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After sequencing the human genome the next challenge is
now to analyze the complex protein networks underlying cellular
functions. In the last decade a wide variety of methods to study
protein-protein interactions ranging from biochemical to genetic
or cell-based approaches have been developed. Biochemical
methods like affinity purification or co-immunoprecipitation (CoIP)1 allow the detection of protein complexes in vitro. Genetic
methods, such as the yeast two-hybrid system (1), enable effi-

cient high throughput screening of interactions within the cellular environment (2). However, the analysis of mammalian protein
interactions in yeast may suffer from the absence or insufficient
conservation of cellular factors modulating protein-protein interactions, e.g. through posttranslational modifications (3).
In the last years new fluorescence-based methods for incell visualization of protein-protein interactions have been
introduced. Two established techniques, fluorescence resonance energy transfer (4, 5) and bimolecular fluorescence
complementation (6), are based on the expression of fluorescently labeled proteins or fragments thereof. However, fluorescence resonance energy transfer requires costly instrumentation and advanced technical expertise, whereas
bimolecular fluorescence complementation is based on the
irreversible complementation and slow maturation of fluorophores, which does not allow real time detection of proteinprotein interactions (6). Another strategy is based on the
relocation of proteins to either cell membranes (7) or cytoplasmic aggregates of viral proteins (8).
All these methods have inherent shortcomings and are
typically combined to obtain more reliable results. We have
now developed a novel fluorescent two-hybrid (F2H) assay for
the direct visualization of protein-protein interactions in living
mammalian cells. The simple optical readout of this F2H
assay allows observation of protein-protein interactions in real
time and should also be suitable for high throughput screens.
EXPERIMENTAL PROCEDURES
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The abbreviations used are: Co-IP, co-immunoprecipitation; BHK,
baby hamster kidney; CFP, cyan fluorescent protein; DDP1, deafness
dystonia peptide 1; Dnmt1, DNA methyltransferase 1; F2H, fluorescent
two-hybrid; FP, fluorescent protein; GFP, enhanced green fluorescent
protein; IMS, intermembrane space; NLS, nuclear localization signal;
PARP, poly(ADP-ribose) polymerase; PBD, PCNA binding domain;
PBHD, polybromo homology domain; PCNA, proliferating cell nuclear
antigen; RFP, monomeric red fluorescent protein; SUMO3, small ubiquitin-related modifier 3; XRCC1, x-ray repair cross-complementing protein 1; YFP, enhanced yellow fluorescent protein; BRCT, BRCA1 C
terminus.

Expression Constructs—The LacI-encoding sequence was PCRamplified from the p3⬘SS EGFP-LacI expression vector (9) using the
following primers: forward primer 5⬘-TCT AGA AAG CTT TCC ATG
GTG AAA CCA GTA-3⬘ and reverse primer 5⬘-CCA TGC CCG GGA
CAG GCT GCT TCG GGA AAC-3⬘ (restriction sites in italic). This PCR
fragment was digested with HindIII and XmaI and cloned into the
same sites of two Dnmt1-YFP expression vectors (MTNY.2 and
PBHD-YFP) (10) generating PBD-LacI-YFP and ⌬PBD-LacI-YFP. The
NLS-PCNA-LacI-RFP and XRCC1-LacI-RFP constructs were generated by PCR amplification of the PCNA and XRCC1 cDNA using the
following primers (restriction sites in italic): PCNA forward, 5⬘-CCCCCTCGAGATGTTCGAGGCGCGC-3⬘; PCNA reverse, 5⬘-GGGGAAGCTTGGAGATCCTTCTTCATCCTC-3⬘; XRCC1 forward, 5⬘-CCCCAGATCTATGCCGGAGATCCGC-3⬘; and XRCC1 reverse, 5⬘-GGGGGAATTCGGGGCTTGCGGCACCAC-3⬘. Subsequently the PCR fragments were
cloned into a LacI-RFP expression vector using the XhoI/HindIII sites for
the NLS-PCNA-LacI-RFP and the BglII/EcoRI sites for the XRCC1-LacIRFP expression vector.
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Genetic high throughput screens have yielded large sets
of potential protein-protein interactions now to be verified
and further investigated. Here we present a simple assay
to directly visualize protein-protein interactions in single
living cells. Using a modified lac repressor system, we
tethered a fluorescent bait at a chromosomal lac operator
array and assayed for co-localization of fluorescent prey
fusion proteins. With this fluorescent two-hybrid assay we
successfully investigated the interaction of proteins from
different subcellular compartments including nucleus, cytoplasm, and mitochondria. In combination with an S
phase marker we also studied the cell cycle dependence
of protein-protein interactions. These results indicate that
the fluorescent two-hybrid assay is a powerful tool to
investigate protein-protein interactions within their cellular environment and to monitor the response to external
stimuli in real time. Molecular & Cellular Proteomics 7:
2279 –2287, 2008.

A Fluorescent Two-hybrid Assay to Study Protein Interactions

RESULTS

To visualize protein-protein interactions in living cells in real
time we developed an F2H assay. The rationale for the F2H
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assay is based on the fact that proteins are freely roaming the
cell unless interactions with other cellular components immobilize them at specific structures (21).
We used a previously described BHK cell line and an U2OS
cell line, which both harbor a stable integration of about
200 –1000 copies of a plasmid carrying 256 copies of the lac
operator sequence (19, 20). We generated an expression
construct encoding a fluorescent bait protein consisting of a
fluorescent protein (FP), the lac repressor (LacI), and the
protein X to be tested for interactions (bait) resulting in the
triple fusion protein FP-LacI-X (Fig. 1a) or X-LacI-FP. This
fusion protein binds to the lac operator array, which then
becomes visible because of the focal enrichment of the FP
signal. A second, differently labeled fusion protein (FP-Y,
prey) may either interact with the bait protein X leading to
co-localization of the FP signals (Fig. 1b) or may not interact,
resulting in a dispersed distribution of the prey fluorescence
(Fig. 1c).
Visualization of Interactions between DNA Repair Proteins—To test the F2H assay, the previously described interaction between the two DNA repair proteins DNA Ligase III
and XRCC1 (22, 23) was analyzed, and the results were
compared with data obtained from pulldown assays. We have
previously shown that this interaction is mediated by the
BRCT domain of DNA Ligase III that targets it to DNA repair
sites (17). We generated a bait fusion protein consisting of
XRCC1 followed by the LacI and the monomeric red fluorescent protein (RFP). As expected this fusion protein localized at
the lac operator array in transiently transfected BHK cells (Fig.
2a). Both the full-length GFP-tagged DNA Ligase III and the
isolated GFP-labeled BRCT domain co-localized with XRCC1
at the lac operator array, whereas a fusion protein missing the
BRCT domain showed a dispersed distribution. Notably the
highly homologous DNA Ligase I, which catalyzes the same
reaction as DNA Ligase III, did not bind to XRCC1 (Fig. 2a and
supplemental Fig. 1). A direct comparison of the F2H data
with data obtained from Co-IP experiments revealed that
these two methods gave similar results (Fig. 2b). In addition,
we could also observe the recently described interaction of
XRCC1 with PCNA (24) and the two DNA damage-dependent
PARPs, PARP-1 and PARP-2 (25, 26) (supplemental Fig. 2).
These results demonstrate that the F2H assay is well suited to
study protein-protein interactions in living cells.
Analysis of Cell Cycle Dependence of Protein-Protein Interactions—A challenge in the analysis of protein-protein interactions is to monitor transient changes caused by for example
cell cycle progression or other external stimuli. We analyzed
the previously described interaction between DNA methyltransferase 1 (Dnmt1) and PCNA that is mediated by the
PCNA binding domain (PBD) and targets Dnmt1 to sites of
DNA replication in S phase (10, 27). These findings raised the
question whether this interaction occurs only in S phase at
replication foci or throughout the cell cycle. We generated two
bait proteins comprising parts of Dnmt1 fused to the LacI and
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All other F2H constructs were generated by PCR amplification of
coding cDNAs and subsequent ligation into the AsiSI and NotI sites of
the bait and prey expression vectors described in Fig. 1a. The following primers were used with the restriction site indicated in italics:
DDP1 forward, 5⬘-CCCCGCGATCGCGATTCCTCCTCCTCTTCCTC3⬘; DDP1 reverse, 5⬘-CCCCGCGGCCGCTCAGTCAGAAAGGCTTTCTG-3⬘; TIMM13 forward, 5⬘-CCCCGCGATCGCGAGGGCGGCTTCGGCTCC-3⬘; TIMM13 reverse, 5⬘-CCCCGCGATCGCGAGGGCGGCTTCGGCTCC-3⬘; HZFH forward, 5⬘-GGGGGCGATCGCCACGCCCGCTTCC-3⬘; HZFH reverse, 5⬘-CCCCGCGGCCGCTTAGTCGTCTATACAGATCACCTCC-3⬘; SUMO3 forward, 5⬘-CCCCGCGATCGCGCCGACGAAAAGCCCAAG-3⬘; SUMO3 reverse, 5⬘-CCCCGCGGCCGCTCAGTAGACACCTCCCG-3⬘; Vimentin forward, 5⬘-GGGGTGTACAGCGATCGCATGTCGACCCACGCGT-3⬘; and Vimentin reverse,
5⬘-CCCCGAATTCGCGGCCGCTTATTCAAGGTCATCGTGATGCT-3⬘.
Mammalian expression constructs encoding translational fusions of
human DNMT1, DNA Ligase I, DNA Ligase III, p21, FEN1, Polymerase
␦ p66 subunit, PARP-1, PARP-2, and PCNA were described previously (11–16). Deletion constructs and isolated domains of DNA Ligases I and III were described in Mortusewicz et al. (17). Immunoprecipitations were performed with a GFP-nanotrap (18) as described
before (17). All fusion constructs were tested for correct expression
and localization.
Cell Culture and Transfection—Transgenic BHK cells (clone 2) and
U2OS cells (clone 2-6-3) containing lac operator repeats were cultured under selective conditions in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum and 150 g/ml hygromycin B (PAA Laboratories) as described previously (19, 20). For
microscopy cells were grown to 50 –70% confluence either on 18 ⫻
18 glass coverslips in -slides (ibidi, Munich, Germany) or in Clear
96-multiwell plates (Greiner Bio-One, Frickenhausen, Germany) and
then co-transfected with the indicated expression constructs using
either polyethylenimine (Sigma) or Polyplus transfection reagent jetPEITM (Biomol GmbH, Hamburg, Germany) according to the manufacturer’s instructions. After 6 –10 h the transfection medium was
changed to fresh culture medium. Cells were either observed immediately thereafter or incubated for another 12– 42 h before live cell
microscopy or fixation with 3.7% formaldehyde in PBS for 10 min at
room temperature. Fixed cells were permeabilized with 0.2% Triton
X-100 in PBS for 3 min, counterstained with 4⬘,6-diamidino-2-phenylindole, and mounted in Vectashield (Vector Laboratories).
Microscopy—Live or fixed cells expressing fluorescent proteins
were analyzed using a Leica TCS SP2 AOBS or a Leica TCS SP5
confocal microscope equipped with a 63⫻/1.4 numerical aperture
Plan-Apochromat oil immersion objective. Fluorophores were excited
with a 405 nm diode laser (for 4⬘,6-diamidino-2-phenylindole); a 458
nm (for cyan fluorescent protein (CFP)), a 488 nm (for GFP), and a 514
nm (for YFP) argon laser; and a 561 nm diode-pumped solid-state
laser (for red fluorescent proteins). Confocal image stacks of living or
fixed cells were typically recorded with a frame size of 512 ⫻ 512
pixels, a pixel size of 50 –100 nm, a z-step size of 250 nm, and the
pinhole opened to 1 Airy unit. A maximum intensity projection of
several confocal mid-z-sections was generated with ImageJ (Version
1.38).
Multiwell plates were analyzed using an INCell Analyzer 1000 (GE
Healthcare) equipped with a 40⫻/0.6 Plan-Fluor air objective. Images
of living and fixed cells were automatically acquired from several
positions per well with exposure times of 200 ms for GFP fusion
proteins and 600 ms for red fluorescent fusion proteins using appropriate standard filter sets.
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c

FIG. 1. Schematic outline of the F2H assay. a, outline of pF2H-prey and pF2H-bait expression vectors coding for fluorescently labeled prey and
bait proteins used for the F2H assay. b, the LacI domain of the bait protein mediates binding to the chromosomally integrated lac operator array,
which is visible as a fluorescent spot in nuclei of transfected cells. If the differentially labeled prey interacts with the bait it becomes enriched at the
same spot resulting in co-localization of fluorescent signals at the lac operator (visible as a yellow spot in the overlay image). c, if the prey does not
interact with the bait protein it remains dispersed in the nucleus, and the lac operator array is only visualized by the bait protein (red spot). FP1 and
FP2 refer to two distinguishable fluorescent proteins, e.g. GFP or YFP and mCherry or RFP. MCS, multiple cloning site; P CMV IE, cytomegalovirus
immediate early promotor; P SV, SV-40 promotor.

YFP. One bait (PBD-LacI-YFP) comprises amino acids 118 –
427 of Dnmt1 including the PBD, whereas the second bait
(⌬PBD-LacI-YFP) lacks the PBD and comprises amino acids
629 –1089 of Dnmt1 (Fig. 3a). As a prey protein we used
RFP-PCNA, which in addition marks sites of DNA replication
allowing the identification of cells in S phase (11, 28). The
binding possibilities of these fusion proteins at the lac operator array and the replication fork are summarized in Fig. 3b.
In non-S phase cells the LacI part of the bait proteins only
bound to the chromosomally integrated lac operator array,
which, dependent on the ploidy of the cell, became visible as
one or two fluorescent spots in the nucleus. Interaction of

RFP-PCNA with the PBD part of the bait protein resulted in
co-localization of the fluorescent signals at the lac operator
array (Fig. 3c, upper panel), whereas deletion of the PBD in the
bait protein led to a dispersed distribution of RFP-PCNA in
non-S phase cells (Fig. 3d, upper panel). This clearly illustrates that the PBD-dependent interaction of Dnmt1 with
PCNA also occurs outside of S phase.
In S phase cells, RFP-PCNA localized at sites of ongoing
DNA replication and in addition was recruited to the lac operator array by the PBD-LacI-YFP bait protein (Fig. 3c, lower
panel). In contrast, when RFP-PCNA was co-expressed together with a bait protein lacking a functional PBD (⌬PBD-
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LacI-YFP), RFP-PCNA was exclusively enriched at DNA
replication sites and not at the lac operator array highlighted
by ⌬PBD-LacI-YFP (Fig. 3d, lower panel). These results
clearly show that the localization of RFP-PCNA (prey) at the
lac operator array depends on the presence of the PBD in
the bait construct and that this interaction is not restricted
to S phase.
Next we analyzed the interaction of other PBD-containing
proteins with PCNA. We generated a bait fusion protein comprising PCNA fused to an additional NLS followed by LacI and
RFP (NLS-PCNA-LacI-RFP). When co-expressed with GFPLigase I, both fusion proteins localized to the lac operator
array indicating interaction between PCNA and DNA Ligase I.
Deletion of the PBD led to a dispersed distribution of DNA
Ligase I, whereas the PBD of DNA Ligase I alone was sufficient for binding to PCNA at the lac operator array (supple-
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mental Fig. 3). This is in agreement with previous studies
showing that the PBD of DNA Ligase I is necessary and
sufficient for its targeting to DNA replication and repair sites
(17, 29, 30). Notably using the F2H assay we could demonstrate that DNA Ligase I and the isolated PBD are capable of
binding to PCNA also outside of S phase. Likewise we could
show binding of various additional replication and repair proteins like FEN1, p21, and the Polymerase ␦ subunit p66 to
PCNA in non-S phase cells (supplemental Fig. 4). Taken together we could show that the interaction between replication
proteins and PCNA is not limited to S phase but also occurs
in non-S phase cells and outside the replication machinery.
Furthermore we could show that interactions can be observed
as early as 6 h after transfection, and even higher expression
levels after 48 h still give reliable results (supplemental Fig. 5).
This illustrates that the F2H assay offers the unique potential
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FIG. 2. Specific interaction of DNA Ligase III with XRCC1 revealed by the F2H assay. a, transgenic BHK cells containing a chromosomal
lac operator array were co-transfected with XRCC1-LacI-RFP and GFP-tagged DNA Ligase III or DNA Ligase I constructs. The lac repressor
part of the XRCC1-LacI-RFP fusion protein mediates binding to the lac operator array (visible by fluorescence microscopy as a red spot). DNA
Ligase III is recruited to the lac operator array through interaction with XRCC1. Note that the highly homologous DNA Ligase I does not
accumulate at the lac operator array indicating that it does not interact with XRCC1. Scale bars, 5 m. b, comparison of F2H results and Co-IP
experiments. Co-IPs were performed with the human embryonic kidney cell line HEK 293T co-expressing RFP-XRCC1 and GFP-Ligase III or
GFP-Ligase I, respectively. For interaction mapping, the GFP-tagged BRCT domain of DNA Ligase III and a deletion construct lacking the
BRCT domain were used. Immunoprecipitations were performed with a GFP-nanotrap (18) (as shown before (17)). Precipitated fusion proteins
were then detected with specific antibodies against RFP and GFP on Western blots. RFP-XRCC1 was co-precipitated with GFP-Ligase III but
not with GFP-Ligase I. RFP-XRCC1 was also co-precipitated with GFP-Ligase III BRCT but not with GFP-N-Ligase III ⌬BRCT. For comparison
of F2H results the input (left) and bound (right) bands from Co-IPs were aligned with corresponding signals from the F2H assay. The LacI spot
of the XRCC1-LacI-RFP bait construct shown in red and the bound fraction was aligned with the respective signal of the GFP-tagged prey
constructs. Whole cell images of the respective F2H experiments are shown in a and supplemental Fig. 1.
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FIG. 3. F2H analysis of cell cycle-independent interaction of Dnmt1 with
PCNA. a, schematic outline of full-length
mouse Dnmt1 and fusion proteins. TS,
targeting sequence; ZnF, Zn2⫹-binding
region; BAH1 and BAH2, two bromo adjacent homology domains. b, outline of
binding possibilities of fusion proteins at
the lac operator (lac op) array and at the
replication fork. c, transgenic BHK cells
containing a chromosomal lac operator
array were co-transfected with PBDLacI-YFP and RFP-PCNA constructs.
RFP-PCNA shows the characteristic cell
cycle-dependent distribution (dispersed
in non-S phase cells (top row) and focal
patterns in S phase (bottom row)). The
lac repressor part of the PBD-LacI-YFP
fusion protein mediates binding to the
lac operator array (visible as a green spot
and highlighted by arrowheads), and the
PBD mediates binding to PCNA at replication sites (focal pattern in S phase).
Notice that RFP-PCNA is localized at the
lac operator array in S and non-S phase
cells indicating an interaction of the PBD
of Dnmt1 with PCNA throughout the cell
cycle and independent of the replication
machinery. d, BHK cells were transfected with expression vectors for
⌬PBD-LacI-YFP and RFP-PCNA. As
above, RFP-PCNA shows a dispersed
distribution in non-S phase (top row) and
redistribution to replication sites in S
phase (bottom row). The ⌬PBD-LacIYFP fusion protein binds to the lac operator array (green spot marked by arrowhead) but does not bind to
replication sites in S phase because it
lacks the PBD. Importantly in these cells
RFP-PCNA (prey) is not localized at the
lac operator array (marked by arrowheads) indicating that binding depends
on the presence of the PBD, which is
absent in ⌬PBD-LacI-YFP (bait). Scale
bars, 5 m.
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to quickly analyze cell cycle-specific changes in protein-protein interactions in living cells.
Detection of Interactions between Proteins Related to Huntington Disease—To investigate whether the F2H assay can
also detect protein-protein interactions taking place in other
cellular compartments, we tested the F2H assay with protein
interactions identified in the context of Huntington disease by
yeast two-hybrid assays (31). We analyzed the interaction of
one cytoplasmic (Vimentin) and two nuclear (HZFH and
SUMO3) proteins. Vimentin has been described to be a cytoskeleton component and participates in transport processes, whereas HZFH and SUMO3 are involved in transcriptional regulation and DNA maintenance (31). These proteins
were either fused with a red fluorescent mCherry-LacI-NLS or
with NLS-GFP to generate sets of bait and prey proteins. BHK
cells carrying a lac operator array were transfected with all
possible combinations of expression constructs and subjected to microscopic analysis. We could detect an interaction
between Vimentin and HZFH independent of whether these
two proteins were used as bait or prey (Fig. 4a and data not
shown). We could also detect the reported interaction between SUMO3 and HZFH, whereas Vimentin and SUMO3 did
not interact as described previously (Fig. 4, b and c) (31).
These results show that interactions of nuclear and cytoplasmic proteins can be studied with the F2H assay.
Detection of Interactions between Mitochondrial Proteins—Next we investigated whether the F2H assay is also
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suitable to detect protein-protein interactions occurring in
other cellular organelles. To this end, we analyzed the interaction between two mitochondrial proteins, deafness dystonia
peptide 1 (DDP1) and TIMM13. Both proteins are nuclearly
encoded and imported into the mitochondrial intermembrane
space (IMS) forming a hexameric complex (Fig. 5a). Within the
IMS the DDP1-TIMM13 complex facilitates the import of hydrophobic proteins of the mitochondrial import machinery into the
mitochondrial inner membrane (32). A mutation of the DDP1
gene is associated with the Mohr-Tranebjaerg syndrome, which
is a progressive, neurodegenerative disorder (33). This C66W
missense mutation is known to cause a full blown phenotype
and affects the highly conserved Cys4 motif of DDP1. Previous
studies have shown that this amino acid exchange abolishes
the interaction between DDP1 and TIMM13 in the IMS (34).
Using a red fluorescent bait fusion protein comprising LacINLS-TIMM13 and GFP-tagged wild type (GFP-DDP1) or mutant DDP1 (GFP-DDP1C66W) prey proteins we analyzed this
specific mitochondrial protein interaction with the F2H assay.
We found that GFP-DDP1 co-localizes with TIMM13 at the lac
operator array (Fig. 5b), whereas GFP-DDP1C66W was evenly
distributed (Fig. 5c). An extended analysis of more than 30
putatively non-interacting protein pairs showed that the F2H
assay is not particularly susceptible to false positive results
(supplemental Fig. 6). These results demonstrate that the
F2H assay is also suitable for the analysis of protein-protein
interactions occurring outside the nucleus and the charac-
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FIG. 4. Analysis of Huntington disease-related interactions by F2H. Reported interactions between SUMO3
and HZFH (a) and HZFH and Vimentin
(Vim) (b) revealed by the F2H assay are
shown. c, F2H analysis shows no interaction between SUMO3 and Vimentin as
described previously (31). In b the nucleus is outlined by a dashed line, and in
c the lac operator array is indicated (arrowheads). Scale bars, 5 m.

A Fluorescent Two-hybrid Assay to Study Protein Interactions

FIG. 6. Unambiguous identification
of the interaction site for simplified
image analysis. BHK cells were triple
transfected with expression vectors
coding for the bait protein (NLS-PCNALacI-RFP), the prey protein (PBD-GFP),
and the marker protein (CFP-LacI). In S
phase cells (top), bait and prey proteins
co-localize at replication foci and at the
lac operator array. The marker protein
CFP-LacI exclusively highlights the lac
operator array thus enabling its easy and
unequivocal identification. In non-S
phase cells (bottom) all three proteins
co-localize at the interaction site. Arrowheads mark the lac operator array. Scale
bars, 5 m.

terization of disease-related point mutations disrupting
these interactions.
Independent Identification of the Interaction Site for Simplified Image Analysis—Several proteins show distinct subnuclear distribution patterns, which may impair unambiguous
identification of the bait structures. To distinguish the lac
operator array focus from a focal distribution pattern of a bait
protein we introduced a specific marker protein in the F2H
assay. This marker protein comprises the CFP fused to the
LacI, which exclusively binds to the lac operator array. As a
proof of principle we chose the interaction between the PBD
of Dnmt1 and PCNA (Fig. 3c and supplemental Fig. 5). During
S phase both proteins localize at replication sites and at the
lac operator array focus that are morphologically hard to
distinguish. Highlighting the lac operator array with the third
fluorescent fusion protein, CFP-LacI, easily circumvented this

problem (Fig. 6). These results show that the CFP-LacI as a
marker protein simplifies the identification of the nuclear binding site used for the F2H assay. This unambiguous identification of the interaction assay site facilitates automated image
analysis with standard software tools and algorithms for high
throughput screening.
DISCUSSION

Here we describe a new method to detect and visualize
protein-protein interactions in living cells that we termed the
F2H assay. This method is based on the immobilization of a
fluorescently labeled bait protein at a distinct subcellular structure enabling the detection of protein-protein interactions as
co-localization of a differently labeled prey protein at this defined structure. The F2H assay described takes advantage of
cell lines with a stable integration of a lac operator array to
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FIG. 5. Analysis of mitochondrial protein-protein interactions and the effect of a mutation associated with the Mohr-Tranebjaerg
syndrome. a, schematic overview of the hexameric DDP1-TIMM13 complex in the IMS of mitochondria. b and c, BHK cells expressing the bait
protein mCherry-LacI-TIMM13 together either with GFP-DDP1 (b) or the loss-of-function mutant GFP-DDP1C66W (c). Although the functional
wild type fusion GFP-DDP1 shows interaction with TIMM13 revealed by co-localization of fluorescent signals at the lac operator array (b), the
GFP-DDP1C66W mutant is dispersedly distributed throughout the nucleus indicating no interaction (c). Scale bars, 5 m.

A Fluorescent Two-hybrid Assay to Study Protein Interactions

Acknowledgments—We thank D. L. Spector for providing BHK
clone 2 and U2OS.2-6-3 cells containing a lac operator array, V.
Schreiber for GFP-tagged PARP-1 and PARP-2 constructs, and R. Y.
Tsien for mRFP1 and mCherry cDNA. We thank L. Schermelleh and F.
Spada for helpful comments and suggestions. We are grateful to G. Li
for help in plasmid construction.
* This work was supported by the Center for NanoScience, by the
Nanosystems Initiative Munich, and by grants from the Deutsche
Forschungsgemeinschaft (to M. C. C. and H. L.). The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.
□
S The on-line version of this article (available at http://www.
mcponline.org) contains supplemental material.

2286

Molecular & Cellular Proteomics 7.11

¶ Present address: Medizinisches Proteom Center, Ruhr University
Bochum, 44801, Germany.
储 To whom correspondence should be addressed. E-mail:
h.leonhardt@lmu.de.
REFERENCES
1. Fields, S., and Song, O. (1989) A novel genetic system to detect proteinprotein interactions. Nature 340, 245–246
2. Rual, J. F., Venkatesan, K., Hao, T., Hirozane-Kishikawa, T., Dricot, A., Li,
N., Berriz, G. F., Gibbons, F. D., Dreze, M., Ayivi-Guedehoussou, N.,
Klitgord, N., Simon, C., Boxem, M., Milstein, S., Rosenberg, J., Goldberg, D. S., Zhang, L. V., Wong, S. L., Franklin, G., Li, S., Albala, J. S.,
Lim, J., Fraughton, C., Llamosas, E., Cevik, S., Bex, C., Lamesch, P.,
Sikorski, R. S., Vandenhaute, J., Zoghbi, H. Y., Smolyar, A., Bosak, S.,
Sequerra, R., Doucette-Stamm, L., Cusick, M. E., Hill, D. E., Roth, F. P.,
and Vidal, M. (2005) Towards a proteome-scale map of the human
protein-protein interaction network. Nature 437, 1173–1178
3. Parrish, J. R., Gulyas, K. D., and Finley, R. L., Jr. (2006) Yeast two-hybrid
contributions to interactome mapping. Curr. Opin. Biotechnol. 17,
387–393
4. Sekar, R. B., and Periasamy, A. (2003) Fluorescence resonance energy
transfer (FRET) microscopy imaging of live cell protein localizations.
J. Cell Biol. 160, 629 – 633
5. Miyawaki, A. (2003) Visualization of the spatial and temporal dynamics of
intracellular signaling. Dev. Cell 4, 295–305
6. Kerppola, T. K. (2006) Visualization of molecular interactions by fluorescence complementation. Nat. Rev. Mol. Cell Biol. 7, 449 – 456
7. Miller, C. L., Arnold, M. M., Broering, T. J., Eichwald, C., Kim, J., Dinoso,
J. B., and Nibert, M. L. (2007) Virus-derived platforms for visualizing
protein associations inside cells. Mol. Cell. Proteomics 6, 1027–1038
8. Blanchard, D., Hutter, H., Fleenor, J., and Fire, A. (2006) A differential
cytolocalization assay for analysis of macromolecular assemblies in the
eukaryotic cytoplasm. Mol. Cell. Proteomics 5, 2175–2184
9. Robinett, C. C., Straight, A., Li, G., Willhelm, C., Sudlow, G., Murray, A., and
Belmont, A. S. (1996) In vivo localization of DNA sequences and visualization of large-scale chromatin organization using lac operator/repressor recognition. J. Cell Biol. 135, 1685–1700
10. Easwaran, H. P., Schermelleh, L., Leonhardt, H., and Cardoso, M. C. (2004)
Replication-independent chromatin loading of Dnmt1 during G2 and M
phases. EMBO Rep. 5, 1181–1186
11. Sporbert, A., Domaing, P., Leonhardt, H., and Cardoso, M. C. (2005) PCNA
acts as a stationary loading platform for transiently interacting Okazaki
fragment maturation proteins. Nucleic Acids Res. 33, 3521–3528
12. Mortusewicz, O., Schermelleh, L., Walter, J., Cardoso, M. C., and Leonhardt, H. (2005) Recruitment of DNA methyltransferase I to DNA repair
sites. Proc. Natl. Acad. Sci. U. S. A. 102, 8905– 8909
13. Schermelleh, L., Spada, F., Easwaran, H. P., Zolghadr, K., Margot, J. B.,
Cardoso, M. C., and Leonhardt, H. (2005) Trapped in action: direct
visualization of DNA methyltransferase activity in living cells. Nat. Methods 2, 751–756
14. Cazzalini, O., Perucca, P., Riva, F., Stivala, L. A., Bianchi, L., Vannini, V.,
Ducommun, B., and Prosperi, E. (2003) p21CDKN1A does not interfere
with loading of PCNA at DNA replication sites, but inhibits subsequent
binding of DNA polymerase delta at the G1/S phase transition. Cell Cycle
2, 596 – 603
15. Maeda, Y., Hunter, T. C., Loudy, D. E., Dave, V., Schreiber, V., and Whitsett,
J. A. (2006) PARP-2 interacts with TTF-1 and regulates expression of
surfactant protein-B. J. Biol. Chem. 281, 9600 –9606
16. Meder, V. S., Boeglin, M., de Murcia, G., and Schreiber, V. (2005) PARP-1
and PARP-2 interact with nucleophosmin/B23 and accumulate in transcriptionally active nucleoli. J. Cell Sci. 118, 211–222
17. Mortusewicz, O., Rothbauer, U., Cardoso, M. C., and Leonhardt, H. (2006)
Differential recruitment of DNA Ligase I and III to DNA repair sites.
Nucleic Acids Res. 34, 3523–3532
18. Rothbauer, U., Zolghadr, K., Muyldermans, S., Schepers, A., Cardoso,
M. C., and Leonhardt, H. (2007) A versatile nanotrap for biochemical and
functional studies with fluorescent fusion proteins. Mol. Cell. Proteomics.
7, 282–289
19. Tsukamoto, T., Hashiguchi, N., Janicki, S. M., Tumbar, T., Belmont, A. S.,
and Spector, D. L. (2000) Visualization of gene activity in living cells. Nat.
Cell Biol. 2, 871– 878

Downloaded from www.mcponline.org at MPIs MARTINSRIED BIBLIOTHEK on November 10, 2008

immobilize a lac repressor fused to fluorescently labeled proteins of interest (bait). Readily usable human, mouse, hamster,
and Drosophila cell lines have already been described (9, 19, 20,
35–37). To be independent of specific transgenic cell lines this
assay could be modified by using various cellular structures like
centrosomes, the lamina, or the cytoskeleton as anchoring
structures to locally immobilize bait proteins. Two recently developed methods use the cell membrane (8) or cytoplasmic
aggregates of viral proteins (7) as anchors for protein association studies. However, larger anchoring structures also require
higher expression levels of bait and prey proteins, which may
lead to unspecific aggregations. As the F2H assay is based on
lac operator arrays the number of binding sites can freely be
chosen to optimize signal to noise ratios.
Like other genetic two-hybrid methods the F2H assay also
may yield false positive or false negative results, which need
to be controlled. Prey proteins that bind to the lac operator
array in the absence of a bait protein can be identified by an
initial screen and then be only used as baits. We analyzed
more than 20 protein-protein interactions from different subcellular compartments with the F2H assay and obtained results identical to those described previously with other genetic or biochemical methods. Only one protein (SUMO3) was
found to bind by itself to the lac operator array and could
therefore only be used as a bait protein. An extended analysis
of non-interacting proteins indicated that the F2H assay is not
particularly susceptible to false positive results. Together
these results show that the F2H assay is a reliable and broadly
applicable method to study protein-protein interactions as
early as 6 h after transfection.
In summary, this novel F2H assay allows the direct visualization of protein-protein interactions and should be ideally
suited to investigate cell cycle- or differentiation-dependent
changes in real time in living cells. A significant advantage of
the F2H assay over other cell-based techniques is its simplicity that requires neither costly instrumentation nor advanced
technical expertise. The simple optical readout of the F2H
assay additionally offers the possibility to use this assay in
automated high throughput screens to systematically analyze
the protein interactome in living cells.

A Fluorescent Two-hybrid Assay to Study Protein Interactions

31.

32.

33.

34.

35.

36.

37.

and Biamonti, G. (1995) The N-terminal domain of human DNA ligase I
contains the nuclear localization signal and directs the enzyme to sites of
DNA replication. EMBO J. 14, 5379 –5386
Goehler, H., Lalowski, M., Stelzl, U., Waelter, S., Stroedicke, M., Worm, U.,
Droege, A., Lindenberg, K. S., Knoblich, M., Haenig, C., Herbst, M.,
Suopanki, J., Scherzinger, E., Abraham, C., Bauer, B., Hasenbank, R.,
Fritzsche, A., Ludewig, A. H., Bussow, K., Coleman, S. H., Gutekunst,
C. A., Landwehrmeyer, B. G., Lehrach, H., and Wanker, E. E. (2004) A
protein interaction network links GIT1, an enhancer of huntingtin aggregation, to Huntington’s disease. Mol. Cell 15, 853– 865
Rothbauer, U., Hofmann, S., Muhlenbein, N., Paschen, S. A., Gerbitz, K. D.,
Neupert, W., Brunner, M., and Bauer, M. F. (2001) Role of the deafness
dystonia peptide 1 (DDP1) in import of human Tim23 into the inner
membrane of mitochondria. J. Biol. Chem. 276, 37327–37334
Tranebjaerg, L., Schwartz, C., Eriksen, H., Andreasson, S., Ponjavic, V.,
Dahl, A., Stevenson, R. E., May, M., Arena, F., Barker, D., Elverland,
H. H., and Lubs, H. (1995) A new X linked recessive deafness syndrome
with blindness, dystonia, fractures, and mental deficiency is linked to
Xq22. J. Med. Genet. 32, 257–263
Hofmann, S., Rothbauer, U., Muhlenbein, N., Neupert, W., Gerbitz, K. D.,
Brunner, M., and Bauer, M. F. (2002) The C66W mutation in the deafness
dystonia peptide 1 (DDP1) affects the formation of functional
DDP1䡠TIM13 complexes in the mitochondrial intermembrane space.
J. Biol. Chem. 277, 23287–23293
Tumbar, T., Sudlow, G., and Belmont, A. S. (1999) Large-scale chromatin
unfolding and remodeling induced by VP16 acidic activation domain.
J. Cell Biol. 145, 1341–1354
Dietzel, S., Zolghadr, K., Hepperger, C., and Belmont, A. S. (2004) Differential large-scale chromatin compaction and intranuclear positioning of
transcribed versus non-transcribed transgene arrays containing ␤-globin
regulatory sequences. J. Cell Sci. 117, 4603– 4614
Vazquez, J., Belmont, A. S., and Sedat, J. W. (2001) Multiple regimes of
constrained chromosome motion are regulated in the interphase Drosophila nucleus. Curr. Biol. 11, 1227–1239

Molecular & Cellular Proteomics 7.11

2287

Downloaded from www.mcponline.org at MPIs MARTINSRIED BIBLIOTHEK on November 10, 2008

20. Janicki, S. M., Tsukamoto, T., Salghetti, S. E., Tansey, W. P., Sachidanandam, R., Prasanth, K. V., Ried, T., Shav-Tal, Y., Bertrand, E., Singer,
R. H., and Spector, D. L. (2004) From silencing to gene expression:
real-time analysis in single cells. Cell 116, 683– 698
21. Phair, R. D., and Misteli, T. (2000) High mobility of proteins in the mammalian cell nucleus. Nature 404, 604 – 609
22. Caldecott, K. W., McKeown, C. K., Tucker, J. D., Ljungquist, S., and
Thompson, L. H. (1994) An interaction between the mammalian DNA
repair protein XRCC1 and DNA ligase III. Mol. Cell. Biol. 14, 68 –76
23. Wei, Y. F., Robins, P., Carter, K., Caldecott, K., Pappin, D. J., Yu, G. L.,
Wang, R. P., Shell, B. K., Nash, R. A., and Schar, P. (1995) Molecular
cloning and expression of human cDNAs encoding a novel DNA ligase IV
and DNA ligase III, an enzyme active in DNA repair and recombination.
Mol. Cell. Biol. 15, 3206 –3216
24. Fan, J., Otterlei, M., Wong, H. K., Tomkinson, A. E., and Wilson, D. M., III
(2004) XRCC1 co-localizes and physically interacts with PCNA. Nucleic
Acids Res. 32, 2193–2201
25. Schreiber, V., Ame, J. C., Dolle, P., Schultz, I., Rinaldi, B., Fraulob, V.,
Menissier-de Murcia, J., and de Murcia, G. (2002) Poly(ADP-ribose)
polymerase-2 (PARP-2) is required for efficient base excision DNA repair
in association with PARP-1 and XRCC1. J. Biol. Chem. 277,
23028 –23036
26. Masson, M., Niedergang, C., Schreiber, V., Muller, S., Menissier-de Murcia,
J., and de Murcia, G. (1998) XRCC1 is specifically associated with
poly(ADP-ribose) polymerase and negatively regulates its activity following DNA damage. Mol. Cell. Biol. 18, 3563–3571
27. Chuang, L. S., Ian, H. I., Koh, T. W., Ng, H. H., Xu, G., and Li, B. F. (1997)
Human DNA-(cytosine-5) methyltransferase-PCNA complex as a target
for p21WAF1. Science 277, 1996 –2000
28. Easwaran, H. P., Leonhardt, H., and Cardoso, M. C. (2005) Cell cycle
markers for live cell analyses. Cell Cycle 4, 453– 455
29. Cardoso, M. C., Joseph, C., Rahn, H. P., Reusch, R., Nadal-Ginard, B., and
Leonhardt, H. (1997) Mapping and use of a sequence that targets DNA
ligase I to sites of DNA replication in vivo. J. Cell Biol. 139, 579 –587
30. Montecucco, A., Savini, E., Weighardt, F., Rossi, R., Ciarrocchi, G., Villa, A.,

A fluorescent two-hybrid assay to study protein interactions

Zolghadr et al. 2008

Supplementary Information

Supplementary Figure 1
BRCT mediated interaction of DNA Ligase III with XRCC1 revealed by the F2H assay.
Transgenic BHK cells containing a lac operator array were co-transfected with XRCC1LacI-RFP and various GFP-tagged DNA Ligase III constructs. The lac repressor part of
the XRCC1-LacI-RFP fusion protein mediates binding to the lac operator array (visible
as red spot). The BRCT domain is necessary and sufficient for targeting of
DNA Ligase III to the lac operator array through interaction with XRCC1. Note that the
highly homologous DNA Ligase I does not accumulate at the lac operator array
indicating that it does not interact with XRCC1. Scale bars 5 m.
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Supplementary Figure 2
The F2H assay reveals the interaction of XRCC1 with PCNA, PARP-1 and PARP-2.
BHK cells containing a lac operator array were transfected with expression vectors for
XRCC1-LacI-RFP and either GFP-PARP-1, GFP-PARP-2 or GFP-PCNA. The lac
repressor part of the XRCC1-LacI-RFP fusion protein mediates binding to the lac
operator array (visible as red spot). GFP-PARP-1, GFP-PARP-2 and GFP-PCNA are
targeted to the lac operator array indicating an interaction with XRCC1. Scale bar 5 m.
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Supplementary Figure 3
The F2H assay reveals the PBD-mediated interaction of DNA Ligase I with PCNA.
Transgenic U2OS cells containing a lac operator array were co-transfected with NLSPCNA-LacI-RFP and various GFP-tagged DNA Ligase I constructs. The lac repressor
part of the NLS-PCNA-LacI-RFP fusion protein mediates binding to the lac operator
array (visible as red spot). The PBD is necessary and sufficient for targeting of
DNA Ligase I to the lac operator array through interaction with PCNA. Scale bar 5 m.
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Supplementary Figure 4
Interaction of various replication and repair proteins with PCNA revealed by the F2H
assay. Transgenic BHK cells containing a lac operator array expressing NLS-PCNALacI-RFP and various GFP-tagged replication and repair proteins. All proteins tested
interact with PCNA. Scale bar 5 m.
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Supplementary Figure 5
Time and expression independence of protein-protein interactions assayed by F2H.
BHK cells containing a lac operator array expressing the bait protein NLS-PCNA-LacIRFP and GFP-tagged prey proteins. (a) The prey protein comprising the PBD of Dnmt1
fused to GFP (PBD-GFP) and the bait protein are both visible as early as 6 hours after
transfection and interaction at the lac operator array can easily be observed. The
interaction can still be detected with higher expression levels after 48 hours. In non S
phase cells (top) exclusively at the lac operator array and in S phase cells (bottom) also
at replication foci. (b) The prey protein lacking the PBD of Dnmt1 fused to GFP (PBDGFP) does not interact with the bait protein, neither after 6 hours nor after 48 hours and
shows a disperse distribution throughout the cell cycle. Scale bar 5 m.
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Supplementary Figure 6
The F2H assay in not particularly susceptible to false positive results. BHK cells
containing a lac operator array were transfected with expression vectors coding for the
bait proteins mCherry-LacI-DDP1 (left), mCherry-LacI-HZFH (middle) or RFP-LacI (right)
and various GFP-tagged prey proteins that were expected not to interact. Except for the
positive controls (indicated) none of the protein pairs tested showed an interaction.
Scale bar 5 m.
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