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ABSTRACT OF THE DISSERTATION 

 

 

 

Throwing a wrench in the translational machinery: 
Discovery of RNA ligands by fluorescence techniques. 

 

by 

 

Jerod Russell Parsons 

Doctor of Philosophy in Biochemistry and Biochemistry 

University of California, San Diego, 2010 

 

Professor Thomas Hermann, Chair 

 

 Ribonucleic acids (RNAs) are underexplored  as targets for therapeutics.  To date, 

drug research has focused primarily on protein targets. Inhibition of functional RNA is an 

alternative approach which can avoid some of the problems of resistance.  A few RNAs 

of interest are the bacterial ribosome, HIV RRE and Tar, human thymidylate synthase 

mRNA, and the Hepatitis C Virus Internal Ribosome Entry Site.   

 

 Fluorescently-modified oligoribonucleotides are a relatively cheap method of 

quickly determining changes in the structure of the RNA.  During chemical synthesis, 

fluorescent modifications can be placed in virtually any position and used to report on 

xi



local structural changes.  This technique was applied to the ribosomal A-site, and 

expanded to encompass alternative fluorophores and RNA sites.  To identify compounds 

bound to HCV IRES domain IIa, fluorescent and FRET-based constructs were designed.  

After screening a small compound library in these systems, several were identified as 

binding.  A structure activity relationship based on one class of these binding compounds 

was determined for the IRES IIa. 

 

 In order to study the chemical components of RNA binding affinity, fluorescent 

methods for identifying RNA ligands to two RNA targets were devised.  Extension of an 

oligonucleotide construct based on the ribosomal A site allows monitoring of an 

additional ligand binding site.  FRET-based distance measurements in a viral RNA allow 

discrimination between functional and nonfunctional conformations, and therefore can be 

used to identify compounds that stabilize a nonfunctional conformation. 

xii



 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 1:  Introduction 
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1.0 Introduction 
 
 
 Unlike cellular Deoxynucleic acid (DNA) molecules, ribonucleic acids (RNAs) 

form complicated structural motifs that can be targeted by small molecules.  These 

structural motifs form the basis for RNA folds, which are required for functional RNA 

molecules and are the targets of molecular recognition of RNA.   RNA-binding molecules 

interact with RNA by mechanisms involving presentation of rigid hydrogen-bonding 

frameworks or by displacing structural metal ions by means of electrostatic compatibility 

provided by positively charged amino groups. (1).    

 
 Aminoglycoside antibiotics, originally isolated from bacteria, are a prime 

example of RNA-targeting drugs.  Aminoglycosides bind to a wide variety of RNA 

targets.  These antibiotics are built of amino sugars linked to a streptamine or 2-

deoxystreptamine (2-DOS) heterocycle (figure 1.1a). (2) The charged nature of the dual 

amino groups in the 2-DOS core provides a large electrostatic component to RNA 

binding.  The 2-DOS core is responsible for RNA affinity, while the sugars provide some 

measure of specificity (3).  Even with this specificity, however, aminoglycosides can 

bind tightly to a plethora of RNA structures, including HIV TAR, HIV RRE, HDV 

ribozyme, and even poly(A) RNA, in addition to the ribosome.  (3-8)   

  
 Attempts have been made to create mimetics of the 2-DOS core scaffold in order 

to improve specificity, affinity, and ease of synthesis, as well as to avoid inactivating 

chemical modifications in resistant bacteria. (9,10) One such 2-DOS mimetic is the 3,5 
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diaminopiperidine (DAP) heterocycle (Figure 1.1a), designed to maintain the cis-1,3 

arrangement of amino groups from the 2-DOS ring.   

 

 

 

Figure 1.1a:  (Left) 2-Deoxystreptamine (2-DOS).  (Right) 3,5 diaminopiperidine (DAP). 
 

 

 

 

 

 

 

 

 

Figure 1.1b:  Aminoglycoside antibiotic paromomycin. 
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The Ribosome: 
 

 The ribosome is responsible for the synthesis of protein based on the information 

contained in messenger RNA (mRNA) template, through the process of translation.  

Ribosomes are around two-thirds RNA components and one-third protein components.  

Ribosomal proteins perform mostly supportive roles.  The active site of the ribosome, 

where peptide bond formation occurs, is entirely composed of RNA.  The bacterial 

ribosome is composed of two subunits of unequal size, the small (30S) subunit and the 

large (50S) subunit.  The ribosomal subunits in eukaryotic cells are larger, with 

sedimentary coefficients of 40S and 60S.  The process of protein synthesis can be broken 

into three steps:  Initiation, elongation, and termination.  Initiation of protein synthesis is 

described in detail in the introduction of Chapter 4.  In the initiation process, the two 

ribosomal subunits join together with the mRNA template, reading the mRNA from 5’ to 

3’ to create the corresponding protein N-terminus to C-terminus.  An initiator tRNA, 

bound at the peptidyl transfer site (P site), begins the process.  Additional tRNAs supply 

amino acids according to the genetic code to the aminoacyl site (A site).  Elongation of 

the peptide occurs by attack from the free α-amino group at the A site to the ester bond 

linking the P-site peptide to the tRNA.  After this reaction occurs, the peptide chain 

remains at the A site.  Translocation then cycles the A-site tRNA to the P site, and the P 

site tRNA to a third site, the exit site (E site).  Additional cycles of peptidyl transfer 

occur, repeating until a stop codon is read.  The termination step occurs as release factor 

proteins assist in the dissociation of the polypeptide from the tRNA.  (11)
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Ribosomal Structure 

 The ribosome is a particle composed of RNA and protein that synthesizes protein 

using mRNA as template and aminoacyl-tRNA as substrate.  The small (40S) ribosomal 

subunit forms a 3-dimensional structure resembling an upright duck (Figure 1.2) (28,32).  

The mRNA enters the subunit through the entry tunnel and exits at the other side, at the 

exit site.  Conformational changes within the subunit can rotate the head relative to the 

shoulder and platform, or the entire 40S relative to the 60S.  These conformational 

changes have been suggested to correlate with events in the initiation and translocation 

steps (32). 

 

Figure 1.2:  The 40S ribosomal subunit.  The head, beak, shoulder and platform regions 
are marked, as well as the mRNA entry and exit tunnels. 
 

The Ribosomal A Site 

  
 The A-site of the small ribosomal subunit is the location of decoding during 

translation.  The proper tRNA must be bound to the A site in order to translate the correct 

protein.  High fidelity of translation from mRNA to protein is required for proper cellular 

function (12).  One mechanism used to ensure translational fidelity occurs at the A site.   

Two flexible adenine bases, A1492 and A1493, are involved in this mechanism.  These 

flexible bases can be stacked on neighboring bases inside the decoding loop or can be 
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located outside the loop, stabilizing the codon-anticodon interaction.  These adenines 

interact with the tRNA and mRNA during the decoding process.  During this process, the 

tRNA and mRNA form a codon-anticodon duplex, and the sensor adenines A1492-

A1493 recognize this duplex by interacting with the minor groove. 

  
 Several aminoglycoside antibiotics target the A-site and bind within the decoding 

loop.  They shift the equilibrium of 1492-1493 toward the tRNA-bound conformation – 

even in cases where the tRNA is non-cognate, leading to increased translational error as 

incorrect peptides are added to the nascent protein chain.  This occurs due to a 

conformational change in the ribosome which precedes the peptidyl transfer reaction and 

is initiated due to the 1492-1493 interaction with the duplex RNA at the codon-anticodon 

site. 

  
 The A site of the ribosome has been intensely scrutinized.  Crystal structures 

involving helix 44 show three distinct conformational possibilities for A1492 and A1493:  

The stacked, flipped-in conformation of an empty 30S, the stacked, flipped-out 

conformation of paromomycin-bound (or cognate tRNA bound), and a third ‘splayed-out’ 

conformation that occurs after IF-1 and S12 binding, or in the presence of hygromycin 

B).  These conformational shifts propagate throughout the ribosome and are part of the 

concerted actions involved in the translation process (30-31). 

 

 The A-site loop in helix 44 of the small ribosomal subunit can be isolated from 

the native ribosomal context to form small RNA constructs (13-17).  These constructs 

maintain the conformational flexibility of the 1492/1493 and are capable of binding 
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aminoglycosides.  Being significantly smaller than the full ribosome makes the small 

RNA constructs suitable for high-resolution X-ray crystallography (15,16) and presents 

opportunities for selective chemical modifications. 

 
2-aminopurine Modification 

 
 The unnatural nucleobase 2-aminopurine (2AP) has been used extensively as a 

nucleobase analog due to its fluorescent properties and structural similarity to adenine.  

The fluorescence of 2AP reflects its chemical environment.  When stacked with other 

bases, fluorescence output is quenched.  When un-stacked, fluorescence output is 

increased.  Therefore, alternative conformations of the 2-aminopurine base can be 

distinguished based on the differential fluorescence response.  2AP replacement is 

therefore very applicable to the sensor adenines in the ribosomal A-site (18-20), but can 

be applied in any setting where a conformationally flexible adenine can be found.   

 
 
Figure 1.3:  The 2AP nucleobase analog compared to adenine.   
 
 
Non-ribosomal Targets  
  
 Non-ribosomal RNA has only recently become the subject of pharmacological 

attention, but RNA frequently forms highly ordered functional 3D structures, which can 

be suitable for drug targeting.  Messenger RNA (mRNA) production and translation in 
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the cell is highly regulated in order to produce the proper amounts of protein at the 

appropriate time. Regulation of translation can take the form of RNA degradation or 

sequestration (21).  Riboswitches can attenuate or induce translation by hiding or 

exposing the expression platform, usually due to binding a target metabolite.  (22,23) 

Internal Ribosome Entry Sites (24,25) allow cap-independent translation of viral proteins 

in eukaryotic cells, and allow some eukaryotic proteins to be expressed in the absence of 

initiation factors (26). 

  
Internal Ribosome Entry Sites 

  
 Viruses rely on host cells to replicate.  Cellular defense mechanisms have evolved 

to shut down cellular translation after viral infection, in order to prevent viral spread.  

These defense mechanisms typically prevent initiation of translation (27).  To combat 

these defenses, some viral mRNAs have evolved internal ribosome entry sites (IRESes) 

to begin translation.  Over one hundred IRES sequences have been identified, with 

widely variable structures.  One class of IRES structures is exemplified by the Hepatitis 

C Virus (HCV) IRES.  HCV translation is driven by the IRES comprised of the 5’ 

untranslated region (UTR) of the HCV mRNA.  This sequence is over 350 nucleotides in 

length and folds into four independently structured domains.  Chapter 4 describes the 

mechanism of IRES-driven initiation of translation in the Hepatitis C Virus.  The 

sequence and structure of the HCV IRES are highly conserved relative to the rest of the 

viral genome.  Thus, drugs targeting the IRES structure are less likely to develop resistant 

mutations than drugs targeting the viral proteins.  Specific interactions between the IRES 

and ribosome are required for translation to occur, and these interactions may be 
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disrupted by the action of small molecules.  A small molecule that alters the 

conformation of a specific fragment of the IRES RNA could be sufficient to disrupt the 

overall function of the IRES and preclude translation by this mechanism. 

  
 Structural studies of the HCV IRES (28) have shown that the HCV IRES 

complexes with the ribosome by forming extensive contacts.  Preventing the association 

of the IRES with the ribosome would require overwhelming the positive interactions of a 

large surface area, a feat nearly impossible for small molecules.  An alternative strategy 

involves making pinpoint disruptions at structurally important positions.  Domain II of 

the IRES forms direct contacts with the ribosome at only a small interface, where apical 

loop IIb is positioned between the ribosomal head and platform.  Nevertheless, the 

entirety of domain II is required for initiation of translation.  It has been suggested that 

the function of domain II may be to position the single-stranded coding RNA of the virus 

inside the decoding site (28).  A sharp kink in the RNA backbone is caused by subdomain 

IIa, and this structural disturbance serves to thread the remainder of domain II between 

the ribosomal head and platform and into the active site of the ribosome.  

  
 Work presented herein serves to further the goal of identifying RNA-targeting 

small molecules.  Such compounds may serve as future antiviral, antibacterial, or even 

anticancer agents, and will certainly assist in future efforts to create such agents by 

guiding structure-based design.  Fluorescence techniques that can be used to rapidly 

determine the RNA-binding characteristics of a compound in multiple systems are 

described. 
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 In addition, the mechanism of action of a small molecule inhibitor of viral 

translation is described, highlighting the potential of such ligands to disrupt RNA-based 

molecular machines other than the ribosome.   
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Chapter 2: 

Fluorescent pteridine nucleobase analogues 
as monitors of RNA structure 

in ribosomal decoding-site RNA 
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2.0 Abstract: 

  
 Pteridine nucleobase analogues 3-methylisoxanthopterin (3MI) and 6-

methylisoxanthopterin (6MI) are viable alternative red-shifted fluorophores for use in 

fluorescence experiments involving compounds spectrally incompatible with 2-

aminopurine (2AP), the nucleobase analog typically used to monitor conformational 

transitions in ribosomal decoding-site RNA constructs.  The use of pteridine analogs 

requires careful structural validation, as the bases are more distant chemically than 2AP.  

(1) 

 
2.1 Introduction 

 
 Helix h44 of the 16S rRNA constitutes the majority of the bacterial decoding site.  

This internal loop contains two key adenosine residues, A1492 and A1493.  These two 

conformationally flexible residues monitor interactions between the mRNA codon and 

tRNA anticodon in the A site and are key to maintaining fidelity during protein synthesis. 

Oligonucleotides containing subsequences of this internal loop adopt structures similar to 

the native ribosomes, making them useful as model systems.  (2-4) Making chemical 

modifications to the short oligonucleotides in these models is relatively straightforward.  

The fluorescent nucleobase analog, 2AP, has been used in such a fluorescently labeled 

decoding site model. (5, 6)  In this system, ligand binding can be identified by selectively 

exciting the 2AP nucleoside and monitoring the emission changes, which reflect the 

changes in the local environment of the nucleoside. (7) In the context of the ribosomal 
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decoding site, the 1492 and 1493 nucleotides are displaced from the internal loop in the 

presence of either a proper tRNA: mRNA match or an aminoglycoside antibiotic.  This 

displacement from the internal loop corresponds to a significant change in local 

environment and therefore a change in the quantum yield of 2AP fluorescence.   

 
 2AP excitation and emission spectra are fairly short wavelength, with 310nm 

excitation and 370nm emission peaks.  These wavelengths introduce complications with 

highly conjugated organic compounds, which may also absorb or emit in the same 

wavelength range.  Spectral overlap with 2AP precludes usage in 2AP-based binding 

assays for compounds with strong absorbance or emission in the overlapping range.  

Nucleotide analogs that are red-shifted relative to 2AP widen the scope of such assays. 

  
 Spectral overlap issues can be overcome in fluorescence screens by reproducing 

the RNA construct with alternative fluorophores using excitation and emission 

wavelengths orthogonal to those of other molecules in the solution.   One of the main 

benefits of 2AP is its structural similarity to natural nucleoside bases, which makes it a 

relatively safe alternative to adenine in a large number of structural contexts.  Caution 

must be observed to ensure that flurophores do not disturb the overall fold of the RNA.  

Pteridine analogues had previously been applied to DNA (8-9), where they are useful as 

guanosine analogs.  Structural environments that are amenable to pteridine fluorescence 

have been described by this group. 
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Figure 2.1:  Nucleobase analogs.  Shown are 2AP, Adenine, 3MI, and 6MI, as well as 
their fluorescence excitation and emission peaks. 
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2.2 Results: 

 
 To determine relative stability of constructs differing only in the type of 

nucleobase analog, thermal denaturation experiments (Figure 2.2) were performed on 

RNA constructs based on the sequence of the ribosomal A-site in helix h44.  These 

constructs were chemically synthesized with analogs at position 1493.  In 10mM 

cacodylate buffer, the melting temperatures are 44.2˚C for 3MI, 45.2˚C for 6MI, and 

47.4˚C for 2AP-labeled A-site RNA constructs.  DNA oligos containing 3MI and 6MI 

substitutions display similar shifts in Tm, due to 6MI forming slightly stronger 

interactions with other bases (9).    In the presence of 1mM MgCl2, all three constructs 

have a Tm of 65.5˚C.  Adding 1mM paromomycin to RNA in the presence of 1mM 

MgCl2 stabilizes each construct by approximately 2˚C to 67.8˚C, 67.5˚C, and 66˚C for 

3mi, 6mi, and 2AP, respectively.   

 
 To demonstrate the differences between the alternative labels, fluorescence 

titrations were performed.  Stepwise addition of increasing amounts of compound results 

in a sigmoidal dose response curve, with a fluorescence shift indicative of the change in 

local environment around the fluorescent base.  Binding of ligands such as tobramycin 

(Figure 2.3) in the two constructs show that RNA labeled at the 1493 position with either 

3MI or 6MI responds to titration by being quenched with an EC50 of 1.8µM ± 0.7µM in 

3MI and 2.2µM ± 1.1µM in 6MI.  Paromomycin titrations of the two constructs show 

that 3MI-labeled RNA fluorescence is very slightly increased in the presence of the 

compound, while 6MI RNA is quenched to 70% with an EC50 of 800nM+/-300nM. 
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Figure 2.2a:  Thermal denaturation of RNA constructs with nucleobase analogs.  RNA 
constructs containing either 2AP, 3MI, or 6MI at the 1493 position had UV absorption 
measurements made at every 1˚ from 20C to 85C.  Reported is the Tm for each construct 
in 10mM cacodylate buffer, (left) in 1mM magnesium, (center), and in 1mM 
paromomycin and 1mM magnesium (Right). 

 

Figure 2.2b:  Oligonucleotide constructs used for fluorescence and thermal denaturing 
experiments.  3MI or 6MI nucleobase analogs replace an adenosine in an RNA construct 
based on the ribosomal A-site. 
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 For titration figures, relative fluorescence response (bottom) to addition of 

compound is plotted.  RNA alone is given a fluorescence value of 1.  Values are averages 

of 3 replicate experiments, with error bars representing 1 standard error. Error margins of 

EC50 values are fit errors. Normalization of RNA (top) is done such that Imin=0 and 

Imax=1.  In cases such as tobramycin, where a maximum fluorescence intensity is 

achieved after addition of compound, the fraction bound plots can be misleading. 
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Figure 2.3a:  Titration of 3MI-labeled A-site RNA with Tobramycin.  The EC50 of the 
quenching phase of the biphasic response is 1.8µM ± 0.7 µM.  The initial increase in 
fluorescence intensity at sub-micromolar concentrations is discussed more in Chapter 3.  
Fitting both phases of this response results in the calculations shown above. 
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Figure 2.3b:  Titration of 6MI-labeled A-site RNA with Tobramycin.  The EC50 of the 
quenching phase of this biphasic response is 2.2µM +/- 1.1µM.  The biphasic effect of 
tobramycin binding is responsible for the disparity between the calculated EC50 for the 
quenching phase (in the legend) and for the entire titration(above the titration).  This 
biphasic effect is explored in chapter 3.   
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Figure 2.3c:  Titration of 3MI-labeled A-site RNA with Paromomycin 
 

22



 

Figure 2.3d:  Titration of 6MI-labeled A-site RNA with Paromomycin 
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2.3 Conclusions: 

  
 Pteridine-based nucleobase analogs for fluorescent labeling are a tool that can be 

used instead of 2AP.  However, the pteridine bases 3MI and 6MI have less structural 

similarity to adenine and require careful validation in the context of constructs.  The 

difference in thermal stability of the 3 constructs in the absence of magnesium suggests 

that the pteridine analogs, especially 3MI, do not form as favorable of stabilizing 

interactions with the A1408 base.  However, in the presence of magnesium or 

aminoglycosides, interactions between A1493 and A1408 are abolished due to A1493 

being locked outside of the helix (A-site and Mg2+ state, Fig 3.11).  The pteridine analogs 

3MI and 6MI are similar to 2AP in the absence of these interactions, when the 

nucleobases are fully exposed to solvent. 

  
 The 3MI label showed insignificant fluorescent change in the presence of 

paromomycin, highlighting the need to validate such constructs.  As modifying the 

absorption spectra is coupled with modifying the biophysical properties of the base, any 

fluorescently modified base analog would ideally be capable of maintaining the chemical 

interactions of the native base.  2AP has been well studied in this respect.  Pteridine bases 

such as 3MI and 6MI are capable of maintaining some hydrogen-bonding interactions, 

but should be carefully validated in the context of each construct.  6MI may seem strictly 

better, but has a slightly lower quantum yield and is more susceptible to photobleaching 

than 3MI so it may prove less useful in certain experimental designs. 

 

 

24



 Research described in Chapter 2, has been published in Tetrahedron, Volume 63, 

Issue 17, 23 April 2007, Pages 3548-3552.  Jerod Parsons was the primary investigator 

and first author of this paper, in collaboration with Prof. Thomas Hermann. 
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3.0  Abstract: 

   
 An oligonucleotide construct monitoring two distinct ligand binding sites within 

helix h44 of the 16S ribosomal RNA was designed.  The oligonucleotide construct (HX) 

was fluorescently labeled with 2AP to elicit fluorescent response to binding-induced 

structural changes.  A high-resolution crystal structure of the construct was solved, 

showing that the HX RNA construct is an accurate structural model of the ribosomal 

binding sites.  Fluorescent responses to both binding sites are demonstrated and 

differentiated. (1) 

  
3.1 Introduction: 

  
 The interactions of aminoglycoside antibiotics with the ribosomal decoding site 

have been intensely studied in the recent past (2-9).  A number of crystal structures of 

ribosomal subunits in complex with these drugs have been determined (2,3,5,6,8).  

Aminoglycosides are a diverse family of natural products, which interfere with bacterial 

translation by binding to the small ribosomal subunit.  The central scaffold of 

aminoglycosides is a 2-deoxystreptamine (2-DOS) ring. (Ring II, figure 3.1)  The 2-DOS 

core alone provides considerable affinity for RNA (10,11).  The substitution pattern of 

amino sugars around the 2-DOS ring provides differentiation within the family.  

Aminoglycosides bind to at least 4 sites in the 30S ribosome, but those within the two 

largest subclasses bind at the ribosomal decoding site (A-site) within helix h44.  
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Neomycin and kanamycin (Figure 3.1a) are examples of 4,5 and 4,6 disubstituted 2-DOS 

aminoglycosides. 

  
 Hygromycin B (Figure 3.1a) is a unique aminoglycoside that binds to a distinct 

region of h44, higher within the decoding site loop (12)  (Figure 3.1c).  The 2-DOS ring 

of hygromycin is substituted only at the 5 position.  The glucosamine sugar, attached at 

carbon 4 in most aminoglycosides, (13-15) is absent in hygromycin.   

  
 The Hygromycin B binding site (Figure 3.1c) is very near the decoding site.  

Upon binding, hygromycin elicits conformational changes in the universally conserved 

adenosines A1492 and A1493, consistent with the other aminoglycosides(13).  However, 

the conformation of A1492 and A1493 adopted in the presence of hygromycin is quite 

different from those adopted in the presence of other aminoglycosides, such as 

paromomycin. (13) In the presence of hygromycin, A1492 undergoes only a minor 

transition, while A1493 migrates into a position where it could potentially act as a steric 

block to tRNA movement between the A and P sites.  This steric block is thought to be 

the mechanism by which hygromycin interferes with translocation and reverse 

translocation. (13,16) 
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Hygromycin B 

 
Figure 3.1a:  Chemical structures of neomycin and tobramycin, presented as typical 
aminoglycosides of the 4,5 and 4,6 disubstituted 2-DOS families.  The 2-DOS ring 
(labeled as II) provides RNA binding affinity.  Also shown is the chemical structure of 
hygromycin B; an aminoglycoside antibiotic isolated from Streptomyces hygroscopicus.  
This unique structure contains a 2-DOS ring substituted only at the 5 position. 
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Figure 3.1b:  Sequence of HX oligonucleotide construct. Binding regions for 
aminoglycosides are shaded: the lower region contains the A site and binds neomycin and 
gentamycin families, while the upper region binds hygromycin B.  Note the 2AP 
replacement at base 1493. 
 
 

 

Figure 3.1c:  Sequence of HX2-HX5 oligonucleotide constructs.  Binding regions for 
aminoglycosides are shaded: the lower (blue) region contains the A site and binds 
neomycin and gentamycin families, while the upper (orange) region binds hygromycin B 
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 Hygromycin B is frequently used as a selection agent in cell culture.  It targets 

eukaryotic and prokaryotic ribosomes by inhibiting translocation and slightly decreasing 

translational fidelity. (4,16,17) Several resistance mutations to hygromycin have been 

characterized. (18,19) RNA mutations conferring resistance to Hygromycin B occur at 

nucleotides U1406, C1496, U1495 and U1498.  All of these bases are conserved from 

archaea to humans, making hygromycin medically useless.  Nevertheless, the proximity 

of the hygromycin site to the A-site raised the possibility of gaining specificity and 

affinity by creating hybrid molecules to bridge between the two sites. (14) 

  
 Investigations of aminoglycoside binding to constructs with the decoding-site 

sensor adenosines A1492 and A1493 replaced by the fluorescent nucleobase analog 2-

aminopurine (2AP) have shown the constructs to be robust indicators of drug 

interactions. (20) The base flipping of 1492/1493 is important to the biological function 

of the decoding site (21).  When the conserved adenosines are positioned outside h44, 

they are able to interact favorably with the major groove of the RNA helix formed by the 

joining of the mRNA codon with the proper tRNA anticodon in the A site (22).  

Aminoglycosides act by reducing the energy barrier between the two conformations of 

the sensor adenines, thereby reducing discrimination between near-cognate and cognate 

tRNAs.  Without this discrimination, the error rate of protein synthesis becomes 

unacceptably high, and cells die due to accumulation of mistranslated and misfolded 

protein (23).  Hygromycin, however, has a much less pronounced effect on misreading, 

acting mostly by inhibiting translocation (13,17).   
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 2AP fluorescence output is a powerful indicator of the environment around the 

nucleotide base.  2AP fluorescence is quenched primarily due to stacking interactions 

with neighboring bases (24).  A1492 and A1493 are ideal candidates for 2AP 

replacement in oligonucleotide constructs, as they are known to undergo dramatic 

changes in local environment.  The transition of the sensor adenines from stacking with 

other bases inside the RNA helix to being solvent-exposed outside the helix results in 

major changes in fluorescence.  The alternative conformations adopted by these adenine 

bases in the presence of aminoglycosides is reflected by the change of fluorescence 

signal.  The conformations seen in crystal structures in complex with hygromycin can be 

differentiated from the conformations seen in crystal structures in complex with other 

aminoglycosides such as paromomycin by means of these fluorescence changes. 
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3.2  Results: 
 

Characterization of hygromycin-site binding by 2-aminopurine fluorescence 

  
 The Hygromycin-site (HX) RNA construct was designed based on the sequence 

of helix h44 of the bacterial ribosome.  For crystallization studies, five sequences (HX1-

HX5, figure 3.1d) were used.  The addition of single nucleotide overhangs in the HX5 

construct aided greatly in crystal growth, allowing large crystals to grow quickly.  

Fluorescence studies used the HX sequence.  A1493 (E.Coli. numbering) was replaced 

with 2AP during synthesis to create the HX construct.  The 1493-labeled RNA was first 

exposed to magnesium in order to cause global stabilization of the structure and to 

determine a baseline fluorescence response.  (Figure 3.2) This increase in fluorescence is 

in accord with data that shows that the 1493 base is preferentially outside the helix in the 

native conformation.  Magnesium addition enhances stability of structured RNA, yielding 

a greater proportion of natively folded, high fluorescence RNA. (25 26) Monovalent ions 

such as K+ or NH4+ tend to produce curves similar to magnesium, although with less 

affinity. (Figure 3.3) 
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Figure 3.2: Magnesium titrations in HX RNA.  Normalized 2AP fluorescence in HX- 
RNA is plotted against the concentration of magnesium chloride present.  The EC50 of 
this fluorescence increase is (3. 9µM±1.2µM) Error bars in this and all subsequent 
titration figures indicate standard deviations in three independent titrations. 
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Figure 3.3: Ammonium sulfate titrations in HX RNA.  Shown is the fluorescence 
response of HX-RNA to titration with ammonium sulfate. The EC50 of this fluorescence 
increase is (12mM±2mM).   
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 Next, the impact of hygromycin B binding to the construct was studied.  

Oligonucleotide constructs containing only the sequences forming the A-site show no 

affinity for hygromycin B (9).  In the HX construct, titration of hygromycin increases 

fluorescence of the 1493 label at micromolar concentrations.  (Figure 3.4) The 

fluorescence increase is in contrast to the decrease caused by typical aminoglycosides, 

such as paromomycin, which bind to the A-site proper. (Figure 3.5) These compounds act 

by stabilizing a lower-fluorescence conformation where 1492 is expelled from the helix 

and stacked with 1493, partially quenching it.  The stacking of 1492 and 1493 is not 

observed in co-crystal structures of hygromycin and the ribosome (4 13).
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 Aminoglycosides gentamycin (g418) and paromomycin (figure 3.5) were chosen 

as representatives of the two major classes of aminoglycosides, 4,6 and 4,5 disubstituted 

deoxystreptamines.  Other aminoglycosides in these classes were tested and behaved 

similarly (not shown). Previously reported affinities of aminoglycosides for A-site 

constructs (9,27) are similar to that seen in the HX construct.  Paromomycin binds at 

140nM +- 60 (200nM previously reported), tobramycin 2µM ±(1.5µM) and gentamycin 

1.0±0.2µM (1.7µM).  This assay was then used for competitive binding experiments to 

determine the possibility of discriminating between A-site binders and hygromycin-site 

binders by virtue of fluorescence response patterns. 
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Figure 3.4: Hygromycin B titrations in HX RNA.  The EC50 of this fluorescence increase 
is 3.7µM ± 1.2µM.   
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Figure 3.5a: Paromomycin titration in HX RNA.  The EC50 of this fluorescence decrease 
is (140nM ± 60nM).   
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Figure 3.5b:  HX-RNA titrated with geneticin (G418). The EC50 of this fluorescence 
decrease is (1µM ± 0.2µM). 
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Binding in the presence of magnesium:  

  
 The presence of magnesium stabilizes the RNA structure and increases the 

fluorescence of A1493.  In the background of at least 100µM magnesium, the 

hygromycin effect on fluorescence is reduced in magnitude from a 1.6-fold increase to a 

1.25-fold increase (Figure 3.6a).  Paromomycin binding is unaffected by the presence of 

magnesium (Figure 3.6b).  Tobramycin competition with magnesium is characterized by 

the reduction or removal of the first phase of its biphasic response.  This first phase 

consists of a fluorescence increase at around 100nM.  The removal of this first phase of 

the tobramycin fluorescence curve can be seen in the presence of sodium and spermidine 

as well as in magnesium. (Figure 3.7). 
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Figure 3.6a: Titrations of HX-RNA with hygromycin B in the presence of Mg2+ (Squares: 
0; open triangles: 10 µM; closed triangles: 100 µM; open circles: 320 µM; closed circles: 
1000 µM). EC50 of the fluorescence increase shifts from 3.7µM ± 1.2 µM in 0 
magnesium to 43µM ± 12µM in 1M magnesium. 
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Figure 3.6b:  Titrations of HX-RNA with paromomycin in the presence of 1mM Mg2+.  
The EC50 of the fluorescence decrease is 110nM ± 60nM in 1mM magnesium.  In the 
absence of magnesium, EC50 is 140nM ± 60nM. 
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Competition Binding Experiments: 

 
 When tobramycin is titrated into a paromomycin-saturated solution or vice versa, 

the final fluorescence state is the same.  In other words, with tobramycin bound or 

paromomycin bound, fluorescence is the same and displacing one with the other does not 

impact the fluorescence.  However, Figure 3.8 shows that tobramycin and hygromycin 

compete, but only in regards to the first binding phase.  

  
 This biphasic response of tobramycin with the RNA construct is in keeping with 

the dual binding sites noted in the ribosome (9).  The first portion of this response is 
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competitive with magnesium, sodium, and spermidine (Figure 3.7).

  

Figure 3.7a:  Titration of HX-RNA with tobramycin.  The fluorescence increase at sub-
micromolar concentrations is part of a biphasic response and is omitted from the curve 
fitting.  The biphasic response is described in the text. 
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Figure 3.7b:  Titrations of HX-RNA with tobramycin in the presence of magnesium.  At 
concentrations of magnesium above 10µM, the fluorescence increase is ablated. 
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Figure 3.8:  Titration of HX-RNA with tobramycin in the presence of hygromycin. 
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RNA Thermal Denaturation 

 
 Hygromycin construct HX RNA was thermally denatured in presence of 

aminoglycosides in order to determine the degree of stabilization each of these 

compounds causes.  (Figure 3.9) In the absence of magnesium, Hygromycin, 

paromomycin, and tobramycin raise the Tm by 5˚, 8˚, and 12˚ K, respectively.  The 

addition of 1mM magnesium to untreated construct increases melting temperature by 16˚.  

Further addition of hygromycin, paromomycin, or tobramycin at 10µM concentration 

further increases the melting temperature by 0˚, 2.4˚, or 4.5˚.  

 

 

Figure 3.9:  Melting Temperatures of HX RNA in the presence of aminoglycosides. 
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Crystallization 

 
 RNA constructs HX through HX5 were screened against the Natrix™ screen  

(Hampton Research).  The first four constructs produced only small and non-diffracting 

crystals.  Optimization of the construct, particularly the addition of 5’ overhanging bases, 

increased the likelihood of crystallization.  The fourth construct (HX4) made small, non-

diffracting crystals in several conditions despite containing mismatched overhangs.  

Fixing this issue in the HX5 construct produced large crystals in a wide variety of 

conditions of the Natrix screen after two days.  Optimization of the crystals in this screen 

decreased diffraction limits from 3.5Å to 2.3Å. Crystal growth conditions are described 

in (1).  Crystals were prepared in the presence of millimolar concentrations of 

hygromycin B, but were without density corresponding to the bound ligand, perhaps due 

to the overwhelming (1.95M) concentration of ammonium salt. (1) 
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3.3  Discussion: 

 
 Hygromycin B does not share its bactericidal mechanism with typical A-site 

binding aminoglycosides, despite the proximity of the binding sites.  Hygromycin 

binding does not have the dramatic effect on A1492 and A1493 that forces them outside 

of H44 and results in mistranslation.  This is reflected in the differing response of 2AP 

fluorescence in response to binding at either site.  The effect of hygromycin on 2AP93 is 

an increase similar to that seen in magnesium, implying that the hygromycin binding 

stabilizes the construct in a state with 1493 more frequently exposed to solvent (Figure 

3.10).  Magnesium in fact competes with hygromycin in causing this response.  The 

effect of paromomycin binding, a decrease in 2AP93 fluorescence, is exemplary of both 

4,5 and 4,6 substituted DOS aminoglycosides.  Binding affinities in this construct are 

similar to previously reported affinities.  (9,27).  

 
 Tobramycin binding in this construct shows a biphasic response, suggesting two 

binding sites in this short construct.  Earlier studies (9) had shown that two equivalents of 

tobramycin bind to the ribosome with similar affinity.  In 1493-labeled HX RNA (HX), 

these two events have opposite effects on fluorescence.  The tighter event increases 

fluorescence slightly and can be competed away by hygromycin or high concentrations of 

spermidine and magnesium.  The second binding event decreases fluorescence to an 

extent similar to other A-site binding aminoglycosides. 
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 Discrimination between A-site and Hygromycin-site binding can be achieved by 

means of fluorescence screening in this oligonucleotide construct.  Hygromycin-site 

binding is characterized by competition with magnesium and ablating the first phase of 

tobramycin binding.  Binding at this site causes an increase in 1493 fluorescence as 

A1493 is positioned both outside the helix and far away from A1492. (Fig 3.10) 

 
 The fluorescence response of HX RNA is modeled in figure 3.10.  In low 

concentrations of magnesium, A1493 adopts a more flexible conformation, occasionally 

adopting a conformation in the interior of the helix.  After magnesium, hygromycin, or 

A-site aminoglycosides bind to the RNA, however, this flexibility is reduced.  In the case 

of A-site aminoglycoside binding but not hygromycin binding, the reduction in flexibility 

of A1493 is accompanied by stacking with A1492, resulting in reduced fluorescence.  

Crystal structure data of the ribosome in complex with hygromycin suggests that A1493 

adopts a conformation that is outside of the RNA helix but in an orientation that 

interferes with tRNA translocation.  This is in contrast to the orientation that interacts 

with the tRNA:mRNA hybrid, such as that adopted by the base in presence of A-site 

binding aminoglycosides. 

 
 The HX construct can be used as a tool for discovery of novel ligands binding to 

the bacterial A-site, either in the decoding loop or at the hygromycin site.  Potential 

antibacterial compounds bridging the hygromycin binding site and the decoding site can 

be screened in this construct. 
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 Research described in Chapter 3, in part, has been published in Nucleic Acids 

Research, 2010, 1-8.  Jerod Parsons was the primary investigator and first author of this 

paper, in collaboration with Prof. Thomas Hermann and Dr. Sergey Dibrov. 
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Figure 3.10: Model depicting conformational states of A1492 and A1493 in HX RNA, 
free and after binding of magnesium, neomycin-type aminoglycosides, and hygromycin.  
Shaded rectangles represent estimated probabilistic location of A1492 and A1493 in 
relation to the RNA helix, based on crystal structures and fluorescence results.  (Black = 
higher probability)  Numerical values represent normalized (Free = 1.0) fluorescence 
intensity from HX RNA experiments.  
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Chapter 4:   

Fluorescence Study of Hepatitis C Virus Internal Ribosome 

Entry Site (HCV IRES) Subdomain IIa 
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4.0 Abstract: 

 
 The hepatitis C virus (HCV) is a substantial health concern, infecting three out of 

every one hundred individuals worldwide.  The virus is translated by host cell ribosomes 

using an internal ribosome entry site (IRES).  Subdomain IIa, a short RNA sequence 

within the IRES, acts as a mechanical hinge to properly position the viral RNA in the 

ribosome.  Here, we investigate the hinge domain IIa by using 2AP modified fluorescent 

oligonucleotide constructs.  A ‘hit’ compound known to have sub-micromolar affinity IIa 

RNA was tested  and found to exhibit competitive binding with magnesium ions.  The 

competition, combined with other biochemical and structural results, suggests a specific 

binding site for this compound in the IIa hinge region.   
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4.1  Introduction: 

 
Hepatitis C Virus. 

 
 HCV is a significant health burden.  170 million people worldwide and nearly 3 

million Americans have been diagnosed with the virus (1), and the majority develop 

chronic infection, ultimately leading to liver disease.  Forty percent of liver cancers test 

positive for HCV antibodies (2),  suggesting that the HCV virus, which replicates 

exclusively in the liver, is a significant contributor to the third-leading cause of cancer-

related deaths.  Current HCV treatments consist of multi-month treatment regimens of 

immuno-stimulation with ribavirin and pegylated interferon.  No direct antiviral 

treatments or vaccines are available.  Less than 40 percent of patients who receive this 

treatment undergo sustained viral response (SVR) and clear the virus (3).  This number is 

even lower in patients with genotype 1 of the virus, which is found mostly in North 

America (2).  Novel protease inhibitors and polymerase inhibitors are currently in phase 

III clinical trials (4,5), but it is widely accepted that multi-drug combination therapies 

will be required to keep the virus in check. 

 
Viral Life Cycle 

 
 HCV is a positive-sense, single-strand RNA virus.  It is directly translated by 

cellular ribosomes by a cap-independent mechanism (6-9) to create viral proteins.  HCV 

is translated as a polyprotein, which is then cleaved into ten proteins by cellular and viral 

proteases. (10) Three of the ten are viral structural proteins: the core protein, E1, and E2.  

Six of the remaining seven proteins are nonstructural (NS).  Nonstructural proteins NS2, 
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NS3, and NS4A are predominantly proteases, involved in cleavage of the HCV 

polyprotein and cellular signaling proteins.  Another nonstructural protein, NS5b, is an 

RNA-dependent RNA polymerase, (RdRP) which catalyzes replication of the viral RNA 

(11).  The final protein is an ion-channel protein required for production of infectious 

virus(12,13). 

  
 The cap-independent, IRES-driven mechanism of HCV translation stands in stark 

contrast to eukaryotic cap-mediated translation, which is responsible for translation of the 

vast majority of cellular proteins.  Cap-mediated translation is a complicated process 

requiring several host initiation factor proteins (eIFs) in addition to the ribosome.  The 

process begins by formation of a Met-tRNA-MetI-eIF2.GTP complex, which joins with 

an association of the 40S ribosomal RNA, eIF3, eIF1A, and eIF1 to form the 43S pre-

initiation complex. After binding the 5’m7 guanosine cap on the mRNA in association 

with eIF4, the complex scans down the mRNA to the initiation codon.  The initiation 

complex, which is now 48 sedimentation units in size, is joined by the 60S ribosomal 

subunit to form an elongation-competent holo-ribosome.  (4, 14-20). 

 
 HCV translation, on the other hand, occurs by a cap-independent mechanism, 

which is driven by the highly structured RNA in the 5’ nontranslated region (NTR) of the 

viral mRNA.  This structured region forms an internal ribosome entry site (IRES).  IRES 

initiation bypasses the majority of translation initiation factors, although the exact factor 

requirement depends on experimental conditions (21-24).  In contrast to cap-dependent 

translation, IRES-driven translation bypasses the scanning step.  Instead, the 40S 

ribosomal RNA is recruited directly to the viral start codon (25,26).  This association is 
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mediated by the structural RNA of the viral IRES.  The 40S subunit recruitment is 

performed mostly by domain III of the IRES.  In particular, the pseudoknot structure 

formed by subdomain IIIf is necessary for 40S recruitment (27).  Further 40S interaction 

surface is provided by subdomains IIIc, IIId, and IIIe (8, 28-30).  After the IRES recruits 

the 40S rRNA, the 60S subunit joins and forms an intact 80S ribosome which performs 

translation in the same manner as those formed by cap-driven methods. 

 
 The sequence of the HCV IRES, especially domain IIa, is well conserved in the 

viral genome (31-34).  The function of the IRES structure can be significantly reduced or 

even completely obliterated by single base mutations (35).  Disrupting IRES function by 

targeting the complex RNA structure has been proposed as a potential route for 

therapeutic treatment of HCV infections (36). 
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HCV IRES Domain II: 

 
 While domains III and IV of the HCV IRES form the primary interaction surface 

for the 40S ribosome and eIF3, domain II deletion substantially diminishes translational 

activity (26,37-39).  This can be attributed to the involvement of domain II in subunit 

joining (22,37).   The apical loop IIb forms a contact with the 40S ribosome (28,43), 

which leads to a large conformational rearrangement in the 40S prior to subunit joining 

(40,41).  Several structural studies (40,42-44) probed the rationale behind the domain II 

function. 

 
 The global architecture formed by domain II came by a long, winding road.   

Various models were proposed (43,45-47) with very different base pairings suggested.  

Exhaustive mutational analysis proposed a model, which was validated by NMR 

spectroscopy (42-43).  The key to the structure proved to be a 5 base internal loop from 

nucleotide 53 to 57 across from bases 110-111 (Figure 4.1).    The structure of this 

internal loop in subdomain IIa was later unambiguously determined by X-ray 

crystallography (44).  The 5nt bulge is stabilized by magnesium ions (Figure 4.2) and 

forms a sharp (85˚ ± 10˚)(43) bend in the RNA backbone.  This bend segregates the 

domain into two helices oriented at a right angle relative to one another.  This kink in the 

RNA backbone may function to position domain IIb in the mRNA exit tunnel of the 

ribosome to achieve 40S conformational change, as suggested in cryo-electron 

microscopy studies (40). 
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Figure 4.1:  (Left) Secondary Structure of IRES IIa RNA constructs.  The sequence 
shown in black is that of the HCV IRES IIa genotype 1(45).  Green bases are 
substitutions made to increase RNA stability.  Bases A54 and A57 are shown with arrows 
that indicate their replacement with 2AP in the IIa-13-AP54 and IIa-13-AP57 constructs, 
respectively.   
 
Figure 4.2a:  (Center) Crystal Structure of IRES IIa RNA.  Shown here is a pymol(51) 
representation of HCV IRES subdomain IIa RNA adapted from PDB 2NOK (44).  The 
IIa RNA forms two short helical stems that are oriented approximately 90 degrees apart 
from one another.  The RNA backbone bends nearly 90 degrees between residues C55 
and A57.  The unpaired bases within the bend are stabilized somewhat by the presence of 
divalent metal ions, shown in purple.  See Figure 4.3 for more detail. 
 
Figure 4.2b: (Right) Secondary structure of HCV IRES.  Shown is the 5’ NTR of the 
HCV genome.  The boxed region indicates the location of the IIa subdomain.   
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2AP Fluorescence studies of HCV IRES IIa 

 
 Disrupting the kink in subdomain IIa could ultimately inhibit the spread of HCV 

by stalling IRES-mediated translation.  Targeting the RNA hinge allows small molecules 

to bind without needing to compete with large interaction surfaces between the small 

ribosome subunit and viral RNA.  To investigate this further, two unpaired adenosine 

residues at positions 54 and 57 within the hinge were selected for 2AP replacement.  As 

2AP fluorescence is highly dependent on the local environment (48), the two constructs, 

IIa-13-54 and IIa-13-57  (figure 4.1) were expected to demonstrate somewhat different 

responses to the folding process.  The IIa crystal structure contains two divalent metal ion 

binding sites within the bend, which can accommodate either manganese or magnesium.   

  
 The two metal ion sites were differentiated by comparison of IIa-13-54 and IIa-

13-57 response to titrations with manganese or magnesium.  The fluorescence response 

fits a two-site model for the IIa-13-54 construct, and a single-site model for IIa-13-57.  

Either construct can be quenched by metal addition, but A54 is sensitive to binding at 

both sites while A57 responds only to one (44).  
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Figure 4.3:  IRES IIa hinge region.  A pymol representation of PDB 2NOK (44) is shown 
here, with bases numbered according to their position in the IRES sequence.  A54 and 
A57 are lighter in color.  Metal ion binding sites for Mg1 and Mg2 are shown as spheres.   
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4.2  Results: 

 
 Titration of A54 and A57 constructs (IIa-13-54 and IIa-13-57) with the 

aminoglycoside neomycin showed that both labels report fluorescence change on the 

same binding event.  (Figure 4.4) In the A57 construct, fluorescence decreases to 75% 

with an EC50 of 2.0nM±0.5nM.  In the A54 construct, fluorescence increases to 185% 

with an EC50 of 1.5nM±0.2nM.  Both responses fit to a single-site binding model.  
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Figure 4.4a:  Neomycin titrations in IIa-13-54 RNA.  The EC50 of this fluorescence 
increase is 1.5nM±0.2nM.  
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Figure 4.4b:  Neomycin Titrations in IIa-13-57 construct.  The EC50 of this fluorescence 
decrease is 2.0nM±0.5nM. 
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 A series of benzimidazole compounds that bind to the IIa RNA was described 

previously(49).  Structure-activity Optimization of these compounds identified a 

benzimidazole derivative with sub-micromolar affinity.  RNase A protection assays 

showed protection at bases 55 and 56 in the presence of this compound. (49)  This 

compound was re-synthesized by Paola Castaldi for the Hermann lab and is henceforth 

referred to as P253.  (Fig 4.5) 

 
Figure 4.5:  P253.  The chemical structure (53) of benzimidazole compound P253 is 
shown.  This compound, described by Ibis Therapeutics (49), binds to IRES IIa RNA and  
demonstrates inhibitory activity in HCV replicon assays. 
 

 Titration experiments in the IIa-13-54 and IIa-13-57 constructs (Figure 4.6) 

demonstrate that P253 binds to this RNA with an affinity of 510nM ± 50nM, comparable 

to the 720nM determined by mass spectrometry screening (49).  This binding is 

competitively inhibited by the presence of magnesium ions (Figure 4.7).  The onset of 

competition between magnesium and P253 occurs at 10µM, and the EC50 of this 

competition is 85±30µM.  The reported Kd of the corresponding Mg2+ site in this 

construct is 37±20µM.  (44) Auto-fluorescence of P253 at 365nm precluded testing the 

compound at concentrations greater than 30 µM.  This prevented accurate EC50 

determinations for P253 in the presence of very high Mg2+.  
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Figure 4.6:  P253 titration in IIa-13-54 RNA.  The EC50 of this fluorescence increase is 
510 nM ± 50 nM.   
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Figure 4.7:  P253 competition with magnesium.  Plotted is the EC50 of fluorescence 
change in IIa-13-54 RNA after P253 titration against the concentration of Magnesium 
present in the RNA sample during the titration.  Magnesium concentrations greater than 
7.5µM cause the P253 EC50 to shift.  The P253 EC50 shifts from 480 nM at no Mg2+ to as 
high as 1.7µM in the presence of 1mM Mg2+. 
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 Figure 4.8 shows the fluorescence responses of IIa-13-54 and IIa-13-57 constructs 

to a selection of aminoglycosides and other RNA-biased small molecules.  Listed at the 

bottom of this table are seven 3,5-diaminopiperidine (DAP) compounds (MCI0xx) 

synthesized by M. Carnevali (52).  These were titrated into A54-labeled RNA.  Of these, 

three 4-acetylbenzoic acid derivatives - 067, 071, and 076 - showed a dose-dependent 

decrease of 2AP fluorescence.  The presence of high concentrations of either sodium or 

magnesium salts reduces the affinity of these compounds (52, data not shown).  

 

Figure 4.8:  Table of results obtained by titration of compounds (column 1) into IRES IIa 
RNA labeled with 2AP at either position 54 or 57 (column 2).  Minimum and maximum 
fluorescence is reported in columns 3 and 4, while the log of the concentration of half-
maximal effect is shown in column 5.  Fitting errors are calculated as a percentage of 
EC50.  N.B. : No Binding curve can be fit. 
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4.3  Conclusions: 

 
 Small oligonucleotide constructs of the IRES IIa subdomain with 2AP 

replacements were suitable for identifying RNA-binding compounds, including a bona-

fide ‘hit’ compound, P253.  Aminoglycosides tobramycin and paromomycin 

demonstrated affinities of around 1 micromolar to the IIa bend.  This affinity reflects the 

general RNA binding promiscuity of these aminoglycosides (50) and is looser than the 

affinities reported for the aminoglycosides binding to the bacterial A-site (54-55) or 

elsewhere (56). These compounds demonstrate the feasibility of monitoring ligand 

binding by 2AP fluorescence in this construct, but are overshadowed by novel 

compounds, which also bind tightly to IIa RNA.   

 
 Compounds with a diaminopiperidine (DAP) core scaffold were designed with 

intent to bind to RNA by mimicking the interactions 2-DOS cores make with RNA.  All 

4-acetylbenzoic acid DAP derivatives tested quenched 2AP fluorescence.  This binding 

was competitive with both sodium and magnesium salts, indicating that electrostatic 

forces are key to binding.  This competition strengthens between 100µM and 1000µM, 

suggesting competition with the weaker magnesium binding site, possibly in addition to 

the higher-affinity magnesium site.  

 
 Benzimidazole P253 (Figure 4.5) also demonstrates binding activity, substantially 

increasing fluorescence in IIa-13-54 and IIa-13-57 constructs.  Magnesium competition 

data (Figure 4.7) and RNase protection data (49) support a hypothesis that the compound 
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binds in the vicinity of the Mg/Mn1 binding site (Figure 4.3) near bases 55-56 and 

competes directly with the magnesium for access.  The fluorescence increase caused by 

binding of P253 is in sharp contrast to the fluorescence decrease caused by metal ion 

binding.  This suggests the possibility that the binding of the benzimidazole ligand may 

distort the tightly packed structure in the bend region, exposing the unpaired adenosines 

to solvent.  As a result of this structural distortion, it is likely that the relative orientation 

of the two domain II helices changes upon P253 binding.  To further investigate the 

structural changes upon compound binding, a series of FRET-based experiments to 

directly monitor global structural changes were designed.  Chapter 5 describes the results 

of these FRET experiments. 
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5.0:  Abstract 
 
 The HCV IRES subdomain IIa, which is required for IRES-mediated viral 

translation, is investigated here by development of a Förster resonance energy transfer 

(FRET)-based assay.  Screening identified 22 RNA-friendly compounds that greatly alter 

the bent native RNA structure of the IIa subdomain.  The most active of these molecules 

share a similar core structure with one another and contribute to the stability of an 

inactive, extended conformation of the domain. (1) 

 
5.1: Introduction 

 
 In biological systems, FRET is most frequently employed as a molecular ruler to 

experimentally measure distances in the range of 20-70 angstroms.  The technique works 

by taking advantage of non-radiative energy transfer between an excited donor molecule 

and an acceptor molecule.  The process works by exciting a fluorescent donor molecule, 

which then transfers a fraction of the excited-state energy to an acceptor molecule, which 

may also be fluorescent.   

 
 The rate of energy transfer is equal to the sixth root of the ratio of the distance 

between the donor and acceptor (R) to the Förster radius, a characteristic of the donor-

acceptor pair. (Ro, Figure 5.1)  The Förster radius is experimentally verified for most 

donor-acceptor pairs, provided freedom of rotation for the donor and acceptor in solution. 

(2,3) 
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Figure 5.1: Equations of Förster Resonance Energy Transfer 
  
 Cyanine dyes, particularly Cy3 and Cy5 (Figure 5.2) are among the most popular 

dye pairs used for FRET experiments, due to their high quantum yields and extinction 

coefficients.  Both of these molecules are fluorescent.  Cy3 excitation peaks at 550nm, 

and emission peaks at 570nm with a shoulder out to 610nm.  Cy5 excitation peaks at 

650nm, with an emission peak at 670nm.  Exciting Cy3 just below its peak (535-540nm) 

prevents most direct excitation of Cy5.  Any Cy5 emission based on excitation at 535 nm 

is almost entirely due to resonance energy transfer from Cy3.   (2,5-13)  

 

 In the case of IRES subdomain IIa, the function of the domain seems to be related 

entirely to positioning adjacent domains, making a distance measurement nearly 

equivalent to a direct functional assay.  
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Design of FRET-labeled IRES IIa – “IIa-2” 

 
 Due to the 6th order nature of the FRET response, the effective distance 

measurable by FRET is between 0.5 and 1.5 times the Förster Distance (Ro).  To 

maximize the dynamic signal range, a distance of 1.0 Ro (55.8Å for the Cy3-Cy5 pair) (4) 

in the folded state was desired.  Using the X-ray-determined coordinates of the IIa RNA 

(15) as a guide, the “IIa-2” RNA construct (Figure 5.2) was generated.  The 5’ to 5’ 

distance between the two strands of the crystal construct plus an additional 5’ base and c3 

linker was modeled and measured to be just over 58Å.  In the absence of magnesium, the 

construct is expected to form a linear structure of around 80Å end to end.  Based on these 

calculations, the FRET efficiency  (EFRET) (7) is expected to be below 0.1 when fully 

extended and just below 0.5 in a bent conformation as adopted in the crystal structure.  

 

Figure 5.2:  IRES IIa-2 construct, and cyanine dyes Cy3(top)-Cy5(bottom)
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5.2: Results 

 To verify the modeled FRET efficiency (EFRET) of IIa-2 RNA, a titration with 

MgCl2 was done.  Figure 5.3 shows the measured EFRET as a function of magnesium 

concentration.  In the absence of magnesium ions, EFRET is nonexistent, suggesting a 

distance greater than 80Å.  FRET signal grows starting at 100uM and continues rising to 

around 10mM.  The EC50 of this response is 580µM.  2AP-based experiments had placed 

the dissociation constants for the structural metal ions in the IIa domain at 37µM±20µM 

and 18mM±9mM.  Titration with NaCl and KCl  did not induce FRET increase, but 

addition of EDTA to the Mg2+-containing solution decreased FRET signal at 

concentrations corresponding to a reverse of the magnesium curve. 

 

Figure 5.3: IRES IIa-2 titrated with magnesium chloride.  The FRET efficiency (EFRET) of 
IIa-2 RNA is plotted against the concentration of magnesium.  FRET response develops 
at 100uM and stabilizes at .45 at 10mM.  (EC50 = 0.58mM)  Distance and angle 
calculations based on the EFRET are described in the text.  The FRET effect does not fit 
exactly to a two-site binding model, indicating that multiple Mg2+ binding sites are 
involved in the folding of the IIa-2 RNA.   
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 The benzimidazole compound P253 first described in Chapter 4 was tested in this 

system.  RNA was prepared in the presence of 2mM MgCl2 to pre-fold the RNA.  EFRET 

in this amount of magnesium is 0.47±0.02.  Titration data for P253 is shown in Figure 

5.4.  The EC50 of binding is 630nM±290nM, in line with the 2AP (580nM±100nM) and 

MS (720nM) results. 

  
 Repeating the experiment in the presence of unlabeled tRNA at 50-fold excess 

over IIa-2 RNA had no effect on the FRET response, demonstrating some specificity of 

the compound for IIa RNA.  HCV replicon experiments performed in collaboration with 

D. Wyles (1) demonstrated that the benzimidazole P253 actively inhibits HCV translation 

in human HUH-7.5 cells, reducing reporter activity to 50% in 4.0µM P253.  Cytotoxicity 

assays determined that cell viability is around 90% in the presence of P253 at these 

concentrations. 
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Figure 5.4: IRES IIa-2 titrated with P253. The FRET efficiency (EFRET) of IIa-II RNA is 
plotted against the concentration of compound P253.  The EC50 of the FRET response is 
630±290nM. 
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 Benzimidazole compounds have also been described (16,17) as inhibitors of the 

HCV viral polymerase NS5B.  To investigate the potential involvement of P253 in this 

pathway of viral inhibition, an in-vitro polymerase assay was used (18,19).  Polymerase 

activity in the presence of 10µM of P253 was 104%±8% of control,  measured as 

detection of fluorescent molecules generated by coupled enzymatic activity.  A 

benzimidazole inhibitor previously described reduced activity to 31% in the same assay.  

(Figure 5.5).   
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Figure 5.5: P253 is not an NS5B polymerase inhibitor.  Level of NS5B polymerase 
activity in presence of inhibitory compounds.  Shown are pyrophosphate levels measured 
by PiPer pyrophosphate assay kit. (Invitrogen)  Pyrophosphate generation by NS5B 
polymerase in presence of benzimidazole P253 (center)  is 104% +/- 8%, indicating no 
inhibition.  In the presence of benzimidazole inhibitor (right, ref.17) pyrophosphate 
measurement is 32% +/- 12%. 
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Screening 

 Having demonstrated the ability to identify the activity of P253, this assay was 

used for screening a commercial library of compounds.  Figure 5.6  shows the EFRET of 

198 compounds screened at 200µM concentration.  Compounds that decreased calculated 

FRET response by acceptor quenching were removed from further experiments.  On the 

whole, the screen proved quite effective.  The Z’ factor (20), using P253 as a primary 

control for the assay is 0.83.  This reflects the strong signal difference between folded 

and unfolded IIa-2 RNA and the low variability in signal observed.  The Z factor for the 

198 compounds tested is 0.43.  The difference between the Z factor and Z’ factor is due 

to the small and RNA-biased nature of the library.  Twenty two (11% of the total) hit 

compounds were identified in the screen.  Included in this are P253 and two 

benzimidazole precursors described by Ibis (21).  Additionally, five of sixteen 

hydrazone-linked indole-containing compounds (hydrazones) screened decreased FRET 

significantly.  (Triangles in Figure 5.6 ; Figure 5.7)   Titrations of each hit were 

performed to determine EC50 concentrations. The high proportion of hits within the 

hydrazone compounds prompted investigation of the structure-activity relationship within 

the group. 

  
 Figure 5.7 shows the hydrazone compounds screened in the IIa-2 RNA, as well as 

the EC50 concentration of  each.  The primary determinant of binding activity is the 

presence of  a substituent at the 2 position on the indole ring.  
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Figure 5.6: FRET efficiencies of 198 compounds screened at 200uM against IRES IIa-2 
RNA.  Benzimidazole compounds described in the text are shown as diamonds.  
Hydrazone compounds described in the text are shown as triangles.  The grayed-out 
region represents the variability band - 3 standard deviations from the mean of control 
IIa-2 RNA.  Compounds outside this band are considered hits.  P253 is the second 
diamond from the left and corresponds to 8 standard deviations.
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Figure 5.7a:  Scaffold of Hydrazone compounds. 

 

Figure 5.7b:  Structure-activity relationships for indole-class hydrazone compounds. 
EFRET determinations were made as described in Methods section for each compound at 
concentrations ranging from 500nM to 1mM.  N.A.  No decrease in EFRET was seen at 
1mM.   1: Compound 8 is substituted at both meta positions.  Me: Methyl substituent. 
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5.3: Conclusions 
 

 FRET reduction and replicon inhibition demonstrate the capacity of 

benzimidazole P253 to induce an alternate, nonfunctional conformation in the HCV IRES 

IIa subdomain.  Binding of the compound stabilizes a widened interhelical angle, 

inhibiting HCV translation.  Independent NMR studies (22) have since demonstrated that 

this mechanism of inhibition is shared by related benzimidazole compounds and shown 

that structural rearrangement occurs within the IIa bend.   

 
 Using this assay, a screen of nearly 200 RNA-biased small molecules was 

performed.  In this screen, 22 compounds significantly reduced the FRET efficiencies at 

200µM concentration.  3 hits were benzimidazoles, including P253.  Most of the 

remainder were hydrazones linking indole and benzene ring structures (Figure 5.7a).  A 

structure-activity relationship of active hydrazones and related inactive hydrazones, as 

well as similar isatin-based compounds was determined.  Hydrazone molecules showing 

FRET activity all contain a methyl or carbonyl group at the 2 position of the indole ring 

(Figure 5.7).  In the near future, structural information will become available and allow 

rigorous modeling of the interaction surfaces of hit molecules.  Based on  shape 

similarity, it is likely that the indole and benzimidazole rings would perform the same 

base-stacking duties.  In this case, the required substitution at the 2 position would be 

located within a large hydrophobic void in the unbent structure.  The hydrazone-linked 

benzene ring would then likely be positioned near the phosphate backbone.  The 

heightened affinity of hydrazones with positively charged substitutions on the benzene 

ring (Figure 5.7) may be explained in this way.  While the benzimidazole compounds 
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described have better affinities than the hydrazones and isatins (1µM for the optimized 

benzimidazole versus 60µM for the best isatin), the hydrazones and isatins lack the 

dimethylamino moiety at the C6 position, which was responsible for a dramatic increase 

in affinity in the benzimidazoles (21).  In the benzimidazoles, this amine is positioned in 

proximity to the magnesium site, and expansion of the indole ring contained in the 

hydrazone compounds should similarly increase the affinity of the hydrazone 

compounds.  With an expanded amount of structural and activity information, future 

synthesis may provide high-affinity IIa-binding molecules with strengthened antiviral 

activity.   

  
 Research described in Chapter 5, in part, has been published in Nature Chemical 

Biology 5, 11 823-825.  Jerod Parsons was first author of this paper, in collaboration with 

Prof. Thomas Hermann, Dr. M. Paola Castaldi, Dr. Sanjay Dutta, Dr. Sergey Dibrov, and 

Dr. David Wyles. 
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  Experimental Methods & Appendices 
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6.0 Materials:   
 
 RNA constructs with 3MI, 6MI, and 2AP fluorescence labels were purchased 

from Dharmacon and used as received.  The IIa-2 construct with cyanine modifications 

was purchased from Integrated DNA Technologies (IDT) and used as received.   All 

compounds used in titrations were purchased as sulfate salts from Sigma except metal 

salts, purchased as chlorides such as MgCl2 and KCl. 

 
6.1 Methods: 
 
 UV Melting experiments were performed on a UV-2401PC spectrofluorometer 

(Shimadzu) equipped with a thermostat.  RNA at 1.6µM in 20mM sodium cacodylate 

buffer (pH 6.5) was heated from 25˚C to 85˚C at 0.5˚/minute.  RNA samples were 

covered with a layer of silicone oil to prevent evaporation. Absorbance measurements at 

260nm were read every 6 seconds.  Reference 7 contains an excellent introduction to 

absorbance melting curves of RNA.   

 

 Fluorescence measurements were performed on an RF-5301PC 

spectrofluorometer (Shimadzu) equipped with a thermostat set at 25˚C.  Emission spectra 

of 2AP-labeled RNA excited at 310nm were collected from 330nm to 420nm.  RNA 

concentration of around 1µM is typically required, although it is important to adjust this 

figure for each individual construct, adjusting the fluorescence output to a level where 

both increases and decreases can be observed within the dynamic range of the 

fluorometer.  EC50 calculations were done using sigmaplot software (Systat Software, 

CA) by fitting one-site (or two-site, where applicable) binding curves to the fluorescence 
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intensity plotted against the titrant concentration.  Normalization of fluorescence signal 

was done by subtracting the intensity of the highest titrant concentration and dividing by 

the maximum fluorescence change seen in the titration such that N= (I – Imin) / (Imax-Imin).  

Background fluorescence intensity of the titrant can be a concern – in cases where the 

titrant fluoresces at 310nm, an additional titration of titrant into buffer is performed, and 

the signal from this background titration (corresponding to the fluorescence of the titrant 

compound) is subtracted from the signal observed upon addition of compound into RNA. 

  

 For experiments with 3MI, 6MI, and 2AP-labeled A-site constructs, Fluorescence 

measurements and methods are described in (1).  For experiments with hygromycin 

constructs HX-1493 and HX-HX5, Fluorescence measurements, UV melting 

experiments, crystallization setup, and methods are described in Dibrov 2010.  (2)  

Methods for fluorescence measurements in IIa-54 and IIa-57 RNA constructs are 

described in Dibrov 2007 (3). Methods for FRET experiments in the IIa-2 construct are 

described in Parsons 09  (4).   

  

 For FRET experiments with the IIa-2 construct, well solutions containing 40nM 

hybridized IIa-2 RNA, 2mM MgCl2, 10mM sodium hepes buffer (pH 7.0) were added to 

each well of a microplate containing 2.4µL of a 10mM stock of compound, for a final 

concentration of 200µM compound.  The samples were then heated to 65˚C and snap 

cooled to re-anneal in presence of compound.  The plate was then read on a Spectra Max 

Gemini monochromator plate reader (Molecular Devices) at 25˚C.  The Cy3 label was 

excited at 520nm in order to reduce direct excitation of the Cy5 label.  Cy5 was excited at 
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620nm.  Emission measurements were made at 570nm (Donor emission), 670nm (FRET 

emission) and 670nm(Cy5 emission).  A more complete description of the calculations 

involved in determining FRET efficiency is contained in appendix 2. 

 

 FRET screening experiments in the IIa-2 construct were prepared as 40nM IIa-2 

RNA, 2mM MgCl2, 10mM HEPES pH 7.0, and sample compound at varying 

concentrations in 120µL final volumes.  96 samples are prepared in parallel, with positive 

control RNA (IIa-2 only) and negative control (RNA+P253) present in a total of 6 

samples.  The samples are heated to 65C for 5 minutes and cooled to 4C before being 

transferred to a microplate for reading in a Spectra Max Gemini monochromator plate 

reader (Molecular Devices).  Samples were read by exciting Cy3 at 520nm, in order to 

minimize cross-excitation of Cy5. (5) Cy5 emission was read from 670nm onwards.  

Excitation and emission filters were used and set at 550nm and 665nm, respectively.  

Signal calculations are performed as described in reference four (4).  EFRET was 

calculated using the acceptor normalization method (6). 50nM was determined as the 

proper concentration of RNA to achieve desired fluorescence in a microplate reader 

(Spectramax Gemini, molecular devices).  This concentration and excitation settings read 

around 100 fluorescence units for both dyes in this instrument.  Signal variation of 0.5 

units in background wells and in sample wells was observed.  For EC50 determinations, 

compounds were screened in at least 6 concentrations.  Averages of three separately 

prepared samples were used to determine EC50.  Appendix 1 lists the results of EC50 

determinations and compound structures for all 22 hits in the library used. 
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 Sigmaplot (Systat software inc) software was used to determine EC50s in all 

experiments.  Data were fit using the Pharmacology module, fitting primarily to a 

sigmoidal dose response curve with a Hill coefficient of 1.  When sufficient data points 

(>15) were available, variable Hill slopes were allowed.   
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6.2:  Appendix I. 

 This appendix consists of a list of compounds that decreased EFRET in IIa-2 RNA, 

sorted by calculated EC50.  Presented here is the tool compound P253 as an example.  

Activity at 200µM is normalized such that the EFRET of native IIa-2 RNA is equal to 1.  

EC50 calculations are all accurate to within ± 15%.  RB:  Number of rotatable bonds.  

clogP: logarithm of calculated octanol/water partition coefficient.  tPSA:  Total polar 

surface area.  Hacc / Hdon:  Number of hydrogen bond acceptors / donors.  logSw:   

logarithm of solubility (mg/mL) in water. 
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ID Structure
“Activity” 
200µM RB

clog
P tPSA

H

ac

c

H

do

n

logS
w

Titration     
EC50  

(µM)

P253 P253 0.52 4 2.34 45.56 6 1 N.A. 1

5107240 0.01 6 -0.51 94.13 4 3 0.44 4

5554163 0.49 3 1.65 47.08 3 1 -1.19 50

5276446 0.78 2 2.26 111.02 5 4 -2.72 60

C607-0885 0.65 5 2.01 52.40 4 2 N.A. 70

5544010 0.66 2 1.40 47.08 3 1 -0.88 100

N

O

N

OH

CH
3
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5275548 0.70 3 3.13 97.71 4 4 -3.55 125

5106637 0.72 2 1.86 85.35 4 4 -1.17 150

5937015 0.98 3 0.37 149.01 7 4 -1.55 150

5174412 0.08 0 -1.45 98.66 4 4 -0.88 <200

5308400 0.68 3 2.46 119.31 6 4 -4.17 <200

5106249 0.72 0 -1.42 124.09 5 4 0.70 <200

5227279 0.74 3 2.75 77.48 3 3 -3.11 <200
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8827122 0.76 4 1.81 100.34 3 3 -2.98 <200

5319927 0.32 0 -0.05 102.82 4 4 -2.16 n/a

5175280 0.66 3 3.96 99.69 4 4 -5.02 n/a

5190842 0.79 2 1.28 107.91 4 4 -1.78 N/A

5227379 0.79 3 2.25 105.39 5 4 -3.05 N/A

5194356 0.62 3 3.70 77.48 3 3 -3.92 N/A



 Using IRES iFRET construct for compound screening 
 
1) Preparation and Plate Setup 

• Determine desired concentrations and setup of screening compounds:   
 Determine maximum number of wells available per compound:  

• (90 / (#Replicates*# compounds) * #plates desired) 
 Choose concentrations of compound to suit expectations 

(Typically 100uM to 100nM) 
 Create stocks of the compound (preferably in PCR tubes for 

multichannel access) at around 100X final concentrations 
• Plate Setup 

 Final Well Contents: 120 uL: 10mM HEPES ph 7.0,  2mM MgCl 
50nM iFRET RNA (+compound) 

 5’ Cy5/UGCGUGUCGUGCAGCCUCCGG 
 5’ Cy3/UCGGAGGAACUACUGUCUUCACGCC 
 Controls: 6 wells:  2x No RNA added, 4x No Compound added 
 Prepare well solution with compound in PCR strips, vortex, heat to 

65C for 5 minutes and snap cool on ice before transferring to 
microplate. 

 
2) Instrument Setup 

• SOFTmax software should be set up to read the following wavelengths: 
o ex540/em670 ≡FRET 
o ex540/em570 ≡Cy3 
o ex640/em670 ≡Cy5 

• All settings use automatic filter.  
• To minimize effects of crashes, set up software to read each ex/em as a separate 

plate.   
 

 
3) Data collection/interpretation 

• eFRET=EE/Cy5 
• EE=FRET – (DE+CT) 
• DirectExcitation: .03878*Cy5 
• CrossTalk: .03613*Cy3 
• DirectExcitation and cross talk terms are derived from single-labeled constructs.  

To do so, simply measure the same 3 wavelength pairs in single-labeled constructs (one Cy3 and one Cy5-
only) and solve for correction factors that zero out the cy5 term in cy3-only construct and vise versa 

• eFRET should be in the range of .42-.55 for the only-RNA controls(variability 
based primarily on Mg2+ concentration) 

 
A significant result would be >3SD (P253 is >15SD) away from the mean of the 4 
RNA-only controls.  Any signal observed in the 2 No-RNA controls is subtracted 
from each well. 
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