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Abstract

RNA Affinity and Specificity of Modified Aminoglycosides, Metal Complexes, and

Intercalating Agents That Target the HIV-1 Rev Response Element

by

Nathan W. Luedtke

Doctor of Philosophy in Chemistry

University of California, San Diego, 2003

Professor Yitzhak Tor, Chair

RNA plays a pivotal role in the replication of all organisms, including viral and

bacterial pathogens. The development of small molecules that can selectively

interfere with undesired RNA activity is a promising new direction for drug design.

Systematic studies of the binding interactions between small molecules and RNA

are essential for deciphering the parameters that govern RNA recognition. The

synthesis of new ligands with high RNA affinity is relatively easy compared to

discovering new ligands with high specificity for the desired RNA target. The

RRE affinity and specificity of every small molecule is not necessarily

proportional to its anti-HIV activity. Issues related to cellular uptake, localization,

and the non-specific binding of other cellular components can dramatically affect

the biological activities of small molecules.



1

1.0 Introduction

The central dogma of biology states that from DNA, RNA is transcribed to serve

as an information messenger that is translated into proteins.1 Messenger RNA

(mRNA) accounts, however, for only a small fraction of the RNA present within a

cell. Far from being a passive carrier of genetic code, RNA exhibits vast

structural and functional diversity and is intimately involved in a wide range of

biological activities, including information storage and chemical catalysis.

Figure 1.0: Molecular recognition of RNA often precedes catalytic events that are
essential to a wide range of cellular activities including: (a) initiation of DNA
replication,2 (b) extension of the telomeric regions of chromosomes,3 (c) splicing
of pre-mRNA,4 and iron chelation.5 In addition, RNA serves as the primary
genome of most pathogenic viruses.6

A more “modern” interpretation of the central dogma of biology is that RNA has

structural and functional characteristics that are, in many ways, similar to both
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DNA and proteins. RNA is, therefore, an intermediate between DNA and proteins

in more than one respect.

1.1 Translation

Gene expression relies upon an interplay between recognition events and

catalytic activities that are mediated by RNA-protein complexes. Ribosomal RNA

(rRNA) accounts for the vast majority of total cellular RNA (80%) and provides

both the molecular scaffold and enzymatic activities needed for protein

translation.7 The key step of translation occurs in the ribosome’s A-site, where

codon-anticodon recognition decodes mRNA. Upon a correct codon-anticodon

match between mRNA and the anticodon loop of tRNA, the ribosome’s peptidyl

transferase activity catalyzes the formation of a new peptide bond between the

amino acid-charged tRNA in the A-site and the growing protein chain on the

tRNA in the P-site.7 Studies have shown that prokaryotic ribosomes that are

stripped of protein are still capable of limited peptidyl transferase activity.8 In

accordance with this result, recent crystal structures show that the peptidyl

transferase active site is composed entirely of rRNA.9 A single, unusually basic

adenosine may be the key player in the mechanism of peptidyl transfer.10

Transfer RNAs, at 15% of total cellular RNA, are the most common type of

“soluble” RNA (i.e. lacking any associated proteins). The binding of tRNA to the

ribosomal A-site is mediated by extensive RNA-RNA interactions (including

rRNA-tRNA, and mRNA-tRNA binding). Through these, and other important
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interactions, the ribosome amplifies the relatively small energetic differences

between cognate and non-cognate codon-anticodon pairing to achieve an

astounding 99.9% accuracy in its translation of mRNA.7,11

The transport, translation efficiency, and stability of individual messenger RNAs

is controlled by numerous protein-RNA, ribonucleoprotein-RNA, and RNA-RNA

interactions.12 Upon transcription from DNA, ribonucleoprotein complexes called

splisosomes excise the introns from pre-mRNA and from other heterogeneous

RNAs (Figure 1.0). Some organisms are capable of intron excision (splicing)

without protein assistance, and have provided the first examples of RNA

enzymes (or ribozymes).13 The translation efficiency of individual mRNAs is

regulated at many levels, including the binding of the 5' and 3' untranslated

regions (UTRs) of the mRNA by proteins,14 microRNAs,15 and by small

molecules.16

1.2 RNA Viruses

Viral epidemics have accounted for more human deaths than all known wars and

famine combined. About 65% of the known families of viruses use RNA for a

primary genome and cause many modern-day plagues including AIDS, cancer,

hepatitis, smallpox, ebola, and influenza.6 Most viruses are, however, benign.

Interestingly, approximately 42% of the human genome is composed of

transposable elements that multiply by reverse transcription, using an RNA

intermediate similar to that of a retrovirus.17 In general, reverse transcription is a
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highly error-prone process allowing viral elements to evolve rapidly under

selective pressures (such as anti-viral drugs). An additional 8% of the human

genome is composed of repetitive genomic elements known as “retrovirus-like

elements”.17 Their structures very closely resemble those of retroviruses, carrying

the open reading frames common to all retroviruses (Gag, Pol, Env), flanked by

5' and 3' long terminal repeats. Overall, the human genome is composed of

approximately 50% self-repeating parasitic sequences. Compare this with the

unique (non-repeated) genes, representing only ~5% of the human genome!17

1.3 Small Molecules That Modulate RNA Activity

The ability of RNA to facilitate the essential biochemical activities needed for

information storage, signal transduction, replication, and enzymatic catalysis has

distinguished it as a candidate for being the central biomolecule in a prebiotic

world.18 If such an “RNA world” ever did exist, then small molecule-RNA

interactions certainly played a key role in the regulation of RNA replication,

processing, as well as other enzymatic and regulatory activities.19

The conceptual proof demonstrating the ability of small organic molecules to

regulate gene expression was first revealed in the context of an artificial gene

construct.16a An RNA aptamer (see endnote [20]) located in the 5' untranslated

region (UTR) of an mRNA, was shown to inactivate the translation of a down-

stream reporter gene upon binding to its cognate small molecule (Figure 1.1).
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The mechanism proposed for the small molecule-dependent translation

inactivation involves a structural rearrangement of the 5'-UTR into a rigid

complex that cannot be scanned by the ribosomal pre-initiation machinery.

Recent studies have shown that natural systems use small molecule-RNA

binding (accompanied by RNA structural rearrangements) to directly modulate

mRNA translational efficiencies.16 b,c

Figure 1.1: The mature mRNA of an artificial gene construct is actively translated
in the absence of small-molecule binding (Top). Upon binding the 5'-UTR by its
cognate small molecule, the translation of the gene is deactivated (Bottom).16a

Recent studies indicate that similar mRNA-small molecule control mechanisms
occur in vivo and appear, therefore, to represent a normal aspect of
metabolism16b,c

1.4 Magnesium (II)

Much like proteins, the primary sequence of an RNA directs its folding into a

unique 3-D structure.21 Correct RNA folding, however, typically relies upon the

binding of divalent metal ions (especially Mg2+). The Mg2+ induced folding of the
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Tertrahymena thermophila group I intron has become an important paradigm for

RNA folding.22 In the absence of Mg2+, it occupies an ensemble of highly dynamic

secondary structures that are dominated by duplex regions interrupted by internal

bulges and stem loops. The group 1 intron secondary structure can be predicted

from its nucleotide sequence using base-pairing and nearest neighbor rules.23

Upon Mg2+ binding it collapses into a more rigid, enzymatically active, tertiary

structure with fewer conformations available. In at least one region of the group 1

intron, Mg2+ binding induces a rearrangement of the RNA secondary structure

itself.24 These cation-mediated “higher-order” folding interactions remain a major

obstacle in the prediction of a 3-dimensional RNA structure given only its primary

sequence.

Mg2+ exhibits a low to moderate affinity to many unrelated RNAs. Mg2+ binding

affinities (Kd) range from 0.01 mM through 10 mM in the presence of 0.1 – 0.2 M

of monovalent ions.25 Given the 3-dimensional structure of an RNA, an

electrostatic contour map can be calculated, allowing for the theoretical

prediction of Mg2+ binding sites.26 The accuracy of such predictions is

complicated by issues related to induced fit and by the limited understanding of

the characteristics of the cations themselves. Crystal structures of tRNAPhe, for

example, indicate that different cations bind at different RNA sites, depending

upon the identity of the ion.27 Few of the metal cation binding sites overlap with

one another (as would be predicted by electrostatic contour mapping).27

Tremendous diversity in the position, size, and affinity provided by RNA
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coordination sites, suggests that metal ion-RNA complexes may have exhibited

diverse catalytic activities in a prebiotic “RNA world”.

RNA-cation binding interactions are essential for the proper folding and catalytic

function of RNA.22 There are some cases, however, where small molecules other

than metal cations can be used to facilitate the folding and enzymatic activity of

RNA. Linear polyamines (like spermine) and aminoglycosides (Figure 1.2) can

displace Mg2+ from RNA, and have been shown to directly facilitate the

enzymatic activities of the hairpin and hammerhead ribozymes even in the

absence of divalent metal ions.28 Structurally complex and semi-rigid polycations

may have once served as RNA scaffolds, similar to the ribosomal proteins of

today.

1.5 Aminoglycosides

Aminoglycoside antibiotics are a diverse family of natural products that interfere

with prokaryotic protein biosynthesis (Figure 1.2). Their ability to non-specifically

bind to RNA through electrostatic interactions was described over 20 years

ago.29 The aminoglycosides are also capable, however, of site-specific

recognition of prokaryotic rRNA. Early footprinting experiments indicated that

aminoglycosides bind to discrete locations within the ribosome.30 Later

experiments showed that aminoglycosides increase the affinity of tRNA to the

30S ribosomal A-site,31 thus providing an attractive mechanism to explain their

ability to selectively decrease the fidelity of prokaryotic translation.32 A recent
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crystal structure of three aminoglycosides (streptomycin, paromomycin, and

spectinomycin) bound to the Thermus thermophilus 30S ribosomal subunit

confirms the location of the aminoglycoside binding sites and provides a high-

resolution picture of how RNA-small molecule recognition occurs within a

ribonucleoprotein complex.33 This type of structural information will prove

indispensable for the structure-based design of aminoglycoside derivatives that

have an improved “fit” within their ribosomal binding pockets. Structural

information by itself cannot, however, answer basic questions related to the

energetics involved in the binding of small molecules to RNA. Equilibrium binding

constants must be measured in order to establish the actual energetic values

associated with RNA-small molecule recognition.
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Despite the structural details provided by aminoglycoside-RNA complexes, the

energetic contributions made by the pendant hydroxyl groups of the

aminoglycosides remain unclear. Hydrogen bonding between these groups and

RNA are apparent in some structures,33 but the energetic contributions made by

hydrogen bonding in aqueous media is still debated.35 In an attempt to determine

their role in RNA affinity, the hydroxyl groups of tobramycin were systematically

removed (Figure 1.3). RNA binding was then tested by measuring the HH16

ribozyme inhibitory activity of each tobramycin derivative.36

Figure 1.3: Summary of hammerhead inhibition by deoxy-tobramycin
derivatives.36 A lower relative rate suggests better RNA binding.

Interestingly, the removal of hydroxyls at positions R2, R3, and R4 (Figure 1.3)

lead to aminoglycosides with better RNA cleavage inhibition. The current

explanation for this “unexpected” result is that certain hydroxyl groups decrease

the basicity of neighboring amines. Therefore, removing hydroxyls typically

increases the overall positive charge, and hence the RNA affinity of the deoxy-
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derivatives. These de-hydroxylated tobramycin derivatives have not yet been

tested for the binding of other RNAs, so the roles of the hydroxyls in RNA

specificity remain unclear.

1.6 Ligand Specificity

For the purposes of this thesis, specificity will be defined as the binding affinity

(Keq) of a small molecule to a particular RNA site, divided by its average affinity to

“all” other potential binding sites:

specificity = Keq(interaction of interest)
average Keq(other sites of interaction)

Specificity is proportional to occupancy of the “desired” RNA site, versus the

occupancy of all other potential binding sites. For practical reasons, specificity is

a relative term, where the affinity between a small molecule and its RNA “target”

is weighted by its affinity to “other” nucleic acids. The reported specificity is,

therefore, always dependent on the selection of the competitor or “non-specific”

nucleic acids used for the comparison.

High specificity is a prerequisite for the effective modulation of RNA activity in

vivo. Since non-specific binding sites are typically present at much higher

concentrations as compared to the desired target, the bioavailability of a small

molecule may suffer even if it has a moderate affinity to “other” sites. The binding
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of the small molecules to tRNA, rRNA, DNA, proteins, phospholipids, etc., may

also cause undesired biological “side effects” including toxicity and mutagenicity.

Aminoglycosides, for example, are not ideal antibiotics. Their promiscuous

binding of RNA and/or membrane components may be related to the multiple

therapeutic side effects and the low-moderate bacteriacidal potency exhibited by

these compounds.37,38 Aminoglycosides bind to and inhibit the function of a wide

range of unrelated RNAs with moderate activities (IC50 = 0.1 – 100 µM).19,28c,39

Aminoglycosdies, therefore, exhibit a low specificity for most of these RNA sites.

Aminoglycosides do, however, show excellent specificity for RNA over DNA

(Section 6.0). For this reason, we have used aminoglycosides as “scaffolds” for

the synthesis of new small molecules targeted towards specific RNA sites. These

derivatives are found to exhibit dramatically different RNA specificities and

altered biological activities when compared to their aminoglycoside precursors.

1.7 Goals

There are still no "rules" for the structure-based design of small molecules that

are targeted to a specific RNA tertiary fold. One obstacle is that there are still

very few examples of small molecules that bind to natural RNA structures with

high specificity. There are other potential reasons as well. For example, RNA is a

highly dynamic molecule known to occupy multiple conformations. The structural

details of an RNA do not typically entail the potential structural changes it can
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adopt upon ligand binding. This adds additional complexity to the structure-based

design of RNA ligands.40

Despite recent progress in the understanding of how small molecules recognize

RNA,41 the following fundamental questions remain largely unanswered:

1. How do electrostatic interactions affect the RNA affinity and specificity of
aminoglycoside-based ligands?

2. How does one design small molecules that exhibit high affinity and high
specificity for a pre-determined RNA target?

To help answer these questions, we have addressed a number of goals:

1. Design and synthesize new small molecules that are targeted to a pre-
determined RNA site.

2. Rapidly characterize the affinity and specificity of new RNA ligands using
fluorescence-based methodologies.

3. Conduct experiments in a systematic fashion so that trends in RNA-small
molecule recognition can be identified.

To evaluate the “higher-order” biological impacts of RNA binding, we have

chosen the HIV-1 Rev-RRE interaction as our model system. This way, new RNA

ligands that show promising activities may eventually prove themselves as future

antiviral agents. Our work, along with the efforts by many other groups,

contributes to the growing body of knowledge that will aid in the future design,

synthesis, and application of small molecules directed to RNA.
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2.0 Background: The HIV Lifecycle

HIV, the virus responsible for AIDS, relies upon the transcription and translation

machinery of its host cell.6 There are, however, a number of protein-RNA

interactions that are unique and essential to the HIV lifecycle (Figure 2.0).42

Inhibition of these key binding interactions may eventually provide a new class of

therapeutic compounds for the treatment of AIDS.

Figure 2.0: The HIV-1 lifecycle begins with the CD4-dependent invasion of the
host cell (a). The viral particle "tricks" a CD4+ host cell with the gp120 domain of
the "Env" protein, which mimics a normal component of the human immune
system (the major histocompatibility complex). Binding of CD4 to gp120 initiates
endocytosis and fusion of the viral and host membranes. Fusion is mediated by
gp41 (the membrane-bound component of the Env protein). Upon fusion, the
viral capsid is partially degraded and reverse transcriptase (Pol), transcribes the
9 kilo-base single-stranded viral RNA genome into double-stranded DNA (b). The
double-stranded DNA copy of the HIV genetic code is then imported into the
host's nucleus, where it is permanently integrated into the host's genome (c). At
this point, viral activity can remain dormant for years. Eventually, an RNA copy of
the HIV DNA will be transcribed (d). Early in the replication cycle, this viral mRNA
becomes highly spliced and is translated into three regulatory proteins: Rev, Tat,
and Nef (e). The Tat protein binds to its cognate RNA site termed TAR and
facilitates the transcription of full-length HIV RNA (d); since Tat itself is an
eventual product of this transcription, Tat’s biosynthesis is in a positive feedback
loop, leading to a rapid accumulation of viral RNA as well as the Tat, Rev, and
Nef proteins. Once the concentration of Rev is sufficient, it polymerizes along the
HIV RNA at a site termed the Rev response element (RRE), and initiates HIV’s
“late replication” phase.
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Figure 2.1:  HIV’s “late” replication phase is initiated by the Rev-RRE interaction
which prevents the splicing of the HIV RNA (a). From the unspliced and singly
spliced HIV RNA, the proteins needed for viroid construction are translated (b).
Unspliced RNA is then packaged into outgoing viral particles to serve as the
primary genome (c).

2.1 The Rev-RRE interaction and HIV’s Late Replication Phase

The Rev response element (RRE) is an HIV-1 RNA structure essential to viral

replication.43 The Rev protein binds to the RRE and facilitates the export of HIV

RNA out of the host nucleus, while protecting it from the cell’s splicing machinery

(Figure 2.1). The importance of the "underspliced" HIV RNA is two-fold. First, it

serves as an open reading frame for the proteins that are essential to the

construction of new viral particles (Gag, Pol, and Env). Second, the unspliced

HIV RNA is packaged into the outgoing viroid, serving as its primary genome.

Successful inhibition of Rev-RRE binding, therefore, prevents the production of
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new viral particles in two ways: the proteins essential for viroid construction are

never translated, and the future HIV genomic RNA becomes highly spliced.

Through the efforts of a number of research groups, many details regarding the

sequences, structures, and dynamics of the Rev-RRE interaction have been

revealed.44a-e The 116 amino acid Rev protein has at least three functional

domains, including an arginine-rich motif spanning amino acids #34-50 (Figure

2.2a). This positively charged domain binds to a single high-affinity site on the

RRE (bolded in Figure 2.2b) with high affinity (Kd = ~1 nM) and high specificity

(average Kd to a yeast tRNA mixture = ~1,000 nM).

Figure 2.2: (a) A domain-map of Rev protein is shown with the sequence of its
RRE binding domain (amino acids 34-50). This “arginine-rich motif” also serves
as Rev’s nuclear localization signal, allowing Rev to shuttle continuously between
the cytoplasm and nucleus.45  The peptide RevFl, used for fluorescence-based
assays, is succinylated at its N-terminus, amidated at its C-terminus, and
contains a four alanine spacer to fluorescein (a). These modifications have been
shown to increase the helicity of this peptide, resulting in a greater RRE affinity
and specificity.46 (b) The RRE, as defined by Mann,47 spans a total of 351 bases
and contains a single high-affinity Rev binding site in the “Stem II” of the RRE
(bolded bases between #97-162).44d
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The RRE serves as the high-affinity Rev binding site and is part of the highly

conserved open reading frame of the gp41 “fusion domain” of the Env protein

(Figure 2.0).48 This dual function is likely responsible for the unusually low

mutation rate found in the RRE (Figure 2.3 A & B).49 The bases directly involved

in Rev binding are almost invariable, even for genetically diverse groups of HIV-1

isolates (Figure 2.3 A & B). The Rev binding site within the RRE is, therefore, a

highly attractive target for small molecule therapeutics, since small molecules

that are targeted to this site should possess consistent activities for diverse HIV-1

groups. In addition, the mutations that can lead to drug resistance should be

strongly impeded by the RRE’s dual function.

Following association of Rev with the high-affinity RRE “nucleation site” (bold

Figure 2.3 B), additional Rev molecules (approximately 10) can polymerize along

the length of the RRE in a step-wise fashion by utilization of both protein-protein

and protein-RNA interactions.47 Other groups have shown, however, that Rev

can first polymerize, then bind to the RRE in its polymeric form.44e Despite this

ambiguity, minimal mutations of the RRE within the high-affinity Rev binding site

(bold Figure 2.3 B) prevent polymerization of Rev along the entire length of

RRE.47 Without high-affinity Rev-RRE binding, the “late-phase” HIV proteins are

not expressed and the viral replication cycle is broken.44a For these reasons, we

have chosen the high-affinity Rev binding site on the RRE as our target for small

molecules (bold Figure 2.3 B).
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Figure 2.3 A: Sequence homology for Stem II of the RRE from 5 representative
isolates from HIV-1 group M (SF2, HXB2, MAL, ELI, HIVU455), and 2 from group
O (HIVANT70, MVP5180). Sequence alignments were adopted from J-H Chen et
al.50 The high affinity Rev binding site is shown in blue.

Figure 2.3 B: Secondary structure of the 66 nucleotide RRE Stem II fragment
“RRE 66” from the HIV strain HXB3. The bases essential for binding the first
equivalent of Rev are shown in bold.43 A summary of homology alignment is

shown: (*) indicates a highly mutable position, (*) indicates conserved or
infrequent mutations, no symbol indicates no significant variation. The second
equivalent of Rev is proposed to bind, in vivo, to Stem IIA.51 It is interesting that
both of the Rev binding sites within Stem II are essentially immutable.
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2.2 Minimized RRE Constructs

To facilitate biophysical analysis of the Rev-RRE interaction, numerous groups

have minimized the Rev response element into smaller, more manageable

fragments (figure 2.4).

Figure 2.4: Removal of stem loop IIA from the 66 ntd. RRE Stem II fragment
results in the 47 ntd. construct  “RRE IIB”.52 Additional minimization of RRE IIB
produces a construct small enough (34 ntd.) to be used for NMR structure
determination (RRE JW).53 A duplex version of the RRE allows for thermal
denaturation studies (RRE DW).54

We have found that the “core element” of the RRE (bold Figure 2.4) contributes

the same Rev-peptide binding energy for different RRE constructs, including:

RRE 66, RRE IIB, and the RRE JW (Section 3.1).
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2.3 Other RNA Constructs

Mutation of the minimized construct “RRE JW” can reveal which bases of the

RRE core element are essential for ligand binding. The G-rich bulge of RRE JW

has been substituted with inosine to generate “3I RRE JW” (Figure 2.5). A deoxy

version of the RRE “dRRE JW” allows a direct comparison between RNA and

DNA stem-loop recognition (Figure 2.5).

U

A C

G

CG

C

A G
U A

C

G U

G

C

C

G

A C

A
A

G

G

C

G

UG

C

G

C

3I RRE JW

A

G

C

G G
G

CG

C

A G
A

C

G

G

C

C

G

A C

A
A

G

G

C

G

TG

C

G

C

dRRE JW

I I I

T
T

T

Figure 2.5: RRE JW mutants used in these studies.

To evaluate the RRE specificity of a small molecule, its affinity to many different

nucleic acids must be evaluated (Section 1.6). A mixture of tRNAs (Sigma type-

X) provides a convenient and biologically relevant mixture of RNA (over 30

different mature and pre-tRNAs). Evaluation of such mixtures, however, is often

problematic (the binding constant of a small molecule to a mixture of nucleic

acids cannot be calculated). For this reason, a number of well-defined and

biologically relevant RNA constructs have also been used to examine small

molecule specificity (Figure 2.6).
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Figure 2.6: Secondary structures of “other” RNAs used in these studies,
including the 31 ntd. “TAR31” and the 27 ntd. prokaryotic “A-site27” constructs.

2.3.1 TAR31

“TAR31” is a model of the TransActivation Control Region of HIV-1.55 The Tat-

TAR interaction is necessary for the transcription of full-length HIV RNA (Figure

2.0). Inhibition of this RNA-protein interaction is another important target for drug

design.56 Both the TAR and the RRE recognize a homologous arginine-rich

domain within their respective binding partners (Tat and Rev, respectively). Both

RNAs do, in fact, have similar affinities for the Rev peptide “RevFl” (section 3.1,

Table 3.0). The RRE and TAR, however, are known to exhibit different types of

binding interactions with small molecules. The TAR has, for example, a high

affinity cation binding pocket that upon binding to guanidinium or Ca2+, facilitates

an alternate fold of the TAR.57,58 There is no evidence that such a binding pocket
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exists on the RRE.59,60 No direct comparison of aminoglycoside affinities for the

TAR versus the RRE has been published; preliminary evaluations in our lab,

however, indicate that the trends in aminoglycoside affinity are similar for the

TAR and the RRE (as well as the HH16 Ribozyme).

2.3.2 The HH16 Ribozyme

RNA enzymes (ribozymes) are intriguing biopolymers capable of catalyzing a

variety of transformations.61  Their functional diversity can be attributed to the

complex three-dimensional folds that RNA can assume via a multitude of

secondary structures and tertiary interactions.62  Ribozymes, therefore, provide a

unique opportunity to correlate RNA structure and function. The hammerhead

ribozyme (HH16) is among the best characterized RNA enzymes.63,64 Following

association and proper folding of the enzyme and substrate strands,

phosphodiester hydrolysis is catalyzed at a specific location (Figure 2.6). Small

molecule ligands, including aminoglycosides, have been shown to inhibit the

enzymatic activity of hammerhead ribozymes.36,65,66 Two models are currently

proposed for the mechanism by which aminoglycosides inhibit enzymatic

cleavage: 1) direct displacement of enzymatically essential Mg+2 by the

ammonium groups of the aminoglycoside,65,67 2) upon binding the

aminoglycoside, RNA structural perturbations prevent the ribozyme from

adopting an enzymatically active conformation. Since Mg+2 is needed for proper

folding and cleavage of HH16,64 these mechanisms may be intimately linked.
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2.3.3 A-site27

Many aminoglycosides exert their anti-bacterial activity by binding to the

decoding region of the 30S ribosomal subunit.30 “A-site27” is a hairpin model of

the prokaryotic ribosomal A-site, and has been shown to form a well-defined

complex with paromomycin.68 The NMR structure of parmomycin bound by the A-

site27 provided one of the first high-resolution views of a biologically relevant

RNA-small molecule complex.68 Recent crystal structures of the ribosome

indicate, however, that this region of the A-site is significantly distorted when

compared to NMR structure of A-site27.33 In addition, the binding of the A-site by

aminoglycosides may be affected by interactions mediated by tRNA residing in

the A-site.33 These “higher-order” interactions can complicate the relationships

observed in RNA-small molecule studies when minimized RNA constructs are

used. Indeed, Wong’s data demonstrates that there is no correlation between the

A-site27 affinity and the antibacterial activities of a large library of aminoglycoside

derivatives.69 Despite this, the A-site27 hairpin continues to serve as a model for

the development of small molecules with antibiotic activities.

2.3.4 tRNAPhe

tRNAPhe (Figure 2.6) has only recently been shown to bind to aminoglycosides.70

While tRNAPhe may not be an important target of drug design, it provides perhaps

one of the most extensively studied RNAs ever.71 Efficient commercial production

has allowed the widespread study of tRNAPhe for over 30 years. These studies
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indicate that tRNAPhe has diverse structural features that provide well-defined

binding sites for small molecules.27

2.3.5 Duplex DNA and RNA

Simple duplex DNA and RNA also serve as convenient sources of “other” nucleic

acids as well. These commercially available duplexes are enzymatically

synthesized and will contain only a small fraction of hairpins and other structural

imperfections. These polymers will typically extend, unbroken, for thousands of

bases.  Examples of the nomenclature used for these duplexes is as follows:

Name  Type      Structure

Poly r[A] – r[U] RNA duplex

Poly d[AT] – d[AT] DNA duplex

Poly r[A] RNA single strand

Oligo d[T]15 DNA single strand

By evaluating the binding affinity of a small molecule to many different nucleic

acids, the RRE specificity of new ligands can be determined, and the overall

nucleic acid selectivity of the ligand becomes apparent.
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3.0 Methods for Measuring RNA-Ligand Affinity and Specificity

Numerous methods are available for evaluating a small molecule’s ability to

inhibit the binding of two macromolecules. Traditional techniques such as gel-

shift electrophoresis and analytical ultracentrifugation are limited by their inability

to rapidly screen large numbers of potential inhibitors. Newer methodologies

such as mass spectrometry and surface plasmon resonance are powerful tools,

but hardware costs and data analysis can be vexing. Fluorescence-based

techniques have proven to be highly sensitive, versatile, and relatively

inexpensive for the examination of RNA-ligand binding interactions.72 Five

fluorescence-based techniques are described for the evaluation of both affinity

and specificity of RNA ligands.

3.1 Fluorescence Polarization Anisotropy

Organic fluorophores possess a transition dipole moment that is related to the

differences between the dipole moments of the ground state versus the excited

state.73 In order for a fluorophore to absorb energy from light, the oscillating

electronic vector of the photon must be parallel to the transition dipole of the

molecule. Following excitation, the photon that can be emitted from the excited

state will also be parallel to the transition dipole of excitation. Plane polarized

light that is absorbed by a fluorophore immobilized into a solid state will,

therefore, retain its polarization in the emitted photon. For fluorophores in

solution, the tumbling rate of the fluorophore is proportional to the degree of

depolarization. Polarization anisotropy is measured by comparing the
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fluorescence emission intensity that passes through parallel versus perpendicular

polarizing filters (relative to the plane polarized excitation source (Figure 3.0)).

Figure 3.0: Fluorescence polarization anisotropy. The extent of polarization (the
“anisotropy” value) is inversely proportional to the tumbling rate of the
fluorophore in solution.74 The tumbling rate of the fluorophore is proportional to
the total size and shape of the fluorophore, as well as to the temperature and
viscosity of the solvent.74

Figure 3.1: (A) Linear relationship between the concentration of the fluorescent
peptide “RevFl” and the total fluorescence intensity. (B) Fluorescence anisotropy
of the fluorescent peptide “RevFl” as a function of the total emission intensity of
the sample. Excitation is at 490 nm. Error bars for anisotropy reflect the standard
deviation for 10 anisotropy measurements made on the same day using the
same sample reflecting, therefore, only those errors related to the instrument
itself (Perkin Elmer LS-50B Luminescence Spectrometer). Systematic errors
associated with macromolecular and small molecule quantifications are typically
the largest sources of errors for the experiments described within this thesis
(typically ± 30%). Errors associated with volume and weight measurements are
relatively small and random (typically ± 15%).
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In theory, the fluorescence anisotropy of a fluorophore is an intensive property,

and therefore not dependent of the total fluorescence intensity of the sample.74 In

practice, however, a significant perturbation is found at low emission intensities

(Figure 3.1 B).75 This effect is due in part to instrumental limitations, but is easily

avoided by keeping emission intensities above 100 (arbitrary units) using a

Perkin Elmer LS-50B Luminescence Spectrometer with maximum slit widths.

Fluorescence anisotropy provides a useful tool to follow the real-time association

and subsequent inhibition of the Rev-RRE interaction.76 The tumbling rate of the

fluorescein labeled Rev peptide “RevFl” decreases upon binding to the RRE (see

Figure 2.2 and Section E 2.1 for the sequence and structure of RevFl). As the

RRE is added to a 10 nM solution of RevFl, their association is observed by an

increased anisotropy value (Figure 3.2 A). Three of the RRE constructs shown in

Figure 2.4 (RRE 66, RRE IIB, and RRE JW) were evaluated for RevFl affinity.

Since the binding stoichiometry between Rev34-50 and RRE is known to be 1:1

(for all three of these RRE constructs), the association curves can be used to

calculate binding constants for each RNA (Figure 3.2 B, Table 3.0). The largest

RRE construct (RRE 66) has a 4-fold higher affinity for RevFl than RRE IIB and a

12-fold higher affinity than RRE JW (Table 3.0). Detailed kinetic analysis of Rev-

RRE binding reveals the association rate for 7 different RRE constructs is very

similar (near diffusion-limited at 106 M-1 s-1); the differences in affinity between

these different RRE constructs were attributed to different dissociation rates.77
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Figure 3.2: (A) Binding of RevFl to three different RRE constructs, according to
the changes in the fluorescence anisotropy of RevFl (See section E 3.1 – E 3.2
for experimental details). Notice how the magnitude of the anisotropy change at
saturation is roughly proportional to the size of each RNA construct (Figure 2.4).
(B) Since these binding interactions have been shown to be simple two-state
systems, the change in fluorescence anisotropy is directly proportional to the
fraction of RevFl bound by the RRE, allowing for simple analysis of the binding
data (Section 3.6).

Table 3.0: RevFl Binding Constants (Kd) and Free Energies (Kcal/mol) at 22 °C.

RRE 66* RRE IIB* RRE JW* tRNAPhe* C.T. DNA** TAR 31*

Kd 3 ± .5nM 10 ± 3nM 35 ± 5nM 2.4 ± .4µM 25.6 /- 4µM 35 ± 5nM

∆G -11.6 ± .2 -10.8 ± .2 -10.0 ± .2 -7.5 ± .1 -6.18 ± .1 -10.0 ± .2

* Kd calculated per construct
** Kd calculated per helical repeat (20 bases)
*** ∆G = -RT ln(1/Kd)
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Larger RNA constructs possess a greater total negative charge. It is not

surprising, therefore, that RRE 66 shows the highest affinity for the polycationic

Rev peptide (Table 3.0). By comparing the Rev binding energies to the size of

each RRE construct, an interesting trend is revealed (Figure 3.3). A plot of ∆G

versus the size of each RRE (in nucleotides) reveals a straight line that allows

one to extrapolate the binding energy of the RRE when the size of the RRE = 0

nucleotides (Figure 3.3). This indicates that the energetic contribution of the RRE

“core element” for all three constructs is ∆G = -8.4 Kcals / mole. The slope of this

line indicates that ∆G = -0.05 Kcal/ mole*nucleotide. This value may represent

the intra-complex electrostatic “advantage” provided by each additional base and

may be related to the magnitude of non-contact or “medium-range” electrostatic

interactions in this system. This type of binding data may assist future

computational modeling of electrostatically-driven RNA-ligand binding

interactions.78

Figure 3.3: A linear fit of ∆G (per nucleotide) versus RRE size (in nucleotides)
has a Y-intercept of 8.4 Kcal/mole and a slope of –0.05 Kcal/mole*nucleotide.
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The affinity of RevFl to a number of other nucleic acids has been evaluated. Both

tRNAPhe and a mixture of yeast tRNAs (Sigma type-X) have similar binding

isotherms that indicate a 1,000-fold lower affinity for RevFl as compared to a

similarly sized RRE (RRE 66, Table 3.0). Each helical repeat of calf thymus DNA

has approximately a 10,000-fold lower affinity to RevFl than the RRE (assuming

one peptide binding site per helical repeat of DNA). Rev’s low affinity to most

other nucleic acids indicates a high specificity for the RRE (Section 1.6). RevFl

does, however, bind to TAR31 with high affinity (Table 3.0), this finding has also

been reported by other groups.79 Since both the TAR and the RRE bind to

homologous arginine-rich domains within their respective proteins, the high

affinity of RevFl for TAR31 is not surprising. The full-sized Rev protein, however,

is reported to effectively discriminate between the TAR and the RRE, suggesting

that the Rev-protein has a higher RRE specificity as compared to RevFl.77 The

Rev protein cannot, however, easily be studied using fluorescence anisotropy

due to its tendency to self-associate and to bind the RRE in greater than 1:1

stoichiometry.80 In addition, significant changes in fluorescence anisotropy are

typically only observed when a small fluorescent ligand binds to a much larger

macromolecule (like the RevFl- RRE respectively). The mass of the Rev-protein

is on the same order as the 66 nt. stem II of the RRE; therefore upon binding the

RRE66, only a small change in the anisotropy of a fluorescent Rev protein would

be expected.
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Fluorescence anisotropy provides a fast and accurate method for the evaluation

of molecules that can bind to the RRE and displace the Rev peptide (Figure 3.4).

Figure 3.4: Fluorescence anisotropy displacement experiments. Once the RevFl-
RRE complex is formed (top), an inhibitor "X" can be added (bottom).
Competitive inhibitors will bind to the free RRE, and shift the 3-way binding
equilbria towards release of the free RevFl peptide (causing a decreased
anisotropy of RevFl). If a single inhibitor binding site on the RRE displaces Rev,
the absolute affinity of the RRE – “X” binding interaction can be calculated (Ki is
equivalent to Kd). In most cases, however, the binding stoichiometry of the
inhibitor is not known, so its affinity to the RRE is evaluated by measuring the
concentration of inhibitor needed to displace ½ of the Rev peptide from the RRE
(defined as its IC50 value). See Section E 3.1 for experimental details.

To evaluate what impact, if any, the addition of fluorescein to the Rev peptide

has on RRE binding, a Rev peptide without fluorescein (“Rev-IA”) was used to

displace RevFl (see Section E 2.1 for the sequence and synthesis of each

peptide). Using fluorescence anisotropy, a Ki of 2 ± 1 nM was measured for Rev-

IA (see Section E 3.1 for details). This indicates that only a small perturbation
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(less than 2-fold) is introduced by the addition of fluorescein to the Rev peptide.

Native polyacrylamide gel-shift experiments also indicate that only a small

perturbation in affinity is introduced by the addition of fluorescein to the C-

terminus (data not shown). Compared to RevFl, a 5-fold lower affinity is observed

when fluorescein is attached to the N-terminus of the Rev peptide (see section E

2.1 and reference 76 for “FlRev”). The differences between the N- and C- termini

can be rationalized by examining the NMR structure of the Rev-peptide RRE

complex.53 The N-terminus of the α-helical Rev peptide is buried in the major

groove of the RRE, while the C-terminus is free in solution.53 Modification of

Rev’s N-terminus, therefore, interferes with RRE binding.

3.2 Solid-Phase Peptide Displacement Assay

A novel biophysical approach has been developed to characterize the affinity and

specificity of small molecules for the RRE. The assay is based on the competition

between potential RRE binders and RevFl for binding to an immobilized RRE 66

construct (Figure 3.5 – 3.6). Ligands that bind to the Rev binding site on the

RRE will displace RevFl into solution. The emission intensity of the solution is

then measured to evaluate the RRE affinity of the ligand.

The components of the assay are schematically shown in Figure 3.5 and include:

(a) insoluble agarose beads covalently modified with streptavidin, (b) a

biotinylated RRE fragment, and (c) the fluorescein-labeled Rev peptide “RevFl”.

Assembly of these components forms an immobilized “ternary complex”, where
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the biotinylated RRE binds to streptavidin, and RevFl binds to the RRE with a

dissociation constant that is the same as measured in solution.

Figure 3.5: Assembly of the complex used for the solid-phase assay. See
section E 3.2 for technical details regarding the solid-phase assay.

Calculating the binding constant for RevFl and the RRE66 on the solid-phase is

different than in solution, since the “surface volume” of free RRE is the same as

the surface volume of Rev-RRE complex. The equation for Kd is simplified:

Kd (on a surface) = [RRE][Rev-Fl] = (moles of free RRE)[Rev-Fl]
[complex] (moles of complex)

The concentration of RevFl in the supernatant “[Rev-Fl]” is calculated by

comparing the fluorescence intensity of the supernatant to a calibration curve of

known concentration versus fluorescence emission intensity (Figure 3.1 A). The

total moles of RNA on the solid support “(moles RRE)” is determined during the

immobilization of the biotinylated RRE: the UV absorbance of the supernatant is

used to calculate the amount of RNA absorbed by the agarose/streptavidin gel.
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The moles of RRE-bound by RevFl “(moles complex)” is determined by stripping

RevFl from the gel with 8M guanidinium HCl, then quantifying the supernatant in

a buffered solution (see section E 3.2 for additional details).

The “solid-phase” Kd for RevFl-RRE66 is found to be 3 ± 2 nM, and is

independent of the effective loading of the RRE onto the agarose beads (from

0.1 – 2.0 nmoles RRE/mL agarose), suggesting that the immobilized RRE

complexes are non-interacting over this loading range.

As in solution, RevFl binds to the RRE with high specificity. The immobilized

Rev-RRE complex is not significantly inhibited by the addition of large excesses

(200-fold) of tRNA or DNA (low µM concentrations). Titration of the RRE or Rev-

IA, however, efficiently displaces RevFl from the solid-support (IC50 = 90 nM and

35 nM, respectively). Importantly, RevFl shows no binding of

argarose/strapavidin gel that lacks immobilized RRE. See section E 3.2 for

technical details regarding the solid-phase assay.

Following formation of the immobilized Rev-RRE complex, small molecule

inhibitors are added, and the fraction of RevFl in solution is monitored as a

function of inhibitor concentration (Figure 3.6 A). The concentration of inhibitor

needed to displace ½ of the peptide (the IC50 value) is measured in the presence

and absence of an excess of competitor nucleic acids (Figure 3.6 A and B).
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Figure 3.6: Measuring the relative RRE affinity and specificity of a ligand using
the solid-phase assay.

The ratio of these IC50 values reflects the affinity of the small molecule to the

competitor nucleic acids relative to the RRE (Figure 3.6 A and B). To evaluate

the RRE specificity of a small molecule, numerous mixtures of competing nucleic

acids are used (tRNAMIX, C.T. DNA, etc.). Weighting the RRE affinity of the small

molecule by its affinity to a large number of other potential binding sites allows

the RRE specificity of a small molecule to be established (Section 1.6). Indeed,

the RRE specificity, as we have defined it, is proportional to the Rev-RRE
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inhibitory activity of a ligand in the presence of “all” other potential nucleic acids

targets (Section 1.6). Most biophysical methods (including fluorescence

anisotropy, surface plasmon resonance, NMR) are not amenable to the analysis

of complex mixtures of biomolecules, making the examination of specificity an

arduous task.

To examine the effectiveness and dependability of this novel assay, two families

of known Rev-RRE inhibitors have been evaluated: the aminoglycoside

antibiotics and the aromatic diamidines (Figure 3.7). An example of the raw

displacement data is shown in Figure 3.8, where increasing concentrations of

neomycin B displace the RevFl peptide. Table 3.1 summarizes the IC50 values

obtained by the solid-phase assay in comparison to fluorescence anisotropy

measurements. An excellent agreement between the two assays is observed for

the aminoglycosides.

Table 3.1: IC50 Values (µM) for Rev-RRE inhibition*

Compound Anisotropy** Solid-Phase Solid-Phase Solid-Phase
with DNA with tRNA

Neomycin B 7 7 8 20
Tobramycin 47 45 50 100
Kanamycin B 80 90 90 170
Kanamycin A 780 750 750 1200

"DB340" 0.3 0.1 1.3 0.7
"DB182" 1.5 0.4 4 0.8
"A132" 10*** 1.2 10 3

* Standard deviation of all measurements are within ± 25% of reported value.
** Using 10 nM RevFl and 100 nM RRE66.
*** Significant fluorescence quenching during course of titration.
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Figure 3.7: Known small-molecule inhibitors of Rev-RRE binding: the
aminoglycosides (A)82 and the “aromatic diamidines” (B).83

The aromatic diamidines are more potent Rev-RRE inhibitors than the

aminoglycosides, and their previously reported trends in RRE affinity are again

accurately reproduced (DB340 > BD182 > A132).83a A 10-fold increase in IC50

values in the presence of competing DNA indicates that these compounds also

have a high affinity for double-stranded DNA (Table 3.1). In addition, these

compounds have a moderate affinity for a mixture of tRNA. Taken together, this

indicates that these compounds are only moderately selective for the RRE.

DB340, however, forms a well-defined complex with the RRE that has been

characterized by NMR.84 Interestingly, this compound binds as a dimer in the
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minor groove of the RRE.84 Since Rev binds in the major groove of the RRE,53

the displacement of RevFl by DB340 must involve an allosteric mechanism.

Figure 3.8: Raw data from solid-phase displacement experiments showing the
fluorescence emission of the supernatant as a function of neomycin B
concentration. To reduce light scattering at 500 nm, excitation of RevFl is at
470nm. Excitation at 490nm also yields the same IC50 values. See E 3.2 for
additional details.

Systematic discrepancies between IC50 values determined from the solid-phase

assay versus fluorescence anisotropy (Table 3.1) reflect a general problem

associated with applying fluorescence anisotropy to binders that are either

fluorescent or fluorescence quenchers. Fluorescent inhibitors will themselves

have a fluorescence anisotropy value. In addition, significant quenching of the

RevFl peptide can affect the measured anisotropy (Figure 3.1 B). The solid-

phase assay easily adapts to these problems: the supernatant (containing

excess inhibitor and displaced RevFl) can be removed, and the fluorescence
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remaining on the solid support can be quantified. After removing the supernatant,

isopropyl alcohol is used to wash the support (this effectively “locks” the

remaining RevFl onto the immobilized RRE, due to salt-bridge formation). The

peptide remaining on the support is quantified by “stripping” the gel with 8M

guanidinium HCl and quantifying the supernatant in buffer. Gel mobility shift

assays were conducted to confirm that for inhibitors that interfere with RevFl

fluorescence, IC50 values obtained from the solid-phase assay are, indeed, more

accurate than the IC50 values derived from fluorescence anisotropy (Figure 3.9).

Figure 3.9: Native gel-shift electrophoresis is used to visualize formation and
subsequent inhibition of the Rev-RRE complex, thereby providing an orthogonal
method to measure the approximate IC50 values of Rev-RRE inhibitors. The
numerical values indicate the concentration of each ligand (µM). Interestingly, a
kinetically stable complex is formed between DB340 and the RRE66, resulting in
a small shift compared to the free RRE. See E 3.2.3 for experimental details.

The solid-phase assay is used to discover and characterize new RRE

ligands.81,85 For example, the enantiomeric octahedral metal complexes ∆- and

Λ- [Ru (bpy)2 Eilatin]+2 are found to be potent inhibitors of the Rev-RRE complex

and exhibit very interesting selectivities (see Figure 3.10 and Table 3.2). Both

fluorescence anisotropy and the solid phase assay indicate that each enantiomer

has approximately the same RRE affinity. In the presence of DNA, however, the

Λ enantiomer loses its potency by a factor of 25, and the ∆ enantiomer by a
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factor of 5. This indicates that the Λ enantiomer has a higher affinity for double-

stranded DNA as compared to the ∆ enantiomer. In the presence of tRNAMIX, the

potency of neither compound is affected. This indicates that these metal

complexes have a high specificity for the RRE as compared to other RNAs, but

also exhibit high affinity for DNA. Eilatin-containing metal complexes also

possess anti-HIV activities and some very surprising trends in nucleic acid

specificity (Section 4).

FIgure 3.10: Octahedral metal complexes evaluated by the solid-phase assay.

Table 3.2: IC50 Values (µM) for Rev-RRE inhibition*

Compound Anisotropy Solid-Phase Solid-Phase Solid-Phase
+DNA +tRNA

∆-[Ru(bpy)2Eilatin]2+ 1 2 10 2
Λ-[Ru(bpy)2Eilatin]2+ 1 2 50 2
[Ru(bpy)3]

2+ 170** >10,000 n.d. n.d.

* Standard deviation of all measurements are within ± 30% of reported value.
**Significant fluorescence quenching during course of titration.

Both affinity and specificity are crucial for the design and evaluation of RNA-

protein inhibitors. The assembly of an immobilized Rev-RRE complex has

generated a simple, rapid, and quantitative assay that has facilitated the
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discovery and characterization of new RNA ligands. Critical evaluation of the

assay itself has shown that the expected inhibitory activities of diverse and

potentially problematic families of molecules are faithfully reproduced. Since the

solid-phase assay can be conducted in complex mixtures of biomolecules, it is a

powerful tool for the characterization of an inhibitor's specificity. This type of

assembly should be useful in other nucleic-acid protein systems and amenable to

high throughput automation.

3.3 Ethidium Bromide Displacement

The fluorescence intensity of ethidium bromide (Figure 3.11) typically increases

upon the binding of nucleic acids.86 Subsequent displacement of ethidium is

apparent by a decrease in emission intensity upon addition of a competitive

inhibitor (Figure 3.12). Since it binds to most DNAs and RNAs, ethidium

displacement experiments can be conducted using a wide range of nucleic

acids.72b

Figure 3.11: Two classic intercalating agents that bind to the RRE. 9-amino
acridine also carries a positive charge under neutral conditions (pKa = 8.1).88
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Figure 3.12: (A) Raw emission data of 1.25 µM ethidium bromide (upon
excitation at 546 nm in buffer only) (black square), and upon addition of 0.88 µM
base pairs of C.T. DNA (black circles). (10) is then titrated from 0.077 µM through
7.1 µM. (B) The fluorescence intensity of the ethidium-DNA complex decreases
with increasing concentrations of (10). The dotted line indicates the fluorescence
intensity of 1.25 µM ethidium in buffer only. (C) Assuming a linear relationship
between the change in fluorescence intensity and the fraction of ethidium
displaced, classic S-shaped binding isotherms are obtained. This allows for the
determination of the concentration of each inhibitor needed to displace ½ of the
ethidium from C.T. DNA. A small amount of direct quenching of free ethidium by
these metal complexes results in final intensities that are slightly lower than that
of free ethidium (B). This is reflected in the secondary linear element in each
binding isotherm starting at approximately 5 µM (C).
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Ethidium is known to have variable binding stoichiometries and a wide range of

affinities to different nucleic acids.87 The IC50 values for a given inhibitor,

therefore, cannot be compared between different nucleic acids (unless Ki values

are calculated, requiring a rigorous assessment of both the ethidium-nucleic acid

affinity, and the binding stoichiometries involved in displacement). Comparing the

IC50 values for ethidium displacement from the same nucleic acid, however, is

useful for comparing the relative affinity of each ligand. Representative examples

of ethidium displacement experiments are shown in Figure 3.12. In agreement

with the solid-phase assay, ethidium displacement indicates that the Λ

enantiomer of [Ru(bpy)2Eilatin]2+ (9) has a significantly higher affinity to calf

thymus DNA as compared to the ∆ enantiomer (10).

3.4 Direct Observation of Small Molecule - Nucleic Acid Association:
Monitoring Photophysical Changes of the Small Molecule

A number of Rev-RRE inhibitors exhibit changes in their photophysical properties

upon binding nucleic acids (some examples of “direct binding studies” using

fluorescence anisotropy have already been presented in Section 3.1). In addition

to fluorescence anisotropy, UV-vis absorbance and/or fluorescence emission

spectroscopy are routinely used to probe RNA or DNA binding of small

molecules. The sensitivity of each technique is, however, significantly different.

Fluorescence emission measurements are often 100 – 1,000 fold more sensitive

than absorbance spectroscopy. By measuring the spectral changes of the ligand

as a function of nucleic acid concentration, binding isotherms can be generated
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and used to calculate affinities. Direct binding analysis offers some advantages

over the displacement assays described above. Direct binding isotherms can be

used to calculate absolute binding affinities (Kd), which are more

thermodynamically meaningful than activity measures (IC50 values). Direct

observation of small molecule - RRE binding cannot, however, determine the

functional inhibition of an RNA or DNA. Some small molecules, for example, can

bind the RRE with high affinity, but not displace the Rev peptide. For example

eilatin (14) binds to the RRE with sub-µM affinity (as evidenced from its changes

in fluorescence anisotropy), but it does not displace the Rev peptide at these

concentrations (Figure 3.13). This indicates that eilatin’s high-affinity binding

site(s) on the RRE are not disruptive to Rev binding. Neomycin B is another

example of a ligand that has a high-affinity binding site on the RRE, but

association to this site is not sufficient to displace Rev.89

Some small molecules, including ethidium bromide (12), show more consistency

between direct binding and Rev displacement isotherms (Figure 3.14). It

appears, therefore, that ethidium’s highest affinity binding site(s) on the RRE are

capable of displacing Rev.
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Figure 3.13: Binding of eilatin (200 nM) to the RRE as determined by monitoring
the fluorescence intensity of eilatin (14) as a function of RRE66 concentration
(●), or by using eilatin to displace RevFl from the Rev-RRE complex (10 nM
each) (●).
 

Figure 3.14: Binding of ethidium bromide (600 nM) to the RRE as determined by
monitoring ethidium bromide’s fluorescence intensity as a function of RRE
concentration (●), or by using ethidium bromide (12) to displace RevFl from the
Rev-RRE66 complex (●).
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The interpretation of direct binding data is critically dependent on the

experimental conditions, especially the concentration of the observable species

relative to the affinity of the RNA-ligand interaction. Most small molecules will

have more than one binding site on any given RNA construct, and each of these

binding sites will typically have a different affinity for the small molecule.89 If the

concentration of the observable ligand is low compared to the concentration of

nucleic acid added to bind ½ of the ligand, the binding isotherm will reflect the

ligand’s association to its highest affinity binding site. At higher ligand

concentrations, the binding isotherm may also reflect binding to some of its

lower-affinity binding sites as well. If the concentration of the ligand is very high

compared to its nucleic acid affinity, the binding isotherm will reflect its binding to

all potential sites. The information provided by each these three situations is very

different, and the binding isotherms must be interpreted accordingly (Section

3.6).

3.5 Direct Observation of Small Molecule - Nucleic Acid Association:
Monitoring Photophysical Changes of the Nucleic Acid

3.5.1 Thermal Denaturation

The bases of RNA and DNA are active chromophores. The thermal denaturation

of nucleic acid can be monitored by measuring the change in UV absorbance of

a nucleic acid solution as a function of temperature. A significant hyperchromicity

(a higher molar extinction coefficient) of the nucleic acid at 260 nm is observed

upon the melting of duplex regions into single stands (usually a 5 – 15%
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increase, depending on the specific base composition and initial structure). The

temperature of melting (Tm) is defined as the temperature where ½ of the DNA or

RNA becomes denatured; for duplex nucleic acids this transition is highly

cooperative and appears as an inflection point in the plot of absorbance versus

temperature (Figure 3.15).

Figure 3.15: Thermal denaturation of calf thymus DNA (20 µM of bp) (A). The Tm

appears as an inflection point at 88.5 °C. Upon addition of 10 µM of ∆- [Ru (bpy)2

Eilatin]+2 a ∆Tm = +4.3 °C increase is observed (B), or upon addition of 10 µM of
Λ- [Ru (bpy)2 Eilatin]+2 a ∆Tm = >+9 °C increase is observed (C). See E 3.5 for
experimental details.
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The Tm can be monitored in the presence of small molecule ligands to examine

relative binding energies (Figure 3.15). In most cases, the small molecule binds

to the duplex nucleic acid with a higher affinity than the single-stranded form,

thus stabilizing the duplex form. Stabilization shifts the Tm to higher

temperatures.90 The change in the Tm (∆Tm ) is proportional to the ligand’s affinity

to the folded form of nucleic acid weighed by its affinity to the melted form.

Consistent with ethidium displacement and the solid-phase assay, Tm

experiments indicate that Λ- [Ru (bpy)2 Elatin]+2 (9) has a higher affinity for

duplex DNA as compared to ∆- [Ru (bpy)2 Elatin]+2 (10) (Figure 3.15).

3.5.1 Fluorescent Nucleoside Mimics

A recent and significant improvement in the direct spectroscopic observation of

nucleic acids has proven to be the incorporation of fluorescent base analogs into

nucleic acids.91 Currently, 2-aminopurine (2-AP) is unmatched in its desirable

fluorescence properties along with its minimal perturbation of nucleic acid

structure.92 2-AP is capable of base-pairing with both uracil and thymidine and

introduces little or no disruption of RNA and DNA duplexes (Figure 3.16).92,93

Figure 3.16: Adensine-uracil base pair and 2AP-uracil base pair.
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2-AP’s fluorescence emission intensity is highly sensitive to environmental

changes, making it an attractive probe for nucleic acid structure and dynamics.92

A number of interesting studies have been made possible by site-specific

incorporation of 2-AP into RNA, including: the analysis of RNA-RNA binding,94

folding and catalysis,95 and Mg+2 binding.96 When 2-AP was incorporated into

the RRE IIB, important new insights were gained regarding the mechanism

responsible for Rev peptide displacement from the RRE by neomycin B.89

In our continuing investigation into the mechanism(s) responsible for the

inhibition of the enzymatic activity of the HH16 ribozyme (section 2.2 and refs

35,64), we have incorporated 2-AP into the substrate strand of HH16 ribozyme

(Figure 3.17). By placing 2-AP immediately adjacent to the cleavage site, it was

hoped that the cleavage chemistry of HH16 could be monitored in real time.97

Both enzyme-substrate association and enzymatic cleavage can be followed by

monitoring the fluorescence of emission of 2-AP (Figure 3.18 and 3.19). Upon

titration of the enzyme strand, the emission intensity of the 2-AP-containing

substrate is significantly quenched, allowing for the measurement of enzyme-

substrate affinity at three different salt concentrations (Figure 3.18).
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Figure 3.17: Enzyme-substrate association, followed by enzymatic cleavage for
the hammerhead HH16 ribozyme (M = G, N = C) and for the fluorescent HH16
ribozyme (M = 2-AP, N = U).

Figure 3.18: Conducted in the absence of Mg2+, the fluorescence intensity of the
2-AP modified HH16 substrate is monitored as a function of enzyme
concentration. At 50 mM NaCl, Kd = 17 ± 2 nM, at 200 mM NaCl Kd = 5.7 ± 1 nM,
and at 500 mM NaCl Kd = 1 ± 0.7 nM. Curve fitting was conducted with Prism 3.0
(using exponential decay fit). See section E 3.5.1 for experimental conditions.
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As expected, the enzyme-substrate affinity increases at higher ionic strengths.

Interestingly, the fluorescence intensity at the end-point of titration is different for

each ionic strength. This suggests that at higher NaCl concentrations, 2-AP

stacks better with neighboring bases (Figure 3.18).

Following enzyme-substrate association, cleavage chemistry can be initiated by

the addition of Mg2+ (Figure 3.19). Substrate cleavage is evident by an

approximate 3-fold increase fluorescence intensity of 2-AP (Figure 3.19 black

circles). A large excess of the enzyme relative to the substrate is used, allowing

for pseudo first-order kinetic analysis of the cleavage data, and yields a cleavage

rate of 0.23 ± 0.01 min-1 for the fluorescent HH16 ribozyme. This value is

identical to the rate constant measured for the non-fluorescent HH16 ribozyme,

as determined by polyacrylamide gel electrophoresis.97

Figure 3.19: Real-time cleavage of an ensemble of fluorescent HH16 ribozymes
in the presence of 200 mM NaCl and10 mM MgCl2, as evidenced by the increase
in emission intensity of the 2-AP containing substrate (black circles). Increasing
concentrations of neomycin decreases the cleavage rate (red = 100 µM, blue =
250 µM, green = 500 µM, pink = 1000 µM). See Section E 3.5.1 for
experimental details.
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At physiologically relevant ionic strengths, neomycin B is a poor inhibitor of HH16

cleavage. Approximately 250 – 500 µM of neomycin is needed to decrease the

HH16 cleavage rate by 50% (at 200 mM NaCl and 10 mM Mg2+).97 At lower ionic

strengths (50 mM NaCl), neomycin is 5-10 fold more effective.66 This is

consistent with its electrostatically-driven binding of RNA.36

Figure 3.20: Binding of neomycin to the fluorescent HH16 complex in the
absence of Mg2+ (1.8 µM of substrate and 10 µM of enzyme in 200 mM NaCl). A
third neomycin binding isotherm becomes obvious at higher concentrations (not
shown). See E 3.5.1 for experimental details.

Interestingly, neomycin binds to at least one site on the HH16 ribozyme with a

much higher affinity as compared to the concentrations needed for functional

inhibition of enzymatic cleavage. To prevent cleavage chemistry, the fluorescent

HH16 substrate-enzyme complex is formed in the absence of Mg2+, and upon

titration of neomycin two different responses from the fluorescent ribozyme are

observed (Figure 3.20). At low neomycin concentrations, the emission intensity
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Assuming that the first binding isotherm (Figure 3.20 Left) represents association

to a single neomycin binding site, the neomycin affinity (Kd) of this site is 4.3 µM

(at 200 mM NaCl) and Kd = 2.2 µM (at 50 mM NaCl). Interestingly, no inhibition of

enzymatic cleavage is observed at low neomycin concentrations (through 10

µM). A low concentration of neomycin (2 µM) may slightly increase the cleavage

rate of the HH16 ribozyme to 0.25 ± 0.02 min-1 (at 200 mM NaCl). These results

indicate that neomycin binds to the HH16 at one or more non-inhibitory binding

sites.

If the second binding isotherm (Figure 3.20 Right) represents another

independent binding site, the affinity of neomycin to this site is Kd = 400 µM (at

200 mM NaCl), and Kd = 60 µM (at 50 mM NaCl). This represents a 100-fold

lower affinity compared to neomycin’s higher affinity binding site(s). A third

binding isotherm is sometimes observed at high neomycin concentrations,

suggesting either non-specific binding or aggregation can occur at concentrations

over 1 mM (not shown). The second binding isotherm of neomycin (Figure 3.20

Right) correlates with its HH16 inhibitory activity, where the affinity of the second

binding site is approximately equal to the concentration of neomycin needed to

slow ribozyme cleavage by 50% (IEC50).

Neomycin exhibits a similar behavior with the RRE, where its high-affinity site is

not capable of displacing the Rev peptide.89 This may represent a general feature
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for aminoglycosides, where many potential binding sites are available and

multiple equivalents of the small molecule are needed for functional inhibition.

3.6 Analysis of Binding Data

Analysis of direct binding data must take into account the concentration of the

observable species relative to the affinity of the small molecule - RNA interaction

being studied. Three extreme theoretical cases illustrate how the “concentration

versus affinity ratio” dictates the relative sensitivity of each binding isotherm to

affinity versus stoichiometry (Figure 3.21). For most titrations, the concentration

of the observable species is kept constant, while the non-observable species is

titrated in. If the concentration of the observable species is much lower than the

Kd of the interaction, then the binding isotherm is sensitive only to the highest

affinity binding site. In this case, the binding stoichiometry can be assumed to be

1:1, and the Kd at this site is equal to the concentration of the non-observable

species needed to bind ½ of the observable species (defined as the C50 value)

(Figure 3.21 A). On the other hand, if the concentration of observable species is

much higher than the Kd of the interaction, the binding isotherm is sensitive only

to the maximum binding stoichiometry of the interaction (Figure 3.21 B). The

stoichiometry is determined by taking a ratio of concentrations at the intersection

of the two linear elements apparent within the binding isotherm (Figure 3.21 B). If

the concentration of the observable ligand is approximately equal to the Kd of the

interaction, then the binding isotherm reflects both the affinity and stoichiometry

of the interaction (Figure 3.21 C).
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Figure 3.21: Three hypothetical binding isotherms for the addition of RNA into a
solution containing an observable ligand. If the ligand concentration is very low
compared to its affinity for the RNA, the binding curve is hyperbolic, and the
concentration of RNA needed to bind ½ of the ligand is equal to its affinity (A). If
the ligand concentration is very high compared to the affinity of the interaction,
then the binding isotherm is composed of two linear elements. The point of
intersection indicates the binding stoichiometry (B). If the ligand concentration is
approximately equal to the affinity, then the binding isotherm reflects both the
stoichiometry and affinity of the interaction.
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In many cases, a nucleic acid will have multiple binding sites for a small molecule

with similar affinity. The occupancy of one binding site can increase or decrease

the apparent affinity of the neighboring binding sites. By plotting the binding

isotherm on a semi-log scale, the “Hill coefficient” (a measure of cooperativity)

can be determined (Figure 3.22).

Figure 3.22: Three theoretical binding curves for the addition of a ligand into a
solution of an observable nucleic acid, showing positive cooperatvity (n = 2), non-
cooperativity (n = 1), and negative cooperativity (n = 0.5). The Hill coefficient “n”
is apparent as the slope of each plot on a semi-log scale. The Hill coefficient for a
1:1 association is always n = 1 (Figure 3.2 B and 3.18); but a Hill coefficient of n
= 1 does not necessarily mean the stoichiometry is 1:1.

The “n” value of a binding isotherm can be determined by fitting the data to the

simplified Hill equation: Z = ( Y / EC50 )n / ( 1 + ( Y / EC50 )n )

Z = fraction of ligand bound, n = Hill coefficient, EC50 = concentration of added

nucleic acid or small molecule where the fraction bound = 0.5, and Y is the total

concentration of the added species. Notice that the concentration of the

observable species is not included in the equation. The slope of the Hill plot can,
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therefore, be affected by the concentration of observable species (especially if

the concentration is high compared to the affinity of the interaction being

studied). If the nucleic acid is the observable species, the lower its concentration

compared to the affinity of the interaction, the better. When the small molecule is

the observable species, the situation is inherently more difficult, and the best

conditions for observing cooperativity is when the concentration of the small

molecule is approximately equal to the affinity of the interaction(s) (Kd). In this

case, titrations must be conducted at different concentrations of the small

molecule to observe what dependence on concentration is observed (if any).

3.6.1 Linear Analysis

If the binding interaction is non-cooperative (Hill coefficient n = 1), and if the

isotherm is sensitive to both affinity and stoichiometry (3.21 C), direct binding

data can be analyzed using a Scatchard plot. This plot can simultaneously

determine both binding stoichiometry and the average affinity of each site.

The Scatchard equation: r/Cf = Keq (N-r)

where r = concentration of bound small molecule
total concentration of nucleic acid

Cf = concentration of unbound small molecule, and N = number of binding sites.

A Scatchard plot is made by plotting r versus r/Cf. The slope of this plot will equal

Keq, and the X-intercept will equal the number of binding sites. The direct binding

data from Figure 3.14 can be incorporated into a Scatchard plot (Figure 3.23).
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Figure 3.23: Scatchard plot for ethidium bromide (600 nM) binding to RRE JW
suggests the presence of two similar binding sites with an average affinity of Kd =
160 nM.

Large errors with Scatchard analysis are often encountered.98 Since the
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“bound” become amplified in all the data points, since the fraction bound at each
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0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.0×10 -00

5.0×10 06

1.0×10 07

1.5×10 07

r

r/
C

f



58

3.6.2 Non-Linear Analysis

Line shape analysis can eliminate much of the error associated with quantifying

the spectral properties of the 100% “free“ versus the 100% “bound” states of the

observable species. Non-linear analysis typically weighs all data points equally

and fits all the points to a theoretical curve.

In the case where the concentration of ligand is much lower than the Kd (Figure

3.21A), a hyperbolic curve is used to fit both the affinity and end-point of the

titration: Y = (Bmax*X) / (Kd + X)

Where X = nucleic acid concentration, Y = change in the spectroscopic signal of

the ligand, Kd = EC50, and Bmax = the end-point of the titration (maximum change

in the spectroscopic signal of the ligand).

In cases where binding stoichiometry is experimentally determined to be 1:1, raw

spectroscopic data can be fit with the following equation to determine affinity

(Kd):
99,100

Where “RevFl” is the observable species that has an initial anisotropy or

fluorescence value of A0, [RNA] is the concentration of added species, and ∆A =

the total change upon saturation.

A = A0 + ∆A
([RNA]total+[RevFl]total+Kd) - ([RNA]total+[RevFl]total+Kd)2 - 4[RNA]total [RevFl]total

2[RevFl]total



59

In many cases, binding isotherms are complex and do not fit any of these simple

theoretical models. Issues such as small molecule - small molecule association,

multiple binding sites, etc. can complicate analysis such that binding constants

cannot be calculated with confidence. In some cases, more advanced models

can assist with analysis.98 In other cases, however, no model can be applied with

any degree of confidence, and trends in activity (IC50 or C50 values) must be used

to evaluate relative binding affinities.

Fluorescence-based assays are important new tools to measure macromolecular

association and inhibition. Potential problems arise, however, when evaluating

Rev-RRE inhibitors that are themselves fluorescent or quenchers of

fluorescence. These problems can be overcome by using two or more orthogonal

methods when evaluating new ligands, including displacement of ethidium and

(when possible) the direct spectroscopic observations of the small molecule or

nucleic acid. Such “direct binding” studies can elucidate the RNA affinity and

stoichiometry of a ligand, but cannot be used to examine the ability of a ligand to

interfere with the function of the RRE. Rev displacement experiments are

essential, therefore, for evaluating the functional inhibition of the RRE.
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4.0 New RRE Ligands: [Ru(bpy)2Eilatin]2+

Eilatin (14) is a fused, heptacyclic aromatic alkaloid that was isolated from the

Red Sea tunicate Eudistoma sp.101 It is reported to posses cytotoxic and

antiproliferation activities in a broad range of tissue cultures.102-104 Eilatin is

potentially a bi-facial metal chelator. Upon incorporation into octahedral metal

complexes of the type [Ru(L)2eilatin]2+ (where L= bpy, phen, etc.), only the less

hindered face of eilatin binds to the metal ion (Figure 4.0).105,106 The

enantiomerically pure metal complexes Λ-[Ru(bpy)2eilatin]2+ (9) and ∆-

[Ru(bpy)2eilatin]2+ (10) were synthesized from chiral precursors.106 To confirm

their correct assignment as Λ and ∆, respectively, circular dichroism

spectroscopy was employed (Figure 4.1).

Figure 4.0: Eilatin and eilatin-containing metal complexes. Unlike “free” eilatin
(14), the chloride salts of 9, 10, 11, and 15 are freely soluble in water. 15 is a
synthetic pre-cursor of rac-9/10 and provides an analog where the eilatin moiety
is non-planar.107
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Figure 4.1: CD spectra of the dichloride salts of Λ-[Ru(bpy)2eilatin]2+ (9) and ∆-
[Ru(bpy)2eilatin]2+ (10) in 50 mM sodium phosphate pH 7.5. See section E 4.0.1
for further experimental details. The dominant CD transitions (between 260 and
300 nm) for 9 and 10 match those predicted by the exciton theory for the correct
assignment of the absolute configuration.108
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masses that are initiated by HIV-infected cells due to the surface expression of

the ENV protein, which allows CD4+ cells to fuse with infected cells, resulting in

large multinucleated cell masses. Plaque formation may be the primary cause of

T-cell death in vivo.109

Figure 4.2: The anti-HIV activity of compounds 9, 10, 11, and 15 as evidenced
by the fractional decrease in plaque formation in CD4+ HeLa cells. Assays were
conducted at the Center for AIDS Research, San Diego. See experimental
section E 4.0.2 and reference 110 for details. Free eilatin (14) was not evaluated
for anti-HIV activity due to its poor solubility in DMSO/water and its high toxicity
to cell cultures. 9 was also evaluated for anti-HIV activity in human peripheral
blood monocytes (PBMC) by measuring the dose-dependent decrease in HIV-1
p24 expression using ELISA (as described in E 4.0.3 and reference 110); this
assay also yielded an IC50 = 1 µM.

Compounds 9 and 10 have anti-HIV activities that are from 15 to over 100-fold

greater than those of 11 and 15. This clearly illustrates the significance of the

eilatin moiety to the anti-HIV activities of 9 and 10. To date, only one other family
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of polypyridine-containing metal complexes has been shown to inhibit HIV

replication.111 These compounds, however, are chemically reactive, create

covalent cross-links to DNA, and are highly toxic.111a In contrast, compounds 9

and 10 are chemically inert, and show no sign of toxicity to HeLa cells (through

100 µM).

Table 4.1: IC50 values (µM) for HIV inhibition and for RevFl displacement
experiments from RRE66 and TAR31 (determined by fluorescence anisotropy).

Compound HIV-1a RRE66b TAR31b

9 0.8 0.9 5.3

10 2.0 1.1 3.5

rac-9/10 0.9 1.0 3.9

rac-15 30 20 30

rac-11 >100 >170c >86c

a Concentration needed to decrease HIV-1 activity by 50% in HeLa plaque
assay, standard deviation is less than ± 40% of reported value.
b Concentration needed to displace 50% of RevFl from 100 nM of each
RNA construct, standard deviation is less than ± 20% of reported value.
c Only limits can be determined with this method due to fluorescence
interference from Ru(bpy)3.

To investigate the ability of 9, 10, 11, and 15 to interfere with the function of the

RRE66 and the TAR31, fluorescence anisotropy (Section 3.1) was used to

monitor the ability of each compound to displace RevFl from each RNA. A

summary of RevFl displacement data is given in Table 4.1. Overall, a correlation

exists between the anti-HIV activity of each compound and its affinity for HIV

RNA. Compared to 9 and 10, the non-planar analog [Ru(bpy)2pre-eilatin]2+ (15)

has approximately a 20-fold lower RNA affinity and lower anti-HIV activity (Table
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4.1). The poor nucleic acid affinity of [Ru(bpy)3]
2+ (11) appears to be a general

phenomenon.112 Gel shift electrophoresis confirms that [Ru(bpy)3]
2+ shows no

inhibition of the Rev-RRE complex through 10 mM (Figure 3.9). This indicates

that complementary electrostatic interactions are not the primary energetic

driving force for the binding of eilatin-containing metal complexes (9 and 10) to

the RRE. The poor anti-HIV activities and poor HIV RNA affinities of 11 and 14

support a correlation between the nucleic acid affinity and anti-HIV activity of

these octahedral metal complexes (Table 4.1). There are, of course, other

potential mechanisms that explain the anti-HIV activities of 9 and 10. In

conjunction with Immusol Inc. (Sorrento Valley, CA) the mechanism(s) that

govern the anti-HIV activities of 9 and 10 are currently being examined in vivo.

Preferential binding of both 9 and 10 to the RRE66 as compared to the TAR31, is

suggested by the 3-5 fold lower IC50 values observed for RevFl peptide

displacement for RRE66 versus TAR31 (Table 4.1). Compared to TAR31, the

RRE66 has a higher affinity to RevFl (Table 3.0), so it should be “more difficult”

to displace RevFl from the RRE66 than TAR31. Differences in the binding

stoichiometries could, in principle, make the trends in IC50 values inconsistent

with the trends in affinity (Kd). Direct binding studies have been utilized to confirm

the higher affinity of 9 and 10 for the RRE versus TAR (presented later).

To confirm the trends indicated by peptide displacement and to expand the study

to include simple duplex RNAs and DNAs, ethidium bromide displacement
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assays were conducted using the RRE66, TAR31, and 6 other nucleic acids (see

Section 3.3 and Figure 3.12 for examples of ethidium displacement experiments

using 9, 10, and 15). Table 4.2 summarizes the IC50 values for ethidium

displacement from the RRE66, TAR31, poly r[I] – poly r[C], poly r[A] – poly r[U],

calf thymus (C.T.) DNA, poly d[AT] – poly d[AT], and poly d[GC] – poly d[GC].

Since ethidium has variable binding stoichiometries and a broad range of

affinities to different nucleic acids, the IC50 values in Table 4.2 are not directly

comparable between different nucleic acids. Rather a comparison of each

compound for each nucleic acid is more appropriate (comparisons should be

made vertically, not horizontally).

Table 4.2: IC50 values (µM) for ethidium displacement.a See E 3.3 for experimental details.

Compound RRE66b TAR31b
poly r[I] -
poly r[C]c

Poly r[I] -
poly r[C]d

poly r[A]-
poly r[U]d

C.T.
DNAd

poly
d[AT]d

poly
d[GC]d

 
9 0.25 1.8 10.5 1.5 2.0 0.1 0.07 0.25

 
10 0.4 1.6 7.7 1.4 5.0 0.4 0.2 0.4

rac-15 10 9.0 22 4.0 23 7.0 n.d.e n.d.e

a Errors associated with measurement within ± 25% of reported value.
b IC50 values measured using 50 nM of RNA construct.
c IC50 values measured using 11 µM of duplex base pairs.
d IC50 values measured using 0.88 µM of duplex base pairs.
e Not determined.

Consistent with RevFl displacement experiments, ethidium displacement

suggests that the RRE66 has a small preferential binding of 9 over 10, while the

TAR31 has a slight preference for the other enantiomer (Table 4.2). Simple

duplex RNAs also exhibit variable selectivity between 9 and 10. Poly r[A] – poly

r[U] shows better binding of 9 over 10, while poly r[I] – poly r[C] shows a small,
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yet consistent, selectivity for 10 over 9. To our knowledge these are the first

reported examples of octahedral metal complexes that exhibit variable chiral

discrimination between simple duplex RNAs. Consistent with conclusions from

the solid-phase assay (Section 3.2), all three of the simple duplex DNAs exhibit

preferential binding of 9 over 10 (Table 4.2). Interestingly, this is the opposite

enantiomeric selectivity as reported for most other metal complex-DNA

interactions to date.115a-e

Ethidium displacement experiments indicate that, in general, 9 and 10 have

higher affinity to all nucleic acids as compared to 15. The absence of a single

carbon-carbon bond in [Ru(bpy)2pre-eilatin]2+ (15) should impart a fluctuating

dihedral twist averaging 25° between the two tricyclic ring systems in the pre-

eilatin ligand.113 Prior to these studies, it was unknown how this twisting would

affect nucleic acid affinity.114 A crystal structure of rac-(9/10) shows the RMS

deviation of eilatin from planarity (including hydrogen atoms) is 0.130 Å.106

Without hydrogen atoms, the RMS deviation from planarity is 0.098 Å.106 The

deviation of eilatin itself (14) from planarity is 0.044 Å (without H’s).101 Eilatin is,

therefore, nearly a planar ligand. These studies indicate that the planarity of the

eilatin ligand is necessary for the anti-HIV activities and the nucleic acid binding

exhibited by 9 and 10.
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Octahedral metal complexes can bind to nucleic acids through various modes,

including: intercalation, electrostatic, and groove binding.115a-k Given the apparent

“planarity requirement” for the high-affinity binding of 9 and 10 to nucleic acids,

we investigated the possibility that 9 and 10 bind by intercalation. The viscosity of

a DNA solution was measured with increasing concentrations of rac- 9/10 (Figure

4.3). In accordance with the hypothesis proposed by Lerman,116 the viscosity of a

DNA solution increases upon the addition of an intercalating agent.117 Upon

intercalation of a small molecule, the axial length of DNA increases and it

becomes more rigid. Both factors increase the frictional coefficient, and hence,

the viscosity of the DNA in solution.117

Figure 4.3: Changes in the viscosity of a solution of calf thymus DNA (500 µM
b.p.) with increasing concentrations of ligand. The viscosity of a DNA solution is
determined by measuring the time needed for it to flow through a capillary
viscometer. η is the viscosity of the solution in the presence of a ligand, ηo is the
viscosity of the DNA-only solution. Random errors for this experiment are
approximately the size of the symbols used for each point. A low-salt buffer (50
mM sodium phosphate pH 7.5) was used. See Section E 4.0.4 for additional
experimental details.
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Since the change in viscosity should be proportional to the change in the axial

length of a rigid DNA molecule to the third power, viscosity results are often

reported as (η/ηo)
1/3 versus molar fraction of the ligand (Figure 4.3 Right).117

Theory predicts that for an “ideal” intercalating agent, this plot will be linear with a

slope of 1.0.117 Interestingly, rac-(9/10) has a slope of 1.0 and ethidium has a

slope of 0.7. Other groups have also observed a slope of less than 1.0 for

ethidium.115i At low ionic strengths, ethidium can bind to DNA by both

intercalation and by surface-binding via electrostatic interactions.86 Compounds

that bind to duplexes through electrostatic interactions, such as tobramycin (3),

can decrease the viscosity of the nucleic acid solution.118 This may explain why,

under these conditions, viscometric analysis of the ethidium-DNA complex yields

a slope significantly lower than 1.0 (Figure 4.3 Right).

Other interesting differences between rac-9/10 versus ethidium (12) are also

apparent in the viscosity titrations (Figure 4.3). The ratio at which the DNA

becomes saturated is significantly different for each compound. The curve for

ethidium reaches saturation at ~3 ethidium molecules / 10 base pairs. This value

is consistent with the reported binding stoichiometry of ethidium to C.T. DNA.87

This is also the same binding stoichiometry reported by Chaires for

[Ru(phen)2DPPZ]2+ (a metal complex very similar to 9 and 10).115c For rac-9/10,

however, saturation is reached at much higher ratios (Figure 4.5), suggesting a

maximum binding stoichiometry of ~ 6 equivalents of ligand for every 10 base-

pairs of DNA. This is an unusually high binding stoichiometry for such a large
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metal complex! Only one other example of such a high binding stoichiometry for

a metal complex is found in the literature.119 Barton and Lippard report ~6.7

equivalents of [(terpy)Pt(HET)]1+ per every 10 base-pairs of poly r(A) – poly

r(U).119 This metal complex is, however, square planar, and the intercalation of

this compound into duplexes should be much less sterically hindered as

compared to 9 and 10.

To better examine the nucleic acid sequence and structure specificity of 9 and

10, direct binding studies have been conducted by monitoring the UV

absorbance spectrum of either 9 or 10 as a function of nucleic acid concentration

(Figure 4.4). Compounds 9 and 10 exhibit multiple electronic transitions in their

absorbance spectra that are sensitive to nucleic acid binding. The presence of

multiple isosbestic points, and saturation at high DNA concentrations, suggests a

simple two-state transition exists between the “bound” versus “free” states of the

ligand upon titration of nucleic acid (Figure 4.4). The concentration of nucleic acid

needed to bind ½ of each compound (defined as the C50 value) is determined by

assuming a linear relationship between the spectral changes and the fraction of

ligand bound. A lower C50 value suggests a higher binding affinity and/or more

binding sites.

Titrations were conducted using many different nucleic acids by observing the

UV-vis absorption changes of either 9, 10, or 12 as a function of nucleic acid

concentration (Table 4.3). For all duplex nucleic acids tested, the UV-vis
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absorbance spectra of 9 and 10 show changes similar to those observed upon

titration of Calf Thymus (CT) DNA (Figure 4.4). The absolute change in intensity

and degree of red-shifting are slightly different for each nucleic acid tested, but all

titrations exhibit simple two state transitions (see section E 4.0.5 for the “raw”

spectral data of 9 and 10 upon titration of each nucleic acid). Each nucleic acid

endows unique spectral changes to 9 and 10, but no obvious correlation is found

between the composition of the nucleic acid and the spectral changes exhibited

by ligand (see section E 4.0.5).

Figure 4.4: Uv-vis absorbance spectrum of 10 (8 µM) as a function of calf
thymus DNA (concentration in base-pairs). See E 4.0.5 for additional
experimental details and the raw data for all polymeric nucleic acids tested.

Consistent with the results from the solid-phase assay (Section 3.3), thermal

denaturation (Section 3.5), and ethidium bromide displacement experiments

(Table 4.2), the direct titration experiments indicate that 9 has a higher affinity for

CT DNA as compared to 10 (Table 4.3). Interestingly, both 9 and 10 exhibit
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sequence selectivity in the binding double-stranded DNA and RNA. For example,

10 has over a 5-fold higher affinity for poly d(G) – d(C) as compared to poly

d(GC) – d(GC), and both 9 and 10 have a higher affinity to poly d(AT) – d(AT) as

compared to poly d(A) – d(T) (Table 4.3).

The classic intercalating agent ethidium bromide (12) has been evaluated for

nucleic acid selectivity by monitoring its changes in UV-vis absorption spectrum,

and the eilatin “free ligand” (14) has been evaluated using fluorescence emission

spectroscopy (presented below). All four compounds have a much higher affinity

to poly r(A) – r(U) as compared to both poly r(I) – r(C), and r(G) – r(C). This may

indicate that some duplex nucleic acids have, in general, a low affinity for “any”

intercalating agent. Some nucleic acids, on the other hand, are highly sensitive to

the identity of the intercalating agent. For example, poly d(A) – d(T), has a very

low affinity for ethidium (12), a modest affinity for the metal complexes (9 and

10), and a very high affinity for the free eilatin ligand (14) (Table 4.3) All four

compounds exhibit a moderate selectivity for duplex DNA over duplex RNA.

Each compound, for example, has approximately a 10-fold higher affinity for poly

d(G) – d(C) versus poly r(G) – r(C) (Table 4.3). We conclude that, for the most

part, the trends in the nucleic acid affinity for 9, 10, and 12 are similar for all the

duplex nucleic acids tested. We interpret this as additional evidence that 9 and

10 bind to duplex nucleic acids via intercalation.
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Table 4.3: C50 values (µM)* for 8 µM of Λ−[Ru(bpy)2eilatin]2+ (9), 8 µM
∆−[Ru(bpy)2eilatin]2+ (10), 8 µM ethidium bromide (12), and 0.1 µM eilatin (14).

Nucleic Acid Λ−[Ru(bpy)2eilatin]2+

(9)
∆−[Ru(bpy)2eilatin]2+

(10)
ethidium bromide

(12)**
eilatin
(14)***

C.T. DNA 18 27 20 3

Poly d(A) –
Poly d(T)

13 23 105 1

Poly d(AT) –
Poly d(AT)

9 8 13 5

Poly d(G) –
Poly d(C)

15 13 22 5

Poly d(GC) –
Poly d(GC)

18 55 16 8

Poly r(A) –
Poly r(U) 13 22 18 12

Poly r(G) –
Poly r(C)

125 85 400 20

Poly r(I) –
Poly r(C)

200 180 170 150

Poly r(U)
8 8 4000 >2000

Poly r(C)
52 75 8000 >1000

Poly r(A)
14 13 1500 70

Poly r(G)
18 20 240 4

Poly r(I)
13 10 950 0.2

Oligo r(I)15 68 53 n.d. n.d.

Poly d(A) 20 ~200 n.d. n.d.

Oligo d(A)15 ~200 70 n.d. n.d.

Oligo d(T)15 21 21 n.d. n.d

* C50 values for duplexes are reported per base pair, the values for single-
stranded polymers are reported per base. The approximate experimental
deviation for all values is less than or equal to ±35% of the reported C50 value.
** Changes in UV-vis absorption monitored for duplex nucleic acids, and changes
in emission monitored for single-stranded nucleic acids.
*** Compared to 9, 10, 12, a much lower concentration of 14 was used for
spectroscopic measurements (8.0 µM versus 0.1µM, respectively), the C50

values for 14, cannot, therefore, be directly compared to those of 9, 10, and 12.
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The eilatin-containing metal complexes 9 and 10 do, however, demonstrate

some interesting differences when compared to ethidium bromide (12); the most

surprising revelation is their high affinity for single-stranded nucleic acids (Table

4.3). Classic intercalating agents, like ethidium bromide, exhibit a relatively low

affinity for single-stranded RNAs and DNAs. Ethidium has a 1,000-fold lower

affinity for most single-stranded nucleic acids as compared to duplex nucleic

acids (Table 4.3). 9 and 10, however, exhibit a higher apparent affinity for both

poly r(U), and poly r(I) as compared to most duplex nucleic acids. In terms of

RNA selectivity, 9 and 10 have a higher apparent affinity for the single-stranded

versus double-stranded polymeric RNA. Since most natural RNAs, including the

RRE, have bulged regions and other features with single-strand characteristics, it

is possible that the single-stranded regions bind, with high affinity, to 9 and 10.

Differences in binding stoichiometry could, however, make the C50 values in

Table 4.3 disproportionate to the actual affinities (Kd). To determine the single

stranded binding stoichiometeries of 9 and 10, the UV-vis absorbance spectrum

of a high concentration of 10 (40 µM) was monitored upon titration poly r(U)

(Figure 4.5). Interestingly, a very high stoichiometry is indicated, where

approximately 5 equivalents of 9 or 10 are bound per every 10 bases of poly r(U).

This is very similar to the stoichiometry observed for CT DNA, where 6

equivalents of rac-9/10 bind for every 10 base pairs (Figure 4.5). Another duplex

DNA, poly d(AT) – poly d(AT), also exhibits the same binding stoichiometry for

both 9 and 10 (at 5 equivalents per every 10 base pairs) (not shown).
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Figure 4.5: At high concentrations of 10 (40 µM), the binding isotherm for poly
r(U) is composed of two linear elements, the intersection of these lines (at 80 µM
of poly r(U)) indicates the maximum binding stoichiometry for 10 is 1 equivalent
for every 2 bases of poly r(U). The other enantiomer 9 yields the same result.
The same experiment was conducted with duplex DNA and also yielded a
binding stoichiometry of 1 equivalent of either 9 or 10 for every 2 base pairs of
poly d(AT) – d(AT).

Titrations using poly r(U) were also conducted with either 4 µM or 8 µM of 10

(Figure 4.6). At 4 µM and 8 µM of 10, the binding data fit very well to Hill

coefficients of n =2 (Figure 4.6). This suggests positive cooperativity for these

binding interactions (Section 3.6). Duplex nucleic acids can also show positive

cooperativity in their binding of 9 and 10. For example, both poly d(AT) – d(AT)

and poly d(A) – d(T) have Hill coefficients of n = 2 for binding to both 9 and 10.

Indeed, all of the “higher affinity” interactions (C50 < 30 µM, Table 4.3) show some

degree of positive cooperativity in their binding of 9 and 10 (Hill coefficients range

from 1.5 to 2.2).
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Figure 4.6: Association of poly r(U) with 10 at three different concentrations. At 4
µM and 8 µM a good fit is found for a Hill coefficient of n = 2. As expected, a poor
fit is found at 40 µM.

To further investigate the high affinity and cooperative binding of 9 and 10 to

single-stranded poly r(U), thermal denaturation experiments were conducted

(Figure 4.7). By themselves, the UV adsorption of 9, 10, and poly r(U) (260 nm)

show only small non-cooperative changes as a function of temperature (Figure

4.7). The complex formed between 10 and poly r(U), however, shows a highly

cooperative melting behavior reminiscent of duplex denaturation (Figure 4.7 solid

line). The complex formed between 9 and poly r(U), however, shows multiple,

non-reversible transitions (Figure 4.7 dotted line). It is possible that under these

conditions, some non-specific aggregation between 9 and poly r(U) occurs. The

complex between 10 and poly r(U), however, appears well-behaved (Figure 4.7).
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Figure 4.7: Change in adsorption of poly r(U) (30 µM of bases) with or without, 9
or 10 (15 µM). See section E 4.0.6 for experimental details.

The thermodynamic parameters of the melting transition (70 – 90 °C) for the poly

r(U)-10 complex can be fit to a van’t Hoff plot (Figure 4.8). This analysis assumes

that the melting of the complex represents a simple two-state transition. Based

upon their known binding stoichiometry (Figure 4.5), a 2:1 ratio of poly r(U) bases

to 10 was used for the Tm experiment so that excess ligand would not drive

complex formation. From the van’t Hoff plot (Figure 4.8), a large enthalpy of

formation (∆H0 = -84 kcal / mole) and a modest entropy of formation (∆S0 = -240

cal / mole K-1) are calculated. These values represent the energetic parameters

for the complex as a whole and do not reflect the binding of individual molecules

of 10 to poly r(U). These ∆H0 to ∆S0 values are similar to those for the melting of
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long polymeric nucleic acids. For example, CT DNA, under these same

conditions has enthalpy of formation (∆H0 = -82 kcal / mole) and a entropy of

formation (∆S0 = -280 kcal / mole K-1) (data not shown). Compared to the poly

r(U)-10 complex and to CT DNA, shorter duplex nucleic acids have smaller ∆S0

terms and, therefore, exhibit less cooperative melting transitions. 120

Figure 4.8: van’t Hoff plot of the thermal melting of the poly r(U)-10 complex. Keq

is taken as the fraction of folded complex relative to unfolded complex. ∆H0 = -
(R*slope) and ∆S0 = ∆H0 / Tm (°K).

The melting transition of the poly r(U)-10 complex provides additional evidence

that the binding interaction between 10 and poly r(U) is highly cooperative and

large binding energies (∆Gcomplex = 8 – 12 kcal / mole) are involved. This raises

the possibility that the poly r(U)-10 complex is a well-ordered supermolecular

structure suitable for crystallization and subsequent analysis by X-ray

crystallography.
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Interestingly, the non-polymeric nucleic acids (RRE JW, TAR 31, and tRNAPhe)

do not show cooperativity in their binding of 9 and 10 (Hill coefficients range from

1.1 – 1.4). Scatchard plots can, therefore, be used to establish the average

affinity and stoichiometry of 9 and 10 for binding these RNA transcripts (Figure

4.9 and Table 4.4).

Figure 4.9: Scatchard analysis of the interaction between 9 and the RRE JW,
tRNAPhe, and TAR31. The slope of the graph = 1/Kd (ave), and the r value at r / Cf
= 0 is the number of apparent binding sites.

Table 4.4: Summary of the binding stoichiometries and average affinity of 9 and
10 for RRE JW, tRNAPhe and TAR 31.
Nucleic Acid Binding sites

for 9
Average Kd

(µM) for 9
Binding sites

for 10
Average Kd

(µM) for 10
RRE JW 2.4 1.9 3.8 1

tRNAPhe 9 5.6 10 5.6

TAR 31 3 4.6 4 9

Non-whole numbers for the binding stoichiometry are obtained for some of the

interactions (Table 4.4). This suggests that some RNAs have multiple,

nonequivalent binding sites, and therefore, the reported affinity (Kd) represents
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the average affinity to all of the “active” binding sites. Consistent with the Rev

peptide and ethidium displacement experiments as well as the solid-phase

assay, 9 and 10 have a higher affinity for the RRE as compared to both TAR31

and tRNAPhe. Unfortunately, due to the limited sensitivity of monitoring changes in

UV-vis absorption, it is difficult to probe the highest affinity binding site(s) on the

RRE. Since 9 and 10 are non-emissive, low µM concentrations are needed to

observe the spectral changes of these compounds. For example, even if the

RRE possesses a 10 nM binding site, it cannot be characterized under these

conditions since the metal complex is at a much higher concentration compared

to the affinity. This limitation is also reflected in some of the C50 values reported

in Table 4.3. Since the concentration of 9 and 10 used for these titrations is 8 µM,

and the binding stoichiometry is approximately 1 ligand per every 2 bases (or

every 2 base-pairs), the theoretical minimum C50 value for all polymeric nucleic

acids is 8 µM (Table 4.3). We can only report, therefore, that the interaction

between poly r(U) and both 9 and 10 exhibit affinities of Kd < 0.5 µM (Table 4.5).

Given the unusual nucleic acid selectivities of 9 and 10, we decided to

investigate the nucleic acid affinity and specificity of “free” eilatin (14). Unlike the

eilatin-containing metal complexes (9 and 10), eilatin itself (14) is highly emissive

and shows changes in its emission spectrum upon addition of nucleic acids

(Figure 4.11). For all nucleic acids tested, a decrease in emission intensity is

observed, allowing for C50 values to be established (Figure 4.10 and Table 4.3).
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Figure 4.10: Changes in the fluorescence emission spectrum of 0.1 µM eilatin
(14) upon addition of CT DNA. Nearly identical changes are seen for all other
nucleic acids tested. Excitation is at 417 nm, see Section E 4.0.7 for additional
experimental details.

The C50 values measured for eilatin (14) are not directly comparable with those

determined for 9, 10, and 12 (Table 4.3). Due to detection limits of 9 and 10, and

the limited water solubility of 14, the concentration of eilatin (14) used for the

fluorescence experiments is 80-fold lower than the concentrations needed for the

UV-vis titrations of 9, 10, and 12 (Table 4.3). Binding constants for all of the

compounds can be estimated from the C50 values (summarized in Table 4.5). For

eilatin (14), the Kd ≈ (C50 / 2)-0.05 (this assumes that binding is non-cooperative

and that the neighbor exclusion limit of 14 is one molecule per 2 base pairs). Kd

values have also been estimated for the eilatin-containing metal complexes (9

and 10), and for ethidium bromide (12) (Table 4.5). All estimates are equal to the

C50 value divided by the binding stoichiometry, minus half the concentration of

the ligand. Issues related to the cooperative binding of 9 and 10 do, however,
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complicate this estimate. Nonetheless, these Kd estimates allow for a more direct

comparison of the binding affinities of all four compounds (Table 4.5).

Unlike the eilatin-containing metal complexes (9 and 10), eilatin (14) is not very

soluble in water (maximum concentration of 14 at pH 7.5 = 3 µM). Limited water

solubility prevents Rev peptide and ethidium displacement experiments from

reaching saturation. The IC50 value of 14 for Rev-RRE inhibition, for example, is

>3 µM (Figure 4.11). This represents, however, at least a 3-fold lower Rev-RRE

inhibition activity as compared to 9 and 10. Eilatin (14) does, however, bind to the

RRE with high affinity (Figure 4.11). Fluorescence binding studies indicate that

eilatin (14) binds to one or more sites on the RREJW with a Kd of approximately

0.5 µM, but cannot displace Rev by binding to these site(s).

Figure 4.11: A comparisons between the “direct” binding of eilatin (14) to the
RRE JW and its ability to inhibit Rev-RRE66 binding. For the direct binding
experiment, the fluorescence intensity of eilatin was monitored as a function of
RRE JW concentration. The direct binding data is fit to a C50 value of 0.5 µM with
no cooperativity (Hill coefficient = 1.0). For the RevFl displacement experiment,
fluorescence anisotropy was used to monitor the fraction of RevFl bound to the
RRE66 (10 nM of each).
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Table 4.5: Approximate Kd values (µM)* of Λ−[Ru(bpy)2eilatin]2+ (9),
∆[Ru(bpy)2eilatin]2+ (10), ethidium bromide (12), and eilatin (14) as calculated
from C50 values (Table 4.3).*

Nucleic Acid Λ−[Ru(bpy)2eilatin]2+

(9)
∆−[Ru(bpy)2eilatin]2+

(10)
ethidium bromide

(12)
eilatin
(14)

C.T. DNA 5 9.5 2.7 1.5

Poly d(A) –
Poly d(T)

2.5 7.5 31 0.5

Poly d(AT) –
Poly d(AT)

0.5 < 0.5 0.33 2.5

Poly d(G) –
Poly d(C)

3.5 2.5 3.3 2.5

Poly d(GC) –
Poly d(GC)

5 24 1.3 4

Poly r(A) –
Poly r(U) 2.5 7 2 6

Poly r(G) –
Poly r(C)

59 39 130 10

Poly r(I) –
Poly r(C)

96 86 53 75

Poly r(U)
< 0.5 < 0.5 1,300 > 1,000

Poly r(C)
22 34 2,700 > 500

Poly r(A)
3 2.5 500 35

Poly r(G) 5 6 76 2

Poly r(I)
2.5 1 310 0.1

Oligo r(I)15 30 23 n.d. n.d.

Poly d(A)
6 96 n.d. n.d.

Oligo d(A)15 96 31 n.d. n.d.

Oligo d(T)15 6.5 6.5 n.d. n.d

* The Kd values for 14 are estimated to = ((C50 / 2)-0.05). Consistent with earlier
studies, the Kd values for 12 are (Kd ≅ ((C50 / 3) – 4)).87 For 9 and 10, the Kd

values are approximately ≅ ((C50 / 2) – 4). These values serve as estimates only,
as differences in binding stoichiometries and cooperativity will affect the
calculated Kd values.
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Tables 4.4 and 4.5 represent, to the best of our knowledge, the most

comprehensive study of ethidium bromide and its affinity to different nucleic acids

to date. Bresloff and Crothers used equilibrium dialysis to study the binding of

ethidium to 12 different nucleic acids, five of which appear in Table 4.5.87 These

studies were conducted at 1M NaNO3, and our studies are conducted at

physiological ionic strength (see section E 4.0.2 for experimental conditions).

Despite the different conditions, we report similar trends in ethidium affinity for all

five nucleic acids.87

Tables 4.4 and 4.5 highlight how the nucleic acid specificity of an intercalating

ligand can change upon incorporation into an octahedral metal complex. For

most, but not all duplex nucleic acids, free eilatin (14) has a slightly higher DNA

and RNA affinity compared to 9 and 10 (Table 4.5). A notable exception is poly

d(AT) – poly d(AT). The eilatin-containing metal complexes (9 and 10) have a

much higher affinity for poly d(AT) – poly d(AT) as compared to poly d(A) – poly

d(T), while eilatin (14) has the opposite selectivity (Table 4.5).

The trends observed for single-stranded versus double-stranded nucleic acids

are strikingly different for 9, 10, 11, and 14 (Table 4.5). Ethidium (12) is a

“classic” intercalating agent and, hence, has a low affinity for all the single-

stranded nucleic acids evaluated (Table 4.5). Molecules with extended aromatic

surfaces can, however, show appreciable affinity for single-stranded nucleic

acids.121,122 Both eilatin (14) and the eilatin metal complexes bind to single-
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stranded nucleic acids, but with very different trends in affinity. Eilatin (14)

exhibits a high degree of differentiation among the three homopurine single-

stranded nucleic acids (poly r(I) > poly r(G) > poly r(A)). This suggests a

preference for electron-poor purines. Both eilatin (14) and ethidium (12) have a

much lower affinity for the homopyrimidines (poly r(U) and poly r(C)) as

compared to the homopurines (poly r(I), poly r(G), poly r(A)). In contrast, no clear

preference of purines versus pyrimidines is seen for 9 and 10 (Table 4.5).

The eilatin metal complexes (9 and 10) have, in general, a much higher affinity to

single-stranded nucleic acids as compared to both eilatin (14) and ethidium (12).

Compounds 9 and 10 bind to poly r(U) with sub-µM affinities. Only one other

small molecule, to our knowledge, has been reported to possess high affinity for

poly r(U).121 Given the preferential binding of 9 and 10 to single-stranded nucleic

acids, we examined the possibility that the eilatin-containing metal complexes

recognize the internal bulge of the RRE (Figure 2.4). This bulge is known to

possess single-stranded characteristics in the absence of Rev binding.123 We

have conducted titrations using an inosine-substituted RRE JW (Figure 2.5). This

mutant RRE binds to the RevFl peptide with the approximately same affinity (2

nM), but it has over a 2-fold higher affinity for 9 as compared to the RRE JW.

This is consistent with these metal complexes exhibiting a higher affinity for

single-stranded r(I) versus r(G) (Table 4.5), and suggests that the internal bulge

of the RRE is the preferred binding site of these complexes.
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To the best of our knowledge, only one other group has examined the nucleic

acid affinity of eilatin (14), and they reported very different results as compared to

ours.104 Ethidium bromide displacement experiments were conducted using CT

DNA, but only a low DNA affinity was suggested (IC50 > 100 µM).104 The limited

solubility of eilatin (solubility in water < 3 µM) may explain this result. The same

report also used fluorescence experiments to monitor the change in “emission” of

a solution of 14 as a function of CT DNA concentration.104 They showed an

increase in the fluorescence intensity of eilatin upon addition of CT DNA. We find

a decrease for all nucleic acids tested (Figure 4.10). In their case, however, the

sample was both excited and monitored at 520 nm.104 Eilatin shows no

absorption at this wavelength.101 Since the sample was excited and monitored at

the same wavelength, the increase in “emission” was actually the increased light

scattering by the solution upon titration of DNA.104

Eilatin-containing metal complexes are new anti-HIV agents with unusual nucleic

acid specificities. The eilatin ligand is essential for nucleic acid binding and the

anti-HIV activity of these compounds, but the free ligand exhibits drastically

different trends in nucleic acid affinity as compared to the eilatin-containing metal

complexes. Unusual trends in enantiomeric selectivity, single-stranded nucleic

acid binding, and sequence specificity make the eilatin-containing metal

complexes two of the most unusual, and best characterized, RRE ligands to

date.
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5.0 Ethidium Bromide: Biological Activities and Nucleic Acid Binding

Ethidium bromide is the common name for 3,8-diamino-5-ethyl-6-

phenylphenanthridinium bromide (12). First reported in 1952, it was developed by

the Boots company as an anti-trypanosomal agent.124 Homidium bromide

(ethidium) is prepared in large quantities by alkylation of 3,8-dinitro-6-phenyl

phenanthridine with ethyl-p-toluene sulfonate, followed with reduction by Fe, and

precipitation using ammonium bromide.125 Ethidium is a common stain for

double-stranded DNA and RNA.126 It is also reported to possess significant anti-

cancer,127 and anti-parasitic activities.124 Its potential applications in human

treatment have been prevented, however, due to its mutagenic and carcinogenic

activities in model systems.128-129 For example, Frog larvae (Xenpous laevis)

exposed to near toxic concentrations of ethidium develop gross malformations of

all major organ systems.128 Upon metabolic activation with liver homogenate,

ethidium causes frame shift mutations in the Ames assay.129 From these, and

similar studies, it has been concluded that long-term exposure to ethidium may

cause inheritable genetic damage and/or cancer in humans. Despite this,

ethidium is still marketed by Laprovet as a safe and inexpensive treatment for

cattle suffering from trypanosomosis.130

A possible relationship between ethidium’s nucleic acid binding and its biological

activities has been examined both in vivo and in vitro. Experiments by Nass

indicated that the growth of both mouse fibroblasts and hamster kidney cells is

inhibited by 0.3 – 13 µM of ethidium, and that mitochondrial, not nuclear, DNA
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synthesis is inhibited by ethidium.131 Other studies showed that ethidium

accumulates in isolated rat mitochodrion and interferes with normal respiration.132

Ethidium is, however, only moderately toxic to mammals, with an LD50 in mice of

~300 µM (100 mg/kg, subcutaneous);133 and it is an effective trypanocide in

cattle at ~ 3 µM (1mg/kg, intravenous).124,130

The in vitro study of ethidium-nucleic acid binding can be conducted by

monitoring the photophysical changes of ethidium upon addition of nucleic

acids.134-135 Ethidium binds to DNA and RNA duplexes with moderate affinity (Kd

ranges from 0.2 – 200 µM) and variable stoichiometry (3 – 6 equivalents of

ethidium per helical repeat) depending on the sequence of the duplex.87 It was

proposed that ethidium binds to nucleic acids via two distinct modes: electrostatic

surface binding (at low ionic strengths) and intercalation (at higher,

physiologically relevant ionic strengths).135 Crystal structures and NMR studies of

tRNA bound to ethidium have confirmed its ability to both intercalate and to bind

the surface of nucleic acids.136-138 Ethidium is reported to bind to duplexes that

contain bulged bases with a higher affinity as compared to the same duplexes

without a bulge.139 This could potentially explain ethidium’s high affinity for the

RRE. Ethidium has two high-affinity binding sites on the RRE (with an average Kd

= 0.2 µM), and it displaces the Rev peptide with similar activity (Section 3.4 and

Figure 3.14). In addition, we have found ethidium to be a potent inhibitor of HIV-1

replication. Using the plaque-formation assay described in figure 4.1, an IC50

value of 0.2 µM is measured for ethidium. This activity is only ~20-fold lower than
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the well-know HIV inhibitor AZT (see E 1.1 for a summary of anti-HIV IC50

values). The HeLa cells used in these assays, however, detach from their plates

after a three-day exposure to 3 – 10 µM of ethidium bromide. This is indicative of

toxicity and is not observed for the other compounds evaluated in this thesis. In

an attempt to simultaneously decrease its toxic/mutagentic properties while

increasing its anti-HIV activity, a number of ethidium derivatives have been

synthesized and are currently being evaluated for nucleic acid affinity and

biological activities (Figure 5.1).

To date, only a small number of ethidium derivatives have been reported.125,140-

146 Early modifications included variation of the alkyl chain with groups other than

ethyl (methyl, propyl, etc).125 Compared to ethidium, these derivatives have the

same DNA affinity,140 but are significantly more toxic.124 The 6-phenyl ring of

ethidium has been substituted with other groups (hydrogen, 4-amino phenyl, 4-

nitro phenyl, methyl, napthyl, etc).141 Again, similar DNA affinities were measured

for these derivatives.140 Ethidium’s exocyclic amines have been converted to

azido (N3),
142 leading to highly reactive photo-crosslinking agents.143 These

compounds are also reported to have similar DNA affinity as compared to

ethidium,142 and are highly mutagenic.144 Amino acids have been conjugated to

ethidium through its exocyclic amines and through its phenyl ring, but the nucleic

acid affinities of these derivatives have not been reported.145,146
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Figure 5.1. New ethidium derivatives and a summary of the wavelengths of
maximum adsorption (λ-abs), emission maximum (λ-em), and the approximate
quantum efficiency (emission intensity) relative to ethidium (φrel). All values
determined at 10 µM of each compound in 50 mM sodium phosphate (pH = 7.5).
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Surprisingly, the exocyclic amines of ethidium have not, until now, been

systematically substituted with other functional groups. Modification of one, or

both, of these amines provides a “modular” approach for introducing new

chemical diversity into ethidium (Figure 5.1). These modifications are found to

dramatically affect the electronic structure, nucleic acid affinity, and the biological

activities of the resulting derivatives.

5.1 Electronic Properties of Ethidium and its Derivatives

The charge distribution in ethidium is believed to be important for its high affinity

intercalation into nucleic acids.142, 147 Significant efforts have been invested in

constructing electrostatic models that can simulate the stacking interactions of

ethidium with base pairs.148-150 These models are based upon quantum

mechanical calculations and have not, to date, been able to predict or rationalize

the sequence specificity of ethidium bromide (Table 4.5).

π-stacking interactions are sometimes modeled as having partial covalent

character, where the interactions between the LUMO of the intercalator and the

HOMO base-pair are used to predict stacking energies.150 The LUMO of the

intercalator is believed, by some, to be electrostatically relevant, as the ability to

accept electrons should be related to the electron density at each position.149

Some groups have interpreted the spectral changes of ethidium, upon binding

nucleic acids, as having some of the characteristics of a charge transfer complex;

and they have suggested that HOMO-LUMO stabilization may be involved.150
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This would provide evidence that Mulliken theory is applicable for evaluating the

aromatic stacking interactions in ethidium-base pair complexes.151

The theoretical electrostatic potential around an intercalator or a base pair can be

calculated by evaluating the interactions between individual atoms upon fitting

the molecule in an electrostatic force field.149,152,153 These calculations are useful

for examining the potential electronic charge of each atom, but do not reflect the

actual electrostatic field emanating from the molecule itself. Consequently, the

polarizability and the induced dipoles of the base stacking interaction are

weighted much more heavily than any complementation between the

electrostatic field of the intercalator with the base pair. As a result of these, and

similar theoretical studies, some groups believe that dispersion forces (induced

dipole-dipole interactions) dominate nucleic acid intercalation and have

concluded: “there is no need to consider any out of plane πcharges (“sandwich”

model) to account for aromatic intercalator-base pair stacking”.149

Dispersion forces depend, mostly, on the total shared surface area of the

interaction and on the polarizability of each surface. These effects may, in fact,

be a dominant driving force for intercalation.149 They cannot, however, explain

the sequence specificity of ethidium bromide. Crystal structures of ethidium

bound by different dinucleotides, show that about the same surface contacts are

made between ethidium and different intercalation sites.138 In addition, the larger,
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more polarizable base pairs (G-C) do not exhibit the highest binding affinity for

ethidium (Table 4.5).

Ethidium binds to different duplex nucleic acids with a free energy range of 5.3 –

8.8 kcal/mole, depending on the structure and sequence of the nucleic acid

(Table 4.5). It is possible that this sequence selectivity is related to electrostatic

complementation between the unique distribution of π-electron charge density of

ethidium’s phenanthridinium “core” with the different electronic features of each

intercalation site. Electrostatic complementation is known to be an important

component of π-stacking interactions.151 For phenyl-phenyl stacking, electron-

withdrawing groups lower the Coulombic repulsion between the πelectrons of

each ring. 154,155 Coulombic attraction is often observed when an electron-rich

ring and an electron-poor ring are stacked face-to-face.151,156 This type of

electrostatic attraction may involve interactions between the opposite

quadrupolar moments of each ring, and, unlike charge transfer complexes, does

not necessarily involve direct orbital-orbital overlap between each of the π

systems.156 To date, most of the systems that have been used to examine π-

stacking interactions involve molecules that are formally neutral.151,153 Ethidium

has a formal charge of +1, so Coulombic interactions, not charge transfer, may

dominate its π-stacking interactions. We believe that current modeling efforts,

and hence the rational design of new intercalating agents, can be significantly

improved by a more detailed understanding of ethidium’s electronic structure.
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We have accumulated data using crystallography, NMR, UV-vis absorption, and

fluorescence spectroscopy that have allowed us to probe the electrostatic

features of ethidium’s ground-state. In contrast to previous theoretical

models,149,156 we find the amine at ethidium’s 3 position (Figure 5.1

(-R1)) is significantly more electropositive than the amine at the 8 position (Figure

5.1 (-R2)). In addition, an unprecedented magnitude of charge separation in the

ground-state of ethidium is revealed. Using X-ray crystallography, we have

determined the bond order, and hence positive charge on each of ethidium’s

nitrogen atoms. We have related these partial formal charges to the π-electron

charge densities on each of ethidium’s “core” carbon atoms by using 13C NMR.

These results have been used to generate the first experimentally determined

electrostatic map of an intercalating agent.

The photophysical properties of ethidium are dramatically altered upon

modification of its exocyclic amines (Figure 5.1). Ethidium has an internal charge-

transfer band that is sensitive to solvent polarity.147 Similar to DNA intercalation,

the wavelength of maximum absorbance increases as the polarity of solvent

decreases (λabs = 480 – 540 nm).147 For all derivatives that “block” electron

donation by the exocyclic amines, a blue-shift in this charge-transfer band is

observed (λabs 398 – 473 nm) (Figure 5.1). Interestingly, modification of the 3

position consistently leads to a larger blue shift as compared to modification of

the 8 position (compare 16 to 17, 19 to 20, 22 to 23, and 25 to 26, Figure 5.1).

The degree of blue-shifting is also sensitive to the identity of the functional group,
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where electron withdrawing functional groups lead to larger blue shifts as

compared to functional groups that merely “block” electron donation (compare

the guanidinium derivatives 19, 20 and 21, to the urea derivatives 22, 23, 24).

The only derivative that augments electron donation (28) exhibits a red-shifted

wavelength of maximum absorbance (Figure 5.1).

These derivatives also show interesting trends in their fluorescence properties.

Ethidium has a weak emission band (quantum yield < 0.01) that is sensitive to

solvent polarity (λem 610 – 645 nm, longer wavelengths in less polar solvents).147

As before, all derivatives of ethidium that effectively “block” electron donation by

its exocyclic amines, shift the emission maxima to the blue. Again, the blue-shift

is more pronounced when the 3 position is modified as compared to the 8

position; but unlike the absorbance maxima, the changes in emission maxima

are not very sensitive to the identity of the functional group. For all 3-modified

derivatives λem = 591 ± 3 nM; for all 8-modified derivatives λem = 605 ± 2 nM.

Trends in the relative quantum efficiencies of each compound also indicate

significant electronic differences between the 3 and 8 positions. The modification

of the 8 position leads to a significant decrease (3 – 15 fold) in emission intensity

(relative to ethidium). Modification of the 3 position, however, shows little to no

effect (Figure 5.1). For the bis-substituted derivatives that block electron donation

from the nitrogens (18 and 24), significantly higher quantum yields are measured

(57-fold greater compared to ethidium). The only derivative that augments
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electron donation (28) exhibits a much lower quantum efficiency as compared to

ethidium (12). These observations suggest that electron donation by ethidium’s

exocyclic amines quenches its excited state through an internal charge transfer.

The differences observed between the amines at the 3 and 8 positions suggest

that electron donation from the 3 position amine lowers the energy of excitation

and emission, but also lowers the quantum efficiency of emission (much more so

than the 8 position). Additional interpretations of these photophysical trends are

complicated by the likelihood that the energetic levels of both the ground-state(s)

and excited state(s) are changed upon derivatization. Other groups have also

observed spectral differences between 3 and 8 modified positions, but have

attributed it to the differences in LUMO energy levels of the two positions.147 This

is an inadequate explanation, as we have found significant differences in the

ground-state electronic properties of these two amines that present some

explanations for the spectral differences at these positions. To probe the

structural and electronic properties of ethidium’s ground-state, NMR

spectroscopy and X-ray crystallography have been used.

It is clear, from 1H-NMR, that the chemical environments of ethidium’s exocyclic

amines are significantly different (Figure 5.2). As compared to ethidium, the

proton NMR spectrum of ethidium’s uncharged analog (3,8-diamino-6-

phenylphenanthridine) shows much higher symmetry across the phananthridine

core where similar chemical environments are seen for each of its exocyclic

amines and for protons a1 & a2, b1 & b2, and c1 & c2 (Figure 5.2 A). Interestingly,
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ethylation of 3,8-diamino-6-phenylphenanthridine introduces significant electronic

asymmetry (Figure 5.2 B). Upon ethylation, most protons are downfield shifted

by 0.2 – 0.5 ppm (Figure 5.2 B). There are two notable exceptions: proton a2 is

upfield shifted by 0.7 ppm, and the protons on one of the two exocyclic amines

are downfield shifted by 1.0 ppm (compare A and B Figure 5.2).

Figure 5.2. 1H NMR of 3,8-diamino-6-phenylphenanthridine (A) and of ethidium
chloride (B) in DMSO-d6. A partial assignment of ethidium (B) has previously
been made,157,158 but assignments for the exocyclic amines have not yet been
reported.

The upfield shift of proton a2 is highly sensitive to modifications of the 8 position,

but not sensitive to modifications of the 3 position. The conversion of the 8-amine

into any group that blocks electron donation (including compounds 17, 18, 20,

21, 23, 24, 26, 27) results in a downfield shift of a2 to a more “normal” aromatic
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frequency (δ = 7 – 7.4 ppm). The modification of the 8-amine with groups that

augment electron donation, results in an even further upfield shift of a2 (∆δ = -0.2

ppm for 28). This suggests that the 8-amine donates electron density directly

onto the carbon attached to the a2 proton. 13C NMR experiments support this

conclusion (presented below). Previous groups have assigned ethidium’s 1H

NMR spectrum based upon the highly shielded proton a2.
157-158 It has always

been assumed that the phenyl ring at the 6 position shields the a2 proton via a

ring current effect.145, 157-159 This is not a sufficient explanation, as ethidium’s un-

charged analog (3,8-diamino-6-phenylphenanthridine) shows no unusual

shielding of a2 (Figure 5.2A). 160 Our results indicate that the presence of the

quarternary amine and the electron donation from the 8-amine are largely

responsible for the unusually high electron density at a2.
13C NMR experiments

(presented below) confirm this conclusion.

The differences in the 1H chemical shifts of ethidium’s two exocyclic amines

indicate that one amine is significantly more electropositive than the other (Figure

5.2 B). The identity of each of ethidium’s exocyclic amines is apparent by

comparing the proton NMR spectra of the cbz derivatives (16-18) (Figure 5.3). By

comparing the chemical shifts of the unblocked amine present in 8-cbz ethidium

chloride (Figure 5.3 A) to that of 3-cbz ethidium chloride (Figure 5.3 B), it is clear

that the 3 position of ethidium is more electron poor than the 8 position. All other

chemical shifts (such as protons e1 versus e2, and f1 versus f2) are consistent

with this conclusion (Figure 5.3 A – C). The 1H NMR assignment of ethidium
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was confirmed using 1H-13C Heteronuclear Multiple Bond Correlation (HMBC)

experiments (presented below).

Figure 5.3: 1H NMR of (A): 8-cbz ethidium chloride (17), (B): 3-cbz ethidium
chloride (16), (C): 3,8-bis cbz ethidium chloride (16), (D): ethidium chloride (12) in
d6-DMSO. Sample (A) is doped with 5% of sample (16) to serve as an internal
reference.
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positions are deshielded upon cbz modification of the other position (compare

Figures 5.3 A & B to D). This indicates that upon blocking electron donation of

one amine, the other amine can “compensate” by donating more of its electron

density into the phenanthridinium core. This conclusion is confirmed by

comparing the nitrogen-carbon bond lengths in the X-ray crystal structures of 12,

17, and 18 (presented below).

Importantly, protons a1 & a2 are much more sensitive to cbz-modification as

compared to both b1 & b2 and c1 & c2 (Figure 5.3). Both the a and b protons are

ortho- to each amine, however, upon cbz modification the a proton is shifted

downfield by 1.4 ppm, and the b proton is shifted downfield by 0.7 ppm (compare

Figures 5.3 A & B to D). This is true for both the 3 and 8 amines, and indicates

that electron density from each amine is preferentially drawn towards the positive

center, thus shielding the a protons more so than the b protons. This conclusion

is supported by 13C NMR (presented below).

As for its 1H NMR spectrum, ethidium’s 13C spectrum shows an unusually wide

disbursal of peaks in the aromatic region (Figure 5.4, Bottom). We have fully

assigned ethidium’s 13C spectrum by using Distortionless Enhancement by

Polarization Transfer (DEPT), Carbon-Hydrogen Correlation spectroscopy

(HETCOR), and Heteronuclear Multiple Bond Correlation (HMBC) experiments.
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Figure 5.4: 13C NMR spectra of ethidium chloride in DMSO. DEPT was used to
identify the primary, secondary, tertiary, and quarternary carbons.

DEPT experiments reveal the number of hydrogens attached to each carbon

(Figure 5.4). Interestingly, five of ethidium’s tertiary core carbons “13C-(1H)” are

upfield relative to typical phenyl carbons (Figure 5.4). The δ for benzene, for

comparison, is 129 ppm. This suggests that, despite ethidium’s positive charge,

these carbons possess high electron densities. All of the carbons that are

electron poor, relative to benzene, are found to be quarternary (Figure 5.4).

Full 13C spectrum

All 13C - 1H

13C - (1H)

13C - (1H)2

13C - (1H)3
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Carbon-Hydrogen Correlation spectroscopy (HETCOR) has been used to assign

the identity of each carbon that is directly bound to a single hydrogen (Figure

5.5). We find that the most electron-rich carbons are C4 and C7 (see Figure 5.7

for the numbering scheme and a summary of assignments). Assignments of the

carbons at the 1, 2, 9, and 10 positions were also determined by HETCOR, and

confirmed by HMBC. These assignments are consistent with those determined

by NOE experiments.161

Figure 5.5: 13C-1H HETCOR NMR spectrum of ethidium chloride in DMSO with
the 1H spectrum (left) and the “13C – (1H)” DEPT spectra added for reference.

HMBC experiments have been used to identify all the quarternary carbons and to

confirm the assignment of the 1H NMR spectrum of ethidium (Figure 5.6). For

ppm
8090100110120130140150160170

ppm

5.0
5.2
5.4
5.6
5.8
6.0
6.2
6.4
6.6
6.8
7.0
7.2
7.4
7.6
7.8
8.0
8.2
8.4
8.6
8.8
9.0
9.2
9.4
9.6
9.8



102

HMBC, cross peaks are not observed between carbons and hydrogens that are

directly bound to each other; rather, HMBC gives cross peaks between a

hydrogen and the carbons that are ortho- or meta- to the atom that is bound to

that hydrogen. In our case, the ortho- carbons have been decoupled so that all

cross peaks traverse exactly three bonds. Three cross peaks are observed for

each 1H-C type hydrogen; two are meta- relative to the 1H-C and one is on an

adjacent ring. Two cross peaks are observed for each 1H-N type hydrogen, both

from the carbons meta- to each amine.

Figure 5.6: HMBC spectrum of ethidium chloride in DMSO with 13C and 1H
spectra added for reference. Coupling between the “d” hydrogens of the ethyl
group and C6 allows unambiguous assignment of C6 at 157.5 ppm (highfield
region not shown).
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The most striking features of ethidium’s 13C spectrum are the highly shielded

carbons at positions 4 and 7. At 97 and 107 ppm, respectively, these carbons are

in the same chemical shift region observed for aromatic carboanions.162

Consistent with the trends observed in the 1H NMR spectra, the modification of

ethidium’s 8-amino position with cbz results in a large downfield shift of C7 (∆δ =

+10 ppm). The modification of ethidium’s 3-amino position results in the same

downfield shift of C4 (∆δ = +10 ppm) (Figure 5.7 A and C). This indicates that the

high electron density at these positions depends largely on electron donation

from the neighboring exocyclic amines.

Figure 5.7: 13C NMR spectra of (A): ethidium chloride (12), (B): 8-cbz ethidium
chloride (17), (C): 3-cbz ethidium chloride (16), each in d6-DMSO. See Table 5.1
for the full 13C assignment of 12.
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The only carbons in ethidium with chemical shifts that are significantly downfield

shifted, relative to benzene, are the carbons that are bound directly to nitrogens

(Figure 5.7 A). C3 and C8 have chemical shifts similar to the nitrogen-bound

carbon of aniline (148 ppm).162 Interestingly, C6 is significantly more deshielded,

and C13 is significantly more shielded as compared to both C3 and C8 (Figure

5.7A).

To relate ethidium’s electronic features to the bond orders between its C and N

atoms, X-ray crystallography was used to solve the 3-D structure of ethidium

chloride and of the mono-cbz derivatives 16 and 17. The bond lengths observed

in the phenanthridinium core of ethidium chloride are similar to those of two

recent structures of phenanthridine, and 5,6-dimethyl phenylphenanthridinium

chloride (Figure 5.8 A – C).163-164 For all three compounds, the carbon-carbon

bond lengths in the phenyl rings of phenanthridine alternate between relatively

short and relatively long (for comparison, benzene’s C-C bond lengths are 1.39

Å). The patterns of bond orders that contribute to ethidium’s phenanthridinium

core are summarized in Figure 5.9. Another group has recently calculated the

bond orders for phenanthridine (Figure 5.10).164 Significant double-bond

character exists between C3-C4 and C7-C8 carbons, while some single-bond

character is observed at C2-C3 and C8-C9. This may, in part, explain the greater

electron donation from the exocyclic amines to the 4 and 7 positions versus the 2

and 9 positions.
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A) Phenanthridine (Brett, Rademacher, and Boese)163

B) 5,6-dimethyl phenylphenanthridinium chloride (Kiralj, Kojic-Pordic, Zinic,
Alihodzic, and Trinajstic)164

C) Ethidium chloride (Luedtke, Liu, Tor)165

Figure 5.8. Bond lengths (Å) observed for three recent crystal structures of
phenanthridine and phenanthridinium-containing molecules. Errors in bond
lengths are approximately ± 0.003 Å for (A) and (C) and ± 0.005 Å for (B). See E
5.1.1 for the ORTEP drawing and crystallographic parameters for ethidium
chloride (C).
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Figure 5.9. All possible Clar and Kekulé depictions of ethidium. The
experimentally determined bond lengths in ethidium indicate that some
depictions contribute more to the actual structure (near Bottom), while others
contribute much less (near Top).

Figure 5.10. A summary of phenanthridine’s π-bond orders as determined by
Kiralj.163 Pauling bond orders were calculated by analyzing the bond lengths of a
high-resolution crystal structure of phenanthridine (Figure 5.5 A).162 Ethidium has
approximately the same bond lengths as phenanthridine and, therefore, similar
bond orders (Figure 5.5 C).

Crystallographic data indicates that both phenanthridine and 5,6-dimethyl

phenanthridinum are perfectly planar.163,164 In contrast, ethidium is found to have
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by protons b1c1 and b2c2, relative to the central axis of the biphenyl “core” of

ethidium). Taken together this suggests that some sp3 character is introduced

into the phenanthridinium core of ethidium by the exocyclic amines. Significant

differences are observed in the C-N bond lengths of ethidium’s two exocyclic

amines. A shorter bond length is found for the amine at the 3 position, compared

to the amine at the 8 position (Figure 5.8 C and 5.11 C). This indicates that more

C=N double bond character, and hence positive charge, is at the 3 position

versus the 8 position. Both positions, however, have significantly shorter N-C

bond lengths as compared to aniline (1.40 Å), and therefore, both amines carry

partial positive charges. This is consistent with the chemical shifts of these

amines in the 1H NMR spectrum of ethidium (Figure 5.3 D).

Two other groups have also solved the crystal structure of ethidium. The first,

and most cited structure, was published by Hospital et. al. in 1969.165 It shows no

differences in the C-N bond lengths of its two exocyclic amines, and predicts the

phenanthridine core of ethidium to be perfectly planar (Figure 5.11 A).165 Unlike

the modern crystal structures of phenanthirdine-containing compounds (Figure

5.8), this structure has significant asymmetry in the C-C bond length/bond orders

in the biphenyl core of phenanthidinium. The deviation from symmetry for the two

phenyl rings (with respect to each other) is ca. 0.011 Å for the Hospital structure

compared to 0.004 Å for all the recent phenanthridine-containing compounds.
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A) Courseille, Busetta, & Hospital (1969, 1974)165

B) Subramanian, Trotter, & Bugg (1971)166

C) Luedtke, Liu, & Tor (2002)167

Figure 5.11: Bond lengths (Å) observed for three crystal structures of ethidium.
The crystal system is the same for all three structures (monoclinic), even though
different solvent molecules and anions are co-crystalized in each.
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The second crystal structure of ethidium, by Subramanian, Trotter & Bugg, is

much more consistent with ours (Figure 5.11 B). It shows a shorter N-C bond and

hence, greater positive charge at the 3 position as compared to the 8 position. In

addition, the phenanathidinium core in this structure is twisted out of planarity by

4o. Interestingly, the Subramanian crystal structure shows a different

hybridization at each of its exocyclic amines. The 3- and 8-amino groups are

predicted to be sp2 and sp3, respectively.166 We also find unusual hybridizations

of the exocyclic amines. Electron difference maps indicate that both the 3- and 8-

amino groups are intermediate between sp2 and sp3 hybridized.

Both of the older crystal structures of ethidium (Figure 5.11 A & B) unexpectedly

show C-C bond lengths in the 6-phenyl ring that deviate substantially from that of

benzene (1.39 Å). The average deviation in bond lengths of the 6-phenyl ring,

compared to benzene, is 0.013 Å for the Subramanian and Courseille structures,

and 0.006 Å for our structure (Figure 5.11). Both 1H and 13C NMR indicate that, in

solution, the 6-phenyl of ethidium has the typical chemical shifts of a mono

substituted phenyl ring, and therefore, no unusual bond orders are expected.

Ethidium is an electronically and structurally plastic molecule. Evidence for

electronic plasticity can be found in the crystal structures of 3-cbz ethidium

chloride (16) and 8-cbz ethidium chloride (17) (Figure 5.12). For both mono-cbz

derivatives, the cbz group merely “blocks” electron donation of the exocyclic

amine without making it an electron withdrawing group, as the C-N bond length
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for both the 3 and 8 cbz-protected amine is 1.399 Å (Figure 5.12). This is the

same C-N bond length for aniline. The C-N bond lengths for the “unblocked”

amines are shorter compared to the same bond lengths in the parent structure

(compare Figure 5.11 C and Figure 5.12). This indicates that upon “blocking”

electron donation from one amine (by cbz protection) the other side can

compensate by donating more of its electron density into the phenanthridinium

core. This is consistent with the changes in 1H chemical shifts of the amines of

compound 12 as compared to 16 and 17 (Figure 5.3 A, B, D). It is possible that

this increased electron donation from the 3 position leads to lower quantum yield

for the 8 cbz derivative (Figure 5.1). The increased electron donation from the 8

position does not, however, change the quantum yield of the 3 cbz derivative

relative to ethidium (Figure 5.1). Both NMR and the changes in bond order

suggest that the magnitude of increased electron donation is approximately equal

for both derivatives (upon “blocking” the other side with cbz). It is possible that

the charge transfer observed between the 3 position and the quaternary amine is

related to the differences in quantum yield upon cbz modification (Figre 5.13).

The relative planarity of each derivative may also be a factor.

Structural flexibility of the phanathidinium ion can be inferred by comparing the

crystal structures of 8-cbz and 3-cbz ethidium chloride. As for the parent

compound, the phenanthridinium cores of these molecules are not planar. The

twist angle is, however, different for each cbz derivative. The crystal structure of

3-cbz ethidium chloride has the same twist as the parent compound (4°). 8-cbz
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ethidium, however, shows a greater twist of the phenenthiridine core (8°). This is

consistent with more sp3 character residing on the phenanthridinium core when

the 8 position is blocked. This may, in part, explain the differences in quantum

yield of emission for these derivatives (Figure 5.1). Blocking the 8 position with

cbz increases the electron donation by the 3-amine and induces a greater twist of

the phenanathridinium core (relative to ethidium), while modification of the 3

position changes neither the twist nor the quantum yield of the cbz derivative

(relative to ethidium) (Figure 5.1).

Figure 5.12: Bond lengths (Å) found in the crystal structures of 3-cbz ethidium
(16) (Top) and 8-cbz ethidium chloride (17) (Bottom). Errors in bond lengths are
+/- 0.002 Å. See section E 5.1 – E 5.2 for ORTEP drawings and crystallographic
parameters for 16 and 17.
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The crystal structure of 8-cbz ethidium chloride (17) shows that the C-N bond

length at the 3 position is shorter compared to the C-N bond at the 8 position

length for 3-cbz ethidium chloride 16 (Figure 5.12). This is consistent with 1H

NMR experiments (Figure 5.3), and indicates that even for these mono-cbz

derivatives, a greater total positive charge is on the 3-amine as compared to the

8-amine (for the 8-cbz and 3-cbz derivatives, respectively). 13C NMR indicates,

however, that the 3- and 8-amines donate the same amount of electron density

onto their neighboring carbons (C4 and C7, respectively) (Figure 5.7).

We believe the electronic differences between ethidium’s 3 and 8 positions are

consistent with simple resonance theory. The positive charge on ethidium’s

quarternary amine can delocalize to the 3 position but not to the 8 position

(Figure 5.13). No matter which Kekulé structure is used (Figure 5.9), it is not

possible to push the lone pair of electrons from the 8-amine directly onto the

quarternary amine.

Figure 5.13. Resonance structures showing charge transfer between the
quarternary amine and the 3- amino.

Both of the ethidium’s exocyclic amines, however, carry a partial positive charge.

We have found that both of these amines donate electron density onto the

carbon atoms of the phenanthridinium core of ethidium (especially C4 and C7).
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We propose, therefore, that charge-separated states make significant

contributions to the overall electronic structure of ethidium (Figure 5.14).

Figure 5.14. Two examples of charge separation that contribute to ethidium’s
ground-state electronic structure.

For most uncharged molecules, charge-separated states contribute very little to

the overall electronic structure. It appears, however, that for ethidium, charge

separation is an essential component of its ground-state electronic structure.

Using data from crystallography, NMR, and computation we have estimated the
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atoms on ethidium’s phenanthridine core. A summary of the charges are

presented in Figure 5.15. The partial formal charges at each of ethidium’s

nitrogens are calculated from the N-C bond lengths obtained from the high-

resolution X-ray crystal structure (Figure 5.8 C). A linear correlation between the

bond length and bond order has already been proven for aromatic nitrogen-

carbon bonds of phenanthiride-containing molecules.164 As a standard for the

exocyclic amines, the N-C bond length for the cbz-blocked amines (1.40 Å) is

taken as 0 (no charge separation) (Figure 5.9). This is the same bond length as
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aniline, and, therefore, the charges on each amine are relative to aniline. The

N=C bond length of dimetyl iminium chloride and phenanthridine (both 1.30 Å)

are taken as standards to equal +1 (a full double bond). For the endocyclic

amine, the N5-C6 bond length is used to assign its charge, taking a bond length

of 1.47 Å as a single bond and 1.30 Å as a double bond (based upon published

crystal structures of similar compounds). Using these bond lengths as standards,

a linear correlation is used to assign the magnitude of positive charge on each

nitrogen (Figure 5.12 A). The partial formal positive charge on each carbon

(Figure 5.12 A) was assigned by a summation of all the nitrogen partial charges

and subsequent distribution of the remaining positive charge to each carbon

atom according to a Penderson-Parr calculation of ethidium. According to both

13C and 1H NMR the 8-amine and 3-amine donate the same magnitude of

electron density onto the carbon atoms of ethidium. The difference in charge

between each amine is, therefore, the total magnitude of charge delocalization

between the 3-amine and quarternary amine (Figure 5.13). This value (+0.10) is

added to the partial charge on the quarternary amine (+0.60) and subtracted from

(+1.0) to obtain the total positive charge on all of the ethidium’s carbon atoms

(+0.30). This assumes that all of the electron density from the 8 position is

transferred onto carbon atoms, and that the total charge of the molecule (ignoring

the charge separation) equals (+1.0). The total positive charge on the carbon

atoms (+0.30) was then distributed to each carbon atom using the theoretical

partial charge on each atom as previously determined by a 18 π-electron

Penderson-Parr calculation of ethidium bromide.156
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Figure 5.15: Estimates of the distribution of positive charge (A), negative charge
(B), and the sum showing resulting electrostatic map of ethidium (C).
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its exocyclic amines with cbz, ethidium’s carbon atoms shift by a total of +47.5

ppm. This total change in chemical shifts was correlated to the partial charges on

the amines by adding the total charges on the exocyclic amines (+0.45) and

subtracting the contribution by charge delocalization at the 3 position (+0.10).

The total amount of π-electron charge density provided by the amines is -0.36

formal units. A linear correlation between the π-electron charge density and the

change in 13C chemical shift has already been established.162 Interestingly, our

finding that ∆δ 48 ppm = 0.36 charge units is the same relationship (per carbon

atom) as previously reported for a series of simple anionic and cationic aromatic

rings.162 The total negative charge from charge separation (-0.36) was distributed

over the phenanathridinium core of ethidium by multiplying this value by the

fractional change in chemical shift for each carbon upon blocking the electron

donation from the exocyclic amines (Table 5.1 and Figure 5.15 B). The C3 and C8

carbons are excluded from this analysis, as the changes in their chemical shifts

are dominated by the substitution of the nitrogen atom to which they are

attached. These positions are not, however, expected to receive electron density

from the amine to which they are directly attached. Instead, C3 receives electron

density from the 8-amine, and C8 receives electron density from the 3-amine

(Figure 5.3 A – C). We have used, therefore, the chemical shifts of the mono-cbz

derivatives (relative to ethidium) to estimate the electron donation to these two

positions (Table 5.1).
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Table 5.1: Summary of 13C assignments and chemical shifts of ethidium (12) and
3,8-bis cbz ethidium chloride (18). HETCOR and HMBC experiments were used
to assign all carbon atoms in the phenanthridinium core of 12 and 18.

Carbon 12 δ (ppm) 18 δ (ppm) ∆∆∆∆ δ (ppm) π-electron density

1 123.7 125.5 1.8 -0.014
2 119.2 121.4 2.2 -0.017
3 150.5 142.3 2.2* -0.017
4 97.7 107.0 9.3 -0.070
6 157.5 163.4 5.9 -0.045
7 107.1 117.5 10.4 -0.079
8 147.2 140.3 2.1** -0.016
9 127.1 128.6 1.5 -0.011

10 121.8 123.8 2 -0.015
11 126.6 130.5 3.9 -0.030
12 116.6 121.4 4.8 -0.036
13 133.3 134.5 1.2 -0.009
14 125.4 125.7 0.3 -0.002

*Change is the difference between 8-cbz ethidium and ethidium chloride.
**Change is the difference between 3-cbz ethidium and ethidium chloride.

We have combined the contributions of cation distribution (Figure 5.15 A) with

charge separation (Figure 5.15 B) to create the first experimentally determined

electrostatic map of ethidium (Figure 5.15 C). This map illustrates the π-electron

distribution of partial positive and negative charges over the phenanthridinium

core of ethidium. As expected, the most electron-poor carbons are ortho- and

para- relative to the quarternary amine (C6, C11 and C13). Interestingly, these

carbons are directly bound by the four most electron-rich carbons (C4, C7, C12,

and C14). The electron density of the exocyclic amines, therefore, appears to be

directed onto carbons that can diminish the electrostatic repulsion between these

positively charged positions.
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Crystal structures of ethidium intercalated into nucleotide diphosphates show that

the C6 and the quarternary amine are not involved in base stacking

interactions.138 We can consider, therefore, only the biphenyl “core” of ethidium

for modeling stacking interactions with base pairs. It is interesting that formal

negative charges dominate most of the carbons in the phenthidinium core of

ethidium. These electron-rich positions may base-stack with the electron poor

positions of the base pairs (the exocyclic amines). In collaboration with Dr. Kim

Baldridge, we are comparing possible electrostatic complementation between

ethidium and different intercalation sites. Previous electrostatic models of

ethidium neglect the significant electronic differences between the 3 and 8

positions and vastly underestimate the contributions made by “directed” charge

separation.149,156 We find that the differences in partial positive charges on the

exocyclic amines correlates with the differences in reactivity and basicicity of

these positions (next section).

5.2 Synthesis of Ethidium Bromide Derivatives

The exocyclic amines of ethidium, especially the 3 position, are poor

nucleophiles and weakly basic (pKa3 = 0.8, pKa8 = 2) (Section 5.3). The electron

withdrawing effect of phenanthridinium requires the use of highly reactive

electrophiles to modify ethidium’s exocyclic amines. Until now, no general

method for the systematic protection and “modular” modification of ethidium’s

exocyclic amines has been reported. The exocyclic amines of ethidium can be

protected by a reaction with benzyl choroformate (Figure 5.16). By using one
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equivalent of cbz-chloride, a mixture of products is obtained that can be

separated using standard silica gel chromatography on gram-scale quantities

(see E 5.2 for synthetic details). The main products are 8-cbz ethidium chloride

(50%) and 3-cbz ethidium chloride (10%). The remainder is 3,8-bis cbz ethidium

chloride (2%) and unreacted starting material (Figure 5.16).

Figure 5.16: Protection of ethidium bromide with benzyl chloroformate. See
section E 5.2.1 for synthetic details. The assignment of each isomer (16) and
(17) was confirmed by X-ray crystallography (Section 5.2).
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relative to the 3 position and have attributed the differences to steric constraints

imposed by dimerization of ethdium in solution.145 It is more likely, however, that

the inherent electronic differences between the these two exocyclic amines are

responsible for the differences in reactivity (Section 5.1).

Figure 5.17: Synthesis of 3-guanidino ethidium chloride (19). Isolated yields are
reported. See E 5.2.2 for experimental details and characterization.
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Guanidinylation of ethidium was conducted using three different methods (Figure

5.17). The best reagent for guanidinylation of ethidium proved to be N,N’-bis-

Boc-S-methyl-isothiourea (activated with mercury dichloride) to afford a 70%

isolated yield of the protected product (3-diBoc-guanidino 8-cbz ethidium

chloride) (Figure 5.17). Removal of both the cbz and Boc groups was performed

simultaneously by refluxing 3-diBoc-guanidino 8-cbz ethidium chloride in 6M HCl

/ MeOH (1 hr). Reversed-phase chromatography was used to purify the desired

product 19 that was obtained in 70% yield. The other guanidino-ethidium

derivatives 20 and 21 were also synthesized by this method with similar yields

(see Section E 5.2.3 and E 5.2.4 for details and characterization).

Figure 5.18: Unsuccessful attempts at synthesizing urea derivatives of ethidium.
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chloroformate, however, the exocyclic amine can be successfully activated for

urea formation (Figure 5.19). This two-step approach allows for facile synthesis

of substituted and unsubstituted ureas (Figure 5.19 and 5.20).

Figure 5.19: Typical synthetic route for urea derivatives. Amines other than
ammonia produce substituted ureas. Harsh deprotection conditions (refluxing 6
M HCl) result in partial urea hydrolysis (last step), but the phenanthridinium
“core” of ethidium is susceptible to reduction with the standard method of cbz
removal (H2/Pd).

Various amines have been conjugated to ethidium through urea linkages (Figure

5.20). All of these derivatives have photophysical properties similar to their

“simple” urea ethidium counterparts (Figure 5.1), but these compounds exhibit

dramatically different nucleic acid affinities and specificities (next section).
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Figure 5.20: Examples of ethidium-urea conjugates and isolated yields (see
section E 5.2.11 – E 5.2.16 for synthesis and characterization). A “*” indicates
synthesized and characterized by Charles Liu.
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therefore, not available for electron donation into the phenanthridinium system or

for hydrogen bonding with nucleic acids. Interestingly, the UV absorbance

maximum of 27 is very similar to both 3, 8-bis cbz ethidium (18) and to 3, 8-bis

cbz ethidium (22), but it is approximately 50-fold less emissive compared to

these compounds (Figure 5.1). This suggests that charge transfer from pyrrole

into phenanthridinium may occur in the excited state of 27, but electron donation

into phenanthridinium does not occur in the ground-state.

Figure 5.21: Synthesis of 3,8-bis pyrrole ethidium acetate. The mono pyrrole
derivatives 25 and 26 were synthesized under similar conditions (using the mono
cbz derivatives as starting materials). See section E 5.2.9 for full synthetic details
and characterization).
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guanidino ethidium (19) and 8-guanidino ethidium (20) by using the same

method (Figure 5.23, Left).

Figure 5.22: Changes in the λabs of ethidium as a function of pH; no changes in
λabs are observed between pH 5.0 – 12.8. By taking the pH at each inflection
point as equal to the pKa, a pKa of 0.8 and 2.0 are measured for 3 and 8 amines,
respectively. These values are similar to those reported by Zimmerman (at 0.7
and 2.4, respectively).168

Figure 5.23: Changes in the λabs of 3-guanidino ethidium (19) and 8-guanidino
ethidium (20) as a function of pH (left). Changes in the λabs of 3,8-bis guanidino
ethidium (21) and 3, 8-bis urea ethidium (24) as a function of pH (right). The
errors for each point are approximately ±1 nm and ± 0.05 pH units. See Section
E 5.3 for additional experimental details.
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Both 19 and 20 exhibit monophasic titration curves (Figure 5.23, Left). By taking

the pH of each inflection point as equal to the pKa, a pKa of 9.2 and 9.9 are

measured for 3-guanidino ethidium (19) and 8-guanidino ethidium (20),

respectively. 8-guanidino ethidium (20) is, therefore, significantly more basic than

3-guanidino ethidium (19). This is consistent with the 8 position of ethidium

having more electron density and greater reactivity as compared to the 3 position

(Sections 5.1 – 5.2). 3,8-bis guanidino ethidium (21) has a biphasic titration curve

(Figure 5.23, Right). Since 8-guanidino ethidium (20) is more basic than 3-

guanidino ethidium (19), the inflection points at pH 6.2 and pH 9.5 are assigned

as the 3 and 8 positions of 21, respectively. These results are consistent with the

pKa values of the mono-guanidino derivatives 19 and 20, since protonation of the

8 position should significantly lower the pKa of the 3 position. As a control 3, 8-

bis urea ethidium (24) was also monitored as a function of pH, and shows no

changes in its absorption spectrum over this pH range (Figure 5.23, Right).

These studies indicate that at pH 7.5 all three of the guanidino derivatives 19, 20,

and 24 exist as dications and ethidium (12) exists as a monocation. A summary

of the pKa values for each compound is presented in Figure 5.24.



127

Figure 5.24: A summary of pKa values as determined by UV-vis absorption. The
counterions for 12 are biphthalate, and the counterions for 19, 20, and 21 are
phosphate.

5.4 Preliminary Evaluation of the Nucleic Acid Affinity and Specificity of
Ethidium Derivatives

A-G and G-G base pairs in the internal bulge of the RRE may present unique

recognition elements for small-molecule binding (Figure 2.3 B). By increasing the

dimensions of an intercalating agent, it may become too large to intercalate into

“normal” duplex regions but still “fit” into the unusually wide purine-purine base

pairs of the RRE. This may lead to intercalating agents with improved RRE

selectivity. Importantly, by decreasing its affinity to “nonspecific” nucleic acids,

the mutagenic activities of ethidium-based compounds may be minimized.

N

N
H

H2N

N

NH2N
H

N

NH3H3N

N

N
H

N
HH2N

N

H

H

pKa = 0.8
pKa = 9.2

pKa = 9.8pKa = 9.5pKa = 6.2

pKa = 2.0

H2N

N

H

H

NH2

N

H

H

NH2

N

H

H

3-guanidino ethidium (19)

8-guanidino ethidium (20)3,8-bis guanidino ethidium (21)

ethidium (12)

+

++

+

+ +

+

+

+



128

The positive charge afforded by ethidium’s quarternary amine is essential for its

high-affinity binding of the RRE. 3,8-diamino-6-phenylphenanthridine, an

uncharged analog of ethidium, has over a 20-fold lower affinity to the RRE

compared to ethidium. It was hypothesized, therefore, that conversion of the

amino groups on ethidium into guanidinium would increase the positive charge of

ethidium and, therefore, increase its affinity to the RRE. The guanidino

derivatives 19, 20, and 21 are 105 – 108 times more basic compared to ethidium,

and each compound exists as a dication at pH 7.5. The binding of these

compounds to the RRE was evaluated by using a Rev peptide displacement

assay (Section E 3.1), and the results are summarized in Table 5.2

According to fluorescence anisotropy RevFl peptide displacement experiments

(Section 3.1), the guanidino derivatives (19, 20, and 21) have approximately 20 –

60 fold lower RRE affinities as compared to ethidium (Table 5.2). It is possible,

that the introduction of guanidino groups lowers RRE affinity due to unfavorable

steric interactions. To test this, the urea derivatives 22, 23, and 24 were

evaluated for RRE affinity (Table 5.2). Interestingly, the urea derivatives have

much better RRE affinities as compared to the guanidino derivatives. It appears

that the introduction of an additional charge actually decreases RRE affinity. This

is the opposite trend as observed for compounds that bind in the grooves of RNA

(next section).
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Table 5.2: Summary of RevFl displacement experiments (by anisotropy) and of
direct binding experiments with calf thymus (CT) DNA.

Compound Rev-RRE
IC50 (µM)I

CT DNA
C50 (µM)II

Approximate
CT DNA
Kd (µM)V

Specificity
RatioVI

Ethidium (12) 0.2 12 3.1 0.065

3-guanidino ethidium (19) 4.1 30 8.6 0.48

8-guanidino ethidium (20) 8.1 120 36 0.23

3,8-bis guanidino ethidium (21) 11 70 21 0.52

3-urea ethidium (22) 0.4 120 36 0.011

8-urea ethidium (23) 4.0 60 18 0.22

3,8-bisurea ethidium (24) >1III 350 106 n.d.

3-pyrrole ethidium (25) 0.6 40 12 0.05

8-pyrrole ethidium (26) 0.4 20 5.6 0.071

3,8-bispyrrole ethidium (27) >4III n.d.IV n.d. n.d.

3,8-bis urea-2-DOS ethidium (33) 0.2 10 2.5 0.08

8-urea-ethidium-6'-neamine (34) 0.016 10 2.5 0.0064

3-urea-ethdium-6'-neamine (35) 0.010 20 5.6 0.0017

8-urea-ethidium-6'-3'deoxyneamine (36) 0.0014 10 2.5 0.00056

3-urea-ethidium-6'-3'deoxyneamine (37) 0.00080 18 5.0 0.00016

Neo-S-acridine (39) 0.016 1.2 < 0.1 >0.16

I 10 nM each RevFl and RRE66
II Concentration of CT DNA (in b.p.) needed to bind ½ of a 1 µM solution of each ligand as
monitored by the fluorescence intensity of the ligand.
III Fluorescence interference with RevFl allows only a limit to be reported.
IV No significant changes in fluorescence intensity upon binding DNA.
V Approximate Kd = ((C50 / 3.3) – 0.5)
VI Ratio of (Rev-RRE IC50 / CT DNA C50)

The introduction of an additional positive charge onto ethidium may disrupt the

charge distribution on the core of ethidium (Section 5.1), resulting in less

favorable electrostatic complementation with its intercalation site(s) on the RRE.
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Or, the desolvation of the guanidinium group (upon intercalation) may impose a

significant energetic penalty such that the guanidino derivatives may actually

surface-bind to nucleic acids. The changes in spectral properties of 3,8-bis

guanidino ethidium upon saturation with CT DNA, however, are very similar to

those for both the bis-pyrrole and bis-urea derivatives, suggesting a common

binding mode for all three derivatives (Table 5.3).

To evaluate the affinities of these compounds to “non-specific” nucleic acids, C50

values were measured by monitoring the fluorescence of each ethidium

derivative upon titration of CT DNA. Most derivatives show significant changes in

their spectral features upon binding DNA (Table 5.3). The concentration of CT

DNA needed to bind ½ of each derivative (C50 value) is summarized in Table 5.2.

Compounds that have a high specificity for the RRE will have a low affinity to CT

DNA and a high Rev-RRE inhibition activity. Among the “simple” ethidium

derivatives (Figure 5.1), 3-urea ethidium has the best RRE specificity (relative to

CT DNA). By taking the ratio of Rev-RRE IC50 divided by CT DNA C50 for each

compound, a “specificity ratio” can be calculated for each compound (Table 5.2).

A lower “specificity ratio” indicates a higher RRE specificity (relative to CT DNA).

The specificity ratio for 3-urea ethidium is 5-fold better than ethidium, due to its

low affinity for CT DNA (Table 5.2).

The conjugation of ethidium to neamine and to 3'deoxyneamine produces

compounds with extremely high RRE affinity and specificity. Compounds 34 – 37
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(Figure 5.20) have 13 – 250 fold higher Rev-RRE inhibition activities as

compared to ethidium (Table 5.2). Upon saturation with CT DNA, the spectral

changes of 34 – 37, especially for emission intensity, are almost identical to the

changes exhibited by their respective “simple” urea derivatives 22 and 23 (Table

5.3). This suggests that the ethidium moiety in compounds 34 – 37 does, in fact,

intercalate upon binding nucleic acids.

Table 5.3: Summary of the spectral changes upon saturation with CT DNA.
Compare with Figure 5.1 to obtain absolute values.

Compound Change in λ-
abs (nm)

Change in λ-
em (nm)

Change in
emission intensity

Ethidium (12) +34 -7 +700%

3-guanidino ethidium (19) +27 -4 +180%

8-guanidino ethidium (20) +32 0 +200%

3,8-bis guanidino ethidium (21) +20 0 -30%

3-urea ethidium (22) +32 -16 +360%

8-urea ethidium (23) +29 -7 +740%

3,8-bisurea ethidium (24) +11 0 -400%

3-pyrrole ethidium (25) +35 -16 +230%

8-pyrrole ethidium (26) +28 -12 +730%

3,8-bis pyrrole ethidium (27) +18 0 0%

8-urea-ethidium-6'-neamine (34) +28 -17 +630%

3-urea-ethidium-6'-neamine (35) +26 -17 +340%

8-urea-ethidium-6'-3'deoxyneamine (36) +26 -18 +690%

3- urea-ethidium-6'-3'deoxyneamine (37) +26 -14 +370%
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Interestingly, conjugation at the 3 position of ethidium is more favorable than

conjugation at the 8 position (compare 34 to 35 and 36 to 37). This is the same

trend as observed with the “simple” urea-derivatives 22 and 23 (Table 5.2).

The deoxyneamine derivatives have about a 10-fold higher RRE affinity

compared to the neamine conjugates (compare 34 to 36 and 35 to 37). This is

the same trend as observed for deoxytobramycin derivatives, where the removal

of hydroxyl groups increases the HH16 affinity of most derivatives.36

Importantly, compounds 34 – 37 have a much higher affinity to the RRE

compared to ethidium, but the same or lower affinity for CT DNA. These

compounds, therefore, have a high RRE specificity, relative to CT DNA.

Included in Table 5.2 is the fully characterized RRE ligand “Neo-S-acridine”

(presented in the next section).169 This compound is typical of most glycoside-

intercalator conjugates. Neo-acridine has a high RRE affinity, but also binds to all

“non-specific” nucleic acids with very high affinity, and therefore exhibits a low

RRE specificity. Compared to neo-acridine, 3-urea-deoxy-neamine ethidium (37)

has, at least, a 1,000-fold higher RRE specificity (relative to CT DNA). 37 has

also been evaluated for its affinity to poly r(A) – r(U), poly r(I) – r(C), tRNAMIX, and

tRNAPhe (Table 5.3). It has about the same or an even lower affinity to all of these

“non-specific” RNAs as compared to CT DNA (Table 5.3). The C50 value for

RRE66 (0.25 µM) represents the minimum theoretical C50 value if 2 high-affinity

binding sites for 37 are on the RRE (since 1 µM of 37 was used). When a 5-fold
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lower concentration of 37 is used (200 nM), the C50 for RRE66 is 50 nM. This

confirms that 37 has 2 high-affinity binding sites (Kd < 20 nM) on the RRE66. This

represents a least a 10,000-fold higher affinity for the RRE as compared to

tRNAPhe (Table 5.4). In collaboration with Q. Liu (Tor Lab), we are continuing the

investigation of the RRE affinity and specificity of compounds 34 – 37.

Table 5.4: C50 values for 1 µM of 37.
Nucleic Acid C50 (µM)

CT DNA 18*

Poly r(A) – r(U) 10*

Poly r(I) – r(C) 65*

tRNAMIX 17**

tRNAPhe 250***

RRE66 0.25***

* Reported in base-pairs
** Reported in bases
*** Reported in strands

New derivatives of ethidium bromide have provided a fascinating collection of

small molecules. The electronic structure of ethidium has, for the first time, been

thoroughly characterized and has provided some surprising revelations. The

presence of carbons atoms with partial anionic charges in the phenanthridinium

core of ethidium may be an important determinant of base stacking interactions.

Other groups have shown that ethidium thermally stabilizes duplex RNA, more so

than all other “classic” intercalating agents.170 Ethidium’s unusual electronic

features may eventually explain this finding. The substitution of ethidium’s
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exocyclic amines with other functional groups significantly perturbs its electronic

structure. Most of the new derivatives have much lower nucleic acid affinities and

may, therefore, prove less mutagenic as compared to ethidium. The conjugation

of neamine and deoxyneamine to ethidium, especially through the 3 amine,

however, provides compounds with truly impressive RRE affinities and

specificity. The anti-HIV activity of these conjugates and of the “simple” urea

derivatives 23 and 24 are currently being evaluated at the Center for AIDS

Research, UCSD.

Much has been learned about ethidium, but some mysteries still remain. For

example, upon binding DNA, the visible absorbance spectrum of ethidium red-

shifts and the emission spectrum blue-shifts (Table 5.3). This suggests that upon

intercalation, the energetic gap between the ground-state and the first excited (or

“Frank Condon”) state becomes smaller, but the energy difference between the

emissive state and the ground state becomes larger. The quantum yield, upon

intercalation, increases by 700% (Table 5.3). There is still no accepted

explanation for all three of these photophysical changes. The new derivatives of

ethidium show diverse spectral changes upon binding CT DNA (Table 5.3).

Trends are apparent between the 3 and 8 positions, and differences between

functional groups are also observed. An astute reader may, one day, use this

data to construct a model that can fully explain the spectral changes of ethidium

upon intercalation.
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6.0 Aminoglycoside-Based Ligands

Aminoglycosides are highly selective in their preferential binding of RNA over

DNA, but show much less discrimination between different RNA molecules.

Aminoglycosides bind to a wide range of unrelated RNAs including simple duplex

RNA,118 16S and 18S rRNAs,30,171 mRNA transcripts,172 tRNA,70 and a large

number of autocatalytic RNAs.173 This general affinity for RNA is related to the

ability of aminoglycosides to bind the major groove of RNA through electrostatic

interactions mediated by ammonium groups.36,118,174-175,176 Aminoglycosides are

selective for A-form over B-form type duplexes, and can facilitate the

conformational change of calf thymus (CT) DNA from a B-form into an A-form

double helix.176

In 1993, an important demonstration of viral RNA targeting was established for

the aminoglycoside family of antibiotics.82 Zapp et al. reported that certain

aminoglycosides bind to the RRE and displace Rev with moderate activities (1 µM

<IC50<100 µM).82 Later studies, by Hendrix et al., showed that the most active

aminoglycoside, neomycin B, binds non-specifically to multiple sites on the

RRE.175 Unfortunately, adverse side effects and poor anti-HIV activities have

prevented the use of aminoglycosides as anti-viral agents. In attempts to improve

these properties, modifications to aminoglycosides have been made. The

resulting compounds exhibit dramatically enhanced RRE affinity, interesting

trends in nucleic acid specificity, and some derivatives possess highly potent anti-

HIV activities.
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6.1 Neomycin-Acridine Conjugates

Neomycin B was reported to bind near the purine-rich bulge of the RRE.82

Flanking this internal bulge is a single adenosine bulge (Figure 6.0). Intercalating

agents are known to preferentially bind to duplex regions containing single-base

bulges.139 Indeed, both 9-aminoacridine and ethidium bromide bind, with high

affinity to the RRE (Section 3.4 Figures 3.13 & 3.14). In an attempt to create an

RRE ligand that will simultaneously recognize both the internal bulge and the

single-base bulge of the RRE, 9-aminoacridine was conjugated to neomycin B

(Figure 6.1). In collaboration with Dr. Sarah Kirk, neo-S-acridine (39) was the first

aminoglycoside – acridine conjugate to be synthesized and fully characterized for

RNA binding.177

Figure 6.0: High-affinity Rev binding site (bold),43 enzymatic foot-printing of
neomycin B (*),82 and potential high-affinity intercalation sites (arrows).139
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Figure 6.1: Structures of three Neo-acridine conjugates. See section E 6.1 for
the synthesis and characterization of compounds 38 and 40.

Native gel-shift electrophoresis and enzymatic footprinting experiments suggest

that neo-S-acridine binds to a single high-affinity site on the RRE and displaces

the Rev peptide with a 10-fold higher activity compared to neomycin B (Figure

6.2 A & B). Conducted in the presence of a large excess of tRNA, native gel-shift

experiments show that Neo-S-acridine displaces ½ of the Rev peptide at about

0.75 µM (lane 16, Figure 6.2 A) and the IC50 value for neomycin B is

approximately 10 µM (lane 9 Figure 6.2 A). These results are similar to the IC50

values measured by the solid-phase assay when RevFl displacement

experiments are conducted in the presence of a large excess of tRNA (Table

6.1).
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(a)

(b)

Figure 6.2: (a): Conducted in the presence of a large excess of tRNAMIX (50 µg /
mL), gel-shift mobility assays have been employed to qualitatively study the
interactions of neo-S-acridine (39) with the RRE 66. All lanes contained 25 nM of
RRE66 with a trace of 5'-32P labeled RRE, lanes 2–19 contain 2 µM Rev-IA.
Lane 1, RRE only; lane 2 and 19, RRE + Rev only; lanes 3–10, RRE + Rev with
0.5 µM, 1 µM, 1.25 µM, 2.5 µM, 3.75 µM, 5 µM, 7.5 µM, 10 µM neomycin B,
respectively; lanes 11–18 RRE + Rev with 25 nM, 50 nM, 100 nM, 200 nM, 500
nM, 750 nM, 1.25 µM, 2.5 µM neo–acridine, respectively. While not observed for
neomycin B, a binary neo–acridine-RRE complex is formed at 2.5 µM (lane 18).
(b) Summary of enzymatic footprinting experiments conducted at 2.5 µM of 39
and in the presence of a large excess of tRNA. Three ribonucleases (RNase T1,
RNase A, and RNase V1) were used in this study.177 A second equivalent of
Neo-S-acridine can bind to the RRE at higher concentrations (10 µM) and
enzymatic footprinting indicates that this second binding site is in the same
region as the first binding site.177
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Native gel shift electrophoresis suggests that a single equivalent of neo-S-

acridine is sufficient to displace RevFl (Figure 6.2 A). Upon complete

displacement of Rev, a complex is formed between RRE66 and neo-S-acridine,

having ½ the mobility of the Rev-RRE complex (Figure 6.2 A, lane 18). Since

Neo-acridine has approximately ½ the charge and mass of Rev-IA, we interpret

this as a 1:1 complex of Neo-S-acridine and RRE 66. Three different

ribonucleases were utilized to generate a footprint of this binary complex (results

summarized in Figure 6.2 B). As expected, neo-S-acridine binds to the RRE in

the same region as the Rev peptide.

Table 6.0: IC50 and Ki values for RevFl displacement at different
RRE66 concentrations (by fluorescence anisotropy, Section 3.1).

Compound / Value 10 nM RRE66 120 nM RRE66

Rev IA / IC50 14 ± 4 nM 210 nM ± 30 nM

Rev IA / Ki
*

2.0 ± 1.0 nM 2.1 nM ± 0.6 nM

Neo-S-Acridine / IC50 17 ± 3 nM 270 ± 50 nM

Neo-S-Acridine / Ki
*

2.7 ± 0.8 nM 4.5 ± 1.0 nM

Neo-Neo / IC50 17 ± 3 nM 440 ± 30 nM

Neo-Neo / Ki
*

2.7 ± 0.8 nM 7.3 ± 0.6 nM

Neomycin B / IC50 0.9 ± 0.3 µM 7.0 ± 1 µM

Neomycin B / Ki
*

0.22 ± 0.07 µM 0.18 ± 0.03 µM

* Ki calculated from IC50, assuming a single binding site displaces RevFl
and that the RevFl-RRE66 affinity is Kd = 3 nM

In the absence of competitor nucleic acids, neo-S-acridine binds to the RRE with

about the same affinity as the unlabeled Rev peptide “Rev-IA” (Table 6.0 and

Table 6.1). Since a single Neo-S-acridine binding site can displace Rev, Ki

values can be calculated from Rev-RRE IC50 values (as described in Figure 3.4

and Section E 6.1.2). Both neo-S-acridine and the Rev peptide bind to the RRE
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66 with high affinity (Table 6.0). Ki values calculated for neo-S-acridine and Rev-

IA are similar even at different concentrations of RRE 66 (Table 6.0). A Ki = 3 ± 2

nM is calculated for neo-S-acridine (39), and a Ki = 2 ± 1 nM is calculated for the

unlabeled Rev peptide Rev-IA.

Based on fluorescence anisotropy measurements, neomycin B has a slightly

lower Ki value when calculated at 120 nM of RRE compared to 10 nM of RRE

(Table 6.0). This effect is much more pronounced for tobramycin (Table 6.2).

This suggests that at higher RRE concentrations, the “regular” aminoglycosides

have additional (lower affinity) binding sites on the RRE that are capable of

displacing the Rev peptide. Indeed, other groups have concluded that neomycin

B has multiple binding sites and that more than one equivalent of neomycin is

necessary to displace Rev from the RRE.89,175 As opposed to the unmodified

aminoglycosides, neo-S-acridine has a slightly higher Ki value at higher RRE

concentrations (Table 6.0). This effect is also seen for the other two neomycin-

acridine conjugates 38 and 40 (Table 6.2) and suggests that neo-S-acridine has

one or more non-inhibitory binding sites on the RRE that become more apparent

at higher RRE concentrations. Interestingly, this effect is much more pronounced

for the neomycin B dimer “neo-neo” (presented later). In contrast, the Ki value for

the unlabeled Rev peptide (Rev-IA) is consistent at both RNA concentrations

(Table 6.0).
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At the time of publication, the binding between Neo-S-acridine and the RRE66

was the highest affinity interaction between a natural RNA and synthetic ligand

ever reported.177 Two other groups have also reported aminoglycoside –

intercalator conjugates, but neither group has disclosed compounds with such a

high RNA affinity.178,179 Gel shift electrophoresis and enzymatic footprinting

experiments indicate that neo-S-acridine forms a well-defined complex with the

RRE (Figure 6.2), and its affinity for the RRE is similar to that of the Rev peptide

(Table 6.0). It was surprising, therefore, to discover that neo-S-acridine has a

very low specificity for the RRE.

To evaluate the RRE specificity of neo-S-acridine, the solid-phase assay (Section

6.2) was used to measure IC50 values in the presence or absence of other

nucleic acids (Table 6.1). By dividing the average IC50 values measured in the

presence of competing nucleic acids by the IC50 values measured in the absence

of competing nucleic acids, a “selectivity ratio” is determined (Table 6.1). The

lower this value is, the more selective the ligand is for the RRE. The absolute

RRE specificity of the compound, as we have defined it (Section 1.6), is a

combination of both the RRE selectivity and the absolute affinity for the RRE.

Consistent with fluorescence anisotropy, the solid-phase assay indicates that

both neo-S-acridine and the unlabeled Rev peptide have approximately the same

affinities for the RRE (Table 6.1). Upon addition of CT DNA or tRNAMIX, however,

the activity of neo-S-acridine drops by 10 – 40 fold. Under the same conditions,
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the IC50 values for the unlabeled Rev peptide drop by only 2 – 3 fold (Table 6.1).

This indicates that neo-S-acridine has a much higher affinity to non-specific

RNAs and DNAs as compared to the Rev peptide. Indeed, by monitoring the

fluorescence of either the RevFl peptide or neo-S-acridine as a function of DNA

concentration, a low affinity between RevFl and CT DNA is measured (Kd = ~250

µM, Table 3.1), while a very high affinity between neo-S-acridine and CT DNA is

seen (Kd < 100 nM, Table 5.2).

Table 6.1: IC50 Values(µM) according to solid-phase assay.*

Compound IC50 IC50 with
C.T. DNA**

IC50 with
tRNAmix***

RRE
Selectivity
Ratio****

Neo-N-acridine (38) 0.040 0.15 1.2 17

Neo-S-acridine (39) 0.040 0.45 1.6 26

Neo-C-acridine (40) 0.040 1.7 2.3 50

Tobra-N-acridine (41) 0.24 4.0 2.8 14

KanaA-N-acridine (42) 0.61 2.5 2.2 3.9

Neo-Neo (43) 0.050 0.11 4.8 49

Tobra-Tobra (45) 0.13 0.20 2.6 11

KanaA-KanaA (47) 0.24 0.60 2.5 6.5

Rev-IA 0.035 0.080 0.085 2.3

* Approximate error for each value +/- 35% of IC50 value.
** 230 µM (bases) of a tRNA mixture (Sigma type X) included.
*** 115 µM (base pairs) of CT DNA included.
**** Selectivity ratio = (average IC50 in the presence of DNA and tRNAMIX)

(IC50 in the absence of other nucleic acids)

The RRE specificity of neo-S-acridine can be improved by decreasing the linker

length between its two moieties. Neo-N-acridine (38) has approximately the

same RRE affinity, but compared to neo-S-acridine, it retains more of its activity

in the presence of a vast excess of DNA and tRNAMIX (Table 6.1). The three neo-
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acridine conjugates 38 – 40 each have the same RRE affinity, so the differences

in selectivity are directly proportional to the differences in RRE specificity (Table

6.1). An obvious trend in RRE specificity is observed for these three conjugates

(Figure 6.1). Neo-N-acridine has the shortest linker and an improved RRE

specificity as compared to neo-S-acridine, and neo-C-acridine has the longest

linker and the worst RRE specificity (Table 6.1). The linker length, therefore, is

inversely proportional to RRE specificity exhibited by these compounds. The

short linker length provided by neo-N-acridine may provide fewer degrees of

freedom to the conjugate and, therefore, fewer nucleic acids can bind to it with

high affinity.

Ethidium bromide displacement experiments (as described in Section 3.3)

confirm that both neo-C-acridine and neo-S-acridine have much higher affinities

to “non-specific” competitors (including calf thymus DNA and poly r(A) – r(U)) as

compared to neo-N-acridine (Table 6.2). One interesting difference does exist,

however, between tRNAMIX and poly r(A) – r(U) (compare Table 6.1 and 6.2).

Neo-S-acridine has the “optimal” linker length for binding to poly r(A) – r(U)

(Table 6.2). It has 3- and 13-fold higher affinities to poly r(A) – r(U) as compared

to neo-C-acridine and neo-N-acridine, respectively (Table 6.2). This may indicate

that neo-N-acridine has too short of a linker for both the acridine and the

neomycin moieties to bind the duplex simultaneously. On the other hand, the

extremely long linker of neo-C-acridine may impose an entropic disadvantage for

the simultaneous binding of both moieties to poly r(A) – r(U).
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Table 6.2: RevFl-RRE66 IC50 values (µM) and approximate RRE affinity (Ki), and
the IC50 values for ethidium displacement from RNA and DNA.

Compound

RevFl
(10nM)

+ RRE66
(100nM)

IC50

RRE66
Affinity**

(Ki)
(100 nM)

RevFl
(10nM)

+ RRE66
(10nM)

IC50

RRE66
Affinity***

(Ki)
(10 nM)

Ethidium
+ poly

r(A)-r(U)
IC50****

Ethidium
+ C.T. DNA

IC50****

Kanamycin A (1) 750 1.9x10-05 100 2.5x10-05 450 >15,000

Tobramycin (3) 45 1.1x10-06 10 2.5x10-06 25 >800

Neomycin B (5) 6.7 1.7x10-07 0.9 2.2x10-07 6.0 60

Neo-N-acridine (38) 0.23 3.5x10-09 0.016 2.5x10-09 0.65 0.85

Neo-S-acridine (39) 0.25 4.0x10-09 0.017 2.8x10-09 0.05 0.14

Neo-C-acridine (40) 0.27 4.5x10-09 0.017 2.8x10-09 0.13 0.08

Tobra-N-acridine (41) 0.33 6.0x10-09 0.030 6.0x10-09 1.3 0.49

KanaA-N-acridine (42) 0.48 9.8x10-09 0.045 9.8x10-09 4.4 2.1

Neo-Neo (43) 0.40 7.8x10-09 0.017 2.8x10-09 0.067 0.65

Neo-N-Neo (44) 0.26 4.3x10-09 0.015 2.3x10-09 0.035 0.45

Tobra-Tobra (45) 0.64 1.4x10-08 0.040 8.5x10-09 0.61 1.0

Tobra-N-Tobra (46) 0.80 1.8x10-08 0.043 9.3x10-09 0.47 1.5

KanaA-KanaA (47) 1.2 2.8x10-08 0.050 1.1x10-08 6.0 12.0

* Random errors are less than or equal to ± 35% of each IC50 value.
** Calculated from Rev-RRE IC50 values at 10 nM of RRE, these estimates assume that 1
equivalent of the small molecule is sufficient to displace RevFl.
*** Calculated from Rev-RRE IC50 values at 100 nM of RRE, these estimates assume that 1
equivalent of the small molecule is sufficient to displace RevFl.
**** 1.3 µM of ethidium bromide + 300 nM (base pairs) of the duplex nucleic acid.

As indicated by the solid-phase assay, ethidium displacement experiments show

that neo-C-acridine has the highest affinity for CT DNA, followed by neo-S-

acridine, and neo-N-acridine has the lowest affinity (among the neomycin-

acridine conjugates). The longer linker provided by neo-C-acridine may give DNA

better “access” to the intercalating agent, as neomycin B is an RNA-selective

molecule and acridine is essentially a non-specific intercalating agent.
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Another group has also synthesized intercalator-glycoside conjugates with

variable linkers.178 Their approach, however, involves incorporation of a variable-

length methylene spacer to link the 6" amine of paromomycin to either pyrene or

thiazole orange. Subsequent evaluation of these compounds as A-site

antagonists indicated that as the number of atoms in the linker increases, the A-

site affinity decreases.178 This is a very different trend as observed with our

conjugates. All of the neo-acridine conjugates have, within error, the same RRE

affinities (Table 6.1 and Table 6.2). In addition, the neo-acridine conjugates with

a longer linker have a higher DNA affinity. It is possible that highly flexible,

hydrophobic linkers (including poly methylene chains) introduce a significant

penalty for RNA binding. Indeed, other groups have found that linker composition

is an important determinant for RNA binding.69b Ethylene glycol and thioether

linkers are well-hydrated flexible linkages that should not, by themselves, exhibit

significant favorable (or unfavorable) interactions with RNA.

6.2 Other Aminoglycoside-Acridine Conjugates

We have conjugated aminoacridine to the 6'' hydroxyls of both tobramycin and

kanamycin A (Figure 6.3). RevFl displacement experiments indicate that tobra-N-

acridine has a 300-fold higher affinity, and kanaA-N-acridine has over a 2,200-

fold higher affinity to the RRE, as compared to their “parent” aminoglycosides

(Table 6.2). In comparison, the conjugation of acridine to neomycin B only

increases its affinity to the RRE by a factor of 65 (Table 6.2).
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Figure 6.3: Structures of kanamycin A and tobramycin acridine-conjugates. See
section E 6.2.1 for synthesis and characterization of 41.

KanaA-N-acridine (42) has a slightly lower RRE affinity, but exhibits a much

better RRE selectivity ratio as compared to the other aminoglycoside-acridine

conjugates (Table 6.1). Ethidium displacement experiments confirm that,

compared to the other acridine conjugates, kanaA-N-acridine has a much lower

affinity to other nucleic acids, including CT DNA and poly r(A) – r(U) (Table 6.2).

Compared to neo-S-acridine, kanaA-N-acridine has about a 4-fold lower affinity

for the RRE, but a 90-fold lower affinity to poly r(A) – r(U) and a 15-fold lower

affinity to CT DNA (Table 6.2). This illustrates why kanaA-N-acridine is

significantly more selective for the RRE as compared to the neo-acridine

conjugates (Table 6.1).

Tobra-N-acridine (41) has an RRE affinity and selectivity that is intermediate

between the neo-acridine conjugates and kanaA-N-acridine (Table 6.1 and Table

6.2). It appears, therefore, that there is an inverse relationship between the RRE

affinity and the RRE selectivity of these compounds: as the affinity for the RRE
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increases, the selectivity for the RRE typically decreases. This trend is observed

in two other families of compounds and may, therefore, reflect a general trend

(presented later).

Interestingly, the calculated RRE66 affinities (Ki) for kanaA-N-acridine and tobra-

N-acridine are identical at 10 nM and 100 nM of RRE66 (Table 6.2). This

suggests that these compounds, unlike all three neo-acridine conjugates, do not

have multiple non-inhibitory binding sites on the RRE over this concentration

range. This is fully consistent with the improved RRE selectivity of these

compounds as compared to the neo-acridine conjugates (Table 6.1), and

illustrates how the non-inhibitory binding sites on the RRE can exert the same

effect as the addition of competitor nucleic acids. These results illustrate the

importance of varying the nucleic acid concentration when evaluating the affinity

and specificity of small molecule - RNA binding interactions.

6.3 Dimeric Aminoglycosides

The synthetic dimerization of aminoglycosides was first reported by Wang and

Tor.180 Neomycin B , kanamycin, and tobramycin dimers, like the parent

compounds, bind to a wide range of different RNAs, including the HH16

ribozyme,180 tRNAPhe,70 a dimerized A-site,181 and the Tetrahymena ribozyme.182

No systematic studies, until now, have examined the RNA specificity of these

compounds.



148

The RRE contains multiple binding sites for neomycin B (Section 6.1). 89,175

Neomycin dimers could, in principal, simultaneously occupy multiple binding

sites, resulting in entropic and enthapic advantages relative to the monomeric

species. Indeed, the RRE affinity of neomycin B is enhanced 20 – 80 fold upon

dimerization (Table 6.0). As for the neo-acridine conjugates, neo-neo (43)

exhibits a similar RRE affinity as the unlabeled Rev peptide (Table 6.0). A range

in affinity enhancement is reported for all the aminoglycoside dimers because a

lower apparent affinity (Ki) is measured at 100 nM versus 10 nM of RRE (Table

6.2). This suggests that the dimers, like the neo-acridine conjugates, have

multiple non-inhibitory binding sites on the RRE that become more apparent at

higher RRE concentrations. In some ways, these non-inhibitory binding sites act

as competing nucleic acids and, at higher concentrations of RRE, serve to

decrease the Rev-RRE inhibition activities of these compounds. The Ki values

measured at 10 nM of RRE, therefore, better reflect the actual affinity of these

compounds for the Rev binding site (Table 6.2).

Unlike the neo-acridine conjugates, neo-neo (Figure 6.4) maintains most of its

activity even in the presence of a vast excess of CT DNA (Table 6.1). A relatively

low affinity for CT DNA is confirmed by ethidium displacement experiments

(Table 6.2). Neo-neo, however, compared to the neo-acridine conjugates, loses

much more of its Rev-RRE inhibition activity in the presence of tRNAMIX (Table

6.1).
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Figure 6.4: Dimeric aminoglycosides evaluated for RRE affinity and specificity.
See Section E 6.3.1 for the synthesis and characterization of neo-N-neo (44).

Overall, neo-neo exhibits the worst RRE selectivity (relative to tRNAMIX) as

compared to all other high-affinity RRE affinity ligands (Table 6.1). Its high affinity

for non-specific RNA may explain why the differences in Ki values at 10 nM
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versus 100 nM of RRE are much more pronounced when compared to the neo-

acridine conjugates (Table 6.1).

Dimerization effectively doubles the total charge and hence, increases the affinity

of neomycin to all nucleic acids (tested so far). Ethidium displacement

experiments indicate that, compared to neomycin B (5), neo-neo (43) has a 90-

fold higher affinity for both duplex DNA and RNA (Table 6.2). Since ethidium

bromide has approximately the same affinity and the same number of binding

sites on both CT DNA and poly r(A) – r(U),87 the ethidium displacement values

are, in this case, comparable between CT DNA and poly r(A) – r(U). The ratios of

IC50 values for ethidium displacement from poly r(A)-r(U) and CT DNA are 1 : 10

for both neo-neo and for neomycin B (Table 6.2). This indicates that, indeed, the

RNA over DNA selectivity of neomycin is maintained upon dimerization.

The 90-fold higher affinity to simple duplex nucleic acids may explain why the

dimerization of neomycin B dramatically lowers its RRE selectivity (Table 6.1).

This increase is larger than the affinity enhancement observed for the RRE66 (20

– 80 fold). Other aminoglycoside dimers do, however, show much better RRE

selectivities, as compared to neo-neo.

Tobra-tobra (45) (Figure 6.4) has a 80-300 fold higher affinity to the RRE as

compared to tobramycin (3) (Table 6.2). As observed for neo-neo, tobra-tobra

retains most of its Rev-RRE inhibition activity in the presence of excess CT DNA,
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but still loses activity in the presence of other RNAs (Table 6.1). The RRE

selectivity of tobra-tobra is, however, much better than neo-neo (Table 6.1). It is

interesting that compared to neo-neo, tobra-tobra has about a 5-fold lower RRE

affinity, but it is more active for Rev-RRE inhibition in the presence of tRNAMIX

(Table 6.1). This indicates that tobra-tobra has a higher specificity for the RRE as

compared to neo-neo. Ethidium displacement experiments confirm that upon

dimerization of tobramycin, only a 40-fold increase in affinity for simple duplex

RNA is seen (Table 6.2). This is much smaller than the 80 – 300 fold increase for

the RRE, and may explain the improved RRE selectivity of tobra-tobra, as

compared to neo-neo (Table 6.1).

The kanamycin A dimer (47), as compared to kanamycin A (1) has a 700 – 2,200

fold higher affinity for the RRE, but only a 75-fold higher affinity for poly r(A) –

r(U) (Table 6.2). Compared to all the aminoglycoside dimers evaluated, the

kanaA-kanaA dimer has the best RRE selectivity (Table 6.1). Ethidium

displacement experiments confirm that, compared to all of the high-affinity RRE

ligands (Kd < 10 nM), the kanaA-kanaA dimer has the lowest affinity to simple

duplex DNA and RNA (Table 6.2). These trends are similar to those observed for

the aminoglycoside-acridine conjugates, where the dimers with lower RRE

affinity exhibit much better RRE selectivity. The kanaA-kanaA dimer exhibits a

higher Rev-RRE inhibition activity in the presence of a tRNA mixture, as

compared to some compounds that have 2-5 folder higher affinities for the RRE

(Table 6.1). This illustrates the inherent difficulty of measuring the RNA affinity of
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a small molecule in the presence of non-specific competitor nucleic acids, as

these measurements reflect more the specificity of the interaction as opposed to

the actual affinity.

Another group has recently published the binding of neo-neo and tobra-tobra to

RREIIB.183 Tok reports that the dimerization of neomycin increases its RRE

affinity by 17-fold (compared to the 80-fold increase reported here). There are

many potential reasons for this difference. Tok uses the displacement of a

fluorescent aminoglycoside to determine RREIIB affinities of the dimeric and

monomeric aminoglycosides. 600 nM of the RREIIB and curve-fitting was used to

measure an RRE affinity (Ki) of 10 nM for neo-neo. This should not, theoretically,

be possible. Examination of Tok’s raw data suggests that 10 nM of neo-neo

binds to 300 nM of RRE IIB.183 In our experiments, we use 10 nM of the RRE66

to measure an RRE affinity (Ki) of 2.5 nM (Table 6.2). At higher RRE66

concentrations (100 nM), the apparent RRE affinity is significantly higher (Ki = 7.8

nM, Table 6.2). Tok’s data provides additional evidence that at high RRE

concentrations, the low-affinity non-specific binding sites exhibit more influence

on the displacement isotherms, and in extreme cases can cause aggregation.

Tok measures an affinity for tobra-tobra that is approximately the same as

monomeric tobramycin (Ki = 3.9 µM).183 Our experiments, however, indicate that

tobra-tobra binds to the RRE with a Ki = 8.5 nM (Table 6.2). There is no obvious

explanation for this 500-fold difference. It is possible, of course, that tobra-tobra

does not bind to the same sites on the RREIIB versus the RRE 66. This does
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not, however, seem to be a plausible explaination, as Tok reports the same RRE

affinities for each of the monomeric species (neomycin B and tobramycin) as we

have measured (Table 6.2).183

Linker lengths have been shown to play a major role in the RRE specificity of the

Neo-acridine conjugates, where shorter linkers provide higher RRE specificity

(Section 6.1). Neomycin B and tobramycin dimers were, therefore, synthesized

with shorter linker lengths as compared to neo-neo and tobra-tobra (Figure 6.4).

Compared to neo-neo, neo-N-neo has approximately a 2-fold higher RRE affinity,

but only a slightly higher affinity for CT DNA. This suggests that compared to CT

DNA, neo-N-neo is more selective for the RRE. Neo-N-neo also has, however, a

2-fold higher affinity for the simple duplex RNA, as compared to neo-neo (Table

6.2). This suggests that, relative to poly r(A) – r(U) , neo-N-neo has the same

RRE selectivity as neo-neo. Surprisingly, no significant differences are observed

between tobra-tobra and tobra-N-tobra (Table 6.2).

The dimeric aminoglycosides have, in general, a lower RRE affinity as compared

to the corresponding acridine conjugates (Table 6.2). This suggests that, under

these conditions, the acridine moiety contributes more binding energy to the

conjugate as compared to the aminoglycoside moiety. This is somewhat

surprising, as 9-amino acridine appears to have higher RRE affinity as compared

to neomycin B (not shown). It is possible that the combination of binding modes

(intercalation and electrostatic groove binding) is the reason for the unusually
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high nucleic acid affinity of the acridine conjugates. The acridine moiety provides

significant binding energy to the conjugate, but it also confers DNA affinity to the

aminoglycoside moiety. Bringing these moieties closer together partially reverses

this trend and restores the RNA over DNA selectivity of the conjugate.

In summary, new high-affinity RRE ligands have been synthesized by the

conjugation of acridine or dimerization of aminoglycosides. The thorough study of

these ligands with a variety of nucleic acids has revealed interesting trends in

affinity and specificity. Neomycin-based ligands exhibit the highest RRE affinities,

but display high affinities to many other nucleic acids as well. These neomycin-

based ligands, therefore, exhibit the lowest RRE selectivity. Among all of the

“high affinity” small molecule RRE ligands presented, the kanamycinA-based

derivatives have the lowest RRE affinities, but exhibit the highest RRE

selectivities. The RRE affinities and specificities of the tobramycin derivatives are

intermediate between those of the neomycin and kanamycin A derivatives. This

indicates that, for these compounds, an inverse relationship exists between the

RNA affinity and selectivity of each small molecule. This trend highlights the true

challenge of this field: it is relatively difficult to synthesize a new ligand that has

both high affinity and high selectivity for the desired RNA target.

6.4 Guanidinoglycosides

The guanidinium group plays a key role at many RNA–protein binding interfaces,

including the complexes formed between transcriptional elongation factors with



155

mRNA, tRNA synthetases with tRNAs, ribosomal proteins with rRNA, and viral

regulatory proteins with their cognate RNA binding sites.184 In contrast to amines,

guanidines are highly basic, planar, and exhibit directionality in their H-bonding

interactions. Effective recognition between the Rev and the RRE is mediated,

largely, by the guanidinium groups present in the Rev’s arginine-rich domain.46,53

Substitution of arginine at position 35, 38, 39, or 44 with lysine leads to an over

20-fold loss of RRE binding in vivo.185 Since many competitor nucleic acids are

present in vivo, this represents a large decrease in RRE specificity. We

speculated, therefore, that the transformation of the amines on the

aminoglycosides into guanidinium groups would increase both the affinity and

specificity of these compounds for the RRE.

Figure 6.5: Structures of some aminoglycosides and guanidinoglycosides.
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(consistently using 10 nM of RevFl) (Table 6.3). By taking the ratio of these IC50

values, some information regarding the small molecule – RRE binding

stoichiometries can be gleaned (Table 6.3). A lower ratio suggests that at higher

RRE concentrations there are more binding sites capable of displacing the

peptide.

Table 6.3: IC50 Values (µM)* for RevFl displacement by anisotropy.

Glycoside 10 nM RRE 100 nM RRE
Ratio

(100nM/10nM)

Kanamycin A (1) 100 750 7.5

Guanidino-kanamycin A (48) 8 65 8.1

Kanamycin B (2) 15 80 5.3

Guanidino-kanamycin B (49) 0.7 3.5 5.0

Tobramycin (3) 10 45 4.5

Guanidino-tobramycin (50) 0.8 3.8 4.7

Paromomycin (4) 12 65 5.4

Guanidino-paromomycin (51) 3.4 18 5.3

Neomycin B (5) 0.9 6.7 7.4

Guanidino-neomycin B (52) 0.18 1.3 7.2

* Random errors are less than or equal to ± 30% of each IC50 value.

Surprisingly, the changes in binding stoichiometries for peptide displacement are

significantly different for molecules with similar sizes (including kanamycin A

versus kanamycin B, and paromomycin versus neomycin B). This ratio, however,

does not change for each compound upon guanidinylation, indicating that the

number and relative importance of the binding sites on the RRE are similar for

each guanidinoglycoside and its aminoglycoside precursor. The differences in
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Rev-RRE IC50 values, upon guanidinylation, are therefore directly proportional to

the change in RRE affinity. Upon guanidinylation of neomycin B and

paromomycin, a 3 – 5 fold increase in RRE affinity is obtained. Upon

guanidinylation of the kanamycin family of glycosides, a 12 – 22 fold increase in

affinity is gained (Table 6.3).

Table 6.4: IC50 Values (µM) for RevFl Displacement by solid-phase assay.*

Glycoside IC50

IC50

with DNA**
IC50

with RNA**
RRE

Selectivity
Ratio***

Kanamycin A (1) 700 750 1300 1.5

Guanidino-kanamycin A (48) 55 55 60 1.1

Kanamycin B (2) 90 90 170 1.5

Guanidino-kanamycin B (49) 3 3 4.7 1.3

Tobramycin (3) 45 50 130 2.0

Guanidino-tobramycin (50) 3 3 4.7 1.3

Paromomycin (4) 55 60 110 1.6

Guanidino-paromomycin (51) 15 18 18 1.2

Neomycin B (5) 7 8 16 1.8

Guanidino-neomycin B (52) 1 1.2 4.5 2.9

* Random errors are equal to or less than 30% of each reported value.
** 115 µM (base pairs) of either plasmid DNA or poly r(A) – r(U) included, representing a 100-fold
molar excess of bases relative to the RRE. Similar results were also obtained using CT DNA and
a tRNA mixture.
*** Selectivity ratio = (average IC50 in the presence of DNA and RNA)

(IC50 in the absence of other nucleic acids)

The solid-phase assay (Section 3.2) indicates that guanidinylation also improves

RRE specificity (Table 6.4). By dividing the average IC50 values obtained in the

presence of competitor RNA and DNA by the IC50 values obtained in the absence
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of other nucleic acids, a selectivity ratio is calculated (Table 6.4). A lower ratio

indicates better RRE selectivity. Upon guanidinylation, this ratio decreases for all

the glycosides (except for neomycin B), showing that, in general, guanidinylation

improves the RRE specificity of the aminoglycosides. Importantly, guanidinylation

does not affect the RNA over DNA selectivity of these glycosides (Table 6.4).

The IC50 values for RevFl displacement do not change significantly upon addition

of an excess of DNA (Table 6.4). This is, to our knowledge, the first indication

that the identity of the basic group is not an important factor for the ability of

aminoglycosides to preferentially bind RNA over DNA.

Analysis of the activity trends, apparent for both the aminoglycosides and the

guanidinoglycosides (Table 6.4), suggests some fundamental relationships

relating the total charge of a ligand to its RNA affinity and specificity. By

comparing either the aminoglycosides or guanidinoglycosides with other

compounds in the same family, it is clear that the total number of basic groups is

roughly proportional to the RRE affinity, and the higher this affinity, the less likely

it is to be selective for the RRE. These same trends are also exhibited by the

dimeric aminoglycosides and aminoglycoside-acridine conjugates and may,

therefore, reflect a general rule. Unlike the dimeric aminoglycosides and

aminoglycoside-acridine conjugates, however, most of the guanidinoglycosides

show improved RRE affinity and specificity as compared to the parent

aminoglycosides. Guanidino-neomycin is the only exception as it is significantly

less selective for the RRE as compared to regular neomycin (Table 6.4). This is
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consistent with the trends observed for the dimeric aminoglycosides and

aminoglycoside-acridine conjugates (Section 6.3). We conclude, therefore, that

neomycin-based compounds, in general, have a low specificity for the RRE, and

that all modifications, to date, further decrease its RRE selectivity.

Other interesting trends in RRE affinity and selectivity are revealed by the solid-

phase assay (Table 6.4). By comparing aminoglycosides that possess the same

number of basic groups (like kanamycin B, tobramycin and, paromomycin),

additional structure-activity relationships can be examined. For example,

tobramycin and kanamycin B differ only by a single hydroxyl (Figure 6.3), but

tobramycin is found to have a higher RRE affinity as compared to kanamycin B.

This finding is consistent with the ability of hydroxyls to decrease the basicity of

their neighboring amines (giving tobramycin a higher overall charge and a lower

RRE specificity as compared to kanamycin B).36 Upon guanidinylation, the

differences between kanamycin B and tobramycin are lost, because the pKa

values of aliphatic guanidinium groups are significantly less variable than those

of amines.

Guanidino-tobramycin (50) and guanidino-paromomycin (51) each have five

guanidinium groups, but guanidino-tobramycin has approximately a 5-fold higher

affinity for the RRE. It appears, therefore, that the RRE is more selective for

guanidinoglycosides from the kanamycin family as compared to the

guanidinoglycosides from the neomycin family. This may explain why the
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guanidinylation of the kanamycin family provides a much larger increase in RRE

affinity as compared to the guanidinylation of the neomycin family of glycosides

(Table 6.3 and Table 6.4). It is possible that, compared to guanidino-

paromomycin, the 3-dimensional arrangements of guanidinium groups presented

by guanidino-tobramycin and guanidino-kanamycin better mimic the Rev peptide.

Another possibility is that the guanidinium groups on these compounds are closer

together in space, and therefore exhibit a higher charge density as compared to

guanidino-paromomycin.

Guanidinium groups are highly basic, capable of defined multi-directional

hydrogen bonding, and have planar surfaces that may facilitate stacking

interactions. The higher basicity of the guanidinoglycosides, as compared to the

aminoglycosides, should impart a higher total charge, and therefore higher RNA

affinity as compared to the aminoglycosides. Indeed, the aminoglycosides are

known to be only partially protonated at neutral pH.34 The higher overall positive

charge of the guanidinoglycosides cannot, however, explain their improved RRE

selectivity (this would oppose the general relationships stated above). To

understand why the guanidinoglycosides show improved RRE affinity and

specificity (relative to the aminoglycosides), a number of urea-containing

glycosides were synthesized.188 Urea is an uncharged structural analog of

guanidine. Since both urea and guanidinium solutions can denature nucleic

acids, the urea-glycosides may have bound to RNAs that possess single-

stranded characteristics (such as the purine-rich bulge of the RRE). The urea
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glycosides are, however, unable to inhibit Rev-RRE binding (through 1 mM). This

indicates that electrostatic interactions are an essential driving force for

guanidinoglycoside – RRE binding. Guanidinoglycoside – RNA binding has,

however, been shown (for the HH16 ribozyme) to be much less dependent on

the total ionic strength of the media, when compared to the aminoglycosides.97

Taken together this suggests that stacking and/or other hydrophobic

interaction(s) mediate binding, but that electrostatic forces are still essential for

guanidinoglycoside-RNA RNA binding.

Figure 6.6: The anti-HIV activities of aminoglycosides and guanidinoglycosides
as evidenced by fractional decrease in plaque formation (as described in Figure
4.1). Anti-HIV activities were also evaluated by using ELISA to monitor the
decrease in HIV-1 p24 expression in human PBMC and yielded similar results.
Both assays were conducted as described.110 It is possible that at low
concentrations of the aminoglycosides, the replication of HIV is slightly better.
Linear polyamines, like polybrene, are often added to these assays to increase
the infectivity of the HIV particles.110 For these assays, however, no polybrene is
added. This does not affect the IC50 value measured for the positive control (AZT
IC50 = ~10 nM).
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The guanidinoglycosides are found to possess significantly improved RRE

affinity, specificity, and anti-HIV activities when compared to the aminoglycosides

(Figure 6.6).187 The guanidinoglycosides exhibit 100-fold improved anti-HIV

activities when compared to the parent aminoglycosides (Figure 6.6). It is

possible that the enhanced anti-HIV activities of these compounds are related to

their improved RRE affinity and specificity. The guanidinoglycosides are shown,

however, to be transported into eukaryotic cell cultures much more efficiently

than aminoglycosides (presented in Section 6.8). In addition, the

guanidinoglycosides bind to other HIV viral sites (including the TAR) with good to

moderate affinities (not shown). The exact mechanism(s) responsible for the anti-

HIV activities of the guanidinoglycosides are currently under investigation in

collaboration with Immusol Inc.

Other groups have conjugated amino acids to aminoglycosides in order to mimic

the Tat protein arginine-rich motif, with similar reported results.189 Conjugation of

arginine to kanamycin B is reported to increase its affinity for the HIV-1 TAR

RNA.189 This synthetic modification effectively doubles the number of basic

groups present.

Figure 6.7: Structures of tobramycin-arginine conjugates (see section E 6.4.1 –
E 6.4.2 for synthesis and characterization).
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Their findings suggest, however, that the guanidinium-containing side chains do

not play the dominant role in RNA binding.189 The α-amines of the amino acids,

in close proximity to the “core” glycoside, are reported to be essential for TAR

binding.189 We have made similar observations with tobramycin-arginine

conjugates in the Rev-RRE system (Figure 6.7). The conjugate “Tobra-Arg” has

the same number of basic groups and a similar RRE affinity as the tobramycin

dimer “Tobra-Tobra” (compare Table 6.2 and Table 6.5). If the α-amines of the

arginine-tobramycin conjugate are blocked by acetylation, the resulting

compound “ace-Tobra-Arg“ has the same number of basic groups as guanidino-

tobramycin (50). Both guanidino-tobramycin and the aceylated tobramycin-

arginine conjugate possess 5 guanidinium groups; their comparison allows us to

establish the contributions made by the flexible, hydrophobic, methylene linkages

present in the arginine-conjugates. We find that the aceylated tobramycin

arginine conjugate (54) has a 30-fold lower RRE affinity as compared to

guanidino-tobramycin (50) (Table 6.5 and 6.3).

Table 6.5: IC50 values and approximate RRE66 affinities (Ki)
according to fluorescence anisotropy.

Compound RevFl-RRE66 IC50* RRE66 Ki**

Tobra-Arg (53) 15 nM 2.3 x 10-09

Ace-Tobra-Arg (54) 24 µM 6.0 x 10-06

Kana A-Dab (55) 1.5 µM 3.7 x 10-07

Kana A-Lys (56) 1.7 µM 4.2 x 10-07

γ-Guanidino Kana A-Dab (57) 350 µM 8.6 x 10-08

* IC50 values are for 10 nM of RevFl and 10 nM of RRE66, approximate
random errors are ± 30% of each reported value.
** Calculated from Rev-RRE IC50 values at 10 nM of RRE, these estimates
assume that 1 equivalent of the small molecule is sufficient to displace RevFl.
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This indicates that a significant energetic penalty is introduced by the flexible

methylene linkages of the amino acids. Both the density and rigidity of the five

guanidino groups presented by 50 should both be greater than those presented

by 54. This may, in part, explain the energetic penalty introduced by the flexible

methylene chains in 54. To address the effects of charge density, a number of

kanamycinA-amino acid conjugates have been synthesized and evaluated for

their RRE affinity (Figure 6.8 and Table 6.5).

Figure 6.8: Structures of kanamycin A-amino acid conjugates (see sections E
6.4.1 – E 6.4.3 for the synthesis and characterization of 53-57).

Both kana A-Dab (55) and kana A-Lys (56) have 8 amines, but they exhibit a

much lower RRE affinity as compared to the kanaA-kanaA dimer (Table 6.2 and

Table 6.5). This suggests that no simple relationship exists between the density

of the 8 amines and the RRE affinity exhibited by each compound, as the

kanamycin dimer should have a lower density of its 8 amines. Compared to

kanaA-Dab, the longer methylene linkers provided by kanaA-Lys were expected

to give this compound a lower overall charge density (Figure 6.8). Both

O

H
N

HO
HN

H
N

O
HOHO

O

O

HO OH
NH

OH

H2N
O

NH2

O
NH2

NH2

O

H2N

O

Kana A-Dab (55)

HO

H2N

NH2

NH2

O

H
N

HO
HN

H
N

O
HOHO

O

O

HO OH
NH

OH

H2N
O

NH2

O
NH

NH2

O

H2N

O

γ-Guanidino Kana A-Dab (57)

HO

HN

NH

NH
NH

H2N

HN NH2

HN
NH2

NH

NH2

O

H
N

HO
HN

H
N

O
HOHO

O

O

HO OH
NH

OH

H2N
O

NH2

ONH2

O

H2N

O

HO

NH2

H2N

H2N

NH2

Kana A-Lys (56)



165

compounds, however, have approximately the same RRE affinity (Table 6.5). It is

possible that, due to the plasticity of the pKa values of amines, kanaA-Lys and

the kanaA-kanaA dimer may have higher total charges, but the same or lower

charge densities as compared to kanaA-Dab. These effects may for kanaA-Lys

and kanaA-Dab cancel out, explaining perhaps, the similar RRE affinities of

these compounds. Upon guanidinylation of the γ-amines of kanaA-Dab, a 5-fold

increase in RRE affinity is realized (Table 6.5). This is a much smaller increase

as compared to the 12-fold increase upon guanidinylation of kanamycinA (Table

6.3 and Table 6.4). It appears therefore, that guanidinylation of the amines closer

to the “core” of the glycoside is more advantageous as compared to

guanidinlyation of the amines distal to the core. This is consistent with the proven

importance of the α-amines of tobra-Arg (Table 6.3) and the kanamycinA-Arg

conjugates.189

6.5 Acridine-Containing Guanidinoglycosides

In an attempt to increase the RRE affinity and selectivity of neo-N-acridine and

tobra-N-acridine (Section 6.1 – 6.2), these compounds were guanidinylated using

N,N'-diBoc-N''-triflylguanidine (Section E 6.5.1). The main side products for both

reactions are the “n-1” guanidinylated products 59 and 61. Interestingly, these

compounds have a higher RRE affinities compared to the fully guanidinylated

compounds 58 and 60. Fluorescence anisotropy was used to evaluate the RRE

affinity of compounds 58 – 61 (Table 6.6). Limits must be reported for 60 and 61,

as these compounds have higher RRE affinities compared to RevFl.
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Figure 6.9: Structures of guanidininylated acridine-containing glycosides. See
Section E 6.5.1 for synthesis and characterization. *For compounds 59 and 61,
the non-guanidinylated site has not, unambiguously, been assigned. COSY and
ROESY NMR experiments of 59, have proven the nonguanidinylated site is on
the 2-DOS ring. Similarly, for 61, the least basic amine is likely the non-
guanidinylated position.34

Table 6.6: Preliminary RRE66 affinities, according to RevFl
displacement experiments using fluorescence anisotropy.

Compound RRE66 Ki

58* 6.5 ± 1 x 10-9

59* 4.8 ± 2 x 10-9

60** < 1.1 ± 0.9 x 10-9

61** < 0.7 ± 0.5 x 10-9

* Calculated from RevFl-RRE66 (10 nM / 100 nM, respectively) IC50 values.
** Calculated from RevFl-RRE66 (10 nM each) IC50 values.
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Compounds 58 – 60 have been evaluated for anti-HIV activities; guanidino5

tobra-N-acridine (58) has an IC50 value of 0.2 µM in both HeLa cells and human

HMBC (summarized in Table E 1.2). This represents a modest (5-fold)

improvement over guanidino-tobramycin (50). Interestingly, guanidino4 tobra-N-

acridine (59) has, according to the PBMC assay, little or no anti-HIV activity at all

(through 10 µM, Table E 1.2). This result can be understood by the differences in

cellular uptakes of these two compounds (presented in Section 6.8).

6.6 Platinum-Containing Aminoglycosides and Guanidinoglycosides

Binding of the anticancer drug cisplatin (cis-Pt) to nucleic acids is believed to

favor DNA over RNA.190 The bifunctional covalent modification of DNA by cis-Pt

produces intrastrand cross-links (at GpG, ApG, and GpNpC),191 and interstrand

cross-links (at GpC).192 Cisplatin also reacts with other cellular components

including: proteins,193 phospholipids,194 and small molecules.195 To enhance the

DNA targeting of cis-Pt, numerous conjugates have been prepared, where the

cis-Pt moiety has been tethered to high-affinity nucleic acid ligands (e.g.,

acridine, ethidium, and short oligonucleotides).196 In an attempt to “reverse” the

nucleic acid selectivity of cis-Pt, and to covalently inactivate the RRE, the

cisplatin-glycoside conjugates Neo-platin (Neo-Pt) and Guanidino Neo-platin (G.

Neo-Pt) were synthesized in good yields and fully characterized by Dr. Jürgen

Boer (Figure 6.10).197
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Figure 6.10: Structures of cis-platin, neoplatin, and guanidino-neoplatin.

The non-covalent inhibition of the Rev-RRE interaction may result in the splicing

of newly transcribed HIV RNA into smaller fragments. From these RNA

fragments, the proteins Rev, Tat, and Nef are translated (Section 2.0 – 2.1).

Inhibition of Rev-RRE binding may, therefore, actually increase Rev production,

leading to a higher cellular concentration Rev. This would make the continued

non-covalent inhibition of the Rev-RRE interaction increasingly difficult. Covalent

modification of the RRE may provide a mechanism to irreversibly inactivate the

RRE, and thus permanently eliminate its abilities to bind Rev or to be translated

into protein.

To explore the ability of Neo-Pt to form covalent cross-links to the RRE JW,

denaturing polyacrylamide gel-shift electrophoresis (DPAGE) and matrix assisted

laser desorption ionization time of flight mass spectrometry (MALDI TOF MS)
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that multiple equivalents of Neo-platin bind to the RRE, while the addition of

neomycin B produces no effect (Figure 6.11 A). Cross-linking is rapid (less than

30 min) and kinetically stable adducts are formed (persist greater than 20 h at 25

°C). Consistent with earlier studies, G. Neo-Pt appears to be five times more

active for cross-linking the RRE as compared to Neo-Pt (Figure 6.11B).

Figure 6.11: DPAGE results with 25 nM of 32P 5'-labeled RRE JW. A) lane 1:
RNA only, lanes 2 – 7: Neo-Pt at 12.5 nM, 125 nM, 625 nM, 1.25 µM, 12.5 µM,
125 µM, respectively, lanes 8 – 11: neomycin B at 625 nM, 1.25 µM, 12.5 µM,
125 µM, respectively, lanes 12 – 17: 625 nM of Neo-Pt at 0.5 hr, 1 hr, 2 hr, 3 hr,
4 hr, 5 hr, respectively. B) lane 1: RNA only, lanes 2 –9: Neo-Pt at 50 nM, 100
nM, 500 nM, 1 µM, 2.5 µM, 5 µM, 7.5 µM, 10 µM, respectively, lane 10: RRE JW
only, lanes 11 – 16: G. Neo-Pt at 50 nM, 100 nM, 500 nM, 1 µM, 2.5 µM, 5 µM,
respectively. C) lane 1: RNA only, lanes 2 – 8: 1 µM of G. Neo-Pt with CT DNA at
8.5 mM, 4.25 mM, 850 µM, 85 µM, 8.5 µM, and 0 µM b.p., respectively, lanes 9
and 17 RRE JW only, lanes 10 – 16: 1 µM of Neo-Pt with CT DNA at 8.5 mM,
4.25 mM, 850 µM, 85 µM, 8.5 µM, 0 µM, respectively.

A)

B)

C)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
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Neo-Pt cross-links to the RRE even in the presence of a vast excess of calf

thymus (C.T) DNA (Figure 6.11 C). Approximately a 5,000-fold excess of C.T.

DNA (relative to the number of bases in RRE JW) must be added to inhibit cross-

linking of the RRE (Figure 6.11C). This suggests that the RNA over DNA

selectivity of these compounds is dominated by the neomycin moiety. Indeed, a

CN− deactivated Neo-Pt shows approximately the same RRE affinity and

selectivity as unmodified neomycin B (presented in Section 6.7).

To further explore the RRE cross-linking specificity of Neo-Pt and G. Neo-Pt,

another strongly denaturing technique MALDI TOF MS has been used in

conjunction with two RRE JW mutants (Figure 2.5). MALDI confirms the

formation of the covalent adducts between the RRE JW and Neo-Pt as well as G.

Neo-Pt (Figure 6.12 A and B, respectively). After the same 1 hr incubations, both

an inosine-substituted RRE (3I RREJW) and a DNA version of the RRE JW

(dRREJW) show little to no cross-linking of Neo-Pt (compare Figure 6.12A to

6.12C and 6.12D). At a longer incubation time (18 hrs), significant cross-link

formation is observed between Neo-Pt and dRREJW (similar magnitude as 6.12

A). Both dRREJW and 3I RREJW have much lower affinities to neomycin as

compared to the RRE JW (presented next section). This may explain the slower

cross-linking of these constructs to Neo-Platin. G. Neo-Pt, however, has a high

affinity for all three RRE constructs (next section) and shows approximately the

same cross-linking efficiencies to all three RRE constructs (similar to 6.12 B).

This confirms the decrease in RRE selectivity upon guanidinylation of neomycin
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B (Section 6.4). Neo-Pt, however, exhibits a clear selectivity for RREJW over

both the 3I RREJW and the dRREJW constructs.

Figure 6.12: MALDI TOF MS of 1 µM of RRE JW treated with 0.75 µM of either:
Neo-Pt (A) or G. Neo-Pt (B), and 1 µM of 3I RRE JW (C) or dRRE JW (D) treated
with 0.75 µM of Neo-Pt and incubated for 1 hr. cis-Pt (64) shows no reactivity
towards any of the RRE constructs under these conditions (even after overnight
water activation and 15 hr incubations with the nucleic acids). See section E
6.6.1 for reaction conditions and sample preparation.

To determine the cross-linking site(s) for Neo-Pt and G. Neo-Pt on the RRE JW,

enzymatic digestions of 1:1 glycoside-RRE adducts were performed using either

Snake Venom Phosphodiesterase (3’! 5’ exonuclease) or Bovine Spleen

Phosphodiesterase (5’! 3’ exonuclease). The Neo-Pt adducts are found to

generate stop-sites for these enzymes, resulting in RRE fragments that can be

characterized by MALDI TOF MS (Figure 6.13 and 6.14).
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Figure 6.13: Snake Venom Phosphodiesterase digestion of RRE JW control (A),
Neo-Pt cross-linked (B), or G. Neo-Pt cross-linked (C) RRE JW. Bovine Serum
Phosphodiesterase digestion of RRE JW control (D), Neo-Pt cross-linked (E), or
G. Neo-Pt cross-linked (F) RRE JW. See E 6.6.1 for reaction conditions and
sample preparation.
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site (Figure 6.14, Right) is a typical 5’GpC3’ interstrand-like cross-link that has

been well characterized for cis-Pt and DNA duplexes.192 It is interesting that both

enzymes appear to “read through” the first modified G, but stop before the

second G of the cross-link. It is possible that the enzymes initiate cleavage in the

loop of the RRE, and therefore bypass the “first” cross-linked G.

Figure 6.14: Enzymatic stop sites for both Neo-Pt and G. Neo-Pt (Left). The
open arrow indicates the stop site for Snake Venom Phosphodiesterase; the
closed arrows indicate position and relative intensity of stop sites for Bovine
Spleen Phosphodiesterase. Proposed site of cross-linking (Right).

Consistent with earlier studies,89 multiple equivalents of Neo-Pt are needed to

displace the Rev peptide from the RRE. Native gel-shift electrophoresis was

used to monitor the displacement of Rev-IA from the RRE JW (Figure 6.15). At

low concentrations, Neo-Pt can cross-link the Rev-RRE complex without

displacing the peptide. It appears that three equivalents of Neo-Pt are necessary

for peptide displacement (Figure 6.15). Marino has proposed that two equivalents

of neomycin B are sufficient to displace the Rev peptide from the RRE.89 No Rev-

RRE-neomycin B tertiary complex is observed by electrophoresis and may

indicate the poor kinetic stability of such a complex (Figure 6.15). The IC50 values

for both Neo-Pt and neomycin B are approximately 2.5 µM, but Neo-Pt covalently
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modifies the RRE and retards its mobility even after the Rev peptide has

dissociated (Figure 6.15).

Figure 6.15: Native gel-shift electrophoresis. 25 nM of RRE JW is mixed with 2
µM of “Rev-IA“, then Neomycin B is titrated (0.5 µM, 1.0 µM, 1.25 µM, 2.5 µM,
3.75 µM, 5.0 µM, 7.5 µM, 10 µM) or Neo-Pt is titrated (0.25 µM, 0.5 µM, 0.75 µM,
1.0 µM, 1.25 µM, 2.5 µM, 5.0 µM, 10 µM). On a denaturing gel, RREJW appears
as a single band (Figure 6.11), on the native gel it consistently appears as a
double band, this suggests two alternate folds of the RRE JW are possible.

Neo-platin (62), guanidino-neoplatin (63), and cis-platin (64) have each been

evaluated for their ability to inhibit HIV replication in HeLa cells (using a syncytia-

formation assay).110 These experiments suggest that all three compounds are

highly potent inhibitors of HIV-1 replication with IC50 values similar to AZT (10 –

100 nM) (Table E 1.1). Experiments using different methodologies (conducted at

Immusol Inc.) suggest, however, that these compounds are not very active.

Clearly, more tested is needed to establish the biological activities of 62 and 63.

Neo-platin and G. Neo-platin are found to create site-specific, RNA-selective

covalent cross-links to the RRE. These molecules are, to the best of our

knowledge, the first examples of small molecules that covalently modify RNA

RRE
Rev+
RRE

Neomycin B Neo-Pt
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over DNA. These results also serve as an important precedent for the selective

covalent modification of therapeutically relevant RNA targets by small molecules.

6.7 BODIPY- and Fluorescein-Linked Glycosides as RNA Probes

Fluorescent dyes have been attached to aminoglycosdies to facilitate the

analysis of RNA binding interactions.72a,76a,183 In all previous cases, the amino

positions of aminoglycosides were used for one-step conjugation reactions,

resulting in an amide-bond at that position. The amines of the aminoglycosides

are, however, essential for RNA binding. 36,118,174-175 We use, therefore, the

primary alcohols of aminoglycosdies for conjugation reactions. Indeed, the

hydroxyl groups of tobramycin have been shown to be non-essential for RNA-

binding.36 Both BODIPY and fluorescein have been conjugated to the 6"

positions of tobramycin, guanidino-tobramycin, neomycin B, and guanidino-

neomycin B (Figure 6.16). BODIPY is an uncharged, non-intercalative dye that

has proven itself an ideal probe for the study of RNA-aminoglycoside binding.

To further explore the RRE affinity and specificity of neomycin and guanidino-

neomycin, the fluorescence anisotropy of A. Neo-BODIPY (67) and G. Neo-

BODIPY (68) were monitored as a function of increasing RREJW, 3IRREJW, or

dRREJW concentrations (Figure 2.4 and Figure 2.5). The fluorescence

anisotropy of the BODIPY-conjugates increases upon binding of each RRE

construct (see Figure 6.17 for an example). These association curves are used to

determine C50 values (defined as the concentration of RNA needed to bind ½ of
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the BODIPY conjugate). The C50 value is approximately equal to the Kd if the C50

value is significantly higher than the concentration of the fluorescent probe (10

nM). C50 values that are in the same order as the concentration of fluorescent

probe can also be used to calculate Kd values, but a robust assessment of

binding stoichiometery should be taken into consideration (Section 3.6). Table

6.7 summarizes the C50 values for A. Neo-BODIPY and G. Neo-BODIPY for

binding to the RRE JW, the 3I RRE JW, and the dRRE JW.

Figure 6.16: New fluorescent aminoglycosides based upon BODIPY (65 – 68)
and fluorescein (69 – 71). See Section 6.7.1 – 6.7.7 for the synthesis and
characterization of these compounds.
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Figure 6.17: Changes in fluorescence anisotropy of G. Neo-BODIPY (68) as a
function of RRE concentration.

Consistent with the peptide displacement experiments using the unlabeled

glycosides (Section 6.4), G. BODIPY-Neo has about a 5-fold higher RRE affinity

compared to A. BODIPY-Neo (Table 6.7). Interestingly, Guanidino BODIPY-Neo

has a much higher affinity to the mutant RRE constructs as compared to Amino

BODIPY-Neo (Table 6.7). This is also consistent with the decrease in RRE

specificity of neomycin B, upon guanidinylation (as indicated by the solid phase

assay, Table 6.4).

Table 6.7: C50 values (nM) according to fluorescence anisotropy.*
RRE Construct Amino Neo-BODIPY Guanidino Neo-BODIPY

RRE JW 60 15
3I RRE JW 800 17
dRRE JW 12,000 250

*Estimated error ± 30% of each reported C50 value.
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Since the size, and hence negative charge, for all three of these RREJW

constructs is the same, the differences in affinities likely reflect differences in the

BODIPY neomycin off-rates from each construct. Differences in off rates are also

the most likely explanation for the different cross-linking rates for Neo-Pt and the

three RREJW constructs (Section 6.8).

To probe how Pt-modification affects the RRE affinity of neomycin; Neo-Pt, G.

Neo-Pt, neomycin B, and guanidino-neomycin B, were used to displace the

BODIPY-Neo compounds 67 and 68 from the RRE. To deactivate the covalent

cross-linking abilities of Neo-Pt and G. Neo-Pt, 10 mM stocks of these

compounds were prepared in 40 mM KCN. DPAGE experiments confirm that

these stocks are not capable of forming covalent cross-links with the RRE (not

shown). Displacement experiments are conducted by mixing 10 nM of either A.

Neo-BODIPY or G. Neo-BODIPY with 50 nM of RRE JW. By monitoring the

fluorescence anisotropy of the BODIPY conjugate, its displacement from the

RREJW becomes apparent. The IC50 values for each compound are summarized

in Table 6.8. Since multiple equivalents of neomycin can bind to the RRE, the Ki

values estimated in Table 6.8 are for comparison purposes only and may not

reflect the actual affinities. The calculated Ki value for the displacement of A.

Neo-BODIPY from the RREJW by neomycin B is, however, nearly the same

value as determined by the displacement of RevFl from the RRE66 (Table 6.0

and Table 6.8).
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Table 6.8: Summary of IC50 values (nM) for displacement from RRE JW.
Compound Compound

Displaced IC50
* Ki

**

Neomycin B (67) 400 240

Neo-Pt*** (67) 120 60

Guanidino Neomycin B (68) 155 22

Guanidino Neo-Pt*** (68) 120 15

* Estimated error ± 30% of reported value.
** Calculated assuming a single binding site on RRE JW for both the Neo-BODIPY probe and
for each compound evaluated, and assuming the Kd for Amino Neo-BODIPY / RRE JW = 55 nM
and the Kd for Guanidino Neo-BODIPY / RRE JW = 10 nM (Table 6.7).
*** CN− treated (see above).

These values suggest that the addition of BODIPY to Neomycin introduces a

small (2 – 7 fold) increase in affinity for RRE JW. The conjugation of Pt to

neomycin, likewise, introduces a very small (2 – 4 fold) increase in affinity for the

RRE JW. These differences are small enough to be explained by potential

differences in displacement stoichiometries.

In summary, the conjugation of BODIPY to neomycin B and guanidino-neomycin

B is found to introduce only a small perturbation for RNA binding. These

conjugates should, therefore, be useful probes for the future study of other RNA

-aminoglycoside and RNA-guanidinoglycoside binding interactions.

6.8 Cellular Uptake of Aminoglycosides and Guanidinoglycosides

Despite their high affinity for the RRE, neither tobra-N-acridine (41), nor neo-N-

acridine (38) possess anti-HIV activity. The guanidino forms of these compounds,

however, are active for HIV inhibition (compounds 58 and 60, Table E 1.2).
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Differences in cellular uptakes may, potentially, explain the different anti-HIV

activities of these compounds. Fluorescence microscopy was used to monitor the

uptake of these compounds into COS cells (Table 6.9). These qualitative

observations suggest that mammalian cells show significant cellular uptake of the

guanidinoglycoside-acridine conjugates but not the aminoglycoside-acridine

conjugates (Table 6.9).

Table 6.9: Qualitative and preliminary assessment of cellular uptake.*

Compound Cellular Uptake into COS Cells?

RevFl Yes

9-amino acridine Yes

Guanidino5 Tobra-N-acridine Yes

Neo-N-acridine No

Guanidino4 Tobra-N-acridine No

* Based upon fluorescence microscopy of COS cells after a
2 hr exposure to 5 µM of each compound (1 µM of RevFl).

Acridine is not, however, an ideal fluorescent probe for cellular uptake studies. A

short wavelength of excitation (440 nm) causes significant background

fluorescence. In addition, the acridine-conjugates themselves have a wide range

of quantum yields (Table 6.10). Indeed, the guanidino-containing conjugates

have 2 – 5 fold higher quantum yields compared to the aminoglycoside-acridine

conjugates (Table 6.10). In addition, the quantum efficiencies of the acridine

conjugates change upon binding cellular components (including nucleic acids).

For these reasons, the BODIPY fluorophore was used for quantitative

assessments of the cellular uptakes of amino- and guanidinoglycosides.
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Table 6.10: Quantum yields of acridine- and BODIPY-containing
glycosides in 100 mM sodium phosphate pH 6.7.*

Compound Quantum Yield (φ)

Neo-S-acridine (39) 0.053**

Neo-N-acridine (38) 0.089**

Guanidino6 Neo-N-acridine (60) 0.24**

Tobra-N-acridine (41) 0.094**

Guanidino5 Tobra-N-acridine (58) 0.17**

RevFl 0.39***

Amino BODIPY-Tobra (65) 1.0***

Guanidino BODIPY-Tobra (66) 1.0***

Amino BODIPY-Neo (67) 1.0***

Guanidino BODIPY-Neo (68) 1.0***

* Determined by comparisons with standards. φ = φstd.(Iunk./Aunk.)(Istd../Astd.), where
I = area of emission (in wave numbers), and A = absorption.

** Relative to 9-aminoacridine (φ = 0.96), 100 mM sodium phosphate pH 6.7.
*** Relative to fluorescein (φ = 0.90), 0.1 M NaOH.

All four of the BODIPY containing glycosides 65 – 68 are found to have quantum

yields equal to 1.0 (Table 6.10). This allows for simple interpretation of cellular

uptake data, where fluorescence intensity is directly proportional to the

concentration of each compound.

The uptake of BODIPY-containing glycosides into eukaryotic cells is significantly

enhanced upon guanidinylation. Fluorescence activated cell sorting (FACS) was

used to quantify the fluorescence intensity of 10,000 cells that were treated with

0.5 µM of compounds 65 – 69. Cell cultures were treated for 1 hr, washed two
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times with buffer, cleaved with trypsin, and quantified for fluorescence. Upon

guanidinylation, the cellular uptake of tobramycin is enhanced, on average, by 4-

fold. The enhancement for neomycin is over 7-fold (Figure 6.18 and Table 6.11).

Interestingly, both A. Tobra-BODIPY (65) and A. Neo-BODIPY (67) have

approximately the same cellular uptakes, but G. Neo-BODIPY (68) exhibits 2-fold

better uptake as compared to G. Tobra-BODIPY (66) (Figure 6.18 and Table

6.11).

A number of poly-arginine containing proteins, peptides, and peptoids have

recently been found to exhibit highly efficient uptake into a wide range of

mammalian cell types.198 We were interested, therefore, to compare the uptake

of a poly-Arg peptide to the uptake of the guanidinoglycosides. The BODIPY-

containing poly (Arg)9 peptide “BODIPY-CR9” (72) was synthesized (see E 6.8.1)

and evaluated for cellular uptake efficiency (Figure 6.19 A and Table 6.11).

Figure 6.18: FACS histograms showing the fluorescence intensity and cell count
for 10,000 individual10T1/2 cells following a 1 hr incubation with 0.5 µM of: A)
Amino Tobra-BODIPY (65) (Red) and Guanidino Tobra-BODIPY (66) (White). B)
Amino Neo-BODIPY (67) (Red) and Guanidino Neo-BODIPY (68) (White).
Similar results were also observed for HeLa cells (not shown).
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Table 6.11: Summary of the cellular uptake efficiencies of 0.5 µM
of each BODIPY-containing compound.

Compound Mean fluorescence
intensity (FACS)

A. Tobra-BODIPY (65) 61

G. Tobra-BODIPY (66) 241

A. Neo-BODIPY (67) 58

G. Neo-BODIPY (68) 431

BODIPY-CR9 (72) 284

BODIPY-CR9 (72) + 10 µM G. Neo (52) 105

BODIPY-CR9 (72) + 50 µM G. Neo (52) 88

BODIPY-CR9 (72) + 200 µM G. Neo (52) 69

Guanidino tobramycin-BODIPY (66), compared to BODIPY-CR9 (72), has 4 fewer

guanidinium groups but still shows the same transport efficiency (Table 6.11).

This indicates that the flexible, amphipathic properties provided by the methylene

chain of Arginine residues are not needed for effective membrane transport.

Importantly, guanidino Neo-BODIPY (68) has a better cellular uptake as

compared to the poly-Arg peptide BODIPY-CR9 (72) (Figure 6.19, Table 6.11).

This suggests that the semi-rigid pre-organization of the guanidinium groups on

the glycoside core may better facilitate translocation across the cell membrane.

Indeed, other groups have found that for peptides secondary structure formation

increases transport efficiency.199 Other groups have found that poly Arginine

exhibits better uptake properties as compared to poly Lysine.200 Taken together,

it appears that no matter what type of scaffold is used, amines exhibit poor

transport properties into mammalian tissue cultures, as compared to the

corresponding guanidino compounds.
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Figure 6.19: FACS histograms showing the fluorescence intensity and cell count
for 10,000 individual10T1/2 cells following a 1 hr incubation with: A) 0.5 µM of
BODIPY CR9 (72) (Red), or Guanidino Neo-BODIPY (68) (White). B) 0.5 µM of
BODIPY CR9 transport inhibited by guanidino-neomycin B (52), at 0 µM (red), 10
µM (black), 200 µM (green).

To examine the mechanism by which guanidinoglycosides enter eukaryotic cells,

a competition experiment was conducted with unlabeled guanidino-neomycin B

(52) and BODIPY-CR9 (72). FACS analysis shows that guanidino-neomycin B

(52) effectively inhibits the transport of BODIPY-CR9 (Figure 6.16 B and Table

6.11). This may indicate that guanidinoglycosides competitively bind to the same

cellular receptor(s) responsible for the transport of poly-Arg peptides, suggesting

a common pathway responsible for the uptake of both compounds.

In collaboration with Peter Carmichael, fluorescence microscopy has been used

to examine the cellular localization of compounds (65) – (73). All of the

guanidinium-containing BODIPY-conjugates (66, 68, 72) and the fluorescein

versions of these molecules (70, 71, 73) are found, under these conditions, to

have diffuse, cytoplasmic and nuclear distributions (Figure 6.19 A, B, D). A
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phase-contrasted reflected light image allows for detailed visualization of all cells

present in each field (Figure 6.20 E – H).

Figure 6.20: (A – D): Fluorescence emission microscopy of 10T1/2 cells
exposed to: (A) Guanidino Neo-Fl, (B) Guanidino Tobra-Fl, (C) Amino Tobra-Fl,
and (D) Fl-CR9. For image (C) the sensitivity of detection is increased to allow
imaging of the cellular localization of Amino Tobra-Fl. (A – D): Phase contrast
microscopy of (E) Guanidino Neo-Fl, (F) Guanidino Tobra-Fl, (G) Amino Tobra-
Fl, and (H) Fl-CR9. These particular images are made with the fluorescein
versions of these compounds (69 – 73), as binding of the BODIPY compounds to
the culture dishes made for poor fluorescence contrast.

Interestingly, the fluorescent aminoglycoside-conjugates appear to exhibit a

different cellular localization as compared to the guanidino-conjugates. The

fluorescent aminoglycoside-conjugates (65, 67, and 69) have punctate,

perinuclear localizations, which may correspond to acidic vesicles (Figure 6.20 C

& G). Confocal microscopy has been used to take optical cross sections through

cells that have been exposed to the guanidinium-containing BODIPY-conjugates

(66, 68, 72) and the fluorescein versions of these molecules (70, 71, 73); this

process confirms that these compounds are localized inside of cells (not shown).

A) B) C) D)

E) F) G) H)
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The vesicular trafficking activities of these cells were also visually inspected over

time, and indicate that these compounds are accumulated by healthy living cells

(not shown). Similar experiments with other cell types, however, (including COS

and HeLa) suggest that the cellular localization, vesicular trafficking, and even

the toxicity of these compounds may change as a function of incubation time, cell

type, media, and the identity and concentration of the fluorescent transport

substrate used (not shown).

In summary, we have found that guanidinoglycosides show highly efficient

uptake into eukaryotic cell cultures via a similar mechanism as poly-Arginine.

Guanidino-neomycin exhibits a more efficient transport than the poly-Arginine

peptide BODIPY-CR9. Guanidinoglycosides may also provide other advantages

as transport substrates, including resistance to proteases, and serving as tools

for the elucidation of the currently unknown poly Arg transport mechanism(s).

Interestingly, a report on aminoglycoside-cholesterol conjugates recently

described the incorporation of these compounds into liposomal phospholipid

complexes capable of the delivery of DNA into living cells. They report, however,

that the guanidinylation of a kanamycin A-cholesterol conjugate actually

decreased its efficiency as a DNA delivery agent. Our preliminary results indicate

that 5 guanidinium groups are the minimum number needed to stimulate efficient

cellular uptake of the tobramycin – acridine conjugates (Table 6.9).
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The conjugation of poly-arginine peptides to large molecules can facilitate the

transport of peptide, protein, and nucleic acid conjugates into cells.202 We were

interested, therefore, in synthesizing thiol-reactive guanidinoglycosides that can

be used for one-step conjugation reactions with various “cargo” molecules. The

pyridyl-disulfide activated compounds “Amino Neo-Pyridyl Disulfide” (74) and

“Guanidino Neo-Pyridyl Disulfide” (75) have recently been synthesized and

characterized (Figure 6.21). These compounds should, under aqueous or

methanolic conditions, readily form disulfide bonds with potential transport

substrates. Upon successful translocation of the transport conjugate, reductive

conditions inside of the cell should reduce the disulfide bond, thus releasing the

“cargo” molecule into the cytoplasm and nucleus of the cell.

Figure 6.21: Thiol-reactive amino- and guanidino-neomycin B derivatives show
good solubility in both water and methanol (see Sections E 6.8.3 and E 6.8.4 for
synthesis and characterization of 74 and 75).
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6.9 Conclusions

RNA plays a pivotal role in the replication of all organisms, including viral and

bacterial pathogens. The development of small molecules that can selectively

interfere with undesired RNA activity is a promising new direction for drug

development. Continuing progress in the understanding of small molecule – RNA

recognition may provide future scientists a means for selective targeting of a pre-

determined RNA regulatory element.

Systematic studies of the binding interactions between small molecules and RNA

are essential for deciphering the parameters that govern RNA recognition. The

RRE affinity, specificity, and anti-viral activities of aminoglycosides, intercalating

agents, and metal complexes can be dramatically altered through synthetic

modifications. The synthesis of new ligands with high RNA affinity is relatively

easy compared to discovering new ligands with high specificity for the desired

target. The RRE affinity and specificity of every small molecule is not, however,

always proportional to its anti-HIV activity. Issues related to cellular uptake,

localization, and non-specific binding to other cellular components (especially

membranes) can dramatically affect the biological activities of small molecules.

We have found that guanidinoglycosides exhibit impressive cellular uptake and

desirable cellular localization. These compounds may, one day, prove

indispensable for the delivery of therapeutic agents.
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Table E 1.0 Compound Source Index

Number Name(s) Source / Reference #

- RevFl (peptide) This thesis, Section E 2.1

- Rev-IA (peptide) This thesis, Section E 2.1

- Rev-TR (peptide) This thesis, Section E 2.1

- Fl-Rev (peptide) This thesis, Section E 2.1

- NH2-Rev (peptide) This thesis, Section E 2.1

(1) – (5) Aminoglycosides Commercially Available

(6) – (8) “Diphenyl furan” or “Aromatic diamindines” Profs. W.D. Wilson and D.W. Boykin83

(9) Λ-[Ru(bpy)2Eilatin]2+ Dr. Moshe Kol and Dalia Gut106

(10) ∆-[Ru(bpy)2Eilatin]2+ Dr. Moshe Kol and Dalia Gut106

(11) rac-[Ru(bpy)3]
2+ Commercially Available

(12) ethidium bromide Commercially Available

(13) 9-amino acridine Commercially Available

(14) eilatin Moshe Kol101

(15) rac-[Ru(bpy)2pre-Eilatin]2+ P. Glazer (Tor lab)107

(16) 3-cbz ethidium This thesis, Section E 5.2.1

(17) 8-cbz ethidium This thesis, Section E 5.2.1

(18) 3,8-bis cbz ethidium This thesis, Section E 5.2.1

(19) 3-guanidino ethidium This thesis, Section E 5.2.2

(20) 8-guanidino ethidium This thesis, Section E 5.2.3

(21) 3,8-bis guanidino ethidium This thesis, Section E 5.2.4

(22) 3-urea ethidium This thesis, Section E 5.2.5

(23) 8-urea ethidium This thesis, Section E 5.2.6

(24) 3,8-bis urea ethidium This thesis, Section E 5.2.7

(25) 3-pyrrole ethidium This thesis, Section E 5.2.8
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Table E 1.0 Compound Source Index (cont.)

(26) 8-pyrrole ethidium This thesis, Section E 5.2.8

(27) 3,8-bis pyrrole ethidium This thesis, Section E 5.2.9

(28) tetramethyl ethidium This thesis, Section E 5.2.10

(29) 3,8-diamino-6-phenylphenanthridine Commercially available; must desalt
before use.

(30) 3,8-bis urea-pyrrolidine ethidium This thesis, Section E 5.2.11

(31) 3,8-bis-urea-ethylene diamine ethidium This thesis, Section E 5.2.12

(32) 3,8-bisurea-arginine ethidium This thesis, Section E 5.2.13

(33) 3,8-bisurea-2-DOS ethidium This thesis, Section E 5.2.14

(34) 8-urea-ethidium-6'-neamine Charles Liu (Tor lab)*

(35) 3-urea-ethidium-6'-neamine Charles Liu (Tor lab)*

(36) 8-urea-ethidium-6'-3'deoxyneamine This thesis, Section E 5.2.15

(37) 3-urea-ethidium-6'-3'deoxyneamine This thesis, Section E 5.2.16

(38) Neo-N-acridine This thesis, Section E 6.1.1

(39) Neo-S-acridine Sarah Kirk (Tor lab)177

(40) Neo-C-acridine This thesis, Section E 6.1.2

(41) Tobra-N-acridine This thesis, Section E 6.2.1

(42) KanaA-N-acridine Charles Liu (Tor lab)*

(43) Neo-Neo Hai Wang (Tor lab)180 and E 6.3.1

(44) Neo-N-Neo This thesis, Section E 6.3.2

(45) Tobra-Tobra Hai Wang (Tor lab)180

(46) Tobra-N-Tobra Charles Liu (Tor lab)*

(47) KanaA-KanaA Hai Wang (Tor lab)180

(48) – (52) Guanidinoglycosides Tracy Baker (Goodman lab)187

(53) Tobra-Arg This thesis, Section E 6.4.1

(54) ace-Tobra-Arg This thesis, Section E 6.4.2

(55) Kana-A-Dab This thesis, Section E 6.4.3
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Table E 1.0 Compound Source Index (cont.)

(56) Kana-A-Lys This thesis, Section E 6.4.4

(57) γ-guanidino- Kana-A-Dab This thesis, Section E 6.4.5
 

(58) guanidino5-Tobra-N-acridine This thesis, Section E 6.5.1

(59) guanidino4-Tobra-N-acridine This thesis, Section E 6.5.1

(60) guanidino6-Neo-N-acridine This thesis, Section E 6.5.2

(61) guanidino5-Neo-N-acridine This thesis, Section E 6.5.2

(62) amino-Neo-Pt Jürgen Boer (Tor lab)197

(63) guanidino-Neo-Pt Jürgen Boer (Tor lab)197

(64) cisplatin Commercially Available

(65) amino-Tobra-BODIPY This thesis, Section E 6.7.1

(66) guanidino-Tobra-BODIPY This thesis, Section E 6.7.2

(67) amino-Neo-BODIPY This thesis, Section E 6.7.3

(68) guanidino-Neo-BODIPY This thesis, Section E 6.7.4

(69) amino-Tobra-Fluorescein This thesis, Section E 6.7.5

(70) guanidino-Tobra-Fluorescein This thesis, Section E 6.7.6

(71) guanidino-Neo-Fluorescein This thesis, Section E 6.7.7

(72) BODIPY-CR9 This thesis, Section E 6.8.1

(73) Fluorescein-CR9 This thesis, Section E 6.8.2

(74) amino-Neo-pyridyl disulfide This thesis, Section E 6.8.3

(75) guanidino-Neo-pyridyl disulfide This thesis, Section E 6.8.4

*Manuscript in preparation.
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Table E 1.1 Summary of IC50 values (µµµµM)* for HIV-1 inhibition (x794LAI)
Compound HeLa Plaque Assay** PBMC / p24**

tobramycin (3) >30 >10

neomycin B (5) >30 n.d.***

Λ-[Ru(bpy)2Eilatin]2+ (9) 0.8 1.4

∆-[Ru(bpy)2Eilatin]2+ (10) 2.0 n.d.***

rac-[Ru(bpy)3]
2+ (11) >100 n.d.***

ethidium bromide (12) 0.2 n.d.***

rac-[Ru(bpy)2pre-Eilatin]2+ (15) 30 n.d.***

3-urea ethidium (22) 1.5 n.d.***

8-urea ethidium (23) 3.0 n.d.***

3,8-bis urea ethidium (24) 1.5 n.d.***

8-pyrrole ethidium (25) 1.5 n.d.***

8-urea-ethidium-6'-neamine (34) >10 n.d.***

3-urea-ethidium-6'-neamine (35) >10 n.d.***

neo-N-acridine (38) >10 n.d.***

tobra-N-acridine (41) >10 n.d.***

guanidino-tobramycin (50) 1 2

guanidino-neomycin B (52) 1 n.d.***

guanidino5-Tobra-N-acridine (58) 0.2 0.4

guanidino4-Tobra-N-acridine (59) n.d.*** >10

guanidino6-Neo-N-acridine (60) 1 2

amino-Neo-Pt (62) 0.01 n.d.***

guanidino-Neo-Pt (63) 0.1 n.d.***

cisplatin (64) 0.01 n.d.***

AZT 0.01 <0.001

* Errors do not exceed ± 70% of each reported value.
** Conducted as described,110 at CFAR, UCSD.
*** n.d. = not determined
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E 2.0 Synthesis and Quantification of RRE Constructs

For the RRE66, T7 RNA polymerase was utilized for "run-off" in vitro transcription

with a complementary, 83-nt DNA template as described.203 Synthesis of the 83-

nt DNA template was carried out using standard phosphoramidite chemistry.

The DNA oligonucleotide was purified using denaturing polyacrylamide gel

electrophoresis (PAGE), followed by extraction into 200 mM potassium acetate /

10 mM EDTA and two rounds of ethanol precipitation (3 volumes of ethanol).

The sequence and homogeneity of the DNA template was confirmed using di-

deoxy sequencing techniques. Transcription products were also purified using

denaturing PAGE, extraction and multiple rounds of ethanol precipitation. The

expected sequence of the 66-nt RNA transcript was verified by 5' end labeling

with 32P and subsequent enzymatic digestions (RNase T1, A, and U2).177 The

molecular extinction coefficient (260 nm) for the RNA transcripts are calculated

by a summation of the number of each nucleotide multiplied by the number of

times it appears in the sequence (A = 15,400 cm-1 M-1, G = 11,700 cm-1 M-1, C =

7,300 cm-1 M-1 , U = 10,100 cm-1 M-1, T = 8,700 cm-1 M-1, I (inosine) = 7,200 cm-1

M-1, X (modified base of unknown extinction coefficient) = 11,125 cm-1 M-1) .

These values are the extinction coefficients for each nucleotide at 260 nm in

neutral water. In order for the calculated extinction coefficient for each transcript

to be accurate, the transcript must be first hydrolyzed into free nucleotides before

quantification. Procedure for hydrolysis: 1 µl of RNA solution is added to 10 µl of

1 M NaOH and heated 90 °C for 10 min. The reaction is quenched in 10 µl of 1 M

HCl and diluted into 500 µl of 50 mM sodium phosphate pH 7.5 for quantification
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by spectrophotometry. By comparing the UV-vis absorbance spectrum of RRE 66

both before and after base hydrolysis, the extinction coefficient of the non-

hydrolyzed transcript can be calculated at 560,000 cm-1 M-1 (Figure E 2.0 and

Table E 2.0). Shorter RNA constructs (including RREJW and RREIIB) have been

purchased (Dharmacon Research Inc.), purified as above, and quantified with the

extinction coefficients in Table E 2.0. All RNAs were folded in neutral buffer by

heating at 90 °C for 3 min, then cooling to R.T. over 10 min. MALDI TOF is used

to confirm the expected masses of all RNA transcripts. Duplex nucleic acids are

purchased from either Sigma-Aldrich or Amersham-Pharmacia, dissolved in 10

mM Tris pH 7.5, 1 mM EDTA and quantified in their native form using the

reported extinction coefficients (summarized in reference #87 and the 2002

Amersham-Pharmacia catalog).

Figure E 2.0: UV-vis absorption spectra of RRE 66 before and after base
hydrolysis, both spectra are taken in 50 mM sodium phosphate pH 7.5.
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Table E 2.0: Extinction coefficients (ε) used for quantification.

Nucleic Acid Base-hydrolyzed
ε (cm-1 M-1)

Not-hydrolyzed
ε (cm-1 M-1)

RRE 66 741,400 560,000

RRE IIB 515,000 331,000

RRE JW 371,000 267,000

3I RRE JW 358,000 267,000

deoxy-RRE JW n.d. 267,000

TAR 31 323,900 264,000

A-site 27 276,000 n.d.

tRNAPhe 859,400 733,000

tRNAMIX 11,125* 9,640*

Calf Thymus DNA n.d. 13,100**

Poly (dA) – Poly (dT) n.d. 12,200**

Poly (dG) – Poly (dC) n.d. 14,800**

Poly (dAT) – Poly (dAT) n.d. 13,300**

Poly (dGC) – Poly (dGC) n.d. 16,800**

Poly (rA) – Poly (rU) n.d. 14,280**

Poly (rG) – Poly (rC) n.d. 14,800**

Poly (rI) – Poly (rC) n.d. 10,000**

Poly (rA) n.d. 10,500*

Poly (rC) n.d. 6,200*

Poly (rU) n.d. 9,500*

Poly (dA) n.d. 8,600*

Poly (dT) n.d. 8,520*

Poly (rI) n.d. 10,200*

* = per base
** = per base pair
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Section E 2.1 Design and Synthesis of Rev Peptides

Both N-terminus and C-terminus modified Rev34-50 peptides were synthesized

and studied. Succinylation of the N-terminus, amidation of the C-terminus, and

addition of four alanines has been shown to increase the α helicity of the Rev

peptide, and thereby increase the affinity and specificity to the RRE.46 In our

case, these four alanines also serve as a spacer for subsequent fluorescein

modification.

N-terminus modified: NH2AAAATRQARRNRRRRWRERQRam

C-terminus modified: sucTRQARRNRRRRWRERQRAAAACam

Figure E 2.1: Modified Rev peptides based upon Rev34-50 (bold).

The N-terminus free amine of the "N-terminus modified" peptide is used for an

on-resin conjugation to fluorescein, resulting in “Fl-Rev” (Figure E 2.2). The "C-

terminus modified" peptides are first cleaved from the resin, purified, then the

Cys residue is used for a conjugation to fluorescein (resulting in “Rev-Fl”), or

conjugation to Texas Red (resulting in “Rev-TR”). For the non-fluorescent C-

terminus modified Rev peptide (“Rev-IA”), the C-terminal Cys is capped as a

thioether acetamide derivative (SCH2CONH2) to prevent dimerization (Figure E

2.2).
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Figure E 2.2: Synthetic scheme for N-terminus and C-terminus modified Rev 34-50

peptides.
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Peptide synthesis was carried out using standard Fmoc/HBTU chemistry on ABI

Applied Biosystems 431A peptide synthesizer using protected amino acids

purchased from Calbiochem. Protected amino acids used in the synthesis were:

Fmoc-Arg-(Pbf)-OH, Fmoc-Asn-(Trt)-OH, Fmoc-Gln-(Trt)-OH, Fmoc-Trp-(Boc)-

OH, Fmoc-Thr-(tBu)-OH, Fmoc-Glu-(OtBu), and Fmoc-Cys-(Trt)-OH. For the C-

terminus modified peptide, the first peptide coupling was done manually to avoid

isomerization problems associated with Cys. Fmoc-Cys-(Trt)-OH was converted

into its symmetric anhydride by reaction with 0.45 equivalents of DCC in dry

methylene chloride for 10 min. The anhydride was separated from the DCU

precipitate by vacuum filtration and methylene chloride was subsequently

removed in vacuo. The solid anhydride was then dissolved in 30% N-

methylpyrrolidone (NMP) in DMF and added to deprotected Rink Amide MBHA

resin. The coupling lasted 2.5 hours at 25 °C and was monitored by ninhydrin

(Kaiser Test). Upon completion, the resin was washed with methylene chloride

followed by NMP, and loaded onto the ABI synthesizer. The remainder of the

peptide synthesis was carried out using standard HOBt/HBTU chemistry and

monitored with a built-in conductivity meter. For both peptides, the first round of

automated coupling reactions was done as a "double coupling" to ensure

efficiency. Upon completion of the automated synthesis, the N-terminus modified

resin was washed (with methylene chloride) and coupled to fluorescein by

reaction with ~100 equivalents of 5-carboxyfluorescein succimidyl ester

(Molecular Probes) in DMSO for 1 h at room temperature. The C-terminus

modified resin was washed with DMF and reacted with 0.3 M succinic anhydride,
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0.3 M 1-hydroxybenztrizole hydrate, and 0.03 M DMAP in DMF, for 1 h at room

temperature. Both reactions were monitored using the Kaiser Test. Upon

completion of each reaction, the resin was washed (in methylene chloride) and

cleaved from the resin at room temperature for 2.5 h in a "cleavage cocktail"

containing 88% TFA, 5% water, 5% phenol, and 2% triisopropylsilane (v/v). The

filtrate was then mixed with 15 volumes of 2% acetic acid, and extracted 4 times

with diethyl ether. Crude peptides were purified on a C-18 semiprep HPLC

column with an isocratic mixture of either 19% or 14% acetonitrile (0.1% TFA) in

water (0.1% TFA) (for the fluorescein and non-fluorescein containing peptides

respectively). The purified peptides were lyophilized and the C-terminus

modified peptide was reacted with 100 equivalents of 5-iodoacetamidofluorescein

(or Texas Red C5 bromoacetamide) in 100 mM sodium phosphate (pH 8.0), 2

mM EDTA, and 30% (v/v) DMSO at room temperature in the dark for 2 h. Or,

separately, the purified C-terminus modified peptide was reacted with

iodoacetamide (85 mM in 75% DMF/water (v/v) and 20 mM HEPES, pH 8.0) at

25 °C in the dark for 2 h. The resulting peptides ("Rev-Fl", “Rev-TR”, and "Rev-

IA", respectively) were then purified on a C-18 semiprep HPLC column with an

mixture of acetonitrile (0.1% TFA) and water (0.1% TFA); isocratic conditions

were 19% acetonitrile for Rev-Fl, 30% acetonitrile for Rev-TR, and 14%

acetonitrile for Rev-IA. Electrospray mass spectrometry confirmed masses for

Fl-Rev (3,079 amu), NH2-Rev (2,721 amu), RevFl (3,312 amu), Rev-TR (3,656

amu), and Rev-IA (2,982 amu). Analytical HPLC confirmed a greater than 98%

purity for each peptide. Molecular extinction coefficients for the fluorescein
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labeled peptides were taken as 73,500 cm-1 M-1 for Fl-Rev (498 nm), 77,000 cm-1

M-1 for Rev-Fl (498 nm), 115,000 for Rev-TR (586 nm) (based upon the extinction

coefficients of the free dyes). The extinction coefficients for un-labeled peptides

have been taken as 5,600 cm-1 M-1 for both NH2-Rev and Rev-IA (280 nm) (based

upon the presence of a single Trp residue.46 Amino acid analysis of Rev-IA

(complete acid hydrolysis, followed by ninhydrin modification, and HPLC

quantification of each amino acid compared the HPLC integration of known

concentration of a standard) suggests, however, that the extinction coefficient of

Rev-IA is closer to 9,600 cm-1 M-1. The average values of amino acid hydrolysis

and UV-absorbance (7,600 cm-1 M-1) have been used for these studies.

Section E 2.3 Evaluation of Rev Peptides

The C-terminus modified peptides are found to be superior to the N-terminus

peptides. Gel shift mobility assays indicate that perturbation of RRE affinity is

significantly worse when the N-terminus modified peptide is conjugated to

fluorescein compared to the addition of fluorescein to the C-terminus modified

peptide (not shown). Furthermore, upon binding the RRE, fluorescence

quenching of "Fl-Rev" is much more significant (~30%) than quenching of "Rev-

Fl" (~10%) (this makes Rev-Fl better suited for fluorescence anisotropy

experiments). These differences can be rationalized by examining the solution

structure of the Rev-RRE complex which shows the N-terminus of the Rev

peptide buried in the major groove of the RRE and the C-terminus free in

solution.53
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Section E 3.0 Conditions for Peptide Displacement Binding Assays

All RevFl peptide displacement experiments (including those using the solid-

phase assay and fluorescence anisotropy) were conducted at 22 °C in a buffer

containing 30 mM HEPES (pH 7.5), KCl (100 mM), sodium phosphate (10 mM),

NH4OAc (10 or 20 mM), guanidinium HCl (10 or 20 mM), MgCl2 (2 mM), NaCl (20

mM), EDTA (0.5 mM), and Nonidet P-40 (0.001%). This complex mixture of

cations and anions is found to minimize the non-specific binding of ligands to the

Rev-RRE complex and to maximize the reversibility of the Rev-RRE interaction

(as evident in both anisotropy and solid-phase assays).

Section E 3.1 Fluorescence Anisotropy

In a Perkin Elmer LS-50B luminometer equipped with polarizing filters, 10 nM of

RevFl in buffer, is excited at 490 nm and its emission is monitored at 530 nm.

Maximum slit widths and a Gf value of 1.006 are used for taking, at least, 6

anisotropy values for each data point. A RevFl-RNA complex is then formed by

adding 10 nM, 100 nM, or 120 nM of the pre-folded RNA. Upon binding the RRE

or TAR, only minor changes in the emission spectrum of fluorescein were seen

(about 10% quenching of RevFl). We have, therefore, taken the change in

anisotropy as being directly proportional to the fraction of RevFl bound. Upon

titration of the inhibitor, sufficient mixing time must be provided to allow for

equilibrium to be reached. For compounds that bind through electrostatic

interactions, equilibrium is reached almost immediately. For compounds that
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bind, primarily, through hydrophobic interactions, 1-2 minutes is sometimes

needed to reach equilibrium.

Ki values have been calculated, from IC50 values by considering the following

equation:

Upon mixing 10 nM of RRE66 with 10 nM of RevFl, the concentration of RevFl-

RRE complex [RevFl-RRE] = 5.8 nM, and the concentrations of free RRE and

free RevFl are each 4.2 nM. Upon reaching the IC50 of the titration, the

concentration of the complex [RevFl-RRE] = 2.9 nM, [I-RRE] = 5 nM, [RevFl] =

7.1 nM and the concentration of free inhibitor [I] = (IC50 value – [I-RRE]).

Therefore, at 10 nM of RRE, Ki = ((IC50 – 5 nM) / 4)). Upon mixing 100 nM of

RRE66 with 10 nM of RevFl, the concentration of complex [RevFl-RRE] = 9.6

nM, the concentration of free RRE = 90 nM and free RevFl is 0.4 nM . Upon

reaching the IC50 of the titration, the concentration of the complex [RevFl-RRE] =

4.8 nM, [I-RRE] = 94 nM, [RevFl] = 5.2 nM and the concentration of free inhibitor

[I] = (IC50 value – [I-RRE]). Therefore, at 100 nM of RRE, Ki = ((IC50 – 94 nM) /

34)). Upon mixing 120 nM of RRE66 with 10 nM of RevFl, the concentration of

+

[ RRE ] + [ RevFl ] [ RevFl - RRE ]

[ I ]

Ki

[ I - RRE ]

[ RevFl ]

Kd [ RevFl-RRE ]

[ I - RRE ]
Ki =

[ I ]

Kd = nM
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complex [RevFl-RRE] = 9.7 nM, the concentration of free RRE = 110 nM and free

RevFl is 0.3 nM . Upon reaching the IC50 of the titration, the concentration of the

complex [RevFl-RRE] = 4.9 nM, [I-RRE] = 114 nM, [RevFl] = 5.1 nM and the

concentration of free inhibitor [I] = IC50 value – [I-RRE]. Therefore, at 120 nM of

RRE, Ki = ((IC50 – 114) / 40)).

E 3.2 The Solid-Phase Assay

E 3.2.1 Synthesis of biotinylated 66-nt RRE

See Figure E 3.1 for a flow chart of biotin-RRE synthesis. The synthesis of the 5'

biotinylated RRE transcripts is a modification of the procedure described.175 To

generate RNA transcripts with a phosphorothioate 5'-end, 8 mM guanosine

monophosphorothioate (purchased from USB) was included in the transcription

reaction (along with 2 mM of each NTP), this approach was found to be more

efficient than the previously described method.175 T7 RNA polymerase was

utilized for "run-off" in vitro transcription with a complementary, 83-nt DNA

template as described (Section E 2.0). Transcripts with a phosphorothioate 5’

end were reacted with Iodoacetyl-LC-Biotin (purchased from Pierce) as

described,175 purified and quantified as described in E 2.0. Before use, RRE

transcripts were folded in a buffer containing 30 mM HEPES (pH 7.5), KCl (100

mM), MgCl2 (2 mM), and EDTA (0.5 mM) by heating to 90 °C and cooling to

room temperature.
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Figure E 3.1: Synthesis of biotinylated RRE66.

E 3.2.1 Assembly of the Solid-Phase Immobilized Rev-RRE Complex

“ImmunoPure” beaded agarose covalently modified with stretavidin was

purchased from Pierce. Immediately before use, the resin is washed with 3

volumes of buffer (Section E 3.0) with gentle mixing (by inversion of the tube).

After each wash (4 total) the slurry of solid-support and buffer is gently

centrifuged (1,000 rpm 30 s) to settle the agarose beads, and the buffer removed

by pipette. Following the last wash, 500 µl of dilute biotinylated RRE (400 nM in

buffer) is added to 1 mL of a 40% slurry (400 µl of beads and 600 µl of buffer)

and immediately inverted to mix. The slurry is incubated at room temperature for

1.5 h with constant inversion for mixing. By monitoring absorbance of the
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supernatant at 260 nm, the efficiency of RRE immobilization is calculated. The

loading efficiency is >95% for biotinylated RRE and is <1% for non-biotinylated

RRE. Following RRE immobilization, 1 equivalent of RevFl is added, incubated

for 1 h, and the supernatant quantified for fluorescence intensity. Under these

conditions, non-specific binding of RevFl to the solid-support is not observed (as

determined by addition of RevFl to streptavidin-agarose which lacks immobilized

RRE). Since a linear relationship between fluorescence intensity and

concentration of RevFl can be established by a calibration of UV absorbance

versus fluorescence emission (Figure 3.1), the concentration of RevFl in the

supernatant (following incubation with the immobilized RRE) can be calculated

from its fluorescence intensity. It is found that under the above loading

conditions, ~85% of RevFl is bound by the immobilized RRE. The Kd of the

RevFl-RRE interaction on solid support is then calculated by assuming that 85%

of the RRE is bound by RevFl (which is confirmed by mixing a known volume of

gel with 8M guanidinum HCl and quantifying the amount of RevFl present on the

gel itself).

E 3.2.2 Conducting the Solid-Phase Assay

In 0.75 mL siliconized tubes, 200 µL of buffer (see Section E 3.0) is added,

followed by 30 µL of a 30% Rev-RRE slurry (at 0.5 pmole RRE/µL of gel). A

small volume of concentrated inhibitor and/or competitor is added, mixed gently,

and incubated at room temperature for 90 minutes with constant inversion for

mixing. The tube is then gently centrifuged (1,000 rpm for 30 s) to settle the
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beads. 200 µL of supernatant is then added to 800 µL of “quantification buffer”

(4M guanidinium HCl, 250 mM Tris/HCl (pH 9.0), 250 mM KCl, 50 mM MgCl2,

0.01% Nonidet P-40), and quantified for fluorescence intensity (Perkin Elmer LS-

50B fluorimeter, maximum slit widths, Excitation 490 nm). For the maximum

signal control (Figure 3.8), 200 µL of 8M guanidinium HCl is added instead of

buffer. For inhibitors that interfere with emission of RevFl, the quantity of RevFl

remaining on the agarose beads is quantified by removing the supernatant (as

above) then washing the beads 2 times with 200 µL of isopropanol. After each

wash the mixture is gently centrifuged (1,000 rpm, 30 s) to settle the agarose

beads, and isopropanol removed by pipette. 200 µL of 8M guanidinium HCl is

then added to the beads, mixed, heated to 55 °C, mixed again, then centrifuged

to settle the agarose beads. 200 µL of supernatant is then added to 800 µL of

“quantification buffer” (see above) and quantified for fluorescence intensity (as

above).

E 3.2.3 Gel Shift Experiments

To address the discrepancies between IC50 values derived from the solid-phase

assay and those from fluorescence anisotropy, gel shift experiments were

conducted (Figure 3.9). A Rev-RRE complex was formed by mixing 10 nM RRE

(a fraction 5'-end labeled with 32P) with 80 nM “Rev-IA” (see above) in buffer

(Section E 3.0). This mixture was incubated at room temperature for 15 min then

9 µL aliquots were added to tubes containing 1 µL of a inhibitor solution, the

mixture was incubated for an additional 15 min at RT and loaded onto a native
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17% polyacryamide gel. The running buffer and gel (1:29 bis:acrylamide) were

both at 1X TBE. The gel was run overnight at a constant 300 V and exposed to a

Molecular Dynamics Phosphor Screen and Phosphorimager™ 445 SI and

analyzed with Imagequant™ software (Molecular Dynamics).

E 3.3 Ethidium Bromide Displacement

A 1.25 µM solution of ethidium bromide is excited at 546 nm, and its fluorescence

emission is monitored at 605 nm before and after the addition of nucleic acids.

For the RRE and TAR constructs, 50 nM of each stand is used, for the polymeric

nucleic acids, 0.3 µM, 0.88 µM, or 11 µM of base pairs is used. Under these

conditions, only a small fraction of the ethidium bromide is bound (less than

20%). Inhibitors are then titrated until the fluorescence decrease reaches

saturation (Figure 3.12).

E 3.4 Direct Observation of Small Molecule Nucleic Acid Association : 9-
Amino Acridine Fluorescence Anisotropy

Similar to E 3.1, a 20 nM solution of 9-aminoacridine, in buffer (Section E 3.0),

was excited at 400 nm and emission monitored 431 nm with maximum slit widths

and Gf set to 1.000. RRE 66 was then titrated. The fluorescence intensity of 9-

aminoacridine remains constant (111 arb. units) through out the titration.

Interestingly, under these conditions, the acridine-glycoside conjugates (38 – 42)

show significant quenching upon binding nucleic acids. The “direct” binding

isotherms for these compounds, therefore, are determined by monitoring the

changes in fluorescence intensity.
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E 3.5 Direct Observation of Small Molecule Nucleic Acid Association :
Thermal Denaturation:

Tm experiments are conducted with a Varian Cary 1E UV-vis spectrophotometer

equipped with a temperature control unit. 23 µM (base pairs) of Calf Thymus, in

buffer, is denatured at 0.5 °C/min and absorbance is monitored at 260 nm in

either the presence or absence of 10 µM of either 9 or 10. The temperature of

melting is taken at the inflection point of the transition.

E 3.5.1 Direct Observation of Small Molecule Nucleic Acid Association: 2-
AP and the HH16 Ribozyme:

2-AP containing substrates were purchased from Dharmacon. All deprotected

RNA sequences were purified by preparative 20% denaturing polyacrylamide gel

electrophoresis and quantified as described (Section E 2.0). The following molar

extinction coefficient of 2-AP was taken as 1,000 cm-1M-1. RNAs were quantified

in 8 M urea instead of using base-hydrolysis. All HH16 experiments were

conducted at 37 °C in a buffer containing 50 mM Tris-HCl (pH 6.5–8.5) and NaCl

(0–500 mM), cleavage reactions contain 10 mM MgCl2. Fluorescence emission

measurements were taken by exciting the samples at 305 nm and monitoring

emission at 370 nm. Enzyme-substrate association experiments were conducted

in 3 mL solution of buffer (with no MgCl2) containing 20 nM of the 2-AP-

containing substrate. The fluorescence emission intensity of the substrate was

monitored upon titration of the 38-mer enzyme. A 5 minute equilibration time was

allowed after each addition of enzyme, before quantifying the emission intensity

of the substrate (Figure 3.18). Cleavage experiments were conducted in a

masked micro fluorescence cuvette thermoregulated at 37 °C. Buffered solutions
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(35 µl) of the substrate and enzyme were denatured separately by heating to 90

°C for 90 sec and cooling to room temperature over 10 min to allow for refolding.

MgCl2 (10 mM) and inhibitors (when appropriate) were added to both the enzyme

and substrate and allowed to equilibrate at 37 °C for 5 min. The cleavage

reaction was then initiated by manually mixing the substrate with the enzyme in a

heat block or a fluorescence cuvette preheated to 37 °C. For all cleavage

experiments the final concentration of substrate and enzyme is 1.85 µM and 10.3

µM, respectively. Since cleavage is conducted under single-turnover conditions,

the pseudo first order rate constant k2 can be easily extracted from

measurements of the ribozyme’s initial rate of cleavage. Since the cleavage

reaction occurs within the hammerhead complex, it can be treated as a first order

intramolecular reaction. Rate constants (k2) were calculated as the slope of ln(1–

S/S0) vs. time, where S/S0 is the fraction of cleaved substrate. For experiments

utilizing a radioactively labeled substrate, S/S0 was determined by dividing the

amount of cleaved substrate by the sum of the full length and cleaved substrate.

The initial point (y0) of the fluorescently-monitored reactions was derived by fitting

the raw data to an exponential curve fit y = y0 + a(1 – e–bx), where y =

fluorescence intensity, a = the rise, b = the rate and x = time. The end point (f)

was separately determined by measuring the fluorescence of individually

synthesized cleavage products (P1 and P2) annealed to the enzyme (E) under

the same reaction conditions; hence S/S0 (fraction cleaved) = (y – y0)/(f – y0).

Using this method the percent cleavage after 20 min was essentially the same for

the radioactive- and fluorescence-generated data; both reactions were found to
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reach 75% of completion. The IEC50 values (concentration of inhibitor leading to

a 50% reduction of ribozyme cleavage rate) were determined by measuring the

concentration of inhibitor needed to decrease the initial slope (between 30

seconds and two minutes) by 50%. The IEC50 values are used only for

comparative purposes and are not to be confused with actual k2 values.

E 4.0.1 Circular Dichroism of Metal Complexes

CD spectra were collected on an AVIV model 303A Circular Dichroism

Spectrometer using a 1cm pathlength quartz cell containing 50 mM sodium

phosphate pH 7.5. Spectra were collected with 16 µM of either 9 or 10 and these

spectra were corrected by subtraction of a “buffer-only” spectrum. The raw data

(ellipticity in mdeg) was converted into molar ellipticity ([Θ]) with the following

formula: [Θ] = Θ (mdeg) / (10*C*l)

Where C = concentration and l = path length in cm.

The units for [Θ] are deg * cm2 * decimole-1

E 4.0.2 HeLa Plaque Assay.

Two independent sets of duplicate points were collected at the CFAR, UCSD as

described.110 HT-6C cells were grown and assayed for plaque forming units

(PFUs), in Dulbecco's Modified Eagle's Medium containing: 10% fetal calf serum

(FCS), 2 mM glutamine, and 100 µg/mL penicillin and streptomycin. 9 and 10

were tested in the presence and absence of Polybrene© and the same IC50

values were measured. Cells were seeded in 24-well Falcon plates at 2.5 × 104
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cells/well and incubated overnight (37 oC in the presence of CO2). The HIV-1

strain LAI X794 was then added such that 70 ± 10 PFUs/well were apparent after

an additional 3 d incubation. Inhibitors were added 2 h following the addition of

HIV-1 and incubated (as above) for 3 d. Cells were then washed in MeOH and

stained with Crystal Violet (0.5% in H2O). Cell density and PFUs were counted

and compared to no-inhibitor controls. As a control, AZT is included in each

round of testing and consistently shows an IC50 value of approximately 0.01 µM.

E 4.0.3 PBMC Assay

Experiments were conducted at the CFAR, UCSD as described.110 Peripheral

blood monoocytes (PBMCs) were obtained from an HIV- negative human donor

and maintained in RPMI 1640 (Bio Wittaker Corp.) containing: 10% FCS,

100µg/ml pen/strep, 10 units/ml IL-2 and were stimulated with 3µg/ml PHA lectin

(Sigma) from 48 to 72 hours following isolation. The HIV-1 strain X794 LAI, is

then added to a 1/1000 multiplicity of infection, incubated for two hours at 37 °C

(in the presence of CO2), washed two times in PBS, resuspended in media

(above), and added to 96-well plates at 2x105 cells per well. Inhibitor is then

added (pre-suspendended in media and filtered). Plates are then incubated an

additional 4 days and the concentration of p24 is measured for each sample and

compared to a no-drug controls. As a control, AZT was included and showed an

IC50 value of less than 0.001 µM.
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E 4.0.4 Viscosity Experiments

A Cannon-Manning semi-micro size 75 viscometer was submerged in a glass

beaker and thermoregulated at 25.9 ± 0.1 °C. Concentrated stocks (10 mM) of

either ethidium (12) or rac-(9/10) were titrated into 0.5 mL buffered solutions (50

mM sodium phosphate pH 7.5) of CT DNA (0.5 mM bases). Flow times ranged

between 126.4 and 160.5 seconds depending the concentration of small

molecule. The η is the viscosity of the solution in the presence of a ligand, ηo is

the viscosity of the DNA-only solution. Viscosity is calculated as η = t – to where t

= time for the sample to flow through the viscometer and to is the time needed for

the buffer only.

E 4.0.5 UV-Vis Titrations

UV-vis spectra were collected using a Hewlett Packard 8452A diode array

spectrophotometer. 8 µM of either 9 or 10 in buffer (Section E 3.0) were

monitored as small volumes of concentrated nucleic acids were added. See E

2.0 for source and quantification of nucleic acids. The fractional change at

multiple wavelengths were averaged to calculate each IC50 value. Upon titration

of TAR31, RREJW, and tRNAPhe both 9 and 10 exhibited the same spectral

changes as observed for CT DNA (Figure 4.4). Significant diversity, however, is

observed in the magnitudes of red-shifting and the changes in epsilon upon

addition of the polymeric nucleic acids (especially for the single stranded

polymers):
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ΛΛΛΛ-[Ru(bpy)2Eilatin]2+ / poly r[A]–r[U] ∆∆∆∆-[Ru(bpy)2Eilatin]2+ / poly r[A]–r[U]

ΛΛΛΛ-[Ru(bpy)2Eilatin]2+ / poly r[G]–r[C] ∆∆∆∆-[Ru(bpy)2Eilatin]2+ / poly r[G]–r[C]

 

 
    
ΛΛΛΛ-[Ru(bpy)2Eilatin]2+ / poly d[AT]–d[AT] ∆∆∆∆-[Ru(bpy)2Eilatin]2+ / poly d[AT]–d[AT]
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ΛΛΛΛ-[Ru(bpy)2Eilatin]2+ / poly d[GC]–d[GC] ∆∆∆∆-[Ru(bpy)2Eilatin]2+ / poly d[GC]–d[GC]

ΛΛΛΛ-[Ru(bpy)2Eilatin]2+ / poly d[G]–d[C] ∆∆∆∆-[Ru(bpy)2Eilatin]2+ / poly d[G]–d[C]

    
ΛΛΛΛ-[Ru(bpy)2Eilatin]2+ / poly d[AT]–d[AT] ∆∆∆∆-[Ru(bpy)2Eilatin]2+ / poly d[AT]–d[AT]
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ΛΛΛΛ-[Ru(bpy)2Eilatin]2+ / poly r[I]–r[C] ∆∆∆∆-[Ru(bpy)2Eilatin]2+ / poly r[I]–r[C]

ΛΛΛΛ-[Ru(bpy)2Eilatin]2+ / poly r[A] ∆∆∆∆-[Ru(bpy)2Eilatin]2+ / poly r[A]

ΛΛΛΛ-[Ru(bpy)2Eilatin]2+ / poly r[U] ∆∆∆∆-[Ru(bpy)2Eilatin]2+ / poly r[U]
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ΛΛΛΛ-[Ru(bpy)2Eilatin]2+ / poly r[C] ∆∆∆∆-[Ru(bpy)2Eilatin]2+ / poly r[C]

ΛΛΛΛ-[Ru(bpy)2Eilatin]2+ / poly r[G] ∆∆∆∆-[Ru(bpy)2Eilatin]2+ / poly r[G]

E 4.0.6 Thermal Denaturation Experiments

A Beckman Coulter DU 640 spectrophotometer equipped with a Peltier was used

to monitor buffered solutions (10 mM sodium phosphate pH 7.5, 1 mM MgCl2, 50

mM KCl) containing 30 µM (bases) of poly r(U), and/or 15 µM of either 9 or 10.

Heating was at the rate of 0.5 °C/min and all samples were monitored at 260 nm

(Figure 4.7).
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E 4.0.7 Eilatin Titrations

In a Perkin Elmer LS-50B luminometer a dilute solution of eilatin (14) (0.1 µM) in

buffer (Section E3.0) was excited at 417 nm using maximum slit widths. The

emission of the solution was the monitored as small volumes of highly

concentrated nucleic acids are titrated (Figure 4.10).

E 5.1.1 Ethidium Chloride Crystal Structure

Ethidium chloride was crystallized by vapor infusion. In a test tube, ethidium was

mixed with chloroform, then methanol was added drop-wise until the ethidium

was fully dissolved. The tube was then sealed in a container containing diethyl

ether. Crystal growth was apparent after approximately 5-7 days. A trace of

bromide counter ion (13 %) was observed in place of chloride (87%).

Figure E 5.0: ORTEP drawing of ethidium chloride.
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Table E 5.1: Crystallographic parameters for ethidium chloride.

Formula weight 389.34

Temperature 100(2) K

Wavelength 0.71073 Å

Crystal system Monoclinic

Space group P2(1)/n

Unit cell dimensions a = 9.6706(9) Å α= 90°.

b = 10.4323(10) Å β= 100.786(2)°.

c = 19.6144(19) Å γ = 90°.

Volume 1943.9(3) Å3

Z 4

Density (calculated) 1.330 Mg/m3

Absorption coefficient 0.535 mm-1

F(000) 820

Crystal size 0.644 x 0.199 x 0.156 mm3

Theta range for data collection 2.11 to 27.54°.

Index ranges -12<=h<=12, -12<=k<=13, -25<=l<=25

Reflections collected 16036

Independent reflections 4381 [R(int) = 0.0275]

Completeness to theta = 27.54° 97.6 %

Absorption correction None

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 4381 / 0 / 266

Goodness-of-fit on F2 1.051

Final R indices [I>2sigma(I)] R1 = 0.0375, wR2 = 0.0970

R indices (all data) R1 = 0.0432, wR2 = 0.1004

Largest diff. peak and hole 0.483 and -0.228 e.Å-3

E 5.1.2 3-Cbz Ethidium Chloride Crystal Structure

3-Cbz ethidium chloride (16) was crystallized by vapor infusion. In a test tube, it

was mixed with chloroform, then a few drops of methanol were added until 16
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was fully dissolved. The tube was then sealed in a container containing diethyl

ether. Crystal growth was apparent after approximately 1-2 days.

Figure E 5.1: ORTEP drawing of 3-cbz ethidium chloride.

Figure E 5.1 ORTEP drawing of 3-cbz ethidium chloride.

Table E 5.2: Crystallographic parameters for 3-cbz ethidium chloride.

Formula weight 530.05

Temperature 100(2) K

Wavelength 0.71073 Å

Crystal system Monoclinic

Space group P2(1)/n

Unit cell dimensions a = 13.2854(17) Å α= 90°.

b = 10.5945(13) Å β= 90.567(2)°.

c = 18.976(2) Å γ = 90°.

Volume 2670.8(6) Å3

Z 4

Density (calculated) 1.318 Mg/m3

Absorption coefficient 0.181 mm-1

F(000) 1120

Crystal size 0.73 x 0.17 x 0.17 mm3

Theta range for data collection 1.86 to 27.50°.

Index ranges -17<=h<=17, -13<=k<=13, -24<=l<=23

Reflections collected 21640

Independent reflections 5982 [R(int) = 0.0315]
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Completeness to theta = 27.50° 97.6 %

Absorption correction None

Max. and min. transmission 0.9700 and 0.8787

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 5982 / 0 / 348

Goodness-of-fit on F2 1.045

Final R indices [I>2sigma(I)] R1 = 0.0463, wR2 = 0.1265

R indices (all data) R1 = 0.0536, wR2 = 0.1333

Largest diff. peak and hole 1.047 and -0.387 e.Å-3

E 5.1.3 8-Cbz Ethidium Chloride Crystal Structure

8-Cbz ethidium chloride (17) was crystallized by vapor infusion. In a test tube, it

was mixed with chloroform, then a few drops of ethanol were added until 17 was

fully dissolved. The tube was then sealed in a container containing diethyl ether.

Crystal growth was apparent after approximately 1-2 days.

Figure E 5.2: ORTEP drawing of 8-cbz ethidium chloride.
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Table E 5.2: Crystallographic parameters for 8-cbz ethidium chloride.
Formula weight 603.35

Temperature 100(2) K

Wavelength 0.71073 Å

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a = 12.6040(8) Å α= 90°.

b = 13.3162(9) Å β= 107.8060(10)°.

c = 17.4523(11) Å γ = 90°.

Volume 2788.8(3) Å3

Z 4

Density (calculated) 1.437 Mg/m3

Absorption coefficient 0.459 mm-1

F(000) 1248

Crystal size 0.47 x 0.11 x 0.10 mm3

Theta range for data collection 1.70 to 27.52°.

Index ranges -16<=h<=16, -17<=k<=17, -21<=l<=22

Reflections collected 23292

Independent reflections 6310 [R(int) = 0.0252]

Completeness to theta = 27.52° 98.3 %

Absorption correction None

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 6310 / 0 / 354

Goodness-of-fit on F2 0.951

Final R indices [I>2sigma(I)] R1 = 0.0418, wR2 = 0.1094

R indices (all data) R1 = 0.0464, wR2 = 0.1129

Extinction coefficient 0.0000(3)

Largest diff. peak and hole 0.538 and -0.364 e.Å-3
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E 5.2.1 Cbz Protection of Ethidium:

8-Cbz ethidium · Cl (17), 3-cbz ethidium · Cl (16), and 3,8-bis cbz ethidium ·

Cl (18). Ethidium bromide containing 8% water (4.13 g, 9.64 mmoles) was

dissolved in 0.2 M sodium phosphate pH 6.6 (100 mL), acetone (80 mL) and

warmed to 32 °C. To this, a solution containing 1.43 mL of cbz chloride (10

mmoles, 1 equiv) in 20 mL of acetone was slowly added and the reaction

warmed to 40 °C for 20 min. AG1-X4 (Cl-) exchange resin was then added (20 g,

70 mmoles, 7 mequiv) and stirred 5 min, 40 °C. The slurry was loaded onto a

column containing another 20 g (7 mequiv) of AG1-X4 (Cl-) exchange resin and

the eluent collected. The resin was washed with 30 mL of 1:1 water/acetone, and

the eluents were combined and reduced to a solid under reduced pressure. The

products were separated on silica gel using three consecutive columns (8 – 10%
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MeOH / CH2Cl2, 5 – 12% MeOH / CH2Cl2, and 10% MeOH / CH2Cl2). The pure

fractions from each column were combined to yield : 2.3 g of the purple solid, 8-

cbz ethidium · Cl (17) (50%). Rf = 0.38 (20% MeOH / CHCl3).
1H NMR (400

MHz, d6-DMSO, 25 °C): δ 10.31 (s, 1H), δ 8.83 (d, J = 9.6 Hz, 1H), δ 8.78 (d, J =

9.2 Hz, 1H), δ 8.11 (d,d J1 = 9.6 Hz, J2 = 1.6 Hz, 1H), δ 7.71-7.77 (m, 5H), δ 7.64

(d, J = 1.6 Hz, 1H), 7.44 (s, 1H), δ 7.36-7.42 (m, 6H), 6.66 (s, 2H), 5.08 (s, 2H), δ

4.49 (q, J = 7.2 Hz, 2H), δ 1.42 (t, J = 7.2 Hz, 3H). ESI MS calculated for

C29H26N3O2: 448.2, found 448.3 [M]+. UV-vis (50 mM sodium phosphate pH 7.5):

λmax (nm) and ε (cm-1M-1): 214 (3.4x104), 286 (4.4x104), 460 (4.5x103). 0.48 g of

the orange-red solid, 3-cbz ethidium · Cl (16) (10%). Rf = 0.5 (20% MeOH /

CHCl3).
1H NMR (400 MHz, d6-DMSO, 25 °C): δ 10.61 (s, 1H), δ 8.92 (d, J = 9.2

Hz, 1H), δ 8.76 (d, J = 9.2 Hz, 1H), δ 8.67 (s, 1H), δ 7.97 (d, J = 9.2 Hz, 1H), δ

7.72-7.79 (m, 5H), δ 7.58 (d,d J1 = 9.2 Hz, J2 = 2.2 Hz, 1H), δ 7.36-7.48 (m, 5H),

δ 6.38 (d, J = 2.2 Hz, 1H), 6.22 (s, 2H), 5.24 (s, 2H), δ 4.54 (q, J = 7.0 Hz, 2H), δ

1.45 (t, J = 7.0 Hz, 3H). ESI MS calculated for C29H26N3O2: 448.2, found 448.3

[M]+. UV-vis (50 mM sodium phosphate pH 7.5): λmax (nm) and ε (cm-1M-1): 212

(4.1x104), 284 (5.6x104), 454 (4.9x103). 0.23 g of the yellow solid, 3,8-bis cbz

ethidium · Cl (18) (4%). Rf = 0.67 (20% MeOH / CHCl3).
1H NMR (400 MHz, d6-

DMSO, 25 °C): δ 10.76 (s, 1H), δ 10.45 (s, 1H), δ 8.85 (d, J = 9.2 Hz, 1H), δ 9.03

(d, J = 9.2 Hz, 1H), δ 8.78 (s, 1H), δ 8.28 (d,d J1 = 9.2 Hz, J2 = 2.0 Hz, 1H), δ

8.10 (d, J = 9.2 Hz, 1H), δ 7.74-7.81 (m, 6H), δ 7.33-7.49 (m, 10H), δ 5.26 (s,
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2H), 5.10 (s, 2H), δ 4.62 (q, J = 7.0 Hz, 2H), δ 1.49 (t, J = 7.2 Hz, 3H). ESI MS

calculated for C37H32N3O4 : 582, found 582 [M]+.

E 5.2.2 Synthesis of 3-Guanidino Ethidium Dichloride (19):

3-diBoc guanidino 8-Cbz ethidium · Cl. 8-cbz ethidium · Cl (17) (48 mg, 100

µmoles, DMF (4 mL), N,N’ bis BOC-S-methyl-isothiourea (145 mg, 500 µmoles, 5

equiv), and mercury dichloride (227 mg, 837 µmoles, 8.4 equiv) were combined

and sonicated. 2,4,6 collidine (177 µL, 1.34 mmoles, 13.3 equiv) was added

drop-wise and the reaction was stirred RT, 15 min with occasional sonication.

The reaction was then moved into CHCl3 (150 mL) and washed with 0.1 M citric

acid (4x40 mL), brine (40 mL), dried over sodium sulfate and concentrated to a

solid under reduced pressure. The product was purified on a short (2 in) silica gel

column (20 mL) using a gradient (0-5% MeOH/CHCl3) to yield 47 mg of a solid
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yellow product (70%). 1H NMR (400 MHz, d6-DMSO, 25 °C): δ 11.32 (s, 1H), δ

10.51 (s, 1H), δ 10.44 (s, 1H), δ 9.23 (s, 1H), δ 9.06-9.09 (m, 2H), δ 8.26 (d, J =

9.2 Hz, 1H), δ 8.17 (d, J = 8.4 Hz, 1H), δ 7.77-7.80 (m, 7H), δ 7.35-7.38 (m, 5H),

δ 5.10 (s, 2H), δ 4.68 (q, J = 7.2 Hz, 2H), δ 1.33-1.56 (m, 19H).

3-Guanidino ethidium · 2HCl (19). 3-diBoc guanidino 8-cbz ethidium · Cl. (20

mg, 29 µmoles) was dissolved in methanol (2 mL), saturated HCl (2 mL) and

heated at 120 °C for 40 min. The reaction was then moved onto ice and 2 M

NaOH was added drop-wise until the yellow solution started to turn orange. The

solution was loaded directly onto an activated Water’s “Sep-pack” C-18 reversed

phase column (activated with 10 mL acetonitrile, 10 mL water) and washed with

water (5 mL), and the product was eluted with 20-30% acetonitrile/water (0.01M

HCl) and lyophilized to 13 mg (99%) of an orange solid. 1H NMR (300 MHz, d6-

DMSO, 25 °C): δ 10.61 (s, 1H), δ 9.01 (d, J = 9.0 Hz, 1H), δ 8.85 (d, J = 9.3 Hz,

1H), δ 8.34 (s, 1H), δ 7.74-7.91 (m, 10H), δ 7.62 (d,d J1 = 9.0 Hz, J2 = 2.1 Hz,

1H), δ 6.43 (d, J = 2.1 Hz, 1H), δ 6.35 (br s, 2H), δ 4.66 (q, J = 6.9 Hz, 2H), δ 1.43

(t, J = 7.1 Hz, 3H). FAB MS calculated for C22H22N5 : 356.1876, found 356.1892

[M]+. UV-vis (50 mM sodium phosphate pH 7.5): λmax (nm) and ε (cm-1M-1): 214

(3.3x104), 284 (4.8x104), 444 (4.1x103).
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E 5.2.3 Synthesis of 8-Guanidino Ethidium Dichloride (20):

8- diBoc guanidino 3-cbz ethidium · Cl. 3-cbz ethidium · Cl (16) (37 mg, 76

µmoles, DMF (4 mL), N,N’ bis BOC-S-methyl-isothiurea (112 mg, 290 µmoles,

3.8 equiv), and mercury dichloride (175 mg, 645 µmoles, 8.5 equiv) were

combined, sonicated, and 2,4,6 collidine (136 µL, 1.03 mmoles, 13.5 equiv) was

added drop-wise and the reaction was stirred at RT for 30 min with occasional

sonication. The reaction was them moved into CHCl3 (200 mL) and washed with

0.1 M citric acid (3x50 mL), brine (50 mL), dried over sodium sulfate and

concentrated to a solid under reduced pressure. The product was purified on a

short (2 in) silica gel column (20 mL) using a gradient (0-5% MeOH/CHCl3) to

yield 40 mg of a solid yellow product (76%). 1H NMR (300 MHz, d6-DMSO, 25

°C): δ 10.92 (s, 1H), δ 10.74 (s, 1H), δ 10.14 (s, 1H), δ 9.13 (d, J = 9.3 Hz, 1H), δ

9.04 (d, J = 9.3 Hz, 1H), δ 8.78 (s, 1H), δ 8.31 (d,d J1 = 9.0 Hz, J2 = 2.1 Hz, 1H),

S

HNN
N

H
N

H
N

Cl

N

H
NH2N

Cl

DMF, HgCl2, collidine (76%)

OO

OO
N

NH2
H
N

Cl

O

O

O

O HN

N

O
O

O

O

H2N

N

Cl

H

H

6M HCl (95%)

8-guanidino ethidium dichloride (20)

8-diBoc guanidino
3-cbz ethidium3-cbz ethidium (16)

+

+

+

-

-

-



227

δ 8.08 (d, J = 8.7 Hz, 1H), δ 7.85 (d, J = 2.1 Hz, 1H), δ 7.75-7.77 (m, 5H), δ 7.37-

7.49 (m, 5H), δ 5.26 (s, 2H), δ 4.59 (q, J = 6.3 Hz, 2H), δ 1.31-1.51 (m, 19H).

8-Guanidino ethidium · 2HCl (20). 8-diBoc guanidino 3-cbz ethidium · Cl. (6 mg,

8.7 µmoles) was dissolved in 6M HCl (2 mL) and heated to 100 °C for 1 hr. The

reaction was then moved onto ice and NaHCO3 was added until the yellow

solution turned orange. The solution was loaded directly onto an activated

Water’s “Sep-pack” C-18 reversed phase column (activated with 10 mL

acetonitrile, 10 mL water). The column was washed with 1M NaCl (5 mL), water

(5 mL) and the product eluted with 25% acetonitrile/water (0.01M HCl) and

lyophilized to 3.5 mg (95%) of an orange solid. 1H NMR (300 MHz, d6-DMSO, 20

°C): δ 10.28 (s, 1H), δ 8.91 (d, J = 9.6 Hz, 1H), δ 8.88 (d, J = 9.3 Hz, 1H), δ 8.02

(d,d J1 = 9.3 Hz, J2 = 2.1 Hz, 1H), δ 7.72-7.85 (m, 9H), δ 7.47 (s, 1H), δ 7.43 (d, J

= 8.7 Hz, 1H), 7.02 (d, J = 2.1 Hz, 1H), δ 6.78 (br s, 2H), δ 4.52 (q, J = 6.9 Hz,

2H), δ 1.43 (t, J = 6.9 Hz, 3H). FAB MS calculated for C22H22N5: 356.1876, found

356.1862 [M]+. UV-vis (50 mM sodium phosphate pH 7.5): λmax (nm) and ε (cm-

1M-1): 213 (2.8x104), 242 (1.5x104), 288 (3.6x104), 453 (4.4x103).
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E 5.2.4 Synthesis of 3,8-bis Guanidino Ethidium Dichloride (21):

3,8-bis Guanidino ethidium · 2HCl (21). Ethidium bromide / 8% water (12) (30

mg, 70 µmoles) was dissolved in DMF (3 mL), brought to 0 °C, and N, N’ bis

BOC-S-methyl-isothiourea (180 mg, 620 mmoles, 4.4 mequiv), mercury

dichloride (282 mg, 1.04 mmoles, 7.4 mequiv) and 2,4,6 collidine (220 µL, 1.67

mmoles, 12 mequiv) were added. The reaction was slowly warmed to RT, stirred

for an additional 12 h., then diluted into 150 mL CHCl3 and washed with 0.1 M

citric acid (3x50 mL), 50 g/L of EDTA (40 mL), brine (40 mL) dried over sodium

sulfate and concentrated to a solid under reduced pressure. Silica gel (40 mL)

was used to purify the BOC-protected product (1.5 – 5% MeOH / CHCl3) to yield

40 mg of a yellow solid. All of the product was then deprotected by adding TFA (4

mL, containing 2.5 % (v/v) of triisopropyl silane) and mixing for 1 hr at RT, it was

then diluted into 150 mL water and washed with diethyl ether (3x40 mL) and

CHCl3 (3x40 mL). The aqueous phase was concentrated to a solid, then

dissolved in water (5 mL) and treated with 1.5 g of AG1-X4 (Cl-) exchange resin

(20 g, 5.2 mmoles, 74 mequiv) for 5 min RT. and filtered over an activated

Water’s “Sep-pack” C-18 reversed phase column (activated with 10 mL

acetonitrile, 10 mL water), the remainder of the product eluted from the column
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using 20% acetonitrile / water and lyophilized to 25 mg of a yellow solid (76%).

1H NMR (300 MHz, D2O, 25 °C): δ 8.90 (d, J = 9.0 Hz, 1H), δ 8.83 (d, J = 9.3 Hz,

1H), δ 8.22 (d, J = 1.8 Hz, 1H), δ 7.96 (d,d J1 = 8.7 Hz, J2 = 2.1 Hz, 1H), δ 7.84

(d,d J1 = 9.0 Hz, J2 = 1.8 Hz, 1H), δ 7.57-7.65 (m, 3H), δ 7.42-7.46 (m, 2H), 7.32

(d, J = 2.4 Hz, 1H), δ 4.73 (q, J = 7.2 Hz, 2H), δ 1.39 (t, J = 7.2 Hz, 3H). ESI MS

calculated for C23H24N7: 398.2, found 398.3 [M]+. UV-vis (50 mM sodium

phosphate pH 7.5): λmax (nm) and ε (cm-1M-1): 213 (3.6x104), 278 (5.4x104), 398

(5.0x103).

E 5.2.5 Synthesis of 3-Urea Ethidium Chloride (22)

Ethidium Activation for Urea Formation:

3-Phenoxycarbamate 8-cbz ethidium · H2PO4. 8-cbz ethidium · Cl (17) (180

mg, 372 µmoles), acetone (12 mL), and 500 mM sodium phosphate pH 6.6 (4

mL) were combined and phenyl chloroformate (200 µL, 1.58 mmoles, 4.2

mequiv, diluted into 2 mL of acetone) was added drop-wise and stirred for 2h at

RT. Water (5 mL) was then added drop-wise and the precipitate was collected by

vacuum filtration. The precipitate was then washed with water (10 mL), 3:1 water

/ acetone (10 mL) and eluted from the filter with methanol (200 mL). The
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methanolic fraction was then concentrated to a solid under reduced pressure to

211 mg of a yellow solid (90%). 1H NMR (400 MHz, d6-DMSO, 20 °C): δ 11.20

(s, 1H), δ 10.46 (s, 1H), δ 9.13 (d, J = 8.8 Hz, 1H), δ 9.05 (d, J = 9.2 Hz, 1H), δ

8.82 (d, J = 1.2 Hz, 1H), δ 8.29 (d,d J1 = 9.2 Hz, J2 = 2.0 Hz, 1H), δ 8.14 (d,d J1 =

8.8 Hz, J2 = 1.2 Hz, 1H), δ 7.76-7.81 (m, 6H), δ 7.45-7.49 (m, 2H), δ 7.30-7.39

(m, 8H), δ 5.10 (s, 2H), δ 4.62 (q, J = 7.2 Hz, 2H), 1.49 (t, J = 7.6 Hz, 3H). ESI

MS calculated for C36H30N3O4: 568.2, found 568.3 [M]+.

3-Urea ethidium · Cl (22). In a 15 mL pressure tube, 3-phenoxycarbamate 8-

cbz ethidium · H2PO4 (40 mg, 60 µmoles) and methanol (8 mL) were mixed and

brought to -78 °C whereupon approximately 3 mL of ammonia was added, the

pressure tube sealed and allowed to warm to RT. The reaction was then heated

at 76 °C for 2 hr, cooled back to -78 °C, the tube opened and the ammonia was

out-gassed by passing argon into the solution as it slowly warmed to RT. All

volatiles were then removed under reduced pressure. The solid yellow product
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was then deprotected with of 1:1 methanol / saturated HCl (8 mL) by heating at

96 °C for 1 hr. The reaction was then concentrated to a solid under reduced

pressure and purified by reversed-phase chromatography (C-18 silica gel 60).

The column was conditioned with methanol, water, and the crude product was

then loaded in water (0.01M HCl) and a methanol gradient (0-10% methanol /

water (0.01M HCl)) was used to separate ethidium chloride (elutes first) from the

desired product (elutes second) to yield 16.5 mg of an orange solid (70%). 1H

NMR (400 MHz, d6-DMSO, 20 °C): δ 9.58 (s, 1H), δ 8.83 (d, J = 9.2 Hz, 1H), δ

8.75 (d, J = 1.2 Hz, 1H), δ 8.73 (d, J = 9.2 Hz, 1H), δ 7.85 (d,d J1 = 9.2 Hz, J2 =

2.0 Hz, 1H), δ 7.73-7.78 (m, 5H), δ 7.57 (d,d J1 = 8.8 Hz, J2 = 2.4 Hz, 1H), δ 6.35

(d, J = 2.0 Hz, 1H), 6.29 (br s, 2H), 6.04 (br s, 2H), δ 4.53 (q, J = 7.6 Hz, 2H), δ

1.45 (t, J = 7.0 Hz, 3H). ESI MS calculated for C22H21N4O: 357.2, found 357.3

[M]+. UV-vis (50 mM sodium phosphate pH 7.5): λmax (nm) and ε (cm-1M-1): 214

(2.4x104), 284 (3.5x104), 458 (3.1x103).

E 5.2.6 Synthesis of 8-Urea Ethidium Chloride (23):

Ethidium Activation for Urea Formation:
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3-Cbz 8-phenoxycarbamate ethidium · H2PO4. 3-cbz Ethidium · Cl (16) (180

mg, 372 µmoles), acetone (10 mL), and 500 mM sodium phosphate pH 6.6 (4

mL) were combined and phenyl chloroformate (200 µL, 1.58 mmoles, 4.2

mequiv, diluted into 2 mL of acetone) was added drop-wise and stirred for 30 min

at RT. Water was then added (6 mL) drop-wise and the precipitate collected by

vacuum filtration and washed with water (20 mL). The precipitate was dried

under reduced pressure for 30 min to yield 195 mg (79%) of a yellow solid. 1H

NMR (300 MHz, d6-DMSO, 20 °C): δ 10.88 (s, 1H), δ 10.74 (s, 1H), δ 9.11 (d, J =

9.3 Hz, 1H), δ 9.07 (d, J = 9.0 Hz, 1H), δ 8.29 (d,d J1 = 9.0 Hz, J2 = 1.8 Hz, 1H), δ

8.09 (d, J = 8.4 Hz, 1H), δ 7.74-7.76 (m, 5H), δ 7.37-7.49 (m, 7H), δ 7.16-7.29 (m,

3H), δ 5.26 (s, 2H), δ 4.62 (q, J = 7.5 Hz, 2H), 1.49 (t, J = 7.2 Hz, 1H). ESI MS

calculated for C36H30N3O4: 568.2, found 568.3 [M]+.

8-Urea ethidium · Cl (23). In a 15 mL pressure tube, 3-cbz 8-phenoxy-

carbamate ethidium · H2PO4 (45 mg, 67 µmoles) and methanol (8 mL) were
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mixed and brought to -78 °C whereupon approximately 2 mL of ammonia was

added, the pressure tube sealed and allowed to warm to RT. The reaction was

then heated at 80 °C for 1 hr, cooled back to -78 °C, the tube opened and the

ammonia was out-gassed by passing argon into the solution as it slowly warmed

to RT. All volatiles were then removed under reduced pressure. The solid yellow

product was then deprotected with of 10 mL of 1:1 methanol / saturated HCl and

heating to 96 °C for 1 hr. The reaction was then concentrated to a solid under

reduced pressure and purified by reversed-phase chromatography (C-18 silica

gel 60). The column was conditioned with methanol, water, and the crude

product was loaded in 2% methanol / water (0.01M HCl) and a methanol gradient

(2-10% methanol / water (0.01M HCl)) was used to separate ethidium chloride

(elutes first) from the desired product (elutes second), to afford 21 mg of an

orange solid (80%). 1H NMR (300 MHz, d6-DMSO, 20 °C): δ 9.12 (s, 1H), δ 8.76

(d, J = 9.0 Hz, 2H), δ 8.22 (d,d J1 = 9.0 Hz, J2 = 2.1 Hz, 1H), δ 7.71-7.77 (m, 5H),

δ 7.33-7.39 (m, 5H), δ 6.55 (br s, 2H), 5.97 (br s, 2H), δ 4.48 (q, J = 7.2 Hz, 2H),

δ 1.41 (t, J = 6.9 Hz, 3H). ESI MS calculated for C22H21N4O: 357.2, found 357.3

[M]+. UV-vis (50 mM sodium phosphate pH 7.5): λmax (nm) and ε (cm-1M-1): 286

(4.9x104), 464 (4.7x103).
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E 5.2.7 Synthesis of 3,8-bis Urea Ethidium Chloride (24)

Ethidium Activation for Urea Formation:

3,8-bis Phenoxycarbamate ethidium · H2PO4. Ethidium bromide / 8% water

(200 mg, 466 µmoles), 500 mM sodium phosphate pH 6.6 (5 mL), and acetone (8

mL) were combined and phenyl chloroformate (587 µL, 4.66 mmoles, 5 mequiv,

pre-dissolved in 2.5 mL acetone) was added drop-wise. The reaction preceded

10 min. RT. then cooled to -80 °C, and vacuum filtered to collect the precipitate.

The precipitate was washed with 20% acetone / water (10 mL), 100% acetone

(-80 °C, 10 mL), and dried under reduced pressure to yield 300 mg (98%) of a

yellow solid. 1H NMR (400 MHz, d6-DMSO, 20 °C): δ 11.36 (s, 1H), δ 10.98 (s,

1H), δ 9.17 (d, J = 9.2 Hz, 1H), δ 9.12 (d, J = 8.8 Hz, 1H), δ 8.87 (s, 1H), δ 8.36

(d,d J1 = 9.2 Hz, J2 = 2.0 Hz, 1H), δ 8.22 (d, J = 9.2 Hz, 1H), δ 7.85 (d, J = 2.4

Hz, 1H), δ 7.77 (s, 5H), δ 7.38-7.50 (m, 4H), δ 7.24-7.43 (m, 4H), δ 7.15-7.19 (m,

2H), δ 4.64 (q, J = 7.6 Hz, 2H), 1.48 (t, J = 7.2 Hz, 3H). ESI MS calculated for

C36H30N3O4: 554.2, found 554.3 [M]+.

O

ClON

NH2HN

Br
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buffer pH 6.6 (98%)

ethidium bromide (12)

N
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N
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+
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3,8-bis urea ethidium · Cl (23). In a 15 mL pressure tube, 3,8-bis

phenoxycarbamate ethidium · H2PO4 (48 mg, 74 µmoles) and methanol (10 mL)

were mixed and brought to -78 °C whereupon approximately 2 mL of ammonia

was added, the pressure tube sealed and allowed to warm to RT. The reaction

was then heated at 80 °C for 1 hr, cooled back to -78 °C. The tube opened and

the ammonia was out-gassed by passing argon into the solution as it slowly

warmed to RT. All volatiles were then removed under reduced pressure. The

solid product was washed in diethyl ether (2x20 mL) then dissolved in 20%

acetonitrile / water and treated with AG1-X4 (Cl-) exchange resin (1 g, 3.5

mmoles, 47 mequiv) for 5 min. RT. The resin was removed by filtration, and the

solution lyophilized to yield 32 mg (99%) of a yellow solid. 1H NMR (300 MHz, d6-

DMSO, 20 °C): δ 9.76 (s, 1H), δ 9.34 (s, 1H), δ 8.97 (d, J = 9.3 Hz, 1H), δ 8.92

(d, J = 9.3 Hz, 1H), δ 8.85 (d, J = 1.2 Hz, 1H), δ 8.30 (d,d J1 = 9.3 Hz, J2 = 2.4

Hz, 1H), δ 7.93 (d,d J1 = 9.3 Hz, J2 = 1.2 Hz, 1H), δ 7.74-7.78 (m, 5H), δ 7.55 (d,

J = 2.1 Hz, 1H), δ 6.36 (s, 2H), 6.05 (s, 2H), δ 4.58 (q, J = 7.8 Hz, 2H), δ 1.48 (t, J

= 6.9 Hz, 3H). ESI MS calculated for C23H22N5O2: 400.2, found 400.3 [M]+. UV-vis

N

H
N

Cl

(99%)
3,8-bis urea ethidium chloride (23)
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(50 mM sodium phosphate pH 7.5): λmax (nm) and ε (cm-1M-1): 280 (4.3x104),

434 (3.6x103).

E 5.2.8 Synthesis of the Mono-Pyrrole Ethidium Derivatives 25 & 26:

3-Pyrrole ethidium · TFA (25), and 8- pyrrole ethidium · TFA (26). A mixture

(5:1 respectively) of 8-cbz ethidium · Cl (17) and 3-cbz ethidium · Cl (16) (90 mg,

186 µmoles) was added to glacial acetic acid (4 mL), heated to 120 °C, and 3

additions (15 minutes apart) of dimethoxy-tetrahydrofuran (3x15 µL, 348 µmoles

total, 1.87 mequiv) were added over 30 min and the reaction was kept at 120 °C

for an additional 45 min then cooled to RT, diluted into CHCl3 (100 mL), and

washed with saturated sodium bicarbonate (3x50 mL), brine (50 mL), dried over

sodium sulfate, and concentrated to a solid under reduced pressure. The mixture

of cbz-protected products was purified using a neutral alumina column using pure

acetone as an eluent and concentrated to a yellow solid. This mixture was

carried over, directly to the next step. Deprotection was conducted in a 3 : 1 mix

N

H
NH2N

Cl

O

O

N

NH2HN
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O

O
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O OO
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H2 / Pdo
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of methanol/acetic acid (4 mL), with Pd black (30 mg), and rigorously stirring

under 1 atm of H2 for 3 hr RT. The catalyst was removed by centrifugation, and

the solution concentrated to an orange solid under reduced pressure. The

products separated using a reversed phase C-18 semi-prep column using 38%

acetonitrile / water (0.1% TFA) to yield 14.6 mg (18%) of 3-pyrrole ethidium ·

TFA (25) (Rt = 13.8 min). 1H NMR (400 MHz, D2O, 20 °C): δ 8.43 (d, J = 9.2 Hz,

1H), δ 8.31 (d, J = 9.2 Hz, 1H), δ 7.87 (d, J = 1.6 Hz, 1H), δ 7.70 (d,d J1 = 9.2 Hz,

J2 = 1.6 Hz, 1H), δ 7.60-7.67 (m, 3H), δ 7.42 (d,d J1 = 9.2 Hz, J2 = 2.4 Hz, 1H), δ

7.30-7.32 (m, 2H), δ 7.19 (ab quart, Japp = 2.0 Hz, 2H), δ 6.52 (d, J = 2.4 Hz, 1H),

δ 6.29 (ab quart, Japp = 2.0 Hz, 2H), δ 4.61 (q, J = 7.2 Hz, 2H), δ 1.30 (t, J = 7.0

Hz, 3H). FAB MS calculated for C25H22N3: 364.1814, found 364.1823 [M]+. UV-vis

(50 mM sodium phosphate pH 7.5): λmax (nm) and ε (cm-1M-1): 223 (2.8x104),

287 (4.7x104), 453 (4.0x103). 8-pyrrole ethidium · TFA (26) (3.3 mg (4%)), (RT

= 18.1 min). 1H NMR (400 MHz, D2O, 20 °C): δ 8.42 (d, J = 9.2 Hz, 1H), δ 8.40

(d, J = 8.8 Hz, 1H), δ 7.86 (d,d J1 = 9.2 Hz, J2 = 2.0 Hz, 1H), δ 7.61-7.71 (m, 3H),

δ 7.36-7.37 (m, 2H), δ 7.29 (d, J = 1.2 Hz, 1H), δ 7.24 (d,d J1 = 8.8 Hz, J2 = 1.2

Hz, 1H), δ 6.99 (d, J = 2.4 Hz, 1H), δ 6.84 (ab quart, Japp = 2.0 Hz, 2H), δ 6.13 (ab

quart, Japp = 2.0 Hz, 2H), δ 4.49 (q, J = 7.6 Hz, 2H), δ 1.30 (t, J = 7.6 Hz, 3H).

FAB MS calculated for C25H22N3: 364.1814, found 364.1822 [M]+. UV-vis (50 mM

sodium phosphate pH 7.5): λmax (nm) and ε (cm-1M-1): 223 (2.1x104), 239

(1.4x104), 289 (4.8x104), 466 (4.1x103).
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E 5.2.9 Synthesis of 3,8-bis Pyrrole Ethidium Acetate (27):

3,8-bis pyrrole ethidium · Ac (27). Ethidium bromide / 4% water (264 mg, 670

µmoles) and glacial acetic acid (10 mL) were brought to 130 °C and 2 additions

(15 minutes apart) of dimethoxy tetrahydrofuran (2x110 µL, 1.65 mmoles total,

2.5 equiv) were added and the reaction was kept under reflux (at 130 °C) for an

additional 1h and cooled to RT. All volatiles were then removed under reduced

pressure, and the solid was dissolved in methanol (~40 mL) and filtered over a

plug of silica gel (~30 mL), the gel was washed with methanol (~60 mL), and the

methanolic fractions combined and concentrated to 280 mg (90%) of a yellow

solid under reduced pressure. The product can be purified further using a

reversed phase C-18 semi-prep column with a 50 – 80% acetonitrile / water

(0.1% TFA) gradient over 20 min. 1H NMR (400 MHz, d6-acetone, 20 °C): δ 9.38

(d, J = 9.0 Hz, 1H), δ 9.32 (d, J = 9.0 Hz, 1H), δ 8.73 (d, J = 2.1 Hz, 1H), δ 8.64

(d,d J1 = 9.0 Hz, J2 = 2.4 Hz, 1H), δ 8.49 (d,d J1 = 9.0 Hz, J2 = 2.1 Hz, 1H), δ

7.91-8.01 (m, 5H), δ 7.72 (ab quart, Japp = 2.1 Hz, 2H), δ 7.54 (d, J = 2.4 Hz, 1H),

δ 7.24 (ab quart, Japp = 2.1 Hz, 2H), δ 6.46 (ab quart, Japp = 2.1 Hz, 2H), δ 6.34

(ab quart, Japp = 2.1 Hz, 2H), δ 5.24 (q, J = 7.2 Hz, 2H), δ 1.58 (t, J = 7.2 Hz, 3H).

FAB MS calculated for C29H24N3: 414.1970, found 414.1951 [M]+. UV-vis (50 mM

N

NH2H2N

Br
N

N N

O OO
CH3

H3C
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acetic acid, 130oC
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sodium phosphate pH 7.5): λmax (nm) and ε (cm-1M-1): 302 (4.6x104), 428

(5.2x103).

E 5.2.10 Synthesis of Tetramethyl Ethidium Chloride (28):

Tetramethyl ethidium chloride (28). Ethidium bromide / 4 % water (50 mg, 122

µmoles) was combined with trimethyl phosphate (9 mL) and heated, under argon,

to 165 °C for 20 hrs. The trimethyl phosphate was removed under reduced

pressure (80 °C). The purple solid was then dissolved in 10% methanol / CHCl2,

loaded onto a plug of silica gel (15 mL), washed with 10% methanol / CHCl2 (70

mL), eluted using 20% methanol / CHCl2 (50 mL), and concentrated to a solid

under reduced pressure. The product was dissolved into 3 mL of 5% acetonitrile /

water, treated with AG1-X4 (Cl-) exchange resin (0.6 g, 2.1 mmoles, 17 mequiv)

for 5 min at RT, filtered, and lyophilized to yield 48 mg (97%) of a purple solid. 1H

NMR (400 MHz, d6-DMSO, 20 °C): δ 8.85 (d, J = 9.2 Hz, 1H), δ 8.79 (d, J = 9.6

Hz, 1H), δ 7.82 (d,d J1 = 9.6 Hz, J2 = 2.4 Hz, 1H), δ 7.77 (br s, 5H), δ 7.59 (d, J =

8.4 Hz, 1H), δ 6.09 (d, J = 2.4 Hz, 1H), δ 4.70 (q, J = 7.2 Hz, 2H), δ 3.20 (s, 6H),

δ 2.82 (s, 6H), 1.44 (t, J = 7.2 Hz, 3H). FAB MS calculated for C25H28N3:

N

NH2H2N

Br

ethidium bromide (13)

N

NN

tetramethyl ethidium chloride (28)

P

O

OCH3H3CO

H3CO
Cl+ +

- -
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370.2283, found 370.2279 [M]+. UV-vis (50 mM sodium phosphate pH 7.5): λmax

(nm) and ε (cm-1M-1): 224 (2.1x104), 302 (3.7x103), 538 (3.8x104).

E 5.2.11 Synthesis of 3,8-bisurea Pyrrolidine Ethidium Trifluoroacetate (30):

3, 8-bisurea Pyrrolidine ethidium · TFAc (30). 3,8-bis Phenoxycarbamate

ethidium · H2PO4 (12 mg, 19 µmoles) (Section E 5.2.7), DMSO (1 mL) and

pyrrolidine (40 µL, 460 µmoles, 27 equiv) were combined and heated for 5 min

(90 °C). The reaction was then diluted into water (9 mL, 0.01% TFA) and loaded

onto an activated Water’s “Sep-pack” C-18 reversed phase column (activated

with 10 mL acetonitrile, 10 mL water), the column was washed with water (10

mL, 0.01% TFA), then 10% acetonitrile (10 mL, in water with 0.01% TFA). The

product was then eluted with 35% acetonitrile (10 mL, in water with 0.01% TFA)

and lyophilized to yield a yellow solid (12 mg, 100%). 1H NMR (400 MHz, d6-

DMSO, 21 °C): δ 9.01 (d, J = 9.6 Hz, 1H), δ 8.98 (s, 1H), δ 8.94 (d, J = 9.6 Hz,

1H), δ 8.89 (d, J = 2.0 Hz, 1H), δ 8.72 (s, 1H), δ 8.40 (d,d J1 = 9.2 Hz, J2 = 2.4 Hz,

1H), δ 8.26 (d,d J1 = 9.2 Hz, J2 = 1.6 Hz, 1H), δ 7.34-7.80 (m, 6H), δ 4.56 (q, J =

6.4 Hz, 2H), δ 3.46 (t, J = 6.4 Hz, 2H), δ 3.15 (t, J = 6.6 Hz, 2H), δ 1.91 (t, J = 6.4

N
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Hz, 2H), δ 2.81 (t, J = 6.6 Hz, 2H), δ 1.48 (t, J = 7.2 Hz, 3H). ESI MS calculated

for C31H34N5O2: 508, found 508 [M]+. UV-vis (50 mM sodium phosphate pH 7.5):

λmax (nm) and ε (cm-1M-1): 288 (4.7x104), 438 (4.5x104).

E 5.2.12 Synthesis of 3,8-bisurea Ethylene Diamine Trifluoroacetate (31):

3,8-bisurea Ethylene diamine ethidium · TFA3 (31). 3,8-bis phenoxycarbamate

ethidium · H2PO4 (9 mg, 13.8 µmoles) (Section E 5.2.7), DMSO (300 µL), and

ethylene diamine (100 µL) were heated at 85 °C for 30 min then cooled to RT.

500 mM sodium phosphate pH 6.5 (0.6 mL) was added and the reaction was

diluted into water (5 mL, 0.1% TFA) and loaded onto an activated Water’s “Sep-

pack” C-18 reversed phase column (activated with 10 mL acetonitrile, 10 mL

water). The column was washed with water / 0.1% TFA (5 mL), the product

eluted with 25% acetonitrile/water (0.1% TFA) and lyophilized to yield 10.5 mg

(91%) of a yellow solid. 1H NMR (300 MHz, D2O, 20 °C): δ 8.58 (d, J = 8.4 Hz,

1H), δ 8.50 (d, J = 8.4 Hz, 1H), δ 8.43 (s, 1H), δ 7.76 (d, J = 9.0 Hz, 1H), δ 7.60-

7.69 (m, 4H), δ 7.50 (s, 1H), δ 7.40-7.43 (m, 2H), δ 4.60 (q, J = 7.5 Hz, 2H),

δ 3.40 (t, J = 6.0 Hz, 2H), δ 3.26 (t, J = 5.7 Hz, 2H), δ 3.03 (t, J = 5.7 Hz, 2H),

N

H
N

H
N

H2PO4

O

O

O

O
3,8-bis phenoxycarbamate
ethidium phosphate

N

H
N

H
N

H
N

OO

3,8-bisurea ethylene diamine
ethidium chloride (31)

+
+

-

H
N

DMSO, 85 oC
(91%) NH2H2N

3 TFA
H2N

NH2



242

δ 2.92 (t, J = 5.7 Hz, 2H), δ 1.37 (t, J = 7.2 Hz, 3H). ESI MS calculated for

C27H32N7O2: 486, found 486 [M]+. UV-vis (50 mM sodium phosphate pH 7.5):

λmax (nm) and ε (cm-1M-1): 216 (3.8x104), 286 (6.6x103), 444 (6.5x104).

E 5.2.13 Synthesis of 3,8-bisurea Arginine Ethidium Trifluoroacetate (32):

3,8-bisurea arginine ethidium · TFA3 (32). 3,8-bis phenoxycarbamate ethidium

· H2PO4 (10 mg, 13.8 µmoles), DMSO (400 µL), water (100 µL), L-Arg · HCl (50

mg, 237 µmoles, 8.6 mequiv) and 2,4,6 collidine (84 µL, 711 µmoles, 26 mequiv)

were heated for at 90 °C for 1hr then cooled to RT and quenched 500 mM

sodium phosphate pH 6.5 (0.6 mL). The reaction was then diluted into 5 mL

water (0.1 % TFA) and loaded onto an activated Water’s “Sep-pack” C-18

reversed phase column (activated with 10 mL acetonitrile, 10 mL water). The

column was washed with water / 0.1% TFA (5 mL), the product eluted with 25%

acetonitrile/water (0.1% TFA) and lyophilized. The product was further purified

using a reversed phase C-18 semi-prep HPLC column using 15% acetonitrile /

water (0.1% TFA) (RT = 6.3 min) to yield 4.5 mg (31%) of a yellow solid. 1H NMR

(400 MHz, D2O, 20 °C): δ 8.37 (d, J = 8.8 Hz, 1H), δ 8.31 (d, J = 8.8 Hz, 1H), δ

8.30 (d, J = 8.8 Hz, 1H), δ 7.67-7.76 (m, 4H), δ 7.53 (d, J = 9.2 Hz, 1H), δ 7.39-
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7.45 (m, 3H), δ 4.59 (q, J = 6.8 Hz, 2H), δ 4.20 (t, J = 5.6 Hz, 1H), δ 4.08 (t, J =

5.2 Hz, 1H), δ 3.15 (t, J = 6.6 Hz, 2H), δ 3.10 (t, J = 6.8 Hz, 2H), δ 1.52-1.83 (m,

8H), δ 1.33 (t, J = 7.0 Hz, 3H). ESI MS calculated for C35H44N11O6: 714, found

715 [M+H]+, UV-vis (50 mM sodium phosphate pH 7.5): λmax (nm) and ε (cm-1

M-1): 216 (3.8x104), 288 (6.8x104), 444 (5.7x103).

E 5.2.14 Synthesis of 3,8-bisurea 2-DOS Ethidium Trifluoroacetate (33):

3,8-bisurea 2-DOS ethidium · TFA3 (33). 3,8-bis phenoxycarbamate ethidium ·

H2PO4 (20 mg, 31 µmoles), DMSO (1.5 mL), phenol (1.5 g), Na2CO3 (50 mg, 472

µmoles, 15 equiv), 2-deoxy streptamine · 2HCl (110 mg, 277 µmoles, 8.9 equiv)

pre-dissolved in water (0.7 mL), were heated at 85 °C for 45 min. The reaction

was diluted into water (80 mL) and washed with CH2Cl2 (2x40 mL), CHCl3 (2x40

mL), and ethyl acetate (40 mL). The aqueous phase was then concentrated to a

solid and purified by reversed-phase chromatography (C-18 silica gel 60). The

column was conditioned with pure acetonitirile, pure water, and the crude product

was loaded in water (0.01 % TFA) and an acetonitrile gradient (0-8% acetonitrile

/ water (0.01% TFA) was used to elute the product. Fractions were collected and

lyophilized to yield 8 mg of a yellow solid (25%). 1H NMR (400 MHz, D2O, 20
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°C): δ 8.55 (d, J = 8.4 Hz, 1H), δ 8.47 (d, J = 8.4 Hz, 1H), δ 8.44 (s, 1H), δ 7.62-

7.74 (m, 6H), δ 7.50 (s, 1H), δ 7.39 (s, 1H), δ 7.38 (d, J = 8.4 Hz, 1H), δ 4.59 (q, J

= 6.4 Hz, 2H), δ 3.70 (m, 1H), δ 3.52 (m, 1H), δ 3.08-3.38 (m, 8H), δ 2.21 (t,d J1 =

12.4 Hz, J2 = 4.0 Hz, 1H), δ 2.08 (t,d J1 = 12.4 Hz, J2 = 4.0 Hz, 1H), δ 1.56 (q, J =

12.4 Hz, 1H), δ 1.44 (q, J = 12.4 Hz, 1H), δ 1.37 (t, J = 6.4 Hz, 3H). ESI MS

calculated for C35H44N7O8: 690, found 690 [M]+, UV-vis (50 mM sodium

phosphate pH 7.5): λmax (nm) and ε (cm-1M-1): 216 (3.8x104), 288 (6.8x104), 444

(5.7x103).

E 5.2.15 Synthesis of 8-Urea-Ethidium-6'-3'Deoxyneamine Trifluoroacetate
(36):

Tobramycin has 5 amines that could, potentially react with the activated ethidium

derivative, resulting in multiple isomers. Indeed, at least other 2 isomers are

observed from the above reaction. The major product, however, is the only

isomer to have in its 1H NMR spectrum (d6-DMSO) a triplet for the splitting of the

highlighted N-H (above). The other isomers have a doublet for this hydrogen.

The non-hydrolyzed tobramycin-containing conjugates have also been prepared

using this method. To avoid hydrolysis, cbz is removed by using H2 / Pd black for
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a short (2.5 h) deprotection that results in some partial deprotection and some

degradation the ethidium, but can yield significant quantities of desired product(s)

(not shown).

8-urea-ethidium-6'-3'Deoxyneamine Trifluoroacetate (36). 3-cbz 8-phenoxy-

carbamate ethidium · H2PO4 (20 mg, 30 µmoles), tobramycin·TFA5 (160 mg, 154

µmoles), DMSO (2mL), and Na2CO3 (80 mg, 750 µmoles) were combined and

heated at 90 °C for 15 min. The reaction was then filtered, diluted into water (9

mL, 0.01% TFA), and loaded onto an activated Water’s “Sep-pack” C-18

reversed phase column (activated with 10 mL acetonitrile, 10 mL water), the

column was washed with water (10 mL), and the product was then eluted with

25% acetonitrile (10 mL, in water with 0.01% TFA) and lyophilized to yield a

yellow solid (40 mg) that was carried over directly to the next step. Deprotection

of cbz and the partial hydrolysis of the tobramycin-ethidium conjugate was

accomplished by refluxing the product in 6M HCl / MeOH for 1 hr (110 °C). The

reaction was then concentrated to a solid and purified using a reversed phase C-

18 semi-prep HPLC column with 13% acetonitrile/water (0.1% TFA) at 3.5 mL /

min (Rt = 18.6 min, the third and last major peak) to yield 7.4 mg (20%, 2 steps)

of an orange solid. 1H NMR (400 MHz, d6-DMSO, 20 °C): δ 9.35 (s, 1H), δ 8.74-

8.78 (m, 2H), δ 7.50 (br s, 6H), δ 8.07 (d,d J1 = 12.4 Hz, J2 = 2.8 Hz, 1H), δ 7.85

(br s, 3H), δ 7.71-7.77 (m, 5H), δ 7.52 (d, J = 2.8 Hz, 1H), δ 7.40 (s, 1H), δ 7.38

(d, J = 12.8 Hz, 1H), δ 6.56 (br s, 2H), δ 6.46 (br t, J = 7.0 Hz, 1H), δ 6.05 (br s,

1H), δ 5.76 (br s, 1H), δ 5.45 (d, J = 2.8 Hz, 1H), δ 5.32 (br s, 1H), δ 4.49 (q, J =
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8.8 Hz, 2H), δ 3.07-3.66 (m, 10H), δ 2.27 (t,d J1 = 12.4 Hz, J2 = 4.0 Hz, 1H), δ

2.01 (t,d J1 = 12.4 Hz, J2 = 4.0 Hz, 1H), δ 1.81 (q, J = 12.4 Hz, 1H), δ 1.62 (q, J =

12.4 Hz, 1H), δ 1.41 (t, J = 9.2 Hz, 3H). ESI MS calculated for C34H44N7O6: 646,

found 646 [M]+. λmax (nm) and ε (cm-1M-1): 216 (3.2x104), 288 (5.0x104), 464

(4.5x103).

E 5.2.16 Synthesis of 3-urea-Ethidium-6'-3'Deoxyneamine Trifluoroacetate
(37):

Tobramycin has 5 amines that could, potentially react with the activated ethidium,

resulting in multiple isomers. Indeed, at least 3 isomers are observed for this

reaction. The major product, however, is the only isomer to have in its 1H NMR

spectrum (d6-DMSO) a triplet for the splitting of the highlighted N-H (above). The

other isomers are found to have a doublet for this hydrogen.

3-urea-ethidium-6'-3'Deoxyneamine trifluoroacetate (37). 8-cbz 3-phenoxy-

carbamate ethidium · H2PO4 (20 mg, 30 µmoles), tobramycin·TFA5 (160 mg, 154

µmoles), DMSO (2mL), and Na2CO3 (80 mg, 750 µmoles) were combined and

heated at 80 °C for 15 min. The reaction was then filtered, diluted into water (9

mL, 0.01% TFA), and loaded onto an activated Water’s “Sep-pack” C-18

N

H
N

H
N
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ethidium phosphate

H2PO4 +
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reversed phase column (activated with 10 mL acetonitrile, 10 mL water), the

column was washed with water (10 mL), and the product was eluted using 25%

acetonitrile (10 mL, in water with 0.01% TFA) and lyophilized to yield a yellow

solid (35 mg) that was carried over directly to the next step. Deprotection of cbz

and the partial hydrolysis of the tobramycin-ethidium conjugate was

accomplished by refluxing the product in 6M HCl / MeOH for 1 hr (105 °C). The

reaction was then concentrated to a solid and purified using a reversed phase C-

18 semi-prep HPLC column with 13% acetonitrile / water (0.1% TFA) at 3.5 mL /

min (RT = 17.5 min, the fourth and last major peak) to yield 6.7 mg (18%, 2 steps)

of an orange solid. 1H NMR (300 MHz, d6-DMSO, 20 °C): δ 9.90 (s, 1H), δ 8.85

(d, J = 9.3 Hz, 1H), δ 8.81 (s, 1H), δ 8.73 (d, J = 9.3 Hz, 1H), δ 8.25 (br s, 3H), δ

8.15 (br s, 3H), δ 7.91 (br s, 3H), δ 7.73-7.78 (m, 6H), δ 7.57 (d,d J1 = 9.0 Hz, J2 =

2.4 Hz, 1H), δ 6.87 (br t, J = 4.5 Hz, 1H), δ 6.36 (d, J = 2.4 Hz, 1H), δ 6.06 (br s,

1H), δ 5.80 (br s, 1H), δ 5.52 (d, J = 3.0 Hz, 1H), δ 5.40 (br s, 1H), δ 4.53 (q, J =

6.6 Hz, 2H), δ 3.28-3.78 (m, 10H), δ 2.28 (t,d J1 = 12.4 Hz, J2 = 4.0 Hz, 1H), δ

2.03 (t,d J1 = 12.4 Hz, J2 = 4.0 Hz, 1H), δ 1.86 (q, J = 12.4 Hz, 1H), δ 1.63 (q, J =

12.4 Hz, 1H), δ 1.43 (t, J = 6.9 Hz, 3H). ESI MS calculated for C34H44N7O6: 646,

found 646 [M]+. UV-vis (50 mM sodium phosphate pH 7.5): λmax (nm) and ε (cm-

1M-1): 216 (3.0x104), 288 (6.0x104), 458 (5.2x103).
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E 6.1.1 Synthesis of Neo-N-acridine (38):

5''-amino-5''-deoxy-Boc6-Neomycin B. Synthesized as described (Hai Wang

Ph. D. Thesis, University of California, San Diego, 1998).

9-phenoxyacridine. Prepared according to Dupre and Robinson (J. Chem. Soc.

1945, 549-551).

5''-aminoacridine-5''-deoxy-Boc6-Neomycin B. 5''-amino-5''-deoxy-Boc6-

Neomycin B (12.7 mg, 10.4 µmoles) was combined with phenol (200 mg), DMSO

(350 µL), and 9-phenoxy acridine (8.2 mg, 30 µmoles, 2.9 equiv.) and heated,

under argon, at 70 °C for 2 h. The reaction was loaded directly onto a silica

column and purified using flash chromatography (5-10% MeOH / CH2Cl2) to

afford 6.7 mg of a yellow product (46%). Rf = .28 (10% MeOH / CH2Cl2). This

product was carried over, without further characterization to the next step.

Neo-N-acridine · TFA6 (38). 5''-amino-5''-deoxy-Boc6-Neomycin B (6.7 mg, 4.8

µmoles) was dissolved in a “deprotection cocktail” (4.5 mL trifluoroacetic acid,
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0.215 mL phenol, 0.215 mL water, and 87 µL of triisopropyl silane) and mixed for

30 min at RT. The reaction was then diluted into 2% acetic acid/water (30 mL)

and washed with diethyl ether (4x15 mL). The aqueous phase was then

concentrated to a solid under reduced pressure. The crude product was HPLC

purified on C-18 semiprep column using isocratic conditions 11% acetonitrile in

water and 0.1% TFA (Rt = 7.6 min) and lyophilized to yield 7.1 mg of a yellow

solid (99% assuming 6 TFA counter ions). 1H NMR (300 MHz, D2O, 25 °C): δ

8.36 (d, J = 8.7 Hz, 2H), δ 7.86 (t, J = 7.8 Hz, 2H), δ 7.73 (d, J = 8.4 Hz, 2H), δ

7.46 (t, J = 7.8 Hz, 2H), δ 5.76 (d, J = 3.9 Hz, 1H), δ 5.29 (d, J = 0.9 Hz, 1H), δ

5.14 (d, J = 1.2 Hz, 1H), δ 4.48-4.55 (m, 2H), δ 4.37 (d,d J1 = 4.2 Hz, J2 = 1.5 Hz,

1H), δ 4.25 (d,d J1 = 13.8 Hz, J2 = 8.1 Hz, 1H), δ 4.1 (t, J = 4.2 Hz, 1H), δ 4.03 (t,

J = 3.0 Hz, 1H), δ 3.74-3.85 (m, 2H), δ 3.65 (d, J = 3.0 Hz, 1H), δ 3.51-3.59 (m,

1H), δ 3.40-3.47 (m, 3H), δ 3.27-3.35 (m, 1H), δ 3.10-3.20 (m, 3H), δ 2.94 (d,d J1

= 13.5 Hz, J2 = 3.6 Hz, 1H), δ 2.18-2.33 (m, 3H), δ 1.95 (d,d J1 = 10.2 Hz, J2 =

3.9 Hz, 1H), δ 1.66 (q, J = 12.6 Hz, 1H). MALDI TOF MS calculated for

C36H54N8O12: 790.4, found 813.3 [M+Na]+, found 829.3 [M+K]+. UV-vis (50 mM

sodium phosphate pH 7.5): λmax (nm) and ε (cm-1M-1): 222 (2.0x104), 266

(5.6x104), 412 (10.3x103), 434 (8.3x103). 
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E 6.1.2 Synthesis of Neo-C-acridine (40):

5'' TIPS Boc6 Neomycin B. Synthesized as described (Hai Wang Ph. D. Thesis,

University of California, San Diego, 1998).

5'' Ethanedithiol Boc6 Neomycin. 5'' TIPS Boc6 Neomycin B (38 mg, 25.6

µmoles), cesium carbonate (176 mg, 540 µmoles, 20 equiv), DMF (2 mL) and 1,

2 ethane dithiol (230 µL, 2.7 mmoles, 107 equiv), were stirred under argon for 4 h

at RT, and diluted into ethyl acetate (180 mL) and washed with 1M NaH2PO4

(4x80 mL), brine (80 mL) and dried for 24 h. under reduced pressure. The crude

product was purified using standard flash chromatography (4-5% MeOH /

CH2Cl2) to yield 22 mg of a white solid (67%). Rf = 0.5 (10% MeOH / CH2Cl2) (the

same Rf as the starting material). 1H-NMR (400 MHz, MeOD) δ 5.41 (s, 1H), δ
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5.13 (s, 1H), δ 4.92 (s, 1H), δ 4.21-4.24 (m, 2H), δ 4.08 (q, J = 5.2 Hz, 1H), δ

3.85-3.89 (m, 2H), δ 3.70-3.76 (m, 2H), δ 3.17-3.57 (m, 12H), δ 2.86-2.95 (m,

5H), δ 2.72 (t, J = 7.2 Hz, 2H), δ 1.92-1.98 (m, 1H), δ 1.28-1.46 (m, 56H).

Neo-C-acridine · TFA6 (40). Under argon, sodium ethoxide (14 mg, 206 µmoles)

argon-sparged ethanol (2 mL), and 1-bromo 2-ammonium ethane chloride (14

mg, 68 µmoles) were stirred for 5 min at RT. To this solution, 5'' ethanedithiol

Boc6 neomycin B (5 mg, 3.8 mmoles) (pre-dissolved in 1 mL of argon-sparged

ethanol) was added and allowed to react for 2.5 hr at RT. The reaction was then

diluted into ethyl acetate (150 mL) and washed with 0.1M citric acid (4x40 mL),

0.1M Na2HPO4 (50 mL), and brine (50 mL), dried over sodium sulfate and

concentrated to a solid under reduced pressure. All of this crude product (Rf =

0.1 (10 %MeOH / CH2Cl2)) was taken, directly, into the next step. 9-phenoxy

acridine was generated in situ by melting phenol (1 g), under argon, at 70 °C and

adding sodium hydride (10 mg, 60% dispersion in wax, 250 µmoles), followed by

9-chloroacridine (20 mg, 47 µmoles) and mixing, under argon for 5 min. The

neomycin-containing starting material (pre-dissolved in 1 mL of DMSO) was then

added and the reaction was kept at 70 °C under argon for 14 hr, diluted into ethyl

acetate (150 mL) and washed with 1M Na2CO3 (4x40 mL), and brine (50 mL),

then dried over sodium sulfate and concentrated to an oil under reduced

pressure. The crude product was then purified on silica gel, using standard flash

chromatography (0-9% MeOH / CH2Cl2) to afford a yellow solid Rf = 0.2 (10%

MeOH / CH2Cl2). All of this product was then taken into the next step without
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further characterization. Deprotection was conducted by dissolving the product in

a deprotection cocktail (5 mL of trifluoroacetic acid, containing 1% ea (v/v) of

triisopropyl silane, and 1,2-ethanedithiol) and stirring, RT, for 20 min. The

reaction was then diluted into water (100 mL) and washed with CHCl3 (2x50 mL),

diethyl ether (2x50 mL), and concentrated to a yellow solid under reduced

pressure. The crude product was HPLC purified on C-18 semiprep column using

isocratic conditions (15% acetonitrile in water and 0.1% TFA) (Rt = 7.4 min) and

lyophilized to yield 1.3 mg of a yellow solid (22% three steps). 1H NMR (400

MHz, D2O, 25 °C): δ 8.22 (d, J = 8.8 Hz, 2H), δ 7.78 (t, J = 7.6 Hz, 2H), δ 7.63

(d, J = 8.8 Hz, 2H), δ 7.39 (t, J = 7.2 Hz, 2H), δ 5.86 (d, J = 4.0 Hz, 1H), δ 5.22 (s,

1H), δ 5.08 (s, 1H), δ 4.23 (t, J = 6.0 Hz, 1H), δ 4.18 (s, 1H), δ 4.12-4.16 (m, 1H),

δ 4.07 (t, J = 4.8 Hz, 1H), δ 4.03 (t, J = 2.4 Hz, 1H), δ 3.91 (t, J = 10 Hz, 1H), δ

3.82 (t, J = 9.6 Hz, 1H), δ 3.73 (t, J = 8.6 Hz, 2H), δ 3.62 (s, 1H), δ 3.52 (t, J = 10

Hz, 1H), δ 3.16-3.40 (m, 8H), δ 3.04 (d,d J1 = 14 Hz, J2 = 6.8 Hz, 1H), δ 2.98 (t, J

= 6.4 Hz, 2H), δ 2.90 (d,d J1 = 14 Hz, J2 = 4.4 Hz, 1H), δ 2.61-2.67 (m, 6H), δ

2.31 (d t, J1 = 12.4 Hz, J2 = 4.4 Hz, 1H), δ 1.73 (q, J = 12 Hz, 1H). MALDI TOF

MS calculated for C40H62N8O12S2: 910.4, found 911.3 [M+H]+, found 933.3

[M+Na]+, found 949.3 [M+K]+. UV-vis (50 mM sodium phoshate pH 7.5): λmax

(nm) and ε (cm-1M-1): 222 (1.95x104), 266 (5.0x104), 412 (9.85x103), 434

(8.3x103).
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E 6.2.1 Synthesis and Characterization of Tobra-N-acridine (41):

6"-amino 6"-deoxy Boc5 Tobramycin. Synthesized as described (Hai Wang

Ph. D. Thesis, University of California, San Diego, 1998).

Boc5 Tobra-N-acridine. 6"-amino 6"-deoxy Boc5 Tobramycin (38 mg, 40

µmoles), 9-phenoxyacridine (50 mg, 190 µmoles), phenol (0.5 g), and DMSO (1

mL), were heated under Ar for 2 hr at 70 °C. Volatiles were then removed, under

vacuum, for 14 hr. The crude product was then purified on ~100 mL of silca gel

using standard flash chromatography and a 8 – 13% methanol/CH2Cl2 gradient,

yielding a yellow solid (41 mg, 91%). Rf = .23 (10% MeOH / CH2Cl2).
1H NMR

(300 MHz, d6-MeOD, 25 °C): δ 8.55 (d, J = 8.7 Hz, 2H), δ 7.98 (t, J = 7.5 Hz,

2H), δ 7.81 (d, J = 7.8 Hz, 2H), δ 7.63 (t, J = 7.5 Hz, 2H), δ 5.13 (d, J = 3.3 Hz,

1H), δ 4.94 (d, J = 3.3 Hz, 1H), δ 4.60-4.67 (m, 3H), δ 4.09-4.17 (m, 1H), δ 3.30-

3.78 (m, 18H), δ 1.85-1.98 (m, 2H), δ 1.15-1.62 (m, 47H). MALDI FTMS

calculated for C56H85N7O8: 1143.60, found 1144.60 [M+H]+.  
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Tobra-N-acridine · TFA5 (41). Boc5 Tobra-N-acridine (11 mg, 9.6 µmoles) was

dissolved in a “deprotection cocktail” (9 mL trifluoroacetic acid, 0.4 mL phenol,

0.4 mL water, and 300 µL of triisopropyl silane) and mixed for 30 min at RT. The

reaction was then diluted into 2% acetic acid/water (30 mL) and washed with

diethyl ether (4x15 mL). The aqueous phase was concentrated to a solid under

reduced pressure and HPLC purified on C-18 semiprep column under isocratic

conditions (11% acetonitrile in water and 0.1% TFA) (Rt = 13.3 min) and

lyophilized to yield 10 mg of a yellow solid (86% assuming 5 TFA counter ions).

1H NMR (400 MHz, D2O, 25 °C): δ 8.29 (d, J = 8.8 Hz, 2H), δ 7.85 (t, J = 7.8 Hz,

2H), δ 7.70 (d, J = 8.8 Hz, 2H), δ 7.43 (t, J = 7.8 Hz, 2H), δ 5.47 (d, J = 3.6 Hz,

1H), δ 5.09 (d, J = 3.6 Hz, 1H), δ 4.46-4.50 (m, 1H), δ 4.24-4.28 (m, 2H), δ 3.94

(d,d J1 = 10.4 Hz, J2 = 3.2 Hz, 1H), δ 3.87 (t, J = 9.4 Hz, 1H), δ 3.56-3.75 (m,

4H), δ 3.36-3.94 (m, 3H), δ 3.30 (d,d J1 = 13.6 Hz, J2 = 4.0 Hz, 1H), δ 3.22 (d,t J1

= 12.0 Hz, J2 = 2.0 Hz, 1H), δ 3.09 (d,d J1 = 13.6 Hz, J2 = 7.6 Hz, 1H), ), δ 2.41

(d,t J1 = 12.8 Hz, J2 = 4.4 Hz, 1H), δ 2.08 (d,t J1 = 13.2 Hz, J2 = 4.8 Hz, 1H), δ

1.83 (q, J = 12.8 Hz, 1H), δ 1.81 (q, J = 12.8 Hz, 1H). MALDI FTMS calculated

for C31H45N7O8: 643.34, found 644.34 [M+H]+. (50 mM Tris·HCl pH 7.5): λmax

(nm) and ε (cm-1M-1): 222 (1.7x104), 266 (5.0x104), 412 (8.9x103), 434 (7.4x103). 
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E 6.3.1 Synthesis and Characterization of Neo-Neo (43):

Neo-neo was first synthesized by Hai Wang.180 It has more recently been

synthesized using a simplified method:

5'' ββββ-Mercaptoethyl Ether Neomycin · TFA6: 5'' TIPS Boc6 Neomycin B (40 mg,

27 µmoles) was dissolved in DMF (1.5 mL) and treated with Cs2CO3 (100 mg,

307 µmoles), and 2-mercaptoethyl ether (125 µL, 1 mmoles, 37 equiv). The

reaction was kept under argon for 7h at 30 °C, diluted into ethyl acetate (150 mL),

washed with 0.1 M citric acid (50 mL), water (3x50 mL), brine (50 mL) and dried

over sodium sulfate. The organic layer was then concentrated under reduced

pressure, and kept under a high vacuum over night. The crude product was
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dissolved in CH2Cl2 (4 mL), and treated with 1,2 ethanedithiol (20 µL), and

triisopropy silane (20 µL). and trifluoroacetic acid (5 mL) for 15 min. at RT. The

reaction was diluted into toluene (50 mL) and concentrated under vacuum at

50 °C (2x) and kept under high-vacuum for 6 h, the solid was then dissolved in

0.1% TFA in water (3 mL), filtered through glass wool and lyophilized to afford 30

mg of a white solid (79% yield, two steps). 1H-NMR (400 MHz, D2O) δ 5.88 (d, J

= 4.0 Hz, 1H), δ 5.23 (d, J = 3.2 Hz, 1H), δ 5.12 (s, 1H), δ 4.21-4.24 (m, 2H), δ

4.13-4.18 (m, 2H), δ 4.04 (s, 1H), δ 3.91 (t, J = 10 Hz, 1H), δ 3.82 (t, J = 9.6 Hz,

1H), δ 3.71-3.75 (m, 2H), δ 3.64 (s, 1H), δ 3.48-3.57 (m, 4H), δ 3.17-3.41 (m, 8H),

δ 3.11 (d,d J1 = 13.6 Hz, J2 = 9.6 Hz, 1H), δ 2.97 (d,d J1 = 13.2 Hz, J2 = 3.6 Hz,

1H), δ 2.65-2.74 (m, 4H), δ 2.55 (t, J = 6.0 Hz, 2H), δ 2.30 (d, t J1 = 12.4 Hz, J2 =

4.4 Hz, 1H), δ 1.71 (q, J = 12.4 Hz, 1H). ESI MS calculated for C27H54N6O13S2:

734.3, found 735.3 [M+H]+.

Neo-Neo · TFA12 (43). 5'' β-Mercaptoethyl Ether Neomycin · TFA6 (9 mg, 6.4

µmoles) was dissolved in methanol (3 mL) and, while stirring, a dilute solution of

I2 (in methanol) was added drop-wise until two drops past the end-point (where

the reaction no longer decolorized the I2 solution) and stirred and additional 15

min at RT. The methanol was then removed under reduced pressure and the

solid was washed with acetonitrile (0.1 % TFA) (3x2 mL) to remove the remaining

traces of I2. The white solid was then lyophilized from water (0.1% TFA) to afford

6.9 mg of a white solid (77%). 1H-NMR (300 MHz, D2O) δ 5.90 (d, J = 4.0 Hz,

2H), δ 5.25 (d, J = 3.2 Hz, 2H), δ 5.15 (s, 2H), δ 4.25-4.29 (m, 4H), δ 4.16-4.17
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(m, 4H), δ 4.06 (t, J = 2.8 Hz, 2H), δ 3.95 (t, J = 9.8 Hz, 2H), δ 3.85 (t, J = 9.9 Hz,

2H), δ 3.73-3.79 (m, 4H), δ 3.52-3.68 (m, 10H), δ 3.20-3.43 (m, 16H), δ 3.14 (d,d

J1 = 13.5 Hz, J2 = 6.9 Hz, 2H), δ 2.97 (d,d J1 = 13.5 Hz, J2 = 3.6 Hz, 2H), δ 2.68-

2.79 (m, 12H), δ 2.32 (d,t J1 = 12.9 Hz, J2 = 4.2 Hz, 2H), δ 1.73 (q, J = 12.6 Hz,

2H). MALDI TOF MS calculated for C54H106N12O26S4: 1466.6, observed: 1489.7

[M+Na]+.

E 6.3.2 Synthesis and Characterization of Neo-N-Neo (44):

Boc6 Neo-N-Neo. 5'' Ethanedithiol Boc6 Neomycin (Section E 6.1.2) (9 mg, 7

µmoles) was dissolved in 1:1 CHCl3/methanol (4 mL) and triethylamine (10 µL,

70 µmoles, 10 equiv). A dilute I2 solution (~3mg/mL in CHCl3) was titrated until

two drops past the end-point (where the reaction no longer decolorized the I2
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solution) and stirred an additional 45 min at RT. The reaction was then diluted

into CHCl3 (40 mL) and washed with 1M NaH2PO4 (2x15 mL), 1M Na2CO3, (2x15

mL), brine (20 mL) dried over sodium sulfate, and concentrated to a white solid

under reduced pressure (9 mg, 99%). Rf = 0.45 (10 % MeOH / CH2Cl2).
1H-NMR

(300 MHz, MeOD) δ 5.38 (s, 1H), δ 5.15 (s, 1H), δ 4.95 (s, 1H), δ 4.24-4.28 (m,

2H), δ 4.07-4.12 (m, 1H), δ 3.89-3.41 (m, 2H), δ 3.72-3.78 (m, 2H), δ 3.17-3.57

(m, 12H), δ 2.89-2.95 (m, 7H), δ 1.93-1.99 (m, 1H), δ 1.27-1.48 (m, 56H).

Neo-N-Neo · TFA12 (44). Boc6 Neo-N-Neo (9 mg, 7 µmoles) was dissolved in

CHCl3 (1.5 mL), tiisopropyl silane (100 µL), TFA (1.5 mL), and stirred RT for 10

min. The reaction was then partitioned into water (40 mL) and diethyl ether (20

mL), the ether was discarded and the aqueous phase was washed with 1:30

methanol / diethyl ether (3x20 mL). The aqueous phase was then concentrated

to a solid under vacuum. The solid was dissolved in 4 mL 0.1% TFA / water and

lyophilized to yield a white solid (9 mg, 99%). 1H-NMR (400 MHz, D2O) δ 5.92 (d,

J = 4.0 Hz, 2H), δ 5.27 (d, J = 2.0 Hz, 2H), δ 5.17 (s, 2H), δ 4.27-4.31 (m, 4H), δ

4.21 (q, J = 4.0 Hz, 2H), δ 4.17 (t, J = 4.8 Hz, 2H), δ 4.08 (t, J = 2.4 Hz, 2H), δ

3.96 (t, J = 9.6 Hz, 2H), δ 3.88 (t, J = 10 Hz, 2H), δ 3.75-3.80 (m, 4H), δ 3.68 (d, J

= 2.4 Hz, 2H), δ 3.56 (t, J = 9.8 Hz, 2H), δ 3.18-3.46 (m, 14H), δ 3.11 (d,d J1 =

9.2 Hz, J2 = 7.6 Hz, 2H), δ 2.98 (d,d J1 = 13.6 Hz, J2 = 4.0 Hz, 2H), δ 2.84-3.02

(m, 10H), δ 2.73 (d,d J1 = 13.2 Hz, J2 = 6.0 Hz, 2H), δ 2.35 (d,t J1 = 12.8 Hz, J2 =

4.0 Hz, 2H), δ 1.76 (q, J = 12.4 Hz, 2H). MALDI TOF MS calculated for

C50H98N12O24S4:1378.6, observed: 1401.7 [M+Na]+.
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Figure E 6.1: 1H NMR of Neo-Neo (43) before and after dimerization (A and B,
respectively) in D20. Notice that the only significant changes are in the “linker
region” at 2.6 and 3.6 ppm. 1H NMR of Neo-N-Neo (44) (C); again the only
significant differences between Neo-Neo and Neo-N-Neo are in the “linker
region” at 2.8 and 3.6 ppm. The 1H NMR spectrum of neomycin B · TFA6 is also
shown (D).

2.02.53.03.54.04.55.05.56.0
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A) 5” β-Mercaptoethyl ether
Neomycin B • TFA6

B) Neo-Neo • TFA12

C) Neo-N-Neo • TFA12

D) Neomycin B • TFA6
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E 6.4.1 Tobra-Arginine (53):

Tobramycin-Arg(Pbf)-Fmoc. Tobramycin free base (96 mg, 0.206 mmoles) was

added to a solution containing: Arg(Pbf)Fmoc (1.34 g, 2.06 mmoles, 2 mequiv),

TBTU (1.33 g, 4,12 mmoles, 4 mequiv), DMF (15 mL, freshly purified over silica

gel) 2,4,6 collidine (8.24 mmoles, 8 mequiv) and heated at 35 °C for 16 hr then

diluted into ethyl acetate (150 mL) and washed with 0.1M citric acid (2x70 mL),

saturated sodium bicarbonate (2x70 mL), brine (50 mL), dried over sodium

sulfate and concentrated to a solid under reduced pressure. The product was

purified using silica gel and standard flash chromatography (0-7% MeOH /

CH2Cl2) to yield 237 mg (32%) of a white solid. Rf = 0.33 (10 % MeOH / CH2Cl2).

The product was used in subsequent steps without further characterization
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Tobramycin-Arg(Pbf)-NH2. Tobramycin-Arg(Pbf)-Fmoc (100 mg, 27 µmoles)

was dissolved in DMF (4 mL) and piperidine (1 mL) was added, mixed RT for 14

hr, then concentrated and dried under reduced pressure (40 °C) to yield 67 mg

(98%) of a white solid. MALDI TOF MS calculated for C113H177O29S5: 2528, found

2531 [M+Na]+.

Tobramycin-Arg (53). Tobramycin-Arg(Pbf)-NH2 (25 mg, 9.8 µmoles) was

dissolved in CH2Cl2 (7 mL), added to a TFA solution (7 mL, containing 5% water

and 1.5% triisopropyl silane) and mixed RT for 2hr, water (40 mL) was then

added and the reaction washed with diethyl ether (3x20 mL), the aqueous phase

was then concentrated to a solid under reduced pressure. The product was

HPLC purified on C-18 semiprep column using isocratic conditions (7%

acetonitrile in water and 0.1% TFA) (Rt = 9.9 min) and lyophilized to yield 14 mg

of a white solid (56% assuming 10 TFA counter ions). 1H NMR (400 MHz, D2O,

22 °C): δ 5.33 (d, J = 3.2 Hz, 1H), δ 4.93 (d, J = 4.0 Hz, 1H), δ 3.82-3.97 (m,

9H), δ 3.77 (t, J = 6.6 Hz, 1H), δ 3.63-3.70 (m, 2H), δ 3.29-3.58 (m, 7H), δ 3.03-

3.11 (m, 10H), δ 1.74-1.84 (m, 12H), δ 1.45-1.59 (m, 12H). MALDI TOF MS

calculated for C48H97N25O14: 1247.7, observed: 1248.7 [M+H]+.
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E 6.4.2 ace-Tobra-Arginine (54):

ace-Tobra-Arginine (54). Tobramycin-Arg(Pbf)-NH2 (section E 6.4.1, 35 mg,

13.9 µmoles) was treated with DMF (4 mL), acetic anhydride (0.2 mL), and dry

pyridine (0.4 mL) for 1.5 hr at 44 °C, then concentrated under reduced pressure,

re-dissolved in DMF (7 mL), concentrated under reduced pressure (50 °C), the oil

was re-dissolved in 1:1 DMF / water and concentrated to a solid under reduced

pressure (50 °C). All of the resulting product was carried into the next step upon

addition of CH2Cl2 (13 mL) and a TFA solution (13 mL, containing 5% water and

1.5% triisopropyl silane) the reaction was mixed at RT for 2hr, then diluted into

water (40 mL) and washed with diethyl ether (3x20 mL), the aqueous phase was

then concentrated to a solid, under reduced pressure. The product was HPLC

purified on a C-18 semiprep column using isocratic conditions (7% acetonitrile in
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water with 0.1% TFA) (Rt = 9.4 min), fractions were pooled and lyophilized to

yield 8.6 mg of a white solid (42% assuming 10 TFA counter ions). 1H NMR (400

MHz, D2O, 21 °C): δ 5.11 (d, J = 2.8 Hz, 1H), δ 5.08 (d, J = 4.0 Hz, 1H), δ 4.11-

4.16 (m, 3H), δ 3.79-4.08 (m, 6H), δ 3.56-3.63 (m, 5H), δ 3.31-3.41 (m, 6H), δ

3.03-3.08 (m, 10H), δ 1.81-1.90 (m, 14H), δ 1.45-1.71 (m, 25H). MALDI TOF MS

calculated for C58H107N25O19: 1457.8, observed: 1458.5 [M+H]+.

E 6.4.3 Kana-A-Dab (55):

Kana-A-Dab(Cbz)-Boc. Kanamycin A free base (100 mg, 206 µmoles), water (2

mL), 1,4 dioxane (6 mL), Boc-Dab(Z)-Osu (0.5 g, 1.1 mmoles, 1.35 mequiv),

triethyl amine (150 µL, 1.1 mmoles) were stirred for 14 hr at RT, then ethylene

diamine (0.2 mL) was added and allowed to react for 10 min. The reaction was

partitioned into ethyl acetate (150 mL) and 1 M NaH2PO4 (100 mL), the aqueous

layer was removed and the organic phase washed with 1 M NaH2PO4 (50 mL),
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saturated sodium bicarbonate (2x50 mL), brine (50 mL), then dried over sodium

sulfate and concentrated to a solid under reduced pressure. The crude product

was purified on silica gel (100 mL) using a 3 – 9% methanol/CH2Cl2 gradient (the

product elutes from 8 – 9% methanol). To yield a white solid (100 mg, 27%). Rf =

.25 (10% MeOH / CH2Cl2). The product was used further without additional

characterization.

Kana-A-Dab · TFA8 (55). Kana-A-Dab(Cbz)-Boc (30 mg, 16.5 µmoles), CH2Cl2

(2 mL), and TFA (2 mL) were stirred at RT for 15 min then concentrated to an oil

under reduced pressure. Anhydrous toluene (15 mL) was used to dissolve the oil

and was then removed under reduced pressure (50 °C) to yield white solid. All of

this product was taken to the next step without characterization. The white solid

was combined with methanol (3 mL), glacial acetic acid (2 mL) 10% Pd on

carbon (20 mg) and reacted with H2 (1.2 atm) for 14 hr at RT. The catalyst was

then removed, washed with water (2 mL), and the solvent removed under

reduced pressure. The resulting oil was then dissolved in water (2 mL, 0.1%

TFA), filtered through a 0.45 µm nylon filter, and lyophilized. The solid was then

re-dissolved in water (5 mL 0.1% TFA) and lyophilized to yield a white solid (31

mg, 99%, assuming 8 TFA counter ions). The product was analyzed using an

HPLC reverse phase C-18 column (3. 5mL/min 1 % acetonitrile in water and

0.1% TFA) and found to be >95% pure (detection at 215 nm, Rt = 6.9 min). 1H

NMR (400 MHz, D2O, 22 °C): δ 5.41 (d, J = 3.6 Hz, 1H), δ 4.99 (d, J = 3.6 Hz,

1H), δ 3.88-4.03 (m, 7H), δ 3.44-3.76 (m, 9H), δ 3.28-3.35 (m, 3H), δ 3.17 (t, J =
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9.6 Hz, 1H), δ 2.93-3.03 (m, 8H), δ 2.10-2.17 (m, 8H), δ 1.89 (d,t J1 = 12.0 Hz, J2

= 3.8 Hz, 1H), δ 1.48 (q, J = 12.0 Hz, 1H). MALDI TOF MS calculated for

C34H68N12O15: 884.49, observed: 907.47 [M+Na]+.

E 6.4.4 Kana-A-Lys (56):

Kana-A-Lys(ClCbz)-Boc. Kanamycin A free base (40 mg, 82 µmoles), methanol

(8 mL), Boc-Lys(ClCbz)-Osu (0.5 g, 0.98 mmoles, 3 mequiv), triethyl amine (200

µL, 1.5 mmoles) were stirred for 24 hr at RT, then diluted into ethyl acetate (120

mL) and washed with 1 M Na2CO3 (2x50 mL), 1 M NaH2PO4 (2x50 mL), and

brine (50 mL). The organic phase was then dried over sodium sulfate and

reduced, under vacuum, to an oily solid that was purified on 80 mL of silica gel

using standard flash chromatography and a 3 – 10% methanol CH2Cl2 gradient to

yield a white solid (30 mg, 18%). Rf = .28 (10% MeOH / CH2Cl2). The product

was used further without additional characterization.
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Kana-A-Lys · TFA8. Kana-A-Dab(ClCbz)-Boc (29 mg, 14 µmoles), methanol (5

mL), glacial acetic acid (1mL), 10% Pd on carbon (20 mg), were mixed under 1.2

atm of H2 for 14 hr at RT. The catalyst was then removed by centrifugation, and

the supernatant concentrated to a solid under reduced pressure. 20% of this

crude product was then carried over, directly, to the next step by adding CH2CL2

(2 mL), TFA (2 mL) and mixing at RT for 15 min. The reaction was then

concentrated to an oil under reduced pressure. Anhydrous toluene (15 mL) was

used to dissolve the oil and was then removed under reduced pressure (50 °C) to

yield white solid. A C-18 reversed phase column and HPLC was used for

purification (3. 5mL/min 2.5% acetonitrile in water and 0.1% TFA, detection at

215 nm, Rt = 6.5 min). To yield a white solid (4.8 mg, 90%). 1H NMR (400 MHz,

D2O, 21 °C): δ 5.37 (d, J = 3.6 Hz, 1H), δ 4.93 (d, J = 3.6 Hz, 1H), δ 3.59-3.99

(m, 13H), δ 3.26-3.49 (m, 6H), δ 3.08 (t, J = 9.8 Hz, 1H), δ 2.81-2.87 (m, 8H), δ

1.72-1.78 (m, 9H), δ 1.50-1.60 (m, 9H), δ 1.26-1.31 (m, 8H). MALDI TOF MS

calculated for C42H84N12O15: 996.62, observed: 977.71 [M+H]+, 1019.69 [M+Na]+.
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E 6.4.5 γγγγ–guanidino Kana-A-Dab (57):

γγγγ–guanidino Kana-A-Dab · TFA8 (57). Kana-A-Dab(Cbz)-Boc (section 6.4.3) (27

mg, 14.8 µmoles), methanol (5 mL), 10% Pd on carbon (17 mg), glacial acetic

acids (0.2 mL) were stirred under 1.2 atm of H2 at RT for 16 h. The catalyst was

then removed by centrifugation, and the supernatant concentrated to an oil under

reduced pressure. Anhydrous toluene was then added and removed under

reduced pressure at 50 °C (repeated 2x total) to afford 18 mg of a white solid.

MALDI TOF MS calculated for C54H100N12O23: 1284.70, observed: 1285.63

[M+H]+, 1307.61 [M+Na]+. ½ of this product was carried over, without further

characterization, to the guanidinylation steps. Kana-A-Dab-Boc (9 mg, 7.0

µmoles), methanol (1 mL), CH2Cl2 (3 mL), N,N'-diBoc-N''-triflylguanidine (40 mg,

102 µmoles), triethyl amine (60 µL, 450 µmoles) were stirred at RT for 21 hr then

reduced to an oil under vacuum and purified using 20 mL of silica gel and flash
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chromatography (4 – 6% methanol/CH2Cl2 gradient) to yield 8 mg of a white

solid. Rf = 0.33 (7% methanol/CH2Cl2). All of this product was deprotected by

adding CH2Cl2 (2 mL), triisopropyl silane (40 µL), and TFA (3 mL). The reaction

was carried out at RT for 4 hr then partitioned into 1% acetic acid in water (70

mL), and diethyl ether (70 mL). The ether was back-extracted one time with 30

mL of water. The combined aqueous fractions were then washed with diethyl

ether (2x40 mL) and concentrated to a solid under reduced pressure. The solid

was then dissolved in water (3 mL, 0.1% TFA), filtered trough a 0.45 mm nylon

filter, and lyophilized to a white solid (7.2 mg, 50%, 3 steps). The product was

analyzed using an HPLC reverse phase C-18 column (3. 5mL/min 0.5 – 4%

acetonitrile gradient in water and 0.1% TFA over 20 min) and found to be >90%

pure (detection at 215 nm, Rt = 16.5 min). For the RNA binding assays, a small

amount of this compound (3 mg) was purified to >99% using the same HPLC

conditions. 1H NMR (400 MHz, D2O, 21 °C): δ 5.39 (d, J = 3.2 Hz, 1H), δ 4.98 (d,

J = 3.2 Hz, 1H), δ 3.87-4.02 (m, 7H), δ 3.72 (t, J = 8.8 Hz, 1H), δ 3.16-3.63 (m,

20H), δ 2.02-2.07 (m, 8H), δ 1.87 (d,t J1 = 12.0 Hz, J2 = 3.8 Hz, 1H), δ 1.48 (q, J

= 12.0 Hz, 1H). MALDI TOF MS calculated for C38H76N20O15: 1052.58, observed:

1053.45 [M+H]+, 1075.43 [M+Na]+.
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E 6.2.1 Synthesis and Characterization of guanidino5 Tobra-N-acridine (58)
and guanidino4 Tobra-N-acridine (59):

Guanidino5 Tobra-N-acridine · TFA5 (58), and guanidino4 Tobra-N-acridine ·

TFA5 (59). Tobra-N-acridine · TFA5 (Section E 6.2.1) (13 mg, 11 µmoles), water

(0.45 mL), 1,4 dioxane (1.8 mL), N,N'-diBoc-N''-triflylguanidine (52 mg, 133

µmoles), triethyl amine (45 µL, 190 µmoles) were stirred at RT for 72 hr, then the

volatiles were removed under reduced pressure. The yellow oil was dissolved in

1,4 dioxane (1 mL) and triethyl amine (22 µL, 93 µmoles) and stirred at RT for 24

hr, then diluted into ethyl acetate (100 mL) and washed with water (3x50 mL),

brine (50 mL), dried over sodium sulfate, and concentrated to a solid under

reduced pressure. The Boc-protected products (Rf = .31, 10% methanol/CH2Cl2)

were purified on silica gel using a 5 – 12% methanol/CH2Cl2 gradient. The

mixture of the two Boc protected products were then deprotected in a

deprotection cocktail (10 mL of 88% TFA, 5% water, 5% phenol, and 2%
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triisopropylsilane (v/v)) at RT for 2 hr. The reaction was then was then diluted into

2% acetic acid (100 mL) and washed with diethyl ether (3x30 mL). The aqueous

phase was then reduced to a solid under reduced pressure and purified on a C-

18 reversed phase HPLC column with an isocratic mixture of 10% acetonitrile

(0.1% TFA) in water (0.1% TFA) (3 mL/min). The first peak to elute from the

column yielded 1.8 mg (12%) of guanidino4 tobra-N-acridine · TFA5 (59) (Rt =

18.6 min). 1H NMR (400 MHz, D2O, 22 °C): δ 8.26 (d, J = 8.0 Hz, 2H), δ 7.78 (t,

J = 7.8 Hz, 2H), δ 7.63 (d, J = 8.4 Hz, 2H), δ 7.38 (t, J = 7.6 Hz, 2H), δ 5.08 (d, J

= 3.6 Hz, 1H), δ 4.53-4.62 (m, 2H), δ 4.11 (d, J = 3.6 Hz, 1H), δ 3.76-3.83 (m,

1H), δ 3.65 (d,d J1 = 10.0 Hz, J2 = 4.0 Hz, 1H), δ 3.46-3.61 (m, 4H),  δ 3.27-3.39

(m, 4H),  δ 3.14-3.20 (m, 1H), δ 2.61 (d,t J1 = 12.4 Hz, J2 = 4.0 Hz, 1H), δ 2.20

(d,t J1 = 12.8 Hz, J2 = 4.0 Hz, 1H), δ 1.78 (d,t J1 = 11.6 Hz, J2 = 4.0 Hz, 1H), δ

1.58 (q, J = 12.0 Hz, 1H), δ 1.35 (q, J = 12.0 Hz, 1H). MALDI FTMS calculated

for C35H53N15O8: 811.420, found 812.418 [M+H]+.

The second peak from the column yielded 3.2 mg (21%) of guanidino5 tobra-N-

acridine · TFA5 (58) (Rt = 19.9 min). 1H NMR (400 MHz, D2O, 22 °C): δ 8.27 (d, J

= 7.6 Hz, 2H), δ 7.79 (t, J = 7.8 Hz, 2H), δ 7.63 (d, J = 8.8 Hz, 2H), δ 7.40 (t, J =

7.6 Hz, 2H), δ 5.09 (d, J = 3.6 Hz, 1H), δ 4.70 (d, J = 1.2 Hz, 1H), δ 4.53-4.62 (m,

2H), δ 3.02-3.79 (m, 11H), δ 2.59 (d,t J1 = 12.4 Hz, J2 = 4.0 Hz, 1H), δ 2.07 (d,t J1

= 12.8 Hz, J2 = 4.0 Hz, 1H), δ 1.79 (d,t J1 = 11.6 Hz, J2 = 4.0 Hz, 1H), δ 1.45 (q, J

= 12.0 Hz, 1H), δ 1.21 (q, J = 12.0 Hz, 1H). MALDI FTMS calculated for

C36H55N17O8: 853.442, found 854.451 [M+H]+.
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E 6.2.2 Synthesis and Characterization of guanidino6 Neo-N-acridine (60)
and guanidino5 Neo-N-acridine (61):

Guanidino6 Neo-N-acridine · TFA6 (60), and guanidino5 Neo-N-acridine ·

TFA6 (61). Neo-N-acridine · TFA6 (Section E 6.1.1) (1 mg, 670 nmoles), water

(0.1 mL), 1,4 dioxane (0.4 mL), N,N'-diBoc-N''-triflylguanidine (15 mg, 38

µmoles), triethyl amine (45 µL, 190 µmoles) were incubated at RT for 72 hr, then

the volatiles were removed under reduced pressure. The yellow oil was dissolved

in 1,4 dioxane (0.3 mL) and kept at RT for 72 hr, then concentrated to an oil

under reduced pressure. The Boc-protected products were purified on silica gel

using 8% methanol/CH2Cl2. The mixture of the two Boc protected products were

then deprotected in a deprotection cocktail (4 mL of 88% TFA, 5% water, 5%

phenol, and 2% triisopropylsilane (v/v)) at RT for 2 hr. The reaction was then was

then diluted into 2% acetic acid (30 mL) and washed with diethyl ether (3x10

H
N

N

H
N

HN
O

O
O

HN

OH

HOO

HOO

HO

H
N

O
HO

HO

NH

NH

H2N
NH

HN
NH2

NH

NH2

NH

NH2
NH

H2N

HN
NH2

Guanidino6 Neo-N-acridine (60)

H
N

N

H
N

HN
O

O
O

H2N

OH

HOO

HOO

HO

H
N

O
HO

HO

NH

NH

H2N
NH

NH

NH2

NH

NH2
NH

H2N

HN
NH2

Guanidino5 Neo-N-acridine (61)

H
N

N

NH2

H2N
O

O
O

H2N

OH

HOO

HOO

HO

NH2

O
HO

HO

NH2

NH2

Neo-N-acridine (38)

N-Tf

NH-BocBoc-HN

TFA



272

mL). The aqueous phase was then reduced to a solid under reduced pressure

and purified on a C-18 reversed phase HPLC column with an isocratic mixture of

11.5% acetonitrile (0.1% TFA) in water (0.1% TFA) (3 mL/min). The UV-vis

extinction coefficients for Neo-N-acridine (Section 6.1.1) were used to quantify

the products and yielded 9 nmoles (1.3%) of guanidino6 neo-N-acridine · TFA6

(60) (Rt = 12.2 min) MALDI FTMS calculated for C42H66N20O12: 1042.517, found

1043.524 [M+H]+. And, 5 nmoles (0.9%) of guanidino5 neo-N-acridine · TFA6 (61)

(Rt = 10.8 min) MALDI FTMS calculated for C41H64N18O12: 1000.495, found

1001.498 [M+H]+.

E 6.7.1 Synthesis and Characterization of Amino-Tobra-BODIPY (65):

6''-TIPS Boc5 Tobramycin. Synthesized as described (Hai Wang Ph. D. Thesis,

University of California, San Diego, 1998).
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6"-ββββ-Mercaptoethyl Ether Tobramycin · TFA5: 6" TIPS Boc5 Tobramycin (40

mg, 32 µmoles) Cs2CO3 (21 mg, 64 µmoles), dry DMF (3 mL) and 2-mercapto-

ethyl ether (34 µl, 274 µmoles, 8.6 equiv) were stirred under argon for 2h at

30 οC, diluted into ethyl acetate (100 mL), washed with water (4x50 mL), brine

(50 mL) then dried over sodium sulfate. The organic layer was then concentrated

under to an oil reduced pressure, and kept under a high vacuum for 40 min. The

crude product was dissolved in CH2Cl2 (2 mL), 1,2 ethanedithiol (15 µL),

triisopropy silane (15 µL), trifluoroacetic acid (3 mL), and stirred at RT for 15

minn. The reaction was then diluted into toluene (50 mL) and concentrated to a

solid at 50 οC under reduced pressure (2x). The white solid was then dissolved

into water and (100 mL) and washed with CHCl3 (4x50 mL). The aqueous layer

was concentrated under reduced pressure and lyophilized (2x) from 0.1% TFA (3

mL in water) to yield 25 mg of a white powder (61% yield, two steps). 1H-NMR

(400 MHz, D2O) δ 5.59 (d, J = 3.6 Hz, 1H), δ 4.85 (d, J = 4.0 Hz, 1H), δ 3.3-3.8

(m, 17H), δ 3.05 (d,d J1 = 13.6 Hz, J2 = 7.2 Hz, 1H), δ 2.94 (d,d J1 = 11.6 Hz, J2 =

2.4 Hz, 1H), δ 2.65-2.71 (m, 3H), δ 2.57 (t, J = 6.4 Hz, 2H), δ 2.40 (d,t J1 = 12.8

Hz, J2 = 4.0 Hz, 1H), δ 2.14(d,t J1 = 12.4 Hz, J2 = 4.4 Hz, 1H), δ 1.87 (q, J = 11.2

Hz, 1H), δ 1.78 (q, J = 12.8 Hz, 1H). ESI MS calculated for C22H45N5O9S2: 587.3,

found 588.2 [M+H]+.
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Amino Tobra-BODIPY · HCl (65): 6"-β-Mercaptoethyl ether tobramycin · TFA5 (5

mg, 4.3 µmoles) was dissolved in a degassed aqueous buffer (1 mL of 150 mM

NaCl, 10 mM sodium phosphate pH 7.5, Ar sparged). Separately, BODIPY C1-IA

(2.5 mg, 6 µmoles, 1.4 equiv., Molecular Probes) was dissolved in DMSO (0.75

mL), and added, dropwise, to the tobramycin solution. The reaction was kept in

the dark for 2h at RT then diluted into water (8 mL) and loaded onto an activated

C-18 reversed-phase cartridge (Waters, Sep-pack), the column was washed with

1M NaCl (5 mL), pure water (5 mL), then a 0 – 30% acetonitrile/water gradient

was applied, the fractions between 5 – 15% acetonitrile/water were lyophilized to

yield 2.2 mg (47%) of a red powder. All BODIPY-glycoside conjugates are slightly

to moderately hygroscopic, therefore the absorption at 502nm of each compound

(in methanol) is used to confirm the yield of the conjugation reaction (taking ε502

nm = 76,000 cm-1 M-1). 1H-NMR (400 MHz, D2O) δ 7.39 (s, 1H), δ 6.91 (d, J = 4.0

Hz, 1H), δ 6.30 (d, J = 4.0 Hz, 1H), δ 6.22 (s, 1H), δ 5.55 (d, J = 3.6 Hz, 1H), δ

4.94 (d, J = 4.0 Hz, 1H), δ 4.49 (s, 2H), δ 3.25-3.90 (m, 19H), δ 3.05 (d,d J1 =

13.6 Hz, J2 = 7.2 Hz, 1H), δ 2.93 (d,d J1 = 11.6 Hz, J2 = 2.4 Hz, 1H), δ 2.60-2.67

(m, 5H), δ 2.40 (s, 3H), δ 2.29 (d,t J1 = 12.4 Hz, J2 = 3.6 Hz, 1H), δ 2.10-2.14 (m,

4H), δ 1.84 (q, J = 11.6 Hz, 1H), δ 1.66 (q, J = 12.8 Hz, 1H). MALDI TOF MS

calculated for C36H59BF2N8O10S2: 876.3 found 877.4 [M+H]+, found 899.3

[M+Na]+ found 915.4 [M+K]+.
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E 6.7.2 Synthesis and Characterization of Guanidino-Tobra-BODIPY (66):

Boc10 Guanidino5 6"-ββββ-Mercaptoethyl Ether Tobramycin: 6"-β-mercaptoethyl

ether tobramycin · TFA5 (Section 6.7.1) (70 mg, 60 µmoles), was dissolved in

methanol (4mL) and treated with N,N′-di-Boc-N′′ -trifylguanidine (420 mg, 1.08

mmoles, 17.9 equiv.), dithiothreitol (42 mg, 272 µmoles), and triethyl amine (210

µL, 1.5 mmoles, 25 eqiv.) for 26 h at RT under argon. The reaction was then

diluted into 150 mL of CHCl3 and washed with 0.1M citric acid (3x50 mL), brine

(50 mL) and dried over sodium sulfate. The organic layer was then concentrated

to a solid and purified on silica gel using flash chromatography and 0 – 2%

methanol in CH2Cl2 to afford 90 mg of an off-white solid (83% yield). 1H-NMR

(400 MHz, CDCl3) δ 11.50 (s, 1H), δ 11.47 (s, overlapping, 2H), δ 11.45 (s, 1H), δ

11.38 (s, 1H), δ 8.86 (d, J = 3.6 Hz, 1H), δ 8.55 (d, J = 9.0 Hz, 1H), δ 8.46 (t, J =
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6.3 Hz, 1H), δ 8.17 (d, J = 8.7 Hz, 1H), δ 5.30-5.40 (m, 2H), δ 4.97 (d, J = 3.9 Hz,

1H), δ 4.02 (br d,d J1 = 12 Hz, J2 = 8.4 Hz, 1H), δ 3.78-3.94 (m, 2H), δ 3.31-3.72

(m, 10H), δ 3.18 (br d, J1 = 11.4 Hz, 2H), δ 2.95-3.03 (m, 2H), δ 2.61-2.73 (m,

8H), δ 2.36 (s, 1H), δ 2.02 (s, 1H), δ 1.93 (s, 1H), δ 1.62-1.69 (m, 18H), δ 1.42-

1.51 (m, 18H), δ 1.28 (s, 1H). ESI MS calculated for C77H135N15O29S2: 1797.8,

found 1798.3 [M+H]+, found 899.7 [M+2H]2+.

Guanidino5 6" ββββ-Mercaptoethyl Ether Tobramycin · TFA5: Boc10 guanidino5

6"-β-mercaptoethyelther tobramycin (41 mg, 23 µmoles) was dissolved in CHCl3

(1mL) and treated with triisopropy silane (30 µL, 146 µmoles), 1,2-ethanedithiol

(30 µL, 358 µmoles), and trifluoroacetic acid (1.5mL) for 3 h at RT. The reaction

was then diluted into water (100 mL) and washed with CHCl3 (2x30 mL) and

diethyl ether (2x30 mL). The aqueous layer was concentrated to a solid under

vacuum, then dissolved in 0.1% trifluoroacetic acid in water (2 mL) and

lyophilized to afford 22 mg of a white solid (73% yield). 1H-NMR (400 MHz, d6-

MeOD) δ 5.65 (d, J = 3.6 Hz, 1H), δ 5.06 (d, J = 3.6 Hz, 1H), δ 4.10(t, J = 6.4 Hz,

1H), δ 3.45-3.88 (m, 17H), δ 3.04 (d,d J1 = 13.6 Hz, J2 = 2.8 Hz, 1H), δ 2.62-2.78

(m, 5H), δ 2.11-2.19 (m, 2H), δ 1.68-1.78 (m, 2H). MALDI TOF MS calculated for

C27H55N15O9S2: 797.37, found 820.32 [M+Na]+.
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Guanidino Tobramycin-BODIPY · HCl (66): Guanidino5 6" β-mercaptoethyl-

ether tobramycin · TFA5 (10 mg, 4.3 µmoles) was added to an aqueous

degassed buffer (2 mL of 50 mM sodium phosphate pH 7.5, Ar sparged),

separately BODIPY C1-IA (2.5 mg, 6 µmoles, 1.4 equiv., Molecular Probes) was

dissolved in DMSO (0.75 mL), and added, dropwise, to the tobramycin solution.

The resulting precipitation of guanidino-tobramycin was partially reversed upon

addition of NaCl (150 mM final concentration) the reaction was then allowed to

react in the dark for 2h at RT and diluted into 5% acetonitrile in water (15 mL,

containing 100 mM NaCl) and loaded onto an activated C-18 reversed-phase

cartridge (Waters, Sep-pack). The column was then washed with 5 mL of water

and the product was eluted with 25% acetonitrile/water and lyophilized to yield

1.3 mg (17% yield) of a red powder. All BODIPY-glycoside conjugates are slightly

to moderately hygroscopic, the absorption at 502nm (in methanol) was used to

calculate the yield of the conjugation reaction (taking ε502 nm = 76,000 cm-1 M-1).

The low yield of this particular reaction was attributed to the solubility problems of

the guanidino-tobramycin starting material in 50 mM phosphate/25% DMSO in

water (its solubility in 10 mM sodium phosphate pH 7.5, 250 mM NaCl, 25%

DMSO is, however, significantly better). 1H-NMR (400 MHz, D2O) δ 7.41 (s, 1H),

δ 6.92 (d, J = 3.6 Hz, 1H), δ 6.31 (d, J = 3.6 Hz, 1H), δ 6.24 (s, 1H), δ 5.40 (d, J =

3.6 Hz, 1H), δ 4.98 (s, 1H), δ 4.51 (s, 2H), δ 4.03 (t, J = 6.8 Hz, 1H), δ 3.79 (t, J =

8.4 Hz, 1H), δ 3.27-3.64 (m, 18H), δ 2.90 (d, J = 13.2 Hz, 1H), δ 2.55-2.67 (m,

5H), δ 2.41 (s, 3H), δ 2.02-2.15 (m, 5H), δ 1.54-1.62 (m, 2H). MALDI TOF
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calculated for C41H69BF2N18O10S2:1086.49, found 1087.36 [M+H]+, found

1109.30 [M+Na]+.

E 6.7.3 Synthesis and Characterization of Amino-Neo-BODIPY (67):

Amino Neo-BODIPY · HCl (67) : 5" β-mercaptoethylether neomycin B · TFA6

(Section 6.3.1) (10 mg, 7 µmoles), was dissolved in an aqueous buffer (1.5 mL of

10 mM sodium phosphate, 150 mM NaCl, pH 7.5, Ar sparged), separately,

BODIPY C1-IA (1.8 mg, 4.3 µmoles, 0.61 equiv., Molecular Probes) was

dissolved in DMSO (1.5 mL), and added, dropwise, to the neomycin solution and

allowed to react in the dark for 2h at RT. The reaction was then diluted into water

(8 mL) and loaded onto an activated C-18 reversed-phase cartridge (Waters,

Sep-pack), the column was then washed with 5% acetonitrile (5 mL, containing

100 mM NaCl in water), then pure water (1 mL), and the product eluted between

0 – 15% acetonitrile (in water) and lyophilized to yield 2.9 mg (55% yield) of a red

powder. All BODIPY-glycoside conjugates are slightly to moderately hygroscopic,

therefore the absorption at 502nm of each compound (in methanol) is used to

confirm the yield of the conjugation reaction (taking ε502 nm = 76,000 cm-1 M-1).
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1H-NMR (400 MHz, D2O) δ 7.41 (s, 1H), δ 6.92 (d, J = 4.0 Hz, 1H), δ 6.30 (d, J =

4.0 Hz, 1H), δ 6.24 (s, 1H), δ 5.89 (d, J = 4.0 Hz, 1H), δ 5.27 (d, J = 3.6 Hz, 1H),

δ 5.15 (s, 1H), δ 4.50 (s, 2H), δ 4.26-4.32 (m, 2H), δ 4.21 (p, J = 4.0 Hz, 1H), δ

4.15 (t, J = 4.4 Hz, 1H), δ 4.07 (t, J = 3.2 Hz, 1H), δ 3.83-3.88 (m, 3H), δ 3.77 (t, J

= 9.2 Hz, 1H), δ 3.67 (s, 1H), δ 3.53-3.59 (m, 4H), δ 3.45 (s, 1H), δ 3.40 (d,d J1 =

11.2 Hz, J2 = 4.0 Hz, 1H), δ 3.67 (s, 1H), δ 3.20-3.35 (m, 5H), δ 3.09 (d d, J1 =

13.2 Hz, J2 = 7.6 Hz, 1H), δ 2.98 (d d, J1 = 13.6 Hz, J2 = 4.4 Hz, 1H), δ 2.67-2.77

(m, 5H), δ 2.41 (s, 3H), δ 2.25 (d t, J1 = 12.4 Hz, J2 = 4.4 Hz, 1H), δ 2.15 (s, 3H),

δ 1.65 (q, J = 12.8 Hz, 1H). MALDI TOF MS calculated for C41H68BF2N9O14S2:

1023.44, observed 1024.42 [M+H]+, observed 1046.43 [M+Na]+, observed

1062.54 [M+K]+.
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E 6.7.4 Synthesis and Characterization of Guanidino Neo-BODIPY (68):

Boc12 Guanidino6-5"-ββββ-Mercaptoethylether Neomycin: 5" β-Mercaptoethyl

ether Neomycin B · TFA6 (Section E 6.3.1) (90 mg, 63 µmoles), was dissolved in

methanol (5 mL), CHCl3 (3 mL), and treated with N,N′-di-Boc-N′′ -trifylguanidine

(530 mg, 1.35 mmoles, 21 equiv.), dithiothreitol (50 mg, 324 µmoles), and triethyl

amine (530 µL, 3.8 mmoles, 60 eqiv.) for 96 h at RT under argon. The reaction

was then diluted into CHCl3 (200 mL) and washed with 0.1M citric acid (2x100

mL), brine (50 mL) and dried over sodium sulfate. The organic layer was then

concentrated to a solid under reduced pressure and purified on silica gel using

flash chromatography (0-1% methanol in CHCl3 to afford 71 mg of an off-white
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solid (52% yield). 1H-NMR (300 MHz, CDCl3) δ 11.41 (s, 2H, overlapping), δ

11.40 (s, 1H), δ 11.38 (s, 1H), δ 11.33 (s, 1H), δ 11.30 (s, 1H), δ 9.34 (d, J = 8.1

Hz, 1H), δ 8.92 (d, J = 7.2 Hz, 1H), δ 8.47 (t, J = 5.4 Hz, 1H), δ 8.41 (t, J = 5.4

Hz, 1H), δ 8.34 (d, J = 6.6 Hz, 1H), δ 8.18 (d, J = 9.0 Hz, 1H), δ 5.94 (d, J = 4.4

Hz, 1H), δ 5.62 (d, J = 4.2 Hz, 1H), δ 5.01 (d, J = 4.8 Hz, 1H), δ 4.91-4.94 (m,

2H), δ 4.38-4.95 (m, 3H), 4.05-4.22 (m, 4H), δ 3.79-3.92 (m, 3H), δ 3.66-3.74 (m,

2H), δ 3.55-3.59 (m, 4H), δ 3.25-3.42 (m, 4H), δ 2.54-2.74 (m, 5H), δ 2.44 (d t, J1

= 12.4 Hz, J2 = 4.4 Hz, 1H), δ 1.22-1.60 (m, 109H). ESI MS calculated for

C94H163N17O37S2: 2186.1, found 1094.2 [M+2H]2+.

Guanidino6 5"-ββββ-Mercaptoethylether Neomycin B · TFA6. Boc12 Guanidino6-

5"-β-mercaptoethyl ether neomycin (65 mg, 30µmoles) was dissolved in CHCl3

(1.5 mL) and treated with triisopropy silane (80 µL, 390 µmoles), 1,2-

ethanedithiol (30 µL, 955 µmoles), and trifluoroacetic acid (3 mL) for 3 h at RT.

The reaction was then diluted into water (200 mL) and washed with CHCl3

(2x100 mL) and diethyl ether (2x50 mL). The aqueous layer was then

concentrated to a solid under reduced pressure, dissolved in 0.1% trifluoroacetic

acid in water (2 mL) and lyophilized to afford 30 mg of a white solid (60% yield).

1H-NMR (400 MHz, D2O) δ 5.83 (d, J = 3.2 Hz, 1H), δ 5.05 (s, 1H), δ 4.94 (s, 1H),

δ 4.23-4.26 (m, 2H), δ 3.93-4.03 (m, 3H), δ 3.25-3.69 (m, 20H), δ 2.87 (d,d J1 =

14.4 Hz, J2 = 4.4 Hz, 1H), δ 2.55-2.67 (m, 5H), δ 2.08 (d t, J1 = 12.0 Hz, J2 = 4.4
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Hz, 1H), δ 1.71 (q, J = 12.0 Hz, 1H). MALDI TOF MS calculated for

C33H66N18O13S2: 986.45, found 987.49 [M+H]+.

Guanidino Neo-BODIPY · HCl (68). Guanidino6 5"-β-Mercaptoethylether

Neomycin B · TFA6 (9 mg, 5.4 µmoles) was dissolved in an aqueous buffer (3.0

mL of 10 mM sodium phosphate pH 7.5, 150 mM NaCl, Ar sparged), separately

BODIPY C1-IA (1.7 mg, 4.1 µmoles, 0.76 equiv., Molecular Probes) was

dissolved in DMSO (1.5 mL), and added, dropwise, to the neomycin solution and

allowed to react in the dark for 2h at RT. The reaction was then diluted into water

(8 mL) and loaded onto an activated C-18 reversed-phase cartridge (Waters,

Sep-pack), the column was washed with 5% acetonitrile (5 mL, containing 100

mM NaCl in water), then pure water (1 mL), the product eluted between 0 – 20%

acetonitrile (in water) and was lyophilized to yield 4.5 mg (56% yield) of a red

powder. All BODIPY-glycoside conjugates are slightly to moderately hygroscopic,

therefore the absorption at 502nm of each compound (in methanol) is used to

confirm the yield of the conjugation reaction (taking ε502 nm = 76,000 cm-1 M-1). 1H-

NMR (400 MHz, D2O) δ 7.40 (s, 1H), δ 6.92 (d, J = 4.0 Hz, 1H), δ 6.31 (d, J = 4.0

Hz, 1H), δ 6.24 (s, 1H), δ 5.84 (d, J = 3.6 Hz, 1H), δ 5.07 (s, 1H), δ 4.91 (s, 1H), δ

4.51 (s, 2H), δ 4.21-4.24 (m, 2H), δ 3.93-4.00 (m, 3H), δ 3.80 (t, J = 8.4 Hz, 1H),

δ 3.66-3.71 (m, 2H), δ 3.25-3.55 (m, 15H), δ 2.80 (d,d J1 = 14.4 Hz, J2 = 4.4 Hz,

1H), δ 2.50-2.67 (m, 6H), δ 2.41 (s, 3H), δ 2.15 (s, 3H), δ 2.08 (d t, J1 = 12.0 Hz,

J2 = 4.4 Hz, 1H), δ 1.57 (q, J = 12.0 Hz, 1H). MALDI TOF MS calculated for

C47H80BF2N21O14S2: 1275.57, found 1276.57 [M+H]+.
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E 6.7.5 Synthesis and Characterization of Amino-Tobra-Fluorescein (69):

Amino Tobra-Fluorescein · TFA5 (69): 6"-β-mercaptoethyl ether tobramycin ·

TFA5 (Section 6.7.1) (3 mg, 2.6 µmoles) was dissolved in an aqueous degassed

buffer (2 mL of 400 mM NaCl, 25 mM sodium phosphate pH 7.5, Ar sparged),

separately 5-iodo-acetamido-fluorescein (5-IAF) (3.0 mg, 5.8 µmoles, 2.0 equiv.,

Molecular Probes) was dissolved in DMSO (1 mL), and added, dropwise, to the

tobramycin solution and allowed to react in the dark for 2h at RT then 0.1M HCl

was added until the solution turned from orange to yellow. The reaction was then

diluted into water (8 mL) and loaded onto an activated C-18 reversed-phase

cartridge (Waters, Sep-pack), the column was then washed with pure water (10

mL), and the product was eluted with 20% acetonitrile/water, lyophilized, and

found to be >95% pure by HLPC. The product was purified further using a C-18

reversed phase HPLC column with an isocratic mixture of 20% acetonitrile (0.1%

TFA) in water (0.1% TFA) (3 mL/min) (Rt = 8.5 min) to yield 3.3 mg (77%) of an

orange solid. All fluorescein-glycoside conjugates are slightly to moderately

hygroscopic, therefore the absorption at 496nm (in aqueous buffer pH 9.0) of
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each compound is used to confirm the yield of the conjugation reaction (taking

ε502 nm = 77,000 cm-1 M-1). 1H-NMR (400 MHz, D2O) δ 8.13 (d, J = 2.0 Hz, 1H), δ

7.67 (d,d J1 = 8.4 Hz, J2 = 1.6 Hz, 1H), δ 7.15-7.22 (m, 3H), δ 6.93 (d, J = 2.4 Hz,

2H), 6.77-6.80 (m, 2H), δ 5.53 (d, J = 2.8 Hz, 1H), δ 4.85 (d, J = 3.6 Hz, 1H), δ

3.22-3.83 (m, 21H), δ 3.05 (d,d J1 = 13.2 Hz, J2 = 7.2 Hz, 1H), δ 2.87 (d,d J1 =

11.6 Hz, J2 = 2.0 Hz, 1H), δ 2.77 (t, J = 5.8 Hz, 2H), δ 2.57-2.65 (m, 3H), δ 2.36

(d,t J1 = 12.0 Hz, J2 = 3.6 Hz, 1H), δ 2.09 (d,t J1 = 12.4 Hz, J2 = 3.6 Hz, 1H), δ

1.83 (q, J = 11.6 Hz, 1H), δ 1.74 (q, J = 12.4 Hz, 1H). MALDI TOF MS calculated

for C44H58N6O15S2: 974.34 found 975.42 [M+H]+, found 997.43 [M+Na]+ found

1013.41 [M+K]+.

E 6.7.6 Synthesis and Characterization of GuanidinoTobra-Fluorescein (70):

Guanidino Tobra-Fluorescein · TFA5 (70): Boc10 guanidino5 6" β-mercaptoethyl

ether tobramycin (Section 6.7.2) (10 mg, 5.6 µmoles), DMF (3 mL), Cs2CO3 (30

mg), and 5-iodo-acetamido-fluorescein (5-IAF) (5 mg, 9.7 µmoles, 1.7 equiv.,

Molecular Probes) were stirred at RT in the dark for 2h then diluted into ethyl
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acetate (150 mL) and washed with 1M Na2CO3 (2x50 mL), 0.1M citric acid (2x50

mL), brine (50 mL), dried over sodium sulfate then concentrated under reduced

pressure to a solid. All of this product was then deprotected in CHCl3 (1 mL)

triisopropyl silane (0.15 mL), and TFA (3 mL) for 2.5 h at RT. Excess anhydrous

toluene was then added and all volatiles were removed at 50 °C under reduced

pressure. The reaction was then diluted into water (8 mL) and loaded onto an

activated C-18 reversed-phase cartridge (Waters, Sep-pack), the column was

then washed with pure water (10 mL), and the product eluted at 20%

acetonitrile/water, lyophilized, and found to be >95% pure (by HLPC). The final

product was purified further using a C-18 reversed phase HPLC column with an

isocratic mixture of 20% acetonitrile (0.1% TFA) in water (0.1% TFA) (3 mL/min)

(Rt = 11.5 min) to yield 2.3 mg (29%, 2 steps) of an orange solid. All fluorescein-

glycoside conjugates are slightly to moderately hygroscopic, therefore the

absorption at 496nm (in aqueous buffer pH 9.0) was used to confirm the yield of

the conjugation reaction (taking ε502 nm = 77,000 cm-1 M-1). 1H-NMR (400 MHz,

D2O) δ 8.17 (d, J = 2.0 Hz, 1H), δ 7.70 (d,d J1 = 10 Hz, J2 = 1.6 Hz, 1H), δ 7.15-

7.20 (m, 3H), δ 6.97 (d, J = 1.6 Hz, 2H), 6.79-6.80 (m, 2H), δ 5.19 (d, J = 3.2 Hz,

1H), δ 4.91 (d, J = 2.8 Hz, 1H), δ 3.95 (t, J = 6.8 Hz, 1H), δ 3.20-3.60 (m, 23H), δ

2.80 (d,d J1 = 11.2 Hz, J2 = 2.4 Hz, 1H), δ 2.77 (t, J = 5.8 Hz, 2H), δ 2.51-2.60 (m,

4H), δ 1.97-2.07 (m, 2H), δ 1.48-1.53 (m, 2H). MALDI TOF MS calculated for

C49H68N16O15S2: 1184.45 found 1185.63 [M+H]+, found 1207.60 [M+Na]+.



286

E 6.7.7 Synthesis and Characterization of Guanidino-Neo-Fluorescein (71):

Guanidino-Neo-Fluorescein · TFA6 (71): Boc12 guanidino6-5"-β-mercapto-

ethylether neomycin (Section 6.7.4) (3 mg, 1.4 µmoles), DMF (0.5 mL), 5-iodo-

acetamido-fluorescein (5-IAF) (5 mg, 9.7 µmoles, 1.7 equiv., Molecular Probes),

and triethyl amine (20 µL) were stirred at RT in the dark for 2h then diluted into

ethyl acetate (150 mL) and washed with 1M Na2CO3 (4x50 mL), 0.1M citric acid

(2x50 mL), brine (50 mL), dried over sodium sulfate then concentrated under

reduced pressure to a solid. All of this product was then deprotected in CHCl3 (3

mL) triisopropyl silane (0.05 mL), and TFA (5 mL) for 3.5 h at RT. Excess

anhydrous toluene was then added and all volatiles were removed at 50 °C

under reduced pressure. The reaction was then diluted into water (8 mL, 300 mM

NaCl) and loaded onto an activated C-18 reversed-phase cartridge (Waters, Sep-

pack), the column was then washed with pure water (10 mL), and the product

eluted between 5-20% acetonitrile/water (0.001 M HCl), lyophilized, and found to

be >85% pure (by HLPC). The product was purified further using a C-18 reversed

phase HPLC column with an isocratic mixture of 20% acetonitrile (0.1% TFA) in
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water (0.1% TFA) (3 mL/min) (Rt = 9.3 min) to yield 1.3 mg (45%, 2 steps) of an

orange solid. All fluorescein-glycoside conjugates are slightly to moderately

hygroscopic, therefore the absorption at 496nm (in aqueous buffer pH 9.0) was

used to confirm the yield of the conjugation reaction (taking ε502 nm = 77,000 cm-1

M-1). 1H-NMR (400 MHz, D2O): δ 8.12 (d, J = 2.0 Hz, 1H), δ 7.72 (d,d J1 = 8.8 Hz,

J2 = 1.6 Hz, 1H), δ 7.22 (d, J = 8.8 Hz, 1H), δ 7.11 (d, J = 9.2 Hz, 2H), δ 6.92 (d, J

= 2.4 Hz, 2H), δ 6.76 (d,d J1 = 8.8 Hz, J2 = 2.4 Hz, 1H), δ 5.69 (d, J = 4.0 Hz, 1H),

δ 4.98 (s, 1H), δ 4.87 (s, 1H), δ 4.18-4.24 (m, 2H), δ 3.85-3.88 (m, 3H), δ 3.16-

3.62 (m, 18H), δ 2.71-2.78 (m, 4H), δ 2.42-2.52 (m, 4H), δ 2.01 (d t, J1 = 12.0 Hz,

J2 = 4.4 Hz, 1H), δ 1.48 (q, J = 12.0 Hz, 1H). MALDI TOF MS calculated for

C55H79N19O19S2:1373.53, found 1374.72 [M+H]+.

E 6.8.1 Synthesis and Characterization of BODIPY-CR9 (72):

ace-CRRRRRRRRR-am · TFA9. Standard Fmoc solid-phase synthesis was

manually employed. Fmoc PAL PEG PS resin (1 g, 0.15 mmole, PerSeptive

Biosystems), was deprotected using 20% piperidine in DMF for 20 min at RT,

washed with DMF (3x7 mL), diethyl ether (2x7 mL), and DMF (3x7 mL), then

treated with TBTU (97 mg, 0.3 mmoles), Fmoc Arg (Pbf)-OH (195 mg, 0.3

mmoles), HOBt (46 mg, 0.3 mmoles), 2,4,6 collidine (0.4 mL, 3.0 mmoles), in
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DMF (7 mL), for at least 1 hr at RT on shaker. The resin is then washed, and the

deprotection and coupling processes were repeated nine times total, the final

coupling reaction utilized Fmoc Cys (Trt)-OH (264 mg, 0.45 mmoles), TBTU (145

mg, 0.45 mmoles), HOBt (46 mg, 0.45 mmoles), 2,4,6 collidine (0.6 mL, 4.5

mmoles), in DMF (7 mL) and lasted for 2 h at RT on a shaker. Following

deprotection and washes (as above), the N-terminus was acylated using HOBt

(80 mg, 0.78 mmoles), diisopropyl ethyl amine (0.9 mL), acetic anhydride (1.9

mL) in DMF (5mL) for 1 h at RT on a shaker. The resin was then washed with

DMF (3x7 mL), diethyl ether (2x7 mL), CHCl3 (4x7 mL) and deprotected with TFA

(9 mL) in the presence of triisopropy silane (400 µL, 2 moles) and 1,2-

ethanedithiol (0.2 mL, 6.4 mmoles) for 2.5 h at RT on a shaker. The solution was

then drained into 1% acetic acid/water (180 mL) and washed with CHCl3 (3x80

mL) and diethyl ether (3x80 mL). The aqueous layer was then concentrated to a

solid and lyophilized from 0.1% TFA in water. The crude peptide was purified

using a 9% acetonitrile/water (0.1% TFA) isocratic mixture on a C-18 reversed

phase HPLC column (3 mL/min retention time 10-12 min). and lyophilized to

afford a white solid (40 mg, 10%). MALDI TOF MS calculated for C59H118N38O115:

1566.96, found 1567.82 [M+H]+.
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BODIPY-CR9 · HCl (72). The purified peptide ace-CRRRRRRRRR-am · TFA9 (10

mg, 3.86 umoles) was dissolved in an aqueous degassed buffer (1 mL of 100

mM NaCl, 10 mM phosphate pH 7.5, Ar sparged) and treated (dropwise) with a

solution of BODIPY C1-IA (1.3 mg, 3.1 µmoles, 0.81 equiv., Molecular Probes)

dissolved in DMSO (1.25 mL) and allowed to react in the dark for 1h at RT, then

diluted with 8 mL of water and loaded onto an activated C-18 reversed-phase

cartridge (Waters, Sep-pack), the column was then washed with 5% acetonitrile

(5 mL containing 100 mM NaCl in water), 1mL pure water, the product eluted

between 0 – 20% acetonitrile (in water) and lyophilized to yield 3.8 mg (56%

yield) of a red powder. All BODIPY-glycoside conjugates are slightly to

moderately hygroscopic, therefore the absorption at 502nm (in methanol) of each

compound was used to calculate the yield of the conjugation reaction (taking ε502

nm = 76,000 cm-1 M-1). 1H-NMR (400 MHz, D2O) δ 7.43 (s, 1H), δ 6.91 (d, J = 3.6

Hz, 1H), δ 6.29 (d, J = 3.6 Hz, 1H), δ 6.25 (s, 1H), δ 4.53 (s, 2H), δ 4.32 (t, J = 7.2

Hz, 1H), δ 4.13-4.23 (m, 10H), δ 3.34 (s, 2H), δ 2.96-3.08 (m, 18H), δ 2.86 (d, J =

6.8 Hz, 2H), δ 2.42 (s, 3H), δ 2.17 (s, 3H), δ 1.89 (s, 3H), δ 1.50-1.71 (m, 36H).

The 1H NMR suggests better than 95 % purity. MALDI TOF MS calculated for

C73H132BF2N41O12S: 1856, found 1857 [M+H]+.

NN
B

FF
I

NH

OaceCRRRRRRRRRam aceCRRRRRRRRRam

NN
B

FF NH

O
S

DMSO, water (pH 7.5)
(56%)

BODIPY-CR9 (72)



290

E 6.8.2 Synthesis and Characterization of Fluorescein-CR9 (73):

Fluorescein-CR9 · TFA9 (73). The purified peptide ace-CRRRRRRRRR-am ·

TFA9 (10 mg, 3.86 µmoles) was dissolved in a an aqueous degassed buffer (1

mL of 100 mM NaCl, 10 mM phosphate pH 7.5, Ar sparged) and treated

(dropwise) with a solution of BODIPY C1-IA (1.3 mg, 3.1 µmoles, 0.81 equiv.,

Molecular Probes) pre-dissolved in DMSO (1.25 mL) and allowed to react in the

dark for 1h at RT. 0.1M HCl was then added drop-wise until the solution turned

from orange to yellow. The reaction was diluted into water (8 mL) and loaded

onto an activated C-18 reversed-phase cartridge (Waters, Sep-pack), the column

was washed with pure water (10 mL), and the product eluted with 30%

acetonitrile/water, lyophilized, and found to be >85% pure by HLPC. The final

product was purified to >98% purity using a C-18 reversed phase HPLC column

with an isocratic mixture of 20% acetonitrile (0.1% TFA) in water (0.1% TFA) (3

mL/min) (Rt = 6.5 min) to yield 4.2 mg (37%) of an orange solid. All fluorescein-

glycoside conjugates are slightly to moderately hygroscopic, therefore the

absorption at 496nm (in aqueous buffer pH 9.0) of each compound is used to

confirm the yield of the conjugation reaction (taking ε502 nm = 77,000 cm-1 M-1).
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1H-NMR (400 MHz, D2O) is consistent with the desired structure, but the

expected number of aromatic peaks are multiplied, suggesting partial protonation

of fluorescein. MALDI TOF MS calculated for C81H131N39O17S: 1954.03,

observed 1955.18 [M+H]+.

E 6.8.3 Synthesis and Characterization of Amino Neo-pyridyl disulfide (74):

Boc6 5'' ββββ-mercaptoethyl ether pyridyl disulfide neomycin B. Synthesized as

described (Hai Wang Ph. D. Thesis, University of California, San Diego, 1998).

Amino Neo-pyridyl disulfide · TFA6 (74). Boc6 5'' β-mercaptoethyl ether pyridyl

disulfide neomycin B (80 mg, 55 µmoles), CH2Cl2 (5 mL), triisopropyl silane (120

µL), TFA (6 mL) were reacted at RT for 15 min then partitioned into 0.1% acetic

acid (80 mL in water) and diethyl ether (50 mL). The aqueous layer was then

washed with diethyl ether (40 mL), CH2Cl2 (40 mL), CHCl3 (40 mL), ethyl acetate

(20 mL), and diethyl ether (40 mL). The aqueous layer was then concentrated to

a solid, under reduced pressure. The product was lyophilized from 0.01% TFA in
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water (2 mL) to yield 64 mg (76%) of a white solid. 1H-NMR (400 MHz, d6-

MeOD): 8.43 (d, J = 4.0 Hz, 1H), δ 7.84-7.93 (m, 2H), δ 7.24 (d,d,d J1 = 7.2 Hz,

J2 = 4.4 Hz, J3 = 1.2 Hz, 1H), δ 6.03 (d, J = 4.0 Hz, 1H), δ 5.44 (d, J = 4.0 Hz,

1H), δ 5.34 (d, J = 1.6 Hz, 1H), δ 4.42 (t, J = 3.6 Hz, 1H), δ 4.38 (t, J = 3.6 Hz,

1H), δ 4.27-4.34 (m, 2H), δ 4.13-4.19 (m, 2H), δ 4.03 (d,d J1 = 10.4 Hz, J2 = 8.8

Hz, 1H), δ 3.93 (d,t J1 = 9.2 Hz, J2 = 3.2 Hz, 1H), δ 3.86 (t, J = 8.8 Hz, 1H), δ 3.74

(t, J = 6.4 Hz, 2H), δ 3.55-3.62 (m, 3H), δ 3.58 (d,d J1 = 10.0 Hz, J2 = 9.8 Hz, 1H),

δ 3.20-3.50 (m, 8H), δ 3.08-3.16 (m, 2H), δ 3.04 (t, J = 6.0 Hz, 2H), δ 2.77-2.99

(m, 3H), δ 2.45 (d, t J1 = 12.4 Hz, J2 = 4.4 Hz, 1H), δ 2.09 (q, J = 12.8 Hz, 1H).

ESI MS calculated for C32H57N7O13S3: 843.3, found 844.2 [M+H]+, found 866.2

[M+Na]+, found 882.2 [M+K]+.

E 6.8.4 Synthesis and Characterization of Guanidino Neo-pyridyl disulfide
(75):

Guanidino Neo-pyridyl disulfide · TFA6 (75). Amino Neo-pyridyl disulfide ·

TFA6 (Section E 6.8.3) (13 mg, 8.8 µmoles), methanol (1 mL), 1,2-dixoane (3

mL), N,N′-di-Boc-N′′ -trifylguanidine (75 mg, 0.19 mmoles, 21 equiv.), and triethyl
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amine (100 µl, 0.72 mmoles, 80 eqiv.) were stirred together for 96 h at RT under

Ar. All volatiles were then removed and the oil was treated with CHCl3 (1 mL),

N,N′-di-Boc-N′′ -trifylguanidine (15 mg, 0.038 mmoles, 4 equiv.), and triethyl

amine (60 µL, 0.43 mmoles, 49 eqiv.) for 24 h at RT under Ar. All volatiles were

then removed under reduced pressure and the resulting oil was dissolved CHCl3

(100 mL) and washed with 1 M NaH2PO4 (40 mL), water (40 mL), and brine (40

mL). The organic phase was then dried over sodium sulfate, concentrated to a

solid, and purified using silica gel (40 mL) and flash chromatography with a 0 –

3% methanol/CH2Cl2 gradient to yield ~5 mg of a white solid. Rf = 0.2 (2.5%

methanol/CH2Cl2). All of this product was deprotected by adding CHCl3 (1 mL),

TFA (2 mL) and stirring at RT for 2 hr. The reaction was then diluted into

anhydrous toluene and concentrated to a solid under reduced pressure (at 45

°C). HLPC was used to purify the final product using a C18 reversed phase semi-

prep column at 3.5 mL/min and an isocratic mixture of 12% acetonitrile in water

(0.1% TFA), fractions were collected (Rt = 10.2 min) and lyophilized to yield 3 mg

of a white solid (20%). 1H-NMR (400 MHz, d6-MeOD): δ 8.41 (d, J = 4.4 Hz), δ

7.81-7.89 (m, 2H), δ 7.24 (d,d,d J1 = 7.2 Hz, J2 = 4.8 Hz, J3 = 1.2 Hz, 1H), δ 6.06

(d, J = 3.2 Hz, 1H), δ 5.15 (d, J = 2.8 Hz, 1H), δ 5.07 (d, J = 1.2 Hz, 1H), δ 4.30-

4.32 (m, 2H), δ 4.05-4.11 (m, 2H), δ 3.99 (t, J = 3.4 Hz, 1H), δ 3.71-3.80 (m,

5H), δ 3.41-3.63 (m, 12H), δ 3.03 (t, J = 6.2 Hz, 2H), δ 2.95 (d,d J1 = 13.2 Hz, J2

= 4.4 Hz, 1H), δ 2.67-2.76 (m, 3H), δ 2.12 (d, t J1 = 12.4 Hz, J2 = 4.4 Hz, 1H), δ

1.72 (q, J = 12.4 Hz, 1H). ESI MS calculated for C38H69N19O13S3: 1095.45, found

1096.41 [M+H]+.
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