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Abstract
T-box transcription factors Tbx2 and Tbx3 are highly conserved, essential regulators of 
heart development. They are associated with the developing cardiac conduction system, 
and potent repressors of cardiac chamber myocardium differentiation. The high degree of 
sequence similarity, especially in their DNA binding domain indicates that other factors 
are essential for achieving transcriptional specificity. To identify interacting proteins we 
performed yeast 2-hybrid screens with Tbx2 and Tbx3. Several novel protein interactions 
were identified, including interactions with transcription factors Msx1, Sox4 and SafB2. 
In parallel, we attempted to isolate physiological protein complexes from mammalian cells 
using tandem affinity purification. Although not successful, we have been able to provide 
suggestions that may contribute to future protein interaction studies. 

Introduction
Tbx proteins constitute a family of transcription factors that share a conserved 180 amino 
acid region, the T-box, responsible for DNA binding. The first T-box gene to be molecularly 
characterized was Brachyury (T) (Herrmann et al., 1990), from which the family takes its 
name. So far, more than 20 members have been identified in mammals and the expression 
patterns of many members overlap during development (Naiche et al., 2005). Based on 
the high level of sequence conservation between T-boxes, and the similarities in their DNA 
binding properties, T-box factors acting in the same tissues likely achieve specificity of target 
recognition through interactions with other transcription factors (Macindoe et al., 2009; 
Hiroi et al., 2001; Farin et al., 2007). 

Within the T-box family, a subdivision can be made based on structural and functional 
homology between the proteins. Tbx2 and Tbx3 are closely related paralogues, which, 
together with Tbx4 and Tbx5, comprise the Tbx-2 subfamily (Papaioannou and Silver, 
1998). Tbx2 and Tbx3 are highly homologous, with over 95% identity within the T-box 
and they are generally regarded transcriptional repressors, whereas Tbx4 and Tbx5 activate 
expression of their target genes (Naiche et al., 2005; Hoogaars et al., 2007b).

Tbx2 and Tbx3 play important roles during heart development, which have been conserved 
from fish to mammals (Habets et al., 2002; Hoogaars et al., 2004; Ribeiro et al., 2007; Chi 
et al., 2008). They are expressed in the developing conduction system, where they repress 
chamber myocardial genes, including Nppa, Gja1, Gja5 and chisel (Hoogaars et al., 2004; 
Christoffels et al., 2004; Mommersteeg et al., 2007). In in vitro assays Tbx2 and Tbx3 
are virtually interchangeable, as they have similar repressive effects on specific promoter 
reporter constructs. Over-expression of Tbx2 or Tbx3 in working myocardium has a drastic 
repressive effect on the differentiation of working myocardium and induces cardiac cushion 
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development (Christoffels et al., 2004; Hoogaars et al., 2007a; Hoogaars et al., unpublished 
observations).

Yeast 2-hybrid screening for unknown protein interactions
A widespread technique commonly used to identify unknown protein-protein interactions 
is the yeast 2-hybrid assay, which is used to explore direct interactions between two proteins 
(Fields and Song, 1989; Chien et al., 1991). This technique is based on the modular 
structure of transcription factors containing a DNA binding domain (DBD) and a 
transcription activation domain (AD). Splitting DBD and AD inactivates the transcription 
factor, but its function can be restored by fusing DBD and AD to two interacting proteins. 
The yeast 2-hybrid technique uses this feature to identify protein interactions by fusing 
a bait protein of interest to a DBD and potential interaction partners (prey proteins) to 
the AD. When using expression libraries, one can screen all encoded proteins for their 
potential to interact with the protein of interest (Figure 1). The robust nature and general 
applicability of yeast 2-hybrid systems for functional expression library screening has led 
to the identification of many novel proteins in many different areas of biology (Brent and 
Finley, Jr., 1997). Although being a powerful and fast technique that is relatively easy to 
perform, every potential interaction needs to be verified in an independent system since 
both bait and prey proteins are expressed as fusion proteins. Moreover, the system is limited 
to protein interactions in the nucleus and mammalian proteins may not be correctly 
folded or post-translationaly modified in the yeast cell. A number of these issues have been 
resolved by adapting the two-hybrid technique for use in mammalian cells, allowing for the 
verification of interactions in a mammalian cellular context. The potential exists to make 
the 2-hybrid suitable for library screening in mammalian cells, but despite some efforts, no 
generic method has been developed yet (Vasavada et al., 1991; Fearon et al., 1992).

Taken together, the yeast 2-hybrid screen is a powerful technique which can be used to 
identify novel protein interactions, but is limited by the fact that it can only record 
interactions between pairs of proteins. Further interactions stabilized by more than two 
proteins could be missed. Moreover, the yeast cell cannot perfectly mimic a mammalian 
cellular environment; therefore additional methods are required when screening for 
mammalian protein-protein interactions.

Protein complex isolation from mammalian cells
Some of the limitations of the yeast 2-hybrid screen can be circumvented using tandem 
affinity purification (TAP), a method to isolate multi-protein complexes and identify 
their components (Rigaut et al., 1999). While affinity purification was used before, prior 
methods were inefficient and yielded only impure complexes. TAP involves the construction 
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of a dual affinity tagged bait protein, and expression of this fusion protein in a host cell 
(Figure 1). The fusion protein and associated components are recovered from cell extracts 
by two sequential affinity purification steps achieving an exceptionally high level of purity, 
thus enabling direct mass-spectrometric analysis of samples. TAP was originally developed 
in yeast and has been used to globally map yeast protein complexes (Gavin et al., 2002). 
Main advantages of the technique are that TAP enables the isolation and characterization 
of protein complexes without prior knowledge of the complex composition, activity or 
function. Moreover, the entire proteome can be screened for interaction, requiring only the 
bait protein to be tagged.

Figure 1. Overview of critical steps during yeast 2-hybrid and TAP procedures. 
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Not much is known about the molecular mechanisms by which Tbx2 and Tbx3 exert 
their functions. However, their high degree of sequence homology, expression overlap and 
functional redundancy suggest that cofactors are essential to provide function and target 
gene specificity. The identification of such cofactors might contribute to the elucidation of 
the mechanisms by which Tbx2 and Tbx3 govern heart development.

When performing the TAP procedure in mammalian cells, protein complexes can be formed 
under physiological conditions with fully processed proteins. However, the application of 
this method in mammalian cells has been difficult for a number of reasons. First, the overall 
yield of the procedure is very low. As a consequence, TAP requires a large amount of input 
material (typically 5x108 – 1x109 cells), which is often not available when working with 
(primary) mammalian cells. Exacerbating the need for large amounts of input material is 
the fact that the expressed fusion protein has to compete with the endogenous protein. 
Still, several groups have dealt with these limitations, leading to the identification of 
components of the TNF-α / NK-κB pathway and the EGFR pathway (Blagoev et al., 2003; 
Bouwmeester et al., 2004). Transcription factor complexes were also successfully isolated 
from cultured mammalian cells and adherent cell cultures (de Boer et al., 2003; Lange 
et al., 2008; Mousson et al., 2008). Still, new publications successfully describing TAP 
implementation are rare and those that do are often customized in some way with newly 
designed or optimized tag combinations and adjusted purification procedures (Drakas et al., 
2005; Burckstummer et al., 2006; Tsai and Carstens, 2006). 

In this study, we present our work on identifying novel proteins that interact with Tbx2 or 
Tbx3, using a combined approach of yeast 2-hybrid and tandem affinity purification. With 
yeast 2-hybrid screens we have identified several proteins that interact with these T-box 
factors. In parallel, we have tried to use the TAP protocol to isolate protein complexes with 
Tbx2 and Tbx3 from rat neonatal heart derived cells, which has proven difficult. However, 
our attempts have yielded valuable insights that will facilitate future protein complex 
isolation studies in our lab. 

Methods

Yeast 2-hybrid screen
Tbx2 and Tbx3 bait constructs were tested for self-activation by co-transfection to yeast 
strain AH109 (Matchmaker systems, Clontech) with empty activation domain plasmid 
pGADT7. Individual bait constructs were transformed to AH109 and screenings carried 
out according to the manufacturers instructions. The total mated library (mouse total 
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cDNA E11.5, Clontech) was plated to a triple-drop-out selection media, Leu– Trp– His–, 
in the presence of the galactoside X-α-Gal. Potential surviving colonies were replated to 
triple drop out medium and subsequently picked for AD-plasmid rescue and sequencing. 
Sequences in frame with the Gal4 domain were submitted for BlastP alignment(Altschul 
et al., 1997). If at least 40 amino acids yielded a BlastP hit, it was considered a positive 
interaction.

Pulldown assay
E. coli BL21 cells were transformed with bacterial expression constructs. Cells were induced 
with 1 mM isopropyl-ß-D-thiogalactopyranoside (IPTG; Gibco-BRL), harvested by 
centrifugation after 2h growth at 30°C, and resuspended in 5 ml of ice-cold phosphate-
buffered saline containing 0.05% v/v Triton X-100 (PBS-Tr; Sigma). Cell suspensions were 
lysed by sonication and centrifuged to pellet cell debris. GST containing fusion proteins 
were purified on glutathione 4B-Sepharose following the manufacturer’s instructions 
(Pharmacia). Binding assays were set-up as described previously (Barnett et al., 2000) 
with a total of 2μg of target GST-fusion that was passed over the MBP-fusion bound 
amylose column in 1ml PBS-Tr. Western blots (see below) were visualized using alkaline 
phosphatase-conjugated anti-GST antibodies (Sigma).

Generation of monoclonal cell-lines
Mouse Tbx2, Tbx3, Msx2 or Sox4 coding regions were introduced by GATEWAY cloning 
(Invitrogen) into retroviral destination plasmid derived from pBABE-puro carrying N- 
or C-terminal HA and FLAG tags. Plasmids were transfected to Phoenix-Eco helper-free 
retrovirus producer lines (ATCC product# SD 3444; http://stanford.edu/group/nolan/) to 
produce virus. Monoclonal cell-lines expressing HA-FLAG tagged proteins were obtained 
by retroviral transduction of H10 cells and puromycin selection (1 μg/ml). Positive clones 
were identified by RT-PCR and immunoblotting using anti-Tbx3 (E-20, Santa-Cruz), anti-
Msx2 (Sigma), anti-FLAG (M2, Stratagene) and anti-HA (HA-7, Sigma).
 

Nuclear extract preparation
All steps of isolation procedure were performed at 4°C or on ice, unless stated otherwise. 
Samples were stored at -80°C. Cells were cultured on standard 150mm dishes. After washing 
with PBS, cells were harvested by scraping in PBS. Routinely, 60 plates per condition 
were scraped in batches of 15 plates. After washing the cells in PBS, nuclear extracts were 
prepared (Dignam et al., 1983). For this, cells were lysed by 10 strokes with a pestle B 
in hypotonic lysis buffer with Nonidet P-40 (10 mM Hepes pH 7.9, 1.5 mM MgCl2, 
10 mM KCl, 0.05 mM DTT, 0.3% Nonidet-p40 with protease inhibitors (Complete, 
Roche)). After centrifugation for 5 min at 16,000 x g supernatant (cytoplasmic extract) was 
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removed. Pellets were resuspended in nuclear extract buffer (20 mM HEPES pH 7.9, 25% 
(w/v) glycerol, 420mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA with protease inhibitors). 
Supernatant containing soluble nuclear proteins was stored prior to further analysis. 

Protein complex isolation
Prior to protein complex isolation (Tsai and Carstens, 2006; Mousson et al., 2008), salt was 
adjusted by the addition of 1 volume of 2x nuclear extract equilibration buffer (1.5 mM 
MgCl2, 0.02 mM ZnCl2, 0.6% NP-40, 0.2 mM EDTA, 20 mM NaF, 0.01 mM Na3VO4 
and protease inhibitors) and nuclear extracts were cleared from precipitated proteins by 
centrifugation for 20 min at 25,000 x g. For the equivalent of 1x109 cells, 250 μl M2 resin 
(packed volume; Sigma-Aldrich) was equilibrated by washing 3 times with 10 volumes of 
binding buffer (50mM Tris-HCl pH 7.4, 150 mM NaCl, 2.5 mM MgCl2, 0.1% NP-40, 
10% glycerol, 10 μM ZnCl2 with protease inhibitors). Nuclear extracts were mixed with 
resin and allowed to bind for 4 h under mild rotation. After separation of the unbound 
fraction by centrifugation (5 min, 500 x g), the resin was washed 3 times with 5 ml binding 
buffer. Bound proteins were subsequently eluted twice with 2 volumes of binding buffer 
containing FLAG peptide (150 ng/μl; Sigma-Aldrich) and 5 min incubation with mild 
agitation at room temperature. Eluted fractions were pooled to produce approximately 500 
μl anti-FLAG purified nuclear extract. 

For subsequent purification 150 μl anti-HA beads (prewashed, Sigma-Aldrich) were 
mixed with the samples and allowed to bind for 4 h. Flowthrough was collected, resin was 
washed 3 times with 1 ml binding buffer. Pilot experiments (not shown) indicating that 
250 ng/μl HA peptide (Sigma-Aldrich) was not sufficient to elute bound proteins, made 
us decide to elute first with 500 μl 8M urea (2x) followed by elution with 500 μl glycine 
pH 2.9. To correct the pH, 50 μl 1M Tris pH 7.4 was added. Purification with anti-Tbx3 
was performed by adding 5 μg anti-Tbx3 (E-20) to 500 μl anti-FLAG purified extract and 
incubation overnight. 250 μl prewashed Protein G agarose (P4691, Sigma-Aldrich) was 
added and allowed to bind for 1.5 h. Beads were precipitated by centrifugation (5 min, 
1200 x g) and washed 3 times with 2.5 ml binding buffer. Proteins were eluted with 500 μl 
8M urea (twice) and finally with 500 μl glycine pH 2.9. To concentrate samples, proteins 
were precipitated for 10 min on ice in 10% (w/v) trichloroacetic acid, spun down for 10 
min at 16,000 x g. The pellet was washed with ice-cold acetone, centrifuged for 5 min at 
16,000 x g and dried at room temperature prior to redissolving in 2x Leammli sample buffer 
(0.12 M Tris pH6.8, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, bromophenol blue).
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Protein detection
Samples were typically run on a 12% SDS-PAGE and proteins were visualized with either 
silver staining (SilverQuest™; Invitrogen) or colloidal coomassie (Fermentas) according to 
manufacturers instructions. Selected protein bands were excised from the gel and analyzed 
using Matrix assisted laser desorption/ionization-time of flight (MALDI-TOF) and ms/ms 
(see below). In summary, gel slices were S-alkylated with iodoacetamide and vacuum dried. 
The in-gel digestion with trypsin (Roche Molecular Biochemicals, sequencing grade) and 
extraction of the peptides upon overnight incubation were done as described (Shevchenko 
et al., 1996). Dried peptides were redissolved in 6 ml of a solution containing 1% formic 
acid and 60% acetonitrile. The peptide solutions were mixed 1:1 (v/v) with a solution 
containing 52 mM α-cyano-4-hydroxycinnamic acid (Sigma-Aldrich Chemie BV) in 49% 
ethanol/49% acetonitril/2% TFA and 1 mM Ammoniumacetate. Prior to dissolving, the 
α-cyano-4-hydroxycinnamic acid was washed briefly with acetone. Reflectron MALDI-
TOF spectra were acquired on a M@LDI (Micromass Wythenshawe, UK). The resulting 
peptide spectra were used to search the MSDB databases of the Mascot search engine 
(http://www. matrixscience.com).

Next, some samples were analyzed with ESI-MS/MS. A gold-plated nanospray needle 
(Protana or New Objective) was filled with 2-5 μL of the mixture and analyzed on a 
Micromass Q-TOF mass spectrometer using nano electrospray ionization. Low-energy 
collision-induced dissociation (CID) experiments were performed by selecting peptide ions 
from the survey spectra and using argon as a collision gas. The resulting MS/MS spectra 
were analyzed with Mascot software (Matrix Science).

For immunodetection, proteins were blotted onto 0.45 μm polyvinylidene fluoride 
membrane (PVDF; Immobilon P, Millipore) on a Trans-Blot SD semi dry blotting apparatus 
(Biorad) for 20 min at 15V using TBE (90 mM Tris, 90 mM Boric Acid, 2 mM EDTA) as 
transfer buffer. Blocking and antibody incubations were performed in 2% (w/v) protifar plus 
(Nutricia) in TBS-Tween (50 mM Tris pH7.5, 150 mM NaCl, 0,1% Tween-20 [Sigma]). 
Immunodetection was performed using mouse anti-FLAG (M2, stratagene), rabbit anti-
HA(sigma) or goat anti-Tbx3 (E-20; Santa-Cruz) and the appropriate secondary antibody 
conjugated to horse-radish peroxidase (GAM-HRP, DAR-HRP or DAG-HRP). Blots were 
visualized using enhanced chemiluminescence (Amersham), recorded with a LAS-3000 
imaging system (FujiFilm) and subsequently analyzed using the 1D Multilabeling function 
of Advanced Image Data Analysis software (AIDA v3.44, Raytest).
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Results

Yeast 2-hybrid screening identified 19 unique potential interacting proteins
A mouse embryonic day 11.5 cDNA library was screened using either full length Tbx2, 
Tbx2-Tbox or Tbx3+2a T-box. Positive colonies were subjected to a direct blue-white assay 
and a second round selection through triple selective media (Leu- His- Trp-) to confirm the 
interactions. Sequence analysis of more than 200 positive colonies revealed a large number 
of false positives that contained non-coding inserts, most of which were 3´-untranslated 
regions or introns. Some inserts encoded reading frames of less than 40 amino acids. These 
candidates were excluded from further analyses. Protein coding sequences in frame with the 
Gal4 domain were submitted for BlastP alignment, leading to the identification of 19 novel 
potential Tbx2 or Tbx3 interacting proteins (Table 1).
 
Since yeast tolerates translational frameshifts, large open reading frames (ORF) in the wrong 
reading frame may correspond to the protein responsible for the interaction. In our screens 
we identified 4 clones with a large insert that was not in the correct reading frame (Table 
2). Also, positive library clones that do not contain an ORF in frame with the GAL4-AD 
coding region, could be transcribed in the reverse orientation from a cryptic promoter in 
the ADH1 terminator in the bait plasmid (MatchmakerTM user manual, Clontech). In two 
cases, a large coding ORF in the reverse orientation was found, as shown in table 2. These 
genes are also candidate Tbx3 binding partners, needing further verification. 

In vitro MBP pulldown assays
It is noteworthy that of 19 potential novel Tbx2 and Tbx3 interacting proteins, several are 
proteins previously associated with cardiac development or function. These include the 
transcription factors Msx1 and Sox4, expressed during heart development (Chan-Thomas 
et al., 1993; Schilham et al., 1996) and α-cardiac actin, a structural component of cardiac 
muscle cells (Ordahl, 1986). A number of candidates were subjected to further verification 
using MBP pulldown assays. MBP-tagged Tbx2, Tbx3 or Tbx5 was loaded on a column, 
where after GST-tagged proteins were passed over the column. After several washings, MBP-
tagged protein plus interacting proteins were eluted using maltose. As shown in figure 2, 
both Msx1 and Sox4 were identified as strong and specific interactors. Clone S2-29, which 
encodes hypothetical protein LOC66508, did not interact in the pulldown assay, indicating 
it was a false positive. Actin and SafB2 were also tested and bind to Tbx2 and Tbx3 in vitro, 
although Actin also interacted with MBP alone, showing its stickiness as a protein, which 
may indicate that the interaction of Actin with Tbx2 or Tbx3 is non-specific (not shown). 
Taken together, these data show that Msx1, Sox4 and SafB2 can specifically bind to Tbx2/3 
and that this interaction can exist in a eukaryotic cell and in vitro. 



34 Chapter 2

Table 1: in-fram
e and protein coding inserts

Bait
Clone

Sym
bol

Full nam
e

Dom
ain [only if present in clone]

Tbx2
S1-10

N
T5DC2

5’-nucleotidase dom
ain containing 2 - isoform

 2
5’ nucleotidase fam

ily

Tbx2
S1-2

O
PA1

O
ptic atrophy 1 hom

olog

Tbx2
S1-22

Prpf31
Pre-m

RN
A processing factor 31 hom

olog (yeast), isoform
 CRA_b 

Tbx2
S1-34

Lrch4
Leucine-rich repeats and calponin hom

ology (CH) dom
ain containing 4 

Leucine-rich repeat (LRR) protein

Tbx2
S1-45

Sen34
tRN

A-splicing endonuclease subunit Sen34
tRN

A intron endonuclease, catalytic C-term
inal dom

ain

Tbx2
S2-28

Actc1
Actin, alpha, cardiac m

uscle 1
Actin, 

Tbx2
S2-29 / S2-81*

2400001E08Rik
Hypothetical protein LO

C66508

Tbx2
S2-59

M
sx1

Hom
eo box, m

sh-like 1 
Hom

eodom
ain

Tbx2
S2-68

Yw
haq

Tyrosine 3-m
onooxygenase/tryptophan 5-m

onooxygenase activation protein, theta 
polypeptide

14-3-3 protein

Tbx2
S2-87

Atp5f1
ATP synthase, H+ transporting, m

itochondrial F0 com
plex, subunit b, isoform

 1 

Tbx2
S2-92

Stard-10
START dom

ain containing 10 
START (STeroidogenic Acute Regulatory (STAR) related lipid Transfer) 
Dom

ain
Tbx3

S1-1 / S1-6 *
Zfp668

Zinc finger protein 668 
ZincFinger 

Tbx3
S1-4 / S1-10 *

Sox4
SRY-box containing gene 4 

Sox-Tcf HM
G box

Tbx3
S1-8 / S1-15 *

Zflp1
Zinc finger like protein 1 

Tbx3
S1-3

Prx2
Paired related hom

eobox 2 
Hom

eodom
ain

Tbx3
S1-7

M
tap1b

M
icrotubule-associated protein 1B 

Tbx3
S3-13 / S3-9 *

SafB2
Scaffold attachm

ent factor B2 
sap dom

ain

Tbx3
S3-3

Psm
d4

Proteasom
e (prosom

e, m
acropain) 26S subunit, non-ATPase,

Von W
illebrand factor (vW

F) type A dom
ain

Tbx3
S3-4

Zfp-106
Zinc finger protein 106 

W
D40

* identical inserts

Table 2: large O
R

Fs but not in fram
e(4x) or reverse orientated coding inserts (2x)

Bait
Clone

Sym
bol

Full nam
e

Dom
ain [ only if present in clone]

N
ot in fram

e

Tbx2
S2-52

SFRS2
Splicing factor, arginine/serine-rich 2 (SC-35)

Tbx3
S1-5

SFRS2
Splicing factor, arginine/serine-rich 2 (SC-35)

Tbx3
S1-14

M
eox1

M
esenchym

e hom
eobox 1

Hom
eodom

ain

Tbx3
S3-10

Eif3a
Eukaryotic translation initiation factor 3, subunitA

Reverse orientation

Tbx3
S1-11

Kpna4
Karyopherin (im

portin) alpha 4 (Kpna4), m
RN

A

Tbx3
S3-8

Cram
p1l

Crm
, cram

ped-like (Drosophila) (Cram
p1l), m

RN
A
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Isolation of protein complexes from mammalian cells
As a second approach to identify cofactors of Tbx2 and Tbx3, we used TAP as a tool to 
isolate protein complexes from mammalian cells. Using the methods described in Mousson 
and coworkers (2008) and Tsai and Carstens (2006), we explored the feasibility to adapt the 
method to isolate protein complexes with Tbx2 and Tbx3. 

Generation of H10 cells expressing tagged proteins
The isolation of proteins from mammalian cells makes use of affinity tagged proteins. 
These tags are peptides that, when fused to the N- or C-terminal region of a protein, can 
be used to detect or isolate the protein. Specific monoclonal antibodies directed against 
these tags are commercially available. Ideally, affinity tags are small and inert, thereby having 
a low chance of interfering with the proteins folding or function. The use of affinity tags 
is preferred over antibodies that are directed to an internal region of the protein, because 
binding of the antibody to these regions of the protein may interfere with its correct 
assemblage into complexes, and the antigen may be masked by the protein complex. Since 
a combination of FLAG and HA tags fits our selection criteria, and has been used before 
to isolate protein complexes from mammalian cells, we chose to use them for our study 
(Mousson et al., 2008). Therefore, Tbx2, Tbx3, Msx2 and Sox4 were cloned into pBabe-
PURO based vectors to generate N- and C-terminal HA-FLAG tagged fusion proteins.
To maximize the chance of identifying cardiac relevant proteins, we used the rat neonatal 
heart derived cell line H10 (Jahn et al., 1996), which is easily transducable, can be cultured 
in large quantities and expresses several key cardiac transcription factors including T-box-
factors and Gata4 (Figure 3a). H10 cells were transduced and passed through several rounds 
of selection to generate monoclonal cell lines expressing tagged proteins. Although the 
expression of fusion constructs could be identified in all clones tested using RT-PCR, at the 
protein level only the expression of N-terminal tagged Tbx3 and C-terminal tagged Msx2 
could be confirmed. The Sox4 expressing clones were dying after several passages, unless 
puromycin concentration was dropped 10-fold, which may indicate that the construct was 
silenced in these clones, or that Sox4 induced apoptosis when expressed at high levels (Hur 
et al., 2004). The inability to detect Tbx2 expression at the protein level may be the result 
of this protein being notoriously difficult to isolate from mammalian cells (C. Goding, 
personal communication). 

Selection of clones mildly over-expressing fusion protein
Strong over-expression of the protein-of-interest may lead to the assembly of over-expressed 
proteins in non-physiological complexes, thereby obscuring physiological interactions. 
Protein complex isolation therefore requires expression of the target protein at, or close to, 
its natural expression levels. Using quantitative reverse transcription PCR (qRT-PCR), the 
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Figure 2. Validation of yeast 2-hybrid identified interactions using MBP pulldown assay. MBP, MBP-Tbx3 
or MBP-Tbx2 was loaded on a column, after which GST tagged candidate binding partners were washed over the 
column. Coomassie staining (upper panel) shows equivalent loading of bait proteins, binding is visualised using 
anti-GST detection on western blots (lower panel). Sox4 and the shorter Sox4n are retained by Tbx3 and Tbx3+2a, 
Msx1 binds to Tbx2, clone S2-29 does not bind to Tbx2, indicating it is a false positive.

relative expression levels of N-terminal tagged Tbx3 were established in a subset of clones 
(Figure 3b). Of two of these cell-lines (Tbx3-N2#4 and Tbx3-N2#8), Tbx3 levels in whole 
cell lysates were up to 4 times more abundant than in non-transduced controls (Figure 3c). 
Strikingly, the fusion protein could not be detected with anti-HA or anti-FLAG, unless 
samples were first enriched using anti-FLAG precipitation (Figure 3c). This indicates that 
although expression of the fusion protein is low, the construct is properly translated in these 
cells. The clone with 4-fold over-expression was selected for further studies. 

Tbx3 can be extracted from nuclei
The assumption that Tbx3 is predominantly localized inside the nucleus was tested using 
sub-cellular fractionation on the cells. In both wild-type and over-expression cells, Tbx3 
can be efficiently recovered from nuclear extracts (Figure 4a). Moreover, Tbx3 was hardly 
detectable in the cytoplasmic extract. Tbx3 was not detectable in the cellular debris after 
centrifugation (not shown). This shows that nuclear extract preparation is an efficient way to 
fractionate the sample without causing substantial loss of the fusion protein.

Purification using anti-FLAG
Fusion proteins were first isolated using purification over anti-FLAG beads. A large fraction 
of the fusion protein was retained on the beads, given the low amount of Tbx3 in the flow-
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through fraction. Because the protein complex needs to stay intact for a successive affinity 
purification step, elution of the complex needs to be performed under non-denaturing 
conditions. The addition of FLAG peptide could efficiently reverse the binding between 
the fusion protein and the antibody (Figure 4b) and is not likely to interfere with protein 
interactions of Tbx3. Subsequent elution with glycine pH 2.9 shows that virtually no Tbx3 
resides on the beads after two FLAG peptide elution steps. The recovery of Tbx3 with anti-
FLAG purification was estimated at 45% based on blot quantifications (Figure 4b). 

Figure 3. Quantification of Tbx3 levels in wildtype and transduced H10 cells. a) RT-PCR showing expression 
of cardiac transcription factors and structural components. b) qRT-PCR showing expression of FLAG-HA tagged 
Tbx3 (left panel) and total Tbx3 levels (right). c) Determination of Tbx3 levels in H10 cells and selected H10-
Tbx3 clones. Using anti-Tbx3 antibody, Tbx3 can be identified in both wildtype and overexpression cells. After IP 
with anti-FLAG, both anti-HA and anti-FLAG detect the fusion protein.
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Second purification using anti-HA
The eluted fractions after anti-FLAG purification were pooled and used for further 
purification using anti-HA antibody. Pilot experiments using HA peptide for the elution of 
the fusion protein proved rather ineffective (Figure 4c). Therefore, a denaturing first elution 
(8M urea) was used to elute all Tbx3-interacting proteins, followed by a second elution 
with low pH (100mM Glycine pH 2.9) which is more disruptive and should elute all 
remaining proteins. The drawback of a denaturing elution is that it may lower the specificity 
of the procedure. The overall yield of the purification using anti-HA was very low (data not 
shown). 
The results obtained using anti-FLAG and subsequent anti-HA purification are shown 
in figure 4d. The apparent low protein content required over-staining the gel to visualize 
less abundant proteins in the gel. In both the urea and glycine elutions, proteins that are 
present in the over-expression sample can also be detected in the negative control cells 
(non-transduced cells). Careful inspection did not result in the identification of protein 
bands that represent the fusion protein. Still, several proteins that were present in different 
intensities between control and over-expression might represent Tbx3 interacting proteins. 
These were cut out for identification by peptide mass fingerprinting. Protein alkylation, 
tryptic digestion and peptide elution was performed but did not result in peptide mixtures 
with concentrations sufficient for protein identification. MALDI-TOF spectra showed 
no reproducibly detectable peptide peaks apart from those representing known tryptic 
autodigest fragments. Still, some samples were further analyzed by ms/ms. Apart from 
rat keratin no rat protein could positively be identified in the bands chosen for further 
analysis. We had to conclude that the amount of protein was not sufficient for a positive 
identification of specific Tbx interacting factors.

Second purification using anti-Tbx3
In a final attempt, anti-Tbx3 antibody was tested for this procedure. In a pilot experiment, 
Tbx3 could be successfully precipitated from nuclear extracts, both in the WT and over-
expression cells (Figure 5a). To elute the protein complex, Tbx3 peptide was added to 
compete for binding to the anti-Tbx3 antibody and thus specifically elute the protein 
complex. Although many proteins were eluted, Tbx3 itself was retained on the column, as 
shown by subsequent glycine elution. Moreover, the peptide created a very big disturbance 
on the gel, thereby obscuring potential results. Therefore we decided to use mild denaturing 
elution instead.

The TAP experiment with anti-FLAG purification as a first step and anti-Tbx3 purification 
as the second step yielded only low levels of Tbx3. When eluting with urea, many proteins 
are present in both the control sample and the over-expression sample. However, apart from 
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Figure 4. Tandem affinity purification using anti-FLAG and subsequent anti-HA. a) Tbx3 
can be purified from nuclear extracts of H10 and H10-Tbx3 cells. b) FLAG-HA-Tbx3 can 
be purified from nuclear extracts using anti-FLAG. quantification of western blot shows that 
approximately 50% of the fusion protein is retained after 3 washing stept. c) Purification of 
FLAG-HA-Tbx3 from nuclear extracts. * Input sample could not be completely redissolved 
after TCA precipitation. d) Silver stained gel of protein samples after FLAG and HA 
purification. Several bands were excised for determination of protein. 
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a number of proteins that were more abundant in either control or over-expression lanes, 
no proteins specific for the over-expression could be detected. Also with glycine elution no 
additional candidates were identified, nor could Tbx3 itself be identified from the protein 
gel. Given the high degree of similarity between the wild-type and over-expression samples, 
these proteins most likely represent non-specific binders rather than cofactors of Tbx3. 

Figure 5. Tandem affinity purification using anti-FLAG and subsequent anti-Tbx3. a) Tbx3 can be precipiated 
from nuclear extracts using anti-Tbx3. Quantification shows an approximate 25% yield of the input protein 
(right). b) Coomassie stained protein gel.
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Discussion
The transcription factors Tbx2 and Tbx3 have many roles during development, including 
essential roles in the formation of the heart. To gain insight into the molecular mechanisms 
by which Tbx2 and Tbx3 function, we aimed to identify their cofactors. Therefore we used 
yeast 2-hybrid screens to identify novel Tbx2 and Tbx3 interacting proteins and tandem 
affinity purification to isolate protein complexes with Tbx2 or Tbx3 from mammalian cells. 
Although the majority of positive 2-hybrid clones contained non-coding inserts, we have 
identified several novel protein-protein interactions with the yeast screens, which will be 
discussed here. On the contrary, we were not able to isolate protein complexes with Tbx2 
or Tbx3 using the adapted TAP procedure. However, insights from our attempts and 
suggestions for future research will be provided here. 

Isolation of protein complexes with Tbx3 from mammalian cells
Tandem affinity purification to isolate protein complexes from eukaryotic cells is a powerful 
technique to identify cofactors, but also a notoriously difficult procedure, especially when 
working with mammalian cells (Gingras et al., 2007). Although our pilot experiments 
showed efficient purification of Tbx3 from nuclear extracts, we were unable to isolate Tbx3-
containing complexes. Working with the transcriptional repressors Tbx2 and Tbx3 has 
its intrinsic difficulties that simply cannot be overcome. These include the relatively fast 
degradation of the protein that appears to be characteristic for both Tbx2 and Tbx3. In 
addition, cells that over-expressed Tbx2 or Tbx3 were found to expand less efficient during 
culturing than non-transduced control cells, or Msx2 over-expressing cells. Similarly, with 
the yeast 2-hybrid, colonies were substantially smaller if Tbx2 or Tbx3 was expressed, 
indicating a repressive effect on the proliferation of the cells.

A key factor during the TAP procedure is the combination of tags that is used. First, the 
affinity tags and the available antibodies determine the efficiency of the purification 
procedure. Whereas we show that using anti-FLAG purification almost 50% of the input 
protein can be recovered, the anti-HA purification was far less efficient. Although many 
other affinity tags are available, the purification procedure has to be optimized for every 
fusion protein - antibody combination. As a consequence, determining the optimal tag 
combination would be a very time-consuming and costly experiment. Another issue is 
that the FLAG and HA fusion tags may interfere with proper folding of the protein or 
its assembly into protein complexes. Testing biochemical properties like DNA binding 
and interactions with known partners could be considered to show that the fusion protein 
functions like the endogenous protein. Competition with the endogenous protein may also 
have been an issue, especially if the endogenous protein is assembled in protein complexes 
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with preference over the fusion protein. Workarounds for this problem have been to silence 
the endogenous gene, thereby both lowering the amount of over-expression and resolving 
the problem of competition (Forler et al., 2003; Selbach and Mann, 2006). 

Finally, the expression level of the fusion protein plays an important role in the procedure. 
To minimize the formation of non-physiological complexes, we used a close-to-physiological 
expression level. However, the downside of this approach is that a large amount of input cells 
is required, especially when working with relatively weakly expressed transcription factors. 
Therefore, to be able to isolate sufficient quantities of a protein that is not abundantly 
expressed, a more robust over-expression may be required (Tsai and Carstens, 2006; Lange 
et al., 2008).

Novel protein interactions identified with 2-hybrid screens
With yeast 2-hybrid screens we have identified several novel potential interacting proteins, 
some of which have been confirmed in a direct in vitro binding assay. Further experiments 
are required to verify the remaining interactions. By discussing the proteins based on 
function or evolutionary relationships we try to shed light on the mechanisms by which 
Tbx2 and Tbx3 guide cardiogenesis. 

The sub-cellular distribution of a protein can be very informative on the processes it 
is involved in. In this light it is interesting to note that α-cardiac actin was identified in 
the screen. Actin can be localized both in the cytoplasm and in the nucleus. While in the 
cytoplasm, Actin is one of the major structural components of the cytoskeleton. Remarkably, 
Tbx5 has also been shown to co-localize with Actin while in the cytoplasm (Camarata et al., 
2006). Via its interaction with LMP4 it can dynamically shuttle between the nucleus and 
the cytoplasm, and LMP-4 is responsible for the co-localization with Actin. Tbx2 and Tbx3, 
although not interacting with LMP-4, can also be localized both nuclear and cytoplasmic, 
and thus, their association with Actin might have a functional role, for instance by retaining 
the proteins at cytoplasmic sites, thereby regulating their molecular activity (Yarosh et al., 
2008; Kulisz and Simon, 2008; Abrahams et al., 2008).  

In the nucleus, Actin is associated with interchromatin granule clusters, regions of active 
transcription and pre-mRNA splicing (Zheng et al., 2009). In our screens we identified two 
other components of these clusters: the scaffold attachment protein SafB2 and the splicing 
factor Sfrs2 (Saitoh et al., 2004; Sergeant et al., 2007). The close association of Actin, SafB2 
and Sfrs2 with each other and components of the splicing apparatus, suggests active roles 
for Tbx2 and Tbx3 in (alternative) splicing (Wang et al., 2006b). Recently, the interaction 
of Tbx5 with Sfrs2 was reported by another group generating a functional link between 
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T-box’s and the splicing apparatus (Fan et al., 2009). This shows that T-box proteins are far 
more versatile regulators of gene expression than previously thought, and specifically link 
T-box proteins with the splicing apparatus. 

Tbx2 and Tbx3 interact with homeodomain transcription factors
T-box factors are powerful regulators of transcription, one mode of action being via 
their interactions with other transcription factors. In our screens we identified several 
transcription factors, including homeodomain proteins Msx1, Prx2 and Meox1. Msx1 
is one of three muscle segment homeobox genes, which are characterized by their Nk type 
homeodomain, a small subfamily within the homeodomain family, which includes also 
Nkx2.5. Msx1, and its close relative Msx2, are expressed in the developing heart in similar 
areas with Tbx2 and Tbx3 (Chan-Thomas et al., 1993). Especially the close association of 
Msx2 expression with the developing conduction system encourages further persuasion of 
the relevance of this interaction during heart development.

Prx2 is part of the paired class of homeodomain proteins, which further includes members 
of the Paired box (Pax), Pituitary homeobox (Pitx), and Aristaless homeobox (Alx) transcription 
factor families. The Prx2 gene, and its close relative Prx1, are transcribed in the developing 
heart, but the proteins can not be detected, nor do compound mutants show a cardiac 
phenotype (Leussink et al., 1995; Bergwerff et al., 2000; Chesterman and Kern, 2002). 
Although we expect that this specific interaction is not relevant for cardiac development, 
Tbx2 and Tbx3 may interact with related proteins. The clone containing Meox1 encoded 
a large ORF including its entire homeodomain, which, although not in frame with the 
Gal4AD is also considered a potential interactor that requires confirmation. Meox1 is 
expressed in the outflow tract of the developing heart, but its function has not been defined 
to date (Reijntjes et al., 2007). The fact that we have identified three potential interactions 
between T-box proteins and homeodomain proteins, together with the previous finding 
that Tbx5, Tbx3 and Tbx2 can interact with the homeodomain protein Nkx2.5 indicate 
that this may represent a common theme of T-box - homeodomain interactions (Hiroi et 
al., 2001; Habets et al., 2002). The high degree of sequence conservation between DNA 
binding domains, or functional protein domains in general, likely translates into a shared 
potential to bind the same cofactors. The relevance of these interactions will then be dictated 
by the spatiotemporal expression of these proteins, potential differential affinities for each 
other and post translation modifications. 

Interactions with other transcription factors
The promiscuity of transcription factor interactions was also illustrated by the identification 
of the Zinc-finger protein 668 (Zfp668) as a potential partner for T-box factors. The Zfp668 
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gene is predicted to encode a zinc finger containing transcriptional repressor, of which the 
function has not been established yet (Kim et al., 2004). Previously, Tbx5 was shown to 
interact with the zinc finger protein Gata4, an interaction that could be disrupted by the 
introduction of a point mutation in the second zinc finger domain of Gata4 (Garg et al., 
2003; Maitra et al., 2009).

An interaction that has not been shown before is the interaction between the HMG box 
transcription factor Sox4 and T-box factors. Sox4 is co-expressed with Tbx2 and Tbx3 
during heart development, and plays essential roles in the development of the cardiac 
cushions of the outflow tract and atrioventricular canal (Schilham et al., 1996; Ya et al., 
1998). Other Sox proteins that are expressed in the cardiac cushions, and subsequently the 
forming cardiac valves, are Sox9, Sox5 and Sox6 (Lefebvre et al., 2001). Sox10, which marks 
the developing heart nerves, is also an interesting candidate T-box binding protein with 
potential relevance to heart development (Montero et al., 2002). 

In addition to its involvement in RNA splicing, SafB2 can also act as a transcription factor 
via its SAP domain (scaffold attachment factor-A/B/acinus/PIAS). Remarkably, Safb1 
was found to repress Tbx2 in cultured fibroblasts, thereby inducing senesce (Dobrzycka 
et al., 2006). Other proteins carrying the SAP domain include the myocardin family of 
co-activators. Myocardin is expressed throughout heart development, the absence of heart 
defects in myocardin null mice may be related to the redundant action of myocardin 
related transcription factors (MRTF; (Wang et al., 2001)). The SAP domain in myocardin is 
required for the activation of a subset of its target genes, and has been proposed to mediate 
interactions with promoter-specific transcription factors, which, based on our results, might 
include T-box factors (Wang et al., 2001).

Taken together, our yeast 2-hybrid screens have yielded several protein-protein interactions 
which are worth to further investigate. The fact that the results include interactions 
with protein-domains that were previously shown to interact with the T-box, like the 
Homeodomain or Zinc Finger domains, would appear to imply the validity of the 
interactions we find. One possible conclusion that can be drawn is that protein-protein 
interactions identified with this type of screen may well represent a more common theme 
of domain interactions, the biological relevance of each requiring further investigation. 
While this can be seen as strength of the method, it can also be a drawback, because to find 
out which members of a protein family functionally interact in vivo with T-box proteins 
can be a lengthy and laborious process. This underscores the need for methods to identify 
physiological protein interactions. Although we have not succeeded in the direct isolation 
of protein complexes with tandem tagged Tbx2 and Tbx3, we have put forward some 
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suggestions that may facility future research in trying to unravel the molecular mechanisms 
by which Tbx2 and Tbx3 guide cardiogenesis.




