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FIG. 1. Rescue of expression and processing of P4a and P4b in
Ara-C-blocked cells. Monolayers of BSC-40 cells were infected with
wild-type VV, treated immediately with Ara-C, and transfected by
liposomes with either control vector pTZ18U (lanes 1 to 3) or
full-length VV DNA (lanes 4 to 6). At 4 h postinfection, the liposome-
containing medium was replaced with medium containing [35S]methi-
onine-cysteine and Ara-C. After 20 h of infection, cell lysates were
prepared, immunoprecipitated with the indicated antisera, and pro-
cessed for autoradiography. Antiserum 4al, generated to the NH2-
terminal portion of P4a, recognizes P4a and 4a, while antiserum 4a2,
generated to the COOH-terminal portion of P4a, recognizes P4a and
23K (33). The migration of 14C-labeled molecular weight markers is
shown (in thousands).

dependent on viral DNA replication. However, transfection
with viral DNA provided template for expression of the
late-gene transcription factors, as well as template for P4a and
P4b transcription. As shown, not only were P4a and P4b
expressed, but they were also processed. This not only estab-
lished that proteolysis was controlled by a viral gene (or genes)
but that the responsible gene is expressed at late times during
infection. Although it is impossible to separate gene expression
and proteolysis in such an assay, both processes seemed
operational in DNA replication-deficient cells.

In order to separate substrate expression and proteolysis
into two controllable steps, VV-infected cells treated with
Ara-C were simultaneously transfected with gene copies of the
following: (i) late-transcription factors AlL, A2L, and G8R,
(ii) substrate, and (iii) test proteinase. In the basic transcrip-
tionally controlled processing assay, confluent BSC-40 cells in
35-mm-diameter wells were infected with VVTF7-3 at a mul-
tiplicity of infection of 10. At 0 h postinfection, cells were
transfected by use of liposomes as previously described (20).
Cells in each well were transfected in the presence of 40 ,ug of
Ara-C with 0.2 ,ug each of plasmids pTM.AlL, pTM.A2L, and
pTM.G8R (provided by Bernard Moss), as well as 2.5 pg of
plasmid coding for the substrate protein and 2.5 jig of test
DNA. After 4 h of incubation at 37°C, the DNA-containing
medium was replaced with minimal essential medium E con-
taining 40 jig of Ara-C per ml and 90 ,uCi of 3S protein-
labeling mix per ml (11.0 mCi/ml [1,175 Ci/mmol]; du Pont-
NEN, Wilmington, Del.). At 20 h postinfection, the cells were
lysed for immunoprecipitation by removal of the labeling
medium and addition of 150 ,ul of radioimmunoprecipitation
assay buffer (RIPA) (20) containing 100 U of Benzonase
endonuclease per ml (EM Science, Gibbstown, N.J.). Cell
extracts were precleared by microcentrifugation and mixed
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FIG. 2. (A) Rescue of P25K processing in a transcriptionally
controlled assay. Monolayers of BCS-40 cells were infected with
VVTF7-3, treated immediately with Ara-C, and transfected by lipo-
somes with the indicated DNA molecules. At 4 h postinfection, the
liposome-containing medium was replaced with medium containing
[IWS]methionine-cysteine and Ara-C. After 20 h of infection, cell
lysates were prepared and immunoprecipitated with P25K antiserum
and processed for autoradiography. To generate pG1L, an EcoRI-
KpnI fragment (3.75 kb) containing the GlL promoter region and the
entire GlL ORF was isolated from the HindIII G fragment of the VV
genome and cloned into pTZ19U. The pUC119-based plasmid pL4R,
containing the L4R promoter region and the entire L4R ORF, which
encodes the P25K polypeptide, was provided by Peiyu Lee. An arrow
indicates the position of the 25K' product. The migration of 14C-
labeled molecular weight markers is shown (in thousands). (B) Sche-
matic representation of the VV genome and cosmid segments. The
upper line shows the Hindlll restriction map of the full-length
genome. Below this line, the approximate location of each cloned
DNA segment is depicted.

overnight at 4°C with 3 [lI of specific antiserum (31). A 100-pl
aliquot of 20% (vol/vol) protein A-Sepharose (Sigma Chemical
Co.) suspension in RIPA buffer was added, and the samples
were rocked for 2 h at 4°C. The protein A-Sepharose complex
was recovered by centrifugation, washed with RIPA buffer, and
fractionated by electrophoresis on 11% polyacrylamide gels
containing sodium dodecyl sulfate (28).

Initially, each of six overlapping VV cosmids (provided by
Bernard Moss) was assayed as a source for the proteinase gene
by use of P4b as substrate. In spite of ample expression of P4b,
processed product was repeatedly not visible following immu-
noprecipitation (data not shown). In subsequent assays, ex-
pression of P25K served as the source for substrate. Proteolytic
activity which was apparently specific for the AG*S site of
P25K (resulting in the appearance of 25K') was mapped to
cosmids 3 and 21 as shown in Fig. 2. Because these two cosmids
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overlap primarily in the HindIll G region of the VV genome,
it was not surprising that a plasmid clone of the HindlIl G
region (pBR322.H3G) was also able to rescue processing (Fig.
2, lane 7). The predicted amino acid sequences of the ten open
reading frames (ORFs) in this region were examined for the
existence of conserved active site sequences common to known
proteinases. No obvious active-site sequences were found in
common with serine, cysteine, or aspartyl proteinases. Expres-
sion of GlL alone (plasmid pG1L) was sufficient to rescue
processing (Fig. 2, lane 8), indicating that the GlL protein may
function as a proteinase. Using this type of transcriptionally
controlled expression, we were able to consistently express
precursor protein P25K by transfecting with plasmid carrying
the entire L4R ORF preceded by its own authentic, late-
promoter sequence. Promoter recognition in this system was
almost entirely limited to the plasmid copy of the gene, with
very little background expression from the endogenous viral
genome (Fig. 2A, lane 11).

Although expression of GlL protein is sufficient for proteo-
lytic processing of P25K, it was repeatedly unable to mediate
cleavage of transiently expressed P4a or P4b in our transcrip-
tionally controlled assay (data not shown). Nevertheless, when
these substrates were expressed from full-length viral DNA,
both precursor and product species were present (Fig. 1).
VV-infected, Ara-C-blocked cells transfected with full-length
viral DNA should theoretically contain a full complement of
early, intermediate, and late proteins. The competency of these
cells for proteolytic processing compared with cells expressing
only GiL protein and P4a or P4b may be explained in several
ways. It is possible that processing of these precursor proteins
requires an essential cofactor, similar to the short peptide
required for activity of the adenovirus proteinase (21). Ab-
sence of such a cofactor gene would certainly explain why only
the expression of GiL protein and P4a is devoid of cleavage
products. To test this idea, VV-infected, Ara-C-blocked cells
were cotransfected with both cosmids 21 and A in combination
with each of the other VV cosmids and then immunoprecipi-
tated with antisera specific for 4a and 4b. The cosmid 21-
cosmid A combination provided coding sequence for each of
the three late-transcription factors, P4a, and P4b, as well as the
putative GiL proteinase. Although the P4a and P4b precursors
were expressed well, processing could not be rescued, even
with simultaneous expression of all six cosmids (data not
shown). This would suggest that the intact genome molecule
itself may be required for protein processing in this assay. The
presence of this DNA molecule may allow for some degree of
previrion assembly, which in turn would place the core struc-
tural proteins into a context favorable for cleavage by the GlL
proteinase, supporting the notion that VV cleavage maturation
is context specific. In light of the apparent contextual regula-
tion of proteolytic processing during virion replication, the
discovery of an AG*X cleavage site excluded from such
regulation within a core protein precursor was paramount to
the development of a processing assay in which viral assembly
was not preserved.

In the course of a normal infection, P25K, with a predicted
molecular mass of 28.5 kDa, is primarily processed into 25K,
which is found in mature virions. Lee and Hruby have shown
that transient expression of the LMR ORF in VV-infected cells
yields P25K precursor and 25K product, as well as a slightly
larger product, 25K', derived from cleavage at a unique AG*S
site (20). The appearance of 25K' as the sole proteolytic
product resulting from coexpression of P25K and GlL protein
was unexpected on the basis of this previous study. In Fig. 2,
appearance of the 26.4-kDa product correlates with expression
of the GlL ORF. However, a protein band migrating at
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FIG. 3. Inactivation of the P25K cleavage sites. Site-directed mu-
tagenesis was used to prepare pL4R derivatives in which the AGS and
AGA codons corresponding to residues 17 to 19 and 31 to 33,
respectively, were changed to IDI. Expression of P25K from the
resulting pL4R.AGA:IDI and pL4R.AGS:IDI plasmids provided test
substrate for coexpression with GlL proteinase in a transcriptionally
controlled assay. Monolayers of BCS-40 cells were infected with
VVTF7-3, treated immediately with Ara-C, and cotransfected by
liposomes with pTM.AlL, pTM.A2L, pTM.G8R, pG1L, and the
indicated pL4R mutants. At 4 h postinfection, the liposome-containing
medium was replaced with medium containing [35S]methionine-cys-
teine and Ara-C. After 20 h of infection, cell lysates were prepared and
immunoprecipitated with P25K antisera and processed for autoradiog-
raphy. Core protein markers in lane 4 were prepared by immunopre-
cipitation with a cocktail of 4a, 4b, and 25K antisera and a radiola-
beYed, VV-infected cell extract made at 20 h postinfection. An arrow
indicates the position of the 25K' product. The migration of 14C-
labeled molecular weight markers is shown (in thousands).

approximately 25 kDa appears in each assay. It is possible that
this lower band represents a product derived from cleavage at
the AG*A site, which could result from proteolysis mediated
by an early protein or from autoproteolysis of P25K, since its
appearance is independent of transfected test DNA. Alterna-
tively, the lower band could result from translational initiation
from an internal ATG codon within the coding sequence. This
seemed plausible since a methionine residue is located just 5
residues upstream of the AG*A scissile bond.

In order to verify that cleavage was occurring at the AG*S
site and to determine if the faster-migrating protein was
derived from cleavage at AG*A, the amino acids at these sites
were altered by site-directed mutagenesis (18). The AG*S and
AG*A tripeptide motifs of P25K were independently mu-
tagenized to an IDI tripeptide. The ability of the mutants to be
processed during coexpression of GlL is shown in Fig. 3.
Mutation of the AG*S site results in no production of the 25K'
product (lane 2), indicating that cleavage of P25K during
expression of GlL protein is occurring at this site. On the other
hand, mutation of the AG*A site did not abrogate the appear-
ance of the lower band (Fig. 3, lane 3). This would suggest that
in the current trans-processing assay, P25K is only processed at
the AG*S and a low level of translational initiation may be
occurring at an internal ATG codon. Since 25K' is found only
in trace amounts during a normal infection, it is unlikely that it
plays a role in virus maturation. The absence of this product in
mature virions may be due to a decrease in cleavage efficiency
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TABLE 1. Alignment of the proposed active-site residues of GIL
proteinase and several insulin-degrading enzymes and other

zinc metalloproteinases

Enzyme Sequencea Reference

GlLb GIA HLLEH LLI-64-ENE

Protease III GLA HYLEH MLF-38-END 9
dIDE GLA HFCEH MLF-8-ENG 19
hIDE GLS HFCEH MLF-8-ENE 1

Thermolysin VVA HELTH AVT-14-INE 17
Aminopeptidase N VIA HELAH QWF-13-LNE 24
Collagenasec VAA HELGH SLG 11

a Constant residues in the active-site sequence HXXEH are shown in boldface
type.

b The mutated GiL residues are underlined.
c Collagenase enzyme does not contain a downstream Asn-Glu pair.

at the AG*S site relative to the AG*A site, thereby masking
the presence of any 25K' intermediates. Since virus assembly
and subsequent processing of the AG*A site are presumed to
be blocked in our assay, 25K' emerges as the only processed
product.
Amino acid alignment of the predicted GlL protein with

known viral proteinases revealed no significant primary or
secondary structure homology. However, careful examination
of the sequence revealed a motif common to a subset of
metalloproteinases (Table 1). The mammalian and bacterial
insulin-degrading metalloendopeptidases contain the active-
site sequence HXXEH, embedded in the extended signature
UBUHUUEHZUU (where U signifies uncharged residues, B
signifies hydrophobic residues, and Z represents a residue that
can be either charged or uncharged) (4), which is an inversion
of the active site of other zinc-dependent metalloendopepti-
dases. An asparagine-glutamate pair (NE) downstream of the
active site is conserved in many metalloproteinases such as
thermolysin and serves to contribute to zinc binding (29).
Likewise, in insulin-degrading enzymes this conserved NE pair
is also inverted. As shown in Table 1, this NE pair is conserved
in GlL protein in both the forward and reverse orientations.
To determine the importance of the HXXEH motif and NE

pair in the activity of the GlL proteinase, site-directed mu-
tagenesis of the GlL ORF was used to alter these regions. The
HLLEH pentapeptide region (amino acids 41 through 45) was
mutated to SLLED, and expression of the mutated protein
from vector pGlL.AHXXEH showed a total loss of activity in
our assay (Fig. 4, lane 2), suggesting that this region plays a
functional role in the protein, similar to that of other metal-
loproteinases. It is possible, however, that either of the histi-
dine residues in this domain may actually participate in a
serine- or cysteine-proteinase catalytic triad. To test this
alternate hypothesis, glutamate at residue 44 of wild-type GiL
protein was mutated to alanine and expression of the resulting
pGlL.E44A clone was assayed for its ability to rescue process-
ing. Again, Fig. 4, lane 3 shows that this mutant was nonfunc-
tional, which implies that the complete HXXEH domain plays
a central role in the activity of the proteinase.
To ascertain the significance of the NE pair downstream of

the putative active site, glutamate residues 112 and 114 of
wild-type GiL protein were independently mutated to alanine
and aspartate, respectively. Mutants pGlL.Ei 12A and
pGlL.E114D were assayed for expression of functional pro-
teinase, as shown in lanes 4 and 5 of Fig. 4. Neither the El 12A
nor the E114D mutant showed activity, implying that both
glutamate residues are crucial for proteolytic activity.
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FIG. 4. Genetic inactivation of GiL proteinase. Site-directed mu-
tagenesis was used to prepare the following pGlL mutants:
pGlL./HXXEH, pG1L.E44A, pG1L.E112A, and pG1L.E114K. Pro-
teolytic activity of the GIL protein expressed from each mutant was
tested in a transcriptionally controlled assay expressing wild-type P25K
as substrate. Monolayers of BCS-40 cells were infected with VVTF7-3,
treated immediately with Ara-C, and cotransfected by liposomes with
pTM.AlL, pTM.A2L, pTM.G8R, pL4R, and the indicated pGlL
mutants. At 4 h postinfection, the liposome-containing medium was
replaced with medium containing [35S]methionine-cysteine and Ara-C.
After 20 h of infection, cell lysates were prepared and immunoprecipi-
tated with P25K antisera and processed for autoradiography. An arrow
indicates the position of the 25K' product. The migration of 14C-
labeled molecular weight markers is shown (in thousands).

The results of site-directed mutagenesis suggest that the
GlL protein may be classified as a metalloproteinase. Al-
though additional studies are required to determine the role of
the GlL proteinase in maturation of the VV structural pro-
teins, this is the first report of a virus-encoded proteinase
having similarity to any member of the metalloproteinase
family. A recent study by Hijikata et al. identified an apparent
zinc-dependent proteinase activity in hepatitis C virus that is
inhibited by EDTA (12). Site-directed mutagenesis established
the importance of a conserved histidine and cysteine residue,
although the primary protein sequence bears no reported
similarity or motif common to any known metalloproteinase.
The regions of similarity found between GiL protein and other
metalloproteinases are shown in Table 1. The conserved
HEXXH domain has been identified in many metalloprotein-
ases, most of which show little overall sequence identity to
thermolysin outside of this specific domain (29). In the case of
GiL protein, site-directed mutagenesis has established the
importance of His-41 and His-45, as well as Glu-44, Glu-112,
and Glu-114, in the overall activity of the proteinase. It is on
the basis of these findings that we propose to class GiL protein
as a metalloproteinase. Because of the nature of the assay
required to demonstrate activity of the GlL proteinase, we are
unable to employ inhibitors such as EDTA or 1,10-phenanth-
roline.

It has long been recognized that several of the VV late
proteins that are incorporated into the virion are derived from
larger precursor proteins. A great amount of effort has been
expended to elucidate many aspects of this process. However,
little progress has been made towards identifying the necessary
proteinase or proteolytic activity required for maturation of
these proteins. Although an alkaline protease has been re-
ported to be associated with purified virions (2), it is unclear
whether it is encoded by the cell or virus and whether it plays
a role in proteolytic processing of the core proteins.
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Earlier studies have established that although the proteolytic
activity responsible for cleavage of P4a and P4b is present
within the infected cell, it is not functional or is absent in
infected cell extracts or disrupted virions, it is unable to diffuse
to a neighboring cell during cell-cell fusions, and it is appar-
ently short-lived (26). Also, translation of VV late mRNA in
rabbit reticulocyte lysate results in the production of full-length
precursor proteins with no discernible processing (6). Several
hypotheses can be presented to explain these results: (i) the
proteolytic activity is sequestered to virosomes, which may be
tightly associated with cytoskeletal elements of the cell, (ii)
substrate precursors must assume a suitable configuration or
be preassembled in the maturing particle prior to proteolysis,
(iii) the precursor proteins are autoproteolytic, and (iv) the
proteinase is simply not present or is inactive. A combination
of these hypotheses is also possible. Autoproteolysis seems
unlikely, since no significant homology exists between the
precursor proteins, in spite of the fact that they are each
processed at a very similar AG*X site. On the basis of the
assumption that the proteinase does exist, that it (or a regula-
tory cofactor) is encoded by the virus, and that proteolysis is
dependent on contextual elements, it was necessary to design
an assay that could be used to map the proteolytic activity to a
specific viral gene while either preserving or circumventing
these essential contextual requirements.
The role that GlL proteinase plays in core protein process-

ing remains unknown. The relevance of its activity to proteo-
lytic maturation is based on the fact that it processes P25K at
a consensus site known to be utilized in five viral precursor
proteins. There has previously been no function or homology
identified with the product of the GlL ORF, even though a
homologous ORF containing exactly the same HXXEH and
ENE motifs is conserved in VV strain Copenhagen (10) as well
as variola major virus strains Bangladesh (22) and India-1967
(25). Consistent with the precedents of other viral systems (8,
16) and in light of the fact that processing of VV core proteins
occurs among a wide range of host cells derived from different
tissues and organisms, one would predict that the responsible
proteinase is encoded by the viral genome. Because of the
apparent complex regulation of processing and the identifica-
tion of VV conditional-lethal mutants defective in core protein
processing and virion morphogenesis, it seems likely that a
variety of proteins may influence proteolytic processing. Al-
though additional research will be required to determine the
part that GlL proteinase plays in VV replication, the current
study suggests that VV may encode its own proteolytic enzyme,
which appears to belong to the metalloproteinase family.
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