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Abstract 

In this paper, a [2.2.1] bicyclic core is applied as a peptidomimetic scaffold capable of reproducing the structural relationship 

between the critical residues of the Tat protein, in an effort to create small molecules capable of binding to TAR RNA and 

inhibiting the Tat/TAR interaction. A systematic twenty-member panel mimicking an Arginine-Aspartic acid (R-D) moiety was 

synthesized and the ability of the individual members to inhibit the Tat/TAR interaction was evaluated. A gel-shift mobility 

assay was used to establish that several bicyclic agents inhibited the RNA-protein interaction with a micromolar level of 

activity. 
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1. Introduction 

RNA is one of the oldest therapeutic targets, and remains an 

important area of study. It has been known for many years 

that aminoglycoside antibiotics can alter the function of 

RNA. Perhaps the earliest example of their effect was the 

retardation of translation, which was shown to be caused by 

binding of these molecules to the 16S ribosomal RNA [1]. 

Later, it was discovered that some classes of aminoglycosides 

can also interfere with catalytic RNAs, such as Group I 

introns [2] as well as hammerhead [3] and hepatitis delta 

virus ribozymes [4]. 

The design of RNA-binding small molecules is a rapidly 

growing area of research, particularly because of the 

prevalent role that RNA-protein interactions play in many 

cellular processes [5-7]. As a macromolecule, RNA also 

exhibits an enormous amount of structural diversity. It is 

composed of several small units of secondary structure, such 

as double-helical stretches, mismatches, bulges, internal 

loops, and pseudoknots [8]. A great deal of sequence- and 

structure-specific contacts can be made between these 

architectural subunits and proteins, metal ions, and small 

molecule ligands. One particularly interesting application of 

these modular properties of RNA is in the design of drugs 

targeting specific RNA fragments. This is especially 

promising for viruses that employ RNA as the carrier of 

genetic information. Furthermore, recent advances in siRNA 

and guide RNAs for CRISPR/Cas9 therapeutics have made 

RNA-based therapeutics particularly attractive [9]. 

Conventional strategies for combating retroviruses are based 

on interference with viral proteins, thus altering their 

function. However, these organisms can mutate rapidly, and 

natural selection quickly results in new strains that are 

resistant to the specific molecular agents. In theory, this 

would happen much slower for RNA-targeting drugs because 

unlike DNA, there is no cellular repair mechanism for these 

nucleic acids [10]. Moreover, the great diversity of higher 
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order structures present in RNA improves the likelihood of 

designing an inhibitor with dramatic specificity. Despite 

these advantages, rational drug design has been only 

moderately successful in targeting RNA molecules, requiring 

strategies that are fundamentally different from conventional 

protein-targeted drug design [11-16]. Being chemically quite 

distinct from protein, the most beneficial functionality for 

RNA affinity, namely basic and/or charged residues, is not 

the most beneficial for enhancing drug-like properties, such 

as the ability for a molecule to traverse eukaryotic cell 

membranes. Various approaches include designing 

peptidomimetics using peptoids and D-amino acids [17, 18], 

RNA-ethidium conjugates [19], modified aminoglycosides 

with arginine-like moieties [20], and carboxylate-containing 

tetrahydropyrimidines [21]. 

HIV, a retrovirus of critical significance to human health, 

presents two major RNA targets: the trans-activation 

responsive element (TAR), which interacts with the 

regulatory protein Tat (trans-activator of transcription), and 

the Rev response element (RRE), which recognizes another 

regulatory protein Rev. The Rev/RRE system is involved in 

the movement of unspliced and partially spliced HIV mRNA, 

while the Tat/TAR complex is involved in transcription [22]. 

The NMR-derived solution structure of Tat [23] indicates that 

is a fairly flexible and unstructured protein that can be 

loosely divided into five regions. Two of these are a flexible 

and somewhat α-helical basic fragment that is required for 

binding to RNA, and a glutamine-rich region that may also 

be involved in RNA binding. The former domain of basic 

amino acids (L-arginine and L-lysine) mediates RNA 

recognition by Tat, and small peptides that compromise this 

domain bind specifically to TAR or a shortened form of TAR 

(∆TAR) [24, 25]. In fact, L-arginine itself and its derivative 

L-argininamide inhibit Tat/TAR interaction with a single-

digit millimolar inhibition constant (KI) value, with the latter 

being more potent [26, 27]. A highly basic 24 amino acid Tat 

fragment (Tfr24), along with a 27-nucleotide RNA fragment 

(∆TAR) derived from the 59-nucleotide sequence found on 

the 5’ end of all HIV transcripts, have been shown to 

replicate the activity of the full-length Tat/TAR system in 

vitro [24, 25]. The dissociation constant (KD) for the Tat/TAR 

complex is approximately 3-5 nM [28-30], while the KD for 

the Tfr24/ ∆TAR interaction has been estimated to be as low 

as 16-400 pM [24, 25]. 

The structure of TAR features two double-stranded stems, a 

hexanucleotide loop region, and a three-nucleotide 

pyrimidine bulge. The bulge is critical for Tat binding, as its 

removal drastically affects both affinity and specificity. The 

unpaired nucleotides of the bulge segment cause a widening 

of the major groove when compared to canonical A-form 

RNA, whose major groove is quite shallow and is therefore 

usually inaccessible for ligand recognition via hydrogen 

bonding [31]. The minor groove is more accessible but 

contains less functional information for base discrimination. 

It is known that arginine residues in the basic region of Tat 

initiate contacts leading to complex formation, although 

several lysine residues in the same region do contribute to 

electrostatic interactions [27, 32]. One key arginine residue, 

R52, positions itself between one of the bulge nucleotides 

(U23) and one of the base pairs (A27-U38), which form a 

base-triple (Figure 1). Bidentate hydrogen bonds can be seen 

to form between the guanidinium group of the arginine and a 

guanosine base, similar to those occurring in the zinc finger 

domains that bind to certain stretches of DNA. This 

interaction is stabilized by electrostatic forces between the 

positively charged groups of the basic residues and the 

negatively charged phosphates of the RNA molecule. The 

Tat/TAR recognition also relies on sets of intermolecular 

hydrogen bonds and van der Waals’ interactions [33]. 

 

 
Figure 1. Top: Solution structure of HIV-1 TAR bound to arginine (pdb 

entry 1ARJ) [34]. The RNA backbone is shown in orange, U23 is shown in 
blue, C24 and U25 are in cyan, A27 and U38 are in red, and G26 and C39 

are in green. Bottom: Putative interaction of the guanidinium group of 
arginine with a G:C base pair and the phosphate backbone. 

2. Experimental Section 

2.1. General 

Unless otherwise stated, all reactions were carried out under 
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an atmosphere of nitrogen (house nitrogen dried with 

Drierite® and KOH). Commercially available reagents and 

solvents were used as received from Aldrich Chemical 

Company, Inc., Fisher Scientific, Acros Organics, 

Mallinckrodt Baker, Inc., EM Science, Alfa Aesar, and 

Pharmco Products, Inc. Vacuum filtration was accomplished 

using a porcelain Büchner funnel fitted with Whatman filter 

paper of corresponding size or a glass Büchner funnel with 

medium frit and Celite® 454 filter agent. All reactions were 

magnetically stirred and monitored by thin-layer 

chromatography. Routine thin-layer chromatography was 

done using Si250F pre-coated silica gel plates from JT Baker 

or Silica Gel 60 F254 pre-coated plates from EM Science. 

Unless otherwise noted, flash column chromatography was 

performed with 230-400 mesh Ultra Pure silica gel from 

SiliCycle using hexanes-ethyl acetate as the eluent. 1H and 
13C NMR spectra were obtained on a GE QE-300 

spectrometer. Chemical shifts were reported with CDCl3 (δ 

7.26 ppm for 1H and δ 77.23 ppm for 13C), DMSO-d6 (δ 2.50 

ppm for 1H and δ 39.51 ppm for 13C) or MeOH-d4 (δ 3.31 

ppm for 1H and δ 49.00 ppm for 13C) as internal references 

(Cambridge Isotope Labs, Inc.). Melting points were taken 

on an Electrothermal® melting apparatus and are uncorrected. 

Infrared spectra were taken on a Midac Corporation M series 

FT-IR spectrometer. Elemental analyses were performed by 

Atlantic Microlab (Norcross, GA) and mass spectrometry 

was conducted at the Mass Spectrometry Laboratory of the 

University of Illinois at Urbana-Champaign, School of 

Chemical Science. X-ray crystallographic analysis was 

provided by the Yale University Chemical Instrumentation 

Center X-ray crystallography facility. 

2.2. Determination of Inhibition Constant 

(IC50) 

All analyses were performed using Microcal Origin 6.0. The 

data was fit using a logistic function of the form 

1 2
2

0

1

−
= +

 
+  
 

p

A A
y A

x

x

, where A1 and A2 are the initial and final 

values of the % complex formation, x0 is the midpoint (IC50), 

p is an arbitrary power, x refers to an inhibitor concentration, 

and y is the % complex found at that inhibitor concentration. 

3. Results and Discussion 

We sought to develop a peptidomimetic approach that would 

allow the initial use of known RNA attractive functional 

groups, such as the guanidine of arginine and the carboxylic 

acid of aspartic acid, on a diversity scaffold (Figure 2). By 

initially employing these functional groups in an effort to 

obtain good affinity, the diversity scaffold could later be used 

in an effort to identify additional functional groups that could 

enhance affinity and/or selectivity. Even in the absence of 

being able to eventually remove the basic or charged groups 

from the scaffold, this approach would allow the 

development of a molecule with alterable features at three 

different positions in the molecules in a synthetically 

accessible fashion [35]. This versatility is not present in 

aminoglycoside-based inhibitors [36, 37]. 

 

Figure 2. Synthetic strategy for the construction of the bicyclic scaffold. 

Guanidines are common molecular recognition elements in 

natural systems [38-40]. For this reason, a guanidinium group 

was chosen as the first recognition element in our modular 

scaffold design. The second functional group chosen for the 

inhibitor scaffold was a carboxylate, whose role in RNA 

recognition is much less characterized. The charge repulsion 

with the phosphate backbone might suggest a negative effect 

on inhibitory power. Binding analysis of 2-methyl-4-

carboxy-5-hydroxy-3,4,5,6-tetrahydropyrimidine with TAR 

(KI = 50-100 nM), however, hints at a potentially beneficial 

contribution from the carboxylate, which may be engaged in 

hydrogen bonding with amino group protons distal to the 

nucleic acid bases [21]. 

As seen in Figure 2, the scaffolds originate from reactions 
between diazoimides (dipole precursors) and guanidine-
containing dipolarophiles. Homologous dipole precursors (m 
= 1-5) were synthesized from commercially available linear 
amino acids as shown in Figure 3. Sonication-assisted 
acylation of amino acids 1a-e, from glycine to 6-
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aminocaproic acid, with subsequent esterification, generated 
a series of amides 2a-e. These were efficiently converted to 

diazoimides 4a-e via an imidation-diazotransfer sequence 
using methyl malonyl chloride 3 and mesyl azide. 

 

Figure 3. Synthesis of linear scaffold precursors 5a-e. Conditions: (a) Ac2O, sonication, 23oC, 15 min.; (b) BnOH, CDI, Et3N, DCM, 5 h, 23°C; (c) Toluene, 
N2, 30 min, 70°C; (d) MsN3, Et3N, THF, 8 h, 23°C. 

For the assembly of a mimetic library, a series of 

homologous vinyl ethers and primary amines (n = 2-5) was 

synthesized as shown in Figure 4. Phthalimide alcohols 6a-d, 

were treated with Swern oxidation conditions followed by 

acetal formation to give the phthalimide protected acetals 7a-

d. Trimethylsilyl iodide-promoted elimination, followed by 

one-pot deprotection/guanidine installation [41], furnished 

bis(carbonylbenzyloxy)-enol ethers 10a-d. It is worth 

mentioning that the steric nature of the base in the 

elimination step can significantly affect the E/Z ratio of the 

resulting vinyl ethers. A maximal E/Z distribution (1:1) was 

obtained with N-methylmorpholine, while Hünig’s base has 

strongly favored undesired Z isomer (1:9), and 

trimethylamine has led to an intermediate distribution [41]. 

The E and Z isomers were not separated at this point, since 

previous cycloaddition studies have indicated that a 

significant kinetic bias in the cycloaddition step was expected 

to enrich the formation of the desired trans product [41]. 

 

Figure 4. Synthesis of guanidine dipolarophiles 10a-d. Conditions: (a) Oxalyl chloride, DMSO, DCM, Et3N, 30 min, -78°C to 23°C, then MeOH, Amberlyst-
15, 4Å molecular sieves, 8h, 23°C.; (b) TMSCl, NaI, N-methylmorpholine, pyridine, 3 h, 23°C to 80°C; (c) NH2NH2, MeOH, 2 h reflux; (d) 5 h, 23°C. 
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A rhodium(II)perfluorobutyramidate [Rh2(C3F7CONH2)4] 

mediated 1,3-dipolar cycloaddition reaction was used to 

construct the R-D panel as shown in Figure 5 [34,41]. The 

array was assembled by twenty reactions involving each of 

the five dipole precursors (5a-e) with each of the four 

dipolarophiles (10a-d), yielding a single diastereomeric set of 

cis/trans cycloadducts. The major trans species were readily 

separated and isolated in pure form through flash 

chromatography. Simultaneous deprotection of benzyl ester 

and bis(carbonylbenzyloxy)-guanidine via hydrogenolysis 

yielded the potential mimetics 11-30 as water-soluble 

zwitterions. Since the 20-member library (n = 2-5, m = 1-5) 

was synthesized in a parallel manner, each molecule can be 

individually evaluated for potential inhibitory activity. 

 

Figure 5. Synthesis of R-D panel using rhodium(II) catalyzed 1,3-dipolar 
cycloaddition. Conditions: (a) Rh2(C3F7CONH2)4, 4Å molecular sieves, 

BnH, N2, 3h, 60°C.; (b) 10% Pd/C, 1,4-cyclohexadiene, CH3CN/H2O, 24 h, 
23°C. 

Initial binding studies were carried out using a mobility-shift 

gel electrophoresis assay with the Tfr24 peptide and 

∆TAR.Tfr-24 peptide was chemically synthesized, and 

∆TAR RNA was prepared enzymatically as previously 

described [42]. The RNA was snap-cooled (heated for a short 

period and then quickly frozen) so that it would adopt the 

necessary hairpin structure and not be a linear single-stranded 

chain. The peptide was titrated against radiolabeled 5’ [γ-
32P]∆TAR RNA at 60 pM in 10 µL [10 mM Tris (pH 7.5), 70 

mM NaCl, 0.2 mM EDTA, 5% glycerol at 22°C] to establish 

a concentration at which all the RNA was bound when 

subjected to gel electrophoresis [10% w/v acrylamide and 

75:1 w/w acrylamide/bis(acrylamide) in 45 mM Tris-borate, 

1 mM EDTA, 20°C]. Inhibition of binding was performed 

under conditions that gave approximately 80% binding in the 

absence of inhibitor. After an initial equilibration period, the 

bicyclic compounds 11-30 and argininamide were added to 

the mixtures containing the peptide (0.65 nM) and RNA 

fragment, and the solutions were incubated for an additional 

20 minutes at 22°C. After gel electrophoresis, the relative 

amounts of complexed and free RNA were quantified using a 

Phosphorimager. A preliminary screen was performed at 200 

µM inhibitor concentration (Figure 6). Of the twenty member 

array, compounds 11, 16, 17, 22, 26, 27 and 29 were found to 

inhibit the Tfr24 gel-shift at this concentration and were 

selected for further analysis in a concentration-dependent 

gel-shift assay (Figures 7 and 8) [34,41]. 

 

 

Figure 6. Gel-shift screen for binding activity (inhibitor concentrations were 
all at 200 µM). In each lane the upper band corresponds to the ∆TAR-Tfr24 
complex, and the lower band corresponds to the free ∆TAR RNA. Top (l-r): 
∆TAR-Tfr24 complex only, complex + arginine, complex + 11, complex + 
12, complex + 13, complex + 14, complex + 15, complex + 21, complex + 

22, complex + 23, complex + 24, complex + 25. Bottom (l-r): complex + 16, 
complex + 17, complex + 18, complex + 19, complex + 20, blank, complex 

+ 26, complex + 27, complex + 28, complex + 29 (twice), complex + 30. 

 

Figure 7. Dose-dependent gel-shift experiment for inhibitor 11. Inhibitor 
concentrations in the first ten lanes are as follows (l-r): 1 µM, 50 µM, 100 
µM, 200 µM, 300 µM, 400 µM, 500 µM, 600 µM, 700 µM, 800 µM, 900 
µM. The last two lanes correspond to free ∆TAR and ∆TAR complexed 

withTfr24, respectively. 

 

Figure 8. Dose-dependent gel-shift curves for the most active scaffold 
molecules. 
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Interestingly, several library members performed 

significantly better than argininamide, a known inhibitor that 

lacks a carboxylic acid functional group. Several of the more 

potent compounds revealed an IC50 of 58-82 µM for the most 

active molecules 11 (n=2, m=1), 21 (n=4, m=1), 26 (n=5, 

m=1), and 27 (n=5, m=2), as shown in Table 1 [34,42]. 

Table 1. Gel-shift IC50 values (in µM) for the R-D scaffold array. 

 m=1 m=2 m=3 m=4 m=5 

n=2 58 - - - - 

n=3 119 113 - - - 

n=4 68 210 - - - 

n=5 76 82 - 324 - 

In the case of aminoglycoside-based inhibitors, much of 

their activity seems to be due to the preponderance of 

positively charged groups which can make favorable 

electrostatic contacts with RNA. This phenomenon tends 

to make these compounds fairly specific for RNA vs. DNA 

or proteins, but not very selective within the RNA world. 

This lack of selectivity is particularly disheartening when 

the plethora of RNA present in the cellular milieu is 

considered, given that approximately 80% of the total 

RNA is ribosomal RNA and another 10-15% of it is tRNA 

[43]. They have fallen out of favor clinically because of 

toxicity and widespread bacterial resistance [44]. They are 

also fairly promiscuous, conceivably due to the 

electrostatic nature of their recognition of RNA. 

Exacerbating matters, the charged nature of these 

compounds limits cellular uptake. Peptidomimetics can be 

synthesized with high (nM) affinity for RNA, but these 

molecules typically contain a large number (as many as 

nine) of guanidinium groups [17]. It is worth mentioning 

that several leads for RNA-based therapeutics are in the 

µM range [45-51]. 

With m ≤ 5 and n ≤ 5, it was assumed that adequate 

conformational space was covered for the necessary 

intermolecular forces in RNA-small molecule binding. In 

order to evaluate the conformational flexibility of the larger 

scaffold panel members, a molecular mechanics calculation 

was used to evaluate all conformations within 3 kcal/mol. 

The conformational flexibility of each member (n = 2-5 an m 

= 1-5) was calculated separately in order to obtain the 

complete conformational freedom of each position, without 

regard to interaction with each other. Two representative 

members (26 and 30) are shown in Figure 9. The dependence 

on n, the distance from the scaffold to the carboxylate, is 

clearly dominated by either n = 1 or n = 2. Interestingly, there 

seems to be negligible dependence on m, provided that n is 

small. A proposed model for the activity of these inhibitors is 

shown in Figure 10. 

 

Figure 9. Graphical representation of the conformational flexibility of the 
higher n,m R-D panel members and the more restricted m = 1 position. 

 

Figure 10. A possible model for key contacts made between inhibitor 11 and 
∆TAR RNA. Shown here are putative contacts made with a G:C base pair, an 

A:U base pair, and the phosphate backbone. 

4. Conclusions 

In principle, drugs that distinguish RNA could work by any 

number of mechanisms: altering the conformation of the 

nucleic acid (and therefore its function), modifying its 

interaction with effector proteins, and forming covalent 

adducts are just some of the possibilities. Initial attempts at 

designing these drugs include replacing the amide backbone 

of the Tat protein with an oligocarbamate-based polymer 

[52], using D-amino acids [53], and peptoids [17]. While 

these approaches did result in several good (µM-nM) binders 

in vitro, their in vivo properties were disappointing due to 

their size and lack of “drug-like” properties. 

Aminoglycosides serve as the model compounds for a great 

deal of RNA-based work, and their prevalence has led to a 

number of very important advances. Unfortunately, their lack 

of specificity and highly-charged state renders them 

suboptimal starting points for rational drug design. 

Intercalators which stack on DNA can in some cases 
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acknowledge local deformations in the RNA which permit 

their entry, for example, into the major groove or near bulge 

regions. Regrettably, there is not (yet) an apparent correlation 

between structure, in vitro binding data, and in vivo function. 

Combinatorial, semi-synthetic, biosynthetic and 

bioinformatics approaches seem to be the most promising, as 

an incredible amount of structural diversity can be accessed 

in a relatively simple format, thus allowing one to elucidate 

structure-activity (SAR) profiles. 

In conclusion, the ability of a compact, bicyclic framework to 

present chemical functionality in a manner that is amenable 

to RNA affinity has been demonstrated. From a panel of 

twenty initial compounds, three lead molecules with good 

affinity were observed. Six molecules showed better 

inhibition than the known TAR binder argininamide. It 

should be noted that each panel molecule with affinity can be 

further elaborated at three remaining diversity positions. 

Three combinatorial positions with twenty members at each 

site will allow for 20x20x20=8,000 library members. In 

addition, since the construction of these molecules is 

modular, each member only requires the same number of 

steps for synthesis as the original panel. The structural 

characterization and functional elaboration of these 

molecules, as well as the evaluation of the specificity of these 

molecules for ∆TAR RNA, are the focus of current research 

efforts. 

Acknowledgments 

The author thanks the National Institutes of Health R01 

GM59673 for financial support, as well as Dr. David J. 

Austin, Dr. Donald M. Crothers, Dr. Sergey N. Savinov and 

Dr. Dafna Nathan for all of their help with this project. 

References 

[1] Schroeder, R. and von Ahsen, U. (1996). Nucleic Acids and 
Molecular Biology (Eckstein, F. and Lilley, D. M. J., eds.), 
Springer-Verlag, Heidelberg, 53-74. 

[2] von Ahsen, U., Davies, J. and Schroeder, R. (1991). Antibiotic 
inhibition of group I ribozyme function. Nature 353:368-370. 

[3] Stage, T. K., Hertel, K. J. and Uhlenbeck, O. C. (1995). 
Inhibition of the hammerhead ribozyme by neomycin. RNA, 
1: 95-101. 

[4] Rogers, J., Chang, A. H., von Ahsen, U., Schroeder, R. and 
Davies, J. (1996). Inhibition of the self-cleavage reaction of 
the human hepatitis delta virus ribozyme by antibiotics. J. 
Mol. Biol., 259: 916-925. 

[5] Draper, D. E. (1995). Protein-RNA recognition. Ann. Rev. 
Biochem., 64:593-620. Draper, D. E. (1999). Themes in RNA-
protein recognition. J. Mol.. Biol., 293: 255-270. 

[6] Arnez, J. G. and Cavarelli, J. (1997). Structures of RNA-

binding proteins. Q. Rev. Biophys., 30(3):195-240; Basu, S. 
and Bahadur, R. P. (2016) A structural perspective of RNA 
recognition by intrinsically disordered proteins. Cell Mol. Life 
Sci., Ahead of Print. 

[7] Ascano, M., Hafner, M., Cekan, P., Gerstberger, S. and Tuschl, 
T. (2012) Identification of RNA-protein interaction networks 
using PAR-CLIP. RNA, 3(2): 159-177; Re, A., Joshi, T., 
Kulberkyte, E., Morris, Q. and Workman, C. T. (2014). RNA-
Protein Interactions: An Overview, Meth. Mol. Biol., 1097: 
491-521. 

[8] Uhlenbeck, O. C., Pardi, A. and Feigon, J. (1997). RNA 
structure comes of age. Cell, 90:833-840; Marchaka, A. and 
Carlomagno, T. (2014). Solid-state NMR and RNA structure: 
A new partnership? eMagRes, 3(2):119-128 ; Fiscon, G., Paci, 
P. and Iannello, G. (2015), MONSTER v1. 1: a tool to extract 
and search for RNA non-branching structures, BMC 
Genomics, 16(Suppl.6):S1/1-S1/10; Achar, A. and Saetrom, P. 
(2015). RNA motif discover: a computational overview, Biol. 
Direct, 10: 61/1-61/22. 

[9] Grimm, D. (2009). Small silencing RNAs: State-of-the-art. 
Adv. Drug Del. Rev., 61(9):672-703; Millhavet, O., Gary, D. 
S., Mattson, M. P. (2003). RNA interference in biology and 
medicine. Pharm Rev. 55(4), 627-648; Hsu, P. D., Lander, E. 
S. and Zhang, F. (2014). Development and applications of 
CRISPR-Cas9 for genome editing. Cell, 157: 1262-1278. 
Abudayyeh, O. O., Gootenberg, J. S. Konermann, S., Joung, 
J., Slaymaker, I. M., Cox, D. B. T., Shmakov, S., Makarova, 
K. S., Semenova, E., Minakhin, L., Severinov, K., Regev, A. 
Lander, E. S., Koonin, E. V. and Zhang, F. (2016). C2c2 is a 
single-component programmable RNA-guided RNA-targeting 
CRISPR effector, Science, 2016, first release June 2, 1-17. 

[10] Chow, C. S. and Bogdan, F. M. (1997). A Structural Basis for 
RNA-Ligand Interactions. Chem. Rev., 97:1489-1514. 

[11] Wilson, W. D. and Li, K.. (2001). Targeting RNA with small-
molecules. Curr. Med. Chem., 7: 73-98. Philips, A., 
Milanowska, K., Lach, G. and Bujnicki, J. M. (2013) 
LigandRNA: computational predictor of RNA-ligand 
interactions, RNA, 19(12):1605-1616; Philips, A., Lach, G. 
and Bujnicki, J. M. (2015) Computational methods for 
prediction of RNA interaction with metal ions and small 
organic ligands. Meth. Enzym., 553: 261-285. 

[12] Xavier, K. A., Eder, P. S and Giordano, T. (2000). RNA as a 
drug target: methods for biophysical characterization and 
screening. Trends Biotech, 18:349-356. Da Veiga, C., Mezher, 
J., Dumas, P. and Ennifar, E. (2016) Isothermal Titration 
Calorimetry: Assisted Crystallization of RNA-Ligand 
Complexes, Meth. Mol. Biol., 1320, 127-143. 

[13] Gallego, J. and Varani, G. (2001). Targeting RNA with small-
molecule drugs: Therapeutic promise and chemical 
challenges. Acc. Chem. Res., 34:836-843; Zacharias, M. 
(2003). Perspectives of drug design that targets RNA. Curr. 
Med. Chem.: Anti-Infective Agents, 2:161-172; Zaman, G. J. 
R., Michiels, P. J. A. and von Boeckel, C. A. A. (2003). 
Targeting RNA: new opportunities to address drugless targets. 
Drug Disc. Today, 8: 297-306. 

[14] Tran, T. (2014) The expansion and application of the RNA-
small molecule partner database by two-dimensional 
combinatorial screening, in Stat Univ. of New York, Buffalo, 
NY, pp. 400; Velagapudi, S. P. (2014) Characterizing RNA-
Small Molecule Interactions for the Design of Selective, 
Bioactive Small Molecules Targeting RNA from Sequence, in 
Stat Univ. of New York, Buffalo, NY, pp. 367. 



67 Ruben M. Savizky:  Design, Synthesis and Evaluation of RNA-binding [2.2.1] Bicyclic Scaffolds:  
Application to HIV-1 Tat/TAR Inhibition 

[15] Disney, M. D., Yildrin, I. and Childs-Disney J. L. (2014) 
Methods to enable the design of bioactive small molecules 
targeting RNA. Org. Biomol. Chem., 12(7): 1029-1039. 

[16] Hermann, T. and Westhof, E. (2000). Rational drug design and 
high-throughput techniques for RNA targets. Comb. Chem. & 
High Thr. Scr.., 3:219-234. Lorenz, D. A., Song, J. M. and 
Garner, A. L. (2015) High-throughput platform assay 
technology for the discovery of pre-microRNA-selective small 
molecule probes. Bioconj. Chem., 26(1): 19-23. 

[17] Hamy, F., Felder, E. R., Heizmann, G., Lazdins, J. and Aboul-
ela, F. (1997). An inhibitor of the Tat/TAR RNA interaction 
that effectively suppresses HIV-1 replication. Proc. Natl. 
Acad. Sci. USA, 94: 3548-3553; Zeiger, M., Stark, S., Kalden, 
E., Ackermann, B., Ferner, J., Scheffer, U., Shoja-Bazargani, 
F., Erdel, V., Schwalbe, H. and Goebel, M. W. (2014) 
Fragment based search for small molecule inhibitors of HIV-1 
Tat-TAR. Bioorg. Med. Chem. Lett., 24(24):5576-5580; 
Crawford, D. W., Blakeley, B. D., Chen, P.-H., Sherpa, C., Le 
Grice, S. F. J., Laird-Offringa, I. A and McNaughton, B. R. 
(2016) An Evolved RNA Recognition Motif That Suppresses 
HIV-1 Tat/TAR-Dependent Transcription. ACS Chem. Biol, 
Ahead of print. 

[18] Ludwig, V., Krebs, A., Stoll, M., Dietrich, U., Ferner, J., 
Schwalbe, H., Scheffer, U., Durner, G. and Gobel, M. W. 
(2007). Tripeptides from synthetic amino acids block the Tat-
TAR association and slow down HIV spread in cell cultures. 
Chembiochem, 8(15):1850-1856; Mousseau, G., Mediouni, S. 
and Valente, S. T. (2015) Targeting HIV Transcription: the 
quest for a functional core. Curr. Topics Microbiol., Immunol., 
389: 121-145. 

[19] Peytou, V., Condom, R., Patino, N., Guedj, R., Aubertin, A., 
Gelus, N., Bailly, C., Terreux, R and Cabral-Bass, D. (1999). 
Synthesis and Antiviral Activity of Ethidium-Arginine 
Conjugates Directed Against the TAR RNA of HIV-1. J. Med. 
Chem., 42:4042-4052; Wang, J., Wang, Y., Li, Z., Zhan, P., 
Bai, R., Pannecouque, C., Balzarini, J., De Clerq, E. and Liu, 
X. (2014) Design, Synthesis and Biological Evaluation of 
Substituted Guanidine Indole Derivatives as Potential 
Inhibitors of HIV-1 Tat-TAR Interaction. Med. Chem., 10(7): 
738-746; Pascale, L., Gonzalez, A. L., Di Giorgio, A., 
Gayinski, M., Teixido Closa, J., Tejedor, R. E., Azoulay, S. 
and Patino, N. (2015) Deciphering structure-activity 
relationships in a series of Tat/TAR inhibitors. J. Biomol. 
Struct. Dyn., 1-54. 

[20] Litovchick, A., Evdokimov, A. G. and Lapidot, A. (1999). 
Arginine-aminoglycoside conjugates that bind to HIV 
transactivation responsive element RNA in vitro. FEBS Lett., 
445:73-79; Joly, J.-P., Mata, G., Eldin, P., Briant, L., Fontaine-
Vive, F., Duca, M. and Benhida, R. (2014) Artificial 
nucleobase-amino acid conjugates: a new class of TAR RNA 
binding agents, Chemistry, 20(7): 2071-2079. 

[21] Lapidot, A., Benasher, E. and Eisenstein, M (1995). 
Tetrahydropyrimidine Derivatives Inhibit Binding of a Tat-
Like, Arginine-Containing Peptide, to HIV TAR RNA in vitro. 
FEBS Lett., 367: 33-38. 

[22] Hermann, T. and Westhof, E. (1998). RNA as a drug target: 
chemical, modelling, and evolutionary tools. Curr. Opin. 
Biotech., 9:66-73; Sukosd, Z., Andersen, E. S., Seemann, S. 
E., Jensen, M. K., Hansen, M., Gorodkin, J. and Kjems, J. 
(2015). Full-length RNA structure prediction of the HIV-1 
genome reveals a conserved core domain. Nuc. Acids Res., 
43(21): 10168-10179. 

[23] Bayer, P., Kraft, M., Eichert, A., Westendorp, M., Frank, R. 
and Rösch, P. (1995). Structural studies of HIV-1 Tat protein. 
J. Mol. Biol., 247:529-535; Gu, J., Babayeva, N. D., Suwa, Y., 
Baranovskiy, A. GG., Price, D. H. and Tahirov, T. H. (2014) 
Crystal structure of HIV-1 Tat complexed with human P-TEFb 
and AFF4. Cell Cycle, 13(11): 1788-1797. 

[24] Long, K. S. and Crothers, D. M.. (1995). Interaction of 
Human Immunodeficiency Virus Type 1 Tat-Derived Peptides 
with TAR RNA. Biochemistry, 34, 8885-8895. 

[25] Long, K. S. and Crothers, D. M.. (1999). Characterization of 
the Solution Conformations of Unbound and Tat Peptide-
Bound Forms of HIV-1 TAR RNA. Biochemistry, 38, 10059-
10069. 

[26] Tao, J. and Frankel, A. D. (1993). Electrostatic interactions 
modulate the RNA-binding and transactivation specificities of 
the human immunodeficiency virus and simian 
immunodeficiency virus Tat proteins. Proc. Natl. Acad. Sci. 
USA, 90: 1571-1575. 

[27] Puglisi, J. D., Tan, R. Y., Calnan, B. J., Frankel, A. D. and 
Williamson, J. R., (1992). Conformation of the TAR RNA-
Arginine Complex by NMR Spectroscopy. Science, 257: 76-
80. 

[28] Dingwall, C., Ernberg, I., Gait, M. J., Green, S. M., Heaphy, 
S., Karn, J., Lowe, A. D., Singh, M., Skinner, M. A. and 
Valerio, R. (1989). Human immunodeficiency virus 1 tat 
protein binds trans-activation-responsive region (TAR) RNA 
in vitro. Proc. Natl. Acad. Sci. USA, 86: 6925-6929. 

[29] Dingwall, C., Ernberg, I., Gait, M. J., Green, S. M., Heaphy, 
S., Karn, J., Lowe, A. D., Singh, M. and Skinner, M. A. 
(1990). HIV-1 Tat protein stimulates transcription by binding 
to a U-rich bulge in the stem of the TAR RNA structure. 
EMBO J., 9(12): 4145-4153. 

[30] Churcher, M. J., Lamont, C., Hamy, F., Dingwall, C., Green, 
S. M., Lowe, A. D., Butler, J. G., Gait, M. J. and Karn, J. 
(1993). High affinity binding of TAR RNA by the human 
immunodeficiency virus type-1 tat protein requires base-pairs 
in the RNA stem and amino acid residues flanking the basic 
region. J. Mol.. Biol., 230: 90-110. 

[31] Weeks, K. M. and Crothers, D. M. (1991). RNA recognition 
by Tat-derived peptides: interaction in the major groove? Cell, 
66:577-588. 

[32] Subramanian, T., Govindarajan, R. and Chinnadurai, G. 
(1991). Heterologous basic domain substitutions in the HIV-1 
Tat protein reveal an arginine-rich motif required for 
transactivation. EMBO J., 10(8):2311-2318; Wu, C.-H., Chen, 
Y.-P., Liu, S.-L., Chien, F.-C., Mou, C.-Y. and Chen, R. P. 
(2015) Attenuating HIV Tat/TAR-mediated protein expression 
by exploring the side chain length of positively charged 
residues. Org. Biomol Chem., 13(45): 11096-11104. 

[33] Moras, D. and Poterszman, A. (1996). Protein-RNA 
interactions:getting into their major groove. Curr. Biol., 6(5): 
530-532. 

[34] Aboul-ela, F., Karn, J. and Varani, G (1995). The structure of 
the human immunodeficiency virus type-1 TAR RNA reveals 
principles of RNA recognition by Tat protein. J. Mol. Biol., 
253: 313-332. 

[35] Savinov, S. N. (2000). Design, synthesis and application of a 
hetero-bicycle-based peptidomimetic scaffold. In Yale Univ, 
New Haven, CT, USA, pp 305. 



 International Journal of Chemical and Biomolecular Science Vol. 2, No. 3, 2016, pp. 60-68 68 
 

[36] Park, W. K. C., Auer, M., Jaksche, H. and Wong, C. H. (1996). 
Rapid combinatorial synthesis of aminoglycoside antibiotic 
mimetics: Use of a polyethylene glycol-linked amine and a 
neamine-derived aldehyde in multiple component 
condensation as a strategy for the discovery of new inhibitors 
of the HIV RNA Rev responsive element. J. Am. Chem. Soc., 
118:10150-10155; Ranjan, N., Kumar, S., Watkins, D., Wang, 
D., Appella, D. H. and Arya, D. P. (2013) Recognition of HIV-
TAR RNA using neomycin-benzimidazole conjugates. Bioorg. 
Med. Chem. Lett., 23(20): 5689-5693. 

[37] Michael, K and Tor, Y. (1998). Designing novel RNA binders. 
Chem. Eur. J., 4:2091-2098. 

[38] Berlinck, R. G. S. (1996). Natural guanidine derivatives. Nat. 
Prod. Rep., 13:377-409; Berlinck, R. G. S. (1999). Natural 
guanidine derivatives. Nat. Prod. Rep., 16:339-365; Berlinck, 
R. G. S. (2002). Natural guanidine derivatives. Nat. Prod. 
Rep., 19:617-649; Berlinck, R. G. S. and Kossuga, M. H. 
(2005). Natural guanidine derivatives. Nat. Prod. Rep., 
22:516-550; Berlinck, R. G. S. and Romminger, S. (2016) The 
chemistry and biology of guanidine natural products. Nat. 
Prod. Rep., 33(3): 456-490; 

[39] Alegre-Requena, J. V., Marques-Lopez, E. and Herrera, R. P. 
(2014) Guanidine motif in biologically active peptides. 
Australian J. Chem., 67(7):965-971; Sekutor, M. and 
Mlinaric-Majerski, K. (2015) Bioactive molecules – 
polycyclic guanidine derivatives. Kemija u Industriji, 64(3-4): 
125-141. 

[40] Alonso-Moreno, C., Antinolo, A., Carrillo-Hemosilla, F. and 
Otero, A. (2014) Guanidines: from classical approaches to 
efficient catalytic syntheses. Chem. Soc. Rev., 43(10), 3406-
3425; Tahir, S., Badshah, A. and Hussain, R. A. (2015) 
Guanidines from ‘toxic substance’ to compounds with 
multiple biological applications – Detailed outlook n synthetic 
procedures employed for the synthesis of guanidines. Bioorg. 
Chem., 59:39-79; Zhang, W.-X., De, S. and Chen, C. (2015) 
Syntheses of cyclic guanidine-containing natural products. 
Tetrahedron, 71(8):1145-1173; Lemrova, B. and Soural, M. 
(2015) Synthetic Strategies for Preparing Bicyclic Guanidines. 
Eur. J. Org. Chem., 2015(9): 1869-1886. 

[41] Savinov, S. N. and Austin, D. J. (1999). The diastereoselective 
cycloaddition of vinyl ethers with isomunchnones. Chem. 
Comm., 1813-1814. 

[42] Savizky, R. M. (2005). Synthetic and Biophysical Efforts 
Toward an Understanding of RNA Structure. In Yale Univ, 
New Haven, CT, USA, pp 263. 

[43] Johnson, E. C., Feher, V. A., Peng, J. W., Moore, J. M. and 
Williamson, J. R. (2003). Application of NMR SHAPES 
screening to an RNA target. J. Am. Chem. Soc., 125: 15724-
15725. 

[44] Kotra, L. P., Haddad, J. and Mobashery, S. (2000). 
Aminoglycosides: Perspectives on mechanisms of action and 
resistance and strategies to counter resistance. Antimic. 
Agents Chemo., 44: 3249-3256. 

[45] Swayze, E. E., Jefferson, E. A., Sannes-Lowery, K. A., Blyn, 
L. B. Risen, L. M., Arakawa, S., Osgood, S. A., Hofstadler, S. 
A. and Griffey, R. H. (2002). SAR by MS: A ligand based 
technique for drug lead discovery against structured RNA 
targets. J. Med. Chem., 45: 3816-3819. 

[46] Mei, H. Y., Mack, D. P., Galan, A. A., Halim, N. S., 
Heldsinger, A., Loo, J. A., Moreland, D. W., Sannes-Lowery, 
K. A., Sharmeen, L., Truong, H. N. and Czarnik, A. W. (1997). 
Discovery of selective, small-molecule inhibitors of RNA 
complexes. 1. The Tat protein TAR RNA complexes required 
for HIV-1 transcription. Bioorg. & Med. Chem., 5: 1173-1184. 

[47] Mischiati, C., Jeang, K. T., Feriotto, G., Breda, L., Borgatti, 
M., Bianchi, N. and Gambari, R. (2001). Aromatic 
polyamidines inhibiting the Tat-induced HIV-1 transcription 
recognize structured TAR-RNA. Antisense & Nuc. Acid Drug 
Dev., 11: 209-217. 

[48] Davis, B., Afshar, M., Varani, G., Murchie, A. I. H., Karn, J., 
Lentzen, G., Drysdale, M., Bower, J., Potter, A. J., Starkey, I. 
D., Swarbrick, T. and Aboul-ela, F. (2004). Rational design of 
inhibitors of HIV-1 TAR RNA through the stabilisation of 
electrostatic “hot spots”. J. Mol. Biol., 336: 343-356. 

[49] Murchie, A. I. H., Davis, B., Isel, C., Afshar, M., Drysdale, M. 
J., Bower, J., Potter, A. J., Starkey, I. D., Swarbrick, T. M., 
Mirza, S., Prescott, C. D., Vaglio, P., Aboul-ela, F. and Karn, J. 
(2004). Structure-based drug design targeting an inactive RNA 
conformation: Exploiting the flexibility of HIV-1 TAR RNA. 
J. Mol. Biol., 336: 625-638. 

[50] Jefferson, E. A., Sprankle, K. G. and Swayze, E. E. (2000). 
Solid-phase synthesis of a heterocyclic ethylenediamine-
derivatized library. J. Comb. Chem., 2: 441-444. 

[51] An, H. Y., Haly, B. D., Fraser, A. S., Guinosso, C. J. and 
Cook, P. D. (1997). Solution phase combinatorial chemistry. 
Synthesis of novel linear pyridinopolyamine libraries with 
potent antibacterial activity. J. Org. Chem., 62: 5156-5164. 

[52] Wang, Y., Hamasaki, K. and Rando, R. R. (1997). Specificity 
of aminoglycoside binding to RNA constructs derived from 
the 16S rRNA decoding region and the HIV-RRE activator 
region. Biochemistry, 36: 768-779. 

[53] Huq, I., Wang, X. L. and Rana, T. M. (1997). Specific 
recognition of HIV-1 TAR RNA by a D-Tat peptide. Nat. 
Struct. Biol, 4: 881-882. 

 

 


