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ABSTRACT: We used fluorescence spectroscopy to study the chemical equilibria between an 82-residue 
protein fragment containing the core conserved region of the glucocorticoid receptor DNA-binding domain 
(GR DBD) and a palindromic glucocorticoid response element (GRE), a consensus GRE half-site, a consensus 
estrogen response element (ERE) half-site, and two intermediate half-sites (GRE2 and ERE2). Equilibrium 
parameters were determined at  20 OC and buffer conditions that approximate intracellular conditions. The 
association constants for G R  DBD binding to the GRE (S’TGTTCT3’) and GRE2 (S’TGTCCT3’) half- 
sites at 85 mM NaC1, 100 mM KC1,2 mM MgC12, and 20 mM Tris-HC1 at  pH 7.4 and low concentrations 
of an antioxidant and a nonionic detergent are (1.0 f 0.1) X lo6 M-1 and (5.1 f 0.2) X lo5 M-I, respectively. 
The association constants for binding to the ERE (S’TGACCT3’) and ERE2 (S’TGATCT3’) half-sites are 
<lo5 M-I. The implications of these numbers for the specificity and affinity for the binding of the intact 
G R  to DNA are discussed. Comparison of G R  DBD binding to a GRE half-site and a palindromic GRE 
sequence allowed us to estimate the cooperativity parameter, Uobs = 25-50, for GR DBD binding to GRE. 
The thermodynamics of the G R  DBD interaction with a GRE half-site were also investigated by determining 
the temperature dependence of the observed association constant. The nonlinear dependence in In Kok as 
a function of 1 / T  is consistent with a change in standard heat capacity, ACpoobs = 1.0 * 0.2 kcal mol-’ 
K-I. The binding process is shown to be entropy driven at  temperatures <26 OC and enthalpy driven at  
temperatures >35 O C .  The thermodynamics of the binding process are consistent with dehydration of 
nonpolar surfaces upon formation of the complex, although the observed ACpoobs cannot be fully accounted 
for by this mechanism. 

Noncovalent interactions between DNA and DNA-binding 
proteins (transcription factors) that recognize specific DNA 
sequences play central roles in molecular biology. The 
structures of several DNA-protein complexes have been 
determined using X-ray crystallography and nuclear magnetic 
resonance [see Pabo and Sauer (1992) for a recent review]. 
These structures have in many cases revealed intermolecular 
interactions (hydrogen bonds and hydrophobic and electro- 
static contacts) that might contribute to the sequence spec- 
ificity. A commonly accepted notion is that specific inter- 
actions between functional groups on the interacting DNA 
and protein surfaces act to stabilize the sequence-specific 
coqplexes by contributing to the enthalpy component (AH) 
of the free energy of binding. However, the underlying physical 
chemistry of sequence-specific DNA binding of proteins is 
not completely understood. Studies on a few systems have 
shown that specific as well as nonspecific DNA-protein 
associations might be entropy-driven (Record et al., 199 1; Ha 
et al., 1989; Bulsinket al., 1985, Takeda et al., 1992), Le., that 
the change in entropy (hs) upon formation of the complex 
contributes significantly to the binding constant, and that the 
enthalpy term in some cases even counteracts the binding 
process. A large positive change in entropy might result from 
the release of ions and water molecules from individual 
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macromolecular surfaces upon association of DNA and 
proteins (Record et al., 1991, and references therein). The 
observed intermolecular interactions might in these cases be 
the result of a perfect surface complementarity, causing an 
optimal release of water and counterions upon binding. On 
the other hand, a sequence-specific complex formed with AH 
> 0 might still be stabilized by interactions contributing to 
AH as long as AH for binding to a specific site is less than 
AH for nonspecific binding, i.e., A M  < 0 for the process 
(nonspecific complex) * (sequence-specific complex). 

These considerations motivate a complete characterization 
of the thermodynamics of each studied system before drawing 
conclusions about the relative contributions of various inter- 
actions that can be observed in a structure of a DNA-protein 
complex. Structural and thermodynamic studies should also 
be carried out in combination with protein mutagenesis and 
studies of binding to various DNA binding site sequences in 
order to dissect and explore the effects of adding and/or 
removing various functional groups on the interacting surfaces. 

We are employing this approach in our studies of the DNA- 
binding domain of the glucocorticoid receptor (GR DBD),’ 
through which the effects of glucocorticoids are mediated. 
The glucocorticoid receptor is a member of the family of 
nuclear hormone receptors, which includes the receptors for 
other steroid hormones (such as the estrogen receptor, ER), 
thyroid hormones, retinoic acid, and vitamin D3 [see Evans 
(1988) for a review]. The binding of ligand to the GR induces 

I Abbreviations: GR DBD, glucocorticoid receptor DNA-binding 
domain; GRE, glucocorticoid response element; ER, estrogen receptor; 
ERE, estrogen response element; bp, base pair; CT DNA, calf thymus 
DNA, DTT, dithiothreitol; C&, octaethylene glycol monododecyl ether. 
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a transformation such that it translocates to the nucleus and 
associates with DNA to regulate transcriptional activity. The 
DNA-binding sites for the GR are termed glucocorticoid 
response elements (GREs) and usually consist of 15 base pair 
(bp) partially palindromic sequences comprising two half- 
sites with a 3 bp intervening gap (Beato, 1989). Estrogen 
response elements (EREs) differ in only one or two central 
base pairs per half-site (Strlhle et al., 1987), when compared 
to the GREs. The GR DBD binds as a dimer to the GRE 
sequence, with initial binding preferentially occurring to one 
of the two half-sites. Previous occupancy of this high-affinity 
binding site has been shown to facilitate the binding to the 
second half-site (Tsai et al., 1988; Hard et al., 1990a). This 
facilitated binding is dependent on the distance between the 
half-sites and their relative orientation but is not dependent 
on the integrity of the DNA backbone (Dahlman-Wright et 
al., 1990). This isconsistent with a two-sitecooperativemodel 
where DNA binding is dependent not only on protein 
interactions with the DNA but also on interactions between 
the two protein molecules. The region of the protein 
responsible for the protein-protein interactions has been 
identified genetically (Dahlman-Wright et al., 1991) and 
structurally (Luisi et al., 1991). 

The structures of the GR DBD (Hard et al., 1990b) and 
the ER DBD (Schwabe et al., 1990) have been solved using 
NMR spectroscopy, and a structure of a dimeric complex of 
GR DBD bound to DNA has been solved using X-ray 
crystallography (Luisi et al., 199 1). Three amino acid residues 
(G458, S459, and V462 in the rat GR) in the GR and ER 
DBDs have been identified as crucial for the discrimination 
between GRE and ERE sequences (Danielsen et al., 1989; 
Mader et al., 1989; Umesono C Evans, 1989). Since the 
response elements differ in only two base pairs per half-site, 
it has been suggested that the three identified residues interact 
directly with these base pairs. However, in the crystal structure 
of the GR DBD-GRE complex only one specific contact 
(originating from V462) was found (Luisi et al., 1991). 
Substitution of the three GR residues with the corresponding 
ER residues might result in one or two direct interactions, and 
this could account for the sequence discrimination. Extensive 
genetic studies have subsequently yielded information about 
positive and negative determinants among the three residues 
(Zilliacus et al., 1992), but these data arenot easily interpreted 
in terms of intermolecular interactions. It is clear that further 
structural studies as well as characterization of the thermo- 
dynamics of the DBD-DNA equilibrium as outlined above is 
necessary for a complete understanding of sequence specificity 
in this system. 

The present paper represents the second in a series of studies 
aimed at a complete understanding of the thermodynamics of 
the GR DBD-DNA interaction. We previously showed that 
fluorescence spectroscopy can be used to monitor this equi- 
librium due to the quenching of tyrosine fluorescence when 
GR DBD binds to DNA (Hard et al., 1990a). We investigated 
the differences between sequence-specific and nonspecific 
binding at  various salt concentrations, and we were able to 
estimate the product between the cooperativity parameter and 
the average association constant (wK) for GR DBD binding 
to a naturally occurring GRE sequence at high (570 mM) 
monovalent cation concentrations. In this study we focus on 
the sequence-specific binding at  buffer conditions that more 
closely resemble those found in the interior of a typical 
mammalian cell (Alberts et al., 1983). The objectives of the 
present work are the following: (i) to quantitatively determine 
the association constants for binding of GR DBD to various 
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FIGURE 1: Glucocorticoid and estrogen response elements used in 
this study. The hexameric GREH and EREH half-sites differ in 
only two central base pairs (denoted 3 and 4). The GREZH and 
EREZH thus represent intermediate binding sites containing both 
GRE and ERE specific base pairs. The palGRE is an idealized GRE 
with two identical half-sites arranged as inverted repeats. These 
sequences are incorporated in DNA oligomers as described under 
Materials and Methods. 

GRE and ERE response element half-sites (Figure l), without 
interference from non-specific binding; (ii) to estimate the 
contribution from cooperative binding by comparing binding 
to a half-site to that to an idealized GRE with two identical 
half-sites arranged as inverted repeats; (iii) to investigate the 
thermodynamics for GR DBD binding to a GRE half-site by 
means of a van't Hoff analysis, i.e., by examining the 
temperature dependence of the observed equilibrium constant. 

MATERIALS AND METHODS 

Protein Purification. The GR DBD (amino acid residues 
Leu420-Ile500 of the human GR + an N-terminal methionine) 
was expressed in Escherichia coli and purified as described 
elsewhere (Berglund et al., 1992), with the following mod- 
ifications. E. coli cells were grown in Luria broth medium 
containing 1% casamino acids, 1% glucose, 50 pg/mL 
ampicillin, and 30 pg/mL chloramphenicol. After elution 
from the FPLC column (Pharmacia Mono S), the protein 
was dialyzed against a buffer containing 50 mM NaCl, 1 mM 
DTT (dithiothreitol), and 50 mM Tris-HC1 at pH 7.4. [All 
solutions were prepared using deionized (Milli-Q) and au- 
toclaved water. J Sequence-specific DNA-binding activity was 
checked by gel retardation analysis as described by Tsai et al. 
(1988). Stock solution concentrations of GR DBD were 
determined spectrophotometrically using the extinction co- 
efficient EZBO,,,,, = 4200 M-l cm-' calculated for tyrosine 
absorption (Cantor & Schimmel, 1980). Some stock solution 
concentrations were also determined using a Bradford protein 
assay (Bio-Rad). The two methods yielded results that agreed 
within 25%. All concentrations quoted below refer to 
spectrophotometric determinations. 

Synthesis and Purification of DNA. Synthetic DNA 
oligomers were used for equilibrium studies of specific binding. 
The GRE, GRE2, ERE, and ERE2 binding half-sites (Figure 
1) were incorporated in 32 base pair (bp) DNA oligomers, 
and the palindromatic GRE sequence was incorporated in a 
41 bp oligomer. The oligomer sequences were selected so 
that no half-site GRE/ERE-like sequences were created 
(Dahlman-Wright et al., 1990) and so that the oligomer 
sequences flanking the half-sites were identical. All DNA 
oligomers were purified using high-pressure liquid chroma- 
tography. Following purification, complementary strands 
were annealed in equal amounts, as determined by the 
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absorbance at 260 nm, in 150 mM NaCl and 10 mM Tris- 
HC1 at pH 7.4. Calf thymus (CT) DNA was purchased from 
Sigma (type I) and dissolved by mild shearing in 150 mM 
NaCl and 10 mM Tris-HC1 at pH 7.4. The solution was then 
repeatedly extracted with an equal volume of phenol/CHC13 
(ratio 1 : 1) until protein contaminants were removed as checked 
for by measuring an absorbance ratio A260/A280 > 1.8. The 
CT DNA was then precipitated with ethanol, resuspended in 
150 mM NaCl and 10 mM Tris-HC1 at pH 7.4, and dialyzed 
against this buffer. All DNA concentrations were determined 
spectrophotometrically using an average extinction coefficient 
6260nm = 13 200 M (base pairs)-l cm-l (Mahler et al., 1964). 

Steady-State Fluorescence Measurements. All fluores- 
cence measurements were carried out in 85 mM NaC1, 100 
mM KC1, 2 mM MgC12, 1 mM DTT, 0.1 mM C12E8 
(octaethylene glycol monododecyl ether purchased from 
Fluka), and 20 mM Tris-HC1 at pH 7.4. The nonionic 
detergent (CIZEB) was used to prevent protein adhesion to 
quartz and plastic surfaces. Background fluorescence due to 
this detergent was found to be negligible. Steady-state 
fluorescence was measured on a Shimadzu RF-5000 spec- 
trofluorometer equipped with a 150-W Xenon arc lamp, using 
fluorescence cells with inner dimensions of 3 X 3 mm. The 
excitation wavelength was 280 nm with a 3-nm bandwidth, 
and emission spectra were recorded between 290 and 320 nm 
with an emission monochromator bandwidth of 10 nm. The 
intensity at 304 nm, corresponding to the emission maximum, 
was used when calculating binding isotherms. The measured 
intensity was corrected for background emission and Raman 
light scattering from water by subtracting signals from DNA 
+ buffer samples. The fluorescence intensities at high DNA 
concentrations were also corrected for optical filtering effects 
(Birdsall et al., 1983). Reabsorption of light emitted from 
the protein at 304 nm was estimated to be negligible. The 
temperature of the cell compartment was controlled using a 
Shimadzu constant temperature cell holder connected to an 
LKB 2209 circulating water bath. The temperature could be 
controlled with an accuracy of f l  OC within the range 10-35 
OC. 

Equilibrium Titrations. Titrations were performed as 
reverse titrations, in which different amounts of DNA were 
added at a constant protein concentration. Before titration, 
the sample and the titrant were allowed to reach thermal 
equilibrium in the water bath. The titrant was added to the 
cuvette using a micropipette, and the emission spectrum was 
recorded three times in order to minimize the effects of 
instrumental fluctuations. The excitation shutter was closed 
between measurements in order to minimize photochemical 
degradation of the protein. Upon examination with continuous 
illumination, no photobleaching could be observed during the 
time scale used for equilibrium titrations. 

The fractional fluorescencequenching ( Qow) was calculated 
as (Z, - Z)/Zo, where Io is the protein fluorescence intensity 
observed in the absence of DNA and I is the intensity in the 
presence of DNA. Binding isotherms are presented as plots 
of Qobsd against the logarithm of the DNA oligomer concen- 
tration (Figures 3,4, and 6 ) .  Each titration was carried out 
three times to improve the precision in Qobsd and to allow 
determination of experimental errors (estimated standard 
deviations). 

Analysis of Binding Isotherms. Theoretical binding iso- 
therms were fitted directly to the observed fluorescence 
quenching using a simple one-site equilibrium model for GR 
DBD binding to DNA oligomers containing GRE half-sites 
(GREH and GRE2H) or a two-site cooperative model (Hard 
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et al., 1990a) for binding to the palindromic GRE (palGRE) 
(Figure 1). It is not necessary to consider dimerization of 
uncomplexed DBD molecules, because the equilibrium titra- 
tions were carried out at low (0.6 pM) concentrations, whereas 
NMR studies on this protein strongly suggest that it is still 
predominantly monomeric at much higher (1 mM) concen- 
trations (Hard et al., 1990c; Berglund et al., 1992). The 
derivation of the theoretical binding isotherms is described in 
the Supplementary Material. Since the thermodynamic 
quantities estimated in this study are based on the total 
macromolecular concentrations only, neglecting nonideality 
of the solution, the parameters evaluated will be valid only at 
the conditions specified. This is indicated by the subscript 
“obs” throughout the paper. The concentration of GR DBD 
bound to DNA (cb) was calculated as Cb = (Qobd/Qmax)Ctot, 
where Ctot is the total GR DBD concentration and Qmax is the 
maximum quenching, that is, the quenching observed when 
all the protein in the sample is bound to DNA. It is important 
to note that the observed quenching, Qobsd, is not proportional 
to the concentration of bound protein, c b ,  if different binding 
modes result in different fluorescence quantum yields. In the 
present study, this scenario might apply for binding to the 
palindromic GRE sequence (palGRE), if the fluorescence 
quantum yield for a complex with a single DBD is different 
from that of two cooperatively bound DBD molecules. 
However, in our previous study we showed that this is not the 
case (Hard et al., 1990a). 

Nonlinear least-squares fits of the equilibrium parameters 
to measured equilibrium data were carried out using MAT- 
LAB for Macintosh. A minimizing function based on the 
Nelder-Meade simplex algorithm was used to minimize the 
x2 merit function 

(1) r Q(i> - Qobsd(i) 

x2 = 21 std Qobd(i) 
where Q(i) and Qobsd(i) are the calculated and observed 
fluorescence quenching at titration point i, respectively, std 
Qobsd(i) is the standard deviation of the observed quenching, 
and N is the number of data points. Errors in the best-fit 
equilibrium parameters were determined using Monte Carlo 
simulations (Press et al., 1986): several “synthetic” data sets 
(typically 20-50) were generated for each titration by drawing 
random numbers from normal distributions with means 
corresponding to Qobsd and standard deviations equal to the 
experimental errors obtained at  each point (std Qobd). The 
minimization was then carried out for each set of synthetic 
data, and standard deviations in the optimized parameters 
were calculated. These numbers correspond to experimental 
standard errors as long as the shapes of the distribution 
functions for repeated experimental determinations of the 
equilibrium parameters are similar to the probability distri- 
butions for repeated observations of the “true” equilibrium 
parameters (Press et al., 1986). 

RESULTS 

Binding to Half-Site Containing DNAs. Equilibrium 
titrations of GR DBD with the five DNA oligomers (Figure 
1) at 20 OC are shown in Figure 3. The results indicate that 
the affinities to the various half-sites decrease in the order 
GRE > GRE2 > ERE2 = ERE in good agreement with 
previous results from gel shift studies (Zilliacus et al., 1991). 
Aprecise determination of Qmax, i.e., theGR DBD fluorescence 
quantum yield in the bound state, is desirable for accurate 
determinations of the equilibrium parameters. At the present 



Thermodynamics of Glucocorticoid Receptor-DNA Interactions Biochemistry, Vol. 32, No. 19, I993 5017 

A Site 1 Site 2 

B 

w 
Free ligand 

Site I 

Kobs t 4 
(...) 
Free ligand 

FIGURE 2: (A) Two-site cooperative model for binding of GR DBD 
to an idealized GRE with identical half-sites at high salt concen- 
trations, where nonspecific DNA-binding is negligible. Kobs is the 
association constant for binding to site 1 and 2 and Webs represents 
the cooperativity parameter. (B) The corresponding one-site model 
for binding of GR DBD to a half-site GRE. The theoretical binding 
isotherms expected for these models are derived in the Supplementary 
Material. 
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FIGURE 3: Fractional fluorescence quenching as a function of DNA 
concentration for reverse titrations of GR DBD with (V) palindromic 
GRE, (0) GREH, (A) GREZH, (0) ERE2H, and (+) EREH at 
constant protein concentration (0.6 pM). The curves represent the 
best fit of theoretical binding isotherms to experimental data with 
Qmax values according to Table I. All titrations were performed in 
85 mM NaCl, 100 mM KC1, 2 mM MgC12, 1 mM DTT, 0.1 mM 
C12E8, and 20 mM Tris-HC1 at pH 7.4 and a temperature of 20 ‘C. 
Data points represent the averages with estimated standard deviations 
of three separate titrations. 

buffer conditions, which were chosen in order to minimize 
nonspecific binding, the titrations with the half-site DNAs 
could not be carried out until maximum quenching was 
observed, Le., until the curves level off at Q = Qmax. The 
highest DNA concentration that could be used was limited 
by the absorbance of the DNA bases at 280 nm, which severely 
attenuates the excitation light intensity. A titration at slightly 
lower salt concentrations was thereforecarried out todetermine 
Qmax. This titration shows a binding curve that levels off at 
Qmax = 0.73 at 20 OC (Figure 4). The temperature was also 
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FIGURE 4: Fractional fluorescence quenching as a function of DNA 
concentration for reverse titrations of GR DBD with GREH at 20 
OC and constant protein concentration (0.6 pM). The line represents 
the maximum fractionalquenching, Qmax = 0.73. The titrations were 
performed in 100 mM NaCI, 1 mM MgC12, 1 mM DTT, 0.1 mM 
C12E8, and 10 mM Tris-HC1 at pH 7.4. 

Table I: Temperature Dependence of the Maximum Quenching, 
Qmax 

temp(OC) 10 12.5 15 20 25 30 35 
Qmax 0.78 0.77 0.76 0.73 0.74 0.74 0.74 

varied within the range 10-35 OC for the starting and the end 
points of this titration to determine the temperature depen- 
dence in em,, (Table I). It is possible that nonspecific 
complexes with a higher fluorescence quantum yield (Hlrd 
et al., 1990a) contribute to theobserved quenching in titrations 
performed at  lower salt concentrations. This effect of 
nonspecific binding can be seen in the beginning of the titration 
curve shown in Figure 4, where the observed quenching could 
not possibly be due to specific binding only. However, at the 
endpoint of the low-salt titration there is a 5-fold excess of 
specific binding sites over GR DBD molecules in the solution, 
resulting in a predominance of specific complexes. Further- 
more, the Qmax value obtained in the titration with GREH at 
the lower salt concentration agrees very well with the Qmax 
observed in the titration with palGRE at higher salt concen- 
trations (Qmax = 0.70-0.75; Figure 3) as well as with the 
previously determined Qmax = 0.72 (Hard et al., 1990a). 

It is not directly evident from the plots in Figure 3 that the 
equilibria involve binding to a single DNA site and no 
nonspecific binding. However, a comparison of the binding 
to GRE with that of ERE2 shows that a single base pair 
mutation within the GRE half-site (in the 32 bp DNA 
oligomers) significantly reduces the binding affinity, suggesting 
that binding occurs primarily at the GRE half-site. Fur- 
thermore, binding stoichiometries of 0.7-1.9 GR DBD 
molecules per DNA oligomer were extracted from Benesi 
Hildebrand plots (Marshall, 1978) for GR DBD binding to 
GREH at temperatures between 10 and 35 OC (one of these 
plots is shown in Figure 5 ) .  Nonspecific binding is also 
expected to be very weak at the present salt concentrations 
(Hlrd et al., 1990a). A simple 1:l stoichiometry for GR 
DBD binding to half-site GRE sequences has also been 
concluded from gel shift experiments carried out at salt 
concentrations lower then those used here (Dahlman et al., 
1990). We therefore feel that it is safe to conclude that the 
fluorescence quenching observed with the GREH and GRE2H 
DNA oligomers reflect the binding of a single GR DBD 
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FIGURE 5 :  Benesi-Hildebrand plot for the equilibrium between GR 
DBD and GREH at 35 O C .  CDNA is the total concentration of DNA 
oligomers, cb is the concentration of GR DBD bound to DNA 
calculated using Qmax = 0.74, and [L] is the free GR DBD 
concentration. Buffer conditions are the same as those given in the 
legend to Figure 3. The curve represents the best fit of the binding 
isotherm (Marshall, 1978) to experimental data and extrapolates to 
a binding stoichiometry of 1.46 Gr DBDs per DNA oligomer. 

molecule to a GRE half-site. 
The best-fit association constants, with uncertainties es- 

timated from Monte Carlo simulations, for GR DBD binding 
to the GREH and GRE2H are listed in Table I1 together with 
corresponding free energies of association (AGooh = -RT In 
Kobs). The fits were carried out treating both the association 
constant, KO&, and the maximum quenching, Qmm, as unknown 
variables as well as keeping Qmax fixed (Qmax = 0.73 from 
Table I) and fitting the association constant only. The latter 
case yielded association constants KO& = (1.0 f 0.1) X lo6 
M-' and (5.1 f 0.2) X lo6 M-l (Table 11). 

GR DBD binding to the EREH and ERE2H half-sites is 
much weaker than binding to the GREH and GRE2H half- 
sites (Figure 3), as expected. The titration curves obtained 
with EREH and EREZH are in fact not very different from 
that obtained with nonspecific CT DNA (not shown), 
suggesting that nonspecific as well as specific binding might 
contribute to the observed quenching. These equilibria could 
therefore not be treated using the simple one-site model. 
Furthermore, the measured data do not allow a fit to a more 
general model, because the titration curves do not span a 
sufficient range of the complete binding isotherm. However, 
the maximum quenching for nonspecific binding is not expected 
to be very different from that of specific binding (Hard et al., 
1990a). Based on this fact, the one-site model with Qmax = 
0.73 can be used to obtain a rough estimate of the maximum 
possible association constant for the binding of GR DBD to 
the EREH and ERE2H oligomers at the present conditions 
[KO& < ( 1 .O i 0.2) X 105 M-l] . The differences in free energies 
for binding to the various half-sites at 20 OC are shown in 
Table 111. 

Binding to a Palindromic GRE. The GR DBD binding 
affinity for the full GRE sequence (palGRE) is stronger than 
binding to the half-sites, as expected (Figure 3), due to the 
presence of two half-sites in this sequence and the effects of 
cooperative binding (Hardet al., 1990a). Thedata were fitted 
to the theoretical binding isotherm treating the binding 
constant, Kobs, and the cooperativity parameter, u0b, as 
variables and fixing Qmax = 0.72. The latter assumption is 
in this case well justified by experimental data, since the 

observed quenching clearly levels off at high DNA concen- 
trations. The optimized parameters were K0b = (8.4 f 5.0) 
X 105 M-l and uob = (1.5 f 2.4) X lo2. The large 
uncertainities reflect the high correlation between KO& and 
ooh, Le., it is equally easy to fit a large value of Oobs together 
with a small value of Kob, and conversely. Fitting Uobs when 
keeping Kobs fixed to the value determined for binding to the 
GRE half-site (Kob = 1.0 X lo6 M-l) gives an optimized u0b 
= 30 f 3, and keeping Kobs fixed to Kobs = 8.4 X lo5 M-' 
obtained in the two-parameter fit above results in Oobs = 45 
f 3. These fittings were also performed treating Qma, as an 
unknown parameter, which resulted in Qmax values between 
0.7 1 and 0.73 and nosignificant differences in thecooperativity 
parameter. Given these results, we conclude that the asso- 
ciation constant for binding to one of the two half-sites in a 
full GRE sequence is not very different from the association 
constant for binding to an isolated GRE half-site and that the 
cooperativity parameter for dimeric binding of GR DBD to 
GRE is in the order of u0b = 25-50. 

Thermodynamic Analysis of G R  DBD Binding to GREH. 
The temperature dependence of the binding of GR DBD to 
GREH is illustrated in Figure 6. The binding affinity is clearly 
reduced at temperatures < 15 OC and actually shows a small 
decrease also at temperatures >30 "C. In these experiments, 
the pH value of the experimental buffer varied between 7.2 
(at 35 "C) and 7.8 (at 10 "C). The pH dependency of the 
binding of GR DBD to GREH at 20 "C was therefore 
examined, but no significant change in binding could be 
observed within the relevant pH range, indicating that the 
observed effects were not due to a variation in pH with 
temperature. Binding constants were determined as described 
above for the case of GR DBD binding to GREH and GRE2H 
at 20 OC, and the results are summarized in Table 11. 

The temperature dependence of the association constant of 
the GR DBD-GREH equilibrium is also presented as a van't 
Hoff plot with In Kobs versus 1/T (Figure 7A). The van't 
Hoff plot is nonlinear due to a negative change in standard 
heat capacity, ACpo0b, upon formation of the complex. This 
results in compensating enthalpic and entropic contributions 
to the standard free energy change. In this case, the 
temperature dependence of Kobs can be expressed as 

lnKobs = (ACpOobs/R)[(TH/T)-ln(TS/T) - l1 (2) 
where T H  and TS are the temperatures at which mob = 0 
and k?"obs = 0, respectively, and where ACpo0b is assumed 
to be temperature independent over the temperature range 
investigated. A value of ACpooh = -1.0 f 0.2 kcal mol-' K-' 
was estimated from a three-parameter fit of eq 2 to the data 
in Figure 7A, using Monte Carlo simulations to estimate the 
error (standard deviation) in the optimized value. The 
optimized values of TH and TS were 26 and 35 OC, respectively. 
The estimated temperature dependencies in AHaob and  moo^ 
[calculated according to Ha et al. (1989)l are shown in Figure 
7B together with AGoobs obtained from experimental data. 
The change in standard free energy varies only slightly within 
the investigated temperature range. In contrast, the enthalpy 
and entropy effects involved show strong but opposite 
dependencies upon temperature, balancing the change in free 
energy. 

DISCUSSION 

Theobjectives of the present study were to (1) quantitatively 
determine the equilibrium constant for binding of GR DBD 
to various GRE and ERE half-sites without interference from 
nonspecific binding; (2) estimate the contribution from 
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Table 11: Best-Fit Parameters for Sequence-Specific GR DBD-DNA Equilibra" 
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optimized &bs for measured Qmaxb simultaneously optimized Kobs and Qmaxc 

response element temp ("C) Kobs (Me' X IO") Kobs (M-' X 1od) Qmax AGO obsd (kcal mol-') Wobs 

GREH 10 
12.5 
15 
20 
25 
30 
35 

GRE2H 20 
ERE2H 20 
EREH 20 
palGRE 20 

0.49 f 0.04 
0.58 f 0.03 
0.89 f 0.05 
1.03 f 0.08 
0.97 f 0.08 
1.05 f 0.09 
0.93 f 0.06 
0.5 f 0.1 

<1.0 f 0.1 
<1.0 f 0.1 

0.8 f 0.5 
1 .o 
0.8 

0.6 f 0.2 
0.8 f 0.2 
1 .o f 0.2 
1.3 f 0.3 
1.2 f 0.3 
1 .o f 0.2 
1.0 f 0.3 
0.5 f 0.1 

0.77 f 0.14 
0.69 f 0.07 
0.73 f 0.04 
0.69 f 0.06 
0.69 f 0.05 
0.78 f 0.07 
0.71 f 0.07 
0.79 f 0.08 

-7.4 dz 0.1 
-7.5 f 0.1 
-7.8 f 0.1 
-8.1 dz 0.1 
-8.2 f 0.1 
-8.3 f 0.1 
-8.4 f 0.1 
-7.7 f 0.1 
-6.7 f 0.1 
-6.7 f 0.1 

-8.1 30 f 3c 
-7.9 45 f 3f 

nd 

Uncertainties represent estimated standard deviations. Optimized using em,, values given in Table I. Optimized with Qmax treated as an unknown 
parameter. Calculated from Kobs values optimized for measured emax. e Optimized for Kobs = 1.0 X lo6 M-I. foptimized for Kobs = 0.8 X lo6 M-I. 

Table 111: Energy Discrimination between GRE and ERE 
Half-Sites" 

process AAGoobs (kcal mol-') 
DBD-GREH - DBD-GRE2H 0.4 f 0.1 
DBD-GREH 4 DBD-EREH/EREZH >1.4f0.1 

>1.0 f 0.1 DBD-GREZH - DBD-EREH/ERE2H 
Uncertainties represent estimated standard deviations. 

"I 0.7 

-7.5 -7 -6.5 -6 -5.5 -5 

log (CDNA fragments) 

FIGURE 6: Fractional fluorescence quenching as a function of DNA 
concentration for reverse titrations of GR DBD with GREH at  (0) 
10, (+) 12, (0) 15, and (v) 30 "C at  constant protein concentration 
(0.6 pM). The curves represent the best fit of the theoretical binding 
isotherm to experimental data with em,, according to Table I. Data 
points represent the averages with estimated standard deviations of 
three separate titrations. Buffer conditions are the same as those 
given in the legend to Figure 3. 

cooperative binding by comparing binding to a half-site to 
that to an idealized GRE with two identical half-sites arranged 
as inverted repeats; (3) analyze the thermodynamic driving 
forces for GR DBD binding to a GRE half-site by means of 
a van't Hoff analysis, Le., by determining the temperature 
dependence of the observed equilibrium constant. The buffer 
conditions used in these studies were carefully chosen to 
suppress nonspecific binding that occurs at low salt concen- 
trations (Hard et al., 1990a) and in the absenceof MgClz (not 
shown). The present buffer conditions also closely approx- 
imate those found in the interior of a mammalian cell (Alberts 
et al., 1983). 

14.2 
A 

14- 

13*2! 13 

12.8 3.2 \ 3.3 3.4 3.5 

1000/T 

\ I  

6 

-15 ! / \ I  
280 285 290 295 300 305  io 3i5 

Temperature (K) 

FIGURE 7: (A) Van't Hoff plot of In Kob versus 1/T for GR DBD 
binding to GREH. The curve represents the best fit of experimental 
data to eq 2. The error bars represent estimated standard deviations 
obtained from Monte Carlo simulations as described under Materials 
and Methods. (B) The thermodynamics of the interaction between 
GR DBD and GREH showing the change in the nature of 
thermodynamic driving force with increasing temperature. Exper- 
imentally observed AGoob (0) values in theinvestigated temperature 
range are also indicated. 

Discrimination between Different Response Elements. The 
results presented here provide evidence for clearly distin- 
guishable variations in the affinity of the GR DBD to different 
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nucleotide sequences differing in only one or two base pairs. 
The free energies for binding to different half-sites, listed in 
Table 111, translate to relative binding affinities that decrease 
in the order 

GREH > GRE2H > ERE2H = EREH (= CT DNA) 
These results compare very well to qualitative results obtained 
from gel-shift experiments on the binding of GR DBD to the 
corresponding palindromic sequences, where the base pair 
mutations were made in both half-sites (Zilliacus et al., 199 1, 
1992). 

Independent Measurement of the Cooperativity Parameter. 
We estimate the cooperativity parameter for dimeric DBD 
binding to the idealized palindromic GRE to Wobs = 25-50. 
This result can be compared with our previous studies of GR 
DBD binding to the GRE from the mouse mammary tumor 
virus promoter region, where we were able to estimate the 
product WobsKobs = (1-4) X lo7 M-' at salt concentrations 
corresponding to 570 mM monovalent cations at pH 7.5 (Hard 
et al., 1990a). In the previous studies, we also found that the 
specific binding affinity was relatively independent of salt 
concentrations in the range 270-570 mM monovalent cations, 
where the lower value closely corresponds to the buffer 
conditions used in this study. A problem with the previous 
studies was that only the product Wob&bs, where KOb in this 
case represents the average association constant for binding 
to two nonequivalent half-site GREs, could be estimated. In 
the present study, however, we have circumvented this problem 
by studying binding to an idealized palindromic GRE sequence 
and by obtaining an independent measure of the binding 
affinity for a single half-site using the GREH oligomer. 

Relative and Absolute DNA Binding Affinities of Intact 
GR Molecules. The free energy differences for binding to the 
various half-sites listed in Table I11 can be related to the 
expected relative association constants for the binding of the 
dimerized GR to the corresponding GREs, assuming that the 
change in free energy for the association with a half-site GRE 
is the same for intact GR and GR DBD. For instance, the 
AAG = -0.4 kcal mol-' for binding of GR DBD to GREH 
compared to GRE2H corresponds to AAG = -0.8 kcal mol-' 
for the binding of dimeric GR to GRE versus GRE2, which 
translates to a 4-fold relative preference for the GRE sequence. 
The relative binding affinity for GRE versus one of the ERE 
sequences can in the same way be estimated to >120, i.e., the 
affinities for the ERE and ERE2 sequences are more than 
two orders of magnitude less than the affinity for the GRE 
sequence. 

It is also interesting to relate the data obtained with the 
recombinant GR DBD to the DNA binding affinities measured 
for the intact GR molecule. It has been suggested that the 
intact GR binds as a dimer to GRE at natural buffer and GR 
concentrations, due to additional intermolecular interactions 
involving regions outside the DBD. The free energy of 
association of the dimer should be twice that of the monomeric 
binding, Le., AG(dimeric binding) = -16.2 kcal mol-' at 20 
OC (assuming no changes in the interactions between the GR 
molecules upon binding) which corresponds to an association 
constant of >8 X loll M-l. This value seems unreasonably 
high considering published association constants for the binding 
of GR to GRE. For instance, Perlman et al. (1990) studied 
GR binding to two different (nonpalindromic) GREs at low 
salt concentrations using quantitative DNase I footprinting 
and found that the free GR concentration required for 50% 
occupancy of available binding sites in both cases was [GR] 
= 2.5 X 1O-l0 M, which is equivalent to a free energy change 

Lundblck et al. 

for dimeric binding of -12.9 kcal mol-' at 20 OC. Thus, if 
these studies reflect the DNA binding of dimeric receptors, 
then one has to account for a free energy change of 
approximately -3.3 kcal mol-' corresponding to the difference 
between the values calculated here and the values measured 
by Perlman et al. (1990). Part of the apparent discrepancy 
probably arises from the fact that the "natural" GRE contains 
two different half-sites, with a lower affinity of GR to the 
second half-site. For example, a 10-fold lower affinity to the 
low-affinity half-site, compared to the high-affinity site studied 
here, would account for 1.3 kcal mol-'. The fact that the 
footprinting studies were performed at different buffer 
conditions might possibly account for some of the remaining 
discrepancy between the observed and calculated free energy 
changes. A third possible explanation that could explain the 
difference would be a destabilization of the GR dimer upon 
DNA binding. Furthermore, there is evidence indicating that 
the dimeric form of GR binds with higher affinity to a full- 
length GRE than the monomeric form (Cairns et al., 1991; 
Drouin et al., 1992). 

An alternative explanation for the large binding constant 
calculated for the binding of dimeric GR could be that 
dimerization at low concentrations of GRdoes not occur prior 
to DNA binding, but concurrent with DNA binding. The 
GR is observed to exist as a dimer at total GR concentrations 
of 0.3 rM (Wrange et al., 1989), suggesting that the GR 
dimerization constant is at least lo8 M-I. However, GR is 
predominantly monomeric at concentrations < 1 nM, according 
to Perlman et al. (1990), proposing that the dimerization 
constant is <lo9 M-I. Considering these numbers, a dimer- 
ization upon binding could occur if the GR concentration is 
in the nanomolar range or less, although it should be noted 
that the GR dimerization constant might vary somewhat 
depending on temperature and buffer conditions. The GR 
probably exists as both monomeric and dimeric species in the 
cytoplasm, because the concentration of GR in the cytoplasm 
has been estimated to be in the range of 1-100 nM (Hansson 
et al., 1981; Gehring et al., 1982). However, if the free GR 
is monomeric at the conditions at which the footprinting 
experiments of Perlman et al. (1 990) were performed, then 
the observed free ligand concentration at 50% occupancy of 
available binding sites would be [GR]V = ~ / ( K O ' / ~ ) .  [This 
relationship is easily derived for the two-site cooperative model, 
e.g., from eq A5 or A6 of Hard et al. (1990a)l. A value of 
Kobs = lo6 M-' (as found in this study) would imply that the 
cooperativity parameter for the binding of intact GR to GRE 
is WGR = 1.6 X lo7, which corresponds to a free energy change 
of approximately -9.7 kcal mol-' at  20 OC. Using arguments 
based on a thermodynamic cycle, it can be shown that this 
change in free energy fits slightly better (the discrepancy is 
reduced to approximately 1-2 kcal mol-') to the values 
obtained for the GR dimerization, without having to invoke 
effects such as a destabilization of the receptor dimer in the 
DNA complex. The cooperativity parameter for binding of 
intact monomeric GR calculated above can be compared to 
the cooperativity parameter obtained for dimeric binding of 
the isolated DBD. Such a comparison indicates that a free 
energy of 7-8 kcal mol-' is gained from protein-protein 
interactions involving regions outside the DBD. 

Origin of the Large AC, for GR DBD Binding to a Hav-  
Site GRE. The graph in Figure 7Aindicates the involvement 
of a large and negative ACpoobs in the association process, 
which results in highly temperature dependent thermodynamic 
driving forces, AHo& and -ThSoobs.  These, in turn, almost 
completely cancel to give a less temperature-dependent change 
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in free energy, AGoobs (illustrated in Figure 7B). The 
association process is entropy driven at temperatures below 
26 OC and enthalpy driven at temperatures above 35 OC, with 
an intermediate temperature interval where both enthalpy 
and entropy contribute. A similar thermodynamic behavior 
has been observed for the sequence-specific DNA binding of 
the lac repressor and EcoRI endonuclease (Ha et al., 1989; 
Recordet al., 1991) and theCroprotein(Takedaetal., 1992), 
as well as several other procaryotic proteins [reviewed in 
Record et al. (1 99 l)] . 

The heat capacity change accompanying any noncovalent 
process involving a globular protein can be calibrated in terms 
of the reduction in water-accessible nonpolar surface (the 
hydrophobic effect) (Spolar et al., 1989; Livingstone et al., 
1991), and Ha et al. (1989) argue strongly for dehydration 
as the major driving force for sequence-specific binding of 
proteins to DNA. The expected change in ACpoobs can be 
calculated from the change in exposed nonpolar surface area 
(A&,) in the protein and DNA upon binding, provided that 
the hydrophobic effect involved in the association of protein 
to DNA is equivalent to that observed for protein folding and 
transferring of nonpolar compounds from water to nonpolar 
solvents. The binding of GR DBD to DNA provides a good 
model system for a quantitative test of the contribution of the 
hydrophobic effect to the observed ACpoobs, because the 
structures of free DBD and DBD in complex with DNA are 
known at high resolution from NMR and X-ray crystallo- 
graphic analyses, respectively. The crystal structure of a 
DBD-DNA complex has been determined at 2.6-A resolution 
(Luisi et al., 1991), and the high-resolution NMR structure 
of uncomplexed DBD determined in our laboratory (to be 
published) has a backbone RMSD of =0.7 A (compared to 
the average structure) for successive distance geometry and 
simulated annealing calculations. Using these two structures, 
we calculate AA,, = -660 A2 for GR DBD binding to a half- 
site GRE. This estimate was derived from the accessibility 
of aliphatic and aromatic carbon and hydrogen atoms using 
the algorithm of Lee and Richards (1971) within the 
framework of the CHARMM molecular mechanics package 
(Brooks et al., 1983). (A similar calculation using the X-ray 
structure of bound DBD as a reference gives hA,, = 760 A2, 
Le., there are only minor differences in the accessible surfaces 
of DBD in the free and bound states). The corresponding 
contribution to ACpoobs can then be calculated from ACponp 
= (-0.33 f O.09)AAn, = -0.22 f 0.06 kcal mol-’ K-l 

(Livingstone et al., 1991), which should be compared to the 
observed ACpoobs = 1.0 f 0.2 kcal mol-’ K-l. According to 
Record et al. (1991) and in accordance with our data, all 
DNA-protein interactions for which ACpoobs so far has been 
determined show a larger A C p o o ~  than expected from the 
hA,, calculated from the complementary surfaces of the 
protein and DNA. Record et al. (1991) suggest that these 
observations might be accounted for by changes in protein 
structure upon DNA binding. However, in the case of GR 
DBD, where this change can be measured and taken into 
account, there is still a significant difference between the 
observed ACpoobs and the calculated ACPonp. It is possible 
that cation release (Record et al., 199 1, and references therein) 
might account for a larger contribution than previously 
thought, or that other effects, such as “stiffening” ofvibrational 
modes or changes in comformational entropy (Sturtevant, 
1977), also have to be considered in order to reach a better 
understanding of the thermodynamics of protein-DNA 
interactions. 

NOTE ADDED IN PROOF 

We would like to clarify that Wrange et al. (1989) observe 
dimeric GR species only after a glutaraldehyde cross-linking 
reaction. Furthermore, Perlmann et al. (1990) observe a 
monomeric GR species at  10-20 nM total GR concentrations, 
rather than <1 nM, as cited in the Discussion. This 
unfortunate misquotation does not influence the discussion in 
the remainder of that paragraph, where we assume that the 
GR is monomeric at the conditions at which the footprinting 
experiments of Perlmann et al. (1990) were carried out. We 
would also like to emphasize that Perlmann et al. (1990) 
present data showing that the free native GR in their binding 
experiments is largely in a monomeric form, and they also 
present the two plausible GR dimerization reaction pathways, 
although their data do not discriminate between the two 
possibilities. 
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