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Effects of methyl substitution on DNA
binding enthalpies of enantiopure
Ru(phenanthroline),dipyridophenazine®*
complexest

Anna K. F. Martensson 2 and Per Lincoln*

Isothermal titration calorimetry (ITC) has been utilized to investigate the effect of methyl substituents on
the intercalating dppz ligand of the enantiomers of the parent complex Ru(phen),dppz>* (phen = 1,10-
phenanthroline; dppz = dipyridol[3,2-a:2’,3’-clphenazine) on DNA binding thermodynamics. The methylated
complexes (10-methyl-dppz and 11,12-dimethyl-dppz) have large, concentration-dependent, positive heats
of dilution, and a strong endothermic background is also apparent in the ITC-profiles from titration of
methylated complexes into poly(dAdT),, which make direct comparison between complexes difficult.
By augmenting a simple cooperative binding model with one equilibrium for complex self-aggregation
in solution and one equilibrium for complex aggregation on saturated DNA, it was possible to find an
excellent global fit to the experimental data with DNA affinity parameters restricted to be equal for all
A-enantiomers as well as for all A-enantiomers. In general, enthalpic differences, compared to the
unsubstituted complex, were small and less than 4 kJ mol™, except for the heat of intercalation of

rsc.li/pcecp

Introduction

Since the mid-1980s, there have been extensive studies on
ruthenium(i) polypyridyl complexes.’ Along with their inter-
esting photophysical properties, ruthenium complexes have
been shown to have various useful interacting properties, such
as acting as DNA probes® or inducing DNA cleavage.” Extending
one of the planar ligands of the complex will facilitate inter-
calation between the base pairs, the most studied examples
being ruthenium complexes possessing a dppz moiety (dppz =
dipyrido[3,2-a:2’,3’-c]phenazine). Originally denoted “light-switch
complexes”, tris-bidentate complexes of the general structure
Ru(L)dppz®" (L = phen(1,10-phenanthroline) or bpy (2,2’
bipyridine)) will display a massive increase in the quantum
yield when intercalated to DNA,**™° owing to the hydrophobic
environment between the base pairs protecting the dppz moiety
from hydrogen bonding with the solvent water molecules."**

By introducing small changes into the molecular structure
of the complex, it is possible to modify the photophysical
properties and also the DNA binding affinity and specificity.
Consequently, there have been numerous reports on ruthenium
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A-10-methyl-dppz (—11,6 kJ mol™) and A-11,12-dimethyl-dppz (+4.3 kJ mol™Y).

complexes with substituents on both the ancillary and the
intercalating ligands."*'® By adding methyl groups on the
outermost benzene ring of the dppz ligand in Ru(phen),dppz>*
the steric consequences might alter the binding motifs of the
complex. Previous studies observed a significant lengthening of
the excited state lifetimes of dppz-based ruthenium complexes
with methyl substitutions in the 10-position and in the 11,12-
positions of the dppz moiety, which was attributed to a steric
interference of the hydration cage around the complex.®'® The
structurally similar complex Ru(TAP),dppz>" (TAP = 1,4,5,8-
tetraazaphenanthrene) has been reported to bind more strongly
to DNA when methyl-substituted in the 11,12-position of the
dppz moiety.*® Methyl substituents in the 11,12-positions of the
dppz moiety of Cr(phen),dppz®* also increased the binding
affinity of the parent complex.>" In contrast, methyl substituted
dpq (dpq = dipyrido[3,2-f:2’,3'-h]-quinoxaline), a close analogue
of dppz, has shown a decrease in DNA binding strength com-
pared to its parent complex Ru(phen),dpq>*, which was attributed
to steric hindrance of the bulky methyl groups.** Clearly, methyl
substituents may alter the binding properties of intercalative
complexes, but there are still many questions on the underlying
binding mechanism that have been left unanswered. Also, many
of the previous studies have limited themselves to unresolved
ruthenium complexes. This is unfortunate as it has been demon-
strated on numerous occasions by various experimental methods
that DNA binding is highly influenced by the chirality of
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tris-bidentate ruthenium complexes with the right-handed
A-form generally having a stronger affinity to DNA than the
A_form'1,18,23—27

Isothermal titration calorimetry (ITC) is a high-precision tool
used for the thermodynamic characterization of ligand binding
to a macromolecule (e.g. DNA) and is the only thermodynamic
method that directly measures all energetics associated with
the ligand-macromolecule interaction process.>*° Aliquots of
the ligand are added to a solution of the macromolecule and the
resulting heat effects observed can then be analysed for quanti-
tative characterization of the energetic processes associated with
the binding reaction. As the titration progresses, the binding
sites on the macromolecule become increasingly occupied and at
the end of the titration, only a small heat change caused by
ligand dilution and other non-specific effects will be registered.
In most cases this is corrected for by simply subtracting the
average heat of dilution from a blank titration of ligand into
buffer. However, if the blank titration shows a large non-
constant heat of dilution it cannot simply be dismissed by
subtraction. As an effect of the highly concentrated titrant
solution, the ligands may self-aggregate to form oligomers, which
partly dissociate when added to the macromolecule solution.*'~*>
Being another equilibrium process involving the free ligand in
solution, the self-aggregation needs to be included in the analysis
of the ligand-DNA interaction.

Intercalating dppz-based ruthenium complexes have pre-
viously been demonstrated to either facilitate or hinder the
adjacent binding of neighboring complexes along the DNA
polymer.>”** In addition, the binding sites on a DNA polymer
are in such close proximity of each other that each intercalated
ruthenium complex covers more than one binding site. Based
on the classical McGhee and von Hippel model, where DNA is
treated as a one-dimensional lattice of binding sites,** we have
recently developed a general algorithm that can be utilized for
the model fitting of binding interactions between ligands and
linear biopolymers.**

In this study, we seek to thermodynamically characterize the
DNA binding of Ru(phen),dppz”* with methyl groups substi-
tuted in the 10-position or the 11,12-positions of the dppz
moiety (Fig. 1). In order to avoid the effects of DNA sequence
heterogeneity, we chose to use poly(dAdT), (AT-DNA) for the
ligand-DNA interaction. Since the methylated complexes show
a pronounced non-constant heat of dilution, this has been
included in the analysis.

Fig. 1 Structures of ruthenium complexes Ru(phen),dppz®*
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Experimental
Materials and sample preparation

All experiments were performed in aqueous solution (pH = 7.0)
containing 150 mM NaCl and 1 mM cacodylate (dimethylarsi-
nic acid sodium salt). A stock solution of poly(dAdT), (AT-DNA)
(~5 mM nucleotides) was prepared by dissolving the sodium
salt (Sigma-Aldrich) in buffer. Stock solutions of the complexes
(~1 mM) were prepared by dissolving the chloride salts in
buffer. Concentrations were determined spectrophotometrically
using extinction coefficients: &,50 = 6600 M~ ' cm™" per nucleo-
tide for AT-DNA and &,40 = 20000 M~ * cm™* for the ruthenium
complexes. For ITC measurements the DNA solution was dialyzed
against pure buffer for at least 48 hours at 8 °C. Ruthenium
complex solutions of appropriate concentrations were prepared by
dilution of the stock solutions in the dialysate. The dialysis
membrane used had a molecular weight cut-off of 3.5-5 kDa
(Spectra-Por™ Float-A-Lyzer™ G2, Sigma-Aldrich).

The enantiopure A- and A-[Ru(phen),dppz]Cl,, [Ru(phen),-
dppzCH;]Cl, and [Ru(phen),dppz(CH;),]Cl, (here denoted 1,
2 and 3, respectively) used in this study were synthesized and
resolved as previously reported.”*°

Other chemicals were purchased from Sigma-Aldrich and
used without purification.

Absorption spectra were measured on a Varian Cary 4000 UV/vis
(Agilent Technologies) spectrophotometer (path length = 1 cm).

Isothermal titration calorimetry

During an isothermal titration calorimetry (ITC) experiment,
the heat produced or absorbed upon addition of the complex to
a DNA solution enables direct assessment of the binding free
energy by integrating the power required to maintain the refer-
ence and sample cells at the same temperature. The experimental
raw data consist of a series of heat flow peaks and each peak
corresponds to one injection of the ruthenium complex. These
heat flow peaks are then integrated with respect to time, to give
the total heat exchanged per mole injectant plotted against the
ratio [Ru complex]/[base pairs].

Calorimetric data were obtained using a MicroCal iTC200
isothermal titration calorimeter (Malvern) controlled by Origin
7.0 software. The ITC profiles of the resolved ruthenium com-
plexes were obtained by a single injection of 1 pul followed by
19 sequential injections of 2 pl aliquots of stock solution
(~590 uM) of the complex from a syringe into the sample cell

/ﬂ/:: %@\gﬁé %@ID{

(2) and Ru(phen),dppz(CHs)
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(206 pl) loaded with AT-DNA in 150 mM NaCl aqueous buffer
solution (~312 puM nucleotides) or with buffer alone. All ITC
experiments were performed at 25 °C. The injection spacing
was 180 s, the syringe rotation was 750 rpm and there was an
initial delay of 120 s prior to the first injection. The raw ITC data
peaks were automatically integrated using the Origin 7.0 software.
For improved accuracy of the integration, the integration range for
the spacing between each heat peak was narrowed, thus reducing
the background noise from the baseline.

Analysis of binding isotherms

For the analysis of the ITC-data we have used the classical
McGhee-von Hippel DNA binding model, which assumes iden-
tical intercalation pockets in-between each base pair. In this
model, the DNA ligand is characterized by an intrinsic binding
constant K (for binding without neighbor interactions), a
cooperativity parameter y (for cooperative binding interactions
with neighbors, y > 1, for anti-cooperative neighbor inter-
actions 0 < y < 1) and the number n of binding sites made
inaccessible by the binding of one ligand. We have previously
described an efficient algorithm for solving the mass balance
for a general McGhee-von Hippel system,*” and here we have
also incorporated a ligand solution oligomerization equilibrium
mL — L, into the mass balance (for details of the implementa-
tion, see the program code in ESIt). The thermodynamic con-
stant for this equilibrium is

(L]
Ky = [L]m

. Co(m—l) (1)

(where, as described elsewhere in this paper, equilibrium
constants are unitless and refer to the standard state concen-
tration C° = 1 mol per liter). To be able to compare oligomerization
constants with different m, the value of the effective dimerization
constant Kr11/1(m71) was calculated.

Two different intercalation pockets, TA/TA and AT/AT, alter-
nate in the AT-DNA used for this study. However, for simplicity,
the present model considers them to be equal, and thus 7 is
expected to be close to 2 as for classical intercalation.

Furthermore, each intercalated ligand is also assumed to be
able to become an external binding site for an additional ligand,
characterized by an external binding constant K.y, which we
have arbitrarily set as 10* for all ligands. The effect of external
binding on the mass balance has been neglected, since K., used
will be at least 100 times less than the effective ligand inter-
calation binding constant, which is in the range between Ky
and Ky® when the free ligand concentration starts to rise as a
consequence of increasing intercalation site saturation.

Results
Isothermal titration calorimetry and model fitting

The raw ITC data of the enantiomers of complexes 1, 2 and 3
are shown in Fig. S1(A) and S2(A) of ESLt To the left side of the
figures, the ligand is titrated into AT-DNA, and to the right, the
ligand is titrated into pure buffer. The ITC profiles obtained
deviate strongly from the standard sigmoidal shape typically
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expected from a ligand-macromolecule binding system with a
single type of non-overlapping binding sites. This is consistently
observed for both enantiomers of complexes 1-3. As previously
suggested by us, this indicates a more complicated ligand-
macromolecule binding system with at least two different types
of binding interactions present.””*** The A-enantiomers share
the common feature of showing a more exothermic ITC profile
than their A counterpart. All complexes show a non-constant
heat of dilution, which is small for the unsubstituted complex 1,
but very prominent for methylated complexes 2 and 3. Moreover,
upon saturation at the end of the titration, when almost all
binding sites on the DNA strand are occupied by ligands, the
methyl substituted complexes 2 and 3 both show much more
intense endothermal heat peaks, compared to the parent
complex 1, which cannot be explained by heat of dilution only.
To account for the phenomena in a physically meaningful way,
here we have explicitly considered the heat of aggregation
in solution as well as of external ligand binding to saturated
DNA, rather than to introduce constant base-line terms in
the model.

Linear dichroism studies in solution do not indicate signi-
ficant binding geometry differences between 1, 2 and 3 for either
enantiomer,'® and high resolution X-ray crystal structures of the
A-enantiomers show virtually identical intercalation geometries
irrespective of methyl substituents.*® Thus, it seemed reasonable
to attempt a global fit to the ITC data assuming identical
intercalation equilibrium constants K and neighbor interaction
parameters y for each set of enantiomers, while allowing the
binding site coverage parameter n to vary freely.

Aside from the intrinsic (AHR) and neighbor interaction
(AH}) reaction enthalpies, this model also considers the
oligomer dissociation (AH,) as well as the external DNA
association (AH,,,) enthalpy. As can be seen in Fig. 2, it is
possible to find a very good global fit to the integrated peaks of
the raw data in Fig. S1 and S2 (ESI{) which gave nRMSD = 7.3%
(nRMSD: normalized root-mean-square-deviation, the Eucli-
dian norm of the residual divided by the Euclidian norm of
the data). In fact, allowing K and y to vary freely gave only a
slightly lower nRMSD (6.4%), indicating that the assumption of
similar binding affinity parameters for each set of enantiomers
was consistent with the data.

Table 1 gives the best global fit binding parameter values,
showing that the A-enantiomer is anti-cooperative in its nearest-
neighbor interactions while the A-enantiomer is cooperative.
It is worth noting that although the intrinsic binding constant
K differs by more than two orders of magnitude between the
enantiomers, the effective binding constant close to saturation,
Ky, is rather similar: Ky* = 5.9 x 10° for A and 3.2 x 10° for A.

Interestingly, the A-enantiomers all have larger binding site
coverage parameters n compared to A. While the difference is
small for complexes 1 and 3, it is prominent for complex 2.

The self-aggregation (expressed as the effective dimerization
constant ;Y in Table 1) increases with the number of methyl
groups, but the effective dimerization enthalpy AH,,/(m—1)
remains relatively constant as shown in Table 2. The external
binding contribution to the ITC-signal AH,, becomes more

ext
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ITC profiles with fitted traces for the titrations of the A-enantiomers (top left) and the A-enantiomers (top right) into poly(dAdT),. The symbols

(circle: 1; triangle: 2; square: 3) indicate the normalized heat absorbed or evolved upon 2 pl injections of the complex (~590 uM) into the 206 ul cell
containing DNA (~ 320 uM nucleotides). The bottom right graph shows the averaged titration of both enantiomers into pure buffer. All titrations were

performed in 150 mM NaCl aqueous solution at 25 °C.

Table1 Binding parameter values from global fit to ITC-data (enantiomer-
common fit values in italics)

KA/10°  yan  na Kal10°  yan  7a Kim=1 oy
1 41 038 217 0.28 3.4 229 400 2.0
2 41 0.38 225 0.28 34 299 3300 3.0
3 41 0.38 224 0.28 3.4 225 8900 2.7

Table 2 Enthalpy values from fit to ITC-data (in kJ mol™)

A A

1 2 3 1 2 3
AH (m—1) —195 -268 —21.8 195 268 —21.8
AHy +1.2 —10.4 +0.4 —4.5 —6.1 —0.2
AH, -7.7 -4.3 —44 —13.7 -148 -16.3
AH. -1.0 +2.1 +2.4 -0.5 +5.1 4+9.2

ext

prominent upon methylation, in particular for the A-enantiomers,
but the weak binding makes it impossible to partition this trend
into external binding affinity and external binding enthalpy.
However, the distinct diastereomeric differences for 2 and, in
particular, for 3 suggest that the distal benzene ring of the dppz of
one complex and the phenanthroline of another are important for
the external binding mode. By electrostatic arguments, it appears
most likely that this interaction occurs in the groove opposite to
where the Ru(phen),-moieties of the intercalated complexes
reside, i.e. that it is the phenanthrolines of the externally bound

This journal is © the Owner Societies 2018

complexes that interacts with the methyl groups of the inter-
calated ones.

The differences in the intercalation enthalpy (AH ) between
the enantiomers of the same complex show no clear trend,
but the neighbor interaction enthalpy (AH‘) for A is about
2-3 times more exothermic than that of A. (As an example, the
different enthalpy contributions are illustrated for complex 2 in
Fig. S3 of ESL)

Table 3 highlights the differences in the enthalpy values due
to methyl substitution. The much more exothermic intercalation
for the A-enantiomer of 2 compared to 1 stands out as the most
significant effect, followed by the less exothermic intercalation of
the A-enantiomer of 3 and the less exothermic neighbor inter-
action enthalpies of the A-enantiomers of 2 and 3.

Table 4 gives the free energy changes and entropy contribu-
tions calculated from the data in Tables 1 and 2. Since the free
energy changes were assumed to depend on chirality only,
differences in TAS® between different complexes directly reflect
the enthalpy changes in Table 3. However, these are small enough
not to change the overall pattern: intercalation is in all cases
predominantly entropy driven, and most so for A-enantiomers;

Table 3 Changes in enthalpy values due to methyl substitution (in kJ mol™)

Complex A(AHy,) A(AH;A) A(AHg,) A(AH;A)
2 —11.6 +3.4 —-1.6 —1.1
3 —-0.8 +3.3 +4.3 —2.6

Phys. Chem. Chem. Phys., 2018, 20, 11336-11341 | 11339
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Table 4 Derived thermodynamic parameters from global fit (in kJ mol™
at 25 °C)

AGyy =—435  AG, =424  AGg, =-311  AG, =-30
TASkA TASA TAS,, TAS,,

1 +44.7 +26.6 —-10.1 —-10.7

2 +33.1 +25.0 —6.7 —11.8

3 +43.9 +30.9 —6.8 —-13.3

the neighbor interaction on the other hand, in all cases, has a
large unfavorable entropy.

Discussion

Adding methyl substituents on the distant benzene ring of the
intercalating dppz ligand in the parent complex Ru(phen),dppz”*
increases the hydrophobicity of the complex causing an increased
self-aggregation of dimer/trimer structures. This in turn results in
a high non-constant heat of dilution when the ligand is added to
the macromolecule solution. This additional enthalpy change is
in the majority of ITC-studies simply subtracted from the experi-
mental data, but here the magnitude of the heat change is too
large not to be included in the analysis.

For any binding model to be of practical use, a large number of
fitting parameters is not acceptable. Here, we demonstrate an
algorithm making it possible to fit experimental data of compli-
cated ligand-macromolecule systems using only a minimum of
additional parameters. In order not to over-interpret the data, we
have limited the binding model to be the simplest possible. Thus
effects due to AT/AT and TA/TA-differences, possible different
groove-locations and different intercalation geometries are all
neglected. Furthermore, we test the hypothesis that methyl sub-
stitution does significantly alter K and y for a given enantiomer.

When the self-aggregation and external binding effects had
been accounted for, the seemingly disparate ITC-curves of 1, 2
and 3 (Fig. 2) were indeed found to be consistent with the same
binding affinity for all A and all A enantiomers, i.e. all differ-
ences due to methylation could satisfactorily be accounted for
as differences in the binding site coverage (n) and the binding
and the interacting enthalpy values. This suggests that methyl-
ation on the distant benzene ring does not dramatically alter
the binding affinity characteristics typical for the enantiomers.

The graphs of concentration changes in the total bound
ligand and the neighboring bound ligand, respectively, for A
and A are depicted for 1 in Fig. 3. The more cooperative binding
of A becomes apparent in the initial part of the interaction
curve; the convex shape is due to the facilitated binding of
additional ligands. A-enantiomers, in contrast, have a concave
initial shape due to the anti-cooperative behavior of the ligands.
Since the fitting model needs to produce a close coincidence of
the A and A-curves at the end of the titrations, the intrinsic
binding constant K has to be correspondingly higher for the
anti-cooperative A-enantiomer than for A.

X-ray structures by Hall et al have demonstrated the
Ru(TAP),dppz analogues of A-1, -2 or -3 to intercalate with

11340 | Phys. Chem. Chem. Phys., 2018, 20, 11336-11341
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Fig. 3 ITC titrations with complex 1 into poly(dAdT), with the changes in
the concentration of the total bound ligand (solid line) and the neighboring
bound ligand (dotted line) (black: A; red: A).

the same depth and the same angular orientation.>® The X-ray
structure further showed that the 10-methyl group on dppz
efficiently protects the exposed dppz aza-nitrogen from inter-
action with water, consistent with the observation by Olofsson
et al. that methyl substitution in the 10-position gave longer
luminescence lifetimes for both enantiomers, in polyol solution
as well as when intercalated to DNA.' Fig. 4 (left) shows a
model of three A-2 complexes consecutively intercalated (from
the minor groove, as per the suggestion from X-ray structures)
two base pairs apart from each other. A more hydrophobic
environment around the 10-methyl group, as suggested by the
model, than for the methyl groups of the 11,12-disubstituted
derivative A-3 (Fig. 4 (right)) might account for the significantly
more exothermic intercalation enthalpy of A-2. If this is the case,

Fig. 4 Schematic illustration of the proposed interaction geometries for
A-2 (left) and A-3 (right) intercalated into DNA. The model was constructed
by manual docking and subsequent energy minimization in vacuum, using
the Amber 2 force field in the HyperChem 8.0 software package (HyperCube,
Inc.). The ruthenium(i) ions together with the ancillary and intercalating
ligands are colored orange, while the methyl substituents are colored red
for easier identification.
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the environment around the methyl group of the corresponding
enantiomer A-2 is expected to be different, perhaps due to a
different intercalation depth or different angular orientation in
the intercalation pocket.

Conclusions

The addition of methyl substituents on the intercalating dppz
moiety of ruthenium(u) polypyridyl complexes results in non-
constant heat of dilution when titrated into a DNA solution.
These heat peaks are too strong to simply be subtracted from
the intrinsic binding enthalpy and must be included in the
analysis. By incorporating the oligomer dissociation as well as the
external DNA association enthalpy changes into our general mass
balance solving algorithm, we have here demonstrated how
complicated binding systems with a large background enthalpy
change can still be properly fitted into a binding model, without
the need to add unnecessary many parameters. A satisfactory
global fit was found when assuming the binding affinities
for each enantiomer of both non-methylated and methylated
dppz-Ru to be equal, while only allowing the binding site size to
vary freely.
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