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HIGHLIGHTS

GRAPHICAL ABSTRACT

» FCS permits examination of interactions
between biological molecules on indi-
vidual live cells.

» 2H3-RBL cells express IR and IGFIR
homodimers, as well as hybrid IR-
IGF1R heterodimers.

» Insulin and IGF1 compete with differ-
ing affinities for available binding sites
on these cells.

» Hybrid IR-IGF1R heterodimer formation
is likely due to random-association of IR
and IGF1R monomers.

Fluorescence correlation spectroscopy reveals details of ligand binding to insulin receptors and IGF1 receptors on
single cells. (A) Equilibrium binding of FITC-insulin to the surface of live cells demonstrates two distinct classes of
ligand binding sites. (B) Complete dissociation of FITC-insulin from ligand binding sites on live cells occurs over
approximately two hours.
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We used fluorescence correlation spectroscopy to examine the binding of insulin, insulin-like growth factor 1
(IGF1) and anti-receptor antibodies to insulin receptors (IR) and IGF1 receptors (IGF1R) on individual 2H3 rat
basophilic leukemia cells. Experiments revealed two distinct classes of insulin binding sites with Kp of
0.11 nM and 75 nM, respectively. IGF1 competes with insulin for a portion of the low-affinity insulin binding
sites with Kp of 0.14 nM and for the high-affinity insulin binding sites with Kp of 10 nM. Dissociation rate
constants of insulin and IGF1 were determined to be 0.015 min~" and 0.013 min ', respectively, allowing es-
timation of ligand association rate constants. Combined, our results suggest that, in addition to IR and IGF1R
homodimers, substantial numbers of hybrid IR-IGF1R heterodimers are present on the surface of these cells.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Traditional approaches to the examination of cell surface receptor
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density and ligand binding often rely on radio-labeled ligands or fluores-
cence intensity measurements on bulk solutions [1,2]. Unfortunately,
these methods suffer from inherent drawbacks such as the need for
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large numbers of cells and, in cases where receptor numbers are very
low, can fail to detect specific binding. In contrast, fluorescence corre-
lation spectroscopy (FCS) is a versatile technique capable of examin-
ing interactions between small numbers of biological molecules
under physiological conditions [3,4]. Initially introduced in the
1970's [5-7], FCS has since become a versatile tool for the character-
ization of dynamic biological processes [8,9]. FCS extracts informa-
tion from the fluctuations in fluorescence intensity that occur as
molecules move into and out of a femtoliter-size observation volume
[10]. This optically-defined interrogation volume, coupled with high
photon sensitivity, permits the examination of as few as 1-2 fluo-
rescing molecules at specific points of interest on the cell membrane
or within the cell interior [11,12], allowing real-time measurement
of interactions between receptors and ligands [13]. Variations of
FCS have recently been used in live cells to examine epidermal
growth factor receptor clustering [14], the kinetics of RhoGTPase-
Cdc42 effector complex dissociation [15] and interactions between
Src peptides and DNA [16]. Ease of use with live cells, the ability to
monitor molecular dynamics across a broad timescale and the rela-
tively short time needed for data acquisition make FCS particularly
well suited for the examination of molecular interactions at the sin-
gle molecule level. We report here the use of FCS to determine the
surface densities and ligand binding thermodynamics and kinetics
of insulin receptors (IR) and insulin-like growth factor 1 receptors
(IGF1R) on live 2H3 rat basophilic leukemia (2H3-RBL) cells.

IR and IGF1R are two structurally similar tyrosine kinase receptors
with differential effects on cell growth and energy metabolism [17-
19]. Because of their physiological importance [20], considerable
work has focused on understanding the subtle differences between
the two receptors, their ligands and signaling networks [21]. In solu-
tion, each receptor is capable of binding both insulin and insulin-like
growth factor 1 (IGF1) with nM affinity [20,22,23]. Also, due to ran-
dom receptor-dimer assembly in the endoplasmic reticulum, a signif-
icant fraction of native receptors in some cell types appear to be IR-
IGF1R hybrids [24-27], further complicating the analysis of insulin
and IGF1 binding kinetics. However, despite considerable literature
describing IR, IGF1R and IR-IGF1R hybrid signaling in vitro, details of
insulin and IGF1 binding to receptors in live cells at the single-
molecule level remain elusive.

Our results demonstrate that 2H3-RBL cells express substantial
levels of both IR and IGF1R. We also show that insulin and IGF1
each bind to two distinct classes of sites on these cells and that both
insulin and IGF1 compete with differing affinities for these binding
sites. Finally, we demonstrate that dissociation of FITC-insulin from
receptors is sensitive to the concentration of excess insulin available
in solution, but is not sensitive to the initial FITC-insulin labeling con-
centration. Taken together, our results suggest that, in addition to IR
and IGF1R homodimers, hybrid IR-IGF1R heterodimers are present
on the surface of 2H3-RBL cells and that a significant portion of insu-
lin and IGF1 binding to these cells involves non-cognate receptors
and IR-IGF1R hybrids.

2. Experimental procedures
2.1. Materials

2H3-RBL cells were purchased from ATCC (Manassas, VA). Human-
recombinant-insulin monovalently-labeled at the N-terminus with
fluorescein isothiocynate (FITC-insulin) and human-recombinant-IGF1
were purchased from Invitrogen (Carlsbad, CA). Insulin, bovine serum
albumin (BSA), biotinylated anti-rabbit secondary antibody and FITC-
avidin were purchased from Sigma (St. Louis, MO). Anti-IRe, anti-
IGF1Ra and biotinylated anti-IR® antibodies were purchased from
Santa Cruz Biotech (Santa Cruz, CA). Anti-Type I IgE receptor (FceRI) an-
tibody, FceRloe was purchased from Upstate Cell Signaling Solutions
(Billerica, MA). Rhodamine 6G (R6G) was purchased from Allied

Chemical (Vadodara, Gujarat, India). Minimal essential medium
(MEM) was purchased from Cellgro (Manassas, VA). Fetal bovine
serum (FBS), penicillin G, streptomycin and Fungizone were purchased
from Gemini (Sacramento, CA).

2.2. Preparation of cell samples

2H3-RBL cells were maintained in plastic tissue culture dishes in
MEM supplemented with 10% FBS, 200 mM L-glutamine, 10,000 U/mL
penicillin G, 10 pg/mL streptomycin and 25 pg/mL Fungizone. 24-36 h
before experiments cells were seeded onto sterile #1.5 glass-bottom
culture dishes, grown to approximately 50% confluence and, unless oth-
erwise indicated, incubated in medium without FBS for at least 12 h be-
fore use. All cell labeling protocols were performed in phosphate-
buffered saline pH 7.4 (PBS) containing 0.1% BSA (PBS-BSA), except as
indicated. All washes were in 1 mL of PBS-BSA buffer for 30 s. Before
use, all antibodies, peptides and fluorescent probes were spun for
10 min at maximum speed in a tabletop microcentrifuge to remove
aggregates. Cell samples were immersed in 400 pL of buffer during
FCS data acquisition, except as noted. All cell labeling and data acqui-
sition were conducted at room temperature.

2.3. Antibody labeling of receptors

To label FceRl, cells were incubated for 30 min with rabbit-derived
primary antibody and washed 4 times. Cells were then incubated for
15 min in 500 nM biotinylated anti-rabbit secondary antibody again
followed by 4 washes. Finally, cells were incubated in 250 nM FITC-
avidin for 15 min, followed by 4 washes. To label the insulin receptor
a-subunit (IRa), cells were serum starved or treated with 10 uM in-
sulin for 1h or 10% FBS in MEM for 1h and then incubated for
30 min with rabbit-derived primary antibody and washed 4 times.
Cells were then incubated for 15 min in 500 nM biotin conjugated
anti-rabbit secondary antibody again followed by 4 washes. Finally,
cells were incubated in 250 nM FITC-avidin for 15 min, followed by
4 washes. To label the insulin receptor 3-subunit (IR{), cells were in-
cubated for 30 min with biotinylated primary antibody followed by 4
washes and then incubated for 15 min in 250 nM FITC-avidin, followed
by 4 washes. To label IGF1R, cells were incubated for 30 min with
rabbit-derived primary antibody specific against the a-subunit of
IGF1R (IGF1Ra) and washed 4 times. Cells were then incubated for
15min in 500 nM biotinylated anti-rabbit secondary antibody
again followed by 4 washes. Cells were then incubated in 250 nM
FITC-avidin for 15 min, followed by 4 washes.

2.4. Hormone labeling of receptors

In FITC-insulin equilibrium binding experiments, cells were incubat-
ed in the indicated concentration of FITC-insulin for 30 min, followed by
4 washes. For insulin and IGF1 competition binding experiments, cells
were simultaneously incubated in buffer solutions containing the indi-
cated concentration of FITC-insulin and increasing amounts of either in-
sulin or IGF1for 30 min, and then washed 4 times. In experiments using
cells pre-incubated with IGF1, cells were first incubated in the indicated
concentration of IGF1 for 30 min and then in a combination of both the
indicated amount of IGF1 and 250 nM FITC-insulin for 30 min, followed
by 4 washes. To measure FITC-insulin dissociation, cells were labeled
with the indicated amount of FITC-insulin for 30 min, washed 4 times
and then examined at the times indicated. Alternatively, to investigate
the effects of aqueous insulin on FITC-insulin dissociation, cells were la-
beled with 250 nM FITC-insulin for 30 min, washed 3 times for 30 s in
1 mL of buffer and then incubated in the indicated concentration of in-
sulin for 30 min and washed 3 times. To measure IGF1 dissociation, cells
were labeled with 10 nM IGF1 for 30 min, washed 4 times and then in-
cubated in buffer for the indicated time. This was followed by labeling
with 250 nM FITC-insulin for 30 min and 4 washes.
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2.5. FCS instrumentation

FCS experiments were performed using a modified Nikon TE1000
inverted microscope equipped with a 100x, 1.25 NA oil-immersion
objective, an Omnichrome Melles-Griot multi-line air-cooled argon
ion laser, two Perkin Elmer single photon counting modules (SPCM-
AQR-14) and an ALV-6010 digital hardware correlator. This apparatus
has been described in detail previously [28]. Based on FCS measure-
ments of aqueous R6G diffusion, the 1/e? radius r, of the laser excita-
tion beam at the sample in our system was determined to be 241 nm
(data not shown). To obtain the greatest signal-to-noise ratio while
minimizing the effects of probe photobleaching on receptor density
estimates and ligand binding kinetics, the intensity of the laser excita-
tion beam at the sample was attenuated to <100 pW using neutral
density filters [29]. The laser excitation beam was focused on the api-
cal cell membrane by adjusting the objective z-position to maximize
detector count rates and minimize diffusional correlation times (Tp)
as described by Ries and Schwille [12]. Relevant portions of individual
FCS traces were analyzed by weighted least-squares fitting of g(T) to
Eq. (3) to obtain estimates of the effective number of particles detected
(N) and the diffusional correlation time (7p) for both receptor-bound
and aqueous particles.

2.6. Analysis of fluorescence intensity fluctuations

All FCS data were analyzed using methods similar to those previ-
ously described by Schwille et al. [3], where the normalized intensity
fluctuation autocorrelation function is defined as

g(T) = (6F(t)SF(t + 7)) /(F(t))2 (1)
where F(t) is the mean fluorescence intensity at time t and
OF (t)=F(t)—(F(t)) 2)

is the corresponding fluorescence intensity fluctuation about the
mean.

Given a Gaussian excitation spot of 1/e? radius r, and a substance
with diffusion constant D, the autocorrelation function describing
two-dimensional diffusion within the cell membrane is

=y (155m) 6

where N is the effective number of correlating particles detected in
the illumination zone and

2

.
Ta= (4)
4D

is the characteristic time of correlation decay.
2.7. Analysis of ligand-receptor interactions on live cells

Analysis of FCS data showed that the number N of membrane bound
particles detected depended on the concentration of receptor-specific
fluorophore and competing ligands. To evaluate the specific binding ca-
pacity and equilibrium dissociation constant Kp of each fluorophore-
conjugated ligand for receptors, data were fit to hyperbolic functions
describing either one or two-site sequential binding.

cN cN.
N = 1 2
Koy - ¢ Koyt ¢ )

where N is the number of particles detected, c is the concentration of
fluorophore-conjugated receptor-specific probe and Ny, N, are the max-
imum numbers of bound particles detected at saturating concentration

of receptor-specific probe, exhibiting dissociation constants Kp; and
Kpy, respectively. For single-site binding, N, is fixed at zero.

The density o of receptors on the surface of live cells was calculat-
ed as

o N; + ;Vz _ 6)
mr,

When analyzing the competitive binding between two ligands, the
concentration [I];, of the competing ligand which gave 50% inhibi-
tion of probe binding was determined using

NmﬂI_NO
N=No 12007, @)

where N;,,qx and N, are the numbers of detected particles at the indicat-
ed concentration [L] of fluorophore-conjugated ligand as observed at
zero and maximum concentrations of competing ligand, respectively.

From [I];, the effective dissociation constant K; can be calculated
according to the method of Cheng et Prusoff [30] as

12
K= —7— 8
1 1+ [L]/KD ( )

In ligand-dissociation experiments for both FITC-insulin and IGF1,
data were fit to a single component exponential decay function

N =Ny + (N,,,,—N,)e~ " (9)

maz

where t is time and K is the dissociation rate constant.
2.8. Presentation of results

Each data point shown in figures represents the results of FCS
measurements on 14-20 individual 2H3-RBL cells from at least two
separate experiments. Values presented in figures, text and tables, ex-
cluding Figs. 4 and 5a, are the arithmetic mean + SD. To improve visu-
al clarity, Figs. 4 and 5a show the mean 4 SEM.

3. Results
3.1. Binding of fluorescent probes to live cells

We used FCS to analyze the dynamics of peptide-conjugated fluores-
cent probes in solution and when bound to receptors on the membranes
of live 2H3-RBL cells. Tp values for these probes in solution correspond
to lateral diffusion constants of approximately 5x 10~7 cm? s ! asis ap-
propriate for small proteins in solution (Fig. 1). When bound to receptors
on live 2H3-RBL cells the fluorescence emission of the FITC-conjugated
receptor-specific probes was localized to the cell-surface and detected
particles exhibited Tp that correspond to lateral diffusion constants of be-
tween 1072 cm? s~ 'and 10~ '° cm? s ! as is appropriate for cell-surface
receptors (Fig. 1). Receptors on live cells labeled with either FITC-insulin
or a sandwich of IR-specific antibody, biotinylated-secondary antibody
and FITC-avidin had similar diffusion times while antibody-labeled Fce
receptors exhibited somewhat slower diffusion. After an initial (~10 s) il-
lumination phase to deplete immobile particles [3,31], the photon
count rates from both avalanche photodiodes during live cell label-
ing experiments were steady, indicating that there was no appre-
ciable photobleaching of FITC-insulin over the time-scale of these
experiments (data not shown).

To test the specificity of our probes, we performed FCS measurements
on cells incubated with FITC-avidin while omitting either primary or sec-
ondary antibody or both. No appreciable surface-localized fluorescence
was observed under these conditions (data not shown).
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Fig. 1. Normalized autocorrelation functions for fluorescent probes in solution and
bound to receptors on the surface of live 2H3-RBL cells. [®] FITC-insulin (aqueous),
[O] FITC-avidin (aqueous), [A] FITC-insulin (live cells), [¥] FITC-avidin (bound to IR
specific antibody on live cells), [M] FITC-avidin (bound to FceRI specific antibody on
live cells). To improve clarity not all time points are shown.

3.2. Determination of FceRl, IR and IGF1R cell-surface densities

2H3-RBL cells are known to express both FceRI [32] and IR [33].
Fig. 2a shows correlation data obtained from live 2H3-RBL cells la-
beled with increasing concentrations of primary antibody specific
for an external epitope of FceRI. Non-linear least-squares analysis of
these data using a single-site binding model showed that the FceRI-
specific antibody binds to an estimated 540 receptors um 2 with Kp
of 61 nM (Table 1). A total of 170,000 FceRI per cell was calculated
from the receptor surface density assuming 2H3-RBL cells each have
an average surface area of 314 um? [32]. This is consistent with previ-
ous estimates of between 200,000 and 300,000 receptors per cell for
this cell type [32,34-37].

Two different primary antibodies specific for external epitopes of
either IRa or IRB, respectively, were then used to determine the den-
sity of IR on the surface of live 2H3-RBL cells. Measurements made
with both primary antibodies resulted in similar estimates of IR sur-
face density (Fig. 2b and c). Use of the IRa-specific antibody yielded
190 receptors um 2 or 60,000 per cell, while the IRB-specific anti-
body yielded 196 receptors um ™2 or 62,000 per cell (Table 1). How-
ever, despite providing similar estimates of IR density, the two IR-
specific antibodies exhibited distinct Kp. The IRa-specific antibody
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appeared to bind receptors with Kp of 23 nM, while the IRB-specific
antibody appeared to bind with Kp of 163 nM (Table 1).

We also estimated the density of IGFIR on these cells using an
antibody specific for IGF1Ra. This antibody appeared to bind
161 receptors um 2 or 51,000 per cell with a Kp of 2 nM (Fig. 2d
and Table 1).

3.3. Equilibrium binding of FITC-insulin to live cells

To evaluate the binding of insulin to IR on live cells, we used a
commercially-available N-terminally labeled FITC-insulin. In contrast
to the binding of receptor-specific antibodies, equilibrium binding of
FITC-insulin appeared to be fit best by a two-site sequential model
(Fig. 3a). Scatchard analysis of FITC-insulin binding also showed a
curvilinear ‘concave up’ pattern indicating two classes of FITC-
insulin binding sites (Fig. 3b). Using least-squares analysis, we deter-
mined the Kp of the two classes of FITC-insulin binding sites to be
0.11nM and 75nM with surface densities of 49 sitesum~2 and
124 sites um ™2, respectively (Table 2). The total number of FITC-
insulin binding sites identified in these experiments was approxi-
mately 54,000 per cell.

FITC-insulin binding to receptors on 2H3-RBL cells was almost
completely blocked by pre-incubating cells in medium containing
10% FBS or 10 uM insulin (Table 3), treatments which had no effect
on the binding of the IR antibody (Fig. 2b). Binding of 250 nM
FITC-insulin was also partially blocked by pre-incubation of cells
with between 0.1 and 10 nM IGF1 (Table 3). The diminished binding
of FITC-insulin to cells that have been pre-incubated with increasing
concentrations of IGF1 is assumed to result from occupancy of the
FITC-insulin binding sites by IGF1. This suggests that at least 67 +
28 um™~ 2 of the low affinity FITC-insulin binding sites, approximately
21,000+9000 per cell, are able to bind IGF1 with Kp of 0.14+
0.04 nM (Fig. 4).

3.4. Insulin and IGF1 competitive binding to live cells

When cells are labeled simultaneously with FITC-insulin and either
insulin or IGF1, equilibrium competition for available binding sites is
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Fig. 2. Equilibrium binding of receptor specific antibodies to live 2H3-RBL cells. Binding of FITC-avidin to cells labeled with increasing concentrations of, A) [@] FceRI specific an-
tibody, B) [@®] IRa-specific antibody, also shows that pre-incubation of the cells with [A] 10 pM insulin or medium containing [[J] 10% FBS has no effect on antibody labeling of

IR, C) [®] biotinylated IRB-specific antibody, or D) [®] IGF1Ra-specific antibody.
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Table 1
Surface density of IR, IGF1R and FceRI on 2H3-RBL cells and binding parameters of
the primary antibody used to identify each receptor.

Receptor Antibody N* o Total receptors® KD
(receptors um ™ 2) (nM)©
IR [Ro 346412 19047 60,000 + 2000 23+4
IR IRB 358445 196425 62,000 8000 163 +56
IGF1R IGFIRe  293+12 16147 51,000 £ 2000 2+1
FceRI FceRla 98.44+19.6 5404108 170,000 £34,000 61423

2 N is the effective number of particles detected in the FCS laser-spot at saturat-
ing concentrations of primary receptor-specific antibody.

b Value for total receptors per cell assumes the surface area of a 2H3-RBL cell
is 314 um—2 [32].

€ Values presented for Kp, reflect the binding of primary antibody to specific receptors
on live 2H3-RBL cells.

observed (Fig. 5a and b). In such competition binding experiments
using a probe concentration of 0.1 nM FITC-insulin, insulin competed
with K; of 0.09 nM (Table 4). However, the apparent K; of insulin for
FITC-insulin binding sites increased when probed with increasing con-
centrations of FITC-insulin. In addition, IGF1 also competed with
0.1 nM FITC-insulin for binding sites with a K; of 9.4 nM (Table 5);
and, similar to insulin, the apparent K; of IGF1 for FITC-insulin binding
sites also increased when probed with increasing concentrations of
FITC-insulin.

3.5. Dissociation rates of FITC-insulin and IGF1 from live cells

The dissociation of FITC-insulin from the surface of 2H3-RBL cells
in the absence of excess solution phase insulin was monitored by
measuring the number of particles remaining bound to cells every
3 min for 2 h. Fig. 6a shows that, when incubated in insulin-free
PBS-BSA buffer, cells labeled with FITC-insulin concentrations ranging
from 1 to 100 nM behaved similarly and exhibited kg values be-
tween 0.014 min~! and 0.017 min~ ! (Table 6).

However, dissociation of FITC-insulin was sensitive to the concen-
tration of excess insulin available in solution. Cells labeled with
250 nM FITC-insulin were incubated for 30 min in the indicated con-
centrations of excess insulin, then washed and observed (Fig. 6b). It ap-
pears that the rate of FITC-insulin dissociation increased in the presence
of unlabeled insulin at concentrations below 10~8 while, at insulin
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Fig. 3. A) [®] Equilibrium binding of FITC-insulin to receptors on the surface of serum
starved 2H3-RBL cells was fit to a two-site sequential model. B) [@] Scatchard analysis
of FITC-insulin binding displays a concave-up curvilinear pattern.

Table 2

Equilibrium binding of FITC-insulin to receptors on the surface of live 2H3-RBL cells.
Binding Site ~ N? o (receptorsum~2)  Total receptors”  Kp (nM)©
1 90+1.1 49+6 15,000 42000 0.11+0.05
2 226+14 12448 39,000 £ 3000 75423

2 N is the upper limit for detected particles for sites 1 and 2.

P Value for total receptors per cell assumes the surface area of a 2H3-RBL cell is
314 pum— 2 [32].

€ Values presented for Kp were obtained using a two-site sequential model of ligand-
receptor binding.

concentrations greater than 10~ 2 M, the rate of FITC-insulin dissocia-
tion decreased.

Dissociation of IGF1 was monitored by examining the partial block-
ing of FITC-insulin binding at various times after pre-incubating cells
with IGF1 (Fig. 6¢). Diminished binding of 250 nM FITC-insulin after
pre-incubating cells with 10 nM IGF1 is assumed to result from occu-
pancy of FITC-insulin binding sites by IGF1 as was discussed in Sec-
tion 2.4. Using this method, we estimated that the kg of IGF1 from
receptors on live 2H3-RBL cells is 0.013 min ™' (Table 6).

3.6. Estimated association rates for insulin and IGF1 binding to live cells

Our results provide experimentally-determined values for either
Kp or Kj, and ke for FITC-insulin or insulin and IGF1 reversibly bind-
ing to receptors on 2H3-RBL cells. From these data we estimated the
rate of association ko, for each ligand binding to both high and low af-
finity sites. The ko, for high and low affinity FITC-insulin binding sites
were estimated to be 1.4x 108 M~ ' min~! and 2x 10> M~ ' min~ !,
respectively. Alternatively, the ko, of IGF1 to high affinity IGF1 bind-
ing sites identified after pre-incubation with IGF1 was estimated to
be 7.1x10° M~ ! min~!, while the ko, of IGF1 to low-affinity IGF1
binding sites identified in competitive labeling experiments between
IGF1 and FITC-insulin was estimated to be 1.4x10° M~ ' min~ .

4. Discussion

The present work emphasizes the utility of FCS for the quantitative
examination of membrane receptor ligand binding in living cells at
the single molecule level [14,15,34]. Localization of fluorophore-
conjugated ligand fluorescence to the cell membrane, specificity of li-
gand binding, and differences in lateral diffusion between solution-
phase and membrane localized fluorophore-conjugated ligands allows
specific examination of fluorophore-conjugated ligands bound to mem-
brane receptors even in the presence of solution-phase fluorophore-
conjugated ligand [3].

In the present study, use of antibodies specific against either o or
B subunits of IR led to initial estimates of between 190 and
196 receptors um ~ 2 or approximately 60,000 receptors per cell. La-
beling of receptors with FITC-insulin led to a slightly lower estimate
of approximately 54,000 total receptors. This is similar to previous
work by Rigler et al. who estimated the density of IR on live

Table 3
Reduced binding of FITC-insulin to receptors on 2H3-RBL cells after pre-incubation
with insulin, FBS or IGF1.

Treatment N? Diff (N)®
None 248+5.1 NA
Insulin (104M) 20416 22845.1
FBS (10%) 464+1.0 20.2+5.1
IGF1 (0.1nM) 1984+ 1.6 52451
IGF1 (1nM) 141+3.1 10.945.1
IGF1 (10nM) 129408 121451

¢ N is the number of particles detected after labeling with 250 nM FITC-insulin.
b Estimated as the difference between the number of FITC-insulin bound to
untreated cells and to cells with the indicated pre-treatment.
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Fig. 4. [@®] Indirect observation of IGF1 binding to live 2H3-RBL cells. Pre-incubation with
increasing concentrations of IGF1 reduced the apparent binding of 250 nM FITC-insulin to
live cells.

human renal cells to be approximately 200 um ~ 2 [38]. Estimation of
IGF1R numbers using an IGF1Ra specific antibody also identified
161 receptors um~ 2 or 51,000 per cell. However, FCS measurements
enumerate the total of all diffusing species binding particular fluo-
rescent ligands, hence apparent numbers of IR and IGF1R estimated
using anti-IR or anti-IGF1R antibodies, respectively, also include IR/
IGF1R hybrids. Thus, it is likely that neither IR nor IGF1R densities
are actually this high [27]. We also suggest that similar overestima-
tion of IR and IGF1R occurs when using fluorophore-conjugated
peptide ligands such as FITC-insulin, which in addition to binding
cognate receptors, also bind with measurable affinity to non-
cognate and hybrid IR-IGF1R.

Multiple lines of research have shown that the binding of insulin
to IR is negatively cooperative in vitro [20,39] with insulin binding
to IR at two sites, each with a distinct Kp [40,41]. Similarly, our results
show that FITC-insulin binds two classes of sites on 2H3-RBL cells and
exhibits an upward curving Scatchard plot. This curvilinear Scatchard
plot is commonly seen during examination of insulin binding and was
previously observed by Zhong and coworkers when examining
rhodamine-labeled insulin (Rh-insulin) binding to human renal cells
using FCS [42]. These investigators attributed such curvilinear Scatchard
plots either to the negative cooperative binding of insulin to IR or to
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Fig. 5. Competitive binding of insulin and IGF1 to receptors on 2H3-RBL cells.
A) Competitive binding of insulin and [@] 0.1 nM, [O] 1 nM, [¥] 10 nM, or [A] 50 nM
FITC-insulin to receptors on 2H3-RBL cells. B) Competitive binding of IGF1 and
(@] 0.1 nM, [O] 1 nM, or [¥] 10 nM FITC-insulin to receptors on 2H3-RBL cells.

Table 4

Competitive binding of insulin and FITC-insulin to receptors on live 2H3-RBL cells.
[FITC-insulin] (nM) I12 (nM)? K (nM)® Npnax © Nyd
0.1 0.18 +0.02 0.09+0.01 59+0.1 1.1+£0.1
1 54+1.6 0.54+0.16 9.1+03 13403
10 474+34 0.5240.04 104+0.1 1.0+0.1
50 590 4250 1.29+0.55 124+0.2 21+08

? Iy, values were obtained by fitting Eq. (7) to binding data for insulin concentra-
tions between 10~“ and 10° nM.

b Values for K; were obtained from I, , using Eq. (8).

€ Npmax is the apparent number of particles detected in the absence of competing
insulin.

4N, is the apparent number of particles detected at saturating insulin concentrations.

separate classes of receptors with differing affinities for insulin. Howev-
er, FCS monitors the approximate total number of separately diffusing
species and is somewhat insensitive to the absolute brightness of each
species (Supplement 1). Once a FITC-insulin or Rh-insulin molecule
binds to an individual IR, the binding of subsequent fluorophore-
labeled insulin molecules to this IR, despite changing the absolute mag-
nitude of fluorescence fluctuations as the receptor enters and exits the
interrogation volume, has only a limited effect on the normalized auto-
correlation function [3]. With this in mind, we suggest that the majority
of receptors observed in the present work on live 2H3-RBL cells that
bind FITC-insulin with low affinity, and those observed by Zhong and
coworkers that bind Rh-insulin with low affinity [42], may not be IR
but are more likely either IGF1R or IR-IGF1R hybrids.

Negative cooperativity in insulin binding to IR was apparent from
our measurements of FITC-insulin dissociation. Our results demon-
strate that FITC-insulin dissociation varied with the concentration of
excess insulin available in solution. FITC-insulin dissociation initially
accelerated with increasing concentrations of excess insulin, but
then decreased at insulin concentrations above 10~ 8 M. However,
in the absence of excess insulin, the dissociation rate of FITC-insulin
was independent of the initial labeling concentration. Acceleration
of ligand dissociation in response to excess solution-phase ligand
can indicate negatively-cooperative binding and, while not necessar-
ily relevant physiologically, the effects of insulin concentrations
above 108 M provide insight into the mechanism of insulin binding
to IR and support the harmonic oscillator model of insulin and IGF1
binding proposed by Kiselyov and coworkers [17].

Our results also demonstrate that FITC-insulin, insulin and IGF1
compete for binding to available receptors on live 2H3-RBL cells. At
a FITC-insulin labeling concentration of 0.1 nM, approximately equal
to FITC-insulin's high-affinity site Kp, the binding of FITC-insulin and
insulin are quite similar, indicating that conjugation of fluorescein
to insulin does not affect IR binding, and values of K; obtained for
IGF1 competing with 0.1 nM FITC-insulin agree with existing litera-
ture showing that IR can bind IGF1 with nM affinity [20]. At higher
levels of receptor occupancy, obtained by increasing the labeling con-
centration of FITC-insulin, the affinities of insulin and IGF1 relative to
FITC-insulin appear to decrease. Of course, for competitive ligand
binding to a single site, K; must be independent of the level of site

Table 5

Competitive binding of IGF1 and FITC-insulin to receptors on live 2H3-RBL cells.
[FITC-insulin] (nM) L2 (NM)? K (nM)® Ninax® Ny?
0.1 211481 94436 59+0.1 0.74+04
1 143.74+724 109455 9.6+£0.2 05+0.1
10 1727.6 £ N.A. 145+ NA. 10.74+0.5 1+NA.

? Iy, values were obtained by fitting Eq. (7) to binding data for IGF1 concentrations
between 10~ and 10° nM.

b Values for K; were obtained from I, using Eq. (8).

€ Npmay is the apparent number of particles detected in the absence of competing
IGF1.

4Ny is the apparent number of particles detected at saturating IGF1 concentrations.
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Fig. 6. Dissociation of insulin and IGF1 from receptors on 2H3-RBL cells. A) Dissociation
of (@] 1 nM, [O] 10 nM, or [¥] 100 nM FITC-insulin from receptors on live 2H3-RBL
cells in the absence of excess aqueous insulin. For each condition, every data point
shown is from a different cell. B) [@] Effects of excess aqueous insulin on the dissocia-
tion of FITC-insulin from live 2H3-RBL cells. The ko of FITC-insulin initially increases
with increasing insulin concentrations but then, at concentrations of insulin >10~8 nM,
decreases. C) [®] The dissociation of 10 nM IGF1 is shown. Data points represent the re-
duction in the binding of 250 nM FITC-insulin compared to cells not pre-incubated with
IGF1.

occupancy. However, the present system exhibits multiple binding af-
finities and/or negative cooperativity as ligands bind multivalently to
a mixture of IR, IGF1R and IR-IGF1R hybrids. In such a system, increas-
ing receptor occupancy reflects the involvement of progressively
lower affinity FITC-insulin binding sites. Hence the apparent dissocia-
tion constants K; of competing ligands will increase.

Like IR, IGF1R exhibits complex ligand binding kinetics [43,44], bind-
ing its cognate ligand IGF1 strongly, but also binding insulin with nM af-
finity [20]. Additionally, evidence suggests that IR-IGF1R hybrids, much
like IGF1R, bind IGF1 strongly, but can also bind insulin with nM affinity
[45-48]. We found that 67 sites um ™2 of the 124 sites um ™2 that
bind insulin with low affinity also bind IGF1 with high affinity. This

Table 6

Rate of FITC-insulin and IGF1 dissociation from receptors on 2H3-RBL cells.
Ligand Concentration (nM) Kogr (min~1) t12 (min)?
FITC-insulin 1 0.014 +£0.001 5044
FITC-insulin 10 0.017 £0.001 4144
FITC-insulin 100 0.015+0.001 4644
IGF1 10 0.013 +0.004 52416

¢ Value for t;/, determined using the approximation t/, = 0.69/Kog.

suggests that these receptors are likely not IR, but rather are either
IGF1R or IR-IGF1R hybrids. However, the total number of receptors
identified using FITC-insulin on 2H3-RBL cells was only slightly
more than half the combined number of receptors identified using
IR- and IGF1R-specific antibodies, suggesting that a substantial por-
tion of these receptors are in fact IR-IGF1R hybrids.

The current model describing the formation of IR and IGF1R
homodimers and IR-IGF1R hybrids assumes that IR and IGF1R mono-
mers randomly associate to form dimers within the endoplasmic re-
ticulum [27]. This model allows calculation of relative amounts of IR
homodimers, IR-IGFIR hybrids and IGF1IR homodimers from the
ratio of IGF1R monomers to IR monomers (Supplement 2). If the re-
sults of receptor-specific antibody experiments are used as a first ap-
proximation of the ratio of IGF1R monomers to IR monomers on these
cells, this model predicts about 30% and 20% of cell surface species are
IR and IGF1R-homodimers, respectively, while IR-IGF1R hybrids ac-
count for fully 50% of total cell surface receptors. Since receptor-
specific labeling indicated the surface density of IR monomer-
containing species is 190 um ™2, this suggests that only 57 um~? of
these species are actual IR homodimers, which is similar to the
49 um ™2 of species on these cells that bind FITC-insulin with high af-
finity. This model also predicts an IGF1R homodimer density of ap-
proximately 38 um™~2. Given the known similarity between the Kp's
of IGFIR and IR-IGF1R hybrids for IGF1, we would anticipate that
the 161 species um ~ 2 identified with IGF1R-specific antibody should
bind IGF1 with high affinity. However, we identified only 67 spe-
cies um~2 binding IGF1 with high affinity, a discrepancy which is
likely the result of our inability to observe IGF1 binding directly.
Taken together, our results are generally consistent with random as-
sociation of IR and IGF1IR monomers in the endoplasmic reticulum
and suggest that IR-IGF1R hybrids represent a major receptor species
on the surface of 2H3-RBL cells.

Supplementary materials related to this article can be foundonline
at doi:10.1016/j.bpc.2011.08.003.
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