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ABSTRACT: A fluorescence assay has been developed to study the multiple linked equilibria which function
in regulation of theEscherichia coligalactose operon. Fluorescein 5-isothiocyanate was attached to Amino-
Modifier C6dT at different positions in an oligonucleotide containing the sequence for theOE site of the
galactose operon. These fluorescently labeled oligonucleotides were used to studyOEDNA-GalR-D-
galactose interactions. The data were analyzed and fit to various models including the classical competitive
binding model as well as models involving the formation of a ternary DNA-repressor-inducer complex.
Examination of the reducedø-square of the various fits and comparison of fitted parameters with those
obtained in independent experiments were used to distinguish different models. Since the ternary complex
is likely to exist under physiological conditions, our results suggest that obligatory dissociation of GalR
from DNA may not be required for induction of thegal operon. Rather, induction may involve the
formation of a ternary complex ofOEDNA with GalR andD-galactose with a different conformation than
the GalR-OEDNA binary repressor complex.

Regulatory proteins control the process of transcription
by binding to recognition sequences on DNA. Initiation of
gene transcription in the galactose (gal) operon is repressed
by the galactose repressor-DNA interaction (1, 2). Thegal
operon ofEscherichia colicontains two operator sites,OE

1

andOI, which are separated by 114 base pairs (3-6). The
E. coligalactose repressor (GalR), the product of an unlinked
gene (galR), is a dimer with a subunit molecular weight of
37 000. It inhibits the expression of thegal operon by
binding to the two separated operator sites,OE andOI (3-
5, 7-10). Complete repression of the operon requires
binding of GalR at bothOE andOI sites, supercoiled DNA,
and binding of the histone-like protein HU (11). Binding
of the Gal repressor to thegal operator sites is inhibited by
D-galactose andD-fucose, which are inducers of the operon
(4, 7-10).
The consensus half-symmetry sequence of the homologous

regions of bothOE andOI is 5′ GTG(G/T)AANC (4, 5). Ten
of 16 base pairs of the homologous regions ofOE andOI

are identical, andOE has better dyad symmetry thanOI (3-
5). Each half-symmetry sequence binds to one subunit of
Gal repressor dimer (4, 5). Gel mobility shift assays have

been used to characterize the Gal repressor-DNA interaction
and the effect ofD-galactose on the binding of GalR to DNA
(4, 6, 9, 12, 13).

Fluorescence methods have been developed as a comple-
mentary approach to characterize the equilibrium binding of
DNA to specific binding proteins without separation of free
and bound species,i.e., under true solution conditions (14-
27). Attachment of a fluorescent probe on DNA is often
required for fluorescence studies of DNA-protein interac-
tions. Fluorescence probes have been attached both to the
5′-termini (23-26, 28-36) and to modified bases in internal
positions of oligonucleotides (14, 15, 18, 20, 21, 37). For
attachment of a fluorescent probe to an internal position of
the recognition sequences, a modified base with a linker arm
terminating in a reactive group such as a primary amine must
be introduced directly into oligonucleotides by DNA syn-
thesizers. Amino-Modifier C2dT and Amino-Modifier C6dT
are commercially available modified bases used to replace
thymidine residues. After incorporation into oligonucleotides
and subsequent deprotection of the primary amine group,
the modified base can be labeled with an appropriate
fluorescent dye. The formation of a complex between
labeled DNA and a specific binding protein may be
monitored by a change of the anisotropy and/or intensity of
the extrinsic fluorophore (14, 15, 20-22, 24-26).
The long-range aim of these studies is to better understand

both the molecular events and time-dependent changes
involved in the regulation of DNA function. As a first step,
it is important to define the thermodynamic intermediates
in this process. It is advantageous to do this in dilute solution
under a variety of conditions. In this study, we present a
fluorescence-based approach to characterize some of the
multiple linked equilibria which function in the transcription
regulation of theE. coli galactose operon. Fluorescein has
been attached to an Amino-Modifier C6dT nucleotide
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incorporated at two different positions in an oligonucleotide
containing theOE site of thegal operon. These labeled
DNAs are used to characterize theOEDNA-GalR-D-
galactose interactions. Various models are used to analyze
and fit the data. Examination of the reducedø-square of
the various fits and comparison of fitted parameters with
those obtained in independent experiments are used to
distinguish different models. It will now be possible to make
use of the same spectroscopic signals to investigate kinetic
aspects of this regulatory mechanism.

MATERIALS AND METHODS

Materials. 33 base oligonucleotides containing theOE site
of thegal operon (33A, 33B, and 33C) and 46 base control
oligonucleotides (NS1 and NS2) were obtained in HPLC-
purified forms from Integrated DNA Technologies, Inc.
(Coralville, IA). The 33 base complementary oligonucleotide
(33B) was also obtained in HPLC-purified form from
CyberSyn (Lenni, PA). The sequences are shown in Figure
1A-C. The italicized, boxed segments indicate the homolo-
gous region to theOE site (33A/33B and 33C/33B). The
lower case “t” denotes an Amino-Modifier C6dT which
replaces a thymidine base. Its structure is shown in Figure
1D. This modified base is labeled with FITC as described
below. The control DNA contains thearaI site of the
araBADoperon (38).
FITC (fluorescein 5-isothiocyanate, isomer I) was pur-

chased from Molecular Probes.D-Galactose was obtained
from Pfanstiehl Laboratories, Inc. HPLC-grade solvents
were purchased from J. T. Baker Inc. and Fisher Scientific
Inc. All other chemicals are reagent grade or better.
FITC-Labeling. The 33-mer containing a modified base

(33A or 33C) was dissolved in 0.2 M Na2CO3-NaHCO3

(pH 10) to yield a final concentration of 1 mM unlabeled
33-mer; 100 mg/mL FITC (isomer I) (257 mM) dissolved
in dimethylformamide was added to the unlabeled oligo-
nucleotide at a 50:1 molar ratio. The reaction was performed
at room temperature in the dark. After 4 h, a second aliquot
of 257 mM FITC solution was added to give the final molar
ratio of FITC to the unlabeled 33-mer of 100:1, and the
reaction was allowed to proceed overnight (∼20 h). The
reaction mixture was passed through a Sephadex G-25
column in 0.1 M triethylamine acetate, pH 7.0, to remove
the excess unreacted FITC. The eluted oligonucleotides were
applied to a reverse phase C18 column to separate fluorescein-
labeled 33-mer from unlabeled 33-mer. Samples were eluted
at a flow rate of 1 mL‚min-1 with the following program:
(1) 4 min isocratic elution with solvent A (0.1 M triethy-
lamine acetate, 10% acetonitrile, pH 7.0); (2) 1% min-1

increase in solvent B (acetonitrile) for 8 min (8% B, final);
(3) 0.5% min-1 increase in solvent B for 34 min (25% B,
final); (4) gradient increase in solvent B to 100% over 4
min; (5) 10 min isocratic elution with solvent B. The eluted
fluorescein-labeled 33-mer was collected and lyophilized.
The fluorescein-labeled 46 base control oligonucleotide was
prepared by the same method.
Formation of Fluorescent Duplexes.The fluorescein-

labeled single-strand oligonucleotide and its complementary
strand were dissolved in an experimental buffer containing
25 mM KH2PO4-K2HPO4, pH 7.4, 300 mM KCl, 1 mM
MgCl2, and 0.02% (w/v) NaN3, and their concentrations were
determined by absorption spectroscopy. The molar extinc-
tion coefficients of each oligonucleotide were calculated from
sequences of related oligonucleotides (39), and the values
are as follows: 33A and 33C,ε260) 3.709× 105 M-1 cm-1;
33B, ε260 ) 3.977× 105 M-1 cm-1; NS1, ε260 ) 5.068×

FIGURE 1: Sequence of the various oligonucleotides used in this study. Lower caset indicates a modified base at positions indicated by
arrows. The boxes indicate the position of thegal OE site within the oligonucleotides. (A)OEDNA with modified base at position 12; (B)
OEDNA with modified base at position 19; (C) nonspecific control DNA with modified base at position 11; (D) Structure of Amino-
Modifier C6dT.
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105 M-1 cm-1; NS2, ε260 ) 5.276× 105 M-1 cm-1. No
corrections were made for the Amino-Modifier C6dT or for
the absorption of fluorescein at 260 nm (21). A slight molar
excess of complementary strand was mixed with the fluo-
rescein-labeled single strand, and duplexes were annealed
by incubation at 90°C for 10 min followed by slow cooling
to room temperature over 3 h.
GalR. GalR was expressed inE. coli BL21(DE3) trans-

formed with either pSA-401 or pET-GalR (plasmids contain-
ing the GalR structural gene downstream from a T7
promoter). pSA-401 (40) was kindly provided by S. Adhya.
pET-GalR (manuscript in preparation) is a streamlined
construct containinggalR in a pET-11d expression vector.
GalR was purified by a modification of the method of
Majumdaret al. (9) (manuscript in preparation). The GalR
used in this study was better than 95% pure as judged by
densitometry of Coomassie blue stained SDS-polyacryla-
mide gels of normal and overloaded GalR samples. It was
also found to be better than 97% pure by reverse phase
HPLC. Following purification, GalR was dialyzed into
buffer [25 mM KH2PO4-K2HPO4, pH 7.4, 300 mM KCl, 1
mM MgCl2, and 0.02% (w/v) NaN3] for the gel mobility
shift assays or into buffer [25 mM KH2PO4-K2HPO4, pH
7.4, 1 M KCl, 5% glycerol, 1 mM MgCl2, and 0.02% (w/v)
NaN3] for fluorescence measurements of GalR binding to
labeled DNA. High salt and glycerol were included to
enhance the solubility of GalR. The concentration of GalR
was determined by absorption measurements assuming a
molar extinction coefficient) 39 600 M-1 cm-1 at 280 nm
for the GalR dimer (6).
It is important to consider the competency of GalR both

in DNA and in inducer binding. In all calculations, we have
assumed 100% competency in both DNA and inducer
binding. Lower levels of competency will affect the absolute
values of our estimated binding parameters but will not alter
the basic conclusions of this study.
Previous studies using a similar preparative method found

approximately 40-50% of GalR to be DNA binding
competent (6). We have performed gel shift assays on
mixtures of GalR with excessOEDNA and quantitated the
amount of GalR remaining unbound using a silver stain
detection system. Using this method, we estimate the
fraction of DNA binding competent GalR to be at least 70%.
Quantitative analysis using silver stain systems has many
technical difficulties, and we are working to improve this
method and our estimate of viable GalR.
We have no absolute assessment ofD-galactose binding

competency; however, aD-galactose-dependent binding step
is part of the purification (manuscript in preparation).
Further, when assayingD-galactose binding of different GalR
preparations using intrinsic tryptophan fluorescence, we find
a highly reproducible 23% intensity enhancement at saturat-
ing inducer concentrations.
Absorbance Spectroscopy and HPLC.Absorbance mea-

surements were made using a Shimadzu spectrophotometer
(Model UV160/CL750) interfaced to a computer for data
acquisition. HPLC was performed on a Varian Model 5000
liquid chromatograph equipped with an UV-50 detector. A
Beckman Ultrasphere ODS 5µm column (4.6 mm× 25 cm)
was used for all separations. The detector output was
recorded on a BD40 recorder (Kipp & Zonen), and fractions
were collected on a Frac-100 fraction collector (Pharmacia).

Gel Studies.Native polyacrylamide gel electrophoresis
was used to initially characterize fluorescein-labeled single-
strand oligonucleotides, complementary strands, labeled
DNA, and binding of GalR to labeledOEDNA. For analysis
of oligonucleotides and DNA, 12 pmol of each sample was
mixed with one-fifth volume of a loading buffer containing
15% ficoll, 0.25% (w/v) bromophenol blue, and 0.25% (w/
v) xylene cyanol. The mixtures were loaded on a 20%
polyacrylamide [acrylamide:N,N′-methylenebis(acrylamide)
ratio of 38:2] gel and run at 100 V for 3 h. Running buffer
(TBE) was continuously circulated throughout the run.
Following electrophoresis, the gel was illuminated on a UV
light box and photographed through a KV 470 filter to
monitor the emission due to fluorescein. After subsequent
staining with ethidium bromide, the gel was rephotographed
through a Corning CS3-70 filter to monitor total DNA.
For gel mobility shift assays, 6 pmol of labeled DNA was

mixed with GalR at DNA:GalR molar ratios equal to 1:2
and 1:5 (concentrations were 0.7 mM:1.4 mM and 0.3 mM:
1.5 mM, respectively). All samples were in a solution
containing 300 mM KCl, 25 mM KH2PO4-K2HPO4, pH 7.4,
1 mM MgCl2, and 0.02% (w/v) NaN3. Samples were mixed
with loading buffer as above, loaded on a 15% polyacryla-
mide [acrylamide:N,N′-methylenebis(acrylamide) 150:1] gel,
and run at 100 V. The running buffer was circulated
throughout the run. After 1.5-2 h of electrophoresis, the
gel was photographed as described above.
Steady-State Fluorescence Anisotropy and Intensity Stud-

ies. All steady-state anisotropy and intensity data were
recorded on a SLM 48000 spectrofluorometer configured in
the T format. The excitation wavelength was 495 nm, and
the excitation slit widths were 4 nm. A Corning 493 nm
cutoff filter (cs 3-69) was used in the emission beam while
recording all fluorescence anisotropy and intensity data. The
temperature was controlled at 25°C by a Neslab circulating
temperature bath, and samples were continuously stirred by
a magnetic stirrer.
A 2.7 mL sample of 90 nM DNA was titrated by the

addition of small volumes of stock GalR. Subsequently, the
mixture of DNA and GalR was titrated withD-galactose.
After each addition of GalR orD-galactose, the solution was
allowed to equilibrate at least 2 min. Anisotropy readings
were found to be stable after this time. DNA andD-galactose
samples were in a buffer containing 25 mM KH2PO4-K2-
HPO4, pH 7.4, 0.3 M KCl, 1 mM MgCl2, and 0.02% (w/v)
NaN3. The stock GalR used for these titrations was dialyzed
into 25 mM KH2PO4-K2HPO4, pH 7.4, 1 mMMgCl2, 0.02%
NaN3, and either 0.3 M KCl or 1 M KCl and 5% glycerol.
The low KCl samples were used for the initial low [GalR]
points in these titrations. In separate experiments, titrations
of labeledOEDNA were carried out with the mixtures of
GalR andD-galactose at various fixed molar ratios. Such
titrations were used to better define the binding surface as
discussed later.
Data Analysis.The raw data collected in all titrations were

steady-state fluorescence anisotropy and total fluorescence
intensity. In these experiments, anisotropy is the only
spectral response which contains significant information since
intensity changes were relatively small. Because anisotropy
is not a linear spectroscopic response, the raw data were
recast as two linear response components prior to analysis:
I0, the total intensity, andr‚I0, the product of the total
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intensity and the anisotropy. In terms of the polarized
components of intensity,I| and I⊥, these are given by

whereG is a factor that corrects for differences in the
sensitivity of the instrument to vertically and horizontally
polarized light. All binding data were fitted using the
program SPECTRABIND (41). The assumed standard
deviations were 0.001 for anisotropies and 1% of the value
for total intensities. For the concentrations of the three
chemical components, DNA, GalR, andD-galactose, relative
standard deviations were assumed to be 1%. Different
models which include the various postulated linked binding
equilibria were used to simultaneously fit the anisotropy and
intensity data and to extract binding constants and their
confidence intervals.
In the analysis below, the estimated parameters for binary

complexes are well-defined by the titrations. Since we are
dealing with a system that has essentially one spectroscopic
response, the binding constants associated with the postulated
ternary complexes are very sensitive to systematic errors in
concentrations. Such errors will not be reflected in either
ø2 or the estimated confidence intervals. Much of the
information for parameter estimation comes from the chemi-
cal data, and the accuracy of these concentrations is very
important. At the present time, we have no way of
distinguishing between systematic errors and changes in
fitting parameters. We are encouraged by the fact that
repeated titrations on identical samples are quite reproducible.

RESULTS

Labeling and Purification of Oligonucleotides.Oligo-
nucleotides containing the modified bases were labeled
according to the procedure described under Materials and
Methods. The fluorescein-labeled 33-mer was separated
from the unlabeled 33-mer on a reverse-phase HPLC column.
The retention times of labeled and unlabeled 33 base single-
stranded oligomers are approximately 19 and 15 min,
respectively, with base line separation between. The labeled
33-mer at position 19 and labeled 46-mer were prepared and
purified in the same manner (data not shown).
Annealing and NatiVe PAGE. For each oligonucleotide,

the fluorescein-labeled single strand was mixed with a slight
molar excess of complementary strand to assure that no
labeled single strand was present after annealing. Samples
were annealed as described above, and a native 20%
polyacrylamide gel was used to characterize the labeled
single strand, the complementary strand, and the annealed
labeled DNA. Results are shown in Figure 2 for oligonucle-
otides 33A and 33B. Both single-strand oligonucleotides
migrate as single bands on the native gel. The electro-
phoretic mobility of the fluorescein-labeled single-strand
oligonucleotide is slightly reduced compared with the
complementary strand. The labeled double-stranded DNA
shows a single band when monitoring the emission of
fluorescein attached on the DNA (Figure 2A) but shows two
separate bands when stained with ethidium bromide (Figure
2B). The more intense, upper band corresponds to the
fluorescein-labeled DNA while the less intense, lower band

shows no fluorescein signal. This result indicates that some
fluorescein comes off the oligonucleotides during the an-
nealing procedure. Similar results were obtained for the
other oligonucleotides.
DNA-GalR Interaction Characterized by the Gel Mobility

Shift Assay. Figure 3 shows the significant decrease in
electrophoretic mobility of labeled F-12-OEDNA in the
presence of increasing amounts of GalR. The result indicates
that GalR binds to labeledOEDNA in a typical fashion.

I0 ) I| + 2GI⊥ andr‚I0 ) I| - GI⊥

FIGURE2: Characterization of fluorescein-labeled oligonucleotides,
complementary strand oligonucleotides, and fluorescein-labeled
duplexes. 12 pmol of oligonucleotides and duplexes was used. Lane
1 is fluorescein-labeled 33A; lane 2 is 33B; lane 3 is fluorescein-
labeled (33A/33B) DNA. (A) Gel photographed through a KV 470
filter using UV illumination to monitor the fluorescein emission;
(B) gel photographed using UV illumination after staining with
ethidium bromide.

FIGURE 3: Gel mobility shift assay of the binding of fluorescein-
labeled 33A/33B duplexes to GalR. Each lane contains 6 pmol of
DNA. Lane 1 is fluorescein-labeled DNA, loading volume) 6
µL; lane 2 contains labeled DNA and GalR at 1:2 molar ratio,
loading volume) 9 µL; and lane 3 contains labeled DNA and
GalR at 1:5 molar ratio, loading volume) 21.5 µL. (A) Gel
photographed through a KV 470 filter using UV illumination to
monitor the fluorescein emission; (B) picture photographed using
UV illumination after staining with ethidium bromide.
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OEDNA-GalR-D-Galactose Interactions Characterized
by Fluorescence Spectroscopy.Steady-state fluorescence
anisotropy and intensity of fluorescein-labeledOEDNA were
used to monitor the formation of theOEDNA-GalR complex
during titrations ofOEDNA with GalR (Figures 4A and 5A).
Subsequent titrations of the resultant mixtures withD-
galactose were used to monitor the effect ofD-galactose on
theOEDNA-GalR complex (Figures 4B and 5B).
The titration of F-19-OEDNA with GalR shows that the

steady-state fluorescein emission anisotropy increases from

0.040 (free DNA) to 0.102 with the addition of GalR to 1.44
µM (Figure 4A, close circles). Subsequent titration of the
above mixture withD-galactose shows a decrease in steady-
state fluorescein anisotropy from 0.102 to 0.077 with
increasing concentration ofD-galactose to 2.63 mM (Figure
4B, close circles). After correction for dilution, there is
almost no change in fluorescence intensity during these
titrations (<(2%, data not shown). In control experiments,
similar titrations of fluorescein-labeled nonspecific DNA (F-
11-NS_DNA) with GalR show essentially no change in

FIGURE 4: Titration of F-19-OEDNA with GalR using steady-state fluorescence anisotropy (A) and back-titration of the mixture with
D-galactose (B). The titration of fluorescein-labeled nonspecific DNA with GalR is also shown as (.) in panel A, and the continued
titration withD-galactose is shown as (.) in panel B. Total intensity data were simultaneously collected (not shown), and both intensity and
anisotropy were used in the fitting. The initial DNA concentration was 90 nM. The buffer contained 25 mM KH2PO4/K2HPO4 (pH 7.4),
300 mM KCl, 1 mM MgCl2, and 0.02% NaN3, and the temperature was 25°C. Excitation and emission settings are described in Materials
and Methods. Two models, a binary model and a ternary model, were used to analyze all data and subsequently to generate the fit curves.
The dashed line (---) is the fitted curve from the binary model, and the solid line (s) shows the best-fit curve to the ternary model.

FIGURE5: Titration of F-12-OEDNA with GalR using steady-state fluorescence anisotropy (A); back-titration of the mixture withD-galactose
(B); titrations of F-12-OEDNA with mixtures of GalR andD-galactose at molar ratios of 1:100 (C) and 1:50 (D); and titration withD-galactose
of a mixture of GalR and F-12-OEDNA at a fixed molar ratio of 1.68:1 (E). Total intensity data (not shown) were also collected and used
in the fitting. Experimental conditions were the same as those in figure 4. A ternary model and a binary model were used to analyze all data
and subsequently to generate the fitted curves. The dashed line (---) is the fitted curve from the binary model, and the solid line (s) shows
the fitted curve from the ternary model.
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anisotropy with increasing concentration of GalR (Figure 4A,
open circles) or in subsequent titration withD-galactose
(Figure 4B, open circles)

Attachment of the label to a different position within the
OEDNA led to somewhat different titration results. The
steady-state anisotropy of F-12-OEDNA titrated with GalR
shows an enhancement from 0.041 (free DNA) to 0.080 when
the GalR concentration increases to 0.45µM (Figure 5A).
The back-titration of the mixture withD-galactose to a final
concentration of 1.3 mM leads to a drop in the fluorescence
anisotropy of the system to 0.044 (Figure 5B), a value that
is only slightly higher than the initial anisotropy of free DNA
(0.041). There is a small increase (<7% after the correction
of the dilution effect) in fluorescence intensity when F-12-
OEDNA is titrated with GalR and the back-titration with
D-galactose shows a decrease in fluorescein intensity.
Results show that the up-titrations of DNA with GalR and
the back-titrations withD-galactose are significantly different
when fluorescein is labeled at two different positions.

Fluorescence anisotropy and intensity titrations of F-12-
OEDNA with the mixtures of GalR andD-galactose at molar
ratios of 1:100 and 1:50 were also carried out (Figures 5C,D).
As in the titration of F-12-OEDNA above, the initial steady-
state anisotropy was 0.041. Addition of the GalR-D-
galactose mixture resulted in an increase in anisotropy to a
peak value followed by a small progressive decrease as
further protein and sugar were added. The peak values were
0.055 and 0.062 for mixture ratios of 1:100 and 1:50,
respectively. These are somewhat less than the maximum
value of 0.08 seen above (Figures 5A,B). The final result
shows the titration of a mixture of GalR and F-12-OEDNA
with D-galactose (Figure 5E). This is similar to the experi-
ment depicted in Figure 5B except the GalR:F-12-OEDNA
ratio was 1:1.68. As discussed below, the last three titrations
provide additional data over the binding surface which aid
in distinguishing binding models and estimating the equi-
librium binding parameters.

DISCUSSION

The fluorescence assay described in this paper shows that
modified deoxyuridine can be used to replace thymidine
residues at desired positions in the operator site of thegal
operon and can be labeled with an appropriate fluorescent
dye such as fluorescein. The interaction ofgal repressor
with fluorescently labeled DNA containing the regulatory
binding sequence of the operator site of thegal operon was
investigated by measuring changes of steady-state fluores-
cence anisotropy and intensity of the labeled DNA upon
addition of repressor protein. The effect of inducer,D-
galactose, on the labeled DNA-gal repressor complex has
also been studied by monitoring fluorescence changes. This
method allows direct determination of the equilibrium
binding constants of multiple linked equilibria under true
solution conditions, without separation of free and bound
species, and can readily be used to study the effects of
various solution conditions such as salt concentration, ligand
concentration, pH, and temperature on the binding equilibria.

Design of the Oligonucleotides.The oligonucleotides used
in this study contain 7 and 8 bp flanking regions on either
side of the 16 bpgal OE consensus sequence. These are

included as they may be needed to increase the binding
ability to gal repressor. DNase I and dimethyl sulfate
protection studies show repressor protection of about 3 bases
on either side of the binding box and protection on the
upstream side ofOE may be as much as 6 bases (5, 6). In
the case of TyrR, 10 bp of the wild-type flanking region on
each side of thetyrR operator sequence was required to detect
binding using a gel mobility shift assay (15). We have used
a modified deoxyuridine at specific positions to attach labels
to DNA. These modified bases, such as the Amino-Modifier
C6dT, contain a linker arm attached to the 5 position of
uracil. In the B-DNA conformation, the 5 position of
pyrimidines faces outward from the major or minor grooves
of the helix and is not involved in the base pair hydrogen
bonding (32). Thus, substitution at the 5 positions of
pyrimidines should not cause significant interference with
base pairing nor any major distortion of the double helix
structure (42). The effect of such substitutions on the
interaction with DNA binding proteins is dependent on a
number of factors and is discussed in more detail below.
Analysis of the Labeling Procedure. Characterization of

the fluorescein-labeled double-stranded DNA on polyacry-
lamide gels shows a single band when monitoring the
fluorescein emission but shows two bands after staining with
ethidium bromide. The upper, more intense band and lower,
less intense band correspond to fluorescein-labeled DNA and
unlabeled DNA, respectively. Control experiments (data not
shown) revealed that subjection of fluorescein-labeled single-
strand oligonucleotide to annealing conditions also yielded
one fluorescein-labeled band and two ethidium-stained bands.
These results indicate that some fluorescein comes off the
oligonucleotides during annealing. This loss of fluorescent
label was unexpected, and its cause remains to be determined.
The annealed DNA was used for all fluorescence measure-
ments without further purification to remove unlabeled DNA.
The concentration used in all analyses was calculated from
the initial concentration of fluorescein-labeled single strand
corrected for the volume change upon addition of comple-
mentary strand.
The fraction of DNA that has lost label is small, and we

have included the total concentration of DNA in our analysis.
In spectroscopic measurements, we see only labeled DNA;
the presence of a second DNA species can complicate
analysis under some conditions. If both labeled and unla-
beled DNA have comparable binding characteristics, then it
is appropriate to use the total concentration of DNA in the
analysis, and there is no problem. In the case of F-12-OE-
DNA, this seems to be the case since our estimatedKd for
GalR with labeledOEDNA is comparable to that estimated
for unlabeledOEDNA by independent means (see below).
On the other hand, if unlabeled DNA and labeled DNA bind
GalR with different affinities, then an error in the estimated
binding parameters will be introduced. The magnitude of
this error will depend on experimental conditions and binding
affinities. The estimated parameters are relatively insensitive
to DNA concentration when it is less thanKd. In the case
of F-19-OEDNA, theKd is>300 nM while the experimental
concentration ofOEDNA is 90 nM. Thus, a small amount
of unlabeled DNA with different binding properties will not
significantly alter the concentration of free GalR in equilib-
rium with labeled DNA nor will the true concentration of
labeled DNA markedly affect the analysis. Thus, under our
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experimental conditions, the error in estimated parameters
due to these factors will be small.
Analysis of the Binding Data. The program SPECTRA-

BIND was used to simultaneously fit all anisotropy and
intensity data by one of the two binding models, referred to
as binary and ternary. The binary model corresponds to the
classical competitive binding scheme for repressor-opera-
tor-inducer function. Recently, Chatterjee and co-workers
(43) suggested a model which departs from the classical
formalism. Their model involves four linked equilibria and
includes the formation of a ternary complex of operator (OE-
DNA)-repressor (GalR)-inducer (D-galactose). They con-
clude that the inducer may derepress transcription without
dissociation of the repressor-operator complex. Since this
model did not take into account the binding of twoD-
galactose molecules per GalR dimer, we have expanded the
ternary model to include this equilibrium.
Both models assume two equal and independent binding

sites ofD-galactose to free GalR. The binary model assumes
that GalR is unable to simultaneously bind DNA and
D-galactose. The ternary model allows formation of two
ternary complexes ofOEDNA, GalR, andD-galactose (DPS
and DPS2) with equal and independent binding ofD-galactose
to GalR in theOEDNA-GalR complex. The complete
linkage scheme corresponding to the ternary model is shown
in Figure 6. This model considers all species and equilibria
while the binary model excludes chemical species involving
three chemical components (DNA, GalR,D-galactose) and
the corresponding equilibria. The binary model has a total
of six species and three linked equilibria while the ternary
model comprises eight species and seven linked equilibria.
The simulated curves generated from the best-fit param-

eters of these models to our data are superimposed on the
data in Figures 4 and 5. Table 1 summarizes the estimated
dissociation constants, confidence intervals, and reducedø2’s.
The first indication that a competitive binding model was
not applicable was the observation that the anisotropy of free
F-19-OEDNA was substantially lower than the mixture of
GalR plus F-19-OEDNA in the presence of a vast excess of

D-galactose. This is borne out by the fitting results where
the values of the reducedø2 of the binary model and ternary
model are 13.6 and 0.11, respectively. It is clear from these
results that the competitive binding, binary model does not
adequately describe the data.
For F-12-OEDNA, the interpretation is not as straightfor-

ward. In this case, the anisotropy of F-12-OEDNA is very
close to that of GalR plus F-12-OEDNA in the presence of
a vast excess ofD-galactose. There is, however, a small but
reproducible difference (0.041Vs 0.044). Nevertheless, we
were unable to find unique values of fitting parameters when
fitting the two initial titrations by the ternary model (Figure
5A,B). If one assumes that the same binding model applies,
independent of the labeling site, then additional titration data
are needed for F-12-OEDNA in order to have a uniqueø2
minimum with the ternary model. This additional data
should cover a larger part of the equilibrium binding isotherm
surface, and three supplemental titrations are shown in Figure
5C-E. The total equilibrium binding isotherm surface for
F-12-OEDNA is shown in Figure 7 along with the five
titrations that were used to define it. This surface was
generated using the parameters of the best fit of all data sets
by the ternary model. The values of the reducedø2 for this
fit and for the fit to the binary model are shown in Table 1.
The ternary model reducedø2 is significantly better than that
of the binary model, although the difference is not as
dramatic as was the case for F-19-OEDNA.
Interpretation of the Fluorescence Change. The fluores-

cence signals measured in this study are the steady-state
anisotropy and steady-state fluorescence intensity of fluo-
rescein-labeled oligonucleotides. Upon binding of GalR, a
small enhancement (<7%) in fluorescence intensity is
observed with F-12-OEDNA while essentially no change
(<2%) is observed with F-19-OEDNA. In principle, the
intensity change can only be due to the direct interaction of
fluorescein with GalR and may be due to the following: a
change of radiation rate, a change of radiationless rate, or a
change of the molar extinction coefficient of the fluorophore.
Further fluorescence lifetime and absorbance studies are
needed to resolve these possibilities.

FIGURE 6: Complete linkage scheme for the multiple linked
equilibria used to describe these data are shown. P represents GalR,
D representsOEDNA, and S indicatesD-galactose. The binary model
includes only free species and binary complexes: P, D, S, PD, PS,
and PS2. The ternary model includes all species shown above.

Table 1

equilibrium binary model ternary model

F-19-OEDNA Binding Constantsa

(D-P) 182 nM (175-189) 319 nM (306-332)
(P-S) 0.95 mM (0.91-0.99) 1.65µM (1.04-2.61)
(PS-S) 3.80 mM 6.6µM
(DP-S) 1.86µM (1.31-2.65)
(DPS-S) 7.44µM
(D-PS) 360 nM
(D-PS2) 406 nM
reducedø2 13.60 0.11

F-12-OEDNA Binding Constantsa

(D-P) 94.3 nM (87.8-101) 76.2 nM (70.2-82.6)
(P-S) 7.74µM (7.47-8.01) 2.53µM (2.26-2.84)
(PS-S) 30.96µM 10.1µM
(DP-S) 5.52µM (4.93-6.17)
(DPS-S) 22.1µM
(D-PS) 166 nM
(D-PS2) 363 nM
reducedø2 0.72 0.51
aConfidence intervals are shown in parentheses. Parameters without

confidence intervals are not independent but are linked to the fitted
parameters by the equilibrium equations.
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The anisotropy changes associated with the binding of the
labeled oligonucleotides to GalR have their origin mainly
in the rotational behavior of the fluorescein although, as
indicated above, a change in the decay time may also have
a role. The rotation of the fluorescein in the GalR bound
species depends on the motion of the entire GalR-DNA
complex but to a larger extent on segmental motions of the
DNA binding domains, motions of the nucleotide fragments,
and segmental motions of the fluorescein probe. The
fluorescence anisotropy of a fluorescein-labeled 42 bp DNA
with a relatively short linker arm described previously (21)
was 0.10-0.13 as compared to 0.04 observed here. This
suggests that the probe on the longer linker arm undergoes
more local motion than is the case with the shorter linker
arm. It is likely that the emission anisotropy is dominated
by the local motion of the probe and that this local motion
is different depending on the absence or presence of
D-galactose on the GalR. The limiting emission anisotropy
of labeled OEDNA-GalR in the presence of saturating
D-galactose is lower than that of the binary complex ofOE-
DNA-GalR but larger than the value found with freeOE-
DNA (Table 2). This provides evidence for a change in the
local conformation at the DNA binding site induced by the
binding of D-galactose. It is known that binding ofD-
galactose to GalR changes the conformation of GalR.
Specifically,D-galactose binding causes enhancement in the
intrinsic tryptophan fluorescence (44), enhanced solubility,
altered thiol reactivity, and enhanced thermal stability
(manuscript in preparation). Thus, it seems likely that
D-galactose binding to the DNA-GalR complex results in a
conformation where the local motion of the fluorescein is
less restricted than in the DNA-GalR complex but not so
mobile as in free DNA.
Since positions 12 and 19 in these oligonucleotides are at

different locations relative to the pseudodyad symmetry axis,
it is not surprising that the observed anisotropy changes and
estimated parameters vary with labeling position. Both the
strength of binding and the magnitude of the fluorescence

change may vary with labeling position as well as the
chemical nature of the linker arm and label. In our studies,
the weaker binding oligonucleotide shows more clearly the
presence of the ternary complex. This correlation is purely
fortuitous. In studies on TyrR by Baileyet al. (15), the
fluorescence changes observed upon DNA binding were
highly sensitive to the position of label. There, the tightest
binding oligonucleotide showed the greatest fluorescence
change while some labeling positions showed no significant
fluorescence change upon binding.
Changes in intensity and anisotropy have been interpreted

assuming a direct correspondence with the binding of DNA
to GalR. In principle, it is possible that the change of
fluorescence intensity is due solely to the binding of GalR
with the fluorophore, rather than a reflection of the binding
to DNA. This possibility is eliminated since almost no
change in either anisotropy or intensity is observed when
GalR is mixed with labeled control DNA (Figure 4) and no
intensity change is observed for F-19-OEDNA.
Comments on Parameter Estimation from the Binding

Data. In the experimental results presented here, there are
two spectral responses, fluorescence intensity and anisotropy.
Both of these derive from labeled DNA; thus, the only
detectable chemical species are those involving DNA. This
affects our ability to determine and resolve binding param-
eters from these data. TheKd of DNA-GalR is well-
determined from single titrations since there are two spectral
responses, three chemical species, and two detectable species.
As more complex models are considered, the number of
chemical species, spectrally detectable species, and equilib-
rium binding equations increases while the number of
spectral responses remains constant. Thus, resolution of
binding parameters for these models requires additional
titration data, and the confidence intervals for these param-
eters are necessarily broader. Several constraints are avail-
able to aid in acceptance or rejection of specific models. First,
theKd of DNA-GalR from any appropriate model should
correspond to theKd estimated from a single titration of DNA
with GalR alone. Second, the estimatedKd’s for D-galactose
binding to GalR should be independent of labeling position
within the OE site and should also correlate well with
measurements of the same equilibrium by independent
means. This tacitly assumes that only one model is ap-
propriate and that it applies to both labeledOEDNA
constructs.
The fitted curves and reducedø2 from the two models

indicate that the binary model is inconsistent with experi-
mental data while the ternary model fits the data well (Table
1). Application of the criteria discussed above increases our
confidence in this assignment. For both labeled oligonucle-
otides and both models, theKd of DNA-GalR was compa-
rable to that obtained from titration of DNA with GalR alone.
The fitted GalR-D-galactoseKd for the ternary model is 3.3
µM using F-19-OEDNA and 5.1µM using F-12-OEDNA.
These compare well with each other and with the value of
5.3 µM (350 mM KCl, pH 7.3, at 25°C) obtained using
intrinsic tryptophan fluorescence (44). The sameKd’s
obtained using the binary model, however, are not self-
consistent (1.9 mM using F-19-OEDNA and 15µM using
F-12-OEDNA), nor are they consistent with literature values.
Taken together, these results suggest that the ternary model
is the most appropriate model for this system.

FIGURE 7: Total equilibrium binding isotherm surface for data
obtained with F-12-OEDNA is shown. The surface was generated
using the ternary model with the best-fit parameters for this data
set. Superimposed on the surface is the actual data. Since one cannot
display zero values on a log scale, the titration of GalR into DNA
in the absence ofD-galactose is plotted at-7.5 on the log
[D-galactose] scale. This plot shows that the binding surface is well
sampled by the data as required for parameter estimation.
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Comparison with Other Studies. The dissociation con-
stants (using the ternary model) for binding of F-19-OEDNA
and F-12-OEDNA to GalR are 319 nM and 76 nM,
respectively, in a buffer of 300 mM KCl, 25 mM KH2PO4/
K2HPO4 (pH 7.4), 1 mM MgCl2, and 0.02% (w/v) NaN3 and
at 25°C. These values are not corrected for the small change
in salt concentration due to addition of GalR dissolved in 1
M KCl. Previous studies using gel mobility shift assays have
yielded various equilibrium association constants: 108 M-1

for GalR with a 22 bpOEDNA in a buffer containing 200
mM KCl, 10 mM Tris (pH 8.0), 1 mM DTT, 0.1 mM EDTA,
and 3% ficol and at 25°C (6); and 1.25× 108 M-1 for GalR
with a 418 bp DNA containinggal OE in a buffer containing
100 mM KCl, 40 mM Tris-HCl (pH 8), 10 mM MgCl2,1
mM DTT, and 100µg/mL BSA at 37°C (12). The major
differences in solutions between this fluorescence assay and
the gel mobility shift assays include the salt concentration,
buffer compositions, temperature, and the pH of the solutions.
Brenowitzet al. (45) have investigated the effects of pH,
salt concentration, and temperature on the binding of GalR
to OE andOI using quantitative footprinting. Extrapolation
of their data to 0.3 M KCl and interpolation to pH 7.4 yield
an estimatedKd ) 100 nM. This is close to theKd that we
obtain with F-12-OEDNA. On the other hand, theKd of
F-19-OEDNA to GalR is somewhat larger and suggests that
the fluorescein attached at position 19 interferes with binding
of GalR. Since theKd for GalR binding to F-12-OEDNA is
similar to that obtained from other methods (after correction
for conditions), there is no discernible interference with GalR
binding due to the label at position 12.
GalR Monomer-Dimer-Tetramer Equilibria. Brenowitz

et al. (45) have analyzed the binding of GalR to DNA
containing either theOE or theOI site. To adequately fit
their data, it was necessary to include a monomer-dimer
equilibrium for GalR where the dimer binds DNA more
strongly than the monomer. The estimated monomer-dimer
dissociation constant was 2.2 nM. Experimental data from
the present study were reanalyzed including the GalR
monomer-dimer equilibrium as a fixed parameter withKd

) 2.2 nM. TheKd of OEDNA-GalRmonomerwas set to 104-
fold larger than that ofOEDNA-GalRdimer. The Kd for
GalRmonomer-D-galactose was assumed to equal that of
GalRdimer-D-galactose. In the ternary model, the dissociation
constant of DNA-monomer-D-galactose is equal to that of
DNA-dimer-D-galactose. No significant improvement in
the fitting was obtained for either model by inclusion of the
monomer-dimer equilibrium. Under our experimental
conditions, the data are adequately described by GalR
existing as a static dimer.

It is known that complete repression of thegal operon by
GalR requires binding of GalR to bothOE andOI, supercoiled
DNA, and the histone-like factor HU (11). It has been
suggested, based on analogy to thelacI system, that
formation of a GalR tetramer-DNA complex may play a
role in regulation ofgal. In principle, the presence of a
GalR4-DNA2 complex that dissociates to a GalR2-DNA
complex upon inducer binding would be consistent with our
data. However, it is not likely that species higher than dimer
are present in our studies. In early studies (45), no evidence
was found for GalR tetramer formation alone or in combina-
tion with DNA. Hsieh et al. (46) have used analytical
centrifugation to study GalR and find no evidence for species
other than dimer over the concentration range of 1-7 µM.
Further, GalR, a member of thelacI family, does not contain
the domain homologous to the one known to function in
tetramer formation inlacI. We hope to carry out time-
resolved anisotropy studies which should help to further
clarify this point.

Comments on Nonspecific Binding. We consider the
possibility that the ternary complex detected here and in
previous studies on GalR (43) may be the result of
nonspecific interactions. The test this possibility, we have
titrated GalR into labeled nonspecific DNA (Figure 4A) up
to the highest concentrations used with specificOEDNA.
Essentially no change in either anisotropy or intensity was
observed. Subsequent further titration of inducer (D-
galactose) into the mixture of labeled nonspecific DNA and
GalR (Figure 4B) also resulted in no change in anisotropy.
If the ternary complex is nonspecific in nature, then one
should expect the limiting anisotropies of the mixtures of
all three components to be independent of sequence and site
of labeling under comparable experimental conditions. Our
results show that this is not the case. Thus, we believe that
the ternary complex is the result of a specific interaction
with altered conformation from the binaryOEDNA-GalR
binary complex.

CONCLUSION

We present evidence for a ternary complex of GalR,
inducer, and operator DNA that may function in the
regulation ofgal in E. coli. This result confirms and extends
the work of Adhya and co-workers (43). Future dissection
of the fluorescence signals observed here will provide insight
into the structural changes underlying the measured anisot-
ropy changes. In particular, we plan to carry out time-
resolved anisotropy studies on this system using both labeled
DNA, as reported here, and labeled GalR.

Table 2: Fitted Anisotropy of Spectroscopically Detectable Speciesa

F-19-OEDNA F-12-OEDNA

model and species r σ r σ

ternary model
OEDNA 0.039 3.0× 10-4 0.040 2.2× 10-4

OEDNA-GalR 0.117 5.1× 10-4 0.086 4.3× 10-4

OEDNA-GalR-D-galactose 0.112 17.8× 10-4 0.093 11.9× 10-4

OEDNA-GalR-D-galactose2 0. 092 5.3× 10-4 0.044 7.2× 10-4

binary model
OEDNA 0.039 3.1× 10-4 0.042 1.6× 10-4

OEDNA-GalR 0.101 2.8× 10-4 0.088 3.8× 10-4

a σ represents( one standard deviation of the estimated anisotropies.
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The fluorescence approach presented here can be used to
study other transcription regulation systems and other
biological processes which are based on the DNA-protein
interactions. These solution-based fluorescence methods are
aimed at circumventing some of the difficulties associated
with gel mobility shift assays and related methods and
providing a complementary approach with a different and
unique view of these systems. The fluorescence methods
have been and can be used to characterize multiple linked
equilibria involved in transcription regulation systems and
to obtain dynamic information under true solution equilib-
rium conditions. Such studies are key to understanding the
mechanisms of gene control at the molecular level.
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