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Paul J. Hergenrother at the University of lllinois at Urbana—Champaign. In
1. Introduction his graduate work, Jason developed a novel strategy to combat multidrug-

. . . resistant bacteria using small molecules to induce the elimination of plasmids
The recently discovered functions of RNA dramatically  that carry resistance-mediating genes. These compounds act by targeting

expand the cellular roles for this macromolecule. RNA can a specific regulatory element in the mRNA of an essential protein for plasmid
no longer be viewed as a passive element, working simply replication. He also developed small molecule ligands with specificity and
as an intermediary between genomic information and the affinity for RNA hairpin loops. After receiving his Ph.D. degree in July 2007
primary sequence of proteins. Rather, it is now recognized Be Jo'”eﬂ tlhe .'abor?"togy of Pr%%sfor ge.”lam'” F-I Cra"i“ at the ?:C”pps
that RNA is essential for transcriptional regulatfotrans- Sg:;etx;cpogztggttgr;? Felﬁgevﬁ and Is currently an American Cancer
lational regulatior?;® protein functiort® and catalysi§, '

responsibilities that have classically been reserved for
proteins. This recent explosion in RNA biology underscores
the importance of RNA in normal and aberrant cellular
functions and highlights the potential of targeting RNA for
the treatment of a multitude of disease states.

Given the diversity of RNA function, small molecules that
selectively bind to RNA may provide novel points of
therapeutic intervention. In fact, it is becoming increasingly
clear that for certain pathways and diseases RNA targets may
be the best and only option due the intractability of targeting
certain segments of the proteome and the inherent difficulty
of targeting DNA. The percentage of proteins that are
considered “drugable” is a matter of some debate. Although
the predicted value varies between investigatioffsa recent
study concluded that only 207 proteins encoded within the .
human genome are targeted by the current FDA-approved Paul J. Hergenrother was born in 1972 and raised in Akron, OH. He attend-
small molecule drug§E These current protein targets are only ed thg Uniyersity of Notre Dame, where he received_ his _B.S. degree in
a small subset of the 1620 proteins directly linked to genetic Chemistry in 1994. From there he moved to the University of Texas at

di d inut i f the hundreds of th d Austin to conduct graduate research under the direction of Professor Stephen
Isease and a minute portion of the hundreds of thOUSandSt -~ vjartin, While in the Martin laboratory Paul elucidated the catalytic

(including post-translational modifications and splice vari- mechanism of phospholipase C and completed the total synthesis of
ants) of human proteini$.Furthermore, of the 207 protein  erythromycin B. He graduated with his Ph.D. degree in Chemistry in 1999
targets>50% are class | GPCRs, nuclear receptors, or ion and moved on as an American Cancer Society postdoctoral fellow to Harvard
channeld* Compounding issues further, computational University, where he worked in the laboratory of Professor Stuart L. Schreiber
surveys suggest that as little as 15% of proteins within the in the Department of Chemistry and Chemical Biology. While at Harvard

h itable bindi ite for d lik he was involved in the development of small molecule microarrays as a
proteome may have a suitable binding site for drug-like piatom for high-throughput compound screening. He established his own

compounds$,and expanding drug discovery to the disruption janoratory in the Department of Chemistry at the University of llinois at
of protein—protein interactions has proven to be a formidable Urbana—Champaign in 2001. During his Assistant Professor years he was
(:hallengel_5 Thus, even though protein targets are (and will the recipient of an NSF-CAREER Award, a Research Corporation Research
continue to be) the focus of drug discovery, alternative Innovation Award, a Beckman Young Investigator Award, an Alfred P. Sloan

; " . oundation Fellowship, the GlaxoSmithKline Chemistry Scholar Award, the
ﬁg:&eegées to complement traditional protein-based targets are/'ics David Robertson Award for Excellence in Medicinal Chemistry, and

_ the Camille Dreyfus Teacher-Scholar Award and named by Technology

Dervan and co-workers developed an elegant paradigm Review magazine as one of the top innovators under the age of 35. He
of targeting DNA with small molecules that exhibit exquisite was promoted to Associate Professor with tenure in 2006, and since then
Sequence Spec|f|c|t@ DraW|ng |nsp|rat|0n from DNA_ has been the reCipient of the ACS Eli Lllly Award in Biologica[ Chemlstry
binding small molecule natural products, a “modular ca8e” The Hergenrother laboratory seeks to use small molecules to identify and

has b d | d wherein th : e f | validate novel targets for the treatment of intractable diseases, including
as been developed wherein the unique painng ot pyrrole, capeq, neurodegeneration, and multidrug-resistant bacteria. Through their

imidazole, and hydroxypyrrole rings are used to selectively work on novel antibacterials, the Hergenrother laboratory became interested
recognize all combinations of Watsegrick base pairs. By in developing a general strategy for targeting RNA with small molecules.
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targeting 6-16 DNA base pair segments (with binding to target the various classes of RNA secondary structures is
affinities typically in the low- to subnanomolar range), these presented. Finally, some challenges for the future are defined.
sequence-specific polyamides inhibit or induce transcription As this review focuses on small molecules, the targeting of
of specific genes in vitro and in cell cultuté!®As a general ~ RNA with nucleotides or peptidenucleic acid conjugates
tool for chemical biology, the applicability of these sequence- is not covered? 34

specific polyamides in cell culture is case specific as their

nuclear permeability is cell-type dependéhit?:20 2. Contribution of Secondary and Tertiary
While drug-protein interactions are entrenched in the Structure to RNA Folding
psyche of medicinal chemists and drtigNA interactions RNA folding follows a hierarchical pathway analogous

are smaller in number but have multiple success stories, RNAtq that observed for proteins. The primary sequence dictates
has long been neglected as a primary drug target. From ate type of secondary structure formed, which in turn leads
targeting standpoint, RNA exhibits many attractive features g formation of possible tertiary structure via interaction of
similar to those possessed by DNA and/or proteins. Like preformed secondary structures. Previously, RNA tertiary
DNA, the chemical building blocks of RNA are fewer and strycture has been described as a form of “super-secondary
less complex than those of their protein counterparts. Both gtrycture”, although this terminology is no longer uge#.
forms of nucleic acids adopt a regular helix featuring a major Formation of RNA secondary structure dominates the free
and minor groove. However, the regular A-form helix of energy of folding, as each base pair contributes kcal/
RNA is often disrupted by regions of mismatched or unpawed mol of free energy to the final fold3” For example, tRNAs
bases that allow RNA to adopt more complex three-dimen- haye a uniquely evolved tertiary structure; the primary
sional structures, analogous to those observed in proteinsgequence of a tRNA dictates formation of a “clover leaf’

Such structures give rise to defined pockets suitable for bi”d'secondary structure composed of three stem-loop segments.
ing to other RNAS’!??proteins?®and small molecule meta-  y5\vever the well-known three-dimensional structure of

bolites* in addition to allowing for intramolecular interac-  1pNAs s finalized by the interaction between two of the
tions within the transcript to form tertiary structua-urther hairpin loops (the T and C loops). This last step, formation

di_scussion regarding th_e st_ructural properties shared by RNA o tertiary structure, contributes onty1.5 kcal/mol of free
with DNA and/or proteins is presented in section 3. energy®

Some may contend, or even take for granted, that_ the Those concerned with RNAligand interactions, whether
drugability of RNA has already been demonstrated by various g molecule or protein, generally give greater weight to
classes of antibiotics which bind to defined regions of the gg.,ndary structure, as ligand binding sites typically consist
prlcylgarzgotlc ”boslprgzg- Inéjeed, tf}%_amrl%ogly_cqs%ﬂ%?,mac- of a single type of secondary structure. Thus, from a targeting
:r?elireé\ntt?t;;?:%ﬁ;;l] éffaercl:tsml;azgiln(lj?r? t(?nrtillg)(l)()sté?ﬁaelxel?rltl A _persp_e<_:tive, secondar_y_ structure becomes the key determinant
(rRNA). While these drugs h)r:lve conglusively demonstrated n def|n|_ng the drggabﬂ_ﬁy ofa partlcular RNA. Fyrthermore,
that rR.NA is an excellent antibacterial target, there are the notion -Of d|§rup;|ng tertiary structure with ‘a_small
caveats that temper the enthusiasm for the apblicability of molecule binder is ultimately a question of hO.W to prevent
these results to general small molectRNA binding. The two secondary structures from interacting. As different RNAs
ribosome, unlike other forms of RNA, represents a catalyti- from the transcriptome present a multitude of secondary

' ' structures, selectivity between RNA targets can be envisioned

cally competent and abundant form of cellular RNA. The o o A
“holy grail” in small molecule-RNA binding would be the tsrz:ﬁgtglgjk;ersecogmtlon of a specific combination of secondary

selective targeting of single cellular RNA(such as an
][“RN.A transcript, a regulatory RNA, etc.), resulting in 3 pnA Secondary Structure Creates Binding

unctional perturbation of a specific cellular process. Obvi- Pockets for Small Molecules

ously, low copy, noncatalytically active transcripts (for

example) present new targeting challenges relative to the Which sites within RNA can be targeted? Extensive work
ribosome. Thus, while the demonstrated ability of RNA- in this area has suggested that regions where there is a
binding antibiotics to achieve their desired in vivo effect is perturbation of the A-form helix are optimal for RNA
certainly a motivation to attempt the targeting of novel targeting. Such perturbations create various classes of

RNAs, it does not guarantee success. secondary structures, such as hairpin loops, internal loops,
What then is the state of the small molectRNA binding ~ and bulged regions (Figure 1). Unlike the major and minor

field? While progress has been made in the last 10 yearsgrooves of DNA, which permit the binding of small

since a majorChemical Reiews article on this topi¢! molecules, the major and minor grooves of RNA do not

researchers in the field are very far from being able to design afford optimal binding sites for small molecules (Figure2).

a ligand for an RNA simply based on knowledge of a RNA The major groove of RNA is deep and narrow, while the
target sequence; we are nowhere near the development ofninor groove is shallow; as such, the unique geometry of
an RNA-targeting paradigm akin to the Dervan polyamide  the fully base-paired A-form helix is less conducive to small
DNA targeting rules. Most small molecule ligands for RNA molecule binding. It should be noted that in a formal sense
have only modest affinity and selectivity for their target. The the A-form helix does not have “major” and “minor” grooves
aminoglycosides are still typically screened when one is but rather deep and shallow grooves, although in practice
searching for a lead ligand for a new target RNA, and the terms are used interchangeably. The presence of-the 2
relatively few compounds demonstrate any efficacy in cell hydroxyl on RNA bases results in an alternative puckering
culture, let alone in animal models. The goal of this review of the ribose unit as compared to that observed in DNA
is to present a summary of the current state of targeting RNA duplex regions, resulting in a concomitant change in the helix
with small molecules. First, an overview is given of RNA pitch and tilt of the bases. The major groove of RNA is
structure, RNA targets, and the methods for studying RNA  information rich as all the base pairs project their discrimina-
ligand interactions. Then, a comprehensive review of efforts tory edges into the major groov&°Also, positively charged
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than that of DNA* The major difference is that a binding
pocket of a protein is likely to present a contour of positive
and negative potentials. The analogous pockets found in
RNA only present varying degrees of electronegative po-
tentials; that is, the various folds adopted by the different
secondary structures offer distinct binding sites that are
further characterized by their own electronegative landscape.
The secondary structures targeted by small molecules will
be discussed in detail throughout this review.

Internal Hairpin
Loop Loop

B) 4. Molecular RNA Targets

The targeting of RNA with small molecules has the
potential to offer a complementary approach to the targeting
of proteins. As mentioned in the Introduction, many newly
discovered functions of RNA are regulatory mechanisms in
which proteins do not participate. Furthermore, the RNA
component of RNA-protein complexes is often essential for

Duplex '“:‘0:)“3' Bulge HELFP‘“ their function®4® Thus far, small molecule ligands for RNA
) P °p have been developed with three major classes of targets in
Figure 1. Four general classes of RNA secondary structure. (A) mind: antibacterial, antiviral, and mRNA. Within each of

Surface representations of individual secondary structures. Note tha .
the presence of un- or mispaired nucleotides alters the accessibilityttheSe classes of RNA targets various avenues have been

of the major groove. (B) Schematic representation of RNA duplex, PUrsued to achieve the desired biological effect, including
internal loop, bulge, and hairpin loop (also called stem loop) regions inhibiting RNA—protein interactions and preventing protein

of RNA that will be discussed throughout this review. production by binding to a particular mMRNA. This section
will detail the various RNAs that have been targeted by small
molecules to date as well as a few that have not been targeted
but appear to be excellent candidates. It should be noted that
a great majority of these RNA-binding compounds have been
shown only to bind to their RNA target in vitro, and efficacy

in cell culture or in vivo has rarely been demonstrated.

Hinoy Groote 4.1. Antibacterial Targets: The Ribosome

b The importance of RNA-binding small molecules as
antibiotics is unquestioned. To date all clinically approved
RNA-targeting drugs exert their effect by binding rRNA. As
the topic of antibiotics that bind the ribosome has been
Figure 2. Groove accessibility of RNA and DNA. Surface covered extensively by many excellent revie? it will
representations of A-form (top) and B-form (bottom) duplexes. As only be discussed briefly here. The prokaryote ribosome is
compared to the DNA major groove, the corresponding groove in formed by two subunits, the small (30S) and large (50S),
an RNA d“p'?xf's Sg{}lﬂ%am:y narrower and deeper. Aljo, tﬂe which are composed of rRNA and ribosomal proteins. The
e Sloner 2 ombere 0% smallsubunit i esponsibe for ensuing thatonly the corect
account for the relative ease by which small molecules can bind a tRNA is allowed to incorporate its amino acid into the
DNA duplex over an RNA duplex. growing polypeptide chain. The 50S subunit is responsible

for the process of peptide elongation through catalysis of

small molecules should preferentially bind the major groove peptide bond formation. The functions performed by each
as computational studies suggest that it is more electrone-subunit, proof-reading by the 30S and catalysis by the 50S
gative than the minor groové However, some studies have subunits, are done so only with rRNA; no ribosomal proteins
suggested that in the fully base-paired form the major groove directly participate in either process.
of the A-form helix is ony 4 A wide, which sterically Proofreading occurs at the 16S rRNA A site, part of the
precludes small molecule bindifg.Thus, the deep and  30S subunit. The binding of a cognate tRNA induces residues
narrow major groove of the A-form helix is less accessible A1492 and A1493 to adopt an extrahelical conformation,
to small molecules, and because all of the base pairs projectwhile near- or miscognate tRNAs fail to induce the same
into the major groove, the only defining feature of the conformational change (Figure %) While several classes
shallow minor groove is the constant presence @fy2iroxyl of antibiotics have been found to bind to the 30S subunit,
groups? It is important to note that the fully base-paired the aminoglycosides are the most intensely investigated class
RNA stem does not provide a completely inhospitable of RNA-binding small molecules. The aminoglycosides allow
environment for small molecule ligands; some ligands do incorporation of amino acids from noncognate tRNAs by
bind RNA duplexes in the major groo¥&.*® binding to the A site; upon binding, the 4,5- (Figure 4A)

Perturbations of the A-form helix induced by un- or and 4,6-substituted (Figure 4B) deoxystreptamine aminogly-
mispaired bases widen the major groove to provide a surface-cosides cause residues A1492 and A1493 to protrude from
exposed binding pocket (see Figure 1A). The binding sites the helix in the same fashion as the binding of a cognate
formed by such mismatched regions in large part provide tRNA (see Figures 3 and 463.5* On the basis of the ligand-
the basis for targeting RNA by proteins and small molecules. induced conformational changes, it has been proposed that
It has been suggested that the electrostatic surface potentialaminoglycosides lower the energy barrier required to incor-
of the RNAs more closely resemble that of proteins rather porate amino acids from miscognate tRNAS®
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Noncognate tRNA Cognate tRNA shown to bind to tRNA"6364 from these, neomycin was
found to inhibit the lead-mediated cleavage of yeast tRRA
Asase with a K; of ~300 uM (Figure 6A). Neomycin was also

A

L &

I equally effective at inhibiting the charging of tRN% K;
N 16 Asite — '\m of ~300uM.®2 Other compounds, including non-aminogly-
i coside small molecules, have been shown to inhibit the
charging of tRNAs, although the concentrations of ligand
required to do so are often excessively HigffInterestingly,

Misintorparoted a portion of the binding site for neomycin on the tRRIAs

{ Noncognate tRNA Amino acids
composed of nucleotides located in the variable loop region
(Figure 6B); this may suggest that specificity for tRNAs may
be gained by the selective targeting of the specific variable

[

{

loops located on distinct tRNASs.

4.3. Antibacterial Targets: T Box

Expression of a significant percentage of AaRs and other

Figure 3. Proofreading by the 16S A-site rRNA. The binding of proteins involved in amino acid biosynthesis and transport
a cognate tRNA to the ribosome is sensed at the A site by ain Gram-positive bacteria involves a regulatory RNA ele-
cgnfotrmatlontal ﬁh‘l".‘“gle In rfes'd”‘t?s A1§,|92 and A&”’?SN"Xh'th.lthf” ment, known a a T box, located in their'&intranslated
aao an extranelical conformation. Noncognate S Tall to : % ” :
induFZ:e the same conformational change in ?he A site. However, region (UTR)"*®The term T box ref_ers toa 14. nucleot|de_ .
the binding of the aminoglycosides to the A site mimics the binding conserved sequence that is '”VQ'Ved in the binding of Spec'f'c
of a cognate tRNA by inducing a similar conformational change Noncharged tRNAS; the T box is able to adopt alternative
of A1492 and A1493. Thus, in the presence of aminoglycosides conformations that dictate whether an antiterminator or
noncognate tRNAs are able to incorporate their amino acids into terminator stem-loop is formed (Figure 7). Uncharged tRNAs
the growing polypeptide chain which ultimately leads to the positively regulate the expression of T-box-containing genes
antibacterial effect. for their specific amino acid; that is, uncharged tRNAs
directly induce expression of proteins responsible for syn-
thesis of the deficient amino acid. The interaction between
tRNAs, charged or uncharged, and theUdR occurs
through the pairing of the anticodon loop of the tRNA with
a sequence located in a stem-loop structure at 'tpe&ion
of the leader sequence (Figure 7). Amino acid availability,
as assessed by the ratio of charged to uncharged tRNAs, is
determined at the distal portion of the3TR. As illustrated
in Figure 7, the binding of the'&nd of an uncharged tRNA
and the T box promotes the stabilization of the antiterminator
structure, which allows translation to proceed. The sequence
and secondary structure of the antiterminator stem-loops is
highly conserved, containing a seven nucleotide bulged
region interrupting two helical segmertsthe interaction
between the '3acceptor end of the uncharged tRNA and the
bulged region of the antiterminator proceeds sequence
shown that the oxazolidinones prevent the initiator tRNA SPecifically by formation of four base pairs between the two

RNAs.”t Under conditions of low amino acid availability,

from binding to the P site within the 50S ribosomal subéhit. the direct lation b h d tRNA )
Thus, it appears that the oxazolidinones bind near the P site € GIr€ct reguiation by uncharge S Causes an increase

to prevent formation of the first peptide bond, which may in proteins responsible for biosynthesis of the deficient amino

rectify the apparent discrepancies between the observeoaciq' Tnus,t;nmbmon of ar&tltermmat(z.rbT-tt)exr\’ll\tlgmtter-
binding affinities for isolated ribosomal subunits and poten- action has been proposed as an antibactenal target.

The oxazolidinones are among the newest classes of
antibiotics with linezolid {, Figure 5) representing the first
of this class to reach the clinic. Although their exact
mechanism of action is currently under debate, a large body
of evidence is accumulating that suggests that the oxazoli-
dinones exert their antibacterial effect by binding to the 23S
rRNA present within the 50S subusft.For example, the
oxazolidinones have been shown to compete with chloram-
phenicol and lincomycin for binding to the 50S subfit.
Also, clinical bacterial isolates that exhibit a linezolid-
resistant phenotype acquire mutations within the 23S rRNA,
suggesting that linezolid and presumably other oxazolidi-
nones bind to the 23S rRNR.Curiously, various oxazoli-
dinones bind to isolated ribosomes with weak affifity
(Figure 5) despite their low micromolar 4§gvalues observed
in cell-free in vitro translation assay%2° Recently, it was

) ] been gained from NMR experiments using a model construct
4.2. Antibacterial Targets: tRNA of the T box fromB. subtilius’ The overall shape is that of

Inhibition of aminoacyl-tRNA synthetases (AaRs) has two A-form helices, termed Al and A2, oriented-a80° to
attracted considerable attention as an antibacterial strétegy. €ach other; this abrupt change in direction is caused by a
AaRs are essential enzymes that are responsible for theseven nucleotide bulge (Figure 8). The NMR data reveal that
coupling (“charging”) of amino acids to their cognate the bulged region contains a combination of static and high-
tRNAs$2 only after being charged can a tRNA participate mobility residues. The overall root-mean-square deviation
in the initiation and elongation process of protein synthesis. of the bulged region was found to be 2.90 A, suggesting a
Accordingly, inhibition of AaRs has been demonstrated to conformationally unrestrained bulged region; however, the
be an effective antibacterial strategy as the buildup of residues responsible for initiating base recognition with the
uncharged tRNAs leads to inhibition of protein synthesis and 3" acceptor portion of the uncharged tRNA account for the
ultimately bacterial cell deatH. bulk of the conformational freedofd The remaining bulged

A complementary strategy to inhibiting the aminoacylation nucleotides exhibit a significant degree of conformational
reaction is preventing the interaction of AaRs with their restraint likely caused by extensive stacking interactions.
respective tRNAs; for this purpose either the AaRs or the A collection of aminoglycosides was screened for their
tRNA may be targeted. Several aminoglycosides have beenability to bind the T-box antiterminator RNA.The binding
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Figure 4. Aminoglycoside-16S A-site interaction. (A) Structure of various 4,6-disubstituted 2-deoxystreptamine aminoglycosides. (B)
Structure of various 4,5-disubstituted 2-deoxystreptamine aminoglycosides. (C) Crystal structure of paromomycin bound to the A-site RNA.
The binding of paromomycin and various other aminoglycosides induces an extrahelical conformation of A1492 and A1493. This same
conformation of the adenines is observed upon binding of a cognate tRNA. (D) Surface representation of the parerAesitgcaomplex.

affinities for various aminoglycosides was determined with this step is crucial, RNA polymerase Il transcribes poorly
dissociation constants ranging from 8.5 (neomycin) to 790 from the inefficient viral promoters. The HIV-1 protein Tat
uM (streptomycin); the mid- to high-micromolar affinity of  functions as an adaptor protein to facilitate efficient tran-
the aminoglycosides for the T-box antiterminator RNA is scription; in the absence of Tat only short, non-polyadenyl-
comparable with tRNAs binding to the bulged regidn. ated transcripts are produced, while in the presence of Tat
Future directions for this strategy have included identification the rate of transcription increases nearly 100-fold to produce
of different small molecule ligand$.However, determining  the full genomic-length RNA (Figure 9§.Because of such
whether small molecule binders to the bulged region could stark enhancements in the rate of transcription, Tat has been
stabilize the antiterminator structure, which may result in the subject of intense investigation. Unlike typical transcrip-
the activation of T-box genes, will need to be addressed. tional activators which bind DNA, Tat binds to a specific
. I bulged RNA hairpin loop located at the beginning of viral
4.4. Antiviral Targets: Trans-Activating Response transcripts. Tat is able to recognize this RNA structure,
RNA known as TAR (trans-activating response element), by

The HIV-1 genome consists of two copies of th® kB binding to the bulged region of the RNA!? After formation
genomic RNA® After successful integration into the host of the Tat-TAR complex, cyclin T1 binds to the hairpin
cell genome, the initial phase of the viral life cycle begins loop region of TAR, which further enhances transcriptién.
with transcription from the 'send of the genome. Although  The exact order of events in formation of FatAR—cyclin
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Figure 5. Structures of various oxazolidinone antibiotics and their binding affinity for isolated ribosomes. The binding affinity for linezolid

has not been reported.

A) Aminoglycoside K; (uM)

5-epi Sisomicin| 2.5
Hygromycin 267
Neomycin 342
Sisomicin 440
Paromomycin | 2000
Kanamycin A | 5000
Tobramycin | 8000
Kanamycin B 11,200
Lividomycin |18,000
Ribostamycin 23,300
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Figure 6. Interaction between tRNAPhe and aminoglycosides. (A)
The ability of various aminoglycosides to inhibit lead-mediated

cleavage of the yeast tRNAPhe. (B) Secondary structure representa-

tion of tRNAPhe. Residues shown in red are those that are involved
in the binding of neomycin.

T1 is debatable as the preformed Fayclin T1 complex
binds with greater affinity than Tat alorfé.

The Tat-TAR interaction is mediated by an arginine-rich
segment of Tat (residues 487) that binds to the bulged
region of TAR® The bulged region of TAR widens the
A-form helix to permit Tat binding; the structural recognition
elements required for Tat binding are found within the major
groove® 8 The Tat-TAR interaction proceeds through a
two-step proces¥. First, the initial recognition of a single
arginine side chain prompts the remodeling of the TAR major

A)
T box
Antiterminator

Uncharged

B)

T box
Terminator

e

Figure 7. T-box regulation of amino acid biosynthetic operons.
Certain tRNAs regulate the synthesis of their cognate amino acids
by controlling the translation of proteins responsible for production
of the amino acid building block. (A) Under conditions of low
amino acid availability, uncharged tRNAs (blue) bind to their
specifier sequence through the anticodon loop and tHail3of

the tRNA; this binding to the T-box element (cyan) leads to an
increase in translation. (B) Charged tRNAs (the charge state is
represented by the yellow hexagon) are prevented from binding to
the T-box element, allowing formation of a terminator hairpin and
thus inhibiting translation.

Charged
tRNA

5

Aminoglycoside K, (uM)

Neomycin B 8.5

ACCAZGCU léc Tobramycin 38
A 8(: CG Paromomycin 50
Gentamicin C 120

GUG } 80° Kanamycin B 150
A1 Kanamycin A 210
GC Amikacin 760
Streptomycin 790

Figure 8. T-box antiterminator RNA-aminoglycoside interaction.
Shown is a secondary structure rendering of the model antitermi-
nator T-box RNA fromB. subtilisand the binding affinity of various
aminoglycosides for this construct.

groove. Use of a peptide mimetic, argininamidée Kigure
10A), has greatly facilitated the understanding of this early
recognition event. Upon ligand binding, argininamide is
thought to bind to the Hoogsteen face of G26 and form stack-
ing interactions with U23 (Figure 10A and B). The binding-
induced conformational changes reposition the phosphate



1178 Chemical Reviews, 2008, Vol. 108, No. 4

A)

TAR RNA

Aborted Transcripts
! RNA pol Il >
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Viral mRNA

HIV-1 DNA

Figure 9. Tat—TAR interaction increases the processivity of RNA
polymerase II. (A) In the absence of Tat, RNA pol Il (yellow)
synthesizes short, non-polyadenylated RNAs (green). (B) The
binding of Tat (red) with TAR recruits other proteins, including
cyclin T1 (blue), which act as a complex to enhance the efficiency
of RNA pol II.

GG Aminoglycoside M) IC.
Meomycin B 07 0.92
Streptomycin
26, Gentamicin
é@gw
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Figure 10. NMR-determined structure of the argininamielEAR
complex. (A) The guanidinium moiety of argininamide disrupts the
stacking interaction of A22 and U23. (B) Surface representation
of the argininamide TAR complex. (C) Secondary structure
representation of TAR and the binding affinities of various
aminoglycosides for this RNA as well as thes¢Gralues for
disruption of the TatTAR interaction. The bulged nucleotides
involved in mediating the TatTAR interaction are shown in red.

groups of A22, U23, and U40 into the major groove to form
critical contacts with Tat; these ionic interactions have been
shown to be important in achieving high affinity, but it has

Thomas and Hergenrother

3 Wild type RRE Rank Order:

B C%CAC 47 48 Meomycin B

Usus | Tobramycin

Aj'ue © © cacaceauCa Neamine

AC GCGUCGCA Kanamycin B

Uagc:G G ?'ﬁ A ¢ Kanamycin A

cU%A B Streptomycin
uuy, cA [ '
AT A ¥ 1

uyA Stem IIB

Figure 11. Rev response element (RRE) RNA. Shown is the
secondary structure model of the wild-type RRE sequence; the
residues in red are the high-affinity binding sites for Rev. Also
shown is the rank order (in terms of binding affinity) of various
aminoglycosides for RRE, as determined by SPR.

the most potent aminoglycoside, with ans@f 0.92 uM
(Figure 10C)® Neomycin binds TAR with a 1:1 stoichiom-
etry as determined by ESI-MS, and in subsequent biochemi-
cal experiments the authors demonstrated that the binding
site for neomycin is located below the bulged region. This
binding site location is consistent with previous data wherein
a TAR construct without the bulged nucleotides exhibited
nearly identical binding affinities for neomyc# Replace-
ment of the guanines with inosines in the lower part the stem,
but not the upper part of the stem, resulted in substantial
loss of binding affinity for neomycin, suggesting that
neomycin exerts its inhibitory effects by binding the base-
paired region below the bulged nucleotides through the minor
groove® Attempts to monitor disruption of TaiTAR
complex by ESI-MS resulted in a ternary complex between
the three components; this result, coupled with kinetic data,
suggested that the neomycin inhibits Tat by a noncompetitive
mechanisn® From analysis data it has been suggested that
neomycin binds to TAR and alters the conformation to
increase the off rate of the TaTAR complex. Subsequent
NMR determination of the TARneomycin complex has
confirmed the binding site and suggests a molecular rationale
for the noncompetitive inhibitio® The binding of neomycin

to the minor groove induces a conformational rearrangement
which repositions key functionalities away from the major
groove, thus decreasing the lifetime of the FaAR
interaction.

4.5. Antiviral Targets: Rev Response Element
RNA

After initiation of transcription of the HIV-1 viral genome,
proper splicing and export must occur in order for viral
maturation to proceed. The Rev protein is responsible for
export of viral RNAs from the host nucleus into the
cytoplasm’® Rev accomplishes this task by binding to a
highly structured RNA segment found in tleew coding
region. The RNA to which Rev binds is called the Rev
response element (RRE) RNA and is composed of a series
of stem-loop structures (see Figure 11). Within RRE, Rev
binds with high affinity to a stem-loop structure termed stem
[1B.%%°1|n response to RRE binding Rev oligomerizes within
this region of RNA, nucleating from the high-affinity site.
This nucleation event facilitates the export of the viral RNA
(as Rev contains a nuclear export signal in its C-terminal
half) and protects the RNA against further splicing. Thus, it
has been proposed that inhibition the R&RE interaction

also been suggested that they account for the specificity ofmay successfully prevent viral replication and maturatfoff.

the Tat protein for TAR over other bulged RNAS.
Inhibition of the Tat-TAR interaction by binding to TAR
has been sought as a potential anti-HIV strategy. Initially a
collection of aminoglycosides was screened for their ability
to disrupt the Tat TAR interaction; neomycin emerged as

The interaction between Rev and RRE is mediated by an
arginine-rich motif of Rev binding to the asymmetric internal
loop of RRE® The overall structure of RRE reveals that
the helical segments above and below the internal loop are
oriented at a 3Dangle to each othéf.Nucleotides U72 and
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A68 maintain extrahelical conformations. Exclusion of U72
from the internal loop allows the remaining residues to form
noncanonical base pairs. G47 and A73 pair via their
Watson-Crick faces, while the WatserCrick face of G48
pairs with the Hoogsteen face of G¥lAdditionally, these

noncanonical base pairs are extensively hydrated with a total

of seven water molecules bound between tl&rdpon
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Coding Region 3-UTR

B |

Stop Codon

Start Codon

binding the arginine-rich motif of Rev, both RRE and Rev  Fijgyre 12, Three segments of a mRNA transcript: thel5R
undergo substantial conformational changes; the position of (shown in gray), the coding region (shown in black), and the 3

U72 adjusts to expand the major groove by 5 A, while Rev
adopts a helical conformation. Rev binds deep within the
internal loop, allowing the charged arginine residues to
dominate the RevRRE interactiorf?

The ability of various aminoglycosides to disrupt the

RRE-Rev interaction was first demonstrated by Green and

co-workers®* After this initial work, neomycin was shown
to bind to RRE Kp ~ 100 nM) and disrupt the ResRRE
interaction with an 1G, value of ~1 uM.%"1% Extensive

mutational analysis of the residues in and around the RRE
internal loop has demonstrated the requirement of a perturbe

A-form helix for neomycin binding® Multiple modes of

UTR (shown in blue). Present within thé-8TR is the binding
site for ribosomes, while the’' TR controls the half-life of the
mRNA and, in come cases, its subcellular localization.

hammerhead ribozymes. Molecular modeling studies suggest
that the spatial distribution of the amines emanating from
the neomycin scaffold are able to simultaneously occupy the
binding sites of up to four MAS ions. Similar models of
Mg?* ion displacement have been invoked for inhibition of
other ribozymes by neomyci§>1%7

%7 Targeting mRNA

binding analysis have revealed that neomycin binds with a  The ability to selectively inhibit the translation of a single

stoichiometry of 3:P2100Kinetic data coupled with NMR
studies have provided a model for neomycin disruption of
the Rev-RRE interactiorf? Initially, neomycin binds to its
high-affinity site Kp ~ 100 nM) located in the duplex below
the internal loop region. The binding of neomycin to its high-
affinity site causes no structural perturbations of the Rev
RRE complex; in fact, in the NMR experiments a ternary
complex between neomycin, Rev, and RRE was obsefved.

MRNA transcript within the transcriptome has great thera-
peutic potential. RNA interference (RNAI) is the process by
which small duplex RNAs capitalize on an evolutionarily
conserved mechanism that allows for the sequence-selective
silencing of a transcript. While clearly a revolutionary tool
for biological research, RNAI is just now moving into the
therapeutic realm, and the delivery of these RNAs into
mammalian cells has proven to be a formidable chal-

At higher concentrations neomycin binds to a weaker binding lenge!®1%Therefore, the selective targeting of a transcript

site Kp = 1.9 uM) that overlaps with the binding site of
Rev in the internal loop region of RRE and competitively
inhibits the Rev-RRE complex. Further titration of neomy-
cin results in a third binding evenKf = 41 uM) which is
attributed to nonspecific binding.

4.6. Ribozyme Targets
The discovery of RNAs that form complex 3D folds

with small molecules could combine the benefits of RNAI
(translational silencing) with more ideal biological stability
and pharmacokinetic properties.

A transcript can be considered as three segments: 5
untranslated region (UTR), the coding region, ahdU3R;
each segment offers distinct possibilities for small molecule-
mediated translational inhibition. These different regions
participate in ribosome binding, translation, and controlling

capable of self-cleavage and splicing has captured thethe rate of degradation and subcellular localization of

attention of multiple disciplines. These catalytic RNAs, called
ribozymes, are believed to provide a window back to the
primordial world where RNA may have functioned as both
the genetic element and the enzymatic workhéts&he
catalytic activity of the ribozymes enables facile analysis of
ribozyme function. In addition, the availability of several
ribozyme X-ray structures allows one to begin correlating
function with structure. Thus, the ribozyme provides a
convenient framework from which to begin understanding
RNA-ligand interactions.

Aminoglycoside-mediated inhibition of ribozymes was
first documented for the group | introA% since this initial
discovery various aminoglycosides and other RNA binding

transcripts, respectively (Figure 12).

4.7.1. Targeting mRNA: Riboswitch RNAs as a
Proof-of-Concept for the Targeting of mRNAS

Riboswitch RNAs are a class of mRNAs that post-
transcriptionally regulate protein translation through the
specific recognition of a small molecule metabofité®In
all documented cases thus far, the proteins under this
metabolite-controlled mechanism are directly responsible for
the metabolite production; that is, the riboswiteggmall
molecule interactions act as a feedback loop. Riboswitch
MRNAs consist of two domains which can be found
primarily in the 3-UTR of an mRNA: an aptamer domain

antibiotics have been documented to inhibit hammerheadthat binds to its ligand with high specificity and affinity and

ribozymest® the RNase P ribozymé& and the hepatitis
delta virus ribozyme&% In each of these cases neomycin
was identified as the most potent inhibitor wikg values
ranging from 0.5-28 uM.193-1% The binding of neomycin

to the respective ribozymes was found to be competitive with
Mg?" ion binding, as addition of MiJ was found to reduce
the K; of neomycin. Within the catalytic core of the
hammerhead ribozymes there are five gpns that are
responsible for its catalytic activity. The binding of neomycin

a platform domain that undergoes conformational change in
response to ligand binding and modulates translation (Figure
13). Although not ubiquitous, riboswitches have been
observed in various species of bacteria, archaea, fungi, and
plants!!! In fact, bioinformatics studies suggest tha2%

of B. subtilismRNAs are regulated by riboswitch&3.The
general architecture of riboswitches is modular in that ligand-
mediated translational control is still maintained when the
aptamer domain of a riboswitch is replaced with a different

to this catalytic core is believed to cause the displacementaptamer domain from an unrelated riboswitéh'®> Such

of the Mg ions and thus result in inhibition of the

flexibility has fostered the engineering of artificial ri-
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Figure 13. Riboswitch regulation of translation by altering the
exposure of the ShineDelgarno (SD) sequence. In the above
example, the riboswitchmetabolite complex inhibits translation
by preventing the ribosome from binding to the SD. However, in
the unbound state the riboswitch RNA adopts an altered conforma-

Thomas and Hergenrother

formation of secondary structure that prevents translation or
causes the degradation of the transc¥pt!3! A bioinfor-
matic investigation revealed that hairpin loops involved in
such RNA-RNA interactions often contain a YUNR se-
guence (where ¥= pyrimidine, N= any nucleotide, and R

= purine), which is known to form a U-turn mofi#! This
common structural motif allows the hairpin loop to adopt a
sharp bend in the phosphate backbone, displaying the bases
in the loop for proper WatsenCrick base pairing and
lowering the electrostatic repulsion experienced by the two
approaching hairpin loop$? The ability to modulate such
RNA—RNA interactions may provide a new avenue for the
development of novel antibiotics or antiplasmid agéfis.

The demonstration that small molecules can indeed func-

tion that exposes the SD sequence, thus allowing translation totion as antiplasmid agents was recently validated in the IncB

proceed.

boswitches for applications such as senSérasnd control
of bacterial migratiort!’

The structures of several riboswitch aptamer domains

bound to their cognate ligands have recently been deter-

mined!'®123 The binding site for each ligand is formed by

the tertiary structure resulting from the association of various
secondary structures. Within the binding pocket each small
molecule makes an elaborate array of contacts which

plasmid system34135 In this system, the plasmid copy
number is ultimately controlled by the level of RepA protein,
which acts as a phosphodiesterase to initiate plasmid replica-
tion.1%¢ The RepA mRNA is under stringent translation
control by an antisense mechanism. Th&3R of the RepA
mMRNA forms multiple stem-loop structures; the pairing of
one such stem-loop structure (SLI) with its antisense RNA
(RNAI) prevents translation as the ShinBalgarno (SD)
sequence remains base paired in the duplex region of a stem
loop (SLII) (see Figure 14A)3” However, free SLI binds

exquisitely discriminates between cognate and near cognatgo SLIII to stabilize the open form of the helix, exposing

ligands. For example, th&adenosylmethionine (SAM)-
sensing riboswitch exhibits a 75-fold decrease in affinity if
a single methylene unit is removed from the methionine side
chain!?*It should be noted that the ligands are substantially
more buried in the binding pockets of the riboswitches than
other small moleculeRNA complexes observed thus
far 118123 The bound ligand conformations of the metabolites
in their respective binding pockets were nearly identical to
their previously determined conformations in solution, sug-
gesting that the RNA (rather than the ligand) undergoes
extensive conformational rearrangement.

Breaker and Blount recently proposed targeting riboswitch

the SD sequence, allowing translation of the RepA protein
and ultimately leading to plasmid replication. It was proposed
that small molecules could mimic the function of RNAI by
binding to SLI to prevent association with SLIII, thus
preventing plasmid replication and leading to plasmid é5s.
Plasmid elimination strategies may prove useful in the clinic
as bacteria often harbor multidrug resistance plasadids;
elimination of such plasmids would render the bacteria
susceptible to antibiotics to which they had previously been
resistant.

In an effort to identify potential antiplasmid agents, a
collection of aminoglycosides was screened for their ability

RNAs that regulate essential genes using small moleculesto bind SLI. All 4,5- and 4,6-deoxystreptamine aminogly-

that mimic the metabolite of the riboswitéf. Such com-
pounds could be novel antibacterial agents. Critical to their

cosides that were tested bound SLI with mid-nanomolar
affinity, while hygromycin B and spectinomycin exhibited

argument for riboswitches as antibacterial targets, the authorsno binding affinity (Figure 14B}34135 Mutagenesis of

note that previously reported metabolite analogs pyrithiamine
pyrophosphate-aminoethylcysteine, -4-oxalysine, and
roseoflavin, all of which exhibit antibacterial properties,
appear to achieve their effect by targeting specific riboswitch

residues in and around the hairpin loop region revealed the
binding site of the aminoglycosides to reside in the symmetric
internal loop located closest to the hairpin loop. Results from
bacterial cell culture experiments demonstrated that apra-

RNAs. Resistant strains to each of these metabolite mimicsmycin induced plasmid loss in a dose- and time-dependent

bear mutations in the aptamer domain, which alters the
riboswitch—ligand interaction. Furthermore, efforts are un-
derway to identify riboswitch inhibitors by assaying structural

mimics of metabolite€® and through high-throughput screen-
ing_127,128

4.7.2. mRNA Targeting: Antisense-Mediated Translational
Control

The theme of antisense-mediated translational control is
common in bacteria and prevalent in plasmid replication
systems$?° In this post-transcriptional control system the
translation of an mMRNA (sense RNA) is regulated by the
binding of a complementary RNA (antisense RNA). The
antisense RNA is typically encoded on the complementary

mannert** The other aminoglycosides that bound SLI in vitro
exhibited varying degrees of plasmid loss, while those that
failed to bind SLI did not induce plasmid lo&®¥. The
antiplasmid effect of apramycin was shown to be linked to
SLI binding in bacterial cells, as a plasmid bearing a mutant
SLI sequence that abolished the apramycin binding site was
unable to be eliminated by apramyét.

4.7.3. mRNA Targeting: Protein-Mediated Translation
Control

In mammalian cells, proteins can be used in an analogous
fashion to the small molecule metabolite- and antisense-
mediated translational control mechanisms described above.
For example, the binding of the thymidylate synthase (TS)

noncoding strand of the gene. Antisense RNAs regulate theprotein to its own mRNA negatively regulates its expres-

translational state of the mRNA by binding via base pair
formation to their respective mRNA, thereby inducing

sion13%140TS binds to two distinct regions of its own mRNA,
site 1 resides in the first 188 nucleotides which contains
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Figure 14. Antisense-mediated translational control in the IncB plasmid replication system. (A) The translation of RepB opens SLIII,
allowing SLI to stabilize the exposed SD sequence. However, the binding of RNAI (or a small molecule) prevents the binding of SLI to
SLIII, thus inhibiting translation. (Reprinted with permission from ref 135. Copyright 2005 American Chemical Society.) (B) SLI construct

utilized for in vitro binding studies and the corresponding binding constants for variousaBiihoglycoside interactions. Residues critical
for the binding of the aminoglycosides are shown in red.
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portions of the 5UTR and coding segment, while site 2 is bind TS The provocative finding that TS binds to its
located farther downstream in the coding regigfwithin MRNA in a stem-loop region that contains its start codon
site 1 the exact binding site for TS is known to be a 35 has led to the proposal that TS binds to site 1, and specifically
nucleotide stem-loop structure, which contains two small the 35 nucleotide stem-loop, as a negative feedback loop to
symmetric internal loops and a six-membered hairpin loop inhibit its own translatiort*°

(Figure 15)*40Within the hairpin loop resides the start codon  The thymidylate synthase protein has been in the crosshairs
for TS mRNA,; the presence of the AUG sequence is essentialof pharmaceutical R&D programs for decad#s'*? TS is

for TS binding as the corresponding AAA mutant does not the sole enzyme responsible for the de novo synthesis of
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Figure 15. Thymidylate synthase mRNAaminoglycoside interac- =
tions. (A) The secondary structure representation of the site | TS e

construct. Highlighted in red is the proposed binding site of the
aminoglycosides. (B) Binding constants of various aminoglycosides et 3768 bound
for the site | TS construct. to Aptamer Domains

Figure 16. Hoechst 33258 aptamers as proof-of-concept for the
thymine monophosphate, which is then further metabolized selective inhibition of a specific transcript. (A) Insertion of tandem
into thymine triphosphate for incorporation into DN, Hoechst 33258 aptamers in the 5-UTR of fhgalactosidase gene
Because of the essential nature of TS, small molecule had no effect on translation. (B) Addition of Hoechst 33285 (|n
inhibitors of this enzyme have been developed. However, PIUe) selectively inhibited the expression ffgalactosidase as
certain classes of inhibitors result in the loss in the ability determined by the level of its enzymatic activity.
of TS to regulate its own translatidff; 146 the net result of
which is the constitutive translation of TS. As the concentra-
tion of TS increases within the cell, reduced efficacy is
observed with TS inhibitors. Thus, in the case of TS there
is a need for alternate approaches toward inhibition of the
function of this enzyme. A series of aminoglycosides was
assayed for binding to the TS site 1 construct (Figure'45).
Neomycin was found to bind to the stem-loop construct with . ; .
Ko of ~1 «M.147 Mutational analysis revealed that the small the complex pauses and waits for the large ribosomal subunit
1 x 1 internal loop, but not the larger 2 2 internal loop, '@ @ssociate before translation begins.
is critical for neomycin binding. In addition, the hairpin loop ~ Sufficient secondary structure in the TR is knownto
region of TS has no effect on neomycin binding as the pause and/or inhibit the scanning process, which results in
sequence of the hairpin loop region of the 16S A site could translation |nh|b|t|pﬂ.5&1slln§en|on of a 17 nucleotide stem-
be used in place of the TS hairpin loop sequence. loop structure, with a predictedGroing 0f —30 kcal/mol,

The translational inhibition exerted by TS is recapitulated has been shown to have no effect on translation efficiency,
in other systems_ For examp|e,f\680 nucleotide sequence even when the start COdOf_1 IS p|_aced in the stem of the S_tem'
known as the iron-responsive element (IRE) is found in the 100p structuré>®However, insertion of tandem 17 nucleotide
5-UTR of all ferritin mRNAs and the 3UTR of all stem-loops results in nearly complete inhibition of transla-
transferrin receptor mRNAKE149Regulation of ferritin and tiqn.158 Furthermore, insertion of a single stem-loop structure,
transferrin receptors works in synergy in low iron conditions, With a predictedAGroiaing 0f —50 kcal/mol, severely attenu-
as the upregulation of transferrin imports iron from the ates translation, with only 1620% translation efficiency
surrounding environment into the cytoplasm and the simul- observed>*Thus, if a small molecule could bind selectively
taneous downregulation of ferritin prevents the protein from t0 & highly structured region within the-BITR of a specific
binding and sequestering ird#:51The levels of ferritin and ~ transcript, then the small molecule could possibly cause
transferrin receptors are regu'ated by iron_regu'ating proteinstranscnpt-selec“ve translatlonal |nh|b|t|0n. E\/}dence that a
1 and 2 (IRP-1 and IRP-2); IRP-1 binds to the ferritin IRE sma!l molecule can mdyce the_ same translational arrest by
to inhibit translation by preventing initiation factors from binding to specific regions within the’®JTR has been
binding to the 5cap of the ferritin MRNA IREs are highly ~ demonstrated with proof-of-concept experiméfiténsertion
conserved in secondary structure, as bioinformatics ap-Of tandem Hoeschst 33528-binding aptamers into tHéTR
proaches have defined a consensus sequence and structuff @ f-galactosidase reporter gene was used to validate the
of this segment of RNAS2 The consensus sequence of IREs concept of small molecule'8JTR-mediated translation
consists of two helical segments separated by a single bulgednhibition (Figure 16). When CHO cells were transfected with
cytosine and capped by a hexahairpin loop sequence of@ Plasmid bearing the tandem Hoescht 33285 aptamers a
CAGUGH (where H is either A, U, or C). The bulged region dose-dependent reduction jirgalactosidase activity was
is believed to act as a molecular hinge which allows for observed upon addition the ligand. Internal controls using
conformational change upon IRP-1 binditg deletion of luciferase activity determined tha_t eff_ects _o_f Hoescht 33258
the bulged region results in a nearly 400-fold decrease in Were not due to general translation inhibition.
binding affinity!> The invariant five base pair region . .
betwegn the b){JIge and hairpin loop is believgd to agt as a47.5. MRNA Targets: Internal Ribosome Entry Site

molecular rulefs® Modulation of iron availability by small  /1hibition
molecule regulation of IREs has been proposed as an The discovery of a novel cap-independent mechanism of
adjuvant therapy for the treatment of sickle cell disédSe. {angjation in several viruses has prompted intense investiga-

. g . : tion into the molecular mechanism underlying this distinct
4.7.4. mRNA Targets: Inhibition of Ribosome Scanning mode of translatioA®167 Viral infection ofyth(ge host cell

Conventional cap-dependent translation in eukaryotic can stimulate phosphorylation of elongation factors, inhibit-
systems proceeds first with the binding of the small ribosomal ing cap-dependent translation. However, certain viral RNAs

subunit to a 5methylated cap of a mRNAS57 Upon
binding the small subunit forms a complex with elF-2-GTP-
Met-tRNA;. The complex then begins the “scanning” process
whereby the complex proceeds linearly down theéJ5R
searching for the first AUG codon. The sequence-specific
recognition is caused by the pairing anticodon loop of the
Met-tRNA; and the initiation codon. After this recognition,
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brings into question the validity of this seemingly widespread

A B
, ) phenomenon. As such, small molecule binders to various
IRES elements could play an important role in defining the
biological and medicinal relevance of this cryptic RNA
element.
| eemesssssssssssssss=- . mphosphorylated . s
oIF2 eIF2 4.7.6. mRNA Targets: Sequence and Structurally Distinct

Figure 17. IRES-mediated translation. (A) Under standard cap- Coding Regions
dependent translation the binding of elF2 (green) recruits the small  one can envision the selective targeting of an mRNA

ribosomal subunit, which then proceeds through the typical scanning : : : e :
mechanism of translation initiation. (B) Under conditions where coding region by identifying sequences and structures unique

cap-dependent translation is impaired, e.g., phosphorylation (yellow) Within the transcriptome in an analogous manner to the
of elF2, certain RNA sequences mediate translation by allowing targeting of structurally distinct 8JTR segments. Such novel

the small subunit to bind independent of elF2. transcripts are likely to be specialized cases. The examples
presented for translational control from thelbl'R, whether
are able to recruit the small subunit directly to tHe TR, antisense RNA, protein, or small molecule mediated, dem-

bypassing the need for binding to thierBethylated cap and  onstrate that high-affinity ligands can inhibit the initiation
initiating translation in a cap-independent manner (Figure of translation. Extending such a targeting strategy to the
17). Because the internal ribosome entry site (IRES) methodcoding region of an mRNA would be a dramatic first in
of translation is distinct from the standard cap-dependent translation inhibition.
translation, it has been speculated that specific inhibition  Sites of genetic translocation have attracted considerable
strategies could be developed which would not affect host attention as novel drug targets, particularly for chronic
cell processe¥+168.16%nterestingly, a number of pro- and myelogenous leukemia (CML), where a specific translocation
anti-apoptotic proteins have been demonstrated to operatesvent gives rise to this disea¥8.The fusion of Ber with
by an IRES-mediated mechanism. For example, Apaf-1, Bcl- Ablin CML results in a constitutively active Ber-Abl kinase.
2, Reaper, and XIAP appear to utilize an IRES-mediated This translocation event provides a novel target for a small
mechanism of translatiofi31%8The need for cap-independent molecule inhibitor, given that the fusion protein only exists
translation under apoptotic conditions arises from the cleav-in CML and not in normal cells. The targeting of Bcr-Abl
age of caspase substrates, which include numerous translatioRinase by Gleevec (imatinib) has resulted in an extremely
initiation factors'®®1%8 Thus, the ability to inhibit IRES-  effective therapy for CML, with in some cases up to 95%
dependent translation provides novel opportunities for the of patients responding to treatmérs.
discovery of new antiviral and apoptotsis-modulating agents. At the mRNA level, sites of translocation also afford a
The hepatitis C virus (HCV) is a leading cause of illness unique target that would be present only in disease states.
and mortality worldwidé/® and treatment options are limited The drugability of the Bcr-Abl and PAX3-FKHR translo-
for afflicted individualst’*1? The discovery that HCV  cation sequences was investigated using various aminogly-
proteins are translated in an IRES-mediated mechanism hagosides® The PAX3-FKHR fusion protein, resulting from
intensified efforts to understand the molecular mechanism a translocation of the genes encoding two transcription
behind its unique mode of translation. The 9.5 kb genomic factors, occurs in the aggressive skeletal muscle cancer
RNA contains a nearly 400 nucleotide long noncoding alveolar rhabdomyosarcom®. The binding affinities of
region; located within this region is the IRES:1"The HCV aminoglycosides to each of these sites of translocation ranged
IRES forms extensive secondary structure which adopts fourfrom 1.5 to>100xM, with neomycin exhibiting the tightest
highly structured domains; domains Il and IV are required binding (Figure 18¥8° No significant degree of selectivity
for IRES translation as they function in binding to the small was observed for any of the aminoglycosides for either
ribosomal subunit’® Although domain Il itself fails to bind ~ sequence, although some synthetic derivatives exhibited
to the small ribosomal subunit, it is essential for IRES slightly improved binding affinities and selectivit§®
activity.1”® Elucidation of the entire 77 nucleotide domain Il Despite the potential of selectively targeting mRNAs in
stem-loop structure by NMR revealed that the 3D conforma- their coding region, some concerns exist regarding the
tion exhibits an L shape, reminiscent of that adopted by feasibility of impeding a translating ribosome. It is currently
tRNAs 176 Cryo-electron microscopy has determined that known that the translating ribosome can disrupt secondary
domain Il interacts with the small subunit in the region of structure formation more efficiently than the small subunit
the E site, the site for deacylated tRNAs prior to their exit alone!®? For example, insertion of the IRE sequence into
from the ribosomé’’ As more structural information emerges the 3-UTR will inhibit translation upon binding IRP-13
and the model of HCV IRES-mediated translation becomes The dissociation constant for this RNArotein interaction
more refined, IRES sites are likely to become the new wave is ~10 pM18 When this same sequence is placed in the
of RNA targets. coding region of a mRNA, no translation defects are
Despite the tremendous opportunity that the selective observed® this suggests that the translating ribosome is
targeting of IRES elements presents, there exists significantcapable of overcoming significant structural impediments.
debate as to the practicality of such an approach and even From the above example it seems that the most practical
the in vivo relevance of IRES elements in genéfalA way to inhibit a translating ribosome is to target a repeating
survey of the IRES literature revealed that there have beenstructural motif in the coding region. Trinucleotide repeat
85 cellular and 39 viral IRES elements reported thus%r.  expansion diseases (TREDs) are a group of diseases char-
However, there has been harsh criticism of the assays usedcterized by the repetitious expansion of a three nucleotide
to validate the presence of IRES elements in these varioussequence; the most well known of these diseases is Hun-
studiest®® Furthermore, no consensus sequence or structuretington’s disease (HD¥58HD is characterized by 34 or
for the various IRES elements has been identified, which more glutamine repeats in the huntingtin protein sequéfice.
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Ber-Abl PAX3-FKHR binding of IRP-1 and IRP-2 to the IRE sequence located in
MRNA A mRNA the 3-UTR of the transferrin receptor mMRNA increases its
AAU, A ¢ Aggs stability in order to increase expression levels of the
c “eﬁgﬂf‘: ,&eucuc c transferring receptor prote#d? In addition, the length of the
xc cn P Accu Lkﬂh poly(A) tail generally correlates with translation activation
Aﬁg €AG Gue with longer poly(A) tails yielding greater translational
cG R activationt* A model for how a 3UTR element may control

GC . C .
4GCAGUA scur? translation initiation, a SUTR phenomenon, has been
proposed to occur by pseudo-circularization of the mRNA

Aminoglycoside K, (uM) Aminoglycoside Kp (uM) oo 4
Neomyen | 15 Neomyon | 15 by the binding of various factors from thé¢-BTR and 3
Paromomycin | 1.7 Paromomycin | 18 UTR.19219 The 3-UTR has also been demonstrated to
Kanamycin B | 25 Tobramyoin | 1.8 determine subcellular localization of various mRNASEFor
Gentamicin 30 Kanamycin B | 5.0 . L .
Tobramycin | 36 Gentamicin | 60 example, thes-actin mRNA is known to Ioc.allze to the
Kanamycin A | 10 Amikacin 15 leading edge of asymmetric cells, such as fibroblasts. The
Amikacin 10 Apramycin 20 fra H : : H
autirosn | 15 Kanamycin A | 20 specific subcellular localization of thg-actin mRNA is
Neamine 17 Neamine | 20 known to be mediated by the binding of factors to the “zip
sﬁ::tzl;ﬁ;in gg StrBeUfl’g’;'” . gg code” region of the 3UTR, a 54 nucleotide AC-rich
Apramyein | 20 At aal nucleotide with several repeating regions of ACACEL.
Ribostamycin | 80 Ribostamycin | 80 Although one might imagine a variety of ways that small
Hygromycin B | =100 Hygromycin B | =100 H H H
Spectinomycin | >100 Spectinomycin | >100 molecule 3-UTR binders could perturb a biological system,

additional basic biochemical information is needed before

Figure 18. Binding affinities of various aminoglycosides for the : : E : ; )
Bcer-Abl and Pax3-FKHR sites of translocation. The sequence of it can be determined if thé TR is a valid target for RNA

the PAX3-FKHR RNA was obtained through a personal com- Pinding compounds.
munication with the authors. .
4.8. MicroRNAs

£ The discovery of RNAI has revolutionized the selective
silencing of a gene product in vivo. MicroRNAs, 225
}Variablenumberofrepeats nucleotide sequences that mediate the destructive silencing
of transcripts in mammalian cells in a RISC-dependent
5.UTR Coding Region ~ 3-UTR manner by binding to the '3JTR of transcripts in a

sequence-specific fashion, appear to be endogenously ex-
pressed RNAiI moleculg$® Also, the imperfect pairing of
g microRNAs and RNA targets can lead to translational
5

3 inhibition without cleavage of the transcrifff. Recent
Start Stop estimates suggest that a significant fraction of human genes
Figure 19. TREDS as structurally unique RNA targets. The are regulated by microRNAS® Accordingly, in addition to
repetitious polyQ sequence within the huntingtin protein is encoded the regulation of critical processes such as cellular prolifera-
by repeating CAG codons. At the MRNA level the repeating CAG  tjgn 199 development® differentiation?°! and apoptosid’?
sequence gives rise to a well-defined secondary structure. defining the role of microRNAs in carcinogenesis and
) ) . sustained progress of cancerous cells is actively being
The net result of this poly glutamine (polyQ) motif is the  ,,rsyed. As microRNAs regulate the translation of target
aggregation of the huntingtin protein, which is believed to rNAs, the up- or downregulation of a particular microRNA
be toxic to the cell. _ _from its “normal” state can cause the microRNA to act as
In healthy cells such repeating sequences are exceedingl\ither a tumor suppressor or an activafiThe upregulation
rare. In fact, only 2% of the entire transcriptome carries a of a particular microRNA is likely to lead to a decrease in
trinucleotide repeat of six or mofé?Also, because of their s targeted protein levels, while downregulation should lead
long repeating nature, the mRNA coding for TRED proteins to an increase. Correlating the levels of a particular mi-
has a unique secondary structure. For example, symptoms;;oRNA with its protein targets is complicated by the
of HD are manifest when the polyQ expansion reaches gpservations that multiple microRNAs can regulate one
greater than 34 glutamine residues, meaning the correspondtranscript. As the exact molecular details behind microRNA
ing MRNA has greater than 34 repeating CAG codons. regulation emerge, it is quite likely that many RNA-based

Biochemical investigation into the secondary structure of targets will begin to surface from these prevalent translational
CAG repeating RNAs has uncovered a unique repeating regulators.

structure*®® CAG repeats have the recurring secondary

structure of a 1x 1 internal loop made up by an-AA . -

mismatch separated by a<&, C—G base pair (Figure 19). ;,‘5 Ge’;]eri! P_rInCIIp/eS %f RNA Binding: Lessons

Thus, the long, repeating expansions causing TREDs may rom the Aminoglycosiaes

provide a novel target for RNA-binding small molecules. The aminoglycosides exert their antibiotic effect through

. : binding to the A site of the 16S rRNA, leading to incorpora-

4.7.7. mRNA Targets: 3 -Untranslated Region tion of noncognate tRNAs and cell death (see section 4.1
The 3-UTR of mMRNAs represent an unexplored area for and Figure 3>%°These compounds have found widespread

small molecule targeting in large part because the funda- utility in studying general facets of small molectiBNA

mental biology of many of the systems is not fully binding; in fact, the majority of investigations into small

understood. As discussed previously (see section 4.7.3), thanolecule-RNA binding have been conducted with ami-
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noglycosides. The general affinity of the aminoglycosides |}
for many different RNAs has been both a blessing and a
curse: on one hand, when searching for a binder to a novel
RNA, it is likely that some aminoglycoside will bind. On
the other hand, this promiscuity often leaves investigators
with compounds that are useful for in vitro studies but less
useful for cell culture or in vivo work. Nevertheless, much
data has been collected on the aminoglycosidBA
interaction, and as summarized in this section, certain basic
principles have emerged.

5.1. Binding Sites of the Aminoglycosides

It is now apparent that aminoglycosides and some synthetic /
small molecules will bind to pockets created by the bases in Figyre 20. General principles of RNA binding as exemplified by
and around internal loops and bulged regions of RNA. aminoglycoside RNA structures. (A) The crystal structure of
Furthermore, it appears that RNARNA and RNA—protein neomycin bound to the 16S A site illustrates the importance of
interactions follow these same recognition principles, and elec.tro_static interactions as the numerous amines present in neo-
aminoglycosides are able to compete for the same binding?;?’&”S'S;eerr%‘g)f%‘;ﬁﬁg ‘é"r';/rs‘tg;esggcc’fuegagfa'ggﬁ?ami”c‘i’r']”%opuonc dk?(t)
sites. Thu_s, for ma>_(|mal biological effect of a 5“?3” mol_ecule, the A site demonstrates the importance of nonionic interactions as
the targeting of regions of RNAmacromolecule interactions  ying | stacks over top of G1491. (C) Ring | of gentamicin, and
seems to be a good choice. There are, of course, multipleother aminoglycosides, forms pseudo-base pair interactions with
limitations and caveats placed on the use of aminoglycosidesA 1408. (D) Overlay of the conformationally restrained neomycin
to target RNA. Aminoglycosides are notoriously nonspecific derivative (orange) with the solved structure of the neomycin
and wil bind to many RNA sequences at low micromolar & 5 LR B arl G B ation must be achiéved

203 iti .
f)yaerlrfbleslgf :r?](ij::)c;ﬂ)’/cghs?(;;%riﬁ d;’::]lglnéaos}Q ,GZ hdaoircpuirr:]ligtssd. g}eprimed with permission from ref 219. Copyright 2005 American

. - . . emical Society.)

Finally, the nephro- and ototoxicity of aminoglycosides

severely limits their in vivo use at high dosages. That said,
the fundamental knowledge gained by close examination of
aminoglycoside-RNA interactions will ideally provide a
springboard to the next generation to RNA binding small
molecules.

found to be greater than 1:1, suggestive of aminoglycosides
bound to multiple regions of RNA secondary structure.
Addition of increasing concentrations of NaCl can reduce
these weaker affinity interactions, indicating that these lower
affinity, nonspecific interactions are primarily mediated by

. . electrostatic interaction8® Thus, favorable electrostatic
5.2. Importance of Electrostatic Interactions interactions will likely enhance the affinities of synthetic

The binding affinities of various aminoglycosides for their Small molecule RNA-binding compounds but at the risk of
target RNAs often correlate with the number of amines €nhanced promiscuity.
present?2%4The molecular structure of the aminoglycosides
appears to be tuned to modulate the basicity of the amines;5.3. Nonionic Interactions
the proximal hydroxyl group is believed to lower thi§ of ) ) )
the amine, thus altering the overall net charge of the When comparing the structure of the aminoglycosides
compound. The presence of a hydroxyl group proximal to (global positive charge) with RNA (negative charge), the
an amine can substantially modulate the ability of various €lectrostatic interactions are immediately obvious; however,
aminoglycosides to bind to the hammerhead ribozy#ffes. nonionic interactions do play an important and often
Analogous experiments, in which pH was altered or the overlooked role in aminoglycosielRNA interactions. For
amine functionalities were replaced with guanidinum groups, example, several aminoglycosides have been shown to bury
demonstrated enhanced aminoglycosiB&A binding af- their less polar portions into hydrophobic regions of RNA-
finities due to an increase in the overall net chaf§ex®® binding site$® In the NMR structure of gentamicin Cla

In an alternative approach, the importance of electrostatic bound to the 16S A-site construct, the network of charged
interactions was demonstrated by analyzing aminoglyceside Mmoieties interacts with the anionic phosphate backbone and
RNA dissociation constants in the presence of varying heteroatoms of the bases while ring | stacks above G1491
concentrations of NaCl; performing binding assays with and packs against A1492 (Figure 28)In their investigation
increasing concentrations of NaCl led to a linear decreaseof gentamicin C1a16S rRNA interaction, Puglisi and co-
in binding affinity 208210 |ncreasing the salt concentration workers compared the binding orientation of paromomycin
lowers the electrostatic potential between the negatively with gentamicin Cla. Both ligands bind with comparable
charged RNA and positively charged aminoglycosides by affinity to the 16S A-site construct and exhibit similar
shielding the phosphate backbone. Subsequent work hasinding modes for rings | and Il. However, as the hydroxyl
demonstrated that electrostatics account for at least one-halfyroups on ring | of paromomycin make contacts with the
of the total binding energy in certain aminoglycosideNA phosphate backbone, the authors proposed that gentamicin
interactiong%” Cla compensates for the loss of these favorable interactions

Although electrostatic interactions are responsible for the by stacking its hydrophobic portion of ring | against G1491.
strong aminoglycosideRNA affinity, they are also respon-  Crystal structures of aminoglycosides complexed with the
sible for the promiscuity of their RNA binding. In several 16S A site reveal this same stacking interaction, although in
cases the aminoglycoside:RNA binding stoichiometries were the crystal structures this interaction is more pronoufiged.
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5.4. Pseudo-Base Pair Interactions A) Conformational change B) Molecular weighi based detecton
As discussed above, the binding sites for aminoglycosides L

(and other small molecules) are generally restricted to areas ‘m ‘\:. H

where the A-form RNA helix is perturbed by noncanonical - . = 3

interactions. Some aminoglycosides appear to mimic base £

pair contacts with unpaired nucleotides, thus enhancing their N AE X ;

recognition by the RNA binding site. Because of the stacking Fluorescentiy-labeled RNA Unmeified RNA
interaction discussed above, ring | of various aminoglyco- ) Petection fom degradation

sides is poised to recognize the Wats@rick face of A1408

(Figure 20C). This pseudo-base-pairing interaction is not Rilase

specific to the glucosamine moiety of 4,5- and 4,6-substituted

deoxystreptamine aminoglycosides because apramycin achieves -

the same pseudo-base pair recognition using its bicyclic P-labeled RNA 6M Urea PAGE

core?2 Furthermore, apramycin uses its ring Ill to bind to Figure 21. Detection of small molecuteRNA interactions. (A)

the C1409-G1491 base pair in a base triplet fashion in the Binding constants can be determined based on the conformational
minor groove3t2 change of a fluorescently-labeled RNA upon ligand binding. (B)

Molecular weight-based methods of detection. ESI-MS allows
. detection of RNA-ligand interactions by measuring the molecular
5.5. Water-Mediated Contacts weight of the ligand-bound complex. The dashed line in the

. -+ representative MS spectra denotes the molecular weight of the RNA
As expected, the crystallographic strucf[ural deter.mmatlon co%struct, while thepsolid line represents the molecglar weight of
of many RNAs has revealed an extensive hydration shell ine jigand-bound complex. (C) The ability of a small molecule to
surrounding various regions. Previous work has establishedprotect RNA residues from ‘enzymatic or chemical digestion
that the interaction between a macromolecule and its solventprovides another readout of binding.
can significantly impact the electrostatic surface potential
of the macromoleculé?'3214that is, water molecules can adaptation has been proposed to be a major contributor to
enhance or dampen the existing charges within binding the lack of specificity observed for the aminoglycosié€s.
pockets. Aminoglycosides can exploit these conserved waterln attempting to create aminoglycoside derivatives with
molecules to enhance specificity and affinity. In fact, enhanced specificity for the 16S A site over the TAR RNA,
approximately one-third of the interactions formed between Tor and co-workers synthesized conformationally locked
the aminoglycosides and 16S A site are made by water-aminoglycosided!® By comparing the paromomycin-16S
mediated contact¥:2!521¢ts mobility in the binding pocket  A-site structure with the neomyciTAR structure, the
allows the water molecules to rearrange upon ligand binding, authors predicted that linkage of thea@mine of ring | with
optimizing geometry and distance of hydrogen-bonding the 5’-carbon would provide the correct binding conforma-
interactions between the ligand and RNA. Furthermore, it tion for the 16S A site but not TAR. Despite their well-
has been suggested that such water-mediated contacts seniatended plans, both locked ligands exhibited the same levels
to reduce the dehydration penalty that the charged aminogly-of selectivity for the A site over TAR as the unlocked parent
cosides must pay in order to penetrate deeply within the aminoglycosides. The authors propose that based on the

A-site binding pocket® known flexibility of the TAR RNA binding pocket, the
restricted analogues must be achieving a different binding

5.6. Shape Complementarity and Conformational orientation (see Figure 20D); that is, in this case the structural

Adaptation plasticity of the RNA is responsible for the observed

The concepts of shape complementarity (how well a ligand promiscuity.
and receptor fit together electrostatically and sterically) and , .
conformational adaptation (binding-induced changes in both 6. Assays for Evaluating RNA Binding

the ligand and rec_e_ptor) are familiar concepts in the field of  1ha in vitro effect of RNA binding ligands typically cannot
molecular recognition. However, each concept has a par-pg eyaluated through a direct enzymatic assay as the RNAs
ticular emphasis when considering RNamall molecule  peing examined do not usually have catalytic activity;
interactions. As discussed in section 3, the various foldS iy me inhibitors are an obvious exception to this. This
adopted by the different RNA secondary structures create ey of enzymatic readout complicates the identification and
pockets which differ in architecture and electronegative g4 ation of small molecule ligands for RNA. However,
potential; however, shape complementarity is likely 0 be qoyara methods are available to the experimentalist looking
dominated by electrostatic interactions as over one-half of ;. 4 quantitative method to assess small molec®BIA

the total free energy for aminoglycosidBNA binding i pinging. As robust detection of small molectiRNA

due to electrostatic interactioA¥.Such a heavy reliance on interactions is a problem without a universal solution, the

elec_trpstatic in;eractipr)s to achieve high affjnity makes methods that have been developed fall into several categories
attaining specificity difficult because of the anionic nature 55 yelineated further below. Some of these methods are
of all RNA binding pockets. For example, modeling studies ;aniewed in Figure 21.

of solution conformations of neomycin into the hammerhead
ribozymes revealed five different orientations that fit the 6.1. Methods Utilizing Fluorescently Labeled RNA
pocket equally welft” o

In addition, steric complementarity is further reduced as  The ability to obtain modified RNA oligonucleotides from
a discriminator because of the inherent flexibility of the commercial vendors has facilitated the development of
various secondary structures, which allow for substantial fluorescence-based methods for detection of ligand binding
rearrangement upon ligand bindi#§ Such conformational ~ (Figure 21A). In these methods, the RNA oligonucleotide is
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made fluorescent by appending a fluorophore to one end orable nucleotides bearing the pyrene label and the modification
utilizing a fluorescent version of a nucleotide either within of the nucleotide residue in the binding site.

or adjacent to the small molecule binding site. In either case,

it is generally accepted that the conformational change 6.2. NMR-Based Methods

associated with ligand binding alters the local environment o )

of the fluorophore sufficiently to provide a readout of  The length of many RNA constructs used in biochemical
bmdmg based on a Change in fluorescence; conformational@ssays fits within the size window suitable for structural

changes are often observed for ligarRINA interac- determination by NMR3! The ability to determine the exact
tions?218 binding site of small molecules, even ligands with affinities

in the millimolar range, as well as the conformational
changes induced upon ligand complexation are the key
dvantages of this technique as a screening and validation
ool. As a method for the discovery of novel protein ligands,
various NMR techniques have been developed that aid in
structure-activity relationships and lead generation from
fragment librarie$32 Use of NMR for studying RNA-binding
small molecule interactions has not yet reached the level of

detection of binding to only the site of interest. However, in sophistication where such techniques are routine for screening

practice binding events distal to the location of the 2-ami- purposes,.alt.hough |n.pr|nC|pIe all the tools aren p.Iace.
nopurine are also observé2! Another advantage is that Direct binding of a ligand to a RNA target is monitored
the B- and 3-ends of the RNA are unmodified, allowing Py determining imino proton (1D) or pyrimidine H36

for standard follow up assays such as RNase foot printing chemical shifts (2D), although standard 1D experiments
(discussed below). appear to be the method of choice for RNAs with previously

determined structure8! Other techniques to monitor RNA
ligand interactions measure the resonance of the free ligand
as compared to bound spectés?3” For example, Water-
LOGSY (water-ligand observed via gradient spectroscopy),
which relies on the bulk magnetization of water to differenti-
ate free from bound ligand, was found to be a superior NMR
technique compared to other 2D experiméfit# significant
Yownside to NMR is the need to obtain large quantities of
RNA, in some cases isotopically labeled. Use of site-

The use of 2-aminopurine as a “site-specific” probe for
ligand binding is a popular choice. The naturally fluorescent
2-aminopurine is a versatile probe and has been incorporate
into hairpin loopg?° internal loops$*% bulged regiong?!
and loop junctiong?? The advantage of this method is its
site-specific nature; that is, in an RNA containing multiple
secondary structures, the selective incorporation of 2-ami-
nopurine into one of the secondary structures can allow for

A complementary approach to the 2-aminopurine method
is the attachment of a fluorophore to either thed 3-end
of RNA. End-label incorporation of fluorophores has been
used to study the hammerhead ribozyfieand the 16S A
site??*in each case the results were similar to those obtained
using the 2-aminopurine method. In addition to studying
these well-characterized systems, the end-label method ha:
been used in a discovery mode against novel RNA

134,135,225227 i ifi - . .
targets.™- Importantly, because the site of modifica- g, cifically labeledF nucleotides can compensate for the
tionis typically on the 5end, chemical synthesis of the RNA /6 _mentioned drawback&2*however, such specially
construct is not a requirement. Rather, standard in vitro labeled constructs are not commonly used likely owing to

transcription assays using guanosihed@_nophosphorothio- fact that such constructs can only be accessed by solid-phase
ate (3-GMPS) can be used to enzymatically produce a full- synthesis. This is in contrast to more traditional NMR

length RNA construct in which the GMPS is incorporated o) oiments in which in vitro translation is used to obtain

as the first nucleotide, allowing it to react readily with ; : : 1
; . ' . ir nstr includin ly labelén
iodoacetamide fluorophores or other desired laB¥IZEA ;ﬁgi%ni?rfjgt;t uct, including doubly labetéd and*C

potential drawback of the end-label assay is that the
magnitude of change in fluorescence is likely a function of -
the distance between the binding site and the fluorophore asg'3' EleCtr?SpE‘y I%m,\z/latt'ﬁn dMaSS
well as the magnitude of the conformational change. pectrometry-based Methods

Although the end-label method has been implemented Ejectrospray ionization mass spectrometry (ESI-MS) pro-
successfully where the fluorophore and binding site were asyjjges a gentle ionization method that allows for a molecular
distant as 11 base pairs aw#y***and in more conforma-  \ejght determination of bound receptdigand complexes
tionally restrained systems such as the 16S A%ftsiiccess in the gas phase (Figure 21B). ESI-MS provides a unique
is not guaranteed. Recent work has shown that for deox- assay to determine ligardRNA interactions that is not
ystreptamine dimers binding to RNA hairpin loops the rejiant on conformational changes associated with complex-
binding constants obtained using the end-labeled method aretion. This label-free technique can provide the ligaRNA
s_imilar to those obtained through isothermal titration calo- 5550ciation constant and stoichiometry of binding by moni-
rimetry (ITC)?2° toring the shift in molecular weight of the RN&? Griffey

In an attempt to merge the site-specific nature of the and co-workers at Ibis Pharmaceuticals pioneered various
2-aminopurine method without modifying the base itself, a approaches for monitoring RNAigand interactions via ESI-
binding assay was developed based on the incorporation ofMS. These authors demonstrated that the gas-phase binding
a pyrene label. Incorporation of commercially available affinities are consistent with those derived from solution-
pyrene-labeled uracil (connected through th@@sition via phase experiments for the aminoglycosid&S A-site
flexible alkyl linker) into a target RNA potentially removes interactior?*! Furthermore, the authors developed techniques
disadvantages associated with above fluorescence-basetb identify the binding site of the small molecule using
methods; that is, the fluorophore is placed directly in the collisionally activated dissociation MS to fragment the
site of interest, and the native nucleobase is used. The pyreneRNA 242243perhaps where ESI-MS holds the greatest promise
labeled method has been successfully used to investigates in the area of high-throughput screening, where the authors
various aminoglycosideTAR interactiong3° Limitations of successfully screened a mixture of RNA targets against a
this method include a (current) lack of commercially avail- mixture of compound&** The single greatest hurdle in these
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Figure 22. Fluorescently-conjugated aminoglycosides that have been used as ligands in displacement assays.

assays is removal of salt from the phosphate backbone oflessens the signal-to-noise ratios typically observed in
RNA. As ionic strength is known to have an important anisotropy assays and in some cases precludes the use of
contribution to binding energy and selectivif§;?1° the anisotropy-based method¥.

strength of ligand interaction and binding mode may be In order to circumvent size limitations placed on aniso-
different from those observed in an ionic solution-phase tropy-based assays, fluorescence resonance energy transfer
experiment. While quite versatile and promising, ESI-MS (FRET)-based techniques have been applied to the identifica-
analysis of small molecuteRNA interactions has yet to  tion of small molecule ligands for RNA. In one example,
enjoy widespread use in discovery and validation platforms, the TAR RNA was end labeled with the donor, while a Tat
presumably due to the type of specialized instrumentation peptide was labeled with an acceptor, yielding a FRET pair

and expertise required. upon binding?*® In the same TAR Tat system the Tat
peptide was labeled with both FRET pairs; upon binding,

6.4. Fluorescent Ligand Displacement-Based the dual-labeled Tat peptide binds in an extended conforma-

Assays tion, thus reducing FRET efficienéy’ Finally, investigation

Thus far, the methods that have been discussed monitorOf the T-box antiterminator RNA was performed with both

changes in the RNA, whether conformational changes or aFRET pairs on the RNA, one which was end labeled and
ang ' . % the second label located in the hairpin loop. The binding of
shift in molecular weight. An alternative approach is the

displacement of a fluorescently labeled ligand. Such Strate_small molecules altered the FRET efficiency and thus served

gies are robust for high-throughput screening and sufficiently as a reporter of binding.
reliable for detailed biochemical and biophysical studies. In :
addition, displacement of a fluorescently labeled ligand is a 6.5. Small Molecule Microarrays
pseudo-tagless approach as the RNA and small molecule The printing of libraries of small molecules onto func-
under investigation are unmodified. However, these methodstionalized glass slides for high-throughput screening has been
cannot be used for de novo discovery platforms because theysuccessfully used to identify novel protein ligariés?252
require a known ligand that can be fluorescently labeled. Small molecule microarrays allow for10 000 small mol-
Fluorescence anisotropy measures the rate of tumbling ofecules to be screened simultaneously on a single glass slide,
a fluorophore in solution, and an unbound fluorescent ligand consuming a minimal amount of compound and macromol-
will tumble faster than the bound fluorescent ligand. For ecule in the process. In its application to RNA, an initial
applications to RNA, fluorescently labeled aminoglycosides proof-of-concept experiment was performed using a collec-
(Figure 22) are often used as displacement ligands. Displace-+tion of aminoglycosides that were imprinted onto glass slides
ment of labeled aminoglycosides has been used successfulloated with a tetraethylene glycol linker terminating in
to identify binders to internal loop$72*> however, the  succinimidyl succinaté® Application of 100 pmol of a
targeting of RNA hairpin loops would require a different fluorescently end-labeled A-site construct revealed that the
screening ligand as the aminoglycosides bind poorly to this RNA is able to recognize the ligands displayed from the
class of secondary structur&$225Anisotropy assays have surface but failed to reproduce the rank order of specificity
also been utilized for identification of compounds that disrupt observed from solution-phase binding assays. These results
RNA-—protein interaction€8246 However, the large size of suggest that the surface, linker, and linker position can
the ligands, particularly when coupled to a fluorophore, substantially affect the binding properties of the compounds,
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a result confirmed by a similar stud§f: Although significant phodiester linkage by transesterification. Ligand binding and
progress needs to be achieved for consideration as a screeningonformational changes can alter the spontaneous cleavage
tool, use of small molecule microarrays has potential for the rate. This method been used primarily to monitor ligand
rapid screening of large compound libraries against a large binding to riboswitch RNAg10258-262
number of RNA targets.

6.8. Assaying for Selectivity
6.6. Surface Plasmon Resonance and Isothermal The examples of aminoglycosides binding to a variety of

Titration Calorimetry target RNAs have demonstrated that selectivity, in terms of

The ability to incorporate a chemical “handle” selectively both secondary structure within a given RNA and one RNA
to either the 5 or the 3-end of an RNA construct affords a  target over others, is an elusive goal. Very few RNA binding
convenient method for attaching RNA to a surface plasmon compounds demonstrate any reasonable selectivity with the
resonance (SPR) sensor. In principle, SPR is an ideal formataminoglycosides being notoriously promiscuétisSelectiv-
for evaluating binders: low amounts of RNA and compound ity is @ major issue that must be addressed to make the
are required, binding is measured by change in refractive targeting of RNA with small molecules general and useful.
index due to complex association rather than a conforma- Assessment of the selectivity of small molecules for
tional change, the attachment site can be far removed fromvarious RNA targets is most valuable if competing off-target
any putative binding sites, and a known binder is not neededRNAs are known. As estimates have suggested-t1&%
prior to investigation. SPR can provide both dissociation of the RNA within the cell is comprised of tRN%,tRNAs
constants and on and off rates. Wong and co-workers are often chosen for this purpose. Nearly all of the methods
championed the use of SPR for studying ligafitNA described in the section above (use of fluorescently labeled
interactions for the 16S A sit8* RRE and various RNAs, displacement of a fluorescent ligand, and foot-printing
protooncogene®¥? For now, however, the low throughput —assays) are well suited for tRNA competition studies. In these
and high cost of SPR make it more appropriate as a validationexperiments the standard binding assay conditions are
tool rather than a discovery tool. repeated using a 100-fold (base) excess of commercially

Although not suitable for a high-throughput screen, availableE. coli tRNA.?%3 Any deviation from the previously
isothermall titration calorimetry (ITC) is an excellent method determined binding constant is attributed to off-target bind-
to obtain binding constants and thermodynamic parametersing. thus providing an indication of RNA target selectivity.
for small molecule-RNA interactions. This method has been ~ Tor and co-workers developed this general semiquantita-
applied to a wide variety of compounds and RNA con- tive selectivity assay while evaluating aminoglycosides and
structs208:210.229.255.25¢ he limited aqueous solubility of certain ~ derivatives thereof for their ability to disrupt the ReRRE
small molecules has limited the application of ITC in some interaction (Figure 23A3%3 The IGso for neomycin disruption
protein-ligand systems. However, most RNA ligands are Of Rev binding was determined to beuK1, while addition
charged, polar compounds; thus, ITC is an ideal technique 0f @ 100-fold (base) excess of tRNA or calf thymus DNA
for obtaining detailed thermodynamic parameters for small resulted in IGo values of 20 and &M, respectively. The

molecule-RNA binding. selectivity ratio was defined as the averageNalue in the
presence of DNA and tRNA divided by the 4Cin the
6.7. RNase and Chemical Footprinting absence of any competitor nucleic acids. These values allow

one to infer the relative selectivity of a particular ligand as

Though all of the aforementioned assays provide robust compared to others tested on the same conditions. For
methods for evaluating the strength of ligariRINA interac- neomycin the specificity ratio is approximately 2.0, and both
tions, only NMR methods allow for the precise determination tobramycin and kanamycin A exhibited similar specificity
of the ligand-binding site. Biochemical footprinting experi- ratios. Caution must exercised when interrupting the specific-
ments are the standard follow-up assays for any of the aboveity ratio of particular ligand. For example, the affinity of
techniques because they allow for an independent confirma-some ligands, like the aminoglycosides as in the above
tion of binding affinity and provide information about the example, are only modestly affected by the presence of
exact residues that make up the ligand binding %ftén competitor tRNA. However, this modest change in affinity
these assays the RNA is radiolabeled wih on its 5-end when challenged with competitor tRNA is at odds with the
and then incubated with varying concentrations of ligand. ability of various aminoglycosides, particularly neomycin,
After the binding proceeds to equilibrium, the RNAgand to bind to a wide variety of RNA targets and secondary
complex is subjected to degradation, either enzymatic or structures with approximately equal binding affinity (see
chemical, and the resulting RNA is analyzed by electro- section 4). Also, the affinity of some ligands for their
phoresis under denaturing conditions (Figure 21C). The respective targets has been shown to be largabffected
binding site of the ligand is identified by the bases that are by the presence of competitor tRN& however this does
protected from cleavage in a dose-dependent fashion; bindingnot mean that such ligands are absolutely selective for their
affinities can be estimated by densitometry of the bands thatrespective targets. Despite these caveats, the tRNA competi-
appear on the gel. Though footprinting is an excellent tion experiment offers a simple method to quickly assess
validation assay, the time-consuming nature of the assaycompound promiscuity.
precludes its use in a high-throughput, discovery mode. A second approach for assaying ligand selectivity is to

An alternative approach is in-line probing. In these perform binding assays against other common secondary
experiments the radiolabeled RNA is allowed to incubate in structures; such assays are commonly performed to determine
the presence of varying concentrations of ligand for an the binding site of a ligand. For example, to determine the
extended period of time, on the order of days. Unstructured structural features important for aminoglycoside binding to
regions of RNA are inherently more chemically unstable than RRE, 15 RRE constructs were utilized that varied in
duplex regions due to spontaneous cleavage of the phos{presence, size, and sequence of different secondary structural
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rest of the RNA structure remained constant. The bound
RNAs were revealed by autoradiography, excised from the
argrose matrix, and amplified by RT-PCR, and the sequence
was obtained through cloning and sequencing. Disney and
co-workers identified 16 internal loop sequences which
bound the kanamycin A derivative wikp values<22 nM.
Interestingly, within the identified internal loop sequences a
strong preference was observed (10 of 16) for an adenine to

gﬂg’% be adjacent to a cytosine. The authors suggest that the results
gained from this method provide insights into the preferred
RNA motifs for the each individual ligand, and such
information can be used to guide target selection experiments
or identify alternate RNA targets.

Another new approach which attempts to address the
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Bt Ot e & et S St % RNA was then incubated with the bead-bound compound.
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g & g & Be, o, o g microarrays. Tobramycin conjugated to beads through'its 6
ofe g P S S T primary amine pulled out 216 transcripts, while tobramycin
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3 & €& & € & 2 2 transcripts; only 25 of the 216 transcripts originally identified
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Figure 23. RNA-binding selectivity assays. (A) The solid-phase In @ second approach using the same human liver polyA
nucleic acid competition studies for evaluating ligand selectivity RNA, tobramycin-RNA interactions were identified by the
developed by Tor and co-workers. In the solid-phase assay, a ligandability of the aminoglycosides to prevent the hybridization
that disrupts the RevRRE interaction results in displacement of process between the RNAs and the DNA pro¥€his
fluorescently labeled Rev (top) and an@alue can be determined.  ypyrigization interference assay revealed only 18 genes with
To test for selectivity, the same displacement assay is IOeIrformedmodiﬁed intensities; it seems likely that the hybridization

in the presence of a competitor nucleic acid, in this case tRNA . f . flecti f th |
(blue). If a compound binds the tRNA, then the ligand will be less [Nterference assay is not reflective of the general RNA

effective at disrupting the RevRRE, resulting in a higher I§ binding properties of tobramycin. Also, as shown by the use
values. (B) Rando and co-workers systematically examined the of aminoglycoside small molecule microarr&y%attachment
structural requirements for the neomyeiRRE interaction. Ex- of aminoglycosides (and presumably other RNA-binding
amination of the binding constants for each RRE construct reveals sma|| molecules) to solid support can significantly alter their
tFlgszneomycm exhibits comparable affinity for a wide variety of - pin4ing properties. Although more work is needed to further
structures. . . =
) ) validate this approach, it is currently one of the more

elements (Figure 23BJ* Of course, given the huge number comprehensive methods for evaluating selectivity of RNA-
of possible sequence variations even for a very short RNA pinding small molecules.
oligomer, it is not feasible to individually create every  The remaining sections present an overview of efforts that
possible RNA sequence and then assess its binding to ahave been made to identify compounds that specifically bind
compound. Thus, it has been difficult to get a true handle tg certain RNA secondary structures, namely, stems, internal
on the selectivity of RNA-binding compounds. While it can  |oops, bulges, and hairpin loops.
be said with some certainty that certain compounds are
promiscuous binders, it is very difficult to say that a 7. Stem Binding Compounds
compound is truly selective for any RNA; it is simply
selective within the panel of RNAs it has been tested against.  Although many proteifr RNA interactions occur in regions

A recent approach which examines ligand-binding selec- where the A-form helix is disrupted, the RNA stem does
tivity utilizes small molecule microarrays and in vitro mediate some interactions. In fact, proteins which bind to
selection of site-specifically randomized RN#AS. This RNA duplex regions can be grouped into superfamilies based
approach allows one to simultaneously probe thousands ofon their double-strand RNA binding motif (dsRBNF;the
RNA-ligand interactions. In this proof-of-concept study, various dsRBMs share a commanf-3-3-o. secondary
Disney and co-workers first attached kanamycin A (deriva- structure?s8270 The first a-helix and the loop regions
tized with a terminal alkyne at the'-position) to azido- connecting thg3-sheets are responsible for binding to the
functionalized agraose microarray slides. A library of 3 major and minor grooves; recognition is achieved by binding
internal loop RNAs (labeled at theif-8nds with3?P) were to the 2-hydroxyl groups and phosphate backbdhimhibi-
then assessed for their ability to bind to the displayed ligand. tion of some of these RNAprotein interactions could have
The design of the RNA was such that only the six nucleotides therapeutic potential. For example, inhibiting the RNA-
within the 3 x 3 internal loop were randomized while the binding function of the viral protein RNA-dependent protein
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Figure 24. Stem binding compounds. (A) A representative sampling of DNA intercalating agents that were found to bind to RNA duplex
regions. Five classes of DNA intercalating agents were assayed: an unfused aromatic sfafftddgic fused aromatic scaffolds<10),
threading intercalatorsl®), and compounds with mixed modes of bindiridl @nd 13). (B) A representative sampling of ligands which

bind RNA stems through electrostatic interactions.

kinase (PKR) has been proposed as a possible antiviralin nearly all cases binding to DNA is most favorable. Further
strategy?’* PKR is activated by binding to double-stranded investigation into the different types of intercalation reveals
RNA and once activated phosphorylates elF2 to inhibit host that not only is threading intercalation possible for RNA
protein synthesi&’?> 274 Thus, disruption of the PKRRNA duplexes, but threading intercalators can bind with compa-
interaction would abolish kinase activity. However, develop- rable affinities and form longer lived complexes with the

ment of such strategies is made difficult due to the inability
of most RNA-binding small molecules to target duplex
regions with affinity and specificity. As detailed in the

RNA duplex than classical intercalatcié;threading inter-
calators are discussed in more depth in section 7.3.

sections below, some progress has been made toward thd.2. Stem Binding Small Molecules Through lonic

development of compounds that bind to fully duplex regions
of RNA (RNA stems).

7.1. Stem Binding Small Molecules Through
Intercalation

Initial investigations toward identifying RNA-binding
small molecules began with known DNA-binding com-

Association

The development of nonintercalative stem binding com-
pounds was spawned from the desire to obtain compounds
with specificity for RNA over DNA; such studies focused
on identification of ligands which bound more tightly to RNA
duplexes than DNA duplexes. Results from these initial
experiments revealed that flexible scaffolds with charged

pounds. As the binding mode, sequence preference, andccenters preferentially bind RNA duplexes over their DNA

strength of interaction were previously determined for DNA,
structure-activity relationships to establish properties neces-
sary for RNA binding and selectivity could readily be
determined. DNA-binding ligands can be broadly classified
as either groove binders or intercalat&f/\hile DNA minor
groove-binding ligands generally exhibit negligible binding
affinities for RNA, many DNA intercalators (compounds
7—13, Figure 24A) are able to associate with RNA, although

counterparts (compoundg—17, Figure 24BY7’ Selectivity

was postulated to arise, in part, from the inability of the
flexible scaffolds to pack properly in the minor groove of a
DNA duplex, a property that is essential for DNA minor
groove binding7?’® These same properties were then
expanded to the diphenylfuran ligands88@nd19), where it

was found that large, charged substituents resulted in an ionic
rather than an intercalative binding mode (compk8eand
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A) y o and co-workers explored the potential of threading interca-
N 4 ‘[gn Y& n... i lators using the 9-anilinoacridine-4-carboxamide scaffold
_ RS QR & W ﬁ,& wy with various peptide substituents appended at the 4- and
0 ™ :Irﬁj»;, H 9-positions?71282 Previous work with DNA duplexes has
oy \g demonstrated that this scaffold does indeed bind with a
e threading mode of intercalation with the 4-position placed
2 n in the major grooveéd3284 although there is conflicting
< evidence®® Using solid-phase synthesis and on-bead screen-
ing techniques Beal and co-workers developed an effective
B) c) platform to obtain and evaluate helix-threading peptides
(HTP)27%282 In order to investigate the preferred RNA
binding site of HTPs a representative ligarad,(Ser-Val-
Acr-Arg) was subjected to in vitro selection experimetifs.
The results from these selection experiments defined a
consensus sequence that comprises the binding si2@, of
iy wherein a single bulged uridine or-@&J base pair was found
directly above a GC, C—G base pair, which was followed
by either an internal loop or bulged region (Figure 25B, RNA
constructd —IV). The authors propose that the-G, C—G
2 base pairs likely provide the site of intercalation of the
a8 GCGCucs- acridine moiety, which is consistent with observations made
Eﬁﬂu GG? for DNA duplex binding?®” It remains to be determined if
the differing secondary structures above and below th€G
Ko =16 uM C—G base pairs alter the base pair “breathing” rates or simply
Figure 25. Helix-threading peptides. (A) lllustration of a threading enhance aff|n|ty by interacting with the pepnde appendages_

intercalator interacting with RNA, and the structures of two helix- However, it is clear that the nature of the secondary structure
threading peptides (HTPs). Highlighted in red is the core intercalat- : . . . . o
ing scaffold. Image courtesy of Professor Peter A. Beal. (B) The surrounding the site of intercalation plays a role in defining

proposed binding site for each of the in vitro-selected RNA aptamers ligand affinity, as the affinity for20 varied by >30-fold

is shown with their respective binding affinities 0 shown below between the different selected aptamers. This may suggest
the structures. (C) HTR1 was chosen to evaluate the ability of that different sequences and types of secondary structure
HTP ligands to target biologically relevant RNAs, as exemplified |ikely affect the opening rate of base pairs at the intercalation
by hfellxﬁz of theE. coli 16S RNA. Shown in blue is the binding  gjte differently.

site for21.
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Although the selection experiments were able to provide
19 with 7)2” In an alternative strategy, Miller and co- insight into the preferred binding site 8, no information
workers successfully devised a dynamic combinatorial library Concerning the groove location of the peptide substituents
strategy capable of generating substantial chemical diversity.could be gathered. Attachment of EDFA&e, a commonly
In a preliminary study, the authors reported the discovery employed hydroxyl radical generating reagent for chemical
of one compound (from a theoretical library size of 11 325) foot printing, to either the N- or C-terminus @b allowed
that appears to exhibit exceptional selectivity for the HIV-1 for the determination of each substituent’s groove locaién.
frame shift regulatory sequence as compared to other nucleigrrom these experiments it was determined that the N-
acids of similar sequence and size, possibly through binding terminus projects into the minor groove, while the C-terminus

to the RNA stent®° projects into the major groove of the in vitro-selected RNA
. I. Mutational analysis demonstrated that the size of the

7.3. Stem Binding Small Molecules Through bulged structure below the site of intercalation is critical for

Threading Intercalation binding, as a single base bulge experienced an 18-fold drop

Although the A-form helix does not in an absolute sense N Pinding affinity and deletion of the bulged structure
prevent recognition of the discriminatory edges of the base féSultéd in no observed binding. Interestingly, analogous
pairs that comprise a duplex region, selective recognition of €xPeriments performed with a C-terminal-modified ligand
the stem will likely require exploiting more subtle attributes exhlblted an altered binding orientation for the smaller bulge

due to the lack of suitable binding pockets present within SizeS- When the bulge size was decreased to one or two
duplex regions as compared to other secondary structuresnucleotides a mixed binding mode was observed; that is, the
Previous work has demonstrated that the rate of base paismaller bulge size relieved the preference for inserting the
opening is enhanced by proximity to other RNA secondary C-términus in the major groove by allowing the C-terminus
structureg®? such enhanced conformational dynamics pro- € Projectinto either the major or minor groove. These results

vide an avenue toward binding that threading intercalators démonstrate that both ligand and RNA structure dictate the
may be able to exploit. In threading intercalation the binding orientation and further suggest that subtle differences

intercalating moiety is stacked within the helix such that N RNA structure can be used to discriminate between RNA

substituents attached to the intercalating system are placedargets. However, the data also hint that optimizing the
on opposite sides of the duplex (see Figure 25A). This uniquesub_stltuents emanating from t_h(_a mtercalatqr scaffold_ _for a
binding mode, coupled with its longer lifetime of association, Particular RNA target may be difficult as continual modifica-
provides a tractable avenue for the development of duplex- tion of the ligand may alter its binding orientation.
selective ligands. RNA-binding selectivity could arise from  Various helix-threading peptide ligands have been evalu-
threading intercalators preferentially binding to duplex ated for their ability to bind to biologically relevant RNAs.
regions at sites with greater rates of base pair opening. BealCompound21 was tested for its binding site specificity to
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Figure 26. Energetics of internal loop formation. Shown are the
three symmetric Z 2 internal loops and the impact they have on
the free energy of duplex formation.

helix 22 of theE. coli 16S RNA28 Helix 22 of this RNA
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nature?®? Given the known sequence dependence on the free
energy of internal loop formation, detailed studies on the
size dependence of internal loops are exceedingly difficult.
The largest internal loop sizes to be systematically studied
thus far are 3x 3 internal loopg® From the limited
information available, 1x 1 internal loops appear to be
roughly neutral with regard to free energy of duplex
formation?°® while in larger symmetric internal loops a
greater entropic penalty is paid for loop formation. This
entropic penalty may be compensated for by enthalpic
contributions due to non-WatseiCrick base pair forma-
tion.2%1292 This apparent entropic/enthalpic compensation
gives rise to the large variability in free energy observed for
2 x 2 and 3x 3 internal loops. These thermodynamic data
could be potentially exploited in the search for loop-size-

features a binding site that is similar to those of the in vitro- selective ligands. For example, if a compound is known to
selected aptamers except that above the intercalation site &ind through an intercalative mode, the targeting of a
U—A base pair is present rather than a single base U bulgestabilized internal loop (such as aBA-3' x 5-GA-3', AG

or G—U base pair (Figure 25C). Chemical foot-printing
experiments revealed that does indeed bind to the expected
region with an affinity of 17uM, which is 3 orders of
magnitude less potent than binding to RNAThe U-A
base pair exhibited a significant degree of conformational
freedom as inferred from its hyper-reactivity during foot
printing. Such conformational freedom is consistent with

requirements mandated from the selection experiments.

Further support is derived from the loss of binding that is

—2.6 kcal/mol) rather than a destabilized sequence (such
as 3-AA-3' x 5'-AA-3', AG = 1.5 kcal/mol¥° will likely
be preferable. Superficially, both sequences would seem
favorable for stacking, but the thermodynamic data suggest
formation of G-A base pairs for the stabilized sequence,
which may imply a more favorable environment for stacking
interactions.

Identification of small molecule ligands for three particular
RNA internal loops has been extensively pursued: the 16S

observed when the internal loop above the site of intercala- A-site RNA, the Rev response element (RRE) RNA, and

tion is replaced with a duplexed region. However, during
an investigation of HTP ligands for their ability to inhibit
the RNA—PKR interaction, an analogue of HTH (with

the terminal arginine replaced by lysine) was found to inhibit
this RNA—protein interaction with an 165 = 37 uM even
though the proposed intercalation site is abg€mlthough

the selectivity of HTP ligands for the consensus binding motif
(a G-C, C—G intercalation site with conformationally free

secondary structures on either side) remains to be determinedth

use of threading intercalators to achieve selectivity for
duplexed regions is a novel solution for targeting RNA.
Recent applications of this work include the synthesis of

macrocyclic HTP ligands via ring-closing metathesis and the
demonstration that these compounds show enhanced bindin

affinities over their linear counterpa¥.

8. Internal Loop Binding Compounds

the thymidylate synthase mRNA. A summary of this work

is presented in the sections below. For the biological
background on each of these systems, the reader is referred
to section 4 of this review.

8.1. Small Molecule Binders to the 16S A-Site
RNA

Of all the RNA targets that have been explored for
erapeutic intervention, the A-site 16S ribosomal RNA is
by far the one with the most success stories. The term 16S
refers to the entire helix, while the A-site defines a very
specific region. As it is an antibacterial target, compounds
that bind the 16S ribosomal RNA have the added advantage

%f a convenient cell-based assay for assessment of efficacy.

Although the aminoglycosides are potent antibiotics, they
possess several undesirable properties for clinical use,
including the emergence of resistant bacterial strains, poor

Internal loops are a ubiquitous secondary structure elementPharmacological profiles, and off-target effects that lead to

in RNA. Significant effort has been put forth to understand

oto- and nephrotoxicity?* Many groups have attempted to

the energetic forces that determine stability, structure, andderivatize or create small molecule mimics of the aminogly-

dynamics of internal loops. Detailed investigation of the free

cosides to circumvent the aforementioned problems. Unfor-

energy of formation for internal loops has revealed a strong tunately the issue of specificity, in terms of secondary
sequence dependence on internal loop stability. For exampleStructure or even between RNA targets, is not directly

for 2 x 2 internal loops the free energy is known to vary by
more than 5 kcal/mol depending on the identity of the
nucleotides within the internal loci! Within this variance
certain sequences have been shown to stabilize duple
formation (3-GA-3' x 5'-GA-3'), while others significantly
destabilize duplex formation #U-3 x 5'-CU-3) (Figure
26)2°tIn addition to the sequence context of internal loops,
the symmetry and size of internal loops further contribute
to the variability in the free energy of duplex formation.
Asymmetric internal loops are destabilizing toward duplex
formation?®? For example, asymmetric internal loops are
typically unstructured in solution, and their inherent flex-
ibility has been evoked to explain their absolute destabilizing

X

addressed in many of the manuscripts presented in this
section; cell culture antibacterial assays are often used as a
surrogate for in vitro selectivity assays.

8.1.1. Bifunctional Aminoglycoside Derivatives

One of the main culprits in the decreased efficacy of
aminoglycosides is the prevalence of aminoglycoside-
modifying enzymeg$? Bacterial resistance is conferred by
the ability of these enzymes to acylate, phosphorylate, or
ADP-ribosylate the aminoglycosides as the modified com-
pounds have a decreased affinity for the 16S A-site RNA.
To circumvent the problem of aminoglycoside-modifying
enzymes, Wong and co-workers synthesized a library of
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Figure 27. Minimal constructs for A-site binding. Highlighted are

the neamine and paromamine ring systems from neomycin and
paromomycin, respectively. Both neamine and paromamine have
been shown to bind the 16S A-site ribosomal RNA, thus represent-

ing a minimal RNA-binding scaffold.

“bifunctional aminoglycosides” by dimerizing neamiffé.

Thomas and Hergenrother

blocks of the neamine and paromamine ring systé&hs.
Homodimers and heterodimers of all three sugars were
synthesized with tethers of varying linker length and
composition 4—28, Figure 28). Binding to the 16S A site
was evaluated by ESI-MS, from which it was determined
that all of the dimerized compounds showed improved
affinity as compared to their respective parent monomer.
Comparing identically linked compounds, homodimers'ef 6
aminoglucosamine2d, Figure 28) bound better than ho-
modimers of DOSZ5), which bound better than homodimers
of glucosamine Z6). Analysis of the DOS heterodimers
revealed a significant decrease in binding affinity. With
respect to linker length, the binding affinities for-6
aminoglucosamineDOS and DOS-glucosamine dimers mir-
rored the affinities of the homo-DOS and homo-glucosamine
dimers, respectively, although oné&dmninoglucosamine
DOS conjugate showed equal binding affinity relative to the
similarly linked homodimer of Baminoglucosamine. The
general trend was observed that longer linkers generally
provided dimers with better binding affinities. Although none
of the compounds reported by He and co-workers surpassed
the affinity of the neamine dimers (section 8.1.1), the data
presented suggest the general utility of dimerizing com-
pounds with weak binding affinity to give rise to compounds
with markedly enhanced affinity.

8.1.2. Neamine Derivatives

Not all aminoglycosides are substrates for the aminogly-
coside-modifying enzymes. For example, amikacin is known
to be a poor substrate for various aminoglycoside-modifying
enzymes; its aminohydroxybutyryl substituent is thought to

Neamine was chosen as it represents the minimal portion ofSterically preclude binding to various modifying enzyries.

an aminoglycoside that still retains antibiotic activity (Figure
27). Although it is not entirely clear how such dimerized
neamine ligands would preclude susceptibility to aminogly-
coside-modifying enzymes, enhanced RNA affinity was
anticipated to arise from the ability of the dimeric neamine
to bind simultaneously to the internal and hairpin loop
regions. Using SPR to characterize the ligaRINA interac-
tions, neamine was found to bind to the A-site RNA with a
2:1 stoichiometry and Kp of 10 uM for each site. A series
of alkyl-linked neamine dimers of varying tether lengths

Mobashery and co-workers devised a computational strategy
to identify derivatives of neamine with enhanced binding
affinity and reduced susceptibility to aminoglycoside-
modifying enzymeg?* Starting from the NMR structure of
paromomycin bound to the A site, rings Ill and IV were
computationally deleted and the resulting structure was used
as the template for in silico docking experiments. Sampling
the Cambridge Structural Database (CSB) and National
Cancer Institute (NCI) 3D database provided®50 000
compounds for the docking experiments; compounds were

synthesized through either amide or carbamate linkages waselected that bound near the N1- and O6-positions of the
evaluated for binding to the A-site RNA construct (Figure Nneamine ring system. The in silico hit compounds were used
28). The most potent binder from this alkyl series, compound t0 guide the design of seven neamine derivatives. As the
22, displayed a modest improvement in affinity over neamine (S)-4-amino-2-hydroxybutyryl side chain of amikacin is
(Kp = 0.8uM versusKp = 10 M for neamine) and retained essential in resisting tlh.e effect of ammoglycos@e-modl_fymg
a 2:1 stoichiometry of binding. The authors indicated that enzymes, the N1-position of neamine was equipped with the
the enhanced affinity was due to contributions from the linker Same side chain as well as aniline-containing side chains.
rather than the dimeric nature of the compounds. Subsequend/arious aliphatic amine substituents were placed at the O6-
efforts led to the design of more flexible, hydrophilic amino Position to make contact with the phosphate backbone.
alcohol linkers, and compounds incorporating these had In order to establish the effectiveness of the synthesized
substantially enhanced binding affinity. The diaminobutane- compounds, a 'Hluorescein-labeled A-site construct was
linked neamine dimeR3 showed a 250-fold improvement used. For the parent neamine, two cooperative binding events
in binding affinity (Kp = 40 nM) and bound with a 1:1  were observed: the first cooperative binding site yielded a
stoichiometry. In vitro characterization of various neamine Kp of 19 uM, while the lower affinity site bound with an
dimers led to the determination that several dimers exhibited affinity of ~4 mM. In contrast, nearly all synthesized
antibiotic activity in bacterial cell culture assays and were derivates bound to a single site with no signs of cooperative
indeed poor substrates for a variety of aminoglycoside- binding, and several exhibited improved affinity over neam-
modifying enzymes. ine (compounds29—35, Figure 29A). Addition of the
Encouraged by the success of the neamine dimers, He anc&minohydroxylbutyryl substituent resulted in enhanced bind-
co-workers probed the generality of dimerizing simple sugars ing affinity in all cases. Also, the addition of the diaminoal-
by exploring dimers of 2-deoxystreptamine (DOS); 6 kane moiety at the O6-position improved the binding affinity
aminoglucosamine, and glucosamine, the core building as much as 12-fold. Given the enhanced affinity imparted
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Figure 28. Dimerized aminoglycoside building blocks and their affinity for the 16S A-site RNA.

by the aminohydroxybutyryl substituent, it would have been disaccharides synthesized nearly all compounds bound to the
interesting to compare the binding affinities to amikacin, as A-site construct, although with high micromolar affinity; only
many of the derivatives synthesized are more analogous tosix disaccharides bound with dissociation constants lower
O6-substituted amikacin compounds than neamine deriva-than 50uM (compounds36—41, Figure 30). In accordance
tives. As shown in Figure 29B, the crystallographic structural with the known dependence on electrostatic interactions, all
determination o081 bound to the A-site RNA revealed that compounds that bound withkp values below 50uM

the neamine core retains its mode of binding, as intendedcontained three or four amines. Other general library trends
by the design strategd/® Consequently, the aminohydroxy- showeda-linked disaccharides generally bound with tighter
butyryl substituent projects up the helix along the major affinity than the correspondingrlinked compounds, and-#4
groove where a series of water-mediated hydrogen bondslinkages appear to be preferred ted linkages. Importantly,
are formed with several base pairs in the major groove. Thethe best compound of the disaccharide sed€gKp = 11
aliphatic amines are also involved in a number of interactions 4M), bound with comparable affinity to neamine. After
including base-directed contacts between the secondaryadjusting thep andy angles of40 to match that of rings |
amine and phosphate backbone contacts by the primaryand Il in the paromomycin-bound structure of A-site RNA
amine. The binding interactions captured in #1€16S A-site followed by superposition the ligands, the authors determined
RNA complex are nearly identical to those of the amikacin  that three out of four amino groups were oriented properly
A-site complex which was recently disclosed (Figure 2%€).  for binding. These results demonstrate that amine-function-
As designed, several of the synthesized neamine derivativesglized disaccharides can exhibit comparable binding affinity

exhibited enhanced antibiotic potency and were poor sub-to the A-site RNA as neamine and possess the capacity to
strates for a variety of aminoglycoside-modifying en- pind in a similar orientation.

zymes??4 .
Boons and co-workers reasoned that although neamine

possesses modest affinity for the A site and weak antibiotic
activity, the attachment of various other sugar moieties to
Given that the neamine scaffold is highly susceptible to generate the aminoglycosides substantially increases the
modification by resistance-mediating enzymes, Boons and binding affinity and antibiotic activity of neamir&? Thus,
co-workers sought to develop various disaccharide units in an effort to increase the affinity &7 and40for the A-site
which could bind to the A site, thus functioning as neamine RNA, a series of trisaccharide derivatives was synthesized
mimics3°* A large number of disaccharides were synthesized by linking either/-p-ribose or 4-amino-6-deoxy-glucose
from monosaccharides containing a varying number of amineto key positions in the initial lead compounds. All trisac-
groups in the hopes of discovering a lead compound more charide derivatives @7 bound with markedly worse affinity
amenable to derivatization than neamine. A library of 24 than the parent disaccharide (compouddsind43, Figure
o(1—-3)-, 5(1—3)-, a(1—4)-, or 3(1—4)-linked disaccharides  30). Attachment of5-riboside to the 3-position 040 also
containing 2-4 amino groups was synthesized and evaluated attenuated binding (compoudd). These results are surpris-
(by ESI-MS) for binding to an A-site construct. Of the 24 ing considering thaB-riboside attachment at the 3-position

8.1.3. Neamine Mimics
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Figure 29. Evaluation of “designer antibiotics” binding to the 16S A-site RNA. (A) Neamine derivatives that were synthesized in the hope
of reducing susceptibility to aminoglycoside-modifying enzymes and having enhanced affinity for the A site. Two binding events were
detected for neamine ari9, as such the dissociation constants for both sites are presented. (B) Crystal strudtubewfd to the A site.

(C) Crystal structure of amikacin bound to the A site.

is the natural sugar linkage in neomycin and paromomycin. 20A). On the basis of the paromomycin complex, Westhof,
However, substitution of 4-amino-6-deoryglucose led to Hanessian, and co-workers determined that thetg@roxyl
derivative45 with enhanced binding affinityp = 2 uM. of ring Il was ideally suited for derivatizatio#® Modifica-
The SAR data indicate thaf(1—3) anda(1—4) likely exhibit tion of the C2 hydroxyl to an ether-linked ethylamine
different modes of binding to the A site. Although these (Figure 31A,46), propylamine 47), or pyridine @8) resulted
results indicate that amino-oligosaccharides can be synthe4n only minor changes in the observed binding affinity to
sized with affinities rivaling that of some aminoglycositle  the A-site RNA. Structural determination @7 and 48
16S A-site interactions, the data also serve to highlight the complexed with the A-site RNA revealed that the neamine
privileged nature of the neamine scaffold with respect to ring system retains its normal mode of bindi#¥gHowever,
A-site binding. rings Ill and IV bind in a radically different orientation as
. N compared to the paromomycin complex. As observed in
8.1.4. Paromomycin Derivatives crystal structures ofi7 and 48, ring IV is rotated ~90°
Examination of the crystal structure of paromomycin relative to the paromomycin structure (compare Figure 31B
bound to the 16S A site reveals that ring | penetrates deepand C); this novel orientation is believed to result from the
within the major groove and ring Il mediates key interactions p-p-ribofuranosyl linkage which is rotated by40° and
with several bases, while rings Ill and IV mediate more allows an alternate sugar pucker conformation. Although the
general interactions below the internal loop region (see Figure newly appended substituents project out into solution, mid-
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Figure 30. Linked oligosaccharides and their affinities for the 16S A-site RNA.
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Figure 31. Paromomycin derivatives functionalized through thé'@sition. (A) Paromomycin derivatives and their binding affinities
for the 16S A-site RNA. (B) Crystal structure d8 bound to the A site. (C) Crystal structure of paromomycin bound to the 16S A-site
RNA. The white dashed circle indicates where ring IVA& projects; this ring is rotated90° in the paromomycin complex.

nanomolar binding affinities are still retained by the paro- and co-workers synthesized a library of heterocyclic 2-deox-
momycin derivatives because of the new network of hydro- ysteptamine (DOS) conjugates substituted at the 4-position

gen bonds formed by rings Il and V.

of the DOS34 Alkylation of a protected form of DOS with

In order to identify mimics of aminoglycosides that are various imidazole, triazole, pyrazole, purine, and pyrimidine
more synthetically tractable for chemical optimization, Ding heterocycles afforded 15 neamine mimics. ESI-MS was used
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Figure 32. Heterocyclic paromomycin derivatives and their affinity for the 16S A-site RNA.

to determine the binding affinity of the synthesized com-

pounds for the 16S A-site construct. All of the synthesized

compounds bound with high micromolar affinity, which is
significantly worse than neamine (compoud®s-53, Figure

8.1.5. Acyclic DOS Mimics

With similar goals of discovering aminoglycoside mimics
in which one or more of the sugar moieties are replaced with
more synthetically tractable pharmacophores, Hermann and

32). The best of the series was a mixture of two compounds co-workers sought to develop alternative scaffolds for the

49/5Q which bound with 4-fold weaker affinity than neam-
ine, with aKp of 100uM. In a subsequent effort, Ding and

DOS ring structure. Thus, 37-&minoglucosamine deriva-
tives were synthesized where the DOS moiety was mimicked

co-workers examined the binding affinity of an expanded using two separate acyclic scaffof#8In one series it was

library of heterocyclic-substituted paromomycin derivatives, envisioned that conservation of the amino group at the
again substituted through the 4-position of D&SAs the 1-position may properly orient the scaffold in the binding
synthesis of the intended paromomycin derivatives is lengthy, site, while additional binding affinity would be provided by
various heterocycle-substituted DOS compounds were evalu-varying the substituents at R1 and R2 (Figure 33A). The
ated for binding to the A-site construct via ESI-MS. From second series of acyclic DOS mimics was intended to probe
the 19 compounds evaluated, the [(7-trifluoromethyl)-4- the tolerance of the 5-position for nonsaccharide moieties,
quinolinyl]sulfanyl-substituted DOS conjugeié showed the  which ideally would replace rings Il and IV present in
best binding affinity as compared to the other heterocycles paromomycin and neomycin. In order to prioritize which

tested with &p of 68 uM. From these results the heterocycle
of 54 was chosen to replace ring | of paromomycin;
elaboration ob4 to the corresponding paromomycin deriva-
tive (55) provided a compound that exhibited an improved
binding affinity relative to54, Kp < 1 uM. The binding
affinity of 55 was weaker than that of paromomyckip(=

library members would be subjected to detailed investigation,
all compounds were screened in bacterial and mammalian
cell-free in vitro translation assays. Inhibitors of bacterial
translation with an 16 < 250 uM were considered hits,
and their binding affinity to the A-site RNA construct was
determined using a previously developed 2-aminopurine

110 nM) but better than those of several aminoglycosides 85S&y. Comparison of the derivecsi@alues for translation

including apramycin, bekanamycin, and tobramyd{n &
2 uM).

inhibition between the bacterial and mammalian systems
served as a measure of compound selectivity. On the basis
of the biological activity profiles, three groups of compounds

_ Although the_above work_ demonstrates that hete_rocyclic emerged. The first group exhibited weak, nonselective
rings can function as a suitable replacement for ring | of yangjation inhibitory properties and failed to bind the
various 4,5-disubstituted aminoglycosides, progress has yet,acterial A-site construct, the second showed nonselective
to be made regarding replacement of rings Il and IV with  yransjation inhibition and bound the bacterial A-site construct
more medicinal chemistry friendly pharmacophores. Migawa \yith low micromolar affinity Kp = 2.3-4.9 uM), and the
and co-workers recognized from previous literature reports final group consisted of one compound which selectively
that simple alkylamines can mimic carbohydrate ring sys- inhibited translation but exhibited no detectable binding
tems?24306307n an attempt to synthesize “carbohydrate-free” affinity for the A site. For the compounds which bound the
aminoglycoside mimics, alkylamine derivatives®fwere  A-site construct, it appears that intercalation or hydrophobic
synthesized and evaluated for binding to the A-site constructinteractions are likely responsible for the observed low
by ESI-MS3% Addition of an alkylamino substituent at either micromolar binding affinities. For example, the biphersg)
the 5- or the 6-position resulted in a greater than 30-fold and naphthyl %9) substituents show markedly improved
improvement of binding relative t64 (compounds$6 and binding affinities as compared to the parent benzyl compound
57, Figure 32). 60 (Figure 33A). More generally, replacing rings Il and IV
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piperidinyl derivatives.

with nonsaccharide substituents proved to be more successfuglycosides for their ability to function as aminoglycoside

than mimicking the other half of the DOS ring. The results
from this study led the authors to conclude that the rigidity
of the DOS scaffold is critical for the potency of aminogly-

coside-16S A-site interaction.
8.1.6. Cyclic DOS Mimics

Published simultaneously with the acyclic mimics of DOS,

mimics3° Guided by the high-resolution structure of paro-
momycin bound to the 16S A-site RNA, the conformationally
restrained 3-(aminomethyl)piperidine scaffold was chosen to
mimic the exocyclic equatorial 1,3-diamine motif of DOS.
Linking the 6-aminoglucosamine moiety with 3-(aminom-
ethyl)piperidine in three different substitution patterns pro-
vided eight piperidine glycosides. Following their previous

Hermann and co-workers investigated various piperidine- platform of evaluation, Herman and co-workers initially
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evaluated the compounds in bacterial and mammalian cell-8.1.7. Small Heterocyclic Compounds
free in vitro translation assays. Compourtdsand62 were
determined to selectively inhibit translation withsf&alues
of 35 and 74uM, respectively. When evaluated for binding

Most small molecules discussed thus far as novel A-site
ligands can be at best described as semisynthetic aminogly-
: S 4 coside mimetics. Identification of new chemical scaffolds
::Oo;hs?a%?ss :]l géeé::jeimnaggﬂ?g s3k3)cé;md with dISSOCIatlonthat bind RNA has been a challenge. To address a bottleneck

) ' of drug discovery, Abbott Labs has pioneered an NMR

In the continued search for pharmacophores to serve asscreening platform dubbed “SAR by NMR®2 Yu and co-
suitable replacements of the DOS ring system, Hermann andyorkers utilized a similar platform for the identification of
co-workers undertook the investigation of the azepane ring novel A-site binding scaffold®# As the imino proton region
system?! Using a crystal structure of the paromomycin of the 16S A-site RNA is well resolved, spectral changes
bound to the A site as a template, the azepane scaffold wasyithin this region upon addition of compound provide a
predicted to project a similar (to DOS) radial arrangement reliable method not only for detecting binding events but
of the amine groups. The exocyclic amine at the 5-position also for locating binding sites. To reduce the time and cost
of the azepane scaffold was shown to superimpose well with of screening a collection of 10 000 compounds, mixtures of
the 1-position amine of DOS, while the ring nitrogen overlaid 10 compounds (each at 0.5 mM) were added to the A-site
with the 3-position amine substituent of DOS. A 12-member RNA, and if a binding event was detected (as indicated by
library of azepane-glycosides was synthesized by linking a a change in the pattern of chemical shifts) each compound
variety of substituted azepane scaffolds teafinoglu- from the mixture would be tested individually. The results
cosamine. The biological activity of each compound was from this NMR-based screening campaign identified several
assessed by cell-free bacterial and mammalian in vitro drug-like scaffolds. Simple benzimidazole derivativéS
translation assays, and their binding affinities for the 16S 73, Figure 34A) were determined to bind with high micro-
A-site RNA were determined. The results from the panel molar affinity to the A-site RNA. An amine substituent at
assays revealed that compour&Bsand 64 were selective  the 2-position 70) led to a~4-fold increase in binding
inhibitors of bacterial translation and bound with mid- affinity, while the presence or position of methyl substituents
micromolar affinity to the A-site RNAKp = 11 and 12 had minimal effect on binding affinity7l—73). Also, several
uM). Analysis of the remaining library members revealed 2-aminoquinoline derivatives were determined to exhibit a
that binding to the A site is intolerant to certain isomeric Wide range of binding affinitiesp values from 60 to 3180
derivatization (e.g.65), perhaps consistent with the confor- #M) (compounds74—79, Figure 34B). In this series of
mational design of the azepane scaffold. Although the compounds, methyl substitution at the 4-positid) (ed to
potency of translation inhibition and RNA-binding affinity ~~35-fold increase in binding affinitykp = 90 xM) and
is significantly less than that of the aminoglycosides, the Methylation of the exocyclic amine §y increased binding
results are well in line with the values of neamine, suggesting affinity by ~6-fold relative to 2-aminoquinoline7¢). Me-

that the azepane scaffold is likely a suitable mimic of DOS. thylation at the 4-position and the exocyclic amine afforded
derivative79, which showed improved binding affinit§k

o e 7 = 60 uM). Further elaboration of the 2-aminoquinoline
diamino-piperidinyl (DAP) scaffold as a structural mimic of scaffold led to amide-substituted compounds with low

the DOS ring systerff® The authors proposed that DAP IS icromolar binding affinity?®* Finally, 2-aminopyridine
a more ideal structural scaffold because it retains the g.atfoids were also identified from the screening efforts

trademark cis-1,3-diamino motif present within DOS while (compounds80—85, Figure 34C): surprisingly, this simple
reducing the stereochemical complexity of 2-DOS. A series gcaffold exhibited mid-micromolar binding affinityt =

of 3,5-diamino-piperidinyl triazine (DAPT) compounds was  gg M), which is better than that of the benzimidazole and
synthesized and evaluated for their ability to bind the A-site 2_aminoquinoline series identified from the screen. Methyl-
construct. Initial attempts to detgrmme the binding aﬁfmlty ation at the 6-position8d) reduced binding affinity, while

of lead compound86, 67, and68 (Figure 33D) for the A-site. methylation at the 4- and 5-position markedly improved
RNA, as assessed by the 2-aminopurine binding assay, wergjinding affinity (82 and83). In fact, compound®2 was the
hampered by interference of these compounds with thetightest binding compound identified. NMR titration com-
emission of 2-aminopurin&> To obtain a precise binding  petition experiments with neamine or paromomycin con-
affinity, ITC experiments were conducted by addigto firmed that82 competes for binding to the A site. A high-
an unlabeled A-site construct. Analysis of the binding resolution structure o2 bound to the A site could not be
isotherm led to the determination th@f binds to a high-  obtained due to the few intermolecular NOE interactions
affinity binding site Ko = 2 nM). A second low-affinity ~ observed. However, a molecular model built from the limited
site was observed at higher ligand:RNA ratios; such non- dataset places the pyridine ring stacked between G1491 and
specific binding is typically observed in many RNA-binding A1492, while the terminal amine likely makes electrostatic
experiments. The low nanomolar affinity 6 rivals that contacts with the phosphate backbone of G1405. These
of the most potent aminoglycoside binding affinities as results suggest the feasibility of obtaining new drug-like lead
measured by ITC%®219Subsequent investigation in a variety scaffolds for binding the A site; furthermore, similar NMR-
of in vitro antibacterial assays determined that the DAPT based methods can be extended to any number of RNA
compounds are-40-fold less potent than paromomycin in targets, although the method is still typically utilized by NMR
bacteria cell culture models, but the mode of death is specialists and requires large amounts of RNA.

consistent with altering the fidelity of the ribosomal decoding  Ibis Therapeutics has pioneered the development of “SAR
site. Furthermore, in vivo mouse models of bacterial infection by MS”, an ESI-MS platform for ligand discovery analogous
were used to investigate the efficacy&8, which afforded to SAR by NMR32 The ESI-MS platform is less material
complete protection at dosages of 2.5 and 5.0 mg/kg whenintensive, and hits are detected by a shift in molecular weight
administered intraperitoneally. of the targeted RNA upon complexation of ligand. Analogous

Next, Hermann and co-workers explored the cis-3,5-
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Figure 34. Some small heterocyclic compounds and their affinities for the 16S A-site RNA. (A) Benzimidazole derivatives identified by
SAR by NMR. (B) 2-Aminoquinoline scaffolds identified by SAR by NMR. (C) 2-Aminopyridine derivatives identified by SAR by NMR.
(D) BenzimidazoleB6 was identified as a hit from an ESI-MS screen, while compow8#s91 were evaluated by SAR by MS.

OH

to the NMR platform, compounds can be screened in o
mixtures, but deconvolution may not be necessary as hit )ﬂ‘u @gﬁp

compounds are identified by molecular weight. The primary ~ ® — I™) O\)\I‘L"M'O O“Auﬁ(gj
disadvantage to SAR by MS is that no information is @) N

obtained about the binding site; however, as a lead generation 92 94
and evaluation tool SAR by MS will likely find more general

93

Kp <15 mM Ki=17uM Ki=18 uM
use than SAR by NMR. Using this mass spectrometry-based oH g
approach, He and co-workers reported the identification of *“//\VQ : ’\/Y , \ uMO
benzimidazole86 as a high micromolar affinity hit from a N
high-throughput screening effort to the A-site RNA with a 95 o7

Kp of approximately 500uM (Figure 34D)3' Through K =31 M K = 53 M K; = 242 uM

competition experiments with glucosamine it was determined

that 86 is a competitive binder for the A site, suggesting silico efforts. For compound83—97 the authors repoi; values

that tighter binding derivatives d86 could be lead com-  for the displacement of fluorescently labeled paromomycin from
pounds for the development of new antibiotics. A series of the A-site RNA.

derivatives 0f86 was synthesized to probe the tolerance of
substituents in the aromatic region. Although the nitro carbohydrate-containing scaffolds have been a popular area
substitution enhanced binding7), the unsubstituted pyridi-  of investigation. After inspection of the crystal structure of
nyl-benzimidazol&8 and halogenate89 exhibited the better ~ paromomycin bound to the A site, Johnson and co-workers
binding affinities for the A-site RNA. Next, substitution of reasoned that scaffolds with two basic nitrogens could also
the N1-position was evaluated through the synthesis of be strong binders as the nitrogen-containing substituents
alkylated or acylated compounds. The results from ESI-MS could mimic the contacts made by DOS and ring*tVAfter
binding assays demonstrated that the N1-position is tolerantexamining an in-house library, compou@2(Figure 35) was
to a wide variety of substituents. Although the majority of selected as a potential A-site binding candidate compound
N1-position derivatives showed a decrease in binding affinity, as the necessary nitrogens were present and the aromatic ring
two pyridinyl analogues 90 and 91) enhanced binding  systems could enhance bindingistacking or hydrophobic
affinity, Kp = 60 and 67uM, respectively. Interestingly, this  interactions. One-dimensional NMR titration experiments of
study and the SAR by NMR investigation yielded similar 92 with the 16S A-site RNA indicated that the binding site
hit compounds with comparable binding affinities, demon- is consistent with that of the aminoglycosides. Binding was
strating that SAR by MS is a suitable alternative to SAR by also evaluated by ESI-MS, from which it was determined
NMR. that 92 binds with low millimolar affinity Kp < 15 mM)
Given the number of solved structures of various ami- and 1:1 stoichiometry.
noglycosides bound to the 16S A-site RNA, in silico Using a more sophisticated computational screening
screening campaigns for identification of novel non- platform, Foloppe and co-workers undertook the virtual

Figure 35. 16S A-site RNA binding compounds identified by in
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Figure 36. Diphenyl furans, their 16, values for disruption of RevRRE, and their interaction with RRE and TAR RNAs (as assessed by

changes inTy).

screening of~1 million compounds to identify novel small
molecule binders to the A-site RN#A® The ~1 million-

throughput readout. Small molecules that compete for

binding, either through interaction with wtRRE or Rev,

member library was initially prefiltered to remove com- would cause wWtRRE to migrate faster than wtRREev
pounds with greater than seven rotatable bonds and whosecomplex. In total, 30 heterocyclic ligands, the majority of

molecular weights were not in the range of 2850 Da.
The resulting~900 000 compounds were docked into the
A site where the docking volume was set to match that of
the neamine ring system from the crystal structure of
paromomycin complexed with the A-site RNA using Ri-

which contained the diphenylfuran core, were screened, and

compound98 was identified as the most potent ligand at
preventing the RevwtRRE interaction (Figure 36). The &

of 98 was determined to be 0/M, approximately 10-fold
better than neomycin, although in a subsequent publication

boDock. The best-ranking 2000 compounds were visually 98 was determined to have and4§of 5.1 uM.3'7 General

inspected for compounds that formed stacking interactions trends that emerged from the collection of ligands were that
with G1491 and hydrogen bonds with A1408; the resulting the central furan scaffold appeared to be required for binding
129 compounds were then evaluated for RNA binding as and dicationic groups on both sides of the molecule fared
assessed by a FRET-based displacement of a fluorescentbetter than monocationic groups. More detailed investigation
paromomcyin ligand from the A site and NMR titration through chemical foot-printing experiments with wtRRE

experiments. Of the 129 selected compounds, 34 were activerevealed tha®8 bound to duplex regions in areas where the

in the displacement assay wikh values ranging from 17 to
426 uM (93—97, Figure 35). Compoun@3 emerged as the
most potent competitor of the paromomyeib6S A-site
RNA interaction. Interestingly, the aromatic derivati9@
was more than 10-fold less potent in the competitive

base pairs experience greater flexibility, such as at the ends
of a helix, near a loop junction, or other secondary structures.
On the basis of overlapping protection patterns of Rev and
98, it was proposed th&8 binds to the G-C base pair just
below the critical internal loop to exert its inhibitory effects.

displacement assays. The authors suggest that, based on th&ttempts to address the specificity @—wtRRE interaction
structural data from various aminoglycosides bound to the were made by use of an in vitro pre-mRNA splicing assay.

A site, the bulkier aliphatic ring system is a better fit for the
binding pocket of the internal loop. Importantly, NOE data
from 2D NMR experiments are consistent w binding

to the internal loop region by stacking with G1491 and
contacting A1408, A1492, and A1493.

8.2. Small Molecule Binders to the Rev Response
Element (RRE) RNA

8.2.1. Diphenylfurans and Derivatives as RRE Ligands

Building from their work with small molecule binders to
RNA duplex regions, Zapp, Wilson, and co-workers tested
various diphenylfurans and other aromatic heterocyclic
compounds for their ability to compete for Rev binding to
RRE?3'6 To evaluate binding, a gel-shift competition assay
using®?P-labeled wild-type RRE (WtRRE) and Rev was used
as a screen. The binding of Reve®-labeled WtRRE alters
the migration rate of wtRRE through the gel; that is, the
Rev—wtRRE complex migrates at a higher molecular weight
than wtRRE alone, thus providing a convenient but low-

In this assay, a®?P-label pre-mRNA is incubated with
mammalian nuclear extracts; as pre-mRNA splicing is
composed of numerous RNARNA and RNA—protein
interactions, any inability to form the mature RNA in the
presence of compound is deemed to be due to off-target
binding of the compound. Previously, the neomyeRRE
interaction was demonstrated to be “selective” using this
assay?* 98 was found to be equally selective using the same
assay.

In the continued pursuit of RRE ligands the structure

activity relationship oP8 and RRE was determinéd. Three

key structural features were addressed: the identity of the
central heterocycle, the substitution pattern of the dicationic
groups radiating from the phenyl rings, and the identity of
cationic substituents. To determine the efficacy of ligand
binding, melting temperature and gel-based competition
assays against Rev were performed. Interestingly, the SAR
data of the central heterocycle suggested that five- and six-
member rings are permitted, provided that a hydrogen-bond-
accepting group was positioned in the center. For example,
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Figure 37. Guanidinoglycosides and their ability to prevent the RBRRE interaction. Higher specificity ratios indicate compounds whose
binding is appreciably affected by the presence of competing nucleic acids.

furan @8, but not99), oxazole 100), thiophene 101), and cence oft04upon binding to RRE produced binding curves
pyrimidine (L02) scaffolds were found to compete efficiently consistent with a single-site mode of binding. SPR experi-
with Rev binding; however, pyrrole103 or N-methyl ments conducted with increasing salt concentrations could
pyrrole scaffolds experienced decreased affinity for RRE and not resolve the individual binding events, further confirming
failed to compete for Rev binding (Figure 36). Consistent that two ligands bind with high cooperativity.

with previous findings, monocationic substituents often failed . . . .
to compete with Rev binding, suggesting that dicationic 8-2-2. Aminoglycosides Derivatives as RRE Ligands

groups are required. It is important to note that the SAR In an alternative strategy, Tor and co-workers sought to
data was used to identify features important for competing enhance the affinity and specificity of the aminoglycoside
with Rev—RRE interaction and not necessarily binding to RRE interaction by tuning various parameters known to
RRE. The general correlation can be made that compoundsmpact binding. Earlier work established that the general
which bound RRE better, as assessed by melting temperaturaffinity between the RNA and aminoglycoside arose prima-
studies, are more likely to prevent Rev binding; however, rily through electrostatic contact of the charged ammonium
there is no clear correlation between degree of stabilization groups with the phosphate backbdf®?%>319Tor and co-

and 1G, of Rev competition. From these studiE® emerged workers hypothesized that replacement of the amine sub-
as the most potent RRE binding ligamlT(,, = 8.6 °C) and stituents with guanidinium groups would result in greater
the most potent Rev competitor &= 0.3 uM). In order affinity and selectivity?®® The envisioned “guanidinoglyco-

to evaluate selectivity, analogous melting temperature andsides” were anticipated to have enhanced affinity owing to
competition assays were performed using the—Ti&#&R their greater basicity, while specificity would be conceivably
system. As the TAR RNA represents a different ligand- endowed by directional hydrogen-bonding resulting from the
binding site, “selective” compounds for RRE would fail to planar configuration adopted by guanidinium groups. Using
bind to TAR and compete for Tat binding. Although it was a solid-phase displacement assay to monitor the-fRIRE
concluded that several ligands were indeed selective for RREinteraction, guanidinylation of kanamycin A@5), kana-
because such compounds failed to disrupt the-T&R mycin B (106), tobramycin L07), paromomycin 108), and
interaction, in all cases the ligands tested were found to bind neomycin (09 resulted in ligands that were as much as
TAR with comparable affinity to RRE, as determined by 10-fold more potent at preventing the association of Rev
comparing theAT,, values. Subsequent NMR studies have RRE than the corresponding parent aminoglycoside (Figure
revealed thal04 binds to the internal loop of RRE through 37). Importantly, a general method was developed to directly
the minor groove as a dimer withi&, of ~7 nM3% The assess the relative specificity of a given RNWgand
binding sites are proposed to be highly cooperative, as SPRinteraction. By performing the same solid-phase displacement
studies and experiments monitoring the quench in fluores- assay in the presence of competitor nucleic acids (either
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Figure 38. Acridine-conjugated aminoglycosides. Thesd@alues listed correspond to those derived from the solid-phase- R
disruption assay. The specificity ratio is the averagg I€the presence of DNA and tRN& divided by the G in the absence of these
nucleic acids.

polyA—polyU or DNA) a realtive assessment of nonspecific compounds disrupt the Re\RRE interaction with equal
binding can be made by comparing thed@alues performed  potencies, shorter linker length gave rise to compounds with
in the presence and absence of competitor nucleic acids.enhanced specificity, while longer linkers were less selective.
From this type of analysis, the guanidinoglycosides were The generality of aminoglycosieecridine conjugates was
generally found to be more selective than their parent probed by the development of kanamycia-Acridine (13
aminoglycoside when challenged with competitor RNA, and and tobramycir-acridine (L14)conjugates. In both cases the
none of the ligands tested were significantly affected by the conjugates remarkably improved the efficacy of disrupting
presence of competitor DNA. Interestingly, in a subsequent the RRE-Rev interaction, 1200- ane-200-fold, respec-
investigation Tor and co-workers examined the cellular tively. Unfortunately, these aminoglycosidacridine con-
uptake of fluorescently labeled amino- and guanidino- jugates were equally susceptible to nonspecific binding, as
glycosides’?° The results of this investigation found tH#7 in both cases evaluated the parent aminoglycosides were
and 109 penetrated cells 1020-fold more efficiently than relatively unaffected by the presence of competing nucleic
their parent aminoglycosides. The mechanism of cellular acids, whereag13 and 114 displayed specificity ratios of
uptake appears to be similar to that of poly-Arg peptides, as 3.9 and 14, respectively.
wiﬁhugggggdp%lfﬁ m?éngeﬂﬁgrm?aﬁgwd effectively compete 8.2.3. Acridine Derivatives as RRE Ligands

Various intercalators have been shown to exhibit signifi-  Recognizing the potential of acridine-like compounds, that
cant affinity for RNA structures. However, as intercalators is charged, polycyclic, aromatic small molecules, Marino and
are generally thought to be nonspecific, use of intercalating co-workers performed a similarity search for such compounds
agents to target specific RNA structures has been largelyand selected a subset for evaluation in the RRRE
avoided. Tor and co-workers recognized that intercatator ~ system??! Using their previously developed 2-aminopurine
aminoglycoside conjugates may lead to potent inhibitors of RRE binding assa$f, 12 compounds were initially screened
the Rev-RRE interaction as the aminoglycoside portion for their ability to induce a change in fluorescence of
could provide the specificity for binding to RRE, while the 2-aminopurine (compounds 10, and115—-124 Figure 39).
intercalator could enhance affinit§Initial efforts to create  Acridine orange 120) and proflavin (0) were selected for
a neomycir-acridine conjugate linked through thé'-5 further investigation as these ligands exhibited the greatest
position (110 proved successful as the binding affinity change in fluorescence upon binding. Compouh2i8 and
between RRE and the neomyeiacridine conjugate rivaled 10 bound to RRE with low micromolar affinity and fit well
that of the Rev peptide itself, with l& of 1.5 nM for 110 to a single-site model witKp values of 1.53 and 1.156M,
and 1.0 nM for the Rev peptide (Figure 38). Importantly, as respectively. Further characterization #y NMR revealed
intended by the design of aminoglycosidiatercalator an apparenlO:RRE binding stoichiometry of 2:1. Further-
conjugates, the gel-shift-derivedsfvalues for 9-aminoacri-  more, only a single set of imino proton signals was observed
dine, neomycin, and the neomyeiacridine conjugate  during the course of the titration, implying that the two
conclusively demonstrate that the neomyeatridine con- molecules ofLl0bind to the same site with high cooperativity.
jugates exhibit substantially enhanced potency of either NOE experiments between the bound ligands suggest the
component individually. However, subsequent work to molecules are stacked above each other in the RRE binding
investigate the selectivity af10 for RRE determined that  site within the internal loop region of RRE. Curiously,

110 is less selective than neomycin @09 (Figure 38), competition experiments with the Rev peptide revealed that
although the extent of off-target binding is somewhat 10 competes for binding to RRE with an 4€of 0.1 uM;
dependent on the type of competitor nucleic &€tdAd- the results from the initial dose-dependent change in

ditionally, modification of the linker length and composition fluorescence of 2-aminopurine updg binding are appar-
between neomycin and acridine (compoudd$, 111, and ently the result of a higher affinity site that is not competitive
112) revealed an inverse relationship between linker length with Rev binding. Thus10is proposed to inhibit the binding
and specificity for RRE over the tRN&. While all three of Rev by binding as a dimer directly to RRE in the critical
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NH, Oy OH This use 0f125 and 126 has recently been extended to
NH, “ N the selective recognition of RNA bases. Tok and co-workers
OOO O / evaluated the generality of the dimers ©25 for G—G
N mismatch recognition in a variety of nucleic acids (Figure
115 116 17 40B)#?" Using the fluorescent end-labeled binding as4zy,
o, \r/]vabs .gvalu%t(;dNK)(rj bilndirflg to DNA QUFI)% DN%RNAh
Ny ybrids, an uplex featuring a sing mismatch.
- Ji:[ Q o _ Compound127 bound the DNA construct most efficiently
N N s NN N N with aKp of 1.44M while exhibiting slightly reduced affinity
118 119 120 for the RNA construct,Kp of 3.2 uM. Also, 128 was
Ko = 1.53 uM determined to bind with comparable affinity to single guanine
bulges regardless of the composition of the nucleic &cid.
. Nakatani and co-workers used dimersl@band125-126
HNJ\/\/N\/ NH, conjugates to target RRES as structural analysis of RRE
N N o, X oS demonstrated that the 2 3 internal loop forms GG and
" H c| c, G—A noncanonical base pairs. Using SAR9and130were
2 ? shown to exhibit a strong response in the presence of RRE,
indicative of tight binding; however, no binding affinity or
121 9 122 kinetic data was reported. On the basis of the magnitude of
the SPR response upon binding to RREQwas determined
to bind with greater affinity thad30. Selective recognition
OH was assessed by performing SPR experiments with an RRE
construct lacking the internal loop, TAR RNA, and a single-

OH
N N__N._0O strand unstructured RNA sequence; for all compounds tested,
X - \f .. . .
HZNNHZ HZNNHZ :©:N;[N/NH minimal off-target binding was observed.
! © 8.3. Small Molecule Binders to the Thymidylate
123 10 124 Synthase (TS) mRNA

Kp=1.15uM Previously, the aminoglycosides were shown to bind the
Figure 39. Charged, polycyclic aromatic small molecules examined 1 x 1 |nterna_1l loop of the TS mMRNA _W|th !OW _mlcromol_ar
for binding to RRE. Compounds0 and 120 were determined to  affinity (section 4.7.3). In order to identify ligands with
induce the greatest amount of change in fluorescence upon bindinghigher affinity, Cho and Rando screened various DNA
to a 2-aminopurine-labeled RRE construct, and thus, their affinities jntercalators (quinicrine, proflavine) and minor groove-
for RRE were determined. binding compounds (Hoechst 33258, DAPI, distamycin A)
for their ability to bind the TS mRNA2” an anisotropy-
. S : ased displacement assay featuring rhodamine-labeled pa-
of the same stacking and base-pairing interactions as the Re\?omomycin was utilized. All DNA binding compounds tested

eptide. LR ;
P Aplthough the above-mentioned studies have succeeded in. < < able to compete for the paromomycin-binding site of

generating tight binding ligands by enhancing general binding the TS mRNA, suggesting that these compounds bind to the

properties such as electrostatic contacts or hydrophobicﬁ zn%jsmk;gLnnag {ﬂngrSe%;clj?nl\.l ,L\nc?)ﬁg'?r:ili \E\?i?hgrr%%\;g;b;;?rmg
effects, the possibility of selectivity also exists through 9 9 y

exploitation of the WatsonCrick face of the exposed bases. than the intercalators (averalgg of 286 nM versus 925 nM).

Working primarily in the DNA molecular recognition field, Hoechst 33258 (compounti3, Figure 24) was the most

Nakatani, Saito, and co-workers have sought the developmenﬁvﬁfticgv}i%fdé%p#ﬁln,a uﬁi{%ﬂg(gynﬂ?ygggftg?elr%ﬁe ll\(I)AOp

8; %?;%IamﬁfggeN Kgigdst ot(zhseei}rlztfa“s\fegvczgqcﬁglﬁe roet%Iggiz construct revealed that tight binding was independent of the
- 1hey 9 yp sequence of the internal loop or the surrounding bases,

that unpaired, exposed bases could be captured by intercalat: X ; ;
X . X suggesting that the presence of an internal loop is the lone
ing agents possessing the properly displayed hydrogen-bond- 2= . - o
d(?na?ing a?nd -acce%ting pgrgupg Copm[))lleme)atar)% to the requirement for binding. Footprinting analysis with Hoechst

intended bas@? Initial efforts toward the development of 33258 determined that nucleotides in and around the internal

, ; o X X . . loop are protected with high concentrations of ligand;
this paradigm utilized 2-aminoacylamino-1,8-naphthyridine .
(125) for the selective recognition of guanine (Figure 46%). however, the presence of a broad footprint suggests that the

o I . binding site may not be confined to just the internal loop
Quantitative DNase | foot-printing experiments and ESI-MS . :
determined thal25 binds with 1:1 stoichiometry to single region. Previously, Hoechst 33258 was demonstrated to

. i increase fluorescence upon binding to DRABY monitor-
guanine bulges with &p of ~30 uM. Importantly, no . L
binding was observed for a DNA duplex containing a single ing the fluorescence of Hoechst 33258 upon binding a TS

adenine bulge; these results were further corroborated by CDumrEtli\lnA E?nndsigu%ulr?/%k\l/cg stkc])gt;(int (ljnt;:nalelsot?np ?hg(t)rllisoég_chst
experiments. Continued effort has led to the identification 9 g » SU99 9

; . 33258 bhinds the TS mMRNA duplex in a nonselective fashion
of azaquinolone 126) as a small molecule suitable for : . . '
recognition for adenin& Dimeric versions ofl.25, 126, or possibly accounting for the broad footprint observed.
hybrid 125-126 dimers have strong binding affinitiekKp .
values of 0.+0.5 uM, and selectively recognize &G, 9. Bulge Binding Compounds
A—A, or G—A mismatches within DNA duplex regions, A bulged region within a RNA duplex occurs when one
respectively$?3-325 or more unpaired bases are present on only one strand. Unlike

HO.
HO.

internal loop region; upon binding to RREQ induces many
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Figure 40. Selective base recognition by naphthridine derivatives. (A) Base recognition mdd@s ahd 126. (B) Evaluation of bulged

guanine recognition by dimeric and monomeric naphthyridine derivatives. Red designates DNA strands; black designates RNA. (C) Compounds
tested for sequence-dependent binding to RRE.

internal loops, formation of bulged regions is always The most commonly targeted RNA bulges are the trans-
destabilizing toward duplex formation and becomes more activating region (TAR) RNA, T-box RNA, and iron
destabilizing with increasing bulge si##:3%° However, response element (IRE) RNA. Compounds found to bind to
despite the apparent lack of stabilizing interactions within these regions are described in the sections below; for
bulged regions, structural determination of numerous bulged background on the biological function and importance of
regions indicates that these regions can adopt defined foldseach of these RNAs, see section 4 of this review.

For example, single nucleotide bulges can be stacked into )

or intercalate within the duplex, participate in recognition 9.1. Small Molecule Binders to the

of adjacent base pairs, or protrude outward into soluié#?, Trans-Activating Region (TAR) RNA

these “looped-out” bulges often serve to increase the flex-

ibility of the RNA backbone?® The structure and dynamics ~ 9-1-1- Intercalators

in bulged regions of RNA are less well investigated than  The bulged region of TAR is one of the best-studied and
internal loops; however, it is likely that bulged regions mosttargeted RNAs. As part of their initial efforts to identify
present a different binding environment than internal loops. non-aminoglycoside small molecule ligands for RNA targets,



Targeting RNA with Small Molecules Chemical Reviews, 2008, Vol. 108, No. 4 1207

HoO
o \N /OJQ/N\Q/
0
HN Nm / HN HN °
HN [ ) hN H,N N=N~@—( X
NH2 I~

HN\(\N)LNHz N |
0o H [o] H/\/N\
131 132 133
Netropsin Berenil Amsacrine-4-carboxamide
derivative SN16713

Figure 41. DNA binding agents examined for binding to TAR RNA.

Wilson and co-workers discovered that ethidiusn Figure binding the bulged region of TAR, as determined by gel-

24) efficiently bound TAR as assessed by UV melt stutfies.  shift assays, RNase foot printing, and NMR titration experi-

This initial result spurred the examination of other interca- ments. The NMR experiments provided greater insight into
lators as suitable ligands for the TAR RNA and more the binding mode as the acridine scaffold was determined
generally examination of intercalation as an operative mode to stack between A22 and U23 while the secondary amine
of binding. Bailly and co-workers undertook the examination at the 9-position forms hydrogen bonds with the GZ89

of several classic DNA intercalating agents (ethidium and base pair (Figure 42C), which may explain the deleterious
proflavine, Figure 24), DNA minor groove-binding com- effects of an amide linkage at the same position.

pounds (DAPI and Hoescht 33285, Figure 24; netropkdd)( The results of the NMR study were used to guide
and berenil {32, Figure 41), and a threading intercalator biochemical validation experiments examining the binding
(amsacrine-4-carboxamide derivative SN167133) for of 134to TAR mutants®® In order to confirm the interaction

their binding to TAR. Through electric linear dichroism between the acridine scaffold and the GZ&39 base pair,
(ELD) these authors determined that all compounds testedconstructs featuring a G26AC39U and G26€C39G
bound to TAR through an intercalative mode; the only mutation were utilized (Figure 42D). Quantitative RNase
exception wasl31, which did not bind TARS? Further foot-printing experiments were used to determine ttizd
detailed characterization of the interactions between Hoeschtbinds to the wild-type TAR sequence with an appaient
33285 and TAR versus a bulgeless TAR construct by UV of 150 nM. Analogous experiments conducted with the
melt, circular dichroism (CD), ELD, and RNase footprint G26A—C39U base pair resulted in an appar&gt of ~7
revealed that Hoescht 33285 preferentially binds to the «M, a nearly 50-fold difference in binding affinity. Reversing
bulged region of TAR23 Both UV melt and CD experiments  the order of the base pair (G26C39G) or altering the
demonstrated that Hoescht 33285 has a greater affinity forbulged nucleotide (U23C) resulted in a 14- and 11-fold
TAR over the bulgeless construct; however, ELD experi- decrease in binding affinity. Analogous to the work con-
ments established that Hoescht 33285 binds to both RNA ducted by Nakatani and co-workers, Bailly and co-workers

constructs through an intercalative mode of binding. demonstrate that simple, yet properly functionalized aromatic
Hamy and co-workers extended the use of intercalators scaffolds can afford selective recognition of base pair
in the design of “In-PRIiNts” (inhibitor of proteinaribonucle- elements. Several In-PRiNts were evaluated for their ability

otide sequences) compouridéln-PRiNts were designed as  to disrupt the Tat TAR complex in vivo by use of a Tat
modular compounds consisting of three components: aTAR reporter gene system. The association of Tat with TAR
polyaromatic/heterocyclic scaffold for stacking interactions, drives the expression gi-gal, thus providing a convenient

a positively charged moiety to enhance affinity by interacting functional readout within the background of the complex
with the phosphate backbone, and a linker region connectingbacterial transcriptome. Several In-PRiNts demonstrated the
the intercalating domain with the electrostatic domain (see ability to block the expression gi-gal. A general correlation
Figure 42A). In-PRiNts compounds, such &34, which was observed between the potency observed in the gel-shift
featured 6-chloro-2-methoxy acridine as the intercalating assay and reduction if-gal activity; however, several
moiety and spermidine as the electrostatic enhancer provedcompounds that failed to disrupt the FatAR complex in

to be superior at disrupting the FarAR interaction relative  vitro still reduced the expression gfgal.

to either entity alone. The generality of this approach was Rather than attempt to enhance or direct the specificity of
further demonstrated using mitonafide linked to spermidine general intercalators for the bulged region of TAR, Condom
(135), which exhibited improved inhibition of the TaTAR and co-workers sought the design of a modular ligand that
complex as compared to mitonafide alone. By varying the would exploit two separate binding sites within TAR by
linker length, composition, and length of the electrostatic creating ethidium-arginine conjugate®® By tethering com-
moiety, features important for the disruption of the fat  pounds that bind to distinctly different sites, this modular
TAR complex were unveiled. It was demonstrated that the design of bifunctional ligands attempts to enhance the
linker position and chemical composition of the linker had specificity and affinity of TAR binding ligands (Figure 43A).

a substantial impact on the effectiveness of the compound.Ethidiunm—arginine conjugates were synthesized with varying
For example, substitution at the 9-position of the acridine linker lengths and assayed for anti-HIV activity using in vitro
scaffold was well tolerated, while 4-position substituents cell culture models. From these initial assa$37 and138
were not. Furthermore, all attempts to link the electrostatic (Figure 43B) exhibited anti-HIV activity with no apparent
moiety through an amide linkag&36) resulted in less active  toxicity to noninfected cells. Subsequent in vitro character-
derivatives compared to their amine-linked counterparts. ization confirmed thal 38 binds to TAR, as determined by
Compoundl34 proved to be the most potent compound at UV melt experiments. In order to deconvolute the binding
disrupting the TatTAR interaction (IGo = 22 nM) by sites of each module in the tethered compounds, RNase
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Figure 42. Modular design of TAR binding compounds. (A) Schematic of the In-PRiNts design. (B) InNPRINTs ligands. (C) Schematic
binding model 0f134 complexed with TAR as determined by NMR. (D) TAR constructs utilized to confirm the mode of binding as
determined from the NMR data. Shown in blue is the binding site, while red denotes mutations from the wild-type construct.

footprints were conducted. These experiments demonstratecconfirmed thatl37and138 contained linkers of appropriate
that residues in and around the bulged region and the guanindength to span the individual binding sites, thus corrobor-
residue of the C18G44 base pair were protected with ating the foot-printing data. However, the results do not
increasing concentrations df38 Additionally, molecular conclusively demonstrate that each portion of the conjugate
modeling of the various synthesized ligands with TAR binds to its intended location as key controls of ethidium
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Figure 43. Design of ethidiurm-arginine conjugates. (A) Schematic
of a modular ligand based on the known specificities of ethidium
for the C-G, C—G base pairs (shown in blue) and arginine for the
bulged region (shown in red). (B) Synthesized ethiditanginine
conjugates which were characterized in vitro.

and arginine conjugated with only the linker were not
presented.

Molecular modeling has been extensively used to guide
library design of 16S A-site RNA-binding compounds.
However, a notable dearth of in silico screening campaigns
led James and co-workers to develop a computational
platform for such effortd3833” The chemical entities that
obeyed Lipinski’s rules of five from the Available Chemical
Database, which containsl80 000 compounds, were screened
in silico for binding to TAR in a multitiered platform. The
first tier utilized a rapid docking procedure (DOCK) to dock
flexible ligands into a rigid TAR structure. The top 30 000
compounds were then redocked using a different scoring
function (ICM), which takes into account hydrogen bonding

and computationally intensive terms such as solvation. The

resulting top 5000 compounds were reanalyzed by allowing
flexibility in ligand and RNA. After visual inspection and

consideration of factors such as drug likeness, cost, and

availability, 50 compounds were tested for their ability to
inhibit Tat—TAR association; 10 of these caused complete
inhibition between 0.1 and 1,0M (compoundsl39-148
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Figure 44A). From these the studied phenothiazirie®) (
143 and 147) emerged as a class of compounds which
inhibited the TatTAR interaction with reasonable po-
tency3®¥” The phenothiazine core structure consists of a
nonplanar heterocycle which prevents a purely intercalative
mode of binding?*® NMR titration experiments determined
that 143 induces chemical shifts of residues in and around
the bulged region; increasing titrations to form a 5:1 ratio
of ligand to RNA failed to cause shifts in nucleotides in the
stem or hairpin loop region. Subsequent work to define the
generality of phenothiazines as novel RNA-binding ligands
resulted in results in conflict with the original report. Despite
the ability of 143to disrupt the Tat TAR interaction with
an 1Gyp < 1 uM,3¥” NMR-derived binding constants revealed
a weak binding interaction betwed®3 and TAR,Kp =
270 uM (Figure 44B)338 The interaction betweeh43 and
TAR was shown to be nonselective as weak binding
interactions were detected for the internal loop region of the
16S A-site RNA Kp = 360u«M), a two nucleotide bulged
region of the coxsackie virus B3 RNA§ = 330uM), and
the hairpin loop region of a polio virus loop B construlsh(
= 1800uM).338

Detailed characterization of tht43—TAR complex re-
vealed structural perturbations not typically seen with other
TAR binding compound3* The central ring system was
found to insert between base pairs GZB39 and A22-U40
in a pseudo-threading intercalating fashion. The unsubstituted
aromatic ring is placed in the major groove where it is
“sandwiched” between U25 and U4®. The substituted
aromatic ring was determined to project through the major
groove and into the minor groove, occupying a space below
G26, which may be stabilized by partial stacking interactions.
The aliphatic tail is also placed in the minor groove and
interacts with the G26C39 base pait® reminiscent of the
neomycin-TAR complex®® Surprisingly, the stacked con-
formation U25 and U40 resembles the structure of TAR
alone; structural determination of TAR complexed with other
compounds capable of preventing association with Tat
(arginamide’*® Tat—peptide®* or neomycifi®) showed this
stacked conformation of nucleotides to be disrupted. Con-
sistent with these findings, Al-Hashimi and co-workers
determined that acetylpromazin&4@) failed to arrest the
global flexibility of TAR 34! a property associated with the
binding of arginine and neomycin. The residual dipolar
coupling experiments showed that upon bindiigg3 the
conformational freedom of thd43—TAR complex was
nearly identical to that of TAR alone. In stark contrast, the
primarily electrostatically driven ligand neomycin induces
conformational arrest of TAR global flexibility, presumably
by interacting with the phosphate backbone. As conforma-
tional arrest of TAR is thought to be important for preventing
association with Tat, the results from the residual dipolar
coupling experiments suggest that binding to the bulged
region of TAR is necessary but not sufficient to halt
conformational flexibility3** This inability to induce con-
formational arrest coupled with the high micromolar binding
affinity observed for TAR suggests tha43 and likely the
entire phenothiazine class disrupt the T&AR interaction
by a mechanism other than simply binding directly to TAR.

9.1.2. Guanidinylated Compounds

The design of novel 16S A-site binding ligands has been
greatly aided by the determination of various structures of
ligand-bound complexes. For example, structural determi-
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Figure 44. In silico screen for TAR binding compounds. (A) Ligands identified from the computational screen that were determined to
disrupt the Tat TAR interaction by gel-shift assay. The computationally determined free energies of binding are provided, from which the
corresponding dissociation constant was calculated k@ —RTIn(K,). (B) NMR-derived dissociation constants fb43with TAR, A

site, coxsackie virus B3 (CVB), polio virus (PV), and a UUCG hairpin RNA. Residues in blue are those that were found to interact with
the ligand.

nation of various aminoglycosides bound to the 16S A-site
RNA has captured the “functional” conformation that must

With this in mind, a series of flexible mono- and

bis-guanidinylated ligands was synthesized and evaluated for

be induced in order for this class of compounds to exert their disruption of the Tat TAR complex by FRET 149-159
antibiotic effect. As discussed in the previous paragraph, the Figure 45Aand B$*? Several compounds were identified

majority of ligand-bound TAR complexes induce several key
changes in the bulged region of TAR. Aboul-ela and co-
workers recognized that the ability of various ligands to
induce similar conformation within the TAR bulge likely
signified a “functional” conformation for inhibiting Tat
complexatior?*? In order to guide the development of a
synthetic library, a PoisserBoltzmann electrostatic surface
potential was calculated for TAR from the previously

determined structure bound to arginamide (with the argina-

with K; values in the low micromolar range, with49
emerging as the most potent competitive bindgr=€ 1.54
uM) (see Figure 45A). Although the length of the alkyl chain
can be varied with little consequence on activity, an apparent
minimum length is required. Substitution of the ether-linked
guanidinum group with a primary amine generally resulted
in loss of activity, althougti53 produced similakK; values
as151 Through SPR experiments two binding events were
detected forl49 binding to a biotinylatedt TAR construct,

mide ligand excluded) (see Figure 10). The results of the one in the low micromolar range and the other at concentra-
calculations were used to demonstrate that in the boundtions exceeding 100M. Analysis of thel49—TAR complex

conformation two electronegative “hotspots” exist within the
bulge, which result from an asymmetric distribution of charge
within the bulged regiof*? Thus, the authors proposed that

by NMR determined that, upon binding49 induces many
of the same conformational changes as arginamide. The
scaffold was shown to bind in the major groove with the

the proper placement of positively charged substituents ether-linked guanidinium moiety positioned underneath U23,
directed toward the electronegative hotspots could lock TAR similar to the conformation of arginamide, where it is poised

in a nonproductive conformation for Tat binding.

to form cation-xr interactions with either U23 or A22 (see
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Figure 45. TAR electrostatic “hotspot” binding ligands. (A) Bis-guanidinylated series of ligands. (B) Second-generation hotspot binding
ligands. (C) NMR structure of th#49—TAR complex. (D) NMR structure of th&59-TAR complex.

Figure 45C). The amine-linked guanidinium projects above  Although149served to validate the “hotspot” hypothesis,
U23 and may form similar catiefrr interactions with U23. the moderate binding affinities observed and less than drug-
Importantly, as intended, each guanidinium group projects like properties of the bis-guanidinylated ligand series led
toward the electronegative “hotspots” within the binding Aboul-ela and co-workers to synthesize second-generation
pocket of the bulge. derivatives where the methoxy group was replaced with
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various aryl substitutenf$® On the basis of the structure of to various RNA bulges, including TAR (Figure 46B5.1n

the 149-TAR complex, aryl substituents were predicted to all cases quenching of the native fluorescence from aromatic
have reduced binding affinities as the methoxy group is in spirocyclic scaffolds was used to measure the binding affinity

close contact with the phosphate backbone. However, severato various RNA bulges. The results from the binding analysis

biaryl derivatives exhibited substantially enhanced potency showed that for all compounds tested the binding affinities

in the FRET assay used to monitor the disruption to the-Tat
TAR interaction (see Figure 45B). NMR experiments were
conducted to examine the mode of binding 186 The
chemical shift pattern differed from that of the parent
compoundl49and other TAR-ligand complexes, suggesting
that the biaryl ligands have a unigue binding mode within
the bulged region of TAR. As the binding mode of these
biaryl derivatives is distinct, the requirement for the guani-
dinium groups was re-examined; previously, derivatives of

observed were at least 10-fold weaker as compared to a two-
base DNA bulge. Compound60 exhibited measurable
binding affinity only to a two-base RNA bulge but with
nearly 500-fold reduced affinitykp = 14 uM for RNA,
versusKp = 0.033uM for DNA). DDI 161 proved to be

the most general RNA bulge-binding compound with an
averageKp of ~20uM for one-, two-, and three-base bulges.
Compounds164 and 165 exhibited the tightest binding
affinities for all compounds teste&p = 1.3 and 1.1uM,

the parent compound demonstrated a nearly absolute requirerespectively, for a two-base RNA bulge. These general

ment for the presence of both guanidinium moietis.

selectivity trends were observed when comparing the binding

Several compounds lacking both guanidinium substituents affinities for the HIV-1 TAR bulge and HIV-2 TAR bulge;

were determined to have only slightly reduced potency in
the Tat-TAR disruption assay, and one compound from this
series, 159, exhibited a~30-fold K; improvement ovefl49
Structural determination df59bound to TAR revealed that

the indole ring intercalates between the A22-U40 and G26-

no binding was observed to the HIV-1 TAR bulge, while an
approximately 1«M affinity was observed for HIV-2 TAR
bulge. These results serve to highlight that lessons learned
from DNA-binding compounds may not directly translate
to RNA binding due to the structural differences between

C39 base pairs, while backbone contacts are mediated bythe two forms of nucleic acids.
the amine substituents (see Figure 45D). The authors report

nearly 50 compounds with submicromol&rvalues belong-
ing to the biaryl ligand series, highlighting the importance
of base stacking in the TafTAR system.

9.1.3. Derivatives of the Neocarzinostatin Chromophore

9.1.4. Aminoquinilones and Related Structures

In addition to the “rational” design strategies for binding
to the bulged region of TAR, several discovery-based
initiatives have been put forth. Mei and co-workers per-

Thus far, design strategies for small molecule binders to formed a high-throughput screen from which three com-

the TAR bulge have attempted to achieve selective recogni-

tion by tuning intercalative and electrostatic binding modes.

pounds were identified that disrupt the FatAR interac-
tion.8” Neomycin was one of the three compounds identified

However, each class of secondary structure is likely to adoptand discussed previously (section 4.4). Characterization of
a unique shape that may serve as a basis for selectivehe remaining structures revealed that compal&i(Figure
recognition. For example, the thiol-independent breakdown 47A) inhibited the Tat TAR interaction (IGo = 1.3 uM)

product of neocarzinostatin chromophoi&(@, Figure 46A)
features two aromatic systems joined by a spirocyclic
junction44345 the spirocyclic junction allows the two

by binding to the bulged region of TAR. ESI-MS experi-
ments further confirmed that66 binds to TAR with an
apparent 1:1 stoichiometry. Chemical foot-printing experi-

aromatic systems to stack on top of each other resulting in Ments with increasing concentrations 186 revealed sig-

~35° twist in the molecule. Goldberg and co-workers

nificant protection of C24 in a dose-dependent fashion,

determined that this unique wedge-shaped compound exhibitsonsistent with binding to the bulged region. However, foot

affinity for a variety of DNA bulges with the greatest
preference for two base bulg#8.Structural investigation
of 160bound to a DNA duplex containing a two-base bulge
revealed thatl60 induces the two bulged nucleotides to
protrude outward into solution, allowing the wedged scaffold
to fill the “triangular prism pocket” previously occupied by
the bulged nucleotides (see Figure 468)3¢ The two

printing with RNase V1, which cleaves duplex or stacked
nucleotides, demonstrated tH##6 exhibits a large footprint,
extending well beyond the bulged region. To address
concerns of selectivity, the same chemical and RNase foot
printings were performed in the presence of either unlabeled
tRNA or calf thymus DNA. In these experimerit§6showed

a reduced ability to protect the RNA from degradation,

aromatic ring Systems are proposed to mimic the geometryindicating that I’lonSpeCifiC b|nd|ng isa Signiﬁcant problem

of the helical bases &&60 has the appropriate twist angle

for compound166. The binding of 166 was markedly

and stacks with the base pairs above and below the bulgedfffected by the presence of both types of competitor nucleic

region. However, due to the relative difficulty of synthesizing
160 and derivatives thereof, synthetically tractable mimics
of 160were sought. The design of the DDI (“double-decker

intercalator”) scaffold proved successful as several com-

pounds 161-165 have been synthesized that exhibit mid-
nanomolar binding affinities with a similar preference for
two-base bulgeé$s-34° and binding geometries within DNA
bulges (see Figure 4663351 Such results suggest that
matching the 3D shape of ligands to complement the

potentially unique 3D pockets formed by the various second-

acid, suggestind.66 is not selective for TAR or RNA in
general.

As part of the development of anti-infective agents, Palu
and co-workers determined that several 6-aminoquinolones
(compoundsl67—-170, Figure 47B) were active in an anti-
infective HIV-1 in vitro cell culture assa$®3%*Subsequent
experiments suggested thbb7 exerts its effects through
inhibition of transcription, which prompted an investigation
into the possibility of an interaction betwed%7 and the
TAR RNA.3% The binding of167to TAR was observed as

ary structures may provide an unexplored avenue in the a quench in fluorescence of the quinolone ring system. Using

design of RNA binding compounds.

this assay, aminoquinolori&7 binds tightly to TAR Kp =

Recently, Goldberg and co-workers determined the ef- 19 nM)2*there appears to be some variability in the reported

fectiveness ofl60and various DDI derivatives for binding

binding affinity as Palu and co-workers also reported a
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Figure 46. General bulge binding compounds. (A) Various DNA bulge-selective compounds. The binding constants shown are for DNA
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binding affinity of 200 nM3%5 In order to define the binding  TAR constructs lacking either the hairpin loop or bulged
site of 167 on TAR, binding assays were performed using region. The binding affinity for the TAR construct lacking
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Figure 47. TAR binding ligands from discovery-based efforts. (£§6 was one of three ligands identified from a high-throughput screen
of a corporate library. (B) Several substituted 6-aminoquinoloh6%{170) were discovered to possess anti-infective properties using in
vitro cell culture models of HIV-1 infection. Compourdd7 was the only compound identified from the original screen that was tested for
and shown to bind to TAR.

the hairpin loop was essentially unchanged. However, no fluorescence intensity of 2-aminopurine is sensitive to change
binding was observed for the TAR construct lacking the in its local environment. Through screening 27 3,4,5-
bulged region nor was any binding observed to tRNA, single- trisubstituted oxazolidinones for binding to both the T-box

stranded DNA, or double-stranded DN#. Standard gel-
shift assays used to monitor the disruption of the-TEAR
complex determined that67 disrupts the complex with a
K; of 3.5uM. Interestingly, ciprofloxacinX71), a structurally
related quinolone, failed to disrupt the FatAR complex,
suggesting which functional groups might be important for
the activity of 167.3%

9.2. Small Molecule Binders to the T Box RNA

RNA and C11U constructs (at 1 mM ligand concentration),

it was determined that most compounds exhibited no
preference for either RNA; however, a few compounds did
exhibit some degree of preference between the two RNA
constructs (compoundk72—176, Figure 48B). Selectivity
was assessed by comparing the change in relative fluores-
cence induced by a compound between the two RNA
constructs. Caution should exercised when comparing nor-
malized changes in fluorescence between different RNA
constructs at a single ligand concentration because the extent

Electrostatic interactions between small molecules and RNA of conformational change upon ligand binding is likely to

are key to binding affinity, while at the same time they contrib-
ute heavily to nonselective binding. This duality has fueled

be construct dependent and thus may not track with binding
affinities; that is, a large charge change in fluorescence is

the search for compounds with reduced reliance on electro-not necessarily indicative of a strong binder. &8 exhibited

static interactions for their binding to RNA. The oxazolidi-
none class of antibiotics appear to derive their in vivo
efficacy by binding to the 23S rRNA subusft Although
there is an apparent lack of structuiactivity relationship
concerning the oxazolidinordRNA binding interactions,

the greatest degree of selectivity {at-fold preference for
the T-box RNA over the C11U mutant construct) compound
173 was examined further. Using a previously developed
FRET assay, where the T-box or C11U construct is end
labeled and hairpin loop labeled with FRET pa#saddition

Bergmeier and co-workers noted that the less charged natureof 173 caused a dose-dependent change in FRET efficiency

of the oxazolidinones may afford more selective RNA
binding compound$! A small library of 3,4,5-trisubstituted

from which a binding constant for the T-box RNA and the
C11U mutant construct was determined, with values of

oxazolidinones was synthesized and evaluated for their ability 3.4 and 25:M, respectively (Figure 48C). Importantly, the

to differentially bind the antiterminator T-box RNA or a

7-fold selectivity observed in the FRET assay is consistent

C11U construct. Previous biochemical experiments suggesteduith the results of the 2-aminopurine screen. Evaluating other

that the C11U mutation induces an alternative fold in the
bulged region (Figure 48AY: thus, compounds that bind to
the antiterminator T-box RNA but not the C11U T-box RNA
likely recognize the specific conformation of the bulged
region of the antiterminator T-box RNA. Characterization
of the antiterminator structure revealed that residues A9
C12 adopt a stacked conformatiGhAs the binding of
ligands to the bulged region is likely to induce a conforma-
tional change, replacing A9 with 2-aminopurine provided a

derivatives ofL73revealed that removal of the methoxyphen-
yl (177) reduced the binding affinity by-3-fold but enhanced
the selectivity (Figure 48C). Also, dramatic changes to the
ester side chain resulted in substantially altered binding
affinities and selectivity profiles.

9.3. Small Molecule Binders to the Iron Response
Element (IRE) RNA

Most research in the small molectHRNA-binding arena

convenient fluorescence-based binding assay given that thehas concentrated on the inhibition of translation, either
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Figure 48. Oxazolidinones as T-box binding ligands. (A) Secondary structure model of the T-box RNA and the C11U (shown in red)
mutant construct. A* indicates the location of the 2-aminopurine residue. (B) Selectivity profile of compounds with a preference for the
T-box RNA construct. (C) Dissociation constants fat3 and 177 with the two RNAs.

transcript specifit®*1%2or by inhibiting the ribosome. Real-
izing the therapeutic potential of small molecualetivators

of translation, Thorp and co-workers examined ligand-
binding effects in the ferritin IREIRP systeni>® Under
typical cellular conditions the ferritin mRNA is repressed
by the binding of IRP to the ferritin IRE in thé-&JTR. Thus,

a small molecule that could prevent the binding to IRP, or
otherwise increase translation by binding to ferritin IRE
(fIRE), would serve to increase the levels of ferritin protein.
Using chemical footprinting methods to monitor ligand
binding, the natural product yohimbing45 was determined

protection of weakly cleaved bases between the bulge and
hairpin loop region was observed, suggesting that yohimbine
binds multiple secondary structures within fIRE. Utilizing
the native fluorescence of yohimbine, titration of fIRE
resulted in the decreased fluorescence of yohimbine from
which aKp of 3.9u4M was calculated (Figure 49). Examining
the affinity of yohimbine for a variety of bulged RNAs
yielded binding affinities in the low micromolar range
(averageKp = 7.9 uM). Having established that yohimbine
binds to the IRE sequence, the ability of yohimbine to inhibit
the interaction between fIRE and IRP was evaluated by gel-

to bind to residues above and below the bulged region of shift assays. Addition of yohimbine at 40 caused an 8%
the fIRE, which the authors interpreted as being indicative increase of free fIRE; given the tight binding interaction

of selective binding to the internal loop region. However,

between IRP and the fIREK = 90 pM) and the modest
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Figure 49. Binding affinity of yohimbine for a variety of RNA
targets.

binding affinity of yohimbine for IRE Kp = 3.9 uM) the
low level of disruption observed is not surprising. Unexpect-
edly, preincubation of 4@&M yohimbine with full-length
ferritin mMRNA followed by standard eukaryotic cell-free

translation assay showed an increase in translation of the

ferritin mMRNA by 40%. Furthermore, cloning the fIRE

Thomas and Hergenrother

molecule with demonstrated affinity for hairpin loops was
identified from the screen performed by Mei and co-
workers®” In total three compounds were identified that
disrupted the TatTAR interaction as assessed by gel-shift
assays. Two compounds were determined to bind to nucle-
otides in and around the bulged region of TAR. However,
the third hit compound (Figure 50,78 was shown to bind
the hairpin loop region of TAR. Chemical and RNase foot
printing confirmed that A35 and G36 of the TAR construct
depicted in Figure 44B were protected by8in a dose-
dependent fashion. Interestingly, the same RNase foot-
printing experiments failed to detect protection of guanine
residues in the apex of the hairpin loop. Further confirmation
of hairpin loop binding was provided by ESI-MS experi-
ments. Incubation af78with either TAR or a TAR construct
wherein the hairpin loop was replaced with a PEG linker
resulted in a mass shift only for TAR, while no binding was
observed for the PEG-linked TAR construct.

10.2. Binders to the U1A snRNA Hairpin Loop

RNA hairpin loops are common binding sites for proteins.

upstream of a luciferase reporter gene produced a similarnpting the dearth of investigations focused on identification
increase in translation. Such dramatic increases in translationsf small molecule disruptors of RNAprotein interactions

coupled with the weak competitive binding of yomhibine
for fIRE suggests that decreased IRP binding together with
unwinding of the IRE structure by yohimbine results in the
increased translation observed. These results point to th
exciting prospect of targeting RNA to selectively increase
translation of a target protein.

10. Hairpin Loop Binding Compounds

RNA hairpin loops occur when a sequence region folds
back on itself to form a duplex that is linked through single-
strand nucleotides; the resulting structures are often calle

stem-loops. In terms of abundance of secondary structure, it

is estimated that RNA hairpin loops are second only to
duplex regions® The predominance of hairpin loops is
matched by their functional significance as they provide sites
of nucleation for RNA folding and participate in RNA
protein and RNA-RNA interactions’®” The absolute preva-
lence of various RNA hairpin loop sizes and sequences is

unknown; however, it seems reasonable that thermodynamic

stability would correlate with prevalence in vivo. Solely on

the basis of hairpin loop size, hexa- and heptaloops have
been determined to be the most thermodynamically stable

as six to seven nucleotides is the ideal length for spanning
the A-form helix35 Formation of larger hairpin loops is

penalized by unfavorable entropy, and the loops tend to be
less stable than their smaller counterparts. However, the

sequence of a given hairpin loop can contribute greatly to
its overall stability. In fact, entire classes of “exceptionally
stable” hairpin loops have been discovered which are

considerably smaller than hexaloops. Tetraloops consisting

of UUCG, GNRA (where R= purine), and YNMG (where
Y = pyrimidine and M= adenine or cytosine) sequences

are the primary examples of hairpin loop sequences dictating

Stabi|ity'356,358,359

10.1. Binders to the TAR Hairpin Loop

Despite the biological precedent for hairpin loops to
participate in interactions with proteins and RNA, few small
molecules have been shown to bind with appreciable affinity
to hairpin loops of any size or sequence. The first small

other than the RevRRE and Tat TAR interactions, Barang-
er and Gayle initiated the search for binders to stem loop 2
of the U1A snRNA, which is bound in vivo by the U1A

€rotein and controls splicing of eukaryotic pre-mRNAS.

The U1A protein binds to stem loop 2 by making critical
contacts in the hairpin loop itself. The authors reasoned that
because the tight binding interaction between U1A and stem-
loop 2 required the GC closing base pair, ligands with a
demonstrated capacity to bind to similar binding sites might
prove to be a suitable starting point for identification of

ddisruptors. Comparing the secondary structure of the stem-

loop 2 RNA with ligand specificity reported in the literature,
134 and 178 (Figure 50A) were selected for evaluation as
disruptors of the U1A-stem-loop 2 interaction. These ligands
were chosen because previous investigations demonstrated
that both ligands disrupted the FalAR interaction by
binding to CG or GC base pairs and the adjacent secondary
structure. Using a gel-shift assay34 inhibited the U1A-
RNA interaction with an 16 = 1.0 uM; use of 178 at
concentrations up to 10 mM failed to disrupt the complex.
Acridine, spermidine, or the closely related quinacri@g (
were equally ineffective, consistent with previous reports
suggesting that both components 184 are required for
activity 334 Using the native fluorescence of acridine, titration
experiments with stem-loop 2 determined that the ligand:
RNA stoichiometry was 2:1. RNase footprint experiments
revealed that in addition to protection of residues C8 and
Ull, the cleavage rate for most of the nucleotides in the
hairpin loop was altered upon binding. However, the authors
note that due to the inherent flexibility of this large hairpin
loop the effects of direct binding or ligand-induced confor-
mational changes cannot be differentiated.

10.3. Binders to the GNRA Tetraloop

Continuing along the theme of targeting biologically
relevant RNA hairpin loops, Baranger and Yan examined
the ability of commercially available RNA-binding com-
pounds to bind a GNRA tetralod8® GNRA tetraloops
mediate tertiary contacts critical for group | introns, ham-
merhead ribozymes, and the ribosoffle3%3 As mentioned
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Figure 50. Compounds that bind to RNA stem loops. (A) Compoli3d was found to bind stem-loop 2 of the ULA snRNA and disrupt
the ULA—RNA interaction with an 1G, of 1.0 uM, whereas compoundk78 and9 had no effect. (B) Several RNA-binding compounds
were assessed for their ability to bind to a GNRA tetraloop constiXi¢tl( ); compoundl34 was the best binder in this study.

previously, GNRA tetraloops are part of the class of 10.4. Deoxystreptamine (DOS) Dimers as RNA
exceptionally stable tetraloop sequences. The enhancedHairpin Loop Binders

stability arises from the conformation of nucleotides in the
hairpin loop; the first and fourth nucleotides of the hairpin
loop form a noncanonical €A base pair, while nucleotides
two through four form stacking interactions. This array of
hydrogen-bonding and stacking interactions may prove
suitable for tight, selective recognition by small molecule
binders. Of the compounds tested 0rl$4 bound to the

RNA hairpin loops participate in numerous macromolecu-
lar interactions; thus, the lack of compounds with sufficient
affinity for hairpin loops makes a large number of RNA-
mediated interactions resistant to small molecule approaches.
Hergenrother and co-workers sought to develop general
hairpin loop binding compounds by synthesizing dimers of
GRNA harpi op i lowmicromolarafiinito= 16— o Lart T (000 HeTenere DOS sl
#M (Figure 50B). Further characterization of the ligand gy cture, including hairpin loop regions, with millimolar
RNA interaction revealed a binding stoichiometry of 1:1. affinity.3° Reasoning that the linking of DOS monomers via
Footprinting experiments were consistent with bindind® 5 tether of appropriate length would provide suitable affinity
to the hairpin loop region, although the extent of protection gnq flexibility for targeting hairpin loops, a small collection
and exact location of the binding site was dependent on theof DOS dimers was synthesized. By varying the linker length
method of cleavage (chemical versus RNase). Using aand composition, weak to moderate binding affinities were
computational platform, Baranger and co-workers recently observed for tetra-, hexa-, hepta-, and octa hairpin loops RNA
disclosed a derivative df34that exhibits greater selectivity  constructs with compounds suchiz9and180(Figure 51A
for the GNRA tetraloop sequence over duplex or single- and B)?5 In cases when binding was observed similar
stranded RNA$54Also, in a separate endeavor Baranger and binding affinities were obtained across the entire panel of
co-workers discovered a quinolone derivative which binds RNA hairpin loops, establishing the DOS dimers as a class
the 3-terminal nucleotides of their GNRA constriféf. of general RNA hairpin loop binding compounds. The DOS
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Figure 51. DOS dimers as a general class of RNA hairpin loop binding ligands. (A) The structure of 2-deoxystreptamine (DOS), two
DOS-dimers 179 and 180), and two control compoundd.81 and 182). (B) DOS dimers bind to RNA hairpin loops. Shown are the
dissociation constants (M) of the various compounds for the hairpin loop structures.

dimer180proved to be the most potent binder in this initial compounds which appeared to be selective for R ,
study, with a 6uM binding affinity for RNAs XX —XXII , while two compounds were found to be selective for RNA
and slightly reduced affinity for the RNAXIX (Kp = 16 XIX. Subsequent investigation determined th@8was the
1M).225 Critical control compounds demonstrated the neces- most selective for tetraloops ad84was the most selective
sity of the dimeric nature of the compounds and the for octaloops, exhibiting at least 5- and 30-fold selectivity,
importance of electrostatic interactions as the mono-linked respectively, over the hairpin loops assayed (Figure 52A and
DOS moiety (81 and the tetraazided 82 exhibited no B).2%6 In addition to achieving hairpin loop size selectivity,
detectable binding affinit§?® Binding to the hairpin loop 183 and 184 bound their respective hairpin loops with
region was confirmed by RNase footprinting, which revealed substantially enhanced binding affinity as compared to the
that several residues within the hairpin loop are protected original DOS dimers withKp values of 0.30 and 0.32M,
upon binding. Also, binding appears to be independent of respectively??® Furthermore, consistent with the initial design
sequence a%80 demonstrated equal binding affinity for a of the DOS dimers, the dimeric nature of the compounds is
variety of heptaloop sequences, further establishing the essential as the mono-linked versions (such&s exhibited
generality of binding. a substantially altered binding profile. Binding to the hairpin
In a continued effort to establish RNA hairpin loop binding loop region was confirmed by modest protection observed
“modules”??® Hergenrother and co-workers synthesized a during RNase footprinting. As a further measure of selectiv-
combinatorial library of DOS dimers utilizing the facile ity, 183and184showed little to no binding to a simple RNA
copper-catalyzed variant of the Huisgen 1,3-dipolar cycload- duplex or single base bulge. Selectivity was further evaluated
dition of alkynes and azides. Linker length was varied by by competition binding assays using tRNA as the competitor
the synthesis of DOS monomers functionalized with alkynes nucleic acid; the binding 0183 and184to their respective
of differing length, while diverse functionality of the linker RNAs was unaffected by the 100-fold (base) excess of tRNA,
was generated by a set of 35 diazides. The 105-memberedsuggesting both ligands may have suitable binding properties
compound library was screened for dose-dependent bindingfor use inside the cell. The generality of tetra- and octaloop
to RNAs XIX —XXII using the end-label method (Figure binding was probed by assayii@3and184for binding to
52)2%6 The results of the screen led to identification of five biologically relevant hairpin loop sequences. DOS dit&3
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Figure 52. DOS dimers as size-specific ligands for RNA hairpin loops. (A and B) Compd@3has specificity for RNA tetraloops,
while compound184 specifically binds to RNA octaloops. Shown are the dissociation constanigjrfor the compounds with the
indicated RNA.

bound a UUCG and GNRA tetraloop (RNASXV and isothermal titration calorimetry. In these experiments the
XXVI') with ~100 nM affinity, while184bound the octaloop  determined binding affinity was inversely correlated with the
of the Hepatitis Delta Virus C (HepC) IRES (RNAXVII ) enthalpic contribution to binding, suggesting that often
with a Kp of 150 nM; importantly, selectivity was also overlooked entropic factors such as desolvation or cation
retained as184 was found to be at least 13-fold more release may be critical components for achieving selective
selective for RNAXXVII , and 184 also appeared to have recognition for RNA binding small moleculé®
minimal off-target binding (Figure 5278

Subsequent in vitro characterizationkf4 with an RNA 11. Conclusion
octaloop revealed that the electrostatic contribution to binding
is substantially lower than that of the aminoglycosiéfés. Considerable progress has been made toward the goal of
Only 20% of the total binding energy fd84was determined  selectively targeting RNA with small molecules. Screening
to be due to electrostatic interactions, as compared to thefollowed by synthetic optimization is likely to provide small
aminoglycosides which derive 50% of their free energy  molecules that bind in vitro to the intended RNA target with
of binding from electrostatic interactiod®. This reduced low- to submicromolar binding affinities. A variety of RNA-
reliance on electrostatic interactions was confirmed by binding assays are available to determine the strength of a
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RNA-—ligand interaction in addition to biophysical experi- defined. There is no shortage of RNA targets, and by
ments that provide additional information about the binding branching out from the standard targets the likelihood for
site and the kinetics/thermodynamics of binding (e.g., foot novel discoveries and greater impact increases.

printing, SPR, and ITC). Thus, investigators are equipped (4) Wanted: RNA ligands with activity in cell culture and
with a battery of primary and secondary assays to evaluatein vivo. Given the substantial challenges in simply finding
and characterize novel RNAigand interactions in vitro. a ligand that binds to RNA in vitro, it is rare that these

However, significant hurdles must be overcome in order compounds are carried forward into cell culture or in vivo
to turn the therapeutic potential of RNA ligands into reality. assays (the antibacterial compounds are an obvious exception

Below are listed four challenges for the next 10 years of to this). Until RNA binding compounds can be shown to
small molecule-RNA research. consistently hit RNA targets inside the cell and exert their

(1) Wanted: High-throughput screens. Currently a bottle- desired biological effect, the field of small molectBNA
neck for targeting RNA is the limited number of suitable Pinding will not have a substantial impact outside of the
small molecule ligands. Additional general, high-throughput chémical biology realm. In short, with the obvious potential
methods for identification of RNAligand interactions would ~ @nd the great number of targets, small molecule ligands for
be tremendously enabling. Conformational change associated? VA could indeed become the next wave of drug discovery.
with ligand binding to fluorescently labeled RNA constructs /\t SOme point, however, this potential must be turned into
is a widely used method to determine the binding constants {angible results, and in vitro studies must be translated into

of RNA—ligand interactions and can (in some cases) be used®€ll culture and in vivo results. o

in a high-throughput screen. NMR and ESI-MS!3 tech- _ Small moIecuIeRl\_IA blndlpg has progressed'ggmflgantly
niques have been used in screening efforts, although special$inceé the lastChemical Reiews article on this subject.
ized equipment and expertise are typically required. Dis- Although even greater progress is required before RNA
placement of a fluorescent ligand is another useful screening!@gets are given the same consideration as protein targets
method, although it requires known small molecule ligands N the drug discovery realm, the proper tools and techniques
for the target RNA. However, a simple and general high- '€ currently in place. Hopefully within the next 10 years
throughput screening method would greatly facilitate the Multiple in vivo success stories with RNA ligands will
discovery of novel RNA-binding ligands. emerge.

(2) Wanted: Detailed characterization of small moleeule
RNA interactions. Even though scores of compounds have 12. Acknowledgments
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