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The biological activity encoded in the putative protease gene (pro) of human T-cell leukemia virus type I was
investigated by using a vaccinia virus expression vector. The 53-kilodalton gag precursor polyprotein was
processed into the mature pl9, p24, and p15 gag proteins when the gag and protease-coding sequence was
expressed under the control of a vaccinia virus promoter, suggesting that the protease may be synthesized
through the mechanism of ribosomal frame shifting. The processing defect of a protease mutant could be
complemented by cointroduction of a wild-type construct into the cell, demonstrating that the pro gene encodes
the biologically active protease molecules which are capable of processing the gag precursor polyprotein in vivo
in trans. A study involving the use of a variety of mutants constructed in vitro revealed that the protease consists
of a nonessential carboxy-terminal region and a part essential for its activity, including the putative catalytic
residue, aspartic acid. Furthermore, a cluster of adenine residues positioned at the overlapping region between
the gag and pro genes was shown to be involved in the ribosomal frameshifting event for the synthesis of
protease. To vmimic the formation of the 76-kilodalton gag-pro precursor polyprotein formed by ribosomal
slipping, the coding frames of the gag and pro gene were adjusted. The processing of the gag-pro precursor
polyprotein depended on an intact protease gene, implying that a cis-acting function of human T-cell leukemia
virus type I protease may be necessary to trigger the initial cleavage event that leads to the release of protease
from the precursor protein.

Human T-cell leukemia virus type I (HTLV-I) is the first
human type C exogenous retrovirus associated with adult
T-cell leukemia (9, 31, 32, 50). HTLV-I has been molecularly
cloned from the peripheral blood leukocytes of an adult
T-cell leukemia patient, and subsequent characterization of
the viral genome has revealed that the HTLV-I genome is
composed of gag, pol, env, and pX genes, the order of which
is similar to that in known animal retroviruses. The internal
structural proteins of HTLV-I encoded in the gag gene are
translated as a gag precursor polyprotein of 53 kilodaltons,
which is subsequently processed into p19, p24 and p15, the
mature gag structural proteins (8).

Proteolytic cleavage of the gag precursor polyprotein of
murine and avian leukemogenic retroviruses has been shown
to be carried out by a highly substrate-specific virion-
associated protease, which plays an important role in infec-
tivity of virus particles (17, 48). On the basis of comparison
of the amino acid sequence of retrovirus-associated prote-
ases with the DNA sequence of cloned viral genomes, it was
concluded that the protease is encoded in the viral genome
itself (36, 51-53).
We have molecularly cloned a novel full-length provirus

genome of HTLV-I from the virus-producing cell line MT-2
(24). This clone, designated as HTLV1C, harbors an open
reading frame (ORF) between the gag and the pol genes
which corresponds to the protease-coding region of other
retroviruses (26). This ORF had not been identified in the
nucleotide sequence of the other isolates (33, 37). We have
reported that amino acid sequences strictly conserved
among other retroviral proteases are also found in the
possible protease-coding sequence of HTLV1C. Recently,
another full-length DNA clone of HTLV-I, also containing
the ORF of the putative protease region, was independently
isolated from extrachromosomal closed-circular copies in
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chronically infected promyelocytic leukemia HL60 cells
(10). Both of the cloned viral DNAs harbor essentially the
same ORFs for putative HTLV-I protease, except for a few
base transitions. This strongly suggests that HTLV-I en-
codes it own protease. However, scarcity of the protease
associated with virions, together with unavailability of effi-
cient virus-producing cells, has hampered our ability to
examine the properties of the HTLV-I protease.

Vaccinia virus propagates in the cytoplasm exclusively,
and in infected cells a variety of genes are expressed in a
regulated manner common to eucaryotic viruses and cells,
except for the absence of splicing involved in mRNA syn-
thesis. Recently, the usefulness of vaccinia virus expression
vectors has been established (39). Such vectors express
foreign genes at high levels. We decided to adopt the
vaccinia virus system to investigate the biological function
and mode of expression of the HTLV-I protease gene.

In this study we demonstrate that proteolytic cleavage of
gag precursor polyprotein depends on HTLV-I protease,
which is encoded in the putative protease gene region
inferred from nucleotide sequencing. We also characterize
the biosynthesis of the HTLV-I protease by using in vitro
mutagenesis techniques.

MATERIALS AND METHODS
Materials. All restriction endonucleases, as well as DNA-

modifying enzymes, the M13 sequencing kit, and the phos-
phorylated 8-nucleotide BgiII DNA linker were purchased
from Takara Shuzo Co., Kyoto, Japan. Restriction endonu-
clease BstXI and OxaNI were purchased from New England
BioLabs, Inc., Beverly, Mass. Mung bean nuclease was
obtained from Pharmacia, Uppsala, Sweden. Anti-p19
monoclonal antibody (GIN7), anti-p24 monoclonal antibody
(NORI), anti-p15 monoclonal antibody (FR45), and partially
purified HTLV-I virus proteins were kindly provided by
Fujirevio Ltd., Tokyo, Japan. [a-32P]dCTP was supplied by
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Du Pont, NEN Research Products, Boston, Mass. Protein A
gold solution and its gold enhancement kit were purchased
from Bio-Rad Laboratories, Richmond, Calif.

General DNA method. Plasmid DNA was prepared by a
slight modification of the alkali-sodium dodecyl sulfate
(SDS) method of Birnboim and Doly (2). Restriction endo-
nucleases and DNA-modifying enzymes were used as spec-
ified by the manufacturers. All molecular-biological manip-
ulations were carried out by standard methods (23). All DNA
transformation were performed with competent Escherichia
coli JM109 cells. However, single-stranded DNAs for site-
specific mutagenesis were produced by using transformants
of E. coli TG1 harboring subcloned M13 replicative-form
(RF) DNAs or infecting transformants of E. coli MV1184
harboring subcloned pUC118 or pUC119 DNAs with helper
bacteriophage M13KO7 as described by Vieira and Messing
(J. Vieira and J. Messing, Methods Enzymol., in press). The
sequencing of single-stranded M13 virion DNA or double-
stranded plasmids was done by the chain termination
method described by Sanger et al. (35).

Construction of plasmids. To construct p7.5gagN, we
isolated the 2.7-kilobase (kb) SstI-KpnI fragment of
HTLV1C that contains the 3' half of the long terminal
repeat, gag, and pro and the 5' portion of pol. This fragment
was digested with ApaI, and a 2.3-kb fragment was purified
and then partially digested with RsaI to remove the 3' half of
the long terminal repeat. Following treatment with T4 DNA
polymerase, a 2-kb fragment was ligated with SmaI-digested
pProl8 (38), and then plasmid DNA from an ampicillin-
resistant transformant was tested to selected the desired
plasmid by appropriate enzyme digestion.
To construct p7.5gagANS, p7.5gagN was digested to

completion with StuI, and the 1-kb Stul fragment, which
contains the entire p15 coding sequence and a portion of p24
and the protease-coding sequence, was purified. The 4-kb
StuI fragment harboring the pUC vector sequence was also
isolated for further experiments. The 1-kb fragment was
digested completely with Narl and treated with mung bean
nuclease to digest the 5' protruding end of the Narl site. The
0.9-kb fragment was ligated with the 4-kb StuI fragment of
p7.5gagN, and plasmid p7.5gagANS was obtained.
The identical StuI fragments of p7.5gagM were used to

construct p7.5gagATS. The 1-kb StuI fragment was digested
to completion with TaqI and then treated with the Klenow
fragment of E. coli DNA polymerase I to fill the end. The
enzyme-modified 0.6-kb fragment was recovered and ligated
with 4-kb StuI fragment as described above. The resulting
plasmid was designated as p7.5gagATS.
To construct the p7.5gagINBg, we digested p7.5gagN

completely with OxaNI. After both ends have been filled
with Klenow fragments, linearized p7.5gagN was ligated
with the 5'-phosphorylated synthetic octanucleotide BglII
linker, 5'-CAGATCTG-3'. Following complete digestion
with BglII, the linearized plasmid was recircularized by
ligation to obtain the plasmid p7.5gagINBg. Insertion of the
linker DNA resulted in termination of the protease 10 amino
acids downstream of the OxaNI site.
To construct p7.5gagAHO, p7.5gagN was partially di-

gested with Hincll and subsequently digested with OxaNI to
completion. The 0.3- and 4.7-kb fragments, harboring a
portion of the protease-coding sequence and the remainder
of the plasmid including the pUC sequence, respectively,
were recovered from the gels. The 0.3-kb HincII-OxaNI
fragment was further digested with HpaII and then treated
with Klenow fragment to fill the end. The,enzyme-modified
0.2-kb fragment was ligated with the 4.7-kb HincII-OxaNI

fragment of p7.5gagN, which was previously treated with
Klenow fragment, to produce p7.5gagAHO.

Strategies for construction of in vitro-mutagenized plas-
mids were as follows. Plasmids p7.5gagfsl9AspI and
p7.5gagfsl9AspII were constructed by using p7.5gagfsl9,
p7.5gagNAspI, and p.7.5gagNAspII. The 0.6-kb HincII-
EcoRI fragments harboring the in vitro-mutagenized prote-
ase-coding sequence were purified from p7.5gagNAspl
or p7.5gagNAspII. These fragments were used to replace
the corresponding region of p7.5gagfsl9 to obtain
p7.5gagfsl9Aspl and p7.5gagfsl9AspII. To construct
p7.5gagfsl9AOE, p7.5gagfsl9AspI was completely digested
with OxaNI and EcoRI and then treated with the Klenow
fragment of E. coli DNA polymerase I to fill both ends. The
4.7-kb OxaNI-EcoRI fragment was circularized by self-
ligation to produce p7.5gagfsl9AOE. This truncated gag-pro
fusion protein may have 26 carboxy-terminal amino acids
contributed by pProl8.
A novel restriction enzyme cleavage site, KpnI, created at

amino acid 125 of the protease was used to truncate the 3'
region of the protease-coding sequence in p7.5gagfsl9AspII.
After complete digestion with KpnI, the 4.6-kb KpnI frag-
ment of p7.5gagfsl9AspII was recircularized to generate
p7.5gagfsl9AKp. This truncated gag-pro fusion protein may
have 32 carboxy-terminal amino acids contributed by
pProl8.

In vitro mutagenesis. Oligonucleotide-directed in vitro
mutagenesis was performed by using a mutagenesis kit
supplied by Amersham International, Amersham, England,
as described by Taylor et al. (43), except that the reaction
volume was reduced to half of the original volume. To
disrupt the essential amino acid sequence for proteolytic
cleavage located between p19 and p24 junction, we excised
a 0.6-kb BamHI-PstI fragment, harboring the entire p19
coding sequence and the 5' portion of the p24 coding
sequence, from p7.5gagN and then ligated it with M13mpll
RF DNA which had been previously digested with BamHI
and PstI. Site-specific mutagenesis was performed by using
the standard protocol specified by the manufacturer, with
the 37-mer oligonucleotide 5'-TGAGCCTACGGCGCCCC
CAAGTCCTTCCGTCATGCAT-3'. One base deletion at
nucleotide 1179, together with one base insertion at nucleo-
tide 1194, gave rise to the localized frame shifting at the p19
- p24 junction region, with simultaneous amino acid se-
quence changes from Pro-Gln-Val-Leu-Pro to Pro-Pro-Ser-
Pro-Ser. Subcloned M13mpll RF DNA that contained the
mutagenized sequence was digested with BamHI and NcoI,
and then the 0.5-kb fragment was purified. This fragment
was ligated with the 4.1-kb fragment of p7.5gagATS, which
had been digested completely with BamHI and NcoI, to
produce p7.5gagATS37.
To construct p7.5gagfsl9, the 0.9-kb SmaI-EcoRI frag-

ment harboring the entire protease-coding sequence and the
3' half of the p15 coding sequence was excised from
p7.5gagN and then inserted at the corresponding restriction
enzyme sites of M13mplO RF DNA. Mutagenesis was car-
ried out with the 19-mer oligonucleotide 5'-ACACCCAAA
GAAACTCCAT-3'. Direct sequencing of the mutagenized
region showed the creation of a new DNA sequence, AAA
GAAAC, instead of AAAAAAC at six consecutive adenine
residues positioned at the 3' terminal region of the gag gene.
The 0.2-kb BstXI-HincII fragment was excised from sub-
cloned M13mplO RF DNA harboring the mutagenized target
DNA by complete restriction enzyme digestions and then
ligated with the 4.8-kb fragment of p7.5gagN, which had
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been partially digested with Hincll and subsequently di-
gested with BstXI to completion.
The 0.9-kb SmaI-EcoRI fragment described above was

also inserted into the corresponding enzyme site of
M13mpll RF DNA, and in vitro mutagenesis was carried
out with using 5'-CCTATGGAGAATATTGGGTGTG-3' as
a mutagenic oligonucleotide. As a result of mutagenesis, the
new DNA sequence represented by AATATTC was created
instead of AAAAAAC, with simultaneous creation of a
novel restriction enzyme cleavage site of SspI of six consec-

utive adenine residues positioned at the 3' terminal region of
the gag gene. To construct p7.5gagfs22, we introduced the
mutagenized DNA fragment into p7.5gagN by using a pro-
cedure identical to that used for construction of p7.5gagfsl9.
To change the amino acid at position 64 of the protease

from aspartic acid to glycine, we excised the 0.6-kb HincII-
EcoRI fragment harboring the protease-coding sequence
from p7.5gagN and ligated it with pUC118 linearized by
previous HincII and EcoRI digestion. Mutagenesis was

performed by using 5'-AAGCTCTACTAGGTACCGGAG
CAGACATGACAGT-3' as a mutagenic oligonucleotide.
The mutagenized clone was judged by the creation of a
restriction enzyme site KpnI at the novel glycine codon. A
similar procedure was adopted to exchange the amino acid at
position 125 from aspartic acid to glycine. The 0.6-kb HincII-
EcoRI fragment described above was inserted at the corre-

sponding restriction enzyme sites of pUC119. Mutagenesis
was performed by using 5'-GTTTTTGGTACCAACTAGG-
3' as a mutagenic oligonucleotide. The mutagenized clone
was judged by the simultaneous creation of the novel restric-
tion enzyme cleavage site of KpnI at the novel glycine
codon. To construct p7.5gagNAspl or p7.5gagNAspII,
which contain the newly created glycine residues at amino
acid positions 64 and 125 of the protease, respectively, we

purified the 0.3-kb HincII-OxaNI fragments from subcloned
pUC118 or pUC119 DNA by complete restriction enzyme
digestions and then ligated them to the 4.7-kb fragment of
p7.5gagN, which had been partially digested with HinclI and
subsequently digested to completion with OxaNI.
Recombinant vaccinia virus preparation. Vaccinia-HTLV-I

recombinant plasmids for recombinant vaccinia virus were
constructed as follows. Plasmid p7.5gagN was digested with
HindIII and EcoRI, and the 2.3-kb fragment harboring the
entire gag and protease-coding sequence including the pro-
moter of the 7.5K gene was purified. The large fragment of
E. coli DNA polymerase I (Klenow) was used to fill both
ends of this fragment. To flank the fragment with the
hemagglutinin gene of vaccinia virus, we inserted the frag-
ment into pHA13 which had been linearized with NruI and
subsequent treatment of Klenow fragment to fill the ends
(38). Candidate clones were tested for the orientation of the
insert, and the desired plasmid was designated as pHAgagN.
The 2-kb HindIII-EcoRI fragment harboring the entire gag

gene, including the truncated protease-coding sequence and
the 7.5K gene promoter, was excised from p7.5gagATS.
After treatment with the Klenow fragment of E. coli DNA
polymerase I, this fragment was inserted in to the NruI site
of hemagglutinin gene of vaccinia virus as described above.
The resultant plasmid was designated as pHAgagATS. The
detailed procedure for generation and purification of recom-
binant vaccinia virus was described by Shida et al. (39).
DNA transfection. CV-I cells for transfection of plasmid

DNA were maintained in Eagle minimal essential medium
supplemented with 10% fetal calf serum at 37°C in humidified
air with 5% CO2. Transfection of plasmid DNAs for transient
expression was performed as described (6). Briefly, 2 x 105

to 3 x 105 cells per 35-mm dish were preinfected with
wild-type vaccinia virus at 30 PFU per cell and adsorbed for
1 h at 37°C. Then, 10 jig of calcium phosphate-precipitated
recombinant plasmid DNA was added. After a 30-min incu-
bation at room temperature, fresh medium was added. After
a 4-h incubation at 37°C, the medium was replaced by fresh
medium; incubation was continued overnight.

Viral protein analysis. At 20 h posttransfection with
recombinant plasmid DNA, CV-I cells were washed twice
with phosphate-buffered saline and then solubilized in SDS-
sample buffer by heating for 3 min at 95 to 100°C. Solubilized
proteins were separated by SDS-polyacrylamide gel electro-
phoresis (12% polyacrylamide) and transferred onto a nitro-
cellulose filter as described (45). The blots were blocked in
fetal calf serum at 4°C overnight and then probed with the
anti-gag monoclonal antibodies appropriately diluted with
3% bovine serum albumin solution containing 20 mM Tris
(pH 8.0) and 150 mM NaCl. After the primary antibody
reaction had continued at room temperature for 3 h, the
secondary antibody reaction, with rabbit anti-mouse immu-
noglobulin G antibody, was performed under the same
conditions. Finally, the protein A-gold reaction and subse-
quent enhancement were performed as specified by the
manufacturer; the gag-related proteins expressed in CV-I
cells transfected with the recombinant plasmids were re-
vealed.

RESULTS

Processing of gag precursor polyprotein in a recombinant
vaccinia virus expression vector system. The 2-kb RsaI-ApaI
fragment harboring the entire gag and pro ORF was purified
and introduced downstream of the promoter of the vaccinia
virus 7.5K gene, which is expressed at both early and late
times in the vaccinia virus infection cycle (3). The construc-
tion of plasmid p7.5gagN is outlined in Fig. 1 and is de-
scribed in Materials and Methods.
The plasmid was introduced into vaccinia virus-infected

CV-I cells by using the calcium phosphate coprecipitation
technique, and then transient expression of gag gene prod-
ucts in CV-I cells was examined by Western immunoblotting
analysis with anti-gag monoclonal antibodies.
The 19-, 24-, and 15-kilodalton proteins (19K, 24K, and

15K proteins, respectively) were recognized by an anti-p19
monoclonal antibody (GIN7), an anti-p24 monoclonal anti-
body (NORI), and an anti-p1S monoclonal antibody (FR45),
respectively (Fig. 2). Small amounts of a 53K protein were
recognized by FR45, which is the uncleaved gag precursor
polyprotein. A 36K protein, which is considered to be an
intermediate precursor protein, was also detected. All the
gag proteins transiently expressed from plasmid p7.5gagN
comigrated in SDS-polyacrylamide gel electrophoresis with
the corresponding HTLV-I gag proteins in extracts of
HTLV-I-producing MT-2 cells and in isolated viruses. The
28K protein observed in MT-2 cells is not the processed
product of gag precursor polyproteins, but is the gag-pX
fusion protein consisting of p19, part of p24, and a peptide
from the pX region, and is encoded by the defective provi-
ruses (12). These results show that the cloned gag and pro
ORF region is enough to synthesize all gag proteins cor-
rectly processed from the precursor polyprotein. As a matter
of convenience, subsequent Western blot experiments were
carried out by using the mixed anti-gag monoclonal antibod-
ies GIN7, NORI, and FR45.

Proteolytic activity residues within the putative gene prod-
uct of theproORF. To demonstrate that the processing ofgag
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FIG. 1. Schematic representation of the HTLV-1 genome and
construction of p7.5gagN. The strategy used to insert the entire gag
and protease-coding sequence into the pPro18 expression vector is
outlined. Symbols: c. gag, pol, env, and pXs genes of HTLV-I;
_, 7.5K gene promoter of vaccinia virus; , gag and protease-
coding sequence; circle, pUC18 DNA sequence; *, positions of the
HTLV-I protease-mediated processing sites; -*, direction of tran-
scription.

precursor polyprotein observed in the vaccinia virus expres-
sion system is accomplished by HTLV-I protease encoded in
nucleotide sequences within the pro ORF, we deleted sev-

eral regions of protease-coding sequence (Fig. 3A).
A deletion from the Narn site to the StilT site (p7.5gagANS)

did not abolish the correct processing of gag precursor
polyprotein (Fig. 3B, lane 2). However, processing was

blocked when the deletion was extended to the TaqI site
(p7.5gagATS), located at the 5' region of the pro ORF (lane
3), and the gag precursor polyprotein (Pr53gag) accumu-
lated. The minor immunoreactive bands of lower molecular
mass were considered to be degraded gag products. Trans-
lational termination of the protease as a result of the inser-
tion of an 8-nucleotide BglII linker at the OxaNI site
(p7.5gagINBg) had no effect on correct processing of the
53K gag precursor polyprotein (lane 4). These results imply
that a region spanning nucleotide positions 2228 to 2495 of
the pro ORF is important to the processing of Pr53gag into
the mature gag products. By contrast, the region down-
stream from the OxaNI site of pro ORF is not essential for
proteolytic function. This is consistent with the observation
that the region from nucleotides 2228 to 2495 encodes the

NOR 1 FR 45 M x t u r e

FIG. 2. Expression and processing of gag precursor polyprotein
in CV-1 cells by using vaccinia virus-derived expression vector.
Plasmid p7.5gagN was constructed as shown in Fig. 1. Proteins
expressed from the plasmid were analyzed on an SDS-12% poly-
acrylamide gel and electrophoretically transferred onto nitrocellu-
lose filters. Transient expression of gag-related protein were ana-
lyzed by Western blotting analysis with anti-p19 monoclonal
antibody (GIN7), anti-p24 monoclonal antibody (NORI), and anti-
p15 monoclonal antibody (FR45), or their mixtures. Arrows indi-
cated the mature gag proteins expressed from p7.5gagN. Virion-
associated gag proteins (HTLV-I) and those synthesized in the
chronically infected cells (MT-2) were also analyzed to confirm the
authenticity of the mature gag proteins expressed from the
p7.5gagN.

amino acid stretch that is conserved among the HTLV
family of retroviruses.
To further examine the involvement of conserved amino

acid stretches in the cleavage of gag precursor, we con-
structed plasmid p7.5gagAHO, which contains the entire
protease-coding sequence, except that a region harboring
one of the conserved amino acid stretches was deleted
(Fig. 3A). The major immunoreactive band encoded by
p7.5gagAHO was the 53K protein, although nonspecifically
degraded proteins were also observed (Fig. 3B, lane 5).
These results further support the assignment of the pro ORF
region as the coding sequence for HTLV-I protease.
The processing defect of the pro ORF deletion mutant is

complemented by active protease. To obtain evidence that the
intact protease molecule directly cleaves the gag precursor
polyprotein, we needed to determine whether the gag pre-
cursor polyprotein encoded by the pro ORF deletion mutant
was able to be processed in trans by wild-type protease in
vivo. The vaccinia virus expression vector system is suitable
for this kind of study, because two independent recombinant
DNAs can be cointroduced by using the recombinant vacci-
nia virus as a helper virus. The detailed strategy for con-
struction of plasmids is shown schematically in Fig. 4. As the
efficient donor of the active form of protease, a recombinant
vaccinia virus expressing the protease was constructed by
using hemagglutinin gene-mediated homologous recombina-
tion as described in Materials and Methods. The resultant
recombinant vaccinia virus, WRgagN, harboring the gag and
pro ORF, produced processed gag products identical to
those synthesized in MT-2 cells (Fig. SA, lane 4). For the
control experiments, recombinant vaccinia virus harboring
the gag ORF alone was constructed and designated
WRgagATS. No correct processing occurred in cells infected
with WRgagATS (lane 5). The p7.5gag/TS plasmid, encod-
ing only the 53K gag precursor, was mutagenized in vitro to
disrupt the essential amino acid sequence for proteolytic
cleavage located between p19 and p24. The resultant plas-
mid, p7.5gagATS37, encoded a novel p19-p24 junction se-
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FIG. 3. Plasmids encoding the truncated protease molecules of
HTLV-I and its expression. (A) Map of part of the HTLV-I genome
is given at the top of the figure. The nucleotide number indicated in
this figure corresponds to that reported by Seiki et al. (37). Several
deletion mutants of protease-coding sequence were constructed as
described in Materials and Methods. Symbols: 0, 7.5K gene pro-
moter of vaccinia virus; izz, gag coding sequence of HTLV-I;

, protease-coding sequence; = , reverse transcriptase coding
sequence of HTLV-I; V, insertion of 8-nucleotide phosphorylated
BgIII synthetic linker at OxaNI site; S, two conserved amino acid
stretches between the retroviral proteases and the cellular aspartyl
proteases; C, short amino acid sequences conserved only among
HTLV-family retroviral proteases. Abbreviations: Rs, RsaI; Sm,
SmaI; Nc, NcoI; Ps, PstI; St, StuI; Bx, BstXI; Hc, HincII; Tq,
TaqI; Hp, HpaII; Ox, OxaNI; Na, Narl; Ap, ApaI. (B) Western
blotting analysis of gag proteins expressed from deletion mutants of
protease-coding sequence. Evidence for processing is indicated by
signals, represented by 0 (processing positive) or x (processing
negative). The mixed anti-gag monoclonal antibodies of GIN7,
NORI, and FR45 were used to detect the HTLV-I gag-related
proteins from cell lysates.

quence Pro-Ser-Pro-Ser, instead of the wild-type Gln-Val-
Leu-Pro (Fig. 4B). This allowed the processed gag products
directed by p7.5gagATS37 and those derived from WRgagN
to be distinguished.
Western blotting analysis showed that p7.5gagATS37 di-

rected the synthesis of a 53K gag precursor polyprotein with
no evidence of the natural gag proteins (Fig. SA, lane 3).
When p7.5gagATS37 was introduced into CV-I cells infected
with WRgagN, a new 43K protein was identified, although
p19, p24, and p15 derived from WRgagN were evident (lane
1). This protein was no longer detected when WRgagATS

B

p7.5gagATS37- ACG GCG CCC CCA AGT CCT TCC GTC----
Thr Ala Pro Pro Ser Pro Ser Val

* *

site speC;fiC mutogenesis

_ _ACG GCC CCC CAA GTC CTT CCA GTC----
Thr Ala Pro _in Val Leu Pro V

p7.5gag ATS < pi9 P24 P15

cx
LX C

FIG. 4. Schematic representation of plasmid constructions for
establishment of enzyme-substrate reaction system in vivo. (A)
Construction of plasmid vectors for transfer of the gag and protease-
coding sequence of HTLV-I into vaccinia virus. Symbols: Ez 1,
hemagglutinin gene of vaccinia virus; , gag and protease-
coding sequence of HTLV-I; _, 7.5K gene promoter derived from
vaccinia virus; the direction of transcription. (B) Scheme for con-
struction of plasmid p7.5gagATS37. Symbols: 0, 7.5K gene pro-
moter of vaccinia virus; , truncated protease-coding sequence;

, 5' portion of reverse transcriptase gene; 0 or 0, insertion or
deletion of nucleotide caused by oligonucleotide-directed site spe-
cific mutagenesis; *, exchanged amino acid residues caused by
site-specific mutagenesis.

was used as the helper virus (lane 2). We presume that the
43K protein represents a processed mutant gag precursor
polyprotein that contains p19 plus p24 but not p15. The
identity of the 43K protein was further examined by using
individual anti-gag monoclonal antibodies. As expected, the
43K protein was recognized by anti-p19 monoclonal anti-
body (GIN7) and anti-p24 monoclonal antibody (NORI),
(Fig. SB, lanes 1 and 2). Anti-p1S monoclonal antibody
(FR45) failed to recognize this protein (lane 3). Thus, we
conclude that HTLV-I protease encoded in the pro ORF is
able to process the gag precursor polyprotein in trans.

Importance of aspartic acid residues in HTLV-I protease.
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FIG. 5. Identification and characterization of 43K protein gener-

ated by the enzyme-substrate reaction in vivo. (A) Identification of
the 43K processed protein from the mutant gag precursor polypro-
tein by an in trans action of HTLV-I protease. The substrate donor,
p7.5gagATS37, was expressed in CV-I cells by using wild-type
vaccinia virus as the helper virus (lane 3) or was expressed by using
recombinant vaccinia virus harboring the protease-coding sequence

(WRgagN) as the helper virus (lane 1). A protease-coding sequence-

defective recombinant vaccinia virus (WRgagATS) was also used as

the helper virus for the control experiment (lane 2). The cell extracts
were separated on an SDS-12% polyacrylamide gel, and subsequent
Western blotting analysis was carried out by using mixed anti-gag
monoclonal antibodies ofGIN7, NORI, and FR45. Production of the
active form of the HTLV-I protease molecule from recombinant
vaccinia virus was judged by the correct processing events of 53K
gag precursor polyproteins (lanes 4 and 5). MT-2 cell lysate was

used to show the correct mobilities of authentic mature gag proteins
of HTLV-I in SDS-polyacrylamide gel electrophoresis (lane 6). (B)
Characterization of the antigenicity of the 43K protein. Proteins
expressed from p7.5gagATS37 with WRgagN as the helper virus
were separated by SDS-polyacrylamide gel electrophoresis (12%
polyacrylamide). Subsequent Western blotting analysis was carried
out by using the individual anti-gag monoclonal antibodies, GIN7,
NORI, and FR45, respectively (lanes 1, 2, and 3), or a mixture (lane
4). Arrows indicate 43K proteins reacted with GIN7 or NORI. The
possible processing event of the mutant gag precursor polyprotein is
schematically shown at the top of the figure. x indicates the
disruption of the conserved amino acid sequence for specific prote-
olysis. , Vaccinia virus genome.

Alignment of the amino acid sequences of HTLV-I and other
retroviral proteases revealed that amino acid sequences are

strictly conserved in two stretches, L-L-D-T-G and I-I-G-R-
D (16, 26). We have shown with the evidence above that the
region containing these conserved amino acid sequences
plays an important role in the expression of proteolytic
activity (Fig. 3).
The fact that L-L-D-T-G is found in the group of aspartyl

proteases, which includes pepsin and others, suggests that
the aspartic acid residue located in this sequence might be
the catalytic center for HTLV-I protease. To identify the
role of the aspartic acid positioned at residue 64 in the
catalytic activity of HTLV-I protease, we performed site-
specific mutagenesis to change the amino acid from aspartic
acid to glycine. The resultant mutant plasmid, p7.5gagNAspI

5 3 K

28K
224K

_19K
__~ -1 5K

FIG. 6. Inhibition of proteolytic activity of HTLV-I protease
resulting from the exchange of the putative catalytic residues by in
vitro mutagenesis. (A) Oligonucleotide-directed site-specific muta-
genesis for generating p7.5gagNAspl and p7.5gagNAspII. Symbols:
0, 7.5K gene promoter of vaccinia virus; 0, two conserved amino

acid stretches between the retroviral proteases and cellular enzyme
group of aspartyl proteases; 0, short amino acid stretch conserved
only among HTLV-family retroviral proteases; *, nucleotide tran-
sitions caused by oligonucleotide-directed site-specific mutagenesis;
*, exchanged amino acid residues resulting from the transitions of
nucleotides; -, pUC DNA sequence. (B) Expression of wild-type
and mutant plasmids. The extracts, prepared from cells transfected
with p7.5gagN (lane 1), p7.5gagNAspl (lane 2), and p7.5gagNAspII
(lane 3), were analyzed on an SDS-12% polyacrylamide gel, and
then Western blotting analysis was carried out by using mixed
anti-gag monoclonal antibodies of GIN7, NORI, and FR45. MT-2
cell lysate was used as the marker of the authentic mature gag

products (lane 4).

(Fig. 6A), directed the synthesis of the 53K gag precursor
polyprotein but no other specifically processed proteins (Fig.
6B, lane 2), providing further evidence that HTLV-I prote-
ase belongs to the group of aspartyl proteases.

In the retroviral proteases of the HTLV family, an addi-
tional short sequence is conserved between the two well-
defined conserved amino acid sequences (89). This short
sequence, L-V-D-T (HTLV-I protease sequence positions
123 through 126), partially resembles that surrounding the
catalytic residue, aspartic acid 64. To examine the biological
significance of the additional short conserved sequence in
the catalytic activity of the protease, we performed site-
specific mutagenesis out to change the aspartic acid to
glycine at amino acid 125 (Fig. 6A). The mutant plasmid

1 2 3 4 5
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FIG. 7. Abolition of the correct processing of gag precursor polyprotein by blocking the frameshift event for the synthesis of HTLV-I
protease. (A) Oligonucleotide-directed site-specific mutagenesis for generating p7.5gagfsl9. The box encloses six consecutive adenine
residues presumably involved in a frameshift event for synthesis of HTLV-l protease. Symbols: *, nucleotide transitions resulting from
oligonucleotide-directed site specific mutagenesis; *, exchanged amino acid codon caused by transition of nucleotides; 0, 7.5K gene promoter
of vaccinia virus. (B) The extracts, prepared from cells transfected with p7.5gagN (lane 2) and p7.5gagfs22 (lane 1), were analyzed on an SDS-
12% polyacrylamide gel, and subsequent Western blotting analysis was carried out with mixed anti-gag monoclonal antibodies. gag-related
proteins synthesized in MT-2 cells were also analyzed under the same conditions (lane 3).

p7.5gagNAspII also directed the synthesis of only unproc-
essed 53K gag precursor polyprotein (Fig. 6B, lane 3),
suggesting an essential role for the aspartic acid at position
125 in the HTLV-I protease function. We ascertained by
nucleotide sequencing that no unwanted nucleotide transi-
tions occurred in the mutant plasmids, p7.5gagAspI and
p7.5gagNAspII, during the in vitro mutagenesis procedure
(data not shown).

Possible model for biosynthesis of HTLV-I protease. We
have suggested two possible mechanisms for synthesis of
HTLV-I protease that explain the absence of an initiation
methionine codon at the 5' terminus of the pro ORF and the
difference in its reading frame from that of the gag gene (26):
one is that the mature mRNA encoding the protease is
generated by splicing, and the other is that the gag termina-
tion codon is not read owing to an upstream frameshift.
Correct processing of the gag precursor polyprotein in the
vaccinia virus expression vector system strongly suggested
the frameshift mechanism, because vaccinia virus propa-
gates exclusively in the cytoplasm of the host cells and does
not possess its own machinery for splicing (46). Recently,
ribosomal frame shifting in mouse mammary tumor virus has
been demonstrated (11, 15). To obtain more direct evidence
for frame shifting, we introduced mutations of three of the
six consecutive adenines (nucleotide positions 2064 through
2069) located in the overlapping region of the gag and pro
ORF. The mutant plasmid obtained was designated
p7.5gagfs22 (Fig. 7). These consecutive adenine residues
were expected to be involved in putative frame shifting by
analogy with other retroviruses such as bovine leukemia
virus. In mutant p7.5gagfs22, three A-to-T transitions were
generated without disruption of the phase of the gag gene
(Fig. 7A). The result of Western blotting analysis is shown in
Fig. 7B. Processing of gag precursor polyprotein was no
longer observed (lane 2), indicating that these residues are
essential for generation of active protease. One may specu-
late that the mature protease is generated as follows: a frame
shift gives rise to a gag-pro fusion protein with protease
activity, which is expected to be 76 kilodaltons in size. This
gag-pro fusion protein is rapidly cleaved by its own or a
cellular protease to generate more free protease molecules
that can act in trans on the 53K gag precursor polyprotein.
To substantiate this scheme, it is important to demonstrate
the presence of the 76K precursor polyprotein and then to

identify which protease is involved in its cleavage. In
HTLV-I-producing cells, the 76K protein is hardly detected,
probably because of inefficient frame shifting and/or rapid
processing. To mimic the naturally occurring ribosomal
frameshifting event, we introduced a 1-base insertion to align
the coding frames of the gag and pro genes. The insertion
was at the consecutive adenine residues located in the 3'
terminal region of gag gene of the protease-negative or
protease-positive plasmids (p7.5gagNAspl, p7.5gagNAspII,
and p7.5gagN) (Fig. 8 and 9). The resultant plasmids were
named p7.5gagfsl9Aspl p7.5gagfsl9AspII, and p7.5gagfsl9.
Although 76K proteins immunoreactive with anti-gag mono-
clonal antibodies were produced in the cells transfected by
p7.5fs19AspI and p7.5gagfsl9AspII (Fig. 9B, lanes 1 and 2),
p7.5gagfsl9 directed and synthesis of the processed products
of p19 and p24 (Fig. 8B, lane 1). The p15 (or related peptide)
was not detected by the anti-p1S monoclonal antibody used
in this study, probably because of the conformational change
induced by the mutation.
These results can be interpreted to mean that the HTLV-

I-encoded protease can trigger the first cleavage event for its
own release form the 76K gag-pro precursor form. How-
ever, we cannot exclude the possibility that a cell protease
initially activates the viral protease by cleaving it from an
inactive precursor. To verify that the 76K protein band is not
artifactually cross-reacting with anti-gag monoclonal anti-
bodies, we constructed plasmids with serial truncations from
the 3' terminus of the pro gene (Fig. 9A). The size of the
programmed products, 68K and 65K (directed by
p7.5gagfs19AspIAOE and p7.5gagfsl9AspII/Kp, respec-
tively; Fig. 9A and B, lanes 3 and 4), were as expected for
the truncated gag polypeptides. These results confirmed that
76K protein observed is the gag-pro precursor polyprotein.

DISCUSSION

Retroviral proteases responsible for processing gag pre-
cursor polyproteins play an important role in the production
of infectious virus particles. In a previous communication,
we reported that the HTLV-I genome cloned from a virus-
producing cell line MT-2 harbored an ORF for the putative
HTLV-I protease (26). In this study we examined the
biological function and properties of HTLV-I pro ORF by
using the vaccinia virus expression vector. This system is
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FIG. 8. (A) Correctly processed gag proteins were generated from the gag-protease fusion protein. The box encloses six consecutive
adenine residues of possible frameshift site for synthesis of gag-pro fusion protein. Symbols: 0, one nucleotide insertion introduced by
oligonucleotide-directed site-specific mutagenesis; 0, junction between the gag and protease-coding sequence in the fusion protein. (B)
Proteins expressed from p7.5gagfsl9 was separated on an SDS-12% polyacrylamide gel, and then Western blotting analysis was carried out
with mixed anti-gag monoclonal antibodies (lane 1). MT-2 cell lysate was used as the marker to show the migration pattern of the authentic
mature gag proteins of HTLV-I (lane 2).

characterized by a high frequency of DNA transfection and
by the capacity to efficiently express foreign gene products
in eucaryotic cells.
We used a combination of two approaches to demonstrate

that the pro ORF is the biologically functional protease gene
of HTLV-I. The first method involved deletion of appropri-
ate regions in the putative protease-coding sequence. The
results revealed that deletion of a region containing the
amino acid sequences strictly conserved among all retroviral
proteases resulted in loss of proteolytic activity (Fig. 3). The
second method is the establishment of an enzyme-substrate
reaction system in vivo. We showed that the processing
defect of the gag precursor polyprotein, directed by the pro
ORF deletion mutant, could be complemented by cointro-
duction of a recombinant DNA constructed to have wild-
type pro ORF. This result provides direct evidence that the
pro ORF is the biologically functional HTLV-I protease gene
and that the active form of the HTLV-I protease molecule
processes the gag precursor polyprotein in trans (Fig. 5).
A significant structural difference between HTLV-I prote-

ase and other retroviral proteases is the length of the pro
ORF. The 3' region of the putative HTLV-I protease,
extending from the second conserved amino acid stretch to
the carboxy-terminal residue, is more than 46 amino acids
longer than the analogous region of other members of the
HTLV family (26). The data presented in this paper demon-
strate that this region is dispensable for proteolytic activity
of the HTLV-I protease, despite the high level of amino acid
homology found in this region among the members of the
HTLV family (Fig. 3). The biological function of this region
remains unclear.
A survey of the amino acid sequence of the HTLV-I

protease revealed the presence of the two strictly conserved
regions common to the retroviral proteases. The unique core
sequence, D-T-G, constituting one of the conserved se-
quences, was identical to that of aspartyl protease, which
has been predicted as the catalytic center for protease
activity (30, 44). We introduced a mutation in this aspartic
acid, at position 64 in HTLV-I protease, and found that the

mutation completely abolished cleavage. Independent evi-
dence suggesting that the retroviral protease is an aspartyl
protease has recently been obtained enzymatically with
aspartyl protease inhibitors (16). Furthermore, we have
found that one Asp-to-Gly change at amino acid position 125
in HTLV-I protease also abolished the processing of the gag
precursor. The aspartic acid at amino acid 125 is located
within a short amino sequence L-V-D-T, which is not found
among the proteases of animal type B, C, or D retrovirus or
lentivirus or among cellular aspartyl proteases. Interest-
ingly, this sequence, L-V-D-T, or its homolog is conserved
only in the protease of the HTLV, family including HTLV-I,
HTLV-II, and bovine leukemia virus (34, 49). Molecular
aspects of HTLV-I protease biosynthesis have not been
elucidated so far. The coding frame of the pro gene is
different from that of the gag gene, and no methionine codon
was found at the 5' terminal of the pro ORF. Therefore,
either mRNA processing or translational frame shifting
would be required to produce functional protease. Correct
processing of the gag precursor polyprotein in the vaccinia
virus expression vector system strongly suggests that a
frameshift mechanism would be involved in protease synthe-
sis, because this system does not support the splicing event
of mRNA. In fact, characteristic nucleotide sequences were
found in the overlapping region between the gag and pro
genes, which contains a guanine-plus-cytosine-rich hairpin
structure and six consecutive adenine residues. Both char-
acteristic sequences have been thought to be important for
ribosomal frame shifting on mRNA in procaryotes and
eucaryotes (1, 5, 19). We directed site-specific mutations
into the six consecutive adenine residues to create a new
sequence, AATATT. The processing defect of this mutant
may be caused by the blocking of ribosomal frame shifting
responsible for synthesis of the protease, suggesting that the
gag-pro fusion protein would be translated as a precursor of
a protease via ribosomal frame shifting. Our data are com-
patible with those for mouse mammary tumor virus (11, 15).
The gag-pro precursor polyprotein is expected to be 76

kilodaltons in size. However, a 76K protein has not been
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FIG. 9. Identification of 76K gag-protease fusion protein. (A)
Schematic representation of the mutant plasmids which express
gag-protease fusion proteins. Symbols: 0, 7.5K gene promoter of
vaccinia virus; , two conserved amino acid stretches between the
retroviral proteases and the cellular enzyme group of aspartyl
protease; 0, short amino acid residues conserved only among
HTLV-family retroviral proteases; +or, in vitro-mutagenized
amino acid residues described in Fig. 6A; , junction between the
gag and protease-coding sequences in fusion proteins; ,

pUC DNA sequence. (B) Analysis of gag-protease fusion pro-
teins expressed from the mutants by Western blotting. Proteins
extracted from transfected cell with p7.5gagfsl9Aspl (lane 1),
p7.5gagfsl9Asp1I (lane 2), p7.5gagfsl9AspIAOE (lane 3), and
p7.5gagfsl9AspIIAKp (lane 4) were separated on an SDS-12%
polyacrylamide gel, transferred to a nitrocellulose filter, and probed
with mixed anti-gag monoclonal antibodies of GIN7, NORI, and
FR45. MT-2 cell lysate was used as the marker of authentic mature
gag proteins (lane 5).

identified in the chronically infected cell line. In vitro trans-
lation system programmed with virion-associated RNA al-
lowed the detection of trace amounts of a 76K protein by
immunoprecipitation with serum from an adult T-cell leuke-
mia patient (18). Considering that the virion-associated RNA
directs only the synthesis of gag gene-related products in the
in vitro translation system, we presume that the 76K protein
observed in in vitro-translated products is the gag-pro fusion
protein. Two reasons for failure to detect this precursor are

conceivable: rapid self-cleavage of the frameshift product or

the inefficiency of ribosomal frame shifting for synthesis of
gag-pro precursor polyproteins, or both.
To examine the action of protease on the 76K gag-pro

precursor polyprotein, we introduced an insertion mutation
to align both frames of the gag and pro genes, producing a

detectable amount of this precursor. Although this gag-pro

fusion protein is not exactly the same as the precursor

protein produced by ribosomal frame shift, it should be very

similar (Fig. 9). Correct processing of the 76K protein could
be observed only when it retained an active protease domain
(Fig. 8). This result strongly suggests that HTLV-I protease

is capable of triggering the first cleavage event for its own
release from the gag-pro precursor, probably in a cis-acting
manner.

Autocatalytic cleavage of viral protease has been reported
in RNA viruses such as picornaviruses (7, 28, 40) but not in
retroviruses (47, 48). According to a recent study, however,
human immunodeficiency virus protease expressed in Sac-
charomyces cerevisiae and E. coli exhibited autoprocessing
of the gag precursor model (4, 21). Our results with HTLV-I
protease also support the autocatalytic cleavage model.
Thus, it appears likely that self-cleavage of constituent
proteins might be a common phenomenon in the broad range
of virus species including retroviruses. However, we cannot
exclude the possibility that a cellular protease activates the
inactive precursor.
Deduced amino acid sequence alignment of gag-pro fusion

protein among retroviruses implies that protease might be
involved in virus replication or integration into host genome
(17). We are now in the process of establishing an in vitro
enzyme assay system involving purified protease and the
purified gag precursor product of HTLV-I. The system
should provide us with the precise enzymatic properties of
HTLV-I protease. Such knowledge will facilitate the devel-
opment of effective antiviral therapeutic agents.
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ADDENDUM

Jacks et al. (14) have recently shown by amino acid
sequencing and in vitro mutagenesis that the consecutive
uridine residues located upstream of the putative guanine-
plus-cytosine-rich hairpin structure are involved in ribo-
somal frame shifting for the synthesis of gag-pol fusion
protein in human immunodeficiency virus type I. Their result
is consistent with our data for locating the candidate site of
ribosomal frame shift.

In addition, several groups have recently reported inde-
pendent results which support an enzymatic role for the
conserved Asp in the D-T-G sequence in retroviral prote-
ases, homologous to the catalytic center in cellular aspartyl
proteases. Changes of this Asp to Ala in the human immu-
nodeficiency virus protease (25) and to Ile in the avian
sarcoma-leukosis virus protease (20) have been shown to
abolish cleavage of the human immunodeficiency virus and
avian sarcoma-leukosis virus protease-containing viral pre-
cursor proteins, respectively. Thus, any one of three
changes at the site (Asp to Gly, Ala, or Ile) appears to
destroy protease activity in three different viral proteases.
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