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Sixteen substitution mutations of the conserved DVEXNPGP sequence, implicated in cardiovirus and aph-
thovirus primary polyprotein cleavage, were created in encephalomyocarditis virus cDNA, expressed, and
characterized for processing activity. Nearly all the mutations severely decreased the efficiency of the primary
cleavage reaction during cell-free synthesis of viral precursors, indicating a stringent requirement for the
natural sequence in this processing event. When representative mutations were tested in full-length genomic
contexts, they were lethal and no revertants were observed. Not only were the primary cleavage reactions

deficient in these polyproteins, but subsequent cleavage of P1 by endogenous or exogenous 3C

pro

was also

impaired. This indicates that primary cleavage has a role in the proper processing of the viral capsid precursor.

Encephalomyocarditis virus (EMCYV) is a cardiovirus of the
picornavirus family. Its single, positive-stranded RNA genome
encodes a large open reading frame that, upon infection, is
translated into a single polyprotein. This polyprotein is subse-
quently processed via a series of proteolytic events into its
component proteins (11).

This proteolytic cascade is common to all picornaviruses and
largely mediated by a virally encoded protease, 3CP™. An ex-
ception is the first polyprotein scission, a cotranslational, au-
toproteolytic cleavage referred to as the primary cleavage. The
primary cleavage can occur in one of two places: between 1D
and 2A in enteroviruses and rhinoviruses or between 2A and
2B in cardioviruses and aphthoviruses. In enteroviruses and
rhinoviruses, the cleavage is mediated by a self-encoded pro-
tease, 2AP™, and does not require downstream viral proteins
(20, 21). In cardioviruses and aphthoviruses, the cleavage also
occurs cotranslationally but the 2A protein is not a protease
and the reaction mechanism less understood (2, 7, 12, 19).

Previous reports have suggested that the primary cleavage of
cardioviruses and aphthoviruses is not mediated by a virally
encoded protease but rather that the scission occurs through a
unique mechanism based on an inherent instability of the se-
quences that flank the primary cleavage site. With both EMCV
and Theiler’s murine encephalomyelitis virus, a related cardio-
virus, primary cleavage can occur in the absence of large parts
of the viral genome (2, 12). Studies of foot-and-mouth disease
virus, an aphthovirus, further narrow the responsible se-
quences to a short viral segment no larger than 19 amino acids
located at the 2AB junction (17). Furthermore, segments as
short as 13 amino acids that contain this junction proved suf-
ficient to mediate cleavage when transferred into a nonviral
context (16).

The viral sequence implicated in these studies contains a
stretch of eight amino acids highly conserved across cardiovi-
ruses and aphthoviruses. The consensus sequence is DVExXN
PGP, with uppercase letters denoting residues with absolute
sequence conservation (11). The sequence found in EMCV is
DIETNPGP. The primary cleavage occurs between the last
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two residues of this sequence (Gly-Pro) (12). The conserved
sequence is extremely rare within current databases—the only
examples are from cardioviruses, aphthoviruses, and group C
porcine rotaviruses—and is always associated with a proteo-
Iytic cleavage activity (2, 9, 12, 17). The rarity of this sequence
and its high degree of conservation suggest that this sequence
is important to primary cleavage. We have thus targeted this
sequence in EMCV for mutational analysis to determine the
specific requirements of primary cleavage.

MATERIALS AND METHODS

Nomenclature. Standard single-letter codes are used to designate amino acids.
In our convention, uppercase letters denote the EMCV strain Rueckert
(EMCV-R) sequence while lowercase letters indicate sequences that differ from
EMCV-R. For brevity, only the first (DIET) or second half (NPGP) of the
conserved octamer is stated, and it may be assumed that the other four residues
are of wild-type sequence. An asterisk following a viral gene indicates that only
a partial sequence is present.

Plasmid construction. Standard recombination methods were used for plas-
mid construction (1, 18). Plasmid pE51D2A contains cDNA from the EMCV-R
internal ribosome entry site followed by a contiguous viral segment encoding
proteins 1C (partial), 1D, 2A, and 2B (partial) (13). The viral fragment between
the EcoRI and BamHI sites of this construct was excised and transferred to
pBS-SK+ (Stratagene) to create pSK+1D2A (Fig. 2A). This plasmid was used as
a template for mutagenesis of the DIETNPGP sequence according to the Trans-
former Site-Directed Mutagenesis System (Clontech). Sixteen substitutions, en-
coding at least one replacement at each location of the DIETNPGP sequence,
were obtained and confirmed by sequencing. Four mutations, encoding nIET,
DIdT, kPGP, and NPaP, were also analyzed in longer viral contexts. The
pSK+1D2B plasmids were created by replacing the Xcml-to-Sacll restriction
fragment of pSK+1D2A with the analogous viral fragment flanked by those sites
(Fig. 2B). This construct differs from pSK+1D2A by including all of 2B and a
portion of 2C. The same four mutations were additionally transferred to full-
length viral cDNAs by replacing the Bsu36I-to-Sacll fragment of pE-C, (4) with
the analogous fragment from pSK+1D2B (Fig. 2C).

In vitro translation. Translation and primary cleavage of the mutant se-
quences were assayed in rabbit reticulocyte lysates by one of two methods. In the
first, RNA was transcribed by T7 RNA polymerase from a DNA template (2 pg)
linearized 3’ of the viral sequence of interest. The RNA (1 to 2 pg) was then used
to program translation by reticulocyte lysate in a final volume of 15 or 30 wl (8,
14). In the second, a circular DNA template (0.5 to 1 pg) was used to program
coupled transcription-translation reactions in a volume of 12.5 or 25 pl (3)
(Novagen’s Single Tube Protein System). All reactions proceeded at 30°C for 60
min and then were terminated by addition of RNase A and cycloheximide, each
to 0.4 mg/ml. When appropriate, exogenous, purified recombinant mengovirus
3CP™ was added to a final concentration of 12 pg/ml (5). Primary cleavage
activity was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) on 12% Laemmli or 5 to 20% Laemmli gradient gels. Densi-
tometric analysis was conducted with a PhosphorImager and ImageQuant soft-
ware (Molecular Dynamics).

Tissue culture infectivity. RNA infectivity studies were conducted in HeLa



VoL. 70, 1996

primary
cleavage

Y
FMD nFdllkLag.DVEsNPG| Pf
EMC g¥fadlLih.DIEEtNPG|PL
Mengo gY¥fsdlLih.DVELNPG| PL
TMEbean dyyrgrLih.DVELNEG| Pv
TMEGA7 d¥vkgrLih.DVEmMNEG| Pv
RotaC/C fgidkiLisgDVEINPG| Pd
RotaC/S fgidrilisgDIEINPG| Pn
Consensus -—------ L---DVE-NPG| P-

CONsSensus

octamer

FIG. 1. Natural NPGP sequences. Representative polyprotein and consensus
sequences near the region of the primary cleavage sites of aphthoviruses (foot-
and-mouth disease virus [FMD]), cardioviruses (EMCV [EMC], mengovirus
[Mengo], and Theiler’s murine encephalomyelitis virus [TMEbean and
TMEGA7]), and group C rotaviruses (RotaC/C and RotaC/S) are shown. The
primary cleavage occurs between the glycine and proline dipeptide pair (G-P)
(12).

cells as previously described (4, 6). Briefly, pE-Coy and mutant derivatives were
cleaved 3’ of viral sequences at a Sall site (Fig. 2C). T7 RNA polymerase
transcripts (5 to 500 ng) were transfected into confluent HeLa cell monolayers
(60-mm-diameter plates) with dimethyldioctadecylammonium bromide (15). The
monolayers were incubated at 37°C under 5% CO,, and plaque formation was
assayed at 30, 48, or 72 h posttransfection.

RESULTS

Primary processing of mutant sequences. For each position
in the EMCV octapeptide (DIETNPGP), one to four amino
acid substitutions were engineered (Fig. 3B). Some substitu-
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tions were selected because of expected functional conserva-
tion (e.g., I to V, E to D, and G to A). Others were chosen to
test permissible limits of radical substitution (e.g., D to H, P to
R, and G to W). The primary cleavage was assayed in the
absence of other processing events by expressing each
pSK+1D2A sequence in reticulocyte extracts via coupled tran-
scription-translation in the context of a truncated polyprotein
(Fig. 3A). Conversion of precursor 1C*1D2A2B* into product
1C*1D2A by the wild-type sample was taken as benchmark of
an efficient reaction. The smaller cleavage product, 2B*, was
not visible on these gels.

The importance of certain positions within the octamer se-
quence was immediately apparent from this study. The three
most active sequences had substitutions in the octamer 2, 3,
and 4 positions (DvVET, DIdT, and DIEa), although location
alone did not predict the reactivity, as an alternative substitu-
tion at the 2 position (DfET) was completely inactive. Also
inactive were certain substitutions at the 1, 6, and 7 positions
(hIET, NIGP, and NPxP). The remaining mutations, at the 1,
5, 6, and 8 positions, had low but detectable activity.

Processing kinetics of mutant sequences. Four of the muta-
tions spanning the octapeptide and representative of the high-
activity (DIdT), low-activity (nIET and kPGP), and inactive
(NPaP) sequences were transferred to a larger viral context,
pSK+1D2B, encoding the viral 2B and 2C (partial) sequences.
Cell-free expression showed the primary reactivities to be the
same as for the smaller plasmids, with both product bands
evident (Fig. 4, lanes I). The wild type and the DIdT mutant
cleaved efficiently, nIET and kPGP cleaved only partially, and
NPaP did not cleave at all. Overnight incubation left the pat-
terns unchanged, indicating that the uncleaved precursor
(1C*1D2A2B2C*) was stable (Fig. 4, lanes II), as has been
reported for other primary reactions (2, 12, 17).

These uncleaved proteins were not functionally inert, how-
ever, and new bands appeared when 3CP™ was added (Fig. 4,

*
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FIG. 2. NPGP-containing EMCV c¢DNA clones. (A) pSK+1D2A is derived by transfer of the EcoRI-to-BamHI fragment of pE5S1D2A, previously described (13),
into pBS+SK and contains a portion of 1C, all of 1D and 2A, and a portion of 2B. This construct was used as a template for site-directed mutagenesis. The primary
cleavage site is marked with an arrow. (B) pSK+1D2B was created by transferring the XcmlI-to-Sacll fragment from pE-C, into pSK+1D2A. pSK+1D2B contains a
portion of 1C; all of 1D, 2A, and 2B; and a portion of 2C. (C) Mutations were engineered into a full-length viral cDNA context by transferring the mutation-containing

Bsu36I-to-Sacll fragment from pSK+1D2B to pE-C,.
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FIG. 3. Primary cleavage of mutant sequences. (A) Plasmid pSK+1D2A ¢cDNAs containing wild-type or mutant sequences were added to coupled transcription-
translation reactions (12.5 pl). After 1 h at 30°C, loading buffer (12.5 wl) was added and the samples were boiled and then electrophoresed through an SDS-12% PAGE
gel. wt, wild type. Molecular weights (in thousands) are indicated on the left. (B) The extent of primary cleavage was quantitated by densitometry with Molecular
Dynamic’s PhosphorImager and ImageQuant software. +, >80% cleavage efficiency; *, 10 to 30% cleavage efficiency; and —, <10% cleavage efficiency, relative to

the uncleaved precursor band.

lanes IIT). Mutant precursor (1C*1D2A2B2C*) from ineffi-
cient primary reactions (nIET, DIdT, and NPaP) was cleaved
into 1C*1D and 2A2B2C*, suggesting that 3CP* recognition of
the 1D/2A site was not unduly affected by the inability to
execute a proper primary cleavage. In contrast, 3CP™ activity at
the 2B/2C site was influenced by presentation. Although this
site is usually among the most reactive in the polyprotein (5),
it was not cleaved within any tested sequence, perhaps because
the 2C* segment of the substrate was synthesized in a trun-
cated context. Likewise, cleavage at the 1C*/1D site did not
occur in these reactions. Again, the truncated substrate (only
17 amino acids of 1C are present) may have influenced 3CP™
reactivity. Abnormal context may have also influenced the un-

expected 40-kDa bands in the wild-type and DIdT samples,
which may represent aberrant 3CP™ events within the
1C*1D2A precursor.

Additionally, a time course for the reaction was performed
to establish the kinetic profile of primary cleavage activity (Fig.
5). For the wild-type and DIdT sequences, cleavage occurred
rapidly, with products appearing at 20 min. Very little, if any,
uncleaved precursor was observed. The small amount of un-
cleaved product seen for these sequences appeared to be sta-
ble, as no additional cleavage of this product was observed,
even after overnight incubation. Similarly, the other, poorly
cleaving sequences (data not shown for kPGP or NPaP) dis-
played some cleavage that appears to have occurred cotrans-
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FIG. 4. Primary cleavage and 3CP™ processing of mutant sequences. Plasmid DNA (0.5 png) was used to program coupled transcription-translation reactions
(volume, 25 wl). After 1 h at 30°C, the reaction volume was split three ways. One third was placed at —70°C (lanes I). To another third, RNase A and cycloheximide
were added, and the reaction mixture was incubated at 30°C overnight (lanes II). RNase A, cycloheximide, and 3CP™ were added to the final third before incubation
at 30°C overnight (lanes III). All samples were then collected, and loading buffer (8 pl) was added, boiled, and electrophoresed through a 5 to 20% gradient
polyacrylamide gel. wt, wild type. Molecular weights (in thousands) are shown on the left.
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FIG. 5. Time course of primary cleavage activity. Wild-type (wt), nIET, and DIdT pSK+1D2B DNA (2 pg each) was linearized with SacII and transcribed by T7
RNA polymerase. The RNA (2 pg) then programmed 30-ul translation reactions at 30°C. Aliquots (5 ul) were removed at the indicated times, reacted with RNase
A and cycloheximide, and placed at —70°C until the time course was complete. Samples were then analyzed as described in the legend to Fig. 4. o/n, overnight.

Molecular weights (in thousands) are shown on the left.

lationally. The uncleaved product did not appear to cleave over
time, although a general degradation of protein products was
observed after overnight incubation. This indicates that the
bond was stable if cleavage was not cotranslational.

Processing of full-length sequences. To examine the effect of
primary cleavage reactions on the processing of P1 precursors,
pE-C, plasmids containing wild-type, DIdT, kPGP, and NPaP
sequences were linearized within their 2B sequences with
BsaHI. Transcripts from these templates directed equivalent
synthesis of P1-containing protein (Fig. 6A, lanes I). For the
wild-type and DIdT sequences, the prominent product was the
expected L-P1-2A, whereas the poorly cleaving sequences,
kPGP and NPaP, produced larger products corresponding to
L-P1-2A2B*. Overnight incubation showed that these products
were largely stable, and only a slight amount of general deg-
radation was observed (Fig. 6A, lanes II).

However, when exogenous 3CP™ was added to these sam-
ples, dramatic differences between the wild-type and mutant
sequences became apparent (Fig. 6A, lanes III). The wild-type
L-P1-2A product was processed to capsid proteins 1AB, 1C,
and 1D. Intermediate precursor 1ABC was also visible. Sur-
prisingly, all of the mutant sequences were defective in this
processing, even if primary cleavage had occurred efficiently.
The DIdT precursor was processed to P1, but subsequent pro-
cessing steps were impaired. Although some 1ABC was pro-
duced, little if any of the fully processed product 1AB, 1C, or
1D was visible. The poorly cleaving mutant sequences kPGP
and NPaP were even more impaired. Processing to P1 was less
efficient than with the wild type or DIdT, and no further pro-
cessing of P1 was evident.

To determine the effect of the primary cleavage mutations
on translation of the entire EMCV genome, full-length RNAs
were transcribed from Sall-linearized pE-C, cDNAs contain-
ing wild-type, nIET, DIdT, kPGP, and NPaP sequences. When
translated in cell extracts, these RNA transcripts also directed
equivalent and efficient synthesis of the entire polyprotein (Fig.
6B, lanes I). Mutant sequences gave no evidence that overall
synthesis of completed polyprotein was affected, as P3 pro-
teins, notably 3CD and 3D, were present in all samples. How-
ever, as expected, some differences in the protein patterns of
the poorly cleaving mutant sequences were apparent. Specifi-
cally, a number of high-molecular-weight species, putatively
identified as P1-region polypeptides, were visible in the nIET,
kPGP, and NPaP samples, suggesting that their defective pri-

mary reactions had impacted on subsequent cascade events.
The DIdT sample, on the other hand, processed similarly to
the wild type.

After overnight incubation, some additional processing oc-
curred in all samples, presumably through low-level activity of
the endogenously synthesized 3CP™ (Fig. 6B, lanes II). The 3D
band was darker in all samples, for example, but there was little
evidence of change in the high-molecular-weight species. The
addition of exogenous 3CP"°, however, again produced marked
differences in the processing patterns (Fig. 6B, lanes III). In
the wild-type sample, the Pl-region precursor was cleaved
completely into component capsid products (e.g., 1AB, 1C,
and 1D). The high-molecular-weight species in the mutant
samples also disappeared when 3CP™ was added and were
replaced with more-dense P1 bands, suggesting that the P2 and
P3 moieties of these products were processed. As before, how-
ever, none of the mutant sequences, including DIdT, seemed
capable of further P1 processing. 3CP™ was again inactive on
these substrates if the polyprotein contained a mutant se-
quence, regardless of whether the sequence underwent pri-
mary cleavage (i.e., DIdT). This suggests that the sequence
surrounding the primary cleavage had ramifications beyond
the local effect on primary cleavage.

Another unexpected observation in this experiment was the
presence of a protein species in the nIET, kPGP, and NPaP
reactions that comigrated with the L-P1-2A band of wild-type
and DIdT reactions. Authentic L-P1-2A was not expected in
these samples, as all other evidence suggested that the primary
cleavage did not occur to an appreciable extent with these
mutations. We are currently examining whether this product is
the result of spurious 3CP™-mediated cleavage near the pri-
mary cleavage site or a fortuitous comigration of an altogether
different precursor of similar mass (such as P1-2A2B).

Tissue culture infectivity. To assess the effect of the primary
cleavage mutations on viral replication, full-length wild-type
and mutant RNAs (up to 500 ng) were transfected into HeLa
cells. pE-Cy RNA produced medium-size plaques after 30 h
and had a specific infectivity of approximately 1,000 PFU/pg
(data not shown), consistent with previous reports (4). The
mutant RNAs, however, gave no plaques under any of the
conditions described. The transfected cells were lysed, re-
plated, and reincubated for up to 72 h with no indication of
viral infectivity, even from the DIdT mutant (data not shown).
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FIG. 6. Processing from full-length cDNA. Plasmid pE-Cy RNA transcripts derived from cDNAs linearized with BsaHI (A) or Sall (B) were translated and
processed as described in the legend to Fig. 4: I, 1-h reaction; II, overnight processing; III, overnight processing with exogenous 3CP™; wt, wild type. Molecular weights

(in thousands) are shown on the left.

DISCUSSION

A variety of indirect evidence has indicated that the highly
conserved DVEXNPGP sequence found at the primary cleavage
site of EMCYV is important for primary cleavage (11, 12, 17).
Through mutational analysis, we have now shown that strin-
gent sequence requirements do indeed exist for this octamer in
EMCYV and that even apparently conservative substitutions can
have dramatic effects on primary cleavage and viral replication.

Specifically, we discovered that only 3 of the 16 substitutions
that we created in this octapeptide were able to cleave effi-
ciently at the primary cleavage site. One of these substitutions,
DvET, mutates the EMCYV sequence to one found naturally in
mengovirus, Theiler’s murine encephalomyelitis virus, foot-
and-mouth disease virus, and rotaviruses. Val at this position is
more prevalent than Ile, which is found only in EMCV and one
rotavirus strain. A second acceptable substitution, DIEa, oc-
curs at a position where octamer identity is unusually lax: Thr,
Ser, Met, and Leu are all found naturally at this position. The
third efficient cleaver, DIdT, is a conservative Glu-to-Asp mu-

tation. Though a consensus Glu at this position is a defining
characteristic of the octamer, replacement with Asp resulted in
a strong functional sequence in cell-free assays, suggesting that
this location does not participate fully in autoproteolysis. All of
the remaining 13 mutations effectively crippled the primary
cleavage reaction. The seventh position, Gly, on the amino side
of the processed bond, was putatively identified as having the
highest mutational sensitivity, and even the most conservative
replacement, NPaP, was inactive. We conclude that the DvEx
NPGP segment, and especially the second quartet (NPGP), is
probably highly tuned for biological function and little se-
quence variation can be tolerated.

In addition to furthering the definition of the sequence re-
quirements for primary cleavage, we have uncovered a putative
role for this cleavage in EMCYV. Poliovirus primary cleavage
appears to have a role in processing of the capsid precursor in
that primary cleavage between 1D and 2A in that system must
precede processing of P1. Mutations that prevent primary
cleavage result in a P1 precursor resistant to 3CP™ processing
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(10). We have uncovered a similar role for the primary cleav-
age of EMCV. Although the location and mechanism for pri-
mary cleavage are entirely different from those of poliovirus,
EMCYV primary cleavage, carried out by the natural sequence,
was also a prerequisite for P1 processing. Of the proteins
synthesized by our mutant sequences, most 3CP™ cleavage sites
should have remained accessible for posttranslational process-
ing. The primary reaction, however, and the specific sequences
used to carry it out left an indelible imprint on the P1 precursor
and determined its ability to be subsequently cleaved into ma-
ture capsid proteins. Surprisingly, this effect was also generally
true for the DIAT sequence, which, although not a natural viral
sequence, was still about 80% as reactive in vitro as the wild
type. The lack of reactivity of mutant P1 precursors to further
processing presumably explains why these sequences were not
infectious. The results also suggest that primary cleavage itself,
though necessary, is not sufficient to ensure 3CP™-mediated P1
reactivity and that other functional requirements, highly sen-
sitive to changes, exist within the DIETNPGP sequence.

Although we presently understand very little about the pri-
mary cleavage mechanism, two obvious models might explain
these sequence consequences for the P1 precursors. In the first
model, primary cleavage might be presumed to play an obligate
role in the folding of the nascent polypeptide. Folding of the
picornaviral polypeptide must be tightly regulated, and the
primary cleavage, occurring where and when it does, ensures
proper folding of the L-P1-2A precursor, making it a suitable
substrate for 3CP*°-mediated processing. The behavior of the
DIdT mutation further suggests that the carboxy-terminal por-
tion of this precursor is of particular importance, not only to
the primary cleavage itself but to folding of the released
polypeptide.

The second hypothesis suggests that the order of cleavage
events is critical in L-P1-2A processing. In the natural P1
region proteolytic cascade, the preferred cleavage progression
is 2A/2B (primary), then L/1A, 1D/2A, 1C/1D, and 1AB/1C
(13). A failed or sequence-defective primary reaction may,
through steric hindrance or improper product release, prevent
sequential exposure of the other four internal sites in their
usual turns. Such a mechanism might be especially inhibitory to
the latter steps of the process, as observed with the in vitro
reactions.

These models are not necessarily mutually exclusive nor
inclusive of all possibilities. Common between them is the idea
that a defective primary cleavage, or one carried out by an
unacceptable sequence (e.g., DIdT) could have a dramatic
effect on the suitability of L-P1-2A to serve as a substrate for
3CP™. We are planning additional mutations and sequence
mapping to explore these possibilities.
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