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ABSTRACT

Accurate prediction of the affinity of ligand binding to nucleic acids represents a formidable

challenge for current computational approaches. This limitation has hindered the use of

computational methods to develop small molecule drugs that modulate the activity of nucleic

acids, including those associated with anticancer, antiviral and antibacterial effects. In recent

years, significant scientific and technological advances as well as easier access to compute

resources have contributed to free-energy perturbation (FEP) becoming one of the most

consistently reliable approaches for predicting relative binding affinities of ligands to proteins.

Nevertheless, FEP’s applicability to nucleic-acid targeting ligands has remained largely

undetermined. In this work, we present a systematic assessment of the accuracy of FEP, as

implemented in the FEP+ software and facilitated by improvements in the OPLS4 force field, in

predicting relative binding free energies of congeneric series of ligands interacting with a variety

of DNA/RNA systems. The study encompassed more than 100 ligands exhibiting diverse

binding modes, some partially exposed and others deeply buried. Using a consistent simulation

protocol, more than half of the predictions are within 1 kcal/mol of the experimentally measured

values. Across the dataset, we report a combined average pairwise root-mean-square-error

(RMSE) of 1.39 kcal/mol, which falls within one log unit of the experimentally measured
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dissociation constants. These results suggest that FEP+ has sufficient accuracy to guide the

optimization of lead series in drug discovery programs targeting RNA and DNA.

INTRODUCTION

The development of small molecule modulators of nucleic acids has remained a topic of growing

interest in drug discovery over the years. Efforts to drug nucleic acids are, in part, motivated by

the fact that the number of possible nucleic acid targets far exceeds the number of druggable

protein targets. It is estimated that only 1.5% of the human genome encodes for proteins of

which a small fraction, approximately 12%, has been linked to diseases, and an even smaller

fraction of 3% is targeted by existing drugs (Djebali et al., 2012; Lander et al., 2001). Due to the

important role nucleic acids play in transcription, replication and a host of other functions,

modulating them and their pathways has the potential to greatly expand the space of viable

targets essential to key cellular functions and diseases associated biological processes (Cech,

2012; Cech and Steitz, 2014).

As drug targets, nucleic acids are widely acknowledged to be substantially more challenging to

design ligands for than proteins. As a result, only a handful of compounds modulating RNA have

so far been approved by the FDA: ataluren, linezolid, ribocil and risdiplam (Childs-Disney et al.,

2022; Kovachka et al., 2024; Yu et al., 2020). At the moment, phenotypic screening is the

dominant approach for discovering nucleic acid drugs with scant reports of successful

structure-based design available; an attestation to the intractability of these molecules to

conventional methods for structure determination and computational modeling and simulation.

The difficulty in dealing with nucleic acids stems from several factors. From a physicochemical

perspective, nucleic acid molecules harbor inherent chemical and structural characteristics that

often confound traditional technologies and approaches that have been applied with greater

success to proteins like X-crystallography and NMR (Ma et al., 2022; Zhang et al., 2022). For

one, they possess a highly flexible ribose and phosphate backbone, which contains more

degrees of freedom than proteins thus requiring more rigorous sampling. In addition, they

exhibit weak long-range interactions that insufficiently hold the tertiary structure together making

them heterogeneous and thus difficult to structurally characterize, particularly RNA. Even when

more structured, as is more likely to be the case for DNA, the polyionic nature of nucleic acids

generally precludes deep hydrophobic pockets of the kind that accommodate ligands in protein

targets. While cationic ligands could in theory be readily designed to interact with nucleic acids,
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such ligands tend to be promiscuous and prone to off-target binding (Kovachka et al., 2024).

The safety risk and other consequences of non-specific DNA damage caused by chemotherapeutic

treatment are particularly concerning. This reinforces the urgent need for new approaches that can

improve the design of potent ligands while also maintaining specificity and other properties essential

for safety and efficacy.

The challenge of simultaneously achieving potency and safety may be facilitated through

structure-based rational drug design using computational techniques capable of accelerating the

accurate identification of promising hits and speeding up the optimization of candidate

molecules. Although at present there are only about 14,000 nucleic acid-containing structures in

the PDB and NDB repositories, advancements in technologies and methods continue to expand

the number of available structures (Berman et al., 2022; Lawson et al., 2024; Ma et al., 2022;

Westhof and Leontis, 2021). In parallel, robust computational approaches need to be created to

maximize the benefit of the expected growth in RNA and DNA structural data. Notably, the same

properties that make nucleic acid molecules recalcitrant to structural characterization by

experimental techniques also pose difficulties in computational modeling (Schneider et al., 2023;

Zhang et al., 2022). The inherent flexibility of these molecules increases the vastness of the

conformation space to be sampled computationally while the charges in the sugar-phosphate

backbone result in a highly charged simulation environment, including counterions, whose

parameterization is far from straightforward. A robust and reliable force field thus needs to

account for long-range electrostatic and solvation models that include explicit metal ions and

water.

Among the available frameworks for detailed modeling of the binding free energies of

biomolecules and ligands, free energy perturbation (FEP) has proven to be the most

consistently accurate(Kuhn et al., 2020; Ross et al., 2023; Song et al., 2019; Wang et al., 2019,

2015; Zhu et al., 2022). FEP methods employ atomistic molecular dynamics or Monte Carlo

simulations to calculate the relative free-energy between two related ligands whereby one is

perturbed to the other throughout the simulation. Enthalpic and entropic effects are accounted

for by explicitly modeling conformational flexibility, solvent molecules, ions and other important

conditions like temperature. The method has been validated extensively in both retrospective

studies and prospective commercial applications (Ross et al., 2023; Wang et al., 2015). FEP+ is

a particular free-energy perturbation protocol that builds upon the advantages mentioned above

by offering a robust force field, enhanced sampling techniques and an automated workflow that
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simplifies calculation set up and analysis. Over the last few years, FEP+ has undergone a

continuous stream of improvements. These include enhancements to non-charged R-group

perturbations in small molecules (Wang et al., 2015, 2013), more accurate handling of

charge-charge perturbations (Chen et al., 2018), core-hopping (Wang et al., 2017), pKa

correction (de Oliveira et al., 2019), macrocyclization (Yu et al., 2017), fragment-linking (Yu et

al., 2021) and covalent FEP (Yu et al., 2019). Most recently the method has been extended to

estimating binding free energies of non-congeneric small molecules and also absolute binding

FEP (ABFEP) (Chen et al., 2023) as well as for the assessment of crystalline and amorphous

small molecule solubilities. Beyond small molecules, recent advances have improved FEP+

accuracy in predicting the impact of protein mutation on stability and affinity, and ligand

selectivity (Clark et al., 2019; Duan et al., 2020; Hauser et al., 2018; Scarabelli et al., 2022).

To our knowledge, the applicability of FEP to nucleic-acid targeting ligands remains largely

unexplored. Only a few examples reporting such use cases can be found in the literature (Chen

et al., 2019). Despite the repeated success of FEP+ in predicting the relative binding free

energies of protein-ligand and protein-protein systems, the protocol’s performance on ligand

binding to nucleic acids has, up to this point, not been ascertained. We therefore sought to

quantitatively assess the accuracy of FEP in calculating the relative free energies of binding of

congeneric series of ligands interacting with DNA and RNA. One of the motivations for this effort

is the fact that in addition to prior enhancements to FEP+, more recent work has been done to

improve OPLS4 force field parameters for RNA and DNA modeling. Improvements to atomic

charges, co-valence terms and torsions for nucleic acids were shown to result in measurably

more stable molecular dynamics simulation trajectories for various nucleic acid types including

B-DNA, A-DNA, Z-DNA, RNA, PNA, LNA, and nucleic acid/protein complex systems (see

supporting information). The integration of these parameter enhancements into OPLS4 has

broadly improved force field coverage for nucleic acids. This was verified by reproducing the

dynamics and physicochemical properties of various forms of nucleic acid structures. Taking

advantage of the aforementioned force field improvements, we performed a retrospective

validation study involving 8 targets across over 100 ligands spanning a variety of DNA and RNA

systems representing a total of 270 perturbations.
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MATERIALS AND METHODS

Dataset curation

To embark on this study, we aimed to assemble a comprehensive benchmark dataset composed

of high quality, publicly available binding affinity measurements performed on experimentally

well-resolved structures and congeneric series. Criteria for selection included the requirement

that an experimental structure of the nucleic acid-ligand complex exists for at least one ligand in

the congeneric series. We also ensured that there were no significant structural ambiguities in

the receptor structure, and that the binding data for the congeneric series were in vitro

measurements of dissociation constants (Kd), inhibition constants (Ki), or ligand concentrations

that achieve 50% inhibition (IC50s). While one of the series we identified from literature, the

Influenza A virus RNA promoter binders (Bottini et al., 2015), met the above criteria, we

excluded it from our analysis due to several reasons: all of its ligands were weak binders (from

~34 μM to 540 μM); the range of affinities was very narrow only spanning 1 log unit; the affinities

obtained from two experimental measurements, IC50 and Kd had virtually no correlation (see

Figure S10). Lastly, we omitted machine-learning (ML) predicted nucleic acid structures for this

work; while their number is growing, the limited number and quality of the existing

experimentally determined nucleic structures (especially compared to proteins) currently present

considerable challenges (Schneider et al., 2023).

Structure preparation and FEP+ calculation setup

The calculations for this study were conducted using the Schrödinger molecular modeling

software suite, release 2023-3. The reference structures used were obtained from the Protein

Data Bank (PDB) (Berman et al., 2000) and prepared using the Protein Preparation Workflow

(PPW) in the Schrödinger software suite (Sastry et al., 2013). During structure preparation, force

field atom types, bond orders and tautomer/ionization states were assigned, water orientations

were sampled and constrained energy minimization using the default threshold of 0.3 Å RMSD

was performed. For the integrase system, which contains a protein in addition to DNA, the

Asparagine, Glutamine, and Histidine residue side chains were flipped to optimize the hydrogen

bond networks.

Ligand structures and affinity data were obtained from the literature. The structures were

prepared using LigPrep (“Schrödinger Release 2023–3: Ligprep,” 2023). Chiral centers were

retained as specified in the literature, ionization states and tautomer forms were enumerated at

pH 7.4 ± 2.0 with Epik (Shelley et al., 2007). All relevant protonation and tautomeric states were
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added to both Glide (Friesner et al., 2004; Halgren et al., 2004) docking and the relative binding

FEP map. For the latter, the relative free energies were calculated and accounted for using a

previously described pKa correction protocol (de Oliveira et al., 2019).

The OPLS4 force field was used for the calculations (Lu et al., 2021). This force field version

incorporates parameter improvements specific to nucleic acids. Briefly, RNA/DNA force field

improvements incorporated in OPLS4 encompassed optimization of partial charges as well as

bond stretching, bending and torsion parameters. Partial charges were fitted to the electrostatic

potential at HF/6-31G* level with the model compounds. Torsional energies were fitted to the

LMP2/cc-pVTZ(-f) single-point energies on the structures minimized with B3LYP/6-31G*. For χ,

ε and ζ torsions, each of them were fitted with three rotamer sets to represent the B-DNA,

A-DNA, and RNA structures. The three rotamer sets were fitted together for one of the torsions.

To reproduce correct sugar puckering, sugar torsions were fitted by sampling the sugar ring

conformations with both the O3’-methyl and O3’-phosphate groups with different nucleic bases

for both deoxyribose and ribose rings. Further details on the force field parameterization and

fitting procedure are provided in the Supporting Information. The Force Field Builder tool

(Schrodinger release 2023-2) was used to automatically generate accurate force field torsional

parameters for all ligands containing substructures not fully covered by the standard OPLS4

parameters (Lu et al., 2021).

Starting poses for relative binding FEP simulations were generated by docking ligands into the

binding site using the Maximum Common Substructure (MCS) Docking Alignment protocol

(Cappel et al., 2020) in Glide, with core constraints on the reference ligand core atoms to

ensure that the core made similar interactions for all ligands in the series.

Binding affinities were predicted using the relative binding FEP methodology in FEP+, which has

been described elsewhere (Wang et al., 2015). In short, relative binding FEP combines free

energy perturbation (FEP) as described originally by Zwanzig (Zwanzig, 1954) with an accurate

modern force field (OPLS4), efficient GPU-enabled parallel molecular dynamics with Desmond

(Bowers et al., 2006), REST enhanced sampling (Wang et al., 2013), cycle-closure correction

(Wang et al., 2013) to combine redundant information into robust free energy estimates, and the

FEP+ Mapper GUI to automate setup and analysis of the calculations.

The systems were solvated in an orthorhombic box of water molecules with a buffer width of 5 Å

for neutral and 8 Å for charge-changing perturbations in the complex leg and 10 Å in the solvent

leg simulations. All the simulation stages used the simple point charge (SPC) water model

(Berendsen et al., 1987) with sodium chloride ions added at 0.15 M concentration and Na+

counterions added to neutralize the systems. It is worth noting that in the standard FEP+
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protocol explicit ions are only added for charge-changing perturbations, whereas in cases where

there is no alchemical charge change, the standard Desmond method is used wherein a small

charge imbalance is spread over the entire system. This method usually produces good results

in terms of the convergence for protein-based systems. However, for nucleic acid systems it has

been shown that adding explicit ions resulted in greater stability of the systems and better

results, hence we included explicit ions in our systems studied here (Cheatham III and Case,

2013; Sharp and Honig, 1995; Tan and Chen, 2011). The default FEP+ relaxation protocol was

used as described previously (Wang et al., 2015). In the FEP+ production run, 12/16/24 λ

windows were used for neutral/core-hopping/charge-changing types of the perturbations. The

MD production stage was run for 20 ns per λ-window for both complex and solvent simulations,

which was longer than the software default minimum of 5ns. The temperature was kept at 300 K

and constant volume maintained for the complex simulations and constant pressure for the

solvent simulations. The pressure was controlled using the Langevin barostat using τ = 50 ps.

The temperature was controlled using the Langevin thermostat using τ = 0.1 ps. Electrostatic

interactions were treated using u-series with a cutoff at 9 Å(Shaw et al., 2014). No cutoff was

used for van der Waals interactions. The grand canonical Monte Carlo water sampling protocol

was used to sample water molecules that are buried within binding sites, as described

previously (Ross et al., 2023). Replica exchanges between neighboring λ windows were

attempted every 1.2 ps.

Application of pKa and binding mode group corrections
Common nucleic acid binders possess pyridine, pyrazole, imidazole, amines, or guanidinium

moieties that exhibit significant populations of various protonated and tautomeric states (Davis

et al., 2004; Giorgio and Duca, 2019; Kovachka et al., 2024) resulting in significant modulation

of binding affinity. Moreover, in modeling nucleic acids, variations in salt concentration due to

experimental conditions can impact the protonation states of the ligands (Kovachka et al.,

2024). With this in mind, we explicitly considered all possible protonated/deprotonated and

tautomeric states, determined using LigPrep and Epik, in our FEP simulations. We then applied

a previously published protocol for ΔG correction based on ligand state populations, accessible

in the FEP+ GUI (de Oliveira et al., 2019). Additionally, as described below, due to the narrow

binding pocket of the DNA minor groove, all poses suggested by docking series DB75 and

DB921 compounds were evaluated with FEP . We applied the binding pose correction workflow

for these cases using a pre-existing protocol (Ross et al., 2023).
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Metrics used for the analysis

We assess FEP accuracy by comparing the mean unsigned error (MUE) and root-mean-square

error (RMSE) between the calculated and experimental ∆∆G for each ligand pair in the FEP

perturbation graph. Pairwise RMSE and MUE were calculated for each FEP map in the

benchmark and reported in Table 1. The ∆∆G values were converted into absolute binding free

energies ∆Gs up to an unknown constant as described in the supporting information of Wang et

al., 2013. These ∆G values were then used to determine the Pearson correlation coefficient R2

through linear-least squares regression against experimental ∆G values as well as Kendall’s 𝜏.

The weighted average of the RMSEs and of R2, where the weights are equal to the number of

compounds in each map, was computed for the collection of maps in the dataset (Figure 1b).

RESULTS & DISCUSSION

Brief description of systems studied

The dataset for this study was assembled from targets and ligands of pharmaceutical interest

and consisted of five RNA/ligand complexes, two DNA/ligand systems and one ligand-bound

DNA/protein(HIV Integrase) system as given in Table 1. To further evaluate the robustness of

the computational predictions described in the methods section, we ensured that the dataset of

eight systems contained a variety of secondary and tertiary structural forms of DNA and RNA.

The DNA systems included two duplexes, while the RNA systems comprised three riboswitches

(lysine, guanine, and flavin) as well as two viral RNA targets (HIV-1 trans-activation response

[TAR] RNA, and hepatitis C virus [HCV] internal ribosomal entry site). The DNA/protein(HIV

Integrase) complex mentioned above was notable due to the fact that it involved small molecule

ligand binding at DNA/Protein interface and thus offered a unique context to test the

performance of FEP+. Six of the eight systems had structural data derived from x-ray

crystallography with resolutions ranging between 1.64 Å and 3 Å. The remaining systems were

structurally characterized by NMR and Cryo-EM. All structures of the individual ligands and

targets used in the study are detailed in the Supporting Information section (Figure S11). Also

provided, in Table 1, are the literature references from which binding affinity data for each ligand

were obtained. The experimental binding constants in these references varied from low

millimolar to low nanomolar thus covering a suitable range of low and high affinity binders.
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Overall relative binding affinity prediction performance

The summary performance statistics for all 270 perturbations on 103 ligands, as reported in

Table 1 and Figure 1, indicate that the level of accuracy achieved by FEP+ on DNA and RNA

systems compares favorably with recently reported results for protein-ligand use cases (Ross et

al., 2023).

A strong correlation was observed between the predicted binding affinities and experimentally

measured values with an R2 of 0.61 and Kendall 𝜏 of 0.62 (Figure S12). Importantly, when

distinguishing between DNA and RNA systems, the R2 values are 0.57 and 0.64 , for DNA and

RNA respectively; indicating similar performance for both classes of nucleic acids. It should be

noted that here and in the following statistics we include the DNA/protein integrase complex as

part of the DNA analysis for simplicity.

DNA DNA/protein RNA

Series
Number. of
compounds
Number of
perturbation
s

Db921
(Liu et
al.,
2011)
19
90

Db75
(Wilson
et al.,
2008)
11
42

Insist
(Zhao et
al., 2016)
6
7

rbt
(Davis
et al.,
2004)
14
41

Guanine
(Kim et
al.,
2009)
16
33

Lysine
(Garst
et al.,
2012)
10
14

Flavins
(Vicens
et al.,
2018)
12
23

Benzimi
dazole
(Dibrov
et al.,
2012)
15
20

Construct Duplex HIV
integrase/
DNA

Hairpi
n
HIV-1
Tar

Riboswitch IRES
element

PDB
method,
resolution

2B0K
X-Ray,
1.64 Å

1VZK
X-Ray,
1.8 Å

6PUZ
EM, 2.8 Å

1UUD
NMR

1Y27
X-Ray,
2.4 Å

4ERL
X-Ray,
3.0 Å

6DN1-3
X-Ray,
2.8 Å

3TZR
X-Ray,
2.2 Å

pka
correction

✔ ✔ ✔ ✔

binding
mode
correction

✔ ✔

Exp binding
affinity
range
lowest/high
est

-11.8/-8.5 -10.6/-6.
8

-12.6/-10.5 -7.9/-5.
9

-12.7/-7.
5

-5.8/-2.9 -11.3/-7.
2

-8.4/-5.0
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R2 0.47 0.80 0.45 0.76 0.57 0.48 0.46 0.86

Kendall 𝜏 0.65 0.75 0.55 0.58 0.69 0.45 0.28 0.83

RMSE/MUE
pairwise

1.81/1.46 1.58/1.24 1.56/1.35 0.69/0.
56

1.38/1.10 1.30/1.05 1.33/1.11 1.14/0.96

RMSE/MUE
edgewise

1.90/1.52 1.21/0.90 1.31/1.05 0.76/0.
64

1.42/1.07 1.11/1.02 1.37/1.15 1.04/0.73

RMSE/MUE
Pairwise
before
correction

4.03/3.08 2.58/2.06 N/A 1.42/1.
15

1.90/1.46 N/A 2.00/1.55 N/A

RMSE/MUE
edgewise
before
correction

3.97/3.01 2.75/2.08 N/A 1.36/1.
16

1.79/1.31 N/A 1.77/1.37 N/A

Table 1. Summary of the eight types of systems used in this study and the results of the relative

binding FEP+ predictions performed on them. Eight different nucleic acid receptors, including

one DNA/protein complex, with a diverse range of conformations were studied. The nucleic acid

types, ligand series names and the original publication where the data sets were obtained from,

number of ligands and perturbations for each system as well the experimental and predicted

affinity data and their statistics are shown. The experimental binding affinity values and the

RMSE/MUE for the FEP+ predictions are in the units of kcal/mol.
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Figure 1. (a) A correlation plot between the FEP+ predicted binding affinities and experimentally

determined affinities for all the 8 systems studied. The dark gray area represents a 1 kcal/mol

error between the predicted and experimental data, whereas the light gray area represents a 2

kcal/mol error. Only four out of 103 studied ligands fall outside the 2 kcal/mol area. (b) The error

distribution for all 270 perturbations shows that approximately 70% of FEP+ relative binding free

energy predictions are within 1.4 kcal/mol of the experimental values, which is equivalent to 1

log unit. More than half of the predictions achieved remarkably low error, below 1 kcal/mol.

Overall, the average pairwise RMSE for all of our systems before applying pKa and/or binding

mode correction was 2.48 kcal/mol, which improved to 1.39 kcal/mol after applying the groups

feature in FEP+ (Ross et al., 2023), underscoring the importance of considering multiple states

for compounds in FEP simulations of nucleic acids. Upon decomposing this metric into DNA and

RNA system contributions, the RMSE values for DNA was 1.63 kcal/mol, which was noticeably

higher than the 1.16 kcal/mol realized for RNA. This difference could be a reflection of variability

in experimental accuracy. It could also be due to the fact that the RNA binding sites are

generally more distinctly defined structurally than the DNA ones. An analysis of the error

distribution revealed that a large majority, approximately 69%, of the predicted relative binding

affinities were below 1.4 kcal/mol of the experimental error (Figure S13), which corresponds to

less than one logarithmic unit of the dissociation constant (Kd). Only 19.7% differed by more

than 2 kcal/mol. Below, we describe some common features observed for all of the series as

well as representative examples of various types of nucleic acid binders, categorized by the

nature of binding, e.g. minor groove, riboswitch, viral RNA binders, etc.

DNA Minor groove binders
Helical forms of RNA and DNA consist of a major and minor groove each of which possesses

peculiar chemical and geometrical characteristics. For instance, the major groove of the most

common form of helical RNA, A-RNA, is deep and narrow while the minor groove is shallow and

wide. In comparison, the major groove of the most common form of helical DNA, B-DNA, is wide

and shallow and the minor groove narrow and deep (Saenger, 1984; Shakked and Rabinovich,

1986). The type of polar and non-polar elements presented at the base edges facing the minor

and major groove determine the binding characteristics of either groove.

Representative examples of DNA minor groove binders in this study are found in the DB921 (Liu

et al., 2011) and DB75 (Wilson et al., 2008) series which bind to the minor groove of the AT-rich

sites in parasite mitochondrial kinetoplast DNA, destroying kinetoplast and causing cell death. In
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both series, the challenge of simulating these types of binders is due to the narrow nature of the

minor groove, as stated above. Given the planar types of the ligands in these series, the

relatively short FEP simulation time frame is insufficient to thoroughly sample the alternative

binding modes of the compounds including anticipated ring flips and various orientations of the

terminal charged amidine groups. Hence, we concluded that for this series, starting the FEP

runs with all of the binding poses as well as ring orientations generated through Glide docking

was necessary. Fortunately, FEP+ has a built-in post-processing protocol for correcting the

predicted ΔGs based on the most dominant binding pose/orientation (Ross et al., 2023). A

specific example of the application of this procedure was compound DB829 (Figure 2). For this

compound, the individual predicted ΔGs associated with poses exhibiting various nitrogen

substituted phenyl rings orientations did not show good correlation with the experimental ΔG.

The four possible orientations were off by a magnitude of between 1.4kcal/mol and 4.6 kcal/mol

relative to experiment. However, after the FEP+ binding pose correction was applied, the

predicted ΔG of -8.9 kcal/mol matches very closely with the experimental ΔG of -8.7 kcal/mol.

Figure 2. Four poses of compound DB829 representing the possible orientations of the nitrogen-

substituted phenyls within the DNA minor groove. Whereas ΔGs for individual poses do not

correlate well with the experimental ΔG, the predicted ΔG, after FEP+ binding mode corrections,

has an excellent matching with the experimental ΔG.
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Another minor groove binding compound from the DB75 series, DB244 (Fig 3, left) possesses

two hydrophobic cyclopentyl groups on the termini of the parent scaffold for this series, DB75

(Fig 3, right). These groups make favorable interactions with the floor of the minor groove while

also displacing additional waters from the groove relative to DB75. Furthermore, as DB244

moves from an aqueous environment into the less polar DNA minor groove, the compound

shows a more favorable solvation ΔG compared to DB75, as is correctly captured by FEP+. The

FEP+ predicted solvation ΔΔG of ~15 kcal/mol between DB244 and DB75 is remarkably high,

further indicating that the dehydration of DB244 is a driving factor in its favorable binding affinity.

Figure 3. An example of a perturbation between a particularly hydrophobic compound in the

DNA minor groove (DB244) and a less hydrophobic compound, DB75. FEP+ correctly predicts

stronger binding affinity for the more hydrophobic compound.

A peculiarity of the DB921 series is that these compounds are more linear and less

complementary to the contours of the DNA minor groove. Their affinities are thought to be

driven by the water bridge interactions, specifically when compared to more curved ligands. The

ability of dynamic water molecules to facilitate noncovalent interactions by serving as flexible

donors or acceptors of hydrogen bonds, thereby stabilizing complexes between ligands and

macromolecules is a phenomenon that has been noted in both protein and nucleic acids in

complex with small molecules (Athri and Wilson, 2009; Cooper, 2005). An example of such
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binding can be found in the perturbation between the linear DB921 (Fig 4, left) and a more

curved DB911 (Fig 4, right). Despite the shape of DB911 being more DNA minor-groove

complementary, DB921 has a more favorable ΔG due to its favorable water-mediated

interactions. FEP+ is able to correctly capture these types of perturbations among other things

due to incorporation of the grand canonical Monte Carlo (GCMC) method, which rigorously

samples water molecules in the binding site and the bulk solvent and estimates their preferred

positions (Ross et al., 2020).

Figure 4. An example of a perturbation between a linear compound via a water bridge

interaction with the DNA minor groove (left) and a curved compound (right) in the DB921 series.

Major groove binders
A representative example of viral hairpin RNA major groove binders is shown in Fig 5.

The rbt series target the trans-activation response element (TAR RNA) region of HIV-1 and are

involved in inhibition of the proliferation of the virus. The series contain elongated flexible side

chains with charged guanidine ends and bind to a shallow binding pocket of the TAR RNA. The

length of the side chains and the presence/absence of the guanidine groups influence the

affinity. For instance, compound 541 (Fig 5, left) has long side chains with guanidine moieties on

both ends, which are able to penetrate and make cation-π interactions with the RNA bases, as

well as hydrogen bond and salt bridge interactions with the RNA bases/backbone atoms.

Shortening the side chains and substituting a guanidine group with a smaller charged amine,

results in lower affinity as can be seen in the case of the compound 393 (Fig 5, right), which is

not able to make similar interactions as 541. This 2.7 kcal/mol decrease in affinity is correctly

predicted by FEP+ (2.6 kcal/mol).
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Figure 5. An example of a perturbation between a compound with longer guanidinium side

chains (left) and a compound with shorter side chains, where one of the guanidinium is replaced

by an amine. These compounds bind the major groove of the HIV-1 TAR domain.

Binding to riboswitches with more well-defined binding pockets
Next, we examined several small molecule compounds binding to the riboswitches. It is known

that riboswitches possess a well-conserved aptamer domain that is very specific for its cognate

ligand (Kim et al., 2009; Mandal et al., 2003). The RNA completely engulfs the ligands and

makes interactions with virtually every polar atom on the ligand. This way the aptamer

discriminates against the non native ligands. Hence, designing compounds that can compete

against the native ligands is challenging. Nevertheless, several series of compounds have been

designed and we have studied here the series that bind to the guanine, lysine and flavin

riboswitches. For an FEP method to be successful a thorough sampling of the ligands both

within the complex and solvent legs are necessary. Our results using FEP+ demonstrate

reasonable RMSE for these series, indicating FEP+ is a powerful method for a rational structure

based drug design at the riboswitch binding sites.

One such tight riboswitch binding-site drug design example can be found in the flavin

mononucleotide (FMN) riboswitch series. Here, we see that the lipophilic interactions drive the

specificity and potency, which has been observed for the compounds that bind this riboswitch

(Howe et al., 2016; Kovachka et al., 2024). In this series the compounds are inserted between
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two adenine bases (A48 and A85) and form π-stacking interactions with those residues as well

as hydrogen bond contacts with A99 and with G10, G11 and G62. Whereas the hydrogen bond

contacts are present in both the compounds with weaker and stronger affinities, the hydrophobic

groups seem to be driving the potency of the higher affinity compounds. An example is a

perturbation between the compound 6DN1 (Fig 6. left) and BRX897 (Fig 6. right), wherein the

cyclohexane moiety in 6DN1 is inserted into a hydrophobic cleft in the FMN riboswitch formed

by residues G62, A48, U61. This moiety likely drives both the affinity and specificity of 6DN1,

overall resulting in a ~2.4 kcal/mol gain in potency, which is correctly predicted by FEP+ to be

2.8 kcal/mol.

Figure 6. An example of a tight riboswitch binding site where a lipophilic moiety of the ligand on

the left contributes to its specificity and potency.

In another riboswitch example, an addition of a fragment to the native ligand displaces an

ion-solvent coordination within the binding site. Specifically, when the native lysine ligand (Fig 7,

left) is mutated into a lysine-glycine dipeptide (Fig 7, right), the glycine moiety displaces Na+

coordinated water network, resulting in a decrease in affinity, correctly predicted by FEP+. The

ion-coordinated water-mediated contacts are important for both the structure of the RNA binding

site and the binding of the ligands (Serganov et al., 2009, 2008, 2006; Thore et al., 2006). The

compounds in this series with similar substituent on the carboxylic site of lysine, exhibit lower

affinities compared to lysine.
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Figure 7. An example of a displacement of a sodium-water coordination site within the lysine

riboswitch, leading to a decrease in affinity. Water oxygen atoms are shown in red spheres,

whereas Na+ ions are in purple spheres.

Protein/DNA interface binding
A representative example of a protein/DNA interface binding can be found in the integrase

complex studied here, where a series of integrase strand transfer inhibitors bind in between the

DNA and the HIV integrase. In addition, this series of ligands are coordinated by Mg2+ atoms

which bind the ligand and the protein residues. The perturbations in this series are on the

methylene chains of varying lengths that possess the hydroxyl group. The compounds with

longer methylene chains, such as compound 4d (Fig 8, left), can adopt conformations in which

they interact both directly and through water-mediated interactions with three protein residues

within a loop domain. Meanwhile compounds with shorter methylene chains, such 4b (Fig 8,

right), are not able to fully penetrate the pocket formed by the loops of the protein and as a

consequence interact with only one protein residue. This results in a lower affinity of 4b relative

to 4d, as correctly captured by FEP+.

Figure 8. An example of ligand binding to the interface between a DNA and a protein (HIV

integrase) coordinated by Mg2+ ions shown as purple spheres.

CONCLUSIONS

The design and development of medicines that target RNA or DNA lags behind similar efforts

targeting proteins. Computational approaches can accelerate advances in this area by speeding

up the identification and optimization of candidate molecules to improve properties that elicit

on-target effectiveness without causing unintended off-target effects. This study demonstrates

that with the improved parameterization of the OPLS4 force field, FEP+ is an accurate predictor
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of relative ligand binding affinities when applied to nucleic acid targets. Good performance was

sustained across a diverse set of target classes as well as ligand chemistries, indicating that the

method is robust enough to serve as a powerful practical tool in nucleic acid target lead

optimization campaigns. One important difference between small molecules binding to proteins

compared to nucleic acids is the nature of the binding site. Whereas in proteins most of the

binding sites have pockets deep enough to engulf the ligand, in nucleic acids the sites can vary

widely from deep minor grooves to shallow major grooves to nucleobase π-stacking in

intercalation complexes and to tridimensional protein-like binding pockets found in riboswitches.

Given this diversity of nucleic acid binding sites, as well that of the integrase complex where the

ligand binds in between a DNA and protein molecule, the good overall performance achieved by

FEP+ shows rigorousness in the breadth of binding sites and interaction types for which it can

reliably predict binding affinities. The following factors were identified as important in obtaining

reliable FEP+ predictions: 1) adding explicit salt in FEP+ is necessary to keep the nucleic acid

structures stable throughout the FEP simulations; 2) carefully examining all states of ligands,

including possible protomer and tautomeric states at a given pH, as well as various binding

modes especially in narrow binding sites of minor grooves, where extensive sampling maybe

difficult and later apply the pKa/binding mode correction via the Groups in the FEP+ panel; 3)

use of OPLS4 for parameterizations of all ligand states; 4) running sufficiently long simulations -

in our study we used 20ns runs, which is more than the default 5ns in FEP+. In future studies, it

will be desirable to systematically investigate the minimum simulation length needed to give

comparable results.

In addition, it is worth mentioning that the experimental affinities throughout the studied datasets

were from diverse sets of experiments. For example, the IC50s for the integrase system

measure the strand transfer when the integrase unzips the DNA; for the DB series binding to the

minor groove of the DNA, the SPR experiments are measured on the hairpin variant of the DNA

sequence attached to a biotin molecule; for the HIV-1 TAR RNA inhibitors, the Ki values were

obtained via fluorescence resonance energy transfer (FRET) based assay; for the lysine

riboswitch, the Kds were measured by the 2AP fluorescence assay, whereas for the guanine

and flavine riboswitch, in-line probing assays were performed to obtain the Kd values, and

finally for the benzimidazole ligands binding to the hepatitis C virus RNA domain, Kds were

determined via mass spectrometry assay. In addition, as a result of variability in the

experimental accuracy of various assays used for measuring relative binding affinities, there is a

maximal accuracy that can be expected from FEP predicted affinities (Ross et al., 2023). An

illustration of this is found in the DB75 series, where binding affinities were obtained by SPR as
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well as ITC measurements. When plotting the correlation between these two experimentally

obtained affinities (Fig S3a), we obtain an RMSE of 1.60 kcal/mol and a R2 of 0.53. Our FEP+

predicted affinities correlate well with the SPR measurement and give an RMSE of 1.58 kcal/mol

and an R2 of 0.77. While for this series FEP performs well, in general these differences between

experiential assays demonstrate the maximal accuracy an FEP method can achieve. Given this

vast variety and differences of experimental methods, the statistics obtained from our FEP+

calculations are reasonable.

Since most of the current computational drug design tools have traditionally been first

developed and optimized for protein-ligand systems, it is worthwhile to compare the results

obtained here against those for protein-ligand systems. Our most recent benchmark validation

for those systems found the overall pairwise RMSE accuracy of FEP+ using the same version of

the program and OPLS4 force field to be 1.25 kcal/mol across diverse ligand and protein target

series (Ross et al., 2023). Thus, the 1.39 kcal/mol accuracy reported here as the first attempt to

study nucleic acid-ligand systems with FEP+ is encouraging. Nevertheless, future work would

be necessary to further improve the current FEP+ method.   Avenues for improvement include

the following:

1. The current OPLS4 force field has been parameterized for nucleic acids, but there are

limitations in representing the polarizability of the charged environment in the nucleic

acid systems. Further validation of the predictions may be improved by running the

simulations with OPLS5, which includes explicit description of polarization effects..

2. Charged systems are sensitive to the type and concentration of the ions used in

simulations. While adding a physiological concentration (0.15M) of NaCl improves the

results, further investigation of varying salt concentrations and the nature of the cation

(K+ vs Na+) is needed, especially because potassium is more prevalent in bacterial cells.

3. Although significant improvements have been made in the preparation and docking of

the nucleic acids systems in the latest suite, further use of these and FEP+/OPLS4 will

determine whether additional improvements are necessary to enhance the reported

statistics.

4. Our future work will focus on optimizing and validating the absolute binding FEP

protocol, which is crucial in virtual screening/hit discovery campaigns, as well as

studying nucleic acid residue (base and/or backbone) mutations, given the broad

applicability of this protocol.
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The findings discussed in this work demonstrate the extended range of applicability of FEP+

and introduce a robust approach to address drug design challenges in nucleic acid-based

systems, particularly in the lead optimization phase of drug-discovery programs.
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