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The effects of monovalent and divalent cations on the bimolecular rate constant of the reaction of a positively charged
lizand with a nucleic acid polyanion are analyzed for two possible reaction mechanisms. One mechanism postulates that the
association reaction occurs without intermediates, and that jon effects on the rate constant result entirely from the screen-
ing of the charged reactants by ionic atmospheres of low molecular weight ions (a screening-controlled mechanism). This
mechanism is analyzed by analogy with the Bronsted-Bjerrum theory for the kinetics of interaction of low molecular weight
jons. The second mechanisn to be considered here postulates the existence of a ligand-DNA intermediate which is in rapid
equilibrium with the reactants (pre-equilibrium mechanism). Ion concentration effects on the association rate constants for
the pre-equilibrium mechanism result mainly from the release of counterions from the DNA upon formation of the inter-
mediate. Both of the above mechanisms predict that the logarithm of the association rate constant, k,, will be a linear func-
tion of the logarithm of the monovalent cation concentration, [M*] (in the absence of competition by divalent cations or
anions). Knowledge of the salt dependences of &k, and of the observed equilibrium constant K ps of the ligand-nucleic acid
interaction should usnally be sufficient to determine whether a screening~controlled mechanism or 2 pre-equilibrium mecha-
nism is suitable to describe the process. If the association reaction can be described by a pre-equilit Zum mechanism, the
number of ionic interactions involved in the ligand-nucleic acid intermediate can be estimated. This analysis, extended to in-
clude the effecis of divalent cations on screening or on the pre-equilibrium step, is applied to Literature datz on the salt de-
pendence of the kinetics of the interaction of lac repressor with Izc operator DNA. When the operator is present on bacterio-
phage A DNA, the observed reaction kinetics are consistent with the formation of an intermediate repressor-DNA complex
in a pre-equilibrium step. On the other hand, the kinetics of association of lac repressor with synthetic loc operator frag-
ments may be an example of a screening-conurolled reaction.

1. Introduction

The interactions of proteins with nucleic acids are
being siudied intensely, with the goal of understand-
ing the molecular basis of specific sequence recogni-
tion in gene expression. In the past few years, it has
been recognized that the interactions of proteins with
non-specific DNA sequences may play an important
in vivo role in controlling the fre2 concentration of
regulatory proteins such as repressors and RNA poly-
merase [1]. The study of the equilibrium properties
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of these non-specific complexes is being pursued in or-
der to understand their sources of stability and to com-
pare them with the specific interactions.

Also of interest are kinetic questions, such as the
mechanisms by which a protein, initially distributed
non-specifically along the DNA or free in solution, lo-
cates its specific DNA site. How is the protein able to
sample DNA sequences in order to locate this site?
There have been various suggestiors including one di-
mensionz! diffusion of the protein along the DNA lai-
tice [2,3] ard a direct transfer mechanism in which a
protein having two DNA binding sites may be trans-
ferred from one region of the DNA to another, with-
out having to dissociate [4].

In general, equilibrium binding constants for the
interactions of proteins and other cationic ligands with
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nucleic acids show a large dependence on salt concen-
tration. This results from the release of salt jons in the
formation of the ligand-nucleic acid complex; 2 guan-
titative interpretation of the sali dependence in terms
of the number of ion:c interactions in the equilibriun
complex has been developed {5,6]. The purpose of the
present paper is to predict the effects of sali on the as-
sociation rate constant for two possible mechanisms
for the interaction of charged ligands with nucleic
acids, and to demonstrate that the experimental deter-
mination of the salt dependences of association {or
dissociation) rate constants can be helpful in elucidat-
ing the mechanism of the reaction.

The two reaction mechanisms considered are:

1) a single-step association mechanism, in which
the salt dependence of the bimolecular rate constant
results entirely from the screening effect of the ionic
atmospheres about the reactants {a screening-con-
trolled mechanism); and

2) an association mechanism involving a ligand-nu-
cleic acid intermediate in rapid equilibrium with the
reaciants (a pre-equilibrium mechanism).

The salt effect on the association rate constant for
the second mechanism results from screening {small ef-
fect) and the release of counterions previously bound
to the DNA upon formation of the intermediate (Jarge
effect). These two mechanisms can be considered tobe
the limniting cases of a general steady-state treatment
of the association reaction. The rate luniting step in
the screening-controlled mechanism is the initial en-
counter of the reacting species. This screening-con-
trolled situation is analogous to the Bronsted-Bjerrum
treatment of the salt dependence of the kinetics of in-
teraction of low molecular weight jons [7]. However,
the polyelectrolyte nature of the nucleic acid intro-
duces a functional dependence of the association rate
constant &, (and also the dissociation rate constant
%q) on the ionic conditions which differs from that
predicted and observed for low molecular weight ions,
For the polyelectrolyte case, in the absence of com-
peting ligands {e.g., divalent cations, interacting anions),
log k, and log k4 are predicted to be linear functions
of the logarithin of the monovalent cation concentra-
tion, [M™1(or, equivalently, of the Jogarithm of the
jonic strength, I). In contrast, for the interaciions of
low molecular weight ions, log X, is 2 linear function
of 1V2,

The pre-equilibrivm mechanism postulates the for-

mation of an intermediate in rapid equilibrinm with
the reactanis. The rate limiting step is the formation
of the stable product from this intermediate. This me-
chanism serves as a mathematically tractable alterna-
tive to the screenirig-controlle@ mechanism. Analysis
of the data of Riges et al. [8] ang Barkley e1 al. [9] on
the jon concentration dependences of the kinetics of
interaction of iac repressor with the lec operator re-
gion carried on phage A DNA, which we present here,
indicates that this interaction can be described by the
pre-equilibrium model. We show that, in general, the
salt dependences of &k, and k4 can be used to distin-
guish between the two mechanisms for a ligand-no-
cleic acid inveraction. The pre-equilibrium treatment
presented here is similar to the pre-equilibrium anal-
vsis of the effects of cations on DNA renaturation
developed by Manning [10].

2. Review of ion effects on Hgand-—nucleie acid
equilibria

The polyelectrolyte theory of Manuning [11,12] pre-
dicts that if the mean axial charge density of a linear
polyelectrolyte, such as DNA, in the presence of ex-
cess upi-univalent salt only, is greater than a critical
value, then counterions (e.g. Na*) will condense ajong
the DNA backbone uatil the net charge density is low-
ered to this critical value (1 charge/7.1 A in water at
25°C). Under these conditions the extent of counter-
ion condensation is theoretically determined solely by
the ratio of the structural charge density to the critical
charge density. The results of a recent 23Na pir study
by Anderson et al. [13] indicate that the extent of
sodium association with DNA is constant over a wide
range of NaCl concentrations {0.005 M—0.5 M) at the
value predicted by the condensation model. After con-
densation the DMNA is still highly: charged. Interactions
between the remaining unnewtralized charges are
screened by ion atmosphere formation by mobile ions.

Record et al. [5] have defined ¢ as the fraction of
a counterion thermodynamically bound per phosphate,
where ¢ is composed of both condensation, ¥, and
screening, ¥, terms. Manning has shown [11] that the
fraction of a mogovalent counterion condensed per
phosphate, which we call ¥_[5],is given by

g’cz i ‘"‘Ep‘lp (})
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where £ = e2/ekTh; e is the charge on an electron, € is
the dielectric constant of the bulk solvent, k is Boltz-
mann’s constant, T is the absolute temperature and b
is the mean axial phosphate spacing projected along
the DNA backbons. The screening effect of mobile
ions on the unneutralized DNA charges is thermody-
namically equivalent to the association of the addi-
tional fraction ¢ of a counterion with the DNA, per
phosphate. The quaniity ¥ is obtained from the salt
dependence of the polyelectrolyie activity coefficient,
¥p- which is given by [5,6,12}

log yp =~ Nt liog kb, 3]

where N is the number of phosphate groups on the
DNA molecule, b is defined as above, and k is the
Debye—Hickel screening parameter, which is propor-
tional to the square root of the jonic strength. In the
presence of excess monovalent salt {561

Y=~ (1/V) @logrp/dlog M)y o = (2532 (3)

Therefore ¥, the fraction of a monovalent counterion
thermodynamically associated per phosphate, is given
by
Y=y F P =1 (271 @)
The effect of monovalent ion concentration on the
equilibrium between a charged ligand and a nucleic
acid has been analyzed by Record et al. [5,6]. Whena
charged ligand (protein), L, binds to 2a DNA molecule,
D, and neniralizes m’ phosphates, 72’¢ monovalent
counterions are released from the DNA. The observed
equilibrium constant, K ., for the reaction

K
L+D 22 1p

defined as

Kops = [LDJ/[L] [D],

varies with counterion concentraticn as

(3108 K s/ Tog [M¥ 1)y 1y = —m" - )

When the reaction occurs in the absence of competi-
tive anions or polyvalent cations, Y is 3 constant (0.88
for double stranded DNA [5,14]) and log K ;s is a
linear function of log (M™] [5]. Eq. (5) pertains if the
interaciion does not result in a net release of ions from
L. Ton release from L is not considered in: this commu-
nication since our only application is to the lzc repres-
sor-operator interaction which {on the basis of our

prior studies {15,16]) can be ireated adequately with-
out including such effects.

3. Theoretical

3.1. Jon concentration effects on screening-controled
reactions

Consider the possibility that the interaction of a
positively charged ligand (L) with m’ phosphates on a
nucleic acid (D), in the presence of excess monovalent
salt, occurs in a single step (without intermediates).
This mechanism has not been demonstrated 1o exist
for any ligand-polyelectrolyte interaction, but is pres-
ented by analogy with the classical mechanism used
to interpret ionic strength effects on the interaction of
low molecular weight ions {7]. In both cases, the only
effect of salt on the bimolecular rate constant is as-
sumed to result from the screening effect of the atmo-
spheres of mobile ions which surround the reactants
and reduce the coulombic forces between them; we
call these screening-controlled reactions. The diffusion
controlled reaction between two charged species is an
example of a screening-controlled reaction. We expect
the observed association rate constant for a screening-
controlied reaction to exhibit a relatively weak depen-
dence on counterion concentration, resulting from
screening effects alone. Conversely, we expect the ob-
served dissociation rate constant for this mechanism
to exhibit a strong dependence on monovalent coun-
terion concentration, the consequence of the fact that
counterions condense on the polyion as the ligand dis-
sociates (see section 2).

To show this, we use a conventional collision or ac-
tivated complex formulation, similar to that assumed
in the Bronsted-Bjerrum treatment of the kinetics of
reactions between low molecular weight ions {7]. The
elementary reaction between a single ligand L and a
polynucleotide D is assumed to be:

K¥ . ks
L+ D= C = Complex, 6)
where K is the thermodynamic equilibrium constant
for formation of the collision complex C*, and k¢ is
the rate constant for formation of the stable product
complex. We define C¥ 10 be a transient species in
which L has penetrated the ionic atmosphere surround-
ing D, but in which the 7' ionic interactions which
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help to stabilize the complex have not yet formed.The
step with rate constant k; involves formation of the m2’
ionic interactions. K¢ is written in terms of acivities,
a, as

K =aéfaray. )

From eq. (6), the rate of this screening-controlled as-
sociation can be written:

d(Complex)/dr = — d{C*]/dr = k¢[C*]. )

From eq. (7) and the definition of activity as a prod-
uct of an activity coefficient, y;and a concentration,
we can obtain the concentration of C¥ and substitute
into eq. (8) to obtain:

d(Complex)/dz = kK7 [L] [D] vy vp/vce. ©)]

The observed rate equation is written in terms of con-
centrations of reactive species and an observed rate
constant, k,:

d(Complex)/dr =k, [L] [D]. (10)

By comparison of egs. (9) ané (10), the observed rate
constant is seen to be

ko =keKT YL YDI7CH- (11)

We are interested in the dependence of &, on ion
concentration. We assume that %y is independent of
counterion concentration, [M*], since otherwise by
definition the association reaction would not be
screening-controlled. Since K—‘;’ is only a function of
temperature and pressure, the ion dependence of &,
is confined to the activity coefficient terrn. As we have
already discussed [6], all factors in the ratio vy vp/c*
should cancel except for the contributions from the
reaction site of the ligand, YL site a0d the m' phos-
phates which comprise the reaction site on the DNA .
Incorporating this into eq. (11) yields:

log k, =log kg — m'Ylog I +10g ¥y gres (122)

where V) is the component of ¥ attributable to the
Debye—Hiickel screening effect (see eq. (3)). We have
combined all salt independent terms in eq. (122) in k.
In the presence of only monovalent cations, MY, the
ionic strength 7 is equal to [M*].

In general, there is no available theoretical expres-
sion to evaluate vy . (which should depend on the .
particular ligand under consideration). At this stage
we are forced to neglect its contribution to the salt
dependence of &, and write

(dlogk,/olog )~ —m'¥. (12b)

In neglecting the contribution of ¥ g, €q- (12b) can
be considered only as a qualitatively correct expres-
sjon. That is to say, (9 log k,/0 log I) should be small
for a screening-controlled association, since Y is small
(0.12 for double stranded DNA). However, it is quite
possible that (3 log 'yL <te/© log T) may be of compar-
able magnitude to 72’ V¥ and hence eq. (12b) may not
be quantitatively correct. There is no available data on
(olog 7L,§te/a log I) at this time.

The observed rate constant for the dissociation reac-
tion is k4 = &k, /K o35, Wherz K 3 is the observed equi-
librium constant for the association reaction. From
eqs. (12) and the salt dependence of K 4, in the ab-
sence of divalent cations, as given in eq. (5), we con-
clude that

log k4 =log kg +m' Y log [M*], (132)
and
(Blogkgfdlog IMT) =m'Y.. (13b)

The term 7y | site has again been neglected in egs. (13).
As stated above, the [M*] dependence of k4 is a result
of the fact that counterions recondense on the DNA
upon dissociation of the ligand.

From the above approximate model for a screening-
controlled reaction we see that both log &, and log &4
are predicted to be linear functions of log [M*} if
(31og 7L site/010g [M™]) is negligible. Furthermore,
an increase in [M*] reduces the observed equilibrium
constant, K ;,., by both increasing k3 and decreasing
k, (the major effect is on &k 5). We note that for double
helical DNA, in the presence of only monovalent szalt,
where ¥, =0.76 and ¥ =0.12, egs. (12) and (13) pre-
dict that the magnitude of (8log k3/0 log [M*]) is ap-
proximately six times that of (8Tog k,/0 log [M*]) for
the screening-controlled mechanism. Insofar as we are
aware, no data for model compounds are available to
test egs. (12) or (13).

The screening-controlled model which has been
developed in this section is applicable to ligands which
associate with nucleic acids by three dimensional dif-
fusion to the nucleic acid site. The qualitative result
for such association reactions is that only a small de-
pendence of &, on salt concentration should be observ-
ed.-This resuit should be valid for any ligand (oligopep-
tide or large protein)-nucleic acid association. The
quantitative treatment presented above should be most
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applicable for small ligands such as charged oligopep-
tides. The analysis may require modification in order
to provide a quantitative treatment of possible diffu-
sion-controlled protein-nucleic acid association reac-
tions because of the difference between the net charge
on the protein and the charge on its binding site. In-
deed, some DNA binding proteins have a net negative
charge at neutral pH so that screening at large distances
would actually facilitate the approach of ligand and
nucleic acid [17,18].

1t is important to contrast the predicted linear de-
pendence of log k, and log k4 on log [M*] for screen-
ing-controlled ligand-nucleic acicd interactions (in the
absence of competitive effects of anions and divalent
cations) with the case of low molecular weight ions,
where log k, and log k4 are predicted to be linear func-
tions of 71122, the square root of the ionic strength [7].
This difference arises simply from the fact that the
logarithm of the activity coefficient of a low molecu-
lar weight ion, log 7, is proportional to the Debye—
Hiickel screening parameier, k; however, for linear
polyelectrolytes, log -y is a linear function of log k [6,
12]. Furthermore in the case of low molecular weight
jon association kinetics, the derivative, (2 log &£,/
d 71Y2) is proportional to the product of the charges
on the two associating ions [7]. No corresponding
product of charges appears in eq. (12) for the [M*]
dependence of &, predicted for the screening-controlled
association of an oligocation with a macromolecular
nucleic acid.

3.2. Ion concentration effects on rate constants of
reactions involving an intermediate

In this mechanism, the interaction of a cationic
ligand, L, with a DNA molecule D is assumed to form
an intermediate complex, I,,, with 7 ionic interactions.
The intermediate is subsequently converted to the fi-
nal complex. We make the pre-equilibrium approxima-
tion, i.e. we assume that the equilibrium between I,
and reactants (with equilibrium constant Kj) is estab-
lished rapidly on the time scale of the corniversion of
1,, to the product complex, LD. Then

| i
L+De=—1,, 1, — 1D. 14
The molecular reaction for formation of 1,, is written:
@15)

LA +
L+D == I, +nYyM~,

where

K= ;1 {MY17Y/[L] (D], (16)

Kt yis only a function of temperature and pressure.
The 7y counterions appearing in the pre-equilibrium
of eq. (15} include the 7y counterions released by
the formation of the intermediate as well as the g
screening counterions, The latter are introduced, as in
section 3.1, through the activity coefficient of then
phosphates in the DNA binding site (recall ¢ =¥+
W,). The activity coefficients of the ligand L and ions
MT are neglected, since these contributions should to
an extent cancel one another [6], such that their resid-
ual ion concentration dependence should be small in
comparison to that of the activity coefficient of the
DNA site [5,6].

From eq. (14) the rate of formation of LD from
the intermediate can be written:

d[LD] /dr = k¢ [1,,] an
or, with the pre-equilibrium approximation for [1,,],
d[LD]/dr = kK1 /[M*]7¥ [L] [D]. (18)

From eq. (18), the experimentally observed rate con-
stant, K, is:

ko =keKp i/ [MF]7Y, (19)
or
log k, =log kg —my log [M¥], 20)

where k¢ is assumed to be independent of salt concen-
tration and has been included with all other salt inde-
pendent terms in k. Therefore, the [M*] dependence
of k, is given by:

(9 log k,/dlog [MT]) = —ny. @n

Consequently this pre-equilibrium analysis predicts
that, in the absence of competitive effects of anions
or divalent cations, a log-log plot of &, versus [M*]
will again be linear, as predicted for the screening-con-
trolled mechanism discussed in section 3.1. However,
the slopes will differ, not only in magnitude but in sig-
nificance, for the two case (cf. eqs. (12) and (21)).
Asin section 3.1, the ion concentration dependence
of the observed dissociation rate constant k3 (for the
pre-equilib-ium model) is readily evaluated from the
corresponding expressions for the observed equilibrium
constant and the association rate constant. If there are
m’ ionic interactions .ormed in the equilibrium com-
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plex, and 7 ionic interactions formed in the interme-
diate, then from egs. (5) and (21)

(3logkg/dlog[M*]) = (7' —n)¥. 22)

If " > n, eq. (22) predicts that k4 should increase
with increasing [M*]. This resulis from the reconden-
sation of counterions onto the DNA upon dissociation
of ithe charged ligand.

From egs. (21) and (22) one observes that if 7 >
3 m’, the ion concentration dependence of the associa-
tion rate constant will be larger in magnitude than that
of the dissociation rate constani. [Recall that this situ-
ation cannot arise for a screening-controlled reaction
as long as the buffer contains no polyvalent cations
capable of competing with the ligand.]

3.3. Relarive magnitudes of iorn concentration effects
on screening-controlled reactions and reactions
involving intermediates

For double helical DNA, in the absence of divalent
cations, ¥, = 0.12 and ¢ = 0.88 [5]. Consider the asso-
ciation reaction of an oligocationic ligand with double
helical DNA. If the association step is screening-con-
trolled, then (8 log k,/0 log IM*]) =~ —0.12m’, where
m' is the number of ionic interactions in the equilib-
rium complex (cf. eq. (12)). On the other hand, if the
association reaction proceeds by way of an interme-
diate with 7 ionic interactions, then (dlog &,/

0 log [M*]) = —0.88 22 (cf. eq. (21)). If 2’ is known
from analysis of the dependence of the equilibrium
constant for the interaction on ion concentrations (cf.
eq. (5)), then one can estimate the salt dependence of
%, for a screening-controlled mechanism of association
(eq. (12)). If the observed salt dependence substantial-
ly exceeds thai predicted by eq. (12), then it is reason-
able to postulate the existence of an intermediate, I,,.
From eq. (21), the number of ionic interactions in the
intermediate can be estimated from the experimental
quaniity (@ log k,/0log [M*])..

The results of sections 3.1 and 3.2 may be used to
make qualitative predictions concerning mechanisms
of protein-nucleic acid interactions. For a particular
protein, one should observe only a small dependence
of k, on [M*]if it associates purely by three dimen-
sional diffusion, whereas a much larger dependence of
%, on [M*] should be seen if it associates with a specif-
ic site via an intermediate. (Other mechanisms in which

conformational changes in the ligand or the lattice are
rate-limiting are of course also possible.) These qualita-
tive predictions may be useful in the study of the asso-
ciation reactions of a site specific gene reguiatory pro-
tein. The association of a site specific protein with non-
specific DNA (DNA containing no specific binding
sites) should exhibit only a small salt dependence of

k, if the rate limiting step is three dimensional diffu-
sion. A comparison of (9 log &,/ log [M*1) for the as-
sociation of the same protein to its specific DNA bind-
ing site (in a large DNA molecule containing many non-
specific sites) with (9 log &, /0 log [M*1) for the non-
specific reaction should determine whether the associa-
tion to the specific site involves a mechanism more
complex than three dimensional diffusion. The above
comparisons should be made only if the reactions have
been studied in the absence of competing ligands such
as Mg**, since this will complicate matters significantly
(cf. section 3.4).

3.4. The presence of Mg*™ affects (0 log k /0 log [M*])
Jfor a screening-controlled association differently than
for a pre-equilibrium mechanism involving an
intermediate

Consider the common experimental situation in
which Mg** or some other divalent cation, which does
not specifically bind to the bases of the nucleic acid, is
present along with M* in the binding buffer used to in-
vestigate the kinetics of interaction of a cationic ligand
with a nucleic acid. The effect of Mg** on (dlog &,/
9log [M*1), as well as on the magnitude of &, may in-
dicate whether the association reaction is screening-
controlled or an intermediate is involved.

Screening-controlled reactions. If the association
reaction is screening-controlled, the dependence of
log k&, on log I will be linear and relatively small (cf.
section 3.1). The effect of Mg on k_ will be only
the result of its contribution to the ionic strength;i.e.,
log &, is predicted to remain a linear function of log 1
This resuits from the dependence of the activity coef-
ficient of the DNA on jonic strength. The effect of
addition of Mg** on the dissociation reaction of a
screening-controlled system is obtained from the re-
lationship k4 = k,/K 3., €a- (12a) and our previous
treatment of the dependence of K, on [M*] and
[Mg**+] [6,15]. The resuit is:
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log kg =log kg +m'P log [M¥] +mlogs, 23)
where

=2+ +4 KM Mg, (eZ))
(cf. discussion of eq. (29) below). Qualitatively, upon
addition of Mg** at constant [M*], ¥4 will increase
dramatically. Furthermore, (0 log k4/0 log [M*] g+
will no longer be constant and will also be reduced in
magnitude. The decrease in (0 log k3/2 log [M*] )Mg

is a result of the binding of Mg** to DNA in prefer-
ence to M* (however, Mg** does not bind infinitely
more strongly than M%) so that when the ligand L dis-
sociates, less MT recondenses onto the DNA resulting
in a smaller dependence of k4 on [M*]. From egs. (23)
and (24) one observes that (3 log kq/d log [M*] )y

is a functlon of both [M*] and [Mg**] (recall that
KMe™ i also dependent on [M*]). Therefore in a

obs
mixed Na¥—Mg** buffer, it is quite possible that

1(9log &, /& log [M™ ] )p++1>1(0log kg/

dlog [M*])py e+ for a screemng-controlled reaction,
even though this is not possible if M* is the only
counterion in solution.

Pre-equilibria involving an intermediate. In con-
trast to the screening-controlied case, the effect of
Mg** on an association reaction involving a pre-equi-
librium is complex. Qualitatively, this is the conse-
quence of the competitive effect of Mg** on the for-
mation of the pre-equilibrium complex. Here a quan-
titative treatment of this effect of Mg** is presented.
We neglect other possible roles of Mg** in the mecha-
nism of association of the ligand with the nucleic acid.
We have previously demonstrated that the effects of
Mg** on the equilibria between the protein Zac repres-
sor and its specific and nonspecific DNA complexes
can be interpreted entirely in terms of competition
by Mg** for DNA sites [16].

To introduce the effects of Mg** competition into
the rate equations for associations involving an inter-
mediate, we note that the experimental rate equation
for the formation of LD is written in terms of the total
free DNA site concentration, Dy, regardless of its state
of ligation by Mg*+-

a[LD] /dr =k, [L] [Dg]. (25)

In secticns 3.1 and 3.2 we treated situations where
there was no Mg™* or aother competitive ligand in the

system. Therefore, all of the DNA sites were in the
same state of ion binding;i.e. only M* condensed on
the DNA. This state will be represented by the symbol
Dy. In section 3.1 and 3.2, Dy = Dy. When Mg™™
present in the buffer, Dy << Dy, Because Dy includes
those sites with Mg*™* ions associated with them [16].

Consider a ligand-nucleic acid association involving
an intermediate, I,,, in the presence of Mg** and ex-
cess M*. In the pre-equilibrium model, the ouserved
reaction sequence is

L+Dg —fz L, 1, i LD, (26)
from which we can derive an expression for the ob-
served rate constant k, (eq. (25)). Since the interme-
diate species I, is in equilibrium with reactants, this
first step of the reaciion, characterized by the equilib-
rium constant K, can be treated using equilibrium
thermodynamics. The analysis of this first step, there-
fore, does not imply any mechanism for the forma-
tion of 1,,, but will enable us to extract the salt depen-
dence of k, assuming that X is independent of [M*¥].
The thhermodynamic reaction for formation of the in-
termediate, 1,, is written as

L+D0K I, +nyM*, 7
where
Kyi= [,1IM* 179 /[L] [Dy]- 28

In egs. (27) and (28), we have made the same assump-
tions which led to egs. (15) and (16) in section 3.2.
Again, Y contains both the condensation effect and
the screening effect of M* ions.

An expression for D4/ in the presence of Mgt
has been obtained [6,16] from the Mg*™* binding poly-
nomial, S, [19] on a per nucleotide basis, evaluated by
the sequence generating function method {20,211.
The n phosphates on the DNA which are neutralized
by the ligand L in the intenmediate, 1,,, are all poten-
tial sites for Mg** binding. Each bound Mg*™* neutral-
izes two phosphates so that the sites over]ap [22]. The
intrinsic bmdmg constant for the Mg'*—DNA interac-
tion is KME™ which has an [M*] dependence of its

obs >
own [16]. From this analysis we obtain [6,16]

[D1/[Dp] =% [1+ 1+ 4K M (Mgt )2 " =57,
29

Eq. (29) is applicable when the distribution of M* be-
tween the free solution and the DNA lattice is per-
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turbed only by the presence of Mg*™* (i.e. at low bind-
ing deansity of the associating ligand, L). This is the
situation which exists for the lac repressor-operator
studies of Riggs et al. [8]. Substituting eq. (29) into
eq. (28) one obtains an expression for [1,,]. The re-
mainder of the steps are identical to those outlined

in section 3.2 and yield:

log k, =log kg — nlog S —n¥log [M*]. 30)

For a reaction occurring by a pre-equilibrium me-
chanism, eq. (30) indicates that log &k, will no longer
be a linear function of log [M*] when Mg** (or any
compeiitive ligand) is present in the solution. This is
a consequence of the complex [M*] dependence of S,
and holds whether or not the [Mg¥*] makes a signifi-
cant contribution to the ionic strength. Recall from
above that this will not be the case for a screening-
controlled reaction, where log &, is a linear function
of the logarithm of the ionic strength, I, even in the
presence of Mg**. In fact, the addition of Mg** may
provide a way to test for an association mechanism
which involves a DNA-igand intermediate. If an inter-
mediate is involved, modest increases of Mg** at con-
stant [M™] should drastically reduce the magnitude of
the observed &, whereas only a slight decrease in &k,
due to an increase in total ionic strengih should be ob-
served for a screening-controlled association.

An expression for the variation of &g with [M*] in
the presence of Mg*™ can be derived for the pre-equi-
librinm mechanisiz by combining eq. (30) with the
analogous expression [6,16] for the [M*] dependence
of K 3, in the presence of Mg**. If there are 7 ionic
interactions in the equilibrium complex, then for the
pre-equilibrium model one predicts that:

log kg =log kg + (m'— n) log S + (' — m) ¥ log [M*],
31

where kg includes all salt independent quantities.

4. Application to lac repressor-operator kinetics

4.1. Ior concentration effects on the rate constants of
lac repressor—operator interactions

Kinetic data are available for only a few ligand-ma-
cleic acid systems. To our knowledge, no rate measure-
ments as a function of salt concentration have been

made on simple cation-nucleic acid interactions. Meas-
urements on simple systemns will be necessaty to provide
a thorough test of the analysis presented in the preced-
ing sections. Of the systems investigated, rate studies

as a function of salt concentration have been carried
out only for the interaction of Zzc repressor with
operator [8,9,23] and of E. coli RNA polymerase

with promoters [24,25]. All of these studies were per-
formed in buifers containing Mg**, using the filter
binding assay.

The lac repressor-operator interaction represenis
the only system in which both %, and k5 have been
determined as a function of ionic conditions [8,9,23).
Riggs et al. measured &, and &4 for the interaction of
wild type lac repressor with the lac operator region of
A h80dlac DNA as a function of KCl concentration in
the presence of 0.01M Mg**. Barkley et al. [9] inives-
tigated the dependence of k4 for this system on KC}
concentration in the presence of 0.003 M Mg**. Re-
cently, Goeddel et al. [23] have determined k, and k4
for the interactions of wild type and a tight binding
(3X86) mutant of lac repressor with synthetic lac oper-
ator fragments coniaining litile if any nonspecific DNA
(21 and 26 base pair fragments). The Goeddel et al.
[23] measurements were made ir: 0.01 M Mg** at two
KCl1 concentrations in the range investigated by Riggs
et al. [8]. The approach outlined in section 3 can be
used to examine whether the sali dependences of these
rate constants are consistent with either a screening-
controlled or pre-equilibrium mechanism for these in-
teractions. In no case are we able to establish a mecha-
nism, although analysis of the data on the interaction
of wild type repressor with Ah80dlac DNA does sup-
port some ideas which have already been proposed [2—
4]. Our main purpose in considering these data is to il-
Justrate the effects of monovalent and divalent cations
on the rate constants of protein-nucleic acid interac-
tions, and to demonstraie how the analysis of Kinetic
data as a function of ionic conditions can contribute
to an understanding of the mechanism of the interaction.

It is useful to consider first the data of Goeddel et
al [23] on the interaction of repressor with synthetic
operator fragments. The association rate constants are
at or above the theoretical estimate of the diffusion-
limited association of uncharged particles the size of
repressor and operator, and decrease with increasing
KC1 concentration. Since the operator fragments are
so small and are not linked to any nonspecific DNA,
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Fig. 1. The dependence of the observed association rate con-
stant for the luc repressor-operator interaction on the ionic
strength, I, of the solution (log—log plot). (#) — Data of Riggs
et al. [8] — operator contained in Ah80dlac DNA; (o, 28) —
Data of Goeddel et al. [23] — operator fragments; (o) — 26
base pair fragment, (&) — 21 base pair fragment. Both the
Rigps et al. [8) and Goeddel et al. [23] data were obtained in
buffers containing 0.01 M Mg™ (except for the Riggs et al. [8]
point at 7 = 0.01 which contained 0.0033 M Mg**); the ionic
strength was varied by adding KC1.

the RO (fragment) association [23] may be an exam-
ple of a screening-controlled association. We have
plotted k, for the wild type lac repressor—operator
(fragment) association measured by Goeddel et al. [23]
as a function of ionic strength (Jog—log plot) in fig. 1
(also shown in fig. 1 are the &, values from Riggs et al
[8]). Two points suggest that the RO (fragment) as-
sociation [23] is screening-controlled. First of all, the
largest &, for the wild type repressor associating with
either fragment at 0.05 jonic strength (10 mM Mg*+,
10mMKCL, pH 7.4) is~2 X109 M—15-1 [23]. Under
identical conditions, &, in the RO (Ah80dlac) system
8] is~7X 109 M_ls_1 and increases to >1010 at
lower ionic strength [8]. Goeddel et al. [23] poin out
that the measured &, for the RO (fragment) associa-
tion compares well with the &, estimated by Richter
and Eigen [2] for the diffusion-controlled association
of repressor with a prolate ellipsoid. The calculation

[2] includes electrostatic effects but considers the oper-
ator to be stationary and also neglects orientation ef-
fects. Secondly, the ionic strength deperdence of k,, in
the wild type repressor—operator (fragment) system
[23] is in agreement with our predictions for a screen-
ing-controlled association. For wild type Jzc repressor,
which has m' =8+ 2 [16], we predict (dlog k,/0log I)
= — 1.0 (cf. eq. (12b); recall that this neglects the con-
tribution from YL, site and therefore is probably only
correct to within a factor of 2). Unfortunately, &k, was
measured at only two ionic strengths [22] so we are un-
able to determine if there is curvature in the log k,—
log 7 plot.From fig. 1 we calculate (9 log k;/d log I) =
—0.5, which is small (compare it with the Riggs et al.
[8] data on RO (Ah80dlac) which is also shown in
fig. 1) and consistent with our expectations of the salt
dependence of a screening-controlled association.
We must also comment on the observed salt depen-

dence of k4 for the RO (fragment) system. Goeddel
et al. [23] observed that &k, was more sensitive to ionic
strength than k. (Recall that the KCl concentration
was varied at constant Mg** concentration (0.01 M).)
This does not rule out a screening-controlled mecha-
nism since, as mentioned in section 3.4, [(31og &,/
8 log [M*])| can be greater than | (9 log k4/0 log [M*1)]
even for a screening-controlled reaction, when Mg** i
also present in the buffer. Assuming that the RO
(fragment) data of Goeddel et al. [23] is screening-
controlled, we have used eq. (23) which describes the
salt dependence of k4 in the presence of M+ and Mg**
to predict (0 log k3/8 log [M*]) in the absence of Mg**.
We used 7' = 8, from our previous analysis of the equi-
librium studies of Riggs et al. [26] on the Jac repressor—
operator system [16]. The use of eq. (23) as well as
eqs- Q+9) (30), and (31) requires an expression for

obs (which is itself a function of [M*1). Since all of
the data discussed here were determined in 0.01 M
Tris buffer, we have used the equilibrium binding data
of Record et al. [16] for the Mgtt—DNA 1nteractxon
in the presence of 0.01 M Tris in which values of K} obs
were determined from equilibrium binding studies of
the nonspecific interaction of lzc repressor with DNA
in the presence of Mg‘H‘ The association equﬂx}gpum
constant for the Mg**—DNA interaction, K ote . fol-
lows the equation

log Kobs = —1.74 log {NaCl] +0.37. 32)
In using eq. (32) to interpret the RO kinetic data,
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which were obtained in the presence of K*, we assume
that Na* and K* act equivalently [16]. From this anal-
ysis, we predict that in the absence of Mg**,(dlog &4/
dlog [M*]) = 5.0 for the RO (fragment) system. In
the absence of Mg*¥, therefore, we predict thai

i(dlog k,/0log [M*])| <€|(d1log k4/0 log [M*]1)} for
the RO (fragment) studies, since (@ log £,/9 log [M*])
for a screening-controlled association is not affected
significantly by the presence of Mg** at the concentra-
tions used in this study. .

In studying the salt dependences of reactions in-
volving oligonucleotides, as in the Goeddel et al. [23]
experiments, one also has to keep in mind that the ion
association properties of oligonucleotides may be dif-
ferent from those of polynucleotides. On the basis of
previous work by Record and Lohman [27], the ion
association properties of a 21-base pair fragment should
not be substantially different from those of poly-
nucleotides.

Goeddel et al. [23] also measured &, for the X86
lac repressor—operator (fragment) association. The
magnitudes of k, for the X86-fragment association are
lower than those for the wild type-fragment system at
both ionic strengths studied [23]. The differences in
magnitude are difficult to explain. The measured val-
ue of (3 log k,/0 log 1) for the X86-operator (fragment)
is & —1.0_ Although (9 leg £,/ log I) for X86 is ap-
proximately twice that for wild type repressor, it is
still qualitatively consistent with our predictions for
screening-conirolled associations.

Having discussed the lac RO (fragment) data [23]
and presented evidence that its behavior is consistent
with a screening-controlled association, we will com-
pare it to the Riggs et al. [8] data on wild type lac
RO (Ah80dlac). In binding buffer containing 0.01 M
Mg**, Riggs et al. [8] have determined &k, and k4 for
the lac RO (Ah80dlac) system as a function of [KCl1].
They observed linear relationships between the loga-
rithms of both &, and k4 and the square root of the
ionic strength, 7 Y2, which we have represented by the
empirical equations:

logk, =—62112 +112, (33a)

logky=2317112 _37. (33b)

Although a plot of log k versus 7¥2 does represent the
data well, the slope of such a plot apparently has a
simple theoretical interpretation only for the case of

the interaction between two low molecular weight
ions (cf. section 3.3). We have plotted the association
rate constants, &, of Riggs et al. [8] as a function of
jonic strength, 7 (log—log plot) in fig. 1 where they can
be directly compared with the lze RO (fragment) asso-
ciation data of Goeddel et al. [23]. Three aspect of the
Riggs et al. [8] data should be noted: 1) at 0.05 ionic
strength, k, = 7 X 109 M—1s1and increases to ~1.5 X
1010M—1s5—1at 0.01 ionic strength. These values are
much too high to be explained by three dimensional
diffusion of lac repressor io operator, especially since
operator in Ah80dlac DNA is not capable of diffusing
on the time scale of association; 2) there is substantial
curvature in the log k,—log 7 plot of fig. 1 indicating
that the Jac RO (Ah80dlac) association is not screen-
ing-controlled; 3) the salt dependence of &, in the
Riggs et al. [8] system is much greater than that of
the Goeddel et al. [23] system.

On the basis of the above, it seems possible that the
Iac RO (Ah80dlac) association involves a DNA-repres-
sor intermediate. We therefore have analyzed the RO
kinetics measurements of Riggs et al. [8] using the pre-
equilibrium model developed in sections 3.2 and 3.4.
We assume that the lac repressor forms an interimediate
with the nonspecific DNA sites and is subsequently
transferred (mechanism unspecified) to the operator
site. Since kinetic data are not available for the RO in-
teraction in the absence of the competitive ligand Mg*,
we assume that the only effect of Mg** is as a com-
petitor for sites on the DNA and apply the analysis of
section 3.4. This assumption regarding Mg* ™ is sup-
ported by our studies of the equilibrium binding of
lac repressor to nonspecific DNA in the presence and
absence of Mg** [15,16]. Competitive effects of
anions have not been included since it has been shown
that these are not necessary to explain the salt depen-
dence of the lac repressor—nonspecific DNA equilib-
rium constants [15].

We have used egs. (30) and (31) and the Riggs ei al.
[8] data to predict the monovalent ion concentration
dependences of k, and k4 of the lzc RO (Ah80dlac)
interaction, if the competitive ligand Mg¥* were not
present in the binding buffers of R1§§s 5, et al. [81. Eq.
(32) for the [M*] dependence of Kore was used in
these calculations.

The kinetics calculations were performed by pick-
ing an integral value of 7, the number of ionic interac-
tions formed in the intermediate, and calculating the
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Fig. 2. The dependence of the observed association rate con-
stant for the luc repressor—operator interaction on the con-
centration of added KCi. Data of Riggs et al. [8] obtained in
the presence of 0.01 M Mg*". The smooth curves show the
predicted behavior in the absence of Mg™ and in the presence
of 0.01 M Mg", as explzained in the text.

expected behavior ¢ each point from Riggs et al. [8],
in the absence of Mg**. This was done until a value
for n was found which yielded the Ieast deviation from
linearity in a log &k versus log [K*] plot. A value of

= 0.88 for double stranded DNA was used in the calcu-
lations. The best fit values obtained were n =6 for the
association data and (1’ — ) = 2 for the dissociation
data. These two values are consistent, as they must be,
with the finding that 72, the number of ionic interac-
tions formed in the equilibrivm repressor—~operator
complex has the value 8 =2 [16]. The predicted linear
plots from this calculation are shown in figs. 2 and 3,
along with the actual rate constanis measured by Riggs
et al. [8] in the presence of 0.01 MMg**. The smooth
curves through the Riggs et al. [8] data poiiits were
then recalculated using eqgs. (30) and (31) and the pre-
dicted linear behavior in the absence of Mg**. The
predicted linear equations for the behavior of the re-
pressor—operaior rate constanis as a function of [K¥],
in the absence of Mg™™ are given in egs. (34).*

logk, = —528log [K+] +5.13 (34a)
logkg =1.761og [K¥] — 1.57. (34b)

* Footnoie, see next column.
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Fig. 3. The dependence of the observed dissociation rate con-
stant for the lac repressor—operator interaction on the con-
centration of added KCI. Data of Riggs et al. [8] obtained in
the presence of 0.01 M Mg*™*. The smooth curves show the
predicted behavior in the absence of Mg and in the presence
of 0.01 MMg*, as explained in the text.

Some qualitative features of the [M*] dependences
of k, and k4 for the RO (Ah80dlac) interaction [8]
in the presence of Mg*™ may be noted. In figs. 2 and
3, one observes the large decrease in k, and increasein
k4 at constant [K*] upon addition of Mg* ¥ into the
system. This is due to the competition between Mg*+
and repressor for DNA sites. The curvature in the log—
log plots in the presence of Mg*¥ is due to the fact
that the Mg**—DNA interaction is itself salt depen-
dent (eq- (32)). As a result, there is more effective
competition between repressor and Mg** at low salt
than at high salt, thereby depressing £, more at low

* In the absence of Mg™*, ka will not increase indefinitely as

eq. (342) would imply. An upper limit to k, can be estimated
from the expected diffusion-controlled association of repres-
sor to nonspecific DNA sites [35], using the relationship

k, =~ 4nDr,N % 1073, where D, the diffusion coefficient of
repressor, is approximately 5 X 10”7 cm? 57}, 7, the radius
of gyration of A DNA, is approximately 1.2 X %0"5 cm, and
IV is Avogadros number. This estimate yields an upper limit
for k, of 4 X 10'°M™ 571, which from eq. (34a) would be
the &k, expected in 0.09 M KCl with no Mg**. Hence if one
were to do experiments in the absence of Mg*™, one would
only expect to see the behavior described in eq. (34a) above
~0.1MK™
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Fig. 4. The dependence of the observed dissociation rate con-
stant for the lac repressor—operator interaction on the con-
centration of added KCl, at different Mg*"" concentrations.
(®) — Data of Riggset al. [8] in 0.01 M Mg**; (&) — Data of
Barkley et al. [9] in 0.003 M Mg™*. The smooth curves show
the predicted behavior in the various [Mg**], as a function of
added KCl, as calculated in the text.

[K™1, and increasing k4 more at low [K 1. with respect
to the situation in the absence of Mg*™"

In more recent kinetic expenments in buffer con-
taining 0.003 M Mg™*, Barkiey et al. [9] have examin-
ed the effect of [K*] on the dissociation rate con-
stants, kg, of the repressor—operator (Adlac) (RO)and
repressor—inducer-—operator {(R10) complexes. These
data provide a test of the analysis, since they were ob-
tained in buffer containing 0.003 M Mg**, rather than
the 0.01 MMg** RO daia obtained by Riggs et al. [8].
The RO dissociation data are plotted in fig. 4 along
with the 0.01 M Mg** data of Riggs et al. [8]. The
smooth curves are the predicted dependences oflog kg
on log [K*] in the presence of 0.003 M Mg**and
1.01 MMg*™, based on the dependence in the absence
>f Mg** (eq- (34b)), eq. (31) and a value of (" — #)
=2. The fit predicts with reasonable accuracy the de-
srease in k4 when [Mg*¥] is lowered from 0.01 MMg*+
0 0.003 M Mg**. The presence of Mg*™¥ therefore has
1 large effect on the magnitudes of the dissociation”
ate constants for RO complexes; the difference in the
ralues of k4 obtained by Riggs et al. [8] in 0.01 M

g** and Barkley et al. [9] in 0.003 MMg** can be

accounted for solely by the increased Mg** bingding to
DNA in 0.01 MMg*¥, at a constant [K¥]: The data of
Barkley et al. [9] on the dissociation of R10 also yield
(' — ) = 2 =1, which is consistent with the conclu-
sion that inducer binds to repressor at some position
other than the DNA binding site and eXkerts an allo-
steric effect on the repressor to cause induction [28].

It should be noted here that the correction for the
presence of Mg¥* in the RO system is a parameteriza-
tion; the best value for 7 being that which predicts
the best straight line in the absence of Mg*™. Our in-
terpretation of 2 has been that it is the number of
ionic interactions formed in a DNA-repressor interme-
diate before formation of the equilibrium complex.
As will be discussed in the next section, even if this
molecular interpretation is incorrect, the mathemati-
cal correction for the effect of the competing ligand,
Mg**, should still be valid. The predicted slope in the
absence of Mg** will remnain the same, but its molecu-
lar interpretation will depend on the mechanism used
to analyze the data. The agreement between our calcu-
laticns and the data of Riggs et al. [8] in 0.01 M Mg*™
{and variable KC1) and Barkley et al. [9] in 0.003 M
Mg*+ (and variable KCl) gives us confidence in our
ability to account for the effects of competing ligands,
such as Mg**, on the kinetics of protein-DNA inter-
actions. ‘

We have applied this same analysis to the RNA
polymerase-promoter dissociation kinetic studies of
Hinkle and Chamberlin [241, as recently revised by
Giacomoni [29]. After correction for the competitive
effects of the 0.01 M Mg** in the binding buffer [24],
a value of (' — 21) =612 is obtained from these data,
if a pre-equilibrium mechanism is assumed. The inter-
pretation of this result must await the determination
of the salt dependences of the association rate con-
stant and/or equilibrium constant for RNA poly-
merase-promoter binding.

4.2. Possible models for lac repressor—operator
association

There have been various proposals to explain the
observations that the lzc RO (Ah80dlac) association
rate constants measured by Riges et al. [8] are larger
than the apparent diffusion limit for association by
three-dimensional diffusion of two species the size of
lac repressor and operator. The original calculation
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[8], however, did not account for the large amount of
nonspecific DNA on Ah80dlac DNA molecules con-
taining the operator region. Two recent calculations
[2,3] have shown that inclusion of this nonspecific
DNA as a means of trapping repressor with subsequent
one-dimensional diffusion of the protein to the oper-
ator can qualitatively account for the large observed
k,. One complication is that-the experimental values
of k, were measured in the presence of 0.01 M Mg*™,
which, as shown previously, will reduce &, from its
value in only monovalent salt, if a DNA-repressor in-
termediate is involved in the association mechanism.
If the association mechanism is the same in the pres-
ence and absence of Mg™™, the values of , may be
even larger at a given salt concentration when only
KClis present in the buffer (cf. fig. 2 and the footnote
to eq. (34a)).

Another model which has been proposed by von
Hippel et al. [4] also uses nonspecific DNA as a means
of trapping the repressor. It has been proposed that
Iac repressor may contain two DNA binding sites [30—
321. If this is true, the repressor may sample various
sites on the DNA by direct transfer when a part of the
DNA chain contacts a second DNA binding site on re-
pressor and dislodges the protein from that part of the
DNA to which it was previously bound [4]. Bresloff
and Crothers [331] have invoked a similar transfer mod-
€l to explain thei- association kinetic data for the
ethidium cation--DNA interaction. This type of me-
chanism would alro enhance the observed rate con-
stant for RO association, although no quantitative cal-
culations have been made.

Our analysis canaot differentiate between these
two models, although we do provide supporting evi-
dence for the participation of a repressor—DNA inter-
mediate in the reaction. The inierpretation of the val-
ue of #n = 6 %2 jonic interactions formed in the associa-
tion intermediate is not clear to us. The most plausible
intermediate would seem to be a nonspecific DNA—
repressor complex. However, the nonspecific DNA-—
repressor binding mode has been shown to have 12%2
ionic interactions in its equilibrium complex [15,34].
A possible explanation is that this vaiue of 6 repres-
ents binding to only one of the two putative DNA
binding sites of repressor and that the association me-
chanism may be similar to the direct transfer model
proposed by von Hippel et al. [4], although there are
insufficient data to allow further speculation on this
point.

As mentioned in the previous section, the inter-
pretation of the slope of alog k,—log [M*] plot in
terms of the number of ionic interactions involved in
an association intermediate is strictly limited to a re-
action which involves a pre-equilibrium mechanism
and in which the entire salt dependence is that of the
equilibrium constant for formation of the intermediate.
The lac repressor—operator association reaction may
be more complicated than this. Although the method
of analysis presented here predicts the effects of the
competitive ligand Mg** on the RO interaction, the
behavior of log &, as a function of log [M*](in the ab-
sence of Mg**) predicted by this analysis may not
have an unambiguous molecular interpretation. For
example, Berg and Blomberg [3] have proposed a me-
chanism for the RO interaction involving initial non-
specific binding followed by one-dimensional diffu-
sion, coupled with dissociation and reassociation of
the repressor until the operator is located. The Berg
and Blomberg analysis [3] predicts that the salt depen-
dence of k,, is of the form

dlogk, dlogVKED

0 log [M*] o log [M*]
where K&Is) is the nonspecific association equilibrium
constant. It has been shown that KED has the follow-
ing dependence on monovalent salt concentration in

the absence of Mgtt[15]:

(2 1og KBD /3 1og M*]) = —1122.

This result, along with eq. (35) predicts that
(dlogk,/olog [MT1)=-55*1, (36)

for the RO association reaction if it follows the one-
dimensional diffusion model. Eq. (36) agrees quite
well with our estimation of (3leg k,/8log [M*])in
the absence of Mg*¥ (eq. (34))- Therefore, we cannot
make a choice beiween these two possible models, but
can only say that they both seem consistent with the
available data.

The calculations presented in this section on the
lac repressor—operator kinetics are intended primarily
to illustrate the use of salt dependences of rate con-
stants to analyze mechanisms. To understand the me-
chanism of the repressor—operator interaction, further
experiments must be performed. One important series
of experiments will be the measurement of (8 log &,/
8 log [M™1) in the absence of any competitive ligands

, 335
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such as Mg**. Also, as suggesied by Richter and Eigen
[21, &, should be detenmined as a function of DNA
chain length with operator-containing fragments. The
results of such studies might differentiate between the
direct transfer model, the one-dimensional diffusion
model, and three dimensional diffusion, if only one
mechanism is operative over the entire range of ionic
conditions and DNA molecular weights.
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