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P rotein�protein interactions are cru-
cial for virtually all cellular pro-
cesses. It is therefore not surprising

that protein�protein interaction and protein
complex analysis is becoming increasingly
important in molecular biology, biochemis-
try, and computational biology (1, 2). Fur-
thermore, compromised protein�protein in-
teractions can contribute to diseases, which
makes identification of protein�protein in-
teraction inhibitors highly desirable in drug
discovery (3). There are different ways
protein�protein interactions can be identi-
fied and characterized. Among the most
common experimental methods are yeast
two-hybrid, tandem affinity purification, and
mass spectrometry, as well as co-immuno-
precipitation and PCA (protein-fragment
complementation assays) (1, 4). Although
these methods are irreplaceable, additional,
especially fluorescent, tools that allow
monitoring of protein�protein interactions
in living cells are very desirable and need to
be developed. Techniques such as FRET
(fluorescence resonance energy transfer)
(5) and BiFC (bimolecular fluorescence com-
plementation) (6) are regularly employed,
each having advantages and drawbacks. For
instance, optimization of constructs for
FRET applications is notoriously difficult (7).
The same is in many cases true for BiFC (6)
because both methods require a particular
distance and orientation of the fluorescent
protein components for optimal perfor-
mance. In addition, fluorescent techniques
used to date have been mostly limited to bi-
nary interactions.

As an alternative, translocation-based
methods have been described for detecting
protein�protein interactions in living cells
(8−12). These methods use baits fused to
proteins that, for instance, change distribu-
tion within the cell following a stimulus.
Upon translocation to a particular cellular
compartment, proteins interacting with the
bait have to follow. Usually, relocation of
protein fusions is monitored with the help
of fluorescent proteins. Translocation-based
methods require little construct optimiza-
tion and are robust, fast, flexible, and
mostly reversible, which makes them suit-
able for the discovery of small molecule pro-
tein interaction inhibitors in high-throughput
setups (9, 10). Of course, membrane-
associated or transmembrane proteins are
not suitable for detection by translocation.
Most of the existing translocation methods
require that both bait and target localize to a
particular cell region (e.g., being exclusively
cytosolic or nuclear) (8, 9, 12). Our goal was
to develop a method for detecting interac-
tions of soluble proteins having no restric-
tion in protein localization but providing the
ability to observe multicomponent protein
complexes.

The assay described here relies on the
calcium-induced translocation of a bait pro-
tein fused to annexin A4. Massively elevated
calcium levels, for example, after addition
of the ionophore ionomycin, induce com-
plete translocation of the annexin from the
cytoplasm and nucleoplasm to the plasma
membrane and nuclear membrane, respec-
tively. Additionally, membranes in the peri-
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ABSTRACT The identification and analysis of
protein complexes is usually achieved by per-
forming in vitro experiments. We describe a
translocation-based method for studying pro-
tein complexes in living cells. Annexin A4, a
phospholipid- and calcium-binding protein,
translocates from the cytoplasm and nucleo-
plasm to plasma and nuclear membranes in re-
sponse to elevated intracellular calcium levels.
By fusing a bait protein, for instance, a core com-
ponent of a protein complex or a similarly rel-
evant peptide, to the annexin, translocation of
both bait and its interacting target proteins are
readily monitored in living cells in response to a
single treatment. Proteins of interest are fused to
a variety of fluorescent proteins suitable for mul-
tiparameter imaging. Using this generally appli-
cable approach, we were able to visualize the
formation of protein complexes in their natural
environment. Specifically, we detected the hier-
archical assembly of four-component protein
complexes in single cells.
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nuclear region and vesicles are targeted by
annexin A4 in some cells, as previously ob-
served (13). The completeness of transloca-
tion makes the event unambiguous and
bait translocation irreversible. Target pro-
teins follow the bait only in case of interac-
tion. Translocations of both annexin A4-bait
and target proteins are easily monitored
when spectrally distinguishable fluorescent
proteins are fused to each of the complex
components (Figure 1).

We selected different protein complexes
relevant to signal transduction, including
PI3K, NF�B, and CDK2, and prepared con-
structs for transfection into mammalian
cells. We initially focused on binary interac-
tions. Each of the components was
N-terminally fused to a fluorescent protein.
In addition, the bait was connected to an-
nexin A4. The resulting constructs would
thus encode for instance A4-EYFP-bait and
ECFP-target. These constructs were then
transfected into N1E-115 neuroblastoma
cells. The latter are particularly convenient
for imaging of translocation events by confo-
cal microscopy as a result of their high pyra-
midal shape. Some experiments were per-
formed in HeLa cells with essentially
identical results. In the range of 24�48 h
post-transfection we acquired images using
a Leica TCS SP2 AOBS microscope (Leica Mi-
crosystems) with an HCX PL APO lbd.BL
63.0x 1.40 oil objective at 22 °C. The cal-
cium ionophore ionomycin (Calbiochem) at
10 �M was used to elevate intracellular
calcium concentration. First, each of the
constructs was transfected separately, and
images were acquired before and approxi-
mately 5 min after ionomycin addition. By
this way, we confirmed translocation of the
annexin-bait fusion and target indifference
to the calcium rise (see Supplementary

Figure 1). Next, bait and target constructs
were co-transfected. The bait fusion translo-
cated completely, whereas the target trans-
location depended on the degree of interac-
tion between the proteins. Interactions were
classified as positive if clear plasma or
nuclear membrane staining was observed
in the target channel following ionomycin
treatment and if the fluorescence signal
measured in the membranes was signifi-
cantly higher than the residual cytoplasmic
or nuclear staining (at least three times stan-
dard deviation of mean residual fluores-
cence). One example features N1E-115 cells
expressing p110� (PIK3CA, catalytic sub-
unit � of the PI 3-kinase) acting as bait and
p85� (PIK3R1, regulatory subunit � of the PI
3-kinase) acting as target. Both fusions
were cytosolic and translocated to the
plasma membrane upon elevation of intra-
cellular calcium (Figure 2, panel a). The ex-
periment worked equally well if target-bait
roles were exchanged (see Supplementary
Figure 2). When p50 (amino acids 1�433 of
p105, NFKB1) and p65 (RELA) of the NF�B
complex were used as bait and target, re-
spectively, we observed their interaction in
the nucleus where both proteins were
present. p50 was absent from the cytosol
and p65 therefore did not translocate in this
compartment (Figure 2, panel b). We also
monitored interaction of catalytic subunits
of protein phosphatase 1 with their regula-
tory subunits. In Figure 2, panel c, we show
translocation of inhibitor-2 (PPP1R2, regula-
tory subunit of protein phosphatase 1, PP1)
acting as bait and co-translocation of the
protein phosphatase PP1� (PPP1CC, cata-
lytic subunit � of PP1) acting as target. Addi-
tional PP1 and NF�B interaction experi-
ments, including p65 interaction with p105,
I�B, or both, are listed in Table 1, and im-

ages are included in Supplementary
Figure 2. To evaluate the specificity of the
assay, we tested several combinations of
non-interacting proteins. In none of these
experiments was target translocation ob-
served, implying high specificity of detected
protein�protein interactions. Three ex-
amples of such experiments are shown in
Figure 2, panels d�f, and additional experi-
ments are included in Supplementary
Figure 3.

In most two-component protein complex
analysis experiments, we used ECFP and
EYFP as fluorescent protein labels. The emis-
sion and excitation settings were ECFP ex 458
nm, em 465�495 nm; EYFP ex 515 nm, em
530�550 nm. In order to study larger com-
plexes, we introduced additional fluorescent
proteins. The third component was typically
labeled with mCherry and the fourth with
EGFP. The imaging settings in these experi-
ments were similar to those known from pre-
vious multicolor applications (14, 15): ECFP
ex 405 nm, em 450�480 nm; EGFP ex 488
nm, em 495�510 nm; EYFP ex 532 nm, em
545�565 nm; mCherry ex 594 nm, em
605�650 nm. These fluorescent proteins
and settings enabled us to analyze a four-
component complex. We chose a known
complex between CDK2, cyclin A1 (CCNA1),
p21 (CDKN1A), and PCNA and prepared bait
and target constructs as described above. A
series of experiments was performed to de-
termine if complex formation can be ob-
served in a way that would be expected from
the literature, according to which interaction
between CDK2-cyclin A1 complex and PCNA
is mediated by p21 protein (16). We used
CDK2 as bait and first demonstrated its inter-
action with cyclin A1 (Figure 3, panel a). We
then added PCNA to the system but ob-
served no interaction with CDK2-cyclin A1

Figure 1. Schematic view of the translocation-based protein�protein interaction and protein complex analysis assay. Annexin A4 serves as a
calcium-dependent membrane anchoring unit that forces the bait protein and any interacting partner to translocate, while non-interacting proteins
remain soluble. A4 � annexin A4, B � bait, T1�3 � targets, F1�4 � fluorescent proteins.
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Figure 2. Examples of experiments involving two interacting or non-interacting proteins. Known interacting protein pairs: a) N1E-115 cells express-
ing the catalytic p110� and the regulatory p85� subunit of PI 3-kinase. Translocation in both emission channels upon addition of ionomycin indi-
cates protein�protein interaction. White lines indicate the position of the measured fluorescence profiles that are shown in the graphs below the
corresponding images. b) Interaction of p50 and p65 of the NF�B complex in N1E-115 cells. c) Interaction of a catalytic (PP1�) and a regulatory
(inhibitor-2) subunit of protein phosphatase 1 (PP1) in N1E-115 cells. Known non-interacting protein pairs: d) The lack of translocation in the
CaMKII� channel indicates there is no interaction with CDK2. e) No interaction in N1E-115 cells is observed between p21 (CDKN1A) and catalytic
(PP1�) subunit of protein phosphatase 1 (PP1). f) No interaction in N1E-115 cells is observed between PCNA and p50 (aa 1�433 of p105, NFKB1).
All scale bars are 10 �m.
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(Figure 3, panel b). When p21 was used in
combination with CDK2 and PCNA and cy-
clin A1 was left out, translocation of both tar-
gets was observed, thus confirming the
bridging function of p21 (Figure 3, panel c).
When we introduced all components in a
single cell, formation of the entire four-
protein complex was observed (Figure 3,
panel d). Finally, we used p21 as bait and
confirmed its interaction with all compo-
nents of the complex individually, including
interaction with cyclin A1, and all possible
combinations (Table 1). The experiments
demonstrate that the hierarchy of the com-
plex is (CDK2-cyclin A1)-p21-(PCNA).

The interaction hierarchy of PI 3-kinase
with IRS1 was investigated in a similar way.
IRS1 interacted with p85� (PIK3R1) but
lacked association with p110� (PIK3CA). In
the presence of p85�, IRS1 also pulled
p110� to the membrane due to interaction
of p110� and p85� (Table 1 and Supple-
mentary Figure 2) (17). More results of other
protein complexes and interactions (includ-
ing CaMKII and p53-MDM2) are summarized
in Table 1, and representative images of
translocations are included in Supplemen-
tary Figure 2.

In addition to protein complex analysis,
the translocation assay may be used in

protein�peptide interaction studies. As an
example, we used a peptide originating
from p53 (FWL peptide QETFSDLWKLLPEN,
Kd � 0.4 �M) as bait that targeted MDM2
(18) (Table 1 and Supplementary Figure 2)
and demonstrated the interaction of the
SH3 domain of Abl1 and a 10-mer polypro-
line peptide (APT peptide APTYSPPPPP, Kd

� 0.4 �M) (19) (Table 1 and Supplementary
Figure 2). Finally, we used the known p53-
MDM2 interaction inhibitor nutlin-3 (20) and
achieved partial reversion of translocation
of the target while leaving the bait unaf-
fected (Supplementary Figure 4). The experi-
ment implies the potential use of the
method in detecting inhibitors of protein�

protein interactions in high-throughput set-
ups, a subject we will exploit in the future.
Additionally, the method may also be used
to discover previously unknown protein�

protein interactions. This requires the avail-
ability of larger libraries of genes fused to
fluorescent proteins and a more automated
microscopy setup including automated im-
age analysis software.

In the interaction experiments presented
here, we mostly used N-terminal fusions but
observed no difference when C-terminal fu-
sions were used (e.g., p53-MDM2, Supple-
mentary Figure 2). Since the fused tag may
sterically hinder some interactions, both
types of fusions should be tested. Fusions
were sufficiently overexpressed to prevent
potential interference of comparably low-
expressing endogenous proteins. However,
experiments with target and bait in ex-
changed roles often resulted in an unequal
degree of target translocation (data not
shown). Typically, the smaller of the interact-
ing partners performed better as bait, prob-
ably the result of stronger expression levels
of the smaller construct. Better target trans-
location is expected if more bait than target
fusion is expressed in cells. In cases where
the target protein is expressed in large ex-
cess of the bait, false negative responses
might be the result. We therefore attempted
to keep the expression levels as even as

TABLE 1. Protein complexes analyzed using the multicolor
translocation-based assay; targets interacted with the bait unless
stated otherwise

Complex Bait Targets

PI3K p110� p85�

p85� p110�

IRS1 p110� (no interaction)
IRS1 p85�

IRS1 p110�, p85�

NF�B p65 p105
p65 p105 (C-terminal fusion)
p65 I�B
p65 I�B, p105
p65 I�B, p105 (C-term)
p50 p65

PP1 Inhibitor-1 PP1�

Inhibitor-2 PP1�

PP1� Inhibitor-2
Inhibitor-1 PP1�

Inhibitor-2 PP1�

PP1� Inhibitor-2
CaMKII CaMKII� CaMKII�

CaMKII� CaMKII�
CaMKII� CaMKII�
Calmodulin CaMKII�, CaMKII�

CDK2-cyclin A1-p21-PCNA CDK2 cyclin A1
CDK2 cyclin A1, PCNA (no interaction)
CDK2 p21, PCNA
CDK2 cyclin A1, p21, PCNA
p21 cyclin A1 (or CDK2, or PCNA)
p21 CDK2, cyclinA1
p21 CDK2, PCNA
p21 cyclin A1, PCNA
p21 CDK2, cyclin A1, PCNA

p53-MDM2 p53 MDM2
p53 (C-term) MDM2 (C-term)
FWL peptide MDM2

SH3-APTpep SH3(Abl1) APT peptide
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possible (see Methods) or to have the bait
in slight excess. From our examples with
peptides serving as bait or target, we can es-
timate that submicromolar binding con-
stants will likely be sufficient for successful
co-translocation. When we tested peptides
with a Kd � 10 �M, such as a translin-
interacting peptide (VSVSPARVYSPV, Kd �

43 �M) (21) binding to translin, we ob-
served no co-translocation (data not shown).
We did not see a significant difference in lo-

calization of proteins acting as baits or tar-
gets, indicating annexin A4 inertness in cal-
cium absence (Supplementary Figure 1).
Interacting proteins were mostly soluble, cy-
tosolic and/or nuclear. In two cases we ob-
served partial membrane staining of the tar-
gets prior to calcium elevation (PP1� and
CaMKII�, Supplementary Figures 1 and 2),
but a few minutes after calcium stimulation
both proteins relocated to the cytosol and
could therefore still be used in the experi-

ments. Although in some cases a high cal-
cium signal in cells may disrupt interactions
or may lead to translocation due to the pres-
ence of C2 domains, calcium did not seem
to negatively influence the interactions ex-
amined here. In fact, for calmodulin interac-
tion with CaMKII, high calcium levels were
beneficial (Supplementary Figure 2).

The annexin A4 based assay described
here is easy to handle, quick to apply to liv-
ing cells once the proteins of interest are flu-

Figure 3. Translocation-based four-component protein complex detection in N1E-115 cells. a) Cells expressing CDK2 (bait) and cyclin A1 (target) be-
fore and after ionomycin stimulation. Graphs below images show fluorescence profiles measured in the sections indicated by the white lines.
b) Cells and fluorescence profiles demonstrating interaction between CDK2 and cyclin A1, but no interaction with PCNA. c) Cells and fluorescence
profiles demonstrating interaction of CDK2 and PCNA in the presence of p21. d) Cells are shown that express all four components of the complex.
Their interaction is evidenced by translocation to the nuclear membrane and emphasized by fluorescence profiles depicted below respective cell
images. All scale bars are 10 �m.
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orescently tagged, and widely applicable
and robust. Apart from performing both C-
and N-terminal labeling, which may be nec-
essary in some cases, no tedious and sys-
tematic construct optimization is needed. A
set of basic vectors enables efficient cloning
of target and bait constructs labeled with
different fluorescent proteins. Once settings
are defined, microscopy is straightforward
and fast with an experiment taking on aver-
age 15�20 min. Annexin A4 has only a few
reported interacting partners (22, 23), a
positive feature that limits potentially false
positive results. None of the target proteins
that we tested co-translocated with annexin
A4-fluorescent protein lacking the bait, indi-
cating that no interaction with annexin A4 it-
self (or the fluorescent protein) was taking
place (data not shown). Further, we tested
over 15 different combinations of non-
interacting proteins and observed no target
translocation, demonstrating high assay
specificity (Figure 2, panels d�f, and
Supplementary Figure 3). Annexin A4 is uni-
formly distributed in cells, is long-lived, and
appears to be inert. In unstimulated cells,
annexin-bait fusion in most cases showed
the localization of the bait protein (Supple-
mentary Figure 1). Only in a few cases,
smaller proteins were found with reduced
nucleosolic location when they were addi-
tionally fused to annexin. In contrast to most
other fluorescent translocation assays, in-
teracting partners can be nuclear and/or cy-
tosolic (8, 9, 12), provided they are soluble.
Annexin’s change in distribution following a
stimulus is complete, leading to full re-
moval of fluorescence from the cytosol (13,
14). The lack of relocation is beneficial for
assay sensitivity. Finally and most impor-
tantly, our approach was able for the first
time to analyze protein complexes consist-
ing of four or potentially more components
and to determine the hierarchy of the com-
plex in living cells. With the increasing gen-
eral availability of user-friendly confocal mi-
croscopes capable of multicolor imaging,
we believe that the easy-to-use method de-

scribed here will soon become an impor-
tant tool for the analysis of protein com-
plexes and their assembly.

METHODS
Cloning. pECFP-C1/N1, pEYFP-C1/N1, and pEG-

FP-C1/N1 are former Clonetech vectors. ECFP con-
tained mutations described in Llopis et al. (24).
pmCherry-C1/N1 were created by subcloning of
mCherry from pmCherry-N1-Annexin A4 vector (25)
into pEYFP-C1/N1 vectors using AgeI and BsrGI re-
striction enzymes.

pA4-ECFP-C1 and pA4-EYFP-C1 were created by
amplifying annexin A4 and inserting into pECFP-C1
and pEYFP-C1 using NheI and AgeI. pECFP-A4-N1
and pEYFP-A4-N1 were created by PCR amplifica-
tion and insertion of annexin A4 using BsrGI and
NotI. pA4-mCherry-C1 and pmCherry-A4-N1 were
created by subloning of mCherry from pmCherry-
N1-Annexin A4 vector into pA4-EYFP-C1 and pEYFP-
A4-N1 vectors using AgeI and BsrGI. pA4-EGFP-C1
and pEGFP-A4-N1 were created by subcloning of
EGFP from pEGFP-C1 vector into pA4-EYFP-C1 and
pEYFP-A4-N1 vectors using AgeI and BsrGI.

The basic set of vectors described above en-
abled cloning of a desired protein in four different
colors with or without annexin A4 to serve as bait
or target, respectively. All C1 or N1 vectors, respec-
tively, had the same multicloning site so that the
proteins could be amplified in a single PCR and in-
serted in any desirable vector. The cloning of baits
and targets is described in Supporting Informa-
tion.

Cell Culture and Transfection. All cell experi-
ments were performed with N1E-115 neuroblas-
toma and HeLa cells. Cells were passaged and
maintained in DMEM supplemented with 10% FBS
and 0.1 mg mL�1 primocin. For imaging experi-
ments, cells were plated in 35 mm MatTek cham-
bers (MatTek Corporation) and transfected at
around 50% confluency with FuGENE 6 reagent
(Roche). Transfections were performed in Opti-
MEM (Gibco) according to the manufacturer’s in-
structions. For multiple transfections, equal
amounts of DNA were used for each construct.
Cells were washed 24�48 h after transfection and
incubated in imaging medium (20 mM Hepes, pH
7.4, 115 mM NaCl, 1.2 mM CaCl2, 1.2 mM MgCl2,
1.2 mM K2HPO4, 2 g L�1 D-glucose) at 37 °C with
5% CO2 for 	30 min before imaging. A DMSO
stock of ionomycin (Calbiochem) was prepared
and ionomycin prediluted in imaging medium be-
fore it was carefully added to the dish to give a fi-
nal concentration of 10 �M.

Equipment and Settings. All experiments were
performed on a Leica TCS SP2 AOBS microscope
(Leica Microsystems). We used an HCX PL APO lb-
d.BL 63.0x 1.40 oil objective. The pinhole was
half-opened in all experiments (2.62 airy). Excita-
tion and emission settings are described in the
main text and were kept constant. In brief: CFP/
YFP, CFP excitation 458 nm, emission 465�
495 nm, YFP excitation 515 nm, emission
530�550 nm; CFP/YFP/mCherry, CFP excitation
458 nm, emission 465�495 nm, YFP excitation

515 nm, emission 530�550 nm, mCherry excita-
tion 594 nm, emission 605�650 nm; CFP/GFP/
YFP, CFP excitation 405 nm, emission 450�480
nm, GFP excitation 488 nm, emission 495�510
nm, YFP excitation 532 nm, emission 545�570
nm; CFP/GFP/YFP/mCherry, CFP excitation 405
nm, emission 450�480 nm, GFP excitation 488
nm, emission 495�510 nm, YFP excitation 532
nm, emission 545�565 nm, mCherry excitation
594 nm, emission 605�650 nm.

Laser power and PMT gain were adjusted from
experiment to experiment. Images were taken in
8 bit mode, with 2�4 line averaging, before iono-
mycin addition and about 5= after addition of
10 �M ionomycin.

Microscope settings were calibrated to approxi-
mate the relative expression levels of the bait and
target by transfecting the cells with vectors encod-
ing single fluorescent proteins under identical pro-
moters (pECFP-C1, pEYFP-C1, pEGFP-C1, and
pmCherry-C1) which are, despite variability be-
tween cells, on average fairly equally expressed.
Alternatively and more accurately, to estimate ex-
pression levels of ECFP and EYFP fusions, in some
cases we used the ECFP-EYFP construct CYNEX4
(13), in which ECFP and EYFP are in 1:1 ratio. When
using this type of intramolecular sensors, we took
into account the donor quenching due to FRET
(35%). Alternatively, constructs combining other
fluorescent proteins in a single fusion could be
used to achieve more precise calibration in experi-
ments with three, four or more fluorescent
proteins.

Image Processing. All image processing and cal-
culations were performed using ImageJ (http://rsb.
info.nih.gov/ij/). Background level was measured
outside cells and subtracted globally. Median filter
(1 pixel) was used for image smoothening and
brightness/contrast was adjusted.
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