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The 34-kDa protein encoded by the I3 gene of vaccinia virus is expressed at early and intermediate times
postinfection and is phosphorylated on serine residues. Recombinant I3 has been expressed in Escherichia coli
and purified to near homogeneity, as has the protein from infected cells. Both recombinant and endogenous I3
protein demonstrate a striking affinity for single-stranded, but not for double-stranded, DNA. The interaction
with DNA is resistant to salt, exhibits low cooperativity, and appears to involve a binding site of approximately
10 nucleotides. Electrophoretic mobility shift assays indicate that numerous I3 molecules can bind to a
template, reflecting the stoichiometric interaction of I3 with DNA. Sequence analysis reveals that a pattern of
aromatic and charged amino acids common to many replicative single-stranded DNA binding proteins (SSBs)
is conserved in I3. The inability to isolate viable virus containing an interrupted I3 allele provides strong
evidence that the I3 protein plays an essential role in the viral life cycle. A likely role for I3 as an SSB involved

in DNA replication and/or repair is discussed.

Vaccinia virus, the prototypic member of the poxvirus fam-
ily, replicates in the cytoplasm of the host cell and exhibits a
remarkable degree of genetic autonomy. Compartmentaliza-
tion of the infectious cycle within the cytoplasm implies that
the virus must supply all essential components of the transcrip-
tion and replication machinery. Indeed, vaccinia virus is known
to encode many DNA replicative functions, including a DNA
polymerase with intrinsic 5’-3" polymerization and 3’-5" exo-
nuclease activity, a processivity factor, a DNA ligase, a thymi-
dine kinase, a thymidylate kinase, and a ribonucleotide reduc-
tase (46). Phenotypic analyses of temperature-sensitive (ts)
DNA™ mutants has also revealed essential roles for the Bl
kinase and the D5 nucleoside triphosphatase in DNA replica-
tion. Finally, a virally encoded uracil DNA glycosylase (UDG)
appears to participate in viral replication (5, 26, 44), with a
viral dUTPase playing a supportive role in maintaining the
integrity of the genomic DNA.

Our understanding of the minimal functions required for
vaccinia virus DNA replication remains incomplete, with sev-
eral functions postulated by analogy with other systems as yet
unidentified. The viral and cellular processes of DNA replica-
tion, recombination, and repair share a general requirement
for single-stranded DNA (ssDNA) binding proteins (SSBs).
These accessory proteins form specific complexes with ssDNA
which render it resistant to nucleases and remove barriers of
intramolecular secondary structure. This helix-destabilizing ac-
tivity, as well as the establishment of specific protein-protein
interactions, serves to stimulate several replication enzymes.
For example, both human replication protein A (hRPA) and
bacteriophage T4 gene 32 protein have been found to interact
with and stimulate their cognate DNA polymerases (15, 17).

At the onset of these studies, no vaccinia virus SSB had been
identified biochemically, genetically or by sequence analysis of
the predicted open reading frames (ORFs) encoded by the
genome. Nevertheless, the inability of the purified viral DNA
polymerase to pass through barriers of DNA secondary struc-

* Corresponding author. Present address: Department of Microbi-
ology and Molecular Genetics, Medical College of Wisconsin, 8701
Watertown Plank Rd., Milwaukee, WI 53226. Phone: (414) 456-8253.
Fax: (414) 456-6535. E-mail: ptrakt@mcw.edu.

2917

ture in vitro (3, 24) suggested that an SSB would be essential
for viral replication. Our search for a candidate SSB was
guided by early reports in the literature of various abundant
DNA binding proteins found within virosomes, the cytoplasmic
foci of vaccinia replication. Initial efforts were directed at iden-
tifying the gene encoding a 34-kDa phosphoprotein referred to
variously as polypeptide B (29, 32) or FP11 (30, 33). Fortu-
itously, these experiments led us to the analysis of a distinct
34-kDa polypeptide encoded by the vaccinia I3 gene. Here we
describe the characterization of this protein and demonstrate
that it is the best candidate for a vaccinia virus-encoded SSB.

MATERIALS AND METHODS

Materials. Restriction endonucleases and DNA-modifying enzymes were ob-
tained from Boehringer Mannheim Biochemicals (Indianapolis, Ind.) or New
England Biolabs, Inc. (Beverly, Mass.). [**S]methionine, **P;, and *?P-labeled
nucleoside triphosphates were obtained from Dupont/New England Nuclear
Corp. (Boston, Mass.). Proteins (unlabeled, prestained, and '“C labeled) for use
as molecular weight (MW) standards were obtained from GIBCO/Bethesda
Research Laboratories, Inc. (Gaithersburg, Md.). HindIlI-digested lambda
phage DNA and Haelll-digested phage $X174 DNA size markers were from
New England Biolabs. Protein A-Sepharose and antibiotics were purchased from
Sigma Chemical Co. (St. Louis, Mo.); nitrocellulose was obtained from Schlei-
cher & Schuell (Keene, N.H.). Immunoblots were developed with reagents
obtained from Bio-Rad (Richmond, Calif.). Denatured DNA-cellulose was ob-
tained from Sigma. Phosphocellulose resin was obtained from Whatman BioSys-
tems, Ltd. (Kent, England).

Cells and virus. The WR strain of vaccinia virus and various derivatives were
propagated in BSC40 cells maintained in Dulbecco’s minimal essential medium
(DMEM) supplemented with 5% fetal calf serum (FCS) (GIBCO Laboratories,
Grand Island, N.Y.). For the purification of I3 protein, HeLa cells grown in
suspension culture (Joklik-modified DMEM, 2.5% calf serum, 2.5% horse se-
rum) were infected with vaccinia virus.

Preparation of a bacterial overexpression clone. A 1,511-bp segment of the
vaccinia virus HindIIl 1 genome fragment was subcloned into pUC19, using
HindIIl and BamHI sites in both the insert and vector. This sequence included
about 500 bp of additional sequence 5’ of the I3 ORF and about 300 bp of
additional sequence at the 3" end. The entire I3 ORF, from a BspHI site at the
5’ end of the gene (nucleotide [nt] —3) to an Rsal site at the 3’ end of the gene
(nt +865), was excised from this parental pUC-HindIII-BamHI vector, resolved
by Tris acetate-EDTA-agarose gel electrophoresis, and purified on glass beads
(49). This fragment was cloned into a glass-purified pET 3c backbone (45)
prepared by restriction with Ndel followed by blunting with the Klenow fragment
of Escherichia coli DNA polymerase I. This construct was used to direct the
synthesis of the authentic I3 protein after transformation into competent E. coli
HMS174.

Overexpression of the I3 34-kDa protein. HMS174 cells transformed with the
pET-I3 clone were grown to a density of 4 X 10° cells per ml in the presence of
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maltose (0.2%) and ampicillin (50 wg/ml). Cultures were then induced by infec-
tion with X\ CE6 at a multiplicity of infection (MOI) of 10 PFU per cell; 20 min
of adsorption at room temperature was followed by incubation at 37°C with
agitation for 25 min. Cultures were then shaken at room temperature for 3 h.
Uninduced cultures were grown under the same conditions but were not infected
with A CE6. Some cultures were metabolically labeled for 5 min at the end of the
induction period; labeling was performed in M9 minimal medium supplemented
with [**S]methionine (10 pCi/ml) and the remaining unlabeled amino acids.
Bacteria were collected by centrifugation at 5,000 X g for 5 min. Pellets were
solubilized by freeze-thawing in lysis buffer (1 ml/10 ml of culture) (50 mM Tris
[pH 7.5], 1.0 M NaCl, 10 mM EDTA, 1 mM dithiothreitol [DTT], 10% sucrose)
containing lysozyme (0.2 mg/ml) followed by incubation on ice for 30 min. After
the addition of Triton X-100 to 0.1%, the extract was clarified by centrifugation,
and the supernatant was retained and stored at —20°C.

Preparation of a polyclonal anti-I3 serum. Recombinant I3, overexpressed in
E. coli from the pET-13 vector described above, was excised from a sodium
dodecyl sulfate (SDS)-polyacrylamide gel and used as an antigen for the gener-
ation of a rabbit polyclonal antiserum. The serum was effective in both immu-
noprecipitation and immunoblot (used at a dilution of 1:500) assays.

Metabolic labeling of infected cells. The temporal profile of I3 protein syn-
thesis during viral infections was assessed by immunoprecipitation of extracts
prepared from metabolically labeled cells. BSC-40 cells (107) were infected with
wild-type (wt) virus at an MOI of 15 PFU per cell. After 30 min of adsorption,
the inoculum was removed and the cells were rinsed and fed with DMEM-FCS.
At selected times, the infected cultures were pulse labeled for 30 min with
[**S]methionine (0.1 mCi/ml) in methionine-free DMEM and subsequently har-
vested. Cultures were rinsed with ice-cold phosphate-buffered saline (PBS; 140
mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,, 1.5 mM KH,PO, [pH 7.4]) and
disrupted in phospholysis buffer (100 mM NaPO, [pH 7.4], 100 mM NaCl, 1%
Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate). Lysates were clarified by
microcentrifugation at 4°C and stored at —20°C. I3 phosphorylation was exam-
ined by immunoprecipitation of extracts prepared from cells metabolically la-
beled with *2P; (0.1 mCi/ml) for 2 h in phosphate-free DMEM.

Immunoprecipitation. Thawed lysates representing 1.2 X 10° cells were clar-
ified and incubated with 4 pl of preimmune or anti-I3 serum on ice for 4 h.
Immune complexes were recovered with protein A-Sepharose; bound antigen
was liberated from the complex by boiling in protein sample buffer (1% SDS, 1%
2-mercaptoethanol, 50 mM Tris [pH 6.8], 10% glycerol) and then resolved by
electrophoresis through SDS-12% polyacrylamide gels (19). Dried gels were
visualized by fluorography (2).

Immunofluorescence. BSC40 cells were grown to confluence in Labtek eight-
chamber slides (Nunc, Inc., Naperville, I1l.) and either left uninfected or infected
with wt vaccinia virus at an MOI of 15 in the presence or absence of cytosine
arabinoside (20 pg/ml). At designated times postinfection, slides were chilled on
ice and monolayers were rinsed with cold PBS and then fixed with 4% parafor-
maldehyde in PBS for 15 min at 4°C. Cells were then rinsed two times with cold
PBS, permeabilized with 0.1% Triton X-100 in PBS for 5 min, and rinsed again.
Clarified preimmune or anti-I3 immune serum was then applied for 1 h at a
dilution of 1:50. Cells were washed three times with cold PBS and then incubated
with fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G
(Jackson ImmunoResearch Laboratories, Inc., West Grove, Pa.) at a dilution of
1:100. When used in parallel to detect nucleic acids. Hoechst 33258 (Poly-
sciences, Inc., Warrington, Pa.) was applied at a concentration of 0.5 pg/ml in
PBS. Monolayers were rinsed four times with cold PBS, and then glass coverslips
were mounted over Aquamount (Lerner Labs, Pittsburgh, Pa.). Inmunofluores-
cence was detected with a Microphot EPI FL fluorescence microscope (Nikon,
Inc., Garden City, N.Y.). Photographic slides of these images were then scanned
using a Nikon Coolscan II scanner and Adobe Photoshop software (Adobe
Systems, Inc., San Jose, Calif.). The figures were labeled by using Canvas soft-
ware (Deneba Systems, Inc.), and final images were obtained with a Kodak dye
sublimation printer.

One-dimensional phosphoamino acid analysis. >°P-labeled vaccinia virus-in-
fected cell extracts were subjected to immunoprecipitation as described above.
Protein was eluted from protein A-Sepharose by boiling for 5 min in protein
sample buffer without dye. Proteins were precipitated by the addition of trichlo-
roacetic acid to 10% followed by incubation on ice for 60 min. Precipitates were
collected by microcentrifugation at 4°C for 15 min, rinsed with 100% ethanol
(—20°C), and air dried. Samples were resuspended in 50 pl of constant-boil HCI
(Pierce, Rockford, Ill.) and heated at 110°C for 1 h; hydrolysates were collected
by lyophilization and resuspended in distilled H,O. Hydrolyzed samples and
phosphoamino acid markers (20 nmol) were spotted on thin-layer cellulose F
chromatography plates (EM Separations, Gibbstown, N.J.). Electrophoresis was
performed in pyridine-glacial acetic acid-water (1:10:189) at 2,000 V for 15 min.
The plates were dried, sprayed with ninhydrin (Sigma), developed at 65°C for 20
min, and exposed for autoradiography.

Purification of recombinant I3. Induced pET-I3 bacterial pellets from 2 liters
of culture were frozen, thawed, resuspended in 200 ml of pET lysis buffer
containing 1 M NaCl and 0.2 mg of lysozyme per ml, and incubated for 30 min
on ice. Triton X-100 was added to 0.1%; lysates were subjected to vigorous
vortexing and clarified by centrifugation at 14,000 X g for 30 min. Lysates were
then adjusted to contain 50 mM sodium acetate, 12 mM MgCl,, and 4 mM CaCl,
and then treated with 20 pl of DNase I (0.1 wg/ml) for 30 min at 25°C. The
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reaction was stopped by adding EDTA to 6 mM and EGTA to 3 mM. The lysate
was then dialyzed against 2 liters of buffer A (40 mM Tris [pH 7.4], 50 mM NaCl,
6 mM EDTA, 3 mM EGTA, 1 mM B-mercaptoethanol, 10% glycerol). All
purification steps were performed on a Pharmacia FPLC apparatus at 4°C.
Gradient fractions (and I3 purification profiles) were typically monitored by
immunoblot and silver-stained SDS-polyacrylamide gel analysis. Protein concen-
trations were determined by using the Bradford method and bovine serum
albumin (BSA) as a standard. The dialysate (fraction I, 200 ml) was subjected to
ammonium sulfate precipitation. The 40 to 60% pellet fraction was resuspended
in 20 ml of buffer A and applied to a 15-ml ssDNA-cellulose column that had
been equilibrated with buffer A. The column was developed with an 80-ml linear
gradient containing 50 mM to 2.5 M NaCl. Peak I3 fractions were pooled and
concentrated by reverse dialysis using polyethylene glycol (fraction II). Fraction
1T was subsequently dialyzed against buffer B (50 mM Tris [pH 7.4], 50 mM NaCl,
1 mM EDTA, 2 mM B-mercaptoethanol, 5% glycerol).

Purification of I3 from vaccinia virus-infected cells. HeLa cells (5 X 10%) in
suspension culture were infected with wt vaccinia virus at an MOI of 15 in the
presence of hydroxyurea (10 mM) and harvested at 5 h postinfection (hpi).
Cytoplasmic extracts were prepared by hypotonic lysis as described previously
(25), and fractionated by chromatography on a 25-ml DEAE-cellulose column
equilibrated in DEAE buffer (50 mM Tris [pH 7.4], 1 mM DTT, 1 mM EDTA,
10% glycerol)-50 mM NaCl, and developed with a stepwise elution of NaCl in
DEAE buffer. I3 was recovered in the flowthrough and applied to a 10-ml
ssDNA-cellulose column (equilibrated in DEAE buffer-50 mM NaCl) that was
then developed with a linear gradient of 50 mM to 2.5 M NaCl in DEAE buffer.
Peak I3 fractions were pooled, dialyzed against buffer B, and concentrated by
polyethylene glycol reverse dialysis. The purification yielded approximately 0.5
mg of pure I3 from 5 X 107 infected cells.

Gel filtration analysis of purified endogenous I3. A 200-pl sample containing
25 pg of I3 in 200 mM NaCl-20 mM Tris (pH 7.4)-1 mM DTT-1 mM
EDTA-5% glycerol was injected onto a 24-ml Superdex 75 column. The column
was equilibrated and developed in the same buffer, and chromatography was
performed at 0.25 ml/min on a Pharmacia FPLC apparatus at 4°C. Fractions of
0.5 ml were collected. The profile of I3 within the fractions was determined by
SDS-polyacrylamide gel electrophoresis (PAGE) and immunoblot analysis.
Chromatography was also performed with the following protein standards of
known Stokes radii in order to calibrate the column: BSA, 36.1 A; chicken
ovalbumin, 27.5 A; and myoglobin, 19 A. Dextran blue and L-tryptophan were
used to determine the column’s void and total volumes, respectively. The Stokes
radii and molecular weights of the I3 species observed were calculated by the
method of Siegel and Monty (43).

Electrophoretic mobility shift assays (EMSAs). Oligonucleotides were pre-
pared with an Applied Biosystems (Foster City, Calif.) model 391 DNA synthe-
sizer. Full-length oligonucleotides were purified by using Poly-Pak cartridges
(Glen Research, Sterling, Va.). The 5’ terminus was radiolabeled with
[vy-*>P]ATP and T4 polynucleotide kinase. For the preparation of double-
stranded oligonucleotides, complementary 5'-labeled oligonucleotides were hy-
bridized as described previously (27). DNA probes and protein samples were
mixed in reaction mixtures containing 250 pg of BSA per ml, 20 mM Tris (pH
7.4), 50 mM NaCl, 1 mM EDTA, and 5% glycerol. Then 15-pl reaction mixtures
were incubated at 30°C for 15 min, added to 1 wl of 5X loading buffer, and
analyzed by low-ionic-strength, nondenaturing, 15% polyacrylamide gel electro-
phoresis. Standard vertical gels were cast and run in 0.25X TBE (25 mM Tris, 21
mM boric acid, 0.25 mM EDTA); electrophoresis was performed at 200 V for 4 h
at 4°C. Gels were then dried and exposed for autoradiography. Bands were
quantitated with a phosphorimager.

Denatured DNA-cellulose chromatography of vaccinia virus-infected cell ex-
tracts. BSC-40 cells (1.4 X 10%) were infected with wr vaccinia virus at an MOI
of 15 PFU per cell. Adsorption was carried out for 30 min, at which time
monolayers were rinsed with either methionine-free DME in the case of [**S]me-
thionine labeling or phosphate-free DME in the case of 3*P; labeling. Cells were
then immediately labeled with medium containing either [**S]methionine (0.1
mCi/ml) or 32P; (0.1 mCi/ml) for 5 h. Cytoplasmic extracts were prepared by
hypotonic lysis (25) of labeled cells, and lysates were treated with DNase I as
described above for recombinant protein purification. Each lysate was then
dialyzed against buffer A and applied to a 5-ml ssDNA-cellulose column which
had been equilibrated with buffer A. The columns were developed with a 60-ml
linear gradient of 50 mM-2.5 M NaCl. Resulting fractions were analyzed by
SDS-PAGE (12% gel) and subjected to autoradiography, silver staining, and
immunoblot analysis.

Construction of an I3 null allele by replacing I3 with the Neo" gene. The pUC
HindIII-BamHI plasmid containing 1,511 bp of the HindIII T fragment was
cleaved with Xbal and Bg/II to release a 383-bp fragment representing 46.5% of
the I3 gene. The backbone was then treated with phosphatase, made blunt with
the Klenow fragment of DNA polymerase I, resolved by Tris acetate-EDTA-
agarose electrophoresis, and purified on glass beads. The neomycin resistance
(Neo") gene under the direction of the vaccinia virus early/late p7.5 promoter was
excised from pVVNEO (8) by digestion with Sa/l and Xbal; the termini were
then made blunt with the Klenow fragment of DNA polymerase I. The Neo"
cassette was inserted into the XbalI-Bg/II site of the pUC HindIII-BamHI plasmid
in place of the I3 sequence. Two pI3:NEO constructs, in which the Neo" cassette
was oriented in either direction relative to the flanking sequences, were selected.
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These plasmids retained 752 bp of viral sequence upstream of, and 376 bp
downstream of, the Neo" sequence to facilitate recombination into the vaccinia
virus genome. BSC-40 cells in 35-mm-diameter dishes were infected with wt
vaccinia virus at an MOI of 0.03 PFU per cell; at 3 hpi the replicate dishes were
independently transfected with 3.5 pg of a calcium phosphate precipitate of
either supercoiled or linearized pI3:NEO DNA. G418 (2 pg/ml) was added to
the medium at 15 hpi; cultures were maintained at 37°C in the presence of drug
until 3 days postinfection. Monolayers were harvested and subjected to two
cycles of freeze-thawing to release cell-associated virus. Viral yields were then
titrated, and each stock was independently passaged twice through BSC-40 cells
at 37°C in the presence of G418 to enrich for recombinant progeny. Two rounds
of plaque purification were then performed to prepare Neo™ isolates from each
of 16 original infections/transfections. Eleven of these had been transfected with
supercoiled pI3:NEO (five in one orientation and six in the other); five had
received linearized pI3:NEO (two in one orientation and three in the other).
Viral expansions were then prepared from these isolates, and portions of the
stocks were applied to Zetaprobe (Bio-Rad) with a dot blot apparatus (Bio-
Rad). Duplicate filters were then hybridized with one of four radioactive probes
prepared by nick translation (38): (i) an 8.1-kb fragment derived from the
vaccinia virus HindIII D genomic fragment, (ii) the excised Neo" gene (without
any vaccinia virus sequences), (iii) the 353-bp internal fragment deleted from the
I3 gene during the preparation of pI3:NEO (a probe for the wild-type I3 allele),
and (iv) pUC19 plasmid DNA.

RESULTS

With the aim of identifying a viral SSB, we investigated the
possibility that a protein previously described in the vaccinia
virus literature and designated polypeptide B (29, 32) or FP11
(30, 33) might serve this function. This protein had been de-
scribed as an abundant DNA binding phosphoprotein of 34
kDa which was a major component of virosomes (replication
factories).

We set out to map the gene encoding this protein by using
the technique of hybrid selection (7, 35, 37, 48). HindIII re-
striction fragments spanning the genome were used to select
early viral mRNAs which were in turn translated in vitro;
radiolabeled protein products were resolved on SDS-12%
polyacrylamide gels (data not shown) and compared to *°S-
and *?P-labeled extracts prepared from infected cells. An
abundant 34-kDa protein whose mRNA was selected by the
HindIII I fragment was chosen for further analysis and shown
to be encoded by the I3 ORF.

The I3 gene of vaccinia virus is predicted to encode a 267-
amino-acid protein which exhibits no significant homology with
other protein sequences (9, 16, 39). Transcriptional analysis
has shown that I3 mRNA is synthesized at both early and
intermediate times postinfection. Indeed, the sequences up-
stream of the I3 gene contain characteristic promoter elements
for both early and intermediate vaccinia virus gene expression
(14). From the outset we wished to characterize those proper-
ties of the I3 protein which might bear on its potential as an
SSB. We began by cloning the authentic ORF into expression
vectors which would enable us to obtain large quantities of
recombinant protein for both antibody production and bio-
chemical characterization.

Characterization of the temporal expression pattern of I3
during vaccinia virus infection. Authentic I3 protein was ex-
pressed in E. coli through the use of the pET vector system
(45). Upon induction of the T7 promoter by infection with a
bacteriophage carrying the T7 RNA polymerase gene, the 13
protein accumulated to significant levels (Fig. 1A, lanes 1 and
2). This protein was used in the preparation of a polyclonal
anti-I3 serum as described in Materials and Methods. This
antiserum was used to examine the temporal regulation of I3
protein synthesis and to look at I3 protein localization within
vaccinia virus-infected cells by immunofluorescence.

To determine the temporal profile of I3 synthesis, BSC-40
cells were infected with wt virus at an MOI of 15 PFU per cell
at 37°C, radiolabeled with [**S]methionine for 30 min at vari-
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FIG. 1. Analysis of I3 expression in E. coli and in vaccinia virus-infected cells.
(A) Synthesis of recombinant I3 in E. coli transformants containing plasmid
pET-I3. Extracts from uninduced (U) or induced (I) bacteria are shown in lanes
1 and 2, respectively; the 34-kDa I3 protein is apparent in induced extracts.
Cultures were metabolically labeled with [**S]methionine as described in Mate-
rials and Methods prior to being harvested and analyzed by SDS-PAGE and
fluorography. (B) Temporal profile of I3 synthesis. Parallel cultures were left
uninfected (M), infected with wt vaccinia virus (MOI of 15), and harvested at 2,
3, 4, 6, or 8 hpi or were infected with wr vaccinia virus (MOI of 15) in the
presence of cytosine arabinoside and harvested at 4 hpi (C). Cells were meta-
bolically labeled with [**S]methionine for 45 min prior to being harvested. Ali-
quots of total cellular lysates (lanes 1 to 7) as well as the species recovered after
immunoprecipitation with anti-I3 serum (lanes 8 to 14) were analyzed by SDS-
PAGE and fluorography. (C) I3 is phosphorylated in vivo. Cells infected with wt
vaccinia virus (MOI of 15) were metabolically labeled with 32P; from 1 to 3 or 3
to 5 hpi and harvested at the end of the labeling period. The time of harvest is
shown above the lanes. Lysates were subjected to immunoprecipitation with
preimmune serum (P.I) or anti-I3 serum and subjected to SDS-PAGE and
fluorography. #C-labeled protein standards are shown at the far left in the lane
marked MW, with their molecular masses indicated. The arrow at the far right
shows the position of electrophoretic migration of both recombinant and au-
thentic I3 protein.

ous times postinfection, and harvested immediately. Extracts
were subjected to immunoprecipitation analysis with the an-
ti-I3 serum; the recovered immune complexes were fraction-
ated by SDS-PAGE and visualized by fluorography. The flu-
orographs (Fig. 1B) reveal that the temporal pattern of I3
expression is that of both an early and an intermediate vaccinia
virus protein. Synthesis of I3 in the presence of cytosine arabi-
noside verifies that it is indeed an early gene (Fig. 1B, lane 14).
That it is also an intermediate gene is demonstrated by the
observation that although I3 synthesis is initiated by 2 hpi (lane
9), it reaches maximal levels at 3 to 4 hpi (lanes 10 and 11).
That I3 is not a late gene is evident by the fact that synthesis
begins to decline by 6 hpi and is minimal by 8 hpi (lanes 12 and
13). This profile of protein synthesis is mirrored in immunoblot
analyses of I3 accumulation (data not shown), which show that
13 levels have reached a plateau by 8 hpi. This temporal profile
would ensure that I3 was present at the onset of DNA repli-
cation and throughout its duration but suggests that I3 is un-
likely to be a major component of newly assembled virions.
Immunoprecipitation analysis was also used to assess the
phosphorylation of I3 in vaccinia virus-infected cell extracts
(Fig. 1C). BSC-40 cells were infected with wt vaccinia virus at
an MOI of 15 PFU per cell at 37°C and radiolabeled with **P;
at various times postinfection. Extracts were subjected to im-
munoprecipitation with anti-I3 serum. Substantial levels of 13
phosphorylation were seen in extracts labeled from 1 to 3 or 3
to 5 hpi (Fig. 1C, lanes 2 and 3). No such radiolabeled species
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FIG. 2. I3 is phosphorylated on serine residues. Cells were infected with wt
virus (MOI of 15) and metabolically labeled with 3?P;. Lysates were prepared and
subjected to immunoprecipitation with anti-I3 serum. Liberated immune com-
plexes were subjected to trichloroacetic acid precipitation and then to hydrolysis
with HCI. The hydrolysates were mixed with phosphoamino acid markers either
individually (lanes 1 through 3) or as a mixture (lane 4). Samples were then
applied to thin-layer cellulose plates and resolved by high-voltage electrophore-
sis. Markers were visualized by color development with ninhydrin; radiolabeled
phosphoamino acids derived from I3 were visualized by autoradiography. The
dotted wickets indicate the positions of migration of the phosphoserine (pS-
erine), phosphothreonine (pThreonine), and phosphotyrosine (pTyrosine) mark-
ers. The position of migration of free phosphate is indicated, as is the application
origin.

was recovered when preimmune serum was used instead (Fig.
1C, lane 1).

I3 is phosphorylated on serine residues. >’P-labeled I3 im-
munoprecipitates were used as substrates for phosphoamino
acid analysis. Briefly, liberated I3 immunocomplexes were pre-
cipitated, resuspended in concentrated HCI, and subjected to
partial hydrolysis by heating at 110°C for 1 h. Lyophilized
amino acids were then analyzed by one-dimensional high-volt-
age thin-layer electrophoresis. As shown in Fig. 2, in which
identical samples were mixed with unlabeled phosphoamino
acid standards individually (lanes 1 to 3) or together (lane 4),
I3 is phosphorylated exclusively on serine residues. Since sim-
ilar studies on polypeptide B have shown it to be phosphory-
lated on threonine residues (29), our data suggest that I3 and
polypeptide B are not the same protein.

Localization of I3 within vaccinia virus-infected cells by
immunofluorescence. A presumed role for I3 as a viral SSB
would place it in the virosome during infection, perhaps with
this localization dependent on ongoing DNA synthesis. We
used immunofluorescence microscopy to address the issue of
intracellular localization of I3 during vaccinia virus infection.
As shown in Fig. 3A, BSC cells infected with vaccinia virus and
fixed at 4 hpi display large discrete cytoplasmic foci of fluores-
cence only when incubated with anti-I3 immune serum. Mock-
infected cells incubated with immune serum (Fig. 3F) or in-
fected cells incubated with preimmune serum (Fig. 3G)
exhibited no fluorescence. To control for the possibility that
the observed foci represented nonspecific aggregates of 13,
monolayers were infected in the presence of the DNA repli-
cation inhibitor cytosine arabinoside. These infections showed
a more diffuse pattern of cytoplasmic staining with some small
punctate foci, as seen in Fig. 3B and C. This result indicates
that I3 localization is in fact dependent on DNA replication
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FIG. 3. I3 protein localizes to discrete cytoplasmic foci that are coincident
with virosomes. Mock- or virus-infected BSC-40 cells were processed for immu-
nofluorescence as described in Materials and Methods. The panels represent the
following treatments: (A) vaccinia virus infected, anti-I3 serum; (B and C)
vaccinia virus infected in the presence of cytosine arabinoside (20 pg/ml), anti-I3
serum; (D and E) vaccinia virus infected, anti-I3 serum plus Hoechst 33258; (F)
mock infected, anti-I3 serum; (G) vaccinia virus infected, preimmune serum.
Panels D and E represent the same field.

and accumulation within virosomal structures. Indeed, analysis
of infected cells doubly labeled with anti-I3 serum and Hoechst
33258 show an equivalence between cytoplasmic nucleic acid
(virosomal) staining (Fig. 3D) and I3 staining (Fig. 3E).

Purification of recombinant and endogenous I3. To begin
analyses of the biochemical properties of the I3 protein, we
purified both the recombinant protein from E. coli and the
endogenous protein from vaccinia virus-infected cells. Al-
though several chromatographic strategies were attempted, the
following protocols were especially effective and capitalized on
the obvious affinity of I3 for ssDNA.

(i) Recombinant I3. Recombinant I3 protein was purified to
near homogeneity from soluble extracts generated by induc-
tion of bacteria containing plasmid pET-13 with A CEG6 at 25°C.
Cell lysis was performed under high-salt conditions to maxi-
mize protein solubility and to dissociate protein-DNA com-
plexes. Lysates were then treated with DNase I to digest en-
dogenous DNA which might compete with immobilized
ssDNA-cellulose for I3 binding. Lysates were subjected to am-
monium sulfate precipitation, and the 40 to 60% pellet fraction
was applied to an ssDNA-cellulose column which was devel-
oped with increasing concentrations of NaCl. I3 eluted in a
broad peak between 1.0 and 2.0 M NaCl and was purified to
near homogeneity by this procedure, as assessed by SDS-
PAGE and silver stain (Fig. 4A) and immunoblot (not shown)
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FIG. 4. Purification of recombinant and authentic I3. (A) Purification of 13
from E. coli transformants containing pET-I3. Expression of I3 was induced as
described in Materials and Methods, and I3 was purified by ammonium sulfate
precipitation and chromatography on ssDNA-cellulose. Aliquots of uninduced
cultures (lane 2), of induced cultures (17 ug of protein; lane 3), and of each
purification step (lanes 4 [29 ug of protein] and 5 [0.6 pg of protein] are shown.
Positions of MW markers (lane 1) are shown in kilodaltons at the left. Proteins
were resolved by SDS-PAGE and visualized by silver staining. (B) Purification of
endogenous I3. I3 was purified from cells infected with wt vaccinia virus as
described in Materials and Methods. Aliquots of the unfractionated lysate and
peak fractions from the DEAE-cellulose and ssDNA-cellulose columns were
analyzed by SDS-PAGE and silver staining. Amounts of protein analyzed: lane
2, 50 wg; lane 3, 20 pg; lane 4, 1.2 ng. Protein MW standards were resolved in
lane 1; the corresponding molecular masses are indicated in kilodaltons at the
left.

analyses. This source of I3 is especially useful because it is free
of other viral proteins and is presumably not phosphorylated.

(ii) I3 from vaccinia virus-infected cells. Eight liters of a
suspension culture of HeLa cells was infected with vaccinia
virus at a high MOI in the presence of hydroxyurea. Cytoplas-
mic extracts were subjected to DEAE-cellulose chromatogra-
phy, and the protein pool eluting with 50 mM NaCl was ap-
plied to an ssDNA-cellulose column. The column was
developed with a linear gradient of 50 mM to 2.75 M NaCl. A
broad peak of I3 protein eluted between 1.0 and 2.0 M NaCl
and was shown to be purified to near homogeneity, as assessed
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after SDS-PAGE by silver staining (Fig. 4B) and immunoblot
(not shown) analyses. This purification yielded 0.5 mg of pure
protein from 5 X 10° infected cells. Compared with the puri-
fication of 0.2 mg of overexpressed D5 (6) and 0.3 mg of
overexpressed DNA polymerase (25) from 2 X 10® and 1 X 10°
infected BSC-40 cells, respectively, this yield indicates that I3 is
expressed at high levels during the early phase of wt infections.

Determination of the native MW of the I3 protein. Gel
filtration chromatography was performed on both recombinant
and endogenous forms of I3 to examine their native MW in
solution. Elution profiles of 13 from a Superdex 75 FPLC
column were compared to those of known standards; I3 eluted
just after the peak of gvalbumin (MW, 44,000) (not shown). A
Stokes radius of 24.7 A was calculated by the method of Siegel
and Monty (43). An MW of 34,000 was extrapolated for I3
based on a plot of MW versus Stokes radius for protein stan-
dards, indicating that I3 exists as a monomer in solution.

Recombinant I3 binds specifically to single-stranded oligo-
nucleotides. The chromatographic properties of I3 suggested
that it did indeed have a high affinity for ssDNA (Fig. 4A). To
explore the DNA binding character of I3 protein in more
detail, we performed EMSAs. As shown in Fig. 5A, purified
recombinant I3 formed a specific protein-DNA complex with a
5'-labeled single-stranded 24-nt probe in a concentration-de-
pendent manner. In contrast, virtually no DNA binding was
seen if a double-stranded oligonucleotide of the same se-
quence was used as the probe (Fig. 5B). The plot of these data
shown in Fig. 5C illustrates the striking specificity of I3 for
ssDNA.

13-ssDNA complexes are highly salt resistant. The elution
profile of I3 from ssDNA-cellulose had suggested to us that the
I3-DNA interaction was a strong one. Those experiments mon-
itored the salt sensitivity of I3-DNA interactions in the pres-
ence of multiple other proteins. To examine the salt sensitivity
of the binding of purified recombinant I3 to DNA, EMSAs
were performed in the presence of various concentrations of
NaCl. As shown in Fig. 6A, no diminution of complex forma-
tion was seen until the NaCl concentration reached 0.5 M, and
significant binding remained even in the presence of 1 M NaCl.
The observation that the addition of increasing amounts of
unlabeled single-stranded 24-mer midway through a 30-min
incubation could fully compete for I3 binding (Fig. 6B), dis-
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FIG. 5. EMSAs show that I3 binds specifically to ssDNA. (A) Analysis of complex formation between purified, recombinant I3 and ssDNA oligonucleotides.
Reaction mixtures contained 0.2 pmol of a single-stranded, terminally 3*P-labeled 24-mer oligonucleotide and various amounts of 13. Amounts of I3 used: lane 1, 0
pmol; lane 2, 0.3 pmol; lane 3, 0.6 pmol; lane 4, 1.3 pmol; lane 5, 2.0 pmol; lane 6, 2.6 pmol; lane 7, 3.2 pmol; lane 8, 3.9 pmol; lane 9, 4.6 pmol; lane 10, 5.2 pmol.
After incubation for 15 min at 30°C, samples were fractionated on a 15% nondenaturing polyacrylamide gel at 4°C and visualized by autoradiography. (B) Analysis of
complex formation between purified, recombinant I3 and double-stranded DNA oligonucleotides. Reactions were carried out and analyzed as for panel A except that
protein samples were mixed with 0.2 pmol of a terminally radiolabeled double-stranded 24-mer oligonucleotide identical in sequence to that used for panel A. (C)
Graphic representation of I3-DNA complex formation. The data in panels A and B were quantitated by phosphorimaging and plotted as shown. The ordinate represents
the picomoles of DNA bound, as determined by measuring the decrease in the levels of free probe remaining; the abscissa represents the amount of I3 in the reaction.

ds, double-stranded.
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FIG. 6. I3-DNA interaction: NaCl titration and competition analyses. (A)
The interaction of I3 with ssDNA is salt resistant. Reaction mixtures containing
3.3 pmol of recombinant I3 and 0.2 pmol of radiolabeled single-stranded 24-mer
were incubated at 30°C for 15 min in buffer containing the indicated concentra-
tion of NaCl. Samples were fractionated on a 15% nondenaturing polyacryl-
amide gel at 4°C and visualized by autoradiography. (B) The interaction of I3
with ssDNA can be reversed by the addition of unlabeled competitor DNA.
Reaction mixtures containing 3.3 pmol of recombinant I3 and 0.2 pmol radiola-
beled single-stranded 24-mer were incubated at 30°C for 15 min. Unlabeled
single-stranded 24-mer was then added to the levels indicated, and reaction
mixtures were incubated for an additional 15 min at 30°C. Samples were then
fractionated on a 15% nondenaturing polyacrylamide gel at 4°C and visualized by
autoradiography.

placing it from the radiolabeled probe, confirms that our assays
are detecting a classic, noncovalent equilibrium interaction
between protein and DNA.

I3 forms distinct complexes on longer oligonucleotides. To
assess the topology of I3’s interaction with DNA, EMSAs were
performed with single-stranded oligonucleotides of increasing
length. I3 was shown to form a ladder of discrete complexes on

oligo length: 73 53 34 24 18 73 53 34 24 18 73 53 34 24 18

(nt)

10.5 pmol 13 1.5 pmol 13 Free Probe

FIG. 7. Analysis of the binding site size of I3 on ssDNA. Reaction mixtures
contained either 10.5, 1.5, or 0 pmol of purified recombinant I3 and 0.2 pmol of
a terminally radiolabeled oligonucleotide of 18, 24, 34, 53, or 73 nt in length.
After 15 min of incubation at 30°C, samples were fractionated on a nondena-
turing, 5 to 20% polyacrylamide gradient gel at 4°C and visualized by autora-
diography.
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FIG. 8. Endogenous I3 binds specifically to ssDNA. (A) Comparison of the
binding of endogenous and recombinant I3 to ssDNA. Reaction mixtures con-
taining 0.2 pmol of radiolabeled single-stranded 24-mer oligonucleotide and the
indicated amounts of either endogenous I3 (VV 1I3) (lanes 1 to 5) or recombinant
I3 (Rec I3) (lanes 6 to 11) were incubated at 30°C for 15 min, fractionated on a
15% nondenaturing polyacrylamide gel at 4°C, and visualized by autoradiogra-
phy. (B) Comparison of the binding of endogenous I3 to single-stranded and
double-stranded DNA. Reaction mixtures contained 0.2 pmol of radiolabeled
single-stranded 24-mer oligonucleotide (lanes 1 to 3) or 0.2 pmol radiolabeled
double-stranded (ds) 24-mer oligonucleotide (of identical sequence) (lanes 4 to
6) and the indicated amounts of purified endogenous I3. After incubation for 15
min at 30°C, samples were fractionated on a 15% nondenaturing polyacrylamide
gel at 4°C and visualized by autoradiography.

longer probes. As shown in Fig. 7 in an autoradiograph of a 5
to 20% gradient acrylamide gel, the number of complexes seen
increases as probe length is increased. This is seen most clearly
at limiting protein concentrations, since complexes are chased
to saturated, lower-mobility species at high I3 concentrations.
From the number of complexes seen with each oligonucleotide
used, we can estimate the binding site size to be approximately
10 nt per I3 molecule (seven complexes are seen with the
73-mer, five are seen with the 53-mer, three are seen with the
34-mer etc.). However, we find that I3 will not bind to a 12-mer
in this assay (not shown), indicating that the minimum length
for binding is between 13 and 18 nt. The ability to detect the
full array of different complexes under conditions in which
most of the probe remains free strongly suggests that I3 binds
to DNA in a noncooperative manner.

Endogenous I3 also shows a strong preference for ssDNA. A
comparison of the DNA binding properties of recombinant
and endogenous I3 is shown in Fig. 8. The two proteins show
comparable binding to the radiolabeled 24-nt probe, although
the mobilities of the complexes formed are somewhat different
in this particular experiment (Fig. 8A). Recombinant I3 ap-
pears to form two complexes, whereas endogenous I3 forms
only the more slowly migrating of these two species. As shown
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FIG. 9. I3 binds to ssDNA with low cooperativity. Reaction mixtures con-
taining 0.316 pmol of M13mp18 single-stranded circular DNA (7,249 bases) and
various amounts (0, 20, 40, 60, 80, 100, and 120 pmol) of either recombinant
(lanes 1 to 7) or endogenous (lanes 8 to 14) I3 protein were incubated at 30°C
for 15 min. Reaction mixtures were then fractionated by electrophoresis through
a 0.5% agarose gel; the gel was stained in 2 M NaCl-ethidium bromide, and
DNA bands were visualized by UV illumination.

in Fig. 8B, the endogenous I3 also has a very strong preference
for ssDNA.

I3 saturates M13 ssDNA with low cooperativity. The issue of
whether recombinant and/or endogenous 13 bind ssDNA in a
cooperative fashion was also addressed in assays using single-
stranded, circular M13 DNA and increasing concentrations of
I3 (23). Under conditions of DNA excess, highly cooperative
binding would result in two bands after electrophoretic frac-
tion through agarose: one representing fully saturated DNA,
and one representing free DNA. As protein concentration
increased, the intensity of the saturated DNA band would
increase. In the absence of cooperativity, one would expect to
see a random distribution of protein-DNA complexes, mani-
fested in a diffuse band whose mobility would decrease as
protein concentration increased. 13 binding to the 7.2-kbp M13
ssDNA clearly progressed through the formation of a random
population of protein-DNA complexes which were of decreas-
ing mobility with increasing protein concentration (Fig. 9).
Equivalent titrations are presented for recombinant I3 and for
endogenous 13; again, although the profiles are similar, the
mobilities of the complexes seen are somewhat different. Ele-
vation of the NaCl concentration in these reactions to 100 or
250 mM had no effect on the distribution of the shifted species
(data not shown). Therefore, we do not observe a qualitative
salt-dependent change in the cooperativity of DNA binding.

Chromatographic profile of I3 on ssDNA cellulose: phos-
phorylation does not appear to affect affinity. In our compar-
isons of the interactions of recombinant and endogenous I3
with DNA, we found similarities in preference for ssDNA (Fig.
5 and 8), stoichiometry of binding (Fig. 8), and lack of coop-
erativity (Fig. 9). These results suggested that the phosphory-
lation of endogenous I3 probably had little effect on the DNA
binding properties of the protein. During the course of these
studies, however, data from another laboratory suggested that
this might not be so. Davis and Mathews (4) identified I3 as a
protein likely to interact with the vaccinia virus-encoded ribo-
nucleotide reductase by screening vaccinia virus expression
libraries with an anti-idiotype antibody raised against anti-
ribonucleotide reductase (small subunit). Their studies sug-
gested that whereas **S-labeled I3 could be coprecipitated with
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FIG. 10. Chromatographic profile of [**S]methionine-labeled and *?P;-la-
beled I3 on denatured DNA-cellulose. (A) BSC-40 cells were infected for 5 h
with wt virus (MOI of 15) at 37°C and metabolically labeled with [**S]methionine
throughout. Cytoplasmic extracts were prepared as described in Materials and
Methods and applied to a 5-ml denatured DNA-cellulose column. The column
was developed with a 60-ml linear gradient of 50 mM to 2.5 M NaCl. Fractions
were analyzed by SDS-PAGE (12% gel), and the gel was subjected to autora-
diography. Lanes: M, '“C-labeled protein standards (molecular masses are
shown in kilodaltons at the left); Load, total cytoplasmic lysate; FT, flowthrough;
Wash, material eluting in a 10-ml 50 mM NaCl wash. The remaining lanes
contain the samples eluting during development with the NaCl gradient. The
majority of the fractions were also subjected to immunoblot analysis using the 13
antiserum; the relevant portion of the blot is positioned below the autoradio-
graph. (B) BSC-40 cells were infected for 5 h with wt virus (MOI of 15) at 37°C
and metabolically labeled with 3?P; throughout. Cytoplasmic extracts were pre-
pared and analyzed as described above for panel A.

nascent viral DNA metabolically labeled with bromodeoxyuri-
dine, 3*P-labeled I3 could not.

We addressed this issue further by looking at the association
of I3 with ssDNA-cellulose either [*’S]methionine-labeled
(Fig. 10A) or *?P-labeled (Fig. 10B) cytoplasmic extracts.
Fractions eluted from the column were analyzed by SDS-
PAGE (12% gel) and visualized by silver staining (data not
shown), immunoblot analysis, and autoradiography. As as-
sessed by silver staining and immunoblot analysis, 13 elutes
from ssDNA-cellulose as a broad peak from 0.5 to 2 M NaCl.
These gels also show that I3 is by far the most abundant (silver
stain analysis) and highly synthesized (autoradiography) pro-
tein retained on the ssDNA matrix under stringent wash con-
ditions. **P-labeled I3 also elutes as a broad peak that extends
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until the highest salt concentrations, indicating that phosphor-
ylated I3 does not have a reduced affinity for ssDNA. (The
highly radiolabeled species of approximately 34 kDa that ap-
pears to elute prior to immunoreactive I3 does not comigrate
precisely with I3 and probably represents the HS protein.) In
support of this conclusion, we have also shown that recombi-
nant I3, which is almost certainly not phosphorylated, exhibits
the same affinity for ssDNA-cellulose seen with endogenous I3.
Attempted generation of an I3 null mutant virus. The data
presented above demonstrate that I3 is the best candidate for
a viral SSB—it is one of the most abundant viral proteins
synthesized prior to and during DNA replication and exhibits
the strongest and most specific affinity for ssDNA. A role as an
SSB would almost certainly require that I3 be an essential viral
function. To determine whether I3 was in fact essential for
viral replication, we attempted to isolate a viral recombinant in
which the I3 allele had been inactivated by insertion of a
selectable marker. BSC-40 cells infected with wt vaccinia virus
were transfected with a plasmid construct containing modified
HindIII I sequences; 46.5% of the I3 gene was deleted and
replaced with the Neo" gene under the control of a constitutive
vaccinia virus promoter. Infected cells were transfected with
either supercoiled or linearized plasmid DNA and maintained
at 37°C under G418 selection until 3 days postinfection. Under
these conditions, recombination between homologous se-
quences on the plasmid and viral genome should occur. Ho-
mologous recombination between the linearized plasmid and
the genome should replace the endogenous allele with the
interrupted allele containing the neo” cassette. If the I3 allele
is essential, then acquisition of Neo" will come only from ille-
gitimate, nonhomologous recombination events. When circu-
lar plasmid is used in the transfections, homologous recombi-
nation with the genome will generate two tandem copies of the
I3 gene, one of which is intact and one of which is internally
deleted and contains the Neo® gene. These intermediate vi-
ruses are then subjected to two rounds of plaque purification in
the absence of G418. It has been shown previously that tan-
demly repeated sequences are unstable within the vaccinia
virus genome; if the I3 gene is not essential, recombination
between the I3 alleles will lead to excision of the Neo” gene
with the concomitant retention of only a deleted 13 allele.
When the final viral stocks were analyzed, isolates obtained
from all 16 independent infections/transfections retained the
Neo" gene and an intact I3 gene. These data provide compel-
ling evidence (21, 35, 42) that the I3 gene product plays an
essential role during the vaccinia virus infectious cycle.

DISCUSSION

Our study has identified an essential vaccinia virus gene
which encodes a protein with virtually all of the characteristics
of replicative SSBs. These include abundant expression before
and during DNA replication, localization to sites of viral DNA
replication, and sequence-nonspecific, high-affinity binding to
ssDNA. Our observation that I3 binds approximately 10 nt is
also comparable to results obtained for several other SSBs (15,
17). The binding of I3 to ssDNA appears to lack significant
cooperativity; the cooperativity of SSBs from different organ-
isms has been reported to differ substantially (17, 22). Low
cooperativity may in fact be an intrinsic feature of I3, but it is
also possible that our experimental conditions (for example,
the lack of an appropriate cation or cofactor) are not opti-
mized for cooperative binding or that cooperativity requires an
additional protein partner.

Although SSBs do not have a high degree of primary se-
quence similarity, there are common sequence motifs that have
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FIG. 11. Conservation of sequence motifs within SSBs. (A) A common motif
is found in diverse SSBs. Partial protein sequences from various SSBs were
aligned with that portion of the gene 5 protein (fd bacteriophage) involved in
DNA binding (modified from references 11, 34, and 51). This analysis yielded a
region in all of the sequences which consists of conserved aromatic and basic
amino acids (indicated by single-letter abbreviations) separated by variable num-
bers of unrelated residues. These spacer regions are designated by X, with a
subscript indicating the number of residues in each case. The proteins shown are
the I3 protein (39) of vaccinia virus strain WR (VV), gene 5 protein of bacte-
riophage fd (GP5), gene 32 protein of bacteriophage T4 (GP32), SSB of E. coli
(SSB), and DNA binding proteins from bacteriophage ike (PIKE), herpes sim-
plex virus type 1 (HSV-1), varicella-zoster virus (VZV), Epstein-Barr virus
(EBV), and adenovirus type 5 (AD-5). Numbers indicate the residue numbers
for each sequence shown in the alignment. (B) Sequence comparison of the
vaccinia virus I3 protein and the homolog encoded by MCV. The sequence of the
I3 protein encoded by the WR strain of vaccinia virus protein was aligned with
the sequence of the MCV homolog (ORF MCO046L, accession no. U60315).
Residues common to both proteins are shaded and boxed; circles are above the
residues corresponding to the motif shown in panel A.

emerged from comparative analyses. A domain containing
conserved aromatic and charged residues thought to mediate
DNA binding is present in many SSBs and appears to be
present in the I3 protein as well (11, 34, 51) (Fig. 11A). Sup-
port for the importance of this loosely defined motif has come
from the direct demonstration that for several of these pro-
teins, these aromatic residues are important for DNA binding.
Interestingly, this motif is retained in the I3 homolog of mol-
luscum contagiosum virus (MCV), a poxvirus whose genomic
sequence differs significantly from that of vaccinia virus (40,
41) (Fig. 11B). Overall, the identity of the MCV protein to the
vaccinia protein is only 39.1%, suggesting that those regions
that are conserved are likely to be of functional importance in
the context of viral infection.

We have also shown that the I3 protein is phosphorylated on
a serine residue(s). This property suggests that I3 is distinct
from the phosphoprotein described earlier in the literature as
a possible SSB (polypeptide B or FP11), which was shown to be
phosphorylated on threonine residues. I3 also shows a far
stronger and more specific affinity for ssDNA than was de-
scribed for this protein, which is instead more likely to be the
recently described product of the HS gene (1), a 25-kDa pro-
tein which migrates anomolously in SDS-PAGE with an ap-
parent MW of 35,000 (1, 10, 18, 38e)).
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Our investigation of the elution profiles of *>S- or *?P-la-
beled extracts from ssDNA-cellulose revealed a single binding
mode for phosphorylated and total I3, suggesting that phos-
phorylation does not alter the ssDNA binding properties on
the protein under these conditions. This interpretation, of
course, rests on the assumption that both phosphorylated and
unphosphorylated I3 are present intracellularly. In support of
our conclusion, we also see no appreciable difference in the
DNA binding properties of endogenous I3 and recombinant 13
purified from E. coli. Nevertheless, Davis and Mathews pre-
viously reported that antibromodeoxyuridine antibody co-
precipitated **S-labeled but not *?P-labeled 13 (4). Our data
suggest that their observations may reflect technical consider-
ations (such as differences in the levels of the phosphorylated
and unphosphorylated species) or may indicate that phosphor-
ylation of I3 does modulate its interaction with DNA in vivo.
We would propose that this modulation is indirect, perhaps by
regulating I3’s interactions with other proteins, rather than
through a direct effect on its inherent DNA binding properties.

The role of I3’s phosphorylation, therefore, warrants further
study, especially since several eukaryotic SSBs are known to be
phosphorylated (15, 52). The 34-kDa middle subunit of hRPA
is phosphorylated in a cell cycle-specific manner, suggesting
that hRPA-mediated events, including DNA replication, may
be regulated through modulation of hRPA activity. The major
SSB of adenovirus, DBP, is phosphorylated on several serine
and threonine residues in its N-terminal domain, which is not
its DNA binding domain. The significance of this phosphory-
lation is also unknown. Studies from our laboratory suggest
that recombinant I3 cannot be phosphorylated in vitro by ei-
ther purified B1 kinase (35, 38a) or F10 kinase (38b, 47). In
addition, the phosphorylation of I3 is not compromised in vivo
during nonpermissive infections performed with mutants car-
rying lesions in the B1 (52 or #525) (35, 36, 38¢c) or F10 (¢s28)
(38d, 47, 50) kinase. It appears, therefore, that I3 is phosphor-
ylated by cellular kinases. If phosphorylation of I3 is meaning-
ful and not fortuitous, we suggest again that the most obvious
hypothesis is that phosphorylation mediates protein-protein
interactions central to I3’s role(s) in vivo.

Our characterization of I13’s DNA binding properties
prompted us to test whether purified recombinant 13 could
substitute for E. coli SSB in permitting recombinant vaccinia
virus DNA polymerase to replicate a singly primed M13 tem-
plate in vitro (24). It could not; moreover, addition of I3 to
reactions containing E. coli SSB inhibited RFII formation in a
dose-dependent manner (not shown). As more I3 was added,
the length of the products formed decreased in a uniform
manner, suggesting that I3 was slowing the apparent rate of
polymerase elongation. These data could be explained by the
presence of an inhibitor of the polymerase in our preparations;
the observation that some, but not all, methods of purifying the
herpes simplex virus-encoded SSB gave results similar to ours
provides a precedent for this interpretation (13, 31). Alterna-
tively, our data might suggest that the function of I3 as an SSB
relies on appropriate phosphorylation and/or on interactions
with molecules other than the catalytic DNA polymerase. Can-
didates for such partners could include an additional compo-
nent of an SSB multimer, a processivity factor, or a replicative
helicase. Moreover, the carlier studies of Davis and Matthews
indicated that an anti-idiotypic antibody raised against the
ribonucleotide reductase bound to the I3 protein; this finding,
as well as their supporting data, suggests strongly that 13 could
interact with the nucleotide synthetic machinery at the repli-
cation fork (4). By analogy to the cellular RPA, which interacts
with components of the repair machinery as well as the repli-
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cation machinery (12, 20, 28), I3 might also associate with such
viral enzymes as the UDG. Identification of such a complex
might clarify the surprising observation that the vaccinia virus
UDG is essential for DNA replication (5, 26, 44). Davis and
Mathews noted that both I3 and the SSB of bacteriophage of
T4 (gene 32 protein) have a highly acidic C terminus (4). This
region of the gene 32 protein has been shown to mediate
interactions with other proteins. Assessing the impact of mu-
tations within this and other regions of I3 on the viral life cycle,
as well as pursuing biochemical and genetic strategies aimed at
identifying I3-interacting proteins, should provide insight into
the regulation of viral DNA metabolism.
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