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The foot-and-mouth disease virus (FMDV) leader proteinase (Lpro) self-processes inefficiently at the Lpro/
VP4 cleavage site LysLeuLys*GlyAlaGly (* indicates cleaved peptide bond) when the leucine at position P2 is
replaced by phenylalanine. Molecular modeling and energy minimization identified the Lpro residue L143 as
being responsible for this discrimination. The variant Lpro L143A self-processed efficiently at the Lpro/VP4
cleavage site containing P2 phenylalanine, whereas the L143M variant did not. Lpro L143A self-processing at
the eIF4GII sequence AspPheGly*ArgGlnThr was improved but showed more-extensive aberrant processing.
Residue 143 in Lpro is occupied only by leucine and methionine in all sequenced FMDV serotypes, implying that
these bulky side chains are one determinant of the restricted specificity of Lpro.

The foot-and-mouth disease virus (FMDV) is an animal
pathogen of global concern (12). The FMDV leader proteinase
(Lpro), an important determinant of pathogenicity, is a specific
papain-like cysteine proteinase for which only two physiologi-
cal roles have as yet been identified (8, 16). These are the
self-processing reaction on the viral polyprotein in which Lpro

frees itself from the growing polypeptide by cleaving between
its own C terminus and the N terminus of VP4 (17) and a
second reaction, the cleavage of the two homologues of the
host protein eukaryotic initiation factor 4G (eIF4G), eIF4GI,
and eIF4GII (6, 9, 11). These cleavages prevent cap-dependent
translation and lead to the suppression or complete inhibition
of host cell protein synthesis (6). Viral translation is unaffected
since it initiates by an internal ribosome entry segment (1).

Lpro is the first protein encoded on the FMDV positive-
sense RNA genome. Protein synthesis from this RNA can
begin at one of two in-frame AUG codons separated by 28
amino acids (15). This leads to the production of two forms of
Lpro, Labpro and Lbpro; both forms have the same enzymatic
activities (14). Lbpro has been shown to be the form preferen-
tially produced in vivo (3); therefore, all work presented here
was performed with the shorter-version Lbpro of FMDV O1k.

The cleavage sites at which Lbpro cleaves its substrates are
LysLeuLys*GlyAlaGly (* indicates cleaved peptide bond) on the
viral polyprotein and AsnLeuGly*ArgThrThr and AsnValGly*-
SerArgArg on eIF4GI and eIF4GII, respectively (9, 11). Surpris-

ingly, the related sequence on eIF4GII, AspPheGly*ArgGlnThr,
is not cleaved by Lbpro (9). The variation among these cleavage
sites has precluded a definition of a consensus sequence for Lbpro

and is in contrast with the extremely restricted specificity of this
enzyme.

Kuehnel et al. (13) showed previously that in the self-pro-
cessing reaction, Lbpro does not efficiently recognize the
eIF4GII sequence AspPheGly*ArgGlnThr. Analysis of Lbpro

cleavage on the sequence AspPheGly*ArgGlnThr showed that
the presence of aspartic acid at the P3 position or phenylala-
nine at the P2 position impaired the Lbpro self-processing re-
action (13). The nomenclature of the cleavage sites and the
corresponding binding sites on the enzyme is that of Berger
and Schechter (2). The ability of cellular papain-like protein-
ases to accept or exclude aromatic amino acids at the P2
position depends heavily on the architecture of the generally
hydrophobic S2 pocket (18). We therefore set out to determine
which of the residues of the Lbpro S2 pocket are responsible for
the exclusion of phenylalanine.

We used the coordinates of the crystal structure of Lbpro

1QOL (10) as a starting point to identify residues which could
be substituted to enlarge the S2 pocket and enable it to accept
phenylalanine. In this structure, the C terminus of one Lbpro

molecule is found in the active site of the adjacent one (Fig.
1A) and therefore gives an indication of how the P region of
the viral polyprotein substrate is bound. The P2 leucine residue
(L200) is accommodated in a hydrophobic cavity formed by the
side chains of the residues P99, P100, A101, I141, L143, A149,
and L178 and by the main-chain atoms of W52, F142, and
H148. We used molecular modeling to replace the P2 leucine
residue with the bulky aromatic phenylalanine and examine
which residues in the S2 pocket might clash sterically with the
modeled P2 residue. Molecular modeling experiments were
performed using the Insight II software package (Accelrys,
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Inc., version 98.0) on a Silicon Graphics Octane I workstation.
The structure of the phenylalanine at residue 200 (L200F) was
generated with standard bond lengths and angles using the
builder tools of Insight II software (Accelrys, Inc.). The root
mean squared deviation value between the experimentally de-

termined Lbpro structure and the modeled Lbpro structure was
1.53 Å.

Energy minimization of the modeled structure resulted in a
25.6-kcal/mol difference in total potential energy compared to
the wild type. The consistent valence force field was used in all

FIG. 1. The structure of the FMDV S2 pocket of Lbpro. The side chains of the wild-type P2 residue L200 (A) and the modeled L200F mutation
(B) after energy minimization are shown. Amino acid side chains comprising the pocket are dark green. Light-green residues contribute to the
formation of the S2 pocket through main-chain interactions. Active-site residues are shown in red (C51 was replaced by alanine in the crystal
structure (PDB code 1QOL) (10). The backbone of the C-terminal extension of the adjacent molecule is in yellow.

FIG. 2. Effect of mutations L143A and L178A on Lbpro self-processing at the L/VP4 junction containing the substitution L200F. RRLs were
incubated with or without 10 ng/�l of mRNAs encoding the wild type (LbproVP4/VP2 wt) (A), LbproVP4/VP2 L200F (B), LbproVP4/VP2 L143A
L200F (C), or LbproVP4/VP2 L178A L200F (D). Ten-microliter samples were taken at the indicated time points, and protein translation was
terminated by placing the samples on ice, followed by addition of unlabeled methionine and cysteine to final concentrations of 2 mM and Laemmli
sample buffer. Ten-microliter aliquots were analyzed on a 17.5% sodium dodecyl sulfate-polyacrylamide gel, followed by fluorography. The
negative controls (N) were incubated for 60 min without RNA. The amino acid sequences at the Lbpro/VP4 junction are given. The positions of
uncleaved LbproVP4/VP2 and cleavage products Lbpro and VP4/VP2 are marked. Protein standards (in kDa) are shown on the left.
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energy minimizations and dynamic runs. The conjugate gradi-
ent minimization algorithm was also used after running the
1,000 initial steps, followed by 3,000 cycles of molecular dy-
namics and 3,000 cycles of energy minimizations in an NTV
(native, i.e., constant number of atoms, temperature, and vol-
ume) ensemble at a temperature of 300 K. All calculations
were carried out with a dielectric constant of 1.00 and with a
cutoff distance of 9.50 Å. Figure 1B shows the minimized S2
pocket accommodating the P2 phenylalanine; the aromatic
ring of phenylalanine comes closer to residues W52 and P100
than the aliphatic leucine side chain. Furthermore, the bulky
side chain of L143 appears to prevent the aromatic phenylal-
anine P2 residue from penetrating deeper into the S2 pocket.
This arrangement could explain the poor acceptance of phe-
nylalanine at P2. We decided therefore to replace the long
nonpolar side chain of L143 with the smaller side chain of
alanine and investigate the ability of this variant to accept
substrates containing phenylalanine at P2.

The self-processing activity of Lbpro can be conveniently
assayed with rabbit reticulocyte lysates (RRLs) (Fig. 2). An
mRNA encoding the Lbpro protein, all 85 amino acids of VP4,
and 78 amino acids of VP2 was transcribed and used to direct
protein synthesis in RRLs as reported previously (7). The
translation products were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis as described by Dasso and
Jackson (5), and the newly synthesized [35S]methionine-la-
beled proteins were detected by fluorography (7). Lbpro is
active upon synthesis, so that the mature products Lbpro and
VP4/VP2 are visible even after just 8 min (Fig. 2A). The effect
of the substitution of leucine at P2 by phenylalanine (L200F) is
shown in Fig. 2B. As reported by Kuehnel et al. (13), cleavage
products were essentially not detected until 20 min after the
start of translation. We then introduced the mutation L143A

via site-directed mutagenesis into the plasmid LbproVP4/VP2
L200F and examined Lbpro processing in RRLs. Figure 2C
shows that the presence of the L143A substitution was suffi-
cient to completely restore the processing of the L200F variant
to wild-type levels. As a control, we also investigated the effect
of the mutation I141A, since the energy minimization had also
indicated that this residue might be involved in influencing
specificity at P2. In contrast to the result with L143, only a
small improvement in cleavage of the L200F cleavage site was
observed with the I141A substitution (data not shown). This
emphasizes the importance of residue L143 in determining
specificity.

Comparisons with other papain-like enzymes previously led
us to propose that L178 might be important in excluding phe-
nylalanine from the S2 site (13). However, our modeling and
minimization experiments did not indicate that substituting
L178 would improve the ability of the S2 pocket to accept
phenylalanine. To examine the accuracy of the modeling pre-
diction, we therefore examined the role of L178 by introducing
the mutation L178A into the plasmid LbproVP4/VP2 L200F
and examined the efficiency of self-processing. Figure 2D
shows that Lbpro self-processing in this variant is even less
efficient than with the original L200F mutation (compare Fig.
2D and B). This observation supports the predictions of the
modeling. Thus, it appears that the overall architecture of the
Lbpro S2 pocket differs substantially from that of those cellular
papain-like enzymes. This may result from the smaller number
of residues found in the S2 pocket of FMDV Lbpro.

We then investigated the ability of the Lbpro L143A variant
to perform self-processing at the sequence AspPheGly*Arg-
GlnThr present on eIF4GII. Figure 3A shows the inability of
Lbpro to perform self-processing of this sequence, as reported
by Kuehnel et al. (13); the self-processing reaction commences

FIG. 3. Self-processing of the wild type (LbproVP4/VP2 wt), Lbpro L143A, and Lbpro L143M on substrates containing phenylalanine at the P2
position. RRLs were incubated with the indicated mRNAs (10 ng/�l). In vitro protein synthesis and analysis were carried out as described in the
legend to Fig. 2. The amino acid sequences at the Lbpro/VP4 junction are shown above each panel. (A) LbproVP4/VP2 wt on the eIF4GII sequence;
(B) LbproVP4/VP2 L143A on the eIF4GII sequence; (C) LbproVP4/VP2 L143M on L200F; (D) LbproVP4/VP2 L143M on the eIF4GII sequence.
Protein standards (in kDa) are shown on the left. Aberrant cleavage products are marked with arrows.
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only about 60 min after the addition of RNA. Figure 3B shows
that the Lbpro L143A variant could indeed improve processing
at this sequence. However, a significant amount of an aberrant
product which was not present in the original variant was also
observed (compare Fig. 3A and B). The inability of the Lbpro

L143A variant to process AspPheGly*ArgGlnThr to wild-type
levels is presumably due to the presence of other nonoptimal
residues in this cleavage sequence. For example, the presence
of aspartate in place of lysine at the P3 position was shown to
be detrimental to cleavage in the wild-type cleavage sequence.
Thus, it will certainly be necessary to introduce further muta-
tions in Lbpro to achieve wild-type self-processing rates on the
AspPheGly*ArgGlnThr sequence.

The above experiments emphasize the importance of L143
in restricting the specificity of Lbpro. Examination of Lbpro

sequences from other FMDV serotypes reveals that residue
143 is not invariant (4). However, the only other residue oc-
curring at this position is methionine, another residue with a
bulky, hydrophobic side chain (4). This suggests that it is im-
portant for viral replication that Lbpro does not process sub-
strates containing phenylalanine at the P2 position. This notion
is supported by the presence of only leucine or valine at the P2
position in the self-processing site in the polyproteins of
FMDV (H. G. O’Neill, personal communication). To examine
this idea further, we decided to investigate the ability of the Lbpro

143M variant to carry out self-processing at L200F (Fig. 3C) and
the eIF4GII sequence (Fig. 3D). Interestingly, the effect of the
L200F mutation on self-processing by Lbpro L143M was less det-
rimental than that seen on the wild type (compare Fig. 2B and
3C). In contrast, the effect on self-processing at the eIF4GII site
was similar to that seen with wild-type Lbpro, although more
aberrant proteins were visible (compare Fig. 3A and D).

These results also imply that Lbpro from most if not all
serotypes will not cleave cellular proteins containing phenylal-
anine at the P2 position. Thus, the presence of leucine or
methionine at residue 143 may restrict the number of possible
substrates which can be cleaved during the FMDV replication
cycle. Pertinently, the eIF4G homologues remain the only
known cellular proteins which are cleaved by Lbpro during the
viral replication cycle. Furthermore, our recent intensive ef-
forts using proteomics and bioinformatics techniques have
failed to reveal any further proteins which are cleaved by Lbpro

during FMDV infection in cell culture.
In summary, these experiments show that the occupancy at

residue 143 of Lbpro determines to a significant extent the
specificity of Lbpro at the P2 position. The presence of leucine
at residue 143 contributes substantially to the maintenance of
the high degree of specificity of FMDV Lbpro. Future work will
investigate how the Lbpro S3 pocket excludes aspartate while
being able to accept asparagine and lysine.
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