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ABSTRACT: Solvent structure and its interactions have been suggested to play a critical role in defining the
conformation of polynucleotides and other macromolecules. In this work, we attempt to quantitate solvent
effects on the well-studied conformational transition between right-handed B- and left-handed Z-DNA. The
solvent-accessible surfaces of the hexamer sequences d(m>CG)s, d(CG);, d(CA);, and d(TA); were calculated
in their B- and Z-DNA conformations. The difference in hydration free energies between the Z and the
B conformations (AAGyz-p)) Was determined from these surfaces to be —0.494 kcal/mol for C-5 methylated
d(CG), 0.228 kcal/mol for unmethylated d(CG), 0.756 kcal/mol for d(CA)-d(TG), and 0.896 kcal/mol
for d(TA) dinucleotides. These AAGyz-p) values were compared to the experimental B- to Z-DNA transition
energies of —0.56 kcal/mol that we measured for C-5 methylated d(CG), 0.69-1.30 kcal/mol reported for
unmethylated d(CG), 1.32-1.48 kcal/mol reported for d(CA)-d(TG), and 2.3-2.4 kcal/mol for d(TA)
dinucleotides. From this comparison, we found that the calculated AAGyz_g) of these dinucleotides could
account for the previous observation that the dinucleotides were ordered as d(m>CG) > d(CG) > d-
(CA)-d(TG) > d(TA) in stability as Z-DNA. Furthermore, we predicted that one of the primary reasons
for the inability of d(TA) sequences to form Z-DNA results from a decrease in exposed hydrophilic surfaces
of adjacent base pairs due to the C-5 methyl group of thymine; thus, d(UA) dinucleotides should be more
stable as Z-DNA than the analogous d(TA) dinucleotides. This prediction was tested and confirmed by
the finding that the hexamer sequence d(m’CGUAm>CG) crystallized as Z-DNA in 2-fold lower MgCl,

concentrations than the analogous d(m>*CGTAmM’CG) sequence.

Since the first spectroscopic evidence for its existence (Jovin
& Pohl, 1972) and the subsequent determination of its
structure from single-crystal X-ray diffraction (Wang et al.,
1979), left-handed Z-DNA has been an interesting and useful
structure for physical studies on macromolecular stability.
Solution and high-resolution single-crystal studies of Z-DNA
sequences have shown that a variety of environmental con-
ditions stabilize DNA in the Z conformation, including the
presence of high salt concentrations, transition-metal com-
plexes, base alkylation, and negative supercoiling [reviewed
by Rich et al. (1984) and Jovin et al. (1987)]. Underlying
these effects is an intrinsic sequence dependence for the sta-
bility of Z-DNA.

Z-DNA is characterized not only by the left-handed twist
of the double helix but also by an alternating anti~syn con-
figuration of its base pairs. Since purine bases are sterically
able to adopt the syn conformation more readily than are
pyrimidines, sequences that are alternating pyrimidine and
purine have been reported to be more stable as Z-DNA than
sequences that do not follow this alternation rule (Wang et
al., 1981; Drew & Dickerson, 1981; Jovin et al., 1983). This
alternation in the configuration of the base pairs also requires
that the basic repeat unit of Z-DNA be the dinucleotide, or
two base pairs, rather than single base pairs as is found in the
known right-handed conformations (Jovin et al., 1987). Of
the sequences that follow this alternation rule, there exists a
hierarchy of pyrimidine—purine dinucleotides that adopt the
left-handed conformation, with d(CG) > d(CA)-d(TG) >
d(TA) in stability as Z-DNA (Jovin et al., 1983). This dif-
ference in stability of dinucleotides can be quantitatively re-
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lated to experimental B- to Z-DNA transition energies. The
transition energies for various types of dinucleotides have been
calculated by determining the degree of negative superhelicity
required to induce Z-DNA within well-defined sequences in-
serted in closed circular plasmid DNAs. The B- to Z-DNA
transition energies for d(CG), d(CA)-d(TG), and d(TA) di-
nucleotides have been measured at 0.66—1.2 kcal/mol (Peck
& Wang, 1983; Nordheim et al., 1982; Frank-Kamenetskii
& Vologodskii, 1984; Vologodskii & Frank-Kamenetskii,
1984), 1.32-1.48 kcal/mol (Vologodskii & Frank-Kamenet-
skii, 1984; Mirkin et al., 1987), and 2.3-2.4 kcal/mol (Ellison
et al., 1986; Mirkin et al., 1987), respectively.

The availability of this type of experimentally derived
structural and thermodynamic information on the stabilities
of various sequences as B- versus Z-DNA makes this transition
an excellent system for studying the contribution of various
thermodynamic forces on macromolecular conformations. A
previous calculation of the differences in intramolecular energy
for DNA sequences in the B- and Z-conformations using the
energy minimization program AMBER could account for the
stabilizing effect of methylating cytosines of d(CG) di-
nucleotides in enthalpic terms but was unable to account for
the relative inability of d(TA) dinucleotides to form Z-DNA
(Kollman et al., 1982). Similarly, Karplus and co-workers
(Tidor et al., 1983; Irikura et al., 1985), using related calcu-
lations, were unable to adequately model the salt-induced B-Z
transition (Jovin et al.,, 1987). The shortcomings of these
methods fall primarily in their inability to incorporate inter-
actions of DNA with water networks, bulk water, and ions
(Jovin et al., 1987). Thus, the stability of Z-DNA and DNA
conformations in general may be better understood by con-
sidering differences in solvent interactions with their structures.

The contribution of solvent interactions to the stability of
alternative DNA conformations has been previously discussed
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in qualitative terms. It was shown that the stability of
right-handed A-DNA under dehydrating conditions can be
explained in terms of the difference in the solvent-accessible
surfaces of this conformation relative to B-DNA (Alden &
Kim, 1979). Sanger et al. (1986) have attributed the prop-
ensity of a sequence to adopt the B versus alternative helical
forms to the concept of “economy of hydration”. They suggest
that the more economical hydration of the phosphates in A-
and Z-DNA is responsible for their enhanced stabilities under
dehydrating conditions. The question that we address here
is whether the effect of bulk water structure and interactions
on DNA conformation can be described in quantitative terms
that account for the actual differences in abilities of sequences
to adopt non-B conformations. A useful semiempirical ap-
proach to estimating the contribution of solvent interactions
on molecular structures, first developed by Langmuir (1925),
has been to calculate the overall hydration energy of the
molecule and of its component parts. This approach was
extended by McLachlan and Eisenberg (1986) to estimate the
effect of solvent interactions on “properly” versus “improperly”
folded proteins. The lack of experimental data on the stabilities
of the various conformational states being considered, however,
limited these previous studies to only qualitative evaluations
of how the calculated solvation energies contribute to the
thermodynamics of macromolecular stability. Recently, we
have calculated the difference in hydration energies of
methylated and unmethylated d(CG) dinucleotides in the B
and Z conformations to study the Z-DNA stabilizing effect
due to methylation of the cytosine base (Ho et al., 1988). The
stabilization due to methylation was found to result from an
overall increase in the hydrophobic character of B-DNA, while
the exposed hydrophobic and hydrophilic surfaces of the di-
nucleotide were essentially identical for both the methylated
and unmethylated bases in the Z form,

In this study, we set forth to quantitate the contribution of
solvent interactions on the stability of various sequences as
Z-DNA by calculating the hydration energies of DNA se-
quences in the B and Z conformations from their solvent-ac-
cessible surfaces (SAS). To circumvent any problems that
may result from steric inhibitions to Z-DNA formation, we
limited our studies to alternating pyrimidine—purine sequences.
The differences in the hydration energies between the Z and
B conformations of d(m*CG), d(CG), d(CA)-d(TG), and
d(TA) were compared to the experimental transition energies
for the dinucleotides. From this, we examined the molecular
basis for the inability of d(TA) to form Z-DNA in terms of
hydrated surfaces. A comparison of d(TA) with d(UA) di-
nucleotides as Z-DNA showed that the C-5 methyl group of
the thymine base contributes significantly to the inability of
d(TA) dinucleotides to adopt the left-handed conformation.
We therefore predicted that d(UA) dinucleotides should be
more stable in the Z conformation than d(TA). This pre-
diction was tested by comparing the conditions for obtaining
single crystals of a hexamer sequence that contains d(UA) base
pairs as Z-DNA to published conditions for analogous hexamer
sequences that contain d(m3CG), d(TA), d(CA)-d(TG), and
d(CG) dinucleotides.

EXPERIMENTAL METHODS

The atomic coordinates for each atom, including hydrogens,
of the sequences d(CGCGCG), d(CACACA)-d(TGTGTG),
d(UAUAUA), and d(TATATA) were generated in their
right-handed B conformation by using generalized helical
parameters (Arnott, 1976) and standard distances and geom-
etries. The coordinates of the sequence d(CGCGCQG) as
Z-DNA were taken from its single-crystal magnesium struc-
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ture (Gessner et al., 1985). The structures of d-
(m’CGm*CGm3CG) in the B and the Z conformations were
obtained as previously described (Ho et al.,, 1988). The
structures of d(CACACA)-d(TGTGTG) and d(TATATA)
were generated by combining dinucleotides from the single-
crystal structures of d(CGCGCG) (Gessner et al., 1985) and
d(m*CGTAmM’CG) (Wang et al., 1984) and optimizing the
bond length, dihedral and torsional angles, and van der Waal’s
contacts. The solvent-accessible surfaces (SAS) of the DNA
models were calculated by using a rolling ball method (Con-
nally, 1983) as previously described (Ho et al., 1988). The
surfaces of each atom in the molecules were assigned to dif-
ferent chemical groups (as either carbon, nitrogen, phosphorus,
or oxygen and their associated hydrogen surfaces at the aro-
matic bases, the ribose sugars, or the charged phosphate
group).

A set of atomic solvation parameters (ASP) (Eisenberg &
MacLachlan, 1986) associated with solvating each surface type
of DNA molecules was derived from the partition coefficients
of a set of small organic molecules (Table I) that represent
the aromatic base, ribose sugar, and phosphate components
of nucleic acids. The atomic coordinates of these molecules
were generated by standard distances and geometries and their
solvent-exposed surfaces calculated by the rolling ball method
(Connally, 1983). The calculated surfaces were related to their
free energies of hydration (AGy) as derived from experi-
mentally determined partition coefficients of the molecules in
aqueous solution and octanol (Hansch & Leo, 1979). From
the slope of these relationships, the hydration energy per ex-
posed area (ASP values) was calculated for each atom type
for the base, sugar, and phosphate groups of nucleic acids
(Table I).

The hydration free energies (AGy) of the dinucleotides were
calculated by applying the ASP values to the calculated areas
of each surface type (SAS;, where i represents a surface type
listed in Table I) of the dinucleotides in the B and Z con-
formations and summing the resultant energies (Eisenberg &
McLachlan, 1986).

AGy = ZASPSAS, (1)

The surfaces of the two terminal base pairs of each hexamer
sequence were excluded from the calculations to avoid errors
due to end effects.

The B- to Z-DNA “transition energy” of d(m3CG) di-
nucleotides was estimated by measuring the ratio of DNA in
the left- versus the right-handed conformation of poly(dG-
dm®C). Polymeric d(m3CG) from Pharmacia was dialyzed
against several 2-L changes of glass-distilled, deionized water.
The sample was titrated with 0.1 M NaCl and then to 5.0 M
NaClin 1 M increments. The ratio of B- and Z-DNA present
in solution at each titration point was calculated from the ratio
of 295- versus 260-nm absorption as recorded on an HP-8451
spectrophotometer.

RESULTS

Derivation of Atomic Solvation Parameters (ASP) for DNA
Surfaces. The thermodynamic weights associated with sol-
vating the various surface types in DNA were derived by first
dissecting the nucleotide components of DNA into its sub-
stituent groups. The primary components include the ribose
sugar, an aromatic base, and a negatively charged phospho-
diester. Each component can be further simplified to a sum
of surface types, and each surface type can be mimicked by
a series of small organic molecules whose energies of hydration
can be calculated from their partition coefficients in an oc-
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Table I: Calculated Solvent-Accessible Surfaces (SAS) and Free
Energies of Transfer (AGy) from Octanol to Water of Aliphatic,
Aromatic, and Phosphodiester Compounds

SAS (A?)

AGH'
compound C o N PO, (kcal/mol)
aliphatic surfaces
ethanol 58.8  36.1 -0.43
1-propanol 79.3  36.1 0.37
1-butanol 96.8 36.1 1.21
1-pentanol 117.2 36.1 2.02
1-hexanol 1349  36.1 3.14
methoxyethanol 67.9 61.6 -1.04
ethane-1,2-diol 393 721 -2.63
aromatic surfaces
benzene 111.5 2.86
naphthalene 160.8 4.57
anthracene 204.7 6.07
pyrrole 75.19 14.97 1.02
pyridine 91.60 13.70 0.88
pyrimidine 51.53 26.15 ~0.54
imidazole 64.09 26.64 -0.11
analine 98.3 24.6 1.23
o-phenylenediamine  86.6 43.8 -0.20
benzophenone 177.2 13.8 4.61
quinone 82.52 29.93 1.87
phosphodiester
diethyl phosphate 121.2 46.9 0.477
dibutyl phosphate 195.2 527 3.01
7ok
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FIGURE 1: Free energies of hydration (AGy) versus solvent-accessible
surfaces (SAS) calculated for small organic molecules. The open
symbols represent aliphatic surfaces and the solid symbols aromatic
surfaces. The symbols for each surface type listed in Table I are
defined in the figure.

tanol/water solvent system (Table I). The slope of the re-
lationship between the solvent-accessible surface (SAS) of
these molecules and their respective hydration energies defines
the ASP value for that surface type (Figure 1).

The ribose component consists of two surface types: (1)
aliphatic carbon surfaces and (2) aliphatic oxygen surfaces.
These surfaces were mimicked by using a series of linear
alcohols. The relationship between the SAS for a set of n-
alcohols (for carbon lengths from 2 to 6) and their AGy was
essentially linear with a slope of +0.43 kcal mol™! A2 and y
intercept of —2.86 kcal/mol. The very negative y intercept is
due to negative free energy for hydrating a hydroxyl group
having no carbon surface associated with it. The actual ASP
value for the aliphatic hydroxyl group was derived from the
AGy and SAS of ethanol, methoxyethanol, and ethane-1,2-diol.

Table II: Atomic Solvation Parameters (ASP) of Hydrophilic,
Hydrophobic, and Charged Phosphate Surfaces in Nucleic Acids As
Derived from the Partition Coefficients and Calculated
Solvent-Accessible Surfaces of Small Organic Molecules

ASP
group surface type (keal mol™ A™2)

ribose hydrophobic (C) 0.043
hydrophilic (O) -0.038

base hydrophobic (C) 0.034
methyl (C) 0.043

hydrophilic (O/N) -0.055

phosphate charged (O/P) -0.100

The AGy value of each compound was corrected for the
contributions from the surfaces from the carbon chains by
using the ASP value for aliphatic carbons and eq 1. The
linearity of this relationship with the inclusion of methoxy-
ethanol shows that the ring oxygen (O1’) of the ribose can be
treated as any other hydroxyl surface.

The aromatic bases found naturally occurring in DNA are
heterocyclic ring structures composed of surfaces from four
atom types: (1) unsaturated carbons, (2) ring nitrogens, (3)
conjugated amides, and (4) conjugated carbonyl oxygens. The
ASP values of the aromatic carbon surfaces were calculated
from the SAS and the AGy of benzene, naphthalene, and
anthracene (Figure 1). This relationship yielded a slope of
0.034 kcal mol™ A2 and a y intercept of ~0.98 kcal/mol. The
significance of this negative y intercept is unclear. It may be
related to an intrinsic solubility of aromatic compounds in
water or to a nonlinear relationship for aromatic compounds
with less than six atoms. In either case, we will be comparing
differences in free energies of hydrations calculated by applying
the ASP values to SAS of different DNA surfaces. The y
intercept, being an additive value to the surfaces of all aromatic
surfaces, will be negated in these differences. The ASP values
for the ring nitrogens, amides, and carbonyl oxygens were
treated as a single hydrophilic surface type. The AGy and SAS
for the aromatic hydrophilic surfaces is linear (slope = —0.055
kcal/mol) with a y intercept of 0. The linearity of the rela-
tionship is evidence that these hydrophilic surfaces can indeed
be treated as a group, and the y intercept at O demonstrates
that the ASP value derived for the aromatic carbon surfaces
is valid for aromatic molecules that are as small as five non-
hydrogen atoms and consisting of only three carbon atoms.

The ASP values for the phosphodiesters were derived from
diethyl and dibutyl phosphate. Because of the negative charge
associated with the phosphate group, these compounds are very
insoluble in octanol. The AGy values were thus calculated for
a partitioning of these compounds between sec-pentanol and
0.1 M NaClO, aqueous solution. The AGy value of these two
compounds was corrected for the contributions from the ali-
phatic carbon surfaces, averaged, and divided by the SAS of
the phosphodiester group. The phosphorus and oxygen sur-
faces were treated as a group rather than individually. Since
the aqueous solvent is ionic, some counterions are likely to be
carried into the organic phase. The partition AGy is likely
to be underestimated in this calculation. As we will discuss
later, the contribution of the phosphate surface to the dif-
ferences in the AGy values of the DNA conformations is not
dramatic, and the overall conclusions from these studies is not
strongly dependent on the precise ASP value of the phosphate
groups. The ASP values for all the surface types represented
in DNA are listed in Table II.

Free Energies of Hydration (AGy) of Dinucleotides. The
calculated solvent-accessible surfaces (SAS) of the di-
nucleotides d(CG), d(CA)-d(TG), and d(TA) in the B- and
Z-DNA conformations show that, overall, the hydration en-
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Table III: Calculated Hydration and Experimental B-Z Transition Energies (kcal/mol) of Dinucleotides

dinucleotide hydration energy

B-Z transition energy

sequence AGH(B) AGH(Z) AAGH(Z—B) AGT(B-Z) ref

d(m’CG)*® -4.344 -4.838 -0.494 -0.6 £0.3 this work

d(CG)® -5.730 -5.502 0.228 0.66 Peck and Wang (1983)
0.90 Nordheim et al. (1982)
1.12 Frank-Kamenetskii and Vologodskii (1984)
1.20 Mirkin et al. (1987)

d(CG)* ~5.689 NA NA NA NA

d(CA)-d(TG) -5.160 0.756 1.32 Mirkin et al. (1987)
1.38 Frank-Kamenetskii and Vologodskii (1984)
1.40 Vologodskii and Frank-Kamenetskii (1984)

d(TA) -5.242 -4.346 0.896 23 Mirkin et al. (1987)
2.4 Ellison et al. (1986)

d(UA) -5.032 —4.532 0.500 NA NA

°The thermodynamic ASP values used to calculate the hydration energies of d(m*CG) and d(CG) (Ho et al., 1988) were those derived for proteins
from Eisenberg and MacLachlan (1986). The values reported in this study have been updated by using ASP values that are more applicable to the
methods used to calculate the solvent-accessible surfaces and the functional groups of nucleic acids. Although this affects the details of the results
from the previous study, it does not alter the overall results or conclusions drawn from that study. ®Average hydration energies calculated from the
2nd, 3rd, 10th, and 11th CG base pairs of the d(CGCGAATTCGCG) B-DNA crystal structure (Dickerson & Drew, 1981).

ergies of unmodified dinucleotides are more positive in the
left-handed Z conformation than in the B conformation (Table
III). This is consistent with findings that Z-DNA is stabilized
in solution by dehydrating conditions such as high salt (Pohl
& Jovin, 1972; Wang et al., 1981; Drew & Dickerson, 1981)
or alcohol concentrations (Pohl, 1976) and is accounted for
by the overall more positive energy of hydration for the
phosphates in Z-DNA than in B-DNA. The hydration en-
ergies of alternating pyrimidine—purine dinucleotides increase
as the ratio of TA base pairs in the dinucleotides increases,
regardless of their conformation. These results indicate that
alternating CG base pairs have a lower hydration energy than
do TA base pairs. This base-pair dependence of the hydration
energies agrees with the report that the partition coefficient
(aqueous to organic solvent) is more positive for polyribo(AU)
than for polyribo(CG) (Garel et al., 1972).

The hydration energies (AGy) calculated for d(CG) base
pairs generated in the B-DNA conformation by using standard
helical parameters were compared to the hydration energies
calculated for the analogous base pairs in the B-DNA crystal
structure of the self-complementary sequence d-
(CGCGAATTCGCG) (Dickerson & Drew, 1981). The AGy
calculated for individual CG base pairs within the crystal
structure varied by as much as 20%. The average AGy of the
model CG base pairs (~5.73 kcal/mol of base pair), however,
differed by less than 1% from the average AGy calculated for
the CG base pairs from the crystal structure (—=5.69 kcal/mol
of base pair). Thus, even though the hydration of individual
base pairs may deviate from the average value, we believe that
the structures generated for each sequence are valid repre-
sentations of B-DNA in solution and that the SAS calculated
provide reasonable values for determining the hydration en-
ergies of representative base pairs of each sequence in solution.

Differences in Hydration Free Energies between Z- and
B-DNA (AAGyz-py). If we accept that the difference in
stability between B- and Z-DNA is dependent on solvent
interactions, then the difference in hydration energies between
the conformations (AAGyz-g)) should be more negative for
sequences that favor Z-DNA formation and more positive for
sequences that favor the B conformation. Thus, AAGyz-p)
values should increase according to the hierarchy d(TA) >
d(CA)-d(TG) > d(CG) established for the instability of these
dinucleotides as Z-DNA. To test this, we would need to
compare the calculated AAGy(z_g) values to their stabilities
as Z-DNA. The stabilities of the dinucleotides d(CG), d-
(CA)-d(TG), and d(TA) in the right- versus left-handed
conformations at low ionic strengths have been determined by

various groups as B-Z transition energies, AAGrp_z). The
values of AGr_z, are a measure of the energy available from
negative supercoiling required to induce Z-DNA formation
from B-DNA within well-defined sequences inserted into closed
circular plasmids. These values should thus be more positive
for sequences that do not readily adopt the Z conformation.
In all these studies, the degree of negative superhelicity that
is required to induce the formation of Z-DNA was determined
for well-defined inserts in closed circular plasmids. Using a
two-state zipper model to analyze the transition, several lab-
oratories derived a set of energies for initiating the B-Z
transition and for propagating Z-DNA formation through the
various inserts (see Table III). Since these measurements were
made at low ionic strengths ([Na*] < 3 mM), the transitions
observed are primarily supercoil induced. The propagation
energies are thus a measure of the relative intrinsic stabilities
of the dinucleotides as Z-DNA under low ionic strength
conditions.

Stability of Poly(dG-dm>C) as Z-DNA. Aside from the
base-sequence dependence of Z-DNA stability, methylation
of cytosine bases at the C-5 position has been shown to stabilize
poly(dG-dC) in the left-handed form (Behe & Felsenfeld,
1981). The B- to Z-DNA transition energy of d(m*CG)
dinucleotides, however, has not been previously determined.
To estimate the relative stability of this dinucleotide as B- and
Z-DNA under conditions similar to that of the supercoil-in-
duced transitions, the equilibrium ratio of the two confor-
mations present in polymeric d(m’CG) was spectroscopically
determined after extensive dialysis against deionized water.
The polymer under these low ionic strength conditions was
observed to exist as a 0.65:0.35 mixture of Z- and B-DNA
(Figure 2), equivalent to an equilibrium constant (Kz,p) of
1.86 or a difference in stability of -0.6 £ 0.3 kcal/mol of
dinucleotide. The addition of 0.1 M sodium chloride to the
solution shifted the equilibrium to an entirely B conformation.
The transition to Z-DNA was not observed again until greater
than 2 M NaCl had been added.

These titration results show that poly(dG-m*dC) is stable
as Z-DNA under low salt conditions but is not entirely in the
left-handed conformation as observed in several previous papers
(Narasimhan & Bryan, 1984; Kruger & Prairie, 1985; Latha
& Brahmachari, 1985; Fuerestein et al., 1985). Devarajan
and Shafer suggested that the Z-DNA observed under these
conditions is due to contaminating divalent cations such as
Mg?* and Ca?* (Devarajan & Shafer, 1986). They reported
that under conditions of extremely low divalent cation con-
centrations poly(dG-m3dC) is in the B conformation. How-
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FIGURE 2: Titration of poly(dG-dm>C) with NaCl. The fraction of
Z-DNA to the total DNA in solution was calculated from the 295-
to 260-nm absorption ratios at each titration point. The data represent
three independent sets of titrations.

ever, a different group (Feuerstein et al., 1985) reported that,
under similar dialysis conditions, poly(dG-m*dC) is in the
left-handed conformation. Because we attempted in our ti-
trations to mimic the conditions of the supercoil-induced
transitions, divalent cations were not rigorously depleted from
the polymer. It is thus not unreasonable that this polymer is
poised at an equilibrium point between the two conformations
under our conditions.

Relationship of AAGyz-p) to Z-DNA Stability. Table 111
is a comparison of AAGyz_g, calculated for the dinucleotides
d(m*CG), d(CG), d(CA)-d(TG), and d(TA) to their respective
thermodynamic stabilities of Z- versus B-DNA, as defined
experimentally from the B-Z transition energies (AGr-z)).
From the small values of AGy(_z), we would expect that the
differences in the hydration free energies (AAGyz-g)) should
also be small, and they were. These small values result from
the difference of rather large numbers and represent at most
a 16% change in the overall hydration energies calculated for
each dinucleotide. One can ask then whether these small
perturbations are relevant. Hydration of the phosphate groups
contributes significantly to the magnitude of the negative AGy
values, owing to the large negative ASP for hydration of
phosphate surfaces. The differences in the overall exposure
of the phosphates between a dinucleotide in the B- versus the
Z-conformation is 2.6 & 2.3 A2 This translates into an overall
free energy of hydration difference of 0.26 £ 0.23 kcal/mol
from d(m*CG) to the d(TA) dinucleotides. The deviation
across these differences in phosphate exposure is small. This
would be expected since the overall backbones are nearly
identical for alternating purine and pyrimidine sequences in
each conformation. The AAGyz_g) ranges from —0.49 to 0.90,
or a 1.39 kcal/mol of dinucleotide difference from d(m*CG)
to d(TA). The contribution to the AAGy(z_p) variation re-
sulting from differences in the hydration free energies of the
phosphates is thus approximately 17%. The remainder is due
to differences in the exposure of the bases. A 20% error in
the phosphate ASP values would increase the contribution of
the phosphates from 17% to 20% toward the AAGy(z-p) values.

In Figure 3, AGyg-z) is plotted against AAGyz-g). Within
the variation of the reported AGyg_z) values, this relationship
is linear. A linear least-squares fit of this plot yields a rela-
tionship having a slope of 0.491 and a y intercept at -0.130
kcal/mol, with a correlation coefficient (R) of 0.96. The slope
< 1 of this relationship suggests that the hydration energies
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FIGURE 3;: Comparison of the calculated difference in hydration
energies of Z- and B-DNA with the experimentally determined B-
to Z-transition energies. A linear least-squares fit of these points
ylelded the relationship AAGH(Z-B) = 0'491AGT(B—Z) -~ 0.130, with
a correlation coefficient (R) of 0.96. (a) Data from this work; (O)
data from Peck and Wang (1983); (©) data from Nordheim et al.
(1982); (®) data from Frank-Kamenetskii and Vologodskii (1984);
(m) data from Mirkin et al. (1987); () data from Vologodskii and
Frank-Kamenetskii (1984); (A) data from Ellison et al. (1986).

Table 1V: AAGyz-p) (kcal/mol) of Hydrophilic and Hydrophobic
Surfaces of Dinucleotide Bases and Ribose Groups

AAGH(Z-B) AAGH(Z—B)
dinucieotide hydrophilic hydrophobic

sequence base ribose base ribose
d(m’CG) 0.08 -0.26 -0.06 -0.78
d(CG) 0.14 ~0.00 0.12 -0.02
d(CA)-d(TG) 0.18 -0.06 0.18 -0.22
d(TA) 0.12 -0.02 0.04 0.32
d(UA) 0.04 0.02 0.10 0.12

calculated consistently underestimate the experimental tran-
sition energies. Both the calculated AAGyz p) and the ex-
perimental AGr-z) values are measures of the stability of
Z-DNA versus B-DNA. The observation of a one-to-one
relationship between stability and hydration energies with a
positive slope and a y intercept approximately equal to zero
and the calculated and experimental energies being of the same
orders of magnitude suggest that indeed the transition of a
base sequence from B- to Z-DNA is at least partially ac-
counted for by the difference in hydration of the sequences
in the two conformations.

Destabilization of Z-DNA by d(TA) Dinucleotides. A
better understanding of the molecular basis for the differences
in the hydration of these sequences and their dependence on
conformation can be attained by comparing the contributions
of each component surface to the overall hydration energy
calculated. The difference between solvation of the hydro-
phobic and of the hydrophilic surfaces of the aromatic base
and ribose groups for the various dinucleotides in their B and
Z conformations is summarized in Table IV. By analyzing
the difference in exposed surfaces for Z- versus B-DNA of
d(CG), d(CA)-d(TG), and d(TA), we can start to understand
why TA base pairs destabilize Z-DNA. The average total
difference in exposed hydrophobic surfaces of the sequences
in Z- versus B-DNA is higher for d(TA) than for d(CG)
dinucleotides, while that for d(CA)-d(TG) is intermediate
between the two. This is observed as resulting from a markedly
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greater exposure of the hydrophobic carbon surfaces and lower
exposure of the hydrophilic oxygen surface of the ribose sugars
in TA dinucleotides. The difference in exposure of both the
hydrophobic and hydrophilic surfaces of the aromatic bases
is lower in the d(TA) dinucleotides when compared to d(CG)
base pairs.

These results can be attributed to the difference in the
stacking arrangement of TA base pairs as compared to CG
base pairs. In the purine—pyrimidine stacking of base pairs
in the Z conformation, the purine bases stack directly above
the ribose of adjacent base pairs. A comparison of the stacking
arrangements of CG:CG to TA:TA dinucleotides as Z-DNA
is shown in Figure 4A,B. In Figure 4, the larger solid circles
represent the contact points of solvent molecules with hydro-
phobic surfaces, while the smaller open circles represent the
contact points with hydrophilic surfaces as calculated by the
rolling ball method (Connally, 1983). The absence of the N2
amino group of adenine exposes the surface of its adjacent
thymine ribose in the d(TA) dinucleotides relative to the d-
(CG) dinucleotides, resulting in a greater exposure of hy-
drophobic surface in the minor groove surface of d(TA). The
overall exposure of the carbon surfaces of the bases, particu-
larly of adjacent base pairs, is actually lower in the TA di-
nucleotides than in the CG dinucleotides, even though the
methyl group itself contributes to the local exposure of hy-
drophilic surfaces at the major groove surface of the TA base
pairs. The higher overall hydrophobicity of the d(TA) di-
nucleotides in the Z conformation results from the greater
increase in the exposed carbon surface of ribose as compared
to the decrease in the exposed carbon surfaces of the bases.

The surface areas of the accessible hydrophilic groups are
slightly higher for d(CG) base pairs as Z-DNA than as B-
DNA, resulting in negative AAGy(z_g, values for the oxygens
of the riboses and the oxygens and nitrogens of the aromatic
bases. The hydrophilic areas of the TA base pairs are less
accessible in the Z versus the B conformations. AAGy(z.p,
becomes significantly more positive as the ratio of TA base
pairs is increased from 0 to 1 to 2 per dinucleotide. Thus,
overall, the addition of TA base pairs to a DNA sequence
increases the difference in the hydration free energies of that
sequence as Z- and as B-DNA.

Stability of d(UA) Dinucleotides as Z-DNA. To determine
the extent to which the thymine C-5 methyl contributes to
these differences in hydration free energies of d(TA) base pairs
in the left-handed conformation, these same hydration energy
calculations were repeated for the sequence d(UA); as B- and
Z-DNA (Table IV). This sequence is identical with d(TA);,
except that the methyl groups of the pyrimidines have been
removed to form the analogous deoxyuridine. The exposure
of hydrophobic surfaces in the minor groove crevice are nearly
identical for the d(TA) and d(UA) dinucleotides (Figure
4B,C). The accessibility of the ribose carbons is, thus, not
significantly affected by the methyl group, confirming the
earlier suggestion that the lack of an N2 amino group on the
adenine bases is responsible for the greater exposure of the
ribose to solvent in d(TA) dinucleotides. Alternatively, the
major groove surface of d(UA) appears much more hydrophilic
overall than hydrophobic as compared to the comparable
surface of d(TA) and even the major groove surface of d(CG)
(Figure 4). The AAGyz.p values in Table IV show that
removing this methyl group results in an increase in the ac-
cessibility of both the hydrophobic and hydrophilic groups of
the aromatic bases and a decrease in the hydrophilic surface
of the ribose. This is consistent with previous reports that the
C-5 methyl group of pyrimidine bases sits in a pocket formed
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A Major groove
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FIGURE 4: Stacking diagrams of the (A) d(CG), (B) d(TA), and (C)
d(UA) dinucleotides and their solvent-accessible surfaces. Shown
are the purine-pyrimidine base pairs stacked on top of a pyrimi-
dine-purine base pair. The large solid circles represent the calculated
hydrophobic surfaces of carbons, and the smaller open circles represent
the calculated hydrophilic surfaces of the oxygens and nitrogens. The
surfaces calculated with 1.0 dot/A? are shown and the hydrogen atoms
removed from the base pair models for clarity. The SAS values used
to determine the AGy values were calculated with a density of §
dots/A2,

by the ribose and the stacked purines of adjacent base pairs
(Ho et al., 1988; Fuji et al., 1982). Contrary to previous
reports (Jovin et al., 1983), however, the overall effect of the
C-5 methyl appears to be different for thymine as compared
to cytosine.

The C-5 methyl group of the pyrimidine bases effectively
increases the overall exposed surface of B-DNA. The surface
in Z-DNA, however, is decreased because the methyl group
sits in a pocket. The effect of the C-5 methyl on the stability
of Z-DNA, therefore, is dependent on the atom types that line
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the surface that makes up this pocket. For cytosine bases in
alternating d(CG) dinucleotides, the C-5 pocket is lined equally
by hydrophobic and hydrophilic atoms from the ribose and
bases of adjacent base pairs. Thus, the decrease in exposed
hydrophilic surface is accompanied by a near equivalent de-
crease in the hydrophobic surface, including the additional
methyl surface (Ho et al., 1988). In the B conformation, this
methyl group sits exposed in the minor groove. This accounts
for the stabilizing effect of methylation on d(CG) dinucleotides
as Z-DNA.

The C-5 pocket of d(TA) dinucleotides, as with d(CG), in
the Z conformation is lined by both hydrophobic and hydro-
philic surfaces. One difference in the effect of the methyl
group on the stability of Z-DNA lies in how this group sits
within the pocket. The C-5 methyl of d(TA) is more exposed
in the major groove surface than that of d(m*CG) by more
than 1 A2 per methyl group. This is equivalent to a 0.2
kcal/mol destabilization of d(TA) dinucleotides relative to
d(CG) by the methyl group. If we consider only the exposed
surface of the methyl, however, we cannot account for the
entire effect of the addition of one carbon. This methyl also
affects the exposure of the neighboring atoms to solvent.
Methylation decreases the exposure of all atoms in this pocket,
but differently for the two types of dinucleotides. Methylation
decreases the hydrophobicity of the d(CG) due to exposure
of carbon atoms in the bases by 0.36 kcal/mol, as compared
to 0.2 kcal/mol for d(TA) dinucleotides. Alternatively, me-
thylation of d(CG) decreases the contribution of the hydro-
philic oxygen surfaces to the hydration of the riboses by only
0.04 kcal/mol, while the methyl group of d(TA) buries a
hydrophilic surface equivalent to 0.26 kcal/mol for each di-
nucleotide. These effects are thus dependent on the positioning
of the methyl group relative to the adjacent base pairs and
riboses resulting from the stacking arrangements in Z-DNA.

Relationship of AAGyz-p) to Crystallization of Hexamers
as Z-DNA., From these observations, we predict that the
propensity of d(UA) dinucleotides to form Z-DNA is greater
than that of the analogous C-5 methylated d(TA) di-
nucleotides. The calculated AAGyzp) value for d(UA) di-
nucleotides (0.500 kcal/mol) is 0.396 kcal/mol lower than that
of d(TA). This translates into a 0.81 kcal/mol lower AGrp z),
as calculated from the relationship from Figure 3, that would
resuit by removing the methyl group of d(TA) dinucleotides.
The d(UA) dinucleotide is still 0.55 kcal/mol less stable as
Z-DNA than d(CG) and 2.02 kcal/mol less stable than the
d{m’CG) dinucleotides, but should have the equivalent ability
to form Z-DNA as d(CA)-d(TG). To test this prediction, the
hexamer sequence d(m3CGUAmM’CG) was synthesized and
crystallized. We have solved the structure of this sequence
to better than 1.3-A resolution and found it to be in the Z
conformation (Zhou and Ho, unpublished results). This
hexamer sequence is analogous to the sequence d-
(m’*CGTAmM*CG) and d(m*CGm*CGm’CG), both of which
have been previously crystallized in the Z conformation (Wang
et al.,, 1984; Fuji et al,, 1982). A comparison of the crys-
tallization conditions of d(m’*CGUAm’CG) with those for
d(m*CGm’CGm*CG) and d(m*CGTAmM’CG) would allow us
to determine whether in fact d(UA) dinucleotides are more
stable in the Z conformation than d(TA) and less stable than
d(m*CG) dinucleotides. We assume in this comparison that
there is a critical equilibrium concentration of the hexamer
sequences in the Z conformation that is required for initiating
and propagating the crystal packing of Z-DNA in its crystal
lattice and that this equilibrium concentration is strongly
dependent on the salt concentration during crystallization.
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Z-DNA is stabilized by both mono- and divalent cations
(Pohl & Jovin, 1972; Wang et al., 1981; Drew & Dickerson,
1981). It is therefore not surprising that the conditions re-
quired to crystallize hexamer sequences as Z-DNA include
high concentrations of both Na* and Mg?*. The effectiveness
of each type of cation at stabilizing Z-DNA in solution is
dependent on the charge as well as its concentration. As
expected, Mg?* is much more effective at stabilizing Z-DNA
than Na* (Chen et al., 1984). The ionic conditions for sta-
bilizing Z-DNA can thus be related to the ionic strength of
the solution, which is dependent on both the concentration and
the square of the ionic charge (Z?). Even though ionic
strengths may not be a valid representation of specific inter-
actions of cations with the DNA, it is a useful measure of the
ionic conditions of the bulk solution. Since anions do not
appear to play a significant role in Z-DNA stability, the
Z-DNA crystallization conditions can be translated into
cationic strengths (CS) as defined by

CS = Z%+[Nat] + Z%y e [Mg¥] (2)

We would expect that sequences more readily stabilized as
Z-DNA would require lower concentrations of Na* and Mg?*
to be stable in the Z conformation and, therefore, lower
concentrations of these cations to form crystals as Z-DNA.
Synthetic hexanucleotide sequences that crystallize as Z-DNA
have been found to be isomorphous and, therefore, provide us
with a consistent data set to compare the abilities of sequences
to form Z-DNA. The hexamers in these crystals are packed
end-to-end to form essentially continuous strands of Z-DNA
aligned along the crystallographic ¢ axis. The stability of the
dinucleotides in the hexamers as the Z versus B conformations
can thus be assessed as if the dinucleotides were all within
continuous strands of Z-DNA without the need to consider
end effects. The average difference in solvation of the di-
nucleotides in each hexamer was estimated by summing the
hydration energies of each component dinucleotide and di-
viding this by the number of dinucleotides in the hexamer.
This value can be translated into a term reflecting the average
stability of the dinucleotides AGy(p-z) in the hexamers as
Z-DNA by using the relationship derived from Figure 3.

The initial crystallization conditions and the equilibrium
cationic strength calculated for crystallization of the hexamer
sequences d(m*’CG);, d(m’CGTAm’CG), d(CG),, d-
(CACGTG), and d(m*CGUAmM’CG) as Z-DNA are listed in
Table V, along with the AGpp_z) calculated from their
AAGy(z-p) values. The hexamer sequence d(m*CGUAmM’CG)
was predicted to be more stable as Z-DNA than the analogous
d(m*CGTAm’CG) sequence and less stable than d-
(m*CGm’CGm’CG). We found that indeed the cationic
strength required to form diffraction-quality single crystals
of Z-DNA of the uridine-containing hexamer was approxi-
mately 2-fold lower than that reported for the sequence d-
(m*CGTAm?CG). When these were compared to the crys-
tallization conditions of the sequence d(m3CG),, we observed
that methylated d(CG) dinucleotides require the lowest cation
strengths to obtain Z-DNA crystals. Thus, the dependence
of Z-DNA crystal formation on these salt conditions mirrors
previous findings that methylation of cytosine at the C-5
position stabilizes the Z conformation and d(TA) dinucleotides
are the least stable as Z-DNA. The d(UA) dinucleotide, as
predicted, is intermediate in its ability to crystallize as Z-DNA.

An overall comparison of the log of the cationic strength
for crystallization of each hexamer and their associated B-Z
transition energies is shown in Figure 5. This relationship
is essentially linear with a slope calculated to be 0.585 and
the y-intercept of —0.306 M from a linear least-squares fit with
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Table V: Calculated B-Z Transition Free Energies (AGyg-z)) and Crystallization Conditions for Synthetic Hexamers as Z-DNA

crystallization conditions (M)

hexamer B~Z equilibrium/

sequence AG1(p-z) [Na*] [Mg*] CSs log (CS) ref
d(m’CG), -0.706 0.150 0.020 0.230 -0.638 Fuji et al. (1982)
d(m’*CGUAmM’CG) -0.031 0.180 0.045 0.360 -0.444 Zhou and Ho (unpublished results)
d(m’CGTAm’CG)® 0.238 0.188 0.094 0.563 -0.249 Wang et al. (1984)
d(CG), 0.765 0.400 0.500 2.200 0.342 Gessner et al. (1985)
d(CACGTG) 1.482 0.460 0.700 3.26 0.513 Coll et al. (1988)

“CS is the cationic strength of the crystallization conditions at equilibrium as calculated by CS = Z%\,*[Na*] + Z%y,»*[Mg?*], where Z is the
cation charge. ®The polycation spermine was reported for the crystallization conditions of d(m’CGTAm*CG) but was not found in the crystal
structure. For this reason, we excluded this polycation from the CS calculations. We have recently crystallized this sequence in the absence of
spermine under a cationic strength of 0.62 M (Zhou and Ho, unpublished results), confirming that the presence of this polycation is not essential to

obtaining Z-DNA crystals of this hexamer.

d(CACGTG)

d(CcG)zm

Log (CS)
o
o
L

B d(mSceTAam 5cE)

B d(mSceuamBce)

-1.0 0.0 1.0 2.0

Act (g-z) (kcal/mol)

FIGURE 5: Free energies of transition calculated from the hydration
energies versus logarithm of cationic strengths for crystallizing synthetic
hexanucleotides as Z-DNA. Average hydration energies were cal-
culated for the dinucleotides within each hexamer by summing the
hydration energies for each type of dinucleotide present and dividing
by 3. Cationic strengths were calculated from the equilibrium sodium
cacodylate and MgCl, concentrations present under the conditions
found to give diffraction-quality crystals of each hexamer sequence
as Z-DNA (Table V). A linear least-squares fit of the data yielded
a line described by log (CS) = 0.586AG -z, — 0.306. :

R = 0.96. The hexamer sequences that did not contain
methylated cytosines were found to be overall less stable as
Z-DNA than sequences containing methylated cytosines, re-
gardless of the number of d(TA) base pairs in the structure,
according to both the hydration energy calculations and the
cationic strength values. This can be attributed to the very
strong Z-DNA stabilizing ability of the flanking d(m*CG)
dinucleotides in the three methylated hexamers. Thus, the
hydration energy calculations were found to be useful not only
for predicting whether alternating pyrimidine and purine di-
nucleotides form Z-DNA but also for predicting the extent
to which they will adopt the left-hand conformation.

DiscussioN

In this study, we have examined the quantitative relationship
between calculated solvent-accessible surfaces of dinucleotide
sequences in B- and Z-DNA and the experimental transition
energies for converting B- to Z-DNA for these dinucleotides.
We found that a linear relationship can be drawn between the
calculated energies and the experimentally determined tran-
sition energies. In addition, the magnitude of the differences
in stabilities calculated from the hydration energies of the
dinucleotide as Z- and B-DNA is similar to the B- to Z-DNA
transition energies. This comparison showed that a simple
model in which the stability of Z-DNA is attributed to dif-

ferences in hydration of the DNA dinucleotides can account
for the experimentally observed hierarchy of d(m’CG) >
d(CG) > d(CA)-d(TG) > d(TA) dinucleotides in stability as
Z-DNA.

The hydration energies calculated assume that all solvent
interactions are averaged over the DNA molecule. To ac-
commodate specific cationic interactions in these calculations,
we would need to locate the positions of the cations from
high-resolution crystal structures and treat these as essentially
integral parts of the DNA structures. The cations in even the
best-studied crystal structures of B- and Z-DNA sequences,
however, have not all been located. It is also very unlikely that
cations would be fixed in solution at all of these crystallo-
graphically determined positions. Soumpasis has quantitatively
accounted for the high-salt transition of B- to Z-DNA in
poly(dC-dG) by treating the main Coulombic interactions as
an ion—ion potential in a homogeneous electrolyte (Soumpasis,
1984). Given our inability to accurately include specific
counterions into the hydration energy calculations, the cation
interactions were treated as one parameter in the solvent in-
teractions that is essentially constant during the transition.
This simplification appears to be valid primarily because the
AAGrg-z) used as the measure of Z-DNA stability in these
studies are restricted to low ionic strength conditions and are
primarily supercoil induced.

By including the interactions of the cations into a general
solvent interaction term, we have ignored the electrostatic
contribution of the aquo—metal complexes to the stabilization
of Z-DNA. The solvent interactions are thus underestimated
by the hydration energy calculations. Since the strongest
electrostatic stabilizations from the cations would be expected
to be at the phosphate backbone of both the B and the Z
conformations of DNA (Soumpasis, (1984), the electrostatic
contribution to the hydration energies of the bases should be
minimal. The electrostatic terms should therefore contribute
a systematic error to the hydration energy calculations. De-
spite this, a relationship between the calculated differences
in hydration and transition energies for B- and Z-DNA was
derived that appears to be useful in predicting the relative
stabilities of left- versus right-handed DNA.

An analysis of how the hydrophilic and hydrophobic groups
contribute to the overall hydration energies of each dinucleotide
allows us to understand the differences in stability of d(m*CG),
d(CG), d(CA)-d(TG), and, in particular, d(TA) dinucleotides
as Z-DNA at the atomic level. We find that the decreased
overlap between the adenine and adjacent ribose resulting from
the stacking of TA and UA base pairs in Z-DNA is responsible
for the greater exposure of the ribose carbon surfaces when
compared to that of d(CG) dinucleotides. In addition, the
methyl group of thymine in d(TA) base pairs destabilizes
Z-DNA, contrary to the effect of C-5 methylation of cytosines
by effectively decreasing the accessibility of the hydrophilic
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base and ribose surfaces to solvent. Thus, removal of this
methyl group should help to stabilize d(UA) dinucleotides as
Z-DNA. By comparing d(TA) to the d(UA) dinucleotides
in their Z- and B-DNA conformations, we can assign a 0.81
kcal/mol contribution of the C-5 methyl group to the insta-
bility of d(TA) dinucleotides as Z-DNA. The effect of the
C-5 methyl group on the stability of DNA conformations is
not limited to the B and Z conformations. The thymine methyl
group in poly(dA-dT) has, in contrast, been reported to help
stabilize an alternating B and an X form of DNA (Vorlickova
& Jaroslav, 1984). Since, in these studies, we dealt only with
two states for the conformation of each dinucleotide, the
contribution of other forms of DNA to the overall equilibrium
state of these sequences has been ignored. A significant
contribution of other forms of DNA to the equilibrium, for
example, the alternating B and the X forms of d(TA), would
tend to effectively destabilize the Z conformation of that se-
quence. This two-state approximation may thus contribute
to underestimation of the relative instability of Z-DNA for
the dinucleotides d(CA)-d(TG) and d(TA) by the hydration
energy calculations.

A comparison of the crystallization conditions required to
obtain single crystals of the hexamer sequence d-
(m*CGUAmM*CQG) in the Z conformation demonstrated that
indeed the methyl group of thymine contributes to the inability
of d(TA) dinucleotides to form Z-DNA, as predicted from the
calculations. The concentration of cations present at equi-
librium in the conditions required to crystallize d-
(m’CGUAmM*CG) as DNA is approximately 2-fold lower than
that of the sequence d(m*CGTAmM’CG). In fact, a linear
relationship can be obtained by comparing the cationic strength
required to crystallize the sequences d(m*CGm’CGm°CG),
d(m*CGUAmM’CG), d(m*CGTAmM’CG), and d(CGCGCG)
with the Z- to B-DNA equilibria calculated from the sol-
vent-accessible surfaces. This may ultimately be a useful
relationship for helping to define the optimum conditions for
crystallizing synthetic hexamers as Z-DNA.

Our prediction that d(UA) dinucleotides are as stable in
the Z conformation as are d(CA)-d(TG) dinucleotides implies
that the probability of forming Z-DNA is greatly increased
in a genome that has uridine extensively misincorporated in
place of thymines. The increased probability of forming an
alternative helical conformation would be expected to adversely
affect the normal pathways of genomic function and may be
partially responsible for the mechanisms present in most or-
ganisms to ensure that deoxyuridine is not incorporated into
the genome and to replace uridines that are misincorporated.
For example, Escherichia coli strains that are combined dut
(deoxyuridine triphosphatase) and ung (uracil-DNA N-
glycosylase) mutants have been reported to have up to 20%
of thymine residues in their DNA replaced by uridines
(Warner et al., 1981). Such mutants have been further shown
to be Lac constitutive (Duncan, 1981), a consequence of in-
terference of the Lac operon at an essential thymine in its
operator sequence (Fisher & Caruthers, 1979), possibly re-
sulting from an altered helical structure in this region. Evi-
dence that protein recognition is dependent on DNA confor-
mation can be seen in the requirement that the sequence d-
(GCGCGC) be in the B and not the Z conformation to be
restricted by the enzyme BssHII (Azorin et al., 1984; Ellison
et al., 1987).
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ABSTRACT: Comparative DNA equilibrium binding studies with mithramycin (MTR) and ethidium bromide
in the presence and in the absence of second drugs were investigated by spectral titrations. Unusual curvatures
(in contrast to those due to neighbor exclusion or anticooperativity) are found in the Scatchard plots of
MTR-DNA titrations in the presence of netropsin, a minor-groove binder. Parallel studies with ethidium
bromide indicate that although the presence of netropsin significantly reduces the binding ability of ethidium,
no unusually curved Scatchard plots are obtained. The unusual curvature exhibited by the Scatchard plots
of MTR titrations in the presence of netropsin indicates that the binding of netropsin greatly affects the
MTR binding to DNA and can be simulated by an explicit incorporation of the second drug-DNA interaction
in the binding formalism. Since netropsin is a minor-groove binder, its interference with the binding of
MTR is in accord with the notion that MTR also binds at this groove. The observation of negligible effects
on the DNA binding ability of MTR in the presence of either a major-groove or a phosphate group binder
lends further support to this conclusion. Consistent with its guanine specificity, studies with synthetic
polynucleotides suggest that MTR exhibits negligible affinity for poly(dA-dT)-poly(dA-dT) or poly-
(dA)-poly(dT). Although the strongest bindings are demonstrated by poly(dG-m>dC)-poly(dG-m>dC),
poly(dG-dC)-poly(dG-dC), and poly(dG)-poly(dC), the homopolymer exhibits a saturation density of ap-
proximately 1 drug molecule per every 2-3 base pairs, whereas the alternating polymers saturate at 1 drug
molecule per <2 base pairs, a rather surprising finding for such an extended molecule but one consistent
with the drug-dimer model on binding. The effect of sequence or conformation on the binding is further
indicated by the stronger MTR affinity for poly(dA-dG)-poly(dC-dT) than for poly(dA-dC)-poly(dG-dT).
These results are supported by circular dichroic measurements.

Mithramycin (MTR) is an antibiotic that contains an
aureolic acid group and is closely related to chromomycin A,
and olivomycin. Some studies on this drug, mainly clinical,
have been made in recent years (Gause, 1965; Kennedy et al.,
1968; Ream et al., 1968; Kennedy, 1970; Hill et al., 1972;
Prasad & Nayak, 1976; Dasgupta et al., 1979; Fox & Ho-
warth, 1985). Despite its high toxicity, this drug has proved
useful for treating patients with testicular carcinomas (Ream
et al., 1968; Kennedy, 1970; Hill et al., 1972) and Paget’s
disease (Elias et al., 1972). MTR inhibits the synthesis of both
DNA and RNA in vivo, with some preference for the latter
(Kersten et al., 1967; Fok & Waring, 1972). For its DNA
binding, this antibiotic exhibits an absolute requirement for
divalent cations such as Mg?* (Behr & Hartmann, 1965;

¥ Research supported by USPHS Grant CA-42682 and by a subproject
of MBRS Grant SO6RR0892.

0006-2960/89/0428-6651$01.50/0

Goldberg & Friedman, 1971). This drug is anionic above
neutral pH (Illrionova et al., 1970) and exhibits guanine
specificity in DNA (Ward et al., 1965; Behr et al.,, 1969). Its
fluorescence intensity at certain wavelengths is greatly en-
hanced upon binding to DNA, thus enabling this compound
to be used in microfluorometric analysis of cellular DNA
(Coleman & Goff, 1985; Hauser-Urfer et al., 1982; Coleman
et al., 1981; Hamilton et al., 1980; Groyer & Robel, 1980;
Buys & Osinga, 1980). Footprinting experiments have shown
that the preferred binding sites of MTR and its related an-
tibiotics are at least 3 base pairs long (Fox & Howarth, 1985;
Van Dyke & Dervan, 1983). The mode of interaction of this
class of drugs, however, has not yet been unequivocally es-
tablished.

It is generally believed that MTR binds nonintercalatively
at the minor groove of DNA. This stems from the observations
by several investigators that MTR fails to affect some prop-
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