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The 44-amino-acid E5 protein of bovine papillomavirus is a dimeric transmembrane protein that exists in a stable complex with
the platelet-derived growth factor (PDGF) � receptor, causing receptor activation and cell transformation. The transmembrane
domain of the PDGF � receptor is required for complex formation, but it is not known if the two proteins contact one another
directly. Here, we studied a PDGF � receptor mutant containing a leucine-to-isoleucine substitution in its transmembrane do-
main, which prevents complex formation with the wild-type E5 protein in mouse BaF3 cells and inhibits receptor activation by
the E5 protein. We selected E5 mutants containing either a small deletion or multiple substitution mutations that restored bind-
ing to the mutant PDGF � receptor, resulting in receptor activation and growth factor independence. These E5 mutants dis-
played lower activity with PDGF � receptor mutants containing other transmembrane substitutions in the vicinity of the origi-
nal mutation, and one of them cooperated with a receptor mutant containing a distal mutation in the juxtamembrane domain.
These results provide strong genetic evidence that the transmembrane domains of the E5 protein and the PDGF � receptor con-
tact one another directly. They also demonstrate that different mutations in the E5 protein allow it to tolerate the same mutation
in the PDGF � receptor transmembrane domain and that a mutation in the E5 protein can allow it to tolerate different muta-
tions in the PDGF � receptor. Thus, the rules governing direct interactions between transmembrane helices are complex and not
restricted to local interactions.

Proteins that span cellular membranes are thought to comprise
up to 30% of the proteome (1). The membrane-spanning seg-

ments of most of these transmembrane proteins adopt an �-heli-
cal conformation and can undergo highly specific, lateral interac-
tions to form oligomeric protein complexes or properly folded
multipass transmembrane proteins (2, 3). These helical interac-
tions are often essential for biological activity, but the structural
basis of the vast majority of transmembrane interactions is not
understood because of difficulties in obtaining high-resolution
structures of transmembrane helical bundles. Mutational analysis
showed that homodimeric helix-helix interactions can be deter-
mined by highly specific interactions between amino acid side
chains (4). Formation of heteromeric transmembrane complexes
can be mediated by interactions between hydrophilic amino acid
side chains (5–7), but the structural basis for the specificity of
heteromeric transmembrane interactions has not been studied in
detail. In our laboratory, we have developed genetic methods to
analyze heteromeric transmembrane interactions in mammalian
cells and showed that artificial transmembrane proteins can un-
dergo specific functional interactions with native transmembrane
proteins (8–12).

The 44-amino-acid E5 oncoprotein of bovine papillomavirus
type 1 (BPV) is essentially an isolated transmembrane domain
that forms a homodimer and transforms mouse cells to tumori-
genicity (13, 14). In transformed cells, the E5 protein is present in
a stable complex with the cellular platelet-derived growth factor
(PDGF) � receptor, a receptor tyrosine kinase whose extracellular
domain normally binds the soluble protein ligand PDGF (15, 16).
The interaction between the E5 protein and the PDGF � receptor
causes dimerization and trans-autophosphorylation of the recep-

tor, resulting in sustained receptor activation and cell transforma-
tion or growth factor independence (17–21). The E5 protein–
PDGF � receptor interaction is highly specific, and previous
studies of mutant and chimeric receptors in cells showed that the
receptor transmembrane domain is required for complex forma-
tion with the E5 protein (17, 22–26).

Although the E5 protein and the PDGF � receptor are present
in a physical complex in transformed cells, it is not known if the
transmembrane domains of these two proteins interact directly or
if this interaction is mediated by an as-yet-unidentified cellular
protein. A direct interaction is suggested by mutational analysis,
which identified four specific amino acids as being important for
complex formation and transforming activity: glutamine 17 and
aspartic acid 33 of the E5 protein, and juxtamembrane lysine 499
and transmembrane threonine 513 of the PDGF � receptor (27–
30). The PDGF � receptor is a type I transmembrane protein (i.e.,
with the N terminus outside the cell or in the lumen of intracellu-
lar organelles), whereas the E5 protein is thought to have the op-
posite, type II orientation (31). Therefore, if the transmembrane
domains of these two proteins interact directly, they would adopt
an antiparallel arrangement, which would put E5 Asp33 in prox-
imity to PDGF � receptor Lys499 in the extracellular/luminal jux-

Received 31 May 2013 Accepted 1 August 2013

Published ahead of print 7 August 2013

Address correspondence to Daniel DiMaio, daniel.dimaio@yale.edu.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.01475-13

10936 jvi.asm.org Journal of Virology p. 10936–10945 October 2013 Volume 87 Number 20

http://dx.doi.org/10.1128/JVI.01475-13
http://jvi.asm.org


tamembrane region, where they might form a salt bridge, and E5
Gln17 near Thr513 in the transmembrane segment of the PDGF �
receptor, where they might form a hydrogen bond (Fig. 1) (28, 32,
33). Computational modeling supports these assignments (34,
35). However, swapping of the charged amino acids in the jux-
tamembrane region of the E5 protein and the PDGF � receptor
does not allow activity, perhaps because the mutant side chains are
not properly oriented or because the two charged amino acids do
not in fact interact directly.

Here, we employed genetic selection in mouse cells to isolate
E5 mutants that physically and functionally interact with a
PDGF � receptor containing a transmembrane mutation that
inhibits binding to the wild-type E5 protein. These E5 mutants
displayed the highest activity with the defective receptor mu-
tant which they were selected against and with the wild-type
PDGF � receptor and displayed lower activity with receptors
containing other nearby substitutions that inhibit the interac-
tion with the wild-type E5 protein. In addition, one of these E5
mutants cooperated with a PDGF � receptor mutant contain-
ing a substitution 13 positions away from the original receptor
mutation. These experiments provide strong genetic evidence
that the transmembrane domains of the E5 protein and the
PDGF � receptor interact directly. In addition, our results
demonstrate that the rules governing direct interactions be-
tween transmembrane helices are complex.

MATERIALS AND METHODS
Retrovirus production. Human 293T cells were cultured in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum (FBS), 10 mM
HEPES, penicillin-streptomycin, and gentamicin (DMEM-10). Cells were
cotransfected with retroviral DNA and the pCL-Eco and VSV-g retroviral
packaging plasmids, as described previously (36). After 48 h, pseudotyped
retrovirus was collected, filtered through a 0.45-�m filter, and stored at
�80°C. Virus used for library infections was concentrated approximately
20-fold by using ultracentrifugal concentrators (Millipore).

Generation of stable cell lines expressing the wild-type or mutant
PDGF � receptor. BaF3 cells, an interleukin-3 (IL-3)-dependent mu-
rine cell line, were grown in suspension in RPMI 1640 medium sup-
plemented with 10% heat-inactivated FBS, 50 �M �-mercaptoethanol,
5% WEHI-3B conditioned supernatant as a source of IL-3, and antibiotics
(RPMI/IL-3 medium). PDGF � receptor mutants and the PR-��� chi-
mera were constructed by replacing a 28-codon segment of the full-length
murine PDGF � receptor clone with an annealed oligonucleotide contain-
ing the desired mutation(s). A total of 5 � 105 BaF3 cells were infected
with LXSN retrovirus expressing the murine PDGF � receptor, chimeric
PR-���, or one of the mutant PDGF � receptors: L512I, L512V, T513L,
T513I, or K499D. After 24 h, cells were selected with 1 mg/ml G418
(Gibco) for 10 days. The stable lines were grown for approximately 1 week
in RPMI medium lacking IL-3 but containing 40 ng/ml PDGF-BB to
ensure receptor activity. Cells were then maintained in RPMI/IL-3 me-
dium containing 0.5 mg/ml G418.

Library construction. A PCR-based approach was used to construct a
library expressing a large collection of BPV E5 proteins, each with a lim-
ited number of random substitutions in the transmembrane domain (12).
A degenerate oligonucleotide was designed that contained 12 fixed 5=
nucleotides, including an AvrII recognition site immediately upstream of
a mutagenized stretch of 54 nucleotides (corresponding to E5 codons 12
to 30), followed by 26 nucleotides encoding amino acids 31 to 39 of E5. At
each position in the mutagenized segment, the wild-type E5 nucleotide
was incorporated approximately 85% of the time, and each of the three
incorrect ones was incorporated 5% of the time. In addition, position 33
of the E5 protein was mutagenized to generate proteins with a variety of
hydrophilic amino acids at this position by using an equimolar mixture of
all 4 nucleotides at codon position 1, an equimolar mixture of A and G at
position 2, and an equimolar mixture of C and G at position 3. A nonde-
generate oligonucleotide encoding the antisense sequence of the E5 C
terminus and containing a BamHI site at its 5= end was annealed to the
degenerate oligonucleotide. After extension to form double-stranded
DNA, short 5= and 3= primers that annealed to the fixed ends of the oli-
gonucleotides were used for PCR amplification. The amplification prod-
ucts were then digested with AvrII and BamHI, purified on a Qiagen PCR
purification column, and ligated into pT2H-F13 (8), a hygromycin-resis-
tant retroviral vector containing the 5= end of the E5 gene, to reconstitute
the intact E5 gene with a mutagenized central segment. Ligation reaction
mixtures were purified and used to transform Escherichia coli DH10� cells
(Invitrogen, Carlsbad, CA). After �90,000 ampicillin-resistant colonies
were pooled, the plasmid DNA was purified and used for retrovirus pro-
duction. This yielded a library (E5-LRM [limited random mutagenesis])
averaging 4 amino acid changes per transmembrane domain, as con-
firmed by sequencing of randomly chosen clones from the library. The
sequences of oligonucleotides used in this study and details of construc-
tion are available from the authors upon request.

Selection of compensatory E5 mutants. Four pools of 5 � 105 BaF3
cells expressing the PDGF � receptor L512I mutant were mock infected or
infected with 500 �l 20�-concentrated E5-LRM retrovirus and incubated
at 37°C in RPMI/IL-3 medium lacking antibiotics for 24 h. Hygromycin B
sulfate (American Bioanalytical) was then added to a final concentration
of 1 mg/ml. Two to three days later, the cells were pelleted and resus-
pended with RPMI/IL-3 medium containing 1 mg/ml G418 and hygro-
mycin B. The cells were incubated until the mock-infected cells died (5 to
7 days). The infected cells were then pelleted, washed twice in phosphate-
buffered saline (PBS), and resuspended in RPMI medium lacking IL-3.
After 5 days, genomic DNA was extracted (DNeasy kit; Qiagen) from the
surviving cells, and library sequences were amplified by PCR using prim-
ers for the invariant portion of the vector. These sequences were then
cloned back into the retroviral vector as a mixture, and a secondary library
was packaged into retrovirus particles and used to conduct a second
round of selection, as described above. This cycle of library construction
and screening was repeated once more, and individual clones recovered
from the DNA of IL-3-independent cultures were sequenced.

FIG 1 Sequences of the wild-type and mutant E5 proteins and the transmem-
brane domain of the PDGF � receptor. The sequence of the transmembrane
domain of the wild-type and mutant murine PDGF � receptors is from amino
acids 495 to 527. The sequence labeled E5 is the “wild-type” E5 protein con-
taining a proline-to-alanine mutation at position 2 to optimize the Kozak
translation initiation sequence. The LRM mutants are E5 mutants isolated
from the limited random mutagenesis library. Mutations in the E5 protein and
PDGF � receptor are shown in red. Deletions are represented by hyphens.
Reflecting the proposed antiparallel orientation of the E5 protein and the
PDGF � receptor, the N terminus of the PDGF � receptor segment is at the
right, and the N terminus of the E5 protein is at the left. Putative interactions
between specific amino acids in the E5 protein and the PDGF � receptor are
boxed in green.
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Clonal infections and interleukin-3 independence assay. A total of
5 � 105 BaF3 cells expressing the wild-type or mutant PDGF � receptors
were mock infected or infected with 1 ml of unconcentrated retrovirus in
a 25-cm2 flask as described above and maintained in RPMI/IL-3 medium
and the appropriate drugs until the mock-infected cells died. A total of
200,000 cells from each infection were collected, washed, and resuspended
in 10 ml RPMI medium lacking IL-3 and supplemented with 6% FBS,
penicillin, streptomycin, and 0.25 mg/ml hygromycin. Live cells were
counted on a hemocytometer after growth factor removal. Multiple inde-
pendent experiments were performed with independently derived cell
lines, with cell numbers recorded for any one experiment on day 5, 6, or 7
after growth factor removal, on the day before the cells expressing BPV E5
and the PDGF � receptor became overgrown and started to die. The
results shown in the graphs are the aggregated data for all experiments. In
some cases, the results for a particular E5 protein-PDGF receptor combi-
nation are shown in more than one graph to group related experiments
together for clarity of presentation. Statistical significance was assessed by
unpaired nonparametric Mann-Whitney tests.

Construction of specific mutations in the E5 protein. To construct
E5-WLQ, E5-LEK, and deletion mutations in the E5 gene, long oligonu-
cleotides containing the desired sequence changes were phosphorylated,
annealed, and ligated into the appropriate pT2H-F13-based retroviral
vector to reconstitute the mutant E5 gene. E5-SIS and the component
mutations in E5-LEK were constructed by using QuikChange site-di-
rected mutagenesis (Aligent, Santa Clara, CA). Sense and antisense oligo-
nucleotides encoding the desired mutations were mixed with the DNA
template, Pfu Turbo polymerase, and PCR nucleotide mix (Roche) and
subjected to 18 cycles of PCR, followed by DpnI digestion. Three micro-
liters of each mutagenesis reaction mixture was used to transform E. coli
DH10� cells (Invitrogen). Plasmid DNA was extracted from individual
ampicillin-resistant colonies (Nucleobond kit; Clontech) and sequenced.

Immunoprecipitation and immunoblotting. BaF3 cells were grown
to a high density (�106 cells/ml) in RPMI/IL-3 medium and then pelleted
and washed twice in ice-cold PBS supplemented with 1 mM phenylmeth-
ylsulfonyl fluoride (PMSF), 250 �M pervanadate, and 5 �g/ml aprotinin,
and leupeptin. The cells were then lysed in radioimmunoprecipitation
assay-morpholinepropanesulfonic acid (RIPA-MOPS) buffer (20 mM
MOPS, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1% deoxycholate, and
0.1% SDS) containing protease and phosphatase inhibitors, and extracted
protein was quantitated by using a bicinchoninic acid (BCA) assay
(Pierce). For phosphotyrosine (PY) and PDGF receptor blotting, 0.75 mg
protein was immunoprecipitated with 7 �l anti-PR rabbit serum raised
against the carboxyl-terminal 13 amino acids of the murine PDGF � re-
ceptor. For E5 immunoprecipitation, 10 �l of anti-E5 rabbit serum raised
against the C-terminal 14 amino acids of the wild-type E5 protein was
added to 1 mg of protein. Protein-antibody mixtures were rotated over-
night at 4°C, and complexes were collected with protein A-Sepharose,
washed, and resuspended in 2� Laemmli sample buffer. Proteins were
denatured and separated on a 7.5% (for PDGF receptor and phosphoty-
rosine blotting) or 20% (for E5 blotting) SDS–polyacrylamide gel and
transferred onto a polyvinylidene difluoride (PVDF) (E5) or nitrocellu-
lose (PDGF � receptor or PY) membrane for blotting, as described previ-
ously (37). No SDS was included for transfer of the E5 protein. Mem-
branes were incubated with primary antibodies overnight, washed,
incubated with a horseradish peroxidase-conjugated secondary antibody
for 1 h, washed again, and detected by using West Pico chemiluminescent
reagents (Pierce), as previously described (37).

RESULTS
Identification of a defective PDGF � receptor transmembrane
mutant. Some mutations in the transmembrane domain of the
PDGF � receptor prevent binding and activation by the wild-type
E5 protein (23, 30). We reasoned that it would be possible to
isolate E5 mutants that specifically bound and activated such a
receptor mutant if the E5 protein normally interacts directly with

the PDGF � receptor transmembrane domain. To identify such
mutants, we used murine BaF3 cells, which are strictly dependent
on interleukin-3 (IL-3) for growth and do not express endogenous
PDGF � receptor. The productive interaction between the E5 pro-
tein and an ectopically expressed PDGF � receptor confers IL-3
independence in these cells (17). This activity forms the basis of a
genetic selection for compensating mutations in the E5 protein
and the PDGF � receptor.

To identify a murine PDGF � receptor mutant that did not
respond to the E5 protein, we tested a series of mutant receptors
with single hydrophobic amino acid substitutions in the trans-
membrane domain at or near position 513 (Fig. 1, top sequences).
These PDGF � receptor mutants were expressed in BaF3 cells and
tested for their ability to confer IL-3 independence in response to
the wild-type E5 protein or v-sis, a viral homologue of PDGF,
which binds to the extracellular domain of the receptor (Fig. 2). As
expected, parental BaF3 cells lacking the PDGF � receptor failed to
respond to E5 or v-sis, and BaF3 cells expressing the wild-type
murine PDGF � receptor (BaF3-PR cells) displayed growth factor
independence in response to either the E5 protein or v-sis. None of
the mutant PDGF � receptors conferred growth factor indepen-
dence in BaF3 cells infected with the empty vector, confirming
that they were not constitutively active, and all of them conferred
growth factor independence in response to v-sis, demonstrating
that they were functional, ligand-dependent PDGF receptors. No-
tably, the receptor transmembrane mutants failed to confer
growth factor independence in response to the E5 protein. The
mutant receptor containing a leucine-to-isoleucine substitution
at position 512 (PR-L512I) was reproducibly the most defective in
its response to the E5 protein, so we focused on this mutant in
further experiments.

To determine whether the E5 protein activated PR-L512I, we
immunoprecipitated the PDGF � receptor from extracts of cells
expressing the wild-type PDGF � receptor or this mutant and
conducted phosphotyrosine blotting. The E5 protein caused ty-
rosine phosphorylation of the slowly migrating mature form of
the wild-type PDGF � receptor and the more rapidly migrating,
intracellular precursor form, but it did not induce tyrosine phos-

FIG 2 Identification of PDGF � receptor mutants unable to respond to E5
protein. Parental BaF3 cells or cells expressing the wild-type PDGF � receptor
(PDGFR) or the indicated receptor mutants were infected with the T2H-F13
retrovirus vector expressing no insert (black bars), the wild-type E5 protein
(gray bars), or the PDGF homologue, v-sis (white bars). Viable cells were
counted after the cultures were incubated for up to 7 days in the absence of
growth factors. The averages of data from numerous independent replicate
experiments with standard deviations are shown. Statistical significance of the
results of the E5 tests compared to the PDGF�R/E5 combination is indicated
by three asterisks (P � 0.002).
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phorylation of PR-L512I (Fig. 3, top, compare lanes 2 and 6), even
though the E5 protein was abundantly expressed in both cell lines
(Fig. 3, bottom). To determine whether the L512I mutation pre-
vented the physical interaction with the E5 protein, we conducted
coimmunoprecipitation experiments, in which we immunopre-
cipitated detergent extracts with anti-E5 antiserum and per-
formed immunoblotting with anti-PDGF receptor antiserum. An
association between the wild-type E5 protein and the precursor
form of the wild-type PDGF � receptor was readily detectable,
reflecting the primary localization of the E5 protein to intracellu-
lar membranes of the endoplasmic reticulum and Golgi apparatus
(31). Strikingly, the E5 protein was markedly impaired in its abil-
ity to form a complex with PR-L512I (Fig. 3, second panel from
the top, compare lanes 2 and 6). All cell lines expressed similar
levels of PDGF � receptor. These results demonstrated that the
L512I mutation in the PDGF � receptor transmembrane domain
inhibited productive interaction between the E5 protein and the
receptor.

Isolation of E5 mutants that interact with PR-L512I. To iso-
late compensatory E5 mutants, we constructed a library of mu-
tants that contained a limited number of random substitution
mutations throughout the transmembrane domain of the E5 pro-
tein and screened this library for clones that conferred growth
factor independence in BaF3-PR-L512I cells. To construct this
library, we used a “doped” oligonucleotide in which the segment
encoding positions 12 to 30 of the E5 protein was synthesized with
a mixture of nucleotides consisting of approximately 85% of the
wild-type nucleotide at each position and 5% of each of the three
incorrect nucleotides. In addition, position 33 was mutagenized
so that approximately 87% of the clones encoded a hydrophilic
amino acid at this position. A second oligonucleotide was an-
nealed to the fixed 3= end of the doped oligonucleotide and ex-
tended to generate double-stranded DNA, which was amplified
with flanking primers and cloned into the pT2H-F13 retrovirus
expression vector (8). Individual sequenced clones encoded E5
proteins that contained on average four amino acid substitution
mutations in the transmembrane domain (data not shown). DNA
was isolated from approximately 90,000 pooled bacterial colonies
and cotransfected into 293T cells with retroviral packaging plas-

mids to generate the E5-LRM (limited random mutagenesis) ret-
roviral expression library.

We used serial selection for growth factor independence in
BaF3-L512I cells infected with the E5-LRM library to isolate com-
pensatory E5 mutants (Fig. 4). Four pools of BaF3-L512I cells
growing in medium containing IL-3 were infected with the E5-
LRM library and selected for hygromycin resistance carried on the
retroviral vector. After mock-infected cells died, hygromycin-re-
sistant cells were incubated in medium lacking IL-3. After 8 days
in the absence of IL-3, most cultures infected with the library of E5
mutants contained actively growing cells, whereas cells infected
with the empty vector failed to proliferate. Retroviral inserts were
recovered by PCR from genomic DNA isolated from each pool of
proliferating cells and cloned as mixtures into the retrovirus vec-
tor to generate secondary libraries, which were packaged and used
to infect naive BaF3-L512I cells. After a second round of selection
for growth factor independence, retroviral inserts were again re-
covered, cloned as mixtures, and reintroduced into BaF3-L512I
cells, which were selected for IL-3 independence. After this third
round of selection, we identified several full-length E5 clones con-
taining up to seven missense mutations (Fig. 1, bottom se-
quences). In addition, alanine 14 and alanine 15 were deleted in
two clones. One of these deletion clones, E5.LRM9, also contained
a leucine-to-valine substitution at position 19 in the E5 sequence
(L19V), and the other, E5.LRM19, contained three different mis-
sense mutations (F23S, L29I, and D33S).

The recovered clones were tested individually for activity in
BaF3 cells expressing wild-type or mutant PDGF � receptors, in-
cluding a chimeric receptor containing the transmembrane do-
main of the PDGF � receptor (PR-���), which is not recognized
by the wild-type E5 protein (37). As expected, the wild-type E5
protein was inactive in parental BaF3 cells lacking the PDGF �
receptor, BaF3-L512I cells, and BaF3-��� cells but conferred
growth factor independence in BaF3 cells expressing the wild-type
PDGF � receptor (Fig. 5A and data not shown). None of the clones
recovered from the library were active in parental BaF3 cells or in
BaF3-��� cells. Strikingly, three clones, E5.LRM4, E5.LRM9, and
E5.LRM19, conferred robust growth factor independence in co-
operation with either the wild-type PDGR � receptor or PR-L512I
(Fig. 5A and B). As noted above, E5.LRM9 and E5.LRM19 share
the same 2-amino-acid deletion. E5.LRM4 contained six missense

FIG 3 Binding and activation of the PDGF � receptor. Detergent extracts were
prepared from BaF3 cells expressing the wild-type PDGF � receptor or PR-
L512I and coexpressing either the empty vector (v), the wild-type E5 protein
(E5), E5.LRM19 (19), or E5.LRM4 (4). Samples were immunoprecipitated
(IP) with antibody recognizing the PDGF � receptor (R) or the E5 protein (E5)
and then immunoblotted (Western blot [WB]) with antibody recognizing
phosphotyrosine (PY), the PDGF � receptor, or the E5 protein. m and p indi-
cate the mature and precursor forms of the PDGF � receptor, respectively.

FIG 4 Schematic diagram of the genetic screen to isolate compensatory mu-
tants of the E5 protein. See the text for details.
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mutations. E5.LRM3, which differs from clone E5.LRM4 only at
position 33, was active in cells expressing the wild-type PDGF �
receptor and displayed moderate activity in cells expressing PR-
L512I. The other clones did not support growth factor indepen-
dence in any of the cell lines (Fig. 5A and data not shown). Thus,
we had selected several E5 mutants that, unlike the wild-type E5
protein, cooperated with PR-L512I. The ability of these E5 mu-
tants to cooperate with PR-L512I and their inability to cooperate
with the chimeric ��� receptor, which contains a foreign trans-
membrane domain, indicated that these clones required the trans-
membrane domain of the PDGF � receptor for activity. Because of
these results, we focused our remaining studies on two of the most
active clones, E5.LRM4 and E5.LRM19.

Biochemical analysis of BaF3 cells expressing E5 mutants.
We analyzed cells expressing the E5 mutants to determine whether
the mutants physically interacted with PR-L512I and caused bio-
chemical activation of this mutant receptor. First, the PDGF �
receptor was immunoprecipitated from cell extracts and immu-
noblotted with an antiphosphotyrosine antibody (Fig. 3, top). As
noted above, the wild-type E5 protein caused tyrosine phosphor-
ylation of the mature and precursor forms of the wild-type PDGF
� receptor but not PR-L512I. In striking contrast, E5.LRM4 and
E5.LRM19, both of which cooperated with PR-L512I in confer-
ring IL-3 independence, caused tyrosine phosphorylation of the
mature form and primarily the precursor form of the mutant

PDGF � receptor as well as the wild-type receptor (Fig. 3, lanes 7
and 8). Similar levels of wild-type and mutant PDGF � receptors
were expressed in all of the cell lines (Fig. 3, third panel from the
top). Thus, according to both physiological and biochemical cri-
teria, E5.LRM4 and E5.LRM19 activated PR-L512I.

We used coimmunoprecipitation to assess complex formation
with the PDGF � receptor. Detergent extracts of cells expressing
various combinations of wild-type and mutant proteins were im-
munoprecipitated with anti-E5 antibody (which recognizes an
epitope retained in E5.LRM4 and E5.LRM19) and then immuno-
blotted with PDGF receptor antibody to detect receptor physically
associated with the E5 protein (Fig. 3, second panel from the top).
As noted above, the precursor form and a small amount of the
mature form of the wild-type PDGF receptor were coimmunopre-
cipitated from cells expressing the wild-type E5 protein but not
from cells expressing the empty vector, indicating that the E5 pro-
tein and the wild-type PDGF � receptor were present in a physical
complex. E5.LRM4 and E5.LRM19 also interacted with the pre-
cursor form of the wild-type PDGF � receptor, consistent with the
ability of these mutants to cooperate with the wild-type receptor.
Strikingly, although the wild-type E5 protein did not associate
with PR-L512I, both E5 mutants formed a complex with the pre-
cursor form of PR-L512I (Fig. 3, compare lanes 7 and 8 to lane 6).
These differences were not due to a lower expression level of the
wild-type E5 protein in PR-L512I cells (Fig. 3, bottom). Thus, the
mutations in E5.LRM4 and E5.LRM19 allowed these E5 mutants
to interact with a PDGF � receptor mutant that was not recog-
nized by the wild-type E5 protein. These results showed that the
two E5 mutants physically associated with PR-L512I and induced
its tyrosine phosphorylation, thereby accounting for their ability
to cooperate with this mutant in the growth factor independence
assay.

Specificity for other PDGF � receptor mutants. To determine
the specificity of E5.LRM4 and E5.LRM19, we assayed their activ-
ity against the ��� chimeric receptor and a panel of defective
PDGF � receptor point mutants. These receptor mutants carried a
different amino acid substitution at position 512 (PR-L512V) or a
substitution at a neighboring residue (PR-T513L and PR-T513I),
which, as shown in Fig. 2, prevented them from responding to the
wild-type E5 protein. PR-��� was not constitutively active, nor
did it respond to the E5 protein or either of its mutants (Fig. 6),
and all of the receptors cooperated with v-sis to confer growth
factor independence.

As well as cooperating with the wild-type PDGF � receptor and
PR-L512I, E5.LRM4 and E5.LRM19 showed a moderate ability to
confer growth factor independence in cells expressing PR-L512V
(Fig. 6). Both E5 mutants displayed low activity with receptors
carrying a mutation at position 513, suggesting that, like the wild-
type E5 protein, they still required threonine 513 in the transmem-
brane domain of the PDGF � receptor. Thus, both of the selected
E5 mutants were most active with the wild-type PDGF � receptor
and PR-L512I, which was used in the genetic screen.

Mapping of the mutations responsible for recognition of PR-
L512I. Because both of the active E5 mutants contained multiple
mutations, we determined which mutations were responsible for
their ability to cooperate with PR-L512I. E5.LRM4 contained
three substitutions clustered in the N-terminal segment of the
transmembrane domain and three in the C-terminal segment.
Each set of three mutations was introduced separately into the E5
protein (Fig. 7), and the resulting mutants were tested for activity.

FIG 5 Identification of E5 mutants that cooperate with PR-L512I. (A) BaF3
cells expressing the ��� chimeric receptor (black bars), the wild-type PDGF �
receptor (gray bars), or PR-L512I (white bars) were infected with retroviruses
expressing no insert (vec), the wild-type E5 protein, or the indicated clone
recovered from the E5-LRM library. Viable cells were counted and recorded as
described in the legend of Fig. 2. Statistical significance of the results of the
PR-L512I tests compared to the E5/PR-L512I combination is indicated by
three asterisks (P � 0.002). (B) BaF3 cells expressing PR-L512I were infected
with retroviruses expressing the wild-type E5 protein (dashed line), E5.LRM4
(solid line), and E5.LRM19 (dotted line). After selection for hygromycin resis-
tance, viable cells were counted at various times after removal of growth fac-
tors.

Edwards et al.

10940 jvi.asm.org Journal of Virology

http://jvi.asm.org


E5-LEK carrying the N-terminal mutations from E5.LRM4
(V13L, A14E, and Q17K) cooperated with either the wild-type
PDGF � receptor or PR-L512I, demonstrating that the N-termi-
nal substitutions were sufficient for activity with the mutant re-
ceptor (Fig. 8A). None of the three substitutions in E5-LEK indi-
vidually conferred activity with PR-L512I, and the mutant
containing the glutamic acid and lysine substitutions was partially
active (Fig. 8B), demonstrating that the combination of all three
mutations was required for full activity. In contrast, E5-WLQ con-
taining only the three C-terminal substitutions showed low activ-
ity with the wild-type PDGF � receptor and was inactive with
PR-L512I (Fig. 8A). Thus, the C-terminal mutations in E5.LRM4
were not responsible for recognition of the PR-L512I receptor. In
addition, these mutations also severely inhibited the ability of the
E5 protein to functionally interact with the wild-type PDGF �
receptor, unless they were paired with the N-terminal substitu-
tions in E5.LRM4 (Fig. 8A, compare gray bars for the E5, LRM4,
and E5-WLQ samples).

Because E5.LRM9 and E5.LRM19 shared the deletion of ala-
nine 14 and alanine 15, it seemed likely that this deletion was
responsible for the activity with PR-L512I. Therefore, we deleted
these alanines from the wild-type E5 protein to generate E5�14.15
and assayed its activity. As shown in Fig. 8A, E5�14.15 conferred
growth factor independence in both BaF3-PR and BaF3-L512I

cells, demonstrating that deletion of alanines 14 and 15 was suffi-
cient to allow the E5 protein to cooperate with PR-L512I. In con-
trast, an E5 mutant (E5-SIS) containing only the three C-terminal
missense mutations from E5.LRM19 (F23S, L29I, and D33S) co-
operated with neither PR-L512I nor the wild-type PDGF � recep-
tor. Thus, the three missense mutations in E5.LRM19 prevented
the E5 protein from activating the wild-type PDGF � receptor
unless they were paired with the deletion of amino acids 14 and 15
(Fig. 8A, compare gray bars for the E5, LRM19, and E5-SIS sam-
ples).

The inability of E5-WLQ to cooperate with the wild-type
PDGF � receptor, while the parental mutant E5.LRM4 was active,
demonstrated that the three N-terminal substitutions in E5.LRM4
overcame the deleterious effects of the C-terminal mutations.
Similarly, E5-SIS was severely impaired in its ability to function-
ally interact with the wild-type PDGF � receptor, demonstrating
that the deletion of alanines 14 and 15 overcame the deleterious
effects of the C-terminal missense mutations in E5-SIS. Therefore,
certain mutations in the N-terminal region of the transmembrane
domain of the E5 protein not only allowed it to recognize the
mutant PDGF � receptor but also overcame the effects of loss-of-

FIG 6 Specificity of E5 mutants LRM4 and LRM19. BaF3 cells expressing the
wild-type PDGF � receptor (red bars), the ��� chimera (orange bars), PR-
L512I (purple bars), PR-L512V (blue bars), PR-T513I (green bars), or PR-
T513L (black bars) were infected with retroviruses expressing no insert (vec-
tor), v-sis, the wild-type (wt) E5 protein, E5.LRM19, or E5.LRM4, as indicated.
Viable cells were counted and recorded as described in the legend of Fig. 2.
Statistical significance of the LRM19 and LRM4 tests compared to the cognate
LRM/PR-L512I combination is indicated by one asterisk (P � 0.05) or three
asterisks (P � 0.002).

FIG 7 Sequences of mutations used in mapping experiments. The top line
shows the sequence of the wild-type E5 protein. The next three lines show
E5.LRM4 and related mutants. The middle set of three lines shows E5.LRM19
and related mutants. The final set of three lines shows additional E5 deletion
mutants. Mutations are shown in red, and deletions are represented by
hyphens.

FIG 8 Mapping of mutations that confer activity with PR-L512I. (A) BaF3
cells expressing the ��� chimera (black bars), the wild-type PDGF � receptor
(gray bars), or PR-L512I (white bars) were infected with retroviruses express-
ing no insert (vec), the wild-type E5 protein, or the indicated E5 mutant.
Viable cells were counted and recorded as described in the legend of Fig. 2.
Statistical significance of the results of the PR-L512I tests compared to the
E5/PR-L512I combination is indicated by three asterisks (P � 0.002). (B) BaF3
cells expressing PR-L512I were infected with retroviruses expressing the indi-
cated E5 mutant and analyzed as described above for panel A. The graph shows
the averaged results of multiple independent experiments.
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function mutations in the C-terminal portion of the transmem-
brane domain of the E5 protein.

Transmembrane deletions are not tolerated throughout the
E5 protein. We next determined whether the specific deletion of
alanines 14 and 15 was responsible for the ability of E5�14.15 to
cooperate with PR-L512I or if deleting any two consecutive, iden-
tical residues in the E5 protein conferred activity. We constructed
2-amino-acid deletions at several positions in the E5 protein: the
two leucines at positions 7 and 8, upstream of the predicted trans-
membrane segment (designated E5�7.8); two leucines in the
stretch of five leucines from positions 18 to 22 (designated
E5�18.19); and two leucines in the stretch of three leucines from
positions 24 to 26 (designed E5�24.25) (Fig. 7). We first tested the
activity of these deletion mutants in cells expressing the wild-type
PDGF � receptor (Fig. 9). Like E5�14.15, E5�7.8 conferred
growth factor independence in BaF3 cells expressing the wild-type
PDGF � receptor, but E5�18.19 and E5�24.25 displayed mark-
edly lower activities. These results demonstrated that the trans-
membrane segment of the E5 protein between glutamine 17 and
aspartic acid 33 cannot tolerate 2-amino-acid deletions, whereas
deletions upstream of position 17 were compatible with strong
biological activity.

The deletion mutants were also tested in BaF3-PRL512I cells.
In contrast to E5�14.15, which was highly active in conferring
growth factor independence, E5�7.8 showed intermediate activity
with PR-L512I, and the other deletion mutants were inactive (Fig.
9). These results demonstrated that the specific deletion of ala-
nines 14 and 15, and not simply the shorter length of E5�14.15, is
responsible for its robust activity with PR-L512I.

Effect of E5 mutants with a distal PDGF � receptor mutant.
To test whether the active E5 mutants could cooperate with a
PDGF � receptor mutant containing a mutation distal to L512I,
they were coexpressed with PR-K499D, which contains a substi-
tution in the juxtamembrane region that prevents the action of the
wild-type E5 protein (30). As shown in Fig. 10, E5.LRM4, unlike
the wild-type E5 protein, induced growth factor independence in
cooperation with PR-K499D. In contrast, E5.LRM19 displayed
little activity with this mutant receptor. Thus, the specificities of
E5.LRM4 and E5.LRM19 are different. To determine whether the
N-terminal or C-terminal missense mutations in E5.LRM4 were
responsible for its activity with PR-K499D, we tested the ability of

E5-LEK and E5-WLQ to cooperate with this receptor mutant. As
shown in Fig. 10, E5-LEK conferred growth factor independence
in cooperation with PR-K499D, but E5-WLQ was devoid of activ-
ity. These results demonstrated that the N-terminal mutations in
E5-LEK are responsible for its activity with PR-K499D, as they are
for activity with PR-L512I.

DISCUSSION

Specific interactions between transmembrane helices play an im-
portant role in the assembly of transmembrane protein complexes
and in the proper folding of multipass transmembrane proteins.
Because transmembrane proteins comprise a large fraction of the
proteome, such interactions are essential for normal cellular func-
tion. However, studies of the molecular basis of specific recogni-
tion between membrane-spanning protein segments have been
hindered by the difficulties in obtaining high-resolution struc-
tures of such segments and in conducting biochemical and bio-
physical experiments with intact transmembrane proteins or
hydrophobic peptides. Despite these limitations, considerable
progress has been made in studying the sequence basis for ho-
modimerization of transmembrane helices, but the study of het-
eromeric interactions has lagged (2, 3, 38).

The small size of the BPV E5 protein and its ability to form a
specific complex with the PDGF � receptor and activate it in trans
provide a powerful genetic system to explore transmembrane do-
main interactions within mammalian cell membranes, because
the sequences of the two interacting domains can be manipulated
independently and the biological consequences of the interaction
can be readily scored. To investigate the factors that control spe-
cific recognition between transmembrane domains, we selected
E5 mutants, which can tolerate PDGF � receptor mutations that
inhibit the interaction with the wild-type E5 protein.

We and others previously reported that some mutations in the
transmembrane and juxtamembrane regions of the PDGF � re-
ceptor interfered with its recognition by the E5 protein (23, 24,
30). Here, we describe several additional, conservative mutations
in the transmembrane domain of the receptor that inhibit E5-
mediated receptor activation. These mutations substitute a hydro-
phobic amino acid for another hydrophobic amino acid (L512I

FIG 9 Activity of E5 deletion mutants. BaF3 cells expressing the ��� chimera
(black bars), the wild-type PDGF � receptor (gray bars), or PR-L512I (white
bars) were infected with retroviruses expressing no insert (vec), the wild-type
E5 protein, or the indicated E5 deletion mutant. Viable cells were counted and
recorded as described in the legend of Fig. 2. Statistical significance of the
results of the PR-L512I tests compared to the E5/PR-L512I combination is
indicated by two asterisks (P � 0.01) or three asterisks (P � 0.002).

FIG 10 E5.LRM4 cooperates with a juxtamembrane PDGF � receptor mu-
tant. BaF3 cells expressing the ��� chimera (black bars), the wild-type PDGF
� receptor (gray bars), or PR-K499D (white bars) were infected with retrovi-
ruses expressing no insert (vec), the wild-type E5 protein, or the indicated E5
mutant. Viable cells were counted and recorded as described in the legend of
Fig. 2. Statistical significance of the results of the PR-K499D tests compared to
the E5/PR-K499D combination is indicated by one asterisk (P � 0.05) or two
asterisks (P � 0.01).
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and L512V) or one �-branched amino acid for another
�-branched amino acid (T513I). The dramatic phenotypes caused
by these relatively subtle, single-amino-acid substitutions empha-
size the highly specific nature of the interaction between the E5
protein and the transmembrane domain of the PDGF � receptor.
All of these mutant receptors responded to v-sis, which binds to
the extracellular domain of the receptor, demonstrating that the
natural ligand can tolerate mutations in the transmembrane do-
main of the receptor that interfere with the E5 protein.

The E5 mutants isolated here were selected for their ability to
cooperate with a mutant receptor, PR-L512I, which does not re-
spond to the wild-type E5 protein. The E5 mutations also restored
binding to the mutant receptor, confirming that binding is re-
quired for activation of the mutant receptor and biological activ-
ity. These E5 mutants showed lower activity with mutants con-
taining different substitutions at the same or a nearby position in
the PDGF � receptor transmembrane domain, and one of them
was active with a juxtamembrane receptor mutant. Thus, the
compensatory E5 mutants were not simply hyperactive or promis-
cuous in their ability to recognize a broad range of receptor mu-
tants but rather were specific for the transmembrane domain of
the wild-type PDGF � receptor and the receptor mutant used in
the original screen (and, in one case, a mutant with a distal muta-
tion). These genetic results establish an essential feature of the
interaction between the E5 protein and the PDGF � receptor. If a
third protein mediated complex formation between the E5 pro-
tein and the PDGF � receptor, the L512I receptor mutation might
inhibit complex formation by interfering with the ability of the
PDGF � receptor to associate with this putative intermediary pro-
tein. However, this model cannot readily explain the ability of
mutations in the E5 protein to specifically restore binding to the
mutant receptor. Therefore, our results provide strong genetic
evidence that the transmembrane domains of the E5 protein and
the PDGF � receptor contact one another directly.

Our results also provide insight into rules that govern specific
interactions between transmembrane domains. We previously
isolated small, artificial proteins with totally randomized trans-
membrane domains that activated the PDGF � receptor, and we
showed that one of them had more strict sequence specificity than
the E5 protein itself (11), whereas one with an entirely different
transmembrane sequence appeared to be less specific (10). How-
ever, because the transmembrane sequences of these proteins were
unrelated to the sequence of the wild-type E5 protein, it was not
possible to ascribe this altered specificity to discrete sequence
changes in the viral protein. Therefore, we undertook the analysis
described here, in which specificity was changed by a limited num-
ber of mutations in the E5 protein.

In the best-understood situations, helix-helix interactions in
the hydrophobic core of a membrane are dominated by the fit of
the helix surfaces with each other and by various types of interhe-
lical polar interactions, including hydrogen bonds (e.g., see refer-
ences 4, 38, and 39). In addition, since a beta-branched side chain
(such as isoleucine and valine) has fewer rotational degrees of
freedom than an unbranched one (such as leucine), differences in
side chain branching can also introduce entropy terms. Thus,
changes in side chain volume or orientation that alter the fit be-
tween helices, the addition or removal of potential hydrogen
bonding groups, or alterations in beta branching can affect the
total free energy of association. Most compensatory mutations
between two helices are presumably best interpreted as acting lo-

cally, but it is formally possible that a loss of interaction energy at
one location along the helix-helix interface could be compensated
by a gain at another location, since the sum of all interactions
governs the strength of association. Consistent with these consid-
erations, the E5 mutations responsible for recognizing PR-L512I
were clustered between positions 13 and 17 in both independent
mutants, suggesting that the mutations exert a local effect, which
permitted recognition of PR-L512I, possibly by allowing this seg-
ment of the E5 protein to interact directly with the mutant PDGF
� receptor transmembrane domain in the vicinity of position 512.
For example, Glu14 and Lys17 in E5-LEK may form a hydrophilic
environment that favors the interaction with the polar threonine
513 in the PDGF � receptor, thereby minimizing the disruptive
effect of the L512I mutation. This model would also explain why
E5-LEK works poorly with PR-T513I and PR-T513L, which lack
the threonine, and why E5-EK displays partial activity (Fig. 8B).
However, the ability of E5-LEK to cooperate not only with PR-
L512I but also with PR-K499D demonstrates that local interac-
tions are not solely responsible for specific transmembrane recog-
nition. It seems implausible that the middle of this E5 mutant is
able to interact directly with the aspartic acid at position 499 in
PR-K499D as well as with the PDGF � receptor transmembrane
domain near position 512. Rather, we hypothesize that that the
mutations in E5-LEK cause a conformational change in the E5
protein or alter the energetics of the interaction so that a salt
bridge between Asp33 of E5 and Lys499 of the PDGF � receptor is
no longer required for a productive interaction.

The model that substitutions in the E5 transmembrane do-
main can cause global structural alterations in the E5 protein that
affect recognition of the PDGF � receptor is consistent with our
finding that the glutamine-to-arginine difference at position 33 in
E5.LRM4 and E5.LRM3 affected the ability of these otherwise
identical variants to cooperate with PR-L512I (Fig. 5A). Similarly,
our previous analysis of small proteins with randomized trans-
membrane domains showed that a single-amino-acid difference
in a small artificial transmembrane protein could affect its inter-
action with PDGF � receptor mutants containing different muta-
tions along the length of the receptor transmembrane domain
(11).

Our results also indicate that the sequence basis for transmem-
brane domain recognition in this system is complex. There are at
least two different combinations of mutations that allow the E5
protein to interact with the same mutant target, demonstrating
that there is not a unique structural solution demanded by the
starting transmembrane mutation in the PDGF � receptor. In one
case, deletion of two adjacent small amino acids at a specific site
conferred activity, whereas in the other, the combination of three
different substitution mutations was required for full activity.
Thus, specificity is not determined by a one-to-one correspon-
dence between individual amino acids on the interacting helices,
but rather, in the two mutants studied, several different mutations
in the small protein are required to accommodate a single substi-
tution in the target. Interestingly, although these two E5 mutants
displayed similar patterns of activity with mutations at positions
512 and 513, only one of them cooperated with the distal K499D
mutation, suggesting that the structural and/or energetic conse-
quences of the two sets of E5 mutations are quite different. The
availability of compensatory pairs of E5 and PDGF � receptor
mutants should facilitate the development and evaluation of im-
proved structural models of this interaction.
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In addition, we found that mutations that allowed the E5 pro-
tein to recognize a mutant PDGF � receptor also allowed it to
tolerate inhibitory C-terminal mutations in the E5 transmem-
brane domain itself. This unexpected finding provided further
evidence that mutations in one portion of the E5 transmembrane
domain can influence distal sequences within the same trans-
membrane domain. The structural basis for this behavior is not
clear but again suggests that the rules governing transmembrane
interactions are not restricted to local effects. For example, if the
N-terminal mutations in the E5 mutant strengthen the interaction
with the PDGF � receptor in the vicinity of position 512, this
might compensate for C-terminal E5 mutations that otherwise
weaken the interaction between these two proteins. Isolation and
analysis of additional compensatory E5 mutants will reveal if the
ability to recognize a mutant PDGF � receptor is consistently as-
sociated with the ability to tolerate distal mutations in the E5
protein itself.

Our analysis of E5 deletion mutants suggests that the correct
spacing of Gln17 and Asp33 is critical for PDGF � receptor acti-
vation, perhaps to ensure the correct distance or orientation of
these two residues to allow them to simultaneously engage partic-
ular sites on the PDGF � receptor (34, 35). A 2-amino-acid dele-
tion between Gln17 and Asp33 would shorten the distance be-
tween these two residues by 3 Å and change their relative orientation
by �200°, presumably disrupting their interaction with Thr513
and/or Lys499 in the PDGF � receptor transmembrane region. No-
tably, the glutamine and the aspartic (or glutamic) acid and the spac-
ing between them are absolutely conserved in the E5 proteins en-
coded by all of the fibropapillomaviruses from different animal
species, and the lysine and threonine in the PDGF � receptor are
absolutely conserved in mammals, suggesting that these interactions
have been conserved for millions of years of evolution since the di-
vergence of the animal host species for these viruses. We also note
that E5�7.8 displays moderate activity with PR-L512I. The dele-
tions in E5�7.8 and E5�14.15 are 7 residues apart, two full turns
of the helix. This would place the E5 segment upstream of position
7 and downstream of position 15 in the same relative orientation
in the two mutants, which might contribute to their activity with
PR-L512I.

Taken together, our results demonstrate that the rules that
govern direct specific interactions between transmembrane heli-
ces are complex and that further analysis is required to understand
the molecular basis of specific transmembrane domain recogni-
tion and activity. The genetic approach described here provides a
route to explore these rules and could be extended to additional
PDGF � receptor mutants and to other pairs of interacting trans-
membrane proteins, perhaps combined with high-throughput se-
quencing to identify a larger number of compensating mutations.
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