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Abstract 
 

Like all retroviruses, the HIV-1 virus contains two copies of the genome as a 

RNA dimer. The study of genomic dimerization has been facilitated by the use of short 

RNA oligonucleotides containing the dimer initiation site (DIS) that dimerize 

spontaneously in vitro. In HIV-1, DIS maps to the first stem-loop (SL1) of the packaging 

signal. On the basis of the palindromic nature of the apical loop of SL1, a kissing loop 

model has been proposed. First, a metastable kissing dimer is formed via a loop-loop 

interaction and then converted into a more stable extended dimer by the viral 

nucleocapsid protein (NCp7). This dimerization process is believed to mimic the in vivo 

RNA maturation. The formation of the mature dimer is correlated with viral infectivity. 

During experimental screening of potential inhibitors that can block dimer maturation, we 

unexpectedly discovered a small molecule activator, Lys-Ala-7-amido-4-methylcoumarin 

(KA-AMC), that facilitates this process instead. We wish to understand the mechanism of 

action of KA-AMC and have the following specific aims: (1) determine the structure-

activity relationship (SAR) of the family of the activators with native gel shift assay, (2) 

determine the binding affinity of the activators to the SL1 RNA utilizing the fluorescence 

emission of AMC analogs, and (3) structurally characterize activator – SL1 RNA 

interactions using nuclear magnetic resonance (NMR). Results from the SAR studies 

show that the O1 in the coumarin scaffold is essential for activity, while the binding 
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affinity can be further improved by the inclusion of guanidine group and the addition of 

positive charges. NMR studies suggest KA-AMC stacks with aromatic bases of the RNA 

while the side chain interacts via hydrogen bonding and electrostatic interactions and 

binds preferentially to the SL1 RNA. Although KA-AMC is not an inhibitor for dimer 

maturation, it can still be developed as an antiretroviral agent in one of two ways. The 

more obvious way is to use our growing knowledge of KA-AMC analogues binding 

features to design a compound that would bind and inhibit dimer maturation rather than 

promote dimer maturation. The less obvious, but potentially more effective, way is by 

inducing early maturation of the genomic dimer prior to budding.  
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Chapter 1  
 
 
 
Introduction 
 
 
 
1.1 The HIV-1 life cycle 

The human immunodeficiency virus type 1 (HIV-1) causes the acquired 

immunodeficiency syndrome (AIDS) that affects millions of people worldwide. As of 

2007, there are 33 million of people living with HIV/AIDS globally with 2.7 million new 

infections per year (1). The virus destroys CD4-positive (CD4+) T cells, a type of white 

blood cell that is important to fight off infections, and weakens the immune system 

leaving the infected individuals vulnerable to opportunistic infections. The viral cycle 

(reviewed in (2)) is illustrated in Figure 1-1 and begins when the HIV-1 glycoprotein, 

gp120, on the outer surface of the virion binds to the CD4 receptor and one of the co-

receptors, such as CCR5 or CXCR4, on T cells and fuses with the host cell membrane to 

gain entry (step 1). Subsequently, the virus releases its viral core containing the RNA 

genome and proteins inside the cell (step 2). The viral genomic RNA is reverse 
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transcribed into a double-stranded DNA with the viral enzyme reverse transcriptase (step 

3), and the HIV-1 DNA is then integrated into the chromosome of the host with the viral 

protein, integrase, to form a provirus (step 4). The proviral DNA serves as a template for 

transcription of full-length genomic RNA and for active translation of viral proteins (step 

5). Assembly of the new HIV-1 virion involves the transport of the polyprotein 

precursors, Gag and Gag-Pol, to the plasma membrane, along with two copies of the viral 

genomic RNA, and this induces budding of the viral particles (step 6). During and 

immediately after budding, the viral protease cleaves the Gag and Gag-Pol precursors 

into mature Gag and Pol proteins and leads to the generation of a mature, infectious 

virion which is capable of initiating another round of infection (step 7).  

  



 

Figure 1-1. The HIV-1 viral life cycle.

The HIV-1 life cycle can be divided into 7 steps. (1) Entry:  the HIV

gp120, on the outer surface of the virion binds to the CD4 receptor and one of the co

receptors, such as CCR5 or CXCR4, on T cells and fuses with the host cell membrane t

gain entry. (2) Uncoating:  the virus releases its viral core containing the RNA genome 

and proteins inside the cell. (3) Reverse transcription: the viral genomic RNA is reverse 
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transcribed into a double-stranded DNA with the viral enzyme reverse transcriptase. (4) 

Integration: the HIV-1 DNA is then integrated into the chromosome of the host with the 

viral protein, integrase, to form a provirus. (5) Transcription: the proviral DNA serves as 

a template for transcription of full-length genomic RNA and for active translation of viral 

proteins. (6) Assembly: the assembly of the new HIV-1 virion involves the transport of the 

polyprotein precursors, Gag and Gag-Pol, to the plasma membrane, along with two 

copies of the viral genomic RNA and this induces budding of the viral particles. (7) 

Maturation: during and immediately after budding, the viral protease cleaves the Gag 

and Gag-Pol precursors into mature Gag and Pol proteins and leads to the generation of 

a mature, infectious virion which is capable of initiating another round of infection (step 

7). (Adapted from National Institute of Allergy and Infectious Diseases). 

 

1.2 Retroviral genomic RNA dimerization 

Similar to other retroviruses, the HIV-1 virion contains two homogenous or nearly 

homogenous copies of the RNA genome. The genomic RNA interacts non-covalently 

forming the dimer linkage structure (DLS) in the 5’-untranslated region (5’-UTR) of the 

genome (3). The dimeric state of the genome is important in various steps of the viral life 

cycle, including recombination, packaging, and reverse transcription (reviewed in (4)) 

and gives the virus the capacity for genetic variability (5). Molecular understanding of 

genomic RNA dimerization has been facilitated by the discovery of short synthetic RNA 

transcripts containing the dimer initiation site (DIS) within DLS that dimerize 

spontaneously without any protein factors (6-10). In HIV-1, DIS maps to the first stem-

loop (SL1) of the packaging signal, or the psi region, in the 5’-UTR and is the minimal 

domain required to observe dimerization in vitro (9) (Figure 1-2).  



 

Figure 1-2. The 5'-untranslated region

The secondary structure of the first 500 nucleotides in the 5’

UTR) of the HIV-1 genomic RNA. Major structural elements include: 

responsive element; poly

site; DIS, dimer initiation site; SD, major splice

codon of the gag gene. The packaging signal, or the psi 

structures, SL1 - SL4, with SL1 corresponding to the DIS.

involved in the kissing-loop complex are highlighted in yellow. 

 

SL1 has been shown to fold into an 11

base pairs long) with a G-

6-nt palindrome flanked by t

Although there are 64 possible sequences for the 6

observed among HIV-1 variants, GUGCAC

GCGCGC (the Lai isolate

guarantee stable dimer formation 

within the 9-nt loop are highly conserved and the first residue on either end is usually an 

5 

untranslated region (5’-UTR) of the HIV-1 genome 

The secondary structure of the first 500 nucleotides in the 5’-untranslated region 

1 genomic RNA. Major structural elements include: TAR, trans

responsive element; poly-A, 5’ copy of the polyadenylation signal; PBS, primer

site; DIS, dimer initiation site; SD, major splice-donor site; AUG, translation initiation

codon of the gag gene. The packaging signal, or the psi region, consists of four stem

SL4, with SL1 corresponding to the DIS. The two palindromic moieties 

loop complex are highlighted in yellow. (Adapted from

SL1 has been shown to fold into an 11-bp stem (i.e., a double stranded RNA 11 

- rich internal loop and a 9-nucleotide (9-nt) loop containing the 

palindrome flanked by two 5’ and one 3’ purine residues (Figure 1-3

here are 64 possible sequences for the 6-nt palindrome, only 2 are naturally 

variants, GUGCAC (the Mal isolate or subtype-A

(the Lai isolate or subtype-B), suggesting not all complementary sequences 

ormation (6, 11-14). In addition, the flanking purine residues 

are highly conserved and the first residue on either end is usually an 

 

untranslated region (5’-

TAR, trans-acting 

A, 5’ copy of the polyadenylation signal; PBS, primer-binding 

donor site; AUG, translation initiation 

, consists of four stem-loop 

palindromic moieties 

Adapted from (4)) 

(i.e., a double stranded RNA 11 

loop containing the 

3a) (7, 9). 

drome, only 2 are naturally 

A) and 

, suggesting not all complementary sequences 

. In addition, the flanking purine residues 

are highly conserved and the first residue on either end is usually an 
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adenine (13) (Figure 1-3b); deletion or substitution of these residues strongly impairs 

dimerization (6, 11). Although the exact sequence of the stem is not as important, 

maintaining base pairing is essential (6). Finally, the 1x3 purine-rich loop, although not 

essential for dimerization in vitro (6), is conserved among HIV-1 variants (14); mutations 

in this region strongly reduce RNA packaging and infectivity (15).  

 

Figure 1-3. The HIV-1 dimerization initiation site 

 

a) Two naturally observed stem-loop 1 (SL1) sequences, SL1Lai and SL1Mal, are shown. 

SL1 is the HIV-1 dimerization initiation site (DIS) and has been shown to fold into a 

hairpin structure with 11-bp stem with a 1x3 purine-rich internal loop and a 9-nucleotide 

loop including hexanucleotide palindrome (shown in open characters), and flanking 

purines (shown in bold). b) Comparison of the DIS sequences of various HIV-1 isolates.  
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1.3 Kissing-loop model of HIV-1 genomic RNA dimerization 

Because of the self-complementary nature of the palindromic sequence of SL1, a 

kissing loop model has been proposed (7, 9) (Figure 1-4). According to this model, the 

genomic RNA interacts first to form a metastable kissing dimer via standard Watson-

Crick base pairing through the palindromic loop of SL1. The in vitro kissing dimer is 

stable at physiological temperature (37 oC) but can be converted into the more stable 

extended dimer with either heat incubation (55 oC) (16-17) or with the viral nucleocapsid 

protein (NCp7) (18), a domain of the Gag protein, at room temperature. This NCp7-

induced maturation observed in vitro has been suggested to correspond to a part of the 

maturation process induced by protease-cleaved NCp7 in vivo that is highly correlated 

with infectivity. In agreement, genomic RNA extracted from immature and mature 

virions have different electrophoretic mobility (19), similar to the two different dimers 

formed with synthetic RNA containing SL1. 
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Figure 1-4. The kissing loop model of HIV-1 genomic RNA dimerization. 

 

The HIV-1 genomic RNA is proposed to form the initial interactions via Watson-Crick 

base pairing with the palindromic region of SL1 to form the metastable kissing dimer 

(top). This kissing dimer can then be converted into the more stable extended dimer 

(bottom) with the viral nucleocapsid protein (NCp7) or heat incubation. 

 

1.4 HIV-1 RNA dimerization as a novel therapeutic target 

Although the highly active antiretroviral treatment, or HAART, is effective in 

prolonging the lives of HIV-1 infected individuals, the emergence of drug resistance calls 

for discovery of novel drug targets. Currently, the antiretroviral medications approved by 

the Food and Drug Administration (FDA) can be organized according to their targets:  

fusion/entry, reverse transcriptase, integrase, and protease. All these targets are viral 

proteins and the possibility of RNA targets has been underexplored. HIV-1 RNA 



9 
 

dimerization makes a novel therapeutic target because of its importance in the viral 

replication cycle, including recombination, packaging, and reverse transcription. In 

particular, SL1 may be an attractive RNA target because of its high sequence 

conservation among naturally occurring HIV isolates. In addition, because of the high 

correlation between viral infectivity and NCp7-induced dimer maturation, we 

hypothesize if we could find a small molecule that can block this process, it may abrogate 

viral infectivity. In the following chapters, we explore our progress in discovering small 

molecules that interact with the SL1 RNA with an eye to their potentials of being 

developed into an antiviral agent.  
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Chapter 2  
 
 
 
Inhibitor discovery targeting HIV-1 RNA 
dimer maturation 
 
 
 
2.1 Introduction 

Because of the correlation between viral nucleocapsid protein (NCp7)-induced 

dimer maturation and infectivity and the high conservation of SL1 sequence among HIV-

1 isolates and its importance in dimerization, we believe SL1 is a potentially good and 

novel drug target. Although the highly active antiretroviral treatment, or HAART, is an 

effective HIV-1 treatment targeted at various steps of the viral life cycle, the emergence 

of drug resistance calls for discovery of novel drug targets. We hypothesized that if we 

could find small molecule binders that can either stabilize the kissing dimer structure or 

to block the RNA-NCp7 interaction, this could inhibit NCp7-induced maturation and 

abrogate viral infectivity of the viral particles. Using the high-resolution NMR structure 

of the SL1 kissing dimer (20), we initially used computational docking to generate a list 
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of potential small molecule inhibitors targeted at the kissing dimer interface and selected 

73 of these compounds for experimental testing (listed in Table 2-1) for their ability to 

inhibit heat- and NCp7-induced dimer maturation in vitro. In this report, we validate the 

gel shift assay used for screening and present the results of a few inhibitors identified.  
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Figure 2-1. Secondary structure of the SL1 RNA constructs and NMR structure of the 

kissing dimer 

 
a) Nucleotide sequence of the SL1-wt and SL1-∆ constructs. SL1-wt is a 35-nucleotide 

construct with the sequence of the HIV-1 Lai isolate but with the bottom two base pairs 
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reversed to increase transcriptional yield. The highly conserved 6-nucleotide palindrome 

is shown in open characters. SL1-∆ is a truncated version of SL1-wt containing only the 

apex loop and the upper stem used for NMR structure determination of the kissing dimer. 

Residues highlighted in red are shown in (c). b) NMR structure of the SL1-∆ kissing 

dimer (PDB 1BAU) utilized for computational docking to discover potential small 

molecule inhibitors targeted at the kissing interface. Each RNA molecule in the dimer is 

color in blue (chain A) or red (chain B); with the flanking adenine residues (A8, A9, and 

A16) within the apex loop color in orange (chain A) or in magenta (chain B). c) Enlarged 

view of the flanking A residues in the kissing dimer. The A9* (asterisk denotes it is cross-

strand) forms a triple-base stack with A8 and C17. 

 
2.2 Material and Methods 

2.2.1 RNA synthesis 

The SL1 RNA oligonucleotide with the wild-type sequence (SL1-wt) (Figure 

2-1a) was synthesized by in vitro run-off transcription (21) with T7 RNA polymerase, 

prepared in-house (22), from a synthetic DNA template (Integrated DNA Technology, 

Inc) and purified with 20% denaturing polyacrylamide gel electrophoresis (PAGE), 

followed by electroelution and dialysis in sterile water and stored in -20 oC. The 

extinction coefficient of the SL1 RNA was calculated using the online nucleic acid 

molecular weight and extinction coefficient calculator (Ambion) and quantified using 

ultraviolet (UV) spectrophotometry. Typical yield for a 10 ml transcription reaction is 

~150 O.D. (1 O.D. unit is defined as the amount of oligonucleotide in a 1-ml volume that 

results in an optical density taken at 260 nm of 1 in a 1-cm path-length cuvette). 
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2.2.2 RNA sample preparation and dimerization assay 

The assay to monitor dimer maturation has been previously described (23). For 

each assay, 5 µM SL1-wt RNA was heated to 90 oC for 3 minutes, followed by snap-

cooling on ice for 3 minutes. An equal volume of pre-chilled 2X dimerization buffer (20 

mM potassium phosphate, pH 7.0, 100 mM NaCl, 0.2 mM MgCl2) was added, and the 

sample was incubated on ice for an additional 30 minutes. As a final step, the RNA 

sample was equilibrated for 2 hours at room temperature to fold into the kissing dimer 

(KD) or at 55 oC for the extended dimer (ED). These dimers can be easily distinguished 

based on the difference in Mg+2-dependence during electrophoresis (Figure 2-2), as 

previously reported by several groups (24-26). The metastable KD requires Mg+2 ions to 

stay as a dimer during electrophoresis and dissociates into monomers as the EDTA 

chelates the Mg+2 ions in 1X Tris-Borate-EDTA (TBE) buffer (89 mM Tris, 89 mM 

borate, pH 8.4, 2 mM EDTA). On the other hand, the KD remains as a dimer in the 

presence of Mg+2 ions, such as in the 1X Tris-Borate-MgCl2 (TBM) buffer (89 mM Tris, 

89 mM borate, pH 8.4, 3 mM EDTA). Therefore, the KD exhibits a monomer band in 

TBE gel electrophoresis and a dimer band in TBM gel electrophoresis. In contrast, the 

more stable ED has no Mg+2-dependence, and shows a dimer band in both TBE and TBM 

gel electrophoresis. 

2.2.3 Native polyacrylamide gel electrophoresis 

Native PAGE experiments were carried out using a 10% bis:acrylamide (19:1) 

ratio of matrix at 25oC in TBE buffer. A native dye containing 10% glycerol was used in 

each case. Gels were run until the bromphenol blue ran to the bottom at 200 volts. Gels 

were then stained with ethidium bromide and visualized by UV light. 
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2.2.4 Molecular docking of a small molecule to the kissing dimer 

structure 

The ~200,000 compounds in the Available Chemicals Directory (ACD), 1998 

version, (MDL Information Systems) were scanned for their van der Waals (VDW) and 

electrostatic (ES) complementarity to the surface created by formation of the kissing loop 

using the NMR structure of SL1-∆ in the KD form (Figure 2.1a) (PDB Code 1BAU) (20), 

first using the virtual screening program DOCK 4.0 (27) and subsequently with the 

virtual screening program ICM (28). DOCK is fast for matching compounds with 

different conformations to a specific site that is held rigid based on intermolecular VDW 

and ES interactions; however, because the scoring function at the time of screening did 

not account for other important interactions such as hydrogen bonds, it could not predict 

true binding affinity. We used DOCK as a selection filter to pick the top 50,000 potential 

compounds for further calculation using ICM. ICM could better predict binding mode 

and affinity, because at the time the docking was carried out, it was possible to 

incorporate some receptor flexibility and include additional hydrogen bond interaction 

and solvation terms in the scoring function (29). However, because it is a more elaborate 

procedure, the time required to dock each compound is longer. When docking was 

completed, we examined the top-ranking 1,000 compounds manually and created a list of 

73 compounds (Table 2-1, indexed 1-73) to test experimentally based on their binding 

pose, likely bioavailability, diversity in the scaffold, availability for purchase, and price. 

2.2.5 NCp7 expression and purification 

The expression and purification of the NCp7 protein has been previously 

described by De Guzman et al (30). The pRD2 plasmid containing the HIV-1 NCp7 
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coding region in pLN4-3 (31) was a generous gift from Dr. Michael F. Summers. The 

construct was transformed into E. coli BL21 (DE3) pLysE cells and the protein was over-

expressed by the addition of isopropyl-b-D-thiogalactopyranoside (IPTG).  The protein 

was purified by Q-Sepharose, SP-Sepharose, and finally G-50 Sephadex column 

chromatography and exchanged into the NMR buffer (25 mM deuterated sodium acetate, 

pH 6.5, 25 mM NaCl, 0.1 mM ZnCl2, and 0.1 mM β-mercaptoethanol). Sample purity 

was confirmed by sodium dodecyl sulfate (SDS)-PAGE. 

2.2.6 Gel shift assay for identification of SL1 dimer maturation 

inhibitors 

We screened potential inhibitors for their ability to block heat- and NCp7-induced 

dimer maturation in vitro. First, we tested their ability to inhibit heat-induced dimer 

maturation. For each potential inhibitor, various concentrations of the compound were 

added to 2.5 µM KD and incubated at room temperature for 30 minutes to achieve 

binding equilibrium. Afterwards, the reaction mixtures were incubated at 55 oC for two 

hours. In the meantime, two aliquots of the same KD were incubated at 25 oC or at 55 oC 

to fold into the extended dimer as controls. Immediately after the incubation period, 

loading dye containing bromphenol blue was added to each sample which was run on a 

10% native TBE gel at 200 volts until the dye reached the bottom. The bands were 

visualized after staining with ethidium bromide under UV light.  

For compounds that demonstrated inhibition in the heat-induced maturation in the 

micromolar range, we then tested their ability to inhibit NCp7-induced maturation. 

Various concentrations of the inhibitor were added to 2.5 µM KD and incubated at room 

temperature for 30 minutes to achieve binding equilibrium. Afterwards, NCp7 was added 
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to the RNA-small molecule complexes to achieve a molar 2:2 RNA:NCp7 ratio, and the 

samples were incubated for 2 hours at room temperature. In the meantime, two aliquots 

of the same KD were incubated at 25 oC or at 55 oC to fold into the ED as controls. After 

the incubation period, the NCp7 was removed with phenol-chloroform extraction and the 

RNA was precipitated by ethanol precipitation and brought into a native solution 

condition by exchanging into dimerization buffer.  To demonstrate that the monomer and 

dimer bands we observed in TBE gel electrophoresis after extraction indeed represent the 

KD and ED, respectively, we performed the same procedure to RNA-only samples that 

had been folded into the corresponding dimer and found this procedure did not change 

the folding state of the RNA. (data not shown).  

2.2.7 NMR studies to investigate inhibitor – SL1 RNA interactions 

The SL1-wt RNA was folded into the KD as described above except in 2X 

dimerization buffer that is deuterated and then concentrated using a centrifugal 

concentrator (Millipore, 3,000 MWCO) to a final concentration of 540 µM. The 2D 

homonuclear TOCSY spectra of the RNA and of a 2:1 RNA: bekanamycin complex were 

acquired on a Varian INOVA 600 MHz NMR spectrometer with a conventional probe at 

room temperature. The data were processed with NMRpipe (32) using a Gaussian 

window function and analyzed subsequently with SPARKY (33).  

2.3 Results 

2.3.1 Potential lead identification with computational docking 

The 73 drug-like compounds (indexed 1-73 in Table 2-1) were chosen from a list 

of top scoring compounds generated by computational docking against the NMR 

structure of the SL1 kissing dimer (PDB code 1BAU), predicted to bind to the kissing 
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loop interface. Criteria of selection included docking binding pose, likely bioavailability, 

diversity in the scaffold, availability for purchase, and price. Out of these 73 compounds, 

two were insoluble in both water and DMSO, and five were discontinued from Sigma-

Aldrich and therefore unavailable for purchase. An additional three compounds known to 

inhibit bacterial A-site ribosomal RNA (indexed 74-76 in Table 2-1) were included 

because of the recent discovery of structural similarity between bacterial A-site ribosomal 

RNA and the SL1 kissing-loop interface ((34); see Discussion). 

 

Table 2-1. Drug-like compounds tested experimentally for blocking SL1 RNA dimer 

maturation in vitro 

I 
N
D
E
X 

D# Structure Name 

IC 50
a to  

 Heat- 
induced 

maturation 

IC 50
b
 to 

NCp7-
induced 

maturation 

1 D1 

 

Apigenin 
No inhibition 

(up to  
1,250 µM 

N.D.c 

2 D2 

 

Bekanamycin 
sulfate ~10 µM ~125 µM 

3 D3 

 

Kanamycin 
sulfate 

No inhibition 
(up to 25 µM) 

>1,500 µM 



 

4 D4 

5 D5 

6 D6 

7 D7 

8 D8 

9 D9 

10 D10 
N

N

19 

 

Tobramycin ~10 µM 

 

(H-Cys-
betanaphthalene)2 

2HCl 

No inhibition 
(up to  

56 µM) 

 
 Lys-Ala-7-
amido-4-

methylcoumarin 
2HCl 

No inhibition  
(up to  

1,250 µM)

 

Gly-Pro-Gly-Gly 
No inhibition 

(up to  
56 µM) 

 

Arg-Arg-
betanaphthalene 

3HCl 

No inhibition 
(up to  

56 µM) 

 
1-(4-Chloro-7-

methoxy-2-
quinolyl)-3-
phenylurea 

No inhibition 
(up to  

56 µM) 

 

4',6-Diamidino-2-
phenylindole 

dihydrochloride 

No inhibition 
(up to  

56 µM) 
N

N

N

Cl

Cl

 ~125 µM 

No inhibition 

 
N.D. 

No inhibition  

M) 
N.D. 

No inhibition 

 
N.D. 

No inhibition 

 
N.D. 

No inhibition 

 
N.D. 

No inhibition 

 
N.D. 



 

11 D11 

12 D12 

13 D13 

14 D14 

15 D15 

16 D16 

17 D17 

18 D18 

N

N

NN

20 

 

Adrich rare 
chemical library 

S4,054-2 

No inhibition 
(up to  

1,250 µM)

 
 6-Methoxy-2-

phenyl-
hexahydro-
pyrano(3,2-

D)(1,3)dioxine-
7,8-diamine 

No inhibition 
(up to  

1,250 µM)

 4,4'-
Vinylenebis(1-

methylpyridinium 
tetrafluoroborate) 

No inhibition 
(up to  

1,250 µM)

 
Hexahydro-2,6-

bis(2,2,6,6-
tetramethyl-4-
piperidinyl)-

1H,4H,5H,8H-
2,3A,4A,6,7A,8A 

No inhibition 
(up to  

56 µM) 

 

Gly-
Betanaphthalene 

HCl 

 tested as an 
activator 
(data not 
shown) 

 

3,3'-Dichloro-4,4'-
dihydroxyazobenz

ene 

No inhibition 
(up to  

1,250 µM)

 

1-(2-Pyridyl)-3-
(3,4-xylyl)urea 

No inhibition 
(up to  

1,250 µM)

 

Furoin 
No inhibition 

(up to  
1,250 µM)

N

N

N

N

O

O

N N

No inhibition 

) 
N.D. 

No inhibition 

) 
N.D. 

No inhibition 

) 
N.D. 

No inhibition 

 
N.D. 

tested as an 
 

(data not 
 

- 

No inhibition 

) 
N.D. 

No inhibition 

) 
N.D. 

No inhibition 

) 
N.D. 



 

19 D19 

20 D20 

21 D21 

22 D22 

23 D23 

24 D25 

25 D26 

21 

 
4'-Amino-5'-

chloro-2'-
hydroxy-2-
furanilide 

No inhibition 
(up to  

1,250 µM)

 

3'-Chloro-2'-
methyl-3-

nitrobenzanilide 

No inhibition 
(up to  

1,250 µM)

 1-(4-
Acetamidobenzyli

dene)-4-
phenylsemicarbaz

ide 

No inhibition 
(up to  

1,250 µM)

 4-((2-oxo-
cyclohexylidenem

ethyl)-amino)-
benzenesulfonami

de 

No inhibition 
(up to  

1,250 µM)

 
Gly-Gly-

Betanaphthalene 
HBr 

No inhibition 
(up to  

1,250 µM)

 

Actinomycin D 
No inhibition 

(up to  
250 µM) 

 

1-(2-Oxo-2-
phenyl-ethyl)-
quinolinium; 

bromide 

No inhibition 
(up to  

1,250 µM)

N
+

O

Br

No inhibition 

) 
N.D. 

No inhibition 

) 
N.D. 

No inhibition 

) 
N.D. 

No inhibition 

) 
N.D. 

No inhibition 

) 
N.D. 

No inhibition 

 
N.D. 

No inhibition 

) 
N.D. 
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26 D27 

 3-[(3-Chloro-
phenyl)-

hydrazonomethyl]
-4-hydroxy-6-

methyl-pyran-2-
one 

not soluble - 

27 D28 

 N-(3,5-Bis-
trifluoromethyl-

phenyl)-4-(2-oxo-
5-trifluoromethyl-

2H-pyridin-1-
ylmethyl)-
benzamide 

No inhibition 
(up to  

1,250 µM) 
N.D. 

28 D29 

 
N-(3-Chloro-5-
trifluoromethyl-
pyridin-2-yl)-2-

(4-methyl-
piperazin-1-yl)-

acetamide 

No inhibition 
(up to  

1,250 µM) 
N.D. 

29 D30 

 
1-(2-Furan-2-yl-2-

oxo-ethyl)-
pyridinium; 

iodide 

No inhibition 
(up to  

1,250 µM) 
N.D. 

30 D31 

 

Gly-7-amido-4-
methylcoumarin 

HBr 

No inhibition 
(up to  

1,250 µM) 
N.D. 

31 D32 

 (4aR,6R,7R,8R,8a
S)-6-Methoxy-2-

phenyl-
hexahydro-

pyrano[3,2-d]-1,3-
dioxin-7,8-

diamine 

No inhibition 
(up to  

1,250 µM) 
N.D. 

32 D33 

 
[3AR-[2(3'A 

R*,8'A S*),3'A-
beta,8'A-beta]]-

(+)-2,2'-
methylenebis[3A,

8A-dihydro-8 

not soluble -. 

O

O O

N
N

Cl

N

O

F

F
F F

F

F
N O

F
F

F

N

N

Cl

O

N

F

F

F

N

O

O

N
+

I

O
N

O

O

N

O

O

N

O

N

O

Chiral

N

O

NO

H

H

HH

Chiral



23 
 

33 D35 

 

MFCD00160402 
No inhibition 

(up to  
1,250 µM) 

N.D. 

34 D36 

 
7-Acetoxy-1-

methylquinoliniu
m Iodide 

No inhibition 
(up to  

1,250 µM) 
N.D. 

35 D37 

 
(2-Pyridin-2-yl-6-
trifluoromethyl-

pyrimidin-4-
ylsulfanyl)-acetic 
acid methyl ester 

No inhibition 
(up to  

1,250 µM) 
N.D. 

36 D39 

 C-(2-Chloro-3-
diaminomethylsul

fanylmethyl-
benzylsulfanyl)-
methanediamine 

No inhibition 
(up to  

1,250 µM) 
N.D. 

37 D40 

 

DAPI 
No inhibition 

(up to  
25 µM) 

N.D. 

38 D41 

 

 L-monapterin 
No inhibition 

(up to  
1,250 µM) 

N.D. 

39 D42 

 

Deoxycorticostero
ne 21-glucoside  

No inhibition 
(up to  

1,250 µM) 
N.D. 

B

F

F F

F

B

F

F

F F

N
+

N
+

N
+

O

O

I

N N

N

S

F

F
F

O

O

N

N

N
N

N

O

Cl

Cl

NN

N
N

O

N

O

O

O

Chiral

O

O

O

OH

HO

HO

OHO

H

H

H
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40 D43 

 

Methapyrilene 
Hydrochloride   

No inhibition 
(up to  

1,250 µM) 
N.D. 

41 D44 

 
2-

Aminobenzimidaz
ole 

No inhibition 
(up to  

1,250 µM) 
N.D. 

42 D45 

 1-(2-
benzimidazol-2-

ylthioacetyl)-4-(3-
trifluoromethylph

enyl) 
semicarbazide 

No inhibition 
(up to  

1,250 µM) 
N.D. 

43 D46 

 N1-[3-
(trifluoromethyl)p

henyl]-2-
hydrazino-2-
oxoacetamide 

No inhibition 
(up to  

1,250 µM) 
N.D. 

44 D47 

 

Paramomycin 
sulfate ~1,250 µM N.D. 

45 D48 

 

Diquat dibromide 
hydrate 

No inhibition 
(up to  

1,250 µM) 
N.D. 

46 D49 

 

1-Allyl-2-methyl-
5-vinyl-

pyridinium; 
bromide 

No inhibition 
(up to  

1,250 µM) 
N.D. 

N

N

S

N

H

Cl

N

N
H

NH2

NH

HN

O

HN

F

F

F

S

N

N
H

O

H
N

O

NH2

HN

F
F

F

O

O

N

O

O

O

N

N

O

O

O

O
O

O

O

NO

O

N

Chiral

S OO

O

O

N
+

N
+

O

Br Br

N
+

Br
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47 D50 

 

4,4'-Bipyridine, 
1,1'-dioxide 

discontinued - 

48 D51 

 

2,3-Dimethyl-1-
(2-oxo-2-phenyl-
ethyl)-pyridinium; 

bromide 

No inhibition 
(up to  

1,250 µM) 
N.D. 

49 D52 

 

1-Methyl-4-
pyridiniopyridiniu

m diiodide 

No inhibition 
(up to  

1,250 µM) 
N.D. 

50 D55 

 (1,2,3,4-
Tetrahydro-

isoquinolin-1-yl)-
acetic acid ethyl 

ester 

No inhibition 
(up to  

1,250 µM) 
N.D. 

51 D58 

 

1,3,5-
tribenzylhexahydr

o-S-triazine 

No inhibition 
(up to  

1,250 µM) 
N.D. 

52 D59 

 2-(4-Benzhydryl-
piperazin-1-yl)-N-
(1,5-dimethyl-3-

oxo-2-phenyl-2,3-
dihydro-1H-

pyrazol-4-yl)-
acetamide 

No inhibition 
(up to  

1,250 µM) 
N.D. 

53 D60 

 

1-
Adamantanamine 

sulfate 
discontinued - 
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54 D61 

 

Carbadox 
No inhibition 

(up to  
1,250 µM) 

N.D. 

55 D62 

 

FMOC-Phe-OPFP 
No inhibition 

(up to  
1,250 µM) 

N.D. 

56 D63 

 

Amikacin sulfate  
No inhibition 

(up to  
1,250 µM) 

N.D. 

57 D64 

 

Tuberactinomycin 
B (viomycin 
sulfate salt) 

discontinued - 

58 D65 

 

1,1'-Diethyl-4,4'-
bipyridinium 
diperchlorate 

No inhibition 
(up to  

1,250 µM) 
N.D. 

59 D66 

 

1,1'-Difluoro-2,2'-
bipyridinium 

bis(tetrafluorobor
ate) 

No inhibition 
(up to  

1,250 µM) 
N.D. 

60 D67 

 
1-(2,2,2-

Trifluoroacetyl)-
3-(2-

(trifluoromethyl) 
phenyl)urea 

No inhibition 
(up to  

1,250 µM) 
N.D. 
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61 D68 

 
2-Acetylamino-3-

amino-1H-
isoindolium; 

chloride 

discontinued - 

62 D69 

 
10-

methylacridinium 
methyl sulfate 

No inhibition 
(up to  

1,250 µM) 
N.D. 

63 D70 

 

2,2'-DIPYRIDYL 
N,N'-DIOXIDE 

No inhibition 
(up to  

1, 250 µM) 
N.D. 

64 D71 

 N-(2-Acetyl-
phenyl)-2-fluoro-
benzamide (2'-

acetyl-2-
fluorobenzanilide) 

No inhibition 
(up to  

1,250 µM) 
N.D. 

65 D72 

 
Toluene-4-

sulfonate; 8-
hydroxy-1,4-

dimethyl-
quinolinium 

No inhibition 
(up to  

1,250 µM) 
N.D. 

66 D73 

 
3-Chloro-N-(2-
trifluoromethyl-

phenyl)-
benzamide 

No inhibition 
(up to  

1,250 µM) 
N.D. 

67 D74 

 
1-[2-(4-Bromo-
phenyl)-2-oxo-

ethyl]-
quinolinium; 

bromide 

No inhibition 
(up to  

1,250 µM) 
N.D. 

68 D75 

 
1-(2-Oxo-2-p-
tolyl-ethyl)-
quinolinium; 

bromide 

No inhibition 
(up to  

1,250 µM) 
N.D. 

N
+S
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O

O

O

N

O

O

F



 

69 D76 

70 D77 

71 D78 

72 D79 

73 D80 

74 D81 

N

O

O
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1-Methyl-3-
(phenyl-

hydrazono)-1,3-
dihydro-indol-2-

one 

No inhibition 
(up to  

1,250 µM)

 
5-Ethyl-2-methyl-

1-phenethyl-
pyridinium; 

bromide 

discontinued

 
(4-Methoxy-

phenyl)-carbamic 
acid; 2-benzoyl-4-

chloro-phenyl 
ester (2-benzoyl-
4-chlorophenyl)-

N-(4-
methoxyphenyl)ca

rbamate 

No inhibition 
(up to  

1,250 µM)

 
Carboxy-chloro-

methanesulfonate; 
2-methyl-4,6-

diphenyl-
pyranylium 

No inhibition 
(up to  

1,250 µM)

 

Diminazene 
aceturate 

No inhibition 
(up to  

250 µM) 

 

2-Aceto-
phenothiazine 

No inhibition 
(up to  

1,250 µM)

O

O

Cl

O

No inhibition 

) 
N.D. 

discontinued - 

No inhibition 

) 
N.D. 

No inhibition 

) 
N.D. 

No inhibition 

 
N.D. 

No inhibition 

) 
N.D. 



 

75 D82 

76 D83 

a Half maximal inhibitory concentration (IC

induced dimer maturation determined by native gel shift 

incubated at 55 oC for 2 h

required to block NCp7-

with 2:2 SL1 RNA (folded 

c N.D., not determined. 

  

2.3.2 Experimental screening 

SL1 RNA dimer matura

The KD and ED differ in stability and 

ED by incubation at 55 oC or 

gel shift assay to distinguish these

electrophoresis. The KD requires Mg

therefore, in the TBE buffer 

apart and appears as a monomer band

29 

 

Chloropromazine 
hydrocholoride 

No inhibition 
(up to  

1,250 µM)

 

Acetopromazine 
No inhibition 

(up to  
1,250 µM)

Half maximal inhibitory concentration (IC50) of compound required to block heat

induced dimer maturation determined by native gel shift assay with 2.5 

for 2 h. b Half maximal inhibitory concentration (IC

-induced dimer maturation determined by native gel shift

folded as KD):NCp7 complex incubated at room temperature for 2 h.

Experimental screening for small molecule inhibitors 

SL1 RNA dimer maturation 

differ in stability and the KD can be converted to the more stable 

C or in the presence the NCp7 protein at room temperature. 

ssay to distinguish these dimers is based on the dependence of Mg

requires Mg+2 ions during gel electrophoresis to stay as a dimer; 

buffer which contains EDTA, a chelator for Mg+2 ions, the 

apart and appears as a monomer band (Figure 2-2a, left panel) while stays as a dimer in 

No inhibition 

) 
N.D. 

No inhibition 

) 
N.D. 

) of compound required to block heat-

with 2.5 µM SL1-wt KD 

maximal inhibitory concentration (IC50) of compound 

induced dimer maturation determined by native gel shift assay 

:NCp7 complex incubated at room temperature for 2 h. 

small molecule inhibitors targeting 

converted to the more stable 

he NCp7 protein at room temperature. The 

the dependence of Mg+2 ions during 

ions during gel electrophoresis to stay as a dimer; 

ions, the KD falls 

while stays as a dimer in 
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the TBM buffer which contains Mg+2 ions (Figure 2-2a, right panel). The more stable ED 

does not required Mg+2 ions to stay as a dimer during electrophoresis and always appears 

as a dimer band in either buffer (Figure 2-2a). By performing gel electrophoresis in the 

TBE buffer, we can easily distinguish these two dimers. 

We first tested the potential leads on their ability to block heat-induced dimer 

maturation by incubating the RNA - small molecule complexes at 55 oC for 2 hours and 

subsequently performed the gel shift assay in the TBE buffer to analyze the resulting 

dimer composition. If the small molecule were indeed an inhibitor, then we expect a 

decrease in extended dimer formation after 55 oC incubation or a decrease in intensity of 

the dimer band (i.e. ED) compared to the RNA-only control (Figure 2-2b). The IC50 

values, defined as the maximal concentration of the small molecule inhibitor where 50% 

of the heat-induced maturation is blocked, are reported in Table 2-1. Two strong 

inhibitors, bekanamycin (D2) and tobramycin (D4) with an IC50 ~10 µM (Table 2-1 and 

Figure 2-2b), and a weaker inhibitor, paramomycin (D47) with an IC50 ~1.25 mM (Table 

2-1), were identified. To demonstrate that the native gel shift assay in TBE buffer can be 

utilized in our experimental ligand screening, we compared the results of the inhibitors, 

D2 and D4, and one of the non-inhibitors, kanamycin (D3), as negative control, in Figure 

2-2b. Two different ratios of KD - small molecule complexes are shown in Figure 2-2, a 

1:5 complex (left panel) and a 1:10 complex (right panel). D2 and D4 clearly exhibit 

inhibition in heat-induced maturation, even in the 1:5 complex (with 12.5 µM of 

compound), demonstrated by increasing intensity of the monomer band (i.e., KD) and the 

lack of dimer band (i.e., ED), as compared to the RNA-only control. However, D3, a non-

inhibitor, does not block heat-induced dimer maturation, even at 25 µM (in 1:10 
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complex), as demonstrated by identical extent of dimer conversion as the RNA-only 

control. This demonstrates our gel shift assay can be utilized to distinguish inhibitors 

from non-inhibitors during experimental screening for inhibitors of dimer maturation 

induced by heat.  

We subsequently tested D2 and D4 for their ability to inhibit NCp7-induced dimer 

maturation at room temperature using the gel shift assay in the TBE buffer. The IC50, 

defined as the maximal concentration required to block 50% of NCp7-induced dimer 

maturation, were measured ~125 µM (Figure 2-2c for D2 and Table 2-1). As a 

demonstration that our gel shift assay is equally applicable to distinguish inhibitors from 

non-inhibitors for NCp7-induced dimer maturation, we included the result for D3 as a 

negative control. As seen in Figure 2-2c (left panel, lanes #4-8), D2 clearly inhibits 

NCp7-mediated maturation shown by the increased intensity of monomer band (i.e., KD) 

in correlation with inhibitor concentration, compared to the RNA:NCp7 control (2:0:2 

RNA:D2:NCp7, lane #3). Because D2 is an aminoglycoside that is highly charged, it is 

not surprising to find it binds nonspecifically to the RNA at higher concentrations starting 

at 250 µM (Figure 2-2c, left panel, lane #6). The non-inhibitor D3 does not block NCp7-

induced dimer maturation, demonstrated by the identical extent of dimer conversion as 

the control (compare Figure 2-2c, right panel, lane #4-8 with lane #3)  
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Figure 2-2. Native gel shift assay to detect inhibitors of heat- and NCp7- induced SL1 

RNA dimer maturation 
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a) The metastable kissing dimer (KD) requires Mg+2 ions to stay as a dimer during native 

gel electrophoresis and dissociates when EDTA, a Mg+2 ion chelator, is present, such as 

in the case in the TBE buffer; however, when Mg+2 ions are present, as in the TBM 

buffer, it stays as a dimer. The more stable extended dimer (ED) does not require Mg+2 

ions to stay as a dimer in either buffer. The dimers can be easily distinguished during 

native gel electrophoresis in the TBE buffer. ‘D’ and ‘M’ indicate the dimer and 

monomer bands, respectively, during gel electrophoresis. b) Screening scheme for heat-

induced (55 oC) maturation inhibitors and results of 1:5 and 1:10 KD:small molecule 

complexes, with 2.5 µM KD. Bekanamycin (D2) and tobramycin (D4) are inhibitors of 

heat-induced maturation (see lanes labeled ‘55 oC’) and show increasing monomer band 

(i.e., KD) in correlation with inhibitor concentrations. As a negative control, a non-

inhibitor, kanamycin (D3), is included and shows no inhibitory effect on dimer 

maturation and the intensity of the dimer band (i.e., ED) remain the same comparing the 

complexes and RNA alone. c) Screening scheme for NCp7-induced maturation inhibitor 

and results for D2 (inhibitor) and D3 (non-inhibitor). D2 inhibits NCp7-mediated 

maturation as shown by increasing intensity of the monomer band (i.e., KD). D3 is a non-

inhibitor and therefore the intensity of the dimer (i.e., ED) band is the same regardless of 

concentration of D3 added. Lanes from left to right are: KD, ED, 2:0:2 

(RNA:compound:NCp7), 2:10:2, 2:50:2, 2:100:2, 2:200:2, 2:600:2, with respect to 5 µM 

RNA strand concentration.  
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2.3.3 Binding specificity of inhibitors to SL1 RNA investigated with 

NMR  

We utilized the 2-dimensional (2D) homonuclear total correlation spectroscopy 

(TOCSY) NMR experiment to map the inhibitor binding site on the SL1-wt RNA to 

determine the specificity of binding. A pair of protons scalar-coupled via chemical bonds 

shows a correlation cross peak whose chemical shifts corresponds to each of the paired 

protons in the TOCSY spectra. In nucleic acids, particularly in RNA, the H5 and H6 

protons on the pyrimidines, i.e., cytosine and uracil, are scalar-coupled with chemical 

bonds and exhibit a cross peak whose position corresponds to the chemical shifts of the 

corresponding H5 and H6 protons – the H5 in one dimension and the H6 in the other. For 

those pyrimidines that are in the binding site or in close proximity, the chemical 

environment of the H5 and H6 protons changes upon binding, resulting in perturbation of 

the TOCSY signals. The binding of bekanamycin does not seem to affect only the kissing 

loop interface, as TOCSY signals from many more distance residues are affected as well, 

e.g., C3 in the G-rich internal loop, in the 2:1 RNA:D2 complex (Figure 2-3).  
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Figure 2-3. Monitor binding specificity of bekanamycin with 2D TOCSY NMR 

experiment. 

 

Overlay of 2D TOCSY spectra of SL1- wt KD alone (red) and of a 2:1 RNA:D2 complex 

(blue), acquired at room temperature, to determine inhibitor binding specificity. 
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2.4 Discussion 

Because of the correlation between NCp7-induced HIV-1 genomic dimer 

maturation and viral infectivity, we performed computational docking to the high-

resolution NMR structure of the SL1-∆ kissing dimer (20) (PDB code 1BAU), hoping to 

discover potential inhibitors that can block this process. A library of ~200,000 

compounds in the ACD was docked to the kissing dimer and evaluated for their 

electrostatic and shape complementarity to the kissing loop interface. From the resulting 

ranked list of compounds, 73 compounds were chosen to be tested experimentally. In this 

list of compounds, 2 were insoluble in both water and DMSO, and 5 were discontinued 

from Sigma-Aldrich and therefore could not be purchased. In addition, 3 known bacterial 

A-site ribosomal RNA binders (indexed 74-76) were included in experimental testing 

because of the discovery of structural similarity between this RNA and the SL1 kissing 

dimer (34). A final of 69 compounds were tested and result listed in Table 2-1. The in 

vitro gel shift assay we utilized to test potential leads is based on the Mg+2-dependence of 

the dimers during electrophoresis. The metastable KD requires Mg+2 ions to stay as a 

dimer during electrophoresis and dissociate with each strand running on the gel as a 

monomer band when Mg+2 ions are absent, such as in the presence of TBE buffer, with 

EDTA being a Mg+2 ions chelator (Figure 2-2a). On the contrary, the more stable ED 

does not require Mg+2 ions to stay as a dimer during electrophoresis and runs as a dimer 

band even in the absence of Mg+2 ions (Figure 2-2a). By performing electrophoresis in 

the TBE buffer, we can easily distinguish these dimers, and electrophoresis in the TBM 

buffer confirms that the dimer of KD was present before addition of EDTA.  
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We first tested our potential leads on their ability to block heat-induced dimer 

maturation and measured the IC50 value, defined as the maximal concentration required 

to block 50% of dimer maturation. Two stronger inhibitors (IC50 ~10 µM), bekanamycin 

(D2) and tobramycin (D4), and one weak inhibitor (IC50 ~1.25 mM), paramomycin (D47) 

were identified by screening (Table 2-1 and Figure 2-2b). Furthermore, D2 and D4 were 

also shown to inhibit NCp7-mediate dimer maturation (IC50 ~125 µM; Figure 2-2c). 

However, 2D TOCSY NMR spectra showed that the binding of D2 was not specific to 

the kissing loop interface (Figure 2-3). It is not surprising to find D2 binding non-

specifically to the RNA because aminoglycosides are highly charged compounds. We 

also observed non-specific binding to the RNA in the gel shift assay as D2 concentration 

exceeding 250 µM (lanes #7 and #8 in left panel in Figure 2-2c). 

Aminoglycoside binding to the SL1 kissing dimer has been reported by Ennifar et 

al (34) because of the sequence and structural motif similarity to the bacterial A-site 

ribosomal RNA; however this similarity is limited to only the subtype-A and subtype-F 

variants of the HIV-1 virus (Figure 2-4b) and not to the subtype-B variant used for our 

study (Figure 2-4a). In particular, the A278-U275* (asterisk denotes it is cross-strand) base 

pair in the subtype-A and –F variants that is essential for aminoglycoside binding is 

substituted with the G278-C275* base pair in the subtype-B variant and therefore, only the 

subtype-A and –F variants were predicted to bind aminoglycoside. In addition, not all 

aminoglycosides bind to the dimer initiation site of subtype-A and –F variants; only 

neomycin and paromomycin have been reported to bind as shown by gel shift, inhibition 

of lead-induced strand cleavage, and footprinting experiments. Subsequently, crystal 

structures of these compounds with the RNA have been solved, demonstrating that the 
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binding is specific and in a similar fashion as binding to the bacterial A-site ribosomal 

RNA (34). In contrast to their report that no aminoglycoside binds to the subtype B 

kissing dimer, we found both bekanamycin (D2) and tobramycin (D4) bind and inhibit 

heat- and NCp7-induced dimer maturation with an IC50 value ~10 µM and ~ 125 µM, 

respectively, in addition to a weaker inhibitor, paramomycin (D47) (IC50 ~1.25 mM for 

heat-induced maturation). Interestingly, kanamycin (D3), whose structure is quite similar 

to D2, does not show any inhibitory effect on maturation. Structural comparison of these 

compounds reveals that the amino group in Ring (I) in D2 and D4, which has been 

substituted with an hydroxyl group in D3 (see Figure 2-4c), may play an important role in 

RNA binding; in addition, D3 has different stereochemistry in the arrangement of the 

rings compared to D2 and D4 suggesting binding may be stereospecific. It has been 

shown that binding of neomycin to the subtype-A kissing dimer stabilizes the melting 

temperature by >20 oC (55 oC for 1 µM RNA alone versus 79 oC with 5 µM neomycin) 

determined from UV melting experiments (34). This is consistent with our hypothesis 

that aminoglycoside binding stabilizes the kissing dimer interface and subsequently 

inhibits both heat-induced and NCp7-induced dimer conversion. Although paramomycin 

can bind to both subtype-A and -F (34) and to subtype-B HIV kissing interfaces (based 

on the current study), the affinity for the subtype-B has decreased ~20-fold compared to 

other variants, implying the RNA sequence is an important determinant for the type and 

size of the small molecules that are able to interact. Along this line, we also tested a few 

phenothiazine derivatives (D81-83) that have been shown to bind to the bacterial A-site 

(35), but none of these compounds were able to inhibit heat-induced dimer maturation of 

the SL1 kissing dimer.  
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Figure 2-4. Comparison of nucleotide sequences between HIV-1 SL1 and bacterial A-site 

RNA and various structures of aminoglycosides 

 

a) Sequence comparison of HIV-1 subtype-A, -B, and –F variant with residues in 

variation highlighted in red, b) sequence comparison of the HIV-1 subtype-A and –F 

variants to the bacterial A-site ribosomal RNA with residues essential for antibiotic 

binding highlighted in red, c) structural comparison of bekanamycin (D2), kanamycin 
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(D3), and tobramycin (D4). The amino group in Ring (I) present in D2 and D4, 

substituted to a hydroxyl group in D3, that may play important role for RNA binding is 

boxed. The difference between D2 and D4 is circled (a hydroxyl group in D2 has been 

substituted by a hydrogen in D4).  

 

Although we have identified inhibitors that are shown to inhibit heat- and NCp7-

induced dimer maturation with a gel shift assay, the affinity and specificity of these 

compounds are not superb. In addition, these compounds are aminoglycosides that are 

highly charged with the driving force for binding being the rather non-specific 

electrostatic interactions with the negatively charged RNA. However, in the virtual 

docking and subsequent experimental assay, we discovered a small molecule binder that 

is not in the antibiotic class, Lys-Ala-7-amido-4-methylcoumarin (KA-AMC), unique in 

its ability to facilitate dimer maturation at room temperature in apparently the same 

fashion as the NCp7 protein. In the following few chapters, we discuss the structure-

activity relationship of the activator (Chapter 3) and characterization of its interaction 

with SL1 RNA (Chapters 4 and 5).  
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Chapter 3  
 
 
 
The discovery of a small molecule 
activator, Lys-Ala-7-amido-4-
methylcoumarin, that facilitates HIV-1 
dimer maturation and studies of its 
structure activity relationship 
 
 
 
3.1 Introduction 

During experimental screening of potential leads that could block HIV-1 RNA 

dimer maturation (presented in Chapter 2), we discovered one small molecule, Lys-Ala-

7-amido-4-methylcoumarin (KA-AMC, 1, Table 3.1), that activated maturation instead. 

That is, KA-AMC induced maturation of a short SL1 transcript at room temperature in 

vitro apparently in a fashion to that of the HIV-1 nucleocpasid protein (NCp7), as will 

become clear later in this chapter. Although NCp7 has been identified as the RNA 

chaperone required to facilitate dimer maturation, the exact mechanism of maturation 
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remains unclear. Therefore, upon initiation of this study it appeared that KA-AMC may 

serve as a simplified system to study NCp7-mediated maturation, and it may serve as a 

starting point for structure-based design of inhibitors that block this process or activators 

that prematurely cause mature dimer formation while still in the cytoplasm rather than the 

budding virion.  

The unexpected discovery of an activator gives rise to some questions: among 

them, what features of the activator promote maturation, and are there other small 

molecules, exogenous or endogenous, that might similarly potentiate retroviral activity. 

We decided to investigate first features of activator, leading to the present chapter 

describing the structure-activity relationship (SAR) of KA-AMC. Such a study enables us 

to identify the types of compounds that might facilitate the activation, but perhaps more 

importantly it was our intent to optimize the activator for subsequent studies to test 

activity in vivo and to investigate how these coumarin derivatives potentiate maturation. 

3.2 Material and Methods 

3.2.1 RNA synthesis 

The SL1 RNA oligonucleotide with the wild-type sequence (SL1-wt) (Figure 

2-1a) was synthesized as previously described in Section 2.2.1.  

3.2.2 RNA sample preparation and dimerization assay 

The method of preparing both SL1-wt dimers was previously described in Section 

2.2.2. The assay to monitor dimer maturation based on Mg+2-dependence of the dimers 

during electrophoresis has been previously described in Section 2.2.2 and demonstrated 

in Figure 3-5a. In brief, the metastable kissing dimer requires Mg+2 ion during 
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electrophoresis and dissociates into monomers in buffer containing EDTA, a chelator of 

Mg+2 ions, such as in the 1X Tris-Borate-EDTA (TBE) buffer, while stays as a dimer in 

buffer containing Mg+2 ions, such as in the 1X Tris-Borate-MgCl2 (TBM) buffer. The 

more stable extended dimer does not require Mg+2 ions to stay as a dimer and exhibit a 

dimer band during electrophoresis. By performing electrophoresis in TBE buffer, one can 

easily distinguish dimer forms.  

3.2.3 Native polyacrylmaide gel electrophoresis 

Native polyacrylmaide gel electrophoresis (PAGE) experiments were performed 

as described in Section 2.2.3.  

3.2.4 Construction of SAR library 

Chemicals (see Table 3-1) were purchased as indicated: 1, 1a, 1b, 3, 6 (Sigma), 5 

(Bachem), 2, 4, 10 (Chem Impex), and those found using the AMC base as a substructure 

in the Available Chemicals Directory (ACD) were 7-amino-coumarin 7a (Toronto 

Research Chemicals), 6-amino-coumarin 8a (VWR), 3-amino-coumarin 9a, and 7-amino-

4-methyl-quinolin-2-one 11a (Sigma). Preparative TLC plates were purchased from 

Analtech (Silica Gel GF, 1000 µm). Flash column chromatography was performed using 

silica gel (Merck, 230-400 mesh).  

Compounds 7, 8, and 11 were synthesized by coupling Boc-Arg(Boc)2-OH 

(Bachem) with the corresponding amine using the Boc anhydride method according to 

Scheme 3-1. Generally, (Boc)-Arg-(Boc)2-OH was activated by reacting with 1.1 

equivalent of Boc anhydride (Aldrich) in pyridine under argon for 1 hour at room 

temperature. The resulting mixed anhydride was then reacted with 1 equivalent of amine 

for 24-72 hours at room temperature. The reaction mixture was extracted with ethyl 
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acetate (EtOAc). The extract was washed with 5% citric acid, saturated NaHCO3, 

saturated NaCl, and dried over Na2SO4. Solvent was removed by evaporation, and the 

residue was purified by preparative thin-layer-chromatography (CHCl3/MeOH, 10/1) to 

give compounds 7b, 8b, and 11b. Boc groups in compounds 7b, 8b, and 11b were 

removed by 30% trifluoroacetic acid (TFA) in dichloromethane (DCM) at room 

temperature for 18 hours. After evaporation of solvents, the residue was dried under 

vacuum to give the target compounds 7, 8, and 11.  

Compound 9 was synthesized by coupling Boc-Arg(Boc)2-OH with the 

corresponding amine using phosphoryl chloride (POCl3). Under argon, (Boc)-Arg-

(Boc)2-OH and 1 equivalent 9a were mixed together in pyridine then chilled to –15 ºC. 

To the solution was added 2 equivalent of POCl3 (Sigma), and the reaction was continued 

for 1 hr at –15 ºC. The reaction was quenched by adding H2O and extracted with EtOAc. 

The organic phase was washed with 5% citric acid, saturated NaHCO3, saturated NaCl, 

and dried over Na2SO4. Solvent was removed by evaporation, and the residue was 

purified by flash column chromatography (Hexane/EtOAc, 10/3) to give compound 9b. 

The Boc groups in 9b were removed as before to give the target compound 9. 
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SCHEME 3-1. Synthesis of arginine-conjugated aminocoumarins and 7-amino-4-methyl-

quinoline-2-one. 

 

Reagents and conditions: (i) For compound 7, 8, 11: Boc-Arg(Boc)2-OH, Boc2O, 

pyridine, 1-3 d, rt; For compound 9: Boc-Arg(Boc)2-OH, POCl3, pyridine,1 hr, -15 ºC, 

(ii) 30% TFA, DCM, 18 hrs, rt. 

[ 

The identity and purity of all intermediates and final products were confirmed by 

1H NMR (600 MHz Varian) and LC-MS (ESI+, Waters). One-dimensional 1H spectra of 

final products 7, 8, 9, and 11 are shown in Figure 3-1 to 3-4, respectively, with proton 

assignments and integration values.  
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Figure 3-1. 1D 1H NMR spectrum of Arg-7-amido-coumarin 
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Figure 3-2. 1D 1H NMR spectrum of Arg-6-amido-coumarin 
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Figure 3-3. 1D 1H NMR spectrum of Arg-3-amido-coumarin 
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Figure 3-4. 1D 1H NMR spectrum of Arg-7-amido-4-methyl-2-hydroquinoline. 

 

 



50 
 

3.2.5 Small molecule-mediated dimer maturation 

For each compound in the SAR study, various concentrations of the compound 

were added to 2.5 µM kissing dimer, i.e., 5 µM RNA, and incubated at room temperature 

for 2 hours. In the meantime, two aliquots of the same kissing dimer were incubated at  

25 oC or at 55 oC, the higher temperature to fold into the ED form, to serve as internal 

controls of 0% and 100% conversion, respectively. Immediately after the incubation 

period, loading dye containing bromphenol blue was added to each sample which was run 

on a 10% native TBE gel at 150 volts until the dye reached the bottom. The bands were 

visualized after staining with ethidium bromide under UV light. To demonstrate that the 

dimer band does indeed come from ED and not from KD stabilized by the ligand, some 

samples were removed prior to gel electrophoresis, and the activator washed out by being 

diluted with excess dimerization buffer five times, transferred to a centrifugal filter 

device (Amicon, 3,000 MWCO) and centrifuged at 3,000 rpm for 45 min. All AMC 

derivatives in our studies have a unique absorbance at 325 nm; the UV absorbance at 325 

nm (A325) of the filtrate was monitored after each wash to detect any remaining activator 

present in the retentate. 

3.2.6 Binding model derivation 

For a receptor (R) with n binding sites, the reversible equilibrium for ligand (L) 

binding can be expressed as  

R + nL  RLn    Equation 3-1 

with the association equilibrium constant (Ka) assuming all binding sites are equal. 

n
n

a
LR

RL
K

]][[

][
=     Equation 3-2 



51 
 

Rearrangement of Eq. 3-2 gives an expression for the bound receptor (RLn) 

n
an LRKRL ]][[][ =     Equation 3-3 

The fraction of bound receptor (θ ) can be expressed as 

][][

][

RRL

RL

n

n

+
=θ    Equation 3-4 

Substituting Eq. 3-3 in Eq. 3-4 gives: 

1][

][

][]][[

]][[

+
=

+
=

n
a

n
a

n
a

n
a

LK

LK

RLRK

LRK
θ    Equation 3-5 

In our scenario of activator-mediated dimer conversion, we can only monitor the dimer 

conversion in the gel-shift assay and not the true RNA-activator binding equilibrium; 

therefore, θ  represents the fraction of ED. Additionally, in the situation where the 

activator concentration at which half of the kissing dimer has been converted to the 

extended dimer, defined as [EC50], we can substitute [EC50] for [L] and θ  = 0.5 into Eq. 

3-5 and after rearrangement, we find  

na EC
K

][

1

50

=     Equation 3-6 

Substituting Eq. 3-6 into Eq. 3-5, noting θ  represents the fraction of extended dimer in 

the reaction,  

Fraction ED 

n

n

n

n

n

n

n

n

n

n

L

EC

L

EC

L

EC

EC

L

EC
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1

1

][

][

][

][

1
][
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5050

50

50

50

+

=•

+

=   Equation 3-7 

To ease curve fitting, we express 
n

n

L

EC

][

][ 50  logarithmically and obtain the final expression 
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Fraction ED = 
( )]))log([])(log([ 50101

1
LECn −+

   Equation 3-8 

where n = Hill slope, [EC50] = effective concentration (M) at 50% maturation, and [L] = 

activator concentration (M). 

3.2.7 SAR evaluation 

Native gel shift assay of dimer maturation for each compound was performed in 

duplicates. The intensities of the monomer (i.e., KD) and dimer (i.e., ED) bands were 

quantified with the Quantity-One software supplied with Gel-Doc gel imager (Bio-Rad 

Laboratory). The percentage conversion of all samples were normalized based on the 

amount of residual of extended dimer and kissing dimer present in the kissing and 

extended dimer controls, respectively. The fraction of ED was calculated by taking the 

ratio of pixels after the correction of the dimer band to those of both bands. The averaged 

fraction ED were fitted with Eq. 3-8 using KaleidaGraph to calculate [EC50] for each 

compound: 

The standard deviation s was calculated via Eq. 3-9 using the STDEV function in 

Microsoft Excel software: 

( )
1

2

−

−
=

∑
N

xx
s     Equation 3-9 

where x = sample measurement, x = average measurement, and N = number of sample 

measurements (e.g., N = 2 for duplicates). 

The standard error was calculated with Eq. 3-10 and plotted as the y-error bars in 

Figures 3.3-3.6. 
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N

s
se =     Equation 3-10 

 

where se = standard error, s = standard deviation, and N = number of sample 

measurements. 

3.2.8 Binding epitope of KA-AMC identified by 1D saturation transfer 

difference NMR experiment 

A 10 µM SL1-wt RNA solution was folded into the kissing dimer as described 

above, except all solutions were deuterated. Various concentrations of compound (50 

µM, 100 µM, and 200 µM final concentrations) were added to the RNA solution. The 

NMR spectra were acquired with a Varian Inova 600 MHz NMR spectrometer at 25 oC. 

Saturation transfer difference (STD) NMR spectra were acquired by internal subtraction 

via phase cycling (36). On-resonance radiation was set to 5.5 ppm. Presaturation of RNA 

resonances was achieved by an appropriate number of band-selective G4 Gaussian 

cascade pulses to give a saturation time of 2 s. Assignments of proton resonances of 

AMC and KA-AMC alone in solution was based on chemical shifts, J-coupling patterns 

and integrated signal intensities. Assignments of KA-AMC protons in RNA complexes 

additionally relied on 2D TOCSY NMR spectra (not shown) aided by incremental 

titration of the RNA with the ligand. 
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3.3 Results 

3.3.1 Identification of small molecule activator of HIV-1 dimer 

maturation 

Molecular docking against the Available Chemicals Directory (ACD), gave a 

ranked list of small organic compounds predicted to bind to the high-resolution structure 

of the HIV-1 kissing dimer complex. From the top 1,000 ranked compounds, we picked 

an initial list of 73 compounds to test experimentally. Criteria for the selection included 

molecular weight (generally less than 500 daltons), expected solubility in neutral aqueous 

buffers, and price. The native gel shift assay based on Mg+2 ion dependence of the 

dimers, as described above, was utilized for screening. The metastable KD requires Mg+2 

ions to remain as a dimer during electrophoresis while the more stable ED does not. 

Therefore, the KD runs as a monomer band while the ED runs as a dimer band in the 

absence of Mg+2 ions, such as in a native TBE gel (Figure 3-5a), and can be easily 

distinguished. A few inhibitors were identified (Chapter 2), but more interesting was the 

appearance of a small molecule activator, KA-AMC, that facilitates dimer maturation 

(Figure 3-5b, left panel). The KD, shown as a faster migrating monomer band in the TBE 

gel, is stable at room temperature (Figure 3-5b, lane #1 in left panel) and in order to 

refold into the extended dimer, it requires a RNA chaperone, such as NCp7, or heat to 

overcome the activation energy barrier. KA-AMC facilitates the dimer maturation much 

in the manner of a RNA chaperone, evident by the increasing amount of extended dimer, 

shown as the slower migrating dimer band in TBE gel, correlated with increasing KA-

AMC concentration (Figure 3-5b, lanes #2-4 in the left panel and compare with NCp7-

mediated maturation in the right panel). The dimer band present in the TBE gel is not due 
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to a stabilized kissing dimer–small molecule complex, but originates from conversion to 

extended dimer: these dimer bands in the TBE gel persist even after the activator has 

been washed out (Figure 3-5c, lanes #6, #8, and #10). 
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Figure 3-5. Native gel shift assay to monitor SL1-wt RNA dimer maturation 

 

(a) The metastable KD dissociates when no Mg+2 ions are present. Therefore, it runs as a 

dimer (marked by “D”) in a TBM (Tris-Borate-MgCl2) gel, but it dissociates into 

monomers (marked by “M”) in a TBE (Tris-Borate-EDTA) gel.  The more stable 
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extended dimer (ED) does not require Mg+2 and runs as a dimer in either gel. (b) Native 

TBE gel showing KA-AMC mediates SL1 dimer maturation (left panel). Kissing dimer is 

stable at room temperature (lane #1, marked by “M”). KA-AMC facilitates SL1 dimer 

maturation at room temperature as evident by an elevated proportion of extended dimer 

(marked by “D”) with increased concentration of KA-AMC (lanes #2-4, with 125 µM, 

250 µM, 500 µM, 1,250 µM KA-AMC, respectively). Native TBE gel showing NCp7-

mediated dimer maturation (Figure adapted from (23). (c) The dimer band present in gel 

is due to the ED formed and not a stabilized KD-small molecule complex. The dimer 

band in the sample persists even after washing with excess buffer. There are 5 pairs of 

samples in the TBE gel (lanes #1-2, #3-4, #5-6, #7-8, #9-10) and only the even-numbered 

sample of the pair has been washed with excess buffer. From left to right, the five pairs 

correspond to KD, ED, KD with 37.5 µM, 75 µM, and 150 µM RR-AMC, respectively. 

 

The following sections explore in detail the impact on activation of dimer 

maturation with variations of the originally identified KA-AMC structure.  Derivatives 

were compared based on the Effective Concentration at 50% activation (EC50), namely 

the concentration of the small molecule activator required for 50% dimer maturation.   

 

3.3.2 Structure-activity relationship of the small molecule activation of 

dimer maturation 

Lys-Ala and AMC must be covalently linked for activation. KA-AMC (1 in Table 

3-1) can be divided into two segments: the bicyclic aromatic AMC base (1a) and the 
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positively charged KA dipeptide (1b). We observe that 1a must be covalently linked to 

1b for activity. A 1:1 mixture of each segment or each segment alone shows no activity 

(Table 3-1). It is evident that both segments behave synergistically to initiate binding and 

activation.    

 
Table 3-1. Dimer maturation activity of small moleculesa 

 # Name 
EC50, 

µM 

 

1 

Lys-Ala-7-

amido-4-

methyl-

coumarin 

540-

600  

 

1a 

7-amino-4-

methyl-

coumarin 

NDb 

 

1b 
Lys-Ala 

dipeptide 
ND 

 

 
1:1 mixture 

of 1a and 1b 
ND + 



59 
 

 

2 

Lys-7-

amido-4-

methyl-

coumarin 

560-

610  

 

3 

Arg-7-

amido-4-

methyl-

coumarin 

310-

320 

 

4 

Arg-Gln 

Arg-Arg-7-

amido-4-

methyl-

coumarin 

50-53  

 

5 

Arg-Arg-7-

amido-4-

methyl-

coumarin 

100-

110  

 

6 

Ala-7-

amido-4-

methy-

coumarin 

1,600-

1,700  

 

7 

Arg-7-

amido-

coumarin 

500-

540  

 

8 

Arg-6-

amido-

coumarin 

610-

640  
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9 

Arg-3-

amido-

coumarin 

1,400-

1,500  

 

10 

Arg-7-

amido-β-

naphthalene 

720-

760  

 

11 

Arg-7-

amido-4-

methyl-2-

hydro-

xyquinoline 

790-

940  

a Effective concentration of KA-AMC derivatives to promote 50% dimer maturation 

(EC50) of the SL1-wt KD as determined by the native gel shift assay. Determined with 2.5 

µM SL1-wt KD and incubation at room temperature for 2 hours. b ND = not detected 

 

The guanidino group on Arg is preferred over the localized amino group in Lys. 

The originally discovered activator (1) has the KA dipeptide with a charge of +1 on the 7-

position of AMC. We have tested other AMC derivatives with the 7-substituent having a 

+1 charge, such as Lys-AMC (2) and Arg-AMC (3). First, we found 1 and 2 have similar 

EC50 (550 µM–600 µM; Table 3-1 and Figure 3-6), suggesting the alanine residue in the 

KA dipeptide is dispensable and the length of the carbon chain does not affect activity. 

Therefore, it seems only the positive charge is required for activity. Second, we 

investigated the chemical nature of the positive charge and found the guanidino group in 

Arg is preferred over the localized amino group in Lys by ~2-fold (EC50 ~300 µM and 

550-600 µM, respectively; Table 3-1 and Figure 3-6), although both carry a +1 charge. 
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This is possible because the guanidino group can form more hydrogen bonds with the 

RNA than the amino group.  

 

Figure 3-6. Activity comparison of +1-charged AMC analogues with differing peptide 

side chains 

 

Activity curves of KA-AMC (1) (purple diamond), K-AMC (2) (magenta triangle), and R-

AMC (3) (red square), determined by gel shift assay.  

 

The positive charge on the substituent at the 7th position of the AMC base 

enhances activity. Next, we varied the net charge of the substituent on the 7-position and 

observed a positive correlation between the number of positive charges and activity. The 

+3 charged Arg-Gln-Arg-Arg-AMC (4) is more active than the +2 charged Arg-Arg-
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AMC (5), which is in turn more active than the +1 charged Arg-AMC (3) (EC50 = 50 µM, 

100 µM, and ~300 µM, respectively; Table 3-1 and Figure 3-7). In contrast, an uncharged 

AMC derivative, such as Ala-AMC (6), has at least five-fold lower activity (EC50 = 600-

1,700 µM; Table 3-1 and Figure 3-7) compared to those with a net positive charge. Note, 

however, that we found spermidine, a compound with high positive charge, to inhibit the 

conversion from kissing dimer to extended dimer (data not shown), indicating that 

positive charge alone cannot account for the activities of these small molecule activators. 

 
Figure 3-7. Activity comparison of AMC analogues with different charges on the peptide 

side chains 
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Activity curves of compounds R-AMC (3) (purple diamond), RQRR-AMC (4) (red 

triangle), RR-AMC (5) (green square), and A-AMC (6) (magenta square), determined by 

gel shift assay. 

 

Substitution on the benzene ring in the coumarin scaffold is preferred. With the 

results listed in Table 3-1, we can compare Arg-amido-coumarin analogues to examine 

whether activation is dependent on the position of the charged substituent. For better 

activity Arg is preferred on the benzene ring, as in the case of Arg-7-amido-coumarin (7) 

or Arg-6-amido-coumarin (8) (EC50 ~500 µM and ~600 µM, respectively; Table 3-1and 

Figure 3-8), rather than the α-pyrone ring, as in the case of Arg-3-amido-coumarin (9) 

(EC50 1,400-1,500 µM; Table 3-1 and Figure 3-8). The analog with Arg on the α-pyrone 

ring has a two- to three-fold decrease in activity, implying that the activator binds to the 

RNA in a specific orientation. 
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Figure 3-8. Activity comparison of AMC analogues with varying placement of the 

positive charge on the AMC scaffold 

 

Activity curves of compounds R-7-amidocoumarin (7) (purple diamond), R-6-

amidocoumarin (8) (magenta triangle), and R-3-amidocoumarin (9) (red square), 

determined by gel shift assay. 

 

Methyl group and O1 of AMC are important for activity. In investigating the 

important features of the AMC scaffold, we removed the methyl group on the 4-position 

and substituted other bicyclic aromatic scaffolds with different hydrogen bonding 

capacities. First, removal of the methyl group decreases the activity ~2-fold if one 

compares the EC50 of 3 and 7 (~300 µM and ~500 µM, respectively; Table 3-1 and 

Figure 3-9). Second, the hydrogen bond acceptor O1 is important for activity. When we 
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compare the activity of 7 and Arg-7-amido-β-naphthalene (10) (EC50 ~500 µM and ~750 

µM, respectively; Table 3-1 and Figure 3-9), it is not surprising to observe the decrease in 

activity because the β-naphthalene ring does not have the ability to form hydrogen bonds 

that might be important for RNA-ligand interactions. Although both 10 and Arg-7-amido-

4-methyl-2-hydroxyquinoline (11) have similar EC50 values (~750 µM and ~850 µM, 

respectively; Table 3-1 and Figure 3-9), the ring system of 11 is less active than 10 when 

one takes into the account the 1.4-fold decrease in activity when removal of the methyl 

group. This implies O1 in the coumarin ring is an important hydrogen acceptor, and it is 

probably involved in RNA-ligand interaction for binding, activation or both; substitution 

of O1 with a hydrogen bond donor or even elimination of the possibility of H-bonding at 

this position results in a substantial decrease in activity.  
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Figure 3-9. Activity comparison of activators with various bicyclic aromatic scaffolds.  

 
Activity curves of compounds R-AMC (3) (purple diamond), R-7-amidocoumarin (7) 

(magenta triangle), R-7-amido-β-naphthalene (10) (green square), and R-7-amido-4-

methyl-2-hydroxyquinoline (11) (red circle), determined by gel shift assay. 

 
3.3.3 NMR study of the activator 

The 1D saturation transfer difference (STD) NMR experiment (36) was used to 

identify the binding epitope on the ligand for its interaction with SL1 RNA KD. For STD 

NMR, a selective pulse is used to irradiate a narrow spectral region (typically between 5-

6 ppm) of RNA signals, where no ligand proton resonances are present. Due to efficient 

spin diffusion in macromolecules, all RNA proton resonances can be saturated in a 

couple of seconds. When a ligand binds specifically to the RNA, magnetization is 

transferred to the ligand protons that interact with the RNA proportional to the proximity 
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to any saturated RNA protons. Due to rapid exchange between the bound and the free 

ligands in solution, the degree to which the ligand protons are saturated will still be 

manifest in the exchange-averaged signal from the ligand. In the STD spectrum, resulting 

from subtracting spectra obtained with and without the selective pulse, only those ligand 

protons that interact with the RNA exhibit signals with signal intensity corresponding to 

proximity to the RNA.  

Both KA-AMC and AMC bind to SL1-wt KD (Figure 3-10a and Figure 3-10b, 

respectively) evident by significant line broadening (shown in spectra ii) and STD effects 

(spectra iii) in the presence of RNA. Clearly, KA-AMC is affected much more than 

AMC, however. It is interesting to note that protons on the benzene ring of the AMC 

scaffold interact with RNA for both KA-AMC and AMC. For KA-AMC, aromatic 

protons and the methyl group on the AMC scaffold show a significant upfield chemical 

shift change, undoubtedly arising from ring currents due to stacking with the aromatic 

bases of the RNA. Resonances of Ala Hα and Lys Hε also manifest STD effects. 

Unfortunately, we cannot distinguish whether the signal at 1.5 ppm in the STD spectrum 

belongs to the methyl group of Ala or Hγ of Lys due to line broadening and similar 

chemical shifts. 
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Figure 3-10. Mapping binding epitope of KA-AMC and AMC with 1D STD NMR 

experiments. 
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For all NMR spectra, the compound is at a concentration of 200 µM and SL1-wt KD is at 

a concentration of 5 µM. (a) KA-AMC (i) Reference spectrum of compound alone. (ii) 

Reference spectrum of the compound with SL1-wt KD. All of the aromatic protons and 

the methyl group of the AMC base have an upfield shift (shown with dashed lines) in 

addition to line broadening. (iii) STD NMR spectrum of the compound with SL1-wt KD. 

The RNA is irradiated at 5.5 ppm. The ligand protons that manifest a STD effect (shown 

in bold in the chemical structure) include all aromatic protons and the methyl group on 

AMC base and some aliphatic protons in the Lys-Ala side chain. (b) AMC (i) Reference 

spectrum of compound alone. (ii) Reference spectrum of the compound with SL1-wt KD. 

All ligand protons are broadened slightly due to binding. Only the methyl group shows a 

significant upfield shift when binding to the RNA. (iii) STD NMR spectrum of the 

compound in the presence of SL1-wt KD. The RNA is irradiated at 5.5 ppm. Only protons 

on the benzene ring of the AMC show a STD effect (shown in bold in the chemical 

structure). 

 
3.4 Discussion 

The study reported here was motivated by the surprising discovery of a small 

molecule, KA-AMC, that activates RNA dimer maturation in vitro. As that activity is 

roughly 104 times weaker than that of the nucleocapsid protein, it was deemed important 

to optimize the activity and concomitantly to discern the features of the small molecule 

that contributed to the activity. We hypothesize that KA-AMC utilizes its positively 

charged KA dipeptide moiety not only to form non-specific electrostatic interactions with 

backbone phosphoryl groups on the RNA but also hydrogen bonds, while the AMC 
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moiety stacks with the RNA aromatic bases. This hypothesis is supported by the 

correlation that increasing positive charge enhances activation. A more positively 

charged derivative has a stronger electrostatic interaction and consequently binds to the 

RNA tighter allowing a greater fraction of the AMC moiety to be bound and activating; 

as a consequence, the overall concentration of the activator required to refold RNA is 

lower. While charge on the substituent is a big plus for activation, it is not the sole 

determinant: the nature of the positive side chain and position on the AMC ring system 

are equally important. For activity, the guanidino group of Arg is better than the localized 

amino group, although both have a net +1 charge, implying that the capacity to form 

hydrogen bonds with RNA also enhances activity. It is well known that RNA favors 

binding to the guanidino group of arginyl residues in proteins (37). The hypothesis is also 

consistent with the observation that the KA dipeptide and AMC moieties must be 

covalently bonded for activity. The positively charged side chain provides a driving force 

to bring AMC into close proximity to the RNA for further interaction. We note, however, 

that AMC alone has exceedingly weak activity and the dipeptide alone has no detectable 

activity. In contrast to some nucleic acid intercalators, which do not have such specificity, 

AMC apparently stacks with the RNA in a certain orientation inducing specific 

interactions between the small molecule and RNA. This is shown by the strong 

requirement of a hydrogen bond acceptor O1 in AMC and the optimal placement of the 

positive charge on the benzene ring in the scaffold.  

The SAR results are consistent with the NMR results. Figure 3-10 shows that 

many KA-AMC proton resonances are broadened and shifted upfield in the presence of 

the SL1-wt KD. Clearly, it is binding and stacking with aromatic rings on the RNA. The 
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AMC alone does bind very weakly, as evident by slight line broadening and at least one 

signal being shifted upfield. This observation is consistent with the notion that KA 

dipeptide and AMC base must be covalently linked for optimal activity.  

The STD NMR data (Figure 3-10) enable us to map the ligand binding epitope. 

All protons on the benzene moiety of the AMC scaffold are used for binding in KA-AMC 

and AMC (Figure 3-10a and b, part iii). This result is consistent with the finding that the 

optimal placement of the positive charge is on the benzene ring of the AMC scaffold, and 

placement of the charge on the α-pyrone ring decreases the activity by 2- to 3-fold. 

Furthermore, the methyl group of AMC, Hα of Ala and Hε of Lys show STD effects in 

KA-AMC. An additional STD signal at 1.5 ppm also arises from the side chain, but it is 

not clear whether it belongs to the methyl group of Ala (1.53 ppm in free form) or Hγ of 

Lys (1.47 ppm in the free form) of KA-AMC due to line broadening in the presence of 

RNA. It is interesting to find that the methyl group of AMC exhibits a STD effect in KA-

AMC but not in the AMC complex although there is an upfield shift in both cases. The 

importance of the methyl group is reflected in the SAR studies: removal of the methyl 

group decreases activity ~2-fold. Lastly, the STD effect of Hα supports the notion that 

AMC and KA dipeptide need to be covalently linked together for activity while the STD 

effect of Hε can be a consequence that the terminal amino group interacts with the RNA. 

Interestingly, AMC derivatives, such as RR-AMC, can bind to other stem-loop 

RNA (HIV-1 SL2 and SL3 hairpins) and RNA duplex similarly to NCp7 binding to other 

nucleic acids; however, the intermolecular interaction with the different RNA constructs 

does not appear to be the same for the different constructs, based on our NMR titration 
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data (see Chapter 5). We are currently investigating the mechanism of action of KA-

AMC in dimer maturation and how it recognizes different RNA molecules (Chapter 7). 

 

The SAR works was published in Biochemistry (2008) 47, 8148-8156. 
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Chapter 4  
 
 
 
Determination of binding affinity of small 
molecule activators on binding to various 
stem-loops in the HIV-1 psi region 
 
 
 
4.1 Introduction 

The structure-activity relationship (SAR) presented in the previous chapter 

highlighted the important features of the small molecule activator, Lys-Ala-7-amido-4-

methylcoumarin (KA-AMC), essential for its activity. In summary, we have found (i) 

Lys-Ala and AMC must be covalently linked for activation, (ii) the guanidine group on 

Arg is preferred over the localized amino group in Lys, (iii) the positive charge on the 

substituent at the seventh position of the AMC base enhances activity, (iv) substitution on 

the benzene ring rather than the α-pyrone ring in the coumarin scaffold is preferred, and 

(v) a methyl group and O1 of AMC are important for activity. We wish to expand our 

understanding to determine whether the enhancement in activity correlates with affinity 
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and also to identify chemical moieties that enhance RNA binding as the activity of KA-

AMC is roughly 104 weaker than NCp7. We utilized the intrinsic fluorescence emission 

of AMC analogs to measure dissociation constants to the SL1 RNA and its mutants. 

Fluorescence emission is sensitive to the environment and quenches in our case, when 

binding to RNA. We have identified two binding sites on the SL1 RNA, namely the 

palindromic loop and the G-rich internal loop, with NMR (see Chapter 5); and therefore 

we designed truncated mutants to represent each binding site. First, the SL1-ss (“super-

stable”) construct contains the palindromic loop and the upper stem of the wild-type 

construct with the addition of two G:C base pairs on the 5’ end to increase stem stability 

(Figure 4-1a) and serves for study of the binding affinity of the activators to the 

palindromic loop. Second, the SL1-gril (“G-rich internal loop”) construct contains the 

stem-loop-stem motif of the wild-type construct with the addition of an apical tetraloop to 

prevent RNA-RNA dimerization and the addition of a dangling G residue at the 5’ end to 

increase transcriptional yield (Figure 4-1a). The SL1-gril enables study of binding 

affinity of the activators to the G-rich internal loop. In addition, we compare the binding 

of the activator to SL1 RNA with binding other stem-loops (see Figure 4-1b), such as 

SL2 and SL3 RNA, of the HIV-1 packaging signal in determining binding specificity. As 

a final negative control, a duplex RNA (DUP) is used to estimate the level of unspecific 

binding to the stem region of a regular A-form RNA. DUP RNA is palindromic 

containing the nucleotide sequence of residues 11-17 in the SL1-wt construct with two 

additional terminal G:C base pairs to increase transcriptional yield (see Figure 4-1c).  

We chose to measure the binding affinity of a few activators in determining the 

correlation of RNA binding with (i) the chemical nature of the positive charge, (ii) the 
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number of positive charges, and (iii) the presence of the hydrogen bond acceptor or donor 

in the first position of the α-pyrone ring. 

 

Figure 4-1. Secondary structure of RNA constructs. 

 

a) Secondary structure of the 35mer RNA corresponding to the stem-loop 1 (SL1) of the 

HIV-1 packaging signal and its fragments used in this study; 2 terminal base pairs 

(shown in open characters) were reversed relative to the SL1-wt construct to increase 

transcriptional yield. The SL1-ss construct includes the palindromic loop and the upper 

stem of SL1-wt. Two G:C base pairs at the 5’ terminal were added to increase the stem 
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stability. SL1-gril consists of the stems and the G-rich internal loop of SL1-wt with an 

apical UACG tetraloop to reduce dimerization during folding and while the additional G 

residues at the 5’ end increases transcription yield. The broken box indicates residues 

from the SL1-wt construct and asterisk indicates extra and/or modified residues added to 

the SL1 fragments. b) Secondary structure of stem-loop RNA used in the study that 

represent SL2 and SL3 of the HIV-1 packaging signal. c) Secondary structure of DUP 

RNA. The DUP construct is palindromic containing the nucleotide sequence of residues 

11-17 in the SL1-wt construct with the flanking A residues 13 and 14 base paired. Two 

terminal G:C base pairs are added to increase transcriptional yield. Modified residues 

from the SL1-wt sequence are indicated by open characters. 

 

4.2 Material and Methods 

4.2.1 RNA synthesis 

All RNA oligonucleotides were prepared as previously described in Section 2.2.1. 

Typical yield for 10 ml transcription reaction for SL1-ss, SL1-gril, SL2, SL3 and DUP 

RNA was 20, 40, 40, 70, and 40 O.D., respectively. 1 O.D. unit is defined as the amount 

of oligonucleotide in a 1-ml volume that results in an optical density at 260 nm of 1 in a 

1-cm path-length cuvette.  

4.2.2 RNA sample preparation and dimerization 

SL1-wt RNA can fold as the kissing or the extended dimer depending on the 

folding procedure as previously described in Section 2.2.2. Because the SL1-ss RNA also 

contains the palindromic loop, it can fold into two different dimers similarly as the wild-

type construct; however, since SL1-ss has a more stable stem, the conversion from the 
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kissing to the extended dimer is more difficult. To fold SL1-ss RNA as the kissing dimer, 

the same protocol applied to the wild-type construct was used, with the exception of 

starting with a 4 µM RNA aliquot. SL1-gril RNA in water was lyophilized and then 

dissolved to about 10 µM in 1X dimerization buffer (10 mM potassium phosphate (pH 

7.0), 50 mM NaCl, and 0.1 mM MgCl2) and folded by heating to 90 oC for 5 minutes, 

followed by snap-cooling on ice for 30 minutes. The folded RNA samples were then 

slowly concentrated to 300-400 µM using a centrifugal concentrator (Amicon, 3,000 

MWCO). 

SL2, SL3 and DUP RNA in water were lyophilized and dissolved in 1X 

dimerization buffer to a final concentration of 300-400 µM and folded by heating to 90 

oC and slowly cooled to room temperature. SL2 and SL3 RNA constructs were shown to 

fold as a monomer previously ((38) and (39), respectively). 

4.2.3 Native polyacrylamide gel electrophoresis 

Native PAGE to check the dimerization state of samples on the basis of Mg+2-

dependence has been previously described in Section 2.2.3. In brief, the metastable 

kissing dimer requires Mg+2 ions during electrophoresis to stay as a dimer. Therefore, it 

falls apart and exhibits as a monomer band when electrophoresis is performed in 1X TBE 

buffer, with EDTA as a Mg2+ chelator, and stays as a dimer while electrophoresis is 

performed in 1X TBM buffer. The more stable extended dimer does not need Mg2+ ions 

to stay as a dimer and runs as a dimer band in either electrophoresis conditions. By 

performing native gel electrophoresis in 1X TBE buffer, we can distinguish these two 

dimer forms and check the folding state of the RNA sample.  
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SL1-gril RNA contains a UACG tetraloop to minimize RNA-RNA dimerization 

and is predicted to fold as a hairpin. Indeed, we found SL1-gril folds as a hairpin and 

migrates as a monomer band regardless of Mg+2 concentrations in both TBE and TBM 

gel electrophoresis.  

4.2.4 Dissociation constant measurement using fluorescence emission 

quenching of KA-AMC and its derivatives  

A 300 µL aliquot of 1 µM activator in 1X dimerization buffer was placed in a 

cylindrical micro-fluorescence cell (Horiba). The initial emission fluorescence of AMC 

analogs (1, 3, and 5) and 11 (numbering nomenclature of AMC analogs can be found in 

Table 3-1) were measured at 390 nm and 364 nm, respectively, with FluoroMax3 

fluorescence spectrometer with an excitation wavelength of 323 nm. Aliquots of RNA 

ranging from 300~400 µM were added to the sample for the titration. The samples were 

mixed briefly and the fluorescence measured.  

The fluorescence quenching data were fitted to Eq. 4-1 using Excel, assuming a 

1:1 stoichiometry of ligand and RNA in equilibrium:  

td

t

RK

RF
F

+

⋅∆
=∆

|| max     Equation 4-1 

where |∆F| is the change in the fluorescence intensity at the titration point in absolute 

value (i.e., |F-Fo|, where Fo is the initial fluorescence intensity before RNA addition), Rt is 

total RNA concentration, and Kd is the dissociation constant.  

Alternatively, Eq. 4-1 can be represented as a double-reciprocal plot (Eq. 4-2) by 

taking the inverse of both sides: 
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where the slope of the double-reciprocal represent Kd/|∆Fmax| and the intercept represent 

1/|∆Fmax|. The advantages of using a double-reciprocal plot are to ease curve fitting and to 

obtain a better estimate of |∆Fmax|. The dissociation constant (Kd) was estimated with Eq. 

4-2 by taking the ratio of the slope to the intercept.  

4.3 Result 

4.3.1 Design of SL1 mutants 

SL1 is predicted and shown to fold into a stem-loop structure with an apical 9 

nucleotide loop with a stem separated by a G-rich internal loop (SL1-wt in Figure 4-1) (7, 

9). Both loops are conserved among HIV-1 isolates and substitution or mutation in these 

regions strongly impairs RNA packaging and viral infectivity. We have designed two 

truncated constructs to represent these important features of SL1, namely SL1-ss (“super-

stable”) and SL1-gril (“G-rich internal loop”) (Figure 4-1). The SL1-ss construct contains 

the palindromic apical loop and the upper stem of the wild-type construct with two 

additional GC base pairs at the terminal to increase its stem ability. Increasing stem 

stability reduces dimer conversion during experiment and simplifies data analysis 

significantly. The SL1-gril construct contains the stem-loop-stem motif of the wild-type 

construct with the addition of apical UACG tetraloop. The tetraloop increases the 

construct stability and inhibits dimerization during folding, and provides a unique 

signature in NMR spectra (40). 
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4.3.2 Characterization of dimer formation with native PAGE 

SL1-wt RNA can fold into two conformations that differ in stability, namely the 

kissing and the extended dimers. These dimers can be easily distinguished based on the 

Mg+2 ions dependence during electrophoresis as previously described in Section 2.2.2 

and demonstrated in Figure 4-2 (lanes #1-3). Because the SL1-ss construct contains the 

palindromic loop, we predicted it to form two different dimers based on the folding 

condition; however, because SL1-ss has a more stable stem, it can only be converted into 

the extended dimer with slow annealing (lanes #4-6 in Figure 4-2). SL1-gril was shown 

to fold as a hairpin as shown as a monomer band regardless of magnesium concentration 

(lane #7 in Figure 4-2). 

 

Figure 4-2. Characterization of SL1 and its mutants by native gel electrophoresis. 

 

‘M’ and ‘D’ indicate the position of the monomer and dimer bands, respectively. SL1-wt 

RNA can form different dimers depending on folding conditions that differ in stability. 

The metastable kissing dimer only stays as a dimer during electrophoresis when Mg2+ 

ions are present, while the more stable extended dimer does not have this requirement. 

Both SL1-wt (lane #1) and SL1-ss (lane #4) RNA can fold as the kissing dimer, shown as 

a monomer band in TBE buffer (left panel) and as a dimer band in TBM buffer (right 

panel). After either 55 oC incubation or slow annealing from 90 oC, SL1-wt kissing dimer 
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has converted into the extended dimer (lanes #2 and #3, respectively), shown as a dimer 

band in both gels run in TBE (left panel) and TBM (right panel) buffer, while the more 

stable SL1-ss KD cannot be fully converted, shown as a mixture of monomer and dimer 

bands in TBE buffer (lanes #5 and #6, left panel). SL1-gril folds as a monomer 

regardless of Mg2+ ion concentration as seen as a monomer band in both electrophoresis 

conditions (lane #7). 

 

4.3.3 Binding affinity of KA-AMC and derivatives to various stem-loops 

of the HIV-1 psi region 

We utilized the fluorescence emission of KA-AMC and its derivatives to measure 

their binding affinity to the SL1 RNA and its mutants and also to other stem-loops in the 

HIV-1 psi region and an A-form RNA to determine binding specificity. Fluorescence 

emission intensity is sensitive to environment and changes, in our case, quenches, when 

binding to RNA. Although there are two different binding sites identified on the SL1-wt 

RNA (see Chapter 5), the titration curves could be fitted very well with a 1:1 

RNA:activator model. This anomaly could be explained by the similarity in binding 

constant values for the different sites and by the difference in how these titrations were 

performed (i.e., the RNA was in excess in the fluorescence emission quenching 

experiment and the ligand was in excess in the NMR titrations). Because excess RNA 

was present in a fluorescence emission quenching experiment, not all binding sites on the 

RNA were saturated. This, together with a similar binding constant values to the two sites 

(see below), resulted in an apparent 1:1 stoichiometry and an apparent dissociation 



82 
 

constant that would be an average between these two sites. Table 4-1 lists the dissociation 

constants of KA-AMC and its analogs binding to SL1-wt, -ss, and –gril RNA.   

 
Table 4-1. Apparent dissociation constants (Kd) of activators binding to the RNA 

Kd (µM) 

Lys-Ala-7-
amido-4-

methylcoumarin 
(1) 

Arg-7-amido-4-
methylcoumarin 

(3) 

Arg-Arg-7-
amido-4-

methylcoumarin 
(5) 

Arg-4-methyl-2-
hydroxy-
quinoline  

(11) 

SL1-wt RNA 
(in KD) 

22 5 0.6 5 

SL1-wt RNA 
(in ED) 

24 N.D. N.D. N.D. 

SL1-ss RNA 
(in KD) 

47 15 2 7 

SL1-ss RNA 
(in ED) 

48 N.D. N.D. N.D. 

SL1-gril 
RNA 

27 15 2 8 

SL2 RNA 52 N.D N.D. N.D. 
SL3 RNA 70 N.D. N.D. N.D. 
DUP RNA N.D. 85 25 80 

Determined by fluorescence emission quenching of 1 µM of 1, 3, and 5 measured at 

390nm or 1 µM of 11 measured at 364nm. N.D. not determined, KD kissing dimer, ED 

extended dimer 

 

First, KA-AMC (1) binds to the KD and the ED forms of each of the SL1-wt and 

SL1–ss construct with similar affinities (22 and 24 µM for SL1-wt and 47 and 48 µM for 

SL1-ss) indicating no discrimination between dimer forms. It is possible that 1 binds to 

the kissing dimer, converts it into the extended dimer, and stays bound. 

Second, as mentioned, 1 can bind to two different sites on the SL1-wt RNA, 

namely the 9-nt loop and the G-rich internal loop (see Chapter 5). To further investigate 
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the binding affinity of each site, we measured the binding affinity of truncated versions of 

SL1, SL1-ss and SL1-gril, which contains solely the palindromic loop or the G-rich 

internal loop binding site, respectively. As expected, 1 binds to the SL1-wt RNA the 

tightest with an apparent dissociation constant 20 µM. KA-AMC binds to SL1-ss and 

SL1-gril with a dissociation constant of ~50 µM and ~30 µM, respectively.  

Third, in agreement with our original hypothesis that the guanidine group on the 

Arg binds tighter to the RNA compared to the localized amino group in Lys because of 

the increase in hydrogen bonding ability of the guanidine group, we found the binding 

affinity of Arg-AMC (3) to the SL1-wt RNA increases ~4-fold comparing to 1 (5 µM and 

22 µM, respectively, Table 4-1), although both compounds carry a net +1 charge. In 

addition, the binding affinity is correlated with the number of positive charges shown by 

the addition of another Arg residue to the side chain (net +2 charge), such as in Arg-Arg-

AMC (5), improved the binding affinity another 10-fold (to 600 nM, Table 4-1). To our 

surprise, the localized amino group of Lys and the guanidine group of Arg showed 

different binding preferences in the palindromic loop and the G-rich internal loop of SL1. 

The localized amino group has a ~2-fold binding preference to the G-rich internal loop 

while the guanidine group binds both sites with equal affinity (compare 1 and 3 in Table 

4-1).  Although the selectivity is not superb, it may serve as a starting point for designing 

small molecule targeting an individual site with greater selectivity.  

Finally, when we compared the binding affinity of 3 and Arg-4-methyl-2-

hydroxy-quinoline (11) with the difference in scaffold, in particular the nature of the 

hydrogen bonding capacity at the first position, we found their binding affinity to the 

SL1-wt RNA the same (5 µM in either case, Table 4-1), counter to our original 
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hypothesis that the O1 group in coumarin is essential for making important hydrogen 

bonds with the RNA. Moreover, 11 binds to both palindromic loop and G-rich internal 

loop ~2-fold better than 3 (7 µM and 15 µM, respectively, Table 4-1), an indication that 

binding affinity may not correlate directly to dimer maturation activity.   

We measured the binding affinity of 1 to other stem-loops in the HIV-1 psi 

region, specifically SL2 and SL3 (see Figure 4-2), obtaining values of 50 and 70 µM, 

respectively (Table 4-1), i.e., demonstrating ~ 2-3-fold preferential binding to SL1-wt 

RNA. Furthermore, the binding is preferential to RNA containing unique structural 

motifs, rather than to the regular A-form helical RNA. We measured the binding affinity 

of activators to a palindromic DUP RNA to estimate the level of unspecific binding to a 

helical stem region. As expected, 5 binds to DUP RNA 3-fold better than 3 (25 and 80 

µM, respectively, Table 4-1) because of its greater positive charge resulting in increased 

unspecific electrostatic interaction with the RNA. However, we observed about 10-fold 

binding preference of 3 to SL1 RNA to DUP (5 and 80 µM, respectively, Table 4-1) and 

40-fold binding preference for 5 (0.6 and 25 µM, respectively, Table 4-1) indicating that 

although electrostatic interaction is an important factor for binding, it is not the only type 

of intermolecular interactions.  

4.4 Discussion 

Previously, we identified features of KA-AMC essential for its dimer maturation 

activity from the SAR studies (Chapter 3); however, it remained unclear whether the 

enhancement in activity correlates with RNA binding affinity. We utilized the intrinsic 

fluorescence emission of AMC analogs and the subsequent quenching of the emission 

intensity by RNA to estimate binding affinity to the SL1 RNA and other stem-loop RNA 
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structures in the HIV-1 psi region in determining binding specificity. The study outlined 

here provides guidelines for further chemical modifications that could lead to more 

efficient binders to the SL1 kissing dimer.  

First, we found 1 does not discriminate between the kissing and the extended 

dimers indicating the possibility that 1 binds to the kissing dimer, converts it into the 

extended dimer, and stays bound. In agreement, we did not observe activator turnover 

during dimer maturation and conversion is only correlated with the concentration of 

activator added and not with longer incubation (data not shown). If the activator were 

indeed an enzyme capable of catalyzing multiple rounds of reaction, then the reaction 

mixture with the addition of less activator should show an increase in dimer maturation in 

correlation with longer incubation period. Second, we observed the binding preferential 

between the palindromic loop and the G-rich internal loop can be altered by changing the 

chemical nature of the positive charge (compare the binding preferential of 1 and 3 in 

Table 4-1), implying it is possible to further design small molecule binders that can target 

either site more specifically. Such small molecules can further delineate the binding 

requirement of each site and cooperativity in facilitating dimer maturation in vitro. Third, 

although electrostatic interaction with the RNA is an important determinant for binding 

affinity (compare binding affinity of 3 and 5 in Table 4-1), the ability to form hydrogen 

bonds appears to be equally important (compare binding affinity of 1 and 3 in Table 4-1). 

In agreement, although increasing positive charge facilitates unspecific binding to a stem 

region of the RNA, such as to DUP RNA, we found the preferential binding to the SL1 

RNA by 10-fold (see Table 4-1) for 3 and 40-fold for 5. Furthermore, 1 shows ~2-3-fold 

preferential binding to SL1 RNA compared to other stem-loop structures, such as SL2 
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and SL3, in the HIV-1 psi region, implying the activator prefers binding to unique 

structural motifs, rather than to a helical stem region of the RNA. This binding specificity 

within a RNA is further studied and confirmed by NMR in Chapter 5 (KA-AMC) and 

Chapter 6 (RR-AMC).  

It is significant that we discovered a superb RNA binder (5) with a binding 

constant in the high nanomolar range. Most known RNA ligands, including clinically 

useful drugs, bind to RNA with micromolar affinity and have a molecular weight greater 

than 500 dalton (41). 5 has a molecular weight 488 Da and only contains +2 charge; 

therefore has the potential of being further modified into an even tighter and more 

specific RNA binder to the SL1 RNA, although gaining specificity is expected to be the 

major difficulty. Furthermore, the binding affinity of 5 for SL1 is only ~20-fold weaker 

than the NCp7 protein and can potentially be developed as an interesting chemical 

biology tool to study the effect of pre-mature dimer maturation in the cytoplasm, instead 

of in the HIV-1 virion.  

Finally, there is evident disagreement in correlation between activity and binding 

affinity when comparing 3 and 11. The SAR study highlighted the importance of the 

hydrogen bond acceptor O1 in activity. When hydrogen bond acceptor O1 is substituted 

by a hydrogen bond donor NH, the activity decreases 3-fold (~300 µM and ~850 µM for 

3 and 11, respectively; Table 3-1). The difference in activity apparently does not solely 

depend on the binding affinity as we observed the dissociation constant for 11 to bind to 

either the palindromic loop and the G-rich internal loop to be 2-fold tighter than 3 (see 

Table 4-1), although 11 is significantly less active in dimer maturation (Table 3-1). The 

observation that 11 is less active than 3 in dimer maturation while maintaining binding 
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affinity the same or greater (if individual Kd values for the apical loop or the G-rich 

internal loop are considered) to the SL1 RNA suggests the possibility of chemical 

modifications of small molecule activators, such as to the hydroxyquinoline scaffold, to 

generate compounds that could inhibit dimer maturation, instead of facilitating this 

process. Such compounds could potentially be antiviral as we described in Chapter 2. On 

the other hand, our result suggests the O1 group in the coumarin scaffold may be involved 

in SL1 RNA maturation. We have proposed a few other possible mechanisms of action in 

Chapter 7.   
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Chapter 5  
 
 
 
Structural characterization of a small 
molecule activator, Lys-Ala-7-amido-4-
methylcoumarin, on binding to various 
stem loops in the HIV-1 psi region 
 
 
 
5.1 Introduction 

The SAR and binding affinity to various stem-loop RNA of KA-AMC and its 

analogues highlighted important features of KA-AMC for its activity and binding 

requirement.  In this chapter, we extend our understanding of KA-AMC – RNA 

interactions at the atomic level utilizing nuclear magnetic resonance (NMR). NMR is a 

sensitive technique that monitors the chemical environment of nuclear spins, in our 

studies, protons. During ligand binding, the chemical environment of protons in the 

binding site changes, and therefore, resulting in perturbation of the corresponding NMR 

signals. By monitoring the affected NMR signals during the course of titration, we can 
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identify ligand binding site(s) and characterize ligand – RNA interactions. First, we 

monitored the base pairing of the RNA during KA-AMC titration. The imino protons on 

the RNA (H1 on guanine and H3 on uracil) are exchangeable protons that are useful in 

monitoring base pairing because of their unique downfield chemical shifts (10-15ppm), 

and the chemical shift and linewidth of the signals provide information on the type and 

strength of the base pair. As the base pair weakens, the imino proton exchanges with the 

water more rapidly resulting in a broader signal. Second, to better discriminate the 

location of the binding site, we monitored the adenine H2 protons using an inversion 

recovery NMR experiment. During this experiment, all protons are inverted by the initial 

180 degree pulse and recover differently according to their relaxation property. Adenine 

H2 protons relax slowly and are not fully recovered before the final 90 degree readout 

pulse, resulting in an inverted signal in the spectrum while most of other protons recover 

completely resulting in positive signal. Finally, we utilized the 2D TOCSY experiment to 

monitor pyrimidine residues of the RNA. A TOCSY spectrum provides correlation of 

protons that are coupled by covalent bonds. Each pair of H5 and H6 protons in 

pyrimidines, namely cytosine and uracil, are coupled through covalent bonds and shows a 

cross peak whose chemical shifts are those of the corresponding H5 and H6 protons. In 

addition, the H1’ and H2’ protons in the ribose sugar show a strong cross peak when the 

sugar adopts the 2’-endo conformation, as in many cases of flexible residues, instead of 

the 3’-endo conformation in the regular A-form helix in RNA.  
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5.2 Material and Methods 

5.2.1 RNA synthesis 

All RNA oligonucleotides were synthesized as previously described in Section 

4.2.1. 

5.2.2 RNA sample preparation 

The RNA samples were prepared as previously described in Section 4.2.2. The 

folding state of all samples after concentration was checked with native gel 

electrophoresis in TBE buffer as described in Section 4.2.3. 

5.2.3 NMR studies to investigate KA-AMC – RNA interactions 

All NMR experiments were performed at 25 oC on Varian INOVA 600MHz 

NMR spectrometer. A sample of 250-300 µM SL1-wt RNA in either 90% H2O or 100% 

D2O was used for KA-AMC titration. The inversion recovery experiment utilized the 

standard 180o-τ-90o pulse sequence with τ delay of 3.5 s and 3 s, respectively, for SL1-wt 

KD and ED, to monitor H2 protons on adenine residues. 1D NMR profiles of imino 

resonances were collected using the watergate pulse sequence to monitor base pairing. 

1D data were processed with vnmr (Varian). 2D homonuclear TOCSY experiments were 

performed without any suppression of HDO signals. The data were processed with 

NMRpipe (32) and analyzed with SPARKY (33) with a Gaussian window function. Full 

assignment of SL1-wt ED is available through Biological Magnetic Resonance Data 

Bank (BMRB) with PDB code 2GM0 (23). 

A sample of 300-400 µM SL1-ss RNA in kissing dimer in either 90% H2O or 

100% D2O was used for KA-AMC titration. 1D inversion recovery with τ delay of 3.9 s, 

2D TOCSY, and 2D homonuclear NOESY experiments were performed at 30 oC, while 
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1D watergate and 2D SSNOESY experiments were performed at 10 oC. Partial 

assignment of SL1-ss KD was achieved using homonuclear data including 2D NOESY 

spectrum acquired at various mixing times (50, 150, and 300 ms), 2D TOCSY, and 2D 

SSNOESY spectrum with 200 ms mixing time with well-established strategies (42). 

Addition of KA-AMC to a 2:2.25 (SL1-ss RNA:KA-AMC) ratio was used for partial 

assignment of the complex achieved using 2D NOESY spectrum in D2O with 300 ms 

mixing time and 2D TOCSY spectrum acquired at 30 oC and 2D NOESY spectrum with 

200 ms mixing time in water acquired at 10 oC. Data were processed and analyzed 

similarly as the SL1-wt RNA titration. 

The KA-AMC titration was performed with 280 µM SL1-gril RNA in 100% D2O 

at 25 oC and monitored by 2D TOCSY spectra. Partial assignment of SL1-gril was 

achieved using 2D NOESY spectra at various mixing times (50, 150, 300 ms), and 2D 

TOCSY with well-established protocol as described above. In addition, partial 

assignment of a 1:2 RNA:KA-AMC complex was achieved using 2D NOESY spectrum 

acquired with 600 ms mixing time and 2D TOCSY spectrum. Data were processed and 

analyzed similarly as the SL1-wt RNA titration. 

A sample of 300 µM SL2, SL3, or DUP RNA in 90% H2O was used for KA-

AMC titration. 1D NMR profiles of imino resonances were collected using the watergate 

pulse sequence to monitor base pairing and processed with vnmr (Varian). Full 

assignments of SL2 and SL3 RNA are available through BMRB with PDB code 1ESY 

and 1BN0, respectively (SL2 (38) and SL3 (39)). 

5.2.4 Molecular modeling of KA-AMC-SL1 complex 

Molecular modeling of SL1-ss kissing dimer - KA-AMC complex was performed 
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by the MORDOR software developed in house. The ligand preparation and flexible 

docking procedure to the kissing dimer structure (PDB 2D19) were performed as 

previously described (43), except the use of distance restraint instead of RMSD restraint 

to allow more flexibility to the receptor and favoring stacking interactions of the complex 

and the inclusion of generalized born solvation model for treatment of solvation energy 

during docking. The docked RNA - KA-AMC complexes were minimized and scored 

according to their interaction energy consists of van der Waals, electrostatic, and 

solvation energy. The best scoring poses were examined manually and chosen based on 

the agreement to NMR observations during KA-AMC titration. 

5.3 Results 

We investigated the binding interactions of KA-AMC with various RNA (Figure 

4-1), starting with the SL1 RNA, then characterized its interactions with other stem-loop 

structures in the HIV-1 psi region (i.e., SL2 and SL3 RNA) and a RNA duplex (i.e., DUP 

RNA) to determine binding specificity. Consistent with the finding that KA-AMC binds 

to many structural motifs with varying affinity (Table 4-1), NMR confirms such 

interactions; however, the perturbation of NMR signals is localized, implying binding is 

specific within a region of the RNA in each case.  

5.3.1 A metastable KA-AMC - SL1-wt kissing dimer complex studied by 

NMR 

To pinpoint the initial binding site of KA-AMC on the SL1-wt kissing dimer, we 

monitored base pairing with 1D imino proton profiles, H2 proton of adenine residues 

with 1D inversion recovery experiment, and pyrimidines with 2D TOCSY experiment 

(Figure 5-2). Figure 5-1 summarizes the maximum chemical shift change (absolute value) 
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within each residue with asterisk indicating broadening residues at different RNA:KA-

AMC ratios. 
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Figure 5-1. Maximum chemical shift difference in absolute value of SL1-wt kissing 

dimer during KA-AMC titration 
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N/A and asterisk indicate residues not available for comparison and residues undergoing 

broadening, respectively. Regions corresponding to the palindromic loop and the G-rich 

internal loop are indicated above the graph. a) 2:1, b) 2:2, c) 2:4 SL1-wt RNA:KA-AMC 

ratios.  

 

At the first glance, one notices that there are two distinct binding sites where the 

majority of the chemical shift changes occur, namely the palindromic loop and the G-rich 

internal loop. Moreover, broadening of the NMR signals from protons on the RNA near 

these sites may be caused by the exchange between a single conformation of the complex 

and the free RNA in the intermediate time scale or by the exchange between multiple 

bound conformations (44). One can distinguish these possibilities by titrating great excess 

of ligand into the receptor. If the former scenario occurs, adding excess ligand should 

drive the equilibrium almost completely into complex formation which should consist of 

a single conformation, and the line shape should sharpen. On the contrary, if the ligand 

has multiple binding modes, there would always be heterogeneity in the sample and the 

line shape would remain broad even in great excess of ligand. Our NMR data show no 

sharpening of any signals (Figure 5-2) implying the latter scenario that KA-AMC has 

many different binding modes, possibly because two separate binding sites are present in 

the wild-type construct. This motivated us into using the truncated versions of SL1, 

namely SL1-ss and SL1-gril constructs (Figure 4-1a), to further investigate the binding 

interaction on each site.  
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Figure 5-2. Monitor KA-AMC binding to SL1-wt kissing dimer with NMR. 

 

 

a)

b)
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c) 
 

d) 
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Titration of KA-AMC into 250-300 µM SL1-wt RNA folded in the kissing dimer form, 

monitored by NMR, at 25 oC. a) 1D imino proton profile, b) 2D TOCSY spectra showing 

H5-H6 cross peaks of pyrimidines, c) 2D TOCSY spectra showing H1’-H2’ cross peaks 

for sugars adopting the C2’-endo conformation, d) 1D inversion recovery experiment 

monitoring adenine H2 protons. 

 

(i) Interaction of the flanking A’s region in the palindromic loop with KA-AMC 

The SL1-ss construct (Figure 4-1a) contains the palindromic loop and the upper 

stem of the wild-type RNA and was used to further define KA-AMC - RNA interactions 

in this region. SL1-ss can fold into the kissing dimer shown by native gel electrophoresis 

(Figure 4-2a), but requires more energy to be converted into the extended dimer, 

expected because of its extra stable stem. The partial assignment of the SL1-ss kissing 

dimer was accomplished by traditional assignment techniques utilizing homonuclear 2D 

NOESY spectra at various mixing times and TOCSY spectrum in D2O and 2D NOESY 

spectrum in H2O, as described in Section 5.2.3. SL1-ss and SL1-wt kissing dimers have 

similar structures in the palindromic loop and the immediate neighboring base pairs in the 

upper stem, as shown by complete overlay of H5-H6 TOCSY cross peaks of C18, C20, 

C22, and U11 and H1’-H2’ TOCSY cross peaks of G12 and A14 (data not shown). More 

significant deviation occurs at the lower part of the stem (C6-U8), expected because of 

the removal of the G-rich internal loop and addition of extra G:C base pairs at the 5’ 

terminal in the SL1-ss construct. We utilized various NMR techniques to study KA-AMC 

binding to SL1-ss kissing dimer including monitoring base pairing with imino proton 

titration, adenine H2 protons with 1D inversion recovery experiment, and pyrimidines by 

2D TOCSY experiment. Majority of the changes we observed in SL1-ss kissing dimer 
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during the titration were identical to those observed during the SL1-wt kissing dimer 

titration, namely in the palindromic loop and the neighboring 2 base pairs in the upper 

stem (i.e., G12:C22 and U11:G23). More specifically, we observed perturbation of the 

imino signals of U11, G23, G12, G17, and unassigned imino signals in the palindrome 

(indicated by the dashed box in Figure 5-3a and by solid lines in Figure 5-3e), H5-H6 

TOCSY cross peaks of C16, C20, and C22 (Figure 5-3b), and H1’-H2’ TOCSY cross 

peaks of G12 and A14 (Figure 5-3c), and H2 proton of either A13 or A14 and A21 in the 

inversion recovery experiment, and A13 H8 (Figure 5-3d). Additionally, we compared 

NOESY spectra of the free RNA versus that of a 2:2.25 RNA:KA-AMC complex and 

observed loss of intra-residue H1’-H6/H8 NOE’s of G12, A13, A21, and C22 in the 

complex and loss of sequential NOE’s of U11 -> G12, G12 -> A13, A13 -> A14, G15  

-> C16, C20 -> A21, and A21 -> C22 (Figure 5-3f). All these changes centered in the 

flanking A’s region of the palindromic loop. In addition, we observed broadening of 

many NMR signals, such as imino signal of G12 and many unassigned palindromic imino 

signals, H5-H6 TOCSY cross peaks of C16, C20, and C22, H1’-H2’ TOCSY cross peaks 

of G12, adenine H2 protons in the flanking A’s region, and A13 H8, and inter- and intra-

residue NOE’s in this region, a manifestation of the exchange rate being in the 

intermediate time scale induced by KA-AMC binding. 
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Figure 5-3. Monitor KA-AMC binding to the SL1-ss kissing dimer with NMR. 

 

 

a) 

b) 
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c) 

d) 
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e) 
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Titration of KA-AMC into 300-400 µM SL1-ss RNA folded in the kissing dimer form, 

monitored by NMR. a) 1D imino proton profile acquired at 10 oC, b) 2D TOCSY spectra 

acquired at 30 oC showing H5-H6 cross peaks of pyrimidines, c) 2D TOCSY spectra 

showing H1’-H2’ cross peaks of ribose sugar adopting C2’-endo conformation, d) 1D 

inversion recovery experiment acquired at 30 oC showing adenine H2 protons, e) 2D 

SSNOESY spectra acquired at 10 oC showing imino-imino, imino-amino/aromatic, imino-

H1’/H5 correlations, f) chemical shift difference (absolute value) of  H1’ (filled bar) and 

H6/8 (open bar) in between the free RNA (2:0) and with complex (2:2.25 RNA:KA-AMC) 

monitored by 2D NOESY experiment with 300 ms mixing time at 30 oC.  

 

(ii) Interaction of the G-rich internal loop with KA-AMC 

The SL1-gril RNA contains the stem-loop-stem region of the full length wild-type 

construct with the addition of an apical UACG tetraloop and a dangling G residue at the 

5’ terminal (see Figure 4-1). The tetraloop not only has a unique NMR signature to ease 

assignment but also prevents RNA-RNA dimerization (40). SL1-gril was shown to fold 

correctly as a hairpin by running as a monomer band in native gel electrophoresis 

f) 
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regardless of Mg+2 ion concentration (lane #7 in Figure 4-2a). Partial assignment of SL1-

gril was accomplished using homonuclear 2D NOESY data acquired at various mixing 

times (50, 150, and 300 ms) and 2D TOCSY data with the aid of the previous assignment 

of the SL1-wt extended dimer (assignment available via BMRB with PDB code 2GM0). 

Residues near the 5’ terminal and G4 and G5 in the G-rich internal loop were not 

assigned due to signal overlap. We compared the TOCSY spectra of the SL1-wt kissing 

dimer and that of the SL1-gril RNA and found TOCSY peaks of residues from and near 

the G-rich internal loop completely overlap, including the H5-H6 cross peaks of C6-U8 

and C32 and the H1’-H2 cross peaks of G30 and G31. This is an indication that these 

RNA have similar structure and SL1-gril is a suitable mimic for the G-rich internal loop 

in the full length construct. We utilized the 2D TOCSY experiment to monitor KA-AMC 

binding to the G-rich internal loop using SL1-gril RNA. We monitored the H5-H6 cross 

peaks of the pyrimidines (Figure 5-4b) and the H1’-H2’ cross peaks of the ribose sugars 

(Figure 5-4a) that adopt the C2’-endo conformation usually present in residues not in a 

regular A-form helix, such as G30 and G31 and those in the tetraloop. First, KA-AMC 

binding is specific to the G-rich internal loop because most of the perturbations we 

observed are centered near this region, including the H1’-H2’ cross peaks of G30 and 

G31 and the H5-H6 cross peaks of C3, C6, and C32. NMR signals of the UACG were not 

affected during titration. In addition, the chemical shift and linewidth perturbation we 

observed during KA-AMC titration with SL1-gril were similar to those observed during 

the wild-type kissing dimer titration, expected because these RNA have similar structure 

in this region. Second, we observed significant broadening of NMR signals for those 

residues near the G-rich loop during titration, including the H1’-H2’ TOCSY cross peaks 
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of G30 and G31, H5-H6 TOCSY cross peaks of C6 and C32, and many intra- and inter-

residue H1’-H6/8 cross peaks of A29, G30, G31, and C32 (Figure 5-4c), suggesting 

exchange associated with binding is in the intermediate time scale. 

 
Figure 5-4. Monitor KA-AMC binding to SL1-gril RNA with NMR. 

 

a) 
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b) 
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Titration of KA-AMC into 280 µM SL1-gril RNA monitored by NMR at 25 oC. a) 2D 

TOCSY spectra showing H1’-H2’ TOCSY peaks for residues whose ribose sugar adopts 

the C2’-endo conformation, b) 2D TOCSY spectra showing H5-H6 TOCSY peaks for 

pyrimidines, c) chemical shift difference (absolute value) of H1’ (filled bar) and H6/8 

(open bar) between the free RNA (1:0) and with 2X excess KA-AMC (1:2 RNA:KA-AMC) 

monitored by 2D NOESY experiment with 600 ms mixing time. 

 

5.3.2 KA-AMC interacts with SL1-wt extended dimer to form a 

strikingly different complex 

To investigate whether the complex formed between KA-AMC and SL1-wt 

kissing dimer is an intermediate in the maturation process, we monitored the binding of 

KA-AMC to the extended dimer using NMR. In agreement with Baba et al (45), we 

found the structure of the stem-loop-stem region (i.e., the upper stem, the G-rich internal 

loop, and the lower stem of SL1) between these dimers to be identical as we can overlay 

all the H5-H6 TOCSY peaks of both dimers with the major difference between the 

c) 
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TOCSY spectra from KD to ED lies in the palindromic loop, including C16, C18, and 

C20 in the palindrome, and C22 in the first G:C base pair of the upper stem. According to 

all available structures in the literature, the flanking A’s region of the palindrome varies 

significantly between these dimers. Somewhat surprisingly, we observed KA-AMC 

binding to the palindrome region of the extended dimer, although their structures are 

different. In addition, we also detected binding to the G-rich internal loop by observing 

the H5-H6 TOCSY cross peaks of C3, C6, and C32, although we could not observe the 

H1’-H2’ ribose sugar of G30 and G31 residues due to bad overlap with solvent water 

signal. The maximum chemical shift in absolute value within each residue is summarized 

with an asterisk indicating broadening residues in Figure 5-5.  
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Figure 5-5. Maximum chemical shift difference in absolute value of SL1-wt extended 

dimer during KA-AMC titration. 
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N/A and asterisk indicate residues not available for comparison and residues undergoing 

broadening, respectively. Regions corresponding to the palindromic loop and the G-rich 

internal loop are indicated above the graph. a) 2:1, b) 2:2, c) 2:4 SL1-wt RNA:KA-AMC 

ratios. 

 

The striking difference between these RNA-KA-AMC complexes is the absence 

of broadening of the NMR signal in the palindromic loop of ED (Figure 5-6), implying 

that the binding of KA-AMC to this region of SL1-wt extended dimer has a different 

exchange rate in this region. On the other hand, the binding to the G-rich internal loop is 

similar for these dimers, as expected because the structure of this region between these 

dimers is identical.  
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Figure 5-6. Monitor KA-AMC binding to SL1-wt extended dimer with NMR. 

 

a) 
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b) 
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c) 

d) 
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Addition of KA-AMC to 250-300 µM SL1-wt RNA folded in the extended dimer form 

monitored by NMR at 25 oC. a) 1D imino proton profile, b) 2D TOCSY spectra showing 

H5-H6 cross peaks of pyrimidines, c) 2D TOCSY spectra showing  H1’-H2’ cross peaks 

for ribose sugars adopting the C2’-endo conformation, d) 1D inversion recovery 

experiment monitoring adenine H2 protons. 

 

5.3.3 KA-AMC interacts with other stem-loop RNA in the HIV-1 

packaging signal and with a RNA duplex 

To address the question whether the binding of KA-AMC to the SL1 RNA is 

specific, we monitored the interaction of KA-AMC to other stem-loops in the HIV-1 

packaging signal, such as the SL2 and SL3 RNA, and to a duplex RNA (DUP), by NMR. 

In agreement with our previous finding that KA-AMC binds to these RNA (see Table 

4-1), we observed perturbation in the 1D imino proton profiles of these RNA during KA-

AMC titration; however, only a few residues were affected in each case implying KA-

AMC binds to only a localized area in each RNA and therefore the binding can be 

considered specific in one sense. First, the NMR addition of KA-AMC to the SL2 RNA 

showed only the imino proton of G13 corresponding to the C6:G13 base pair is perturbed 

(Figure 5-7) at sub-stoichiometric RNA:KA-AMC ratios implying it is plausible that KA-

AMC recognizes and binds to the unique A5-U14-A15 triple-base platform. Although 

there is unspecific binding to the terminal residues shown by the perturbation of G2 

imino proton at excess KA-AMC, the binding is considerably weaker. Second, the 

titration with the SL3 RNA revealed the binding is weaker than the SL2 RNA as 

perturbations of the imino signals were not observed until ratios greater than 1:1 
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RNA:KA-AMC ratio were obtained. There may be two binding sites, at the terminal 

indicated by the perturbation of the imino signal of G2 and at the two A-U base pair 

stretch in the stem indicated by the perturbation of the imino signals of U5, U7/G15, and 

G17 (Figure 5-8). Finally, we investigated the binding of KA-AMC to a duplex RNA 

(DUP) as a negative control of unspecific binding to a stem region in the RNA. We 

observed KA-AMC binds to DUP RNA (Figure 5-9), although we cannot further define 

the exact location without the imino proton assignment. To our surprise, not all imino 

signals in the DUP RNA were affected during KA-AMC binding indicating that KA-

AMC binds to specific region of the RNA and binding is not solely due to electrostatic 

interactions. 

 

Figure 5-7. 1D imino proton profile of SL2 RNA during KA-AMC titration at 25 oC. 
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Figure 5-8. 1D imino proton profile of SL3 RNA during KA-AMC titration at 25 oC. 
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Figure 5-9. 1D imino proton profile of DUP RNA during KA-AMC titration at 25 oC. 

 

 

5.4 Discussion 

Although the SAR study presented in Chapter 3 and the binding affinity of 

activators to various RNA presented in Chapter 4 shed light on the important features of 

the activator on its activity and binding affinity, we wish to extend our study to further 

understand activator – RNA interactions at the atomic level with NMR. First, when we 

monitored KA-AMC binding to SL1-wt kissing dimer by NMR, we identified two 

binding sites on the SL1-wt kissing dimer, namely the palindromic loop and the G-rich 

internal loop (Figure 5-1 and Figure 5-2). To delineate the interaction further, SL1-ss and 

SL1-gril (Figure 4-1) were used to study the KA-AMC – RNA interaction at each site in 

greater detail.  
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First, most perturbations in the NMR spectra of the SL1-ss kissing dimer during 

addition of KA-AMC centered near the flanking A’s region and the immediate 

neighboring base pairs (Figure 5-3), similar to the wild-type construct and expected 

because these RNA have similar structure in this region. In addition, signals in this region 

also show significant broadening, including the H5-H6 TOCSY signals of C16 and C20 

in the palindrome and C22 in the first G:C base pairs in the stem, H1’-H2’ TOCSY 

signals of G12, A13 H8, A13/A14 H2 and A21 H2, indicating the RNA-KA-AMC 

complex is in the intermediate exchange time scale. The structure of the kissing dimer 

has been extensively studied by both NMR and X-ray crystallography in different sample 

conditions and the resulting structures have major differences in the flanking A’s region. 

The structure of the flanking A’s region has therefore been suggested as flexible, based 

predominately on NMR results, and different dominate conformation can be trapped 

using various sample conditions (i.e., salt and buffer conditions). Indeed, not only a 

different sample condition can trap a different conformation, there is also a temperature-

related structural change in this region, as the H5-H6 TOCSY peaks in the palindrome for 

the SL1-ss kissing dimer in two spectra acquired at different temperatures (10 oC versus 

30 oC) differ much more than is typical for a simple temperature change (data not 

shown).  

Summarizing all available kissing dimer structures, the main difference involves 

residues A13 and A14 in the flanking A’s region. The position of A14 can be defined 

generally as a “bulged-in” or a “bulged-out” conformation (Figure 5-10a). In the bulged-

in conformation, A14 interacts with the same residues from the other strand (i.e., A14*) 

while A13 stacks on G12 (PDB code 2D19) (45), or A14 stacks with A13 and C22 (PDB 
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code 1BAU) (20) in the other strand, forming triple-base stacks. On the other hand, in the 

bulged-out conformation, A14 (or G14 in this structure because the HIV-1 Mal sequence 

was used) and A13 are flipped out to solution and are completely stacked with each other 

(PDB code 1JJN) (46) or partially stacked with A13 in the other strand (PDB code 2F4X) 

(47). It may be possible that these flanking A’s conformations are in equilibrium with 

each other and the relative population of each species can be changed with buffer and salt 

conditions. The NOE’s which define local distances between atoms observed for SL1-ss 

kissing dimer suggest the structure of the kissing dimer in our experimental condition 

closely resembles the one proposed by Baba et al (PDB code 2D19), possibly because the 

buffer conditions and temperature are almost identical, with the difference our buffer 

contains 0.1 mM MgCl2. In particular, we found i) the ribose sugar of A14 adopts the 

C2’-endo conformation by showing a strong H1’-H2’ cross peak, ii) an intact G12:C22 

base pair by the presence of strong NOE cross peak between the imino proton of G12 to 

the amino group of C22, and iii) the absence of any strong intermolecular NOE’s for A14 

because A14 stacks with A14* (i.e., A14 from the other RNA strand) (see left panel in 

Figure 5-10a) and the distance between its protons and closest neighbors are at least 4.5 

Å. In comparison with other proposed structures, many NOE’s which define distance 

restraints between atoms within a structure are violated. For example, in structure 

proposed by Mujeeb et al (PDB code 1BAU), these violations include (i) the ribose sugar 

of G12, not A14, adopts the 2’-endo conformation, (ii) G12:C22 base pair is ruptured, 

and (iii) many expected inter-residue NOE’s between A13, A14, and A21 are not 

observed (e.g., A13 H2 – A21 H2 (3.5 Å), A13 H2 – A14*H2 (3.4 Å), A13 H1’ – A14* 

H2 (4.1 Å), A21 H1’ - A14* H2 (3.5 Å), A13 H1’ – A14* H8 (3.9 Å)). Furthermore, in 
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the bulge-out conformation (PDB code 1JJN and PDB code 2F4X) where A13 and A14 

are extrahelical and stacked, inter-residue NOE between these residues are expected, (i.e., 

A13 H2-G14(A14) H8 (3.9 Å) and A13 H2 – A14* H8 (4.0 Å), respectively), but not 

observed in our NOESY spectra. 

 

Figure 5-10. Three-dimensional structural variability observed in the flanking A’s region 

in the SL1 kissing dimer and proposed KA-AMC binding modes to SL1-ss 

kissing dimer 
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a) Various conformations of the flanking A’s in the palindromic region. In the “bulge-in” 

conformation (PDB code 2D19), A14 is stacked with A14* (i.e., A14 from the other RNA 

molecule) and A13 stacks inside the helix with G12, or A14* with A13 and C22 (PDB 

code 1BAU). In the “bulge-out” conformation (PDB code 2F4X), A13 and A14* stacks 

with each other and are extrahelical. b) Predicted KA-AMC binding modes to the SL1-ss 

kissing dimer (PDB code 2D19) calculated by MORDOR (43). In mode (i), the AMC base 

stacks between G12 and A13 while the carbonyl group of AMC forms a hydrogen bond 

with A21 N6. The peptide forms electrostatic interaction with the phosphate backbone of 

the RNA. In mode (ii), the AMC base stacks between G12 and G15* while A13 is 

displaced and extrahelical. In mode (iii), AMC is proposed to form G12/G15*:AMC base 

pair while stacks between A21 and C22 or C20 and A21 during binding. Atoms in AMC 

that mimic the cytosine base are drawn in bold and the RNA backbone is represented as a 

curve. 

 

We suggested the following plausible binding modes of KA-AMC to the SL1-ss 

kissing dimer modeled by the flexible docking program MORDOR (43), with the initial 

RNA structure similar to 2D19, based on our available NMR data (Figure 5-10b). 

MORDOR accounts for both RNA and ligand flexibility so they can bind to each other 

via induced fit while predicting complex structures that are energetically feasible. In the 

first pose, the AMC ring intercalates with A13 and partially with G12, displacing A13 

such that it can no longer a hydrogen bond with A21, while the carbonyl group of AMC 

does from a hydrogen bond with A21 N6. In addition, the positively charged peptide is 

optimally placed near the phosphate backbone for hydrogen bonding and electrostatic 

interactions. In the second pose, the AMC ring interacts between G12 and G15* (asterisk 
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denotes it is cross-strand) while it displaces A13, which becomes extrahelical, and thus 

disrupting the hydrogen bond from between A13 and A21. Finally, the AMC ring system 

can stack either between C20 and A21 while forming hydrogen bonds with G15* or 

AMC can stack between A21 and C22 with hydrogen bonds are formed with G12. This 

type of hydrogen bonding interaction has not been predicted by MORDOR possibly 

because the stacking interaction described here is between a purine and a pyrimine 

residue, whose van der Waals interaction is not as favored as a stacking interaction 

between two purine residues. These binding modes we presented are hypothetical initial 

poses of the complex. Our NMR data suggest flexibility in this region induced by KA-

AMC binding, which eventually translates into changes in more distant residues, such as 

the U11:G23 and the more inner base pairs in the palindrome. Increased local RNA 

flexibility induced by KA-AMC binding could explain the observation of broadening of 

NMR signals manifested from intermediate exchange.  

We have NMR evidence to suggest these poses are reasonable: (i) many residues, 

including G12, A13, C20, A21, C22, have resonances that are in intermediate exchange, 

likely due to RNA flexibility. NMR signals of these residues broaden and do not sharpen 

with excess ligand, including the H1’-H2’ TOCSY cross peak of G12, H2 and H8 protons 

of A13 and A14, H2 proton of A21, H5-H6 TOCSY cross peak of C20 and C22. In 

addition, we observed loss of many intra- and inter-residue H1’-H6/H8 NOE 

connectivities in this region (Figure 5-3f). A pair of protons gives a NOE cross peak only 

when they are less than 5 Å apart and the intensity of the signal is correlated with their 

distance. The intra-residue H1’-H6/H8 protons should always show a NOE cross peak 

because the distance between them is fixed by chemical bonds; a loss of intra-residue 
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NOE cross peaks of H1’-H6/H8 is an indication that the residue is in intermediate 

exchange, and the loss is not a result of increased distance. On the other hand, the 

distances between inter-residue or sequential H1’-H6/H8 protons are subject to local 

conformation. A loss of inter-residue NOE may be a consequence of an alternative 

conformation such that the protons are no longer within 5 Å from one other and/or a 

consequence of intermediate exchange rate caused by flexibility. We observed loss of 

intra-residue H1’-H6/H8 NOE’s of G12, A13, A21, and C22 and the sequential H1’-

H6/H8 NOE’s, U11 -> G12, G12 -> A13, A13 -> A14, G15 -> C16, C20 -> A21, and 

A21 -> C22, in the complex, consistent with our hypothesis that these are the main 

residues in intermediate exchange due to increased flexibility during ligand binding. (ii) 

We observed severe broadening of the imino signals of G12 and of the palindrome in the 

1D proton profile (Figure 5-3a) starting at 2:0.25 SL1-ss RNA:KA-AMC ratio and 

disappearance of diagonal G12 and palindrome (except G17) imino peak and all its 

corresponding NOE cross peaks in water at 2:2.25 SL1-ss RNA:KA-AMC complex 

Figure 5-3e). Broadening of imino signals could be caused by a weakened base pair such 

that exchange of the imino proton with water is more rapid resulting in a broader and 

weaker signal or by a change in exchange rate such that it is in intermediate exchange. In 

our scenario, the broadening of the imino protons is more likely to be caused by the 

change in exchange rate due to increase RNA flexibility, because the diagonal imino 

signals which represent self-self interaction disappear and we also do not observe a 

change in melting temperature when comparing between the RNA and the complex 

during UV melting experiments (data not shown). (iii) We observed upfield chemical 
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shifts of H5 protons of C20 (0.064 ppm) and C22 (0.025 ppm), and H1’ proton of A14 

(0.05 ppm), possibly due to adjustment of RNA structure upon binding.  

Second, we investigated the binding of KA-AMC to the G-rich internal loop using 

the SL1-gril construct with 2D TOCSY NMR spectra. We observed chemical shift and 

linewidth perturbations centered in the G-rich internal loop, similar to the wild-type 

construct, including the H5-H6 TOCSY cross peaks of C3, C6, and C32 (Figure 5-4b) 

and the H1’-H2’ TOCSY cross peaks of G30 and G31 residues (Figure 5-4a), and 

sequential and intra-residue H1’-H6/H8 NOE cross peaks for residues G28, A29, G30, 

and G31 (Figure 5-4c). The structure of the stem-loop-stem motif has been solved by 

many groups in different salt conditions and varying sequences. The main difference 

between these structures is the relative positions of the G30 and G31 residues, whether 

they are continuously stacked in the helix (PDB code 2D17 (45) and PDB code 1N8X 

(48)) (Figure 5-11b), or either or both residues are extrahelical (PDB code 1OSW (49) 

and PDB code 2GM0 (50)) (Figure 5-11a). It is interesting to note a minor conformation 

7 in 2GM0 resembles the structure when G30 and G31 are continuously stacked, 

suggesting these different conformations may be in equilibrium with each other and the 

overall population of each species is determined by the sequence and/or sample 

conditions. These conformations can be distinguished by sequential NOE connectivity. 

As mentioned before, two protons within 5 Å shows a NOE cross peak whose intensity is 

correlated with their distance. In the case that G30 and G31 are continuously stacked, 

such as 2D17, or for residues in a helical stem, the distance between the H2’ proton of the 

residue (i) to the sequential H6/H8 proton of the next residue (i+1) is very short (2.5 Å), 

and therefore should show a very strong cross peak between them even with a short 
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mixing period (<50 ms). Additionally, weaker NOE’s between sequentially adjacent base 

protons (H6/H8) (residues i-1 to i, and i to i+1) may be observed with longer mixing 

period because the distance between base pairs is about 4-5 Å. In the second scenario 

with either G31 or both G30 and G31 being extrahelical, the distance between the H2’ 

proton of residue (i) to its sequential H6/H8 base protons in residue (i+1) are longer 

(about 4-5 Å); therefore, weaker NOE’s are expected. In addition, because G31 is 

extrahelical and not involved in stacking interactions, NOE’s between sequential base 

protons (G30-G31 and G31-C32) are not expected. Our NOE connectivity of the SL1-gril 

RNA showed both conformations coexist in our buffer condition. Although we observed 

weaker sequential H2’ to H8 NOE’s for residues G28, A29, G30, G31, and C32 when 

compared to those residues in the helical stem, which is consistent with the scenario that 

G30 and G31 are extrahelical, we also observe very weak NOE’s from sequential base 

protons of A29, G30, and G31, which is consistent with the structures where these 

residues are continuously stacked. The NMR signals we observe, including NOE’s, are 

undoubtedly averages of an ensemble of conformations in solution and are strongly 

biased toward those conformations that yield the NOE signals, because the intensity of 

the NOE signal is correlated with the inverse distance (r) to the 6th power (1/r6). The fact 

that we can observe only one set of NOE’s from both conformations in NMR indicates 

they are in fast exchange with each other and they exist in significant populations.  

We propose the following two scenarios that could take place, possibly 

simultaneously, during KA-AMC binding to the SL1-gril RNA, that explain the 

broadening of RNA signals. First, upon binding, KA-AMC may induce local flexibility in 

the G-rich internal loop and consequently the exchange between conformations. Second, 
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KA-AMC may preferentially bind to either the stacked or the extrahelical conformation, 

and subsequently alter the overall population of the species. This change in equilibrium 

could then affect the forward and reverse exchange rate constants for exchange with the 

consequence of that one may be pushed into the intermediate regime.  

Upon addition of KA-AMC, we observed the chemical shift perturbations of the 

H1’ and H2’ protons in the ribose sugar in G30 (downfield) and G31 (upfield) (Figure 

5-4a) are significant and opposite in direction although they are neighboring residues. We 

could explain this phenomenon by using the ring current effect of an aromatic ring 

system, such as coumarin ring system in the activator. The π electrons in the rings creates 

a secondary anisotropic field such that protons above or below the rings, for example in 

the case of stacking interaction, would have an upfield chemical shift change (i.e., 

negative ∆CS), while protons in the plane of the ring system would have a downfield 

chemical shift change (i.e., positive ∆CS). Based on the ring current effect, we 

hypothesize the ribose sugar of G31 must be directly above or below the AMC ring while 

the ribose sugar of G30 should be in the same plane as AMC (see Figure 5-11a). 

  



127 
 

Figure 5-11. Structural variation in the G-rich internal loop in SL1 RNA 

 

The main difference between structures of the G-rich internal loop of SL1 is the relative 

positions of the G30 and G31 residues, whether they are extrahelical (a) or continuously 

stacked (b). The AMC ring is hypothesized to stack between A29 and G31, while in the 

same plane with G30. 
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To explore whether the SL1-wt kissing dimer –KA-AMC complex is an 

intermediate to the dimer maturation, we investigated the binding of the activator to the 

extended dimer using NMR. Structural comparison of these dimers shows the main 

difference is in the flanking A’s region in the palindromic loop. In the extended dimer, 

A13, A14, and A21* (asterisk denotes it is from the other molecule), form a zipper-like 

arrangement inside the helix, and similar arrangement is observed in all structure solved 

by NMR (PDB code 2D17 (45); PDB code 1JU1 (51); PDB code 2GM0 (50); (52)) 

(Figure 5-12), regardless of the RNA sequence and sample conditions. However, in the 

kissing dimer, these residues have different conformations (i.e., bulge-in or bulge-out) 

depending on sample conditions. We observed the majority of the changes during the 

KA-AMC titration centered at two binding sites, the palindromic loop and the G-rich 

internal loop (Figure 5-6), although the flanking A’s region in the extended dimer does 

not have the same structure as in the kissing dimer. This is consistent with our previous 

finding that KA-AMC binds to both the SL1-ss kissing dimer and extended dimer with 

similar affinity (Table 4-1). Because the structure of the stem-loop-stem region between 

these dimers is similar, it is not surprising that KA-AMC binds to the G-rich internal 

loop. Another striking difference between the complexes is the absence of broadening of 

NMR signals in the palindromic loop in the extended dimer, resulting from a different 

exchange rate. A different exchange rate upon binding could be a consequence of a lack 

of exchange between conformations (only one major conformation observed in the 

extended dimer) and/or the increased stability of the extended dimer.  



129 
 

Figure 5-12. Structure of the flanking A's region in the SL1 extended dimer 

 

The flanking adenine residues in the SL1 extended dimer form a zipper-like structure 

regardless of the RNA sequence and sample conditions. Hypothesized KA-AMC binding 

site is indicated by an arrow.  

 

To determine RNA binding specificity of KA-AMC, we monitored its interaction 

with other non-SL1 RNA, such as the SL2 and SL3 stem-loops in the HIV-1 packaging 

signal, and a duplex RNA (DUP) representing the stem region in RNA as a negative 

control, with NMR. We found KA-AMC binds to these RNA constructs; however, the 

binding is localized in each case implying KA-AMC may recognize and prefer binding to 

unique structural motifs presenting the opportunity to stack with an exposed purine or 

possibly even a pyrimidine. In addition, consistent with binding affinity measurements 

(Table 4-1), KA-AMC binds to these RNA constructs with varying affinity, with a 

preference to those RNA with unique structural motifs. For example, there is a unique A-

U-A triple base platform present in the SL2 RNA (Figure 5-13) and KA-AMC 

preferentially binds to this region demonstrated by the perturbation of G13 imino signal 

during titration (Figure 5-7).  
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Figure 5-13. NMR structure of the SL2 RNA 

 

a) NMR structure of the SL2 RNA (PDB code 1ESY). The GGUG tetraloop is colored red 

and the A-U-A base triple platform is colored magenta. b) A5-U14-A15 base triple 

platform is stabilized by hydrogen bonds from A15 H61/H62 to A5 N1 and U14 O2, 

respectively and from A5 H61 to U14 O2. In addition, a kink in the backbone allows the 

aromatic bases of U14 and A15 to be coplanar. 

 

In the case of SL3 RNA where no unique structure is present, the binding is 

weaker shown both by the measured binding constants (Table 4-1) and the lack of imino 

signal perturbation until KA-AMC is present in considerable excess (Figure 5-8). We 

mapped the KA-AMC binding sites to the terminal residues and to the two adjacent A-U 

base pairs in the stem, and hypothesize KA-AMC may show preferential binding to these 
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regions because these base pairs are more labile and therefore more accessible. Although 

KA-AMC can bind to the stem region regular duplex RNA (DUP RNA) (Figure 5-9), we 

still observed perturbation in localized region presumably to those base pairs that are 

more labile, e.g. the terminal residues, implying KA-AMC – RNA interaction is not 

solely due to unspecific electrostatic interaction.  

 

Figure 5-14. NMR structure of the SL3 RNA 

 

NMR structure of the SL3 RNA (PDB code 1BN0). The GGUG tetraloop is colored red. 
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Overall, the study presented here demonstrates KA-AMC can bind to many 

different RNA motifs, but with a preference to RNA with unique structural motifs, a 

characteristic quite similar to the HIV-1 NCp7 protein.  
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Chapter 6  
 
 
 
Structural characterization of a superior 
small molecule activator, Arg-Arg-7-
amido-4-methylcoumarin, on binding to 
various stem loops of the HIV-1 psi region 
 
 
 
6.1 Introduction 

During the structure-activity relationship (SAR) study of KA-AMC, a superior 

activator, Arg-Arg-7-amido-4-methylcoumarin (RR-AMC), was identified (Table 3-1). 

RR-AMC has been shown to be a superior activator due to its improved binding affinity 

to the RNA with more positive charge for better electrostatic interactions and the 

inclusion of the guanidine group that improved hydrogen bonding ability (Table 4-1). 

Furthermore, the binding affinity of RR-AMC to the SL1-wt RNA is in the high 

nanomolar range, which is unusually tight compare to typical RNA binders with affinity, 

at best, at low micromolar range (41). Because the chemical nature of the positive group 
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is different between KA-AMC and RR-AMC, which contributes to a different binding 

preferential between the G-rich internal loop and the palindromic loop on the SL1 RNA, 

we characterized the binding interactions of RR-AMC to the SL1 RNA at the atomic 

level with NMR and compared these interactions with KA-AMC. In addition, we were 

interested in addressing whether the binding to the SL1 RNA and to other stem-loop 

structures, such as SL2 and SL3 RNA in the HIV-1 packaging signal, can be altered on 

this basis. 

6.2 Material and Methods 

6.2.1 RNA synthesis 

RNA oligonucleotides were prepared as previously described in Section 5.2.1.  

6.2.2 RNA sample preparation and dimerization assay 

RNA samples were prepared as described in Section 5.2.2. 

6.2.3 NMR studies to investigation RR-AMC binding to RNA 

All NMR studies were performed in identical conditions as described in Section 

5.2.3, exception the addition of RR-AMC instead of KA-AMC.  

6.3 Results 

6.3.1 Binding interactions of RR-AMC with SL1-wt kissing dimer 

investigated with NMR 

As with KA-AMC binding presented in previous chapters, we monitored base 

pairing using 1D imino proton resonances, H5-H6 TOCSY cross peaks, and adenine H2 

signals upon addition of RR-AMC. Similar to KA-AMC – SL1 KD interactions, residues 

at the flanking A’s region (i.e., imino protons and H5-H6 TOCSY cross peaks in the 
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palindrome and H2 protons in the flanking A’s region) and at the G-rich internal loop 

region (i.e., H5-H6 TOCSY cross peaks of C3, C6, and U7) are shifted and broadened 

upon RR-AMC binding (Figure 6-1). This broadening of NMR signals is a characteristic 

of exchange processes in the intermediate time scale. 
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Figure 6-1. Monitor RR-AMC binding to the SL1-wt kissing dimer with NMR 

 

 

a) 

b) 
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Titration of RR-AMC into 250 µM SL1-wt RNA folded in the kissing dimer form, 

monitored by NMR, at 25 oC. a) 1D imino proton profile, b) 2D TOCSY spectra showing 

H5-H6 cross peaks of pyrimidines, c) 1D inversion recovery spectrum monitoring 

adenine H2 protons. 

 

6.3.2 RR-AMC interacts with SL1-wt extended dimer to form a 

strikingly different complex 

To investigate whether RR-AMC interacts with the SL1-wt extended dimer 

similarly as in the kissing dimer complex, we utilized NMR to characterize RR-AMC - 

SL1-wt extended dimer complex. We observed RR-AMC binds to the palindromic loop, 

based on perturbations of G15 and overlapping G17 and G19 imino proton signals, C16, 

C18 and C22 H5-H6 TOCSY peaks, and H2 proton of A14 and also to the G-rich internal 

c) 
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loop, based on observing perturbation of C6 and C32 H5-H6 TOCSY peaks (Figure 6-2) 

of the extended dimer. The NMR perturbations in the G-rich internal loop region are 

identical in both complexes, as expected because the structure in this region is identical 

between dimers. However, because the flanking A residues adopt a different structure in 

the extended dimer (see Section 5.4), the interaction is different between dimers mainly 

reflected in a change in the exchange rate. These observations of the RR-AMC – SL1-wt 

extended dimer complex are very analogous to KA-AMC – SL1-wt extended dimer 

complex. 
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Figure 6-2. Monitor RR-AMC binding to the SL1-wt extended dimer with NMR 

 

 

a) 

b) 
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Titration of RR-AMC into 250 µM SL1-wt RNA folded in the extended dimer form, 

monitored by NMR, at 25 oC. a) 1D imino proton profile, b) 2D TOCSY spectra showing 

H5-H6 cross peaks of pyrimidines, c) 1D inversion recovery experiment monitoring 

adenine H2 protons. 

 

6.3.3 RR-AMC interacts with other stem-loop RNA 

To address the question whether the binding of RR-AMC to the SL1 RNA is 

specific, we monitored the interactions of RR-AMC to other stem-loops in the HIV-1 

packaging signal, such as the SL2 and SL3 RNA, by NMR. Although RR-AMC binds to 

both RNA, the binding is specific in each case. First, the binding to the SL2 is specific to 

the A5-U14-A15 triple base platform and its immediate neighbors (i.e., G4:C16, C3-G17, 

and C6:G13), indicated by perturbation of G13,G4, G17 imino proton signals, C3, C6, 

U14, and C16 H5-H6 TOCSY signals, and H2 protons of A5, A12, and A15 (Figure 6-3).  

c) 
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Figure 6-3. Monitor RR-AMC binding to SL2 RNA with NMR 

 

 

a) 

b) 
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Titration of RR-AMC into 250 µM SL2 RNA monitored by NMR, at 25 oC. a) 1D imino 

proton profile, b) 2D TOCSY spectra showing H5-H6 cross peaks of pyrimidines, c) 1D 

inversion recovery experiment monitoring adenine H2 protons. 

 

Second, the binding of RR-AMC to the SL3 RNA is localized in C4-G6 and U15-

G17 of the stem, as evident by the perturbation of imino signals of U5 and G17, H5-H6 

TOCSY cross peaks of C4 and U5, and H2 protons of A6 and A16 residues.  

  

c) 
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Figure 6-4. Monitor RR-AMC binding to SL3 RNA with NMR. 

 

 

a) 

b) 
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Titration of RR-AMC into 250 µM SL3 RNA monitored by NMR, at 25 oC. a) 1D imino 

proton profile, b) 2D TOCSY spectra showing H5-H6 cross peaks of pyrimidines, c) 1D 

inversion recovery experiment monitoring adenine H2 protons. 

 

6.4 Discussion 

Since the identification of RR-AMC as a superior activator for SL1 RNA dimer 

maturation in vitro, many questions remain to be answered. We investigated the chemical 

features of RR-AMC that are responsible for its improved activity and structurally and 

characterized its interaction with the SL1 RNA by NMR. First, because RR-AMC has 

one additional positive charge compared to our original compound, KA-AMC, it is 

expected RR-AMC binds to the RNA tighter because of superior electrostatic 

interactions. Second, because the guanidine group of Arg can form more hydrogen bonds 

than the localized amino group in Lys, one might expect it to bind to RNA better. Indeed, 

c) 
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when we measured the binding constants of RR-AMC, the binding affinity to the SL1-wt 

RNA folded as a kissing dimer is enhanced about 35-fold (600 nM and 22 µM in Table 

4-1, for RR-AMC and KA-AMC, respectively), consistent with our speculation. We have 

previously identified two separate binding sites, namely the palindromic loop and the G-

rich internal loop, on the SL1-wt RNA and measured the binding constants of KA-AMC 

and RR-AMC to each site. Unlike KA-AMC, which shows a two-fold binding preference 

to the G-rich internal loop, we found RR-AMC binding to both sites with the same 

affinity (Table 4-1).  

We have characterized the binding interaction of RR-AMC to various RNA that 

fold into a stem-loop structure, including the SL1, SL2, and SL3 RNA in the HIV-1 

packaging signal, by NMR. RR-AMC binds to all these RNA, indicated by NMR; 

however, the binding in each case is specific with only few affected residues in the RNA 

upon binding. First, we characterized RR-AMC binding to the SL1-wt kissing dimer and 

found the binding interaction between the RR-AMC complex to the KA-AMC complex 

are very similar. More specifically, we observed significant broadening of imino proton 

signals, H5-H6 TOCSY peaks within the palindrome and H2 protons in the flanking A’s 

region, an indicating of chemical exchange in the intermediate time scale. As we 

explained in Section 5.4, intermediate exchange could be the result of local flexibility 

induced by activator binding and/or the existence of multiple binding sites on the RNA. 

Second, when we characterized the binding interactions of RR-AMC to the SL1-wt 

extended dimer, we observed RR-AMC binding to two sites on the RNA, namely the 

palindromic loop and the G-rich internal loop, similarly to the kissing dimer case. 

However, the pattern of NMR spectral change observed for the complexes were not 
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identical. In particular, we did not observe the significant broadening in the extended 

dimer complex suggesting this complex has different exchange rate. This is plausible 

because the flanking A’s residues in the palindromic loop in the extended dimer fold into 

a common arrangement while there are many conformations in the kissing dimer. This 

observation is very similar to the binding of KA-AMC to the SL1-wt extended dimer.  

Lastly, we characterized the binding of RR-AMC to the SL2 and SL3 RNA by 

NMR. RR-AMC binds to both RNA; however, as we mentioned before, the binding is 

specific in each case. In the case of RR-AMC binding to the SL2 RNA, the A5-U14-A15 

triple base platform and immediate base pairs (i.e., G4-C16 and C6-G16) were affected 

preferentially than the terminal (i.e., G2). On the other hand, in the case of binding to the 

SL3 RNA, only a portion of the stem, C4-A6 and U15-G17, were affected. It remains 

unclear what features of the activator are responsible for the adaptive binding to the 

RNA, each with a different structural motif. However, in this regard, the small molecule 

activator does indeed mimic the HIV-1 NCp7 protein as NCp7 can also bind to many 

different structural motifs. In the next chapter, we will compare our small molecule 

activator to the NCp7-induced SL1 RNA dimer maturation in greater detail and highlight 

the similarities and differences. 
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Chapter 7  
 
 
 
Comparison of NCp7- and KA-AMC-
mediated HIV-1 dimer maturation and 
implications for the mechanism of action 
 
 
 
7.1 Introduction 

Since the discovery of the small molecule activators that facilitate SL1 RNA 

dimer maturation in an apparently similar fashion as the RNA chaperon NCp7, one 

central question remains: are these small molecule activators NCp7-mimics? In many 

aspects, small molecule activator-induced dimer maturation is very similar to the reaction 

induced by NCp7; however, these molecules are not a perfect mimic. In this chapter, we 

will first discuss a previously proposed mechanism of action of NCp7-induced dimer 

maturation, and then compare this model with our current data on KA-AMC induced 

dimer maturation and consider other possible modes of action. 
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7.2 NCp7 induces dimer maturation by partially denaturing base 

pairing in the kissing dimer while keeping the kissing loop 

interface intact 

The HIV-1 NCp7 protein has been suggested to be an RNA chaperone in that it 

promotes the conversion of RNA to a thermodynamically stable conformation. As noted 

in preceding chapters, conversion of the metastable kissing dimer to the more stable 

extended dimer can be facilitated with heat (55 oC) incubation or with NCp7 protein at 

room temperature. As a RNA chaperone, NCp7 lowers the activation energy barrier and 

therefore facilitates dimer maturation. Moreover, Mujeeb et al (23) that in part have 

shown NCp7 induces dimer maturation by destabilizing intramolecular base pairing while 

keeping the palindromic kissing loop interface intact. Furthermore, it is also shown that 

only base pairs in the upper stem (U11) of the SL1-wt kissing are affected by NCp7 

addition. In agreement, NCp7 lowers the thermal stability of the kissing dimer monitored 

by UV melting experiments. Finally, there is no NCp7 turnover as conversion is 

completed at 2:2 SL1-wt RNA:NCp7 ratio within two hours and any ratios lower than 2:2 

do not have complete dimer maturation, even with extended length of incubation. This is 

evidence suggesting NCp7 does not turnover; otherwise, samples with lower protein 

content would show an increase in dimer maturation with extended length of incubation.  

7.3 Possible mechanism of actions for small molecule activator – 

induced dimer maturation 

We first thought the small molecule activators promote dimer maturation in the 

same mechanism of action as NCp7; that is, the activator destabilizes the upper stem and 

subsequently lowers the activation energy barrier for dimer maturation. However, we 
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found this is not the case, as we did not observe a decrease in the thermal stability of the 

activator – SL1 kissing dimer complex by UV melting experiments.  

Because there is no destabilization of the stem during refolding, we can consider a 

second mechanism of action that involves a cruciform intermediate. This model was 

originally proposed by Bernacchi et al as a low energy pathway for hairpin-to-duplex 

conversion (53). According to this model (Figure 7-1), the two kissing dimer forms end-

to-end interaction via stacking (step 1), followed by fraying of the base pairing at the 

terminal (step 2), and subsequent reforming of intermolecular base pairs forming a 

cruciform intermediate (step 3), and finally migrating of the junction to finally release a 

duplex (i.e., the extended dimer) (step 4). Because this mechanism is initiated by fraying 

of the terminal base pairs and not by partial denaturing of base pairs in the stem, the total 

energy requirement for converting the kissing to the extended dimer is low, and therefore 

consistent with our UV melting observation.  
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Figure 7-1. Kissing to extended dimer conversion with a cruciform intermediate. 

 

(1) The two kissing dimer forms end-to-end interaction via stacking, (2) the fraying of the 

base pairing at the terminal, (3) subsequent reforming of intermolecular base pairs 

forming a cruciform intermediate, and (4) migration of the junction to finally release a 

duplex (i.e., the extended dimer).(Adapted from (53)) 

 

However, the mechanism involving the cruciform intermediate is not consistent 

with many experimental data. First, because the formation of the cruciform intermediate 

is initiated by the end-to-end interaction between the hairpins, dimer conversion should 

increase with increasing RNA concentrations. When we compared dimer maturation 
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induced by KA-AMC with different RNA concentrations, we found the samples with 

lower RNA concentration have a greater level of conversion, independent of the length of 

the incubation period and concentration of KA-AMC added. Second, because the 

cruciform intermediate does not require melting of the stems during conversion, hairpins 

with different stem stability should convert into the duplex form similarly. However, we 

did not observe NCp7- and KA-AMC-induced dimer maturation of the more stable SL1-

ss kissing dimer into the extended dimer, even with excess KA-AMC. Finally, the 

preferred KA-AMC binding sites on the SL1 RNA have been mapped by NMR, namely 

the palindromic loop and the G-rich internal loop. Although perturbation of NMR signals 

at the terminal residues is also observed, it usually occurs at higher RNA:KA-AMC ratios 

indicating a weaker binding site; this is not consistent with KA-AMC inducing dimer 

maturation.  

Finally, we propose a mechanism of action wherein ester group in the coumarin 

scaffold initiates a transesterification reaction to induce symmetric chain cleavage 

forming a 2’,3’-cyclic monophosphate intermediate, and subsequent cross-religation to 

form the extended dimer. Ennifar et al (46) first proposed this type of mechanism as an 

alternative pathway for dimer maturation by observing that the 2’-OH group of the A14 

residue in the kissing dimer is favorably oriented for in-line attack on the 3’-phosphate, 

resulting in a chain cleavage via a 2’,3’-cyclic monophosphate intermediate and a free 5’-

OH group, according to the crystallographic SL1 kissing dimer structure (PDB code 

1JJM) (Figure 7-2a). Subsequently, the 5’-OH group attacks the 2’,3’-cyclic 

monophosphate intermediate in the other RNA molecule, forming a duplex without any 

base pair disruption (Figure 7-2b). This type of cleavage-cross-ligation mechanism has 
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been proposed to account for many RNA catalytic reactions, including recombination, 

RNA cleavage by ribozyme, and self-splicing of introns. Because the ester group in the 

coumarin has alternative chemical resonance structure (Figure 7-2c) in which the 

carbonyl oxygen can be negatively charged and may act as a nucleophile for the in-line 

attack on the 3’-phosphate followed by the cleavage-cross-ligation mechanism in forming 

the extended dimer.  
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Figure 7-2. Proposed cleavage-and-religation mechanism of KA-AMC - induced dimer 

maturation. 

 

 

a) 
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a) Crystallographic structure of the SL1 kissing dimer (PDB code 1JJM) showing the 2’-

OH group of A14 residue in the kissing dimer is favorable orientated for in-line attack on 

the 3’-phosphate. b) After the chain cleavage, a 2’,3’-cyclic monophosphate intermediate 

and a 5’-OH group are formed. Subsequently, the 5’-OH groups of both strands cross-

religate resulting in a duplex topology. c) Chemical resonance structures of the coumarin 

scaffold. The minor resonance structure (right) with a negative charge on the carbonyl 

oxygen (circled) may be the catalytic species for dimer maturation. 

 

There are experimental data consistent with this mechanism: (i) SAR highlights 

the importance of the O1 group in the coumarin scaffold and the enhancement in activity 

of including an electron-donating methyl group at the 4th position of the ring. The ring 

system with the NH group at the first position does not form the alternative chemical 

b) 

c) 
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resonance structure as favorably as the coumarin scaffold and this is reflected in activity 

according to this model, as we have confirmed this difference in activity is not due to the 

difference in binding affinity (Table 4-1). In addition, the methyl group is a weak 

electron-donating group that favors the formation of the alternative chemical resonance 

structure of the coumarin scaffold that is important for catalysis. Of course, an AMC 

analog with a stronger electron-donating group at the 4th position, such as a hydroxyl 

group, if shown to have further enhancement of activity, would further strengthened this 

model. (ii) This model explains the high concentration of activator required for activity, 

given these activator are low micromolar RNA binders. Because this model proposes the 

minor alternative chemical resonance structure of the coumarin as the catalytic-active 

species, it is expected a high concentration of KA-AMC is required in order to build a 

significant population to observe dimer maturation. (iii) The main difference between 

various three-dimensional structures of the SL1 kissing dimer is centered in the flanking 

adenine residues in the palindromic loop. It has been suggested these structures are in 

equilibrium in solution and individual conformation can be trapped with different sample 

conditions. It is possible that only the conformation that closely resembles the structure 

proposed by Ennifar et al (PDB code 1JJM) is suitable for the cleavage-and-religation 

reaction. Based on the NOE connectivities in our experimental condition, we have shown 

our kissing dimer adopts a different conformation. Because KA-AMC induces local 

flexibility in the flanking A’s region upon binding to the SL1 kissing dimer, this may lead 

to a change in the relative populations of these conformations in solution. It is plausible 

excess KA-AMC is required to favor a significant population of RNA suitable for the 

reaction. (iv) Because the ribose sugar of A14 residue adopts the C2’-endo conformation 
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shown by the H1’-H2’ cross peak in 2D TOCSY spectra, these signals can be easily 

monitored during the course of the titration. We only observe significant upfield chemical 

shift of the H1’ proton which indicates additional ring current effect due to stacking; 

however, it is unclear whether this upfield shift results from a change in RNA structure or 

a stacking with the coumarin scaffold.  

On the other hand, there are experimental data inconsistent with this model. First, 

because this model proposed a cleavage-and-religation reaction using the carbonyl 

oxygen in the ester group in the coumarin, we should observe cleavage product with the 

2’,3’-cyclic monophosphate intermediate by denaturing PAGE. However, such product is 

never observed during such analysis and may be a consequence of the fast reaction rate of 

the ligation reaction. In order to slow the reaction rate, we specifically incorporated a 

2’F-adenosine in the place of the A14 residue. 2’ fluoro bases have a fluorine-modified 

ribose which confers some relative nuclease resistance and is expected to have a slower 

cleavage rate and subsequently less dimer maturation compared to the native RNA. We 

first confirmed the incorporation of the 2’F-adenosine does not affect RNA folding and 

KA-AMC-mediated dimer maturation with native gel shift assay. Surprisingly, we still 

did not detect any cleavage product even with the 2’F-labelled RNA. Second, the 

proposed mechanism requires the subsequent cross-ligation between the RNA strands and 

therefore releasing the small molecule activator for the next round of reaction. However, 

we do not observe small molecule activator turnover, as the extent of dimer maturation is 

only correlated with the concentration of the activator and not with the length of 

incubation time. If the activator were indeed turned over during the reaction, then the 



157 
 

samples with less activator concentration would show slower dimer maturation, however 

with the same extent of dimer maturation with time.  

7.4 Comparison of NCp7- and small molecule – induced dimer 

maturation 

Although KA-AMC is not a perfect mimic of NCp7, dimer maturation induced by 

both agents share similarities. First, there is no evidence of turnover during dimer 

maturation and the extent of dimer maturation is only correlated with the amount of 

activator or NCp7 added, and not by the length of incubation. In addition, the binding 

affinity of KA-AMC to the SL1-wt or SL1-ss kissing and the extended are shown to be 

similar by fluorescence quenching experiments (Table 4-1), suggesting KA-AMC does 

not discriminate between dimers. Second, both KA-AMC and NCp7 bind to many RNA 

structural motifs, however, with specificity within each motif. Similarly, RR-AMC binds 

to other stem-loop RNA constructs as shown by NMR and we observe the binding is 

localized within each RNA.  

KA-AMC- and NCp7-induced dimer maturation have considerable differences. 

First, the binding affinity of KA-AMC is significantly weaker compared to NCp7.This is 

expected because the small molecule cannot mimic all NCp7 - RNA interactions. 

However, we have identified a superior RNA binder, RR-AMC, with a high nanomolar 

binding affinity to the SL1-wt RNA. RR-AMC is considered a very tight RNA binder, 

given that clinically used drugs targeted at RNA are only in the micromolar range. 

Moreover, the binding affinity of RR-AMC is ~20-fold weaker compared to NCp7 

rendering RR-AMC as an interesting chemical biology tool. Second, we have 
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demonstrated the mechanisms of action between the systems are not identical and KA-

AMC is not a simple mimic of NCp7.  
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Chapter 8  
 
 
 
Conclusions and implications for drug 
design targeted at HIV-1 genomic dimer 
maturation 
 
 
 

Although KA-AMC does not inhibit dimer maturation, it could potentially lead to 

development of an anti-retroviral agent in one of two ways. The most obvious way is to 

use our gathering knowledge of KA-AMC analog binding features to design a compound 

that would bind and inhibit dimer maturation rather than promote dimer maturation. We 

have demonstrated that binding affinity can be improved by incorporating more positive 

charges and guanidine groups on the side chain of the peptide on the coumarin scaffold 

and by substitution of the aromatic scaffold to hydroxyquinoline. Additionally, the 

binding preference to the palindromic loop or to the G-rich internal loop can be further 

improved by modification of the chemical nature of the charge on the side chain.  
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The less obvious, but potentially more effective antiviral mechanism would be to 

induce early maturation of the genomic dimer prior to budding. It has been shown that 

both unproteolyzed Gag and mature NCp7 proteins can promote dimer maturation in 

vitro (54), yet the stability of genomic RNA extracted from immature virions differs from 

that of mature virions (19), presumably because the kissing dimer is present in the 

immature virion. Recently, it has been shown that the HIV-1 virion infectivity factor 

(Vif) protein inhibits NCp7-induced genomic maturation in vitro and may be a temporal 

regulator of RNA folding (55). Moreover, Vif is a RNA-binding protein that interacts 

with the genomic RNA to form a 40S mRNA-protein particle (mRNP) in the cytoplasm 

of the virus-producing cell, thus protecting the RNA from degradation, preventing 

improper engagement with ribosomes, and maintaining proper folding that is suitable for 

packaging. In the presence of Gag precursors, the affinity of Vif for RNA decreases (56). 

It was then postulated that Vif in the mRNP complex initiates binding of NC domains of 

the Gag precursors with the RNA. As the RNA binds to NC domains of the Gag 

precursors, the binding affinity of Vif decreases and it eventually dissociates from the 

RNA. This displacement process may guide the proper folding and condensation of viral 

RNA during packaging (56). Disrupting the proper folding of the RNA by inducing early 

genomic maturation during packaging could be detrimental and a novel strategy for 

combating HIV. In addition, there have been no studies on the effects of early genomic 

maturation and its impact, so KA-AMC analogs could serve as a useful chemical biology 

tool.   

Our small molecule activator may also be developed as an antiviral by affecting 

RNA dimerization. The dimeric state of the genome is important in various part of the 
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viral life cycle, including recombination, packaging, and reverse transcription. 

Dimerization is a highly regulated process and has been postulated to be regulated by a 

riboswitch mechanism (57): The HIV-1 leader can adopt two mutually exclusive 

conformations, branched multiple-hairpin (BMH) and long distance interaction (LDI), 

and the DIS is only exposed in the BMH conformation. This BMH-LDI riboswitch model 

has been used to explain regulation of dimerization in vitro (58); a change in equilibrium 

between these conformations affects RNA dimer formation (59). Should this riboswitch 

model be proven, our small molecule activator may potentially be modified to affect the 

equilibrium between the BMH and LDI conformations and consequently adversely affect 

dimerization as a novel HIV-1 therapeutic. 

Finally, there are many coumarin-based anti-HIV inhibitors targeted at reverse 

transcription, integration, and proteolysis (recently reviewed (60)) due to its diverse 

pharmacological and biochemical properties, depending on substitution patterns. It is 

possible to chemically modify KA-AMC further to improve affinity and efficacy for 

promoting early dimer maturation or as a scaffold for structure-based design of dimer 

maturation inhibitors targeted at the SL1 RNA-NCp7 interaction. In essence, it might be 

possible to develop a compound that could be an effective drug with multiple 

mechanisms, although it would not be the first multiple-mechanism drug. 
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Appendices 

 
 
 
Appendix 1 List of abbreviations 

11-bp   (A double stranded nucleic acid that is) 11 base pairs long 

9-nt   9-nucleotide 

1D   One dimensional 

2D   Two dimensional 

5’UTR   5’-untranslated region  

ACD   Available Chemicals Directory 

AIDS   Acquired immunodeficiency syndrome 

AMC   7-amino-4-methylcoumarin 

APS   Ammonium persulfate 

ATP   Adenosine 5'-triphosphate 

AUG   Translation initiation codon of the gag gene 

BME   Beta-mercaptoethanol 

BMRB   Biological Magnetic Resonance Data Bank 

CD4+   CD4-positive T cell 
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CTP   Cytidine 5'-triphosphate 

D2O   Deuterium oxide 

DCM   Dichloromethane 

DIS   Dimer initiation site 

DLS   Dimer linkage structure 

DMSO   Dimethyl sulfoxide 

DNA   Deoxyribonucleic acid 

DTT   Dithiothreitol 

EC50 Effective concentration of small molecule activator or NCp7 to  

promote 50% dimer maturation 

ED   Extended dimer 

EDTA   Ethylenediaminetetraacetic acid 

ES   Electrostatic 

EtOAc   Ethyl acetate 

FDA   Food and Drug Administration 

gp120   HIV-1 glycoprotein displayed on the outer surface of the virion 

GTP   Guanosine 5'-triphosphate 

HAART  Highly active antiretroviral treatment 

HIV-1   Human immunodeficiency virus type 1 

IC50 Half maximal concentration of small molecule where either 50%  

of the heat- or NCp7-induced dimer maturation is inhibited 

IPTG   Isopropyl-β-D-thiogalactopyranoside 

KA-AMC  Lys-Ala-7-amido-4-methylcoumarin 
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Ka   Association constant 

Kd   Dissociation constant 

KD   Kissing dimer 

LC-MS  Liquid chromatography – mass spectrometry 

NC Nucleocapsid moiety of the Gag protein or proteolytic  

nucleocapsid protein product 

NCp7   Proteolytic nucleocapsid protein product of the gag protein 

N.A.   Not available 

N.D.   Not determined 

ND   Not detected 

NMR   Nuclear magnetic resonance 

NOESY  Nuclear Overhauser effect spectroscopy 

O.D. An unit defined as the amount of oligonucleotide in a 1-ml volume  

that results in an optical density taken at 260 nm of 1 in a 1-cm  

path-length curvette 

PAGE   Polyacrylamide gel electrophoresis 

PBS   Primer-binding site 

PDB   Protein Data Base 

PMSF   Phenylmethylsulfonyl fluoride 

POCl3   Phosphoryl chloride 

Poly-A   Polyadenylation signal 

Psi region Packaging signal in the HIV-1 virus located in the 5’ end of the  

genome 
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RNA Ribonucleic acid 

RR-AMC Arg-Arg-7-amido-4-methylcoumarin 

SAR Structure activity relationship 

SD   Major splice-donor site 

SDS   Sodium dodecyl sulfate 

SL1   First stem-loop in the packaging signal; stem-loop 1 transcript 

SL2   Second stem-loop in the packaging signal; stem-loop 2 transcript 

SL3   Third stem-loop in the packaging signal; stem-loop 3 transcript 

STD   Saturation transfer difference 

TAR   Trans-acting responsive element 

TBE   Tris-borate-EDTA buffer 

TBM   Tris-borate-MgCl2 buffer 

TEMED  N,N,N′,N′-tetramethylethylenediamine 

TFA   Trifluoroacetic acid 

TOCSY  Total correlation spectroscopy 

UTP   Uridine 5'-triphosphate 

UV   Ultraviolet 

VDW   van der Waals 
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Appendix 2 List of symbols 

EC50 Effective concentration of small molecule activator or NCp7 to  

promote 50% dimer maturation 

|∆F|  Difference in the fluorescence intensity in absolute value;  

equivalent of |F-Fo| 

|∆Fmax| Maximal change in fluorescence intensity (absolute value) 

F Fluorescence intensity at a given titration point 

Fo initial fluorescence intensity 

IC50 Half maximal concentration of small molecule where either 50%  

of the heat- or NCp7-induced dimer maturation is inhibited 

Ka   Association equilibrium constant 

L   Ligand 

N Number of sample measurements in standard deviation calculation 

n Hill slope in EC50 calculation 

R Receptor 

Rt  Total RNA concentration 

RLn Bound receptor 

s   Standard deviation  

θ   Fraction of bound receptor 

x    Sample measurement 

x   Average measurement 
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Appendix 3 RNA oligonucleotide specificationa,b 

Name RNA Sequence Length MWb 

Extinction 

Coefficient (ε) 

M-1cm-1 

SL1-wt 
5’ GAC GGC UUG CUG AAG CGC 

GCA CGG CAA GAG GCG UC 3’ 
35 

11,352 
 

333,700 

SL1-ss 
5’ GGC UUG CUG AAG CGC GCA 

CGG CAA GCC 3’ 
27 8,701 249,800 

SL1-gril 
5’ GCU CGG CUU GCU GUA CGC 

GGC AAG AGG CGA G 3’ 
31 10,044 295,800 

SL2 
5’ GGC GAC UGG UGA GUA CGC  

C 3’ 
19 6,131 183,200 

SL3 
5’ GGA CUA GCG GAG GCU AGU 

CC 3’ 
20 6,461 197,400 

DUP 5’ GGU GAA GCG CGC UUC ACC 3’ 18 5,747 168,000 
aCalculated by online nucleic acid MW and extinction coefficient calculator (Ambion) 

bAssuming the oligonucleotide is not phosphorylated and has no counter ions 
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Appendix 4 DNA template sequences for in vitro transcription 

Name DNA sequencea Length MW 

Extinction 

Coefficient (ε) 

M-1cm-1 

Promoter 5’ TAA TAC GAC TCA CTA TAG 3’ 18 5,466 182,500 

SL1-wt 

5’ GAC GCC TCT TGC CGT GCG 

CGC TTC AGC AAG CCG TCT ATA 

GTG AGT CGT ATT A 3’ 

52 15,962 483,100 

SL1-ss 
5' GGC TTG CCG TGC GCG CTT 
CAG CAA GCC TAT AGT GAG TCG 
TAT TA 3'  

  

44 13,554 414,000 

SL1-gril 

5’ CTC GCC TCT TGC CGC GTA 

CAG CAA GCC GAG CTA TAG TGA 

GTC GTA TTA 3’ 

48 14,719 452,200 

SL2 
5’ GGC GTA CTC ACC AGT CGC 

CTA TAG TGA GTC GTA TTA 3’ 
36 11,051 349,000 

SL3 
5’ GGA CTA GCC TCC GCT AGT 

CCT ATA GTG AGT CGT ATT A 3’ 
37 11,355 357,300 

DUP 
5’ GGC GAA GCG CGC TTC ACC 

TAT AGT GAG TCG TAT TA 3’ 
35 10,787 339,600 

aDNA sequence complementary to the T7 promoter is underlined 
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Appendix 5 Protocol for preparation of RNA oligonucleotides with in 

vitro transcription 

A.5.1 Preparation of DNA template 

A.5.1.1 DNA Template design 

The DNA template consists of two components: an 18-nucleotide promoter (“top 

strand”) and a longer DNA (between 35-50 nucleotides) (“bottom strand”) containing the 

desired RNA sequence and the complimentary sequence to the promoter (usually 

underlined) (see Table A-2). When determining the sequence of the bottom strand, first 

write out the desired RNA sequence in the reverse direction (i.e., 3’ -> 5’). For example, 

using the SL1-wt RNA as an example: 

 

3’ CUG CGG AGA ACG GCA CGC GCG AAG UCG UUC GGC AG 5’ 

 

then write out the complimentary DNA sequence: 

 

5’ GAC GCC TCT TGC CGT GCG CGC TTC AGC AAG CCG TC 3’ 

 

T7 RNA polymerase requires a DNA promoter sequence complementary to the 

top strand in order to initiate transcription; therefore, a 17-nucleotide T7 promoter 

sequence (underlined in Table A-2 and in the example below) is included in the bottom 

strand. For example, the final SL1-wt DNA template is: 
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5’ GAC GCC TCT TGC CGT GCG CGC TTC AGC AAG CCG TCT ATA GTG AGT 
CGT ATT A 3’ 
 

DNA templates can be ordered (Integrated DNA Technology) pre-purified by 

denaturing polyacrylamide gel electrophoresis (PAGE) or with standard desalting and 

purified in house (see Section A.5.4). The promoter DNA is usually ordered with 

standard desalting and does not require any further purification.  

A.5.1.2 DNA Template preparation 

The final DNA template concentration for in vitro transcription is 0.01 mM (i.e., a 

1:1 mixture of 0.02 mM bottom strand and 0.022 mM protomer) in TE buffer (10 mM 

Tris-HCl, 1 mM EDTA, pH 8).A slight (10%) excess of top strand is included as an 

estimate to account for DNA impurities in the promoter DNA because the promoter DNA 

is not further purified.  

 

(i) Preparation of promoter DNA (top strand) 

First, centrifuge the tube before opening as the oligonucleotide may have been 

displaced during shipping. Dissolve the oligonucleotide in 1 ml TE buffer. Measure A260 

value by UV spectrometer and calculate the concentration of the DNA stock solution.  

 

For example, 

A260 = 0.134 (measured by UV spectrophotometer) 

# OD = ODml 671500134.0 =××  

 
(500 is the dilution factor from diluting 1 µl of DNA solution into a final volume of 

500µl for A260 measurement; 1 ml is the total volume of the DNA solution) 
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Concentration of the stock solution (c) can be calculated using Beer-Lambert law  

(A = εcd, where A = absorbance, ε = extinction coefficient in M-1cm-1 (Appendix 4),  

c = concentration in M, d = unit path length in cm. 

c = A/εd = uMe 36761
500,182

67
=×  

Finally, dilute the final concentration to 0.022 mM (or 22 µM) using the following 

relation C1·V1= C2·V2, where C1 = initial concentration, V1 = initial volume, C2 = final 

concentration, V2 = final volume. 

ml
uM

mluM

C

VC
V 68.16

22

1367

2

11
2 =

×
=

×
=  

 
Therefore, additional 15.58 ml TE buffer is needed to dilute the concentrated promoter 

DNA solution to obtain a final concentration of 0.022 mM. Store at -20 oC.  

 

(ii) Preparation of bottom strand DNA 

The procedure is the same as preparing the top strand, except the extinction 

coefficient (see Appendix 4) and the final concentration (C2) is 0.02 mM.  

 

(iii) Preparation of the final DNA template 

The DNA template (0.01 mM) is a 1:1 mixture (in volume) of top strand  

(0.022 mM) and bottom strand (0.02 mM). Heat the mixture at 90 oC for 4 minutes, then 

cool to room temperature to slow anneal the DNA strands. Divide into 1.2-ml fractions 

and store at -20 oC.  
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DNA template after annealing: 
 
                         +1: RNA: 5’ GAC GGC………. 3’  
 
5’ GAC GCC TCT TGC CGT GCG CGC TTC AGC AAG CCG TCT ATA GTG AGT CGT ATT A 3’  

3’GA TAT CAC TCA GCA TAA T 5’ 
 

(RNA is colored red; promoter DNA (i.e., top strand) is colored blue; bottom strand DNA 

is colored black) 

A.5.2 Trial transcription reactions to optimize transcriptional yield 

Optimization of the in vitro transcription condition is essential as it maximizes the 

RNA yield. Influential factors for transcriptional efficiency included the concentrations 

of Mg+2 ions, T7 RNA polymerase, and DNA template. Common trial reactions 

conditions are summarized in Table A5-1. Trial reactions (100 µL) are incubated at 37 oC 

for 2 hours. Shortly after incubation, 250 µL (i.e., 2.5X volume) of chilled 100% ethanol 

is added to each reaction and the RNA is allowed to precipitate overnight in -20 oC 

freezer. In the following day, collect the RNA pellet via centrifugation for 10 minutes at 

14,000 RPM and discard the ethanol liquid. The pellet is dried for ~ 1 hour before 

resuspended into 100 µl 7M urea for denaturing PAGE analysis. The PAGE analysis is 

performed with a vertical slab gel unit (model SE 400, Hoefer Scientific Instrument) (Fig. 

A5-1) at 300 volts in 1X TBE buffer and analyzed by UV shadowing on a TLC plate. 
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Table A5-1. Common in vitro RNA transcription trial conditions. 
 

#1 
10mM Mg +2 , 
2% T7 RNAP 

#2 
10mM Mg+2, 
3% T7 RNAP 

 

#3 
15mM Mg+2 

,2% T7 RNAP 

#4 
15mM Mg+2, 
3% T7 RNAP 

DNA 6 6 DNA 6 6 
NTP 16 16 NTP 16 16 
Mg+2 1 1 Mg+2 1.5 1.5 
5XTB 20 20 5XTB 20 20 
H2O 55 54 H2O 54.5 53.5 
T7 

RNAP 
2 3 RNAP 2 3 

Volume 100 100 Volume 100 100 

 

#5 
20mM Mg+2, 
2% T7 RNAP 

#6 
20mM Mg+2, 
3% T7 RNAP 

 

#7 
25mM Mg+2, 
2% T7 RNAP 

#8 
25mM Mg+2, 
3% T7 RNAP 

DNA 6 6 DNA 6 6 
NTP 16 16 NTP 16 16 
Mg+2 2 2 Mg+2 2.5 2.5 
5XTB 20 20 5XTB 20 20 
H2O 54 53 H2O 53.5 52.5 
T7 

RNAP 
2 3 T7 

RNAP 
2 3 

Volume 100 100 Volume 100 100 

 

#9 
30mM Mg+2, 
2% T7 RNAP 

#10 
30mM Mg+2, 
3% T7 RNAP 

 

#11 
35mM Mg+2, 
2% T7 RNAP 

#12 
30mM Mg+2, 
3% T7 RNAP 

DNA 6 6 DNA 6 6 
NTP 16 16 NTP 16 16 
Mg+2 3 3 Mg+2 3.5 3.5 
5XTB 20 20 5XTB 20 20 
H2O 53 52 H2O 52.5 51.5 
T7 

RNAP 
2 3 T7 

RNAP 
2 3 

Volume 100 100 Volume 100 100 

 

#13 
40mM Mg+2, 
2% T7 RNAP 

#14 
40mM Mg+2, 
3% T7 RNAP 

DNA 6 6 
NTP 16 16 
Mg+2 4 4 
5XTB 20 20 
H2O 52 51 
T7 

RNAP 
2 3 

Volume 100 100 

 

  

µl 
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Stock solutions: 

DNA: 0.01 mM DNA template (pre-annealed 1:1 mixture of 0.02 mM bottom strand + 

0.022 mM top strand) 

NTP: Equal volume mixture of 100 mM stock solution of ATP, CTP, GTP, and UTP 

Mg+2: 1M MgCl2 stock 

5X Transcription buffer (5X TB): 200 mM Tris-HCl (pH 8.0), 25 mM NaCl, 0.05% 

Triton X-100, 5 mM sperimidine, 25 mM DTT, 400 mg/ml PEG 

T7 RNAP: T7 RNA polymerase (% in volume of final reaction) 
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Figure A5-1. SE 400 vertical slab gel electrophoresis unit (Hoefer Scientific Instrument) 

 

(Note: size of glass plate = 18 X 16 cm) 
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Figure A-2. Operating procedures for SE 400 vertical slab gel electrophoresis unit 
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(Note: 1.5 mm spacers are routinely used, therefore 30 ml of 20% denaturing 

polyaryclamide solution is required) 
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A.5.3 Scaled-up in vitro RNA transcription reaction 

The transcription condition which maximizes the yield of the desired RNA 

product is scaled up 100-fold to a final volume of 10 ml. The 10-ml reaction is incubated 

at 37 oC for 4 hours before quenched by the addition of EDTA (with a final concentration 

that is a 2-fold excess compared to the Mg+2 ions concentration). The RNA is precipitated 

at -20 oC overnight with 1 ml (i.e., 1/10th volume) of 3 M sodium acetate (pH 5.2) and 25 

ml (i.e., 2.5X volume) of chilled 100% ethanol. 

A.5.4 Denaturing polyacrylamide gel electrophoresis (PAGE) for 

purification of nucleic acids 

A.5.4.1 Sample preparation 

Collect RNA pellet by centrifuging the sample at 10,000 RPM for 10 minutes and 

wash the pellet twice with 15 ml chilled 70% ethanol. Dry the pellet at room temperature 

for about 1 hour and dissolve in 2-3 ml 7M urea (per 10 ml reaction). About 100 µl 

denaturing dye is added to the sample before loading to the gel. 

 To purify DNA templates, dissolve the oligonucleotide in 1 ml 7M urea and 

proceed similarly. 

A.5.4.2 Gel casting preparation and denaturing polyacrylamide gel electrophoresis 

A set of plates with one rectangular and one notched (i.e. has two “ears”) [35 cm 

(W) x 43 cm (L)] (right panel in Figure A-2) is used for purification. A pair of spacers 

[1.5 or 3 mm thickness x 43 cm (L)] is inserted between the glass plates. The whole 

assembly is then sealed by tape along all sides, except the top. For a 1.5-mm thick gel, ~ 

180 ml of 20% denaturing polyacrylamide solution is required. Polymerize the gel with 
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100 µl of N,N,N′,N′-Tetramethylethylenediamine (TEMED) and 1 ml of 10% ammonium 

persulfate (APS) solution.  

 

Figure A5-2. DSA-0900 double-sided sequencing gel apparatus (Aladin Enterprises) 

 

 

After the gel has polymerized, remove the tape at the base of the gel and clamp it 

to the gel apparatus (left panel in Figure A5-2). Use 1% agarose solution to seal the gap 

between the notch plate and apparatus on top. Perform electrophoresis at 400 volts in 1X 

TBE buffer and increase the voltage incrementally to 800 volts and run until the dye 

reach the bottom. The RNA is visualized with UV shadowing on the TLC plate. Because 

RNA absorbs UV light, RNA molecules with different sizes are shown as separate dark 

bands on the TLC plate. If the transcription reaction is successful, the darkest band in the 

43cm
 

35cm 
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under UV shadowing should contain the desired RNA product. This band is excised and 

stored at 4 oC for electroelution to recover the RNA. 

A.5.4.3 Electroelution 

We use elutrap electroelution system to recover nucleic acid from polyacrylamide 

gel pieces. The detailed protocol can be found in Figure A5-3. 
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Figure A5-3. Elutrap electroelution system (Schleicher – Schuell) 
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A.5.4.4 Desalting 

RNA oligonucleotides are more resistant to degradation when stored in distilled 

water at -20 oC. Desalting can be performed with two common methods: dialysis or 

exchange with H2O with a centrifugal filter device. In either method, the eluant is 

collected from elutrap and the RNA is precipitated with 1/10th volume of 3M sodium 

acetate (pH 5.2) and 2.5X volume of 100% ethanol at -20 oC overnight. In the following 

day, the RNA pellet is collected via centrifugation at 10,000 RPM for 10 minutes, dried 

at room temperature for ~ 1 hour, and dissolved in 1-2 ml distilled water. The sample is 

then placed in a dialysis bag (3,500 MWCO; Spectrum membrane #7) and exchanged 

into pure water through a series of dialysis steps in 10 mM and 1 mM EDTA (24 hours 

each step), and finally in pure water (48 hours). Alternative, the sample can be placed in a 

centrifugal filter device (3,000 MWCO; Amicon) and exchange into water with the steps.  
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A.5.4.5 Quantification 

Nucleic acids can be quantified with UV spectrometry by measuring the 

absorbance at 260 nm (A260). A260 measurements can be converted into concentrations 

using Beer-Lambert law as described in Section A5.1.2. Alternatively, concentration can 

also be expressed in unit of mg/ml by multiplying the concentration by the molecular 

weight (Appendix 3) of the oligonucleotide. Finally, the concentration can be expressed 

in units of O.D. by multiplying the A260 measurement by the dilution factor and the total 

volume of the sample (in ml). One O.D. unit is defined as the amount of oligonucleotide 

in a 1-ml volume that results in A260 of 1 in a 1-cm path-length cuvette. 

A.5.4.6 Characterization 

Two common folding protocols are commonly used to fold RNA: snap-cooling or 

slow annealing. In the snap-cooling protocol, the RNA sample (either in water or in the 

appropriate buffer) is heated to ~90 oC and chilled rapidly on ice. Because the fast kinetic 

of cooling, this protocol is typically used to trap a kinetically favored species, such as the 

hairpin conformation. Alternatively, the RNA can be folded into the most 

thermodynamically stable conformation, i.e. a duplex, with the slow annealing protocol. 

In this procedure, the RNA sample is heated to ~ 90 oC and slowly cooled to room 

temperature.  

For example, the SL1-wt RNA can fold into two different conformations that 

differ in stability: the kissing dimer or the extended dimer. The snap cooling protocol is 

used to trap the metastable kissing dimer, while the slow annealing protocol is to fold the 

SL1 RNA into the extended dimer, as described below.  
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*SL1-wt kissing dimer (3 µM RNA strand or 1.5 µM kissing dimer): 

The RNA solution in water is heated to 90 oC for 3 minutes, followed by snap-cooling 

on ice slurry for 3 minutes. An equal volume of chilled 2X dimerization buffer  

(20 mM potassium phosphate, pH 7.0, 100 mM NaCl, 0.2 mM MgCl2) is added. The 

sample is then incubated on ice for another 30 minutes, and then equilibrated to room 

temperature for 2 hours. The folded sample is stored at 4 oC.  

 

*SL1-wt extended dimer (3 µM RNA strand or 1.5 µM kissing dimer): 

The RNA solution in 1X dimerization buffer (10 mM potassium phosphate, pH 7.0,  

50 mM NaCl, 0.1 mM MgCl2) is heated to 90 oC and slowly cooled to room 

temperature. The folded sample is stored at 4 oC. 

 

Native gel electrophoresis on the basis of the difference in Mg+2 -dependence can be 

used to distinguish these dimers. The metastable kissing dimer requires Mg+2 ions during 

electrophoresis to stay as a dimer and dissociates into monomers as the EDTA chelates 

the Mg+2 in the TBE (Tris-borate-EDTA) buffer. Therefore, the kissing dimer exhibits a 

monomer band in TBE gel electrophoresis and a dimer band in TBM (Tris-borate-MgCl2) 

gel electrophoresis. In contrast, the more stable extended dimer has no Mg+2 ions 

dependence, during gel electrophoresis and exhibits a dimer band in both TBE and TBM 

gels. To form a gel matrix, add 15 µl TEMED and 150 µl of 10% (APS to each 15 ml 

polyacrylamide gel solution. 
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Appendix 6 Protocol for identifying SL1 RNA dimer maturation 

inhibitors 

The SL1-wt RNA can fold into two dimer forms (i.e. the kissing and the extended 

dimer) depending on the folding protocol, as previously described in Section A.5.4.6. The 

metastable kissing dimer can be converted into the more stable extended dimer with heat 

incubation (55 oC) or with incubation with HIV-1 NCp7 protein at room temperature. 

This in vitro dimer conversion is believed to mimic a part of the maturation process in the 

budding virion in vivo; this dimer maturation is essential for optimal infectivity. Small 

molecules that inhibit this process may abrogate viral infectivity and consequently serve 

as novel HIV-1 therapeutics.  

We screen potential inhibitors for their ability to block heat and NCp7-induced 

dimer maturation using a native gel shift assay based on the difference in Mg+2 

dependence during electrophoresis.. The kissing dimer requires Mg+2 ions during 

electrophoresis to stay as a dimer and dissociates into monomers as the EDTA chelates 

the Mg+2 in TBE (Tris-borate-EDTA) buffer. Therefore, the kissing dimer exhibits a 

monomer band in TBE gel electrophoresis and a dimer band in TBM (Tris-borate-MgCl2) 

gel electrophoresis. In contrast, the more stable extended dimer has no Mg+2 dependence 

and exhibits a dimer band in both TBE and TBM gel electrophoresis. By performing 

electrophoresis in 1X TBE buffer, we can easily distinguish these dimers. Detailed 

protocols to identify heat- and NCp7-induced dimer maturations are described in Sections 

A6.1 and A6.2, respectively. 
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A6.1 Protocol for identifying heat-iduced dimer maturation 

A.6.1.1 Sample preparation 

The stock solution of the potential inhibitor is prepared either in H2O or DMSO in 

three different concentrations (10 mM, 1 mM and 200 µM). 

 

To prepare 1 ml of 10 mM stock solution: 

 

#mg compound required = 
����������	



�

�


������
� 1� �

�� ���

���	
�

������

��
� �� � 0.01 

 

where MW is the molecular weight of the compound. Therefore, dissolve (MW*0.01) mg 

of compound in 1 ml of H2O or DMSO. 

 

1mM stock solution = 100 µL 10 mM stock + 900 µl H2O or DMSO 

200 mM stock solution = 200 µl 1 mM stock + 800 µl H2O or DMSO 

 

The SL1-wt RNA is folded as the kissing dimer as described in A.5.4.6, except in 5 µM 

RNA strand.  

 

A.6.1.2 Experimental screening setup 

The schematic of the experimental screening is described in Figure A6-1 and 

summarized below. 
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1. For each potential inhibitor, various concentrations of the compound were added to 2.5 

µM KD. 

 

 

 

 

 

 

 

 

 

 

2. The samples are incubated at room temperature for 30 minutes to achieve binding 

equilibrium.  

3. The reaction mixtures (samples #3-6) are incubated at 55 oC for two hours. In the 

meantime, two aliquots of the same KD were incubated at 25 oC or at 55 oC 

(samples #1 and #2, respectively) to fold into the extended dimer as controls.  

4. Immediately after the incubation period, 2 µl 6X native dye is added to each sample 

which is run on a 10% native TBE gel at 200 volts until the dye reached the 

bottom. The bands are visualized after staining with ethidium bromide under UV 

light.  

A.6.1.3 Interpretation of screening result 

The kissing dimer is converted to the more stable extended dimer by 55 oC 

incubation. If the potential compound is indeed an inhibitor for heat-induced dimer 

maturation, it should decrease the formation of extended dimer during 55 oC incubation 

in correlation with its concentration. In gel electrophoresis performed in 1X TBE buffer, 

Samples 2.5 µM  

SL1-wt KD 

Potential Compound 

(D#) 

1. SL1-wt KD (1:0) 10 µl - 

2. SL1-wt ED (1:0) 10 µl - 

3. SL1-wt KD + D# (1:10) 10 µl 1.25 µl 200 µM stock 

4. SL1-wt KD + D# (1:50) 10 µl 1.25 µl 1 mM stock 

5. SL1-wt KD + D# (1:100) 10 µl 2.5 µl 1 mM stock 

6. SL1-wt KD + D# (1:500) 10 µl 1.25 µl 10 mM stock 
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the kissing dimer exhibits a monomer band while the extended dimer exhibits a dimer 

band. Therefore, a compound is identified as an inhibitor when we observe a decrease in 

the intensity of the dimer band in samples #3-6 comparing to the extended dimer control 

(sample #2), as illustrated in Figure A6-1 . On the other hand, a non-inhibitor does not 

affect dimer maturation and the intensity of the dimer band in samples #3-6 are the same 

as the extended dimer control (sample #2).  
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Figure A6-1. Schematic of identifying heat-induced SL1 dimer maturation inhibitors 
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A6.2 Protocol for identifying NCp7-induced dimer maturation 

For compounds that inhibit heat-induced maturation in the micromolar range, we 

then test their ability to inhibit NCp7-induced maturation.  

A.6.2.1 Sample preparation 

The compound solutions are prepared as described in Section A.6.1.1. The SL1-

wt RNA is folded as the kissing dimer as described in A.5.4.5, except in 5 µM RNA 

strand. The NCp7 protein is prepared as described in Appendix 9. 

A.6.2.2 Experimental screening setup 

The schematic of the experimental screening is described in Figure A6-2 and 

summarized below. 
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1. For each potential inhibitor, various concentrations of the compound are added to 5 

µM SL1-wt RNA (folded as KD).  

 

Samples 

   (RNA:D#:NCp7) 

5 µM SL1-wt 

RNA (in KD) 

Potential Compound 

(D#) 

NCp7  

(566 µM) 

1. SL1-wt RNA (in KD) 

(2:0:0) 

100 µl   

2. SL1-wt RNA (in ED) 

(2:0:0) 

100 µl   

3. SL1-wt RNA (in KD) 

+ NCp7  

(2:0:2) 

100 µl  0.88 µl 

4. SL1-wt RNA (in KD) 

+ D#+ NCp7  

(2:10:2) 

100 µl 2.5 µl 1mM stock 0.88 µl 

5. SL1-wt RNA (in KD) 

+D# + NCp7  

(2:50:2) 

100 µl 1.25 µl 10mM stock 0.88 µl 

6. SL1-wt RNA (in KD) 

+ D# + NCp7 

(2:100:2) 

100 µl 2.5 µl 10mM stock 0.88 µl 

7. SL1-wt RNA (in KD) 

+ D# + NCp7 

(2:200:2) 

100 µl 5 µl 10mM stock 0.88 µl 

8. SL1-wt RNA (in KD) 

+ D# + NCp7 

(2:600:2) 

100 µl 15 µl 10mM stock 0.88 µl 
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2. The samples are incubated at room temperature for 30 minutes to achieve binding 

equilibrium.  

3. Add 0.88 µl of 566 µM NCp7 so that a 2:2 RNA:NCp7 ratio is achieved. The reaction 

mixtures (samples #3-8) are incubated at 25 oC for two hours. In the meantime, 

two aliquots of the same KD were incubated at 25 oC or at 55 oC (Samples #1 and 

#2, respectively) to fold into the extended dimer as controls.  

4. The reaction is quenched by the removal of NCp7 with phenol-chloroform extraction. 

The phenol:chloroform solution is an equal volume of Tris-saturated phenol (pH 

7.6) and chloroform, with 0.1% SDS and 25 mM EDTA. The pH of the resulting 

mixture is finally adjusted to pH 6.5 by the addition of concentrated HCl. Add 

100 µl this solution to each reaction (samples #3-8) and mix by inverting the tube 

several times (Note: do not vortex the sample). The resulting sample now should 

have two phases: an aqueous phase containing the RNA (top layer) and an organic 

phase containing the protein and all other contaminants (bottom layer). A phase 

lock gel (heavy, 0.5 ml; Eppendorf) is utilized to separate the two phases based on 

the density of the layers. The organic phase has a higher density than phase lock 

gel and the aqueous phase, and the phase lock gel should have a higher density 

than the aqueous layer. Immediate prior to use, pellet phase lock gel by 

centrifugation at 16,000 x g in a microcentrifuge for 3 minutes. After the sample 

is added to the phase lock gel, 100 µl chloroform is added to the sample. 

Centrifugation the sample at 16,000 x g for 6 minutes, the phase lock gel forms a 

barrier between the aqueous and organic phases. Carefully decant the RNA-

containing aqueous upper phase (~150-200 µl) to a fresh tube. 
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5. The RNA is precipitated by ethanol precipitation. Add 1/10th volume (i.e., 20 µl) 3M 

sodium acetate (pH 5.2) and 2.5X volume (i.e., 500 µl) of chilled 100% ethanol to 

the RNA-containing aqueous phase. The sample is cooled in dry ice/ethanol bath 

for 30 minutes for precipitation of the RNA. The RNA pellet is collected via 

centrifugation 16,000 x g for 6 minutes. An additional wash in 250 µl chilled 70% 

ethanol is performed to decrease the amount of salt in the sample. The resulting 

pellet is collect via centrifugation and dried for ~ 1 h.  

6. The RNA is brought into a native solution condition by dissolving in 100 µl 1X 

dimerization buffer. 

 

Alternative to (5) and (6): the RNA-containing aqueous phase is brought into a native 

solution by exchanging three times with 1X dimerization buffer using a 

centrifugation filter device (Amicon, 3,000 MWCO). For each round of exchange, 

300 µl 1X DB is added to the sample reservoir and the sample is centrifuged at 

16,000 x g for 45 minutes. After the final round of exchange, the retentate in the 

sample reservoir is collected (~200 µl) and 40 µl is used for 10% native gel 

electrophoresis in 1X TBE buffer. 

7. For each 20 µl sample, 4 µl 6X native dye is added. The samples are then run on a 

10% native TBE gel at 200 volts until the dye reached the bottom. The bands are 

visualized after staining with ethidium bromide under UV light.  
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Figure A6-2. Schematic of identifying NCp7-induced SL1 dimer maturation inhibitors
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A.6.2.3 Interpretation of screening result 

The kissing dimer is converted to the more stable extended dimer at room 

temperature by incubation with the NCp7 protein. If the potential compound is indeed an 

inhibitor for NCp7-induced dimer maturation, it should decrease the formation of 

extended dimer in correlation with its concentration. In gel electrophoresis performed in 

1X TBE buffer, the kissing dimer exhibits a monomer band while the extended dimer 

exhibits a dimer band. Therefore, a compound is identified as an inhibitor when we 

observe a decrease in the intensity of the dimer band in samples #4-8 comparing to the 

2:2 RNA:NCp7 control (sample #3). On the other hand, a non-inhibitor does not affect 

dimer maturation and the intensity of the dimer band in samples #4-8 are the same as the 

RNA:NCp7 control (sample #3).  
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Appendix 7 Protocol for identifying SL1 RNA dimer maturation 

activators 

Although the discovery of small molecule activators is not the original intent of 

this dissertation, small molecule activators can be an interesting chemical biology tool in 

investigating the detrimental effects of pre-mature dimer maturation in the cytoplasm, 

rather than in the budding virio. The detailed protocol to identify such small molecules is 

described below and summarized in Figure A6-1. 

A.7.1 Sample preparation 

The compound solutions are prepared similarly as described in Section A.6.1.1, 

except all in H2O. The SL1-wt RNA is folded as the kissing dimer as described in Section 

A.5.4.6, except in 5 µM RNA strand.  

A.7.2 Experimental screening setup 

1. For each potential activator, various concentrations of the compound are added to 2.5 

µM SL1-wt KD.  

 

 

 

 

 

 

 

 

 

 

 

Samples 2.5 µM  

SL1-wt KD 

Potential Activator (A) 

1. SL1-wt KD (1:0) 10 µl - 

2. SL1-wt ED (1:0) 10 µl - 

3. SL1-wt KD + A (1:10) 10 µl 1.25 µl 200 µM stock 

4. SL1-wt KD + A (1:50) 10 µl 1.25 µl 1 mM stock 

5. SL1-wt KD + A (1:100) 10 µl 2.5 µl 1 mM stock 

6. SL1-wt KD + A (1:250) 10 µl 0.625 µl 10 mM stock 

7. SL1-wt KD + A (1:500) 10 µl 1.25 µl 10 mM stock 
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2. The reaction mixtures (samples #3-7) are incubated at 25 oC for two hours. In the 

meantime, two aliquots of the same KD were incubated at 25 oC or at 55 oC 

(samples #1 and #2, respectively) to fold into the extended dimer as controls.  

3. Immediately after the incubation period, 2 µl 6X native dye is added to each sample 

which is run on a 10% native TBE gel at 200 volts until the dye reached the 

bottom. The bands are visualized after staining with ethidium bromide under UV 

light.  
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Figure A7-1. Schematic of identifying SL1 dimer maturation activators 
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A.7.3 Interpretation of screening result 

The kissing dimer is stable at room temperature and can be converted into the 

more stable extended dimer when a RNA chaperon, such as NCp7, is added. Small 

molecule activator behaves similarly as NCp7 in facilitating dimer maturation, and 

therefore, it should increase the formation of the extended dimer at room temperature in 

correlation with its concentration. In gel electrophoresis performed in 1X TBE buffer, the 

kissing dimer exhibits a monomer band while the extended dimer exhibits a dimer band. 

Therefore, a compound is identified as an activator when we observe an increase in the 

intensity of the dimer band in samples #3-7 comparing to the kissing dimer control 

(sample #1). On the other hand, a non-inhibitor does not affect dimer maturation and the 

intensity of the dimer band in samples #3-7 are the same as the control (sample #1).  
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Appendix 8 Preparation of T7 RNA polymerase protein 

A8.1 Material 

Solution Method of preparation Comments 
For cell culture:   
LB-agar plate (1 L) 

(with 100 µg/ml 
ampicillin) 

Dissolve 35 g LB-agar powder in 1 L 
H2O (or follow manufacturer’s recipe). 
Sterilize by autoclaving. Add 1 ml  
100 mg/ml ampicillin solution and pour 
into 100 mm culture dishes ( ~ 20 - 25 
ml/plate). Store at 4 oC. 

Add ampicillin only 
after the LB-agar 
solution has 
cooled to ~55 oC. 

LB broth (1 L) Dissolve 20 g LB broth powder in 1 L 
H2O (or follow manufacturer's recipe). 
Sterilize by autoclaving. 

 

20X M9 (100 ml) Dissolve 25.6 g Na2HPO4·7H2O, 6 g 
KH2PO4, 1 g NaCl, 2 g NH4Cl in  
100 ml final volume in H2O. Sterilize 
by autoclaving. 

 

20% glucose (100 ml) Dissolve 20 g glucose in 100 ml final 
volume in H2O. Sterilize by passage 
through a 0.22-micron filter. 

 

1 M MgSO4 (50 ml) Dissolve 6 g MgSO4 (anhydrous)  
(MW 120.37) in 50 ml final volume in 
H2O. Sterilize by passage through a 
0.22-micron filter. 

 

100 mg/ml ampicillin 
(10 ml) 

Dissolve 1 g ampicillin (sodium salt) in 
10 ml final volume in H2O. Sterilize by 
through passage through a 0.22-micron 
filter. Divide into 1 ml-aliquots and 
store at -20 oC. 

 

0.84 M (or 200 mg/ml) 
IPTG solution (5 ml) 

Dissolve 1 g Isopropylthio-β-D-
galactoside (IPTG) (MW 238.3) in 5 ml 
final volume in H2O. Sterilize by 
passage through a 0.22-micron filter. 
Divide into 1 ml-aliquots and store at -
20 oC. 
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For protein purification:   
10X LB buffer (100 ml) 
 
500 mM Tris-HCl, pH 8.1  
200 mM NaCl 
20 mM EDTA 

Dissolve 6.06 g Tris base (MW 121.1), 
1.17 g NaCl (MW 58.44), 0.74 g 
Na2EDTA (MW 372.23) in 70 ml 
H2O. Adjust pH to 8.1 with HCl and 
final volume to 100 ml with H2O. 
Sterilize with autoclaving. 

 

1 M DTT (20 ml) Dissolve 3.09 g dithiothreitol (DTT) 
(MW 154.25) in 20 ml of 0.01 M 
sodium acetate (pH 5.2). Sterilize by 
passage through a 0.22-micro filter. 
Divide into 1 ml-aliquots and store at  
-20 oC. 

Do not autoclave 
DTT or solutions 
containing DTT. 

20 mg/ml PMSF (5 ml) Dissolve 100 mg phenylmethylsulfonyl 
fluoride (PMSF) in 5 ml isopropanol. 
Divide into 1 ml-aliquots and store at 
 -20 oC 

PMSF is not 
soluble in H2O. 

5 mg/ml leupeptin (5 ml) Dissolve 25 mg leupeptin (hemisulfate 
salt; synthetic) in 5 ml H2O. Sterilize 
by passage through a 0.22-micron 
filter. Divide into 1 ml-aliquots and 
store at -20 oC. 

 

0.1 M benzamidine (1ml) Dissolve 0.016 g benzamidine 
hydrochloride (MW 156.61) in 1 ml 
H2O. Store at -20 oC. 

 

1.5 mg/ml lysozyme 
(10ml) 

Dissolve 15 mg lysozyme in 10 ml 1X 
LB with 1 mM DTT 

 

0.8% deoxycholate  
(50 ml) 

Dissolve 0.4 g deoxycholatic acid 
(sodium salt) in 50 ml H2O. Sterilize 
by passage through a 0.22-micron 
filter. 

 

1M (NH4)2SO4 solution 
(100ml) 

Dissolve 13.21 g (NH4)2SO4 in 100 ml 
final volume in H2O. Sterilize by 
autoclaving. 

 

10% polymin P  
(pH 8.0) (50 ml) 

Dilute 10 ml of 50% polyethylene amine 
solution into 40 ml H2O. Adjust pH to 
8.0 with HCl. Adjust the final volume 
to 50 ml. Sterilize by passage through 
a 0.22-micron filter. 

 

saturated (> 4.5M ) 
(NH4)2SO4 solution, 
pH 7  (500 ml) 

Dissolve ~150 g (NH4)2SO4 in 500 ml 
final volume in H2O. Stir on a heat 
plate until all (NH4)2SO4 is dissolved. 
Titrate with 1 M Tris base until pH is 
7. 
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1 M NaH2PO4 (500 ml) 
(monobasic) 

Dissolve 60 g NaH2PO4 (MW 120) in 
500 ml final volume in H2O. Sterilize 
by autoclaving 

 

1 M Na2HPO4 (500 ml) 
(dibasic) 

Dissolve 71 g Na2HPO4 (MW 141.96) 
in 500 ml final volume in H2O. 
Sterilize by autoclaving. 

 

25X Buffer C (250 ml) 
 
500 mM NaPO4, pH 7.7 
25 mM EDTA 

Mix ~12.5 ml 1 M NaH2PO4 and  
~113 ml 1 M Na2HPO4. Check the pH 
and adjust pH to ~7.7. Add 2.33 g 
Na2EDTA (MW 372.23). Adjust 
volume to 250 ml. Sterilize with 
autoclaving. 

 

2M NaCl (500 ml) Dissolve 58.44 g NaCl in 500 ml final 
volume in H2O. Sterilize by autoclaving. 

 

 

A8.2 Culture growth 

A8.2.1 Pre-culture 

Preserved E. coli BL21/pAR1219 cell culture (see gene map of pAR1219  in 

Figure A8-1) from the -80 oC freezer are streaked onto LB-agar plates with 100 µg/ml 

ampicillin and incubated overnight at 37 oC to isolate individual colonies. Colonies are 

re-streaked onto a new LB-agar plate with 100 µg/ml ampicillin to select only the 

transformed cells containing the pAR1219 plasmid. After the third and final round of 

selection, 5 colonies are grown overnight at 37 oC in 5 ml LB broth with 100 µg/ml 

ampicillin as seeds for mini-cultures to evaluate the overexpression of T7 RNA 

polymerase protein. In the following day, 1 ml of overnight seed cultures are added to 

fresh 100 ml LB broth with 100 µg/ml ampicillin, supplemented 5 ml 20X M9 

(containing 1.28 g Na2HPO4·7H2O, 0.3 g KH2PO4, 0.05 g NaCl, 0.1 g NH4Cl), 2 ml 20% 

glucose, and 100 µl 1M MgSO4, and grow at 37 oC in shaking flasks until the O.D.600 

reaches 0.5. A pre-induced cell culture (1 ml) is saved to serve as a control for basal level 

of protein expression due to a leaky promoter for later SDS-PAGE gel analysis. 
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Isopropylthio-β-D-galactoside (IPTG) (final concentration 0.84 mM) is then added to the 

culture to induce the overexpression of the T7 RNA polymerase protein. After 4 hours of 

induction at 37 oC, 1 ml of induced cell culture is collected and cells are harvested by 

centrifugation at 16,000 x g for 10 minutes.  

The cell pellets (pre-induced and induced) are lysed with 100 µl BugBuster 

(Novagen) and incubated on ice for 1 hour. Samples containing 20 µl lysate with 20 µl 

Laemmli sample buffer (BioRad Laboratory) are run on a 4-20% SDS-PAGE ReadyGel 

(BioRad Laboratory, catalog #161-1102) in 1X Tris-Glycine-SDS buffer (25 mM Tris, 

192 mM glycine, pH 8.3, 0.1% SDS) at 200 volts until dye reaches the bottom. The bands 

are visualized after staining with Bio-Safe Coomassie Stain (BioRad Laboratory, catalog 

#161-0786) and destained by the destaining solution (2:1:7 methanol:acetic acid:H2O). 

T7 RNA polymerase has a molecular weight ~100 kDa and runs close to β-galactosidase 

band (~110 kDa) in the pre-stained protein molecular marker (Bio-Rad Laboratory, 

catalog #161-0318). Overexpression of the T7 RNA polymerase protein is demonstrated 

by an intense band near ~100 kDa present only in the induced cell culture in SDS-PAGE 

gel. The cells that overexpress T7 RNA polymerase are then cultured as seeds in 50 ml 

LB broth with 100 µg/ml ampicillin at 37 oC overnight for larger scale (1L) protein 

purification.  

A8.2.2 Cell culture 

For each liter of cell culture, 5 ml overnight seed culture is added to fresh 1 L LB 

broth with 100 µg/ml ampicillin, supplemented 50 ml 20X M9, 20 ml 20% glucose, and 1 

ml 1 M MgSO4, and grow at 37 oC in shaking flasks until the O.D.600 reaches 0.5. A pre-

induced cell culture (1 ml) is saved for later SDS-PAGE gel analysis. IPTG (final 
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concentration 0.84 mM) is then added to the culture to induce the overexpression of the 

T7 RNA polymerase protein. After 4 hours of induction at 37 oC, 1 ml of induced cell 

culture is collected for SDS-PAGE analysis. Cells are collected by centrifugation at 5,000 

RPM for 10 minutes and washed twice with 100 ml 1X LB buffer (50 mM Tris, pH 8.1, 

20 mM NaCl, 2 mM Na2EDTA) and stored as a cell pellet at -80 oC. Usually about 8 g of 

packed cells are obtained per liter of culture. 
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Figure A8-1. Vector gene map for pBR322a and pAR1219b 
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pBR322 is an E. coli plasmid cloning vector that contains ampicillin- and tetracycline-

resistance genes (ApR and TcR, respectively). EcoRI and BamH1 restriction sites are 

underlined. a Adapted from New England Biolabs website 

pAR1219 contains lacI, lac UV5, and T7 gene (‘gene I’) cloned at the BamH1 restriction 

site in pBR322 vector. The arrows indicate the direction of the transcription that produces 

mRNA for gene I and lacI and the direction of transcription from the lac UV5 promoter.  

b Adapted from (61) 

 

A8.3 Protein purification 

All volumes used are per 1 gram of E. coli cell pellet. 

A8.3.1 Cell lysis and Fractionation 

A. Resuspension of cells: 

1. Resuspend cells in 3 ml 1X LB buffer (with 1mM DTT), on ice. 

2.Add the following protease inhibitors: 

6.25 µl of 20 mg/ml PMSF solution in 2-propanol 

2.5 µl of 5 mg/ml leupeptin 

3.75 µl of 0.1M benzamidin 

3. Add 0.75 ml of 1.5 mg/ml lyzozyme in 1X LB buffer with 1mM DTT. Leave 

on ice for 20 minutes. 

4. Add 312.5 µl of 0.8% (Na)deoxycholate. Leave on ice for 20 minutes. 

B. Sonication and Fractionation of cells 

1.Using the highest allowable output (for the tip used), sonicate 3 x 30 seconds 

(output=10; duty=40%) while keeping cell suspension at 4 oC. 
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2. Add 1.25 ml of 1M (NH4)2SO4 solution, and then bring total volume to 6.25 ml 

with 1X LB. 

3. Add 0.625 ml of 10% Polymin P, pH 8.0 (dropwise), while stirring on ice for 

20 minutes. 

4. Centrifuge suspension at 15,000 RPM for 15 minute (Use SS34 rotor in 

ultracentrifuge).  

5. Separate supernatant from the pellet and keep the supernatant. Add saturated 

(NH4)2SO4,  pH 7, to supernatant until precipitation forms. Stir on ice for 15 

minutes. 

6. Centrifuge at 10,000 RPM for 15 minutes and keep the pellet.  

C. Resuspension and Dialysis of the protein pellet  

1. Dissolve pellet in 1.9 ml Buffer C (with 0.1 M NaCl, 5% glycerol, 1 mM DTT, 

20 µg/ml PMSF). 

2. Dialyze against the 1 L of the same buffer overnight at 4 oC. 

A8.3.2 Chromatography using S-sepharose 

A. Prepare protein for chromatography 

1. Remove dialysate from dialysis solution and clarify by spinning at 10,000 RPM 

for 10 minutes. 

2. Reduce conductivity of the protein solution by diluting with ice-cold H2O until 

it matches the conductivity of Buffer C (with 50 mM NaCl, 5% glycerol, 1 mM 

DTT and 20 µg/ml PMSF). (Note: there is no conductivity meter in lab so the 

sample is diluted 4-fold (i.e., 1:3 sample:buffer) with 1X Buffer C (with 50mM 

NaCl, 5% glycerol, 1mM DTT and 20ug/ml PMSF). 
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B. S-sepharose chromatography 

1. Load protein sample onto a 100-ml S-sepharose column previously equilibrated 

with buffer C (with 50 mM NaCl, 5% glycerol, 1 mM DTT and 20 µg/ml 

PMSF) with a flow rate 1 ml/min 

2. Wash column with at least 4-5 column volumes of Buffer C (with 50 mM 

NaCl, 5% glycerol, 1 mM DTT, and 20 µg/ml PMSF) 

3. Elute T7 polymerase from the column using buffer C (with 200 mM NaCl, 5% 

glycerol, 1 mM DTT) and collect 1-ml fractions. Check the purity and 

concentration of protein with SDS-PAGE analysis. Keep fractions w/ very high 

amounts of T7!! 

4. Wash column with 1X Buffer C and preserve in 20% ethanol with 0.3% sodium 

azide. 

A8.3.3 Fractionation by dialysis 

1. Pool fractions of T7 RNA polymerase and dialyze against 1 L of buffer C (with 

10 mM NaCl, 5% glycerol, 1 mM DTT) (Note: This is a very important step 

since the low salt concentration results in T7 RNA polymerase aggregating out 

of solution, allowing it to be separated from other contaminants. It is worth 

letting this dialysis go at least 4-5 days. 

2. Remove dialysate from dialysis solution and collect precipitated protein by 

centrifugation at 10,000 x g for 10 minutes. 

3. Resuspend pellet in 1.25 ml Buffer C (with 100 mM NaCl, 5% glycerol, and 1 

mM DTT), and dialyze overnight against 110 ml of Buffer C (with 100 mM 
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NaCl, 50% glycerol and 1 mM DTT). (This should reduce the final volume by 

2/3). Divide into 500 µl-aliquots and store in -80 oC freezer. 

A8.4 Quantification 

T7 RNA polymerase protein can be using Beer-Lambert law (A = εcd, where A = 

absorbance, ε = extinction coefficient in M-1cm-1 (130,430 for T7 RNA polymerase (62), 

c = concentration in M, d = unit path length in cm). For example, if we dilute the protein 

sample 100-fold (5 µl sample in 500 µl total volume) for A280 measurement (A280 = 0.38), 

the concentration (c) is: 

c = A/εd = Me µ29161
430,130

10038.0
=×

×
 

Another convenient unit of expression protein concentration is mg/ml. To convert the 

concentration into mg/ml, 

# mg/ml = c x MW = 
�����������	



�

���,����

���	
�

������

��
�

�


������
� 33.7 mg/ml 

where MW is molecular weight (116,000 g/mol) ((61)). 

A8.5 Activity assay 

The activity of the new T7 RNA polymerase protein can be assessed by trial 

transcription reactions by varying T7 concentrations. Generally, 2-3% T7 (by volume) in 

a transcription reaction gives the best yield. The Mg+2 concentration used here has been 

optimized previously for the given template. The transcription reactions are incubated at 

37 oC for 2 hours and analyzed by 20% denaturating PAGE as described in Section 

A5.4.2. 
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#1 
20mM Mg +2 , 

0.5% T7 RNAP 

#2 
20mM Mg+2, 
1% T7 RNAP 

#3 
20mM Mg+2 , 

1.5 % T7 RNAP 

#4 
20mM Mg+2, 
2% T7 RNAP 

DNA 6 6 6 6 
NTP 16 16 16 16 
Mg+2 2 2 2 2 
5XTB 20 20 20 20 
H2O 55.5 55 54.5 54 
T7 

RNAP 
0.5 1 1.5 2 

Volume 100 100 100 100 

 

#5 
20mM Mg+2, 

2.5% T7 RNAP 

#6 
20mM Mg+2, 
3% T7 RNAP 

#7 
20mM Mg+2, 

3.5% T7 RNAP 

#8 
20mM Mg+2, 
4% T7 RNAP 

DNA 6 6 6 6 
NTP 16 16 16 16 
Mg+2 2 2 2 2 
5XTB 20 20 20 20 
H2O 53.5 53 52.5 52 
T7 

RNAP 
2.5 3 3.5 4 

Volume 100 100 100 100 

 

#9 
20mM Mg+2, 5% 

T7 RNAP 

#10 
20mM Mg+2, 

10% T7 RNAP 
DNA 6 6 
NTP 16 16 
Mg+2 2 2 
5XTB 20 20 
H2O 51 46 
T7 

RNAP 
5 10 

Volume 100 100 

 

  

µl 
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Appendix 9 HIV-1 NCp7 preparation 

A9.1 Material 

Solution Method of preparation Comments 
For cell culture:   
LB-agar plate (1 L) 

(with 100 µg/ml 
ampicillin,  
34 µg/ml 
chloramphenicol) 

Dissolve 35 g LB-agar powder in 1 L 
H2O (or follow manufacturer’s 
recipe). Sterilize by autoclaving. 
Add 1 ml 100 mg/ml ampicillin and 
1ml 34 mg/ml chloramphenicol 
stock solutions and pour into  
100 mm culture dishes ( ~ 20 - 25 
ml/plate). Store at 4 oC. 

Add ampicillin 
and 
chlorampheni-
col only after 
the LB-agar 
solution has 
cooled to 
 ~55 oC. 

LB broth (1 L) Dissolve 20 g LB broth powder in 1 L 
H2O (or follow manufacturer's 
recipe). Sterilize by autoclaving. 

 

20X M9 (500 ml) Dissolve 15 g Na2HPO4, 30 g 
KH2PO4, 10 g NH4Cl in a final 
volume of 500 ml H2O. Sterilize by 
autoclaving. 

 

20% glucose (100 ml) Dissolve 20 g glucose in final volume 
of 100 ml H2O. Sterilize by passage 
through a 0.22-micron filter. 

 

1 M MgSO4 (50 ml) Dissove 6 g MgSO4 (anhydrous) 
 (MW 120.37) in final volume of  
50 ml H2O. Sterilize by passage 
through a 0.22-micron filter. 

 

100 mg/ml ampicillin  
(10 ml) 

Dissolve 1 g ampicillin (sodium salt) 
in a final volume of 10 ml in H2O. 
Sterilize by passage through a  
0.22-micron filter. Divide into 1 ml-
aliquots and store at -20 oC. 

 

34 mg/ml chloramphenicol 
(10 ml) 

Dissolve 340 mg chloramphenicol in a 
final volume of 10 ml H2O. Sterilize 
by passage through a 0.22-micro 
filter. Divide into 1 ml-aliquots and 
store at  
-20 oC. 
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1M ZnCl2 (100 ml) Dissolve 13.63 g (MW 136.3) in a 
final volume of 100 ml in H2O. 
Sterilize by passage through a  
0.22-micron filter. 

ZnCl2 is 
hydroscopic 

1 M IPTG (10 ml) Isopropylthio-β-D-galactoside (MW 
238.3). Dissolve 2.375 g of IPTG in  
8 ml H2O and adjust final volume to  
10 ml with H2O. Sterilize by passage 
through a 0.22-micron filter. Divide 
into 1 ml-aliquots and store at  
-20 oC. 

 

For protein purification: 
1 M DTT (10 ml) Dissolve 1.545 g dithiothreitol (MW 

154.25) in 10 ml of 0.01 M sodium 
acetate (pH 5.2). Sterilize by passage 
through a 0.22-micron filter. Divide 
into 1 ml-aliquots and store at  
-20 oC. 

Do not 
autoclave DTT 
or solutions 
containing 
DTT. 

1X Lysis buffer (200 ml) 
 
50 mM Tris-HCl, pH 8.0 
100 mM NaCl 
0.1 mM ZnCl2 
2 mM EDTA 
10% glycerol 
5 mM DTT 

Dissolve 1.21 g Tris base (MW 
121.2), 1.1688 g NaCl (MW 58.44), 
0.148 g Na2EDTA (MW 372.23) in 
100 ml H2O. Titrate to pH 8.0 with 
HCl. Add 20 ml glycerol and bring 
final volume to 200 ml with H2O. 
Sterilize by autoclaving. Add 20 µl 
1M ZnCl2 and 1 ml 1 M DTT stock 
solutions. 

 

10 mM PMSF (10 ml) Dissolve 17.4 mg 
phenylmethylsulfonyl fluoride 
(PMSF) (MW 174.19) in 10 ml 
isopropanol. Divide into 1 ml-
aliquots and store at -20 oC 

PMSF is not 
soluble in 
H2O. 

1 mg/ml pepstatin (10 ml) Dissolve 10 mg pepstatin in final 
volume of 10 ml H2O. Sterilize by 
passage through a 0.22-micron filter. 
Divide into 1 ml-aliquots and store 
at -20 oC. 

 

1% deoxycholate (10 ml) Dissolve 0.1 g deoxycholatic acid 
(sodium salt) in 10 ml H2O. Sterilize 
by passage through a 0.22-micron 
filter. 
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4% polymin P (50 ml) 
( pH 7.9) 

Dilute 4 ml of 50% polyethylene 
amine solution into 40 ml H2O. 
Adjust pH to 7.9 with HCl. Adjust 
the final volume to 50 ml. Sterilize 
by passage through a 0.22-micron 
filter. 

 

1X Buffer A (2 L) 
 
50 mM Tris-HCl, pH 8.0 
100 mM NaCl 
0.1 mM ZnCl2 
10% glycerol 
10 mM BME 

Dissolve 12.12 g Tris base and 11.7 g 
NaCl in 1.4 L H2O. Adjust pH to 8.0 
with HCl. Add 200 ml glycerol and 
bring final volume to 2 L with H2O. 
Sterilize by autoclaving. Add 200 µl  
1 M ZnCl2 stock solution and 1.4 ml 
14.4 M beta-mercaptoethanol (BME) 

BME stock 
solution ( 
14.4 M) is 
stored in a dark 
bottle at 4 oC. 
Do not 
autoclave BME 
or solutions 
containing BME 

1X Buffer B (1 L) 
 
50 mM Tris-HCl, pH 8.0 
1 M NaCl 
0.1 mM ZnCl2 
10% glycerol 
10 mM BME) 

Dissolve 6.06 g Tris base and 58.5 g 
NaCl in 700 ml H2O. Adjust pH to 
8.0 with HCl. Add 100 ml glycerol 
and bring final volume to 1 L with 
H2O. Sterilize by autoclaving. Add 
100 µl 1 M ZnCl2 stock solution and 
694 µl 14.4 M BME. 

 

1X Buffer C (1 L) 
 
50 mM Tris-HCl, pH 7.0 
100 mM NaCl 
0.1 mM ZnCl2 

10% glycerol 
10 mM BME 

Dissolve 6.06 g Tris base and 5.85 g 
NaCl in 700 ml H2O. Adjust pH to 
7.0 with HCl. Add 100 ml glycerol 
and bring final volume to 1 L with 
H2O. Sterilize by autoclaving. Add 
100 µl 1 M ZnCl2 stock solution and 
694 µl 14.4 M BME. 

 

NMR buffer (100 ml) 
 
25 mM sodium acetate-d3 

(pH 6.5) 
25 mM NaCl 
0.1 mM ZnCl2 
0.1 mM BME 

Dissolve 0.2125 g deuterated sodium 
acetate (sodium acetate-d3, MW 
85.05) and 146.25 mg NaCl in final 
volume 100 ml in H2O. Sterilize by 
passage through a 0.22-micron filter. 
Add 10 µl 1 M ZnCl2 stock solution 
and 69 µl 14.4 M BME. 

 

 
A9.2 Culture growth 

A9.2.1 Construction of E. coli BL21(DE3)pLys/pRD clone 

The pRD plasmid containing the HIV-1 NC coding region in pNL4-3 cloned in 

the expression vector pET-3a was a generously gift from the laboratory of Michael F. 



230 
 

Summers. BL21(DE3)pLys component cells (Stratagene) are transformed with pRD 

plasmid according to manufacturer’s instructions.  

 

Transformation protocol (Stratagene): 

1. Thaw the component cells on ice.  

2. Gently mix the component cells. Aliquot 100 µl of the component cells into the 

pre-chilled 14-ml BD Falcon polypropylene round bottom tubes. 

3. Add 1.7 µl of the b-mercaptonethanol (BME) (1:10 dilution of a 14.4 M stock 

solution of BME), to each polypropylene tube containing the component cells, 

for a final concentration of 25 mM BME. Swirl tubes gently.  

4. Incubate the reactions on ice for 10 minutes, swirling gently every 2 minutes. 

5. Add 1-50 ng (1 µl) of pRD plasmid to each transformation reaction and swirl 

gently.  

6. Incubate the reaction on ice for 30 minutes. 

7. Preheat SOC medium (or LB if SOC medium is unavailable) in a 42 oC water 

bath for use in step (10). 

8. Heat-pulse each transformation reaction in a 42 oC water bath for 45 sections. 

(Note: the duration of the heat pulse is critical for optimal transformation 

efficiency). 

9. Incubate the reaction on ice for 2 minutes. 

10. Add 0.9 ml of preheated (42 oC) SOC medium to each transformation reaction 

and incubate the reaction at 37 oC for 1 hour with shaking at 225-250 rpm. 
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11. Using a sterile spreading, spread 100 µl, 200 µl, and the remaining cell culture 

onto LB-agar plates containing 100 µg/ml ampicillin and 34 µg/ml 

chloramphenicol. 

12. Incubate plates overnight at 37 oC 

 

Alternatively, preserved BL21(DE3)pLys/pRD cells stored at -80 oC can be used to 

express the NCp7 protein. The transformed cells are selected by streaking onto LB-agar 

plates containing 100 µg/ml ampicillin and 34 µg/ml chloramphenicol in a similar 

manner as described in Section A8.2.1. 

A9.2.2 Pre-culture 

Five isolated colonies are inoculated overnight 37 oC in 5 ml LB broth with 100 

µg/ml ampicillin and 34 µg/ml chloramphenicol as seeds for mini-cultures to evaluate the 

overexpression of the NCp7 protein. In the following day, 1 ml of overnight seed cultures 

are added to fresh 100 ml LB broth with 100 µg/ml ampicillin, 34 µg/ml 

chloramphenicol, supplemented 5 ml 20X M9 (containing 150 mg Na2HPO4, 300 mg 

KH2PO4, 100 mg NH4Cl), 2 ml 20% glucose, 100 µl 1 M MgSO4, and 10 µl 1 M ZnCl2 

(0.1 mM ZnCl2), and grown at 37 oC in shaking flasks until the O.D.600 reaches 0.5 - 0.6 

before induction of protein expression with 1 mM IPTG. A pre-induced cell culture (1 

ml) is saved to serve as a control for basal level of protein expression due to a leaky 

promoter for later SDS-PAGE gel analysis. After 3 hours, 1 ml of induced cell culture is 

collected and cells are harvested by centrifugation at 16,000 x g for 10 minutes.  

The cell pellets (pre-induced and induced) are lysed with 100 µl BugBuster 

(Novagen) and incubated on ice for 1 hour. Samples containing 20 µl lysate with 20 µl 
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Laemmli sample buffer (BioRad Laboratory) are run on a 10% SDS-PAGE ReadyGel 

(BioRad Laboratory, catalog #161-1102) in 1X Tris-Glycine-SDS buffer (25 mM Tris, 

192 mM glycine, pH 8.3, 0.1% SDS) at 150 volts until dye reaches the bottom. The bands 

are visualized after staining with Bio-Safe Coomassie Stain (BioRad Laboratory, catalog 

#161-0786) and destained by the destaining solution (2:1:7 methanol:acetic acid:H2O). 

NCp7 protein has a molecular weight 6,500 dalton and runs close to aprotinin band (6971 

dalton) in the pre-stained protein molecular marker (Bio-Rad Laboratory, catalog #161-

0318). Overexpression of the NCp7 protein is demonstrated by an intense band near 

~6,500 dalton present only in the induced cell culture in SDS-PAGE gel. The cells that 

overexpress NCp7 protein are then cultured as seeds in 50 ml LB broth with 100 µg/ml 

ampicillin and 34 µg/ml chloramphenicol at 37 oC overnight for larger scale (2 L) protein 

purification.  

A9.2.3 Cell culture 

For 2 liters of cell culture, 20 ml overnight seed culture is added to fresh LB broth 

with 100 µg/ml ampicillin, 34 µg/ml chloramphenicol, supplemented 100 ml 20X M9 

(containing 3 g Na2HPO4, 6 g KH2PO4, 2 g NH4Cl), 40 ml 20% glucose, 2 ml 1 M 

MgSO4, and 200 µl 1 M ZnCl2 (0.1 mM ZnCl2), and grown at 37 oC in shaking flasks 

until the O.D.600 reaches 0.5 - 0.6 before induction of protein expression with 1 mM 

IPTG (add 2 ml 1M IPTG stock solution). After 3 hours of induction at 37 oC, an 1-ml 

induced cell culture is collected for SDS-PAGE to examine the overexpression of the 

NCp7 protein. The cells are then harvested by centrifugation at 5,000 RPM for 10 

minute, resuspended in 30 ml lysis buffer (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 0.1 
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mM ZnCl2, 2.0 mM EDTA, 10% glycerol, 5 mM DTT) and stored at -80 oC. Usually 

about 7 g of packed cells are obtained per liter of culture. 

A9.3 Protein purification 

All volumes used are per 2 liter of cell culture. 

A9.3.1 Cell lysis and fractionation 

A. Resuspension of cells: 

1. Thaw cell pellet on ice. 

2. Add the following protease inhibitors: 

172 µl of 10 mM PMSF solution in 2-propanol 

30 µl of 1 mg/ml pepstatin A 

2.1 ml of 1% (Na)deoxycholate 

B. Sonication and Fractionation of cells 

1. Sonicate in 5 x 20 seconds (Timer = HOLD; duty = constant; output = 5-6) 

2. Add 4% polymine P, pH 7.9 (dropwise) to a final concentration of 0.4% and 

stir on ice for 15 minutes 

3. Centrifuge at 23,000 x g for 30 minutes at 4 oC (or 14,000 RPM for SS34 rotor) 

4. Collect supernatant (~42 ml) and pass through a 0.45-micron filter 

A9.3.2 Chromatography 

A. Q-sepharose and SP-sepharose column chromatography 

1. Load filtered protein sample onto a 20-ml Q-sepharose column (Pharmcia) 

previously equilibrated with 200 ml buffer A (with 50 mM Tris-HCl, pH 8.0, 

100 mM NaCl, 0.1 mM ZnCl2, 10% glycerol, 10 mM BME) with a flow rate  

1 ml/min 
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2. The flow-through is loaded onto a 20-ml SP-sepharose column (Pharmcia) 

connected in series with the Q-sepharose column with a flow rate of 1 ml/min. 

The SP-sepharose column has been previously equilibrated with 200 ml  

buffer A.  

3. Wash the columns with 60 ml buffer A 

4. Detach the Q-sepharose column  

5. Wash the SP-sepharose column with 30 ml buffer A 

6. Apply 200 ml of 40% -50% gradient of buffer B (50 mM Tris-HCl, pH 8.0,  

1 M NaCl, 0.1 mM ZnCl2, 10% glycerol, 10 mM BME) to elute the NCp7 

protein. 

40% gradient (with 460 mM NaCl) = 60% buffer A + 40% buffer B 

50% gradient (with 550 mM NaCl) = 50% buffer A + 50% buffer B)  

7. Analyze fractions with SDS-PAGE and pool fractions containing NCp7 protein 

(~15 ml) 

B. G-50 sephadex column chromatography 

1. Protein fractions (~15 ml) is loaded onto a 320-ml G-50 sephadex (fine grade) 

column previously equilibrated with 750 ml buffer C (50mM Tris-HCl, pH 7.0, 

100mM NaCl, 0.1mM ZnCl2, 10% glycerol,10 mM BME) with a flow rate 0.5 

ml/min. 

2. Wash with 320 ml buffer C to elute protein 

3. Check the purity and concentration of protein with SDS-PAGE analysis.  
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C. Buffer exchange into NMR buffer 

1. Pool fractions with pure NCp7 protein and concentrate using a centrifugal filter 

device (1,000 MWCO). 

2. Exchange the NCp7 protein into the NMR buffer (25 mM deuterated sodium 

acetate, pH 6.5, 25 mM NaCl, 0.1 mM ZnCl2, 0.1 mM BME) and concentrate to 

1 ml final volume using the centrifugal filter device. 

A9.4 Quantification 

The NCp7 protein can be quantified with Beer-Lambert law with extinction 

coefficient 8,350 M-1cm-1 (63). For example, if we dilute the protein sample 100-fold (5 

µl sample in 500 µl total volume) for A280 measurement (A280 = 0.05), the concentration 

(c) is: 

c = A/εd = Me µ60061
350,8

10005.0
=×

×
 

Another convenient unit of expression protein concentration is mg/ml. To convert the 

concentration into mg/ml, 

 

# mg/ml = c x MW = 
�����������	



�

�,����

���	
�

������

��
�

�


������
� 3.9 mg/ml 

 

where MW is molecular weight (6,500 g/mol). 

A9.5 Activity assay 

The protocol to test the dimer maturation activity of NCp7 is previously described 

in Section A6.2.2, without the addition of potential inhibitor compounds in the reaction. 
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Appendix 10 Preparation of common reagents and buffers 

Solution Method of preparation Comments 
10% Ammonium 

persulfate (APS)  
(10ml) 

Dissolve 1g ammonium persulfate 
and bring final volume to 10 ml in 
H2O. Store at 4 oC. 

 

100 mM ATP, pH 8.0 
(18.14ml) 

Dissolve 1g adenosine 5'-
triphosphate disodium salt (MW 
551.14) in 10 ml H2O. Adjust pH 
to 8.0 with 1 M NaOH solution. 
Adjust the final volume to  
18.14 ml. Aliquot into 1-ml 
aliquots and stored in -20 oC.  

 

100 mM CTP, pH 8.0  
(18.9 ml) 

Dissolve 1g cytidine 5'-triphosphate 
disodium salt (MW 527.12) in  
10 ml H2O. Adjust pH to 8.0 with 
1 M NaOH solution. Adjust the 
final volume to 18.9 ml. Aliquot 
into 1-ml aliquots and stored in  
-20 oC.  

 

2X denaturing dye (50 ml) 
 
0.25% bromophenol blue 
0.25% xylene cyanole FF 

Dissolve 125 mg bromophenol blue 
(sodium salt) and 125 mg xylene 
cyanole FF in 50 ml 7M urea.  

 

20% denaturing 
polyacrylmaide solution 
(1 L) 

Dissolve 420 g urea in 500 ml 40% 
acrylamide:bisacrylamide (19:1) 
solution and 100 ml 10X TBE 
buffer. Adjust volume to 1L. 

 

2X dimerization buffer 
(100 ml) 

 
20 mM potassium 

phosphate, pH 7.0 
100 mM NaCl 
0.2 mM MgCl2 

Combine 20 ml 100 mM potassium 
phosphate (pH 7.0), 2 ml 5M 
NaCl, 20 µL 1 M MgCl2 and adjust 
volume to 100 ml. Sterilize by 
passage through 0.22-micron filter. 
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0.5 M EDTA, pH 8  
(100 ml) 

Dissolve 18.61 g disodium 
ethylenediaminetetr acetate ∙2H2O 
(MW 372.24) in 80 ml H2O. 
Adjust the pH to 8.0 with 1 M 
NaOH (~2 g of NaOH pellet). 
Adjust the final volume to 100 ml. 
Sterilize by autoclaving. 

The disodium salt 
of EDTA will 
not go into 
solution until 
the pH of the 
solution is 
adjusted to 
approximately 
8.0 by the 
addition of 
NaOH. 

100 mM GTP, pH 8.0 
(19.12 ml) 

Dissolve 1 g guanosine 5'-
triphosphate sodium salt (MW 
523.18) in 10 ml H2O. Adjust pH 
to 8.0 with 1M NaOH solution. 
Adjust the final volume to  
19.12 ml. Aliquot into 1-ml 
aliquots and stored in -20 oC.  

 

6X native dye (50 ml) 
 
0.25% bromophenol blue 
30% glycerol 

Dissolve 125 mg bromophenol blue 
sodium salt in 15 ml glycerol and 
adjust final volume to 50 ml in 
H2O. 

 

10% native TBE 
polyacrylamide solution 
(100 ml) 

Combine 25 ml 40% acrylamide 
:bisacrylamide (19:1) solution and 
10 ml 10X TBE buffer and adjust 
volume to  
100 ml. 

 

10% native TBM 
polyacrylamide solution 
(100 ml) 

Combine 25 ml 40% acrylamide: 
bisacrylamide (19:1) solution and 
10 ml 10X TBM buffer and adjust 
volume to 100 ml. 

 

1M potassium phosphate 
monobasic (KH2PO4) 
(500 ml) 

Dissolve 68.05g KH2PO4 
(MW136.09) in final volume of 
500 ml in H2O. Sterilize by 
autoclaving. 

 

1M potassium phosphate 
dibasic (K2HPO4)  
(500 ml) 

Dissolve 87.07 g KH2PO4  
(MW 174.18) in final volume of 
500 ml in H2O. Sterilize by 
autoclaving. 

 

100 mM potassium 
phosphate, pH 7.0  
(100 ml) 

Combine 6.15 ml 1M K2HPO4 and 
3.85 ml KH2PO4 and adjust 
volume to 100 ml with H2O. 
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3M sodium acetate, pH 5.2 
(500 ml) 

Dissolve 204.05 g sodium 
acetate∙3H2O (MW 136.03) in  
400 ml H2O.  Adjust the pH to 5.2 
with glacial acetic acid. Adjust 
volume to 500 ml and sterilize with 
autoclaving. 

 

5X transcription buffer  
(50 ml) 
 
200 mM Tris-HCl, pH 8.0 
25 mM NaCl 
0.05% Triton X-100 
5 mM sperimidine 
25 mM DTT 
400 mg/ml PEG 

Combine 20 ml H2O, 10 ml 1 M 
Tris-HCl (pH 8.0), 250 µl 5M 
NaCl, 25 µL Triton X-100,  
63.5 mg spermidine, and 192.8 mg 
DTT, then dissolve 20 g PEG 
(MW 8,000). Sterilize by passage 
through a 0.22-micron filter. Store 
at 4 oC. 

 

10X Tris-borate-MgCl2 
(TBM) buffer, pH 8.4  
(1 L) 

 
890mM Tris 
890mM borate 
30mM MgCl2 

Dissolve 107.69 g Tris  
(MW 121.14), 55.2 g boric acid 
(MW 61.83), and 6 g MgCl2 ∙6H2O 
(MW 203.3) in final volume of 1L 
with H2O.  

 

TE buffer (100 ml) 
 
10 mM Tris-HCl, pH 8.0 
1 mM EDTA 

Combine 1 ml 1 M Tris-HCl (pH 
8.0) and 0.2 ml 0.5 M EDTA (pH 
8.0) and adjust volume to 100 ml. 

 

1 M Tris-HCl, pH 8.0  
(100 ml) 

Dissolve 12.11 g Tris base (MW 
121.14) in 80 ml H2O and adjust 
pH to 8.0 (~ 4.2 ml concentrated 
HCl). Allow solution to cool to 
room temperature before making 
final adjustment to pH 8.0. Adjust 
the volume to 100 ml and sterilize 
by autoclaving. 

The pH of Tris 
solutions is 
temperature-
dependent and 
decreases 
approximately 
0.03 pH unit for 
each 1 oC 
increase in 
temperature. 

100 mM UTP, pH 8.0 
(18.18 ml) 

Dissolve 1g uridine 5'-triphosphate 
trisodium salt (MW 550.09) in  
10 ml H2O. Adjust pH to 8.0 with 
1 M NaOH solution. Adjust final 
volume to 18.18 ml. Aliquot into 
1-ml aliquots and stored in -20 oC.  

 

7M urea (500 ml) Dissolve 210 g urea (MW 60) in 
final volume of 500 ml in H2O. 
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Appendix 11 Lists of assigned proton chemical shifts in RNA 

Table A11-1. Tentative assignment of 1H resonances in the SL1-wt kissing dimer at 25oC 

H1' H2' H2 H5 H6 H1/H3 
G1 
A2 7.92 
C3 5.24 7.50 
G4 
G5 
C6 5.37 7.60 
U7 5.42 7.91 14.07 
U8 5.58 7.93 12.96 
G9 12.42 
C10 5.12 7.51 
U11 5.61 7.66 11.60 
G12 
A13 7.92 
A14 5.95 4.87 8.00 
Pal1a 12.60 
C16 5.59 7.76 
Pal2a 12.72 
Pal2a 5.15 7.29 
Pal3a 12.89 
Pal3a 5.11 7.57 
A21 7.69 
C22 5.31 7.46 
G23 10.45 
G24 13.19 
C25 5.16 7.55 
A26 6.68 
A27 7.33 
G28 
A29 5.90 4.45 7.92 
G30 5.63 4.63 
G31 5.84 4.79 
C32 5.59 7.76 
G33 
U34 5.15 7.84 14.38 
C35 5.71 7.78 

a unassigned signal resonances from the palindromic loop 
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Table A11-2. Tentative assignment of 1H resonances in the SL1-wt extended dimer at 

25oC 

H1' H2' H2 H5 H6 H1/H3 
G1 
A2 7.92 
C3 5.23 7.47 
G4 
G5 
C6 5.37 7.61 
U7 5.43 7.92 14.06 
U8 5.59 7.94 12.97 
G9 12.42 
C10 5.12 7.52 
U11 5.64 7.69 11.62 
G12 5.64 4.32 12.54 
A13 5.88 4.58 7.92 
A14 8 
G15 12.54 
C16 5.14 7.62 
G17 12.82 
C18 5.14 7.62 
G19 12.82 
C20 5.15 7.46 
A21 7.64 
C22 5.34 7.49 
G23 10.34 
G24 13.16 
C25 5.16 7.55 
A26 6.68 
A27 7.34 
G28 12.54 
A29 5.91 4.44 7.92 
G30 
G31 
C32 5.59 7.76 
G33 
U34 5.15 7.82 14.37 
C35 5.71 7.79 
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Table A11-3. Tentative assignment of 1H resonances in the SL1-ss kissing dimer 

H1'a H2'a H2a H5a H6/H8a H1/H3b H41b H42b H61b H62b 
G1* 5.83 4.95 8.16           

G2* 5.93 4.62 7.66 13.45         

C6 5.57 5.28 7.69   8.64 6.969     

U7 5.57 5.45 7.88 14.09         

U8 5.60 4.54 5.59 7.97 13.23         

G9 5.76 4.49 7.76 12.48         

C10 5.43 5.16 7.50   8.249 6.931     

U11 5.57 4.09 5.62 7.68 11.62         

G12 5.71 4.08 7.71 12.73         

A13 5.96 4.63 8.01 8.19           

A14 5.96 4.89 8.11 8.31           

G15 5.88 8.06           

C16 5.53 4.43 5.05 7.77           

G17 5.67 4.34 7.45 12.55         

C18 5.48 4.45 5.12 7.57   8.05 6.648     

G19 5.65 7.33           

C20 5.35 5.16 7.29           

A21 5.91 4.58 7.23 7.86           

C22 5.21 4.46 5.33 7.47   8.348 6.903     

G23 5.73 4.71 7.49 10.46         

G24 5.65 7.20 13.22         

C25 5.49 4.57 5.19 7.60   8.383 6.931     

A26 5.89 4.59 6.66 7.95       7.781 6.418 

A27 5.86 4.58 7.38 7.75           

G28 5.60 4.43 7.20 13.52         

C26* 5.51 4.26 5.16 7.60   8.585 6.956     

C27* 5.79 4.02 5.52 7.68           
a assigned based on NMR spectra acquired at 30 oC 

b assigned based on NMR spectra acquired at 10 oC 
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Table A11-4. Tentative assignment of 1H resonances in the SL1-gril RNA at 25 oC 

H1' H2' H2 H5 H6/H8 
G0* 
C1* 5.43 7.90 
U2* 4.34 5.68 7.89 
C3 4.00 5.25 7.45 
G4 
G5 
C6 5.41 7.64 
U7 5.52 5.45 7.93 
U8 5.63 5.61 7.96 
G9 5.76 4.49 7.79 
C10 5.48 4.55 5.16 7.56 
U11 5.70 7.76 
G12 5.77 4.70 7.81 
U13* 5.55 5.46 7.56 
A14* 6.15 5.20 8.78 
C15* 6.02 4.17 6.20 7.75 
G16* 5.93 4.89 7.82 
C22 6.11 8.14 
G23 5.74 4.82 7.64 
G24 5.75 4.49 7.29 
C25 5.50 5.23 7.57 
A26 5.88 6.70 7.94 
A27 5.77 7.38 7.68 
G28 5.47 7.15 
A29 5.90 4.43 7.89 7.87 
G30 5.61 4.63 7.60 
G31 5.83 4.81 7.88 
C32 5.68 5.60 7.77 
G33 5.76 7.69 
A29* 
G30* 

 
  



243 
 

Table A11-5. Tentative assignment of 1H resonances in the SL2 RNA at 25 oC 

H2 H5 H6 H1/H3 
G1 
G2 13.36 
C3 5.27 7.65 
G4 12.20 
A5 7.72 
C6 5.29 7.54 
U7 5.36 7.71 13.36 
G8 
G9 
U10 5.80 7.68 
G11 
A12 7.54 8.36 
G13 13.21 
U14 5.21 7.71 
A15 8.12 
C16 5.64 7.73 
G17 12.82 
C18 5.25 7.73 
C19 5.54 7.70 
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Table A11-6. Tentative assignment of 1H resonances in the SL3 RNA at 25 oC 

H2 H5 H6 H1/H3 
G1 12.90 
G2 12.57 
A3 7.81 
C4 5.27 7.43 
U5 5.44 7.86 13.25 
A6 6.71 
G7 13.35 
C8 5.03 7.33 
G9 
G10 
A11 7.99 
G12 
G13 12.90 
C14 5.28 7.71 
U15 5.51 7.92 13.35 
A16 6.74 
G17 13.46 
U18 5.02 7.74 14.37 
C19 5.65 7.90 
C20 5.54 7.70 
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Appendix 12 List of proton chemical shift difference of RNA during 

KA-AMC titration 
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Table A12-1. Proton chemical shift difference of SL1-wt kissing dimer in 2:1 RNA:KA-

AMC complex at 25 oC 

H1' H2' H2 H5 H6 H1/H3 
G1 
A2 -0.003 
C3 -0.007 -0.011 
G4 
G5 
C6 0.031 0.028 
U7 -0.015 -0.011 -0.032 
U8 0.005 -0.005 0.021 
G9 -0.010 
C10 -0.014 -0.007 
U11 -0.015 -0.013 0.001 
G12 
A13 -0.003 
A14 -0.035 -0.009 ** 
Pal1 -0.026 
C16 -0.019 0.015 
Pal2 
Pal2 ** ** 
Pal3 -0.055 
Pal3 ** ** 
A21 0 
C22 ** ** 
G23 -0.005 
G24 -0.012 
C25 -0.010 0.001 
A26 0.004 
A27 0.003 
G28 
A29 ** ** -0.003 
G30 0.007 0.062 
G31 -0.044 -0.040 
C32 -0.019 0.015 
G33 
U34 -0.01 -0.007 0.004 
C35 -0.013 -0.005 

** Residues undergoing broadening 
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Table A12-2. Proton chemical shift difference of SL1-wt kissing dimer in 2:2 RNA:KA-

AMC complex at 25 oC 

H1' H2' H2 H5 H6 H1/H3 
G1             
A2     0.009       
C3       -0.007 -0.008   
G4             
G5             
C6       0.023 0.053   
U7       -0.016 -0.016 -0.049 
U8       0.011 0.004 0.031 
G9           -0.016 
C10       -0.021 0   
U11       -0.016 -0.009 0.007 
G12             
A13     0.009       
A14 -0.043 -0.003 **       
Pal1       -0.054 
C16 -0.056 -0.002 
Pal2         
Pal2 ** ** 
Pal3       -0.068 
Pal3 ** ** 
A21     0       
C22       ** **   
G23           -0.018 
G24           -0.021 
C25       -0.007 0.008   
A26     0        
A27     **       
G28             
A29 ** ** 0.009       
G30 0.020 0.088         
G31 -0.061 -0.035         
C32       -0.056 -0.002   
G33             
U34       -0.009 -0.005 -0.004 
C35       -0.019 -0.005   

** Residues undergoing broadening 
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Table A12-3. Proton chemical shift difference of SL1-wt kissing dimer in 2:4 RNA:KA-

AMC complex at 25 oC 

H1' H2' H2 H5 H6 H1/H3 
G1             
A2     **       
C3       -0.019 -0.006   
G4             
G5             
C6       ** **   
U7       -0.023 -0.029 -0.070 
U8       0.005 -0.009 0.040 
G9           -0.020 
C10       -0.035 **   
U11       -0.027 -0.014 0.009 
G12             
A13     **       
A14 -0.076 0.007 **       
Pal1       -0.115 
C16 -0.058 ** 
Pal2         
Pal2 ** ** 
Pal3       -0.073 
Pal3 ** ** 
A21     0       
C22       ** **   
G23       -0.018 
G24           -0.032 
C25       -0.017 -0.008   
A26     **       
A27     **       
G28             
A29 ** **         
G30 0.025 0.128         
G31 ** **         
C32       -0.058 **   
G33             
U34       -0.022 -0.011 0.062 
C35       -0.035 -0.011   

** Residues undergoing broadening 
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Table A12-4. Proton chemical shift difference of SL1-wt extended dimer in 2:1 

RNA:KA-AMC complex at 25 oC 

H1' H2' H2 H5 H6 H1/H3 
G1 
A2 -0.011 
C3 0.001 0.033 
G4 
G5 
C6 0.015 0.030 
U7 -0.023 -0.014 
U8 0.009 -0.008 0.027 
G9 -0.012 
C10 -0.016 -0.012 
U11 0.007 0.006 -0.028 
G12 -0.045 -0.008 
A13 -0.012 0.035 -0.011 
A14 -0.015 
G15 -0.047 
C16 0.004 -0.007 
G17 -0.021 
C18 0.004 -0.010 
G19 -0.021 
C20 -0.019 -0.015 
A21 0.017 
C22 0.014 0.012 
G23 0.055 
G24 -0.007 
C25 -0.010 0.002 
A26 0.004 
A27 -0.029 
G28 
A29 ** ** -0.011 
G30 
G31 
C32 ** 0.004 
G33 
U34 -0.012 0.005 0.056 
C35 -0.014 -0.009 

** Residues undergoing broadening 
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Table A12-5. Proton chemical shift difference of SL1-wt extended dimer in 2:2 

RNA:KA-AMC complex at 25 oC 

H1' H2' H2 H5 H6 H1/H3 
G1             
A2     -0.020       
C3       0 0.033   
G4             
G5             
C6       0.043 0.059   
U7       -0.019 -0.021 ** 
U8       0.004 0.001 0.040 
G9           -0.022 
C10       -0.022 -0.020   
U11       0.016 0.008 -0.027 
G12 ** **         
A13 -0.020 0.031 -0.020       
A14     -0.032       
G15           -0.077 
C16       -0.002 -0.007   
G17           -0.020 
C18       -0.002 -0.014   
G19           -0.020 
C20       -0.026 -0.027   
A21     0.022       
C22       0.029 0.021   
G23           0.090 
G24           -0.016 
C25       -0.011 -0.003   
A26     0.004       
A27     -0.042       
G28             
A29 ** ** -0.020       
G30             
G31             
C32       ** 0.013   
G33             
U34       -0.021 0 0.060 
C35       -0.023 -0.006   

** Residues undergoing broadening 
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Table A12-6. Proton chemical shift difference of SL1-wt extended dimer in 2:4 

RNA:KA-AMC complex at 25 oC 

H1' H2' H2 H5 H6 H1/H3 
G1             
A2     -0.011       
C3       -0.008 0.027   
G4             
G5             
C6       ** **   
U7       -0.029 -0.036 ** 
U8       0.003 0.003 0.034 
G9           0.013 
C10       -0.033 -0.028   
U11       0.021 0.011 ** 
G12 ** **         
A13 -0.039 0.034 -0.011       
A14     **       
G15           -0.104 
C16       0.002 -0.007   
G17           -0.011 
C18       0.002 -0.013   
G19           -0.011 
C20       -0.041 -0.050   
A21     **       
C22       0.045 0.040   
G23           0.094 
G24           -0.017 
C25       -0.016 0.014   
A26     0.013       
A27     **       
G28             
A29 ** ** -0.011       
G30             
G31             
C32       ** **   
G33             
U34       -0.018 0.004 0.039 
C35       -0.039 -0.01   

** Residues undergoing broadening 
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Table A12-7. Non-exchangeable proton chemical shift difference of SL1-ss kissing dimer 

in 2:2.25 RNA:KA-AMC complex at 30 oC 

  H1' H2' H2 H5 H6/H8 
G1* -0.025 -0.042     -0.027 
G2* -0.038       -0.050 
C6 -0.009     -0.014 -0.019 
U7 -0.002     -0.007 -0.010 
U8 -0.001     -0.001 0 
G9 -0.015       -0.008 
C10 -0.008     -0.025 -0.006 
U11 0.009     -0.016 0.002 
G12 **       ** 
A13 **   **   ** 
A14 -0.054 0.001 **   -0.030 
G15 0.049       ** 
C16 0.005     -0.044 0.001 
G17 -0.014       -0.043 
C18 -0.012     -0.020 -0.004 
G19 -0.026       -0.024 
C20 -0.005     -0.064 0.031 
A21 **   **   ** 
C22 **     -0.025 0 
G23 -0.056       ** 
G24 -0.021       0.015 
C25 -0.018     -0.007 -0.013 
A26 -0.012   -0.003   -0.004 
A27 -0.012   -0.008   -0.008 
G28 -0.001       0.003 
C26* 0.001     -0.003 -0.001 
C27* -0.007     -0.008 -0.003 

** Residues undergoing broadening 
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Table A12-8. Exchangeable proton chemical shift difference of SL1-ss kissing dimer in 

2:2.25 RNA:KA-AMC complex at 10 oC 

H1/H3 H41 H42 H61 H62 
G1*           
G2* -0.040         
C6   -0.023 -0.020     
U7 -0.010         
U8 0         
G9 -0.020         
C10   0.082 -0.022     
U11 **         
G12 **         
A13           
A14           
G15           
C16           
G17 **         
C18   ** **     
G19           
C20           
A21           
C22   ** **     
G23 **         
G24 -0.010         
C25   0.014 -0.026     
A26       -0.003 -0.001 
A27           
G28 -0.020         
C26*   -0.027 -0.032     
C27*           

** Residues undergoing broadening 
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Table A12-9. Proton chemical shift difference of SL1-gril RNA in 1:2 RNA:KA-AMC 

complex at 25 oC 

H1' H2' H2 H5 H6/H8 
G0* 
C1* -0.035 -0.027 
U2* N.A. -0.016 -0.012 
C3 N.A. -0.056 -0.004 
G4 
G5 
C6 0.067 0.068 
U7 N.A. -0.024 -0.023 
U8 -0.007 0.008 -0.002 
G9 -0.015 N.A. N.A. 
C10 -0.013 N.A. 0 -0.01 
U11 -0.008 0.003 
G12 N.A. N.A. -0.006 
U13* 0.005 0.006 0.002 
A14* -0.009 -0.013 -0.014 
C15* -0.008 N.A. -0.015 -0.004 
G16* -0.003 0.003 0.003 
C22 -0.004 -0.004 
G23 -0.007 -0.002 0.007 
G24 -0.008 N.A. 0.018 
C25 0.003 -0.01 0.015 
A26 -0.031 0.001 0.008 
A27 0.008 -0.04 0.056 
G28 0.002 N.A. 
A29 ** N.A. N.A. ** 
G30 0.037 0.127 ** 
G31 -0.054** -0.053** ** 
C32 N.A. -0.077 ** 
G33 N.A. N.A. 
A29* 
G30* 

N.A. Resonance not assigned in the complex 

** Residue undergoing broadening 
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Table A12-10. Imino proton chemical shift difference of SL2 RNA during KA-AMC 

titration at 25 oC 

SL2 RNA: 
KA-AMC 1:0.25 1:0.5 1:0.75 1:1 1:2 1:4 

G2/U7 0 -0.010 -0.020 -0.024 -0.044 -0.059 
G4 0.005 0.005 0.005 0.005 0.005 0.010 
G13 -0.020 -0.054 -0.078 -0.098 -0.181 
G17 0.010 0.015 0.020 0.025 0.034 0.044 

** Residue undergoing broadening 

 

Table A12-11. Imino proton chemical shift difference of SL3 RNA during KA-AMC 

titration at 25 oC 

SL3 RNA: 
KA-AMC 

1:0.25 1:0.5 1:0.75 1:1 1:2 1:4 

G1/G13 0.005 0 0.005 0.005 0.010 0.010 
G2 -0.01 -0.024 -0.029 -0.039 -0.059 -0.083 
U5 0 0 0 0.005 0.005 0.020 
G7/U15 0 -0.005 0 0 0 0.010 
G17 -0.005 -0.015 -0.015 -0.020 -0.029 -0.044 
U18 0 -0.005 -0.005 -0.010 -0.015 -0.020 
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Appendix 13 List of proton chemical shift difference of SL1 RNA 

during RR-AMC titration 
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Table A13-1. Proton chemical shift difference of SL1-wt kissing dimer in 2:1 RNA:RR-

AMC complex at 25 oC 

H1' H2' H2 H5 H6 H1/H3 
G1 
A2 -0.009 
C3 -0.008 0.003 
G4 
G5 
C6 0 0.006 
U7 -0.009 -0.006 -0.009 
U8 -0.011 -0.003 0.012 
G9 -0.027 
C10 -0.009 -0.008 
U11 -0.015 0.002 -0.004 
G12 
A13 -0.009 
A14 ** ** ** 
Pal1 0.003 
C16 ** ** 
Pal2 ** 
Pal2 ** ** 
Pal3 -0.045 
Pal3 ** ** 
A21 -0.004 
C22 ** ** 
G23 -0.051 
G24 -0.028 
C25 -0.007 -0.006 
A26 -0.005 
A27 0.008 
G28 
A29 -0.005 -0.002 -0.009 
G30 
G31 
C32 0.004 0.004 
G33 
U34 0 -0.001 
C35 -0.005 0 

** Residues undergoing broadening 



258 
 

Table A13-2. Proton chemical shift difference of SL1-wt kissing dimer in 2:2 RNA:RR-

AMC complex at 25 oC 

H1' H2' H2 H5 H6 H1/H3 
G1 
A2 -0.009 
C3 -0.015 0.004 
G4 
G5 
C6 -0.012 0.016 
U7 -0.022 -0.006 -0.015 
U8 -0.011 -0.017 0.018 
G9 -0.033 
C10 -0.017 -0.014 
U11 -0.029 0.01 0.012 
G12 
A13 -0.009 
A14 ** ** ** 
Pal1 -0.005 
C16 ** ** 
Pal2 ** 
Pal2 ** ** 
Pal3 -0.057 
Pal3 ** ** 
A21 0.008 
C22 ** ** 
G23 -0.073 
G24 -0.036 
C25 -0.013 -0.004 
A26 -0.011 
A27 0.010 
G28 
A29 ** ** -0.009 
G30 
G31 
C32 0 0.011 
G33 
U34 -0.003 -0.005 
C35 -0.008 -0.002 

** Residues undergoing broadening 
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Table A13-3. Proton chemical shift difference of SL1-wt kissing dimer in 2:4 RNA:RR-

AMC complex at 25 oC 

H1' H2' H2 H5 H6 H1/H3 
G1 
A2 -0.016 
C3 -0.034 0.003 
G4 
G5 
C6 -0.029 0.027 
U7 -0.043 -0.019 -0.010 
U8 -0.029 -0.031 0.015 
G9 -0.046 
C10 -0.031 -0.031 
U11 -0.049 0.011 ** 
G12 
A13 -0.016 
A14 ** ** ** 
Pal1 ** 
C16 ** ** 
Pal2 ** 
Pal2 ** ** 
Pal3 ** 
Pal3 ** ** 
A21 ** 
C22 ** ** 
G23 -0.104 
G24 -0.038 
C25 -0.026 -0.013 
A26 -0.018 
A27 0.008 
G28 
A29 ** ** -0.016 
G30 
G31 
C32 ** ** 
G33 
U34 -0.004 -0.005 
C35 -0.014 0.013 -0.017 -0.005 

** Residues undergoing broadening 
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Table A13-4. Proton chemical shift difference of SL1-wt extended dimer in 2:1 

RNA:RR-AMC complex at 25 oC 

H1' H2' H2 H5 H6 H1/H3 
G1 
A2 -0.004 
C3 -0.012 0.010 
G4 
G5 
C6 -0.012 0.010 
U7 -0.013 0.010 -0.007 
U8 -0.006 -0.004 0.002 
G9 -0.006 
C10 -0.010 -0.013 
U11 -0.011 0.004 -0.020 
G12 -0.014 -0.011 -0.018 
A13 -0.006 0.005 -0.004 
A14 -0.020 0.002 -0.020 
G15 -0.018 
C16 -0.012 -0.005 
G17 0.012 
C18 -0.012 -0.009 
G19 0.012 
C20 -0.008 0.002 
A21 -0.020 
C22 -0.011 -0.008 
G23 0.021 
G24 -0.002 
C25 -0.007 -0.005 
A26 -0.004 
A27 -0.019 
G28 
A29 ** ** -0.004 
G30 
G31 
C32 ** 0.010 
G33 
U34 -0.002 -0.006 
C35 -0.004 -0.002 -0.007 -0.001 

** Residues undergoing broadening 
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Table A13-5. Proton chemical shift difference of SL1-wt extended dimer in 2:2 

RNA:RR-AMC complex at 25 oC 

H1' H2' H2 H5 H6 H1/H3 
G1 
A2 -0.008 
C3 -0.018 0.002 
G4 
G5 
C6 -0.006 0.022 
U7 -0.026 -0.012 -0.005 
U8 -0.012 -0.011 0.002 
G9 -0.011 
C10 -0.014 -0.017 
U11 -0.025 0.020 -0.029 
G12 -0.020 -0.021 
A13 -0.013 0.003 -0.008 
A14 -0.038 -0.004 ** 
G15 -0.026 
C16 0.015 -0.013 
G17 0.018 
C18 0.015 -0.010 
G19 0.018 
C20 -0.010 -0.004 
A21 -0.040 
C22 -0.018 -0.027 
G23 0.032 
G24 -0.004 
C25 -0.014 -0.011 
A26 -0.009 
A27 -0.036 
G28 
A29 ** ** -0.008 
G30 
G31 
C32 ** 0.025 
G33 
U34 -0.003 -0.001 
C35 -0.006 -0.001 -0.010 -0.002 

** Residues undergoing broadening 
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Table A13-6. Proton chemical shift difference of SL1-wt extended dimer in 2:4 

RNA:RR-AMC complex at 25 oC 

H1' H2' H2 H5 H6 H1/H3 
G1             
A2     -0.017       
C3       -0.037 0.010   
G4             
G5             
C6       ** **   
U7       -0.047 -0.010 0.010 
U8       -0.037 -0.016 -0.007 
G9           -0.020 
C10       -0.026 -0.024   
U11       -0.049 0.030 ** 
G12 -0.040 -0.032         
A13 -0.023 0.001 -0.017       
A14 -0.072 -0.017 **       
G15           -0.048 
C16       -0.029 -0.010   
G17           0.026 
C18       -0.029 -0.003   
G19           0.026 
C20       -0.019 -0.001   
A21     -0.057       
C22       -0.017 -0.044   
G23           0.059 
G24           -0.005 
C25       -0.022     
A26     -0.017       
A27     -0.058       
G28             
A29 ** ** -0.017       
G30             
G31             
C32       ** **   
G33             
U34       -0.006 0   
C35 -0.014 0.004   -0.018 -0.002   

** Residues undergoing broadening 
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Table A13-7. Proton chemical shift difference of SL2 RNA in 1:1 RNA:RR-AMC 

complex at 25 oC 

H2 H5 H6 H1/H3 
G1 
G2 -0.001 
C3 -0.056 -0.015 
G4 0.040 
A5 -0.021 
C6 -0.048 0.010 
U7 0.003 -0.008 -0.001 
G8 
G9 
U10 -0.010 -0.017 
G11 
A12 0.008 
G13 0.023 
U14 -0.026 -0.116 
A15 0.011 
C16 -0.003 -0.023 
G17 0.070 
C18 0.018 -0.002 
C19 0 -0.004 
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Table A13-8. Proton chemical shift difference of SL3 RNA in 1:1 RNA:RR-AMC 

complex at 25 oC 

H2 H5 H6 H1/H3 
G1 0.015 
G2 -0.027 
A3 -0.011 
C4 -0.016 -0.006 
U5 -0.016 -0.007 0.02 
A6 0.005 
G7 -0.001 
C8 -0.009 -0.006 
G9 
G10 
A11 -0.016 
G12 
G13 
C14 0 0.003 
U15 -0.008 -0.003 -0.001 
A16 -0.005 
G17 -0.045 
U18 -0.004 -0.01 -0.013 
C19 -0.003 -0.004 
C20 0.001 -0.003 
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