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Abstract
We demonstrate that virus-like particles carrying conformationally-complex membrane proteins
(“lipoparticles”) can be used as soluble probes of membrane protein interactions. In order to
demonstrate the utility of this approach, we use lipoparticles to rapidly differentiate the relative
kinetics of membrane protein interactions using optical biosensor technology. The technique is
applied to diverse membrane proteins, including G protein-coupled receptors (GPCRs), and used to
rank the relative kinetics of nearly all the commercially available monoclonal antibodies against the
chemokine receptor CCR5. These particles serve as versatile probes to screen crude and purified
antibody preparations for receptor specificity, epitope reactivity, and relative binding kinetics.

Complex membrane proteins, such as G protein-coupled receptors (GPCRs), ion channels, and
oligomeric single-transmembrane proteins, form the interactive interface between the cell and
its environment. However, because these proteins rely on the cellular lipid bilayer to maintain
their correct structure, it is often difficult or impossible to investigate their molecular
interactions using methods that require their liquid suspension or dissolution. We and others
have previously described the use of virus-like particles for isolating membrane proteins from
cells, a tool that we refer to as lipoparticles (1,2).

Lipoparticles are created by co-expressing a membrane protein of interest and a retroviral core
protein (Gag) in mammalian cells. The Gag core self-assembles and buds from the host cell,
resulting in a non-infectious membranous particle, approximately 150 nm in diameter,
embedded with non-viral membrane proteins. Unlike other sources of membrane proteins
prepared from cells, lipoparticles are homogeneous, physically well-defined, and present high-
concentrations of target membrane proteins in their native structure. We have previously used
substrate-immobilized lipoparticles to detect membrane protein interaction events (3,4), but
lipoparticles have not previously been used as soluble probes. Immobilization onto a biosensor
surface requires direct lipoparticle coupling and the need for receptor regeneration without
membrane disruption, which imposes limits on assay sensitivity, speed, and application to
diverse receptors. Direct attachment also does not take advantage of the size of lipoparticles,
which enables them to be used as solution-phase reagents displaying the incorporated
membrane proteins.

Surface plasmon resonance (SPR) biosensors have become a standard method for screening
the binding kinetics of monoclonal antibodies (MAbs) from hybridoma supernatants, phage
libraries, and following affinity maturation (5–8). Biosensor screening of MAbs is especially
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valuable for identifying new antibodies of very high (<0.1 nM) or low (>100 nM) affinity,
where equilibrium binding assays (e.g. ELISA, flow cytometry, immunofluorescence) are
difficult or inaccurate. However, SPR biosensors have not been widely applicable for
characterizing the interactions of antibody with integral membrane proteins. While previous
approaches, such as capturing receptors from crude membrane preparations, solubilizing
receptors in detergent, or immobilizing purified receptors in a reconstituted membrane
environment (9–12), have enabled a limited number of readily-manipulated membrane proteins
to be studied, they require complex and empirically determined methods for isolating and
reconstituting the membrane protein preparations. Because of their size, aqueous suspensions
of lipoparticles approximate the behavior of membrane proteins in solution. Here we describe
the use of lipoparticles as versatile mobile-phase reagents for the study of membrane protein
interactions in optical biosensor analyses. Importantly, this lipoparticle-based method is a
modular platform that can readily be adapted to study a broad range of diverse receptors in any
format where soluble membrane protein probes are needed.

We reasoned that lipoparticles in aqueous suspension could be flowed across antibodies
immobilized on a biosensor flow cell to rapidly screen antibody specificity and the relative
kinetics of antibody-membrane protein interactions (Fig. 1a). Antibodies are more readily
immobilized to substrates and are more amenable to regeneration than are more fragile
membrane structures. Various lipoparticles, each containing a single type of enriched human
membrane protein, were produced and purified as described previously (3). Incorporated
receptors included seven-transmembrane GPCRs (CXCR3, CXCR4, CCR10, CCR5, 5HT1a,
μ-opioid receptor, and CB1), a type I single-transmembrane protein (CD4), and a type II single-
transmembrane protein (DC-SIGN, which exists in the lipid membrane naturally as a
homotetramer). Where specific MAbs against a receptor were unavailable, receptors were
expressed with an extracellular FLAG epitope tag for ease of detection. Lipoparticles were
characterized for size and purity by dynamic light scattering, and the incorporation and integrity
of each membrane protein was verified by Western blot (data not shown). Biacore biosensor
C1 chips were prepared by covalently attaching goat anti-mouse IgG antibodies to all four flow
cells using standard NHS/EDC chemistry. Receptor- or FLAG-specific murine antibodies were
then sequentially captured onto each flow cell in PBS containing 1 mg/ml BSA. Lipoparticles
containing a particular receptor were then flowed over all four flow cells. Each experiment
was designed so that one flow cell contained a receptor-specific antibody, while the other three
contained antibodies not expected to recognize the incorporated receptor. After each injection
of lipoparticles, flow cells were regenerated back to the capture (goat) antibody layer using
0.2% TX-100 followed by 100 mM phosphoric acid. We found that the derivatized chip could
be used for at least 100 cycles of antibody capture, lipoparticle binding, and regeneration
without significant loss of signal.

A typical sensorgram showing the complete cycle of murine antibody capture, lipoparticle
binding, and chip regeneration, is shown in Figure 1b. In each case, lipoparticles bound only
within flow cells containing the antibody specific for the expressed receptor (Fig. 1c, solid
lines), but not to the three flow cells containing antibodies reactive against other receptor types
(Fig. 1c, dashed lines). Lipoparticles produced without any specific membrane protein (Fig.
1c, Null lipoparticles) did not bind any of the tested antibodies. Because SPR signals are
proportional to mass, the signal intensities of the membrane protein interaction are magnified
by the large mass of the lipoparticle binding in close proximity to the SPR surface. Assay
sensitivity could be readily increased by lengthening the time of interaction or by using
increasing amounts of lipoparticles (Fig. S1, Supporting Information). We were also able to
detect binding to unpurified monoclonal antibodies in hybridoma supernatant and unpurified
polyclonal antibodies in serum (Fig. S2, Supporting Information). The ability to detect dilute
antibodies in such complex mixtures is attributed to an antibody capture step coupled with high
assay sensitivity due to the large mass change of lipoparticle binding. These data demonstrate
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that lipoparticles containing diverse GPCRs and other membrane proteins can be readily used
as mobile-phase reagents in typical SPR biosensor binding experiments.

To demonstrate that the flowed lipoparticle assay can yield quantitative information for
comparing a receptor's interactions with diverse antibodies, we next screened nearly all
commercially available monoclonal antibodies against the chemokine receptor CCR5 and
ranked them according to the relative strength of their interactions. These twelve antibodies
include well-characterized and broadly-inhibitory MAbs with diverse epitope specificities,
including both linear and conformation-dependent epitopes (13,14). An unreactive MAb
(9E10) was included as a control. MAbs were sequentially captured to a C1 chip to
approximately 50 resonance units (RU) in order to minimize rate differences due to antibody
surface density. Lipoparticles incorporating CCR5 were flowed across the chip for two minutes
(representative sensorgrams are shown in Figure 2a), and the MAbs were ranked on the basis
of the strength of the biosensor signal (Fig. 2b).

The tested antibodies varied considerably in their ability to bind CCR5-containing lipoparticles
(Fig. 2b). Three antibodies (45529, 45549, and 45531) bound lipoparticles weakly as compared
to the nonspecific binding of lipoparticles to 9E10. Conversely, several antibodies that have
not been well described previously, including 3A9 and 45519, showed unexpectedly strong
associations, rivaling that of 2D7, the tightest binding and most well-characterized of the
known CCR5 antibodies. In order to interpret this variation, we compared our results to
published results obtained using some of the same antibodies (13,14). While no prior studies
have analyzed the detailed binding kinetics of these antibodies, the comparisons suggest that
the forward rate constant (on-rate) of the receptor-antibody interaction may dominate the
binding interactions measured in our experiments. For example, theoretical and experimental
analyses of virus binding to cells suggest that the binding interaction is generally irreversible
and limited by the on-rate (15–17). Additionally, flow cytometry time course experiments
showed semi-quantitative variation in the rate of antibody attachment to the cell surface, from
slow (for MAbs 45529, 45531) to fast (for MAb 2D7) (13), that correlate well with our results
for these same MAbs. While further detailed kinetic analysis of the on- and off-rates of binding
for each MAb is desired, these data support the interpretation that the on-rate of antibody
attachment is the strongest determinant of lipoparticle binding in our experiments. This
interpretation is not unexpected given the multivalent nature of the interaction; once a single
antibody-receptor tether is formed, rapid formation of additional antibody-receptor interactions
makes lipoparticle binding essentially irreversible on the timescale of these experiments. By
contrast, the off-rate would play an increasingly important role if it exceeds the rate of
formation of additional antibody-receptor tethers or if the number of tethers is low, either due
to a slow on-rate constant or a low antibody/receptor surface density. Thus, under many
conditions, even low affinity antibody-receptor interactions should result in detectable
lipoparticle binding. Our results thus suggest that the assay described here is capable of
measuring a kinetic component (on-rate) of the interaction, rather than simply measuring
equilibrium binding.

The CCR5 N-terminus contains epitopes for several MAbs, such as CTC5 and CTC8 (13). To
demonstrate that our methodology can accurately differentiate specific epitopes, we screened
the panel of CCR5 MAbs using lipoparticles incorporating either CCR5 or an extracellular N-
terminal HA-tagged CCR5 construct (HA-CCR5). As expected, binding to CTC5, which has
previously been shown to require an intact N-terminus and not bind to HACCR5 on cells, was
substantially reduced (Fig. 2a). In contrast, binding to CTC8, which binds to an internal epitope
in the N-terminus and has previously been shown to bind HA-CCR5 on cells, was unaffected
by the presence of the tag. Several other MAbs (45502, 45519, and 3A9) that are known to
bind to sites on the distal N-terminus were similarly blocked by the HA tag (Fig. 2b). These
results demonstrate that epitope specificity is maintained in this assay.
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This study demonstrates the use of receptor-containing lipoparticles as mobile phase reagents
capable of measuring the interaction of antibodies with diverse membrane proteins. The
binding of lipoparticles to captured antibodies is receptor-specific, epitope-specific, and can
yield quantitative measurements related to the on-rate of the interaction. Other factors may
also contribute to the kinetics of lipoparticle binding, including epitope accessibility, particle
diffusion, receptor heterogeneity, and binding stoichiometry. Compared with alternative means
of quantifying membrane protein interactions using the Biacore biosensor, the use of
lipoparticles as mobile-phase reagents enables the rapid screening of a modest panel of MAbs
arrayed in microplates within hours, rather than days, using either purified antibodies or
unpurified hybridoma supernatants. Because SPR biosensor signals are proportional to mass,
the multivalency and large mass of lipoparticles provides for a highly sensitive assay that is
ideal for detecting weakly interacting antibodies or for detecting low abundance antibodies
present in polyclonal sera or other complex analytes. Assay sensitivity is also increased by the
antibody capture step and, as desired, by increasing reaction time. The dependence of the
lipoparticle binding assay on the on-rate allows for the detection of transient receptor-antibody
interactions that are specific but do not lead to the formation of a stable complex. Detection of
these transient complexes may be useful for understanding immune responses and viral and
cellular interactions. The technique developed here should also be applicable to live viruses
and to other types of detection technologies where membrane proteins are limited by
instrumentation, cell size, or the ability to be solubilized.
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Figure 1.
(a) Schematic of the experimental design. (b) A complete capture, binding, and regeneration
cycle using lipoparticles on a Biacore 2000 biosensor. (c) Antibodies specific for the membrane
receptors CXCR4 (12G5), CCR10 (M2 anti-FLAG), mu-opioid (M2 anti-FLAG), 5HT1a (M2
anti-FLAG), CB1 (368302), CD4 (#19), and DC-SIGN (DC11) were captured onto different
flow cells of a Biacore C1 chip. Antibodies 9E10 (anti-myc), and antibodies H36 and H37
(against influenza HA) were used as negative controls. Binding was measured by flowing
lipoparticles containing the specific receptor over the immobilized antibodies.
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Figure 2.
(a) Representative sensorgrams of CCR5 lipoparticle binding experiments on the Biacore.
(b) Screening of a panel of CCR5 antibodies. Antibodies reactive against diverse epitopes of
CCR5 were captured on a biosensor chip. The binding of CCR5- or HA-CCR5-containing
lipoparticles to each of the antibodies was measured in duplicate experiments on a Biacore
biosensor. Total lipoparticle binding was normalized by the antibody capture level to correct
for small differences in antibody capture. Duplicate injections varied by an average of 4 RU.
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