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ABSTRACT A herpesvirus proteinase activity has been
identified and partially characterized by using the cloned
enzyme and substrate genes in transient transfection assays.
Evidence is presented that the proteinase gene of cytomegalo-
virus strain Colburn encodes a 590-amino acid protein whose
N-terminal 249 residues contain the proteolytic activity and two
domains that are highly conserved in the homologous protein
of other herpesviruses. Insertion of a short amino acid sequence
between these domains abolished proteinase activity, suggest-
ing that this region constitutes part or all of the enzyme active
site. Plasma desorption mass spectrometry was used to identify
the C terminus of the mature assembly protein as alanine,
enabling the recognition of a consensus proteinase cleavage
sequence of V/L-X-A | S/V, near the C-terminal end of all
herpesvirus assembly protein homologs. Interestingly, the pro-
teinase and its substrate, the assembly protein precursor, are
encoded by opposite halves of the same open reading frame.

Herpes group viruses have a common intranuclear assembly
intermediate referred to as the B- or intermediate capsid (1,
2). These particles lack DNA and accumulate in the nucleus
of infected cells that have been blocked chemically (ref. 3,
and references therein) or genetically (4-6) at the level of
viral DNA synthesis. Like bacteriophage proheads, herpes-
virus B-capsids or procapsids contain an abundant protein
constituent that is not found in mature virions (1, 7, 8). This
species is referred to as the scaffolding protein in bacterio-
phage (9) and as the assembly protein in herpesviruses (10).
Unlike the other B-capsid proteins, the assembly protein is
phosphorylated (3, 11, 12) and undergoes proteolytic pro-
cessing (1, 5, 12) that eliminates its C-terminal end (13, 14),
but the enzymes responsible have not been identified.

The assembly protein coding sequence is contained within
a family of four in-frame overlapping 3’-coterminal genes,
referred to as the assembly protein nested genes (APNGs),
each of which gives rise to a separate transcript and protein
(15). The largest of these four nested genes was designated as
APNGI1 and the sequence encoding the assembly protein
precursor was designated as APNG.5 (15). Homologs of
APNG1 and APNG.5 have been shown to be similarly
organized (15) and expressed (16) in other herpesviruses. The
study described here was prompted by the finding that the 5’
half of the longest open reading frame in each of the homol-
ogous genes encodes a highly conserved region with similar-
ities to proteinase active site domains (see below). Experi-
ments were done to determine whether the assembly protein
precursor undergoes proteolytic processing in the absence of
other viral genes, to test the possibility that its larger related
form (i.e., the product of APNG1) may be the proteinase
required for assembly protein maturational cleavage, and to
determine the C terminus of the mature assembly protein and
thereby deduce the proteinase cleavage site.
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MATERIALS AND METHODS

Cells and Virus. Human foreskin fibroblasts (HFFs) were
prepared, grown, and infected with cytomegalovirus (CMV;
strain Colburn) as described (7). Human embryonal kidney
(HEK) cell line 293 (American Type Culture Collection) was
grown in Dulbecco’s modified Eagle’s medium containing
10% (vol/vol) fetal calf serum. Transfections were done in
two-well chambers (177380, Nunc) containing approximately
1 x 10° cells in 1 ml of medium per well.

Cloning, Plasmid Construction, and in Vitro Transcrip-
tion/Translation. Standard techniques were used to con-
struct, clone, and propagate the plasmids (17). The longest
gene in the APNG family (APNG1) and the gene encoding the
assembly protein itself (APNG.5) (15) were amplified from a
plasmid containing the viral genomic Xba I R fragment (18)
by using the PCR (19), and cloned into the eukaryotic
expression vector pRSV.5(neo) (20) to give AW1 and AW4,
respectively. APNG1 and APNG.5 were subcloned from
AW1 and AW4 into pGEM-4Z (Promega) for in vitro tran-
scription (17). The sequence DNPASTTNKDKLHYV, con-
taining the 12-amino acid (underlined) poliovirus epitope C3
(21), was cloned into the Dra III site of AW1 and AW4 to
make LM1 and LM2, respectively. LM3 contains the se-
quence VDNPASTTNKDKLH (C3 epitope, underlined) at
the EcoRY site of AW4. Two deletion constructs of APNG1,
LM7 and LM8, were made by PCR cloning as described
above. A third deletion construct, AWS, was made by
removing the Sal I-Eco471Il fragment from AW4, which
resulted in a noncoded sequence, Ile-GIn-Thr, being added to
the C-terminal Ala-179.

Transfection Assay. Approximately 1 X 10° cells were
transfected (22) with 1 ug (Aye) of each indicated DNA,
rinsed with phosphate-buffered saline (no Ca’?* or Mg**)
18-24 hr later, scraped from the slide in 50 ul of solubilizing
buffer (23), boiled for 3 min, and analyzed.

Protein Assays. Proteins were separated by SDS/
polyacrylamide gel electrophoresis (23). Towbin immunoas-
says (24) were done as described (14): rabbit antisera anti-N1
and anti-C1 (see Fig. 1) were used at dilutions of 1:50 and
1:80, respectively, and *I-labeled protein A was used to
visualize bound antibodies.

Amino Acid Sequence Analyses. The assembly protein was
isolated by HPLC from Colburn CMV B-capsids that had
been disrupted in 6 M guanidine hydrochloride/10% (vol/vol)
2-mercaptoethanol and heated for 3 min at 45°C (13). Prep-
arations of assembly protein were digested with endopro-
teinase Lys-C or endoproteinase Glu-C; resulting fragments
were separated by HPLC; plasma desorption mass spectrom-
etry (PDMS) was done with a Bio-Ion Bin-10K spectrometer
(Nordic, Lausanne, Switzerland); and ‘‘on foil”’ carboxypep-
tidase P treatments were done, all as described (25).

Abbreviations: CMV, cytomegalovirus; PDMS, plasma desorption
mass spectrometry; APNG, assembly protein nested gene; CD,
conserved domain.

1To whom reprint requests should be addressed.
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RESULTS

The genetic constructs used and their protein products are
summarized in Fig. 1. Altered forms of the wild-type proteins
are indicated by the prefix A followed by the numerical
designation of the construct.

Two Highly Conserved Sequences Are Present at the Amino
End of the APNG1 Protein. When the predicted amino acid
sequence of the APNGI protein pNP1 was compared with
those of its homologs in other herpesviruses (15), two highly
conserved domains, CD1 and CD2, separated by 80 = 4
residues were identified (Table 1). The conservation of CD1
and CD2 sequences suggests that they are functionally im-
portant, and the presence of the indicated (His, Asp/Glu,
Cys) and (His, Asp/Glu, Ser) triads raised the possibility that
this region may contain the active site of a cysteine- or
serine-like proteinase (27, 28).

APNGI1 Encodes Proteinase Able to Cleave Assembly Protein
Precursor. When APNG.5 and APNG1 were transcribed in
vitro and the resulting RN As were translated, APNG.S gave
rise to a single protein (Fig. 2A) that comigrated with the
infected-cell assembly protein precursor pAP (Fig. 2B), and
APNG]1 yielded the protein pNP1 (Fig. 2A) that comigrated
with the lower band of the infected-cell 85/91-kDa doublet
(Fig. 2B). Cleavage of the assembly protein precursor to its
mature form was not observed in these preparations, whether
they were kept separate or combined and incubated for up to
18 hr at 37°C (data not shown; see Discussion).

To determine whether the proteins would behave differ-
ently in living cells, transfections were done with AW1 and
AW4 (Fig. 1). In AW1-transfected cells only the assembly
protein precursor was detected (Fig. 2C, lane 2). In AW4-
transfected cells two proteins were detected: a faint ~82-kDa
species, NP1, and a prominent =45-kDa species, NP1 (Fig.
2C, lane 4). In contrast to the results described above,
AW1/AW4-cotransfected cells did show cleavage of the
assembly protein precursor to its mature form (Fig. 2C, lane
3). None of the proteins expressed in AW1/AW4-transfected
cells was detected by anti-C1 (e.g., Fig. 3C, lane 6), indicating
that each had lost its C-terminal end, as would be expected
for correct maturational cleavage.

The assembly protein precursor cleavage seen in AW1/
AW cotransfections is consistent with APNG1 encoding the
maturational proteinase. Furthermore, the finding that the
proteins detected in AW4-transfected cells were smaller than
the 85-kDa pNP1 synthesized in vitro and did not react with
anti-C1 suggested that pNP1 itself was cleaved.

Proteinase Primary Translation Products
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Table 1. Herpesvirus proteinase homologs have two highly
conserved domains, CD1 and CD2

Sequence
CD2 CD1

Virus

SCMV PLPLNVNHDESATYGYV.D.FKHVALCSVGRRRGTLAVYG.
HCMV ALPLNINHDDTAVYGHY.D.FKHVALCSVGRRRGTLAVYG.
HSV-1 PLPINVDHRAGCEVGRY.E.FAHVALCAIGRRLGTIVTYD.
VZV KIPINIDHRKDCVYGEY .E.FTHVALCVVGRRVGTVVNYD.
EBV PLPLTVEHLPDAPYGSY . E. FDHVSICALGRRRGTTAVYG.
ILTV  TIPINIDHESSCVVGTYV.E.FAHVALCELGRREGTVAIYG.
HHV-6 .D.FHHY
T4 GVPMLESHDGKDLGLKP . E. IPGYSSRGLGSLTDTNKGYR . S
He—55+2—>D/E(40 +3)C
He—55+*2-D/E 97+11 S

Partial sequence for HHV-6 was kindly provided by T. Dambaugh
(Dupont); the T4 proteinase (gp21) and other sequences are from
GenBank (see refs. 15 and 26). Absolutely conserved residues are
underlined. Number of residues separating the potential catalytic
triads (His, Asp/Glu, Cys) and (His, Asp/Glu, Ser) are indicated.
SCMYV, simian CMV strain Colburn; HCMV, human CMV strain
AD169; HSV-1, herpes simplex virus type 1; VZV, varicella zoster
virus; EBV, Epstein-Barr virus; ILTV, infectious laryngotracheitis
virus; HHV-6, human herpes virus 6; and T4, bacteriophage T4.

nununununn

Proteinase Activity Abolished by Inserting a Peptide Be-
tween CD1 and CD2. Additional evidence that APNG1 en-
codes the maturational proteinase was obtained with the LM3
construct (Fig. 1) that showed three major differences from
AWA4 in transfection assays. (i) The largest protein, A3pNP1
doublet, was remarkably more abundant than NP1 and no
NP1 was detected (Fig. 2C, lane 10). (ii) Unlike NP1, the
A3pNP1 doublet reacted with anti-C1 (Fig. 3C, lanes 7 and 12,
respectively). (iii) There was no cleavage of the assembly
protein precursor in cotransfections with AW1 (Fig. 2C, lane
11). These results suggest that the putative active site domain
of pNP1 participates in at least three separate cleavages: (i)
pNP1 — NP1y + NPlc; (ii) pNP1 — NP1; and (iii) pAP —
AP (see Fig. 5).

NP1c Is the C-terminal Portion of pNP1. The only differ-
ences detected between transfections with LM2 (Fig. 1) and
AW4 were the sizes of their protein counterparts. LM2 gave
rise to slightly larger forms of pNP1 (A2pNP1 at =87 kDa;
data not shown), NP1 (A2pNP1 at =85 kDa), and NPlc
(A2NP1; at =48 kDa), due to the insertion (Fig. 2C, lane 8).
The increased size of A2NP1 identified it as the C-terminal
portion of A2pNP1; this conclusion is supported by the
LM3/LM7 and LM3/LM8 cotransfections described below.

Cleavage Products

Constructs  ¢p, cD1 N1 yci
Aw4x [ TT N . ApNP1(85K) -+ NP1(82K)+NP1N+NP1c(45K)+C'
M1 IM 281 VNA[SS?
M2+ [CIT N i | L TAA2pNP1(87K) - A2NP1(85K)+NP1N+A2NP1c(48k)+C'
C3 '
M3 [II 'Ri iHA3pNP1(87/88K) - A3NP1(85K)+A3NP1N+NP1c(45K)+C'
C3 ; H
M7+ [TT 1 ! A7NPIN -+ NPiN
TES g0 !
LMe* [IT ] | ASNPIN -+ NPIN
VKA 249 '
Aws [ 1T Ef ] ! : ASNP1IN - ASNPIN
REA
Substrate 170 H E
Constructs i '
AW1 N P4 pAP(40K) -+ AP(37K)+C'
.M281 :
LM1 N | | T T4 A1pAP(43K) -+ A1AP(40K)+C'
Genes [ APNG! > ApNas O3 -

FiG. 1.

Genetic constructs and antisera used. The genetic constructs (asterisk denotes active proteinase) and their protein products (size

in kDa) are shown. Also indicated are conserved domains 1 and 2 (CD1 and CD2, respectively; shaded boxes); translational start methionines
for pNP1 (M-1) and pAP (M-281); C-terminal residues (amino acid triplets), AWS5 contains the C-terminal noncoded sequence lle-GIn-Thr;
maturational cleavage site (arrows); poliovirus C3 epitope (21) (solid boxes); and N1 and C1 (hatched regions), the peptides recognized by sera
anti-N1 and anti-C1 (11, 12), respectively. C' is the 33-amino acid fragment eliminated by maturational cleavage.
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Unlike LM3, LM2 yielded all three proteolytic activities
noted for AW4, including cleavage of the assembly protein
precursor in cotransfections with AW1 (Fig. 2C, lane 9): i.e.,
A2NP1 — A2NP1c + NP1y; A2pNP1 — A2NP1; and pAP —
AP.

Insertion of the same sequence in the assembly protein
precursor (LM1, Fig. 1) increased its size by =3 kDa (A1pAP)
but did not affect its ability in cotransfections to serve as a
substrate for AW4 (Fig. 2C, lanes 6 and 7, respectively).

Proteinase Activity Lies Within the First 249 Amino Acids of
pNP1. The region of APNGI1 encoding the proteinase was
determined by testing three deletion constructs in transfec-
tion assays. The shortest of these, AWS (Fig. 1), did not
produce cleavage of either the assembly protein precursor
(Fig. 3, lane 10) or A3pNP1 (Fig. 3, lane 16). LM7 and LM8
(Fig. 1), however, did produce cleavage of both (Fig. 3, lanes
8 and 9; refs. 14 and 15—note appearance of A3NP1 in Fig.
3B). Because LM7 and LM8 do not code for the C-terminal
portion of pNP1, the NP1c band seen in LM7 and LM8
cotransfections with LM3 (Fig. 3A, lanes 14 and 15) must
come from A3pNP1.

Identification of the Assembly Protein Maturational Cleav-
age Site. The P; amino acid (see ref. 29) at the cleavage site
was identified by determining the C-terminal amino acid
sequence of the mature assembly protein by PDMS. The
masses of 23 Lys-C and 20 Glu-C peptides from the purified
assembly protein (Fig. 44) were determined. The protonated
molecular ions of Lys-C fraction 24 (Fig. 4B) and Glu-C
fraction 23 (Fig. 4D) were 903.3 (Fig. 4C) and 616.2 (Fig. 4E),
respectively. These masses agree well with those calculated
for the peptides SAERGVVNA (902.5) and RGVVNA
(614.4) and indicate that Ala-557 (in the pNP1 sequence) is the
C terminus of the mature assembly protein. To verify this
result, Lys-C fraction 24 and Glu-C fraction 23 were each
subjected to digestion with carboxypeptidase P and then
analyzed by PDMS. The spectrum of carboxypeptidase-
treated Lys-C fraction 24 showed a significant reduction in

A B g . Y a o
0 To R o §‘ = 3 =
= ™ N S < <‘ ~l —
g O [ONONG) = g + + +
£&E ££3 353338555 Sz
< < < <O O<<(<(‘§_lJ_l<( _|‘<
& 91 .yAszNP
PNP1- == ® \Pi- . ~a2NP
: b 22NP1..
NP1 - - ;
PAP- e - - ‘o : -a1pAP
pPAP-  -w- - - -01AP
AP- aw - -
12 34567809

F1G. 2. Protein products of wild-type and insertion-mutated
APNGI1 and APNG.5. (A) [3*S]Methionine-labeled proteins synthe-
sized from APNG1 and APNG.5 RNA in a rabbit reticulocyte lysate
(Amersham). (B) An immunoblot probed with anti-C1 comparing the
sizes of APNG1 and APNG.S proteins made in vitro, with proteins
in the cytoplasmic fraction of Colburn-infected HFF cells (Col.
Cyto.). (C) An immunoblot showing proteins reactive with anti-N1
in HEK cells transfected with wild-type constructs AW1 and AW4
or insertion constructs LM1, LM2, and LM3, either alone or in
combination. Underlined constructs are potential proteinase donor.
Nuclear fraction of Colburn-infected HFF cells (Col. Nuc.) was used
for comparison. Proteins are designated as described in Fig. 1.
Proteins of altered genes are indicated in the right margin and by a
circle to right of the corresponding band. Proteins of wild-type genes
are indicated in the left margin and by dot to left of the corresponding
band. A3pNP1 doublet is seen better in Fig. 3B.
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the signal at m/z 903.3 and the appearance of a new peak at
m/z 462.2, which corresponds well with the predicted mass
of the original peptide minus the five C-terminal amino acids
GVVNA (i.e., 903.3 — 440 = 463.3 atomic mass units). The
spectrum of carboxypeptidase-treated Glu-C fragment 23
showed a new peak at m/z 547.6, which corresponds well
with the predicted mass of the original peptide minus one
alanine (i.e., 616.2 — 71 = 545.2 atomic mass units), con-
firming that the last residue of the assembly protein is alanine.

DISCUSSION

Proteolytic processing of a highly conserved herpesvirus
protein, referred to as the assembly protein, is believed to be
an essential step in herpesvirus maturation (4, 5). The gene
encoding this protein is the 3’ half of a larger overlapping
in-frame gene (15, 16), referred to as APNG1 in CMV strain
Colburn. We show here that the 5’ half of APNG1 encodes
the proteinase required for maturational cleavage of the
assembly protein precursor, that the enzyme cleaves be-
tween alanine and serine in the sequence VNAS, and that all
herpesviruses examined have homologs of both this protein-
ase and its cleavage site.

Initial assays showed cleavage of the assembly protein
precursor in cells cotransfected with APNG1 (in AW4) and
the assembly protein precursor gene APNG.5 (in AW1) but
not in cells transfected with either gene alone. This indicated
that the assembly protein precursor is neither autoproteolytic

A

AW1+AW4
AW4
AW1+AW5
Mock
LM3+LM8
LM3+AW5

AW1+LM7
LM3

AW1+LM8
LM3+AW4

Mock Cyto
Mock Nuc
Col.Cyto
Col.Nuc
LM3+LM7

AW1

M}AADNPI
NP1 ’ *a3NP1

NP1 -

pAP ‘ -
AP . - e

42 : .
pAP * - -

3 4 ¢ 8 9 10 11 12 1314 15 1

FiG. 3. Proteins in cells transfected with deletion constructs of
APNG]1. Fluorographic (A and C) and autoradiographic (B) images
of immunoblots are shown, comparing proteins in transfected HEK
cells that reacted with anti-N1 (A and B) or with anti-C1 (C). Protein
designations are as in Fig. 1. The band designated 42K comigrated
with a comparatively scarce infected-cell protein that was detected
only after prolonged exposure. A and B are exposures of the same
blot (A3pNP1 doublet and A3NP1 are shown more clearly in B); C
shows a different immunoblot prepared from the same samples in the
same order. Other details are explained in Fig. 2.
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Fi1G. 4. Identification of assembly protein C-terminal peptides.
Relevant portions of recordings obtained from the following proce-
dures are shown. (A) HPLC separation of the B-capsid assembly
protein, scanned at A;)4. (B and D) HPLC separations of peptides
resulting from Lys-C and Glu-C treatment, respectively, scanned at
Az4. (C and E) PDMS of the Lys-C peptide in fraction 24 (B) and the
Glu-C peptide in fraction 23 (D), respectively, accumulated for 30
min at 16 kV.

nor cleaved by a cellular proteinase and suggested that the
proteinase responsible is coded for by APNGI. Insertional
mutagenesis underscored the functional importance of the
CD1/CD2 region by demonstrating a loss of proteolytic
activity when 14 amino acids were inserted between CD1 and
CD2 (i.e., LM3, Figs. 2 and 3). Deletional mutagenesis
demonstrated that constructs coding for the first 249 (LMS)
or 280 (LM?7) amino acids of pNP1 retained full proteolytic
activity, whereas a shorter one (AWS5) coding for only the
first 179 amino acids of pNP1 was inactive. Although the
proteins of all three constructs contain CD1 and CD2, the
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shortest one does not contain Ser-195, which may be part of
a serine proteinase active site triad (Table 1, and see below).

The proteinase makes two cleavages in its primary trans-
lation product, pNP1 (Fig. 5). One is identical to the assembly
protein maturational cleavage (Fig. 1, arrow) and occurs
because the sequence of the C-terminal half of pNP1 is
identical to that of the assembly protein precursor (15). The
second cleavage made in pNP1 is at a ‘‘release’’ site (see
below) that divides the molecule into a =45-kDa C-terminal
fragment (NP1c) recognized by anti-N1, and a corresponding
N-terminal fragment (NP1y) that was immunologically invis-
ible in these experiments because it is not recognized by
either anti-C1 or anti-N1 (Fig. 1). As diagrammed in Fig. 5,
this cleavage may be required to free the proteinase (NP1y)
from its C-terminal end, thereby activating or otherwise
enabling it to cleave the assembly protein precursor. The
following evidence supports this model: (/) AW4-transfected
cells contained much more NP1 than its putative precursors
pNP1 or NP1, indicating that most of the primary translation
product had been cleaved. (iif) LM3 was unable to produce
cleavage of either its own primary translation product or the
assembly protein precursor (Fig. 2C, lanes 10 and 11),
suggesting that the same proteinase catalyzes both cleavages.
(iii) NP1 was present in cells cotransfected with LM3 (NP1¢
donor) and proteolytically active deletion constructs that lack
their own NP1 coding sequence (i.e., LM7 or LMS8), dem-
onstrating that the proteinase can cleave its release site in
trans. The possibility that cleavage at this site occurs co-
translationally in cis is mechanistically appealing and is
included in Fig. 5. Because pNP1 exhibited no proteolytic
activity toward the assembly protein precursor in vitro, this
model includes a hypothetical activation step (A) that may be
essential but not provided in cell-free lysates and may ac-
count for the electrophoretically slower 91-kDa species (Figs.
2 and 3, lane Col. Cyto.) as an activated form of pNP1. The
requirement for such an activation step would distinguish this
proteinase from those of positive-strand RNA viruses that
typically do exhibit proteolytic activity in vitro.

The C-terminal end of the mature assembly protein was
determined to be Ala-557. This residue is within a four-amino
acid consensus sequence [V/L-X-A-S/V, where X is a polar
amino acid, P; is usually valine (underlined), and P,’ is
usually serine (underlined)] (Table 2). Because this sequence
is highly conserved in a region near the C-terminal end of all
herpesvirus assembly protein homologs analyzed, it is likely
to be an important feature of the substrate recognition/
cleavage domain. Considering the possibility that the pro-
teinase may use a similar substrate recognition/cleavage site

TRANSLATION INTERMEDIATES PRODUCTS
i—’N/ e O-C' —> CcC' » ———mm—e©—(D-C’
: pNPI P NPI
A, -0
> Rap—0O¢ 4D—ad-C'
NPly | pNPIc NPly  NPIg
SO — T > N——D>-C’
AP AP

Fi1G. §S.

Hypothetical model of the synthesis and function of the CMV proteinase assemblin. The APNG1 transcript (sawtooth line above

double-stranded gene) encodes the proteinase at its 5’ end and can be translated completely to yield pNP1 (85 kDa; reactive with anti-N1 and
anti-C1, Figs. 1-3). An undefined event (A) modifies the protein so that the proteinase is activated (indicated by changed shape in CD1/CTI"2
region). Cotranslationally activated proteinase could free itself by cleaving in cis at a specific ‘‘release’’ site (circle with dot, see text), wnd
full-length pNP1 would not be made. Alternatively, cleavage at this site could be made in trans. Both possibilities are indicated (see brackets).
Free proteinase (NP1y) cleaves three substrates, all having the same sequence (open circle) at their C-terminal ends: pNP1, pNP1¢, and pAP.
Cleavage of these substrates eliminates an identical 33-amino acid fragment (C’). This model is based on the results of transfection assays;
additional factors may modulate activity of the proteinase in the context of an infected cell.
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Table 2. Cleavage site of the CMV assembly protein precursor
and its homologs in other herpesviruses

Virus Recognition/cleavage domain
SCMV SKSAERGVVNA | SCRVAPP
HCMV AERAQAGVVNA | SCRLATA
HSV-1 SNAEAGALVNA | SSAAHVD
VZV HTDTVGQDVNA | VEASSKA
EBV GHHRGKKLVQA | SASGVAQ
ILTV NQESARETVDA | SMPKRLK
HHV-6 AASPKPSILNA | S

C terminus of Colburn assembly protein was determined by PDMS
(Fig. 4); all others are predicted. Abbreviations are as in Table 1. The
HHYV-6 sequence was kindly provided by G. Lawrence (Cambridge
Univ.); others are as in Table 1. Absolutely conserved residues are
underlined; arrows denote cleavage sites.

for its own maturational release (Fig. 5), we looked for and
found a similar consensus sequence (Y-V/L-Q/K-A-S/N)
located between amino acids 234 and 262 in each of the
herpesvirus homologs of pNP1 (Table 3). This putative
proteinase release site is more highly conserved and differs
from the C-terminal cleavage consensus site by having a
conserved tyrosine at the P4 position, a preference for leucine
at P3, and a preference for lysine or glutamine at P,. Cleavage
after the alanine in these sequences would yield the free
proteinase, NP1y, and a C-terminal fragment, NP1c.

Although the nature of the catalytic site of this proteinase
is presently undefined, the strong conservation of CD1 and
CD2 suggests that these domains are essential for activity.
Interestingly, 6 of the 15 amino acids absolutely conserved in
CD1 and CD2 are also conserved in gp21, the maturational
proteinase of bacteriophage T4. It is noteworthy that gp21
contains no cysteine but appears to share other characteris-
tics in common with this herpesvirus proteinase, including
the juxtaposition of its gene with that of its substrate, gp22.
Further studies are needed to verify that this region is the
catalytic site of the herpesvirus proteinase and to determine
its mechanism of action.

The discovery of this herpesvirus proteinase is expected to
lead to a better understanding of how the assembly protein
functions in nucleocapsid formation and maturation and to
provide tools and targets for developing inhibitors of herpes
group viruses. It also reveals another striking similarity
between the eukaryotic herpes group viruses and the pro-
karyotic bacteriophage T4, which may prove useful in further
structural and functional characterizations of both viral en-
zymes. Data presented here for the CMV strain Colburn
proteinase support the conclusions that it is encoded by the
5’ portion of APNG1 and that it is released from its primary
translation product as NP1y by cleavage at a site that yields

Table 3. Putative ‘‘release’” site of the CMV maturational
proteinase and its homologs in other herpesviruses

Virus Recognition/cleavage domain
SCMV VTARESYVKA | SVSPAEQETC
HCMV VTERESYVKA | SVSPEARAIL
HSV-1 GIAGHTYLQA | SEKFKMWGAE
VZV GIMGHVYLQA | STGYGLARIT
EBV NIPAESYLKA | SDAPDLQKPD
ILTV AVYNPKYLQA | NEVITIGIKE

Abbreviations and other notations are as in Table 2.

Proc. Natl. Acad. Sci. USA 88 (1991)

a complementary C-terminal fragment, NP1c. If this site is
YVKA | S in the Colburn protein, as predicted, then the
product of our LM8 construct should be the proteinase. The
finding that the LM8 protein is proteolytically active is
consistent with this prediction. For the sake of simplifying its
future discussion, and in recognition of its assembly protein
precursor substrate, we refer to this maturational proteinase
as assemblin.
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