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Oligonucleotide trapping method for transcription factor purification
systematic optimization using electrophoretic mobility shift assay
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Abstract

Oligonucleotide trapping, where a transcription factor–DNA response element complex is formed in solution and then recovered (trapped)
on a column, was optimized for the purification of CAAT/enhancer binding protein (C/EBP) from rat liver nuclear extract. Electrophoretic
mobility shift assays (EMSAs) with ACEP24(GT)5 oligonucleotide, containing the CAAT element, was used to estimate the binding affinity and
concentration of C/EBP in the nuclear extract and then low concentrations of protein and oligonucleotide, which favor specific binding, were
used for all further experiments. Also using EMSA, the highest concentrations of competitors, which inhibit non-specific binding but do not
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nhibit oligonucleotide binding by C/EBP, were determined to be 932 nM T18 (single-stranded DNA), 50 ng/ml heparin (non-DNA competit
nd 50�g/ml poly(dI:dC) (duplex DNA). Inclusion of 0.1% Tween-20 improved DNA binding. For complex formation, 110�g nuclear extrac
as diluted to 0.2 nM C/EBP (apparentKd of C/EBP) and 1.34 nM ACEP24(GT)5 was added, along with Tween-20 and the competitors. A

ncubation, the complex was trapped by annealing the (GT)5 tail of the C/EBP–[ACEP24(GT)5] complex to an (AC)5–Sepharose colum
nder flow at 4◦C. The column was washed with 0.4 M NaCl and the protein eluted with 1.2 M NaCl. The purification typically res

wo proteins of apparent molecular mass 32 000 and 38 000. The smaller one, the major product, was identified to be C/EBP-�. The yield was
.1�g (66 pmol) of purified C/EBP-� p32. This systematic approach to oligonucleotide trapping is generally applicable for the puri
f other transcription factors.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Transcription factors bind DNA and activate or inhibit the
ranscription of specific genes and precisely determine the
ate of the cell. Understanding genetic regulation at a molec-
lar level is one of the great challenges of biology. To better
nderstand genetic regulation, the DNA elements bound by

he transcription factors must be identified, and the cognate
ranscription factors characterized. The oligonucleotide trap-
ing method offers a powerful tool for purification of tran-
cription factors and other DNA-binding proteins[1].

One widely characterized family of transcription factors is
he CAAT/enhancer binding proteins (C/EBPs), which bind

∗ Corresponding author. Tel.: +1 901 448 7078; fax: +1 901 448 7360.
E-mail address:hjarrett@utmem.edu (H.W. Jarrett).

to the CAAT consensus sequence[2]. C/EBPs are express
in a variety of tissues including those which play a central
in energy metabolism, such as adipose and liver tissue[3].
C/EBPs are also critical for normal cellular differentiat
and function, and act as master regulators of many ce
responses in a variety of other tissues[2,4]. The C/EBPs form
a family of transcription factors with at least six (C/EB
�–C/EBP-�) members expressed from individual genes[4],
and more diversity is produced by alternative initiation s
differential splicing, and protease cleavage[2]. C/EBPs bind
to DNA as a dimer and form extensive protein–protein in
actions both within the family and with proteins from outs
of the C/EBP family genes[2]. C/EBPs consist of three stru
tural components which include a C-terminal leucine–zip
dimerization domain, a basic DNA-binding region, and a
terminal transactivation region[5]. C/EBP-� was the firs

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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of the C/EBPs characterized and was purified from rat liver
nuclear extracts using a multi-step purification procedure in-
cluding DNA affinity chromatography with heterogeneous
DNA fragments adsorbed to cellulose[6].

Advances in DNA affinity chromatography[7] since
C/EBP-� was first purified include the use of highly spe-
cific columns made by using sequence-specific DNA element
oligonucleotides that can be bound by an individual tran-
scription factor. Several chromatographic supports are com-
monly used including Sepharose, cellulose, and silica and
many coupling chemistries are also available for attaching
DNA to these supports[8–11]. Coupling of DNA to supports
can lead to modification of the oligonucleotide bases, thus po-
tentially decreasing the ability of the DNA affinity columns
to purify the protein of interest. A few methods are avail-
able for coupling of DNA to supports without modification
of the oligonucleotide bases including enzymatic synthesis
[12], biotinylated oligonucleotides[13–15], Teflon fiber sup-
port [16], and bromoacetyl agarose[17]. In another method,
polyT coupled to agarose was used to bind a 3′ polyA tail that
contained a duplex transcription factor recognition sequence
5′ of the polyA region[18].

A recent advance in DNA affinity chromatography, the
oligonucleotide trapping method, yielded theXenopustran-
scription factor, B3, to a high degree of purity in a sin-
gle purification step[1]; the trapping method has been re-
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concentration of C/EBP in the extract allows specific trap-
ping oligonucleotide to be added to the trapping mix at a
low concentration that would favor specific binding and be
unfavorable for non-specific interactions. A 6.7-fold molar
excess of trapping DNA was chosen to favor complete bind-
ing of the specific oligonucleotide by C/EBP and the con-
centration of C/EBP in the trapping mixture was diluted to
be near the apparentKd. By keeping the concentrations of
the specific sequence oligonucleotide and C/EBP low and
near the experimentally estimatedKd, non-specific binding is
reduced.

Experimental determination of optimal concentrations of
oligonucleotide and competitors allows for a more system-
atic approach that can be generally applied to discover a
single-step purification of any specific transcription factor
from complex protein mixtures. Here, we describe the purifi-
cation of C/EBP-� from crude rat liver nuclear extract in a
single step and describe this systematic approach that could
be adapted to virtually any DNA-binding protein.

2. Methods

2.1. Materials

Heparin (H-3393) and dI:dC (P-4929) were from Sigma
( io-
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iewed [19,20]. The oligonucleotide trapping method u
NA affinity chromatography but is different from it. DN

rapping involves mixing in solution a specific DNA s
uence, protein and competitors (molecules that dim
inding of DNA by DNA-binding proteins) at experimenta
erived concentrations that optimize formation of a spe
NA–transcription factor complex and minimize binding
on-specific DNA-binding proteins. The complex is then
lied to a column which will then bind (trap) it. The meth

1] utilized the specific interactions between an oligo
leotide containing a specific duplex sequence element w
ontains a (GT)5 single-stranded tail and a transcription f
or, B3, to form a protein–DNA complex in solution pr
o trapping, by annealing, on an (AC)5–Sepharose colum
ompetitors that were used are T18 and heparin, but the co
entrations and the concentrations of oligonucleotide a
ere all determined by a process of trial and error each

rapping the complex on a (AC)5–Sepharose column[18].
rotein elution was performed by using a buffer contai
igh salt to disrupt the protein–oligonucleotide interac
r using moderate temperatures to melt the (GT)5:(AC)5 hy-
rid. Recently, oligonucleotide trapping was used to pu

he insulin promoter RIPE3b1 activator protein for the
ime and allowed it to be identified as MafA, a membe
he large Maf transcription factor family[21].

In the oligonucleotide trapping method described in
aper, we systematically optimized the concentratio
/EBP, trapping oligonucleotide, and competitors neces

or specific complex formation using an electrophoretic
ility shift assay (EMSA). Experimentally estimating
St. Louis, MO, USA). Tween-20 (70-6531) was from B
ad Laboratories (Hercules, CA, USA). Other mate
ources are given below or were the highest purity com
ially available.

.2. Coupling of DNA to Sepharose

All oligonucleotides were obtained from Integra
NA Technologies (Coralville, IA, USA). (AC)5 (5′-
H2-ACACACAC-3′) was coupled to CNBr-preactivat
epharose 4B (Sigma, St. Louis, MO, USA). Coupling
nd capping were carried out according to the prot
rovided by the manufacturer Pharmacia (New York,
SA). “5′-NH2” in the oligonucleotide sequence represe
n aminohexyl group added on the last synthesis cycle
mount of DNA coupled was determined by the differe

n the UV absorption of DNA added and recovered
er coupling; 50 nmol of (AC)5 oligonucleotide was adde
o 0.3 g of CNBr-preactivated Sepharose 4B and 30 n
f (AC)5 oligonucleotide coupled. The resulting suppor
alled (AC)5–Sepharose.

.3. Production of proteins

GFP-C/EBP-� was produced inEscherichia colistrain
L21 containing plasmid pJ22-GFP-C/EBP-� as describe
reviously[22] and was used as a marker and positive con

Rat liver nuclear extracts were prepared by the metho
cribed in[23]. Briefly, 10–15 g of rat liver was minced a
omogenized. The homogenate was layered over cushi
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homogenization buffer (10 mM HEPES (4-(2-hydroxyethyl)-
1-piperazine ethanesulfonic acid) (pH 7.6), 25 mM KCl,
0.15 mM spermine, 0.5 mM spermidine, 1 mM EDTA, 2 M
sucrose, 10% glycerol) and centrifuged at 76 000×g for
30 min at 4◦C to pellet the nuclei. The nuclear pellet was
resuspended in a 9:1 (v/v) mixture of homogenization buffer
and glycerol. This homogenate was layered over a cush-
ion of the same 9:1 mixture and centrifuged as described
above. The nuclear pellet was resuspended in nuclear lysis
buffer (10 mM HEPES (pH 7.6), 100 mM KCl, 3 mM MgCl2,
0.1 mM EDTA, 1 mM dithiothreitol (DTT), 0.1 mM phenyl-
methylsulfonylfluoride (PMSF), 10% glycerol). The nuclear
suspension was diluted to 10 A260units/ml, and a 1/10 volume
of 4 M (NH4)2SO4 (pH 7.9) was added. Centrifugation of the
lysate was at 96 000×g for 25 min at 4◦C. Solid (NH4)2SO4
was added to the supernatant to 0.3 g/ml and left on ice for
45 min. Centrifugation was repeated at 96 000×g for 25 min
at 4◦C. The protein pellet was resuspended in dialysis buffer
(25 mM HEPES (pH 7.6), 40 mM KCl, 0.1 mM EDTA, 1 mM
DTT, 10% glycerol) at 1 ml per 20 A260 units of nuclear
lysate. The protein extract was dialyzed twice for 2 h at 4◦C.
We normally obtained 10 mg of nuclear extract per adult rat
liver. The protein extract was stored in aliquots under liquid
nitrogen.

2.4. Protein assay
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umn volumes of TE1.2 (10 mM Tris (pH 7.5), 1 mM EDTA,
1.2 M NaCl).

SDS polyacrylamide gel electrophoresis:Samples were
concentrated using lyophilization following dialysis in
50 mM NH4HCO3. Lyophilized samples were applied to a
10% SDS polyacrylamide gel using the method of Laemmli
[25] and stained with silver using the Bio-Rad Laboratory kit
(Richmond, CA, USA), or used in immunoblot analysis.

2.6. Western blot analysis

Gels were electroblotted onto 0.2�m pore nitrocellulose
membranes (Bio-Rad Laboratories, Hercules, CA, USA) as
previously described[26]. A 1:100 dilution of goat serum
generated against purified C/EBP-� (14AA, cat. SC-61,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) or a less
specific antibody cross-reactive with C/EBP family mem-
bers including C/EBP-� and C/EBP-� (C/EBP-� �-198, cat.
SC-746, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
were used as primary antibodies for identification of puri-
fied proteins. Immunoreactive proteins were visualized by us-
ing 1:1200 diluted rabbit anti-goat secondary antibody–HRP
conjugate (Southern Biotechnology Associates, Birming-
ham, AL, USA) and detected by chemiluminescence as pre-
viously described[27]. For autoradiography, the Molecular
Dynamics Typhoon phosphorimager and software was used.
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Protein concentrations were determined by the Brad
ethod[24] using bovine serum albumin as the standar

.5. Chromatography

The (AC)5–Sepharose support was packed in 1 ml bed
me syringe columns initially equilibrated in TE0.4 buf
10 mM Tris (pH 7.5), 1 mM EDTA, 0.4 M NaCl).

For the oligonucleotide trapping method, ACEP
GT)5 (5′-GCTGCAGATTGCGCAATCTGCAGCGTGT-
TGTGT-3′) was converted nearly quantitatively to
uplex by annealing. Annealing was by heating to 95◦C
nd allowing to cool over 1 h to 4◦C in a thermal cycle
CEP24(GT)5 is self-complementary and does not req

he addition of a second strand.
Crude rat liver nuclear extract was diluted approxima

00-fold (typically adding 110�g rat liver nuclear extract) i
final volume of 50 ml TE0.4 (10 mM Tris (pH 7.5), 1 m
DTA, 0.4 M NaCl) containing 0.1% Tween-20 and comp

ors. The exact dilution was calculated to give a final c
entration of C/EBP of 0.2 nM, near the experimentally
ermined apparent dissociation constant,Kd. Crude rat live
uclear extract was incubated for 10 min at 4◦C with hep-
rin, T18 (5′-TTTTTTTTTTTTTTTTTT-3′), and poly(dI:dC
s competitors at their experimentally determined con

rations. The annealed ACEP24(GT)5 was then added
.34 nM, and incubated for 30 min at 4◦C. The trapping mix

ure was applied to the 1 ml (AC)5–Sepharose, washed w
E0.4 for 20 column volumes, and then eluted with 15
.7. Oligonucleotide labeling

Oligonucleotides were 5′-end labeled with [32P] by
ixing 50 pmol ACEP24(GT)5, 10�Ci [�-32P]-ATP (ICN
iomedicals Inc., Irvine, CA, USA), and 1 ul (10 units)
olynucleotide kinase New England Biolabs (Beverly, M
SA) in a final concentration of 10 mM Tris–Cl (pH 8.
0 mM MgCl2, 10 mM 2-mercaptoethanol in a final volum
f 10�l and incubating at 37◦C for 1 h. Reactions we
topped by addition of EDTA (pH 8.0) to 20 mM and plac
n ice slurry. Unincorporated [�-32P]-ATP was removed b
esalting on a 1 ml BioGel P-6 spin column in TE (10 m
ris (pH 7.5), 1 mM EDTA).

.8. Electrophoretic mobility shift assay

To assess DNA-binding properties, 5�l of protein (typ-
cally 2.5�g GFP-C/EBP containing bacterial extract
–2�g rat liver nuclear extract) was mixed in a total volu
f 25�l with 40 fmol (1.6 nM final concentration) of annea
′-[32P]-ACEP24(GT)5 (see Sections2.5 and 2.7) in an in-
ubation buffer TE0.1 (final concentration: 10 mM Tris (
.5), 1 mM EDTA, 0.1 M NaCl) containing 4% glycerol a
as used as indicated unless stated otherwise. For som
eriments, duplex EP18 (5′-GCAGATTGCGCAATCTGC-
′), AP-1 (5′-CGCTTGATGAGTCAGCCGGAA-3′), and
-myc element (5′-CCCCAACACCTGCTGCCTGAG-3′)
ere also included. Other components, poly(dI:dC), T18, and
eparin were added to assess the effect on DNA bindin
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described in the text. After 30 min at room temperature, 2.5�l
of 50% glycerol, 0.01% bromophenol blue was added. Sam-
ples were loaded on a non-denaturing 7.5% polyacrylamide
mini-gel (8 cm× 10 cm) containing 0.25× TBE buffer (final
concentration: 1.25 mM boric acid, 12.5 mM Tris, 0.25 mM
EDTA), unless otherwise stated. Running buffer was 0.25×
TBE, and 130 V was applied for 45 min at room tempera-
ture unless otherwise stated. Gels were dried and exposed to
phosphorscreen (Molecular Dynamics) overnight for auto-
radiography. Densitometry was performed using Scion Image
(Scion Corporation, Frederick, MD, USA) or the phospho-
rimager software.

2.9. Determination of the apparent C/EBP dissociation
constant and C/EBP concentration in liver extract

Dilution of [32P]-labeled ACEP24(GT)5 at constant nu-
clear extract concentration (22 ng/�l) was used in an EMSA
experiment. The results were analyzed and quantified by
phosphorimaging and the apparent dissociation constant,Kd,
was estimated by a Scatchard plot. The result was the apparent
Kd ≈ 0.17 nM. To estimate the concentration of C/EBP bind-
ing activity, a constant concentration of [32P]-ACEP24(GT)5
(1.6 nM) was then used with different dilutions of nuclear
extract. The amount of extract giving a 50% shift of the DNA
under these conditions was then taken asK . The apparent
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Fig. 1. Flow chart depicting the experimental approach to determination of
optimal conditions for the oligonucleotide trapping method. The chart dia-
grams a generally applicable scheme for oligonucleotide trapping as follows:
competition assay, concentration of transcription factor in extract, competi-
tor concentrations, and detergent effects.

which will eventually be used as the source material for pu-
rification. InFig. 2, a 100- and 200-fold molar excess of cold
(unlabeled) ACEP24(GT)5 competed away the complex (C)
band present in lane NC (no cold), while a 10-fold excess had
a smaller effect. In contrast, excess AP-1, an unrelated duplex
DNA, was unable to compete away this band at any tested
concentration, indicating that ACEP24(GT)5 is specifically
bound. A band of slower migration rate than the C/EBP com-
plex that appears in some rat liver nuclear extract preparations
is labeled “*”. Notice that it migrates near a band found with
a bacterial extract containing a GFP fusion protein previ-
ously described[22] which contains C/EBP sequences (GC)
and also binds the ACEP24(GT)5 oligonucleotide; this fu-
sion protein is also used in other experiments as a marker and
positive control. Similar results were observed in other ex-
periments and when using the EP18 (an oligonucleotide also
containing the CAAT element) and c-myc oligonucleotides
as specific and non-specific competitors, respectively (data
not shown).

Also, because the incubation buffer commonly used in
EMSA differs from the buffer (TE0.1) used in oligonu-
cleotide trapping, a comparison of the effect of both buffers
0.5
oncentration of C/EBP in the extract was then derived
he relationship[28,29]:

0.5 = Kd + 1
2[C/EBP]tot

. Results

.1. Systematic optimization strategy

Fig. 1outlines the approach taken to use EMSA as a
o optimize oligonucleotide trapping. The first step is de
ination of the EMSA band representing the specific c
lex. Estimating the DNA-binding affinity (apparentKd) of
/EBP for ACEP24(GT)5 follows. The amount of C/EB

n the nuclear extract is next determined (see Sectio2).
he effect of various competitor concentrations is perfor
ext and as each competitor is optimized, it is added t
ix and used for further testing so that the complete c
ination of all competitors is refined in the final mixtu
he identification of detergents that improve specific b
hift follows. Once all of these parameters are optim
sing EMSA, large-scale transcription factor purificatio
erformed.

.2. Determine the specific EMSA band

Fig. 2 identifies the shifted band of the specific C/EB
CEP24(GT)5 complex. EMSA is performed using 5′-end

abeled ACEP24(GT)5 and a crude rat liver nuclear extra
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Fig. 2. Electrophoretic mobility shift competition assay identifies the spe-
cific complex. 1.6 nM labeled ACEP24(GT)5 was used. Cold specific
competitor ACEP24(GT)5 and cold non-specific competitor AP-1 (5′-
CGCTTGATGAGTCAGCCGGAA-3′) were added individually at 10-, 100-
and 200-fold molar excess over labeled ACEP24(GT)5. Poly(dI:dC) was
constant at 40�g/ml. The figure shows ACEP24(GT)5 but not AP-1 com-
petes C/EBP complex formation. NP, no protein; GC, GFP-C/EBP-� bacte-
rial extract; NC, no cold competitor; C, specific shift complex; U, unshifted
double-stranded DNA. The position of residual ATP is also indicated. A band
of higher migration rate than C/EBP that appears in some rat liver nuclear
extract preparations but not in all is labeled “*”. The incubation buffer in this
experiment was (final concentration): 10 mM Tris (pH 7.5), 1 mM EDTA,
40 mM NaCl, 4% glycerol, and 1 mM 2-mercaptomethanol).

on the C/EBP–ACEP24(GT)5 complex formation in EMSAs
was done. Using TE0.1 in place of the EMSA incubation had
no deleterious effects on specific band formation (data not
shown). All subsequent EMSA experiments used TE0.1.

3.3. Estimate DNA-binding affinity and concentration of
transcription factor

To make the purification most selective, low DNA con-
centrations should be used, but the amount must be sufficient
to bind all of the transcription factor present in the extract.
Therefore, the DNA affinity and the abundance of the tran-
scription factor must be determined. This is shown inFig. 3.
In panel A, is a representative experiment where nuclear ex-
tract at a final dilution of 70-fold was used with different
radiolabeled DNA concentrations to measure binding in a
gel shift. In panel B is shown Scatchard analysis of the gel
shift. While the data show some scatter, they yield an es-
timate ofKd = 0.17 nM ACEP24(GT)5 in this experiment.
Three separate determinations gaveKd = 0.17± 0.01 nM
(mean± standard deviation). Using different sequences that
contain the same element, others reportedKd = 0.14 nM for
C/EBP-� [30], in good agreement with our results. These
estimates of apparentKd are not thermodynamically correct
values but are sufficient for our purpose.Fig. 3B also pro-
v mum
b n
e ct.

Using an ACEP24(GT)5 concentration that is greater than
theKd allows for an independent estimation of the C/EBP pro-
tein concentration in nuclear extract (see Section2). When
the concentration of DNA is much greater thanKd, binding
becomes essentially stoichiometric with protein concentra-
tion and provides a measure of it. Shown inFig. 3C, is a
typical experiment where 5′-end labeled ACEP24(GT)5 is
held constant at 1.6 nM, approximately 10-fold greater than
the apparentKd, and is titrated with a 2-fold serial dilution of
nuclear extract. The densitometry results show the complete
data from four separate experiments (Fig. 3D). A 50% shift
occurred at a 6.2-fold dilution. This shows that a 6.2-fold di-
luted nuclear extract is approximately 0.8 nM C/EBP dimer
(i.e., 50% of the 1.6 nM DNA is shifted), and the initial es-
timate is that the extract is about 4.9 nM C/EBP. Correcting
for theKd (0.17 nM) effect on this determination (using the
equation in Section2.8) yields a refined estimate of 6.2 nM
C/EBP dimer in this nuclear extract. This is the same nu-
clear extract used forFig. 3A and B which gave an estimate
for C/EBP dimer which was also 6.2 nM based on Scatchard
analysis. Thus, either method gives a sufficiently accurate
measure of the concentration of C/EBP for our experiments.
Furthermore, the concentration of ACEP24(GT)5 was kept
constant at 1.6 nM for all subsequent experiments and is near
the concentration that will ultimately be used for the C/EBP
purification.
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s with
g I:dC)
a eti-
t me
ides an estimate of the C/EBP concentration. The maxi
inding (Bmax) of 0.089 nM for a 70-fold dilution provides a
stimate of 6.2 nM C/EBP in the undiluted nuclear extra
One caveat is that the binding experiments inFig. 3would
easure the concentration of any binder that gave a sh

he same position as the complex marked on the gels and
s no assurance that only C/EBP binding is being meas
owever, the experiments shown below will strongly sug

his is the case.
The concentration of C/EBP was determined using

raphical method described above when discussingFig. 3D
or five different nuclear extracts prepared in our lab
ory. These values ranged from 6.2 to 28 nM (16.1± 7.8 nM).
hus, there is an approximately four-fold range in these
es. We adapted our purification for these differences a
e described further.

.4. Determine optimal competitor concentration

Non-specific binding proteins may bind ACEP24(G5
uring trapping chromatography and result in decreased
nd purity. Addition of competitors, substances that can

nstead of ACEP24(GT)5, can reduce the amount of no
pecific binding. We also used competitors in Section3.1
ndFig. 2 to identify the specific complex. Some of the
uch as the AP-1 or c-myc oligonucleotides could certain
sed as effective competitors but we decided instead to
loy other substances which can be generally used fo

ranscription factor. Since the ACEP24(GT)5 has a double
tranded element and a single-stranded tail, we began
eneric double- and single-stranded competitors, poly(d
nd T18, respectively. The effects of adding different comp

ors to the trapping mix were tested using EMSA. At so
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Fig. 3. Electrophoretic mobility shift assay allows estimation of the C/EBP concentration. Shown are two different methods. In panel A, no protein (NP) or an
amount of nuclear extract equivalent to a 70-fold total dilution was mixed with 1.6 nM radiolabeled ACEP24(GT)5 or a 2-fold serial dilution of the same. After
30 min at room temperature, the mixtures were applied to a 7.5% acrylamide gel for electrophoresis. The arrowhead shows the position of the specifically shifted
band. The density of the specifically shifted band (C), the unshifted DNA band (U), and the total density for each lane (T) was used to calculate the concentration
bound (=[ACEP24(GT)5] × C/T) and the free DNA concentration ([ACEP24(GT)5] × U/T). In panel B, the bound and free concentrations are plotted. The slope
is equal to−1/Kd and the abscissa intercept is the maximal binding for this nuclear extract dilution. In panel C, a two-fold serial dilution of the same rat liver
nuclear extract (220 ng/�l stock) was incubated with 1.6 nM radiolabeled ACEP24(GT)5. The fold dilution is shown above the gel. Poly(dI:dC) was constant at
40�g/ml. This figure demonstrates the estimation of C/EBP concentration in rat liver nuclear extract. C, specific shift complex; U, unshifted double-stranded
DNA; NP, no protein added to shift. In panel D, the percent shift for each dilution (here the dilutions are corrected for the further dilution of 22�l of diluted
extract in the 25�l gel shift mixture) is plotted (data points are the mean, and error bars indicate standard deviation for each point,n= 4). The line shown was
fit iteratively to the solution of the equation:Kd = (D×P)/DP, whereD andP are the free (unbound) concentrations of DNA and C/EBP, respectively, and DP
is the concentration of the complex. Inserting the conservation equations, this becomes:Kd = (D0 − DP)(P0 − DP)/DP, where the subscripted zero denotes the
total concentrations. Solving this for DP yields a quadratic equation whose solution is: DP= 0.5 × {(Kd + P0 + D0) −

√
(−Kd − P0 − D0)2 − 4P0D0}. This

latter equation was the one fit iteratively, settingKd = 0.17 nM and varyingP0 until the best fit was obtained. The result is given in the text.

low concentration, competitors will have little effect, while
at higher concentrations, competitors may have deleterious
effects on specific binding. For the subsequent purification,
we chose the highest concentration of each competitor that
has a positive effect or does not have a deleterious effect on
specific binding in EMSAs.

3.4.1. Poly(dI:dC)
Poly(dI:dC) shows a slight detrimental effect in the range

100–400�g/ml but little effect from 6 to 50�g/ml in a two-
fold dilution series (Fig. 4). This and other results are inde-
pendent of the amount of DNA shifted in EMSA (data not
shown). InFig. 4, sufficient nuclear extract was added to shift
nearly 100% of the DNA. In other experiments with less nu-
clear extract and a 50% shift, similar results were obtained
(data not shown). The amount of poly(dI:dC) that was chosen
for trapping was 50�g/ml, as this was the highest concentra-
tion that resulted in a band as dark or darker than that found
with no dI:dC (ND) inFig. 4. This concentration (50�g/ml)

Fig. 4. Electrophoretic mobility shift assay with poly(dI:dC) displays no
detrimental effects over a wide concentration range. A two-fold serial dilu-
tion of poly(dI:dC) from 400 to 6�g/ml shows the highest concentration of
poly(dI:dC) that does not interfere with complex formation is 50�g/ ml.
C, specific shift complex; U, unshifted double-stranded DNA; ND, no
poly(dI:dC); NP, no protein. These samples were run on a 10% polyacryl-
amide gel.
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Fig. 5. Electrophoretic mobility shift assay indicates the highest concen-
tration of T18 that does not interfere with specific band shift. A 10-fold
serial dilution of T18 from 93�M to 93 pM with poly(dI:dC) constant at
50�g/ ml. This figure shows the highest non-interfering concentration of
T18 is 930 nM. C, specific shift complex. U, unshifted double-stranded DNA;
GC, GFP-C/EBP-� bacterial extract; NP, no protein added to shift; NT, no
T18.

was then included in all subsequent EMSA experiments and
eventually used for trapping purification.

3.4.2. T18
Another competitor tested was the single-stranded DNA,

T18, from 93�M to 93 pM in a 10-fold dilution series
(Fig. 5). Poly(dI:dC) was present at a constant concentration
of 50�g/ml throughout. The range from 930 nM to 93 pM
did not significantly inhibit complex formation as compared
to the lane with no T18 (NT). However, 93 and 9.3�M T18
had an inhibitory effect. Similar results were observed in an-
other experiment (data not shown). The amount of T18 that
was chosen for trapping was 930 nM, as this is the highest
concentration that does not significantly interfere with shift-
ing.

3.4.3. Heparin
We also tested the non-DNA, anionic polysaccharide hep-

arin as a competitor. Heparin has previously been shown to
directly compete with DNA for transcription factor binding
[31]. Over the range 500�g/ml to 500 pg/ml in a 10-fold
dilution series (Fig. 6), poly(dI:dC) and T18 were present
at constant concentrations of 50�g/ml and 930 nM, respec-
tively. The complex was slightly diminished by 500 ng/ml
(Fig. 6) as compared to no heparin (NH) and other experi-
m rther
d g/ml
t im-
i ta not
s ping
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w

Fig. 6. Electrophoretic mobility shift assay with heparin shows the highest
concentration of heparin that does not interfere. A 10-fold serial dilution
of heparin from 500 ng/ml to 5 pg/ml with poly(dI:dC) constant at 50�g/ml
and T18 constant at 930 nM. Shown in this figure, the highest non-interfering
concentration of heparin is 50 ng/ml. C, specific shift complex; U, unshifted
double-stranded DNA; NH, no heparin; NP, no protein.

3.5. Detergents

In DNA affinity chromatography, detergents improve the
yield of C/EBP[32] and have been shown to dramatically
affect complex formation for many different transcription
factors reviewed in[33]. We tested the effect of some de-
tergents on the C/EBP–ACEP24(GT)5 complex formation
in the presence of the optimized dI:dC, T18, and heparin
competitors. Shown inFig. 7 is the plotted densitometry re-
sults of tested detergents. Tween-20 (TW), Triton-X (TX)
and IGEPAL (IG) increase the amount of the specifically
shifted band the greatest of the detergents tested. However,
deoxycholic acid (DC) decreased the amount of specifically
shifted band. Finally, to show the effect of an interfering deter-
gent, SDS was used and significantly reduced the amount of
specifically shifted band. Tween-20 was chosen for trapping
experiments. Thus, we now have a double-stranded (dI:dC,
50�g/ml) and single-stranded DNA (T18, 930 nM) and non-
DNA polyanionic sugar (heparin, 50 ng/ml) which can be
used to lessen non-specific binding and a detergent (0.1%
Tween-20) which improves DNA binding.

3.6. Perform oligonucleotide trapping purification

At this point, all conditions are known for the purification.
S )
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Fig. 7. Densitometry of electrophoretic mobility shift assay of detergents
indicates (TW) Tween-20, (TX) Triton-X100, and (IG) IGEPAL increase the
specific shift band. C, specific shift complex; U, unshifted double-stranded
DNA; NP, no protein; ND, no detergent; DC, deoxycholic acid; DS, sodium
dodecylsulfate. Poly(dI:dC), T18, and heparin constant at 50�g/ml, 930 nM,
and 50 ng/ml, respectively. Percent maximal shift is plotted as the mean, and
error bars indicate standard deviation,n= 4.

(10 mM Tris (pH 7.5), 1 mM EDTA, 0.4 M NaCl) was used
for the trapping incubation buffer and column washing while
TE1.2 (10 mM Tris (pH 7.5), 1 mM EDTA, 1.2 M NaCl) was
used for elution. The 50 ml trapping mixture contained the
previously defined competitor and detergent concentrations
(i.e., 50�g/ml poly(dI:dC), 50 ng/ml heparin, 930 nM T18,
0.1% Tween-20) while washing and elution were with TE0.4
and TE1.2, respectively, containing 0.1% Tween-20 but no
competitors. Under these conditions, oligonucleotide trap-
ping was performed. InFig. 8, EMSA (with no competitors)
was performed to monitor the chromatography. To clearly
observe the complex (C), electrophoresis was prolonged. In
the flow through (unretained) fraction (FT), two faint bands
are observed which are also found in the rat liver nuclear ex-
tract and one of these has the same mobility as the specific
complex. Thus, some small fraction of C/EBP is probably
not retained under these conditions. The wash fraction (W)
also shows a faint band with a mobility similar to the C/EBP
complex, however, Western blotting with a specific antibody
against C/EBP-� (see further) failed to detect this protein
(data not shown) and it may be an unrelated protein. Frac-
tions eluted in TE1.2 (F1–F3) resulted in one shifted band

Fig. 8. Electrophoretic mobility shift assay of C/EBP activity during
purification. The 50 ml trapping mix in TE0.4 was applied to a 1 ml
(AC)5–Sepharose column, and the column washed with 20 ml of TE0.4,
0.1% Tween-20. TE1.2, 0.1% Tween-20 was applied to elute the column.
The first 5 ml of flow through and wash were collected. The TE1.2 elution
fractions were collected in three 5 ml fractions. A 500 ul of each fraction was
removed and concentrated using Microcon centrifugal filter devices (Milli-
pore Corporation, Bedford, USA) for use in EMSA. No competitors were
used, and EMSA incubation was performed in TE0.1. Samples were loaded
on a large (16 cm× 14 cm) 5% gel for EMSA. This figure demonstrates
DNA binding activity in TE1.2 elution fractions of similar relative molecu-
lar weight as C/EBP complex in rat liver nuclear extract. C, specific shifted
complex. NE, rat liver nuclear extract; NP, no protein; GC, His-tag purified
GFP-C/EBP-�; FT, flow through fraction; W, wash fraction; F1–F3, elution
fractions in TE1.2.

at the mobility corresponding to the specific C/EBP complex
and clearly contains the majority of the C/EBP activity.

In Fig. 9, a silver stained gel and Western blot with a
specific C/EBP-� antibody are shown of elution fraction 1
(F1). Two bands of relative molecular mass between 31 000
and 42 000 appear on the silver stain gel. Also, some higher
molecular mass bands are present and data suggest these are
gel artifacts (see Section4). The lowest band was estimated
by a log molecular mass versusRf plot to have relative molec-
ular mass of 32 000. The second band from the bottom was
estimated to have a relative molecular mass of 38 000 (data
not shown). The molecular masses of the C/EBP-� isoforms
are 42 000 and 30 000,[34,35]and the molecular masses of
C/EBP-� isoforms are 38 000, 35 000, and 21 000[36]. The
two lower molecular mass bands are thus in the molecular
weight range of C/EBP-� and the C/EBP-� isoforms. The pu-
rified proteins were subjected to Western blotting. InFig. 9,
antibody 14AA, an antibody that recognizes both C/EBP-
� p42 and C/EBP-� p30 was used to stain the eluted frac-
tion, F1. C/EBP-� was present in the eluted fractions and is
the lower band seen in the silver stained gel. The fraction
tested for the presence of C/EBP-� stained with 14AA at a
molecular mass of approximately 32 000, thus, suggesting
that C/EBP-� p30 was purified. Neither the 14AA C/EBP-
� antibody nor the C/EBP-� �-198 antibody ever stained
the 38 000 molecular mass band, suggesting it is not C/EBP
( ol-
u T)
a ply-
i )
( n).
data not shown). Applying the trapping mixture to a c
mn of (AC)5–Sepharose in the absence of ACEP24(G5
nd collecting the flow through (pre-clearing) prior to ap

ng the trapping mixture in the presence of ACEP24(GT5 to
AC)5–Sepharose did not improve purity (data not show
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Fig. 9. Silver stain and Western blot of oligonucleotide trapping fractions.
Carbonic anhydrase (31 000) and ovalbumin (42 000) molecular masses are
indicated. NE, rat liver nuclear extract. Fraction F1 was collected starting
as TE1.2 reached column. Silver staining of a TE1.2 elution fraction (F1)
shows two highly purified and isolated proteins of similar relative molecular
weight as C/EBP-� isoforms. A Western blot using 1:100 SC-61 (14AA
anti-C/EBP-� antibody) demonstrates the presence of C/EBP-� in rat liver
nuclear extract, and confirms the isolation of C/EBP-� using the oligonu-
cleotide trapping method. One microgram of NE was added in both the silver
stain and Western blot. Silver stain F1, 1/5 of total fraction was used. Western
blot F1, 1/20 of total fraction was used.

Oligonucleotide trapping under these conditions was per-
formed nine times with similar results. While some of these
purifications gave even higher purity, the results shown in
Figs. 8 and 9are representative data. From these, we used
densitometry of silver stained gels calibrated with known
amount of carbonic anhydrase and ovalbumin, proteins of
similar size to C/EBP, to determine the amount of C/EBP
purified in the lower, C/EBP-� p30 band. The results for
four different preparations was 2.1± 1.1�g (66± 34 pmol,
mean± standard deviation). Assuming that the 50 ml trap-
ping mixture contained 0.2 nM C/EBP dimer, it would con-
tain 0.64�g (20 pmol). The most likely explanation for the
higher than expected yield is that our initial estimate of the
concentration of C/EBP present in the nuclear extract was too
low but within a factor of about three.

The optimized purification was clearly successful but the
question remained whether these refinements of highly di-
lute DNA (1.6 nM) and protein (0.2 nM) and the addition of
competitors was responsible. To answer this, 1 ml of undi-
luted nuclear extract (6.2 nM C/EBP dimer) was mixed with
5 nmol ACEP24(GT)5 without using competitors and puri-
fied by trapping on (AC)5–Sepharose. Side-by-side, the op-

Fig. 10. Silver stain of oligonucleotide chromatographic fractions under op-
timized and non-optimized conditions. Carbonic anhydrase (31 000) and
ovalbumin (42 000) molecular masses are indicated. NE, rat liver nuclear
extract. Trapping purification under optimized conditions using competitors
and detergent is shown in lane C. Purification under non-optimized condi-
tions is shown in lane NC. For either, 1 ml rat liver nuclear extract was used.
For the latter (NC), the undiluted nuclear extract and 5 nmol ACEP24(GT)5

were mixed at 4◦C for 30 min and then added to the 1 ml (AC)5–Sepharose
column. For the optimized purification (C), the nuclear extract was diluted
to 50 ml containing 1.6 nM ACEP24(GT)5 and the concentrations of com-
petitors and detergents given in the text. Other conditions are as in the legend
to Fig. 8. Both lanes C and NC were collected starting as TE1.2 eluted the
column. An arrow to the right of the gel shows the expected position of
C/EBP-� p30.

timized procedure, also with 1 ml nuclear extract but diluted
to 50 ml, with 1.6 nM DNA and competitors, was performed.
The comparison is shown inFig. 10. In this purification and
a few others, the use of competitors (C) resulted in a sin-
gle predominant band of the C/EBP-� p30 isoform while
with no competitors (NC), at least seven strong bands and
a greater number of lesser bands were found on the silver
stained gel, the most abundant of which is not C/EBP-� p30.
Thus, the optimized procedure leads to dramatically higher
purity. For comparison, the starting material nuclear extract
(NE) is shown; clearly either approach leads to purification
though the optimized purification alone gives a nearly homo-
geneous product.

4. Discussion

Several methods have been developed for the purifica-
tion of transcription factors[20]. Many of these purifica-
tion methods suffer from contaminating proteins and low
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yield for several reasons. Coupling DNA to supports often
results in the modification of attached DNA and can affect
the DNA interaction with the transcription factor of interest
[1,33,37]. Some methods allow coupling of DNA to sup-
ports without DNA modification. However, many of these
supports bind proteins in a non-specific manner such as in
the biotin–avidin and biotin–NeutraAvidin methods[1]. Fur-
ther, in methods where DNA is immobilized on the column, or
carried out in solution, the DNA is often in the�M range and
promotes non-specific DNA binding. This non-specific bind-
ing results in contamination by non-specific DNA-binding
proteins[1].

All of these potential drawbacks are addressed in the DNA
trapping method[1]. By coupling the (AC)5 oligonucleotide
with a 5′ aminohexyl group to Sepharose with CNBr chem-
istry, attachment is primarily through the aminohexyl group
and DNA modification is lessened. Furthermore, any modi-
fication is confined to the (AC)5 sequence and cannot affect
the DNA element (CAAT) present in the trapping oligonu-
cleotide, ACEP24(GT)5. Sepharose is also a support that has
only weak interactions with proteins or DNA. In DNA trap-
ping, binding between the transcription factor of interest and
DNA occurs in solution. Concentrations of DNA can be ad-
justed to levels that do not favor non-specific interactions.
Here we used 1.34 nM DNA. To further reduce non-specific
DNA–protein interactions, competitors are added to the trap-
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s pu-
r d to
p the
fi ber
o ,
t and
c in a
t

ental
d ide,
t ner-
a an-
s ntal
p me
f ip-
t tra-
t e ex-
p GT)
a the
i T)
c
p used
t I:dC
[ tein,
D fined
p

was
d ed,
t

was estimated by an oligonucleotide serial dilution to be
Kd = 0.17 nM (Fig. 3A and B). This approach agrees with
values previously reported[30] and was of sufficient accu-
racy for our purposes. The concentration of C/EBP in the rat
liver nuclear extract was determined from these same data
and confirmed by performing a protein serial dilution and
identifying the extract dilution that resulted in a 50% shift of
ACEP24(GT)5 (see Section2) (Fig. 3). The C/EBP concen-
tration in the nuclear extract was estimated to be 6.2 nM by
these two different methods. While we used some fairly so-
phisticated methods to analyze these data, this was probably
unnecessary. IfKd were already known or could be estimated,
a simple titration with protein of a relatively high amount of
DNA (as inFig. 3C and D) and graphically estimating the di-
lution giving a 50% shift should be of sufficient accuracy to
design an appropriate oligonucleotide trapping purification
protocol.

We then determined the optimal concentrations of
poly(dI:dC), heparin, and T18 to be 50�g/ml, 50 ng/ml, and
932 nM, respectively (Figs. 4–6). The optimal concentration
for each was determined as the highest concentration of com-
petitor that did not decrease the C/EBP band density com-
pared to adding no competitor. As each competitor was op-
timized, it was included in all subsequent experiments. Be-
cause detergents are often used in purifications to increase
yield, we tested several detergents to see if any had a posi-
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lly applicable trapping method for the purification of tr
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lexes under variable conditions. Previously, EMSA was

o discover an appropriate competitor concentration for d
38], here, we have expanded this approach to refine pro
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The specific C/EBP band in the EMSA experiments
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een good choices (Fig. 7).

For a new transcription factor, the appropriate con
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he 32 000 molecular mass band seen in the silver stain
eflected a band seen in the nuclear extract, confirming
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Cruz Biotechnology) (data not shown). The antibody reacted
only poorly with nuclear extract and not at all with fraction
F1 in multiple experiments. Because of the weak reaction,
the results are inconclusive.

The 38 000 molecular mass band has not been identified,
but some possibilities exist to explain this outcome. Another
C/EBP family member might have been purified, as all C/EBP
proteins are able to form heterodimers in all intrafamilial
combinations and, with the exception of C/EBP-�, interact
with an identical recognition sequence in vitro[39–50]. Also,
the C/EBPs can form protein–protein interactions with other
bZIP and non-bZIP factors including; NF-kB, CREB,/ATF,
AP-1, glucocorticoid receptor, and the retinoblastoma protein
(Rb) [51-54]. The possibilities are too large to test them all
and proteomic techniques have so far failed to identify this
protein (unpublished data).

As mentioned in Section3, two other, high molecular
weight bands are present on the silver stained gel (Fig. 9).
These bands appear on gels stained in this way when the
freshly prepared SDS-PAGE sample buffer alone is elec-
trophoresed and cannot be proteins. They can be eliminated
by eliminating 2-mercaptoethanol from the buffer and reap-
pear if 2-mercaptoethanol is replaced by dithiothrietol. These
two bands are thus gel artifacts somehow related to the pres-
ence of sulfhydryl reducing agents and were not investigated
further.
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