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Diffusion-Driven Mechanisms of Protein Translocation on Nucleic 
Acids. 2. The Escherichia coli Repressor-Operator Interaction: 
Equilibrium Measurements? 

Robert B. Winter* and Peter H.  von Hippel* 

ABSTRACT: In this paper the equilibrium binding of lac re- 
pressor to operator sites has been studied as a function of 
monovalent salt concentration, of length of the DNA molecule 
containing the operator, and (by using various natural lac 
“pseudo”-operators) of operator base pair sequence. The 
nitrocellulose filter assay has been used to obtain values of 
repressor-operator association constants (KRO), both directly 
and as ratios of association to dissociation rate constants 
(k,/kd). Measurements of KRo have been made in the absence 
of MgZf or other divalent ions, allowing a direct estimate 
[Record, M. T., Jr., Lohman, T. M., & deHaseth, P. L. (1976) 
J. Mol. Biol. 107, 1451 of the contribution of electrostatic 
(charge-charge) interactions to the stability of the RO com- 
plexes. Using lac operator containing DNA restriction frag- 
ments of known size, we have shown the following: (i) The 
magnitide of the RO interaction is salt concentration de- 
pendent. A plot of log KRO vs. log [KCl] is linear over the 
0.1-0.2 M KC1 range, and from the slope of this plot, we can 
determine that RO complex formation involves six to seven 
charge-charge interactions. This value is independent of 
operator type and of DNA fragment size for fragments greater 
than -170 base pairs in length. (ii) This number of 
charge-charge interactions is appreciably less than the 11 such 
interactions involved in RD complex formation [deHaseth, P. 
L., Lohman, T. M., & Record, M. T., Jr. (1977) Biochemistry 
16,4783; Revzin, A., & von Hippel, P. H. (1977) Biochemistry 
16,47691, suggesting that repressor binds to operator and to 

I n  the preceding paper (Berg et al., 1981), we described and 
quantitatively formulated theoretical models for mechanisms 
~~ ~ 
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nonoperator DNA in different conformations. (iii) The RO 
interaction involves a substantial (>5096) nonelectrostatic 
component of the binding free energy, in contrast to the RD 
interaction for which all the binding free energy appears to 
be electrostatic in nature. (iv) The binding constant (KRo2) 
for the secondary (lac2 gene) pseudooperator is 5-fold weaker 
than KRo, for the primary (physiological) operator when both 
are measured on separate pieces of DNA. When both oper- 
ators are on the same piece of DNA, the measured value of 
KRoz is -25-fold smaller than that of KRoI. (v) KRo,, the 
binding constant for the tertiary (I gene) pseudooperator, has 
been estimated at <lolo M-’ at salt concentrations where KRol 
N 1013 M-*, (vi) KRol for repressor binding to short DNA 
fragments is smaller than that for binding to long DNA 
fragments under the same environmental conditions. Several 
of these findings, together with others in the literature, are 
suggestive of “long-range” effects on RO binding constants; 
possible molecular bases for such effects are discussed. These 
measurements provide the equilibrium “underpinnings” of our 
analysis of RO kinetic binding mechanisms [Winter, R. B., 
Berg, 0. G., & von Hippel, P. H. (1981) Biochemistry (fol- 
lowing paper in this issue)] and also allow comparisons of 
repressor binding affinities for operator, pseudooperator, and 
nonoperator DNA. In addition, these results further dem- 
onstrate the importance of the surrounding (nonspecific) DNA 
in controlling the equilibrium stability as well as the rates of 
formation and dissociation of RO complexes. 

of diffusional (thermal fluctuation driven) translocation of 
proteins on nucleic acids. As pointed out in that paper, in order 
to test the applicability of these theories to a real system, one 
must determine the equilibrium and kinetic parameters for the 
binding of the protein to specific target sites and to nonspecific 
sites as a function of salt concentration and of the length of 
the DNA molecules that contain the target sites. In this paper 
we report some relevant equilibrium measurements for the 
Escherichia coli lac repressor-operator system; additional 
equilibrium measurments on this system have also recently 
been presented by Barkley et al. (1981). Equilibrium pa- 
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rameters for the lac repressor nonspecific DNA interaction 
have been measured and described elsewhere (deHaseth et al., 
1977; Revzin & von Hippel, 1977). The related kinetic 
measurements and the conclusions we come to concerning 
translocation mechanisms are discussed in the following paper 
(Winter et al., 1981). 

Although determination of these equilibrium repressor- 
operator (RO) binding constants is crucial to a quantitative 
testing of protein translocation theories as applied to the lac 
system, additional molecular information can also be gleaned 
from these measurements. The interaction of E. coli lac 
repressor with its operator site has been extensively studied 
in order to describe molecular mechanisms whereby a protein 
can preferentially recognize a particular DNA sequence. 
Determination of the lac operator DNA sequence (Gilbert & 
Maxam, 1973), and its subsequent chemical synthesis (Bahl 
et al., 1976; Yansura et al., 1977), has allowed a systematic 
replacement of base pairs in defined regions of the operator 
and has thus facilitated identification of a number of the 
functional groups important in repressor binding (Goeddel et 
al., 1978). Purine methylation (Gilbert et al., 1979a) and 
phosphate alkylation (Maxam & Gilbert, 1977b)’ of operator 
sequences to which repressor is bound and UV cross-linking 
of repressor to operator (Ogata & Gilbert, 1977) have also 
defined possible contact points between protein and operator 
DNA. In addition, studies with genetically altered (Muller- 
Hill, 1975; Miller et al., 1975), chemically modified (Manly 
& Matthews, 1979), and enzymatically cleaved repressors 
(Jovin et al., 1977; Ogata & Gilbert, 1979; Matthews, 1979) 
have been carried out to determine which portions of the 
repressor protein are involved in the specific and nonspecific 
binding interactions. The measurements of binding constants 
for operators of various sequence described here, together with 
the effects of DNA fragment length on the stability of these 
interactions, provide additional information on the detailed 
nature of the RO interaction. 

The physiological importance of repressor binding to 
nonoperator DNA has been previously emphasized (von Hippel 
et al., 1974, 1975; Lin & Riggs, 1975; Kao-Huang et al., 
1977). Nonspecific (RD) binding appears to serve as a crucial 
“buffer” for determining levels of free and bound repressor 
in the cell and for controlling the level of repression in vivo. 
Binding parameters for the RD interaction have been previ- 
ously investigated (Butler et al., 1977; deHaseth et al., 1977; 
Record et al., 1977; Revzin & von Hippel, 1977); these data, 
together with the observations reported here and in the fol- 
lowing paper (Winter et al., 1981), allow us to make additional 
comparisons of the “operator” and “nonoperator” binding 
modes of repressor and to demonstrate further the role of RD 
interactions in both equilibrium and kinetic aspects of RO 
complex formation. 

Materials and Methods 
All chemicals used were reagent grade, and solutions were 

prepared in double distilled water. Buffer solutions for ni- 
trocellulose filter assays were passed through type HA Mil- 
lipore filters (0.45-pm pore diameter) prior to use. E.  coli 
DNA polymerase I was purchased from Worthington, [a- 
32P]dATP was from New England Nuclear, and EcoRI re- 
striction enzyme was purified by the method of Modrich & 
Zabel (1976) and kindly supplied by Dr. C. Woodbury. 
HaeIII and HpaII restriction enzymes were from New Eng- 
land Biolabs; agarose (Sea Kem) for preparative gel electro- 

I Maxam, A., & Gilbert, W. (1977b), as cited in von Hippel (1979). 

phoresis was from Marine Colloids, Inc. 
Repressor Preparation. The source of the wild-type (SQ) 

lac repressor was the overproducing E. coli strain CSH46. 
Cells were grown, and the repressor was purified as described 
by Butler et al. (1977), except that phenylmethanesulfonyl 
fluoride (PMSF) was added at 50 pg/mL to the initial cell 
lysing buffer. The chemical purity of the peak fractions eluted 
from a phosphocellulose column was assayed by sodium do- 
decyl sulfate (NaDodS04)-polyacrylamide gel electrophoresis 
(Laemmli, 1970); in all cases the protein was greater than 90% 
pure by this criterion. Repressor concentrations were deter- 
mined spectrophotometrically by using an extinction coefficient 
(per mole of repressor tetramer at 280 nm) of 9 X lo4 M-’ 
cm-’ (Butler et al., 1977). 

DNA Preparation. The source of wild-type lac operator 
DNA was the transducing phage XCI857plac5 (kindly pro- 
vided by Dr. Benno Muller-Hill). Phage were purified by 
poly(ethy1ene glycol) precipitation, followed by a cesium 
chloride block gradient and a cesium chloride equilibrium 
gradient. DNA was then phenol extracted from the purified 
phage. An alternative source of lac operator DNA was a Col 
El-lac hybrid plasmid. This was constructed by inserting a 
4.2 X 106 dalton lac operator fragment, resulting from EcoRI 
cleavage of Xplac5 DNA, into the unique EcoRI site of the 
Colicin E l  plasmid. Transformants were screened for con- 
stitutive @-galactosidase synthesis on X-Gal indicator plates 
(X-Gal is 5-bromo-4-chloro-3-indolyl P-D-galactoside), lac 
plasmid DNA was isolated by cesium chloride/ethidium 
bromide density gradient centrifugation of cleared lysates as 
described by Clewell & Helinski (1 970). 

lac operator DNA restriction fragments were prepared as 
follows: ColEl-lac DNAs (2 mg) or Xplac5 DNA (20 mg or 
more) were digested to completion with either EcoRI or 
HaeIII restriction endonucleases for 15-20 h at 37 OC. The 
digest was diluted with binding buffer (BB) containing 10 mM 
KCl and 1 mM MgC12 to make stock solutions containing 
operator at concentrations of no less than 5 X 1 P  M. A 2-fold 
excess of active repressor was added, and the mixture was 
incubated at room temperature for 30 min, filtered through 
a type HA Millipre filter (45-mm diameter), and washed once 
with an equal volume of BB. The DNA retained on the filter 
was eluted for several hours at room temperature in 50 mM 
NH4HC03 (pH 8), 0.1 mM ethylenediaminetetraacetic acid 
(EDTA), and 0.1% NaDodS04 with gentle shaking. The 
elutate was collected and concentrated by two ethanol pre- 
cipitations, phenol extracted, and dialyzed against 10 mM 
tris(hydroxymethy1)aminomethane (Tris) (pH 8) and 1 mM 
EDTA. Yields of DNA fragments by this method were about 
5096, with the largest loss probably occurring at the filter 
binding step since lac operator containing DNA cannot be 
quantitatively retained on the filters even when saturating 
amounts of repressor are added. 

All lac operator DNAs were 32P labeled by nick translation 
with [ C Y - ~ ~ P I ~ A T P  as described by Maniatis et al. (1975). 
Generally reactions were carried out by using 2-5 hg of DNA. 
Unreacted dATP was removed by Sephadex G-50 chroma- 
tography in 0.1 M triethylamine carbonate at pH 9.5, and the 
recovered DNA was subjected to electrophoresis on a 1% 
agarose gel (for the EcoRI 6700-base-pair lac fragment) or 
a 7% acrylamide gel (for the HaeIII 170- and 203-base-pair 
lac fragments) in TBE (89 mM Tris-borate and 2.5 mM 
EDTA, pH 8.5) buffer. DNA was visualized by autoradiog- 
raphy. The desired bands were cut out of the gel and elec- 
troeleuted into dialysis bags, and the DNA was concentrated, 
phenol extracted, and dialyzed as before. DNA electroeluted 
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FIGURE 1: Locations of some of the restriction endonuclease cleavage sites within the E. coli lac control region that allow separation of operator 
and “pseudo”-operator containing DNA sequences. Functional regions and DNA fragments are drawn roughly to scale (after Gilbert et al., 
1975). 

from agarose gels was absorbed onto a small hydroxylapatite 
column equilibrated with 0.1 M KH2P04-K2HP04 buffer (pH 
7.0)and elutedwith 1 M KH2P04-K2HP04 buffer (pH 7.0). 
Quantitative elution of DNA from the hydroxylapatite column 
occasionally required 0.2 M EDTA to remove tightly bound 
material. 

The single-stranded integrity of the small lac operator 
fragments was checked by strand separation and denaturing 
acrylamide gel electrophoresis (Maxam & Gilbert, 1977a). 
DNA labeled by this procedure did not undergo extensive 
single-strand “nicking”. Specific activities of 5 X 106-107 
cpm/pg were routinely obtained. 

Concentrations of 32P-labeled fragments were determined 
spectrophotometrically at 260 nm or by monitoring ethidium 
bromide fluorescence enhancement (LePecq & Paoletti, 1966) 
in a Hitachi MPF-2A fluorometer using XplacS DNA as a 
standard. The latter method, which was particularly useful 
for the shorter lac operator fragments, is sensitive to DNA 
concentrations as low as 0.1 pg/mL (15 ng of DNA). 

Binding Measurements. RO binding assays were performed 
in binding buffer (BB; pH 7.5, lo4 M EDTA, lo4 M di- 
thiothreitol, 0.01 M Tris, 5% Me2S0, and 50 pg/mL bovine 
serum albumin) as described by Riggs et al. (1970), except 
that Mg2+ was omitted and KCl concentrations were adjusted 
as required. Either BA-85 nitrocellulose filters (Schleicher 
& Schiill; pretreatment with dilute KOH), or HA Millipore 
filters were used. Prior to use, filters were soaked in filter 
buffer (BB containing 50 mM KCl, but without dithiothreitol 
or BSA). Binding curves were generated by adding increasing 
concentrations of repressor to a fixed concentration of lac 
operator DNA. For the smaller lac operator fragments (170 
and 203 base pairs), DNA concentrations varied from 0.5 X 

to 2 X 10-l2 M in operator; for the larger (EcoRI) 
fragment, operator concentrations ranged from 1 X to 
3 X M. Reaction volumes varied from 0.6 to 3.1 mL; 
triplicate samples were filtered, washed with an equal volume 
of BB of the same KCl concentration as the sample, dried, and 
counted by liquid scintillation. 

Binding curves were analyzed in two ways. Generally a 
standard Scatchard analysis for single-site binding, utilizing 
data points obtained at 30-80% saturation, was performed. 
This analysis is complicated somewhat by the presence of the 
lacZ gene “pseudooperator” site on the EcoRI lac operator 
fragment (see Results). It is assumed that all DNA is bound 
to repressor under saturating conditions [the efficiency of the 

filter binding process is taken into account; see Riggs et al. 
(1970) for a discussion of this point]. In some cases binding 
data were fitted by using a binding polynomial procedure, 
developed for use with data generated by the nitrocellulose 
filter assay method, which accounts directly for the efficiency 
of protein-DNA complex retention, as well as for multiple 
protein binding (C. P. Woodbury, Jr. and P. H. von Hippel, 
unpublished results). Binding isotherms were calculated by 
using a Varian 620i computer. Good agreement was obtained 
between the two methods (within a factor of 2 in KRo for 
single-site binding to HaeIII 170 and 203 base-pair (bp) lac 
operator fragments), indicating that the assumptions involved 
in applying the Scatchard analysis are generally appropriate. 

Determination of Repressor Activity. Stoichiometric ti- 
trations were carried out as described by Riggs et al. (1970). 
Each lac DNA fragment at - 1 X M in BB containing 
0.1 M KC1 was titrated with increasing amounts of lac re- 
pressor until saturation was reached. Our repressor prepa- 
rations were 20-30% active in operator binding by this cri- 
terion, and activity estimates did not vary significantly when 
measured with different lac operator containing DNA frag- 
ments. 

Results 
Measurements of repressor binding to operator sequences 

have been performed on a variety of operator-containing DNA 
fragments. As Figure 1 shows, the entire operon contains not 
only the “primary” (wild-type) repressor sequence, but also 
two “pseudooperators”, defined as DNA sites which contain 
most of the specific operator sequence but have no known 
physiological role. These sites occur at the 5’ end of the 
&galactosidase (Z) gene (secondary operator) and at the 3’ 
end of the structural (I) gene for repressor (tertiary operator). 
Both these pseudo operators and the primary operator can be 
obtained separately on discrete restriction fragments (Figure 
l), and their affinities for repressor have been determined 
separately. 

Binding constants of repressor to various operator and 
pseudooperator-containing fragments have been measured, 
both by direct equilibrium techniques and as ratios of apparent 
association and dissociation constants [for methodological 
details of rate constant measurements, see Winter et al. 
(1981)l. The results are presented in the following sections, 
and important conclusions from these and other studies are 
summarized in Table I. 
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FIGURE 2: Binding of lac repressor to Hue-203 lac fragment. Ex- 
perimental procedures are described under Materials and Methods. 
Solid and dashed curves are computer-generated binding isotherms 
used to fit the data points (see Materials and Methods). The conditions 
for each set of data are (0) BB + 0.1 M KCI and [DNA] = 2 X 
M in operator. For the dashed curve, we used KRO = 1 X 10" M-'; 
for the solid curve, K R~ = 2 X l O I 3  M-I. (A) BB + 0.15 M KC1 
and [DNA] = 2 X M in operator. For the dashed curve, KRo 
= 2 X 10I2 M-I; for the solid curve, Kp4 = 3.5 X lo1* M-I. (H) BB + 0.2 M KCl and [DNA] = 3 X 10- M in operator. KRo = 2.5 
X 10" M-' (solid curve). 
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FIGURE 3:  Scatchard plots of lac repressor binding to the Hue-203 
lac fragment. Solid lines represent linear least-squares fits of the data 
points. (Same data as in Figure 2.) (0) Binding in 0.1 M KCI; K 
= 1.1 X l o r 3  M-I. (A) Binding in 0.15 M KC1; KRo q 3 . 4  X l J 9  
M-I. (H) Binding in 0.2 M KCl; KRo = 2.2 X 10 M l. 

Repressor Binding to the HaeIZI (ZOZBase-Pair) Operator 
Fragment. Extensive restriction mapping of the lac control 
region (Gilbert et al., 1975), summarized in Figure 1, has 
facilitated the generation of DNA fragments of defined length 
containing the lac operator. A 203-bp fragment resulting from 
the cleavage of Xplac5 DNA with HaeIII (the Hue-203 
fragment) contains the entire lac operator/promoter region 
along with some flanking sequences and provides a well-defined 
DNA segment for initial measurements of the lac repressor- 
operator interaction (Figure 1). 

The binding of repressor to the lac operator site of the 
Hue-203 fragment as a function of active repressor concen- 
tration at three different KCl concentrations (in the absence 
of MgZ+) is shown in Figure 2, and Scatchard plots derived 
from these data are presented in Figure 3. Values of KRO, 
calculated from these data and others over the 0.05-0.2 M 
KCl concentration range, are presented as a plot of log K R O  
vs. log [KCl] in Figure 4. This log-log plot is linear, though 
only over a restricted range of ionic conditions (0.125-0.2 M 
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FIGURE 4: Log KR0 vs. log [KCI] for luc repressor binding to the 
Hue-203 lac fragment. KR0 was determined by a Scatchard and 
curve-fitting analysis (see Materials and Methods) for experiments 
at >0.125 M KCl (Figure 3).  Curve fitting (Figure 2)  was used to 
determine KRO at salt concentrations 10.125 M KCl. The solid line 
represents the linear least-squares fit to data points obtained in the 
range 0.1-0.2 M KCI. 

KCl); the slope of such plots (-a log KR0/a log [KCl]) is 
defined as m '$J, where m' designates the number of ion pairs 
formed between repressor and operator and $ is the number 
of counterions thermodynamically bound to the DNA back- 
bone (in the absence of repressor) per DNA phosphate (Record 
et al., 1976). Over the linear range (Figure 4), we calculate 
-a log KRo/a log [KCl] = 6.9 f 0.5, corresponding (for + = 
0.88) to the formation of 7.8 (k 1 .O) chargecharge interactions 
between repressor and operator in the binding process.2 

Extrapolation of the linear portion of the data of Figure 4 
to 1 M KCl gives a value of KRO,lM N 4 X lo6 M - l .  This 
corresponds to a standard free energy of formation of the RO 
complex at 1 M KCl (AG ORO,IM) of -8.4 (f0.4) kcal/mol at 
25 OC. Lohman et al. (1980), utilizing data for the binding 
of pentalysine to DNA, have estimated the standard free en- 
ergy of formation of a single lysine-phosphate charge-charge 
interaction in 1 M KCl as +0.2 (fO.l) kcal/mol. Correcting 
our extrapolated value of AGoRO,IM by this factor [-8.4 - 
(8)(+0.2)], we obtain a value of -10.0 (f1.0) kcal/mol for 
the nonelectrostatic binding free energy of RO complex for- 
mation. This component represents 50% or more of the total 
binding free energy, even at low ionic strengths where elec- 
trostatic interactions are strongest. The fraction of the total 
binding free energy represented by this nonelectrostatic com- 
ponent is, of course, larger still at higher salt concentrations. 

In contrast, the RD interaction involves the formation of 
1 1-1 2 charge-charge interactions between basic protein res- 
idues and DNA phosphates, and extrapolation of these data 
to 1 M KCl indicates that AGoRD,IM EZ 0 for nonspecific 
binding (after correction for the standard free energy of for- 
mation of the charge-charge interactions at 1 M KC1-see 
above-protonation of the repressor, etc.; for details, see de 
Haseth et al. (1977); Revzin & von Hippel, 1977). Thus the 
free energy of the RD interaction appears to be totally elec- 
trostatic whereas the RO interaction involves both electrostatic 
and nonelectrostatic components; the latter is presumed to be 
primarily responsible for the specificity of the RO interaction. 
The decrease in the number of charge-charge interactions in 
forming the RO (as opposed to the RD) complex, as well as 

This value of m'is comparable to that calculated by Record et al. 
(1977), after correcting (for the presence of Mg") the much less ex- 
tensive RO binding data measured by Riggs et al. (1970) with XplacS 
DNA. It is somewhat smaller than the value of m'recently estimated 
for the RO interaction with Xplac5 DNA by Barkley et al. (1981). 
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FIGURE 5: Comparison of wild-type and “pseudo”-operator sequences. 
Upper case letters indicate the positions of identical base pairs in the 
wild-type and the respective “pseudo”-operator sequences; lower case 
letters identify positions of base pairs which differ from the wild-type 
sequence. Arrows (in the wild-type sequence) indicate positions of 
phosphates shielded from nitrosourea reaction by bound repressor 
(Maxam & Gilbert, 1977b).’ 

the need to make base-specific contacts with the operator, 
indicates that the binding geometries of the two types of 
complexes may be quite different. 

In interpreting the salt dependence of RO complex forma- 
tion, we have assumed that any anion-specific effects do not 
significantly alter the number of charge-charge interactions 
( m  ’) involved in the repressor-operator binding interaction. 
The same assumption was made by Record et al. (1977) in 
recalculating the RO complex salt dependence data of Riggs 
et al. (1970). Experimentally this assumption means that the 
sfopes of plots of log KRO vs. log [KX] (where X represents 
various anions) should be independent of the specific anion 
used. This has been shown to be the case for lac repressor 
binding, both to operator and to nonoperator DNA (deHaseth 
et al., 1977; Barkley et al., 1981). The substitution of various 
anions for chloride has been shown by these workers to change 
appreciably the magnitudes of Km and KRo but to have little 
or no effect on the sfopes of the log-log p10ts.~ This indicates 
that (unlike cations) anions are not displaced in either RO or 
RD complex formation (see Discussion). 

Possible pH effects on the magnitudes of KRO and on the 
slopes of log-log plots of KRO vs. salt concentration must also 
be considered. deHaseth et al. (1977) have shown that Km 
increases with decreasing pH, suggesting that the protonated 
form of His-29 is involved in charge-charge interactions with 
backbone phosphates in nonspecific complex formation. 
However, the pH dependence of the RO interaction is very 
small (Riggs et al., 1970; Barkley et al., 1981), suggesting that 
changes in the state of protonation of repressor do not s i g  
nificantly affect KRO. Extrapolations of KRO values to 1 M 
salt to determine nonelectrostatic free energies of RO complex 
were carried out on data obtained at  various concentrations 
of KC1 at pH 7.5; thus these values may require further 
correction if anion binding or protonation effects do need to 
be taken into account. 

As Figure 4 shows, at KCl concentrations below -0.125 
M, KRO for repressor binding to the Hue-203 fragment does 
not appear to continue to increase with decreasing [KCl] but 
rather remains relatively constant down to 0.05 M KCl. This 
low salt behavior is also evident in the ratios of association and 
dissociation rate constants seen at  these salt concentrations 
[see Table I and Winter et al. (1981)]. Theoretical consid- 
erations (Manning, 1978) and experimental measurements 
(Anderson et al., 1978; Bleam et al., 1980) suggest that an 
approximately constant number of counterions should be as- 
sociated with the DNA (per phosphate) over an extensive 
range of salt concentrations ( N 3 mM to > 1 M NaCl; see 
Discussion). As a result, the number of cations released upon 
RO complex formation should be independent of salt con- 
centration, and a linear increase in KRO with decreasing [KCl] 
should be observed. This appears to be the case, down to quite 
low salt concentrations, in the presence of Mg2+ (Record et 
al., 1977). However, no quantitative data for the dependence 
of either KRo or Km on monovalent salt concentrations below 
0.1 M have previously been reported. Due to the strong 
binding of repressor to the Hue-203 fragment at <0.1 M KCl 
and the limits of detection of the filter binding assay (about 
5 X M in operator a t  the 32P specific activities used here; 
for the Hae-203 fragment this corresponds to about 9.5 X 
mol of operator or about 0.19 ng of DNA), the data in this 
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We emphasize that this is not always the case; e.g., the slopes of 
log-log plots of binding constants for phage T4 coded gene 32 protein 
to nucleic acid lattices are strongly dependent on the anion used in 
measuring the salt dependence of the binding (Kowalczykowski et al., 
1981). 
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FIGURE 6: Log K R ~  vs. log [KCl] for lac repressor binding to the 
Hue170 (Incz) pseudooperator fragment. Scatchard analyses similar 
to those described with respect to Figure 3 were used to determine 
K R ~ :  The solid line represents a linear least-squares fit to data points 
obtained in the salt concentration range 0.1-0.2 M KCI. 

salt range are not of high precision [f30-50%, see also Barkley 
et al. (1981)l. Nevertheless there is no doubt (see Figure 4) 
that the dependence of KRO on [KCl] is very small at salt 
concentrations below 0.1 M. This point is considered further 
in Winter et al. (1981). 

Repressor Binding to Pseudooperator Sequences. An 
“operator-like” sequence located -300 nucleotides to the 3’ 
side of the lac operator (within the coding region for @-ga- 
lactosidase) was first detected by Reznikoff et al. (1974). 
Equilibrium competition experiments suggested the affinity 
of repressor for this site to be 25-30-fold less than for the 
“primary” operator. Subsequent sequence analysis by Gilbert 
et al. (1 976b) of this pseudooperator identified the base pair 
changes relative to the wild-type sequence (see Figure 5 ) .  

We have examined the salt dependence of the affinity of 
lac repressor for this operator site by using a 170-base-pair 
HaeIII restriction fragment (the Hue- 170 fragment) which 
carries this secondary operator sequence (Figure 1). The data 
are shown in Figure 6; clearly the log of the binding constant 
for the secondary operator (KRq) also varies approximately 
linearly with log [KCl] at the higher salt concentrations. A 
slope (-a log KRo2/d log [KCl]) of 5.4 (f0.9) is calculated 
for the data between 0.1 and 0.2 M KC1; this corresponds to 



R E P R E S S O R  B I N D I N G  T O  O P E R A T O R :  E Q U I L I B R I U M  V O L .  2 0 ,  NO. 2 4 ,  1 9 8 1 ,  6953 

80- 

60. 

40- 

20- 

I 1 

5 t'0 15 20 
Competing Operotor(x 1 0 - l ' ~ )  

FIGURE 7: Equilibrium competition experiments with various lac 
operator containing fragments. 32P-Labeled XplucS DNA or 32P- 
labeled lac operator fragments were added to a final concentration 
of 2 X 10-l' M, along with the indicated amounts of competin 
(unlabeled) XplacS DNA. Active repressor was added to 1.2 X 10- 
M, and the mixture was incubated at room temperature for 30 min 
prior to filtering. (cpm)o represents the amount of 32P-labeled XplacS 
DNA or '*P-labeled lac operator fragments retained in the absence 
of unlabeled XplacS DNA; (cpm) is the amount of 32P-labeled lac 
operator DNA retained in the presence of varying amounts of com- 
petitor. Labeled DNA: XplacS DNA (0); Hae-203 lac fragment 
(m); Hae-203 + Hae-170 lac fragments (equimolar concentrations 
of each) (X); Hue-170 lac fragment (0). 
6.2 (f 1.0) charge-charge interactions formed on repressor 
binding to this (secondary operator) site. Comparison of the 
linear portions of the Hue-203 (primary operator) data shows 
that the salt dependences of the two are about the same but 
that binding of repressor to the secondary operator fragment 
is 5-10-fold weaker (7-fold average) than binding of repressor 
to the primary operator fragment at the various salt concen- 
trations examined. This corresponds to a destabilization of - 1 kcal/mol for the secondary operator-repressor complex, 
relative to the complex with primary operator for operator- 
containing DNA fragments of comparable size. This desta- 
bilization is primarily in the nonelectrostatic component of the 
binding free energy, as described above, and must involve 
base-pair changes within the recognition sequence. It is 
striking, however, that repressor binding to this site is stronger 
than that observed for the weakest (single base-pair change) 
lac operator constitutive (Oc) mutation (Jobe et al., 1974), 
despite the presence of three base pair chaages (at positions 
8, 17, and 18) within a 17-base-pair sequence in the secondary 
operator (Figure 5 ) .  Apparently these positions are not im- 
portantly involved in the energetics of the specific binding 
process, even though UV cross-linking (Ogata & Gilbert, 
1977) and methylation (Gilbert et al., 1976b) probes indicate 
the proximity of bound repressor to these loci. In keeping with 
this conclusion, Goeddel et al. (1978) have shown that base 
substitutions at these positions do not dramatically alter re- 
pressor binding. 

We also note, as with the Hue-203 fragment, that repressor 
binding to this pseudooperator site does not increase further 
at salt concentrations less than 0.1 M KCl, with a maximum 
of 50% of the binding free energy (based on extrapolation to 
1 M KCl concentration) being electrostatic in origin. 

We have confirmed the relative affinities for repressor of 
the primary and secondary operators by equilibrium compe- 
tition with unlabeled Xpluc5 as competitor. In Figure 7 we 
plot (cpm)o/cpm (the ratio of DNA counts retained in the 
absence and presence of unlabeled competitor) against the 
concentration of competing operator. Linear plots are obtained 
[see Bourgeois & Riggs (1970)l and show that the Hue-203 
fragment competes for repressor about 4-fold better than does 
the Hue-I70 fragment. This suggests a 4-fold greater affinity 
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for the primary relative to the secondary operator, in rea- 
sonable accord with the direct equilibrium measurements 
described above. In Figure 7 we also note that the Hue-203 
fragment competes about 7-fold less effectively than does intact 
XplucS DNA for repressor, suggesting a weaker intrinsic af- 
finity of repressor for an operator located on the small frag- 
ment than for the same operator site within a large DNA. In 
addition, an equimolar mixture of Hue-203 and Hue-170 
fragments appears to be as effective in a competition exper- 
iment as is the same concentration of Hue-203 fragments alone 
(Figure 7), in keeping with the weaker binding affinity of the 
secondary operator. 

An additional "operator-like" sequence, the lucl gene 
pseudooperator (or tertiary operator), which overlaps the CAP 
protein binding site (Gilbert et al., 1976b; see Figure 5 ) ,  can 
be isolated by digestion of the Hue-203 fragment with HpuII 
to give an 80-base-pair primary operator fragment and a 
123-base-pair fragment containing the tertiary lac ( I  gene) 
pseudooperator. Attempts to measure binding to the latter 
site were unsuccessful. Under conditions where binding to the 
primary and secondary operator sites is stoichiometric (i.e., 
at 0.1 M KCl and operator concentrations of lo-" M), no 
binding is detected to the tertiary operator site, even in the 
presence of a 30-fold excess of active repressor. Concentrations 
of the 123-base-pair fragment of 10-lo M and above are re- 
quired to detect any repressor binding at all, and the interaction 
appears to be IPTG sensitive. However, at these operator 
concentrations, the binding data are not sufficiently reliable 
to allow us to estimate KRo3 for repressor binding to the l a d  
pseudooperator located on a separate DNA fragment. On the 
basis of these observations, we conclude that the value of KRo3 
(for repressor binding to the 1ucI pseudooperator site located 
on a separate DNA fragment) at 0.1 M KCI is probably near 
lo9 M-' and is unlikely to be as high as 1O'O M-l; this makes 
the R 0 3  interaction about 103-104 times weaker than the 
primary operator (RO1) interaction. (In making this estimate, 
we assume that the R 0 3  complex is retained on the filter as 
efficiently as are the primary or the secondary operator com- 
plexes under appropriate concentration conditions). However, 
we note that KRO, is still 100-1000-fold larger than Km under 
similar ionic conditions (Revzin & von Hippel, 1977). 

Repressor Binding to Lurge lac Operator DNA. The EcoRI 
lac operator fragment (-6700 base pairs, spanning most of 
the repressor and the @-galactosidase genes) was selected to 
test the effect of a large amount of nonoperator DNA on the 
electrostatic and nonelectrostatic components of the RO in- 
teraction. The slope of the linear portion of a plot of 10s KRo 
vs. log [KCl], for the binding of the EcoRI fragment to re- 
pressor over the 0.1-0.2 M KC1 range, yields a slope of 5.1 
(k1.2); (data not shown). This slope corresponds to a value 
of m'of 5.8 (f1.4) charge-charge interactions and agrees, 
within experimental error, with the slope measured for the 
primary operator with the Hue-203 fragment and for the 
secondary operator with the Hue-170 fragment. In addition, 
the value for KRo deduced for the EcoRI fragment data (see 
below) is about 3-6-fold greater than that for the Hue-203 
fragment at all salt concentrations tested. Since electrostatic 
contributions to binding are about the same for the two DNA 
substrates, repressor binding to the EcoRI fragment appears 
to involve an increase in the free energy of the nonelectrostatic 
component of the RO interaction of about -1:O kcal/mol at 
25 OC. This increase in apparent binding affinity for the larger 
DNA fragments must be due to the presence of the extra 
(vicinal) nonoperator DNA. The EcoRI fragment binds re- 
pressor with about the same affinity (and salt dependence) 
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FIGURE 8: Scatchard plot for the binding of lac repressor to the EcoRI 
lac fragment in BB + 0.1 M KCl. Experimental procedures are 
described under Materials and Methods and Results. Analysis by 
the Klotz & Hunston (1971) technique. The best linear fit to the 
low saturation (v < 0.5) data gives a slope of -3.4 X 10” and a y 
axis intercept of 1.9 X lOI3. The best linear fit to the high saturation 
(v > 0.5) data gives a slope of - -5 X 10l2 and a y axis intercept 
of - 5  x 10’2. 

as intact Xplac5 DNA (-50 000 base pairs); thus additional 
nonoperator DNA (beyond the 6700-base-pair level) does not 
further stabilize the interaction (KRo for Xplac5 DNA-re- 
pressor interaction is estimated from the ratio of association 
and dissociation rate constants; see Table I). 

Binding measurements to the EcoRI fragment are com- 
plicated by the presence of the lac2 pseudooperator sequence 
on the same fragment as the primary site. If we assume that 
the two sites bind repressor separately and independently, we 
can derive two apparent binding constants from curved 
Scatchard plots such as that presented in Figure 8. Following 
the treatment of Klotz & Hunston (197 l ) ,  we calculate that 
KRol = (5 f 1.5) X 1013 M-’ and KRa = (2 f 1) X 10l2 M-’ 
for binding in 0.1 M KCl from three sets of such experiments 
using either the EcoRI fragment of Xpfac5 DNA. This value 
for KRol is close to the value estimated straightforwardly from 
these data by using only the slopes at  low levels of saturation 
[(5 f 1) X 1013 M-’]. The binding constant for the second 
operator calculated in this way is the same as that measured 
directly on the separate (Hue-170) fragment (see above). This 
result suggests either that, unlike the primary operator-re- 
pressor complex, KRa is not sensitive to DNA fragment length 
or, more likely, that the intrinsic value of KRQ (after correction 
for the fragment length effect seen with KRO,) is decreased 
at  least 5-fold relative to the value of KRo2 measured directly 
on the separate (Hue-170) fragment. This latter interpretation 
suggests that the binding affinity of repressor for a secondary 
operator located on a piece of DNA which contains an already 
repressor-saturated primary operator site may be appreciably 
weakened by the presence of the neighboring of the R 0 ,  in- 
teraction, implying an “allosteric” (negatively cooperative) 
interaction between the two operator sites. This may explain 
why the lacZ pseudooperator site was not detected in binding 
assays until the primary site had been eliminated from the 
target DNA. Other related evidence leading to similar con- 
clusions will be considered under Discussion. 

Binding Constants to Operator-Containing DNA Fragments 
Determined from the Ratio of Association and Dissociation 
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FIGURE 9: Plot of log KRo (calculated as k./kJ vs. log [KCl]. Straight 
lines represent best fits through the high salt (>0.1 M KCI) points. 
(0) Xplac5 DNA (50000 base pairs); (A) EcoRI fragment (6700 
base pairs); (m) Hue-203 fragment. m’ from these data is 6.8 for 
hplac5 DNA, 5.6 for the EcoRI fragment, and 5.7 for the Hue-203 
fragment. 

Rate Constants. Apparent binding constants for repressor to 
operator sites may also be obtained by using the ratio of rate 
constants for the overall reaction: 

(1) 

Procedures for making such measurements are described in 
detail in the following paper (Winter et al., 1981), and typical 
values of KRO derived from kinetic measurements over the 
0.1-0.2 M KC1 concentration range for the Hue-203, the 
EcoRI lac (-6700 base pairs), and the Xpfac5 (-5000O base 
pairs) fragments are presented in Figure 9. The slopes of the 
log-log plots and.the values of the binding constants obtained 
from such kinetic data are quite comparable to those measured 
directly by the equilibrium technique; this strengthens our 
confidence in the filter binding technique as used here and also 
reinforces our underlying assumption that parameters re- 
flecting the same overall process are measured by both the 
equilibrium and the kinetic techniques, at  least at  salt con- 
centrations > 0.1 M KC1.4 

In Figure 10 we plot the measured values of KRO (obtained 
by both equilibrium and kinetic methods), for the various 
operator-containing DNA fragments, against fragment size 
at three different salt concentrations. We see that KRo begins 
to decrease as the DNA fragment size drops below a few 
hundred base pairs; when 80-basepair fragments are reached, 
KRo has dropped 10-30-fold. [This effect becomes somewhat 
more pronounced at the lower ionic strengths, but is quite 
evident at all the salt concentrations examined (0.1-0.2 M 
KCl).] KRo drops an additional factor of 10 for fragments 

k. 
R + O T  c- RO 

‘ We note that the standard errors for the individual kinetic mea- 
surements are generally smaller than those for the direct equilibrium 
determinations. As a consequence we consider the values of KR0 de- 
termined as ratios of rate constants (Figure 9 and Table I) to be as 
reliable as those measured directly. 
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Table I: Summary of Measured Values of KRO (M-') vs. Salt Concentration for Various lac Operator Containing DNA Molecules 
DNA used 

Hue-203 Hue-203 [KCI] or EcoRI EcoRI 
[NaCl] (M) hpIuc.5" hplac5 b hplac hpttzc5 fragment e fragment f fragment g fragment h 

0.05 
0.06 
0.10 
0.11 
0.125 
0.13 
0.15 
0.16 
0.17 
0.175 
0.19 
0.20 
0.21 
m'$ O 

m ' p  

1 x 1013 
3.1 x 1015 

4.6 x 1013 
4.3 x 10" 

3.ox 1013 
8.2 X 10" 

2.3 X 10" 

1.1 x 10'2 
4.7 x 10" 

9.3 4.1 7.0 
10.6 4.8 8.0 

9.0 x 1O'O 3.4 x 10l2 

4.9 x 1O1l 

2.1 x 1014 1.2 X 1OI4 5.5 X 10" 7.8 X 10" 

8.0 x 1013 5.0 x 1013 3.4 x 1013 2.0 x 1013 5.9 x 1 0 1 2  

3.2 x 1013 1.3 X l O I 3  4.0 X 10" 

6.4 X 10" 1.8 X 10" 9.1 X 10" 2.8 X 10" 1.9 X 10" 

5.3 x 10'2 5.2X 10" 7.1 X 10" 

1.1 X 1.3 X 1.1 X 10" 2.3 X 10" 1.6 X 10" 

6.0 5.1 4.9 6.9 5.0 
6.8 5.8 5.6 7.8 5.7 

DNA used 

(Hae-Hpa)-80 29-basapair 26-basepair 21-base-pair Hae-170 (Hae-Hpa)-l23 
[KC11 fragment I fragment j fragment k fragment fragmentm fragment" 

0.05 6.3 X 10" 1.5 x 10" 4.0X 1 O l z  
0.06 
0.10 2.3 X 10" 5.9 x 1 O ' O  2.1 x <lolo 
0.1 1 
0.125 4.2 X 10" 
0.13 

2.7 X 10" 0.15 2.6 X 10" 
0.16 1.ox loll  7.1 X 10"' 
0.17 
0.175 1.1 x 10" 
0.19 
0.20 3.8 X 1O'O 
0.21 

m' P 1.8 1.7 1.8 6.2 
m'$ O 1.6 1.5 1.6 5.4 

Data of Barkley et al. (1981). KRO was determined from the ratio of on to off rates. Experiments were carried out in phosphate buffer, 
pH 7.4; the monovalent cation varied was Na+. Data of O'Gorman et al. (1980). KRO was determined from direct equilibrium measure- 
ments. Experiments were carried out in Tris buffer, pH 7.5. Data of Rigss et al. (1970). KRO was determined from direct equilibrium 
measurements. Experiments in Tris buffer, pH 7.4, and in the presence of 10 mM MgC1,. Values presented are corrected for the presence 
of Mg2+ by eq 5 of Record et al. (1977). The R&s et al. data obtained at  an ionic strength of 0.05 (corresponding to [KCl] = 0.01 M) have 
not been included. 
ratio of on to off rates. m'$ calculated from 0.1 to 0.2 M KCl. e Data from this paper. KRO determined from direct equilibrium measure- 
ments. m'$ calculated from 0.1 to 0.2 M KCI. Data of Winter et al. (1981). K R O  determined from ratio of on to off rates. g Data from 
this paper. KRO determined from direct equilibrium measurements. 
* Data of Winter et a t  (1981). KRO from ratio of on to off rates. I Data of O'Gorman et al. (1980). KRO was determined by direct equi- 
librium measurements. kJ Data of Goeddel et aL (1977). K R O  was determined from the ratio of on to off rates. Experiments were per- 
formed in Tris buffer, pH 7.4, and in the presence of 10 mM MgCh. m'RO was calculated from eq 10 of Record et al. (1977) by using m'RD 
= 12, a l o g K R D / a P  = -11, a log K R o / a P Z  = -1.6 for the 26-basepair fragment, and a log K R O / a P  = -1.7 for the 21-base-pair frag- 
ment. Values of K R ~  were corrected for the presence of Mg2+ by using eq 5 of Record et aL (1977) and values of log KRO,T of 9.8 for the 
26-basepair fragment and 9.6 for the 21-base-pair fragment (KRo,T. is the thermodynamic binding constant). Data of Goeddel et d. (1977) 
at 0.05 M ionic strength (corresponding to  [KCI] = 0.01 M) are not mcluded. l a d  pseudooperator fragment. Data from this paper. 
KRo determined from direct equilibrium measurements. m'$ calculated from 0.1 to 0.2 M KCL " lacl pseudooperator fragment. K R O  
estimated as described in text (this paper). OpP m'$ is the number of counterions released from DNA upon formation of RO complex. m' 
is the number of ion pairs formed between repressor and operator DNA [see Record et al. (1976)l. 

that ate 21-26 base pairpin length (Figure 10). This loss of 
RO complex stability with decreasing DNA fragment size is 
also reflected directly in the kinetic measurements; the asso- 
ciation rate decreases and the dissociation rate increases with 
decreased DNA length [see Winter et al. (1981)l. 

A complete summary of the values of KRo measured in our 
studies and by others is presented in Table I. The molecular 
implications of these parameters and of their dependence on 
salt concentration, DNA fragment length and operator com- 
position are considered under Discussion. 

Discussion 
Several generalizations emerge from a perusal of the results 

of this work as summarized in Table I. These generalizations 
not only provide the equilibrium "underpinnings" of the kinetic 

Data of Winter et al. (1981). Experiments were performed as described under Materials and Methods. KRO from 

Data of Wmter et al. (1981). KRO from ratio of on to off rates. 

measurements described and interpreted in the following paper 
(Winter et al., 1981), but also yield considerable insight into 
some molecular details of the RO interaction. 

Formation of the RO Complex Involves Six to Eight 
Charge-Charge Interactions. Our data for the binding of lac 
repressor to the primary (physiological) operator site in whole 
Xplac5 DNA (50000 base pairs), in the EcoRI fragment (6700 
base pairs), and in the Hue-203 fragment show a constant slope 
of the log KRo vs. log [KCl] plots at salt concentrations be- 
tween -0.1 and 0.2 M, indicating that m'is the same for all 
these interactions and is equal to approximately six to eight 
charge-charge interactions [see also Record et al. (1977); 
Barkley et al. (198 l)]. This number, considering the as- 
sumptions made in obtaining it, is surprisingly consistent with 
the determination of Maxam & Gilbert (1977b)' that seven 
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binding form” may then represent an intermediate state in 
which some specific contacts have been disrupted. Recent data 
of OGorman et al. (1980) indicate that the salt concentration 
dependence of binding to operator of repressor complexed with 
inducer is very similar to that of the RO complex itself, sup- 
porting the notion that the “induced repressor” maintains 
essentially the same electrostatic interactions with operator 
as does the noninduced form. [See von Hippel (1979) for one 
specific formulation of this “conformation-change” model, 
though note that the difference in the number of charge- 
charge interactions between the specific and nonspecific 
binding forms of repressor is not considered there.] 

At present it is not known with certainty how many repressor 
subunits are directly involved in either operator or nonoperator 
DNA binding. The suggested 2-fold symmetry of the repressor 
tetramer (Steitz et al., 1974) is consistent with the involvement 
of two repressor subunits in the R O  interaction, and studies 
with hybrid repressors generated by brief tryptic digestion 
(Kania & Brown, 1976; Geisler & Weber, 1976) also suggest 
that as few as two subunits are sufficient for operator binding. 
Ogata & Gilbert (1979) have also utilized chemical modifi- 
cation data to argue that two subunits are in contact with 
operator DNA. 

If two subunits are involved in RO complex formation, then 
each must be responsible for three to four charge-charge 
interactions with operator phosphates. Then if the same 
number of charge-charge interactions per subunit is to be 
maintained in the RD complex, three to four repressor subunits 
must bind to the DNA in this latter reaction. Proposals along 
these lines have been put forward by Dunaway et al. (1980). 
[We note that the amino-terminal 59 residues of each repressor 
subunit contain only 8 basic residues-see Revzin & von 
Hippel (1977)-indicating that more than one subunit must 
be involved in RD complex formation if only basic groups on 
the N-terminal peptide are involved in charge-charge inter- 
actions. In keeping with this latter point, O’Gorman et al. 
(1 980) have recently demonstrated that operator DNA-re- 
pressor “core” interactions show no salt dependence.] 

We emphasize that our estimate of the number of charge- 
charge interactions involved in repressor-operator complex 
formation is based on data obtained over the 0.1-0.2 M KCl 
concentration range; repressor binding at KCl concentrations 
lower than -0.1 M (at least in the absence of Mg2+) appears 
to be less sensitive to salt concentration (Figures 4,6, and 9). 
As a consequence, electrostatic contributions to RO binding 
do not exceed 50% of the total binding free energy, even at 
fairly low ionic strengths. 

Nevertheless, ionic interactions are important in specific 
binding. Under approximately in vivo conditions (-0.2 M 
KC1; Kao-Huang et al., 1977), electrostatic (salt-dependent) 
interactions contribute 32% (f6%) to the overall binding free 
energy of repressor to the Hue-203 fragment, 26% (f9%) for 
binding to the (lacZ gene) secondary operator interaction, and 
21% (f10%) for binding.to the EcoRI fragment. [The dif- 
ferences between these values for different DNA fragments 
are not statistically significant, due to variations in the slopes 
of the log/log plots and hence to variations in A G o R 0 , , ~  
(obtained by extrapolation to 1 M KCl).] 

Definition of Electrostatic and Nonelectrostatic Binding 
Components in RO Complex Formation. As pointed out under 
Results, we have followed the approach of Record et al. (1976) 
in differentiating electrostatic and nonelectrostatic components 
of the binding free energy of a ligand with a polyelectrolyte 
lattice. These workers plot the logarithm of the observed 
binding constant against the logarithm of the salt concentra- 

E l  
- 1  

12i 

4 5 6 ‘ 75 

log [Mol W t ]  

FIGURE 10: Plots of the logarithm of the measured values of KRO vs. 
the logarithm of the molecular weight of the operatorantaining DNA 
fragment. (Fragment size in base pairs is indicated at the top of the 
graph the lines drawn through the data serve only to connect the points 
and have no theoretical significance.) Open symbols indicate direct 
equilibrium measurments; closed symbols represent K R O  values 
calculated from k,/kd ratios. ( 0 , O )  BB + 0.1 M KCl; (A, A) BB + 0.15 KC1; (0, B) BB + 0.2 M KCl. Some of the Xplac5 DNA 
data are from Rim et al. (1970), as corrected by Record et al. (1977), 
and from Barkley et al. (1981). The 21- and 26-base-pair data are 
from Goeddel et al. (1978) and have been corrected for the presence 
of Mg2+ and extrapolated to different salt concentrations as described 
in footnotes k and 1 to Table I. All the rest are from this study. 

phosphate groups within the specific lac operator sequence are 
partially protected by bound repressor from alkylation by 
ethylnitrosourea. The simplest interpretation of these facts 
is to attribute the electrostatic component of the binding of 
repressor to operator primarily to displacement of bound 
counterions (here K+) from these seven phosphates. We note 
that this value of m’is considerably smaller than the value of - 11 charge-charge interactions determined for the repres- 
sor-nonspecific DNA interaction by Revzin & von Hippel 
(1977) and deHaseth et al. (1977) on the basis of the salt 
dependence of RD complex formation. 

Two classes of binding models can be invoked to explain 
these differences. In the first model [and the one we favor; 
see also Winter et al. (1981)], it is assumed that the same 
number of subunits per repressor tetramer are involved in both 
RO and RD complex formation, with the subunits (and per- 
haps the DNA?) changing conformation to alter the number 
of charge-charge interactions per subunit. In the second class 
of models, the number of charge-charge interactions with the 
DNA per repressor subunit stays constant, but different 
numbers of subunits are involved in the two complexes. 

In the former class of models, we assume that the 
“nonoperator-DNA binding form” of the repressor allows 
maximum interaction with the sugar-phosphate backbone, 
whereas the “operator binding form” maximizes specific nu- 
cleotide interactions at the expense of some electrostatic 
contacts. These changes in conformation presumably represent 
the “extremes” of the spectrum of binding interactions 
available to the repressor. A third conformation, the “inducer 
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tion; the slope of this log-log plot establishes the salt con- 
centration dependence of the interaction and is defined on this 
basis as the electrostatic component of the binding process. 
The (corrected and extrapolated; see Results) value of the 
binding constant at 1 M salt, also by definition, is used to 
establish the nonelectrostatic component of the binding in- 
teraction, i.e., that part not due to the charge-charge inter- 
actions. Effects of anions, pH, etc., on the binding constant, 
which in other approaches are often considered to represent 
perturbations of electrostatic interactions, are here treated as 
effectors of the electrostatic component only if they alter the 
slope of the log-log plot. We use this definition of electrostatic 
interactions throughout this and the accompanying papers 
(Berg et al., 1981; Winter et al., 1981). 

In practice [see Record et al. (1976)], this means that 
electrostatic effects are considered only to be those in which 
the number of counterions (thermodynamically) bound either 
to DNA (cations) or to protein (anions) (or to both) is altered 
as a consequence of complex formation. Thus, for example, 
if anions are displaced from (or bound to) the protein in the 
protein-nucleic acid interaction process (demonstrated by a 
dependence of the slope of the log-log plot on anion type; see 
footnote 2), this is considered an electrostatic effect. On the 
other hand, if replacement of one anion by another changes 
the absolute value of the binding constant [perhaps by bringing 
about a conformational change in the protein; for data on this 
point, see deHaseth et al. (1977); Barkley et al., 1981) but 
not the slope of the log-log plot, such an effect is considered 
here to be nonelectrostatic. 

The latter situation seems to apply in both the RD (de- 
Haseth et al., 1977) and the RO interaction; in particular, 
Barkley et al. (198 1) have shown that the measured value of 
K R O  can vary by factors of up to lo5 with different anions but 
without a change in the slope of the log-log plot. Those anions 
which bind most tightly to functional groups of macromole- 
cules [eg., SCN-, I-, etc.; see von Hippel & Schleich (1969)l 
appear to have the greatest effect in decreasing K R o .  

“Long-Range” Effects in RO Complex Formation. Four 
types of observations suggest that the value of the binding 
affinity of repressor for operator involves “long-range” effects 
in addition to direct (contact) interactions between functional 
groups of the repressor and those of the operator DNA which 
lies directly beneath it. (i) The observed values of K R o  de- 
crease with decreasing length of the operator-containing DNA 
fragment (see Figure 10). (ii) The value of K R O  for repressor 
binding to the secondary (Z gene) operator seems to depend 
on whether repressor is bound to a primary operator site on 
the same piece of DNA (assuming that K R o 2  decreases with 
DNA fragment length in parallel with KRO,;  see Results). (iii) 
Sadler et al. (1980) have shown that in plasmids (“relaxed” 
by y irradiation) which carry tandem operators, the binding 
of repressor to one operator site excludes binding to vicinal 
operator sites over distances as large as 120-160 base pairs.5 
(iv) Chan & Wells (1974) and Chan et al. (1977) have 
presented evidence suggesting that a specific nick, introduced 
by a single-strand-specific nuclease into a double-stranded lac 
operator containing DNA fragment at a position which is at 
least 100 base pairs away from the operator, results in a re- 
duced affinity of repressor for the operator site on the frag- 
ment. 

All these effects have in common the feature that events 

The operators cloned in tandem by Sadler et al. (1980) are each 
located on DNA fragments that are 40 base pairs in length. These 
workers showed that only one repressor is bound to plasmids containing 
one to four such operators. 

located 100 or more base pairs (300-400 A) away from the 
operator alter the strength of the RO interaction, whether the 
event comprises binding of another repressor to a second op- 
erator site, removal of vicinal DNA, or enzymatic nicking of 
the sugar-phosphate backbone. 

Three types of mechanisms can, in principle, account for 
these observations: 

(i) The effect could be attributed to a conformational 
change that occurs in the vicinal DNA as a consequence of 
the above events and is “projected” into the operator via 
twisting, base tilting, or other distortions of the intervening 
DNA (telostability?). Such distortion of the operator could 
put it into a less favorable conformation for repressor binding, 
resulting in an apparent decrease in K R o .  Long-range effects 
of this sort are clearly possible as a consequence of superhelix 
formation in a closed-circular DNA6 and have been suggested 
in linear DNA [e.g., see Wells et al. (1977)l. However, certain 
types of “projected” conformational distortions clearly are not 
possible in linear (or nicked-circular) DNAs since the dis- 
tortions, in effect, can “run out of the ends” of the linear 
molecules. Thus the intrinsic binding constant of DNA for 
ethidium bromide (which binds by intercalation between base 
pairs and brings about massive local distortion of the double 
helix) is a strong function of the dye binding density in 
closed-circular DNA; on the other hand, the magnitude of this 
binding constant is approximately independent of the degree 
of binding saturation (after correction for nearest neighbor 
exclusion effects) in linear DNA. [For a recent summary of 
such data, see Cantor & Schimmel (1980).] 

(ii) Long-range “electrostatic” interactions between distant 
charges on the DNA backbone and bound repressor might also 
be considered, although (e.g.) the calculations of Stigter (1977) 
suggest that such effects should be screened out over distances 
of no more than -25 A in moderate (0.1 M) salt concen- 
trations. However, a part of the DNA-length-dependent de- 
crease in K R O  (Figure 10) could be due to such effects. 

(iii) An overall bending of the DNA double helix as a 
consequence of repressor binding to the operator is also pos- 
sible. The wrapping of DNA around histone octamers in 
nucleosome formation, bringing pieces of DNA which are 
separated by - 100 base pairs along the contour length into 
reasonable proximity, provides a possibly relevant model. Such 
monotonic distortion of the backbones of the double helix could 
bring sections of the DNA molecule which are separated by 
100 base pairs or more close enough together to make long- 
range “electrostatic” effects of type ii nonnegligible. No 
direct evidence for or against such “higher order” structural 
consequences of lac repressor binding to operator exist at this 
time.’ 

Thus at present we have a number of lines of experimental 
evidence that strongly implicate “long-range” effects in re- 
pressor-operator interactions. No unequivocal molecular 
explanation of these effects is currently available. 

Salt Dependence of Repressor Binding to Small Opera- 
tor-Containing DNA Fragments. We have not rigorously 
shown that repressor binding to operator-containing DNA 
fragments less than - 170 base pairs in length involves 6-8 

In fact, Wang et al. (1974) have shown that the lac repressor-op- 
erator complex formation does involve some “unwinding” of the operator 
DNA and that as a consequence, KRo can be increased 10-fold or more 
by using an operator located in an “underwound” (superhelical) circular 
DNA molecule. ’ Recently Chao et al. (1980) have shown that under some conditions 
the incorporation of operator-containing DNA into nucleosomes can alter 
the strength ,of the specific repressor-operator interaction. 
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charge-charge interactions since our measurements with the 
80- and 123-base-pair fragments (Table I) as a function of 
salt concentration are not sufficiently precise to yield an un- 
ambiguous measure of m’for these moieties. Data of Goeddel 
et al. (1977) and O’Gorman et al. (1980) on the salt depen- 
dence of the binding of repressor to synthetic operator frag- 
ments 21-29 base pairs in length suggest that m’ for these 
interactions is -2 (see Table I), a value much smaller than 
that obtained with operator-containing pieces of DNA longer 
than 170 base pairs. This may reflect a real difference in 
repressor-nucleic acid charge-charge interactions for these 
very small DNA fragments [though see the interpretation of 
Goeddel et al. (1977) data put forward by Lohman et al. 
(1 978)]. 

If indeed the seven phosphates (see Figure 5) identified by 
the protection experiments of Maxam & Gilbert (1977b)’ are 
those involved in charge-charge interactions in RO complex 
formation, then all fall within the synthetic operator sequences 
examined by Goeddel et al. (1977) and by O’Gorman et al. 
(1980). On the other hand, the fragment studied by the latter 
workers consists only of a central double-stranded sequence 
(the “sticky ends” of the EcoRI “linker”) protruding from the 
5’ termini on each end. It is known (Record & Lohman, 1978) 
that DNA phosphates located near the ends of DNA frag- 
ments bind counterions less effectively than do those in the 
middle of a long DNA strand and thus show less counterion 
displacement on repressor binding. Four of the seven phos- 
phates identified by Maxam & Gilbert (1977b)’ as being 
shielded by repressor do indeed occur at the ends of the specific 
operator sequence. Such effects could account for a part of 
the decreased salt dependence of binding of these small 
fragments; it is also possible that some of the charge-charge 
interactions involved in the RO interaction lie somewhat be- 
yond the outer edges of the operator-specific base-pair se- 
quence. 

The Operator Sequence Can Experience Substitutions at 
4-5 Base Pairs and Still Retain Most Recognition Features. 
Maximum homology between the “primary” and the 
“pseudo”-operator sites occurs within a 1 7-base-pair sequence 
(see Figure 5) previously identified as absolutely required for 
repressor interaction (Bahl et al., 1977). Outside this interval 
there is little homology between the primary and the pseu- 
dooperator sites. Thus the energetically important specific base 
pair contacts involved in RO formation are doubtless located 
between positions 8 and 24. Therefore the unfavorable (rel- 
ative to primary site binding) change in free energy observed 
when repressor complexes with the lacZ pseudooperator can 
be viewed as being distributed over three base-pair alterations 
(positions 8, 17, and IS), with each “incorrect” pair desta- 
bilizing the interaction by about +0.4 kcal/mol. [We assume 
that the destabiliztion can be equipartitioned over these three 
base changes; in support of this assumption, Goeddel et al. 
(1978) found little difference in repressor binding to synthetic 
operators with different bases substituted into position 8, 17, 
or 181. This is a relatively small perturbation compared to 
those characteristic of Oc mutations (Jobe et al., 1974), which 
disrupt wild-type repressor binding by + 1.8 to +2.6 kcal/mol. 
Thus, repressor binding to the lacZ pseudooperator provides 
additional evidence that not all base pairs in the lac operator 
sequence contribute an equal amount of free energy to the RO 
interaction [see also Goeddel et al. (1978)l. 

We can examine repressor interaction with the lacl pseu- 
dooperator site in a similar fashion. This site carries six 
base-pair changes between positions 8 and 24 of the operator 
sequence (Figure 5); five of these occur at loci where no im- 
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portant contacts with repressor have yet been documented. 
However, the transversion T.A - A.T at position 19 occurs 
at a known Oc site where the transition T-A - C.G has been 
observed to weaken repressor binding by about +2 kcal/mol 
(Jobe et al., 1974). The overall weakening of repressor binding 
to the lacl “pseudo”-operator site is about +4 to +5 kcal/mol 
relative to wild-type interactions, suggesting that five of these 
changes could contribute - +0.4 kcal/mol each to the binding 
free energy and that the transition at position 19 disrupts RO 
complex formation by +2 to +3 kcal/mol in addition. 

The behavior of the E40 mutation in the lacl pseudooperator 
described by Pfahl (cited in Bourgeois & Pfahl, 1976), which 
increases repressor affinity to this site to about 20-fold less 
than wild type, is consistent with these calculations. Zf, for 
example, the E40 mutation were to represent the reversion of 
A-T - T.A at position 19, the remaining estimated loss in 
binding free energy (about +2 kcal/mol according to the above 
model) would indeed result in about a 20-fold weaker binding 
of repressor to this site relative to repressor binding to the 
primary (wild-type) opeator. It therefore appears that at least 
some operators, carrying as many as five base pair changes 
within the operator sequence, still retain sufficient essential 
(hydrogen-bonding) contacts to permit specific repressor 
binding; we emphasize that the binding of repressor to the lacZ 
pseudooperator is still about 4 orders of magnitude tighter than 
that to random nonoperator DNA. 

The lac operator represents an “overspecified” sequence (von 
Hippel, 1979), Le., that portion of the DNA represented by 
the lac operator (Figure 5 )  is longer than the minimum length 
of DNA required to specify a “unique” site along the E .  coli 
genome (about 12 base pair,s). Such overspecification is re- 
quired to avoid the occurrence of a large number of nearly 
identical sequences within the E.  coli chromosome (Le., se- 
quences with one or two base-pair changes relative to the wild 
type) which would occur at random for a minimum length 
sequence and then would compete effectively with the “real” 
operator site for repressor. 

Using a conditional probability approach (von Hippel, 
1979), we calculate that the lacZ pseudooperator, with three 
incorrect base pairs in the lac operator sequence, has only a 
3% change of arising at random within the E .  coli genome, 
whereas the lac I pseudooperator, with six incorrect base pairs, 
has an 84% probability of arising at random. Thus coincident 
with the increased probability of operator-like sequences oc- 
curring at random is the decreased affinity of repressor for 
these sites. Clearly it is crucial for the correct intracellular 
distribution and in vivo functioning of repressor that this 
protein not show an appreciable affinity (compared to that for 
the operator sequence) for a large number of other related 
nonoperator DNA sequences [see also von Hippel et al. 
(1974)l. 

Can Repressor Bind to More Than One DNA Fragment at 
a Time? Certain protein translocation models described in 
the companion papers (Berg et al., 1981; Winter et al., 1981) 
involve the transient formation of doubly bound repressor- 
DNA complex intermediates, Le., the binding of repressor to 
more than one DNA molecule or segment simultaneously. The 
formation of such intermediates is obviously possible, in 
principle, for repressor models in which two (or less) subunits 
are involved in binding to one operator or DNA sequence. 

Such intermediates, involving two simultaneous nonspecific 
DNA interactions, would be very hard to detect because of 
the relatively low values of KRD. On the other hand, it is 
possible to carry out two types of equilibrium experiments to 
look for repressors that are bound to two operators at the same 
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time, which should reflect nonspecific binding if essentially 
the same protein binding sites are involved in both interactions. 
First, very careful titrations of repressor were carried out a t  
low salt concentrations (to ensure binding saturation) with all 
the operator-containing DNA fragments used in these studies. 
For each size of fragment (80 base pairs and larger), an un- 
ambiguous stoichiometry of 1: 1 (RO) was obtained, indicating 
no stable 1:2 (RO) complexes were formed. (This information 
is, of course, also required to interpret the stoichiometry which 
applies to the binding isotherms measured at higher salt 
concentrations.) In addition, chemical cross-linking studies 
(Winter, 1980) were attempted to see whether 1:2 cross-linked 
species were demonstrated. Again none were seen, though, 
as expected, 1 : 1 cross-linked species were demonstrated. In 
contrast, O’Gorman et al. (1980) have obtained evidence for 
1:2 (RO) complexes with 21-base-pair (synthetic) operator 
fragments, though not with larger operator-containing DNA 
molecules. While negative experiments have only limited 
validity, as pointed out in the preceding paper (Berg et al., 
198 1) these results suggest that doubly bound intermediates 
involving anything larger than the smallest operator fragments 
are probably unstable. Furthermore, for the purposes of this 
paper, these results mean that all the RO interaction systems 
studied here can be interpreted in terms of 1:l (RO) com- 
plexes. 

Implications for the Cellular Control of lac Operon En- 
zymes. The studies presented here on molecular aspects of 
the RO interaction allow us to compare further the interactions 
of repressor with operator and nonoperator DNA and to define 
more precisely some of the “operator-binding” form of re- 
pressor, previously described as a conformation that binds 
inducer more weakly than free repressor (Laiken et al., 1972; 
Barkley et al., 1975; Wu et al., 1976). Repressor bound to 
operator forms 6-8 ion pairs with operator phosphates and in 
addition interacts with functional groups of at least 12-1 3 base 
pairs within the operator sequence (these are the “crucial” 
interactions, though others may contribute secondarily to the 
binding free energy). The binding of inducer to the repressor 
appears to disrupt many of these latter (specific) contacts, 
without significantly perturbing charge-charge interactions. 
This “inducer-binding” form of repressor still binds appreciably 
more tightly to the operator than to nonoperator DNA. Fi- 
nally, the “nonoperator” conformation derives virtually its 
entire binding free energy from charge-charge interactions 
stabilized by counterion displacement. The “coupling” of 
repressor-operator-inducer-DNA interactions within the cell 
thus involves conformational transitions of the protein between 
(at least) these three states. For a further consideration of 
this point in the context of kinetic mechanisms, see Winter 
et al. (1981). 

Nonoperator DNA has been shown to be important in the 
intracellular distribution of repressor and the extent of re- 
pression in vivo in both induced and noninduced states (von 
Hippel et al., 1974; Lin & Riggs, 1975; Kao-Huang et al., 
1977). In addition, we show here that the appearance of full 
repressor binding affinity depends upon the presence of con- 
tiguous nonoperator DNA sequences extending as far as 
100-200 base pairs from the operator site itself. Such se- 
quences also appear to be important in the pathways by which 
repressor locates the operator [see Winter et al. (1981)l. At 
present, there are no detailed data available to determine 
whether the binding of other DNA site-specific binding pro- 
teins (e.g., X repressor, E.  coli RNA polymerase) exhibit 
similar equilibrium behavior with respect to DNA vicinal to 
the specific target sequence. Additional discussion of this point 

with respect to kinetic mechanisms is presented in Winter et 
al. (1981). 
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