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ABSTRACT: Equilibrium fluctuation analysis of single
binding events has been used to extract binding kinetics of
ligand interactions with cell-membrane bound receptors.
Time-dependent total internal reflection fluorescence (TIRF)
imaging was used to extract residence-time statistics of
fluorescently stained liposomes derived directly from cell
membranes upon their binding to surface-immobilized anti-
body fragments. The dissociation rate constants for two
pharmaceutical relevant antibodies directed against different
B-cell expressed membrane proteins was clearly discrimi-
nated, and the affinity of the interaction could be determined
by inhibiting the interaction with increasing concentrations
of soluble antibodies. The single-molecule sensitivity made
the analysis possible without overexpressed membrane
proteins, which makes the assay attractive in early drug-
screening applications.

Two -thirds of the emstmg drugs are directed against plasma-
membrane proteins." The identification of new low-molecular
weight drugs” and pharmaceutical antibodies® that interact with
this class of proteins has therefore become a vital part of the drug
discovery process. Such drug-target identification is often quan-
tified in vitro by interaction parameters such as the half maximal
inhibitory concentration, ICs, or the equilibrium dissociation
constant, Ky. However, since in vivo drug binding occurs under
transient, nonequilibrium, conditions, the importance of binding
kinetics, and in particular the residence time (7 = 1/k.g) of the
drug-target interaction, is being increasingly recognized as a key
parameter in evaluating both drug efficacy and toxicity.* ®
Hence, screening assays that rely on ICs, or Ky determinations
do not necessarily provide the most relevant information to
assess the potency of drug candidates.”

Recently, surface-sensitive techniques, such as surface plas-
mon resonance (SPR) spectroscopy, combined with controlled
liquid-flow conditions, have been successively applied to probe
binding kinetics of drug candldates to surface-immobilized water-
soluble drug targets.'®'* Significant efforts have therefore been
undertaken to transfer this approach into analogous screening
assays for cell-membrane-associated receptors. However, the low
concentrations of membrane receptors in cell membranes and
the need to preserve their natural hydrophobic environment in
reconstituted surface-supported lipid membranes often result in
low receptor densities accompanied with low signal-to-noise (S/N)
levels. To increase the surface concentration of immobilized
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membrane receptors various strategles, including membrane
protein presenting virus partlcles, reconstituted membrane
proteins in amphipathic polymers,'* and planar lipid bilayers,"*
have been developed. Encouraging results have indeed been
reported, including antlbody binding to cytochrome bgfand be, **
and chemokine receptors.”> However, to this end these ap-
proaches are practically cumbersome, still provide low S/N levels,
and/or suffer from not preserving the natural cell membrane
environment.'® The in vitro assays generally used to screen
ligands directed against membrane receptors therefore employ
dye-labeled ligands in competition assays that rely on fluores-
cence readout. Typically, binding assays using plasma membrane
fragments'” or whole cell imaging'® are performed under stag-
nant liquid conditions in microtiter plate formats. However,
these assays do not enable extraction of kinetic data, but rather
ICs, or K.

We present in this work a microtiter plate assay that operates
under stagnant liquid conditions without sacrificing the possibi-
lity to provide kinetic information of cell membrane receptor—
ligand interactions. The principle is schematically illustrated in
Figure 1, which shows how single binding events of fluorescently
stained membrane-receptor containing liposomes to a ligand-
modified microwell surface can be monitored using time-re-
solved TIRF imaging. Facilitated by the evanescent field illumi-
nation, the residence time of binding, and thus the dissociation
kinetics of bound liposomes, can be obtained under equilibrium
binding conditions in a stagnant liquid, despite the presence of
suspended liposomes in the solution."

A related method that is also capable of extracting ligand
binding kinetics to cell membrane receptors under stagnant
conditions is fluorescence correlation spectroscopy (FCS).”°
Although more widely applied for whole cell*" rather than proteo-
liposome™* analysis, kinetic rate constants can be obtained from
the ability to temporally resolve the relative amounts of free and
bound fluorescently labeled ligands. FCS has also been combined
with TIR illumination to study interactions at surfaces.”’
However, ligand concentrations in the nM range are typically
needed to obtain k,,, and K4 constants, while competitive binding
using a large excess (typlcally > uM) of unlabeled ligands is
requlred to extract koﬂr

We here demonstrate that it is possible to obtain kinetic
information of cell membrane receptor—ligand interactions
using a surface-based format by immobilizing a small amount
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Figure 1. (A) Schematic illustration of the preparation of cell membrane
derived liposomes by extrusion through a filter. (B) The fluorescently
stained liposomes carrying the membrane receptor of interest (red)
associate and dissociate from the surface immobilized ligand (blue) at
equilibrium binding conditions. (C) Each individual association and
dissociation event is monitored over time by TIRF microscopy in a
microwell format.

(fmol) of the ligand on a surface. Combined with evanescent-
wave excitation of receptor-containing fluorescently stained lipo-
somes, the method is used to quantify the dissociation kinetics of
membrane receptor—ligand interactions at low pM liposome
concentrations. We also demonstrate how the assay, which can
easily be further miniaturized and adopted to multiplexed
analysis, can be used to determine equilibrium binding constants,
K4, as well as a rough estimate of the average amount of receptors
per liposome. In analogy with solution assays employed in drug-
screening applications, the latter numbers were obtained by
inhibiting the liposome binding to the ligand-modified substrate
using suspended ligands at sub-yM concentrations.

Two high-performing human recombinant single chain Fv
(scFv) antibodies (clone c10 and cb26),>° selected from the
n-CoDeR library,*® were directed against two key immunological
plasma membrane receptors: IgM (which is an antigen receptor
on B-cells; vital for activation of the B-cell) and HLA-DR/DP
(which displays processed antigens in the format of peptides on
antigen presenting cells, vital for activation of T-cells) were coupled
to a planar supported lipid bilayer (see Supporting Information,
SI). Besides providing an inert background that prevents non-
specific liposome binding,” a small fraction of chemically active
lipids offer a gentle means to immobilize ligands without signifi-
cantly altering their function.

Liposomes derived from the cell membrane of B-cells were
produced by extruding the cell suspension through polycarbo-
nate membranes directly after plasma membrane staining of the
intact cells with a fluorescent lipophilic dye (see SI). Prior to cell
disruption and labeling, the presence of the two membrane receptors
on the cell surface was confirmed by fluorescent automated cell
sorting (FACS) analysis (Figure 2A) using fluorescently labeled
secondary (anti-His-tag) antibodies. The concentration and size
distribution of a typical batch of extruded cell membrane derived
liposomes was determined, using nanoparticle tracking analysis
to 30 pM and 150 =+ SO nm (Figure 2B), respectively. A fraction
of the liposomes may be derived from subcellular components,
which implies that the concentration of liposomes available for
binding is somewhat lower.

Standard protocols for production of cell membrane derived
liposomes, such as plasma membrane vesiculation®® or sonication,*
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Figure 2. (A) FACS analysis of intact cells prior to liposome generation,
confirming the plasma membrane expression of the targeted receptors,
IgM and HLA-DR/DP. An additional scFv antibody directed against
CD40L (clone cb3), a membrane receptor not expressed by the B-cells,
shows no binding. (B) Typical size distribution of extruded cell
membrane derived liposomes obtained by nanoparticle tracking analysis.

typically include multiple purification and enrichment steps.*® In
contrast to these protocols, a nonpurified or enriched suspension
of liposomes derived directly from extruded cells may contain
compounds that interfere with the surface interaction. The
simplified preparation protocol adds a significant practical ad-
vantage, but the complexity of the liposome suspension puts
additional demands on the surface chemistry to avoid unspecific
binding reactions. Out of multiple surface chemistries, including
carboxyl end-capped thiol-poly(ethylene glycol) [SH-PEGx-
COOH] with 0.5 kDa or S kDa PEG spacers, a scFv-modified
supported lipid bilayer was shown to generate sufficiently low
nonspecific binding reactions of the crude liposome suspension
for kinetics of cell membrane derived liposome binding to be
unambiguously extracted. The surface modification protocol was
verified in situ using the quartz crystal microbalance with
dissipation (QCM-D) monitoring technique, which also served
to demonstrate successful antibody immobilization and specific
detection of membrane receptor containing liposomes (see
Figure S1 in SI).

A typical residence time histogram displaying the number of
liposomes that remained bound for a certain time interval, t + At
(At = 20 s), is shown in Figure 3B. When extracting the
dissociation time constant, this graph was for simplicity con-
verted into a dissociation curve displaying the number of
liposomes that remained bound to the substrate after a given
time (Figure 3C). This plot thus represents the same type of
graph typically obtained by monitoring the dissociation process
upon rinsing in conventional surface-based biosensor formats,
but here instead obtained in a stagnant liquid. The negative
control surface (without ligand) shows few binding and release
events, verifying successful surface modification (Figure 3C).
From single exponential fits, the dissociation rate constants, kg
were determined to (1.6 2 0.2) x 10 >s ' (n=3) and (2.6 +
0.6) x 10 s~ " (n = 3) for the interaction between the IgM
receptor and the scFv antibody (clone c10) and the HLA-DR/DP
receptor and scFv antibody (clone cb26), respectively (Figure 3C).
Note the kinetic analysis was based on in total no more than
about 100 liposomes. The kg values remained constant for
different liposome sizes and at different ligand densities (Figure
S2). These values are also in good agreement with the dissocia-
tion rate constants previously reported for scFv interactions
when directed against water-soluble compounds,31 but were
not yet reported for similar clones directed against cell-mem-
brane receptors.

In the analysis, only liposomes that dissociate at some point
during the measurement are taken into account. This thus
constitutes an efficient means to filter out irreversibly bound
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Figure 3. (A) Fluorescence micrograph snapshot and kymograph
(displaying every 10th frame) with corresponding intensity profile of a
small subsection (6 X 6 um?), highlighting a single liposome interacting
with the surface immobilized ligand. Detection of individual binding
events was obtained by distinguishing bound liposomes from noninter-
acting liposomes that disappear from the surface during the time
between two consecutive frames (see SI for details on the image
analysis). (B) Residence time histogram generated from a measurement
of around 100 lipid vesicles. (C) Typical dissociation trends for the two
different membrane receptor—ligand interactions and the negative
control (no ligand), plotted as the number of liposomes that still remain
bound after a certain time. The dissociation rates were fitted (solid lines)
to single exponential functions.

liposomes (see also Figure S1). In fact, around 80% of the
detected liposomes remained irreversibly bound over these time
scales. A likely explanation to this observation is that a significant
fraction of the liposomes contain more than one receptor, thus
resulting in multivalent interactions that are irreversible on the
time scale of the measurement. This interpretation is further
supported by the good agreement between the observed k,g
values and previously regorted dissociation rate constants for
similar scFv interactions.”® Since multivalent interactions have
been shown to increase the residence time by a factor of 20 or
more,>>>* this suggests that the population of liposomes that
exhibit reversible binding interact with a single recognition
element (see further below). This is further supported by a
relative increase in the number of release events over irreversibly
bound liposomes upon a 10-fold decrease in ligand density
(Figure S2 in SI).

Under the assumption that the association rate constants, k.,
are similar for different scFv antibodies from the same library,*"
the measured kg values suggest K; values for the two clones of
around S nM (clone cb26) and 3 nM (clone c10). To indepen-
dently estimate K; we monitored the decrease in the rate of
bound liposomes, dN,/dt, in the presence of increasing con-
centrations of suspended scFv (Figure 4A).

Liposomes preincubated with suspended ligand rapidly reach
linear binding rates with lower slopes at increasing ligand
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Figure 4. (A) Inhibition assay: number of detected liposomes as a func-
tion of time in the presence of increasing concentrations of suspended
ligand (cb26) including linear fits from the point in time when equi-
librium was established. (B) Slope of the linear fits in (A) versus
concentration of suspended ligand. The fits in (B) correspond to the
modified expression (eq 1) assuming a Poisson distribution of receptors
per liposomes with the average number of 0.23 (blue) and 2.5 (red)
receptors.

concentration. At the liposome concentrations (pM) used in
these experiments, the surface coverage is well below saturation.
This means that, at equilibrium binding conditions, the rate of
binding is expected to be constant, with slopes that directly
reflect the concentration of liposomes that carries at least one
receptor. In the ideal case, in which the liposomes contain a single
receptor each, the decrease in rate of binding as a function ofligand
concentration can be represented with a Langmuir isotherm.>*
However, the number of receptors per liposome is in this case
expected to follow a Poisson distribution. Under this assumption,
the rate of bound liposomes can be expressed as (see SI for
derivation):

% =A|l—exp _L (1)
dt 1+ C]igand / Kd

where A is a constant, (n) is the average number of receptors per
liposomes, and Ciigang is the concentration of suspended ligand.
Using a K, of S nM as estimated above for clone cb26, the best fit
is obtained for (i) = 0.23 (blue fit in Figure 4B). However, at this
value of (n), the fraction of liposomes with more than one
receptor is only a few percent, which is significantly lower than
the observed irreversible fraction of 80% previously attributed to
multivalent binding. By instead matching the receptor distribu-
tion to the observation that 20% of the liposomes are reversibly
bound (one receptor per liposome) and approximately 80% have
more than one receptor, {n) becomes 2.5, with a best fit obtained
for a K4 of 2 nM (red fit in Figure 4B).

Although the uncertainty in the receptor distribution trans-
lates into an uncertainty in the determination of Ky, a 2 to S nM
interval is in good agreement with the expectation for this class of
antibodies.>* Also note that k.q remained the same for the
fraction of bound liposomes during the inhibition experiment.
Together with the reasonably good agreement between the
estimated K from the inhibition analysis and that obtained from
kog and literature data on k,,, this further supports that the
reversible fraction of liposomes corresponds to single receptor
interactions. Most importantly, the determination of kg which is
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considered the most important parameter in order to determine
the potency of drug candidates,” can be very accuratelgr deter-
mined already at low pM concentrations of liposomes.’

In conclusion, the high sensitivity of the assay eliminates the
need for membrane-receptor overexpression and/or purification
procedures, which are typically employed in conventional mem-
brane-protein assays. This is particularly important from the
perspective of translating the assay to other types of ligand—
receptor interactions, in which case concerns are often raised re-
garding the influence on protein function upon overexpression,*
reconstitution into liposomes,®” and surface immobilization.*®
Furthermore, the assay allows parallel dispensing of suspended
cell-membrane-derived liposomes in multiple microtiter wells or
on surface-based arrays, followed by either serial or parallel
readout. Hence, the assay could be directly transferable to
high-throughput screening applications, which is especially at-
tractive owing to the low concentration (<pM) and small total
sample consumption (=< fmol) needed for the dissociation kinetic
analysis. Finally, the self-incorporated label used to visualize the
liposomes is a standard fluorescent dye used primarily for
staining of living cells. The labeling is thus likely to have minimal
influence on the structure and function of the actual membrane
receptors. Still, the number of dyes per liposome was sufficiently
high not to impose photobleaching (see intensity profile in
Figure 3A), which otherwise tends to limit single-molecule
imaging techniques, in which the molecule of interest is directly
labeled, to low affinity interactions (kog> 10" s~ ').%
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© Ssupporting Information. Supporting Information con-
tains the derivation of the expression in eq 1, complementary
QCM-D data for the antibody-immobilization protocol, addi-
tional experimental details and complete ref 34. This material is
available free of charge via the Internet at http://pubs.acs.org.
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