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HIGHLIGHTS GRAPHICAL ABSTRACT

® Non-isohelical heterocyclic cations
target DNA with heterogeneous < S <
binding modes. oo"cn +<>0°°p ~— oﬁo + ~ o ~
® Dications with a linear indole-bi-
phenyl core bind DNA preferentially
as dimers.
® Their mono-cationic analogues bind as
monomers to the same DNA.
® Binding modes are strongly sensitive
to preferential interactions with co-
solutes.
® Charge number and cation sub-
stituents determine preference in
binding modes.

ARTICLE INFO ABSTRACT

Keywords: Linear heterocyclic cations are interesting DNA minor groove ligands due to their lack of isohelical curvature

Drug-DNA interactions classically associated with groove-binding compounds. We determined the DNA binding properties of four re-

DNA minm_’ groove lated dications harboring a linear indole-biphenyl core: the diamidine DB1883, a ditetrahydropyrimidine deri-

:etemcydm dications vative (DB1804), and their monocationic counterparts (DB1944 and DB2627). These compounds exhibit het-
uorescence

erogeneity in binding in accordance with their structures. Whereas the monocations exhibit salt-sensitive 1:1
binding to the duplex 5-CGCGAATTCGCG-3’ (A,T,), the dications show a marked preference for a salt-in-
sensitive 2:1 complex. The two binding modes are differentially modulated by salt and specific non-ionic co-
solutes. For both dications, 2-methyl-2,4-pentanediol enforces 1:1 binding as observed crystallographically.
Fluorescence quenching studies show self-association without DNA in a relative order that is correlated with
preference for the 2:1 complex. The data support a structure-binding relationship in which favorable cation-rx
interactions drive dimer formation via antiparallel stacking of the linear indole-biphenyl cation motif.

Dimerization
Binding modes

1. Introduction groove are of particular interest, as they deviate from the conventional
notion of curvature matching that of the groove (isohelicity) as a re-

Studies into the properties of DNA-binding ligands inform the de- quirement for high-affinity DNA binding [1,2]. A classic example is the
sign of DNA-targeting drugs and extend our understanding of DNA re- anti-trypanosomal agent CGP 40215A, a linear symmetric diamidine
cognition more broadly. Linear compounds that target the DNA minor that binds as well as its curved analog Berenil to AT-rich DNA [3,4].
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The diamidine DB921, which harbors a linear benzimidazole-biphenyl
core, binds the AT-rich minor groove with ~10-fold higher affinity than
its isohelical analog DB911 [5]. Co-crystal structures of these and other
compounds with DNA [6,7] all reveal water molecules bridging the
gaps between ligand and minor groove. These examples establish the
ability of non-isohelical compounds of diverse structures to bind to
DNA and a role for hydration in facilitating complementarity with the
DNA minor groove.

More recently, the co-crystal structures of the asymmetric linear
dications DB1804 and DB1883 with DNA were reported [8]. DB1883 is
the indole-biphenyl analog of DB921, while DB1804 is a carbocyclic
derivative of DB1883. Both DB1883 and DB1804 bind AT-rich DNA
with similar affinities as DB921. With the report of a mono-amidine
derivative of DB1883 exhibiting weak binding to the same DNA target,
we became interested in the structure-affinity relationships between
charge density and substitution at the termini of these linear minor
groove binders. In our investigations, we found that these compounds
were heterogeneous in their DNA binding properties. Both DB1804 and
DB1883, but not their monocationic counterparts, form 2:1 complexes
in preference over the 1:1 complexes observed in co-crystal structures
with the same AATT-bearing DNA target. The discrepant binding
properties exhibited by the same compounds and DNA between solu-
tion and crystal suggest that preferential interactions with other solutes
play an important role in directing the binding modes of these minor
groove ligands. While “non-standard” binding modes of minor groove-
binding compounds and their DNA sequence requirements have been
extensively described [9], the physical chemistry of this behavior,
which requires experimental characterization of the properties of the
unbound compounds, is less well understood. We therefore interrogated
a set of four related indole-biphenyl compounds consisting of DB1804,
DB1883, DB2627, and DB1944 (Fig. 1) in both their DNA-bound and
free states. DB2627 and DB1944 are the monocationic derivatives of
DB1804 and DB1883, wherein the amidine and tetrahydropyrimidine
(THP) at the phenyl ends are uninstalled. The data show a structure-
binding relationship for an indole-biphenyl cation core that is sensitive
to the DNA minor groove as well as the physicochemical environment
in the absence and presence of DNA.

2. Materials and methods
2.1. Compounds and DNA
The syntheses of DB1883, DB1804, and DB1994 have been pre-

viously described [8]. The synthesis of DB2627 is detailed in Supple-
mental Methods. DNA oligonucleotides encoding A,T, and A,CGT,
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(Fig. 1) were synthesized by Integrated DNA Technologies (Coralville,
IA). Lyophilized DNA was dissolved at 1 mM in 10 mM TrisHCI (pH 7.5)
containing 1.0 M NaCl and then dialyzed (MWCO 3.5 kDa) extensively
against 10 mM TrisHCI (pH 7.5). Duplex DNA concentration was mea-
sured by UV absorption at 260 nm using the nearest-neighbor extinction
coefficients 191,511 M~ 'em™?! for A,T, and 190,127 M~ *cm ™! for
A,CGT,. All other reagents were obtained at ACS grade or higher purity
and used without further purification.

2.2. Binding experiments

DNA binding at equilibrium was monitored by steady-state polar-
ization of the intrinsic blue fluorescence of the compounds as pre-
viously described [10,11]. In brief, each compound was titrated with
DNA in 10 mM TrisHCl (pH 7.5) with or without other co-solutes as
stated in the text and measured using a Perkin-Elmer LS 55 instrument.
The excitation and emission maxima were established at 328/456
(DB1883), 338/454 (DB1944), 337/438 (DB2627), or 320/438 nm
(DB1804). Steady-state anisotropy was computed using a grating factor
as determined under the conditions of each measurement. With ex-
citation and emission slit widths of 15 and 20 nm centered at these
wavelengths, each compound was sampled at the lowest concentration
sufficient to acquire signal for anisotropy measurements after blank
subtraction: 50 nM for DB1883, 20 nM for DB1944, 10 nM for DB2627,
20 nM for DB1804, unless otherwise indicated in the text.

2.3. Steady-state fluorescence quenching

Each compound was titrated at a constant concentration of 200 nM
in water with Nal, acrylamide, and nicotinamide. Total intensity and
steady-state anisotropy at An.x were adjusted for volume changes,
blank-subtracted, and analyzed by linear regression.

2.4. Data analysis

The signal from DNA titration experiments represented the frac-
tional bound compound (F), scaled by the limiting anisotropies of the
ensemble of n (typically 1 or 2) bound states <r;> and unbound state
<ro> as follows:

) = Fb[z n) — <”0>) + () = Fo 35 A+ (1) o

F, is described empirically by the Hill equation or a mechanistic
binding model as described in the text with total DNA concentration

Fig. 1. Minor-groove binding ligands and
target DNA used in this study. The minor-
groove binders consist of the linear indole-
biphenyl amidine DB1944 and three inter-
related compounds, shown in the ioniza-
tion state expected at pH 7.5. DB2627 is the
tetrahydropyrimidine (THP) analogue.
DB1883 and DB1804 are dicationic var-
iants of DB1944 and DB2627, respectively.
The two DNA targets are the standard
AATT dodecamer (A,T,) and an isomeric
sequence in which the AT-tract is inter-
rupted (A,CGT5).
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taken as independent variable. For salt-dependent analysis, mean ionic
activity was calculated from molal concentration and literature values
of the mean ionic activity coefficient a . in water [12]. The dependence
of DNA-binding affinities on a .. is analyzed in terms of polyelectrolyte
theory to estimate the number of neutralized DNA backbone phos-
phates Z from the net number of displaced ions n  :

_ log Kp
loga.

= =4z = (- 22)z

N (2)

where y reflects screening and condensation interactions between
backbone phosphates in B-DNA and their ion atmosphere [13]. The
assigned value of y = 0.67 includes an end-effect correction for our
N =12bp oligonucleotide duplexes relative to polymeric DNA
(v~ = 0.88) [14].

3. Results

Binding to the target duplex A,T, in solution was determined at
equilibrium by titration with DNA via the large change in anisotropy of
the intrinsic blue fluorescence of the compounds. This technique, which
obviates the need for extrinsic labeling or immobilization of the DNA,
reverses the more common approach of titrating the DNA with com-
pound. The titrations were designed such that DNA concentration was
varied over five or more decades while keeping the dilution of com-
pound to less than ~5%, which was sufficiently fixed for one-dimen-
sional analysis [11]. At pH7.5, as a function of increasing NaCl con-
centration from 0.010 to 0.750 M, the titration profiles for DB1804
exhibited an increasingly biphasic appearance (Fig. 2A), while those for
the other compounds remained monophasic (Fig. 2B to D). As a first
step to parameterize the two binding modes for DB1804, we fitted the
data empirically with a sum of two Hill equations:

cHL CMH.2

+(1_f) n

Fy=f—f———
! KDt + et Kp

PR ®3)
where ny, ; is the Hill coefficient and Kp, ; is the DNA concentration at
half maximal occupancy for binding mode i = 1 or 2. The scaling factor
f represents the fractional contribution to the total anisotropy change
from each binding mode. To statistically infer the extent to which the
salt-dependent binding profiles exhibited biphasic character, we com-
pared the fits of each dataset by Eq. (3) (with f floating) relative to a
single term (f fixed at 1) using the Fisher F-test on the residual sums of
squares. Across the full range of NaCl concentrations tested, the two-
term Hill model afforded significantly better fits to the DB1804 data
than a single term (p < 0.05; Table S1, Supplemental Data). Thus, the
binding properties of DB1804 (the THP dication) exhibited two spec-
troscopically distinguishable binding modes at equilibrium. In contrast,
titration profiles for its mono-THP counterpart (DB2627) as well as the
di- (DB1883) and mono-amidine (DB1944) were monophasic across the
entire salt range as confirmed by F-testing (Table S1).

3.1. Linear dications exhibit salt-sensitive and salt-insensitive binding modes

Examination of the empirical affinities (Kp ;) revealed distinct trends
in salt dependence for the four related compounds (Fig. 3). For DB1804,
the high-affinity binding mode (Kp.) exhibited no salt dependence,
while the low-affinity binding mode (Kp ;) varied linearly with mean
ionic activity with a log-log slope of —0.63 = 0.10. For the diamidine
DB1883, the titration curves were insensitive to salt, similar to the high-
affinity mode of DB1804. We considered the possibility that the high-
affinity modes might appear to be insensitive to salt due to titrant de-
pletion, ie., binding was tight such that Kp; reflected the (fixed)
compound concentrations in the titrations rather than binding affi-
nities. However, the apparent dissociation constants corresponding to
the high-affinity mode (Kp,) were ~10-fold lower than the
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concentrations of the dications used (20nM for DB1804, 50 nM for
DB1883). Moreover, the dissociation constants for both dications agree
closely with values measured by surface plasmon resonance, an alto-
gether different experimental configuration [8]. Therefore, the ap-
parent salt insensitivity could not be significantly attributed to deple-
tion. We concluded that the salt insensitivity of the single binding mode
of DB1883 and the high-affinity mode of DB1804 was intrinsic to their
binding properties.

For the monocations, the THP (DB2627) bound A,T, with ~3-fold
higher affinity than the amidine DB1944, and both compounds gave
identical salt dependence at —0.60 = 0.10 (DB1944) and — 0.64 =+
0.03 (DB2627) in log-log slope. Interpreting this slope by polyelec-
trolyte theory [13], given by Eq. (2) for oligonucleotides [14], binding
of A,T, by DB2627 and DB1944 corresponded to the neutralization of
one DNA phosphate.

The salt dependence data suggested that the salt-insensitive high-
affinity binding mode for DB1804 to A,T, was similar to DB1883.
Likewise, the salt-sensitive low-affinity mode for DB1804 was similar to
the two monocations. Since the titrations used DNA as titrant, in-
creasing DNA concentration was expected to drive the equilibria in the
direction of decreasing stoichiometric order with respect to compound.
Combining these clues, we hypothesized that the biphasic binding by
DB1804 reflected a distribution between two distinct stoichiometric
complexes with DNA. To test this hypothesis, we determined the stoi-
chiometry of the apparent complexes for all four compounds under
depleting conditions at the low NaCl concentration of 5mM [Fig. 4].
The binding curves revealed that the high-affinity binding mode for
DB1804 and the single binding mode for DB1883 represented the di-
cations in 2:1 excess to DNA, while their monocationic counterparts
exhibited equimolar binding. To rule out the formal possibility that
these complexes might consist of DNA at multiple equivalents, we
probed DB1804-bound A,T, by size-exclusion chromatography (Fig. S1,
Supplemental Data). At DNA concentrations sufficient for UV detection
(5 uM), we detected no species consisting of two or more A,T, duplexes.
The evidence therefore showed that the spectroscopically distinct
modes of DB1804 binding to A,T, both involved a single duplex.

To mechanistically analyze the binding properties of DB1804, we
modeled its titration profiles according to Scheme I, where the equili-
bria are written (from left to right) in the opposite direction as our
titrations. K; and K, are the intrinsic stepwise dissociation constants for
the 1:1 (low-affinity) complex and 2:1 (high-affinity) complex, re-
spectively. The functional form of Scheme I is given in Supplemental
Methods. As shown in Fig. 5A, Scheme I described DB1804 binding to
A,T, across the full range of NaCl concentrations tested and captured
the distinct salt dependence of the 1:1 and 2:1 complexes. To generalize
the salt-dependence data, we tested the effect of Na,SO4 in place of
NaCl on DB1804 binding. The titration profiles for Na;SO, showed si-
milarly biphasic properties that were also described by Scheme I, al-
though the two binding modes were not as well-resolved as with NaCl
at matching Na* concentrations. However, when cast as a function of
mean ionic activity [12], perturbation of binding by Na,SO, fell in line
with the data for NaCl (Fig. 5B). Thus, the salt-induced divergence of
the two binding modes of DB1804 was consistent with an equilibrium
distribution of a 2:1 and a lower-affinity 1:1 complex, only the latter of
which was sensitive to the ionic environment (—0.75 = 0.18 in log-log
slope). Moreover, the independence of this perturbation from anion
identity confirmed that release of condensed DNA counter-ions, as de-
scribed by polyelectrolyte theory, accounted for the disposition of ions
in salt-sensitive binding.

Two features of Scheme I are of note. First, since the final state in
the titration was the 1:1 complex, the model assigned a higher steady-
state fluorescence anisotropy to the 1:1 complex than the 2:1 complex
in the titrations (on the order of 10%). Second, the equilibrium con-
stants are formulated with unbound compound as monomers. While it
is possible to incorporate additional equilibria for the self-association of
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Fig. 2. NaCl unmasks two distinct binding modes for the ditetrahydropyrimidine DB1804. Rows A to D show representative A,T»-into-compound titrations for each
species in the presence of 10 to 750 mM NaCl. Curves represent fits by either a one- (gray) or two-term Hill equation (red) as given in Eq. (3). Compounds were
present at 10~ °-10 8 M as described in Materials and Methods. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

the unbound compound, the parameters for these interactions, such as
the anisotropies of the DNA-free species, are not well defined by the
titration data. Although these details were not included in Scheme I, the
scheme afforded a satisfactory fit to the experimental data and captured
the salient details of the system, namely the salt-sensitive low-affinity
binding mode and the salt-insensitive high-affinity binding mode.

3.2. The binding modes of DB1804 are DNA sequence-specific

Having established a 2:1 complex as the high-affinity binding mode
for DB1804 to A,T5, we asked whether this behavior was specific to the
DNA sequence (Fig. 6). To address this question, we permuted the
dodecameric A,T, to generate an isomeric sequence harboring 5’-
AACGTT-3’ (A,CGTo; Fig. 1). DB1804 bound A,CGT» more weakly than
A,T, and exhibited more than one binding mode, although the corre-
sponding anisotropies did not coincide. At 10mM Na™, the high-affi-
nity mode for A,CGT, was comparable to that for A,T,, but the low-
affinity mode was ~100-fold weaker. In contrast with A,T,, the high-

affinity mode for A,CGT, was salt-sensitive, becoming ~100-fold
weaker in 200 mM Na™. In addition to the apparent affinities, the an-
isotropies associated with the binding modes for A,CGT, progressively
diverged from those associated with A,T, with increasing Na* con-
centration. These changes suggested DNA-dependent dynamics, pho-
tophysical properties of different binding modes or, more likely, the
development of additional nonspecific modes with A,CGT,. Moreover,
as the salt dependence of binding was described by DNA counter-ion
condensation over the experimental salt concentrations (vide supra), the
observed sequence specificity was expected to be general with respect
to cation identity [15]. In summary, the two binding modes observed
with the A,T, site were sequence-specific and therefore relevant to this
high-affinity DNA that dications are generally known to target.

3.3. The binding modes of DB1804 are sensitive to inhibition by netropsin

To further define the high- and low-affinity DNA-bound states of
DB1804, we challenged the DB1804:A,T, complexes with netropsin, a
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well-established minor groove ligand for A,T,. Competition titrations
with (non-fluorescent) netropsin were performed at DNA concentra-

tions corresponding to saturated and various levels of sub-saturated
binding by DB1804 in 10 or 750 mM NacCl (Fig. 7). Displacement of

DB1804 from A,T, by netropsin was indicated by a decrease in the
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Fig. 3. Salt dependence of DNA binding by indole-
biphenyl mono- and dications. Empirical dissocia-
tion constants of titration curves obtained at 10 to
750mM NaCl were estimated by a Hill analysis
according to Eq. (3). DB1804, DB1883, DB2627,
DB1904. Closed and open symbols refer respectively
to the apparent high- and low-affinity modes, i.e.,
Kp,1 and Kp, » in Eq. (3), observed with DB1804 that
were absent with the other compounds.

K, K,

DB, : DNA

Scheme I. Mechanistic model for DB1804 binding to A,T5.
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Fig. 4. Stoichiometry of A,T»-bound complexes of linear cations. Binding was measured at 5mM NaCl. Compound concentrations ranged from 10 to 140 nM.
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Fig. 5. DNA recognition by DB1804 is mechan-
istically described by an equilibrium distribution of
2:1 and 1:1 complexes. A, Titration data for DB1804
for the three NaCl concentrations (green) shown in
Fig. 2A was globally fitted with Scheme I with
A < r > for the two complexes shared, c.f. Eq. (1).
DNA titrations in the presence of Na,SO, instead of
NaCl, shown here in orange at matching Na* con-
centrations, were also fitted with this model. Curves
are offset vertically for presentation. B, Salt-depen-
dence of the dissociation constants for the low-
(open symbols) and high-affinity (closed symbols)
transitions obtained by fitting the binding data to
Scheme I. Lines of best fit for K; (dashed) and K,
(solid) were obtained by globally fitting the data for

log [A,T,, M]

2’

NaCl (green) and Na,SO,4 (orange). (For interpreta-
tion of the references to colour in this figure legend,
the reader is referred to the web version of this ar-
ticle.)

-log (K, M)
N 00 © O

log a,

apparent anisotropy of DB1804. As expected for the salt-sensitive
binding of netropsin to A,T, [16], it competed for the DNA more
strongly at the low salt condition. At all DB1804 concentrations, ne-
tropsin was initially observed to displace the bound DB1804 from the
DNA. Interestingly, control experiments showed an interaction between
DB1804 and netropsin above 10~ ®M concentration of the latter in the
absence of DNA. Though this unexpected behavior obscured a full
competition profile, it remained apparent that both binding modes
could be inhibited by netropsin and supported the minor groove as the
binding site of DB1804 in both modes.

/L /L
LI T T T T LI

3.4. Preferential interactions with co-solutes modify the binding modes of
DB1804

To better understand the physicochemical basis of the different
binding modes exhibited by DB1804, we examined the effects of non-
ionic co-solutes on its DNA binding equilibria. We initially focused on
dimethyl sulfoxide (DMSO) and nicotinamide, two common solubilizing
agents for low-molecular weight compounds. At up to 20% v/v DMSO
(2.8 m), the biphasic transition persisted, but the apparent affinities for
both binding modes were attenuated (Fig. S2A, Supplemental Data). In
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Fig. 6. The 2:1 and 1:1 binding modes exhibited by DB1804 are sequence-specific. DB1804 was titrated with the interrupted AT-tract (A,CGTs; circles, blue) in 10,
200, and 750 mM NaCl. The data is plotted alongside corresponding data for the specific site AT, from Fig. 2A (squares, red) to facilitate comparison. Curves
represent empirical fits by the two-term Hill equation, Eq. (2). Kp; and Kp, ; are indicated by dashed and dotted drop lines, respectively. At 750 mM NacCl, additional
binding modes appeared likely for A,CGT,. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
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Fig. 7. Inhibition of A,T,-bound DB1804 by netropsin. Netropsin was titrated
into A,T»-bound DB1804 at 10 mM (top) and 750 mM NaCl (bottom). DB1804
was present at 20 nM in all cases. At both Na* concentrations, DB1804 was
complexed with 2nM (triangles), 8 nM (circles), and 700 nM DNA (squares).
Binding between DB1804 and netropsin was detected above ~10"°M ne-
tropsin in the absence of DNA (gray). Unbound DB1804 is marked by x. Data
from Fig. 2A showing A,Tj titrations at the corresponding salt concentrations is
shown in the panels at right for comparison.

contrast, nicotinamide at up to 0.10 M (0.09 m) exerted opposing ef-
fects on the two binding modes, slightly favoring the high-affinity mode
while significantly destabilizing the low-affinity mode (Fig. S2B,
Supplemental Data). The qualitatively different effects of DMSO and
nicotinamide on the two binding modes indicated that they arose from
specific preferential interactions with the co-solutes and were not due
to viscosity or colligative effects such as hydration alone.

In light of the 1:1 complexes observed in co-crystal structures of
DB1804 and DB1883 with A,T,, and the sensitivity of the binding
modes to co-solutes, we considered whether crystallization conditions
might contribute to the different binding behaviors observed for these
dications in solution. As the reported crystallization conditions [8]
employed 2-methyl-2,4-pentanediol (MPD) as a cryo-protectant and
precipitant at up to 50% v/v during equilibration, we performed ti-
trations of DB1804 and DB1883 with A,T, in the presence of 50% v/v
MPD. Although the high viscosity of MPD strongly perturbed the ob-
served anisotropy of both compounds, it gave equimolar binding by
both DB1804 and DB1883 at 750mM Na* (Fig. 8). MPD therefore
suppressed the 2:1 complex and enforced the alternative 1:1 complex,
even under high-salt conditions in which it would be otherwise dis-
favored, to yield the stoichiometry seen in the co-crystal structures with
A2T2.

3.5. Linear dications self-associate in the absence of DNA

An important feature of the dications not directly addressed by the
binding experiments was whether the dications dimerize in the absence
of DNA. In one possibility, dication monomers are induced to dimerize
onto DNA. Alternatively, unbound dications assemble into pre-formed
dimers (or other oligomers) that persist upon binding to DNA. A pre-
organized dimer would decrease the entropic barrier for forming the
2:1 complex, offering a possible explanation for the higher affinity of
this binding mode relative to the 1:1 complex. To probe whether the
compounds self-associate in the unbound state, we determined the ef-
fect of quenching agents on the intrinsic fluorescence of each com-
pound. We tested three chemically distinct quenchers (Nal, acrylamide,
and nicotinamide) at a common compound concentration of 200 nM to
allow for sufficient fluorescence detection upon quenching. We ana-
lyzed the decay in total fluorescence intensity upon incremental

12
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Fig. 8. The cryo-protectant 2-methyl-2,4-pentainediol enforces 1:1 binding by
linear dications. Binding of A,T, to 100nM DB1804 or 740 nM DB1883 at
750 mM NaCl was measured in the presence of 50% MPD as used in the crystal
structures. The error bars used during fitting, which average * 0.05, have
been omitted in Panel B for clarity. The small change in anisotropy for DB1883
compared to DB1804 reflects the higher unbound anisotropy associated with
this compound (c.f,,Fig. 2). Stoichiometric analyses indicate equimolar com-
plexation of each compound with A,T, under these conditions. At right, the
crystal structures for A,To-bound DB1804 (PDB ID: 3U05) and DB1883 (PDB ID:
3U0U) show the two bound species forming 1:1 complexes.

additions of quencher according to the Stern-Volmer relationship
(Fig. 9A to C):
To

F

Fop o KA )
where F, and F represent fluorescence in the absence and presence of
quencher Q, and the (positive) slope K is the Stern-Volmer constant Kgy
in the case of dynamic quenching or the association constant K, in the
case of static quenching. To differentiate between dynamic and static
contributions to the observed intensity quench, we simultaneously de-
termined the steady-state anisotropy at each concentration step as a
proxy for fluorescence lifetime, t. The two quantities are related by the
Perrin equation:

1 1

— = 4
r )

RT
RV

T

(5)

where ry is the limiting anisotropy, R is the gas constant, T is the ab-
solute temperature, 0 is viscosity, and V is the molar hydrated volume.
Dynamic quench is modeled by substitution of the Stern-Volmer re-
lationship into t [17]:

1 1

r o

RT 1
MV 1+ Ksy [Q]

©

As Fig. 9D to F show, the anisotropies exhibited small changes with
no systematic trends, even in cases where fluorescence intensity
changed significantly. To constrain the analysis, we used a relatively
low and narrow range of quencher concentrations (up to 6 mM) to
minimize viscosity and preferential hydration effects on the observed
anisotropies. As it was then improbable that any change in viscosity and
hydration would compensate so similarly for the three chemically dis-
parate quenchers if Ksy were substantial, we concluded that the weak
dependence of the observed anisotropy on quencher concentration re-
flected a small Kgy. We therefore reject collisional relaxation of the
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Fig. 9. Steady-state fluorescence quenching of linear indole-biphenyl cations in the absence of DNA. Total fluorescence intensity (A to C) and steady-state anisotropy
(D to F) were measured for each compound at 200 nM in the presence of Nal, acrylamide, and nicotinamide.

excited state as a significant contributor to the intensity quench, which
must therefore represent quencher-specific interactions of ground state
species at equilibrium (static quench).

Having established preferential interactions of the ground-state
compounds with the quenchers as the basis of the intensity quench,
several overarching observations presented themselves. First, nicoti-
namide was the most efficient quencher for each compound, consistent
with its reputation as a hydrotrope with strong preferential interaction
properties. Second, regardless of quencher identity, each monocation
exhibited a higher K, (i.e., was more sensitively quenched) than its
dicationic analogue. Since it was improbable that the additional charge
in the dications would result in less favorable interactions with all three
chemically distinct quenchers, we interpreted this behavior as self-as-
sociation of the dications. Thus, dimeric DB1804 and DB1883 presented
significantly less accessible surface areas (or lower effective con-
centrations) to the quenchers. Third, the diamidine showed a sig-
nificantly larger difference in intensity quench relative to the mono-
amidine than the corresponding THPs. Along the same line of rea-
soning, we interpreted this difference in terms of a stronger preference
by the unsubstituted dications for self-association (ie.,
DB1883 > DB1804). As A,T, induced 1:1 binding by DB1804, but not
DB1883 (Fig. 3), the relative tendency of the linear dications to self-
associate appeared to correlate with their preference for 2:1 binding
over the 1:1 complex.

4. Discussion

The iconic binding mode of minor groove ligands, originally ob-
served in the co-crystal structure of netropsin and A,T, [18], is inser-
tion as a monomer deep into the minor groove of duplex B-DNA, usually
with a strong preference for AT-rich regions. Depending on the DNA
sequence context, other binding modes have also been described. For
example, netropsin binds in two molar equivalents to the minor groove
of the self-complementary duplex Csls as an end-to-end dimer [19].
More subtle are thermodynamically or spectroscopically distinguish-
able netropsin complexes with AT-rich DNA of different configurations,
such as sequence variations [20,21] or the presence of a hairpin [22].
Beyond the double helix, netropsin also binds the minor groove of a
DNA triplex [23,24]. Reciprocally, specification of binding mode results
in conformational selection in the bound DNA, in some cases with
dramatic effect [25,26].
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Beyond netropsin, DNA-dependent binding modes have also been
described among designed minor groove binders. For example, fur-
amidine (DB75, a diphenylfuran diamidine) and related analogs can
intercalate or bind to the minor groove of duplex DNA depending on
sequence and the relative positions of the substituents in the com-
pounds [27]. DB293 (a phenyl-furan-benzimidazole diamidine) binds to
A,T, as a monomer but to mixed (e.g., 5-ATGA-3’) sequences co-
operatively as a stacked antiparallel dimer [28,29]. DB1003, a difuran-
benzimidazole derivative of DB293, binds 5’-AATT-3’ as a monomer but
5’-TTAA-3’ as a positively cooperative dimer [30]. The present com-
pounds based on the indole-biphenyl scaffold add to the growing di-
versity of DNA recognition by low-MW ligands and highlight a role for
interactions of the compounds in the unbound state in modulating the
selectivity of one binding mode over another.

4.1. Structural determinants of binding mode selection by linear indole-
biphenyl cations

The four compounds examined in this study constitute an internally
consistent set of analogues from which the structural bases of the
multiple binding modes may be inferred. In dilute solution, the dica-
tions DB1804 and DB1883 preferentially bind AT-rich DNA as dimers.
In the case of DB1804, the dimer succumbs to a 1:1 complex when DNA
is in large excess. While the high-affinity 2:1 complex is salt-insensitive,
the low-affinity 1:1 complex is destabilized with increasing Na™ con-
centration. Thus, for DB1804, the titrations become increasingly bi-
phasic with increasing salt due to the differential sensitivity of the two
binding modes to bulk salt concentrations. In the case of DB1883, the
corresponding low-affinity mode is presumably too low in affinity to
detect at the highest concentration of DNA used (107 *M).

The binding modes exhibited by the dications DB1804 and DB1883
in solution are not reflected in their crystal structures, which consist
only of 1:1 complexes. In contrast, DNA binding by their monocationic
analogs occurs exclusively as 1:1 complexes. The relationship between
the two pairs of amidines (DB1883/DB1944) and THPs (DB1804/
DB2627) pose an interesting contrast with an earlier study on DB183
and DB185 [31]. DB185 is a dibenzimidazole-phenyl diamidine that
binds 5-TTAA-3’ as a monomer while DB183, a monocationic deriva-
tive in which the phenyl end is replaced by an (uncharged) hydroxyl,
targets the same site as a positively cooperative dimer. The linear in-
dole-biphenyl compounds in this study also demonstrate a clear
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relationship between charge number and dimeric binding but in a
manner opposite the isohelical pair DB183/DB185. Examples are
therefore accumulating that suggest charge number as a parameter for
multiple binding modes by heterocyclic cations in the DNA minor
groove.

The fluorescence quenching data indicate that both of the dications
self-associate at low concentrations in the absence of DNA to a sig-
nificantly higher extent than the monocations. Structurally, the aro-
matic indole-biphenyl core suggests a stacking mechanism for dimer
formation. The major driving force for stacking, which includes a fa-
vorable entropic component due to hydrophobic dehydration of stacked
surfaces, should scale with the removal of solvent-accessible surface
area. If one side of the indole-biphenyl core becomes inaccessible to
solvent in a stacked dimer, stacking would exclude 225 A? of surface
area per monomer in the dimer. Assuming that the m-stacked termini
remain fully solvent-accessible, this reduction represents a lower limit
of 26% and 32% of the total solvent-accessible surface area of DB1804
(di-THP) and DB1883 (diamidine), respectively. However, the mono-
cations DB2627 and DB1944 are similar in aromaticity to their dica-
tionic counterparts, differing from DB1804 and DB1883 only in the
absence of a cationic terminus. Some charge-based interactions must
therefore provide the additional driving force to favor the dicationic
dimers over their monocationic counterparts.

Given the propensity of indoles and phenyl rings to engage in ca-
tion-rt binding, the data suggest a role for cation-r stabilization in the
self-association of dicationic compounds. Thus, one might envision an
anti-parallel stacked dimer in which the cation at the phenyl end of one
dication stabilizes the st interactions near the indole end of another
(Fig. 10A). Experimental studies with model low-MW compounds es-
timate the free energy contribution of single cation-m stack to be on the
order of 10kJ/mol at 25°C, equivalent to 1 to 2 hydrogen bonds in
liquid water [32]. Each dication dimer contains two distinct cation-rn
stacks. The steric complementarity and symmetry of the linear dications
arranged in an antiparallel configuration would further favor associa-
tion.

Cation-r stacking explains why the cation at the phenyl end is es-
sential for dimer formation: the charge at the indole end is off-axis
relative to the linear aromatic core and cannot achieve similar align-
ment without steric or charge clashes (Fig. 10B). Monocations har-
boring substituents at the phenyl end are therefore expected to behave
similarly to the non-substituted monocations DB2627 and DB1944. The
cation-it model also accounts for the stronger dimeric preference of the
diamidine (DB1883) over the di-THP (DB1804), as the m-interacting
charge density would be attenuated by the carbocyclic ring in DB1804.
Finally, cation-i stacking provides a basis for the dimer as a self-lim-
iting unit that does not readily associate into insoluble aggregates, as
attested by the solubility of the dications up to 10~ %M in aqueous
solution. Indeed, the requirement for charge in dimerization by these
linear dications contrasts with, for example, the heterocyclic poly-
amides for which aggregation is inhibited by increasing charge density
[331.

Given the stacked-dimer model of minor groove occupancy pro-
posed for other heterocyclic dications such as DB293 and DB183
[28-31]1, a dimeric dication in the unbound state may also be related to
its DNA-bound conformation in the 2:1 complex. Structural consistency
between the DNA-free and DNA-bound dimers would account for: 1)
the absence of a 1:1 complex for DB1883 due to its preference for the
dimeric state relative to DB1804, and 2) the absence of 2:1 binding by
the monocations. The stacked dimer also presents a plausible symmetry
argument for a lower apparent anisotropy (increased dynamics) for the
2:1 complex relative to the 1:1 state. The dynamic ensemble for a 2:1
complex, harboring a symmetrized stacked dimer bound to self-com-
plementary DNA, is expected to sample symmetry-related configura-
tions that are absent for the asymmetric 1:1 complex. In addition, a
stacked dimer that removes substantial low-polarity surfaces from the
solvent is compatible with the solute-specific preferential interactions
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Fig. 10. A model for dimer formation by linear indole-biphenyl dications. As
illustrative examples, the diamidine DB1883 and its mono-amidine analogue
DB1944 are shown here, offset vertically in the plane of the page for pre-
sentation in two dimensions. A, An antiparallel stacked dimer of DB1883 is
stabilized by m-stacking and cation-i interactions with the amidinium at each
phenyl end (colored in blue), as well as molecular symmetry. B, Illustrative
configurations of stacking by two DB1944 monocations. The equivalent cation-
7 interactions to those of DB1883 cannot be achieved by the off-axis amidinium
at the indole end of DB1944 without less optimal geometries (marked by
double-headed arrows) or steric clashes and electronic repulsion (red ex-
clamation symbols). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

(DMSO, nicotinamide, MPD) observed with DB1804. The formal pos-
sibility of a 2:1 complex in the major groove is discounted by the sus-
ceptibility of the 2:1 complex to inhibition by netropsin, an established
minor groove ligand, and the lack of evidence for an allosteric me-
chanism of inhibition.

The 5’-AATT-3’ motif, as found in A,T,, narrows into the midpoint
of the sequence at the minor groove. To accommodate the 2:1 complex,
induced perturbation in the structure of both DNA minor groove and
ligand is therefore likely, with the possible consequence that additional
charge neutralization is needed to maintain a compatible level of axial
charge density in the complex. If an uptake of anions by the compound
is coupled to cation (Na™) release from the neutralization of DNA
phosphates (as demonstrated by the monocations), the compensation
could explain the apparent salt insensitivity of high-affinity binding to
A,T, by the two dications. Additional supporting evidence for mutual
structural adjustment by DNA and ligand is found in the ~5-fold lower
affinity of the 2:1 mode for DB1883, the more facile dimer in the ab-
sence of DNA, relative to DB1804. Such structural perturbations may
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not be needed for the suboptimal DNA site in A;CGT,, for which the
minor groove is expected to be wider relative to A,T,. Accordingly,
A,CGT, binding by DB1804 is salt sensitive and nearly as strong as
binding to A,T, at low salt (Fig. 6).

4.2. Functional implications of multiple binding modes for dications as
transcriptional inhibitors

Translationally, minor groove-binding heterocyclic cations are
promising agents as antimicrobials and other therapeutics [34], in-
cluding recent success as inhibitors of transcription factors of major
oncologic interest [35-37]. Their therapeutic potential in transcrip-
tional regulation depends, mechanistically, on their ability to compe-
titively inhibit protein/DNA interactions at the minor groove. In this
respect, the susceptibility of both binding modes of DB1804 to inhibi-
tion by netropsin at equilibrium is significant, as the thermodynamic
nature of the data assures that the reciprocal action also holds. In other
words, minor groove binding as realized by netropsin can also be in-
hibited by both the high- and low-affinity binding modes of DB1804.
The 2:1 complex is therefore a functionally effective binding mode as
far as minor groove inhibition is concerned, even if the structure of
dimeric DB1804 (and, by extension, DB1883) in the minor groove is not
definitively defined. Indeed, the high affinity of 2:1 binding (near
107°M under physiologically saline conditions) relative to the two
monocationic analogs supports the 2:1 mode as a desirable character-
istic in the molecular design of inhibitors with this scaffold.

5. Conclusion

We evaluated the solution binding modes of the two linear indole-
biphenyl dications DB1804 (ditetrahydropyrimidine) and DB1883
(diamidine) as well as their respective monocations DB2627 and
DB1944. In dilute solution, a dimeric DNA binding mode is accessible
only to the dications. The monocationic analogues, which differ from
the dications only by the absence of one cationic terminus, exhibit a
single 1:1 binding mode typical of minor groove binders of this general
class. These structure-binding relationships reflect cation-r stacking of
a linear indole-biphenyl cation core that is not typically observed with
isohelical heterocyclic compounds.
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