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Synthetic ion channels and pores not only represent models of natural
transmembrane ion channels, but also demonstrate their potentiahappéicn the areas
of drug delivery, biosensors, antimicrobial agents and other moledelaces. In this
thesis, lipophilic guanosine derivatives that combine both “molecutaxgnéion” and
“membrane soluble” features are utilized for the development ofséffeassembled

synthetic ion channels.

The potential of lipophilic G-quadruplexes to function as synthetic amrels
has been investigated by tracing the cation exchange procesebdtee cations and G-

quadruplex bound cations. Cation exchange between bulk cationBli’) in solution



and the bound cations in G-quadruplexes 1)@*4Na*4DNP was investigated by
electrospray ionization mass spectrometry andtby*>N NMR spectroscopy. The ESI-
MS and’H NMR data showed that G-quadruplexes containing “mixed cationsiefbr
through a sequential ion exchange process. The use of NMR-“viSihlEf,* cations in
the NMR titration experiments allowed the determination of tWwaxed-cation”
intermediates by"N-filtered 'H NMR and selective NOE spectroscopy. A “central
insertion” pathway was proposed for the cation exchange procesq®de 4Na'e
4DNP to (G 1)1¢* 4NH;' 4DNP. In the lipophilic G-quadruplex, the “central” Na
bound between the 2 symmetry relatedN&" octamers, is bound less strongly than are
the 2 “outer” N& ions sandwiched within theg@®ctamers. These results demonstrated
the dynamic nature of lipophilic G-quadruplex in solution and diredteddesign of a

ditopic guanosine-sterol conjugate as an approach toward making syntheticrinalsha

Guanosine-sterol conjugaBel was prepared by coupling 2’, 3'-bis-TBDMS, 5'-
amino guanosine with a bis-lithocholic acid derivative. Voltage pla®periments
demonstrated a series of stable, single ion channel conductances when coBapowasd
incorporated into a planar phospholipid membrane. These channels arewilge
nanoSiemens conductance values and they last for seconds of “openThis feature
distinguishes them from most synthetic channels, which typicadigduct in the
picosiemens range with millisecond lifetimes. The structutatiss using the bis-
lithocholamide linker demonstrated that the guanosine moiety pragssential role in
the self-assembly of the transmembrane ion channels. Theodizles most prevalent
single channels calculated by Hille’s equation are much lahger the diameter of a G-

guartet, which suggested that the ion transport proceeded through laegfs) gt form



upon self-assembly of lipophilic guanosine-lithochol&t4 within the phospholipid
membrane. The large transmembrane pore(s) could be envisionesupsamolecular
structure with hydrophobic walls of bis-lithocholate linker andrare pillar of a cation-

filled G-quadruplex.

The use of a bis-urea functionality in the bis-lithocholic acid linfkenerated
guanosine-sterol conjugatel. The ion channel activity of-1 was demonstrated by
voltage clamp experiment. Large ion channels formed #dhimad longer life-times than
those formed from compour8il. The extra stabilization of self-assembled ion channels
attributed to the bisurea hydrogen bonding is consistent with theusalulsypothesis of
ion channels. The stable large transmembrane ion channels seibistsdy lipophilic

guanosine derivatives have potential for delivery of drugs or biomolecules.
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Chapter 1. Introduction

1.1 Introduction

Molecular self-assembly plays a fundamental role in Nature,saadmidely used
principle to build supramolecular structures from individual molecotanponents:
For example, self-assembly has been a useful tool to mimic aldwnctions and
fabricate nanomateriafs. In recent years, many research activities have focoseatie
development of novel functional materials using well-defined buildiagKsl This thesis,
“Synthetic lon Channels from Lipophilic Guanosine Derivatives’ describes the design
and development of amphiphilic building blocks for the self-assemblyudtibnal

structures.

1.2 Thesis Organization

This thesis is organized into six chapters. The overall goal ®fésearch was to
develop trans-membrane synthetic ion channels using lipophilic guaressibeilding
blocks.Chapter 1 briefly discusses the molecular recognition properties of thealkgtur
occurring nucleobases and then goes on to review the potential uspotillc
nucleobases, nucleosides and oligonucleotides as functional nanostruanades
biomaterials. The cation exchange studie€lmapter 2 give insight into the stability of
self-assembled lipophilic G-quadruplex in solution. The kinetic |gbdftlipophilic G-
guadruplex inspired the design of a ditopic lipophilic guanosine to buid-treembrane

ion channelsChapter 3 describes large and stable ion channels formed from a ditopic



guanosine-lithocholic acid conjugate. The ion channel activity andtstedoroperties
characterization suggested the key role of the guanosine subumit fortation of ion
channelsChapter 4 explores the enhanced stability and activity of ion channetsigihr
the modification of guanosine-sterol building blookbapter 5 describes the conclusion
and directions of future research. FinalBhapter 6 contains the experimental protocols

for the research described@mapters 2-4

1.3 Nucleobases and Lipids as Building Motifs for Supramolecular Structes

1.3.1 Nucleobases: Molecular Recognition Motif

In Nature, the self-assembly of single strand DNA into doubli lagld other
higher order structures is mediated by many noncovalent intaracsuch as hydrogen
bonding, n-n stacking, and van der Waals forces. Among these intermolecular
interactions, complementary hydrogen bondwig nucleobase-pairing is of primary
importance in the molecular recognition of DNA and RNA sequenthss, the
molecular recognition capability of nucleobasesspecific hydrogen-bonding pattern is
considered to play an essential role in the storage, translatioreplichtion of genetic

information®®

The naturally occurring nucleobases are nitrogen-containing acomat
heterocycles, including the double-ringed purines (adehifieguaninel-2) and single-
ringed pyrimidines (cytosine-3, thymine 1-4, and uracil1-5). They are the key

constituents of DNA and RNA that are involved in molecular recaymiCytosinel-3,



guaninel-2, adeninel-1 and thyminel-4 are found in DNA, while uracil-5 replaces
thymine 1-4 in RNA. Nucleobases are able to recognize each other through a
complementary hydrogen bonding interaction, known as Watson-Crick paifitagson-
Crick pairing is one of the most recognized observations in ayafi®©NA- and RNA-
structures. In this specific hydrogen-bonding motif, guadi®epairs with cytosinel-3
through a three-point hydrogen bonding, while adetiienteracts with thyminé-4 (or

uracil in RNA) in a two-point hydrogen bonding fashidingure 1.1).

Furthermore, various alternative hydrogen-bonding motifs are alsibfsfs
These non-Watson-Crick pairings include mismatch-pairing, nudeobaself-
dimerization, and Hoogsteen base pairing that associates the C& dnddihg sites of
purine nucleobases. Hoogsteen base pairing through the selaiesaaf guanosiné-2
is another prevalent hydrogen bonding motif found in a variety otIGBNA and RNA

suprastructure¥.
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Figure 1.1a) Natural Nucleobase; b) Watson-Crick base pairing motifpogsteen base-
pairing motif.

Of the natural nucleobases, guanosin2 possesses a unique self-association
property, since it incorporates both Watson-Crick and Hoogsteen edgésefcelf-
complementary hydrogen bonding. The guanine-guanine interactionyventlad two
Hoogsteen pairings between hydrogen bonding acceptor O6 and N7 até¢mogdges
and hydrogen bonding donor N1H amide and N2H amine at Watson-@gek.eUnder
certain conditions, guanine self-assembles into several suprastrdbaurdsfer from the
classic nucleobase dimérs:’ These higher-ordered structures include the G-ribbon
structure or cyclic structure, known as the G-quaiejufe 1.2b). Figure 1.2ashows
the hydrogen-bonded ribbon G-structure in the absence of cations. Whibeds-

guartet is a preferential self-assembled structure in tteepee of cations, since cations



stabilize this cyclic tetramer through the electrostatieraction between cation and the

carbonyl oxygens (Figure 1.3b).

Figure 1.2 Self-assembled structures of guanine: a) G-ribbon and b) G-quartet.

1.3.2 Lipid Bilayer: Structural Unit of Functional Biological Membrane
The lipid bilayer is the basic structural unit of all biologicaémbraned®* It

acts as the hydrophobic barrier that segregates cellular comepast and isolates the
cells from the extracellular environment. As shownFigure 1.3 phospholipids, the
fundamental building blocks of all cell membranes, consist of a putasphate-
containing head group and two nonpolar hydrocarbon tails. These amphiphilaulesle
self-assemble in a tail-to-tail fashion to form a lipid bdayith a hydrophobic interior
and a hydrophilic surface. Lipid bilayers are versatile strasttimat can be formed by a

number of phospholipids and other lipid molecules such as cholesterol and glycolipids.
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Figure 1.3 a) Example of phospholipid: phosphatidylcholine; b) A phospholipid bilsutr
their polar head groups exposed to water and their hydrophobic tadsl luiihe interior of the
membrane.

In addition, lipid bilayers can also accommodate or bind to a yasfetiological
molecules®? For example, proteins are the other major constituent of cefibmames.
They are either embedded within the lipid bilayer or surfacerhdd on the lipid bilayer.
These different species of proteins and lipids can recognizefispic with other
another by their individual chemical nature. As a result, the lipislsociated with
proteins are involved in a wide array of cellular processes pecdadized membrane
functions such as cell adhesion, selective transport of moleariessamembranes and

cell signaling.

1.4 Lipophilic Nucleobases, Nucleosides and Oligonucleotides: TRecleolipids

1.4.1 Natural Nucleolipids

Nature has utilized the nucleobase-derived building molecules velogpe
functional self-assemblies with specificity and control. Os<bf extremely promising
and interesting biomolecules are nucleolipids, the nucleobase-dermediphiles
obtained by covalently linking a lipophilic moiety with a nucleobaseueeoside or

anoligonucleotidé® Nucleolipids have been found to be involved in biosynthesis



processe$! and a variety of biological activities, such as antimicrobiativaus, anti

tumor activities in eukaryotic and prokaryotic céfig?

Cytidinediphosphatediacylglycerol (CDP-diacylglycerdtp is one of the most
ubiquitous nucleolipids present in celBiqure 1.4).%° It plays an essential role in the
biosynthesis of the membrane phospholipids. In mammalian cells, @DRedlyceroll-
6is formed from cytidinetriphosphate and phosphatidic acid and seness astivated,
energy-rich intermediate. Catalyzed by different speaifiembrane-bound enzymes,
CDP-diacylglycerol1-6 is able to transfer a phosphatidic acid to a hydroxyl group of a
carbohydrate or glycolipid to generate phospholipids. The specific @szgre located in
mitochondria for the biosynthesis of phosphatidylglycerol, the precafsmardiolipin, or
in microsomes for the biosynthesis of phosphatidylino$itol. This indicates that
nucleoside-based lipid can be incorporated into a variety of phospholipitie icell
membrane. In prokaryotes, CDP-diacylglyceteb functions as the precursor for the

biosynthesis of phosphatidylserine as &Il

Moreover, CDP-diacylglyceroll-6 is involved in the enzymatic activities of
phosphatidylserine synthases occurring in gram-negative bacteria, asug. coli,
Salmonella typhimuriumSerratiamarcescengstc. The membrane association of these
phosphatidylserine synthases is induced by the lipid substrated@Pyglycerol 1-
6.1%°The CDP-diacylglycerol-dependent activity of phosphatidylserine esigd that
phosphatidylserine synthases are peripheral membrane proteispebdically bind to

the nucleolipid CDP-diacylglyceroll-6 via an intermolecular interaction, such as



nucleobase-pairing, hydrophobic interactions and/or van der Waals ctigesa
Nucleolipid CDP-diacylglycerol-6 can reside in the membrane, due to its high degree of

amphiphilicity.

Cytidinediphosphate diacylcerol
1-6 H H

Figure 1.4Chemical structure of cytidinediphosphatediacylglycerol 1-6.

Tunicamycins 1-7 was the first discovered nucleolipid antibiotic that was
produced from the fermentation broths ®freptomyceslysosuperificgigure 1.5.
Tunicamycing-7 is composed of the heterocyclic nucleobase uracil and a brarathed f
acid side chain, and it has demonstrated the ability to inhibitietyaf biosynthesis of
oligosaccharide, thus preventing the glycosylation of proteins in fratkaryotic and
eukaryotic cell$** The antibiotic can function as an irreversible inhibitor for the
GIcNAc-1-phosphate transferase.GIcNAc-1-phosphate transferastheiseukaryotic
enzyme that catalyzes the transfer of N-acetylglucosanghedphate from UDP-N-
acetylglucosamine to dolichylphosphate to generate - N
acetylglucosaminylpyrophosphoryldolichol. Mechanistic studies on thenac of
tunicamycinl-7 have revealed that these nucleolipids bind preferentially to tHé¢ABlc
1-phosphate transferase, and also interact with the membrane phudgfdli The
binding of the tunicamycinsl-7 totransferase occurs when tunicamycibs/ is
incorporated into biological membranes. Tunicamycing also acts as reversible

inhibitors for the phosphblacetylmuramyl-pentapeptidetranslocase (translocase 1) in



the peptidoglycan biosynthesis as well. Translocase | is peeife enzyme that
catalyzes the relocation of phospho-MurNAc-L-Ala-g-D-@&DAP-D-Ala-D-Ala from
UMP to a membrane-bound carrier, undecaprenyl phosphate. The studigsn$ of
tunicamycins have showed that the inhibition by tunicamytiisis competitive with
regard to the substrate UDP-MurNAc-pentapeptide, since both madeshdee the same
uridine subunit. This result demonstrated the recognition characteristiucleobase in
the observed bioactivity. The capability of tunicamycihs to locate within the

membrane bilayer can be attributed to the hydrophobicity of the tunicasnycin
O

HN)j

O)\N

O
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Tunicamycin A-D (n=9 - 11)
1-7

Figure 1.5Chemical structure of the nucleolipid antibiotic: tunicamycins.

1.4.2 Molecular Recognition of Synthetic Nucleolipids

The design of synthetic amphiphiles that are derived from biolbgfcanctional
nucleobases, nucleosides and oligonucleotides has become a majory strabegid
interesting self-assembled structures with complex and desipabperties. Like the

typical amphiphiles, nucleolipid amphiphiles will self-assemblequneaus solution to



form distinct structures such as micelles, vesicles and other seffgages 3> However,
nucleolipids have unique physicochemical properties due to their iafmemucleobase
constituents. The specific base-pairing of nucleobases throulgbden bonding ang-n
stacking is cooperative with the hydrophobic effect from the Beigment, contributing

to the self-assembly.

In the 1980s, the molecular recognition between two complementamohpis
1-8 and 1-9 was first reported by Ringsdorf and cowork&rdJsing surface pressure
measurements, UV, and DSC techniques, they found that adenine- anchethymi
nucleolipids base-paired at the air-water interface. Aftetwaumerous techniques,
including Langmuir-Blodgett, NMR, FTIR, RA, ATR, fluorescent prgbet, have
provided direct evidence of the complementary hydrogen bonding betweewolimids

at the air-water interfacg*®

The base pairing of nucleolipid was also observed at the mesostepiaces of
the self-assembly of nucleolipids in either micellar or vesiclar stesttFor instance, it
was reported by Berti and Baglioni that short-chain phospholiponuclepsidg®-
adenosinel-10 and diGP-uridine1-11 self-assembled into mixed micelles with CMC
values around IdM.*° The data from NMR, UV-Vis, and CD spectroscopies revealed
the stacking and hydrogen-bonding of the complementary adenosine and aclined
at the micellar surface. The continued study of phospholiponucleosittelmger alkyl
chain (DOP-adenosing-12 DOP-uridinel-13 and DOP-cytosind-14) demonstrated

that these nucleolipidsare able to self-assemble into lipos8riés liposomes formed
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from a mixture of DOP-adenosirie12 and DOP-uridinel-13 showed the UV, CD and
NMR properties for base-pairing, while the liposome formed fromixure of DOP-
adenosinel-12 and DOP-cytosind-14 failed to give any spectroscopic change. These
data supporting that the molecular recognition properties of nucleolipids arellechiby

specific Watson-Crick base pairing.

Specific base pairing that resembles biofunctional supramotestlectures has
been found for certain nucleolipids. Itojima and coworkers reported lifygthilic
dimyristoyl-5’-phosphatidylnucleosidek-15 can self-assemble into helical strands that
are similar to DNA duplex in aqueous solutférDimyristoyl-5’-phosphatidyladenosine
1-15 can form various self-assemblies, including multi-helical ssamat tubular
structure, depending on the pH and alkalinity of the solution. The famnat a hybrid
helix from the equimolar mixture of dimyristoyl-5-phosphatidyladsine 1-15
anddimyristoyl-5’-phosphatidyluriding-16 suggested that the specific hydrogen bonding
between nucleobases directs the self-assembly of nucleolipidse3éarch of Gottarelli
and Spada established that in the presence of certain cations, lighgpaiosinel-17
can self-associate into columnar structures that contain stdgkegehrtet in organic
solution***** The self-assembly is driven by Watson-Crick and Hoogstess feiring
of guanine,n-n stacking and cation-dipole interactions. Similar to the liquidtalys
formed from guanosine oligonucletides in aqueous solution, the G-quartdte is
fundamental building block for these supramolecular structures. S@&lguartet was
also found in the DNA secondary structure that regulates tbenéehse activity in

chromosomes.
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The molecular recognition characteristics of nucleolipids hatacted
substantial research, including attention to the design and synthesigeblamphiphilies
derived from nucleobases for both the fundamental aspects and applmaposes. For
these reasons, a wide range of nucleolipids have been synthesizedalsntly linking
the hydrophobic segment to nucleobases, nucleosides, and oligonucleotides. The
lipophilic moieties, such as alkyl chain, cholesterol, glyceetd, are attached either
directly to the nucleobase or to the sugar moiety of nucleasideligonucleotides.
Nucleolipid structures can be classified as either neutrabnéatanionic or zwitterionic
nucleolipids, depending on their charge propertidsgure 1.6 lists the nucleolipids

reported in the literature mentioned in sectioh
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Figure 1.6 Some examples of nucleolipids.

1.4.3 Membrane Association Properties of Nucleolipids

The lipophilic moiety of certain nucleolipids provides another imporfiauiure
for these compounds: namely, membrane association. A variety of nucleolipédsden
found to be lipophilic components that can serve as an anchor to &gtaphilic
nucleobase, nucleosides and oligonucleotides into the lipid meniBf&nEor the

membrane incorporation purpose, the lipid anchor should be sufficiertttpghobic to
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overcome the self-association propensity of the amphiphiles andlalsatdo be stable
in the membrane. The Huster and Liebscher groups have designed lgpopbiéosides
that conjugate adenine and uracil nucleobases with 1-octadecysigror hydrophobic
moietyl-18 1-19*° Using solid-state?’H and *'P, '"H MAS NMR spectroscopy, they
identified the membrane location of the functional groups of thedeaipids. The lipid
moieties are incorporated into the phospholipid membrane, while theobask
functional groups are exposed on the surface of the membrane fadts ef the inserted
hydrophobic moiety on the membrane show that the steroidal riigl&fcauses the
decrease of lipid order parameters and packing density, whitdkylechain of1-18 has
no pronounced influence on the structure of lipid membrane. Compbu@iwas
proposed as an ideal nucleolipid for building the functional membrariace. This
result suggested that nucleolipids can be used to build functionalizedrarensurfaces.
In addition, lipophilic moieties are implicated to associate thenlbnane permeation for

the antiviral and antitumor activities of nucleolipid antibiofit3?

1.5 Functional Nanostructures from Amphiphilic Nucleobases

Various researches on the lipophilic nucelobases, nucleosides and
oligonucleotides have demonstrated their very interesting agieipiropertied>>* The
combination of molecular recognition and hydrophobic characteristiasudeolipids
may allow them to target specific lipid membrane or deliver biologieeaitive molecules,
which provides a wide opening for the development of bio-devices, drug rgelive

biosensor and therapeutic strategy. This section will deserilbew, but promising,
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nucleolipid systems that can base-pair within membranes or funaiomembrane

transporters.

1.5.1 Molecular Recognition in Aqueous Solution: Amphiphilic Nucleobase-ived
Supramolecular Receptors

The molecular recognition of lipophilic nucleobases through base-paning i
aqueous environment was first reported by Nowick and co-wotkefsin their
pioneering work, lipophilic (thyminyloctyl)ammonium bromide20 and sodium
dodecyl sulfate (SDS) self-assembled into micelles and seagedupramolecular
receptors® The resulting receptor, consisting of thymine functionality, \ah& to
recognizeN°®-actyle-9-alkyladeninel-21 in aqueous solution through an A-T base-pair
(Figurel.7). The incorporation of (thyminyloctyl) ammonium bromitt0 into SDS
micelles was assisted by the electrostatic interactiowesst the positive-charged
ammonium group ofL-20 and the negatively charged sulfate group of SDS, and the
hydrophobic interaction between alkyl chain @20 and SDS. The complete
incorporation of 1.0mM ofL.-20 into micelles was achieved at an SDS concentration of
20 mM.NMR titration studies showed that thymine derivati«20 can bind to
alkyladenine derivativel-21 by means of intermolecular hydrogen bonding in the
presence of SDS. This specific binding was determined to be 1:1 stoichiomatdob’s
plot, which is consistent with a 1:1 adenine-thymine base-pairirtgrpatt was also
found that when SDS is absent in the aqueous solution, only aromatimgtacksts
betweenl-20 and1-21 This result suggests that the presence of SDS is crucitido
hydrogen bond formation, and that the adenine-thymine base-pairings agithin the

hydrophobic core of SDS micelles. The author also investigatedféwot ef lipophilicity
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of adenine derivative$-21 on the hydrogen binding betweé&r20and 1-21 By varying

the length of alkyl chain on adenine derivative1, the binding constants were
measured and compared. The adenine derivatlv@¢ bearing longer alkyl-chains
exhibited a larger binding affinity with thymine derivativés20, indicating that the

hydrophobicity of adenine derivativels21 is required for micellar incorporation and

base pairing.
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Figure 1.7 The representation of the incorporation of lipophilic (thyminyldrtammonium
bromide or alkylthymine into SDS micelles and the hydrogen bond fanmaétween lipophilic
thymine derivatives and lipophilic alkyladenine inside micelles.

The continued effort by the Nowick group provided another successioime
of molecular recognition between neutral lipophilic nucleobases B 18zelles’’ Here
the neutral 1-alkylthymine derivativie22 incorporated into SDS micelles functioned as
supramolecular receptors. Likewise, the receptors canNfatyl-9-alkyladeninel-21
through base-pairing in aqueous solution. Nowick found that 1-alkyltiey derivative
1-22 must be sufficiently hydrophobic to be incorporated within SDS neisellhe
incorporation of1-22 into micelles plays a critical role in the adenine-thyminseba

pairing within micelles. The studies on molecular recognition éetwneutral lipophilic
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nucleobases in aqueous SDS micelles confirmed the model of supcataolreceptor
proposed in their previous study. The hydrophobic core of SDS miqaitesdes a
suitable environment for hydrogen bonding between the complementary lipophili
nucleobases. The hydrophobic interaction between lipophilic nucleoha$e3Dé6 and
the base-pairing between two complementary nucleobases m@etvdes a driving
force for molecular recognition in water. By means of miceMeswick’s strategy should

have a wide application in the recognition or transport of nucleobase related bide®lec

1.5.2 Lipophilic Nucleobases Approach Toward Functional Biological Surfase

In biological systems, phospholipid membrane surfaces represent ote of
active microscopic interfaces for molecular recognition. As wentraned before,
membranes are versatile structures that are composed ofdifds variety of biological
molecules. For example, proteins embedded within the lipid bilaysuréace adsorbed
on the lipid bilayer are involved in most biological activities, suckignal transduction,
enzymatic reaction, etc. To mimic and understand the natural réoogand binding
process on the membrane surface, a number of researchers hasedfan the

development of functional membranes using nucleolipids.

Liebecher, Huster, and Herrmann reported an oligonucleotide (LT 23r&&
that anchors into the lipid membrane and forms a DNA duflexT-23mer is designed
as an amphiphile that consists of 21 thymidine (T) units and pephilic nucleotides L
in at positions 1 and 8. Thetocopherol subunit located in the 1-position of cytosine
serves as a lipophilic anchdfigure 1.8). A doubly lipophilic anchor separated by 6

nucleotides was designed to prevent the oligonucleotide from selfiai®3g in agqueous
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environment, which improved the membrane insertion. The membrane indmpah
lipophilic LT 23merl-23was studied by incubating LT 23mer and fluorescently labeled
3’Rh-or 5’Rh-A20merl-24 with giant unilamellar vesicles (GUVs) using fluorescence
microscopy. Rh fluorescence was detected over the entire nmsmbralicating the
complementary binding of LT 23m@&r23to 3'Rh- or 5’Rh-A20mel-24 occurs on the
GUV surface. By means dH, *'P, 'H NMR, EPR, DSC and fluorescence techniques,
Huster et al established that LT 23met-23 are enriched in the liquid-disordered
membrane domairS.LT 23mer1-23 inserts stably into lipid membranes and imposes
insignificant modification to the bilayer membrane structure. flih@se/cytosine moiety

of LT 23mer is located in the lipid-water interface, while ioa-lipidated nucleotide end

is exposed to the aqueous environment. This result suggests that the nucleolipids could be

used to build a functional surface on the membrane surface.

After LT 23mer 1-23 anchored into the lipid membrane, NMR and FRET
techniques were used to characterize the functionality of thebraem surface. The
GUVs containing LT 23mer and fluorescent phospholipid N-NBD-PE werebiated
with 3’'Rh-A20mer 1-24 The resulting strong FRET was attributed to the efficient
complementary binding between membrane-bound LT 23r8and lipophilic 3'Rh-
A20men-24. The formation of Watson-Crick A-T base pairs, which was coefirtoy
'H NMR chemical shifts, suggested that the oligonucleotides expos#te taqueous
media are capable of recognizing the complementary oligonucleotittem the DNA
double helix. This membrane-bound DNA double strand presents sinmiletuséal

feature and melting properties as the free double-stranded Diisaiing that neither

18



the lipophilic anchor nor the membrane proximity interferes wit DNA duplex
formation. Thus, the membrane-anchored oligonucleotide may function tod@ravi

broad range of cell biological and medical applications, such as biosensor, mestepto
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Figure 1.8 a) Chemical structure of the lipophilic anchor of the oligoaotities LT 23mer. b)
The sequence of the LT23mer on the membrane surface can mecdbai complementary
oligonucleotides A 20mer to form DNA double helix.

Recently, Barthelemy and coworkers designed and synthesizeabraree-
anchored lipophilic oligonucleotides (ONA)25 that serve as biocompatible switches
(Figure 1.10.°° The incorporation of the lipophilic ONA-25 into a zwitterionic DOPC
liposome was assisted by a lipophilic dis&etal anchor. A kinetic study of DNA duplex

formation, using the surface plasmon resonance (SPR) technique, sdgipastthese
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lipophilic membrane—bound ONA recognize their complementary sequéDbbsl-26
or fluorescent-labeled complementary sequences (fON2&Y via Watson-Crick base
pairings. The DOPC lipid membrane has no effect on this DNA duplexat@mn. Thus,
the oligonucleotide-tagged liposome can function as a supramolecutéormlaor

detection and delivery of bioactive molecules.

ONA, 5-UGGC TCA CAA CAG GC-3'  1-25

CysH; H
a) 15 %5 31 0
5
«N]L)L)N\H ONA, 5-UGCCTGT TGT GAG CC-3'
NS\ NH,

[}
0§rN I ‘i_‘o o A, 5-GGCTCA CAA CAGGC-3' 1-26
N A, 5-GCCTGT TGT GAG CC-3'
0=p—0r

Ny l4mer-probe 5'- Fluoroscein-GGC TCA CAA CAG GC-3'
9mer-probe  5'- Fluoroscein GGC TCA CAA-3'  1-27

» moxé(;{/ Heat AN
OO%% g Coo OOOOQ% 2

09930, (((\<<® (((/ 9N
[m\é / Complementary ODN % —

Figure 1.9 a) Chemical structures of complementary oligonucleotide amphsphidA;, and
ONA,, control DNA sequences fand A, fluorescent 14mer and 9mer DNA probes. b) A
liposome anchored ONA can function as either the thermo-contnaiesisible switch or the
chemical irreversible switch. Below the melting temperatirthe duplex, the probe is centered
onto the liposome surface (on state). Above melting temperaiuri@ the presence of a
competitive complementary ON), the fluorescent probe is expelled frosutfeee (off state).

OFF

Barthelemy demonstrated that liposome-anchored Q&eA can be fluorescently

switched “on” or “off”, depending on the stability of DNA duplex fardhfrom ONA and
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its fluorescent labeled complementary sequences (fONA)}27. The
formation/dissociation of ONA-fONA could be tuned by certain phydiemperature)
or chemical (presence of competitive complementary ON sequestires)i. They found
ONA-tagged liposomes serve as a reversible thermal switctendgeratures above Tm
(melting temperature of ONA-fONA duplex), the ONA-fONA duplexelta and the
switch is turned “off”, while at temperatures below Tm, theAGRDNA duplex anneals
at the surface of liposome and the switch is “on”. On the other HaNd\-tagged
liposome was demonstrated to be irreversibly switched “off’, wherncompetitive ON
sequenced-26 to either ONA or fONAL1-27 are present in the system. However, this
switch was not sensitive to the scrambled ON complementaryN# 25 indicating
that the switching process is driven by specific Watson-Crisk paring. These findings
suggested that the oligonucletide-tagged liposome may provide a abteelivery
system for drug or other biological molecules. The release @f drwther biological
molecules could be triggered by a temperature change or the mwedemcompetitive

RNA or DNA.

1.6 Synthetic Nucleolipid for Transport of Biomolecules

1.6.1 Lipophilic Nucleobase as Carrier for Nucleotide MonophosphateTransport

Hong and colleagues described that lipophilic phosphonium-nucleobase
conjugated -28 and 1-29%can function as carriers for the trans-membrane transport of 5'-
AMP or 5-GMP®®2 The combination of phosphonium and lipophilic nucleobase

thymine or cytosine rendered phosphonium-nucleoba&®or 1-29 an ideal structure to
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recognize 5’-AMP or 5’-GMP in agqueous solution. The extraction amsp@t activity
showed that phosphonium-nucleobase conjugdte28 and 1-29 transport their
complementary nucleotide monophosphate much more efficiently thaamtioéeobase-
free analogues. The transport rates were increased loyoa ¢ ~100 for 5’-AMP and
5-GMP, respectively. The control experiment using non-complememtacjeobase-
phosphonium conjugates resulted in the decreased transport of 5-ANBRGMP.
These data suggested that the base pairing between nucldefiidr 1-29 and their
complementary nucleotide monophosphate can be attributed to the edctemssport.
The concentration-dependent extraction study provided a proposed caaciggnism for
5-AMP or 5-GMP transport. The electrostatic interaction lestw phosphonium and
phosphate, and the hydrogen bonding and stacking between two complementary
nucleobases allowed for the formation of nucleolipid/nucleotide monophospmapdes
in aqueous solution, thus leading to the transmembrane transpore(Eig0). Based on
the same design strategy, Hong prepared lipophilic thiouronium-thycomegatel-30
for 5-AMP transport. Likewise, thiouronium-thymine demonstrated #mhanced
nucleotide monophosphate transport ability. The structure-related traresgtosity
studies confirmed that the complementary Watson-Crick basegaietween lipophilic
thiouronium-thymine (carrier) and 5-AMP (substrate) contributedtite increased

transport.
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Figure 1.10a) Chemical structures of the cationic nucleolipids for 5/t 5'-AMP transport.
b) A cartoon of transport of 5-GMP or 5-AMP by a carrier im&gism. The formation of
carrier/substrate complex through complementary hydrogen bonding andstsgit interaction
contribute to the transmembrane transport.
1.6.2 Nucleolipids for DNA Transfection

The Barthelemy group has pioneered the development of synthetizsvasing
cationic lipophilic uridin€* The nucleolipids O-Et-DOUPC-31 are composed of
positive-charged ammonium group, a nucleobase (e.g., uridine) and a lipapéyli
alkyl group attached at the 2’, 3’ position of ribose by an estkadie Figure 1.11). O-

Et-DOUPC1-31is able to self-aggregate into unilamellar vesicles. Itstipestharge

and nucleobase components enable the formation of nucleolipoplexes (veétor/DN
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assembly). Data from TEM, SAXS experiments established thet-@OUPC/calf-
thymus DNA (CT-DNA) lipoplexes formed as a multilamellénusture, where DNA is
intercalated in the lipid bilayer. The binding of nucleolipid tdAMwas confirmed by an
ethidium bromide (EB, 3,8-diamino-5-ethyl-6-phenylphenanthridinium bromide)
fluorescence assay. The fluorescence change of ED wayvetsdren O-Et-DOUPQ-

31 displaced CT-DNA bound EB in the solution. This result indicated cotiyeeti

binding of O-Et-DOUPQ-31to CT-DNA.

O O
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N/go O/ | N/go [sielelnla’slnlee]

o o fo RS o
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DOTAU 1-31 O-Et-DOUPC 1-32

R = -(CH2),-CH=CH-(CH2),-CH;

Figure 1.11a) Chemical structures of uridine-based cationic nuclegllpicschematic drawing
of lipoplexes formed by CL-DNA and uridine-based nucleolipid, whefdADrods are
intercalated between nucleolipid bilayers.

The reporter B-gal gene assay revealed that O-Et-DOURE1 at high
nucleolipid:DNA (w : w) ratios (18:436:1) can efficiently transport plasmid DNA to
Chinese hamster ovarian (CHO) cells. While transfectioslyassf mammalian cell lines
((HeLa and MCF-7) indicated that DOTAU can transfect exgioesvector (pEGFP)
encoding GFP efficiently. Thia vitro cytotoxicity measurement results showed that O-
Et-DOUPC1-31 does not inhibit the proliferation of CHO cell line, suggesting the non-

toxic nature of this nucleolipid.
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Shortly thereafter, Grinstaff and Barthelemy reported armcieffi delivery of a
gene using a similar uridine-based nucleolipid[5’-(2’,3-dioleoyl)uridine]-N',N’, N’
trimethylammoniumtosylate (DOTAU)-32 Transfection assays of mammalian cell
lines (HeLa and MCF-7) suggested that DOTAU is an efficientsfection reagent for
an expression vector (pEGFP) encoding GFP. Structural chazatitariby TEM, SAXS,
IR and ethidium bromide fluorescence assays showed typical amatibr lipoplexes
formation form DOTAU vesicles and calf-thymus DNA. The cawctpstructure of
lipoplexes of DOTAU/poly A suggests that a uracil moiety is inviblvethe stabilization
of complex through specific U-A base pairing. The proliferatiomys®n mammalian
cell lines showed that the toxicity of DOTAWL-32 is insignificant compared with the
commercially-available Lipofectamine. The cationic nucleoligpdsvide a future trend

for the development of synthetic transfection agent.

1.7 Lipophilic Guanosine: Building Block of Transmembrane lon Channels

1.7.1 lon Channel Model from DNA G-quadruplex

As mentioned previously, guanine is able to self-assemble into Getgumough
Watson-Crick and Hoogsteen hydrogen bonding. In nature, guanine-gakenses of
DNA and RNA can fold into G-quadruplexes. These supramoleculactstes are
involved in the inhibition of telomerase activity in canceiszgdlaying an important role
in the biology of cancer and ageifff’ Numerous NMR, biophysical and
crystallography studies have established that the G-quartessas an essential building

unit of the DNA G-quadruple’®® In addition, certain cations (e.g. NaK") are
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important for the stabilization of this supramolecular strucfiféSelf-assembly of the
G-quadruplex is driven by the specific guanine base paitinngstacking and cation—
dipole interactionsFigure 1.12shows the crystal structure of the G-quadruplex formed
by the hexanucleotide [d(TGGGGT)in the presence of Naations’ In this four-
stranded DNA G-quadruplex, the G-quartets are found stacked on ¢éaglobther with

a space of 3.13 A and 30° twist angle. It is noteworthy that monovakniohs are
either located in the central cavity of G-quartet or sandwddbetween the stacked G-

quartet.

[d6TH .4

Figure 1.12 The crystal structure of DNA G-quadruplex formed form oligonucletd@ GT) in
the presence of Nan the solution, which provide a nature ion channel model.

The alignment of cations along the central tunnels of DNA G-quadruple
reminiscent of the structure of transmembrane ion channels. cEt@ns can flow
through the central channel of DNA G-quadruplex was demonstratédihpgn’s elegant
work.”*" In this study, oligonucleotide [.Gs] (Oxy-1.5) was templated b{’NH,"
ions to form a dimeric G-quadruplex. UtilizifgN and*H NMR spectroscopy, three ion
binding sites within the Oxy-1.5 G-quadruplex were identified. Theadyc analysis

revealed that thegéNH," ions flow along the central axis of the DNA G-quadruplex.
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1.7.2 Lipophilic Guanosine Derivatives

A number of research groups have been active in the development oflippophi
guanosine to build functional supramolecular structures. The lipopiianosine
derivatives can self-assemble into a variety of supramoleaitactures, such as
organogelators, liquid crystals, nanowires, membrane 8#m&’®’®In these G-quartet-
based assemblies, hydrogen bonding between guanines takes ditimr-type or
stacking nanotube-type structures, depending on experimental condioex&mple,
lipophilic guanosinel-33 is an organogelator of alkanes that has a guanine sheet-like
structure. The organogel can undergo gel-to-liquid crystal pmassitton by heating,
due to the selective breakage of hydrogen bonds network in the stiicoelipophilic
guanosinel-34, in the presence of alkaline cations, NMR and SANS results legvea
lipophilic guanosinel-34 self-assembles into a columnar structure due to G-quartet
stacking; while in the absence of cations, NMR and crystal Xeiffyaction data

confirmed it only forms ribbon-likestructur&.
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Figure 1.13Some examples of lipophilic guanosine.
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The Davis group has actively pursued the usilipophilic G-quadruplexes as
supramolecular scaffaddfor the construction cionophores andransmembrar.2*®3 In
earlier studies, a sed of lipophilic guanosine derivativesvere designed and
synthesized. fiese lipophilic guanosii derivativescan recognize each other in orga
solvents to selassemble into -quadruplexessia templating withcertain catior. For
example, 16 pieces of'Bilyl-2°, 3'-isopropylidenel-35, in the presence of *picrate,
self-assembled into lgpophilic G-quadruplex (G)-4K*-4pic (Figure 1.14).2* NMR and
X-ray crystallography datsuggested that this supramolecudasembl is composed of
two K'-sandwichecdhear-to-tail (G) octamers. There is one central ¢ation located in
between these two (Gdpctamers and one dynamic *Gsn cgping the top of th

structure. The structure of pophilic G-quadruplex, with dydrophobicexterior and

cationfilled hydrophilic interio, resembles a potentimansmembrane ion chann
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(G),5-4K*-4Pic-

Figure 1.14Crystal structie of a lipophilic G-quadruplex (@)4K"-4Pic.
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1.8 Summary

This chapter has described the self-assembly of lipophobic nucleobases,
nucleosides, and oligonucleotides using their molecular recognitiopefies. In
particular, nucleolipids have demonstrated the capability to insert indatiembranes or
function as carriers for membrane transport of biomolecules. ligophilic G-
guadruplexes, bearing the resemblance to the natural DNA G-quadrppieide the
potential scaffolds to function as synthetic ion channels. My reflsgaoject described in
chapter2 will focus on whether this lipophilic G-quadruplex can function asrahgfic
ion channef® Subsequently, the design and synthesis of lipophilic guanosine desvative

that can form self-assembled ion channels will be described in the followiptecha

29



Chapter 2. Cation Exchange in Lipophilic G-

Quadruplexes: Not All lon Binding Sites Are Equal

The majority of this chapter has been published in reference 85:
e Ma, L.; lezzi, M. A.; Kaucher, M. S.; Lam, Y-F; Davis, J.J.Am. Chem. Soc.
2006 128 15269-15277.

2.1 Introduction

The overall goal of the research described in this chapterovasvdstigate the
potential use of lipophilic G-quadruplexes to function as ion chann@tgal Istudies
involved the study of cation exchange between G-quadruplex-bound cationdiand ca
in solution.

In our group, extensive efforts have been made to study the strantlicdynamic
properties of lipophilic G-quadruplexes with the aim to develop trangmane synthetic
ion channels?82838887 The diffusion NMR analysis demonstrated that the
hexadecameric [G1]:¢4K -4pic (where G 1 is 5'-tert-butyldimethylsilyl-2‘,3'
isopropylidene guanosine), observed in the solid state, also pred@ninateéganic
solution®® The dynamic study of G-quadruplex showed that the identity of both the
bound anions and the bound cations significantly attenuate the kinetit\statbihe G-
guadruplex and modulate the rate of ligand exchange between G-quadraoplex a
monomer in solution. In this chapter, we have turned our attention targjutie cation
exchange process within the lipophilic G-quadruplex. In short, we would ttike

determine if the cations exchange through the ends of the G-quadstgt&xmuch like
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an ion channel, or if cation exchange occurs through the sides of thedftyojea,
especially since there is no covalent backbone connecting the differenttéttpyaars.

The preliminary result of my research has been the idenigircaof the
intermediates in the cation exchange process between G-quadruplesk Kd cation
and free K (NH,") cations in solution. A “central insertion” pathway was proposed for
the cation exchange process. This finding suggested that thec Kaieélity of the self-
assembled hexadecameric G-quadruplex might be too great to fureosyathetic ion
channel. The stabilization of this supramolecule by introducing hydropluavalent
linkers between the individuals G-quartet layers will be pursoethe future. Self-
assembly of the modified lipophilic G-quadruplex will provide a “DN#peoach” for

building supramolecular ion channels.

2.1.1 Cation-Dependent Self-Assembly of DNA G-Quadruplex Structuse

The G-quartet structure was first discovered by Gellert andackers as the
fundamental unit in the formation of hydrogels by 5-GRPThis cyclic structure
consists of two hydrogen-bonding arrays from four guanine subunits, wiersiH
amide/@Q and NH amide/N are complementary donor/acceptors. Pinnavaia and co-
workers later showed that Naand K stabilize diastereomeric G8-Moctamers by
coordinating to the eight carbonyl oxygens of stacked G-quaSetseme 2.1°° This
example demonstrated that different cations may selectively tbiral 5-GMP self-
assembled structure. Since those studies, many nucleosides amdbgtides have
been shown to form the secondary G-quadruplex structite¥In the last decade, the

implicated significance of the G-quadruplex in controlling bioldgigactions has driven
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considerable research on the stabilization of DNA and RNA G-gphekes:>*° By
means of melting temperature measuremedehydration energy calculatiotfsX-ray
diffraction and NMR studie¥® insight into the cation selectivity of the G-quadruplex
has been established. The combination of the correct size &ioa binding pocket and
the desolvation energy of cations determine the selectivity tfermmbnovalent cations in
DNA quadruplex structures. In general, monovalent cations stabiliza¢fadDadruplex

in the following order: K>NH;"> Rb', Na'> Cs, Li*. This difference in cation binding
affinity can result in the conformational changes within the DAquadruplex,

particularly when different competitive cations are present in solttin.
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Scheme 2.1Schematic structure of (A) G-quartet and (B)dgtamer.

2.1.2 DNA G-quadruplex as an lon Channel Model

The localization of cations bound inside the DNA G-quadruplexes has been

achieved directly by crystallography and solid-state NMR. dihect evidence of cation
binding site inside a DNA G-quadruplex was reported by Rich andockens in their
crystallographic study of an Oxytricha nova telemetric DNA@(G4)(Oxy-1.5)%° The

G-quadruplex bound Kions were detected within the central cavity of two G-quartets

Afterward, various crystallographic studies demonstrated thatreift alkali and alkaline
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cations, such as NaK*, B&*, SF*, PF*, are sandwiched between two G-quartet§®
One of the excellent examples is Luisi’'s high—resolution ahystucture of a DNA G-
quadruplex formed by oligonucleotide [d(I7B]s (Scheme 2.2” In this parallel-
stranded quadruplex, a string of Nans located along the central cavities, either within
a G-quartet or sandwiched by G-quartets. Solid-state NMR techilgoe provided
complementary evidence of alkali metal cations binding to nuatits’**°* Griffin and
Rovnyak’s pioneering work demonstrated the direct observatiéfiNaf ions bound to
the DNA G-quadruplex using’Na solid-state NMR?? A series of solid-stat&®Na and
3K NMR methods have been developed by the Wu group that allowed thdidaéint

of Na and K ions bound to a G-quadruplex, and the determination of cation
coordination geometry in a telemetric Oxy-1.5 DNA qudrupféx® Both
crystallography and solid-state NMR studies demonstrated thatray of alkali and
alkaline cations can locate within the central channel formetidgtacking G-quartets.
The DNA G-quadruplex resembles the crystal structure of ngtotaksium ion channel

formed fromStreptomyces lividan@cheme 2.
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[d(TE)]4 K* ion channel

Scheme 22 High—resolution crystal structure of a DNAdsiadruplex formed by oligonucleot
[d(TG,4T)]4. b) Natural potassium ion channel.

In addition, solution NMR has been utilized to gain much insight into the
structure and dynamics of cation binding by DNA G-quadruplé&s®Pioneering
studies by Feigort al. demonstrated the identification of different cation binding sites
within the bimolecular G-quadruplex [d{G:G)].in solution’*">*%®Using a**N-labeled
>NH," cation as a probe, they observed tht&¢H," ions bound in two distinct
environments inside the complex: one cation is at the inner bindingnitle another
two are at the outer binding siteScheme 2.3 The cation exchange analysis showed
that *®NH," cations can move in and out of the complex along the central atie of
DNA G-quadruplex. As shown ischeme 2.3in the solution, cation exchange occurred
between the inner and out8NH," ions, as well as between the ouf®H, and solution
>NH,4". Plavec and co-workers have also us&dH, as a solution NMR probe to
determine the rates of cation exchange within the G-quadruplex dorbe
[d(G3T4Gs)]2.2%" They also have use’N NMR to identify the formation of mixed-
dication intermediates in thé°NH,/K* ion exchange process that occurs for

[d(G3T4G3)].. Recent calculations have predicted that smaller ions sucH asd Na
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should move through the DNA G-quadruplex channels with relatively Idivasion

barriers, when compared to the larger;NBihd K cations.
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Scheme 2.3Schematic representation BNH," movement through the Oxy-1.5 quadruplex. a)
bulk NH," cation only exchanges with the outdiH,". b) exchange of two bourtldNH," cations
is random. Black, yellow and red ball represent the bulk amum ion, and the bound
ammonium ions located in outer and inner binding site of the G-quadruplex.
2.1.3 Lipophilic G-quadruplexes

The Davis group, and others, have been exploring the properties of lip@phi
guadruplexes with an eye toward using them as self-assembled iorofifroselective
sequestration of radioactive’Cs” and **R&* and as ion channels for transporting
cations across lipid membran88To design such functional assemblies, it is imperative
to understand their structural and dynamic properties. In the peesérations, 5'-tert-
butyldimethylsilyl-2‘,3‘-isopropylidene guanosine (&) 2-1 self-assembles into a
lipophilic G-quadruplex [Gl]1s-3K"-CS-4pic (Scheme 2.% A crystal structure shows
the complex to be composed of four stacked G-qudrtdtsis pseuddd, symmetric G-
guadruplex can be described as a pair of head-t@talymmetric [G1]g octamers that
are coaxially stacked on one another in a head-to-head arramgériiée two G

octamers use eight carbonyl oxygens to coordinateirKa square anti-prismatic

geometry. A third K, with a nearly cubic coordination geometry, holds the ®o
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symmetric [G1]g octamers together by binding to the two inner G-quartets. A sdlvate
Cs' caps the G-quadruplex by sitting in a cavity above one of the owtguabtets. This
capping ion is dynamic in solution since the NMR spectra ofGluadruplex shows
only two sets of signals. If the capping ion was tightly bound, onedaeect four sets

of NMR signals for the four different G-quartet layers in I{ze-3K™-CS-4pic. The
bound cations in these G-quadruplexes have been observetNetAnd®K solid-state
NMR. For®Na, all four channel ions (including the capping ion) were resolvedit&lry
structures and solution NMR also showed that four phenolate anions hydrogeto bond

the two inner G-quartets.
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Scheme 24 G-quadruplex formed through self-assembly df i@ the presence of IONP.

Unlike DNA G-quadruplexes, this lipophilic G-quadruplex has no covalent

backbone between stacked G-quartet layers. We reasoned tlstidigeof the cation
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exchange process between cations in solution and cations bound to the G-guadruple
bound would allow us to evaluate the stability of the G-quadruplextamubiential to

function as a transmembrane ion channel.

2.2 Mass Spectrometry Shows Mixed-Cation G-Quadruplexes Formed by

Sequential lon Exchange.

In general, G-quartets are stabilized by monovalent cations indbe K> NH,"™>
Na'>>Cs™> Li*.>? Because of this difference in relative binding strength, theiaddif
a higher affinity cation to a G-quadruplex containing a weaker binchtign results in
replacement of that initially bound ion. Such exchange has been demplynstrated by
solution '"H NMR in water for N&K* exchange in the hairpin G-quadruplex
d(GsT4Gs).. 2 In that study, exchange between distinct cationic forms ofl(BeTGs),
G-quadruplexes was fast on the NMR chemical shift time sgalieg rise to a single,
time-averaged set of signals. In our present case, the diffesohic forms of the
lipophilic G-quadruplex are in slow exchange on the chemical ghift $cale, and what
we hypothesized to be mixed-cation intermediates could be redigilgguished from
the homomeric all-Na and all-K G-quadruplexes by solutiofH NMR (see the
following sections). In the DNA study, Feigon and colleagues demaded that the free
energy of cation dehydration helped determine the relative bindimgtyabf different
ions for DNA G-quartets in water. In an organic solvent, howevee, dedions are not
hydrated, so there may be other factors that determine tba'sdtinding affinity for the

G-quartet in an organic phase. Nonetheless, the mass spectramétrsolution NMR
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data, described next, indicate that G-quartets also have a hiffjhity for K* over Nd

in organic solvents such as &Ib,.

To unequivocally identify mixed-cation G-quadruplexes that form dutirey
Na'/K* ion exchange process, we first used electrospray ionization spasgometry
(ESI-MS), a powerful method for characterizing noncovalent assemMieSI-MS has
been used to monitor the formation of G-quadruplexes by a vari€ynoicleosides and
G-rich-oligonucleotide$!®**! To the best of our knowledge, however, thé/K& cation
exchange process within a G-quadruplex has not been previously chzedchy mass
spectrometry. Thus, crystalline samples ol]g4 Na-4DNP and [Gl];¢4 K -4DNP
were prepared according to standard procedimsqg their purity was confirmed by both
NMR and mass spectrometry. ESI-MS analysis in the positiveamihe showed distinct
peaks for the intact Neand K G-quadruplexes atvz 7435.3 and 7484.5, respectively
(Figure 2.1a,e). These singly charged ions correspond to the mole@aiddnt for the
hexadecamer [[@]16-3M-2DNPTJ, a species formed in the gas phase by losing one cation
(presumably the weakly bound capping ion) and two D&ffons from the starting G-
guadruplexes. As depicted Figure 2.1b—d we then monitored the cation exchange
process by adding increasing amounts of J8Pto a solution of [Gl]is-4Na-4DNPin
1:1 CD.CI,/CDsCN. The major peaks iRigure 2.1b, 2.1chadnVz ratios intermediate
between the two homomeric species, [[{3s:3Na-2DNP] and [[G 1]:¢-3K-2DNP].
Significantly, the dominant molecular ion in each titration sampleved a 16 amu
increase in mass, corresponding to the sequential displacemenonind N& by a

single K during the titration. For exampl&igure 2.1b corresponding to a sample
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containing 1 equivalent of KRB for each equivalent of [G].s-4Na-4DNP, showed a
significant decrease in the [[@]is:3Na-2DNP] species 1Yz 7435.3) with the
concomitant formation of a new major species witfz 7452.0. This new peak
corresponds to a mixed-cation G-quadruplex of formula JJG-K-2Na-2DNP]. As
depicted inFigure 2.1, there are two possible isomers for [[(e-K-2Na-2DNP],
depending on whether one of the outer cations or the central catiet igflaced by K
The addition of a second equivalent of KBhled to the formation of [[G
1]16:2K-Na-2DNP] (m/z 7468.2) as the dominant species in that region of the ESI mass
spectrum (Figure 2.1c). Again, as depictedrigure 2.1, there are two possible isomers
for this second intermediate. Essentially complete conversion t& th@-quadruplex
(m/z 7484.5) occurred after the addition of just 4 equivalents ofyB Rt the solution of
the Nd& G-quadruplex Figure 2.1d). The ESI-MS results depicted Figure 2.1 are
significant for the following reasons, as this data (1) confities pronounced KNa’
binding selectivity shown by this lipophilic G-quadruplex; (2) demotesttze formation
of discrete mixed-cationic assemblies, such as [[[z-K-2Na:2DNP] and [[G
1]16-2K-Na-2DNP], under conditions where sub-stochiometrit & present; and (3)
illustrate the stepwise displacement of Mations by the stronger binding kon. This is
the first time, to our knowledge, that mass spectrometric @datadvealed the sequential
ion exchange process in a G-quadruplex. Such ESI-MS titration eyges should also
be informative for understanding the details of structure and ion bindithgpirich array

of DNA and RNA G-quadruplexes that have been discovered to date.
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Figure 2.1 ESI-MS from titration of KP§B into a solution of [G];s4N&-4DNP in 1:1

CD,CI,/CDsCN. a) [G 1];¢4N&-4DNP; b) after addition of 1 equivalents of KB c) after

addition of 2 equivalents of KRB; d) after addition of 4 equivalents of Kih and e) [G
1]16-4K"-4DNP. The diagram illustrates the possible mixed-cation G-quadwmplthat could be
formed in the cation exchange process.

2.3 Proton NMR Indicates that the Central N4 Is the First Cation Exchanged for

K™ in Formation of Mixed Na*, K" G-Quadruplexes.

ESI-MS analysis of the titration of [G]is-4N&-4DNP with KPhB provided
unequivocal evidence for the formation of the mixed’ ,N&" G-quadruplexes [[G
1]16-K-2Na-2DNP] and [[G 1]1¢-2K-Na-2DNP]. However, the isomeric structures of
these mixed G-quadruplexes, and the location of bound cations, could nothereste
from the mass spectrometry data alone. For example, as shdwgure 2.1, the first
intermediate formed during N&* ion exchange could involve the replacement of either

the outer or the centrally bound N4n theory, these isomers should be distinguished by
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'H NMR based on their differences in symmetry. To identify tmecaires of these
discrete intermediates, and to define specific cation exchangeaat, we turned ttH
NMR spectroscopy, knowing that the chemical shifts of the G-qlsadetide NH
protons are sensitive to the identity of the bound c&fidhFigure 2.2a shows two
distinct N\H amide peaks for the all-NaG-quadruplex [G1]i:4Na-4DNP in 1:1
CD.CI,/CDsCN, with the signal ad 11.46 ppm corresponding to thgHNamide for the
two inner G-quartets and the signal at11.71 ppm due to the outer,-Guartets. In
contrast, the G-quartet;N amide peaks for the 'KG-quadruplex, [Gl]1s-4K -4DNP,
occur at 11.35 (inner) and 11.58 ppm (outer), respectivelyigure 2.29).

Figure 2.2b shows that two new amide;N signals § 11.42 and 11.75 ppm)
appear after the addition of 0.5 equivalents of 48Pto a solution of [GL]1¢-4Na -4DNP.
These new hH signals are in slow exchange on the chemical shift time scale with signals
for [G 1]16-4Na-4DNP, a feature that helped us recognize this new species ased mi
Na’, K" G-quadruplex. Further addition of KB (1 equivalent) resulted in these new
N;H resonances becoming predominant, while the signals fa};f3INa-4DNP greatly
diminished Figure 2.29. The new G-quadruplex in Figure 2.2c has only twdi N
signals (one set for the outer G-quartets and one set fomntie® (G-quartets), an
indication that cation exchange occurred with the centralilNgG 1]:¢-4Na-4DNP to
give an intermediate with pseudn- symmetry, namely, [[GllscyNa[G 1]4gK"[G
1]4gNa"-[G 1]4c). If one of the outer Nacations had been displaced by the first
equivalent of K, we would expect a lower symmetry hexadecamer, J[§z) K" [G
1] 4gy-Na'-[G 1]4g)-Na"-[G 1]4(), with four separate signals for its nonequivalent G-quartet

layers.
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Only after the addition of 2 equivalents of KBhdid the'H NMR spectra show
that the major G-quadruplex in solution had four neyiH Namide peaks of similar
intensity, consistent with the formation of a mixed hexadecaméovedr symmetry,
[[G 140y K™ [G1]agy- K" [GL] 4)-N& -[G1] 4(0)], Where one of the two outer Naations must
have been exchanged for a higher affinity (§ee the four labeled peaks Figure
2.2d,9. Conversion into the all-K G-quadruplex was essentially complete after the

addition of just 4 equivalents of Ki (Figure 2.2f), a result that was consistent with

the ESI-MS titration experimenEigure 2.1).
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Figure 2.2 Region of th¢H NMR spectra (400 MHz) showing the G-quartet NH1 amide protons
during ftitration of [G 1].¢4Nd-4DNP with KPhB in 1:1 CDCI/CD:CN. (a) [G
1]16-4Na-4DNP. The mol ratio of added KRR to the [G1];5-4N&-4DNP G-quadruplex, is (b)
0.5:1; (c) 1:1; (d) 2:1; (e) 3:1; (f) 4:1; and (g) 12:1.

Both ESI-MS andH NMR titration data indicated that replacement of bountl Na
by K" is a thermodynamically favorable process, particularly sineetidition of only 4

equivalents of KPJB led to essentially complete transformation of the all-M&

quadruplex to the all-KG-quadruplex. In addition, mixed-cationic G-quadruplexes were
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detected in conversion of the all-NG@-quadruplex to the all-KG-quadruplex. Since Na
and K are invisible using standard solution NMR spectroscopy, we werahietto
directly detect the different Naand K cations bound to various G-quadruplex species
during the exchange process. To overcome this limitation, we useNMireactive
>NH,* as a surrogate for Ko identify the mixed-cation G-quadruplexes formed upon

displacement of Naby a higher affinity cation.

2.4 Use of®NH," Cation to Probe the Cation Exchange Process Within a Lipophtti

G-quadruplex

2.4.1 NMR Studies with ®NH,* Confirm Identity of Mixed-Cationic G-
Quadruplexes.

The NH," cation has a similar coordination chemistry dsaad™>NH," has been
used as an NMR probe to localize cations in DNA G-quadrupléxesvong and Wu
have also used solid-stdtiNa NMR competition experiments to show thdtaad NH*
have similar free energies of binding to G-quadrupléXe$* NMR titrations indicated
that the order of the site exchange between free;" Ndhd N& bound to [G
1]16-4Na’-4DNP was similar to that observed for thé/Ka" exchange in Figure 2.2. The
'H NMR spectra of various amounts OINH,PhB titrated into a solution of [G
1]16-4Na’-4DNPin 1:1 CD:Cl,:CDsCN is shown in Figure 2.3. A new set ofHNamide
protons appeared upon addition of one equivalent®sf," to the solution of [G
1]1e*4Na+*4DNP (Figure 2.39. This indicates that the first intermediate is a highly

symmetric structure. Several new N1H amide proton peaks appesreddéional
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equivalents of ®°NH,PhB were titrated into the solutiorFigure 2.3d-g.This result
indicated that sequential cation exchange continued, and a second, &syn@ne
quadruplex intermediate was formed. Twelve equivalentSNifl,* cations had to be
used to complete the conversion from the all-Ng&quadruplex into the alfNH,*
GquadruplexFigure 2.39), providing evidence thatNH," cation has a lower preference
than does K for the G-quadruplex. Thus, mixed-cationic species that werdom s
exchange with the all-Naand all-NH" forms of the G-quadruplexes were identified by

their separate sets tfi NMR signals.

N1H NqH
(cuter)(inner) o
“‘a') ’T‘ J:L = 15 —
I N >
: A |
c) | S N (G1)gedNa’s4DNP- O _
d) A Ju i’E'NHf
e) | L O
N o O c——O:
D e (O L)
P e _._._ . —— (ﬁ> )
a) e [ —
12.00 11.50 11.00 (G 1)16=4""NH,*+4DNP- (D '°NH,*  )DNP-
~— ppm Q@Na® == G-quartet]

Figure 2.3 A region of the 1H NMR spectra (400 MHz) for titration'@¥H,Ph,B into a solution

of (G 1);6:4Nd-4DNP in 1:1 CDCI,:CDsCN at 20°C. The signals for the amide N1H protons of
the G-quartets are shown. a) (B 4Nd- 4DNP .The mole ratio of**NH," to (G
1)1¢#4Na’*4DNP is b) 0.5:1; c) 1:1; d) 2:1; e) 3:1; f) 4:1; g) 12:1.

Both 2-D**N-'H HSQC-ROESY* and*H-'H NOESY dataFigure 2.4 for the
all-NH," species [Gl]1¢-4 NH,*-4DNP showed two types of bourfdNH,", with one
cation occupying the central location between the inner G-dsiaaied two>NH,"
cations bound to the symmetry-related outer sites.*ThéH HSQC spectrum iffigure

2.4ashows two cross-peaks between the latgérsignal ats 30.2 ppm and the larger
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>N-decoupled'H signal ats 7.19 ppm. This correlation corresponds to the tixH,*
cations in the outer cation binding sites. The other cross-peak betvedaN signal ats
27.4 ppm and th&H signal ats 7.30 ppm corresponds taNH," in the central binding
site. These assignments were confirmed by NOHSYu(e 2.4b). NOE cross-peaks are
observed between the two differéiNH," signals and the i amide protons for the
inner and outer G-quartets. Th&H," cation bound in the central binding site shows
cross-peaks only with the;N amide of the inner G-quartei (1.41 ppm). In contrast,
the strongef°NH," signals show cross-peaks withHNamide protons for both the inner
and the outer G-quartets, as would be expected for an ammonium aatiwh letween

both types of layers. NGNH," binding to the capping site was observed in these solution

studies.
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Figure 24 a) Region from the 2-D*N-'H HSQC-ROESY NMR spectrum of [G
1]16-4NH,"-4DNP in 1:1 CQCI,/CDsCN showing cross-peaks between tfe NMR resonance
and the®N-filtered *H resonances. b) Region of the 2!B-'H NOESY NMR spectra of [G
1]16:4NH,"-4DNP in 1:1 CDBCIl,/CDsCN showing cross-peaks between théldmide resonanc
and the'H resonances for the bound NHations. Both spectnaere recorded on a 1 mM sarn
at 20 °C using a 500 MHz NMR spectrometer.
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The Nd/K* exchange data iffigure 2.2 suggest that the central cation in (G
1)16-4Nd-4DNP, which exchanges first, is bound less tightly than the outer cations
coordinated within @octamers. This hypothesis was supported'®y longitudinal
relaxation measurements for the bound,Nehtions in [G1]16:4NH,"-4DNP. Thus,™N
T, spin-lattice relaxation times were found to be 12.5 s foriKesignal of the outer
ions até 30.2 ppm and just 2.3 s for the central iord &7.4 ppm. Although there are
many factors that influence, Telaxation, the much shorter value for the centrally bound
1>NH,* may be because it is undergoing chemical exchange with sbivatens more

readily than are the more tightly boultiH," cations in the two outer binding sites.

2.4.2 Determination of the First Intermediate in N&/*>NH," Cation Exchange

Using *>NH," as a visible replacement ion fof Kve performed a series 6N-
filtered *"H NMR experiments to unambiguously assign the two differembrcéiinding
sites within the G-quadruplé®.The *>N-filtered and*°N-decoupled'H NMR spectra in
Figure 2.5show the">NH,"/Na* exchange that occurs upon titration"?H,PhB into a
solution of [Gl];s-4N&-4DNP. The composition of mixed-cationic G-gquadruplexes
varies with added®NH,". After the addition of 1 equivalent oPNH," to [G
1]16-4Nd-4DNP (Figure 2.5b), one resonances (7.10 ppm) was observed in th#N-
filtered '"H NMR spectra, consistent withiNH," being bound to a single site within the
hexadecameric G-quadruplex. As the amount™®fH," increased, additional’N-
decoupled signals for NAresonances were observed, indicating further displacement of
specific N& ions by NH,". The titration sample containing 12 equivalents of

>NH,Ph,B showed twa"NH," proton peaks (in a 1:2 ratio) &t7.31 ppm and 7.17
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ppm, respectivelyHigure 2.5f). This pattern is consistent with the structure of the all-
NH." G-quadruplex (@)1s-4"°NH,"-4DNP (Figure 2.59. The other two equal intensity
>NH,* signals that appear and then disappear during the course ofatientitmarked

by blue circles inFigure 2.5c—1) are due to a G-quadruplex that contains two bound
®NH," cations and one bound Naation, namely, [[Gl]ae)""NH4"[G 1]4¢-"NHs"-[G

agNa'[G Laco).

a)

R : —
A b 15 + &
LA G (o) e =5
| . —o (oD

(G 1)45#4Na*e4DNP-

LR W e
o]
e)‘ SN | W WV _ o e
f) A N ' NHy (TO ) ) e
o N A N ) =
g ) A

—— - (G 1)150 415NH, e4DNP | 1°NH,* )DNP-
7.4 7.3 7.2 7.1 7.0 QNa* S-quartet

~— ppm

Figure 2.5 ™N-filtered '"H NMR (500 MHz) spectra o’NH,PhB titration the solution of [G
1]16-4Na-4DNP in 1:1 CQCI,/CDsCN with mol ratio at (a) 0:1; (b) 1:1; (c) 2:1; (d) 3:&) @:1;
(f) 12:1; and (g) [Gl]1¢-4"*NH,"-4DNP.

We reasoned that the species formedrigure 2.5b, after the addition of 1
equivalent of ®NH,PhB to [G 1]:6:4Nd-4DNP, must be aD, symmetric mixed G-
quadruplex, with thé®NH," cation bound in the central cavity between tweNa'-
octamers. This assignment for the speciesI[{gyNa"[G 1]ag-"NHs"-[G 1]44-Nd-[G
1]4(0)) was confirmed by a 2-BH, 'H NOESY experiment. Figure 2.6 shows a cross-peak

between thé®NH," protons centered &t7.10 ppm and the #M protons of the inner G-
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quartet layers aé 11.40 ppm. In marked contrast, there were'tidH NOEs between

this boundNH,* and the NH amide of the outer G-quartet layers$dtl.79 ppm.
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Figure 2.6 Portion of a NOESY spectrum of a ?NH, Ph;B titration into [G1],s-4N&-4DNP
in 1:1 CDCI/CDsCN. The 2-D spectrum shows the NOE cross-peak betweefrNkg*'H
resonance with the N of the inner G-quartet layer. The chemical shift$ df1.79 and 11.40
ppm correspond to the;N amide protons for the outer and inner G-quartet layers. Theicdle
shift of the®NH," proton was confirmed from théN decoupledH NMR spectrum showing a

single peak ai 7.10 ppm.

The NMR data inFigures 2.5 and 2.6conclusively demonstrate that the initial
NH,"/Na* cation exchange occurs between solvateiH," and the centrally bounBb,
symmetric N& cation to give [[G1]4eyNa"[G 1]4¢-"NHs"[G 1]4¢-Na"[G 1]4()] as the

first discrete intermediate in the cation exchange process.

2.4.3 Characterization of the Second Intermediate in the N#°NH," Cation
Exchange Process

A series of 1D selective NOE analyses was carried out orsdheion of (G
1);6#4Na’*4DNP that contained 2 equivalents 6NH,PhB in 1:1 CDQCl:CDsCN.
Figure 2.7 shows the selective NOE data that allowed to identify a n@xedNH, /Na’
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species, [[G 14 "NHs - [G 1l4p°NHs-[G 1lsp-Na [G 1]se] as the second
intermediate in the exchange process. In the N1H proton region, the twaestpeags at
811.79 and511.40 ppm were irradiated first. No NOE was observed betiwsit,* and

the N1H proton of the outer layer&ll1.79 ppm (see bottom tracekigure 2.7b). Only

the N1H amide proton of the inner layesat.40 ppm had a selective NOE withiH,"
protons, showing a pair of peaks (due to 15N-1H coupling) in°Mid," region (labeled
with green). These data agree with the previous assignmenhé¢hfatst intermediate in
the exchange process is asymmetric G-quadruplef]fg -Na"- [G 1]4() NH, - [G
1]40) ‘Na+- [G1]4() It was noticed that the N1H signal &t1.40 ppm also correlated
with another"NH," proton in a different intermediate (blue ‘i’ label in Figuret.7This
finding suggested the overlap of N1H amide protons of the second &aliewen with that

of the first intermediate a&11.40 ppm. The overlap of N1H peaks probably results from
the similar chemical environment of the “inner” G-quartets ingh@g intermediates.
We next irradiated the G-quartet N1H signabhat.35 ppm, a new peak in the titration
solution. Two new™NH,'resonances displayed selective NOEs to this amide peak at
811.35 ppm. Oné>NH," was the same as previously identified to be part of the second
intermediate (blue ‘i’ label in Figure 2.7b). The oth®iH," signal corresponded to one
that also had an NOE with the N1H protonddtl.51 ppm. Combining all of this
information from the selective NOE experiments allowed us tatiigethe second
intermediate as [Glaey NHs"[G 146" "NHs"[G 1]4)-Na"-[G 1]4(). Because of its
asymmetric structure, the four G-quartet layers of thisethization G-quadruplex have
quite different chemical environments, with four N1H resonance8§lat79, 11.40,

11.35and 11.51 ppm, respectively.
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Figure 2.7 Selective NOE spectra for amide N1H peaks ofl][G- 4Nd-4DNP titrated with 2
equivalents of°NH,PhB in 1:1CD.Cl,:CDCN. Left: a) N1H region ofH NMR spectrum
(green dots indicate the N1H amide proton from the first irddiate; blue dots indicate the N1H
amide proton from the second intermediate);dH, * proton region showing selective NOE
correlation to amide proton @fl1.51,611.35,811.40 andd 11.79 ppm, respectively. Right:
structural scheme for the second intermediatd][Gy) - N&- [G 114 o) “"NH," [G 1]4 ¢ NH,"-

[G 1]4 (] formed during the Na/ NH," exchange process, with the assignments for the different
G-quartet N1H amide protons.

2.5 Cation Exchange Pathway in the Lipophilic G-Quadruplex

Firm identification of these mixed-cationic G-quadruplexes usivegcombined
ESI-MS and'H, N NMR data, allowed us to define a pathway for exchange of
monovalent cations in this lipophilic G-quadrupléclieme 2.5 Thus, higher affinity
cations such as 'Kand NH" preferentially displace the central Naation in the G-
quadruplex [G1]:s-4N&-4DNP to give the pseudB; symmetric mixed-cation G-
quadruplex [[G1]ey Na"-[G 1]4g-"NHs"[G 1]4¢-Na-[G 1]4()] as the first intermediate.
Consequently, sequential exchange of the two tighter-bound outer catished the ion
exchange process. Control experiments, where components were mixed in the appropriat
ratios, confirmed that the process depicted Socheme 2.5is under complete

thermodynamic control (data not shown).
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Scheme 2.5Proposed central insertion pathway for cation exchange in the lijmogHl
guadruplex system.

Why is it easier to displace the central Nan in [G 1]16-4Na -4DNP, as opposed
to the ions in the outer binding sites of the G-quadruplex? We prépetséifferences in
the cations' octahedral coordination geometries at these sepanding sites may be
responsible for the relative facility of cation exchange. @tystructures for the [G
1]16:4M™-4A system show that the central cation in this hexadecamedmhbbshas an
almost cubic coordination geometry with the eight oxygen atoms ofwbenner G-
quartets® In contrast, the oxygen ligands that sandwich the outér ddtions are
twisted more toward square anti-prismatic coordination geoméuic coordination
geometry is relatively rare because of the electrostapialsion that occurs between the
ligand atoms that eclipse each othéfThe anti-prismatic geometry, on the other hand, is
usually more favorable since the ligand atoms are twisted, ssdoaminimize
ligand-ligand contacts while maintaining an optimum ligand-eiétance (Scheme 2.6).
This influence of coordination geometry on the interaction energgatbns within
Gg—M" octamers has been addressed recently by Meyer and co-svarsieg DFT
calculations®® They found that a £&Na octamer with square anti-prismatic
coordination was more stable (by about 9 kcal/mol) thag-@&N& octamer with a cubic
coordination environment. We propose that, because of these differernocesdmation

geometry in [G1].s-4Na-4DNP, the central cation is bound less strongly than are the
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outer cations and, therefore, exchanges more readily with ther fafimity K or NH;".
Indeed, X-ray data show that the separation between the twoGngeartets is greater
than the average separation between the inner and the outer G-quyetet There is

more space in the central ion binding site than in the outer sites.

G-quartet Layers 1 and 2 G-quartet Layers 2 and 3
Bound to “Outer” Na* Bound to “Central” Na*

Scheme 2.8 hese depictions are taken from the crystal structure fatg3tNa-4pic (ref 16).

The illustrations show the octahedral coordination geometry for one ofitteNa cations (on

the left) and for the central N&ight). The central Nahas a almost cubic coordination geometry,
whereas the oxygen ligands are twisted toward the energetically avoralfle square anti-prism
geometry for the outer Na

This central cation may serve to help dimerize discrgiéViG octamer units into
more highly ordered superstructures. Indeed, we have previously shovamdtirer
lipophilic G-quadruplex that the Kion concentration can influence the degree of self-
associatiof’ Thus, at low K concentrations, 5'(3,5-bis(methoxy)benzoyl)-2¢,3'-
isopropylidene (&) forms an octamer. Upon the addition of extrg these [G2]g-K"
octamers dimerize to form a stable [B;s-hexadecamer in solution. A similar
phenomenon has been seen for the tetrahymena telomere sequeGe al{d for the
human telomere sequence d(TTAGGG), which are both monomeric G-quadsuple
lower K" ion concentrations but form head-to-head G-quadruplex dimers at Kijhan

concentrations.
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2.6 The Larger Cs< Cation, But Not the Smaller Li*, Can Displace the Central

Cation in the Na" G-Quadruplex.

The final experiments in this study were based on the hypottiegithe near
cubic coordination geometry for the central cation binding site shemddmmodate a
larger cation much more readily than a smaller cation. We reésbata larger cation
should maximize the separation between the eclipsing oxygen atdis thie central
ion binding site. As shown iRigure 2.8 this hypothesis appears reasonable, as we could
substitute this position with C¢r = 1.67 A), a large cation that typically is not thought to
stabilize G-octamers. Thus, the addition of 8 equivalents of GBR& a solution of the
Na" G-quadruplex led to the telltale formation of two new G-quaiet amide signals,
consistent with displacement of the central’ Nation and formation of a pseufa-
symmetric G-quadruplex [[@]se)Na - [G 1]44CS[G 1]4pNa"[G 14@). In marked
contrast, the addition of 10 equivalents of LiBlto the same NaG-quadruplex gave no
noticeable formation of any mixed-cationic species. Thus, unlike(tCs 1.67 A), the
smaller Li" (r = 0.59 A) does not displace N& = 0.97 A) from the central ion binding
site in this G-quadruplex. These experiments show that new, roatemhic G-
guadruplexes can be rationally prepared based on the combined strunétwraation
from X-ray crystallography, ESI mass spectrometry, and solUdMR spectroscopy.
These results also suggest that large ions such ‘am&@swell stabilize higher ordered
DNA G-quadruplexes that are capable of forming head-to-headrslimi¢h a cubic

coordination geometr}/®
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Figure 2.8'"H NMR spectra of h region of different G-quadruplex solutions in £I/CD;CN
at 20 °C. (a) [Gl];6:4Nd-4DNP; (b) 10:1 mol ratio of LiPiB and [G1].s4Na-4DNP; (c) 8:1
mol ratio of CsPh4B; and [ 1s-4N&-4DNP.

2.7 Conclusion

In summary, we have studied the cation exchange between compegtives in
solution and Naions bound to the lipophilic G-quadruplex l(ze-4Na-4DNP. Cations
with a stronger binding affinity for G-quadruplexes, such ds dtive the cation
exchange process. Both ESI-MS and NMR measurements of “thigra€ion into [G
1]16-4Na-4DNP revealed that cation exchange is a sequential process, atalisored-
cation intermediates were detected. Using'theH," cation as a probe, the identity of
these mixed-cation G-quadruplex isomers was determinedNbfiltered ‘*H NMR,
NOESY, and selective NOE experiments. A central insertion pghimawhich free
cations first replace the central cation in [s4Na-4DNP, is operative in this
lipophilic G-quadruplex. A structural rationale, based on the differsoiid-state
octahedral coordination geometries in I{zs:4N&-4DNP, was proposed to explain the
differences in site exchange between the central and the lmotkéng sites for these

lipophilic G-quadruplexes.
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The strategy that we have outlined in this chapter may also &l usr
identification of specific ion exchange pathways in G-quadruplexesed by DNA and
RNA oligonucleotides, particularly for those systems that have bhewn to form
dimeric G-quadruplexes either in the solid-state or in solutimallff, these mechanistic
studies on cation exchange, which clearly couple aspects of ya&lcstructure to
solution state properties, should help us better understand the factbrsotiel
assembly and disassembly of lipophilic G-quadruplexes. Such knowhallggiide our
future efforts to build selective ionophores and synthetic ion chenkel example,
unlike in DNA G-quadruplexes, the cations in these lipophilic G-quadteplapparently
do not move through the ends of the central channel. In fact, tibe cathe middle of
the assembly is the easiest to displace. Thus, it is likalycovalent side chains will be
needed to link together lipophilic G-units so as to generate an aeopuilding block
for a synthetic ion channel. Such covalent linkages should stabilize G&uadruplex

structures.
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Chapter 3. Large and Stable Transmembrane Pores fro a

Guanosine-Bile Acid Conjugate

The majority of this chapter has been published in reference 117:

e Ma, L.; Melegari, M.; Colombini, M.; Davis, J. T. “Large and Stable
Transmembrane Pores from Guanosine-Bile Acid Conjugdtesin. Chem. Soc.
2008 130, 2938-2939.

3.1 Introduction:

The research in this chapter reports that the guanosine-lithteBelas able to
self-assemble into discrete synthetic ion channels in phospholipicoraees Figure
3.1).17 The pores are large (nS conductance) and stable, with “opees timseconds,
distinguishing them from most synthetic channels, which typicadilyduct in the pS

range with millisecond lifetimes.

L8 :
“NOH
3]
.‘ 0 it NRO ‘. No Activity
H H
3-16

Figure 3.1 Ditopic G-sterol 3-1 and control bis-lithocholamide3-16. Typical traces of
conductances time, after addition 03-1or 3-16, are depicted. See Reference 115 for detail.

The preliminary results reported in chapter 2 indicate thabrcagéxchange

between cations bound to a lipophilic G-quadruplex and free cationsuiiosgbroceed
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through a “central channel” pathway. The data suggest that tien csandwiched
between two (Gl)g'M™ octamers within the lipophilic G-quadruplex is more dynamic
than the “outer” cations located inside the individual)gM ™ octamers. This finding
was consistent with our group’s previous results thatl}g3V* octamers are building
blocks for the self-assembled lipophilic G-quadrupféX’® Under typical experimental
conditions, the lipophilic G-quadruplexes are thermodynamicallylestdout they are
kinetically labile. The G-quadruplex is a self-assembly of 16 suburetd together
through the non-covalent interactions, such as hydrogen bemdstacking and cation-
dipole interactions. Thus these structures would be much more vulnevatiksaociate

than their covalent analogs.

A ditopic design strategy was employed to develop transmembrane ion channel. A
hybrid molecule that conjugates a hydrophobic linker with twapirey guanosine units
could provide an ideal structure for membrane insertion and seiftblysef guanosine.

In this research, a bis-lithocholate linker was chosen to build a guanosilesstgugate.
The structure of target moleciBel is shown inFigure 3.1 The covalent bis-lithocholate
backbone in3-1 has a proper length to match that of the hydrophobic portion of lipid
bilayer. Additionally, the high lipophilicity of3-1 should allow for membrane
permeability. We hypothesized that guanosine-sterol conj@gatmight be able to form

a barrel-stave-type superstructure by means of self-asseimglyanosine into G-quartet
assembliesKigure 3.2). This chapter will describe the ion compousid does form
transmembrane ion channels. Even though, the channel activities of comeund
1suggest that active channel structures should be different fronypothletical structure

shown inFigure 3.2.
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5-
Figure 3.2 Hypothetical structure of a self-assembled bastale ion channel formed fre
compoundLl. The wedge represents guanosine moiety, the line representsditiebholic acic

linker. Channel formation would be controlled by the ssembly of guanosine head grouy
give a G-quartet based structure.

3.1.1 G-Quartet/Folate-Quartet as a Motif for Transmembrane lon Transporter

As a hydrogen-bonded macrocyclic array with ionophore properties,-thadet
represents a promising scaffold on which to build synthetic i@mrodls. A variety of
lipophilic guanosine derivatives have been designed as self-asseoriptdores. They
all combine a central hydrophilic cation binding pore with hydrophobigplpery.
Several previous efforts include Matile’s rigid-rods attactgedhnosine on their
periphery'*®and Davis’ guanosine-calix[4]arene conjugdt@hese synthetic strategies
have been used to stabilize the formation of G-quartets. In all tases, the resulting
self-assembled G-quartet exhibited the tubular architectureetbembles an ion channel.
However, there was no evidence in any of these systems tolwt ftimction as

transmembrane ion channels.

The first synthetic ion transporter containing G-quartet units dea®loped by
the Davis group using a synthetic strategy based on the “covaptire” of a self-

assembled G-quadruplexigure 3.3.*%° In this case, lipophilic guanosing2 was
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designed with terminal alkene attachments. This new lipophilic gusmosadily forms a
G-quadruplex3-3 in the presence of a‘kiemplate. Then, postmodification of the G-
quadruplex3-3 via olefin metathesis yields a unimolecular G-quadrupBe# This
covalently modified supramolecul@-4 acts as a transmembrane *Naansporter in
phospholipid liposomes. This unimolecular approach suggests that tlssasiibled G-

guadruplex3-3was stabilized by post-covalent modification.
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/_:1:/;:/\’1 Olefin Metathesis E\ﬁ
j/ _‘ \/9

3-3 3-4

Figure 3.3 The unimolecular G-quadruplex stabilized by post-covalent modifitatiat can
function as a transmembrane‘Nensporter?°

Recently, synthetic transmembrane ion channels built from folateidemdB-5
were reported by the Matile and Kato grouBig(re 3.4).** Folic acid and guanine base
have similar hydrogen bonding motif. Folic acid self-assembliesa folic acid quartet
that is similar to the G-quartet. Serving as the central abthe folate dendrimer, the
folate analog is surrounded by a hydrogen-bonded amide network| pingnyand alkyl
dendritic periphery. The report from Matile and Kato revedted the folate dendrimer
could self-assemble intestacked folate rosettes in hydrophobic media with or without a

cation template. The ion channel activity of these dendriticfolagettes shows that the
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central pore of “folate-quartet” functions as an ion channel. Compauth@ dynamic G-
quadruplex system made from lipophilic 5'-tert-butyldimethylsyB’-isopropylidene
guanosine2-1, thesen-stacked folate rosettes are more robust. Apparently, the extra
hydrophobic interactions andn interactions of the dendritic periphery help to stabilize

the supramolecular architecture of the folate quartets within a phospholgyérbil

/\):):OC(.H 13
0 0C:H,;
o 0 /\/CIOCGHB
0 OCgH)3
NCNG 0CH;3

H [0) /\/@E
o T;I/\/Y Io} OCH 3
H. N H _N.
11\\1)\\?\ N7 COCF; R OCHy3
i 3-5
OCgHy3

H

Folate quartet

Figure 3.4 Chemical structure of the folate dendrin®b, the building block for the “folate-
quartet” ion channéf
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3.2 Design of G-quartet lon Channels Using a Ditopic Guanosine with a Covalent

Linker

Based on the crystal structures of the lipophilic G-quadrifilete structural
requirements for the skeleton of the ditopic guanosine monomer can bévedndde
design strategy for the backbone will focus on the following facigrproper length that
matches the width of the hydrophobic portion of a lipid membrane; 2)lipigbhilicity
to help with membrane permeability. Such a ditopic guanosine anaggprovide a
better system to study the structure related properties diptphilic G-quadruplex and
its function as transmembrane ion channel. In addition, the backbonén landt
functionality of the covalent linker can be adjusted by organic syisthBserefore, the
self-assembly of an optimized pre-organized ditopic guanosine momoaeresult in

synthetic ion channels.

In this work, a ditopic lipophilic guanosin@1 with a hydrophobic covalent
linker was the initial design for the ion channel precursor. ¥ésoned that the kinetic
instability of a completely non-covalent assembly would be overcomiaeb covalent
backbone that connects two guanosine monomers. In the presence of moruawaes
we hypothesized that the self-association of the guanosine raoietee a G-quartet
would transform four building blocks into a columnar supramoleculartsteicin this
case, a “barrel-stave” type of ion channel would be formed, insfdhé “barrel-rosette”
channel represented by the hexadecameric G-quadruptpxd 3.5. Furthermore, this
self-assembly strategy to build synthetic ion channels should lexesat advantages

over the covalent synthesis. Self-assembled ion channels can beegrepm molecules
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with high synthetic efficiency; the size and functionality of thase channels can be

manipulated by adjusting the building subunits.

. ==
( e
16~y i»%ﬁ f— - 9
—g—

A __o

Bairel Rosette Bairel Stave

Figure 3.5 Schematic illustration of two types of “cation channel” forni@n a G-quadruplex.
a) “Barrel Rosette” G-quadruplex formed by 16 lipophilic guanosutrinits. b) “Barrel Stave”
G-quadruplex from by 4 ditopic ligands. The ball stands for a camonthe stave stand for the
ligand.

Various ditopic guanosine derivatives have been designed and used to develop
functional supramolecular materidfs:?>As shown inFigure 3.6, Lehn used the ditopic
a,m-bis-guanine monomeB-6 to study the reversible sol-gel interconversion of self-
assembled polymer hydrogef a K" template and a Krelease pathway}. Their results
show that supramolecular polymer forms gel through the self-comptargenydrogen
bonding of guanine units. They proposed that supramolecular macrocydtea @t

quartet core were stabilized by Komplexation.
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Figure 3.6 Possible supramolecular structure formed3bythrough association into G-quartets
stabilized by K binding: a) internally-bridged [(3-6)K"] assembly; b) linear chain of doubly
bridged Gunits; c) fully cross-linked regular array of @Gits. For more details, see ref 78.

More recently, the Barboiu group reported a functional membrane iahateat
was made from a ditopic bis-iminoboronate-guanosine mon@e(Figure 3.7).'%?
This strategy involves the stabilization of the G-quadruplex strei¢hrough a so-called
“double dynamic” connection, which incorporated both non-covalent andsieleer
covalent connections. This had the effect of combining polyassociatiqud@uplex
aggregation) and polycondensation (iminoboronate formation) process. WKth a
template, bis-iminoboronate-guanosig«& produced a polymeric G-quartets film. With
the conformation shown irFigure 3.7, the formation of the covalent N-B bond
contributes extra stabilization to the boronate-guanosine esterbridf, the cation

templated self-assembly of bis-iminoboronate-guano8iTegave rise to a G-quartet

network that was implanted in the polymeric membrane film. Theu&tet polymeric
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membrane demonstrates both electron/proton transfer and cation trasperties. In
spite of the impressive progress mentioned above, there aressitlerable challenges
to meet to develop stable self-assembled structures that camrfuast discrete ion

channels.
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Figure 3.7 Structure of bis-iminoboronate-guanosi®e7 used to form Gquartet based
membrane’*

3.3 Design of Guanosine-Sterol Conjugate

Bile acids are cholesterol-derived amphiphilic molecules thditéae dietary fat
processing through formation of mixed miceft&#ll bile acids are composed of a rigid
steroid skeleton and an alkyl side-chain with a terminal carlwoagid group. The bile
acids are structurally distinguished from each other by tide-chain structure, the
stereochemistry of the steroid ring and the number and position of hydroxyl groups on the
steroid ring.Figure 3.8 shows the structure of cholic a@e8, one of the most prevalent
bile acid in humans, and lithocholic a@eb, the compound we chose as the hydrophobic
backbone for the ditopic guanosiB€el. Due to the rigidity of their concave skeletons and
the ability of variable functionalization, bile acids and their l@eg#es have been
promising building blocks used extensively in molecular recognitiont-dwest

chemistry and biomimetic chemistry**2°
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Figure 3.8 The structure of cholic aci®-8 and lithocholic acic-9.

The Kobuke group reported that bischolic acid derivatives with meth@up§r
10 (Figure 3.9 are able to form stable single ion channels with conductance values in the
picosiemens (pS) rand&*?’ Kobuke'’s structural study showed that the charge on the
external headgroups only influenced the cation/anion selectivitiieothannels. They
found that the hydrophilic groups on the concaMace of cholic acid were crucial for
the stability of the ion channels. They proposed that hydrogen-bondimgdodxyl and
methyl ether groups with water determined the channel’s pogeasid its conductance
level. Kobukeet al also showed bischolate acid derivat+ 1 with hydroxyl groupscan
form two discrete channels. The dependence of conductance on the concentBafidn of
indicates these two ion channels are self-assembled with diffetenber of building
molecules. Kobuke proposed two possible aggregation structures to dkplapecific
conductance of these two channel stafggufe 3.9. A self-associated trimer interacting
with water molecules was proposed to form one type of ion chanmelsdlf-assembly
of bischolic acid derivativ8-11into a tetramer, giving an ion channel with a larger pore

than the trimer, was proposed as the second active channel structure.
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Figure 3.9Top: structures of bis-cholic acid derivativ&d 1 with methoxy group on the concave
a-face; 3 with hydroxyl group on the concaveface. Below: Kobuke’s proposed cross section
image of ion channel, constructed from a bis-cholic acid derevdtimer/water and bis-cholic
acid derivative tetramer/water. For more detail, see referE2,el27.

Inspired by Kobuke’s bis-cholic acid ion channels, we decided tobise
lithocholic acid as a covalent linker to connect two guanosine end-grbitipscholic
acid 3-9 is different from cholic aci®-8in that it has no hydroxyl groups at the 7 and 12
positions of the steroid skeleton (de&gure 3.8). This lack of —OH groups excludes the
possibility that self-association of lithocholate derivativedrigen by any interactions of
hydrophilic groups on the concaueface. In addition, the bis-lithocholic acid backbone

in the ditopic guanosine derivativ8sl has a proper length to match the hydrophobic
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portion of lipid bilayer; its lipophilicity should also allow guanosinersl conjugates-1

to partition into the phospholipid bilayer. Using guanosine-sterol conjagagebuilding
block, it was expected that the guanosine head group might contedltfassociation of
ligands to give transmembrane ion channels based,@u&tet pores. We expected that
the self-assembly of guanosine into a G-quartet based structwie direct the ion
channels to take a barrel-stave type supramolecular structuhen vihe bilayer

membrane (Sekigure 3.2).

3.4 Synthesis of Guanosine-Sterol Conjugate

The synthesis of guanosine-bislithocholic acid conjudgate is outlined in
Scheme 3.1Esterification of lithocholic aci@-9 was achieved by using acetyl chloride
in MeOH. Two equivalents of the resulting esBel2 reacted with one equivalent of
xylylene diisocyanate, in the presence of diazabicyclo[2,2,2]octarevided a bis-
lithocholate 3-13 with a bis-urethane linkage. The subsequent hydrolysis of diester
resulted in bis-lithocholic acid precurs®d4. The coupling of diacid linke3-14 with the

known 2’, 3'-bis-tBDMSi-5"-amino guanosir@& 15> gave the final target compouBeL
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Scheme 3.1Synthesis of bis-guanosine-lithocholic acid conjugaie

Characterization of the desired final product was carried outtbyNMR
spectroscopy and by ESI-mass spectrometry. NMR spectrum of compoung+1 in
DMSO-ds gave a well-resolved set of signals. This spectrum showed ameye N-H
proton ato 8.08 ppm Figure 3.1039. Since there are two amino groups in 2’, 3'-bis-
tBDMSi-5-amino guanosin&-15 at the C2 and C5’positions, it was necessary to clarify
the regioselectivity of the coupling reaction between 5-ammangsine3-15 and bis-
lithocholic acid3-14. A selective NOE experiment was carried out in order tqyadbie
new amide N-H signal in conjugaBel. As shown inFigure 3.10h irradiating the N-H
proton peak ad 8.08 ppm showed characteristic NOE signal tootfproton of carbonyl

on the lithocholate side chain, as well as NOEs to the protons on the C5’, C4’, C3’ carbon
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of the ribose moiety. These NOEs are characteristic feathet indicated that amide
formation had occurred, as desired, by coupling bis-lithocholic &did with the 5'-

amino group of guanosirg15.

a) 3-1 in DMSO

NH
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Figure 3.10 a)'HNMR spectrum of guanosine-bislithocholate conjugate inDMSO-d;. b).
Selective NOE experiment was carried out by irradiating new amide pratkratae8.08 ppm.
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Further structural evidence for the identity3®f was obtained from a series of
COSY and NOESY experimentBigure 3.11 exhibits the 2D NOESY of guanosine-
sterol conjugate3-1. Consistent with the selective NOE result Rigure 3.10h the
expansion of the F1(vertical) axis correlations rte8r08 ppm show NOE correlation of
the 5’-amide proton with carbongl-proton, (CONH---H', Hy") and guanosine ribose C
5, C 4, C 3’ protons. The new amide bond forms from coupling of thediolic acid

derivative3-15with the 5’-amino group of 2’,3’-bis-TBDMS,5’-amino guanosB&s

H 5!
Half structure of compound 1. Red arrow suggested —Sli— —Si—
NOE correlations between NH and other protons
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f '
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Figure 3.11 'H- '"HNOESY spectrum of guanosine-bislithocholic acid conjugatén MSO-c.
The expansion of the F1 (vertical) axis correlations 86208 ppm showing NOE of amide N-
H proton is correlated with;’, H,”, Hs', Hs”, Hy', Ha' .
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The ESI-MS characterization &1 showed the (M-H)peak at m/z 1926.2,
which is consistent with the theoretical calculation (M.W.= 192&Rjufe 3.12. These
NMR and MS characterization confirmed the formation of ditopic guaeagerol

conjugate3-1.
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Figure 3.12 ESI-Mass spectrum of guanosine-sterol conju8dte
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3.5 Synthesis of Bis-lithocholamide for Control Experiment

To understand the importance of the guanosine end-groups in the seibhsef
ion channels made from guanosine-sterol conju@ai®, we decided to prepare bis-
lithocholamide3-16 with -NHCH; end groups as a control compound. Comparing the ion
channel activity of both compoung-1 and 3-16 would allow us to distinguish the
contribution of the guanosine subunits to any active ion channels. Thesignof3-16
in Scheme3.2 was based on the similar synthetic strategy as describdideirbis-

lithocholate formation cheme 3.}, the only difference is introducing methylamine
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instead 5’-amino-2’,3’-DMTBSIi-Guanosir® 15 in the last coupling step. The synthesis

is shown inScheme 3.2

OH

CH;NH,

CDI, THF

Scheme 3.5ynthesis of control compound bis-lithocholamBi6.

3.6 Self-Assembly Property Study of Guanosine-Sterol Conjugate

Before testing for ion channel activity for guanosine-sterol gatpB-1 and its
control compoun@®-16, we first studied the self-assembly properties of these compounds
in the presence of Kcations. The solution properties of compoud and3-16 were
characterized b{H NMR spectroscopy. As shown fiigure 3.13 the’H NMR spectrum
of guanosine-lithocholat@-1 gave sharp peaks in DMSQ-dApparently, any self-
assembly mediated by hydrogen bonding of guanosine moiety is @thgiice DMSO-
ds strongly competes for hydrogen bonding. In contrast!th8IMR spectrum oB-1in
CDCl; gave very broad signals, which is consistent with self-aggmtiaf 3-1 in non-
polar media. The control compourdd16 had a well-resolved spectrum in CRCas
expected for a hydrophobic compound with little propensity to self-edeoo a non-

polar environment.
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Figure 3.13a) '"HNMR spectrum of guanosi-bislithocholic acid conjugatg-1 in DMSO-ds anc
CDCls. b) '"HNMR spectrum of b-lithocholamide control compourg16in CDCls.

The selfassembly property of guanos-sterol conjugate-1 in the presence ¢
K* cations was further characterized by circular didm (CD) spectroscopy. C
spectroscopy has been widely used to characteheestructures oboth DNA G-
quadruplexes andipophilic G-quadruplexed?® In the presence of certi templating
cations, the stackingf G-quartetsgive rise to characteristic CD bands, repnting

formation of selfassembled structu.
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In this study, CD spectroscopy showed compo@atl can form stacked G-
guartets in a non-polar environmemtgure 3.14 shows a series of CD spectra for
different samples 08-1 in CHCk. First, the CD spectrum &-1 (blue line) was taken
after its isolation from a silica gel column. This sample shibs@me CD activity in the
200-280 nm region, suggesting that there might be stacked G-quiasttetsd templated
by the trace cations in solution. Then, one equivalent of [2.2.2]-cryptasdheded to
remove any adventitious cations that were boun@-fo The resulting CD spectrum
(green line) showed less CD activity after addition of the ionophamally; we stirred
the solution of3-1 and [2.2.2]-cryptand in the presence of exceS®NE salt. After
extraction of K DNP, the CD spectrum of the guanosine-lithocholai# (red line)
showed a CD signature that was diagnostic for stacked G-quaritkts positive band at
A= 266 nm and a negative peakiat 240 nm:?4n addition, the complex formed by
ditopic conjugatd-1 and K showed a strong negative bandvat 296 nm, a signal that
has been observed for DNA G-quadruple¥as expected, the control compound, bis-
lithocholamide3-16, showed no CD activity under identical conditions. Overall, the CD
data indicate that Kcan template the formation of stacked G-quartets by compaind

in a non-polar environment.
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Figure 3.14CD spectra of guanosine-sterol conjudate (blue line);3-1 mixed with an equiv of
[2, 2, 2]-cryptand (green lineB-1 after solid-liquid extraction of KDNP. All spectra were
obtained in CDG|

3.7 Guanosine-Sterol Conjugate Forms Transmembrane lon Channels (Pores)

There are two main experimental approaches to characterizbesgnton
channels: liposomes or planar bilayer membraffesiposomes are spherical closed-
shell structures formed by dispersing phospholipids into an aqueous sollitenare
bilayer structures that separate the interior aqueous solubiontifre external media. The
formation of ion channels (or pores) provides a means for passivedraosons and
organic molecules to diffuse from one side of a membrane to anothemanghgical
liposome assays that are sensitive to change in concentratmmsairi organic molecules
have been developed to measure the transport activfti#hiese assays include tests
based orfNa NMR spectroscopy, pH-sensitive or ion selective fluorescesatyasnd
fluorescent dye release assay. Liposome methods are powerfok reassess the
activity of a transporter. However, additional technical evidesoeeded to confirm the

ion channel formation, since transmembrane transport of ions or orgafecules can
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occur via either a carrier or channel mechanism. Alternatipéyar bilayer membranes
measurement is an electrophysiological method for the studgnothannels. In this
technique, the current flowing though the phospholipid bilayer is mexitemder
voltage-clamp conditiongzigure 3.15shows a diagram of a voltage clamp experiment.
Planar bilayer membrane is formed in a microscopic orifice on a ceattaign between
two chambers. Two electrodes are immersed in the buffer soldbadsd inside the
chambers. As a sealed bilayer membrane has good resistarere,tlvene is no ion
channel present in the membrane, few ions can move across ffer bita the observed
current is zero. When channels are formed within a planar bilayer membramsponse
to the applied potential, ions from the electrolyte solution can moessathe membrane
to produce an observed electric current. This measurement allees oloservation of

ion transport through a channel embedded in a phospholipid membrane.

-+

output H \
1M KCl Mkl MI/ALC

Figure 3.15 The setup ofoltage clamp experiment. The bilayer membrane was pre
with soybean phospholipid supplemented with 0.5% asolectin, 0.5% DPPC an
cholesterol. The buffer solution is 1M KCI, 2mM MgChnd 5mM Pipes. All tt
measurements were done at 25 °C.
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In this study, the ion channel activity of guanosine-sterol corgugdt was
assessed using the planar bilayer experiment. Acting a$ meelbrane model, planar
phospholipid membranes were prepared by the monolayer method acrossua 100
diameter hole in a Saran partitib. The monolayers were made from a solution of 0.5%
w/v asolectin, 0.5% w/v dipalmitoylphosphatidylcholine (DPPC), and 0.1% w/
cholesterolin hexane. Because of the poor water solubility of com@lnae used two
different methods to incorporat®1 into the bilayer membrane. Method A involved
adding 25uL of a solution of3-1in DMSO (31.4 pM, final concentration) to thes side
of the chamber after the planar bilayer membrane was forme&stnalively, Method B
involved pre-mixing compoun8-1 (2.6 uM, final concentration) with the lipid mixture

(asolectin, DPPC, and cholesterol) to form a bilayer membrane.

In both methods, the conductance changes were observed during the voltage
clamp experiment, indicating compour8dl was successfully incorporated into the
membrane to form single ion channelBigure 3.16 shows representative conductance
records for ion channels formed by guanosine-st&bht an applied voltage of 10 mV
under 1M KCl¢ransYKCI(cis) solution. Some of these ion channels formediyhad
remarkably large conductances in the nanoSiemens (nS) rangerandifétime of
seconds (s), as compared with many other synthetic ion channetedepahe literature,
with typical conductance values in picosiemens range (pS) atitertime.**® Similar to
the natural ion channels, these synthetic ion channels formed 3rdnshowed
conductance values of different magnitudes that appeared and disappearad2e¥e

hour period. This pattern of “open” and “closed” conductance state isstamtsivith the
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dynamic formation and disintegration of self-assembled ion chanrets guanosine-

sterol conjugat8-1.

EXTCIS N e
1s Number of Open
Closed Events {
;5',;5|;'“| —————— Conductance Method 1 Method 2
sl OpON <01nS | 100 | 148
* 1-5nS | 331 420
1 - 5.1-20nS 43 14
W I‘IJB.GnS =20nS 13 0
5e i | Ll A8 N s

Figure 3.16 Representative traces from voltage-clamp experiments.digtimct conductance
values were recorded in the presenc8-afat -10 mV in 1 M KCI. The number of open events
was counted from a total of six experiments. Three of theriexpet results were from method
A, another three were from method B.

The conductance data shown kigure 3.16 were obtained from 6 separate
experiments, including 3 experiments that employed sample introdugsing either
method A or method B. We observed that the magnitude and lifetimes of ion conductance
produced by3-1 varied during each single experiment. Channels with conductance values
of 0.1-1.0 nS typically had the shortest open lifetimes (10-80 sugjgesting these
smaller channels are much more labile than those larger dbahasger channels with
conductance levels of 1-5 nS had much longer open lifetimes, typlaatipng longer
than 10 s. Statistical analysis shows that formation and disagsehpmres with 1-5 nS
conductance were also the most frequent events observed duringxgeyment.
Occasionally, long periods of multi-step larger conductance (>2@ve& observed in

the three experiments that used the Method A protocol for introduction of com@dund
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We also noticed that the voltage clamp experiments, using MethokdeBevthe
sample was loaded into the membrane, displayed discrete single ion shdurived most
of the recording time. While under the same test conditions, ion dsanitk smaller
conductance were observed for the experiments using Method A. This phenomenon
might arise from the different amount of compoudd in the solution, where the
concentration of3-1 in Method A (31.4 pM) was about 12 times greater than that in
Method B (2.6 pM). The macroscopic ion channels might result fromreghe
independent giant channel or several small ion channels that openatv@herat the

same time. This dilemma will be addressed in the next section 3.5.1.

The table inFigure 3.16 shows the statistical summary of the 6 voltage-clamp
experiments. Apparently, sample introduction using Method A resuitddrger ion
channel conductance than when using Method B. In addition, the ion chavittels
conductance level of 1-5 nS occurred most frequently, regarfi¢ssv much3-1 was
loaded into the bilayer membrane. This result indicates that theafion of the
particular type of ion channel with conductance range of 1-5 nS duanosine-sterol

conjugate3-1is a thermodynamically favorable process.

Analysis of data from these 6 separate experiments shamddrshumbers of
increments and decrements at discrete conductance values, congistehte opening
and closing of channels of the same skgyre 3.17). In addition, the conductance data
clearly revealed that the most frequent conductance value was 6f i$omagnitude,
regardless of how compoursdl was incorporated into the phospholipid bilayer. These
results indicate the formation of certain active pores mediatembimpound3-1 within

lipid bilayer. Significantly, addition of the control compouBll6 to planar bilayer
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membranes never resulted in any measurable conductance. This eutdemout the
possibility that the channels are able to self-assemble shlelyo the hydrophobic effect
of the bis-sterol linker. Apparently, the guanosine end groups in com@@dndre

absolutely essential for pore formation and transmembrane ion transport.
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Figure 3.17Distribution of conductance change. The frequency was calculased ba the total
number of increment (channel open) events or decrement (channel clrsts) ev

3.7.1 lon Selectivity of the Synthetic lon Channels

In nature, ion channels possess the remarkable ability to ndisate among
different ions and transport specific ions across cell membrRoesstance, potassium,
sodium, calcium and chloride channels selectively conduct their nkeneses through
the membran&*?lon selectivity reflects the fact that there is a freergn difference for
ions that compete to flow through the channel. Different combination c&fepltavity
size, rigidity and chemical structure controls the differenthraaisms for ion selectivity.
In this research, the determination of ion selectivity would help gsih insight into the

hydrophilic properties of the ion channels formed from guanosine-starplgate3-1. It
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would also allow us to estimate the effect of channel size oithselectivity, since an
increase in channel size usually leads to a decrease in i@tivsgleThe final results

would help us to understand whether the macroscopic ion channels observed in the
conductance measuremerfgg(re 3.14 are originated from single ion channels or from

multiple, smaller structures that gate simultaneously.

Typically, electrophysiological measurements are used to catardly
characterize the ion selectivity of channels. Using the sav@otential (zero net current)
under bionic conditionghe permeability ratio © / Pcycan be calculated by using the

Goldman-Hodgkin-Katz (GHK) equatiof®

e =R PklKlo + Pci[Cl]i
Y F 7 PK] + PelCll

where [K}, [K]; and [CI}, [CI]; refer to the bulk activities of Kion species and Cion

species at concentrations of 1 M and 0.1 M respectively, R is theogetant, T is the

absolute temperature, and F is Faraday’s constant.

Here, the ion selectivity between opposite chargedCK ions was first
characterized by voltage clamp experiments under an asymrmetwition with 0.1 M
KCI on thecis side of the membrane and 1 M KCI on ttians side. The reversal
potential E, following a series of conductance changes was recorded at zenarmsat.
The permeability ratios of the ion channels calculated from tHK €quation revealed
that compoun@®-1 forms cation-selective channels. For example, the large ion deanne
with conductance values of 2-5 nS displayed a cation-selectiveepbility with R /

Pcr ratio of 6.4 + 0.3. The statistical analysis showed that theel@etsvity (R / Pey)

decreased from 13 to 3 with a corresponding increase in conductaticeion channel
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from 1 nS to 80 nS (Figure 3.16). Here, the reversal potentialspomding to the single

ion channel with a conductance of 0.1 nS was neglected, due toyitshaat lifetime

during the recording. This charge selectivity as a function of coadcetievel suggested

that multiple pore structures are present in the membrane. Addyionalalso observed

ion channels with microscopic conductance occurred for the expesirasimy sample

loading Method A.
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Figure 3.18 The data analysis showed that ion selectivity” (P P;) decreases with a

corresponding increase in conductance of ion channels. Thades reuggested

guanosine-

sterol conjugatd forms a variety of ion channels with different sizes. PandPaxel B showed
the ion selectivity data obtained by applying guanosine-stengjugatel using the sample
loading method A and method B, respectively.

82



These microscopic ion channels gave quite differght/ e, permeability ratio
as shown inFigure 3.18 (panel A). For example, at conductance level of 20 nS, the
permeability ratios varied from 13 to 2. This result suggestelhthe conductance could
be originated from a large discrete single ion channel witkedoan selectivity, or from
cooperatively gated multiple small ion channels that show higher ilectiséy. The
cation preference between equivalently chargé@md Na was determined using 0.1 M
KCI on thecis side of the membrane and 0.1 M NacCl on titams side. The reversal
potentials measurement showed that the ion channels formed from gusstesshe

conjugatel have no cation selectivity for eithei kr N&.

3.7.2 Proposed Active Structure of the Synthetic lon Channel

Both the conductance measurements and ion selectivity results sogdiste
types of ion channels formed by guanosine-sterol conjugidten the membrane. In
addition, the control experiment using bis-lithocholami@el6 indicates that the
guanosine units in compourddl play an essential role in the formation of ion channels
in bilayer membrane. However, the structure of active ion charoretedl by guanosine-

sterol conjugat8-1 is still unclear.

As mentioned in section 3.1.1, the dendritic folate rosettes ion
channel&'exhibited a maximal single-channel conductance of 21 pS, correspanding
the conductance that would be expected for “folate-quartet” pdheantlille’s diameter
of 3.7 A In a similar fashion, small single ion channels conductance pShange (<
0.1 nS at 1 M KCI) were observed during the planar bilayer conductaeasurements
using guanosine-sterol conjug@el. The pore diameter of 3.7 A was estimated by the
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corrected Hille equation, which is consistent wille C;-quartet’'s central cavity. Tt
self-assembly of3-1 would be conceived as a ba-stave type ion channel, whe
guanosine endroups from four moleculeare templated by Kto selfassociate into G-
quartet. The bisithocholic acid linker forms hydrophab wall to span the membral
(Figure 3.19. The conductan: for the < 0.1 nS eventould derive from ios flowing

through the G-quartet’s central port
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Figure 3.19 Barrelstave ion channel formed from guano-sterol conjugate3-1. The
central Gguartet pore is responsible for the <0.1 nS coratheet during voltage clar
experiment.

The more frequently observed large conduces in the n$ange from the plan:
bilayer experiment suggested the formation of ibanmes with pore sizs much larger
than that of the Gruarte’s central cavity. Here, Hille’'s equatiamas useo estimate the
pore size of these ion channels formrom 3-1.¢ In Hille’s model, the ion channel wi
assumed to ba uniform cylinder bathed in a solution. The cortdaceg of a channel
can be calculated from the radius anngth of the channel, as shovin Hille’s

13¢

equationFigure 3.20.
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Figure 3.20 Left: Hille’'s cylinder model of ion channel; Rightille’s Equation, whet
L is the length of the channel, r is the radius of the channeb @the resistivity of th
solution. Under our planar voltage experiment condition, the resistfity0 M KA
solution is 89Qem. The length of the channel is estimated as the thickness
phospholipid bilayer membrane, which is approximately 50 A.

Corresponding to the conductance level of the ion channels, the calddibéés
diameters of ion channels formed from compo@Atl were calculated. As shown in
Table 3.1 the most frequently observed ion channels with conductance level a52-5
have pore sizes about 14-20 A. For the channel with very large conceictt20 nS, the
active pore diameter is as large as 42 A. These data suppletédrmation of giant
conducting channels within the bilayer membrane. Obviously, many cédinee ion

channels formed bg-1 are much larger than a G-quartet “barrel-stave” ion channel.

Table 3.1Hille’s Diameter of lon Channels Formed fr@¥l

Conductance Events Diameter of Pore(A)
0.1-1.0nS 32% 3
2.0-5.0nS 62% 14-20
6.0 - 20 nS 5% 22-42

>20nS 1% >42
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Since the guanosine is the key functional group for the self-asg@mn®l1 into
ion channels, it is rationalized that the formation of columnar Ghgyéex structures
may be the driving force for self-association of a given p@reh this hypothesis in
mind, we proposed a bicyclical ion channel structure from a dimguanosine-sterol
conjugate3-1. The molecular modeling shown kigure 3.21 demonstrated that four
guanosine end-groups could self-assemble into a G-quartet, which lwantral
ionophore pore of about 3-3.5 A. The bis-lithocholic acid linkers arebfexdnough to
bend into two peripheral large pores with diameters of 15 A. Sucheasjzer is in the
range of the calculated diameters for channels with large conductaetedf 1.0-5.0 nS.
This modeling study supported our proposal for the active ion chanmeédofrom

compound3-1.

Figure 3.21 Molecular modelling of one possible self-assembly of two moleaflgmanosine-
lithocholate3-1(Modelling was made by Dr. Monica Melegari)

So far, all the experimental data suggest that the ion charmeted from

guanosine-sterol conjuga®1 with large conductance could be considered to be the
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consequence of the formation of giant supramolecular macrocyclescilxi modeling

also supported the proposal that, in the active channel structure httehditate linker
interconnects the G-quartet cores. Similar to the polymeric Gejusheet proposed by
Lehn and Barboiu et al. (séégure 3.6),"%'*self-assembly of stacked,@uartets from
ditopic compound-1 would be result in a bis-sterol linker network within the membrane
The structures of the ion channels could be envisioned to be due to tegstdcsuch
bicyclical dimers, where the G-quadruplex functions as the ¢epiitar, and the
hydrophobic lithocholic acid linker acts as the giant pore for ion cdimtudBased on

this hypothesis, several other possible models of a “barrel*stamechannel are
proposed Figure 3.22. There are probably other structures that might be considered as

well.

Figure 3.22 Possible Gquartet stacks formed by bis-G-lithocholaBel within bilayer
membrane.

3.8 Conclusion

In conclusion, ditopic guanosine-sterol conjugatkis able to incorporate into a

planar phospholipid membrane to self-assemble into single ion chanlaelar Bilayer
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experiments revealed the formation of discrete stable and largechannels. The
conductance of distinct magnitudes was “open” and “close” during rdiacp
demonstrating their dynamic formation and disintegration propertibg. dontrol
experiment and CD study showed that stacked G-quartets tay eole in the self-
assembly of this ion channel. The Hille diameter of the most lgr@vsingle channels
(conductance 2-5 nS) is in the nanometer range, a diameter thatlslarger than the
diameter of a G-quartet. This result indicated that ion transpaceeded through larger
pore(s) that form upon self-assembly of guanosine-lithocholaté. These
transmembrane pore(s) of nanometer diameter size could be envis®redbarrel-
rosette” supramolecular structure with hydrophobic walls provided by sHéhmcholate

linker and a central pillar of a cation-filled G-quadruplex.

The ability of guanosine-sterol conjugae€l to form transmembrane pores with
nanometer diameters provides the potential for a multitude of apghisatsuch as a
chemical sensor, and drug delivery. Future efforts are needed foglevere stable and
functional systems that are capable of recognizing and tramgpontlecules from one

side of membrane to another.
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Chapter 4. Synthetic lon Channel from Ditopic Sterd

Guanosine with Bis-urea Linker

The majority of this chapter has been published in reference 134

e Ma, L.; Harrell, W. H.; Davis, J. T. “Stabilizing Guanosine-Sterol Ché&niiéth
a Carbamate to Urea Modification In the LinkeDrg. Lett 2009 11, 1539-1542.

4.1 Introduction

The goal of the research in this chapter was to develop matae st
transmembrane ion channels using the modified guanosine-sterol cergoggtound!-
1 containing a bisurea linkageFigure 4.1).'** The previous research described in
Chapter 3 demonstrated that the guanosine-bile acid congidateith a bis-carbamate
linker, was able to self-assemble into large ion channels with-8moens (nS)
conductance within the phospholipid membrane. The study of structuredretat
channel activity revealed that the guanosine units in comp8tihgdlayed an essential
role in the formation of the transmembrane ion channel. Thus, the bentate
lithocholic derivatives, lacking the guanosine end groups, did not fornshannels in

the bilayer membrane.

To rationalize the large conductances from guanosine-&elolve proposed the
supramolecular structures shown kigure 3.22 These possible structures, of which
there may be many, consist of a hydrophobic wall of bis-carleahtladcholate linkers
and a central pillar of self-assembled G-quadrupléXe$o test this hypothesis, we
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modified the backbone of the linker region in order to introduce additiratovalent
interactions. We hypothesized that this strategy could furthergteotine self-association
and improve the stability of supramolecular structures controlletidoguanosine motif.
The cooperative stabilization of a self-assembly of G-quadruplexoban reported by
Hamilton and coworkerS?> By linking a porphyrin macrocycle at the 5'-termini of the
oligonucleotide d(TGl,4) (where n=3-6), a dramatically enhanced stabilization of a
parallel G-quadruplex structure was achieved. Hamilton found tloesteziic porphyrin-
porphyrin self-association was essential for the formatiwhsaibsequent stabilization of

the DNA G-quadruplex.
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Figure 4.1a): Structure represents the modification of sterol linker. b): rBetuepicting the one
possible self-assembled structure from bis-utela The bis-urea modified sterol linker might
introduce additional hydrogen bonding through urea stacking to stalilizesynthetic ion
channel.

In this work, we reasoned that the self-assembly of guanosiot-cbajugates-1
could be stabilized by replacing the bis-carbamate linker uBitlinvith a bis-urea group.
Figure 4.1b shows one possible self-assembled structure formed by the modified

guanosine-sterd-1 with the bis-urea linker. The three-centered intermolecular bis-ur
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hydrogen bonding on the hydrophobic wall might help cooperatively g@alilie self-
assembly of the guanosine-sterol conjugate. This structural ipatiih on the channel
precursor (from bis-carbamat8-1 to bis-urea 4-1) was expected to result in

supramolecular structures with enhanced stability and improved ion channeyactivi
4.2 Bis-urea Macrocycles are Known to Form Self-Assembled Cylinders.

There has been great interest in the development of functionaliatsatand
biological devices, by means of self-associafibfiHydrogen bonding has proven to be
one effective non-covalent interaction in the self-assembly sysdasma result of its
highly tailored recognition elements in the manner of hydrogen-lmmibr-acceptor
arrays. In particular, N,N’-disubstituted ureas as building blockshihydrogen-bond-
mediated self-assembly has attracted much attehtioff The urea group is able to self-
associate into supramolecular structures in a diversity of envirdnswch as solutions,
gels, fibers and crystatd®** The X-ray crystallography of disubstituted ureas revealed
that ureas form hydrogen-bonded network through a three-centemrmaiécular
hydrogen-bonding motif §cheme 4.1**2 Two N-H protons in one urea molecule
function as hydrogen-bond donors and carbonyl oxygen atom in the radjackecule
function as a hydrogen-bond acceptor. This head-to-tail multygleoben-bonding array
tends to form a spacing of about between 4.5 A -4.7 A. The specitie dppends on the

rigidity, size and shape of the substitution in the urea groups.
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Scheme 4.Three center hydrogen bonding net-work formed by urea derivative.

The directional property of urea hydrogen bonding has been utiigetiany
research groups to develop self-assembled organic nandtib®d** The design
strategy involved in using the macrocyclic urea derivativesudeclKarle’s peptide
nanotubes formed by cystine-based cyclic bis-uded'*®%and Guichard’s chiral
nanotubes assembled by a cyclo-tetraurea substituted with atesidaes4-3.2* The
structural studies of these different nanotubes exhibited that thigjwmm urea-urea
hydrogen bonding directed the extended stacking of macrocyles to tidoailike
structures. Another inspiring example of this strategy is Shiscolumnar nanotube,
using the self-assembly of rigid bis-urea macrocydlds'*>*® In their approach, two
meta-xylene spacers are incorporated in a bis-urea matgotyc introduce the
intramolecular hydrogen bond and inhibit the collapse of the alecawrity. The X-ray
crystallographic analysis revealed a columnar structibigufe 4.2). The macrocycles
stacked on top of each other through intermolecular urea-urea hydrogéimg andr-n
interaction of phenyl rings. The hydrogen-bonded urea groups wegnedlparallel with
a general space of 4.614 A. The macrocyclic ring tilted 26° off the urea centemaepti
the aryln-n stacking within the distance of 3.568 A. Shimizu’s topology ofubés

assembly in the macrocyclic structure provided a detail sihalcevidence of bis-urea

compound stacking in a columnar fashion.
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Figure 4.2 a): Examples of macrocyclic urea derivatives in deselopment of nanotubes.
Bis-urea macrocycld-4 designed by Shimizu. c)-ray crystal structure of the s-assembled
bis-uread-4, including the -centered hydrogen bonding patterns and the skewedtation of
monomers.

In particular, the formation of transmembrane ibarmels driven by the he-to-
tail hydrogen bonding between urea functional gsotips been utilized by Fyles a
Barboiu!*’ Ureido crowr-ether derivativest-5 were designed to stassemble into
crown-ether centered columnar supramolecular structiites.solution*H NMR studies
showed4-5 formed intermolecular hydrogen bonds, ascated by the downfield shift «
NH proton with increasing concentration. S-state structures also demonstrated
formation of a columnar arrangement of crown ethyemeans of urea hydrogen bondi

These ureido crowether derivative4-5 showed thalesired ion channel activity wi
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conductance in the pS (pico-Siemens) range. Fyles proposed thatethdhydrogen
bonding directed the stacking of the ureido crowns to form an ion dnhgtigere 4.3).

The crown ether arrays function as the central pore for catosgort. Fyle’s ureido-
crown ether channel gave a nice example that urea-urea hydrogeimg could be used

to direct the self-assembly of ion channels.
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Figure 4.3Dynamic self-organization of heteroditopic receptis

In this study, we rationalized that the self-assembly of l@s-4rl would be
enhanced by the positive cooperative hydrogen-bonding of the urea gnaingssterol
linker (Figure 4.1). As mentioned in Chapter 3, the bis-carbarBateon channel can be
envisioned as a central pillar of self-assembled G-quadruplexbi$highocholate linker
may well provide the walls for the transmembrane pore. From therteel crystal
structure of lipophilic G-quadruplexigure 4.48,%* we know that the space between
two stacking individual G-quartet layers is 3.3 A. In the caselffassociation oR-1,
the stacking central G-quartet with 3.3 A apart would be in proper distange to allow

the bis-urea group in the sterol linker to form a hydrogen-bonding*&¢&igure 4.4b).
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With the bisurea modified liner, guanosine—sterol conjugatel should be able to se¢

associate into the structures that are even mabdesthan those formed 13-1.

Figure 4.4 a) Crystal structures of lipophilic-quadruplex templated by the sodium cation
One of the proposed ion channels from -assembled bisrea modified guanosi-sterol
conjugate. The urearea hydrogen bond between thnkers was envisioned to improve -
stability of the pore.

4.3 Synthesis of Bistrea Guanosin«-Sterol Conjugate 4-1

To achieve the synthesis of -urea4-1, the 3r-hydroxy group of lithocholic aci
has to be substituted by an amino group. We dediug the displacement with stel-
retention was necessary to rule out the possibldoomational changes due to t
configurational conversion at the -carbon on the sterol backbone. Tha-amino
lithocholate4-9 was synthesized using the published doutversion transformatio*®
As shown inScheme 4., mesylation of @&-hydroxy lithocholatel-6 with strict inversion
of configuration was achieved by Mitsunobu reacfiothe presence of methanesulfor
acid. The subsequent&reaction of -mesylate4-7 with NaN; gave the equatorial azit

derivative 4-8. The reduction of the azide group under Staudingactron condition

gave the desired o3amino lithocholate4-9. The steeochemistry of the a-amino
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lithocholate4-9 was confirmed byH NMR spectroscopy. The axiab:@roton exhibited

a triplet of triplet splitting pattern, with two anti and two ghae coupling constants of

11.2 Hz and 4.0 Hz, respectiveligure 4.5).
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Scheme 4.5ynthesis of @amino lithocholatet-9.
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Figure 4.5'H NMR spectrum of 8-amino lithocholatet-9in CDCl.
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The bis-urea lithocholate estet-10 was prepared by reactinga&amino
lithocholate4-9 with m-xylene diisocyanate in THF. Hydrolysis of the resulting diester
10 gave the corresponding diactdll Coupling of9 with the known 2’, 3-bis-
tBDMSi-5"-amino guanosirté gave the target bis-urea guanosine-stdrdl (Scheme
4.3. The desired final producd-1 was confirmed by’HNMR and ESI-MS
characterizationKigure 3.6. The ESI-MS characterization df1 shows the (M-H)
peak at m/z 1926.2, which is consistent with the theoretical catmul@d.W.= 1926.2)

(Figure 3.6).
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Scheme 4.3ynthesis of bis-urea modified guanosine-sterol conjuyate
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Figure 4.6"H NMR and ES-MS spectra of bis-ure41in DMSO-d6.
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4.4 Solution Study of Self-Assembly: Bis-Urea Modified Lithodgolate vs. Bis-

Carbamate Analogue

4.41 *H NMR Spectroscopy Provides Evidence of Intermolecular Hydrogen
Bonding Between Bis-Urea Linker Units.

Various NMR techniques have been successfully applied to theatiggrogen
bonding in either solution or in the solid-state**°For example!H NMR spectroscopy
can provide the information of intermolecular hydrogen bond by monitdranghemical
shift of protons involved in the hydrogen bond. The formation of a hydrogen bond, in the
structure of X—H---Y, results in the decrease of electron demasdynd the H atoms.
Therefore, the H nucleus becomes less shielded from the appigwuktic field, and the
chemical shift of the hydrogen-bonded proton moves downfield. On the gorttnar
increase in temperature or dilution are expected to disfavorytheden-bond network,
and thus the chemical shift of the proton involved in a hydrogen bondainberanoves

upfield toward the spectral position of the non-hydrogen bonded species.

The impact of the carbamate to urea modification on the seltias®n of these
modified sterols was first evaluated by solutith NMR spectroscopy. We chose to
compare bis-lithocholate estg¥rl3 and4-1Q rather than guanosine-sterol conjugate
and 4-1, so as to eliminate the complications in the spectra the¢ fmom the amide
protons of guanosine'H NMR experiments were conducted on the CPsllution of
diester3-13 and4-10 and the chemical shift of NH protons was monitored as a function
of concentration and temperature. As showrFigure 4.7a at room temperature, an
increase in concentration of bis-urea lithochok®0 in CDCJ resulted in downfield

shift of both urea NH protona$ ~ 0.8 ppm from 0.5 to 10 mM). This data suggested the
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electron density of the proton decreases, as a result of tinatfon of intermolecular
hydrogen bonding. Both urea protons showed very similar downfield calestidts,
which would be consistent with urea’s characteristic three-cdntdrogen bonding
pattern. In contrast, the chemical shift of the carbamate NEompound3-13 was
insensitive to the change in concentration. This result suggestdaistiaead-10 has the

greater propensity to self-assemble than does the analogous carBdBate

Using a 10 mM solution of compourgdl3 and4-10in CDCk, the temperature
dependence of the NH chemical shifts for these two compounds wasastigated.
The NH chemical shifts id-10 were also sensitive to temperature, another signature of
intermolecular hydrogen bonding. As shownFigure 4.6b, increasing the temperature
of the solution 0f4-10 caused a significant upfield shift for both urea N-H protons,
consistent with increased dissociation of hydrogen bonds with increasing atungeOn
the contrary, the carbamate NH proton from bis-carbamate anaet@idisplayed little

dependence on temperature, corresponding to a monomeric structure ga CDCI
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Figure 4.7 *H NMR spectra of N-H proton of bis-urea lithocholael0 (blue line) and bis-
carbamate lithocholat®-13 (red line) in CDCJ. a) at room temperature, the chemical shift of NH
proton is plotted against concentration; b) at 10 mM concerdtie chemical shift of NH
proton is plotted against temperature.

4.4.2 Intermolecular Hydrogen Bonding Study by FT-IR Spectroscopy

Using FT-IR spectroscopy, we also confirmed the formation ofnmdkecular
hydrogen bond for bis-urea lithochol&el 0in chloroform. For urea derivatives, the urea
N-H stretch, amide | (C=0) and amide Il (C-N) stretch exhibiaracteristic shifting
signals upon the formation of intermolecular hydrogen bo#ds? In general, urea N-H
stretch and C=0 stretch shift toward lower frequency, due to dakeming of these
bonds upon the formation of hydrogen bonds. On the contrary, the C-Nstretes
toward higher wave-number due to hydrogen bonding.
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Figure 4.8 shows the N-H stretching region in the FT-IR spectraHerhis-urea
lithocholate4-10 and bis-carbamate lithocholaBel3. As the concentration of bis-urea
ester4-10increased, a broad N-H broad stretch band (~336t) gnew in on the lower
frequency side of the free N-H absorption band (~3430")croharacteristic of the
intermolecular hydrogen bonding of urea group. Clearly, increaseemiaton leads to
self-association o#l-10 in a non-polar solvent. In contrast, bis-carbamate &st8
displayed no shift in its N-H absorption band upon a change in conaamtiiggesting
no intermolecular hydrogen bonding in CHCCompound3-13 remained monomeric,

even at 15 mM.

100 F 100
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680 | 50 - b —15.0mM
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Figure 4.8 N-H stretching region of the IR spectra as a function of concentration lies-ajea
lithocholate4-1Q b) bis-carbamate lithochola®el3in CDCk at 25°C.

Furthermore, the concentration-dependent frequency change of the la({@FO)
and amide Il (C-N) stretches also supported intermolecularoggdr bonding for bis-
urea ested-10. As shown inTable 4.1, as the concentration df10in CDCkincreased

from 1.0 mM to 15 mM, the amide | band shifted from 1662' ¢n1632 crit: whereas
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the amide band Il shifted from 1527 ¢iio 1684 crit. These concentration-dependent
band shifts are consistent with the characteristic bis-ureag@gnbonding association
pattern®® Increasing the concentration d£10 shifted the equilibrium toward self-
assemblyvia the intermolecular H-bonding between the urea moieties. Adisor
carbamate est&-13 little shift of amide | and amide Il absorption band was observed as
the concentration changed, suggesting no intermolecular hydrbgening for

compound3-13

Table 4.1FT-IR frequencies for bis-uregl10and bis-carbamate lithocholegel3

Compound| Conc [mM] V max [CM']

vi N-H | vp N-H v Amide | | v Amide Il

4-10 1.0 mM 3437 3407 1662 1527
2.5 mM 3436 3381 1660 1529

5.0 mM 3435 3371 1659 1529

7.5mM 3435 3365 1632 1564

10.0 mM 3433 3363 1632 1564

15.0 mM 3431 3361 1632 1564

3-13 1.0 mM 3452 NA 1716 1508
25mM 3452 NA 1716 1508

5.0 mM 3452 NA 1716 1508

7.5mM 3452 NA 1716 1512

10.0 mM 3452 NA 1716 1510

15.0 mM 3452 NA 1716 1510
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4.5 Large and Stable lon Channel From Guanosine-Sterol Conjugate With Bidrea

Modified Linker

Guanosine-sterol conjugatel, containing the bis-urea modified linker, was
designed so that it might further stabilize self-assembbted dhannels within the
phospholipid bilayer. The ion channel formation frdai in a bilayer membrane was
characterized by voltage clamp techniques previously descrb€thapter 3. Thus, 50
nM of compound4-1 (final concentration in isopropanol) was loaded intodiseside of
the planar membrane under 1.0 M KCI symmetric condition. A voltaggpotential of
-10mV was applied. Active ion channels with multiple levels of cotahee were
observedFigure 4.9 shows representative conductance changes generated after addition
of 4-1. These multiple open states clearly demonstrate the formatiahsafete ion
channels with large conductance in the nS range and long lifetmé® second to
minutes range. The transits from “open” to “closed” statecatdd the dynamic nature of

self-assembled ion channels.

Conductance (nS)

'5 T T T T T T T 1
0 2 4 6 8 10 12 14 16

Time (min)

Figure 4.9 Representative conductance records from voltage clamp egmriton channels
formed by4-1in a planar bilayer at an applied voltage of -10 mV in 1M Kf@ins)/ KCI (cis)
solution (pH 7.0).
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During the voltage clamp experiment, we first noticed that theureia4-1 is
membrane active at a much lower concentration than is bis-caiartaBis-ureas-1
was active at a concentration of 50 nM but compd@nichad to be added to the solution
bathing the planar membrane at a much higher concentration (31.4 mMjen tor
observe channel formation within a reasonable time. Additiod-bfat such mM
concentrations typically caused breakage of the planar bilayetbraee during the
voltage clamp experiment. This dramatic difference in effeatimecentrations may be
attributed to the fact that bis-urdal is better able to self-associate into some active
structure than is bis-carbamaBl. Despite such difference, both guanosine-sterol
conjugated-1 and3-1, gave multiple channels with similar type of conductance states. |
particular, the most frequent conductance increments and decrenegatshgerved on
the order of 1-5 nS for both guanosine-stetel and 3-1 (Table 4.2. This result
indicated4-1 and3-1 forms very similar pore structures within the phospholipid keray
regardless of the differences in their sterol backbone. Thist iegpports our previous
conclusion that the guanosine moiety plays an essential role selfr@ssembly of the

ion channels.

To compare the ion channel activity of guanosine-sterol conjugatesnd 3-1,
we characterized the “open state” of the active ion chanoetsetl from these two
different analogues. Histograms of the frequencies of conductacaeled are shown in
Figure 4.1Q While compound-1 and4-1 both formed multiple ion channels with very
similar conductance levels, the frequency and life-time of tlcbs@nel openings are
quite different. Bis-ured-1 formed, on average, larger channels than did bis-carbamate

3-1. The statistical data is summarized in Table 1. “Giant” cHanméh conductance
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levels greater than 5 nS were formed more frequently by bis4tt€d3 % of all events)

than by bis-carbamate1 (12 % of all events).
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Figure 4.10 Distribution of conductance change for the ion channels from guarsisirs-
conjugate4-1 and 3-1. The frequency was calculated based on the total number of imdreme
(channel open) events or decrement (channel close) evediataafom compound-1; b) data

from compound®-1.

Table 4.2Frequency of Events for Channels formed from 4-1 and 3-1.

Bis-Carbamaté&-1 Bis-Urea4-1
Conductance # Events % Events # Events % Events
0.1-1.0nS 100 20 16 22
1.1-5.0nS 331 68 26 35
51-20nS 43 9 17 23
>20nS 13 3 13 20

Note: The number and frequency of ion channel open even#-Towere taken from the 3
experiments that used Method 1 reported in Chapter 3. For comBelintie data were taken
from at total of 4 experiments. These experiments were condogtedding either compourg}

1 (31.4uM) or 4-1 (50 nM)to the cis side of the chamber after the planay®ilmembrane was

formed (1.0 M KCI and -10 mV applied potential).
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The lifetimes of the “open” state have been used to assessattibty of self-
assembled ion channéf§:*>* Overall, more stable ion channels give longer lifetimes for
active ion transport. To compare the relative stability of charfoatsed by guanosine-
sterol 4-1 and 3-1, we analyzed the “open” lifetimes for channels formed these
compounds. We chose conductance values between 1 and 5 nS, since these ceaductan
were the most frequent events observed for both guanosine-stesolsafde 4.2. As
shown in the histogram iRigure 4.11, about 70% of the 1-5 nS channels formed from
bis-carbamat@&-1 had open lifetimes that were less than 10 seconds. In contras§08wer
of the 1-5 nS channels formed by bis-uded had open lifetimes that were greater than
10 seconds. Remarkably, about 50% of these channels forméd lmere open for 30
seconds or longer. The average lifetime of 1-5 nS channels formedigaumead-1 was
66 seconds/event, as compared to 16 seconds/event for the 1-5 nS dloameelSrom
bis-carbamaté. Our data indicates that the bis-urea units in the linker regidnldfelp
to stabilize transmembrane ion channels formed by this guanosine-lithoadeiatdive,

relative to those channels formed by compo8+id
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Figure 4.11Histogram showing the various open lifetimes for 1-5 nS cHarfoemed from3-1
and 4-1. Distribution of conductance change, the frequency was calculased lom the total
number of increment (channel open) events.

4.6 Structural Study of Guanosine-Sterol Conjugate With the Bis-Urea Linkr

We wanted to gain more insight about the structure-function relationship between
ion channels and the molecular precursor, guanosine-sterol cojufjaldus, bis-urea
lithocholamide 4-12, lacking the guanosine end group, was designed as a control
compound to evaluate the functionality of the guanosine end-group or thidister in
the formation of ion channels. The synthesig-df2 was accomplished by coupling bis-

lithocholic diacid 4-11 with CHsNH,, in the presence of the coupling reagent CDI

(Scheme 4.4
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CH;NH,
—_——

CDI, THF

Scheme 4.4ynthesis of bis-urea lithocholamidel2 for the control experiment.

Using the experimental method described in section 4.6 for compbindhe
channel activity of4-12 in a bilayer membrane was characterized by voltage clamp
experiment. After 250 nM of compourd12 (final concentration in isopropanol) was
loaded into thecis side of the preformed membrane under a 1.0 M KCIl symmetric
condition, it was observed that compouftd2 was able to form ion channels within
phospholipid bilayer. Compared with its channel inactive bis-carbaarat®gue3-16
examined in chapter 3, the bis-urea lithochol&t#2 demonstrated quite different ion
channel properties. This result indicates that the bis-uregatyrinithe sterol linked-12
plays an essential role in the self-assembly of ion channelmiolecular hydrogen
bonding between urea groups likely allow for the self-associatiorotitairs within the
bilayer membrane. This result is consistent with the previous MMRIR study that the
urea modified sterol backbone can form intermolecular hydrogen bondangan-polar
environment, while the carbamate backbone could not form intermolduytnogen

bonds.
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The characterization of active ion channels showed that control comgel2
forms discrete ion channels with conductance in the range of g8, raacasionally in
the nS range. The lifetime of these channels are in the mihseto second range.
Compared with the ion channels from guanosine-sterol conjulyatéFigure 4.10,
these ion channels are much smaller and their lifetimes aré sharter. This data
indicates that compound-12 forms random and unstable ion channels induced by the
hydrogen bonding of the bis-urea functionality. On the other hand, thialdataonfirms
our previous structural study that the guanosine motifs in the gnansigirol conjugate

4-1 are crucial in the formation of large and stable ion channels.

4.7 Guanosine-Sterol Conjugate Causes Release of Carboxyfluorescemm

Liposomes.

The carboxyfluorescein (CF) release assay has been developssets pore formation
and membrane stability in a variety of biological applicatton$>® This fluorescent
method relies on the self-quenching of CF entrapped in liposome. A liposora
spherical vesicle composed of phospholipid bilayers. It has been uaezkkhsnodel to
study the transmembrane transport of ions and small molecules. When the porie forms
liposome, the release of internal CF leads to dilution and an iecredlsiorescence. In
practice, the fluorescence quenching of encapsulated CF calntdoeed by either self-
guenching of CF at high concentration or mixing CF and a quenchde iadiposome.
Carboxyfluorescein is about 10 A long and 6.5 A wigigure 4.12shows the chemical
structure of CF and the scheme of the carboxyfluorescein #satywas used in this

study.
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Figure 4.12a) Chemical structure of carboxyfluorescein. b) Scheme diaefcent assay
carboxyfluorescein release from liposome.

The study of CF release, as mediated by guanosine-sterobatefdl and4-1,
was monitored by the change in CF fluorescence. Here, liposomesn@pDQvere
prepared from EYPC (egg yolk phosphatidylcholine) phospholipids. Both Chand t
xylene-bis-pyridinium bromide quencher were pre-loaded inside theofipmsThe final
concentration of liposome was maintained at 330 uM in a HEPESr laafigtion (10
mM HEPES, 50 mM NaCl, 1 mM EDTA, pH = 7). Upon addition of a 100 uM @MS
solution of eitheB-1 or 4-1into the liposome solution, a significant fluorescence increase
occurred, indicating CF efflux across the phospholipid bildygure 4.13demonstrates
the CF release data as a function of time. It is cleabtitatguanosine-sterol conjugates
3-1 and 4-1 promote CF transport from liposome into the extravesicular solutioa. T
data provides direct evidence for the formation of large pore mddiaye these

compounds within liposome.
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Figure 4.13 Carboxyfluorescein release assay confirmed the pore famatiediated by
guanosine-sterol conjugadel and4-1.

Compound4-1 with a urea linker was slightly more active thdrl with a
biscarbamate linker. There was no transport of CF for the congroirea lithocholatd-
1 that lacked guanosine end groups, consistent with our previous strgtidsathat the
guanosine moiety play a key role in the self-assembly ofamehannels. C2-ceramide
was chosen as a positive control in these experiments. Ceraangsphingosine-based
lipid molecules that are believed to be key regulators in apoptgosisnducing
cytochrome c release from mitochondriaSiskind and Colombini reported that C(2)-
ceramide forms large channels in phospholipid membrarg® The formation of
ceramide channels is thought to be the origin for the incrdlkan permeability of the
mitochondrial outer membrane to small proteins. The CF releady sttown inFigure
4.15 supported the formation of pores by guanosine-sterol conjugdtesd4-1 within

phospholipid bilayers.
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4.8 Conclusion

Guanosine-sterol conjugatel, containing a bis-urea group in its linker region,
was designed so that it might further stabilize self-assaigin channels within the
phospholipid bilayer. Our hypothesis is that strengthening the intecoial interactions
between the bis-lithocholate linker regions might work coopergtivéh the guanosine-
based self-association to provide highly stable conducting strucBisearead-1 forms
large ion channels whose lifetimes are longer than those chammeledf by bis-
carbamate3-1, and is consistent with our structural hypothesis. Our future woik wil
focus on investigating whether this new guanosine-lithocholic acidadime 4-1, which
can form channels that must have nm diameters, can be usednspant larger

compounds in and out of phospholipid vesicles.
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Chapter 5. Final Conclusion and Future Directions

The study of cation exchange between solvated catiohsNK;") and bound

cations in the G-quadruplex [G]ier 4Na'e 4DNP revealed that cations of these
lipophilic G-quadruplex do not move through the ends of the central ch&iregbter 2).
In reality, the cation exchange occurs first in the middlehef assembly. This result
suggested that the lipophilic G-quadruplex is too kinetically labifaiiction as an intact
structure for ion transport. To overcome this problem, covalent lirkkersieeded to
connect lipophilic G units so as to generate an appropriate bubtbol for a synthetic

ion channel. Such covalent linkages should stabilize the G-quadruplex structures.

A ditopic design strategy involving a bis-sterol linker cappedh wito guanosine
end-groups was described @hapter 3. This guanosine-lithocholate conjuga&el is
able to self-assemble into discrete synthetic ion channels in phpsgholembranes.
The pores are large (NS conductance) and stable, with “open” wihegconds,
distinguishing them from most synthetic channels, which typicadilyduct in the pS
range with millisecond lifetimes. The structure-property studisggested that the
guanosine subunits play an important role in the self-assembly adteve ion channel.
The importance of the hydrophobic effect of the bis-sterol linkertren channel

formation was ruled out.

The replacement of the carbamate group with the urea group inrbldisteer of
3-1was designed to achieve a more stable and efficient sySlieapter 4). As a result,

guanosine-sterat-1 with bis-urea modifications also resulted in formation of laagd
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stable ion channels. The channels were longer-lived than those fdometthe
corresponding bis-carbamate analogue. In addition, both guanosine3sieant4-1 can

transport organic molecule (carboxyfluorescein) across phospholipid bilayebrane.

The research discussed in this thesis has demonstrated our hpproacd
synthetic ion channels based on ditopic lipophilic guanosine building ulesecThe
insight into the structure, properties, and functionality of tipisphilic nucleobase may
lead to more potential applications in biomembranes or as functi@maéterials. So far,
there are only limited numbers of examples of membrane acpeehilic guanosine
derivatives that have been reported. Since nanometer-size pores foyrheth ditopic
guanosine-steroB-1 and 4-1 were proposed by the planar bilayer membrane study,
stabilization and functionalization of these large pores may create systems for

biosensor or drug delivery.

The first strategy involves incorporating additional noncovalent ictierss into
the linker region of ditopic guanosine-sterol conjugate, similainab of compound!-1.
A possible target molecule includes pyrene-modified guanosina-stanjugates-1, 5-2,
5-3, with varying substitution positions on the pyrene ring. This gjyaie expected to
generate more stable ion channels, since sttanmteraction between pyrene subunit in
the sterol linker might work cooperatively with the self-assamabf guanosine group.
In addition, compoundS-1, 5-2, 5-3 can be further modified by replacing bis-carbamate
with bis-urea moiety in the sterol linker. Planar bilayer mesasents are a must to

evaluate the activity and stability of the self-assembled lamel formed by these
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guanosine-sterol analogues. Liposome studies are needed to clmragtether these

channels are capable of transporting larger molecules aceophdBpholipid membranes.
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The second strategy involves the development of functional ion channgl usi
guanosine-cholic acid conjugate4. The hydroxyl groups on the concauweface of
cholic acid are ideal places to introduce variable functionalitese approaches are
based on our structural hypothesis of the ion channels formed from thesmex
lithocholic acid conjugat&-4, where the G-quadruplex serves as a central pillar and the

sterol linker provides the hydrophobic wall of the ion channel.

R=-Si(Me),tBu
R=-OH
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The incorporation of certain functionality into cholic acid linkecompounds-4
may provide molecular recognition property for the self-assenguees. This research
may direct our approach to synthetic channels or pores that csete¢o recognize and

eventually selectively transport larger biomolecules in and out of liposomes eeltior
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Chapter 6. Experimental and References

6.1 General Experimental

All *H NMR spectra were recorded on a Bruker DRX-400, a Bruker Av400
instrument operating at 400.13 MHz, or on a Bruker DRX-500 operating at 506123 M
The **C NMR spectra were recorded on a Bruker DRX-400 and Brukendev&00
instrument operating at 100.61 MHz. Chemical shifts are repartpgm relative to the
residual protonated solvent peak. Variable temperattreNMR experiments were
controlled to +0.1 °C and calibrated with methanol at low temperataine ethylene
glycol at high temperature. All NMR spectra were recordéed2@25 °C (room
temperature) unless otherwise specified. Two dimensithdH COSY ¢H-'H three-
bond coupling),'H-*H NOESY {H-'H through space magnetization transféH;**C
HSQC (H-*C one-bond coupling) antH-**C HMQC ¢H-'*C multibond coupling)
experiments were run using previously published standard prot6tdis.ESI-MS
experiments were recorded on a JOEL AccuTOF CS. All fludrimexperiments were
carried out on a Hitachi F4500 fluorescence spectrophotometer. ThegoHitbdns was
monitored with a Fisher Scientific AR25 dual channel pH/ion metecular dichroism
(CD) spectra were recorded on a JASCO-810 spectropolarimeteaviitO cm and 1.0
mm path length quartz cuvette. Variable temperature CD exp@smere controlled by
an attached PFD425S Peltier system with a 1.0 cm and 1.0 mm pathdeagz cuvette.
Deuterated solvents were purchased from Cambridge Isotope Lalewatori
Chromatography was performed using 60-200 mesh silica purchase@&di@nand 40-

120 p Sephadex G-10 purchased from Pharmacia Fine Chemicals. Tein la
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chromatography was performed on Kieselgel 60 F254 and Uripl@#ica Gel GF
silica-coated glass plates and visualized by UV or by stainiig I, or an aqueous
solution of ceric ammonium molybdate (CAM). All chemicals andvesuts were
purchased from Sigma, Fluka, or Acros. Phospholipids used in the voltage eind
liposome experiments were purchased from Avanti Polar Lipids. Guan@Siag (G
1)164K"*4DNP G-quadruplex, and the potassium, sodium phenolates and ammonium
(**N) tetraphenyl-borate were prepared following the published methdbsolvents

were dried and distilled following standard procedures.

6.2 Synthesis

5'-t-butyl-dimethylsilyl-2’,3’-O-isopropylidene-Guanosine (G 1) To a suspension of
guanosine (10.0 g, 35.0 mmol) in acetone (500 mL) was added p-TsOH13.5 g,
71.0 mmol) and 2,2-dimethoxypropane (53 mL, 430 mmol). The resulting solution was
stirred at room temperature until it turned clear. Trigtmthe (10 mL, 71.0 mmol) was
added to neutralize the solution. A precipitate formed, and the salgentemovedn
vacua To a suspension of the residue and imidazole (1.94 g, 29.0 mmol) in methyle
chloride (150 mL) was addedbutyl dimethylsilyl chloride (4.32 g, 29.0 mmol). The
reaction mixture was stirred overnight, and TLC analysis indictite reaction was
complete. The reaction mixture was washed with 0.1 N HCI, satuNattCQ and
saturated brine and concentratadvacuo Recrystallization of the crude product from
isopropanol gave a white solid G (3.85 g, 59 %JfH NMR (400 MHz, 1:1

CD,Cl,:CDsCN): § 9.59 (s, 1H,NH1), 7.66 (s, 1H, H8), 5.93 (d, 1H, H1’, J = 2.0 Hz),
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5.50 (s, 2H, N2), 5.15 (dd, 1H, H2’, J = 2.2, 6.0 Hz), 4.94 (dd, 1H, H3’, J =2.7, 6,0 Hz)
4.23 (m, 1H, H4', J=2.7 Hz, 10.0 Hz), 3.76 (m, 2H, H5', H5”, J= 6.0, 10.0 Hz, 6.0 Hz),
1.55 (s, 3H, Ch), 1.34 (s, 3H, Ch), 0.85 (s, 9H{-Bu), 0.01 (s, 3H, Si (CH)), 0.00 (s,

3H, Si (CH)).

Hexadecamer of G 1);e#4Na’*4DNP". A suspension of G(100 mg, 228mol) in 6 mL
of CH,Cl, was stirred with a NaDNP solution in water (4 mL, 228 mM) ainr
temperature for 5 h. The organic layer was separated and dried vamerm. The
residue was dissolved in 4 mL of @B, and 4 mL of CHCN. The resulting clear
solution was allowed to evaporate slowly at room temperaturellow €rystals of
Gi1e4Na'*4DNP formed after 3 daysH NMR (400 MHz, 1:1 CBCl,:CDsCN): § 11.71
(s, 1H, NH1), 11.46 (s, 1H, NHJ, 9.95 (s, 1H, N2 &), 8.09 (d, 2H, DNP aniom-H, J

= 8.1 Hz), 7.58 (s, 1H, HB 6.89 (s, 1H, H§, 6.33 (s, 1H, H1), 6.20 (t, 1H, aniop-H,
J=8.1Hz), 6.01 (d, 1H, H2J = 6.0 Hz), 5.68 (s, 1H, N2gk), 5.56 (t, 1H, H2, J = 4.0
Hz), 4.78 (d, 1H, H3' J = 3.7 Hz), 4.38 (d, 1H, H3J = 6.0 Hz), 4.28-4.10 (m, 4H, H4',
H5", 3.72 (d, 1H, H3' J = 6.4 Hz), 3.68 (d, 1H, H5J = 9.3 Hz), 3.19-3.16 (m, 2H,
H5", 1.57 (s, 3H, CH), 1.54 (s, 3H, Chl), 1.47 (s, 3H, Ch}), 1.37 (s, 3H, CHY), 0.85
(s, 9H, SitBu,), 0.47 (s, 9H, StBuy), 0.15 (s, 6H, Si-Ch}), 0.14 (s, 6H, Si-Ch), -0.41
(s, 3H, Si-CHy), -0.46 (s, 3H, Si-CH). The designators a) and b) reflect the upper and

lower G-quartets respectively.

Hexadecamer of the Gg4NH;*4DNP. To a solution of 3.3N NEOH (138 pul, 457
umol) in O (4 mL) was added 2,6-dinitrophenol (84 mg, 456%ol). The mixture

solution was stirred at room temperature for 40min. A suspensionldflG0 mg, 228
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umol) in 6 mL of CKCl, was stirred with NEDNP aqueous solution at roc
temperature for 4h. The organic layer was separatetl dried under vacuum. TI
organic layer was separated and dried under vaclibmresidue was dissolved in 4 1
of CH,Cl, and 4 mL of CKCN. The resulting clear solution was allowed toparate
slowly atroom temperature. Orange rod crystals wg4NH; *4DNF formed after 2
days. '"H NMR (400 MHz, 1:1 CLCL:CD:CN): H NMR (400 MHz, 1:1
CD,Cl»:CDsCN): § 11.50 (s, 1H, NH,), 11.36 (s, 1H, NH), 9.25 (s, 1H, N2 a.), 8.11
(d, 2H, DNP aniorm-H, J = 8.1Hz), 7.62 (s, 1H, H, 7.07 (s, 1H, Hy), 6.28 (s, 1H,
H1'), 6.21 (t, 1H, aniop-H, J = 8.1 Hz), 5.72 (d, 1H, H2J = 6.0 Hz), 5.58 (s, 1H, N
Hea), 4.74 (t, 1H, H2' J = 4.0 Hz), 4.34 (d, 1H, by, J = 3.7 Hz), 4.2%.09 (m, 4H, H4'
H5'), 3.68 (d, 1H, H3' J = 6.0 Hz), 3.13 (d, 1H, F,, J = 6.4 Hz), 3.01 (d, 1H, F,, J =
9.3 Hz), 3.193.16 (m, 2H, H5'), 1.57 (s, 3H, (), 1.54 (s, 3H, Chp), 1.47 (s, 3H,
CHap), 1.37 (s, 3H, Cht), 0.85 (s, 9H, SiBuy), 0.47 (s, 9H, SiBuy), 0.15 (s, 6H, &

CHsg), 0.14 (s, 6H, SCHas), -0.41 (s, 3H, Si-Ckh), 0.46 (s, 3H, $CHsy. The

designators a) and b) reflect the upper and lov-quartets respective

Methyl lithocholate (3-12)Methyl lithocholate 3-12 was prepared following tF
procedure of Thchtrop and Cov® and purified by crystallization froracetonitrile to
give a white solid in 96% yield. mp 1-123 °C. *H NMR (400 MHz, CDGs) 5 3.64 (s,
3 H, -CGQCHa), 3.60 (m, 1 H-CH-OH), 2.35-0.89 (m, 34 H)0.62 (s, 3 H-CHa); :°C
NMR (100 MHz, CDC¥): 6174.8, 71.9, 56.5,55.9, 51.5, 42.7,42.1, 40.4,,4862, 35.8
35.4, 35.3, 34.6, 31.1, 31.0, 30.5, 28.2, 27.4,254.2, 23.4, 20.8, 18.3, 12.0. -MS

[M+H] " calcd for GsH4303391.3, found 391.1.
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Bis[(24-methoxycarbonyl)-3-lithocholanyl]-N’,N- xylylene Dicarbamate (i-13).To a
solution of3-12(1.06 g, 2.70 mmol) in dioxane (23 mL)-xylylene diisocyanate (0.2
mL, 1.36 mmol) and DABCO (0.06g, 0.53 mmol). Thextare solution was stirre
under N at 70C for two days. The organic solvent was evaporatatkr reduce presst
and the remaining solid was purified by column ohatography (Si,, 6:1 Benzene:
EtOAc) to give3-13as a white solid (1.27 g, 73%'H NMR (400 MHz, CDCs) 3 7.28
(m, 1 H, ArH), 7.187.16 (m, 3 H, A-H), 4.87 (m, 2 H, 2-N-CH,Ar), 4.63 (m, 2 H, -

CH-O-CONH), 4.33 (d, 4 HJ = 6.0 Hz,2-NH-GH,Ar), 3.64 (s, 6 H, -CO,CHg), 2.34-
0.89 (m, 68 H), 0.62 (s, 6 H-CH3). **C NMR (100 MHz, CDGJ): 8 174.7, 156.2, 139.:
128.9, 126.5, 75.0, 56.9, 51.4, 44.8, 42.7, 41084,440.1, 35.7, 35.3, 34.5, 32.6, 3:
30.9, 28.1, 27.0, 26.3, 24.1, 23.2, 20.8, 18.20.12ES-MS [M+NH,]" calcd for

CeoHosN305986.7, found 986.¢

Bis(24-carboxyl-3iithocholanyl)-N’,N-xylylene Dicarbamate (344)A mixture of 3-
13(0.35 g, 0.36 mmol) in MeOH(100 mL) was stirred?&’C until complete dissolutiol
Then 18 mL of 1N NaOH solution was added. The reaahixture was allowed to si
under N for 4 h at 70C. Then the solution was acidified by 1N HCI to @-5. The
solvent was removed under reduced pressure. Theradlture was dissolved in C,Cl,
and washed with water. The organic solvent was @e@d under reduced pressure
give 6aswhite solid (0.17 g, 50%™H NMR (100 MHz, DMSO-d6) 5 7.50( m, 2 H, 2-
NH-CH,Ar), 7.23 (m, 1 H, A-H), 7.10 (m, 3 H, AH), 4.46 (m, 2 H, -CH-O-CONH),
4.12 (d, 4 HJ = 3.2 Hz, -NH-CH,Ar), 2.200.89 (m, 68 H), 0.60 (s, 6 H-CHg). °C

NMR (100 MHz,DMSQ-d6): 175.0, 156.0, 140.0, 128.0, 125.4, 73.4, 5895, 43.6
122



42.3, 41.3, 40.3, 39.5, 35.3, 34.8, 34.7, 34.24,3R.9, 30.8, 27.7, 26.6, 26.0, 23.8, 2.

20.4,18.2,11.9. EUS [|\/|+NH4]Jr calcd for GgHgoN305958.8, found 958.

Bis[24-(2',3’-bis-TBDMS,5’-amino guanosine)-3ithocholanyl]-N’,N-xylylene
dicarbamate (3-1).A solution 0f3-14(0.10 g, 0.11 mmol) and C[¥0.04 g, 0.27 mmol
in THF(20 mL)was stirred at reflux under,for 4 h. Then 2’,3’-bisFBDMS,5’-amino
guanosine (0.14 g, 0.28mol) was added and the reaction mixture was alolwestir ai
reflux for another 24h. Solvent was removed undstuced pressure and the cn
product was purified by column chromatography (;, 1:0.05 CHCI,:MeOH) to givel
as a white solid (0.12 g, %). *H NMR (500 MHz, DMSOs) 5 10.71 (bs, 2 H,-NH),
8.07 (t, 2 HJ = 5.75 Hz, -NH-COCH), 7.97 (s, 2 H, Hg), 7.50 (t, 2 HJ = 5.25 Hz, 2-
CH,NH-CQ,), 7.23 (m, 1 H, A-H), 7.08 (m, 3 H, AH), 6.48 (s, 4 H, T>-NH,), 5.69 (d,
2 H,J=8.0 Hz, 2H;), 4.66 (dd, 2 HJ; = 7.25 Hz J, = 4.25 Hz, 2H,'), 4.45 (m, 2 H, -
CH-O-CONH), 4.19 (d, 2 HJ = 4.0 Hz, 2H53), 4.13 (bd, 4 H, 2-NHGH.Ar), 3.84 (t, 2
H, J=6.5 Hz, 2H4), 3.433.33 (m, 4 H, 2Hs', 2-Hs"), 2.210.88 (m, 86 H), 0.66 (s, 18 |
2-3CH3), 0.57 (s, 6 H, ZH3), 0.07(d, 12 H, -Si€l3), -0.06 (s, 6 H, BiCH3), -0.31 (s,
6H, 2-SitHs); **C NMR (100 MHz, DMSO-d6): 173.7, 157.2, 156.6, 153.9, 151
140.3, 136.7, 128.4, 125.9, 117.1, 85.9, 85.2,,7832, 73.6, 56.3, 55.9, 43.9, 42.6, 4.
41.2, 40.5, 35.6, 35.2, 35.0, 34.5, 32.7, 31./8,38.0, 27.0, 26.3, 26.0, 25.8, 24.1, 2
20.8, 18.6, 18.1, 17.8, 12-4.4, -4.5, -5.4. ESI-MS [M+H]calcd. for (;o2H16dN14014Sis

1926.2, found 1926.3.
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Bis[(24-N-methylamide)-3-lithocholanyl]-N’,N- xylylene Dicarbamate (-16). To a
mixture of 3-14 (0.15 g, 0.27 mmol) in C,Cl, (6.0 mL), 2.0M CHNH; in THF (0.10
mL, 0.20 mmol), EDC (0.02g, 0.13 mmol) and DMAPO@y, 0.10 mmol) were adde
The reaction mixture was stirred unde, at 40°C for 48 h. The crude mixture w
concentrated and the remaining solid was purifigdcblumn chromatography (S,
20:1 CHCl:MeOH) to give3-16 as a white solid (20 mg, 40%H NMR (400 MHz,
CDCl) 57.28 (m, 1 H, A-H), 7.18-7.16 (m, 3 H, AH), 5.38 (bs, 2H, -NHCH), 4.87
(m, 2H, 2-NH-CH,Ar), 4.63 (m, 2 H, -CH-O-CONH), 4.33 (d, 4 HJ = 5.6 Hz, 2-NH-
CH,Ar), 2.79 (d, 6 HJ =3.2 Hz, 2-NHG3), 2.3490.89 (m, 68 H), 0.62 (s, 6H-CHs).

ESI-MS [M+H]" calcd for CgoHesN4Os 967.7, found 967.7.

Methyl 3p-mesyl lithocholate (~7). To a solution of4-6 (5.00 g, 12.80 mmol) ar
triphenylphosphine (10.07 g, 38.40 mmol) in dry THBO mL) was adde
methanesulfonic acid (1.66 mL, 25.60 mmol). Thectiea was heated to 40 °C a
DIAD (7.56 mL, 38.40 mrol) was added dropwise over 15 min. The mixtureitsah
became viscous white suspension. The reaction tivesdsvigorously under , at 40 °C
for 24 hours. The suspension was filtered and wahslyeTHF; the filtrate was dried t
remove the solvent undeeduced pressure. The crude product was purifiedlash
chromatography (Si§) 9:1 hexane:EtOAc) to give mesyled4-7 as a white crystallin
(3.44 g, 57%). mp. 102-105 °C.*"H NMR (400 MHz, CDC})  5.02 (m, 1H-CH-O-
SO,CH), 3.64 (s, 3 H,E0,CH3), 2.97 (s, 3 H, -SECH3), 2.340.89 (m, 34 H), 0.63 (s,

H, -CH3). *C NMR (100 MHz, CDGy): § 174.7, 80.6, 56.5, 56.0, 51.5, 42.7, 40.1, 4
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38.6, 36.8, 35.5, 35.3, 34.7, 31.7, 31.0, 30.9, 30.0, 28.1, 26.2, 26.1, 26.0, 24.1, 23.6, 21.0,

18.2, 12.0. ESI-MS [M-Hi]calcd. for GeHas0sS 469.3, found 469.3.

Methyl 3a-azido lithocholate (4-8) 4-7 (3.11 g, 6.65 mmol) and sodium azide (2.59 g,
39.91 mmol) were dissolved in DMPU. The reaction was stirred at G0r°€8 hours.

Water (60 mL) was added to the solution and a white precipagateetl. The white solid

was filtered and washed with water to yidi8 (2.55 g, 93%). mp. 92-94 °C‘H NMR

(400 MHz, CDC4) & 3.64 (s, 3 H, -C@CHs), 3.27 (m, 1H, -@&-N3), 2.34-0.89 (m, 34 H),

0.63 (s, 3 H, -E3). °C NMR (100 MHz, CDCJ): & 174.7, 61.2, 56.3, 55.9, 51.5, 42.7,
42.3, 40.4, 40.0, 35.7, 35.5, 35.3, 34.6, 32.4, 31.0, 30.9, 28.1, 27.0, 26.7, 26.3, 24.1, 23.4,

20.8, 18.2, 12.0. ESI-MS [M+Hgalcd. for GsHs2 N3O, 416.3, found 416.4.

Methyl 3a-amino lithocholate (4-9) To a solution o#-8 (1.51 g, 3.63 mmol) in THF

(56 mL) was added triphenylphosphine (1.34 g, 5.09 mmol). The mixturetiwas st

RT for 1 hour, water (3.0 mL) was then added into the solution. Theaeacas stirred

at RT overnight. The solvent was removed by the deduced pressuselitl residue was
crystallized with CHCN to give4-9 as a white crystalline (0.82 g, 58%). mp. 98-99 °C.

'H NMR (400 MHz, CDCJ) & 3.64 (s, 3 H, -C@Hs), 2.68 (m, 1 H, -B-NH,), 2.34-

0.89 (m, 34 H), 0.63 (s, 3 H, H3). *C NMR (100 MHz, CDGJ)): § 174.8, 56.5, 55.9,
51.5,42.7,425, 40.4, 40.1, 37.5, 36.1, 35.8, 35.4, 34.6, 31.4, 31.0, 30.9, 28.2, 27.3, 26.4,
24.2, 23.6, 20.8, 18.2, 12.0 (missing 1 C). ESI-MS [M-dd]cd. for GsHasNO, 390.3,

found 390.3.
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Bis[(24-methoxycarbonyl)-3-lithocholanyl]-N’,N-xylylene Diurea (410). A m-
xylylene diisocyannate (0.13mL, 0.84 mmol) THF (2 mL) solution was addguvise

to a solution o#-9 (0.82 g, 2.10 mmol) in THF (6 mL). A white precipitate formed after

5 min. The reaction was stirred at RT overnight. The solid wiaseid and washed with

THF to yield4-10(0.53 g, 65%). mp. 184-186 °CH NMR (400 MHz, CDC}) § 7.11

(m, 1 H, ArH), 7.05-7.00 (m, 3 H, AH), 5.63 (M, 2 H, 2-N-CH,Ar), 5.31 (m, 2 H, 2-
CONH-CH), 4.08 (m, 4H, 2 NH-8Ar), 3.64 (s, 6 H, 2-C@Hs), 3.32 (m, 2H, 2NH-
CH--CH), 2.34-0.89 (m, 68 H), 0.62 (s, 6 H, }8). °C NMR (100 MHz, CDCI3)3

174.7, 158.5, 139.9, 128.5, 126.2, 126.0, 56.4, 56.0, 51.5, 50.4, 43.8, 42.6, 42.5, 40.4,
40.1, 36.1, 35.7, 35.4, 34.6, 34.3, 31.1, 31.0, 28.5, 28.2, 27.1, 26.4, 24.1, 23.6, 20.8, 18.2,

12.0. ESI-MS [M+H] calcd for GoHgsN4Os 967.7, found 967.7.

Bis[(24-carboxyl)-3-lithocholanyl]-N’,N-xylylene Diurea (4-11) To a solution o#-10
(0.82 g, 2.10 mmol) in THF (100 mL) was added 1N LiOH solution (25 mL). The
mixture was reflux overnight. Then the solution was acidified witHHINI (28 mL) and
white solid crushed out of solution. Filtered the precipitate and edaghwith water
provide desired compountt11 (0.68g, 97%). mp. 236 °C (decfH NMR (400 MHz,
DMSO0) 5 12.0 (S, 2H, CO@), 7.22 (m, 1 H, AH), 7.05-7.00 (m, 3 H, AH), 6.12 (t, 2

H, J = 4Hz, 2-M-CHAr), 5.77 (d, 2 H, J = 8 Hz, 2-COINCH), 4.15 (m, 4H, 2 NH-
CH,Ar), 3.32 (m, 2H, 2NH-E--CH), 2.34-0.89 (m, 68 H), 0.62 (s, 6 H, }8). 1°C

NMR (100 MHz, DMSO):s 175.7, 158.2, 141.8, 128.9, 126.5, 126.2, 56.9, 56.5, 50.1,
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43.7, 43.1, 42.9, 36.7, 36.2, 35.7, 35.1, 34.8, 31.6, 31.5, 29.0, 28.6, 27.6, 27.0, 24.7, 24.2,

21.3, 19.0, 12.7.(missing 2 C) ESI-MS [M+Hjalcd for GgHgiN4Os 939.7, found 939.7.

Bis[24-(2’,3"-bis-TBDMS,5’-amino guanosine)-3-lithocholanyl]-N’,N-wlylene diurea
(4-1).CDI (0.11g, 0.66 mmol) was added into the a solutioa-d1(0.25 g, 0.26 mmol)

in THF(20 mL). The mixture was stirred at reflux underfor 4 h. Then 2’,3’-bis-
TBDMS,5-amino guanosine (0.35 g, 0.68 mmol) was added and the reactituremi

was allowed to stir at reflux for another 24h. Solvent was remaweter reduced
pressure and the crude product was purified by column chromatogi@iiy 1:0.05
CH,Cl,:MeOH) to give4-1 as a pale-white solid (0.09 g, 34%). mp. 250 °C (ddc).

NMR (600 MHz, DMSO#€g) & 10.62 (bs, 2 H, 2-N), 8.06 (m, 2 H, 2-N-COCH,), 7.99

(s, 2 H, 2Hg), 7.22 (m, 1 H, AH), 7.08 (m, 3 H, AH), 6.43 (s, 4 H, 2-ENH,), 6.12 (t,

2 H,J=7.2 Hz, Ar-CH-NH-CO), 5.76 (d, 2 HJ = 7.8 Hz, 3-CH-NH-CO), 5.69 (d, 2 H,
J=7.8 Hz, 2H,), 4.66 (dd, 2 HJ), = 9.6 Hz,J, = 3.0 Hz, 2H,'), 4.18 (d, 4 H) = 4.2

Hz, 2-NH-CH,Ar), 4.14 (m, 2 H, H3), 3.84 (t, 2 HJ = 6.6 Hz, 2H,'), 3.42-3.33 (m, 4

H, 2Hs', 2-Hs"), 2.13-0.89 (m, 86 H), 0.71 (s, 18 H, 243§, 0.59 (s, 6 H, 2-85),

0.08(d, 12 H, J =2.4 Hz, -SiG), -0.09 (s, 6 H, 2-SiB3), -0.34 (s, 6H, 2-Si8s); °C

NMR (100 MHz, DMSO-d6): 172.8, 157.3, 156.7, 153.6, 151.5, 140.9, 136.0, 128.0,
125.6, 125.3,116.8, 85.3, 84.8, 74.2, 73.4, 56.0, 55.6, 49.3, 42.8, 42.2, 42.0, 40.9, 35.8,
35.3, 34.9,34.2,33.9,32.2,31.4,28.1, 27.7, 26.8, 26.1, 25.7, 25.4, 23.8, 23.3, 20.8, 18.3,
17.8, 17.5, 11.8, -4.70, -4.77, -4.83, -5.68. ESI-MS [M+Eflcd. GoH171N16012Sis

1924.23, found 1924.29.
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Bis[(24-amino)-3-lithocholanyl]-N’,N-xylylene diurea (4-12)

Carbonyl di-imidazole (0.04 g, 0.27 mmol) was added to a solutidn1df0.10 g, 0.11
mmol) in THF (10 mL). The reaction mixture was stirred 8treunder Nfor 4 h. Then

2M CHsNH, in CH3CN solution (0.14 mL, 0.28 mmol) was added and the reaction
mixture was allowed to stir at reflux for another 24 h. White crpdeduct was
precipitated out when the solvent was reduced under vacuuere#ithe crude product
and the washed it with 1:1 GEBN and THF, giving}-12 as a white solid (0.05 g, 49%).
mp. 226 °C (dec)H NMR (400 MHz, DMSOds) § 11.97 (bs, 2H, -NCHs), 7.67 (m, 1

H, Ar-H), 7.66-7.05 (m, 3 H, AH), 6.11 (t, 2 H, J = 5.6 Hz, 2-CONCH,Ar), 5.77 (d, 2

H, J = 7.6 Hz, 2-CON-CH), 4.14 (m, 4 H, 2 NH-B,Ar), 3.31 (s, 6 H, 2NH-83), 2.21-

0.88 (m, 68 H), 0.60 (s, 6 H, 2H3). **C NMR (100 MHz, DMSOdg): § 172.9, 157.3,
141.0, 128.0, 125.3, 56.1, 55.7, 55.6, 49.3, 42.9, 42.3, 42.1, 35.9, 35.4, 35.0, 34.8, 34.2,
34.0, 28.1, 27.7, 26.8 , 26.1, 25.4, 23.9, 23.4, 20.4, 18.3, 18.1, 11.9. ESI-MS’[M+H]

calcd for GoHo7NeO4 964.75, found 964.75.

6.3 ESI-MS Experiment of G-quadruplex

Electrospray ionization mass experiments were performed on A&deuT
spectrometry, using the positive ionization mode. The G-quadruplextsature
solutions (~ 71 uM) in 1:1 CiTl,: CDsCN were injected into the mass spectrometer at a
flow rate of 4 pL/min. The ion intensities increased with the ays potential and the
orifice 1 voltage, which were set to 4-5 kV and 200-300 V, respayti Spectra were

required over an mfange of 7000 — 8100.
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6.4 NMR Titration

A stock solution of the G16-4Ne4DNP (2 mL) was prepared at a concentration

of 3.57 mM in CBCl,, and 2 mL sample of cation solution (KBrand*>NH,PhB ) in

a range of 17.8-35.7 mM was prepared insCR. Equal amount of G16-4NetDNP
(200 pl) was loaded into six 5 mm NMR tubes. An increasing amouw@tioin solution
(from 10 pl to 24 pl) was added into the aliquots of G16%4MN2NP in NMR tubes,
giving mixtures the following mole ratios: 1:0, 1:0.5, 1:1, 1:2, 1:3, 1:4.&tira solvents
were added into the NMR tube to make a titration sample in DACKCD;CN. A
constant volume of 500 uL was used in the NMR tube for each titratoothat the
concentration of G16+4N&DNP remained constant. The NMR spectra were recorded

after each titration.

'H NMR titration the chemical shifts of the amide protons of the G-quadruplex were

monitored, as the concentration of free catiohgKd**NH,") increased in the titration.

>N filtered*H NMR titration the chemical shift of th&N-labeled ammonium protons

were monitored, as the concentratiorJrLSNHll+ cation increased in the titration.

6.5™°N Filtered *H NMR Experiment

>N filtered 'H NMR experiments of°NH; PhB titration a solution of
G16+4Nd+4DNP in 1:1 CD:Cl,: CDsCN were recorded at 298 K with the HSQC pulse
sequencé®The experiments were conducted in the phase sensitive mode using the

Echo/Antiecho-TPPT gradient selection method. The relaxation dedsy8.0 s. The
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spectra were taken with a sweep of 16.0 ppm. A total of 48 scaesapplied for data

collection.

6.6 NOESY Experiment

The NOESY experiments of equimola’NH, PhB titration a solution of
G16+4Nd+4DNPin 1:1 CD:Cly: CDsCN were recorded at 298 K with the NOESYGPTP
pulse sequenc@’The experiments were conducted in the phase sensitive mode using the
TPPI method. The relaxation delay was 2.5 s, and the mixing tirse50@ ms. The
spectral width was 8012 Hz in each dimension. A total of 48 scares aeected for
each time increment. A total of 512 serial files were cadlgctesulting in a data matrix

of 512 x 2048.

6.7 Selective NOE Experiment

The selective NOE experiments of two equivaléiNH, PhB titration of a
solution of G16+4N24DNP in 1:1 CD,Cl,: CDsCN were recorded at 298 K with the 1 D
NOE pulse sequenc&The experiments were conducted using a selective inversion
pulse on the peak of interest. The relaxation delay was 5.0 s and mixing time was. 500 m
The spectra were taken with a sweep of 16.0 ppm. A total of 1600weamspplied for

the data collection.
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6.8 Planar Bilayer Conductance Experiments

Planar phospholipid membranes were prepared by the monolayer naetiosd, a
100um-diameter hole in a Saran partition. Monolayers were produced using a solution of
0.5% wi/v asolectin, 0.5% w/v DiPhyPC, 0.1% w/v cholesterolin hexane. dthsitjue
produces solvent-free phospholipidmembranes whose lipid composition (focudimg on
polar head-groups) is similar to that found in the mitochondrial outer membranéeri dif
from the natural membrane in lacking proteins. The aqueous solutiorineshta0 M
KCI, 1 mM MgCI2, and 5mM PIPES (pH 7.0). The voltage was clamjadgside was

ground) and the current recorded.

6.9 Reversal Potential Measurements

Planar membranes were formed as above using a 0.5% (w/v) asd@es% (w/v)
DiPhyPC, 0.1% (w/v) cholesterol in hexane solution. The aqueous solutithre drans
side contained 100 mM KCI, 1 mM MgCI2, and 5 mM PIPES (pH 7.0), and onghe ¢
side 1.0 M KCI, 1 mM MgCI2, and 5 mM PIPES (pH 7.0). The voltage clamped at
10 mV and the current recorded. Guanosine-st&iblas added either by stirring into
the water phase on the cis side of sealed membrane (aftargoatithod) or by
premixing with phosphate lipid (premix method). As the compdidstarted to form
channel, the voltage required to achieve a zero net current abeossetnbrane was

measured.
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6.10 Liposome Preparation

Liposomes were prepared by previously published metH3dtigh pressure
extrusion was performed on the AvaMtimini-extruder with a 100 nm polycarbonate
membrane. EYPC was purchased from Avanti Polar Lipids. Egg yelkk L
phosphatidylcholine (EYPC ethanol solution, 70 pL, 92 umol) was dissoh@d @k (3
mL), the solution was slowly evaporated under reduced pressure ovefinghesulting
thin lipid film was hydrated in 39 mM NaCl, 6.0 mM DPX, 1.5 mM canftuorescein
and subjected to four freeze-thaw cycles. The large multilamgosome suspension
(2.0 mL) was submitted to a high-pressure extrusion at room tetmge(21 extrusions)
through a 100 nm polycarbonate membrane. A sequential gel filtratiemgothat
equilibrated and eluted with HEPES buffer solution (10 mM HEPESnBONaCl, 1

mM EDTA, pH = 7) afforded a suspension of unicellular vesicles (LUVS).
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