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ABSTRACT: Foot-and-mouth disease virus, a global animal pathogen, possesses a single-stranded RNA
genome that, on release into the infected cell, is immediately translated into a single polyprotein. This
polyprotein product is cleaved during synthesis by proteinases contained within it into the mature viral
proteins. The first cleavage is performed by the leader protease (Lbpro) between its own C-terminus and the
N-terminus of VP4. Lbpro also specifically cleaves the two homologues of cellular eukaryotic initiation factor
(eIF) 4G, preventing translation of capped mRNA. Viral protein synthesis is initiated internally and is thus
unaffected. We used a panel of specifically designed FRET peptides to examine the effects of pH and ionic
strength on Lbpro activity and investigate the size of the substrate binding site and substrate specificity.
Compared to the class prototypes, papain and the cathepsins, Lbpro possesses several unusual characteristics,
including a high sensitivity to salt and a very specific substrate binding site extending up to P7. Indeed, almost
all substitutions investigated were detrimental to Lbpro activity. Analysis of structural data showed that Lbpro

binds residues P1-P3 in an extended conformation, whereas residues P4-P7 are bound in a short 310 helix. The
specificity of Lbpro as revealed by the substituted peptides could be explained for all positions except P5.
Strikingly, Lbpro residues L178 and L143 contribute to the architecture of more than one substrate binding
pocket. The diverse functions of these two Lbpro residues explain why Lbpro is one of the smallest, but
simultaneously most specific, papain-like enzymes

Foot-and-mouth disease virus (FMDV), the causative agent of
a devastating disease of cloven-hooved animals, belongs to the
aphthovirus genus of the Picornaviridae family of single-stranded
positive-sense RNA viruses. Following binding of the virus to a
susceptible cell, the viral RNA is released into the cytoplasm and
translated as a single polyprotein that is processed by virally
encoded proteinases into four structural and eight nonstructural
proteins. The leader protease (Lbpro), a papain-like cysteine
protease, is the first protein encoded on the polyprotein. It
autocatalytically frees itself from the growing polyprotein by
cleavage between its own C-terminus and the N-terminus of the
structural protein VP4. Following the self-processing reaction of
Lbpro, the next event on the polyprotein is the separation of the
structural protein precursors from the nonstructural ones, occur-
ring via a process of ribosomal skipping at the 2A-2B junc-
tion (1). Subsequently, the second protease of FMDV, 3Cpro,
cleaves nine of the 11 processing sites in the virus polyprotein.
3Cpro has a structure and mechanism of action closely related to
those of the trypsin family of serine proteases, even though it
possesses cysteine as the active site nucleophile (2). The final

proteolytic cleavage occurs during viral maturation; however, the
activity responsible remains unknown (for a review and refer-
ences, see refs 3 and 4).

In addition to the self-processing reaction, Lbpro also cleaves
the two homologues of the host cell protein eukaryotic initiation
factor, termed eIF4GI and eIF4GII (5). Cleavage of these
proteins leads to an inability of the cell to translate its own
capped mRNA, whereas that of the viral RNA is unaffected (6).
The cleavage sites recognized by Lbpro have been determined to
be at Q-R-K-L-KVG-A-G-Q for the polyprotein reaction, F-A-
N-L-GVR-T-T-L on eIF4GI, and L-L-N-V-GVS-R-R-S on eIF4-
GII (5, 7, 8). The identification of only three cleavage reactions
for Lbpro indicates that it is a specific enzyme. However, the exact
sequence of amino acids recognized by Lbpro cannot be deduced
from the sequences of the cleavage sites given above.

In addition to its high degree of specificity, Lbpro has some
further noteworthy structural peculiarities that distinguish it
from the canonical cysteine proteases. For instance, Lbpro is
synthesized without a pro domain directly into the cytoplasm. As
protein synthesis can occur at one of twoAUGcodons, Lbpro can
exist in two forms, termed Lbpro and Labpro. The Lbpro form,
shorter by 28 amino acids, is thought to be the physiologically
active peptidase (9) and is the form used in this work. Again, in
contrast to papain-like enzymes, Lbpro also possesses an 18-amino
acidC-terminal extension (CTE). Lbpro carries out self-processing
at the end of the CTE in a reaction that can be either intra- or
intermolecular (so-called cis or trans reactions, respectively);
however, under physiological conditions, the reaction seems to
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be an intramolecular one (10). In the crystal as well as in the
solution structures (11, 12), the seven most C-terminal residues of
the CTE are found bound to the substrate binding site of the
neighboring molecule generating a homodimer. Removal of the
six C-terminal amino acids of Lbpro (termed sLbpro) leads to
the generation of amonomeric form.The catalytic triad inLbpro is
formed by C51, H148, and D163, contrasting with all other cysteine
proteases that have N instead of D as the third member.
Consequently, Lbpro possesses a unique electrostatic environment
around the active site that results in the optimum pH for Lbpro

being close to 9 whereas that of papain is ∼6 (13).
The major determinant of specificity for papain-like cysteine

enzymes is the S2 subsite [nomenclature from Schechter and
Berger (14)] which has a general preference for hydrophobic
amino acids. Thus, Lbpro, in the self-processing reaction at least,
has been shown to prefer substrates containing L at the P2

subsite (15, 16). The exact specificity at the other positions of
Lbpro remains unclear.

The inhibition of Lbpro activity in cell culture results in a 1000-
fold reduction in virus yield (17). Thus, Lbpro specific antiviral
drugs might be helpful in combating FMDV outbreaks. To
achieve this goal, a detailed analysis of the substrate specificity of
Lbpro and the effects of the environmental conditions on its
activity are necessary. Here, we examine the hydrolytic activities
of Lbpro on the fluorescence resonance energy transfer (FRET)
peptides derived from the self-processing site on the virus
polyprotein and from the cleavage sites on eIF4GI and eIF4GII.
By varying both the length and sequence of the peptides, we
examined the size of the Lbpro extended binding site and its
specificity on the nonprime side from P1 until P7. The effects of
salts, buffers, and detergents on Lbpro were also examined in
detail to obtain further information about its catalytic properties
that were suggested to be very distinct from those of canonical
cysteine proteases such as papain (13).

MATERIALS AND METHODS

Enzymes. Recombinant Lbpro was expressed in Escherichia
coli BL21 (DE3) pLysS as previously described (8, 11). The
bacterial cells were harvested by centrifugation, suspended in
100 mL of buffer A [50 mM Tris-HCl (pH 8.0), 50 mM NaCl,
1 mM EDTA, 5 mM 2-mercaptoethanol, and 5% glycerol], and
sonicated. The cell extract was centrifuged for 30 min at 18000g
and applied to a 6 mL Resource-Q column (Amersham
Biosciences) equilibrated with buffer A. The column was washed
with 4 bed volumes of buffer A, and proteins were eluted with a
linear gradient from 50 to 500 mMNaCl. The fractions contain-
ing the enzyme (Lbpro elutes at ∼250-290 mM NaCl) were
pooled and concentrated by ultrafiltration using an Amicon
PM10 membrane and applied to a Superdex-75 column (50 cm�
1.6 cm), previously equilibrated with buffer A in the presence of
100mMNaCl. The enzyme was eluted with a flow rate of 0.5 mL/
min. From 1000 mL of broth, 10.5 mg of pure protease was
obtained. The enzyme concentrationwas determined as previously
described (13).

Human recombinant cathepsin B was obtained as previously
described (19, 20). Human cathepsin L and papain were obtained
and purified as described previously (20, 21). Recombinant
human cathepsins K and V were expressed in Pichia pastoris
and purified as described in ref 22. Cathepsin S was obtained as
described in ref 23.
Peptides. The FRET peptides based on Lbpro physiological

substrates were synthesized by the solid-phase peptide synthesis

method (24, 25). The molecular mass and purity of synthesized
peptides were checked by analytical HPLC and byMALDI-TOF
using the Microflex-LT mass spectrometer (Bruker-Daltonics,
Billerica, MA). Stock solutions of peptides were prepared in
DMSO, and the concentrations were measured spectrophotome-
trically using the molar extinction coefficient of 17300M-1 cm-1

at 365 nm. MCA peptides were synthesized and purified as
described previously (26).
Kinetic Measurements. Hydrolysis of FRET peptides was

assayed in a Hitachi F-2500 spectrofluorimeter at 37 �C. The
assays were performed in 50 mM borate/borax buffer (pH 7.8).
The enzyme was preactivated in the presence of 2.5 mM
dithioerythritol (DTE) for 5 min at 37 �C before the addition
of the substrates. Fluorescence changes were monitored con-
tinuously at a λex of 320 nm and a λem of 420 nm. The enzyme
concentration ranges of 1-5 nM for the best substrates and
50-100 nM for the worst substrates were chosen so that<5%of
the amount of added substrates was hydrolyzed. The slope was
converted into micromoles of substrate hydrolyzed per minute on
the basis of a calibration curve obtained from the complete
hydrolysis of each peptide. The inner filter effect was corrected
using an empirical equation as previously described (27). When
fluorogenic MCA peptides were used, the condition was changed
to a λex of 380 nm and a λem of 460 nm. The kinetic parametersKm

and kcat with respective standard errors were obtained through the
Michaelis-Menten equation using Grafit. The errors were less
than 5% for any of the obtained kinetic parameters in at least three
determinations. To determine the inhibition constants of resistant
FRET peptides, the fluorogenic substrate Z-LR-MCA was used.
The decrease in initial rate with FRET-inhibitor peptide concen-
trationwas fitted with equation IC50=[I](V0/Vi- 1), whereVi and
V0 are the initial rates in the presence and absence of inhibitor,
respectively, and IC50 is the inhibitor concentration that inhibits
50% of the enzyme. In the case of competitive inhibition, Kiapp

is defined by Ki = IC50/(1 þ [S]/Km), where Ki is the substrate-
independent, true inhibition constant, [S] is the initial substrate
concentration, and Km is theMichaelis constant for the hydrolysis
of the substrate. We defined as resistant FRET peptides those
resistant to hydrolysis of 10 nM Lbpro for 24 h.
pH and Salt Dependency of Lbpro Activity. Lbpro pH

profiles were obtained by measuring the kinetic parameters of
hydrolysis (kcat/Km) under pseudo-first-order conditions over a
pH range of 7.0-11.0. These determinations were conducted
in a constant-ionic strength four-component buffer comprised
of 25 mM acetic acid, 25 mM Mes, 75 mM Tris, and
25 mM glycine adjusted with 2 M NaOH or HCl as required.
Enzymatic activity was measured at 37 �C using the fluorimetric
assay described above. All these experiments were conducted
under pseudo-first-order conditions under which the substrate
concentration was 10 times lower than its Km. The values of kcat/
Km were fitted to the theoretical curve for the bell-shaped pH-
rate profiles using nonlinear regression as in eq 1 using Grafit 5.0
(Erithacus Software, Horley, Surrey, U.K.).

kcat=Km¼ kcat=KmðlimitÞ½1=ð1þ10pK1 -pHþ10pH-pK2Þ� ð1Þ

where kcat/Km(limit) stands for the pH-independent maximum
kcat/Km constant and K1 and K2 are the dissociation constants of
the catalytic components at acidic and basic limbs, respectively.
Similar experiments were conducted in 50 mM Tris-HCl or 50
mM borate/borax buffer with a variable ionic strength at each
pH. Under these conditions, the experiments were conducted
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underVmax rate constants where the substrate concentrationwas 10
times higher than itsKm. The values ofVmax were also fitted to eq 1.

Kinetic parameters for the hydrolysis by Lbpro of FRET
peptides derived from FMDV polyprotein that span the
Lbpro-VP4 junction, eIF4GI and eIF4GII cleavage sites at
different NaCl concentrations, were determined in 50 mM
borate/borax buffer (pH 7.8) at 37 �C. The influence of kosmo-
tropic salts of the Hofmeister series was investigated as described
previously (28).
Effects of Surfactants on Lbpro Activity. Lbpro activities

were assayed in the presence of different concentrations of the
cationic CTAB (cetyltrimethylammonium bromide), anionic
SDS (sodium dodecyl sulfate), nonionic Brij-35 (polyox-
yethylene glycol dodecyl ether), Triton X-100 [octylpheno-
lpoly(ethylene glycol ether)10], and Tween 20 (poly-
oxyethylene20 sorbitan monolaurate) and zwitterionic CHAPS
{3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
hydrate} detergents. All the experiments were conducted with
Abz-VQRKLKGAGQSSQ-EDDnp as the substrate at a con-
centration 3 times higher than the Km value of its hydrolysis in
50 mM borate/borax buffer (pH 7.8) at 37 �C.
Determination of the Substrate Cleavage Sites. The

scissile bonds of hydrolyzed FRET peptides were identified by
isolation of the fragments using analytical HPLC, and the
molecular weight of each product was also determined by LC-
MS using an LCMS-2010 system equipped with the ESI probe
(Shimadzu).
Lbpro Modeling. All drawings were created using PY-

MOL (29) (DeLano Scientific, San Carlos, CA).

RESULTS

Effects of pH, NaCl, and Detergents on Lbpro Activity.
Figure 1A shows the pH profiles of the hydrolytic activities of
Lbpro in a constant-ionic strength buffer (25 mM MES, 25 mM
acetic acid, 25 mM glycine, and 75 mM Tris). The substrates
employed for these experiments derived from the sequences that
span the cleavage sites at the Lbpro-VP4 junction [Abz-
VQRKLKGAGQ-EDDnp, peptide 14 (Table 3)], eIF4GI
[Abz-FANLGRTTL-EDDnp, peptide 3 (Table 2)], and eIF4GII
[Abz-LLNVGSRRSQ-EDDnp, peptide 5 (Table 2)]. The max-
imum hydrolytic activities of Lbpro on these three FRET peptides
were around pH 8.5, although the peptides have very distinct
distributions of positively charged amino acids. The pK1 values for
the pH profiles of the hydrolysis of the three substrates by Lbpro

were in the range of 7.2-7.6. These values contrast with the pK1

values obtained for other cysteine proteases such as cathepsins and
cysteine proteases from unicellular parasites or papain that are
around pH 4-5 (21, 30, 31). Figure 1B reveals that the optimal
pHs for Lbpro activity in 50 mM boric acid/borax buffer and in
50 mMTris-HCl are 7.8 and 9.0, respectively. These differences in
optimal pH values are related to the ionic strength of the buffers.
In the pH range of 7.5-8.0, the ionic strength is low for borate but
high for Tris-HCl; however, they invert at pH >9.0 as shown in
the inset of Figure 1B. In the pH profiles, the maximum activities
of Lbpro were observed in the pH region of low ionic strength of
each buffer. This is a consequence of the high sensitivity of Lbpro

to salt concentration, as reported previously (13).
The effects of NaCl on Lbpro hydrolytic activities were further

explored using three substantially longer FRET peptides derived
from the cleavage sites at the Lbpro-VP4 junction [Abz-
KAKVQRKLKGAGQSSQ-EDDnp, peptide 1 (Table 2)], eIF4-
GI [Abz-GPDFTPSFANLGRTTLSTRQ-EDDnp, peptide 2

(Table 2)], and eIF4GII [Abz-GRGVPLLNVGSRRSQPGQ-
EDDnp, peptide 4 (Table 2)]. The kcat/Km values for the
hydrolysis of these peptides by Lbpro were systematically reduced
in presence of NaCl (Table 1). It is noteworthy that the observed
decrease in kcat/Km values resulted from the systematic increase in
the Km values with the increase in NaCl concentration. In
contrast, the kcat values did not change in any range of salt
concentration, except for the hydrolysis of peptide Abz-
GRGVPLLNVGSRRSQPGQ-EDDnp whose kcat increases
3-fold in the presence of NaCl. The use of the most abundant
intracellular cations, Kþ and Mg2þ, assayed as chloride salts,
gave a similar picture (data not shown).

The effects of surfactants on Lbpro catalytic activities are
shown in Figure 2. As the critical micelle concentration (CMC)
of each detergent varies greatly and is influenced by buffer
composition (32), the assays were performed in a standard
detergent range of 0-0.1%. This corresponds to typical concen-
trations used previously (33). Lbpro activity on the hydrolysis of
peptide Abz-VQRKLKGAGQSSQ-EDDnp (peptide 14) was
greatly inhibited in a concentration-dependent manner by the
presence of cationic CTAB and anionic SDS detergents. In
contrast, essentially no influence on the Lbpro activity was
observed with nonionic Brij-35, Triton X-100, and Tween 20 or
zwitterionic CHAPS detergent. Furthermore, similar results were
obtained with the best largest substrate, Abz-KAKVQRKLK-
GAGQSSQ-EDDnp (peptide 1), and with the shorter substrate,
Abz-KLKGAGQ-EDDnp (peptide 17), and the electrically
neutral surfactants did not prevent the decrease in Lbpro activity
in the presence of NaCl (data not shown).
Lbpro Concentration-Dependent Activities. Previous work

using both X-ray crystallography and NMR showed that Lbpro

appeared to form a homodimer in which the 18-residue
C-terminal extension is bound by the substrate-binding site of a
neighboring molecule. The dimer was stable andmaintained even
in solutions containing up to 500 mM salt and 0.35 mM protein.
In contrast, the shorter variant sLbpro, lacking six C-terminal
residues of the 18-residue C-terminal extension (CTE), was
observed as monomer in both the crystal and solution states (12).
These observations prompted us to explore the hydrolytic activi-
ties of different concentrations of Lbpro in both the nanomolar
and micromolar ranges using the best substrate, Abz-KAKV-
QRKLKGAGQSSQ-EDDnp (peptide 1), for Lbpro concentra-
tions in nanomolar range and a poor substrate such as Z-LK-
MCA (peptide 20) for Lbpro concentrations in the micromolar
range. As shown in Figure 3A, linear relationships were observed
for the hydrolysis rate of Abz-KAKVQRKLKGAGQSSQ-
EDDnp in the Lbpro concentration range of 0.2-12 nM. In
contrast, for the hydrolysis of Z-LK-MCA (Figure 3B), two linear
relationships were observed, one with a high rate of hydrolysis
until approximately 2 μM and another with a low rate of
hydrolysis at higher enzyme concentrations. These results
strongly suggest that Lbpro works as a monomer under the con-
ditions we used to determine the kinetic parameters of their
hydrolytic activities, and they are maintained as such until a
concentration of 2 μM is reached. After this concentration, a sort
of association could occur with Lbpro that reduces its hydrolytic
activity. Dimer association does not seem to occur because the
data from Figure 3A did not fit to equations derived from the
equilibrium shown in the scheme below as reported by Graziano
and co-workers (34).

MþM sfrs
KD

D
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Inaddition, very similar results as shown inFigure3wereobtained
with sLbpro (data not shown) thatwas described as amonomer in the
crystal and at concentrations used for its NMR experiments (11, 12).

Kinetic Parameters for theHydrolysis of FRETPeptides
Derived from Lbpro Physiological Substrates. To evaluate
the substrate specificity of Lbpro, we synthesized and assayed
FRET substrates using the sequences spanning the Lbpro clea-
vage sites on the physiologically known substrates, namely,
the polyprotein Lbpro-VP4 junction, eIF4GI, and eIF4GII.

FIGURE 1: pH profile for the reaction of Lbpro protease. Panel A shows the pH profiles for the reactions of Lbpro protease with substrates Abz-
VQRKLKGAGQ-EDDnp (b), Abz-FANLGRTTL-EDDnp (O), and Abz-LLNVGSRRSQ-EDDnp (0) in a constant-ionic strength buffer
(25mMMES, 25mMacetic acid, 25mMglycine, and 75mMTris). The relative values of kcat/Km [100% is the highest value, kcat/Km(limit)] were
fitted to a theoretical curve for the bell-shaped pH-rate profiles using nonlinear regression as in eq 1. Panel B shows the pH profiles for the
reaction of Lbpro with the substrate Abz-VQRKLKGAGQ-EDDnp in 50 mM boric acid/borax buffer (O) and in 50 mM Tris-HCl (b). These
experiments were conducted underVmax rate constants where the substrate concentrationwas 10 times higher than itsKm, and theY-axis presents
the velocities under this condition.The inset in panelB shows the ionic strength (I) of each buffer as a functionofpH.The hydrolysis conditions are
described in Materials and Methods.

Table 1: Kinetic Parameters for the Hydrolysis by Lbpro of FRET Peptides Derived from the FMDV Polyprotein That Spans the Lbpro-VP4 Junction and

eIF4GI and eIF4GII Cleavage Sites at Different NaCl Concentrationsa

Abz-KAKVQRKLKVGAGQSSQ-EDDnp Abz-GRGVPLLNVGVSRRSQPGQ-EDDnp Abz-GPDFTPSFANLGVRTTLSTRQ-EDDnp

[NaCl] (mM) kcat (s
-1) Km (μM) kcat/Km (mM-1 s-1) kcat (s

-1) Km (μM) kcat/Km (mM-1 s-1) kcat (s
-1) Km (μM) kcat/Km (mM-1 s-1)

0 2.5 0.4 6250 0.14 2.4 58 0.04 6.1 6.6

10 2.6 0.7 3714 0.25 5.7 44 0.04 12.7 3.2

50 2.5 2.1 1190 0.5 13 39 0.04 25.5 1.6

100 2.2 5.3 415 0.4 18 22 0.03 37 0.8

150 1.5 7.1 211 0.4 20 20 0.02 56 0.4

aHydrolysis conditions: 50 mM borate/borax buffer (pH 7.8) at 37�C. The errors were of the same magnitude as those presented in Tables 3-7.

Table 2: Kinetic Parameters for the Hydrolysis by Lbpro of FRET Peptides

Derived from Lbpro Cleavage Sites on Virus Polyprotein and eIF4GI and

eIF4GIIa

no.

Abz-peptidyl-

EDDnp kcat (s
-1) Km (μM)

kcat/Km

(mM-1 s-1)

Lbpro-VP4

1 KAKVQRKLKVGAGQSSQ 2.5( 0.3 0.4( 0.03 6250

eIF4GI

2 GPDFTPSFANLGVR-

TTLSTRQ

0.04( 0.003 6.1( 0.6 6.6

3 FANLGVRTTLQ 0.003( 0.0005 6.3( 0.5 0.5

eIF4GII

4 GRGVPLLNVGVSRRS-

QPGQ

0.14( 0.01 2.4( 0.3 58

5 LLNVGVSRRSQ 0.002( 0.0003 3.6( 0.3 0.6

Hybrid Sequences

6 KVQRKLKVRTTLSQ 0.14( 0.06 0.3( 0.01 467

7 KVQRKLKVSRRSQ 3.1( 0.08 1.1( 0.005 2819

8 SFANLGGAGQ (Ki= 4.8( 0.5 μM)

9 LLNVGGAGQ (Ki=3.0( 0.2 μM)

aHydrolysis conditions: 50 mM borate/borax buffer (pH 7.8) at 37 �C.

Table 3: Kinetic Parameters for the Hydrolysis by Lbpro of FRET Peptides

Derived from the FMDVPolyprotein That Spans the Lbpro-VP4 Junctiona

no. peptide kcat (s
-1)

Km

(μM)

kcat/Km

(mM-1 s-1)

Abz-Peptidyl-EDDnp

1 KAKVQRKLKVGAGQSSQ 2.5( 0.3 0.4 ( 0.03 6250

10 AKVQRKLKVGAGQSSQ 1.7( 0.1 0.3 ( 0.01 5667

11 KVQRKLKVGAGQSSQ 1.8( 0.2 0.5 ( 0.05 3600

12 KVQRKLKVGAGQ 1.4( 0.2 0.4 ( 0.02 3500

13 KVQRKLKVGQ 0.9( 0.1 0.3 ( 0.02 3000

14 VQRKLKVGAGQ 1.1( 0.1 1.2 ( 0.1 917

15 QRKLKVGAGQ 0.1( 0.02 1.9 ( 0.2 53

16 RKLKVGAGQ 0.2( 0.03 2.2 ( 0.2 91

17 KLKVGAGQ 0.02 ( 0.004 3.6 ( 0.4 6

Peptidyl-MCA

18 Z-QRKLK-MCA 0.002( 0.0001 0.6 ( 0.03 3.3

19 Z-RKLK-MCA 0.002( 0.0002 1 ( 0.1 2.0

20 Z-LK-MCA 0.002( 0.0002 15 ( 0.5 0.1

aHydrolysis conditions: 50 mM borate/borax buffer (pH 7.8) at 37 �C.
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The sequence of each peptide and the kinetic parameters for their
hydrolysis that were obtained in 50mMborate/borax buffer (pH
7.8) are listed in Table 2. All the assayed peptides were cleaved
only at one peptide bond, namely, at theK-Gbond in the FRET
peptides derived from the polyprotein Lbpro-VP4 junction and
at the G-R andG-S bonds in the eIF4GI, and eIF4GII-derived
peptides, respectively. The cleavage sites are the same as in the
integral proteins; therefore, the synthetic peptides containingAbz
and Q-EDDnp do not introduce restrictions on or different
interactions with the viral proteases. It is noteworthy that Abz-
KAKVQRKLKGAGQSSQ-EDDnp (peptide 1) that is derived
from the Lbpro-VP4 junction was hydrolyzed by Lbpro with a
catalytic efficiency (kcat/Km) almost 103 times higher than those
derived from eIF4GI (Abz-GPDFTPSFANLGRTTLSTRQ-
EDDnp, peptide 2) and eIF4GII (Abz-GRGVPLLNVGSR-
RSQPGQ-EDDnp, peptide 4), even though the eIF4G peptides
contained four and two more residues, respectively.

Shorter peptides derived from eIF4GI (Abz-FANL-
GVRTTLQ, peptide 3) and eIF4GII (Abz-LLNVGVSRRSQ-
EDDnp, peptide 5) were very poor substrates for Lbpro. How-
ever, construction of hybrid peptides containing the nonprime
site of the Lbpro-VP4 cleavage sequence and the prime site of
eIF4GI (Abz-KVQRKLKVRTTLSQ-EDDnp, peptide 6) or
eIF4GII (Abz-KVQRKLVSRRSQ-EDDnp, peptide 7) gave rise

to efficiently hydrolyzed peptides. Indeed, peptide 7 was hydro-
lyzed with a kcat/Km value only 25% lower than that of a
comparable Lbpro-VP4 peptide [e.g., peptide 11 or 12
(Table 3)]. In contrast, hybrid peptides containing the prime site
of substrates derived fromLbpro-VP4 cleavage sequence and the
nonprime site eIF4GI (Abz-SFANLGGAGQ-EDDnp, peptide
8) and eIF4GII (Abz-LLNVGGAGQ-EDDnp, peptide 9) were
resistant to hydrolysis. Interestingly, they served as inhibitors of
Lbpro in the micromolar range. These results indicate that
nonprime regions of the enzyme-substrate interactions strongly
determine the substrate specificity of Lbpro.
Effects of Substrate Length on Lbpro Catalytic Activ-

ities. We next set out to investigate the length of the Lbpro

substrate binding site as shown in Table 3. To this end, we took
Abz-KVQRKLKGAGQ-EDDnp (peptide 12) as a reference. Its
length in both the prime and nonprime sides was reduced or
extended using the amino acids derived from the polyprotein
sequence. Peptides 11 and 13 resulted from prime side length
modifications; the kcat/Km values for their hydrolysis by Lbpro are
very similar to that obtained for the hydrolysis of reference
peptide 12. Reducing the nonprime side of peptide 12 by one
amino acid one step at a time gave rise to peptides 14-17; kcat/Km

values for their hydrolysis by Lbpro decreased gradually. Finally,
two larger peptides were obtained by further extension of peptide
11 to give peptides 10 and 1, respectively. These were the best
substrates for Lbpro. It is noteworthy that there is a clear
relationship between the substrate length in the nonprime side
and the catalytic parameters of hydrolysis by Lbpro. This
observation was confirmed by the kinetic parameters for the
hydrolysis of the peptidyl-MCA substrates (peptides 18-20).

The hydrolysis of small peptides by Lbpro was almost com-
pletely inhibited in the presence of 40 mM NaCl (data not
shown); in contrast, the peptide Abz-KAKVQRKLKGA-
GQSSQ-EDDnp (Table 1) with 16 amino acid residues was
cleaved to 20-40% of the level observed in the absence of salt.
This effect of salt dependence on substrate size seems to be
essentially related to the enzyme-substrate interaction strength,
since no alteration in Lbpro fluorescence emission spectra was
observed when the NaCl concentration was increased to 1 M
(data not shown).
Determination of Specificities of Subsites S1-S7.Amore

detailed analysis of the Lbpro specificities of nonprime subsites
S1-S7 was conducted using Abz-KVQRKLKGAGQSSQ-
EDDnp (peptide 11) as the lead substrate in which one amino

FIGURE 2: Effects of surfactants on Lbpro activity. Initial rates of
Lbpro were determined in the presence of increasing concentrations of
detergent (%, w/v): (O) SDS, (2) CTAB, (b) CHAPS, (0) Brij-35,
(9) Triton X-100, and (4) Tween 20. All activities on Abz-
VQRKLKGAGQSSQ-EDDnp hydrolysis were calculated relative
to that in the absence of detergent. The hydrolysis conditions are
described in Materials and Methods.

FIGURE 3: Lbpro concentration-dependent activities. (A) Hydrolysis of 2.5 μM Abz-KAKVQRKLKGAGQSSQ-EDDnp (peptide 1), the best
substrate for Lbpro . (B) Hydrolysis of 30 μM Z-LR-MCA (peptide 20), the worst substrate for Lbpro, at different enzyme concentrations. The
reactions were performed in 50 mM borate/borax buffer (pH 7.8) at 37 �C. For the hydrolysis of Abz-KAKVQRKLKGAGQSSQ-EDDnp
(peptide 1) the Lbpro concentrationwas in the nanomolar range, whereas withZ-LR-MCA, the Lbpro concentrationwas in themicromolar range.
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acid at a time was substituted and the kinetic parameters for
hydrolysis of each peptide by Lbpro were determined. The
sequences and the parameters are listed in Tables 4-6.
Substrates Modified at Positions P1 and P2. The kinetic

parameters for the hydrolysis by Lbpro of the series Abz-KVQ-
RKLXGAGQSSQ-EDDnp and Abz-KVQRKXKGAGQSSQ-
EDDnp, substituted at position X, are listed in Table 4. These
variations correspond to the P1 and P2 positions with respect to
cleavage at the X-G and K-G bonds. These were the only
cleavage sites found in each series. The best substrates at the P1

position for Lbpro were those containing the positively charged R
(peptide 21) and K (reference peptide 11) residues. The peptides
containing P (peptide 23), S (peptide 24), E (peptide 26), and W
(peptide 29) were resistant to hydrolysis by Lbpro, and those con-
taining L (peptide 22), Q (peptide 25), F (peptide 27), and G
(peptide 28) were poorly hydrolyzed.

In the series for mapping the S2 subsite (Abz-KVQR-
KXKGAGQSSQ-EDDnp), the highest kcat/Km values were
observed with the substrates containing the aliphatic amino acids
L (reference peptide 11), V (peptide 31), I (peptide 32), and A
(peptide 34). The poorest rates of hydrolysis were obtained with
charged amino acids R (peptide 30) and D (peptide 35). These
data are similar to the data of most of the cysteine proteases
whose S2 subsites characteristically recognized certain hydro-
phobic residues. The resistance of peptides containing Trp
(peptide 38), together with the poor hydrolysis of those with F
(peptide 36) and Y (peptide 37), indicates a size restriction for
aromatic amino acids in this position. All the resistant peptides
reversibly inhibited the enzyme; indeed, peptides with W at

position P1 or P2 resulted in micromolar or submicromolar
inhibitors (Table 4).
Substrates Modified at Positions P3 and P4. The kinetic

parameters obtained for the hydrolysis byLbpro of the seriesAbz-
KVQRXLKGAGQSSQ-EDDnp and Abz-KVQXKLKGA-
GQSSQ-EDDnp, substituted at position X, are listed in Table 5.
These substitutions correspond to the P3 and P4 positions; the
residues that occupy these positions in reference peptide 11 (Abz-
KVQRKLKGAGQSSQ-EDDnp) are two basic amino acids
(R and K). All substitutions in these two positions resulted in a
significant reduction in catalytic efficiency compared with that of
the reference. The substrates containing N (peptide 45) or F
(peptide 47) at positionP3 andQ (peptide 54), F (peptide 55), orL
(peptide 49) at position P4 were susceptible to hydrolysis by
Lbpro. Aliphatic amino acids were also accepted at S3 (peptides
41-43) and S4 (peptides 49 and 51). The surprising exception was
peptide 50 with P at position P4 that makes the peptide resistant
to hydrolysis; indeed, it inhibitedLbpro, albeitwith highKi values.
This result suggests that P at position P4 impairs a required
conformation of the substrate attached to the enzyme catalytic
site. Finally, the least efficient but still hydrolyzed substrates were
those withD (peptides 45 and 52), indicating that negative charge
is poorly tolerated by subsites S3 and S4.
Substrates Modified at Positions P5, P6, and P7. The

kinetic parameters obtained for the hydrolysis by Lbpro of the
seriesAbz-KVXRKLKGAGQSSQ-EDDnp, Abz-KXQRKLK-
GAGQSSQ-EDDnp, andAbz-XVQRKLKGAGQSSQ-EDDnp,
substituted at position X, are listed in Table 6. These variations
correspond to positions P5, P6, andP7with respect to cleavage at the
K-G bond, the only one observed in each series. In addition to Q,
present in reference peptide 11, Lbpro also accepted L in the P5
position well (peptide 57). It is noteworthy that L is the amino acid

Table 4: Kinetic Parameters for the Hydrolysis by Lbpro of the Series of

FRET Peptides Abz-KVQRKLXGAGQSSQ-EDDnp and Abz-KVQRK-

XKGAGQSSQ-EDDnp, with Variations (X) at Positions P1 and P2
a

Abz-KVQRKLXVGAGQSSQ-EDDnp

no. X, P1 kcat (s
-1) Km (μM)

kcat/Km

(mM-1 s-1)

11 K (ref)b 1.8( 0.2 0.5 ( 0.05 3600

21 R 1.9( 0.2 0.5 ( 0.03 3800

22 L 0.1( 0.02 2.0 ( 0.1 50

23 P Ki = 2.6 ( 0.06 μM
24 S Ki = 6.1 ( 0.5 μM
25 Q 0.2( 0.01 3.1( 0.2 65

26 E Ki = 2.2 ( 0.3 μM
27 F 0.2( 0.01 2.5( 0.2 80

28 G 0.1( 0.01 11( 2 9

29 W Ki = 0.9 ( 0.08 μM

Abz-KVQRKXKVGAGQSSQ-EDDnp

no. X, P2 kcat (s
-1) Km (μM)

kcat/Km

(mM-1 s-1)

30 R 0.01( 0.002 0.6( 0.08 17

11 L (ref)b 1.8( 0.2 0.5( 0.05 3600

31 V 1.4( 0.1 0.5( 0.04 2800

32 I 0.1( 0.02 0.2( 0.3 500

33 P 0.14( 0.002 5( 0.06 28

34 A 0.4( 0.07 0.9( 0.08 444

35 D 0.002( 0.0003 2.0( 0.2 1

36 F 0.04( 0.006 0.30( 0.03 133

37 Y 0.02( 0.003 0.7( 0.05 29

38 W Ki = 0.7 ( 0.05 μM

aHydrolysis conditions as described in Table 1. bReference peptide:
Abz-KVQRKLKGAGQSSQ-EDDnp. All the peptides were cleaved at
X-G (P1 variation series) and K-G (P2 variation series) bonds.

Table 5: Kinetic Parameters for the Hydrolysis by Lbpro of the Series of

FRET Peptides Abz-KVQRXLKGAGQSSQ-EDDnp and Abz-KVQ-

XKLKGAGQSSQ-EDDnp with Variations (X) at Positions P3 and P4
a

Abz-KVQRXLKVGAGQSSQ-EDDnp

no. X, P3 kcat (s
-1) Km (μM) kcat/Km (mM-1 s-1)

39 R 0.9( 0.05 1.1( 0.1 818

11 K (ref)b 1.8( 0.2 0.5( 0.05 3600

40 H 1.0( 0.2 2.4( 0.3 417

41 L 0.6( 0.05 1.4( 0.2 429

42 P 1.2( 0.005 2.5( 0.03 480

43 A 0.5( 0.08 3.0( 0.4 168

44 D 0.01( 0.002 4.5( 0.4 2

45 N 0.7( 0.06 1.2( 0.1 583

46 Q 0.3( 0.04 2.0( 0.3 150

47 F 0.8( 0.06 0.7( 0.08 1142

Abz-KVQXKLKVGAGQSSQ-EDDnp

no. X, P4 kcat (s
-1) Km (μM) kcat/Km (mM-1 s-1)

11 R (ref)b 1.8( 0.2 0.5 ( 0.05 3600

48 H 1.4( 0.1 2.4( 0.3 583

49 L 1.6( 0.1 1.3( 0.1 1231

50 P Ki= 22( 2 μM
51 A 1.6( 0.2 2.4( 0.2 667

52 D 0.2( 0.02 11.2( 1 18

53 N 0.9( 0.05 2.9( 0.2 310

54 Q 1.7( 0.1 2.3( 0.2 739

55 F 0.9( 0.06 1.0( 0.01 900

aHydrolysis conditions as described in Table 1. bReference peptide:
Abz-KVQRKLKGAGQSSQ-EDDnp. All the peptides were cleaved at the
K-G bond.
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that interacts with the S5 position of Lbpro in the hydrolysis of
eIF4GII; in contrast, the presence of F (as found in the P5 position
of the eIF4GI peptide) increased the Km value, with a consequent
decrease in kcat/Km (Table 2). This increase inKmwas also observed
in all other P5 substitutions such as R (peptide 56), S (peptide 58),
andD (peptide 59). A noteworthy exception was the substrate with
P (peptide 61) that was well hydrolyzed.

Substitutions at the P6 position resulted in small reductions in
Lbpro catalytic efficiency, except for the substrates containing
charged amino acids such as R and D (peptides 62 and 64,
respectively) that resulted in poor substrates. The substrate
with P (peptide 66) was also well hydrolyzed, indicating that
residue P is also accepted by S6 subsite well. Altogether, these
data indicate the hydrophobic character of the S6 subsite.
Replacement of K at position P7 for either L or D resulted in a
significant decrease in Lbpro catalytic efficiency. This result
suggests that the lysine side chain interacts with the enzyme to
strengthen substrate binding.
Hydrolysis of Abz-KVQRKLKGAGQSSQ-EDDnp by

Papain and Recombinant Human Cathepsins. To compare
the properties of Lbpro with those of well-studied cysteine
proteases, the sequence Abz-KVQRKLKGAGQSSQ-EDDnp
(peptide 11) was also assayed as a substrate for papain and
recombinant human cathepsin L, V, S, and K under the optimal
conditions for these enzymes. The kinetic parameters obtained
for these enzymes are listed in Table 7. Papain cleaved the
peptides only at the Q-R bond, whereas all cathepsins, in
the concentration range of 3-5 nM, preferentially hydrolyzed
the peptides at the K-G bond. Some slow hydrolysis was,

however, also observed at the Q-R bond. Comparison of the
kcat/Km parameters showed that cathepsin L was the most
efficient among the cathepsins in the hydrolysis ofAbz-KVQRK-
LKGAGQSSQ-EDDnp; however, cathepsins L, V, and S had
very similar kcat values. The poorest hydrolysis was observedwith
papain; however, this enzyme did exhibit the lowest Km value. It
is noteworthy that Lbpro hydrolyzed Abz-KVQRKLKG-
AGQSSQ-EDDnp with a higher kcat/Km value than all cathe-
psins but that the kcat values of all enzymes assayed were very
similar.Under the conditions used, cathepsin B did not hydrolyze
Abz-KVQRKLKGAGQSSQ-EDDnp.

DISCUSSION

To achieve a comprehensive understanding of the hydrolytic
properties of the FMDVLbpro, we first investigated its sensitivity
to the effects of pH and ionic strength. Figure 1 (pH) and Table 1
(ionic strength) document clearly that the enzyme is sensitive to
these parameters. Interestingly, the hydrolysis of Abz-GRG-
VPLLNVGSRRSQPGQ-EDDnpwas less impairedbyNaClwhen
compared to the hydrolysis of Abz-KAKVQRKLKGAGQSSQ-
EDDnp and Abz-GPDFTPSFANLGRTTLSTRQ-EDDnp.
Furthermore, the charged detergents tested also have negative
influences on Lbpro activity compared to neutral detergents
(Figure 2). The effects of KCl and of kosmotropic salts of the
Hofmeister series such as sodium sulfate and citrate (result not
showed) were very similar to those of NaCl. Although these data
show a clear influence of ionic strength, further analysis of salt
effects on the hydrolysis of larger substrates is still required for a
clearer picture of salt responsiveness of Lbpro activity inside the
FMDV host cells.

To define the optimal reaction conditions for our study of the
specificities of the Lbpro subsites, we examined the hydrolysis of
two substrates at two ranges of enzyme concentrations.
These experiments were conducted because the shorter C-term-
inal variant (sLbpro) had been shown to be a monomer while full-
length Lbpro was a dimer under the conditions used for
crystal and NMR studies (11, 12). The results shown in Figure 3
strongly suggest that we have worked with homogeneous struc-
tural forms of Lbpro. In contrast to earlier observations from
crystal and NMR studies, the formation of aggregates may
possibly occur at enzyme concentrations of>2 μM. Dimer does
not seem to be formed in this concentration range of Lbpro

because the data do not fit to the equations derived from the
monomer-dimer equilibrium and sLbpro exhibited the same
behavior.

Experiments with peptides of different lengths revealed that
the activity of Lbpro is very dependent on the size of the substrate.
Furthermore, our data indicate that its binding site is confined
mainly to the nonprime side and seems to extend until S9. We
observed significant increases in the kcat/Km values up to peptide
1 (Abz-KAKVQRKLKGAGQSSQ-EDDnp) as well as in the
kcat/Km values of Abz-GRGVPLLNVGSRRSQPGQ-EDDnp
(peptide 4) and Abz-GPDFTPSFANLGRTTLSTRQ-EDDnp
(peptide 2) when compared to those of Abz-LLNVGSRR-
SQPGQ-EDDnp (peptide 5) and Abz-FANLGRTTLSTRQ-
EDDnp (peptide 3) as shown in Table 2. To evaluate the contri-
bution of the transition state and substrate binding energy of the
nonprime and prime sites of the enzyme-substrate interaction,
the free energy of binding (ΔGS) and the total free energy of
activation (ΔGT) were calculated from Km and kcat/Km. The
values for peptides 12 and 14-17 were used for the nonprime side

Table 6: Kinetic Parameters for the Hydrolysis by Lbpro of the Series of

FRET Peptides Abz-KVXRKLKGAGQSSQ-EDDnp, Abz-KXQR-

KLKGAGQSSQ-EDDnp, and Abz-XVQRKLKGAGQSSQ-EDDnp

with Variations (X) at Positions P5, P6, and P7
a

Abz-KVXRKLKVGAGQSSQ-EDDnp

no. X, P5 kcat (s
-1) Km (μM) kcat/Km (mM-1 s-1)

56 R 1.7( 0.2 4.4( 0.5 386

57 L 1.2( 0.2 0.4( 0.2 3000

58 S 1.3( 0.1 6.0 ( 0.6 217

11 Q (ref)b 1.8( 0.2 0.5( 0.05 3600

59 D 1.4( 0.1 3.6 ( 0.3 389

60 F 2.1( 0.1 3.8( 0.4 552

61 P 1.2( 0.1 0.8( 0.2 1515

Abz-KXQRKLKVGAGQSSQ-EDDnp

no. X, P6 kcat (s
-1) Km (μM) kcat/Km (mM-1 s-1)

62 R 0.5( 0.3 1.6( 0.1 313

11 V (ref)b 1.8( 0.2 0.5( 0.05 3600

63 S 1.5( 0.1 0.7( 0.06 2143

64 D 1.6( 0.1 3.5( 0.3 457

65 F 3.0( 0.1 2.3( 0.4 1304

66 P 2.6( 0.2 2.2( 0.2 1182

Abz-XVQRKLKVGAGQSSQ-EDDnp

no. X, P7 kcat (s
-1) Km (μM) kcat/Km (mM-1 s-1)

11 K (ref)b 1.8( 0.2 0.5( 0.05 3600

67 L 0.4( 0.2 3.4 ( 0.2 118

68 D 0.6( 0.1 6.1( 0.3 98
aHydrolysis conditions as described in Table 1. bReference peptide:

Abz-KVQRKLKGAGQSSQ-EDDnp. All the peptides were cleaved at the
K-G bond.
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evaluation and peptides 11-13 for the prime side. The following
equations were used:

ΔGS ¼ -RT lnð1=KmÞ ð2Þ
ΔGT ¼ -RT lnðkcat=KmÞþRT lnðKBT=hÞ ð3Þ

where T is 303 K, R is the gas constant, KB is the Boltzmann
constant, and h is Plank’s constant. As demonstrated pre-
viously (35), there is a linear relationship between ΔGT and
ΔGS and the slope of the straight line (n) representing the ratio of
the transition state and substrate binding energies. Figure 4A
shows the ΔGT versus ΔGS relationship and the slope (n=2.8 (
0.5) for the substrates extended to the nonprime side (peptides 12
and 14-17). Figure 4B shows the same relationship for the
substrates extended to the prime side (peptides 11-13). Here, the
value of n is essentially zero. Thus, increasing the length of
the nonprime side of the substrates contributes mainly to the

transition state energy (i.e., catalysis process), whereas the prime
side interactions are more related to substrate binding (for a
detailed discussion of this interpretation, see ref 35).

One of the reasons for examining the enzymatic properties of
FMDV Lbpro was to provide the information necessary to
develop specific inhibitors of FMDV replication. During the
work, several nonhydrolyzable peptides proved themselves to be
potent inhibitors. Above all, peptides with particular substitu-
tions at positions P1 (peptide 29) and P2 (peptide 38) produced
inhibitors in the submicromolar range. Furthermore, hybrid
peptides with nonprime sequences of the eIF4G sequences and
prime sequences of Lbpro/VP4 were also inhibitors. It will be of
interest to develop these peptides further via addition of suitable
functional groups.

The peptides representing the cleavage sites of eIF4GI and
eI4GII are shown in this work to be poor substrates for Lbpro.
Nevertheless, the two homologues are cleaved rapidly during
FMDV infection and in rabbit reticulocyte lysates (8, 10). This
discrepancy could be explained by the absence in the pep-
tide cleavage system of two binding sites that are present on
the intact eIF4G homologues. The first binding site (residues
609-623) allows the recruitment of the host protein eIF4E
to eIF4G (6, 36, 37). The eIF4E-eIF4G complex has been
shown to be a much better substrate for Lbpro than eIF4GI
alone (38). Second, residues 645-657 of eIF4G were previously
shown to have a binding site for residues 183-195 of the
C-terminal extension of the Lbpro. These interactions promoting
cleavage on the eIF4G homologues cannot take place on the
peptides, presumably explaining their poor cleavage in this in
vitro assay. It seems likely that the binding of eIF4E and Lbpro

causes a conformational change in the region of the proteins
containing the cleavage sequences that increases the rate of
cleavage.

At present, only three in vivo substrates have been identified
for the Lbpro of FMDV, indicating that it is one of the most
specific papain-like cysteine proteinases. Surprisingly, however,
the cleavage sites identified on the three protein substrates are
rather heterogeneous (see the sequences of the derived peptides 3,
5, and 11) and do not allow a consensus site for the specificity to
be determined. In addition, Lbpro has been shown by structural

Table 7: Kinetic Parameters for the Hydrolysis by Papain and Recombinant Human Cathepsins of Abz-KVQRKLKGAGQSSQ-EDDnp (peptide 11)a

aHydrolysis conditions: 100 mM sodium acetate, 2.5 DTE, and 2 mMEDTA (pH 5.5) at 37 �Cwith an enzyme concentration in the range of 3-5 nM for all
enzymes, except for cathepsin S for which 50 mM sodium phosphate (pH 7.0) was used. Papain cleaved only at the Q-R bond, and all cathepsins cleaved
preferentially at the K-L(V) bond and slowly at the Q-R(v) bond.

FIGURE 4: Total activation energies (ΔGT) vs substrate binding
energies (ΔGS) for Lbpro. (A) ΔGT and ΔGS calculated from data
corresponding to the hydrolysis of the substrates containing three
(peptide 17) andup to seven (peptide 12) subsites on thenonprime side.
The sequence at the prime remained unchanged. (B) Data generated
from peptides with varying prime side size with a constant nonprime
side length. Values were calculated from Table 3 using eqs 2 and 3.
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studies and sequence comparisons to be one of the smallest
papain-like enzymes. Despite this, the peptide studies show here
that the presence of nine nonprime and seven prime residues
(peptide 1) is required for optimal activity, indicating that the
enzyme must have an extended substrate binding site.

Close examination of the peptide data presented here in terms
of previously obtained structural data reveals some of the reasons
that account for the enzyme’s properties. Guarn�e and colleagues
determined the structure of the Lbpro by X-crystallography,
obtaining a structure with the CTE of one molecule lying in
the active site in the neighboring molecule and vice versa (11).
This structure reveals the binding of the substrate in the nonprime
region and shows an interaction of the enzymewith residues from
position P7 to P1 of the substrate extending across a large area of
the enzyme’s surface. The binding of the first three residues from
P1 K to P3 K occurs with the polypeptide in an extended β-sheet
conformation, as found in most papain- and chymotrypsin-like
enzymes (Figure 5). In contrast, residues P4 R to P7 V are bound
in a tight turn that has the dimensions of a 310 R-helix. For
instance, the carbonyl oxygen of P7 Rmakes a hydrogen bond to
the amide hydrogen of P4 R (distance of 2.93 Å�). This unique
arrangement of the substrate polypeptide chain allows the
enzyme to utilize its full surface area for substrate binding and
thus provide binding sites up to the P7 position. The results with
the peptides of varying lengths listed in Tables 2 and 3 clearly
indicate that a peptide containing seven residues at the nonprime
side increases binding to the enzyme.

The analysis of the cleavage by Lbpro of peptides bearing
variations at the nonprime positions showed that each of the
positions contributes to specificity, with the wild-type residue in
each case being the optimal residue. These results can be

explained using the structural data (Figures 6 and 7) for all sites
except P5 as follows. Thus, the P1 residue K is bound by Lbpro

between residues E96 and E147. The amino group of the lysine
interacts with the carboxyl groups of the glutamates, while their
aliphatic side chains make van der Waals interactions with the K
side chain (Figure 6). The side chain of the other residues tested at
the P1 positionwill either fail to form the ionic interaction (e.g., G
or S) or clash with the aliphatic side chains.

FIGURE 5: Arrangement of substrate residues from position P7 to P1

in the substrate binding cleft of FMDV Lbpro. The backbone of the
globular domain [chain A of Protein Data Bank entry 1QOL (11)] of
the FMDVLbpro is shown as black lines. The side chains of the active
site residues are colored red. The seven most C-terminal residues of
theCTEof the adjacent chainCare shownas sticks andare colored as
follows: carbon atoms in yellow, oxygen atoms in red, and nitrogen
atoms in blue. The residues are labeled according to their position on
the chain aswell as their position after the nomenclature of Schechter
and Berger (14). The dotted green line indicates the hydrogen bond
between the carbonyl of the P7 arginine and the amide hydrogen of
the P4 residue.

FIGURE 6: Residues of Lbpro involved in binding amino acids P1-P4 of
the substrate. The globular domain, active site residues, and bound
substrate of Lbpro are shown as in panel A. Side chains of the globular
domain interacting with residues P1-P4 are shown with carbon atoms
coloredgreen,oxygenatomscoloredred,andnitrogenatomscoloredblue.

FIGURE 7: Residues of Lbpro involved in binding amino acids P6 and
P7 of the substrate. The Lb

pro backbone of chain C of Protein Data
Bank entry 1QOL (11) is shown as black lines, and the side chain
residues of the active site residues are colored red. Side chains of the
globular domain interacting with residues P6 and P7 are shown with
carbon atoms colored green, oxygen atoms red, and nitrogen atoms
blue. Substrate residues of chainAofProteinDataBank entry 1QOL
are shown as sticks and are colored as follows: carbon atoms in
yellow, oxygen atoms in red, and nitrogen atoms in blue.
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Like all cysteine-like enzymes (39), Lbpro has its major
determinant of specificity at the P2 position. Kuhnel et al. (15)
showed that the enzyme clearly prefers L over F at P2 in the self-
processing reaction. Subsequently,Mayer and colleagues demon-
strated that L143 was responsible for this property (16). The
work in this paper with peptides varying at the P2 position
corroborates and extends this previous work by showing that
Lbpro accepts only L, V, and, to a certain extent, I at this position.
This specificity is reminiscent of that of cathepsinF and cathepsin
S. Indeed, all cathepsins tested cleaved at the K-G bond, with
the highest activity on peptide 11 being from cathepsin L, even
though L is not optimal for this enzyme at the P2 position.
Presumably, the presence of the basic residues at positions P1 and
P3 increased the activity of the enzyme on this peptide. In
contrast, papain, the prototype of this proteinase class, cleaved
at the Q-R bond and not the K-G bond. The reason for this
appears to lie in the strong preference of this enzyme for V over L
at position P2 (39); indeed, V is the residue preceding the
glutamine after which papain cleaves.

At the P3 position, the preferred residue for Lbpro is K, whose
amino group is accommodated by E93 (Figure 6). The aliphatic
chain of the K residue forms van der Waals interactions with
G97. Surprisingly, even R is not well accepted by Lbpro at P3,
possibly because it is too bulky. None of the other residues tested
form this interaction, and each may clash with residues G97-
P100 that form the side of the Lbpro binding cleft.

Lbpro clearly prefers R as the P4 residue (Figure 6). The
structure shows that the R residue forms a hydrogen bond with
Q146 and van der Waals interactions with L143, previously
considered to be just part of the P2 pocket. The orientation of
L143 is probably the reason that L and F are particularly well
accepted at the P4 position. AtP5, there is no real binding site, and
it is possible that the Q residue is involved in making the 310-turn
mentioned above.

The pocket for P6 recognition (Figure 7) is bounded by several
hydrophobic residues, all well-positioned to accept the wild-type
V. This would explain why residues F and P can be accepted at
this position. The peptide with S is also well accepted. Presum-
ably, it does not enter fully into the pocket and does not therefore
disturb the interaction of the substrate with the enzyme. It is
interesting to note that one of the residues making up the S6
pocket is L178, as it is also involved in the S2 pocket. The P7

residue K (Figure 7) forms van der Waals interactions with L143
and ionic interactions with D176, at least between the CTE of
chain A and the globular domain of chain C. The poor cleavage
of the peptide with L at position P7 presumably indicates that the
ionic interaction is of importance at this position.

This discussion shows that Lbpro achieves specificity through
the presence of several specific binding sites that can be accessed
by the presence of a tight turnwith the dimensions of a 310R-helix
that is made by the substrate. In addition, at least two of the
residues in the substrate binding pocket (L143 and L178) are
involved in the formation of more than one specificity pocket.
This strategy is typical of viruses that have to conserve genome
space to achieve rapid replication and maintain low rates of
mutation. This result also implies that the replacement of L143
with A should lead to a substantial broadening of the specificity
of Lbpro at the P4 and P7 positions as well as at position P2.
Similarly, substituting L178 with A may well affect both the
specificity at positions P2 and P6. These interactions of substrate
with Lbpro nonprime subsites are particular for this enzyme, since
all the assayed cathepsin cysteinyl proteases, including papain,

were very inefficient in terms of the hydrolysis of the best sub-
strate, Abz-KAKVQRKLKGAGQSSQ-EDDnp (peptide 1),
for Lbpro.

In summary, the results described here illuminate the specifi-
city determinants of Lbpro, show that some uncleaved peptides
can form the basis for inhibitor development, and reveal how the
smallest papain-like proteinase can still manage to be one of the
most specific proteinases of its class.
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