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This work deals with annealing of single-stranded
NA and the binding of a serum respond factor to a
NA probe containing specific binding site. Capillary
lectrophoresis (CE) method is explored and com-
ared with the mobility-shift gel electrophoresis (GE)
rocedure. The results indicate the CE method offers
irect and rapid annealing of the DNA strands. It re-
uires no prior incubation with additives (polynu-
leotides, proteins) to reduce nonspecific DNA–
rotein interactions. Unwanted nonspecific interac-
ions are not observed in the CE method. The presence
f a fluorescein tag to the DNA probe yields identical
esults to those with the radioactive label. A fluo-
escein tag in the CE work can be used without any
dverse effects. The dissociation constant (Kd) of this
rotein–DNA complex by the CE method was similar to
hose determined by the GE method (>1026 M). The
roposed method is extremely powerful, highly sensi-
ive, quantitative, and fast. It can determine even very
mall conformational differences of the DNA probe.
2000 Academic Press

Key Words: binding constants; capillary electro-
horesis; DNA conformation changes measured by CE;
NA–protein binding; DNA–protein interactions; MEKC;
obility shift gel electrophoresis assay; on-column an-
ealing, binding constant; on-column DNA–protein
omplex formation; association constants.

The study of sequence-specific binding of proteins to
NA is very important because these bindings are

nvolved in DNA replication, recombination, and gene
xpression. Gene transcription for example, requires
hat regulatory proteins must recognize and interact

1 This work was presented at the 17th International Congress of
iochemistry and Molecular Biology at San Francisco, CA, August
4–29, 1997.

2 To whom correspondence should be addressed. Fax: 1316- 978-
431. E-mail: Singhal@twsu.edu.

3 Current address: Beckman Institute, Division of Biology 139-74,
alifornia Institute of Technology, 1200 E. California, Pasadena, CA
1125.
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ontrol over the temporal and spatial pattern of expres-
ion. These interactions are characterized by binding
onstant (K d) in the range of 1026 and 10212 M. The
nteractive forces at play are vast; they are poorly
nderstood. Traditionally, the mobility-shift gel elec-
rophoresis (GE) and the DNA footprinting (digestion
f DNA with DNase I or a chemical agent) methods are
sed to study DNA–protein interactions. The latter
ethod is used to study the protected or “buried” re-

ions. The GE method is based on slow migration of the
NA–protein complexes through a low-ionic strength
olyacrylamide gel medium than the fast moving free
NAs.
Here, we demonstrate the feasibility of an on-column

apillary electrophoresis (CE) mobility-shift approach
or DNA annealing, DNA–protein binding, and probing
heir binding constants. The DNA probe used is a CAG
ich (CArG) binding site for serum response factor
SRF) (referred here as CArG dsDNA probe). The bind-
ng site, known as the serum response element (SRE),
s a regulatory sequence found in several genes, includ-
ng the c-fos gene and the human cardiac actin gene (1).

ATERIALS AND METHODS

Oligonucleotides. The oligonucleotides used (Pharmacia, Piscat-
way, NJ) included the antisense strand containing the CArG spe-
ific binding site for SRF (labeled with fluorescein isothiocyanate on
he 59-end), 59 FpG-C-T-T-G-C-C-T-T-A-T-T-T-G-G-T-C-C-C-C 39
FCArG or antisense strandF) and the unlabeled sense strand, 59
G-G-G-G-A-C-C-A-A-A-T-A-A-G-G-C-A-A-G-C. To control the non-
pecific interactions, synthetic polymers from the same source were
sed: poly(dG:dC) (MW: 5.6 3 106; average length, 8,560 bp), poly(dI:
C) (MW: 2.5 3 105; average length, 383 bp), and poly(dI-dC:dC-dI)
MW: 4.0 3 106; average length, 6,175 bp).

Capillary electrophoresis. The CE equipment was described ear-
ier (2, 3). Samples were applied to the column (having an uncoated
ctive silica surface or a neutral-coated surface) by gravity flow from
height of 15 cm relative to the capillary outlet. The viscosity of the

un buffer was controlled to 1.82 cP at 20°C to give a flow rate of 1.25
L/s from that height. The CE buffer (Tris-borate-EDTA buffer, pH
.3) with a medium-range polymer, e.g., hydroxyethyl cellulose
HEC, 0.25%, 12 kDa; Fig. 1) or a linear polyacrylamide (0.2%, 700 to
,000 kDa), was synthesized according to Grossman (4) (Figs. 2 and
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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uorescence tag (emission at 514 nm) attached to one of the DNA
trand. The fluorescence detection was enhanced by using an argon
aser (excitation at 488 nm). For on-column annealing, the DNA
trands were applied to a CE column sequentially, i.e., antisense
trandF followed by the sense strand to avoid introducing detectable
ontamination of the fluorescent-antisense solution with dsDNA.

Electrophoresis mobility (GE) shift assay. Poly(dI:dC) and poly-
dG:dC) were examined to determine the need for a nonspecific
ompetitor. Eight reaction mixtures were prepared; a 5-mL sample
rom each reaction (25 mL) was analyzed in different lanes (Fig. 3a).
he nuclear proteins (11.4 mg) were added to lanes 2 to 7; poly(dI:dC)

2 mL) to lanes 1 to 4; poly(dG:dC) (2 mL) to lanes 5 to 8, unlabeled
ArG dsDNA probes (1 mL) to lanes 3 and 6, and unlabeled NF-kB
sDNA, (1 mL) to lanes 4 and 7. Buffer C (20 mM HEPES, 1.5 mM
gCl2, 50 mM KCl, 20% Glycerol, 0.2 mM EDTA, 1 mM dithiothre-

tol, 1 mM phenylmethylsulfonic fluoride, 2 mg/mL leupeptin
emisulfate, and 2 mg/mL aprotinin, 10 ml), BSA (0.5 mL), and

2P-labeled CArG dsDNA probe (1 mL) were added to the each reac-
ion mixture. To detect for possible interference by the presence of
uorescence tag parallel experiments were carried out with the GE
rocedure by using FCArG dsDNA probe.

Determination of the binding constant. During the course of this
ork, several reports have appeared that in general deal with the
etermination of binding constants with CE (5–9); for a review
rticle, see Hancock (10). Very recently, DNA-binding of small du-
lexes using CE method was also reported (11, 12). In this study, the
mpirical binding constant, K d, was determined from the slope of
catchard’s plots: [D-P]/[D] vs [D-P], where [D-P] and [D] are the
quilibrium concentrations (in mol z L21) of the bound probe and free
robe, respectively—determined by peak areas in the CE method
nd by band intensities in the GE method. The plots produced a
traight line in each case of the form [D-P]/[D] 5 2(1/Kd) [D-P] 1 [Po]
or isolated and noninteracting binding sites. The term [Po] is derived
rom the intercept on the ordinate and represents the initial concen-
ration of the SRF in the nuclear extract (for other methods of K d

etermination see 13–17).

ESULTS AND DISCUSSION

Formation of dsDNA in a CE column. The ability to
esolve single-stranded DNA (ssDNA) from pre-
nnealed double-stranded DNA (dsDNA) by CE is
tudied by using a fluorescein-labeled antisense strand
antisense strandF). The complementary strands are
re-annealed at 25°C for 5 min. The material is applied
mmediately to an uncoated column. The sample is
esolved into two components (Fig. 1b). The early peak
s characterized as the antisense strandF (Fig. 1a) and
he one emerging later as the dsDNA (Fig. 1b). The
ense strand has no fluorescence label, thus it cannot
e observed in these experiments. Formation of more
sDNA is observed as the reaction mixture is incu-
ated for a longer time. For example, the antisense
trandF peak decreased as the mixture is incubated for
0 min (Fig. 1c). The remaining material (25%) of the
trandF changes into dsDNA after 40 min (Fig. 1d).
Instantaneous on-column annealing of the comple-
entary strands can be achieved by using either a

oated capillary column (with hydrophilic elements,
ig. 2) or an uncoated column (with bare silica surface).
he antisense DNA strandF migrates as a homoge-
eous component (Fig. 2a). A direct and sequential
252
pplication of the two strands in an equal proportion to
coated column yields dsDNA as shown in Fig. 2b. The

esults indicate no trace of any un-annealed antisense
trandF (compare with the results in Fig. 2a). The two
trands are applied with a 5-s time interval. Similar
esults are observed irrespective of the sequence in
hich the strands are applied. Application of a larger
mount of antisense strandF (1.7:1.0 vs 1:1 ratio) re-
ults in two peaks (Fig. 2c). An earlier emerging peak
f dsDNA is followed by the antisense strandF. A com-
arison of the on-column annealing was carried out
ith those obtained after annealing the DNA probe.

FIG. 1. Separation of ssDNA and preannealed dsDNA strands by
E. (a) A fluorescent-labeled antisense strand (80 fmol) (1). (b) La-
eled antisense strand (1) and unlabeled sense strand in an equal
roportion (80 fmol each) mixed and applied immediately to the
olumn to form dsDNA (2). (c) The sample prepared as in (b). The
ixture incubated prior to application to the column at 20°C for 20
in. (d) The mixture is same as in (b) but incubated for 48 min. The

eparations are carried out in an uncoated capillary (75 mm i.d., 50
m long, 30 effective length) in a 24 mM NaH2PO4, 12 mM Na2B4O7

uffer, pH 8.0 containing 0.25% HEC by using 200 V/cm and LIF
etector. The ssDNA strand was prepared (2 mg/mL) in 10 mM TES,
00 mM NaCl and 1 mM EDTA, pH 7.5 (NET buffer).
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he two annealing methods produced identical results
compare Figs. 2b and 2d). Under the UV detection
onditions (260 nm), both antisense and sense DNA
trands, in addition to dsDNA were observed at differ-
nt ratios of the complementary strands (Table I).
The CE method offers direct and rapid annealing of

he DNA strands without need of prior incubation

FIG. 2. Annealing of complementary DNA strands on-column us-
ng a neutral capillary. (a) A fluorescent-labeled antisense strand (30
mol) (1). (b) The labeled-antisense strand (60 fmol) (1) is applied fol-
owed by the unlabeled-sense strand (60 fmol). The samples, two
trands of equal amounts, are applied sequentially to the column with-
ut premixing. Only one peak (2) representing dsDNA is observed. (c) A
equential application of the sample as in (b) but has a 67% additional
abeled strand. The labeled-antisense strand (30 fmol) (1) application is
pplied followed by the unlabeled-sense strand (18 fmol). (d) For com-
arison with on-column annealing, a preformed dsDNA is applied to the
olumn as in Fig. 1(d). The separations are carried out in a coated
apillary column (75 mm i.d., 50 cm long, 30 effective length) in a 0.3 M
ris-base–2 mM EDTA, pH 8.3 containing 0.2% linear polyacrylamide,
sing 400 V/cm and LIF detector.
253
n-column by running the complementary strands at
0°C by the CE method (Fig. 2). The traditional an-
ealing method yields unwanted peaks (results of CE
sing UV detection not shown). The kinetics of anneal-

ng is favorable and the time required to initiate the
xperiment (sample injection etc., ;5 s) appears to be
ppropriate for the dsDNA formation.

Study of nonspecific binding in mobility shift by flat
el and CE methods. The DNA–protein interaction,
hough often highly specific, also results in the binding
f nonspecific proteins with the DNA probe. To remove
he nonspecific proteins from the complex, a competing
uplex polymer such as poly(dI:dC) or poly(dG:dC) is
ommonly added to the reaction mixture. The polymer
nteracts and removes the proteins without diminish-
ng the specific interaction between the DNA probe and
he cognate protein. This method is routinely used in
he GE procedure. To evaluate the need of competing
NA in the CE method, poly(dI:dC) (lanes 1 to 4, Fig.
a) and poly(dG:dC) (lanes 5 to 8, Fig. 3a) were first
ested by the GE method. Poly(dG:dC), as noted in Fig.
a (lane 5) enhanced the specific binding between the
NA probe and the cognate protein by a factor of eight
ver poly(dl:dC) (lane 2, Fig. 3a, and Table II). How-
ver, a large proportion of the DNA probe binds non-
pecifically (39%) with the proteins if poly(dG:dC) is
he only competitor in the reaction mixture (second
and in lane 5, Fig. 3a). The nonspecific interactions
an be avoided by adding poly(dI:dC) to the reaction
lane 2, Fig. 3a). The nonspecific binding is also not
bserved in the presence of poly(dG:dC) with a heter-
logous oligonucleotide (NF-kB; second band absent in

TABLE I

Mobility of Antisense and Sense DNA Strands and Their
Annealing Analyzed by CE and Monitored by UVa

Sample applied
to the column

Ratio of
antisense
to sense
strand

Mobility, average of 3 analyses
(min)

Antisense
strands

Sense
strand dsDNA

ense strand 13.7
ntisense strand 13.0
ntisense 1 sense
strands (1:1)

1 to 1 None None 15.3

ntisense 1 sense
strands (1:2)

1 to 2 trace 13.4 15.4

Note. An application of the two strands in an equal proportion to
n uncoated column yields only the annealed dsDNA. However, if the
ense strand concentration is doubled, an additional peak of this
trand is observed as expected. The migration time of the compo-
ents changes from experiment to experiment, but constant in rela-
ion to an internal marker, such as uridine (ca. 6 min).

a DNA samples analyzed in an uncoated capillary column. A mix-
ure of the two DNA strands applied immediately to the column. For
xperimental details see legends to Fig. 1.
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ane 7, Fig. 3a and Table II). Poly(dI:dC) appears to be
he more affective as a nonspecific competitor. An ad-
itional DNA probe and protein mixture is analyzed to
onfirm this conclusion. An examination of a dsDNA
robe containing an Sp1 binding site with nuclear pro-
eins (20–25 mg) from mouse fiber cells confirms the
ersatility of poly(dI:dC) for removing nonspecific bind-
ng (Fig. 3b). Lane 1 contains the competitor, while the
ane 2 has none. The nonspecific binding is nearly
liminated in the presence of poly(dI:dC). The use of
oly(dI:dC) and poly(dG:dC) for controlling nonspecific

FIG. 3. (a) Evaluation of competing dsDNAs [poly(dI:dC) versus p
hift assay (MSA) analysis. Both homologous and heterologous prom
3 mg) are used for the analysis. Lanes 1 to 4 contain poly(dI:dC) and
ompeting homologous or heterologous promoter elements. Lanes 3
anes 4 and 7 contain a dsDNA having the NF-kB binding element
erved as negative control (contain no nuclear extract). For other de
lement (Xian, 1994). A mixture of Sp1 dsDNA binding element and
oly(dI:dC) (lane 1) and without poly(dI:dC) (lane 2). Polyacrylamid
mide gel and 45 mM Tris—borate–EDTA buffer (3 h). N, nonspecific
nits/mg) and poly(dG:dC) (8.0 A 260 units/mg) were dissolved separa
5°C for 5 min to ensure the duplex formation. The solutions were sto
ccording to the method described by Gustafson et al. (1989). The bi
03 gel loading buffer (30% Ficoll, 5 mM EDTA, 0.25% bromophenol
cid and 10 mM Na2EDTA buffer, pH 8.3) was added and mixed imm
as performed in 44.5 mM Tris base, 44.5 mM boric acid and 1 mM
254
rotein binding in CE was also studied. The results
not shown) indicated no additional or differences in
he peak (DNA–protein complex) shape or peak shift
ith or without the addition of 1 mg of poly(dI:dC) or
oly(dG:dC) in the reaction mixture. This confirms that
o competing (nonspecific) polymer is required for the
roposed CE method.

Effect of fluorescein tag on DNA–protein interaction.
he radioactive labeling for the CE method was found

nappropriate earlier in this laboratory (18), hence the

(dG:dC)] for removing nonspecific binding of proteins by gel-mobility-
r binding elements (DNA probes), and C2 myotube nuclear extract

nes 5 to 8 contain poly(dG:dC). In addition, lanes 2 and 5 contain no
6 contain unlabeled (cold) SRE as competitor for specific binding.

control for specific binding of serum response factor. Lanes 1 and 8
ls see Table II. (b) Effect of poly(dI:dC) in the binding of Sp1 to its
clear extract (20–25 mg) from mouse fiber cells was incubated with
l electrophoresis was performed in a low salt, 9% native polyacryl-
ding; Sp1, specific binding; well, loading well. Poly(dI:dC) (12.8 A 260

in NET buffer (legend to Fig. 1) to of 2.1 mg/mL and warmed up to
at 216°C. The DNA–protein complex was formed, prior to analysis

ng reaction mixture was incubated at 20°C for 15 min. A 2.8 mL of
e, 0.25% xylene cyanol prepared in 445 mM Tris base, 445 mM boric
iately before loading the samples into the gel wells. Electrophoresis

2EDTA buffer, pH 8.3.
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se of the fluorescein tag on the DNA–protein binding
as examined by GE. Two sets of experiments were

arried out (results not shown). In one set only [32P]-
ntisense strand with an unlabeled sense strand was
sed. The other set contained this radioactive strand
nd a sense strand, but labeled with fluorescein. The
wo sets of experiments also contained other control
NA sequences for comparison. The reaction composi-

ion of the experiments was identical to that described
arlier for Fig. 3a. The presence of the fluorescein tag
n DNA produced identical results to those with the
adioactive label. Hence, a fluorescein tag in the CE
ethod work can be used without any adverse effects.

Effect of a competing protein and poly(dI-dC:dC-dI)
n DNA–protein binding. A reaction mixture contain-
ng a DNA probe and proteins (same as in Fig. 3a) was

ixed with (or without) a competing protein (BSA) and
nonspecific competitor, poly(dI-dC:dC-dI) and the
ixture separated by the CE method. The two sets of

xperiments produced identical results as judged by
he peak area of the DNA–protein complex and the
bsence of any additional peak (results not shown for
revity). The results indicate that only specific inter-
ction occurs between the DNA probe and its cognate
rotein. No competitor is required to remove any un-
anted nonspecific proteins. However, if there are
ther complexes present, for example those between
he proteins and the nonspecific competitor, they are
ot observed, as the two elements are unlabeled. These
lements, if present, cannot interfere with the quanti-
cation of the DNA–protein complex of interest.

Application of micellar electrokinetic CE. To study
he separation of DNA strands and the protein com-
lex, different forms of CE were examined. Migration
f the analytes in micellar electrokinetic CE (MEKC)

Effect of Competing Polymers in Removing Nonsp

ane Reaction components

1 Poly(dI:dC) only Contr
2 Poly(dI:dC) 1 proteinsa Specifi
3 Poly(dI:dC) 1 proteinsa 1 cold CArG(b) Bindi
4 Poly(dI:dC) 1 proteinsa 1 NF-kB(c) Specifi
5 Poly(dG:dC) 1 proteinsa Specifi
6 Poly(dG:dC) 1 proteinsa 1 cold CArG (b) Bindi
7 Poly(dG:dC) 1 proteinsa 1 NF-kB (c) Specifi
8 Poly(dG:dC) only Contr

a Protein, mixture of proteins derived from nuclear extract of C2 m
b Cold CArG, indicates CAG-rich serum response element carryin
c NF-kB, mammalian RNA polymerase II transcription factor whic

Alberts, 1989).
d Specific DNA–protein binding.
e Nonspecific DNA–protein binding.
255
as studied. This mode of CE involves the use of an
nionic detergent that can form micelles inside the
apillary column (19). The separation is performed in
n uncoated capillary column with a SDS buffer. The
mount of SDS was optimized to maintain the active
orm of the SRF. A LIF detector monitors the peaks
Fig. 4). The results indicated that the antisense
trandF was clearly resolved into two components, rep-
esenting the two distinct conformations of the oli-
omer (Fig. 4a, peaks 1 and 19). The two species were

fic Binding Proteins from DNA–Protein Complex

Observations

Intensity

Band 1d Band 2e

no binding. 0 0
inding. 1,640 0

but competing with the cold probe. 0 0
inding as in lane 2. 1,160 0
nd nonspecific bindings. 13,790 8,740

but competing with the cold probe. 0 0
inding as in lane 2. 4,590 0

no binding. 0 0

tube muscle cells.
o label.
ecognizes a sequence in the k immunoglobulin light chain of B cells

FIG. 4. Separation of DNA and DNA–protein complex by micel-
ar electrokinetic chromatography (MEKC) in an uncoated capillary
total amount of DNA used is 1.66 pmol). (a) Migration of labeled
ense strandF. Peaks 1 and 19, the two forms of labeled sense strand.
b) Migration of annealed dsDNA (2). (c) Separation of SRE dsDNA
robe complexed with its specific protein (3), present in a nuclear
xtract from mouse myoglobin cells. The separations are performed
y CE using an uncoated capillary (as in Fig. 2) and 25 mM
a2BaO7 2 H3BO3 buffer, pH 9.0 containing 20 mM SDS.
eci

ol;
c b

ng
c b
c a

ng
c b

ol;
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resent in a ratio of 2.4 to 1. Preannealed DNA strands
ere resolved along with uncharacterized fluorescent-

abeled species in Fig. 4b. A reaction mixture consist-
ng of preannealed DNA with excess sense strand and
ther components (BSA and competing DNA) is re-
olved in Fig. 4c. This mode of CE can thus resolve all
hree components, namely, antisense strandF, dsDNA,
nd the DNA–protein complex (peaks 1, 2, and 3,
espectively).

Sequential formation of dsDNA and DNA–protein
omplex in CE capillary without additives. The DNA–
rotein complex formation following ssDNA annealing
s studied while varying the amount of the binding
rotein. In Fig. 5a, the sample contains only 50% of the
uclear proteins compared to the sample used in Fig.
b. Further addition of the nuclear extract (as mea-

FIG. 5. Formation of DNA–protein complex on-column: influence
f binding protein contents and the column length. (a) Samples are
pplied successively in the order and for the time indicated: nuclear
xtract in Fig. 3a (5 s), run buffer (2 s), fluorescein-labeled antisense
trand (5 s), and finally sense strand (3 s). (b) Samples injected
uccessively as in (a), but with twice the amount of the nuclear
xtract (10 s). Separations in (a) and (b) are performed by using a
0-cm-long (effective length, 30 cm) neutral capillary column and
ther conditions as described in Fig. 2. (c) Experiment in (b) is
epeated with a longer neutral capillary column (100 cm, effective
ength 80 cm). Peaks 1 and 19, the two forms of labeled antisense
trand; 2, dsDNA; 3, DNA–protein complex.
256
NA–protein complex (peak 3) and less antisense
trandF (peak 1). A longer capillary column (50 cm vs.
00 cm) produced excellent resolution of all three spe-
ies (Figs. 5a and 5b vs Fig. 5c). The dsDNA (peak 2),
NA–protein complex (peak 3) and the two different

orms of the antisense strandF (see peaks 1 and 19 in a
eak area ratio of 3 to 1) are well resolved (Fig. 5c).
wo such forms of the antisense strand were also ob-
erved in MEKC for the sense strandF (Fig. 4a). De-
pite no competitors in the reaction mixture, no non-
pecific binding is observed in the CE method. In
eneral, the protein moves slower than that the DNA
robe. Application of the protein, followed by the DNA
robe results in enhanced binding. As DNA migrates,
t encounters the protein plug; the binding takes place
f the binding constant of the DNA and protein is high
nough to offset the electrophoretic (or electroosmotic)
estabilizing force. Indeed, there appears to be no need
or including polymer duplexes in the reaction mixture
o avoid the nonspecific association. The nonspecific
nteractions in GE can also, in part, result from restric-
ive movement of DNA and protein inside the limited
olume of the gel pore, thus resulting in associations
etween unwanted DNA and non-cognate proteins.
his phenomenon is often called the “caging effect”.
estricting the DNA and the protein into a small vol-
me provides opportunity for nonspecific binding en-
rgy to overcome the entropic factor.

Differences in binding determined by different meth-
ds. The DNA–protein contents and the binding af-
nities were found higher in an uncoated capillary
han the coated one (or GE method). Differences in the

d values can be rationalized. In an uncoated capillary,
hree different equilibriums exist (Scheme I). There-
ore, the SRF protein (P) can possibly interact with
hree different entities. It can interact with the DNA
robe, yielding P-dsDNA. The P-dsDNA complex can in
urn interact with the capillary surface silanols. Fi-
ally, P can interact directly with the capillary sil-
nols. The interaction of the complex with the capillary
ilanols (K d1) can destabilize the DNA–protein com-
lex. Moreover, the silanols can also react with the
asic surface R groups of the protein. The interaction of
he protein with the silanols (K d2) can lower the effec-

SCHEME I. Three different equilibriums exist in an uncoated
apillary column. They involve the protein, SRF: one with the DNA
nd two with the capillary column surface (P, protein; dsDNA,
ouble-stranded DNA).
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ive concentration of the free SRF. The SRF protein
oncentration determined by different electrophoretic
ethods (Table III) appears to suggest that the

rotein–silanol reaction (K d2) does exist in bare capil-
ary columns. A lower protein concentration is noted in
n uncoated CE column. The silanols in an uncoated
apillary compete nonspecifically with free DNA. How-
ver, specific interaction of free DNA and protein is
nergetically favored resulting in the protein–DNA
omplex. Apparently, proteins must have preference to
ind with cognate DNA over the silanols. Negatively
harged DNA may offer enhanced binding sites for
pecific proteins than the free silanols. Possibly the
inding between the complex and the silanols may be
nsignificant (K d1). When a preformed complex (Fig. 2d)
s applied to the column, only very few basic protein
urface residues should be available to bind with the
ilanols. The crude nuclear protein extract also con-
ains other proteins. They may preferentially bind to
ilanols over DNA (K d2-type equilibrium). If there is
uch binding, it cannot be detected under present de-
ection system. Generally, irreversible interactions
ith silanols are often suppressed while working with
roteins in CE separations. An addition of hydrophilic
roups (mono-layer) modifies the capillary surface. The
ydrophilic surface tends to decrease the binding of
oth proteins (K d2) and DNA–protein complexes (K d1)
o the capillary surface. Interestingly, very similar K d

alues are obtained by using coated capillary and clas-
ical gel electrophoresis methods (Table III).

Significance of relative Kd values for transcription
actors. Strong DNA–protein interactions are usually
haracterized by very low dissociation constants, i.e. in
he order of 1029 M or less (see Table III for example).
n this study, the interaction of SRF and CArG dsDNA
ppears to be weak (1026 M, see Table III) although the
oncentration of the SRF is in the order of 1027 M. The
esults suggest that high affinity is apparently not
mportant in transcriptional activation by SRF. Based

Binding Constants of DNA–Protein Co

DNA probe and binding protein Binding constant, M (SD

SRE and SRFb 0.8 (60.1) 3 1026

SRE and SRFb 2.5 (60.1) 3 1026

SRE and SRFb 2.8 (60.4) 3 1026

SM50 probe and P3A2 1.7 3 1029

Cylla Z probe and P3A1 3.5 3 1028

SpP3A2 probe and rSpP3A2 1.9 3 1027 (weak site)
SpP3A2 probe and rSpP3A2 3.9 3 1028 (strong site)

a SD, standard deviation derived from several data points: uncoate
ethod, 10 experiments.
b Values determined from this work. SRE, serum response elemen
c An uncoated capillary column used for analyses (see legend to F
d A hydrophilic-coated capillary column used for analyses (see leg
257
n the results in Table III, we can draw some general
onclusions that support common physiological inter-
retations (23). For example, when the K d value is
igh, DNA-binding transcription factor binds to its
arget weakly. Hence, a large number of the copies of
he transcription factor must be required for optimal
xpression of the gene to meet the cellular require-
ent. On the other hand, if K d value is low, then less

umber of copies of the transcription factor may be
roduced. However, when concentration of the binding
rotein is high and the observed binding is also high,
his could result in the accumulation of harmful or
ven lethal gene products. Conversely, a low concen-
ration of the protein and weak binding could result in
roduct deficiency.
Here, we have shown that a mixture of ssDNA,

sDNA, and protein–DNA complexes can be resolved
y the CE methods. The proposed methods provide
owerful tools for characterization and quantification
f the DNA–protein complex without increasing the
onic strength of the sample matrix and loss of DNA to
uclease activity present in the crude nuclear extract.
he results from the CE method are comparable
o those from the gel-mobility-shift procedure. The
ethod is very simple, rapid and permits immediate
NA duplex formation inside the capillary, and does
ot require the use of any nuclease inhibitors or a
igh-salt solution. It is highly sensitive, precise, and
daptable to various experimental systems, and needs
nly a very small amount of the material, i.e., binding
roteins and DNA probe. It does not require use of any
adioisotopes. The electrophoretic band density mea-
ured in the gel method is often not homogenous across
he region and yields unreliable results. The CE
ethod, on the other hand, offers instant quantifica-

ion of the peak area and high degree of sensitivity.
ppropriate separation conditions can be easily deter-
ined to eliminate nonspecific protein binding and use

f chasers (polynucleotides, BSA). Thus, achieving only

lex Determined by Different Methods

Binding protein present, M References

0.17 (60.07) 3 1026 CE uncoated cap.c

0.38 (60.53) 3 1026 CE coated cap.d

0.29 (60.30) 3 1026 GE methoda

3.0 3 1028 Calzone et al. (20)
4.1 3 1029 Höög et al. (21)
Not reported Xian et al. (22)
3.0 3 1028 Xian et al. (22)

; coated capillary, 3 and polyacrylamide gel electrophoresis (PAGE)

NA); SRF, serum response factor (protein).
4 for details).
to Fig. 5 for details).
mp

)

d, 3

t (D
ig.
end



the sequence-specific DNA–protein complex and the
u
w
a
t
i

A

d
g
i
N

R

9. Busch, M. H. A., Kraak, J. C., and Poppe, H. (1997) J. Chro-

1
1

1

1

1
1

1
1

1

1

2

2

2

2

Vol. 272, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
nbound excess DNA probe. The benchmark of this
ork is the ability to anneal complementary ssDNA’s
nd quantification of specific DNA–protein interac-
ions in a single CE experiment with powerful specific-
ty and speed.
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