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A cDNA encoding the 37-kilodalton (kDa) capsid assembly protein of cytomegalovirus (CMV) strain Colburn
was isolated from a Xgtll library constructed from CMV Colburn-infected human fibroblast RNA. RNA
transcribed in vitro from this cDNA was translated in vitro to give a 40-kDa protein whose electrophoretic
mobility during sodium dodecyl sulfate-polyacrylamide gel electrophoresis and fragmentation pattern following
partial proteolysis were indistinguishable from those of authentic assembly protein precursor. The position of
the assembly protein gene was mapped to the EcoRI F, XbaI R, and Sall U restriction fragments, near the
middle of the CMV Colburn genome, by Southern hybridizations using the cloned assembly protein cDNA as

a probe. Similar sequences were identified by cross-hybridizations in colinear regions of the genomes of human
CMV strains Towne and AD169: specifically, in the Hindlll H, BamHI V, and EcoRI A fragments of Towne
and in the HindIII L and BglII S fragments of AD169. The predominant transcript of the assembly protein gene

was determined to be approximately 1 kilobase in size; however, a larger transcript (1.8 kilobases) was also
identified. The nucleotide sequence of the assembly protein cDNA was determined and found to contain a single
long open reading frame predicted to encode a polypeptide of 36.6 to 37 kDa, close to the 40-kDa size
determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis for the assembly protein precursor.
The presence of a single cysteine residue at the carboxy-terminal end of this open reading frame is consistent
with data from biochemical studies and indicates that processing of the assembly protein precursor includes a

proteolytic cleavage that removes its carboxyl end.

The principal intranuclear capsid form recovered from
fibroblast cells infected with human or simian strains of
cytomegalovirus (CMV) is referred to as a B-capsid because
of its similarity to a previously described particle in herpes
simplex virus (HSV)-infected cells (8, 13). The most distin-
guishing characteristic of 13-capsids is the presence of an
abundant protein constituent, the assembly protein, that has
apparent counterparts in other herpesviruses and is thought
to be a group-common species (8, 13). Unlike the other
abundant capsid proteins, the assembly protein is derived by
cleavage from a precursor, is phosphorylated, is in the size
range of 35 to 40 kilodaltons (kDa), and is not found in the
mature virion. Although the function of this protein is not
known, several lines of evidence are consistent with it
having a role in capsid assembly or DNA packaging or both
(16, 21a, 26, 30).
To learn more about the structure of the assembly protein

and as a first step toward studying its function through
genetic manipulation, it was necessary to identify its gene. In
the present study, we describe the isolation of a cDNA
encoding the assembly protein of CMV strain Colburn from
a cDNA library constructed in Xgtll. This cDNA was used
to map the position of the assembly protein gene in the CMV
Colburn genome and to localize homologous regions in the
genomes of two human CMV (HCMV) strains. The number
and size of assembly protein transcripts in infected fibro-
blasts and the nucleotide sequence of the cDNA were also
determined.

MATERIALS AND METHODS
Cells, viruses, and plasmids. Human foreskin fibroblasts

were prepared, cultured, and infected with CMV Colburn

* Corresponding author.

(simian strain) and HCMV strains Towne and AD169 as
described previously (8, 9). The strains of Escherichia coli
used were Y1090 (r- AlacUJ69 ProA+ Alon araDI39 strA
supF [trpC22::TnlO] hsdR HsdM+ [pMC9]) (12), XL1-Blue
(recAl endAI gyrA96 thi hsdRJ7 [rk- mk+] supE44 relAl A-
lac [F' proAB lacIqA AM15 TnJO {Tetr}]) (4), and K-12
JM101 [supE thi A(lac proAB) (F' traD36 proAB lacIqZ
AM15)] (34). The CMV cDNA library was constructed in
Xgtll (35). The E. coli plasmids pBluescript KS+ (referred
to here as pBSKS+) (Stratagene, San Diego, Calif.) and
pUC18 (34) were also used in this study.

Culture media and growth conditions. For the purpose of
plating out Xgtll, E. coli Y1090 was grown in TB medium
containing 10 g of tryptone (Difco Laboratories, Detroit,
Mich.) and 5 g of NaCl per liter; the medium was adjusted to
pH 7.4 and supplemented with 10 mM MgSO4, 0.2% malt-
ose, and 100 ,ug of ampicillin per ml after autoclaving. E. coli
Y1090 was otherwise grown in liquid or agar-solidified
NZYM medium (24) containing 100 p.g of ampicillin per ml.
E. coli XL1-Blue and K-12 JM101 were routinely grown in L
broth containing 10 g of tryptone, 5 g of yeast extract
(Difco), and 10 g of NaCl per liter; the medium was adjusted
to a final pH of 7.2. E. coli K-12 JM101 was maintained on
glucose-minimal medium agar containing the following (per
liter): 6 g of Na2HPO4, 3 g of KH2PO4, 1 g of NH4Cl, 0.5 g
of NaCl, 0.493 g of MgSO4- 7H20, 14.7 mg of CaCl2- 2H20,
1 mg of thiamine hydrochloride, 0.2 g of glucose, and 15 g of
minimal agar; the medium was adjusted to pH 7.0. Bacterial
cultures were grown in liquid with vigorous aeration at 37°C.
Growth was measured spectrophotometrically at 550 nm.
RNA and DNA isolation. Total-cell RNA was prepared

from CMV Colburn-infected fibroblasts 70 h postinfection by
disrupting the cells in guanidine thiocyanate (5) and, subse-
quently, recovering the RNA by pelleting through a CsCl
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cushion (11). Poly(A)+ RNA was selected by column chro-
matography on poly(dT)-cellulose (1). CMV DNA was pre-
pared from extracellular virions as described previously (10,
19). DNA was isolated from bacteriophage X recombinants
as described by Leder et al. (21). Plasmid DNA was isolated
by an alkaline lysis procedure (3) as modified by Maniatis et
al. (24). Covalently closed supercoiled DNA was purified by
CsCl-ethidium bromide equilibrium density gradient centrif-
ugation, n-butanol extractions, and dialysis against 10 mM
Tris hydrochloride-1 mM EDTA (pH 8.0) (24, 27).

Restriction endonuclease digestions, ligation reactions, and
transformation protocols. Restriction endonuclease diges-
tions, dephosphorylation reactions using calf intestinal alka-
line phosphatase, and ligations using T4 DNA ligase were
carried out as specified by the manufacturers. Agarose gel
electrophoresis was used to analyze plasmids, phage DNA,
endonuclease restriction fragments, and ligation reaction
products. Agarose gels were prepared and run in 40 mM
Tris-acetate-2 mM disodium EDTA-0.5 pLg of ethidium
bromide per ml. DNA was detected by illumination with a
short-wavelength UV transilluminator. HindIII-digested X
DNA and HaeIII-digested 4X174 replicative-form DNA
were used as molecular size markers. Low-melting-point
agarose (FMC Corp., Marine Colloids Div., Rockland,
Maine), Elutip-d columns (Schleicher & Schuell, Inc.,
Keene, N.H.), and Spin-X centrifuge filter units (Costar,
Cambridge, Mass.), were used to recover and purify DNA
fragments from preparative gels as specified by the manu-
facturers. Transformation of E. coli strains was carried out
by a CaCl2 shock procedure (23).

Construction of the cDNA library. cDNA was synthesized
from poly(A)+ RNA obtained from fibroblasts infected with
CMV Colburn using a commercial cDNA synthesis system
(Amersham Corp., Arlington Heights, Ill.) according to
manufacturer recommendations. Following methylation of
internal EcoRI restriction endonuclease sites in the cDNAs
by EcoRI methylase (New England BioLabs, Inc., Beverly,
Mass.), EcoRI linkers were attached to the cDNAs. The
cDNA molecules were ligated into the EcoRI site of predi-
gested Xgtll (Protoclone GT; Promega Biotec, Madison,
Wis.). Packaging of recombinant phage was carried out using
an in vitro packaging extract (Stratagene). E. coli Y1090 (r-)
was used to plate out and amplify recombinant phage (12).

Screening protocol. Recombinant phage containing cDNA
encoding the assembly protein were identified by a modifi-
cation of the immunoassay protocol of Huynh et al. (12).
Monospecific antisera, previously raised against the purified
37-kDa assembly protein (W. Gibson, A. Irmiere, and J.
Lee, submitted for publication), biotinylated goat anti-rabbit
immunoglobulin G, streptavidin-conjugated peroxidase, and
4-chloro-1-naphthol were used in an in situ enzymatic immu-
noassay according to manufacturer specifications (Bethesda
Research Laboratories, Inc., Gaithersburg, Md.; BRL Prod-
ucts for Immunodetection, Applications Guide, May 1984).

Hybridizations. Radiolabeled, denatured double-stranded
assembly protein cDNA probes were synthesized by oligo-
labeling with [a-32P]dCTP and the Klenow fragment ofDNA
polymerase I according to manufacturer specifications (Phar-
macia, Inc., Piscataway, N.J.). Conditions for Southern
transfer (31) were as described by Maniatis et al. (24).
Southern hybridizations and washes were performed in
aqueous conditions at 68°C when both probe DNA and target
DNA were complementary. In cross-hybridization experi-
ments, annealing reactions were performed at 37°C in 40%
formamide and washes were carried out at 50°C. Denaturing
agarose gels containing 0.66 M formaldehyde were used for

Northern (RNA) transfers (22, 33) as described by Davis et
al. (6). Northern blots were routinely hybridized at 50°C in
50% formamide solutions and washed in aqueous solutions
at 50°C. Hybrid selections (28) and hybrid-arrested transla-
tions (25) of assembly protein mRNA were carried out using
agarose gel-purified assembly protein cDNA and CMV Col-
burn-infected fibroblast total cell RNA.
cDNA transcriptions. RNA transcripts were prepared from

recombinant pBSKS+ using T7 RNA polymerase as de-
scribed in the Bluescript Exo/Mung DNA Sequence System
Instruction Manual (Stratagene). Both sense and antisense
RNA transcripts were synthesized.
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FIG. 1. APcDNA1 antisense transcript inhibits in vitro transla-
tion of the 40-kDa assembly protein precursor, and sense transcript
is translated to give a 40-kDa protein. Sense and antisense tran-
scripts were prepared in vitro from cloned APcDNA1. Each was
added to RNA from CMV Colburn-infected cells, heated, allowed to
hybridize, translated in a rabbit reticulocyte lysate, and subjected to
SDS-PAGE. Lanes: a, Colburn-infected-cell RNA; b, infected-cell
RNA plus sense transcript of APcDNA1; c, infected-cell RNA plus
antisense transcript; d, sense transcript alone; e, antisense tran-
script alone; f, blank translation with no RNA added. The asterisk
indicates a protein whose position is shown by an arrow in Fig. 2.
Inf. Infected. K, Kilodaltons.
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FIG. 2. Product made by APcDNA1 sense transcript is the
40-kDa assembly protein precursor. The 40-kDa assembly protein
precursor translated from infected-cell RNA (Inf. Cell) and the
40-kDa band translated from APcDNA1 sense RNA (Clone) were

labeled with [35S]methionine, separated by SDS-PAGE, and indi-
vidually subjected to partial proteolysis using S. aureus V8 prote-
ase. The resulting peptide patterns were indistinguishable, demon-
strating that APcDNA1 sense RNA encodes the assembly protein.
The arrow indicates the position of the protein translated from
infected-cell RNA but not from the APcDNA1 transcript (see
asterisk in Fig. 1).

In vitro translations, SDS-PAGE, and peptide comparisons.
In vitro translations were carried out using a rabbit reticu-
locyte lysate preparation (Amersham) and [35S]methionine
according to manufacturer recommendations. In vitro trans-
lation products were analyzed by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) as de-
scribed by Laemmli (17) in gels with an acrylamide monomer
concentration of 10%. Samples were prepared for electro-
phoresis by adding an equal volume of a solution containing
4% SDS, 20% (vol/vol) ,-mercaptoethanol, 10% (vol/vol)
glycerol, 0.02% bromphenol blue, and 0.1 M Tris hydrochlo-
ride (pH 7.0) and by heating at 100°C for 3 min.
[35S]methionine-labeled proteins were detected in gels by
fluorography (20) with prefogged Kodak X-Omat AR film
(Eastman Kodak Co., Rochester, N.Y.). Peptide compari-
sons were done as described previously (2); Staphylococcus
aureus V8 protease was used as the cleavage enzyme.
DNA sequence determination. cDNA insert APDNA1,

from which the assembly protein precursor could be pro-
duced in vitro, was excised with EcoRI from a Xgtll
recombinant DNA, purified by preparative agarose gel elec-
trophoresis, and subcloned into pBSKS+. Restriction endo-
nuclease fragments of this cDNA were also purified and
subcloned into pBSKS+. Competent E. coli XL1-Blue cells
were transformed with these recombinant plasmids. The
transformants were infected with the M13 helper phage
R408, which preferentially packages single-stranded recom-
binant pBSKS+ DNA over its own genome. Single-stranded
recombinant plasmid DNA was prepared from the culture
supernatants of the R408-infected cells by a polyethylene
glycol-ammonium acetate precipitation procedure as out-
lined in the Bluescript Exo/Mung DNA Sequence System
Instruction Manual. The dideoxynucleotide chain termina-
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FIG. 3. Southern analysis localizes CMV Colburn assembly pro-
tein gene. Two independent cDNA clones of the Colburn assembly
protein (APcDNA1, left panel; APcDNA2, right panel) were radio-
labeled and used as probes against genomic CMV Colburn DNA that
had been cleaved with one of the three restriction endonucleases
indicated at the top. Both probes recognized the same restriction
fragments: XbaI R, SalI U, and EcoRI F. The sizes (in kilobases) of
X marker fragments (Lambda) are indicated to the left.

tion method of Sanger et al. (29) was used for DNA sequence
determinations; however, the protocol was modified for use

with Sequenase, and altered T7 DNA polymerase (United
States Biochemical Corp., Cleveland, Ohio). DNA was

labeled with [a-35S]dATP (Amersham) during the sequenc-
ing reaction. Both strands were sequenced.

Chemicals and reagents. Restriction endonucleases were

purchased from New England BioLabs, Bethesda Research
Laboratories, and Boehringer-Mannheim Biochemicals (In-
dianapolis, Ind.). T4 DNA ligase was purchased from
Promega-Biotec. Calf intestinal alkaline phosphatase was

obtained from Boehringer-Mannheim. All other chemicals
were of standard or ultrapure reagent grade.
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FIG. 4. Genomic localization ofHCMV Towne (B) and AD169 (C) fragments that cross-hybridize to CMV Colburn (A) APcDNA1. Shown
here is a summary of Southern analyses in which radiolabeled Colburn APcDNA1 was used as a probe to identify cross-hybridizing restriction
endonuclease fragments from genomic DNA of HCMV Towne and AD169. The cross-hybridizing fragments (indicated by open rectangles)
were approximately colinear in all three CMVs. Physical maps of the Colburn, Towne, and AD169 DNAs are from LaFemina and Hayward
(18) and Spector et al. (32).

RESULTS

Identification of the assembly protein cDNA. Two recom-
binant Agtll phage, each of which produced a fusion protein
that reacted positively with anti-assembly protein serum,
were selected for further study and plaque purified. The
cDNA inserts, designated here as APcDNAl and APcDNA2
(AP = assembly protein), were excised from Xgtll with
EcoRI and subcloned into the E. coli plasmids pUC18 and
pBSKS+ to facilitate DNA preparation. Electrophoresis of
the cDNA inserts in agarose gels revealed that APcDNA1
was slightly smaller than APcDNA2, approximately 1,050
base pairs (bp) versus 1,150 bp, respectively.
To verify that APcDNA1 encodes the strain Colburn

assembly protein, sense and antisense transcripts were pre-
pared from the APcDNA1 insert by using the T3 and T7
promoters in the pBluescript KS+ vector. Each transcript
was allowed to anneal with RNA prepared from CMV
Colburn-infected cells. In vitro translation of the resulting
RNA mixtures (Fig. 1) showed that the 40-kilodalton (kDa)
assembly protein precursor was synthesized in the prepara-
tions containing infected-cell RNA either alone (lane a) or
with the APcDNA1 sense transcript (lane b) but not in
the preparation containing infected-cell RNA and the
APcDNA1 antisense transcript (lane c). This inhibitory
effect of the antisense transcript was both complete and

highly selective for assembly protein synthesis, consistent
with APcDNA1 being from the coding region of the assem-
bly protein gene.

Translation of the APcDNA1 sense transcript alone in
vitro (Fig. 1) resulted in the synthesis of a protein that
comigrated with the 40-kDa assembly protein precursor
(lane d); no protein was translated from antisense APcDNA1
alone (lane e). Comparison by partial proteolysis of the
APcDNA1 protein product with authentic assembly protein
precursor translated from infected-cell RNA (e.g., Fig. 1,
lanes d and a, respectively) showed that the two were
indistinguishable (Fig. 2). Taken together, these results
indicate that APcDNA1 encodes the complete assembly
protein precursor.

Consistent results were obtained in initial experiments
that used denatured APcDNAl to selectively (i) interfere
with translation of assembly protein mRNA and (ii) hybrid-
ize translatable assembly protein mRNA from a preparation
of total RNA from CMV Colburn-infected fibroblasts (data
not shown).

Southern analysis. Purified CMV Colburn DNA was di-
gested to completion with the restriction endonucleases
XbaI, Sall, and EcoRI and subsequently hybridized in a
Southern blot to radiolabeled APcDNA1, APcDNA2, or
pUC18. Both APcDNA1 and APcDNA2 hybridized to the

J. VIROL.
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same fragments of CMV Colburn DNA (Fig. 3): XbaI R (3.6
kilobases [kb]), Sall U (3.3 kb), and EcoRI F (9.3 kb). Each
of these restriction endonuclease fragments fell within the
same area of the CMV Colburn genome (Fig. 4). Radiola-
beled pUC18 served as a negative control and did not
hybridize to any of the CMV Colburn DNA fragments.

Cross-hybridization experiments done by probing restric-
tion endonuclease digestion fragments ofHCMV Towne and
AD169 with radiolabeled APcDNA1 identified an approxi-
mately colinear region of these HCMV genomes that had
sequence similarity to CMV Colburn APcDNA1. The spe-
cific HCMV fragments that hybridized to APcDNA1 were
HindlIl H (12.5 kb), BamHI V (3.9 kb), and EcoRI A (27.7
kb) of HCMV Towne and Hindlll L (12.0 kb) and BglII S
(8.0 kb) of HCMV AD169. Results consistent with the above
were obtained when the cloned HCMV Towne HindIll H
fragment, excised from plasmid pRL108A (kindly provided
by R. LaFemina and G. Hayward), and an EcoRI-XbaI
digest of genomic HCMV AD169 were hybridized to radio-
labeled APcDNA1 (autoradiogram not shown). Assignment
of restriction fragments ofCMV Colburn and HCMV Towne
and AD169 was based on the data of LaFemina and Hay-
ward (18) and Spector et al. (32). Under similar hybridization
conditions APcDNA1 did not cross-hybridize to any of the
BamHI or Asp-718 restriction fragments from HSV type 1
(HSV-1) strain 17 DNA (kindly provided by S. Silverstein)
(data not shown).

Transcript analysis. Unfractionated CMV Colburn-
infected fibroblast RNA was subjected to electrophoresis in
a denaturing formaldehyde-agarose gel, blotted to nitrocel-
lulose (Northern transfer), probed with radiolabeled, dena-
tured double-stranded APcDNA1, washed, and visualized
by fluorography (Fig. 5). Two RNA transcripts were identi-
fied, and their sizes were calculated on the basis of their
electrophoretic migration relative to those of RNA marker
molecules. The smaller transcript (ca. 1 kb) was predomi-
nant. The intensity of the larger transcript (ca. 1.8 kb) was
less than 15% that of the 1-kb band. Although the position of
the 1.8-kb band was close to that of 18S rRNA, it is unlikely
that it was the result of spurious hybridization of APcDNA1
to rRNA because (i) its relative intensity was essentially the
same at different hybridization stringencies; (ii) APcDNA1
did not hybridize to species in the mouse RNA preparation,
even though it had comparable amounts of 18S rRNA; and
(iii) the relative amounts of the 1- and 1.8-kb bands were the
same in nonselected (i.e., whole-cell RNA) and poly(dT)-
cellulose-selected [i.e., poly(A)+ mRNA] RNA preparations
(data not shown).
DNA sequence analysis. DNA sequence analysis estab-

lished that APcDNA1, which encodes the CMV Colburn
assembly protein, consists of 1,054 bp, including a 16-bp
poly(dA- dT) sequence at the 3' end. The complete nucleo-
tide sequence and predicted amino acid sequence are shown
in Fig. 6. A computer analysis of this sequence revealed only
one open reading frame long enough to encode the approx-
imately 40-kDa assembly protein precursor detected by
SDS-PAGE. This sequence begins at nucleotide 3 and ends
at nucleotide 1025. There are two ATG codons, beginning at
positions 96 and 108 near the 5' end of the open reading
frame, which could serve as start sites of translation. As-
suming that translation initiates at either the first or the
second of these two codons, a polypeptide of ca. 37 or 36
kDa, respectively, would be synthesized.
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FIG. 5. Two RNA transcripts identified by APcDNA1. Infected-
cell RNA was subjected to electrophoresis in a formaldehyde-
agarose gel, transferred to nitrocellulose, and probed with radiola-
beled APcDNA1 (Colburn). Two transcripts with estimated sizes of
1.8 and 1.0 kb were identified. No cross-hybridizing transcripts were
detected in a similarly prepared RNA sample from mouse 3T3 cells
(Mouse). The positions of marker RNAs of known size (in kilobases)
are indicated to the right (Markers).

DISCUSSION

In this study a Xgtll cDNA library was prepared from
CMV Colburn-infected-cell RNA and screened for recombi-
nants expressing antigens recognized by a monospecific
rabbit antiserum to the B-capsid assembly protein. Initial
characterizations of the resulting antigen-positive clones
indicated that APcDNA1 contained an insert just large
enough to encode the 40-kDa assembly protein precursor,
and it was therefore selected for further study.

Direct evidence that this insert does encode the assembly
protein was provided by showing that its sense transcript
could be translated in vitro to give a product having the same
electrophoretic mobility during SDS-PAGE and the same
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Nucleotide: 10 30 50

CCAGTGTTTCGCCCGCCGAGCAGGAIGM
SerValSerProAlaGluGlnGluThrCysAspIleLysValGluLys

70 90

GAGCGGCCGAAGGAGCCAGAGCAGAGCCACGTACCGACCGAGTCAATGTCT
GluArgProLysGluProGluGlnSerHisValProThrGluSerEM er

110 130 150

570 590 610

TCCTCGGATGAGGAAGAGGACATGAGTMTTCCCGGGGAAGCCGACCACGGC
SerSerAs j jG1uaspMetSerPheProGlyGluAlaAspHisGly

630 650

AAGGCTCGGAAAAGACTCAAAGCTCATCACGGGCGTGATAATAACAACTCT
LysAlaArgLysArgLeuLysAlaHisHisGlyArgAs r

670 690 710

CACCCTATGAGCGCCGTGGCTACTCCGGCGGCCTCGACCGTCGCGCCTTCT
HisPromE$SerAlaValAlaThrProAlaAlaSerThrValAlaProSer

170 190

CAGGCGCCGCTGGCGCTGGCCCATGACGGTGTTTATTTACCTAAAGACGCT
GlnAlaProLeuAlaLeuAlaHisAspGlyValTyrLeuProLysAspAla

210 230 250

GlyGAGACAlLyGGGATCGGTACGACGACATTCGGGuAlAGCTACAG
GlySerAspAlaLysGlyAspArgTyrAspAspIleArgGluAlaLeuGln

730 750

GAGCTGAAGCGCGAGATGCTGGCCGTGCGGCAGATCGCGCCACGTGCGCTC
GluLeuLysArgGluMetLeuAlaValArgGlnIleAlaProArgAlaLeu

770 790 810

TTTTTCTCGCTCATCGGGGCCAGTCGTCCCCTGGCCGAGGCGGCGGGAGCG
PhePheSerLeuIleGlyAlaSerArgProLeuAlaGluAlaAlaGlyAla

270 290

CGCGCCGCGTATCCGGCTGTCCCGCCGCCACCCGCGTATCCGGTAATGAAT
ArgAlaAlaTyrProAlaValZr ErEDDAaTyrProValMetAsn

310 330 350

TTGGCCCCCGCACAGCTAGCGACGCCCGTGGCTTCTCCGACAACGACCACG
LeuAlaProAlaGlnLeuAlaThrProValAlaSerProMroMeI r

830 850

TCGCATCAAGCCGAGGCTAGCGAACCTCAGGCATCGACTGCCGCTGCCGCG
SerHisGlnAlaGluAlaSerGluProGlnAlaSerThr!

870 890 910

TATGAGGACCCCTCCTCACGTCACTTTGACTACAGTGCCTGGCTGCGGCGG
TyrGluAspProSerSerArgHisPheAspTyrSerAlaTrpLeuArgArg

370 390

ProAlaTyrAspAlaValProProLeufroErooPEmValMetProMet

410 430 450

TCGCCGTCAACCGCTTCGTCGCACGGCAGCAAGTCGGCCGAACGCGGGGTG
SerProSerThrAlaSerSerHisGlySerLysSerAlaGluArgGlyVal

930 950

GTGAACGCCTCGTGTCGCGTTGCGCCTCCGTTGGAGGCTGTGAACCCCCCT
ValAsnAlaSerCysArgValAlaProProLeuGluAlaValAsnProPro

970 990 1010

CCGTATCGCAGACGCGACCCCATGATGGAGGAGGCCGAGCGCGCCGCCTGG
ProTyrArgArAspProMetMetGluGluAlaGluArgAlaAlaTrp

470 490

GAGCGCGGGTACGCGCCTTCTGCTTATGACCACTACGTGAACAACGGCTCC
GluArgGlyTyrAlaProSerAlaTyrAspHisTyrValAsnAsnGlySer

510 530

AAuuA%-Wl-W 'A%̂ A. IJIJ*LUiUVWJi iUAA MAAU
LysAspMetValAspLeuAsnArgArgLeuPheValAlaAlaLeuAsnLys

1030 1050

ATGGAATAAAAACTCGTACAAAAAAAAAAAAAAAA
MetGlui.l2LysLeuValGlnLysLysLysLys

550

TGGTCGCGGAGCCGCAGCGGCGCGCTCAAGAGGCGAAGGGAGCGCGACGCG
TrpSerArgSerArgSerGlyAlaLeuLysArArtAfG1luArgAspAla

FIG. 6. Nucleotide sequence of APcDNAl and deduced amino acid sequence of the longest open reading frame. Boldface methionines
indicate the presumed start sites of translation. Other highlighting indicates the locations of a TATA box (TATTAAA)-containing sequence
and several three- and four-amino-acid runs mentioned in the text.

fragmentation pattern following partial proteolysis as the
authentic assembly protein precursor. In addition, the
APcDNA1 antisense transcript hybridized to assembly pro-
tein mRNA from infected cells and blocked its translation in
vitro. Given that APcDNA1 is about the same size as the
predominant RNA species detected by Northern assays
(i.e., about 1 kb; Fig. 5) and that this size is close to that
required to encode the 40-kDa assembly protein precursor, it
is likely that APcDNA1 represents an essentially full-length
copy of the 1-kb RNA and that the 40-kDa assembly protein
precursor is the primary translation product of that predom-
inant transcript.
The assembly protein gene (i.e., the APcDNA1 sequence)

was determined to be located near the middle of the CMV
Colburn genome (i.e., XbaI R fragments), and cross-hybrid-
ization experiments identified a similar sequence at an ap-

proximately colinear position in the genomes of HCMV
AD169 and Towne (Fig. 3). As discussed below, this region
of the HCMV genome contains a sequence with similarities
to Colburn APcDNA1 and is presumed to encode the HCMV
assembly protein (9, 13). Although the gene for the apparent
counterpart HSV-1 assembly protein (i.e., p40) did not
cross-hybridize under the conditions used, nucleotide se-
quence comparison of APcDNA1 and the p40 gene (D.
McGeoch, personal communication) revealed similarities, as
discussed below.

Nucleotide sequence analysis of APcDNA1 showed that it
is 1,054 bp in length and, as expected for a cDNA, has a
poly(dA. dT) sequence at its 3' end. A TATA box (i.e.,
TATTAAA) is present near the 5' end of the sequence. Two
ATG codons, either of which may be a start site of transla-
tion, are also present near the 5' terminus. Neither of these
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codons, however, falls within a sequence resembling the
apparent consensus sequence for the initiation of translation
in vertebrates [i.e., (GCC)GCCA/GCCATGGG] (14). The
long open reading frame which follows these codons has a
coding capacity for a 36.6- to 37-kDa protein, depending on
which of the two is utilized. The slight discrepency between
this calculated size and the 40-kDa size determined by
SDS-PAGE for the assembly protein precursor translated in
vitro from either APcDNA1 or infected-cell mRNA (Fig. 1)
may be due to anomolous migration of the protein (e.g., due
to proline runs) or to posttranslational modification (e.g.,
phosphorylation), which may increase the apparent size of
the protein.
An analysis of the predicted amino acid sequence of the

CMV Colburn assembly protein revealed several unusual
features, including three- and four-residue runs of arginine,
glutamic acid, alanine, asparagine, threonine, and proline as
well as an extensive region around the center of the protein
which scores as very hydrophilic when a hydrophobicity
algorithm is used (15). Additionally, the proline and arginine
runs are located in regions that are rich, overall, in those
residues. These features are reflected in the amino acid
composition of the protein. For example, the assembly
protein contains more than twice the average amount of
alanine, proline, arginine, and methionine residues (7). In
contrast, it is much lower than average in its lysine and
isoleucine content. It is interesting to note that the low lysine
level in the protein may be compensated for by the high level
of arginine, thus positioning the assembly protein near the
average with regard to the amount of basic amino acid
residues it contains. In keeping with its generally hydrophilic
character, the assembly protein contains a lower than aver-
age amount of hydrophobic amino acid residues.
The predicted amino acid sequence of the assembly pro-

tein supports the results of earlier biochemical studies which
indicated that the mature assembly protein is processed from
a slightly larger precursor (Gibson et al., submitted). These
studies showed that the precursor contains cysteine but that
the mature form of the assembly protein, which is about 3
kDa smaller, does not. The presence of a sole cysteine
residue 32 amino acid residues from the carboxy terminus of
the protein indicates that this processing event occurs at the
carboxy-terminal end of the assembly protein primary trans-
lation product.
Lindenmaier and colleagues (A. Necker, S. Krause, B.

Khattab, and W. Lindenmaier, 13th International Herpesvi-
rus Workshop, abstr. no. 190, 1988; personal communica-
tion) have sequenced a region of the AD169 Hindlll L
fragment, the HCMV fragment that cross-hybridized with
Colburn APcDNA1 (Fig. 4). Comparison of this sequence
with that of Colburn APcDNA1 showed clear similarities,
the most striking of which were as follows: (i) there was a
perfectly conserved nucleotide sequence that includes a
TATA box (i.e., CGTGCGATAITTAAAG) 5' to the putative
initiation codon; (ii) 9 of the first 13 amino-terminal residues
were the same; and (iii) 19 of the last 21 carboxy-terminal
residues were the same.

Nucleotide sequence comparisons revealed that the gene
for HSV-1 p40, the counterpart assembly protein of HSV (8,
9, 13), shares many of these unusual features, including runs
of arginine, proline, alanine, and threonine residues and the
seemingly compensatory ratio of arginine to lysine. How-
ever, in spite of these shared general characteristics, p40 and
the CMV Colburn assembly protein exhibit only limited
amino acid sequence similarity, the best matched sequences
being predominantly in the carboxy-terminal portions of the

proteins. Furthermore, neither the TATA box nucleotide
sequence nor the amino- and carboxy-terminal amino acid
sequence sitnilarities noted above for the HCMV and Col-
burn genes are shared with HSV-1 p40. The lack of extensive
similarity between these CMV and HSV proteins is consis-
tent with the lack of hybridization observed in Southern
assays when APcDNA1 was used to probe the HSV-1
genome (data not shown).

It is of considerable interest that p40, the 40-kDa HSV-1
counterpart of the 37-kDa mature CMV Colburn assembly
protein, is produced by a gene with the coding potential for
a 76-kDa protein (D. McGeoch, personal communication).
This theoretical 76-kDa product may correspond to the
80-kDa protein p80, identified by Zweig et al. (36), which is
immunologically related to p40. The peptide maps of p40 and
p80 were shown to exhibit similarities as well as differences,
and it was concluded that p80 is not a precursor of p40,
although the two do share antigenic determinants. The open
reading frame which encodes p40 does contain an internal
methionine (amino acid 307) which, if used as a translational
initiation site, would give rise to a 39.4-kDa polypeptide. If
the HSV and CMV assembly protein genes are analogously
transcribed and translated, it is possible that the 1.8-kb RNA
detected in CMV Colburn-infected cells (Fig. 5) represents
the coding transcript for a CMV counterpart to HSV-1 p80.
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