Organic & Biomolecular Chemistry

Rl Organic &
Biomolecular
L 4 Chemistry

Driving Factors in Amiloride Recognition of HIV RNA Targets

Journal: | Organic & Biomolecular Chemistry

Manuscript ID | OB-ART-08-2019-001702.R1

Article Type: | Paper

Date Submitted by the

Author: 21-Sep-2019

Complete List of Authors: | Patwardhan, Neeraj; Duke University, Chemistry
Cai, Zhengguo; Duke University, Chemistry
Umubhire Juru, Aline; Duke University

Hargrove, Amanda; Duke University, Chemistry

SCHOLA

RONE™
Manuscripts




Page 1 of 17 Organic & Biomolecular Chemistry
Driving Factors in Amiloride Recognition of HIV RNA Targets

Neeraj N. Patwardhan; Zhengguo Cai; Aline Umuhire Juru; Amanda E. Hargrove*
Department of Chemistry, Duke University, 124 Science Drive, Durham, NC 27705, USA

*Corresponding author / Lead Contact: amanda.hargrove@duke.edu

Abstract

Noncoding RNAs are increasingly promising drug targets yet ligand design is hindered by a paucity of methods
that reveal driving factors in selective small molecule:RNA interactions, particularly given the difficulties of high-
resolution structural characterization. HIV RNAs are excellent model systems for method development given
their targeting history, known structure-function relationships, and the unmet need for more effective
treatments. Herein we report a strategy combining synthetic diversification, profiling against multiple RNA
targets, and predictive cheminformatic analysis to identify driving factors for selectivity and affinity of small
molecules for distinct HIV RNA targets. Using this strategy, we discovered improved ligands for multiple targets
and the first ligands for ESSV, an exonic splicing silencer critical to replication. Computational analysis
revealed guiding principles for future designs and a predictive cheminformatics model of small molecule:RNA
binding. These methods are expected to facilitate progress toward selective targeting of disease-causing

RNAs.

Keywords: cheminformatics; HIV RNA; molecular recognition; QSAR, RNA recognition

Introduction:

The recent resurgence in targeting RNA with small molecules has been driven in part by a renewed
appreciation for regulatory RNAs in mammalian systems as well as several successful examples of biologically
active RNA ligands."® At the same time, these examples are currently limited to a handful of different RNAs,
and there are few examples of success in animal models or clinical trials. To further advance the field,
continued effort is needed in several areas including the identification of new chemical scaffolds capable of

targeting RNA, the development of robust and general high-throughput screening assays, and the
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development of a detailed understanding on the best pathways available for optimizing RNA-targeted chemical

probes both for potency and selectivity.

We and others have used scaffold-based design and/or well-studied RNA model systems, such as HIV-1-TAR,
to test methods and approaches for RNA-targeted probe development.®2' For example, we developed
amiloride as an RNA-targeted scaffold based on initial reports of dimethylamiloride (DMA-001) binding to HIV-
1-TAR'? and the scaffold’s promising pharmacological properties (amiloride itself is an FDA-approved drug). In
our initial work, we evolved the lead molecule (DMA-001) to DMA-169, which demonstrated 100-fold increased
activity in vitro and high selectivity against DNA and tRNA controls (Figure 1).'> 1922 SOFAST 'H-'3C [HMQC]
NMR studies revealed site-specific binding of DMA-169 to the bulge region of HIV-1-TAR. In addition, the
range of activities observed for different amiloride derivatives allowed for the prediction of HIV-1-TAR
selectivity based on cheminformatic parameters, suggesting that this scaffold might be used to reveal
fundamental insights into small molecule:RNA binding. We thus chose amiloride as the small molecule scaffold
for this study and synthesized a library of new derivatives based on insights from our previous work targeting

HIV-1-TAR RNA,"® selectivity profiling,?? and RNA-privileged chemical space.??
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Figure 1. A) Stepwise modification at the C(5) and C(6) positions of amiloride scaffold. B) Heat maps of 'H-'3C [HMQC]
SOFAST NMR experiments with amiloride and HIV-1-TAR RNA. Reproduced/adapted from reference '° with permission
from the Royal Society of Chemistry.

HIV RNAs were chosen as the ideal RNA model system given that the structure and function of much of the
RNA genome is well characterized and HIV/AIDS remains an important area of clinical need.?* 25 Five HIV
RNAs, HIV-1-TAR, HIV-2-TAR, RRE-IIB, HIV-1-FSS and ESSV RNAs (Figure 2) were chosen for their
structural diversity and known roles in HIV replication and virulence.'® Moreover, HIV-1-TAR, HIV-2-TAR,
RRE-IIB and HIV-1-FSS are well explored small molecule targets.'’® ESSV RNA, while not explored for small
molecule targeting, has been identified as critical for viral mRNA splicing and viral production,?-28 with
mutations to ESSV leading to a 95% reduction in HIV-1 replication.?® These five RNA targets thus provide ideal
model systems for assessing the structural selectivity of our small molecule library with an added benefit of

uncovering new lead compounds.
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Figure 2. Secondary structures of RNAs screened. HIV-1 and HIV-2-TAR RNA contain a hexanucleotide hairpin loop with
a trinucleotide bulge, RRE-IIB contains an 1X2 internal loop with a smaller hairpin loop. HIV-1-FSS contains only a
smaller hairpin loop while the HIV-1-ESSV structure is larger with several potential binding pockets. TAR = transactivation
response element; RRE = Rev response element; FSS = frameshift-stimulating; ESSV = exonic splicing silencer of Vpr.

We herein report a new strategy, developed using these model systems, that elucidates the critical factors

necessary for designing high-affinity and selective amiloride derivatives toward HIV RNA constructs. This
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strategy relies on systematic synthetic modifications of the scaffold, profiling of affinity against multiple RNA
targets, and quantitative cheminformatic analysis. Using this strategy, we report the first small molecule ligands
for ESSV RNA, a promising new target in HIV, along with derivatives with enhanced activity towards HIV-1-
TAR. Furthermore, we report quantitative and predictive cheminformatics studies for small molecule binding of
specific RNAs,30-32 which highlights chemical parameters that can be exploited for the future design of selective
derivatives for ESSV and HIV-1-TAR. These methods lay out a pathway toward rational targeting of biologically

relevant RNAs without requiring high-resolution structure.

Results and Discussion:

Synthesis: We began by replacing the phenyl substituent at the C(6) position of DMA-169 with other aryl
groups since substituted aryl and naphthyl substituents at C(6) previously showed improved activity against
HIV-1-TAR (See Scheme S1 and S2 of the ESI)." Additionally, derivatives with nitrogen containing
heterocycles pyridine and pyrimidine were synthesized (DMA-190 — DMA-191) to explore the effect of adding
hydrogen bond forming heteroatoms at the C(6) position. The effect of other amine subunits at the C(5)
positions, while keeping the C(6) phenyl substituent intact, was then explored, where subunits were chosen
from the C(5) monosubstituted derivatives previously described.33 '® Notably, DMA-188 features a C(5) subunit
with a shorter methylene linker between the pyrazine and indole rings relative to DMA-169. As the C(5)
pyrrolidine-containing derivative DMA-19 showed strong binding to HIV-1-TAR,'® C(6) aryl derivatives with a
pyrrolidine ring at C(5) were synthesized. Since the first study only included 2 cyclic secondary amine subunits
at C5 (DMA-19, and DMA-20), three new monosubstituted derivatives DMA-201-203 were synthesized,
followed by their C(6) phenyl derivatives. Finally, we included further amine subunits at the C(6) position of the
amiloride core pyrazine scaffold via the addition of a 2-chloro pyrimidine subunit following the strategy recently
reported by Kelso and coworkers.3* These derivatives were synthesized to explore whether addition of further
diversity at the C(6) position can increase the RNA affinity and selectivity. Synthetic details are available in the

Supporting Information (pS21).
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Figure 3: Structures of amiloride derivatives tested. (See supporting information for synthetic details of expanded library).

Profiling of Affinity and Selectivity against 5 HIV RNA Targets. The five HIV RNA targets (HIV-1-TAR, HIV-
2-TAR, RRE-IIB, HIV-1-FSS and ESSV) were screened against 25 newly synthesized C(5), C(6) derivatives,
along with 10 related previously prepared amiloride derivatives (Figures 1 and 3). We employed a simple and
fast displacement assay utilizing a FRET pair labeled Tat peptide as recently reported for HIV-1-TAR, HIV-2-
TAR, and RRE.?? To expand this screening method to HIV-1-FSS and ESSV, we first measured the binding
affinity of the indicator peptide to the RNAs (Table S1), adjusted the RNA assay concentrations for fraction
bound, and measured the Z'-score to evaluate assay quality (Table S2). While HIV-1-FSS had a weaker Tat
binding affinity and thus required a higher RNA concentration, both assays were within the acceptable range.

The small molecules were screened at concentrations of 5, 10, and 25 uM to identify both strong and weak

binders. The percent fluorescent indicator displacement (%FID) was calculated as reported (See supporting
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information), and compounds that produced >25% FID were designated as hits based on previous work.?? In
all assays, neomycin was included as a positive control (data shown in Sl). While more hits were identified at
the higher concentrations such as 25 yM (Figure S1 and S2), screening at the lower concentration of 10 uM
better highlighted potential selectivity profiles (Figure 4). For example, DMA-169 and DMA-188 were hits for
only the two TAR RNAs, DMA-180 and DMA-182 are only hits for HIV-1-TAR, DMA-194 and DMA-195 are
only hits for ESSV, and DMA-193 binds all RNAs. These selectivity profiles likely reflect differences in binding
pockets between the RNAs studied. The higher numbers of hits for ESSV and TAR relative to RRE-IIB and
HIV-1-FSS were consistent with the previously observed bulge selectivity for amiloride derivatives.'® 22 The
increase in hits for HIV-1-TAR RNA vs. HIV-2-TAR suggested that the larger bulge of HIV-1-TAR may be more
suitable for amiloride binding. The large number of hits for ESSV may indicate that the presence of multiple
secondary structures in close proximity allows the RNA to accommodate a wide range of ligands. Finally, HIV-
1-FSS has far more limited structural features relative to the other constructs (a single 4 n.t. hairpin, Figure 2),
which may be responsible for the low number of hits, though it should be noted that the higher RNA

concentrations required in this assay may be leading to false negatives.
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Figure 4: Screening data for 35 amiloride derivatives at 10 yM small molecule concentration against HIV-1-TAR, HIV-2-
TAR, RRE-IIB, HIV-1-FSS, and ESSV RNA targets. Neomycin (Neo) was included as a positive control. Buffer: 50 mM
Tris, 50 mM KCI, 0.01% Triton-X-100, 5% DMSO, pH = 7.4; Tat peptide: 50 nM; RNA: HIV-1-TAR = 40 nM, HIV-2-TAR =
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40 nM, RRE-IIB = 75 nM, HIV-1-FSS = 250 nM, ESSV = 70 nM; Small molecule: 10 yM; Excitation A = 485 nm,
Emission A = 590 nm; Incubation time = 30 min.

Trends in affinity and selectivity were further visualized through agglomerative hierarchical clustering (AHC)
using the %FID values at 5, 10, and 25 yM small molecule concentrations, which allowed unbiased
categorization of the small molecules based on binding profiles (Figure 5). Importantly, ESSV and TAR
selective ligands are readily distinguished. In addition, the more promiscuous ligands are generally clustered
together, with DMA-193 in a single group due to its much higher overall binding. Compounds with weak or no
binding are also grouped together, and the AHC analysis further highlights the reduced number of hits

identified for RRE-IIB and HIV-1 FSS.
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Figure 5. Heat map and agglomerative hierarchical clustering analysis of screening data at 3 different small molecule
concentrations. Numbers reflect %FID at listed concentration. Clusters are labeled to indicate ESSV-binding, TAR-
binding, promiscuous binding (Promis, P), no binding, and weak binding. *DMA-205 was incorrectly clustered as a non-
binder due to very low %FID at lower concentrations and was moved to the Weak Binding group in further analyses.

Preliminary cheminformatic analysis. To further understand the molecular basis for the observed RNA-

binding patterns, we calculated 20 cheminformatic parameters for the amiloride library.35 36 23 These

parameters were then used in linear discriminant analysis (LDA) as previously described'® using the clusters
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formed in AHC as groups (Figure 5). (Figure 6A) Groups were well predicted by the cheminformatic
parameters during training (100%) but less well in the cross-validation (37%) (Table S6-S7). Qualitative trends
could be inferred from the loading plots (Figure 6B). For example, non- or weak binding ligands tended to
have more oxygens, more sp3 centers and higher relative polar surface area (PSA) while promiscuous binders
had high nitrogen counts, heteroaromatic rings, hydrogen bond acceptors, and topological polar surface area
(tPSA). Interesting, ESSV ligands were less hydrophilic than other classes (further analysis and data in
Supporting Information, pS15). This analysis was limited by the use of only three concentration points as well
as the number of molecules and parameters used. We thus conducted more detailed analyses of binding,
which allowed for in-depth structure-activity/selectivity analysis followed by quantitative analysis with a larger

set of parameters.
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Figure 6. A. LDA plot for the first three axes (factors) depicting clustering for the five groups of RNA ligands using
cheminformatic parameters. B. Loading plot of the contributions of each cheminformatic parameter on F1 vs F2.

Quantitative assessment of amiloride binding and trends. To better assay selectivity patterns, the CDsg
values were determined for “hit” amiloride derivatives against the corresponding RNA targets by performing
small molecule titrations with the Tat peptide displacement assay (Table 1). As 18 of the 35 DMAs tested were
a hit for at least one RNA at the 25 uyM concentration point, several interesting trends can be noted.

For HIV-1 and HIV-2-TAR binders, a clear preference emerged for the C6 phenyl substituted derivatives
versus other aryl subunits for both binding and selectivity (e.g. DMA-169 > DMA-176-179, DMA-190-195),

possibly due to steric hinderance (Table 1, Figure 3). Additionally, substituting a C(6) phenyl group for the
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C(6) chloro rescued HIV-1-TAR binding activity of several derivatives that showed low %FID values or
interference in previous work. For example, DMA-180, 182, 187 all showed higher % FID and improved CDsq
to HIV-1-TAR (Table 1) as compared to their respective C(6)-chloro counterparts,’ with DMA-180 and 182
showing remarkable selectivity towards HIV-1 and HIV-2-TAR RNA. These results could be due to a number of
factors, including better complementarity, stacking and/or electronic properties conferred by the C(6) phenyl
group. However, no improvement in affinity was found for DMA-183, a C(6) phenyl derivative of the previously
described non-binder DMA-097, highlighting the impact of both C(5) and C(6) substituents towards observed

RNA-binding activity.

Closer evaluation of TAR binding compounds relative to DMA-169 revealed additional trends in selectivity and
structural properties. First, reducing the flexibility and sp3 carbon count at the C(5) position (DMA-188 vs.
DMA-169) led to a 2-3-fold increase in affinity for HIV-1-TAR as well as enhanced selectivity relative to HIV-2-
TAR (from 2 to 5-fold) and ESSV (from 8 to 22 fold) (Table S3). This result is consistent with increased binding
affinity and selectivity relating to reduced entropy and/or pre-organization, in line with the current (Figure 6)
and previous cheminformatic analyses of RNA ligands.?® By contrast, the replacement of a tryptamine subunit
(DMA-169) by an aminoethyl benzimidazole subunit (DMA-180), a switch in aromatic heterocycle with the
same sized linker, reduces the affinity for HIV-1-TAR and leaves the selectivity over HIV-2-TAR unimproved,

despite increased selectivity against ESSV.

10
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Table 1: CDs, values for DMA molecules identified as hits in the 25 yM conc. screening experiment.

Small CDs (M)
Molecule HIV-1-TAR HIV-2-TAR RRE-IIB HIV-1-FSS ESSV
DMA-155 b - - - 20.1+£ 341
DMA-169 39+0.72 93+132 29.0+7.12 - 30.3+4.5
DMA-176 18.3+1.0 17.2+0.24 16.2 £ 0.45 - 11.3+0.6
DMA-177 16.4 £ 0.57 18.8+04 18.0+£0.35 - 11.9+11
DMA-178 46.0+21.7 - - - 17.2+1.3
DMA-179 48.1 £ 39.0 20.5+1.5 - - 15.2+141
DMA-180 7.73£0.92 185+1.2 - - -
DMA-182 7.47 £0.80 21.8+25 - - -
DMA-185 - - - - 19.5+0.8
DMA-187 13.3+£0.87 123+1.1 71.8+30.3 - 46.0 £ 26.7
DMA-188 1.36 £ 0.15 6.2+0.6 - - 30.5+14.7
DMA-190 242 +5.57 - - - 48.9 + 231
DMA-191 12.5+3.25 39.3+10.2 29.8+6.8 - 126+ 2.6
DMA-192 7.21+1.30 9.68 + 0.23 8.51 + 0.52 b 50+1.1
DMA-193 6.79 + 0.91 125+11 146+27 285+7.2 44+0.6
DMA-194 15.9+2.53 229+29 257+39 35.3+13.7 8.02 £ 0.82
DMA-195 13.1+£1.07 11.3+£0.98 11.9+0.66 18.2+£0.7 10.7£0.5
DMA-205 33.6 £ 0.51 30.1+3.28 19.0+£3.9 - 34.8+3.16

a Previously reported CDsp values; P Interference observed at high concentrations, likely due to aggregation. (-) Not
determined. Buffer: 50 mM Tris, 50 mM KCI, 0.01% Triton-X-100, 5% DMSO, pH = 7.4; Tat peptide conc: 50 nM; RNA
conc: HIV-1-TAR = 40 nM, HIV-2-TAR = 40 nM, RRE-IIB = 75 nM, HIV-1-FSS = 250 nM, ESSV = 70 nM; Small
molecule conc: 0-100 uM; Excitation A = 485 nm, Emission A = 590 nm; Incubation time = 30 min. CDs, values below 10
MM are highlighted in blue.

In contrast to HIV-1 and HIV-2-TAR, strong ESSV binding was observed by the derivatives with increased bulk
at the C6 position (DMA-176-179, and DMA-192-195), nearly irrespective of the subunit at the C5 position (e.g.
DMA-155 vs DMA-185). Selectivity ratios for strong ESSV ligands were significant for DMA-194, DMA-178 and

DMA-179, each with a 2-3-fold selectivity over HIV-1-TAR.

11
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The more promiscuous ligands (DMA-191-196 in Table 1) had significantly increased number of nitrogen
atoms at the C(6) position, consistent with the LDA analysis above. In addition, the tryptamine subunit at C(5)
appeared to confer affinity, as all 10 derivatives with this subunit and an aryl C(6) group were hits for both HIV-
1-TAR and ESSV. In contrast, decreased RNA binding was observed with substitutions of secondary amines at
the C(5) position (DMA-181, 184-186, and 201-206) (Figure 3). Only DMA-205, with a C(6)-phenyl substitution
and C(5)-phenyl piperidine, was found to be a “hit” for any RNA and demonstrated weak binding and little

selectivity.

Quantitative Modeling of RNA Affinity Profiles. Given the preliminary cheminformatic trends observed via
LDA and the observed trends in CDs, value, we performed a more detailed cheminformatics analysis. We used
the CDsq values as a proxy for binding affinity, which were modeled with ligand molecular descriptors in order
to build a quantitative structure-activity relationship (QSAR).37: 38 30. 32,39 This was performed for HIV-1-TAR,
HIV-2-TAR and ESSV as they had the greatest number of hits and thus data points for analysis. For these
RNA targets, the best two-parameter linear models (y~1 + x; + x3) were constructed after model searching

using the method of exhaustion and evaluated by the R? value and leave-one-out cross validation (LOOCV).

For HIV-1-TAR, multivariate regression produced models with moderate R? values. The best model (R?=0.71)
contains two descriptors, PEOE_VSA-0 (#179, sum of van der Waals surface area of atoms whose partial
charge is in the range [-0.05,0.00) and SMR_VSAZ2 (#331, sum of van der Waals surface area of atoms whose
contribution to molar refractivity (MR) is in [0.26,0.35]) (Figure 7A). The QSAR model constructed by these two
descriptors indicates that DMAs having reduced surface area that is weakly basic and more aromatic
carbons/heteroatoms*% 4! will lead to lower CDs, values. These factors might account for the relatively low CDsg
value of DMA-188, where both C(5) and C(6) positions feature aromatic rings (reflected by high MR) but the
C(5) position contains a shorter linker between the pyrazine and indole rings relative to other DMAs (reflected
by reduced weakly basic surface area). Analysis with HIV-2-TAR produced a less robust model (SI, pS17),

possibly due to the reduced number of data points used.
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Figure 7: A. HIV-1-TAR model summary: model equation, linear regression and LOOCV efficiency. B. Occurrence
histogram of descriptors appearing in the two-parameter linear models of ESSV with R2 >0.7, the descriptor pmi1
dominates, another descriptor used in the best two-parameter linear model of ESSV is SMR_VSAQ. C. ESSV model
summary: model equation, linear regression, LOOCYV efficiency and DMA-205 prediction.

Modeling for ESSV was more predictive and identified different descriptors. More than 1100 models have R?
>0.7 and thus the number of top models is suitable for a statistical occurrence analysis. We counted the
number of occurrences of each descriptor that appeared in the above top models and summarized them into a
histogram (Figure 7B). Occurrence analysis showed that a topological descriptor pmil (#208, first diagonal
element of diagonalized moment of inertia tensor) dominated the top models with R? > 0.7, indicating the
shape of the molecules strongly affect the binding. The best model includes another descriptor: SMR_VSAO
(#329, sum of van der Waals surface area of atoms whose contribution to molar refractivity is in [0,0.11]),
suggesting that polarizability of the molecule also contributes to ESSV binding. The coefficients of the two
parameters in the model suggested that the topological term contributes more than molecular size and
polarizability (SMR_VSA term?#%). The linear combination of these two descriptors produced a QSAR model
with R? = 0.89 in regression analysis and Q? = 0.84 in the leave-one-out cross-validation analysis (Figure 7C),
indicating that individual CDs, values are well predicted. Because we trained the QSAR model using the
dataset without DMA-205, we could further test the model by predicting the CDsy value of DMA-205 (Figure
7C) using the pmi1 and SMR_VSAQ values. The predicted CDsy (29.1 uM) is close to the measured one (34.8
MM), suggesting that this QSAR model has predictive power and may be used to guide future modifications of

this specific scaffold for tighter binding to ESSV. To begin validation of this model, we built a virtual library

consisting of 15 DMAs with synthetic feasibility (Figure S9). The CDs, values of these molecules were
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predicted by substituting their pmi1 and SMR_VSAO values into the QSAR model (Figure S9). The predicted
CDs values indicate that one compound (DMA-207, Scheme S1) would have tighter binding (CDsg, preq =2.3
MM) than the strongest ESSV ligand in the initial screen (DMA-193, CDs, = 4.4 uM). Therefore, we synthesized
this compound and its measured CDs, value (CDsp, measured = 6.5 M) fits reasonably with the prediction,
supporting the use of QSAR modeling in rational design. Future refinements of the model will include additional

molecules, especially in this lower CDso value range, as well as examine selectivity.

Conclusions

In summary, we demonstrated that harnessing a combination of organic, biochemical, and computational
techniques can identify key factors contributing to affinity and selectivity in small molecule:RNA interactions in
vitro. Using these methods, we discovered the first reported ligands for ESSV as well as improved amiloride
ligands for HIV-1-TAR and developed cheminformatic models for these small molecule:RNA interactions.
These outcomes were achieved by expanding the synthetic methods for diversification of amilorides, screening
against 5 distinct HIV RNA targets, profiling structure-activity and selectivity relationships, and performing
quantitative cheminformatic analysis to identify driving factors for both HIV-1-TAR and ESSV RNA affinity. In
addition to traditional SAR results, such as position-specific steric requirements, flexibility, and functional group
type, the developed quantitative models correlated specific chemical properties with RNA binding for both HIV-
1-TAR and ESSV and found that the most predictive descriptors were different for the two RNA targets. For
example, these results suggested that tuning amilorides for HIV-1-TAR binding should focus on aromatic
surface area and electrostatic properties while tuning for ESSV should focus on molecular shape. The
differential binding of ligands from the same scaffold to different RNA structures suggests that the unique
features of the RNA determine the molecular properties critical for binding and that screening of larger, more
diverse libraries could yield additional insights. In progress characterizations of ESSV:amiloride interactions
through NMR experiments will lend further insight as will evaluation of specific ESSV-targeted biological
activity. Moving forward, it will be critical to refine and implement these quantitative models in biological

systems. The methods used here outline a pathway toward the rational design of RNA-specific small
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molecules, without the incorporation of difficult or time-consuming structural studies, that should be applicable

to other RNAs of interest, including those without high-resolution structures.

Experimental Procedures

Readers are referred to the Supplementary Information for detailed experimental procedures.
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