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Abstract

Regulation of gene-expression by specific targeting of protein-nucleic acid interactions has been a 

long-standing goal in medicinal chemistry. Transcription factors are considered “undruggable” 

because they lack binding sites well suited for binding small-molecules. In order to overcome this 

obstacle, we are interested in designing small molecules that bind to the corresponding promoter 

sequences and either prevent or modulate transcription factor association via an allosteric 

mechanism. To achieve this, we must design small molecules that are both sequence-specific and 

able to target G/C base pair sites. A thorough understanding of the relationship between binding 

affinity and the structural aspects of the small molecule-DNA complex would greatly aid in 

rational design of such compounds. Here we present a comprehensive analysis of sequence-

specific DNA association of a synthetic minor groove binder using long timescale molecular 

dynamics. We show how binding selectivity arises from a combination of structural factors. Our 

results provide a framework for the rational design and optimization of synthetic small molecules 

in order to improve site-specific targeting of DNA for therapeutic uses in the design of selective 

DNA binders targeting transcription regulation.
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Introduction

Transcription regulation governs all important aspects of cell biology – cell identity, growth, 

differentiation and development. Consequently, loss of transcriptional control is a hallmark 

of many autoimmune disorders, various cancers, neurological, metabolic and cardiovascular 

diseases.1–6 Targeting gene expression with designed small molecules has been a long-

standing goal in medicinal chemistry. One major obstacle is that transcription factors 

generally lack pockets suitable for small-molecule binding and, for this reason, are 

considered “undruggable”. 7–12 Transcription factors (TFs) possess DNA-binding domains 

that recognize DNA in a sequence-specific manner with a footprint of 6 to 12 base pairs. 

While this recognition length may be too short to ensure specificity, other mechanisms 

intervene, including interactions with other sequence motifs, cooperative binding and 

protein-protein interactions outside the DNA binding domains.13–16 Instead of targeting 

transcription factors directly, a more viable approach may be to design small molecules that 

bind the corresponding promoter sequences and either prevent or modulate transcription 

factor association.17–19 These molecules have to selectively bind DNA at specific sites while 

also meeting a number of other criteria: water-solubility, cellular and nuclear-uptake, and 

lacking off-site activities. Diamidines are a class of minor groove DNA binders with just 

such favorable properties.20–22 For instance, DAPI is a commonly used cell stain that binds 

strongly to A/T base pair rich regions of DNA.23, 24 Another small molecule, pentamidine, is 

an antimicrobial medication used to treat certain types of parasitic diseases.25, 26 

Nonetheless, 4′,6-diamidino-2-phenylindole (DAPI) and pentamidine have respectively been 

shown to be mutagenic and causing off-target side effects due to their promiscuity and high 
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affinity for A/T rich regions within DNA (25,26). For this reason, there is a need to design 

small molecules that are both sequence-specific and able to target G/C base pair sites. Like 

DAPI and pentamidine, DB2277 is a synthetic, heterocyclic diamidine that binds relatively 

weakly to A/T-rich base pair sites (Figure 1).22, 27 DB2277, however, stands apart in its 

ability to selectively and strongly bind in vitro mixed-site DNA sequences (i.e., G/C and A/T 

base pair containing).22, 27–29 Due to this ability to discriminate against various motifs, 

DB2277 is an excellent candidate to systematically examine the mechanisms and basic 

principles of sequence-specific DNA association.22, 27–30 In this respect, it is crucial to 

understand the relationship between the binding affinity and the structural aspects of the 

small molecule-DNA complex. Shape complementarity, induced fit, water-mediated 

dynamics, microstructural variation among DNA sequences and DNA deformation effects 

play an outsized role in determining successful binding. Our previous work showed that the 

microstructure of unbound DNA sequences correlates strongly with the binding affinity and 

selectivity for a number of small synthetic molecules.30

In this contribution, we present a detailed molecular modeling study that examines the 

mechanisms for sequence-specific DNA recognition by DB2277. We used molecular 

dynamics (MD) to extensively sample the conformational space for six DB2277:DNA 

complexes with central G/C base pairs and vary A/T flanking sequences and compared the 

results to the preferred binding sequence, AAAAGTTTT, previously determined 

experimentally.30 Additionally, we analyzed the changes in DNA hydration upon binding 

and explained hydration contributions to the overall binding affinities. From the MD 

trajectories, we also computed persistent DB2277:DNA contacts, DNA minor groove 

deformation and changes in the ionic distributions upon binding. In this way, we provide a 

comprehensive picture of the association of a small molecule such as DB2277 with mixed-

site DNA sequences. By uncovering the origins of specificity and the structural factors 

contributing to the binding affinity by using the rapid advances in computational chemistry, 

we provide a framework for the rational design and optimization of synthetic small 

molecules to achieve site-specific targeting of DNA for therapeutic uses.

Methods

Molecular Dynamics Simulations

Simulation systems with the following double-stranded DNA sequences were set up: 5’-

CGAAAAGTTTTCG-3’, 5’-CGAATTGAATTCG-3’, 5’- CGATATGATATCG-3’, 5’-

CGAAAAGCTTTTCG-3’, 5’-CGAATTGCAATTCG-3’, 5’- CGATATGCATATCG-3’. The 

initial models were built in canonical B-form geometry using the Nucleic Acid Builder 

(NAB) plugin of AMBER16.31, 32 To parameterize the DB2277 ligand we first performed 

geometry optimization in Gaussian0933 and subsequently electrostatic potential calculations 

with the B3LYP DFT34 functional and 6–31+G* basis set.35 RESP charges for the ligand 

were calculated using the Merz-Singh-Kollman (MK) Scheme.36, 37 AMBER preparation 

files and force field parameters were generated with the GAFF force field using 

ANTECHAMBER.38, 39 Potential energy scans were performed in Guassian09 to determine 

angle and dihedral parameters of DB2277 not defined in GAFF force field (Figure S2, Table 

S1, and Table S2).40 The protonation state of DB2277 was chosen based on the results 
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reported in Harika et al.27 and confirmed by calculating the pKa of the azabenzimidazole 

nitrogens. Details regarding the thermodynamic cycle used to calculate the pKas and the 

exact values can be found in the electronic supporting information (Figure S3 and Table S3).
41-43 DB2277 was manually docked and aligned with the central G•C base pair in the minor 

groove of the six DNA models. The sequences with only one G•C base pair (5’-

CGAAAAGTTTTCG-3’, 5’-CGAATTGAATTCG-3’, 5’- CGATATGATATCG-3’) are non-

palindromic (i.e. 5’-AAAAGTTTT-3’ vs. 5’-AAAACTTTT-3’) and due to the asymmetry in 

DB2277, the ligand was oriented in both 5’→3’ and 3’→5’ directions (Figure S1A-C). The 

free DNA structures and bound complexes were solvated in 78 Å x 78 Å x 78 Å rectilinear 

boxes with TIP3P water44 and neutralized with Na+ ions in TLeap.32 To reach physiological 

salt concentration of 150 mM, additional Na+ and Cl- ions were added to the systems.

All systems were relaxed using steepest-descent minimization for 5,000 steps with 

positional restraints on the nucleic acid residues. In the canonical ensemble, the systems 

were heated from 0 K to 310 K over 10 ps with 5 kcal∙Å −2∙mol−1 harmonic restraints 

imposed on the nucleic acid residues heavy atoms. Five kcal Å −2∙mol−1 distance restraints 

were applied to the terminal base pairs to enforce hydrogen bonding to prevent fraying at the 

ends of the DNA duplexes. The distance between the nitrogen of the DB2277 

azabenzimidazole ring and the guanine-NH2 group was also restrained (k=5 kcal Å −2∙mol
−1) to prevent DB2277 from drifting out of the groove during initial equilibration of the 

systems. Over eight stages of equilibration (500 ps) in the isothermal-isobaric ensemble (T = 

310 K, P = 1 atm), the harmonic restraints were released. The electrostatic interactions were 

treated using the smooth Particle Mesh Ewald45 with a cutoff of 10.0 Å and the SHAKE 

algorithm46 was used to constrain bonds between hydrogen and heavy atoms. After the 

harmonic restraints were fully released, distance restraints between the azabenzimidazole-N 

and guanine-NH2 were removed while gradually decreasing distance restraints on the 

capping base pairs to 1 kcal∙Å −2∙mol−1 over additional 50 ns of dynamics. During the 

production runs, the distance restraints on the capping base pairs were maintained at 1 

kcal∙Å −2∙mol−1 to prevent base fraying, which could alter the dynamics of the 

DB2277:DNA complex. For production, simulations were extended to 500 ns and trajectory 

snapshots were saved every 2 ps. The DB2277:AATTGCAATT simulation was extended an 

additional 50ns after DB2277 slides away from the targeted GpC site, which was observed 

in the first 50ns of the MD trajectories (Supplemental Movie 1). All simulations were 

carried out with resources provided by the Extreme Science and Engineering Discovery 

Environment (XSEDE)47 and were performed using the PMEMDCUDA module48 of 

AMBER1632 with the parm99 force field and the parmbsc0 + ε/ζOL1+χOL4 force field 

modifications for DNA.49–51 Trajectories were postprocessed using CPPTRAJ module of 

AMBERTOOLS1752 to produce 125,000 snapshots for analysis and visualization in VMD.
53

Trajectory analysis with Curves+

Minor groove width and base pair step translational and rotational helical parameters were 

calculated using the Curves+ and Canal programs54 for the unbound and bound complexes. 

Two-dimensional contoured histograms were produced by defining a spline along the 

backbone of the DNA using 50 points and measuring the minor groove widths from the two-
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dimensional distance matrix produced by Curves+. A smooth line was interpolated along the 

entire groove for each frame analyzed. Width data generated from Curves+ were then binned 

into 100 evenly spaced bins and represented as histograms using MATLAB.55 To correlate 

the changes in minor groove width to the experimental steady state dissociation constants for 

all sequences, we introduced a single metric to represent the histogram data. This metric was 

derived by subtracting the two-dimensional histograms of the minor groove width for the 

unbound complexes from their bound states and summing the resulting bin values to produce 

an integrated overall change in groove width upon binding (Figure S7). Experimental 

steady-state dissociation constants were converted to effective ΔG in kcal mol−1 using the 

relation Δ G = RTln KD to relate the observations from the MD simulations to the energetics 

of binding.

In addition to conformational analysis done using Curves+, the program Canion56 was used 

to analyze the ion distribution around the DNA duplexes. Using Canion, the location of an 

ion is described by a distance (D) along the helical axis, a radial distance (R) from the axis 

and an angle (A) from a reference vector (dashed line) which tracks the helical twist of the 

nucleic acid (Figure S9). The ion distribution is then plotted in terms of molarity in three 

dimensions. An angle, A≈ 90°, places an ion in the minor groove and an angle A ≈ 270° 

places an ion in the major groove.56 An ion is inside the duplex for R < 10.25 Å.56 The 

longitudinal distance D tracks the ion displaced along the sequence of the DNA.56 A similar 

metric to the integrated change in minor groove width was used to compare the ion 

displacement to the effective binding free energy. The molarity of the free structures was 

subtracted from molarity of the bound structures. The change in molarity was then summed 

and plotted against the effective free energy (Figure S10D-F).

Grid Inhomogeneous Solvation Theory

The solvent-solute and solute-solute interactions were quantified using grid inhomogeneous 

solvation theory (GIST).57 First, the system is discretized into equal volume voxels (Figure 

S8A). The energetics of the system are determined by summing over all the voxels on the 

grid after the individual interactions between water molecules in the voxel and the solute and 

solvent are computed from the stored frames of the MD trajectory. In addition to per voxel 

energetics, GIST also calculates the number density of oxygen centers for each voxel. The 

number densities are referenced to bulk by dividing by bulk density (0.0334 molecules Å−3) 

so that an isovalue greater than or equal to one represents waters at or greater than bulk 

density.57 Using the density data, the GIST analysis for the free and bound DNA constructs 

was restricted to water molecules close to the duplex (Figure S8B). The solvent energies 

were decomposed into enthalpic and entropic terms

ΔG = ΔEsw + ΔEww − TΔStrans − TΔSorient

where the subscripts s and w on the enthalpic terms denote solute and water, respectively 

(Figure S8C and S6D).57 The entropic term is broken down into T Δ Sorient, orientational 

entropy of the solvent, and T Δ Strans, translational entropy of the solvent.57 The enthalpy is 
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calculated from the force field non-bonded energies. The Δ Strans and Δ Sorient terms are 

given as

ΔStrans = − kBρo∫ g r lng r dr

ΔSorient = ρo∫ g r Sω r dr

with

Sω r ≡
−kB

8π2 ∫ g ω|r lng ω|r dω

where r is the location of the water oxygen and ω is the orientation in the solute frame of 

reference.57 The number density of bulk solvent is given by ρo, and g r ≡ ρ r /ρo and 

g ω |r ≡ ρ(ω |r)/ρω
o ; where ρ r  is the number density function of the system (53). After 

determining energetic data on a per voxel basis, the thermodynamic components of solvation 

can be integrated using the post-processing software suite, gistpp58, in specific regions of 

interest or across the entire system (Figure S8E-G). The isosurfaces can also be visualized in 

order to determine localized solvation hotspots. In order to quantify the free energy of 

expelled water upon DB2277 binding, additional functionality of gistpp was used after the 

initial GIST analysis.58 First, a binary density map was created to estimate the volume of 

water that would be expelled from the DNA duplex upon binding.57 Using the most probable 

binding pose from the bound simulation (chosen as the centroid of the most occupied cluster 

out of ten clusters), a volume was created that extends 3 Å from any heavy atom (Figure 

S8H). Then, Δ ETotal and T Δ STotal maps for the entire system were multiplied by the 

binary density map to produce density maps restricted to the region where waters would be 

displaced upon binding (Figure S8I-L).59 The resulting Δ ETotal and T Δ STotal maps can be 

subtracted to determine the free energy of the displaced waters (Figure S8M).

Results and Discussion

DB2277 recognizes preferred DNA sequences via induced fit binding to the DNA minor 
groove

Here we report molecular dynamics simulations of monomeric complexes of DB227 with 

single G•C sequences and GpC DNA sequences. The single G•C DNA sequences are non-

palindromic about the binding site (i.e., 5’-AAAAGTTTT-3’ vs. 5’- AAAACTTTT-3’), and 

DB2277 is an asymmetric small molecule. Therefore, DB2277 was simulated with the 

azabenzimidazole facing in both the 5’ → 3’ and the 3’ → 5’ orientations for the single 

G•C sequences, resulting in six bound complexes (Figure S1A-C). Since the GpC sequences 

are palindromic around the binding site, a single orientation was simulated for these 

sequences (Figure S1D-F). Experimentally, DB2277 is known to bind with nanomolar 
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affinity (KD < 50.8 ± 16.1 nM) to single G•C sequences as a 1:1 complex.22, 27–30 We 

previously reported substantial variations in DNA microstructure for the same series of DNA 

constructs with varying flanking sequences around a central G•C base pair.30 Specifically, 

the minor groove widths were markedly altered by the rearrangement of A•T base pairs 

flanking the G•C or GpC sites. Local variations in microstructure could influence small 

molecule binding within the DNA minor groove. To provide a quantitative description of the 

effect of these microstructural variations, here we analyzed the distributions of the minor 

groove widths along the DNA backbone for our chosen series of sequence using the Curves+ 

package. Two-dimensional contour histograms for each of the unbound DNA sequences are 

presented in Figure 2. The AAAAGTTTT sequence has a narrow minor groove width of 4.5 

Å at the central G•C base pair (free DNA structure, Figure 2A). The natural breathing 

motions of DNA induce fluctuations in the minor groove width ranging from 4.0 Å to 6.5 Å 

(Figure 2A). In contrast, the ATATGCTAT sequence exhibits a much broader groove (8.0 Å) 

at the same G•C base pair (free DNA structure, Figure 2C). Corresponding histograms for 

the bound DB2277:DNA complexes are also presented in Figure 2. When bound to DB2277, 

minor groove widths for the single G•C base pair complexes are nearly identical (5’→3’ and 

3’→5’ orientations, Figure 2A-C). The minor groove widths of the GpC sequences narrow 

around the small molecule upon binding, but there is variation among the sequences (bound 

complex, Figure 2D-F). The reduction of the minor groove width upon binding is indicative 

of an induced-fit recognition mechanism; the minor groove collapses around the small 

molecule in order to form specific contacts between the ligand and the target binding site.

Comparing the single G•C sequences to the GpC sequences, it is clear that the single G•C 

sequences are more uniform in their deformation around the small molecule. There is a 

marked increase in the probability for each sequence to adopt a constricted, narrow groove 

width of ~5.0 Å along the entire binding site (5’→3’ and 3’→5’ orientations, Figure 2A-C). 

The narrowing is most pronounced for the AATTGAATT sequence which decreases from a 

broad minor groove width of ~8.0 Å at the central G•C base pair in the free state to a narrow 

5.0 Å groove upon binding (Figure 2B). The DNA minor groove is less capable of 

deforming around a small molecule like DB2277 when a second G•C is incorporated to 

make the central GpC. The constriction of the minor groove after binding is limited to the 

region upstream of the GpC and affects fewer base pairs than in the G•C sequences (bound 

complex, Figure 2D-F). For example, DB2277:AATTGCAATT has a high probability of 5.0 

Å minor groove width confined to the 3 base pair steps near the 5’ region of the sequence, 

specifically at 5’-AATT-3’. For the AATTGCAATT sequence, this finding can be attributed 

to the observed migration (or sliding) of DB2277 away from the targeted GpC region of the 

sequence towards the 5’ end (Supplemental Movie 1). As previously reported, the 

microstructure of the unbound sequence (5’-AATTGCAATT-3’) is intrinsically narrow (~4.5 

Å) at the A•T steps, but at the targeted binding site, the minor groove is much wider (~8.0 

Å). By sliding toward the 5’ end of the sequence, DB2277 locates a structurally preferred 

narrow groove, similar to the microstructure of AAAAGTTTT, in which to bind. In this 

location, the DNA groove can collapse around DB2277 while the rest of the duplex 

undergoes a smaller structural deformation. DB2277 does not slide in the AAAAGCTTTT 

nor in the ATATGCATAT sequences, but the same isolated constriction in the minor groove 

upstream of the GpC sites is seen in these sequences (bound complex, Figure 2D and2F). 
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The observations of the changes in minor groove width suggest that the modification from 

single G•C to GpC results in a wider and less adaptable minor groove. This forces the minor 

groove to undergo a larger deformation about the target site to create a more favorable 

conformation for DB2277.

To correlate the observed changes in minor groove width to the experimental steady state 

dissociation constants for all sequences, we introduced a single metric to represent the 

histogram data from Figure 2. This metric was derived by subtracting the two-dimensional 

histograms of the minor groove width for the unbound complexes from their bound states 

and summing the resulting bin values to produce an integrated overall change in groove 

width upon binding (Figure S7). To relate the groove width metric to the energetics of minor 

groove insertion, experimental steady-state dissociation constants were converted to 

effective ΔG in kcal mol−1 using the relation Δ G = RTln KD. In Figure 3, we have plotted 

integrated groove width change against effective ΔG for all DNA sequences. There is a clear 

linear relationship between integrated change in minor groove width and effective free 

energy. Binding free energy decreases with increased groove width alteration, indicating that 

DNA conformation is critical to small molecule recognition. A binding site that requires less 

deformation leads to a more energetically favorable induced fit.

The preferred binding sequence, AAAAGTTTT undergoes ~15 Å of change in minor groove 

width, significantly less than the other sequences (Figure 3). Similarly, the minor groove of 

AAAAGCTTTT deforms the least (~40 Å) of the GpC sequences. The minimal change in 

minor groove width is due to the natively narrow minor groove of these sequences, as a 

result of the propensity for A-tracts to have consistent high angles of propeller twist.30 This 

allows for the formation of bifurcated hydrogen bonds along the backbone that restrict the 

breathing of the minor groove. The AAAAGCTTTT sequence does not form these bonds as 

readily as the AAAAGTTTT sequence due to the incorporation of the second G•C base pair. 

Therefore, the AAAAGCTTTT sequence has a lower probability of assuming a 4.5 Å width 

groove width than the AAAAGTTTT sequence (free DNA structure, Figure 2A, 2D). This 

results in a more substantial integrated change in minor groove width upon binding (red 

triangles vs. red circle, Figure 3). The consistency in microstructure before and after binding 

is also evident when comparing the inter-base pair parameters. Sequences AAAAGTTTT 

and AAAAGCTTTT change less from the free structures after binding compared to the 

sequences flanked with 5’-AATT-3’ or 5’-ATAT-3’ (red lines, Figure S5 and S6). The benefit 

of binding in a preferred intrinsic microstructure is demonstrated by the decreased integrated 

change in minor groove width of AATTGCAATT compared to that of the correlating single 

G•C sequence. AATTGCAATT undergoes approximately 100 Å of integrated change in 

minor groove width compared to approximately 270 Å for the corresponding single G•C 

sequence (blue circles vs triangles respectively, Figure 3). By shifting away from the broad 

GpC region, DB2277 induces the constriction from 8.0 Å to 5.0 Å in a much smaller, 

naturally narrow, part of the sequence and thus decreases the overall deformation (bound 

complex, Figure 2E and Figure S7E). Although DB2777 has minimized the change in 

groove width by sliding to a narrower region in the AATTGCAATT sequence, it still 

deforms the minor groove more than AAAAGCTTT upon binding (blue circle vs. red circle 

respectively, Figure 3). Regardless, DB2277 forms a stronger complex to AATTGCAATT 
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(effective ΔG=−11.27 kcal mol−1) than to AAAAGCTTTT (effective ΔG=−9.85 kcal mol−1).
30 This contradicts the notion that GpC sequences cause large deformations upon binding 

and these deformations are in turn responsible for lower binding affinity.

DB2277 replaces structural water molecules in the minor groove spine of hydration

While all canonical B-form DNA contain organized arrays of water molecules within the 

minor groove, previous reports indicate that the residence time and the number of structured 

waters is affected by sequence.60–64 The intrinsically rigid, narrow and deep minor groove 

of A-tract sequences has been shown to contain a higher number of long-lived water 

molecules.65–67 The number of water molecules associated with the groove can also affect 

the deformability of DNA. Water molecules trapped in narrow, deep minor grooves are 

enthalpically hindered from exchange with bulk solvent due to steric and electrostatic 

interactions with the DNA. Water exchange proceeds through a series of metastable 

intermediates to minimize the free energy barrier for release from the DNA. Displacement of 

structural waters from the minor groove upon small molecule binding is entropically 

favored.61, 68, 69 Consequently, mixed sequence DNA duplexes are inherently more flexible. 

The high deformation cost of binding to intrinsically flexible sequences, combined with their 

broad, shallow grooves makes them less suitable for trapping structured water molecules.
60, 61

The solvent energetics for both the free and bound forms of the six sequences of interest 

were analyzed using grid inhomogeneous solvation theory (GIST) in order to investigate the 

influence of sequence-dependent hydration on the binding affinity of DB2277.57 With GIST, 

the analysis of solvent energetics can be restricted to include only specific structural waters 

important for binding (Figure S8C-G). 58

The flanking base pair variations in the six sequences had a pronounced effect on the array 

of waters in the minor groove for the free DNA structures (free DNA structure, Figure 4). 

The A-tract sequences have the most continuous array of water molecules along the minor 

groove. Breaking the A-tract DNA at the GpC site disrupts the continuity of the structural 

water spine (free DNA structure, Figure 4A and 4D). Neither the single G•C nor the GpC 

sequence flanked with AATT produced a hydration pattern as uniform as the A-tract 

sequences (free DNA structure, Figure 4B and 4D). In contrast, in both ATATGATAT and 

ATATGCATAT, the structured water array is completely absent (free DNA structure, Figure 

4C and 4F). By incorporating a second G•C base pair to form the GpC sequences, the 

groove not only becomes wider but also becomes more flexible, as observed by the ~20% 

increase in RMSF at the core binding site (Figure S6). The alternating sequences, 

ATATGATAT and ATATGCATAT, in particular, are highly dynamic with RMSF greater than 

that of the other sequences (Figure S6C and S6F). In contrast, AAAAGTTTT DNA has an 

intrinsically rigid and narrow minor groove and is, therefore, more capable of trapping 

structured waters. These results suggest that natively flexible and broad minor grooves are 

responsible for the observed decrease in structure associated with the mixed sequence DNA.

The binding site of DB2277 overlaps with the structured water array along the minor groove 

that must be displaced upon binding. In Figure 5, the ΔG of the displaced water is plotted 

against the effective free energy of binding. The resulting linear trend suggests that 
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sequences with tightly bound waters in the minor groove at the central G•C or GpC also 

have the best binding affinity. The free energy of the structured waters is dominated by a 

negative enthalpic term, suggesting a strong hydrogen bond network within the minor 

groove, which outweighs the associated unfavorable entropic term (Table S1). Because a 

free energetic penalty is incurred by displacing structured water, DB2277’s ability to 

outcompete structured water indicates the existence of a microstructural environment that is 

preferable for binding polar or charged ligands.

DB2277 binding of the preferred sequence, AAAAGTTTT, incurs the highest energetic 

penalty of structure water displacement with ΔG = ~−9 kcal mol-1. However, this sequence 

requires the least deformation, leading to a very favorable DB2277 binding free energy. The 

next preferred sequence, AATTGCAATT, loses significantly less-structured water (ΔG = ~

−3.5 kcal mol−1). In the free structure, AATTGCAATT has more structured water at the 5’ 

end of the sequence than at the GpC region, indicating that DB2277 prefers the same 

microstructure that traps structural water (bound complex, Figure 4E). Although the minor 

groove of AAAAGCTTTT deforms less than that of the AATTGCAATT sequence, it incurs 

a high energetic penalty (ΔG = ~−6.0 kcal mol−1) when displacing the water and a higher 

entropic penalty from DB2277 association (Figure S6D and S6E). This likely explains why 

DB2277 does not bind as favorably to AAAAGCTTTT as AATTGCAATT. Unlike the 

corresponding GpC sequence, DB2277 does not slide in the AATTGAATT duplex. This 

causes greater structured water energy loss (ΔG = ~−6 kcal mol−1) and minor groove 

deformation. However, the change in RMSF from free to bound for both the 5’→3’ and 3’

→5’ orientations of DB2277 (red, blue respectively, Figure S4B) is less than that for the 

AAAAGCTTTT sequence, suggesting there would be less entropic penalty due to increased 

rigidity. Although ATATGATAT and ATATGCATAT displace fewer favorable waters, they 

still do not provide a suitable minor groove geometry for DB2277 and significantly reduce 

the flexibility of the target DNA.

To provide a complete view of minor groove desolvation upon binding, the ion displacement 

was studied using the Canion package.53 Upon binding, there is a decrease in ion molarity in 

the minor groove (A≈90°) for all 6 sequences (gray region, Figure S10A). To correlate the 

observed changes in ion molarity to the variation in sequence and to the binding affinity, the 

molarity of the unbound structures was subtracted from their corresponding bound 

complexes and summed to produce an integrated change in molarity. The ion displacement 

(ΔM) from the minor groove does not correlate as strongly to effective ΔG of binding as ΔG 

of water displacement (Figure S10D). All of the palindromic sequences displace more ions 

than the nonpalindromic sequences but the sequence itself has little effect on the change in 

ion molarity (Figure S10E). Similar consistent change in molarity can be seen in the 

longitudinal direction (Figure S10F). This indicates that the variation in binding affinity is 

less dependent on ion displacement than on other factors such as minor groove deformation 

and change in hydration.

From results of the GIST hydration data and the Canion ion density analysis, it is clear that 

DB2277 prefers a binding site that is geometrically suited to its structure. Generally, such a 

site is also amenable to trapping structured water. This trade-off between geometric 
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suitability and structured water stability largely determines DB2277’s binding affinity to a 

given site, with geometric suitability tending to outweigh desolvation energy.

Direct and water-mediated contacts stabilize DB2277 within the target site

Previous studies have shown that heterocyclic diamidines are not selective toward G•C base 

pairs.70, 71 To improve selectivity, the core azabenzimidazole of DB2277 (Figure 1) was 

added by design to increase the probability of forming a hydrogen bond to the NH2 

functional group of the central G base.22 This is the primary mode for sequence 

discrimination by DB2277 that we observe in the MD simulations. In the single G•C 

complexes, the hydrogen bond between the azabenzimidazole and the NH2 functional group 

of guanine is persistent for > 80% of the simulation length. In addition, when bound to 

AAAAGTTTT in the 5’ → 3’ direction (5’→3’ orientation, Figure S1A), the 

azabenzimidazole forms a bifurcated hydrogen bond from the -NH group of the imidazole to 

the guanine and to the thymine base on the opposing DNA strand, one step above the central 

G•C (Figure 6A and 6C). Support for this hydrogen bond pattern is provided by previous 

NMR studies done by Harika et al. who observed similar binding patterns for DB2277 

bound to single G•C base pairs in A-tract DNA.27 In the AATTGAATT and ATATGATAT 

sequences, the conserved hydrogen bond from the -NH group of the imidazole to guanine-

N3 is present, but the bifurcation has been ablated by the removal of the second acceptor 

(Figure S11I and S11O). When DB2277 is positioned the 3’→5’ orientation in the 

AAAAGTTTT sequence the azabenzimidazole again forms a bifurcated hydrogen bond 

from the -NH group of the imidazole. However, in this case, it binds to the cytosine of the 

G•C pair and thymine on the reference stand one step below the central G•C (Figure 6D and 

6F). 27 The same hydrogen bond from the -NH group of the imidazole to central G•C 

cytosine is present in the 3’ → 5’ orientation AATTGAATT and ATATGATAT sequences 

(Figure S11L and S11R) but again the bifurcation is not present due to the change in 

sequence.

Non-equivalent binding is observed for the two amidine groups due to the asymmetry of 

DB2277. The phenylamidine directly attached to the core azabenzimidazole (amidine-1, 

Figure 1) is rigid because it is not connected by a linker (Figure S14). When DB2277 is 

oriented in the 5’→3’ direction in the AAAAGTTTT sequence, amidine-1 forms a hydrogen 

bond with the thymine two steps above the central G•C on the complementary strand of the 

sequence (Figure 6A and 6C). When in the opposite direction (3’→5’), it forms a hydrogen 

bond with the thymine two steps below the central G•C on the reference strand (Figure 6D 

and 6F). The same hydrogen bonds are made to the ATATGATAT sequence, which has 

thymine nucleotides at the same positions (Figure S11O and S11R). In the AATTGAATT 

sequence, amidine-1 forms hydrogen bonds to adenine nucleotides instead of thymine 

nucleotides because of the change in sequence at these positions (Figure S11I and S11L).

The phenylamidine attached to the flexible linker -OCH2- (amidine-2, Figure 1) does not 

directly contact the DNA in any of the single G•C sequences, regardless of the orientation of 

DB2277. It is highly dynamic and freely rotates in solution, as shown by Harika and Wilson 

(Figures S16 and S17).72 Instead of forming persistent hydrogen bonds to the DNA duplex, 

amidine-2 is stabilized by several water-mediated contacts to the bases and the backbone of 
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the DNA (Figure 6B, C, E, and F). This results in preferred torsional angles as shown in 

Figure S16A-C and S17A-C.

Due to the designed isohelical shape of DB2277, contacts made between DB2277 in the 5’

→3’ orientation are more persistent than in the 3’→5’ orientation. For example, bound in 

the 5’→3’ orientation in AAAAGTTTT, DB2277 curves around the minor groove of the 

DNA sequence, aligning amidine-1 with the thymine on the complementary strand, thereby 

improving the hydrogen bond formation resulting in a persistence of 91.83%. In the opposite 

orientation, the hydrogen bond acceptor for amidine-1 is on the reference strand, which does 

not fit the shape of DB2277 and decreases the overall persistence to 71.75%. This is true for 

the AATTGAATT and ATATGATAT sequences as well, which have decreased amidine-1 

hydrogen bond persistence when comparing the 5’→3’ orientation to the 3’→5’ orientation 

(~4% and ~7% respectively, Table S5).

The hydrogen bond patterns for AAAAGCTTTT and ATATGCATAT are very similar to 

their single G•C counterparts. The hydrogen bond between the azabenzimidazole of DB2277 

to the guanine-NH2 functional group is present for > 90% of the simulation in both cases. In 

the AAAAGCTTTT sequence, DB2277 forms a bifurcated hydrogen bond from the -NH 

group of the imidazole to the central guanine and to the thymine across the strand one step 

above as seen in the single G•C sequence (Figure S12A and S12C). The hydrogen bond 

from the -NH group of the imidazole to guanine is present but no bifurcation is formed in 

the ATATGCATAT sequence (Table S6 and Figure S12H and S11J). Unlike the single G•C 

sequences, both amidines of DB2277 directly contact the DNA. In both the AAAAGCTTTT 

and ATATGCATAT sequences, amidine-1 forms a hydrogen bond with the thymine two 

steps above the central GpC on the complementary. Amidine-2 forms transient hydrogen 

bonds to the backbone atoms of the cytosine in the first G•C pair and to the base above it. 

However, its primary mode of association to the sequences is via water mediated contacts 

(Figure S12A, C, H, and J). It is clear from Figures S16 and S17 that amidine-2 freely 

rotates in solution while the core is tightly bound even more so than the single G•C 

sequences. This could be due to the broad minor groove in this region, which imposes less 

geometrical restraint on this part of the molecule.

AATTGCAATT is unlike any of the other sequences because it breaks the conserved 

hydrogen bond between the azabenzimidazole and guanine-NH2 and slides one step in the 5’ 

direction (Figure 6H and 6I). In this position, the -NH group of the imidazole forms a 

hydrogen bond to the thymine one step above the central GpC. In the AAAAGCTTTT 

sequence, the thymine in this position is part of the bifurcation between the imidazole of 

DB2277 and the central guanine. Amidine-1 forms hydrogen bonds with the thymine two 

steps above and on the complementary strand (Figure 6I). Amidine-2 forms a weak 

hydrogen bond (persistence 17.62%) with the cytosine on the reference strand at the central 

GpC site. Like the other sequences, amidine-2 forms water several mediated contacts to the 

DNA and is the most freely rotatable (Figure S16E and S17E). By sliding one step above the 

GpC site, DB2277 can form hydrogen bonds with both amidines to O2 atoms on the 

pyrimidines (amidine-1 binds to O2 on thymine, amidine-2 binds to O2 on cytosine, Figure 

6H and Table S6). These contacts are preferred over the less favorable hydrogen bonds 

formed in the AATTGAATT sequence between amidine-1 the N3 atom of adenine. The 
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intrinsic, slightly wider minor groove of AATTGCAATT versus AATTGAATT facilitated 

the displacement of DB2277 towards the 5’ end indicating that once the preferred 

microstructure is found, DB2277 can stabilize and form direct contacts to the DNA.

The designed azabenzimidazole core of DB2277 selectively recognizes the central G•C in all 

sequences except for in AATTGCAATT. The preferred binding sequence, AAAAGTTTT, is 

the only sequence that forms a bifurcated hydrogen with DB2277. First, DNA 

microstructure for this sequence is intrinsically favorable for small molecule binding. 

Second, once bound, DB2277 has the ability to form an additional hydrogen bond that 

stabilizes its binding position. These factors contribute to the observed low KD.30 In the 

second most preferred sequence, AATTGCAATT, binding is optimized by sliding away 

from the central GpC to decrease minor groove deformation and the water displacement 

penalty. This demonstrates that sequence-specific DNA targeting requires consideration of 

both the DNA microstructure and interactions with specific functional groups.

Conclusions

Here we present a comprehensive analysis of sequence-specific DNA association of a 

synthetic minor groove binder. We show that binding occurs via an induced fit mechanism. 

DNA structural deformation, water displacement and contact formation at the target site all 

contribute to the observed binding affinities and collectively establish preference for certain 

DNA sequences. Our findings imply that that planar, isohelical small molecules, like 

DB2277, seek structurally compatible sites on DNA, which are dependent upon the flanking 

sequence of the core binding motif. These sites are generally deep and narrow regions of the 

minor groove that are more rigid than the surrounding DNA. Structured water has to be 

displaced from these sites in order for the binding to occur. Our analysis shows that the 

balance between water displacement and minor groove deformation is critical for 

determining binding affinity and dictates the preferred binding site within the DNA 

sequence. To stabilize the complex after recognition and association, the amidine groups of 

DB2277 form direct and water-mediated contacts to the DNA groove, the persistence of 

which depends on the flanking sequence. Our results clarify certain design principles for 

achieving selective binding with small molecules. Clearly, it is necessary, but not sufficient, 

to match the curvature of the minor groove and provide electrostatically complementary 

functional groups such as amidines. However, it is also critical to take into consideration the 

local shape and microstructural variation of the target DNA. In addition, the exact 

positioning of structural water in the minor groove with respect to suitably placed polar 

functional groups is an important indicator of preferred binding sites. Our study provides a 

framework for the rational design and optimization of fragment-based drugs designed for 

site-specific targeting of the DNA minor groove.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Chemical structure of DB2277. DB2277 is a heterocyclic compound designed to target G•C 

in poly AT sequences via a single hydrogen bond between the central azabenzimidazole 

(black box, core) and the G-NH2 group. A phenylamidine is bound to the imidazole (green 

circle, amidine-1) on one side. Attached to the left of the azabenzimidiazole is a flexible 

linker, −OCH2-, which joins a second phenylamidine to the azabenzimidiazole (red circle, 

amidine-2).
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Figure 2. 
Minor groove width of the free and bound structures. 2D contour histograms of minor 

groove width per base pair for the free and bound simulations. (A) AAAAGTTTT, (B) 

AATTGAATT, (C) ATATGATAT, (D) AAAAGCTTTT, (E) AATTGCAATT, (F) 

ATATAGCATAT. The color gradient indicates increasing probability (blue to red) of width in 

Angstroms (Å). (A, B, C) The single G•C sequences are non-palindromic and the 

asymmetric small molecule DB2277 was positioned in two orientations in the minor groove. 

In the 5’→ 3’ orientation, amidine-1 is closest to the 5’ end of the target sequence. In the 3’

→5’ orientation, amidine-1 is closest to the 3’ end of the target sequence. (D, E, F) Only 

one bound complex was simulated for the GpC sequences because they are palindromic. 

DB2277 binds via an induced fit binding mechanism
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Figure 3. 
Minor groove width deformation correlates with effective binding free energy. Effective 

binding free energy decreases with increased integrated change in minor groove width. 

Sequences AAAAGTTTT and AAAAGCTTTT are in red, AATTGAATT and 

AATTGCAATT are in blue and ATATGATAT and ATATGCATAT are in black. Circles 

represent palindromic (GpC) sequences. Triangles indicate the two orientations of the 

nonpalindromic single G•C sequences (5’→3’ ▶) (3’→5’ ◀).
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Figure 4. 
Structured water associated with free and bound DNA complexes. The effect of sequence on 

structured water within the minor groove is shown above. (A) AAAAGTTTT, (B) 

AATTGAATT, (C) ATATGATAT, (D) AAAAGCTTTT, (E) AATTGCAATT, (F) 

ATATAGCATAT. Favorable waters (ΔG < 0 kcal mol−1) are visualized as isodensity 

(isovalues blue mesh: −0.005, blue surface: −0.012) for each sequence of interest. The 

binding position of the asymmetric small molecule, DB2277, in the non-palindromic single 

G•C sequences (A, B, C) is defined by the green transparent surface for both orientations. In 

the 5’→ 3’ orientation, amidine-1 is closest to the 5’ end of the target sequence. In the 3’

→5’ orientation, amidine-1 is closest to the 3’ end of the target sequence. Only one bound 

orientation, defined by green transparent surface, was simulated for the palindromic GpC 

sequences (D, E, F).
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Figure 5. 
GIST displaced water free energies correlate with effective binding free energies. Effective 

binding free energy increases with increased free energy of displaced water. AAAAGTTTT 

and AAAAGC sequences are in red, AATTGAATT and AATTGCAATT are in blue, and 

ATATGATAT and ATATGCATAT are in black. Circles indicate palindromic (GpC) 

sequences. Triangles indicate single G•C sequences with two binding orientations (5’→3’ 

▶) (3’→5’ ◀).
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Figure 6. 
Hydrogen bonds of DB2277 with DNA. DB2277 contacts the DNA via direct hydrogen 

bonds and water-mediated contacts. (A, B, C) DB2277 bound to AAAAGTTTT in the 5’

→3’ orientation. (D, E, F) DB2277 bound to AAAAGTTTT in the 3’→5’ direction. (G-I) 

DB2277 bound to AATTGCAATT (A, D, G) DB2277 forms persistent contacts to three base 

pairs of the sequence with amidine-1 and the core azabenzimidiazole. (B, E, H) The 

association of amidine-2 is stabilized by several water-mediated contacts visualized as 

isodensity (isovalues blue mesh: −0.009, blue surface: −0.02). (C, F) In the AAAAGTTTT 

sequence, the core azabenzimidiazole of DB2277 forms multiple persistent contacts at the 

binding site in both the 5’→3’ and the 3’→5’ orientations. (I) To optimize binding, DB2277 

shifts one step upstream in the AATTGCAATT sequence and does not make contacts with 

the target guanine.
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