting the 2A sequence
into our artificial polyprotein systems: its functioning in a
suboptimal polyprotein context. This is supported by the
data whereby sequences immediately N terminal of 2A af-
fect its activity. These cffects have, however, given us a
new insight into the mechanism of 2A-mediated cleavage.

A TRANSLATIONAL MODEL OF 2A
CLEAVAGE ACTIVITY

Given that the substrate and proteinase hypotheses are im-
probable, taken together with our observations on the im-
balance of the translation products, how can cleavage be
explained? We have proposed a mechanism wherchy two
specific translation products may be obtained from a single
ORF by modification of the elongation stage of translation.
In our model the upstream translation product ([P12A],
aphthoviruses; [L-P1-2A], cardioviruses; [GFP2A], artificial
systems) is released from the translation complex by the
cleavage of the ester linkage between the nascent peptide
and the tRNA to which it is attached (7, 36).

The scheme we have proposed is shown in Fig. 4. The
individual steps are outlined here and discussed below. Step
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(i): The peptide bond bhetween PI7 and G18 s synthe-
sized; deacylated tRNA* is present in the P site and
(ZA)pepridyl-tRNA is present in the A site of the ribo-
some. Step (ii): Following translocation, the 2A-peptidyl-
tRNA is translocated to the P site, the deacylated (RNA®
is translocated to the E site, and deacylared tRNA™ exits
the complex. An interaction between the putative helical
portion of ZA and the exit pore of the cukaryoric ribosome
serves to fix the orientation of the base of the helix within
the peptidyl-transferase center of the ribosome. The tight
turn (-NPG-) repositions the peptide-tRNA ester linkage
away from a conformation that would (normally) lead to
peptide bond formation. Step (iii): Prolyl-tRNA enters the
A site. The normal nucleophilic attack  performed by
prolyl-tRNA upon the clectrophilic center (the glyeyl car-
bonyl carbon atom) is inhibired due to the reorientation
of this center—pepride bond formation is inhibited. Step
(iv): The 2A-peptidyl-tRNA™ ester bond s hydrolyzed.
Step (v): The nascent polypeptide is released from the
translation complex—cleavage. The P site is now occupied
by deacylated (RNA™, the A site being occupied by prolyl-
tRNA. Step (vi): Deacylated t(RNA™ exits the complex,
deacylated t(RNA™ is translocated from the P to F site,
prolyl-tRNA is translocared from the A to D site, and the
next aminoacyl-tRNA enters the A site to continue trans-
lation——synthesizing a discrete downstream  translation
product.

This proposed translational model of 2A cleavage activ-
ity is novel and represents yet another method whereby
viruses modity the host cell’s translation process for their
own purposes. Such modifications include leaky scanning,
reinitiation, suppression of termination, ribosomal frame-
shifting, internal ribosome entry, and ribosomal “hopping.”
Indeed, it has emerged that many of these strategies used
by viruses to control protein biogenesis are, in fact, also
used by cells themselves. Here various aspecets of our model
will be discussed in light of our data and observations oth-
ers have made on the process of translation.

2A:Ribosome Interactions

An early observation was that the 2A protein of EMCV
was associated  with ribosomes  prepared from  EMCV-
infected Krebs-I1 cell extraces (21). Presumably the com-
ponents that comprise the exit pore of ribosomes have
evolved to minimize any potential interactions with na-
scent polypeptides. An increasing body of literature now
shows, however, that certain peptide sequences may inter-
act with this ribosome structure and in doing so can bring
about a “pause”™ in the elongation cycle and, indecd, inhibit
peptidyl-transferase activity (12, 16, 32). During the trans-
lation of bacteriophage T4 gene 60 a ribosomal “hop” oc-
curs from codon 47 to a marched “landing” codon 50 nu-
cleotides downstream (47). Of specitic relevance to our
model is the finding that a requirement for this transla-
tional bypass is a 16-aa cis-acting sequence (residues 17 to
30) in the nascent chain, probably acting in the exit chan-
nel of the ribosome (47). This type of translational control

FIGURE 3 2A-like sequences. (A) Insect virus polyproteins are shown together with the lo-
cation of the 2A-like sequence (shaded rectangle), picormavirus protein 2C-like domain (open
circles), proteinase domain (open squares), and polymerase domains (open diamonds). (B) The
position of the type C rotavirus 2A-like sequence (shaded rectangle) is shown. (C) The sequence
and position of the 2A-like sequences from Trypanosoma spp. repeated sequences are shown

(shaded rectangle).
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FIGURE 4 Translational model of 2A-mediated “cleavage.” Step (i): The synthesis of the 2A
peptide sequence is completed with the 2A-peptidyl-tRNA complex in the ribosomal A site. Step
(ii): This complex is translocated from the A to P site by eEF2. Step (iii): Prolyl-tRNA is bound
to the A site. Step (iv): Cleavage of the peptide-tRNA ester linkage occurs. Step (v): The nascent
peptide is released from the ribosome. Step (vi): Prolyl-tRNA is translocated from the A to P
site, the next aminoacyl-tRNA is bound to the A site, and translation of the downstream product
continues.



has also been implicated in the expression of cellular genes
(reviewed in references 8 and 9).

The structural model of 2A we have developed is one
of a helix with a tight turn at its C terminus. In this mode]
the helical portion of 2A would, at a specific stage in the
clongation/translocation cycle, interact with the exit pore
of the ribosome. This would result in 2A adopting a spe-
cific, fixed orientation and it conferring a strong spatial
constraint upon the tight turn at the base of the helix,
reorienting the pepride-tRNA ester linkage away from its
normal conformers. The length of the proposed helical por-
tion of the 2A sequence is some 27 A, which could he
entircly accommodated within the exit tunnel of the ri-
bosome, some 100 A long (1).

Inhibition of Peptidyl-Transferase Activity

During peptide bond formation the peptidyl-tRNA clectro-
philic center (P site) must occupy a space within the
peptidyl-transferase site, which is accessible by the nu-
cleophilic center of the aminoacyl-tRNA (A site). Our
site-directed mutagenctic data show that if this incoming
nucleophile is prolyl-tRNA, then cleavage occurs ex-
tremely efficiently; if the nucleophile is glyeyl-tRNA, then
cleavage occurs extremely inefficiently; and if the nucleo-
phile is any other aminoacyl-tRNA, then cleavage does not
oceur at all. It is known that prolyl-tRNA is the poorest
nucleophile of all the possible aminoacyl-tRNAs for two
reasons: first, that the nitrogen is a secondary amine bur,
perhaps more important, that this secondary amino group
is sterically hindered due to its location in a five-membered
pryolidone ring structure. When analogues of the antibiotic
puromycin were tested for inhibition of translation, the
poorest analogue was that containing proline (23). Fur-
thermore, 37-O-prolyl adenosine was found to be the worst
3"-O-aminoacyl adenosine substrate for peptidyl-transferase
activity (37). Interestingly, in both studies glycine proved
to be the next poorest nucleophile—consistent with our
site-directed mutagenesis data.

Recent analyses of the function of the putative catalytic
bases within the pepridyl-transferase center has led to the
proposal that transpeptidation is promoted not through
chemical catalysis bur simply by the proper positioning of
the substrates (27)—the essence of our model is that this
precise positioning is subverted by the nuscent 2A se-
quence, thereby inhibiting transpeptidation.

Cleavage of the 2A Peptidyl-tRNA Ester Linkage

Given that peptide bond formation hetween G18 and P19
is inhibited by either or both of the mechanisms described
above, how could this ester bond be cleaved? Presumably
the intrinsic rate of ester bond cleavage is not sufficient to
account for the vbhserved rapid rate of cotranslational cleay-
age, since (i) peptidyl-tRNA hydrolase is required to “scav-
enge” peptidyl-tRNAs arising from abortive termination,
and (ii) a system has evolved in bacteria (tmRNA) o res-
cue “stalled” translation complexes where truncation of the
mRNA has occurred. This implies that the peptidyl-tRNA
ester linkage within the cytoplasm or within such a trans-
lational complex is relatively stable under physiological
conditions. We have proposed a mechanism in which the
ester moiety is activated as an clectrophile precisely in the
same manner as in peptidyl transfer but that the nucleo-
phile is an activated water molecule. Magnesium ions are
known to be required for peptidyl-transferase activity, and
we have suggested that o Mg** ion can bind at the base of
the 2ZA helix axis (36), positioning the Mg”' ion in the
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negatively charged field of the helix dipole, together with
a coordinated water molecule, perfectly for arrack on the
peptidyl-tRNA ester carbonyl group.

Synthesis of Full-Length [GFP2AGUS]

Translation Products

One notable difference between 2A activity in its native
polyprotein context and in our artificial polyprotein sys-
tems is that ~10% of the translation products are full
length. When these constructs were modified by the ad-
dition of just 5 aa of the native polyprotein upstream con-
text of 2ZA, the amount of uncleaved translation product
was much reduced (5, 7). The FMDV 2A is suboptimal in
heterologous protein contexts and requires sequences from
the C terminus of FMDV capsid protein 1D for complete
cleavage. If the function of the helical portion of 2A is to
interact with the exit pore of the ribosome, thereby “fix-
ing” the reverse tumn at its base, then the [8-aa 2A se-
quence, by itself, is too short to accomplish this completely.
The increased conformational space of the carbonyl carbon
would permit the prolyl-tRNA to access this electrophilic
center and form a peptide bond. Increasing the leneth by
5 aa could, however, have the effect of increasing the bind-
ing to the ribosomal exit pore and restricting the confor-
mational frecdom of the carbonyl carbon. Consistent with
this notion is the observation that N-terminal truncation
of ZA sequence resulted in increased peptide bond forma-
tion (35). The lack of conservation immediately upstream
of the conserved -DXEXNPG P- morif suggests that there
arc a {(limited) number of ways in which 2As can inter-
act with the ribosomal exit pore to achieve the correct
orientation of the reverse-turn-ester linkage within the
peptidyl-transferase center.

Synthesis of the Discrete Downstream

Translation Product

Following cleavage of the ester bond, a deacylated tRNA
is present in the I site and a prolyl- (rather than peptidyl-)
tRNA occupies the A site—a siruation analogous, but not
identical, to normal peptide bond synthesis. Translocation
of the prolyl-tRNA into the P site would permit ingress of
the next aminoacyl-tRNA and synthesis of the downstream
translation product to occur. Were the A site to be unoc-
cupicd at this stage, we suggest termination of translation
might well oceur. The kinetics of the hydrolysis of the ester
bond would need to be such that it be slower than the
combined rate of (i) the translocation of (2A)peptidyl-
tRNA trom the A to P site plus (ii) the overall process of
binding prolyl-tRNA into the A site.

The Imbalance in Synthesis—Cleavage in the
Ribosomal A Site?

Immediately after the addition of G18 to the growing na-
scent chain the (2A)peptidyl-tRNA complex is present
within the A site of the ribosome. One can envisage that
were this complex to reside in the A site for relatively
prolonged periods, then cleavage could occur in this site.
This would result in deacylated tRNAs being present in
both P and A sites—directly analogous to termination of
translation. This would, thercfore, result in the synthesis
of the upstream translation product alone. It was shown
that during the course of a picornavirus infection, perhaps
not surprisingly, the rate of rihosome processivity decreases
(13, 30, 41), although the rate-limiting steps are not
known. Interestingly, translation studies on cardiovirus
RNA wsing Krebs-2 cell-free extracts showed a “transla-



222 m PROTEOLYTIC PROCESSING

)

tional barrier” in the central region of the genome that
could be overcome by the addition of ¢EF2 (43).

The Imbalance in Synthesis—Cleavage in the
Ribosomal P Site?

Cleavage of the ester bond while the peptidyl-tRNA com-
plex was in the P site could occur in two states: the A site
occupied by prolyl-tRNA or the A sire being unoccupied.
If the A site were unoccupied, then, presumably, this sit-
uation mimics that which occurs in the termination of
translation and the ribosome subunits would dissociate.
Were cleavage of the ester bond to occur while the A sire
was occupied by prolyl-tRNA (Fig. 4, step v), then the
closest analogous situation that would occur during normal
translation is that of dipeptidyl-tRNA in the P site during
the carly stages of protein synthesis. Translation complexes
with short nascent peptides are less stable than those with
longer peptides (17), an effect exacerbated by hydrophobic
residues (26).

In summary, we and others have shown the aphtho- and
cardiovirus 2A/2B cleavage is mediated by an oligopeptidic
region, representing cither the whole (aphthoviruses) or
part (cardioviruses) of the 2A region. We provide evidence
that this method of protein biogenesis is not confined to
the picornaviruses, but is used by other RNA viruses and
virus-like mobile genetic elements. We have, however, an-
alyzed only the 2A-like tracts that corresponded to the 18-
aa region of FMDV. The figures given for the cleavage ac-
tivitics may very well, thercfore, not represent the true
activitics of these sequences in their native protein con-
texts, but be the product of the (suboptimal) lengths of the
2A-like sequences we analyzed. The mechanism that is
consistent with all of our translational and site-directed
mutagenetic data is one of modification of the host-cell
translational process at a specific site within the polypro-
tein. In our model of cleavage, 2A acts as a cis-acting hy-
drolase clement (not an enzyme sensu stricto), rather than
a proteinase, and we propose the term “chysel” to refer to
its Intriguing activity.

We gratefully acknowledge the Biotechnology and Biological Sci-
ences Research Council and The Wellcome Trust for supporting this
work.
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