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The bovine papillomavirus E5 protein (BPV E5) is a 44-amino-acid homodimeric transmembrane protein
that binds directly to the transmembrane domain of the platelet-derived growth factor (PDGF) 3 receptor and
induces ligand-independent receptor activation. Three specific features of BPV E5 are considered important for
its ability to activate the PDGF B receptor and transform mouse fibroblasts: a pair of C-terminal cysteines, a
transmembrane glutamine, and a juxtamembrane aspartic acid. By using a new genetic technique to screen
libraries expressing artificial transmembrane proteins for activators of the PDGF 3 receptor, we isolated much
smaller proteins, from 32 to 36 residues, that lack all three of these features yet still dimerize noncovalently,
specifically activate the PDGF 3 receptor via its transmembrane domain, and transform cells efficiently. The
primary amino acid sequence of BPV ES5 is virtually unrecognizable in some of these proteins, which share as
few as seven consecutive amino acids with the viral protein. Thus, small artificial proteins that bear little
resemblance to a viral oncoprotein can nevertheless productively interact with the same cellular target. We
speculate that similar cellular proteins may exist but have been overlooked due to their small size and

hydrophobicity.

Viruses are tiny relative to the cells they infect. The largest
animal viruses encode at most a few hundred genes, in contrast
to the tens of thousands of genes expressed by the host cell. To
overcome the constraints imposed by their small size, viruses
use multiple or even overlapping reading frames and alterna-
tive splicing to produce more than one protein from single
transcripts, build capsids from repeating subunits, harness cel-
lular mechanisms to produce viral products, and express ex-
tremely small proteins. Several of these small viral proteins are
membrane anchored, including the 44-residue SH protein of
parainfluenza virus 5, which blocks apoptosis of infected cells
(16), and the 96-residue M2 protein of influenza A, which
forms an ion channel in endosomal membranes of infected
cells and is required for infectivity (reviewed in reference 38).
One of the best-characterized small viral transmembrane pro-
teins is the ES protein encoded by bovine papillomavirus type
1 (BPV ES). BPV ES5 contains only 44 amino acids and is thus
essentially an isolated transmembrane domain (Fig. 1) (re-
viewed in reference 47). It is the primary translation product
from a small open reading frame and is sufficient to cause
tumorigenic cell transformation, making it the smallest known
autonomous oncoprotein.
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BPV ES induces cell transformation by specifically activating
a much larger cellular target, the platelet-derived growth factor
(PDGF) B receptor tyrosine kinase (8, 14, 30, 35). The PDGF
B receptor, a single-span transmembrane protein of more than
1,000 amino acids, is normally activated by the binding of its
dimeric ligand, PDGF, to the extracellular domain of the re-
ceptor. In contrast, a dimer of the BPV ES5 protein binds to the
transmembrane domain of two monomers of the PDGF B
receptor (5, 8, 13, 34, 45), inducing ligand-independent recep-
tor dimerization, trans-phosphorylation of tyrosine residues in
the intracellular catalytic domain of the receptor, and sus-
tained mitogenic signaling (24, 47). This interaction is highly
specific; at normal expression levels, BPV E5 does not bind or
activate other receptor tyrosine kinases, not even the closely
related PDGF « receptor (14, 33).

Extensive characterization of BPV E5 showed that its ability
to activate the PDGF B receptor requires only a few specific
features, in addition to its overall hydrophobic composition:
the ability to form covalently linked homodimers mediated by
two C-terminal cysteines, a transmembrane glutamine that is
important both for the homodimerization of BPV E5 and for
its interaction with the PDGF B receptor, and a juxtamem-
brane aspartic acid that provides a negative charge necessary
for interacting with the PDGF B receptor (17, 20, 21, 43, 44,
46). These essential amino acids, GIln17, Asp33, Cys37, and
Cys39, are perfectly conserved among the ES proteins of the
other fibropapillomaviruses, including the deer papillomavirus
ES protein, which also activates the PDGF B receptor and
transforms cells (22). In contrast, the transmembrane se-
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