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MOLECULAR CHAPERONES: ENGINEERS OF
PROTEIN FUNCTION
Perhaps the best-studied molecular chaperones are the DnaK,
DnaJ, and GrpE proteins, factors that were initially identified
because mutations in the corresponding genes led to defects in
phage l replication (reviewed in reference 13). These chaperones possess unique activities, and homologs of each have been
identified in all cell types from bacteria to humans.
DnaK is an ;70-kDa ATPase whose synthesis is induced
under heat shock or cellular stress conditions. Thus, proteins in
the DnaK family are also known as Hsp70s (heat shock proteins with an apparent molecular weight of 70,000). DnaK is
able to bind and release polypeptides concomitant with ATP
binding and hydrolysis and possesses two distinct domains. The
amino-terminal ;44-kDa domain of DnaK is highly conserved
among all DnaK family members, while the carboxyl ;27-kDa
domain is more variable and mediates substrate (i.e., polypeptide and possibly DnaJ) binding (10, 56).
The ATPase activity of DnaK is stimulated by DnaJ and
GrpE. DnaJ is an ;45-kDa molecular chaperone whose synthesis is also induced under stress conditions. DnaJ stimulates
the rate-limiting hydrolysis of ATP of ADP on DnaK, thus
locking polypeptide substrates into the chaperone (26). DnaJ
family members have also been shown to bind directly some
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domain, after which two T-antigen hexamers associate at ori in
an ATP-dependent reaction. T antigen then recruits cellular
proteins such as DNA polymerase a, primase, topoisomerase,
and RPA to the complex via direct physical associations. Following initiation, each of the hexamers functions in the elongation reaction as a DNA helicase. Transcription control, specifically transactivation of the viral capsid genes and of specific
cellular genes, is also mediated by the interaction of large T
antigen with cellular transcription factors (9, 18). Finally, the
transforming functions of the large, middle, and small t antigens are mediated by their direct physical association with
cellular target proteins. For example, large T antigens bind the
retinoblastoma protein family of tumor suppressors (pRb,
p107, and p130), PyV middle T antigen associates with a number of components of the cellular signal transduction network
during transformation, and small t antigen contributes to transformation by acting on the cellular protein phosphatase pp2A
(Table 1). Thus, successful infection requires the ordered assembly and rearrangement of several different multiprotein
complexes involved in DNA replication, gene expression, and
virion assembly. Although the mechanism(s) used by the T antigens to effect these diverse processes has been obscure, recent evidence from a number of laboratories indicates that a
class of proteins known as molecular chaperones may coordinate many aspects of polyomavirus infection.

Simian virus 40 (SV40) and murine polyomavirus (PyV)
serve as powerful tools to identify key cellular regulatory proteins and to discern the mechanisms by which these proteins
exert their biological effects. Like all members of the polyomavirus group, SV40 and PyV have simple genomes (Fig. 1) that
can be divided into an early region that is expressed prior to
the onset of viral DNA replication and encodes the viral tumor
antigens (T antigens) and a late region that encodes the viral
capsid proteins (VP1, VP2, and VP3) (for a review, see reference 6). For the most part, SV40 and PyV co-opt cellular
machines for viral DNA replication and transcription. In cell
culture systems, the first 20 h postinfection is dedicated to
driving the infected cells into the cell cycle so that cellular
proteins needed for viral replication are expressed and in redirecting cell macromolecular synthesis systems to function in
viral replication, transcription, and virion assembly. During
this period the only viral proteins expressed are the T antigens,
which play three critical roles in productive infection. The viral
T antigens (i) alter and/or recruit specific host cell proteins to
participate in virus production, (ii) block cellular antiviral defense systems, and (iii) participate directly in viral replication
(e.g., large T antigens are DNA helicases and are thus required
to replicate viral DNA).
In the polyomaviruses, all the T antigens are encoded by a
common precursor mRNA that is differentially spliced to yield
multiple monocistronic mature mRNAs. SV40 expresses three
such mRNAs, one each for large T antigen, small t antigen,
and tiny t antigen, whereas PyV expresses four mRNAs, one
each for large, middle, small, and tiny T antigens (Fig. 2). The
splicing pattern is such that all T antigens encoded by a given
virus have a common amino-terminal domain. The large, middle, and small T antigens are multifunctional proteins that
carry a diverse array of biochemical activities (6, 27). Some of
these activities reside in discrete functional domains, while
others require interdomain interaction and/or the independent
action of two or more domains. In cell culture, only the large
T antigen (SV40) or the large and middle T antigens (PyV) are
essential for productive infection and viral tumorigenicity. The
small t antigens, while not absolutely essential, contribute to
both infection and transformation. Little is known about the
tiny T antigens (36, 54).
T antigens mediate most of their biological effects by acting
on specific cellular proteins (Table 1). For example, SV40
DNA replication requires the large T-antigen-mediated assembly of a preinitiation complex on the viral origin of replication
(ori). T antigen binds ori directly through its DNA-binding
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TABLE 1. Cellular proteins and protein complexes
targeted by viral T antigensa
LT

Transformation
pRb, p107, p130
p53b
CBP, p300, p400
mdm2
Insulin-like growth factor
receptor

unfolded polypeptide substrates and folded proteins in order
to exert specific chaperone-like activities (see below; reviewed
in reference 16). The active interaction of DnaK and DnaJ
chaperones is mediated by the J domain, a domain found in all
DnaJ homologs, whose tertiary structure has been solved by
nuclear magnetic resonance spectroscopy (17, 30, 34, 47). The
J domain consists of four a-helices connected by loops and
arranged such that helices 2 and 3 form a finger-like structure
separated by the conserved sequence HPD (Fig. 3).
GrpE is a nucleotide exchange factor that stimulates ADP/
ATP exchange on DnaK. While DnaJ stimulates the steadystate ATPase activity of DnaK by about 10-fold, GrpE elicits
only a 2-fold increase in DnaK’s ATPase activity; however, the
combined action of both chaperones can yield a .50-fold increase in the ATPase activity of DnaK (22, 26).
DnaK, DnaJ, and GrpE form a potent molecular machine
capable of modulating a variety of cellular processes. DnaK,
DnaJ, and GrpE facilitate bacteriophage l DNA replication by
disassembling a protein complex at the origin of replication:
the ATP-catalyzed release of the lP and DnaJ proteins activates the DnaB helicase, an event required for the initiation of
DNA replication (1, 57). During bacteriophage P1 plasmid rep-

FIG. 2. SV40 early region. Structure of the three early mRNAs is shown,
along with a simplified domain map of the viral T antigens. Numbers above the
line indicate SV40 genomic nucleotide position. Numbers below the line indicate
amino acid position from the amino terminus of T antigen. Rb, retinoblastoma
family-binding domain; p53, p53-binding region; pp2A, protein phosphatase 2Abinding domain.

ST

c-Src, c-Fyn, c-Yes
pp2A
14-3-3
Phosphatidylinositol3-kinase
Phospholipase C-g-1
SHC

pp2A

Replication
DNA polymerase a
Primase
Single-stranded DNA
binding protein RPA
Topoisomerase
Transcription
TATA binding protein
Sp1
TEF-1
RNA polymerase II
(140K)
TFIIB
a
Cellular proteins known to associate with SV40 large T antigen (LT); PyV
middle T antigen (MT); and SV40 small t antigen (ST) (see references 6 and 27
for reviews). All of the proteins listed are thought to function as part of large
multiprotein machines that function in DNA replication, transcription, and signal transduction.
b
PyV large T antigen does not associate with p53.

lication, DnaJ binds to the inactive, dimeric replication protein,
RepA. The addition of DnaK, GrpE, and ATP to the DnaJRepA complex dissolves the RepA dimer, forming active RepA
monomers (51). A direct interaction between these chaperones
and the heat shock-specific s32 transcription factor has also
been observed (12). In addition, the DnaK, DnaJ, and GrpE
proteins have been shown to facilitate protein folding, repair
thermally damaged proteins, and prevent protein aggregation

FIG. 3. Depiction of the SV40 T-antigen J domain. I, II, III, and IV indicate
a-helices as determined by sequence comparisons and secondary structure predictions. Positions of mutations in SV40 mutants 5110, dl1135, C6-1, C6-1R, and
5002 are shown. Although Spence and Pipas reported that 5002 was a double
amino acid substitution mutant (42), subsequent studies have determined that
the defective phenotype is due solely to the L19F change.

Downloaded from http://jvi.asm.org/ on October 18, 2019 by guest

FIG. 1. Genetic maps of SV40 and PyV. ori indicates position of the origin of
DNA replication, PE is the early region promoter, PL is the late region promoter. Arrowed lines indicate coding sequences for viral proteins. Arrowhead
indicates the carboxy terminus of the protein. LT, large T antigen; MT, middle
T antigen; ST, small t antigen; and, TT, tiny t antigen.
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both in vivo and in vitro (11, 21, 39, 41). Because they can
prevent protein aggregation and may act as proteinaceous machines, some chaperones are required to promote protein
transport across biological membranes (2). Finally, mutations
in the genes encoding DnaK, DnaJ, and GrpE lead to defects
in the degradation of misfolded or mutant proteins (reviewed
in reference 15). Together, these results indicate that molecular chaperones can monitor the conformations of proteins,
retain polypeptides in solution, directly facilitate protein folding and transport, and alter the activities of enzyme complexes.
POLYOMAVIRUS T ANTIGENS CONTAIN
ACTIVE DNAJ DOMAINS

THE SV40 T ANTIGEN J DOMAIN IN VIRAL
INFECTION AND TRANSFORMATION
Each polyomavirus T antigen has a J domain at the amino
terminus, and in each case J-domain mutants are defective for
some aspect of T-antigen function. Although T antigens with
mutations in the J domain are frequently defective for DNA
replication (29), it has proved difficult to identify the precise
nature of the replication defect. This is because while J-domain
mutants fail to replicate viral DNA in infected or transfected
cells, the purified mutant T antigens exhibit all of the known
biochemical activities necessary for replication and support
various levels of SV40 DNA replication in vitro (7, 25, 50).
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Nonetheless, one replication-defective mutant, C6-1, contains
two mutations (M30I and K51D) in the second and third helices of the J domain, respectively (Fig. 3) (14). Interestingly, a
pseudorevertent of C6-1 known as C6-1R contains a mutation
in helix 3 that restores viability, suggesting that the three helices in the J domain cooperate to effect viral DNA replication.
On the contrary, one inviable mutant (5002) with two alterations (L19F and P28S) in the J domain does replicate viral
DNA but is defective at a late stage of virion assembly (42) and
some mutations in helix 1 and in the loop between helices 1
and 2 have no effect on DNA replication. Furthermore, T
antigens not only act with specific cellular proteins but oligomerize. Thus, a mutant missing the entire J domain (D1-82)
showed a defect in oligomerization (50), whereas a small deletion within the J domain (dl1135) shows normal oligomerization (7).
A final difficulty in examining mutations in the T-antigen J
domain is that the penetrance displayed by the mutants is
variable. For example, in SV40 the D44N mutant is defective
for viral DNA replication in vivo. However, this mutant transforms established cell lines with nearly wild-type frequency.
On the other hand, an amino-terminal fragment of T antigen
transforms several cell types and, in this context, the D44N
mutant is transformation defective (43). Since the J domain
mediates the interaction of T antigen with hsc70, one possible
explanation for this effect is that hsc70 binds T antigen through
sequences near the carboxy terminus of T antigen in addition
to the J domain. In this scenario, D44N in the full-length protein might bind a critical amount of hsc70 to function, whereas
binding is defective in the absence of the carboxy terminus.
In-frame deletion mutants within the large T/small t common domain of SV40 T antigen are defective for the transformation of established cell lines (8, 32, 43, 55). Srinivasan et al.
(43) reported that mutations in either the SV40 J domain or
the T-antigen/Rb interaction motif (LXCXE motif) are transformation defective. Furthermore, these sequences must be in
cis. This suggests that the J domain itself, or some cellular
protein recruited by the J domain, such as hsc70, must act on
the bound Rb to elicit transformation, a result consistent with
reports that both the J domain and Rb-binding domains must
be functional for T antigen to mediate increased degradation
of p107 and p130 (45). More recently it has been shown that in
SV40 and PyV, both the J domain and Rb-binding motifs are
required to inactivate the tumor-suppressing functions of the
Rb family (40, 44, 53).
The role of the SV40 J domain has also been examined in
transgenic mice and further demonstrates that the J- and Rbbinding domains act in cis. When driven by the lymphotropic
polyomavirus promoter, wild-type T antigen induces rapid tumorigenesis of the choroid plexus (5) but mutations in either
the J domain (dl1135) or the Rb-binding domain (K1) prevent
choroid plexus tumorigenesis (46). Furthermore, transgenic
animals expressing both 1135 and K1 do not get tumors (49).
The J domain must also act in cis with some transforming
function that maps to the carboxy-terminal half of T antigen
(43). One possibility is that J-domain function is required for T
antigen to block p53 tumor suppression functions. This would
be consistent with the observations that (i) p53 binds to the
carboxy-terminal half of T antigen, and (ii) a J domain mutant
(dl1135) fails to block p53-mediated growth arrest (35). Another candidate for this transforming function is the CBP family of transcriptional adapter proteins (CBP, p300, and p400)
(23). Transformation by the adenovirus E1A protein is mediated in part by E1A binding to this protein family. Transformation-defective mutants of E1A that fail to bind p300 are
rescued by SV40 T antigen, and dl1135 is defective for this
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Kelley and Landry (19) and Cheetham et al. (4) independently reported that the J domain and the common aminoterminal sequences of polyomavirus T antigens share sequence
identities. The J-domain sequence HPD (amino acids 42 to 44)
in SV40 large and small T antigens is conserved among the T
antigens of all sequenced polyomaviruses (31). The predicted
secondary structures of this region of the T antigens and
known J domains are nearly identical, including the placement
of the HPD motif in a loop between two a-helices (Fig. 3) (3,
40, 43). Because the interaction of DnaJ chaperones with their
DnaK partners requires the J domain, it was not surprising to
discover, in retrospect, that SV40 T antigen associates with the
mammalian cytosolic DnaK homolog, hsc70, and that this association is mediated through the T-antigen amino terminus
(37, 38). Consistent with the notion that this interaction is
mediated by the J domain, mutations in the HPD sequence
abolish the interaction of hsc70 with large T antigen (3).
Recently, a number of reports have firmly established the
presence of a functional J domain at the amino terminus of
polyomavirus T antigens. First, an amino-terminal fragment of
SV40 T antigen that includes the J domain stimulates the
ATPase activity of both hsc70 and a cytosolic yeast hsc70,
Ssa1p (43). Full-length large and small T antigens also stimulate Ssa1p ATPase activity, and this stimulation is partially
blocked by antibodies directed to the amino terminus of T
antigen and by mutations within the J domain. Second, fulllength T antigen and the amino-terminal fragment of T antigen
facilitate the ATP-dependent release of an unfolded polypeptide bound to Ssa1p, another hallmark of a productive DnaJDnaK interaction (43). The tiny t antigen encoded by PyV also
stimulates hsc70 ATPase activity (36). Third, Kelley and Georgopolous have shown that the J domain of SV40 inserted into
the corresponding domain of Escherichia coli DnaJ sustains
bacterial growth and sensitivity to infection by bacteriophage l
(20); the J domains from the human polyomaviruses BK and
JC also function in this system. Fourth, the J domain from the
human HSJ-1 protein supports SV40 DNA replication when
inserted into the corresponding region of T antigen (3, 45).
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rescue (50), indicating that the J domain is required for the
action of T antigen on the CBP family.
In contrast to the data presented above, there are two instances in which the J domain is not needed for some aspect of
transformation. First, a T-antigen J-domain mutant (1135) is
able to induce T-cell lymphomas in transgenic mice even
though this same mutant is defective for tumorigenesis in other
tissues such as the choroid plexus or B cells (46). Second, the
T-antigen J domain is not essential to immortalize C57BL/6
mouse embryo fibroblasts (48). These results reemphasize that
the penetrance displayed in vivo by J-domain mutants is variable.
T ANTIGENS TARGET MULTIPROTEIN COMPLEXES
FOR CHAPERONE ACTION
The bacteriophage l offers a paradigm as to how molecular
chaperones might function in polyomavirus infection. During
infection, l DnaJ and DnaK free the DnaB helicase from its
stable association with the multiprotein preinitiation complex
at the viral origin of DNA replication. The energy needed to
dissolve this association is provided by DnaK-mediated ATP
hydrolysis and is used to alter the conformation of one or more
members of the complex. However, there are important distinctions between l and the polyomaviruses. First, the polyomaviruses encode their own DnaJ chaperones, the T antigens,
and use them to recruit both hsc70 and the target cellular
protein complexes. Second, the polyomaviruses use their chaperone machine for viral functions in addition to DNA replication, i.e., transcriptional control and virion assembly. However,
one common theme that connects the disparate functions displayed by l and polyomaviruses is the ensuing rearrangement
of multiprotein complexes.
The fact that the J domain must act in cis with the Rb- and
p53-binding domains to elicit transformation suggests a novel
mechanism for T-antigen/chaperone action on tumor suppressors. The current model states that T antigen blocks tumor
suppressor function by sequestering Rb proteins and p53 into

stable, inactive complexes. The fact that chaperone action is
needed in concert with the tumor suppressor-binding functions
of T antigen suggests a more dynamic model (Fig. 4). In this
model, T antigen recruits a target protein or protein complex
into a ternary complex consisting of the target, T antigen, and
hsc70. Energy, derived from ATP hydrolysis by hsc70, is then
used to effect a conformational change on one or more components of the target complex, as occurs during l DNA replication. For example, this energy might be used to release one
or more proteins from an Rb-E2F complex to allow the E2Fdependent transcription of cellular genes that are required for
viral replication.
Similarly, the rearrangement of large multiprotein complexes is a common feature of many cellular processes, including signal transduction, DNA replication, and transcriptional
regulation, all of which are targets of T-antigen action (Table
1). Perhaps the T antigens act, in part, as scaffolds to recruit specific members of these complexes to associate with the chaperones. The chaperone machine would then be positioned to
orchestrate the energy-dependent rearrangement of the multiprotein complex (Fig. 4).
FUTURE DIRECTIONS
Thus far, hsc70 is the only DnaK homolog found to associate
with the T-antigen J domain. This does not exclude the possibility that known or new members of this family might be
needed for viral infection, especially considering that mammals
encode many DnaK and DnaJ homologs. For example, the incomplete penetrance of the SV40 D44N mutation (see above)
might be due to the differential effects of this mutation on the
interaction of T antigen with different DnaK homologs, one
required for replication and another needed for transformation.
While it is clear that the action of T antigen on the Rb family
requires a cis-acting J domain, there is one case in which a
J-domain function can be supplied in trans. Small t antigen has
been shown to transactivate the cyclin A gene, and transcrip-
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FIG. 4. Model for T-antigen chaperone action on a multiprotein complex. First, T antigen recruits ATP-bound hsc70 via the J domain and the target protein
complex via a substrate-binding domain into an activated complex (asterisk). Next, energy derived from hsc70-mediated ATP hydrolysis induces a conformational
change in one or more members of the target complex. This is followed by release of hsc70 and the altered target that can now act as an effector for downstream signaling
events. II, III, and IV, J-domain a-helices.
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molecular chaperones play a vital role in polyomavirus infection. Since work with polyomaviruses has shown that chaperone action is needed for several fundamental biological
processes, i.e., DNA replication, transcription, and virion
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