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Simian virus 40 large T antigen is a multifunctional oncoprotein that is required for numerous viral
functions and the induction of cellular transformation. T antigen contains a J domain that is required for many
of its activities including viral DNA replication, transformation, and virion assembly. J-domain-containing
proteins interact with Hsc70 (a cellular chaperone) to perform multiple biological activities, usually involving
a change in the conformation of target substrates. It is thought that Hsc70 associates with T antigen to assist
in performing its numerous activities. However, it is not clear if T antigen binds to Hsc70 directly or induces
the binding of Hsc70 to other T-antigen binding proteins such as pRb or p53. In this report, we show that T
antigen binds Hsc70 directly with a stoichiometry of 1:1 (dissociation constant = 310 nM Hsc70). Furthermore,
the T-antigen—Hsc70 complex formation is dependent upon ATP hydrolysis at the active site of Hsc70 (ATP
dissociation constant = 0.16 puM), but T-antigen—-Hsc70 complex formation does not require nucleotide
hydrolysis at the T-antigen ATP binding site. N136, a J domain-containing fragment of T antigen, does not
stably associate with Hsc70 but can form a transient complex as assayed by centrifugation analysis. Finally, T
antigen does not associate stably with either of two yeast Hsc70 homologues or an amino-terminal fragment of
Hsc70 containing the ATPase domain. These results provide direct evidence that the T-antigen—-Hsc70 inter-
action is specific and that this association requires multiple domains of both T antigen and Hsc70. This is the
first demonstration of a nucleotide requirement for the association of T antigen and Hsc70 and lays the

foundation for future reconstitution studies of chaperone-dependent tumorigenesis induced by T antigen.

Simian virus 40 large T antigen is a multifunctional, mul-
tidomain protein that is the focus of intense study as an effector
for neoplastic transformation, DNA replication and other mo-
lecular processes (for reviews see references 3, 9, and 32). The
mechanism by which a single protein can perform so many
functions is enigmatic. Recently it was demonstrated that T
antigen is a molecular chaperone protein that contains a func-
tional J domain (5, 22, 37). The J domain is essential for
multiple functions of T antigen, including transformation (37),
induction of increased cellular division (38), inhibition of apo-
ptosis (36), release of Rb/E2F family complexes (39, 44), and
viral DNA replication (30). Thus, it has been proposed that the
action of the J domain, combined with the ability to dock
various substrates, including Rb family members (pRb, p107,
p130) and p53, can account at least in part for the multiple
activities of T antigen (3, 37).

J-domain-containing proteins (J proteins) bind to partner
DnaK-homologue chaperones (DnaKs), stimulating the ATPase
activity of the DnaKs. When DnaK hydrolyzes ATP, it can
change the conformation of its bound substrate to perform a
number of functions, including protein folding and unfolding
(17), protein import and export across the endoplasmic retic-
ulum and mitochondrial membranes (2), and the disruption of
multiprotein complexes (1, 39, 45). The prototypic mammalian
DnaK is Hsp70, which is induced during cellular stress and
prevents illicit protein aggregation, as well as assisting in the
refolding of denatured proteins (17). Hsc70 consists of an
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amino-terminal ATPase domain, as well as a carboxyl-terminal
peptide binding domain. Hsc70 is highly similar to Hsp70 at
the amino acid level and is thought to be the constitutively
expressed, functional equivalent of Hsp70 (17). In Saccharo-
myces cerevisiae, 14 different DnaK homologous proteins are
known to exist, and it is thought that there are as many or more
in mammalian cells (33).

Nuclear magnetic resonance and biochemical analysis has
demonstrated that J proteins interact with the ATPase domain
of DnaK proteins through a conserved HPD loop (4), and
structure-function analysis has demonstrated that mutation of
any of these three residues abolishes the functional interaction
between J proteins and DnaKs (21, 41). Consistent with these
observations, mutation of the HPD loop in T antigen renders
it nonfunctional for multiple activities (3, 5, 37, 39, 44). It
should be noted that whereas the amino-terminal ATPase do-
main of Hsc70 is required for association with J-domain-con-
taining proteins, at least in some circumstances, regions of
Hsc70 outside the ATPase domain (including its carboxyl-ter-
minal EEVD motif of the peptide binding domain) are also
important for interaction with J proteins (8, 12).

While the essential nature of the J-domain chaperone func-
tion of T antigen is clearly established for altering some cellu-
lar growth control mechanisms and viral functions, it remains
undetermined which DnaK homologue(s) T antigen associates
with to perform these functions. Several studies have demon-
strated that in the context of a cellular lysate, the T-antigen—
Hsc70 complex can be isolated and the association of the
components of this complex requires a functional J domain (5,
34, 35, 40). However, it has also been well documented that at
least two T-antigen cellular binding targets, pRb and p53, also
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bind to Hsc70 (11, 18, 29). Therefore, another plausible hy-
pothesis is that T antigen does not directly associate with
Hsc70, but rather the T-antigen—Hsc70 association is indirect and
mediated by pRb, p53, or other T-antigen binding proteins.

This study seeks to understand better the interaction of T
antigen with Hsc70. The results show that T antigen associates
with Hsc70 directly, and the stoichiometry of binding is 1:1.
This association requires ATP binding and ATP hydrolysis by
Hsc70, but not by T antigen. Two yeast DnaK homologues fail
to efficiently form the stable ATP-dependent complex, suggest-
ing that the T-antigen—-Hsc70 association is specific for the
mammalian Hsc70 chaperones. The T-antigen—Hsc70 interac-
tion is J-domain dependent, but surprisingly N136, an amino-
terminal fragment containing the J domain, is not sufficient for
complex formation, implying that regions of T antigen more
carboxyl terminal to the J domain are also required for the
stable association of T antigen and Hsc70. Sedimentation ve-
locity centrifugation analysis demonstrates that N136 can, how-
ever, transiently associate with Hsc70. Finally, it is shown that
the ATPase domain of Hsc70 is not sufficient for T-antigen—
Hsc70 complex formation. These data imply that domains car-
boxy terminal to the ATPase domain are required for the
stable association of Hsc70 and T antigen. The results pre-
sented here reveal an elaborate molecular machine that is
fueled by ATP turnover to drive the in vivo functions of T
antigen as an effector for neoplastic transformation, DNA rep-
lication, and virion assembly.

MATERIALS AND METHODS

Buffers. Buffer I contains 20 mM HEPES at pH 7.8 with NaOH, 6 mM MgCl,,
40 mM KCl, and 0.1% NP-40. PBS at pH 7.3 contains 4.3 mM Na,HPO, - 7TH,0,
1.4 mM KH,PO,, 137 mM NacCl, and 2.7 mM KCIL.

Protein purification. Expression of T antigen and mutants of T antigen (Fig.
1) have been described previously (30, 37). 5061 contains an insertional mutation
at Gly**! with Ala-Leu-Glu and has been described (7, 10, 31). Mutant D44N
(5110) harbors a single amino acid substitution in the conserved HPD loop of the
J domain, and N136 encodes a truncated amino-terminal fragment made by
inserting a stop codon after amino acid (aa) 136 of wild-type T antigen (37). A
recombinant baculovirus that expresses the wild-type T antigen (Autographa
californica nuclear polyhedrosis virus 941T) and a baculovirus transfer plasmid
containing the wild-type T-antigen gene (pVL941T) were kindly provided by
Robert Lanford (Southwest Foundation for Biomedical Research) and have
been described previously (25). Baculovirus transfer plasmids pVL941-N136 and
-5061 were generated as described for pVL941T. Baculoviruses were constructed
as previously described (7).

Wild-type and mutant T antigens were purified essentially as described (6)
except that the gel filtration step was eliminated. Purification of Ssalp, BiP, and
BiP1~3%%) has been described (28). Purified bovine brain and recombinant Hsc70,
as well as Hsc70(!~3%9) were purchased from StressGen Biotechnologies, Victo-
ria, British Columbia, Canada.

All proteins used in the experiments were >95% pure as determined by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
stained with Coomassie brilliant blue R-250. Protein concentration was deter-
mined by the Bradford method (Bio-Rad, Hercules, Calif.) with bovine serum
albumin as the standard.

Antibodies. The T-antigen-specific polyclonal antibodies (PAbs) PAb416
(which recognizes an epitope between aa 91 and 95), and PAb419 (which rec-
ognizes an epitope between aa 1 and 82) have been described previously (28).
Anti-T-antigen antibody 901 recognizes an epitope in the last carboxyl-terminal
30 aa of T antigen (aa 684 to 698) and was kindly provided by Judith Tevethia
(The Pennsylvania State University Medical School, Hershey). Antibodies were
expressed in hybridoma cells, and the media were collected. The media were
passed over a protein G column and eluted using a glycine solution at pH 2.5 into
a Tris neutralization buffer of pH 9.6. Fractions most enriched for antibody were
pooled and dialyzed into PBS.
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FIG. 1. Summary of T antigen and Hsc70 proteins and sites of
epitopes for anti-T antigen antibodies. The left panel corresponds to
the Hsc70 constructs used in this study and the right panel corresponds
to the T antigen constructs used. X indicates the area of targeted muta-
tion. The position of the epitopes for anti-T antigen antibodies, PAb419,
PAb416, and 901, are indicated on the wild-type T antigen. J denotes the
position of the J domain, while RB indicates the position of the LXCXE

Rb family binding motif. The carboxyl-terminal T-antigen ATPase and
amino-terminal Hsc70 ATPase domains are indicated.

Immunoprecipitation of T-antigen—-Hsc70 complex. Unless otherwise noted, 1
wg of T antigen or mutants of T antigen were incubated with Hsc70 (3 pg) in the
presence or absence of MgATP with an ATP regeneration system (50 pM GDP
manose, 40 pM creatine phosphate, 0.2 mg of phosphocreatine kinase per ml) in
a volume of 100 pl of buffer I. The reaction mixtures were then incubated with
2 to 3 g of appropriate antibody for 30 min at 22°C in the presence of 50 pl of
a 50% slurry of protein A-Sepharose CL-4B beads (Pharmacia Biotech Inc.,
Uppsala, Sweden) in buffer I to immunoprecipitate T antigen. The reaction
mixtures were captured via a 20-s spin in a microcentrifuge at 16,000 X g and
washed three times with 1 ml of PBS. The final pellets were resuspended in 2X
Laemmli sample buffer containing the reducing agents dithiothreitol and B-mer-
captoethanol and heated at 100°C for 5 min. These samples were then loaded
onto an 8% acrylamide SDS gel and electrophoresed. The Coomassie blue-
stained gels were analyzed using an Astra 600S digital scanner (Umax Technol-
ogies Inc., Fremont, Wash.) and quantified using NIH Image software (version
2.1). T antigen and Hsc70 showed a linear increase in Coomassie blue staining
intensity as a function of protein concentration.

Sedimentation velocity centrifugation. The interaction of wild-type or mutant
T antigen (600 nM) and bovine brain Hsc70 (500 nM) was evaluated by incu-
bating these proteins for 30 min in the presence of 1 mM MgATP at 22°C in
buffer I. The reaction solution (60 wl) was then layered onto a 5 to 15% linear
glycerol gradient in buffer I and centrifuged at 137,000 X g for 60 min at 10°C on
a Beckman TLS-55 rotor. The resulting gradients were fractionated (12-pl ali-
quots) from top to bottom (least to most dense), which was followed by SDS-
PAGE analysis. The Coomassie blue-stained gels were scanned, quantified using
NIH Image software (version 2.1), and graphed based on the percent total
protein collected in each fraction.

Data analysis. The T-antigen—Hsc70 equilibrium binding data were fitted to
one of the following equations by a nonlinear least-squares method using Kalei-
daGraph software (Synergy Software, Reading, Pa.). The binding stoichiometry
of T antigen and Hsc70 (Fig. 2A) was determined by plotting the data as Hsc70
concentration that immunoprecipitated with T antigen, using anti-T-antigen
antibodies (PAb416) as a function of total Hsc70 concentration. The analysis
assumes a single binding site on Hsc70 for each T-antigen molecule, and Hsc70
concentrations were as low as the T-antigen concentration used in the experi-
ment. Therefore, the data were fitted to the following quadratic equation:

TAg-Hsc70 = 0.5{([TAg,] + [Hsc70y]+ K;) — (1)

[([TAg] + [Hsc700] + Ky)* — 4([TAg,][Hsc700])]"*}
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FIG. 2. T-antigen—Hsc70 complex formation. (A) Saturation bind-
ing of Hsc70 to T antigen. This graph presents the quantification of the
Hsc70 concentration dependence seen in the Coomassie blue-stained
gel shown in Fig. 3C. T antigen at 120 nM was incubated with Hsc70
(0 to 1,250 nM) in the presence of 1 mM MgATP plus an ATP
regeneration system as described in Materials and Methods. The con-
centration of Hsc70 partitioning with T antigen was plotted as a func-
tion of the total Hsc70 concentration. The fit of the data to the qua-
dratic equation (equation 1) yields the apparent K, y;..70 310 = 60 nM,
with maximum binding at 159 = 13.0 nM Hsc70. (B) ATP-dependent
association of Hsc70 with T antigen. The gel in Fig. 3A was quantified,
and the association of Hsc70 (300 nM) with T antigen (120 nM) was
plotted as a function of MgATP concentration. The data were fitted to
the quadratic equation (equation 2) which provides the apparent K,
atp, 0.16 = 0.07 uM, with maximum binding at 76 * 4.5 nM Hsc70.
Only the data from 0.2 to 100 puM MgATP are shown, and the inset
presents the data from 0 to 20 uM MgATP. (C) Inhibition by ATPyS
of the ATP-induced T-antigen-Hsc70 association. T-antigen-Hsc70
complex formation (300 nM T antigen, 300 nM Hsc70) was initiated in
the presence of 50 puM MgATP plus increasing concentrations of
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where TAg-Hsc70 is the concentration of Hsc70 bound to T antigen; TAg, is the
total T-antigen concentration, Hsc70, is the total Hsc70 concentration; and K, is
the dissociation constant. Figure 2B shows the ATP concentration dependence
of TAg-Hsc70 complex formation, and these data were fitted to the following
quadratic equation:

TAg-Hsc70 = 0.5{([Hsc70] + [ATP,] + K,) — [([Hsc70,] +  (2)

[ATP] + K,)* —4([HscT0,][ATP])]"*}

The data in Fig. 2C were plotted as the fraction of Hsc70 partitioning as the
TAg-Hsc70 complex as a function of ATP+S concentration. The concentration of
MgATP used in the experiment, 50 uM, is significantly higher than the K, of
ATP (K  a7p), 0.16 pM (Fig. 2B), and suficiently high to lead to maximal TAg-
Hsc70 complex formation. Furthermore, 50 uM ATP is significantly higher than
the concentrations of Hsc70 (0.3 pM) and T antigen (0.3 wM) used in the ex-
periment. Therefore, these data were fitted to a hyperbola to obtain the K, srpys
in the presence of 50 uM MgATP. The apparent K, 1p,s Was obtained from the
following equation:

Kl'z,ATPyS = apparent K[/,ATPyS (1 + [ATP]/Kyarp) 3)

RESULTS

To investigate the association of T antigen with Hsc70, pu-
rified Hsc70 and T-antigen wild-type and mutant proteins were
obtained as described in Materials and Methods (Fig. 1). The
purification of these proteins has been reported previously (28,
30, 37), and all proteins were purified to >95% homogeneity as
determined by Coomassie blue staining (data not shown). Of
the potential T-antigen partner DnaK homologues, Hsc70 was
chosen for the following reasons: (i) T antigen can bind Hsc70
in the context of a cellular lysate (5, 34, 35, 40), (ii) T antigen
stimulates ATP hydrolysis by Hsc70 (37), and (iii) Hsc70 en-
hances T-antigen-mediated disruption of Rb/E2F family com-
plexes in vitro (39).

T antigen binds directly to Hsc70. T antigen was incubated
with Hsc70 in the presence of 1 mM MgATP and an ATP
regeneration system or in the absence of nucleotide to evaluate
the ATP requirement for T-antigen—Hsc70 association. These
reactions were then immunoprecipitated using anti-T-antigen
antibodies, and the bound immunocomplexes were visualized
by SDS-PAGE with Coomassie blue staining (Fig. 3). We hy-
pothesized that if Hsc70 were in fact a DnaK binding partner
of T antigen, then their association should be ATP dependent
as reported for other J-DnaK protein interactions (19). In the
absence of nucleotide, T antigen was efficiently immunopre-
cipitated as expected, but no Hsc70 was detected (Fig. 3A,
lanes 2 and 3). If, however, 1 mM MgATP and an ATP regen-
eration system were included in the reaction mixture, then
both T antigen and Hsc70 were coprecipitated (Fig. 3A, lane
4). As a negative control, an irrelevant antibody (PAb240 anti-
p53) was incubated in the reaction, and association of neither
Hsc70 nor T antigen was detected in the immunoprecipitate
(data not shown).

To explore further the ATP dependence of this association,

MgATPyS (0 to 4,000 wM). The T-antigen—-Hsc70 complexes were
immunoprecipitated with anti-T-antigen antibody PAb416 and quan-
tified. The fraction of T-antigen—Hsc70 complex was plotted as a func-
tion of ATPyS concentration, and the fit of the data to a hyperbola
provides the K 5 o1p,s, 286 £ 132 WM ATPyS. The apparent K; stpys
P is 0.91 pM (equation 3).
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FIG. 3. Hsc70 binding to T antigen requires ATP hydrolysis and is concentration dependent. (A) T antigen (120 nM) and Hsc70 (300 nM) were
incubated and then immunoprecipitated for T antigen. A Coomassie blue-stained gel shows associated proteins. Results for 100% input of
anti-T-antigen PAb416 and 50% input of T antigen and Hsc70 are shown (lane 1). Reactions containing no ATP (lanes 2 and 3), an ATP
regeneration system (1 mM) (lane 4), or increasing amounts of ATP (0.2 to 5,000 uM) are shown in order (lanes 5 to 13) 0.2, 0.5, 1.0, 5.0, 50, 100,
500, 1,000, 5,000 (M), respectively. Heavy chain and light chain refer to the antibody that coprecipitates in the immunoprecipitation reaction. (B)
Two concentrations (1 or 4 mM) of ATP (lanes 2 and 3), ADP (lanes 6 and 7), AMP-PNP (lanes 8 and 9), AMP-PCP (lanes 10 and 11), and ATPyS
(lanes 12 and 13) were incubated with T antigen and Hsc70, and the reactions were immunoprecipitated for T antigen with PAb416 as described
in Materials and Methods. Lanes 4 and 5 show the reaction with 5061, a T-antigen ATP binding mutant, incubated with ATP (1 and 4 mM,
respectively). (C) Hsc70 concentration dependence. T antigen (120 nM) was incubated with Hsc70 (0 to 550 nM). Lane 1, 50% input of T antigen
and 1 g of Hsc70 protein; lanes 2 to 9; Hsc70 at 0, 50, 110, 230, 290, 340, 400, and 550 nM, respectively.

we incubated T antigen and Hsc70 in the presence of increas-
ing ATP concentrations. An increase in Hsc70 association with
T antigen was observed as a function of the ATP concentration
used in the reactions (Fig. 3A lanes 5 to 13). We conclude that
the association of T antigen with Hsc70 is specific and ATP
dependent.

In order to determine if nucleotide binding is sufficient to
stimulate the association of Hsc70 with T antigen, or whether
ATP hydrolysis is required, the experiment was repeated with
the addition of ADP or one of three different slowly hydrolyz-
able or nonhydrolyzable ATP analogs (MgADP, MgAMP-
PNP, MgAMP-PCP, MgATP~S) at two different concentra-
tions (1 or 4 mM). Each failed to induce Hsc70 association with
T antigen (Fig. 3B, lanes 6 to 13), yet wild-type T antigen was
shown to efficiently associate with Hsc70 in the presence of
MgATP (Fig. 2B, lanes 2 and 3). These results indicate that

ATP hydrolysis is required for T-antigen—-Hsc70 complex for-
mation.

A mutant of T antigen (5061) defective for ATP hydrolysis
(7) was examined to determine whether the ATP requirement
for complex formation is due to the catalytic activity of T
antigen or Hsc70. When incubated with Hsc70 in the presence
of 1 mM MgATP and the ATP regeneration system (Fig. 3B,
lanes 4 and 5), Hsc70 was immunoprecipitated with the T-
antigen 5061 mutant. Note that the association of Hsc70 with
5061 is as robust as its association with wild-type T antigen
under the same experimental conditions (Fig. 3B, lanes 2 and
3), yet no ATP hydrolysis can occur at the T-antigen nucleo-
tide-binding site. These results indicate that the ATPase re-
quirement for T-antigen—-Hsc70 complex formation is associ-
ated with Hsc70 rather than T antigen.

To determine the stoichiometry of the T-antigen—Hsc70
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complex, T antigen (120 nM) was incubated with increasing
concentrations of Hsc70 (Fig. 3C) in the presence of 1 mM
MgATP and the ATP regeneration system. As the concentra-
tion of Hsc70 was increased, an increasing concentration of
Hsc70 coprecipitated with T antigen (Fig. 3C, lanes 3 to 9).
The concentration of both Hsc70 and T antigen immunopre-
cipitated by T-antigen antibodies was quantified from the gel
shown in Fig. 3C, as well as two other independent experi-
ments. These data are presented in Fig. 2A. The fit of the data
to equation 1 provides a K, 11,79 of 310 nM, with maximum
binding at 160 nM Hsc70. These results indicate that the stoi-
chiometry of binding is 1:1, because the predicted maximum
binding concentration of Hsc70 is close to the input concen-
tration of T antigen (120 nM) that was included in the reaction
mixture.

The ATP-dependent association of T antigen and Hsc70 was
quantified from the gel presented in Fig. 3A and from another
independent experiment. The concentration of Hsc70 that im-
munoprecipitated with T antigen increased as a function of
ATP concentration (Fig. 2B and 3A), and the K; Arp, 0.16
M, implies a relatively tight affinity with nucleotide. Further-
more, we observe the maximal Hsc70 partitioning as the T-
antigen—Hsc70 complex at 76 nM (Fig. 2B; equation 2), which
is consistent with the K, 4.7 at 310 nM (Fig. 2A). Because the
concentration of Hsc70 (300 nM) is similar to the K, yy4.70, (310
nM) only 76 nM T antigen of the 120 nM T antigen (~60%) is
complexed with Hsc70.

To explore further the nucleotide dependence of T-antigen—
Hsc70 association, we incubated the T-antigen—Hsc70 complex
(120 nM T antigen, 300 nM Hsc70) with increasing amounts of
the slowly hydrolyzable ATP analog, ATPvS, in the presence
of 50 uM MgATP (Fig. 2C). The results show that the fraction
of T-antigen—Hsc70 complex immunoprecipitated by T-antigen
antibodies decreased as a function of ATPyS concentration,
indicating that ATPvS binds the active site of Hsc70 and com-
petes with ATP. The apparent K, o1p,s in the presence of 50
uM ATP is 0.91 uM ATPyS (Fig. 2C; equation 3). Further-
more, the observation that T-antigen—-Hsc70 complex forma-
tion decreases as a function of ATPyS implies that ATP hy-
drolysis in addition to nucleotide binding is required to trap
the T-antigen—Hsc70 complex.

J domains mediate direct contact with Hsc70 in multiple
biological systems (4, 17). A J-domain mutant of T antigen was
assayed for the ability to associate with Hsc70 to test if the
direct association between Hsc70 and T antigen is dependent
on a functional J domain. D44N is a point mutant in the highly
conserved HPD loop of the J domain that is essential for
contact with Hsc70 in bacterial and mammalian J-protein—
DnaK interactions (3). D44N fails to associate with Hsc70 even
when one- to threefold higher concentrations of D44N relative
to wild-type protein are included in the association assay (Fig.
4A, lanes 6 to 8). D15K, another point mutant in the amino
terminus that is functional for J domain activity, associates with
Hsc70 as well as wild-type T antigen (data not shown). We
conclude that an intact J domain is required for the direct
association of Hsc70 with T antigen.

T-antigen J domain is not sufficient to stably bind Hsc70.
Because the J domain is required for T-antigen—Hsc70 com-
plex formation, we next evaluated whether the J domain is
sufficient for complex formation. N136 is an amino-terminal
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FIG. 4. Direct T-antigen-Hsc70 association requires multiple do-
mains of both T antigen and Hsc70. (A) The J domain point mutant
D44N and truncated T-antigen N136 fail to bind to Hsc70. Increasing
amounts of D44N (120, 240, and 360 nM [lanes 6 to 8, respectively]) or
N136 (600, 1,200, and 1,800 nM [lanes 9 to 11, respectively]) were
incubated with Hsc70 and immunoprecipitated with anti-T-antigen
antibody PAb416. The Coomassie blue-stained SDS-PAGE gel is
shown. A positive-control reaction with wild-type T antigen (120 nM
[lane 5]) is shown. Results for 50% input of Hsc70 (lane 3) or 100%
input of PAb416 (lane 4) are shown. One microgram of T antigen (lane
1) and N136 (lane 2) are shown for migration markers. (B) T antigen
and Hsc70 were incubated and immunoprecipitated with anti-T anti-
gen PAb416 (lanes 7 and 11), anti-T antigen 901 (lane 5), or anti-T
antigen PAb419 (lane 12). Mutants N136 (lane 7) and N136/D44N
(lane 8) were incubated with Hsc70 and immunoprecipitated with
PADb416. All reactions were conducted in the presence of an ATP
regeneration system. Results for 50% input of T antigen and N136
(lane 1) and Hsc70 (lane 2) are shown. Results for 100% input of
antibodies 901 (lane 3), PAb416 (lanes 4 and 9), and PAb419 (lane 12)
are also shown. (C) Hsc70"~3%® at 300, 600, and 1,300 nM (lanes 2 to
4, respectively) was incubated with T antigen in the presence of 1 mM
MgATP. Hsc70"-3%® (300 nM) is shown as a migration marker (lane
1). Abbreviations: prot., protein; ab, antibody; TAg, T antigen. Heavy
chain and light chain refer to the antibody that coprecipitates in the
immunoprecipitation reaction.
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TABLE 1. Mutant T antigen association with Hsc70“

T antigen Binds Hsc70 Binds Hsc70 Binds Hsc70¢ 37D

protein + ATP — ATP + ATP
TAg + — -
D44N - - ND?
DI15K + - ND
5061 + - ND
N136 = = -
N136, D44N - - ND
N136, K1 — — ND

¢ Purified T antigen or mutants of T antigen were incubated in the presence
(+) or absence (—) of MgATP with Hsc70 or the ATPase fragment of Hsc70
(Hsc704-37D), These reactions were then immunoprecipitated with antibodies to
T antigen, and the ability to coimmunoprecipitate Hsc70 was determined.

» ND, not determined.

fragment of T antigen that contains the J domain and Rb
binding motif (37). N136 retains some of the biological activ-
ities of the full-length molecule, including the abilities to as-
sociate with pRb and to stimulate the ATPase activity of Hsc70
(37). When incubated with Hsc70 in the presence of the ATP
regeneration system, N136 is defective for association with
Hsc70 (Fig. 4B, lane 7). Multiple preparations of N136 and
N136 mutants defective for Rb binding and J-domain activity
are also completely defective for association with Hsc70 (Fig.
4B, lane 8; Table 1). Even when N136 is incubated at a molar
excess of 10-fold (Fig. 4A, lane 10) more than the wild-type
T-antigen positive-control reaction (Fig. 4A, lane 5), N136
binds to only 23% of the amount of Hsc70 that binds to wild-
type T antigen (shown is the conservative gel of multiple ex-
periments; at molar concentrations of N136 greater than 1500
nM the amount of antibody becomes limiting [Fig. 4A, lane
11]). Taken together, the above data suggest that the J domain
is required but not sufficient for T-antigen—-Hsc70 complex
formation.

Three different anti-T-antigen antibodies were used in sep-
arate reactions of the T-antigen—Hsc70 immunoprecipitation
binding assay to discard the possibility that the antibody was
modulating the efficiency of this reaction. Antibody PAb416
recognizes an amino-terminal epitope between amino acids 91
and 95 (16, 27), PAb419 recognizes an amino-terminal epitope
in the region of the J domain between amino acids 1 and 82
(16, 27), and antibody 901 recognizes a carboxyl-terminal
epitope in the last 30 aa between amino acids 684 and 698
(Materials and Methods). Antibody PAb419 has also been
shown to alter the conformation of the carboxyl terminus of T
antigen (23). When PAb416 or antibody 901 was incubated in
the immunoprecipitation reaction mixture in the presence of
an ATP regeneration system, similar amounts of both T anti-
gen and Hsc70 are coimmunoprecipitated (Fig. 4B, lanes 5 and
6). If, however, PAb419 is used in the immunoprecipitation
reaction, the amount of T antigen immunoprecipitated is un-
changed, but a marked reduction in the amount of Hsc70 that
coprecipitates is observed. This experiment was performed five
times, and each time PAb419 immunoprecipitated as much or
more T antigen than PAb416. The amount of Hsc70 that was
coprecipitated with PAb419 ranged from 19 to 45% of the
amount that precipitated with PAb416, with the average being
28%. Shown is a representative gel (Fig. 4B [compare lanes 11
and 12]). We conclude that two unique antibodies that recog-
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nize epitopes of T antigen in either the amino-terminal or
carboxyl-terminal portions of the protein successfully precipi-
tate a T-antigen—Hsc70 complex. However, PAb419 inhibits
the ability of T antigen to associate with Hsc70.

Hsc70 ATPase domain is not sufficient to bind T antigen.
Several studies have shown that even though the amino-termi-
nal ATPase domain of Hsc70 is essential for association with
J proteins, the carboxyl-terminal domains of Hsc70 may con-
tribute to the interaction (8, 12, 20). To determine if the ATPase
domain is sufficient to bind to T antigen, increasing amounts of
a 386-aa fragment (Hsc70' %) that consists of the amino-
terminal ATPase domain of Hsc70 was incubated with T
antigen. No association is observed between Hsc70"' 5% and
T antigen (Fig. 4C, lanes 2 to 4), even when a fourfold-higher
molar concentration of Hsc70" ¥ over the concentration at
which wild-type Hsc70 readily associates with T antigen was
used.

Because Hsc70"'% is a recombinant Hsc70 expressed in
Escherichia coli, and all of the other experiments thus far have
used Hsc70 purified from bovine brain, we tested a full-length
recombinant Hsc70 that was expressed in E. coli and purified in
the same manner as Hsc70" %9, No difference between the
recombinant and the endogenous Hsc70s was detected (data
not shown). Therefore, we conclude that the ATPase domain
of Hsc70 is not sufficient to promote T-antigen—Hsc70 complex
formation.

Different yeast DnaK homologues were incubated with T
antigen or N136 in the presence of an ATP regeneration sys-
tem to test the specificity of the stable interaction between
Hsc70 and T antigen. Ssalp (a yeast cytosolic Hsc70 homo-
logue), BiP (an endoplasmic reticulum Hsc70 homologue),
and the ATPase domain of BiP (BiP'%®) were tested. Even
though approximately equal molar amounts of mammalian or
yeast Hsc70 proteins were included in the assay to measure
association, mammalian Hsc70 bound to T antigen with the
greatest affinity (Fig. 5 compare lane 7 with lanes 8 to 10).
Ssalp association with T antigen was detected, but at <5% of
mammalian Hsc70 (Fig. 5, compare lanes 7 and 8). Very little
(approximately 1%) association between BiP or BiP¢~*%® and
T antigen was detected (Fig. 5, lanes 9 and 10). Furthermore,
consistent with our previous results, no association between
N136 and any of the yeast Hsc70 constructs was detected (Fig.
5, lanes 11 to 13). These data suggest that there is specificity to
the stable interaction of T antigen with mammalian Hsc70
versus other DnaK homologues.

Thus far, all the binding data presented have been deter-
mined using immunoprecipitation assays. Even though irrele-
vant antibodies fail to immunoprecipitate any Hsc70 when
treated with T antigen and Hsc70 and two different antibodies
that recognize independent epitopes of T antigen show iden-
tical results, the formal possibility exists that the immunopre-
cipitation assay could detect nonphysiological interactions
between T antigen and Hsc70 induced by the antibodies.
Therefore, an independent assay was employed to test for the
direct association of T antigen and Hsc70. T antigen or mu-
tants of T antigen were incubated with Hsc70 in the presence
of ATP (4 mM) and in the absence of antibody. The reactions
were then layered onto a 5 to 15% glycerol gradient. Because
T antigen forms large homo-oligomers in the presence of ATP
(7), the control reaction of T antigen alone demonstrates that
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FIG. 5. T-antigen binding to Hsc70 is specific. Anti-T-antigen an-
tibody (PAb416) was used to immunoprecipitate reactions including T
antigen (TAg) (1 pg) and 3 pg of Hsc70 (lane 7), Ssalp (lane 8), BiP
(lane 9), or BiPU=%® (lane 10). An amino-terminal fragment of T
antigen, N136 (1 pg), was incubated with 3 pg of Ssalp (lane 11), BiP
(lane 12), or BiPY=%9 (lane 13). Results for 50% input for T antigen
and N136 (lane 1), Hsc70 (lane 2), Ssalp (lane 3), BiP (lane 4), and
BiPU=%9 (lane 5) and 100% input of PAb416 (lane 6) are shown.
Heavy chain and light chain refer to the antibody that coprecipitates in
the immunoprecipitation reaction.

T antigen is distributed throughout the gradient (Fig. 6A, sec-
ond panel from top; Fig. 6Bb). In contrast, a majority of the
Hsc70 (90%) from the Hsc70-alone reaction remains concen-
trated in the least dense nine fractions of the gradient (Fig. 6A,
top panel; Fig. 6Ba). However, inclusion of T antigen induces
a redistribution of Hsc70 with only ~50% found in fractions 1
to 9 (Fig. 6A, fourth panel from top; Fig. 6Be). As expected,
the negative control D44N and Hsc70 reaction did not change
the distribution of Hsc70. Note that 90% of the Hsc70 is found
in the least dense nine fractions (Fig. 6A, third panel from top;
Fig. 6Bd). Therefore, T antigen alters the migration profile of
Hsc70 in a J-domain-dependent manner.

N136 was incubated with Hsc70, and the reaction was lay-
ered onto the gradient. A reproducible slight shift in the den-
sity of Hsc70 is observed when N136 is incubated with Hsc70
since only 77% of Hsc70 is in the least dense nine fractions
(Fig. 6A, fifth panel from top; Fig. 6Bf). The migration of N136
is not affected by the presence of Hsc70 in the reaction mixture
(Fig. 6A, bottom panel versus panel second from bottom; Fig.
6Bc versus f). We conclude that N136, when incubated with
Hsc70, induces a slight change in the distribution of Hsc70.
The centrifugation data provide an independent confirmation
that Hsc70 and T antigen directly interact, consistent with the
immunoprecipitation data.

DISCUSSION

The stable association of T antigen with Hsc70 is direct.
Previous studies have shown that T antigen can bind to Hsc70
in the context of a cellular lysate, and this association is de-
pendent upon an intact J domain (5, 34, 35, 40). However, it is
not known if Hsc70 is an endogenous DnaK-like chaperone
partner of T antigen, since it is possible that Hsc70 could
indirectly associate with T antigen through other T-antigen
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binding proteins. For example, both p53 and pRb form stable
complexes with Hsc70 as well as T antigen. In this report we
use immunoprecipitation and sedimentation velocity centrifu-
gation to show that T antigen forms a direct complex with
mammalian Hsc70. In contrast, T antigen does not bind to
either of two different yeast DnaK homologues efficiently (Fig.
4), arguing that the interaction with mammalian Hsc70 is spe-
cific. Furthermore, inclusion of an equimolar amount of puri-
fied p53 in the T-antigen—Hsc70 association assay does not
increase the affinity of Hsc70 for the complex (data not shown).
The above data, combined with the fact that T antigen can
stimulate the ATPase activity of mammalian Hsc70 in vitro
(37), demonstrates that Hsc70 is indeed a chaperone partner of
T antigen.

The association of Hsc70 with T antigen is concentration
dependent, with the stoichiometry of binding at 1:1 (120 nM T
antigen, 1 mM ATP, K, = 310 nM Hsc70). This K, is within a
twofold range of the published dissociation constant of 600 nM
for the yeast J protein auxilin and Hsc70 (19). Thus, the asso-
ciation between J proteins and Hsc70s of different species
occurs with a similar affinity. However this does not imply that
the chaperone components of different species are necessarily
interchangeable, as we have previously demonstrated the in-
ability of T-antigen chimeras containing an E. coli or yeast J
domain to function for simian virus 40 activities in vivo (40).

Stable association between T antigen and Hsc70 is depen-
dent upon ATP hydrolysis by Hsc70. Stable complex formation
between T antigen and Hsc70 requires ATP and is ATP con-
centration dependent (Fig. 2B, 3A). However, nucleotide bind-
ing is not sufficient to promote complex formation because
ADP, AMP-PNP, AMP-PCP, and ATP~S all fail to induce
complex formation (Fig. 3B). Furthermore, ATPyS competes
with ATP for binding to Hsc70 and promotes a decrease in the
fraction of T-antigen—Hsc70 complex that immunoprecipitates
with T-antigen antibodies (Fig. 2C). Therefore, complex for-
mation between Hsc70 and T antigen requires ATP hydrolysis
and not simply ATP binding.

A T-antigen mutant that fails to bind ATP associates with
Hsc70 as well as wild-type T antigen does (Fig. 3B); therefore,
these data indicate that ATP hydrolysis at the T-antigen nu-
cleotide binding site is not required for T-antigen—Hsc70 com-
plex formation. The K, ,p for the T-antigen—Hsc70 complex
is 0.16 nM, and this dissociation constant is similar to other
published values for the K; 5rp of mammalian Hsc70 (15, 42,
43). The results presented in Fig. 2 and 3 demonstrate that
Hsc70 must bind and hydrolyze ATP to trap the stable T-
antigen—-Hsc70 intermediate. The observation that T antigen
stimulates the ATPase activity of Hsc70 (37) as well as the
results presented here indicates that T antigen and Hsc70 are
two components of a molecular machine whose conforma-
tional changes are driven by ATP turnover (depicted in Fig. 7).
T antigen liberates E2F4 from p130 in an ATP-dependent
manner, and this is thought to contribute to tumorigenesis
(39). The results presented here lay the foundation for under-
standing how T antigen, in conjunction with Hsc70, acts as a
molecular machine to disrupt tumor suppressor complexes and
induce transformation.

Stable association requires multiple domains of both T an-
tigen and Hsc70. Stable complex formation between T antigen
and Hsc70 requires a functional J domain, because no associ-
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FIG. 6. Sedimentation velocity centrifugation. Wild-type and mutant T antigens were incubated in the presence or absence of Hsc70 plus 4 mM
MgATP and then layered onto a 5 to 15% glycerol gradient. The reaction mixtures were centrifuged, and fractions were collected. (A) Fractions
were analyzed via SDS-PAGE and Coomassie blue staining. (B) The relative percent of the total Hsc70 or T antigen in each fraction was graphed.
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FIG. 7. ATP-promoted association of T-antigen—Hsc70 complex.

ation between D44N and Hsc70 was detected in either the
immunoprecipitation assays or the sedimentation velocity cen-
trifugation assay. D44N is a prototypic J-domain mutant used
in a number of studies (5, 35, 36, 38, 39). Even though D44N
retains other J-domain-independent activities of T antigen,
including the ability to associate with pRb and p130 (37, 39), it
is defective for the induction of viral DNA replication, the
inhibition of apoptosis (36), and the disruption of Rb/E2F
family complexes (38, 39). Thus, the direct and stable associ-
ation of Hsc70 may be an important J-domain activity of T
antigen that is required for the successful completion of mul-
tiple viral functions.

The J domain of T antigen alone is insufficient to associate
with Hsc70 in a stable manner. N136, an amino-terminal frag-
ment of T antigen containing the J domain, failed to complex
with Hsc70, even when a molar excess of N136 (10-fold more
than the positive control wild-type T-antigen reaction) was
included in the reaction (Fig. 2A). Interestingly, N136 retains
partial biological activities of T antigen, including the ability to
bind pRb and transform C3H10T1/2 cells, albeit less efficiently
than full-length T antigen (37). These results suggest that for at
least some transforming activities, T antigen does not require
a stable interaction with Hsc70.

We also observed that N136 induced a redistribution of
Hsc70 to denser glycerol fractions during the sedimentation
velocity centrifugation assay. This may be explained by a tran-
sient interaction between N136 and Hsc70, which could ac-
count for the ability of N136 to stimulate the ATPase activity
of Hsc70 (37). However, the fact that N136 does not cofrac-
tionate with the Hsc70 in these fractions is inconsistent with a
stable complex between N136 and Hsc70, as also confirmed by
the immunoprecipitation data. An alternative possibility is that
N136 induces the self-association of Hsc70 into homo-oli-
gomers. For example, it has been shown that other J-domain-
containing proteins can induce the oligomerization of Hsc70
(13, 19, 24). The gradient data show that the ability to tran-
siently associate with Hsc70 requires only the J domain while
the immunoprecipitation data show that the J domain alone is
not sufficient to effectively complex with Hsc70, suggesting that
additional domains of T antigen, carboxyl terminal to the J
domain, are required for the stable association between Hsc70
and T antigen. It is possible that the J domain of T antigen is
sufficient to induce homo-oligomerization of Hsc70, but stable
T-antigen—Hsc70 complex formation requires the carboxyl-ter-
minal portion of both the T antigen and Hsc70 polypeptides.
Alternatively, it is possible that the J-domain-containing frag-
ment induces a conformational change in Hsc70 without
changing its oligomeric state.

There are at least two possible reasons why the carboxyl-
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terminal regions of T antigen are required to bind to Hsc70.
First, it is possible that a specific Hsc70-binding sequence exists
between amino acids 137 and 708 of T antigen that contacts
Hsc70. For example, there is a weak homology to the DnaK
binding protein GrpE at aa 501 to 520 of T antigen, and the
cocrystal structure of GrpE and DnaK reveals that this region
of GrpE directly binds to DnaK. Second, it is possible that a
nonspecific sequence of amino acids is required to associate
with the peptide binding region of Hsc70. It has been reported
that very small amounts of J proteins are needed to stimulate
the ATPase activity of Hsc70, and incubating larger amounts of
protein can drive binding of Hsc70 to J proteins through the
peptide binding domain of Hsc70 (26). We cannot rule out a
similar mechanism in our studies. However, the yeast Hsc70
homologues fail to bind T antigen in a stable manner. This
argues that our in vitro conditions detect a specific interaction
between Hsc70 and T antigen, because related Hsc70 homo-
logues fail to associate with T antigen.

Two different anti-T-antigen antibodies, one which recog-
nizes an amino-terminal epitope (PAb416) and one which rec-
ognizes a carboxyl-terminal epitope (901), demonstrate the
ability of T antigen to bind to Hsc70 in the immunoprecipita-
tion assay. Interestingly, when PAb419 is used in the reaction,
less Hsc70 is found complexed with T antigen (Fig. 4B, lanes 11
and 12). This results is observed whether we incubate T antigen
with PAb419 before or after Hsc70 (data not shown). We
speculate that this could be for one of two reasons. First, it is
possible that since PAb419 recognizes an epitope within the J
domain of T antigen, it may block efficient contact between the
J domain and Hsc70, thereby preventing or disrupting associ-
ation. Alternatively, since PAb419 has been shown to alter the
conformation of the carboxyl terminus of T antigen (23), it is
possible that PAb419 alters the conformation of a carboxyl-
terminal Hsc70 binding site of T antigen. Nuclear magnetic
resonance perturbation studies reveal that J proteins contact
the ATPase domain of Hsc70 through their J domains (14).
However, the carboxyl-terminal peptide binding and EEVD
domains of Hsc70 are also important for the association of
Hsc70 with J proteins (8, 12). Consistent with these data, we
have shown that the ATPase domain of Hsc70 does not form
a stable complex with T antigen. These results suggest that the
carboxyl-terminal region of Hsc70, including either the peptide
binding domain or EEVD motif, is required for stable associ-
ation with T antigen. Future mapping experiments are neces-
sary to determine which carboxyl-terminal regions of Hsc70
and T antigen are required for their stable association.

Our findings demonstrate that Hsc70 binds to T antigen with
the affinity, stoichiometry, and ATP dependence similar to
those of other J protein-DnaK complexes, such as auxilin and
Hsc70 (19). This observation suggests a functional conserva-
tion between diverse species for the mechanism of how sub-
strates are presented to Hsc70 and how Hsc70 homologues
interact with J proteins. However, this hypothesis does not
imply that the components of these interactions are inter-
changeable. On the contrary, there are species-specific ele-
ments within the T-antigen J domain that are required for
transformation (40). This fact, combined with our finding that
two yeast Hsc70s fail to efficiently bind T antigen (Fig. 4),
argues that there is specificity to T-antigen—-DnaK—protein in-
teractions. It remains to be determined if Hsc70 alone or other
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DnaK-like proteins are involved in J-domain-mediated viral
functions.
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