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The protease of the porcine endogenous retrovirus (PERYV) subtypes A/B and C was recombinantly expressed
in Escherichia coli as proteolytically active enzyme and characterized. The PERV Gag precursor was also
recombinantly produced and used as the substrate in an in vitro enzyme assay in parallel with synthetic
nonapeptide substrates designed according to cleavage site sequences identified in the PERV Gag precursor.
The proteases of all PERV subtypes consist of 127 amino acid residues with an M, of 14,000 as revealed by
determining the protease N and C termini. The PERYV proteases have a high specificity for PERV substrates
and do not cleave human immunodeficiency virus (HIV)-specific substrates, nor are they inhibited by specific
HIV protease inhibitors. Among the known retroviral proteases, the PERV proteases resemble most closely the

protease of the murine leukemia retrovirus.

Organ xenotransplantation from pigs may be one possibility
to solve the shortage of human organ donors. An unanswered
question is, however, the risk of viral infection by porcine
endogenous retroviruses (PERVs) upon xenografting (3, 5, 7,
10, 11, 16). One way to minimize this problem might be the
option of designing an effective antiviral chemotherapy against
PERYV, comparable to that presently employed against human
immunodeficiency virus (HIV) infection. Here we have char-
acterized the PERYV protease as a target for protease inhibitors
(PIs) that might be employed as antiviral agents for chemo-
therapy.

Three main subtypes of PERV, A, B, and C, are known to
date (14). All are classical C-type retroviruses (e.g., 1, 2, 15)
and are genetically similar but not identical. We have revealed
the coding sequences for the proteases of all three PERV
subtypes, produced active proteases by recombinant methods
in Escherichia coli, and established an in vitro assay system for
PERYV protease activity.

Coding sequence of the PERV protease. For recombinant
expression of the PERV protease, the boundaries of its coding
sequence had to be revealed. Possible N and C termini of the
functional PERV protease coding sequence were predicted by
multiple alignment of the translated sequences of gag and pol
regions of PERV subtypes A/B (DuxDL3791 [J. Blusch et al.,
unpublished data]) and C (PERV-MSL [1]) with the protease
sequence of Moloney murine leukemia virus (MMLYV [8, 20]),
the phylogenetically closest C-type retrovirus with a known
protease protein sequence (Fig. 1).

The alignment indicated that the C terminus of the PERV
protease seemed to be highly similar to that of the murine
leukemia virus protease; the N terminus of PERV protease,
however, showed significant differences (Fig. 1). The N termi-
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nus of MMLYV protease is known to overlap into the C-termi-
nal Gag open reading frame (ORF) by 4 amino acid residues
(T L D D) (21). Thus, the gag stop (amber) codon TAG (X in
Fig. 1) is part of the protease coding sequences and can be read
through by a Gln suppressor tRNA. An alignment of the pro-
tease N terminus emerged only in the way shown in Fig. 1; the
L*A was provided as the reasonable N-terminal PERV pro-
tease cleavage site corresponding to that of the murine L*T.
Thus, the N terminus of PERV protease was proposed to have
three more hydrophilic residues than the murine viral protease
N terminus (Fig. 1).

The alignment in this form shows a high sequence similarity
among the compared enzymes. Proteases of the PERV sub-
types A/B and C have 59 and 60% sequence identity, respec-
tively, to the MMLYV protease. The two PERV proteases are
up to 95% identical. The hydrophobicity plots of the PERV
proteases are identical; the hydrophobicity profile of PERV
protease is slightly less hydrophobic in the N and C termini
than those of the murine virus enzyme (data not shown).

Expression of recombinant PERYV protease and Gag precur-
sor substrate in E. coli. Recombinant constructs (Fig. 2) were
made by inserting the proposed protease coding sequences of
subtypes A/B and C into the His-tag expression vector
pTrcHisA (Invitrogen). Constructs prepared with primers #36,
#C36, #90, #C90, #99, and #C99 carry few adjacent nucle-
otides of the gag ORF upstream of the protease N terminus.
Constructs #75 and #C75 terminated with the proposed C
terminus boundary, while constructs with #37 were C-termi-
nally truncated. Constructs based on #74 and #C74 extended
over the proposed protease C terminus containing few adja-
cent reverse transcriptase coding sequences. Fragments for
expression of PERV A/B protease were directly amplified from
Du X DL crossbred 3791 pig genomic DNA.

PERV C protease was expressed by first preparing a PERV
C #36/#75 fragment by a heminested amplification strategy
applying primers #36 and the PERV env C-specific reverse
primer PL206 (14), which served as a template for the gener-
ation of additional PERV C-specific fragments with primers
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FIG. 1. Amino acid sequences for the protease of PERV subtypes A/B and C. The Pol ORF sequences of PERV subtype A/B (DuxDL3791),

PERYV subtype C (MSL), and MMLV (MoMuLV) were compared in a
to all three sequences are boxed. The suppressed gag stop codon, TAG,
PERYV proteases of subtypes A/B and C.

#36 and #C90 in combination with oligonucleotides #C74 and
#75.

A direct (non-His-tagged) ATG/Met construct of the PERV
A/B protease was made by switching the N-terminal amino

multiple alignment. Identical residues in the putative protease common
is indicated by an X. Asterisks indicate amino acid differences between

acid, Ala, to Met (start codon) and switching the construct
ends to the proposed C-terminal Leu. Fragments were gener-
ated with primer #72 in combination with the above reverse
primers, digested with HindIIl and Ncol, and ligated in two
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FIG. 2. Recombinant expression. All recombinant Gag and protease

constructs are depicted. The dotted lines are the boundary of the coding

region of the PERV protease. The construct numbers reflect the primer number. Primer sequences were #36 (GCGCGGATCCGAAGATAA
AGATCAGGGGAGACG), #37 (CGCGAAGCTTTTAAAAAGAAATTTGAGCTCCCATC), #72 (GCGGTACCATG GAAGAAGATAAA
GATCAGGGGAG), #C74 (CGCGAAGCTTAGTCATCTAATTGGAGGGTCAACAC), #74 (CGCGAAGCTTTTAGGGAGAATATAGTC
GATATTCATC), #75 (CGCGAAGC TTTTACAACACAGTGATGGGTTTG), #90 (CGCGGATCCGGACCGAAGGTCCTAGCTCTAGA
AGAAGATAAAGATCAGGGGAGAGGGGTTC), #C90 (CGCGGATCCGGACCAAGGATCCTAGCTCTAGAAGAAGATAAAGATCA
G), #92 (GCGGT ACCATGGGACAGACAGTGACGACC), #93 (GCGGTACCTTAATCTTTATCT TCTTCTAGAGCTAGGAC), and #99
(CGCGGATCCTTGGTCCGGGTCCTAGCTCTAGAAGAAGATAAAGAT). LTR, long terminal repeat.
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FIG. 3. (a) Enzyme purification. After purification by cation and HIC column chromatography, the recombinant protease (PR) was analyzed
by silver-stained SDS-PAGE. The marker lane contained commercial standard protein size markers (12 to 85 kDa). (b) Protease activity. Shown
are the recombinant Gag precursor alone (lane 2) and its cleavage products after incubation at 37°C for 20 min with the recombinant PERV
protease (lanes 3 to 6). The reaction mixture was separated by SDS-PAGE and was then Western blotted and reacted with antibody against PERV
Gag (polyclonal rabbit anti-PERV GagCA serum [produced in collaboration with Charles River, Kisslegg, Germany] and a secondary goat
anti-rabbit immunoglobulin G antiserum coupled to horseradish peroxidase [Dako, Hamburg, Germany]). Shown are cleavage of the recombinant
Gag precursor by recombinant PERV protease subtype A/B (lane 3) and subtype C (lane 4) and cleavage in presence of 0.1 mM pepstatin A by
PERV A/B (lane 5) or PERV C (lane 6). Purified PERV subtype A/B virus served as a marker (lane 1); lane 7 is a standard protein size marker.

steps into pTrcHisA. This was necessary because the PERV
protease gene contains an internal Ncol site and because Ncol
is inevitably connected with ATG in common E. coli expression
vectors.

In all constructs the gag TAG stop (X) codon was switched
to CAG coding for Gln, as described for expression of the
MMLYV protease (8, 20). Recombinant PERV protease was
produced in E. coli Topl0 (Invitrogen); proteolytically active
enzyme was in the supernatant. It was purified by using the
cation-exchange column Fractogel EMB 650 S (Merck, Darm-
stadt, Germany) and was eluted by a linear gradient containing
1 M NaCl and was then concentrated by 50% saturated
NH,SO, precipitation. The pellet was dissolved and further
purified by hydrophobic interaction chromatography (HIC) on
a PhenylSuperose column (Pharmacia) eluted with a linear
low-salt gradient. At this stage the protease was sufficiently
pure to be tested for enzymatic activity (Fig. 3a).

All constructs indicated in Fig. 2, with the exception of the
truncated #36/#37 and #99/#37, produced active enzyme (see
below), however, at different rates and amounts. The highest
yield of active enzyme was obtained with the protease con-
struct of PERV subtype C, #C90/#C74. After purification of
the protease, the bulk protein migrated by sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) at
about 14 kDa (Fig. 3a) in agreement with the calculated M, of
a proposed protease monomer with 127 amino acid residues.
This implied that, briefly after synthesis or even cotranslation-
ally, the protease had been (auto)catalytically processed within
the E. coli cells from its redundant overlapping (zymogen)
sequences (i.e., #36, #90, #99, and #74 plus the vector fusion
part) and had thus been enzymatically activated, presumably as
a homodimer, as known from other retroviral proteases. Such
activation cleavage appears to be, however, not a stringent
prerequisite: a recombinant protease construct with an ATG
start codon (Met), where no zymogen cleavage is required, was
also enzymatically active (Fig. 2).

During control sequencing of the expression construct, the
sequence directly upstream of the protease N terminus (i.e.,
translated GPKVL [Fig. 1]) in construct #C90/#C74 turned
out to be altered to LVRTL, obviously due to an inversion of
the PERV C-specific internal BamHI fragment in the three-
fragment ligation strategy. Constructs containing the LVRTL
sequence yielded a significantly higher production of recombi-
nant protease than those containing the GPKV sequence. Both
wild-type and inversion variant recombinant proteases were
identical by N-terminal sequencing (see below). Hence, the
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FIG. 4. Gag precursor cleavage sites. Prediction of the sequence of cleavage sites between PERV Gag MA*CA and CA*NC proteins by
multiple sequence alignment of PERV A/B and C and several other related retrovirus Gag sequences. Accession numbers are as follows: PERV
DuxDL 3791 (AF147808), PERV MSL (AF038600), MMLV (AF033811 J02255 J02256 J02257 M76668); Fr-MuLV (X02794 J02192 M12528
M19209); GALV (M26927), Rauscher MuLV (U94692), and BaEV (D10032 D00088 N0008S).

LVRT construct was reconstructed by a new primer, #99, to
obtain high-level expression of PERV A/B protease. It is not
known why this inversion caused an increased expression
and/or maturation rate of the protease. It is known, however,
that sequences that do not encode proteases (p6*) and precede
the N terminus of the HIV protease appear to be involved in
the regulation of the expression and or maturation of the
protease.

Sequencing of N and C termini of the PERV protease. N-
terminal amino acid sequencing of the purified recombinant
protease confirmed our alignment prediction yielding the N-
terminal ALEEDK for the protease of PERV subtypes A/B
and C (Fig. 1). PERV protease thus contained one more Lys
and two more Glu residues than did the MMLV protease N
terminus.

Determination of the PERYV protease C terminus was per-
formed indirectly: a synthetic nonapeptide, TLQLPITVL, rep-
resenting the 5 amino acid residues upstream and the 4 resi-
dues downstream of the predicted C-terminal cleavage site,
L*P, was cleaved by the recombinant protease of all PERV
subtypes into TLQL, confirming the predicted C-terminal Leu
for the protease of PERV subtypes A/B and C (Fig. 1), and
into PITVL, the presumable N terminus of the PERV reverse
transcriptase. (The fragments had been N-terminally se-
quenced).

Protease activity and in vitro cleavage system. The proteo-
lytic activity of the purified recombinant enzyme was assayed
using two different forms of the PERV Gag substrate: (i) a Gag
precursor produced recombinantly in E. coli of PERV subtype
A/B and (ii) synthetic nonapeptides representing the sequence
of the cleavage sites of Gag MA*CA or CA*NC of PERV
subtypes A/B and C.

(i) For the expression of the PERV Gag precursor protein,
oligonucleotides #92 and #93 were used to amplify the entire
gag sequence from pig genomic DNA and subcloned as a Kpnl
fragment in vector pTrcHisB (Invitrogen). Expression of re-
combinant Gag protein precursor was carried out in E. coli.
The Gag precursor was in the supernatant; it was used without
further purification.

The in vitro cleavage of this recombinant Gag precursor by
recombinant PERV protease of all subtypes is shown in Fig.
3b: the PERV Gag precursor disappeared and three new bands
appeared, the major one migrating exactly as the PERV
GagCA protein from a virus preparation did. As this band

reacted also with an anti-PERV Gag antiserum, we suppose
that it is identical with the GagCA protein. This means that the
recombinant proteases of subtypes A/B and C were proteolyti-
cally active toward the PERV Gag precursor protein. The
other two visible fragments represent presumably partially
cleaved intermediate forms of the Gag cleavage process as they
react also with the Gag-specific antibody.

(ii) To confirm the PERYV cleavage specificity, the protease
was reacted with synthetic nonapeptide substrates representing
the amino acid sequence around the Gag cleavage sites
MA*CA and CA*NC. These cleavage sites had been derived
by multiple sequence alignment (Fig. 4) with PERV subtypes
A/B and C and various retroviruses genetically closely related
with the pig retrovirus. The sequence of the MA*CA cleavage
site had been experimentally confirmed by N-terminal se-
quencing of the PERV GagCA protein of a highly purified
virus preparation from supernatant of the porcine PK15 cell
line (11).

Nonapeptide I (EIAILPLRT) represents the cleavage site
MA*CA of the PERV subtype A/B Gag precursor, nonapep-
tide IT (EIATLPLRT) represents the same site of the PERV
subtype C Gag precursor (both differ genetically in the 4th
amino acid [T/I]), and nonapeptide III (LTKILAAVYV) repre-
sents the amino acid sequence of the cleavage site of CA*NC
of all PERV subtypes. The protease activity was assayed by
measuring the amount of cleaved peptide fragments either by
high-performance liquid chromatography or by fluorophoto-
metric analysis. In the latter case Dansyl/Edans-labeled deca-
peptide IV (Dansyl-LVRTLALEED-Edans) was used as the
substrate representing the (Gag)*protease cleavage site. All
nonapeptides (I to IV) were cleaved by all PERV subtype
proteases. The K,,, values for I and III were in the range of 0.1,
comparable to those of other retroviral peptide substrates.
Peptide II (EIATL*PLRT), representing the MA*CA site of
PERV-C, had an eightfold-higher K,,,, implying lower cleavage
and probably maturation rates of the subtype C virus. Inter-
esting, in this context, may be the fact that PERV C has been
shown to have replication disadvantages in human cells (18,
19).

As control an HIV-specific protease substrate (KARVLA
EA) was tested. It was not cleaved by the PERV protease of
either subgroup A/B or C (not shown).

The pH optimum for the proteolytic reaction using non-
apeptide I substrate in different buffers was in the range of pH



VoL. 76, 2002

6.0, which appears to be slightly higher than that of many other
retroviral proteases. The optimum for the salt concentrations
[NaCl] was about 2 M, which is comparable with those of other
retroviral proteases (not shown).

Inhibition of the PERV protease. The PERV protease was
assayed in the presence of pepstatin A, as all known retroviral
proteases are of the aspartic type and are (at least slightly)
inhibited by this aspartic prototype inhibitor (17). Both pro-
teases of PERV subtypes A/B and C were inhibited by about
40% at a concentration of 0.1 mM pepstatin A (Fig. 3b); this
was also confirmed using the nonapeptide substrate assay (not
shown).

PIs that inhibit specifically the HIV protease at nanomolar
range are employed as chemotherapeutic drugs against HIV
infection (saquinavir, ritornavir, indinavir, and nelfinavir).
These drugs were also tested against the PERV protease. They
had no inhibitory effect on the PERV protease, not even in the
micromolar range. This is in agreement with recent data from
reference 13 and is not surprising. PIs are specific for the
structure of the active center, and differences in the structure
between various retroviral proteases require distinct design for
each individual retroviral protease, as has been done for HIV
(4, 9, 17) and recently for the human endogenous retrovirus
K10 (6).

The enzyme assay using fluorophotometric analysis estab-
lished here is suitable as an inhibitor-screening assay for newly
designed PERYV protease-specific inhibitors, which might be an
encouraging opportunity for antiviral chemotherapy against
the risk of a PERYV infection to human xenograph recipients.
Those PIs should possibly be applied in combination with re-
verse transcriptase inhibitors, such as the existing reverse tran-
scriptase substrate analogue, zidovudine. Reverse transcriptase
inhibitors have a wide inhibitory spectrum, in contrast to PIs;
zidovudine is employed against HIV reverse transcriptase and
could be applied against other retroviral reverse transcriptases
such as PERV reverse transcriptase (12, 13). Thus, a combi-
nation chemotherapy of existing reverse transcriptase inhibi-
tors and novel PERV PIs might offer a most promising chance
for antiviral protection against the potential risk of a human
PERY infection.

We are grateful to the Bayrische Forschungsstiftung, Munich, Ger-
many, for financial support.
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