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Abstract

Characterization, especially quantification, of protein interactions in live cells is usually not an
easy endeavor. Here, we describe a straightforward method to identify and quantify the interaction
of a membrane protein (“bait”) and a fluorescently labeled interaction partner (“prey”)
(membrane-bound or cytosolic) in live cells using Total Internal Reflection microscopy. The bait
protein is immobilized within patterns in the plasma membrane (e.g. via an antibody); the bait-
prey interaction strength can be quantified by determining the prey bulk fluorescence intensity
with respect to the bait patterns. This method is particularly suitable also for the analysis of weak,
transient interactions that are not easily accessible with other methods.
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1 Introduction

Although there are many methods to analyze protein-protein interactions, quantitative
analysis of protein interactions in live cells is still less than straightforward. Most
approaches rely on immunoprecipitation, affinity purification or chemical crosslinking and,
thus, analysis of cell lysates (1,2). In live cells, assays are rather challenging, laborious,
suffer from detection of false positives or negatives, do not allow for easy quantification,
and/or are not readily accessible for many labs (e.g. Bimolecular Fluorescence
Complementation (3), Yeast Two-hybrid Screen (4), Fluorescence Resonance Energy
Transfer (5) or single-molecule methods (6)).

Protein Micropatterning is a technique that circumvents many of these problems: it is
simple, inexpensive, no elaborate equipment is necessary, it can also capture transient
interactions, it is performed in live cells, and data analysis is uncomplicated. The method is
based on the work of several groups who forced membrane proteins into specific patterns
within the plasma membrane of living cells (7,8). We have extended this approach to use it
as a tool for characterization and quantification of protein interactions: One interaction
partner (bait) is restricted to specific regions (typically regular micropatterns) in the live cell
plasma membrane and the lateral distribution of a fluorescently labeled interaction partner
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(prey) is monitored. In case of an interaction, prey molecules will follow the bait pattern;
homogeneous distribution of prey protein in the plasma membrane indicates the absence of
an interaction (Figure 1). Quantification can be achieved by comparing the prey signal
intensity within and outside the bait regions: the signal contrast between these regions
provides a measure of the interaction strength.

While patterned surfaces can be generated by different methods (e.g. photolithography (9) or
dip-pen nanolithography (10)), soft lithography (11) is probably the most convenient: it is
fast, simple, and lends itself to high throughput routines. In this protocol, the patterned cell
substrate is produced by printing streptavidin patterns on a glass coverslip, to which a bait-
specific biotinylated antibody is then attached. We have first used this approach to
characterize the interaction of two proteins involved in immunosignaling: CD4, a
transmembrane protein, and the tyrosine kinase Lck, a palmitoylated protein that is
transiently associated with the plasma membrane (12). Since then, it has been applied to
characterize various protein-protein interactions in several different cell types (10,13-17)
and has been used to determine protein binding curves (18) and dissociation constants (19).
Recently, we have also used Protein Micropatterning to interrogate lipid-mediated protein
interactions (20). Versions of the Protein Micropatterning Assay have been reviewed in
(21,22).

2 Materials

Prepare all work solutions fresh each time. Store epoxy-coated coverslips in the desiccator
after opening. This protocol is optimized for PDMS stamps; if a different material is used,
conditions may need to be adjusted for optimal printing results.

1. Polydimethylsiloxane (PDMS) stamps (see Note 1)
2. Epoxy-coated coverslips: NEXTERION® slide E (Schott, Germany)

3. Streptavidin stock solution: dissolve 0.5 mg/mL streptavidin (Sigma, USA) in
phosphate buffered saline (PBS) pH 7.4. Store aliquots at -20°C. Do not freeze
and thaw.

4. Streptavidin work solution: dilute streptavidin stock solution to 50 pg/mL in PBS
pH 7.4.

5. Secure Seal Hybridization chambers (Grace Biolabs, USA)

6. BSA-Cy5 stock solution (see Note 2): dissolve Cy5-labeled bovine serum
albumin (BSA-Cy5; Nanocs, USA) to 1 mg/mL in PBS pH 7.4. Store aliquots at
-20°C. Do not freeze and thaw.

7. BSA-Cy5 work solution: dilute BSA-Cy5 stock solution to 100 pg/mL in PBS
pH 7.4.

8. Antibody work solution: dilute biotinylated antibody to 10 pg/mL in PBS pH 7.4
containing 1% BSA.

9. Imaging buffer: Hank’s Balanced Salt Solution (HBSS) with Ca2* and Mg2* and
2% fetal calf serum (FCS) (see Note 3).
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Cells expressing bait proteins and fluorescent prey proteins (see Note 4),
Accutase (Sigma, USA) (see Note 5).

Carry out all procedures at room temperature unless otherwise specified.

3.1 Soft lithography and functionalization

The workflow of “3.1 Soft lithography and functionalization” is sketched in Figure 2.

1.

10.
11.

3.2 Seeding cells
1.

Wash PDMS stamp by rinsing with ethanol (p.a.) and ultrapure water. Dry the
PDMS stamp under a stream of a dry inert gas such as nitrogen or argon.

Place ~50 pL of streptavidin work solution (50 pg/ml) on the PDMS stamp (the
whole pattern area should be covered). Let protein adsorb to stamp for 15 min at
room temperature (see Note 6).

Wash the PDMS stamp by rinsing carefully with water and dry under a stream of
nitrogen or argon.

Place the PDMS stamp face-down under its own weight onto an epoxy-coated
coverslip and incubate for 30 min at room temperature or overnight at 4°C in a
humidified atmosphere (e.g. a Petri dish with a wet tissue) (see Note 7).

Mark the position of the patterned area on the back of the coverslip with a water-
resistant marker and separate the stamp from the slide using tweezers (see Note
8).

Stick a Secure Seal Hybridization chamber over the marked area.

Add BSA-Cy5 work solution (100 pg/ml) to the hybridization chamber and
incubate for 15 min at room temperature (see Note 9).

Wash with 500 pl PBS by adding the buffer into one port of the hybridization
chamber and removing it at the second port.

Add antibody work solution (10 pg/ml) to the hybridization chamber and
incubate for 15 min at room temperature.

Wash with 500 ul PBS.

Store the micropatterned surfaces with PBS in the dark at room temperature until
seeding of cells (see Note 10).

Grow adherent cells expressing bait and prey proteins of interest to 70%
confluency in a 10 cm tissue culture dish.

Detach cells with Accutase solution and centrifuge 4 min at 300xg. This protocol
has been tested for T24, HeLa and CHO cells (see Note 11).

Pellet cells by spinning for 5 min at ~300xg.
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Discard the supernatant and resuspend the cell pellet in 1 mL of the appropriate
growth medium. Then, dilute this ~1:10 in growth medium (see Note 12).

Remove the PBS from the hybridization chamber on the micropatterned
coverslip and seed cell suspension.

Check cell density on a light microscope. Cells should be single but not too
sparse.

Put coverslips in a Petri dish humidity chamber to prevent the sample from
running dry and incubate for 1.5-2 hours at 37°C in a 5% CO, atmosphere.

Before analyzing the cells on the microscope, replace the medium with imaging
buffer.

3.3 Total Internal Reflection Fluorescence (TIRF) Microscopy

1.
2.
3.

Place the coverslip on a TIRF microscope in a suitable mount (see Note 13)
The BSA-Cy5 grid needed for quantitative analysis is recorded at 647 nm.

Distribution of fluorescent prey protein (tagged with e.g. GFP) is recorded (at
e.g. 488 nm (see Note 14)).

3.4 Contrast quantitation

1.

Export microscopy images as 8-bit TIF image. For contrast quantitation it is
necessary to export images of the fluorescent prey/bait protein (Figure 3A) and
the respective image with the BSA-Cy5 grid (Figure 3B). Figure 3C shows the
overlaid images.

8-bit TIF images are imported in the semi-automated micropatterning analysis
software (“Spotty”, see Note 15).

An automatic gridding algorithm is used to calculate the grid-size and the
rotation angle ¢ of the used image. The algorithm automatically determines the
grid parameters that correctly fit the micropatterned structure (see Note 16).
Cells to be analyzed are detected automatically or can also be selected manually
(Figure 3D).

Based on the correct identification of the grid position with respect to fluorescent
patterns, the fluorescence contrast can be calculated for each pattern in the image
as C = (F* - F)/(F* - FBG), where F* denotes the average intensity of the inner
pixels of the micropatterns, F~ the average intensity of the pixels surrounding the
micropatterns, and FBG the intensity of the global background (see Note 17)
(Figure 3E).

Several fluorescence parameters (e.g. mean brightness, background fluorescence,
contrast,...) as well as graphical descriptions can be extracted from the software
for further processing. For statistical analysis of multiple cells, we find it useful
to present the data in two-dimensional histograms, with the fluorescence
brightness F = F* — FBG on the ordinate against the signal contrast C on the
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abscissa (Figure 3F) (see Note 18). To facilitate comparison of two-dimensional
histograms, we use the mean contrast <C>. Figure 4 shows examples of 2D
histograms in the presence and absence of protein-protein interaction, yielding
high contrast and low contrast values in the 2D histograms, respectively.

PDMS is an often-used and reliable material for soft lithography, but it is rather
soft. Stamp feature sizes need to be above 1 um. We prefer stamps featuring
regularly spaced dots (3 pm in size, with 3 um interspaces).

BSA can also be labeled with a different fluorophore. Its fluorescence should be
spectrally separated from the fluorescence of the prey protein.

Growth medium is exchanged for imaging buffer i) to reduce background
fluorescence (if Phenol Red-containing medium is used) and ii) to keep cells at
pH 7.4 during measurements.

For initial tests, it is convenient to use cells expressing a fluorescent bait protein.
This way, successful immaobilization of bait protein at the antibody patterns can
be evaluated. Alternatively, this can also be verified by staining patterned bait
protein with a fluorescently labeled antibody targeting a different epitope than
the biotinylated capture antibody. It may be useful, however, to use antibody
Fab-fragments, since full antibodies may be excluded from very densely
populated patterns.

We use Accutase to detach cells because it is gentler than trypsin but equally
efficient for most cell types. We found that e.g. loss of
glycosylphosphatidylinositol-anchored proteins from the cell surface was
significantly reduced when using Accutase instead of trypsin.

You can use the pipet tip to spread the streptavidin drop. Do not touch the stamp
surface.

Water is needed for the streptavidin binding covalently to the epoxy-coated
coverslips. In their protocol for protein printing onto Nexterion E coverslips, the
manufacturer suggests a humidity of 75% during printing. We found that using a
wet tissue in a Petri dish gives satisfactory results.

Be careful to lift the stamp without dragging it across the surface.

BSA-Cy5 serves two purposes: i) blocking areas of the coverslips not covered
with streptavidin (interspaces) and ii) providing the grid necessary for
guantitative analysis.

We have found that micropatterned surfaces with the stamps still attached can be
stored at 4°C for at least two days without losing imprint quality.

Other adherent cell types may be suited for micropatterning as well. For some
cell types it may be beneficial to replace BSA-Cy5 (completely or partially) with
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fibronectin or polylysine to promote cell adhesion in the interspaces between
streptavidin regions.

12.  Best results will be obtained when cells are plated to ~30-50% confluency. We
use growth medium without Phenol Red to reduce background fluorescence.

13.  TIRF microscopy is used to ensure that only membrane-bound prey protein is
detected. Otherwise, detection of cytosolic prey protein can lead to an apparently
reduced contrast.

14.  When using this assay for the first time, we recommend using a fluorescently
labeled bait protein as described in Note 4. If the fluorescence signals of bait,
prey and analysis grid are sufficiently spectrally separated, labeled bait protein
can be used for all measurements.

15.  “Spotty” can be obtained from www.protein-interaction-lab.at upon request.

16.  Evolutionary computation strategies are used for optimized grid identification
and detection of micropatterns in biological samples.

17. A relevant factor for the success of contrast evaluation is the size of the F*
region. It has to be adjusted to fit the actual size of the printed patterns (as shown
in Figure 3E).

18.  Taking into account the fluorescence brightness is especially useful when dealing
with a heterogeneous cell population with very different expression levels of bait
and prey protein (see also Figure 4). It may be advantageous to analyze cell
subpopulations of different expression levels separately, or to apply an intensity
threshold as shown in Figure 4.
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Figure 1. Principle of Protein Micropatterning in the plasma membrane
(A) Sketch and (B) TIRF image of a cell grown on a micropatterned substrate. Bait antibody

is arranged in a regular pattern of 3 um sized dots with 3 um interspaces. The bait protein
(unlabeled) reorganizes according to the antibody patterns, but the fluorescently labeled prey
protein is distributed homogeneously in the plasma membrane, indicating no interaction
between bait and prey protein. Scale bar is 7 uym. (C,D) As in (A,B), but here the prey
protein interacts strongly with the bait protein and localizes according to the bait patterns.
The cell outline is indicated by a dashed white contour line.
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Figure 2. Soft lithography and functionalization
(A) Streptavidin work solution is incubated on a PDMS stamp. (B) After washing and

drying of the stamp, streptavidin is printed onto an epoxy-coated coverslip. (C,D) The stamp
is removed; BSA-Cy5 is added to fill the interspaces. (E) When biotinylated antibody is
added, it binds specifically to the streptavidin patterns.
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Figure 3. Quantitation of protein interactions using “Spotty”
Image recorded of the fluorescently labeled prey protein (A) and the corresponding BSA-

Cy5 grid (B). (C) Overlay. (D) An automatic gridding algorithm automatically optimizes the
grid parameters and produces a grid that correctly fits the micropatterns. Yellow lines denote
the cell areas to be used for analysis. (E) The grid subdivides the total image into adjacent
squares, each of which is quantified according to the average signal within a central circle
comprising the micropattern spot (F*) and the signal outside this circle (F). (F) Statistical
analysis of multiple cells is shown in a 2D histogram of the fluorescence brightness and
contrast. The color scale corresponds to the number of events (i.e. individual analyzed
spots).
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C

Figure 4. Examples of generated 2D histograms
(A) T24 cell transiently expressing CD4 and Lck-YFP grown on CD4 antibody patterns.

Lck-YFP interacts strongly with the patterned CD4, which is also reflected in the high
contrast values shown in the 2D histogram on the right. The low contrast values at lower
fluorescence intensities are probably a result of low CD4 (and Lck-YFP) expression levels
of a cell subpopulation. For calculating the mean contrast <C>, we only consider data points
above a certain intensity threshold (indicated by the yellow line). (B) T24 cell transiently
expressing CD4 and cytosolic YFP grown on CD4 antibody patterns. No copatterning of
YFP with CD4 can be observed, the contrast values fluctuate around zero. Scale bars are 10
um. The color scale corresponds to the number of events (i.e. individual analyzed spots).
Figure modified from (12).
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