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One popular method to elucidate 
protein-protein interactions involves 
the native co-purification of an affinity- 
tagged protein and its interacting 
partners, which are subsequently 
identified through mass spectrometry 
(MS) (1). Although straightforward, 
reproducible, and broadly used, this 
strategy is hampered by the efficacy 
of protein recoveries both in terms 
of sensitivity and specificity. This is 
especially pertinent to methodologies 
that use a single-step purification, 
in which suboptimal enrichment of 
the bait protein and its partners over 
background can lead to masking of 
their signals. Although improvements 
to MS instrumentation generally 
increase peptide detection sensitivities, 
the problem of specificity (i.e., distin-
guishing specific from nonspecific 
interacting proteins) remains. Thus 
ultimately, the limiting factor in the 
identification of specific interacting 
proteins lies with the purification itself.

An effort to resolve this speci-
ficity issue has been made with the 
introduction of the tandem affinity 
purification (TAP) tag. This construct 
consists of an immunoglobulin G 
(IgG) binding domain and calmodulin 
binding peptide domain separated by 
a tobacco etch virus (TEV) protease 
cleavage site (2). The TAP method 
was originally developed in yeast and 
has best demonstrated its utility in the 
systematic identification of numerous 

multiprotein complexes in the yeast 
proteome (3). Although modifica-
tions to the original TAP methodology 
have been successful in examining the 
protein networks of mammalian cells 
(3–7), the strategy offers a relatively 
low yield of bait and specific inter-
acting proteins (8), and the success 
rate usually varies on a case-by-case 
basis. Additionally, problems remain 
that are inherent to any protein tagging 
strategy: (i) variable exposure of the 
affinity tag; (ii) disruption of the bait 
protein’s ability to fold properly; (iii) 
steric exclusion of interacting partners; 
and (iv) ectopic overexpression of 
the fusion protein, which can lead to 
complications in both the purification 
and identification of true interactions.

We generated five novel dual-
tag purification vectors, each with a 
different combination of affinity tags 
(two per construct, varying by compo-
sition, size, and terminal location) 
and including either a constitutive 
(CMVp) or tetracycline-regulatable 
promoter (Tetp) to allow for controlled 
expression of the tagged bait proteins 
(Figure 1A). We chose Strep-Tactin 
binding peptide (StrepII-tag®; IBA, 
St. Louis, MO, USA) in most of our 
dual-tag combinations due to both its 
high binding affinity and its small (8-
mer) size compared with the original 
streptavidin binding peptide (strep tag: 
38-mer). Other novel features include 
a second TEV protease recognition 

site to improve cleavage efficiency 
(data not shown) and a tetracysteine 
motif (CCPGCC) (9) (except for C-
HAtP) to easily monitor bait protein 
expression, purification, and local-
ization. Moreover, all our dual-tags are 
constructed in Invitrogen Gateway®-
compatible destination vectors, 
allowing for easy cloning through site-
specific recombination (see the supple-
mentary materials available online at 
www.BioTechniques.com).

We selected human telomeric repeat 
binding factor 2 (TRF2) to evaluate our 
dual-tagging system. TRF2 is a key 
telomere binding protein that functions 
to stabilize the t-loop configuration, 
a structure that both protects the 
chromosome end from being recog-
nized as damaged DNA and represses 
telomere elongation by telomerase 
(10). Several telomere-associated and 
DNA damage repair proteins are known 
to interact with TRF2 (10,11) and 
thus provides both an effective means 
to assess the efficacy of our tagging 
system and an opportunity to gather 
potentially novel insight regarding 
TRF2 function.

As shown in Figure 1, B and F, all 
TRF2 fusions produced proteins of 
anticipated size (or very nearly so). 
Moreover, the level of Tetp-driven 
TRF2 fusion protein expression was 
tetracycline concentration-dependent 
(Figure 1C). This demonstrates the 
capability to modulate fusion protein 
expression, potentially overcoming 
problems encountered in overex-
pression systems. For example, not 
only can expression be adjusted to 
near physiological level, but also, bait 
proteins that would otherwise impede 
cellular growth and/or viability can be 
repressed until specific experimental 
conditions are met. This feature greatly 
expands the tags’ applicability.

The CCPGCC motif featured in 
four out of five dual-tags allows for 
the visualization of the fusion protein 
in both live cells and cellular lysates 
using LumioTM (Invitrogen, Carlsbad, 
CA, USA), a conditionally fluorescent, 
membrane-permeable compound based 
on the fluorescein arsenical hairpin 
(FIAsH) reagent (9,12). The expected 
co-localization of TRF2-C-StH with 
the telomere in fixed cells (Figure 1D) 
and its similar punctate staining pattern 
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in live cells (Figure 1E) indicate that 
the tag does not interfere with TRF2’s 
subcellular localization. This useful 
feature provides a means to (i) rapidly 
infer bait protein function following 
tagging based on proper localization; 
(ii) assess transfection efficiency; (iii) 
confirm putative interacting partners 
by co-localization; or (iv) monitor the 
purification progress directly by sodium 
dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) (Figure 
1F). Interestingly, the tetracysteine 
motif can also function as an affinity 
tag when paired with FlAsH-conju-
gated agarose beads (12), providing 
yet another means by which the bait-
complex could be purified.

To evaluate the purification 
efficiency of our tagging system, two 
plates (10 cm2) of 293T cells were 
transfected with TRF2-C-StH. Cells 
(approximately 107) were collected 48 h  
posttransfection, lysed, and tagged 
TRF2-purified (see supplementary 
materials). Western blot analysis was 
used to monitor the recovery at each 
purification step. Quantitative analysis 
of the density of each band against the 
percentage of total volumes loaded 
in each sample reveals that the final 
eluates contain approximately 6% of 
the TRF2-C-StH fusion protein present 
in the lysate (Figure 2A).

To assess bait recovery with regards 
to downstream MS analysis, each TRF2 
construct (Figure 1A) was transfected 
into 293T cells and purified as described  
in the supplementary materials. In 
addition, several controls were included 
to identify proteins that nonspecifically 
bind to the affinity beads, the tag itself, 
and to proteins in general. Each sample 
eluate was trichloroacetic acid (TCA)-
precipitated, digested, and analyzed 
by two-dimensional liquid chroma-
tography tandem mass spectrometry 
(2-D LC-MS/MS). Resultant tandem 
mass spectra were searched against 
the human International Protein Index 
(IPI) database v3.05 using DBDigger 
(13). Data from multiple pull-downs 
of each TRF2 fusion and controls were 
filtered, organized, and compared 
using DTASelect and Contrast (14). 
Expectedly, TRF2 was identified in 
all pulldowns (search parameters 
and filter criteria can be found in the 

supplementary materials; MS data are 
available upon request).

Using the control-filtered MS data, 
we identified the major proteins previ-
ously shown to associate with the TRF2 
complex, such as telomeric repeat 
binding factor 2-interacting protein 
1 (RAP1), TRF1-interacting nuclear 
protein 2 (TIN2), TINT1/PTOP/PIP1 
(TPP1), ataxia telangiectasia mutated 
(ATM), Werner syndrome ATP-
dependent helicase (WRN), Bloom 
syndrome protein (BLM), Ku antigen 
70 (Ku70), Ku antigen 80 (Ku80), 
and poly(ADP-ribose) polymerase 1 
(PARP1) (10,11,15) (see Supplementary 
Table S1) along with potentially novel 
TRF2-interacting proteins (manuscript 
in preparation). RAP1, a relatively 
low-abundant protein, was confidently 
identified in TRF2 pull-down samples 

from as little as approximately 107 
adherent cells. In fact, all of the known 
TRF2-associated proteins identified 
in this study originated from samples 
containing no more than 7 × 107 cells. 
Taken together, these data demonstrate 
the efficacy and sensitivity of our dual-
tag purification system.

Comparing each of the dual-tags, we 
found that all five generated sufficient 
recovery for MS analysis, yielding 
the TRF2 bait protein, known TRF2-
interacting protein(s), and several new 
candidate TRF2-associated partners. 
In this study, we mainly focused on the 
His/StrepII-based tags (Figure 1A), as 
they produced the best TRF2 sequence 
coverage, the largest number of MS/MS 
spectra assignable to TRF2 peptides, 
and identified the most known TRF2-
interacting proteins (Supplementary 

Figure 1. Features and validation of the dual-tags. (A) Dual-tags, their relative positions in TRF2  
fusions, and their amino acid sequence. C, C′-terminal; N, N′-terminal; CCPGCC, a tetracysteine  
motif; S, Strep-Tactin binding peptides (StrepII-tag); t, tobacco etch virus (TEV) protease cleavage site; 
P, immunoglobulin G (IgG) binding domain of protein A from Staphylococcus aureus (ProA tag); H,  
6× histidine (His tag); HA, influenza hemagglutin epitope (HA) tag. Colors: yellow, tetracysteine motif; 
orange, StrepII-tag; purple, ProA tag; red, TEV cleavage site; blue, His tag; green, HA tag. (B) Western 
blot analysis (anti-TRF2) depicting the expression and anticipated size of representative fusions 24 h  
after transfection of respective telomeric repeat binding factor 2 (TRF2) fusion constructs into 293T cells. 
(C) Modulation of fusion protein expression via the Tet-regulatable promoter, visualized by Western blot 
analysis (anti-Strep tag, anti-α-tubulin). (D) Co-localization of transfected TRF2-C-StH with telomeres 
in U2OS cells after fixation. TRF2-C-StH (green, Lumio), telomeres [red, telomeric fluorescence in situ 
hybridization (FISH)], DNA [blue, 4′,6-diamidino-2-phenylindole (DAPI)], and co-localization (yellow, 
merged panel). (E) Live cell image of TRF2-C-StH punctate staining on telomeres revealed by Lumio. 
(F) Lumio detection of TRF2 fusion protein expression and size, separated by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE). TRF2, telometric repeat binding factor 2.
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Table S1), relative to the other dual-
tags. However, this is not to suggest 
that these tags will always outperform 
the rest.

In an attempt to increase bait protein 
recovery, we modified a freeze/thaw 
lysis protocol (see the supplementary 
materials) to keep the cell lysis as 
concentrated as possible and were able 
to triple the recovery of TRF2 to apprix-
unately 16% in the final eluates (Figure 
2B), equivalent to approximately 200 
pmol TRF2 from the lysate based on 
a dot-blot analysis (Figure 2C). In 
addition, using the freeze/thaw method, 
pulldown experiments (n = 4) identified, 
on average, most (five out of nine) 
known TRF2-interacting proteins listed 
in Supplementary Table S1, suggesting 
a greater enrichment of known TRF2-
interacting proteins per pulldown 
compared with those not processed by 
freeze/thaw (average two out of nine;  
n = 4). Moreover, according to the total, 
nonredundant protein counts reported 
by DTASelect, the total number 
of proteins found in the pulldown  
experiments without freeze/thaw  
(n = 4) was 435 ± 56, compared with 
388 ± 114 with freeze/thaw (n = 4). 
Therefore, the enrichment of specific 
interacting proteins in freeze/thaw 
samples was not the result of increased 
total protein counts. These data perhaps 
indicate that keeping the initial lysis 
concentrated may enhance the recovery 
of specific TRF2 interacting proteins 
by ensuring minimal perturbation of the 
natural equilibrium that exists between 
interacting partners.

In this study, we have developed 
a dual-tagging system that offers 
versatile features to address various 
issues related to the difficulty of 
identifying interacting proteins in 
mammalian cells. With several available 
dual-tag constructs, this Gateway- 
compatible system provides enormous 
flexibility to rapidly modify tag compo-
sition, terminal location, and bait 
protein expression, while at the same 
time providing a convenient means 
to visualize the bait protein in vivo  
and in vitro.
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resin. (C) Dot blot analysis [anti-His tag (H-15; Upstate)] comparing the amount of N-HtS-TRF2 in 
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