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The development of affinity purification technologies
combined with mass spectrometric analysis of purified
protein mixtures has been used both to identify new
protein–protein interactions and to define the subunit
composition of protein complexes. Transcription factor
protein interactions, however, have not been systemati-
cally analyzed using these approaches. Here, we investi-
gated whether ectopic expression of an affinity tagged
transcription factor as bait in affinity purification mass
spectrometry experiments perturbs gene expression in
cells, resulting in the false positive identification of bait-
associated proteins when typical experimental controls
are used. Using quantitative proteomics and RNA se-
quencing, we determined that the increase in the abun-
dance of a set of proteins caused by overexpression of
the transcription factor RelA is not sufficient for these
proteins to then co-purify non-specifically and be mis-
identified as bait-associated proteins. Therefore, typical
controls should be sufficient, and a number of different
baits can be compared with a common set of controls.
This is of practical interest when identifying bait interac-
tors from a large number of different baits. As expected,
we found several known RelA interactors enriched in our
RelA purifications (NF�B1, NF�B2, Rel, RelB, I�B�, I�B�,
and I�B�). We also found several proteins not previously
described in association with RelA, including the small
mitochondrial chaperone Tim13. Using a variety of bio-
chemical approaches, we further investigated the nature
of the association between Tim13 and NF�B family tran-
scription factors. This work therefore provides a concep-
tual and experimental framework for analyzing transcrip-
tion factor protein interactions. Molecular & Cellular
Proteomics 13: 10.1074/mcp.M113.033902, 1510–1522,
2014.

Mapping the complex network of interactions between pro-
teins provides insight into how a cell’s protein machinery
functions (1–4). Much progress has been made in uncovering
these networks, broadening our understanding of many pro-
teins’ biological functions and elucidating the architecture of
many multi-subunit protein complexes (5). Despite this, there
have been few studies focused on investigating proteins as-
sociated with transcription factors (3, 6). There are technical
challenges to address when trying to identify transcription-
factor-associated proteins. The endogenous transcription
factors might be expressed at relatively low levels, and their
interactions might vary according to the state of the cell or in
response to signals. If affinity-tagged transcription factors are
expressed ectopically at higher levels, it might be possible to
uncover bona fide interactions, but this can result in gene
expression changes in transcription-factor-expressing cells.
Such changes need to be considered when analyzing
experimental data. Here we focused on identifying transcrip-
tion-factor-associated proteins using affinity-tagged, consti-
tutively expressed transcription factors as bait in affinity pu-
rification mass spectrometry experiments.

Multidimensional protein identification technology (MudPIT)1

has been widely used to identify “prey” proteins that co-purify
with an affinity-tagged “bait” protein (7). Although genetically
tractable model systems such as yeast allow affinity tagging
of the endogenous protein under the control of its own pro-
moter, this is not as easy with higher eukaryotic systems, and
a constitutively overexpressed recombinant bait is often used
(8). There are advantages and drawbacks to this approach.
First, having high amounts of bait might be propitious for the
identification of bona fide bait interactors that are present in
very low amounts in cells. Second, DNA constructs overex-
pressing tagged recombinant baits are often commercially
available; it is straightforward to screen a significant number
of bait proteins for new interactors in medium-throughput
studies using these constructs. However, this strategy does
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not reflect the typical expression pattern of the endogenous
counterpart of the bait in vivo, and so some interactions
identified might be artifacts. Alternative strategies for affinity
purification mass spectrometry include using promoters that
maintain constitutive expression but express baits at lower
levels or that use inducible promoters so that expression of
the bait can be controlled as a function of time. Whichever
system is used, it is important to identify bait-associated
proteins that physically associate with the bait during purifi-
cation, and not simply contaminants that do not result from
bait enrichment.

Control experiments are commonly used to evaluate the
subset of proteins that are enriched specifically by the pres-
ence of the bait protein during purification and filter out con-
taminants that do not depend directly on the bait enrichment
(for example, proteins that interact nonspecifically with the
affinity resin used for purification) (9). Previously, the set of
proteins co-purifying with the bait has been compared ei-
ther to the set of proteins purified from cells expressing the
affinity tag alone (10) or to proteins purified from an untrans-
fected parental cell line (11). A concern is that such control
cells are not exposed to the bait protein during growth and
therefore do not have the opportunity to respond to the
presence of the bait as the experimental cells do. If the bait
is a protein that might have significant effects on the relative
abundance of cellular proteins (such as a transcription fac-
tor), it is possible that these effects could alter the pool of
proteins present in the cellular extracts used for purification.
As a consequence, the population of proteins purifying non-
specifically with the bait might be altered. This is of partic-
ular concern when using sensitive techniques such as
MudPIT for identifying protein–protein interactions and
when using baits, such as affinity-tagged transcription fac-
tors, that might lead to an increase in the expression of
many cellular proteins.

To begin to address this concern, we used the well-char-
acterized transcription factor RelA as a bait for identifying
RelA-associated proteins (12). First, we developed a label-
free quantitative proteomics workflow to generate lists of
putative RelA interactors using typical experimental controls.
Next we confirmed that the nonspecific contaminants co-
purifying in the controls were largely the more abundant cel-
lular proteins. Having observed by means of RNA sequencing
that overexpression of a tagged transcription factor bait
caused significant changes in global patterns of gene expres-
sion, we used an alternative set of control experiments to ask
whether these altered patterns of gene expression were suf-
ficient to cause false positive identifications of RelA-associ-
ated proteins. Finally, we focused on one of the novel RelA-
associated proteins that we had identified, Tim13 (13), and
investigated the nature of its association with RelA and the
NF�B family member p105 (NF�B1) (14).

EXPERIMENTAL PROCEDURES

Materials—Anti-�-tubulin mouse monoclonal antibody (T9026), anti-
FLAG (M2) agarose, and anti-FLAG peptide were purchased from
Sigma. Anti-p65 rabbit polyclonal antibody was from Abcam� (Cam-
bridge, MA). Magne™ HaloTag� magnetic affinity beads were pur-
chased from Promega (Madison, WI). The following full-length human
clones, used for subcloning, were from the Kazusa DNA Research
Institute (Kisarazu, Chiba Japan): RELA (AB464351), NF�B1
(AB489154), NFKB2 (AB384801), and JUN (AB385120).

Construction of Vectors for Expression of Affinity-tagged Bait
Proteins—The vectors FLAG pcDNA5/FRT PacI PmeI and Halo
pcDNA5/FRT PacI PmeI were constructed by inserting a DNA frag-
ment encoding either a FLAG or a Halo tag between the NheI and
KpnI restriction sites of the vector pcDNA5/FRT (Invitrogen). DNA
fragments were synthesized in PCR reactions using the following pairs
of primers: NheI FLAG fwd (5�-CAGGCTAGCATCATGCCAGACTACA-
AGGACGATGATGACAAG-3�) and KpnI PacI FLAG rev (5�-CAGGGTA-
CCTTAATTAACTTGTCATCATCGTCCTTGTAGTCTGGCAT-3�), or NheI
Halo fwd (5�-CAGGCTAGCATCATGGCAGAAATCGGTACTGGCTT-
TCC-3�) and KpnI PacI Halo rev (5�-CAGGGTACCTTAATTAAGTTATC-
GCTCTGAAAGTACAGATCCTCAGTGG-3�). Sequences containing the
ORFs of the bait proteins flanked by SgfI and PmeI restriction sites were
then subcloned between the PacI and PmeI restriction sites in the FLAG
pcDNA5/FRT PacI PmeI and Halo pcDNA5/FRT PacI PmeI vectors.

Preparation of Whole Cell Extracts—Approximately 2 � 107

HEK293T cells were transfected with 7.5 �g of plasmid DNA encod-
ing the proteins indicated in the figure legends. Cells were harvested
48 h post-transfection and rinsed twice in ice-cold PBS. Cell pellets
were frozen at �80 °C and later thawed, and the cells were resus-
pended in 300 �l of ice-cold buffer containing 50 mM Tris�HCl (pH 7.5),
150 mM NaCl, 1% Triton� X-100, 0.1% sodium deoxycholate, 0.1 mM

benzamidine HCl, 55 �M phenanthroline, 10 �M bestatin, 20 �M

leupeptin, 5 �M pepstatin A, and 1 mM PMSF. We then homogenized
the lysates by passing the cells through a 26-gauge needle five times,
and the lysates were then centrifuged at 21,000 � g for 30 min at 4 °C
to remove insoluble material.

Purification of Protein Complexes—300 �l of whole cell extract was
diluted with 700 �l of TBS (50 mM Tris�HCl, pH 7.4, 137 mM NaCl, 2.7
mM KCl) and centrifuged at 21,000 � g for 10 min at 4 °C. FLAG-
tagged bait complexes were purified via anti-FLAG agarose immuno-
affinity chromatography. The diluted lysates were incubated with 50
�l of anti-FLAG (M2) agarose beads for 2 h at 4 °C. The beads were
washed four times with wash buffer containing 50 mM Tris�HCl, pH
7.4, 137 mM NaCl, 2.7 mM KCl, and 0.05% Nonidet® P40, and bound
proteins were eluted from the beads with 100 �l of TBS containing 0.3
mg/ml FLAG peptide. Eluates were centrifuged through Micro Bio-
Spin columns (Bio-Rad) to remove any traces of affinity resin. Halo-
tagged bait complexes were purified using Magne™ HaloTag® mag-
netic affinity beads (Promega). Diluted lysates were incubated for 2 h
at 4 °C with beads prepared from 100 �l of Magne™ HaloTag® bead
slurry according to the manufacturer’s instructions. The beads were
washed four times with wash buffer, and bound proteins were eluted
from the beads via incubation with 2 units of AcTEV™ Protease
(Invitrogen) in 100 �l of buffer containing 50 mM Tris�HCl, pH 8.0, 0.5
mM EDTA, and 0.005 mM DTT for 2 h at 25 °C. Eluates were then
centrifuged through Micro Bio-Spin columns (Bio-Rad). Where indi-
cated, anti-FLAG agarose eluates prepared from cells expressing
FLAG-Tim13 and Halo-p105 were further analyzed by means of anion
exchange chromatography using an ÄKTA fast protein liquid chroma-
tography system (Amersham Biosciences). Eluates were dialyzed in
buffer A (25 mM HEPES�NaOH, pH 7.5, 1 mM DTT) containing 0.1 M

NaCl and applied to a HiTrap DEAE Sepharose column (GE Health-
care) equilibrated in buffer A (0.1 M NaCl). The column was eluted with
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a 19-ml linear gradient from 0.1 to 1.0 M NaCl in buffer A, and 0.5-ml
fractions were collected.

Expression of Recombinant Proteins in Insect Cells—Sequences
coding for either Halo-p105434–968 or FLAG-Tim13 were subcloned
into pBacPAK8, and recombinant baculoviruses were generated us-
ing the BacPAK expression system (Clontech, Mountain View, CA).
Sf21 cells were cultured at 27 °C in Sf-900III SFM (Life Technolo-
gies™, Grand Island, NY). Dishes containing �1 � 107 Sf21 cells
were infected with the baculoviruses indicated. Forty-eight hours after
infection, cells were harvested and lysed in 1 ml of ice-cold buffer
containing 50 mM HEPES-NaOH, pH 7.9, 0.15 M NaCl, 5 mM MgCl2,
0.2% Triton X-100, 20% (v/v) glycerol, 0.1% sodium deoxycholate,
0.1 mM benzamidine HCl, 55 �M phenanthroline, 10 �M bestatin, 20
�M leupeptin, 5 �M pepstatin A, and 1 mM PMSF. Lysates were
centrifuged at 20,000 � g for 30 min at 4 °C.

Analysis of Global mRNA Levels—Total RNA was isolated from
�1 � 108 HEK293T cells expressing Halo-RelA, Halo-NFkB1(p105),
or the Halo tag alone using RNeasy Midi kits (Qiagen, Valencia, CA).
During purification, samples were treated with DNase to remove any
contaminating DNA. TruSeq RNA sample preparation kits (Illumina,
San Diego, CA) were used to prepare individually barcoded libraries
for Illumina sequencing according to the manufacturer’s instructions.
Libraries were pooled for multiplex sequencing with 50 nt read
lengths using two lanes of an Illumina Genome Analyzer IIx. The
resulting sequences were mapped to the human genome using the
TopHat aligner (15). Gene expression was quantified, and RNA levels
from samples overexpressing either Halo-RelA or Halo-NFkB1 were
then compared with RNA levels from control cells to identify differ-
entially expressed genes using Cuffdiff version 1.0.3 (16, 17).

Analysis of Protein Complexes via MudPIT Mass Spectrometry—
Affinity purified proteins were precipitated with trichloroacetic acid,
washed twice with acetone, and resuspended in buffer containing
100 mM Tris�HCl, pH 8.5, and 8 M urea (18). Disulfide bonds were
reduced with Tris(2-carboxylethyl)-phosphine hydrochloride, and
the samples were then treated with chloroacetamide to prevent di-
sulfide bond reformation. Proteins were then digested with endopro-
teinase Lys-C and trypsin as described previously. The resulting
peptides were loaded onto fused silica microcapillary columns
packed with three phases of chromatography resin (reverse phase,
strong cation exchange, reverse phase). Peptides were gradually
eluted from the columns directly into the mass spectrometer for
analysis using 10 �2-h chromatography steps (7). The resulting .raw
files describing the MS/MS spectra were processed by the in-house
software package RAWDistiller v. 1.0 to generate .ms2 files from
which MS/MS spectra were matched to 29,375 human protein se-
quences (from the National Center of Biotechnology Information No-
vember 2010 release) using the SEQUEST algorithm (version 27, rev.
9) (19). Enzyme specificity was not imposed during searching. The
mass tolerance was set at 3 amu for precursor ions and 0 amu for
fragment ions. A static modification of �57 Da was added to cysteine
residues to account for carboxamidomethylation; no variable modifi-
cations were searched. Matches that were not sufficiently accurate
were filtered out using DTASelect prior to the assembly of a protein
list for each sample (20). Parameters for filtering included a minimum
DeltCn of 0.08; minimum XCorr values of 1.8 (singly charged spectra),
2.0 (doubly charged spectra), and 3.0 (triply charged spectra); a
maximum Sp rank of 10; and a minimum peptide length of 7 amino
acids. Only fully tryptic peptides were considered. Using these selec-
tion criteria, we obtained an average spectral false discovery rate
(FDR) for the 60 MudPIT runs of 0.27% � 0.17% (standard deviation),
and the average protein FDR was 2.95% � 2.41% (standard devia-
tion). A list of proteins present only in the majority of replicate exper-
imental samples was generated using Contrast and NSAF7 software
(20). The parsimony option in Contrast was used to remove proteins

that were subsets of others. If proteins were identified by the same set
of peptides (including at least one peptide unique to the set to
distinguish between isoforms), they were grouped together; one rep-
resentative accession number was used to describe the set. Finally
the abundance of these proteins in experimental and control samples
was assessed using spectral counting to calculate dNSAF values (21);
proteins with a high probability of being enriched in experimental but
not control samples were determined using the PLGEM signal-to-
noise method (22, 23). Proteins were then sorted according to PL-
GEM signal-to-noise values, and FDRs were calculated from PLGEM
determined p values (23, 24). Identified proteins were then catego-
rized according to their associated FDRs as category I (FDR 	

0.1%), category II (FDR 	 0.1% to 1%), or category III (FDR 	 1%
to 5%).

RESULTS

Identifying a Set of Bait-associated Proteins via MudPIT
Mass Spectrometry—To identify proteins associated with the
transcription factor RelA, we expressed either the Halo tag
alone (control) or Halo-RelA (experiment) in HEK293 cells
(control: nine replicates; experiment: six replicates). After sub-
jecting the resulting whole cell extracts to Halo affinity chro-
matography, we identified proteins present in each purifica-
tion using MudPIT (25) (reviewed in Ref. 7) (Fig. 1A). To
analyze MudPIT data, we used the SEQUEST algorithm (19)
and DTASelect (20) to assemble a list of proteins identified in
each sample (26). We next determined which proteins were
enriched in the Halo-RelA samples but not in control samples
expressing the Halo tag alone (Halo-RelA-associated pro-
teins). These Halo-RelA-associated proteins (prey) might co-
purify as a result of direct physical interactions between the
Halo-RelA bait and the prey, or through interactions mediated
by other molecules. To create identifications that would be
useful in follow-up studies, we removed proteins that were
detected in �50% of the experimental Halo-RelA samples,
limiting the number of false positive identifications at the
expense of rejecting a proportion of genuine bait interactors
(false negatives) (Fig. 1A). Having defined this shortlist of
possible Halo-RelA-associated proteins, we next asked which
of these were enriched in experimental relative to control
samples. To make this quantitative comparison, we first as-
sessed the relative amounts of each protein in each sample by
calculating dNSAF values for each protein (21), and we then
used the dNSAF values as input for the PLGEM (22). Finally,
we used the estimated p values calculated by PLGEM to
estimate FDRs (23, 24) and defined three categories of likely
Rel-A-associated proteins based on the calculated FDRs;
these were 0 � FDR 
 0.001 (Category I), 0.001 � FDR 


0.01 (Category II), and 0.01 � FDR 
 0.05 (Category III) (Fig.
1A). Our analysis identified 50 Halo-RelA-associated proteins
(18 Category I, 18 Category II, and 14 Category III). Category
I identifications with low FDRs tended to be proteins that were
more abundant in the purifications (with greater dNSAF val-
ues) (Fig. 1B). Lastly, to confirm the robustness of this ap-
proach, we repeated our analyses using tagged transcription
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factors not in the NF�B family as controls (supplemental Data
S3).

Are Halo-RelA-associated Proteins Interacting Physically
with the Bait?—The RelA-associated proteins might have
been present in our samples as the result of either direct or
indirect interactions with the Halo-RelA bait. An alternative
possibility is that a protein might co-purify in detectable quan-
tities for reasons not involving physical interactions between

bait and prey; for example, proteins might co-purify simply as
a result of their high abundance in the cellular lysate. We
thought it was important to address this possibility, particularly
in the case where expression of the tagged bait might cause
significant changes in gene expression between experimental
and control samples—for example, when the bait is a transcrip-
tion factor (compare Figs. 2A and 2B). If this is the case, then
alternative control experiments are needed (Fig. 2B).
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FIG. 1. A workflow for identifying bait interacting proteins using MudPIT mass spectrometry and PLGEM statistical analysis. A,
affinity-tagged bait-associated proteins purified from a minimum of three replicate experiments are digested into peptide fragments and
analyzed via MudPIT as described in the text. The resulting MS/MS spectra are matched to peptides generated from an in silico digest of the
human proteome database and a list of putative bait interacting proteins assembled using the SEQUEST and DTASelect algorithms. In order
to reduce the likelihood of false positive identifications, replicate experiments were compared using in-house-developed software (NSAF7); any
proteins not found in a majority of the experimental samples were excluded from further analysis. For each protein identified in �50% of the
experimental samples, dNSAF values for experimental samples were compared with dNSAF values for control samples; the PLGEM algorithm
was used to assess the likelihood of a protein being enriched in experimental samples and calculate a p value for each comparison. The
resulting p values were used to calculate false discovery rates (FDRs) using the method of Benjamini and Hochberg. Finally, three categories
of bait-associated proteins were defined using the FDR values. B, the workflow applied to the identification of 50 Halo-RelA-associated
proteins using nine control and six experimental purifications (supplemental Data S1 and S2), with the average experimental dNSAF and FDR
values indicated for each identification. The top 20 RelA-associated proteins (including RelA) are indicated, ranked either by FDR (a) or by
average dNSAF with an FDR cutoff of 0.05 (b). C, the identities of the top 20 RelA-associated proteins shown in B, indicated with the respective
Human Genome Gene Nomenclature Committee official gene symbol. The two isoforms of the NF�B2 protein are indicated as NFKB2(a) and
NFKB2(b).
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Overexpressing Transcription Factors Can Cause Signifi-
cant Global Changes in Gene Expression—To confirm that a
bait transcription factor might alter the gene expression profile
of experimental cells relative to controls, we used RNA se-
quencing to compare the global patterns of gene expression
in cells overexpressing the RelA transcription factor with that
of control cells expressing only the Halo tag (Fig. 2C). We
found 6007 differentially expressed genes in cells overex-
pressing the Halo-RelA transcription factor. We compared
this with gene expression changes caused by overexpression
of another NFkB family member, NF�B1(p105). Although the
p105 protein is partially processed into the transcription factor
NF�B (p50) in cells (27, 28), the full-length p105 protein con-
tains ankyrin repeat domains (Fig. 2D) and can function as an
inhibitor of NF�B-activated transcription (29). In contrast to
the cells overexpressing Halo-RelA, we found only 732 differ-
entially expressed genes in cells overexpressing p105, 456 of
which were differentially expressed in both Halo-RelA- and
Halo-p105-expressing cells.

Abundant Proteins Can Co-purify Nonspecifically during
Affinity Purification—Having confirmed that Halo Rel-A trans-
fected cells had a significantly altered gene expression profile,
we next asked whether highly expressed proteins might co-
purify nonspecifically as contaminants during affinity purifica-
tion. We transfected cells with Halo-control (expressing the
33-kDa Halo tag), Halo-RelA, or both Halo-control and FLAG-
RelA and subjected the resulting cell lysates to Halo affinity
purification (Fig. 3A). We analyzed the eluates from these pu-
rifications via fractionation with SDS-PAGE followed by Western
blotting and detected proteins using the LiCor Odyssey infrared
imaging system, which has been shown to be particularly sen-
sitive for detecting small amounts of protein (30). The Halo-RelA
and smaller FLAG-RelA proteins were expressed at similar lev-
els in the whole cell extracts (Fig. 3A, lanes 1–3). After purifica-
tion, as expected, we were able to detect RelA in cells trans-
fected with Halo-RelA but not in cells transfected with the Halo
control plasmid when a modest quantity (0.75%) of the eluate
was analyzed via Western blotting (lanes 4 and 5). Interestingly,
we were also able to detect a small quantity of nonspecifically
enriched FLAG-RelA, together with what we presumed was
contaminating �-tubulin, when we analyzed a larger sample of
the eluate (15%) from cells overexpressing FLAG-RelA (lane 6).
These results suggest that small amounts of proteins present in
large quantities in whole cell extract (FLAG-RelA and �-tubulin)
can be retained in the solid phase during a typical purification
procedure at levels that allow detection via the relatively sensi-
tive techniques we used.

To gain additional evidence that nonspecific purification of
a protein might result from its high abundance, we wanted to
ask whether the proteins co-purifying in our control samples
tended to be proteins that were the more abundant proteins in
cells. To test this, we used our RNA sequencing and MudPIT
data to compare the distribution of the FKPM values of RNA
transcripts corresponding to groups of proteins present in our
FLAG-control and Halo-control purifications with the distribu-
tion of the FKPM values of the group of all cellular proteins
(compare groups 1 and 2 with group 5 in Fig. 3B). The FKPM
values calculated by Cufflinks reflect the relative abundance
of RNA transcripts (16, 31). We found that groups of proteins
identified in the control purifications had transcript FKPM
values distributed much higher than the group of all cellular
proteins. This was perhaps not surprising, as many cellular
proteins either are not expressed in cells or are expressed at
very low levels, and identification of proteins via MudPIT
would naturally be limited to proteins present in detectable
amounts. We therefore decided to also compare the RNA
abundance of proteins in our control purifications with the
RNA abundance of proteins identified in experimental purifi-
cations (compare groups 1 and 2 with groups 3 and 4 in Fig.
3B). We observed that the abundance of RNA transcripts of
proteins consistently purified from control cells tended to be
much greater than the abundance of transcripts associated
with proteins enriched in experimental purifications. Taken
together, the results presented in Figs. 3A and 3B suggest
that high abundance of a protein may result in its purification
as a nonspecific contaminant.

Do the Changes in Gene Expression Caused by Overex-
pression of the Transcription Factor RelA Result in False Pos-
itive Identification of RelA-associated Proteins?—We next
wanted to see whether the changing patterns of gene expres-
sion resulting from transfecting cells with RelA were sufficient
to cause false positive identification of up-regulated proteins
in purifications. We analyzed anti-FLAG immunoaffinity puri-
fications from cells co-transfected with FLAG-control and
Halo-RelA. When we compared proteins identified in three
replicates of these samples with proteins identified from cells
transfected with only the FLAG-control DNA, we detected
RelA as a (contaminating) protein enriched in the cells over-
expressing Halo-RelA (FDR 
 0.05). This was consistent with
the results of the reciprocal experiment outlined in Fig. 3A.
Our analysis did not identify any other proteins as significantly
enriched from the extracts of Halo-RelA overexpressing cells
that had been subjected to anti-FLAG agarose immunoaffinity
chromatography. This suggests that the changes in gene

denoted by asterisk). C, changes in global gene expression patterns among three biological replicates of cells transfected with the Halo-control
plasmid and three replicates of cells transfected with either the transcription factor Halo-RelA or the NF�B family member Halo-p105 (NF�B1).
Changes in gene expression are represented using an MA plot (intensity ratio versus average intensity). Differentially expressed genes are
shown in color (genes called by the Cuffdiff algorithm with an adjusted p value 
 0.05 and fold change (FC) � 1.4) (16). D, the DNA binding
transcription factor RelA contains a Rel homology domain (RHD). In addition to the RHD, p105 (NF�B1) contains ankyrin repeats (ANK) and a
death domain (DD). The p105 protein is partially processed into the NF�B1 transcription factor p50.
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expression caused by overexpressing Halo-RelA were in-
sufficient to cause spurious purification and aberrant iden-
tification of up-regulated proteins. In contrast, when we
analyzed three replicates of FLAG purified extracts of cells
expressing FLAG-RelA and compared these with controls
transfected with the FLAG-control DNA alone, we identified
77 FLAG-RelA-associated proteins at a modest FDR of
0.05, including 14 FLAG-RelA-associated proteins with FDR
values less than 0.001 (Fig. 3C). The results from a number
of follow-up experiments using different baits and/or differ-
ent purification techniques with similar analyses also sug-
gested that spurious purification of up-regulated proteins
was unlikely to result in false protein identifications (supple-
mental Data S5).

Investigating the Nature of the Association between the
Mitochondrial Protein Tim13 and the RelA and NF�B1 (p105)
Proteins—Having identified a set of proteins that consistently
co-purified with overexpressed FLAG-RelA, we investigated
whether any of these proteins were potential binding partners
of NF�B family proteins. When we compared the 20 most
abundant proteins enriched in FLAG-RelA or Halo-RelA puri-
fications (FDR 
 0.05) (Fig. 4A), we found 12 prey proteins
that co-purified with both Halo-RelA and FLAG-RelA. These
included four of the NF�B family transcription factors (NF�B1,
NF�B2, RelA, and RelB) that can bind in different combina-
tions to form dimers (32); also included were members of the
I�B family (I�B�, I�B�, and IkB�), known to bind to NF�B
dimers (33). Thus our strategy works for identifying biologi-
cally relevant interactions. Novel associations included the
mitochondrial trifunctional protein � subunit encoded by the
HADHA gene and several components of the mitochondrial
Tim8–Tim13 complex encoded by the genes TIMM8A,
TIMM8B, and TIMM13. As the Tim13 protein had not been
previously described in association with NF�B transcription
factors, we wanted to investigate the nature of its associa-
tion in more depth. First, we asked whether the Tim13
protein associates with other NF�B family members. We co-
expressed FLAG-Tim13 with either Halo-RelA or Halo-NF�B1
(p105) and purified the resulting complexes using anti-FLAG
immunoaffinity chromatography (Fig. 4B). FLAG-Tim13 co-

immunoprecipitated significant amounts of Halo-NF�B1 and
modest amounts of Halo-RelA (Fig. 4B). We further analyzed
FLAG purified FLAG-Tim13/Halo-NF�B1 eluates by means of
SDS-PAGE followed by silver staining (Fig. 4C). We detected
Tim13 and NF��1 but only relatively modest amounts of other
proteins in these eluates. One possible explanation for this
might be that FLAG-Tim13 interacts directly with Halo-NFkB1.
Finally, we used MudPIT to examine endogenous proteins
co-purifying with FLAG purified FLAG-NF�B1 and found
Tim13 to be among the top 20 most abundant proteins en-
riched in these samples (FDR 
 0.05) (Fig. 4D). Taken to-
gether, these experiments are consistent with a physical in-
teraction between NF�B1 and Tim13.

Having identified NF�B1 (p105) as a possible Tim13 inter-
action partner, we wanted to identify regions of p105 that
might be important for their association. We co-expressed
FLAG-Tim13 with each of the truncated Halo-p105 proteins
described in Fig. 5A and subjected the resulting lysates to
anti-FLAG chromatography (Figs. 5B and 5D). FLAG-Tim13
co-immunoprecipitated Halo-p105434–968 (Fig. 5B, lane 2) but
not Halo-p50 (Fig. 5D), suggesting that the Tim13-p105 as-
sociation might depend on a region within the C terminus of
p105. In addition, FLAG-Tim13 overexpressed in Sf21 insect
cells also co-immunoprecipitated Halo-p105434–968 (Fig. 5C).
Shorter regions of the C terminus of p105, which lacked
residues 435–542, did not co-immunoprecipitate with Tim13
(Fig. 5B, lanes 3 and 4). This region of p105 (residues 435–
542) substantially overlaps a region previously identified as
the p105 processing inhibitory domain (residues 474–544)
(34). Protein interactions are diverse in their strength and
permanence (35, 36). To test whether we could disrupt the
association between Tim13 and NF�B1 (p105), we subjected
our FLAG purified Tim13/p105 eluates to chromatographic
separation on a HiTrap DEAE column. The Halo-p105 protein
bound the column and was eluted at �410 mM NaCl, whereas
the FLAG-Tim13 flowed through the column (Fig. 5E). This
would be consistent with a weak interaction between Tim13
and NF�B1 that was not stable under the conditions of ion
exchange chromatography.

to Halo affinity purification as described in the text. Proteins present in the eluates were fractionated via SDS-PAGE and visualized through
Western blotting. RelA protein was detected using anti-RelA rabbit polyclonal primary antibodies and IRDye™-800-labeled goat anti-rabbit IgG
secondary antibodies (green); �-tubulin was detected using anti-�-tubulin mouse monoclonal primary antibodies and Alexa Fluor 680–labeled
anti-mouse IgG secondary antibodies (red). A Li-Cor Odyssey infrared imaging system was used to detect the fluorescently labeled secondary
antibodies. B, the distribution of RNA transcript abundances for different groups of proteins identified via mass spectrometry (groups 1–4,
supplemental Data S4) or for all cellular proteins (group 5). FKPM values used to assess mRNA abundance were derived from RNA purified
from cells transfected with either Halo-control (groups 1, 2, and 5) or Halo-RelA plasmids (groups 3 and 4). Box plots of the distribution of FKPM
values indicate sample minimum, lower quartile, median, upper quartile, and sample maximum value. Groups of proteins analyzed are the top
50 detected in the control purifications via MudPIT (groups 1 and 2), the top 50 enriched in the experimental RelA purifications (groups 3 and
4), and all protein-coding transcripts in Halo-control transfected cells (group 5). FKPM values for the overexpressed RelA baits were not
calculated for groups 3 and 4. Proteins in each group with the highest FKPM values were *the ribosomal protein RPL14 (groups 1 and 5), **the
ribosomal protein RPS3 (group 2), and ***the NF�B inhibitor NFKBIA (groups 3 and 4). C, small amounts of contaminating, overexpressed
Halo-RelA, but no other proteins, were identified via MudPIT/PLGEM analysis (FDR cutoff of 0.05) in FLAG purified Halo-RelA-expressing cells.
In contrast, 77 bait-associated proteins were identified in FLAG-RelA-expressing cells subject to FLAG immunoaffinity purification (FDR cutoff
of 0.05) (supplemental Data S1 and S5).
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FIG. 4. The mitochondrial proteins Tim8A, Tim8B, and Tim13 associate with NF�B family members. A, proteins purified from cells
expressing FLAG-RelA (six replicates) or Halo-RelA (six replicates) were analyzed via MudPIT and compared with proteins detected in either
FLAG-control transfected cells (eight replicates) or Halo-control transfected cells (nine replicates) (supplemental Data S1). The bait normalized
dNSAF values of the 20 most abundant prey identifications are shown for either FLAG-RelA (red) or Halo-RelA (green) baits, with those common
to both highlighted in yellow (FDR 
 0.05 and not including the RelA bait). Error bars show standard deviation. B, C, co-purification of
Halo-RelA or Halo-NF�B1 with FLAG-Tim13. Lysates from HEK293 cells expressing Halo-RelA, Halo-NF�B1, or FLAG-Tim13, as indicated in
the figure, were used for FLAG affinity purifications as described in the text. Bound proteins were eluted with 0.3 mg/ml FLAG peptide, analyzed
via SDS-PAGE, and visualized by means of either Western blotting or silver staining. FLAG-Tim13 was detected using mouse anti-FLAG(M2)
monoclonal antibodies and Alexa Fluor 680-labeled anti-mouse IgG secondary antibodies (red); Halo-RelA or Halo-NF�B1 was detected with
rabbit anti-Halo antibodies and IRDye™-800 labeled goat anti-rabbit IgG secondary antibodies (green). D, proteins purified from cells
expressing FLAG-NF�B1 (five replicates) or transfected with FLAG-control DNA (eight replicates) were analyzed via MudPIT. Bait normalized
dNSAF values for the 20 most abundant identifications are shown (FDR 
 0.05 and not including the NF�B1 bait).
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FIG. 5. Investigating the association between Tim13 and NF�B1 (p105). A, diagram of recombinant Halo-NF�B1 mutants. The Halo-p105
(NFkB1) synthetic construct (GenBank: AB489154.1) encoding the 968 amino acid p105 protein (GenBank: BAH24114.1) was used to construct
plasmids encoding N-terminal Halo-tagged versions of the mutants shown. The positions of the Rel homology domain (RHD), ankyrin repeats
(ANK), and the death domain (DD) are indicated. B, D, the recombinant affinity-tagged proteins indicated were expressed in HEK293 cells, and
proteins were purified from the resulting lysates using anti-FLAG agarose chromatography. Samples were resolved via SDS-PAGE, FLAG-
tagged (red) or Halo-tagged (green) proteins were detected via Western blotting, and total protein was detected via silver staining.

Transcription Factor Protein Networks

Molecular & Cellular Proteomics 13.6 1519



DISCUSSION

MudPIT has been used widely in affinity purification mass
spectrometry experiments to define sets of proteins that co-
purify specifically with affinity-tagged bait proteins (5). Be-
cause of the sensitivity achieved, there is an increased prob-
ability of detecting small amounts of protein contaminants
that co-purify nonspecifically and would normally be beyond
the limits of detection. Small but detectable amounts of con-
taminating proteins might be retained during purification,
either simply as a result of their high abundance or due to an
unusually high affinity for the resin used for the purification.
Typically, such contaminants are also retained during control
purifications using cells lacking the affinity-tagged bait and
eliminated as putative bait interactors during analysis (Fig. 1).
Previous studies have compared extracts from cells express-
ing the bait protein with cells lacking a tagged bait or with cells
transfected with DNA expressing the epitope tag alone (10,
11). This approach has the advantage that one set of controls
can be compared with results from many different types of
bait, which is particularly useful when mass spectrometer time
is at a premium. However, this also assumes that the cells
expressing the affinity-tagged bait and the cells used for
controls only differ in the presence or absence of the bait
during purification. In fact, there is also the potential for dif-
ferences in the populations of cells due to the presence or
absence of the bait during cell growth. This might be of
particular concern when investigating an affinity-tagged tran-
scription factor, which might have profound effects on global
patterns of gene expression (compare Fig. 2A with Fig. 2B).

We used the well-characterized NF�B DNA binding tran-
scription factor RelA to begin to address whether this concern
might lead to false positive identifications of transcription-
factor-associated proteins. Endogenous RelA is thought to be
sequestered in the cytoplasm in unstimulated cells by inhibi-
tor proteins (I�Bs) (32, 37). In response to a stimulus—for
example, the binding of the cytokine TNF� to its receptor—
I�Bs are targeted for degradation, allowing NF�B transcription
factor dimers to translocate to the nucleus and activate tran-
scription of their target genes (32, 38). In order to identify
RelA-associated proteins, we first established a workflow for
processing data from MudPIT analyses of Halo purified sam-
ples. We used either Halo-RelA or Halo-control transfected
cells to enable us to define groups of bait-associated proteins
that were enriched in experimental samples relative to control
samples (Fig. 1). We identified many well-characterized com-

ponents of the NF�B pathway using this method (Fig. 1C). For
example, among the 18 high-confidence RelA-associated
proteins that we identified (FDR 
 0.001) were the five NF�B
transcription factors (RelA, RelB, Rel, NF�B1, and NF�B2), as
well as three members of the I�B family (I�B�, I�B�, and
I�B�). Both the biological function of and the physical inter-
actions between these proteins have been well documented
(32). We next determined that using this approach might be
problematic, as the control and experimental populations of
cells in these purifications differ markedly in their global pat-
terns of gene expression (Fig. 2C). Consequently, we asked
whether a protein’s abundance might influence its purification
as a contaminant (Figs. 3A and 3B). This seems possible for at
least some contaminants. Exogenous overexpressed FLAG-
RelA was detectable in Western blots of Halo purified samples
(Fig. 3A); in addition, FLAG purified overexpressed Halo-RelA
was detectable via MudPIT (Fig. 3C). Common contaminants
in typical control purifications also tend to be highly ex-
pressed in cells (Fig. 3B).

Having determined both that the bait transcription factor
protein significantly affects patterns of gene expression and
that contaminants might co-purify as a result of their cellular
abundance, we asked whether these effects were enough to
cause false positive identifications of RelA-associated pro-
teins. The results presented in Fig. 3C and those of several
follow-up studies (supplemental Data S5) suggest that in a
number of cases where overexpression of the bait might be
expected to have profound effects on gene expression, this
does not lead to false positive identifications of bait-associ-
ated proteins.

In addition to a number of known RelA interacting proteins
co-purifying with RelA, we observed that the mitochondrial
protein Tim13 consistently co-purified with both FLAG-RelA
and Halo-RelA (Fig. 4A). This was surprising, as neither Tim13
nor its binding partners Tim8A and Tim8B have been previ-
ously reported as NF�B-associated proteins. However, some
evidence supports the possible biological role of an associa-
tion between NF�B proteins and these small mitochondrial
chaperones located in the intermembrane space. There have
been reports that RelA and p50 (NF�B1) can localize to mito-
chondria and influence mitochondrial gene expression (39). In
addition, a pool of RelA and its inhibitor I�B� has been local-
ized to the mitochondrial intermembrane space (40). As the
co-purification of the Tim8 and Tim13 proteins with RelA
might have biological relevance, we decided to further inves-

C, co-purification of insect cell expressed Tim13 and p105 434–968. Lysates from Sf21 cells co-infected with FLAG-Tim13, Halo-p105
434–968, or both were subjected to anti-FLAG agarose chromatography as described in “Experimental Procedures.” Eluates were analyzed
via SDS-PAGE, and proteins were detected via Western blotting. FLAG-tagged proteins were detected with mouse anti-FLAG (M2) monoclonal
antibodies and IRDye™ 680-labeled goat anti-mouse IgG secondary antibodies; Halo-tagged proteins were detected with rabbit anti-Halo
antibodies and IRDye™ 800-labeled goat anti-rabbit secondary antibodies. Fluorescently labeled secondary antibodies were detected with a
Li-Cor Odyssey infrared imaging system. E, ion exchange chromatography of FLAG purified p105/Tim13. FLAG-Tim13 and Halo-p105 were
co-expressed in HEK293 cells, and protein complexes were then purified by means of anti-FLAG affinity chromatography. The resulting eluates
were adjusted to a conductivity equivalent to 100 mM NaCl (load L). Proteins were then resolved on a 1-ml HiTrap DEAE fast protein liquid
chromatography column; aliquots of the indicated fractions were analyzed via SDS-PAGE and silver stained.
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tigate the nature of this association. We found that only mod-
est amounts of RelA co-immunoprecipitated with recombi-
nant Tim13 (Fig. 4B), so we tested the possibility that Tim13
might be associating with RelA via one of the other RelA
binding proteins. Indeed, Tim13 co-immunoprecipitated sig-
nificant amounts of NF�B1 (Figs. 4B and 4C), and endoge-
nous Tim13 also co-purified with FLAG-NF�B1 (Fig. 4D).
Taken together, these results are consistent with a physical
interaction between Tim13 and NF�B1. To gain more support
for a model involving such an interaction, we sought to define
a region of NF�B1 important for its association with Tim13
(Fig. 5A). We found that Tim13 associated with NF�B mutants
that included amino acids 435 to 542 (Figs. 5B to 5D). This
region overlaps the processing inhibitory domain, which re-
sides between residues 474 and 544 of p105. The processing
inhibitory domain has previously been reported to be involved
in inhibiting the processing of p105 into the transcription
factor p50 (34). Next, we sought to test the stability of the
Tim13–NF�B1 association. Protein–protein interactions in
cells are diverse, and many important interactions involved
with signaling pathways have modest affinity (41). In support
of a model involving a transient interaction between Tim13
and NF�B1, we found that these proteins separated when
subjected to the conditions of ion exchange chromatography
(Fig. 5E). Taken together, the evidence presented in Figs. 4
and 5 helps to explain why we identified the Tim8/Tim13
proteins enriched in our RelA purifications in addition to the
other previously characterized NF�B interacting proteins.

The mapping of interactions between transcription factors
and their associated proteins has the potential to illuminate
the complex mechanisms governing transcription factor func-
tion. Several previous studies have focused on defining
transcription factor interaction partners using a variety of
technologies. Recently Lambert and coworkers used a yeast
two-hybrid approach to identify 59 proteins associated with
the transcription factor Hoxa1 (42); these include proteins
involved in diverse cellular processes including cell signaling,
cell adhesion, and vesicular trafficking. Other studies have
sought to identify transcription factor interactors by express-
ing recombinant affinity-tagged factors under the control of
foreign promoters and analyzing purified complexes via affin-
ity purification mass spectrometry; these include investiga-
tions into c-Myc associated proteins (43, 44) and NF�B as-
sociated proteins (3). Such approaches have used a variety of
controls to determine the set of proteins co-purifying specif-
ically with the affinity-tagged bait; these include proteins co-
purifying with an unrelated tagged bait (3), proteins co-puri-
fying with overexpressed bait lacking the affinity tag (43), and
proteins co-purifying with cells expressing only the affinity tag
(44). The expression of an affinity-tagged transcription factor
as bait can lead to a marked change in gene expression in the
bait transfected cells relative to controls not transfected with
the transcription factor. We have examined whether control
purifications expressing the tag alone are sufficient for iden-

tifying a set of bait-associated proteins that are enriched in
affinity-tagged bait purifications, or whether using such con-
trols likely results in false positive identifications of bait-asso-
ciated proteins. In the examples we have examined, we have
established that “tag only” controls are sufficient and do not
result in false positive identifications. This is important for
studies using techniques such as MudPIT in which mass
spectrometer time is limited and where using a common set of
controls when examining a variety of different tagged baits
may be necessary.
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