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1. Abstract
The activity of Natural Killer (NK) cells is regulated by a fine-tuned balance between
activating and inhibitory receptors. Dual-colour fluorescence cross-correlation spectroscopy
(FCCS) was used to directly demonstrate a so-called cis-interaction between a member of the
inhibitory NK cell receptor family Ly49 (Ly49A), and its ligand, the Major
Histocompatibility Complex (MHC) class I, within the plasma membrane of the same cell. By
a refined FCCS model, calibrated by positive and negative control experiments on cells from
the same lymphoid cell line, concentrations and diffusion coefficients of free and interacting
proteins could be determined on a collection of cells. Using the intrinsic inter-cellular
variation of their expression levels for titration, it was found that the fraction of Ly49A
receptors bound in cis increase with increasing amounts of MHC class I ligand. This increase
shows a tendency to be more abrupt than for a diffusion-limited three-dimensional
bimolecular reaction, which most likely reflects the two-dimensional confinement of the
reaction. For the Ly49A- MHC class I interaction it indicates that within a critical
concentration range the local concentration level of MHC class I can provide a distinct
regulation mechanism of the NK cell activity.
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2. Introduction
Membrane proteins is a dominating group of targets for current and novel drugs and
therapeutic approaches, involved in almost all cellular mechanisms. It is therefore highly
relevant to characterize these proteins, with respect to their structural properties and
expression levels, but also in terms of their dynamics and interaction patterns in the context of
living cells. Fluorescence methods have proven to be invaluable for in vivo studies of protein
interactions [1]. Examples are co-localization measurements based on statistical analyses of
dual colour fluorescence microscopy images [2], Förster (or fluorescence) resonance energy
transfer (FRET) [3, 4], and bimolecular fluorescence complementation (BiFC) assays [5].
FRET imaging is a highly specific and effective measure of short-range (<10 nm) molecular
interactions. However, if the interacting proteins are large, the distance between their labels
may exceed the range over which FRET occurs. BiFC is based on the association of two
fragments of a fluorescent protein, to which the interacting proteins are fused. When the two
proteins interact, the fragments can associate, which renders the associated protein fluorescent.
The protein interaction under study may however be either facilitated or disturbed by the
BiFC fragment association, which makes it difficult to estimate the absolute strength of the
interaction. Both FRET and BiFC thus primarily provide qualitative information about protein
interactions, but quantitative information is not easily deduced. However, quantitative
information would be important, for instance to in an objective manner compare the binding
strength of two different ligands binding to the same receptor, or the amount of binding of the
same reactants, but under different conditions.
Fluorescence Correlation Spectroscopy (FCS) can be used to attain additional
information about molecular interactions. With FCS, the mobility of single fluorescent
molecules is detected by analysing the fluorescence fluctuations generated as individual
molecules diffuse into and out of a typically confocal detection volume [6-9]. By dual-color
Fluorescence Cross-Correlation Spectroscopy (FCCS) [10], the interaction between two
molecular species, emitting in two spectrally separated bands, is analysed. Such interactions
can be distinctly evidenced, not only by mere co-localization, but also by the concerted
movement of the two species into and out of the detection volume, generating correlated
fluorescence fluctuations. FCCS has previously been used for protein interaction studies in
cells [11-14], as well as in cellular membranes [15-17] (see [18] for a review). However, like
FRET and BiFC, FCCS has mainly been used as a qualitative measure of protein-ligand
interactions. In particular for cellular measurements, lack of unambiguous controls and the
difficulty to accurately titrate the interaction partners make it difficult to correct for cross-talk
and to perform other calibrations necessary for quantitative measurements.
NK cells are part of the innate immune system and can rapidly kill cancerogenic or
virally infected cells. They express an array of activating and inhibitory receptors, which
together control the activation of NK cells [19, 20]. One set of inhibitory receptors are
specific for MHC class I. MHC class I is an immunologically important molecule, presenting
peptides of all intracellular proteins to T cells. When viral peptides are presented, the cell is
killed by T cells. MHC class I is therefore often downregulated by viruses or cancerogenic
cells, to avoid T cell attack. However, when NK cells interact with such MHC class I
deficient cells, their inhibitory receptors are not engaged, and the target cells are killed in a
so-called “missing self” reaction [21]. MHC class I specific receptors belong to the Ly49
receptor family in mice and to the Killer Immunoglobulin-Like receptor (KIR) family in
humans. Ly49 and KIR receptors are structurally different, but functionally equivalent,
including expression characteristics and signalling pathways [22]. Differences in
combinations of expressed KIR receptors and MHC class I alleles in different individuals
(presumably leading to interactions of different binding strengths) have been coupled to
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susceptibility to or clearance of several diseases, including autoimmunity, cancer and viral
infections [23].
Ly49 receptors and MHC class I interact in trans when Ly49 receptors on the NK cell
interact with MHC class I on the target cell. Ly49 receptors can also interact with MHC class
I on the NK cell itself, a so-called cis interaction [24, 25]. In contrast to trans binding, cis
binding does not trigger inhibitory signalling in NK cells [25]. MHC class I molecules which
engage Ly49 receptors in cis therefore “sequester” Ly49 receptors and prevent their binding
to MHC class I in trans [25-27]. As a result, the extent of cis binding directly determines the
capacity of the NK cell to sense inhibitory ligands on other cells. Given the importance of
inhibitory signals for NK cell activation, it is of great interest to study the cis interaction
between Ly49 receptors and MHC class I molecules in detail. Preferentially, this should be
done within the biological context where it is taking place, i.e. in the plasma membrane of a
living cell. Investigations of cis interactions have to date predominantly been performed by
indirect measurements, for instance by blocking of antibody binding, or by biochemical
techniques [25, 26, 28].
In this study, FCCS was used to directly detect, and then to further characterize and
understand the cis interaction between the receptor Ly49A and an MHC class I allele in live
cells. By applying a refined FCCS model, calibrated based on positive and negative control
experiments on cells from the same cell line, quantitative values of the concentrations of free
and interacting proteins of both species could be determined on a large number of cells. The
intrinsic inter-cellular variation of the expression levels of the interacting proteins could then
be used for titration. Since both the concentrations of the receptor and ligand, and the fraction
of receptors bound to ligand, was determined quantitatively it was possible to distinguish that
the fraction of Ly49A receptors bound in cis increases with increasing amounts of MHC class
I ligand expressed on the same cell. This resembles the behaviour of a diffusion-limited threedimensional bimolecular reaction, but shows within a critical concentration range a stronger
dependence on the concentration level of the ligand. This can probably be attributed to the
two-dimensional confinement of the reaction. Within this critical concentration range, the
local concentration level of MHC class I may thus provide a distinct regulation mechanism of
the NK cell activity.
3. MATERIALS AND METHODS
3.1 Cell lines
The murine lymphoma cell line EL-4 was used for all measurements. This cell line
spontaneously expresses the MHC class I molecules H-2Kb and H-2Db, but not H-2Dd. Due to
its presumed origin as a natural killer T (NKT) lymphoma, the Ly49A receptor is
spontaneously expressed in a variable way on these cells [29]. The EL4 cell line was
previously transfected with a fusion protein between H-2Dd and EGFP [28] (from hereon
called Dd-EGFP). Cells were grown in RPMI medium supplemented with 10% fetal calf
serum, 2 mM L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, 100 M nonessential amino acids, and 1 mM sodium pyruvate (Invitrogen).
3.2 Antibodies and staining procedure
Anti-H-2Dd (clone 34-2-12), anti-H-2Kb (clone AF6-88.5), and anti-Ly49A (clone JR9318) monoclonal antibodies were purchased from BD Biosciences/Pharmingen. The JR9-318
antibody binds Ly49A regardless of whether it is free or associated with H-2Dd in cis, in
contrast to other available Ly49A antibodies [25, 28]. All antibodies were labelled with
Alexa-647 using an “Alexa 647 Monoclonal Antibody Labelling Kit” (Invitrogen), following
the manufacturer’s protocol. The labelled antibodies were analyzed for labelling efficiency
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measuring absorbance in a Microdrop spectrophotometer (Microdrop Technologies GmbH,
Germany) and by FCS, yielding equivalent results for the labelling efficiency. On average, the
anti-Ly49A antibody (Ly49A-ab) was found to have ~ 4 fluorophores per antibody, the antiKb antibody (Kb-ab) ~ 1 and the anti-Dd antibody (Dd-ab), labelled in two different batches,
~3 and ~ 6 fluorophores per antibody, respectively. The brightness ratios (which were later on
used for calculating the cross-talk parameter) were 3.8 for Ly49A and either 3.3 or 6.4 for the
two Dd-ab:s, compared to the Kb-ab. For the cellular measurements, cells were stained with
around 10 g/ml antibody in phosphate buffered saline (PBS) and washed by centrifugation.
3.3 Characterization of the expression patterns of the involved molecules in the EL4 cell
line.
By flow cytometry, Dd-EGFP fluorescence was detected on the majority of the EL4 cells in
the culture (See Fig. S1 in the supporting material, x-axes). The the expression level however
varied over a large range between the cells. The origin of this heterogeneity is unknown, but it
was stable over time. The EGFP fluorescence in each cell was proportional to the
fluorescence using an Al647-conjugated antibody against H-2Dd (Fig. S1A), suggesting
expressed Dd-EGFP-molecules were well localized to the cell surface and the majority of H2Dd molecules had a functional EGFP entity. The density of Ly49A showed a similar intracellular variation (Fig. S1C). The expression density of Ly49A was independent of the H-2Dd
expression level. Cells expressing different combinations of Ly49A and H-2Dd at various
densities could thus easily be found within the same cell line. This variability was taken
advantage of to quantify the cis interaction between H-2Dd and Ly49A (see section 4.4). H2Kb was expressed at a more homogeneous concentration at the cell population level (Fig.
S1B). However, there was enough spread in intra-cellular H-2Kb concentration to allow a
range of FCCS measurements at different concentrations, matching the concentration ranges
of H-2Dd and Ly49A.
3.4 FCS Equipment and settings
Fluorescence microscopy and FCS measurements were performed on a Confocor 3
system (Zeiss, Jena, Germany). An Ar-Ion laser (488 nm) and a HeNe laser (633 nm) were
focused through a C-Apochromat 40X, NA 1.2 objective. The fluorescence was detected by
two avalanche photodiodes after passage through a dichroic mirror (HFT 488/543/633), a
pinhole (edge-to-edge distance 70 m for the FCS and 300 m for the fluorescence
microscope) in the image plane, a beam splitter (NFT 545) and an emission filter in front of
each detector (BP 505-530 IR and LP655). The excitation power before the objective was
within the range of 1 to 10 W for the 488 nm-line and 0.5 to 3.5 W for the 633 nm-line.
EL-4 cells were stained with antibodies as described above. Consecutively, 50000 cells
per chamber were suspended in PBS and distributed in Lab-Tek 8-well chamber-glasses
(Nunc, Thermo Scientific, Langenselbold, Germany). Data was acquired in 10 second
intervals. Collection intervals containing abnormal fluorescence peaks, presumably resulting
from aggregates, or within which the overall fluorescence was decaying, putatively due to
membrane movements, were discarded from the overall analysis. The total included
measurement times ranged from 50 to 100 s per cell. Measurements were only undertaken on
viable cells where the Dd-EGFP was well localized to the cell surface membrane, as judged by
visual inspection in the wide-field and confocal mode. The autofluorescence, as well as the
fluorescence from both EGFP and Alexa647 in the extracellular liquid and the intracellular
region was negligible (data not shown).
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3.5 FCCS Theory
In FCS measurements, fluctuations in the detected fluorescence intensity, F (t ) , are
typically generated as molecules diffuse in and out of a focused laser beam. These
fluctuations, F (t ) , are auto-correlated according to:

G ( ) 

( F(t)  F(t) )( F(t   )  F(t)  )



F(t) F(t  )

(1)
,
2
F(t)
F(t)
here brackets denote time average.
For molecules undergoing diffusion in a planar area, the detected intensity fluctuations,
originating from the concentration fluctuations, c(r , t ) , of a certain species at time t, is given
by:
(2)
F(t)   q  2 W (r )c(r , t ) 2 r ,
R
2

Here  denote detection efficiency, q fluorescence quantum yield of the species and
W (r )  CEF (r ) I exc (r ) is the detected fluorescence brightness distribution, a product of the
excitation intensity I exc (r ) and the collection efficiency function CEF (r ) .
For interaction studies between two species labelled with different fluorophores,
emitting in a green (G) and a red (R) spectral range, the fluorescence fluctuations in the G and
R range may be cross-correlated according to:
GGR ( ) 

( FG (t)  FG (t) )( FR (t   )  FR (t)  )
FG (t) FR (t)



FG (t)FR (t  )
FG (t) FR (t)

(3)

For the case where the individual species and their complex are confined to a twodimensional surface (Eq. 2), and assuming that: 1) W (r ) has a Gaussian distribution, 2) the
expectation value, F (t ) , is time-independent, 3) the brightness of the green and the red
species are unaffected upon binding, 4) the time-scale of binding and dissociation of the
species are much slower than their passage times through the detection area and 5) only
diffusion causes the fluctuations, then the cross-correlation and the autocorrelation functions
of the fluorescence in G and R have the following analytical expressions [10]:
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Here, c g , c r and c gr are the concentrations of the two free species and their complex,
respectively. The subscript u denotes either the green (g), the red (r) or the red-and-green (gr)
emitting species, and Du their corresponding diffusion coefficients. The radial distances from
the maximum point of WG (r ) and WR (r ) to where they have dropped by a factor of e2 is
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denoted  G and  R , respectively. AG   WG (r ) 2 r /  WG (r ) 2  2 r and
AR 

 W (r ) r  /  W (r )  r are the effective detection areas of the green and red laser
2

R

2

2

2

R

foci, and AGR is the corresponding green-red detection area





( AGR   WG (r )WR (r ' )drdr' /  WG (r )WR (r )dr ) when the focal overlap is perfect.
However, in particular for FCCS measurements based on excitation from two lasers, the
focal overlap is typically not perfect. Moreover, considerations such as cross-talk from the
green dye into the red channel and background fluorescence need also be taken into account
(see Appendix):
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Here, r0  x0 2  y0 2 denotes the displacement between the two lasers and
G
Wmax
 gR qg

R
G
denotes the crosstalk parameter, where Wmax
 rR qr are the
 gR q g and Wmax
R
Wmax
 rR qr
brightness of the green and red species (respectively) at the center of each foci, when detected
in the red channel. Further, bg G and bg R are the background fluorescence in the green and the
red channel, respectively, when both lasers are on.

K

3.6 FCS Analysis
The expressions in Eq. 4C were simultaneously fitted by a non-linear least-squares
optimization routine (Origin 8, OriginLab Corporation, Northampton, MA, USA) to the three
correlation curves (GG(), GR() and GGR()) recorded in each FCCS experiment. In the
analysis, a three-step procedure was followed where a set of experimental parameters was
first determined by negative and positive control experiments, before the actual cis-interaction
was assessed:
1) In the negative control FCCS experiments (with no gr species, see Fig. 1),  G and  R
were fixed to the corresponding values found in the solution measurements of that particular
measurement day, and c gr was fixed to zero. The rest of the parameters (cg, cr, Dg, Dr, Dgr, r0,
K ) were free to vary.
2) In the positive control experiments (with gr but with no r species), K was fixed to the
brightness corrected average value determined from the negative controls (see section 4.3a)
and c r was fixed to zero. The rest of the variables (cg, cgr, Dg, Dr, Dgr, r0,  G ,  R ) were free
to vary.
3) In the cis-interaction measurements, K was fixed to the brightness corrected average value
determined from the negative controls (see section 4.3a), and the parameters r0 ,  G and  R
were all fixed to the average values determined from the positive controls of that particular
measurement day. The rest of the variables (cg, cr, cgr, Dg, Dr, Dgr) were free to vary. All

measurements displayed an excitation dependent dark state of EGFP in the green autocorrelation curves (GG()) with a relaxation time in the ~ 0.5 ms range, as previously observed
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[30, 31]. To avoid any influence from this process, the fitting of the parameters in Eq. 4C to
the experimental correlation curves was restricted to correlation times longer than 5 ms. In all
fittings, bg G and bg R were fixed to zero, due to the negligible background fluorescence.

4. Results and Discussion
4.1 Strategy
The aim of this study was to detect and quantify the amount of interaction between the NK
cell receptor Ly49A, and its ligand, the MHC class I allele H-2Dd, within the plasma
membrane of a single cell (so-called cis interaction). By labelling the two interaction partners
and using dual colour FCCS, not only the fraction of cis-associated Ly49A could be
determined, but also the concentrations and diffusion coefficients of all three species (Ly49A,
H-2Dd and their cis-associated complex).
Three different measuring situations were employed: a positive and a negative control, and
the actual test situation (Fig. 1). In all three situations, the signal from Dd-EGFP (emitting in
the green channel) was correlated with the signal of an Alexa-647 labelled antibody (emitting
in the red channel). As a positive control, an antibody against H-2Dd itself was used (Fig. 1,
top left panel). In this situation, nearly all antibodies detected on the cell surface were
expected to be bound to Dd-EGFP, giving rise to a maximum cross-correlation signal. As a
negative control, an antibody against the MHC class I allele H-2Kb (naturally expressed by
the EL4 cell line) was used (Fig 1, top right panel). H-2Kb and Dd-EGFP molecules do not
interact with each other on the cell surface, and should therefore give rise to a minimal crosscorrelation signal. Finally, detection of the cis interaction between Dd-EGFP and the Ly49A
receptor was achieved by correlating the signal from an antibody against Ly49A with the
signal from Dd-EGFP (Fig. 1, bottom panel). Hence, we could relate our test situation to
controls that were using the same pairs of fluorophores, and which were measured on the
same cell population.
4.2 Detection of cis interaction between Ly49A and H-2Dd
Following the strategy above, FCCS measurements were performed with fluorescence
fluctuations from Dd-EGFP correlated with those from Al647-ab:s directed against either H2Dd, H-2Kb, or Ly49A. Data was collected from a number of cells for each combination,
displaying different concentrations of Dd-EGFP and Al647-ab. In Fig. 2, representative autoand cross-correlations curves for test samples and controls are shown. Each row represents a
certain concentration ratio between Dd-EGFP (ligands) and the respective Al647-antibody.
We chose to show equal ratio:s, rather than to fix one of the concentrations, in order to allow
correct estimations of the influence of for instance cross-talk. Therefore, the absolute values
are differing somewhat between the example curves. In general, the Dd-EGFP concentration
varied more than the Ly49- and Kb concentration did, and Dd-EGFP is thus the largest source
of variation in FCS amplitudes between the different samples.
In the top row, typical cells expressing fewer Dd-EGFP molecules than bound antibodies
are shown. This situation did not exist for the positive control, since the Dd-ab:s were limited
by the number of Dd-EGFP:s, and were thus always fewer than the Dd-EGFP molecules. In
the Ly49A - Dd-EGFP sample (Fig. 2, right column), the cross-correlation amplitude is low at
this concentration ratio, indicating a low fraction of cis-associated Ly49A receptors. In the
middle row, measurements from cells having around 4-5 Dd-EGFP ligands per antibody are
shown. A cross-correlation amplitude is observed for both the positive control and the Ly49A
sample (Fig. 2, left and right column, respectively). The relative amplitude is slightly lower in
the Ly49A sample, indicating that not all Ly49A are cis-associated. Also in the bottom row,
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displaying correlation curves from cells having around 20 Dd-EGFP ligands per antibody,
there is a clear cross-correlation for the positive control and the Ly49A sample. In this case
there is virtually no difference between the Ly49A sample and the positive control. Hence,
most Ly49A can be expected to be bound in cis. For the Kb-ab (the negative control), only a
very limited cross-correlation was observed under these three concentration ratios (Fig. 2,
middle column), indicating a very small cross-talk [14, 32, 33].
Thus, by visual inspection of the recorded auto- and cross-correlation curves it can be
concluded that a specific cis interaction between H-2Dd and Ly49A can be unambiguously
detected. The extent of cis-interaction shows a variation with the local concentrations of the
species. This variation can be further analysed in a quantitative fashion. However, to perform
such analyses a more detailed characterization of the FCCS parameters is required. In
particular, an influence from a displacement of the foci of the two lasers, and cross-talk
between the two fluorescent detection channels, could not be excluded.
4.3 Determination of parameters relevant for the quantification of cis interactions
The above-mentioned cross-talk and inevitable non-perfect overlap between the two
excitation laser foci are acknowledged limitations of the FCCS technique, which in general
make the quantification of interactions difficult. In principle, the influence of cross-talk and
focal displacement can be taken into account in the analysis, as stated in the refined FCCS
model of Eq. 4C. However, to take advantage of this model, the displacement parameter r0
and the cross-talk parameter K have to be known. Instead of adding complex techniques to
determine the displacement or use approximate methods to estimate the cross-talk, we took
advantage of an entirely cell-based assay to find these two parameters.
4.3a Determination of the cross-talk parameter
Cross-talk between the two fluorescent detection channels gives rise to an increased
apparent cross-correlation amplitude, which could thus be interpreted as a false-positive
interaction in particular when the concentration of Dd-EGFP was much higher than that of the
Al647-ab. In our study the cross-talk parameter, K , is given by the ratio between the
brightness of the Dd-EGFP and the Al647-labelled antibody, as detected in the red channel for
both species. It could be directly determined by fitting Eq. 4C to the auto- and crosscorrelation curves from the negative control, assuming that no reactions occur between the red
and the green molecules (see section 3.6). With the excitation intensities used in this study,
R
G
fluorescence saturation can be neglected. Wmax
 rR qr and hence also K, are then
 gR q g and Wmax
proportional to the powers of the two lasers. The resulting cross-talk parameter, for a power
ratio of one into the objective, was 0.5% +/- 0.7% (20 cells) for the Kb-ab. By knowing the
relative brightness differences between the different antibodies (see section 3.2), K could be
determined also for the positive control and the cis interaction measurements. The crosstalk
parameters per power ratio unit were determined to 0.2% +/- 0.2% and 0.1% +/- 0.1% for the
two differently labelled Dd-ab:s and 0.1% +/- 0.2% for the Ly49-ab. Thus, the cross-talk in
this study was small. Apart from the fact that the emission spectra of EGFP and Al647 lies far
apart from each other, a contributing reason for this is that each antibody contained several
bright Al-647 fluorophores, while the Dd-EGFP only contained one EGFP.
4.3b Determination of the displacement between the focal areas
In dual laser FCCS measurements it is technically difficult to align the two lasers
perfectly and a non-perfect overlap between the two detection areas is inevitable (Fig 3A). As
the distance between the laser foci increases, the amplitude of the cross-correlation will
decrease. In this study, the positive control provides a means to estimate the displacement
between the laser foci, as all red antibodies present are expected to bind specifically to Dd10

EGFP. Hence c r  0 in Eq. 4C. By fitting Eq. 5 to the experimental auto- and crosscorrelation curves in the positive control (Fig. 2, left column) with parameters set according to
section 3.6, the average value of the displacement r0 for each measurement day was
determined. From these fits, also corresponding values for  G and  R could be directly
determined. These average values were used in the further analysis of the cis-interaction
between Dd-EGFP and Ly49A. The average values over all measurement days (n=35) was:
152 ± 47 nm (standard deviation) for r0 , 222 ± 51 nm for  G , and 270 ± 52 nm for  R . The
most obvious reason for using the radii of the effective areas determined from the cell surface
experiments, rather than the radii determined from solution measurements, is that the
adjustment procedure does not necessarily place the membrane where the diameters of the
laser beams are the smallest.
The determined parameter value of r0 represents an upper limit, since also other factors
could give rise to decreased cross-correlation amplitudes in the positive control measurements.
In particular, if a significant fraction of the antibodies were either bound to non-fluorescing
Dd-EGFP molecules, or would bind unspecifically to some other antigen on the cell surface,
decreased cross-correlation amplitudes would also be observed. However, we applied a
measurement strategy where the same cells and EGFP constructs were used for both controls
and test samples, and provided that the unspecific binding properties of the different
antibodies do not significantly differ from each other, such potential factors should have
influenced both controls and test samples equally.
4.4 Quantifying the cis interaction between Ly49A and Dd-EGFP
Having determined the cross-talk and displacement parameters, it was possible to
quantitatively determine the concentrations of Ly49A and Dd-EGFP molecules and the
fraction, γ, of cis-associated Ly49A. In total, FCCS measurements were performed on 49 cells
displaying a range of different concentrations of Ly49A and Dd-EGFP. The FCCS data was
subsequently analysed as described in section 3.6. The determined parameter values are
shown in Fig. 3B, with the total (bound and unbound) Dd-EGFP and Ly49A concentrations on
the x- and y-axis, respectively, and the amount of cis-associated Ly49A indicated by the color
scale. The fraction of Ly49A receptors bound in cis was found to vary with the concentration
of Dd-EGFP, which is characteristic for a diffusion limited bimolecular reaction. For a
diffusion-limited bimolecular reaction between two species A and B in solution the
equilibrium constant is defined as:
KD 

A  B  .
free

AB

free

(5)

and the fraction,  , of bound A molecules is given by:



2

AB  K D  A  B  K D  A  B  4  A  B
.


A
2A

(6)

Here, A  A free   AB  and B  B free   AB  are the total concentrations of A and B,
respectively, with the index free denoting non-bound species.
By fitting Eq. 6 to the experimentally determined parameters , A=Ly49A, and B=Dd-EGFP,
for each of the 49 cells, K D could be estimated to 45 ± 6 molecules/m2. A similar value has
been determined for cytokine-receptor complexes tethered on artificial membranes [34].
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In Fig. 3C, the fraction of Ly49A receptors bound in cis is plotted versus the Dd-EGFP
concentration, regardless of the Ly49A concentration. In the cells studied, the Dd-EGFP
concentration varied much more than the Ly49A concentration. As a first approximation, Fig.
3C can therefore be regarded as a binding plot for the average Ly49A concentration. With a
larger span of Ly49A concentrations, the measured  values would be expected to show a
larger spread.
The red line represents the binding curve when the previously determined K D and the
average Ly49A concentration are inserted into Eq. 6. The curve reasonably resembles a
bimolecular binding curve, as predicted by Eq. 6. However, the determined K D  45m 2
only represents an average K D within the range of Ly49 concentrations displayed by the cells
in this study. Secondly, the definition of K D in Eq. 5 relies on that the frequency of collisions
between the two reacting species is linearly dependent on the concentrations of these species.
This is typically valid for reactions occurring in three dimensions, as in a solution, but is not
necessarily true for a reaction confined to the two-dimensional system of a membrane [35].
Hence, Eq. 6 should be regarded as an approximate model describing the dependency of  on
[Dd-EGFP] and [Ly49A] for the cis interactions taking place in a cellular membrane.
Apart from variations in [Ly49A], the spread in  can also be due to other biological
variations between the cells [36-38], for instance in the metabolic state, or in the overall
amount of proteins in the cell membranes (which may influence the diffusion coefficients, see
below). Nonetheless, on a cell population level and according to our analysis, many cells had
close to 100 % of their receptors bound in cis at lower Dd-EGFP concentrations than would be
suggested from the fit in Fig. 3C. Presuming that the cis interaction is regulated by a
diffusion-driven process, this probably reflects that the cis interaction is facilitated when the
diffusion of the reactants is confined to a two-dimensional reservoir. At least within a certain
concentration interval, this can render the amount of Ly49 receptors bound in cis even more
strongly dependent on the local Dd concentration, than would be expected in solution
experiments.
The error in the estimated concentrations is mainly due to the 20 % uncertainty in  G and  R
(see section 4.3b). Also bleaching is expected to have some influence on the estimated
concentrations. Although no significant decay in the fluorescence intensity was observed
during measurements, cumulative effects could still be prominent during the measurement
times [39]. Based on the low excitation power and the size of the cells (diameters of 5 to 10
m), we estimate these cumulative effects to be less than 10%. In total, the error in the
absolute concentration estimation is about 40 %. However, the error in the relative
concentration estimations of the species is expected to be significantly lower.
4.5 Diffusion behaviour of MHC class I and Ly49A
Diffusion coefficients for all the involved species could be extracted from the FCCS
measurements. The determined diffusion coefficients varied largely between cells, giving rise
to high standard deviations. However, there was no indication that complex formation
between Dd-EGFP and Ly49A would influence the diffusion rate. In the test measurements,
the diffusion coefficients of “free” Dd-EGFP and Ly49A, which were not bound in a complex,
were determined to 0.9 ± 0.6 m2/s and 0.6 ± 0.5 m2./s, respectively. The diffusion
coefficient of the Dd-EGFP-Ly49A complex was determined to 0.6 ± 0.3 m2/s. In particular
for surface densities of the proteins >100 m-2, we noted that the diffusion coefficients of all
three species (Dd-EGFP, Ly49A and the Dd-EGFP-Ly49A complex) decreased with higher
total concentration of the species (Fig. 3D). We raised the question whether this could be due
to aggregation, and if the use of bivalent antibodies by itself could give rise to formation of
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antigen/antibody complexes at the cell surface, forcing molecules to diffuse as pairs rather
than in isolation. However, in the positive control experiments the binding of an antibody to
Dd-EGFP did not reveal any apparent difference in the diffusion coefficients between free DdEGFP and Dd-EGFP with an antibody bound to it (DG compared to DGR in each sample, data
not shown). Moreover, a dark state relaxation process, with a characteristic time of ~0.5 ms
was always present in the measured auto-correlation curves of EGFP, as previously observed
in FCS measurements of GFP [30, 40]. The relative amplitude of this process was found to
remain constant (~35%), and independent of the Dd-EGFP concentration. Since each
fluorophore should exhibit an independent blinking behaviour, in case of oligomerization of
the Dd-EGFP molecules, the amplitude of the dark state relaxation process should decrease
with increased numbers of fluorophores in the complex [41, 42]. This was not observed.
Taken together, no evidence was found that antibody cross-linking, or any significant
aggregation of the species by other means, would be present. Instead of protein aggregation,
the observed decrease in diffusion coefficients with increasing membrane protein
concentrations may be related to a protein crowding effect. A decrease in the diffusion
coefficients of membrane proteins, occurring above a similar membrane protein concentration
range, has recently been observed in giant unilamellar vesicles [43].

5. Conclusions
We have developed practical methodologies and refined theoretical FCCS models, which
allow a quantitative characterization of receptor-ligand interaction in the plasma membrane of
live cells over a broad range of concentrations. By employing this strategy and exploiting the
intrinsic variation in expression levels of the interacting proteins as a means for titration, we
were able to quantify the specific interaction between Ly49A and Dd-EGFP in cis (on the
membrane of the same cell). Positive and negative controls allowed us to identify the upper
and lower detection limits of the system, thus enabling the identification of cells with only a
small number, or virtually all, receptors bound in cis. Our measurements indicate a steep
increase in the fraction of Ly49 receptors bound in cis, as the ligand concentration increase.
This illustrates that the number of interactions between receptors and ligands, diffusing in a
membrane, are more sensitive to variations in ligand concentrations than if the proteins would
have been freely diffusing in a solution. The question of how reduced dimensionalities can
influence molecular interactions is of large biological relevance. From this point of view, the
strategy presented in this study may be of interest as a means to quantitatively investigate
protein-protein interactions in membranes in general.
The cis interaction between Ly49 receptors and MHC class I is important for NK cell
education, but is also interfering with the number of Ly49 receptors available to interact with
MHC ligands on target cells, and thus directly affects the activation threshold of NK cells [2527]. As a consequence, the MHC class I concentration on the NK cell itself could potentially
provide a new distinct regulation mechanism of NK cell activity. At certain concentration
ranges, slightly increased levels of MHC class I, for instance upon NK cell activation, could
have a large influence on the fraction of cis-bound Ly49 receptors. Our study suggests that a
two- instead of a three-dimensional reaction reservoir renders the amount of Ly49 receptors
bound in cis even more sensitive to the local MHC class I concentration. A larger fraction of
receptors bound in cis could in turn potentially facilitate NK cell killing. This possibility
however remains to be investigated, since it is at present not known what the concentrations
of Ly49 and MHC class I on native murine NK cells are, nor how they change upon NK cell
activation. Nevertheless, Andersson et al previously suggested that the fraction of Ly49A
receptors bound in cis on native NK cells is around 75% [28], which would place the Ly49A
concentration in a range where the cis fraction would be sensitive to changes in MHC class I
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concentration. Furthermore, increases in MHC class I levels have been shown to occur for
instance in response to interferons, well-known NK cell activating cytokines, which are
released for instance upon viral infections [44]. Whether the cis interaction is a purely
diffusion driven process also in native NK cells, or rather regulated by some active biological
process, is also left for future experiments to reveal.
In conclusion, our study provides an example of how refinements of ultrasensitive techniques
and resulting quantitative results can lead to an increased understanding of biological
mechanisms.
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7. Appendix
Derivation of the dual colour cross-correlation expression for a non-perfect overlap, and
when brightness differences and cross-talk are present
The detected fluorescence fluctuations, FG (t ) and FR (t ) from a set of green species and a
set of red species are given by:
FG (t ) 

FR (t ) 
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WG (r )cu (r , t ) 3r
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WR (r  r0 )cu (r , t ) 3r 

uSetG
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WG (r )cu (r , t ) 3r
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(A2)

In Eq. A1 and A2 the following abbreviations have been used:
i) SetG and Set R are the sets of the green and red species, respectively. In case of three
species, g, r and gr, then SetG  g , gr and Set R  r , gr.
ii) k    q , is the product of the detection efficiency (  ) and the fluorescence quantum yield
( q ). More precisely: kuG is the probability of detecting a fluorescence photon in the green
detector when a photon has been absorbed by the green fluorophore of the species u. kuR is the
probability of detecting a fluorescence photon in the red detector when a photon has been
absorbed by the red fluorophore of the species u. k uG is the probability of detecting a
fluorescence photon in the red detector when a photon has been absorbed by the green
fluorophore (due to crosstalk) of the species u.
iii) cu is the concentration fluctuations of species u.
iv) WG (r )  CEFG (r ) I exc ,G (r ) and WR (r )  CEFR (r ) I exc , R (r ) are the green and the red
fluorescence brightness distributions, respectively. Where I exc ,G (r ) and I exc , R (r ) denote the

excitation intensity of the laser exciting the green and the red species, respectively, and
CEFG (r ) and CEFR (r ) signifies the collection efficiency function of the instrument in each colour
range;
v) r0 is the displacement parameter, which is the distance between the centre of the green and

the red laser focus.
In Eq. A2, the second summation term is due to cross-talk from the green species, detected in
the red channel. The normalized CEFR (r ) I exc,G (r ) is assumed to be equal to the normalized
CEFG (r ) I exc,G (r ) .
Inserting Eq. A1 and Eq. A2 into the cross-correlation of the fluorescence (Eq. 3) yields:
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(A3)
The concentration fluctuations of two different species u and v are always uncorrelated if they are not
interacting with each other, i.e.  cu (r ' , t   )cv (r , t )  0 Hence:
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Here, SetG  Set R , is not empty if there are double labelled species.
According to Parsevals theorem:
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conjugation. Hence:
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In Eq. A6, standard rules for Fourier transforms were applied, except for

F  cu (r ' , t )cu (r , t   )   cu e  Du  e  j r
2

.

(A7)

which is derived in reference [6].
Suppose that the excitation profile has a gaussian distribution, i.e. W ( x, y, z )  Wmax e
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By integrating along a rectangular contour in the complex plane, the complex integral of Eq. A8 can
be written:
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Inserting Eq. A9 into Eq. A8 yields the following expression for the cross correlation:
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With the same approach, the autocorrelation functions of the green and red fluorescence were
obtained:

GR ( )  1 


  V V WG
VR  (k uR ) 2 cu Diff uR ( )    2 G R max
 uSet
  V W R
GR
max
R

 

 k

R
u
uSetG  SetR

 c Diff
G
u u

GR
u

( ) e

G

Wmax
R
V
R  qu cu  VG
R
 uR
Wmax




2 ( x02  y02 )



2 z02

G 2  R 2 8 Du zG2  z R2 8 Du


c.t .



uG

R
u


quG cu 



  W G
  V  max
  G  W R
   max





2

 k

uSetG


c Diff uG ( ) 



R2
u
u

2

(A11)

GG ( )  1 

VG  ( uG quG ) 2 cu Diff uG ( )
uG



VG   uG quG cu 
 uG


(A12)

2

The comment c.t. has been inserted into Eq. A10a and A11 to avoid ambiguities. Whenever a
detection efficiency is marked with c.t., it should be clear that it is the detection efficiency of the green
fluorescence detected in the red channel. Note that background intensity is implicitly included in the

17

general correlation expressions of Eq. A10A, A11 and A12, since background intensity can be
regarded as species with infinite diffusion coefficients.
In the case of two-dimensional diffusion, the effective volumes ( VG , V R and VGR ) should be replaced
with the effective areas ( AG , AR and AGR ) in Eq. A10A, A11 and A12, and z G and z R should be
replaced with infinity in Eq. A10A, A10B, A11, and A12.
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FIGURE LEGENDS
Fig 1: Depiction of the molecular interactions measured: positive control (top left), negative
control (top right), and the test sample (bottom). All measurements were performed on EL-4
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cells, previously transfected with Dd-EGFP. Only the Alexa647-coupled antibodies varied
between the different measurement scenarios. In the positive control, the signal from DdEGFP was detected in combination with an antibody against the very same H-2Dd molecule.
As a negative control, the signal from Dd-EGFP was combined with detection of an antibody
against H-2Kb, which does not interact with H-2Dd. For the detection and quantification of
cis-interaction, the signal from Dd-EGFP was combined with an antibody against Ly49A
(bottom).
Fig 2: Typical auto- and cross-correlation curves of Dd-EGFP with: Dd-ab (left column), Kbab (middle column), and Ly49A-ab (right column). Green squares represent auto-correlation
curves from Dd-EGFPs in all plots. Red circles show autocorrelation curves from Al647labelled antibodies against: H-2Dd (left), H-2Kb (middle), and Ly49A (left). Orange triangles
represent the corresponding cross-correlation curves between Dd-EGFP and these three
species. Black lines represent the corresponding fits, according to Eq. 4C. Each column
contains three different concentration ratios of receptors per ligand (except for the positive
control, which only contains two different ratios), from top to bottom: 0.3 and 0.07 (left); 1.3,
0.3 and 0.05 (middle); and 1.8, 0.2 and 0.05 (right).
Fig 3: (A) Schematic figure of the two laser foci; both positioned on the cell membrane. The
two excitation foci do not overlap perfectly. The distance between the centers of the foci is
referred to as the displacement, r0. The focal radii of the green and red excitation lasers (G
and R), and r0, was determined during the cell surface measurements (see section 4.3b). (B)
Degree of cis-interaction between Ly49A and Dd-EGFP in relation to their concentrations in
the cellular membrane. For each cell, the number of Dd-EGFP and Ly49A molecules per μm2,
and the fraction of receptors that were bound in cis, was determined. The x-axis shows the
total Dd-EGFP concentration (both bound and unbound) and the y-axis shows the total Ly49A
concentration. The fraction of receptors bound to Dd-EGFP is depicted by the color scale
indicated in the legend. (C) The same data set, but now with the Dd-EGFP concentration on
the x-axis and the fraction of Ly49 receptors bound in cis on the y-axis. The red curve is the
best fit of the experimentally determined fractions  to Eq. 7. The error bars of the
concentrations are due to the uncertainty in the displacement parameter, r0, and denote values
presuming the r0 +/- standard deviation for the specific day. (D) Dependence of the diffusion
coefficients of Dd-EGFP (green squares), Ly49A-Al647 (red circles) and their complex
(orange triangles) on the concentration of total amount of Ly49A-Al647 and Dd-EGFP on the
cell..
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