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JC virus T' proteins encoded by alternatively spliced
early mRNAs enhance T antigen-mediated viral DNA

replication in human cells

Cindy Prins and Richard J Frisque

Department of Biochemistry and Molecular Biology, The Pennsylvania State University, University Park,
Pennsylvania, USA

Alternative splicing of the JC Virus (JCV) precursor early mRNA yields five
transcripts that encode proteins that regulate the life cycle of this human poly-
omavirus. Large T protein (TAg) mediates viral DNA replication and oncogenic
activities, and small t protein influences these functions under certain condi-
tions. Recently, three new early proteins, T/ 35, T) 34, and T/ 5, were discovered
that contain sequences overlapping amino-terminal TAg functional domains.
Initial studies with the T' proteins suggested they contribute to viral DNA
replication and transformation. Mutation of a donor splice site utilized by all
three T mRNAs creates a mutant that exhibits a 10-fold decrease in viral DNA
replication compared to wild type JCV. To assess the influence that individual
T’ proteins have on the replication process, a set of T' acceptor site mutants
was created in which the unique second acceptor splice site of each T mRNA
was altered to eliminate production of one, two or all three ' mRNAs. The
patterns of early mRNA and protein expression in these seven mutants were
examined, and it was found that mutation of the T35 acceptor site resulted
in the utilization of cryptic splice sites and the generation of new T' species.
Additional mutations were made to prevent these aberrant splicing reactions
prior to measuring DNA replication potential of the mutants. Dpnl assays re-
vealed that each T' protein contributes to TAg-mediated DNA replication ac-
tivity. The three single mutants that express two T' proteins and the double
mutant that only produces T/ 5, exhibited levels of replication equivalent to
that of wild type virus, whereas the two double mutants that fail to express T’ 34
replicated about twofold less efficiently than wild-type JCV. Replication activ-
ity of the triple acceptor site mutant, like that of the T’ donor site mutant from
an earlier study, was impaired significantly. Journal of NeuroVirology (2001) 7,
250-264.
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Introduction

The multifunctional JCV large T protein (TAg) regu-
lates viral DNA replication in a permissive cell en-
vironment; in nonpermissive cells TAg may demon-
strate oncogenic potential (reviewed in Frisque
and White III, 1992). These activities are mediated
through interactions with viral and cellular DNA and
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a number of cellular proteins. TAg functional do-
mains have been identified by genetic and biochemi-
cal analyses of wild type (WT), mutant and chimeric
proteins and by comparisons with the closely related
and more thoroughly studied SV40 TAg (Pipas, 1992;
Frisque, 1999; Kim, Henson and Frisque, submitted).
While their high degree of sequence homology
dictates that JCV and SV40 TAgs will interact with
many of the same cellular proteins and recognize
the same DNA sequences, the two viruses do exhibit
significant differences in host range, tissue tropic,
DNA replication, and oncogenic properties (Frisque
and White III, 1992). These differences have been at-
tributed, in part, to the viral early regions that encode
the JCV and SV40 regulatory proteins, including



TAg (Chuke et al, 1986; Bollag et al, 1989; Haggerty
et al, 1989; Sock et al, 1993; Trowbridge and Frisque,
1993; Lynch et al, 1994; Sullivan et al, 2000b).

Recently, three new alternatively spliced JCV early
mRNAs were identified in infected primary human
fetal glial (PHFG) cells by RT-PCR, and were shown
to encode TAg-related proteins that were named T/ 55,
T/ 46, and T4 (Trowbridge and Frisque, 1995). How-
ever, during the analysis of the viral proteins im-
munoprecipitated from lysates of the infected cells,
a band representing a 23 kD protein was observed
on the SDS-polyacrylamide gel that could not be ac-
counted for by the RT-PCR data. The identity of this
protein was not determined, but it was suggested that
it either represented a fourth T’ protein, or a hyper-
phosphorylated form of the 22 kD T4, protein. T/,
T3, Thes and the 23 kD protein were all found to
be phosphorylated and to be recognized by mono-
clonal antibodies (MAb) directed against the amino
terminus of TAg; a MAb directed against the carboxy
terminus of TAg only recognized T'5 and the 23 kD
protein (Trowbridge and Frisque, 1995). These ob-
servations were explained, in part, by sequence in-
formation that revealed the three known T’ proteins
share their amino-terminal 132 amino acids with
those of TAg, and T/ also shares its carboxy termi-
nal 33 amino acids with this major regulatory protein
(Trowbridge and Frisque, 1995).

A number of functional domains located within the
amino terminus of TAg (the pRB, p107, p130, DNA
polymerase « [pol «], hsc70, and Tst-1 binding do-
mains, a cluster of serine/threonine phosphorylation
sites and a nuclear localization signal) are predicted
to have direct or indirect effects on viral DNA replica-
tion and cellular transformation (Brodsky and Pipas,
1998; Bollag et al, 2000; Kim, Henson, and Frisque,
submitted). The ability of TAg to bind to members
of the pRB tumor suppressor protein family via its
LXCXE motif and to interact with the molecular
chaperone hsc70 via its DnaJ (J) domain results
in the release of the heterodimeric transcription
factor E2F-DP and the promotion of cell cycle
progression from G1 to S phase (Sheng et al, 1997;
Sullivan et al, 2000a). In a permissive cell this
outcome is advantageous to a simple virus like JCV
that depends upon the host cell DNA replication
machinery to propagate its genome. On the other
hand, in a nonpermissive cell this outcome might
lead to unregulated proliferation and a transformed
phenotype. Although it has been shown that TAg
alone is capable of mediating viral DNA replication
and cellular transformation, a second early viral
protein, small t antigen (tAg), also influences these
processes under certain conditions (Bikel et al, 1986;
Fanning, 1992; Pipas, 1992; Brodsky and Pipas,
1998). In addition to their interactions with hsc70
and members of the pRB family, polyomavirus TAgs
may interact with Tst-1, a Pou transcription factor
found in myelinating cell types, and with pol «.
Tst-1 acts synergistically with JCV TAg to promote
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early and late viral transcription, thereby indirectly
affecting DNA replication (Wegner et al, 1993), while
SV40 TAg, and presumably its JCV counterpart, in-
teracts with pol « to directly affect the initiation and
elongation steps of the replication process (Smale
and Tjian, 1986; Dornreiter et al, 1990; Pipas, 1992;
Stillman, 1994). Finally, these events are influenced
in both positive and negative ways by phosphory-
lation of specific serine and threonine residues in
the amino-terminus of TAg (Prives, 1990; Fanning,
1992; Cegielska et al, 1994a; Weisshart et al, 1999).

The contributions of the JCV T’ proteins, and the
related SV40 17kT and polyoma virus Tiny T pro-
teins, to viral DNA replication and cellular transfor-
mation have not been well characterized. It has been
suggested the JCV T/, may enhance JCV transforma-
tion of rodent cells (Trowbridge and Frisque, 1995).
Furthermore, the three T proteins differentially bind
PRB, p107, and p130, and the latter protein appears
to be degraded in cells expressing all five JCV early
proteins or T/,5 by itself (Bollag et al, 2000; unpub-
lished data). Using a genetic approach, Trowbridge
and Frisque (1995) determined that at least one of
the T’ proteins enhances TAg-mediated replication.
In that study, a T’ donor site mutant, JCVAT’, was cre-
ated to eliminate expression of the three T" mRNAs
by altering the common T’ donor splice site. Transfec-
tion of PHFG cells with JCVAT and WT JCV DNA re-
vealed that the loss of the three T’ proteins resulted in
a >10-fold decrease in viral DNA replication activity.

The present study examines the contributions of
individual T’ proteins to JCV DNA replication by cre-
ating seven T’ acceptor splice site mutants and mea-
suring their replication potential in permissive PHFG
cells. Mutation of the T/ ;5 splice site led to the utiliza-
tion of cryptic splice acceptor sites that necessitated
the introduction of several additional mutations to
prevent the production of new T’ species. All mutants
were designed so that the WT TAg coding sequence
was left intact. Finally, the identity of the 23 kD pro-
tein band observed in JCV-infected cells in the initial
T’ study was determined.

Results

Construction of the A series of T' acceptor

site mutants

The individual contributions made by JCV T’
proteins to DNA replication were investigated by
creating a set of seven acceptor site mutants (A series)
to eliminate production of the T’ proteins singly,
in pairs, or all together. Mutants were constructed
using a PCR-based mutagenesis scheme to alter the
T’ acceptor splice sites without changing the TAg
amino acid sequence. Almost invariably, mutations
to the conserved 3’ AG dinucleotide in the consen-
sus acceptor sequence U(C),NC(U)AG |G eliminate
splicing (Mount, 1982; Aebi et al, 1986). Based
on this information, T’ acceptor site mutants were
created by altering these AG residues and, where
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Figure 1 Mutagenesis scheme to create T’ splice acceptor site mutants. The clone M1/pB-C BSKS contains JCV sequences (in bold)
cloned into pBluescript II KS (Stratagene) at EcoRI (nt 1722) and BamHI (nt 4307) restriction sites. M1/pB-C BSKS DNA was digested

with PpuMI and Pstl to yield an 883 bp fragment for use in PCR mutagenesis. Reactions utilized to create mutants JCVAT,,,, JCVAT

and JCVAT;

165

7
136

are shown and are described in detail in Materials and methods. Arrows below the primer names indicate the direction

of the PCR priming. Recognition sites for the restriction enzymes used to isolate PCR products are indicated and nucleotide numbering

refers to that used for the JCV genome (Frisque et al, 1984).

possible, by also altering the acceptor nucleotide. To
create JCVAT/;;A, JCVAT];4A, and JCVAT 4 A, the
acceptor sites were changed from AG|G to CG|C,
from AG|A to CG|C, and from AG|G to AA|G,
respectively. Three double and one triple T' acceptor
site mutants were generated from these three single
mutants (Figures 1, 2; Materials and methods).

Viral DNA replication of the A series of T' mutants

PHFG cells were transfected with DNA from the
seven T’ acceptor site mutants (A series), the T’ donor
site mutant JCVAT', WT JCV(Mad1), or calf thymus,
the latter serving as a negative control. Viral DNA
was isolated at days 0, 7, 14, and 21 posttransfection
(p.t.), and replicated DNA was visualized by South-
ern blotting (Figure 3). Replication of the donor site
mutant, JCVAT’, at day 21 p.t. was approximately 10-
fold less than that of JCV(Mad1), confirming previous
results (Trowbridge and Frisque, 1995). However, the
average replication level of the triple acceptor site
mutant JCVAT 35 135165 at day 21 p.t. was much
higher than that of the donor site mutant. This result
was unexpected since both mutants were designed
to eliminate production of all T" proteins. This find-
ing might be explained by: (i) differences in splicing
patterns in the two mutants due to the alteration of
the donor splice site versus the acceptor splice sites,
and subsequent altered expression of TAg and tAg,

or (ii) the production of a fourth, as yet unidentified,
T’ protein by the triple mutant which has positive
influence on viral DNA replication.

Analysis of T" mRNA production by the A series

of T' mutants

To determine whether the predicted mRNA patterns
were produced by the T acceptor site mutants (A
series), mRNA was isolated at day 21 postinfection
(p.i.) from infected cells. The mRNA was reverse
transcribed and the resulting cDNA was subjected
to PCR amplification using primers T'#1 and T'#3
(Table 1, Figure 4). In the lane labeled Mad1, cD-
NAs migrating at 434, 293, and 220 bp represented
T)35, Ti36, and T)4s transcripts, respectively. In the
lane marked AT, the cDNA band seen migrating
at 263 bp had previously been identified as an ar-
tifact of PCR (Trowbridge and Frisque, 1995). The
expected cDNA patterns were seen in lanes AT/,
AT/gs, and AT/ ;5,65 and no T' cDNA bands were
observed in the lane labeled AT’. In contrast, cDNA
bands migrating at approximately 434 bp, the size of
the T’ ;5 cDNA, were visible in lanes AT 5, AT/ 35,136,
AT’ 35165, and AT 35/136/165- These RT-PCR products

were cloned, sequenced, and shown to represent a
new T” mRNA that uses the shared T’ donor site at
nucleotide (nt) 4274 and a unique acceptor site at nt
2913, 5 nt downstream from the altered T/,; acceptor
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JCVAT' 135 Mutations

2923 2882
WT &' TTT AG/G CCA G/TT GCT GAC TTT GCA G/CT GCC ATT CAT GAG/ AG/G 3'
AA Phe Arg Pro Val Ala Asp Phe Ala Ala Ala lle His Glu Arg

Mut  TTT CGIC CCC G/TT GCT GAC TTT GCC G/CT GCC ATT CAT GAA/ CG/IC

T35 T 152 T 147 T 225 T 154
JCVAT'135 Mutations JCVAT' 155 Mutations
2782 2771 2707 2696
WT 5' CCT AG/A GAG GAA 3 WT 5' CAG/GTC TCAGAA 3
AA Pro Arg Giu Glu AA GIn Val Ser Glu
Mut CCT CG/C GAG GAA Mut CAA/ GTC TCA GAA
T 136 T 165

Figure 2 Mutations made to the JCV early coding region to create T' acceptor site mutants. PCR mutagenesis was utilized to introduce
mutations at (i) nt 2920 (A — C) and nt 2918 (G — C) to alter the T,,, splice acceptor site, (ii) nt 2915 (A — C) to alter the T}, splice
acceptor, (iii) nt 2900 (A — C) to alter the T}, splice acceptor, and (iv) nt 2885 (G — A), nt 2884 (A — C), and nt 2882 (G — C) to prevent
splicing at these potential cryptic acceptor sites. Mutations were made at nt 2779 (A — C) and 2777 (A — C) to eliminate production of
T, and atnt 2705 (G — A) to abolish expression of T, ;. The wild type (WT) and mutant (Mut) DNA sequences and unaltered amino acid
(AA) sequences of the early coding region are shown. Mutated sequences are underlined and are associated with the name of a specific

7

acceptor site (e.g., T,;). A slash identifies the location of an exon/intron boundary, and numbers above the sequence refer to nucleotide
positions within the JCV(Mad1) genome (Frisque et al, 1984).

site. This transcript encodes a 152 amino acid pro-  Construction of the B and C series of T' mutants
tein named T);, (Figure 5). The carboxy-terminal A second set of acceptor site mutants (B series) was
amino acid sequences of T}, are in a different read-  created to eliminate production of T/;,. However, al-
ing frame than those of TAg and the three authentic  teration of the T/, splice acceptor led to production
T’ proteins. of anothernew T" mRNA that utilizes the T’ donor site
vy
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Figure 3 DNA replication of the A series of JCV T'mutants in PHFG cells. Viral DNA was isolated at day 21 p.t. from PHFG cells trans-
fected with three single acceptorsites, (JCVAT,, A, JCVAT,, A, JCVAT,,A), three double acceptor sites (JCVAT; A, JCVAT, A

135 136 165 135/136 135/165% +2

JCVAT; 45/165A), one triple acceptorsite (JCVAT;, A), and one donor site (JCVAT') mutant DNAs and WT JCV(Mad1) DNA. A double

135/136/165
digest with EcoRI and Dpnl was used to linearize viral DNA (EcoRI) and to separate replicated DNA from input DNA (Dpnl). Duplicate
samples were electrophoresed on a 0.8% agarose gel at 20 V overnight. DNA was transferred to a nylon membrane, probed with *2P-labeled
JCV(Mad1) DNA, and visualized by autoradiography. The position of the replicated viral DNA is indicated.
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Table 1 Oligonucleotides used to created the T’ splice acceptor site mutants

Name Nucleotides® Mutation® Sequence®

AT’135 mutant 2902-2925 2918 C/G 5-CAAAGTCAGCAACTGGGCGAAACC-3’
2920 T/G

AT'135 Pstl 3392-3375 5-GGGGCCAATAGACAGTGG-3’

AT’136 mutant 2733-2782 2777 TIG 5-GTGCTTGATCCATGTCCAGAGTCTTCTG
2779 T/G CTTCAGAATCTTCCTCGCGAGG-3’

AT'165 AlwNI 2927-2910 5-CTGGTTTAGGCCAGTTGC-3’

AT’165 mutant 2691-2709 2705 C/T 5-GAGGCTTCTGAGACTTGGG-3’

RT-PCR #6 3407-3382 5-GTACTGGCTATTCAAGGGGCCAATAG-3’

RT-PCR #7 2893-2917 2914 C/G 5-TGGCAGCTGCAAAGTCAGCAAGTGG-3’

dT'147 2895-2917 2900 T/G 5-GCAGCGGCAAAGTCAGCAACGGG-3’
2915 T/G

Set-11L 2391-2410 5'-GAGTTGATGGGCAGCCTATG-3’

dT'154 2901-2878 2882 G/C 5-CAGCTGCCATTCATGAACGCATTG-3’
2884 A/C
2885 G/A

*Nucleotide position of the oligonucleotide according to the JCV (Mad1) numbering scheme (Frisque et al, 1984).

bPosition of the mutated nucleotide.

“Mutations within the oligonucleotide sequences are underlined and in bold.

(nt 4274) and another cryptic acceptor site (nt 2898)
(Figure 2). The protein translated from this mRNA
(T%4,) contains 147 amino acids with a carboxy-
terminal region in the same reading frame as that of
T}5, (Figure 5).

Inspection of JCV early coding sequences revealed
two additional potential cryptic splice acceptor sites
downstream of the T, T/s,, and T},, acceptor sites
that, if utilized, would give rise to a T};, and a
T,,5 protein. Therefore, mutations were introduced at
these sites as well as the T7,, acceptor site (Figure 2).
This third set of T' acceptor site mutants were differ-
entiated from the previous two sets by the addition of
the latter “C” to their names. All further studies were
conducted using the C series of mutants.

Viral DNA replication of the C series of T' mutants
To investigate the replication activity of the T’ pro-
teins, PHFG cells were transfected with DNA from

g
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T,l35/T,152 h
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T,IGS

seven T’ acceptor site mutants (C series), JCVAT,
JCV(Mad1), or calf thymus. Viral DNA was isolated
at days 0, 7, 10, 14, and 21 p.t. Replicated viral
DNA was visualized by Southern blotting (Figure 6)
and relative replication levels (Table 2) were de-
termined by analyzing the blots with a phosphor-
imager. JCV(Mad1) DNA replication was arbitrarily
assigned a value of 100 for each time point, and
replication activities of the mutant viral DNAs were
calculated relative to that value. Replication of the
donor site mutant JCVAT’ at day 21 p.t. was ap-
proximately 10-fold less than that of JCV(Mad1),
confirming results obtained in the original study of
this mutant (Trowbridge and Frisque, 1995). The
average replication level of the triple acceptor site
mutant, JCVAT;5/156/165C, was about 10-fold less
than JCV(Mad1) at each time point in the experiment,
suggesting that like JCVAT’, the triple T’ mutant
did not produce new T’ proteins. Replication of the

AT 136165
AT’ 1351367165
CT Control
Markers

AT’
Mad 1

Figure 4 RT-PCR analysis of RNA isolated from PHFG cells infected with the A series of T mutant viruses. Total RNA was isolated at
day 21 p.i. from PHFG cells infected with the mutants identified in Figure 3. RNA samples were treated with DNasel, reverse transcribed,

and PCR-amplified using JCV primers T'#1 and T'#3. RT-PCR products were separated on a 7% polyacrylamide gel. The positions of T

T

136°

7
135°

T's, and T, cDNAs are indicated. A Rsal digest of pM1TCR1A (recombinantJCV(Mad1) DNA) was included as a marker to estimate

the sizes of the cDNA bands. Positive and negative control samples were electrophoresed in the lanes labeled Mad1 (JCV(Mad1)) and CT

(calf thymus) Control, respectively.



mRNA

unspliced early
tAg

a9l ladze

e —

Ties —~ =N \\————}"427; / PSRN =
T(136 _—“///\‘\. - PR \ \\;’2777
T13s — /\\\\—V/// PR \\\\22918
Tigy — e e
Tia7 — — e

Protein
tAg

TAg

T165

T138

T35

T152

T1a7

Figure 5 Transcription and translation products detected in
PHFG cells infected with the T" acceptor site mutants. Five early
mRNAs are produced by alternative splicing of a single JCV pre-
cursor mRNA (A). All three T" mRNAs use the same donor and
acceptor splice sites as the TAg transcript. The T mRNAs are then
spliced again at a shared donor site at nt 4274, and a unique sec-
ond acceptor site. Translation of these transcripts yields three dis-
tinct T proteins (B). T,,, contains 135 amino acids, and has a car-
boxyterminusin a differentreading frame (indicated by horizontal
hatching) than TAg (cross hatching). T},, contains 136 amino acids
and has a carboxy terminus in the same reading frame as T',. T},
contains 165 amino acids and shares its carboxy terminus with
TAg. The T);, mRNA is produced when a cryptic splice acceptor
site at nt 2913 is used in the absence of T,,, splicing. The T,,
mRNA is produced when a cryptic splice acceptor site at nt 2898
is used in the absence of T),, and T,,, splicing. Sequences repre-
senting the first two exons of T,;, and T,,, (amino-terminal 132
amino acids) are shared with TAg and the other T’ proteins. The
carboxy-terminal 20 amino acids of T}, and 15 amino acids of T},
(diagonal hatching) are in a different reading frame than those of

TAg’ T’lGB’ T’lSG’ and T,135'

single acceptor site mutants at the early time points
was about twofold lower than that of JCV(Mad1).
However, at day 21 p.t., average replication levels of
the single acceptor site mutants were slightly higher
than JCV(Mad1) levels. Replication of the double ac-
ceptor site mutant JCVAT/,;/,5;C was higher than
that of JCVAT 5 /,3,C and JCVAT 35 ,145C at all time

points examined.

Analysis of T'mRNA production by the C series

of T" mutants

To determine whether the predicted mRNA patterns
were produced by the C series of T’ acceptor site mu-
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Table 2 DNA replication activity of the C series of JCV T’ acceptor
site mutants®

DNA Day 7 Day 10 Day 14 Day 21
JCVAT,,.C 2949 64+20 7423  106+29
JCVAT,,.C 42413  106+27 94431 139434
JCVAT,,.C 47£10 93+34 69424  155£25
JCVAT 45156C 3146 59+14 64140 54410
JCVAT 45165 5146 71+14  66£23 96+ 17
JCVAT 46165 4243 48+15 3147 65+ 13
JCVAT 45 1136/165C 9+14 9+14  10%3 11+£3
JCVAT 36+10 29+38 15+0 11+3
JCV(Mad 1) 100° 100 100 100

2 Average DNA replication values were obtained from either three
(days 7, 10, 21 p.t.) or two (day 14 p.t.) Dpnl replication assays.
bReplication value =+ standard error of the mean (oy); o = o/+/N,
where o = standard deviation of the distribution and N=sample
size.

¢JCV(Mad1) DNA replication activity was arbitrarily assigned a
value of 100. Replication values of mutant DNAs were based on
comparisons with JCV(Mad1) activity.

tants, nRNA was isolated at day 28 p.i. from infected
cells. The mRNA was reverse transcribed and the re-
sulting cDNA was subjected to PCR amplification us-
ing primers T'#1 and T'#3 (Figure 7). In the lane la-
beled Mad1, cDNAs migrating at 434, 293, and 220 bp
represented T/ ,5, T],6, and T)gs transcripts, respec-
tively. In the lanes marked AT" and AT/ 44,65, the ar-
tifact band migrating at 263 bp was again observed.
The expected cDNA patterns were seen in the lanes
representing each of the T’ acceptor site mutants. In
this experiment an unidentified band was observed
in the T’ ;5,55 lane migrating slightly slower than the
T/es cDNA band. In addition, faint bands migrating
slightly faster or slower than the T}, cDNA were ob-
served in some lanes upon longer exposure of the
gels. Based on other RT-PCR experiments and the re-
sults from Western blot analyses (Figure 8), we pre-
dict that these bands represent artifacts of the RT-
PCR procedure, but confirmation of this prediction
will require cloning and sequencing of these rare
cDNAs.

Production of early proteins by the C series

of T" mutants

Lysates of cells transfected with the C series of T’
acceptor site mutant DNAs were prepared at day
21 p.t., immunoprecipitated with PAb 416, West-
ern blotted, and probed with PAb 2003 to verify the
production of the expected T’ proteins (Figure 8).
No T’ proteins were detected in cells transfected
with JCVAT 35/136/165C or JCVAT’ DNA, supporting
the RT-PCR results (Figure 7) that new alternatively
spliced early transcripts were not generated by
these mutants. In addition, cells transfected with
the other DNAs containing the T/,; mutation (i.e.,
JCVAT35C, JCVAT 35,156C, and JCVATY 35,45C), only
produced the expected viral proteins. Differences
were noted in the expression levels of individual
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Figure 6 DNA Replication of the C series of JCV T' mutants in PHFG cells. Viral DNA was isolated at day 21 p.t. from PHFG cells
transfected with three single acceptorsites (JCVAT;,;C, JCVAT;,,C,JCVAT;;;C), three double acceptorsites (JCVAT 45/,3,C, JCVAT 45,,65C,
JCVAT,,65C), one triple acceptorsite (JCVAT),; ; 4/16,C), and one donor site (JCVAT’) mutant DNAs and WT JCV(Mad1) DNA. A double
digest with EcoRI and Dpnl was used to linearize viral DNA (EcoRI) and to separate replicated DNA from input DNA (Dpnl). Duplicate
samples were electrophoresed on a 0.8% agarose gel at 20 V overnight. DNA was transferred to a nylon membrane, probed with **P-labeled

JCV(Mad1), and visualized by autoradiography. The position of replicated viral DNA is indicated.

T’ proteins in cells transfected with some of the
C series mutant DNAs. For example, T/;; and T/;4
levels were highest in cells transfected with the
double mutants JCVAT;5/165C and JCVAT 545G,

express this protein (i.e. JCVAT};;C, JCVAT!;,C, and
]CVAT/135/136C)‘

TAg levels produced by the C series of T' mutants

respectively. It was difficult to compare levels of T/,
and T/, produced in JCV(Mad1)- and JCVAT/-C-
transfected cells because these proteins migrate as
a doublet on the gels. T}, was readily detected
in JCV(Mad1)-transfected cells, but only low levels
were observed in cells transfected with acceptor site
mutant genomes designed to retain the ability to

Cells transfected with the T’ acceptor site mutants
(C series) were examined to compare levels of TAg
produced by the mutants. JCV early proteins present
in cell lysates isolated at day 21 p.t. were immuno-
precipitated with PAb 962 and detected by Western
blotting using PAb 962 as the primary antibody and a
goat a-mouse alkaline phosphatase (AP) conjugate as

’
AT " 1351136
/’
AT 1357165
’
AT " 136165
’
AT " 135136/165
CT Control

AT’
Mad 1

§ @2 g g
M \'_‘ ~ \‘_‘
S & = E
= < < J

Figure 7 RT-PCR analysis of RNA isolated from PHFG cells infected with the C series of T' mutant viruses. Total RNA was isolated from
infected PHFG cells at day 28 p.i. from PHFG cells infected with the mutantsidentified in Figure 6. RNA samples were treated with DNasel,
reverse transcribed, and PCR-amplified using JCV primers T'#1 and T'#3. RT-PCR products were separated on a 7% polyacrylamide gel.
The positions of T},;, T}, and T}, cDNAs are indicated. A Rsal digest of pM1TCR1A was included as a marker to estimate the sizes of
the cDNA bands. Positive and negative control samples were electrophoresed in the lanes labeled Mad1 and CT Control, respectively.
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Figure 8 Detection of early viral proteins in PHFG cells transfected with the JCV T’ acceptorsite mutants. Cell lysates were isolated at day
21 p.t. from PHFG cells transfected with the mutantand WT JCV DNAs identified in Figure 6. JCV early proteins were immunoprecipitated
with the monoclonal antibody PAb 416, separated on an 18% SDS-polyacrylamide gel and transferred to nitrocellulose membranes.
Western blot analysis was performed using PAb 2003 as the primary antibody and a goat e«-mouse HRP conjugate as the secondary
antibody. Note that the T}, and T;,, bands migrate as a doublet in sample lanes containing both proteins, and that the T}, band is easily

detected only in the Mad1 lane; it is uniformly faint in the lanes labeled AT,;, AT,,;, and AT, Purified T;,;, T},,, and T}y, were

135° 135/136° 135
included as size markers, and positive and negative control samples were electrophoresed in the lanes labeled Mad1 and CT Control,

respectively.

the secondary antibody (Figure 9). Levels of TAgin = mutants had the highest levels of TAg, slightly higher
cells transfected with the donor site mutant JCVAT’ than those of JCV(Mad1). Levels of TAg in cells trans-
or the triple acceptor site mutant JCVAT 35136 165C  fected with JCVAT4;,,,,C cDNA were higher than
were low compared to the levels of TAg in  those observed in JCVAT!;5,54C- or ATz4/165C-
JCV(Mad1)-transfected cells. The single acceptor site  transfected cells. As expected, TAg levels correlated

’
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Figure 9 Detection of TAg in PHFG cells transfected with the C series of JCV mutants. Cell lysates were isolated at day 21 p.t. from PHFG
cells transfected with mutant and WT JCV DNAs identified in Figure 6. JCV early proteins were immunoprecipitated with the monoclonal
antibody PAb 962, separated on an 8.75% SDS-polyacrylamide gel and transferred to nitrocellulose membranes. Western blot analysis
was performed using PAb 962 as the primary antibody and a goat «-mouse AP conjugate as the secondary antibody. PAb 962 recognizes
the amino terminus of each JCV early protein (Bollag et al, 2000); the absence of tAg and the T’proteins on this blot is a result of their
migration off the bottom of the 8.75% SDS-polyacrylamide gel. Purified TAg was included as a size marker, and positive and negative
control samples were electrophoresed in the lanes labeled Mad1 and CT Control, respectively. The faster migrating band represents the
heavy chain of the PAb 962 antibody (Ab).
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protein. PHFG cells were infected with 100 hemagglutination units of JCV(Mad1), and lysates

7
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Figure 10 Phosphatase treatment of T
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were prepared at days 7 and 14 p.i. Lysates were treated with 800 units of lambda protein phosphatase (“with LPP”) or left untreated as
a control (“No LPP”). JCV early proteins were immunoprecipitated with the monoclonal antibody PAb 962, separated on an 18% SDS-
polyacrylamide gel and transferred to nitrocellulose membranes. Western blot analysis was performed using PAb 2003 as the primary
antibody and a goat @-mouse HRP conjugate as the secondary antibody. Arrows indicate the positions of TAg, phosphorylated T, (T/:"),

and un(der)phosphorylated T;.

with viral replication efficiencies that had been mea-
sured on day 21 p.t. (Table 2).

JCV T', .~ protein is phosphorylated

A doublet band of 22-23 kD is detected in JCV-
infected PHFG cells following immunoprecipitation
with anti-TAg antibodies. This doublet had been
noted previously (Trowbridge and Frisque, 1995)
and was proposed to represent either a differentially
phosphorylated form(s) of T/, or a new T’ species.
To examine the first possibility, lysates were pre-
pared from JCV-infected PHFG cells and treated with
lambda protein phosphatase (LPP), which cleaves
phosphates from serine, threonine, and tyrosine
residues (Figure 10). Untreated lysates served as con-
trols. At day 7 p.i., only one species of T}, was
present, and it was not affected by LPP treatment.
At day 14 p.i., a distinct doublet band appeared in
the untreated day 14 p.i. sample. The upper band in
this doublet disappeared, and the lower band, which
co-migrates with purified T/, became more intense
when the sample was treated with LPP. These results
indicate that differentially phosphorylated forms of
Ts5 are produced in infected cells at day 14 p.i.

Discussion

TAg functions are necessary but not sufficient for
establishing WT levels of JCV DNA replication; the

165 165

T’ proteins augment this process in vivo (Trowbridge
and Frisque, 1995; this study). The SV40 17kT pro-
tein, a counterpart to the JCV T’ proteins, has not been
demonstrated to enhance TAg-mediated DNA repli-
cation activity, however, under certain conditions
SV40 tAg does influence this activity (Scheidtmann
et al, 1991a,b; Cegielska et al, 1994b). The initial in-
vestigation of JCV T’ proteins found that at least one
of these proteins complements TAg-mediated viral
DNA replication (Trowbridge and Frisque, 1995).
The purpose of the present study was to assess the
contributions of individual T’ proteins to this process
by employing a genetic approach. Using two differ-
ent mutants, we have confirmed our initial findings
that the inability to express all three T’ proteins
results in a 10-fold decrease in replication potential.
Furthermore, mutants that only produce a single T’
protein (i.e., T},5 or T/;;) showed a twofold reduction
in activity, while a third double mutant producing
only T/, replicated nearly as well as WT JCV DNA.
In addition, the three mutants that were capable of
expressing two out of the three T’ proteins replicated
two- to threefold less efficiently than the parental
genome at an early time point (day 7 p.t.), but
slightly better than the WT genome at the latest time
point (day 21 p.t.; Table 2). Interestingly, SV40 TAg
] domain mutants show a similar time-dependent
replication defect relative to WT virus (Campbell
et al, 1997). Finally, we found that two T’ proteins,



T/s, and T/,,, not normally expressed in JCV-infected
cells, are capable of influencing replication potential
(Figure 3, data not shown). These results indicate
that the amino-terminal 132 amino acids shared by
each individual T’ protein possess DNA replication
activity, and that the unique carboxy-terminal se-
quences of one of these proteins (T/;5) may make
additional contributions to replication function.

Our C series of T" mutants exhibited some differ-
ences in alternative splicing patterns in addition to
altered replication potentials. When examined at late
time points, we consistently observed lower levels of
T/es MRNA and protein production in the JCVAT ;4
acceptor splice site mutant, and higher levels of T/
products in the JCVAT ;5 and JCVAT 34 145 acceptor
splice site mutants relative to their expression
in cells transfected with the JCV(Mad1) genome
(Figures 4, 7). Splice site selection is governed by a
number of factors (reviewed in Stojdl and Bell, 1999;
Elliot, 2000). A branch point sequence, generally
located 18 to 37 nucleotides upstream of the 3’ splice
acceptor site, is the recognition site for the U2 small
nuclear ribonucleoprotein particle (snRNP) (Reed
and Maniatis, 1985; Lopez, 1998). The degree of
sequence similarity between the branch point se-
quence of a splice acceptor and the consensus branch
point sequence (YNYURAY) determines the strength
of the interaction of the U2 snRNP with the branch
point sequence, and thus regulates the selection of
alternative splice acceptor sites (Padgett et al, 1985;
Reed and Maniatis, 1985; Ruskin et al, 1985; Noble
et al, 1987). The first AG dinucleotide positioned
at least 18 nucleotides downstream from the branch
point is the 3’ splice junction. A survey of mutations
at 3’ splice sites of several human genes reveals that
the use of cryptic splice acceptors due to mutation
of a known 3’ splice acceptor is not uncommon, and
that the selection of the cryptic splice acceptor may
be influenced more by the branch point sequence
and polypyrimidine tract than by the similarity of
the acceptor site to the consensus acceptor site se-
quence (Krawczak et al, 1992). The AG dinucleotide
preceding the 3’ splice acceptor site is invariant, and
in noncryptic 3’ splice sites, approximately 50%
of the human genes surveyed utilized a G as the
acceptor nucleotide; 28%, 13%, and 10% utilized an
A, C, and T, respectively (Krawczak et al, 1992). The
T),5 and T4 splice acceptor nucleotides are both
G’s, while the T,4, T/4,, and T, splice acceptors
are an A, G, and T, respectively.

Cell-specific splicing factors regulate mRNA pro-
cessing through the recognition of splicing enhancer
elements within intron and exon sequences. These
splicing factors include SR proteins, a family of RNA-
binding proteins that contain a carboxy-terminal
serine-rich motif involved in protein-protein inter-
actions, and the protein U2 snRNP auxiliary factor
(U2AF) that binds to the polypyrimidine tract lo-
cated in the intron downstream of the branch point
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sequence. This latter factor may facilitate recogni-
tion of the branch point sequence by the U2 snRNP
(Lopez, 1998). The phosphorylation status and/or
levels of these splicing factors may influence changes
in the alternative splicing patterns of adenovirus tran-
scripts during the course of a viral lytic cycle (Molin
and Akusjédrvi, 2000). Interestingly, over the course
of a JCV infection of PHFG cells, we have observed
the time-dependent appearance of the five early tran-
scripts, with the T/, and T/, mRNAs appearing first
(Prins, Jones, and Frisque, unpublished data). Fur-
thermore, significant differences in splicing patterns
are observed in JCV-infected versus JCV-transformed
cells (Jones and Frisque, unpublished data). It will be
important to examine the status of the cellular splic-
ing factors under these various conditions.

It is possible that differences in viral DNA replica-
tion levels of the T’ acceptor site mutants relative to
JCV(Mad1) are either due to (i) the direct loss of one
or more T’ protein functions or (ii) the altered splice
site selection in the T mutants that results in changes
in TAg levels. We favor the former idea given the
similarity of the replication phenotypes of the donor
site mutant, JCVAT’, and the triple acceptor site mu-
tant, JCVAT5/136/165C, which both fail to express the
three T’ proteins. One could also argue that the differ-
ences we observed in the replication activities could
be explained either by (i) the loss of a T” early func-
tion(s) that influences DNA replication potential di-
rectly or (ii) the loss of a possible T’ late function
that prevents efficient viral spread, thereby reducing
this activity indirectly. Our data support the former
suggestion since we observed adverse effects on repli-
cation function(s) prior to the secondary infection of
the cultures that occurs about day 11 p.t. (Table 2).

Several of the functional domains shared by TAg
and the T’ proteins are known to enhance JCV DNA
replication, although this does not necessarily indi-
cate that the T’ proteins mediate the same effect as
TAg does through these domains. For example, bind-
ing of TAg oligomers to the core origin sequences
and to the DNA polymerase a-primase complex leads
to synthesis of replication primers within the ori-
gin bubble (reviewed by Stillman, 1994). However,
the T’ proteins do not possess the TAg domains
responsible for oligomerization or DNA binding.
Therefore, if the T’ proteins do bind the polymerase
a-primase complex, one might predict that this in-
teraction would impart a negative effect on DNA
replication by sequestering this critical cellular repli-
cation factor. On the other hand, T’ proteins could
utilize the domains shared with TAg, such as those
that bind Tst-1, pRB, p107, p130, and hsc70, in their
own unique ways to enhance replication. As exam-
ples of their unique properties, T proteins are ex-
pressed at different times and in different amounts
during the JCV replication cycle. In addition, T’ pro-
teins exhibit differential binding to some cellular pro-
teins (Bollag et al, 2000), possibly because of their
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altered structures and/or their altered phosphoryla-
tion states (Swenson and Frisque, 1995; Trowbridge
and Frisque, 1995). Evidence for this latter suggestion
is provided in the present study (Figure 10); T/45, un-
like T/ 45 or T 55, appears to exist as two differentially-
modified forms, presumably because T4 contains a
carboxy-terminal phosphorylation site not found in
the other two T’ proteins.

Tst-1 stimulates JCV transcription, and TAg inter-
acts with Tst-1 through its J domain (Sock et al,
1999) to synergistically activate the viral promoters
(Wegner et al, 1993). The T’ proteins share the J do-
main of TAg, and we predict they will also interact
with Tst-1 to promote transcription. Such an activ-
ity might enhance virion production, promote sec-
ondary spread of the virus, and increase DNA repli-
cation indirectly during an infection of cultured cells.

The T’ proteins differentially interact with the cel-
lular tumor suppressor protein pRB and related pro-
teins p107 and p130 (Bollag et al, 2000). In addi-
tion, T’ 45 alters the phosphorylation state of p107 and
p130 and appears to cause degradation of a hyper-
phosphorylated form(s) of the latter protein (Bollag,
Kilpatrick, and Frisque, unpublished results). These
interactions, and the expected interactions of the T’
proteins with the molecular chaperone hsc70, might
be necessary to prepare the cell for S phase. The most
likely outcome of a T'/hsc70 interaction with pRB,
p107, and p130 would be the release of the E2F fam-
ily of transcription factors to promote progression of
the cell cycle from G1 to S phase.

The ability of the T’ proteins to influence cell cycle
progression might be a necessary event for a success-
ful infection of PHFG cells by JCV. These cells grow
slowly, and it may be important for the virus to en-
code multiple regulatory proteins that modulate cell
cycle progression. Because the individual T’ proteins
exhibit differential binding to the pRB family of pro-
teins, and because they are differentially expressed
in cultured cells, the T’ proteins may influence JCV
DNA replication by enhancing and fine-tuning a cell’s
progression onto S phase. It is in this stage of the cell
cycle that the “simple” JC virus commandeers the cel-
lular machinery to replicate its genome.

Materials and methods

Construction of the JCV T’ acceptor site mutants

The clone M1/pB-C BSKS (Swenson et al, 1996) was
digested with Pstl and PpuMI to yield an 883 bp frag-
ment that was used as a template for PCR mutagen-
esis (Figure 1), and a 4650 bp vector fragment that
was saved to recreate the clones after the mutagen-
esis. Primers containing the appropriate nucleotide
alterations were used to incorporate mutations into
the amplified DNA (Figure 2). To alter the T/, splice
acceptor, the C at nt 2918 was changed to a G and the
T at nt 2920 was changed to a G using the AT'135
Mutant and AT'135 Pstl primers. To alter the T},

splice acceptor, the T at nt 2777 was changed to a G
and the T at nt 2779 was changed to a G using the
AT’136 Mutant and AT’165 AlwNI primers. To alter
the T 45 splice acceptor, the C at nt 2705 was changed
to a T using the AT’165 Mutant and AT'165 AlwNI
primers. The PCR product containing the T,; muta-
tions was digested with AIwNI and PstI to generate
a 447 bp fragment, which was then ligated with a
WT AIwNI-PpuMI 436 bp fragment from JCV(Mad1)
DNA and the 4650 bp vector fragment to create the
clone JCVAT],;A/KS (“KS” refers to the parent clone
M1/pB-C BSKS).

The PCR product containing the T}, mutations
was cleaved with Sau3Al and AIwNI to generate
a 169 bp fragment, which was then ligated with a
267 bp WT PpuMI-Sau3Al fragment from JCV(Mad1)
DNA, the 447 bp WT Pstl-AlwNI fragment, and
the 4650 bp vector fragment to create the clone,
JCVAT!,A/KS. The PCR product containing the
T} ss; mutation was cleaved with Ddel and AIwNI
to generate a 210 bp fragment, which was then lig-
ated with a 226 bp WT PpuMI-Ddel fragment from
JCV(Mad1) DNA, the 447 bp WT Pstl-AIwNI frag-
ment, and the 4650 bp vector fragment to create
the clone JCVAT}4,A/KS. To construct the double
acceptor site mutant JCVATY;5,1,,A/KS, the 447 bp
AlwNI-Pstl PCR product of the JCVAT/,,A/KS mu-
tant was ligated with the 169 bp Sau3AI-AIwNI
PCR product of the JCVAT/;,A/KS mutant, the
267 bp WT PpuMI-Sau3Al fragment, and the 4650 bp
vector fragment. The double acceptor site mutant
JCVAT 35/165A/KS was constructed by ligating the
447 bp Pstl-AIwNI PCR product of the JCVAT! ;; A/KS
mutant with the 210 bp AIwNI-Ddel PCR product of
the JCVAT!sA/KS mutant, the 226 bp WT PpuMI-
Ddel fragment, and the 4650 bp vector fragment.
The clone JCVAT 5/,65A/KS was created by using
JCVAT ;cA/KS as a template, and using primers
AT’165 Mutantand AT’165AlwNI to insert mutations
at the T/ site. This PCR product was digested with
Ddel and AIwNI to generate a 210 bp fragment, which
was then ligated with the 447 bp WT PstI-AIwNI frag-
ment, the 226 bp WT PpuMI-Ddel fragment, and the
4650 bp vector fragment.

The triple acceptor site mutant JCVAT ;5156165
A/KS was created by ligating the 210 bp Ddel-AIwNI
fragment containing the T/, and T/ mutations with
the 447 bp AIwNI-Pstl fragment containing the T/,
mutation, the 226 bp wild-type PpuMI-Ddel frag-
ment, and the 4650 bp vector fragment. The en-
tire Pstl to PpuMI region for each “KS” clone was
confirmed by sequencing. The JCV sequences, in-
cluding the mutated sequences, located in the
1658 bp Pstl to Clal fragments of these clones were
isolated and ligated with the 4249 bp PstI to Pstl and
the 3586 bp Pstl to Clal fragments from pM1TCR1B
(the prototype JCV(Mad1) genome linked to pBR322;
Frisque, 1983) to create seven intact mutant JCV
genomes cloned into pBR322. Dideoxy sequencing



was performed to confirm the presence of the correct
mutations in each acceptor site mutant clone. The
notation “A” in the name of each acceptor site mu-
tant indicates which T’ species has been eliminated
in that clone. The names of the final T’ acceptor site
mutants cloned in pBR322 retain the names of the
T’ acceptor site mutants cloned in M1/pB-C BSKS,
minus the “KS” designation.

Alteration of the T, splice acceptor site

Four acceptor site  mutants, JCVAT/ A,
]CVAT’lSS/lSBA, ]CVAT’lSS/lSSA, and
JCVAT!35/136/165As were subjected to PCR muta-

genesis a second time to alter the cryptic T/;, splice

acceptor site. Primers RT-PCR#6 and RT-PCR#7
and the JCVAT/;-A/KS template were used in PCR
mutagenesis to alter the C at nt 2914 to a G. The
PCR product was cleaved with Pstl and Pvull to gen-
erate a 459 bp fragment. JCVAT!;;A/KS, JCVAT/ 44
A/KS, JCVAT) g A/KS, and JCVAT 45,45 A/KS were
cleaved with PpuMI and Pvull to generate a 424 bp
fragment from each clone. The 459 bp PCR fragment
was ligated with the 424 bp PpuMI-Pvull fragment
of each “KS” clone and with the 4650 bp vector
fragment used in the original cloning of the mu-
tants to create JCVAT}3;B/KS, JCVAT;5,136B/KS,
JCVAT35/165B/KS, and JCVAT, 55 /156/165B/KS. Each
clone was then subjected to restriction enzyme
digests with Pstl and Clal to remove the 1658 bp
fragment containing all T’ mutations. This frag-
ment was ligated with the 4249 bp Pstl-Pstl and
3586 bp Pstl-Clal fragments of pM1TCR1B to create
JCVAT,4sB, JCVAT,y5156B. JCVAT)5 6B, and
ICVAT/135/136/165B'

Alteration of the T ,, splice acceptor site
Four acceptor site  mutants, JCVAT/ A,
JCVAT) 351564, JCVAT, 55165, and
JCVAT 35/136/165A, Were altered a third time us-
ing PCR mutagenesis to prevent the production
of T',,, T)s,, and two other potential T’ proteins,
T)s, and Th,s (Figure 2). Using primers RT-PCR#6
and dT},, (Table 1) and using JCVAT/;;A/KS as a
template, the T at nt 2915 was changed to a G to alter
the T';, splice acceptor site, and the T at nt 2900
was changed to a G to alter the T},, splice acceptor
site. This PCR product was cleaved with Pstl and
MspA1l to yield a 459 bp fragment.

JCVAT,,,A/KS, JCVAT/.,A/KS, JCVAT,sA/KS,
and JCVAT;5/,65A/KS were used as templates in

PCR reactions with primers Set 11-L and dT},,. In
these reactions, the C at nt 2882 was changed to a
G and the T at nt 2884 was changed to a G to pre-
vent production of T/;,, and the C at nt 2885 was
changed to a T to prevent production of T5,;. These
PCR products were digested with PpuMI and MspA1l
to generate a 424 bp fragment. For each clone, this
fragment was ligated with the 459 bp PstI-MspA1l
fragment and the 4650 bp M1/pB-C BSKS vector
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fragmentto create JCVAT,;C/KS, JCVAT 35/135C/KS,
JCVAT)y5,,65C/KS, and JCVAT)y; 156,165C/KS. The
1658 bp Pstl-Clal fragment containing the T' mu-
tations was isolated from each clone and lig-
ated with the 4249 bp Pstl-Pstl and 3586 bp
Pstl-Clal WT fragments of pM1TCR1B to cre-
ate JCVAT);5C, JCVAT,55/136C. JCVAT)5,165C. and
JCVAT 35/136/165C-  All T’ acceptor site mutant
genomes (A and C series) encode a WT TAg.

Cell culture

PHFG cells were maintained in Dulbecco’s Modified
Eagle Medium (DMEM; Sigma, Irvine Scientific) with
3 or 10% bovine calf serum (BCS; Hyclone), peni-
cillin (100 U/ml), streptomycin (100 pg/ml), and L-
glutamine (2 mM) (Irvine Scientific), and were incu-
bated at 37°C in an atmosphere of 10% COs,.

Dpnl replication assay

PHFG cells were transfected with JCV DNA (the
Mad1 variant of JCV was used in all studies) using
a modified DEAE-dextran method (Sompayrac and
Danna, 1981; Lynch and Frisque, 1990). Low molec-
ular weight viral DNA was extracted from PHFG
cells at various time points p.t. using the method
of Hirt (1967) and a portion of the extract was di-
gested with EcoRI and with DpnIto distinguish repli-
cated viral DNA from the DNA used for transfection.
Samples were loaded onto a 0.8% TBE agarose gel
and electrophoresed at 80V for 20 min and at 20 V
overnight. DNA fragments were transferred to 0.2 um
pore size nylon membrane (Schleicher and Schuell,
Amersham) using the Rapid Downward Transfer Sys-
tem and the alkaline transfer protocol (Schleicher
and Schuell). Samples were incubated overnight with
a JCV-specific DNA probe, labeled with 50 uCi of
«-32P-dCTP (NEN, ICN) using an oligolabelling kit
(Pharmacia). Bands representing JCV-specific DNA
were detected by autoradiography using Kodak film.
Phosphor screens exposed to the blots were scanned
on a Phosphorimager (Molecular Dynamics). Relative
replication levels of viral DNA were determined us-
ing the ImageQuant program (Molecular Dynamics).

JCV infection of PHFG cells

Virus was isolated from cells on day 28 p.t. Plates
were freeze—thawed twice and cells were subjected
to sonication two times at an output of 0.3 for 45 s on
a Model 300 Sonic Dismembrator (Fisher). A volume
equal to 1/10 the total volume of cellular extract was
added to DMEM to a total volume of 4 ml. PHFG cells
were incubated with 1 ml of this mixture for 90 min
at 37°C.

Total RNA isolation

RNA was isolated from infected cells using the
GlassMAX RNA Microisolation Spin Cartridge Sys-
tem (Gibco BRL). RNA was subjected to RT-
PCR analysis using the Access RT-PCR System
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(Promega) and primers T'#1 (JCV nt 2580-2602; 5'-
CCAGCTTTACTTAACAGTTGCAG-3') and T'#3 (JCV
nt 4368-4345; 5-GGGATGAAGACCTGTTTTGCCA
TG-3') (Trowbridge and Frisque, 1995). PCR prod-
ucts were cloned into the PCR II or PCR 2.1 vector
of the TA Cloning Kit (Invitrogen) and used to trans-
form bacterial cells (TA Cloning Kit’s One Shot cells).
Clones of interest were identified by restriction en-
zyme analysis and sequenced by Penn State’s Nucleic
Acid Facility.

Immunoprecipitation and Western blotting

of viral proteins

To obtain lysates, cells were washed twice with 2 ml
cold STE (0.15 M NaCl; 0.02 M Tris, pH 7.2; 1 mM
EDTA, pH 7.2) and then treated with RIPA buffer
(1% Triton X-100; 1% sodium deoxycholate; 0.1%
sodium lauryl sulfate; 0.02 M Tris, pH 7.2; 0.15 M
NaCl) containing 10 ug/ml leupeptin. Plates of cells
were rocked on ice for 15 min. Lysates were col-
lected, centrifuged at 4°C at 13 000 RPM for 40 min,
aliquoted as appropriate and stored at —80°C.

To immunoprecipitate viral proteins present in
lysed cells, lysates were incubated on ice with
10 ul of hybridoma supernatant for 45 min. Staph A
(Pansorbin) stored in RIPA buffer was pelleted by
centrifugation and resuspended in RIPA buffer con-
taining BSA (1 mg/ml). After incubating for 15 min
at room temperature, 30 pl of the Staph A were
added to the cell lysates and the mixture was incu-
bated on ice for 30 min. Inmune complexes were
pelleted by centrifugation for 20 s, washed one time
with 1 ml high salt buffer (HSB; 1.0 M NaCl; 0.01 M
Tris, pH 7.2; 0.5% Triton X-100) containing leupeptin
(10 ug/ml), and washed twice with 1 ml RIPA buffer
containing leupeptin (10 pug/ml). Proteins were re-
leased from the complexes by addition of 18 ul of
sample buffer (62 mM Tris; 10% glycerol; 2% SDS;
0.72 M BME; 0.1 mg/ml bromphenol blue). Sam-
ples were vortexed, heated to 95°C for 2 min, loaded
into SDS-polyacrylamide gels and electrophoresed at
200V for 1 h.

The SDS-PAGE gel was soaked in Hoeffer’s transfer
buffer (25 mM Tris; 193 mM glycine; 20% methanol;
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0.1% SDS) for 20 min, and proteins were transferred
to a nitrocellulose membrane (Schleicher & Schuell)
at 100 V for 1 h. The membrane was rinsed with
ddH,0 and soaked in blocking solution (2% non-
fat dry milk; 0.1% Tween-20; 10% PBS) for 30 min.
This step was repeated one time. Anti-TAg mono-
clonal antibody (20 wul) was added to blots in 5 ml
of blocking solution and incubated at room tempera-
ture on a shaker for 1.5 to 3 h. Blots were washed six
times over a 20-min period with wash buffer (0.1%
Tween-20; 10X TBS). Blots were incubated with 5 ul
goat a-mouse HRP conjugate, in 5 ml blocking so-
lution for 1.5 to 3 h. Blots were washed again with
wash buffer and protein bands were detected by en-
hanced chemiluminescence using either Supersignal
West Femto or Pico Maximum Sensitivity Substrate
(Pierce).

Treatment of T, protein with protein phosphatase
To determine the phosphorylation status of T4,
cell lysates were prepared from JCV-infected PHFG
cells at days 7 and 14 p.i. Lysates were treated with
800 units of Lambda Protein Phosphatase (LPP; New
England Biolabs) in LPP buffer (50 mM Tris-HCI; 0.1
mM Na,EDTA; 5 mM DTT; 0.01% Brij 35) supple-
mented with 2 mM MnCl, and incubated at 30°C for
2 h. Early viral proteins were immunoprecipitated
using PAb 962 (Tevethia et al, 1992) and transferred
to a nitrocellulose membrane. Western blotting was
performed using PAb 2003 (Bollag et al, 2000) as the
primary antibody and a goat-a-mouse IgG HRP con-
jugate as the secondary antibody. Proteins were vi-
sualized using the Supersignal West Pico Maximum
Sensitivity Substrate.
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