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Abstract
Based on binding studies undertaken by electrospray ionization-mass spectrometry, a synthetic
pyrrole-inosine nucleoside, 1, capable of forming an extended three-point Hoogsteen-type hydrogen-
bonding interaction with guanine, is shown to form specific complexes with two different quadruplex
DNA structures [dTG4T]4 and d(T2G4)4 as well as guanine rich duplex DNA. The binding
interactions of two other analogs were evaluated in order to unravel the structural features that
contribute to specific DNA recognition. The importance of the Hoogsteen interactions was confirmed
through the absence of specific binding when the pyrrole NH hydrogen-bonding site was blocked or
removed. While 2, with a large blocking group, was not found to interact with virtually any form of
DNA, 3, with the pyrrole functionality missing, was found to interact non-specifically with several
types of DNA. The specific binding of 1 to guanine rich DNA emphasizes the necessity of careful
ligand design for specific sequence recognition.
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Introduction
A variety of DNA interactive ligands have been developed with a wide range of binding modes
and targeted applications [1-4] such as ones designed to stall replication or transcription[4-6]
or to stimulate apoptosis [7]. Common binding modes of these ligands to duplex DNA include
minor groove binding and intercalation [1,3-4,8]. The former is common in the deep well of
adenine/thymine rich regions, whereas the latter most often occurs in guanine/cytosine rich
regions and involves insertion between base pairs in duplex DNA. Other ligands have been
developed to bind to quadruplex DNA to limit binding and activity of telomerase [9-18]. There
continues to be considerable effort to design and construct new DNA interactive agents, ones
with greater selectivity for certain DNA structures or ones with higher affinities. The
development of these DNA interactive ligands is facilitated by rapid, sensitive analytical
screening methods that provide diagnostic feedback about key issues like binding selectivity
and specificity of DNA recognition. Electrospray ionization mass spectrometry (ESI-MS) is
one of the newer tools used to evaluate DNA interactive ligands and offers the advantages of
high sensitivity, low sample consumption, and high throughput screening [19-21]. Mass
spectrometric studies of DNA interactive ligands have been effective in characterizing binding
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selectivity and specificity [9-10,15-16,22], establishing the mode of binding [9-10,15,22], and
correlating specific binding patterns with in vitro antitumor and antibacterial cytotoxicity
[22].

Recently, work presented by our group [15,23] and others [9-10,14,17,24-27] has established
the utility of using ESI-MS to evaluate the binding properties of potential quadruplex-
interactive ligands. Although many of these prior studies have focused on DNA interactive
ligands that have been developed as drugs, ESI-MS can also play a role in evaluating new DNA
binding modalities in the early stages of ligand design, whether for new drug platforms, DNA
sensors, or targeted DNA cleavage agents. Because ESI-MS offers fast analysis with minimal
sample usage, it can be used conveniently to provide step-by-step feedback at each state of
ligand design, thus allowing systematic development of structure/binding activity relationships
and optimization of DNA recognition.

In this study, we use ESI-MS to examine a pyrrole-inosine based synthetic nucleoside, 1 (Chart
1) that is an offspring from a previous water insoluble analog that demonstrated the ability to
bind DNA via an extended Hoogsteen-type interaction [28]. 1 was designed with appropriate
functional elements to engage in a series of hydrogen-bonding interactions with a
complementary nucleobase, in this case guanine (Scheme 1). The present work was undertaken
to determine whether 1 binds quadruplexes specifically due to their guanine-rich composition
and Hoogsteen-stabilized conformations or has a more general affinity for guanine bases. The
interactions of 1 with two different quadruplex-forming oligonucleotides, dTG4T, which forms
a four-stranded intermolecular quadruplex [dTG4T]4, and d(T2G4)4, which forms an
intramolecular quadruplex, as well as several single-stranded and double-stranded
oligonucleotide sequences were investigated to probe the selectivity of 1 towards different
DNA secondary structures. Single strands and duplexes were chosen with both high and low
GC content to determine guanine selectivity. Furthermore, comparative experiments were
carried out to evaluate the binding of structural analogs of 1 in which the pyrrole NH was either
removed (3) or the NH was blocked (2) (Chart 1).

Experimental
Reagents

The general preparation strategy for the synthetic nucleosides 1, 2, and 3, albeit bound to
different sugars, was described previously [28]. Details of the syntheses are provided in the
supplemental information. Oligonucleotides were prepared and purified by reversed-phase
HPLC by Integrated DNA Technologies (Coralville, IA). Ammonium acetate (98% purity)
and A.C.S. Grade Spectranalyzed methanol was obtained from ThermoFisher Scientific
(Waltham, MA). All purchased chemicals were used without further purification. Water was
purified in house with an EASYpure UV deionizer (Barnstead International, Dubuque, IA).

Preparation of Samples for Analysis
Annealing of d(T2G4)4 (Q1), [dTG4T]4 (Q2),dGGCGTCGGCGTCGC/
dGCGACGCCGACGCC (DS1), and dATAAAAACGAAAATA/dTATTTTCGTTTTTAT
(DS2) was performed by heating a 1 mM solution of the oligonucleotide in 150 mM ammonium
acetate to 90°C followed by cooling to room temperature over 2 hours. [14,16,28] Two single
strand oligonucleotide sequences were also analyzed: dGGCGTCGGCGTCGC (SS1) and
dATAAAAACGAAAATA (SS2). The annealed or single strand oligonucleotides were
analyzed in a final ammonium acetate concentration of 50 mM and a solvent composition of
20% methanol. A ligand (20-50 μM) was incubated with DNA (10 μM) for 10 minutes prior
to ESI-MS analysis.
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Methods and Instrumentation
Mass spectrometric analyses were performed on a ThermoFinnigan LCQ Duo quadrupole ion
trap mass spectrometer equipped with the stock ESI source (San Jose, CA). Oligonucleotide
samples were analyzed in the negative ion mode with the heated capillary set at 80°C. Source
conditions were tuned to minimize in-source fragmentation of complexes with a needle voltage
of 3.5 kV and a nitrogen sheath gas of 40 arbitrary units. Solutions were infused directly at 3
μL min−1, and the spectra presented represent the average of 100 to 200 scans. Relative binding
affinities for each ligand to each type of DNA are given as the fraction of bound DNA,
expressed as a percentage, which relates the total peak areas of the various ligand:DNA
complexes to all DNA species (both bound and free). The equation, which has been used in
previous studies [29,30], to calculate the fraction bound DNA is:

where PAn:m represents the peak areas of the various ligand:DNA complexes and PADNA
denotes the total peak area of free DNA ions. Peak areas were determined in Origin 7.0
(OriginLab, Northampton, MA). A high fraction bound value indicates a higher ligand:DNA
binding efficiency. Measurement of the peak areas, rather than relative abundances, of the
complexes permits the inclusion of salt adducts that may not be evident upon visual inspection
of the mass spectra.

Results and Discussion
Interactions with Quadruplex DNA

Previous experiments have demonstrated the utility of ESI-MS for analyzing quadruplex DNA
structures formed from short oligonucleotides [9-10,14-15,17,29,31-32]. For the present study,
two of these oligonucleotides were selected to evaluate the interactions between quadruplex
DNA and the three nucleosides. The first oligonucleotide, d(T2G4)4, forms an intramolecular
quadruplex in which one strand is folded into a quadruplex with four G-tetrads (Q1). The
second oligonucleotide, dTG4T, forms a parallel intermolecular quadruplex involving four
strands of DNA (Q2), [dTG4T]4.

Examples of the ESI-mass spectra obtained for the quadruplex and quadruplex/ligand solutions
are shown in Figure 1. Quadruplex ions in the -4, -5, and -6 charge states are observed for Q2
(Figure 1a), and the quadruplex/ligand complexes are easily discerned and assigned in Figures
1b-d based on the characteristic mass shifts caused by the bound ligand(s). A table listing m/
z values for all mass spectra is given in the supplemental information (Table S-1). Ligand 1
exhibits the greatest relative extent of binding, whereas ligand 2 engages in very little
quadruplex binding. The bulky tert-butoxycarbonate (BOC) group of ligand 2 appears to
significantly suppress DNA binding. Ligand 3 exhibits lower binding affinity than 1, and this
difference is ascribed to the lack of a third possible hydrogen bonding interaction which is
possible for 1. For the three nucleosides, the relative quadruplex binding affinity follows the
trend 1 > 3 > 2 indicating that the improved hydrogen bonding motif and lack of steric
interference allows 1 to bind to Q2 more effectively than the other two compounds. A similar
trend was observed for binding to Q1 albeit with greater binding between Q1 and 3 than was
seen with Q2 (mass spectral results not shown), and the complete set of comparative results is
shown in bar graph form in Figure 2 for easy visual comparison. The differences in ligand
binding between Q1 and Q2 are most likely due to the different conformations at either end of
each quadruplex since the quadruplexes themselves are of the same length. Since Q1 is an
intermolecular quadruplex while Q2 is an intramolecular one, the thymidine nucleotides at
either end of the quadruplexes will be in different conformations: unstructured for Q1 and in
thymidine loops for Q2. This could create different binding pockets for ligand interaction.
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Concentration Dependence of Ligand Binding
To evaluate whether the interaction between 1 and quadruplex DNA is a specific association
or a non-specific aggregation, solutions containing Q2 with varying concentrations of 1 were
analyzed (Figure 3). The concentration of DNA was fixed at 10 μM, and the ligand
concentration was varied from 20 to 50 to 100 μM. Over this range, the extent of complexation
between 1 and Q2 remained unchanged. The lack of dependence of the extent of complexation
on the concentration of 1 offers evidence against non-specific aggregation between 1 and the
quadruplex DNA. Analogous concentration-dependent experiments were carried out with 3
and indicated a significant degree of non-specific binding, based on the substantial increase in
the stoichiometries of the DNA/ligand complexes as well as the notable increase in the fraction
of bound DNA as the relative concentration of ligand 3 increased (Figure 3). For example, up
to five molecules of 3 are bound to one quadruplex in Figure 3f. The high number of bound
ligands suggests that 3 is aggregating with the quadruplex in a non-specific manner, a situation
that does not occur for 1. When analyzed alone, both 1 and 3 show the same extent of dimer
and trimer formation indicating that the differences seen in binding are not related to simple
ligand aggregation (data not shown). Results of the same experiment performed with 2 showed
minimal binding even at ligand:DNA concentrations as high as 10:1, highlighting the impact
of steric hindrance on DNA binding (data not shown).

Interactions with Single-Stranded or Duplex DNA
To evaluate the selectivity of these ligands towards quadruplex DNA versus other alternative
DNA structures, the ligands were incubated with single strand and duplex DNA. The single
strands or duplexes were chosen due to their widely different GC versus AT base content. For
instance, duplex DS1 contains over 80% GC base composition, whereas DS2 contains only
about 25% GC base content. A decrease in binding of 1 to DS2 is expected if the binding is
guanine specific. Examples of the DNA binding results are shown in Figure 4 for DS1 with all
three ligands. It is evident from comparison of the ESI-mass spectra for solutions containing
DS1 versus DS2 (data not shown) that 1 exhibited more substantial binding to the GC rich
duplex than the AT rich duplex. In fact, the extent of binding to DS2 was similar to that observed
for the individual single strands for ligand 1 (see bar graph comparison in Figure 2). This latter
result suggests that the binding motif of 1 is G-selective but not necessarily uniquely specific
for quadruplex or duplex structures. In the case of 3, the ligand bound well to both duplexes
and with a similar level of binding to both Q1 and Q2, thus indicating a greater degree of non-
specificity with this ligand. The bulky BOC group of ligand 2 suppressed binding to both
duplexes.

Examples of the ESI-MS binding results involving the single strands are shown in Figure 5.
Binding was lower for the single strands than for the duplexes or quadruplexes, even for the
GC rich single strand. The low level of binding to the single strands as well as the consistency
across the three nucleoside ligands suggests that the single strand binding may be due to simple
aggregation with no base specificity.

The bar graph shown in Figure 2 summarizes the DNA binding trends for the three ligands and
the various DNA structures. The binding to guanine-rich oligonucleotides was most significant
for 1 which is attributed to its three appropriately-configured hydrogen-bonding sites. As this
ligand is designed with a donor-acceptor-acceptor hydrogen-bonding pattern, it is
complementary to the acceptor-donor-donor motif of Hoogsteen binding to guanine. However,
lack of any evidence of destabilization of the quadruplexes and duplexes upon binding of 1
would indicate that base stacking is a likely binding motif. It is possible the pyrrole functionality
enhances the binding to quadruplex and guanine rich duplex structures without disrupting the
Hoogsteen or Watson-Crick interactions. For 2, the single donor hydrogen-bonding site is
blocked which, as reflected in Figure 2, greatly reduces the ability of 2 to bind to guanine in
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addition to causing substantial steric hindrance. The steric hindrance factor is alleviated in the
third ligand, 3; however, the lack of a donor hydrogen bonding site reduces its guanine specific
binding affinity and makes it a less base-selective structural motif.

Collision Induced Dissociation of DNA/1 Complexes
The nature of the binding interactions between ligand 1 and DNA was further explored by
collision induced dissociation (CID). Previous studies have shown that duplex/ligand
complexes which incorporate groove binding interactions dissociate mainly by strand
separation and base loss upon collisional activation, with some dependence on charge state
[33]. In contrast, elimination of the ligand upon CID conveys that the binding mode is
intercalation [33-34]. Our group and others have also reported different dissociation pathways
for quadruplex/ligand complexes based on the binding mode [14-15,29]. For quadruplex
groove binders, strand separation either with or without base retention has been observed, while
end-stacking ligands are typically ejected from the complexes [14,29]. Dissociation of the
Q2/1 complex resulted in loss of 1 rather than in strand separation (see Figure 6a), suggesting
end-stacking as a possible binding mode. Dissociation of the -6 charge state of the DS1/1
complex resulted in loss of the ligand and no strand separation (see Figure 6b). While these
CAD spectra cannot definitively confirm the binding mode, these dissociation patterns are
consistent with intercalation or end stacking for the duplex and an end-stacking mode for the
quadruplex.

Conclusions
Ligand 1 bound two quadruplex structures, [dTG4T]4 and d(T2G4)4, as well as a guanine rich
double strand. Ligand 1, with the capability of forming three-point hydrogen bonds with
guanine, was found to have high affinity for guanine-rich sequences, and binding was
consistent with specific interactions with guanine bases. The lack of aggregation of 1 with
DNA at high concentration ratios supports that the binding is specific. Only low abundance
complexes were observed with 2, thus indicating the impact of steric hindrance caused by the
large BOC blocking group. Interactions between the various DNA structures and 3, especially
at high ligand concentrations, indicate that this small ligand binds non-specifically. In previous
work undertaken in a predominantly organic solvent, evidence of dissociation of guanine
nucleoside clusters upon addition of a water insoluble analog of 1 was interpreted as indicating
the ability of this ligand to engage in Hoogsteen interactions that disrupted guanine-guanine
binding [28]. Similar results were not explicitly seen in this work suggesting that the binding
mode may be more complex. For instance, CID spectra are consistent with end-stacking for
the quadruplex/1 complex and intercalation as a possible binding mode for the DS1/1 complex,
which could explain the apparent guanine selectivity possessed by 1. The differences in duplex
binding between the three nucleosides may be due to the greater number of hydrogen-bonding
sites of 1 or simply that the shape is sterically more conducive to intercalation than the others.
This work showcases ESI-mass spectrometry as a tool for rapid screening of new synthetic
ligands and its role in providing early stage feedback towards the design of base-selective DNA
interactive ligands.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Supporting Information Available. Details of the synthesis of nucleosides 1, 2, and 3 including a reaction scheme
for the formation of the three nucleosides as well as a table of m/z ratios for ions of interest from all mass spectra.
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Scheme 1.
Hoogsteen binding in guanine tetrads and between 1 and guanine bases.
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Chart 1.
Structures of synthetic nucleosides, 1-3.
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Figure 1.
ESI-mass spectra of Q2 (10 μM) alone (a) and with 1 (b), 2 (c), or 3 (d) with each ligand at 20
μM. The label Q indicates the quadruplex form.
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Figure 2.
Fraction of bound DNA for ligands 1, 2, and 3 to quadruplexes, duplexes and single strands.
Error bars represent standard deviations after three replicates. The ratio of ligand to DNA was
2:1 in each case.
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Figure 3.
ESI-mass spectra of Q2 (10 μM) with varying concentrations of 1 or 3. Concentrations of 1
were 20 μM (a), 50 μM (b) and 100 μM (c). Concentrations of 3 were 20 μM (d), 50 μM (e),
and 100 μM (f).
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Figure 4.
ESI-mass spectra of DS1 alone (a) and with 1 (b), 2 (c), or 3 (d). DS indicates the double strand.
The duplex concentration was 10 μM and the ligand concentrations were 20 μM each.
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Figure 5.
ESI-mass spectra of SS2 alone (a) and with 1 (b), 2 (c), and 3 (d). The single strand
concentration was 10 μM and the ligand concentrations were 20 μM each.
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Figure 6.
ESI-CAD mass spectra for Q2 and DS1. The complexes analyzed were [Q2 + 1]5- (a) and [DS1
+ 1]6- (b) where the selected precursor ions are labeled with asterisks.
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