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Introduction

Over the past two decades, increased awareness of RNA-de-
pendent biological phenomena has spurred many attempts to
develop RNA-binding small molecules.[1–3] While many designs
have displayed varying levels of efficacy for particular targets,
very few have achieved the selectivity necessary to discrimi-
nate effectively against non-target RNA molecules. This is par-
ticularly evident in the case of aminoglycosides.[4, 5] Subsequent
to the discovery of the prokaryotic ribosomal A-site binding
pocket, many different naturally occurring and artificial RNA
structures have been shown to support aminoglycoside bind-
ing. This promiscuity has prompted investigators to make vari-
ous modifications to these compounds or turn to different
chemical scaffolds in order to develop RNA-binding com-
pounds with greater selectivity.[6,7]

Our laboratory has developed helix-threading peptides
(HTPs) that target duplex RNA structures selectively by thread-
ing intercalation.[8–15] Early studies by Cech and Draper, as well
as more recent efforts by us and others, have established that
certain duplex-RNA structures are predisposed to high-affinity
intercalation and can be selectively targeted by intercalating li-
gands.[12,13,15–21] Therefore, one approach to generating a highly
selective RNA-binding compound is through modification of
an intercalating ligand to maximize binding at one of these
high-affinity sites, while minimizing nonselective binding to
other double-helical structures. In duplex RNA, the major and
minor grooves contain functional groups that provide unique
recognition surfaces. The compounds we have developed have
an intercalation domain substituted in such a way as to project

peptide functional groups into these dissimilar grooves. Thus,
affinity for the target RNA can be maximized through stabiliz-
ing interactions between the peptide and functional groups
found in the grooves at that site. Furthermore, since HTPs bind
by threading intercalation, a substantial opening of the duplex
is required. Defects in RNA duplexes, such as bulges and loops,
increase the rate of base-pair opening and may facilitate bind-
ing, while more conformationally rigid sites are refractory to
these compounds.[22]

To further explore and develop the capabilities of the HTP
design for binding RNA selectively, we identified helix 22 of
the prokaryotic ribosomal 16S RNA as a target. This helix is a
component of the binding site for the ribosomal protein S15
(Figure 1).[23,24] In addition, the S15–16S RNA interaction is im-
portant for the ordered assembly of the bacterial ribo-
some.[25–27] Here we present the synthesis and characterization
of helix-threading peptides that bind selectively to helix 22 of
E. coli 16S RNA. Binding of the threading intercalator is depen-
dent on the presence of a highly conserved purine-rich internal
loop in the RNA, whereas removal of the loop minimally affects
binding of the classical intercalators ethidium bromide and
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Helix-threading peptides (HTPs) constitute a new class of small
molecules that bind selectively to duplex RNA structures adjacent
to helix defects and project peptide functionality into the dissimi-
lar duplex grooves. To further explore and develop the capabili-
ties of the HTP design for binding RNA selectively, we identified
helix 22 of the prokaryotic ribosomal RNA 16S as a target. This
helix is a component of the binding site for the ribosomal protein
S15. In addition, the S15–16S RNA interaction is important for
the ordered assembly of the bacterial ribosome. Here we present
the synthesis and characterization of helix-threading peptides

that bind selectively to helix 22 of E. coli 16S RNA. These com-
pounds bind helix 22 by threading intercalation placing the N
termini in the minor groove and the C termini in the major
groove. Binding is dependent on the presence of a highly con-
served purine-rich internal loop in the RNA, whereas removal of
the loop minimally affects binding of the classical intercalators
ethidium bromide and methidiumpropyl–EDTA·Fe (MPE·Fe). More-
over, binding selectivity translates into selective inhibition of for-
mation of the S15–16S complex.

ChemBioChem 2005, 6, 2247 – 2254 ? 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2247



methidiumpropyl-EDTA·Fe (MPE·Fe). Moreover, binding selec-
tivity translates into selective inhibition of protein–RNA com-
plex formation.

Results and Discussion

Recent in vitro selection experiments and structure–activity re-
lationship studies have enabled us to define the minimal RNA
structure that allows for optimum binding by helix-threading
peptides.[12,13] Using these criteria, we identified a sequence
within helix 22 of E. coli 16S RNA as a possible target. Interest-
ingly, this notion was supported by the work of Kean et al. in
which it was demonstrated that the classical intercalator ethid-
ium bromide bound selectively to this site.[17] For our studies, a
61-nucleotide RNA construct was designed to mimic the 16S
binding site for the S15 protein containing helix 22. Several
HTPs were then synthesized in order to evaluate their ability to
bind this RNA.

Synthesis of Fmoc-protected acridine amino acid

In order to accomplish the peptide synthesis, a new acridine-
containing amino acid was prepared. We had previously re-
ported a synthetic route to an acridine-containing amino acid
protected as the allyloxycarbamate (Alloc).[8] However, the pal-
ladium-mediated removal of the Alloc group during peptide
synthesis was time consuming due to the air- and moisture-
sensitivity of this reaction. To circumvent these issues, a syn-
thesis to the fluorenylmethoxycarbamate (Fmoc)-protected

acridine amino acid was designed (Scheme 1). Commercially
available 9-acridone-4-carboxylic acid was protected as the
benzyl ester to give compound 1, followed by chlorination at

C9 and substitution with 9-fluorenylmethyl-4-aminobenzylami-
nocarbamate 2 to result in the fully protected amino acid 3.
Hydrogenolysis yielded the free carboxylic acid 4, which was
amenable to standard Fmoc solid-phase peptide synthesis pro-
tocols. The acridine-based amino acid was then incorporated
into helix-threading peptide sequences (Scheme 2).

Helix-threading peptide binding site and orientation

The RNA-binding properties of several helix-threading peptides
were evaluated, and HTP 5 (AcrDprLysLys; Acr refers to the ac-
ridine amino acid and Dpr is diamino propionic acid) was se-
lected for further characterization (Scheme 2). To determine its
binding site and orientation, 5 was modified with EDTA·Fe at
either its N or C terminus to give the affinity cleaving reagents
6 and 7, respectively. In the presence of reducing agents,
EDTA·Fe generates diffusible hydroxyl radicals, which produce
diagnostic cleavage patterns depending on whether the hy-
droxyl-radical generator is located in the minor or major
groove of a double-helical nucleic acid structure.[28–32] After the
5’-32P-labeled RNA construct had been treated with the affinity
cleaving reagents, RNA fragments were separated under dena-
turing conditions by polyacrylamide gel electrophoresis (Fig-
ure 2A). The most efficiently cleaved nucleotides were mapped
onto the RNA secondary structure (Figure 2B). Nucleotides
cleaved by 6 (blue) and 7 (red) surround a 5’-CpG-3’ step that
constitutes the proposed intercalation site. Although 7 cleaves
the duplex with less selectivity than does 6, this was not sur-
prising given the previously observed behavior of C-terminal
EDTA·Fe-modified compounds and RNA molecules of similar
structure.[13] When transferred to the three-dimensional struc-
ture of this three-helix junction from Thermus thermophilus 16S
RNA, the cleavage patterns clearly indicate that these com-
pounds bind helix 22 by threading intercalation with the ben-
zylamine substituent in the minor groove and the DprLysLys
tripeptide in the major groove (Figure 2C).[24]

Figure 1. Structure of a ribonucleoprotein complex from the central domain
of the T. thermophilus 30S ribosomal subunit depicting S15 bound to the
junction of helices 20, 21, and 22.[24] The helix-threading peptide binding
site is highlighted yellow.

Scheme 1. Reagents and conditions: a) BnBr/K2CO3/DMF/RT, 88%; b) POCL3/
reflux/3 h, then (9-fluorenylmethyl)-4-aminobenzylaminocarbamate (2)/
CH3CN/reflux/10 min, 69%; c) H2/10% Pd/C/MeOH/RT, 83%.
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Contrasting binding selectivity of classical and threading
intercalators

The putative intercalation site in helix 22 is the C660·G745–
G661·C744 step, which is adjacent to the bulged A746 and
near the highly conserved purine-rich internal loop consisting
of A663, G664, A665, G741, and G742.[33] Our earlier studies
with HTP-binding aptamers indicated that efficient binding by
this type of ligand required helix defects on both sides of the
intercalation site.[13] Therefore, we tested the effect of replacing
the purine-rich loop of helix 22 with two C·G base pairs
(A663C/G664D/A665C; Figure 3A). This change in RNA se-
quence had been shown by Ehresman to have no effect on
S15-binding affinity.[33] However, this loop structure is thought
to facilitate conformational changes that take place during the
ribosomal-assembly process to allow for the binding of riboso-
mal proteins S6 and S18.[23] We also evaluated the effect that
this change in RNA structure had on the binding of ethidium
bromide and MPE·Fe, since these compounds were also known
to bind this site in helix 22.[17,21]

At a concentration of 5 mM, both HTP 6 and MPE·Fe result in
similar cleavage patterns on the wild-type E. coli construct (Fig-
ure 3B). However, the mutant RNA, which lacks the internal
loop, does not support selective binding by the HTP, as indicat-
ed by the inefficient cleavage of this RNA by 6 (Figure 3B).
Considering the MPE·Fe-cleavage efficiency on the mutant
RNA, removal of the internal loop appeared to have a minimal
effect on its binding. The contrasting dependencies on the in-
ternal loop exhibited by the two intercalators suggest that
RNA structure determinants for efficient binding by a helix-

Scheme 2. Structures of helix-threading peptides 5–7.

Figure 2. A) 5’-32P-labeled affinity cleavage products of the wild-type RNA construct. Lanes from left to right: RNA alone; EDTA (25 mM), Fe(NH4)2(SO4)2 (50 mM),
and 5 (25 mM); alkaline hydrolysis ; RNase T1 reactivity at guanosine; 6 (7 mM); 7 (25 mM). Bracketed regions show the nucleotides most efficiently cleaved by 6
(blue) and 7 (red). Upper (3’) region cleaved by 7 contains nucleotides that could not be individually resolved, but comprises G737–G741. B) Predicted secon-
dary structure of the RNA construct showing location and efficiency of hydroxyl radical cleavage by 6 (blue) and 7 (red). The putative intercalation site is high-
lighted gray. Nucleotides G737–G741 could not be individually resolved and are displayed with equal cleavage efficiencies. Italicized nucleotides are not
native sequence, but incorporated to facilitate formation of the RNA structure. C) Two orientations of the structure of a three-helix junction from the central
domain of the T. thermophilus 30S ribosomal subunit depicting the location of nucleotides cleaved by 6 (blue) and 7 (red).[24]
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threading peptide are more
stringent than those for classical
intercalation and result in the se-
lectivity observed in the affinity
cleaving experiments.
Quantitative binding experi-

ments were carried out to com-
plement the qualitative studies
with the EDTA·Fe-modified com-
pounds described above. Ribo-
nuclease V1 footprinting of the
wild-type and mutant RNA con-
structs with 5 and ethidium bro-
mide confirm the affinity cleav-
ing results (Figure 4). Ethidium
bromide binds well to both wild-
type and mutant RNA constructs
with only a fourfold difference in
measured dissociation constants
(Table 1). However, HTP 5 binds
to wild-type helix 22 with at
least a 30-fold preference, since
no protection from the nuclease
could be observed even at the
highest concentration tested
(500 mM).

Requirement for conformation-
al flexibility in the RNA target

While carrying out these experi-
ments, we noted that U662 in
the wild-type helix 22 sequence
is hyperreactive during alkaline
hydrolysis (Figure 3B). This type
of hydrolytic hyperreactivity is
often seen in flexible sites in
folded RNAs, such as in loops or
bulges.[34] U662 is predicted to
be base paired in the structure
and adjacent to the A663·G742
pair of the purine-rich loop.
When the loop sequence is mu-
tated to create two C·G base
pairs (A663C/G664D/A665C), al-
kaline hydrolysis hyperreactivity
at U662 is lost, along with HTP
binding (Figure 3B). This correla-
tion is consistent with a link be-
tween conformational flexibility
at the binding site and efficacy
of HTP binding. It is interesting
to note that conformational flex-
ibility in 16S RNA at this site is a
functional requirement that facil-
itates the ordered binding of ri-
bosomal proteins.[23] It also appa-

Figure 3. A) RNA sequence and predicted secondary structure near the helix-threading peptide binding site of
helix 22 in the wild-type and mutant RNA constructs. The putative intercalation site is highlighted gray. B) 5’-32P-
labeled affinity cleavage products of the wild-type and mutant RNA constructs. Lanes from left to right (for both):
RNA alone; alkaline hydrolysis; RNase T1 reactivity at guanosine; MPE·Fe (5 mM); 6 (5 mM).

Figure 4. A) 5’-32P-labeled RNase V1 cleavage products of the wild-type and mutant RNAs with increasing [5] (two-
fold increments from 0.15 to 307.2 mM). B) Plot of binding isotherms for 5 on wild-type (*) and mutant (&) RNA
constructs. C) 5’-32P-labeled RNase V1 cleavage products of the wild-type and mutant RNAs with increasing [ethid-
ium bromide] (twofold increments from 0.15 to 76.8 mM). D) Plot of binding isotherms for ethidium bromide on
wild-type (*) and mutant (&) RNA constructs.
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rently allows for selective binding by helix-threading peptides.
The identification of other RNAs with flexible duplex structures,
in which the flexibility is a conserved feature of the RNA be-
cause of its functional importance, will likely reveal additional
targets for control by HTPs.

Helix-threading peptide mediated inhibition of a protein–
RNA complex

The HTP binding site in helix 22 of 16S RNA overlaps that of ri-
bosomal protein S15 (Figure 1). S15 binds to the three-helix
junction formed by the intersection of helices 20, 21, and 22.
Interestingly, the observation that ethidium bromide binds se-
lectively to this site in 16S RNA was made before the structure
of the S15–16S complex was known.[21,24] The structure of the
protein–RNA complex suggested to us that binding of an inter-
calating ligand into the helix 22 site might inhibit S15 binding.
In addition, if this could be carried out with HTPs, affinity and
selectivity optimization would be possible, since these com-
pounds are constructed in a rapid, modular, solid-phase syn-
thesis. Importantly, S15 is a primary binding protein in the or-
dered assembly of the bacterial 30S subunit.[25] Therefore, the
S15–16S complex has been identified as a potential target for
the development of new antibacterial agents that block
growth by inhibiting ribosome assembly.[35]

To evaluate the effect HTP binding has on S15–16S associa-
tion, we developed a gel mobility shift assay that allows for
the resolution of free three-helix junction RNA from the S15–
RNA complex. We chose to test the effect HTP 6 has on this in-
teraction, since we had observed that 6 bound the target with
higher affinity than 5. This is most likely due to the fact that 5
places its negatively charged C-terminal carboxylate in the
major groove, whereas 6 has a neutral C-terminal carboxamide.
Importantly, 6 inhibits the binding of S15 to the three-helix
junction RNA (Figure 5). To the best of our knowledge, this is
the first successful attempt at inhibiting this interaction with a
small molecule. Furthermore, the inhibition is selective for the
wild-type sequence, as expected if HTP binding to helix 22 is
the cause. Nearly complete inhibition of S15 binding to the
wild-type sequence is observed at 5 mM HTP 6, whereas this
concentration has little effect on the complex with the mutant
sequence (Figure 5). This difference is not due to a change in
protein–RNA affinity, as the two RNAs bind S15 with nearly
identical dissociation constants (wild-type: Kd=57�32 nM,
mutant: Kd=68�16 nM, see Supporting Information). We have
noted that the selectivity of the inhibition by 6 observed in
the gel mobility shift assay is not absolute, since concentra-
tions of 6 greater than 50 mM block binding to the mutant se-

quence as well. At these higher concentrations, nonselective,
inefficient cleavage is observed with 6 and the mutant RNA.
We suggest this nonselective binding is a result of the number
of primary amines in this peptide and the resulting overall pos-
itive charge of the ligand. Future optimization will involve
modifications that reduce the overall charge while improving
target-site affinity.

Conclusion

We have shown that helix-threading peptides can bind selec-
tively to helix 22 of E. coli 16S RNA. Complexation is highly de-
pendent on the presence of a purine-rich internal loop. The
classical intercalators ethidium bromide and MPE·Fe bind less
selectively, since their affinity for the RNA is less dependent on
the presence of the native loop structure. Binding of an HTP to
this site in 16S RNA inhibits the association with the ribosomal
protein S15. These studies extend our understanding of the
structural requirements in naturally occurring RNAs for binding
by HTPs. Since these compounds are prepared by using a
modular, solid-phase synthesis, affinity and selectivity optimiza-
tion is readily envisaged by the introduction of additional rec-
ognition elements into the groove-localized domains. Further-
more, because S15 is a primary binding protein in the ordered
assembly of the bacterial ribosome, compounds that block the
S15–16S interaction could be developed into antibacterial
agents that inhibit growth by preventing ribosome assembly.

Experimental Section

General. All reagents for the synthesis of 9-(4’-methylamino-9-
flourenylmethyloxycarbamate) anilinoacridine-4-carboxylic acid (6)
were obtained from commercial sources and were used without
further purification unless noted otherwise. Glassware for all reac-
tions was oven dried at 125 8C overnight and cooled in a dessicator
prior to use. All reactions were carried out under an argon atmos-
phere. Liquid reagents were introduced by oven-dried glass syring-
es. Tetrahydrofuran was distilled over sodium metal and benzophe-
none under an argon atmosphere, while acetonitrile was distilled
over CaH2. To monitor the progress of reactions, thin layer chroma-
tography was performed with Merck silica gel 60 F254-precoated
plates and alumina plates, eluting with the solvents indicated.
Yields were calculated for material that appeared as a single spot
by TLC and homogeneous by 1H NMR. Short- and long-wavelength
visualizations were performed with a Mineral light multiband ultra-
violet lamp at 254 and 365 nm, respectively. Flash column chroma-

Table 1. Dissociation constants of HTP 5 and ethidium bromide for the
wild-type and mutant RNA constructs measured by quantitative ribonu-
clease V1 footprinting.

Compound Kd (wild-type) [mM] Kd (mutant) [mM]

AcrDprLysLys (5) 16.7�3.1 >500
ethidium bromide 1.0�0.8 4.3�3.2

Figure 5. Gel mobility shift assay showing resolution of free wild-type and
mutant RNA constructs from their respective complexes with S15 in the
absence and presence of HTP 6 (5 and 10 mM).
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tography was carried out by using Mallinckrodt Baker silica gel 150
(60–200 mesh) and Fisher Alumina Adsorption gel (A540, 80–200
mesh). 1H and 13C NMR spectra of pure compounds were acquired
on VXL-300, VXR-500 or Inova-500 spectrometers at 300, 500, 75,
and 125 MHz. Chemical shifts for proton and carbon NMR are re-
ported in parts per million with reference to the solvent peak.
High-resolution chemical ionization (CI) and fast atom bombard-
ment (FAB) spectra were recorded on a Finnigan MAT 95 mass
spectrometer.

All reagents for solid-phase peptide synthesis (SPPS) were pur-
chased from NovaBiochem (San Diego, CA), except for Fmoc-Dpr-
(Boc)-OH (Advanced ChemTech, Louisville, KY), ethylenediaminete-
traacetic acid (EDTA) monoanhydride, which was synthesized ac-
cording to reported procedures,[36] and where otherwise noted.
Ethidium bromide (1%) was obtained from Fisher Biotech (Fair-
lawn, NJ). Reagents for DNA amplification, RNA synthesis/radioac-
tive labeling, hydroxyl-radical cleavage, and ribonuclease footprint-
ing were purchased from Amersham Pharmacia Biotech: high-
purity solution NTP set (ATP/CTP/GTP/UTP, 100 mM), RNase-Free de-
oxyribonuclease I (DNase I), RNAguard ribonuclease inhibitor (por-
cine); New England Biolabs: T4 polynucleotide kinase (PNK);
Perkin–Elmer Life Sciences: [g-32P]ATP (6000 Cimmol�1) ; Stratagene:
Pfu Turbo DNA polymerase; USB: PCR nucleotide mix (dATP/dCTP/
dGTP/dTTP, 10 mM) and shrimp alkaline phosphatase (SAP). All
commercial reagents were used as purchased without further puri-
fication. Chemically synthesized ribonucleic acids were purchased
from the DNA/Peptide Core Facility at the University of Utah
Health Sciences Center (HSC). Electrospray ionization (ESI) mass
spectra were recorded on a Finnigan LCQ ion-trap mass spectrom-
eter. Storage phosphor autoradiography was carried out and ana-
lyzed by using Molecular Dynamics imaging screens, Typhoon
9400 phosphorimager and ImageQuant 5.2 software.

Benzyl-9(10H)-acridone-4-carboxylate (1). Benzyl bromide
(0.214 mL, 1.804 mmol) was added dropwise to a solution of 9-
(10H)-acridone-4-carboxylic acid (0.216 g, 0.902 mmol) and K2CO3

(0.374 g, 2.706 mmol) in dry DMF (5 mL). The resulting solution
was stirred at ambient temperature for 12 h under argon. TLC
(50% EtOAc/hexanes) indicated complete conversion. The DMF
was removed by adding water, and the product was extracted in
EtOAc. The EtOAc layer was dried over anhydrous Na2SO4, and the
solvent was removed under reduced pressure. Purification by silica
gel column chromatography (15% EtOAc/hexanes) afforded
0.262 g (88%) of the product as a bright yellow solid. 1H NMR
(300 MHz, CDCl3) d=8.70 (d, J=7.8 Hz, 1H), 8.43 (d, J=7.6 Hz, 2H),
7.66 (t, J=7.7 Hz, 1H), 7.52–7.19 (m, 8H), 5.44 (s, 2H); 13C NMR
(75 MHz, CDCl3) d=177.91, 167.84, 141.89, 140.12, 136.75, 135.47,
134.16, 134.07, 128.95, 128.81, 128.45, 127.16, 122.51, 121.62,
119.99, 117.69, 113.62, 67.38; high-resolution CI-MS calcd for
C21H15NO3: m/z 329.1052, found: 330.1125 [M+H]+ .

(9-Fluorenylmethyl)-4-aminobenzylaminocarbamate (2). Fmoc-
OSu (1.0 g, 2.96 mmol) was added to a solution of 4-aminobenzyl-
amine (0.434 g, 3.56 mmol) in freshly distilled THF (8 mL) and di-
chloromethane (2 mL). The resulting solution was treated with Et3N
(450 mL) and stirred at ambient temperature under argon for 2 h.
TLC (5% MeOH/CHCl3) indicated formation of the product. The sol-
vent was removed under reduced pressure. Purification by silica
gel column chromatography (2% MeOH/CH2Cl2) afforded 0.620 g
(60%) of the product as a white solid. 1H NMR (300 MHz, CDCl3)
d=7.76 (d, J=7.3 Hz, 2H), 7.59 (d, J=7.3 Hz, 2H), 7.40 (t, J=
7.3 Hz, 2H), 7.31 (t, J=7.3 Hz, 2H), 7.06 (d, J=8.1 Hz, 2H), 6.63 (d,
J=8.3 Hz, 2H), 5.03 (s, 1H), 4.43 (d, J=6.8 Hz, 2H), 4.26–4.19 (m,
3H), 3.60 ppm (br s, 2H); 13C NMR (75 MHz, CDCl3) d=156.52,

146.04, 144.15, 141.49, 129.13, 128.37, 127.83, 127.22, 125.33,
120.15, 115.37, 66.75, 47.45, 44.93; high-resolution CI-MS calcd for
C22H20N2O2: m/z 344.1525, found 345.1597 [M+H]+ .

Benzyl-9-(4’-methylaminofluorenylmethyloxycarbamate) anilino-
acridine-4-carboxylate (3). A solution of 1 (0.051 g, 0.154 mmol) in
POCl3 (1.5 mL) was heated at reflux for 3 h. The reaction mixture
was then cooled in ice and quenched by adding cold water. The
resulting solution was neutralized by adding NaHCO3 until the pH
was alkaline. The product was then extracted with dichlorome-
thane. The organic layer was dried over anhydrous Na2SO4, and the
solvent was removed under reduced pressure to obtain the
benzyl-9-chloroacridine-4-carboxylate intermediate. The residue
was then dissolved in freshly distilled acetonitrile (5 mL). (9-Fluore-
nylmethyl)-4-aminobenzylaminocarbamate (2 ; 0.079 g, 0.231 mmol)
was added to this solution, and the reaction mixture was heated at
reflux for 10 min. TLC (5% MeOH/CHCl3) indicated complete disap-
pearance of the chloro intermediate. The solvent was removed
under reduced pressure. The residue was then dissolved in CH2Cl2
and extracted with brine. The organic layer was dried over anhy-
drous Na2SO4, and the solvent was removed under reduced pres-
sure. Purification by alumina gel column chromatography (10%
EtOAc/hexanes) afforded 0.070 g (69%, over two steps) of the
product as a bright orange solid. 1H NMR (500 MHz, CDCl3) d=
11.16 (br s, 1H), 8.71 (br s, 1H), 8.23 (s, 1H), 7.74 (d, J=7.3 Hz, 2H),
7.59 (d, J=6.8 Hz, 2H), 7.47–7.34 (m, 7H), 7.29 (t, J=7.3 Hz, 2H),
7.20 (d, J=7.3 Hz, 2H), 7.15 (d, J=8.3 Hz, 1H), 6.79 (d, J=6.8 Hz,
2H), 5.42 (s, 2H), 5.05 (s, 1H), 4.46 (d, J=6.8 Hz, 2H), 4.37 (d, J=
4.4 Hz, 2H), 4.23 (t, J=6.4 Hz, 1H); 13C NMR (125 MHz, CDCl3) d=
168.16, 156.65, 152.91, 151.36, 144.19, 141.56, 135.76, 134.41,
131.75, 129.29, 128.97, 128.94, 128.75, 128.40, 127.89, 127.27,
125.22, 121.21, 120.18, 119.95, 118.73, 117.73, 107.96, 67.19, 66.85,
47.58, 45.15; high-resolution FAB-MS calcd for C43H33N3O4: m/z
655.2471, found 656.2515 [M+H]+ .

9-(4’-Methylamino-9-fluorenylmethyloxycarbamate) anilinoacri-
dine-4-carboxylic acid (4). A suspension of 3 (0.070 g, 0.107 mmol)
and 10% palladium on carbon (5 mg) in methanol (5 mL) was
opened to vacuum and refilled three times with hydrogen gas
through a balloon. The reaction mixture was stirred for 12 h at am-
bient temperature, at which point TLC (15% MeOH/CHCl3) indicat-
ed completion of the reaction. The solution was filtered through a
Celite pad, and the filtrate was concentrated under reduced pres-
sure. Purification by silica gel column chromatography (3–4%
MeOH/CHCl3) afforded 0.050 g (83%) of the product as a bright
orange solid. 1H NMR (500 MHz, [D6]DMSO) d=8.48 (br s, 1H), 8.37
(br s, 1H), 7.87 (d, J=7.3 Hz, 2H), 7.83 (t, J=6.1 Hz, 2H), 7.69 (d, J=
7.8 Hz, 2H), 7.52–7.51 (m, 1H), 7.38 (t, J=7.6 Hz, 3H), 7.30 (t, J=
7.3 Hz, 3H), 7.18 (d, J=8.3 Hz, 2H), 6.99 (br s, 2H), 4.36 (d, J=
6.8 Hz, 2H), 4.22 (t, J=6.8 Hz, 1H), 4.18 (d, J=5.9 Hz, 2H), 4.09
(br s, 1H); 13C NMR (125 MHz, [D6]DMSO) d=167.81, 156.36, 156.31,
150.41, 143.87, 140.75, 135.62, 132.79, 130.44, 128.27, 127.82,
127.62, 127.51, 127.01, 126.98 125.19, 125.07, 123.41, 121.85,
120.14, 120.03, 119.14, 119.04, 117.17, 65.26, 46.79, 43.35; high-res-
olution FAB-MS calcd for C36H27N3O4: m/z 565.2002, found:
566.2056 [M+H]+ .

NH2-AcrDprLysLys-CO2H (5). TentaGel OH Macrobead resin from
Rapp Polymere GmbH (TNbingen, Germany, 0.21 mmolg�1, 50 mg,
0.011 mmol) was added to a BioRad Poly-Prep column and swollen
in DMF. A solution of Fmoc-Lys(Boc)-OH (5 equiv), N-hydroxybenzo-
triazole (HOBt; 5 equiv), and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetra-
methyluronium hexafluorophosphate (HBTU; 5 equiv) in DMF was
added to the resin, followed immediately by addition of diisopro-
pylethylamine (DIPEA; 10 equiv). The resin was agitated for approx-
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imately 5 h at ambient temperature, then washed consecutively
with DMF and MeOH. After swelling in DMF, the resin was treated
with 20% piperidine in DMF (3O3 min) to remove the N-terminal
Fmoc protecting group, then washed. The subsequent amino
acids, Fmoc-Lys(Boc)-OH, Fmoc-Dpr(Boc)-OH, and Fmoc-Acr-OH (4)
were coupled in an identical manner. Following Fmoc deprotection
of the acridine residue, the resin was washed and dried by aspirat-
ing and lyophilizing overnight. The dry resin was treated with tri-
fluoroacetic acid (TFA)/PhOH/H2O/triisopropylsilane (TIPS; 88:5:5:2)
for 1 h at ambient temperature to remove remaining acid-labile
protecting groups. After consecutive washes with CH2Cl2, DMF, and
MeOH, the resin was aspirated to dryness and lyophilized for ap-
proximately 5 h. The dry resin (~5 mg) was placed in one well of a
MultiScreenP Solvinert 96-well filter plate (Millipore) and agitated
with NaOH (170 mL, 0.1 N) for 1 h at ambient temperature. This
slurry was neutralized with HCl (2N) and buffered with Bis-Tris
(50 mM, pH 7), and agitated for an additional 1 h. An ~2 mM solu-
tion of the released product was collected by vacuum filtration.
The product was purified by HPLC on a reversed-phase C-18
column (4.6O250 mm, Vydac) following absorbance of the com-
pound at lmax=442 nm. The compound was eluted with a gradient
of H2O (0.1% TFA; mobile phase A) and 60% acetonitrile (ACN;
0.1% TFA; mobile phase B; 0–4 min, linear increase to 40% B; 4–
16 min, linear increase to 80% B; 16–17 min, linear increase to
100% B; 1 mLmin�1). HTP 5 was analyzed by ESI-MS, calcd molecu-
lar weight: 685.4; found: 686.3 [M+H]+ .

EDTA·Fe-AcrDprLysLys-CONH2 (6). Rink amide 4-methylbenzhy-
drylamine (MBHA) resin (0.64 mmolg�1, 25 mg, 0.016 mmol) was
added to a Bio-Rad Poly-Prep column and swollen in DMF; this
was followed by deprotection of the Fmoc group with 20% piperi-
dine in DMF (3O3 min). The Fmoc-protected amino acid couplings
of apo-6 were identical to the preparation of 5. Following Fmoc
deprotection of the acridine residue, the resin was washed and
dried by aspirating and lyophilizing for approximately 3 h. EDTA-
monoanhydride (10 equiv), dissolved in warm anhydrous DMF, was
added to the resin, and the reactor was agitated for 17 h at ambi-
ent temperature. The resin was washed and dried/lyophilized, then
treated with TFA/PhOH/H2O/TIPS (88:5:5:2) for 3 h at ambient tem-
perature to remove remaining protecting groups and to release
the tethered compound. The solution containing apo-6 was col-
lected and concentrated under reduced pressure. Diethyl ether
precipitation of the residue, followed by extraction with water and
neutralization with triethylamine (TEA) gave the crude product.
HPLC purification, as described above for 5, afforded pure apo-6,
which was analyzed by ESI-MS, calcd molecular weight: 958.5;
found: 959.5 [M+H]+ . A twofold molar excess of ferrous ammoni-
um sulfate (Fe(NH4)2(SO4)2) (aq) was added to give FeII-loaded 6 im-
mediately preceding affinity cleavage experiments.

NH2-AcrDprLysLys(EDTA·Fe)-CONH2 (7). Rink amide MBHA resin
(0.64 mmolg�1, 25 mg, 0.016 mmol) was added to a Bio-Rad Poly-
Prep column and swollen in DMF, followed by deprotection of the
Fmoc group with 20% piperidine in DMF (3O3 min). After washes
of DMF and MeOH, a solution of Fmoc-Lys(Mtt)-OH (5 equiv, Mtt=
methyltrityl), HOBt (5 equiv), and HBTU (5 equiv) in DMF was
added to the resin, followed immediately by addition of DIPEA
(10 equiv). Subsequent Fmoc-protected amino acid couplings of
apo-7 were identical to the preparation of 5. Before Fmoc depro-
tection of the acridine residue, the solid support was treated with
1% TFA and 5% TIPS in DCM (2O30 min) to remove the Mtt pro-
tecting group of the C-terminal lysine, leaving other acid-labile
protecting groups intact.[37] EDTA-monoanhydride was coupled,
Fmoc was removed from the acridine residue, and apo-7 was re-

leased from the solid support. Work-up and purification were per-
formed as described previously. ESI-MS, calcd molecular weight:
958.5; found: 959.5 [M+H]+ . A twofold molar excess of Fe(NH4)2-
(SO4)2 (aq) was added to give FeII-loaded 7 immediately preceding
the affinity cleavage experiments.

RNA synthesis and 5’-32P labeling. The 61-nucleotide wild-type
RNA was generated by run-off transcription with T7 RNA poly-
merase. First, an 86-nucleotide dsDNA PCR product was amplified
from a chemically synthesized template by using 25-mer and 45-
mer DNA oligonucleotide primers. Sequences are as follows: 25-
mer, 5’-GAGCGTCAGTCTTCGTCCAGGCCGA-3’; 45-mer, 5’-GCGAAT-
TCTAATACGACTCACTCTCGGGCGGTTTTTCGAAGCTTG-3’, the T7 pro-
moter is underlined; 61-mer template, 5’-GAGCGTCAGTCTTCGT-
CCAGGCCGAAGCCCTCTACGAGACTCAAGCTTCGAAAAACCGCCC-3’.
The PCR product was extracted with phenol/chloroform, precipitat-
ed with ethanol, and dissolved in 100 mL reaction volumes consist-
ing of transcription buffer (80 mM HEPES, 25 mM MgCl2, 2 mM sper-
midine, 30 mM dithiothreitol (DTT), pH 7.5), NTPs (8 mM), and RNase
inhibitor (1 UmL�1). Transcription was initiated with T7 RNA polym-
erase (0.03 mgmL�1) and continued overnight at 40 8C. The reac-
tion mixture was treated with RNase-free DNase I (0.5 UmL�1) and
CaCl2 (1 mM) for 1 h at 40 8C and purified on a 10.5% denaturing
polyacrylamide gel. The transcribed RNA was visualized by UV
shadowing, excised from the gel, and eluted overnight by the
crush-and-soak method. After filtration, the solution was extracted
with phenol/chloroform and precipitated with ethanol. The RNA
concentration was determined by measuring the absorbance at
260 nm. For the preparation of 5’-32P RNA, the transcript (30 pmol)
was treated with SAP (0.1 UmL�1) for 45 min at 37 8C, followed by
heat inactivation of the enzyme for 15 min at 65 8C. The dephos-
phorylated RNA was immediately treated with T4 PNK (0.5 UmL�1),
[g-32P]-ATP (2 mCimL�1) and DTT (1 mM) and incubated for 45 min
at 37 8C. Labeled RNA was gel purified, visualized by storage phos-
phor autoradiography, and isolated as previously described.

The 60-nucleotide mutant RNA construct was chemically synthe-
sized on a Perkin–Elmer/ABI Model 392 DNA/RNA synthesizer with
b-cyanoethyl phosphoramidites purchased from Glen Research
(Sterling, VA). The 5’-O-dimethoxytrityl (DMT) and 2’-O-tertbutyldi-
methylsilyl (TBDMS) phosphoramidites were deprotected with am-
monium hydroxide/ethanol, followed by triethylamine-3HF. The
oligonucleotides were gel purified and 5’-32P end-labeled, as de-
scribed above.

Affinity cleaving. HTPs 6 and 7 and MPE·Fe were incubated with
5’-32P-labeled wild-type and mutant RNAs (1 nM) for 15 min in reac-
tion buffer at ambient temperature. The resulting complexes were
probed by initiating hydroxyl-radical formation through the addi-
tion of hydrogen peroxide (0.01%) and DTT (5 mM). The reactions
were allowed to proceed for 20 min at room temperature, then
quenched by the addition of distilled, deionized water. This was
followed by phenol/chloroform extraction and ethanol precipita-
tion. Cleaved RNA was resuspended in formamide loading buffer,
heat denatured, and analyzed by denaturing 10.5% PAGE.

Gel mobility shift assay. To observe the inhibition of the protein–
RNA complexes, increasing concentrations of 6 were incubated
with E. coli S15 (100 nM) and 5’-32P-labeled wild-type and mutant
RNAs (100 pM) in reaction buffer at 0 8C for 30 min. The complexes
were resolved from free RNA by native 8% polyacrylamide (29:1
acrylamide/bis) gel electrophoresis. Optimal resolution was ob-
tained by running the gel at 4 8C with a 90 V potential for 5.5 h.

Quantitative RNase V1 footprinting. Dissociation constants for 5,
ethidium bromide, and S15 on the wild-type and mutant RNAs
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were obtained by using RNase V1 under native conditions. Ligand/
protein–RNA complexes were formed by incubating increasing
concentrations of the ligand/protein with 5’-32P-labeled RNA (1 nM)
for 15 min in reaction buffer (50 mM Bis-Tris·HCl, pH 7.0, 100 mM

NaCl, 10 mM MgCl2, and 10 mgmL�1 yeast tRNAPhe) at ambient tem-
perature. Enzymatic digestions with RNase V1 (0.0001 UmL�1) were
carried out for 30 min at ambient temperature and quenched with
hot, formamide loading buffer. Cleaved RNA was heat denatured
and analyzed by 10.5% denaturing PAGE. The cleavage efficiency
at nucleotide(s) near the binding site was calculated by normaliz-
ing for any differential loading of each concentration of the ligand
or protein tested.

For HTP 5 and ethidium bromide bound to the wild-type RNA, the
footprint at A663 was monitored with respect to the V1-dependent
constant band C651. For the same ligands bound to the mutant
RNA, the footprint at G661 was monitored with respect to the
same constant band. The cleavage data for the RNA were convert-
ed to binding data for the ligand by assuming that the maximum
cleavage efficiency corresponds to 0% occupancy and the mini-
mum cleavage efficiency corresponds to 100% occupancy. The
fraction of RNA bound by the ligand was plotted as a function of
concentration, and the data were fitted to the equation: fraction of
RNA bound= [ligand]/([ligand]+Kd). Dissociation constants are re-
ported as the average and standard deviation of three different
experiments.

For S15 bound to the wild-type RNA, hyperreactivity at A663 was
followed with respect to the V1-dependent constant band U590.
The cleavage data for the RNA were converted to binding data for
the protein by assuming that the minimum cleavage efficiency cor-
responds to 0% occupancy and the maximum cleavage efficiency
corresponds to 100% occupancy. However, for S15 bound to the
mutant RNA, the hyperreactive pattern was not observed. Instead,
a footprint at C658–U659 was monitored with respect to U594,
and cleavage data were processed by assuming that the maximum
cleavage efficiency corresponds to 0% occupancy and the mini-
mum cleavage efficiency corresponds to 100% occupancy. The
fraction of RNA bound by S15 was plotted as a function of concen-
tration, and the data were fitted to the equation: fraction RNA
bound= [S15]/([S15]+Kd). The results are reported as the average
and standard deviation of three different experiments (see Sup-
porting Information).
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