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Stoichiometry of molecular complexes at adhesions
in living cells
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aLaboratory for Fluorescence Dynamics, Department of Biomedical Engineering and Development Biology Center Optical Biology Core Facility, University of
California, Irvine, CA 92697; bDepartments of Chemistry and Physics, McGill University, Montreal, QC, Canada H3A 2K6; and cDepartment of Cell Biology,
School of Medicine, University of Virginia, Charlottesville, VA 22908

Edited by Jennifer Lippincott-Schwartz, National Institutes of Health, Bethesda, MD, and approved December 2, 2008 (received for review June 24, 2008)

We describe a method to detect molecular complexes and measure
their stoichiometry in living cells from simultaneous fluctuations of
the fluorescence intensity in two image channels, each detecting a
different kind of protein. The number and brightness (N&B) anal-
ysis, namely, the use of the ratio between the variance and the
average intensity to obtain the brightness of molecules, is ex-
tended to the cross-variance of the intensity fluctuations in two
channels. We apply the cross-variance method to determine the
stoichiometry of complexes containing paxillin and vinculin or
focal adhesion kinase (FAK) in disassembling adhesions in mouse
embryo fibroblasts expressing FAK, vinculin, and paxillin-tagged
with EGFP and mCherry. We found no complexes of these proteins
in the cytoplasm away from the adhesions. However, at the
adhesions, large aggregates leave, forming a hole, during their
disassembly. This hole shows cross-correlation between FAK and
paxillin and vinculin and paxillin. From the amplitude of the
correlated fluctuations we determine the composition of the ag-
gregates leaving the adhesions. These aggregates disassemble
rapidly in the cytoplasm because large complexes are found only
in very close proximity to the adhesions or at their borders.

brightness analysis � confocal microscopy � cross-correlation

Cell migration, like many cellular phenomena, is characterized by
localized, transient processes mediated by specialized molecu-

lar complexes (1). A goal of cell biology is to detect these complexes
and determine when and where they form as cellular processes
unfold. The highly localized and transient nature of some cellular
phenomena makes this particularly challenging. To date, FRET has
emerged as the dominant method for detecting protein complexes
in living cells. However, it often requires careful placement of
fluorescent probes to ensure that FRET will occur, and it is
relatively insensitive. Recently, we introduced another approach,
ccRICS (cross-correlation RICS), based on cross-correlating si-
multaneous dynamic fluctuations in two channels that are intrinsic
to raster scanned images generated by laser scanning confocal
microscopes (2). This method works on any pair of labeled proteins,
is highly sensitive, and produces maps of complexes in living cells.
However, neither FRET nor ccRICS provides the pixel resolution
needed to localize many processes. More importantly, neither
reveals the stoichiometry of the complex, which can provide
significant mechanistic insight.

In this article, we report a method for determining both the
presence and the stoichiometry of protein complexes at pixel
resolution and apply it to disassembling adhesions. It is derived from
fluorescence fluctuation methods that have single-molecule sensi-
tivity and is based on our described N&B method that measures the
number and brightness (aggregation state for this application) of
fluorescent molecules in every pixel of a confocal microscope image
(3). The new method exploits the correlation of fluorescence
amplitude fluctuations for two colors and detects the presence of
molecular complexes and their stoichiometry. Although the original
N&B method was developed for one color, i.e., a single-molecular
species, the new method, ccN&B, extends the analysis to two colors
and introduces the concept of cross-variance. This method is similar

in concept to the two-color photon counting histogram (PCH)
analysis (4). However, the covariance-based ccN&B method also
generates pixel resolution maps of protein complexes and can be
used on commercial confocal microscopes. The method is highly
sensitive and has relatively high temporal resolution.

We have applied this method to adhesion complexes in cells. In
addition of their structural role, to link the extracellular substratum
to actin filaments, they also serve as signaling centers that regulate
many cellular processes, including their own assembly and turnover,
migration, gene expression, apoptosis, and proliferation (1, 5, 6).
Adhesions comprise �100 different molecules, some associated
stably and others transiently (5). Morphologically, there is much
variation among adhesions, and it is thought that specific adhesions
and perhaps even parts of adhesions mediate different functions (5).
Adhesions form and disassemble, through an orchestrated se-
quence of events, in anywhere from less than a minute to many
minutes depending on the particular type of adhesion (7). The exact
sequence of events that mediate the turnover of adhesions and the
stoichiometry of protein complexes in and around adhesions are
unknown because methods to detect and quantify them have not
been available.

For these studies, we have used focal adhesion kinase (FAK),
paxillin (Pax) and vinculin (Vn) labeled with EGFP and mCherry.
In vitro, both FAK and Vn bind to Pax at a similar locus; however,
these molecules show no FRET in cells (2). By using the ccN&B
analysis, we have followed many adhesions in cells for several
minutes and determined the stoichiometry of the protein complexes
within them. We show that complexes are present only at or very
near adhesions and they change with time. We also determined the
distribution of relative amounts of two proteins in the complexes,
all at pixel resolution. The data reveal an underappreciated fine
structure within adhesions and show that the adhesion functions as
a scaffold for the formation of protein complexes and that formed
complexes do not reside in the cytoplasm.

Two-Color N&B Analysis. For one-channel data the number N and
brightness B at each pixel are defined as (3, 8)

N �
�k�2

�2 , [1]

B �
�k�

N
�

�2

�k�
, [2]

where �k� and �2 are the average and the variance of the intensity
at 1 pixel in a time series of K. For two channels [green (G) and red
(R)], we define the cross-variance as
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�cc
2 �

� �Gi � �G���Ri � �R��

K
, [3]

where Gi is the intensity of a pixel in the green channel at frame i,
and �G� is the average intensity over the K frames. The same
definitions hold for the red channel.

The cross-brightness histogram plot, called Bcc in this article, is
the plot of the normalized cross-variance vs. the brightness of either
channel. The normalization is with respect to the average intensity
of both channels as shown in Eq. 4.

Bcc �
�cc

2

��kG��kR�
. [4]

Thus, there are two Bcc plots, one for each channel indicated by Bcc1
and Bcc2. The cross-number is defined as

Ncc �
�G��R�

�cc
2 . [5]

Following the above definitions, the cross-variance is centered on
zero if the fluctuations in the two channels are independent. It
could be positive if the two channels are correlated and negative if
the two channels are anticorrelated. In the following section, we
show how to obtain the stoichiometry of protein complexes by using
the brightness expression for each channel and the cross-variance.
This method is general and can be applied to any pair of labeled
proteins in which the fluorophores do not have substantial FRET.

B1–B2 Plot and the Symmetry of the Bcc Plot. Here, we simulate 100
particles (50 for each color) diffusing in a plane to illustrate the steps
necessary for determining the stoichiometry of a complex. In the
simulation, the diffusion constant is 10 �m2/s, and the image is
scanned in a region of 256 � 256 pixels with a pixel dwell time of
15.62 �s, and the brightness is set at 10,000 counts per second per
molecule. The size of each pixel is 50 nm, and the waist of the
Gaussian illumination volume is 0.5 �m. First, we simulate a system
in which the fluctuations in the two channels are independent. The
simulation was done for 25 frames. For each pixel and channel, we
calculate the brightness according to Eq. 2. We then plot the
histogram of the values of the brightness of the two channels one
vs. the other in the B1–B2 plot (Fig. 1A1). This plot is needed to
determine the brightness of the ‘‘monomer’’ and to determine
whether particles of different brightness exist in the system. Mono-
mer here is defined as the element of minimum brightness and in
principle can be composed of several proteins, if they exist only as
an aggregate. For this simulation, the B1–B2 map is symmetric
relative to the 45° angle because the brightness of the particles in
both channels is the same (Fig. 1A1). This plot shows a large
population (inside the red circle) that we identify as the monomers.
The center of the distribution in Fig. 1A1 gives the value of the
monomer brightness for the two channels, respectively. The B1–B2
plot does not reveal whether the particles reside in a complex. To
determine this, we calculate the histogram of �cc

2 (defined in Eq. 3)
vs. B1 and B2 values, respectively, providing two plots (called the
Bcc plots) as shown in Fig. 1 row 1, columns 2 and 3. These plots are
relatively symmetric around the zero horizontal line, indicating that,
on average, there are the same numbers of positive and negative
contributions to the cross-variance. The symmetry of this plot is the
signature of absence of interactions between the two proteins.
Sometimes these plots appear nonsymmetric, although centered on
the zero line. This is caused by the Poisson statistics when there are
few counts in a pixel. When a pixel has more counts, the distribution
in each pixel tends to be Gaussian, and the plot is more symmetric.
We then simulated a situation in which we have the same particle
brightness as before, but 25% of these particles are part of a
molecular complex, i.e., 37.5% are only emitting in channel 1,

37.5% only in channel 2, and 25% in both channels. Fig. 1 row 2
shows the Bcc plots, which are now mostly positive. The B1–B2 plot
(Fig. 1 row 2, column 1) for the case with correlation is identical to
that of Fig. 1 row 1, column 1 for the simulation without correlation.
This simulation shows that the B1–B2 plot is insufficient to reveal
the existence of a complex. We repeated the simulation for a system
with only 5% of the particles carrying both colors, the rest being
independent. Fig. 1 row 3, columns 2 and 3 shows that the Bcc plots
are still partially positive even for this low fraction of complexes.

Complexes with Different Stoichiometry. Next. we examine the case
in which we have positive correlations with different ratios of the
intensity in the two channels. Fig. 1 row 4 illustrates the case in
which we have 5% molecular complexes with a 2:1 relative intensity
ratio in the two channels. This situation simulates a ternary complex
with two green proteins and one red protein in a sea of green and
red monomers. We expect to see different regions of correlation in
the Bcc plots for the two channels as shown in Fig. 1 row 4, columns
2 and 3. In every case, from the observation of the symmetry (along
the zero covariance line) of the Bcc plot we were able to show the
existence of a complex.

Note that in the above simulations all pixels of the image were
equivalent, and within the same pixel, we have contributions from
complexes with different stoichiometry. In this situation, we deter-
mine the average brightness and covariance (Bcc plots) in each pixel
(B1 and B2 plots). If we have regions in which complexes of
different stoichiometry appear in one image, then we should be able
to separate these regions and quantify the stoichiometry of the

Fig. 1. Simulations: 100 particles move on a plane with a diffusion constant D �
10 �m2/s. The fraction of molecules correlated changes from Top to Bottom. Row
1, particles are uncorrelated; row 2, 25% of particles are correlated; row 3, 5% of
the particles are correlated; and row 4, 5% of the particles are correlated with a
brightness ratio 2:1. When the particles are correlated, the Bcc plot has a strong
positive component. In row 1, the circle indicates that the distribution is symmet-
ric about the horizontal axis. In rows 2 and 3, the rectangular selector in the Bcc

plots indicates that the correlation is nonsymmetric (positive) with respect to the
horizontal axis, and the horizontal position corresponds to the average bright-
ness in each channel as determined from the B1–B2 plot. The deviation from
symmetry is larger for row 2. In row 4, the rectangular selector is in a horizontal
position that corresponds to the ratio 2:1 (green to red) of the simulated data.
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complex in each region. It is a crucial feature of this analysis method
that we can localize the regions of the cell where the complexes form
and map the stoichiometry.

Complexes of Different Stoichiometry in Different Parts of an Image.
In the following example, we illustrate our method by determining
the composition of complexes in different parts of an image. We
analyze a cell coexpressing Vn-EGFP and Pax-mCherry (Fig. 2).
For this sample, we produce the B1–B2 plot (Fig. 2A). In this plot,
we select the region of maximal population (circle of Fig. 2A). This
region maps to pixels in the cytoplasm rather than at the adhesions
(Fig. 2B). We identify the brightness of this region with the
brightness of the monomers separately in both channels. This
information is crucial for the correct calibration of the brightness
scale. In this case, earlier measurements based on the ccRICS
method showed that the two proteins are not correlated in the
cytoplasm, but rather they freely diffuse as monomeric species.

The B1–B2 plot gives all of the possible brightness found in the
image. However, this plot does not distinguish whether the two
brightnesses were there at the same time. To establish the corre-
lation between the fluctuations, we need the cross-variance plot. In
this plot, pixels with uncorrelated fluctuations are close to the
horizontal axis, whereas the correlated particles give pixels with
positive cross-variance. By systematically exploring the positive part
of the covariance plot, for every pixel value of B1 (and positive
cross-variance), we find the corresponding value of B2. This is done

by using a coincidence analysis algorithm. The density of pixels with
a given value of correlated B1 and B2 could be plotted in a contour
plot (or any other kind of 3D plot) to identify population of pixels
with a given stoichiometry. However, instead of finding the coin-
cidence for each individual pixel, we analyze a region of pixels
selected by the square selector in the Bcc–B1 plot (Fig. 2C). This
process ‘‘smoothes’’ the contour plot because a region of values is
analyzed at a time. The width (in the x axis) of the selector
determines how many pixels are analyzed simultaneously. In the
vertical direction, we always use the entire positive cross-variance
values. The height of a point in the vertical axis is proportional to
the square of the product of the fluctuations that occur simulta-
neously in both channels. In principle, we could select values of the
cross-variance above a given limit, which will correspond to large
coincident fluctuations in the two channels. However, in this work,
we only selected positive values of the cross-variance. The contour
plot lines indicate the number of pixels that are correlated. Because
we use a relatively large region of the Bcc plot, this number is on the
order of 1,000 or more. The green line in Fig. 2D shows one
particular coincidence analysis for the region selected in the Bcc–B1 plot
and for all possible regions in the Bcc–B2. For this example, the green
line in Fig. 2D has a peak value of �1,000. Then another region of the
Bcc–B1 plot is chosen, and another green line is obtained.

We use a contour plot (Fig. 2E) to display the number of pixels
(in the image) that have a given combination of brightness for the
two channels, namely this contour plot is the combination of all of
the green lines. The procedure is fully automatic and requires no
fitting or a priori assumptions about the composition of the
complex. The analysis is based on a systematic mapping of regions
of the image that show different combinations of brightness for the
two channels.

We must remember that to obtain the true molecular brightness
in units of counts per second per molecule, we must subtract 1 for
the value of B and then divide this difference by the pixel dwell time
(3). For example a value of brightness B1 � 1.125 with a pixel dwell
time of 12.5 �s corresponds to a molecular brightness � � (1.125 	
1)/12.5 �s � 10,000 counts per second per molecule. This operation
is done automatically during the construction of the contour plot
because we know the value of the brightness of the monomers. The
contour plot units are expressed in multiples of the monomer values
for the two channels.

The contour plot in Fig. 2E represents the average stoichiometry.
If we want to determine the stoichiometry in only one part of the
cell, we can choose a region of interest in the image as shown in Fig.
3 A and B. Then we can repeat the analysis only in that region. For
example Fig. 3 B and D shows regions of the cell where the
stoichiometry of the complexes is different.

The B1–B2 plot, the Bcc plots, and the contour plots are based
on counting pixels with a given brightness and cross-variance. In
each pixel we could have a different number of molecules. To
convert the pixel count into a molecule count, we need to use the
number of molecules of the two colors in each pixel, which is
obtained by using the number map as described in ref. 3 or Eq. 5
(data not shown).

Results
Cell Expressing FAK-EGFP and Pax-mCherry. B1–B2 histogram plot. The
B1-B2 plot for a cell expressing FAK-EGFP and Pax-mCherry is
shown in Fig. 4 A and B. This plot gives a region of points centered
at position B1 (1.210) and B2 (1.084) and encompasses the majority
of the pixels in the cytoplasm (colored red in Fig. 4A). We interpret
this region of the B1–B2 histogram as representing monomers in
both channels. By using a 12.5-�s pixel dwell time we calculated the
molecular brightness � of the monomers to be 17,200 counts per
second per molecule for the green channel and 6,740 counts per
second per molecule for the red channel, respectively. The bright-
ness value depends on the laser power and the combination of filters
used. For this measurement, the nominal laser power was 1%
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Fig. 2. Cell expressing Vn-EGFP and Pax-mCherry. (A) B1–B2 plot showing the
cluster of brightness corresponding to monomers, selected in B by the red
circle. (C and D) Bcc plots showing a region of brightness with positive cross-
variance selected by the rectangular cursor. The coordinates of the cursor are
x � 2.71 and y � 1.56. The Bcc1 plot is explored for positive correlations. The
green line in D shows the number of pixels with a given value of brightness as
selected for B1 and for all positive values of B2. The operation is repeated for
all locations in the Bcc1 plot. The green lines are then transferred to a contour
plot that shows the number of pixels with a given composition. In the
horizontal and vertical axis of the contour plot, we plot brightness of channel
1 and channel 2, respectively, in unit of monomer brightness. In the z axis, each
contour corresponds to the number of pixels that have a give pair of values of
B1 and B2. (E) The most populated region is centered at 1.77 Vin and 2.22 Pax.
All cell images have a size of 20.5 �m2 (20.5 �m � 20.5 �m).
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(according to the Olympus slider) for both channels. For each
sample, we measured the position of this relatively symmetric
region of the B1–B2 plot to calibrate the monomer brightness, and
we will refer to multiples of these brightness values to indicate how
many (on the average) molecules of each color are in the complexes.
By using this procedure, each sample has its own internal brightness
standard. The region of pixels selected by the rectangle and
highlighted in red in the image shown in Fig. 4B corresponds to an
area in which there is a large retraction event. This event lasted �20
s. The apparent brightness in this region was very high. The
selection of the pixel histogram in this region of high brightness
shows where the brightest pixels in the image are located (colored
red in Fig. 4B). The B1–B2 plot does not provide information about
the interaction of the two proteins. To detect complexes with a
given stoichiometry, we must use the Bcc plot.
Bcc histogram plot. Fig. 4 C and D shows the Bcc1 and Bcc2 plots. The
simultaneous selection of different pixel clusters from these plots
(rectangular regions of Fig. 4 C and D) shows that there are two
families of complexes that have a large positive cross-variance. One
region, with brightness of �2.5 FAK monomers and 3.5 Pax
monomers corresponds to specific spots (pixels) on the adhesions
(Fig. 4C). The second region, with much larger brightness (as shown
by the position of the rectangular regions in Fig. 4D, which is
approximately at 15–20 FAK and 10–15 Pax), corresponds to
regions in the cell between the adhesions where the cell was
retracting (Fig. 4D). We believe that the large variance (large
brightness) in this region is caused by collective macroscopic motion
rather than single complex fluctuations. As a matter of fact, the
analysis shown in Fig. 4 was obtained by using the first 50 frames of
the 100 frames record, when this event occurred. If we use the
second 50 frames or filter the low frequencies from the images by
using the moving average method, this macroscopic event disap-
pears, whereas the events related to molecular complex fluctuations
at the adhesions remain. Fig. 5 shows the same kind of analysis for
another cell. For this cell, there is only one stoichiometry with �3.4
FAK and 6.4 Pax. The fluctuations occur at very well-defined spots
on the adhesions. This region was not retracting.

Cell Expressing Vn-EGFP and Pax-mCherry. Fig. 6 shows the Bcc plots
for two cells expressing Vn-EGFP and Pax-mCherry. The selection
(position of the rectangular cursor) corresponds to an average

stoichiometry of �2.45 Vn and 2.25 Pax. Complexes with this
stoichiometry appear in particular regions on the adhesions. In Fig.
7 we show that selecting a region of the Bcc plot corresponding to
greater brightness for both colors selects pixels either at the
adhesion borders or outside the adhesions. Analysis of other cells
(data not shown) reveals essentially the same pattern, with regions
on the adhesions selected by stoichiometry in the range 2–3 Vn and
2–3 Pax, whereas brighter aggregates are at the adhesion borders or
in the cytoplasm close to the adhesions. We have not observed any
large aggregates in the general cytoplasm far from the adhesions.

As a control, we present (Fig. 8) the analysis of a cell expressing
a FAK mutant, I937E/I999E, that neither binds to paxillin through
its FAT domain (9) nor localizes in adhesions. Accordingly, the
FAK mutant labeled with EGFP does not concentrate in adhesions,
whereas Pax-mCherry does in expressing cells. As shown in Fig. 8,
the cross-variance analysis of a cell expressing a mutant of FAK-
EGFP and Pax-mCherry has a symmetric Bcc plot.

Discussion
The most striking result from the two-color N&B analysis is the
precise location of pixels with positive covariance. Our previous
measurements with cross-correlation RICS showed that the fast-
diffusing molecular species in the cytoplasm were uncorrelated (2).
However, in these experiments we were able to detect slower events
that we attribute to unbinding of preformed complexes from the
adhesions. The ccRICS method has limited spatial resolution, and
we were only able to conclude that the cross-correlation signal was
larger in the regions where adhesions were disassembling without

x 2.20408 y    3.47573 #pixels

3210

6

5

4

3

2

1

0

-1

-2

3210

6

5

4

3

2

1

0

-1

-2

x 1.08434 y    1.21053 #pixels 37

43210

6

5

4

3

2

1

0
y p

43210

B
1

6

5

4

3

2

1

0

A

B

y p

43210

6

5

4

3

2

1

0

-1

-2

C

x    3.86939 y    3.32039 #pixels 1522 in

43210

6

5

4

3

2

1

0

-1

-2

D

Bc
c

Bc
c

B1
B1

B1

B1

B2

B2

B2

B2

Fig. 4. Cell tagged with FAK-EGFP and Pax-mCherry. (A and B) B1–B2 plots.
Selecting points in the red circle (Left) highlight pixels in the image at the
Right. (A) Selection corresponds to monomers. (B) Selection corresponds to
large aggregates. (C and D) Simultaneous selection in the Bcc plots in the
regions indicated by the rectangles. (C) Brightness of 2.5 FAK and 3.6 Pax. (D)
Brightness is in the range of 15–20 for FAK and 10–15 for Pax.

577
538
500
462
423
385
346
308
270
231
193
155
116
78
39
1

Channel 1
10987654321

C
ha

nn
el

 2
10

5

0

-5

654
610
567
523
480
436
393
349
306
262
219
175
132
88
45
1

Channel 1
54321

C
ha

nn
el

 2

10

5

0

-5

A

C

B

D

Fig. 3. Cell expressing Vn-EGFP and Pax-mCherry. (A and C) For a chosen
region of interest, the pixels that have a given value of the brightness in each
channel are counted. (B and D) Contour plots (in monomer brightness units)
show the combinations of brightness that give more pixels in the region of
interest, which is at 2.05 Vn and 2.68 Pax (B) and 2.5 Vn and 3.3 Pax (C).

Digman et al. PNAS � February 17, 2009 � vol. 106 � no. 7 � 2173

BI
O

PH
YS

IC
S



resolving the exact location of the cross-correlation. With the
two-color N&B approach, we can exactly pinpoint where the
correlated fluctuations occur. Also with the two-color N&B co-
variance analysis, we have not observed correlation in the general
cytoplasm, in accord with our previous observations with the
ccRICS technique. Instead, we can show that the cross-correlated
fluctuations arise at specific locations and times in adhesions. When
we analyzed the average intensity changes at the locations where we
observed cross-variance (data not shown), we found that they

corresponded to points of decreasing fluorescence intensity on the
adhesion. This indicates that the adhesions are disassembling at
these locations by releasing relative large complexes. Because there
is endogenous protein, we can only determine the relative, rather
than the absolute, stoichiometry. However, the tagged proteins are
expressed at levels of �1–3� over that of the endogenous, sug-
gesting that our values are not far from those of the endogenous
(10). The absence of cross-correlation in the cytoplasm and cross-
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(C–F) Time evolution of the complexes leaving the adhesions. Each panel
corresponds to the average of 50 s.
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Fig. 7. Cell tagged with Vn-EGFP and Pax-mCherry. (A) Large brightness (15
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Brightness in the range 2.45 Vn and 2.25 Pax selects pixels on the adhesions.
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shows a symmetric Bcc plot (C), although the cell forms adhesion.

2174 � www.pnas.org�cgi�doi�10.1073�pnas.0806036106 Digman et al.



variance at the adhesions indicates that proteins bind as individual
units at the adhesions and that the assembling adhesion itself is the
scaffold for the assembly of the incoming proteins.

These measurements are sensitive to light and microscope set-
tings, FRET, photobleaching, and cell movement. Although for
each cell the brightness of the monomers could slightly change
because of some necessary adjustments of the laser power to bring
the signal to a level that it could be observed, for each experiment
we measure a large number of pixels (outside the adhesions) that
correspond to molecular species that we interpret as being mono-
mers. Therefore, every experiment has its own internal calibration,
and all brightness values are quantified relative to this monomeric
baseline. FRET will also affect the brightness because intensity will
be lost from the donor and appear in the acceptor. We performed
experiments by using the FLIM technique (data not shown) to deter-
mine whether there was any FRET at the adhesions. For all sample
examined, we never observed FRET, indicating that in the complex, the
proteins must be at a distance larger than the Forster radius.

Although some photobleaching is present in our measurements,
it is quite difficult to filter the slow variation caused by photo-
bleaching to separate it from any slow binding–unbinding pro-
cesses. We performed a series of tests by filtering the data at each
pixel with a moving average filter of different lengths. If we select
only the fast fluctuations, the cross-correlated signal tends to
decrease, in accordance with our previous observation by using
ccRICS that the only cross-correlated events are the slow events.
However, even with a moving average where all of the slow
fluctuations are filtered out, we still see the same pattern in which
specific points at the adhesions show sudden changes in intensity.

Another possible source of artifact is cell movement. The moving
average algorithm described for the RICS method was also applied
to this dataset. The cell in Fig. 4, for example, had a rapidly
retracting region. The apparent brightness associated with this
region of the cell is very large. The filtering procedure, by using a
moving average of 10 frames, removed this event (data not shown).

Conclusions
The cross-variance N&B analysis shows that complexes containing
FAK, Vn, and Pax are only observed at or very near the adhesions.
There are no preassembled complexes in the cytoplasm. During
adhesion disassembly, we can observe the hole left by the departing
complex and determine the stoichiometry of what was at the
adhesions. The multimeric pieces that are coming off the adhesions
are relatively large, containing at least 10–15 fluorescent proteins
(in addition to other nonfluorescent protein molecules). We were
able to observe relatively large particles only close to the adhesions.
This could be caused by the very short lifetime of the complexes that
may disassemble (2) shortly after leaving the adhesion. Perhaps,

only the very large protein assemblies survive long enough to be
observed at some small distance from the adhesions. The method
we describe in this work is of general applicability to complexes of
molecules carrying two (or more) colors. It reveals the presence and
the stoichiometry of complexes of small and large size at pixel
resolution and fulfills a major need in cell biology.

Materials and Methods
Cell Culture and Protein Transfection. Mouse embryonic fibroblasts were cul-
tured at 37 °C in a 5% CO2 humidified incubator. After trypsinization, cells were
subcultured and transferred from a 35-mm tissue culture flask to a 25-mm, 6-well
Falcon tissue culture (Becton-Dickinson). Cells were then grown to 50–80%
confluence, transfected with 1 �g of DNA (0.5 �g of DNA per protein for
cotransfections) and 5 �g of Lipofectamine 2000 (Invitrogen). Vn, FAK, the FAK
mutant I937E/I999E, and Pax cDNA were ligated to EGFP or mCherry at the C
terminus (7) as described. After 24 h of transfection, cells were plated by using
high-glucose DMEM supplemented with 10% FBS and penicillin/streptomycin
(Hyclone) on MatTek imaging dishes coated with 3 �g of fibronectin from
Sigma–Aldrich 1 h before imaging.

Microscopy. We used an Olympus FV1000 microscope with a 60 � 1.2 NA water
objective (Olympus). Thescanspeedwas setat12.5 �sperpixel. Thescanareawas
256 � 256 pixels, and �100–200 frames were collected for each sample. The
corresponding line time was 4.325 ms, and the frame time was 1.15 s. The
electronic zoom of the microscope was set to 16.3, which corresponds to a region
of 12.8 �m2. For the EGFP excitation, we used the 488-nm line of the argon ion
laser, and for the mCherry excitation we used the 559-nm laser excitation. The
power of the 488-nm laser was set between 0.5 and 1% according to the power
slider in the FV1000 microscope. The power of the red laser was then changed to
match the average intensity in the two channels. Generally, the power in the red
channel was 
1.5%. Data were collected in the pseudo-photon counting mode
of the Olympus FV1000 microscope. The filters for the green and red emission
channels have a nominal bandwidth of 505–540 nm and 575–675 nm, respec-
tively. The overlap of the volume of observation and excitation at the two colors
of our experiments was tested by imaging single 100-nm fluorescent beads
carrying two colors simultaneously (yellow-green fluorospheres; Invitrogen). We
imaged single immobilized beads by using a z-stack with images acquired every
500 nm in the z direction. We found that in the FV1000 microscope the center of
mass of the excitation volumes was coincident within 20 nm in the x and y
directions and within �40 nm in the z direction in both channels.

Cross-NB Analysis. We used the SimFCS program (Laboratory for Fluorescence
Dynamics) for the cross-variance analysis. For the N&B analysis, data were col-
lected in the 256- � 256-frame format. The slowly varying signals were removed
from the calculation by using a high-pass filter operation as described in ref. 11.
ThefactorS (digital levelsperphoton)wascalibratedaccordingtotheprocedures
described in ref. 8 and it was found to be 2.75.
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