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roles in protein folding, DnaJ family members are involved in
protein translocation (4). Of particular interest, this family is
involved in rearrangements in protein complexes. In l replication, for example, DnaJ and DnaK are involved in the release of DnaB helicase from lP (1). In plasmid replication,
they are involved in dissociating repA dimers to monomers
(63). Auxilin, a protein with a DnaJ homology, is involved in
recruitment of hsc70 as part of the process of stripping vesicle
coats (61).
The purpose of this work was to examine the importance of
the DnaJ homology to polyomavirus LT function. This work,
along with the work of Campbell et al. (5), shows a critical role
for DnaJ homology in the binding of a DnaK family member.
It also shows that the ability of polyomavirus LT to block the
function of Rb family members is dependent on the J homology region.

The replication of papovaviruses requires that cells enter S
phase (58). Not surprisingly, the viruses have evolved abilities
to stimulate cells (37). Each early gene product has the ability
to affect cellular pathways of growth regulation; their study has
provided important insight into cellular signal transduction.
Murine polyomavirus induces both cellular DNA replication
(10) and enzymes associated with DNA synthesis (36). A single
early gene product, large T antigen (LT), can induce cellular
DNA replication in the absence of other virus transforming
genes (17, 49). Much of LT’s ability to stimulate cell cycle
progression is connected to its association with members of the
retinoblastoma susceptibility gene (Rb) family. LT immortalizes primary cells in a manner dependent on its binding site for
pRb, p107, and p130 (14, 31). LT also can block cell cycle
withdrawal and prevent differentiation of myoblasts, again dependent on Rb family binding (33).
One very highly conserved sequence in polyomavirus T antigens is the HPDKGG found between residues 42 and 47 of
murine polyomavirus LT (42). It has been noted that this
sequence connects T antigens to the DnaJ family (6, 26). Figure 1 compares some DnaJ sequences with those of polyomavirus LTs.
The DnaJ family is a diverse set of proteins characterized by
a J domain (3, 9, 54). This is a highly conserved region of about
70 amino acids, usually at the N terminus. The structures of the
Escherichia coli and hsp40 DnaJ domains have been determined (19, 41, 43, 57). There are four helices with a conserved
HPD sequence on a loop between helices 2 and 3. This HPD
sequence is important to DnaJ function (13, 60, 62). Genetic
evidence supports the importance of the interaction between DnaJ and DnaK (51). DnaJs bind to and stimulate the
ATPase activity of DnaK (32, 35) in a manner requiring the
HPD sequence. DnaK chaperones in turn interact with protein
substrates in an ATP-dependent manner to prevent aggregation and to promote protein folding (15, 16). In addition to

MATERIALS AND METHODS
Plasmids and mutagenesis. pCMV LT (20) and pCMV-Rb2 LT (21) produced by the subcloning of a PCR fragment containing LXCXE mutations of
Leu142 to Val and Glu146 to Gln have both been described previously.
Six different point mutants (H42Q, P43S, and D44N in the HPD motif and
Q32E, A33S, and Y34K in helix 2) were constructed. HPD mutants (H42Q,
P43S, and D44N) were made by overlap PCR. 59-TGCTACTGCAGCCAGAC
AAAG-39 and CTTTGTCTGGCTGCAGTAGCA were used for H42Q; 59-GC
TACTGCACTCAGACAAAG-39 and 59-CCTTTGTCTGAGTGCAGTAGC-39
were used for P43S; and 59-ACTGCACCCAAACAAAGGTCC-39 and 59-CCA
CCTTTGTTTGGGTGCAGT-39 were used to create D44N. 59-GCGCGCGCT
AGCTGATCATGGATAGAGTTCTGAGCAGAG-39, which is complementary to the noncoding strand at the LT start codon was used as the upstream
primer. 59-GCGCGCTGATCACGGGGGACCCTGATATGACGCGC-39,
which is complementary to the coding strand beginning at the C-terminus, was
used as the downstream primer. The template was wild-type cytomegalovirus
(CMV) LT. PCR was carried out with Vent polymerase (New England Biolabs)
in a Perkin-Elmer Thermal Cycler for 25 cycles of 1 min at 96°C, 1 min at 55°C,
and 2 min at 72°C. After BamHI digestion, the fragment was ligated into the
BamHI site of the pCMV NeoBam parent vector (39). Mutants Q32E and A33S
were made with oligonucleotides 59-GGAAGAATGCAG(C/G)AG(G/T)CATA
TAAGCAGCAGTC-39 and 59-GACTGCTGCTTATATG(A/C)CT(G/C)CTGC
ATTCTTCC-39. Y34N was constructed with 59-AGAATGCAGCAGGCA(T/A)
AT(A/G)AGCAGCAGTCACTGC-39 and 59-GCAGTGACTGCTGCT(T/C)A
T(T/A)TGCCTGCTGCATTCT-39. All mutations were verified by dideoxy sequencing (45).
myc-tagged Hsj1 fragments were created by PCR. To create a construct with
nine amino acids of myc sequence that could be recognized by 9E10 antibody
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Tumor suppressors of the retinoblastoma susceptibility gene family regulate cell growth and differentiation.
Polyomavirus large T antigens (large T) bind Rb family members and block their function. Mutations of large
T sequences conserved with the DnaJ family affect large T binding to a cellular DnaK, heat shock protein 70.
The same mutations abolish large T activation of E2F-containing promoters and Rb binding-dependent large
T activation of cell cycle progression. Cotransfection of a cellular DnaJ domain blocks wild-type large T action,
showing that the connection between the chaperone system and tumor suppressors is direct. Although they are
inactive in assays dependent on Rb family binding, mutants in the J region retain the ability to associate with
pRb, p107, and p130. This suggests that binding of Rb family members by large T is not sufficient for their
inactivation and that a functional J domain is required as well. This work connects the DnaJ and DnaK
molecular chaperones to regulation of tumor suppressors by polyomavirus large T.
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(53) and that contained residues 2 to 78 of Hsj1, 59-CGCGGGATCCAACAT
GGAACAGAAACTCATCTCTGAAGAGGATCTGGCTAGCGCATCCTAC
TACGAGATC-39 and 59-CGCGGGATCCGCTAGCCTAAGTTCCTGTCCC
TGTCAG-39 were the primers used on either wild-type or Hsj1 HQ mutant
template. CMV vectors expressing adenovirus E1A 12S and human papillomavirus (HPV) E7 have been described previously (15). The EC113 E2CAT (22),
provided by Elliot Androphy, contains the adenovirus E2 promoter with its E2F
sites; pA10-E2F-CAT plasmid had the 285-to-230 adenovirus E2 promoter
sequence and a minimal simian virus 40 (SV40) promoter fused to a chloramphenicol acetyltransferase (CAT) gene (21, 52). Rous sarcoma virus (RSV)
b-galactosidase (b-Gal) (2, 11) vector was provided by Amy Yee.
Cell lines and transfections. NIH 3T3 cells originally obtained from the American Type Culture Collection (ATCC) were kindly provided by Bruce Cohen.
The cells were grown in Dulbecco’s modified Eagle’s medium (DMEM; Gibco)
supplemented with 10% calf serum (Hyclone).
Transfections were performed by the calcium phosphate precipitation method
of Chen and Okayama (8). The cells were ordinarily used 48 h posttransfection.
For serum starvation experiments, the precipitate was left on the cells for 4 to
6 h, after which the cells were washed twice with phosphate-buffered saline (PBS)
and fed with DMEM containing 0.2% calf serum.
CAT assays. NIH 3T3 cells transfected at 15 to 25% confluence with 2 mg of
pA10-E2F-CAT or EC113 E2CAT and different LT, E1A, or E7 expression
vectors were harvested 48 h posttransfection. In all cases, the amount of CMV
expression vector was kept constant by the addition of empty vector containing
the CMV promoter. CAT activity was measured by standard chromatographic
techniques (18). Chloramphenicols on thin-layer chromatography plates were
quantitated with ImageQuant software (Molecular Dynamics) to determine the
percentage of total 14C in acetylated forms of chloramphenicol versus in all
forms.
Measurement of S-phase induction. Bromodeoxyuridine (BrdU) labeling and
staining have been described previously (17). Briefly, cells incubated in 0.2%
serum for approximately 48 h were labeled with 100 mM BrdU for an additional
12 to 16 h. The cells were then stained for LT with a rabbit polyclonal antibody
and with the monoclonal antibody BU-1 (Amersham) for BrdU. After PBS
washes, the cells were stained with a combination of anti-rabbit fluorescein
isothiocyanate (FITC; Kappel) and anti-mouse TRITC (Sigma) secondary antibodies. Nuclear fluorescence was observed with a Zeiss microscope.
Immunoprecipitations. After washing and collection in PBS, the cells were
extracted in T extraction buffer (TEB; 137 mM NaCl, 10 mM Tris-Cl [pH 8.0], 1
mM MgCl2, 1 mM CaCl2, 10% [vol/vol] glycerol, 1% [vol/vol] Nonidet P-40) for
20 min at 4°C. Cleared extracts were incubated with antibody and protein ASepharose (Pharmacia) for 1 h. After washing in PBS1, immunoprecipitates
were boiled for 2 min in dissociation buffer (DB; 62.5 mM Tris-Cl [pH 6.8], 5%
[wt/vol] sodium dodecyl sulfate [SDS], 25% [vol/vol] glycerol, 0.0075% [wt/vol]
bromophenol blue, 50 ml of b-mercaptoethanol per ml) and subjected to SDSpolyacrylamide gel electrophoresis (PAGE) (30). After electrophoresis, samples
were blotted onto nitrocellulose and analyzed by immunoblotting (59). The
antibodies used in blotting included mouse monoclonal PN116 (20) or anti-LT
polyclonal rabbit serum for LT, 12CA5 to detect hemagglutinin (HA)-tagged Rb,
and p130 or p107 and 9E10 to detect myc-tagged Hsj1.

were transiently expressed in NIH 3T3 cells with vectors that
used the CMV intermediate-early promoter for expression.
Each mutant was expressed at a level similar to that of the wild
type, as shown by immunofluorescence and Western blotting.
Immunofluorescence, showing nuclear staining with nucleolar
exclusion (not shown), was indistinguishable from the wild
type.
If polyomavirus LT functions as a DnaJ protein, it should
interact with members of the DnaK family. Figure 2 shows that
this was the case. After transfection with LT expression vectors, immunoprecipitations were carried out with either anti-T
serum or monoclonal antibody SP822 that recognized hs70.
After SDS-PAGE, the samples were immunoblotted with either anti-hsp70 or anti-T. The heat shock monoclonal antibody
precipitated wild-type LT but little if any P43S LT. This heat
shock antibody did not discriminate between hsp70 and hsc70.
Isoelectric focusing suggested that hsc70 was the relevant partner (not shown). This is not unexpected, since Butel and coworkers showed association of hsc70 with SV40 LT (46, 47).
Anti-T immunoprecipitation of P43S LT showed no coprecipitation of hs70, again consistent with the need for the HPD
sequence in interactions of DnaJ with DnaK. A mutant defective in Rb binding was clearly still able to bind hsc70, although
the level was occasionally somewhat reduced. These genetics
are consistent with earlier demonstrations that interaction of
SV40 LT and hsc70 occurred in the first 97 residues of LT,
which include the J domain but not the Rb-binding motif (46,
47). Our recent work also showed the need for the HPD
sequence of SV40 LT in its interaction with hsc70 (5).
What is the role of the J region of LT? The one character-

RESULTS
To test the role of the DnaJ region of LT, initial attention
focused on HPDKGG. Deletion or substitution of these residues was tried, but the mutant proteins were not stably expressed. Then, three different HPD point mutants (H42Q,
P43S, and D44N) were created by using overlap PCR. LTs

FIG. 2. Comparison of mutant and wild-type LT binding to hs70. Cells transfected with vector expressing Rb2 LT (Rb2), control CMV vector (C), vector
expressing wild type (WT), or the P43S HPD mutant LT (P43S) were extracted
46 h posttransfection. After extraction, immunoprecipitation was carried out
with either anti-T serum (aT) or anti-hsp70 monoclonal antibody SP822 (aHS).
SDS-PAGE was followed by blotting and immunostaining with either SP822
(aHS) or with anti-LT (aT).
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FIG. 1. J domains and T antigens. Sequences of DnaJ proteins (top) compared to LT antigen sequences from different polyomaviruses (bottom). Residues in
boldface are conserved throughout. Underlined residues of E. coli DnaJ represent the four alpha helices (57). Underlined residues in the murine polyomavirus (PY)
LT sequence indicate alpha helices predicted according to Kneller and colleagues (26, 27).
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FIG. 3. J region mutants are defective in Rb-dependent transactivation of
E2F sites. (A) (Top) cells were cotransfected with A10 CAT (lanes 1 to 4) or
EC113 E2 CAT (lanes 5 to 8) along with the indicated CMV expression plasmids.
Cells were extracted 48 h posttransfection and assayed for CAT activity. Arrowheads, acetylated chloramphenicols. (Bottom) Aliquots of the extracts were run
on SDS-PAGE and blotted with anti-LT monoclonal pN116 to confirm protein
expression. The set on the left are from the A10 E2FCAT transfections; the set
on the right are from the EC113 E2CAT transfections. (B) Comparisons E2F
transactivation by different J region mutants. Cells were cotransfected with A10
CAT with the indicated expression plasmids. The cells were extracted 48 h
posttransfection and assayed for CAT activity. The data are presented as activation relative to that of the wild type. (C) Neither the J domain nor the Rb
binding site is important for LT activation of RSV–b-Gal constructs. Cells were
cotransfected with RSV–b-Gal and with the indicated expression plasmids. After
48 h, b-Gal activity was measured by standard techniques with o-nitrophenyl-b2
D-galactopyranoside and measurement of the optical density at 420 nm. (D) Rb
and J2 mutants of LT do not complement each other. Cells were transfected with
A10 CAT and control CMV vector, wild type, Rb2, P43S, or equal amounts of
P43S and Rb2. CAT activities measured approximately 48 h after transfection
are expressed as percent acetylated chloramphenicols (AcCM). Con, control;
WT, wild type.

Downloaded from http://jvi.asm.org/ on November 20, 2019 by guest

ized function of the N terminus of LT is the binding of Rb
family members. This interaction can be assayed by measuring
transactivation of promoters containing E2F sites. LT is known
to transactivate promoters containing E2F sites in a manner
dependent on its ability to associate with Rb family members
(21). To test the importance of LT sequences, two different
reporters containing E2F sites adjoining the CAT gene were
transfected, along with mutant or wild-type LTs. The result of
one assay is shown in Fig. 3A. Quantitation of this and other
assays shows that wild-type LT induced as much as a 30-fold
increase in CAT activity with either CAT construct. LT with
two point mutations in the Rb binding site gave essentially no
activation. The important result is that shown for the P43S
mutant. This mutant lacked the ability to transactivate E2F
sites (Fig. 3A). Results similar to those with P43S have been
obtained for the H42Q and D44N mutations in the conserved
HPD sequence (Fig. 3B). In many repeated experiments, no
substantial activation was observed with the HPD mutants.
Mutants defective in the HPD sequence were almost as defective as the LT mutant in the Rb binding site in this test of Rb
function. Other mutations in conserved residues in the J domain were also tried. Of the conserved residues in helix 2,
mutation of Q32 and Y34 gave inactive LT, while the A33
mutant gave significant activity. Mutation of leucine 17, a residue expected to be involved in holding the helices together
(41, 57), yielded very low levels of protein expression (not
shown); presumably, this resulted from protein instability.
Two questions immediately arise about the role of the J
domain in the activation of E2F-containing promoters. Since
LT transactivates a variety of promoters, including ones that
are not Rb or E2F dependent, is the function of the J region
connected to the Rb interaction or is it general? The experiment shown in Fig. 3C argues that the DnaJ domain was not
generally involved in all LT transactivation. LT was a potent
activator of an RSV–b-Gal construct. This activation was dependent on neither Rb binding nor an intact J region. Similar
results have been obtained for activation of the fos promoter
(not shown).
The second question is whether the J domain is directly
connected to LT’s effects on the Rb family or whether it represents an independent activity required in addition to Rb
inactivation for E2F promoter activation. To assess these alternatives, complementation experiments were performed.
Very little, if any, activation of the E2F promoter was observed
upon cotransfection of equal amounts of Rb2 and P43S LT
vectors (Fig. 3D). This failure to complement indicated that
the HPD sequence must function as a cis element for LT to act
on Rb family members.
One concern was that N-terminal mutations simply unfolded
the N terminus, preventing large Ts interaction with the Rb
family. Cotransfection experiments with large T and individual
Rb family members were performed to rule this out. HAtagged Rb (HA-Rb), HA-p107, or HA-p130 was individually
cotransfected with wild-type or mutant LTs. After immunoprecipitation with anti-T serum, the samples were analyzed by
Western blotting. Figure 4A shows that equivalent amounts of
wild-type and mutant LTs were present after cotransfection
with p130. As expected, the LT mutant in the pRb binding site
did not bring down detectable quantities of p130 (B lane 2).
Figure 4B shows that the P43S mutant (lane 1) brought down
amounts of p130 equivalent to that for wild type (lane 3).
Figure 4C shows a coprecipitation experiment for p107, and
Fig. 4D shows one for pRb. In each case, the J domain mutant
LT bound the Rb family member at the same level as that of
the wild type. These results show that mutation in the HPD
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sequence was not simply preventing LT-Rb family member
interactions.
The result with p130 suggests another aspect of the interaction. When p130 and HPD mutant LT were cotransfected,
p130 (Fig. 4B, lane 1) showed a mobility shift of the sort
previously attributed to phosphorylation. In fact, p130 in cells
expressing mutant LT was more heavily labeled with 32PO4.
This is consistent with results of the DeCaprio lab (56), showing that expression of N-terminal mutants of SV40 LT resulted
in a high level of p130 phosphorylation compared with the wild
type.
LT can promote cell cycle progression. In some cells, such as
ATCC NIH 3T3 cells, this function requires interaction with
Rb family members. The ability to promote S phase after
serum withdrawal can be measured by BrdU incorporation
(Fig. 5). In these cells, which behave differently from the NIH
3T3 clone used by Gjorup et al. (17), LT lost the ability to
promote S phase when its Rb binding site was mutated. The
ability of large T to promote BrdU incorporation was also lost
when its HPD sequence was mutated. As for transactivation,
an intact HPD sequence was required for a productive interaction between LT and Rb family members.
The failure of Rb2 and P43S complementation (Fig. 3D)
suggested that DnaJ function and inactivation of Rb family

FIG. 5. Mutation of the J region inactivates the ability of LT to promote
cellular DNA replication. ATCC NIH 3T3 cells were transfected with the indicated DNAs. Transfected cells incubated in 0.2% serum for approximately 48 h
were labeled with 100 mM BrdU for an additional 14 h. After staining for LT with
rabbit polyclonal antibody-anti-rabbit FITC and BrdU with the monoclonal
antibody BU-1–anti-mouse TRITC (Amersham), nuclear fluorescence was
scored with a Zeiss microscope. Percent positives represent counts of more than
200 T-positive cells in each case. Con, control; WT, wild type.

FIG. 6. Effects of coexpression of the heterologous J domain from Hsj1. (A)
Exogenously expressed J domain (J) of Hsj1 blocks LT-hsc70 interaction. NIH
3T3 cells were transfected with vector expressing LT (T) and control vector (C)
(lanes 1 and 2), a vector expressing Hsj1 sequences 1 to 78 (lanes 3 and 4), or a
vector expressing an H-to-Q mutant of Hsj1 1 to 78 (lanes 5 and 6). Aliquots of
cell extracts were run directly on SDS-PAGE (top) or were immunoprecipitated
(bottom) with control monoclonal antibody (lane 1) or anti-hsp70 SP822 (lanes
2 to 6) and then run on SDS-PAGE gels. Samples were then blotted with anti-LT
(PN116). (B) Exogenously expressed J domain of Hsj1 blocks LT transactivation
of E2F promoters. A10 E2FCAT expression vector was cotransfected with either
control vector (C) or wild-type LT (T) and with either control vector, a vector
expressing myc-tagged Hsj1 wild-type sequence 1 to 78, or a vector expressing
myc-tagged Hsj1 mutant H31Q sequence. CAT activity measured approximately
48 h after transfection is expressed as percent acetylated chloramphenicols
(AcCM). (C) A10 E2FCAT expression vector was transfected with CMV control
(Con) or with wild-type (WT) LT, adenovirus E1A 12S, or HPV E7 as well as
with control or a vector expressing myc-Hsj1 sequences 2 to 78. CAT activity
measured approximately 48 h after transfection is expressed as percent acetylated chloramphenicols (AcCM). Note that the scales are different for LT activation compared with E7 or E1A activation of E2FCAT.

member function were closely connected. This was confirmed
by examining the consequences of coexpression of a heterologous DnaJ domain. We (5) have shown that sequences from
Hsj1, a human DnaJ protein, could be substituted for SV40
sequences to restore LT function in DNA replication. CMV
vectors expressing residues 2 to 78 of the Hsj1 J domain in both
wild-type and H31Q mutant forms fused to a myc epitope tag
were prepared. Figure 6A showed that association of LT with
heat shock 70 could be suppressed by expression of Hsj1 sequences 2 to 78. This result suggests that the Hsj1 fragment
titrated the DnaK interacting with LT. As expected, mutant
Hsj1 with the H of the HPD mutated to Q failed to block
association. Figure 6B shows that the Hsj1 construct also
blocked LT activation of E2F containing promoters, again
depending on an intact HPD sequence. The inhibition of LT
activation of E2F-containing promoters observed with Hsj1
has been repeated more than a dozen times in NIH 3T3 and
U2OS cells. The size of the effect varied from threefold to
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FIG. 4. HPD mutant P43S binds Rb family members. Cells were cotransfected with either P43S LT (lanes 1), Rb2 LT (lanes 2), or wild-type LT (lanes
3) along with either HA-tagged p130 (A and B), HA-tagged p107 (C), or HAtagged Rb (D). Anti-T antibody was used to immunoprecipitate LT from extracts
made approximately 44 h after transfection. After SDS-PAGE and blotting, LT
was detected by blotting with LT monoclonal antibody pN116 (A); Rb family
members p130 (B), p107 (C), and pRb (D) were detected with 12CA5 to detect
the HA tag.
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FIG. 7. Model for the role of the DnaJ domain in LT interactions with Rb
family members. When LT encounters an Rb-E2F complex, it binds to the
pocket (A and B) via its LXCXE motif. DnaK is recruited to the complex by the
LT J domain. This DnaK acts on Rb to release active E2F. The site marked K on
Rb may be the site of interaction between Rb and hsc70 reported by Inoue and
coworkers (23).

DISCUSSION
The similarity of the N-terminal sequence of polyomavirus T
antigens to those of the DnaJ family is clear. As for J domain
structures, four helical regions are predicted for the LT N
terminus with the conserved HPD motif on the loop between
helices 2 and 3. As expected for DnaJs, LT associates with
hsc70, a member of the DnaK family. The HPD motif is important for the interaction of DnaJ proteins with DnaK family
members (62). Consistent with this, LT binding to hsc70 requires an intact HPD sequence. There is also a functional link.
LT function genetically dependent on the integrity of its J
sequences can be blocked by coexpression of a heterologous
cellular DnaJ sequence. These results suggest that LT acts as a
DnaJ family member. Two very recent results also support the
idea that the N-terminal regions of polyomavirus T antigens
function as a DnaJ. First, Kelley and Georgopoulos (25)
showed that the N termini of SV40 and BK and JC viruses
could functionally substitute for E. coli DNA J sequences in
bacteria. Secondly, the J domain sequence of Hsj1 could be
substituted into SV40 LT to allow viral DNA replication (5).
The substitution experiments argue that approximately 80 residues of the T antigens are an independent folding unit representing a domain. This is likely true for polyomavirus LT,
although proteolysis experiments demonstrated only a larger
260 amino-terminal element (17).
The DnaJ region of LT is critical for a productive interaction
between LT and members of the Rb tumor suppressor family
as measured by E2F transactivation or cell cycle assays. Because Rb2 and HPD LT mutants fail to complement one
another, hsc70 binding and Rb binding cannot represent independent functions. LT oligomerizes (44), so failure to complement suggests that binding of Rb and hsc70 must be on the
same molecule. The suppression of LT transactivation by a
human DnaJ domain, Hsj1, can be explained by its competition
with LT for hsc70.
How does LT affect Rb family member function via the heat
shock binding site? Free E2F activates promoters, and expression of E2F1 can drive cells into S phase (24). Rb family
members block E2F function by forming complexes with members of the E2F family. Ordinarily these interactions are cell
cycle dependent. When a viral oncogene is expressed, complexes of Rb and E2F are disrupted (7). An interaction between Rb and hsp70 has already been shown (23). The obser-

vations suggest that the data can be explained by a simple
model (Fig. 7). Although the LXCXE motif of LT binds the
pocket of Rb family members, this interaction is not sufficient
to displace E2F family members from Rb. The J function of LT
serves to bring a substrate (Rb family-E2F family member
complexes) to a DnaK family member. Interaction between the
Rb-E2F complex and DnaK results in separation of Rb and
E2F. As with other DnaK activities, separation of Rb-E2F
complexes would require ATP. This model is simply a variation
of what has already been proposed for E1A; following the
interaction of CR2 and Rb, CR1 interacts with Rb to cause
separation of E2F and Rb (12). For E1A, which has CR1
sequences, transactivation should be insensitive to coexpressed
Hsj1 as observed.
The connection of the DnaJ region to Rb function implies
an important role in cell growth regulation by polyomaviruses.
For SV40 LT, the J domain is known to be important for
transformation (34, 40, 55). Polyomavirus LT is not a transforming protein, so the ability to associate with DnaK or Rb
family members does not result in tumors. In fact, the tumor
profile of virus with a mutation blocking T-Rb interactions was
essentially the same as that of the wild type (14). However,
LT’s Rb-dependent abilities to block myoblast differentiation
(33) and to immortalize (31) reflect continuing cell cycle progression. When the ability to promote cellular DNA synthesis
depends on LT’s ability to bind Rb family members, it also
depends on an intact DnaJ sequence.
Does the J domain serve other functions for the polyomavirus LTs? There have been connections between DnaK proteins and translocation to the nucleus (38, 64). However, immunofluorescence showed that LT HPD mutants were
translocated efficiently to the nucleus (not shown); the C-terminal domain (residues 264 to 785), lacking the 42 to 47 sequences, was also nuclear (17). We have shown recently that
the J function of SV40 large T contributes significantly to SV40
DNA replication (5). This suggests an analogy to l replication
in which DnaJ and DnaK function in rearrangement of protein
complexes. Polyomavirus replication seems somewhat different
from SV40 replication. Clearly the J function cannot be required for polyomavirus DNA replication, since the C-terminal
domain can drive levels of replication comparable to those of
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more than eightfold. The size of the effect likely depends on
the balance of hs70 proteins and the Hsj1 fragment. C33A cells
did not work in this experiment, presumably because too much
heat shock protein was present.
The ability to use the myc-tagged Hsj1 fragment as a competitor in E2F assays was used to look for a possible role of
DnaJs in Rb family interactions with other DNA tumor virus
oncoproteins. The HPV E7 and E1A 12S gene products are
both known to interact with the Rb family members. The
ability of the 12S E1A gene product to activate the E2F promoter was not significantly sensitive to the coexpression of
Hsj1 fragment. In the particular experiment shown in Fig. 6C,
there was actually a stimulation. In five other experiments,
most showed no effect and a twofold decrease was observed
once. The difference in response to Hsj1 between LT and E1A
activation of E2F promoters showed that the inhibition observed with LT was not a general effect. For HPV E7, the
ability to activate a promoter containing E2F sites could be
blocked by exogenous Hsj1. In four experiments, effects from
4- to 10-fold were observed. This suggests that E7 may utilize
chaperone pathways to reach the Rb family.
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ADDENDUM IN PROOF
Two very recent reports (A. Srinivasan, A. McClellan, J.
Vartikar, I. Marks, P. Cantalupo, Y. Li, P. Whyte, K. Rundell,
J. Brodsky, and J. Pipas, Mol. Cell. Biol. 17:4761–4773, 1997,
and H. Stubdal, J. Zalvide, K. Cambell, C. Schweitzer, T.
Roberts, and J. DeCaprio, Mol. Cell. Biol. 17:4979–4990, 1997)
have connected J domain function to growth and Rb family
regulation by SV40 LT.
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