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Abstract

The 44-amino acid E5 protein of bovine papillomavirus is a homo-dimeric, transmembrane protein that transforms cells by
activating the platelet-derived growth factor B receptor in a ligand-independent fashion. The E5 protein induces receptor
activation by forming a stable complex with the receptor, thereby inducing receptor dimerization, trans-phosphorylation of
tyrosine residues in the cytoplasmic domain of the receptor, and recruitment of cellular SH2 domain-containing proteins into a
signal transduction complex. Direct interactions between specific transmembrane and juxtamembrane amino acids in the ES5
protein and the PDGF B receptor appear to drive complex formation and dimerization of the receptor. Further analysis of this
unique mechanism of viral transformation promises to yield new insight into the regulation of growth factor receptor activity
and cellular signal transduction pathways. © 2000 Elsevier Science Ltd. All rights reserved.

Tumor viruses are implicated in up to 15% of all
human cancers [1]. In addition to their obvious medi-
cal importance, tumor viruses have also played a cen-
tral role in advancing our understanding of numerous
cellular processes. Studies of the mechanism of cell
transformation by viruses have yielded important
insights into the nature of cellular oncogenes and
tumor suppressor genes, cell cycle control, signal trans-
duction, and gene regulation. Many DNA tumor
viruses have adopted a common strategy of transform-
ation that involves the neutralization of the cellular
tumor suppressor proteins p53 and p105%° and related
proteins. More recently, it has become apparent that
diverse tumor viruses transform cells by encoding
intrinsic viral proteins that activate cellular growth
stimulatory pathways, a mechanism we have named
“virocrine transformation” [2,3]. Viral transforming
proteins that use this strategy include polyomavirus
middle T antigen, which mimics an activated receptor
tyrosine kinase, Epstein-Barr virus LMPI1, which
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mimics an activated tumor necrosis factor receptor,
Friend leukemia virus gp55, which activates the ery-
thropoietin receptor, and the bovine papillomavirus
(BPV) E5 protein. The BPV ES5 protein transforms
cells by binding to and activating the platelet-derived
growth factor (PDGF) B receptor.

Bovine papillomavirus type 1 induces the formation
of fibropapillomas, benign tumors which contain a
prominent proliferative dermal fibroblast component.
BPV can also induce stable tumorigenic transform-
ation of established lines of fibroblasts growing in cul-
ture. BPV-induced fibroblast transformation is due to
the ES protein, a 44-amino acid type II transmembrane
protein with a very hydrophobic central domain
(Fig. 1) [4-9]. In transformed cells, the ES protein is
localized largely to the membranes of the endoplasmic
reticulum and Golgi apparatus [10,11], and it exists as
a dimer of two identical subunits linked by disulfide
bonds involving cysteine residues in the carboxyl-term-
inal third of the protein [4,12]. Mutational analysis
revealed that much of the hydrophobic domain of the
ES protein could be substituted with other hydro-
phobic amino acids, so long as glutamine 17, the sole
hydrophilic amino acid in that part of the protein, was
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Fig. 1. Amino acid sequence of the BPV ES5 protein. Amino acids critical for PDGF B receptor binding and activation and for cell transform-

ation are shown in bold and numbered.

retained [12—14]. Numerous mutations were also toler-
ated in the more hydrophilic portions of the E5 pro-
tein [12,15]. The small size of the E5 protein and its
ability to tolerate mutations suggested that it did not
have intrinsic enzymatic activity but rather that it
induced transformation by binding to and modulating
the activity of cellular membrane proteins that regulate
cell growth. Growth factor receptors were identified as
potential targets of the ES5 protein by two findings.
First, the ES5 gene displayed increased focus forming
activity in NIH 3T3 cells when it was co-transfected
with genes encoding receptor tyrosine kinases (RTKs)
[16]. Second, acute expression of the E5 protein, like
treatment with serum or purified growth factors,
induced quiescent fibroblasts to commence DNA syn-
thesis [17].

1. Activation of the PDGF B receptor by the bovine
papillomavirus ES protein

The initial evidence that the ES protein activated the
PDGF B receptor was the demonstration that the en-
dogenous PDGF B receptor was constitutively phos-
phorylated on tyrosine in rodent fibroblasts stably
transformed by the viral protein [18]. Tyrosine phos-
phorylation of the PDGF B receptor was a rapid and
dose-dependent response to transient E5 expression
[18]. The ES protein also induced constitutive tyrosine
phosphorylation of endogenous PDGF B receptor in
bovine conjunctival fibroblasts and primary human
dermal fibroblasts, as well as of exogenous PDGF B
receptor in a number of different cell types (Fig. 2)
([19-24]; L. Petti & A. Ray, Albany Medical College).
In addition, the highly related ES5 protein from the
deer fibropapillomavirus also transformed mouse cells
and activated the PDGF B receptor [25]. However, the
BPV ES5 protein did not activate other endogenous
receptors, including the closely related PDGF o recep-
tor or the EGF receptor, in bovine fibroblasts [20]. In
several cell types transformed by the ES5 protein, both
the mature cell surface form as well as an intracellular,
incompletely glycosylated precursor form of the PDGF
B receptor were tyrosine phosphorylated, and a sub-
stantial fraction of the receptor with mature carbo-
hydrates was resistant to cell surface trypsinization

and hence was also likely to be intracellular [18]. In
stably transformed cells, the E5 protein induced tyro-
sine phosphorylation of only a small fraction of the
total cellular PDGF B receptor [26,27], presumably
because most of the receptor was at the cell surface
while most of the ES protein was intracellular.

Several additional criteria indicated that the E5 pro-
tein activated the PDGF B receptor. As described
below, the E5 protein formed a stable complex with
the PDGF B receptor [21], and E5 expression induced
constitutive dimerization and trans-phosphorylation of
the PDGF B receptor [26] and stimulated its in vitro
tyrosine kinase activity [18]. In E5 transformed cells,
there was constitutive association between the receptor
and phosphoinositol 3’kinase (PI3’kinase), phospho-
lipase Cy (PLCy), and rasGTPase activating protein
(GAP), SH2 domain-containing cellular substrates that
play essential roles in the response to PDGF [23,27].
When the E5 protein was transiently expressed at a
high level in fibroblasts, PDGF B receptor was down-
regulated, as is the case for ligand-stimulated PDGF B
receptor [28]. Finally, as is the case with PDGF treat-
ment, co-expression of the ES5 protein and the PDGF
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Fig. 2. Activation of the PDGF B receptor by the ES protein. Ba/F3
cells expressing the wild-type (w) or kinase-negative (k) human
PDGF B receptor were selected following infection with a control
retrovirus (—) or a retrovirus expressing the BPV ES protein (+).
Activated PDGF B receptor was detected by immunoblotting with
an antibody recognizing phosphotyrosine. Modified from Ref. [23].
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B receptor provided an anti-apoptotic signal to growth
factor-deprived hematopoietic cells [22,23].

2. Role of PDGF B receptor activation in ES
transformation

Several experimental approaches have been used to
assess whether activation of the PDGF B receptor was
required for cell transformation by the ES5 protein.
First, gene transfer experiments have been carried out
in a number of cell lines lacking endogenous PDGF
receptor [19,22,23]. These cells were normally not sus-
ceptible to transformation by the E5 protein or by ex-
pression of the human or murine PDGF B receptor.
However, co-expression of the E5 protein and the
PDGF B receptor resulted in receptor activation and
tumorigenic transformation or growth factor-indepen-

Fig. 3. Reversion of ES-transformed cells by inhibition of PDGF
receptor. C127 cells stably transformed by the ES protein were trea-
ted with AG1295, a specific inhibitor of PDGF receptor tyrosine
kinase (bottom panel) or left untreated (top panel). Contrast the
piled-up and disorganized appearance of the untreated cells with the
flat monolayer of the treated cells, characteristic of parental untrans-
formed C127 cells.

dent proliferation. Other receptor tyrosine kinases
(RTKSs) tested were not able to allow E5 transform-
ation [22], providing further evidence that the E5 pro-
tein specifically affected the function of the PDGF
receptor. ES-induced growth factor-independent pro-
liferation in these cells required the expression of a cat-
alytically active PDGF B receptor tyrosine kinase [23],
indicating that the PDGF B receptor had to activate
the receptor signaling cascade to deliver a proliferative
signal.

Studies have also been carried out with AGI1295, a
specific inhibitor of the PDGF B receptor tyrosine
kinase [29,30]. Treatment of ES5-transformed C127
mouse cells with AG1295 led to the loss of constitutive
tyrosine phosphorylation of the PDGF B receptor and
to the reversal of the morphologically transformed
phenotype (Fig. 3). Removal of the inhibitor resulted
in the rapid reacquisition of the transformed mor-
phology. AG1295 also prevented growth factor-inde-
pendent proliferation of Ba/F3 cells co-expressing the
ES5 protein and the wild-type PDGF B receptor [30]. In
addition, C127 cell variants resistant to PDGF-
mediated mitogenesis were also resistant to transform-
ation by the E5 protein [31]. Finally, as summarized
below, we observed an excellent correlation between
the ability of various ES mutants to bind to and acti-
vate the PDGF B receptor and to transform cells
[30,32]. Taken together, these experiments provided
compelling evidence that activation of the PDGF B
receptor plays a central role in ES-induced transform-
ation. This is similar to the situation with the product
of the viral oncogene v-sis, a homologue of PDGF,
which transforms cells by activating the PDGF recep-
tor [33,34].

It has been reported that certain E5 mutants trans-
formed cells without binding to or activating the
PDGF B receptor [35,36]. Furthermore, PI3 kinase ac-
tivity was elevated in cells transformed by these
mutants, and the PDGF receptor kinase inhibitor did
not inhibit this activity [37]. On the basis of these
results, Schlegel et al. concluded that these mutants
utilized alternative, PDGF B receptor-independent
mechanisms to transform cells [35,36]. However, when
we analyzed the same ES mutants and cell lines, these
mutants induced clearly increased tyrosine phosphoryl-
ation of the PDGF B receptor and formed stable com-
plexes with the receptor (unpublished results). In
addition, the transformed morphology of NIH3T3
cells expressing these mutants was reversed by the
PDGF receptor tyrosine kinase inhibitor. It is likely
that at least some of these discrepancies are the conse-
quence of subtle but apparently important methodo-
logical differences. It remains to be seen whether the
E5 protein has transforming activity that does not
involve PDGF B receptor activation.
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3. Mechanism of PDGF B receptor activation by the ES
protein

The study of E5-induced activation of the PDGF B3
receptor is likely to shed new light on the mechanism
of receptor activation in general. Co-immunoprecipita-
tion experiments utilizing detergent extracts of trans-
formed C127 cells showed that the E5 protein and
both mature and precursor forms of the endogenous
activated PDGF B receptor were in a stable complex
in these cells [20,21]. Phosphotyrosine blotting and vel-
ocity sedimentation indicated that the PDGF B recep-
tor in the complex with the E5 protein was
activated,and no other activated RTKs were detectable
in this complex [21,27]. These results suggested that
the E5 protein induced activation of the PDGF B
receptor by binding to the receptor. Complex for-
mation between the E5 protein and endogenous and
foreign PDGF B receptors has since been confirmed in
various cell systems [19,22-24,38]. In stably trans-
formed cells, the E5 protein formed a complex with
the PDGF B receptor only, whereas it associated with
a variety of receptor tyrosine kinases, including the
EGF receptor, when they were overexpressed [20].

PDGF initiates PDGF B receptor activation by
binding to the extracellular domain of the receptor.
The analysis of various mutant and chimeric PDGF B
receptors indicated that the transmembrane and juxta-
membrane domains of the PDGF B receptor played a
major role in mediating the interaction with the ES
protein [23,24,38—40]. In fact, the ES protein was able
to complex with and activate receptors lacking the
extracellular ligand binding domain, leading to the
generation of an ES-induced proliferative signal
[23,39]. Thus, ES5-induced activation of the PDGF B
receptor and cell transformation did not depend upon
the ability of the PDGF B receptor to bind to its
ligand, indicating that receptor activation in this sys-
tem was ligand-independent.

Binding of PDGF to the PDGF B receptor induces
receptor dimerization and trans-autophosphorylation
of multiple tyrosine residues in the cytoplasmic
domains of the two receptor subunits in the dimer [41].
To determine whether the E5 protein induced similar
events, we engineered cells to co-express a full-length
PDGF B receptor and a truncation mutant lacking
almost all of the ligand binding domain. An antibody
specific for the full-length receptor co-immunoprecipi-
tated the truncated receptor when the two receptor
species were co-expressed with the wild-type E5 pro-
tein, but no co-immunoprecipitation occurred in the
absence of the E5 protein or in the presence of a
mutant ES5 protein unable to bind the PDGF B recep-
tor [26]. This result indicated that the E5 protein
induced oligomerization of the PDGF B receptor, and
suggested that complex formation between the ES pro-

tein and the PDGF B receptor was required for recep-
tor oligomerization. In these experiments, the full-
length receptor carried a mutation in the catalytic
domain that abolished kinase activity. Nevertheless,
the kinase-negative mutant was tyrosine phosphory-
lated when co-expressed with the wild-type ES5 protein
and the kinase-active receptor, indicating that the ES5
protein induced the kinase-active PDGF B receptor to
catalyze intermolecular ¢rans-phosphorylation within
the receptor oligomer [26]. Interestingly, the kinase-
active receptor in complex with the kinase-negative
form was not itself tyrosine phosphorylated, indicating
that in the heteromeric complex, the kinase-active
receptor cannot catalyze intramolecular tyrosine phos-
phorylation. This result suggested that the E5 protein
induced the formation of PDGF B receptor dimers but
not higher order oligomers, because frans-phosphoryl-
ation between multiple kinase-active receptors would
be expected to occur in higher order oligomers.

Trans-phosphorylation initiates signaling by the
PDGF B receptor and other RTKs by two mechan-
isms: (1) by augmenting the tyrosine kinase activity by
removing inhibitory constraints, and (2) by generating
binding sites for various SH2 domain-containing cellu-
lar signaling proteins [41]. Both events also appeared
to occur upon ES5-mediated receptor phosphorylation.
As noted above, PDGF B receptor isolated from E5-
transformed cells displayed increased in vitro tyrosine
kinase activity, and various signal transduction pro-
teins were constitutively associated with the receptor in
these cells. Furthermore, velocity sedimentation has
been used to isolate and study multiprotein signal
transduction complexes containing activated PDGF B
receptor, the E5 protein, and associated signal trans-
duction proteins including PI3’kinase, PLCy, and ras-
GAP [27].

4. Mutational analysis of the E5 protein/PDGF B
receptor interaction

Petti and Schaefer (Albany Medical College) have
shown that the E5 protein can bind to a short frag-
ment of the PDGF B receptor that contained only the
transmembrane domain flanked by a few juxtamem-
brane amino acids, indicating that all the sequence in-
formation required for stable complex formation was
localized to this fragment. Mutations in the ES protein
at the cysteines at positions 37 and 39, glutamine 17,
or aspartic acid 33 prevented complex formation with
the PDGF B receptor, receptor activation, and cell
transformation, whereas receptor binding was not
impaired by mutations at many other positions
[12,15,28]. Similarly, mutations in the PDGF B recep-
tor at transmembrane threonine 513 and juxtamem-
brane lysine 499 prevented complex formation and
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transformation [40]. Mutations at the two E5 cysteines
also prevented E5 dimer formation, suggesting that
these mutants were transformation defective because
they were unable to form dimers [12,15]. Some substi-
tutions at glutamine 17 also affected the efficiency of
ES5 dimer formation, indicating that the residue at this
position played a role in stabilizing the E5 dimer
[14,30]. Schlegel et al. constructed and analyzed a
series of alanine scanning mutations along the central
hydrophobic domain of the ES protein, and reported
that substitutions at glutamine 17, leucine 21, and leu-
cine 24 prevented complex formation with the PDGF
B receptor [36].

When the juxtamembrane/transmembrane sequences
of the E5 protein and the PDGF B receptor were
aligned in an anti-parallel fashion (reflecting the oppo-
site transmembrane orientation of these two proteins),
we noted that the aspartic acid/lysine pair were juxta-
posed, as were the glutamine/threonine pair (Fig. 4).
This suggested that the ES/PDGF B receptor complex
was stabilized largely by an electrostatic bond between
the oppositely charged juxtamembrane lysine and
aspartic acid 33 and by a hydrogen-bond or a packing
interaction between the transmembrane threonine and
glutamine 17 [15,28,30,32,40]. To test these hypotheses,
we determined the phenotypes of E5 mutants contain-
ing each of the twenty amino acids at position 33 and
at position 17 [30,32]. The results were striking: first,
there was a near perfect correlation between the ability
of various E5 mutants to bind to and activate the
PDGF B receptor and to transform cells; second, all
position 17 mutants unable to participate in hydrogen
bonding were defective for complex formation, PDGF
B receptor activation, and cell transformation; and
third, a juxtamembrane negative charge on the ES pro-
tein was required for all the three activities. These
results provided strong support for the specific inter-
actions proposed above and, by inference, for the
existence of direct interactions between the ES protein
and the PDGF B receptor. Analysis of a more limited
set of mutations at the two required positions in the

499 513

PDGF B receptor were consistent with these interpret-
ations (unpublished results).

The ES5 protein can bind to and activate the PDGF
B receptor but not the PDGF a receptor [20,22]. This
specificity is conferred by the transmembrane/juxta-
membrane region of the receptors [39]. Notably, the
PDGF o receptor lacks the essential transmembrane
threonine and the essential juxtamembrane lysine. By
replacing the wild-type amino acids in the PDGF o
receptor with lysine and threonine, it should be poss-
ible to test the model that the glutamine/threonine and
aspartic acid/lysine pairs are crucial amino acids re-
sponsible for the ES/PDGF B receptor interaction. Of
course, it is likely that some of the hydrophobic amino
acids in the transmembrane domain of the E5 protein
and the PDGF B receptor also participate in important
packing interactions, but the available genetic results
indicated that a specific amino acid sequence in this
portion of the E5 protein was not required.

5. Models of the ES protein/PDGF B receptor
interaction

We have developed models for the molecular inter-
actions between monomers of the E5 protein in the ES
dimer and between dimeric ES protein and the PDGF
B receptor. Infrared spectroscopy provided evidence
that chemically synthesized ES5 dimers existed in lipid
bilayers as pairs of transmembrane o-helices organized
as symmetric, parallel, left-handed coiled-coils [5].
Molecular dynamic simulations and energy minimali-
zations identified two potential low energy structures
of the E5 dimer [5]. In both structures, the ES dimer is
stabilized by hydrophobic interactions similar to a leu-
cine zipper, and the aspartic acids point away from the
dimer interface so that they are in position to form
salt bridges with the essential lysines on the PDGF
receptor subunits. In one structure, the glutamines at
position 17 lined the interface of the E5 dimer and
formed hydrogen bonds across the interface, whereas

RYE... PDGF-t
a7 ~KVVVISAILALVVLTVISLIILI MLWQKKP receptor
F 39\ pHOWYVLFFLLLFLLLLLQMAAVLGLFLLFW,
GTC 33 17 protein
extracytoplasmic transmembrane cytoplasmic
domain domain domain

Fig. 4. Alignment of the sequences of the ES protein and the transmembrane domain of the PDGF B receptor. The ES protein and transmem-
brane region of the PDGF B receptor are shown in their anti-parallel orientation, and the putative transmembrane domain of the ES protein is
underlined. Note that the E5 sequence reads from right to left, and PDGF B receptor sequence from left to right. Residues known to be critical
for complex formation between the two proteins are indicated by arrowheads. K represents lysine, T represents threonine, Q represents gluta-
mine, D represents aspartic acid, and C represents cysteine. Modified from Ref. [32].
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they faced out in the other structure. The genetic
results demonstrating that the amino acid at position
17 played a role in dimerization of the E5 protein
favors the structure with the glutamines projecting into
the interface. In addition, the results of solid-state
NMR experiments indicate that the glutamine does, in
fact, form hydrogen bonds across the E5 dimer inter-
face (Steven Smith, State University of New York,
Stony Brook).

By considering possible arrangements of the ES5
dimer and two molecules of the PDGF B receptor, we
proposed that each face of the ES5 dimer contains a
binding site (i.e. one aspartic acid 33, one glutamine
17, and probably some intervening amino acids) that
interacts with a molecule of the PDGF B receptor [5]
(Fig. 5). Therefore, the ES dimer contains two binding
sites, one on each face, thus explaining how the E5

Fig. 5. Model for the interaction between the ES protein and the
PDGEF B receptor. A model of the complex between a dimer of the
ES protein (open rods) and the transmembrane and juxtamembrane
domains of two PDGF B receptor molecules (grey rods) is shown.
The space bounded by the planes represents the cell membrane, with
the cytoplasm at the bottom. The ES protein and the PDGF B recep-
tor are oriented in an anti-parallel fashion relative to one another.
The solid line represents a disulfide bond between the cysteines in
the ES protein, and the dashed lines represent putative non-covalent
bonds between residues important for complex formation. One fea-
ture of this model is that each PDGF B receptor molecule contacts
both ES monomers in the ES dimer. Modified from Ref. [2].

dimer induces dimerization of the PDGF [ receptor.
We further proposed that on each face of the dimer
the aspartic acid is contributed by one E5 monomer
and the glutamine by the other. This arrangement
accounts for the finding that the dimerization-defective
ES mutants were also defective for inducing receptor
activation, because E5 dimerization was required to
generate intact binding sites for the receptor. This
model is supported by the molecular dynamic simu-
lations of the E5 dimer, which showed that the aspar-
tic acid of one monomer and the glutamine of the
other were on the same face of the helix in the low
energy structures [5]. Even in the preferred structure
with the glutamine in the interface, it was possible to
model the interaction so that side-chain functional
groups of each glutamine can make hydrogen bonds to
the PDGF B receptor threonine as well as to the other
E5 monomer [5].

Taken together, our results suggest the following
model of E5-induced PDGF B receptor activation:
homodimerization of the E5 protein generates two
binding sites for the PDGF B receptor, one on each
face of the dimer. Two molecules of the PDGF 0§
receptor simultaneously bind to each E5 dimer via in-
teractions between specific transmembrane and juxta-
membrane amino acids. This results in dimerization of
the receptor and in the bringing of the two kinase
domains into proximity so that they can carry out
trans-phosphorylation. Phosphorylation of the receptor
on a tyrosine in the activation loop further stimulates
kinase activity, while phosphorylation of other tyro-
sines recruits and activates various SH2 domain-con-
taining cellular signaling proteins.

The analysis of alanine scanning mutations indicated
that only one face of the E5 helix was involved in acti-
vation of the PDGF B receptor and identified gluta-
mine 17, leucine 21, and leucine 24 as forming the
binding site for the receptor [36]. In the model based
on studies from our laboratory, these amino acids
were predicted to line the interface of the E5 dimer [5].
On the basis of their studies, Schlegel et al. proposed
that each ES monomer had an independent binding
site for the PDGF B receptor, but the binding site was
accessible only following E5 dimerization [36]. Thus,
only dimeric E5 protein can bind to and activate the
PDGF B receptor, leading to transformation. The
model further proposed that some ES5 mutants formed
tetramers that could not bind to or activate the PDGF
B receptor but were still able to transform cells by a
different but unknown mechanism [36]. It is clear that
additional studies are required to define the inter-
actions between the E5 protein and the PDGF B recep-
tor and to test these models. However, the
fundamental feature of the proposed models is the
same: dimerization of the E5 protein generates two
binding sites for the PDGF B receptor, and receptor
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dimerization and activation occurs when these two
sites are occupied simultaneously.

6. Alternative targets of the ES protein

The ES5 protein also binds a number of additional
cellular proteins, including the 16 kDa transmembrane
subunit of the vacuolar H'-ATPase (V-ATPase), an
enzyme which is responsible for controlling the pH of
the Golgi apparatus and other intracellular organelles
[38]. Association between the ATPase subunit and the
E5 protein appears to be mediated largely by trans-
membrane interactions, with glutamine 17 of the ES5
protein and a glutamic acid in the fourth transmem-
brane domain of the ATPase subunit playing critical
roles in complex formation [42,43]. A ternary complex
containing the E5 protein, the PDGF B receptor, and
the V-ATPase subunit has been detected in COS cells
overexpressing these proteins [38]. It has recently been
demonstrated that Golgi acidification is impaired in
cells transformed by the E5 protein, a response that
appears to be due to inhibition of V-ATPase activity
[44]. Because many important growth regulatory pro-
teins, including the PDGF B receptor, transit through
the Golgi apparatus en route to their final destination
in the cell, it is possible that the ability of the ES pro-
tein to perturb the pH of intracellular organelles may
influence the activity of these proteins and contribute
to transformation. It has also been reported that the
ES protein can associate with an a-adaptin-like protein
[45]. Since adaptins are involved in the metabolism of
growth factor receptors, this interaction may also in-
fluence cell signaling.

It has been difficult to assess the role of the E5 pro-
tein/ATPase subunit interaction in cell transformation
for several reasons. First, because it is difficult to
detect the association of the E5 protein with the en-
dogenous V-ATPase subunit, the great majority of stu-
dies examining the formation of a complex between
these two proteins has been carried out in overexpres-
sing cell systems. Second, because V-ATPase activity is
essential for cell viability, V-ATPase null cells do not
exist. Therefore, it has not been possible to carry out
definitive gene transfer studies with wild type and
mutant V-ATPase genes to determine their importance
for ES5 transformation. It was shown that a co-trans-
fected V-ATPase subunit gene inhibited focus for-
mation by the E5 gene, but it is not known if this
reflected the restoration of normal V-ATPase activity
in the cells or the sequestration of the ES5 protein from
other targets [42]. Third, there is no simple signature
of V-ATPase activity in intact cells, comparable to
tyrosine phosphorylation of the PDGF B receptor.
Therefore, indirect measures of V-ATPase activity,
such as measurement of Golgi pH, must be used.

Finally, it has not been possible to pharmacologically
modulate V-ATPase activity and assess the effects of
these treatments on E5 transformation. Despite these
problems, studies in this area may reveal new aspects
of E5-mediated transformation. In addition, because
the human papillomavirus E5 proteins also interact
with the V-ATPase subunit [46], study of this inter-
action may provide new insight into the pathogenesis
of HPV-associated diseases, including cervical carci-
noma.

In bovine warts, the E5 protein is expressed in der-
mal fibroblasts. In addition, the E5 protein is also
expressed in basal epidermal keratinocytes and in some
differentiated keratinocytes in these lesions, where it
presumably plays a role in the productive virus life
cycle [11]. Moreover, the ES protein caused tumori-
genic transformation of established murine keratino-
cytes [47]. Since keratinocytes do not normally express
PDGF B receptor, these results suggested that in these
cells the ES protein interacted with other targets, such
as the V-ATPase. Alternatively, it is possible that low
levels of PDGF B receptor expression occurred in
these cells and mediated the cellular response to the
viral protein. Biochemical and genetic analysis is
required to determine the mechanism of action of the
ES5 protein in these non-mesenchymal cell types.

7. What does the ES protein tell us about growth factor
receptor function?

The analysis of the ES protein/PDGF B receptor in-
teraction has defined a novel mechanism of DNA virus
transformation. This analysis has also revealed new
features of growth factor receptor signaling. Most
importantly, these studies have established that recep-
tor tyrosine kinases can be activated in a ligand-inde-
pendent fashion by interactions with proteins that do
not resemble their normal ligands. In the case of the
PDGF B8 receptor, transmembrane and juxtamembrane
amino acids participate in interactions with a “brid-
ging” protein, resulting in receptor dimerization and
activation. These results raise the possibility that short
transmembrane proteins can be designed or selected
that bind to the transmembrane domains of various
growth factor receptors and other proteins. Some pro-
teins identified in this fashion may cause dimerization
and activation of their binding partners, whereas
others may result in inhibition rather than activation.
Such studies may not only lead to the generation of
proteins with novel or useful properties, they may also
help to define the molecular code that governs the as-
sociation of protein transmembrane domains.

The nature of some of the biochemical events occur-
ring during receptor activation has been elucidated
through studies of the E5 protein/PDGF B receptor
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system. Analysis of cells co-expressing the E5 protein
and various receptor mutants has demonstrated that
phosphorylation of the PDGF B receptor in the acti-
vated dimer occurs obligatorily in frans and that cellu-
lar signaling substrates are able to bind to hemi-
phosphorylated receptor heterodimers containing
kinase-active and -inactive receptor subunits [26,27].
The simultaneous presence of more than one signaling
substrate in these complexes has also been established
[27]. Finally, the use of velocity sedimentation in
sucrose gradients has allowed the clear visualization of
signal transduction complexes containing activated
PDGF B receptor and associated signaling proteins
[27]. These entities were first postulated over 10 years
ago [48], but their detection, separation from inactive
receptors, and characterization has proven surprisingly
difficult.

An interesting activity of the E5 protein is its ability
to activate intracellular forms of the PDGF B receptor.
This activity is made evident by the constitutive tyro-
sine phosphorylation of intracellular PDGF B receptor
in E5-transformed cells and the trans-phosphorylation
of kinase-negative intracellular receptor in response to
the ES5 protein [18,26]. In addition, the precursor
forms of the PDGF [ receptor associated stably with
various cellular signaling proteins and with the E5 pro-
tein itself, and these receptor forms were present in
activated signal transduction complexes [23,27]. These
results provided further support for the contention,
first made with the v-sis oncogene product [49], that
RTKSs activated in intracellular membranes can gener-
ate a mitogenic signal. Indeed, analysis of an E5
mutant targeted to the endoplasmic reticulum
suggested that Golgi location of E5 protein/PDGF 8
receptor complex was critical for transformation [50].
Further analysis of ES5 transformation may provide
new insights into the role of subcellular localization on
signal transduction. Similarly, further analysis of the
role of V-ATPase in E5 transformation may yield
novel insights into regulation of growth factor receptor
function.

The PDGF B receptor contains at least nine sites of
tyrosine phosphorylation that mediate diverse effects,
e.g., some sites stimulate kinase activity, others form
docking sites for SH-2 or PTB domains, still others
may be silent [39]. It is not known if all sites are phos-
phorylated on each receptor molecule, or if different
molecules are phosphorylated at different sets of sites
and the mapped sites represent the aggregate response.
The stoichiometry of phosphorylation at individual
tyrosines on the PDGF B receptor varies widely as a
function of the length of ligand treatment [51]. There-
fore, measuring global PDGF B receptor tyrosine
phosphorylation by Western blotting with an antibody
that recognizes phosphotyrosine may give an imperfect
measure of receptor activation. In fact, although

ligand-induced RTK activation requires receptor
dimerization and trans-phosphorylation, dimerization
is not sufficient to induce mitogenic signaling. Rather,
the correct rotational orientation of the receptor
monomers within the dimer appear important for ac-
tivity, perhaps because the orientation of subunits may
determine the sites of phosphorylation [52—54]. Even if
the PDGF B receptors in two activated complexes are
phosphorylated on the same tyrosines, there may be
differences in the spectrum of substrates bound or
phosphorylated, thereby leading to differences in signal
transduction. This would be the case if a particular
arrangement of receptor molecules in a complex
imposes steric constraints upon which substrates have
access to their binding sites or which bound substrates
can be phosphorylated, or if the phosphorylated recep-
tors are in cellular locations where they engage differ-
ent constellations of substrates.

These considerations may bear on some unresolved
issues regarding the ES protein/PDGF B receptor inter-
action. For example, there are E5 point mutants that
underwent complex formation with the PDGF 8 recep-
tor and caused receptor tyrosine phosphorylation, but
did not transform C127 cells [28]. These mutants were
also defective for inducing PDGF B receptor down-
regulation, indicating that the interaction between the
mutant E5 proteins and the PDGF B receptor was not
normal. It is possible that these E5 mutants caused
phosphorylation at only a subset of tyrosines and
therefore induced qualitatively different receptor-in-
itiated signals than did the wild-type ES protein. Simi-
larly, the relatively low levels of PDGF B receptor
tyrosine phosphorylation induced by some ES5 mutants
that transform cells efficiently may reflect a low stoi-
chiometry of phosphorylation at non-critical tyrosines
[35,36].

Genetic analysis in Ba/F3 cells suggested that the ES
protein and v-sis utilized similar pathways to induce
cell proliferation [23], and levels of PI3’kinase activity
were elevated in ES-transformed fibroblasts [55]. How-
ever, the signal transduction pathways activated by the
ES5 protein are largely unexplored and not necessarily
identical to those activated by treatment with PDGF.
Indeed, the PDGF B receptor can be activated by
diverse means — stimulation by PDGF (or expression
of v-sis), expression of the E5 protein, substitution of
the transmembrane domain from the activated allele of
p185™", mutation in the receptor cytoplasmic juxta-
membrane domain, and fusion to dimerization
domains of various cellular proteins [56—59]. This pro-
vides the opportunity to determine whether all acti-
vated PDGF B receptors generate the same signal in a
given cellular context or whether the mechanism of ac-
tivation dictates the signal output. If PDGF B receptor
activated by these various means undergoes tyrosine
phosphorylation at different constellations of sites or
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permits different substrates to bind to these sites, then
different outputs may result. The ability of a growth
factor receptor to modulate its signal transduction cas-
cade as a function of the means of activation would
provide cells with a mechanism for fine-tuning the sig-
naling pathways that are activated by related but non-
identical stimuli.

8. Conclusion

Despite the detailed analysis of the ES protein that
has been carried out over many years, there are still a
number of unanswered questions. Is PDGF 8 receptor
activation the sole mechanism of E5-induced cell trans-
formation? What does the ES protein/PDGF B recep-
tor interaction tell us about growth factor signaling in
general? What are the precise molecular interactions
that lead to complex formation between the E5 protein
and its cellular targets? What is the role of V-ATPase
in the biological activities of the E5 protein? What is
the role of the E5 protein in the papillomavirus life-
cycle and the pathogenesis of papillomavirus-induced
diseases? Further study of these and related questions
will continue to shed light on viral transformation and
replication, cellular signal transduction, and the assem-
bly of transmembrane protein complexes.
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