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The effects of monovalent and divalent cations on the bimolecuiar rate constant of the reaction of a positively charged 
&and with a nucleic acid polyanion are analyzed for two possible reaction mechanisms. One mechanism postulates that the 
association reaction occurs without intermediates, and that ion 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 analo_~ with the Bronsted-Bjerrum theory for the kinetics of interaction of low molecular weight 
ions. The second mechanism to be considered here postulates the existence of a ligand-DNA intermediate which is in rapid 
equilibti~ w&h the reactants (pre-equiliirium mechanism). Ion concentration effects on the association rate constants for 
the pz-equ&%fiirm 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. ka. will be a linear func- 
tion of the logarithm of the monovalent cation concentration, [Me] (in the absence of competition by divalent cations or 
anions). Knowledge of the salt dependences of ka and of the observed equilibrium constant Kobs of the ligand-nucleic acid 
interaction should nsually be sufficient to determine whether a screening-controlled mechanism or a pre-equilibrium mecha- 
nism is suitable to describe the process. If the association reaction can be described by a pre-equilii iam mechanism, the 
number of ionic interactions involved in the l&and-nucleic acid intermediate can be estimated. This analysis, extended to in- 
cIude the effects of divalent cations on screening or on the pre-equiliirium step, is applied to literature data on the salt de- 
pendence of the kinetics of the interaction of fnc repressor with Fat operator DNA. When the operator is present on bacterio- 
phage h DNA, the observed reaction kinetics are consistent with the formation of an intermediate repressor-DNA complex 
in a pre-equilihrium step. On the other hand, the kinetics of association of lac repressor with synthetic fat operator frag- 
ments may be an example of a screening-controlled reac:ion. 

1, Introduction 

The interactions of proteins with nucleic acids are 
being studied 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 a&3 role in controIling the fed concentration of 
regulatory proteins such as repressors and RNA poly- 
merase II]. 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 stabihty 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, Io- 
cates its specific DNA site. How is the protein able to 
sample DNA sequences in order to locate this site? 
There have been various suggestiorzs including one di- 
mensiond diffusion of the protein along the DNA Isi- 
tice 12.31 ar?d a direct transfer mechanism in wlhich a 
protein hating two DNA binding sites may be trans- 
ferred from one region of the DNA to another, with- 
out having to dissociate [4]_ 

In gene&, equiiibxicm binding constants for the 
interactions of proteins and other c&ionic ligands with 



nucleic acids show a large dependence on satt conoen- 
tmtion. This resu3ts from the re3ease of salt ions in the 
formation of tie &and-nucleic acid complex; a quan- 
titative ~nte~reta?3ou of the salt dependence in te_rms 
of the number of 30&c interactions in t3se equilibrium 
comp3ex has been developed [5,6]. The purpose ofthe 
present paper is to predict the effects ofsaft on t33e as- 
sociation rate constant for two possible meckmisms 
for the interaction of &arged &ands with nucleic 
acids, and to demonstrate that the experimenta deter- 
mination of the sa3t de~ende~~es of association (or 
dissociation) rate constants can be he3pful in ducidat- 
ing the mechanism of the reactiorp, 

The two reaction mechanisms considered are: 
1) a single-step association mecbatisrn, in whkh 

the salt dependence of the bimo3ecuXar rate constant 
rest&s entire3y from the screening effect oftbe ionic 
atmospheres about the reactants {a screening-con- 
trolfed mechanism); and 

2) an association mech~ism involving a ~ga~d-~u” 
&SC acid intermediate in rapid equilibrium w3tb the 
reactants (a ~re~q~~b~~ mechanism). 

The salt effect on the association rate ccmstant for 
the second me&as&m resrilts from screening &ma33 & 
feet) and the release of counterions previously bound 
io the DNA upon formation of the ~te~e~iate {large 
effect), These two mechanisms can be considered tobe 
the limiting cases of a genera3 &e&y-state treaiment 
of the association reaction. The rate Iknjtjng step in 
the scree~~g~o~t~~~~e~ mechanism is the initial en- 
cmmier of the reacting species. Thb screening-can- 
tro33ed situation is analogous to the Bronsted-Bjerrum 
treatment af tfre salt dependence of the kinetics ofin- 
temctlon of low molecuk weight ions [7& However, 
the po3ye3ectrolyte nature of the nucleic acid intxo- 
duces a functiona dependence of tie association rate 
constant k, (and also the dissoGiation rate constant 
k& on the ionic conditions which differs from that 
predicted and observed for tow mdecu3ar weight ions. 
For the polye3ectrolyte case, in the absence of corn- 
peting bgands {e.g., di~3ent cations, interacting anions), 
log ka and 308 kd are predicted to be linear ~unct3ons 
of ibe logarithm of the monova3ent cation comx%&m- 
&ion, &P J (or, equivatently, of the logarithm of the 
ionic strength, I). in contrast, for the filteract%ms of 
Iow moIecutar weight ions, log ka is a finear fuunction 
Of.@.. 

nation of an inntermediate in mpid equilibrium witi 
the reactants. Ibe rate 3imiting step is the formation 
of the stab3e product from this titermediate. This me- 
chanism serves as a rna~~rna~c~~ tractable altema- 
tive tothe s~~~~g~on~o~ed mechanism. Analysis 
of the data of Riggs et al. @I and 3artiey et al. 193 on 
the ion concentration dependen& of the kinetics of 
interaction of&c repressor with the tfcoperatox re- 
gion canied on phase h DNA, which we present here, 
indicates that this interaction can be described by ihe 
~re~q~b~um mode3. We show t3tat, in general, the 
salt denendenees of &and ka can be used to distin- 
gu&h between the two rnec~~i~s for a ligand-nu- 
cl&c acid inremction. Bie pre-equ33ibrium treatment 
presented here is sjmilar to tire pre-equilibrium anal- 
ysis of the effects of cations on DNA renaturation 
developed by ~a~~~g [3 03. 

2. ReM’ew of ion effects on 3~d-nuc3e3c a& 
equiE%ria 

The polyelectroiyte theory of Manning [I I,3 21 pre- 
dli-cts that if the mean axial charge density of a 3inear 
polyelect4yte, such as DNA, in f&e presence ofex- 
cess ~*-um*~ent sah o&y, is greatex titan a critical 
va3lue, then counterions (e.g. Ha”) witl condense along 
&he DNA backborre urztiz the net charge density is low- 
ered to this critical value 0 chargej7.1 A. in wa?er at 
25%). Under the$e condirions the extent of counter- 
ion condensation is theoretic&y determined solely by 
the ratio of the strucfural charge density to the critica 
charge density. The rest&s of a recent 2%4a nmr study 
by &demon et al, g333 indicate that the extent of 
sodium association with IXGA is constant over a wide 
mnge of NaCi concentrations (0.005 N-4.5 M) at the 
vallue pred%ted by the ~v~den~at3on model. After can- 
dens&ion the 3X%% is still hi@y. &aged. Interactions 
between the remaining unneutmhzed charges are 
screened by ion atmosphere formation by mobile ions. 

Record et aI_ [51 have defined $ as the fraction of 
a counterion ~e~od~a~~y bound per phosphate, 
where 9 is composed of both condensation, ec, and 
screening, fJtS, tesms. Mar,ning has ~I2owk f 1 I.] that the 
fraction ofa mooova3ent counterion condensed per 
phosphate, w3dch we ca33 x&, [Sf, is givan by 
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where $ = eZlekB; e is the charge on an electron, E 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 backbone. The screening effect of mobile 
ions on the unneutralized DNA charges is thermody- 
namically equivalent to the association of the addi- 
tional fraction $J, of a counterion with the DNA, per 
phosphate. The quantity #* is obtained from the salt 
dependence of the polyelectrolyte activity coefficient, 
yD , which is gken by [S ,6,12] 

log YD = -X$-l log icb, (2) 

where iV is the number of phosphate groups on the 
DNA molecule, b is defmed as above, and K is the 
Debye-Hiickel screening parameter, which is propor- 
tional to the square root of the ionic strength. In the 
presence of excess monovalent salt [5,6] 

g s = - (1 WJ (a logy@ log WI )T,pH = (2$)-l - (3) 

Therefore 9, the fraction of a monovalent counterion 
thermodynamically associated per phosphate, is given 

by 

9 = tic + Gs = 1 - (2Z)_‘. (4) 

The effect of monovalent ion concentration on the 
equilibrium between a charged &and and a nucleic 
acid has been analyzed by Record et al. [5,6]. When a 
charged ligand (protein), L, binds to a DNA molecule, 
D, and neutralizes m’ phosphates, m’+ monovalent 
counterions are released from ?he DNA. The observed 
equilibrium constant, I&,,, for the reaction 

defined as 

K o&j = [Lo] /IL] tD?, 

varies with counter-ion conccntraticn as 

(3 logK,,,/a log D$*] )T,pH = - m *rcI - W 

When the reaction OCCUTS in the absence of competi- 
tive anions or polyvalent cations, $ is a constant (0.8s 
for double stranded DNA [5,14]) and log Kobs is a 
linear function of log &I+] 151. Eq. (5) pertains if the 
interaction does nat result in a net release of ions from 
L. Ion retease from L js not considered in this cammu-. 
nication since our only application is to the lac repres- 
sor-operator interaction which (on the basis of our 

prior studies (15 ,163 ) can be treated adequately with- 
out including such effects. 

3. Theoretical 

3.1. Ion concentrcttion effects on screening-controlled 
reacrioj2s 

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 to 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 ordy 
effect of salt on the bimolectilar 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 concentraticn, resulting from 
screening effects alone. Converse!y, 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 l&and 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 171. The 
elementary reaction between a single ligand L and a 
polynucleotide D is assumed to be: 

where Kg is the thermodynamic equilibrium constant 
for formation of the callision complex C’ ) and x-f is 
the rate constant for formation of the stable product 
complex. We define C* to be a transient species in 
which L has penetrated the ionic atmosphere surround- 
ing D, but in which the m’ 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 them’ 
ionic interactions. KG is written in terms 6f activities, 
a, as 

KG = a$ /aLaD _ (7) 

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

d(Complex)/dr = - die’] /dt =?+[C’]_ (8) 

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

d(ComplexW = k&G [Ll [Dl T~T&Y~= _ (9) 

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

d(Complex)/dt = k, [L] [D] _ (10) 

By comparison of eqs. (9) and ;lO), the observed rate 
constant is seen to be 

ka = k&; YLY&Y~* - (11) 

We are interested in the dependence of k, on ion 
concentration_ We assume that kf is independent of 
counterion concentration, [M’], since otherwise by 
definition the association reaction would not be 
screening-controlled. Since KG is only a function of 
temperature and pressure, the ion dependence of ka 

is confined to the activity coefficient term. As we have 
already discussed [6], all factors in the ra?io yL~D/c+ 
should cancel except for the contributions from the 
reaction site of the ligand, 7L,site and the nz’ phos- 
phates which comprise the reaction site on the DNA. 
Incorporating this into eq. (11) yields: 

log k, = log k,, - ~.~‘+~log I + log yL,&e, (12a) 

where GS is the component of QJ attributable to the 
Debye-Hiickel screening effect (see eq. (3)). We have 
combined all salt independent terms in eq. (i2a) in ko_ 

In the presence of only monovalent cations, M+, the 
ionic strength I is equal to IM*] . 

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

(12b) 

In neglecting the contribution of yL,&. eq. (12b) can 
be considered only as a qualitatively correct expres- 
sion. That is to say, (a log ka/i3 log I) should be small 
for a screening-controlled association, since Q, is small 
(0.12 for double stranded DNA). However, it is quite 
possible that (a log yL,&/a log I) may be of compar- 
able magnitude to rn’$s and hence eq. (12b) may not 
be quantitatively correct. There is no available data on 
(a log yL,siteia log I) at this time. 

The observed rate constant for the dissociation reac- 
tion is kd = ka/Kobs, wher-3 Kobs is the observed equi- 
librium constant for the association reaction. From 
eqs. (12) and the salt dependence of Boas, in the ab- 
sence of divalent cations, as given in eq. (S), we con- 
clude that 

log kd = log kb + m’Q, log [M+] , 

and 

(134 

@log k&I log [M+]) = m’+=. (13b) 

The term -yL,si;e has again been neglected in eqs. (13). 
As stated above, the [M”] dependence of k, 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 k, and log kd 
are predicted to be linear functions of log [M‘] if 
(a log yL,tie/a log pv1’] ) is negligible. Furthermore, 
an increase in [Me] reduces the observed equilibrium 
constant, Kobs, y b both increasing k, and decreasing 
k, (the major effect is on kd)_ We note that for double 
helical DNA, in the presence of only monovalent salt, 
where tic = 0.76 and $s= 0.12, eqs. (12) and (13) pre- 
dict that the magnitude of (a log kd/a log [M+]) is ap- 
proximately six times that of (aTog k,/a log [M+] ) for 
the screening-controlled mechanism. Insofar as we are 
aware, no data for model compounds are available to 
test eqs. (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 k, on salt concentration should be observ- 
ed.-This result should be valid for any l&and (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 ‘Ihe 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]. 

It is important to contrast the predicted linear de- 
pendence of log ?c, and log ka on log [M’] for screen- 
ing-controlled &and-nucleic acid 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 k, are predicted to be linear func- 
tions of IID, 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 parameter, K; however, for linear 
polyelectrolytes, log -y is a linear function of log K [6, 
121. Furthermore in the case of low molecular weight 
ion association kinetics, the derivative, (a log k.J 

a I1p) is proportional to the product of the charges 
on the two associating ions [73. No corresponding 
product of charges appears in eq. (12) for the [M+] 
dependence of 7c, predicted for the screening-controlled 
association of an oligocation with a macromolecular 
nucleic acid. 

3.2. Ion co7zcentratio7z effects on rate consta7tts of 

reactions invoivirg an in?ermedia?e 

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

ICI 
L+D-I In 

kf 
C- n3 - LD. (Ia) 

The molecular reaction for formation of I, is written: 

KT,I 
L+Da In +n$M+, (15) 

+,I = [InI tM+l”‘/[Ll PI, (16) 

KT,I is only a function of temperature and pressure. 
The n$ counterions appearing in the preequilibrium 
of eq. (15) include the r&c counterions released by 
the formation of the inte_tidiate as well as the n+s 
screening counterions,.The latter are introduced, as in 
section 3.1, through the activity coefficient of the IZ 
phosphates in the DNA binding site (recall $ = $c + 
9,). The activity coefficients of the ligand L and ions 
M+ 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, [I,] (17) 

or, with the pre-equilibrium approximation for [I,], 

d [LD] /dt = krKT I/ [M+] n+ [L] [D] _ (18) 7 
From eq. (18) the experimentally observed rate con- 
stant, k,, is: 

k, = k,K,,,/ [M+] n*, (19) 

or 

log k, = log kg - 729 log EM+], W) 

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 iM*] dependence 
of k, is given by: 

(a log k,/alog [M+]) = -nl$. (21) 

Consequently this pre-equilibrium analysis predicts 
that, in the absence of competitive effects of anions 
or divalent cations, a log-log plot of k, versus [Mf] 
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)). 

As in section 3.1, the ion concentration dependence 
of the observed dissociation rate constant k, (for the 
pre-equilibrium 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- 

where 
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plex, and N ionic interactions formed in the interme- 
diate, then from eqs. (5) and (21) 

(alogx-,iaiog~+J)=(m’--n)~_ (22) 
If m’ > n, eq. (22) predicts that kd should increase 
with increasing w’]. This results from the reconden- 
sation of counterions onto the DNA upon dissociation 
of the charged ligand. 

From eqs. (21) and (22) one observes that if n > 
&mR, the ion concentration dependence of the associa- 
tion rate constant will be larger in magnitude than that 
of the dissociation rate constant_ [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. Relative magnitudes of ioz concentration effects 

on screening-controlled reactions and reactions 

invoZving intermediates 

For double helical DNA, in the absence of divalent 
cations, r$s = 0.12 and J, = 0.88 [5]. Consider the asso- 
ciation reaction of an oligocationic ligand with double 
hslical DNA. If the association step is screening-con- 
trolled, then (El log ?c,/S log wj]) = -0.12 m’, where 
m’ is the number of ionic interactions in the equilii- 
rium complex (cf. eq. (12)). On the other hand, if the 
association reaction proceeds by way of an interme- 
diate with n ionic interactions, then (a log k,/ 
a log [M+]) = -0.88 n (cf. eq. (21)). If m’ 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 
lia for a screening-controlled mechanism of association 
(eq. (12)). If the observed salt dependence substantial- 
ly exceeds tha; 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 cau be estimated from the experimental 
quantity (a log k,/a log [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 ?c, on [M+] if it associates purely by three dimen- 
sional diffusion, whereas a much larger dependence of 
/ba on [M+] should be seen if it associates with a specif- 
ic site via an intermediate_ (Other mechanisms in which 

conformational changes in the l&and 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 regulatory pro- 
tein. The association of a site specific protein with non- 
specific DNA (DNA containing no specific 5inding 

sites) should eArLbit only a small salt dependence of 
k, if the rate limiting step is three dimensional diffu- 
sion_ A comparison of (a log Tc,/a log [M’] ) 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 (a log k,/a log w’]) 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. i%e presence of Mg+‘affects ( 8 log k,/a log w” J ) 
for a screening-controZZed_associ&ion differentzy than 

for a pre-equiZibn~um mechanism invoiving 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 (a log X-,1 
i3 log [M+]), as well as on the magnitude of k,, 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 ka will be only 
the result of its contribution to the ionic strength; i.e., 
log k, is predicted to remain a linear function of log1 
This results from the dependence of the activity coef- 
ficient of the DNA on ionic strength_ The effect of 
addition of Mg* on the dissociation reaction of a 
screening-controlled system is obtained from the re- 
lationship kd = ka/Kobs, eq. (12a) and our previous 
treatment of the dependence of &.,, on m+] and 
mg**] [6,15]. The result is: 
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log k, = log k;, + m’Q, log fhP] + m’log S, 

where 

(23) 

S%+ (1 + (1 -k 4 Ktg- [Mg++] )lD), (24) 

(cf. discussion of eq. (29) belo&). Qualitatively, upon 
addition of Mg++ at constant w’], kd will increase 
dramatically. Furthermore, (a log k@ log [M+] )Mg++ 
will no longer be constant and will also be reduced in 
magnitude. The decrease in (a log ka/a log [M+)),,* 
is a result of the binding of Mg++’ to DNA in prefer- 
ence to M’ (however, Mg+’ does not bind infmitely 
more strongly than M+) so that when the ligand L dis- 
sociates, less M+ recondenses onto the DNA resulting 
in a smaller dependence of k, on [M+]. From eqs. (23) 
and (24) one observes that (a log kd/a log [M+] )hlg++ 
is a function of both m’] and [Mg++] (recall that 
&ig++ - ohs 1s also dependent on [M’] )_ Therefore in a 
mixed Na+-Mg++ buffer, it is quite possible t@at 

((alogkaialo8~il)h~g*i>l(alo8kd/ 
a log ~‘])hlO++l for a screening-controlled reaction, 
even though &is is not possible if M+ is the only 
counterion in solution. 

Eire-eq-Zi3ria involving an intermediate. h con- 
trast to the screening-controlied case, the effect of 
Mg++ on an associPtion reaction involving a pre-equi- 
librium is complex_ Qualitatively, this is the conse- 
quence of the competitive effect of M8+i on the for- 
mation of the pre-equilibrium complex. Here a quan- 
titative treatment of this effect of Mgf* 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 *he 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 [ 163 _ 

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, D,, regardless of its state 
of ligation by Mg+‘- 

d WI ldt = k, PI l-1 - (25) 
In secticns 3.1 and 32 we treated situations where 
there was no Mg+* or other competitive ligand in tke 

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 
Do. In section 3.1 and 3.2, Do = DT_ When Mg# is 
present in the buffer, D,, < DT, Because DT includes 
those sites with Mg++ ions associated with them 1163. 

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 ohserved 
reaction sequence is 

from which we can derive an expression for the ob- 
served rate constant k, (es_ (25)). Since the interme- 
diate species In is in equilibrium with reactants, this 
first step of the reaction, characterized by the equllib- 
rium constant KI, can be treated using equilibrium 
thermodynamics_ The analysis of this first step, there- 
fore, does not imply any mechanism for the forrna- 
tion of I,, but will enable us to extract the salt depen- 
dence of k, assuming that k, is independent of [M’] _ 
The tl,ermodynamic reactioti for formation of the in- 
termediate, I, is written as 

KT,I 
L+D,,m In +iz$/M+, (27) 

where 

+ = &I IM+l”+‘/ILl [D,j- 08) 

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

Zn expression for DT/Do in the presence of M%# 
has been obtained 16,161 from the Mgij binding poly- 
nomial, S, [19] on a per nucleotide basis, evaluated by 
the sequence generating function method [20,21]. 
The n phosphates on the DNA which are neutralized 
by the ligand L in the intermediate, I,, are all poten- 
tial sites for Mg++ binding. Each bound Mgi+ neutral- 
izes two phosphates so t&t the sites overlap [22] _ The 
intrinsic binding, constant for the Mg*-DNA interac- 
tion is Kk$r, which has an [hq’] dependence of its 
own [163_ From this analysis we obtain [6,16] 

[DT]/pOJ =+ [l+-(1i4K~~~~[Mg*+])‘/2]n_=Sn. 

(29) 
Eq. (29) is applicable when the distribution of M+ be- 
tween the free solution and the DNA lattice is per- 



turbed only by the presence of Mgi+ (i.e. at low bind- 
ing density of the associating I&and, L)_ This is the 
situation which exists for the ILK repressor-operator 
studies of Riggs et al. [S]. Substituting eq. (29) into 
eq. (28) one obtains an expression for [I,]. The re- 
mainder of the steps are identical to those outlined 
in section 32 and yjeld: 

logka=logko-nlogS-unQlog[M*]. (30) 

For a reaction occurring by a Rre-equilibrium me- 
chanism, eq. (30) indicates that log k, will no longer 
be a linear function of log w’] when Mg++ (or any 
competitive ligand) is present in the solution_ This is 
a consequence of the complex m*] dependence of S, 
and holds whether or not the [Mg*+ J 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 ?c, 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-l&and intermediate. If an inter- 
mediate is involved, modest increases of Mg*+ at con- 
stant [M+] should drastically reduce the magnitude of 
the observed ka, whereas only a slight decrease in k, 

due to an increase in total ionic strength should be ob- 
served for a screening-controlled association. 

An expression for the variation of kd with [Mi] in 
the presence of Mg++ can be derived for the pre-equi- 
librium mechanism by combining eq. (30) with the 
analogous expression [6,16] for the [M+] dependence 
of Ko,,, in the presence of Mg++. If there are &ionic 
interactions in the equilrbrium complex, then for the 
pre-equilibrium model one predicts that: 

log k,=logkb ~(nz'-2n)logS_t(m'-2n)~~og~+]. 

(31) 

where kb includes all salt independent quantities. 

4. Application to Inc repressor-operator kinetics 

4.1. 1012 comentratio22 effects022 t~2emtecoi2stu22?sof 

lac7ep7esso7-&emto7i12re7actions 

Kinetic data are available for only a few ligand-rru- 
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. &leas- 
urements on simple systems will be necessh 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 lac repressor with 
operator [8,9,23] and of E coli RNA polymerase 
with promoters [24,25]. All of these studies were per- 
formed in buffers contaimng Mg*‘, using the filter 
binding assay. 

The Zac repressor-operator interaction represents 
the only system in which both k, and k, have been 
determined as a function of ionic conditions [8,9,23]. 
Riggs et al_ measured k, and k, for the interaction of 
wild type luc repressor with the lac operator region of 
X hSOdlac DNA as a function ofKC1 concentration in 
the presence of 0.01 M Mg++. Barkley et al. [9] inves- 
tigated the dependence of kd for this system on KCI 
concentration in the presence of 0.003 M Mg+“+_ Re- 
cently, Goeddel et al. [23] have determined k, and kd 
for the interactions of wild type and a tight binding 
(X86) mutant of IQC repressor with synthetic lac oper- 
ator fragments containing little if any nonspecific DNA 
(21 and 26 base pair fragments). ihe Goeddel et al. 
[23] measurements were made in 0.01 M Mg+’ at two 
KC1 concentrations in the range investigated by Riggs 
et al. [8]. The approach outlined hr section 3 can be 
used to examine whether the salt 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 XhSOdlac DNA does sup- 
port some ideas which have already been proposed [2- 
4]. Our main purpose in considering these data is to il- 
lustrate the effects of monovalent and divalent cations 
on the rate constants of protein-nucleic acid interac- 
tions, and to demonstrate 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 1231 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 wiih increasing 

KC1 concentration. Since the operator fragments are 
so small and are not linked to any nonspecific DNA, 
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Fig. I_ The dependence of the observed association rate con- 
stant for the Inc repressoraperator interaction on the ionic 
strer@.h, I, of the solution (log-log plot). (0) - Data of Riggs 
et al. [S] - operator contained in hhSOdlac DNA; (0, A) - 
Data of Goeddel et al. (231 - operator fragments; (0) - 26 
base pair fragment, (A) - 21 base pair fragment. Both the 
Riggs et al. [S] and Goeddel et al. [23] data were obtained in 
buffers containing 0.31 hi Mg* (except for the Riggs et al. IS] 
point at I = 0.01 which contained 0.0033 hl hlg?; the ionic 
strength was varied by adding #Cl. 

the RO (fragment) association [23] may be an exam- 
ple of a screeningcontrolled association. We have 
plotted ic, for the wild type Zac repressor-operator 
(fragment) association measured by Goeddel et al. [23] 
as a function of ionic strength (log-log plot) in fig. 1 
(also shown in fig. 1 are the k, values from Riggs et al 
[S]). Two points suggest that the RO (fragment) as- 
sociation [23] is screening-controlled. First of all, the 
largest k, for the wild type repressor associating with 
either fragment at 0.05 ionic strength (10 mM Mg++, 
lOmMKCI,pH ‘7_4)is-2X 109M-1s-1 [23]. Under 

identical conditions, k, in the RO @hSOdlac) system 

PI is~7X109M-~s-~andincreaaesto>lO~oat 
lower ionic strength [S]. Goeddel et al. [23] point o-rt 
that *he measured ka for the RO (fragment) associa- 
tion compares well with the ?ca 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 dependence of ka in 
the wild type repressor-operator (fragment) system 
[23] is in agreement with our predictions for a screen- 
ing-controlled association. For wild type Iz, repressor, 
which has m’ = 8 + 2 [ 161, we predict (a log ka/a log I) 
z - 1 .O (cf. eq. (12b); recall that this neglects the con- 
tribution from ~~,~a and therefore is probably only 
correct to within a factor of 2). Unfortunately, ka was 
measured at only two ionic strengths [23] so we are un- 
able to determine if there is curvature in the iog k,- 

log I plot.From fig. 1 we calculate (a log k,/a log I) = 
-0.5, which is small (compare it with the Riggs et al. 

WI d a t a on RO (hh80dlac) 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 kd for the RO (fragment) system. Goeddel 
et al. 1231 observed that k, was more srnsitive to ionic 

strength than kd_ (Recall that the KC1 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, 1 (a log k,/ 
a log [hl’] )I can be greater than I (a log kd/a log [M’] )I 
even for a screening-controlled reaction, when Mg++ is 

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 k, in the presence of M+ and Mg++ 
to predict (a log k,/a log [M*] ) in the absence of Mg++. 
We used m’= 8, from our previous analysis of the equi- 
librium studies of Riggs et al. [26] on the luc repressor- 
operator system [16]. The use of eq. (23) as well as 
eqs. %9), (30) and (3 1) requires an expression for 
Kit! (which is itself a function of [M+] ). 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. 1161 for the Mg++-DNA interaction 
in the presence of 0.01 M Tris in which values of ictk%* 
were determined from equilibrium binding studies of 
the nonspecific interaction of ZQC repressor with DNA 
in the presence of Mg++_ The association equiligium 
constant for the Mg++--DNA interaction, Ki&! , fol- 
lows the equation 

log Kzb5* = - 1.74 log [NaCI J + 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 3_ From this anal- 
ysis, we predict that in the absence of Mg*‘, (a log k,f 
3 log [M’] ) = 5.0 for the RO (fragment) system. In 
the absence of Mg+‘, therefore, we predict that 
i (a log x-,/a log [W] ) I 4 I (a log k,/a i0g [W] )I for 
the RO (fragment) studies, since (a log k,/a log [M’J) 
for a screening-controlled association is not affected 
significantly by the presence of Mgf’ 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 J 
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 2 1 -base pair fragment should 
not be substantially different from those of poly- 
nucleotides. 

Goeddel et al_ [23] also measured ka for the X86 
lac repressor-operator (fragment) association. The 
magnitudes of Zc, for the X86-fragment association are 
lower than those for the wild type-fragment system at 
both ioniostrengths studied [23]. The differences in 
magnitude are difficult to explain. The measured val- 
ue of (a log k&3 log I) for the XS6-operator (fragment) 
is = - 1 .O_ Although (a log x-,/a log I) for X86 is ap- 
proximately twice that for wild type repressor, it is 
still qualitatively consistent with our predictions for 
screening-controlled associations. 

Having discussed the Zac 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. [S] data on wild type Zac 
RO (hh80dlac). In binding buffer containing 0.01 M 
M *+, Riggs et al. [8] have determined k, and k, for 
tht lac RO (Xh8Odlac) system as a function of FCl] _ 
They observed linear relationships between the loga- 
rithms of both k, and k, and the square root of the 
ionic strength, Z l/2, which we have represented by the 
empirical equations: 

lo g k a = -6.2 Z’f2 + 1 I? -, (33a) 

log k, = 23 Z1/2 - 3.7. (33b) 

Although a plot of log k versus Zw 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 33). We have plotted the association 
rate constants, k,, of Riggs et al. [S] as a function of 
ionic strength, Z (log-log plot) in fig. 1 where they can 
be directly compared with the Iac RO (fragment) asso- 
ciation data of Goeddel et al. [23] _ Three aspect of the 
Riggs et al. [S] data should be noted: 1) at 0.05 ionic 
strength, k, = 7 X 1 O9 M-is-l and increases to - 1.5 X 
IOlOM-l&at 0.01 ionic strength. These values are 
much too high to be explained by three dimensional 
diffusion of lac repressor to operator, especially since 
operator in XhSOdlac DNA is not capable of diffusing 
on the time scale of association; 2) there is substantial 
curvature in the log k,-log I plot of fig. 1 indicating 
that the Zac RO ( AhSOdlac) associatron is not screen- 
ing-controlled; 3) the salt dependence of k, in the 
Riggs et al_ [S] system is much greater than that of 
the Goeddel et al. [23] system. 

On the basis of the above, it seems possible that the 
lac RO (XhSOdlac) association involves a DNA-repres- 
sor intermediate_ We therefore have analyzed the RO 
kinetics measurements of Riggs et al. [S] using the pre- 
equilibrium model developed in sections 3.2 and 3.4. 
We assume that the Iac repressor forms an intermediate 
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 Mgi’ 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+’ [I $16 3 _ 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 Zac repressor-nonspecific DNA equilib- 
rium constants [ 15 3_ 

We have used eqs. (30) and (3 1) and the Riggs et al. 
[S] data to predict the monovalent ion concentration 
dependences of k, and k, of the lac RO (XhSOdlac) 
interaction, if the competitive ligand Mg++ were not 
present in the binding buffers of Ri K$-“t al. [S]. Eq. 
(32) for the [M’] dependence of Z&,5 was used in 
these calculations. 

The kinetics calculations were performed by pick- 
ing an integral value ofn, the number of ionic interac- 
tions formed in the intermediate, and calculating the 
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-log [KCI] 

Fig. 2. The dependence of the observed associarion rate con- 
stant for the lac repressor-operator interaction on the con- 
centration of added KCi. Data of Riggs et al_ 18 J 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 explained in the text. 

expected behavior I$’ each point from Riggs et al. [S], 
in the absence of Mg+*. This was done until a value 
for n was found which yielded the least deviation from 
linearity in a log k versus log @‘] plot. A value of $J 
= 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 (WI’-- n) = 2 for the dissociation 
data. These two values are consistent, as they must be, 
with the fmding that m’, the number of ionic interac- 
tions formed in the equiliirium repressor-operator 
complex has the value 8 F 2 [I 63. The predicted linear 
plots from this calculation are shown in figs. 2 and 3, 

along with the actual rate constants measured by Riggs 
et al. [8] in the presence of O-01 MMg+‘. The smooth 
curves through the Riggs et al. [S] data points were 
then recalculated using eqs. (30) and (3 1) and the pre- 
dicted linear behavior in the absence of Mg++. The 
predicred linear equations for the behavior of the re- 
pressor-operator rate constants as a function of [rc_I J , 
in the absence of Mg+* are given in eqs. (34)” 

log 7ca = -5281og [#“] -I- 5.13 (34a) 

log kd = 1.76 log B+] - 1.57. 

* Footnoie, see next coIumn. 

RO 
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Fig. 3. The dependence of the observed cfissociarion rate con- 
stant for the &c repressor-operator interaction on the con- 
centration of added ELCI. Data of Riggs et al. [8] obtained in 
the presence of 0.01 M hlg-. The smooth curves show the 
predicted behavior in the absence of hlg* and in the presence 
of 0.01 hl hlg*, as explained in the text. 

Some qualitative features of the [M+] dependences 
of k, and kd for the RO (hh80dlac) interaction IS] 
in the presence of Mg++ may be noted. In figs. 2 and 
3, one observes the large decrease in k, and increase in 
k, 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 im the log- 
log plots in the presence of Mg*+ is due to the fact 
that the Mg +I-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 k, more at low 

* In the absence of hlg*, k, will not increase indefinitely as 
eq. (34a) would imply. An upper limit to k, can be estimated 
from the expected diffusioncontrolled association of repres- 
sor to nonspecific DNA sites 1351, using the relationship 
k = 4nDr iV X 10W3, where D, the diffusion coefficient of 
Zpresaor, Ig, approximately 5 X 10 cm2 s-l, r 
of gyration of h DNA, is approximately 1.2 X f’ TZ,dEd 0 
N is Avogadros number. This estimate yields an upper limit 
forkaof4x10’0M-‘s-’ , which from eq. (34a) would be 
the ka expected in 0.09 hl KC1 with no hfg”. 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 
- 0.1 hf K+. 
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Fig. 4. The dependence of the observed dissociation rate con- 
stant for the Irrc repressor-operator interaction on the con- 
centration of added ?K1, at different Xg* concentrations. 
(0) - Data of Riggs et at. IS] in 0.01 hi F&g*; (A) - Data of 
Barkley et al. f93 in 0_003 5% h’lg? Tb smooth curves show 
the predicted behavior in the various [Mg*J, as a function of 
added KCI, as calculated in the text. 

[K’], and increasing k, more at low PC*], with respect 
to the situation in the absence of MS*. 

In more recent kinetic experiments in buffer con- 
taining 0.003 M Mg++, Bartiey et al. [St] have examin- 
ed the effect of m*] on the dissociation rate con- 

stants, kd, of the repressor-operator (Xdlac) (RO) and 
repressor-inducer-operator (RIO) complexes. These 
data provide a test of the analysis, since they were ob- 
tained in buffer containing 0.003 M Mg**, rather than 
the ODI M Mgf’ RO data obtained by Riggs et al. [Sj. 
The RO dissociation data are plotted in fig. 4 along 
with the 0.01 M Mg++ data of Riggs et al. [Sj. The 
smooth curves are the predicted dependences of log k, 

on log [K’] in the presence of 0.003 M Mg+” and 
3.01 M Mg+* based on the dependence in the absence , 
)f Mg+’ (eq. (34b)), eq. (31) and a tiue of (m’-- ?zj 
= 2. The Et predicts with reasonable accuracy the de- 
:rease in kd when [Mg”+] is lowered from 0.01 M Mg++ 
:o 0.003 M Mgi*. The presence of Mg+’ therefore has 
I large effect on the magnitudes of the dissociation- 
ate constants for RO complexes; the difference in the 
dues of kd obtained by Riggs et al. [Sj i;? 0.01 M 
vlgf* and Barldey et al. E93 in 0.003 M Mg+* can be 

accounted for solely by the increased MB++ binding to 
DNA in 0.01 M Mg++, at a constant [K+‘& The data of 
Barkley et al. 193 on the dissociation of RIO also yield 
(m’- n) = 2 i 1, which is consistent with the conclu- 
sion that inducer binds to repressor at some position 
other than the DNA binding site and ekerts an alio- 
steric effect on the repressor to cause induction [ZSJ. 

It should be noted here that the correction for the 
presence of Mg*+ in the RO system is a pammeteriza- 
tion; the best value for n being that which predicts 
the best straight line in the absence of Mg+*_ Our in- 
terpretation of n 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 figand, 
Mg+‘, should still be valid. The predicted slope in the 
absence of Mg+’ will remain 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. [Sj in 0.01 M Mg++ 
(and variable KCl) and Barkley et al. [91 in 0.003 hl 
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 1241, as recently revised by 
Giacomoni [29]. After correction for the competitive 
effects of the 0.03 M Mg++ in the binding buffer [24], 
a value of (m’- zz) e-62 2 is obtained from these data, 
if a pre-equilibrium mechanism is assumed. ?“he inter- 
pretation of this result must await the determination 
of the salt dependences of the association rate con- 
stant and/or equilibrili constant for RNA poly- 
merase-promoter binding. 

There have been vatious proposals to explain the 
observations that the ZQC RO (XhSOdlac) association 
rate constants measured by mggs et al. [S] are larger 
than the apparent diffusion Emit for association by 
three-dimensional diffusion of two species the size of 
lac repressor and operator, The o&ginal calculation 
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[Sj , however, did not account for the large amount of 
nonspecific DNA on Xh8Odlac 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 &an qualitatively account for the large observed 
ka_ One ~omp~ca~on is that-the experimental values 
of k, were measured in the presence of 0.01 M Mgi+, 
which, as shown previously, will reduce k, 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 Mgi’, the values of ka may be 
even larger at a given salt concentration when only 
KC1 is 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 
Inc 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 [33,‘I have invoked a sirmlar transfer mod- 
el to explain the%- association kinetic data for the 
ethtidium cation-DNA interaction. This type of me- 
chanism would Go enhance the observed rate con- 
stant for RO association, although no quantitative cal- 
culations have been made. 

Our analysis camtot 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 interpretation of the val- 
ue ofn = 6 5 2 ionic 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 i 2 
ionic interactions in its equilibrium complex [ 15,341. 
A possible explanation is that this value 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 a log ka-log [Mi] 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 fire repressor-operator association reaction may 
be more complicated than this. Although the method 
of analysis presented here predicts +he effects of the 
competitive ligand Mg+’ on the RO interaction, the 
behavior of log k, 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 reassocia:ion 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 

a log k, a 1% JKZ? 
=-- 

a log [M+] a log [M+] ’ 
(351 

where Kg: is the nonspecific association equilibrium 
constant. It has been shown that K,$y has the follow- 
ing dependence on monovalent salt concentration in 
the absence of Mg+* [ 151 I 

(a log i@$t/i3 log [M’] ) = - 11+ 2. 

This result, along with eq. (35) predicts that 

(36) 

for the RO association reaction if it follows the one- 
dimensional diffusion model. Eq. (36) agrees quite 
well with our estimation of (a log k,/a log [M’] ) in 
the absence of Mgi+ (eq. (34)). Therefore, we cannot 
make a choice between 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 
luc 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 (?I log k,f 

a log [M*j ) in the absence of any competitive ligands 



such as Mg ++_ Also, as suggested by Richter aad Eigen 
[2], k, should be determined as a function of DNA 
chain length with opelator-containing fmgments. 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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