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The 37-kilodalton (kDa) assembly protein of cytomegalovirus (strain Colburn) B capsids is shown to have a

40-kDa precursor. Pulse-chase radiolabeling experiments revealed that conversion of the precursor to the
product was slow, requiring over 6 h for completion, and correlated with movement from the cytoplasmic to
the nuclear fraction of Nonidet P-40-disrupted cells. Of these two proteins, only the 40-kDa precursor was
synthesized in vitro from infected-cell RNA, consistent with its being the primary translation product. Amino
acid sequence data obtained from CNBr-treated, high-performance liquid chromatography-purified assembly
protein indicated that precursor translation begins at the first of two closely spaced potential initiation sites and
that precursor maturation involves the loss of at least 32 amino acids from its carboxy-terminal end. It is also
shown by immunological cross-reactivity and peptide similarity that three low-abundance B-capsid proteins
(i.e., the 45-kilodalton [45K], 39K, and 38K proteins) are closely related to the assembly protein; the nature
of this relatedness is discussed.

The capsid in mature virions of cytomegalovirus (CMV)
has a protein composition different from that of the predom-
inant intranuclear capsid form that is thought to be its
precursor (9, 10, 17). Both contain as their most abundant
constituents the major capsid protein (MCP), the minor
capsid protein (mCP), and the smallest capsid protein. The
principal intranuclear capsid form (i.e., the B capsid), how-
ever, is distinguished by having an additional abundant
protein species referred to as the assembly protein (9, 17).
As summarized elsewhere (9, 17), the assembly protein has
a direct counterpart in herpes simplex virus (HSV) (i.e.,
VP22a [also called NCP-3, p40, and ICP35e]) and appears to
represent a species common to the herpesvirus group. Gen-
eral characteristics shared by the CMV and HSV assembly
proteins are their sizes of 35 to 40 kilodaltons (kDa), slightly
positive net charge, unusual staining properties, distinction
as the only abundant phosphorylated capsid protein, and
absence from the mature virion.
Although the function of the assembly protein is not

known, evidence that this protein is associated with capsids
lacking DNA (16, 19, 22-24, 26) has fostered the idea that its
role may be similar to that of the bacteriophage scaffolding
protein, which facilitates empty-prohead assembly (18). The
identification of an HSV temperature-sensitive mutant
(ts1201) that produces intranuclear capsids but is unable to
fully process the assembly protein precursor and fails to
package DNA at the restrictive temperature suggests a link
between precursor processing and DNA packaging (24).
However, CMV capsids lacking DNA yet having a proc-
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essed assembly protein demonstrate that processing is not
necessarily accompanied by DNA encapsidation (16, 17).
Further, pulse-chase radiolabeling experiments done in con-
junction with immunoprecipitations using monoclonal anti-
bodies to p40 or ICP35 showed that the HSV assembly
protein counterpart has multiple related forms (2, 24), indi-
cating that its processing involves several steps.
The work reported here identifies the CMV assembly

protein precursor and provides a basis for studying its
processing, comparing its synthesis and modification with
those of counterpart proteins from other herpesviruses, and
studying the structure and expression of the CMV assembly
protein gene.

MATERIALS AND METHODS

Cells, virus, and fractionation procedures. Human foreskin
fibroblasts were prepared, cultured, and infected with CMV
Colburn (simian strain) as described previously (9). Cells
were separated into nuclear and cytoplasmic fractions by
using 0.5% Nonidet P-40 (NP-40) in phosphate buffer (40 mM
sodium phosphate-150 mM NaCl, pH 7.4) containing 1 mM
phenylmethylsulfonyl fluoride as described previously (9).
Capsids were recovered from the NP-40 nuclear fraction of
infected cells by sonication followed by rate-velocity sedi-
mentation in linear gradients of sucrose (15 to 50% in
phosphate buffer) and were concentrated by pelleting, all as

described elsewhere (22).
RNA isolation, in vitro translation, and SDS-PAGE. Total-

cell RNA was prepared from CMV Colburn-infected fibro-
blasts approximately 70 h postinfection by disrupting the
cells in guanidine thiocyanate (4) and recovering the RNA by
pelleting it through a CsCl cushion (14). In vitro translations
were done with a rabbit reticulocyte lysate preparation
(Amersham Corp., Arlington Heights, Ill.) and [35S]methio-
nine, according to manufacturer recommendations. Protein
separations were done by (i) size (sodium dodecyl sulfate-
polyacrylamide gel electrophoresis [SDS-PAGE]) (9, 20), (ii)
electrofocusing followed by size (charge/size two-dimen-
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sional [2-D] PAGE) (10), or (iii) nonreducing SDS-PAGE
followed by reducing SDS-PAGE (nonreducing/reducing 2-D
SDS-PAGE) (see below). Radiolabeled proteins in gels were
detected by fluorography (1, 3, 21); densitometric measure-
ments from fluorograms were made as described before (9).

Peptide comparisons. Peptide comparisons following par-
tial proteolysis were done essentially as described by Cleve-
land et al. (5); cleavage products were resolved with a 16%
polyacrylamide gel cross-linked with diallyltartardiamide
(17).
2-D separations of tryptic peptides were done as follows.

Proteins were separated by SDS-PAGE, and the resulting gel
was soaked for 30 min in water containing a mixed bed resin
(AG 501-X8; Bio-Rad Laboratories, Richmond, Calif.) to
reduce the amount of SDS and other ions. The gel was then
soaked in 1 M sodium salicylate for 1 h (3) and dried at 60°C,
and protein bands were located by alignment of positioning
dots (Glow Juice; IBI, New Haven, Conn.) following fluo-
rography. Bands of interest were excised from the gel,
rehydrated, soaked extensively in water to eliminate sodium
salicylate, equilibrated in 50 mM sodium bicarbonate, and
pulverized by forcing them through a stainless steel screen
(CX-60; Small Parts, Inc., Miami, Fla.) at the bottom of a
syringe barrel. The remaining gel "paste" was removed
from the screen and syringe tip by rinsing with a small
volume of 50 mM sodium bicarbonate. Tolylsulfonyl phenyl-
alanyl chloromethyl ketone-trypsin (Worthington/Du Pont,
Wilmington, Del.; 10 to 20 jig/ml of gel slurry) was added,
the suspension was incubated with gentle mixing for 12 to 18
h at room temperature, and then 10 jig of fresh trypsin was
added and incubation was continued for 2 h. Gel fragments
were removed by gently forcing the slurry through two disks
of prefilter paper (AP25 042 00; Millipore Corp., Bedford,
Mass.); if necessary, the gel fragments were soaked again in
50 mM sodium bicarbonate and similarly filtered to more
completely elute the peptides. Clarified peptide-containing
solutions were lyophilized, suspended in water, and relyoph-
ilized; then they were suspended in peptide electrophoresis
buffer (pH 1.9) and concentrated again by lyophilization;
finally they were resuspended in 10 ,ul of peptide electropho-
resis buffer and spotted onto the lower left corner of a
microcrystalline cellulose thin-layer plate (20 by 20 cm) (no.
5757; E. Merck AG, Darmstadt, Federal Republic of Ger-
many). The plate was immediately dampened by covering it
with a piece of blotter paper (23 by 23 cm) prewetted in
electrophoresis buffer and having a 1.5-cm hole correspond-
ing in position to the sample origin on the thin-layer plate.
Electrophoresis toward the cathode was at 1 kV for 20 min.
The plates were then dried and subjected to ascending
chromatography in a large chamber (model 500; Shandon
Southern Instruments, Inc., Sewickley, Pa.; four plates per
chamber) containing butanol-pyridine-acetic acid-water (75:
50:15:60) until the solvent front was 1 to 2 cm from the top of
the plates.

Radiolabeled peptides were detected in gels by using
diphenyloxazole in dimethylsulfoxide (1, 21) or on thin-layer
plates by using En3Hance spray (Du Pont, NEN Research
Products, Boston, Mass.) according to manufacturer instruc-
tions.

Antibody production. CMV Colburn B-capsid proteins
were subjected to SDS-PAGE in 10% polyacrylamide gels
and visualized by staining with Coomassie brilliant blue (7);
the proteins were excised from the gel, completely destained
in 10% acetic acid-25% 2-propanol, equilibrated against
water for 1 h, and then stored at -80°C until used. In
preparation for immunization, gel fragments containing the

assembly protein were pulverized by forcing them through a
fine screen (CX-60; Small Parts, Inc.), and combined with an
equal volume of Freund complete adjuvant (GIBCO Labo-
ratories, Grand Island, NY). This material was injected
subcutaneously and intramuscularly into a female New
Zealand White rabbit. Booster injections of antigen in Fre-
und incomplete adjuvant were given 5, 11, and 17 weeks
later. Approximately 50 ,ug of assembly protein was used for
the primary injection; later injections contained approxi-
mately 20 ,ug each. Two weeks after the final injection, blood
was obtained from the ear vein of the rabbit and allowed to
clot for 1 h at room temperature. The clot contracted
overnight at 4°C and was removed. The resulting serum
preparation was clarified by low-speed centrifugation (1,500
x g for 5 min at 4°C) followed by high-speed centrifugation
(12,000 x g for 3 min at 4°C) and stored at -80°C until used.
Immunoassays. Proteins synthesized in rabbit reticulocyte

lysates containing [35S]methionine or [35S]cysteine were
immunoprecipitated as follows. Ten microliters of lysate was
combined with 5 VI of rabbit antiserum to the CMV Colburn
assembly protein, and phenylmethylsulfonyl fluoride was
added to a final concentration of 1 mM. The reaction mixture
was incubated for 60 min at room temperature and then
overnight at 4°C with continuous gentle agitation. After
incubation, the reaction mixtures were vortexed, transferred
into new tubes, combined with a slurry of protein A-
Sepharose beads (5 mg per reaction), and incubated for 4 h at
4°C with continuous gentle mixing. Bead-bound antigen-
antibody complexes were recovered by low-speed centrifu-
gation, and the beads were rinsed four times in 1 h with 0.1%
NP-40 in phosphate buffer. The beads were then rinsed in
phosphate buffer without detergent, collected by low-speed
centrifugation, and combined with an equal volume of twice-
concentrated SDS-PAGE sample buffer (containing or lack-
ing P-mercaptoethanol, as indicated below).
Immunoassay of proteins after electrotransfer to nitrocel-

lulose (27) was done as described before (8, 11). Pronase was
included to promote transfer of high-molecular-weight pro-
teins; rabbit antiserum to the CMV Colburn assembly pro-
tein (see above) was used at a dilution of 1:100; antibodies
were detected by using 125I-protein A followed by fluorog-
raphy.

Protein sequencing. B capsids were disrupted by heating
them at 80°C for 3 min in 50 mM Tris, pH 7.0, containing
0.1% SDS and 0.1% ,B-mercaptoethanol, and proteins were
separated by high-performance liquid chromatography
(HPLC). A C-4 column (214TP54; Vydac, Hesperia, Calif.)
was developed with a reverse-phase gradient of acetonitrile
in 0.1% trifluoroacetic acid (mobile phase, 0 to 80%) and
0.1% trifluoroacetic acid (aqueous phase). At a flow rate of 1
ml/min, the assembly protein eluted at approximately 30 min
and at an acetonitrile concentration of approximately 45%.
Similar results were obtained when the capsids were sub-
jected to HPLC after being disrupted in 6 M guanidine and
1% P-mercaptoethanol. The assembly protein-containing
fraction was lyophilized, and the protein was suspended in
acetonitrile-water-acetic acid (30:60:10), spotted onto a Po-
lybrene-treated glass fiber filter, and subjected to gas-phase
sequencing (model 470A; Applied Biosystems, Inc., Foster
City, Calif.). When no amino acids were observed after four
cycles of sequencing, the disk was removed and treated with
50 RI of CNBr (70 mg/ml of 70% formic acid; treatment at
room temperature overnight in the dark). After removal of
the CNBr by lyophilization, the treated protein was again
subjected to gas-phase amino acid sequence analysis.
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FIG. 1. Identification of possible precursor to CMV Colburn
assembly protein. Cells either infected with virus (Inf.) or mock
infected (M) were pulse-radiolabeled for 2 h (P) or pulse-labeled and
chased for 5 h (C), separated into cytoplasmic (Cyto.) and nuclear
(Nuc.) fractions, and subjected to SDS-PAGE followed by fluorog-
raphy, as described in the text. [35S]methionine-labeled CMV Col-
burn B-capsid proteins were included as markers (B-Cap.). Proteins
are designated as explained elsewhere (9, 17): MCP, 145-kDa MCP;
MPs, 69- and 66-kDa upper and lower matrix proteins; DB51,
51-kDa DNA-binding protein; 45K, 45-kDa B-capsid protein; 40K,
40-kDa putative precursor to assembly protein; AP, 37-kDa assem-
bly protein; mCP, 34-kDa mCP. Dots adjacent to lane c indicate the
position of the 40K protein.

RESULTS

Pulse-chase radiolabeling identifies apparent precursor to
assembly protein. Cultures were labeled for 20 min or 2 h
with [35S]methionine (200 ,uCi/ml in normal medium) 3 days
after infection, and then they were either processed imme-
diately for SDS-PAGE (pulse) or rinsed to remove the
radiolabel and incubated in fresh medium for an additional 30
min to 24 h (chase) (see legends to Fig. 1 and 3 for specific
times). All cell preparations were separated into NP-40
cytoplasmic and nuclear fractions and analyzed by SDS-
PAGE (Fig. 1). As noted before (9), the assembly protein
became prominent only after a chase interval and was
localized to the nuclear fraction (Fig. 1, lane h). An apparent
precursor form of the 37-kDa assembly protein was also
detected. This slightly larger protein (i.e., the 40,000-molec-
ular-weight [40K] protein) was present primarily in the
cytoplasmic fraction of 2-h pulse-labeled cells (Fig. 1, lane c)
and had approximately the same radiolabeling intensity as
the 5-h chase-labeled assembly protein. 2-D separation
(charge/size PAGE) (Fig. 2) showed that this 40-kDa appar-
ent precursor (Fig. 2, pAP) of the assembly protein is slightly
more basic in net charge than the assembly protein.

Electrofocusing

MCP

'' UMA

LM C/n
LM51,8

_.pAP C)

AP

mcP

FIG. 2. 40K protein is slightly more basic than assembly protein.
Equal volumes of the NP-40 cytoplasmic fraction containing pulse-
labeled 40K protein (i.e., the material in Fig. 1, lane c) and the
NP-40 nuclear fraction containing labeled assembly protein (i.e.,
material in Fig. 1, lane h) were combined and subjected to electro-
focusing (basic proteins on right, acidic proteins on left) followed by
SDS-PAGE and fluorography as described in Materials and Meth-
ods. Protein abbreviations: UM and LM, upper and lower matrix
proteins, respectively; pAP, 40K protein (putative precursor to
assembly protein); others are described in the legend to Fig. 1.

Further evidence for a kinetic relationship between the
40K protein and the assembly protein came from a second
pulse-chase experiment in which shorter pulse (20 min) and
chase intervals were used (Fig. 3). The results showed that
as the 40K protein slowly disappeared from the cytoplasmic
fraction over a 24-h period, the amount of assembly protein
in the nuclear fraction slowly increased, with an initial lag
period of 1 to 2 h. After 6 h, 80% of the radioactivity in the
pulse-labeled precursor band was present in the nuclear
assembly protein band. This calculation assumes the loss of
two methionines from the carboxy terminus of the precursor
during processing, as discussed below. Compartmentaliza-
tion of these two proteins was strong.
40K protein is synthesized in vitro. RNA from Colburn-

infected cells was translated in vitro to determine whether
either the 40K protein or the assembly protein could be
demonstrated to be a primary translation product. When the
resulting proteins were separated by SDS-PAGE, a band
was seen at the position of the 40K protein, but nothing was
seen at the position of the assembly protein (Fig. 4A). To
verify that the pulse-labeled intracellular 40K protein and the
in vitro synthesized 40K protein were related to each other
and to the assembly protein, a peptide comparison was done.
[35S]cysteine labeling followed by cyanogen bromide cleav-
age was considered, but it proved unfeasible because of the
absence of cysteine in the assembly protein (Fig. 4B, AP).
Parenthetically, all of the other capsid proteins (i.e., MCP,
45K, mCP, 28K, and the smallest capsid protein [Fig. 4B,
SCP]) and tegument proteins (e.g., the high-molec-
ular-weight protein, basic phosphoprotein, and the upper
and lower matrix proteins) were found to contain cysteine;
the 38K and 39K proteins were not detected by cysteine
labeling, possibly because of their small amounts (9, 10).
As an alternative to cyanogen bromide, V-8 protease was

used as described by Cleveland et al. (5) to partially digest
the proteins and compare their peptide patterns. The results
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FIG. 3. Pulse-chase radiolabeling of 40K and assembly proteins
in CMV Colburn-infected cells. Cells infected with CMV Colburn
(Infected) or mock infected (M) were pulse-labeled for 20 min (P) or
pulse-labeled and chased for 0.5, 1, 2, 3, 4, 6, or 24 h, separated into
cytoplasmic (Cytoplasm) and nuclear (Nucleus) fractions, and sub-
jected to SDS-PAGE followed by fluorography, as described in the
text. Protein abbreviations are described in the legends to Fig. 1 and
2; the position of the 40K protein is indicated by an asterisk to the
left of the lane containing the pulse-labeled, infected-cell cytoplas-
mic fraction.

of this experiment (Fig. 4C) demonstrated that intracellular
pulse-labeled 40K protein, the 40K protein synthesized in
vitro, and the assembly protein gave rise to the same
[35S]methionine peptide pattern. The absence of additional
or altered peptides in the two 40K protein patterns, com-
pared with that of the 37-kDa assembly protein, suggests (i)
that the V-8 cleavage site which generates the 33-kDa
peptide from all three proteins is cleaved with high efficiency
and (ii) that the cleavage product that would be expected to
differ between the assembly protein and the 40K proteins
(i.e., 4 kDa versus 7 kDa, respectively), was too small to
have been resolved in this gel.
Other B-capsid and in vitro-synthesized proteins immuno-

logically cross-reactive with the assembly protein. Other re-
lated forms of the assembly protein were identified by using
an antiserum to SDS-PAGE-purified assembly protein, pre-
pared as described in Materials and Methods. The antiserum
was specific for the assembly protein, as demonstrated by
immunoblotting (Fig. 5, lanes b and c), but it also reacted
with three much less abundant B-capsid proteins (lane c)
referred to as the 45K, 39K, and 38K proteins (17). The
relatedness of these minor species to the assembly protein
was confirmed by the similarity of their tryptic peptide
patterns following 2-D separations (Fig. 6).

Immunoprecipitation assays to identify immunologically
related proteins synthesized in vitro were also done with this
antiserum. Because cysteine is present in the 45K protein
(Fig. 4B), as well as in the deduced amino acid sequence of

* 15

FIG. 4. Comparisons of the 40K and assembly proteins by in
vitro synthesis, [35S]cysteine labeling, and partial proteolysis. (A)
RNA from Colburn-infected cells was prepared and translated in a
rabbit reticulocyte lysate (IVT+) as described in Materials and
Methods. A control lysate lacking added RNA was also tested
(IVT-). The 40K protein was identified in the NP-40 cytoplasmic
fraction (Cyto) of CMV Colburn-infected cells (I) pulse-labeled with
[35S]methionine, and the assembly protein (AP) was identified in the
corresponding pulsed and chased NP-40 nuclear fraction (Nuc).
Parallel fractions from mock-infected cells (M) were also analyzed.
Protein abbreviations are described in the legends to Fig. 1 and 2.
(B) B capsids were recovered from the NP-40 nuclear fraction of
5-day-infected cells labeled with either [35S]cysteine (200 ,uCi/ml of
normal medium) or [35S]methionine (200 uCi/ml of normal medium).
Shown is a fluorogram of the radiolabeled proteins after SDS-
PAGE. Protein abbreviations: BPP, 119-kDa basic phosphoprotein;
28K, 28-kDa B-capsid protein; SCP, 10-kDa smallest capsid protein;
others are described in the legends to Fig. 1 and 2. Open circles
above AP indicate the positions of the 38-kDa and 39-kDa proteins;
the dot in the right margin above MCP indicates the position of the
high-molecular-weight protein (17). (C) [35S]methionine-labeled as-
sembly protein (AP) from B capsids, 40K protein (40K) from the
NP-40 cytoplasmic fraction of pulse-labeled infected cells, and 40K
protein from infected-cell RNA translated in vitro (iv4OK) were
subjected to partial proteolysis during SDS-PAGE as described by
Cleveland et al. (5). V-8 protease (100 ,ug) was added to the three
lanes on the right; no protease was added to the three lanes on the
left. Protein and fragment sizes (103 kDa) are indicated in the right
margin.
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FIG. 5. Specificity of rabbit antiserum to CMV Colburn assem-
bly protein. Unlabeled and [35S]methionine-labeled B capsids were
recovered from the NP-40 nuclear fraction of infected cells, sub-
jected to SDS-PAGE and electrotransferred to nitrocellulose, and
probed with antiserum to the assembly protein or with a preimmune
serum from the same animal. Shown here are the following samples:
lane a, [35S]methionine-labeled B-capsid proteins revealed by a long
autoradiographic exposure prior to immunoassay; lane b, a compar-
atively short fluorographic exposure of lane a after Western immu-
noassay with antiserum to the assembly protein and [125I]protein A
used to reveal only immunoreactive bands (note absence of promi-
nent [35S]methionine-labeled bands, i.e., MCP, MP, and mCP); lane
c, nonlabeled B-capsid proteins (approximately three times the
amount present in lane a) after immunoassay and fluorographic
exposure together with lane b (note detection of 45K and 39- and
38-kDa proteins [the last two indicated by open circles in left
margin]); lane d, a replicate of lane c reacted with the preimmune
serum before fluorographic exposure together with lanes b and c.

the assembly protein precursor (see Fig. 10), both [35S]
cysteine and [35S]methionine were tested as labels. The
translation products were immunoprecipitated with the anti-
assembly protein serum, as described in Materials and

45K 39K

Methods, and separated by SDS-PAGE. Fluorograms pre-
pared from the resulting gel showed that over 90% of the
radioactivity immunoprecipitated from the [35S]methionine-
labeled preparations was present in the 40K band (Fig. 7,
lane d). Prolonged exposure revealed three additional minor
bands (i.e., less than 1% of the intensity of the 40K band) at
approximately 94, 85, and 63 kDa, respectively. The 40K
protein was also detected in the [35S]cysteine-labeled prep-
aration (Fig. 7, lane c; the band is faint and may not show in
photo reproductions), but the heavy and light chains of the
antibody molecules in the immunoprecipitates were labeled
too (e.g., asterisks in Fig. 7, lanes c and e), indicating
disulfide formation between cysteine residues in these pro-
teins and free [35S]cysteine in the lysate. Nevertheless,
whether the observed 40K protein labeling was due to
biosynthetic incorporation, nonmetabolic disulfide forma-
tion, or both, it indicates the presence of cysteine.

Disulfide interactions of assembly protein and related forms.
Confirming the predicted cysteine in the assembly protein
precursor was important to the argument that posttransla-
tional processing of the precursor removed its carboxy end
(discussed below). Because the [35S]cysteine labeling results
described above were ambiguous, the ability of the precur-
sor to form intermolecular disulfide cross-links was tested as
an alternative assay for the presence of cysteine. It was first
shown by using B capsids that the 45K protein, which
contains cysteine (Fig. 4B) and is closely related to the
assembly protein (Fig. 5, lane d, Fig. 6), disappeared from
the pattern under nonreducing conditions, and a 95-kDa
band of about the same intensity appeared (Fig. 8A). The
identity of this 95-kDa band as a dimer of the 45K protein
was established by 2-D (nonreducing/reducing) SDS-PAGE
separation (Fig. 8B). This experiment also showed that the
assembly protein did not form intermolecular disulfide link-
ages (i.e., it was present only on the diagonal), as expected
from its lack of cysteine, and that the mCP (i.e., 34-kDa) and
28K proteins were present both as monomers and in disul-
fide-linked complexes with Mrs which suggest the following
compositions: (i) mCP-28K heterodimers (i.e., 60 to 62 kDa),
(ii) pentameric forms of the mCP (i.e., 160 to 170 kDa), and
(iii) large aggregates unable to enter the first-dimension gel
and containing MCP in addition to the mCP and the 28K
protein.
When in vitro-synthesized 40K protein (Fig. 9, iv4OK) was

mixed with B-capsid marker proteins and similarly analyzed,
most remained monomeric and appeared on the diagonal;

38K AP
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b

a I' .
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w

FIG. 6. Tryptic peptide comparison of assembly protein with immunologically related 45-, 39-, and 38-kDa B-capsid proteins.
[35S]methionine-labeled B-capsid proteins were separated by SDS-PAGE and processed for tryptic peptide comparison as described in
Materials and Methods. The peptides were separated first by electrophoresis (left to right) at pH 1.9 and then by chromatography (bottom to
top). The sample origin appears as the lower leftmost spot. Fluorographic exposures were made after the plates were sprayed with En3Hance.
Letters denote spots that appeared to be common to all four patterns. The assembly protein (AP) was present in much greater amounts than
the other proteins (i.e., 20- to 90-fold) and yielded a correspondingly darker pattern.
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FIG. 7. Antiserum to assembly protein immunoprecipitates in
vitro-synthesized 40K protein. RNA was prepared from CMV
Colburn-infected cells and translated in rabbit reticulocyte lysates
containing [35S]methionine (Met) or [35S]cysteine (Cys); the result-
ing proteins were subjected to immunoprecipitation with either
antiserum to the assembly protein (Anti AP) or a preimmune serum
from the same animal (Prelm.), all as described in Materials and
Methods. Shown here is a fluorogram of the resulting proteins
following SDS-PAGE. The position of the 40K protein is indicated
in lane a, which contains [35S]methionine translation products
before immunoprecipitation (+RNA). A [35S]methionine-labeled
lysate with no added RNA (Blank) is shown in lane b. Asterisks
indicate positions of immunoglobulin G heavy chain as determined
from the Coomassie brilliant blue staining pattern.

however, some formed homodimers (Fig. 9; indicated by an
open circle below the 45K dimer), confirming the presence of
cysteine.
Amino acid sequencing. Approximately 200 pmol of

HPLC-purified assembly protein was subjected to amino
acid sequence analysis in order to substantiate the deduced
amino acid sequence of the assembly protein precursor (25),
to determine whether translation begins at the first or second
potential start site, and to verify that precursor cleavage
removes the carboxy end of the protein, as indicated by the
cysteine results presented above. Although the intact protein
yielded no sequence after four cycles, indicating a blocked
amino terminus, useful data were obtained after in situ
cleavage with CNBr. The deduced amino acid sequence of
the assembly protein precursor contains 11 methionine res-
idues, predicting 11 corresponding CNBr peptides (Fig. 10).
The first 10 amino acids of each of these peptides, including
products of incomplete cleavages, are shown in Fig. 11
(extensions resulting from incomplete cleavage are indicated
by lowercase letters in peptides 1, 4, 5, and 6). With the
exceptions of peptides 4 and 11, each of these was predicted
to give rise to amino acids in one or more cycles that were

unique to it (i.e., "indicator residues" that were not ex-

pected at that cycle in the other peptides), and which thereby
established the presence of that peptide in the mixture.

FIG. 8. Disulfide interactions of B-capsid proteins. [35S]methio-
nine-labeled B capsids were recovered from the NP-40 nuclear
fraction of infected cells and subjected to SDS-PAGE. (A) Fluoro-
gram showing the patterns of B-capsid proteins solubilized in the
presence (+SH) or absence (-SH) of ,-mercaptoethanol. (B) Flu-
orogram showing the pattern of B-capsid proteins after 2-D separa-
tion, first in the absence of P-mercaptoethanol (Nonreducing) and
then in its presence (Reducing). Single-dimension separations of the
same preparation under similar conditions are shown for reference
above and to the left of the 2-D pattern.

The data obtained from this experiment are presented in
Fig. 11 and can be summarized as follows. First, the pres-
ence of all predicted indicator residues (underlined and
boldface in Fig. 11) except cycle 9 Arg in peptide 9 (signal
too weak to confirm) support the deduced amino acid
sequence (Fig. 10) and establish the presence of peptides 2,
3, 5, 6, 7, 8, and 9 in the mature assembly protein. Amino
acids that would have been diagnostic for incompletely
cleaved peptides were not detected (e.g., Met, Ser, Val, Thr,
and Pro in peptide 1; Met, Arg, Asp, and Pro in peptide 4;
Met in peptide 5; and Trp in peptide 6). Second, the absence
of all predicted indicator amino acids for peptide 10 (i.e.,
Val, Asp, Leu, Asn, Arg, Leu, Phe, and Val) establishes the
absence of this peptide from the mixture and strengthens the
argument that maturational processing removes the carboxy
end of the assembly protein precursor. Third, the histidine
indicator for peptide 1 was not detected, consistent with this
peptide representing the amino-terminal end of the protein
and containing the blocked amino acid that prevented se-

quencing of the intact protein. Conversely, all four indicator
residues for peptide 2 were detected, thereby establishing
that its amino terminus is not blocked and that it therefore
does not contain the amino-terminal end of the assembly
protein. Finally, the presence of methionine and aspartic
acid in the first cycle (not shown in Fig. 11, but 169 and 558
pmol, respectively, relative to 323 pmol for two prolines) is
not readily explained. Although methionine could originate
from incomplete cleavage by CNBr at the Met-Met junction
of peptides 5 and 6 and aspartic acid could result from
deamidation of asparagine 1 in peptide 3, it is also possible
that these residues reflect unanticipated modifications during
the first cycle of sequencing or the presence of contami-
nants.

DISCUSSION

This report presents evidence that the 37-kDa B-capsid
assembly protein of strain Colburn CMV is derived from a
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Nonreducing-

45K

..o _iv40K- A

mCP

28K

FIG. 9. 40K protein synthesized in vitro forms disulfide-linked
homodimers. RNA from infected cells was translated in vitro, and
the resulting [3SS]methionine-labeled proteins were combined with
[35S]methionine-labeled B capsids and subjected to SDS-PAGE. (A)
Fluorogram showing the patterns of the mixture solubilized in the
presence (+SH) or absence (-SH) of 3-mercaptoethanol. *, mo-
nomeric AP; *, dimeric 45K. (B) Fluorogram showing the pattern of
the protein mixture after 2-D separation, first in the absence of
P-mercaptoethanol (Nonreducing) and then in its presence (Reduc-
ing). Protein abbreviations: iv4OK, 40-kDa protein synthesized in
vitro; others are described in the legends to Fig. 1 and 4. The open
circle is just to the right and above the position of the dimeric form
of iv4OK.

40-kDa precursor by processing that includes eliminating a

carboxy-terminal portion of the precursor. Pulse-chase ra-

diolabeling experiments showed that these two proteins
exhibited a typical precursor-product relationship (Fig. 3).
Essentially no product (i.e., assembly protein) was labeled
during the pulse, little precursor (i.e., 40K protein) remained
following a chase interval of 6 h or longer, and the final
amount of product approximated the starting amount of
precursor. Also consistent with a precursor-product rela-
tionship between these two proteins was the finding that only
the 40K protein was synthesized in vitro (Fig. 7). The
relatedness of the 40K proteins synthesized in vivo and in
vitro to the assembly protein was established by peptide
comparison and immunoprecipitation (Fig. 6 and 7). These
results indicate that the 40K protein is the primary transla-
tion product of the assembly protein mRNA but do not
exclude the possibility that it represents a comparatively
stable intermediate derived from a primary product that is
very short lived, both in vivo and in vitro.

Modification of the precursor to assembly protein oc-
curred slowly, with a 1- to 2-h lag before the appearance of
readily detectable product, and required over 6 h for maxi-
mal conversion (Fig. 3). It also correlated with the appear-
ance of the assembly protein in the nuclear fraction and with
the movement of MCP and mCP into the nuclear fraction
following a 1- to 2-h lag. The reason for this lag in precursor
cleavage and its correlation with nuclear partitioning is
unknown, but one plausible explanation is that cleavage
accompanies or catalyzes the incorporation of NP-40-soluble
capsid proteins into comparatively insoluble structures (e.g.,

procapsid) which then remain in the NP-40 nuclear pellet
fraction. In this connection, the observation of capsids
presumably containing noncleaved p40 (i.e., the counterpart
of assembly protein precursor) in nuclei of cells infected at
the restrictive temperature with HSV type 1 mutant ts1201
(24) suggests that precursor cleavage follows (perhaps to
stabilize) some earlier organizational step.
The estimated 3-kDa difference in size between the assem-

bly protein and its precursor is due to removal of the
carboxy-terminal end of the precursor. Three lines of evi-
dence support this conclusion. First, the cysteine residue
predicted near the carboxy end of the precursor (Fig. 10) (25)
and evidenced here by intermolecular disulfide cross-linking
(Fig. 9) is not present in the assembly protein (Fig. 4B and 8).
Second, partial sequence analysis of purified assembly pro-
tein showed that although a peptide beginning 4 residues
from the predicted amino terminus of the precursor was
present in the mature protein, a peptide beginning 16 resi-
dues from the predicted carboxy terminus of the precursor
was absent (i.e., CNBr peptides 2 and 10, respectively; Fig.
10 and 11). Third antipeptide sera to the amino-terminal 13
residues of the deduced precursor (i.e., anti-AP-Nl) reacted
with the assembly protein as well as the precursor, but a
similar antiserum to the carboxy-terminal 22 residues of the
precursor (i.e., anti-AP-Cl) reacted only with the precursor
(J. Comolli, J. Slemmons, P. Schenk, and W. Gibson,
unpublished findings). Although the site of cleavage has not
been determined, the 3.8-kDa estimated size of the minimal
cleavage peptide (i.e., 32 carboxy-terminal residues through
cysteine) is close to the 3-kDa observed difference in Mr
between the precursor and the assembly protein and sug-
gests that cleavage may occur just before the cysteine
residue. We are investigating the possibility that an eight-
amino-acid sequence around the cysteine (i.e., -Gly-Val-
Val-Asn-Ala-Ser-Cys-Arg-) contains or determines the
cleavage site. This sequence is absolutely conserved be-
tween the assembly proteins of simian and human strains of
CMV (i.e., Colburn and AD169, respectively) and partially
conserved (i.e., -Val-Asn-Ala-Ser-) at a corresponding posi-
tion in the deduced amino acid sequence of the HSV type 1
assembly protein (i.e., p40/ICP35e) precursor.

Resolving the question of whether assembly protein trans-
lation begins at the first or second potential start site (i.e.,
nucleotide 96 or 108, respectively) (Fig. 10) was complicated
by the finding that the amino terminus of the HPLC-purified
protein was blocked. However, by cleaving the protein with
CNBr and then subjecting the resulting mixture of peptides
to simultaneous sequencing (Fig. 11), it was determined that
translation most likely proceeds from the first methionine.
This conclusion was based on the detection of CNBr peptide
2 (i.e., the presence of indicator Thr, Pro, Ser, and Thr in
cycles 5, 6, 9, and 10, respectively) but not peptide 1 (i.e.,
the absence of indicator His in cycle 2), a result which would
be expected if peptide 1 contained the blocked amino termi-
nus of the protein and peptide 2 were internal and opened to
sequencing by CNBr cleavage. It is noted that the same
results could have been obtained if translation began at the
second methionine, but only if that initiation methionine was
not removed cotranslationally as usual and subsequently
became blocked.

It was also demonstrated that three low-abundance B-
capsid proteins, referred to as the 45K, 39K, and 38K
proteins (17), are closely related to the assembly protein
(Fig. 5 and 6). On the basis of results presented here and data
from unpublished nucleotide sequencing, peptide compari-
sons, and experiments with antipeptide sera (unpublished
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CCAGTGTTCGTCCCGCCGAGCAGGAG G AGAAAAA
N-SerValSerProAlaGluGlnGluThrCysAspIleLysValGluLys

GAGCGGCCGAAGGAGCCAGAGCAGAGCCACGTACCGACCGAGTCAATGCT
GluArgProLysGluProGluGlnSerHisValProThrGluSeriEer

IASL;t1AIUAUljILCCG.1A.1S.A U UjSC CGACGwI 1wUG1C1 CT1
HisPro,erAlaValAlaThrProAlaAlaSerThrValAlaProSer

CAGGCGCCGCTGGCGCTGGCCCATGACGGTGTTTA1TTACCTAAAGACGCT
GlnAlaProLeuAlaLeuAlaHisAspGlyValTyrLeuProLysAspAla

TTTTTCTCGCTCATCGGGGCCAGTCGTCCCCTGGCCGAGGCGGCGGGAGCG
PhePheSerLeuIleGlyAlaSerArgProLeuAlaGluAlaAlaGlyAla

TCCTCGGATGAGGAAGAGGACATGAGTTCCCXGGAAGCCGACCACGGC
SerSerAsp spMetSerPheProGlyGluAlaAspHisGly

AAGGCTCGGAAAAGACTCAAAGCTCATCACGGGCGTGATAATAACAACTCT
LysAlaArgLysArgLeuLysAlaHisHisGlyArgAspAa Ser

GGGAGCGATGCCAAGGGCGATCGGTACGACGACATTCGGGAAGCGTTACAG
GlySerAspAlaLy3GlyAspArgTyrAspAspIleArgGluAlaLeuGln

GAGCTGAAGCGCGAGAT1CTGGCCGTGCGGCAGATCGCGCCACGTGCGCTC
GluLeuLysArgGluMetLeuAlaValArgGlnIleAlaProArgAlaLeu

TTGGCCCCCGCACAGCTAGCGACGCCCGTGGCrTCTCCGACAACGACCACG
LeuAlaProAlaGlnLeuAlaThrProValAlaSerProTrbTrb

TCGCATCAAGCCGAGGCTAGCGAACCTCAGGCATCGACTGCCGCTGCCGCG
SerHisGlnAlaGluAlaSerGluProGlnAlaSerThrAluB1aArgAlaAlaTyrProAlaValP-PorPCAlaTyrProValMetAsn

TATGAGGACCCCTCCTCACGTCACTTTGACTACAGTGCCTGGCTGCGGCGG
TyrGluAspProSerSerArgHisPheAspTyrSerAlaTrpLeuArgArg

CCAGCTTATGACGCCGTGCCTCCCCTGCCTCCTCCCCCCGTCATGCCCATG
ProAlaTyrAspA1aValProProLeuProre.PrValMetProMet~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
CCGTATCGCAGACGCGACCCCATGATGGAGGAGGCCGAGCGCGCCGCCTGG
ProTyrAmAAspProMetMetGluGluAlaGluArgAlaAlaTrp

GAGCGCGGGTACGCGCCTTCTGCTTATGACCACTACGTGAACAACGGCTCC
GluArgGlyTyrAlaProSerAlaTyrAspHisTyrValAsnAsnGlySer

TLCGCIGLAACCGCTT(T.GCACGGCAGUCAAGTlGUCAACGUGGGGTG
SerProSerThrAlaSerSerHisGlySerLysSerAlaGluArgGlyVal

Lz1UAAjLit;( wT UT1wUiLUI-MI wLT.I1.jlUWAGULUAAASA.66L.I X

ValAsnAlaSerCysArgValAlaProProLeuGluAlaValAsnProPro

AAGGACAT TGGACTTGAATCGTCGCCTGTTTGTGGCGGCGTTGAATAAA
LysAspMetValAspLeuAsnArgArgLeuPheValAlaAlaLeuAsnLys

ATGGAATAAAAACTCGTAC_
MetGluEELysLeuValGlnLysLysLysLys-C

TGGTCGCGGAGCCGCAGCGGCGCGCTCAAGAGGCGAAGGGAGCGCGACGCG
TrpSerArgSerArgSerGlyAlaLeuLys J;luArgAspAla

FIG. 10. Deduced amino acid sequence of the CMV Colburn assembly protein precursor containing 11 methionine residues and
corresponding CNBr peptides. Shown here for orientation are the previously determined nucleotide and amino acid sequences for the
assembly protein (25) with the predicted CNBr cleavage sites numbered sequentially from the amino-terminal end of the protein.

data), the simplest interpretation of the relationship of these
proteins to each other and to the assembly protein is as
follows. The 39K protein has the same amino- and carboxy-
terminal ends as the precursor (i.e., it reacted with anti-
peptide sera specific for the amino- and carboxy-terminal

Cycle Number

mm .1 2and 4th 2 6th ZUI lih SZh 10t

1 Ser a Pro met ser ab ta ab th po
2 Ser Ala Val Ala Thr Pro Ala Ala _tEr Thr
3 Asn Tyr Glu Aa Pro Ser Ser "A Hij Phe
4 Pro me PM tvr a sa sar aw PM met
5 Pro Tyr AMArg Arg AnParo t met g/u
6 Mt_O giu& ab glu asu ab a hp g/u
7 Glu Glu A_a _lu Arg Ala Ala Trp Glu kg
8 Ser PeJ Pro Gl Glu Ala Asp His G Ln
9 Ala Val Ar aL Ala PM Ala
10 ~~~k b Arg Ala

1 1 Glu
FIG. 11. Summary of partial amino acid sequence data obtained

from purified assembly protein.HPLC-purified assembly protein
was subjected to 4 cycles of sequencing without results, cleaved in
situ with CNBr, and subjected to another 10 cycles of sequencing, as
described in the text. Shown here are the first 10 residues of the 11
predicted CNBr peptides indicated in Fig. 10. Amino acids in bold
underlined type are diagnostic (indicators) for the presence of the
corresponding CNBr peptides; the only such diagnostic residues
that were not detected are highlighted by shading. Amino acids in
lowercase italic type (see peptides 1, 3, 4, and 5) would have been
detected if CNBr cleavage had not been complete; none was
detected.

portions of the precursor [anti-AP-Nl and anti-AP-Cl, re-
spectively]); it comigrated during SDS-PAGE with the assem-
bly protein precursor, whose size was previously estimated to
be 40 kDa (25); and it is thought to be a capsid-incorporated
assembly protein precursor. The 38K protein has the same
amino terminus as the precursor (i.e., it reacted with anti-
AP-N1); it lacks the extreme carboxy-terminal portion of the
precursor (i.e., it did not react with anti-AP-Cl); it has an M,
between those of the 40K precursor and the 37-kDa assem-
bly protein; and it is therefore thought to represent a
capsid-incorporated, partially processed form of the precur-
sor (i.e., it retains some, but not all, of the precursor carboxy
domain absent from the assembly protein). The 45K protein
has the same carboxy terminus as the assembly protein and
appears to contain the entire amino acid sequence of the
assembly protein but differs from the assembly protein by
having a peptide extension at its amino-terminal end that
appears to arise from translation beginning at a potential
start site 345 nucleotides upstream of and in frame with the
assembly protein-coding sequence.
The recognition of a precursor-product relationship be-

tween the 40K protein and the assembly protein further
underscores the similarity between this CMV capsid protein
and its HSV counterpart VP22a (12, 13; now referred to as
p40 [15, 24] or ICP35e [2]), which is also derived from a
larger precursor (2, 24). Furthermore, our recent finding that
the CMV assembly protein arises from the 3' end of a much
larger gene (i.e., 1,770 bp; L. McNally and W. Gibson,
unpublished results) indicates additional similarities in the
genetic organization of these counterpart herpesvirus pro-
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teins and raises new questions about their transcription,
translation, and maturation.
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