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Interaction of Effecting Ligands with Lac Repressor and

Repressor-Operator Complex?

Mary D. Barkley,* Arthur D. Riggs,* Alan Jobe,# and Suzanne Bourgeois?

ABSTRACT: The equilibrium association constants for the
binding of a wide variety of effecting ligands of the /ac re-
pressor were measured by equilibrium dialysis. Also, de-
tailed investigations of the apparent rate of dissociation of
repressor-operator complex as a function of ligand concen-
tration were carried out for several inducers and anti-induc-
ers. The affinity of repressor-ligand complex for operator
DNA was evaluated from the specific rate constants at sat-
urating concentrations of effecting ligand. By fitting the ex-
perimental data depicting the functional dependence of the
rate of dissociation upon ligand concentrations to calculated
curves, assuming simple models of the induction mecha-

In the past 20 years, there have been a number of accounts
of the specificity of induction of the lactose operon in Esch-
erichia coli. The in vivo studies were primarily concerned
with identifying effecting ligands of the /ac repressor, the
majority of which have turned out to be 3-galactosides. In
the first paper on this subject, Monod et al. (1951) investi-
gated the effect of substitution of several functional groups
at different positions on the galactose ring upon induction
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nism, the equilibrium association constant for the binding
of effecting ligand to repressor-operator complex was de-
termined. Inducers reduce the affinity of /ac repressor for
operator DNA by a factor of approximately 1000 under
standard conditions; the extent of destabilization depends
on Mg2* ion concentration. Anti-inducers increase the af-
finity of repressor for operator at most a factor of five. Only
one neutral ligand, which binds to repressor without al-
tering the stability of repressor-operator complex, was
found. No homotropic or heterotropic interactions in the
binding of effecting ligands either to repressor or to repres-
sor-operator complex are evident.

of the synthesis of §-galactosidase. Later systematic studies
by Miiller-Hill et al. (1964) and by Boos et al. (1967) en-
larged the list of compounds examined, and classified a
number of these sugars as inducers or anti-inducers of the
operon. Miiller-Hill et al. (1964) also attempted to describe
those features of the sugar moiety which are important in
making the molecule an effecting ligand, either inducing or
anti-inducing. These studies with synthetic ligands yielded
much valuable information; more recently, it has been dem-
onstrated that allolactose is the natural inducer of the lac
operon in vivo (Jobe and Bourgeois, 1972a}.

With the isolation of the /ac repressor protein, it became
possible to study induction in vitro. The membrane filtra-
tion technique, using purified /ac repressor and 32P-labeled
phage DNA bearing the /ac operon, permitted examination
of the effects of inducing and anti-inducing ligands upon
the equilibrium and kinetic properties of the interaction of
repressor protein and operator DNA. In the initial study of
a few effecting ligands (Riggs et al.,, 1970b), the essential
features of earlier experiments in vivo were verified. Com-
pounds that were inducers or anti-inducers of 3-galactosid-
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ase synthesis in vivo were shown to cause or prevent, respec-
tively, disruption of repressor-operator complex in equilib-
rium experiments in vitro. Against this background, one
purpose of this paper is to report the results of a compre-
hensive, quantitative investigation of a wide variety of ef-
fecting ligands of the /ac repressor.

It was also demonstrated in kinetics experiments that the
inducer isopropyl 1-thio-8-D-galactoside (IPTG)! increases
the rate of dissociation of repressor-operator complex and
the anti-inducer o-nitrophenyl 8-D-fucoside (ONPF) de-
creases the rate of dissociation. Since neither IPTG (Jobe
and Bourgeois, 1972b) nor ONPF (Lin and Riggs, 1972)
alters the rate of association of repressor and operator
DNA, the changes in the rate of dissociation may be as-
cribed directly to a decrease or increase in the affinity of re-
pressor for operator in the presence of inducer or anti-in-
ducer, respectively. These experiments established the exis-
tence of a ternary complex of ligand-repressor-operator by
showing that effecting ligands interact with repressor-oper-
ator complex. Since kinetic effects are so important, a sec-
ond purpose of this paper is to present a detailed study of
the effect of IPTG on the rate of dissociation of repressor-
operator complex.

We examine the binding of ligands by repressor protein
from two aspects. We study the binding of ligand to free re-
pressor protein, in order to measure the association constant
for repressor and ligand and to ascertain whether there are
any homotropic or heterotropic interactions upon binding of
multiple ligands. We also look at the interaction of ligands
with repressor bound to operator DNA, with the object of
designating those ligands which bind to repressor protein as
inducers or anti-inducers and of elucidating the mecha-
nisms by which repressor-operator complex is disrupted or
preserved by inducing or anti-inducing ligands, respectively.
We compare the experimental data with sample calcula-
tions based on simple models for the induction process. By
making certain assumptions, we predict the number of lig-
and molecules required for induction and determine the as-
sociation constant for repressor-operator complex and lig-
and. The affinities of effecting ligands for free repressor
and for repressor bound to operator are compared in order
to inquire if the results are congruent with our notions
about allosteric proteins.

Materials and Methods

Chemicals and Reagents

(a) Sugars. p-Aminophenyl 1-thio-3-D-galactoside, iso-
propyl 1-thio-8-D-galactoside, o-nitrophenyl 3-D-galactos-
ide, and p-nitrophenyl B-D-galactoside were purchased
from Calbiochem. D-Fucose, galactose (glucose-free), o-
nitrophenyl 1-thio-8-D-fucoside, o-nitrophenyl 1-thio-3-D-
galactoside, p-nitrophenyl 1-thio-B-D-galactoside, and 2-
phenylethyl (-D-galactoside were purchased from Cyclo
Chemical Corporation. Glucose was purchased from Mal-
linckrodt. Methyl §-D-galactoside and methyl 1-thio-3-D-
galactoside were purchased from Mann Research Labora-
tories. Lactose and melibiose were purchased from Pfan-
stiehl. p-Aminophenyl §-D-galactoside and 1,2,3,4,6-penta-
O-acetyl-D-galactose were purchased from Pierce Chemi-
cal. o-Nitrophenyl B-D-fucoside, phenyl B-D-galactoside,

! Abbreviations used are: IPTG, isopropyl 1-thio-3-D-galactoside;
ONPF, o-nitrophenyl 3-D-fucoside; ONPG, o-nitrophenyl 3-D-galac-
toside; TMG, methy! 1-thio-3-D-galactoside.

and phenyl 1-thio-3-D-galactoside were purchased from
Sigma Chemical Corporation.

[t4C]Isopropyl 1-thio-3-D-galactoside, 30 Ci/mol, was
purchased from Calatomic. [!“C]Methyl 1-thio-3-D-galac-
toside, 2.2 Ci/mol, was purchased from New England Nu-
clear Corporation.

Thioallolactose (6-S-8-D-galactopyranosyl-6-thio-D-glu-
cose) was a gift from W. Boos. Benzyl 8-D-galactoside, ben-
zyl 1-thio-B3-D-galactoside, n-butyl 3-D-galactoside, n-butyl
1-thio-3-D-galactoside, 2-phenylethyl 1-thio-3-D-galactos-
ide, and n-propyl 1-thio-3-D-galactoside were gifts from M.
Cohn. 6-Fluoro-6-deoxy-D-galactose was a gift from S. Op-
ella.

Allolactose (6-0-(3-D-galactopyranosyl-D-glucose) was
synthesized as described before (Jobe and Bourgeois,
1972a). Isopropyl 3-D-galactoside was synthesized as fol-
lows. 2,3,4,6-Tetra-0-acetyl-a-D-galactopyranosyl bromide
was prepared by reacting 1,2,3,4,6-penta-0O-acetyl-3-D-ga-
lactose and HBr (Hayes and Todd, 1950). The bromide was
coupled to 2-propanol over AgyCO; (Helferich and
Sparmberg, 1933). The product was deacetylated in metha-
nol saturated with ammonium gas overnight (Davoll et al.,
1948). Isopropy! B-D-galactoside was purified by column
chromatography on silica gel with chloroform-methanol
(4:1) eluate and recrystallization from ethyl acetate. The
melting point is 123-123.5°. Anal. Calcd for CoH1gO¢: C,
48.64; H, 8.16; O, 43.19. Found: C, 47.47; H, 8.58; O,
43.80. The mass spectrum is consistent with CoH,g0s. The
identity of the compound was confirmed by paper chroma-
tography, ir, and 'H nuclear magnetic resonance using iso-
propy! 1-thio-3-D-galactoside and galactose for comparison.

(b) Medium and Buffers. Low phosphate medium is pre-
pared as follows. After autoclaving 1 1. of DYT medium (16
g of Difco Bacto-tryptone, 10 g of Difco yeast extract, and 5
g of NaCl per 1. of distilled water), add 10 ml of 1 M
MgSO0y4 and 6 ml of concentrated NH4OH to the hot medi-
um. Allow precipitate to form for several hours at 4°. Fil-
ter. Adjust pH to 7.4 with concentrated HCI. Sterilize by
filtration.

Phage buffer (¢) is 0.02 M Tris-HCI (pH 7.4), 0.1 M
NaCl, 1 mM MgSQ,, 0.1 mM dithiothreitol, and 50 ug/ml
of bovine serum albumin.

Potassium phosphate buffer (KPB) is (KH;POy,
K>;HPOQ,) of indicated molarity, pH 8.0, 1 mM dithioeryth-
ritol, and 1 mM sodium azide.

Standard binding buffer (BB) is 0.01 M Tris-HCI (pH
7.5), 0.01 M Mg(CH3CO,),, 0.01 M KCI, 0.1 mM EDTA,
0.1 mM dithioerythritol, 5% dimethyl sulfoxide, and 25
wug/ml of bovine serum albumin. The ionic strength of the
standard BB is 7 = 0.05 M. The ionic strength, concentra-
tion of Mg?*, and pH of BB are altered for some experi-
ments, as indicated in the text. Filtering buffer (FB) is BB
without dimethyl sulfoxide and bovine serum albumin.

(¢) Repressor Preparations. Q repressor, used in most of
the experiments, is isolated from the 19 strain BMH461:
(lacpro]lA (Ah80CI857t68dlac i9z2*y~)/F'lac 19z*y~pro*
(Miller et al., 1968). Repressor protein was purified by am-
monium sulfate fractionation, DNA-cellulose chromatogra-
phy, and phosphocellulose chromatography. (Details of the
purification scheme will be published elsewhere.) The puri-
fied protein forms a single band on analytical polyacrylam-
ide gels. It is active with respect to operator binding, having
a ratio of IPTG-binding sites to DN A-binding sites of about
4,

X86 repressor is isolated from the strain P90-864: {/ac-
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pro]A (Ah80CI1857t68dlac iX86%z%) /F'lac iX86z*prot (.
Miller, see Jobe and Bourgeois, 1972b). The repressor was
purified by ammonium sulfate fractionation, DNA-cellu-
lose chromatography, and DEAE-cellulose chromatogra-
phy.

(d) DNA Preparations. 32P-labeled A\¢80 dlac DNA is
isolated from the double lysogen RV80: [lac]AX74
(Ah8OCIB57t68 /Ah80CI8S57t68dlac) (M. Malamy). The
procedure used was similar to that described before (Lin
and Riggs, 1972) with the modification that the cells were
grown on low phosphate medium to Agoo = 1.8 at 30° prior
to heat induction.

Unlabeled A¢80 dlac DNA is prepared as described
above, with the exceptions that the cells were grown on
DYT and the equilibrium CsCl gradient was omitted. The
solution of unlabeled viral DNA contains a mixture of ¢80
and ¢80 d/ac DNAs in approximately equal concentrations.

32p.]labeled AplacS DNA is isolated from the single lyso-
gen G141: [lac]A U169 B;~(ACI857S7plac5 i~zty™) (W.
Gilbert). Cells were grown on low phosphate medium sup-
plemented with 0.4% glucose at 32° to a cell density corre-
sponding to Aso0 = 0.5. Phage multiplication was induced
at 45° for 10 min; 10 uCi of carrier-free [*?P]phosphate,/ml
was added, and the culture was incubated at 37° for 4 hr,
Cells were harvested, suspended in 1/35 the volume of ¢
buffer, lysed with chloroform, treated with 1 ug of DNase/
ml at 37° for 10 min, and left overnight at 5°. Another 0.5
ug of DNase/ml was added with gentle stirring at 5° for 10
min. The aqueous layer was decanted, and the cell debris
and any traces of chloroform were removed from the lysate
by sedimentation. The phage were pelleted in the ultracen-
trifuge, then suspended in ¢ buffer with gentle stirring at 5°
overnight; the resulting suspension was clarified by sedi-
mentation. This step was repeated once, Viral DNA was
purified from the phage by extraction with phenol, dialyzed
against 0.01 M Tris-HCI (pH 7.4), 1 mM EDTA, and 1%
v/v ethanol, and stored at 5° over chloroform.

Unlabeled Ap/acS DNA is prepared by the method of
Zubay (1973).

Experimental Procedures

(a) Equilibrium dialysis is carried out in microdialysis
chambers (purchased from Gateway Immunosera Compa-
ny, Cahokia, I11.). In the usual dialysis experiment, 0.1 ml
of Q repressor solution in 0.1 M KPB is introduced on one
side of the membrane and 0.1 ml of ligand solutionin 0.1 M
KPB on the other side. The dialysis cells are attached to a
slowly revolving platform, and rotated at 4° for 10-12 hr,
at an angle of inclination such that the air bubble in the cell
moves around the chamber during the course of one revolu-
tion. (Under these conditions, equilibration of sugar mole-
cules across the membrane is achieved within 5 hr.) At the
end of this time, 50-ul aliquots are removed from each side
of the dialysis membrane and counted in a liquid scintilla-
tion counter. For experiments with repressor concentrations
<100 pug/ml, 100 ug/ml of bovine serum albumin is added
to the repressor solution to prevent loss of repressor protein
during dialysis.

For determination of the association constant of a labeled
ligand, repressor concentration was fixed and the concen-
tration of radioactive ligand varied in a given experiment.
The data were plotted according to Scatchard (1949). At
present, because of a limitation in the repressor concentra-
tions attainable, association constants <10% A ~! cannot be
measured directly by binding of labeled ligand to repressor.
1702 NO. 8, 1975
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In order to measure equilibrium constants for the binding of
ligands which are not radioactively labeled or which have
low affinity for repressor, competition of the binding of
['*C]IPTG by the unlabeled ligand was followed in equilib-
rium dialysis experiments. The association constant for the
unlabeled ligand, when present in large excess of the repres-
sor concentration, was determined from a double reciprocal
plot of the data (Lineweaver and Burk, 1934). Otherwise, it
was determined from the data at 50% competition.

(b) Equilibrium Dissociation of Repressor-Operator
Complex. The use of membrane filtration to monitor the
binding of lac repressor protein and operator DNA has
been described (Riggs et al., 1970c). Experiments to test
the effect of inducing ligands on the repressor-operator
binding equilibrium as a function of the concentration of in-
ducer were done as before (Riggs et al., 1970b) with the fol-
lowing modifications. 2 X 10712 M 32P-labeled diac DNA
(based on a molecular weight of 3 X 107 for A DNA) and a
saturating amount of Q repressor were equilibrated in BB
in the presence of various concentrations of inducer. Three
0.5-ml aliquots of each sample were filtered on Millipore
filters (Type HA, 24 mm); the filters were washed with 0.5
ml of FB. Background was determined from a sample con-
taining 1.25 mM IPTG. Triplicate filter bound counts for a
1000-fold range of ligand concentrations were obtained, av-
eraged, corrected for background, and plotted on semilog
paper. The inducer concentration at which the filter bound
counts are reduced to one-half the value in the absence of
inducer was read from the graph; this concentration is
called «.

(c) Kinetics of Dissociation of Repressor-Operator
Complex. Because retention of repressor-operator complex
by membrane filters is essentially eliminated at relatively
high concentrations of inducer, the rapid rates of dissocia-
tion corresponding to half-lives <1 min cannot be measured
without taking some precautions. We were able to overcome
this problem using the following experimental regime. 6.66
X 1011 M 32P-labeled plac DNA and 1.43 X 10~'° M Q
repressor were mixed in 3.5 ml of BB. After 10 min or more
to reach equilibrium, 30 ul of this 3?P-labeled repressor-
operator complex was placed in a plastic tube. At time zero,
0.3 ml of release solution, containing the desired buffer and
concentration of inducer, and also 20 pg/ml of unlabeled
plac DNA, was added to the tube with rapid mixing. At
time ¢, 0.6 mi of stop solution, BB’ (3 mM Mg?™) contain-
ing 0.5 M glucose and 5 mM ONPF, both compounds being
anti-inducers, was added with rapid mixing. Precisely 30
sec after adding stop solution, a 0.5-ml sample was filtered;
the filter was washed with 0.5 ml of FB” (3 mM Mg?*).
Background was the filter bound counts remaining after 10
min or more exposure to | mM IPTG. At each concentra-
tion of inducer, filter bound counts for several dissociation
times were obtained, corrected for background, and plotted
on semilog paper; the apparent specific rate constant of dis-
sociation was calculated from the slope of the line. Using
this procedure, where anti-inducers are used to stop the
reaction and restore the filter retention of remaining 32P-
labeled repressor-operator complexes, half-lives as short as
5 sec can be measured accurately.

The rate of dissociation of repressor-operator complex
for X86 repressor in the presence of inducing ligand was
measured as before (Jobe and Bourgeois, 1972b) with
minor modifications. 2 X 1072 M 32P-labeled dlac DNA
was equilibrated with a saturating amount of X86 repressor
in BB containing 2 ug/ml of chicken blood DNA. At time
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Table I: Equilibrium Binding Data.

K, (M) K (M) kK,
Inducers

Methyl g-D-galactoside (1.0 £ 0.1) x 10% 7 %107 7.0
Methyl 1-thio-g-D-galactoside 1.1 x 10% 5% 1078 5.6
n-Propyl 1-thio-g-D-galactoside (1.3 £0.1) x 10¢ 35x10°° 4.6
Isopropyl g-D-galactoside (9.9+1.5) x10° 2x10™* 1.9
Isopropyl 1-thio-g-D-galactoside (1.2£0.2) x 108 5x 107 6.2
n-Butyl g-D-galactoside (1.1 £ 0.2) x 108 4 x 1078 4.5
n-Butyl 1-thio-g-D-galactoside (2.0£0.2) x 108 1x 1075 2.0
Benzyl g-D-galactoside (1.04 = 0.02) x 10°
Benzyl 1-thio-g-D-galactoside (2.3 +£0.1) x 10 2.2x 1073 2.5
2-Phenylethyl g-D-galactoside (5.1 £0.1)x 103 8 x10™* 3.2
2-Phenylethyl 1-thio-g-D-galactoside (7.8 £ 2.4) x 10? 2.4 x107? 1.8
p-Aminophenyl g-D-galactoside (5.23 + 0.05) x 10? 2.8x10°° 1.5
p-Aminophenyl 1-thio-3-D-galactoside (7.6 +1.7) x 10? 1x10™ 0.8
o-Nitrophenyl 1-thio-g-D-galactoside (3.6 = 0.6) x 102 5.4 x107? 1.9
p-Nitrophenyl g-D-galactoside (4.3:0.2) x 10? 4.7 x 1073 2.0
p-Nitropheny! 1-thio-3-D-galactoside (2409 x10 1.8 x 1072 0.4
D-Fucose (2.2+0.3)x 10?7 2.5%x 1072 5.6
Galactose (9.9 + 1.0) x 10? 3x1073 3.0
6-Fluoro-6-deoxy-D-galactose 5.5x1073
Melibiose (6-O-a-D-galactopyranosyl-D-glucose) (9.7 £ 1.7) x 10°? 4.2 x 107 4.2
Allolactose (6-0-8-D-galactopyranosyl-D-glucose) (1.7 £ 0.2) x 10 5x 107 8.3
Thioallolactose (6-S-g-D-galactopyranosyl-D-glucose) (3.3£0.1) x 10° 2.5 x 1078 8.1

Neutral
o-Nitrophenyl g-D-galactoside
Anti-inducers
Phenyl g-D-galactoside
Phenyl 1-thio-g-D-galactoside
o-Nitrophenyl g-D-fucoside
o-Nitrophenyl 1-thio-g-D-fucoside
Glucose
Lactose (4-O--D-galactopyranosyl-D-glucose)

(1.1 £ 0.3) x 10°
(2.3+£0.1)x10?
(7.1+2.7) x 10®
(1.48 = 0.00) x 10?
(1.4 +0.2)x 10
30£1.2

aEach value is the average of two or more measurements.

zero, a 50-fold excess of unlabeled d/lac DNA and inducing
ligand to yield a given final concentration were added, and
the solution was mixed briefly. At various times, a 1-ml ali-
quot was removed and added to 0.6 ml of stop solution, BB
containing 0.01 M ONPF, with rapid mixing. Three 0.5-ml
aliquots were filtered immediately; the filters were washed
with 0.5 ml of FB. Background was determined separately
by mixing the 32P-labeled and unlabeled DNAs prior to ad-
dition of repressor.

The rate of dissociation of repressor-operator complex
for Q repressor in the presence of anti-inducing ligands was
determined as described previously (Jobe and Bourgeois,
1973) except that unlabeled diac DNA was added in 50-
fold excess over 32P-labeled dlac DNA, and background
was measured as described above. A control sample without
anti-inducing ligand was run for each experiment.

Results

The simplest scheme describing the interactions of lac re-
pressor protein (R), operator DNA (O), and effecting lig-
and (L), with which our data may be reconciled is

Op

11

R+0 ?——‘ RO

+ Por

L L

”Kz n X3

RL + O == ORL
Ryl

where Oy, and %%y, are the specific rate constants of associ-

ation and dissociation, respectively, for the binding of re-
pressor and operator; and kg and kp; are the specific rate
constants of association and dissociation, respectively, for
the binding of repressor-ligand complex and operator. The
equilibrium association constants for these reactions are

O [RO]
'K, = Uzﬁ- = m (1.0)
Ry [ORL] (1.1)

K = %y LRLJO
K, = m[ (2)
r———mo 3 (3)

More complex models are presented in the Appendix.

Inducers

(a) Equilibrium Binding. The association constants K>
for the binding of inducing ligand to lac repressor as deter-
mined by equilibrium dialysis are given in the first column
of Table I. For the two inducers of sufficiently high affinity,
which are available in radioactive form, '4C-labeled IPTG
and methyl 1-thio-8-D-galactoside (TMG), the association
constants were determined from Scatchard plots (not
shown) of the equilibrium dialysis data. In both cases, the
Scatchard plots were linear, indicating that the inducer
binding sites of the repressor behave as identical, indepen-
dent sites. The equilibrium constants for the binding of un-
labeled inducers to repressor were determined by competi-
tion of the binding of [*C]IPTG. In all cases where the
equilibrium dialysis data were treated according to Line-
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FIGURE 1: Rates of dissociation of IPTG-repressor-operator complex.
(@) 2 X 1074 M IPTG, 11,2 = 8 sec, kpapp = 8.67 X 10~2sec™1. (O) 3
X 1074 M IPTG, t1/2 = 5.5 sec, kpapp = 1.25 X 107! sec™!. The line is
a least-squares fit of the data; the slope of this line equals kuapp.

weaver and Burk, the double reciprocal plots (not shown)
were linear; the intercept on the ordinate remained con-
stant, indicating that the unlabeled inducers are competitive
inhibitors of the ['*C]IPTG binding.

The values of «, the molarity of inducer required for one-
half inhibition of the equilibrium binding of repressor pro-
tein and operator DNA (see Materials and Methods, and
Riggs et al., 1970b), are presented in the second column of
Table I. It should be emphasized that « is merely a conve-
nient empirical constant. Theoretically, it would be related
to the affinity of inducing ligand for repressor-operator
complex by a complicated quadratic expression, obtained by
simultaneous solution of eq 1.0, 2, and 3 and the accompa-
nying conservation constraints. But in practice, since disso-
ciation of repressor-operator complex by inducer occurs on
membrane filters (Bourgeois and Riggs, 1970), and since
the efficiency of retention of repressor-operator complex by
the filters varies with ligand concentration, more elegant
quantitative treatment of the data are not justified. Despite
the ambiguity in interpretation, the assay is a simple, quali-
tative test for categorizing ligands as inducers based on
their effect on the repressor-operator binding equilibrium.
Also at constant filtration rate, the value of « obtained for a
given inducer is reproducible, and the sigmoidal shape of
the semilog plot is the same for all inducers. x may be con-
sidered as a functional measure of the relative effectiveness
of inducing ligands. The potency of an inducer is roughly
proportional to its affinity for free repressor as demon-
strated in the last column of Table I, where the ratio of the
association constant K> to 1/« is tabulated.

(b) Effect of IPTG on the Rate of Dissociation of Re-
pressor-Operator Complex. A detailed investigation of the
dependence of the specific rate constant for dissociation of
repressor—operator complex upon the concentration of in-
ducing ligand has been carried out for the inducer IPTG.
As demonstrated in Figure 1, the rate of dissociation of re-
pressor-operator complex can be measured accurately by
the membrane filter assay, even at high concentrations of
inducer where the half-lives are as short as 5 sec, using the
procedure described under Materials and Methods. Figure
2a shows a plot of the apparent specific rate constant of dis-
sociation kpapp vs. IPTG concentration; the closed circles
1704 BIOCHEMISTRY, VOL.
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FIGURE 2: Dependence of apparent rate constant of dissociation upon
IPTG concentration. (@) Data from kinetics experiments, as shown in
Figure 1. Theoretical curves for the noncooperative model are fit to the
data. (—) N =1.(--) N = 2. (---) N = 4. (a) Plot of kpapp vs.
[IPTG]. (b) Double reciprocal plot of 1/(kvapp = %kb1) vs. 1/[IPTG].
The intercept on the ordinate equals 1/(kyn1 — %up,). The slope of the
solid line equals 1/K3(kp; — kp1).

are the data points from a series of individual experiments
similar to those depicted in Figure 1. There are three fea-
tures to be noted in reference to this curve. First, at high
concentrations of IPTG, the apparent rate constant ap-
proaches a limiting value, at which point the sites for induc-
er on repressor protein bound to operator are saturated with
IPTG and there can be no further change in the apparent
rate constant. Second, the curve of kpapp vs. IPTG is hyper-
bolic. And third, the affinity of ligand for repressor-opera-
tor complex is determined from these experiments. The
mathematical basis for the analysis of the kinetics data is
developed in the Appendix, and the interpretation of the ex-
perimental data is presented below.

(i) EFFECTED RATE CONSTANT ky. At high IPTG
concentrations, the apparent specific rate constant becomes
independent of concentration of inducer, the value of the
rate constant at saturation being called the effected rate
constant k. Since accurate measurement of the small time
constants for dissociation of repressor-operator complex at
high inducer concentrations is difficult using the membrane
filtration technique, the effected rate constant is best deter-
mined by extrapolation from a double reciprocal plot of the
data of Figure 2. It is demonstrated in the Appendix that a
plot of 1/(kbapp — Okp,) as an inverse function of the con-
centration of effecting ligand L, where %%y, is the spontane-
ous specific rate constant of dissociation of repressor-opera-
tor complex in the absence of ligand, has an intercept on the
ordinate of 1/(ke1 — O%ky1). Figure 2b contains a plot of
1/(kbapp — %kb1) vs. 1/[IPTG]; the closed circles are the
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experimental points. The value of ky; = 0.2 sec™! is com-
puted for IPTG. The equilibrium association constant K
for the binding of repressor-IPTG complex to operator
DNA can be calculated as the ratio of two rate constants.
Knowing that the specific rate constant of association of re-
pressor and operator %k¢ is not altered by the presence of
effecting ligands, under standard conditions

_ %y _ T X 10° Mt sec™!

P 0.2 sec™ = 3.5 x 10047
bl .

K,
The affinity of repressor protein for operator DNA is de-
creased about 1000-fold from °K; = 3.5 X 10!3 M~! in the
absence of effecting ligand to K; = 3.5 X 10'° A#~! in the
presence of saturating amounts of IPTG.

(i) MODELS OF THE INDUCTION MECHANISM. The
mathematical features of two simple models of induction,
the extreme cooperative model and the noncooperative
model, are derived in the Appendix. The extreme coopera-
tive model assumes that binding of a given inducer molecule
to repressor-operator complex causes a concerted allosteric
transformation in the repressor tetramer; decomposition of
the ternary complex to repressor-IPTG complex and free
operator DNA switches from a kinetic process governed by
the spontaneous rate constant %y, to one governed by the
effected rate constant k). This mechanism requires strong
cooperation between the N sites for ligand on repressor
bound to operator and predicts a pronounced sigmoidal de-
pendence of kuapp On inducer concentration, if any molecule
other than the ultimate triggers the conformational change.
If the Nth ligand bound induces, the curve of kpapp vs.
[IPTG] is hyperbolic and indistinguishable from the situa-
tion in which there is only one low-affinity site for inducer
on repressor-operator complex. Alternatively, the noncoo-
perative model presumes that each subunit of the repressor
tetramer which interacts with operator may be induced in-
dependently. Binding of an inducer molecule to repressor-
operator complex causes an alteration in the conformation
of the subunit to which it binds, weakening the interaction
of that repressor subunit with operator; full induction is
achieved when repressor-operator complex is saturated
with ligand. The prediction based on this mechanism is that
a plot of kypapp vs. [IPTG] be hyperbolic, or approximately
so. Slight curvature may be evidenced at low concentrations
of inducer, the degree depending on the number of repressor
subunits /V interacting with operator.

Since the plot of kpapp vs. [IPTG] is hyperbolic, the high-
ly cooperative models with positive interactions between in-
ducer sites can be excluded immediately. In order to com-
pare the experimental data with the theoretical curves,
measured values of %y, and ky; are substituted into eq 20
of the Appendix, and the resulting curve of kpapp vs. X =
K3[L] is fitted to the plot of kpapp vs. [IPTG]. K3 is chosen
such that the midpoints of the calculated and experimental
curves coincide. Figure 2a shows several curves for the non-
cooperative model with different values of N, where each
repressor subunit contributes equally to the interaction with
operator and the inducer sites on repressor-operator com-
plex are identical and independent: the solid line is N = 1,
K3 =5.0x 103 AM~! the broken lineis N =2, K3 = 1.1 X
10* M~1 and the dotted line is N = 4, K3 = 2.1 X 10%
M~!. In principle, we could distinguish between the cases
of N =1and NV > 1 from the shape of the double reciprocal
plot of the data at larger values of 1/[IPTG]. Plots of 1/
{(kbapp — %kb1) vs. 1/[IPTG] for the data points and calcu-
lated curves of Figure 2a are presented in Figure 2b. Al-

though slight curvature at low concentrations of IPTG can-
not be excluded, the data fit best for N = 1. We conclude
that the experimental data for kuapp as a function of IPTG
concentration are most simply rectified by a scheme in
which repressor protein bound to operator has one apparent
site for IPTG.

(iii) EQUILIBRIUM ASSOCIATION CONSTANT K. In
membrane filtration experiments, we measure an apparent
affinity for the binding of effecting ligand to repressor-op-
erator complex. This affinity is proportional to the true
value, the factor depending on the number of sites N =
l,..,4 for inducer on repressor bound to operator DNA.
The equilibrium association constant K3 for the binding of
IPTG to repressor-operator complex is determined from
the functional dependence of kvapp on IPTG concentration
by straightforward graphical procedures (see Appendix).
K3 is computed either from the plot of kpapp vs. [L] as K3 =
1/L9, where L is the concentration of effecting ligand
causing half the change in the apparent specific rate con-
stant kpapp from the spontaneous rate constant %ky; in the
absence of ligand to the effected rate constant kp; at satu-
rating concentrations of ligand, or from the double recipro-
cal plot of 1/(kvapp — °ku1) vs. 1/[L], which has a slope of
1/K3(kbi — %ku1). In the following presentation of results,
we employ this apparent equilibrium association constant,
keeping in mind that the true equilibrium constant may dif-
fer from K3 by as much as a factor of five. Note that this
method of calculating K3 is equivalent to assuming N = 1.

(¢) Effect of Reaction Conditions on kv and K3. The de-
pendence of kpapp upon IPTG concentration was also stud-
ied as a function of ionic strength, Mg?* ion concentration,
pH, and temperature. For each condition, several kinetics
experiments were done at various concentrations of IPTG.
The apparent rate constants of dissociation were calculated
and plotted in double reciprocal fashion. In all cases, the
plots were linear. Two parameters, the effected rate con-
stant kp; and the association constant K3 for the binding of
ligand to repressor-operator complex, were obtained from
the intercept and slope of these plots; the values of &y and
K3 are summarized in the first two columns of Table II.
The effects of experimental conditions upon the ternary
complex, IPTG-repressor-operator, are discussed below in
terms of these constants. To facilitate interpretation, data
for the dependence upon ionic strength (I) of the specific
rate constants for association %k and dissociation %k, and
of the equilibrium association constant °K, for the binding
of repressor to operator DNA in the absence of effecting
ligand, are included in Table II, along with control values
for ®ky; at different Mg?* ion concentrations, pH’s, and
temperatures. In those situations where the rate constant of
association k) at saturating concentrations of effecting lig-
and could be measured (using X86 repressor in experiments
with IPTG, Jobe and Bourgeois, 1972b, and Q repressor
with ONPF, Lin and Riggs, 1972), no change in the rate of
association was detected. These results are generalized to
assert that the rate constant of association of Q repressor
and operator is not effected by IPTG. Thus, the equilibrium
association constants K, for the binding of repressor-IPTG
complex to operator may be computed, and are given in the
last column of Table II.

(i) IONIC STRENGTH. The effected rate constant of dis-
sociation ky; increases with ionic strength. The semilog
plots (not shown) of °K| and K vs. [I]!/2 are linear and
have equal slopes, suggesting that the decrease in the affini-
ty of repressor for operator with increasing ionic strength is

BIOCHEMISTRY, VOL. 14, No. 8, 1975 1705



BARKLEY, RIGGS, JOBE, AND BOURGEOIS

Table I1: Kinetic Studies of the Effect of Reaction Conditions upon the IPTG—Repressor—-Operator Interaction.

Kp, (sec™' ) Ky ha

e, (M sec™)b

%k, (sec™Ha K, (M K, (M™

lonic Strength Varied: [Mg*] =3 x 1073 M

1D ¢
0.02 (1.9x0.1)x 107 (1.42 £ 0.2) x 10* 5.8 x 10°4 3.1 x 10t
0.03 (3.1 £0.1) x 1072 (1.0£0.1) x 10° 5.3x10° (1.8+0.2)x 107 2.9 x 103 1.7 x 101
0.03 (4.0£0.4)x 1072 (1.3£0.2) x 10* 2.7 x10° 1.9 x 107° 1.4 x 102 6.7 X 10*°
0.08 5.7 x 102
0.10 (1.15 £ 0.06) x 107! (6.3 +04)x 10? 1.74 x 10° 6.1 x 107° 2.9 x 102 1.5 x 10"
0.15 1.1x10° 1.15 x 1073 9.5 x 10"
0.16 (24 =0.7)x 107! (1.7 + 0.8y x 10 7.6 x 1024 3.2 x10°
0.20 4.3 x 108 (1.5 £0.1) x 1073 2.9 x 10"

Magnesium lon Varied: / = 0.05 M

[Mg*] (D e
0 (1£0.1)x 1073 (2.9+0.8) x 10° (1.8+0.2) x10™* 2.7 x 10'?
0.0010 (5:0.5)x107? (1.7 = 0.1) x 10° 5.4 x 10!
0.0015 (9+0.4)x 1073 (8.2:0.7) x10% 3.0 x 10"
0.003 (4+04)x107* (1.3£0.2) x 10* 2.7 X 10° 6.7 x 10*°
(.006 (1.3£0.4) x10™ (5.0 1.7)x10° 2.1 x 10
0.010 (2.0 04)x 107! (5.0:1.3) x 10° 2 X 10° (1.9+0.2)x10™ 1.3 x 10*°

pH Varied: [Mg?*] =1 X 1072 M, 1 =0.05M

pH
7.0 (1.1 £0.1) x 107! (1.1 £ 0.1) x 10°
7.2 (2.1 £ 0.6) x 107! (4.0 1.4y x 10°
7.4 (2.0 0.4) x 107! (5.0:1.3)x10? (1.920.2) x 107
7.8 (3.5+£0.6) x 107 (2805 x10°
8.0 (1.5£0.3) x 107! (42:1.2)x10° 2.3x10™
8.4 2.7+ 1.0) x10™ (2:0.8) x 10
8.6 3.3x 107

Temperature Varied: [Mg?*] =1 X 1072 M, 7= 0.05 M

Temp (*C)
0 (1.2 +0.3) x 107! (7.1 2.5)x 10° 1.4 x10™*
25 (2.0+04)x 107! (5.0x 1.3)x 10? 2x 10
37 35x107

@ Values calculated by linear regression of the data to 70% confidence. b %y, calculated from %y, = °K °ky,,. €K, calculated from K, =
%t /ky,. since k¢, = %¢,. @ Value determined graphically from linear plot of log %y, vs. [*2. €K, calculated from K, = ®ky,/ky,,, presuming

%y, is independent of [Mg?*].

the same in the presence or absence of IPTG. K3 is indepen-
dent of ionic strength.

(il) MAGNESIUM ION CONCENTRATION. Since the
rate constant for dissociation Oky; of repressor-operator
complex in the absence of I[PTG does not depend on Mg?*
ion concentration, the large changes observed in kv and K3
reflect specific effects of magnesium on the induction phe-
nomenon. Assuming that the rate constant of association
Ok is also independent of Mg2* ion concentration, K is
calculated. At constant ionic strength, increasing Mg?*
from 0 to 0.01 M causes a 200-fold decrease in the binding
constant K, of repressor-IPTG complex to operator and a
50-fold decrease in the apparent binding constant K3 of
IPTG to repressor-operator complex: in the absence of
Mg?* the ternary complex is maximally stable.

(iii) pH. Both the spontaneous and effected rate con-
stants of dissociation, %ky; and ki, are insensitive to
changes in pH from 7.0 to 8.6, as seen in Table II. For a
wild-type repressor from strain E203, the rate constant of
association in the absence of inducer, %%y, and thus also the
equilibrium association constant °K, decreased by a factor
of four over this pH range (Riggs et al., 1970a). We sur-
mise that the association constant of repressor-IPTG com-
plex and operator DNA, K, would have a similar depen-
dence on pH. K3 decreases slightly from pH 7.0 to 8.4, but
the scatter in the data makes the trend at best marginal.

(iv) TEMPERATURE. The effected rate constant of dis-
sociation kp; shows a small increase, proportional to that
observed for the spontaneous rate constant of dissociation
1706 14, No. 8. 1975
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Oky), with increasing temperature from O to 25°. K3 re-
mains constant within experimental error over this tempera-
ture range.

In short, changes in ionic strength, pH, and temperature
have no effects on the stability of IPTG-repressor—-operator
complex beyond those observed for repressor-operator com-
plex. The affinity of IPTG for repressor-operator complex
is also not altered by changes in these variables. On the
other hand, Mg?* ion concentration influences drastically
both the stability of the ternary complex and the affinity of
IPTG for repressor bound to operator, while not affecting
the interaction of repressor and operator.

(d) Kinetic Studies with Other Inducers. The effects of
a few inducing ligands on the apparent rate constant of dis-
sociation were characterized and the results are collected in
Table III. In experiments identical with those already de-
scribed for IPTG, the dependence of kpapp on concentration
of inducer was determined for TMG and melibiose. Values
for the effected rate constant of dissociation k1 and the ap-
parent equilibrium association constant K3 for the binding
of inducer to repressor-operator complex were obtained
from the intercept and slope of the linear double reciprocal
plots and are given in Table III, column 1. The ratios of the
association constant K for the binding of inducer to repres-
sor, as measured by equilibrium dialysis, to K3 are also tab-
ulated in column 1. There are two immediate points to be
noted. Namely, that within experimental error, for the three
inducers which have been examined in detail, kp; is the
same. Also, these three inducing ligands have approximate-
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Table I1I: Summary of Equilibrium and Kinetics Data.

1. Q Repressor

2. X-86 Repressor

%k, (sec™Ha ki, (sec™a K, (Ma K,/K, °K /K, kp, (sec™ha

Inducers

Methyl 1-thio-g-D-galactoside 2x10™ (1.3+0.3) x 107" (3.321.1) x10* 3.4x10* 6.5x10° 1.7 x 1072

Isopropyl g-D-galactoside (1.07 £+ 0.01) x 107

Isopropyl 1-thio-g-D-galactoside 2 x 107 (2.0£0.4) x 107" (5.0+1.3)x 10® 2.4x10* 1x10° (1.1 £0.2) x 1072

p-Aminophenyl 1-thio-3-D- (1.1 £0.1)x 1072

galactoside

Galactose (9.2+0.3) x 1073

Melibiose 2x 107 (1.2+03) X107 (7.7+24)x 10 1.3x10* 6x10?

Allolactose 1.4 x 10~
Anti-inducersd

Phenyl g-D-galactoside (3.4+0.1) x10™ (1.9:0.3)x10™ (6.7+4.5x10 1.6x10 5.6 x 107

o-Nitrophenyl g-D-fucoside¢ (4.2+0.1)x10™* (1.4+0.1)Xx10™ (4.0+0.2) x 10* 1.7 3.3x 107

Glucose¢ (41:+0.1)x10™ (2.0:0.3) X 10™ (5.3+3.0)x10 3.0x 10" 4.9x 107!

Lactose¢ (4.1+0.1)x10™* (7.5+1.5)x10™% (2.2+03)x10 14x10™" 1.8x 10"

aValues calculated by linear regression of the data to 70% confidence. ¥ Rate constants of dissociation for anti-inducers were measured in

BB,/ = 0.1 M. ¢Data published previously (Jobe and Bourgeois, 1973).

ly the same relative affinity for free /ac repressor as com-
pared to repressor bound to operator DNA, the affinity of
inducer for repressor being about 200-fold greater than that
for repressor-operator complex.

Kinetic experiments with the wild-type Q repressor in the
presence of high concentrations of inducer are difficult, be-
cause of the very short half-lives of dissociation. In order to
verify that the effected rate constant ky is identical for a
variety of inducing ligands, experiments at saturating con-
centrations of inducer were carried out using X86 repressor
(Chamness and Wilson, 1970), which has a 35-fold in-
creased affinity for operator DNA (Jobe and Bourgeois,
1972b). Under standard conditions, the X86 repressor-op-
erator complex decomposes with a spontaneous rate con-
stant O%kp) =~ 6 X 1078 sec™! in the absence of inducing lig-
and and with an effected rate constant kp; = 3.9 X 103
sec™! at saturating concentrations of IPTG. Thus, direct
measurement of kp;, without extrapolation of the data for
kbapp as a function of ligand concentration, is possible. Rep-
resentative inducers, having aliphatic and aromatic substit-
uents, as well as some natural sugars, were tested with X86
repressor; the effected rate constants of dissociation kp; are
registered in Table III, column 2. Again, within experimen-
tal error, kp, is the same for the inducers studied.

Neutral Ligands. In the process of categorizing sugars as
effecting ligands of the /ac repressor, one compound, o-ni-
trophenyl (3-D-galactoside (ONPG), was found to bind to
repressor protein but to exert no effect on the interaction of
repressor and operator DNA. The association constant for
the binding of ONPG to repressor, as determined by equi-
librium dialysis using the Lineweaver-Burk technique, is
K2 = 9.2 X 103 M~'. ONPG is a competitive inhibitor of
the binding of ['*C]IPTG, as evidenced by a linear double
reciprocal plot of the data (not shown) with constant inter-
cept on the ordinate.

In experiments to determine the effect of ligand on the
interaction of repressor and operator, no difference was
seen in the equilibrium formation of repressor-operator
complex in the presence or absence of 0.03 M ONPG (the
highest concentration possible, due to limits of solubility),
and no change in the rate constant of dissociation of repres-
sor-operator complex was detected at this concentration of
ONPG, 300-fold above the equilibrium dissociation con-
stant for binding to repressor.

Anti-inducers

(a) Equilibrium Binding. The association constants for
the binding of anti-inducing ligands to /ac repressor as de-
termined in equilibrium dialysis experiments by competi-
tion against ['*C]JIPTG are given in the first column of
Table I. The double reciprocal plots (not shown) of the
equilibrium dialysis data were linear, and the intercept on
the ordinate constant, suggesting that the anti-inducers are
competitive inhibitors of the [!4C]IPTG binding. We have
not been able to measure the binding of labeled anti-induc-
ing ligand to repressor by equilibrium dialysis at this time,
because of technical difficulties associated with the low af-
finities.

(b) Kinetic Studies with Anti-inducers. The dependence
upon ligand concentration of the specific rate constant of
dissociation of repressor-operator complex has been exam-
ined for the anti-inducers phenyl 3-D-galactoside, ONPF,
glucose, and lactose. The experiments were performed in
BB at ionic strength / = 0.1 M, where the spontaneous rate
constant of dissociation %kp, is faster, 4 X 10~ sec™! com-
pared to 2 X 1074 sec™! at / = 0.05 M, in order to allow
measurement of the longer half-lives of the decomposition
reaction at saturating concentrations of anti-inducer over a
convenient time period. From the conclusions regarding the
effect of ionic strength upon induction described in the sec-
tion on IPTG, it is presumed that the values of the effected
rate constant ky; have the same dependence on ionic
strength as those of %y and that the values of K are inde-
pendent of ionic strength. The data for the half-lives of dis-
sociation of repressor-operator complex as a function of
concentration of anti-inducing ligand for ONPF, glucose,
and lactose are shown in an earlier publication (Jobe and
Bourgeois, 1973). For anti-inducers, the effected rate con-
stant k;p was determined by measurement of the rate con-
stant of dissociation at saturating concentrations of ligand.
The apparent equilibrium association constant K3 for the
binding of anti-inducer to repressor-operator complex was
extracted from the plot of kuapp vs. [L]. The values of ky;
and K3 for the four above-mentioned anti-inducers are
given in Table ITI, column 1. For reference, the values of
the control in the absence of ligand, %k at I = 0.1 M, are
also recorded in column 1. The ratios of the association con-
stant K, for the binding of anti-inducer to repressor, as
14, No. 8, 1707
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measured by equilibrium dialysis, to K3 are tabulated in
column 1.

Several aspects of these results should be noted. First, for
lactose the value of the effected rate constant kv, is signifi-
cantly different from those for the other anti-inducers. Sec-
ond, the ratio K,/K3 varies considerably, two compounds
binding with greater affinity to repressor-operator complex
and two with greater affinity to repressor. And lastly, it is
emphasized that the magnitude of the decrease in the rate
constant of dissociation at saturating concentrations of lig-
and is at most fivefold.

Discussion

The association constants K, for the binding of various
sugar molecules to repressor (R + L = RL) have been de-
termined in equilibrium dialysis experiments. Since no
homotropic interactions between the ligand-binding sites of
free repressor were detected for inducing ligands, we con-
clude, in agreement with previous reports (Gilbert and Miil-
ler-Hill, 1966), that the sites for inducing ligand are identi-
cal, independent sites. And since no heterotropic interac-
tions in the binding of 'C-labeled IPTG and anti-inducing
ligands were observed, we suggest that inducers and anti-
inducers bind to the same site. This latter inference is sup-
ported by biochemical evidence that in a mutated i* repres-
sor protein the IPTG- and ONPF-binding sites overlap
(Jobe et al., 1972). The effected rate constants ky; of disso-
ciation of repressor-operator complex at saturating concen-
trations of ligand (RL + O = ORL) have been measured
for inducing and anti-inducing ligands, and the association
constants for the binding of repressor-ligand complex to op-
erator DNA have been evaluated. In the case of inducing
ligands, the effected rate constants converge to a single
value within the limits of experimental error: ky; = 0.2
sec™!, corresponding to a half-life of 2.4 sec. Thus, all in-
ducers destabilize repressor-operator complex to the same
extent, about 1000-fold in the standard buffer; the magni-
tude of destabilization is sensitive to Mg?* ion concentra-
tion, but not to ionic strength, pH, and temperature. This
result, in conjunction with the results of the qualitative
equilibrium test for induction, implies that there is a single
mechanism for induction and that all inducers activate this
process in a similar manner. Anti-inducers stabilize repres-
sor-operator complex at most fivefold, and the value of ky;
for lactose differs appreciably from the others. The appar-
ent association constants K3 for the binding of effecting lig-
ands to repressor-operator complex (RO + L = ORL)
have been ascertained from the functional dependence of
the rate constant of dissociation of repressor-operator com-
plex upon ligand concentration. For those effecting ligands
for which complete kinetic studies exist, the ratio of the af-
finity of effecting ligand for the two forms of repressor pro-
tein, free repressor and repressor bound to operator, is com-
puted. The results, with the exception noted below, are
qualitatively in accord with the predictions from simple
thermodynamic considerations. That is, inducing ligands
must have greater affinity for free repressor than for repres-
sor-operator complex, and conversely, for anti-inducing lig-
ands. For the inducers studied in detail, the equilibrium
constant for binding to repressor is larger by at least two or-
ders of magnitude than the equilibrium constant for binding
to repressor-operator complex. Since we surmise that all in-
ducers interact with repressor—operator complex by the
same mechanism, and we have a measure « of the relative
potency of the various inducers in the equilibrium test for
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induction (Table I), we can estimate the association con-
stants for binding to repressor-operator complex of the re-
maining inducers. We conclude that all the inducing ligands
bind with greater affinity to free repressor than to repres-
sor-operator complex. For the anti-inducers, the results are
mixed. The two natural sugars, lactose and glucose, satisfy
the criterion of anti-inducing ligands, binding with greater
affinity to repressor-operator complex than to free repres-
sor. The two phenyl sugars, ONPF and phenyl 8-D-galac-
toside, exhibit anomalous behavior in the sense that they
stabilize repressor-operator complex, yet seem to bind with
greater affinity to free repressor than to repressor-operator
complex. At present, we proffer no explanation for this re-
sult that is not in keeping with theory.

Because the repressor is a tetrameric protein, because the
in vivo induction curves are sigmoidal, and because the ele-
gant theory of allostery was developed with the /ac operon
in mind, it was anticipated that cooperative effects would be
seen, if not in the binding of inducer to free repressor, at
least in its interaction with repressor-operator complex. By
comparing theoretical curves based on simple models of the
induction process to the experimental plots of the apparent
specific rate constant of dissociation of repressor-operator
complex as a function of the concentration of effecting lig-
and (Figure 2), we can reach some conclusions regarding
possible mechanisms of induction. In the Appendix, the
mathematical formalism is developed for two rudimentary
models: an extreme cooperative model, in which binding of
a specified inducer molecule to repressor-operator complex
causes a concerted allosteric transformation in the repressor
tetramer, resulting in full induction in a single step; and a
noncooperative model, in which N subunits interact with
operator and each inducer molecule binding to repressor-
operator complex causes a separate conformational transi-
tion in that repressor subunit, resulting in partial induction
at each step. Since the observed dependence of the rate con-
stant of dissociation upon concentration of effecting ligand
is hyperbolic, our data permit us to rule out highly coopera-
tive mechanisms of induction having positive interactions
between the ligand-binding sites. Presumably, the change in
affinity of repressor for operator DNA caused by effecting
ligands is mediated through a conformational alteration in
the protein. A change in the conformation of free repressor
protein upon binding of inducer IPTG, but not upon bind-
ing of anti-inducers, has been detected by a number of in-
vestigators (Laiken et al., 1972; Ohshima et al., 1972; Mat-
thews et al., 1973; M. D. Barkley, unpublished data, 1972).

A mode! in which repressor-operator complex has one
apparent low-affinity site for inducer is the simplest model
satisfying the experimental results. But, on the basis of our
measurements which do not go below 107 M IPTG, we
cannot distinguish between this case and the other models
showing very weak cooperativity. For the X86 repressor, the
curve depicting the dependence of the apparent rate con-
stant of dissociation upon IPTG concentration is definitely
sigmoid at low concentrations of inducer (Pfahl, 1974). In
the case of the wild-type repressor, a small degree of curva-
ture can be seen at IPTG concentrations between 1077 and
10=% M (Pfahl, unpublished data, 1974). The evidence on
the molecular shape and subunit structure of the repressor
protein (Steitz et al., 1974) suggests that more than one
subunit may interact with operator DNA: presumably,
these multiple interactions would be sensitive to inducer. It
is an interesting consequence of the noncooperative model
that, despite the absence of concerted interactions between
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protein subunits, some cooperativity with respect to opera-
tor binding arises from the fact that the N subunits are
bound to a single linear DNA polymer. The ratio K»/K3 of
affinity of effecting ligand for free repressor to that for re-
pressor bound to operator (Table III, column 1) and the
ratio °K1/K of affinity of operator for free repressor to that
for repressor bound to ligand (Table III, column 1) have
known relationships, depending upon the model. If there
were one apparent site for effecting ligand on repressor-
operator complex, then the values of the ratios K»/K3 and
OK/K, should be equal. All things considered, the agree-
ment is not unreasonable. Yet the discrepancy is larger than
the estimated errors: there is at least a factor of two that we
cannot explain. For the noncooperative model with N = 2,
the ratio K»/K3 for IPTG becomes 1.1 X 102 and should
equal (°K1/K,)!/2 = 32, Here again, the relative difference
is about the same, although in the opposite direction. If we
note that for IPTG the value of K> in phosphate buffer is
about twofold greater than the reported value in Tris buffer
containing Mg?* (Gilbert and Miiller-Hill, 1966) and ac-
count for this in computing K»/K3, then the fit becomes
more disparate for the case of N = 1 and is quite good for
the case of N = 2. In sum, by numerology we really cannot
distinguish between V = 1 and N = 2. Our preference for
N =1 is dictated by the shape of the curve (Figure 2) and
the convenience of the analysis of the data.

At the inception of this work, we had hoped by quantitat-
ing the binding of a wide variety of effecting ligands to re-
pressor protein and to repressor-operator complex to be
able to point to some chemical features of the sugar mole-
cule which determine its relative affinity for repressor and
the direction of its effect on the stability of repressor-opera-
tor complex. All the compounds investigated can be as-
signed to one of three classes: inducing, neutral, and anti-
inducing ligands. The majority of glycosides which bind to
lac repressor are inducers. No new anti-inducers were dis-
covered, an indication that the ability to stabilize repressor-
operator complex-is a special function. No compounds ex-
hibited so-called “paradoxical” behavior, such as destabiliz-
ing repressor-operator complex at one concentration of lig-
and and stabilizing it at another. Of those sugar molecules
reported to act paradoxically in vivo (Williams and Paigen,
1966), three are inducers: p-aminophenyl 8-D-galactoside,
p-aminophenyl 1-thio-8-D-galactoside, and D-fucose, and
one is an anti-inducer: phenyl 3-D-galactoside. However, we
find one member, ONPG, of a new class of neutral ligands,
which bind to free repressor but do not alter the repressor-
operator interaction. The chemical basis of the interaction
of ligand with repressor remains completely obscure. The
substitution of oxygen by sulfur in the glycosidic linkage
does not lead to a consistent change in the affinity of ligand
for repressor. The simple rules proposed as requisite charac-
teristics for anti-inducers: the glycone is 1-0-8-D-galacto-
pyranoside modified at the C-6 position, the C-1 residue is
ortho-substituted phenol, and restricted rotation of the
ortho-substituted benzyl ring be a common property (Miil-
ler-Hill et al., 1964) are abolished by the fact that phenyl
B-D-galactoside, glucose, and lactose are anti-inducers and
ONPG is not. We conclude that binding studies alone are
not sufficient to elucidate those features of the sugar mole-
cule important for interaction with free repressor or for dis-
tinguishing between inducers and anti-inducers.

Appendix

Derivation of Rate Expression. Small ligands interacting

with the /ac repressor protein alter the rate of dissociation
of repressor-operator complex. In this section, we derive ex-
pressions for the specific rate constant of dissociation of re-
pressor-operator complex in the presence of effecting lig-
ands. First, we present the general kinetic equations for the
case of NV sites for ligand per repressor molecule. We then
show the results of sample calculations, assuming simple
models for the interaction of effecting ligand with repres-
sor-operator complex.

Since one oligomeric repressor molecule R binds to one
operator DNA site O, the expressions describing the bind-
ing of N ligand molecules L to repressor protein in the pres-
ence of operator DNA are

Oky

R+0 == RO (1.0)
Rp1
+ +
L L
@1 i, e, GO
1kfi .
RL + O == ORL (1.1)
: Teyg : .
‘.1k11
RL,; + O ORL,.; (1.i-1)
N Ryt
L L
@, ey 3.0
N in :
RL, + O =+ ORL, (1.4)
: "epy : :
N’*n
RLy + O = ORL, (1.N)
Ryt
where the k¢ and ‘kwi, i =0, 1, ... ,N, are the specific rate

constants of association and dissociation, respectively, for
reaction 1.;, the binding of repressor bearing i ligands and

operator; ‘K>, { = 1,...,N, is the equilibrium association
constant for reaction 2.J, the binding of the ith ligand and
repressor; and ‘K3, i = 1, ... N, is the equilibrium associa-

tion constant for reaction 3.i, the binding of the ith ligand
and repressor-operator complex. The equilibrium associa-
tion constant governing reaction 1./ is
[RO]
ity ) [RJO
hw ) [ORL,] o
m i =1,..,N
Since the binding reactions 1.i-1, 2.i, 1.i, and 3.i comprise a
closed path, the equilibrium constants 'K, ‘K>, 'Ky, and
K3 necessarily obey the relationship

i =0,

‘K, = (3.9)

i=1 i
Ky K, . .
= =1,..,N {4.9)
‘K, ‘K, ! e

In kinetic experiments using the membrane filter tech-
nique, radioactively labeled operator DNA bound to repres-
sor protein is monitored. Define O* to be the sum of all the

radioactive species trapped on the filters, that is
N

0* = [RO] + D_ [ORL,] 5)

i=

The equation for the rate of disappearance of O* is

.
=T = *{RO] - *[RIO] + 2 (ky[ORL,] -

‘ky[RL,JIO]  (6)
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Since the affinity of repressor for effecting ligand is at least
107-fold less than the affinity of repressor for operator
DNA, the experiments are carried out under conditions
where [L] » [R], [O]. We assume that the equilibria of
reactions 2.7 and 3./ are attained rapidly compared to those
of reactions 1.7, that is, that effecting ligand is in equilibri-
um with repressor and with repressor-operator complex at
all times. Thus, we may compute the concentrations of RL;
and of ORL; from the appropriate equilibrium expressions
1

(RL) = (I1°%) (RILY = 1,0

j=1

(7.4)

[ORL,] = (H jK;,) [ROI[L) ¢ =1,..N (8.0
i1

Substitution of eq 7./ and 8./ into eq 5 and 6 and combina-

tion of the resulting equations for O* and —dO*/d¢ yield an

expression for the rate of disappearance of repressor-opera-

tor complexes in the presence of effecting ligand as deter-

mined by membrane filtration

—do* o* {Okm + g{km(gjl{z) [L]’}
ar 1+ é(f}wg)[mf

j=1
(RYOI %k + 3tk 115 (11} @)

In order to measure the rate of dissociation of repressor-
operator complexes, at time t = 0 a large excess of unla-
beled operator DNA is added to a previously equilibrated
mixture of repressor and labeled operator DNA. For the
initial part of the reaction, [R] — 0; the second term in eq 9
is negligible compared to the first term until a new equilib-
rium is obtained.

Thus, to a good approximation

—d0*

_d—l‘— = kbann

O* (10)

where the apparent specific rate constant of dissociation is
defined as

gy + 2”%1 <giK3> (L]}
iy

bapp = ;
1 +

Equation 11 is a rather complicated, general expression
for the rate constant for the dissociation of repressor-opera-
tor complex as a function of the concentration of effecting
ligand, and as such is not readily interpretable, It involves a
spectrum of rate constants %y, . . . ,Vkp1, with each species
ORL; dissociating to RL; and O with a different rate con-
stant ‘ky;. However, some insight may be gained by exam-
ining the behavior of this equation at the extremes of low
and high ligand concentrations. As L — 0, kpapp — kb1 as
required. On the other hand, as L — =, kpapp — Nlew1; that
is, kpapp approaches a limiting value. The effect of ligand on
the rate constant of dissociation saturates at high concen-
trations of ligand and kpapp becomes independent of [L], as
expected from physical arguments. Rewriting eq 11 in in-
verse form

1 1+ \21@}]1{3) (L]t

— U =
Bt 3 (g - k) (T1756) L)

i=1 j=1

u

(11)

M1

i=

ol

k

bapp

1710 BIOCHEMISTRY, VOL. 14, NO. 8, 1975

BARKLEY, RIGGS, JOBE, AND BOURGEOIS

and considering [L] very large, give the following relation-
ship
LR { L 1} (12)
Roapy — Okbi (Nkbi - Dkbi)' NK:;[IJ

Thus, a double reciprocal plot of 1/(kbapp — Okpy) vs. 1/[{L]
becomes linear as 1/[L] — 0; the line has a slope of
1/(Mkw1 = %wb1)VK3 and an intercept of 1/(Mku) — %%kv).
This plot may be used to determine the value of the rate
constant Vky; at saturating concentrations of ligand. So far,
no assumptions regarding the mechanism of induction have
been introduced into the equations, and the value of Yk
obtained by this method is invariant of model.

For the /ac repressor, an oligomeric protein composed of
four identical subunits, we examine two simple mechanisms
for the allosteric transition supposed to occur upon induc-
tion. The first model, the extreme cooperative model, is a
single-state model with respect to binding to operator DNA.
The entire protein molecule can exist in either one of two
conformational states, the operator-binding or the inducer-
binding form. The change in conformation occurs in concert
in all the subunits. The second model, the noncooperative
model, is a multi-state model with respect to binding to op-
erator. Each protein subunit interacting with operator
DNA can independently undergo a conformational transi-
tion.

In the case of the extreme cooperative model, assume
there are two rate constants possible for the dissociation of
a given species ORL,; into RL; and O: the spontaneous rate
constant %ky;, the rate constant for the dissociation of RO
in the absence of ligand, or the effected rate constant ky;.
The induction process is visualized as follows. Ligand binds
to repressor-operator complex with no change in the rate of
dissociation from the spontaneous rate, until the /th ef-
fecting molecule binds and triggers a conformational transi-
tion. Then the repressor-operator complex ORL; disso-
ciates with the effected rate constant. Binding of additional
ligand causes no further change in the rate of dissociation.
Operationally, if the /th molecule effects

Opy i< 1
. ={ o for i = 1,...N (13.)
kbi 1= Z
and
i-1 .
K i# 1 .
,Ki = {ikbi/okbi i = ! (14.l)

since the rate of association of repressor-operator complex
is the same in the presence and absence of effecting ligand.
By coupling eq 4./ and the expression (see Tanford, 1961)
relating the ‘K5’s for the binding of ligand to identical, non-
interacting sites on free repressor to a single equilibrium as-
sociation constant K, with eq 14./, formulas for the ‘K3’s
are obtained.

iK, = (N_#—l—)]{? N
iK —
i ket g, - ey -1+ VI
Py )
fori = 1,..,8§ (15.9)

Substitution of eq 13.i and 15./ into eq 11 and execution of
the indicated mathematical manipulations give an expres-
sion for the apparent specific rate constant for the extreme
cooperative model, where the /th ligand bound induces the
allosteric transformation
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FIGURE 3: Extreme cooperative model. Curves are generated from eq
16 for N = 4,%y,; =2 X 10™*sec™!, kp; = 2 X 107! sec™!; the values
of / are indicated. The scaling factor X = /K3[L}]; X ranges from O to
0.05for/=1and 2,t00.25for/ =3,to 5 for/ = 4.

b KL N
{1+U7eh1_(N—sl+ 1)}

bt
(16)
Note that in the limit [L] — =, 'kpapp —> kb1, for | =
1,...,N, and kv may be identified as the saturated specif-

ic rate constant ¥ky.

The simplest example of the noncooperative model pre-
sumes that IV repressor subunits, each bearing a site for ef-
fecting ligand, participate in the binding of operator DNA
and contribute equally to the interaction. In this situation,
binding of ligand to an individual repressor subunit effects a
conformational transition in that subunit, altering the affin-
ity of repressor for operator by a factor corresponding to the
Nth root of the overall change in the association constant
OKl/NK], that is

l‘IK Nk 1/ N
L S c_ ,
K <'cr,;:f) i=1,...,N (17.9)
and
) Np i/N . ’
Ry = ('UZ:IL) %, i=1,...,N (18.)

The sites for ligand on repressor-operator complex are like-
wise identical and independent sites, and the ‘K3’s are relat-
ed to a single equilibrium association constant X3

Z(N_Z+1)K3

'K, i=1,...,N (19.9)

where necessarily

0p 1/N
K; = (,,—khl> K,
vt

Inserting eq 18./ and 19.i into eq 11 and performing the
mathematical operations, we obtain an expression for the
apparent specific rate constant for the noncooperative

model
Nkl 1/N N
Oy {1 + (rh-k ) Ks[L]}
b = *pl
pare 1+ KL

The results of sample calcuiations of the extreme coopera-

(20

x{0 SEC

bapp

K

2 a6 8 10

X

FIGURE 4: Noncooperative model. Curves are generated from eq 20
for %k = 2 X 104 sec™!, kp; = 2 X 107! sec™!; the values of N are
indicated. The scaling factor X = K3[L].

tive and the noncooperative models are presented in Figures
3 and 4, respectively, for an inducing ligand. In Figure 3,
’kbapp is computed from eq 16 for N = 4; the values of / are
indicated on the curves, and the scaling parameter X =
IK3[L]. In Figure 4, kpapp is computed from eq 20; the
values of N are indicated on the curves, and the scaling pa-
rameter X = K3[L]. Obviously, for the case of N = 1, the
two models are identical. The value of X on the theoretical
curve which corresponds to half the possible change in rate
constant, that is, to

k*bavv = 1/Z‘Nka - 0kbl‘ 21)

iscalled X*. For N =1, X* =1,

In the extreme cooperative model, the plots of /kpapp Vs.
X, as evidenced in Figure 3, are S-shaped for all / < NV and
hyperbolic for / = N, the degree of sigmoidicity decreasing
with increasing /. The values of X* < 1, and vary with /
over a substantial range; in the example of N = 4, X* in-
creases ~50-fold as / — 1 to 4. The pronounced sigmoidal
behavior of ‘kpapp as a function of X is displayed as upward
curvature in a double reciprocal plot of 1/(*kbapp — %kb1)
vs. 1/X. The two end cases of / = 1 and / = NV deserve spe-
cial comment. The case of / = 1, in which the first inducing
ligand binds to repressor-operator complex, simultaneously
causing induction and promoting the affinity of the sites for
inducer to the value characteristic of free repressor, is clos-
est to the classical allosteric model (Monod et al., 1965).
Here there is positive cooperativity among the ligand-bind-
ing sites of repressor bound to operator DNA. The case of /
= N, in which the first (V ~— 1) inducer molecules bind to
repressor-operator complex with an affinity identical with
that for free repressor and the last molecule binds with
lower affinity, inducing the conformational transition, rep-
resents negative cooperativity among the ligand-binding
sites on repressor bound to operator. Moreover, for inducing
ligands, Vkpi >> %%p1, the plot of kpapp vs. X coincides with
that for the case of V¥ = 1. This result is apparent by rea-
soning that, if the affinities of the two kinds of sites are
widely separated, the (N — 1) high-affinity sites are satu-
rated at very low concentrations of inducing ligand, and the
repressor-operator complex behaves at the higher ligand
concentrations, where induction occurs, as if it had only the
single low-affinity site for inducer.

In the noncooperative model, the plots of kbapp vs. X, as
shown in Figure 4, are hyperbolic for ¥ = 1 and approxi-
mately hyperbolic for N >1, with some curvature at small
X, the degree of curvature increases as /V increases. The
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values of X* 2 1, increasing slightly with N. Again, the
slight sigmoid character of kpapp at small X is manifest in
upward curvature of the double reciprocal plot at larger
values of 1/X. In this model, a kind of weak cooperativity in
the induction process develops from the fact that the bind-
ing of each inducing ligand reduces the affinity of repressor
for operator by a multiplicative factor.

To summarize, we have a detailed understanding of two
simple models for induction, the extreme cooperative model
and the noncooperative model, which may be advanced in
order to interpret the observed dependence of the apparent
specific rate constant of dissociation of repressor-operator
complex on concentrations of effecting ligand. We may
reach some qualitative conclusions about the mechanism of
induction on the basis of the shape of the experimental
curves. And we can establish a quantitative value for K,
the association constant for the binding of effecting ligand
to repressor-operator complex, by fitting the theoretical
curves to the experimental data. It should be clear from the
preceding discussion that the value of K3 is sensitive to the
model chosen,
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