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Abstract

The effects of salt concentration and temperature on the thermodynamics of DNA minor groove
binding have quite different signatures: binding enthalpy is salt concentration independent but
temperature dependent. Conversely, binding free energy is salt dependent but essentially
temperature independent through enthalpy-entropy compensation.
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For DNA interactions, from protein binding to DNA strand association and similar RNA
reactions such as hairpin kissing complexes, polyelectrolyte effects on the thermodynamics
of the DNA complexes have been extensively studied.? These results help to provide a
fundamental understanding of the driving force for binding to DNA and the molecular basis
of DNA recognition.? Privalov and coworkers have conducted studies of the
thermodynamics of proteins and peptides with DNA sites as a function of salt concentration
and they observed that the enthalpy for binding is essentially salt independent while its
change with temperature is generally significant.? Given the quite different effects that
proteins can have on DNA this is an important observation for biomolecular reactions.

Minor groove targeting by small molecules occurs in the opposite groove for most proteins,
and is an important and quite different sequence-specific mechanism for DNA recognition.
Small molecules can target a broad range of DNA sequences by different modes, such as
monomers, cooperative dimers and covalent hairpin structures, with high affinity and
selectivity.# Even with hundreds of papers published on DNA minor groove binding, there
are still a number of important unanswered questions in the fundamentals of DNA minor
groove recognition that are required for rational design of novel minor groove agents: (i) is
the minor groove bhinding enthalpy independent of salt concentration as with protein-DNA
interactions; (ii) how does the enthalpy and its salt effects change with recognition
sequences (Fig. 1) and monomer or dimer complex formation; (iii) how do temperature
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effects on the binding enthalpy and energy compare to salt effects? To begin to fill in this
essential missing information, and also to extend our understanding of the energetic basis of
DNA molecular recognition, salt concentration and temperature effects on the
thermodynamics of five quite different DNA minor groove complexes have been evaluated
in detail in this work. They were chosen because they are representative of all the current
minor groove binding modes for recognition of AT or GC-rich sites as monomers, dimers or
hairpin complexes. The binding enthalpy was obtained through isothermal titration
calorimetry (ITC) and the binding Gibbs free energy was determined by biosensor surface
plasmon resonance (SPR).

Netropsin (Net, Fig. 1) is a natural heterocyclic dication having very high specificity for
monomer binding to DNA sites containing four or more AT base pairs (bp).® Its binding
enthalpies (AHp) with two DNA hairpin duplex sequences, AAAA and ATAT (Fig. 1) which
have very distinct structural features, have been measured. AAAA has a very narrow groove
with a local bend while alternating AT has a much wider groove and a more linear
conformation.5P: 8 The ITC titrations under several salt concentrations are shown in Fig. S1
and the AHy, values are plotted in Fig. 2a. Strikingly, the AHy, values of Net with both
sequences are clearly independent of salt concentration even though they are quite different
for binding to the two DNAs. The AHp, with AAAA (-9.1 + 0.1 kcal mol™1) is less negative
than with ATAT (-12.0 + 0.2 kcal mol™1), as previously observed with other monomers.”
The narrow minor groove of A-tract sequences has an array of tightly structured water
molecules which are highly ordered in a spine of hydration.8 These ordered water molecules
have high entropy, and thus contribute a significant favourable entropy component when
they are displaced by ligand binding in A-tracts (Table S1). Conversely, the binding in
alternating AT sequences has a larger AHp, along with a smaller binding entropy (AS,) in
agreement with its wider minor groove that releases less-ordered, less-tightly bound water
molecules.

The heterocyclic diamidine DB293 (Fig. 1) targets the minor groove of DNA sites that
contain only AT bps as a monomer, but it binds to a mixed sequence, ATGA, as a
cooperative, stacked dimer.4P The introduction of a GC bp widens the minor groove and
favours dimer formation in ATGA. In order to clarify the correlations among salt
concentration, enthalpy and binding modes, ITC experiments with DB293 were carried out
with both the AAAA and ATGA sites (Fig. S2). The plot of AH}, versus salt concentration
(Fig. 2a) shows that the AHp, values for these two very different complexes are quite unlike,
but both have a salt independent AH,,. The dimer formation of DB293 on ATGA has a very
negative enthalpy, —9.6 + 0.2 kcal mol~2, and the 1:1 interaction between DB293 and
AAAA shows a much less negative heat (=3.8 + 0.1 kcal mol~1). As with Net, these very
different binding enthalpies are due to the distinct minor groove structures, hydrations and
binding modes in the target sites. This comparison clearly shows that the presence of a GC
bp can strongly affect the binding mode of a minor groove binder but the AH,, remains
independent of salt concentration.

To probe the effects of additional GC bps in the binding site on AHy, a synthetic hairpin
polyamide (PA), KA1039, which is very different in structure from Net and DB293, has
been studied with its cognate binding sequence, TGGCTT. This PA molecule binds with
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high affinity that is mainly driven by a favourable, negative AHp,.9 Surprisingly, when the
standard compound concentration of 50 pM is used, the AHp, of KA1039 displayed
significant decreases with increasing salt concentration (Figs. S3 and 2b). To evaluate
whether the salt effect on AHy, is due to PA aggregation, as previously observed with larger
PAs,%-10 more dilute KA1039 samples (37.5 and 20 uM) were used. The AH}, values of 20
pM, 37.5 uM and 50 puM for KA1039 at 50 mM salt concentration are the same (-11.1 £ 0.3
kcal mol™1), which indicates that all concentrations work well in obtaining the AHp,. The
AHy, values obtained at 20 uM of KA1039 are salt-independent as with other minor groove
binders in this work and this indicates that the salt dependent AH,, changes at 50 uM and
37.5 uM for KA1039 are due to compound aggregation. The AH}, of the monomer complex
at GC-rich sites, even with this large molecule, is independent of salt concentration as with
the simpler compounds.

In summary, regardless of monomer or dimer binding at AT-rich or GC-rich sites, or the size
of the compound or DNA site, the enthalpy of DNA minor groove binding is salt
concentration independent. This is similar to the results observed by Privalov and coworkers
with protein-DNA interactions.3

To compare the effects of both salt concentration and temperature on the thermodynamics
for DNA minor groove binding, SPR experiments were conducted at 25 °C to obtain AGy,
under several salt concentrations. The response unit (RU) values at each ligand
concentration were determined in the steady state region, where the on and off rates are
equal and there is no mass transfer interference, and they are plotted as a function of the free
concentration (C¢) of KA1039 in equilibrium with the complex in each flow solution (Fig.
S4a). The equilibrium binding constants obtained by steady state fits and the rate constants
determined from global kinetic fits (Fig. S4b) of the sensorgrams are listed in Table 1. Based
on the equilibrium binding constants, AGy, values at different salt concentrations were
calculated (AG, = —RT In Kgg, Where Ris 1.987 cal mol™t K™t and T is 298 K) and are
plotted with AHy, versus salt concentration in Fig. 3a. It is clear that the AHy, is salt
independent while the AGy, decreases linearly as the salt concentration increases. Similar
changes in AHp, and AGy, with salt concentration have been observed with proteins.3: 11

The counterion condensation theory 12 12 predicts that the logarithm of the equilibrium
binding constants (K) of KA1039 is a linear function of the logarithm of salt concentration
and this is observed in Fig. 3b. The slopes of the linear fits are around one and are quite
consistent: —0.99 £ 0.02 for kinetic and 0.93 + 0.03 for steady state fits. Therefore,
approximately one cation has been displaced for the complex formation. The number of
phosphate contacts (Z) between KA1039 and DNA can be determined by the slope/W, where
W is the fraction of phosphate shielded by condensed counterions and is 0.88 for double
stranded B-DNA: Z=0.96/0.88=1.09.1 Thus there is about one phosphate contact between
KA1039 and DNA which is reasonable since this PA has a single positive charge (Fig. 1)
that can have electrostatic interactions with DNA phosphate groups. The rate constants are
also depending on salt concentration. As the salt concentrations increase, the association rate
(kg) of KA1039 becomes remarkably slower while the dissociation rate (kq) is slightly faster
and thus the Ky decreases, as expected.! The salt concentration dependency of both kinetic
constants are calculated and shown in Fig. S5. The linear change of the logarithm values
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[slopes = +0.14 for log (kq) and —0.86 for log (ky)] are as predicted by the counterion
condensation theory for one charge interaction.12

ITC and SPR experiments for Net with AAAA, DB293 with ATGA®? and KA1039 with
TGGCTT? have been conducted as a function of temperature (Table S1), and the
thermodynamic profiles are shown in Fig. 4. Minor groove complex formation typically has
a negative heat capacityl4 and, as expected and in contrast to salt independency, a
significant temperature dependence of AHy was observed for all three complexes. The linear
fits of the AHy, values yield the heat capacities for binding of Net with AAAA (AC,= -168 +
5 cal M1 K1), DB293 with ATGA (ACp= -180 + 10 cal M~ K™1 13) and KA1039 with
TGGCTT (ACp=-287 £ 10 cal M1 K=19), The AC, values for these compounds correlate
with their buried surface area as observed with other similar minor groove binders3: 15: Net
(monomer) < DB293 (stacked dimer) < KA1039 (covalent hairpin dimer). Moreover, a
number of heterocyclic diamidines have been investigated with AATT binding sites 1°. In all
cases a negative heat capacity was obtained with enthalpy-entropy compensation to give a
small change in AGy,. Interestingly, complex formation of DB293-ATGA and KA1039-
TGGCTT is strongly driven by enthalpy which is opposite to most of the minor groove
binders which have been investigated!®, and their enthalpy-entropy compensation profiles
are distinct from those of A-tracts complexes as generalized by Chaires.16 The presence of
GC bps in the binding site alters the hydration character of the minor groove, and the
stacking of heterocycles and numerous H-bonds between ligands and DNA make minor
groove binding thermodynamics at GC sites more similar to that normally observed for
intercalators. This is a very important extension of the thermodynamic signatures of DNA
minor groove binding.

In conclusion, the fundamental energetic features of DNA minor groove targeting small
molecules as functions of minor groove geometries, binding modes, DNA sequences, salt
concentrations and temperatures have been determined. The results clearly illustrate that
despite substantial differences in binding sequences and structures of the minor groove
complexes, the AH}, for binding changes by a negligible amount but is accompanied by large
changes in AGy and AS, as a function of salt concentration. Interestingly and conversely,
these reactions have significant increases in AHy, with temperature and a negative heat
capacity for binding. The temperature-dependent AHy, and AS, compensate, however, to give
a relatively small change in AGy, for binding versus temperature, unlike the large changes
with salt concentration. The effects of salt concentration and temperature thus have quite
different signatures for DNA minor groove binding and they provide important insights into
small molecule-DNA complexes and significantly expand our understanding of the
molecular basis of DNA recognition.
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Compound structures and hairpin DNA sequences.
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Binding enthalpies of (a) 50 uM Net with AAAA and ATAT, 50 pM DB293 with AAAA
and ATGA, (b) 50 uM, 37.5 uM and 20 pM KA1039 with TGGCTT measured by ITC at 25
°C.
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(@) Plot of AGp and AHy, versus salt concentrations for KA1039 at 25 °C. (b) Salt
dependence of K, for KA1039 binding as determined by SPR. The K, values were obtained

by both global kinetic and steady state fits.
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Fig. 4.
Thermodynamic profiles of Net-AAAA (black), DB293-ATGA (blue) and KA1039-

TGGCTT (red) as a function of temperature. The values of AHy are in triangles, AGy, are in
circles and TAS, are in diamonds. The thermodynamics of DB293-ATGA are from ref 13.
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SPR analysis of kinetic rate constants and equilibrium affinities for KA1039 binding to its cognate site

Table 1

TGGCTT?
Kg (M)
[NaCI] kK, (x10°M™1s7l) k4 (x1073s7l) Kinetic fit ~ Steady state
50 mM 7.1+£08 26+2 3.7+04 40+£0.2
100mM 45%09 29+3 6.5+0.6 6.3£0.6
200mM  24+0.2 32+6 13+1.1 13+05
300mM  15+0.2 33+4 22+0.3 21+£1.0

Page 10

aKinetic analysis was performed by global fitting of 1:1 binding model: kg=(d[AB]/dt)/([A]*[B]), kg=(-d[AB]/dt)/[AB] and Kg=Kd/ka, where [A],
[B] and [AB] are the concentrations of the immobilized DNA, PA, and complex, respectively. Errors listed are the standard errors for the global fit.
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