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Comparison of Operator-Specific and Nonspecific DNA Binding of the X cI 
Repressor: [KCl] and pH Effectst 
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ABSTRACT: The effects of proton and KCl activity on the nonspecific X C I  repressor-DNA interactions and 
on the site-specific repressor-OR interactions were compared, in order to assess their roles in site specificity. 
The repressor-OR interactions were studied by using DNase I footprint tiration. The Gibbs free energy 
changes for binding and for cooperativity were determined between 25 and 300 m M  KCl, from individual-site 
isoth,erms for the binding of repressor to OR and to reduced-valency mutants. The proton-linked effects 
on repressor-OR interactions have been published [Senear, D. F., & Ackers, G. K. (1990) Biochemistry 
29, 6568-6577; Senear, D. F., & Bolen, D. W. (1991) Methods Enzymol. (in press)]. Nonspecific binding 
was studied by using a nitrocellulose filter binding assay, which proved advantageous in this case, due to 
the relatively weak nonspecific binding, and precipitation of repressor-DNA complexes. Filter binding 
provided measurements at  low binding density where precipitation did not occur. The data provide estimates 
of the Gibbs free energy changes for nonspecific, intrinsic binding, but not for cooperativity. The KCl 
concentration dependencies of the intrinsic binding constants indicate that ion release plays similar roles 
in distinguishing between the operators and in discriminating operator from nonoperator DNA. Binding 
to DNA is accompanied by net proton absorption. Near neutral pH, proton linkages to operator and 
nonoperator binding are the same. Differences at  acid and at  basic pH implicate the same ionizable repressor 
groups in distinguishing between the operators and in discriminating operator from nonoperator DNA. The 
results indicate similar overall modes of operator and nonoperator binding of repressor, but implicate indirect 
effects of DNA sequence as important contributors to sequence recognition. 

%e key steps in the regulation of developmental and met- 
abolic pathways often occur at the level of initiation of tran- 
scription. In both prokaryotes and eukaryotes, this regulation 
involves DNA sequence dependent interactions between reg- 
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ulatory proteins and DNA. Due to enormous effort expended 
in recent years, a few general principals of sequence-specific 
recognition of DNA by regulatory proteins have emerged. 
However, a complete picture remains elusive. While it was 
felt, at one time, that specificity must arise strictly from 
contacts to functional groups in the major groove of the DNA, 
it is now recognized that interactions with the backbone are 
also important to specificity, due to sequence-dependent 
variations in DNA conformation and susceptibiity to pro- 
tein-induced deformation of DNA [see Steitz (1990) and 
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Harrison and Aggarwal (1990) for recent reviews]. The 
complexity inherent in this situation raises the possibility of 
functionally important interactions which may not be simply 
interpretable in terms of local structural features. 

An important example of regulation of development at the 
level of transcription initiation, one in which site-specific 
binding plays a central role, is provided by the right operator 
(0,)' of the bacteriophage A. The interactions of the 
phage-encoded cl and cro repressors with three operator sites 
a t  OR constitute the primary control of the switch from ly- 
sogenic to lytic phage cycles [see Johnson et al. (1981) for a 
review]. Two features which are crucial to this regulation are 
(i) the differential affinities of the X cI and cro repressors for 
their operator sites (Meyer, et al., 1980) and (ii) the coop- 
erative interactions between cI repressors bound at  different 
operator sites (Johnson et al., 1979; Shea & Ackers, 1985). 
Site specificity can be considered to operate at two levels in 
this system. First is the specificity for operator sequences, as 
opposed to random-sequence DNA; second is the differential 
affinity for different operators. Cooperativity certainly plays 
a role in the latter, i.e., in modulating the effective affinity 
of OR2 versus OR3 (see below). Its role in the former has not 
been ascertained. 

The present study was stimulated by the demonstration of 
operator site-specific pH effects on the cI repressor-OR in- 
teractions (Senear & Ackers, 1990) which provide part of the 
energy for the differential affinity of the repressor for the three 
operator sites of OR. The conclusion that this represents an 
effect of DNA conformation is supported by the lack of ap- 
propriate ionizable groups that contact the DNA (Jordan & 
Pabo, 1988). Here, we report on the effects of monovalent 
salt concentration on the repressor-operator interactions. The 
entropic contribution from removal of cations and water from 
the DNA upon protein binding generally provides a large 
fraction of the overall binding energy (Record et al., 1985) 
and so might be expected to be sensitive to site-specific dif- 
ferences in the interactions of the repressor with the DNA 
backbone. In addition, we have also studied the effects of pH 
and of monovalent salt concentration on the nonspecific 
binding of the repressor to nonoperator DNA, to determine 
whether similar interactions are involved at both levels of 
specificity. 

The cooperative, site-specific repressor-OR interactions were 
studied by using quantitative footprint titration. At each 
concentration of monovalent salt (25-300 mM KCl), indi- 
vidual-site titration data for OR wild-type and for three re- 
duced-valency mutants were analyzed to resolve the Gibbs free 
energy changes both for binding to each of the operator sites 
p d  for cooperativity (Senear et al., 1986; Senear & Ackers, 
1990). The nitrocellulose filter binding assay was used to study 
the nonspecific interactions of repressor with non-operator- 
bearing DNA fragments derived from pBR322. While these 
data did not allow for rigorous examination of potential co- 
Qperativity in nonspecific binding, they did provide precise 
estimates of the free energy change for intrinsic DNA binding. 

The results of these studies indicate significant variation in 
the stoichiometry of ion participation in the binding of re- 
pressor to the three operator sites. The stoichiometry of ion 

Biochemistry, Vol. 30, No. 27, 1991 Senear and Batey 

participation in nonspecific binding lies in the middle of the 
range obtained for the operators. The overall pattern of 
linkage between proton binding and nonspecific protein-DNA 
binding is similar to that for operator binding. However, the 
same groups that are involved in distinguishing between the 
three operator sites appear also to be involved in discriminating 
operator DNA. These observations implicate similar "indirect 
readout" type interactions as playing a significant role in site 
specificity at both levels. A transition near 0.1 M KC1 divides 
conditions of high salt, where operator binding is highly co- 
operative, and of low salt, where it is much less so. However, 
within each of the two regions, cooperativity is not highly 
sensitive to KCl concentration. Implications regarding the 
mechanism of site-specific binding and regulation are dis- 
cussed. 

MATERIALS AND METHODS 
Chemical Reagents. [ C ~ - ~ * P ] ~ N T P S  (3000 Ci/mmol) were 

purchased from Amersham; unlabeled dNTPs were from BRL. 
Electrophoresis-grade acrylamide and bis(acry1amide) from 
Bio-Rad were deionized by using Bio-Rad AG501 -x8 mixed- 
bed resin before use. Klenow polymerase and bovine serum 
albumin (BSA, acetylated, nucleic acid grade) were from BRL. 
Calf thymus DNA (CT-DNA) was from Sigma. Bovine 
pancreas deoxyribonuclease I (DNase I, code D) from 
Worthington was treated as described (Brenowitz et al., 1986). 
To maintain constant DNase I exposure, the relative catalytic 
activity was determined at each [KCl], essentially as described 
(Kunitz, 1950). The apparent activity of the enzyme varied 
by 2 orders of magnitude over the range of [KCl] used.* All 
other reagents were reagent or analytical grade. 

Repressor Protein. X cl repressor protein was purified as 
described (Brenowitz et al., 1986). The repressor protein 
preparation used is >95% pure as judged by NaDodS0,- 
PAGE. The specific DNA binding activity is 55%, on the basis 
of stoichiometry experiments of the type described by Sauer 
(1979) and by Johnson (1980), and on = 1.18. All 
repressor concentrations are expressed as totai active monomer 
concentrations, which were calculated from the stoichiometry 
experiments. Repressor dimer is active in binding DNA. For 
experiments at 200 mM KCl, dimer concentrations were 
calculated on the basis of a dissociation constant, kd, of 3.7 
nM [see Senear and Ackers (1990)l. At other concentrations 
of KCl, kd was calculated on the basis of a linear dependence 
of log kd on log [KCl]. The slope was obtained from recent 
steady-state fluorescence anisotropy measurements at 50 mM 
KC1, from which we estimate kd to be approximately 30 nM 
(J. B. A. Ross and D. F. Senear, unpublished  experiment^).^ 

DNA. Isolation and radiolabeling of 1107 bp DNA frag- 
ments containing either the wild-type (OR+) or the reduced- 
valency mutant X right operators whose binding competencies 
are OR1-, 0R2-9 and OR1-3- were as described (Senear & 
Ackers, 1990). The mutant operators contain a single base 
pair substitution in each of the mutated sites. Non-opera- 
tor-containing DNA fragments of length (measured after 
Klenow fill-in-labeling) 91, 225, 540, 121 1, and 1749 bp were 
isolated from an AuaII and partial NdeI digestion of pBR322 
DNA (the 1749 bp fragment results from incomplete NdeI 

I Abbreviations: bis(acrylamide), A',"-methylenebis(acry1amide); 
Bistris, [bis(2-hydroxyethyl)amino] tris(hydroxymethy1)methane; BRL, 
Bethesda Research Labs; BSA, bovine serum albumin; bp, base pair(s), 
CT-DNA, calf thymus DNA; DNase I, bovine pancreas deoxyribo- 
nuclease I (EC 3.1.21 . I ) ;  EDTA, (ethylenedinitri1o)tetraacetic acid; 
NaDodSO,, sodium dodecyl sulfate; OR, X right operator; Tris, tris(hy- 
droxymethy1)aminomethane. 

* Activity decreased with increasing [KCI]. The specificity of the 
enzyme, as indicated by the banding pattern observed in footprint auto- 
radiograms, was unaffected by [KCI]. On the basis of these observations, 
we conclude that the change in apparent affinity primarily reflects the 
expected [KCI] effect on the binding of DNase I to DNA, rather than 
an effect on specific activity. 

See Casali et al. (1991) for methods. 
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digestion). The pBR322 sequence was searched to ensure the 
lack of any significant sequence similarity to the h operator 
sequences. DNA fragments were agarose or acrylamide gel 
purified from CsCl gradient banded plasmid preparations and 
were essentially free of protein, as determined from the 
A260/&0 ratio (Maniatis et al., 1982). The specific radio- 
activity of freshly labeled operator DNA [(5-9) X 106 Ci/mol] 
was used to estimate the operator concentration in binding 
experiments, where necessary. 

Highly polymerized CT-DNA used as carrier DNA in 
nonspecific binding experiments was solubilized by brief so- 
nication. The resulting distribution of fragments (a. 500-5000 
bp) was fractionated by agarose gel electrophoresis. Separate 
fractions representing 250 bp (below 2000 bp) or 500 bp ranges 
in fragment size (e.g., 1750-2000 and 2000-2500 bp) were 
isolated. The size ranges were confirmed by electrophoresis 
of the separate fractions. 

Individual-Site Binding Experiments. Quantitative DNase 
I footprint titrations were conducted essentially as described 
(Brenowitz & Senear, 1989; Senear & Ackers, 1990). Ex- 
periments were conducted in a buffer (assay buffer) consisting 
of 10 mM Bistris (pH 7.00 f 0.01), 25-400 mM KCl, 2.5 mM 
MgC12, 1 .O mM CaCli, 0.1 mM Na,EDTA, 100 pg/mL BSA, 
and 2 pg/mL (non-size-fractionated) CT-DNA. The pH of 
each buffer was adjusted with HCl at the temperature of the 
experiments (20 f 0.1 "C). Reaction mixtures (300 pL) were 
equilibrated in a water bath for between 40 min and 2 h prior 
to binding assays. Binding measurements are independent of 
the incubation time over this range. 

Conditions for DNase I exposure were 0.3-30 ng of DNase 
I (depending on the apparent activity of the enzyme at a given 
[KCl]) added in a 5.0-pL volume, for 8.0 min. DNase I 
reactions were quenched before addition of stop solution 
(Brenowitz & Senear, 1989), by addition of one-sixth volume 
of 50 mM Na4EDTA. Two-dimensional optical scanning of 
footprint titration autoradiograms at a resolution of 210 pm 
X 210 pm was accomplished by using an Eikonix 78/99 2048 
element photodiode array camera controlled by a MicroVAX 
3200 computer. The optical resolution is 0-1.60 ODU in 256 
steps. Graphically interfaced programs were developed in this 
lab for the camera control and analysis of the digitized au- 
toradiogram images. 

Nonspecific Binding Experiments. The nonspecific binding 
of the repressor to the pBR322 DNA fragments was monitored 
by using the nitrocellulose filter binding assay, in the assay 
buffer described above, except that Tris and potassium acetate 
were substituted for Bistris above pH 7 and below pH 6, 
respectively. Aliquots of 45 pL (from 50-pL reaction mixtures) 
were applied to the filters. The filtering, washing, and scin- 
tillation counting were essentially as described (Senear et al., 
1986). 

Filters (0.45 pm, 25-mm circles obtained from Schleicher 
& Schuell) were treated by soaking for 10 min in 0.4 N 
NaOH, followed by soaking in wash buffer (assay buffer, less 
BSA and CT-DNA) for 1-2 h before use. Pretreatment de- 
creased background retention of radiolabeled DNA in the 
absence of repressor. Still, a minimum concentration of carrier 
CT-DNA was required to prevent excessive background re- 
tention. At the concentrations used (usually 0.1 pg/mL), 
backgrounds were typically 5% of the total cpm. Since even 
this CT-DNA concentration represents a substantial excess 
over the concentration of pBR322 fragment DNA (ca. 20- 
200-fold depending on the pBR322 fragment size), the ap- 
propriate size-fractionated CT-DNA was used (e.g., 
1500-2000 bp for the experiments using the 1759 bp pBR322 
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Table I: Microscopic Configurations and Associated Free Energy States 
for the X c1 Repressor-OR System' 

operator 
configurations total free 

species site I site 2 site 3 free energy contributions energy 
1 0 0 0 reference state AGSI 
2 R, 0 0 AGI 

"Operator sites are denoted by 0 if vacant or by R2 if occupied by cI 
repressor dimers. Cooperative interactions are denoted by (-). The total 
Gibbs free energy of each configuration (AG,) relative to the unliganded 
reference state is shown as the sum of contributions from six energy 
changes. AGi values ( i  = I ,  2, or 3) are the intrinsic free energy changes for 
binding to the operator sites; AGij(k) values are the free energy changes due 
to cooperative interaction between liganded sites, defined as the difference 
in free energy change to fill the sites simultaneously (ACT) and the free 
energy change to fill them individually ( x i A G , ) .  The free energy changes 
are related to the corresponding microscopic equilibrium constants, k,, by 
the standard thermodynamic relationshio AG; = -RT In k;. 

fragment). In this way, a reasonably homogeneous mix of 
fragment sizes was present in any experiment. 

Numerical Analysis. All experimental data were analyzed 
according to the appropriate quantitative expressions by using 
nonlinear least-squares methods of parameter estimation. The 
analysis program (Johnson & Frasier, 1985) uses a variation 
of the Gauss-Newton procedure (Hildebrand, 1956) to de- 
termine the best-fit, model-dependent parameter values that 
correspond to a minimum in the variance. The N-dimensional 
parameter space is searched for the variance ratio predicted 
by an F statistic (Box, 1960) to determine the worst case 
joint-confidence limits for the fitted parameters. The confi- 
dence limits correspond to approximately one standard devi- 
ation. 

A statistical mechanical model for the interaction of the cI 
repressor with OR has been thoroughly evaluated (Senear & 
Ackers, 1990). The salient features of this model are repre- 
sented by the configurations listed in Table I. The individ- 
ual-site binding equation for each operator site is constructed 
by considering the relative probability for each configuration 
with repressor bound to that site (Ackers et al., 1982, 1983). 
For the wild-type operator, the fractional occupancies of the 
sites are given by 

'OR, = fi ' f S  + f7 + f 8  ( l a )  

(1b) 

(IC) 

'0~2 =.f3 'f5 ' f 6  ' f 8  

'0~3 = f 4  + f 6  'f7 + f S  

wheref, is the fractional probability of one operator config- 
uration, given by 

e-AGaIRTRd 
= C e - A G 8 / R T ~ j  (2) 

SJ 

AG, is the sum of free energy contributions for configuration 
''9 (Table I), R is the gas constant, T i s  the absolute tem- 
perature, R2 is the concentration of free repressor dimer, and 
j is the number of ligands bound in to configuration "s". At 
most conditions, the concentration of operator DNA used (less 
than 20 pM) was sufficiently low to ignore the difference 
between free and total repressor concentrations. At the coh- 
ditions of highest affinity where the difference could not be 
safely ignored, the full conservation equation for repressor was 
utilized, as described (Senear & Ackers, 1990). 
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Since even saturating protein ligand does not confer absolute 
protection, the quantity that is obtained in the footprint ex- 
periment is not YoRi, but rather the fractional protection of 
the site, denoted by PoRP The Phi values are linearly related 
to, but not equal to, FoRi (Brenowitz et al., 1986). Thus, the 
final form of the equations used in the nonlinear least-squares 
fitting is 

PORi,0bs = PORi,O + (PORi,f -PORi.O)FoRi (3) 
where and PORi,f are fitted lower and upper end points 
to the observed transition curves, respectively. 

Simultaneous analysis of binding data for OR and to re- 
duced-valency mutants whose binding competencies are OR1-, 
0R2-, and oR1-3- was used to resolve unique values of the six 
interaction energies (Table I) at each experimental condition 
(Ackers et al., 1982; Senear et al., 1986). Binding expressions 
for the mutant operators are constructed in the manner de- 
scribed above, except that only those configurations applicable 
to the mutant are considered. This formulation assumes that 
the interactions at the remaining site(s) are quantitatively 
unaffected by the mutation(s). The methods used in the si- 
multaneous analyses, including the calculation of normalized 
weighting factors to account for variable experimental noise 
in the different isotherms, have been described in detail (Senear 
& Bolen, 1991). 

Filter binding separates liganded from unliganded DNA as 
described by Clore et al. (1982): 

2 is the binding polynomial (Wyman, 1964) given by 2 = 
C7&KjRi, where Kj is the macroscopic binding constant for 
the binding of j ligands. The equation for Kj that contains 
the combinatorial factors that account for binding site overlap 
in the nonspecific binding of a protein to a finite-length DNA 
(Woodbury & von Hippel, 1983) is 

e = [DNAboundl /[DNAtotall = - / z  (4) 

J ( N  - jE +l)!(j - 1 ) ! d 1  
Kj  = k/C ( 5 )  /=l(N - j R - j  + l)!(j - I + 1)(1 - j ) ! ( j  - I)! 
where ki is the intrinsic, microscopic binding constant for each 
DNA site, N is the size (in base pairs) of the DNA, ii is the 
site size (base pairs occluded by binding of one ligand), and 
o is a cooperativity parameter, which accounts for the free 
energy of cooperative interaction when ligands bind at con- 
tiguous sites. In analyzing our experimental data, it was 
necessary to account for the fact that less than 100% of the 
DNA is retained by the filters at saturation with repressor (cf. 
Figure 6, below). Thus, the final form of the equation used 
was 

n 

j =  1 
Doh = Dtot( C KjR.Lrj) / z  + Do (6) 

where D,, and Do are the total DNA applied to the filter and 
the background retention, respectively, n is the maximum 
number of ligands that can bind, given by N/A,  and rj is the 
retention for a complex with j ligands bound. Different for- 
mulations for rj were considered, as described below. 

RESULTS 
[ KCI] Dependence of Site-Specific, Repressor-OR Inter- 

actions. The cooperative, site-specific interactions of the CI 
repressor and OR were studied by using the DNase I footprint 
method (Brenowitz et al., 1986). Figure 1 presents data for 
the binding of repressor to OR at 50 mM KCl. The solid curves 
drawn through the points represent the results of the simul- 
taneous analysis of these data, and also of data from titration 
experiments conducted on reduced-valency mutant operators 

A 1 2 3 4 5 6 7 8 9 10  11 12 13 14 15 16 17 18 19 20 21 22 23 

ilPrrPlrilaQ 

-0.2 , m I I 

-1 1 -10 -9 -8 -7 
log [repressor] 

FIGURE 1 : Footprint titration of cI repressor binding to OR at 20 O C ,  
50 mM KCI, pH 7.0, standard assay buffer (Materials and Methods). 
(A) Autoradiogram of the DNA after exposure to DNase I. Regions 
corresponding to the operator sites oR1, 0 R 2 ,  and OR3 are marked. 
Lane 1 is the reference (no repressor) for calculation of fractional 
protection. Lanes 2-23 show approximately even log increments in 
repressor concentration from 7.6 X to 2.4 X lo-' M. (B) Extent 
of saturation for sites OR1 (squares), OR2 (circles), and OR3 (triangles) 
from the data in (A). Hypersensitivity in OR3 mimics the apparent 
negative fractional saturation (see text); the abscissa is labeled App. 
Saturation in acknowledgement. The solid lines through the points 
represent the simultaneous analysis of binding data for the wild-type 
and reduced-valency mutant operators as in Figure 2. Estimated Gibbs 
free energy changes for the interactions are in Table 11. 

(see below) according to the model given in Table I. The 
precision of the data and the correspondence between the 
model-dependent curves and the data are representative of all 
conditions studied. 

A pronounced dip in the OR3 data at intermediate repressor 
concentrations results from hypersensitivity to DNase I in OR3, 
relative to the absence of repressor. This hypersensitivity is 
strongly [KCl] dependent, diminishing in intensity to near zero 
by 200 mM KCl (see Figure 3, below). It is also observed in 
titrations of 0R2- DNA (see Figure 2, below) but is not ob- 
served in other sites or other operators. The increased rate 
of DNase I catalyzed cleavage in OR3 appears to be a direct 
consequence of repressor binding to OR1. A similar conclusion 
was reached independently by Strahs and Brenowitz (1990). 
The negative values of apparent fractional saturation are a 
consequence of the normalization of the fractional protection 
data to the lane with zero repressor (Brenowitz et al., 1986). 
In the normalization procedure, protection, seen as a decrease 
in OD, is due to repressor ligation. Therefore, hypersensitivity 
necessarily yields apparent negative fractional saturation. 

To account quantitatively for this effect, a third end point 
(POR3,J, reflecting the apparent decrease in the fractional 
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Table 11: [KCI] Effects on Microscopic Gibbs Free Energy Changes of cI Repressor-OR Interactions" 

25 -17.4 f 0.2 -16.2 f 0.2 -13.6 f 0.4 -0.9 f 0.3 -2.6 f 0.5 -2.1 f 0.6 0.057 
50 -16.2 f 0.2' -14.9 f 0.2 -12.1 f 0.3 -1.6 f 0.3 -2.8 f 0.5 -2.9 f 0.6 0.063 
75 -14.8 f 0.2 -13.1 i 0.1 -12.0 f 0.2 -2.4 f 0.3 -3.2 f 0.3 -2.9 f 0.4 0.054 

100 -14.2 f 0.4 -13.5 & 0.2 -1  1.9 f 0.4 -1.7 f 0.6 -1.8 f 0.5 -1.6 f 0.7 0.070 
150 -13.3 f 0.2 -12.3 f 0.2 -1  1.0 f 0.7 -3.6 f 0.4 -3.2 f 0.7 -4.8 f 0.9 0.065 
200 -12.8 f 0.3 - 1  1.0 f 0.3 -9.9 f 0.5 -3.0 f 0.5 -3.6 f 0.8 -3.5 f 1.0 0.073 
300 -10.8 f 0.3 -9.6 f 0.4 -9.4 f 0.4 -4.9 f 0.5 -3.4 f 0.7 -5.2 f 0.9 0.083 
400 ndd -8.5 f 0.5 nd nd nd nd 0.050 

"Standard Gibbs free energy changes (in kilocalories per mole f 65% confidence intervals; 1 cal equals 4.184 J) of the CI repressor-OR interac- 
tions, obtained by simultaneous analysis of wild-type OR and of reduced-valency mutant OR binding data. Binding conditions were pH, 7, 20 OC, and 
KCI concentration as indicated. bSquare root of the variance of the fitted curves from simultaneous analysis. ENelson and Sauer (1986) obtained 
-15.0 kcal/mol for binding to OR1 from the plasmid pORl (Johnson, 1980) under substantially identical experimental conditions, and assuming a 
repressor dimer dissociation constant of 20 nM. Using the same assumption, our value is -16.0 kcal/mol. The difference is exactly as accounted for 
by the context-dependent effect of deleting the OR2/OR3 DNA from pOR1, as described by Brenowitz et al. (1989), and the salt dependencies 
reported by Nelson and Sauer (1985) and in Table 111. "Not determined. OR2 value determined from Oal-3- titration data only. 

[KC11 (mM) AGI AG2 AG3 AGl2 AG23 AG123 ab 

protection due to hypersensitivity, and the fractional probability 
terms for species liganded at OR1, but not OR3 (Le., species 
2 and 5, Table I ) ,  were included in the binding equation for 
OR3. For the wild-type operator, this gives 
p 0 ~ 3 , 0 b s  = p 0 ~ 3 . 0  + (POR3,h - P0R3,0)(fi +fS) -k 

(PO~3 . f  - P0~3 .0 )c f4  +f6 + h + f8) (7) 
The sensitivity of the fitted free energy changes to this analysis 
was tested by also analyzing the titration data in the normal 
manner, e.g., according to eq 1 ,  2, and 3. In these analyses, 
either the OR3 data which show the hypersensitivity (e.g., the 
first eight points for OR3 in Figure 1) were deleted, or the data 

were included and the systematic deviation between the data 
and the fitted curve was ignored. In no case did the estimates 
of any of the free energy changes from these three procedures 
differ from one another by greater than 0.2-0.3 kcal/mol, or 
about the limits of the experimental uncertainty (Table 11). 
Of course, the variance of the fitted curves is dramatically 
improved by accounting for the hypersensitivity in the binding 
equations. 

The cooperative interactions embodied in the interactions 
of the X repressor with OR (Johnson et al., 1979; Ackers et 
al., 1982) are evident in the steepness of the OR1 and OR2 
isotherms (see also Figures 2 and 3 below). To resolve the 

-11 -10 -9 -8 -7 - 1 1  -10 -9 -8 -1 

log [repressor] log [repressor] 
FIGURE 2: Individual-site binding of repressor to OR and to reduced-valency mutants at  20 OC, 150 m M  KCI, pH 7.0, standard assay buffer. 
Panels show ORWt, 0R2-, OR1-, and OR1-3-, as indicated. (Squares) OR1; (circles) 0 R 2 ;  (triangles) OR3. The curves represent the simultaneous 
analysis of all of the data shown using the model defined by Table I and eq 2. Estimated Gibbs free energy changes for the interactions are 
in Table 11. 
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FIGURE 3: Individual-site binding data showing the effect of increasing 
[KCI] on cooperative interactions of c1 repressor and OR at 20 OC, 
pH 7.0, standard assay buffer. Panels show 25, 100, and 200 mM 
KCI as indicated. (Squares) 0,l; (circles) 0& (triangles) OR3. The 
curves represent the simultaneous analysis of all binding data for the 
wild-type and reduced-valency mutant operators at each condition, 
as in Figure 2. Estimated Gibbs free energy changes for the inter- 
actions are in Table 11. 

interaction free energy changes for the model given in Table 
I ,  it is necessary to also analyze binding to reduced-valency 
mutants of OR, whose binding competencies are OR1-, 0R2-9 
and OR1-3- (Senear et al., 1986; Senear & Ackers, 1990).4 
The complete binding data collected for these operators at 150 
mM KCI are shown in Figure 2. The data for these different 
operators were analyzed simultaneously as described under 
Materials and Methods, using the appropriate binding ex- 
pressions for the model defined by Table I. The results, in- 
dicated by the solid lines in Figure 2, are listed in Table 11. 

Similar titration experiments were conducted over the range 
of KCI concentrations 25-300 mM. Representative cI re- 

' Senear and Ackers (1990) also used an OR1-2- operator in their 
analysis of pH effects on the cl repressor-OR interactions. This was 
necessary for the testing of different models for the cooperative inter- 
actions, in particular for the question of cooperativity between OR1 and 
OR3 (AG,,). Their finding of no OR1-OR3 cooperative interaction con- 
firmed the earlier report of Johnson et al. (1979) and removes the need 
for titrations of the 0 R 1 - 2 -  operator in these studies. 

8 -  

7 -  

-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 

log [KCl] 
FIGURE 4: log-log plot of the [KCI] dependence of intrinsic binding 
of repressor to OR at 20 OC, pH 7.0, standard assay buffer. Points 
plotted are microscopic equilibrium constants estimated by simulta- 
neous analysis of individual-site binding data as shown in Figure 2. 
(Squares) OR1; (circles) 0 R 2 ;  (triangles) OR3. Error bars represent 
the confidence limits (see Materials and Methods), corresponding to 
approximately one standard deviation. Solid lines are the results of 
simultaneous analysis of the data for the three operator sites using 
eq 8-10, as described in the Discussion. Parameters are listed in Table 
111. 

pressor-OR titration experiments over this range are presented 
in Figure 3. The solid curves represent the results of simul- 
taneous analysis of the data shown and the reduced-valency 
mutant data, as discussed above. In most cases, data consisting 
of more than 250 points from either 5 or 6 separate titration 
experiments were analyzed. The free energy changes estimated 
from these analyses are listed in Table 11. Resolution of the 
free energy changes for binding to the three operator sites is 
quite good. Uncertainties of 0.2-0.3 kcal/mol represent only 
a factor of 1.5 in the corresponding equilibrium constants. 
Estimation of the free energy changes for the cooperative 
interactions is less precise, since these are very sensitive to all 
systematic differences between different experiments for the 
wild-type and mutant operators. The experiments at 200 mM 
KCl repeat the experiments of Senear and Ackers (1990). The 
values obtained here are in excellent agreement with those, 
being well within experimental error in every casess 

A log-log of the [KCl] effect on the intrinsic binding of the 
repressor to the three operators is shown in Figure 4. The 
overall trend is a large decrease in binding affinity as the [KCl] 
is increased. This is in line with the expectation that counterion 
release from the DNA makes a substantial entropic contri- 
bution to protein binding to DNA (Record et al., 1978). 
Pronounced curvature in the data at low [KCl] is evident. This 
is a consequence of the presence of divalent metal cations (2.5 
mM Mg2+ and 1.0 mM Ca2+) in the assay buffer (Record et 
al., 1977). These compete with K+, as well as with the re- 
pressor, for sites on the DNA. It was necessary to include 
Mg2+ and Ca2+ in the buffers for enzymatic activity of DNase 
I, and in order to match the conditions used in the pH studies 
of the repressor-OR interactions by Senear and Ackers (1990). 
The slope in the limit of high [KCl] reflects the effect due to 
KCl alone. An important observation is that the limiting slopes 
are significantly different for the three sites. The KCl effect 
appears to be similar for oR1 and OR27 but much less for OR3. 
The difference stands out quite clearly above the small un- 
certainty in the determination of the intrinsic binding param- 
eters. 

Nonspecific RepressopDNA Binding. The nonspecific 
binding of the cI repressor to DNA was studied by using the 
nitrocellulose filter binding assay. Filter binding proved ad- 
vantageous in this case, because, by measuring the fraction 

When analyzed by using the same dimer dissociation constant, kd 
= 20 nM, as used by Senear and Ackers (1990). 
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FIGURE 5:  Filter binding titration of nonspecific repressor binding 
to the 1749 bp pBR322 Am11 fragment (binding conditions: 20 OC, 
200 mM KCI, pH 7.0, standard assay buffer, 0.1 &nL CT-DNA). 
Data were analyzed by using eq 6 with different values of site size 
( A )  and cooperativity (w) as described in the text. The solid line shows 
w = I and il = 17,20. and 24. The estimated Gibbs binding free energy 
change is -3.65 f 0.13 kcal/mol. Square root of the variance is u 
= 0.064. The dashed lines show i i  = 20 and w = 100 (AGi = -3.62 * 0.13, u = 0.067), w = 1000 (AG, = -3.44 k 0.16, u = 0.089), and 
w = I O  000 (AG, = -2.91 * 0.19, u = 0.139) for short, medium, and 
long dashes, respectively. 

of DNA with one or more ligands bound (e), it assays binding 
at  very low binding density. This avoids precipitation of the 
protein-DNA complexes, which we observe under all condi- 
tions of our experiments, at the higher repressor concentrations 
necessary for full saturation of the DNA (see Discussion). A 
representative filter binding titration of repressor binding to 
the 1749 bp pBR322 fragment is shown in Figure 5. These 
data were analyzed by using eq 6 as described below. 

A feature of the filter binding assay for a fragment, that 
is much larger than the binding site size, is low sensitivity to 
cooperativity. This is because the number of sites at  which 
a second ligand will bind noncooperatively (i.e., all sites not 
contiguous with the first ligand) is large relative to the two 
contiguous sites at which it binds cooperatively. To an order 
of magnitude approximation, the data are insensitive to w 5 
N ,  the fragment size, which is the number of potential, non- 
cooperative binding sites. This point is illustrated in Figure 
5 which shows the results of analysis with different fixed values 
of w .  For w I 1000 (AG, 1-4.0 kcal/mol), the fitted curves 
are indistinguishable and the effect on the estimated k, (or 
AGi) negligible. The data are sensitive to w > 1O00; the quality 
of the fit decreases rapidly, with u (the square root of the 
variance) doubling by w = 10000 (AG, = -5.4 kcal/mol). 
This result was also obtained at  all other conditions tested. 
Since AG, = -4.0 kcal/mol equals or exceeds the pairwise 
cooperativity found in repressor-OR interactions (Table 11; 
Senear & Ackers, 1990) and given the expectation that co- 
operativity is not greater in nonspecific than in specific, op- 
erator binding, we have analyzed our data subject to the sim- 
plification AG, = 0.0. 

A similar result obtains for the binding site size (e ,  in eq 
5). This is because the effects of binding site overlap and 
exclusion are small for the binding of the first few ligands to 
a large lattice. On the basis of the spacing of the operations 
in X OR and OL, we infer a minimum nonspecific binding site 
size of 17 bp, the size of the operator palindrome, and a 
maximum of 24, equal to the palindrome plus the largest 
spacing between operators in OR and OL. This estimate of 
site size is also consistent with the size of the protected region 
in DNase I footprint experiments (cf. Figure 1). The solid 
line drawn through the points in Figure 5 represents the data 

-9 -8 -1 -6 -5 
log [repressor] 

FIGURE 6: Filter binding titrations of nonspecific repressor binding 
to different length pBR322 fragments, showing the expected depen- 
dence for constant retention of all liganded complexes. Binding 
conditions: 20 OC, 100 mM KCI, pH 7.0, standard assay buffer (no 
CT-DNA). Solid curves are from separate analysis of each experiment 
using eq 6, with ii = 20 and w = 1, and constant retention assumed. 
Symbols and results are the following: (triangles) 1749 bp AuaII 
fragment (AG, = -5.89 f 0.27, u = 0.108); (pluses) 1211 bp 
AuaIIINdeI fragment (AG, = -5.81 * 0.27, u = 0.1 14); (circles) 540 
bp AuaII fragment (AGi = -5.87 * 0.48, u = 0.173); (crosses) 225 
bp AuaII fragment (AG, = -5.89 f 0.12, u = 0.047); (squares) 91 
bp AuaII fragment (AGi = -5.50 f 0.30, u = 0.105). From separate 
analysis of all experiments using different fragment lengths at this 
condition (12), AGi = -5.83 f 0.19, with constant retention assumed. 
The lack of CT-DNA accounts for the appreciable scatter (see 
Materials and Methods). (Inset) Filter binding titrations showing 
no effect of total retention on titration curves. Reaction conditions: 
20 O C ,  200 mM KCl, pH 6.5, standard assay buffer (0.1 rg/mL 
CT-DNA). The two titrations show 29.2% and 81.5% total retention 
and yield AGi = -4.56 f 0.15 kcal/mol and AG, = -4.32 f 0.18 
kcal/mol, respectively. 

analyzed with A = 17,20, and 24. The difference is everywhere 
less than the thickness of the line, justifying the further sim- 
plification, A = 20. 

The total retention observed in our nonspecific binding 
experiments varied over ca. 3040% (depending on the filter 
lot) with no apparent dependence on binding conditions. 
Woodbury and von Hippel (1983) have proposed that the r, 
(eq 6) for each complex should be given by 1 - Q wherej is 
the number of ligands bound in a given complex and {is the 
probability that a complex with one ligand bound will not be 
retained. However, Senear et al. (1986) found no simple 
relation between j and rj for specific repressor binding to OR 
but did find that the binding of only two or three ligands was 
sufficient for maximum rete;ition. 

To assess the effects of variable retention, separate titrations 
were conducted with different DNA restriction fragments 
ranging from 91 to 1749 bp (Figure 6). Clore et al. (1982) 
derived ki = (21/N - l)/Lo,s, where k, and L,,5 are the mi- 
croscopic equilibrium binding constant for nonspecific binding 
and the ligand concentration for which 0 = 0.5 for a DNA 
of length N in bp. This equation presumes that each liganded 
DNA complex is retained by the filter with the same efficiency. 
The curves shown represent the fits to eq 6 in which rj values 
were set equal to a constant. That these data are entirely 
consistent with the presumption of constant retention efficiency 
is indicated by the fitted kis, which are the same for all five 
fragments, both in these and in all similar experiments. By 
contrast, the data are inconsistent with the relationship ki = 
(21/N - 1)/(2’/’”{- l)Lo,s, which is correct if the parameter 
{accounts for retention below 100% (Woodbury & von Hippel, 
1983). 

Further evidence for constant retention of liganded com- 
plexes derives from two observations. First, when constant 
retention is assumed, the fitted kg from different experiments 
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FIGURE 8: Proton-linked effect on nonspecific CI repressor-DNA 
binding at 20 O C ,  200 mM KCl, standard conditions. Points plotted 
are Gibbs free energy changes for the intrinsic binding of repressor 
to DNA estimated by analysis of filter binding titration data using 
eq 6 as described in the text. Error bars represent standard deviations 
from multiple (3-4) determinations at each condition. 

at  high pH. However, it proved impossible to conduct ex- 
periments above pH 8, due to the low affinity of repressor for 
DNA. The pH titration (Figure 8)  is very similar to that 
previously observed for repressor binding to OR (Senear & 
Ackers, 1990), except that the magnitude of the pH effect in 
the acid range is smaller. 

DISCUSSION 
The aim of these studies is to delineate the roles of ion and 

proton binding in the sequence-specific recognition of DNA 
by X cI repressor. Specificity is important to X regulation both 
at the level of the discrimination of operator DNA and at the 
level of differential affinity for different operators. This 
mandates the study both of cooperative, site-specific repres- 
sor-OR interactions and of nonspecific repressor binding. 

For nonspecific binding studies, nitrocellulose filter binding 
has largely been supplanted by more powerful spectral tech- 
niques, e.g., circular dichroism (Hurstel et al., 1990), intrinsic 
fluorescence [cf. Hard et al. (1990), Kleinschmidt et al. (1988), 
and Takahashi et al. (1989)], fluorescence lifetimes (hard et 
al., 1989), and fluorescence anisotropy (Takahashi et al., 
1990). Attempts to use circular dichroism and fluorescence 
for these studies were unsuccessful, due to precipitation of the 
nonspecific protein-DNA complexes, even at  low binding 
density. Studies of CI repressor selfpolymerization using 
fluorescence anisotropy suggest, as an explanation, that cI 
repressor tetramers form at the high concentrations necessary 
for significant nonspecific binding densities (Ross and Senear, 
unpublished observations). The bidendate tetramers are 
presumably efficient DNA cross-linkers. 

Filter binding provides a generally useful solution to this 
problem. Binding to large DNA fragments is assayed at  
repressor concentrations substantially below the half-saturation 
point. As has been comprehensively discussed (Woodbury & 
von Hippel, 1983), it is extremely difficult to obtain all of the 
parameters necessary to a complete description of nonspecific 
protein-DNA interactions from filter binding data. The use 
of large DNA fragments avoids many of the difficulties in 
interpretation and provides reasonable estimates of the intrinsic 
affinity of repressor for nonoperator DNA. It also has the 
unfortunate consequence that it precludes assessment of co- 
operativity in nonspecific binding. 

Two observations argue that the observed titrations are not 
dominated by semispecific binding to a few, relatively high- 
affinity sites that might be present. First, no pBR322 sequence 
has significant similarity to OR. Second, the data shown in 
Figure 6 are indicative of strict proportionality between 
fragment length and binding stoichiometry. The DNA frag- 
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FIGURE 7: log-log plot of [KCl] dependence of nonspecific binding 
of repressor at 20 O C ,  pH 7.0, standard assay buffer. Points plotted 
are microscopic equilibrium constants for the intrinsic binding of 
repressor to DNA, estimated by analysis of filter binding titration 
data using eq 6 as described in the text. Error bars represent standard 
deviations from multiple (2-3) determinations at each condition. Solid 
lines are the results of analysis using eq 8-10, as described in the text. 
Parameters are listed in Table 111. 

are the same (Figure 6, inset) and are independent of the 
maximum retention. In the particular examples shown, the 
retention differs by nearly 3-fold. By contrast, analysis of these 
data using 1 - Si to account for the observed retention leads 
to k,s that vary systematically with maximum observed re- 
tention. Second, we find no difference in maximum retention 
in parallel experiments conducted with the 91 and 1749 bp 
fragments. The former is large enough to bind only four to 
five repressor ligands. These results do not rule out the 
possibility of variable retention dependent on j for j < 4. 
However, in practice, this does not produce a large effect on 
fitted kis for filter binding experiments using the 1749 bp 
fragment. On the basis of these results, filter binding assays 
using the 1749 bp fragment were analyzed by using constant 
r, in eq 6,  to determine the [KCl] and pH effects on nonspecific 
binding. In addition, eq 6 was truncated to the first five terms, 
as suggested by Clore et al. (1982). We have independently 
confirmed that the truncated and complete equations are equal 
to within 0.1%. 

[ KCI] Dependence of Nonspecific Repressor-DNA Inter- 
actions. The effect of [KCl] on the nonspecific binding of the 
repressor to the 1749 bp pBR322 DNA fragment is shown in 
Figure 7. The points plotted represent the apparent or av- 
eraged microscopic nonspecific binding constant, as defined 
above. Each data point represents the mean of several mea- 
surements at that KCl concentration. Again, Mg2+ and Ca2+ 
were included in the buffers in order to match the conditions 
used for the DNase I footprints (above). The general features 
of this plot are in common with the OR binding data in Figure 
4. These features include decreased affinity with increased 
salt concentration, indicative of the effect of ion release, and 
pronounced curvature at low [KCl]. In this case, the curvature 
is sufficient to produce a positive slope below about 50 mM 
KC1. The limiting slope of this plot at  high [KCl], which is 
indicative of the KCl effect alone, is of the same order as the 
limiting slopes for the KCl effect on the specific binding of 
repressor to OR. 

pH Dependence of Nonspecific Repressor-DNA Interac- 
tions. The pH dependence of nonspecific binding is in Figure 
8. Again, the points plotted represent the mean of many 
measurements. Binding affinity increases with increased 
proton concentration, indicating that repressor binding is ac- 
companied by net proton absorption. The plateau at low pH 
indicates saturation in both DNA-bound and DNA-unbound 
states of the ionizable groups at which proton binding is linked 
to the protein-DNA interaction. No similar plateau is evident 
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ments used are blunt-ended, which eliminates the possibility 
of binding to single-stranded overhangs, as was observed for 
RNA polymerase (Melancon et al., 1983). Therefore, it is 
reasonable to interpret the kg obtained as reflecting averaged 
intrinsic binding affinity to mixed-sequence DNA. 

Salt Dependence of Specific and NonspeciJic Binding. 
Comparison of the KCl effects on binding to the operator sites 
of OR and to nonspecific DNA shows apparent differences in 
the slopes of log-log plots (Figures 4 and 7). These slopes 
reflect counterion removal from the DNA upon repressor 
binding. The observed differences suggest a role for ion 
binding in site-specific recognition. A pronounced effect of 
millimolar Mg2+ and Ca2+ is evident in the curvature of the 
log-log plots. In order to obtain the KCl dependence alone, 
it is necessary to quantitatively account for this effect. 

Record et al. (1977) developed the appropriate theory by 
considering Mg2+ binding to DNA as a competing equilibrium. 
If anion effects are neglected, this gives 

log Kokd = log - m\k log [K+] - m log ([D]/[Do]) (8) 
The first two terms on the right define the effect of K+ alone, 
as the limiting straight line at  high [KCl]. KOM and KO are 
observed and reference-state nonspecific equilibrium associa- 
tion constants for repressor, respectively, \k is the fraction of 
counterion (K+) per phosphate that is thermodynamically 
associated with DNA (Manning, 1978), and m is the number 
of counterions (K+) displaced due to repressor binding (Record 
et al., 1978). The Mg2+ effect is expressed by the last term, 
in which [Do]/[D] represents the probability of a nucleotide 
with its normal complement of Kf, but no associated Mg2+. 
At low protein binding density, [D]/[Do] depends on [Mg2+] 
according to 

[DI/[Dol = (1/2)11 + (1 + 4KP&[Mg2+1)”21 (9) 
The apparent binding constant for Mg2+, KF&, is a function 
of [KCl] according to 

log K3,j  = log Kfg - 2” log [K’] (10) 

In applying this formalism to extract the correct slope, m”, 
of the [KCl] dependence at the limit of high [KCl], 2\k was 
fixed equal to its theoretical value of -1.76 (Record et al., 
1978). This is justified by close agreement between theoretical 
and empirically determined values [see Record et al. (1977) 
and Lohman et al. (1980) and references cited therein]. Also 
in agreement with Record et a]. (1977) and Lohman et al. 
(1980), we find the fit at low [KCl] to be extremely sensitive 
to the value log K f g ,  requiring that this value be fitted to the 
data. Because the data do not justify separate adjustable 
parameters, log KYg and log e, we take the further expedient 
of combining these to a single adjustable parameter, log KY2+, 
describing a concentration-averaged binding constant for the 
two ions. 

This approach is justified by satisfactory agreement between 
the fitted curves and the data. Equations 8-10 predict that 
the slope of the KCI effect will become positive at  sufficiently 
low [KCI], an effect which is quite evident in the nonspecific 
binding data of Figure 7. In molecular terms, this comes about 
due to stronger competition for binding to DNA between 
divalent cations and proteins thaz between monovalent cations 
and proteins. We obtain log KY = -0.3 f 0.2 for these data, 
in agreement with the expectation that it be near zero [see 
Record et al. (1977) and Lohman et al. (1980) and references 
cited therein]. The limiting slope at high [KCI], which in- 
dicates the number of ions released on binding of the repressor 
to DNA, is found to be -4.8 f 0.8. To within the limits of 
experimental uncertainty, this slope is the same as that of the 
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Table 111: M2+ and KCI Effects on c I  Repressor Protein-DNA 
Binding’ 

parameter On 1 0. 2 0.3 nonswcific 
log KO 11.5 f 0.2 10.6 f 0.3 9.1 f 0.2 4.9 f 0.3 
m -5.9 f 0.7 -6.2 f 0.6 -3.8 f 0.7 -4.8 f 0.7 
log Ky - 1 . 1  f 0.2 c -0.3 f 0.1 
4 0.27 C 0.19 

‘Parameters from analysis of the log-log plots of salt effects on both 
operator-specific and nonspecific binding of the cI repressor protein, 
using eq 8-10. Data for operator-specific (Figure 4) and for nonspe- 
cific binding (Figure 7) were separately analyzed. Data for operator 
sites oR1, 0112, and OR3 were simultaneously analyzed. bSquare root 
of the variance of the fitted curves. CParameter~ not separately deter- 
mined for each site. 

best straight line through the data above 75 mM KCl. 
The OR data were analyzed in a similar manner. The three 

operator site titrations were analyzed simultaneously to a 
common value, log KY”, but unique log KO and m (eq 8) 
values for each operator. Parameters obtained for nonspecific 
and for operator binding are compared in Table The 
nonspecific and specific,+binding data were not fitted to a 
common value of log KY because of their substantially dif- 
ferent curvature at the lowest [KCI] concentrations used. This 
might be due to a different competition with M2+, as reflected 
in the value of log KY . It might also reflect an experimental 
aritifact. The apparent curvature of the nonspecific titration 
depends heavily on the determination of log k, at 25 mM KCl. 
Steady-state fluorescence anisotropy experiments (Ross and 
Senear, unpublished observations) suggest the likelihood of 
significant aggregation of repressor at this low [KCl], and at 
the relatively high concentrations used in the experiments. This 
would yield systematically low values of log ki. 

The parameters listed in Table I11 indicate modest limiting 
slopes for the KCl dependence.’ The imprecision of the 
estimates of m for oR1 and OR2 shows any apparent difference 
to be uncertain. That m values for OR3 and for nonspecific 
DNA differ from these as well as from one another is clear. 
These differences translate directly into contributions to the 
intrinsic free energy change for binding. It is significant that 
the ion-dependent contributions neither are constant nor do 
they scale with the intrinsic binding free energy change. For 
example, at our standard conditions of pH 7.0 and 200 mM 
KCl, AG3 - AG, is about 2.8 kcal/mol (Table 11). Ion effects 
account for about 1.5 kcal/mol of this difference. By contrast, 
there appears to be little or no contribution (ca. -0.3 f 0.6 

In analyzing the [KCI] dependence, d log kd/d log [KCI] was as- 
sumed constant (see Materials and Methods). Both theory and empirical 
studies support this assumption [cf. Aune et al. (1971)l. We have ex- 
plored whether this assumption affects the limiting slopes (m)  at high 
[KCI] for the repressor-DNA interactions, reported in Table 111. We 
find that while different values of kd and different relations, log kd =Alog 
[KCI]), do slightly affect both the AC;s at low [KCI] and the M2+-in- 
duced curvature of the log-log plots for OR, there is little effect on m for 
either operator or nonspecific binding [compare m = 5.8 f 0.9 for ORI, 
d log kd/d log [KCI] = 0, and kd = 20 nM to m = -5.9 f 0.7 (Table 
III), d log kd/d log [KCI] = -1.5, and kd = 3.7 nM at 200 mM KCI] 
and essentially no effect on the relationships between the different slopes 
for the different operators and nonoperator DNA. ’ This determination of m for OR1 is similar to that reported by 
Nelson and Sauer (1985), who obtained -4.8 * 0.4 from filter binding 
experiments using OR2-3- DNA (created by deletion), and assumed a 
repressor dimer dissociation constant kd = 20 nM. When analyzed by 
using this assumption, the data in Figure 4 yield m = -5.8 f 0.9. Bre- 
nowitz et al. (1989) showed that deletion of 0132 and OR3 substantially 
alters the affinity of repressor for ORIS Together with the observation 
that m is not constant for different operators, the small discrepancy 
between our value and that of Nelson and Sauer (1985) appears rea- 
sons ble. 
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kcal/mol) to AG2 - AG,, though it is of similar magnitude to 
AG3 - AG,. Only other forces are involved. Therefore, the 
contributions from ion effects reflect details of the interaction 
of the repressor with each particular operator sequence and 
are not related either to the site size (which we take to be 
constant for the three operators) or to the overall free energy 
change for the interaction. The contribution from ion effects 
to the nearly 8 kcal/mol difference in free energy between 
binding to OR1 and to nonspecific DNA is also quite small 
(a. 1 kcal/mol). This appears inconsistent with the possibility 
of different binding modes involving, for example, significantly 
different conformations of the repressor-DNA interface, for 
nonspecific and operator binding. 

Mossing and Record (1985) have also found DNA se- 
quence-dependent ion effects in their observation of up to 
2-fold changes in m for lac repressor binding single base pair 
operator mutants. The magnitude of the thermodynamic 
effects, in that instance, suggested to the authors that global 
changes in interactions, rather than the local loss of favorable 
interactions or introduction of unfavorable interactions at the 
mutated base pairs, were involved. Our data point to a similar 
conclusion. The results of Mossing and Record (1985) im- 
plicated ion effects as important in discrimination of mutant 
operator sequences; our results implicate similar effects as 
important to the ability of the cI repressor to distinguish be- 
tween the wild-type operators. 

In contrast, Nelson and Sauer (1985) interpreted repressor 
mutants with altered salt dependence for binding to OR1 in 
terms of the introduction of additional local repressor-operator 
interactions. Since binding of the mutants to neither OR2 nor 
OR3 was studied, our results suggest caution in making such 
interpretations. Similarly, from studies of repressor binding 
to OR1 and to a series of operators with changes at the three 
positions at which OR1 differs from OR3, Hochschild et al. 
(1986) concluded that only two of eight positions of the 
nonconsensus half-site of OR1 (positions 3 and 5 of the se- 
quence 5'-TACCTTGG-3') are primarily responsible for 
distinguishing OR1 and OR3. By implicating an important 
contribution of ion effects to this affinity difference, our results 
do not appear to support simple interpretations involving 
strictly local contacts at these positions. 

Salt Dependence of Cooperative Interactions. The free 
energy changes for cooperative interactions listed in Table I1 
define a significant transition between two ranges of KCI 
concentration. Above about 0.1 M KC1, the repressor-OR 
interactions are highly cooperative, with free energy changes 
on the order -3.5 to -4.5 kcal/mol, corresponding to 400- 
2000-fold. Below the transition, the cooperative free energy 
changes are only about half of this. Note that while AG12 and 
A,G2, are approximately equal above 0.1 M KCI, they are 
unequal below. In  addition, AG12 is slightly KCI dependent 
below the transition, while AG23 and AG123 are not. The reason 
for the transition is not evident from these data. It was pre- 
viously observed that the cooperative interactions differ in their 
linkages to proton absorption (Senear & Ackers, 1990). These 
observations highlight the uniqueness of these interactions and 
suggest a linkage between site-specific binding at the different 
operators and cooperativity. 

Cooperativity seems to play a role in maintaining the dif- 
ferential specificity of repressor for the three operators over 
a.wide range of conditions. At high KCI concentration, the 
intrinsic affinity for OR2 is relatively low, similar to OR3. Yet 
the effective affinity for OR2 is high, similar to oR1, due to 
OR1-0R2 cooperativity. Thus, the pattern of cooperative 
interaction, Le., 0R1-0R2 cooperativity, but no OR1-OR3 
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Table IV: Proton Absorption Linked to cI Repressor Binding to 
DNA' 

AFT4 

PH OR1 OR2 OR3 nonspecific 
5.5 1.9 f 0.3 1.2 f 0.3 1.2 f 0.4 0.8 f 0.1 
6.5 0.4 f 0.3 1.0 f 0.2 0.5 f 0.2 0.5 f 0.3 
7.5 0.8 f 0.2 0.8 f 0.2 0.8 f 0.3 0.8 f 0.4 
8.5 1.2 f 0.3 0.7 f 0.2 1.5 f 0.2 ndb 

' Net proton absorption (AD,) linked to binding of cI repressor pro- 
tein to OR, and to nonspecific DNA. AVH, calculated from AFH = d In 
k/d In aH+ = (1/2.303Rr)[A(AG)/ApH], with approximately one 
standard deviation (estimated by propagation of errors), is shown. The 
calculations for binding to OR are based on data of Senear and Ackers 
(1990) and of Senear and Bolen (1991). The former were corrected to 
reflect a repressor dimer concentration scale based on a repressor di- 
mer dissociation constant of 3.7 nM (see Materials and Methods), by 
considering the effect of the change in concentration scale on the mid- 
points of the individual-site titration curves. Binding to OR was studied 
only at integral pH units. Therefore, for direct comparison between 
specific and nonspecific repressor binding, AD, in both cases was cal- 
culated by differences between integral pH units, and is reported for 
the middle of the range. *Not determined. 

cooperativity (Johnson et al., 1979; Senear & Ackers, 1990), 
appears to play a greater role in differential affinity for the 
operators than do intrinsic affinity differences for OR2 and 
OR3. Since the filter binding data provide no information 
about whether the nonspecific binding of repressor is coop- 
erative, it is useless to speculate whether a linkage between 
cooperativity and operator site-specific binding might also play 
a role in specificity at this level. However, such linkage has 
been observed (Hurstel et al., 1990) and merits consideration 
in postulating mechanisms for gene regulatory systems. 

pH Effects on Specific and Nonspecific Binding. Extension 
of pH-dependent studies of the repressor-OR interactions to 
pH 9 (Senear & Bolen, 1991) and studies of the pH depen- 
dence of nonspecific binding confirm the role of proton binding 
(Senear & Ackers, 1990) in sequence-specific recognition. A 
plateau, or region of pH independence, is observed in the 
nonspecific binding data at pH 5 defining the affinity of the 
fully protonated repressor. It is presumed that this behavior 
also characterizes binding to OR, although studies at pH 5.5 
have not been conducted to confirm this. The slope of the 
curve in Figure 8 is related to the net proton absorption when 
the repressor binds nonspecifically to DNA, according to AF" 
= d In k/d In aH+ (Wyman, 1964). For the number and range 
of data in Figure 8, this slope is adequately approximated by 
(1/2.303RT) [A(AG)/ApH], where A is the difference between 
values at two conditions. The results of this calculation are 
compared to that for repressor binding to OR in Table IV. 

AFH is positive over the entire pH range, for both operator 
and nonoperator DNA, indicating that the pK,'s of ionizable 
groups increase (become more basic) when repressor binds to 
DNA. The pattern of AFH versus pH, Le., net proton ad- 
sorption that is greater at extremes of pH than near neutral 
pH, is the same for nonspecific repressor binding as for op- 
erator binding. If the pH titrations were the same for the three 
operators, and for nonspecific DNA, then the pH effect might 
arise from the titration of thefree repressor, through a series 
of states of increasing DNA binding activity, due to increasing 
positive charge. In this model, the binding free energy change 
at a given pH would reflect the equilibrium distribution of 
those states. However, significant differences in ApH for the 
three operator sites at pH 5.5 and smaller differences at 6.5 
which were observed previously (Senear & Akers, 1990) are 
inconsistent with this model. These were interpreted as arising 
from DNA sequence-dependent pK, shifts of ionizable re- 
pressor groups in the acid range upon binding to DNA. 



h Repressor Specificity: [KCl] and pH Effects 

The nonspecific binding data reported here differ in A I H  
from any of the operators in this same pH range. This con- 
firms the significance of the earlier observations and supports 
their interpretation. It seems probable that the same ionizable 
repressor groups make sequence-dependent interactions with 
both operator and nonspecific DNA. This supports the results 
of the KCl titrations, which indicate that there are not dis- 
tinctly different modes of binding to operator and to nonop- 
erator DNA. Differential pH effects in the acid range con- 
tribute as much as 0.8-0.9 kcal/mol to the differential affinity 
of the repressor for the three operators (Senear & Ackers, 
1990). However, the contribution to the difference in affinity 
between nonspecific DNA and OR3, the lowest affinity op- 
erator, is somewhat less, and it is clear that this is not the major 
contributor to discrimination of operator from nonoperator 
DNA. 

The additional data at pH 9 (Senear & Bolen, 1991) in- 
dicate differences between the three operators at high pH also. 
This is again inconsistent with a molecular interpretation in- 
volving only the titration of the free repressor. Instead, it 
implicates pK, shifts of basic repressor groups which are 
sensitive to the sequence of the DNA binding site. A rea- 
sonable speculation is that the basic groups on the amino- 
terminal arm of the repressor, which have been shown to be 
important to site-specific recognition (Pabo et al., 1982; Eliason 
et al., 1985; Hochschild et al., 1986) and are believed to make 
sequence-specific contacts, are involved. If so, one might 
expect a smaller pH effect on nonspecific binding than an 
operator binding in this range. Low affinity precluded mea- 
surement of ki for nonspecific binding above pH 8. The lack 
of evidence for a plateau below pH 9 is also noteworthy. This 
raises the possibility that the pH effect in this range might 
also in part reflect the titration of free repressor to an un- 
protonated state which does not bind DNA. 

Implications for  Sequence Recognition. Structural and 
mutational studies present a partial picture of the h C I  re- 
pressor-operator interactions that are responsible for se- 
quence-specific recognition. The repressor/OL 1 cocrystallo- 
graphic structure (Jordan & Pabo, 1988) highlights specific 
H-bond contacts with the conserved base pairs at positions 2, 
4, and 6 in the major groove of each operator half-site as being 
crucial to the discrimination of operator sequences. Of course, 
these interactions cannot account for the differential specificity 
for the operators. Exhaustive mutagenesis studies (Benson 
et al., 1988) have also implicated the base pairs at positions 
5, 7, and 8 as important to recognition, and base pairs 3 and 
5 are implicated in the ability of repressor to distinguish OR1 
from OR3 (Hochschild et al., 1986). The repressor N-terminal 
arm has been suggested as being responsible for recognition 
of bp 8 (Pabo et al., 1982; Jordan & Pabo, 1988), though the 
details of the interaction are unclear. Interactions with the 
backbone phosphates observed for bp 5 and 7 (Johnson et al., 
1979; Jordan & Pabo, 1988) provide no simple structural 
interpretation of the base pair preference. Still, the base pair 
specific contacts that are observed, along with the absence of 
any major distortion of the DNA helix, have led to the con- 
clusion that direct, local contacts with the edges of the base 
pairs in the major groove are the principal sources of specificity 
(Harrison & Aggarwal, 1990). 

The observations detailed here support the view that ad- 
ditional indirect effects of DNA sequence are also important 
components of recogntion by A repressor. These indirect effects 
are reflected in both the pH and KC1 titrations of operator 
and of nonspecific DNA. With respect to the pH titrations, 
the simplest explanation for the similar patterns of AIH versus 
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pH for the different operators, and for nonoperator DNA, is 
that the same ionizable groups are involved. In that case, the 
differences in APH that are observed are due to pK, shifts which 
differ in magnitude for the various repressor-DNA complexes. 
As discussed by Senear and Ackers (1 990), such differences 
must be due to different conformations of the three repres- 
sor-operator complexes and of the repressor-nonspecific DNA 
complexes. That proton linkages should be similar for operator 
and nonoperator DNA is consistent with the observation of 
only subtle perturbations of the DNA conformation in the 
repressor/OLl cocrystallographic structure. Energetically, the 
contributions of proton binding to site specificity are similat 
both at the level of operator discrimination and at the level 
of distinguishing between different operators. 

With respect to KC1 titrations, it is significant that ion 
removal does not dominate the difference between operator 
and nonoperator repressor binding as is frequently the case 
[cf. Kleinschmidt et al. (1988) and Record and Mossing 
(1987)l. In contrast to that situation, the CI repressor clearly 
does not exhibit distinctly differently specific and nonspecific 
binding modes. Like the pH effects, the differential KCl 
effects that are observed are most simply explained as re- 
flecting different deformations of the repressor, or different 
conformations of the DNA so that a different number of ions 
(and presumably water molecules) are removed from the in- 
terface upon binding. These experiments were conducted at 
pH 7, a region devoid of sequence-dependent proton binding. 
This minimizes the possibility that the differential KCl effects 
are simply measuring a different repressor charge due to 
different fractional occupancy of proton binding sites. 

Proton absorption and ion release both appear to contribute 
significantly to site-specific binding to or recognition of OR1, 
At OR29 only ion removal is significant, and at OR3, only 
proton absorption is significant. There is no obvious correlation 
between either the pH or the KCl effects and either the overall 
binding free energy change or the similarity of the DNA 
sequence to the operator consensus. Therefore, it does not 
appear probable that the effects arise from different local 
contacts. Rather, they must reflect more global changes id 
the repressor-DNA complex conformations which affect the 
overall complementarity between protein and DNA. These 
results highlight both the variability of thermodynamic effects 
for protein-DNA interactions, even involving similar DNA 
sites, and the need for additional structural information, e.g., 
structures of complexes other than repressor/OLl, if the 
structural basis for recognition is to be fully understood. 
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