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In this paper, finite-difference solutions to the nonlinear Poisson—Boltzmann (NLPB)
equation are used to calculate the salt dopendent contribution to the electrostatic DNA
binding free energy for both the Acl repressor and the EcoRI endonuclease. For the
protein—DNA systems studied, the NLPB method describes nonspecific univalent salt
dependent effects on the binding free energy which are in excellent agreement with
experimental results. In these systems, the contribution of the ion atmosphere to the
binding free energy subatantially deatabilizes the protein--DNA complexes. The magnitude
of this effect involves a macromolecular structure dependent redistribution of both cations
and anions around the protein and the DNA which is dominated by long range electrostatic
interactions. We find that the free energy associated with global ion redistribution upon
binding is more important than changes associated with local protein-DNA interactions
{ion-pairs) in determining salt effects. The NLPB model revcals how long range salt effcets
can play a significant role in the relative stability of protein~-DNA complexes with different
structures.
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1. Intreduction

Protecins interact with nucleic aecids to control
gene regulation and expression. In order to under-
stand these control processes in atomic detail, the
structural and energetic basis for the apecificity and
stability of binding must be elucidated. Structural
analyses of protein-DNA ecomplexes suggest that
binding free energies depend on direct interactions
involving both polar and nonpolar contacts as well
as indirect interactions involving conformation
dependent effects on long range forces such as
electrostatics and salt effcets (Harrison & Aggarwal,
1990). The binding free energy of protein~-DNA
complexes depends strongly on salt concentration
(Record et al., 1978, 1985, 1991). For example,
increasing the NaCl concentration from 010 to
0r15M decreases the binding constant of the lac
repressor protein with DNA by almost two orders of
magnitude {deHaseth et al., 1977; Riggs et al., 1970).
Furthermore, salt dependent effects can play a
significant role in the site specific binding of several
proteins to DNA (Koblan & Ackers, 1981a; Senear
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& Batey, 1991; Terry et al., 1983). The linkage
between electrolyte activity and binding is related
to the energetics of the interaction of the small ions
with the macromolecules,

Salt effects in nocleic acid systems are often
treated with the “standard’’ model in which DNA is
described as an isolated, infinitely long, uniformly
charged cylinder in solvent modeled as a structure-
less continuuam {Anderson & Record, 1990). In this
model, the binding of a Z-valent ligand is described
by the neutralization of Z charges on the cylindrical
polyion (Anderson & Record, 1982, 1983; Manning,
1978; Record et al., 1978). The neuntralization of
charges changes the interaction of the DNA with
the small jons resulting in the salt dependence of
binding,

The standard model can be developed in terms of
counterion condensation (CCI) theory (Manning,
1969, 1978} and Poisson—Boltzmann {PB} theory

1 Abbreviations used: UC, counterion condensation;
PB, Poisson—Boltzmann; NLPB, nonlinear Poisson—
Boltzmann; MC, Monte Carlo simulation; FDPB, #inite
difference Poisson—Boltzmann; CVFF, consistent valence
foree field, RMSD, root-mean-sgnare deviation, WT,
wild-type.
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formulated as the electroneutral cell model {Marcus,
1955; Alfrey et al., 1951; Fuoss et al., 1951) or the
full NLPB model with added salt (Misra et al.,
1994). The essential difference in the description of
salt effects between the CC and PB theories is the
description of the radial distribution of small ions
around the nucleic acid. The CC theory models the
counterion atmosphere arcund DNA as two distinct
populations: a salt invariant ‘‘condensed” layer
bound within a well-defined volume around the
polyion; and a salt dependent Debye-Hiickel layer
which is treated as a classical ion atmosphere. In
contrast, the PB theory models the counterion
atmosphere around a polyion as a single population
described by a continuously distributed salt depen-
dent ion atmosphere. These differences have been
shown to result in very different thermodynamic
descriptions of salt dependent effects in nucleie acid
equilibria (Misra et «f., 1994). The CC model
typically describes salt effects in terms of the cratic
entropy of ion release (Manning, 1978; Record et al.,
1976), while the PB model emphasizes the role of
long range electrostatic interactions (Misra ef al.,
1994}

Although CC and cylindrical PB cell models have
been remarkably successful in describing the inter-
actions of small ions with rod-like polyions, these
standard models do not explicitly account for the
detailed molecular structures and charge distribu-
tions of ligand—DNA systems. Their applicability
may then be limited in systems which significantly
deviate from simple cylindrical geometries. In
systems with complicated shapes and charge distri-
butions, such as protein-DNA complexes, simple
cylindrical models cannot make quantitative
thermodynamic predictions. A theory that specifi-
cally relates a molecule’s three-dimensional shape
and charge distribution to its free energy is clearly
needed.

Accurate descriptions of the electrostatic proper-
ties of a variety of complex macromolecules are
given by finite difference solutions to the PB
equation {Honig ef al., 1993). Furthermore, the total
electrostatic free energy for any system modeled
with the full nonlinear PB (NLPB) equation has
been unambiguously defined (Reiner & Radke,
1990; Sharp & Honig, 1990a}. Thus, the electrostatic
contribution of macromolecule—solvent  and
macromolecule—small ion interactions to protein—
DNA binding energies can be calculated from finite
difference solutions to the NLPB equation for
detailed molecular geometries.

Salt effects on ligand-DNA interactions result
from changes in the macromolecule-small ion inter-
action free energy upon binding {Misra ef al., 1994},
In NLPB theory, the macromolecule—small ion
interaction free energy iz described by three terms:
an electrostatic ion-molecule interaction free
energy, AAGY,; an electrostatic ion—ion interaction
free energy, AAGY; and an entropic ion organization
free energy, AA(Y . The salt dependent variation in
these three terms has been shown to describe accur-
ately the salt dependence of the experimentally

observed binding constant for several minor groove
binding antibiotics. In each case, salt effects are
dominated by AAGE, (Misra et al., 1994}, In addi-
tion, the finite difference NLPB model has been
shown to accurately reproduce the salt dependence
of the binding free energy of the Acl repressor—
operator interaction (Zacharias et al., 1992).
However, this analysis did not present a physical
description of salt dependent effects on protein
binding in terms of NLPB theory.

Monte Carlo (MC) simulations including detailed
atomic level structures have also been used to
analyze the salt dependence of protein—-DNA inter-
actions (Jayaram et al., 1991). Although the MC
model qualitatively describes salt effects in the Acl
repressor—operator interaction, it substantially
underestimates the salt dependence of the binding
free energy. In addition, MC treatments are com-
putationally quite expensive. The NLPB model is
useful not only because of its accuracy, but also
because of its relatively modest computational
requirements.

We report here on the application of the finite
difference PB (FDPB) method to evaluate the salt
dependent contribution to the total electrostatic
free energy of binding of proteins to DNA. The Acl
repressor—operator (Sauer et al., 199(; Ptashne,
1987) and the EcoRl  endonuclease—DNA
(Rosenberg, 1991; Modrich, 1982) systems are
among the most extensively studied protein-DNA
complexes. An important characteristic for the
funetion of both of these proteins is their differential
binding affinity for various DNA sequences (Senear
& Batey, 1991; Lesser et al., 1990; Sauer ef al., 1990,
Ptashne, 1987; Terry et al., 1983; Modrich, 1982).
The cocrystal structures of both the lcl repressor—
0y1 operator (Beamer & Pabo, 1992; Jordan &
Pabo, 1988) and the EeoRI endonuclease-d[(TCG
CGAATTCGCG),] (Kim et ¢f., 1990; McClarin et al.,
1986) complexes delineate specific hydrogen bond
contacts to conserved base pairs as important deter-
minants of DNA binding specificity. However, these
direct contacts cannot account for the differential
specificity of the Acl repressor for its different
operator sites (Senear & Batey, 1991), nor can they
fully account for the high sequence selectivity of the
EcoRI endonuclease {Lesser et af., 1990). As such,
indirect effects of DNA sequence are thought to be
important determinants of specificity in these
systems (Senear & Batey, 1991; Lesser ef al., 1990).

The affinity of each of these proteins for DNA is
highly dependent on salt concentration (Koblan &
Ackers, 1991, Senear & Batey, 1991; Nelson &
Sauer, 1985; Jen-Jacobsen et al., 1983; Terry et al.,
1983). Indeed, it has been shown that sait effects
contribute significantly to the diserimination of
DNA binding sites for both the Acl repressor and
the EcoRT endonuclease (Koblan & Ackers, 1991a;
Senear & Batey, 1991; Terry et al., 1983). Thus,
these are ideal systems in which to analyze the role
of salt in binding.

This study focuses on the role of nonspecific uni-
valent salt effects in the salt dependent interactions
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of the Ael repressor protein and the EcoRlI restric-
tion endonuclease with their respective DNA frag-
ments. A detailed physical interpretation of salt
dependent electrostatic effects on protein-DNA
interactions is presented. The finite difference
NLPB approach provides an initial step towards a
detailed atomic level understanding of the role of
salt in site-specific DNA recognition.

2. Methods
(a) Theory

(iy The NLPEB equation

The NLPB equation for a maeromolecule in a 1:1 salt
solution is:

V [e{t)V - p(r)] —ex? sinh[¢(r)] +drep ()T =0, (1)

where ¢(r) iz the dimensionless electrostatic potential in
units of &7'/e in which £ is Boltzmann’s constant, 7T is the
absolute temperature, and e is the proton charge. In
addition, & is the dielectric constant and p' is the fixed
charge density. The term x* = 1/4* = 8ze®I/ekT, where A
is the Debye length and I is the ionic strength of the bulk
solution. The quantities ¢, ¢, k¥ and p are all functions of
the position vector 1 in the reference frame centered on a
fixed macromolecule.

The total electrostatic free energy of a system described
by the NLPB equation can be written (Sharp & Honig,
1990z):

AGH = f{pfaﬁf/z +p'9" +p"P"2— (p"¢+ All)} dv, (2)

where the potential, ¢, and charge density, p, have been
split up inte contributions from the fixed, f, and the
mobile, m, charges. The osmotic pressure term Aff = LTe?
[2 cosh (¢p) —2] is the excess concentration of ions at any
point in solution relative to the bulk concentration of
ions, ¢®. The first term, AG, = [(p'$/2)dv, is the total
electrostatic solvation free energy of the macromolecule in
pure solvent without salt. The contribution of salt to the
electrostatic solvation free energy of the fixed macro-
molecule, AGY, is given by the remaining three terms in
equation (2):

AG:=J}¢¢m+pm¢w2—uﬂ¢+anndu ®)

AG? can be subdivided into 3 terms (Misra ef al., 1994):
the purely entropic free energy of organizing the ion
atmosphere, AGy = [{—(p™¢ + AIT}} dw; the electrostatic
self energy of charging the ion atmosphere, AG =
[{p™¢™/2)dw; and the electrostatic free energy of placing
the fully charged macromolecule in the fully assembled

and charged ion atmosphere, AG}, = [(p'¢™) dv.

(ii) Salt effects on binding
The salt dependence of a protein—DNA binding reaction
must by analyzed as a 2-step process:
Ky
D= D* (4)
D*+ PS5 DHp, (5)

where D is native B-DNA, D* is the conformation of
DNA in the protein-DNA complex, P is the protein; and
K, is the association constant for each reaction. The

experimentally observed association constant, K, is
obtained from the sum of reactions (4) and (5) such that:

Koo = (K )(K3). {6)
Therefore, the total salt dependence of K, is simply:

d(InK,,) d(nkK,) Hn K;)
A(In[M*])  &(in{M*]) " &(ln [M*}}"

(7

From the NLPB equation, the variation in —In K, with
In[M*] is:

dn Ky  JAAG)
T H(In[MT]) AT A(In[M*])
_ HAAG) HAAG,,)
T RTHIn[M*]) ' RTA(In[M*]Y  (8)

where AAGY; is the change in the salt dependent contribu-
tion to the total electrostatic free energy for each reaction
(Misra et al., 1994). The quantity AAG] can be partitioned
into differences in ion—molecule, AAGY,; ion—ion, AAGY;
and organizational, AAGy,, free energies. This analysis
emphasizes how changes in the ion distributions around
the macromolecules affect the solvation free energy upon
binding.

(b) Molecular model

The bound and free molecules were described by the
3-dimensional structure of the protein-DNA com-
plexes listed below. The molecule is treated as a low
dielectric medium (e,,) within the volume enclosed by the
water-accessible surface of the macromolecule (probe
radius = 1-4 A). For the cases studied here, results were
calculated for £,=2 and 4 (Sharp & Honig, 19905
Harvey, 1988; Gilson & Honig, 1986). Two partial charge
distributions were examined. Partial charges derived from
both the CVEFF (Hagler ¢f ¢l., 1979) and AMBER (Weiner
et al., 1986) forcefield parameters were assigned to the
center of each atom. The surrounding solvent was treated
as a continuum of dielectric constant (g,} 80 with a 1:1
electrolyte distributed according to a Boltzmann
weighted average of the mean electrostatic potential.
A 20 A ion exclusion radius (corresponding roughly to the
hydrated radius of a sodium ion) was added to the surface
of the macromolecules to account for ion size. Qur caleula-
tions vary by less than 59, with charge set and internal
dielectric constant. Results are given for the CVFF charge
set and &, = 4.

The refined atomic coordinates of the NH,-terminal
domain of the Acl repressor (the DNA binding domain)
bound to a 20 bp oligonucleotide containing the O1
operator were kindly provided by Dr Carl O. Pabo
{Beamer & Pabo, 1992). The first 5 amino terminal
residues in the nonconsensus half-site of the Acl repressor
were missing in the crystallographic structure of the
complex. These residues were built as a mirror image of
the consensus half-site and energy minimized with the
molecular simulation program DISCOVER (Biosym,
1993). The calculated salt dependence varies by less than
5%, for a group of structures which vary by about 3 A
RMSD for the modeled residues. The Glu34—Lys (EK34)
Acl repressor mutant was constructed by replacing the
(Glu34 side chains with Lys side chains followed hy energy
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minimization of positions 33, 34 and 35. The calculated
salt dependence varies by less than 39, for Lys34 side-
chain conformations which vary by as much as 6 A
Before assigning partial charges to each atom, protons
were added to each molecule and minimized with all
heavy atoms fixed to reduce van der Waals overlaps and
maximize hydrogen bonds. All ionizable groups on the
proteins were fully charged in the free and bound state
consistent with pH titration data at neutral pH (Senear &
Ackers, 1990). Proton-linked effects on the Acl repressor—
Qg operator interaction are currently being analyzed
(Misra & Honig, unpublished results).

The interaction of the AcI repressor monomer with each
0,1 operator half-site was modeled using the available
crystallographic structure. Each monomer-half-operator
complex was generated by simply removing the atoms of
the opposite monomer from the complex. These
complexes were used to calculate the contribution of
structure dependent differences in the salt dependent
interaction of the AcI repressor monomer with each half-
site to the overall salt dependence of the interaction.

The refined crystallographic coordinates of the EeoRI
endonuclease-d[(TCGCGAATTCGCG),] complex were
provided by Dr John M. Rosenberg (Kim et al., 1990,
McClarin et al., 1986). The first 15 amino terminal residues
were absent in the crystallographic structure of the
complex. In order to construct the wild-type (WT) EcoRI
endonuclease, these residues were built onto the protein.
Experimental evidence strongly suggests that the N
terminus is required for catalytic activity (Jen—Jacobsen
el al., 1986). Therefore, the N terminus was positioned
within about 10 A from the phosphate group of the
adenine residue at the catalytic site using the DISCOVER
software package (J. Rosenberg, personal communi-
cation). N terminal deletion mutants lacking the first 4
(DELN4), 12 (DELXN12) and 29 (DELN29) amino acid
residues of the WT protein were also studied. The DELN4
mutant was constructed by deleting 4 residues from the
WT protein described above. The DELN12 mutant was
constructed by adding 3 residues in an extended (f-sheet)
conformation to the N terminus of the erystallographic
structure. The DELN2% mutant was constructed by
deleting 14 residues from the N terminus of the crystallo-
graphic structure. Once again, protons were added to each
molecule and energy minimized using IMSCOVER with
all heavy atoms fixed.

The EcoRI endonuclease protein was charged according
to an initial caleulation of the pK, values of the ionizable
residues in the bound complex (Hecht & Honig, unpub-
lished results; Yang et al., 1993). In the free protein, each
of the basic residues was charged to — 1, each of the acidie
residues was charged to +1, and each histidine was
neutral. Based on our initial calculations of pH dependent
effects (Hecht & Honig, unpublished results), we antici-
pate that the pK, of Hisl14 will be shifted upward on
binding since it is proximal to the DNA. Therefore, we
have charged Hisl14 to +1 in the bound state. This pK,
shift is consistent with the experimentally observed pH
linked effects on binding {Jen-Jacobsen ef al., 1983).

In each case, the salt-dependence of the DNA transition
from the B-conformation to the bound conformation was
calculated. For the EcoRI endenuclease, the conformation
of B-form d[{CGCGAATTCGCG),] was defined by the
single-crystal X-ray diffraction structure of the oligo-
nucleotide (Drew et al., 1981). The coordinates of the
B-DNA form of the Q1 operator sequence was generated
from the idealized local coordinates of Arnott & Hukins
(1972) using the InsightIT/DISCOVER modeling package
(Biosym, 1992, 1993). The use of the canonical B-DNA
conformation introduces some error into our calculations.

However, the variation in the salt dependence for various
forms of free B-DNA is relatively small (<59).
Furthermore, the salt dependent free energy is a signifi-
cant but small part of the total salt dependent binding
free energy, so that structural uncertainty results in only
a small error in the overall salt dependence of binding. No
attempt was made to explicitly account for structural
changes in the protein upon binding. Since the known
erystal structures of the free and bound proteins are quite
similar (Beamer & Pabo, 1992; Rosenberg, 1991; Jordan
& Pabo, 1988), the salt dependencies of these transitions
are expected to be very small due to the relatively small
local charge densities of the proteins. These effects can
later be included in more sensitive analyses of binding
energies.

(¢) Caleulation of the electrostatic free energy

Electrostatic potentials were caleulated with the finite
difference NLPB equation implemented in the DelPhi
software package (Nicholls & Honig, 1991; Jayaram ef al.,
1989; Gilson & Honig, 1988; Gilson et al., 1988). The
macromolecule and the surrounding solvent were mapped
onto a 65° lattice. The largest source of error in the finite
difference method arises from the limited resolution of the
lattice and the resulting error in the representation of
the molecular surface (Gilson et al., 1988). Therefore,
the potentials were calculated using a 3-step focussing
technique {Gilson ef al., 1988). In the initial caleulation,
the largest dimension of the macromolecule fills 239, of
the grid and the potentials at the lattice points on the
boundary of the grid are approximated analytically using
the Debye-Hiickel equation such that ¢{cc) =0 (Klapper
el al., 1986). The final potentials are calculated in 2 steps
in which the grid is made 4 times finer, such that the
largest dimension of the macromolecule fills 929, of the
grid with the boundary conditions interpolated from the
previous step. The final resolution for the ligand-DNA
complexes was at least 09 grid/A. At this resolution, salt
dependent electrostatic free energies vary by less than
1%, with respect to grid placement and resolution. Each
of the salt-dependent free energy terms (eqn (3)) were
caleulated with the appropriate numerical integrals over
the lattice as previously described (Misra ef al., 1994},

3. Results

As ghown in Table 1, the calecuiated values of the
salt dependence for the AcI repressor-operator and
EeoRI endonuclease—DNA systems are in excellent
agreement with experiment. The calculated values
of the salt dependent binding free energies, AAGY,
increase linearly with In [M*] (Figures 1 to 3). AAGE
has been interpreted in terms of the changes in three
salt dependent free energy contributions {(Tables 2
to 5; Figures 2 and 3): the electrostatic ion—molecule
interaction free energy, AG7,,; the electrostatic ion—
ion interaction free energy upon binding, AGS; and
the purely entropic free energy of ion organization,
AGL, (Misra et al., 1994). For each system, at
physiological ionic strengths, the largest salt depen-
dent contribution to AAGY and JAAGI{dIn[M™*] is
the large unfavorable change in the ion molecule
interactions; these changes are mirrored by smaller
favorable changes in AGY. While long range electro-
static effects are manifested in AAGY, and AAGY,, the

small changes in A, reflect changes in the local
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jon distributions upon binding. Overall, AAGS
substantially destabilizes both the Ael repressor—
operator and HcelRl endonuclease-DNA complexes
{Tables 2 and 4). These findings are qualitatively
similar to those observed in a variety of minor
groove binding antibiotics (Misra et al., 1994).
However, here, a substantial part of the overall salt

dependence is given by the contribution of the free
proteins (Figures 2a and 3a).

These effects have been analyzed in terms of the
individual components of AAG, for the free proteins,
free DNA and the protein—DNA complex (Tables 2
to 5; Figures 2 and 3). The term AG;, drives the
formation of an ion atmosphere around the isolated

Table 1
Salt dependence of protein—DN A interactions

AcI repressor EcoRI endonuclease

WT EK34 WT DELN4 DELNI2 DELN29
Experimental
—8In K,,,/¢ In[M*] 44 to 52t 7-5% 7-4§ 72| 51| 51
Calculatedq
JAAG [0 In[M*] 44 79 72 67 51 53

T From Senear & Batey (1991); the smaller number is from a linear least-squares regression analysis
of the data, while the larger number is from a nonlinear regression analysis to account for possible
competitive divalent ion effects (see the text for details).

f From Nelson & Sauer (1985). A linear least squares analysis of the experimental data in which the
salt dependence of the repressor dimerization constant, K, reported by Koblan & Ackers (19918) has
been accounted for. In this salt range, K; =37 nM; —&1n K,/ In [M*]=1'5 (see also Senear & Batey,
1991).

§ From Jen-Jacobsen et al. (1983, 1986).

|| From Jen-Jacobsen ef al. {1986).

Y Caleulated with the finite difference NLPB equation with the CVFY charge set and &, = 4 (see the
text for details). Free energy is expressed in units of £7.

Table 2
Values of salt dependent free energy terms for the Acl repressor—0y1 operator
complex at -1 M salt

Free energy

(kealfmol) B-0.1% WTi EX34§ Consensus|| Nonconsensusf
AAGT 35 14-7 378 69 49
AAGE, 79 265 756 123 83
AAGT —2:8 —12-1 —334 —-59 —39
AAGE,, 15 03 —43 05 05

¥ The transition from canonical B-DNA to the bound form O 1 DNA.

{ The wild-type Acl repressor-0g 1 operator interaction.

§ The Glu34—Lys mutant Acl repressor—(; 1 eperator interaction.

|| The interaction of the repressor monomer with the consensus O_1 operator half-site.

9| The interaction of the repressor monomer with the nonconsensus Opl operator half-site.

Table 3
The salt dependence of the free energy terms for the Ael repressor—0y1
operator complex

Free energy (kT) B—-0. 11 WTt EK 34§ Consensus|| Nonconsensus
GAAGS]E In [MH] 06 38 73 17 1-4
BAAGS 0 In (MY o5 5 129 26 1
JAAGSD 1 [M*] —09 —43 —84 —19 —17
OAAGS /6 In [M7] 10 06 2-8 00 o0

T The transition from canonical B-DNA to the bound form O 1 DNA.

1 The wild-type Ael repressor—0O, 1 operator interaction.

§ The Glu34—Lys mutant Acl repressor—(, 1 operator interaction.

|| The interaction of the repressor monomer with the consensus O, 1 operator hal-site.

9 The interaction of the repressor monomer with the nonconsensus 01 operator half-site.
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Figure 1. The calculated salt dependent contributions
to the total electrostatic free energy of: a, the transition
from the canonical B conformation to the bound con-
formation of the Oyl operator sequence; b, the A

macromolecules. Cations accumulate around the
DNA (Figure 4a) while anions accumulate around
the DNA binding domain of the proteins (Figure
4b). Protein~DNA binding decreases the magnitude
of the favorable AG;, by dispersing the ion atmo-
sphere around the isolated macromolecules (Tables
2 and 4; Figures 2b and 3b). This effect is caused by
a redistribution of ions around both the protein and
the nucleic acid upon binding (Figure 4c). The inter-
action of the positively charged DNA binding
domain of the protein with the DNA reduces the
magnitude of the negative electrostatic potential
around the DNA so that fewer cations accumulate.
At the same time, the large negative electrostatic
potential of the DNA diminishes the anions and
enriches the cations nearby the protein. In addition,
the large protein molecules physically exclude
cations from a high potential region near the DNA,
while the DNA excludes anions from near the posi-
tively charged protein surface. The change in the
ionie distribution is shown in Figure 5. The redistri-
bution of both cations and anions upon binding
decreases AGL, . This effect increases with bulk salt
concentration as proportionally more ions are
displaced upon binding (Tables 3 and 5; Figures 2b
and 3b).

Changes in AGY; also reflect the redistribution of
ions upon binding. Since complex formation
disperses the ion atmospheres, binding of the pro-
tein to DNA decreases AGY; of the system (Tables 2
and 4; Figures 2c and 3c¢). This effect also increases
with bulk salt concentration as proportionally more
ions are affected by binding (Tables 3 and 5; Figures
2¢ and 3e).

AAGS, reveals changes in the local ion distribu-
tions. The behaviour of AAGY _ in protein-DNA
systems is much more complicated than that seen in
gimple ligand-DNA complexes (Misra et al., 1994)
due to the complex molecular shapes. In contrast to
the minor groove binding antibiotics, the binding of
a protein to DNA can actually result in a more
unfavorable AGg, for the complex relative to the
free DNA at physiological salt concentrations
(Tables 2 and 4; Figures 2d, 3d and 6). This effect
results from the entropically unfavorable accumu-
lation of cations in solvent filled pockets with a
large negative electrostatic potential at the protein—
DNA interface upon complex formation (Figures 4¢
and 5). Since the ion distribution around the free
protein also makes a significant contribution to
AAG;., the overall change in AG,, may, in fact, be
favorable (Tables 2 and 4; Figures 2d, 3d and 8).
The magnitude of AAG,,, generally decreases with
bulk salt concentration as the concentration differ-
ence between the local macromolecular ion atmo-
sphere and bulk solution decreases (Tables 3 and 5;
Figures 2d, 3d and 6).

repressor-0; 1 operator interaction; and ¢, the EcoRIT
endonuclease-d[(CGCGAATTCGCG);] interaction. (@)
AAGY; (O}, AAGH: (H), AAGT; (O), AAG]

i org "
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Figure 2. The salt dependent free energy terms calculated with the NLPB equation for the WT AcI repressor—Qg1
operator interaction: (), the Acl repressor—0,1 operator complex; ([J), the bound form of the free O_1 operator;
{O), the free icl repressor molecule; and (@), the change in the free energy calculated for the binding of the protein to
the oligonucleotide, Each line represents a linear least-squares regression analysis of the data points. a, AG; b, AGL;
e, AGL; d, AG]

g

Table 4
Values of salt dependent free energy terms for the EcoRI-
df(CACGAATTCRCG ), ] complex at -1 M salt

Free energy

(kcalfmol) B EcoDNA$ WTt DELN4§ DELN12|| DELN29Y
AAG? 14 256 182 79 48
AAGE, 34 51-3 365 150 85
AAGE —14 —209 145 —49 1
AAGS,, — 06 48 —36 —~23 —2]

t The transition from d[(CGCGAATTCGCG),] in the free conformation (Drew ef al., 1981) to the
bound form.

1 The wild-type EcoRI-d[{CGCGAATTCGCG), | interaction.

§ The 4 amino acid N-terminal deletion mutant EcoRI-d[(CGCGAATTCGCG),] interaction.

| The 12 amino acid X-terminal deletion mutant EcoRI-d((CQCGAATTCGCG),] interaction.

4| The 2% amino acid N-terminal deletion mutant EcoRI-d[(CGCGAATTCGCG),] interaction.
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Figure 3. The salt dependent free energy terms caleulated with the NLPB equation for the WT EcoRI endonuclease—
d[{CGCGAATTCGCG),] interaction: {l). the EcoRI endonuclease-DNA complex: {{J). the bound form of the free
oligonucleotide; (O}, the free HcoRI endonuclease; and (@), the change in the free energy caleulated for the binding of
the protein to the oligonucleotide. Each line represents a linear least-squares regression analysis of the data points.
a, MG b, AGL e, AG: d, AG,

ii* Torg-

Table 5
The salt dependence of the free enerqy terms for the KecoRi—
df (CGCGAATTCAOG ), | complex

Free energy (&7 B— EcoDNAYT WTi DELN4§ DELN12|| DELN29Y|
BAAG /3 In [M*] 05 67 62 46 48
JAAGE, /6 In [M*] o6 126 11-6 95 98
JAAG] {0 In [M*] —03 —84 —-73 —53 —52
OAAGS, /0 In [M™] 02 25 19 4 -3

T The transition from d[(CGCGAATTCGCG),] in the free conformation {Drew et al., 1981) to the
bound form.

1 The wild-type EcoRI1-d[(CGCGAATTCGCG),] interaction.

§ The 4 amino acid N-terminal deletion mutant FeoRI-d[{CGCGAATTCGCG),] interaction.

| The 12 amino acid N-terminal deletion mutant EcoRI-d[(CGCGAATTCGCG),] interaction.

9 The 29 amino acid N-terminal deletion mutant EcoRI-d[(CGCGAATTCGCG),] interaction.
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(a} The Acl repressor-0p1 operator complex

(i) The DN A structural transition

The site specific binding of the AcI repressor to its
operator results in some structural changes to the
DNA site (Beamer & Pabo, 1992). Therefore, we
have analyzed the salt dependence of binding
according to the two-step process given in equation
(8). The calculated value of AAGT, for the DNA
structural transition upon binding increases linearly
with In[M*] such that J(AAG?,)/d{ln [M*]} equals
05 (Figure 1). The individual components of AAGY,
for the isolated DNA in the free (1)) and bound {D*)

Figure 4. Two-dimensional isoconcentration univalent
salt contours around the WT Zcl repressor-0;1 complex
in the free and bound state at 0-1 M bulk salt concentra-
tion. Salt concentrations are given as the excess over bulk
salt concentration. Excess cation distributions are shown
as: red, 0r1 M; orange, (2 M; yellow, 0-3 M. Excess anion
distributions are represented by: blue, 0-1 M; green, 0-2 M;
cyan, 0-3 M. The macromolecules are represented by their
solvent accessible surfaces (probe radius=1-4 A). a, The
bound form of the free Ol operator; b, The free Acl
repressor; ¢, The Ael repressor-Og 1 operator complex.

conformations are given in Figure 1 and Tables 2
and 3.

In the salt range studied, the salt dependent free
energy changes associated with the structural trans-
formation of the operator upon binding are domi-
nated by AAGL, (Figure 1; Table 2). Repressor—
operator complex formation results in a widening of
the major groove and bending of the DNA at the
binding site (Beamer & Pabo, 1992). The
phosphate—phosphate distances across the major
groove are increased. These conformational changes
result in lower average potentials around the
operator DNA relative to canonical B-DNA.
Consequently, Aff;,, for the bound conformation of
the operator, D*, is smaller than in regular B-DNA,
D. As bulk salt eoncentration increases, more 1ons
accumulate around canonical B-DNA relative to the
operator DNA, thus increasing the relative electro-
static stability of the canonical B-DNA at higher
salts (Figure 1 and Table 3).

Concomitant changes are seen in AAG} and
AAGL,, (Figure 1; Tables 2 and 3). The higher con-
centrations of ions around canonical B-DNA
relative to the bound form DNA, D*, results in a
more unfavorable AGS; and AGG for the canonical
B-DNA. The term AAG; increases with bulk salt
concentration since proportionally more ions
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Figure 5. Three-dimensional isoconcentration contours
representing the change in the net charge density around
the WT JAel repressor-Op 1 operator complex upon
binding. The ion concentrations around the free protein
and the DNA were subtracted from the ion concentrations
around the complex. The resulting salt concentrations
around the complex represent the effects of nonlinearity.
The red surface shows areas of accumulation of 0-62 M
positive charge density (or depletion of negative charge
density). The dark blue surface shows areas of depletion of
0-62 M positive charge density.

accumulate around the canonical B-DNA relative to
the operator. The unfavorable AAG], decreases
with bulk salt concentration as the concentration
difference between the local macromolecuiar ion

atmosphere and bulk solution decreases.

(i1) The wild-type (WT) Acl repressor—operator
interaction

The calculated value of AA@Gg, for the WT
repressor dimer interaction with the operator
increases linearly with In [M*] such that S{AAGS,)/
d(In [M*]) equals 3-8 (Figure 2a; Table 2). When the
salt dependence of the DNA structural transition is
added, the total salt dependence of the Acl
repressor—operator interaction, d{AAG?)/d(In{M*]),
is predicted to be 4:4, Overall, univalent cations are
found to destabilize the Acl repressor-operator
complex by more than 18 keal/mol at 01 M M*
(Table 2). It is interesting to note that AAGL,
actually opposes binding above about 0-05 M M*
(Table 2; Figure 2d).

40.0

KT

20.0

AGorg®

0.0

4.0 -5 3.0 28 -20 -1.5 -1.0 0.5

In [M*]

100

AGorg® /KT

a0 L

=100 L L Il
25 -20 -1.5 -1.0 0.5

In [M+]

Figure 6. The salt dependence of the free energy of ion
organization, AG;,,, calculated with the NLPB equation
for: a, the EK34 repressor-0,1 operator interaction,
b, the DELN12 endonuclease-d{{CGCGAATTCGCG);)
interaction. (), The protein-DNA complex; ([J), the
bound form of the free DNA; (), the free protein; and
(@), AAG,,, calculated for the binding of the mutant
protein to DNA. Each line represents a linear least-
squares regression analysis of the data points.

(iii} The mutant EK34 repressor—operator interaction

The substitution of Lys for Glu34 in the Acl
repressor substantially increases the experimentally
observed affinity of the protein for both operator
and nonoperator sites (Nelson & Sauver, 1985). The
experimentally observed value of —d{lnK)/
HIn[K*]) of the mutant increases by about 3
relative to the WT protein (Nelson & Sauer, 1985).
The calculated value of G(AAGY)/d(In[M*]) for the
Glu34 - Lys (EK34) repressor mutant is equal to 79
{Tables 1 and 3). The calculated change in J(AAGT)/
d{ln [K*]) upon mutation is, therefore, 3-5 relative
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to the WT protein. This value agrees with the
experiment very well. Salt is found to oppose the
formation of the protein-DNA complex by more
than 40 keal/mol at 0-1 M M* (Table 2).

The major effect of the mutation is to increase the
magnitude of all the contributions to both AAG,
and AAG])E(In[M*]) relative to the WT
repressor (Fables 2 and 3). These effects are larger
than those seen in the WT repressor since the more
positive mutant protein interacts more unfavorably
with thé cationie counterion atmosphere around the
DNA/ while the DNA interacts more unfavorably
with the more anionic ion atmosphere around the
mutant protein. As a result, binding of the EK34 to
its operator results in a more dispersed ion atmo-
sphere than in the WT complex.

The role of ion redistribution is reflected in the
behavior of AG,  for the free and hound macro-
molecules (Figure 6). Replacing the negatively
charged (Glu34 side-chain with a positive lysine
decreases the negative electrostatic potential at the
protein—-DNA interface. As a result, fewer cationic
counterions accumulate in the interfacial solvent-
filled pockets at each salt concentration. Therefore,
an increase in AG,, relative to the isolated DNA is
only observed at high salt concentrations. The free
energy associated with organizing an ion atmo-
sphere around the free repressor dimer ensures that

AAG L is always favorable (Table 2; Figure 6).

(ivy The WT Acf repressor half-site interactions

We have analyzed the role of salt dependent
electrostatic effects in the interaction of the Acl
repressor monomer with each O 1 operator half-site.
The 0,1 operator site contains an axis of approxi-
mate 2-fold symmetry and is described in terms of
two half-sites (Figure 7: Sauer et al., 1990; Ptashne,
1987). Each A repressor monomer interacts with a
single operator half-site. Although the Acl
repressor—(y 1 operator cocrystal structure reveals
that the protein dimer maintains the same specific
hydrogen bond contacts to each operator half-site,
the A repressor dimer recognizes the approximately
2-fold symmetric half-operator sequences asym-
metrically in terms of structure (Beamer & Pabo,
1992; Jordan & Pabo, 1988) and energetics (Sarai &
Takeda, 1989). The base pair substitution experi-
ments of Sarai & Takeda (1989) indicate that rela-
tively small differences in the geometry of the
surface of the protein with respect to the surface of
the DNA revealed in the crystal structure of the two
half operators result in “‘amazingly large” differ-
ences in binding specificity to the two half-sites.
These findings indicate that indirect contacts must
play a significant role in determining the specificity
of the Acl repressor—operator interaction.

We find that the different salt effects in the two
half-sites are a result of differences in long range
electrostatic interactions, primarily in AAGL, and
secondarily in AAGE (Table 2}. Because of the subtle
differences in the geometry of the complexes, the
monoemer in the consensus half-site perturbs the ion
atmosphere to a greater extent than the monomer

o TATATCACCGCCAGTGGTAT
TATAGTGGCGGTCJAICCATA A

Ogl TATCACCGCCAGAGGTA
ATAGTGGCGGTCTCCAT

Figure 7. 1 operator sites. The O 1 operator site used in
the cocrystal analysis is shown at the top. The Ogl
operator site used in the binding assays is on the bottom.
The base pairs which are different from those found in the
Ol operator site are enclosed in boxes. The consensus
half-sites are on the left; the nonconsensus half-sites are
on the right.

in the nonconsensus half-site. As a result, salt
destabilizes the monomer interaction with the
congensus half-site by 2:0 keal/mol more than the
nonconsensus half-site. These effects also result in
small but significant differences in the salt depen-
dence of binding to each half-site (Table 3).

(b) The KeoRI-df (TCGCGAATTCGCG),]

complex

(1) The DN A structural transition

The DNA in the EeoRI endonuclease complex
deviates substantially from the B-conformation
(McClarin et al., 1986). The DNA in the recognition
complex is kinked and unwound, resulting in a
widening of the major groove to accommodate the
protein. The salt dependent free energies of these
structural changes are similar to those seen for the
operator transition in the A repressor—O; ! operator
complex (Tables 4 and 5). The calculated value of
AAG,, for the DNA structural transition upon
binding increases linearly with In[M™*} such that
S(AAG:)0(In [M*]) equals 0-5 (Table 5). These free
energies were explicitly included in our evaluation
of the overall salt dependence of binding according
to equation (8).

(ily The WT EcoRI-DN A interaction

The salt dependence of the electrostatic effects
for the binding of the EcoRI endonuclease to d[(CG-
CGAATTCGCR),], J[AAGY)/A(In[M*]), calculated
with the NLPB equation equals 7-1 (Tables 1 and
5). This value agrees quite well with the experi-
mental slope of about 7-4 determined for the binding
of the EeoRI endonuclease to d[{CGCGAATTC-
GCG),] (Jen-Jacobsen et al., 1983, 1986). Similar
experimental results have been found for the inter-
action of the KcoRI endonuclease with plasmid
DNA (Wright et al., 1989; Terry et al., 1983). Salt
destabilizes the EcoRI endonuclease-d[{CGCGAA-
TTCGCG),] complex by almost 27 keal/mol at 0-1 M
Mt (Table 3).



Salt Effects on Protein—-DNA Interactions 275

(iii) EcoRI endonuclease N-terminal deletion mutants

We have investigated the effect of the N-terminal
“arms’” of the KcoRI endonuclease on the salt
dependence of the interaction. The N-terminal arms
are not required for sequence specific recognition;
however, they are postulated to contribute to the
stability of the complex through nonspecific electro-
static interactions with the DNA {Jen-Jacobsen ¢t
al., 1986). We have calculated the salt dependent
electrostatic behavior of EeoRI endonuclease
deletion mutants lacking the first four (DELN4), 12
(DELN12) and 29 (DELN29) amino acid residues of
the N-terminal arms (Jen-Jaccbsen et al., 1986). The
caleulated values of 6{AAGS)/0(In [M*]) for DELN4,
DELNI12 and DELN29 are 67, 51 and 53, respec-
tively {Tables 1 and 5). These values are in excellent
agreement with the experimentally observed values
of —d(n K_.,.)/d(In [Na™)), found to be 72, 51 and
51, respectively (Jen-Jacobsen et al., 1986). Tn each
case, salt substantially destabilizes the binding of
the N-terminal deletion mutants to DNA at 0-1 M
M* (Tabie 5).

For each mutant, the deletion of the amino-
terminal residues decreases the net charge of the
protein. The deletion of the first four, 12 and 29
amino-terminal residues decreases the net charge of
the protein by two, four and six relative to the WT
endonuclease, respectively. These changes reduce
each of the contributions to AAG, and J(AAGY,)/
o{in [M*]) since the less positively charged proteins
now interact less unfavorably with the cationic
counterion atmosphere of the DNA, while the DNA
interacts less unfavorably with the more cationic
ion atmosphere around the proteins. Binding of the
deletion mutants to DNA thus results in less
dispersal of the ion atmospheres relative to the WT
protein, This effect is analogous to that observed for
the EK34 A repressor mutant and is reflected in a
representative plot of AGG, wversus In[M7']
{Figure 6b).

4. Discussion

(a) The interpretation of sell effects on protein-DN A
tnteractions in the NLPB model

The finite difference PB model provides an
accurate theoretical framework for understanding
nonspecific salt dependent effects in protein—-DNA
systems. PB theory describes the interaction of a
continuously distributed ion atmosphere with each
macromolecule. The redistribution of ions upon
binding reflects both differential cation and anion
interactions with the protein and the DNA. As a
consequence of the complicated three-dimensional
shape and charge distribution, these interactions
involve the accumulation and depletion of both
cations and anions in specific regions around the
macromolecules. The consequences of this jonic
redistribution are dominated by the large
unfavorable change in electrostatic ion—molecule

interactions, AAG . At physiological salt concen-
trations, ligand binding to DNA disrupts the large
favorable electrostatic interactions of the highly
organized ion atmosphere with the free polyion.
Although the resulting AAGY and AAGG, favor
binding, they are relatively small. The resulting
unfavorable change in AAf] upon binding indicates
that the molecules are better solvated by salt in the
separated state than in the bound state.

The magnitude of the salt effects calculated with
the NLPB equation for the protein variants, EK34,
DELN4, DELN12 and DELN29, suggests that the
free energy of global salt redistribution upon
binding is more important than free energy changes
associated with local protein—-DNA interactions
{(ion-pairs) in determining salt effects in ligand—
DNA systems. In the WT Zel repressor—operator
gystem, side-chain oxygen atoms of Glu34 are posi-
tioned at least 5A from the nearest phosphate
oxygen in each half-site; the side-chain amino
protons of the corresponding lysine residues in the
EK34 repressor—operator system are also at least
6 A from the nearest phosphate oxygen in each half-
site, Although these residues do not make direct
contacts with the DNA, the Glu34—Lys mutation
increases —@&{ln K,,.)/d(In [Na*]) by at least three
units. Similarly, in our model, the N-terminal arm
of the EcoR1 endonuclease does not make any direct
contacts with the DNA, yet deletion of the first
four, 12 and 29 amino acid residues decreases
—d(In K p,)/d(In[Na*]) by one to two units
{Table 1). The observed changes in —dfln K.}/
d(In [Na*]) result from changes in the ion distribu-
tion described by the NLPB equation near the
protein—DNA complexes upon mutation, not ion-
pairing. These changes are manifested primarily in
long range electrostatic ion—molecule, AAGT,, and
ion-ion, AAGY, interactions and secondarily in the
entropy of jon organization, AAGY,,.

The univalent salt dependence of protein—-DNA
binding can be a function of several other important
effects: differential cation and anion binding to
specific sites both on the protein and the DNA,
differential protonation and differential hydration
{Record ef al., 1978, 1991). Because of the con-
tinuum representation of salt effects in the PB
model, our analysis must agssume that specific ion
effects, if they are present, do not substantially alter
the salt dependence of binding in each of the
systems studied. The results of our analyses show
that salt effects in the systems studied can be accur-
ately described in terms of simple nonspecific effects
in the context of NLPB theory. Differential proto-
nation effects can also explicitly be modeled in
terms of the charge state of the protein in the free
and bound states (Yang ef al., 1993; Misra & Honig,
unpublished results; Hecht & Honig, unpublished
results.

{b) The Acl repressor—operator inleraction

The calculated salt dependence of the Acl
repressor—operator interaction seems to agree quite
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well with the experimental results for both the WT
and EK34 proteins (Table 1), However, a simple
comparison of the calculated and experimental
results is complicated by a number of theoretical
and experimental difficulties. These problems are
discussed below.

(i) The effect of divalent cations on the binding
constant

Our current analysis has focussed on only simple
univalent jon effects. However, the repressor
binding assays typically contain millimolar concen-
trations of divalent cations. In order to properly
treat univalent salt effects, the role of divalent
cations must be evaluated. Experimentally, it has
been observed that low concentrations of divalent
cations increase the value of In K, for the icl
repressor—Og operator system (Sauer et al,, 1990 and
references cited therein). Divalent cations are
thought to specifically stabilize the repressor dimer
interaction with the operator (Sauer ef al., 1990).
These effects are quite different from those observed
in the nonspecific interaction of oligolysines
{Lohman et al., 1980) and lac repressor (Record et
al., 1977) to DNA where the addition of Mg?*
actually decreases the binding of the ligand.

It is important to realize that Mg®™ effects on
binding cannot be simply described by a simple
screening parameter, k, in the NLPB model. The
contribution of divalent ions to the free energy of
polyelectrolyte systems has not been evaluated with
an expression for the total electrostatic free energy
using the NLPB equation. This is an area of current
investigation. It is encouraging to note that the PB
equation provides a reasonable estimate for the
concentration of Mg?* around highly charged
cylinders in mixed NaCl-MgCl, systems relative to
Monte Carlo and hypernetted chain caleulations
{Murthy et al., 1985). Furthermore, it has been
gshown that competitive effects between Na* and
Mg?* in highly charged eylindrical systems can be
accurately described by the NLPB equation (Wilson
et al., 1980). The energetic consequences of these
effects on ligand—DNA interactions remain to be
determined.

In the absence of a self-consistent PB approach,
we have tried to extract the effect of simple 1:1 salt
from the available experimental data using a very
simple model which assumes that the effects of
magnegium on the univalent salt dependence are
negligible. In this case, the deviation in the experi-
mental data from a simple linear model relating
—In K, to In[M*] was assessed. A linear least-
squares regression analysis of the quantitative
DNase I footprint titration data (Senear & Batey,
1991) yields a slope of 4:4(+04) {Table 1) with a
correlation coefficient of 0-987. An analysis of the
residuals for these data does not reveal any system-
atic deviation from the regression line that would be
consistent with simple curvature due to divalent
ions (Cox & Snell, 1968). Thus, despite the compli-
cated interactions of divalent cations with the Ael

repressor—0y operator complex, these linear regres-
sion analyses provide a simple model indicating
almost 989, of the variance in —In K, can be
explained by the variation in the independent vari-
able In [M*].

We have also tried to account for Mg?* effects
uging other available theoretical models, A fre-
quently used model of divalent ion effects on
ligand-nucleic acid interactions assumes that
divalent cations directly compete with repressor for
binding sites on the DNA (Record et al., 1977). This
competition is described by the following equation:

logK°b5=]0gK°+m’x,blog[M*]+ R
mlog{0.5(l+(1+4KMg,obsd|_Mg +]) / )}!(9)

where K, is the experimentally observed associa-
tion constant for the binding of repressor to DNA.
Equation (9) is valid for low protein binding density
in the absence of anion effects at constant pH. The
first two terms on the right describe the effect of
monovalent cations in the absence of Mg?*; K° is
the reference state thermodynamic association
constant for the repressor with DNA and m’ and
are as previously described. The last expression on
the right-hand side of equation (9) is a nonlinear
interaction term between the independent variables
[M*] and [Mg?*]; K g ansa 18 the observed associa-
tion constant for the binding of Mg** to a DNA site
given by:

lOg KMg.obsd= lOg K;‘Ig_zlfr’ lOg [M+]' (10)

Although this model successfully describes the
Mg?* induced curvature of the —In K, versus
InfM*] plot for the nonspecific binding of lae
repressor to DNA (Record et al., 1977), the Acl
repressor—Og  operator system does not behave
according to a simple competitive binding model.
This model predicts that the presence of divalent
cations in the assay buffer results in decreased
values of In K, particularly at low univalent
cation concentrations. This is contradicted by the
available experimental evidence. These results
might suggest that the competitive effects of
divalent ions may be less important in specific
protein—DNA interactions.

Nevertheless, in order to estimate the magnitude
of a purely competitive divalent ion effect, we have
analyzed the quantitative DNase T footprint
titration data on the Acl repressor—-Ogl operator
complex (Senear & Batey, 1991) with the competi-
tive binding model using a nonlinear least-squares
regression analysis. The experimental data were
fitted to equation (9) with three adjustable para-
meters, log K, m' and log K using a multivariate
secant algorithm based on the Ganss—Newton
method (SAS Institute, 1988; Ralston & Jennrich,
1978). The results of this analysis yield a value of
52 (959% confidence limits 43 to 60} for
—d(In K ,,)/6(In [M*]) (Table 1). As a result of the
overall linearity of the data points, the introduction
of a curved model reduces the quality of the fit to
the parameter m’ relative to the simple linear model.
Therefore, the results of the competitive binding



Salt Effects on Protein—-DN A Interactions 277

model are not statistically different from the linear
model as reflected in the confidence limits of
—d([In K 4,}/é[M*]). Presently, we cannot dismiss
the possibility that divalent cations may change the
slope of the regression line without substantial
curvature. In either case, the NLPB model provides
a reasonable estimate of —d&(In K,,,)/d(In{M*))
(Table 1).

{(i1) The effect of the C-terminal domain on the
binding constant

The finite-difference NLPB calculations described
here were performed on the cocrystal structure of
the N-terminal (DNA binding) domain (residues 1
to 92) of the Acl repressor bound to the 01
operator site (Beamer & Pabo, 1992), whereas the
corresponding experimental studies (Koblan &
Ackers, 1991q; Senear & Batey, 199}; Nelson &
Sauer, 1985) were performed on the intact repressor
protein. The intact repressor is known to bind
operator DNA 100 to 1000-fold more tightly than
the N-terminal domain alone (Sauer et al., 1990 and
references cited therein). However, this difference
arises mainly because the intact repressor forms a
more stable dimer (Sauver et al., 1990). Thus, the
value of the observed dissociation constant, K.,
for the interaction of the intact repressor dimer and
the N-terminal dimer with their operators are the
same to within experimental error (Sauer ef al.,
1990). From these data, it seems that preformed
dimers of both species bind the operator with
approximately equal affinity. The NLPB calcula-
tions involve only K.

The effect of the C-terminal domain (residues 93
to 236) on the salt-dependence of K, are likely to
be small as well. This domain is made up of two
independently folding regions (Pabo et al., 1979)
attached to the N-terminal domain more than 27 A
from the DNA (Beamer & Pabo, 1992).
Furthermore, the pattern of protection from
chemical methylation and DNase 1 cleavage
observed for the intact repressor and the N-terminai
domain are identical (Sauer ef al., 1990), indicating
that the C-terminal domain does not contact the
DNA. Tt is anticipated that charged groups more
than about 10 to 15 A from the DNA will have little
effect on the salt-dependence of K . However, in
the absence of detailed structural information, these
caveats must be kept in mind.

{iii) The effect of the operator sequence on the
binding constant

Site-specific variation of salt effects may compli-
cate the direct comparison of our ecaleulations with
experimental data. Our caleulations were performed
on the Acl repressor bound to the O 1 operator
sequence (Beamer & Pabo, 1992), while the corre-
sponding experimental studies were done on the Oyl
operator sequence (Koblan & Ackers, 1991a; Senear
& Batey, 1991; Nelson & Sauer, 1985). However, the
variation in the salt dependence between the Ogl
and O_1 sites is expected to be small. The 01 site
differs from the Ogl site at only a single noncon-

tacted base pair (Figure 7); the resulting change in
the binding free energy change is negligible (Sarai &
Takeda, 1989). This implies that the structure of the
two complexes should be quite similar. Given these
data, it is reasonable to assume that the salt depen-
dencies of repressor binding to the Ogl and Oy 1 sites
are comparable.

{¢} The KcoRI endonuclease—DN A interaction

The calculated salt dependencies of the inter-
action of both the WT and mutant EcoRIT endo-
nucleases with d[(CGCGAATTCGCG),] agree
extremely well with the experimental results
{Table 1). The experimental salt dependencies were
determined for the binding of the endonuclease to
d[(CGCRAATTCGCG),] using a filter binding assay
without added Mg®* (Jen-Jacobsen et al., 1983,
1986). Identical results have been found for the
interaction of the endonuclease with plasmid DNA
in the absence of Mg®* (Wright et al., 1989; Terry et
al., 1983). As such, a direct comparison of the caleu-
lated and experimental results is relatively straight-
forward above :1 M [M*].

The interpretation of the experimental results is
complicated for salt concentrations below 0-1M
Na*. In the low salt region, the graph of —In K,
versus In [Na'] significantly deviates from linearity
in the absence of divalent ions (Jen-Jacobsen ef al.,
1983; Terry et al., 1983). In fact, —a(In K}/
d(In[Na*]) actually becomes positive indicating
that binding is enhanced by increasing salt concen-
trations. A similar phenomenon has been observed
in a variety of protein—-DNA systems including the
lac repressor—operator system (Winter & von
Hippel, 1981), the cataholite gene activator protein
{CAP)-DNA system (Ebright et al., 1989}, the P22
mnt repressor—operator system (Vershon et al,
1987a), the P22 arc repressor-operator system
(Vershon et al., 19876), and the AraC protein—-DNA
interaction (Martin & Schleif, 1987}, Part of this
effect may be explained by aggregation of the pro-
tein at low ionic strength (Jen-Jacobsen ef al., 1983)
or, possibly, conformational changes in the protein
upon binding (Martin & Schleif, 1987). It has also
been suggested that nonlinearity is due to differen-
tial anion binding, differential cation binding, and
differential ion screening (Record ef al., 1978, 1991),
However, the extent to which the observed curva-
ture represents differential cation and anion binding
unexplained by the NLPB equation is uncertain,
A careful evaluation of salt effects in the low salt
region is being conducted.

(d) The role of salt effects on the specificity of
protein-DN A interactions in the NLPB model

It has been observed that the magnitude of the
salt dependence of repressor binding varies among
the Oy operator sites (Koblan & Ackers, 1991q;
Senear & Batey, 1991). These data indicate that salt
dependent effects can play a significant role in the
overall free energy differences found for site specific
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binding. The finite-difference PB analysis presented
here emphasizes the importance of three-
dimensional structure in describing the salt depen-
dence of protein-DNA interactions. The role of
geometry in determining the specificity of protein
binding to DNA is not limited to the number of
direct hydrophobic, hydrogen bond and ion-pair
contacts; rather, geometry also plays a role in deter-
mining the interaction free energy of the molecule
with solvent and ions. In the NLPB model, differ-
ences in the shape and charge distribution of macro-
molecules lead to changes in their ton distributions
which results in changes in the ion interaction free
energy with the macromolecules.

The role of salt effects in site-specific recognition
is evident from the analysis of the Acl repressor—half
operator interaction. Subtle differences in the
geometry of the two complexes lead to a salt depen-
dent contribution to the free energy of binding to
the consensus half-site which is 409, more unfavor-
able than the salt dependent contribution to the free
energy of binding to the nonconsensus half-site at
01 M salt (Table 2). In addition, the salt depen-
dence of binding to the two half-gites differs by
almost 209, (Table 3}. It is possible that these types
of differences may be responsible for the different
salt effects observed among the Oy operator sites
(Koblan & Ackers, 1991a; Senear & Batey, 1991).
Concomitant structure dependent changes in the
essentially salt independent hydrophobic, hydrogen-
bond and ion-pair contacts must also contribute to
differences in the binding free energy; however,
gquantitative estimates of these contributions
remain to be determined.
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