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Self-assembly of small synthetic molecular building blocks has been applied to
generate functional structures capable of binding and transporting cations and anions.
Major discoveries from the research include a self-assembled ion pair receptor, ligands
capable of K'-selective transport through membranes, a compound that forms CI -
selective ion channels in planar and cellular membranes, and a series of efficient chloride
transporters.

Calix[4]arene-guanosine conjugates cG 2.26 and cG 2.34 are shown to assemble into
Na'-templated tubular architectures by 'H NMR, transmission electron microscopy and

isothermal titration calorimetry, and to selectively transport K over Na" and Cs" across



liposome membranes by fluorescent assays. The more lipophilic ¢G 2.34 forms a water-
mediated dimer capable of extracting alkali halide salts from water into organic solution.
These conclusions are supported by 'H and **Na NMR, pulsed-field gradient NMR, ion
chromatography and circular dichorism spectroscopy. The (cG 2.34),*(H,0), dimer is
held together by an intermolecular hydrogen-bonded guanosine quartet, based on 1D and
2D NMR experiments, and provides a rare example of a self-assembled ion pair receptor.

Calix[4]arene tetrabutylamide 3.1 forms voltage-dependent chloride-selective ion
channels in planar bilayers and cell membranes based on voltage and patch clamp
experiments. Compound 3.1 selectively transports Cl" over HSO4™ across liposome
membranes, is capable of binding and transporting HCI, and can alter the pH inside
liposomes experiencing a chloride gradient, based on fluorescent assays and '"H NMR
experiments. X-ray crystal structures of calix[4]arene tetramethylamide 2.30°HCl
complexes (2.30 is an analogue of 3.1) provides a rationale for how ions are moved
across a membrane by 3.1.

From a series of linear analogues of 3.1, oligophenoxyacetamide trimer 3.5 was
identified as the most potent chloride transporter. Transport of chloride and H'/CI pairs
was demonstrated by fluorescent assays and >CI NMR. Trimer 3.5 also induces a stable
potential into liposomes experiencing a transmembrane anionic gradient, an
unprecedented function for a synthetic compound. Compounds capable of transporting
chloride or H'/CI pairs have potential as drugs for the treatment of cystic fibrosis and

cancer.
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Chapter 1. Synthetic Ion Channels

1.1 Introduction and Thesis Organization

1.1.1 Introduction

“An effective human being is a whole that is greater than the sum of its parts.”’
Indeed, biological systems (human beings included) comprise an extraordinary multitude
of smaller parts all working in perfect harmony to achieve the miracle that is life. The
complexity of a living cell is manifested by the nucleic acids that form DNA and RNA
superstructures, by the amino acids that make up multisubunit proteins, by the lipids that
align to form membranes within and around cells, and by the small molecules involved in
signaling pathways that transmit information. Of course, a single cell is only the
beginning, the basic building block of higher organisms.

From a chemist’s point of view, however, the cell is the endpoint, a “whole” to be
broken into its constituent parts. It is the ultimate outcome of the chemistry of biological
molecules. In order to understand the small parts and interactions that allow a cell to live
and function, the entity must be taken apart and viewed at the molecular level. The quest
to attain insight into structure-function relationships is a strong driving force in
supramolecular chemistry.” Indeed, model systems comprising supramolecular
complexes have provided simplified, but accurate, views of biomolecular structure and
function.’

Electrolytes are nearly as ubiquitous as water in Nature, and are essential for cellular
processes. The distribution of ions must be regulated among compartments within the cell
and in the extracellular matrix.*” Cells do this through the “supramolecular chemistry” of
proteins. Ion channels, the focus of this chapter, are comprised of self-assembled protein
subunits that form pores to allow ions to pass through the membrane.* The K channel
and CIC chloride channel structures clearly demonstrate the complexity attainable

through the assembly of proteins.*® In addition to transport, the storage of essential ions



(minerals) is also accomplished through protein conglomerates such as the ferritins, iron
storage proteins composed of 24 polypeptide subunits. "

Synthetic supramolecular assemblies that bind and/or transport ions have provided
insight into the factors that affect natural ion channel assembly, selectivity and voltage

11-14 . : .
Model ion channel assemblies have also shown promise as novel

dependence.
antimicrobial agents and in the treatment of disease.'”'® Indeed, there is value in the
application of supramolecular chemistry to the development of ion binding and transport
systems. Much of this chapter, a review of synthetic ion channels, and Chapters 2 and 3,
which focus on detailed studies of synthetic molecular assemblies that bind and transport
ions, will demonstrate the accomplishments in this field and further highlight potential

applications.

1.1.2 Thesis Organization

This thesis, “lon Binding and Transport by Synthetic Molecular Assemblies”, is
organized into four chapters. The initial goal of this research was to develop molecular
building blocks that would form ion channels in membranes through self-assembly. This
goal was indeed achieved, and thus Chapter 1 discusses natural ion channels briefly and
then reviews both synthetic cation and anion channels in detail. Chapter 2 focuses on the
ion binding and transport properties of assemblies formed from calix[4]arene-guanosine
conjugates ¢G 2.26 and cG 2.34 (Chart 1.1). Assembly of calix[4]arene-guanosine
conjugates was the initial approach towards cation channels. Both ¢G 2.26 and cG 2.34
mediate K -selective transport across membranes. However, in the study, cG 2.34 was
shown to form a water-mediated dimer in organic solvents via intermolecular guanosine
quartet formation. This water-mediated assembly is capable of extracting alkali halide
salts from water into CDCls. The (cG 2.34),°(H,0), dimer is a rare example of a self-
assembled ion pair receptor. To put the work into context, Chapter 2 begins by
reviewing both water-mediated supramolecular assemblies and ion pair (ditopic)
receptors. Detailed studies of the assembly and ion transport properties ¢G 2.26 and cG
2.34 are then described. Chapter 3 is devoted to the chloride transporters calix[4]arene

tetrabutylamide 3.1 and trimer 3.5 (Chart 1.1). The structure and function of ion



channels formed from calix[4]arene tetrabutylamide 3.1 is first described, followed by
functional studies of trimer 3.5, a more potent chloride transporter than 3.1. Lastly,

Chapter 4 contains all experimental procedures.
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1.2 Ton Channels

1.2.1 Ion Channels in Biological Systems

Ion channels are membrane-bound proteins that allow the regulated diffusion of ions
across cell membranes.” The channels close and open in response to external stimuli
through a process called “gating”. Typically, ion channels are voltage-gated, opening and
closing with variations in membrane potential, or ligand-gated by other ions (e.g. Ca*") or
small molecules (e.g. neurotransmitters). There are also channels that are gated by
temperature and swelling (osmotic pressure changes). Ion channel proteins are found both

in the plasma membrane and in intracellular membranes of the mitochondria,
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endoplasmic reticulum and endosomes. Most ion channels are selective for a specific ion:
Na’, K, Ca®", or CI, leading to their classification as either sodium, potassium, calcium
or chloride channels.

The process of ion transport by channels is precisely regulated in and among cells,
and its essential role in living systems cannot be overstated. lon channels generate and
relay electrical signals in the nervous system, making them responsible for every
movement, sight, sound, taste, feeling and thought. The regulation of cellular ion
concentration, pH, volume, and signaling and the transepithelial transport of water and
electrolytes are all accomplished by ion channels.'’

Defects in ion channel function result in a number of diseases, termed
“channelopathies”.'”" Genetic mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR), a voltage-dependent CI" channel, cause cystic fibrosis.
Other CI" channel defects have been linked to myotonia (muscle stiffness). Epilepsy can
be caused by specific Na", K*, or CI” channel defects. K™ channel mutations in the heart
have been implicated in heart arrhythmia. The list of diseases associated with ion
channels has grown considerably in recent years, and interest in ion channel structure and
function has increased as a result.'’

Until 5 years ago, channels were studied using three techniques. (1) The investigation
of individual channel currents became possible with the development of the patch clamp
technique by Neher and Sakmann.?® This technique is indispensable for measuring
channel properties, such as conductance, open state lifetime, and ion selectivity. (2) Site-
directed mutagenesis studies have been exploited to determine what sequences are critical
for function, and have deduced the pore-forming subunits in many channels. (3) Electron
cryomicroscopy has revealed features of channel structures, providing “fuzzy” pictures of
the proteins.*'

In 1998, a complete picture of an ion channel was obtained through X-ray
crystallography. Roderick MacKinnon and colleagues crystallized the potassium channel
from Streptomyces lividans and determined its structure.® This crystal structure was truly

a breakthrough, and took the investigation of ion channel structure to the next level by



providing insight into how channels can both be ion selective and provide high

throughput rates. Section 1.2.2 details the structure of the K channel.

1.2.2 The Potassium Channel

The K" channel crystal structure reported by MacKinnon et al. was that of a bacteria,
Streptomyces lividans (S. lividans). By sequence analysis, the S. lividans channel (KcsA
channel) proved similar to other K* channels in vertebrates, invertebrates, and plants. The
structural features governing ion selectivity and transport in the KcsA channel are
therefore almost certainly retained among all potassium channels. Indeed, cloning and
mutagenesis studies confirmed that all K channels have essentially identical pore
constitution, i.e. the amino acid sequence in the pore region is conserved.”** The crystal
structure of the KesA K channel has provided tremendous insight into how K" channels
function in cells.

Figure 1.1 shows the structure of the KesA K channel.® The channel is a tetrameric
self-assembly of four identical proteins, with each subunit comprising an outer, an inner,
and a pore helix (Figure 1.1A). The inner helices form an “inverted teepee” that points
towards the cytosolic membrane surface (Figure 1.1B, red). The pore helices are
positioned between the inner helices and point toward the center of the channel with their
C-termini (Figure 1.1B, white). MacKinnon stated that the teepee architecture of the pore
“will likely be a general feature” of Na*, K, and Ca®" channels, based on sequence
conservation in this region among the cation channels.® Figure 1.1C shows a top view of

the tetrameric KcsA assembly with a K™ ion (green sphere) in the pore.
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Figure 1.1. Structure of the KcsA K channel.® (A) Ribbon representation of the KcsA
channel tetramer viewed parallel to the plane of the membrane. Subunits are
distinguished by color. (B) “Inverted teepee” architecture of the tetramer showing inner
(red) and pore helices (white) only. Approximate membrane thickness (34 A) is indicated
between (A) and (B). (C) Ribbon representation of the KcsA channel tetramer viewed
from the extracellular side with a K' cation (green sphere) in the pore. Subunits are
distinguished by color. These figures were reprinted with permission from Science and

the authors. Copyright 1998 American Association for the Advancement of Science.

The intra- and extracellular openings contain negatively-charged amino acids to
attract cations (Figure 1.2A, red surface). From the cytosol, the channel begins as a
tunnel 18 A long emptying into a cavity near the center of the membrane. This cavity has
a hydrophobic lining and a diameter of ~10 A (Figure 1.2B), large enough to house a
hydrated K" cation. The pore helices contain the “signature” K" channel sequence,
namely TV(I)GYG, and the selectivity filter is constructed of this sequence.” The
selectivity filter separates the cavity from the extracellular solution, and is 12 A in length.
In the structure, three K" ions reside in the channel’s “conducting pathway”, two in the
selectivity filter (7.5 A apart) and one in the hydrophobic cavity (Figure 1.2A). This
structure solved two mysteries that “tantalized biophysicists for the past quarter

century.”® Namely, how the K channel can distinguish between K™ and Na™ and how the



channel can be highly selective and still exhibit throughput rates approaching the
diffusion limit.

Selectivity
Filter Ks

Cavity K

Figure 1.2. (A) Molecular surface of the KcsA channel with three K ions in the
conduction pathway (green spheres).® Colors represent electrostatic potential: blue =
positive, white = neutral, red = negative, yellow = hydrophobic residues. (B) The internal
pore of the K" channel (shown in red) within a stick model of the channel structure.®
These figures were reprinted with permission from Science and the authors. Copyright

1998 American Association for the Advancement of Science.

From inside the cell, K" ions enter the cavity (near the center of the bilayer) in their
hydrated form, thus overcoming the unfavorable hydrophobic environment through water
stabilization. The pore helices point into the cavity in an amino-to-carboxyl orientation
imposing a negative electrostatic potential via the helix dipole effect (see Figure 1.1B).°
This further stabilizes the cation in the cavity’s interior (bilayer center). MacKinnon
suggests that the central cavity has a hydrophobic lining to prevent strong interaction of
K" cations with the channel.® Such strong cation-channel interactions would most likely
prevent high throughput due to tight cation binding. The structure of the cavity and
internal pore “ensure a low resistance pathway from the cytoplasm to the selectivity

filter.”



The selectivity filter consists of a 5-amino acid stretch, TVGYG, that runs 12 A from
the cavity to the extracellular solution. The filter comprises main chain carbonyl oxygens
that form a stack of oxygen rings around the pore. The K" ions must shed their hydration
layer to enter the filter, but are stabilized by oxygen coordination once inside (Figure
1.3). The channel discriminates Na™ by the exact diameter of this oxygen-lined filter. The
carbonyl oxygens in the selectivity filter are too far apart to compensate for the

dehydration energy of Na", thus preventing dehydrated Na" from entering.

Figure 1.3. Representation of a K' cation coordinated in the K™ channel selectivity filter.

Jagged lines represent the protein backbone.

But how can the channel be so selective for K™ and still provide high transport rates?
In the structure, the selectivity filter contained two K" ions separated by a single water
molecule (K'-K" distance of 7.5 A). Due to the close proximity of two positive charges,
electrostatic repulsion destabilizes the interactions of K with the selectivity filter, thus
providing a high K" transport rate through the channel.

The two “tantalizing” mysteries have therefore been solved by the KcsA crystal
structure. The channel discriminates K” (r = 1.33 A) from Na" (r = 0.95 A) based on their
radii by compensating for the dehydration of K™ upon entering into the filter, but not for
that of Na'. High throughput is accomplished though electrostatic repulsion due to the
simultaneous presence of two K ions in the filter.

MacKinnon and colleagues have since solved X-ray crystal structures of a Ca**-gated

K" channel and a voltage-dependent K™ channel.””**

The structures have provided a
wealth of information concerning the gating mechanisms of these two channels. In 2002,

MacKinnon et al. solved the X-ray structure of a two CIC chloride channels. The CIC



chloride channel is of particular relevance to the synthetic chloride channel discussed in

Chapter 3 and will be the focus of Section 1.2.3.

1.2.3 The CIC Chloride Channel

A report of two CIC chloride channel structures by the MacKinnon laboratory in 2002
was timely.” After the detailed K~ channel structures discussed in Section 1.2.2, the
features that governed ion selectivity in cation channels (Na*, K*, Ca*") were well
understood. Much less was known about ion selectivity in anion channels. CIC chloride
channels are responsible for regulating membrane potential and electrical excitability in
skeletal muscle. Also, CIC channels are involved in fluid and electrolyte transport in the
kidney.**° Several hereditary disorders are associated with genetic defects in human CIC
channels.”

MacKinnon et al. solved the X-ray crystal structures of CIC chloride channels from
Salmonella enterica serovar typhimurium (StCIC) and Escherichia coli (EcCIC). In this
section, all figures show the StCIC structure. The EcCIC structure is essentially the same.
The CIC channel is a dimeric protein with a two-fold symmetry axis perpendicular to the
membrane (Figure 1.4A, B). Each of the two subunits possesses its own pore and CI’

selectivity filter (CI” ions shown as green spheres in Figure 1.4A and B).



35A

Figure 1.4. Ribbon representation of the StCIC chloride channel viewed from (A) the
extracellular side and (B) the plane of the membrane.” The two identical subunits are blue
and red and the CI” in the selectivity filter is represented as a green sphere. The black line
in (B) indicates the approximate 35 A membrane thickness. (C) Representation of helix
dipoles pointing towards the selectivity filter. The N-terminal (positive, blue) and C-
terminal (negative, red) ends of the three key helices (labeled D, F and N) are shown. The
selectivity filter residues are shown as red cords and the CI ion as a green sphere. These
figures were reprinted with permission from Nature Publishing Group and the authors.

Copyright 2002 Nature.

Within an individual subunit, the selectivity filter is formed by the N-terminal amino
acids of three a-helices, shown as red cords in Figure 1.4C. The three helices oriented
with their N-termini toward the filter generate a positive potential through the helix
dipole effect (opposite that of the K™ channel).” In the selectivity filter, the CI"is bound
through hydrogen bonding to two main chain amide NH groups on one side and hydrogen
bonding to a Ser-OH and a Tyr-OH on the other, as depicted in Figure 1.5. Like in the
selectivity filter of the K™ channel (Figure 1.3), Cl ions do not make contact with fully
charged residues (Lys or Arg), but instead are coordinated by partially charged atoms
(amide and alcohol hydrogen atoms) resulting in weaker binding and thus high

throughput rates.
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Figure 1.5. Representation of Cl” binding to the CIC channel selectivity filter.

In the CIC channel, the selectivity filter is a narrow 12 A tunnel in the center of the
channel. This is in contrast to the K" channel, where the filter is near the extracellular
opening. Water-filled cavities are positioned above and below the selectivity filter. In the
StCIC structure, it was found that the channel was in its “closed” state. A Glu residue was
positioned between helices F and N (Figure 1.4C), presumably occupying a second anion
binding site. It was hypothesized that this Glu residue served as the channel gate, and
could be displaced by CI” at some critical extracellular C1" concentration.

Indeed, an X-ray crystal structure of a CIC channel with a Glu-to-Ala mutation at that
position showed two CI ions in the channel, one occupying the same position as in the
previous structure and one taking the place of the Glu carboxylate group.®' The CI” anions
were located only 4 A apart in the selectivity filter. Once again, as with the K* channel,
the CIC channel accomplishes high throughput by placing two CI ions simultaneously in
the filter, thus exploiting electrostatic repulsion to achieve high ionic diffusion rates
through the channel.

The amino acids forming the selectivity filter are “quite conserved” among all C1C
channels.” According to MacKinnon e al., this implies that the anion-selective principles

found in the StCIC and EcCIC channels apply to all channels in the CIC family.
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1.2.4 Concluding Remarks

Ion channel X-ray crystal structures will no doubt become more numerous now that
the seminal work has been published, X-ray techniques are becoming more sensitive, and
methods for high throughput crystallization are being developed.* Important to note is
that MacKinnon and colleagues do not use high throughput technology in their
crystallization of channel proteins.”

However, the study of ion channels has been ongoing since the first reports by Bertil

3435 Much was learned without the benefits

Hille and Clay Armstrong in the early 1970’s.
X-ray crystallography, and many predictions made about the potassium and CIC chloride
channels were found to be correct. Over three decades of knowledge has been gained
concerning ion channel structures and mechanisms.* However, since the intended focus
of this chapter is synthetic ion channels, natural channels will not be discussed further.
But as will become evident throughout this chapter, the impetuses for studying peptide
channels (Section 1.3) and synthetic channels (Sections 1.6 and 1.7) came from Nature,

and the information gained has aided in elucidating Nature’s ways of transporting ions.

1.3 Peptide Ion Channels

The study of peptide ion channels offers simplicity over that of natural channels.
Reasons are: (1) peptides are often easier to obtain than proteins and can be synthesized,
(2) peptides are easier to manipulate by methods such as site-directed mutagenesis, and
(3) spectroscopic and physiochemical data for peptides can be interpreted to give
molecular level details of structure.’® Peptides have been used as models for protein ion
channels. Gramicidin and alamethicin are prime examples of peptide ion channel models
for structure and function. This section briefly describes three peptides that form ion

channels in membranes: gramicidin, alamethicin and melittin.

Gramicidin. Gramicidin A (GA) is a 15 residue peptide comprising alternating D- and L-
amino acids (Chart 1.2). Importantly, there are no charged residues in GA, since all
residues are neutral, the N-terminus is formylated, and the C-terminus bears an

ethanolamine. The Trp (W) residue at position 11 (underlined in Chart 1.2) is sometimes
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substituted with Phe (F) giving gramicidin B or Tyr (Y) giving gramicidin C, both having
properties similar to those of GA.*®

GA forms ion channels in membranes. The active channel structure is a dimer
comprising two B®-helices (6.3 residues/turn).”’ The helices are held together at the
center of the bilayer by six hydrogen bonds between their N-termini (Figure 1.6). The
active GA dimer has been estimated to be 22 A in length.”®*® The pore is formed within
the B®-helices, wherein the peptide backbone amides line the pore and the sidechains, all
of which are uncharged, point outward from the channel into the lipid bilayer. The pore is
lined with water molecules.*® Additional support for a GA dimer structure came from
chemical modifications of the peptide. Ion channel activity was maintained when the N-
termini of two GA monomers were covalently tethered through either a malonyl or a

40,41

tartaric acid linker. These modified peptides represent early examples of synthetic

cation channels.

OQWWOO

Figure 1.6. Representation of the gramicidin A dimer ion channel. Red and blue are used
to distinguish between individual GA peptide monomers, hydrogen bonds are shown as
dashed lines, the peptides’ N-termini are indicated with black circles, and cations are

represented with gray spheres.

GA channels have a single conductance near 5.8 picosiemens (pS), indicative of a
single active structure (the GA head-to-head dimer).** Open state lifetimes for GA
channels average near one second. This is long compared to the millisecond open state

lifetimes of many natural channels. The order of selectivity for GA is
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H">Cs™>Rb"™>K"™>Na">Li".** The proton permeability is attributed to a hopping

mechanism through the water-filled pore.

Chart 1.2
HCO-V-G-A-"L-A-PV-V-PV-W-PL-W-PL-W-PL-W-NHCH,CH,OH
Gramicidin A (GA)

Ac-Aib-P-Aib-A-Aib-A-Q-Aib-V-Aib-G-L-Aib-P-V-Aib-Aib-Q-Q-Pheol
Alamethicin (Alm)

G-I-G-A-V-L-K-V-L-T-T-G-L-P-A-L-I-S-W-I-K-R-K-R-Q-Q-NH,
Melittin

Alamethicin. The antibiotic peptide alamethicin (Alm, Chart 1.2) is “the best studied
simple model of pores formed by intramembrane aggregation of amphipathic a-
helices.”** This quote from the review by Duclohier and Wroblewski provides a fairly
concise summary of the structure and function of Alm. The naturally occurring peptide
has some heterogeneity, as position 18 can be Gln (Q, underlined in Chart 1.2) or Glu
(E). Alm is rich in a.-aminoisobutyric acid (Aib), a residue also known as o.-
methylalanine, and is the source of the peptide’s name.** Peptides rich in Aib have been
termed peptaibols, a classification that includes Alm.*

Alm forms ion channels in membranes through aggregation of o-helical monomers.
The ion channels are highly voltage—dependent, conducting at negative membrane
potentials.** This is a signature of Alm and a property that attracted much interest from
biophysicists in the late 1960’s.* The crystal structure of Alm gave insight into the
channel’s structure and provided a model for the voltage-gating mechanism of protein ion
channels.*

Channel aggregates can consist of anywhere between 4 and 11 Alm monomers
aligned parallel to one another (Figure 7A).*” An increased number of monomers in an

aggregate results in an increased pore size, and thus an increased channel conductance.
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Alm shows multiple conductance levels ranging from 19 to 4400 pS, as expected for the
formation of multiple active structures.*® The structure of Alm aggregates is described as
a “barrel-stave” model, in which the polar faces of the Alm a-helices are oriented toward
the center of the aggregate, lining the pore, and the hydrophobic faces of the helices
reside on the periphery of the aggregate in contact with the lipid tails of the membrane

(Figure 7B).* Alm channels are selective for monovalent cations over divalent cations
Q
e :
N

Figure 1.7. (A) Side view representation of a barrel-stave hexameric alamethicin

and anions.>

(@ LRI QIS

)

aggregate in a membrane. Alm peptide monomers are shown as bent cylinders and
cations as gray spheres. (B) Top view representation of the Alm hexamer shown in A.

The polar face of each a-helix points toward the channel pore and is indicated in black.

Melittin. Melittin (Chart 1.2) is the major protein in European honey bee venom and is
responsible for the “sting”.”” This peptide is unique in that its action on membranes is
strongly dependent on the membrane’s composition.”' Melittin bears six positive charges,
four on at its C-terminus (K-A-K-A, underlined in Chart 1.2) and two at its N-terminus
(A and K).” Like Alm, melittin forms amphipathic a-helices, with polar residues
oriented on one face and hydrophobic residues on the opposite face. In water, melittin is
either monomeric or associated in a tetrameric aggregate. A crystal structure of melittin
in its tetrameric form showed amphipathic o-helices with two helical regions per
monomer, the axes of which are at approximately 120° to each other.”*
Melittin has demonstrated the ability to form voltage-gated ion channels in

membranes under specific conditions (i.e. 5 M NaCl), opening at negative
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transmembrane voltages.’' Discrete conductance levels ranging over three orders of
magnitude indicate multiple active channel structures. However, the magnitude of
conductance shows a fourth power dependence on melittin concentration, suggesting that
tetramer association is critical for ion channel formation.”> Melittin channels exhibit a
selectivity for anions over cations, a property attributed to the strongly positive K-A-K-A
sequence at the peptide’s C-terminus.” Anion selectivity is rare among ion channel
peptides (all other peptides discussed, or even mentioned, in this section are cation
selective). This is also true for synthetic ion channels, as will become apparent in
Sections 1.6 and 1.7, where the cation channel literature is plentiful and the anion
channel literature is sparse.

Melittin is more commonly known for its hemolytic activity, i.e. its ability to induce
hemoglobin release from erythrocytes.” In model membranes, melittin has shown
conductance fluctuations, suggesting membrane disruption and not discrete channel
formation.”””® In zwitterionic membranes (such as EYPC, used throughout Chapters 2
and 3), it has been predicted that melittin will partition into the midpolar region of the
bilayer, only partially extending into the hydrophobic membrane center. This gives rise to
an increase in bilayer curvature leading to membrane disruption.”” Lastly, melittin has

also been shown to induce micellization and fusion of lipid membranes.’

In addition to the peptides discussed, other channel-forming peptides have been
identified. Among them are the zervamicins and trichotoxins, peptaibols similar to

alamethicin, that exhibit antibacterial activity.”>’

Magainins, a family of antibiotic
peptides, exhibit pore-forming activity and show promise as antitumor agents.’* The
cecropins are insect defensins and function similar to the magainins.’* Pardaxin, a shark
repellent peptide toxin, functions via ion channel formation.®® All these peptides form
channels that are cation-selective. In addition to these known channel-forming peptides,
there exist hypotheses that the 3-amyloid peptides of Alzheimer's disease and the
polyglutamine peptides of Huntington’s disease damage or kill cells via formation of ion

channels.®"** Channel-forming peptides, particularly gramicidin and alamethicin, have

inspired the design of synthetic ion channels. In some cases, sequences of the natural
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peptides have been incorporated into synthetic channels and in others, the gramicidin and
alamethicin structures simply set an example for non-peptide designs. The study of
channel-forming peptides is critical for both understanding molecular-level details of

natural protein channels and for the design of novel synthetic channel-forming molecules.

1.4 Introduction to Synthetic Ion Channels

It is clear why researchers would want to study ion channels. Since they are found in
every cell and are at the core of physiological processes, understanding ion channels has
tremendous medical benefit. Also, with the numerous diseases now being linked to ion
channel defects, understanding the structure-function relationships of channels could lead
to cures or treatments. But why would anyone want to develop and study synthetic ion
channels? The impetuses for these studies are similar to those that inspire the
investigation of peptide ion channels (Section 1.3). The design and synthesis of synthetic
channels is intended to: (1) increase the understanding of natural ion channels, (2)
provide avenues to novel antimicrobials, and (3) to provide treatments for ion channel
diseases. As will be described in Sections 1.6 and 1.7, each of the aforementioned goals
have been achieved through the development and study of synthetic ion channels. Before
reviewing synthetic ion channels, methods used to monitor ion transport across
membranes will first be described (Section 1.5). Throughout Sections 1.5, 1.6 and 1.7,
methods and results that are relevant to the studies described in Chapters 2 and 3 will be

highlighted.

1.5 Methods for Studying Ion Transport across Membranes

1.5.1 Transport Mechanisms

Ions can be transported across a lipid membrane by one of two mechanisms (Figure
1.8).°%* The ion channel mechanism, being the topic of this chapter, has already been
presented. The channel mechanism involves a structured membrane-spanning pore that

. 63 . . .
allows ion flow through the membrane.” A second mechanism, the carrier mechanism,
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involves the encapsulation of an ion by a membrane-soluble ionophore. The ionophore

then “carries” the ion across the lipid bilayer and releases it on the other side.®

Carrier Channel

N,

Figure 1.8. Carrier and channel mechanisms of ion transport. lons are represented by

gray spheres.

Until the mid 1960’s, all transport across membranes was believed to proceed via a
carrier mechanism. Bertil Hille was the first to propose the existence of ion channels at
meetings of the Biophysical Society starting in 1965, and in a manuscript published in
1970.%* His ideas were met with much skepticism from scientific peers in the biophysical
community.® But Hille was correct in his predictions, as has been proven time and time
again with the development of the patch clamp technique and more recently through X-
ray crystallography.®*

In the study of synthetic ion channels, it is important to distinguish between the
channel and carrier mechanisms. Transport via both mechanisms results in the same
outcome, i.e. net transport of ions from one side of the membrane to the other, so
distinguishing the two is not trivial. Convincing evidence of the channel mechanism can

be obtained by observation of single-channel currents via the patch clamp or planar

bilayer voltage clamp techniques (Sections 1.5.2 and 1.5.3). Indirect evidence of a

18



channel mechanism for synthetic channels has been reported, and will be discussed in

Sections 1.6 and 1.7.

1.5.2 Patch Clamp Technique

The Patch Clamp technique, developed by Neher and Sakmann, is widely used for
studying ion channels in cell membranes.*® The technique “is an electrophysiological
method that allows the recording of macroscopic whole-cell or microscopic single-

9920

channel currents flowing across biological membranes through ion channels.”” The large

scientific impact of the patch clamp method was recognized by the 1991 Nobel Prize in
Physiology or Medicine awarded to Erwin Neher and Bert Sakmann.**®’

For measuring single-channel currents, a small area of a cell membrane is isolated
and investigated.” This is accomplished using a metal-coated glass pipette electrode
containing an electrolyte solution with a tip diameter near 1 um (open area approximately
1 um?). The pipette tip is brought in contact with the surface of the cell membrane and a
slight suction is applied. This results in a tight seal between the tip and the membrane.
Ion channels within the patch are studied by electrophysiological techniques. By studying
an isolated patch, many complications of studying the entire cell membrane, with all of
its embedded proteins of various functions, are alleviated.

There are three types of “patches”. (1) A “cell-attached” patch exists when the patch
remains as part of the cell membrane, isolated only by suction to the pipette. (2) The
pipette can be moved away from the cell tearing the patch, which remains over the pipette
tip. This is termed an “inside-out” patch, since the cytosolic side of the cell membrane
now faces out from the pipette tip, and the extracellular membrane surface faces the
electrolyte solution inside of the pipette. (3) The last type of patch is called an “outside-
out” patch, which is much like the inside-out patch, but with the membrane flipped. An
outside-out patch is formed starting from the cell-attached seal. A small burst of pressure
is then forced through the pipette to push the patch open and allow the pipette to
penetrate into the cell. Subsequent removal of the pipette tip from the cell results in
reforming of the membrane, but with the extracellular membrane surface now facing out

from the pipette tip.
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An alternative configuration allows for the observation of ion currents for an entire
cell. This is termed the “whole-cell” configuration.”’ To achieve the whole-cell
configuration, the glass pipette is brought into contact with the cell membrane. Instead of
applying a light suction to seal a patch, a pulse of suction is applied creating a hole in the
membrane, thus providing access to the interior of the cell. Ion currents can then be
measured for the entire cell. This configuration was used to study the synthetic ion
channels formed from calix[4]arene tetrabutylamide 3.1 described in Chapter 3 of this
thesis.

The basic ion channel properties measured by the patch clamp technique are
conductance, voltage dependence, open probability and ion selectivity. Typical ion
channel conductances, from single-channel current measurements, range from 1 to 150
picosiemens (pS).* Channel currents are on the order of several picoamperes (pA), with
1.0 pA corresponding to the passage of approximately 6x10° monovalent ions per
second.” Open probability is the fraction of time the channel spends in the open state, and
is measured from single-channel currents by dividing the sum of all open times by the
duration of recording.'® A representation of a single-channel current trace is shown in

Figure 1.9.

two channels one channel
open l open
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Figure 1.9. Representation of a single-channel current trace.

Ion selectivity can be determined using patch clamp methods, but the details of this
procedure will be discussed in the next section on the planar bilayer voltage clamp

technique. For a patch, the procedure is the same as for planar bilayers, except a
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membrane patch with buffers outside (in the bathing solution) and inside the pipette is

used.

1.5.3 Planar Bilayer Voltage Clamp Technique

The study of ion channels in cell membranes via the patch clamp technique provides
valuable information concerning the behavior of channels in living biological systems.
However, the cell membrane is complicated, comprising many lipids and proteins. First,
isolating a single ion channel type (e.g. ligand-gated Na" channels) within a patch can be
difficult, and the presence of many other membrane-bound proteins, each having a
different function, may interfere with channel recordings. Secondly, the membrane lipid
content cannot be controlled. And lastly, not all membranes can be reached by a glass
pipette.®®

One method biologists and chemists use to circumvent this problem is by testing
proteins or synthetic compounds in planar bilayers. According to Hanke and Schlue:
“The most simple membrane model is a planar lipid bilayer composed of one pure lipid,
and this is the first system one should construct, investigate and understand.”®® In planar
bilayer experiments, the solution composition and membrane lipid composition can be
controlled. In this environment, a channel can be isolated in the planar membrane and
studied in the absence of other proteins and cellular components.

In the planar bilayer voltage clamp technique, a planar bilayer is formed between two
buffer-containing wells. The protein or synthetic compound to be studied is either
injected into the buffer on one side of the bilayer or incorporated into the membrane upon
formation. Two electrodes, one in each well and both attached to a patch clamp amplifier,
generate a potential across the membrane. The grounded electrode typically resides in the
well where the protein or compound to be tested is added (often termed the “cis” well).
The other electrode (in the “trans” well) is active, i.e. generates the potential. Defining
the “cis” and “trans” wells of the set-up is left to the discretion of the researcher, and thus
the terms do vary throughout the literature. If the protein or compound of interest

functions as an ion channel, single channel current bursts (events) will be observed.
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These events are similar to those observed in patch clamp recordings in the single-

channel configuration (Figure 1.9). Figure 1.10 diagrams of a voltage clamp setup.

Patch clamp
amplifier

Electrode

zzzzz:

Planar
bilayer

Aqueous solutions

Figure 1.10. Diagram of a planar bilayer voltage clamp setup.

Once the data have been collected, they are analyzed by plotting current versus
applied voltage (an I/V curve). According to Ohm’s law, the slope of this curve is the
channel conductance (typically measured in picosiemens, pS). lon selectivity (i.e. cation-
over-anion, or vice versa) can be determined through planar bilayer experiments by
analysis of I/V curves. To determine ion selectivity, a transmembrane salt gradient is
generated, e.g. 500 mM KCl in the cis compartment and 100 mM KCl in the trans
compartment. The reversal potential (E;.y), i.e. the potential at which the current changes
sign, is then measured.* A non-zero E.ey occurs when the channel in the membrane is
selective for a specific ion. For example, a K" selective channel, for the case of 500 mM
KClI (cis) and 100 mM KClI (trans), will reach an equilibrium state in which
[K Jirans > [C1 Jwans, and [KJeis < [C1]eis, resulting in a negative Ey,. The value of E, is
then introduced into the Goldman-Hodgkin-Katz equation (Equation 1.1) to calculate the

. . e, 4
relative ion permeabilities.
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Equation 1.1

In Equation 1.1, shown for the case described above (KCI on both sides of the
membrane), R is the gas constant, T is the absolute temperature, and F is Faraday’s
constant. Py and P¢ represent the permeabilities of K™ and CI', respectively, and
subscripts ‘c’ and ‘t’ indicate concentrations in the cis and trans wells, respectively. After
introducing the measured E,., into Equation 1, a value for Px/P; is calculated, giving the
relative permeabilities of the two ions, and thus the ion selectivity.* This same principle
can be applied to measure the selectivity within a series of cations or anions. To
determine a cation preference between K™ and Na', for example, solutions of equal
concentration, but containing different cations, are used. One such experiment would use
100 mM KCl in the cis well and 100 mM NaCl in the trans well. By measuring the E,.,
and then introducing the value into Equation 1.1 (but now with three terms: P, Pn,, and
Pc1), a Px/Pna permeability ratio can be calculated. Throughout Section 1.6 and 1.7, ion
permeability ratios will be given as reported by the various authors.

Importantly, since the channel being studied in a planar bilayer experiment is isolated,
it can be determined whether a single conducting channel structure is formed or
conduction is occurring through multiple channel structures. A single conductance level
in voltage or patch clamp measurements indicates a single channel structure. However,
multiple conductance levels reveal several electrically distinct states. That is, the protein
or compound under investigation forms multiple conducting structures in the membrane.
A comparison of the ion channel-forming peptides gramicidin and alamethicin
demonstrates this point (see also Section 1.3).*® Gramicidin has a single active structure,
a membrane-bound dimer, and thus exhibits only one conductance state (5.8 pS) in
single-channel measurements. Conversely, alamethicin forms several conducting
aggregates, each varying in the number of alamethicin monomers. Indeed, single-channel
measurements of alamethicin show multiple conductances. This point is emphasized here

because the ion channels formed from calix[4]arene tetrabutylamide 3.1 discussed in
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Chapter 3, exhibit multiple conductance states due to the formation of multiple active

channel structures.

1.5.4 Liposomes and Liposome Preparation

In addition to planar bilayers, liposomes provide a tunable system for ion transport
assays. A liposome is a spherical lipid bilayer that encapsulates an aqueous compartment;
it is essentially a cell model. Liposomes are highly versatile and extremely valuable for
ion transport experiments for several reasons. (1) The bilayer can comprise any mixture
of natural and/or synthetic lipids suitable for the intended assay. (2) The contents of the
aqueous intravesicular compartment can be modulated allowing for a wide variety of
experiments. Some examples that will be discussed involve entrapment of pH-sensitive
fluorescent dyes and NMR shift reagents. (3) The extravesicular solution is also tunable.
(4) Liposome experiments can be conducted at various pH and electrolyte concentrations,
and allow for pH and ion gradients across the membrane.

Most liposomes discussed in this thesis are composed of egg yolk
phosphatidylcholine (EYPC, Chart 1.3). EYPC is a neutral lipid, i.e. the phosphate head
group has a net charge of zero. Other lipids typically used for liposomes include
phosphatidylglycerol (PG) and phosphatidylserine (PS), both of which are negatively
charged lipids (net charge = -1 at neutral pH, Chart 1.3). Lastly, dipalmitoyl
phosphatidylcholine (DPPC) is sometimes used to decipher a carrier or channel transport
mechanism by comparison of transport rates in DPPC and EYPC vesicles (described in

Section 1.6.2).
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Chart 1.3
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In addition to lipid composition, there are two other important properties of
liposomes: size and lamellarity. Size is measured by the liposome’s diameter, and there
are three size categories: small, large and giant. Small vesicles are < 50 nm in diameter.
Large vesicles fall in the wide range of > 50 nm to 1000 nm. And lastly, giant vesicles are
those with diameters > 1000 nm. In the literature, the term “vesicle” is used
interchangeably with “liposome”, as will be the case throughout this thesis.

Lamellarity is defined by the number of liposomes within a liposome. Only two
possibilities are important: (1) There are no liposomes inside liposomes, i.e. each
liposome consists of a single bilayer surrounding an aqueous compartment. Such

liposomes are termed “unilamellar” (have one lamellae). (2) There are one or more
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liposomes within each liposome, i.e. each liposome is like an onion, with multiple
spherical bilayers. “Multilamellar” (having more than one lamellae) is the term used to
describe this type of liposomes. Both unilamellar and multilamellar liposomes are
depicted in Figure 1.11. A test for lamellarity has been devised by McIntyre and
Sleight.”” In their procedure, a NBD-labeled fluorescent lipid is incorporated into
liposomes (NBD = 7-nitro-2,1,3-benzoxadiazol-4-yl). Dithionite, when added to the
liposomal suspension, reacts only with lipids in the outer leaflet of the membrane
(outermost lamellae for multilamellar vesicles), reducing NBD and resulting in
quenching of the labeled lipid’s fluorescence. The lamellarity can be estimated from the
amount by which the fluorescence decreases: approximately 50% for unilamellar vesicles

and less for multilamellar vesicles.®’

©

Unilamellar Multilamellar

Figure 1.11. Representation of unilamellar and multilamellar liposomes. Each circle

represents a spherical bilayer.

Most liposomes used in experiments throughout this thesis are unilamellar vesicles
with an average diameter of 120 nm. This classifies them as large unilamellar vesicles, or
LUVs. LUVs have the advantage of a large entrapped aqueous compartment.
Alternatively, small unilamellar vesicles (SUVs) are often used by researchers. SUVs
suffer from a small entrapped aqueous volume. But unlike LUVs, SUVs are not
osmotically sensitive.”’ For example, SUVs with a large internal osmotic pressure will
not explode when suspended in pure water (zero osmotic pressure), and vice versa.

There are a number of methods for the preparation of liposomes of varying size and

lamellarity.”” SUVs are typically prepared by sonication of lipid suspensions.’' Giant
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unilamellar vesicles (GUVs) can be prepared by the rapid evaporation technique.”” By
evaporating a biphasic mixture of a CHCl3:MeOH phospholipid-containing solution and
an aqueous buffer under reduced pressure at 40 °C, GUVs with diameters up to 50 pm
can be prepared. They can then be separated from larger liposomes by high-speed
centrifugation.” Since LUVs, and not SUVs or GUVs, are used in experiments in this
thesis, all other methods discussed will describe the preparation of LUVs.

The preparation of LUV can be accomplished using the dialytic detergent method,
reverse phase evaporation method, or high pressure extrusion through a polycarbonate
membrane with a defined pore size. In the dialytic detergent method, lipids (and
components to be entrapped within the vesicles) are solubilized with detergent to form
mixed micelles.”* The detergent is then removed by dialysis, resulting in the formation of
large unilamellar liposomes.

Formation of LUVs via reverse phase evaporation is accomplished by introducing an
aqueous buffer into a solution of phospholipid dissolved an organic solvent. Subsequent
evaporation of the organic solvent under reduced pressure results mostly in the formation
of large unilamellar vesicles.”” The size can be modulated by the lipid or mixture of lipids
used.

For extrusion, lipids are first hydrated with an aqueous buffer (containing the desired
intravesicular contents) to give a suspension of multilamellar vesicles of varying size.
The suspension is then extruded through a polycarbonate membrane having a defined
pore size.”® All liposomes used in the experiments discussed in this thesis were prepared
by high pressure extrusion. In most cases, the suspension was extruded through a
polycarbonate membrane with a pore size of 100 nm. This gives LUVs with an average

diameter of 120 nm.

1.5.5 Base Pulse Assay

The critical element in the base pulse assay is the pH-sensitive fluorescent dye 8-
hydroxy-1,3,6-pyrene-trisulfonate (HPTS), commonly called pyranine.”” Scheme 1.1
shows the protonation states of pyranine, along with the excitation and emission maxima

for each state. Two features of pyranine make this molecule a useful probe for monitoring
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ion transport. First, the protonated and deprotonated forms are excited at different
wavelengths, but emit at the same wavelength (510 nm). This allows for fluorimetric
determination of the protonated:deprotonated ratio, and thus the pH, using a dual
excitation configuration. Secondly, pyranine’s pK, is near physiological pH, making it

useful for biologically-relevant studies.

Scheme 1.1. Tri-anionic and tetra-anionic pyranine and the excitation and emission

maxima for each state.
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The base pulse experiment was applied in all ion transport studies described in this
thesis, and provided valuable insight into ion transport rates and selectivities in all cases.
This experiment will therefore be described with the exact conditions imposed for
experiments herein. These conditions are similar to those used by other researchers.”**

A base pulse experiment is depicted in Figure 1.12. A solution of the compound to be
tested (cylinder) is added to a suspension of EYPC LUVs containing entrapped pyranine
(green). At this point, the pH of the intra- and extravesicular buffer is equal at 6.4. A
NaOH solution is then added to the extravesicular buffer to create a gradient of
approximately one pH unit. The pH outside is now 7.4, while it remains at 6.4 inside
(situation represented in Figure 1.12). The resulting electrostatic potential, caused by
proton efflux from the liposomes, can be compensated only by cation influx (blue in) or
anion efflux (red out), as mediated by the exogenous ligand (cylinder). If the test
compound cannot mediate ion transport, no pyranine fluorescence change will be

observed. In other words, protons will not move outward if the electrostatic potential is

not compensated. If the compound does mediate ion transport across the membrane, this
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will be signaled by the increase in relative pyranine fluorescence that accompanies the

rise in intravesicular pH.

HPTS

= Pyranine

= Jon Channel
or Carrier

Figure 1.12. A liposome in a base pulse experiment.

In Chapter 2 of this thesis, cation influx mediated by cG 2.26 or cG 2.34
compensates the electrostatic potential in this experiment. In Chapter 3, the reverse
situation is occurring, where calix[4]arene tetrabutylamide 3.1 and trimer 3.5 mediate

anion efflux, resulting effectively in an outwardly directed H'/CI" cotransport.

1.5.6 pH Stat Assay

In a pH stat assay, the extravesicular solution is held at a constant pH by titration of
base in response to mediated proton efflux/cation influx or proton efflux/anion efflux.
The rate of addition of base required to maintain the pH reflects the ion transport rate. To
describe this experiment in detail, the procedure of Fyles et al. will be used as an
example.”!

Large unilamellar vesicles (~150 nm diameter) containing a pH 6.6 buffer were
suspended in unbuffered choline sulfate. The extravesicular choline sulfate solution was
adjusted to pH 7.6 by addition of choline hydroxide, thus creating a transmembrane pH
gradient, followed by addition of the proton ionophore FCCP (carbonyl-p-
trifluoromethoxyphenylhyrazone). The weak acid FCCP ensures that proton transport
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across the membrane can occur rapidly.® An alkali metal sulfate solution was then added
to the liposome suspension, creating a salt gradient. At this point, cations want to go into
the liposomes (down the cation gradient) and protons want to come out (down the pH
gradient). However, the two gradients remain, since “the system lacks pathways for

81 Addition of a transporter results in

cation-proton antiport or anion-proton symport.
inwardly-directed cation transport accompanied by proton efflux. Choline hydroxide
titrant is added by the pH stat to maintain pH 7.6, and the rate of this titration reflects the
rate of inwardly-directed cation transport. This method can also be used to study anion
transporters, either by reversing the pH gradient (acidic outside) or entrapping the salt

within the liposomes.

CN

OCF

FCCP

1.5.7 NMR Techniques

In the base pulse and pH stat assays, ion transport is measured indirectly by
monitoring proton transport (measuring pH). Monitoring the transport of ions directly is
possible through the application of NMR spectroscopy. By introducing an NMR shift
reagent on one side of the membrane (either inside or outside the liposomes), the ion of
interest will have a different NMR resonance inside and outside the liposome. This
technique gives the advantage of detecting ion movement by following the ion itself,
rather than making assumptions based on pH changes.

NMR methods have been used mainly to follow cation transport, with *’Na* being the
most common. For *Na, the shift reagent typically used is Dy’* (purchased as DyCls),
although Gd** is sometimes used.**™ The *Na resonance is shifted upfield by Dy** (10-
20 ppm depending on concentration) and broadened. Thus, taking **Na NMR spectra at
time intervals after addition of a transporter allows Na' transport to be observed.**™ The

amount of Na transported can be quantified and transport rates can be determined by
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integration of the **Na signals at time intervals. Also, the exchange rate of **Na" ions
across a membrane can be determined from 2D **Na NMR spectroscopy.” Similarly,
transport of 'Li" can be monitored by NMR.*"*® For 'Li", Dy’" also causes an upfield
shift of the "Li signal.

NMR has also been applied to monitor CI” transport across membranes. A useful shift
reagent for *°CI"is Co®", which causes a downfield shift and broadening of the *>CI
signal.”’ Phosphatidylcholine vesicles are stable in the presence of Co”" and the shift
reagent is impermeable to PC over the course of hours. This system has been applied by
Smith et al. to monitor the mediated cotransport of NaCl across membranes and in the
study of trimer 3.5 described in Chapter 3 of this thesis.”>”* The *CI relaxation agent
Mn?" provides an alternative for monitoring CI” transport.”* The **CI” resonance is
broadened to ca. 1000 Hz in the presence of Mn®". However, Mn”" can promote fusion or
bursting of phospholipid vesicles, and requires specific conditions to prevent such
occurrences. With PO,>" as a Mn®" ligand, vesicles are stable for longer periods of time.
At an 8:1 PO, :Mn*" ratio, EYPC vesicles have a half life of several hours, allowing for

CI transport to be measured.”

1.5.8 Ion-Sensitive Dyes

Like with NMR techniques, ion transport across membranes can be monitored
directly using ion-sensitive dyes. Halide-sensitive dyes, such as lucigenin (N,N-dimethyl-
9,9-bisacridinium nitrate, shown below) and SPQ (6-methoxy-N-(3-
sulfopropyl)quinolinium) are collisionally quenched by halide ions. These membrane-
impermeable dyes can be entrapped in liposomes to serve as internal sensors, showing a
fluorescence decrease upon halide influx.”” Similarly, dyes that are sensitive to cations
are useful for monitoring Na" or K influx. The Na'-sensitive SBFI (sodium-binding
benzofuran isophthalate) and K'-sensitive KBFI (potassium-binding benzofuran

isophthalate) both show a fluorescence increase with increasing cation concentration.”
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Lucigenin

1.5.9 Chloride Selective Electrode
The efflux of CI” from liposomes has been measured using a chloride-selective

92,97,98
electrode.”™ "

In a typical experiment, the transporter to be tested is added to Cl'-
containing liposomes suspended in a non-Cl -containing buffer (e.g. HCOs", NO3').
Release of Cl-, mediated by the transporter, is then registered by a response from the
electrode. This method provides a relatively inexpensive option for monitoring anion

transport.

1.5.10 Membrane Potential

Since all cells maintain transmembrane potentials, the ability to generate and measure
membrane potentials in liposomal systems is important to ensure that these cell models
more closely resemble the true cellular environment. One such assay involves the highly
K'-selective ion carrier valinomycin.””'" Addition of valinomycin to KCl-containing
liposomes suspended in a NaCl buffer results in valinomycin-mediated K transport out
of the liposomes (down the K gradient).'”' This is accompanied by the generation of a
negative transmembrane potential, i.e. negative inside the liposomes, since the efflux of
cations is not compensated (valinomycin transports K™ and nothing else).”” Potentials as
high as 200 mV can be generated in this system, depending on the magnitude of the K"

gradient.
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The negative membrane potential can be monitored using the fluorescent dye safranin
0.%%1% The fluorescence of safranin O is higher in a hydrophobic environment (e.g.
inside a liposomal membrane) than in a polar environment (e.g. in the extravesicular
buffer). Upon generation of a negative membrane potential, the positively charged
safranin O moves from the buffer into the membrane, resulting in an increase in

fluorescence.”

Aem 581 nm

H,C N CH,
z
LI s 520m
H,N NG NH,
Safranin O

The concentration of valinomycin added is critical in this experiment. Addition of
low concentrations (10 uM) results in a potential that is stable for many minutes, where
increased concentrations cause a rapid collapse after the initial potential is reached.”
Secondly, since the dye only accumulates in the membrane in response to negative
potentials, positive transmembrane potentials cannot be measured using safranin O.”

The valinomycin/safranin O liposome system has been applied to measure the
voltage-dependent ion channel formation of alamethicin (see Section 1.3).'” Use of
safranin O to monitor the generation of a negative potential by trimer 3.5 in liposomes

experiencing a C1/SO,4” gradient will be described in Chapter 3.

1.5.11 Calcein Release Assay for Detecting Membrane Defects

In deciphering the transport mechanisms of novel ion transporters, it is important to
address the possibility that the compound(s) being tested induce large defects in the
membrane, through which ions simply spill in or out.'” A useful liposome assay to test

for defect induction involves the dye calcein (a fluorescein derivative).'”
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Calcein

At concentrations greater than 100 mM, calcein loses 95% of its fluorescence due to
self-quenching.'® In a typical assay, liposomes containing calcein at >100 mM are
suspended in an isoosmotic calcein-free buffer. If the test compound induces large
defects, calcein will leak through the pores into the extravesicular buffer. This results in
dilution of the dye (to << 100 mM) and thus return of its fluorescence.'® Conversely, if
the compound functions as an ion channel, the pores formed will not be large enough to
accommodate molecules of calcein, the dye will remain at high concentration inside the
liposomes, and no dequenching will be observed. The same is true for compounds that
function as ion carriers. In Chapters 2 and 3, the calcein release assay was used to prove
that neither ¢G 2.34 nor calix[4]arene tetrabutylamide 3.1 induce membrane defects.

Carboxyfluorescein, also a fluorescein derivative, displays properties similar to
calcein and is sometimes used to identify defect induction.'®® However, the results of
carboxyfluorescein assays must be evaluated carefully. In some cases, compounds that
mediated carboxyfluorescein release from vesicles also gave single current bursts in
planar bilayer measurements.'°*'"” Large pores can also be ion channels that show

discrete openings and closings.

34



1.6 Synthetic Cation Channels

1.6.1 Introduction

In 1988, Lear and DeGrado reported the first synthetic peptides to give single-channel
currents.'® One peptide channel studied was HoN-(Leu-Ser-Ser-Leu-Leu-Ser-Leu)s-
CONHy. This peptide forms a-helical structures, four of which come together to form the
channel. The single-channel current trace indicated a current of 10 pA and an open state
lifetime of 3-8 ms. The lifetime was invariable over transmembrane voltages of 25-175
mV. This was the first report of an undisputable synthetic ion channel.

The preparation of a non-peptide “ion channel” was first reported by Tabushi ef al. in
1982.'% This, along with subsequent reports, however, lacked the critical proof of
channel formation. In 1992, Kobuke reported the first non-peptide ion channel, as
supported by single-channel current measurements (planar bilayer voltage clamp

1% Using a simple design, Kobuke synthesized the amphiphilic ion pairs 1.1

technique).
and 1.2. In this design, the carboxylates bearing a polyether chain were intended to form
the ionophoric core of the channel and the ammonium cations would surround the core,
due to ion-pairing interactions, to form a hydrophobic outer wall embedded in the
membrane. The molecular length estimated from CPK models of the ion pairs as they
would exist when anchored in a membrane were 24 and 30 A for 1.1 and 1.2,
respectively. These lengths were adjusted to fit the lipid monolayer, i.e. one half of the

distance through the membrane.
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Not only did ion pairs 1.1 and 1.2 form ion channels as confirmed by single-channel
current measurements, but the channel structures seemed to be voltage dependent.
Channels formed from 1.1 and 1.2 had almost the same channel properties. In the planar

bilayer system used, the observation of three different currents at transmembrane
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potentials of -80 mV, +47 mV, and +60 mV led to three different conductances of 700
pS, 97 pS, and 13.5 pS, respectively. As described in Section 1.5.3, multiple
conductances suggest multiple active structures. Lastly, the channel was shown to be
cation-selective.

This work by Kobuke demonstrated that the ability to form transmembrane ion
channels was not exclusive to proteins and peptides. Here began a slow but sure
appearance of publications reporting other artificial ion channels using various structural
designs.

The review of synthetic cation channels in Section 1.6.2 will be organized by author
(corresponding author of the research laboratory in which the work was completed). This
organization is advantageous since many authors utilize one basic structure for all
channels developed in their laboratory (although this not the case with all laboratories
discussed). Synthetic cation channels have also been the subject of several

. 4,102,111-11
I'CVIGWS.63’6 102, 3

1.6.2 Synthetic Cation Channels

Kobuke. By replacing the carboxylate group in ion pair 1.2 with a dianionic phosphate
group to give ion pair 1.3 (Chart 1.4), Kobuke ef al. reported that ion channel activity
was maintained.'' The channel formed was nearly identical to that formed from ion pair
1.2, except that the phosphate-derived channel had a stronger transmembrane voltage
dependence. At +50 mV, the channel was essentially closed, while at +100 mV, the
channel remained open.

The reverse case was also investigated. The ammonium species, now bearing the
polyether chain, was countered by anions (carboxylate and phosphate-containing species)
bearing hydrophobic chains.'"”” The “reversed-role” ion pairs proved to form cation-
selective ion channels. Despite the positively charged ammonium groups at the opening
to the channel, cations were still selectively transported, indicating that the functionality

lining the interior of the pore is the deciding feature for transport selectivity.
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Chart 1.4
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Applying a design similar to ion pair 1.2, ion pair 1.4 (Chart 1.4) was prepared
containing an azobenzene group in one of the ammonium hydrophobic chains.''® The
azobenzene is photo-isomerizable allowing for photocontrol of ion fluxes. Incorporation
of trans-1.4 (as shown in Chart 1.4) resulted in stable ion channels with various
conducting states. These channels were not only cation selective (Px/P¢c = 6.1), but
showed selectivity among the alkali metal cations of Cs™>K"™>Na" (Px/Pna = 6.1, Pg/Pcs =
0.7). When the trans-azobenene bond was isomerized to cis by irradiating the channel at
367 nm, loss of channel activity was observed. Subsequent irradiation at 450 nm to
isomerize back to the trans-azobenzene restored channel activity, demonstrating
photocontrol over ion flow through the channel.''°

Using a resorcinarene as a scaffold, a second ion channel design was developed.
Resorcinarene 1.5 forms a dimeric assembly in membranes to yield a K'-selective ion
channel with a single conductance level (Figure 1.13).""” The long alkyl chains reside in
the membrane’s interior while the hydrophilic resorcinarene head groups remain at the
membrane surface. The resorcinarene bowl of 1.5 was hypothesized to function as the
channel’s selectivity filter. This report in 1995 represented the first example of a K'-

selective synthetic ion channel.'”
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Figure 1.13. Resorcinarene half-channel 1.5 and modified cholic acid derivative 1.6 (left)
and the channel structure of (1.5), in the membrane (right). The resorcinarene OH groups

are removed in the (1.5), channel structure for clarity.''”''®

Kobuke put forth yet a third ion channel design. Modified cholic acid derivative 1.6
(Figure 1.13) formed ion channels with long-lasting open states (~1 s) and various
conductance levels.'"® The amphiphilic 1.6 was expected to fit a lipid monolayer,
suggesting the channel structure must comprise two of more 1.6 monomers. The pore of
the channels is most likely lined with the ether oxygens to provide ion stabilization
through the membrane.

This work was extended by covalently linking two cholic acid monomer units. The
first cholic acid dimers 1.7 and 1.8 (Chart 1.5), linked through a m-xylylene dicarbamate
unit, were symmetrical, bearing either carboxylate or ammonium moieties as head

groups.'”” The dimers formed ion channels, with the active structure comprising dimer

38



aggregates. Each dimer 1.7 or 1.8 was believed to span the lipid bilayer. The channels
were cation-selective, and both discriminated K over Na' by approximately 3:1, with no

—+ .
Li" current being observed.'"”

Chart 1.5

1.7: R =R,= CO; 1.9: R, = CH,PO,2", R,= CO;
+ - -
1.8: R,=R,= CO,CH,N((CH,);Cl"  1.10: R,=COj, R,= CH,0H

Channel rectification, i.e. favored transport in one direction over the opposite
direction, was demonstrated by cholic acid dimers with unequally-charged head groups.
By applying a positive membrane potential prior to introducing the compounds, dimers
1.9 (-2/-1) and 1.10 (-1/0) (Chart 1.5) inserted into the membrane with the more negative
head groups aligned to the positive side.'*” Once the channels were inserted, current
values were larger at positive applied voltages than at negative voltages, indicating
channel rectification. This was also true for the opposite case, where channels were added
at a negative potential and displayed higher current values at negative voltages. After
channel formation, the orientation of the channels in the membrane was not reversed,
regardless of the potential applied.'*

With the knowledge that resorcinarene 1.5 (Figure 1.13) formed ion channels with a
single conductance level (indicating a single active structure) and cholic acid 1.6 (Figure
1.13) formed supramolecular channels with long open state lifetimes, but multiple
conductance levels, Kobuke combined the two substructures. A resorcinarene derivative
bearing four cholic acid moieties (in place of the alkyl chains in 1.5) was synthesized and

investigated. Indeed, the resorcinarene-cholic acid conjugate provided the combined
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properties of 1.5 and 1.6, demonstrating a single conductance level with long-lasting

open states.'*! The resulting channel was also selective for K™ over Na® (3:1).

Ghadiri. It was postulated by Ghadiri ef al. that an even number of alternating D and L
amino acids in a cyclic peptide structure would allow the ring to exist in a low-energy flat
conformation. In this conformation, all amide functionalities lie perpendicular to the
plane of the ring. After synthesizing an alternating D/L peptide ring, it was found that
their postulate held true. The peptide rings stacked forming a B-sheet structure.'**

For the purpose of creating self-assembling ion channels, Ghadiri synthesized cyclic
peptide 1.11 (Figure 1.14).'* Leucine was selected to provide a hydrophobic surface to
anchor the channel in the membrane and the indole ring of Trp was intended to make up
the polar core. The Gln was added only to simplify the peptide synthesis. In an aqueous
liposomal suspension, the peptide inserted into the membrane and self-assembled to form
ion channels, as demonstrated by pH stat assays, planar bilayer voltage clamp
experiments and patch clamp recordings.'*® The channels had a single conductance level
(all channels comprised the same number of cyclic peptides) and were weakly K'-
selective. The K throughput rate for channels comprising 1.7 was an impressive
2.2x 107 5!, a transport rate greater than that achieved by gramicidin A. The self-
assembled nanotube formed from 1.11 is shown in Figure 1.14 (right). Through
polarized attenuated total reflectance spectroscopy measurements, the cyclic peptide
assembly was confirmed to align parallel to the lipid hydrocarbon chains when inserted in

124
the membrane.
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Figure 1.14. Cyclic peptide 1.11 (left) and the membrane spanning self-assembled ion

channel formed from 1.11 (right, R = CH(CH3s),, other side chains omitted for clarity).123

It was later shown by Ghadiri that cyclic B*-peptides also allowed for a flat cyclic
structure which assembled in the same way as the alternating D/L cyclic peptides. Two
such structures investigated by the Ghadiri group were cyclo[(-B*-HTrp)s-] and cyclo[(-
B-HTrp-p*-HLeu),-].'* These compounds formed channels that, like the D/L cyclic
peptides, transported K* ions at a high rate (1.9 x 107 jons s™).

The nanotube structure has awesome potential. Since the channel is formed by self-
assembly of identical molecules, the structure will automatically adapt to any membrane
thickness. Also, the diameter of the pore can be adjusted by increasing or decreasing the
number of peptides in the ring, thus allowing for tuning of the channel selectivity. This

was demonstrated by the synthesis of a cyclic decapeptide. The channel formed had an
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internal diameter of 10 A and transported glucose across a lipid bilayer.'*® Nanotubes
formed from cyclic peptides have been highlighted in a recent review.'”’

A number of compounds from a series of D,L-a-cyclic peptides was recently shown
to act on Gram-positive and Gram-negative bacterial membranes preferentially over
mammalian cell membranes.'® This finding has profound implications for combatting
drug-resistant bacteria strains. The cyclic peptides can be readily synthesized in libraries,
have a low molecular weight and are stable to enzymatic degradation (due to the D-amino
acids), making them optimum drug targets.'” As was mentioned in Section 1.4, the

development of novel antimicrobial agents is a goal in the study of artificial ion channels.

This goal and has been achieved with D,L-a-cyclic peptides.

Regen. The ion channel designs of Regen et al. are based on the polyene macrolide
antibiotic Amphotericin B (AmB, Chart 1.6) that functions by forming ion channels in
fungal membranes.'”* AmB is believed to form a “barrel-stave” structure in the
membrane, similar to that described for alamethicin channels (Section 1.3)."*° The
structure comprises multiple AmB monomers forming a cylindrical tube. In this tube: (1)
the hydrophobic polyene segments point out toward the hydrocarbon lipid chains of the
bilayer, (2) the hydroxylated faces point inward toward a water-filled pore (the channel),
and (3) the sugar groups serve as a polar head group and remain at the membrane surface.
Also, cholesterol in the membrane is thought to be intimately involved in stabilization of
the AmB channel structure.'*

In Regen’s seminal AmB mimic 1.12 (Chart 1.6), a sterol was used as the rigid
hydrophobic backbone (in place of the polyene chain of AmB) and polyethyleneoxide
chains served as both the hydrophilic face and polar head group (one serving each role
replacing the hydroxylated chain and sugar group of AmB, respectively).*® By adopting a
“folded” conformation (shown in Chart 1.6), 1.12 displays all three of the AmB regions.
Sterol 1.12 demonstrated the ability to transport Na™ across EYPC vesicular membranes
as determined by Na NMR. The active transport structure was hypothesized to consist

of an aggregate (or aggregates) of monomeric 1.12, since the ion transport activity was
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strongly concentration dependent. A barrel-stave-type structure, similar to that formed by

AmB, may also be formed by 1.12.

Chart 1.6

Amphotericin B (AmB)
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Although no single-channel current experiments were conducted with 1.12,
comparing the ion transport rates in EYPC and DPPC liposomes at 25 °C provided
support for an ion channel mechanism of transport. One property that distinguishes lipid
membranes is the gel-to-fluid transition temperature (T.). Above the T,, the membrane is
in the fluid state, e.g. cell membranes in the body. Below the T., however, the membrane
exists in the gel or “glass” state, which is much more rigid than the fluid state. At 25 °C,
EYPC is in the fluid state. In contrast, DPPC (Chart 1.3) exists in the gel state at 25 °C
(T, =42 °C).” It is known that transport by an ion carrier shows a reduced rate in the gel
state as compared to the fluid state."*! This is due to slower diffusion through the more
rigid membrane. An ion channel, on the other hand, is relatively unaffected by the
membrane rigidity, since the channel does not need to diffuse through the membrane in
order to transport ions."*' Therefore, comparing the transport rates at 25 °C in EYPC

(fluid state) and DPPC (gel state) can provide insight into the mechanism of transport.
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Indeed, 1.12 demonstrated a similar transport rate in EYPC and DPPC liposomes, thus
lending support to the ion channel mechanism.™

Further investigation into ion conductors based on AmB lead to the construction of a
squalamine mimic. Sterol 1.13 (Chart 1.6), bearing a polyoxide chain linked through an
amide bond to the A ring and a sulfate on the D ring hydroxyl group, was prepared and
tested for ion transport and antimicrobial activity."** The polyoxide chain is held across
the sterol backbone due to electrostatic interactions between the sulfate and the
ammonium of the zwitterionic compound. Like sterol 1.12, the structure of 1.13
resembles that of AmB, with a hydrophobic sterol backbone, a hydrophilic oxygen-
containing chain, and a polar (zwitterionic) head group. Transport of Na" across an
EYPC membrane was shown by *Na NMR. Since squalamine is itself a strong
antimicrobial agent, squalamine mimic 1.13 thus held the potential to demonstrate this
proper‘ty.13 3 However, 1.13 showed no antimicrobial activity in bacterial growth
inhibition assays.

The active ion-transporting structure formed by 1.13 in membranes was later shown
by kinetics experiments to be a membrane-spanning dimer."** This is in agreement with
the membrane-spanning covalently-linked cholic acid dimers reported by Kobuke (Chart
1.5). Ton transport rates in EYPC and DPPC vesicles were similar, supporting transport

131
1.5

by an ion channel. ”" An elegant experiment by Otto, Osifchin and Regen, demonstrating

that “flip-flop” of 1.13 between the inner and outer leaflets of the membrane was slow,
provided further evidence that the active species was an ion channel, and not a carrier.'”
Lastly, 1.13 was shown to favor transport in ergesterol-rich over cholesterol-rich
membranes."*® Such membrane selectivity is promising in the search for novel
antimicrobial agents.

A second generation of ion conductors developed by Regen was based on spermine-
cholic acid conjugates (four cholic acids linked to one spermine). Like 1.12 and 1.13, the
spermine-cholic acid compounds transported Na* across the membrane."”"*® The active
structure was determined to span the membrane, and function as a cation antiport based

on Na'/Li" exchange experiments monitored by *’Na and 'Li NMR. Also, one of these

conjugates demonstrated an ability to recognize osmotically-stressed membranes.'*’
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Matile. Matile's design, like that of Regen ef al., is based on the structure of AmB. In
1.14, a rigid backbone comprising an oligo(p-phenylene) acts as the hydrophobic portion
of the channel. The substituents contain polar hydroxyl groups that serve as ion relays.
The length of the channel can be varied by changing the number of phenylenes in the
backbone. An "octamer" chain was long enough to span the bilayer membrane and
provided the backbone for channel-forming structures.”®

Rigid rod 1.14 functioned via a H' /K" antiport mechanism with a significant H™ over
K" selectivity, as determined from base pulse assays.”” Since the per mole activity of 1.14
was higher at lower concentration (1 uM), i.e. a 20-fold concentration increase led to
only a 3.2-fold increase in transport rate, it was suggested that the active structure is
monomeric, with a large majority of 1.14 assembled into inactive aggregates at higher
concentration. Fluorescence-depth quenching experiments with spin-labeled lipids
verified that 1.14 spans the vesicular membrane.”® Rigid rod 1.14 also accelerated OH"

and/or CI transport across the membrane, as will be discussed in Section 1.7.

Single channel experiments later showed that 1.14 gave large currents (100-300 pA),
but with an extremely short open state lifetime estimated at less than 0.1 ms.'*’ Also, the
channel activity of 1.14 was voltage-dependent. Since the molecule has no dipole (see
push-pull rods described below), this was a surprising observation. At 50 mV, no current
was observed, but at 100 mV, large current spikes were apparent. (Voltage dependence in
the absence of a molecular dipole was also observed for channels formed from
calix[4]arene tetrabutylamide 3.1 described in Chapter 3 of this thesis.'*") Based on this
finding, the active structure formed by 1.14 was reevaluated to be tetrameric, since large

currents most likely result from a large channel pore. A pore diameter of 11 A was
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predicted based on molecular modeling."*® Smaller currents (2-5 pA) with longer open
state lifetimes were observed for derivatives similar to 1.14."*° The cation selectivity
confirmed via single channel recordings was consistent with H'-selective transport by
these derivatives as proposed previously for 1.14.”

The first synthetic ligand-gated channel to be reported was formed from phenylene
heptamer 1.15. The complete channel structure required three elements: » molecules of
1.15, n Cu”" cations, and one molecule of polyhistidine (pHis).* The iminodiacetate head
group of 1.15 chelates Cu®". Subsequent interaction of pHis with the bound Cu*" brings
molecules of 1.15 into close proximity, forming a “w -slide” for cations to flow across the
membrane via cation-r interactions.® The channel spanned the membrane, as shown by
fluorescence depth quenching experiments with spin-labeled lipids, and discriminated K"

over Li’, Na", Rb" and Cs" as determined by base pulse assays.
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A second approach to assembling rigid rod channels was through the formation of
hydrogen bonds between sidechains appended to the oligophenylene backbone. By
introducing peptidic sidechains (Leu in 1.16, Figure 1.15), antiparallel -sheets form
between sidechains of neighboring monomers, resulting in the “B-barrel” structure

represented in the right panel in Figure 1.15.'*

The B-barrel formed from phenylene 1.16
was estimated to be dimeric from ESI-MS data and was held together by -sheet
formation, as suggested by 2D "H NMR and CD experiments. The (1.16), p-barrel
transported Na™ across EYPC vesicles as measured by base pulse assays.'*

The B-barrel structure has awesome potential since the diameter and length of the
pore can be tuned by varying the peptide sidechain and number of phenylenes in the
monomer unit, as will be demonstrated in later examples (Section 1.7). This barrel

structure is analogous to Ghadiri’s peptide stacks discussed previously.'*® The difference
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is that B-barrels assemble around the axis parallel to the membrane lipids, where the
cyclic peptides stack along that same axis. The two can be deemed orthogonal. That is,
the length of peptide stacks is determined by self-assembly and the cavity size can be
modified only by synthesis. For B-barrels, the opposite is true. The cavity size is a

product of self-assembly, and the length is determined by covalent synthesis.
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Figure 1.15. The structure of the self-assembling monomer 1.16 (left) and a

representation of a B-barrel formed via B-sheet formation between peptide sidechains

(right)."*

In an effort to develop ion channels capable of recognizing polarized bilayers, Matile
et al. synthesized rigid rod 1.17 (Figure 1.16)."* With an electron-donating group (OMe)

on one end of a rigid rod octamer and an electron-withdrawing group (CN) on the
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opposite end, phenylene 1.17 has an axial dipole, as shown in Figure 1.16. Four aza-18-
crown-6 units were appended to the scaffold to function as ion “relays” in the channel.
The term given to 1.17-type molecules, bearing an axial dipole and capable of facilitating
ion transport, was “push-pull rods”.'* A negative potential was generated across EYPC-
SUVs, as described in Section 1.5.10. Base pulse assays showed that 1.17 indeed
recognized liposomes with a negative potential, depolarized the vesicles, and
subsequently collapsed the pH gradient via ion transport.'* Simultaneous K'/Na" and
H'/Na" antiport mechanisms were proposed. Addition of a symmetric phenylene to
polarized vesicles caused no change, showing that the dipole is necessary for recognition

of membrane potential.
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Figure 1.16. Rigid push-pull rod 1.17 indicating the axial dipole.'

To ensure an unimolecular ion conducting pathway, push-pull rods bearing six crown
units were synthesized.'* In these rods, -SCH; and -SO,CHj groups served as the
electron-donating and electron-withdrawing substituents, respectively. Like 1.17,
Matile’s unimolecular push-pull rods demonstrated increased activity over rods lacking
an axial dipole in polarized vesicles.'** The push-pull rods were shown to span the

membrane by fluorescence depth quenching experiments.
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Lehn. The “bouquet molecules” of Lehn ef al. are excellent examples of the unimolecular
approach to artificial channels. Bouquet molecules consist of a central macrocycle, either
18-crown-6 or a B-cyclodextrin derivative, linked to multiple poly(ethylene oxide) or
polymethylene chains.*”™ One such compound (1.18) is shown below. The bouquet
molecules were designed to span a lipid membrane forming an unimolecular channel,
with the hydrophilic carboxylates remaining at the membrane surface and the crown (or
B-cyclodextrin) at the center of the membrane to function as an ion relay. Lehn’s report
on bouquet molecules was published very near the same time as Kobuke’s report on
assembled channels supported by single channel current measurements.''® Although Lehn
did not conduct single channel measurements, other support for a channel mechanism

was reported, as will be described.
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Through the study of ion transport by NMR techniques, both bouquet 1.18 and the -
cyclodextrin derivative were shown to function via a cation antiport. By suspending LiClI-
containing liposomes in a NaCl-containing buffer, the rate of Na" influx measured by
*Na NMR proved to be equal to Li" efflux, as measure by 'Li NMR.*" That is, the
bouquet molecules exchange the cations in a one-for-one manner. Lehn used a

comparison of ion transport rates in EYPC and DPPC liposomes to elucidate the transport
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mechanism."*' The bouquet molecules demonstrated a similar transport rate in EYPC
and DPPC liposomes, thus lending support to the ion channel mechanism.®"**
Importantly, the bouquet compounds bearing polymethylene chains transported ions
at very near the same rate as the bouquets bearing poly(ethylene oxide) chains.®” Lehn
commented that this result was interesting and unexpected. The oxygens in the chains
were intended to coordinate cations in the channel thus facilitating transport, while the
polymethylene chains, lacking the ion-coordinating oxygens, should not facilitate
transport.®’” As demonstrated in this case and with other synthetic ion channels, a large

number of coordinating groups is not necessarily desirable, since strong ion coordination

hinders the transport rate.

Fyles. Much like the approach of Lehn, the initial channel design of Fyles et al. was
based on an unimolecular channel with an 18-crown-6 core. Fyles constructed a series of
two-headed amphiphiles (“bolaamphiphiles™) capable of spanning a lipid bilayer.*:'**!%
The basic structure contained a central connector unit (18-crown-6) covalently linked to
radiating wall units. Each wall unit bore a polar head group (glucose). The crown ether-
wall unit bonds at neighboring methylenes were trans to one another with respect to the
crown, so as to orient three wall units in one direction and three wall units in the other.
The most effective wall structures had both a hydrophilic and hydrophobic side, the
former for ion transport and the latter to face the lipid hydrocarbon tails. Compound 1.19,
shown in Figure 1.17, is an example of a bolaamphiphile channel. The predicted
membrane structure is represented in the right panel in Figure 1.17.

Hexa-substituted 1.19 in addition to a number of tetra-substituted derivatives
transported Na', K, Rb" and Cs" across vesicular membranes as shown by pH stat
experiments.®’ A number of the compounds reported were postulated to function via an
ion channel mechanism. The support came from pH stat experiments where a competing
cation was added in approximately 20%, e.g. 80% K'/20% Li" to monitor inhibition of
K" transport by Li". Discussing this inhibition assay, Fyles states: “A carrier mechanism
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could result in rate enhancement but could not give rise to inhibition. ™ The observation

of significant inhibition is therefore a strong indication of channel formation.”®'
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Compounds (including 1.15) that showed inhibition by competing cations were therefore
hypothesized to form channels.® Lastly, the head group has an impact on ion transport
rate, as changing the head group from glucosyl to the less polar 3-hydroxypropyl group

resulted in a decrease of cation flux.
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RO,C
k/o\s)\cozR -
CO,R
wall unit
l headgroup
0 0 ¢
2 N e N
R= 3{\/\3 ° o s OH
¢°v°\_/°u° H%H ®
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Figure 1.17. Fyles’ bolaamphiphile 1.19 with the core, wall unit and head group labeled
(left) and a representation of Fyles’ unimolecular ion channel structure (right). Cylinder =

- - - 81,144,145
core, lines = wall units, black circles = head groups.” ™

Moving away from the bulky 18-crown-6 connector, Fyles developed bolaamphiphile
1.20 (Chart 1.7) and other similar compounds with an eye towards a supramolecular
channel approach.'*’ Basically, the compounds were intended to form a structure similar
to that represented on the right in Figure 1.17, but through aggregation of monomer units
(since the central core is not present to hold the wall units in close proximity).'*” Ton
channel activity was observed for these structures as determined by both pH stat and
planar bilayer voltage clamp experiments. As judged from pH stat assays, the cation

selectivity for 1.20 follows the order K'>Rb>Cs"™>Na">Li". A single conductance level
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was observed from the single-channel experiments, indicating a single active structure.
From pH stat results at various concentrations, the kinetic order for transport was near 2
for all cations, and an active dimer was thus proposed.'*’ The channel structure formed

from 1.20 was also believed to comprise a water-filled pore through which ions passed.
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Two structural features of 1.20 (and its derivatives with various head groups) were
addressed in subsequent reports. First, the polar oxygen-containing chain of the “wall
unit”, initially incorporated to serve as an ion relay in the channel, was replaced by a
polymethylene chain. The ion transport properties of the more hydrophobic derivatives
were “remarkably similar” in pH stat assays.'*® These results are in agreement with the
observations made by Lehn upon replacing poly(ethylene oxide) chains with
polymethylene chains.®” The corresponding channels measured in voltage clamp
experiments were estimated to consist of larger aggregates than those formed from 1.20,
since the rise times observed were significantly longer (larger aggregates take longer to

assemble). The more hydrophobic compounds demonstrated a much higher cation/anion
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selectivity. The selectivity was attributed to the inability of channels to support a water-
filled pore, thus making the ion dehydration energies a more important factor in ion
transport."** Anions have a larger dehydration energy than cations, and thus cations
penetrate the channel.

More recently, the question of whether or not the bis-macrocycle is a critical element
in ion transport was addressed. Acyclic derivative 1.21 (Chart 1.7) was investigated, and
was shown to retain activity.'** Although 1.21 showed a 10-fold reduction in activity as
compared to 1.20, voltage clamp experiments showed that the channels formed from 1.20
and 1.21 were similar. The macrocycle seems to assist in membrane insertion, but is not
necessary for channel formation.'*’

In an effort to develop a voltage-gated channel, Fyles and colleagues synthesized
bolaamphiphile 1.22, which possesses a molecular dipole moment due to the dianionic
succinate group on one side and the monoanionic carboxylate on the opposite side (at pH
6.4)."*" Compound 1.22 exhibited similar behavior as that described for Kobuke’s 1.9 and
1.10 (Note: Fyles voltage-gated channel was published 3 years prior to the report by
Kobuke).'?® When added at negative membrane potential, 1.22 inserts into the membrane
asymmetrically (with the succinate group towards the more positive side). The channel
showed “bursts of irregular openings” with currents of 1-10 pA and short open state
lifetimes ranging from 0.5-10 ms.'* Early in the experiment, rectification behavior was
observed, with channels only opening at negative potentials. However, after some time
(3-4 minutes), the succinate head groups penetrated the membrane, resulting in the
presence of both channel orientations. This was observed as a disappearance of channel
rectification in later I/V cycles.® This result is in contrast to cholic acid dimers 1.9 and
1.10 of Kobuke, which do not reorient in the membrane.'?’ The 1.22 channels were
proposed to exist as water-filled pores that are larger and less stable than those formed
from 1.20."°

At lower pH (5.9), partial protonation of the head groups decreased the electrostatic
repulsion between 1.22 monomers leading to longer open states. Addition of Ba*" (1.6

mM, pH 6.4) also stabilized the channels, resulting in discrete single channel openings
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with open states as long as 100 ms.'*

From pH stat assays, a cation selectivity of
Rb™>Cs"™>K">Na">Li" was observed for channels formed from 1.22."

The lowest molecular weight channel-forming compound to date was reported by the
Fyles laboratory. Isophthalic acid derivative 1.23 (Chart 1.8) formed ion channels that
were cation selective in the order Cs™>K">Na"."”! As indicated by planar bilayer
experiments, 1.23 clearly forms ion channels. However, 1.23 showed no activity in pH
stat vesicle assays. This was an important finding, since a number of authors do not
conduct single channel current measurements in their studies of ion channels. Vesicular
assays and single-channel current experiments are complementary, and lack of transport
activity in one assay does not necessarily indicate that no activity will be observed in the
other. The channels exhibited multiple conductance levels, indicative of supramolecular
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channels with multiple channel structures. ° Lastly, the channels are under “close

structural control”, as addition of only one more methylene to the C;; chain (i.e. a Cy»

. . . .. 151
chain) results in a sharp decrease in activity. °

Chart 1.8
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A second class of bolaamphiphile compounds, including 1.24 (Chart 1.8), based on
isophthalic acid, was developed by the Fyles laboratory in a attempt to achieve more
efficient syntheses than the multistep, low-yielding syntheses of 1.20 and 1.21.

Unfortunately, the synthesis of 1.24 and its derivatives proved to be “no improvement
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over those leading to compounds” 1.20 and 1.21."** Bolaamphiphile 1.24 did form ion
channels. For membrane incorporation, however, it was necessary to mechanically
transfer the compound directly to a bilayer from a “clean fine-camel-hair brush” due to its
insolubility in the aqueous buffer.'”* Difficult syntheses and low solubility made these
bolaamphiphiles poor candidates for optimization.

On the other hand, acyclic analogues of 1.24 showed considerable promise as
channel-forming compounds.'> This de-macrocyclization strategy is the same as was

' The acyclic

applied in the design of bolaamphiphile 1.21 based on the 1.20 structure.
derivatives possessed the structure of 1.24, but with two p-aminobenzene groups in place
of the “ring-closing” peripheral 5-aminophthalic acid moieties. The acyclic derivatives
formed ion channels with a Cs >Na">CI selectivity as shown by planar bilayer and pH

. 153
stat experiments.

Gokel. The channel models of Gokel are of the general structure: “sidearm-crown-spacer-
crown-spacer-crown-sidearm”. The models function as unimolecular ion channels (a
single molecule spans the membrane and forms the conducting pore), much like Lehn’s
bouquet molecules (e.g. 1.18) and Fyles bolaamphiphile 1.19. The term “hydraphiles”
was coined to refer to this series of channel compounds.'>* Hydraphiles 1.25 and 1.26
(Chart 1.9) transport Na™ across membranes via an ion channel mechanism as shown by
base pulse assays, °Na NMR experiments and planar bilayer voltage clamp

89:135:13 Brom the original design, it was predicted that the cation would

measurements.
pass through all three crown ether cavities. However, derivatives lacking the central
crown retained ion transport activity. The ions seemingly do not pass through the central
crown, and it has been hypothesized that the central crown, when present, functions only
as an ion relay at the center of the membrane.'>> Also, water is believed to be intimately
involved in Na" transport through the channel. Based on the crystal structure of a
“model” central relay unit with bound Na" and H,O, taken together with the hypothesis

that the central crown functions as a relay, the channel model shown in Figure 1.18 (for

hydraphile 1.26) was proposed.'”>"*” Similarly based on X-ray crystallographic
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evidence, the channels formed from calix[4]arene tetrabutylamide 3.1 in Chapter 3 are

proposed to contain water in their active structures (see Figures 3.7 and 3.8).'"!

Chart 1.9
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Figure 1.18. Hydraphile 1.26 in the proposed membrane-spanning channel conformation.

Na" is represented by gray spheres. Dashed lines represent hydrogen bonds between

water molecules.'>>"’

By replacing the phenyl group in 1.26 with a p-OMe group, hydraphile 1.27 (Chart
1.9) showed extremely long open state lifetimes in excess of 30 s."*° Also, cation flux
across the bilayer by 1.27 was increased over that mediated by 1.26, presumably due to

more favorable cation-r interactions at the entrance to the channel.'*® Introducing
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fluorescent dansyl groups at the same position gave hydraphile 1.28 (Chart 1.9).
Fluorescent-depth quenching assays with 1.28 showed that the dansyl group (and
terminal crown ethers) do indeed reside at the surface of the membrane, in agreement
with the prediction that the terminal crowns act as head groups.'* Lastly, appending
cholestanyl groups onto the terminal crown to give 1.29 (Chart 1.9) prevents the passage
of Na* through the channel.'”>'>® This finding is in sharp contrast to the cholic acid-
resorcinarene conjugate reported by Kobuke.'?' In that case, replacement of alkyl chains
with sterol groups resulted in a retention of channel activity and an increase in the open
state lifetimes.

The length of the chain connecting the terminal crowns to the central crown is
important for activity.'” Carbon chain lengths of 12 (1.25-1.29) and 14 resulted in
similar activity. Shortening the chain to 10 or lengthening it to 16 resulted in a two-fold
decrease in activity for both cases, while an 8-carbon connector was completely inactive.
These data support the proposal that the conducting hydraphile channels span the
membrane.'

Further exploitation of the hydraphile design lead to compounds with increased
transport efficiency and a redox switch. By connecting the 2 dodecyl chains on 1.25 with
a fourth diaza-18-crown-6 group, macro-macrocycle 1.30 (a tetramacrocyclic hydraphile)
was obtained. Compound 1.30 showed a near 3.5-fold increase in sodium transport rate
over 1.25.'° A redox-active artificial channel based on the hydraphile design was
reported by Hall ez al."® The redox channel consisted of four diaza-18-crown-6 rings, the
central two of which were connected through a ferrocene. The compound functioned as a
K "-selective channel and demonstrated rectification, with increased currents at negative
membrane potentials as shown by patch clamp recordings.'®!

The most important property of hydraphile channels yet reported is their bactericidal
activity. Hydraphile 1.26 was shown to kill Escherichia coli with an ICsy of 10 pM.'®*
This property was attributed to the ion channel activity of 1.26, with membrane insertion

162
2 In

followed by disruption of the osmotic balance as the predicted mechanism of action.
addition to Ghadiri’s success with antimicrobial cyclic peptides, Gokel has introduced

hydraphiles as novel bactericidal agents.
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A collaboration between Gokel and de Mendoza resulted in a novel hydraphile-like
channel-forming compound. Calix[4]arene tetracrown 1,3-alternate 1.31 formed ion
channels that transported Na" and K, based on planar bilayer voltage clamp
experiments.'® Channel bursts were observed with large conductances (300 pS in some
cases) and open times in the low millisecond range. To answer the question of whether or
not the cation passed through the calix[4]arene core, a derivative bearing tert-butyl
groups on the upper rim was tested. Based in CPK models, the bulky fert-butyl groups
should prevent cations from entering the calix[4]arene. If the ion passed through the core
of 1.31, the tert-butyl derivative would be inactive. But the tert-butyl calix[4]arene-
tetracrown was equally active, strongly supporting a transport mechanism that does not
involve ion passage through the calix[4]arene 1,3-alternate core.'® Also, the
calix[4]arene tetracrown cone, a compound incapable of spanning the membrane, was

tested. It was shown that the cone conformer functioned through a carrier mechanism.'®

o] N
k/o\) (CHZ)&O ('@ /EN o
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The finding that the ions do not pass through the calix[4]arene 1,3-alternate core of
1.31 bears on the findings described in Chapter 3 of this thesis. Indeed, calix[4]arene-
tetrabutylamide 3.1, a compound that forms chloride channels in membranes, is predicted
to form structures that do not involve the calix[4]arene core in ion transport (based on
two crystal structures, see Figures 3.7 and 3.8)."*' “Opening” the calix[4]arene core to
form an analogous linear tetramer resulted in an equally active ion transporter.”® Like the

channels formed from 1.31, the calix[4]arene core was likely not involved in the active
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structures formed from 3.1. Also, the calix[4]arene 1,3-alternate-guanosine conjugates
¢G 2.26 and cG 2.34 (Chapter 2) transport K" over Na' and Cs". In this case, the direct
involvement of the calix[4]arene 1,3-alternate core in ion transport has yet to be

elucidated.

Voyer. The channel designed by Voyer et al. was based on a-helix formation of the 21

164 With crown ether residues at positions 2, 6, 9,

amino acid peptide 1.32 (Figure 1.19).
13, 16, and 20 of the peptide, folding of the peptide into an a-helix results in a lining up
of the crown ethers on one side of the helix (Figure 1.19, right). This creates a channel of
six stacked crown ether rings through which ions may flow. A 21-crown-7 was chosen
since it binds alkali metals weakly. Weak ion binding, as discussed previously, is critical

for the high throughput rates associated with channel function.

A. B. a-helix
crown ethers

N-t-BOC-(Leu-X-Leu-Leu-Leu-X-Leu),-OMe
1.32

Figure 1.19. 21-crown-7-containing peptide 1.32 (left) and a representation of the

unimolecular channel structure resulting from o-helix formation of 1.32.'%
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The unimolecular channel 1.32 was shown to transport Li",Na",K',Rb"and Cs" at
the same rate, indicating no selectivity among cations.'®* The channel mechanism was
supported by single-channel current measurements.'® Data from circular dichroism and
attenuated total reflectance spectroscopy experiments suggest that the a-helical channel

functions in a monomeric form and is oriented parallel to the lipid hydrocarbon chains

. 166
when conduction occurs.
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1.6.3. Summary of Synthetic Cation Channels.

Table 1.1 provides a summary of synthetic cation channels listed by principle
investigator (as this section was organized). The table lists the compound numbers,
whether the channel is monomeric (M) or self-assembled (SA), the cation specificity (if
any), whether the channel exhibited single or multiple conductance states (if reported),
the voltage dependence (yes or no, if reported), comments specific to the channel(s), and

the references. “NR” indicates that the property was not reported.

Table 1.1. Summary of Synthetic Cation Channels.

= %) L [
& 8 E : = g~ 8 £ 3
= : = | S22 8% |2% & S
- S = = |8 5 o =
Kobuke 1.1, 1.2, 1.1,1.2 1* non- | 110
1.3 SA NR® multiple | yes peptide ion 114
channels
14 SA | Cs"™>K'>Na' | multiple | NR photocontrol | 116

1* non-peptide
K -selective
channel, active
1.5 SA| K™>Na single | NR | dimer, cholic | 117
acids in place of | 121

alkyl chains
cause long
OSLs*

1.6 SA NR multiple | NR long OSL® 118
1.7,1.8 | SA | K™>Na>Li' | single | NR active dimer 119
1.9,1.10 | SA NR multiple | yes rectification 120
Ghadiri 1.11 SA K"™>Na" single | NR antibacterial 123
peptides 15
Regen 1.12 SA NR NR NR | DPPC/EYPCY | 86

membrane-
1.13 SA NR NR NR selective, 132

DPPC/EYPCY,
active dimer
Matile voltage-

1.14 SA H"™>K" NR yes | dependentbut | 78

no dipole, 140
active tetramer
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Table 1.1 Cont’d.

) S % S > 8 % z %
=5 5 S| g3 |E2 |85 5 2
S o L O 2 ] G
=z S = 5 |8 5 S E
Matile requires Cu” &
1.15 SA | K'>Li, NR | NR pHis, 1% 80
Na’, Rb" synthetic
Cs" ligand-gated
channel
1.16 SA NR NR NR | dimeric B-barrel | 142
1.17 and push-pull rods,
derivatives | M M">H" NR NR recognize 14
polarized 143
vesicles
Lehn 1.18 and bouquet
cyclo- M NR NR NR molecules, 87
dextrin Na'/Li" 88
derivative antiport,
DPPC/EYPC’
Fyles 1.19 M no NR NR | bolaamphiphile | 81
active dimer, 147
1.20,1.21 | SA | K'>Rb>Cs" | single | NR | macrocyclein | 149
>Na"™>Li" 1.20 not critical
pH decrease or
1.22 SA | Rb™>Cs"™>K" | multiple | yes | addition of Ba*" | 150
>Na>Li" stabilized
channels
Smallest
1.23 SA | Cs™K"™>Na" | multiple | NR | channel forming | 151
molecule
reported to date
1.24 and Cs™>Na' 1.24 too
acyclic SA (acyclic multiple | NR | insoluble, but | 152
derivative derivative) acyclic 153
derivative
promising
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Table 1.1 Cont’d.

) S % S > 8 % z %
=5 5 S| g3 |E2 |85 5 2
2% 2 |s| £3 |2E% |2% & 2
Gokel 89
1.25,1.26 | M NR NR NR | 1.26 kills E. coli | 154
155
162
1.27 NR NR NR >30sOSLs" | 156
Na' transport
1.30 NR NR NR rate 3.5x that | 160
for 1.25
Gokel/ Cations do not
de 1.31 NR multiple | NR | pass through | 163
Mendoza calixarene core
Voyer 1.32 no single | NR monomeric 164
channel 165

a Monomeric (M) or self-assembled (SA) ion channel
b NR = not reported
¢ OSL = open state lifetime
d Support for channel mechanism from transport rates in DPPC and EYPC liposomes
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1.7 Synthetic Anion Channels

1.7.1 Introduction

There are few examples of synthetic anion channels. Most of the work in this area has
been done by six research groups (Davis et al. included). Different approaches to anion
channels use protein fragments, completely synthetic compounds, or a combination of the
two. Section 1.7.2, like 1.6.2, will be organized by author and will begin with channels

composed of protein fragments and end with the non-natural, synthetic approach.
1.7.2 Synthetic Anion Channels

Glycine Receptor Group. The group responsible for the first synthetic anion channel was
“The Glycine Receptor Group” (GlyR Group, this name was given simply for the sake of
identification throughout this section). They have subsequently made large contributions
to the study of chloride-channel forming peptides, as will described below. The research
was done in collaboration between multiple research groups, most from departments at
the Kansas State University and the University of Kansas, with a number of
corresponding authors on the publications. The multiple collaborations are thus referred
to here as a “group”, and not an individual senior investigator.

Before describing the first synthetic channel developed by the GlyR group, the
inhibitory glycine receptor, upon which this synthetic channel was based, needs to be
introduced. The inhibitory glycine receptor (GlyR) is a glycoprotein present in
postsynaptic membranes and is responsible for synaptic inhibition.'®” The GlyR is a
member of the ligand-gated ion channel receptor superfamily, and is activated by the
neurotransmitter glycine (as can be inferred from its name). The subunit structure of
GlyR is believed to comprise a large extracellular N-terminal region, four transmembrane
domains, M1-M4, and an intracellular loop between M3 and M4.'%8 It was believed that
the M2 segment, the only sequence that adopts an a-helix in the protein, was responsible
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for ion transport. " Thus, the GlyR group investigated the possibility that a sequence
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corresponding to the M2 segment of GlyR could facilitate chloride transport across
membranes. This lead to the first synthetic chloride channel, reported in 1993.'?

The GlyR group showed that the 23-amino acid peptide M2GlyR 1.33 (Chart 1.10), a
sequence that corresponds to the M2 transmembrane segment of the glycine receptor,
formed anion-selective channels in lipid bilayers.'* The most frequent events observed
for channels formed from 1.33 by planar bilayer conductance measurements in KCI
buffer had conductances of 26 pS and 49 pS and open state lifetimes near 10 ms. This is
“in remarkable agreement” with the conductances of 27 pS and 46 pS and the <10 ms
open times for GlyR, supporting the hypothesis that M2 is responsible for chloride
transport.'> As shown in Figure 1.20, channel events were observed in N-methyl-D-
glucamine*HCI, a chloride-containing buffer, but not in the non-chloride-containing
sodium gluconate buffer.'? (A similar experiment was used to confirm CI” transport by
3.1 in Chapter 3.) In addition to this strong evidence for the transport of CI’,
measurement of reversal potentials showed that the channel was 85% anion-selective.
Notably, a 23-amino acid peptide corresponding to the GlyR M1 domain, a portion of the

protein believed not to be involved in ion transport, showed no channel activity.'?

Chart 1.10
Sequence Compound
HoN-PARVGLGITTVLTMTTQSSGSRA-COOH M2GlyR  1.33

HoN-PARVGLGITTVLTMTTQSSGSRAKKKK-COOH C-K4-M2GlyR 1.34
HoN-KKKKPARVGLGITTVLTMTTQSSGSRA-COOH  N-K4-M2GlyR 1.35
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Figure 1.20. Single-channel current recordings from POPE/POPC bilayers containing
M2GlyR 1.33 recorded in (A) symmetric 0.5 M N-methyl-D-glucaminesHCI (CI -
containing) buffer and (B) symmetric 0.5 M sodium gluconate (non-CI'-containing)
buffer.'? This figure was reprinted with permission from the Journal of Biological
Chemistry and the authors. Copyright 1993 The American Society for Biochemistry and
Molecular Biology, Inc.

The Arg-3 and Arg-22 residues of 1.33 (underlined in Chart 1.10) have been
implicated in GlyR’s anion selectivity.'®” By replacing these two Arg residues with Glu
in 1.33, a peptide that formed cation-selective channels resulted, confirming the
positively-charged arginines’ role in affecting anion selectivity.'

The oligomeric states of the 1.33 peptide channel assembly were also addressed.
GlyR is a pentameric assembly in the membrane.'®” The 1.33 channels exhibit two major
conductance states, indicative of two independent active channel aggregates. The
conductances of 26 pS and 49 pS were assigned to tetrameric and pentameric aggregates,
respectively.'> To confirm the assignments, four 1.33 sequences were tethered to a 9-
amino acid template giving a covalently-linked tetramer. The tetramer formed anion-
selective channels with a single conductance of 25 pS, confirming the assignment of the
26 pS 1.33 channel as a tetramer.'? The dominant conductance level for pentameric GlyR
is 45 pS, in agreement with the 46 pS conductance arising from a pentamer.

This initial report by the GlyR group provided support for the following previous
predictions about GlyR: (1) GlyR is a pentameric assembly of subunits, (2) the pore is
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lined by the M2 transmembrane domain, and (3) the Arg-3 and Arg-22 residues are
responsible for the channel’s anion selectivity.'?

By adding four lysine (K) residues to the C-terminus, the C-K4-M2GlyR 1.34
peptide’s water solubility was greatly increased over that of M2GlyR 1.33.'" C-K,-
M2GIyR 1.34 (Chart 1.10) was shown to induce CI" and fluid secretion from model
epithelial cell monolayers. The effects of 1.34 were accompanied by an increase in
current across the membrane, and removal of CI” from the bathing solution inhibited the

peptide’s effects.'”

The latter finding is consistent with the formation of chloride-
selective ion channels by 1.34 as the mechanism of action. C-K4-M2GlyR 1.34 was later
found to increase Cl currents in a number of other cells, including airway epithelial cells

from a human cystic fibrosis patient.'”’

This was determined from patch clamp
recordings in the whole cell configuration and from planar bilayer conductance
measurements. The study also proved that C-K4-M2GlyR 1.34 formed a “distinct
conduction pathway”, thus eliminating the possibility that 1.34 acted by modulating CI’
channels already present in the membrane.'’' Induction of transepithelial chloride and
fluid secretion is important in the treatment of cystic fibrosis.'”*

An increased current across cell membranes over that observed for 1.34 was achieved
by N-K4-M2GlyR 1.35 (Chart 1.10), a peptide bearing the four lysine residues at the N-
terminus (instead of the C-terminus).'”> N-K4-M2GlyR 1.35 was subsequently shown to
restore secretion of the antioxidant glutathione from human cystic fibrosis airway

epithelial cells.'”

This result provided further potential for these peptides in cystic
fibrosis treatment, as decreased glutathione secretion causes oxidative stress in the
airways of cystic fibrosis patients.'”

A structure-activity analysis of C-K4-M2GlyR 1.34 and N-K4-M2GlyR 1.35 provided
insight into the roles of specific peptide regions. Truncating N-terminal residues from
1.34 resulted in a sharp drop in chloride transport activity (lower membrane current).'”®
In contrast, deletion of amino acid residues from the C-terminus of 1.35 actually
increased the activity for 25 and 22 amino acid sequences 1.5- to 2-fold over the parent
27 amino acid sequence.'’® Activity was retained, albeit greatly reduced, for the 16-

amino acid 1.35 analog. From this data, two conclusions were drawn. First, the aqueous
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aggregation nucleation site is located near the C-terminus, and its removal results in
retention of ion channel activity. Second, the peptide region responsible for assembly of
active structures in the membrane resides near the N-terminus, as truncation of N-
terminal amino acids results in a loss of activity.'”®

In a separate study, sequences corresponding to transmembrane domains of the Cystic
Fibrosis Transmembrane Conductance Regulator (CFTR) were tested for chloride
transport activity.'® This study aimed to corroborate data indicating that the M2 and M6
transmembrane domains are intimately involved in the ion channel pore of CETR.""”
Peptides M2 1.36 and M6 1.37 (Chart 1.11) indeed formed anion-selective channels. Ion
selectivity was determined by the measurement of reversal potentials in the presence of a
salt concentration gradient. Also, like M2GlyR 1.33, M2 1.36 and M6 1.37 were active
only in a chloride-containing buffer (results similar as those shown in Figure 1.20 for
M2GlyR 1.33). Since it was believed that the M2 and M6 CFTR domains together
formed the channel, a mixture of M2 1.36 and M6 1.37 were tested. Indeed, the M2/M6

mixture formed ion channels that displayed properties distinct from the individual

peptides, and the conductance approximated that of CFTR."

Chart 1.11
Sequence Compound
HoN-RSIAIYLGIGLCLLFIVRTLLL-COOH M2 1.36
HoN-KGIILRKIFTTISFCIVLRMAV-COOH M6 1.37

Conversely, peptides with sequences corresponding to the M1, M3, M4 and M5
CFTR domains (domains believed not to be located in the pore) showed no activity.
These data strongly suggested that the M2 and M6 transmembrane domains of CFTR are
indeed constituents of the pore-forming structure."

The GlyR group has achieved two of the goals for studying synthetic ion channels
(Section 1.4). Both the GlyR and CFTR peptides have given insight into the natural

channel structures by identifying protein domains involved in ion transport. Also, C-Ks-

68



M2GIyR 1.34 and N-K4-M2GlyR 1.35 have demonstrated potential for the treatment of

diseases associated with chloride channel malfunction, such as cystic fibrosis.

Woolley. As described in Section 1.3, alamethicin (Alm) forms cation-selective channels
in membranes. The channel structures comprise various aggregates of Alm monomers,
giving rise to multiple conductance levels. In an effort to understand Alm channel
structure, Woolley et al. synthesized Alm dimers linked at their C-termini through

178 These Alm dimers formed cation-selective channels, similar to those

flexible tethers.
formed from natural Alm, but exhibited increased open state lifetimes for particular
active structures. The longest open state lifetime was attributed to a “6-mer” aggregate,
comprising three dimers.'” In a subsequent study, evidence for the involvement of Glu-
18 (Q, see Chart 1.2) in interactions with cations at the entrance to the pore suggested its
role in the channel’s cation selectivity.

In an effort to alter the selectivity of the channel, and thus prove Glu-18’s
participation in the channel’s cation selectivity, Woolley synthesized and investigated
Alm dimer 1.38, with Lys (K) replacing Glu at the 18 position. The hypothesis was that
positively-charged Lys residues at the pore entrance would draw anions into the channel.
Indeed, 1.38 formed ion channels and demonstrated a switch to anion selectivity.'” The
P¢y/Pk ratio for Alm dimer 1.38 was 4.3 with a 0.01 to 1.3 M KCI gradient and 1.8 with a
0.1 to 1.3 M KCl gradient in planar bilayer measurements. The Lys-18 residues in 1.38
play the same role in anion selectivity as Arg-3 and Arg-22 in M2GlyR 1.33 (Chart
1.10). Active channel structures were assigned as “6-mer” (three dimers) and “8-mer”

(four dimers) aggregates.'”
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To elucidate the reason for “low” CI selectivity and the effect of the ion
concentration gradient on channels formed from 1.38, computer simulations were
conducted on the 8-mer aggregate, and two findings were reported.'® (1) The increased
concentration (0.1 M versus 0.01 M) resulted in a shielding of the 8 positive charges of
Lys-18 present in the 8-mer channel by 4 ClI ions. This is likely the cause of the
decreased Cl  selectivity (Pci/Px 1.8 versus 4.3). (2) The positive charges are present in
the entrance to the pore, a wide part of the channel relative to the region near Glu-7. This
allows space for counterions to interfere with anion recognition and funneling into the
channel. Woolley’s prediction is that placing a significant amount of positive charge near
(or in place of) Glu-7, in the narrow region of the channel, will increase anion

selectivity.'®

Gokel. Unlike the approaches of the GlyR Group and Woolley, Gokel did not use natural
peptide sequences as the template, but hinged the design around a proline-containing
peptide sequence attached to a synthetic hydrophobic segment. Proline is known to be
critical in the ion selectivity sequences of anion channels.'®! Also, substitution of proline
into nicotinic acetylcholine receptors, normally cation selective channels, results in
conversion to anion selectivity.'**

Gokel et al. designed the peptide-containing molecule 1.39 (Chart 1.12), having a
proline flanked by three glycines on each side. The peptide sequence was attached to a
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hydrophobic segment intended to anchor the molecule in the membrane.””*® Gokel has
named the series of chloride channel forming compounds based on this structure

SCMTRs (synthetic chloride membrane transporters).”’
Chart 1.12

(o]
r Ao I 1.39: R = (CH,),,CH,

\ G-G-G-P-G-G-G-OCH,Ph 1.40: R = (CH,),CH,

R

SCMTR 1.39 did indeed transport CI” across liposome membranes, as determined
using a chloride-selective electrode to monitor efflux of C1” from liposomes.””*® Notably,
replacement of Pro with Leu in 1.39 resulted in a significant loss of activity, confirming
proline’s critical role in the anion transport ability of 1.39.°”*® Single channel currents
were observed in planar bilayer voltage clamp experiments, showing a single
conductance at 1300 pS.97 Measurement of E,., indicated a C1/K" selectivity of >10:1.
The channels were also voltage-dependent, showing long open state lifetimes at +10.5
mV, rapid openings and closings at 0 mV, and no activity at —3.5 mV.”” These results
were interpreted to indicate that 1.39 “forms a large, stable, anion-selective aqueous pore
in bilayer membranes.”’ The active structure proposed was a 1.39 dimer.

A second SCMTR derivative, 1.40, was synthesized to examine the effects of the
anchor’s aliphatic chain length on chloride transport efficiency.'”” The release of CI” from
liposomes was greater when mediated by 1.40 versus that mediated by 1.39. SCMTR
1.40 also showed a 15-fold increase in carboxyfluorescein release efficiency over that of
1.39, and a 17-fold increase in per-mole conductance from single channel
measurements.'®’ The shorter SCMTR 1.40, however, was subsequently shown to have

no selectivity for Cl" over K, indicating that 1.40 is not an anion channel.'®

Regen. As discussed in Section 1.6, Regen developed squalamine mimic 1.13 (Chart
1.6) in a successful effort to identify cation transporters.132 Sterol 1.41, a second

squalamine mimic, was predicted to behave similarly. Indeed, 1.41 showed ion transport
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activity in pH discharge experiments (essentially base pulse experiments) with
liposomes.'™ However, further investigation of the transport activity of 1.41 monitored
by **Na and 'Li NMR showed conclusively that no cations were transported by this

184
sterol.

1.41

Since 1.41 did not transport Na™ or Li" in NMR assays, but certainly induced a pH
change as shown by pH discharge experiments, only two mechanisms were possible:
H'/CI symport or OH/CI antiport.'® To distinguish between the two, pH discharge
experiments with 1.41 were conducted in the presence and absence of the protonophore
FCCP (see Section 1.5.6). A 4-fold increase in rate was observed in the presence of
FCCP, indicating that H' transport was “at least partially rate-limiting”, thus supporting
an H/CI" symport.'®

An ion channel mechanism of transport was confirmed by a comparison of transport
rates between PG and DPPC vesicles.'® Much like squalamine mimic 1.13, kinetics
experiments supported a 1.41 dimer as the active transporting structure.'® Interestingly,
sterol 1.41 is substantially more active in negatively charged membranes (PG) compared
to neutral membranes (PC).'**'® The ability of 1.41 to recognize negatively charged
membranes makes this compound a potential lead for novel antibacterial agents.

Sterol 1.41 most likely forms “proton-ionized channels that permit the passage of
only protons and anions.”'™ The differences between cation channel-former 1.13 and
anion channel-former 1.41 relate to differences in the selectivity filters between the K"
channel and the CIC chloride channel (Sections 1.2.2 and 1.2.3). Cation transport by 1.13
is facilitated by oxygens of the polyether chain, much like in the K" channel, wherein
carbonyl oxygens allow for K dehydration and transport (see Figure 1.3). Conversely,

1.41 bears a polyamine chain, which is likely protonated in the active structure, and
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transports Cl” via hydrogen bonding to N-H groups. This resembles the CIC selectivity
filter, wherein N-HeeCI" hydrogen bonds are critical for CI selectivity and transport (see
Figure 5).

A study by Cheng ef al. later demonstrated that sterol 1.41 mediated Cl  transport
across cystic fibrosis airway epithelial cells.'® This was confirmed through both
fluorescence assays with the Cl-selective dye SPQ (see Section 1.5.8) and patch clamp
recordings in the whole cell configuration.'® The patch clamp experiments provided
further support that 1.41 does indeed function via an ion channel mechanism. The peptide
C-K4-M2GlyR 1.34 (Chart 1.10) demonstrated similar chloride transport ability in cystic
fibrosis cells.'”® The results of this study suggest that 1.41 also has therapeutic potential

for cystic fibrosis treatment.'®!"?

Matile. The proton-selective channels formed from oligophenylene 1.14 (see Section 1.6)
also accelerated OH and/or CI” transport across the membrane.” Evidence for anion
transport came from base pulse assays in which the extravesicular Cl” was replaced with
Br or SO4>". In both cases, an increase in transport rate was observed, and the researchers
stated that “these changes demonstrate polyol-mediated anion transport.””

All other anion channels reported by Matile and colleagues comprised B-barrel
structures (described in Section 1.6). The first of these B-barrel-forming compounds was
oligo-p-phenylene 1.42 (Chart 1.13). Compound 1.42 had the oligo-p-phenylene
backbone of 1.16 (Figure 1.15), except with the extended R = OCH,C(O)Leu-Lys-Leu-
NH; peptide appended to the rod. Compound 1.42 formed (-barrels with large pore
diameters due to an increased number of monomers in the barrel (over that observed for
1.16). Kinetics experiments showed a sixth order dependence on 1.42 concentration,

106

suggesting a 1.42 hexameric barrel (1.16 barrels consisted of dimers).  CD data were

consistent with B-sheet formation between monomers and fluorescence depth quenching
experiments indicated that 1.42 barrels spanned the bilayer.'*

The 1.42 B-barrels demonstrated the ability to transport carboxyfluorescein across
EYPC bilayers (see Section 1.5.11). In the 1.42 barrel, the Lys sidechains are predicted

to point toward the channel’s pore, wherein the protonated e-amino groups interact with
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anions, with the Leu sidechains forming a lipophilic sheath on the outside of the barrel.
This hypothesis was supported by the assembly’s ability to transport anionic
carboxyfluorescein, and certainly represents a plausible structure, since ammonium
groups are not likely to protrude into the hydrophobic bilayer. To transport the dye, the
necessary pore diameter is estimated at 20 A.'° Planar bilayer voltage clamp recordings
in an NaCl buffer indicated the formation of channels with open state lifetimes on the
order of one second. Seemingly, only a single conducting species, the putative hexamer,

1S active.
Chart 1.13
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The ion selectivity of B-barrel channels can be modulated based on the peptide

\/

ZI T

sequence incorporated into the rigid rod barrel-forming monomers and by the buffer pH,
as demonstrated by compounds 1.43 and 1.44 (Chart 1.13)."® Compound 1.43, having
two anionic Asp residues in the appended peptides, formed ion channels with a cation
selectivity (Px/Pc; = 5.6) as was expected for B-barrels with negative charge lining the
pore.'™ Addition of Mg®" to the buffer resulted in a significant decrease in cation

selectivity due to chelation of Mg®" by the Asp carboxylates. Compound 1.44, with an
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Arg and a His residue on each peptide, also formed cation-selective channels (Px/Pc; =
2.1), but only at higher pH (pH 6.0)."*® At pH 4.0, the 1.44 B-barrel channels inverted
their selectivity, demonstrating an anion preference of P¢)/Px = 3.8, a phenomenon
attributed to protonation of the Arg and His sidechains (as shown in Chart 1.13)."*° All
ion selectivities were determined using planar bilayer voltage clamp measurements with a
transmembrane salt gradient. This study very elegantly exemplifies the fine balance
between ion selectivity in these synthetic channels. Small changes in the environment
(pH 6.0 versus 4.0) resulted in an inversion of ion selectivity for 1.44 (-barrels,
mimicking the extreme environmental sensitivity of natural systems.

By imparting the molecular dipole characteristic of push-pull rods (see Section 1.6)
to molecules capable of forming B-barrels, Matile formed “push-pull barrels”.'*”-!8
Octaphenylene 1.45 (Chart 1.14) formed tetrameric B-barrels in EYPC membranes,
based on kinetic measurements as a function of concentration. The B-barrels recognized
polarized membranes, as determined by assays with polarized liposomes, indicating that
the molecular dipoles aligned parallel to one another in the active structure.'®’ The
tetrameric 1.45 B-barrel demonstrated a CI/K" selectivity of 2.7 > Pcy/Px > 3.7, and an
overall selectivity of CI'>F > OAc > K in planar bilayer voltage clamp
measurements.'™ The ion selectivity was supported by base pulse assays on SUVs. As
with 1.42, the anion selectivity of B-barrels formed from 1.45 is attributed to protonated

Lys sidechains lining the channel’s pore.

Chart 1.14
weo~{ Y~ I AL L=

= 1.45: R' = SO,Me
Forp i, 1:46: R'= OMe
!
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Replacing the methyl sulfoxide group of 1.45 with an OMe group resulted in
annihilation of the voltage dependence.'™ In contrast to the push-pull p-barrels formed
from 1.45, B-barrels formed from the symmetrical 1.46 had no dipole, and were therefore
insensitive to transmembrane potential. However, 1.46 barrels retained a CI selectivity
(due to the Lys residues), as determined by base pulse assays.'™ Interestingly, channels
comprising 1.46 displayed a significantly longer open state lifetime (approximately 5
seconds) than those formed from 1.45.

This study yet again underscores the potentially tremendous effects of only slight
structural modifications, in this case, the presence and absence of voltage dependence for
1.45 and 1.46, respectively. The -barrel ion channels of Matile, as discussed in Section
1.6, have awesome potential. This self-assembly approach allows functional tunability
from the molecular level. The ability to alter cation/anion selectivity by simply changing
the pH (1.44) and to impart voltage dependence and/or membrane recognition properties
by changing only a few atoms (1.45 versus 1.46) makes this design an attractive model

for cell-specific drugs.

Davis. Throughout the synthetic cation and anion channel reviews, aspects of those
studies that relate to the chloride transporters discussed in Chapter 3 have been
highlighted and compared. The Davis laboratory, in which the studies described in
Chapter 3 were conducted, is one of the six research groups to succeed in developing
artificial anion channels. Calix[4]arene tetrabutylamide 3.1 and trimer 3.5 (Chart 1.1) are
efficient transporters of chloride.”>'*! A channel mechanism has been confirmed for the
assemblies of 3.1 in both planar bilayers and cells.'"*' Chapter 3 will discuss 3.1 and 3.5

in detail, and can be considered as the completion of this synthetic anion channel review.
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1.7.3. Summary of Synthetic Anion Channels.

Table 1.2 provides a summary of synthetic anion channels listed by principle
investigator (as this section was organized). The table lists the compound numbers,
whether the channel is monomeric (M) or self-assembled (SA), whether the channel
exhibited single or multiple conductance states (if reported), the voltage dependence (yes
or no, if reported), comments specific to the channel(s), and the references. “NR”
indicates that the property was not reported. The channels’ anion specificity (e.g. CI>Br")
is not indicated, since all but one of the channels described were tested for their ability to
transport Cl” and their selectivities within a series of anions were not reported. The

exception is B-barrel 1.45 (see comments in Table 1.2).

Table 1.2. Summary of Synthetic Anion Channels.

= N 1 [

o el S Q ) @ ?
55 | £ |3|82 | 8% 5 :
g g 2 - | 38 =2 g 2
= 0 g °c |18 8 ° 3 = &
= 3 S | § = > Q. o Q

A= &) O < o ~

GlyR | M2GlyR | SA | multiple | NR” | tetrameric and pentameric | 12
Group 1.33 1.33 aggregates
C-Ks- increased water solubility | 170
M2GlyR | SA NR NR | over 1.33, induced CI' and | 171
1.34 fluid secretion from cells
N-K4- increased CI currents over | 173
M2GlyR | SA | multiple | NR | 1.34, induced glutathione | 174
1.35 efflux from cells

M2 1.36 | SA | multiple | NR 1.36/1.37 mixtures form 13

- hetero-oligomeric channels
M6 1.37 | SA | multiple | NR that mimic CFTR 13
Woolley 1.38 SA | multiple | NR | channels are 1.38 dimers | 179
and 1.38 trimers
Gokel 97
1.39 SA | single | yes proposed active dimer 98
107
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Table 1.2 Cont’d.

Principle
Investigator
Compounds

M or SA
Conductance

state(s)

Voltage
dependence?

Comments
References

H'/CI” symport, first
synthetic CI" channel
reported, DPPC/PG", 184
1.41 SA NR NR recognizes negatively 185
charged vesicles, mediates | 16
CI transport across cystic
fibrosis cells
Matile 1.14 SA NR yes | accelerates OH and/or CI" | 79
transport, also in Table 1.1
[-barrel, proposed active
1.42 | SA | single | NR hexamer, transports 106
carboxyfluorescein,
conducts in NaCl buffer
B-barrel, cation selective at
144 | SA | single | NR | pH 6.0, anion selective at | 186
pH 4.0
push-pull barrel, forms
tetrameric barrels, anion | 187
1.45 SA | multiple | yes | specificity of CI>F>0Ac’, | 188
recognizes polarized
membranes
Davis voltage dependence but no
3.1 SA | multiple | yes dipole, water may be 141
involved in channel
structure
~10-fold more potent CI’
3.5 NR NR NR transporter than 3.1, 93
mechanism of transport
unknown

=
(¢’]

(0)]
[@]
=

a Monomeric (M) or self-assembled (SA) ion channel
b NR = not reported
¢ Support for channel mechanism from transport rates in DPPC and PG liposomes
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1.8 Summary of Synthetic Ion Channels

To appreciate the successes of synthetic ion channel development, the goals stated in
Section 1.4 must be reiterated. Synthetic channels are intended to (1) increase the
understanding of natural ion channels, (2) provide avenues to novel antimicrobials, and
(3) to provide treatments for ion channel diseases. Each of these goals has been achieved
to some extent, as was highlighted throughout this chapter. Synthetic cations channels are
numerous, and the factors that affect their formation, selectivity and gating have been
elucidated in many cases. The antimicrobial activity of several cation channel-forming
compounds has been shown. Synthetic anion channels, however, are at the early stages of
development. Despite the relatively few examples of anion channels, potential
applications in cystic fibrosis treatment have already been realized. The results described
in this thesis show progress in the development of synthetic molecules capable of cation

(Chapter 2) and anion transport (Chapter 3).
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Chapter 2. Calix|4]arene-Guanosine Conjugates

2.1 Introduction

The initial research goal of this thesis was to identify compounds that would form ion
channels in lipid membranes. Calix[4]arene-guanosine conjugates were designed and
prepared for this purpose. Indeed, conjugates c¢G 2.26 and c¢G 2.34 transported K over
Na" and Cs" in base pulse assays. Over the course of investigating these compounds, it
was discovered that calix[4]arene-guanosine conjugate cG 2.34 formed a water-mediated
dimeric assembly in organic solvents. The complex proved capable of extracting alkali
halide salts from water into organic solvents. The self-assembled ion pair receptor formed
from c¢G 2.34 is the major finding of research on calix[4]arene-guanosine conjugates
presented in this chapter. Also in this study, a compound capable of forming ion channels

in membranes, calix[4]arene tetrabutylamide 3.1, was identified and will be introduced

herein and discussed in detail in Chapter 3.
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Calix[4]arene-guanosine cG 2.34 forms a water-mediated assembly that functions as
an ion pair receptor, and thus water-mediated assembly (Section 2.2) and ditopic
receptors (Section 2.3) will first be reviewed. The rationale for the design of
calix[4]arene-guanosine conjugates will then be discussed (Section 2.4), followed by the
self-assembling and ion transport properties of calix[4]arene-guanosine conjugate cG
2.26 (Sections 2.5 and 2.6). Finally, the self-assembled ditopic receptor formed from the
more lipophilic conjugate ¢G 2.34 will be described (Section 2.7).

The rationale and results presented in Sections 2.4.3 and 2.4.4 have been published in
the Journal of the Chemical Society, Chemical Communications." Much of the results
described in Section 2.7 have been submitted to the Journal of the American Chemical
Society."” Part of the work presented was done in collaboration with Dr. Vladimir
Sidorov, along with smaller contributions from other researchers. The contributions of

Dr. Sidorov and others are credited in individual sections throughout the chapter.
2.2 Water-Mediated Assembly

2.2.1 Introduction

Calix[4]arene-guanosine conjugate 2.34 forms a water-mediated noncovalent ion pair
receptor, and represents the major finding of studies on calix[4]arene-guanosine
conjugates (Section 2.7). To put this work into the context of what has already been done
in this growing area of supramolecular chemistry, Sections 2.2.2 through 2.2.7 provide a

review of water-mediated assemblies.

2.2.2 Water in Biomolecular Assemblies

Water, the solvent of life, constitutes much of the environment of biomolecules. The

119 Not only does water

structure of proteins and nucleic acids is water dependent.
serve to solvate biomolecules, but this ubiquitous solvent participates in specific
interactions that modulate biomolecular structure and function.

194,195
I |

The hydration of proteins has profound effects on their structure and function. n

the analysis of 56 protein X-ray crystal structures, including enzymes, antibodies, and
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protein assemblies with various physiological functions, Tainer et al. found that “...deep
grooves in protein surfaces consistently had the width of one water molecule.”'”® From
this analysis, the researchers concluded that water molecules, bound at specific sites,
influence protein stability and activity. An example of water’s influence on a structural
transition is the oxygenation of hemoglobin. Approximately 60 water molecules bind to
hemoglobin during the transition from its deoxygenated to oxygenated state."”’ Water has
been shown to play a role in protein substrate recognition. Antigen-antibody association
features a network of interfacial water and the recognition of specific DNA sequences by
a restriction endonuclease is mediated by one or more water molecules.'”®'”” Also, the
activity of enzymes in organic solvents is due to retention of bound water by the
enzymes.””

Water is critical in the stabilization of nucleic acid structure.”*'*** Duplex DNA
retains a minor groove spine of hydration to alleviate the destabilizing effects of

203,204

phosphate-phosphate repulsion. A spine of hydration similarly stabilizes triplex and

quadruplex DNA.?*2% Hydration also affects how the major and minor grooves
coordinate cations.””’

In short, biomolecular assemblies are highly water-dependent. Nucleic acid structure
and stability and protein structure, stability, activity, and specificity all depend on

interactions with water.

2.2.3 Water in Supramolecular Assemblies: Hexameric Resorcinarene Assemblies
In contrast to water’s role in biomolecular assemblies, water in synthetic

supramolecular assemblies has been less appreciated, and until recently, unexplored. A

report by Atwood ef al. in 1997 spurred an interest in structural water among the

298 11 this communication, Atwood demonstrated that

molecular recognition community.
calix[4]resorcinarene 2.1 (Chart 2.1) formed a hexameric capsule in both solution and

the solid state (Figure 2.1).
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Chart 2.1.

R Resorcinarene
CH, 2.1
(CH,),,CH, 2.2

This capsule comprised six resorcinarenes and 8 water molecules. The (2.1)¢*(H,0)s
structure was held together by 60 hydrogen bonds between the resorcinarene phenolic
OH groups and water, with each resorcinarene making up one face and each water
positioned at a corner of a supramolecular cube.””® The internal volume of the cube was
approximately 1375 A°. The crystal structure of this assembly along with a simplified

representation are shown in Figure 2.1.

(B)

Figure 2.1. (A) X-ray crystal structure of Atwood’s hydrogen-bonded cube:
(2.1)6*(H20)35.2*® Colors represent oxygen (red), carbon (gray) and hydrogen (white). This
figure was reprinted with permission from Nature Publishing Group. Copyright 1997
Nature. (B) Simplified representation of (A). Each face of the cube is a molecule of 2.1

and at each corner is a water molecule (red sphere).

The solution state structure of resorcinarene 2.2 (Chart 2.1), a more lipophilic
derivative of 2.1, has since been studied by a number of researchers. Rebek and

coworkers were the first to report assemblies formed from 2.2. Resorcinarene 2.2 was
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insoluble in dry CDCls. In water-saturated CDCl3, however, 2.2 formed hexameric
capsules, similar to those formed by 2.1, by hydrogen bonding to water molecules and
encapsulating tetraalkylammonium, tetraalkylphosphonium, tetrabutylantimonium or

tetraphenylantimonium guests.”**'

For hexamers of 2.2 encapsulating BusSbBr,
(2.2)6°(H20)3(BusSbBr), other aromatic guests could be co-encapsulated, including
benzene, propylbenzene, naphthalene and biphenyl.*'’

Avram and Cohen have studied the assembly of resorcinarene 2.2 by pulsed field
gradient NMR (a technique described in Section 2.7.7). In contrast to Rebek’s report,
they showed that in CDCls, 2.2 assembled in the absence of a lipophilic cation guest,
much like Atwood’s resorcinarene 2.1.%''*'? The (2.2)¢*(H,0)s capsule instead contained
several chloroform molecules. A later report by Shivanyuk and Rebek confirmed that a
guest was not necessary for hexamer formation by 2.2.%"

Further investigation of the water- and guest-dependence of resorcinarene 2.2
capsules lead Avram and Cohen to another interesting finding. Unlike in the absence of
an ammonium guest, where water is a crucial element of the assembly, a hexameric
capsule formed with tetrahexylammonium (Hex;N") as the guest excludes water.
Water’s participation is not critical with the large Hex4,N" in the core of the capsule.

Resorcinarene 2.2 hexameric capsules have also been shown to complex ferrocenium
ions 2.3". Philip and Kaifer showed that not only was the hexameric capsule
(2.2)6*(H,0)s formed around 2.3" upon electrochemical oxidation of ferrocene, but
addition of 2.2 to ferrocene lowered its Fe'/Fe oxidation potential due to the
(2.2)6°(H20)g assembly’s ability to stabilize the cationic 2.3" 2" This represents one
potential application of resorcinarene water-mediated assemblies. The complex forms
from 2.2 molecules and water, but can subsequently bind ferrocenium, and in doing so
affect ferrocenium’s electrochemical properties. The dimeric water-mediated assemblies
formed from cG 2.34 (Section 2.7) behave in much the same way, i.e. first the dimers
form from 2.34 and water and can then bind ion pairs.
< 17

Fe
D

2.3*
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2.2.4 Water in Supramolecular Assemblies: Dimeric Assemblies
Following Atwood’s report of the (2.1)¢*(H2O)s hexamer, reports of similar
resorcinarenes forming water-mediated dimers began to appear. Murayama and Aoki

demonstrated that resorcinarene 2.3 (Chart 2.2) formed a dimer structure bridged by

water.?
Chart 2.2.
R X Resorcinarene
CH,CH, H 2.3
CH,CH,Ph H 24
CH,CH,CH,; OH 2.5
(CH,),,CH; OH 2.6

As represented in Figure 2.2, resorcinarene 2.3 hydrogen bonds to 8 water molecules
(one for each OH group in 2.3) and encapsulates EtyN" in a dimer cage in the solid state.
Shivanyuk et al. showed that both 2.3 and 2.4 formed nearly identical water-bridged
dimers in the solid state, but with Et;NH-H,O within the capsule.2 16

Figure 2.2. Representation of the (2.3),2(H,0)s dimer encapsulating Et;N".*"°
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Hydroxyresorcinarene derivatives 2.5 and 2.6 (Chart 2.2) formed dimeric water-
mediated encapsulation complexes with tropylium cations in methanol and 8:2
acetonitrile-water (polar protic media) and in the gas phase.”’” Also, a (2.5), water-
containing dimer was formed in the solid state by incorporating H,O and CH3CN solvent
molecules.

A rare example of a water-mediated dimeric assembly that did not involve a
resorcinarene derivative was reported by Habata et al. The researchers demonstrated that
pyridine-ethylene glycol 2.7 formed dimers, with one water molecule per molecule of
2.7, as shown in Figure 2.3.2'® The structure exists in the gas and solution phases and in

the solid state.

0, /\ /— \ /—\ O
o O-H O oH-d o
— = H H.. 7\
N-. — —
\_ /" \ /" O~~,ﬁ ’H/O HN_
4 Q O—H 4 Q O----H—0 0
2.7 (2.7)2(H,0),

Figure 2.3. Pyridine-ethylene glycol 2.7 (left) and the (2.7),*(H,O), dimer (right).218

2.2.5 Water in Unimolecular Receptors

There have been two reports of specific water interactions fixing a productive
conformation for unimolecular receptors. Arena et al. reported that a single water
molecule serves to “clip” the phenolate oxygens, thus fixing the conformation of receptor
2.8. The fixed conformation enhanced its selectivity for binding the aromatic ring of

trimethylanilinium over the -N(CH3);™ group (Figure 2.4).>"
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2.8¢H,0TMA 2.8+H,0TMA
observed not observed

Figure 2.4. Anilinium receptor 2.8*H,O with trimethylanilinium (TMA) bound by the
aromatic ring (left) and -N(CH3);" (right) groups. Only binding of the aromatic ring was

21
observed.?"”

Rebek also demonstrated that water fixes a productive conformation for unimolecular
receptor 29 1n dry CDCls, 2.9 was insoluble. In water saturated CDCl3, however, the
compound dissolved, with each molecule of 2.9 binding 4 H,O molecules at it’s upper
rim (Figure 2.5). Once formed, the 2.9+(H,0)4 receptor was capable of complexing

tetramethylphosphonium and triethylammonium cations in its cavity.

2.9 2.9¢(H,0),

Figure 2.5. Rebek’s resorcinarene 2.9 (left) and representations of receptor 2.9¢(H,0)4
viewed from the side (middle) and the top (right, R and R' removed).”*’ R = (CH,);oCH,
R'=H, CHjs, or Ph, and red circles represent H,O.
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2.2.6 Water-Stabilized Tubular Architectures

Tubular structures stabilized by ligand-water interactions represent elegant examples
of potentially functional architectures. The Martin group has demonstrated that 2.10
forms a hexameric ring in the solid state comprising alternating (+)-2.10 and (-)-2.10

enantiomers (Figure 2.6).”*'**

The (2.10)¢ hexamer is held together by hydrogen
bonding between the alcohol and carboxylate groups (Figure 2.6, middle). Hexameric
rings further stack through hydrogen bonding to water molecules to form a tubular
structure, shown at the right in Figure 2.6, with six water molecules per hexamer.
Compounds (£)-2.10 facilitated transport of Na" across a lipid bilayer as monitored by
»Na NMR.**' The [(2.10)s(H20)s],, tube was hypothesized to be the active transporter,

functioning as an ion channel.

HO,C

2.10

[(2.10)6*(H20)e]n
Figure 2.6. Structure of 2.10 (left), hydrogen-bonded hexamer (2.10)s (middle), and the
[(2.10)¢*(H,0)s], tube (right), with water molecules indicated.”*' The channel’s internal

hydrophobic surface is shown in green. This figure was reprinted with permission from

Organic Letters and the authors. Copyright 2000 American Chemical Society.
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Calix[4]hydroquinone 2.11 formed tubular assemblies with water in the solid state
(Figure 2.7).*” Unlike in [(2.10)¢*(H,0)¢], where H,0 hydrogen bonded between 2.10
molecules and remained at the periphery of the tube, the (2.11),°(H,0),, tube contained
water in the interior. The water-filled channel was proposed as a model for water and ion

channels in biological systems.

(2.11)+(H0)

Figure 2.7. Structure of 2.11 (left) and the (2.11),*(H,0),, tube from the X-ray crystal

structure (right).””

Oxygen and hydrogen atoms of water molecules are shown in red and
white, respectively, and molecules of 2.11 are shown in gold. This figure was reprinted
with permission from the Journal of the American Chemical Society and the authors.

Copyright 2001 American Chemical Society.

2.2.7 Summary of Water-Mediated Assembly and Relevance to this Thesis
Examples of water participating directly in supramolecular assemblies are still rare,
but the assemblies presented in this section illustrate the potential of this solvent in
stabilizing hydrogen-bonded architectures. Atwood’s (2.1)s*(H2O)s cube was proposed to
have applications in catalysis by functioning as a microreactor, in drug delivery and for

. 208
separations.

The (2.2)6*(H20)s cube lowered the redox potential of ferrocene by
stabilizing the ferrocenium cation, thus opening the door to electrochemical
applications.”'* Water stabilized tubes represent potential water and ion channel
structures.”?'?* The [(2.10)¢*(H,0)¢]. tube has already demonstrated Na'-transport

ability and has shown potential as a porous material for the sorption of N, and argon. The
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involvement of water in supramolecular systems is likely to become more well
recognized and yield new structures with interesting properties.

One key aspect of this thesis is the role of water in mediating functional
supramolecular assemblies. In Section 2.7, the water-mediated assembly of cG 2.34 leads
to a self-assembled ion pair receptor, having both a cation and an anion binding site
brought together via formation of the (cG 2.34)+(H,0),, dimer. Evidence for water’s
direct participation in the structure of ion channels formed from calix[4]arene
tetrabutylamide 3.1 will be discussed in Chapter 3.

Since the (cG 2.34)+(H,0), assembly functions as a ion pair (ditopic) receptor,
Section 2.3 is dedicated to reviewing ditopic receptors. In this way, the results of Section
2.7 can be viewed in the context of previously reported ditopic receptors, particularly

those that are formed through self-assembly.

2.3 Synthetic Ditopic Receptors.

2.3.1 Ditopic Receptors: The Basics

Ditopic recognition is the simultaneous complexation of two separate substrates or
two separate binding sites on a single substrate by a receptor. Receptors that can
accomplish this task contain two binding sites and are termed ditopic receptors. A ditopic
receptor may comprise a single molecule or several molecules held together through
noncovalent interactions (a self-assembled ditopic receptor). The two binding sites that
interact with the substrate(s) can be identical (a homo-ditopic receptor) or different (a
hetero-ditopic receptor). Schematic representations of a hetero-ditopic receptor binding
two separate substrates and to a single substrate are shown in Scheme 2.1 (A and B,

respectively).
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Scheme 2.1. Schematic representation of a ditopic receptor binding (A) two substrates

and (B) a single substrate through two interactions.

(B) | | \,{\Q>|{-\.|\;

The pioneering efforts of Schmidtchen toward the binding of zwitterionic species will
be described to illustrate ditopic recognition.”** Schmidtchen’s receptor 2.12 was capable
of binding y-aminobutyric acid (GABA) in protic solvents. As shown in Scheme 2.2, the
ammonium and carboxylate groups of GABA complexed to the aza-crown and
macrotricyclic quaternary ammonium moieties of 2.12, respectively. Receptor 2.12 is an
example of a hetero-ditopic receptor that binds a single substrate through two interactions
(Scheme 2.1B). The interactions combined make binding enthalpically favorable even in
9:1 methanol:water, demonstrating one advantage of ditopic recognition; favorable

binding energy can be achieved through multiple interactions with the substrate.

Scheme 2.2 Complexation of GABA by Schmidtchen’s receptor 2.12.**
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The next two sections will provide an overview of ditopic receptors. Section 2.3.2
will discuss covalent ditopic receptors, i.e. receptors comprising a single molecule. All
receptors in this section are hetero-ditopic receptors designed for zwitterion or ion pair
recognition. Section 2.3.3 will highlight self-assembled ditopic receptors, i.e. receptors
held together by noncovalent interactions. Both ion pair receptors and other ditopic
receptors will be described. Ultimately, this section is intended to provide an introduction
for the self-assembled ditopic receptor formed from calix[4]arene-guanosine cG 2.34

(Section 2.6).

2.3.2 Unimolecular Ditopic Receptors

The study of ion recognition began in 1967, with Pedersen’s discovery of the crown
ethers.”* Since then, a multitude of receptors for cations has been reported.”® Over the
last 20 years, anion binding has also received significant attention.””’ In contrast to the
recognition of single ions by monovalent receptors, ion pair recognition is still in its
infancy.”*®

The simultaneous recognition of ion pairs is a burgeoning area of ditopic
recognition.””® There are several practical applications of such salt binding systems. The
cotransport of ion pairs across lipophilic membranes by ditopic receptors can mimic
biological functions.”” Complexation of zwitterionic amino acids has shown promise in
enantioselective recognition and amino acid transport, demonstrating potential

applications to chiral separations and drug delivery.zzg’230

231,232

Ion pair binding has been
exploited for catalysis in organic solvents. Furthermore, simultaneous recognition of
cation-anion couples has potential in the extraction of toxic metal ions from aqueous into
organic media. With potential impact on the fields of medicine, separations and catalysis,
ion pair receptors will likely continue to gain the interest of researchers and new receptor
designs and applications will be discovered.

As discussed in Section 2.3.1, Schmidtchen was responsible for the pioneering efforts

224

in ditopic recognition (Scheme 2.2).””" Work by de Mendoza et al. provided receptor

229

2.13 for the enantioselective recognition of L-tryptophan.”” In 2.13, the aza-18-crown-6

moiety serves to bind the ammonium group of L-Trp while the guanidinium group

92



hydrogen bonds to the carboxylate. Sessler and Andrievsky took an approach similar to

that of Schmidtchen and de Mendoza in the development of amino acid transporters.*°

s
¢9)

2.13+(L-Trp)

An early example of a ditopic receptor for ion pairs was reported by Reetz er al.**
The researchers synthesized receptor 2.14 (Chart 2.3) comprising a crown ether
covalently linked to a boron catecholate. Receptor 2.14 complexed KF, binding K" with
the crown ether through ion-dipole interactions and F" to its Lewis-acidic boron center via
a coordinate bond. A similar receptor, but with Me;Al in place of the boron catecholate,

was selective for LiC1.2**

Chart 2.3
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Smith et al. developed receptors 2.15 and 2.16 (Chart 2.3). Receptor 2.15 bound KCI
and NaCl, with CI” binding being enhanced by cation complexation to the crown.”*> The
salt was bound to 2.15 as a solvent separated ion pair. By reducing the distance between

the anion and cation binding sites, receptor 2.16 bound KCI or NaCl as a contact ion
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8 In this case, K'-binding strongly enhanced the Cl-complexing ability of 2.16,

pair.
whereas Na" had little effect. This is in contrast to 2.15, where K™ and Na" had nearly
identical cooperative effects on anion binding. Figure 2.8 shows the X-ray crystal
structures for 2.15*NaCI*CHCI; and 2.16°NaCl (A and B, respectively). The structures
clearly show that CI is coordinated to the amide NH groups through hydrogen bonding
and Na' to the crown ether through ion-dipole interactions. Receptor 2.15 binds the salt
with one molecule of CHCI; between the ion pair (solvent-separated), while 2.16 binds

the salt as a contact ion pair.

(A) 2.15-NaCl-CHCl; (B) 2.16°NaCl

Figure 2.8. X-ray crystal structures of (A) 2.15+NaCl*CHCI; and (B) 2.16°NaCl.>**¢
These figures were reprinted with permission from the Journal of the American Chemical
Society and the authors. Copyright 2000 American Chemical Society, Copyright 2001

American Chemical Society.

Significant contributions to the area of ditopic recognition have been made by
Reinhoudt et al. With the combined knowledge that a UO,"-containing receptor
selectively bound H,PO,4™ and benzo-15-crown-5 forms a sandwich complex with K", the

researchers synthesized receptor 2.17, comprising both anion- and cation-binding
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functionalities.”’**° Indeed, receptor 2.17 (Chart 2.4) was selective for KH,PO,.
Replacing the two crown ethers with a single Cs-selective calix[4]arene-crown ether
provided the CsCl receptor and transporter 2.18 (Chart 2.4).>*°A small molecule receptor
reported by Nishizawa et al. demonstrated ion pair binding cooperativity.**! With Na*
bound to the 15-crown-5 moiety of receptor 2.19 , an increased affinity for NOs", Br’, and

I binding to the thiourea group was observed (Chart 2.4, shown with NaBr bound).

Chart 2.4

2.19°NaBr

Receptor 2.20, also reported by the Reinhoudt group, was shown to bind NaX (X =
CI, Br). As shown in Scheme 2.2, calixarene 2.20 adopted a pinched conformation due
to hydrogen bonding between the urea groups in CDCls, thus precluding anion binding.***
Upon addition of Na', cation binding to the lower rim esters causes a conformational
change that breaks the upper rim hydrogen bonds. An anion (CI" or Br) is then bound to

the urea groups. In the absence of Na’, no anion binding was observed.

95



Scheme 2.3 Reinhoudt’s NaX Receptor.**

The approach of Beer et al. towards ion pair recognition utilized a rhenium-bipyridyl
backbone. The bipyridyl moiety in receptor 2.21 extended two arms, each containing two
amides and a crown ether for anion and cation binding respectively.”*® Receptor 2.21
displayed a unique property: cation binding to 2.21 altered the anion selectivity. In the
absence of a cation, the receptor was selective for H,PO4 over CI'. After binding of K"
as a sandwich complex between the two crown ethers, the selectivity switched to favor

CI binding to the now more proximal amides.
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The examples presented in this section were selected to answer one question: What is
necessary to bind an ion pair? First, an ion pair receptor must contain both a cation and
anion binding site. For the receptors discussed, the two binding sites are connected
through covalent bonds (although this is not always the case, as will be described in
Section 2.3.3). The positioning of the binding sites is critical, and is one of the challenges
in ion pair receptor design. Smith stated: “The invention of heteroditopic hosts is a
challenging problem in molecular recognition because the binding sites have to be

incorporated into a suitably preorganized scaffold that holds them in close proximity, but
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not so close that the sites interact.”>*> Also, ion binding to one site must not prevent
binding at the other site. In some cases, binding at one site can enhance binding or change
the selectivity at the other site. For example, the precise positioning of the anion and
cation binding sites in receptors 2.15 and 2.16 resulted in binding of solvent-separated
and contact ion pairs, respectively.

Cation coordination is mainly accomplished through ion-dipole interactions. The
most widely used functionalities are crown ethers that complex cations through
coordination of the positively charged center by oxygen lone pairs. By using crown
ethers, researchers can modulate the cation selectivity (e.g. Li’ versus Na") by simply
changing the size of the crown incorporated. The only receptor described that does not
contain a crown ether is Reinhoudt’s receptor 2.20, which binds Na" through
coordination to carbonyl oxygens. Nevertheless, oxygen serves as a universal cation
ligand.

Anion binding sites demonstrate more functional variety. Lewis acid groups (B, Al)
were exploited by Reetz ef al. In those receptors, the anion coordinated to the Lewis
acidic centers through ion-dipole interactions. Hydrogen bond donor groups are more
commonly utilized in anion binding. Four different H-bond donors appeared in the
examples presented: (1) guanidinium-receptor 2.13, (2) amide-receptors 2.15, 2.16, 2.21,
(3) urea-receptor 2.20, and (4) thiourea-receptor 2.19. In all cases, the anion was bound to
the receptor through hydrogen bonding to the donors. Hydrogen bonding is directional,
and when the H-bond donors are properly positioned, this directionality can be an
advantage. This was the case with Smith’s receptor 2.16, which binds NaCl or KCl as a
contact ion pair. Lastly, direct ion-ion interactions serve to bind anions. Schmidtchen’s
receptor 2.12 contained a tetra-ammonium tricycle that bound the carboxylate of GABA
through ion-ion interactions.

This section was intended to provide an overview of ion pair receptors, and not
thoroughly review the topic. Excellent reviews on ditopic receptors have been written by
Reetz and Sessler et al.”***** In addition, the topic has been highlighted in reviews by

Antonisse and Reinhoudt and by Beer and Gale.?"*%*
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2.3.3 Self-Assembled Ditopic Receptors

Examples of self-assembled ditopic receptors are rare, and such receptors can indeed
be a challenge to develop. The interactions that bind cations and anions to a multisite
receptor (e.g. hydrogen bonding, Lewis acid-Lewis base interactions, ion dipole
interactions) are the same interactions that hold together self-assembled complexes. This
presents a problem, since interactions intended to hold the receptor together may instead
be directed toward the ionic guests, and vice versa. To overcome this, the assembled
receptor must be glued together by interactions that either will not be interfered with by
ionic guests or be highly specific toward the intended partner such that the interaction
will not be misdirected.

The molecular boxes of Gokel represent an early example of ditopic binding by an
assembled receptor.**® By bringing together two crown ether molecules, one bearing two
thymine (T) bases and the other two adenine (A) bases, molecular box 2.22 is formed
through Watson-Crick hydrogen bonding. The receptor can bind alkyl-bis-ammonium
salts by complexation of the terminal ammonium groups to the crown ethers in 2.22
(Chart 2.5). This is an example of a self-assembled homo-ditopic receptor, since the
binding sites are identical and complex the same ammonium moiety. Also, 2.22
demonstrates how hydrogen bonding interactions hold the assembly together (A-T pair)

and do not interact with the di-ammonium substrate (a strong H-bond donor).

Chart 2.5
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Schwabacher et al. reported ditopic receptor 2.23 which is assembled through
coordination bonds between amino acid carbonyl groups and Co(II) (Chart 2.5). The
receptor, once assembled, has a hydrophobic interior, and was shown to transport
aromatic hydrocarbons through a bulk aqueous membrane.**” Receptor 2.23 proved
capable of binding indole- and anthracene-containing carboxylates by simultaneous
coordination of the anionic oxygen to the metal center and insertion of the aromatic
moiety into the hydrophobic pocket.***

As for self-assembled ion pair receptors, only two such structures have been reported.
The Davis group’s efforts in the study of lipophilic guanosine quadruplexes demonstrated
such a receptor.”* As will be described in Section 2.4.2, guanosine 2.25 assembles into a
hexadecamer in the presence of mono- and divalent cations. The counter anion (typically
a phenolate) coordinates to amino NH groups that are brought in close proximity by the
nature of the cation-directed assembly (see Figure 2.10C). Thus, through self-assembly,
the lipophilic G-quadruplex forms both cation and anion binding sites, and binds cations
such as Na, K, Pb*", and Ba®", and lipophilic anions, such as picrate. The other example
of a self-assembled receptor for ion pairs was reported by Severin et al.*> Severin’s
approach utilized coordination bonds to form ruthenium metallomacrocycle 2.24 (Figure
2.9A), which selectively extracted LiCl from water into CH,Cl, with >1000:1 Li":Na"
selectivity. The 2.24sLiCl crystal structure (Figure 2.9B) shows that the Li" coordinates
to the three oxygen atoms in the macrocycle’s interior, and CI  is held in contact with the

cation and is also coordinated by three aryl-H---CI" hydrogen bonds.
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Figure 2.9. (A) Structure of receptor 2.24 and (B) crystal structure of 2.24-LiC1.*° This

figure was reprinted with permission from Proceedings of the National Academy of
Sciences, U. S. A. and the authors. Copyright 2002 National Academy of Sciences,
U.S. A

Self-assembled ditopic receptors have requirements similar to covalent receptors,
with the exception that the active receptor’s structure is held together by noncovalent
interactions. Two binding sites are still necessary, whether they be two crown ether rings
(2.22), a hydrophobic pocket coupled to a metal anion coordination site (2.23), a central
ring of oxygens and outwardly directed amino protons (G 2.25 quadruplex), or an
oxygen-rich core coincident with electron poor aromatic rings capable of providing Ar-
H---anion interactions (2.24). The self-assembled ion pair receptor formed through water-
mediated dimerization of calix[4]arene-guanosine cG 2.34 (Section 2.7) contains both
cation and anion binding sites. An intermolecular guanosine quartet at the dimer’s core
provides a central ring of oxygens (as in the G 2.25 quadruplex). Amide NH groups in
close proximity to the guanosine quartet coordinate anions. Much like the self-assembled
receptors discussed in this section, the binding sites within the (cG 2.34),(H,0),, complex

are brought together through noncovalent interactions.
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2.4 Calixarene-Guanosine Conjugates: Rationale

2.4.1 Introduction.

From the Davis group’s work with lipophilic guanosine quadruplexes came an
inspiration to develop artificial ion channels based on this supramolecular structure.”"
This section outlines how the calix[4]arene-guanosine conjugate design was developed,

starting with a description of lipophilic guanosine quadruplexes.

2.4.2 Lipophilic G-quadruplexes.

Guanosine has a unique property among the DNA bases as it can form a quartet
structure through hydrogen bonding and metal cation coordination.>* The G-quartet
forms because guanosine possesses two hydrogen bond donors (N1-H and N2-H) and two
hydrogen bond acceptors (06 and N7), with the angle between the donors and acceptors
being 90°, as shown in Figure 2.10A. The G-quartet has four center-pointed carbonyl
groups (06), which endow this assembly with its cation-binding ability.
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Figure 2.10. (A) The hydrogen-bonded, metal-templated G-quartet (R= ribose). (B)
Assembly of lipophilic guanosine quadruplexes from guanosine 2.25. (C) Crystal
structure (left) showing only guanine bases and schematic (right) showing the anion
binding site formed through self-assembly. Hydrogens that coordinate the picrate anion
upon self-assembly are shown in red in (A) and (C). K': green spheres, Cs': yellow

spheres, C: gray, N: blue, O: red.*"
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The lipophilic guanosine 2.25 forms a quadruplex structure in the presence of
monovalent or divalent cation salts in organic solvents and in the solid state.***->'*>32>*
As shown in Figure 2.10B, the K'/Cs" structure comprises four stacked G-quartets (in 7-
stacking distance) with cations residing in between the quartet layers, coordinating to the
guanosine carbonyl oxygens.””' The counter anions coordinate to the central quartets

through hydrogen bonding to N2-amino protons, thus holding the two “octamers”

together (Figure 2.10C).

2.4.3 Nucleoside Numbering Conventions.

The accepted numbering conventions of the guanosine and adenosine nucleosides will
be used often in Sections 2.5-2.7. Figure 2.11 shows these conventions. In the formation
of the G-quartet, guanosine’s N1-H and N2-H hydrogen bond to the O6 and N7 of the
adjacent base (see Figure 2.10A). The ribose ring is numbered independently by placing
a prime (') after the number. For example, the calix[4]arene-guanosine conjugates
described in this chapter were synthesized by converting the 5'-OH to a 5'-NHo, and then
linking the nucleoside to the calix[4]arene through the 5'-NH,.

o NH,
7 5 1 7
N 6 NH N 1
6N
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32 :2I 33 ':2'
HO OH HO OH
Guanosine Adenosine

Figure 2.11. Numbering conventions for guanosine and adenosine.

2.4.4 Rationale for the Design of Calix[4]arene-Guanosine Conjugates.

The impetus for synthesizing the first calix[4]arene-guanosine conjugate cG 2.26 was
to find a molecule capable of forming self-assembled ion channels. From work in the
Davis group on lipophilic G-quadruplexes, much experience in studying assemblies
based on the cation-templated G-quartet had been gained. The lipophilic G-quadruplexes,
like the K'/Cs™ quadruplex shown in Figure 2.10, have a cation “channel” through the
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core, and seemed at first glance to be prime candidates for artificial ion channel
structures. In fact, the Davis group’s first report describing such a G-quadruplex was
entitled “Toward Artificial Ion Channels: A Lipophilic G-Quadruplex”.*>' The
quadruplex, however, comprises 24 components; sixteen guanosines, four cations, and
four anions. An ion channel should be active in a lipid membrane. As such, 24
components would need to come together within the membrane resulting in a tremendous
entropic penalty. Indeed, ion transport experiments provided evidence that G 2.25 was
inactive in liposomal membranes.

Keeping the G-quartet as a central motif, the goal was to append guanosine to a
scaffold from which it could form quartet structures by hydrogen bonding with
neighboring monomers. By placing two guanosines on one side of the scaffold and two
on the other, the G-bases would be well positioned to form intermolecular quartets. The
chosen scaffold was the calix[4]arene 1,3-alternate, and calix[4]arene-guanosine

conjugate ¢G 2.26 became the target for initial study.”>*°
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As shown in Scheme 2.4, addition of a cation to ¢G 2.26 was expected to induce the
formation of cation-templated intermolecular G-quartets between molecules of 2.26,
resulting in an infinite one dimensional nanotube. The self-assembled cG 2.26 nanotube
might assemble in membranes to provide active ion channels. This design had two
advantages: (1) Appending guanosine to a scaffold would preorganize the bases for
intermolecular hydrogen bonding and thus alleviate some of the entropic cost of
association in the membrane. Once assembled, only 2-4 molecules of 2.26 are expected
to span a lipid bilayer (compared to 16 in the quadruplex). (2) The 1D-assembly could,
in theory, adjust to any bilayer thickness due to the reversible nature of the 1D self-

assembly.

Scheme 2.4. Representation of nanotube formation by ¢G 2.26 upon cation-templated
self-assembly. Gray spheres represent Na" cations. Blue and red are used to distinguish

between individual ¢G 2.26 molecules.

(cG 2.26),*(Na")_

2.5 Calix[4]arene-Guanosine cG 2.26 forms 1D Supramolecular Polymers.

2.5.1 Introduction

This section describes the synthesis and self-assembling properties of calix[4 ]arene-
guanosine conjugate cG 2.26. The results presented strongly suggest that the cG 2.26
design was effective. Conjugate cG 2.26 indeed formed cation-templated nanotubular
architectures, as depicted in Scheme 2.4. The work described herein was done as a
collaboration with Dr. Vladimir Sidorov. My contribution to this work was the synthesis
of 5'-amino-5'-deoxy-2',3'-isopropylideneguanosine 2.27, the key intermediate that was

linked to the calix[4]arene core to give cG 2.26. All other synthesis and experiments were
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directed by Dr. Sidorov. This section on the first generation calix[4]arene-guanosine
conjugate cG 2.26 has been included for completeness, as the results presented here
directly relate to the self-assembled ditopic receptor formed from c¢G 2.34 discussed

subsequently in Section 2.7.

2.5.2 Synthesis of Calix[4]arene-Guanosine Conjugate ¢G 2.26 and Control
Compounds.

Compound cG 2.26 was synthesized as shown in Scheme 2.5. Calix[4]arene tetraester
2.28 was prepared according to the procedure of Iwamoto and Shinkai.”’ The key
intermediate 5'-amino-5'-deoxy-2',3'-isopropylideneguanosine 2.27 was prepared

following the procedure of Robins et al.”®

Hydrolysis of tetraester 2.28 gave tetraacid
2.29. EDCI-promoted coupling of 2.29 with guanosine 2.27 afforded calix[4]arene-
guanosine conjugate cG 2.26 in 55 % yield (Scheme 2.5). Conjugate cG 2.26 was
characterized by "H NMR and fast atom bombardment mass spectrometry (FAB-MS),

and the data are shown in Figure 2.12.

Scheme 2.5. Synthesis of calix[4]arene-guanosine cG 2.26.
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Figure 2.12. "H NMR at 400 MHz in DMSO-ds (A) and FAB-MS spectra (B) of ¢G 2.26.
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Calix[4]arene 2.30 (Scheme 2.6) was also synthesized as a control compound.
Calix[4]arene tetramethylamide 2.30 was prepared by treatment of tetraacid 2.29 with
SOCI; to give tetraacid chloride 2.31. Subsequent coupling of 2.31 with CH3;NH,;
afforded calix[4]arene tetramethylamide 2.30 in 60 % yield (Scheme 2.6).

Scheme 2.6. Synthesis of calix[4]arene tetramethylamide 2.30.

sOCl, A\ CH,NH,
—_—
Benzene (0} CH,CI,
4 /L 94 % 4 60 %
O O
OH HO (6] Cl Cl (6]
2.29 2.31

2.5.3 Evidence for Supramolecular Polymer Formation from Calix[4]arene-
Guanosine cG 2.26.

Conjugate ¢G 2.26 was insoluble in most solvents, but did dissolve in 1:1
CH;CN:H;O. To test the ability of cG 2.26 to undergo cation-templated self-association,
NaBPhy was chosen as the salt since NaBPhy is highly soluble in 1:1 CH3CN:H,O and
BPh, is a non-coordinating anion, and should thus not interfere by interaction with the
ligand or by ion pairing with Na".

Addition of NaBPhy to a solution of ¢G 2.26 in 1:1 CH3CN:H,O resulted in
instantaneous and quantitative formation of a (cG 2.26*Na"),*(BPhy), polymer. The 'H
NMR spectrum of this material in DMSO-d¢ confirmed that it was a mixture of ¢G 2.26
and the BPhy4™ anion. Further evidence for formation of this polymer is described below.

Transmission electron microscope (TEM) images show the precipitate formed upon
addition of NaBPhyto ¢G 2.26 to consist of micrometer-long strands, visible as either
single tubes or as bundles of tubes ranging from approximately 3 nm to 50 nm in
thickness (Figure 2.13). The strands are relatively straight, without much bending. The

thickness of the individual tubes was near the microscope's limit of resolution, namely ca.
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3 nm. Since our recent X-ray structure of a lipophilic G-quadruplex had a 2.65 nm
diameter, the individual rods formed from Na" templated aggregation of ¢G 2.26 have

dimensions expected for a G-quartet.”’

These electron micrographs of insoluble
aggregates, showing such defined structure, are entirely consistent with nanotube

formation by ¢G 2.26 upon Na" coordination.

Figure 2.13. Representative TEM images of the precipitate formed from c¢G 2.26 and
NaBPhy in 1:1 CH3CN:H,O solution. Objects have thicknesses between ca. 3 nm (many
objects in A) and ca. 50 nm (most objects in B) and lengths of 80 nm through 1.5 um.
The unit scale is 100 nm in (A) and 200 nm in (B). TEM images were taken by Mahnaz

El-Kouedi at Georgetown University.

The stoichiometry of the insoluble aggregates formed between c¢G 2.26 and NaBPhy
was quantitatively determined using isothermal titration calorimetry (ITC). Titration of a
solution of ¢G 2.26 in 1:1 CH3CN-H,0 with NaBPh, resulted in significant generation of
heat until a 1:1 ratio of ¢G 2.26 to NaBPh, had been reached (Figure 2.14 A and B). The
total enthalpy of Na' binding by ¢G 2.26 was -9 kcal/mol, and this exothermic reaction
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coincided with precipitation of (cG 2.26°Na"),*(BPhy), aggregates from solution. The
absence of other inflection points in the ITC experiment, besides that for the prominent
1:1 ¢G 2.26-NaBPh, stoichiometry, suggests that nanotube formation by c¢G 2.26 does
not pass through shorter, intermediate structures. That is, Na'-templated formation of
(cG 2.26°Na"),*(BPhy), is highly cooperative. Control ITC experiments showed that
2',3'-isopropylidene guanosine G 2.33, a compound lacking the calixarene framework,

does not bind to NaBPh, in 1:1 CH3CN-H20 (Figure 2.14 C and D). The heat evolved
upon addition of NaBPhy to 1:1 CH3CN-H,O is the same both in the presence and

absence of G 2.33 in the solution. These control experiments clearly illustrate the

entropic advantage of attaching the guanosine nucleobase to the 1,3-alt-calixarene

scaffold.
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Figure 2.14. Isothermal Titration Calorimetry: (A) Titration of NaBPhy into 1:1 CH3CN-
H,O solution containing cG 2.26. (B) Integration curve of raw data from titration (A).
The inflection point (indicated by the dashed red line) corresponds to a 1:1 NaBPh4:cG
2.26 ratio. Total enthalpy of interaction is -9 kcal/mole. (C) Titration of NaBPhy into 1:1
CH3CN-H,O0 solution. (D) Titration of NaBPh, into 1:1 CH3CN-H,O solution containing
G 2.33. Data were collected by Dr. Vladimir Sidorov in the laboratory of Prof. Robert

Flowers at the University of Toledo.
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The guanosine nucleobases are indeed instrumental for the cation-templated self-
association of ¢G 2.26. Thus, addition of NaBPhy to calix[4]arene tetramethylamide 2.30
resulted in no change in the '"H NMR spectrum of 2.30 in 1:1 CDsCN-D,O (Figure 2.15).
Also, 2.30 remained in solution upon addition of NaBPhy, unlike in the case of cG 2.26
where precipitation of (cG 2.26-Na"),(BPhy), aggregates was observed.

HDO

CHD,CN

(A) ) L e

®) U e

7.0 6.0 5.0 4.0 3.0
Figure 2.15. "H NMR spectra of (A) 2.30 and (B) a 1:1 mixture of 2.30-NaBPhy in 1:1
CD3CN-D;0. The BPhy signals in (B) are indicated with dots (*).

2.5.4 Reversibility of ¢G 2.26 Polymerization.

The Na"-mediated polymerization of ¢G 2.26 was reversible. Increasing the
temperature above approximately 40 °C resulted in redissolving of the precipitate. Upon
cooling back to 25 °C, (cG 2.26°Na"),*(BPhy), again precipitated out of solution. In
addition to temperature, pH also had a dramatic effect on the solubility, and presumably
the aggregation state, of ¢cG 2.26. The insoluble (cG 2.26*Na"),*(BPhy), dissolved upon
decreasing the pH from 7 to 2. Protonation of guanosine’s N2 or N7 (see Figure 2.10A)
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should disrupt the hydrogen bonded structure, providing further evidence for a G-quartet.
Bringing the pH up to 9 by addition of triethylamine caused reprecipitation of

(cG 2.26°Na"),*(BPhy),. The thermal lability and acid sensitivity of hydrogen-bonded
nanotubes formed from c¢G 2.26 are consistent with the reversible nature of self-

assembly.

2.5.5 Summary and Potential Applications of ¢G 2.26 Assemblies.

This section presented strong evidence for Na'-templated nanotube formation from
cG 2.26. Three features of this design are worth emphasizing: (1) long-range structure
can be controlled by cation templation, which triggers formation of an extensive
hydrogen-bonded assembly; (2) aggregation is enabled by covalent attachment of
guanosine units to a calixarene 1,3-alf scaffold, and (3) self-association of ¢G 2.26 occurs
in highly polar solvents. The reversible formation of these structures in aqueous solution
at temperatures near 40 °C makes cG 2.26 and its analogs interesting as materials for
biomedical applications. The pH-mediated assembly-disassembly of
(cG 2.26°Na"),*(BPhy’), can also be exploited to similar ends. For example, this system
is attractive for drug delivery systems that rely on pH-dependent release.

Although supramolecular polymerization in biological systems has been understood
for decades, synthetic supramolecular polymers have only recently attracted chemists and
polymer scientists alike.””*® Excellent reviews by Meijer et al., ten Cate and Sijbesma,
and Moore highlight the future prospects of this burgeoning field.****** The
(cG 2.26°Na"),*(BPhy), system described in this section has already been cited for its
potential to form artificial ion channels in membranes.”®' Ton channel formation was the
intended application for this system, as discussed in Sections 2.1 and 2.4.4, and the ion

transport properties of cG 2.26 are described in Section 2.6.
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2.6 Calix[4]arene-Guanosine Conjugate ¢G 2.26 Transports K over Na" and Cs"

Across a Lipid Membrane.

2.6.1 Introduction: Restating the Hypothesis.

Conjugate c¢G 2.26 was synthesized with the goal of developing a self-assembled ion
channel. The Na'-templated formation of nanotubes from cG 2.26 was a positive step
towards this goal, since a cation-filled tube was envisioned as a potential channel
structure, and prompted the investigation of the ion transport properties of cG 2.26. A
pictorial demonstration of the hypothesized (cG 2.26), channel transporting ions across a

membrane is shown in Figure 2.16.

Figure 2.16. Schematic representation of an ion channel formed from c¢G 2.26 within a
lipid membrane. Molecules of ¢G 2.26 are depicted in red and metal cations are shown as

green spheres.

2.6.2 Ion Transport Experiments with cG 2.26.

The ion transport properties of ¢G 2.26 were investigated using the base pulse assay
described in Section 1.5.5. Large unilamellar vesicles (LUVs) composed of egg yolk
phosphatidylcholine (EYPC) were used. In all cases, the vesicles contained a 10 mM
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phosphate buffer at pH 6.4, 100 mM NaCl, and 10 uM of the pH-sensitive dye pyranine.
The extravesicular solutions contained 10 mM phosphate buffer at pH 6.4 (initially) and
100 mM MCI (M =Na', K", or Cs"). The fluorescence traces for base pulse experiments
with three different MCl-containing extravesicular buffers upon application of ¢G 2.26
(final concentration of 2.5 uM, 1:200 ligand: lipid ratio) are shown in Figure 2.17A.

After addition of NaOH solution to the extravesicular buffer, thus creating a
transmembrane pH gradient of approximately unity (base pulse), the growth of
electrostatic potential caused by proton efflux from the liposomes can be compensated by
either the influx of cations or efflux of anions mediated by the exogenous ligand (cG
2.26, in this case). For the case of cation transport, proton efflux is compensated by influx
of M" from the extravesicular solution, until the vesicles are lysed with detergent (Triton-
X100). Lysis releases all contents and thus introduces the formerly entrapped pyranine
dye to the extravesicular pH. The fluorescence after the Triton pulse is taken to be
equivalent to 100 % of transport.

As shown in Figure 2.17A, the initial rate of transport in the presence of cG 2.26
with the three MC1 buffers follows the order K™>Cs™>Na". This result strongly suggests
transport of cations by cG 2.26. If cG 2.26 was an anion transporter, changing the
extravesicular solution from NaCl- to KCI- to CsCl-containing buffer, keeping the anion
constant (CI'), should result in no change in transport rate upon changing the identity of
the cation. Also, a selectivity for K" over Na” and Cs” was observed. Since G-quartets are
known to preferentially bind K, this result might be expected if the active transport
structure contains one or more G-quartets.’®> The (cG 2.26*Na"),*(BPhy), nanotubes
visualized by TEM (Section 2.5.3) had diameters consistent with a G-quartet, providing
evidence for the presence of this motif. It is predicted that the active M'-transporter has a
similar tubular structure, with G-quartets coordinating and transporting K. In the
absence of c¢G 2.26, i.e. injection of DMSO only, no transport was observed (black trace,

Figure 2.17A). Blanks in all three buffers gave overlaying traces.
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Figure 2.17. Liposome transport assays with (A) c¢G 2.26 and (B) calix[4]arene-
tetrabutylamide 3.1. In all experiments, suspensions of EYPC LUVs containing the pH-
sensitive dye pyranine in a phosphate buffer were used. The intravesicular solution
contained 10 mM sodium phosphate, pH 6.4, 100 mM NaCl and the extravesicular
solution contained 10 mM sodium phosphate, pH 6.4, 100 mM MCI (M = Na’, K', Cs").
Time events: 0 sec: 20 pl of (A) 0.25 mM solution of ¢G 2.26 in DMSO added (red, blue
and green curves, 1:200 ligand:lipid ratio) or 20 pl of DMSO added (black curve,
blanks), (B) 0.5 mM solution of 3.1 in THF added (red, blue and green curves, 100:1
ligand:lipid ratio) or 20 ul of THF added (black curve, blanks), 60 sec: (A,B) 21 ul of 0.5
M NaOH added (Base Pulse), 500 sec: (A,B) 40 pl of 50 % aqueous Triton X-100 added
(Triton Pulse). Extravesicular buffers contained 100 mM NacCl (=), KCI (=), or
CsCl (m==).
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Calix[4]arene-tetrabutylamide 3.1 was intended as a control compound for ¢G 2.26,
as it possessed the 1,3-alternate calixarene frame, but lacked the guanosine bases thought
to be necessary for nanotube formation and cation transport. The expectation was that
calix[4]arene-tetrabutylamide 3.1 would show no activity in ion transport assays. As
shown in Figure 2.17B, this was not the case. In the presence of 3.1, nearly identical ion
transport rates were observed with all three extravesicular buffers (NaCl, KCl, and CsCl).
Chloride was present in all three buffers, suggesting that 3.1 functioned as an anion
transporter. Indeed, 3.1 forms chloride-selective ion channels in lipid membranes.
Chapter 3 will discuss the anion transport properties of 3.1 and similar secondary amide

compounds.

The data in Figure 2.17A suggest that ¢G 2.26 does indeed function as a cation
transporter, with a selectivity for K" over Na” and Cs'. The mechanism of transport and
the active structure are still unknown. The prediction that the guanosine bases are critical
for cation transport holds some validity, as removal of the guanosines results in anion
transporter 3.1. Further evidence for guanosine’s participation in K transport and
selectivity by calix[4]arene-guanosine conjugates came from transport assays with the

more lipophilic c¢G 2.34, described in Section 2.7.14.
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2.6.3. Summary and New Directions

Calix[4]arene-guanosine cG 2.26 transports K selectively over Na" and Cs" across
EYPC liposomal membranes. In the course of investigating calix[4]arene-guanosine cG
2.26, a self-assembled chloride-selective ion channel formed from calix[4]arene-
tetrabutylamide 3.1 was discovered, and will be described in Chapter 3. For the dual
purpose of investigating the mechanism of ¢G 2.26 Na'-templated polymerization and
developing more lipid soluble derivatives, the more lipophilic calix[4]arene-guanosine
cG 2.34 was synthesized. As the properties of ¢cG 2.34 were elucidated, attention was
focused on ion binding, in addition to ion transport, as ¢G 2.34 demonstrated the ability
to form a noncovalent ion pair receptor. This ion pair receptor will be the main focus of

Section 2.7.

2.7 Water Mediated Assembly Provides a Noncovalent Ion Pair Receptor.

2.7.1 Introduction.

In this section, the formation and properties of a water-stabilized dimer comprising
calix[4]arene-guanosine conjugate cG 2.34 are described. As with cG 2.26, the 1,3-alt
conformation of ¢G 2.34 orients orthogonal pairs of nucleobases to facilitate formation of
intermolecular hydrogen-bonded G-quartets. The more lipophilic cG 2.34, however, is
soluble in organic solvents, and enables further investigation of calixarene-guanosine
assemblies over those conducted with ¢G 2.26. Like its predecessor ¢G 2.26, cG 2.34
forms noncovalent polymers with NaBPh,. But with water alone, cG 2.34 forms a
discrete dimer structure in organic solvents. The resulting (cG 2.34),¢(H,0), dimer,
formed in wet CDCls, has a unique property: it extracts alkali halide salts from water into
organic solution. As depicted in Figure 2.18, the dimer is held together by an
intermolecular G-quartet, formed from two guanosines of one molecule and two
guanosines of another. The “internal” (i) and “external” (e) guanosine bases are labeled in

Figure 2.18, and this notation will be used throughout this section.
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Figure 2.18. Representation of the dimeric complex (cG 2.34),-MX.(H,0), indicating the
anion and self-assembled cation binding site. Abbreviations are: R = ribose, Bu = butyl,

TBS = tert-butyldimethylsilyl, i = “internal” guanosines, ¢ = “external” guanosines.

In (cG 2.34),-(H,0),, the G-quartet, formed through self-assembly, serves as the
cation binding site. The 2° amides, through which the guanosine bases are linked to the
calix[4]arene core, serve as the anion binding site. As with most ditopic receptors
discussed in Section 2.3, (cG 2.34),-(H,0), coordinates cations via ion-dipole
interactions with oxygen ligands (four O6 atoms of the G-quartet) and anions through
amide NH hydrogen bonds. The ion pair, once bound, stabilizes the (cG 2.34), dimer.
This complex provides a rare example of a self-assembled ditopic receptor, especially for
such hydrophilic salts as NaCl.

The three compounds discussed in this section are shown in Chart 2.6. Two control
compounds, cA 2.35 and G 2.36, were used to probe the roles of the guanine base and the
calix[4]arene core, respectively, in cG 2.34 self-assembly and salt binding. Calix[4]arene-

adenosine cA 2.35 is identical to c¢G 2.34, except with adenine replacing guanine as the
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nucleobase. Adenine does not have the same hydrogen bonding properties as guanine and
typically adenine does not self-associate. An adenosine tetrad has been reported, but the
Ay structure was observed only when n-stacked on a telomeric G-quadruplex.”** Most
importantly, cation-templated quartet structures of adenine have not been reported,
making cA 2.35 an ideal control for proving guanine to be a critical element of cG 2.34.
G 2.36 is a “monomeric” analog of ¢G 2.34, as it is essentially one quarter of ¢G 2.34’s
structure. Monomer G 2.36 was used to confirm the calixarene core’s role in cG 2.34
association, since it contains both the guanine base and the 2° amides needed for cation

and anion binding, but lacks the cyclic core that preorganizes the guanosines in ¢G 2.34.

Chart 2.6
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2.7.2 Synthesis of ¢G 2.34, cA 2.35, and G 2.36.
Calixarene-guanosine conjugate cG 2.34 was synthesized by coupling of calixarene
acid chloride 2.41 with 5'-aminoguanosine 2.47. Calix[4]arene-1,3-alt-tetraacid chloride

2.41 was prepared from calix[4]arene as shown in Scheme 2.7.
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Scheme 2.7. Synthesis of calix[4]arene-1,3-alt-tetraacid chloride 2.41.
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Calix[4]arene was chloromethylated at the upper rim,** followed by nucleophilic

substitution with NaOBu in BuOH to give 2.38. Subsequent alkylation of the lower rim
with ethyl bromoacetate afforded calixarene-1,3-a/f 2.39. Alkylation of the lower rim is a
critical step, as it locks the conformation of the calixarene core.”’ Typically, a mixture of
calixarene conformers is obtained, but the base used, e.g. Na,CO; versus Cs,COs, can
favor the formation of one conformer over others. Thus, by choosing the correct base for
the alkylation, one can preferentially form one conformer, and then separate it from the
mixture by either crystallization or column chromatography. Cesium carbonate (Cs,CO3)
has been used for formation of the desired 1,3-alternate conformation, and was used in

257
9.

the synthesis of 2.3 Base hydrolysis to give 2.40 followed by reaction with SOCl, in

benzene afforded calix[4]arene-1,3-alternate-tetraacid chloride 2.41.
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Scheme 2.8. Synthesis of 5'-aminoguanosine 2.47.
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5'-Amino-5'-deoxy-2',3'-O-di-tert-butyldimethylsilylguanosine 2.47 was prepared
from D-guanosine as shown in Scheme 2.8. Trisilylation of the ribose was accomplished
following the procedure of Li and Miller to give 2.42.%°° The 5'-silyl group was
selectively removed with ZnBr; in aqueous nitromethane, as described by Seela, to give
2.43.%%" Protection of the N2 with an amidine group followed by Mitsunobu coupling of
phthalimide to the 5'-carbon afforded guanosine 2.45. Removal of the N2-amidine with
ZnCl; in EtOH to give 2.46 and subsequent hydrazinolysis gave 5'-amino-5'-deoxy-2',3'-
O-di-tert-butyldimethylsilylguanosine 2.47.

Importantly, protection of the N2 to give 2.44 is necessary, as failure to do so results

in iminophosphorane formation at that position under Mitsunobu conditions.**® Thus,
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reaction of guanosine 2.43 under Mitsunobu conditions resulted in formation of
iminophosphorane 2.48 as shown in Scheme 2.9. A parallel result was observed by Li

and Miller.%

Scheme 2.9. Iminophosphorane formation at N2 of guanosine 2.43 under Mitsunobu

conditions.
Y CE:E "
Ho_\d @Eé /)\N=PP"3
— Ph, P DEAD
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2.43 2.48

In working out the synthesis of guanosine 2.47, another interesting result concerning
the Mitsunobu coupling was observed. As shown in Scheme 2.8, the coupling of
phthalimide to 2.44 to give 2.45 proceeded smoothly. In contrast, with compound 2.49
(Scheme 2.10), in which the 2'-OH and 3'-OH are protected by an isopropylidene group,
cyclonucleoside 2.50 was formed. This is the result of intramolecular nucleophilic attack
on the 5'-OPPh;" by N3 in the Mitsunobu intermediate (Scheme 2.10). Having two TBS
groups on the 2'-OH and 3'-OH in 2.44 prevents this intramolecular attack, presumably
by altering the sugar pucker in such a way that the 5' carbon is too far from N3 for
cyclization to occur. Similarly, Li and Miller observed cyclization of unprotected

. . . 266
guanosine under Mitsunobu conditions.

In that report, cyclonucleoside formation was
circumvented by protecting the guanine O6 with a benzyl group. As shown here,
protecting the 2'-OH and 3'-OH with TBS is an alternate approach to preventing

cyclonucleoside formation under Mitsunobu conditions.
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Scheme 2.10. Cyclization of 2.49 under Mitsunobu Conditions.
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Conjugate cG 2.34 was obtained in 49% isolated yield by coupling of calix[4]arene
acid chloride 2.41 with guanosine 2.47 as shown in Scheme 2.11. The '"H NMR, "°C
NMR and ESI-MS spectra of ¢G 2.34 are shown in Figure 2.19.

Scheme 2.11. Final coupling to give calix[4]arene-guanosine cG 2.34.
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Figure 2.19 (A,B). "H NMR (A) and ?C NMR (B) spectra of ¢cG 2.34 in DMSO-ds.
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Figure 2.19 (C). ESI-MS spectrum of ¢G 2.34.

5'-Amino-5'-deoxy-2',3'-O-di-tert-butyldimethylsilyladenosine 2.56 was prepared
from D-adenosine as shown in Scheme 2.12 following the same synthetic sequence as
described for guanosine 2.47. As in the case of guanosine, the adenine N6 must be

protected to prevent iminophosphorane formation under Mitsunobu conditions.*®
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Scheme 2.12. Synthesis of 5'-aminoadenosine 2.56.
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Control compound cA 2.35 was synthesized in 41% yield by coupling of acid

chloride 2.41 with 5'-aminoadenosine 2.56, as shown in Scheme 2.13.
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Scheme 2.13. Final coupling to give calix[4]arene-adenosine cG 2.35.
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Control G 2.36 was prepared by the coupling of guanosine 2.47 with (4-
butoxymethyl-2,6-dimethylphenoxy)-acetyl chloride 2.61. Compound 2.60 was
synthesized from 2,6-dimethylphenol as shown in Scheme 2.14. Compound 2.60 was
then reacted with SOCI, to give acid chloride 2.61, followed by coupling with 5'-
aminoguanosine 2.47 to afford control compound G 2.36 in 66 % yield. The synthesis of
compound 2.60, conversion to acid chloride 2.61 and final coupling to give G 2.36 was

completed by Katherine J. Kayser, an undergraduate student under my supervision.
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Scheme 2.14. Synthesis of control compound G 2.36.
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2.7.3 Conjugate ¢G 2.34 Forms a Discrete Species in Water-Saturated CDCls.

The NMR spectra in Figure 2.20 show that water enables discrete self-assembly of
¢G 2.34 in CDCl;. As expected for a monomer, ¢G 2.34 gave one set of sharp '"H NMR
signals in DMSO-dg (Figure 2.20A). In contrast, cG 2.34 was poorly soluble in CDCl;,
giving a noisy NMR spectrum with broad signals for NH protons (Figure 2.20B). This
was attributed to nonspecific aggregation in the solid state.”***'*** Washing a CDCl;
suspension of cG 2.34 with water completely dissolved the compound and improved
spectral resolution, consistent with transformation from an aggregate to a discrete
species. The two sets of resolved "H NMR signals (Figure 2.20C) provided the first hint
that ¢G 2.34 dimerizes in water-saturated CDCl;. Two sets of signals, an “inner” and
“outer” set, are consistent with the breaking of ¢G 2.34’s symmetry upon dimerization
via G-quartet formation. As will be described, this discrete species is a dimer, with the

formula (cG 2.34),-(H>0)n.
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CHCL;
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Calix-aryl H’s
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Figure 2.20. 'H NMR spectra of ¢G 2.34 in DMSO-d (A), CDCl; (B), and (cG
2.34),(H,0), in water-saturated CDCl; (C). Dashed lines indicate the splitting of ¢cG
2.34 signals. Note: H8 and 5'-amide NH signals overlap in DMSO-d¢ at room

temperature.

2.7.4 (cG 2.34),:(H,0), Functions as an Ion Pair Receptor.

The (cG 2.34),-(H,0), complex is an ion pair receptor, capable of extracting alkali
halides from water into CDCl;. Washing a CDCls solution of (cG 2.34),-(H,0), with
aqueous 1.0 M NaCl, 1.0 M NaBr, or 1.0 M KCI (Figure 2.21A,C, and E, respectively)
gave similar, but distinct, spectra for the different (c¢G 2.34),-MX-(H,0), complexes. The
5'-NH amide proton near o 8.6 showed different ion-induced chemical shifts for the NaCl
and NaBr complexes (Figure 2.21C and A), implicating this NH group in anion binding.
In comparing the 'H NMR spectra of the NaCl and KCI complexes, it was the N1-H
signal near o 12.2 that shifted the most (Figure 2.21C and E), identifying this “inner”

guanosine as the cation binding site.
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Figure 2.21. Low field region of the '"H NMR spectra of (cG 2.34),*(H,0), in water-
saturated CDCl; after washing with aqueous (A) 1.0 M NaBr, (B) 0.5 M NaBr/0.5 M
NacCl, (C) 1.0 M NacCl, (D) 0.5 M NaCl/0.5 M KCl, and (E) 1.0 M KCI. Dashed lines

highlight the individual complexes in the mixtures.

Competition experiments revealed that the (cG 2.34),*(H,0), has modest cation and
anion extraction selectivities. A K':Na" selectivity of 2:1 was determined from
integration of the separate N1-H signals near 6 12.2 after extraction of a 1:1 NaCl:KCl
solution (Figure 2.21D). The K":Na" selectivity was the same whether using the CI” or
Br salts, indicating little cooperativity in the extraction of alkali halide ion pairs by cG
2.34. To measure anion extraction selectivity, an aqueous solution containing 1:1
NaCl:NaBr (0.5 M each) was extracted using cG 2.34. Integration of the separate 5'-NH
signals near 0 8.6 revealed a 2:1 Br:CI extraction selectivity (Figure 2.21B). Again, no

cooperativity in alkali halide extraction was observed, as the anion selectivity was the

same for the Na* and K salts.
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Direct evidence for Na* extraction by ¢G 2.34 into CDCl; was obtained by **Na
NMR. A 20 mM solution of (c¢G 2.34),°NaCl+(H,0), in CDCI; gave a ZNa NMR signal
at 0 -5.23 (Figure 2.22).

T T 1 1 J J
20 10 0 -10 -20 -30

€3

Figure 2.22. **Na NMR of (cG 2.34),*NaCle(H,0), in CDCl; (20 mM in cG 2.34).

Ion pair extraction by c¢G 2.34 was confirmed and quantified by ion chromatography
(IC). Complexes of (cG 2.34),°MX<(H,0), in CD,Cl, were preformed. The salt was then
back-extracted into H,O, as depicted in Scheme 2.15. The aqueous layer's ion content
was measured by IC, and the values obtained are shown in Table 2.1. The salts
investigated were NaCl, NaBr, KCl, and KBr. Back-extraction of KBr gave a cG 2.34:salt
ratio of ~2:1, while ratios somewhat greater than 2:1 were obtained with NaCl, NaBr and
KCI. 'H NMR spectra before and after back-extraction confirmed conversion from (cG
2.34),°MX+(H,0), to (cG 2.34),*(H,0),. Importantly, the cation and anion concentrations
were always close to 1:1, confirming ion pair binding by c¢G 2.34. This direct evidence
for ion pair extraction by (cG 2.34),°(H,0), proves this complex to be a self-assembled
ion pair receptor.

Also, a competition experiment was performed. A 1:1 aqueous mixture of NaBr and
KClI (giving 1:1:1:1 Na":K":CI":Br") was extracted by c¢G 2.34, then back-extracted and
measured. The selectivities were approximately 2:1 K":Na" and 3:1 Br:CI" (Table 2.1),
in reasonable agreement with the ion selectivities measured by 'H NMR integration. One
factor that may affect the selectivity is the lower desolvation energies of K* (70.5
kcal/mol) versus Na" (87.2 kcal/mol) and Br (75.3 kcal/mol) versus Cl™ (81.3

kcal/mol).”® However, the energy differences are large, namely 16.7 and 6.0 kcal/mol for
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cations and anions, respectively. If desolvation energy was the only factor influencing

extraction selectivity, cG 2.34 would extract KBr exclusively. It is likely that the ions

bound in the dimer are not completely dehydrated due to residence in a water-filled

cavity at the dimer’s core. There are clearly other factors that must enhance the Na" and

CI binding affinities of the (cG 2.34), dimer. The thermodynamic stabilities of the final

(cG 2.34),-MX-(H,0), complexes are clearly important.

Scheme 2.15. Representation of salt back-extraction from (cG 2.34),-MX-(H,0), in
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(cG 2.34),°MX+(H;0), (cG 2.34),°(H,0),
CD,Cl, CD,Cl,
(CG 2.34)2'MX'(H20)n (CG 2-34)2.(H20)n
Before After

Table 2.1. Ion concentration from the back-extraction of salt from (cG 2.34),-MX-(H,0),

in CD,Cl, into H,O measured by ion chromatography. The concentration of cG 2.34 was

2 mM in all experiments.

Salt Extracted Cation (Conc., mM) Anion (Conc., mM)
NaCl Na" (0.72 £ 0.14) CI" (0.60 + 0.07)
NaBr Na' (0.80 + 0.06) Br (0.65 + 0.03)
KCl K" (0.81 £ 0.08) CI (0.85 + 0.08)
KBr K" (0.95 + 0.09) Br (0.96 + 0.04)
1:1:1:1 Na":K":CI":Br’ Na' (0.37 £ 0.07) CI' (0.19 £ 0.02)
K" (0.71 £ 0.06) Br (0.69 + 0.07)
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2.7.5 Control Compounds Demonstrate that both Guanine and the Calix|4]arene are
Critical in ¢G 2.34 Self-Association and Ion Binding.

In contrast to ¢G 2.34’s self-assembly and ionophoric properties, control compounds
cA 2.35 and G 2.36 demonstrated none of these properties. Both compounds were soluble
in CDCls, gave single sets of "H NMR resonances, and showed only minor NMR spectral
changes upon washing with water or aqueous salt solutions. "H NMR spectra before and
after water and NaCl,q) washes are shown in Figures 2.23 and 2.24 for cA 2.35 and G
2.36, respectively. The downfield shift and sharpening of the H8 resonance of G 2.36 in
CDCl; versus water-saturated CDCl3 may be due to a change in conformation resulting
from hydration of the nucleobase. Also, both cA 2.35 and G 2.36 extracted little salt (<
10 %) in the back-extractions monitored by IC, and showed no **Na NMR signal upon
washing 20 mM solutions of the control compounds with 1.0 M NaCl,q). These data
indicate that cG 2.34 requires both the guanosine nucleobase and the calix[4]arene core

for dimerization and ion pair extraction.

CHCl;
H2 and H8
5'-amide Calix-aryl H’s N6-H’s HI'
NH

Eﬂjww
c Mo M

| T T T T T T T
8.0 7.0 6.0

Figure 2.23. "H NMR spectra of control compound cA 2.35 in CDCl; (A) and in CDCl;
after washing with water (B) and 1.0 M NaCly,g) (C).
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Figure 2.24. '"H NMR spectra of control compound G 2.36 in CDCl; (A) and in CDCl;
after washing with water (B) and 1.0 M NaClg) (C). Dashed lines indicate the

appearance of the N2-H signal and the shifting of the H8 signal upon washing with water.

2.7.6 Determination of a (cG 2.34), Dimer: Techniques that Failed to Give Proof

Techniques typically used for determining supramolecular size include fast atom
bombardment and electrospray ionization mass spectrometry (FAB-MS and ESI-MS) and
X-ray crystallography. Both FAB-MS and ESI-MS of (cG 2.34),.(H,0), and (cG
2.34),-NaCl-(H,0), from various solvents and under various conditions gave only cG
2.34 molecular ion peaks ([cG 2.34 + Cs]" in FAB-MS, [(c¢G 2.34 + 2H)/2]*" and [(cG
2.34 + Na + H)/2]*" in ESI-MS), indicating that only the monomer is stable under the
ionization conditions. Conjugate cG 2.34 failed to yield X-ray quality crystals, thus
precluding X-ray crystallographic analysis. However, mass spectrometry measures ions
in the gas phase and X-ray crystallography shows molecules or complexes as they exist in
the solid state. The question at hand was whether or not cG 2.34 formed a dimer in

solution.
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With the lack of proof for a (cG 2.34),-NaCl-.(H,O), dimer from other techniques,
attention was shifted to pulsed-field gradient NMR spectroscopy. Ultimately, it was this
technique that provided evidence for a solution phase dimer. Section 2.7.7 gives an
introduction to pulsed-field gradient NMR spectroscopy, and Section 2.7.8 describes the

use of this technique to prove c¢G 2.34 dimerization.

2.7.7 Introduction to Pulsed Field Gradient NMR Spectroscopy.

2.7.7.1 The Pulsed-Field Gradient NMR Experiment.

Pulsed Field Gradient (PFG) NMR spectroscopy was used to confirm a ¢G 2.34
solution phase dimer, as will be described in Section 2.7.8. PFG-NMR is a valuable
method for determining the self-diffusion coefficients (Ds) of molecules and assemblies
in solution. According to the pulsed gradient spin echo technique introduced by Stejskal
and Tanner,””’ the ratio between the echo intensity in the presence (I) and absence (I,) of

a pulsed gradient is given by:

In(I/1,) = -y’g*8*(A-8/3)Ds  (Equation 2.1)

In Equation 2.1, v is the gyromagnetic ratio (26,752 rad-gauss '-s" for 'H), g is the
pulsed gradient strength (gauss-cm™), 8 and A are the duration and separation of the two
gradient pulses, respectively, and Dy is the self-diffusion coefficient. The pulse sequence

for the original experiment is shown in Figure 2.25."'
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90° 180°

— —
RF Detect

ol ol

Figure 2.25. Pulse sequence for measurement of diffusion coefficients by the pulsed

gradient spin echo technique.””! RF = radio frequency, g = gradient.

Stejskal and Tanner describe the PFG-NMR experiment in their seminal paper as
follows: “Following the 90° (RF) pulse there is a negligible loss of phase coherence until
the first gradient pulse (3). This pulse produces an almost instantaneous phase shift
depending on the position of each nucleus in the direction of the field gradient at that
time. Following the gradient pulse the loss of phase coherence is again negligible; but the
nuclei, as they diffuse, change position. The 180° (RF) pulse inverts the phase shifts, and
then the second gradient pulse (8) produces phase shifts equal to the those produced by
the first gradient pulse. In the absence of diffusion, the second gradient pulse, aided by
the 180° pulse, would exactly undo the effect of the first. Diffusion causes this refocusing
to be incomplete. Note that in this experiment the nuclear positions are recorded by the
first gradient pulse, and any change at the time of the second is noted by the

. . 2
incompleteness of the refocusing.”*"
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Figure 2.26. Pictorial representation for a PFG-NMR experiment. Black vectors

z

represent red and blue vectors aligned together.

The Stejskal-Tanner explanation is shown pictorially in Figure 2.26. At the
beginning of the experiment, all nuclei are aligned in the z-direction. After a 90° RF
pulse, the nuclei are aligned in the y-direction. After time t;, the nuclei have begun to
relax in the x-y plane (spin-spin relaxation). The first gradient pulse () causes what
Stejskal and Tanner refer to as an “almost instantaneous phase shift.” Basically, the
nuclei’s magnetization vectors (red and blue) move further apart. The 180° pulse then
flips the vectors in the exact opposite direction. Next comes the “echo”. That is, the
magnetization vectors continue toward the -y direction (the same direction as before the
180° pulse). This is where diffusion affects the final outcome. In the absence of diffusion,
the second gradient pulse (8) will exactly undo the first because the pulsed-field strength
will be the same (the nuclei are at the same point on the gradient). This results in B,
where the resultant magnetization vector has the same magnitude but opposite direction
of that immediately after the 90° pulse (A). If diffusion does occur, the second gradient
pulse (8) will deliver a different pulsed-field strength than that which the nuclei felt from
the first 0 (the nuclei changed position and are now at a different point on the gradient).
This results in incomplete refocusing to give C. The absolute magnitude of the red and
blue vectors in C on the -y axis is less than that of the vector in B. Thus, diffusion causes
an attenuation of the NMR signal. Increasing the gradient strength causes an increased
signal attenuation. Information about the molecular diffusion is acquired by running a

series of PFG-NMR experiments with the gradient strength increasing incrementally in
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each experiment. The signal attenuation is monitored over the course of all experiments

and fitted using Equation 2.1 to give the self diffusion coefficient (Ds) for that species.

2.7.7.2 Applications of PFG-NMR Spectroscopy in Supramolecular Chemistry

While PFG-NMR has proven to be an invaluable tool for the study of proteins,”’**”
the technique has more recently been applied to characterize the aggregation state of
hydrogen bonded assemblies in CDCl;. Using complexes of known molecular weight and
structure as standards, Timmerman et al. characterized three new hydrogen-bonded
complexes having molecular weights from 3600-5000.%”* Utilizing PFG-NMR, Cohen et
al. demonstrated that resorcinarene 2.2 (Chart 2.1) forms a hexameric capsule both in the
presence and absence of a tetraalkylammonium guest (see Section 2.2.3).2'""*"

Hupp and Larive et al. applied PFG-NMR to metal coordination complexes, and
characterized molecular square 2.62 through diffusion measurements.”’® In this report,
the researchers comment on the importance of appropriate standards for comparison in
these experiments: “Excluding strictly spherical species, evaluation of molecular weights
via diffusion parameters requires diffusion standards because diffusion coefficients are
not directly related to molecular weight. Instead, they reflect effective hydrodynamic
radii. Therefore, not only the size, but also the shape, of the molecule will determine the
value of Dy.”*’® In their experiments, Hupp and Larive used other known molecular
square complexes, and also “corners” of molecular squares, to elucidate the size of 2.62.

In Section 2.7.8, the dimeric nature of (cG 2.34),-NaCl-(H,0), was confirmed using an

appropriate standard.
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PFG-NMR has been exploited to confirm solution phase dimerization for various
systems. A number of studies have predicted a dimer to have a self-diffusion coefficient
that is 72-75% that of a monomer (D dimer/Ds monomer = 0.72—0.75).272’273’277’278
Dimeric protein assemblies supported by PFG-NMR have been reported in these studies.
PFG-NMR has more recently been applied to characterize solution phase dimerization of
small molecules. Led ef al. demonstrated the dimerization of a helical peptide.””” Meijer
et al. employed PFG-NMR to support the solution phase enantioselective dimerization of
2.63 (Scheme 2.16).*’ In a system similar to that used to characterize the (cG 2.34),
dimer in Section 2.7.8, Walker et al. confirmed that the antibiotic ramoplanin (mw 2554)
forms a dimer in CD;0OD via PFG-NMR.?®! At concentrations near 1 mM in CDsOD, 'H
NMR suggested a ramoplanin dimer-monomer mixture. Using the monomer as the
internal standard, having a known molecular weight, the researchers confirmed a

ramoplanin dimer by comparison of the dimer and monomer diffusion rates.
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Scheme 2.16. Enantioselective dimerization of 2.63.2%°

CH, CH,
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In summary, PFG-NMR is a useful technique for determining the size of
supramolecular complexes, provided a suitable standard is used. This technique has been
exploited to determine the aggregation state of the cG 2.34 complex in CDCl; solution, as

described in the next section.

2.7.8 Confirmation of a (¢G 2.34), Dimer by PFG-NMR Spectroscopy.

As discussed in Section 2.7.7.2, evaluating the size of an assembly using diffusion
coefficients requires a standard with similar structure and molecular weight. Accordingly,
Ds values were measured for samples containing both c¢G 2.34 (mw 2972) and cA 2.35
(mw 2908) in the same NMR tube. Monomeric cA 2.35 served as the internal standard
for determining the aggregation state of ¢cG 2.34. The D; values for 1:1 mixtures of (cG
2.34),-NaCl-(H,0), and cA 2.35 (each 6.7 mM in monomer) were determined in CDCl;
and DMSO-dg, and are shown in Table 2.2. The D, values were determined based on the
attenuation of the H1' signal for cG 2.34 and cA 2.35 in both solvents (for a depiction of
the “external” H1' of the (cG 2.34),-NaCl-(H,0), complex in CDCl;, see Figure 2.18).
Also, the Stejskal-Tanner plots (In(I/1,) versus y°g*8*(A-8/3)) are shown in Figures 2.27
and 2.28 for experiments in CDCl; and DMSO-dg, respectively. The necessary hardware
set-up and the software protocols for all PFG-NMR experiments were prepared by Dr.

Yiu-Fai Lam.
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Table 2.2. Self-diffusion coefficients (D) for (cG 2.34),-NaCl-(H,0), and cA 2.35
measured by PFG-NMR in both CDCl; and DMSO-dg.

Solvent | Ds ((€G 2.34)NaCls(H,0),) | D (cA 2.35) Ratio
v 10" m%/s 10" m%/s D(2.34):Dy(2.35)
CDCls 3.82+0.10 537+0.10 0.71 +0.01
DMSO-ds 0.91 +0.02 0.94 +0.01 0.97 +0.01
0.00 1.00 2.00 3.00 4.00 5.00

In (I11,)

v’g%5%(A-8/3) (10° s/cm?)

Figure 2.27. Stejskal-Tanner plot of the normalized intensity as a function of y*g*8*(A-
8/3) for dimeric (cG 2.34),°NaCl+(H,0), (red) and monomeric cA 2.35 (blue) in CDCl; at

26 °C. Data are derived from the attenuation of one H1' signal for (cG

2.34),°NaCl+(H,0), (H1' of G’s not involved in G-quartet) and the H1' signal for cA
2.35. The slope of each line is equal to -Ds for that species.
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Figure 2.28. Stejskal-Tanner plot of the normalized intensity as a function of y*g*8*(A-
8/3) for monomeric cG 2.34 (red) and cA 2.35 (blue) in DMSO-dg at 26 °C. Data are
derived from the attenuation of the H1' signals of both compounds. The slope of each line

is equal to -Dy for that species.

In CDCl;, the intact (cG 2.34),-NaCl-(H,0O), dimer diffuses slower than cA 2.35 and
the ratio of Dy(2.34):D4(2.35) = 0.71 (Table 2.2) agrees well with the theoretical
dimer:monomer range of 0.72-0.75.2"*">*"7-2"8 The Stejskal-Tanner plot (Figure 2.27)
shows clearly that the signal for (cG 2.34),-NaCl-(H,0), attenuates slower than the signal
for cA 2.35, indicating that (cG 2.34),-NaCl-(H,0), is diffusing slower than cA 2.35. In
the competitive solvent DMSO-d¢, where ¢G 2.34 undoubtedly exists as a monomer, the
D4(2.34):D4(2.35) ratio was 0.97 (Table 2.2). The nearly equal diffusion coefficients are
expected for two monomeric species of similar size and molecular weight. The nearly
overlaying trendlines in the Stejskal-Tanner plot (Figure 2.28) emphasize that ¢G 2.34
and cA 2.35 are diffusing at the same rate in DMSO-ds. This result, indicating a dimer in
CDCls, is consistent with the two sets of "H NMR signals and with the near 2:1 cG
2.34:salt stoichiometry obtained from the IC experiments (Sections 2.7.3 and 2.7.4). It is
therefore concluded that the (cG 2.34),*(H,0), dimer binds one ion pair.
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2.7.9 Salt Binding Imparts Stability to the (cG 2.34),.(H,0), Dimer.

The ion pair, once bound, stabilizes the (cG 2.34), dimer to increasing temperature.
Above 35 °C in CDCls, (c¢G 2.34),-(H,0), decomposed into nonspecific aggregates, as
indicated by "H NMR (Figure 2.29A). After increasing the temperature to 50 °C and
returning to 25 °C, the structural integrity of the complex was mostly regained. Since the
CDCI; remained saturated with water, cG 2.34 was still exposed to the conditions under
which the complex forms (or reforms) near room temperature. In contrast, NMR spectra
showed that (cG 2.34),-NaCl.(H,0O), remained intact up to 55 °C (Figure 2.29B, spectra
at 50 °C and 55 °C were nearly identical). Complex stabilization by salt is likely due to
CI" binding by the 5'-amide NH groups and Na" coordination to the dimer’s G-quartet.

A. (¢G 2.34),*(H,0), B. (cG 2.34),*NaCl+(H,0),

JJ /L \ 25°C _JL A il S Y ubd

. s N 30°C _JL [ e Uub__)t

| ] A \ 35°C _JLJ A N by UU \ }t
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Figure 2.29. 'H NMR spectra in CDCl; from 25 up to 50 °C, then back to 25 °C for: (A)
(cG 2.34),°(H,0), and (B) (cG 2.34),*NaCl+(H,0),. Samples were 2 mM in cG 2.34.
Blue asterisk indicates the N2-H; signal at 50 °C.
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2.7.10 Evidence for a G-Quartet in (c¢G 2.34),°NaCl+(H,0), from Low Temperature
'"H NMR and 'H-'H NOESY.

Evidence for an intermolecular G-quartet in (cG 2.34),°NaCl+(H,0), came from low
temperature 1D 'H NMR and a 'H-'"H NOESY experiment. At low temperature (0 °C to
-20 °C), new signals appear at 8 9.9 and 8 6.6 (Figure 2.30). As will be described, these
signals were assigned to one of the guanosine exocyclic N2 amino groups, based on NOE

data.

T N S S R §

e P U VN

U W N U

1 1 1 1
12.0 11.0 10.0 9.0 8.0 7.0

Figure 2.30. "H NMR spectra of (cG 2.34),*NaCl+(H,0), at 20 °C, 0 °C, and -20 °C.
New signals for the exocyclic amino N2-H, and N2-H,, protons are indicated with

asterisks.
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Figure 2.31. G-quartet showing the C2-N2 bond (red) and the N2-H---N7 hydrogen bond
(blue).

Due to the N2-H--*N7 hydrogen bond formed in the G-quartet, there is a significant
barrier to rotation about the C2-N2 bond (red in Figure 2.31). At low temperature, the
rotation slows and two signals are observed in the "H NMR spectrum, one hydrogen
bonded at 6 9.9 and one “free” proton at 6 6.6 (labeled a and b in Figure 2.31,
respectively). At room temperature, these two signals are broadened into the baseline due
to moderate rotation about the C2-N2 bond. At 50 °C, however, rotation is fast enough
that the two N2-H protons become equivalent (coalesce) on the chemical shift time scale,
and a single broad resonance begins to grow in at o 8.25 (blue asterisk in Figure 2.30B),
exactly half way between the & 9.9 and d 6.6 resonances observed at -20 °C.

This behavior has been observed for other G-quartet systems. Collaborative work by
the Davis and Gottarelli labs demonstrated that G-quartet formation from G 2.64 showed
separate N2-H, and N2-H, signals near & 9.4 and & 5.0, respectively.**” These signals
were only observed below -10 °C. Above -10 °C, the signals were broadened into the
baseline. Also, Sessler ef al. reported a G-quartet formed from guanosine G 2.65 in the
absence of a cation (see Figure 2.36A). Sessler’s G-quartet also showed separate N2-H,

and N2-Hj, signals that were, again, only observed at low temperature.”
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Before providing further evidence for a G-quartet, it is necessary to describe how the
H1' and HS8 resonances of the two sets of signals were assigned in
(cG 2.34),°NaCl+(H,0),. Assignments were made based on 'H-'H COSY, 'H-'H
NOESY, and 'H-">C HMQC data for (cG 2.34),*NaCls(H,0), recorded at -20 °C. The
two sets of 'H NMR signals are labeled as internal (i), near the G-quartet bridge, and
external (e), near the periphery of the dimer, as shown in Figure 2.18 (page 119).

From the COSY spectrum, the ribose signals were assigned based on their 3-bond
correlations within the sugar ring. The H1' resonance is typically the furthest downfield
of the sugar protons. Figure 2.32 shows correlations for the internal signals (1) in blue,
near the G-quartet, from 1'-4'; and the external signals (e) in red, on the periphery of the
dimer, from 1'c-3'c. To further support the assignment of the resonances at 6 5.63 and 5.00
as H1' protons, the "H-"*C HMQC experiment determined that the carbons to which H1';
and H1'. are attached (C1'; and C1'¢) have similar chemical shifts, namely 6 90.9 and
89.9, respectively. These *C chemical shifts are near the value of & 88.7 reported for C1'

of guanosine 2.42 (see Scheme 2.8).2**
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Figure 2.32. 'H-'H COSY spectrum of (cG 2.34),*NaCle(H,0), at -20 °C. Red lines
indicate external (e) signal correlations and blue lines indicate internal (i) signal

correlations.

The H8 resonances were then assigned based on a NOESY experiment. In guanosine,
NOE:s are often observed between the H8 and H1' protons (Figure 2.33B).>*** In the
NOESY spectrum in Figure 2.33A, H1'..~-H8. and H1';'**H8; NOEs are indicated by red
and blue lines, respectively. The H8; resonance is overlapped with a calix[4]arene
aromatic resonance (ArH) near § 7.15. Figure 2.33C, an expansion of the correlations
along the F1 (vertical) axis, shows that there are indeed two signals. The H8; signal at &
7.14 shows NOEs to N2-H; and H1'; (blue lines). The other signal at 6 7.13, the

calix[4]arene ArH, shows an NOE to a second ArH (green lines).
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Figure 2.33. (A) 'H-'H NOESY spectrum of (¢G 2.34),°NaCl+(H,0), at -20 °C. Red
lines indicate external H1'c--HS8, signal correlations and blue lines indicate internal
H1':--H8; signal correlations. (B) Guanosine structure indicating the H1'--H8 NOE. (C)
Expansion of the F1 (vertical) axis correlations near 6 7.15. Blue lines indicate H1';-HS;

and N2-H;---H8; NOEs and green lines indicate ArH--ArH NOEs.

With the H1'., H1';, H8,, and HS; signals assigned, evidence for a G-quartet came
from the 'H-"H NOESY experiment at -20 °C. As shown in Figure 2.34, both the
hydrogen bonded N2-H,; (6 9.9) and the non-hydrogen bonded N2-Hy; (6 6.6) showed
NOEs to a single G N1-H; proton (3 12.3). Moreover, both N2-H; signals correlated to the
guanosine H8; proton (8 7.2), a hallmark of a G-quartet.”** This characteristic NOE
pattern, taken together with the similarity of the low temperature 1D 'H NMR results to
other G-quartet systems, confirms a G-quartet bridge in the (cG 2.34), dimer.
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Figure 2.34. (A) G-Quartet indicating characteristic N2-H-~-H8 NOEs. (B) 'H-'H
NOESY spectrum of (cG 2.34),°NaCl+(H,0), at -20 °C. Red: N2-H;---H8; NOEs, Green:
N2-H,;*N2-Hy,; NOEs, Blue: N1-H;**N2-H; NOEs.

Although evidence for both dimerization and a G-quartet came from the NaCl-
containing complex, (cG 2.34),+(H,0), is also likely to be a dimer complex held together
by a G-quartet. To reiterate, both the (cG 2.34),+(H,0), and (cG 2.34),*NaCl+(H,0),
complexes have very similar '"H NMR spectra in water-saturated CDCl; (Figure 2.35),

suggesting similar structure.
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Figure 2.35. '"H NMR spectra of (cG 2.34),(H,0), and (cG 2.34),*NaCl+(H,0), in
CDCl; at 23 °C. Samples were 2 mM in cG 2.34.

The G-quartet holding the (cG 2.34),*(H,0), dimer together would lack the
templating cation. G-quartet formation in the absence of a cation does, in fact, have
precedence. Sessler et al. demonstrated that guanosine derivative G 2.65 forms G-

quartets both in solution and the solid state in the absence of a cation.”

In that report,
Sessler highlighted the critical role of the relative base-to-sugar conformation in G-
quartet formation. Compound G 2.65 (Figure 2.36A), due to the bulky N,N-
dimethylaniline attached to C8, adopts a syn conformation. That is, the base is positioned
directly over the sugar, as shown in the structure. (The anti conformation would have the
base pointing away from the sugar, or to the right in the structure, where the aniline group
now resides). It had been thought that a cation was critical for G-quartet formation, since
without a cation, other lipophilic guanosine derivatives formed hydrogen bonded ribbons

285286 However, the formation of ribbons involves H-bonding to N3

and not quartets.
(numbered in Figure 2.36A). In the syn conformation, the N3 is blocked thus preventing
ribbon formation, and driving the formation of a G-quartet.

A G-quartet in (cG 2.34),°(H,0), may very well hydrogen bond to water through the
06 carbonyl groups, with water taking the place of a cation. In fact, in the original G-
quartet report, it was stated that a G-quartet “...would contain a hole in the middle in
which it might be possible to place one water molecule per tetramer.”**” There have been

numerous reports on crown ether-water complexes in which the water binds to the crown

by hydrogen bonding to two oxygen atoms across the macrocycle.”****° A report by
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Young and Sykes detailed the crystal structure of 2.66-HNO3-3H,0, in which one water
molecule was hydrogen bonded both to the quinone carbonyl and to an ether oxygen on
the opposite side of the macrocycle (Figure 2.36B, H-bonded oxygens in blue).”’! The
O---O distance was 4.65 A. The O---O distance across the G-quartet in the K'/Cs" G-
quadruplex crystal structure (see Figure 2.10) was 4.58 + 0.06 A.**' Based on the similar
distances between O---O in 2.66 and O---O in the G-quartet, it is reasonable to predict that

a water molecule can hydrogen bond across the quartet, as shown in Figure 2.36C.
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Figure 2.36. (A) Sessler’s N,N-dimethylaniline-G 2.65 (R = C(O)CH(CHj3),) in the syn
conformation.”®* (B) Representation of H,O hydrogen bonding across crown ether 2.66
(O--0 distance is 4.65 A*"). (C) Representation of H,O hydrogen bonding across a G-
quartet (G-quartet O--O distance when coordinating K is 4.58 A*").

2.7.11 Location of the Water in the Complex by 'H-'H NOESY.

NOE measurements have proven valuable for locating water in the interior of
biomolecules.”** The site-specific solvation of organic species has also been elucidated
using NOE data.”*** In the case of (cG 2.34),*NaCl+(H,0),, information from the
NOESY experiment (Figures 2.33 and 2.34) provided valuable information by locating
the complex-bound water near the putative G-quartet.

The HDO signal (8 2.8 at -20 °C) showed crosspeaks with N1-H; (8 12.3), 5'-amide
NH; (3 8.6), N2-H; (6 9.9, 6.6) and HS; (6 7.2), the same internal resonances previously
determined to be involved in (or located near) the G-quartet (Figure 2.37). Protons that
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show NOEs with HDO are located close in space (within 5 A) to the HDO molecules.”
Water-nucleobase crosspeaks were not observed for the dimer's external set of signals.
The G N1-H; and 5'-NH; amide protons that correlate with HDO are the same protons
implicated to be in the dimer’s cation and anion binding sites, respectively (see Section
2.7.4). This indicates that the ion pair and water are bound in the core of the dimer
complex (Figure 2.37, left), although it is not yet clear whether the salt is bound as a

contact ion pair or a solvent-separated ion pair.

5’-amide
NH, 5’-amide
N2-H; NH;

b

Figure 2.37. Representation of (cG 2.34),°NaCl+(H,0), (left) showing water in green and
'H-"H NOESY (right) showing (cG 2.34),*NaCl+(H,0), crosspeaks with HDO at -20 °C.

Only the internal (i) set of signals shows crosspeaks.

2.7.12 Circular Dichroism Spectra of ¢G 2.34 Depend on the Solvent and
Conditions.

Circular dichroism (CD) has previously been used to study the structure of chiral
calixarenes and of G-quartet based assemblies.”"**>**® CD spectroscopy also provided
qualitative insight into self-association of ¢G 2.34 (Figure 2.38). The CD spectra of cG
2.34 (1.0 mM) were recorded using a 0.1 mm cell to ensure that the same concentrations

were used for CD and NMR measurements. As shown in Figure 2.38, the spectra vary
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with solvent and ionic conditions, reflecting a significant conformational change by cG
2.34. The CD spectrum in CD3;0D, a solvent in which c¢G 2.34 is monomeric, has a
symmetrical exciton coupling, with a positive band centered at 282 nm and a negative
band centered at 250 nm. The spectrum of (cG 2.34),°(H,0), in wet CDCl; is quite
different from the spectrum in CD;0D, as it shows an asymmetric and positive Cotton
band. This difference indicates a change in conformation and/or secondary structure for
cG 2.34 upon moving from CD;0D to water-saturated CDCls. All of the salt complexes,
(cG 2.34),°MX+(H,0),, gave similar spectra, featuring an enhanced positive Cotton band
at 284 nm for the K salts and at 286 nm for the Na salts. That the CD spectra of ¢cG 2.34
change so markedly under conditions that favor self-association and salt binding is
consistent with other studies on the association-dissociation of calixarene dimers.*’’ The
CD bands can not yet be unequivocally assigned to specific chromophores in ¢G 2.34,
since both the calixarene aromatic rings and the guanine base have UV absorption
shoulders in the 270-280 nm region. Nonetheless, these preliminary experiments open the
door for further and more detailed CD investigation of the structure and thermodynamics

of these chiral assemblies.
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Figure 2.38. Circular dichroism spectra of ¢cG 2.34 in CD30D (=), (cG 2.34),*(H;0), in
water-saturated CDCl; (=), and (cG 2.34),°MX<+(H,0), in water-saturated CDCl;, where
MX is: NaCl (==), NaBr(==), KCI (~=) and KBr (==). All samples were 1.0 mM in cG
2.34.

2.7.13 Supramolecular Polymer Formation from ¢G 2.34: The Anion Controls the
Aggregation State.

In previous studies, we found that the first-generation compound, c¢G 2.26, reversibly
precipitated from solution in the presence of NaBPhy, indicating formation of a
noncovalent aggregate (Section 2.5). Sodium tetraphenylborate, with its non-
coordinating anion, also triggers a similar aggregation of ¢G 2.34. As represented in
Scheme 2.17, introduction of NaBPh, to a CDCl; solution of either (cG 2.34),+(H,0), or

(cG 2.34),°MX+(H;0), results in formation of a noncovalent polymer.
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Scheme 2.17. Schematic representation of the reversible polymerization of cG 2.34. Blue

and red are used to distinguish between individual molecules.

(cG 2.34),*(HL,0), (cG 2.34),°MX+(H,0),

NaBPh4(aq) NaBPh4(aq)
H,O X(aq)

(cG 2.34*Na"),*(BPh,),
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Figure 2.39. Titration of (cG 2.34),¢(H,0), in CDClI; (6.7 mM in ¢G 2.34) with 0.15 M
NaBPhy in 1:1 CDCl3:CDsCN as followed by NMR: (A) 0 equiv. (B) 0.5 equiv., and (C)
1.0 equiv.

Titration of (cG 2.34),°(H,0), (Figure 2.39A) with a solution of NaBPhy in 1:1
CDCl5:CD3CN resulted in formation of a (cG 2.34~Na+)n~(BPh4')n polymer, as indicated
by '"H NMR. Thus, addition of 0.5 equiv of NaBPhy to (cG 2.34),*(H,0), in CDCl; caused
increased NMR noise and signal broadening due to aggregation (Figure 2.39B). Further
addition of NaBPh4 to a 1:1 ratio of ¢G 2.34:NaBPh, resulted in a further increase in
noise (Figure 2.39C) accompanied by precipitation of the polymer. The broad signals
and the increased signal-to-noise ratio in the 'H NMR spectrum in Figure 2.39C are
characteristic of a noncovalent polymer.261

Washing a CDCl; solution of (¢cG 2.34),*(H>0), with 1.0 M NaBPhy,q) led to
complete precipitation of ¢G 2.34. The Si:Na ratio, and thus the ¢G 2.34:Na" ratio, was
obtained by semi-quantitative energy dispersive X-ray (EDX) analysis. EDX analysis
provides information on elemental composition by energizing the sample with an electron
beam and measuring the energies of the X-rays emitted from the sample.*”” Semi-
quantitative EDX analysis of the precipitate gave a Si:Na ratio of 10.3:1 (£ 15%)

indicating a 1:1 ¢G 2.34:NaBPh, ratio, in agreement with a polymer comprising
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intermolecular Na“-G-quartets.'® A representative EDX spectrum is shown in Figure
2.40. The expected Si:Na value for a 1:1 c¢G 2.34:Na ratio is 8:1, as each cG 2.34 contains
8 silicon atoms.

This (cG 2.34*Na"),*(BPhy), precipitate could be converted back to the soluble (cG
2.34),°(H,0), or (cG 2.34),°MX+(H,0), dimers by washing with H,O or an aqueous salt
solution (Scheme 2.17), demonstrating the assembly’s reversibility. The structural
tunability of cG 2.34 assemblies is an attractive feature for building various
supramolecular architectures from one instrumental molecular platform by varying a
single component. In this case, that single component is the anion. It remains an open
question as to why (cG 2.34),°(H,0), and (cG 2.34),-NaCl-(H,0), form discrete dimers
instead of polymerizing. One possible explanation for the lack of polymerization is that
the water or salt that binds in the dimer's interior induces a conformational change
disfavoring the external guanosine nucleobases from also forming intermolecular G-
quartets. Such ion-induced conformational changes are well known for 1,3-alternate

calixarenes.?***%
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Figure 2.40. Energy Dispersive X-ray (EDX) analysis recorded for a solid sample of (cG
2.34*Na"),*(BPhy),. The signal marked with a dot (*) originates from the aluminum in

the sample tray. K indicates a K-shell electron. EDX analysis was run by Melanie Moses.

The evidence provided for a G-quartet in (cG 2.34),°NaCl+(H,0), in Section 2.7.10
further supports the hypothesis that it is also a Na'-G-quartet holding together both the
(cG 2.34°Na"),*(BPhy), and (cG 2.26°Na"),*(BPhy’), noncovalent polymers. In essence,
the (cG 2.34),-NaCl-(H,0), dimer is a “model system” for the polymer, isolating the G-

quartet within a discrete structure so it can be studied.
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2.7.14 Ton Transport by cG 2.34 and cA 2.35.

The ion transport properties of cG 2.34 and control compound cA 2.35 were
investigated using the base pulse assay (Section 1.5.5) under the conditions described in
Section 2.6.2 (for transport assays with ¢G 2.26). As shown in Figure 2.41A and Table
2.3, cG 2.34 transports K selectively over Cs" and Na" (K" > Cs">Na"). The transport
properties of ¢G 2.34 are similar to those of the more polar cG 2.26 (see Figure 2.17A in
Section 2.6.2). The control compound cA 2.35 demonstrated a transport selectivity of K
~ Cs" > Na'(Figure 2.41B, Table 2.3). The initial pseudo-first order rate constant for cG
2.34-mediated transport of K™ was 1.7-fold greater than that of K” or Cs transport
mediated by cA 2.35 (Table 2.3).
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Figure 2.41. Liposome transport assays with (A) cG 2.34 and (B) cA 2.35. In all
experiments, suspensions of EYPC LUVs containing the pH-sensitive dye pyranine in a
phosphate buffer were used. The intravesicular solution contained 10 mM sodium
phosphate, pH 6.4, 100 mM NacCl and the extravesicular solution contained 10 mM
sodium phosphate, pH 6.4, 100 mM MCI (M =Na', K", Cs"). Time events: 0 sec: 20 ul
of (A) 1 mM cG 2.34 solution in DMSO added or (B) 1 mM cA 2.35 solution in DMSO
added (final concentration: 10 uM, 1:50 ligand:lipid ratio), 60 sec: (A,B) 21 ul of 0.5 M
NaOH added (Base Pulse), 500 sec: (A,B) 40 ul of 50 % aqueous Triton X-100 added
(Triton Pulse). Extravesicular buffers contained 100 mM NaCl (=), KCl (=), or

CsCl (==).
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Table 2.3. Initial Pseudo-First Order Rate Constants (x 107 s™) for
Intravesicular/Extravesicular Electrolyte Exchange in the Presence of 10 uM ¢G 2.34 or

cA 2.35 with NaCl-, KCI-, and CsCl-containing Extravesicular Buffers.

Ion Transporter NacCl KCl CsCl
cG 2.34 1.5 7.8 2.5
cA 2.35 1.7 4.6 4.3

Calcein release assays, described in Section 1.5.11, were used to test if ¢cG 2.34 or cA
2.35 induce large defects in the bilayer, through which ions may pass. At a final
concentration of 25 uM (1:20 ligand:lipid ratio), no release of the self-quenching dye
calcein from liposomes was observed (Figure 2.42, blue and red traces). The
concentration used here (25 uM) is 2.5-fold higher than that used in the base pulse assays
(Figure 2.41). Also, no release was observed at lower ligand concentrations. These data
indicate that ¢G 2.34 and cA 2.35 do not induce defects in the lipid bilayer, but transport
ions through either a channel or a carrier mechanism. For comparison, injection of
melittin, a peptide known to induce defects in EYPC membranes (see Section 1.3),
results in a rapid release of the liposome-entrapped calcein, seen as a sharp increase in

fluorescence (Figure 2.42, green trace).
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Figure 2.42. Calcein release assays with cG 2.34, cA 3.35, and the defect-inducing
peptide melittin. In all experiments, suspensions of EYPC LUVs were used. The
intravesicular solution contained 10 mM sodium phosphate, pH 6.4, and 120 mM calcein.
The extravesicular solution contained 10 mM sodium phosphate, pH 6.4, and 200 mM
NaCl (isoosmolar). Time events: 20 sec: 20 pl of 2.5 mM c¢G 2.34 solution in DMSO
added (=), 2.5 mM cA 2.35 solution in DMSO added (==) or 100 uM melittin in
phosphate buffer added (=), 500 sec: 40 pul of 50 % aqueous Triton X-100 added (Triton
Pulse).

The mechanism of transport (i.e. carrier or channel) and the active c¢G 2.34 and cG
2.26 structures responsible for ion transport (i.e. monomer, dimer, or multimer) remain to
be elucidated. However, by bringing the results of base pulse assays with cG 2.34 and cA
2.35 (Figure 2.41) together with the ¢G 2.26 base pulse assays (Figure 2.17A) and the
ion binding properties of cG 2.34 discussed throughout this section, several predictions

can be made:

(1) Calix[4]arene-guanosine conjugates ¢G 2.26 and c¢G 2.34 demonstrated similar ion

transport properties, suggesting that a calix[4]arene core (with or without
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butoxymethylene chains) bearing four guanosine bases (with either an isopropylidene or

silyl protecting groups) is the basic structure required for K'-selective transport.

(2) Control compound cA 2.35 showed transport properties different than those exhibited
by ¢G 2.34, with cA 2.35 transporting K and Cs" at nearly half the rate of K transport
mediated by cG 2.34. Most importantly, cA 2.35 is not K'-selective. Since cA 2.35
possesses a structure nearly identical to ¢G 2.34, but with adenine in place of guanine on
the bases, the transport data implicate the guanosine bases of ¢G 2.34 and cG 2.26 as

critical for K transport and selectivity.

(3) In Section 2.7.4, a 2:1 K":Na" extraction selectivity was reported for the (cG
2.34),+(H,0), dimer (based on both '"H NMR integration and IC measurements). A K" >
Na' transport selectivity was also observed, raising the question of whether ion binding
and ion transport is facilitated by the same supramolecular structure. Indeed, ion binding
and 1on transport selectivities exhibited by ionophores have been shown to reflect one
another in some cases.*®' Furthermore, the (cG 2.34),+(H,0), dimer is likely to span the
membrane, satisfying one requirement for synthetic ion channels (see Sections 1.6 and
1.7). From a crystal structure that will be discussed in Chapter 3 (see Figure 3.8), the
dimer of calix[4]arene 1,3-alternate tetramethylamide 2.30 (Scheme 2.6, a derivative of
calix[4]arene-tetrabutylamide 3.1) had a length of 25 A. This length is sufficient to span
the hydrocarbon region of an EYPC bilayer.*** The (cG 2.34),*(H,0), dimer, bearing
guanosine nucleosides in place of the methyl amides of 2.30, will most likely exceed the
25 A length of the smaller 2.30. This being the case, a (cG 2.34),*(H,0), dimer may

serve as the active structure, spanning the membrane and conducting or shuttling ions.

(4) Lastly, water was shown to be an integral component of the (cG 2.34),*(H,0), dimer.
Water is also integral in the structure of many natural and synthetic ion channels
(Chapter 1), wherein a water-filled pore supported by the channel allows the passage of
ions through the hydrophobic membrane. Since the (cG 2.34),¢(H,0), dimer retains a

water-filled cavity in CHCl; (dielectric constant = 5.5), the complex is also expected to
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retain its aqueous core in lipid membranes (dielectric constant ~ 2).*”* The water-filled
cavity in (cG 2.34),*(H,0), may facilitate ion transport across the membrane, providing a
polar environment through which cations may pass. Also, the presence of water in the
dimer’s core alleviates the energy cost for an ion entering the transporter, since a partial

solvation shell would be retained.

2.7.15 Conclusions

Nucleoside conjugate cG 2.34 dimerizes in wet CDCl; to give (cG 2.34),+(H,0),.
Water mediates the transformation of a non-specific aggregate into a discrete and
functional complex. The (cG 2.34),°(H,0), dimer is a ditopic receptor capable of
extracting alkali halides from aqueous solution into organic solvents. In this receptor, the
G-quartet cation binding site is “built” into the complex through self-assembly, and cG
2.34’s amides serve to bind halide anions. This study underscores water’s ability to
stabilize a functional noncovalent assembly and provides a rare example of a self-
assembled ion pair receptor. In addition, the supramolecular architecture formed from cG
2.34 is tunable, as changing from a halide to the non-coordinating BPh,™ results in
supramolecular polymers. Lastly, cG 2.34 mediates K -selective transport across EYPC
membranes. Although the mechanism and active structure are still unknown, the study of
ion pair receptor (cG 2.34),°(H,0), suggests that this water-containing dimer may serve
as the membrane spanning transporter.

In the course of studying the ion transport properties of calix[4]arene-guanosine
conjugates, chloride transporter calix[4]arene tetrabutylamide 3.1 was discovered, as
discussed in Section 2.6.2. Chapter 3 will focus on the chloride-selective ion channels
formed from 3.1 and the chloride transport properties of related secondary amide

compounds.
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2.7.16. Future Directions.

(1) Certainly, cation transport mediated by cG 2.26 and c¢G 2.34 deserves further
investigation. The promising preliminary results described in Sections 2.6.2 and 2.7.14
show that these calix[4]arene-guanosine conjugates indeed function as cation-selective
transporters, suggesting, at least in part, that the design was correct (see Section 2.4.4).
The structural insight gained from the study of (cG 2.34),(H,0), salt-free and salt-
containing complexes provides a basis for structural studies of the active transporter in
membranes. For example, circular dichroism has been widely used to gain insight into
membrane-bound structures. With the circular dichroism signatures of the

(cG 2.34),+(H,0), complexes in hand, determining the presence of this structure in
membranes becomes possible. Also, voltage clamp experiments would determine

whether ¢G 2.26 and ¢G 2.34 function as ion carriers or ion channels.

(2) Bringing together the data from Sections 2.7.4 and 2.7.10 leads to the conclusion that
(cG 2.34),°(H,0), binds alkali halide salts as either a contact ion pair or a solvent
separated ion pair in the core of the dimer. Although no zwitterionic species were
investigated, it seems logical that zwitterionic amino acids might fit nicely into the
binding pocket, much like the receptors of de Mendoza and Sessler described in Section
2.3.2.7%" Since the appended guanosines are chiral, (cG 2.34),*(H,0), could prove to

be an enantioselective host for such chiral guests.
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Chapter 3. Chloride Transport by Synthetic Small Molecules

3.1 Introduction.

The initial goal of the research described in this thesis was to develop molecular
building blocks that would form ion channels in membranes through self-assembly. This
goal has been achieved, as will be described in this chapter. Calix[4]arene
tetrabutylamide 3.1, a ligand discovered in the study of calix[4]arene-guanosine
conjugate 2.26 (Section 2.6.2), forms chloride-selective ion channels in planar bilayers
and in cells. Section 3.2 briefly discusses applications of synthetic chloride transporters.
The structure and function of ion channels formed from calix[4]arene tetrabutylamide 3.1
are then described (Section 3.3). In the second part of this chapter, the ion transport
properties of linear analogs of 3.1, oligophenoxyacetamides 3.3-3.8, are investigated. The
rationale for their development is first presented (Section 3.4) followed by functional
studies of the oligomers (Section 3.5), and in particular trimer 3.5, a more potent chloride
transporter than calix[4]arene tetrabutylamide 3.1.

Sections 3.3 and 3.5 of this chapter have been published separately in the Journal of
the American Chemical Society.”"*' The work presented in this chapter was done in a
collaboration between Dr. Vladimir Sidorov and myself. Dr. Sidorov conducted many of
the experiments that will be discussed, and his work is credited throughout this chapter in
the text or in figure captions. My own contributions (the author) are also made clear. The
two manuscripts published on this work were prepared by Dr. Sidorov, Prof. Davis and
myself. In addition, smaller contributions were made by other researchers and these

contributions are credited in individual sections throughout the chapter.

3.2 Applications of Synthetic Chloride Transporters

Identification of compounds that transport chloride across cell membranes has
important implications in drug development. Synthetic chloride transporters have already
shown potential in the treatment of cystic fibrosis (Section 1.7). The peptide C-Ky4-
M2GlyR 1.34 was found to increase Cl currents in airway epithelial cells from a human

cystic fibrosis patient and N-K4-M2GlyR 1.35 restored secretion of the antioxidant
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glutathione.'”"!” Sterol 1.41 was also shown to mediate CI” transport across cystic
fibrosis cells.'® These promising leads have opened up a new strategy for the treatment of
diseases caused by chloride channel malfunctions. That is, chloride movement across the
membrane, along with cellular functions that depend on chloride transport, can be
restored by small molecular transporters. In addition to cystic fibrosis, epilepsy and
myotonia have been linked to chloride channel defects, and thus represent other diseases
that may be alleviated by the restoration of chloride transport.'’

In addition to chloride transport, compounds that enable H/CI cotransport also have
therapeutic potential. The immunosuppressive and anticancer activities of the prodigiosin
family of antibiotics have been attributed to their ability to cotransport H/CI".>**% As
summarized in Section 3.1, the calix[4]arene tetrabutylamide 3.1 and trimer 3.5 do
indeed facilitate chloride transport (via a channel mechanism for the case of 3.1) and

H'/CI" cotransport. These compounds are potentially valuable leads in drug development

for the treatment of cystic fibrosis and cancer.

3.3 Ion Channel Formation from a Calix[4]arene Amide that Binds HCI

3.3.1 Introduction

As described in Sections 1.6 and 1.7, both single molecule and self-assembly
approaches are used for the design of artificial ion channels. Self-assembly is an
attractive approach for making pores within a membrane, as functional structures can
arise from simple building blocks. Nature certainly makes spectacular use of self-
assembly to form ion channels, as illustrated by the crystal structures of the K* channel
and the CIC chloride channel described in Sections 1.2.2 and 1.2.3.%°

While investigating the self-assembly and ion transport properties of calix[4]arene-
guanosine conjugate cG 2.26 (Section 2.6.2), attention was focused on the secondary
amide groups that connect the nucleosides to the calix[4]arene /,3-alt scaffold.
Compounds 2.30, 3.1, 3.2 and 3.3 (Chart 3.1) were investigated to determine whether
calix[4]arene /,3-alt amides might self-assemble in the presence of cations and/or anions.

In this section, the results described confirm that calix[4]arene tetrabutylamide 3.1 binds

168



HCI in solution, forms ion channels in a planar lipid bilayer and in cells, and effectively
transports HCI across liposomal membranes by an H'/C1 symport or a CI/OH" antiport
mechanism. Also, solid-state evidence that the analogous calix[4]arene tetramethylamide
2.30 self-assembles in the presence of HCI to form ordered arrays containing chloride-
filled and water-filled channels is described. By comparing ion binding and transport
properties of calix[4]arene tetrabutylamide 3.1 with those of its structural analogs 2.30
and 3.2, the compound’s hydrophobicity and the amide’s substitution pattern are shown
to be essential structural factors for mediating chloride transport. The evidence points
towards a self-assembled channel being formed by calix[4]arene tetrabutylamide 3.1 in

an anion-dependent process.

Chart 3.1

3.3.2 Synthesis of Calix[4]arene tetrabutylamide 3.1 and Control Compounds
Calix[4]arene tetrabutylamide 3.1 and octabutylamide 3.2 were prepared by reaction
of tetraacid 2.29 (Section 2.5.2) with SOCI; in benzene to form the acid chloride,
followed by coupling with the appropriate amine, as shown in Scheme 3.1. Control
compound N-butyl-2-phenoxyacetamide 3.3 was prepared from 2-phenoxyacetic acid and

butylamine as shown in Scheme 3.2. Calix[4]arene tetramethylamide 2.30 was prepared
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as described in Section 2.5.2 (see Scheme 2. 6). Compounds 2.30, 3.1, 3.2 and 3.3 were
prepared by Dr. Vladimir Sidorov.

Scheme 3.1 Synthesis of calix[4]arene tetrabutylamide 3.1 and octabutylamide 3.2.

1. SOCl, , Benzene 1. SOCI, , Benzene

2' /\/\NH2 2 /\/\N/\/\
H
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87%
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HO. O
T HN O
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3.3.3 Base Pulse Assays Reveal that Calix[4]arene tetrabutylamide 3.1 Mediates
Chloride Transport Across EYPC Membranes

The ability of calix[4]arene tetrabutylamide 3.1 and calix[4]arene tetramethylamide
2.30 to mediate ion flux across a lipid bilayer was studied in base pulse assays (see
Section 1.5.5). Rapid exchange of intra- and extravesicular electrolytes was observed in
the presence of calix[4]arene tetrabutylamide 3.1 at a ligand:lipid ratio of 1:100 (Figure
3.1A). These fluorescence assays indicated that ion transport mediated by 3.1 is
essentially non-selective towards the cation in buffers containing Na", K” or Cs" (Figure
3.1A, Table 3.1). As was discussed in Section 2.6.2, the only constant in the three
transport assays was chloride anion, and 3.1 does indeed mediate CI transport. Further
support for this claim will be described throughout this section.

Calix[4]arene tetramethylamide 2.30 showed little transport activity in the presence
of extravesicular Na", K" or Cs" chloride solutions at ligand:lipid ratios up to 1:20
(Figure 3.1B, Table 3.1). The decreased activity of tetramethylamide 2.30 can be
attributed to its lower hydrophobicity with respect to tetrabutylamide 3.1. Reverse-phase
HPLC retention times (C-18, 1:1 CH3CN:0.1 % aqueous TFA, 1 mL/min) were 4.8 min
and 54.1 min for 2.30 and 3.1, respectively. This clearly shows that tetramethylamide
2.30 is significantly more polar than tetrabutylamide 3.1.>"” The increased polarity of
calix[4]arene tetramethylamide 2.30 likely results in poor lipid/water partitioning, and

therefore decreased amounts of 2.30 in the membrane.
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Figure 3.1. Base pulse transport assays with (A) 3.1 and (B) 2.30. In all experiments,

suspensions of EYPC LUVs containing the pH-sensitive dye pyranine in a phosphate

buffer were used. The intravesicular solution contained 10 mM sodium phosphate, pH

6.4, 100 mM NacCl and the extravesicular solution contained 10 mM sodium phosphate,
pH 6.4, 100 mM MC1 (M =Na", K*, Cs"). Time events: 0 sec: 20 pl of (A) 0.5 mM 3.1
solution in THF added or (B) 0.5 mM 2.30 in 1:1 THF:MeOH added (final concentration:
5 uM, 1:100 ligand:lipid ratio), 60 sec: (A,B) 21 ul of 0.5 M NaOH added (Base Pulse),

500 sec: (A,B) 40 pul of 50 % aqueous Triton X-100 added (Triton Pulse). Extravesicular
buffers contained 100 mM NaCl (=), KCl (=), or CsCl (==). Experiments conducted by

the author.
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Table 3.1. Initial Pseudo-First Order Rate Constants (x 107 s™) for

Intravesicular/Extravesicular Electrolyte Exchange in the Presence of 5 uM 3.1 or 2.30.

Ton Transporter | NaCl* KCI? CsCI° | Na,S0,7
3.1 6.8 6.4 7.7 1.1
2.30 2.5 2.2 4.1 N/A

a NaCl buffer inside, NaCl buffer outside

b NaCl buffer inside, KCI buffer outside

¢ NaCl buffer inside, CsCl buffer outside

d Na,SO, buffer inside, Na,SO4 buffer outside

Secondary amides can interact with both anions and cations, making it entirely
reasonable that calix[4]arene tetrabutylamide 3.1 could bind and transport either type of
ion. Since the transport activity of calix[4]arene 3.1 was essentially cation-independent
(Figure 3.1A), the possibility that ion transport mediated by 3.1 might be anion
dependent was investigated. Base pulse fluorescence assays were conducted with sodium
sulfate-filled LUVs suspended in an isotonic solution. Unlike for chloride-containing
solutions, experiments in sulfate buffers revealed that the pH-induced ion flux across the
membrane was not mediated by 5-50 uM concentrations of 3.1 (1-10 mol % ligand,
Figure 3.2). This pronounced CI/HSO, transport selectivity (Table 3.1, k= 6.8 x 10~ s
for NaCl-containing buffer, k = 1.1 x 10™ s™' for Na,SO4-containing buffer) implies that

calix[4]arene tetrabutylamide 3.1 functions as a Cl transporter.
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Figure 3.2. Liposome transport assays with 3.1 in liposomal suspensions containing 100
mM NaCl inside and outside (top trace) and 75 mM Na,SO; inside and outside (bottom
trace). Suspensions of EYPC LUVs containing the pH-sensitive dye pyranine in a
phosphate buffer were used. Time events: 20 sec.: 20 pl of 0.5 mM 3.1 solution in THF
added (final concentration: 5 uM, 1:100 ligand:lipid ratio), 60 sec: 21 ul of 0.5 M NaOH
added (Base Pulse), 500 sec: 40 ul of 50 % aqueous Triton X-100 added (Triton Pulse).
No significant transport in the Na,SO4 buffer was observed even in the presence of 50

puM 3.1 (1:10 ligand:lipid ratio). Experiments conducted by Dr. Vladimir Sidorov.

3.3.4 Pyranine Adsorption to Membranes

The polyanionic dye pyranine is known to adsorb to positively charged vesicles.””=%
Pyranine also adsorbs to some extent to neutral liposomes such as EYPC, and this issue is
addressed here.'® The fluorescence traces for base pulse assays shown throughout this
thesis represent the ratio of deprotonated to protonated forms of the dye (excitation
wavelengths at both 460 and 403 nm, see Section 1.5.5) and therefore register a response
directly proportional to pH.>® In this way, dye adsorption to the internal surface of the
vesicles does not interfere with the pH measurements. The amount of dye adsorbed to the
outer surface of EYPC LUVs was estimated by analyzing the immediate fluorescence

“burst” response upon addition of base (see, for example, Figure 3.1A). This response

has never exceeded 15 % of the total fluorescent change observed in the course of
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experiments. The slower phase of fluorescence increase is due to the rise in intravesicular
pH as the ligand transports ions across the EYPC membrane. It is the rate constants of
this second phase that are reported in Tables 2.3, 3.1 and 3.2 of this thesis. Furthermore,
negative controls indicate that there is little fluorescence increase in the absence of an
active transporter (see Figure 3.1A and B, black traces).

The adsorption of pyranine to the membrane can be minimized by incorporation of
negatively charged lipids (e.g. phosphatidylglycerol, Chart 1.3) into the liposomes. Such
liposomes, however, discriminate in their membrane permeability toward different
monovalent cations, and therefore may cause misleading results in the transport assays

described in Chapters 2 and 3.*"

3.3.5 Calix|[4]arene tetrabutylamide 3.1 Does Not Induce Membrane Defects
Calix[4]arene tetrabutylamide 3.1 may transport ions across LUV membranes by
inducing membrane defects, by uniport of ions, or via cotransport of ion pairs (H/M" or

OH/A™ antiport and H/A” or M'/OH™ symport mechanisms are possible). The lytic
potential of 3.1 was evaluated using a calcein release assay (see Section 1.5.11). A
suspension of LUVs containing 120 mM calcein showed no fluorescence enhancement
upon dilution with an isoosmotic buffer containing 3.1 (5-100 uM, 1-20 mol % ligand).
The fluorescence traces (and experimental conditions) were identical to the red and blue
traces shown in Figure 2.42 (Chapter 2), where no fluorescence enhancement was
observed until the vesicles were lysed with detergent. The absence of dye leakage from

the LUVs indicates that 3.1 does not induce membrane defects in liposomes.

3.3.6 '"H NMR Experiments Show that Chloride Transporter 3.1 binds HCl in
CDCl; Solution.
To obtain evidence for CI” binding by 3.1, "H NMR experiments in CDCl; were

conducted using n-BusNCI and HCl as CI” sources (Figure 3.3). Anion receptors usually
show chemical shift perturbations upon anion complexation, particularly for amide NH

protons that hydrogen bond to the anion.”*>*'" Surprisingly, no changes in the 'H NMR
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spectrum of the secondary amide 3.1 in CDCl; were observed upon addition of 1 or 2
equivalents of n-BusNCIl (Figure 3.3B). This lack of spectral changes indicates that 3.1
does not bind strongly to the “naked” CI” anion, even in this non-polar solvent.
Calix[4]arene tetrabutylamide 3.1 does, however, bind HCI in solution. Thus, shaking a
CDCl; solution of 3.1 with aqueous HCI led to complete disappearance of the amide NH
proton (He) and a significant upfield shift of the O-CH,-C(O) protons (Hg, Figure 3.3C).
The NMR spectral changes of 3.1 induced by HCl extraction were not simply due to acid
treatment, since washing a CDCl; solution of 3.1 with a H,SO4 solution did not cause any

spectral changes (Figure 3.3D).

HaHo  H Ho He Hy  H
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Figure 3.3. "H NMR spectra of calix[4]arene tetrabutylamide 3.1 in the presence of
different species: (A) 3.1 alone in CDCl; (5 mM); (B) 3.1 with 1 equiv of n-BusNCl in
CDCls; (C) CDCl; solution of 3.1 after washing with 0.5 M HCl,q); (D) CDCl3 solution
of 3.1 after washing with 0.5 M H>SO4(.q). Experiments conducted by Dr. Vladimir

Sidorov.

176



These 'H NMR experiments indicate that calix[4]arene tetrabutylamide 3.1 is a
ditopic HCI receptor, since both H" and CI” are needed to induce NMR spectral changes.
These NMR data for 3.1 are consistent with the LUV transport results, where efficient ion
transport across the membrane was observed in the presence of C1” but not HSO4". The
combined fluorescence and NMR results lead to the conclusion that calix[4]arene
tetrabutylamide 3.1 supports ion transport across LUVs in an anion-dependent fashion by

either an H'/CI” symport or a CI/OH™ antiport mechanism.

3.3.7 Calix|[4]arene tetrabutylamide 3.1 Mediates Effective H'/CI Transport

With NMR evidence that calix[4]arene tetrabutylamide 3.1 binds HCl in a
hydrophobic environment, the possibility that 3.1 could transport HCl across vesicular
membranes was investigated. Symport of H' and CI” down the gradient of one of the ions
should result in gradient formation for the counterion. Previously, it was shown that a pH
gradient across Cl'-filled vesicles in a CI” buffer was collapsed by addition of calixarene
tetrabutylamide 3.1 (Figure 3.1A). The reverse situation was studied by monitoring the

intravesicular pH of LUVs experiencing a Cl” gradient (Figure 3.4).
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Figure 3.4. Changes of intravesicular pH upon addition of 3.1 or 3.2 to unequally-loaded
vesicles. Top trace: addition 3.1 to NaCl-loaded liposomes suspended in a Na,SO4 buffer;
Middle trace: addition of 3.2 to NaCl-loaded liposomes suspended in a Na,SO4 buffer;
Bottom trace: addition of 3.1 to Na,SOs-loaded liposomes suspended in a NaCl buffer.
Final concentration of ligand in all experiments was 5 uM (1:100 ligand:lipid ratio).
Time events: 60 sec: 20 ul of 0.5 M 3.1 or 3.2 solution in THF added, 500 sec: 40 ul of
50 % Triton X-100 added. Intravesicular pH values were obtained as a function of the
ratio of HPTS emission intensities at 510 nm, when excited at 403 and 460 nm, as
described in Section 4.2.2 (see Figure 4.1). Experiments conducted by Dr. Vladimir

Sidorov.

When a suspension of LUVs filled with saline phosphate buffer (100 mM NaCl, 10
mM sodium phosphate, pH 6.4) containing pyranine diluted with isoosmotic Na,SO4
phosphate buffer (75 mM Na,;SO4, 10 mM sodium phosphate, pH 6.4) was treated with
3.1, arapid increase in intravesicular pH was observed (Figure 3.4, top trace). The pH
gradient reached its maximum ~250 s after addition of 3.1 and held constant until the
liposomes were lysed with detergent. These results are consistent with an H'/C1” symport

or C1/OH" antiport process. Compound 3.1 moves H' along with CI” down a chloride
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gradient, consequently building a pH gradient across the membrane. Therefore, NaCl-
filled vesicles lose Cl and H' upon addition of 3.1 and become more alkaline.

Reversing the intra- and extravesicular buffers resulted in acidification of the
intravesicular aqueous compartment. Indeed, when Na,SO4-loaded liposomes suspended
in a saline buffer were used, 3.1 mediated effective H'/C1" cotransport into the liposomes,
down the chloride gradient, causing a decrease in intravesicular pH (Figure 3.4, bottom
trace). The pH change in these “inversely-loaded” liposomes (-0.3 pH units) was,
however, lower than that observed for NaCl-loaded liposomes suspended in a Na;SO4
buffer (+0.6 pH units). This non-symmetrical response in the two experiments may result
from several factors. First, the osmotic pressure inside the liposomes is decreasing in the
case of NaCl inside (HCI moves out) and increasing when NaCl is outside (HCI moves
in), if an H'/CI symport is indeed the mechanism. The extent to which the liposomes can
shrink is likely different than the extent to which they can swell. Secondly, calix[4]arene
tetrabutylamide 3.1 may undergo Cl'-mediated aggregation when injected into the NaCl

buffer, thus preventing the compound from partitioning into the liposome.

3.3.8 The secondary amide NH Group is Essential for HCI Transport Activity of 3.1.

Calix[4]arene octabutylamide 3.2 (Chart 3.1) was used as a negative control for
tetrabutylamide 3.1, as the lack of amide NH protons in 3.2 would preclude CI” binding.
Instead, 3.2 should be a cation ionophore, much like the related
tetrakis(diethylcarbamoylmethoxy)-p-tert-butylcalix[4]arene- 7, 3-alt that coordinates
alkali cations in the solid-state and in solution.’'?

To confirm that 3.2 binds Na', sodium picrate (NaPic) extraction in CDCl; was
monitored by 'H NMR spectroscopy. Complexation of the salt by 3.2 was evident. Two
distinct complexes were formed, corresponding to a 1:1 and a 2:1 Na':3.2 stoichiometry.
The 1:1 complex was generated by adding 1 equivalent of solid sodium picrate to a
solution of 3.2 in CDCls. Binding of this Na" led to a symmetry loss for 3.2, indicated by
doubling of the "H NMR signals. Addition of further sodium picrate (up to 10 equiv)

resulted in a new 2:1 complex. Binding of the second Na" cation restored the ligand’s

initial D,q symmetry, as seen by the new single set of NMR signals for this 2:1 complex.
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In sharp contrast, no sodium picrate extraction by calix[4]arene tetrabutylamide 3.1 in the

presence of up to 10 equivalents of the NaPic was detected by 'H NMR spectroscopy.
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d ' ' d d d d ' 1 ' ' d 1 ' d d 1 d ' ' 1 d v
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Figure 3.5. '"H NMR spectra of (A) 3.2 in CDCl; (5 mM), (B) a CDCl; solution of 3.2
after addition of 1 equiv NaPic, and (C) a CDCl; solution of 3.2 after addition of 2 equiv

\O =
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NaPic. No change in spectrum C was observed in the presence of up to 10 equiv of solid

NaPic. Experiments conducted by Dr. Vladimir Sidorov.

Ion transport assays revealed a high activity for octabutylamide 3.2 in NaCl buffer
(Figure 3.6, Table 3.2). Unlike 3.1, calix[4]arene octabutylamide 3.2 clearly
discriminates between monovalent cations, showing a 3.5-fold drop in rate constant when
changing the extravesicular electrolyte from NaCl to CsCl (Table 3.2). Fluorescence
assays with 3.2 in the presence of Na,SO4-loaded vesicles suspended in isotonic buffer
indicated that 3.2 still mediated significant exchange between extra- and intravesicular
electrolytes, albeit with a drop in activity (k=9.1 x 107 5™, Table 3.2). These data, taken
together with the 'H NMR evidence that 3.2 binds Na* (Figure 3.5), strongly suggest that
3.2 functions as a cation transporter, with a preference for Na" over other alkali metal

cations.
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Figure 3.6. Base pulse assays with 3.2. In all experiments, suspensions of EYPC LUVs
containing the pH-sensitive dye pyranine in a phosphate buffer were used. The
intravesicular solution contained 10 mM sodium phosphate, pH 6.4, 100 mM NaCl and
the extravesicular solution contained 10 mM sodium phosphate, pH 6.4, 100 mM MCI
(M =Na", K", Cs"). Time events: 0 sec: 20 ul of 0.5 mM 3.2 solution in THF added
(final concentration: 5 uM, 1:100 ligand:lipid ratio), 60 sec.: 21 pl of 0.5 M NaOH added
(Base Pulse), 500 sec: 40 pul of 50 % aqueous Triton X-100 added (Triton Pulse).
Extravesicular buffers contained 100 mM NaCl (=), KCI (=), or CsCl (==).

Experiments conducted by Dr. Vladimir Sidorov.

Table 3.2. Initial Pseudo-First Order Rate Constants (x 10~ s™) for
Intravesicular/Extravesicular Electrolyte Exchange in the Presence of 5 uM 3.2. The rate

constants for 3.1 (Table 3.1) are included for comparison.

Ion Transporter | NaCl“ KCI? CsCI° | Na,S0,7
3.2 19 12 5.4 9.1
3.1 6.8 6.4 7.7 1.1

a NaCl buffer inside, NaCl buffer outside

b NaCl buffer inside, KCI buffer outside

¢ NaCl buffer inside, CsCl buffer outside

d Na,SO, buffer inside, Na,SO4 buffer outside
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In marked contrast, calix[4]arene tetrabutylamide 3.1 had shown essentially complete
loss of transport activity when the assay buffer was changed from one containing NaCl to
one containing Na;SO4 (Figure 3.2, Table 3.1). Further evidence for different ion
transport selectivity provided by calix[4]arene octabutylamide 3.2, as compared to
tetrabutylamide 3.1, was obtained from an experiment with NaCl-loaded vesicles
suspended in isoosmotic Na,SOj4 solution. Addition of 3.2 to this vesicular suspension did
not result in a pH gradient across the membrane (see Figure 3.4, middle trace), whereas
addition of 3.1 to the identical system produced a stable pH gradient (Figure 3.4, top

trace).

3.3.9 Phenoxyacetamide 3.3 as a Control to Probe the Role of the Calix[4]arene
Core.

To determine whether chloride transport is an intrinsic property of calix[4]arene 3.1
or a general property of hydrophobic secondary amides, N-butyl-2-phenoxyacetamide 3.3
(Chart 1.1) was tested in LUV transport assays. Compound 3.3 is a monomeric analog of
calix[4]arene 3.1, bearing the secondary amide that presumably binds CI, but lacking the
calixarene’s macrocycle. Base pulse assays, even in the presence of relatively high
concentrations of 3.3 (up to 50 uM) showed no ion transport across the LUV membrane.
In addition, "H NMR spectroscopy indicated no HCI binding by 3.3 in CDCl; (i.e. no loss
of the amide NH signal and no significant chemical shift perturbation) under conditions
where calix[4]arene 3.1 clearly bound HCI. These control experiments with N-butyl-2-
phenoxyacetamide 3.3 support the hypothesis that the calixarene’s core is critical for the
HCI binding and ion transport properties of 3.1.

As will be discussed in Section 3.5, this hypothesis was later proved to be invalid.
Oligophenoxyacetamides having two or more phenylene units and bearing secondary
butylamides are indeed efficient chloride transporters, with trimer 3.5 (Chart 3.2) having

the highest activity. The calix[4]arene core is not required for chloride transport.
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3.3.10 Calix[4]arene tetramethylamide 2.30 Forms a Channel-like Structure with
HCl in the Solid State

After failing to obtain single crystals of tetrabutylamide 3.1 in the presence of HCI,
attention was turned to the analogous calix[4]arene tetramethylamide 2.30 (Chart 3.1).
Whereas 2.30 does not transport ions efficiently across the LUV membrane (Figure
3.1B), presumably due to its poor hydrophobicity, its mode of HCI binding should be
similar to that for 3.1. Different protocols afforded two types of 2.30<HCI crystalline
complexes. These structures were solved by Dr. James C. Fettinger. Both solid-state
structures show that Cl” anion is hydrogen bonded to the calixarene’s amide NH.

Crystals of 2.30°HCl+3(H,0), obtained by evaporation of a CH,Cl,/THF solution of
2.30 and HCI, have a structure that consists of two-dimensional planar arrays of
calixarenes held together by NH---CI"--*HN hydrogen bonds in the x-direction and by
C=0--"H-O-H:--O=C hydrogen bonds in the y-direction (Figure 3.7). A side view in the y-
direction reveals chloride-filled channels, and a side view in the x-direction reveals water-

filled channels.
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Figure 3.7. Top and side views of the hydrogen-bonded array found in the crystal
structure of 2.30°HCI+3(H,0). The layer continues in the x and y directions infinitely.
The z-direction is composed of identical layers held together by crystal packing forces.
The CI" anions are shown as green spheres. All molecules in the structure are shown in a
wire frame representation following the color scheme: gray = carbon, red = oxygen, blue
= nitrogen, light gray = hydrogen. Hydrogen bonds between the water molecules
(depicted as tetrahedral due to oscillation between two different binding modes) are

omitted for clarity. Crystal structure by Dr. James C. Fettinger.
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Analysis of a second single crystal, (2.30°HCI*H,O+*CH,Cl,), grown by layering an
aqueous HCI solution over a dichloromethane solution of 2.30, revealed a structure where
two molecules of calixarene 2.30 are linked by oppositely-directed NH---C1™~-H-O(H)"-
H---O=C bridges to give a calixarene dimer (Figure 3.8). Each molecule of calixarene
2.30 in 2.30°HCI*H,O+*CH,Cl, retains a similar geometry as that observed in the structure
of 2.30°HCI+3(H,0). The main difference in this second structure is that a hydronium

cation effectively separates Cl” from the neighboring calixarene molecule.

25A

Figure 3.8. Self-assembled dimer observed within the 2.30°HCI*H,O+*CH,Cl; crystal
structure. The CH,Cl, molecules are omitted. The CI anions are shown as green spheres.
All molecules in the structure are shown in a wire frame representation following the
color scheme: gray = carbon, red = oxygen, blue = nitrogen, light gray = hydrogen.

Crystal structure by Dr. James C. Fettinger.
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Although the global three-dimensional network formed by the two 2.30-HCI
complexes is different, both crystal structures indicate that calixarene 2.30 uses its
secondary amide groups to bind HCI. Furthermore, calixarene tetramethylamide 2.30 can
definitely self-assemble into extended channel-like structures, held together by hydrogen
bonds to bridging CI” anions and water molecules.

Looking down the y-axis in Figure 3.7, chloride ions in the chloride-filled channels
are coordinated by amide NH groups. This is not unlike that observed in the CIC chloride
channel selectivity filter, wherein Cl” ions are coordinated on one side by main chain
amide NH groups (see Section 1.2.3 and Figure 1.5).” Calix[4]arene tetramethylamide
2.30 also forms water-filled channels in the solid state (Figure 3.7, x-direction). Water-
filled cavities are intimately involved in ion transport through both the K channel and
CIC chloride channel pores (see Sections 1.2.2 and 1.2.3).*’ The pore of the gramicidin
A channel is lined with water (Section 1.3).>® Water is also believed to be involved in
Na" transport through the synthetic hydraphile channels (see Section 1.6 and Figure
1.18)."°>"7 If calix[4]arene tetrabutylamide 3.1 forms structures akin to that observed in
the solid state for 2.30 (Figure 3.7), such a water-lined channel through the membrane

could provide a pathway for the transport of Cl” via an ion channel mechanism.

3.3.11 Calix[4]arene tetrabutylamide 3.1 Transports Anions via an Ion Channel
Mechanism.

Ligand-mediated ion transport across a lipid bilayer is usually attributed to three
mechanisms; defect induction, a carrier process, or channel formation (see Sections 1.5.1
and 1.5.11).9°*'%2 Calcein-release experiments showed that 3.1 does not induce
membrane defects (Section 3.3.5). The C1/SO4> transport selectivity also suggests that
3.1 acts by a mechanism other than defect induction.

Both carrier and ion channel mechanisms for H'/CI” transport are conceivable for a
ligand such as calix[4]arene tetrabutylamide 3.1. A single molecule of 3.1 is certainly too
small to span the membrane. The calixarene’s /,3-alt conformation makes channel-like
structures possible, particularly in the presence of a bridging species. The crystal

structures of the 2.30°HCI complexes show calixarene units that are held together by
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amide---chloride---amide, amide---water---amide and amide---chloride---water---amide
hydrogen bonds. If HCl-mediated self-assembly of 3.1 gives similar structures in lipid
membranes, then such aggregates could act as ion channels. Even the shortest hydrogen-
bonded unit in these structures, a calixarene dimer of ~25 A (Figure 3.8), could

conceivably span a bilayer membrane.’"**"?

The active gramicidin dimer, an efficient ion
channel (see Section 1.3), is estimated to be 22 A in length.**’

Since ion transport supported by 3.1 is not electrically silent, current across the
bilayer can be recorded using the voltage clamp technique (see Section 1.5.3), a
technique that unequivocally distinguishes between channel and carrier mechanisms.
Evidence for ion channels formed by calix[4]arene tetrabutylamide 3.1 was obtained
from voltage clamp experiments on black lipid membranes (BLMs) (Figure 3.9). Voltage

clamp experiments and data analyses were done by Robert Mizani in the laboratory of

Professor Marco Colombini.
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Figure 3.9. (A) Representative current events across a BLM in voltage clamp
experiments after application of calix[4]arene tetrabutylamide 3.1 (2.5 uM). The voltage
applied was —20 mV for all three recordings. (B) The distribution of conductance ranges
observed in voltage clamp experiments with 3.1 acting as an ion channel. Voltage clamp
experiments and data analyses were done by Robert Mizani in the laboratory of Professor

Marco Colombini.
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The voltage clamp assay was conducted using a set-up with two chambers, each filled
with an electrolyte solution (1 M KCI, 1 mM MgCl,, 5 mM HEPES, pH 7.0) and divided
by a BLM. After voltage was applied across the membrane, a solution of 3.1 was added
to one of the chambers. The subsequent current across the membrane was attributed to
ion transport mediated by calixarene tetrabutylamide 3.1, since control experiments with
DMSO solvent were negative. Typical current recordings are shown in Figure 3.9A. The
abrupt changes in current intensity (events) are consistent with an ion channel
mechanism. The relatively long-lasting open states, greater than 10 s in some cases,
indicate that the channels formed by calixarene tetrabutylamide 3.1 are stable.

Analysis of 480 events gave a distribution of conductance levels (50 pS-2 nS)
centered near 100 pS (Figure 3.9B). The various conductivity levels are attributed to
formation of different self-assembled channel structures (see Section 1.5.3 and examples
in Sections 1.6 and 1.7). One explanation for different assemblies formed by 3.1 is
competition of calix[4]arene amides with water for CI” binding, as revealed in the two
different crystal structures for 2.30¢HCI complexes (Figures 3.7 and 3.8). While one can
only speculate about the structure(s) of the active species, the experiments summarized in

Figure 3.9 clearly indicate that calix[4]arene tetrabutylamide 3.1 can form ion channels.
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3.3.12 Calix[4]arene tetrabutylamide 3.1 Forms Voltage-dependent Chloride-
Specific Channels in HEK-293 Cell Membranes.

Patch-clamp recordings in the whole-cell configuration (see Section 1.5.2) revealed
that extracellular application of 3.1 to HEK-293 cells (human embryonic kidney cells)
caused current across the cell membrane at holding potentials of +120 mV (Figure
3.10A). In the range of —120 mV to +80 mV, no response was observed (3 cells out of 15
gave a response at +80 mV, whereas all other cells responded at +120 mV). The channels
formed from 3.1 are voltage-dependent, only opening (or forming) at high positive
holding potentials.

Importantly, the current was observed only when the cells were suspended in a NaCl
buffer. Replacement of this NaCl buffer with isoosmotic sodium glutamate (Figure 10B)
or Na,SO, buffer (Figure 10C) resulted in no current across the membrane at holding
potentials between —120 and +120 mV. These results lend further credence to the CI'-
selectivity of ion channels formed by calix[4]arene tetrabutylamide 3.1. All patch clamp

experiments and data analyses were done by Dr. Galya Abdrakhmanova.
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Figure 3.10. Patch clamp recordings in the whole cell configuration (HEK-293 cells).
(A) Current across the membrane after application of 3.1 at different voltages. From
bottom to top, traces denote currents at -120, -80, -40, 0, +40, +80, +120 mV,
respectively, with saline physiological buffer being used. (B) Current across the
membrane in a sodium glutamate isoosmotic buffer at different voltages. The potential
was varied over a range of —120 through +120 mV, with a 40 mV step. (C) Current across
the membrane in a Na,SO4 isoosmotic buffer at different voltages. The potential was
varied over a range of —120 through +120 mV, with a 40 mV step.(D) Current across the
membrane at +120 mV in application/lavage cycles: traces from bottom to top denote:
current in absence of 3.1, current after first application of 3.1 (blue trace), followed by
1.5 min lavage, second application (red trace) and the third application (green trace).
Trace on top designates current after lavage without further application of 3.1. Baselines
of the first and the last traces shifted for clarity, saline physiological buffer used. All

patch clamp experiments and data analyses were done by Dr. Galya Abdrakhmanova.
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Calixarene tetrabutylamide 3.1 could be washed out from the cell membrane. After
1.5 minutes of lavage, the current returned to the baseline and no further response at +120
mV was observed without further addition of 3.1. These data indicate that application of
3.1 did not damage the cell membrane. Subsequent reapplication of 3.1 resulted in a
shortening of the delay prior to the response (Figure 10D, red trace). A second lavage
and application cycle resulted in further decrease in the delay (Figure 10D, green trace).
One explanation for this phenomenon is that lavage did not completely remove 3.1 from
the cell membrane. Instead, inactive aggregates of 3.1 remained. These membrane-
retained “seeds” may then accelerate formation of new ion channels upon reapplication of

the compound.

3.3.13 Conclusions

Calix[4]arene /,3-alt tetrabutylamide 3.1 binds HCI and forms ion channels in lipid
bilayer membranes. This is a rare example of a synthetic, non-peptide ion channel
showing an anion dependence. The HCI binding and transport activities of 3.1 are
attributed to the molecule’s overall hydrophobicity and the substitution pattern of the
sidechain amide groups. Alteration of these features results in a loss of transport activity
(compound 2.30) or a switch of selectivity from anions to cations (compound 3.2). Ton
transport provided by 3.1 proceeds via either an H'/CI” symport or a CI/OH" antiport
mechanism. Compound 3.1 can regulate H" and CI gradients across the membrane,
acting as a proton or Cl" pump. Two crystal structures demonstrate that the calix[4]arene
1,3-alt tetraamide motif is capable of forming self-assembled channels filled with CI
anions and water. Finally, compound 3.1 forms ion channels reversibly in HEK-293 cells

that are both Cl -selective and voltage-dependent.

3.4 Is the Calix|[4]arene Core Critical for Chloride Transport? A Clue from Crystal
Structures.

As described in Section 3.3, calix[4]arene tetrabutylamide 3.1 facilitates H'/CI°
transport in liposomes, forms ion channels in planar lipid bilayers and supports electric

current in HEK-293 cells. Crystal structures of HCI complexes of calix[4]arene
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tetramethylamide 2.30 (Figures 3.7 and 3.8) provided a rationale for how CI" anions are
moved across a membrane by 3.1. Individual calixarenes are bridged by a network of
amide NH---Cl" and amide NH---H,O hydrogen bonds to give a lattice distinguished by its
H,0O-filled and CI'-filled pores.

The structure also revealed that the calixarene macrocycle was not directly involved
in HCI complexation. As shown in Figure 3.11, one arm from each half of calix[4]arene
2.30 binds CI', while the other is folded in towards the calixarene’s cavity. It was
reasoned that ion transport activity might be maintained, or enhanced, if the calixarene
macrocycle was dispensed to produce acyclic analogs that retained the secondary amide

groups that are needed for CI” binding and self-association.
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Figure 3.11. Self-assembled dimer observed within the 2.30*HCI+3(H,0) crystal
structure (left, from sheet in Figure 3.7) and a representation of the structure showing
that only one arm from each half of 2.30 coordinates to CI" (green sphere, right). The
calix[4]arene cores are depicted with cylinders and the “arms” are depicted with straight

lines (binding CI') and curved lines (folded in).

3.5 Chloride Transport across Lipid Bilayers and Transmembrane Potential

Induction by an Oligophenoxyacetamide.

3.5.1 Introduction

To test the hypothesis stated in Section 3.4, a series of compounds was synthesized,
ranging from monomer 3.3 to hexamer 3.8 (Chart 3.2) and evaluated for their ability to
support H'/CI" transport across LUVs. In this section, the results described clearly

indicate that the trimer 3.5 is the most efficient CI” transporter in the series (Chart 3.2)
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and approximately an order of magnitude more active than calix[4]arene 3.1. These data
conclude that the calix[4]arene core is not critical to the chloride transport function of
these secondary amide compounds, i.e. the hypothesis stated in Section 3.4 was correct.
Also, trimer 3.5 has an unprecedented function for a synthetic compound. Due to its high
CI/SO4™ transport selectivity, 3.5 induces a stable potential in liposomes experiencing a
transmembrane C1/SO,4”> gradient. These results represent encouraging developments in

the search for new classes of synthetic CI transporters.

Chart 3.2

-

d
=
2
7
)

o o 0o 0o o o o o} o
tetramer 3.6 pentamer 3.7

(@) (@) 0O (@) (e} (0]
hexamer 3.8

194



3.5.2 Synthesis of Oligophenoxyacetamides

Oligophenols 3.9-3.13 were prepared according to the procedure of Sone, Ohba and
Yamazaki.>'* Oligo-ethyl-phenoxyacetates 3.14-3.18 were synthesized by alkylation of
phenols 3.9-3.13 with ethyl bromoacetate (Scheme 3.3). Base hydrolysis of 3.14-3.18
afforded oligophenoxyacetic acids 3.19-3.23. Subsequent reaction of 3.19-3.23 with
SOCI, in benzene, to form the acid chloride, followed by coupling with butylamine
yielded oligophenoxyacetamides 3.4-3.8 (Scheme 3.3). Table 3.3 provides yields for the
syntheses shown in Scheme 3.3. Compounds 3.4-3.7 were prepared by Dr. Vladimir
Sidorov with assistance from Simi Adeyeye and hexamer 3.8 was prepared by Jennifer
Kuebler. The author’s contribution to the synthesis was in the scale-up preparation of

trimer 3.5.
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Scheme 3.3 Syntheses of compounds 3.4-3.8 from oligophenols 3.9-3.13.
EtO O EtO O EtO (0]
o
Br\)J\OEt o:/[/ o:/[/ O/V[/
J U0 <=~
. (U T

OH OH OH

n Acetone

39 n=0 (Alkylation) 4
310 n=1 314 n=0
311 n=2 315 n=1
312 n=3 316 n=2
313 n=4 317 n=3
3.18 n=4

1.KOH,,,)

(Hydrolysis) [ THF,MeOH

2.HC1

H@O HN?V[/O H%?O 1. sSOCl, H:TO H:TO H:TO
O O O 2. /\/\NHZ

Et,N, CH,Cl,

)

. (Amide Coupling) 319 n=0
dimer3.4 n=0 320 n=1
trimer 3.5 n=1 3.21 n=2

tetramer 3.6 n=2 3.22 n=3
pentamer 3.7 n=13 323 n=4
hexamer 3.8 n=4

Table 3.3. Yields for the Syntheses of Compounds 3.4-3.8 shown in Scheme 3.3.

Starting Alkylation” Hydrolysis® Amide Coupling”
n | Oligophenol | Product/ Yield Product Product / Yield”
0 3.9 3.14 /75 % 3.19 3.4 /85 % (from 3.14)
1 3.10 3.15/83 % 3.20 3.5/89 % (from 3.15)
2 3.11 3.16 /77 % 3.21 3.6 / 66 % (from 3.16)
3 3.12 3.17/58 % 3.22 3.7/ 80 % (from 3.17)
4 3.13 3.18/46 % 3.23 3.8/ 68 % (from 3.18)

a Steps labeled in parentheses in Scheme 3.3
b Yields for final oligophenoxyacetamides calculated over three steps from the esters
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3.5.3 Trimer 3.5 Identified as the Most Potent Chloride Transporter in the Series
The H'/CI transport activity of compounds 3.3-3.8 was evaluated via the base pulse
fluorescent assay (Figure 3.12). A significant increase in transport rates with increasing
chain length was observed for compounds 3.3-3.6. Monomer 3.3 showed essentially no
transport activity, even at 50 uM (1:10 ligand:lipid ratio, Figure 3.12A, purple trace).
Dimer 3.4 had low transport activity at concentrations below 20 uM (1:25 ligand:lipid
ratio, Figure 12A, black trace). In sharp contrast, application of trimer 3.5 at
concentrations as low as 5 uM (1:100 ligand:lipid ratio, Figure 12A, blue trace) resulted
in a rapid exchange between extra- and intravesicular electrolytes. Trimer 3.5 was an
order of magnitude more active than calix[4]arene tetrabutylamide 3.1 at 5 uM
(5.8 x 107 5™ versus 6.8 x 10° s™' established previously for 3.1, see Table 3.1). Further
elongation of the oligomer backbone resulted in an activity decrease. Tetramer 3.6 was
approximately 6 times less active than trimer 3.5 at 5 uM (1:100 ligand:lipid ratio,
Figure 12A, red trace), and pentamer 3.7 and hexamer 3.8 demonstrated a further

decrease in transport rates (Figure 3.12A, green and brown traces, respectively).
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Figure 3.12. (A) Liposome base pulse assays with 3.3-3.8. Suspension of EYPC LUVs
(500 uM of lipid) containing pyranine in a phosphate buffer was used (10 mM sodium
phosphate, pH 6.4, 100 mM NaCl inside and outside). Time events: 20 s. 20 uL of 0.5
mM solution of 3.3-3.8 in DMSO added to give 1:100 ligand:lipid molar ratio, 60 s: 21
puL of 0.5 M NaOH added, 500 sec: 40 pL of 50 % Triton X-100 added. Colors in the
plot denote application of: == monomer 3.3, == dimer 3.4, == trimer 3.5, == tetramer 3.6,
== pentamer 3.7, == hexamer 3.8. (B) Initial pseudo-first order rate constants in the
presence of 5 uM of ionophores 3.3 — 3.8 obtained from the base pulse assays shown in

A. Experiments conducted by Dr. Vladimir Sidorov.
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3.5.4 Rates of Transport Mediated by 3.4-3.8 are Concentration-Dependent
Whereas trimer 3.5 was significantly more active than the other oligomers at all
concentrations, the relative transport abilities of compounds 3.3-3.8 varied with
concentration, mostly due to the nonlinear increase of activity observed for dimer 3.4
(Figure 3.13). This nonlinear increase in transport activity is strong evidence that H'/CI’
transport is mediated by a self-associated form of 3.4. The apparent linear concentration-
activity relationship observed for trimer 3.5 suggests that 3.5 is either pre-assembled

before membrane insertion or that it acts by a carrier mechanism.
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Figure 3.13. Dependence of the initial pseudo-first order rate constants on the
concentration of ligand. Each point on the plot represents a base pulse fluorimetric
experiment. Color code for traces denotes application of: == dimer 3.4, == trimer 3.5,
= tetramer 3.6, == pentamer 3.7, == hexamer 3.8. Experiments conducted by Dr.

Vladimir Sidorov.
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3.5.5 Oligophenoxyacetamides 3.3-3.8 are Chloride-Selective Transporters

Importantly, compounds 3.3-3.8 mediated electrolyte exchange only in the presence
of CI'. In contrast to the results shown in Figure 3.12A, where NaCl extra- and
intravesicular buffers were used, no transport activity was detected in LUVs
symmetrically loaded with Na,SOy, even at ligand concentrations of 50 uM (1:10
ligand:lipid ratio, results similar to those shown in Figure 3.2 for CI- and SO,*-
containing buffers). This anion dependent activity is strong evidence that butylamides
3.3-3.8 mediate Cl  transport across the bilayer.

Direct evidence for CI” transport by trimer 3.5 was obtained from *>Cl NMR
experiments (Figure 3.14). Giant vesicles containing NaCl and CoCl, were suspended in
Co*'-free Na,SO4 buffer. The membrane-impermeable Co*" caused a downfield shift and
broadening of the *>C1 NMR signal for intravesicular CI” (see Section 1.5.7).”" A
separate, smaller signal was due to residual extravesicular Cl” (Figure 3.14A). Controls
showed no leakage of Cl” from liposomes even after three days. Addition of trimer 3.5
resulted in an enhancement of the extravesicular Cl” peak due to outwardly directed CI
transport (Figure 3.14B). The new intravesicular/extravesicular Cl” equilibrium in the
presence of trimer 3.5 was stable for at least 3 /4, or until lysis with Triton X-100 released

the intravesicular CI” to give a single *>Cl NMR resonance (Figure 3.14C).
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Figure 3.14. *>CI NMR spectra of a suspension of giant vesicles (88 mM EYPC, 9:1
H,0:D,0, 100 mM NaCl, 10 mM CoCl,,10 mM sodium phosphate, pH 5.4) suspended in
75 mM Na,SO4 Co**-free buffer (9:1 HyO:D,0, sodium phosphate, pH 6.4). Spectra
correspond to (A) giant vesicles in the absence of 3.5, (B) giant vesicles 1 4 after
application of 3.5 in DMSO (1:100 ligand:lipid ratio) and (C) vesicles after lysis with
Triton X-100. Experiments conducted by the author.

3.5.6 Oligophenoxyacetamides 3.3-3.8 Mediate Effective H'/CI' Transport

The combined pH-stat and >>CI NMR data indicate that the acyclic trimer 3.5, like its
predecessor calix[4]arene tetrabutylamide 3.1 (see Section 3.3.7), co-transports H'/CI".
Addition of 3.3-3.8 to a suspension of NaCl-loaded liposomes in Na,SO4 buffer resulted
in alkalinization of the vesicular aqueous compartment due to effective H'/CI" co-
transport down the chloride gradient (Figure 3.15A). The highest activity in the series of
acyclic oligomers 3.3-3.8, in terms of the time required to establish equilibrium, was
again demonstrated by trimer 3.5. The overall activity trend was: trimer 3.5 >> tetramer
3.6 ~ calixarene 3.1 > dimer 3.4 > pentamer 3.7 ~ hexamer 3.8. As expected, reversed

loading of liposomes (Na>SOs-loaded liposomes in NaCl buffer) resulted in acidification
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of the vesicular compartment upon application of trimer 3.5 (Figure 3.15B, bottom

trace).
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Figure 3.15. (A) Alkalinization of the vesicular aqueous compartment upon application
of 3.3-3.8 to a suspension of NaCl-containing vesicles in isoosmolar Na,SO4 buffer.
Concentration of 3.3-3.8 in the vesicular suspension was 20 uM, or 4:100 ligand:lipid
ratio. Color code for traces denotes application of: == dimer 3.4, == trimer 3.5,

== tetramer 3.6, == pentamer 3.7, == hexamer 3.8. (B) Alkalinization (upper trace) and
acidification (lower trace) of the vesicular aqueous compartment upon injection of 3.5
(final concentration: 5 uM, 1:100 ligand:lipid ratio) to a suspension of NaCl-containing
vesicles in isoosmolar Na,SO4 buffer (upper trace) and to a suspension of Na,SO4-
containing vesicles in isoosmolar NaCl buffer (lower trace). Liposomes were lysed with
Triton X-100 at the end of each experiment. Experiments conducted by Dr. Vladimir

Sidorov.

3.5.7 '"H NMR Experiments Suggest that Trimer 3.5 Does Not Bind HCI in CDCl;

Solution.

Calix[4]arene tetrabutylamide 3.1 was shown to bind HCI in CDCI; (Section 3.3.6).
In contrast, 'H NMR experiments indicate that trimer 3.5 does not bind HCI under the
same conditions. Washing a CDCl; solution of trimer 3.5 with 0.5 M, 1 M, 6 M or 12 M
HCl yq) results in no observable changes in the 'H NMR spectrum. That trimer 3.5 does
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not bind HCI may provide one explanation why trimer 3.5 transports CI” at a higher rate
than calix[4]arene tetrabutylamide 3.1. As described in Sections 1.2.2 and 1.2.3 for the
K" and CIC chloride channels, strong binding and high transport rates do not necessarily
go hand-in-hand.*® If trimer 3.5 can indeed recognize CI, or H'/CI pairs, but the
interactions between 3.5 and the ions are weak, this may account for the observed

increase in transport rate over the HCI-binding calix[4]arene tetrabutylamide 3.1.

3.5.8 Potential Induction by Trimer 3.5 Across LUVs Experiencing a
Transmembrane Chloride Gradient.

Although trimer 3.5 transports both Cl" and H into sulfate-loaded liposomes
suspended in a chloride buffer, CI” is transported faster than H', and therefore the overall
process is not electrically silent. Monitoring the transmembrane potential using the
potential-sensitive dye safranin O (see Section 1.5.10) revealed the formation of stable
negative charge inside liposomes (75 mM Na,SOy inside, 100 mM NaCl outside, safranin
O outside) within 2 min of applying trimer 3.5 (1:100 ligand:lipid ratio, Figure 3.16, red
trace). The magnitude of the transmembrane potential induced by 3.5 under an inwardly
directed CI” gradient is comparable to that generated by 0.12 mol % valinomycin (see
Section 1.5.10, 1:833 ligand: lipid ratio) in liposomes with an outwardly directed K"
gradient (Figure 3.16, blue trace, 100 mM KCl inside, 100 mM NacCl outside). The lower
two traces in Figure 3.16 verify that trimer 3.5 and valinomycin are functionally
orthogonal. In other words, trimer 3.5 creates a transmembrane potential under conditions
where valinomycin cannot create a potential (Figure 3.16, green trace) and vice versa
(Figure 3.16, black trace).

To our knowledge, trimer 3.5 is the first synthetic compound reported to induce a
stable potential in LUVs due to a transmembrane anionic gradient. Maintenance of this
membrane potential and the stable transmembrane CI” equilibrium demonstrated by *°CI

NMR (Figure 3.14) indicate that trimer 3.5 does not induce membrane defects.
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Figure 3.16. Liposome potential fluorescent assays. Suspensions of EYPC LUVs were

used (10 mM sodium phosphate, pH 6.4, 100 mM KCl or 75 mM Na,SO; inside and 100

mM NaCl, 60 nM potential-sensitive dye safranin O, ex 521 nm, em 580 nm, outside).

Color code for traces denotes the formation of potential in: == KCl vesicles upon

application of valinomycin, == Na,SO, vesicles upon application of trimer 3.5, == KCI

vesicles upon application of trimer 3.5, == Na,SO,4 vesicles upon application of

valinomycin. Potentials were quenched at the end of each experiment by injecting 20 uLL

of a 1 mM aqueous solution of the defect-inducing peptide melittin. Experiments

conducted by Dr. Vladimir Sidorov.
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3.5.9 Conclusions

Trimer 3.5 was identified as the most potent chloride transporter from the series of
oligophenoxyacetamides 3.3-3.8. Also, 3.5 transports Cl” an order of magnitude faster
than calix[4]arene tetrabutylamide 3.1, proving that the calix[4]arene core is not essential
for chloride transport function. The mechanism by which these linear oligomers transport
ions is yet to be determined. Trimer 3.5 has demonstrated the unprecedented ability to
generate a potential in LUVs due to a transmembrane anion gradient. Lastly, trimer 3.5
exhibits high activity at low uM concentrations, has a low molecular weight and can be
obtained by a simple preparation, making this compound a potential drug lead for the

treatment of cystic fibrosis and cancer (see Section 3.2).

3.6 Future Directions

(1) Elucidation of the transport mechanism and active structure of trimer 3.5 is the next
step, based on research presented in this chapter. Planar bilayer voltage clamp
experiments would determine whether or not trimer 3.5 forms ion channels in membranes
and if a single active structure or multiple active structures are at work. If channels are
formed, voltage dependence can also be determined. Insight into the transport mechanism
(carrier or channel) can also be obtained by comparing transport rates in EYPC and
DPPC liposomes, as described in Section 1.6.2.""

The obvious question is: what is special about trimer 3.5 that makes this compound
substantially more active then dimer 3.4 and tetramer 3.6? One potentially critical factor
is the lipid:water partitioning, i.e. the hydrophobicity. As discussed in Section 3.5.4 and
shown in Figure 3.13, the activity of dimer 3.4 increases nonlinearly with concentration.
Determining the relative hydrophobicity between dimer 3.4 and trimer 3.5, along with
both the investigation of more polar and of more hydrophobic derivatives of dimer 3.4
will give insight into the effects of hydrophobicity on ion transport activity. The polarity
can be increased or decreased simply by shortening or lengthening the amides’ alkyl

chains, respectively.
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(2) As described in Section 1.7, peptide C-K4-M2GlyR 1.34 and sterol 1.41 demonstrated
the ability to mediate chloride transport across cystic fibrosis airway epithelial cells.'®'"°
This function makes these compounds potential drugs for cystic fibrosis treatment. The
chloride channel-forming calix[4]arene tetrabutylamide 3.1 and chloride transporter
trimer 3.5 have similar potential, and should be tested on cystic fibrosis cell lines.

The anticancer activity of 3.1 and 3.5 should also be investigated, since the ability 3.1
and 3.5 to cotransport H'/CI resembles the H'/CI" transport facilitated by anticancer
agents of the prodigiosin family of antibiotics (see Section 3.2).”%4>%

Lastly, ion transporters have potential as bactericidal agents, as demonstrated by the
hydraphile channels and D,L-a-cyclic peptides (Section 1.6.2).'>'%* The ability of
calix[4]arene tetrabutylamide 3.1 and trimer 3.5 to inhibit or kill Escherichia coli and

Gram-positive and Gram-negative bacteria should be assessed.
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Chapter 4. Experimental and References

4.1 General Experimental

The "H NMR spectra were recorded on a Bruker DRX-400 or Bruker Avance 400
operating at 400.13 MHz, or on a Bruker DRX-500 operating at 500.13 MHz. Chemical
shifts are reported in ppm relative to the residual protonated solvent peak. The *C NMR
spectra were recorded on a Bruker DRX-400 instrument operating at 100.61 MHz and
chemical shift values are reported in ppm relative to the solvent peak. All NMR spectra
were recorded at 20-25 °C (room temperature) unless otherwise specified. Two-
dimensional 'H-'"H COSY (‘H-'H three-bond coupling), 'H-'"H NOESY (‘H-'H through-
space magnetization transfer) and 'H-">C HMQC ('H-">C one-bond coupling)
experiments were run using previously published standard protocols.”® Fast Atom
Bombardment (FAB) mass spectra were recorded on a JEOL SX-102A magnetic sector
mass spectrometer. Electrospray (ESI) mass spectra were recorded from MeOH solutions
on a Finnigan LCQ mass spectrometer by direct infusion. The samples were ionized by
nanoelectrospray and detected in the positive ion mode. All fluorimetric experiments
were carried out on an SLM Aminco® (Aminco Bowman® Series 2) Luminescence
Spectrometer. Vapor pressure osmometry (VPO) was performed on a Wescor 5520,
Vapro™ instrument. The pH of solutions was monitored with an Orion pH-meter, model
420A, with a Ag/AgCl pH-sensitive electrode. High-pressure extrusion was performed on
an Avanti'™ mini-extruder with a 0.1 pm polycarbonate membrane (unless otherwise
specified). Circular dichroism spectra were recorded on an Applied Photophysics 180
PiStar instrument at 25 °C in a cylindrical 0.1 mm path length quartz cuvette. X-ray
crystallographic data were collected on a Bruker SMART1000 single crystal CCD-
diffractometer. Elemental analyses were performed by Schwarzkopf Microanalytical
Laboratories, Woodside, NY. Isothermal titration calorimetry (ITC) was performed on an
Omega isothermal titration calorimeter. Chromatography was performed using 60-200
mesh silica purchased from Baker. Thin layer chromatography was performed on
Kieselgel 60 F254 and Uniplate™ Silica Gel GF silica-coated glass plates and visualized

by UV and I,. Dueterated solvents were purchased from Cambridge Isotope Laboratories.
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All chemicals and solvents were purchased from Sigma, Fluka, Aldrich or Acros. Egg
yolk L-a-phosphatidyl choline (EYPC) was purchased from Avanti Polar Lipids and
stored as a 1.0 g/mL solution in EtOH at —40 °C.

4.2 Chapter 2 Experimental

4.2.1 Synthesis

5,11,17,23-Tetrakis(butoxymethyl)-25,26,27,28-tetrahydroxycalix[4]arene 2.38. A
solution of p-H-calix[4]arene (7.10 g, 16.7 mmol), paraformaldehyde (10.52 g, 351.0
mmol), glacial HOAc (112 mL), conc. H3PO4 (119 mL), and conc. HCI (126 mL) in
dioxane (500 mL) was stirred at 80 °C for 12 h.**® The mixture was concentrated to 300
mL, poured into an ice/water mixture (500 mL) and extracted with CHCl; (2 x 70 mL).
The combined organic layers were washed with H,O (100 mL), dried over Na,SO, and
the solvent was evaporated under reduced pressure to give crude p-chloromethyl-
calix[4]arene 2.37 (10.64 g) as a light brown solid. Na (21.3 g, 926 mmol) was washed
with hexanes (to remove kerosene) and dissolved in BuOH (500 mL) to generate NaOBu
in situ. A suspension of crude compound 2.37 (10.64 g) in BuOH (100 mL) was added to
the NaOBu solution and the mixture was stirred for 10 h at room temperature under a
nitrogen atmosphere. The mixture was acidified with conc. HCI (75 mL) to give a clear
brown solution and an insoluble white precipitate. The solution was decanted into a
separatory funnel, diluted with CHCl; (600 mL), washed with H,O (2 x 500 mL), and the
solvent was evaporated under reduced pressure. Coevaporation with CHCI; (2 x 500 mL)
followed by drying under high vacuum was necessary to remove all BuOH to afford
calixarene 2.38 (7.0 g, 53 % over two steps) as a light brown solid. 'TH NMR (400 MHz,
CDCl3): 6 10.12 (s, 4 H, OH), 6.99 (s, 8 H, ArH), 4.25 (s, 8 H, Ar-CH»-OBu), 4.22 (d, 4
H, J = 13.3 Hz, CH,-bridge), 3.50 (d, 4 H, J = 13.3 Hz, CH»-bridge), 3.37 (t, 8 H, ] = 6.5
Hz, OCH,CH,CH,CH3), 1.59-1.49 (m, 8 H, OCH,CH,CH,CH3), 1.41-1.30 (m, 8 H,
OCH,CH,CH-CH3), 0.90 (t, 12 H, J = 7.3 Hz, OCH,CH,CH,CH3); 13C NMR (100 MHz,
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CDCls): 6 148.2, 132.3, 128.4, 128.0, 72.3, 70.0, 31.8, 31.7, 19.4, 13.9; HRMS (FAB)
[M+H]+ calcd for C28H55N5058i3 6263589, found 626.3567.

5,11,17,23-Tetrakis(butoxymethyl)-25,26,27,28-tetra-(ethoxycarbonylmethoxy)
calix|4]arene 1,3-alternate 2.39. Calixarene 2.38 (6.50 g, 8.46 mmol) was dissolved in
acetone (250 mL). Cs,COs3 (13.8 g, 42.3 mmol) and ethyl bromoacetate (4.7 mL, 42.3
mmol) were added and the resulting suspension was stirred at reflux under a nitrogen
atmosphere for 24 h. The solvent was evaporated under reduced pressure. The remaining
solid was taken into CH,Cl, (300 mL), washed with H,O (2 x 300 mL), concentrated, and
purified by flash chromatography (1 % MeOH in CH,Cl,) to give calixarene 2.39 (4.33 g,
46 %) as a clear light brown oil. TH NMR (400 MHz, CDCls): § 7.07 (s, 8 H, ArH), 4.29
(s, 8 H, Ar-CH>-OBu), 4.23 (q, 8 H, J = 7.0 Hz, OCH»CH3), 4.00 (s, 8 H, CH»), 3.75 (s, 8
H, CH,), 3.42 (t, 8 H, ] = 6.6 Hz, OCH>CH,CH,CH3), 1.62-1.54 (m, 8 H,
OCH,CH,CH,CH3), 1.44-1.33 (m, 8 H, OCH,CH,CH,CH3), 1.32 (t, 12 H, J = 7.0 Hz,
OCH,CH3), 0.92 (t, 12 H, J = 7.5 Hz, OCH,CH,CH,CHj5); 13C NMR (100 MHz, CDCl5):
5 169.3, 155.1, 133.2, 132.6, 130.3, 72.7, 70.1, 69.4, 60.7, 35.9, 31.9, 19.4, 14.2, 14.0;
HRMS (FAB) [M+Cs]" caled for Ce4HggO16Cs 1245.5127, found 1245.5179.

5,11,17,23-Tetrakis(butoxymethyl)-25,26,27,28-tetra-(hydroxycarbonylmethoxy)
calix[4]arene 1,3-alternate 2.40. A solution of calixarene 2.39 (3.43 g, 3.10 mmol) and
45 wt % KOH(,q) (10.0 mL, 117 mmol) in MeOH (30 mL) and THF (30 mL) was stirred
at room temperature for 2 h. The solvent was evaporated under reduced pressure and the
remaining solid was taken into H,O (75 mL). The aqueous solution was acidified to pH 1
with 6 N HCI, extracted with CH,Cl, (2 x 50 mL), and the combined organic layers were
dried over Na,SO4 and the solvent evaporated under reduced pressure to give calixarene
2.40 (3.0 g, 97 %) as a light brown solid. 'H NMR (400 MHz, CDCl): § 7.07 (s, 8 H,
ArH), 4.34 (s, 8 H, CH»), 4.09 (s, 8 H, CH>), 3.88 (s, 8 H, CH»), 3.49 (t, 8§ H, ] = 6.5 Hz,
OCH,CH,;CH,CH3), 1.65-1.52 (m, 8 H, OCH,CH,CH,CH3), 1.43-1.30 (m, 8 H,
OCH,CH,CH,CHs), 0.92 (t, 12 H, J = 7.3 Hz, OCH,CH,CH,CHj3); 13C NMR (100 MHz,
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CDCls): 8 168.4, 152.9, 135.7, 133.3, 129.2, 72.0, 70.9, 67.1, 37.3, 31.6, 19.3, 13.9;
HRMS (FAB) [M+Cs]" caled for CssH7,014Cs 1133.3875, found 1133.3827.

5,11,17,23-Tetrakis(butoxymethyl)-25,26,27,28-tetra-(chlorocarbonylmethoxy)
calix|4]arene 1,3-alternate 2.41). A solution of calixarene 2.40 (3.00 g, 3.00 mmol) and
SOCl; (7.44 mL, 102 mmol) in benzene (30 mL) was stirred at reflux under a nitrogen
atmosphere for 2 h. The solvent was evaporated under reduced pressure and the
remaining solid was coevaporated with benzene (2 x 30 mL) to remove residual SOCI, to
give calixarene 2.41 (3.00 g, 93 %) as a brownish solid. IR (neat) 1812, 1465, 1512,
1101, 937 cm™; 'H NMR (400 MHz, CDCls): 6 7.10 (s, 8 H, ArH), 4.36 (s, 8 H, CH,),
3.96 (s, 8 H, CH»), 3.94 (s, 8 H, CH,), 3.47 (t, 8 H, ] = 6.8 Hz, OCH,CH,CH,CH3), 1.65-
1.56 (m, 8 H, OCH,CH,CH,CH3), 1.45-1.35 (m, 8 H, OCH,CH,CH>CH3), 0.93 (t, 12 H,
J=17.5 Hz, OCH,CH,CH,CH}3).

2',3',5'-O-tri-tert-butyldimethylsilylguanosine 2.42. Guanosine 2.42 was prepared
following the procedure of Li and Miller**
solid in 80% yield. 'H NMR (400 MHz, DMSO-dg): 5 10.61 (s, 1 H, NH1), 7.88 (s, 1 H,
HS8), 6.45 (bs, 2 H, NH,), 5.74 (d, 1 H,J =7.2 Hz, H1"), 4.57 (dd, 1 H,J = 7.2, 4.4 Hz,
H2'"),4.15(d, 1 H, ] =4.4 Hz, H3"), 3.97-3.91 (m, 1 H, H4"),3.84 (dd, 1 H,J=11.1, 5.5
Hz, H5'),3.70 (dd, 1 H, J=11.1, 3.6 Hz, H5"), 0.89 (s, 18 H, #-Bu-Si1), 0.72 (s, 9 H, #-Bu-
Si), 0.10 (s, 3 H, CH3-Si), 0.08 (s, 9 H, CH3-Si), -0.09 (s, 3 H, CH3-Si), -0.29 (s, 3 H,

CHj3-Si); 13C NMR (100 MHz, DMSO-dg): 6 156.7, 153.8, 151.6, 134.9, 116.5, 85.7,

and recrystallized from MeOH to give a white

85.2,75.2,72.8,62.9,25.8,25.7,25.5,18.0, 17.8, 17.5, -4.7, -4.8, -5.5, -5.8; HRMS
(FAB) [M+H]+ calcd for C28H56N505Si3 6263589, found 626.3567.

2',3'-0-di-tert-butyldimethylsilylguanosine 2.43. Guanosine 2.42 (10.0 g, 16.0 mmol))
was dissolved in nitromethane (140 mL). A solution of ZnBr; in aqueous nitromethane
(140 mL, 49 g ZnBr; in 350 mL nitromethane and 3.5 mL H,0) was added, and the
mixture stirred for 4 d at room temperature.”®” The reaction mixture was poured into 2 M

NH4OAc (1 L), extracted with CH,Cl, (700 mL), washed with H>O (700 mL), dried over

210



Na,S0O;4 and the solvent was evaporated under reduced pressure. Crystallization from
MeOH:CHCl; gave guanosine 2.43 (6.54 g, 80 %) as a white solid. |H NMR (400 MHz,
DMSO-de): 6 10.61 (s, 1 H, NH1), 7.96 (s, 1 H, HS8), 6.42 (bs, 2 H, NH,), 5.71 (d, 1 H, J
=7.2Hz, H1"),5.21 (t, 1 H,J=5.6 Hz, OH), 4.67 (dd, 1 H,J=7.2, 4.4 Hz, H2'"), 4.21 (d,
1 H,J=4.4 Hz, H3"), 3.93-3.88 (m, 1 H, H4"), 3.69-3.60 (m, 1 H, H5"), 3.58-3.50 (m, 1H,
H5"), 0.90 (s, 9 H, #-Bu-Si), 0.72 (s, 9 H, #-Bu-Si), 0.10 (s, 3 H, CH3-Si), 0.09 (s, 3 H,
CH;-Si). -0.10 (s, 3 H, CH3-Si), -0.32 (s, 3 H, CH;-Si); 13C NMR (100 MHz, DMSO-
de): 0 156.7, 153.7, 151.4, 135.7, 116.7, 86.7, 85.7, 75.0, 73.1, 61.3, 25.7, 25.5, 17.8,
17.6,-4.7,-4.8, -5.0, -5.5; HRMS (FAB) [M+H]" calcd for C2,H4,N505Si, 512.2725,
found 512.2737.

2',3'-0-di-tert-butyldimethylsilyl-2-V,N-dimethylaminomethyleneguanosine 2.44. To
a solution of guanosine 2.43 (6.54 g, 12.8 mmol) in DMF (50 mL) was added DMF-
dimethylacetal (5.10 mL, 38.4mmol) and the solution was stirred at room temperature
under nitrogen for 20 h. The reaction mixture was poured into HO (100 mL), extracted
with EtOAc (200 mL), washed with H,O (2 x 100 mL), dried over Na,SO4 and the
solvent was evaporated under reduced pressure to give guanosine 2.44 (6.75 g, 93 %) as a
white solid. TH NMR (400 MHz, DMSO-d¢): 6 11.41 (s, 1 H, NH1), 8.46 (s, 1 H, N=CH-
N(CHs)»), 8.10 (s, 1 H, H8), 5.78 (d, 1 H, J = 6.0 Hz, H1"), 5.21 (t, 1 H, J = 5.6 Hz, OH),
4.70 (dd, 1 H,J=6.0, 4.8 Hz, H2'), 4.31-4.27 (m, 1 H, H3"), 3.95-3.90 (m, 1 H, H4"),
3.76-3.67 (m, 1 H, HS"), 3.63-3.54 (m, 1H, H5"), 3.11 (s, 3 H, N=CH-N(CH5;)>), 3.02 (s, 3
H, N=CH-N(CHj3),), 0.90 (s, 9 H, #-Bu-Si), 0.74 (s, 9 H, -Bu-Si), 0.11 (s, 3 H, CH3-Si),
0.09 (s, 3 H, CH;-Si). -0.09 (s, 3 H, CH3-Si), -0.30 (s, 3 H, CH3-Si); 13C NMR (100
MHz, DMSO-dq): 6 157.8, 157.5, 157.3, 149.7, 137.5, 120.2, 87.1, 86.0, 74.6, 72.3, 60.9,
40.7,34.6,25.7,25.5,17.8, 17.6, -4.6, -4.8, -5.5; HRMS (FAB) [M+H]" calcd for
C25H47N6Os5Si1;, 567.3147, found 567.3144.

5'-phthalimido-5'-deoxy-2',3'-O-di-tert-butyldimethylsilyl-2-/V, N-dimethyl-
aminomethyleneguanosine 2.45. A stirred solution of guanosine 2.44 (6.64 g, 11.7

mmol), Ph3P (3.69 g, 14.1 mmol) and phthalimide (2.07 g, 14.1 mmol) in THF (175 mL)
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was cooled to 0 °C under a nitrogen atmosphere. DEAD (2.72 mL, 14.1 mmol) was
added dropwise over 1 min and the solution was allowed to warm to room temperature
and stirred for 21 h. The solvent was evaporated under reduced pressure and the
remaining oil was taken into EtOAc (200 mL), washed with 0.1 N NaOH (2 x 100 mL),
0.1 N HCI (100 mL), saturated NaClq) (100 mL), and dried over Na,SO4. After solvent
evaporation, the oil was purified by flash chromatography (3 % MeOH in CH,Cl,) to
give crude guanosine 2.45 (contained Ph;P=0), which was carried on without further
purification. An analytical sample was obtained from the column. 'H NMR (400 MHz,
DMSO-dg): 6 11.42 (bs, 1 H, NH1), 8.54 (s, 1 H, N=CH-N(CHs)>), 8.10 (s, 1 H, H8),
7.95-7.89 (m, 2 H, phthalimide-ArH), 7.88-7.82 (m, 2 H, phthalimide-ArH), 5.80 (d, 1 H,
J=7.5Hz, H1"),5.39(dd, 1 H,J=7.5,4.3 Hz, H2"), 4.19-4.08 (m, 3 H, H3', H4', H5"),
3.89-3.78 (m, 1 H, H5"), 3.06 (s, 3 H, N=CH-N(CH}3),), 3.01 (s, 3 H, N=CH-N(CH3)>),
0.79 (s, 9 H, -Bu-Si), 0.71 (s, 9 H, #-Bu-Si), -0.04 (s, 3 H, CH3-Si), -0.10 (s, 6 H, CH3-
Si). -0.33 (s, 3 H, CH3-Si); 13C NMR (100 MHz, DMSO-dg): 8 168.1, 157.6, 157.5,
157.1, 149.8, 138.9, 135.0, 131.3, 123.4, 120.8, 87.4, 82.5, 73.5, 72.2, 40.7, 34.8, 25.6,
25.5,17.8,17.6,-4.8,-5.1, -5.5; HRMS (FAB) [M+H]" calcd for C33HsoN70¢Si,
696.3361, found 696.3334.

5'-phthalimido-5'-deoxy-2',3'-O-di-tert-butyldimethylsilylguanosine 2.46. Crude
guanosine 2.45 was dissolved in EtOH (240 mL), ZnCl, (8.00 g, 58.5 mmol) was added
and the suspension was stirred at reflux for 16 h. The solvent was evaporated under
reduced pressure, and the remaining oil was taken into CH,Cl, (500 mL), washed with
H,0 (2 x 250 mL) and dried over Na,SO,. After solvent evaporation, the solid was
purified by flash chromatography (3-5 % MeOH in CH,Cl,) to give guanosine 2.46 (5.1
g, 69 % over 2 steps) as a yellowish solid. 'H NMR (400 MHz, DMSO-dg): 5 10.65 (s, 1
H, NH1), 8.04 (s, 1 H, H8), 7.93-7.88 (m, 2 H, phthalimide-ArH), 7.87-7.82 (m, 2 H,
phthalimide-ArH), 6.43 (bs, 2 H, NH»), 5.72 (d, 1 H, J = 8.0 Hz, H1"),4.93 (dd, 1 H, ] =
8.0,4.5 Hz, H2"),4.23 (d, 1 H, J =4.5 Hz, H3'), 4.16-4.04 (m, 2 H, H4', H5"), 3.95-3.85
(m, 1 H, H5"), 0.80 (s, 9 H, #-Bu-Si), 0.71 (s, 9 H, #-Bu-Si), 0.01 (s, 3 H, CH3-S1), -0.04
(s, 3 H, CH;-Si), -0.06 (s, 3 H, CH3-Si), -0.32 (s, 3 H, CH;-Si); 13C NMR (100 MHz,
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DMSO-dg): 6 168.0, 156.8, 153.7, 151.6, 136.3, 134.9, 131.3, 123.4, 116.9, 98.0, 85.7,
83.1,73.7,73.6,25.6,17.8,17.6,-4.7, -5.1, -5.6; HRMS (FAB) [M+H]" calcd for
C30H45N6068i2 6412940, found 641.2927.

5'-amino-5'-deoxy-2',3"-0-di-tert-butyldimethylsilylguanosine 2.47. A solution of
guanosine 2.46 (4.56 g, 7.12 mmol) and H,NNH,; (2.23 mL, 71.2 mmol) in EtOH (150
mL) was stirred at reflux for 2.5 h. Upon cooling to room temperature, a white solid
precipitated out of solution and was collected by filtration (700 mg). The filtrate was
evaporated under reduced pressure and the remaining white solid was triturated with
ether and collected (1.60 g). Combining the solids gave guanosine 2.47 (2.30 g, 64 %) as
a white solid. Note: guanosine 2.47 was contaminated with phthalhydrazide. The reported
yield was calculated by subtracting the mass of phthalhydrazide, determined by NMR
integration. Phthalhydrazide does not affect the final coupling to calixarene 2.41 and is
removed in the final purification of ¢G 2.34. An analytical sample of guanosine 2.47 was
obtained by crystallization from EtOH. 'H NMR (400 MHz, DMSO-dg): & 7.98 (s, 1 H,
HS8), 6.56 (bs, 2 H, C2-NH3), 5.69 (d, 1 H, ] =7.5 Hz, H1"),4.76 (dd, 1 H,J = 7.5, 4.8 Hz,
H2'"),4.24 (d, 1 H, ] =4.8 Hz, H3"), 3.89 (t, | H, J =5.3 Hz, H4'), 2.92-2.82 (m, 2 H, HS',
H5"), 0.89 (s, 9 H, +-Bu-Si), 0.70 (s, 9 H, #-Bu-Si), 0.10 (s, 3 H, CH3-Si), 0.08 (s, 3 H,
CH;-Si), -0.10 (s, 3 H, CH3-Si), -0.36 (s, 3 H, CH3-Si); 13C NMR (100 MHz, DMSO-dg):
5 156.9, 153.8, 151.4,136.4,117.0, 86.9, 86.1, 74.1, 73.1,43.1, 25.8,25.5, 17.8, 17.5, -
4.6,-4.7, -5.6; HRMS (FAB) [M+H]" calcd for C2,H43Ns04Si, 511.2884, found
511.2882.

2',3",5'-O-tri-tert-butyldimethylsilyladenosine 2.51. Adenosine 2.51 was prepared

following the procedure of Li and Miller**

and purified by flash chromatography (2-10
% MeOH in CH,Cl,) to give a white solid in 89 % yield. |H NMR (400 MHz, DMSO-

de): 6 8.32 (s, 1 H, H2), 8.12 (s, 1 H, H8), 7.31 (bs, 2 H, NH,), 591 (d, 1 H,J = 6.5 Hz,
H1'),4.89 (dd, 1 H,J=6.5,4.5 Hz, H2'"), 4.30 (dd, 1 H, J =4.5, 1.5 Hz, H3"), 4.04-3.95

(m, 2 H, H4', H5"), 3.72 (dd, 1 H, J = 13.8, 6.8 Hz, H5"), 0.91 (s, 9 H, #-Bu-Si), 0.88 (s, 9
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H, #-Bu-Si), 0.70 (s, 9 H, +-Bu-Si), 0.12 (s, 3 H, CHs-Si), 0.10 (s, 3 H, CH3-Si), 0.07 (s, 6
H, CH;-Si), -0.12 (s, 3 H, CH;-Si), -0.37 (s, 3 H, #-Bu-Si); 13C NMR (100 MHz, DMSO-
de): 8 156.1, 152.5, 149.4, 139.5, 119.2, 86.8, 85.2, 74.2, 72.3, 62.5, 25.8, 25.7, 25 4,
18.0, 17.8, 17.5, -4.7, -4.8, -4.9, -5.5, -5.6; HRMS (FAB) [M+H]" calcd for
CasHseN504Si3 610.3640, found 610.3662.

2',3'-0-di-tert-butyldimethylsilyladenosine 2.52. Adenosine 2.51 (3.95 g, 6.48 mmol)
was dissolved in nitromethane (56 mL), a solution of ZnBr;, in aqueous nitromethane (56
mL, 49 g ZnBr;, in 350 mL nitromethane and 3.5 mL H,O) was added, and the mixture
was stirred for 4 d at room temperature.”®” The reaction mixture was poured into 1 M
NH4OAc (400 mL), extracted with CH,Cl, (400 mL), washed with H,O (400 mL), dried
over Na,SO4 and the solvent was evaporated under reduced pressure. Crystallization from
MeOH:CHCl; gave adenosine 2.52 (2.75 g, 86 %) as a white solid. 'H NMR (400 MHz,
DMSO-dg): 6 8.39 (s, 1 H, H2), 8.13 (s, 1 H, HS8), 7.39 (bs, 2 H, NH,), 5.89 (d, 1 H, J =
7.3 Hz, H1"), 5.73 (dd, 1 H, J = 8.0, 4.0 Hz, OH), 4.89 (dd, 1 H, J =7.3, 4.5 Hz, H2'),
4.28 (dd, 1 H,J=4.5, 0.8 Hz, H3"), 4.00-3.95 (m, 1 H, H4"), 3.72 (dt, 1 H, ] =12.3, 4.0
Hz, HS"), 3.62-3.52 (m, 1 H, H5"), 0.91 (s, 9 H, #-Bu-Si), 0.69 (s, 9 H, #-Bu-Si), 0.11 (s, 3
H, CH3-Si), 0.10 (s, 3 H, CH3-Si), -0.16 (s, 3 H, CH3-Si), -0.48 (s, 3 H, CH;-Si); 13C
NMR (100 MHz, DMSO-dg): & 156.3, 152.4, 149.0, 140.4, 119.6, 87.7, 87.3, 74.2, 73.2,
61.3,25.8,25.5,17.9, 17.6, -4.6, -4.7, -4.8, -5.7; HRMS (FAB) [M+H]" calcd for
C2H4aN504S1; 496.2775, found 496.2780.

2',3'-0-di-tert-butyldimethylsilyl-6-/V,N-dimethylaminomethyleneadenosine 2.53. To
a solution of adenosine 2.52 (2.58 g, 5.21 mmol) in DMF (25 mL) was added DMF-
dimethylacetal (2.10 mL, 15.6 mmol) and the solution was stirred at room temperature
under nitrogen atmosphere for 20 h. The reaction mixture was poured into H,O (50 mL),
extracted with EtOAc (75 mL), washed with H,O (2 x 50 mL), dried over Na,SO, and the
solvent was evaporated under reduced pressure to give adenosine 2.53 (2.81 g, 98 %) as a

white solid. 1H NMR (400 MHz, DMSO-dg): & 8.92 (s, 1 H, N=CH-N(CHs),), 8.52 (s, 1

214



H, H2), 8.41 (s, 1 H, H8), 5.95 (d, 1 H, J = 7.0 Hz, H1"), 5.55 (dd, 1 H, ] = 7.3, 4.5 Hz,
OH), 4.90 (dd, 1 H, J = 7.0, 4.5 Hz, H2"), 4.30 (dd, 1 H, J = 4.5, 1.0 Hz, H3"), 4.00-3.96
(m, 1 H, H4"), 3.74 (dt, 1 H, J = 12.3, 4.5 Hz, H5"), 3.63-3.54 (m, 1 H, H5"), 3.19 (s, 3 H,
N=CH-N(CH;),), 3.13 (s, 3 H, N=CH-N(CH3),), 0.91 (s, 9 H, #-Bu-Si), 0.68 (s, 9 H, -
Bu-Si), 0.12 (s, 3 H, CH;-Si), 0.10 (s, 3 H, CH3-Si), -0.16 (s, 3 H, CHs-Si), -0.49 (s, 3 H,
CH:-Si); 13C NMR (100 MHz, DMSO-dg): § 159.4, 158.2, 151.8, 151.1, 141.9, 126.1,
87.5,87.1,74.3,73.0, 61.4, 40.8, 34.7, 25.8, 25.5, 17.9, 17.5, -4.6, -4.7, -4.8, -5.6; HRMS
(FAB) [M+H]" calcd for CosH47NgO4Sis 551.3198, found 551.3201.

5'-phthalimido-5'-deoxy-2',3'-O-di-tert-butyldimethylsilyl-6-/V, N-dimethyl-
aminomethyleneadenosine 2.54. A stirred solution of adenosine 2.53 (2.72 g, 4.94
mmol), Ph3P (1.55 g, 5.93 mmol) and phthalimide (0.870 g, 5.93 mmol) in THF (80 mL)
was cooled to 0 °C under a nitrogen atmosphere. DEAD (0.93 mL, 5.93 mmol) was
added dropwise over 1 min and the solution was allowed to warm to room temperature
and stirred for 21 h. The solvent was evaporated under reduced pressure and the
remaining oil was taken into EtOAc (100 mL), washed with 0.1 N NaOH (2 x 50 mL),
0.1 N HCI (50 mL), saturated NaCl,q) (50 mL), and dried over Na,SO4. After solvent
evaporation, the oil was dissolved in hot MeOH, and the product crystallized upon
standing overnight to give adenosine 2.54 (2.62 g, 78 %) as a white solid. 'H NMR (400
MHz, DMSO-dg): 6 8.91 (s, 1 H, N=CH-N(CHs),), 8.59 (s, 1 H, H2), 8.25 (s, 1 H, HS),
7.91-7.82 (m, 4 H, phthalimide-ArH), 5.97 (d, 1 H,J=7.5 Hz, H1"), 5.23 (dd, l H, J =
7.5,4.3 Hz, H2"),4.32 (d, 1 H, ] =4.3 Hz, H3'"), 4.19-4.11 (m, 2 H, H4', H5"), 3.92 (dd, 1
H,J=17.1,9.3 Hz, H5"), 3.19 (s, 3 H, N=CH-N(CHj3),), 3.13 (s, 3 H, N=CH-N(CH5),),
0.83 (s, 9 H, #-Bu-Si), 0.65 (s, 9 H, t-Bu-Si), 0.02 (s, 3 H, CH3-Si), -0.02 (s, 3 H, CH3-Si),
-0.12 (s, 3 H, CH3-Si), -0.49 (s, 3 H, CH;-Si); 13C NMR (100 MHz, DMSO-dg): 6 168.1,
159.3, 158.1, 151.9, 151.6, 142.4, 134.9, 131.5, 126.0, 123.4, 86.8, 83.3, 73.5, 72.9, 40.8,
34.7,25.6,25.5,17.9,17.5, -4.7, -5.0, -5.6; HRMS (FAB) [M+H]" calcd for
C33Hs0N70s5Si; 680.3412, found 680.3435.
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5'-phthalimido-5'-deoxy-2',3'-O-di-tert-butyldimethylsilyladenosine 2.55. Adenosine
2.54 (2.51 g, 3.78 mmol) was dissolved in EtOH (75 mL), ZnCl, (1.55 g, 11.3 mmol) was
added and the suspension was stirred at reflux for 1 h. The reaction mixture was poured
into H,O (250 mL) and extracted with CH,Cl, (3 x 125 mL). The combined organic
layers were washed with saturated NaCl,q) (100 mL), dried over Na,SO4 and the solvent
was evaporated under reduced pressure to give adenosine 2.55 (2.30 g, 97 %) as a white
solid. 'H NMR (400 MHz, DMSO-dg): 5 8.47 (s, 1 H, H2), 7.98 (s, 1 H, H8), 7.92-7.81
(m, 4 H, phthalimide-ArH), 7.30 (bs, 2 H, NH>), 591 (d, 1 H, J =7.5 Hz, H1"), 5.22 (dd,
1 H,J="7.5,4.5Hz H2"),4.31(d, 1l H,J]=4.5 Hz, H3'"), 4.19-4.10 (m, 2 H, H4', HS"),
3.94-3.85 (m, 1 H, H5"), 0.82 (s, 9 H, #-Bu-Si), 0.66 (s, 9 H, t-Bu-Si), 0.02 (s, 3 H, CHs-
Si), -0.03 (s, 3 H, CH3-Si), -0.11 (s, 3 H, CH3-Si), -0.45 (s, 3 H, CH3-Si); 13C NMR (100
MHz, DMSO-dg): 6 168.1, 156.1, 152.6, 149.5, 140.6, 134.8, 131.5, 123.3, 119.4, 86.8,
83.1,73.5,72.9,25.6,25.5,17.8,17.5, -4.7, -4.8, -5.0, -5.6; HRMS (FAB) [M+H]" calcd
for C30HasN¢OsSi, 625.2990, found 625.3023.

5'-amino-5'-deoxy-2',3'-0O-di-tert-butyldimethylsilyladenosine 2.56. A solution of
adenosine 2.55 (2.08 g, 3.41 mmol) and H,NNH; (1.20 mL, 38.3 mmol) in EtOH (60
mL) was stirred at reflux for 2.5 h. The solvent was evaporated under reduced pressure
and the remaining solid was triturated with CH3CN to give adenosine 2.56 (880 mg, 52
%) as an off-white solid. An analytical sample was obtained by crystallization from
CH;CN/hexanes. 'H NMR (400 MHz, DMSO-dg): § 8.41 (s, 1 H, H2), 8.12 (s, 1 H, HS8),
7.28 (bs, 2 H, C6-NH,), 5.85 (d, 1 H,J=7.3 Hz, H1"), 4.97 (dd, 1 H,J =7.3, 4.5 Hz,
H2'"),4.31 (dd, 1 H,J=4.5,1.0 Hz, H3"), 3.92-3.86 (m, 1 H, H4"), 2.86 (dd, 1 H, ] = 13.6,
5.3 Hz, HS'"), 2.78 (dd, 1 H, J = 13.6, 5.0 Hz, H5"), 2.09 (bs, 2 H, C5'-NH), 0.91 (s, 9 H,
t-Bu-Si), 0.67 (s, 9 H, +-Bu-Si), 0.12 (s, 3 H, CH3-Si), 0.10 (s, 3 H, CH3-Si), -0.13 (s, 3 H,
CH3-Si), -0.48 (s, 3 H, CH3-Si); 13C NMR (100 MHz, DMSO-dg): 8 156.1, 152.5, 149.4,
140.6, 119.5, 87.8, 87.1, 73.6, 72.9, 43.6, 25.8, 25.5, 17.8, 17.5, -4.6, -4.7, -5.7, HRMS
(FAB) [M+H]" calcd for C2,H43N¢O5Si, 495.2935, found 495.2902.
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Calix[4]arene-guanosine ¢G 2.34. To a solution of calixarene 2.41 (977 mg, 0.911
mmol) and guanosine 2.47 (2.79 g, 5.47 mmol) in CH,Cl, (150 mL) under nitrogen
atmosphere was added Et;N (2.50 mL, 18.2 mmol) and the mixture was stirred at room
temperature for 24 h. The solvent was evaporated under reduced pressure followed by
purification by flash chromatography (5 % MeOH in CH,Cl,) to give c¢G 2.34 (1.34 g, 49
%) as a white solid. TH NMR (400 MHz, DMSO-ds, 50 °C): & 10.52 (s, 4 H, N1H), 7.95
(s,4 H, H8), 7.93 (bs, 4 H, 5'-Amide NH), 7.00 (s, 4 H, Calix-ArH), 6.93 (s, 4 H, Calix-
ArH), 6.06 (bs, 8 H, C2-NH»), 5.75 (d,4 H,J =7.2 Hz, H1"),4.76 (dd, 4 H,J = 7.2, 4.6
Hz, H2'),4.26 (d,4 H,J =4.6 Hz, H3"),4.14 (d, 4 H, J = 11.6 Hz, C(O)-CH>»-0), 4.09 (d,
4 H,J=11.6 Hz, C(O)-CH,-0), 3.99 (t,4 H, ] = 5.9 Hz, H4"), 3.71 (app d, 8 H, ] = 7.0
Hz, CH,-bridge), 3.67-3.57 (m, 4 H, HS'), 3.55-3.41 (m, 12 H, H5" + Ar-CH>-0), 3.24 (t,
8 H, J = 6.6 Hz, OCH,CH,CH,CH3), 1.49-1.37 (m, 8 H, OCH,CH,CH,CH3), 1.32-1.19
(m, 8 H, OCH,CH,CH,CH3), 0.91 (s, 36 H, #-Bu-Si), 0.82 (t, 12 H, J = 7.4 Hz,
OCH,CH,CH,CH3;), 0.75 (s, 36 H, +-Bu-Si), 0.11 (s, 12 H, CHs-Si), 0.09 (s, 12 H, CH3-
Si), -0.07 (s, 12 H, CH3-Si), -0.27 (s, 12 H, CH3-Si); 13C NMR (100 MHz, DMSO-ds, 22
°C): 6 168.8, 156.7, 154.9, 153.5, 151.4, 136.5, 134.0, 133.5, 133.1, 130.2, 130.0, 117.1,
85.9, 84.6, 74.0, 73.8, 71.7, 70.6, 69.1, 31.2, 25.8, 25.7, 25.5, 18.9, 17.9, 17.7, 17.5, 13.8,
-4.8, -5.6; MS (ESI) [(M+2H)/2]*" calcd for C44H,34N40,Sig 1486.8, found 1486.8.
Anal. calcd for C144H535N2405S1g: C, 58.19; H, 7.87, found: C, 58.05; H, 7.99.

Calix[4]arene-adenosine cA 2.35. To a suspension of calixarene 2.41 (254 mg, 0.237
mmol) and adenosine 2.56 (680 mg, 1.42 mmol) in CH,Cl, (20 mL) under nitrogen
atmosphere was added Et;N (0.66 mL, 4.7 mmol) and the mixture was stirred at room
temperature for 24 h. The solvent was evaporated under reduced pressure followed by
purification by flash chromatography (3 % MeOH in CH,Cl,) to give cA 2.35 (280 mg,
41 %) as a white solid. 'H NMR (400 MHz, DMSO-ds, 50 °C): & 8.36 (s, 4 H, H2), 8.09
(s,4 H, H8), 7.72 (t,4 H, ] = 5.7 Hz, 5'-Amide NH), 7.06 (bs, 8 H, C6-NH,), 7.01 (s, 4 H,
Calix-ArH), 6.94 (s, 4 H, Calix-ArH), 5.90 (d, 4 H, J = 6.8 Hz, H1"), 5.05 (dd, 4 H, ] =
6.8, 4.6 Hz, H2"), 4.37 (d,4 H, ] =4.6 Hz, H3"), 4.17 (d, 4 H, J = 11.6 Hz, C(O)-CH>-0),
4.12 (d,4 H,J =11.6 Hz, C(O)-CH»-0), 4.01 (t,4 H, J =5.9 Hz, H4'), 3.78-3.64 (m, 12
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H, H5' + CH,-bridge), 3.55-3.35 (m, 12 H, H5" + Ar-CH»-0), 3.25 (t, 8 H, J = 6.6 Hz,
OCH,CH,CH,CHs), 1.48-1.37 (m, 8 H, OCH,CH,CH,CHj), 1.31-1.19 (m, 8§ H,
OCH,CH,CH-CHs), 0.90 (s, 36 H, #-Bu-Si), 0.81 (t, 12 H, J = 7.4 Hz,
OCH,CH,CH,CH3), 0.70 (s, 36 H, -Bu-Si), 0.09 (s, 12 H, CH;-Si), 0.07 (s, 12 H, CHs-
Si), -0.12 (s, 12 H, CH;-Si), -0.41 (s, 12 H, CH3-Si); 13C NMR (100 MHz, DMSO-ds, 22
°C): & 168.8, 156.1, 154.9, 152.4, 149.3, 140.7, 133.8, 133.5, 132.7, 130.2, 130.1, 119.7,
87.1,84.7,73.7,73.2, 71.8, 70.6, 69.0, 31.3, 25.7, 25.6, 25.5, 18.9, 17.7, 17.5, 13.8,0.2, -
4.8, -5.7; HRMS (FAB) [M+Cs]" caled for C144H23:N240,4SisCs 3038.4880, found
3038.4922.

4-butoxymethyl-2,6-dimethylphenol 2.58. A solution of 2,6-dimethylphenol (1.00 g,
8.18 mmol), paraformaldehyde (2.45 g, 81.8 mmol), glacial HOAc (8 mL), conc. H;PO4
(8.5 mL), and conc. HCI (9.0 mL) in dioxane (85 mL) was stirred at 80 °C for 24 h.*®
The orange solution was diluted with an ice/water mixture (60 mL) and extracted with
CHCI; (2 x 70 mL). The combined organic layers were dried over Na,SO4 and the
solvent evaporated under reduced pressure to give crude 4-chloromethyl-2,6-
dimethylphenol 2.57 as an orange syrup. Compound 2.57 was dissolved in BuOH (75
mL), K,CO; (5.66 g, 40.9 mmol) was added, and the suspension was stirred at 80 °C
under a nitrogen atmosphere for 2 d. The mixture was filtered to remove K,CO; and the
filtrate was diluted with CHCl; (500 mL), washed with H,O (2 x 500 mL), and
concentrated to give a reddish-brown syrup. Purification by flash chromatography
(CH,Cl,) afforded 4-butoxymethyl-2,6-dimethylphenol 2.58 (0.560 g, 33 % over 2 steps)
as a white solid. 'TH NMR (400 MHz, CDCls): § 6.96 (s, 2H, ArH), 4.36 (s, 2 H, Ar-CH>-
0), 3.45 (t,2 H, ] = 6.6 Hz, OCH,CH,CH,CH3), 2.24 (s, 6 H, Ar-CHj3), 1.64-1.55 (m, 2
H, OCH,CH,CH,CH3), 1.44-1.34 (m, 2 H, OCH,CH,CH>CH3), 0.92 (t, 3 H, J = 7.5 Hz,
OCH,CH,CH,CH3); 13C NMR (100 MHz, CDCl;): 5 133.4, 128.8, 128.4, 122.8, 72.7,
70.0,31.8, 19.4, 15.9, 13.9.

Ethyl-(4-butoxymethyl-2,6-dimethyl)-phenoxyacetate 2.59. Compound 2.58 (0.560 g,
2.69 mmol) was dissolved in acetone (80 mL). Cs,CO; (4.38 g, 13.5 mmol) and ethyl
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bromoacetate (0.45 mL, 4.0 mmol) were added and the resulting suspension was stirred at
reflux under a nitrogen atmosphere for 24 h. The solvent was evaporated under reduced
pressure. The remaining oil was taken into CH,Cl, (50 mL), washed with H,O (2 x 50
mL), concentrated, and purified by flash chromatography (CH,Cl,) to give compound
2.59 (0.35 g, 48 %) as a clear oil. TH NMR (400 MHz, CDCl;): § 6.98 (s, 2H, ArH), 4.38
(s, 2 H, CH,), 4.37 (s, 2 H, CH,), 4.30 (q, 2 H, J = 7.1 Hz, OCH,CH3) 3.47 (t,2H,J = 6.6
Hz, OCH,CH,CH,CH3), 2.29 (s, 6 H, Ar-CH3), 1.64-1.55 (m, 2 H, OCH,CH,CH,CH3),
1.45-1.35 (m, 2 H, OCH,CH,CH,CH3), 1.33 (t, 3 H, J = 7.1 Hz, OCH,CH3), 0.92 (t, 3 H,
J=17.5 Hz, OCH,CH,CH,CH;); 13C NMR (100 MHz, CDCl5): 6 169.1, 154.7, 134.5,
130.6, 128.5, 72.6, 70.4, 69.1, 61.2, 31.8, 19.4, 16.3, 14.2, 13.9; HRMS (FAB) M" calcd
for C17H2604294.1831, found 294.1823.

(4-butoxymethyl-2,6-dimethylphenoxy)-acetic acid 2.60. A solution of compound 2.59
(0.350 g, 1.19 mmol) and 45 wt % KOH,q) (7.0 mL, 82 mmol) in MeOH (21 mL) and
THF (21 mL) was stirred at room temperature for 2 h. The solvent was evaporated under
reduced pressure and the remaining solid was taken into H,O (70 mL). The aqueous
solution was acidified to pH 1 with 6 N HCI, extracted with CH,Cl, (2 x 50 mL), the
combined organic layers were dried over Na,SO4 and the solvent was evaporated under
reduced pressure to give compound 2.60 (0.318 g, 100 %) as a brownish solid. 'H NMR
(400 MHz, CDCls): 6 7.00 (s, 2 H, ArH), 4.41 (s, 2 H, CH»), 4.38 (s, 2 H, CHa), 3.46 (t, 2
H, J = 6.5 Hz, OCH,CH,CH,CH3), 2.27 (s, 6 H, Ar-CH3), 1.65-1.54 (m, 2 H,
OCH,CH,CH,CH3), 1.45-1.34 (m, 2 H, OCH,CH,CH>CH3), 0.92 (t, 3 H, ] = 7.3 Hz,
OCH,CH,CH,CHj3); 13C NMR (100 MHz, CDCls): 6 153.8, 135.0, 130.4, 128.5, 77.2,
72.4,70.4, 68.6,31.8, 19.3, 16.2, 13.9; HRMS (FAB) M" calcd for C;sH,04266.1518,
found 266.1516.

5'-(2-(4-butoxymethyl-2,6-dimethylphenoxy)-ethoxycarbonylamino)-2',3'-O-di-tert-
butyldimethylsilylguanosine G 2.36. A solution of compound 2.60 (0.318 g, 1.19
mmol) and SOCI, (0.85 mL) in benzene (15 mL) was stirred at reflux under a nitrogen

atmosphere for 2 h. The solvent was evaporated under reduced pressure and the
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remaining brownish solid was coevaporated with benzene (2 x 20 mL) to give (4-
butoxymethyl-2,6-dimethylphenoxy)-acetyl chloride 2.61 (0.372 g, IR showed no acid O-
H stretch and a single C=0 stretch at 1816 cm™). A suspension of compound 2.61 (0.372
g, 1.31 mmol), guanosine 2.47 (0.800 g, 1.57 mmol) and Et;N (0.91 mL, 6.5 mmol) in
CH,Cl; (20 mL) was stirred at room temperature under a nitrogen atmosphere for 24 h.
The solvent was evaporated under reduced pressure and the remaining solid was purified
by flash chromatography to afford G 2.36 (0.65 g, 66 %) as a white solid. 'H NMR (400
MHz, DMSO-dg): 6 10.67 (s, 1 H, N1H), 8.51 (t, 1 H, J = 6.0 Hz, amide NH), 8.05 (s, 1
H, HS8), 6.96 (s, 2 H, ArH), 6.45 (bs, 2 H, NH,), 5.72 (d, 1 H, J =7.8 Hz, H1"), 4.79 (dd, 1
H,J=7.8,4.3 Hz, H2"),4.33 (d, | H, J=4.3 Hz, H3"), 4.31 (s, 2H, CH,). 4.18 (s, 2H,
CH,), 3.99 (dd, 1 H, J = 8.0, 6.0 Hz, H4"), 3.69-3.56 (m, 1 H, H5"), 3.49-3.39 (m, 1 H,
H5"), 3.38 (t, 2H, J = 6.5 Hz, OCH,CH,CH,CH3), 2.20 (s, 6 H, Ar-CH3), 1.54-1.44 (m, 2
H, OCH,CH,CH,CH3), 1.37-1.26 (m, 2 H, OCH,CH,CH,CH3), 0.90 (s, 9 H, #-Bu-Si),
0.86 (t, 3 H, J = 7.3 Hz, OCH,CH,CH,CH3), 0.71 (s, 9 H, -Bu-Si), 0.11 (s, 3 H, CH3-Si),
0.10 (s, 3 H, CH3-Si), -0.08 (s, 3 H, CH3-Si), -0.34 (s, 3 H, CH3-Si); >C NMR (100 MHz,
DMSO-d6): d 168.3, 156.6, 153.6, 153.5, 151.5, 136.3, 134.5, 130.1, 130.0, 128.1, 116.8,
85.6,84.4,73.8,73.5,71.5,70.4,69.3,31.3,25.7,25.5,18.9, 17.8, 17.5, 15.8, 13.8, -4.7,
-4.8, -5.7; HRMS (FAB) [M+H]Jr calcd for C37H¢3NgO7S1, 759.4297, found 759.4312.
Anal. calcd for C37HgoNgO7Si,: C, 58.54; H, 8.23, found: C, 58.35; H, 8.48.

25,26,27,28-tetra-(hydroxycarbonylmethoxy)calix[4]arene 1,3-alternate 2.29. The
tetraester 2.28 (25,26,27,28-tetra-(ethoxycarbonylmethoxy)calix[4]arene 1,3-alternate)
(98 mg, 0.13 mmol)>’ was dissolved in a solution of 3 mL of MeOH and 5 mL of THF.
A 45 wt % KOH,q) solution (1 mL) was then added dropwise. The reaction mixture was
stirred overnight at room temperature under a nitrogen atmosphere. The organic solvents
were removed under reduced pressure at 70 °C, and the remaining aqueous solution was
acidified to pH 1 by addition of 4 N HCI and allowed to stand at 0 °C for 6 h. The
resulting precipitate (tetraacid 2.29) was collected by filtration, washed with water and
dried under high vacuum at 80 °C. The aqueous filtrate was extracted with CH,Cl,, and

the solvent was evaporated under reduced pressure affording additional tetraacid 2.29.
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The resulting solids were combined and dried under vacuum to afford tetraacid 2.29 (65
mg, 78 %) as a white solid. 'H NMR (500 MHz, DMSO-dg): 6 12.21 (br s, 4 H, C(O)-
OH), 7.07 (d, 8 H, ] =7.5 Hz, Ar-H), 6.62 (t, 4 H, ] = 7.5 Hz, Ar-H), 4.03 (s, 8 H, CH»),
3.77 (s, 8 H, CH,).

Calix[4]arene-guanosine 2.26. To a solution of tetraacid 2.29 (35 mg, 0.053 mmol) and
5'-amino-5'-deoxy-2',3'-O-isopropylideneguanosine 2.27 (87 mg, 0.27 mmol)**® in DMF
(10 mL) at 0 °C was added EDCI (100 mg, 0.52 mmol). The reaction mixture was stirred
for 20 min at 0 °C, DMAP (15 mg, 0.79 mmol) was added, and the resulting reaction
mixture was stirred at room temperature for 18 h. The solvent was evaporated under
reduced pressure at 50 °C and the remaining oil was triturated with MeOH. The resulting
white precipitate was isolated by centrifugation and washed twice with MeOH.
Purification by preparative TLC on microcrystalline cellulose plates (H,O:CH;CN 24:76)
afforded calix[4]arene-guanosine 2.26 (55 mg, 55 %) as a white solid. 'H NMR (500
MHz, DMSO-dg): 6 10.71 (br s, 4 H, N1H), 7.90 (s, 4 H, H8), 7.07 (bs, 4 H, C(O)-NH),
6.97(d,4H,J="7.5Hz, Ar-H), 6.92 (d, 4 H, ] = 7.5 Hz, Ar-H), 6.58 (t, 4 H, ] = 7.5 Hz),
6.51 (brs, 8 H, NH,), 5.95 (d,4 H,J=2.0 Hz, HI"), 5.18 (dd, 4 H, J = 7.9, 2.0 Hz, H2'"),
5.04-5.00 (m, 4 H, H3"), 4.17-4.14 (m, 4 H, H4"), 3.78 (s, 8 H, Ar-CH,-Ar), 3.74-3.49 (m,
8 H, H5', H5"), 3.25-3.15 (m, 8 H, CH,), 1.47 (s, 12 H, CH3), 1.28 (s, 12 H, CH3). MS
(FAB) [M+H]" calcd for CggHy7N240,4 1873.7, found 1873.8.

25,26,27,28-tetra-(chlorocarbonylmethoxy)calix[4]arene 1,3-alternate 2.31. To a
suspension of tetraacid 2.29 (48 mg, 0.073 mmol) in benzene (3 mL) was added SOCl,
(1.0 mL, 14 mmol). The reaction mixture was stirred at reflux for 2.5 h, cooled to room
temperature, and the solvent was evaporated under reduced pressure. Residual SOCI, was
removed by co-evaporation with benzene (5 mL) to give tetraacid chloride 2.31 (50 mg
94 %), which was used immediately without further purification. "H NMR (400 MHz,
CDCls): 6 7.17 (d, 8 H, ] = 7.5 Hz, Ar-H), 6.95 (t, 4 H, ] = 7.5 Hz, Ar-H), 4.02 (s, 8 H,
CH,), 3.98 (s, 8 H, CHa).
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Calix|[4]arene tetramethylamide 1,3-alternate 2.30. Aqueous CH3NH; (40 wt %
solution, 100 ml) was boiled to release CH3NH, gas. The gas was passed through two
water traps, containing solid NaOH, and bubbled through a solution of 2.29 (38 mg,
0.052 mmol) in CH,Cl, (10 mL). After 2.5 hours at room temperature, the solution was
concentrated and the residue was submitted to preparative TLC (silica gel, 10 % MeOH
in CHCL,) to give calix[4]arene tetramethylamide 1,3-alternate 2.30 (22 mg, 60 %) as a
white solid. "H NMR (CDCly): & 7.04 (d, 8 H, J=7.5 Hz, Ar-H), 6.84 (t, 4 H, ]=7.5 Hz,
Ar-H), 5.79 (q, 4 H, ] = 4.8 Hz, C(O)-NH-CH3), 4.07 (s, 8 H, CH>), 3.70 (s, 8 H, CH>),
2.88 (d, 12 H, ] = 4.8 Hz, C(O)-NH-CH5).

4.2.2 Experimental Details

Transmission Electron Microscopy (TEM). TEM images were taken by Mahnaz El-
Kouedi at Georgetown University. TEM characterization was performed using a JEOL
1200 EX Transmission Electron Microscope. Imaging was performed on copper mesh
grids that were dipped into aqueous suspensions of (cG 2.26*Na"),*(BPhy’),. Samples
were imaged on 200 Cu mesh formvar-coated grids (EM Sciences). A uranyl acetate stain

was used to enhance contrast.

Complex Formation from ¢G 2.34. Typically, a suspension of ¢G 2.34 (3.0 mg) in
CDClI; (1 mL) was stirred with either H,O or a 1.0 M aqueous salt solution (1 mL) for 12
h. The organic layer was separated, centrifuged to remove residual water (and salt), and

analyzed.

2Na NMR Measurements. ~’Na NMR spectra were recorded on a Bruker DRX-500
operating at 132.29 MHz and are reported in ppm relative to 25 mM NaCl in D,0O at 0
ppm (external standard). A 5 mm broad band probe was used. For all experiments, 95,000
transients were collected and a 90° pulse of 7.7 s, acquisition time of 619 ms with a 1 s

delay between pulses, and a sweep width of 13.2 kHz were used. The sample

concentrations were 20 mM in ¢G 2.34, cA 2.35 and G 2.36.
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Salt Back-Extractions Measured by Ion Chromatography (IC). Ion chromatographs
were run on a Dionex DX-120 Ion Chromatograph. Eluents were 4.8 mM Na,CO5/0.6
mM NaHCO; for anions and 20 mM methylsulfonic acid for cations. lon concentrations
are reported relative to a 1.0 mM standard for each ion. In all experiments, 1.2 mL of 2
mM L (L =¢G 2.34, cA 2.35, G 2.36) in CD,Cl, was stirred with 1 mL of 1 M salt (salts
were NaCl, NaBr, KCl, KBr, and 1:1:1:1 Na:K:Cl:Br) for 12 h. The aqueous salt
solutions were removed and the organic layers were centrifuged to remove residual water
and salt. Millipore H,O (1 mL) was layered over the CD,Cl, solution (1 mL) containing
the ligand (and salt, if extracted) and the biphasic mixture was stirred for 12 h to effect
back-extraction of the salt into H,O. Salt concentrations in the aqueous layer were
measured by IC. Importantly, stirring the already back-extracted organic layers with
Millipore H,O for an additional 12 h resulted in no further back-extraction, i.e. all salt

was removed during the first back-extraction.

Pulsed Field Gradient (PFG) NMR. The necessary hardware set-up and the software
protocols for all PFG-NMR experiments were prepared by Dr. Yiu-Fai Lam. Diffusion
experiments were recorded on a Bruker Avance400 NMR spectrometer with a 5 mm
broad band inverse probe in Shigemi tubes (Shigemi, Inc., Allison Park, PA) at 26 °C
using the pulse sequence developed by Tanner’ " with an added homo-spoil gradient
(Bruker pulse sequence “stegpls, v. 1.1.2.2”). The gradient strength was calibrated using
water at 25 °C and temperature was calibrated with a methanol sample. The pulsed
gradients were incremented from 1.7 to 30.0 gauss/cm in 18 steps with a duration (3) of 2
ms and 32 transients were collected with a pulse delay of 6 s in all cases. The pulsed
gradient separation (A) was 200 ms for experiments in CDCl; and 800 ms for
experiments in DMSO-ds. The sample height was maintained at 8 mm to minimize the
effects of convection. Measurements of the (cG 2.34),*NaCl+(H,0),/cA 2.35 mixture in
CDCls and cG 2.34/cA 2.35 mixture in DMSO-ds were repeated 16 times and 8 times,
respectively, and the diffusion coefficients reported are the mean + standard deviation of

all experiments. Sample concentrations were 6.7-6.8 mM in cG 2.34 and cA 2.35.
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According to the Pulsed Gradient Spin Echo technique, the ratio between the echo
intensity in the presence (I) and absence (I,) of a pulsed gradient is given by:
In(I/1,) = -y*g”8*(A-8/3)D, (Equation 2.1), where y is the gyromagnetic ratio, g is the
pulsed gradient strength (gauss/cm), 6 and A are the duration and separation of the two
gradient pulses, respectively, and Dj is the diffusion coefficient.””’ All spectra were
processed using XWINNMR 3.0 (Bruker) and data analyses were accomplished using the
t1/t2 routine. Diffusion coefficients were obtained by fitting H1' peak volumes to a single

exponential decay (Equation 2.1) using the program Simfit (Bruker).

Energy Dispersive X-ray (EDX) Analysis. EDX was performed with an AMRAY
1820K scanning electron microscope with an acceleration potential of 20 kV. The sample
was prepared by washing a solution of (cG 2.34),¢(H,0), (2 mM in ¢G 2.34) in CHCl;
with 1.0 M NaBPhyq). The resulting biphasic suspension, containing the (¢cG
2.34+Na"),*(BPhy), polymer precipitate, was centrifuged and the liquids were drawn off.
The solid precipitate was purified by centrifugation with and removal of CHCl; (3x) and
water (3x) followed by drying under high vacuum for 18 h. The data are the average and

standard deviation of three runs at different spots on the sample.

Preparation of EYPC HPTS-containing LUVs. Egg yolk L-a-phosphatidyl choline
(EYPC, 62.5 mg, 82 umol) was dissolved in a CHCl3/MeOH mixture, the solution was
evaporated under reduced pressure and the resulting thin film was dried under high
vacuum for 2.5 h. The lipid film was hydrated in 1.35 mL of phosphate buffer (10 mM
Na,H3,PO4, n=1,2, pH = 6.4, 75-100 mM M, X, M =Na", K', Cs", X = CI’, SO,%)
containing 10 pM HPTS (pyranine, 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium
salt) for 40 min, over which time the suspension was submitted to 5 freeze-thaw cycles.
The large multilamellar liposome suspension (1 mL) was submitted to high pressure
extrusion at room temperature (21 passes through a 0.1 um polycarbonate membrane).
The suspension of LUVs obtained was separated from extravesicular dye by size

exclusion chromatography (SEC) (stationary phase: Sephadex G-10, mobile phase:
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phosphate buffer) and diluted by the same phosphate buffer to give a stock solution with

the lipid concentration at 11 mM (assuming 100% inclusion).

Preparation of EYPC Calcein-containing LUVs. Calcein (224.1 mg, 0.36 mmol) was
suspended in 3 mL of phosphate buffer (10 mM Na,H3.,PO4, n = 1,2, pH 6.4). The pH of
the solution was adjusted to 6.4 by addition of 7.8 M NaOH-containing phosphate buffer,
at which point all calcein was dissolved to give a 120 mM solution. The osmolality of the
extravesicular buffer was adjusted to equal that of the calcein-containing solution with 2
M NaCl (monitored by VPO). A thin film was prepared from 62.5 mg of EYPC (82 uM)
as described in “Preparation of EYPC HPTS-containing LUVs” above. The lipid film
was hydrated in 1.35 mL of the120 mM calcein buffer for 40 min, over which time the
suspension was submitted to 5 freeze-thaw cycles. The multilamellar liposome
suspension (1 mL) was submitted to high-pressure extrusion at room temperature (21
passes through a 0.1 um polycarbonate membrane). Calcein-containing LUVs were
separated from extravesicular dye by SEC (stationary phase: Sephadex G-25, mobile
phase: extravesicular isoosmolar NaCl buffer) and diluted with the same NaCl phosphate
buffer to give a stock solution with the lipid concentration at 11 mM (assuming 100%

inclusion).

Base Pulse Assays. Typically, 100 uL of HPTS-loaded EYPC LUVs (11 mM stock
solution) was suspended in 1.90 mL of the corresponding buffer and placed into a
fluorimetric cell. The emission of HPTS at 510 nm was monitored with excitation
wavelengths at 403 and 460 nm simultaneously. During the experiment, 20 uL of 0 - 10
mM solution of the compound of interest was injected (through an injection port),
followed by injection of 21 puL of 0.5 M aqueous NaOH. Addition of the NaOH resulted
in a pH increase of unity in the extravesicular buffer. Maximal possible changes in dye
emission were obtained at the end of each experiment upon lysis of liposomes by
injection of detergent (40 puL of 50 % aqueous Triton X100). The final transport trace
was obtained as a ratio of the emission intensities monitored at 460 and 403 nm and

normalized to 100% of transport.
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Determination of Pseudo-First Order Transport Rate Constants. Pseudo-first order
rate constants were assessed as slopes of the plot of 1n([H+inS]-[H+0ut]) versus time, where
[H+ins] and [H+out] are the actual intravesicular and extravesicular proton concentrations,
respectively. [H ou] was assumed to remain constant over the course of the experiment,
while [H 5] values were calculated for each point from HPTS emission intensities
according to the calibration equation pH = 1.1684-log(I,/1,)+6.9807 (Figure 4.1). The
absolute values of rate constants varied depending on the age of the vesicular solution
(never exceeding three days) and the actual stock solution of liposomes used. The ratios
between absolute values of rate constants obtained within the same time, however, were

not altered significantly.
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y = 1.1684x + 6.9807
R*=0.9961

-1.5 -1 -0.5 0 0.5 1
log(I,/1,)

Figure 4.1. Calibration plot relating the HPTS emission intensity to the pH of the
solution. Intravesicular pH values were obtained as a function of the ratio of HPTS
emission intensities at 510 nm, when excited at 460 and 403 nm. The calibration was
performed by measuring the HPTS emission intensities and the pH values of a 470 pM
HPTS solution in 10 mM phosphate buffer containing 100 mM NaCl (pH was varied in
the range of 5.6 through 7.6 by addition of 0.5 M NaOH or 0.5 M HCI). The calibration
equation obtained (pH = 1.1684-1og(1,/1;)+6.9807, where I, is the emission intensity with
excitation at 460 nm and I, is emission intensity with excitation at 403 nm) was applied

to convert the emission intensities into actual pH values.

Calcein Release Assays. Calcein-loaded EYPC LUVs (100 uL of the 11 mM stock
solution) were suspended in 1.90 mL of isoosmotic NaCl buffer and submitted to
fluorescence analysis. Calcein emission was monitored at 520 nm with excitation at 490
nm. During the experiment, 20 pL of a 500 uM — 10 mM solution of the compound of
interest was injected, and the maximal possible changes in dye emission were obtained at
the end of each experiment by lysis of liposomes by injection of detergent (40 puL of 50
% aqueous Triton X100).
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4.3 Chapter 3 Experimental

4.3.1 Synthesis
Calix[4]arene tetramethylamide 2.30. Prepared as described in Section 4.2.1.

Calix|[4]arene tetrabutylamide 3.1. 25,26,27,28-tetra-(hydroxycarbonylmethoxy)
calix[4]arene 1,3-alternate 2.29 (700 mg, 1.07 mmol) was suspended in 30 mL of
benzene and SOCIl, (2.0 mL, 27 mmol) was added. The mixture was stirred at reflux for
2.5 h, the solvent was evaporated under reduced pressure and residual SOCl, was
removed by coevaporation with benzene. The acid chloride 2.31 obtained was reacted
without further purification. Acid chloride 2.31 was dissolved in 30 mL of CH,Cl,, and
Et;N (3.0 mL, 22 mmol) and BuNH; (3.0 mL, 30 mmol) were added. The reaction
mixture was stirred overnight at room temperature, poured into a separatory funnel,
washed with H,O and 0.1 N HCl(,q) and purified by column chromatography (4 % MeOH
in CH,Cl,) to afford calix[4]arene tetrabutylamide 3.1 (814 mg, 87 %) as a white solid.
'H NMR (400 MHz, CDCls): & 7.00 (d, 8 H, J=7.5 Hz, Ar-H), 6.73 (t,4 H, ] = 7.5 Hz,
Ar-H), 6.26 (t,4 H, J = 6.2 Hz, C(O)-NH), 4.05 (s, 8 H, Ar-O-CH»-C(0O)), 3.58 (s, 8 H,
Ar-CH>-Ar), 3.41(app q, 8 H, J = 7.0 Hz, NH-CH,-CH,-CH,-CH3), 1.66 (app p, 8 H, J =
7.5 Hz, NH-CH,-CH,-CH,-CH3), 1.54 (app h, 8 H, J = 7.5 Hz, NH-CH,-CH,-CH,-CH3),
1.06 (t, 12 H, J = 7.5 Hz, NH-CH,-CH,-CH,-CH3); *C NMR (100 MHz, CDCl;): &
167.7,154.2, 133.9, 131.2, 122.1, 70.1, 38.8, 36.2, 32.5, 20.2, 13.8; MS (FAB) [M+H]"
calcd for CspHgoN4Og 877.5, found 877.5.

Calix[4]arene octabutylamide 3.2. Tetrakis(carboxy-methoxy)-p-H-calix[4]arene 2.29
(423 mg, 0.650 mmol) was activated with thionyl chloride as described for compound
3.1. The acid chloride obtained (2.31) was dissolved in 30 mL of CH,Cl,, and Et;N (2.0
mL, 14 mmol) and BuNH; (3.0 mL, 18 mmol) were added. The reaction mixture was
stirred overnight at room temperature, poured into a separatory funnel, washed with H,O
and 0.1 N HCl(,q) and purified by column chromatography (6 % MeOH in CH,Cl,) to

give 3.2 contaminated with the 3.2¢Na" complex. Final purification was achieved by
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repeated washing with deionized water to give calix[4]arene octabutylamide 3.2 (443 mg,
62 %) as a white solid. 'H NMR (400 MHz, CDCls): 6 7.16 (d, 8 H, J = 8.1 Hz, Ar-H),
6.67 (t,4 H,J=7.7 Hz, Ar-H), 4.41 (s, 8 H, Ar-O-CH»-C(0)), 3.56 (s, 8 H, Ar-CH>-Ar),
3.41 (t, 8 H, ] = 7.7 Hz, N-(CH>-CH,-CH,-CHs)»), 3.23 (t, 8 H, J = 7.7 Hz, N-(CH,-CH>-
CH,-CHs),), 1.63-1.52 (m, 16 H, N-(CH,-CH»-CH,-CH3),), 1.40-1.27 (m, 16 H, N-(CHa-
CH,-CH>-CHj3),), 0.95 (t, 12 H, J = 7.3 Hz, N-(CH,-CH,-CH,-CH3;),), 0.92 (t, 12 H, J =
7.3 Hz, N-(CH,-CH,-CH,-CH3),); *C NMR (100 MHz, CDCls): 8 167.6, 155.4, 133.3,
129.5,123.0, 71.7,47.0, 45.5, 33.6, 31.2, 29.6, 20.2, 20.0, 13.9, 13.7; MS (FAB) [M+H]"
calcd for CegH 91 N4Og 1101.7, found 1101.7.

N-butyl-2-phenoxyacetamide 3.3. Phenoxyacetic acid (2.0 g, 13.2 mmol) was activated
with SOCI; (3.0 mL in 50 mL of benzene, 41 mmol) by the same procedure as described
for compound 3.1. The phenoxyacetyl chloride was reacted without purification. The
total amount obtained was dissolved in 30 mL of CH,Cl, and Et;N (3.0 mL, 22 mmol)
and BuNH; (3.0 mL, 30 mmol) were added. The reaction mixture was stirred overnight at
room temperature, the solvent was evaporated under reduced pressure, and the resulting
oil was dried under high vacuum. Purification by column chromatography (2 % MeOH in
CH,Cl,) afforded N-butyl-2-phenoxyacetamide 3.3 (2.43 g, 89 %) as a white crystalline
solid. "H NMR (400 MHz, CDCls): & 7.32 (t, 2 H, J = 7.6 Hz, Ar-H), 7.02 (t, | H, ] =7.2
Hz, Ar-H), 6.91 (d, 2 H, ] = 8.0 Hz, Ar-H), 6.57 (br s, 1 H, C(O)-NH), 4.48 (s, 2 H, Ar-
0O-CH>-C(0)), 3.34 (q, 2 H, J = 6.8 Hz, NH-CH,-CH,-CH,-CH3), 1.50 (p, 2 H, J = 7.2
Hz, NH-CH,-CH,-CH,-CH3), 1.33 (h, 2 H, J = 7.2 Hz, NH-CH,-CH,-CH,-CH3), 0.91 (t,
3 H, J = 7.2 Hz, NH-CH,-CH,-CH,-CH3); *C NMR (100 MHz, CDCl5): & 168.0, 157.1,
129.7,122.0, 114.5, 67.3, 38.6, 31.5, 19.9, 13.6.; MS (FAB) [M]" calcd for C;,H;sNO,
207.1, found 207.3.

Bis-(ethyl phenoxyacetate) 3.14. Diphenol 3.9 (382 mg, 1.91mmol),*'* ethyl
bromoacetate (0.87 g, 5.2 mmol) and Cs,COs (1.24 g, 3.82 mmol) were suspended in 50
mL of acetone and stirred at reflux overnight. The reaction mixture was cooled to room

temperature and the solvent was evaporated under reduced pressure. The residual solid
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was taken into CHCl;, the organic layer was washed with H,O and 0.1 N HCl(,q),
separated, and the solvent was removed under reduced pressure. Purification by column
chromatography (CH,Cl,) afforded bis-(ethyl phenoxyacetate) 3.14 (537 mg, 75 %). 'H
NMR (400 MHz, DMSO-dg): 6 7.15-7.10 (m, 4 H, Ar-H), 6.86-6.83 (m, 4 H, Ar-H), 4.78
(s, 4 H, Ar-O-CH,-CO), 4.17 (q, 4 H, J = 7.1 Hz, Ar-O-CH,-CO-CH,-CH3), 3.96 (s, 2 H,
Ar-CH»-Ar), 1.21 (t, 6H, J = 7.1 Hz, Ar-O-CH,-CO-CH,-CH3); *C NMR (100 MHz,
DMSO-dg): 6 169.3, 155.9, 130.8, 129.1, 127.6, 121.4, 112.0, 65.4, 61.0, 29.6, 14.5; MS
(FAB) [M+H]" calcd for C,;Hy50¢ 373.2, found 373.1.

Diphenoxyacetic acid 3.19. Bis-(ethyl phenoxyacetate) 3.14 (476 mg, 1.28 mmol) was
dissolved in 3 mL MeOH and 5 mL THF and 1 mL of 45 wt % KOH,q) was added
dropwise. The reaction mixture was stirred overnight at room temperature, evaporated to
dryness, dissolved in 10 mL of water and acidified to pH 1 with 6 N HCI. The precipitate
formed was collected by filtration and washed with water. The aqueous layer was
extracted with chloroform (4x), the organic layer separated and the solvent removed
under reduced pressure. The solid formed was recombined with the filtrate and dried for
3 h under high vacuum to give diphenoxyacetic acid 3.19 (434 mg, 100 %). '"H NMR
(400 MHz, DMSO-de): 6 7.12-7.06 (m, 4 H, Ar-H), 6.82-6.78 (m, 4 H, Ar-H), 4.56 (s, 4
H, Ar-O-CH»>-CO), 3.95 (s, 2 H, Ar-CH,-Ar); *C NMR (100 MHz, DMSO-dy): § 170.8,
156.4, 130.7,129.2, 127.4, 120.9, 112.1, 66.1, 29.5; MS (FAB) [M+H]" calcd for
Ci17H1706 317.1, found 317.1.

Bis-(/V-butyl-2-phenoxyacetamide) 3.4. Diphenoxyacetic acid 3.19 (418 mg, 1.32
mmol) was suspended in benzene (25 mL), and SOCI; (2.0 mL, 27 mmol) was added.
The reaction mixture was stirred at reflux for 2.5 hours. Over the course of the reaction,
the turbid suspension changed into a yellow transparent solution. The reaction mixture
was cooled to room temperature, the solvent and excess SOCI, was removed under
reduced pressure, and the remaining traces SOCl, were removed by co-evaporation with
benzene. Diphenoxyacetyl chloride was reacted without further purification. The total

amount obtained was dissolved in 25 mL of CH,Cl, and Et;N (556 pL, 4.0 mmol) and
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BuNH, (650 pL, 6.6 mmol) were added. The reaction mixture was stirred overnight at
room temperature, the solvent was removed under reduced pressure, and the resulting oil
was dried under high vacuum. The oil was dissolved in CHCl; and the organic layer was
washed with H,O, separated, dried over sodium sulfate, and the solvent removed under
reduced pressure. Purification by column chromatography (1 % MeOH in CH,Cl,)
afforded bis-(N-butyl-2-phenoxyacetamide) 3.4 (448 mg, 80 %) as a white solid. 'H
NMR (400 MHz, DMSO-dg): 6 7.62 (t,2 H, J = 6.0 Hz, C(O)-NH), 7.16 (dt,2 H, J = 1.6
Hz, 7.8 Hz, Ar-H), 7.03 (dd, 2 H, J = 1.2 Hz, 7.6 Hz, Ar-H), 6.90-6.85 (m, 4 H, Ar-H),
4.45 (s, 4 H, Ar-O-CH,-C(0)), 4.04 (s, 2 H, Ar-CH»-Ar), 3.08 (app q, 4 H, J = 6.8 Hz,
NH-CH>-CH,-CH,-CHs), 1.35 (p, 4 H, J = 7.2 Hz, NH-CH,-CH»-CH,-CH3), 1.21 (h, 4 H,
J=7.2 Hz, NH-CH,-CH,-CH,-CH3), 0.83 (t, 6 H, ] = 7.2 Hz, NH-CH,-CH,-CH,-CH);
3C NMR (100 MHz, DMSO-dq): & 167.8, 156.0, 130.6, 129.2, 127.7, 121.5, 112.3, 67.7,
38.4,31.6,30.0, 19.9, 14.1; MS (FAB) [M+H]" calcd for CysH35N,04 426.3, found 427.3.

Tris-(ethyl phenoxyacetate) 3.15. Triphenol 3.10 (53 mg, 0.17mmol),*'* ethyl
bromoacetate (117 mg, 0.70 mmol) and Cs,CO; (166 mg, 0.51 mmol) were suspended in
25 mL of acetone, and stirred at reflux overnight. The reaction mixture was cooled to
room temperature and the solvent was evaporated under reduced pressure. The residual
solid was taken into CHCls, the organic layer was washed with H,O and 0.1 N HCl,q),
separated, and the solvent was removed under reduced pressure. Purification by column
chromatography (CH,Cl,) afforded tris-(ethyl phenoxyacetate) 3.15 (68 mg, 83 %). 'H
NMR (400 MHz, CDCl3): 6 7.15-6.72 (m, 11 H, Ar-H), 4.60 (s, 4 H, Ar-O-CH,-C(0)),
4.39 (s, 2 H, Ar-O-CH,-C(0)), 4.25-4.18 (m, 6 H, C(O)-CH,-CHs3), 4.12 (s, 4 H, Ar-CH.>-
Ar), 1.25 (app t, 9 H, ] = 7.2 Hz, C(0)-CH,-CH;); >C NMR (100 MHz, CDCl5): &
169.1, 169.0, 155.9, 155.0, 133.6, 131.0, 129.7, 129.0, 127.3, 124.5, 121.6, 111.4, 70.1,
65.7,61.2,61.0,29.7, 14.1; MS (FAB) [M+H]" calcd for C3,H37,09 565.2, found 565.2.

Triphenoxyacetic acid 3.20. Tris-(ethyl phenoxyacetate) 3.15 (59 mg, 0.104 mmol) was
dissolved in 3 mL MeOH and 5 mL THF and 1 mL of 45 wt % KOH,q) was added

dropwise. The reaction mixture was stirred overnight at room temperature, evaporated to
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dryness, dissolved in 2 mL of water and acidified to pH 1 with 6 N HCI. The precipitate
formed was collected by filtration and washed with water. The aqueous layer was
extracted with chloroform (4x), the organic layer separated and the solvent removed
under reduced pressure. The solid formed was recombined with the filtrate and dried for
6 h under high vacuum to give triphenoxyacetic acid 3.20 (57 mg, 100 %). "H NMR (400
MHz, acetone-dg): 6 7.2-6.85 (m, 11 H, Ar-H), 4.70 (s, 4 H, Ar-O-CH,-C(0)), 4.49 (s, 2
H, Ar-O-CH,>-C(0)), 4.13 (s, 4 H, Ar-CH,-Ar); >C NMR (100 MHz, acetone-dg): &
170.4, 156.8, 155.8, 134.7, 131.5, 130.4, 129.7, 128.1, 125.1, 122.0, 117.7, 112.5, 70.4,
65.6, 30.1.

Tris-(/V-butyl-2-phenoxyacetamide) 3.5. Triphenoxyacetic acid 3.20 (48 mg, 0.10
mmol) was activated with SOCI, (1.0 mL in 3 mL of benzene, 14 mmol) by the same
procedure as described for compound 3.4. The triphenoxyacetyl chloride was reacted
without purification. The total amount obtained was dissolved in 10 mL of CH,Cl,, and
Et;N (125 pL, 0.90 mmol) and BuNH, (150 pL, 1.5 mmol) were added. The reaction
mixture was stirred overnight at room temperature, the solvent was removed under
reduced pressure, and the resulting oil was dried under high vacuum. The oil was
dissolved in CHCIl; and the organic layer was washed with H,O, separated, dried over
sodium sulfate, and the solvent removed under reduced pressure. Purification by column
chromatography (2 % MeOH in CH,Cl,) afforded tris-(N-butyl-2-phenoxyacetamide) 3.5
(51 mg, 79 %) as a white crystalline solid. '"H NMR (400 MHz, DMSO-de): & 7.99 (t, 1
H, J=5.6 Hz, C(O)-NH), 7.66 (t,2 H, ] = 5.6 Hz, C(O)- NH), 7.18 (dt,2 H, ] = 8.0, 1.6
Hz, Ar-H), 7.04 (dd, 2 H, J = 8.0, 1.6 Hz, Ar-H), 6.96-6.87 (m, 7 H, Ar-H), 4.43 (s, 4 H,
Ar-O-CH>-C(0)), 4.19 (s, 2 H, Ar-O-CH»-C(0)), 4.06 (s, 4 H, Ar-CH>-Ar), 3.13-3.05 (m,
6 H, NH-CH,-CH,-CH,-CH3), 1.43-1.31 (m, 6 H, NH-CH,-CH,-CH,-CH3), 1.28-1.16
(m, 6 H, NH-CH,-CH,-CH,-CH3), 0.82 (app t, 9 H, ] = 7.6 Hz, NH-CH,-CH,-CH,-
CH3); *C NMR (100 MHz, DMSO-dq): & 167.3, 155.4, 154.4, 133.4, 130.3, 128.8, 128.5,
127.5,124.3,121.0, 111.8, 38.0, 31.2, 29.3, 19.5, 13.6; MS (FAB) [M+H]" calcd for
Cs3Hs2N306 646.4, found 646.4.
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Tetrakis-(ethyl phenoxyacetate) 3.16. Tetraphenol 3.11 (571 mg, 1.38 mmol),*"* ethyl
bromoacetate (1.38 g, 8.30 mmol) and Cs,CO; (1.80 g, 5.50 mmol) were suspended in 25
mL of acetone and stirred at reflux overnight. The reaction mixture was cooled to room
temperature and the solvent was evaporated under reduced pressure. The residual solid
was taken into CHCl;, the organic layer was washed with H,O and 0.1 N HCl(,q),
separated, and the solvent was evaporated under reduced pressure. Purification by
column chromatography (1:2 EtOAc:hexanes) afforded tetrakis-(ethyl phenoxyacetate)
3.16 (800 mg, 77 %). '"H NMR (400 MHz, DMSO-de): & 7.16 (dt, 2 H, J= 8.0, 1.6 Hz,
Ar-H), 7.06 (dd, 2 H, J = 8.0, 1.6 Hz, Ar-H), 6.97-6.83 (m, 10 H, Ar-H), 4.77 (s, 4H, Ar-
O-CH>-C(0)), 4.43 (s, 4 H, Ar-O-CH,-C(0)), 4.17-4.08 (m, 8 H, C(O)-CH,-CH3), 4.05
(s, 2H, Ar-CH,-Ar), 4.00 (s, 4 H, Ar-CH»-Ar), 1.20-1.14 (m, 12 H, C(0)-CH,-CH3); °C
NMR (100 MHz, DMSO-de): 6 169.2, 169.0, 155.8, 155.1, 134.0, 130.9, 129.2, 129.0,
127.9, 124.4, 121.5,112.2,70.1, 65.3, 61.0, 61.0, 29.5, 14.4, 14.4; MS (FAB) [M+H]"
calcd for C43H4901, 757.3, found 757.2.

Tetraphenoxyacetic acid 3.21. Tetrakis-(ethyl phenoxyacetate) 3.16 (765 mg, 1.01
mmol) was dissolved in 3 mL MeOH and 5 mL THF and 1 mL of 45 wt % KOH.q) was
added dropwise. The reaction mixture was stirred overnight at room temperature,
evaporated to dryness, dissolved in 10 mL of water and acidified to pH 1 with 6 N HCI.
The precipitate formed was collected by filtration and washed with water. The aqueous
layer was extracted with chloroform (4x), the organic layer separated and the solvent
removed under reduced pressure. The solid formed was recombined with the filtrate and
dried for 4 h under high vacuum to give tetraphenoxyacetic acid 3.21 (677 mg, 100 %).
'H NMR (400 MHz, DMSO-dq): & 13.80 (s, 4 H, C(O)-OH), 7.55 (dt, 2 H, J=7.8, 1.6
Hz, Ar-H), 7.44 (dd, 2 H, J =7.8, 1.6 Hz, Ar-H), 7.32-7.17 (m, 10 H, Ar-H), 4.86 (s, 4 H,
Ar-O-CH>-C(0)), 4.51 (s, 4 H, Ar-O-CH»-C(0)), 4.20 (s, 2 H, Ar-CH>-Ar), 4.13 (s, 4 H,
Ar-CH,-Ar); *C NMR (100 MHz, DMSO-dq): & 170.3, 170.1, 155.6, 154.8, 133.6,
130.4, 128.8, 128.6, 127.4, 124.4, 120.9, 111.7, 69.7, 64.8, 29.1, 29.0; MS (FAB)
[M+H]" calcd for C3sH330,, 645.2, found 645.0.
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Tetrakis-(/N-butyl-2-phenoxyacetamide) 3.6. Tetraphenoxyacetic acid 3.21 (649 mg,
1.05 mmol) was activated with SOCl, (5.0 mL in 15 mL of benzene, 69 mmol) by the
same procedure as described for compound 3.4. The tetraphenoxyacetyl chloride was
reacted without purification. The total amount obtained was dissolved in 25 mL of
CH,Cl; and Et;N (3.4 mL, 24 mmol) and BuNH; (4.1 mL, 41 mmol) were added. The
reaction mixture was stirred overnight at room temperature, the solvent was removed
under reduced pressure, and the resulting oil was dried under high vacuum. The oil was
dissolved in CHCI; and the organic layer was washed with H,O, separated, dried over
sodium sulfate, and the solvent removed under reduced pressure. Purification by column
chromatography (2 % MeOH in CH,Cl,) afforded tetrakis-(N-butyl-2-phenoxyacetamide)
3.6 (577 mg, 64 %) as an off-white solid. "H NMR (400 MHz, DMSO-dq): & 7.98 (t, 2 H,
J=5.8 Hz, C(O)-NH), 7.68 (t,2 H, ] = 5.8 Hz, C(O)-NH), 7.18 (dt,2 H, ] = 7.6, 1.2 Hz,
Ar-H), 7.03 (dd, 2 H, J = 7.6, 1.2 Hz, Ar-H), 6.98-6.84 (m, 10 H, Ar-H), 4.43 (s, 4 H, Ar-
O-CH>-C(0)), 4.14 (s, 4 H, Ar-O-CH,-C(0)), 4.08 (s, 2 H, Ar-CH»-Ar), 4.05 (s, 4 H, Ar-
CH,-Ar), 3.12-3.05 (m, 8 H, NH-CH>-CH,-CH,-CH3), 1.39-1.33 (m, 8 H, NH-CH,-CH.>-
CH,-CH3), 1.25-1.17 (m, 8 H, NH-CH,-CH,-CH,-CH3), 0.82 (t, 12 H, J = 7.4 Hz, NH-
CH,-CH,-CH,-CH3); °C NMR (100 MHz, DMSO-dq): 8 167.3, 155.4, 154.4, 133.5,
133.4,130.2, 128.7, 127.5, 124.4, 121.1, 111.8, 71.8, 67.1, 37.9, 31.2, 31.1, 29.3, 19.5,
19.5, 13.6; MS (FAB) [M+H]" caled for Cs;HgoN4Og 865.5, found 865.4.

Pentakis-(ethyl phenoxyacetate) 3.17. Pentaphenol 3.12 (508 mg, 0.98 mmol),”'* ethyl
bromoacetate (1.23 g, 7.40 mmol) and Cs,COs; (1.6 g, 4.9 mmol) were suspended in 25
mL of acetone, and stirred at reflux overnight. The reaction mixture was cooled to room
temperature and the solvent was evaporated under reduced pressure. The residual solid
was taken into CHCl;, the organic layer was washed with H,O and 0.1 N HCl(,q),
separated, and the solvent was evaporated under reduced pressure. Purification by
column chromatography (1:2 EtOAc:hexanes) afforded pentakis-(ethyl phenoxyacetate)
3.17 (540 mg, 58 %). '"H NMR (400 MHz, DMSO-de): & 7.16 (dt, 2 H, J=7.8, 1.6 Hz,
Ar-H), 7.06 (dd, 2 H, J = 7.8, 1.6 Hz, Ar-H), 7.00-6.82 (m, 13 H, Ar-H), 4.77 (s, 4 H, Ar-
0O-CH,-C(0)), 4.43 (s, 4 H, Ar-O-CH,-C(0)), 4.40 (s, 2 H, Ar-O-CH>-C(0)), 4.17-4.08
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(m, 10 H, C(O)-CH,-CH3), 4.06 (s, 4 H, Ar-CH,-Ar), 4.01 (s, 4 H, Ar-CH,-Ar), 1.20-1.13
(m, 15 H, C(0)-CH,-CHj); *C NMR (100 MHz, DMSO-dg): § 169.2, 169.0, 155.8,
155.3, 155.1, 134.0, 134.0, 133.9, 130.9, 129.2, 129.0, 127.9, 125.0, 124.9, 121.5, 112.2,
70.1, 65.3, 61.0, 61.0, 29.7, 29.5, 14.4, 14.4; MS (FAB) [M+H]" calcd for Cs4Hg 015
949.4, found 949.1.

Pentaphenoxyacetic acid 3.22. Pentakis-(ethyl phenoxyacetate) 3.17 (515 mg, 0.54
mmol) was dissolved in 3 mL MeOH and 5 mL THF and 1 mL of 45 wt % KOH.q) was
added dropwise. The reaction mixture was stirred overnight at room temperature,
evaporated to dryness, dissolved in 10 mL of water and acidified to pH 1 with 6 N HCI.
The acidic aqueous solution was evaporated to dryness by co-evaporation with acetone.
The solid residue was triturated with acetone, the precipitate removed by filtration, and
the filtrate was evaporated to dryness to give pentaphenoxyacetic acid 3.22 (509 mg, 100
%) as a white solid. "H NMR (400 MHz, DMSO-ds): & 12.92 (s, 5 H, C(0)-OH), 7.16 (dt,
2H,J=7.28,1.6 Hz, Ar-H), 7.07 (dd, 2 H, J = 7.8, 1.6 Hz, Ar-H), 6.96-6.80 (m, 13 H, Ar-
H), 4.67 (s, 4 H, Ar-O-CH,-C(0)), 4.36 (s, 4 H, Ar-O-CH»-C(0)), 4.34 (s, 2 H, Ar-O-
CH,-C(0)), 4.08 (s, 4 H, Ar-CH,-Ar), 4.01 (s, 4 H, Ar-CH»-Ar); MS (FAB) [M+H]"
calcd for C44H41015 809.2, found 809.0.

Pentakis-(/N-butyl-2-phenoxyacetamide) 3.7. Pentaphenoxyacetic acid 3.22 (515 mg,
0.64 mmol) was activated with SOCIl; (3.0 mL in 10 mL of benzene, 41 mmol) by the
same procedure as described for compound 3.4. The pentaphenoxyacetyl chloride was
reacted without purification. The total amount obtained was dissolved in 25 mL of
CH,Cl; and Et;N (3.0 mL, 22 mmol) and BuNH; (3.0 mL, 30 mmol) were added. The
reaction mixture was stirred overnight at room temperature, the solvent was removed
under reduced pressure, and the resulting oil was dried under high vacuum. The oil was
dissolved in CHCl; and the organic layer was washed with H,O, separated, dried over
sodium sulfate, and the solvent removed under reduced pressure. Purification by column
chromatography (3 % MeOH in CH,Cl,) afforded pentakis-(N-butyl-2-
phenoxyacetamide) 3.7 (480 mg, 69 %) as a yellowish solid. "H NMR (400 MHz,
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DMSO-dg): 6 7.97-7.95 (m, 3 H, C(O)-NH), 7.66 (t,2 H, J = 5.6 Hz, C(O)-NH), 7.18
(app t,2 H, J=7.8 Hz, Ar-H), 7.03 (app d, 2 H, J = 7.2 Hz, Ar-H), 6.99-6.84 (m, 13 H,
Ar-H), 4.43 (s, 4 H, Ar-O-CH,-C(0)), 4.14 (s, 4 H, Ar-O-CH»-C(0)), 4.11 (s, 2 H, Ar-O-
CH>-C(0)), 4.08 (s, 4 H, Ar-CH,-Ar), 4.05 (s, 4 H, Ar-CH,-Ar), 3.12-3.05 (m, 10 H, NH-
CH,-CH,-CH,-CH3), 1.41-1.31 (m, 10 H, NH-CH,-CH,-CH,-CH3), 1.27-1.17 (m, 10 H,
NH-CH,-CH,-CH,-CH3), 0.83-0.80 (m, 15 H, NH-CH,-CH,-CH,-CH3); *C NMR (100
MHz, DMSO-dq): 6 167.8, 167.8, 167.7, 155.9, 154.9, 154.8, 134.0, 133.9, 133.9, 130.7,
129.3, 129.2,129.2, 129.0, 128.0, 124.9, 121.5, 112.3, 72.2, 72.1, 67.6, 31.6, 31.6, 29.7,
29.5,19.9, 19.9, 14.1; MS (FAB) [M+H]" calcd for CssHgNsO;o 1084.6, found 1084.3.

Hexakis-(ethyl phenoxyacetate) 3.18. Hexaphenol 3.13 (253 mg, 0.41 mmol),*' ethyl
bromoacetate (0.616 g, 3.70 mmol) and Cs,CO; (0.802 g, 2.50 mmol) were suspended in
40 mL of acetone, and stirred at reflux overnight. The reaction mixture was cooled to
room temperature and the solvent was evaporated under reduced pressure. The residual
solid was taken into CHCls, the organic layer was washed with H,O and 0.1 N HCl,g),
separated, and the solvent was evaporated under reduced pressure. Purification by
column chromatography (1:2 EtOAc:hexanes) afforded hexakis-(ethyl phenoxyacetate)
3.18 (211 mg, 46 %). '"H NMR (400 MHz, CDCl3): § 7.15 (dt, 2 H, J = 7.9, 1.6 Hz, Ar-
H), 7.08 (dd, 2 H,J =7.9, 1.6 Hz, Ar-H), 6.98-6.84 (m, 16 H, Ar-H), 4.6 (s, 4 H, Ar-O-
CH»-C(0)), 4.37 (s, 4 H, Ar-O-CH>-C(0)), 4.34 (s, 4 H, Ar-O-CH»-C(0)), 4.24-4.07 (m,
22 H, C(0)-CH»-CHj3 and Ar-CH,-Ar), 1.27-1.13 (m, 18 H, C(O)-CH,-CH;); MS (FAB)
[M+Na]" calcd for CssH72015Na 1163.5, found 1163.0.

Hexaphenoxyacetic acid 3.23. Hexakis-(ethyl phenoxyacetate) 3.18 (202 mg, 0.18
mmol) was dissolved in 3 mL MeOH and 5 mL THF and 1 mL of 45 wt % KOH,q) was
added dropwise. The reaction mixture was stirred overnight at room temperature under
nitrogen, evaporated to dryness, dissolved in 5 mL of water and acidified to pH 1 with 6
N HCI. The acidic aqueous solution was evaporated to dryness by co-evaporation with
acetone. The solid residue was triturated with acetone, the precipitate removed by

filtration, and the filtrate was evaporated to dryness to give hexaphenoxyacetic acid 3.23
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(201 mg, 100 %). 'H NMR (400 MHz, DMSO-dq): & 12.86 (s, 6 H, C(0)-OH), 7.13 (dt, 2
H,J =79, 1.6 Hz, Ar-H), 7.03 (dd, 2 H, J = 7.9, 1.6 Hz, Ar-H), 6.96-6.79 (m, 16 H, Ar-
H), 4.65 (s, 4 H, Ar-O-CH>-C(0)), 4.33 (s, 4 H, Ar-O-CH»>-C(0)), 4.32 (s, 4 H, Ar-O-
CH>-C(0)), 4.06 (br s, 6 H, Ar-CH»-Ar), 3.98 (s, 4 H, Ar-CH»-Ar).

Hexakis-(/V-butyl-2-phenoxyacetamide) 3.8. Hexaphenoxyacetic acid 3.23 (201 mg,
0.20 mmol) was activated with SOCI, (1.9 mL in 10 mL of benzene, 26 mmol) by the
same procedure as described for compound 3.4. The hexaphenoxyacetyl chloride was
reacted without purification. The total amount obtained was dissolved in 10 mL of
CH,Cl; and Et3N (0.5 mL, 3.6 mmol) and BuNH; (0.5 mL, 5.5 mmol) were added. The
reaction mixture was stirred overnight at room temperature, the solvent was removed
under reduced pressure, and the resulting oil was dried under high vacuum. The oil was
dissolved in CHCl; and the organic layer was washed with H,O, separated, dried over
sodium sulfate, and the solvent removed under reduced pressure. Purification by column
chromatography (3 % MeOH in CH,Cl,) afforded hexakis-(N-butyl-2-
phenoxyacetamide) 3.8 (160 mg, 60 %) as an orangish solid. '"H NMR (400 MHz,
DMSO-dg): 6 7.97-7.93 (m, 4 H, C(O)-NH), 7.65 (t, 2 H, J = 6.0 Hz, C(O)-NH), 7.16 (dt,
2H,J=179, 1.6 Hz, Ar-H), 7.03 (dd,2 H, ] = 7.9, 1.6 Hz, Ar-H), 7.00-6.84 (m, 16 H, Ar-
H), 4.43 (s, 4 H, Ar-O-CH,-C(0)), 4.13 (s, 4 H, Ar-O-CH,-C(0)), 4.10 (s, 4 H, Ar-O-
CH,-C(0)), 4.07 (s, 6 H, Ar-CH>-Ar), 4.04 (s, 4 H, Ar-CH,-Ar), 3.12-3.04 (m, 12 H, NH-
CH,-CH,-CH,-CH3), 1.41-1.31 (m, 12 H, NH-CH,-CH,-CH,-CH3), 1.27-1.17 (m, 12 H,
NH-CH,-CH,-CH»-CH3), 0.83-0.79 (m, 18 H, NH-CH,-CH,-CH,-CHj); >C NMR (100
MHz, DMSO-dg): 6 167.3, 167.2, 155.4, 154.4, 133.5, 133.4, 130.2, 128.8, 128.7, 128.6,
127.5,124.5,124.4,121.0, 111.8, 71.8, 71.7, 67.1,37.9, 31.1, 29.3, 29.1, 19.5, 19.4,
13.6; MS (FAB) [M+H]" calcd for C77H;03N¢O12 1303.8, found 1303.4.
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4.3.2 Experimental Details

2.30°HCI Crystals. Crystal structures were solved by Dr. James C. Fettinger. (A)
Calix[4]arene tetramethylamide 2.30 (15 mg) was dissolved in 1.5 mL of a THF:12 M

HCI mixture (95:5). The solution was slowly evaporated to give an oily precipitate that

was then redissolved in 2 mL of CH,Cl,. Slow evaporation afforded crystals of the

2.30HCl*3(H,0) complex. (B) Calix[4]arene tetramethylamide 2.30 (15 mg) was

dissolved in 2 mL of CH,Cl,, and 1 mL of 6 M aqueous HCI was layered over the

organic solution. Immediate formation of a white emulsion in the organic layer occurred.

Crystals of 2.30eHCI*H,O+CH,Cl, formed at the aqueous-organic interface after several

days. Table 4.1 shows crystal data and structure refinement parameters for the two

crystal structures. For detailed crystallographic data, see structure reports for UM747
(2.30°HCI*3(H,0)) and UM753 (2.30°HCl*H,0O*CH,Cl,) at the Department of Chemistry
and Biochemistry, University of Maryland, College Park, MD 20742.

Table 4.1. Crystal data and structure refinement for 2.30°HCI*3(H,0O) and
2.30eHCl*H,0+CH,Cl, complexes.

2.30°HCl*3(H,0) 2.30°HCl*H,O*CH,Cl,
empirical formula C40Hs50CIN4Oq; C41H43C13N4O9
formula weight 798.29 847.18
temperature 193(2) K 193(2) K
crystal system orthorhombic monoclinic
space group Fddd P2(1)/n

unit cell dimensions

volume

Z

density (calculated)
absorption coefficient
data/restraints/parameters
goodness-of-fit on F,
final R indices [/ > 2o(/)]
R indices (all data)

a=20.9026(7) A, a=90°
b=26.5756(9) A, p=90°
c=27.7713(10) A, y = 90°
15426.9(9) A*

16

1.375 Mg/ m’

0.166 mm’!

3404 /3 /326

1.060

R1=0.0617, wR2 =0.1785
R1=10.0851, wR2 =0.1958

a=10.1237(3) A, a=90°

b =22.7400(7) A, B=97.07°
c=17.7902(6) A, y = 90°
4064.4(2) A*

4

1.384 Mg/m’

0.286 mm’’

7147/0/723

1.092

R1=0.0431, wR2=0.1117
R1=0.0570, wR2 =0.1196
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EYPC HPTS-Containing LUVs. Prepared as described in Section 4.2.2.

EYPC Calcein-Containing LUVs. Prepared as described in Section 4.2.2.

Unequally-loaded vesicular suspensions (intra- and extravesicular buffers are
different). The osmolality of the extravesicular buffer was adjusted by addition of a 1 M
solution of the appropriate salt in the phosphate buffer (monitored by VPO). The pH of
the extravesicular buffer was adjusted to that of the intravesicular buffer by addition of 1

M HCI or 1 M NaOH solution (monitored by a pH-meter).

Base Pulse Assays. Conducted as described in Section 4.2.2.

Calcein-release assay. Conducted as described in Section 4.2.2.

Analysis of pH changes in liposomes experiencing a CI” gradient. (A) Outwardly
directed gradient of CI: HPTS-loaded vesicles (100 pL of the 11 mM stock solution),
filled with a saline phosphate buffer (10 mM sodium phosphate, pH 6.4, 100 mM NacCl)
were suspended in 1.90 mL of an isoosmotic sulfate phosphate buffer (10 mM sodium
phosphate, pH 6.4, 75 mM Na,SO,) and placed into a fluorimetric cell. The fluorimetric
assays were conducted as described under “Base Pulse Assays” in Section 4.2.2, with the
exception that no base pulse (0.5 NaOH) was added in these experiments. Intravesicular
pH values were obtained as a function of the ratio of HPTS emission intensities using the
calibration equation pH = 1.1684-log(I,/1,)+6.9807, where I, is the emission intensity
with excitation at 460 nm and I; is emission intensity with excitation at 403 nm, as
described in Section 4.2.2 and shown in Figure 4.1. (B) Inwardly directed gradient of
CI': HPTS-loaded vesicles (100 pL of the stock solution), filled with a sulfate phosphate
buffer (10 mM sodium phosphate, pH 6.4, ~75 mM Na,SO4) were suspended in 1.90 mL
of an isoosmotic saline phosphate buffer (10 mM sodium phosphate, pH 6.4, 100 mM
NacCl) and placed into a fluorimetric cell. Further analysis was conducted as described for

the case of an outwardly directed gradient of CI".
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Voltage clamp experiments. Voltage clamp experiments and data analyses were done by
Robert Mizani in the laboratory of Professor Marco Colombini. Bilayer membranes were
made from monolayers of diphytanoylphospatidyl choline (DPhPC) by the method of
Montal and Mueller.*'® Recordings were made under voltage clamp conditions using
calomel electrodes with saturated KCI bridges. Solutions consisted of 1 M KCl, 1 mM
MgCl,, 5 mM HEPES, pH 7.0. The voltage was applied from the trans side. Once
calix[4]arene tetrabutylamide 3.1 was incorporated into the lipid (by addition to the cis
side), the current through the membrane was recorded using both a chart recorder and
directly digitized storing as a computer file. The conductance values were calculated by
dividing the current by the applied voltage. The events were grouped into conductance
ranges of equal magnitude for the purpose of showing the distribution of recorded

conductances.

Patch clamp experiments. Patch clamp experiments and data analyses were done by Dr.
Galya Abdrakhmanova. HEK-293 cells, plated in 100-mm dishes containing 10 mL of
the growth media, were maintained at 37 °C with 5% CO; in the incubator. Growth
medium for HEK-293 cells was minimum essential medium supplemented with 10%
fetal bovine serum, 100 U/mL penicillin and 100 pg/mL streptomycin.
Electrophysiological recordings were performed in the whole-cell configuration of the
patch clamp technique using a DAGAN 8900 amplifier (Dagan Corp., Minneapolis,
MN). The patch electrodes, pulled from borosilicate glass capillaries, had a resistance of
3-4 MQ when filled with internal solution containing (in mM): CsCl, 110;
tetracthylammonium chloride, 20; MgATP, 5; EGTA, 14; HEPES, 20 and titrated to pH
7.4 with CsOH. Approximately 90% of electrode resistance was compensated
electronically, so that effective series resistance was less than 1 MQ. HEK cells were
used for experiments 2 to 4 days after plating the cells on the coverslips. Generation of
the voltage clamp protocols and acquisition of data were carried out using PCLAMP
software (Axon Instruments, Inc., Burlingame, CA). Sampling frequency was 0.5-2.0
kHz and current signals were filtered at 10 kHz before digitization and storage. All

experiments were performed at room temperature (23-25 °C). Cells selected for
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recordings had a capacitance of 25-35 pF. Cells plated on plastic coverslips (15mm round
thermanox, Nunc, Inc., Napierville, IL) were transferred to an experimental chamber
mounted on the stage of an inverted microscope (Diaphot, Nikon, Nagano, Japan) and
were bathed in a solution containing (in mM): NaCl, 137; CaCl,, 2; KCl, 5.4; HEPES, 10;
glucose, 10; MgCly, 1 (pH 7.4 adjusted with NaOH). The experimental chamber was
constantly perfused at a rate of approximately 1mL/min with a control bathing solution.
In solutions buffered on the cell under recording KCl was omitted and in some
experiments NaCl was replaced by isoosmotic amounts of Na,SO4 or Na glutamate.
Servo-controlled miniature solenoid valves were used for rapid switching between
control and test solutions (delay in solution change was < 20ms). Calix[4]arene
tetrabutylamide 3.1 was dissolved in DMSO, and DMSO was added in an equal amount

to the control and test solutions.

Analysis of the Electrostatic Potential on the Surface of Liposomes. LUVs (100 pL of
11 mM stock solution) containing a phosphate buffer with either 100 mM KCI or 75 mM
Na,S0; inside were suspended in 1.90 mL of 100 mM NacCl buffer containing 60 nM
safranin (a potential-sensitive dye). Safranin emission was monitored at 580 nm with
excitation at 521 nm. During the course of the experiment, 20 uL of a 0-0.12 mM DMSO
solution of valinomycin or 0-2 mM of 3.3-3.8 DMSO solution was added. Experiments
were completed by injection of 20 pL of a 1 mM aqueous solution of the defect-inducing

peptide melittin.*"’

Liposome Preparation for *>*CI NMR Assays. Egg yolk L-o-phosphatidylcholine (1.0
mg/mL EYPC ethanol solution, 250 uL, 329 umol) was dissolved in a CHCI;/MeOH
mixture, the solution was evaporated under reduced pressure and the resulting thin film
was dried under high vacuum for 2.5 h. The lipid film was hydrated in 1.0 mL of
phosphate buffer (9:1 H,0:D,0, 10 mM sodium phosphate, pH = 5.4, 100 mM NaCl)
containing 10 mM CoCl, (*°Cl shift reagent) for 40 min. During hydration, the
suspension was submitted to 5 freeze-thaw cycles. The giant liposome suspension (1 mL)

was submitted to high-pressure extrusion at room temperature (41 passes through a 5.0
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pm polycarbonate membrane). The giant vesicle suspension was partially separated from
extravesicular CoCl, by size exclusion chromatography (SEC) (stationary phase:
Sephadex G-25, mobile phase: 9:1 H,O:D,0, 10 mM sodium phosphate, pH = 6.4, 75
mM Na,SO;) to give 12 mL of the giant vesicle suspension (NaCl/CoCl, inside, Na;SO4
outside). The suspension was concentrated to approximately 1.5 mL by centrifugation at
14,000 rpm for 30 sec followed by removal of the non-vesicle containing buffer (this step
further decreased the extravesicular CoCl, concentration). The 1.5 mL suspension was
diluted to 3 mL with the Na,SO4 buffer (9:1 HO:D,0, 10 mM sodium phosphate, pH =
6.4, 75 mM Na,SO,) to give a suspension that was 88 mM in EYPC (assuming 100% of
lipid was incorporated into liposomes and estimating 20% was lost in
purification/concentration). This suspension was used directly in **CI NMR transport

assays.

Chloride Transport Monitored by **CI NMR. All *’CI NMR spectra were recorded on
a Bruker DRX500 instrument operating at 49.00 MHz for the *>CI resonance and
chemical shift values are reported in ppm relative to 25 mM NaCl in D,O at 0 ppm
(external standard). A 5 mm broad band probe was used. A 90° pulse width (22 pus),
acquisition time of 200 ms with no delay between pulses, and a sweep width of 8.2 kHz
were used in all experiments. The number of transients ranged from 3,000 to 20,000. For
each run, 400 pL of the giant vesicle suspension was placed in a 5 mm NMR tube and the

mstrument was locked on D,O.
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