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Abstract 

A model is proposed for the binding of E. coli single strand binding protein (SSB) to supercoiled DNA. The basic 
tetrameric binding units of SSB are assumed to bind in pairs to the complementary single strands of a locally melted 
region. The cooperativity of the binding includes contributions from both protein-protein and base-pair stacking 
interactions. Each bound SSB tetramer is assumed to unwind 1 = 34 bp, which implies an unwinding angle of 3.27 
turns. The resulting loss of superhelical strain is the essential driving force for binding SSB to supercoiled DNAs. All 
molecular parameters entering into the theory are estimated from available data, except for the composite binding 
constant (K,), which is adjusted to best-fit the theory to the fluorescence quenching (FQ) and diffusion coefficient 
(D,) data of Langowski et al. Very good fits are obtained with optimum values of K, that are consistent with 
estimates from other data. This binding model predicts several noteworthy features. (1) SSB binds essentially always 
in a single contiguous stack on a supercoiled plasmid, and relative fluctuations in stack length are quite small, in 
agreement with results of electron microscopy studies. (2) The progressive loss of superhelical strain with increasing 
bound ligand decreases the affinity of the DNA for SSB. This anti-cooperativity offsets the cooperativity of the 
binding and causes apparent saturation of the binding at rather low binding ratios. Consequently, over the limited 
span of the measurements, the FQ data can also be satisfactorily fitted by a non-cooperative model comprising a 
small number of independent sites. (3) When SSB binds to a population of different topoisomers, the distribution of 
linking differences of the resulting complexes is extremely narrow. Thus, SSB acts to level any differences in 
superhelical strain in a population of topoisomers. Finally, the effects of restricting binding to a region comprising 
only part of the plasmid are assessed. 
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1. Introduction 

E. coli single-strand binding protein (SSB) is a 
well-known helix-destabilizing protein that is able 
to denature linear double-strand DNA at low 
concentrations (G 10 mM) of 1 : 1 salt [ll. How- 
ever, at NaCl concentrations of 50 mM or greater, 
SSB binds tightly and cooperatively to single- 

strand DNA, but shows no detectable binding to 
double-strand linear or nicked circular DNA [l- 
41. SSB exists in solution as a stable tetramer of 
subunits with monomer molecular weight, M, = 
18873 [S]. Indeed, the tetramer is so stable that 
studies of wild-type monomer binding to single 
strand DNA are currently not feasible [6]. In 
complexes with homopolydeoxyribonucleotides, 
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SSB exhibits multiple binding modes that differ 
in binding site size (bases/SSB tetramer), coop- 
erativity, and appearance in the electron micro- 
scope [7-101. SSB performs important functions 
in DNA replication, repair, and recombination 
[8,11-141. 

SSB binds to supercoiled DNAs at moderate 
salt concentrations, where binding to linear and 
nicked circular DNAs is not observed [4,15]. The 
binding of SSB to supercoiled DNAs exhibits 
several interesting features, for which no even 
qualitatively satisfactory theory has been pre- 
sented. 

(1) Binding of SSB to supercoiled pcDm506 
was studied by crosslinking the bound protein 
with glutaraldehyde and examining the products 
by electron microscopy (EM) [4]. The SSB-DNA 
complexes exhibited an open configuration with 
very little evidence of residual supercoiling, in 
contrast to the naked native plasmids, which ap- 
peared to be highly supercoiled and exhibited a 
rosette type of tertiary structure. Within each 
SSB-plasmid complex there existed only one 
‘melted’ region in which the separated individual 
strands complexed with SSB were visible. The 
length of the open region was reported to be 
nearly the same in all of the plasmids examined. 
Crosslinked SSB-pcDm506 complexes were also 
linearized by EcoRI before EM. Evidence for 
preferential binding to two different regions was 
discussed, although those preferences were evi- 
dently not absolute. These results, if not artifac- 
tual, imply three conclusions. 

(9 SSB binds to supercoiled DNA in a highly 
cooperative manner in a single stack at only one 
site, though not necessarily at the same site on 
every DNA. Moreover, the dispersion of the stack 
lengths is quite small. 

(ii) A substantial fraction of the superhelical 
turns are removed by SSB binding. 

(iii) Certain regions of a supercoiled molecule 
may bind SSB more readily than others. 

(2) The binding of SSB to supercoiled pBR322 
DNA was studied by ‘reverse titration’ of the SSB 
fluorescence, which is quenched upon binding to 
DNA [15]. The experimental conditions were 50 
mM NaCl, 20 mM phosphate, pH 7.4, at 40°C. 
The fluorescence quenching (FQ) data were fit- 

ted to several simple models, of which an inde- 
pendent site model with 10 independent sites and 
an intrinsic binding constant K, = 2.6 x 10’ M- ’ 
gave the best fit [15]. This observation apparently 
contradicts the highly cooperative single-stack 
binding that is evident in EM. It was suggested 
that the cooperative binding of SSB might be 
significantly offset by the anticooperativity associ- 
ated with the reduction in superhelical strain, 
thereby yielding apparent ‘agreement’ with an 
independent site model with a modest number of 
sites over the limited span of the data [15]. A 
primary objective here is to propose a specific 
model of SSB binding and to demonstrate quanti- 
tatively that the apparent contradiction can be 
resolved in the suggested manner. 

(3) Dynamic light scattering (DLS) curves of 
DaPP versus K* were measured for solutions con- 
taining the same DNA concentration, but with 
different numbers CL!) of added SSB per plasmid 
[15]. The experimental conditions were 0.1 M 
NaCl, 10 mM Tris, 1 mM EDTA, pH 7.2, at 21°C. 
D, (the average value of DaPp at 0 = 30”, 40”, 50 
for A = 632.8 nm) decreased sharply in the region 
0 =G u G 4 and appeared to saturate at L’ = 8-10. 
The observed 18% decrease in D, far exceeds 
any possible contribution of SSB to the hydrody- 
namic drag, and was assigned to a global change 
in the tertiary structure of the plasmid. Dplat (the 
average value of DaPP at 0 = loo”, llo”, and 120 
at A = 351.1 nm) showed corresponding changes 
in the opposite direction, and leveled off at un- 
precedentedly high values. Co-plots of Dapp ver- 
sus K 2 for u = 0, 3, and 10 displayed an appar- 
ent isosbestic point. From these observations, the 
following inferences were drawn. 

(il A change in tertiary structure occurs when 
SSB binds, and at large u the final structure is 
sufficiently unwound or reorganized that internal 
interference acts to significantly enhance D,,,, 
1161. 

(ii) The saturation behavior indicates that ei- 
ther the effective SSB binding constant decreases 
rapidly with increasing c’, or that essentially no 
further changes in tertiary structure that signifi- 
cantly affect D, or Dplat occur beyond u = 8-10, 
or both. 

(iii> The apparent isosbestic point suggests that 
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only two main kinds of hydrodynamic species 
exist in solution, namely free plasmids and com- 
plexes, and that either the binding itself or its 
effect on the tertiary structure is largely all-or- 
none. 

(4) Time-resolved fluorescence polarization 
anisotropy (FPA) measurements of intercalated 
ethidium revealed that SSB binding caused a 
decrease in the torsion constant by a factor of 0.6 
at 11 = 15, although it remained essentially uni- 
form [15]. Experimental conditions were the same 
as in 3 above. 

(iv) This observation implies that by L’ = 15 an 
extensive change in secondary structure has oc- 
curred to an alternate form with substantially 
reduced torsion constant. The observed uniform- 
ity argues that this decrease does not arise from 
several separate rigidity weaknesses at well dis- 
persed SSB binding sites. However, if the SSB is 
bound in a single stack as implied by the EM 
studies, then no rigidity weakness, however small, 
at that point could significantly affect the overall 
torsional rigidity of so long a DNA. Hence, this 
decrease must be ascribed to a change in sec- 
ondary structure of pBR322 that extends far be- 
yond the SSB binding site. Similar decreases in 
the torsion constants of supercoiled pBR322 
DNAs relaxed by ethidium or chloroquine were 
also observed under conditions where the torsion 
constants of the corresponding linearized species 
were unaffected by ethidium or chloroquine bind- 
ing [17,18]. 

Any complete theory must account for conclu- 
sions (i)-(iv) above. However, our objectives here 
are more limited, namely to develop a model for 
SSB binding based on the standard model of 
supercoiled DNAs, in which the secondary struc- 
ture remains simply strained B-helix except for a 
melted region at the site of SSB binding, and to 
examine its predictions in regard to the fluores- 
cence binding curve, the curve of D, versus U, 
the cooperativity of the binding as manifested in 
the distribution of bound SSB, the apparent satu- 
ration of the binding, and finally the distribution 
of effective linking differences in the region c’ = 0 
to L’ = 10. We also endeavor to understand the 
largely all-or-none effect of SSB binding on the 
DLS experiments. In this work we make no at- 

tempt to account for the particular tertiary struc- 
ture responsible for the anomalously large value 

of &it or for the alternate secondary structure 
responsible for the reduced torsion constant, or 
for any effect of such structures on the twist 
energy parameter (E,) that governs the free en- 
ergy of supercoiling. Large uncertainties in the 
experimental input parameters preclude a precise 
quantitative prediction with no adjustable param- 
eters. Instead we seek a qualitative and semi- 
quantitative understanding of the nature of the 
binding predicted by this simplest model. 

The outline of the paper is as follows. We first 
describe the basic model for SSB binding and 
then present the pertinent statistical mechanical 
theory for SSB binding to supercoiled DNAs. 
Estimates of the relevant input parameters are 
then presented. The additional assumptions and 
theory needed to simulate the FQ and D, results 
are presented next, and the protocols used to 
adjust the composite binding constant to fit each 
of those experimental data sets are described. 
The best-fit results obtained under the assump- 
tion that the population of plasmids consists of a 
single topoisomer are presented first. Then, best- 
fit results obtained under the assumption that the 
population of plasmids consists of a distribution 
of topoisomers are discussed. The best-fit com- 
posite binding constant is compared with the 
value estimated from available data in the litera- 
ture. The nature of the binding is examined, 
especially in regard to the apparent saturation at 
comparatively low binding levels, the number of 
stacks in a given topoisomer, and the distribution 
of final effective linking differences or superheli- 
cal strains. In addition, the effects of restricting 
binding to a particular region of more easily 
melted DNA are investigated. Finally, the poten- 
tial functional significance of these aspects of 
SSB binding is discussed. 

2. Model of SSB binding to DNA 

The proposed model for SSB binding to DNA 
is depicted in Figs. 1 and 2. Strictly for conve- 
nience we imagine that the binding occurs in 
several stages. 
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AG1 =-I kbTlnS-kbTln aM a 

Fig. 1. Schematic illustration of the binding of a pair of SSB 
tetramers to a DNA molecule. SSB tetramers are required to 
bind in pairs to the complementary single-strands of a melted 
region of DNA whose minimum length is 1 base-pairs. The 
free energies for the opening and binding steps are indicated 
in the figure. 

(1) Initially, free SSB and DNA exist sepa- 
rately in solution. 

(2) A region of DNA containing 1 consecutive 

A&3=-2kbTln o+kbTln a~ 

Fig. 2. Schematic illustration of cooperative interactions be- 
tween two bound SSB pairs. The free energy change when 
non-adjacent bound pairs become nearest-neighbors arises 
from protein-protein interactions along the single-strands and 
the gain of an extra base-pair stacking interaction, as indi- 
cated formally in the figure. 

base-pairs melts to the open state. The standard 
free energy change for this step is 

AG, = -lk,T In s’- k,T In uILI, (1) 
where g is the equilibrium constant per base-pair 
to form melted (or open) strands from DNA 
duplex, and uM is the cooperativity parameter for 
DNA melting. 

(3) SSB tetramers (the basic binding units) 
bind in pairs, one to each complementary strand 
of the melted region. The standard free energy 
change for this step is 

AG, = -2k,T In K,, (2) 
where K, is the intrinsic equilibrium constant for 
binding a tetramer to one of the two complemen- 
tary single-strands of the melted region. 

(4) When two SSB pairs that are bound to 
separate melted regions of the DNA move to- 
gether to form a single ‘melted’ region containing 
four SSB tetramers in a single stack, the standard 
free energy change is 

AG, = -2k,T In o + k,T In uM, (3) 
where w is the tetramer-tetramer cooperativity 
parameter for binding to single-strand DNA. (TV 
occurs here with a positive sign, due to the elimi- 
nation of two junctions between duplex and open 
regions or, equivalently, to the gain of one extra 
base-pair stacking interaction, when the two 
melted regions fuse. 

We do not explicitly include the (unknown) 
effects of interactions between tetramers bound 
to the two different DNA strands. The standard 
free energy changes ascribed to binding and 
stacking of SSB-tetramer pairs can be written as 

AGbind = AC, + AG, = -k,T In Ki, (4) 

AGstack = AG, = -k,T In S2, (5) 
wherein the composite constants 
K = K 51&r/2 

0 

s a= wa,lP, 

M 9 (6) 

(7) 

have been introduced. Kz is the effective equilib- 
rium constant for binding a pair of SSB tetramers 
to relaxed duplex DNA in the absence of cooper- 
ative interactions and S2 is the effective equilib- 
rium constant for the coalescence of two SSB 
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binding regions to form a single stack of bound and stacking factors containing S depend on the 
pairs of SSB tetramers. number (n, = 2n,,) of individual bound SSB. 

This model does not admit preferential bind- 
ing of SSB to specific regions of the plasmid. This 
possibility is considered subsequently. 

The basic binding unit in our model is the SSB 
tetramer, which is also the prevailing species in 
solution. Henceforth, we adopt the convention 
that the symbol SSB always refers to the te- 
tramer. 

3. Theory for binding SSB to supercoiled DNA 

Binding isotherms derived by the simple maxi- 
mum term method are not applicable in the case 
of SSB binding to supercoiled DNAs for the 
following reasons. Such maximum term methods 
apply only when the average number of bound 
ligands is large and the uncomplexed DNAs con- 
stitute a negligible fraction of the total. The bind- 
ing of SSB to duplex supercoiled DNAs is driven 
largely by its reduction of the prevailing superhe- 
lical strain. The large unwinding angle of a pair 
of SSBs (3.27 turns) causes a rapid decrease in 
affinity of the DNA-for additional ligands, so the 
binding apparently saturates at relatively small 
numbers of bound SSB. Binding to any single 
topoisomer then exhibits substantial ‘all-or-none’ 
character, so that a significant concentration of 
uncomplexed topoisomers coexists with the ‘fully’ 
complexed topoisomers over most of the ob- 
served range. Thus, it is necessary to evaluate the 
grand partition function, as indicated below. 

Each topoisomer, denoted by C(i), is regarded 
as a circular lattice of N identical sites with a 
particular linking difference in the absence of 
bound ligand, namely AL(i) = i - I,, where i is 
the linking number (number of turns of one strand 
around the other) and I, is the intrinsic twist. 
Although the linking number i is used to label 
the topoisomer, in fact only AL(i) is normally 
known from experiments. Since the superhelical 
strain free-energy depends only on AL(i), rather 
than i, the subsequent calculations of various 
properties of interest can be, and are, carried out 
using AL(i) without explicit knowledge of i. 

Each pair of SSB molecules that binds to the 
lattice precludes binding to 1 adjacent sites. The 
reaction for n, = 2n2, Iigands, or nza pairs of 
ligands, to bind to fixed sites on complementary 
strands of the empty lattice C(i) to form a partic- 
ular complex denoted by C,Ci, nza), where I 
specifies the arrangement or configuration of 
bound ligands, is given by 

C(i) + 2nzau = C,( i, nza) (8) 
wherein a denotes an SSB molecule. The solution 
is assumed to be sufficiently dilute that each 
solute component obeys Henry’s Law, 

~CL,=~~+kBT In c, (9) 
where c, is the molarity of species X. 

3.1. Concentrations of complexes and average 
numbers of bound SSB 

The development here is closely related to 
previous treatments [l&19]. The major differ- 
ences are that in the case of SSB binding the 
ligands bind in pairs, occupy many (I) consecutive 
lattice sites, and interact cooperatively with one 
another. One consequence of these differences is 
that the configurational degeneracy factors in the 
configuration sum (defined below) and the super- 
helical strain reduction factor in the partition 
function depend on the number (n,,) of pairs of 
bound SSB, while the association factors (c,K,) 

We assume that the difference in standard 
state chemical potentials for reaction (8) is equal 
to the sum of (1) the free energy change due to 
loss of superhelical strain, denoted by A&AL(i), 
nza) (2) the standard free energy change upon 
binding nza pairs of SSB to an unstrained lattice, 
namely nzaAGbind = -n2,kBT In K:, and (3) the 
standard free energy change due to cooperative 
interactions between bound ligands, denoted 
by pJn,,J AGstack = -p,(n,,)k,T In S*, where 
pJ(n2,) is the number of nearest-neighbor con- 
tacts among the nz, pairs of ligands in configura- 
tion J on the lattice. That is, 

PoC,(i, nza) - P&i) - 2w.G 

= AA(AL(i), nZa) - n2,kBT In Ki 

-p,(n,,)k,T In S2. (10) 
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The free energy change due to loss of superhe- 
lical strain was derived previously [18,191 and is 
given by 

wherein E, is the twist energy parameter, @ is 
the unwinding angle per pair of bound SSB in 
turns, and n:,(i) = -(i - 1,)/Q. Eq. (11) is pred- 
icated on the assumption that the supercoiling 
free energy varies quadratically with linking dif- 
ference from zero up to native values. Recent 
studies of ethidium binding in this laboratory 
demonstrate such behavior for ~306 DNA [20], 
but indicate considerably more complex behavior 
of pBR322 due to structural transitions induced 
by superhelical stress in that DNA [21]. Neverthe- 
less, we assume ideal quadratic behavior for this 
calculation. A second important assumption en- 
tering into Eq. (11) is that the torsional rigidity of 
the complexed regions is not substantially lower 
than that of the duplex regions. Given the consid- 
erably enhanced mass per unit length of the 
complexed regions and the strong cooperative 
interactions among the stacked proteins therein, 
this is not unreasonable. Certainly, the EM pic- 
tures reveal no tendency of superhelical strain to 
accumulate in the complexed regions, as would 
be expected for a substantially softer torsion con- 
stant. If the complexed regions were significantly 
stiffer than normal duplex DNA, that would in- 
troduce no significant error into the results for 
any circumstance in which only a small fraction of 
the lattice is complexed, as is the case for SSB 
binding to supercoiled DNAs. This circumstance 
arises, because the ouerall bending constant, or 
torsion constant, for a linear sequence of springs 
is the reciprocal of the sum of the inverses of the 
individual spring constants. Thus, if the spring 
constants are initially essentially uniform, then a 
sufficiently large decrease in the spring constant 
for one or more individual springs could cause a 
substantial decrease in the overall bending con- 
stant, or torsion constant, but no increase in 
spring constant, however large, of only a small 
fraction of the springs could have an appreciable 

effect. In arriving at Eq. (11) we have also ne- 
glected several very small terms, including those 
arising from fluctuations in twisting and bending 
at constant net writhe (or net twist), fluctuations 
in net writhe (or net twist), and closure con- 
straints for the circle [19]. 

At equilibrium for reaction (8), 

PC(i) + 2n2apa = pC,(i,n,,) (14 

After substituting Eq. (9) into (12), rearranging, 
and making use of Eq. (lo), one has 
c Cdixb) ~ = [(C,Ka)*]“2a 

C C(i) 

Xexp[ -AA( n,,)/kJ] 
x s*PJh) 

, (13) 
where c, is the concentration of free SSB. Sum- 
ming over all possible configurations, J, and then 
summing over all numbers n2a > 1 of bound SSB 
pairs yields the ratio of the concentration of all 

. . complexes of species I with nZa , > 1, denoted by 
~~(~,~~,~i), to that of free C(i), 

‘C(i,n,, 3 I) 

‘C(i) 

= .y, [ (C,K.y] nza 

Za - 

xexp[ -AA(AL(i), n,,)/kJ] 

xcs 
2PJ(“d 

= GPF( i) (14) 
where the grand partition function GPF(i) i, de- 
fined as the sum on the r.h.s. of the first line of 
Eq. (14). It can be written more compactly as 

GPF(i) = y [(c,~,)*]“*” 
n 2a=i 

Xexp[ -AA(AL(i), n,,)/kJ] 
xWn*a), (15) 

wherein the configuration sum, which is indepen- 
dent of AL(i) and superhelical strain energy, is 
defined formally by 

(16) 

and given explicitly in Eqs. (21)-(25) below. 
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The conservation condition for topoisomer 
C(i) is 
ctot = 

C(i) CC(i,Q > 1) + CC(i) 7 (17) 

where c:[~~ is the total concentration of all species 
containing topoisomer i. cP[~~ is given in terms of 
the total plasmid concentration c? by Eq. (27) 
below. Combining Eqs. (17) and (14) then yields 
the total concentration of complexes of SSB with 
C(i), 

‘a ‘C(i,nl, z I) = ‘C(i) GPF(i)/[l + GPF(i)]. (18) 

The average number of bound SSB pairs per 
complex of topoisomer C(i) is given by 

(nz,(C< i, n,, 2 I))) 

= (l/GPF(i)) nzl n,,[ (cJL)z]“2” 

xexp[-AA(AL(i), n,,)/kJ]W(n,,) 

(19) 

and the average number of nearest-neighbor 
pair-pair contacts per complex of topoisomer i is 
given by 

(e,(C(i, nZa a I))) 

= (P.+,,))i 

= (S/2)[1/GPF(i)]aGPF(i)/%. (20) 

Eqs. (X3-(20) express the relevant quantities 
for each topoisomer in terms of its grand parti- 
tion function GPF(i), which is evaluated directly 
from Eq. (15) with the help of Eqs. (11) and (21) 
(below). 

3.2. The configuration sum in GPF 

An expression for the configuration sum 
(W(n,,>> for ligand binding to circular lattices 
was presented by Reiter and Epstein [22]. This is 
adapted to the present model of pair binding to 
give 

cmax 
Wb) = C 

f! (n2, - W 
,=,,,,c!(f-c)!‘(n,,-c)!(c-l)! 

x [ S2]“7 (21) 

wherein 

f=N-n,,l (22) 

nZa, for fan,,, 
Cmax = f, for f <n2a (23) 

(24) 

(25) 

In Eqs. (21)-(251, f is the number of free lattice 
sites, and c is the island cluster index. An island 
cluster is defined as a group of contiguously bound 
ligands with at least one free lattice site on the 
right. The cluster index is simply the number of 
clusters on the lattice. The first combinatorial 
factor is the number of permutations of c island 
clusters and f free sites subject to the constraint 
that every cluster must have a free site on its 
right. Notice that the first combinatorial factor 
does not depend on the number of lattice sites 
covered by any particular cluster. All clusters are 
considered to be equivalent in the first factor, 
regardless of the number of ligands that comprise 
the cluster. The second combinatorial factory is 
the number of ways to choose c island clusters 
from n2, ligands. The factor I_L is the sliding 
degeneracy or the number or ways to form any 
unique pattern of clusters plus free sites on a 
circular lattice of length N. n2a - c is the number 
of pair-pair contacts. S2 is the equilibrium con- 
stant for cooperative interactions per pair of SSB. 
The summation runs from the minimum to maxi- 
mum number of island clusters with n2a bound 
SSB pairs. We note that Eq. (21) is not defined 
for f = 0. This circumstance does not arise here, 
because 1 is taken to be even, and N = 4363, so 
N/l is non-integral. 

The validity of Eqs. (21)-(25) was thoroughly 
checked by calculating GPF for non-supercoiled 
lattices according to Eq. (15) with AA = 0 and 
comparing with results of the matrix method. 
Perfect agreement is achieved at the level of 
numerical precision of the computations. In addi- 
tion, a matrix formulation applicable for small 
values of @ was developed from a Taylor series 
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expansion of AA about (n,,(C(i> 2 l))), with 
retention of just the constant and linear terms in 
n,,. Very good agreement with results of Eq. (15) 
again confirms the validity of Eqs. (21)-(25). 

3.3. The topoisomer distribution 

The fractions of topoisomers with different 
linking differences in the native population are 
assumed to be given by 

f = em{ - i%WW - ALW12) 
I 13 . (26) 

;fi exp( -2wW) - Aw412) 

where AL(m) is the linking difference of the 
most probable topoisomer. The allowed linking 
differences are AL(i) = AL(m) +j, j = 0, 1,. . . ,6. 
The width of this distribution is about twice that 
of a normal thermal distribution (for E, = 10001, 
and is typical of native DNA preparations. The 
total concentration of the ith topoisomer is then 

cp($ =f$Ft, (27) 

where cp is the total concentration of super- 
coiled DNAs. 

Each experimental condition to be analyzed is 
indexed by the subscript q, q = 1, 2,. . . , Q, where 
Q is the total number of experiments of a particu- 
lar kind (FQ or DLS). In each experiment, the 
total supercoiled DNA concentration ((cpt>,>, the 
total SSB concentration ((Cam>,>, and the ratio 
(tiq = (c;>,/(c~>,> are known. Making use of 
Eqs. (26) and (27) then yields all of the to- 
tal topoisomer concentrations ((c$~$,) for each 
experiment. Calculation of all the GPF(i), 

cC(r.n ,,,> ,), (n,,(C(i, nza a l))), and (p,(C(i, n2a 
a 1))) for each topoisomer in a given experiment 
by Eqs. (15) and (18)-(251 requires numerical 
values for several molecular parameters, namely 
N, K,, S, AL(i), E,, 1, and @, which are dis- 
cussed below, and also values for two additional 
prevailing experimental parameters, specifically 
the temperature (T) and free ligand concentra- 
tion ((c~>,>. Although T is precisely known, (~~1, 
was not measured, so must be calculated from 
(cF)~, by taking account of conservation of SSB. 

3.4. Conservation of SSB 

The ratio of total added SSB per supercoiled 
DNA can be written as 

u = c;‘/cF 

m+6 
= c, + 2 c CC(i,?l,,> 1) 

i=m-6 

x(n2,(C(i, nZa > 1))) /4?3 
1 

where cIp’ has been apportioned into its separate 
contributions of free and bound ligand in the 
second equality of Eq. (28). For each experiment, 
the free ligand concentration (c,), can be calcu- 
lated from the known values of ~1~ and (cF’lq and 
a given set of molecular parameters by iteratively 
‘solving’ Eq. (28). 

3.5. Molecular parameters 

In order to evaluate the GPF(i) in Eq. (15) 
and other quantities of necessity or interest, nu- 
merical values must be specified for several 
molecular parameters, namely K,, S, AL(i), E,, 
N, I and @. Although N (4363 bp) is precisely 
known, considerable uncertainty surrounds the 
estimates of the other parameters. By far the 
largest uncertainty is associated with the compos- 
ite binding constant K,, since it is the product of 
three factors, including S1j2. The high power to 
which S is raised enormously amplifies any uncer- 
tainty in S. For this reason, we regard K, as an 
adjustable parameter, and subsequently compare 
the best-fit value of K, with its experimental 
estimate. The other parameters, which are listed 
in Table 1, are regarded as fixed input values and 
are estimated as follows. 

3.5.1. Stacking constant (S) 
According to Eq. (7), evaluation of S requires 

estimates of w and uM. We take w = 50 k 10, 
independent of salt concentration or substrate 
identity, as suggested by studies of SSB binding to 
poly A and poly U over a range of salt concentra- 
tions [8]. We also assume that uM = 4.5 X lo-‘, 
as employed in detailed DNA melting studies in 
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Table 1 
Input parameters and best-fit composite binding constants 

Parameter Value 

N 4363 (bp) 
S(20”) = S(40”) 7.45x10” 
1 34 (bp) 
@ 3.27 (turns) 
ET 1000 
AL(m) at 20°C - 25 (turns) 
AL(m) at 40°C - 22.7 (turns) 
(Kop) DLS at 20°C 
i K%p),Q at 40°C 

0.150 M-’ 
d 0.587 Mm * 

0.2 M NaCl [23-251. We obtain S = wa;‘/* = 50 
x 149 = 7.45 X 103. We further assume that S is 
essentially constant from 20 to 40°C. 

3.5.2. Binding site width (1) 
The apparent site-size (0 for SSB binding to 

single-strand DNA depends on the ionic environ- 
ment and the SSB: single-strand-DNA binding 
ratio [9]. For SSB-poly dT below 10 mM NaCl, 
1 = 33 f 3 bp. Above 0.2 M NaCl, 1 = 65 k 5 bp. 
Between these two salt concentrations 1 increases 
with increasing salt concentration [9]. At high 
binding ratios the lower value, 1= 33 bp is fa- 
vored [26]. The FQ and DLS studies that we are 
attempting to understand were performed in 50 
mM and 100 mM NaCl, respectively. Both condi- 
tions favor I < 65 bp. The necessity for the DNA 
to melt in order to bind SSB can be expected to 
compress the site width, thus favoring smaller site 
sizes. We choose I= 34 bp, because it is well 
within the reported range (33 + 3 bp), is consis- 
tent with the above observations, and is divisible 
by 2, so it is easily accommodated in the existing 
theory. 

3.5.3. Unwinding angle @ 
The unwinding angle @ determines the amount 

of strain reduction, and hence the decrease in 
supercoiling free energy, per binding event. This 
quantity is unknown and is experimentally diffi- 
cult to obtain in the case of SSB, which does not 
bind to relaxed duplex DNA. We simply assume 
that Cp = f/10.4, which is just the number of turns 
that must be melted to accommodate an SSB 
tetramer. With E = 34 bp, we obtain @ = 3.27 
turns per pair of bound SSB. This is equivalent to 

assuming that there is no intrinsic helical struc- 
ture within the melted binding region that con- 
tributes to the intrinsic twist of the DNA. Indeed, 
EM studies indicate that the strands in the com- 
plexed region are well separated and untwisted 
[1,41. 

3.5.4. Twist energy parameter (E,) 
Experimental twist energy parameters for 

pBR322 vary widely. Topoisomer distribution ex- 
periments yield values near 1150 [21,27] and 1610 
[281 while dye-binding measurements yield values 
over the range from 300 to 1800 [18,20]. A recent 
investigation indicates that dye-binding values for 
pBR322 depend on the time after cell-lysis and 
vary from one preparation to another, even when 
identical protocols are employed by the same 
experimenters [21]. These dye-binding studies on 
pBR322 generally indicate an increasing E, with 
increasing bound dye, as the effective superhelix 
density simultaneously decreases from the native 
value toward zero [21]. However, in the case of 
~306 (derivative of pBR322), no such variations 
of E, with time after cell-lysis or with different 
preparations were detected by those same experi- 
menters using the same protocols [20]. Moreover, 
for ~306 essentially the same value, E, = 1030 f 
90, was obtained from both topoisomer distribu- 
tion and ethidium binding experiments, and it 
was found to be independent of superhelix den- 
sity over the range from zero to native (a = 
- 0.051, as well as ethidium binding ratio over the 
range r = 0 to r = 0.08 dye/bp [20]. For the pre- 
sent calculations, we ignore the complications 
exhibited by real pBR322 DNAs and simply as- 
sume that E, = 1000, which is a kind of consen- 
sus value obtained from topoisomer distribution 
experiments on several long DNAs [20,27,29,30]. 
We also assume that E, remains constant, or 
equivalently that the supercoiling free energy 
varies quadratically with linking difference, for all 
superhelix densities from zero up to native val- 
ues. Certainly, ~306 exhibits such behavior, even 
if pBR322 does not. 

3.5.5. Linking difference (A L(i)) 
The linking differences of the topoisomers in 

the distribution are given by AL(i) = AL(m) +j, 
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j = 0, 1,. . . , 6, where AL(m) is that of the most 
probable topoisomer. In practice, AL(m) varies 
from one preparation to another. We have iso- 
lated pBR322 with AL(m) as small as -20 and 
as large as - 35 superhelical turns. Unfortu- 
nately, the most probable linking difference of 
the supercoiled pBR322 studied by Langowski et 
al. [15] was not measured. In this work, we adopt 
a representative value, AL(m) = -25.0 turns in 
0.1 M NaCI, 10 mM Tris at 20°C corresponding 
to a superhelix density, (+ = -0.06. Selection of 
other values in the range - 20 to -35 causes 
large changes in the best-fit composite binding 
constant K,, but does not significantly alter the 
best-fit curve or affect any of the qualitative 
conclusions. Temperature and ionic strength af- 
fect the intrinsic twist, hence also the linking 
difference of a closed circular DNA. The DLS 
experiments were performed in 100 M NaCl, 10 
mM Tris-HCl at 20°C while the FQ studies were 
done in 50 mM NaCl, 20 mM potassium phos- 
phate at 40°C. The intrinsic twist decreases with 
increasing temperature approximately according 
to AZ,/AT = -(2.97 x lo-?N turns/degree, 
and increases with increasing ionic strength (Xl 
approximately according to Au/ApX = -(l/1,) 
Al,/ApX = 4.47 x 10p3, where u = (1- 10)/fO is 
the superhelix density and pX is -log,, X [31]. 
The intrinsic twist of the DNA in the FQ studies 
is estimated to be underwound compared to that 
of the DNA in the DLS studies by 2.59 turns due 
to the higher temperature and overwound by 0.30 
turns due to the slightly higher ionic strength. 
Consequently, AL(m) in the DLS studies at 40°C 
is taken as -22.7 turns while that in the FQ 
studies at 20°C is taken as -25.0 turns. 

4. Fitting the fluorescence quenching results 

The fluorescence of SSB decreases markedly 
upon complexation with a single strand of DNA. 
In the reverse. titration experiment under consid- 
eration, the fluorescence of a solution containing 
SSB at concentration CF in the absence of DNA 
is first measured to obtain fO, the fluorescence of 
free SSB at concentration c$. Aliquots contain- 
ing SSB also at concentration c? and a rather 

high DNA concentration are then added to raise 
the concentration of DNA at constant cp’. The 
measured fluorescence of such a solution is de- 
noted by f. Let y =fi,/fo be the ratio of the 
fluorescence of bound SSB to that of free SSB at 
the same concentration. The value y = 0.26 was 
estimated by extrapolating the curve of f/f0 ver- 
sus l,-i to large u-l, under which condition the 
SSB is practically all bound. For each value of c’ 
in this titration at constant c?, the fluorescence 
intensity ratio is assumed to be given by 

m+6 
c, + 2Y c CC(i,n*,sl) 

i=m-6 

X (n,,(C(i, n2a 2 1))) ,/cP. 1 (29) 
In all, Q fluorescence measurements were per- 

formed. For each fluorescence measurement (de- 
noted by q), the quantities (cptlq = 86 nM, (c?‘),, 
c’ 4, and (f/f0j4 are known. For a given set of 
molecular parameters, including a trial value of 
K,, one can calculate all the cc,&, q = 1,. . . , Q, 
by iteratively solving Eq. (28). One can then com- 
pute other quantities of interest, in particular the 
theoretical value for (f/f014. The steps in the 
fitting algorithm are as follows: 

(1) For each topoisomer in the distribution, 
nZa is calculated from the assigned value of AL(i) 
according to n;, = -AL,(i)/@. 

(2) An initial trial value, K, = 7.45 x lop4 
M-‘, is selected. Th’ is corresponds to an early 
rough estimate, and has no effect on the final 
results. 

(3) The q index of the measurement is set to 
q= 1. 

(4) An initial trial value of the free ligand 
concentration is selected by setting c?’ = (cp’l,. 

(5) For each topoisomer in the distribution, 
GPF(I’) is calculated by Eq. (15) using also Eqs. 
(11) and (21)-(25), ccci n , 1l is calculated by Eqs. 
(18) and (27), and (n;,zcd(i, nza a 1))) is calcu- 
lated by Eq. (19). Finally, atria, is calculated via 
the r.h.s. of Eq. (28). If (atria, - uJ < -0.01 uqr 
then c, is a lower bound. Conversely, if (atria, - 
UJ > 0.01 u*, then c, is an upper bound. The 
next c!Jia’ is taken as one half the sum of the 
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prevailing upper and lower bounds, and this step at low and high U, respectively. At intermediate 
5 is repeated until I utria, - uq I a 0.01 uq, at which points, the average diffusion coefficient is as- 
point <ca>, = czia’. sumed to be given by 

(6) For each topoisomer, both (p,(C(i, nZa 2 
1))) and the effective or residual linking differ- 
ence, AL(i),, = AL(i) - @(n,,(C(i, nZa > 1))) = 
@(n;, - (n,,(C(i, rzza z= l)))), are calculated for 
the prevailing c’~. 

m+6 

al = c 
i=m-6 

(31) 

(7) The theoretical fluorescence ratio (f/f,& 
for the prevailing q-index is calculated via the 
r.h.s. of Eq. (29) and designated <f/f,>ih. 

(8) q is incremented by 1. If q =s Q, return to 
step (4). If q > Q, proceed to step (9). 

(9) The sum of squared deviations is calcu- 
lated according to 

Of the possible models that could be assumed, 
Eq. (311 predicts the earliest and most abrupt 
possible change in D, with increasing L’. Repro- 
ducing the early onset and abruptness of the 
observed transition is one of the most stringent 
tests of possible models. A discussion of the im- 
plications of this assumption is postponed until 
after the results are examined in Section 6. 

The steps in the fitting algorithm are as fol- 
lows: (SSD)m = c [cf/.fo)k” - w.forp]2. (30) 

4 

This quantity represents the total squared error 
for the prevailing choice of K,. 

(10) Steps (2)-(9) are repeated for different 
K, values along a one-dimensional grid until the 
value of K, that minimizes SSD is located. 

(11) The entire procedure was repeated for 
different choices of AL(m). The results of this 
last step are presented in detail elsewhere [32], 
but are discussed only briefly here. 

5. Fitting the D, results 

In order to model the D, data of Langowski et 
al., [15] it is necessary to make some kind of 
assumption regarding the changes in D, caused 
by SSB binding. The rapid decline in D, with L’ 
implies that the structural change occurs already 
at very low levels of bound SSB. The apparent 
isosbestic point in plots of Dapp versus K2 for 
u = 0, 3 and 10 suggests that only two hydrody- 
namically distinct species, namely free DNA and 
complexes, exist in solution. Accordingly, we sim- 
ply assume that all free DAMS exhibit the diffu- 
sion constant, ,re = 4.54 X lo-’ cm*/s, and all 
complexes containing one or more bound SSB 
tetramer pairs exhibit the diffusion constant, 
Drmp = 3.83 x 10P8 cm2/s. These values are se- 
lected to match the ends of the D, versus u curve 

(l)-(6) These steps are the same as in fitting 
the FQ data. At this point one has calculated 

ccc r,nza > 1)’ cCcrj, and other quantities for each 
topoisomer at the prevailing cq. 

(7) D, for this prevailing uq is calculated via 
Eq. (311. 

(8) This step is the same as in fitting the FQ 
data. 

(9) The sum of squared deviations is calcu- 
lated according to 

(SSD)o,,= c [(Gh), - PYP),]2 
4 

X 1016 cm4 SK’. (32) 
(10)-X11) These steps are the same as in fit- 

ting the FQ data. 

6. Results and discussion 

6.1. Single topoisomer analysis 

It is assumed for the moment that the binding 
behavior of the distribution can be modelled by 
that of a single topoisomer, whose linking differ- 
ence is identical to the most probable linking 
number of the actual distribution, namely AL(m) 
= - 25 turns for the D, experiments at 2o”C, and 
A L(m) = - 22.7 turns for the FQ experiments at 
40°C. This assumption introduces no serious er- 
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rors into the analysis of ethidium binding to long 
DNAs [18,20]. It is of interest to examine the 
validity of this assumption in the case of SSB 
binding. 

6.1.1. Analysis of the fluorescence quenching data 
The best-fit theoretical fluorescence ratios are 

compared with the experimental values in Fig. 3. 
The optimum value of the composite binding 
constant, K, = 0.510 M-i, yields a reasonably 
good fit with @SD),, = 5.27 x 10-3. Although 
the quality of the fit declines noticeably beyond 
u . -’ = 0 15, the overall quality of the fit is compa- 
rable to that obtained previously for a model of 
10 independent binding sites with no cooperative 
interactions whatsoever [15]. It is clear at this 
point that the reduction of superhelical strain 
almost completely offsets the highly cooperative 
binding to a very long lattice, which would other- 
wise saturate at (2) (4363/34) = 256 bound te- 
tramers, in such a way that the predicted FQ 
results over the limited span of the data can be 
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Fig. 3. Fluorescence intensity ratio f/f0 versus u-t, where u 
is the added SSB/plasmid ratio. (+) Experimental data of 
Langowski et al. [151 CO) Theoretical values calculated for a 
single topoisomer via Eqs. (141, (IS), (181, (191, (281, and (29) 
together with the fixed parameters: cy = 86 nM, y = 0.26, 
I= 34 bp, @ = - 3.269 turns/bound SSB pair, S = 7.45 X 103, 
E, = 1000, N = 4363 bp, and the optimum value K, = 0.510 
M-r. The plasmid DNA is here represented by a single 
topoisomer with AL = - 22.7 turns. 
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Fig. 4. Diffusion coefficient D, versus c, where c is the 
added SSB/plasmid. (+ 1 Experimental data of Langowski et 
al. [15] (01 Theoretical values calculated for a single topoiso- 
mer via Eqs. (141, (15), (18), (19), (281, and (31) together with 
the fixed parameters: c,$” = 16.3 nM (plasmids), DFmp = 3.83 
x10-’ cm*/s, Dp = 4.54X10-’ cm*/s, I=34 bp, @= 
- 3.269 turns/bound SSB pair, S = 7.45 x 103, E, = 1000, 
N = 4363 bp, and the optimum value K, = 0.015 M-‘. The 
plasmid distribution is here represented by a single topoiso- 
mer with AL = - 25 turns. 

satisfactorily fitted by a non-cooperative model 
with a much smaller number of sites (lo), as 
shown by Langowski et al. [15] However, the 
actual character of the binding implied by the 
present model differs radically from that of the 
non-cooperative model, as described further be- 
low. 

6.1.2. Analysis of the D, data 
The best-fit values of D, are compared with 

the experimental values in Fig. 4. The optimum 
value of the composite binding constant, K, = 
0.015 M-‘, yields a reasonably good fit with 
(SSD& = 4.40 X lo-’ cm4 sP2. This value of K,, 
which applies at 20°C is & of that obtained from 
the FQ data, which applies at 40°C so K, evi- 
dently increases with increasing temperature 
which is opposite to the usual behavior observed 
for binding constants. However, this is not unex- 
pected in view of the fact that K, contains the 
equilibrium constant per base-pair to form melted 
strands from duplex DNA (5) raised to the power 
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of l/2 = 17, as well as the equilibrium constant 
(K,) for SSB binding to single-strand DNA. The 
opposing trends of 9’/* and K, with temperature 
will cancel to some extent, but the former evi- 
dently wins out. The resulting inverted tempera- 
ture dependence argues in favor of a model, such 
as that considered here, wherein the duplex must 
be melted to accommodate SSB binding. 

6.2. Analysis for a distribution of topoisomers 

It is now assumed that the distribution of 
topoisomers in the native population is given by 
Eq. (26) with AL(m) = -25 for the D, data at 
20°C and AL(m) = -22.7 for the FQ data at 
40°C. The simultaneous binding equilibria of all 
13 topoisomers are considered. All topoisomers 
exhibit the same molecular parameters except for 
AL(i) and n&(i) = -AL(i)/@. 

6.2.1. Analysis of the fluorescence quenching data 
The best-fit theoretical fluorescence ratios are 

compared with the experimental values in Fig. 5. 
The optimum composite binding constant, K, = 
0.587 M-‘, yields a good fit to the data with 
(SSD),o = 2.387 x 10m3. This optimum K, is 
about 15% larger than in the case of the single 
topoisomer analysis, and the fit is somewhat bet- 
ter, as (SSD),o is reduced by 2.2-fold. 

6.2.2. Analysis of the D, data 
The best-fit values of D, are compared with 

the experimental values in Fig. 6. The optimum 
composite binding constant, K, = 0.150 M-‘, 
yields a good fit to the data with (SSD),0 = 4.09 
X lo-* cm4 s-‘. This optimum K, is lo-fold 
larger than that obtained from the single-topoi- 
somer analysis. This surprisingly large difference 
can be understood in the following way. The D, 
versus u curves in either case are remarkably 
insensitive to K, from u = 0 to 2.0, provided K, 
is sufficiently large, but are considerably more 
sensitive to K, in the tail from v = 2.5 to 6.0. In 
all events, the binding is quasi all-or-none and 
proceeds more or less sequentially from the most 
supercoiled plasmids to the least, as described 
below. In the tail beyond u = 2.5, only the less 
supercoiled half of the topoisomer distribution 

0.1 _, 02 
V 

Fig. 5. Fluorescence intensity ratio f/f,, versus ~a-~, where L’ 

is the added SSB/plasmid ratio. (+) Experimental data of 
Langowski et al. [15] (0) Theoretical values calculated for a 
distribution of topoisomers given by Eq. (26) with AL(m)= 
-22.7 turns via Eqs. (14), (151, (18), (191, (28), and (29) 
together with the same fixed parameters indicated in the 
legend of Fig. 3, except for the optimum K,, which is now 
K, = 0.587 M-‘. 

l‘t I I 
- -0.0 5.0 10.0 15.0 

v (Added SSB/Plasmid) 
Fig. 6. Diffusion coefficient Do versus u-r, where c is the 
added SSB/plasmid. (+) Experimental data of Langowski et 
al. [15] (0) Theoretical values calculated for a distribution of 
topoisomers given by Eq. (26) with AL(m)= -25 turns via 
Eqs. (141, (151, (18), (19), (281, and (31) together with the same 
fixed parameters indicated in the legend of Fig. 4, except for 
the optimum K,, which is now K, = 0.150 M-‘. 
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with AL(i) G - 24 remains uncomplexed, and a 
much larger (lo-fold) value of K, is required to 
induce those to bind than to induce the single 
topoisomer with AL(m) = - 25 to bind. The in- 
sensitivity of the D, versus c curve to K, from 
c = 0 to 2 stems from the fact that most of the 
SSB is complexed under those conditions, so a 
very large increase in K, has only a small effect 
on the average D, value. The crossover from 
insensitive (to K,) to sensitive behavior occurs (in 
a surprisingly abrupt fashion) when u exceeds the 
average number of bound SSB per complex, so 
that the concentration of free SSB becomes sig- 
nificant compared to the bound SSB. From data 
presented in Fig. 8, this crossover occurs at about 
I: = 2.5. Finally, we note that use of the full 
distribution in place of a single topoisomer re- 
duced @SD),” by only 7%. 

The fluorescence quenching data are evidently 
somewhat more sensitive than the D, data to the 
width of the topoisomer distribution, since a much 
larger reduction in x2 was achieved in that case 
by using the full topoisomer distribution. 

6.2.3. Effect of varying the linking difference 
Varying AL(m) over the range from -20 to 

-35 turns had virtually no effect on the best-fit 
curves or on the SSD, but produced very large 
variations in the best-fit K,. The empirical linear 
relations between InKif” and AL(m) are pre- 
sented elsewhere [32]. 

6.3. Comparison of best-fit K, with an independent 
estimate 

K, can be estimated according to Eq. (6), 
provided estimates of K,, gM, and S are at hand. 
As above, we take (TV = 4.5 x 10-5. K, is the 
equilibrium constant for SSB binding to one of 
two complementary single strands of a melted 
region. It will differ from that (K,) for binding to 
an isolated single-strand by a factor (R) due to 
the greater charge density surrounding the two 
strands. That is, K, = K, R. To estimate K,, we 
take the product K, o = 5.7 X lOlo, which is the 
midpoint of the reported range for ‘natural’ sin- 
gle-strand DNAs [2]. Combining this figure with 
the above estimate of w = 50 yields K, = 1.1 x 

10’ M-‘. The electrostatic enhancement factor is 
estimated in Appendix A to be R = 500. Thus we 
finally obtain K, = 5.5 X 10” M-‘. In Appendix 
B we estimate that S = 0.213, which corresponds 
to a free energy change, AG = - RT In S = 902 
cal/(mol bp), for melting at 293 K in 0.1 M NaCl. 
This value should be regarded as very approxi- 
mate. The resulting estimate for the composite 
binding constant at 20°C is then 

KiSt = (5.5 x 10”)(0.213)“(4.5 x 1O-5)“2 

= 0.014-l. (33) 
The optimum K, at 20°C namely K, = 0.150 
M-‘, exceeds Kzt by a factor of 10.7. This 
discrepancy is not significant for the following 
reason. If we ask by what factor (F) must S be 
increased to bring KFt into line with the opti- 
mum K,, we find F = (10.7)‘/17 = 1.15. Thus, a 
mere 15% increase in s’, or a decrease in AG,, 
from 902 to 821 cal/(mol bp), is all that is re- 
quired to bring the estimated and optimum K, 
values into line. These changes are well within 
the considerable uncertainties in the estimates of 
s’ and AG. Thus, the application of the present 
model to analyze the data of Langowski et al. [15] 
yields a best-fit K, that is entirely consistent with 
other known data. 

6.4. Nature of SSB binding to a single topoisomer 

The average number of bound SSB pairs per 
complex, (n,,(C(i, nza 2 l))), and average num- 
ber of pair-pair contacts, ( pJ(C(i, n2a 2 l))), per 
complex are plotted versus ca/cz&, the ratio of 
the free SSB concentration to totaE concentration 
of the topoisomer with AL(i) = - 25 turns, in 
Fig. 7. Perhaps the most striking aspect of these 
results is that the average number of pair-pair 
contacts is always very close to the average num- 
ber of bound pairs per complex minus 1.0. This 
indicates that the SSB pairs essentially always 
bind contiguously in a single-stack on a given 
plasmid! This prediction agrees very well with the 
EM results [41. 

The shape of the binding curve over the lim- 
ited range presented in Fig. 7 suggests an appar- 
ent saturation of the binding at a rather small 
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Fig. 7. Average number of bound SSB pairs (r+,(C(m, nza > 
I))), and average number of pair-pair contacts (p,(C(m, 
nza > 1))) per complex of the topoisomer m versus c, /c$~,, 
where c, is the free ligand concentration. (+) The average 
number of bound SSB pairs per complex formed by the 
topoisomer with AL(m)= -25 turns according to Eq. (19). 
(0) The average number of pair-pair contacts according to 
Eq. (20). The solid lines are drawn merely to aid the eye. The 
other parameter values are 16.3 nM (plasmids), I = 34 bp, 
@ = -3.269 turns/bound SSB pair, S = 7.45 X 103, E, = 1000, 
N = 4363 bp, and K, = 0.150 M-l. This K, value best fits the 
Da data in Fig. 6. Because the ordinate is proportional to free 
ligand concentration, these results apply equally to a single 
isolated topoisomer with AL(m) = - 25 turns, or to the most 
probable topoisomer in the distribution of Eq. (26) with 
AL(m)= -25 turns. Note that (n,,(C(m), n2,> 1)) always 
exceeds (p,(C(m), nza > 1)) by 1.0 for each value of c, /cc-(m) 
investigated. 

number of bound SSB per plasmid. However, 
calculations over a much wider range of concen- 
tration indicate that this apparent saturation is 
illusory, and that binding to the lattice can be 
driven upward by sufficiently high concentrations 
of free ligand. Of course, the restriction to free 
ligand concentrations in the experimentally acces- 
sible range eventually caps the binding at a rather 
modest level. The essential point is that over a 
limited span of concentrations, the decreasing 
affinity of DNA for SSB, due to its diminishing 
superhelical strain, acts to produce apparent sat- 
uration behavior at a level far below the actual 
saturation level of the lattice. This is manifested 
clearly in the fluorescence quenching data. 

Relative fluctuations in the number of bound 
SSB pairs ([((n,,(C(i, n2, >, 1>j2) - (%,(Ch n2a 

> l>>)‘>]‘/*/(n(C(i, II*, > 1)))) are rather small, 
and exhibit periodic maxima at the midpoints of 
transitions from 1 to 2, 2 to 3, 3 to 4, etc., bound 
SSB pairs per complex (data not shown). This 
indicates that the binding is largely all-or-none in 
the sense that each molecule of topoisomer i has 
either no SSB (and therefore is not counted as a 
complex) or its normal complement appropriate 
for the prevailing concentration of free l&and. The 
size of this normal complement increases some- 
what with increasing SSB concentration, but ap- 
preciable deviations from the normal comple- 
ment at any fixed SSB concentration are evi- 
dently quite uncommon. This prediction also 
matches the EM results [4]. 

Because the abscissa in Fig. 7 is proportional 
to free ligand concentration, this figure and the 
results it displays are valid for either the isolated 
topoisomer or the same topoisomer in a distribu- 
tion of topoisomers. 

6.5. Nature of SSB binding to a distribution of 
topoisomers 

The distribution employed to analyze the D, 
data consists of 13 different topoisomers. In Fig. 
8, the average number of bound SSB pairs per 
complex is plotted versus v (total added SSB per 
plasmid) for three topoisomers in that distribu- 
tion, namely those with AL(i) = - 19, - 25, and 
-31 turns. By definition, the minimum number 
of bound SSB pairs per complex is 1.0. The onset 
of significant binding is then associated with in- 
creases above this minimum value. Evidently, in- 
creasingly larger L: values are required to induce 
the onset of binding in plasmids with increasingly 
smaller linking differences. This reflects the 
prominent role played by supercoiling in directing 
the binding to the most strained plasmids. All of 
these curves show some tendency toward horizon- 
tal flattening, as the average number of bound 
SSB pairs increases past integral values, and to- 
ward steepening at half-integral values. This hap- 
pens for the following reason. When the average 
number of bound SSB pairs per complex reaches 
an integral value, the next SSB molecules are 
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more often directed to assemble a new stack on a 
free plasmid, which offers the greatest superheli- 
cal strain reduction, than to enlarge the stack on 
an existing complex. Thus, the average number of 
bound SSB per complex changes relatively little 
with increased binding at these points. However, 
when the average number of bound SSB pairs per 
complex is half-integral, then addition to an exist- 
ing stack competes more favorable with assembly 
of a new stack on a free plasmid, so the average 
number of bound SSB per complex rises more 
steeply at those points. 

The average number of bound SSB pairs and 
average number of pair-pair contacts per com- 
plex are plotted versus u for one particular topoi- 
somer in Fig. 9. The average number of pair-pair 
contacts is again always very close to the average 
number of bound SSB minus 1.0. Thus, the bind- 
ing occurs essentially always in a single contigu- 
ous stack also in the topoisomer distribution. The 

6.0 

I 5.0 10.0 15.0 
v (Added SSB/Plasmid) 

Fig. 8. Average number of bound SSB pairs per complex 
(n,,(Cfi), nza > 1)) versus added SSB per plasmid (u) for 
different molecules in the topoisomer distribution. Results are 
displayed for three different linking differences AL(i) in the 
population. ( ??) AL(i) = - 19 turns; (0) AL(i) = - 2.5 turns, 
and (0) AL(i)= -31 turns. The solid curves are drawn to 
guide the eye. The parameter values are: c5_“’ = 16.3 nM 
(plasmids), 1= 34 bp, @ = -3.269 turns/bound SSB pair, 
S = 7.45 x 103, E, = 1000, N = 4363 bp, and K, = 0.150 M-l. 
The topoisomer distribution is given by Eq. (26) with AL(m) 
= -25 turns. 

0.0 5.0 10.0 15.0 
v (Added SSB/Plasmid) 

Fig. 9. Average number of bound SSB pairs (n,,(C(m), 
nza > 1)) and average number of pair-pair contacts (p,(C(m), 
nza 2 1)) of the most probable topoisomer m versus added 
SSB per plasmid (G’ ). Squares (0 1 denote the average number 
of bound SSB per complex according to Eq. (19) and dia- 
monds (0) denote the average number of pair-pair contacts 
per complex according to Eq. (20). These results apply for the 
most probable topoisomer in the distribution of Eq. (26) with 
AL(m) = -25 turns. Other parameters are cF = 16.3 nM 
(plasmids), I= 34 bp, 0 = -3.269 turns/bound SSB pair, 
S = 7.45 x 103, E, = 1000, N = 4363 bp, and K, = 0.150 M-l. 
Note that (n,,(C(m), nza > 1)) always exceeds (p,(C(m), 
nza > 1)) by 1.0 for each value of u examined. 

apparent saturation of the binding over the lim- 
ited span of the data is again evident. 

4.6. Narrowing of the distribution of linking differ- 
ences 

The intrinsic twist of a complex is given by 
I, - nza@, consequently the linking difference can 
be defined generally to encompass both com- 
plexes and free topoisomers by setting 

A,!,(i) =i-(E,-n,,@). (34) 
In either case, the linking difference serves as an 
indicator of the prevailing superhelical strain. The 
relative concentrations of both free topoisomers 
and complexes are plotted versus negative mean 
linking difference (-(AL(i)) = -[i - (I, - 
(n,,(C(i, nZa k l))))@]) in Fig. 10 for three dif- 
ferent added SSB/plasmid ratios, u = 0, 3, and 
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10. Especially striking is the remarkably narrow 
distribution of mean linking differences of the 
complexes. Binding of SSB evidently acts to al- 
most completely level the superhelical strain 
throughout the entire population of complexes, 
regardless of the original linking differences of 
the free topoisomers. This implies that all of the 
complexes for a given value of u will exhibit 
practically the same distribution of tertiary struc- 
tures. With increasing ZJ, the consensus value of 

-(AL(i)) declines, and all of these tertiary 
structure distributions are expected to change in 
unison. 

4.7. The change in tertiary structure manifested in 
4 

The change in D, reflects a change in tertiary 
structure, but what is the origin of that? At least 
three rather different scenarios are conceivable. 

1.0 1 I j 

0.8 - 

0.6 - 

0.4 - 

0.2 - 

5 O.O 
I I I 

‘i3 
2 1.0 
Z 
5 0.8 

2 0 0.6 

0 
: 0.4 

‘Z 0.2 

I 

0.8 - 

0.6 

0.4 

0.0 1 
10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0 28.0 30.0 32.0 

Fig. 10. Relative topoisomer concentration versus -AL,,. The effective mean linking difference of a topoisomer in the presence 
of an unwinding ligand is defined by AL,,,= (AL(i)) = [i -(I, - (n,,(C(i), nz. 2 l)>@)I. The top panel shows the initial 
distribution in the absence of ligand (i.e. for c = 0.0). This is the distribution given by Eq. (26) with AL(m) = - 25 turns. The 
middle pane1 shows the distribution for ~1 = 3.0. About 4 of the initial distribution has been converted to complexes which are 
centered near AL,, = - 18 turns. The bottom panel shows the distribution for L’ = 10.0. Essentially all of the DNAs exist as 
complexes with effective linking differences near AL,, = - 13 turns. Other parameters are CF = 16 nM (plasmids), l= 34 bp, 
@ = -3.269 turns/bound SSB pair. S = 7.45 X 103, E, = 1000, N = 4363 bp, and K, = 0.150 Mm’. 
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In the first, D, is simply a function of linking 
difference, regardless of whether any SSB is 
bound or not. This scenario requires a substantial 
change in tertiary structure, when -(AL(i)) 
drops below a particular threshold value. In order 
to account for the early onset and abruptness of 
the observed change in D,, the threshold linking 
difference must be set no lower than about 5 
turns below AL(m). However, evidence for an 
18% step in D, that lies in or just below the 
range of native superhelix density is presently 
lacking [33]. In the second scenario, the site of 
the complex may provide a somewhat more flexi- 
ble region that may stabilize a superhelix end or 
branch at that point and lead to a substantial 
reorganization of the tertiary structure, regard- 
less of the linking difference. Evidence for this 
phenomenon is also presently lacking. In the third 
scenario, complex formation is accompanied by 
an extensive transition to an alternate secondary 
structure with reduced torsion constant, so that 
some of the writhe is absorbed into twist, the 
tertiary structure becomes more extended, and 
D, decreases. In fact, the torsion constant is 
found to be substantially reduced by SSB binding 
at 1: = 15, but whether it is similarly reduced at 
smaller u values, when the negative mean linking 
difference is larger, is not known. Evidence that 
extensive changes in secondary structure can ac- 
company ligand binding, as well as local sequence 
changes, is presented elsewhere [34]. Without ad- 
ditional information, the question of the origin of 
the tertiary structure change must be regarded as 
still open. 

All three of the proposed scenarios would yield 
something akin to an isosbestic point in the DLS 
data, as observed [15]. 

6.8. Incomplete relaxation of superhelical strain 

The present model and theory with the param- 
eters adopted here relaxes only about half of the 
superhelical strain by u = 10. In contrast, the EM 
results indicate essentially complete loss of super- 
coils [4]. This disagreement might be attributed to 
various factors. A substantial decrease in torsion 
constant upon complex formation, as was actually 
observed, would result in the absorption of con- 

siderable writhe into twist, provided the bending 
constant either remained the same or increased. 
This would produce a substantial loss of visible 
supercoils. Another possibility is that the irre- 
versible glutaraldehyde crosslinking procedure 
drives the binding to much higher levels than 
produced by the equilibrium binding constant K,. 
Yet another possibility is that under the EM 
conditions the intrinsic twist is sufficiently re- 
duced to remove the remaining superhelical turns. 
The existing discrepancy can only be resolved 
through further experimentation. 

6.9. Effect of restricting binding to only part of the 
lattice 

The EM data suggest that SSB binds preferen- 
tially to certain regions of the plasmid [4]. This is 
not surprising, since SSB would be expected to 
exhibit the highest affinity for the most easily 
melted regions, which are typically A-T rich. 
Although we cannot readily incorporate se- 
quence-specific effects into our model, we can 
incorporate the possibility that the binding is 
restricted to a region of arbitrary size comprising 
only part of the larger circular lattice, as shown 
below. 

If the restricted zone is N, bp long, then the 
GPF(i) in Eq. (15) can be evaluated by (1) re- 
stricting the upper limit of the sum over nza to 
N,/f, (2) evaluating W(n,,) for a linear lattice of 
length N, using the appropriate formulas [20,22] 
and (3) evaluating the free-energy change due to 
loss of superhelical strain according to Eq. (11) 
for the full circular lattice with N = 4363 bp, and 
nTa = - AL(i)/@. Calculations for illustrative 
purposes are carried out for a single topoisomer 
with AL(i) = -24 turns, K, = 10e4 M-l, S = 
lo’, I = 34 bp, @ = 3.27 turns, and E, = 1000 at 
20°C. The average number of bound SSB pairs 
per complex is plotted versus c, in Fig. 11. Evi- 
dently, the binding per complex over this range of 
free ligand concentration is practically indepen- 
dent of the length of the restricted region from 
N, = 105 to 2000 (and on up to 4363) bp, but is 
strongly perturbed when that length decreases to 
100 bp. The reason is that the average number of 
bound SSB pairs per complex, which is essentially 
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Fig. 11. Average number of bound ligands per complex 
(n,,(C(i), nFa > 1)) and GPF(i)/[l + GPFti)] versus free lig- 
and concentration for various lengths N, of the restricted 
binding zone in a 4363 bp topoisomer with AL(i)= -24 
turns. (0) N, = 100; (0) N, = 105; (0) N, = 500; and (+) 
N, = 2000. The solid line indicates GPF(i)/(l+ GPF(i)). In 
this case of restricted binding the calculation of GPF(i) is 
modified, as described in the text. Note that GPF(i)/[l+ 
GPF(i)] is practically indistinguishable from 1.0 for all but the 
very smallest values of c,. Hence, the average number bound 
per plasmid is equal to the average number bound per com- 
plex over most of the region displayed. 

the average stack length, remains slightly less 
than 3.0 over this range of free ligand concentra- 
tion. Since 3.0 x 34 = 102 bp, a stack of 3.0 bound 
SSB pairs can be accommodated in a restricted 
region containing N, 2 105 bp, but cannot be 
accommodated in one with only 100 bp. In the 
latter case, the binding is limited to 2.0 bound 
SSB pairs. Evidently, the length of the restricted 
region has little effect on the binding per complex 
up until it begins to limit the mean stack length. 
Although not visible in Fig. 11, restricting the 
length of the binding region in any way does 
affect the GPF(i) and thereby alter the average 
number of bound SSB pairs per plasmid, which is 
defined by 

(Ui>) = (QW n2a a I)))cC(i,nZ,~l,/c~~~q:, 

= (n,,(C(i, n 2a > l)))GPF( i) 

/(l + GPF(i)). (35) 

Although the onset of binding per plasmid occurs 
at lower free ligand concentrations for longer 
restricted regions, the curves of (n2&i)) versus c, 
for different lengths nonetheless all coalesce at 
larger free ligand concentrations, such that 
GPF(i) X+ 1.0 and GPF(i)/(l + GPF(i)) = 1.0. 
Thus, except at extremely small c,, the (n,,(C(i), 
nza > 1)) in Fig. 11 may be identified with 
(n,,(i)). Typically, GPF(i) > 1.0 for any free lig- 
and concentration such that the average number 
of bound SSB pairs per complex ((n,,(C(i, II*, 2 
1)))) equals or exceeds 2,0, as illustrated in Fig. 
11. 

In summary, restricting SSB binding to a re- 
gion comprising only part of the plasmid shifts 
the initial onset of binding per plasmid to a 
somewhat higher free ligand concentration, but 
has almost no effect on the binding at higher free 
ligand concentrations such that the average num- 
ber of bound SSB pairs per complex exceeds 2.0, 
provided the length of the restricted region ex- 
ceeds the maximum prevailing stack length. This 
maximum prevailing stack length generally rises 
with free ligand concentration, but eventually be- 
comes limited by the length of the restricted 
region. At that point the binding per complex and 
per plasmid, which are practically identical, 
asymptotically approach the length of the re- 
stricted region instead of continuing their upward 
trajectory. 

6.10. Potential functional significance 

The unusual properties predicted for SSB 
binding to supercoiled DNAs by the present 
model suggest several potential biological func- 
tions for SSB. (1) The fact that SSB binds essen- 
tially always in a single stack would act to limit 
any open regions introduced or maintained by 
SSB to one per plasmid or one per superhelical 
domain. Thus, when SSB is involved in the initia- 
tion of replication, either unidirectional or bidi- 
rectional replication would be expected to begin 
always at only a single site in any given plasmid or 
superhelical domain, as appears to be the case 
[35]. Of course that site would also be localized to 
the most easily melted region, as observed [35]. If 
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for some reason synchronous initiation of replica- 
tion in several different superhelical domains 
were required, then the action of SSB to level the 
effective superhelix density in different superheli- 
cal domains might be essential to insure compa- 
rable affinities of those domains for the (other) 
DNA replication proteins. (2) The apparent satu- 
ration of the binding over a limited span of free 
ligand concentration would insure that the 
amount of bound SSB is rather insensitive to 
fluctuations in SSB concentration. Under condi- 
tions where the effective superhelix density might 
be controlled by SSB, the fluctuations in effective 
superhelix density arising from fluctuations in 
bound SSB would then be effectively suppressed. 
Since the affinity of supercoiled DNAs for pro- 
teins with large unwinding angles is extremely 
sensitive to the prevailing superhelix density, this 
suppression of fluctuations in SSB binding and 
effective superhelix density might be important in 
some cases. (3) The remarkable narrowing of the 
distribution of linking differences and levelling of 
the superhelix densities in a population of topoi- 
Somers or superhelical domains by SSB binding 
would act to regularize the interactions of other 
unwinding proteins, such as (other) DNA replica- 
tion proteins, with all members of the population. 
Properties (2) and (3) suggest that SSB (and other 
single strand binding proteins) could function not 
only to stably regulate the mean superhelical 
strain but also to strongly suppress fluctuations 
about that value. In the absence of some means 
to level the superhelix density, those topoisomers 
and superhelical domains with the higher super- 
helix densities would conscript the majority of the 
available DNA replication proteins, and would be 
reproduced at significantly higher rates. In cases 
where such differences between superhelical do- 
mains are required for the regulation of gene 
activity, the levelling action of SSB would have to 
be suppressed by either its absence or its inhibi- 
tion. However, in cases where such differences 
between superhelical domains are detrimental to 
the orderly progression of events inside the cell, 
the action of SSB to level the superhelix density 
might be essential. Thus, SSB concentration (or 
activity) may be an important variable not only in 
controlling the mean superhelix density, but also 

in limiting the deviations of particular superheli- 
cal domains from that mean value. 

Appendix A. Estimation of the electrostatic en- 
hancement factor 

SSB bears an electric charge, which is esti- 
mated below to be n = +4.3 charges. The value 
of K, measured for SSB binding to single-strand 
DNA contains the effects of electrostatic interac- 
tions between SSB and that single-strand. The 
binding of SSB to single-strand regions of a du- 
plex DNA, as considered here, is expected to be 
greatly enhanced due to the much greater overall 
linear charge density and negative electrostatic 
potential of the duplex in comparison to a single 
strand. Thus, the binding constant K, needs to 
be corrected for electrostatic effects. This can be 
accomplished approximately by using a theory for 
the binding of multivalent ligands to polyelec- 
trolytes due to Manning [36]. According to Man- 
ning’s theory, the electrostatic binding constant 
for a ligand bearing n positive charges to a nega- 
tively charged polyelectrolyte with a structural 
charge spacing b is given by 

wherein 5 = L&b. 

L, = &,2/EkBT (A.21 

is the Bjerrum length, and 

V, = 8Tb3( 5 - l)N,v/lOOO (A.31 

is the free volume occupied by the bound counte- 
rions. Eq. (A.31 follows from Manning’s Eq. (29) 
in the limit that the multivalent ligand con- 
tributes negligibly to the overall charge compen- 
sation of the DNA. The binding of a positively 
charged ligand to duplex DNA is enhanced over 
binding to single-strand DNA by the factor 

R = K,d,” = vd’“[(’ - L’)/Vdlqn 
K,SS V$“[(l - [,‘)/V,s‘]” ’ 

(A.41 
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where the labels ds and ss refer to double-strand 
and single-strand resptctively. For a double- 
strand DNA, b,, = 1.7 A and cds = 4.2, whereas 
for a single-strand DNA, b,, = 4.0 A and t,, = 1.8. 
The SSB charge is estimated from the salt depen- 
dence of the observed equilibrium constant. Ac- 
cording to Manning, [36] 

a[w K”)l 
Iz = - a[ln(c,)] ’ 

(A.51 

where c, is the concentration of univalent salt. 
From the data of Lohman et al. [28] and Krauss 
et al. [37] we find IZ = 4.3. When II and the values 
of b are substituted into Eq. (A.4) we find R = 
500. Thus, SSB is expected to bind nearly 500 
times more strongly to single strand regions of 
duplex DNA than to single strand DNA. 

Appendix B. Estimation of the equilibrium con- 
stant for melting 

Our objective is to estimate the equilibrium 
constant S per base pair to form the melted state 
from duplex DNA at 20°C in 0.1 M NaCl. Unfor- 
tunately, the measured AH and AS for melting 
at Tr,,, cannot be reliably extrapolated to 20°C. To 
avoid this long extrapolation, we make use of the 
enthalpy of melting of A,U, at 298 K in 1.0 M 
NaCl, and correct that for the much smaller 
difference in temperature and the difference in 
salt concentration. At best, this procedure will 
suffer from a systematic error, since the resulting 
value of s’ applies to an RNA rather than a DNA. 
In any case, we estimate AG = -RT In S by 
using the relation 

AG = AH(293 K, 0.1 M) - (293)AS(293 K), 

(B.l) 

wherein the temperature and NaCl concentration 
in parentheses specify the conditions of our ex- 
periment. The available literature data apply at 
298 K or T, for 0.2 M or 1.0 M NaCl, so we first 
estimate AH(298, 0.2 M) and AS(298). We as- 
sume that the entropy change depends on T, but 
is essentially independent of salt concentration, 
and that the ratio of the enthalpies at two differ- 

ent salt concentrations is independent of temper- 
ature or kind of DNA, so 

AH(298 K, 0.2 M) = AH(298, K, 1.0 M) 

AH(T,, 0.2 M) 

x AH(T,, 1.0 M) ’ 

P.2) 

where T, is the melting temperature of pBR322 
in 0.2 M NaCl. The problem now is to estimate 
the three quantities on the r.h.s. of (B.2). The 
enthalpy of melting for A,U, at 298 K, 1.0 M 
NaCl is given in Table 1 of Wilcoxon and Schurr 
[38] whence AHH(298 K, 1.0 M) = 7643 cal/mol 
bp. For pBR322 we obtain AHCT,, 0.2 M) = T, 
AS(T,, 0.2 M) = 9000 cal/mol bp by using the 
standard value, AS = 24.8 cal/(K mol) bp for 
DNAs in 0.2 M NaCl in the melting region, and 
also the appropriate T, = 362.9”C, which is esti- 
mated from the base-composition (50% GC) ac- 
cording to the formula of Marmur and Doty [39]. 
The corresponding enthalpy change in 1.0 M 
NaCl is estimated according to A H(Th, 1.0 M) = 
Th AS(Tb), where Tb is the melting tempera- 
ture in 1.0 M NaCl. The increase in T, on going 
from 0.2 M to 1.0 M NaCl is estimated to be 
Tb - T, = 13.7”C by using the relation XT,,0 
In [NaClI) = 8.5 [40]. We also assume that, over 
this relatively small temperature range AH and 
AS remain constant, so AH(T,, 1.0 M) = 
AH(Tb, 1.0 M) = Th AS(Th) = TbAS(T,) = 
(362.9 + 13.7) (24.8) = 9340 cal/mol bp. Collect- 
ing the preceding results into Eq. (B.2) yields 
AH(298 K, 0.2 M) = 7365 cal/mol bp. Compari- 
son with A H(298 K, 1.0 M) = 7643 cal/mol bp 
shows that the correction for the difference in 
salt concentration is not large. We then calculate 
AS(298 K> by using the relation of Martin et al. 
[41] which applies to the data in Table 1 of 
Wilcoxon and Schurr [38]. 

AG(298 K, 1.0 M) 

= AH(298 K, 1.0 M) 

- 298[AH(298 K, 1.0 M)/353 + R In p], 

(B.3) 

where R In p is the extra contribution that 
accompanies the pairing of the first two bases, 
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when separate strands form a duplex. We assume 
that R In p contributes negligibly to AG(298 K, 
1.0 M) for long DNAs. The second term in Eq. 
(B.3) represents the entropic contribution to 
AG(298 K, 1.0 M), namely -298 AS(298 K) = 
-298 AH(298 K, 1.0 M)/353, whence AS(298 
K) = 21.65 cal/(K mol) bp. We again assume that 
AH and AS are independent of T over the small 
temperature range from 298 to 293 K, so AH(293 
K, 0.2 M) = 7365 cal/mol bp and AS(293 K) = 
21.65 cal/(K mol) bp. We now employ the analo- 
gous relation to (B.2), namely 

AH(293 K, 0.1 M) = AH(293 K, 0.2 M) 

AH(T,, 0.1 M) 

X AH(T,, 0.2 M) ’ 

(J-1 

to correct the enthalpy from 0.2 to 0.1 M NaCl. 
The only unknown quantity on the r.h.s. of Eq. 
(B.4) is AH(T,, 0.1 M). As above, this is esti- 
mated according to AH(T,, 0.1 M) = Th X 
AS(T,), where Th is now the melting tempera- 
ture in 0.1 M NaCl. From the relation cited 
above, we obtain T& - TM = -5.YC, and AH 
(T,, 0.1 M) = (362.9 - 5.9) (24.8) = 8854 cal/mol 
bp. Use of the values estimated above in (B.4) 
yields A H(293 K, 0.1 M) = 7245 cal/mol bp. Fi- 
nally, AG(293 K, 0.1 M) = 7245 - 293(21.65) = 
902 cal/mol bp. Hence i = exp[ - AG(293 K, 0.1 
M)RT] = 0.213. 
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