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Article history: Investigation of the transcription factor (TF) proteome presents challenges including the large number of
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Received in revised form 12 August 2009 methods have been developed over the last decades which facilitate the study of the TF proteome and
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Available online 21 August 2009 these are reviewed here. Generally applicable proteomics methods that have been successfully applied

are also discussed. TFs are selectively purified by affinity techniques using the DNA response element
(RE) as the basis for highly specific binding, and several agents have been discovered that either enhance

f;f;’:;‘;‘;:?;ion factor binding or diminish non-specific binding. One such affinity method called “trapping” enables purifica-
Purification tion of TFs bound to nM concentrations and recovery of TF complexes in a highly purified state. The

electrophoretic mobility shift assay (EMSA) is the most important assay of TFs because it provides both
measures of the affinity and amount of the TF present. Southwestern (SW) blotting and DNA-protein
crosslinking (DPC) allow in vitro estimates of DNA-binding-protein mass, while chromatin immunopre-
cipitation (ChIP) allows confirmation of promoter binding in vivo. Two-dimensional gel electrophoresis
methods (2-DE), and 3-DE methods which combines EMSA with 2-DE, allow further resolution of TFs.
The synergy of highly selective purification and analytical strategies has led to an explosion of knowledge
about the TF proteome and the proteomes of other DNA- and RNA-binding proteins.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Venter et al. [1] estimated that approximately 10% of all human
genes are enzymes making this the largest group of human genes.
The second largest group, comprising 6% or approximately 1500
genes, is transcription factors (TFs). What is most remarkable about
these statistics is that less than 5% of the TFs have ever been puri-
fied and characterized [2]. It is this gap in current knowledge that
emphasizes the importance of further investigation of the TF pro-
teome. The very low abundance of TFs makes their purification
challenging but new techniques have become available to make
purification and analysis much less challenging and more rational;
these will be discussed in this review.

To determine how genes are regulated, we must ultimately
understand their promoter structure. DNA response elements
(REs), the binding sites for TFs which activate or inhibit tran-
scription of that gene’s mRNA, exist within the promoter. Some
TF/REs are common to most promoters. Examples include the
ATATAA (“tata”) consensus element, TFIIB recognition element
(BRE) and the downstream promoter element (DPE) common to
most genes transcribed by RNA polymerase II of eukaryotes. Oth-
ers are common, but somewhat less universal, such as the Sp1 TF
family, which binds the GC-box element found in many promot-
ers. Finally, there are tissue specific (e.g., MyoD), hormone specific
(e.g., the estrogen receptor is a TF), and developmentally specific
TFs (e.g., the B3 TF of Xenopus oocytes). To understand how the
same genetic information gives rise to so many different types of
cells and tissues, we will need to understand how the many TFs
encoded in the human genome are regulated by ligand binding,
post-translational modification (PTM), etc. This understanding is
crucial to the development of treatments for cancers and other non-
infectious diseases. Currently, few promoters are characterized in
any detail. To characterize these, each DNA element must be identi-
fied and its binding protein purified. DNA affinity chromatography
has been used for the purification of nearly every TF known.

A significant advance in this area has been systematic oligonu-
cleotide trapping [3,4]. TFs bind to their cognate DNA RE typically
with nM-pM affinity. They also bind essentially any DNA sequence
“non-specifically” with near wM affinity. This probably has a great
deal to do with how they functionin vivo. Von Hippel and colleagues
originated the sliding model of TF-DNA binding [5-7]. This model
predicts that TFs diffuse three-dimensionally, binding euchromatin
anywhere along its length, and then slide one-dimensionally along
the DNA to locate their RE. This one-dimensional diffusion is much
more rapid than the three-dimensional alternative and accounts
for why some TFs bind RE DNA with on-rates more rapid than
three-dimensional diffusion would allow. Thus, this “non-specific
binding” may be an essential component of their mechanism, for
binding to DNA from solution, while their higher affinity RE-binding
positions them correctly. This concept has a profound effect on
purification. Even columns containing as little as 1 nmol of DNA per
mL of column bed contain wM DNA and as such can probably bind
any TF “non-specifically”. To circumvent this problem, we devel-
oped methods for purifying TFs using DNA at nM concentrations in
solution. To do so, we used the electrophoretic mobility shift assay
(EMSA) to measure the affinity of a TF for its RE and added different
modifiers (heparin, poly (dI,dC), T18, detergents, salt) to optimize
specific, high affinity binding and lessen non-specific binding. Using
these optimized conditions, nuclear extract can be diluted such

that the concentration of the TF equals the Ky for the RE (typically
nM or less), RE oligonucleotide is added to 10Ky to ensure high
yield, modifiers are added at their optimal concentration to mini-
mize non-specific interactions and the specific complex is allowed
to form in solution. The RE oligonucleotide is designed to contain
a single-stranded tail which is annealed to its complement on a
column to recover the complex which is then specifically eluted
[3,4,8-10]. We have now purified and characterized six TFs by this
method. The only problem encountered so far has been that the tail
and ends of the RE oligonucleotide are also binding some abundant
DNA repair proteins. This problem is now being solved by replacing
the tail region with other moieties, such as thiol groups [11], which
can provide the basis for column recovery of the TF-RE complex
during trapping.

Since we will also discuss promoters here, some background
information is necessary. At the promoter, there are two types
of TFs we need to distinguish: (1) the general TFs (for RNA poly-
merase II, these are the TFIl complex components including the
TATA-binding protein) and (2) the specific TFs, such as Sp1, C/EBP,
AP1, etc. How well these bind to a given promoter determines the
transcription level and thus expression of a gene. Two other com-
ponents, RNA polymerase Il (RNApol-II) and the mediator complex
are recruited to form a “pre-initiation complex” (PIC). According
to current models of transcription [12,13], the specific TFs bind to
the promoter and help recruit the general TFs which assemble over
a DNA sequence region of 40-60 bp upstream and downstream of
the transcription initiation site where transcription of the RNA will
begin. This complex binds RNApol-II with associated mediator. All
together, approximately sixty proteins or subunits are involved in
PIC formation. ATP is then bound and the C-terminal domain of
RNApol-Il is hyperphosphorylated by protein kinases incorporated
in the PIC. Mediator partially dissociates from RNApol-II along with
most other components of the PIC yielding what is termed the
“Open Complex” (OC). Then, rNTPs bind RNApol-II and transcrip-
tion begins [12,13]. Remaining at the promoter are the specific TFs,
Mediator and the TFII complex except for TFIIB and TFIIF. This is
referred to as the “Scaffold Complex” (SC). This SC can then recruit
more RNApol-II, TFIIB and TFIIF and re-initiate transcription. The
RNA polymerase Il transcription machinery is the subject of arecent
review [12]. The regulation of this process is also of considerable
interest. Many TFs are phosphorylated or post-transcriptionally
modified in various ways, and this also regulates transcription. For
example, c-jun, a subunit of the AP1 TF, has five different phos-
phorylation sites, some of which increase or decrease transcription
[14].

1.1. Significance

The purification of TFs is necessary to understanding genetic
regulation and the origin of cell and tissue types at amolecular level.
As gene therapy becomes more practical, we must understand pro-
moter structure and function if we are to more successfully target
the expression of introduced genes. Furthermore, many TFs (e.g., c-
jun, c-myc) were first identified as oncogenes. Understanding the
TF proteome is one of the most important challenges in biology.

The current way in which a promoter region is characterized
is tedious. First, a reporter gene construct is prepared and the
promoter sequence is progressively shortened until the smallest
functional unit is identified. Then, using various techniques from
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bioinformatics to DNA foot-printing, each element bound by a TF is
tentatively identified. Each element is then synthesized as a duplex
oligonucleotide and EMSA is used to detect binding in a nuclear
extract. If sufficient information is available to make a reasonable
prediction about which TF binds that element and specific anti-
bodies are available, they can be used in a EMSA supershift assay
[8] to positively identify the TF bound. Otherwise, each unidenti-
fied TF must be purified and characterized. This process, literally,
consumes the careers of scientists. How much simpler it would be
if the entire promoter could be used to directly purify those TFs
which bind and these could then be identified by capillary liquid
chromatography-tandem mass spectrometry (LC/MS/MS) or other
proteomic approaches. If further purification were necessary, this
promoter bound fraction would provide an initial purification step
for other techniques, such as systematic oligonucleotide trapping
[4]. We have now developed a method, called “promoter trapping”,
which has great promise. We showed that an entire promoter could
be used to trap an intact transcription initiation complex and that
this complex contains TFs known to bind that promoter and not un-
related proteins [15]. If we can successfully interface this method to
capillary LC/MS/MS-based proteomic methods, then all of the TFs
binding a promoter can be identified and characterized as a group,
rather than having to purify each TF individually. Since purifying
a single TF occupies years of scientists’ time, speeding this process
would be a significant accomplishment.

Finally, as fine as the purification methods may be, additional
purification is often needed. In proteomics, two-dimensional gel
electrophoresis (2-DE) is frequently used to provide such additional
purification. As applied to TFs though, 2-DE has been much less fre-
quently used. The reason for this that these low abundance proteins
are difficult to detect. Specific detection of TFs by Southwest-
ern (SW) blotting is well known for one-dimensional denaturing
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) but has not been widely applied to 2-DE orin a way that could
be directly interfaced to capillary LC/MS/MS proteomic techniques.
To do so, we have developed methods for blocking and renaturing
blots, probing the blots with radiolabeled oligonucleotide for spe-
cific detection (i.e., SW blotting), stripping away the isotope and
on-blot trypsin digestion. These methods will allow partially puri-
fied TFs to be further enriched prior to identification via capillary
LC/MS/MS. Additionally, we have recently used EMSA to sepa-
rate TF-RE complexes, cut the complex band from the gel, and
applied the complex to SDS-PAGE as an alternative kind of 2-DE.
Most recently, EMSA separation has been merged with isoelectric
focusing-SDS-PAGE to provide a 3-DE. EMSA is a kind of affinity
electrophoresis that has been used to assay most TFs and has been
shown to be highly specific for a particular TF. Thus, 3-DE should
provide quite high selection via specific DNA-binding, isoelectric
pH, and molecular weight (MW), and may provide the highest res-
olution electrophoresis possible for TFs.

This is not to say that the trapping techniques so far devel-
oped cannot be improved. The systematic oligonucleotide trapping
technique works well and is now widely used for TF purification.
However, as we have purified very low abundance TFs, we have
found that the single-stranded tail method of trapping results in
some contamination from DNA-repair related proteins (e.g., PARP-
1) and single strand binding proteins such as the hnRNP proteins
[8]. We have begun to develop two alternative ways of trapping,
using thiol and immobilized metal affinity chromatography (IMAC),
which should avoid these difficulties.

We discussed problems we encountered during purification of
“low abundance” TFs. However, the problem is not actually the low
abundance of TFs per se, but rather the relatively high abundance
of contaminants (i.e., a problem of dynamic range). For example,
we were unable to use capillary LC/MS/MS methods to analyze c-
jun [8]. This is not because c-jun is below the limit of detection of

LC/MS/MS; we can always purify a greater amount of c-jun if this
were the problem. Instead, it is the fact that c-jun has a molecu-
lar weight of 39 kDa and a common contaminant we encountered
was hnRNPA with a MW of 37 kDa. This contaminant is much more
abundant in some of our fractions than c-jun; it co-migrates with c-
jun on SDS-PAGE. We can readily show c-jun is present by Western
blotting. However, hnRNPA masks c-jun identification by capil-
lary LC/MS/MS. This problem has been observed by others when
analyzing c-jun by MS [16] and we have discussed this problem
thoroughly [8]. By developing multi-dimensional separation tech-
niques and improving trapping, we should solve this “abundant
contaminant” problem.

Most protein purification, including that used for TFs, has always
been empirical. Only in a few cases (e.g., antibody purification using
protein A-Sepharose affinity chromatography or dehydrogenase
purification on Procion dye-Sepharose) are there well-known and
widely applicable ways of purifying a new protein of interest. As
chromatography is improved, that situation should improve. As
these methods improve, investigators can make rational choices,
choosing those purification steps most likely to succeed. To accom-
plish this, most current experiments are, of necessity, comparative
and focus on improving purification techniques. Most investigators
spend their time purifying and characterizing a single protein of
interest. Seldom is the purification itself investigated to determine
what method works best. Are concatemers preferable to discrete
DNA sequence columns [17], is there an alternative to salt elution
of DNA-columns [18], are columns prepared by chemical coupling
inferior to those produced enzymatically [19], etc.? A large part of
the significance of the latest studies is that we are not likely to ever
learn the answer to “what works best?” as a consequence of other
studies. This is a separate area of investigation.

Here, we discuss recent improvements in TF assay and
purification and TF sample preparation and analysis which
will likely have an important impact on our understanding
of the TF proteome. Three resources on the internet deserve
mention since they are particularly useful in analyzing the
TF proteome, provide extensive tools for analyzing TFs and
extensive databases of these proteins: DBD TF prediction
database (http://dbd.mrc-Imb.cam.ac.uk/DBD/index.cgi?Home);
TrDB (http://bioinf.uab.es/cgi-bin/trsdb/trsdb.pl); and TransFac
(http://www.gene-regulation.com/pub/databases.html#transfac).
These databases allow analysis by RE sequence, TF name or
sequence, and provide links to relevant papers and other database
entries.

2. TF analysis

The first step is usually to identify specific response elements
(REs)important to a promoter function. Normally, promoter assays,
where the promoter under study is fused with a reporter enzyme
(e.g., luciferase, B-galactosidase, chloramphenicol acetyl trans-
ferase, etc.) are first performed. The sequence is truncated until
a minimal promoter is determined, and then individual TF-binding
sites (REs) are located by enzymatic or chemical footprinting meth-
ods [20], and confirmed by mutation analysis. The determined RE
sequences on the promoter will be useful for designing oligonu-
cleotides for EMSA, which confirm the specific binding of TFs with
these DNA sequences in vitro. SW blotting and/or DNA-protein
crosslinking analysis using the same probe is then performed to
determine the MW of the TF binding to the RE. On the basis of
such studies, databases associated with TFs such as TransFac can
be searched with the ‘molwSearch’ utility and the RE sequence can
be searched with other utilities to determine if an associating TF
is already known. In addition, EMSA antibody supershifts and ChIP
assay should then be performed to confirm the in vitro and in vivo
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interactions, respectively, of the protein with the DNA motif using
specific antibodies [21]. Some of the techniques used to assay TFs
will be discussed below.

2.1. EMSA (electrophoretic mobility shift, gel shift or gel
retardation)

EMSA is used to monitor the ability of a protein binding to a
segment of DNA, typically a double-stranded oligonucleotide of
20-25bp containing a RE, and the quantity of that protein activ-
ity in vitro. The concept of EMSA was first put forward by Fried and
Crothers [22] and Garner and Revzin [23] and is deceptively sim-
ple. A specific oligonucleotide containing the RE sequence is radio-,
fluoro-, or hapten-labeled. When mixed with a protein fraction such
as a nuclear extract, it will form a complex with specific TFs. The
TF-RE complex will migrate more slowly than free DNA molecules
by nondenaturing PAGE [24]. The mobility of TF-RE complexes on
the gel is determined by both size and charge. An image of the gel
reveals the positions of the free and bound labeled DNA.

The target DNA used in EMSA is always a linear duplex DNA
fragment containing the binding sequence(s) of interest, which
can be synthesized, and purified by gel electrophoresis or high
performance liquid chromatography. DNA is radiolabeled with [~
32p|dNTP during a 3 filling reaction using Klenow fragment or by 5’
end labeling with T4 polynucleotide kinase using [y-32P]ATP. Alter-
natively, DNA can be synthesized with a biotin or other hapten- or
fluoro-labeled dNTP.

The labeled DNA is mixed with nuclear extract or some other
protein fraction and the TF-RE complex is allowed to form. This will
then be resolved by non-denaturing PAGE. In order to determine
the specific complexes formed, excess amounts of unlabeled DNA,
i.e., specific competitor that is identical to labeled probe DNA, or
non-specific competitors, such as mutant or un-related sequence, is
often added in some EMSA reactions for comparison. The presence
of excess amounts of specific competitor will inhibit or reduce the
specific TF-RE complex formation, while non-specific competitor
will not affect the complex greatly, thus will define the complexes
which form with DNA of any sequence [25].

Many attributes of EMSA are illustrated in Fig. 1A. This experi-
ment uses a radiolabeled duplex WT oligonucleotide containing a
RE found in the c-jun promoter. Only the free DNA band is observed
with no added protein (NP). However, the TF-RE complex band (C)
is observed when nuclear proteins are added without any compe-
tition (NC). When unlabeled wild-type RE (WT) is added in excess
over the labeled probe, the complex is clearly diminished by com-
petition. Mutation of the RE (MUT) prevents competition. Finally,
a non-specific complex (U) that is not relevant to this RE, which is
competed by neither WT nor MUT, is also observed.

Significantly, an EMSA supershift assay [26] can be used to study
higher order complexes containing several proteins. If a specific
antibody is available for a TF believed to bind the RE, then adding the
antibody to the EMSA reaction will generate a DNA-TF-antibody
complex that will migrate even slower than the TF-RE complex
and is thus ‘supershifted’. Alternatively, the antibody may block
DNA-binding and diminish the amount of TF-RE complex that is
observed. In either case, the identity of the TF is confirmed.

Such an experiment is shown in Fig. 1B using an element on c-
jun promoter which binds a complex containing the Ku80 protein
[8]. In this case, adding an irrelevant IgG does not shift the complex
band. In contrast, an antibody specific for Ku80 shifts essentially the
entire antibody-Ku80-DNA complex to a slower migrating form.

EMSA can also be used to determine the relative affinities of a
TF for one or more DNA sites or to compare the affinities of dif-
ferent TFs for the same site [27]. The affinity of the TF binding
to the DNA can be calculated by the ratio of bound to unbound
(free) DNA at different DNA concentrations by Scatchard analysis.

(A) unlabeled
NP NC MUT WT
' ' !
bbb
- -—U
'
-—Free DNA
(B) NP IgG Ku80
P8 =S
- -—C
=8 = AR
-=—Free DNA

Fig. 1. A EMSA cold competition assay. 20-fold of unlabeled c-jun element DNA
including wild type (WT, 5'-CCGTGAGCCTCCGCGGG-3, annealed to its complement)
and mutant (MUT, 5'-TCTGGGCCCGCGACGTGCAACGGGATGAGGT-3' annealed with
its complement) is added to EMSA reaction with radiolabeled WT duplex oligonu-
cleotide for cold competition assay. NP, no protein; NC, no cold DNA; C, specific
complex; U, non-specific complex. (B) EMSA antibody supershift assay. 40 ng of Ku80
antibody (Ku80) or control IgG (IgG) is incubated with HEK293 nuclear extract before
EMSA reaction with radiolabeled WT duplex oligonucleotide for antibody super-
shift assay. NP, no protein; S, supershift band; C, specific complex; U, non-specific
complex.

This is shown for the c-jun complex in Fig. 2 where a larger gel is
employed to observe all major and minor complexes. The upper
panel shows the autoradiogram, the position of the complex (C)
containing bound DNA, and the position of free DNA as different
total concentrations of the DNA probe is used. The lower panel gives
the results of densitometry as a Scatchard plot. The apparent bind-
ing affinity, Ky, is 3 nM, while the maximum amount bound for this
dilution of nuclear extract is 1.6 nM. Since the nuclear extract is
diluted 10-fold, it contains 16 nM of the TF which specifically binds
this RE.

The two major advantages of EMSA are: it is able to resolve
TF-RE complexes of different stoichiometries or conformation, and
the sample for EMSA may be crude nuclear or whole cell extract
rather than a purified preparation. However, EMSA has limitations:
(1) several TFs bind related and even un-related DNA sequences; (2)
if the TF-RE complex contains multiple proteins, the EMSA pattern
provides little information about the identity of these, and further
analysis such as EMSA supershift assays and ChIP assay may be
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Fig. 2. EMSA determination of the DNA binding affinity. Nuclear extract, 10-fold
diluted, was mixed with 2-fold serial dilutions of radiolabeled c-jun WT element for
EMSA. The density of the specifically shifted band (C), the Free DNA band, and the
total density for each lane (T) are used to calculate the concentration of bound and
free DNA for each nuclear extract dilution. Scatchard analysis (lower panel) yields
the apparent DNA-binding affinity and concentration of the transcription factor in
HEK293 nuclear extract, which shows an estimate of K4 =3 nM in this experiment
for this TF-RE complex (C). The plot also shows the maximum binding (Bmax) of
1.6 nM for a 10-fold dilution nuclear extract, which provides an estimate of 16 nM
binding activity in the undiluted nuclear extract. NP, no protein.

needed [28]. Since many TFs bind DNA as heterodimers, identify-
ing a single TF is no guarantee that there are not other associated
TFs. (3) EMSA relies on knowing a RE to be used as a probe, and this
sequence must be determined in other ways.

2.2. Southwestern (SW) blotting

SW can be used to determine the MW of an unknown TF bind-
ing to a specific RE. The SW was first described by Bowen et al.
early in 1980 [29] to identify and characterize TFs, which provides
information about the molecular weight of an unknown TF. In cur-
rent versions of this technique, proteins in crude nuclear extracts
or partially purified preparations are first separated by denaturing
SDS-PAGE by MW and then blotted to nitrocellulose or PVDF mem-
brane. The blot is then renatured in a SDS-free buffer containing
urea to remove detergent, and the urea concentration is gradu-
ally reduced to allow protein refolding to occur. In some cases, the

(A) (B) kDa
kD2 201—
201 — 16—
116 — . 94—
94 — S -
50—
50 — -
37— .- 27_ .-
— ——
29 — 2

Fig. 3. (A) Southwestern blot assay. HEK293 nuclear extract was separated by 12%
SDS-PAGE gel electrophoresis and transferred to nitrocellulose membrane. The blot-
ted proteins were denatured and renatured by adding guanidine hydrochloride
to 6M and gradual dilution to 0.1 M. The proteins on blot bound the labeled c-
jun element (1.5 nM) during subsequent incubation and washing. Autoradiography
analysis indicates the position of proteins on the blot that interacted with element
DNA, indicated by the arrow. In this case, the complex consists of three closely
spaced bands from 37 to 40kDa. (B) DNA UV-crosslinking assay in vitro. HEK293
nuclear extract was incubated with labeled WT c-jun element at room temperature
for 30 min, then UV crosslinked on ice for another 30 min, the UV-crosslinked pro-
teins are separated by 12% SDS-PAGE gel electrophoresis. Autoradiography analysis
indicates the position of protein-DNA complex, indicated by arrows. This revealed a
protein DNA complex of about 45 and 85 kDa in this case plus a DNA-DNA crosslink
near 30 kDa. Protein standards are shown on the left.

TFs are denatured and renatured using Guanidine hydrochloride
[30]. Renatured proteins are incubated with a 32P-labeled duplex
DNA probe, typically at nM concentrations, to ensure specificity and
subsequently visualized by autoradiography. The MW of the TF is
calculated by comparison to standards. For example, a SW blot of
the c-jun element is shown in Fig. 3A. In this case, 1.5 nM of radio-
labeled probe is bound to three closely spaced TF bands from 37 to
40kDa.

The advantage of SW over other methods such as EMSA and DNA
footprinting is that the molecular weight of unknown TFs is read-
ily determined without special equipment. Consequently, a SW is
a prerequisite in many laboratories for DNA affinity chromatog-
raphy of TFs. Related methods can be used to screen expression
libraries with DNA probes. The success of a SW largely depends
on renaturation after SDS treatment. Some TFs may be inefficiently
renatured and thus be unable to bind DNA on blots. In particular,
any heteromeric protein that requires a combination of different
subunits to bind DNA will be missed by this technique. Likewise,
since the separation of proteins under denaturing SDS-PAGE could
dissociate polymeric protein factors leading to ineffective binding
of DNA, aSW s not suitable for detecting TFs that require more than
one subunit for efficient DNA binding [21]. In addition, TFs requir-
ing cofactors for DNA binding may also be difficult to be detected
[31]. This is especially true for TFs with Zn%*-finger and Zn%*-cluster
motifs [32].

2.3. Two-dimensional Southwestern blot (2D-SW)

2D-SW is developed to detect the pl and MW of a DNA bind-
ing protein. Two-dimensional gel electrophoresis (2-DE) is one of
the most powerful protein separation techniques, enabling resolu-
tion of up to 5000 proteins on a single gel [33]. Although 2-DE is a
powerful tool to separate complex biological samples, it has been
much less frequently used in TF purification because low abun-
dance TFs present difficult challenges of detection. As mentioned
above, a SW blot may be used to determine the molecular weight
of TF-RE complexes. TFs detected by SW blots are well known for
one-dimensional SDS-PAGE, but 2-DE has not been widely used for
TFs. Undoubtedly, a SW blot combined with 2-DE provides higher
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Fig. 4. (A) Two-dimensional gel electrophoresis (2-DE) of HEK293 nuclear extract.
HEK293 nuclear extract (50 pg) was separated by IEF using a pH 3-10 strip (7 cm)
combined with 12% SDS-PAGE gel electrophoresis in the second dimension. The 2-
DE gel is stained by silver nitrate. (B) Two-dimensional Southwestern blot analysis
(2D-SW) of the CAAT enhancer binding protein (C/EBP) in nuclear extract. A 2-DE
gel of HEK293 (50 wg) nuclear extract was transferred to nitrocellulose membrane
for SW blot analysis. The proteins interacting with C/EBP cognate DNA are indicated
by circles. Position off protein MW standard is shown on the left.

resolution than SDS-PAGE since TFs are resolved by both molecular
weight and isoelectric point.

To perform 2D-SW, nuclear extract or a partially purified sample
is separated by 2-DE before protein spots are blotted, renatured,
and probed with radiolabeled DNA. The SW spot on a 2-DE blot
reveals the location of a specific TF. Using this method, it is fea-
sible to cut the corresponding spot from the blot directly for
capillary LC/MS/MS-based protein identification. In our laboratory,
2-DE-SW has been developed and applied successfully to purify
GFP-C/EBP fusion protein from bacterial crude extract, C/EBP [34],
and USF2 from HEK293 nuclear extract (Shoulei Jiang, Harry W.
Jarrett, unpublished data). For example, a 2-DE-SW experiment is
shown in Fig. 4. A silver stained 2-DE gel in Fig. 4A shows that hun-
dreds of spots expanding a very broad range of MW and pl are
separated from nuclear extract of HEK293 cells. When a blot of the
2-DE gel is incubated with 1.5 nM radiolabeled RE bound by C/EBP
for SW analysis, two major spots, one of which with pI 8.3 and MW
40 kDa and another with pI 6.0 and MW 110 kDa, and several minor
ones, occupying regions of the gel where there are relatively few

proteins, are identified as binding to this RE (Fig. 4B). Further iden-
tification by capillary LC/MS/MS indicates one of the spots on the
2-DE-SW blot to be C/EBP beta and a 2-DE Western blot confirms
that the 2-DE-SW spot can be detected with a C/EBP beta antibody
at same location.

2.4. DNA-protein crosslinking (DPC) in vitro

DPC is another technique to detect the molecular weight of a
TF-RE complex. In this method, when a TF-RE complex is formed
and UV irradiated, it causes the formation of covalent bonds
between pyrimidines and certain amino acid residues in the TF that
are in close proximity to the DNA. SDS-PAGE reveals the molecular
weight of the complexes formed [25]. DPC assay can also be used to
measure DNA-protein affinity and amount of DNA binding proteins
to specific DNA sequences [35]. As long as all components are in
close contact with the DNA, DPC can reveal heteromeric complexes
and those involving cofactor binding, which cannot be detected
by Southwestern blot analysis. However, UV light produces less
stable and relatively inefficient interaction as well as protein redis-
tribution and artifactual crosslinking of UV-damaged molecules
because of long exposure time from minutes to hours. The draw-
backs of conventional UV light may be overcame by high-intensity
pulsed UV-laser irradiation which requires little time, nanosec-
onds or picoseconds, to complete rapid DNA-protein binding. This
“freezes” existing DNA-protein interactions, thus avoiding artifac-
tual crosslinking, and improves the yield of DNA-protein crosslinks
50-100-fold without the formation of protein-protein crosslinks.

UV-crosslinking results for the c-jun element are
shown in Fig. 3B. DNA-crosslinking adds about 15.6kDa
(24bp x 650Da/bp=15.6kDa) of RE to the apparent MW. There-
fore, the upper two bands (arrows) correspond to proteins of about
80 and 37 kDa, respectively. There is also a band near 29 kDa that
is probably from the result of DNA-DNA crosslinking.

2.5. Chromatin immunoprecipitation assay (ChIP) in vivo

ChIP is a powerful and widely used tool for identifying TFs,
histones, and other DNA-binding proteins, associated with spe-
cific genomic regions in vivo. ChIP includes chemical crosslinking,
sonication, immunoprecipitation, and analysis of the immunopre-
cipitated DNA or protein. There are two types of ChIP: crosslinking
ChIP (X-ChIP or XChIP) and native chromatin ChIP (N-ChIP or
NChIP). The former uses chromatin fixed with formaldehyde
and fragmentation by sonication. The later uses native chro-
matin prepared by nuclease digestion of cell nuclei. In live cells,
protein-protein and protein-DNA within a short distance (2 A) of
the euchromatin are semi-reversibly crosslinked with formalde-
hyde. After crosslinking, cells are lysed and sonicated to shear the
DNA to fragments of approximately 500 bp in length. Crosslinked
TF-DNA species are then immunoprecipitated and enriched by an
antibody directed against a TF or a specific post-translational mod-
ification (PTM) thereof. After crosslinking reversal, the resulting
DNA and TFs can be independently studied by PCR or Western
blotting analysis, respectively. Success of ChIP depends on the
abundance of TF-RE complexes, the antibody, the size and com-
plexity of the genetic loci in question.

ChIP has these advantages: (1) Detection of interactions
between the promoter DNA and its TFs in the natural genomic
state. (2) Providing information on the histone code (i.e., histone
acetylation, trimethylation, etc.) and PTMs of TFs for discrete chro-
matinregions. (3) Crosslinking minimizes the chances of chromatin
rearrangements during preparation and precipitation. (4) Increased
specificity due to the availability of gene-specific primers for sub-
sequent PCR of the immunoprecipitated DNA. The disadvantages of
ChIP are: (1) it typically requires several days to complete an assay.
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Recently, Nelson et al. developed an efficient and rapid Chelex
resin-based ChIP procedure that dramatically reduces turnaround
time [36]. (2) Certain antibodies are inefficient for immunoprecip-
itation. (3) Lack of crosslinking may occur due to inaccessibility of
factors in large complexes or the biochemical properties of the TFs
themselves. Thus, a negative result does not necessarily mean that
a given TF is not associated with the RE. (4) Crosslinking may fix
interactions of minor functional significance.

3. TF purification

A major difficulty in the purification of TFs is their low abun-
dance (ranging between 102 and 10° molecules per cell). Assuming
1-10 pmol (50-500ng at 50kDa) of pure protein is required for
analysis, including capillary LC/MS/MS for protein identification, it
is estimated that 108 to 101! cells are needed for TF purification if
the overall yield is 50%. There are always several methods to purify
a TF to homogeneity. Among them, DNA affinity chromatography
is the most widely used.

3.1. Concatemer DNA affinity chromatography

For DNA affinity chromatography, sometimes the target double-
stranded (duplex) DNA is prepared as a concatemer, composed of
multiple tandem repeats of a RE specific for a TF, and covalently
immobilized on a matrix support such as cyanogen bromide-
activated Sepharose beads (Sepharose 4B or CL-2B). The TF is
purified because it preferentially binds to the REs in the affinity
resin rather than to non-specific competitor DNA, typically poly
dl:dC, that is added to the mobile phase [37]. After the nuclear
extract or partially purified fraction pass through this column, the
TF will bind to the matrix, which can then be eluted with a salt
gradient. DNA binding activity of the TF can be monitored by EMSA
during each step of the purification process.

However, such single-step DNA affinity chromatography may
have a high amount of non-specifically co-purifying proteins. For
example, one study showed that concatemers were no more effec-
tive at TF purification than a single copy RE [17]. To address this,
pre-clear step is used to decrease non-specific binding, which can
be done by using non-specific DNA column as a first step, or by
mixing non-specific DNA such as fragmented Salmon or herring
sperm genomic DNA or mutant target DNA with sequence specific
target DNA in solution to decrease non-specific binding through
competition. This pre-clear technique has been successfully used
to purify C/EBP, lac repressor, B3, NF-Y, NF-AT, Stat IIl and others
[17,38]. This procedure can be repeated multiple rounds to increase
TF purity. Indeed, many TFs can be purified up to 1000-fold with two
sequential purification steps [25]. For example, a protein fraction
that is enriched for TF Sp1 can be further purified 500-1000-fold by
two sequential affinity chromatography steps to give an estimated
90% homogeneity with 30% yield. In addition, the use of tandem
affinity columns containing different REs allows the simultaneous
purification of multiple TFs from the same extract. This method is
successfully used to purify Sp1 and-CAAT-binding TFs [39,40].

DNA affinity chromatography using avidin- or streptavidin solid
supports to capture biotinylated DNA has also been exploited. In
this approach, the biotinylated DNA is bound by (strept) avidin
immobilized chromatographic support (e.g., agarose or to param-
agnetic beads). The binding affinity and efficiency of biotin binding
to (strept)avidin is very high and resistant to high concentrations of
saltand urea, resulting in one of the most stable interactions in biol-
ogy. After incubation of the biotinylated DNA-streptavidin beads
with nuclear extract, a strong magnet is placed against the wall of
the containing vessel to recover the beads and the bound TF. Sim-
ilarly, the addition of excess competitor DNA lessens non-specific

binding. Bound TFs are eluted by resuspending the paramagnetic
beads in a buffer of high ionic strength [17]. One limitation of the
technique is that streptavidin coated supports can bind additional
proteins in nuclear extract, especially those containing the biotin
group, and avidin or streptavidin are highly charged proteins that
may interact non-specifically with other proteins lacking biotin to
decrease the purity of recovered TFs [17,41,42].

3.2. Trapping

Since TFs typically bind REs with nM-pM affinity, the most spe-
cific purification would be obtained by forming the TF-RE complex
at these low concentrations. DNA covalently attached to columns is
almostalways present at WM or higher concentrations in traditional
affinity chromatography and probably encourages non-specific
binding. To allow efficient purification at lower concentrations,
trapping procedures were developed. When duplex DNA (oligonu-
cleotide or promoter) containing a (GT)s single-stranded tail is
incubated at nM concentrations with a TF, the specific TF-RE
complex forms in solution. The complex is then trapped on an
(AC)s5-Sepharose column by annealing (AC)s on the column with the
(GT)s of oligonucleotide or promoter in the complex [3,4,8]. To fur-
ther aid specific binding, modifiers known to decrease non-specific
binding, i.e., heparin, T18, poly dI:dC and non-ionic detergent,
are added to the trapping mixture. Once trapped on the column,
protein bound on the column can be eluted by high salt to dis-
rupt TF-RE interactions. Alternatively, the TF-RE complex can be
eluted by using low salt and moderate temperatures to melt the
(GT)5:(AC)s hybrid. This can be refined by measuring the affin-
ity and amount of a TF in a nuclear extract to determine the
optimal concentration of modifiers. Compared with conventional
DNA affinity chromatography, trapping usually yields a purer TF
[3], and in some cases, has only required one-step purification
from crude nuclear extract. Oligonucleotide trapping has been used
to successfully purify several TFs such as rat liver C/EBP (CCAAT
enhancer binding protein), the Xenopus B3 TF [3,4], MafA [10]
and a complex which binds a novel RE in the c-jun promoter
[8]. In addition, promoter trapping has been developed to purify
a transcriptionally active PIC and individual TFs binding to c-jun
promoter [15].

3.3. Two-dimensional electrophoretic mobility shift assay
(2D-EMSA)

Stead et al. [43] developed a two-dimensional electrophoretic
mobility shift assay technique (2D-EMSA) to purify nucleic acid
binding protein from crude extract. In their study, partially purified
or crude extract is first separated by 2-DE. If the pl and MW of the
DNA binding protein can be estimated, then the corresponding spot
on the 2-DE gel is cut and proteins are electroeluted, renatured and
assayed by EMSA. For an alternative 2D-EMSA, EMSA replaces iso-
electric focusing in the first dimension of 2-DE. When a TF forms a
complex with RE, its electrophoretic mobility is affected compared
with that of the free nucleic acid. Following EMSA, denaturing PAGE
is implemented in a second dimension. TFs that bind a specific RE
are recognized as a spots at particular positions and can be iden-
tified by capillary LC/MS/MS. This technique does not require any
knowledge of the TF, nor does it require its renaturation after exci-
sion from gels. For example, the TF, AtrA, was successfully separated
and identified from bacterial crude extract [44,45].

3.4. Three-dimensional EMSA (3D-EMSA)
The success of 2D-EMSA makes the development of another

technique, three-dimensional EMSA, which is now optimized in
our lab. 3D-EMSA merges nondenaturing EMSA-with 2-DE to purify
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Fig. 5. Scheme of 2D-EMSA and 3D-EMSA. Nuclear extract is incubated with radio-
labeled element DNA to form specific DNA-protein complex and analyzed by EMSA.
The complex on the non-denature PAGE gel is cut out, crashed and mixed with
1x Laemmli buffer or Rehydration buffer for further separation by SDS-PAGE (2D-
EMSA) or two-dimensional electrophoresis (3D-EMSA).

TFs. This technique is performed by cutting the TF-RE complex
band from EMSA non-denaturing gel and applying the band to 2-
DE for further separation (Fig. 5). As 3D-EMSA combines the high
specificity of EMSA and the high resolution of 2-DE, it is possible to
purify TFs from crude extract. For example, this method was used to
successfully purify a GFP-C/EBP fusion protein constructed to bind
C/EBP’s canonical sequence (CAAT), from bacterial crude extract
(unpublished data, DJ and HW]). Although 3D-EMSA provides the
highest selectivity for binding REs, some contaminating proteins
are still observed. This is likely due to protein-protein interactions;
therefore, 3D EMSA combined with a SW blot may be necessary for
the most challenging TF purification problems.

In summary, enrichment and purity are two major challenges
for TFs purification at present. Normally, it is difficult to get TFs
significantly enriched from small amounts of material originating
from tissue or cells, and it is almost impossible to get homogeneous
TF by one-step purifications. Although DNA affinity chromatogra-
phy is widely used in purification of TFs, non-specific binding is
an unavoidable problem due to high concentrations of RE DNA
and biotinylated protein. The oligonucleotide trapping technique
decreases non-specific binding greatly, but some non-specific bind-
ing, such as heterogeneous ribonucleoproteins with RRM motifs,
persists due to the DNA tail attached to the RE. Undoubtedly, trap-
ping combined with 2D-SW will enable more difficult problems in
TF purification to be solved. EMSA isolation followed by SDS-PAGE
or 2-DE will also be explored as promising strategies to improve TF
purity.

4. TF identification
4.1. TF sample preparation

TFs purified by the methods above often yield a minute amount
of protein (femtomoles, 10-'8) in small (L) sample volumes
that can only be identified and characterized by capillary liquid
chromatography-tandem mass spectrometry (LC/MS/MS) or other
proteomic approaches. This is a multistep process from sample
preparation to analysis, and all steps are critical to a successful
outcome. Careful sample preparation is the prerequisite for all sub-
sequent steps. One must avoid and/or remove plastics, particulates,
salts, detergents, buffer components and other contaminants that
may interfere with digestion, preconcentration, desalting, separa-
tion and ionization. It is also important to minimize non-specific
absorption, chemical modifications, and keratin contamination
(nitrile gloves are advisable) [46,47]. Digestion of the TFs with
sequence-specific exogenous protease(s) is the most important
step.

4.1.1. In-gel digestion

In-gel digestion coupled with capillary LC/MS/MS is a power-
ful tool to identify and characterize TFs [48]. After a TF or TF-RE
complex is purified, the eluate can be separated by SDS-PAGE or
2-DE. Gels are stained by MS compatible silver nitrate [49] or
Coomassie Brilliant Blue prior to digestion with a protease. Trypsin
is often used for these studies because it cleaves at the C-terminus
of Lysine and Arginine residues to generate peptides that are ideal
for capillary LC/MS/MS. For example, our laboratory successfully
identified the fusion protein GFP-C/EBP, which is constructed by E-
GFP and the DNA-binding domain of C/EBP alpha, by thiol-disulfide
exchange DNA affinity chromatography and capillary LC/MS/MS
[11]. However, in-gel digestion has major shortcomings such as low
accessibility of proteases to TFs within gel slices and low recovery
of large and/or hydrophobic peptides [50].

4.1.2. On-blot digestion

On-blot digestion of TFs electroblotted to NC or PVDF mem-
branesis an alternative to in-gel digestion [51]. After a TF on the blot
is immunostained, antibody can be removed by washing the mem-
brane in 0.2 M glycine-HCI (pH 2.0). Then, the TF can be digested
and peptides are extracted for PVDF. Alternatively, if NC is used,
the blot can be dissolved directly into acetone or acetonitrile where
precipitated peptides are re-dissolved for subsequent analysis. The
latter technique is so-called BARN (blotting and removal of nitrocel-
lulose), which offers improved confidence in protein identification,
especially for membrane proteins, and provides comparable or bet-
ter results than in-gel digestion [52,53]. For PVDF membranes,
peptides can be extracted by TFA and an organic solvent such as
acetonitrile prior to analysis [54]. In order to prevent protease
absorption to a membrane, a blocking step should be performed
before on-blot digestion.

Several previous reports have described the use of mass spec-
trometry to identify proteins detected by Western blotting [54].
Nakanishi et al. carry out on-membrane digestion using piezoelec-
tric chemical inkjet printing in combination with MS to successfully
identify the tyrosine-phosphorylated proteins from A-431 human
epidermoid carcinoma cells [55]. Significantly, matrix-assisted
laser desorption ionization (MALDI) was employed to ionize pep-
tides directly from the membrane.

Until now, a SW blot combined with on-blot digestion of TFs
has not been reported. In order to improve the efficiency of SW
blotting and on-blot digestion, we investigated membrane type,
renaturing, blocking and stripping of proteins on membranes and
the conditions for on-blot digestion such as membrane type, block-
ing, etc. Recently, we achieved confident identification of the
C/EBP (from the lower, right-hand encircled spot in Fig. 4B) in
HEK293 nuclear extract by this 2-DE-SW blot and on-blot diges-
tion approach followed by capillary LC/MS/MS. One of the 2DE-SW
spots is identified as human CCAAT/enhancer binding protein beta
(C/EBP beta) with theoretical pl of 8.55 and molecular mass of
36 kDa, consistent with the position on 2-DE-SW blot. There are two
unique peptides matched with human C/EBP beta after searching
SwissProt fused with in-house database, which are: APPTACYA-
GAAPAPSQVKSK [243-262 aa, expect value is 0.0035, Mascot score
19 (13 was significant for this search)] for m/z639.18 (3+) and AKM-
RNLETQHK (292-302 aa, expect value is 0.012, Mascot score 21)
for m/z 686.15 (2+), and the sequence coverage of C/EBP beta is 9%.
C/EBP exists in several isoforms, perhaps explaining the complex-
ity of the observed spot but the molecular weight and isoelectric
point are consistent with known C/EBP isoforms. This is an excit-
ing discovery as it represents the direct identification of a native TF
directly from nuclear extract without any prior purification. Fur-
ther refinements of this technique appear promising and is being
pursued [34].
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4.1.3. Other types of digestions

In-solution and on-bead digestions are often engaged when high
sensitivity and/or sequence coverage are necessary or when spe-
cific amino acid residues or PTMs are of interest. For example,
improved sequence coverage of low abundance cardiac troponins
from serum has been reported with on-bead digestion using mul-
tiple proteases [56]. Combining on-bead digestions with affinity
microcapture of TFs on DNA-magnetic particles [57] is a promising
direction for future studies.

5. Conclusions

The synergy of highly selective purification and analytical strate-
gies described herein has led to an explosion of knowledge about
the low abundance and post-translationally modified TF proteome
and the proteomes of other DNA- and RNA-binding proteins. Purifi-
cation methods described include: various assays, EMSA, ChIP, SW
blots, DPC, concatemer DNA affinity chromatography, trapping, 2-
DE, 2-DE-SW, 2D-EMSA and 3D-EMSA. Analysis methods described
include: in-gel, on-blot and other digestions combined with pro-
tein identification and characterization by capillary LC/MS/MS and
other proteomic approaches. We envision that future investiga-
tions will combine these and currently unknown technologies to
simultaneously deepen our knowledge of the TF proteome and
to reveal unexplored intricacies of nucleotide-protein interactions
important to human health.
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