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Abstract Gold nanoparticles of 30 nm diameter bound
to cell-surface receptor major histocompatibility com-
plex glycoproteins (MHCI and MHCII), interleukin-2
receptor o subunit (IL-2Ra), very late antigen-4 (VLA-4)
integrin, transferrin receptor, and the receptor-type
protein tyrosin phosphatase CD45 are shown by the
patch-clamp technique to selectively modulate binding
characteristics of Pi, toxin, an efficient blocker of K, 1.3
channels. After correlating the electrophysiological data
with those on the underlying receptor clusters obtained
by simultaneously conducted flow cytometric energy
transfer measurements, the modulation was proved to be
sensitive to the density and size of the receptor clusters,
and to the locations of the receptors as well. Based on
the observation that engagement of MHCII by a
monoclonal antibody down-regulates channel current
and based on the close nanometer-scale proximity of the
MHCI and MHCII glycoproteins, an analogous exper-
iment was carried out when gold nanoparticles bound to
MHCI delayed down-regulation of the K,1.3 current
initiated by ligation of MHCII. Localization of K,1.3
channels in the nanometer-scale vicinity of the MHC-
containing lipid rafts is demonstrated for the first time.
A method is proposed for detecting receptor—channel or
receptor—receptor proximity by observing nanoparticle-
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induced increase in relaxation times following concen-
tration jumps of ligands binding to channels or to
receptors capable of regulating channel currents.
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Introduction

The existence and possible biological role of the cell-
surface super-structures, mainly consisting of the major
histocompatibility complex class I and class 11 (MHCI
and MHCII) antigens, the interleukin-2 cytokine
receptor (IL-2R) complex, and the intercellular adhesion
molecule-1 (ICAM-1), have been recently described in a
series of experiments (Bene et al. 1994; Matyus et al.
1995; Sz6116si et al. 1996; Damjanovich et al. 1998, 1999;
Vereb et al. 2000, 2003; Nagy et al. 2001; Bacso et al.
2002; Matko et al. 2002). The IL-2R activates STAT3,
STATS5 and the /ck family phosphotyrosines (e.g. p56')
through the Janus kinases (Jaks) (DiSanto 1997; Nelson
and Willerford 1998) and plays an important role in the
initiation of mitogen- or antigen-induced immune re-
sponses and in the activation induced cell death (AICD)
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by activating the helper and cytotoxic T-lymphocytes in
an autocrine fashion.

Interestingly, besides their established role in antigen
presentation, MHCI and MHCII molecules have been
recently described to have an active ‘“‘non-classical”
function in transmembrane signaling: they may even
induce apoptosis or activate cells in a lineage- and dif-
ferentiation state-dependent manner (Wade et al. 1993;
Skov et al. 1997, 1998; Altomonte et al. 1999; Drénou
et al. 1999). Moreover, the same tyrosine and serine
kinases involved in the signaling of the IL-2 receptor
were shown to be also coupled to MHC-triggered
pathways as well (Wade et al. 1993; Skov et al. 1998;
Huby et al. 1999). Furthermore, nanometer- and milli-
meter-scale hetero- and homo-associations of these
molecules have been found to exhibit remarkable com-
positional similarity amongst the different cell lines
examined (Bene et al. 1994; Szo6ll6siollosi et al. 1996;
Vereb et al. 2000, 2003; Nagy et al. 2001; Bacso et al.
2002; Matk¢ et al. 2002). Ionic detergent-insoluble lipid
microdomains (DIMs, DIGs, DRMs) rich in glyco-
sphingolipid and cholesterol, also termed lipid rafts,
were demonstrated to participate in maintaining these
receptor clusters (Vereb et al. 2000, 2003; Matko et al.
2002). Localizing these protein components, lipid rafts
connect the receptors to their relevant downstream sig-
naling pathways (“focusing” or ‘‘switching” effect);
hence they also serve as a docking site for adapter and
kinase molecules (Simons and Toomre 2000). Based on
these observations, the lipid rafts, since they organize
receptor clusters of the above molecules, may be
regarded as functional units of signaling, the outcome of
which is determined by the type and surface density of
the protein components.

Besides the composition of lipid rafts, however, there
is another important physiological factor tuning the
transmembrane signaling: the membrane potential
(Tsong and Astumian 1987; Bene et al. 1997). Voltage-
and Ca’?"-dependent potassium channels are amongst
the main candidates responsible for maintaining a po-
tential window necessary for proper signaling in
T-lymphocytes (Chandy et al. 1984; Matyus et al. 1990;
Damjanovich and Pieri 1991; Damjanovich et al. 1992a,
1992b; Bacso et al. 1996; Koo et al. 1997; Jensen et al.
1999). That K™ channels may be coupled directly or
indirectly to the MHC- and IL-2R-containing lipid rafts
can be concluded from the following observations: (1)
transmembrane signaling via these receptors is accom-
panied by membrane potential changes [IL-2 cytokine
molecules and some antibodies against the MHCII are
able to depolarize the cell membrane (Pieri et al. 1992;
Bene et al. 1997)]; (2) reversible conformational changes
of MHCI molecules induced by de- and re-polarization
of the transmembrane electric field have been demon-
strated (Bacso et al. 1996; Bene et al. 1997); (3) the
tyrosine and serine kinases involved in MHC and IL-2R
signaling pathways modulate the current of K chan-
nels (Wade et al. 1993; Bowlby et al. 1997; Chung and
Schlichter 1997; Holmes et al. 1997; Martel et al. 1998);

(4) disruption of lipid rafts by cholesterol depletion and
enriching the membrane with ceramide lead to changes
in kinetic and steady-state parameters of K* channel
currents (Martens et al. 2000; Bock et al. 2003; Hajda
et al. 2003). Irrespective of the nature of the receptor—
channel interaction, i.e. whether it is mediated by
membrane potential changes or by intracellular mes-
sengers, the relative localization of channels and raft
components may be an important issue influencing the
effectiveness of the receptor—channel coupling (Haugh
and Lauffenburger 1997; Kholodenko et al. 2000;
Haugh 2002; O’Connel et al. 2004).

By a combination of immunogold labeling and the
patch-clamp technique, we studied the relative localiza-
tion of K,1.3 channels and the MHC-containing lipid
rafts in Kit-225-K6 leukemic T-cells. After labeling
various receptors of the T-cells with gold nanobeads, the
kinetics of binding of Pandinus imperator scorpion toxin
Pi, to the K,1.3 channels were determined. By corre-
lating the patch-clamp data with the morphological
parameters of the receptor clusters (sizes and densities)
determined by flow cytometric energy transfer (FCET),
transmission electron microscopy (TEM), and confocal
laser scanning microscopy (CLSM) measurements, we
were able to estimate relative proximity of the K,1.3
channels and the investigated receptors.

To demonstrate that our detecting principle works
also under other conditions, we show that nanoparticles
bound to the MHCI glycoprotein are able to delay
binding of an monoclonal antibody (mAb) to the
MHCII molecule located in a nanometer-scale vicinity
of the MHCI.

Materials and methods
Cell line

The Kit-225-K6 cell line is a human T-cell with helper
phenotype and with an IL-2 requirement for its growth
(Hori et al. 1987). Cells were cultured in RPMI-1640
medium supplemented with 10% fetal calf serum (FCS),
penicillin, and streptomycin (Vereb et al. 2000). Re-
combinant interleukin-2 (IL-2) (20 U/mL) was also ad-
ded in every 48 h. The sensitivity of potassium channel
currents to specific blockers (Pi,, TEA) implies that they
are of the K, 1.3 type in this cell line.

Electrophysiology

Whole-cell measurements were carried out using Axo-
patch-200 and Axopatch-200A amplifiers connected to
personal computers using Digidata 1200 computer
interfaces. Standard whole-cell patch-clamp techniques
and the pClamp8 software package (Axon Instruments,
Foster City, Calif., USA) were used for data acquisition
and analysis (Péter et al. 2000). Series resistance com-
pensation up to 85% was used to minimize voltage



xerrors and achieve good voltage-clamp conditions
(Verr <5 mV). Pipettes were pulled from GC 150 F-15
borosilicate glass capillaries (Clark Biomedical Instru-
ments, UK) in five stages and fire polished, resulting in
electrodes having 2-3 MQ resistance in the bath. The
bath solution was (in mM): 145 NaCl, 5 KCI, 1 MgCl,,
2.5 CaCl,, 5.5 glucose, 10 HEPES (pH 7.35). The mea-
sured osmolarity of the external solutions was between
302 and 308 mOsm. The pipette solution was (in mM):
140 KF, 11 K,EGTA, 1 CaCl,, 2 MgCl,, and 10 HEPES
(pH 7.2, 295 mOsm).

Physical parameters and application of Pi, toxin

The detailed description of the production and purifi-
cation of Pandinus imperator scorpion toxin Pi, can be
found in Péter et al. (2000). Toxin Pi, is a peptide of 38
amino acid length bearing seven positive charges, with a
molecular weight of M~4370 Dalton, an estimated
radius of r~I1.11 nm, and a diffusion constant of
D~2x10"% cm? s~ '. The kinetic constants describing the
binding reaction of Pi, to the K,1.3 channel in the bath
solution have been recently determined: ko, =2.18x10®
M~ s7h kor=6.33x10"2 57!, K4=29 pM (Péter et al.
2000).

Solutions were supplemented with 0.1 mg/mL bovine
serum albumin (BSA) to suppress non-specific binding
of the toxins to the walls of the tubes and to the Petri
dish. Bath perfusion around the measured cell with
different test solutions was achieved using a gravity-flow
perfusion setup with eight input lines and a PE10 poly-
ethylene tube output tip with flanged aperture to reduce
the turbulence of the flow. The solutions were applied in
an alternating sequence of control and test solutions,
unless stated otherwise. Excess fluid was removed con-
tinuously.

Analysis of patch-clamp data

Prior to analysis, whole-cell current traces were cor-
rected for ohmic leak and digitally filtered (using three-
point boxcar smoothing). Nonlinear least-squares fits
were done using the Levenberg-Marquardt algorithm.
Fits were evaluated visually, as well as by the residuals
and the sum of squared differences between the mea-
sured and calculated data points.

The of wash-in (t;,) and wash-out (7,,) time con-
stants for binding of Pi, to the channel were determined
by fitting the formulas I(¢)—I i, = lpexp(—1?/ti,) in the
wash-in phase and I(f)—Inin = (Imax—Imin)[1 —€xp(—1/
Touy)] In the wash-out phase to the peak currents plotted
versus the time elapsed from switching to bath solution
containing the toxin or bath solution only, respectively.
Here I(r) is the peak current at time ¢ after addition or
removal of toxin, [, is the peak current before addition
of toxin, /,;, is the unblocked peak current, and I, is
the recovered peak current after wash-out of toxin
(Goldstein and Miller 1993).
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Monoclonal antibodies and preparation of
Fab fragments

The production and specificity of monoclonal antibodies
(mAbs) applied in the experimental procedures have
been described earlier (Sz6116si et al. 1996). Briefly, mAb
MEM-75 (IgG,) specific to transferrin receptor (TrfR)
was kindly provided by Dr. Vaclav Horejsi (Institute of
Molecular Genetics, Academy of Sciences, Prague,
Czech Republic). W6/32 (IgGj.x) and L368 (IgGik)
were mAbs developed against the heavy chain of MHCI
binding to a monomorphic epitope on the a,, ¢3 domains
and the f,-microglobulin of the MHCI light chain,
respectively (Barnstable et al. 1978; Tanabe et al. 1992),
and mAb L1243 (against MHCII, DR, isotype 1gG,,k)
(Lampson and Levy 1980) were kindly provided by Dr.
Frances Brodsky (UCSF, Calif.,, USA). mAb anti-Tac
(IgG,,) against IL-2Ra was from Thomas A. Waldmann
(NIH, Bethesda, Md., USA). The mouse mAb TS2-7.11
(IgG) against the very late activation antigen-4 (VLA-4,
an ouf; integrin, CD49a) was purchased from Pierce
Biotechnology (Rockford, UK). mAb CD45.2 (IgG))
against the CD45 receptor was from Prof. S. Meuer
(Heidelberg, Germany). These mAbs were prepared
from supernatants of hybridomas and were purified by
affinity chromatography on protein A-Sepharose. Fab
fragments (Fab) of the purified antibodies were prepared
by papain digestion at an antibody/enzyme (w/w) ratio
of 100, at 37 °C for 4-12 h; for details, see Edidin and
Wei (1982) and Matko and Edidin (1997).

Fluorescent labeling of Fab fragments

Aliquots of the proteins for donor fluorescence were
labeled with  6-(fluorescein-5-carboxamido)hexanoic
acid, succinimidyl ester (xFITC), and for acceptor fluo-
rescence with 6-(tetramethylrhodamine-5-(and-6)-carb-
oxamido)hexanoic acid, succinimidyl ester (xXTRITC),
obtained from Molecular Probes (Eugene, Ore., USA).
The detailed labeling procedure was described earlier (De
Petris 1978; Spack et al. 1986; Szoll0si et al. 1989). Dye-to-
protein labeling ratios, which were separately determined
for each labeled aliquot in a spectrophotometer, varied
between 0.8 and 1.5 (Sz6l16si et al. 1989). Fluorescently
labeled antibodies retained their biological activity
according to competition with unlabeled proteins in
binding to membranes of living cells.

Sequential labeling of cells with monoclonal antibodies
and immunogold for the patch-clamp experiments

Labeling with the immunogold was carried out accord-
ing to Jenei et al. (1997) and Vereb et al. (2000). In the
first labeling step, freshly harvested cells were washed
twice in ice-cold PBS (pH 7.4). The cell pellets were
suspended in 100 uL of PBS (1x10° cellsymL) and
labeled by incubation with approximately 10 pg of



130

unlabeled whole mAbs (serving as targets for the im-
munogold beads of anti-Fc fragment specificity in a
second step of labeling) for 40 min on ice. To avoid
possible aggregation of the mAbs, they were air-fuged
(at 9x10* rpm, for 30 min) before labeling. The four
labeled cells were washed with excess cold PBS twice.
Labeling with the unstained whole mAbs was followed
by, as a second labeling step, incubation with polyclonal
secondary antibodies conjugated to gold beads of 15, 30,
or 40 nm diameter (Aurogamig series against the Fc
fragment of the unstained whole mAb; from Amersham
Pharmacia) or in control experiments with rabbit anti-
mouse 1gG (RAMIG, from Amersham Pharmacia) on
ice for 40 or 80 min.

Wash-in time measurements of the L243 mAb
with the patch-clamp

When a stable whole-cell configuration was formed,
depolarizing pulses were added to the cell at least five
times. The pulses started from a holding potential of
—120 mV and rose up to +50 mV for a time interval of
20 ms. The pulses were repeated every 15 s. After the
formation of an equilibrium of the current level, 30 uL
of L243 mAb solution (2.5 mg/mL in PBS) was pipetted
directly onto the cell. The peak current level was con-
tinuously monitored by depolarizing pulses, and a
gradual decrease was detected, which reached a lower
equilibrium in 3-6 min.

Labeling of cells for flow cytometry

Freshly harvested cells were washed twice in ice-cold
PBS (pH 7.4), the cell pellet was suspended in 100 uL of
PBS (10° cells/mL), and labeled by incubation with
~10 pg of XxFITC- and xTRITC-conjugated Fabs for
40 min on ice in the dark. The excess of Fabs was at least
30-fold above the K4 during incubation. To avoid pos-
sible aggregation of the Fab fragments, they were air-
fuged (at 110,000xg, for 30 min) before labeling. Special
care was taken to keep the cells at ice-cold temperature
before fluorescence resonance energy transfer (FRET)
measurements in order to avoid unwanted induced
aggregations of cell-surface receptors or receptor inter-
nalization. Labeled cells were washed with ice-cold PBS
and then fixed with 1% formaldehyde. Data obtained
with fixed cells did not differ significantly from those of
unfixed, viable cells.

Flow cytometric energy transfer

Energy transfer from the excited donor dye to the
acceptor labeled receptor population was determined on
a cell-by-cell basis in a modified Becton-Dickinson
FRCStar™™ flow cytometer equipped with dual laser
excitation. The FRET efficiency between the xFITC-

and xTRITC-conjugated Fab fragments bound to the
cell surface was calculated with specialized software.
Detailed methodical descriptions can be found in several
earlier publications (Tron et al. 1984, 1994; Sz6116si et al.
1989; Matko6 and Edidin 1997; Damjanovich et al. 1998,
1999). The FRET efficiency was calculated by taking
into account both the sensitized emission of the acceptor
and the quenching of the donor after the necessary
correction for the spectral spillovers. The FRET effi-
ciency has an inverse-sixth-power dependence on the
donor—acceptor separation; thus the energy transfer has
an extremely high sensitivity to changes in distance be-
tween donor—acceptor pairs in the range of 2-10 nm
(Matyus 1992). If the donor—acceptor separation dis-
tance is larger than the 10 nm effective Forster distance,
the energy transfer efficiency falls rapidly to zero; thus
we do not attribute significant proximity to the FRET
efficiency below 5%.

Determination of the surface expression level
of receptors

Constructing energy transfer pairs having sufficiently
large acceptor—donor ratios, and the interpretation of
our patch-clamp and energy transfer data, made neces-
sary the determination of the cell-surface level of the
investigated receptors. The number of binding sites on
the cell surface was determined from the mean values of
flow-cytometric fluorescence intensity histograms of cells
labeled to saturation with XFITC-conjugated Fab frag-
ments (Scatchard analysis). The mean fluorescence
intensities were converted into the number of binding
sites by calibration with fluorescent microbeads having a
known number of fluorescent dyes (Quantum-25 Flow
Cytometry Standards, San Juan, Puerto Rico). The
diameter of Kit-225-K6 cells was estimated to be
13-14 pm by calibration of the flow-cytometric forward
angle light scattering (FALS) signals with beads of
known size.

Theory of delayed toxin binding

Direct detection of channels on the cell surface is largely
hampered by the exceptionally low level of channels
(500-1000 channels per Kit-225-K6 cell, as approxi-
mated from the peak currents and the 24 pA/channel
ratio). Fluorescent monoclonals or specific blockers (e.g.
toxins), although available, can only be used with the
non-conventional and yet not widely applied single dye
fluorescence detection methods requiring highly spe-
cialized equipment and technical expertise (Schiitz et al.
2000a, 2000b). Furthermore, most of the available
monoclonal mAbs bind to the intracellular portion of
the channels, making possible only the detection with
TEM under non-physiological conditions. Additionally,
the specific signals of fluorescent toxins are generally



blurred by the large background due to the unspecific
toxin binding.

Therefore, we have sought after an alternative tech-
nique for detecting signals specific to the channels, and
for revealing possible correlations between the locations
of channels and receptors. In our approach we combine
the specific immunogold labeling of cell-surface recep-
tors with the high sensitivity of the patch-clamp tech-
nique. Our main assumptions are the following: (1) toxin
binding to channels can be modulated by gold nanobe-
ads attached to receptors in close proximity (Fig. 1A);
(2) the modulation can be detected by monitoring the
relaxation times of toxin binding kinetics (wash-in and

anti-MHCII/{
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Fig. 1 A Schematic drawing illustrating the principle of determi-
nation of proximity between ion channels and cell-surface receptors
by the patch-clamp technique. Gold nanoparticles of 30 nm
diameter bound to the cell-surface receptors, here MHCI, may
influence the binding properties of Pi, toxin. The modulation of
toxin binding properties depend on the size of ligand and
nanoparticle, intermolecular distance, and receptor density, as well
as the receptor—channel proximity. Because of the 2D nature of the
receptor clusters, the lateral component of toxin transport is more
severely hindered than the perpendicular one (length of an Fab or
Fc fragment is ~6.5 nm; the length of the portion of MHCI or
MHCII protruding from the membrane plane is ~10 nm).
B Illustration of the principle of detection of proximity between
two cell-surface receptors (here MHCI and MHCII), one of which
(MHCII) when liganded is capable of modulating channel current
via some signaling mechanism by retarding ligand (L243 mAb)
binding to the ‘‘electrically active” receptor (MHCII) by a
nanoparticle bound to another receptor (MHCI) in close proximity
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wash-out times) following concentration jumps of toxin
(Bernasconi 1976; Hille 1992; Goldstein and Miller 1993;
Péter et al. 2000).

The feasibility of our approach had been expected to
be guaranteed by the large degree of homo-associations
of some of the investigated receptors observed earlier
with TEM, CLSM, and near-field scanning optical
microscopy (NSOM) (Vereb et al. 2000; Nagy et al.
2001), which suggests the possibility for the creation of
extended two-dimensional (2D) gold islands having the
potential for modifying ligand binding to cell-surface
targets, either by directly blocking the toxin binding sites
or by modifying the diffusion rate of the toxin. We have
chosen Pandinus imperator scorpion toxin Pi, as a
channel blocker due to its well-described binding char-
acteristics, large affinity and specificity for K,1.3 chan-
nels (Gaspar et al. 1995; Péter et al. 1998, 2000, 2001),
and due to its relatively large size. Additionally, the
antibody coating of the applied gold nanobeads implies
the possibility for the formation of a 2D mesh-like
structure which is effective in hindering ligand transport,
the covering mAbs filling more-or-less the interparticle
spaces in the gold islands (Jiirgens et al. 1999). Quanti-
tatively, the toxin—channel binding reaction can be
treated as one having a 1:1 stoichiometry, described by
the kop (M_1 s~ 1) second-order association rate constant
and the ko (s') first-order dissociation rate constant in
the following way (Goldstein and Miller 1993):

Channel + Toxin = Channel:Toxin (1)

According to this scheme, the time constant for
relaxation to equilibrium blockade, t;, (wash-in time
constant), in the absence of gold labels is described by:

(2)

where ¢ designates the toxin concentration. In the
presence of gold labels, the effect of the gold can be
taken into account by the introduction of an # (< 1)
factor (which can be termed as “‘access probability” or
“shielding efficiency”’) in the following way:

1/Tin = kofr + konc

3)

where 1’;, designates the increased relaxation time. We
assume that the time constant for relaxation to un-
blocked current levels following toxin removal (or wash-
out time constant), 7,y i not significantly affected by
the gold labeling (which is justified by our experiments),
i.e. the following relationship is valid:

1/T;n = Koff + konnc

(4)

Concerning the fraction of unblocked (or remaining)
current at equilibrium in the absence of gold, it is related
to the rate constants in the following way:

Su = kotr/ (kofr + konc) (5)

with a similar equation when gold is present, by using
the n factor:

1/‘E/oul ~ 1/‘Cout = kotr
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fli = off/(koff + kon’/lc) (6)

Dividing Eq. (2) by Eq. (3) and Eq. (6) by Eq. (5), we
can see that the wash-in time enhancement (t’;,/7;,) just
corresponds to the enhancement of the unblocked cur-
rent fraction (f'/f.):

T/ Tin = fu/fo = (Ka + ¢)/(Ka + nc)
Here we applied the definition of Ky of the toxin:
Kd - koff/kon

(7)

(&)

Using Eq. (7), both the wash-in time enhancement
and the unblocked current fraction can be used for the
determination of the 5 value, representing the degree of
proximity of channels and gold islands, if the Ky of toxin
binding and the ¢ toxin concentration are known.
However, if we examine Eq. (7) we can recognize that
the accuracy of the determination of the # value is larger
at larger ¢ concentrations. At concentrations ¢> > Ky,
we obtain from Eq. (7) as the limiting case:

©)

which is the largest possible value of t’i,/t;, at a fixed
value of 7. In our experiments, 2.5 nM (86xKy) for ¢ was
used, implying the validity Eq. (9). Because at high
concentrations the remaining (unblocked) current
determination can be done with a large error, in these
cases the determination of the t’;,/7;, ratio is preferred to
fu/fu. Alternatively, the ‘“‘apparent” association rate
constant &'y, =nk,, and the unperturbed rate constant
kon can be expressed from Egs. (2) and (3), and by
taking into account Eq. (4) the relative change in k,, can
be formed:

Akon /kon =1 — 1

T{n/rin ~ 1/’7

(10)

The measured t;, values are listed in Table 1, the
energy transfer efficiency values are given in Table 2,
and the deduced relative changes in k,, are listed in
Table 3, respectively. A more detailed phenomenologi-
cal interpretation of the # shielding efficiency in terms of
toxin transport and the density of the receptor clusters is
given in the Appendix.

Results

Wash-in time constant of Pi, toxin binding is differently
increased by gold labeling

In the kinetic measurements of toxin binding, four types
of samples were studied: (1) unlabeled, control cells; (2)
cells incubated with only immunogold to reveal possible
effects of nanoparticles (unspecific binding); (3) cells
labeled with only the primary antibody against the
receptor to reveal possible shielding effects of the antibody
layer itself; and finally (4) cells simultaneously labeled
with primary antibody and immunogold or with a poly-
clonal secondary antibody RAMIG as a control to

exclude possible effects of the secondary mAbs covering
the gold. The measured relaxation times t;, and 7,y
following jumps of toxin concentration and the deduced
binding rates (“‘apparent’ on-rate, k,,, and off-rate, k)
are listed in Table 1. Inspecting Fig. 2B-D, significant
changes in wash-in time constants can only be seen for
some of the “‘sandwich” samples, i.e. in those cases when
the cells were labeled with each of the W6/32, 1L.243, and
anti-Tac mAbs and immunogold (52%, 39%, and 26%
increments, respectively; ¢-test values P <1%). Labeling
only with primary mAbs caused only slight, statistically
not significant (< 10%), increases in wash-in time con-
stants in all cases. Wash-out times 7, also show no sig-
nificant differences; the largest difference of ~21%
(P <25%)was observed in the case of immunogold bound
to the anti-Tac mAb (Fig. 2D). Wash-in time increment in
the presence of gold suggests that gold labeling may exert
either a very short-range effect by directly modifying the
value of k,,,, or as a larger range effect it may cause a local
depletion of the effective surface concentration of toxin.
Because these effects cannot be distinguished in these
experiments, and nor can their relative magnitude be
determined, we combined all the possible effects of gold in
the value of k,,, termed by us the “apparent’ rate con-
stant. Marked reductions, 40% and 23%, in k,, were
calculated for the MHC molecules and the IL-2Ra sub-
unit, respectively. While a modest (~14%) reduction was
observed for the VLA-4 integrin, no effect was observed in
the case of TrfR and CD45 (~2%) (Table 3).

To exclude the possibility for the gold nanobeads to
crosslink cell-surface receptors and to induce or alter the
degree of the higher order (sub-micrometer scale) clus-
tering, cell samples were incubated with RAMIG as a
secondary mAb for 40 or 80 min in the second labeling
step. The relaxation times were not affected (z-test value
P <20%), indicating that gold labeling does not change
the morphology of the receptor clusters and the ob-
served effects are caused by the large volumes of the gold
beads (Table 1, part C). Concerning aspecific binding of
the gold nanobeads, we carried out experiments with the
gold beads when the primary mAbs were omitted.
Changes in relaxation times due to non-specific binding
of gold were also negligible (s-test value P <30%)
(Table 1, part C; Fig. 2A).

To compare the hindering effect of nanobeads of
different size, the relative changes in k,, obtained with
gold beads bound to the L243 mAb are listed in Table 5.
Although the values show some correlation with the
gold size, no significant difference was observed between
them (P <20%).

Regarding the [, starting current (measured before
addition of toxin), the [I.;, unblocked or remaining
current, and the I,,, recovery current, no significant
changes were induced by the immunogold. However,
when /; values are examined upon binding of antibodies,
we notice that the current values are substantially down-
regulated in the presence of the L243 anti-MHCII mAb
(by ~53+£15%; Figs. 3 and 5) and the anti-Tac anti-IL-
2Ro mAb (by ~48 £24%, not shown).
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Table 2 Energy transfer efficiency values measured between MHCI, MHCII, VLA-4 integrin, transferrin receptor, and the receptor-type

tyrosine phosphatase CD45

Donor (xFITC-labeled)

Acceptor (XTRITC-labeled)

E+SEM (%)

mAb Antigen mAb Antigen
(A) L368 MHCI f>,-microglobulin 30.9+3.8*
W6/32 MHCI heavy chain W6/32 MHCI, heavy chain 204+1.8
B) L243 MHCII, DR« W6/32 MHCI, heavy chain 20.6+1.5
L1243 MHCII, DR« 123+1.6
©) anti-Tac IL-2R« W6/32 MHCI, heavy chain 14.8+0.6
anti-Tac IL-2R« anti-Tac IL-2R« 7.3+0.8
(D) TS2-7.11 VLA-4, 04f, integrin L368 MHCI, f,-microglobulin 13.7+£3.6
W6/32 MHCI, heavy chain 159+1.0
L243 MHCII, DR « 17.6+2.5
TS2-7.11 VLA-4, o4f3; integrin 10.6£1.0
(E) TS2-7.11 VLA-4, o4f, integrin MEM-75 TrfR 4.7+2.2
MEM-75 TrfR L368 MHCI, f,-microglobulin 3.5+£2.0
MEM-75 TrfR MEM-75 TrfR 143+1.0
(F) CD45.2 CD45 L368 MHCI, f,-microglobulin 2.2+2.0
W6/32 MHCI, heavy chain 40+1.8
CD45.2 CD45 12.1£3.0

“The values represent averages of five independent measurements of transfer efficiency (E) together with their standard error of mean

(SEM)

FCET measurements report on nanometer-scale
associations

In the hindrance of toxin binding by the gold particles,
as well as the characteristics of the gold conjugate, the
morphology (size and density) of the nanoparticle-car-
rying receptor clusters is expected to play an important
role. We have therefore conducted FRET measurements
aimed at the determination of the degree of homo- and
hetero-clustering of the receptors used in the patch-
clamp experiments. Based on the FRET efficiencies and
the expression levels of receptors, inter-receptor sepa-
rations, the number of bound gold particles, and the
average number of clusters for the different receptors
could be estimated and correlated with the measured
changes in toxin association rate (Table 3).

FRET efficiency measured between donor- and
acceptor-labeled mAbs bound to the same type of
receptor indicate the degree of homo-association.
Inspecting the data in Table 2, the strongest homo-
association is shown by the MHCI antigen (20%
FRET); medium ones by the MHCII glycoprotein,
VLA-4 integrin, and CD45 phosphatase (11-12%); and
the weakest one by the IL-2Ro subunit (7%) (Fig. 4A,
B). The largest 31% FRET efficiency measured between
the f,-microglobulin and heavy-chain subunits of the
MHCI is mainly of intramolecular origin and serves as a
positive control for the FRET measurements (Fig. 4A).
The different degree of hetero-association of the recep-
tors indicates their heterogeneity in raft distribution, i.e.
their tendency to belong to the same signaling platform.
FRET efficiency measured between mAbs bound to
receptors of different type reports on the degree of het-
ero-association. The large ~21% FRET efficiency mea-
sured between mAbs on MHCI and MHCII indicates a
strong molecular level co-clustering of these receptors

(Table 2, part B; Fig. 4B). Although to a somewhat
smaller degree, a significant co-clustering is indicated by
the ~15% FRET efficiency obtained between IL-2Ra
and MHCI (Table 2, part C; Fig. 4C).

The biological role of adhesion receptors in the for-
mation of the immune synapses (places of interaction of
MHCI and T-cell receptor on two opposing cell surfaces
in contact) suggests that VLA-4 integrins localize in the
MHC-containing lipid rafts. The large 14-18% FRET
efficiencies measured between VLA-4 and MHCI or
MHCII demonstrate a close proximity of the VLA-4 to
components of the MHC rafts (Table 2, part D;
Fig. 4D).

Concerning raft localization of TrfR and CD45, no
FRET (2-4%) was measured between each of these
receptors and MHCI (Table 2, parts E, F; Fig. 4C, D).
The lack of FRET in these cases implies that TrfR and
CD45 receptors locate in cell-surface compartments
different from the MHC raft. This is further supported
by the lack of FRET observed between the cholera toxin
B subunit (specifically labeling the MHC-containing
GM, lipid rafts) and CD45 or TrfR (data not shown).
Additionally, the lack of FRET observed between TrfR
and CD45 implies that CD45 is excluded not only from
the MHC rafts but also from the coated pits (data not
shown).

Immunogold on the MHCI changes the kinetics
of binding of L243 mAb to the MHCII

Based on the aforementioned nanometer-level close
proximity of the MHCI and MHCII antigens and the
observed down-regulation exerted by L243 mAb on
the K™ channel currents, we examined the kinetics of
the L243 mAb binding to the MHCII glycoprotein in the
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Table 3 Surface expression level, intermolecular separation, and average cluster size for receptors and 30-nm gold nanoparticle induced

relative change in k,, of Pi, toxin binding

mAb Epitope Relative Significance Receptor Intermolecular Number of Average Number
change in kq, value of t-test expression separation bound gold-30 cluster size  of clusters
level by FRET by CLSM
Akon/kon (OA]) P< (0/0) B (%) d (nm) Ngold-S() (XIO—;) Rcluster (nm) Ncluster
(A) Raft receptors
W6/32  MHCI, o, —427+98(5° 1° 100.0+13.3° 7.0+0.1¢ 38.945.2° 700 + 93" 31.849.5¢
L1243 MHCII, DRa  —40.0£10.3(5) 1 76.6+8.6 7.8+0.2 37.1+4.6 680+ 136 32.1+134
anti-Tac  IL-2Ra —21.5+£7.0(8) 2.5 342+8.3 8.6+0.2 20.0+4.9 600 +46 22.4+6.4
TS2-7.11 VLA-4 —142 £ 8.1(7) 10 <4.0 8.1+£0.2 <2.1 - -
(B) Non-raft receptors
MEM-75 TrfR —1.1+£7.2(8) 45 153+1.5 7.5£0.1 6.8+£0.7 200+ 33 68.5+23.7
CD45.2 CD45 —2.0+£6.7(8) 40 28.7+5.0 7.8+0.3 13.9+2.6 - -

“Data represent averages and their standard error of mean (SEM)
values for independent measurements, the number of which is
indicated in parentheses. These values were calculated by using the
kinetic data in Table 1. The k,, values measured in the presence of
both mADb and gold-30 were compared with those measured in the
presence of only the primary mAb. The P values of significance
(probability of observing a given value or larger) for a one-sided ¢-
test carried out between relative changes in k., for the same
receptor pairs are the following: MHCI-TrfR, P <0.5%; IL-2Ro—
TrfR, P<5%; VLA-4-TrfR,P<15%; MHCI-IL-2Ra, P <5%;
VLA-4-1L-2Ra, P<30%; and MHCI-VLA-4,P <2.5%

"The maximum P values of significance of the #-test were computed
based on the means and errors listed in Table 1

“Expression levels of receptors were determined by flow cytometric
fluorescence intensity measurements of cells labeled by fluores-
cently tagged antibodies; 100% means (1.0-1.5)x10° binding sites.
The difference in the expression levels for the MHCI-MHCII and
the IL-2Re—CD45 pairs are not significant;z-test values: P <10%
and 30%, respectively (number of measurements, n=15)
YIntermolecular separations were determined from the energy
transfer efficiency data listed in Table 3 using the Forster formula,
d= Ry(1/E—1), with Ry=5.6 nm, a characteristic Forster distance
for the XFITCTRITC donor—acceptor dye pair (Van Der Meer
et al. 1994). Error values for the distance were determined from the
corresponding errors in FRET values, by application of the
Gaussian propagation law of error on the Forster formula (number
of measurements, n=15)

presence and absence of 30-nm gold bound to the MHCI
molecule via the W6/32 mAb (Fig. 1B). This experiment
is an extension of that carried out with the Pi, toxin; it
demonstrates that proximity between an ‘“‘electrically
active” (MHCII) and “‘silent” (MHCI) receptor can be
monitored on the nanometer scale by the patch-clamp
technique using our “delayed binding” principle. Wash-
in times (7t;,) and unblocked current fractions (I,,;n//o) in
the presence and absence of gold are presented in
Table 4. From the data in part B we can learn that gold
labeling of MHCI causes a ~2.3-fold wash-in time in-
crease of L243 mAD binding (z-test value P <2.5%). The
concomitant 30% enhancement in unblocked current
fraction is not significant statistically (P <20%). In this
case, channel gating might be modulated by intracellular
messengers and the effect induced by the L243 mAb
cannot be reversed on the time scale of the experiment;
consequently the wash-out time constant (7,,) and the
association rate constant k,, (depending on 7,,) cannot
be determined.

Figure 5 shows the wash-in phases of the L243 mAb
binding kinetics: without gold and W6/32 mAb

°An upper limit for the number of bound gold-30 particles was
calculated as Nyoi4-30 = B(d/a)*/n, with the absolute copy number of
receptor B=(% expression level)x10°, inter-receptor distance d,
and the effective radius of the secondary antibody coated gold-
30~15 nm+5 nm=20 nm. In this calculation the receptors are
assumed to constitute a single continuous receptor island which is
covered by the gold beads at zero distance of closest approach. The
real values of the bound gold beads can be smaller due to losses
during sample preparation. The differences for the MHC-IL-2Ra
pairs are significant (P <2.5%); those for the MHCI-MHCII and
the IL-2Rx—CD45 pairs are not significant (P <45% and 20%,
respectively)

fAverage cluster radii of the indicated receptors are taken from
Vereb et al. (2000). The radii for the MHC and IL-2Ra molecules
are not different significantly, in good accordance with the fact that
they belong to the same type of lipid raft

ENumber of clusters of each indicated size was approximated as
Netuster = B(d/ Repusier)*/, with the absolute copy number of receptor
Beluster = (%o expression level)><10(’, inter-receptor distance d, and
the average cluster size Rgjusier- In deducing this formula, the area
covered by the receptors is divided by the area of a receptor cluster
of radius R. Error values were determined by application of the
Gaussian propagation law of error. The ¢-test values for the MHC—
IL-2Ro and MHC-TrfR pairs: P<25% and P < 15%, respectively

(Fig. 5A), with W6/32 mAb and without gold (Fig. 5B),
and with gold bound to W6/32 mAb (Fig. 5C).
According to Table 4 (parts A and B) and Fig. 5B,
binding of W6/32 mAb alone can cause only a negligibly
small enhancement in the wash-in time constant and
unblocked current fraction.

In view of the fact that CD45 phosphatase is located
outside of the MHC rafts, as a negative control we at-
tached the gold to the CD45 via the CD45.2 mAb, and
examined the degree of modulation of the kinetics of
binding of the L.243 mAb to the MHCII; no significant
changes were observed (Table 4, part C).

Discussion

Correlation between the retardation of toxin binding
and the density and raft localization of receptors

The effect of gold nanobeads can be explained by the
combined evaluation of the present FRET data and the
CLSM, as well as TEM results obtained earlier on
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Fig. 2A-F Representative wash-in and wash-out kinetic relaxation
curves of binding of Pi, toxin to K,1.3 channels in the absence
(empty circles) and in the presence of immunogold nanoparticles
(solid circles). A Unlabeled control cells. B-F Cells labeled by the
indicated primary mAbs (W6/32 anti-MHCI heavy chain, L1243
anti-MHCII DRo, anti-Tac anti-IL-2Re«, TS2-7.11 anti-VLA-4,
CD45.2 anti-CD45) prior to addition of goat-anti-mouse-IgG
(GAMIG) conjugated immunogold of 30 nm diameter. Cells in
whole cell configuration were depolarized from a holding potential
of —120 mV to +50 mV every 15 s. The peak currents /(¢) were
normalized to the difference in equilibrium levels of peak currents
before and after blocking with toxin, Iy and I, respectively.
These values are plotted as a function of time

Kit-225-K6 cells (Vereb et al. 2000; Nagy et al. 2001).
We have summarized in Table 3 the relative changes in
kon geometrical parameters of the clusters, such as the
inter-receptor distances and average cluster radii, the
number of bound gold beads, and the number of clus-
ters. Data in Table 3 suggest that not only the cluster
morphology but also the raft localization of the recep-
tors should play a role in the hindering effect.

The largest modulation of —40% was obtained with
the two major raft proteins MHCI and MHCII, in a
good correlation with the fact that they form the most
extended and dense clusters (Table 3, part A). Earlier
CLSM and TEM analyses revealed that both MHCI and
MHCII form clusters of ~700 nm average diameter. The
TEM images show that smaller scale inhomogeneities,
“quasi confluent” gold islets comprised of ~20 gold
beads with inter-particle spacings of just a few nanom-
eters, occur with high frequency (fig. 7 in Vereb et al.
2000 and fig. 6 in Nagy et al. 2001). The small, 7-8 nm
inter-receptor distance of the MHC proteins, calculated
from the 12-20% FRET efficiency (Table 2, part A),
also can give rise to cluster fluctuations of this kind.
Clearly, the gaps between the adjacent nanobeads in
these gold islets are small enough to effectively hinder
the surface diffusion of toxins prior to reaching their
destinations. Additionally, in the case of the close

proximity ( < 10 nm) of gold particles and channels, even
direct modulation of k,, can also be expected.

A modest, —22%, effect was observed with the IL-
2R subunit (Table 3, part A). Although IL-2R« forms
clusters similar in size to those of the MHCs, their
density is significantly smaller due to the smaller recep-
tor expression level and the larger inter-receptor distance
(8.6 nm and 7-7.8 nm for the IL-2Ro and the MHCs,
respectively; see also figs. 1, 5, and 7 in Vereb et al. 2000;
fig. 6 in Nagy et al. 2001). The fact that, similarly to the
MHC case, gold on the IL-2Ra can influence toxin
binding is reasonable, because IL-2Ra localizes in the
MHC rafts (Table 2, part C).

In view of the close proximity of VLA-4 integrin to
K,1.3 channels reported earlier on other cell types and
its role in the formation of the immune synapse, we in-
volved this receptor in our investigations (Levite et al.
2000; Levite 2001). Based on the close proximity be-
tween the VLA-4 integrin and the MHCs (Table 2, part
D), we would expect that gold on VLA-4 may also
modify the binding kinetics of the toxin. The insignifi-
cant modulation seems to be due to the very low
receptor expression level and the small cluster size rather
than to a direct steric modulation of k., by the gold on
the VLA-4 adjacent to the K,1.3 channel (Table 3, part
A). Although a modest FRET was observed between
VLA-4 integrins, their very low expression level makes
possible the formation of at most dimers, not effective in
hindering toxin binding. Although both TrfR and CD45
are homo-associated (7.5-7.8 nm inter-receptor dis-
tance), no hindering effect was observed in these cases
(Table 3, part B). For the TrfR, the lack of effect can
equally be attributed to the very low expression level, to
the highly fragmented clustering, and to the fact that it is
located in membrane compartments (clathrin-coated
pits) different from the MHC rafts (Matyus et al. 1995).
The different localization of TrfR on these cells is jus-
tified by the small FRET between TrfR and MHCI or
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Fig. 3 Representative current-time traces measured during the
wash-in and wash-out phases of Pi, toxin concentration relaxation
experiments on unlabeled control cells (A, B) and on cells labeled
with GAMIG-conjugated immunogold of 30 nm diameter tethered
to the MHCII glycoprotein via the L.243 primary mAb (C, D). The
large reduction in starting current (ca. 5 nA vs. 3 nA) can be
attributed the receptor modulation of the channel by the liganded
MHCII receptor (see also Results). Cells in the whole cell
configuration were depolarized from a holding potential of
—120 mV to +50 mV every 15 s. Perfusion with control extracel-
lular normal Ringer (NR) solution was applied until the current
amplitude stabilized. Protocols in A and C: recording on cells in the
absence or presence of gold, the perfusion was switched to NR
solution containing 2.5 nM Pi, toxin at the end of the first trace
shown. Repetitively obtained current traces are presented until the
equilibrium block by the toxin was reached. B and D: on the same
cells, being in equilibrium block described in A and C, perfusion
was switched back to control NR solution. All current records were
leak-subtracted. Sampling rate was 20 kHz and a 2 kHz low-pass
filter was applied

VLA-4 (Table 2, part E), as well as by earlier CLSM and
TEM observations (Vereb et al. 2000).

Based on the nearly equal receptor expression levels
and the same degree of homo-clustering of CD45 and
IL-2Ra, the different effects observed with these recep-
tors can equivocally be attributed to their different raft
localizations. This observation shows clearly that our
hindered binding approach can be used for monitoring
the proximity. Concerning biological function, the dif-
ferent raft localization of CD45, which has been dem-
onstrated by several other groups in both T- and B-cells
(Cheng et al. 1999; Janes et al. 1999; Su et al. 2001;
Giurisato et al. 2003), can be attributed to the role of
this receptor in the negative feedback control of the
transmembrane signaling processes triggered by the
phospho-kinases. In view of the obtained hindering ef-
fects, we postulate for the first time that K,1.3 channels
are located in the MHC-containing lipid rafts or close to
them, at most at a distance comparable to the effective
particle size (3040 nm, the sum of the gold diameter

and the size of the tethering mAb) (Murphy et al. 1988;
Jiirgens et al. 1999).

The hindering effect weakly depends on the gold size

The insignificant differences obtained between the
delaying effects of nanobeads of different size (Table 5)
can be explained by a combination of two opposing ef-
fects: (1) with increasing size, the number of bound gold
beads is smaller due to steric hindrance during binding;
(2) the increased size represents an enhanced sphere of
action of the nanobeads, i.e. larger obstacles for the
toxins. From the weak linear correlation between the
observed changes and the gold size, we can conclude that
the second effect is the dominating one. The weak in-
crease in the net effect can be explained by the fact that,
although increasing the bead size leads to a reduction in
density, with the larger gold beads, besides the hindering
of 2D diffusion, even hindering of 3D diffusion begins to
play a larger role.

K,1.3 is located in the vicinity of the MHC-containing
lipid rafts

The lack of modulation of wash-in time in the case of
nanobeads attached to CD45 or TrfR as negative con-
trols lends support to the conclusion that wash-in time
enhancements of the MHC and IL-2Ra molecules
should reflect not only the cluster morphology but also
the proximal locations of the K,1.3 channels to the gold
islands created on these receptors. We can conclude that
K, 1.3 channels localize either inside or in the nanome-
ter-scale (3040 nm) proximity of the MHC rafts. The
possibility of molecular scale proximity between the
K, 1.3 channels and the MHC rafts is further supported
by the following observations: (1) the down regulation
of K, 1.3 current by antibody engagement of the MHCII
and IL-2R« (Bene et al. 1997); (2) modulation of kinetic
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parameters of K,1.3 channels induced by changing
membrane cholesterol or ceramide level in T-cells (Bock
et al. 2003; Hajdu et al. 2003); and (3) co-localization of
VLA-4 and K, 1.3 channels on T-cells (Levite et al. 2000;
Levite 2001).

Although the mechanism behind the depolarizing
effect induced by antibody engagement of the MHCII or
IL-2Ra is not yet clear, nanometer-scale proximity of
potassium channels and these receptors would amplify
signaling independently, whether this effect is evoked
directly (via steric interaction of the binding mAb and
channel) or indirectly (via downstream signaling path-
ways).

Detection of receptor proximity by delaying receptor
modulation of ionic channels

Our principle of probing proximity by the detection of
binding kinetics with the patch-clamp technique can be
extended to any pair of receptors, one of which is
capable of channel regulation. Our major assumption is
that binding of a ligand to an “electrically active”
receptor can be delayed by binding nanoparticles of
sufficient size to another receptor in close proximity. The
hindrance in binding of a ligand to the ‘“‘electrically ac-

Fig. 4 Flow cytometric energy transfer (FCET) efficiency histo-
grams collected on 10* cells. FRET efficiency was measured by the
FCET method between donor- and acceptor-conjugated Fab
fragments bound to the indicated cell surface receptors on a
cell-by-cell basis. Used Fabs: L368, anti-MHCI light chain
(Bo-microglobulin); W6/32, anti-MHCI heavy chain; 1243,
anti-MHCII DRea; anti-Tac, anti-IL2Ro; TS2-7.11, anti-VLA- 4;
CDA45.2, anti-CD45. Designations: D, donor (xFITC); A, acceptor
(XTRITC); fr-m, f>-microglobulin; MHCI he, MHCI heavy chain.
The high intramolecular FRET efficiency (30%) measured between
the f,-microglobulin and MHCI heavy chain serves as a positive
control for close proximity. Note that the widths of the frequency
distributions are inversely proportional to the expression levels of
receptors labeled by the donor-conjugated Fabs. The mean values
of similar histograms were averaged over the independent
measurements and tabulated in Table 2

tive” receptor should lead to a measurable change in the
time course (rate constants or plateau values of current)
of channel regulation. Special hormone-receptor sys-
tems, e.g. TSH (Kiss et al. 1997) and IL-2 (Bacso6 et al.
1996), and some antibody—antigen systems capable of
modifying the membrane potential, are amongst the
possible candidates for this kind of experiment. Studying
the co-localization of receptors with the high-sensitivity
patch-clamp technique may be especially advantageous
when, for example, the “electrically active” receptors are
expressed at a very low level, the detection of which is
hardly accessible by conventional fluorescence tech-
niques, or when the immunofluorescent labeling tech-
niques cannot be applied for some reason (e.g. lack of
mADb). In our channel blocking experiments, we ob-
served significant reduction in the channel current (the
mechanism of which is currently under investigation)
upon binding of L.243 and anti-Tac whole mAbs to the
MHCI and IL-2Ra molecules (~53% and ~48% de-
crease, respectively). Earlier we have reported on depo-
larization of the membrane potential upon antibody
engagement of MHCII on JY B-lymphoblast cells (Bene
et al. 1997) and upon IL-2 engagement of the IL-2
receptor on HUT-102B2 T-lymphoblast cells (Pieri et al.
1992). These observations parallel well with the finding
that both receptors are clements of the same trans-
membrane signaling platform, termed by us MHC rafts
on these cell lines (Bene et al. 1994, Matko et al. 2002).
In view of the high proximity of MHCI and MHCII,
their highly overlapping large-scale molecular clusters
(Vereb et al. 2000), and the aforementioned channel
regulating capability of MHCII, we applied our detect-
ing principle to the MHCI-MHCII receptor pair. The
immunogold bound to the MHCI via the W6/32 mAb
significantly enhanced the wash-in time of the 1243
mAb during binding to the MHCII and only to a small
extent the remaining (unblocked) current fraction.
Concerning the reason for the wash-in time enhance-
ment, hindrance of surface diffusion of L243 prior to
binding to MHCII and direct shielding of the L243-
binding epitope by the gold can equally play a role.

LA B -
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Table 4 Nanoparticle-assisted hindrance in L243 mAb-induced
modulation of K, 1.3 potassium channel currents on the surface of
Kit-225-K6 T-cells. Measured wash-in time constants and
remaining current fractions

Sample Tin” (5) Tnin/ 10" (%)
(A) Control

Unlabeled cells 8.3+2.8% 34.4+10.1*
(B) Raft receptor

W6/32-labeled 11.3+4.2 35.7+8.1
W6/32- and gold-30-labeled 37.4+9.5 45.8+6.7
(C) Non-raft receptor

CD45.2-labeled 10.7+£3.2 31.1+6.3
CD45.2- and gold-30-labeled 11.9+8.6 35.6+4.9

4The data represent averages and their standard error of mean
(SEM) values for four independent measurements. The P values of
significance of r-test carried out between: (1) t;, values for the W6/
32-(W6/32+gold-30) pair: P<2.5%; (2) 1, values for the
(CD45.2 + gold-30)-(W6/32 + gold-30) pair: P<5%; and (3) Iin/lo
values for the W6/32—-(W6/32 + gold-30) pair: P<20%

®Wash-in time constant and the unblocked current fraction in the
presence of 1243 mAb,t;, and I,;,/ 1o, respectively, were determined
from the respective kinetic curves, some examples of which are
shown in Fig. 5

Besides demonstrating the feasibility of our principle
of detecting proximity by the delaying of ligand binding,
this experiment also serves as a positive control for the
toxin-binding experiments by presenting a case when the
hindering nanoparticle and the binding site for the hin-
dered ligand are located at a well-determined small dis-
tance from each other. By taking into account that Pi,
toxin and L243 mAb have similar sizes, diffusion and
binding properties [rpj; = 1.11 nm, Dp;, = 1x10 % cm? s7!
(Tokita et al. 1996), Kgp2=29 pM, konpin=
4.6x107"% cm? s™' (Péter et al. 2001); riou3=23.6 nm,
Di543=0.7x10"cm®s™',  Kypoa3=10M, Konsi2a3=
0.5x107"% cm? s™'], we expect the hindering principle to
operate also when gold and potassium channels are in
nanometer-scale proximity. This expectation is further
supported by the fact that association reactions of both
ligands are similarly reaction limited, which is indicated
by their small Damkd&hler numbers (D, < <0.1). The D,
Damkoéhler number, which indicates the relative contri-
bution of chemical binding and diffusion in the associa-
tion reaction, is defined by D, = k,,/(4nDac.), where kg,

Table 5 Gold size dependence of the hindering effect
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Fig. 5 Representative relaxation curves showing the effect of gold-
labeling of MHCI on the indirect blocking of K,1.3 channels
induced by L243 mAb engagement of the MHCII glycoprotein.
The wash-in time parameter is significantly enhanced in the
presence of immunogold. Because, in this case, the channel current
is supposed to be blocked by intracellular signaling pathways, this
effect is not reversible on the time scale of the measurement (as
opposed to the reversible direct blocking effect of Pi, toxin). As a
consequence, the wash-out phases are missing. The lines labeled by
solid circles are the experimental curves; those without label are
fitting exponential curves of the type I(t)—Inin = (lo—Imin)exp(—1/
T;n), from which the wash-in time constant 7 can be determined. The
peak currents /(¢) were normalized to the difference in equilibrium
levels of the peak currents before and after blocking with 1243
mAb, I and I,;,, respectively

1s the association rate constant, D is the 3D diffusion
constant, and a.;~7 pm is the cell radius (Haugh and
Lauffenburger 1997). Although the mechanism of cur-

mAb Epitope Type of Effective Relative Number of
immunogold diameter (nm) change in kg, bound gold beads,
Akon/kon (%) Ngold (X103)
L243 MHCII, DR« Gold-15 25% —35.74+10.2 949+11.7
Gold-30 40 —40.0+10.3 37.1+4.6
Gold-40 50 —54.5+11.6 23.7+2.9

“The width of the coating secondary antibody layer (~5 nm)
should be added to the radius of the gold beads

*Data represent averages and their standard error of mean (SEM)
values for five independent measurements. These values were cal-
culated similarly to those in Table 3. The k,, values measured in
the presence of both L243 mAb and gold were compared with that

measured in the presence of only the L243 mAb. The P values of
significance in the r-test carried out between relative changes in ky:
(1) for the (gold-40)—(gold-30) pair: P <20%:; (2) for the (gold-40)—
(gold-15) pair: P<15%

“Upper limit for the number of bound gold particles was computed
according to footnote e of Table 3
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rent modulation by the anti-Tac and L243 mAbs is under
investigation, the fact that antibody engagement of
IL-2Ro and MHCII changes the channel current in the
same direction well parallels the observation that both
receptors are components of the same signaling unit, i.e.
of the same MHC raft (Fig. 6). The insensitivity of the
I i, unblocked current to the changing “apparent” k,
(Eq. 7) can be attributed to the large applied toxin con-
centration. Because changes in wash-in time are larger
for large toxin concentrations (see “Theory of delayed
toxin binding”, above), these experiments were carried
out at a toxin concentration much larger than Ky
(2.5 nM vs. 29 pM).

Biological role of the co-localization of K,1.3
with the MHC rafts

In view of (1) the well-established role of the IL-2
receptor complex in T-cell activation (Nelson and Will-
erford 1998), (2) the active role of VLA-4 integrins in the
formation of immune synapse and in cell locomotion
(Levite et al. 2000; Levite 2001; Bacso et al. 2002), and
(3) the active roles of the MHC glycoproteins in the
initiation of transmembrane signaling cascades leading
to, for example, apoptosis (Wade et al. 1993; Skov et al.
1997, 1998; Altomonte et al. 1999; Drénou et al. 1999;
Huby et al. 1999), the localization of K, 1.3 channels in
the vicinity of the MHC rafts may play a role in speeding
up membrane potential-mediated signaling effects. The
speeding up itself may occur by shortening the time for
diffusional translocation of signaling molecules between
the sites of the receptors and channels (Haugh and

Fig. 6 Membrane compartmentalization of the investigated recep-
tors. MHCI and MHCII glycoproteins, IL-2Ra subunit, and the
VLA-4 integrin are all components of the same GM; lipid raft.
Transferrin receptor (TrfR) and CD45 are located in different
compartments. K,1.3 channels localize inside or in the nanometer-
scale vicinity of MHC-containing lipid rafts

Lauffenburger 1997; Kholodenko et al. 2000; Haugh
2002; O’Connell et al. 2004).

Conclusions

Reduction of association rate constant of Pandinus
imperator scorpion toxin Pi,, an efficient blocker of
K, 1.3 channels, has been observed in the presence of 30-
nm immunogold bound to the cell-surface receptors
MHCI, MHCII, IL-2R«, and VLA-4, all shown to be
components of the same lipid raft on Kit-225-K6 T-
lymphoma cells. After determination of inter-receptor
spacings of the receptors by simultaneously conducted
FRET measurements, the effect has been shown to
correlate with the density and size of the homo-clusters.
From the observation that immunogold bound to the
non-raft CD45 or TrfR did not modify the binding rate
of the toxin, we conclude that the effect is sensitive not
only to the morphology of receptor clusters but also to
the relative spatial localizations of K, 1.3 channels and
cell-surface receptors. The K,1.3 channels have been
shown to localize in the nanometer-scale vicinity of the
MHC-containing lipid rafts. In a second type of exper-
iment, receptor modulation of the channel current in-
duced by antibody binding is delayed by immunogold
nanoparticles bound to another receptor in close prox-
imity. We propose a method for detecting receptor—
channel or inter-receptor proximity by a combination of
the patch-clamp technique with the delaying of ligand
binding by nanoparticle clusters. Co-localization of
K,1.3 channels with MHC-containing lipid rafts may
speed up the initial phases of membrane potential-
mediated signaling events by spatially confining the
stimulating receptors and the effector channels.
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Appendix

Phenomenological interpretation of the 5
shielding factor

Analogous problems concerning constrained 3D diffu-
sion of particles in a background of retarding obstacles
of various sizes and shapes were treated by theorists
modeling phenomena in the field of gel electrophoresis
and size exclusion chromatography (Schnitzer 1988;
Tong and Anderson 1996). In the case of the close
proximity of gold islands and channels, the effective
local concentration of toxin around the channels can
be reduced by two effects: (1) steric exclusion due to
the finite size of the gold beads and the covering
antibodies (Schnitzer 1988; Minton 1992; Jiirgens et al.



1999), and (2) the reduced diffusion rate of toxin in the
gold island due to the increased hydrodynamic inter-
action caused by the volume confinement (Han and
Herzfeld 1993; Tomadakis and Sotirchos 1993; Tong
and Anderson 1996; Phillips 2000).

The diffusion current of the toxin can be decomposed
into two components: one is parallel to the cell surface;
the other is perpendicular to it (Fig. 1A). Because the
gold islands are mainly laterally extended, i.e. 2D sys-
tems, we expect the lateral component of diffusion to be
more effectively reduced than the perpendicular one.
Moreover, the binding of toxin to the channel is neces-
sarily preceded by a surface diffusion step or reduction-
in-dimensionality (RD) enhancement (Berg and Purcell
1977; Wang et al. 1992; Axelrod and Wang 1994), which
further emphasizes the significance of the lateral com-
ponent of the diffusion current. A semi-quantitative
interpretation of the # shielding efficiency can be made,
based on the work of Axelrod and Wang (1994) dis-
cussing the role of RD enhancement for reaction-limited
association of ligands with cell-surface receptors. That
binding of toxin to the K, 1.3 channels is reaction limited
is justified by the small value of the Damkdhler number
(D, <107%), calculated by using the values of k,, and the
diffusion constant of the toxin, as well as the cell radius
given in Materials and methods (Haugh and Lauffen-
burger 1997). Based on the work of Axelrod and Wang
(1994), the following formula can be deduced for the RD
enhancement factor of the k., association constant:
kon 1+ 16%2D2Ku/(3nX3D3acell)

KO 1+ 167:D:K4/[(3ny3D3acen) + 20kort/ (acenc)]
(A1)

where D, and D; designate the 2D (on the cell surface)
and 3D (off the cell surface) diffusion constants, y, and
y3 are the 2D and 3D success probabilities per
encounter (orientation factor) leading to binding, K, is
the unspecific equilibrium binding constant of toxin
onto the membrane, a.y is the cell radius, kog is the
dissociation rate constant of the toxin from the chan-
nel, o is the average free path length of the toxin
(taken to be equal for 2D and 3D diffusion), ¢ is the
toxin concentration, and k., is the association rate
constant in the absence of surface diffusion of toxin,
i.e. at D,=0. Equation (A1) tells us that surface dif-
fusion can be effective whenever unspecific binding to
the surface is strong, i.e. K, is large (as is the case with
the Pi, toxin, due to its seven positive charges) and
when c is small enough. Additionally, Eq. (A1) reports
that gold islands may cause a reduction in D, and y»
much more than in D3 and y3, because of the large
lateral 2D nature of gold islands, and as a consequence
the value of k., should reduce in the presence of gold
(using the available data on physical parameters of the
Pi, toxin, the RD enhancement factor is approximately
~10 at the ¢=2.5 nM concentration; sce Materials and
methods). If we write the ratio of the 2D diffusion
constant close to or in the gold island relative to that
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in the absence of gold (or at an infinitely long distance
from the gold island) as a product of factors H and S,
where H accounts for hydrodynamic effects and S for

steric exclusion (tortuosity) effects, the resulting
expression is (Phillips 2000):

where both H and S are exponential functions of the
negative power of the 1 and ¢ quantities, where 4 is the
ratio of the radius of the toxin and that of the gold bead
and ¢ is the volume fraction excluded by the gold beads
in the gold island. At small ¢ volume fractions,
expanding the exponentials in a power series, D,/D; o
can be approximated by the following formula:

Dy/Ds oo = 1 —F(A) (A3)

where the F(A1) term is a constant, determined by the
toxin size/gold size ratio. If the gold island is modeled by
an ‘“‘equivalent cylinder” of radius R and height /4, then
the local excluded volume ¢ can be calculated as follows:

¢ =volume of beads in the cylinder / volume of cylinder
= (N x 4*n/3)/(R*nh) (A4)

where N is the number of gold beads in the island and r
is the radius of a gold bead. This expression can be
rearranged to the following form, by introducing the
interparticle separation d and local surface density p=1/
& of gold beads in the island:

¢ = (4/3)(r/h)(Pn)p
= (4n/3)(r/h)(r/d)’

Although Eq. (A1) contains physical constants which
can only be approximated, Egs. (10), (Al), and (A2)
show that there exists a formal relationship between the
measurable 5 value and the local surface density (or
inter-particle separation) of the gold beads. We should
add that besides hindering diffusion, even direct modi-
fication of k,, may also occur.

(A5)
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