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a b s t r a c t
Phage display of protein and peptide libraries offers a powerful technology for the selection and isolation
of ligands and receptors. To date, the technique has been considered limited to soluble, non-membrane
proteins. We report two examples of phage display of full-length, folded and functional membrane proteins. Consistent display required the recently reported KO7+ helper phage. The two proteins, full-length
caveolin-1 and HIV gp41, display well on the surface of the phage, and maintain their binding activities as
shown by in vitro assays.
! 2008 Elsevier Ltd. All rights reserved.

As cellular gatekeepers, membrane proteins regulate the bulk of
information and molecules flowing across the plasma membrane.
Reflecting the importance of these functions, roughly 30% of
eukaryotic genomes encode membrane proteins,1 and the transmembrane G-protein coupled receptors (GPCRs) represent the
largest family of drug targets.2 Yet despite the physiological importance of membrane proteins, the paucity of high resolution structural information and high-throughput mutagenesis assays limits
insight into this class of proteins. A major rate-limiting step in
studying membrane-associated proteins remains purification of
sufficient quantities of folded and homogenous proteins.3 Phage
display could offer abundant quantities of soluble, purified membrane-associated proteins.
Anecdotal reports of failures resulting from attempts to display
membrane proteins on the phage surface buttress the conventional
dogma that the technique only works for soluble proteins.4 However, our laboratory reported phage display of full-length HIV-1
Nef for inhibitor discovery and library versus library applications.5,6 After our publications appeared, the Harris laboratory reported that Nef even without post-translational myristoylation
can associate with membranes.7 The experience with Nef suggests
an important exception to the requirement for protein solubility in
phage display. Thus, we chose two proteins exemplifying this class
to further demonstrate this capability—caveolin-1 and HIV-1 gp41.
The three isoforms of caveolin exhibit distinct tissue profiles
with human caveolin-1 (featured here, and hereafter referred to
as caveolin) found most typically in adipocytes, endothelial cells
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and smooth muscles.8 At the cell surface, caveolin binds cholesterol, which triggers assembly of homo-oligomers of 12–18 U.9
The caveolin oligomers associate with the Polymerase Transcript
and Release Factor (PTRF aka Cavin), various cytoskeletal proteins
and lipid rafts, which are detergent-resistant glycosphingolipidrich membrane microdomains. The resultant complexes generate
flask-shaped caveolae,10 and are involved in dynamic cellular processes including signal transduction and endocytosis (Fig. 1).11,12
Residues 102–134 of caveolin embed in the membrane without
crossing the lipid bilayer. The N- and C-termini remain inside the

Figure 1. Schematic representation of caveolin membrane topology and function.
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cytosol.9 Also in contact with the membrane, the caveolin scaffolding domain (CSD residues 82–101)13 is responsible for caveolin
oligomerization14,15and for binding to and inhibiting PKA (Protein
Kinase A), eNOS (endothelial Nitric Oxide Synthase) and adenylyl
cyclase, cellular proteins involved in signal transduction and endocytosis.16 A number of pathogens, including viruses, also use caveolin and other lipid raft-associated proteins to enter the cell.17,18
The HIV-1 transmembrane protein gp41 is thought to bind
caveolin and lipid rafts during viral infection.19 HIV gp120 initiates
viral entry into CD4+ T-cells, macrophages and dendritic cells,
through cell specific binding receptors. Next, gp41 undergoes a
conformational change triggered by gp 120-chemokine receptor
binding and decreased pH, which leads to the insertion of the glycine rich, hydrophobic ‘‘fusion” peptide into the membrane of target cells.20–22 Two hydrophobic heptad repeat domains
characteristic of coiled-coil motifs at the N- and C-termini of the
gp41 ectodomain play an essential role in membrane fusion.23 In
close proximity to the membrane, the CSD binds to the gp41 ectodomain putatively as part of viral entry.18,19
As an integral, monotopic membrane protein associated with
detergent insoluble lipid rafts, both full-length caveolin and gp41
fail to express in E. coli in the absence of fusion to the phage coat
protein (data not shown). Prokaryotes have different lipid bilayer
compositions and lack the protein processing machinery of eukaryotes. As a result, bacteria often have difficulty with the overexpression, folding, assembly and stabilization of eukaryotic membrane proteins. Although some success has been reported in bacterial systems,24 the success rate of membrane protein expression in
prokaryotes is around 10–30% compared to 45–76% in eukaryotes.25 The results described here demonstrate that simply improving protein solubility by tethering caveolin and gp41 to the large
solubilizing phage coat can solve the membrane protein expression
problem in prokaryotes.
To demonstrate successful phage display of membrane proteins,
we assayed display (Fig. 2) of the monotopic, integral membrane
protein caveolin (Fig. 3A) and the transmembrane protein gp41
(Fig. 3B) on M13 phage, through fusion to the major coat protein
(P8) of M13 phage. To further verify the membrane protein functionality, we demonstrate the binding of caveolin with gp41 ectodomain (Fig. 4).

Figure 2. Diagram of the phage ELISA experiment. Anti-FLAG antibody coated on
the plate binds to a FLAG epitope on the N-terminus of the phage-displayed protein.
An anti-P8, HRP-conjugated antibody binds specifically to the phage.

Figure 3. Phage display of two full-length membrane proteins. Using the format
shown in Figure 2, display of caveolin or gp41 is assayed by binding to a FLAG
epitope fused to the N-terminus of the protein. (A) Full-length human caveolin
displayed on phage. Data points for caveolin phage binding to the negative control,
BSA, overlay with data for the negative control KO7+ (no protein displayed on the
helper phage KO7+). All error bars indicate standard error (n = 3 with the exception
of 3B where n = 2). (B) Full-length trimeric gp41 displayed on phage, assayed by an
analogous method.

First, the open reading frames (ORFs) encoding caveolin and
gp41 were subcloned into a conventional phage display vector
for display on the surface of the M13 bacteriophage. This plasmid
encodes a fusion between the protein of interest and the major
coat protein P8, which anchors the displayed protein to the surface
of the phage. A linker (amino acid sequence of GGSG) separates the
displayed protein from P8, and the FLAG peptide (amino acid sequence DYKDDDDK) fused to the N-terminus provides an antibody
epitope for monitoring protein display levels. A conventional signal
peptide encoded by the phagemid at N-terminal domain of the P8
fusion protein insures secretion into the periplasm. Although the
phagemid also encodes an IPTG inducible promoter, the experiments reported here do not require induction. DNA sequencing
verified construction of the phage display vector.
Figure 3A shows successful phage display of full-length caveolin
(residues 2–178). In this ELISA, binding to the FLAG epitope on the
N-terminus of phage-displayed caveolin demonstrates display of
the full-length protein (Fig. 2). Display levels were similar to those
observed for phage display of soluble proteins. Some batches of
anti-FLAG antibody resulted in high background binding between
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tween the two proteins at nanomolar phage concentrations. Thus,
amongst its many functions, caveolin could also facilitate HIV
entry.
In addition to the binding studies with membrane-associated
proteins described here, the approach could allow high-throughput
mutagenesis to link specific residues from membrane proteins to
their function. For example, shotgun scanning could identify residues required for binding interactions and protein stability.29,30
Other proteins too insoluble for conventional E. coli expression
could also prove amenable to this strategy, which leverages the
16.5 mD size of the bacteriophage as a solubilizing fusion protein.
Recently, phage-displayed proteins have been used directly in biosensors and screens for small molecule probes.5,6,31 With their
wide range of important activities and binding specificities,32
membrane proteins displayed on phage could extend drug screening and virus electrodes into new areas.

Figure 4. Phage-displayed, full-length caveolin binds to the gp41 ectodomain. In a
format similar to the diagram in Figure 2, binding between phage-displayed
caveolin and gp41 is assessed by ELISA targeting plate-bound gp41. High display
levels of caveolin were demonstrated by anti-FLAG ELISA (data shown in graphical
abstract).

the control phage lacking a displayed protein and the antibody.
However, consistently successful assays were obtained when the
phage was packaged by a new type of helper phage, based upon
f1.K first reported by Jamie Scott and co-workers.26 This variant
of the M13 phage, referred to as KO7+, contains a short peptide
(amino acid sequence AKAS) near the solvent-exposed N-terminus
of the P8 coat protein; the additional lysine residue can disrupt
non-specific binding between high pI target proteins (e.g., some
anti-FLAG antibodies) and the negatively charged phage coat. Recently, our laboratory has shown that the use of KO7+ for phage
display can remove or greatly reduce background binding in binding assays.27 For consistency, every figure in this Letter uses KO7+
as the helper phage. Additionally, more consistent preparations of
phage were obtained from phage-displayed caveolin, and gp41 was
produced using this helper phage. We cannot rule out the possibility that the extra positive charge on the surface of KO7+ virions
assists in the display of caveolin and gp41.
Phage display of full-length gp41 was also successful (Fig. 3B).
Full-length gp41, corresponding to residues 512-868 of the precursor protein gp160, was subcloned into the phagemid as described
above. In the gp41-P8 ORF, an amber stop codon between the
two genes ensured the production of both free and P8-fused
gp41 monomers, when grown in an amber suppressor strain of
E. coli (XL-1 Blue). The two gp41 constructs can form trimeric protein in the periplasm before display on the surface of the phage. A
similar anti-FLAG ELISA format demonstrated efficient display of
full-length gp41 on the phage. The nonlinearity of the data in Figure 3B could result from pipetting error. Previous reports suggest
that C-terminal membrane-spanning helices anchor gp41 to the
viral membrane. Notably, neither full-length gp41 nor caveolin—
detached from the phage coat—express to any degree in E. coli,
likely due to insolubility of such transmembrane regions.
After confirming phage display of caveolin, soluble gp41 ectodomain (residues 546–578 and 624–655 attached by glycine-rich
linker) produced as described previously served as a target to demonstrate display of functional caveolin.28 As described above, the
two proteins have been shown to interact both by immunoprecipitation and SPR binding assays with the 20-residue CSD and gp41
ectodomain.19 Various concentrations of phage displaying fulllength caveolin were added to plate-adhered gp41 ectodomain,
for a phage-based ELISA analogous to the assays with anti-Flag
antibody (Fig. 4). The results demonstrate a strong interaction be-
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