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ABSTRACT'
Cells regulate gene activity by post-transcriptional silencing of the genes using
small double stranded RNAs (dsRNAs). This phenomenon is called RNA
interference (RNAi). In mammalian cells, RNA duplexes, termed as short
interfering RNAs (siRNAs), bind to cognate mRNA sequences and based on
complementarity, repress translation or cleave mRNA strands. This genesilencing pathway can be utilized to regulate various genes of interest. In
particular, this method can be used to target genetic, and viral diseases and may
help in cancer therapy. The anionic nature of siRNAs prevents them from
associating with the plasma membrane.
We have designed a new class of non-cationic phospholipid based delivery agents
that make use of the increased acidity of the vesicles in the endocytic pathway and
release cargo molecules into the cytoplasm. We have also shown that partially
fluorinated hydrocarbon lipids are two to three times more efficient than their
hydrocarbon counterparts. Using confocal fluorescence microscopy, we have
shown that these agents can efficiently deliver highly fluorescently labeled
ssDNA across the membrane into the cytoplasm. Our experiments show that these
constructs traverse the plasma membrane via clathrin and/or caveolin dependent
endocytic pathway.
For the second part of the thesis, we have designed lipidated peptides that
modulate G-protein coupled receptors (GPCRs), which form the largest
superfamily of cell surface receptors. The have important physiological and
pathophysiological roles including analgesia, appetite, inflammation, allodynia

and spontaneous pain and peptide hormones modulate most of these functions.
They are the most widely studied class of proteins and are targets for nearly 25%
of the drugs currently available in the market. Despite of all the success in
synthetic efforts to make peptides in large scale, there needs more studies to
improve their proteolytic stability, rapid clearance.
We have designed modified peptides that have sustained activity, longer
circulation and improved proteolytic stability. We have tested our model on a
variety of GPCRs in a platform approach, and the ligands showed enhanced
activity in all of the tested GPCRs. We have also shown that these constructs are
resistant to wash-off experiments. We are performing experiments to understand
the biophysical properties of these constructs. !
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CHAPTER'1'
Mammalian'Plasma'Membranes'and'Drug'Delivery'

!

1

Life would not be possible without compartments that keep vital components
within a cell segregated from outside influences. These barriers, termed
membranes, are considered as the fundamental for the functioning of a cell. E. N.
Harvey in 19511 wrote, “It can truly be said of living cells, that by their
membranes ye shall know them.” Cellular membranes distinguish the live cells
from the dead. Cells that cannot retain components inside and are permeable do
not function appropriately. Cellular membranes are composed of lipids, proteins
and carbohydrates. Lipids provide the structural rigidity, whereas proteins and
carbohydrates serve as transporters and signalling devices.2

1.1 Concepts of Membranes
The concept of membranes as barriers between the extracellular and cytoplasmic
contents has been around since 1773 when William Hewson showed the
hypotonicity-induced lysis of red blood cells. Later in 1855, plant biologists
Nageli and Cramer found that the rate of uptake of pigments by living cells was
different from dead cells. They concluded that plant cells contained an outer layer
and coined the term plasma membrane. Although studies conducted by Oventon
and Nernst laid the framework for a semi-permeable model, membrane structures
were overlooked until the key observation made by Langmuir. He found that fatty
acids spread out into a thin layer one molecule thick in an air-water interface.3
This result was complemented by experiments done by Gorter and Grendel on
blood chromocytes.4 They extracted lipids from blood chromocytes taken from
arteries and veins and obtained a quantity of lipids enough to cover the surface of
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chromocytes in a layer of two molecules. This finding led to the bilayer model of
the plasma membrane. In an interesting experiment, Danielli and Harvey found
that proteins bound to mackerel oil.5 They then went on to propose a model for
biological membranes where a lipid bilayer is sandwiched between proteins
thereby protecting the lipid from the aqueous phase.6

!
Figure 1.1 The sandwich model of the lipid bilayer as suggested by Davson and Danielli.6
[Reprinted with permission from John Wiley and Sons.]

!
With the advent of electron microscopy and the determination of structure
of soluble proteins in the 1950’s, various research groups proposed models
different from the initial bilayer model. Robertson7 suggested that,
“A membrane consists of a single continuous bilayer of lipid with the nonpolar
carbon chains at the center of the membrane and the polar ends pointed outwards.
The polar surfaces of the lipid bilayer are each covered by monomolecular films
of non-lipid. The outside surface of the membrane is chemically different in some
important way from the inside surface. The membrane is thus a chemically
asymmetric structure.”
He went on to say that the model does not explain the chemical
composition of the bilayer or the surface but is only to describe a general pattern.7
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!
Figure 1.2 The unit membrane model as suggested by Robertson7. [Reprinted with permission
from John Wiley and Sons.]

!
Singer et al. identified that the hydrophobic core of membrane-associated
proteins had to be inserted into the lipid bilayer to shield them from the aqueous
phase.8,9 Later, they went on to propose that the hydrophobic components of the
bilayer such as the lipids and integral membrane proteins move throughout the
membrane. This model was called the fluid-mosaic Singer-Nicolson model. The
fluid mosaic structure is therefore the two-dimensional orientation of integral
proteins in a viscous phospholipid bilayer solvent. It also states that the non-polar
fatty acid tails are dynamic and can be fluid to accommodated hydrophobic
proteins in the membrane. It also states that charged and polar head groups protect
the lipid bilayers from the aqueous environment and the lipid tails make them
impermeable to polar substances.
The fluid-mosaic model was used for explaining some of the results
published by other researchers. In one of the pioneering experiments to explain
fusion of biological membrane, Frye and Edidin observed that antigens expressed
on mouse and human cells intermixed after 40 min. of treatment with Sendai
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virus. The mixing was found to be independent of cellular protein synthesis, and
ATP synthesis but was very sensitive to temperature.10

!
Figure 1.3 The fluid mosaic model defined by Singer and Nicolson in 1972.8 [Reprinted with
Permission from AAAS.]

!
Since the fluid mosaic model was proposed there has been significant
development in cataloging the lipids of the cell membrane. There were very
interesting outcomes of some experiments which led to various other models and
in particular the lipid-raft model which has drawn attention and criticism.11,12
Simons observed that polarized epithelial cells had different compositions of
proteins and lipids in the apical and basolateral domains. The basolateral domain
had glycerophospholipids and the apical domain had glycosphingolipids and
cholesterol. This sphingolipids and cholesterol rich domain was termed as ‘lipidrafts’.13,14 Triton-X100 treatment and extraction at 4 °C has show these domains
to be detergent resistant. This lipid-based sorting mechanism has been implicated
in many signalling mechanisms specifically in the sorting of proteins for entry
into endocytic trafficking pathways.11

!

5

1.2 Diversity of Lipids in Bilayers
Membranes are made of hundreds of chemically different lipid molecules and
>108 individual molecules.15-17 The eukaryotic cells spends a major fraction of its
resources to generate these lipids and ~ 5% of the genes synthesize these lipids.18
This is because the lipids have three major functions in the cell. They are involved
in, i) energy storage in the form of triglycerides and steryl esters in lipid droplets,
ii) forming cell membranes including the production of discrete organelles, and
iii) signal transduction and molecular recognition as primary and secondary
messengers.
The major lipids that constitute cell membranes are: phosphatidylcholine
(PC),

phosphatidylethanolamine

(PE),

phosphatidylserine

(PS),

phosphatidylinositol (PI), and phosphatidic acid (PA). The hydrophobic portion is
diacylglycerols (DAG) containing cis-unsaturated or saturated fatty acids of
varying length. Transmembrane asymmetry is caused by the variation in the
composition of the outer versus the inner leaflet. The outer leaflet is primarily PC
and the inner leaflet has a higher percentage of PS. The charge and the conical
geometry of PE impose membrane curvature, which is used during fission,
budding, and viral fusion.18
Sphingolipids are the other major class that makeup the cell membrane.
The hydrophobic backbone is ceramide (Cer) that has trans-unsaturation allowing
it to form narrow cylindrical bundles. Sphingomyelin and glycosphingolipids
(GSLs) containing multiple carbohydrate groups form the major class of
sphingolipids. Gangliosides are sphingolipids with terminal sialic acids.19,20 They
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form an integral part of the glycocalyx imparting a negative charge on the cell
surface. The diagram below shows the distribution of various lipids in various
cellular membranes. Cholesterol is the major non-polar lipid on the cell
membranes. They are found in all the cellular membranes. Their interaction with
sphingolipids has been implicated in the formation of lipid rafts (discussed
above).18

!
Figure 1.4 The various membranes of the cell. The cell has various subcellular compartments each
of which has a different composition of lipids. This arrangement makes them unique and helps
them function properly.18 [Reprinted with Permission from NPG.]

!

1.3 Transport across membranes
Transport of molecules across the plasma membrane is of high importance for
pharmaceuticals. The membrane is not a passive barrier that allows transport of
any type of molecules. The classical models of biological transport are imperative
to explore new possible avenues of drug delivery.21
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1.3.1 Passive Transport
The mechanism by which molecules traverse the lipid bilayer without the use of
energy is termed as passive transport. Small hydrophobic molecules diffuse
through the membrane readily whereas polar charged molecules are excluded
from this diffusive process. Small molecules that are ‘drug-like’ are characterized
by indices calculated based on Lipinski’s ‘rule of five’.22 This rule assumes a
molecule to have good absorption and permeability based on their
physicochemical properties. The rule states that a drug should have:
1) No more than five hydrogen bond donors
2) No more than ten hydrogen bond acceptors
3) A molecular weight less than 500 Da
4) A partition coefficient (ClogKP) of less than five
Although the rule of five provides a basis for design, it cannot be treated
as a hard and fast rule for developing drugs and delivery routes.
The other modes of passive transport are through non-specific binding to
membranes and transport facilitated by channel proteins and transport protein. As
the name suggests, channel proteins form channels or pores in the membrane that
allow the movement of sugars and amino acids. These channels are very selective
and allow transport of certain ions and polar molecules. These channels are not
continuously active and respond to external ligand binding, mechanical or
electrical stimuli. Transport proteins are integral membrane proteins that bind to
molecules selectively and via the conformational change, transport them across
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the membrane. Transport proteins are specific for each class of molecules and are
even substrate specific within each class.
1.3.2 Active Transport
When the transport costs the cell energy in the form of ATP or in the form of an
ion gradient, the molecules are said to use an active transport mode. The transport
of molecules utilizing ATP hydrolysis is called primary active transport and the
translocation of a secondary molecule in the opposite direction by using the
electrochemical gradient is called the secondary active transport. Some of the
classical examples are the ATP-binding cassettes (ABC) transporter superfamily,
sodium-potassium, calcium, and the proton pumps, which involve P-type
ATPase’s. Imatinib, a tyrosine kinase inhibitor, is used in the treatment of chronic
myeloid leukemia (CML). It is transported by the human organic cation
transporter protein (hOCT1), an ABC transporter family member, and expelled by
the P-glycoprotein. Thus minor differences in the expression of these genes can
lead to failure of the therapy.23,24
Proteins involved in the secondary active transport are antiports or
symports. Antiports are proteins that transport two species of ions or small
molecules in the opposite direction. The sodium calcium exchanger is an example
wherein for each calcium ion that is transported outside, three sodium ions are
transported inside. Symports are proteins that transport more than one molecule in
the same direction. The sodium-dependent vitamin C transporter (SVCT1)
transports vitamin C along with the simultaneous diffusion of three sodium ions.21
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1.4 Membrane Interaction of Small Molecule Drugs
Membranes interact with their surroundings and are permeable to solutes based on
their properties. These solutes can be nonpolar, amphipathic, hydrophobic ions or
mono- and divalent ions.25 The interaction with biological membranes determines
the ability of drugs to be delivered to the target of interest. The drug molecule has
to, i) enter the membrane, overcoming the interfacial resistance, ii) traverse the
bilayer, and iii) exit the membrane bilayer overcoming similar interfacial
resistance. A thorough understanding of the interactions is necessary to predict the
adsorption, distribution, metabolism and excretion (ADME) properties of drugs.
The common physicochemical parameter used in prediction is the partition
coefficient. Partition coefficient (P) is defined as the ratio of concentration of
solute in two immiscible solvents. It is usually expressed as the logarithm of KP,
which is also a measure of lipophilicity.
KP = [C]Organic/[C]Aqueous
Permeability coefficient, P can then be defined as the product of partition
coefficient and diffusion coefficient (D), divided by the thickness of the
membrane (d); P = KPD/d.
Thus, the permeability of any drug through a lipid bilayer is proportional to its
partition coefficient into an organic solvent.26

1.5 Delivery of Small Molecule Drugs
For drugs that bind to targets on the plasma membrane, the bottleneck lies in
overcoming systemic circulation and the harsh serum conditions. But drugs with
targets inside the cell, the list of barriers is longer. Drugs that have been validated
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to date are mimics of biomolecules that have specific transporters. Drug delivery
to sub-cellular compartments is also achieved by designing membrane-permeant
molecules that can diffuse through the membrane and reach the target. This is
achieved by masking the polar groups with moieties that are susceptible to
enzymatic and acidic conditions of the cell. Masking of drug molecules to make
them more permeable has been widely termed as ‘prodrug-concept’.27

!
Figure 1.5 The role of a promoiety in transporting a drug molecule across the plasma membrane.
The modification improves the lipophilicity of the drug molecule helping it diffuse across the
membrane. Promoieties are chosen based on the functional group present on the drug. For
example, an alcohol group on the drug can be masked as an ester that can be cleaved
intracellularly. [Adapted from 27]

!
Prodrugs are now a well-established strategy for improving the
pharmacokinetic properties of potential drugs. Prodrug overcomes barriers such as
poor oral absorption, chemical stability, aqueous solubility, systemic metabolism,
brain penetration and other properties that were not previously addressed. Nearly
7% of the drugs currently marketed are prodrugs.27
The ‘prodrug’ approach is a handy strategy for drug design and is
applicable for a wide variety of small molecules. However, the pharmacokinetic
properties of the parent molecule are very crucial for designing prodrugs.
Traditionally, prodrugs are developed for improving the lipophilicity and
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membrane permeability of drug-like molecules. How ever there needs to be more
research in improving the site-selectivity of this strategy.
Table 1.1 List of drugs in the market that are prodrugs for improving cell permeability.27
Prodrug Name

Structure
O

Enelapril
O

Pivampicillin

HN

Angiotensin
converting enzyme
inhibitor

N

N
H

H2N

Function

O

O

COOH

O

O

N

O

β-lactam antibiotic

O

S

O

O
O

Oseltamivir

O

Anti-influenza

HN
NH2

O
H2N
N

Tenofovir
disoproxil

N

N

O

N

O
O
P O
O
O

O

O

Antiviral

O
O

O

Ximelagatran

O

H
N

O

O

NH
N

N OH
NH2

Anticoagulant

1.6 Targeted Delivery of Small Molecules
Recently, cell biological processes have been studied for applications in
targeted drug delivery. A number of endocytic pathways are being identified and
they are shown to be heterogeneous.28 This ensures that cargoes are internalized
to different location through different interactions during this process. A specific
example is the study of cholesterol conjugated β-secretase inhibitor. β-secretase
has a cytoplasmic domain that directs its internalization to the endosomes where
they are active. Transition state inhibitors have been developed that work well in
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vitro. But in vivo, they cannot localize into the endosomes and thereby impeding
their activity. Cholesterol as we have seen before, is concentrated in lipid rafts
where β-secretase is also located.29 Cholesterol modification of the inhibitor
allowed it to localize along with the target enzyme into the endosomes and
reduced the activity more efficiently than the soluble counterparts.
Ligands such as transferrin, folate and low-density lipoprotein (LDL) have
been exploited for targeted drug delivery since they have very high affinities for
their cognate receptors that are often over expressed in tumor cells. Anti-tumor
drugs doxorubicin and cisplatin have been conjugated to transferrin and were
shown to be more potent than the unconjugated drugs. Folate has also been used
for testing the targeted delivery to epithelial cancers. The folate receptors are GPI
anchored and are endocytosed in a non-specific mechanism. Liposome
formulations of folate-conjugated doxorubicin showed rapid internalization and
cytotoxic activity.30

1.7 Macromolecular Therapeutics
Scientists in pharmaceutical companies and academia have always equated
drugs with small molecules. All the problems involving synthesis, purification
and analysis of small molecules are thoroughly characterized. But the problem
still remains in identifying the lead compound for further optimization studies.
Over the past two decades, two distinct approaches have emerged. Combinatorial
library approach has expanded the class and number of compounds that can be
tested. But like traditional drug discovery, the approach is still based on
screening. The other approach is based on the intimate knowledge of biological
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processes involved in pathogenesis. It involves the discovery and design of
macromolecules

that

interact

with

targets

with

very

high

precision.

Macromolecules can be broadly classified into antisense oligonucleotides,
ribozymes, antibodies, gene therapy, and recombinant proteins and peptides.
Currently, there are ~ 43 monoclonal antibodies, ~ 154 proteins and ~130
synthetic peptides that have made it to the market in American, Japanese, and
European pharmaceutical markets and nearly 50 oligonucleotide based
therapeutics are in clinical trials.31 In 2004, ~ 20% of pharmaceuticals of the top
200 drugs were based on peptides, proteins and antibodies and accounted for ~
10% of the sales in the US. Despite these impressive numbers, there are still
problems associated with the image of macromolecules; they have to be injected
unlike small molecule drugs.32,33 But some of the bestseller drugs such as insulin,
erythropoietin and Exenatide (Byetta®), is administered by subcutaneous
injections.
There has been significant development in targeted tissue delivery, and
hydrolytic resistance of small and macromolecular drugs but the key issues that
has prevented ‘macromolecular therapeutics’ from being mainstream is their
inability to permeate cell membranes.34-37 Liposomal formulations have been
tested and are proven to be effective in in vitro studies but not many have made it
through to the clinic.

1.8 Perspectives
Direct lipid conjugation has been used previously for enhancing cellular
uptake and targeting to subcellular targets utilizing endocytic pathways.22,38
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Lipidated peptides have been used for plasma membrane targeting as in the case
of Pepducins39,40 and cholesterol modified oligonucleotides have been studied for
efficient gene knockdown.41 In the following chapters we will show that lipid
modification is a very attractive strategy for targeting various cellular
components.
In chapter 2 we will provide evidence that phospholipid modified
oligonucleotides can be efficiently transported across the plasma membrane into
the cytosol. We have also shown that the lipid modification does not impede the
activity of the cargo attached. The lipid-modified siRNAs are more active than the
unmodified controls.
In chapter 3 we will show that lipidated peptides can be used for
modulating receptors on the cell surface more efficiently than the unmodified
peptides. In collaboration with the Kopin laboratory in the Tufts Medical School,
we have a medium throughput platform for screening lipidated peptides that
modulate GPCRs. We have shown in at least three different systems that
lipidation improves the potency by 10-20 fold.
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CHAPTER'2'
NonDViral,'NonDcationic'Vectors'for'Delivery'of''
Small'Interfering'RNAs'and'Antisense'Oligonucleotides'
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2.1 Historical Significance of RNAi
Mutagenesis studies were started in T.H. Morgans lab as early as 1908 using
‘forward’ genetics screens.1 This technique led to the construction of the first
genetic map of Drosophila melanogaster. Though forward genetic screens have
taught us a lot, they were tedious. There was a constant need for manipulation of
gene expression in various fields of research. RNA mediated gene regulation was
hypothesized as early as 1961 by Jacob and Monod2 and by Britten and Davidson
in 1969.3 They predicted that regulatory non-coding RNA (ncRNA) could interact
with promoters to regulate genes. And nearly half a century later, RNA has been
shown to be involved in gene regulation and developmental timing. With the
advent of molecular biological techniques in the next few decades, researchers
started looking for a ‘back door entrance’ that would give them in depth
knowledge of gene functions quickly. The results of these breakthrough
experiments were termed as ‘co-suppression’ in plants4, ‘quelling’ in fungi5 and
‘RNA interference’ in nematodes.6 This ‘reverse genetics’ approach was adopted
quickly and by 1984, gene manipulation using transformed DNA constructs
expressing antisense RNA (asRNA) complementary to thymidine kinase mRNA
was attempted successfully.7 But no other discovery has made a bigger impact
than that of RNA interference (RNAi) since its discovery by Fire and Mello in
19986.

RNA interference is a conserved post-transcriptional gene silencing

process that is mediated by short double stranded RNAs (dsRNA) in siRNA8
(short interfering RNA) mediated processes or by short hairpin RNAs (shRNA) in
microRNA9 (miRNA) mediated processes.

!

20

Antisense studies using in vitro synthesized RNA showed consistent
reduction in the amount of phenocopies in C. elegans. Control experiments with
the sense strand also produced the same effect as that of the antisense.10 Fire and
co-workers tested a double-stranded RNA sequence instead of a single-stranded
antisense RNA to test the hypothesis that dsRNA is primarily responsible for the
silencing.6 They coined this method as ‘RNA interference’ to differentiate it from
the mechanism of antisense inhibition. Antisense RNAs are transcribed from a
promoter located on the opposite strand of the same DNA, which encodes for the
mature mRNA.11 They are also generated in trans and bind with partial
complementarity to the target RNA and can have many targets. The experiments
showed that RNAi was systemic and dsRNA was also shown to function
substoichiometrically with many copies of mRNA degraded per copy of dsRNA
again distinguishing it from asRNA. Western blotting and in situ hybridization
experiments identified that i) mRNAs targeted by dsRNA failed to accumulate
and ii) targeted genes were transcriptionally active but mRNAs were degraded
before they were translated.6,12 This led to the hypothesis that the activity was
localized in the cytoplasm. RNAi has since been tested in a variety of animals
including, trypanosomes, hydra, flies, planaria, zebrafish, and mice.13 But RNAi
made its statement when Tuschl and co-workers showed that these results could
be reproduced in cultured mammalian cells.14,15 With dsRNAs >30 bp long a
powerful physiological response was seen in the form of interferon synthesis.16 In
the interferon response, the >30 bp dsRNA binds and activated protein kinase
PKR and halts translation by phosphorylating the initiation factor eIF2a. The
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enzyme 2’-5’oligoadenylate synthetase also gets activated which in turn activates
RNase L and leads to mRNA degradation. This whole process is nonspecific.
Tuschl and co-workers were able to show that if the cells were treated with
siRNAs 21-22 nucleotides in length, they produce only sequence specific
reduction of gene expression.14,15 This discovery thrust forward the idea of RNAi
based approaches for studying biological processes. In addition to studying the
role of protein function in biological processes, siRNA could prove as an effective
mechanism in targeted silencing of disease causing genes.

2.2 Mechanism of RNAi
The mechanism of non-specific gene suppression via the interferon pathway has
been studied well.16-18 But there were only predictions on the mechanism of
sequence specific mRNA degradation through RNAi. Some key points derived
from the mechanistic studies were that dsRNA i) is required, ii) is catalytic; iii)
produced a non-cell-autonomous effect; and iv) was transmitted to F1 progeny in
worms.19 This heritable nature of dsRNA made researchers to believe the effect to
be through the epigenetic modification of chromosomal loci.20,21 But further
experiments suggested that the silencing was post-transcriptional since dsRNA
targeting intronic sequences did not silence genes.6 These findings suggested that
RNAi occurs in the cytoplasm.22 The catalytic activity and the systemic action of
dsRNA distinguished it from asRNA and altogether led to a hypothesis that i) the
target mRNA was recognized by dsRNA through Watson-Crick base pairing and
recruited nucleases to cleave the target strand and ii) the machinery involved was
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catalytically efficient since only a few copies of dsRNA were required for
complete silencing, or there was an amplification step.

Figure 2.1 Model mechanism of RNAi mediated gene knockdown.

Genetic studies in various organisms like C.elegans, Arabidopsis and
Neurospora have identified important components of the machinery that sequence
specifically degrade mRNA.23 This machinery, termed as the RNA induced
silencing complex (RISC) performs the challenging task of unwinding dsRNA,
binding the unwound ssRNA, and with the help of the loaded RNA ‘Guide
strand’, identify the target mRNA and degrade it.24 In humans, RISC is a
heterotrimeric complex composed of Dicer, dsRNA-binding protein TRBP (TAR
RNA binding protein) and Argonaute2 (Ago2).25,26 Long dsRNAs are cleaved by
RNase III endonuclease Dicer into 22nt duplexed short interfering RNAs
!
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(siRNA).27 It is proposed that the binding of siRNAs from the other end by TRBP
helps in the unwinding of the siRNA molecule. The next step is strand selection
by the PAZ domain of Ago228 (Figure 2.1). The sequence requirement for
selecting the guide strand over the passenger strand depends on the
phosphorylation pattern on the 5’ end.28 The common pattern is the presence on
5’ phosphorylated overhangs, and the 3’ end of the passenger strand may or may
not need phosphorylation. The PAZ domain binds to the end with the weakest
hybridization and the strand with the required phosphorylation pattern is loaded
onto the silencing complex. The other domain of Ago2, the PIWI domain has a
sequence homology to RNase H and is attributed to the actual cleavage of the
target mRNA and thus reduction in protein synthesis.29
Though this general mechanism seems to explain the outcome of RNAi, it
is still not clear as to how the RISC complex identifies its target. From studies
involving asRNA in various organisms, it is shown that RNA duplex formation in
vivo is not very favorable and so the RNA-RNA base pairing itself cannot be the
driving force for target identification. It is possible that the RISC complex itself
has a recognition motif similar to that of the RecA class proteins that search
genomic DNA for homologous sequences30 Nonetheless this mechanism has been
adopted by researchers to design therapeutics for highly sequence specific
inhibition of expression of pathological proteins. This mechanism can be
applicable to many classes of molecular targets that have been difficult to target
using small molecules.
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2.3 Therapeutic Applications of RNAi
siRNAs mechanistically have a therapeutic advantage over other small molecule
drugs. They have the ability to specifically and potently knock down protein
synthesis with short turn around times. Since its discovery in 1998, there has been
great commercial interest in RNAi based therapies. In its first decade of presence,
eight candidate drugs had entered clinical trials and from 2008 till present the
therapeutic pipeline has increased to eighteen active clinical candidates.31 Many
of the initially tested drugs were locally delivered without any formulations. The
first successful treatment was the intravitreal injection of Bevasiranib targeting
vascular endothelial growth factor (VEGF) for adult wet macular edema. There
have been many other leads that have been tested for macular edema like AGN745 targeting VEGF and PF-4523655 targeting RTP801.31 Other drugs worth
mentioning are ALN-RSV01 (Alnylam & Cubist) that targets viral RNA in RSV
infections. The siRNA which is taken by inhalation for direct delivery to the
lungs, is currently in phase IIb clinical trials and is expected to be the first RNA
based drug to make it to the market.32 There are many more RNAi based therapies
in clinical and pre-clinical development (Table 2.1) for other viral diseases,
neurodegenerative disorders, cancer, kidney disorders and cholesterol related
diseases.33
!
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Table 2.1 Selected examples of RNAi therapeutics in clinical and pre-clinical trials.33

!
Candidate
Sirna-027/AGN-745
ALN-RSV01
Excellair
Atu027
TKM-ApoB
TKM-EBOLA
RXI-109

Indication
Wet AMD
RSV infection
Asthma
Solid tumors
Hypercholesterolemia
Ebola infection
Dermal scarring

Target
VEGF-R1
Viral RNA
Syk Kinase
PKN3
ApolipoproteinB
Viral RNA
CTGF

Delivery
Retinal Injection
siRNA inhalation
siRNA inhalation
AtuPLEX lipoplex
SNALP lipoplex
SNALP lipoplex
Intradermal
injection

Abbreviations: AMD, age-related macular edema; VEGF, vascular endothelial growth factor;
RSV, respiratory syncytial virus; Syk, spleen tyrosine kinase; PKN3, protein kinase N3; CTGF,
connective tissue growth factor; SNALP, stable nucleic acid lipid particle.

2.3.1 Challenges For RNAi Therapeutics
2.3.1.1 RNAi Triggers - Safety, Potency And Functionality
The silencing effects of siRNA are due to the conversion of dsRNA into 21nt long
siRNAs. The activity of Dicer on dsRNA produces a 5’-phosphate end and a 3’OH with a 2-nt overhang.27 This step is very important because it has been shown
that capping the 5’ terminus of the guide strand significantly alters the silencing
activity. Experiments have verified that duplexes with free 5’-OH groups on the
guide strand are phosphorylated before being loaded to the RISC complex.8,28
Structural studies have established that the 5’-phosphorylated end of the guide
strand is recognized by the Piwi domain and the 2-nt overhang on the 3’- end is
recognized by the PAZ domain of Ago2 which has the nuclease activity that
hydrolyzes the target mRNA. Even if these criteria are met for designing siRNAs
for particular diseases, off-target effects still remain a challenging problem.
Off-target effects can be specific like miRNA mediated, non-specific or
due to saturation. Microarray analysis has shown that genes that have a 11-nt
sequence similarity with the 3’ end of siRNA sense strand also get degraded
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irrespective of the concentration of siRNA or the cell types tested. It was also
shown that if the siRNA duplex is not designed properly, there is an equal chance
of the sense strand being loaded onto the RISC complex that can target genes
even with partial complementarity. It was later discovered that the
complementarity of the 5’ end of the guide strand and mRNA was critical to offtarget effects. The positions 2-8 from the 5’ end of the guide strand were
identified as the critical nucleotides similar to the ‘seed region’ in miRNA
mediated silencing.32 There have been many strategies developed to overcome
this mode of off-target effects mostly through chemical modifications of the
sugar, backbone or the base itself. Specifically, Jackson et al. found that 2’-OMethyl modification of the ribose sugar of the second nucleotide on the guide
strand completely abolished off-target effects.34 They also found that the
modification at the 2nd nucleotide of the seed region in the guide strand was more
effective than at any other position. They also showed this down regulation of offtarget effects with many other siRNA sequences. They hypothesize that the 2’OMe modification decreases the free energy of binding to the target mRNA and it
also destabilized the guide strand’s interaction with the RISC complex. This
makes the RISC complex incapable of cleaving sequences with suboptimal
siRNA binding.
Duplex siRNA can induce off target effects by stimulating the innate
immune response. It has been demonstrated that siRNAs having particular
sequences can activate Toll-like receptors (TLRs) in plasmacytoid dendritic
cells35 and choroidal endothelial cells.36 The activated TLRs induced interferon-
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signaling pathway that caused non-specific silencing of target genes. The first
siRNA-based drug to enter phase III clinical trials was Bevasiranib, which
targeted VEGF. Further clinical trials with this drug were terminated after a study
showed that the anti-angiogenic activity of the siRNAs was mediated through
surface bound TLR3 by invoking the interferon-γ (INF-γ) signaling pathway and
not through the intended RNAi pathway.36,37 There has been significant
development in designing modified bases to overcome immunostimulatory
effects. 2’-OMe, 2’-F and Locked Nucleic Acids (LNAs) have been studied for
abrogating the TLR mediated immune response.
The implications of siRNA mediated immune response need to be
considered as much more important than ‘off-target’ effects.38 The TLR mediated
immune stimulation can lead to antibodies being synthesized leading to more
complications than intended39. Fortunately, chemical modifications can help us
design rules for safe and efficient design of RNAi therapeutics, and overcome one
more barrier, which leaves us with the problem of intracellular delivery.40
2.3.1.2 Delivery - Cell/Tissue Type
Though RNAi delivers promise as a class of drug candidates for many kinds of
diseases, cellular delivery presents a major roadblock. The mechanism of RNAi
requires that the siRNA be delivered across the plasma membrane into the
cytoplasm where the action to degrade the cognate mRNA takes place. Injection
of naked siRNA into some tissues has shown success but the in vivo efficacy of
un-modified siRNA is poor. They are instantly degraded by RNase A type
nucleases and the serum half life is very short (typically < 30 min). The kidneys
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also rapidly clear the siRNAs since the glomerular molecular weight cut-off of 60
kDa is much higher than the siRNA molecules that are around 14 kDa. The
negatively charged nature of siRNAs (~40 per molecule) prevents them from
associating with mammalian cell surfaces hindering access to target. To overcome
these barriers and ensure an efficient delivery of siRNA, vectors with appropriate
properties are required. To design such vectors, we need a thorough
understanding of both the cellular uptake process and biomolecule functionality.

2.4 siRNA Delivery Vectors
Delivering duplex siRNAs has been traditionally achieved using viral or non-viral
vectors. Apart from these two modes of delivery, others techniques have been
tested as alternatives.40 Plasmid vectors have been successfully used for
expressing shRNA in actively growing cells because the nuclear envelope
disintegrates during mitosis. But for primary cell culture, this technique may not
be applicable. Many lentiviral and retroviral strategies have been employed for
stable expression of shRNA.41 In a viral vector, therapeutic genes are inserted and
non-essential viral genes are deleted from the genetic makeup thus making them a
specialized vector system to overcome the barriers of delivery and provide long
lasting function in host systems. Owing to the immunogenic effects of viruses in
humans, safer approaches in the form of non-viral delivery vectors are being
explored. Non-viral delivery systems have been developed with a bottom up
approach to include minimal functionalities. Many non-viral strategies like
cationic peptides and lipids, liposomal encapsulation and other nanoparticle
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techniques have been studied extensively.42 Figure 2 shows the various delivery
systems currently used for studying therapeutic roles of siRNAs.
35%

Cationic peptides

Carbon nanotubes

Yeast, bacteria-derived

Liposomal

5%

Polymers

10%

Viral particles

15%

Dendrimers

20%

Iorganic nanoparticles

25%

Targeted Systems using peptides, aptamers

30%

0%

Figure 2.2 RNAi delivery systems currently used for laboratory purposes.43

2.4.1 Viral Delivery
Viral vector mediated delivery of siRNAs is used for studying functional
genomics through sustained gene silencing. In vivo delivery of siRNAs has been
achieved by using Lentiviruses (LV), Adenoviruses (AV) and Adeno-Associated
viruses (AAV). Retroviruses have also been studied extensively but their
disadvantages precede their utility. The major issue with retroviruses is the
random integration of viral genes into the genome that can trigger oncogene
expression leading to cancer and tumor progression.44 Viral vectors LV and AV
have been designed to deliver shRNAs that can be recognized and cleaved by
Dicer into 21-nt dsRNAs that can then proceed through the RNAi cascade. These
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vectors have been studied in the treatment of cancer, cardiac diseases, virus
infections, neurodegenerative diseases and retinal diseases. The main difference
between LV and AV mediated delivery is the extent to which they get integrated
into the host genome. While LVs are known to integrate into the genome of nondividing cells, AV doesn’t integrate or replicate. To overcome this disadvantage,
AAVs are currently being utilized since they can infect dividing and non-dividing
cells and integrate into the host genomes.
LVs have long been studied for delivering genes into non-dividing cells
and have been shown to transduce genes locally after intramuscular injections of
VEGF expressing LV vectors.45 Singer et al., have studied the reduction of
Alzheimer-typical plaque formation with local injections of LV vectors
expressing siRNA that silence beta-secretase 1 (BACE1). They found that the
effect was local, and that there was significant reduction in plaque formation at
the hippocampal site of injection and not at the untreated neocortex.46 In a more
recent study, LV vector mediated RNAi was used for demonstrating the
therapeutic treatment of prion disease.47 The U6 promoter driven expression of
shRNAs targeted the prion protein (PrP). A single local injection of LV vectors
into the hippocampus of prion disease positive mice showed 80% reduction of PrP
mRNA expression, spongiform degeneration and neuronal loss. The treatment
also reduced early onset behavioral characteristics seen in prion disease. In a
different study LVs have been used for delivering siRNAs that target multiple
genes in HIV. This triple anti-HIV RNA expressing LV included shRNAs
targeting Tat and Rev mRNA, a TAR decoy and an anti-CCR5 ribozyme. The LV
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vector transduced CD34+ cells and protected progenitors from HIV challenge. In
a mouse xenograft model, the transduced cells also generated functional HIV
resistant T-cells.48
Adenoviral methods of delivery have been widely used for gene therapy
where short-term activity is required. The advantage of AVs is that they do not
integrate into the genome and cannot cause oncogene expression. But it is also a
disadvantage because the genetic information is not conserved during replication.
They have been primarily used in tumor targeting with suicide genes. They
require strict cell surface receptors on target cells, and most tissues of interest lack
them and hence don’t show tissue tropism. The major disadvantage is
hepatotoxicity and has been detrimental in the use of AVs in therapy.41,44
Adenoviral delivery of siRNA has been studied in vivo in GFP expressing
transgenic mice and was shown to be effective after a local injection in the brain.
This investigation highlights the promise of gene knockdown. RNAi based cancer
therapy has been interrogated by many groups using adenoviral delivery of
shRNAs. The studies were done using subcutaneous or tumor injections of
adenoviral vectors.49 Many types of oncogenes have been targeted and show
reduction in tumor growth. Though these experiments produced successful
results, not all tumors can be targeted by local injections.44 There have also been
more promising studies in rats by intratracheal application to silence the protein
annexin A2 via the inhalation of AV vector formulations that targeted cells
carrying the specific promoter, surfactant protein C (SP-C).50 Gene silencing was
achieved only in 15% of the cells that were targeted and is not clinically
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appreciable. Many other disease models have been evaluated using AV vectors
but only with modest success. In most of the studies, hepatotoxicity was the
limiting factor with the dosage required and has prompted researchers to consider
new strategies to improve cell and tissue tropism and toxicity.44
Other viral vectors that have been studied for siRNA delivery are AAVs
that are non-pathogenic, and have a broader range of cell targets including nondividing cells. AAVs expressing shRNAs have been used to study spinocerebellar
ataxia, Huntington’s, cardiac and various viral diseases. AAVs need to be studied
in greater details since they seem to be the best option of the viral class of
vectors.41
The major challenge for viral vectors is the interferon response that is
indirectly induced by the cytoplasmic pattern recognition receptors (PRRs) like
RNA-activated protein kinase R (PKR) and retinoic-acid-inducible-gene I (RIGI). The other significant issue is that with continuous expression of shRNAs, the
natural RNAi pathway is hijacked, and causes fatal toxicities due to exportin 5
saturation and off-target effects due to presence of excess antisense RNAs. In vivo
studies in mice model of Hepatitis B Virus (HBV), AAVs targeting the HBV led
to liver toxicity.51 Interferon response was ruled out since it was found that a lot
of endogenous miRNAs were detected in decreased levels. Overexpression of
exportin-5 in mouse liver enhanced silencing, and led to the conclusion that
exportin-5 saturation is a major hurdle for use of viral methods in humans.51
Viral vector mediated RNAi has become a very valuable technique in
studying diseases and many have demonstrated proof-of-concept studies in animal
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models of cardiac, retinal, viral and neurodegenerative disease. Nonetheless there
are concerns over the use of viral vectors due to their disease causing potential
and the lack of effective agents that can block errant viral infection.
2.4.2 Non-Viral Delivery
Non-viral vectors are a growing class of delivery systems for siRNA. ‘Naked’
siRNAs, cationic lipids, polymers and peptides make up this class of delivery
vectors. Each of these methods offers different degrees of sophistication and
efficiency following different mechanisms of transport. Non-viral delivery
methods have no infectivity or oncogenicity associated with them. They also offer
lower cost of synthesis and in vivo formulations.
2.4.2.1 ‘Naked’ siRNAs
The direct application of ‘naked’ unformulated siRNAs has been the choice of
delivery method during the initial discovery phase. RNAi therapeutics in clinical
trials still use this method for the local delivery of siRNAs by intravitreal and
intradermal injections into the eye and skin respectively or for intranasal
applications but are restricted by the limited number of accessible organs.52
Transfer of siRNA has been achieved in combination with electroporation,53,54
ultrasound55,56 or hydrodynamic pressure.57 De Souza et al., demonstrated RNAi
in hepatocytes by rapid injection of large volumes of ‘naked’ siRNAs in a short
period of time.58 This technique has side effects such as right-sided heart failure
due to volume overload and is not relevant to human therapeutics. Systemic
injection of unformulated ‘naked’ siRNAs has yielded lower efficacies, difficult
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to quantify due to rapid renal clearance and degradation by serum nucleases.40
Chemically modifying the sugar backbone59 and/or capping the ends of sequences
has shown to improve serum stability of the RNA construct.60,61 Although more
stable and resistant to serum nucleases, the modified siRNAs are still subject to
renal clearance. An efficient non-viral vector would deliver siRNA across
membranes and facilitate release from endosomes to the cytosol where the gene
knockdown takes place. Therefore use of systemic injection of naked siRNAs is
not appropriate when the target organ is not the kidney or liver.
2.4.2.2 Cationic lipids
Liposomes have been traditionally used for encapsulation of drugs for
delivery. However the interaction of nucleic acids with anionic phospholipids
used in the preparation of liposomes was detrimental. Felgner and coworkers
solved this problem by using cationic lipids. They synthesized a quaternary
ammonium containing lipid, DOTMA62,63 and showed that small unilamellar
vesicles (SUVs) composed of this lipid condensed plasmid DNA into lipid-DNA
particles (LDP), which fused with the plasma membrane of mouse, rat and human
cells in vitro resulting in uptake and expression. Many different cationic lipid
molecules have been synthesized (Figure 2.3) since then. Shown below in Table
2.2 are the compositions of some commercially available transfection reagents
that have become bench top reagents in molecular, cellular and chemical biology
labs.
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Figure 2.3 Selected examples of cationic lipids commercially available for transfecting plasmids
and siRNA64. Abbreviations: DOSPA, 2,3-dioleyloxy-N-[2-(sperminecarboxamido)ethyl]-N,Ndimethyl-1-propanaminium chloride; DOGS, dioctadecylamido-glycylspermine; DOTAP, 1,2dioleoyloxy-3-[trimethylammonio]-propane; DOTMA, N-(1-(2,3-dioleyloxy)propyl)-N,N,Ntrimethylammonium chloride; DORIE, 1,2-dioleoyl-3-dimethyl-hydroxyethyl ammonium
bromide); DC-Chol, 3β-[N-(N’,N’-dimethylaminoethyl)carbamoyl) cholesterol; DOPE, dioleoyl
phosphatidylethanolamine.
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Table 2.2 Selected examples of commercially available transfection agents.65

!
Name
DOTAP
Lipofectin
DOTAP/CHOL;
DOTAP/DOPE
DOSPER
Lipofectamine

Composition
1.29 mM DOTAP in pH 6.2 MES buffered saline
DOTMA:DOPE 1/1 w/w
1:1 mol/mol ratio in 20 mM HEPES buffer

Vendor
Roche
Life
Sigma

0.92 mM DOSPER in buffer
DOSPA:DOPE 3/1 w/w in water

Roche
Life

Abbreviation: DOSPER, 1,3-dioleoyloxy-2-(6-carboxyspermyl)-propyl amide

More recently, lipid-nucleic acid particles stabilized by polyethylene
glycol have been shown to be efficient in the delivery of siRNA in vivo in several
models. Stable nucleic-acid lipid particles (SNALPs) have been shown to inhibit
HBV replication through delivery of siRNA-SNALP complexes targeting HBV
RNA.66 In other experiments SNALP-siRNA complexes were shown to inhibit
ApoB production in the liver of cynomolgus monkeys. The complex showed 90%
knockdown after 48 hours of injection and persisted for 11 days at the highest
dose.67 This was the first study to show sequence specific gene knockdown in
non-human primates. SNALP formulations were also shown to protect guinea
pigs against Ebola virus post exposure. The complex targeted the polymerase (L)
gene of Ebola virus. Initial experiments in mice had shown that the immune
system was stimulated by activation of interferon α and β that also enhances the
efficacy of the SNALP.68
This result suggested that certain cationic lipids could be toxic if they can
stimulate the immune system. Cationic lipids have been previously shown to be
toxic is some model systems in the delivery of plasmid DNA.69-73 These synthetic
agents have also been shown to induce the immune system and enhance the offtarget effects of siRNAs.74-76
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2.4.2.3 Cationic polymers
Polymers containing long repetitive cationic moieties form this attractive class of
materials. Such materials have the ability to condense large nucleic acids into
stable nanoparticles and stimulate non-specific endocytosis and endosomal
escape. The recurring hypothesis for the endosomal release is the ‘proton sponge’
effect.77 The polymers act as buffering agents by quenching protons in the
endosome and thereby activating the influx of counter ions.78 This increases the
osmotic pressure inside the endosome leading to lysis of the vesicle releasing the
complexed nucleic acid into the cytosol. Depending on the siRNA:Polymer ratio,
the total charge of the complex can be manipulated for optimizing maximal
efficacy. Polymers have a distinct advantage over other types of delivery vehicles.
The degree of charge, hydrophobicity, length, and structure can be controlled by
proper design of the polymer.79,80
Some of the most commonly used polymers are polyethyleneimine (PEI),
poly-L-Lysine (PLL) and polyamidoamine dendrimers (PAMAM) (Figure 2.4).
But PEI has been investigated as carrier for a wide range of nucleic acid based
gene therapies including plasmid DNA, siRNA, and antisense-ODN.81-85 PEIsiRNA complexes have been used for various local applications. Intrathecal
injection of a siRNA-PEI complex targeting the pain receptor NR2B in rats
showed selective knockdown with maximal mRNA degradation after 3 days and
associated protein levels on day seven.86 PEI-siRNA complexes administered
intraperitoneally targeting the c-erbB2/neu (HER-2) receptor resulted in marked
tumor reduction in mice.84
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Figure 2.4 Selected examples of polycationic polymers used in gene and siRNA delivery

Though PEI and other synthetic polymers have shown to be effective in
packaging and delivery of siRNAs, they are associated with significant
cytotoxicity.87 PEIs and PLLs have been shown to trigger cell death by activating
necrotic and apoptotic mechanisms.88 The cytotoxicity worsens with increasing
polymer molecular weight and branching.89,90 Lower molecular weights91-93 or
PEG modified PEI94 are shown to reduce the toxicity levels but also reduce the
efficiency of transfection.95,96
A biocompatible, biodegradable and non-toxic alternative to these
synthetic polymers is a natural polymer system such as a cationic chitosan
derivative. It is well established that DNA-chitosan nano-complexes offer
nuclease resistance and disrupt lysosomal vesicles for delivery97,98 and chitosan
siRNA complexes have been shown to modulate gene silencing in vitro and in
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vivo with no acute toxicity.99,100 But natural polymers lack the flexibility of
custom modifications that are possible with synthetic polymers.
2.4.2.4 Cationic peptides
Nearly 25 years ago Frankel et al and Green et al identified a peptide sequence
from the HIV-1 trans-activating protein, Tat, that was internalized readily by
mammalian cells.101,102 A few years later, the Antennaepedia homodomain
(Penetratin) of D. melanogaster was discovered to behave in a similar manner to
the Tat peptide.103 Tat and Penetratin peptides were successfully used for
transporting macromolecules into cells. A separate field focusing on cell
penetrating peptides (CPP) has rapidly expanded based on these results. More
sequences were discovered and also engineered for use in the delivery of drugs
into cells. Selected classical examples are shown below in (Table 2.3). CPPs can
be classified as cationic or amphipathic. Cationic CPPs contain multiple Lys
and/or Arg residues in the sequence whereas amphipathic sequences contain
alternating polar and hydrophobic amino acid residues.
Table 2.3 Cationic and cell penetrating peptides.104
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Name
Tat (48-60)
Oligoarginine
pAntp
Transportan
MPG

Origin
HIV-1 Protein
Tat derivative
Antennapedia
homeodomain
Galanin-mastoparan
Chimeric

Sequence
GRKKRRQRRRPPQQ
Rn
RQIKIWFQNRRMKWKK
GQTLNSAGYLLGKINLKALAALAKKIL
GALFLGFLGAAGSTGSTMGAWSQPKKK
RKV

The mechanism of uptake of CPPs is yet to be clarified but many
experiments have shown that the first step is the electrostatic interaction of the
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peptides with cell surfaces followed by nonspecific endocytosis. The precise
mechanism is dependent on the cargo, conditions and cell lines used.105
Initial studies to test the ability of CPPs were carried out by forming noncovalent complexes with siRNAs. When the Tat peptide was simply mixed with
an siRNA targeting EGFP or CDK9, no detectable knockdown was measured. But
covalent conjugation of Tat to the siRNA led to significant down regulation of
target proteins.106 Similarly, Muratovska et al. conjugated siRNA targeting
luciferase or GFP to Penetratin or Transportan (Table 2.3) through a disulfide
bond to the 5’ end of the sense strand and showed significant gene knockdown.107
Davidson et al. demonstrated that this methodology could be used for RNAi in
‘hard to transfect’ neuronal cells and they were far more effective than
lipofectamine 2000 (Table 2.2).108 Simeoni et al. carried out the first successful
gene knockdown with a non-covalent complex of siRNA-CPP using an
engineered peptide MPG. MPG is composed of a hydrophobic sequence derived
from gp41, a hydrophilic nuclear localization sequence (NLS) derived from the
SV40 large T-antigen, and a flexible linker.109,110 They showed that at a loading of
1 to 10 of N/P, 80% of luciferase activity was suppressed. They were able to
enhance the knockdown to 90% by mutating a single Lys to Ser in the NLS
sequence. Moschos et al. attempted the in vivo delivery of siRNA targeting p38
MAPK in mouse lungs conjugated to Tat or Penetratin. The constructs were
administered intratracheally and no significant knockdown was seen. Their
experiments also showed that the peptides themselves triggered target gene
knockdown and they detected increased levels of immune stimulation in the
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lung.111 Toxic effects due to membrane perturbation have been seen in certain
peptides. In the amphipathic class of CPPs, Transportan 10 and MAP showed
extensive membrane leakage, tested by lactate dehydrogenase (LDH) leak assay
and membrane fluorescence.112 With the polycationic class of peptides, R9
peptide was found to be least toxic.113 But since the mechanism of cell penetration
is dependent on the cargo attached, concentration, ratio of N/P and cell line used,
each peptide has to be optimized for best results.114,115
Table 2.4 Summary of various siRNA delivery methods currently researched in laboratories

!
Delivery Method
CPP106,107,111
Cholesterol61,111
Cationic Lipids67,77,116
PEGylated117-121
PEI42,122-124
Cyclodextrin42,125
CNT’s42,126
Viral41,44

Linkage
Covalent
Covalent / noncleavable
Non-Covalent

Notes
µM Concentrations
µM Concentrations
Interaction with Serum reduce
transfection efficiency
Used in conjunction with cationic
polymers
Depends on molecular weight of PEI
Control of multiple components required;
Depends on dimensions of CNT’s
In consistent viral titers

Covalent / noncleavable
Non-covalent
Non-covalent
Covalent
Native siRNA

2.5 Design Strategy
Despite overcoming issues of stability and efficacy of oligonucleotides for
therapy, the key problem still lies in the intracellular delivery. Delivery strategies
as described above have utility in cell culture studies but cannot be easily
translated to in vivo studies. There is a quest for novel methods for transporting
bio/macromolecules across the plasma membrane. An efficient vector for delivery
should be non-toxic, biocompatible, mimic the cell’s own repertoire of molecules,
and generalizable.
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Receptor mediated endocytosis has the ability to internalize large
biomolecules very rapidly and efficiently and hence there have been significant
efforts in hijacking this pathway to deliver cell impermeable drugs across cell
membranes.127 Peterson and co-workers have developed synthetic cell surface
receptors that can transport macromolecules that are impermeable and/or do not
have cell surface ligands. The synthetic receptors are comprised of N-alkyl-3βcholestrylamine derivatives that are conjugated to motifs that can bind to proteins
or other impermeable molecules.128-132 They have shown that these synthetic
compounds can insert into the plasma membrane of living cells and cycle between
cell surface and endosomes. Their fluorescent Oregon-green conjugates were
shown to have a recycling half-life of three minutes. This rate is similar to probes
like C6-NBD-sphingmyelin. They have also shown their conjugates to have
cellular half-lives of ~20 hours that closely resembles naturally occurring GPI
linked folate receptors.130 They have used this ‘synthetic receptor targeting’
approach to deliver proteins132, IgG antibodies131 and drugs.129 Their findings
suggest that these synthetic molecules transport the cargo by clathrin-mediated
endocytosis, raft-mediated endocytosis and a combination of both depending on
cell types.130
2.5.1 Endocytosis
Nature has developed a very highly sophisticated system for internalizing cellimpermeable ligands by processes termed “endocytosis” by deDuve in 1963133
(Figure 2.5). Mammalian cells are coated with a wide array of structurally
divergent receptors that can be large transmembrane proteins having molecular
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weights in the hundreds of thousands of Daltons to smaller receptors including
glycolipids that may be less than two thousand Daltons. The receptors are
typically attached to the cell surface either by a membrane spanning protein alpha
helix or lipids inserted into the outer leaflet of the membrane. The most widely
studied membrane receptor is the low-density lipoprotein (LDL), a 115 kDa
single-pass transmembrane protein that recognizes the ApoB component of LDL
and enables uptake of cholesterol.134,135

Figure 2.5 The endocytic pathway. The diagram describes the fate of internalized molecules
diferric transferrin, low-density lipoprotein (LDL) and their corresponding receptors. LDL
molecules are released in the acidic compartments of the endosomes and the LDL receptor
recycles back to the cell surface. The transferrin molecule-receptor complex also releases the iron
molecules in the sorting endosomes but the apo-transferrin molecule stays bound to the receptor
and is recycled back to the cell surface via the recycling compartment. Adapted from136
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Receptor mediated endocytosis is initiated by clustering of the receptorligand complex on cell surfaces that signal for the formation of pits coated by an
intracellular protein called clathrin. Membrane bound clathrin interacts with the
intracellular segment of the receptor directly or indirectly and controls the
endocytosis. These pits containing the receptor-ligand complex invaginate and
pinch off from the cytosolic side to form endocytic vesicles.
The vesicles fuse in the cytosol and are acidified by proton pumps to form
endosomes with pH ~6. The ligands dissociate and the receptors are recycled to
the cell surface by recycling endosomes. The ligands are released into the cytosol
and the endosomes fuse with lysosomes (pH ~5) where foreign molecules that get
trapped in the initial endocytic vesicles are degraded. In cases where receptors for
ligands are glycolipids, micro-domains on cell membrane called ‘lipid rafts’
mediate transport of ligand into the cytosol. Lipid-rafts are short-lived islands on
cell membranes that consist of sphingolipids, cholesterol and other proteins.137-139
In cell lines with high expression of GM1, internalization of cholera toxin
involves raft-mediated endocytosis140,141 while in neuronal cells they involve
clathrin.142
2.5.2 Molecular Aspects Of Designed Vectors
There is a constant need for new materials to facilitate delivery of impermeable
compounds into cells. Fluorocarbons have been gaining considerable importance
in biology due to their unusual aggregation properties.143 Our laboratory and
others have extensively studied the effects of fluorination on phase separation of
lipids, sorting of peptides in membrane environment144 and protease stability145,146
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of a variety of therapeutically relevant peptides. We have shown that modifying
key residues of peptides with fluorinated amino acids, we can control their
oligomerization states in membranes.147 Riess et al. have synthesized and studied
fluoroalkylated phospholipids as alternatives for liposomal drug formulations due
to their enhanced stability in serum.148 Recently, our laboratory has shown by
AFM that fluorinated phospholipids phase separate into clusters in a hydrocarbon
environment.149
Our lab recently developed a new class on molecules that have shown a lot
of promise in the transport of proteins and small molecules across the plasma
membrane.150 Dafik and co-workers designed H-Phosphonates of hydrocarbon
and semi-fluorinated hydrocarbon lipids that can be functionalized with any
primary alcohol to generate the modified phospholipids. They have shown that a
biotin-modified phospholipid can transport non-covalently bound streptavidin into
the cytosol. Their experiments revealed that the molecules were internalized via
endocytic events. They also observed that the semi-fluorinated lipids were 5-8
fold more active in transport than their hydrocarbon counterparts. Based on the
success of the above strategy, we have developed a generalizable technique to
transport biomolecules across the cell membrane and release the cargo from the
delivery construct.
We envisioned that a cargo molecule of interest would be linked to a
“docking region” that is conjugated to a membrane-inserting domain through a
hydrolyzable moiety (Figure 2.6). We hypothesized that our carriers would be
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endocytosed and once they were in the acidic environment of the endosomes, the
cargo would be released from the hydrolyzable linker into the cytosol.

Figure 2.6 Proposed mechanism of delivery of cargo attached to the vehicle. The construct
presumably enters the cell through the endocytic pathway and under the acidic conditions of the
endosomes, the construct disassembles to release the cargo attached.

Shown below is the chemical structure of the vehicle designed (Figure
2.7). The membrane-anchoring moiety is sought to be a hydrocarbon or a partially
fluorinated phospholipid with ethanolamine head group (DPPE) which is
conjugated with 2-(4-carboxyphenyl)-4-methylamino-1,3-dioxolane (shown in red
in Figure 7), the hydrolyzable moiety. The cargo loading dock was imagined to be
a maleimide since any molecule that is thiol modified could be conjugated with it
through a Michael-type addition. We proposed that using fluoroalkylated
phospholipids as the membrane anchoring moieties, we could drive clustering of
the cargo-loaded vehicle on cell surface, which is an indirect signal for receptormediated endocytosis.151-154
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Figure 2.7 Chemical structure of designed delivery vector. The lipid chains act as the membrane
anchor. The hydrolyzable acetal core is shown in red and the cargo loading dock is shown in blue.

The following sections will discuss the synthesis of the acetal linkers carrying
hydrocarbon or fluorocarbon lipids and assays for testing our hypothesis for the
delivery of model compounds NBD, a small molecule dye and a fluorescein
modified 22-nucleotide long single stranded DNA (ssDNA).

2.6 Synthesis Of Hydrolyzable Acetal Linkers
Acetals have been used widely in drug delivery applications.155-158 They are stable
under physiological pH (pH of extracellular milieu and cytosol is ~7.4) and are
hydrolyzed under acidic conditions like that of the endosomes and lysosomes.156
Synthesis of 2-(4-carboxyphenyl)-4-methylazido-1,3-dioxolane (8) was important
since it served as the crucial intermediate for the synthesis of the final constructs.
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Scheme 2.1 Synthesis of small molecule intermediates; a) i) SOCl2, EtOH, DCM, ii) Triethylorthoformate, EtOH, Con. HCl, 75%; b) Glycine, ether, overnight, quantative; c) HOSu, DCC,
DMF, overnight, 18%;
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2.6.1 Synthesis of Hydrocarbon lipid acetal construct
Commercially available solketal was used as the starting material. Solketal was
reacted with methanesulfonyl chloride to yield protected 4 in quantitative yields.
The nucleophilic displacement of O-mesityl with sodium azide yielded 5 in 68%
yield. The isopropylidene protection of 5 was deprotected with TFA to yield the
germinal diol 6 in 76% yield. Compound 6 was reacted with 1 in the presence of
catalytic (±)-camphorsulfonic acid (±CSA) under anhydrous conditions to yield 7
in 58% yield. The ethyl ester was hydrolyzed under basic conditions to yield the
central intermediate 8 in 98% yield. Activation of 8 in the presence of Nhydroxysuccinimide (NHS) and dicyclohexylcarbodiimide (DCC) yielded the
active

ester,

which

was

dipalmitoylphosphatidylethanol

reacted
amine

with

commercially

(DPPE-NH2)

in

the

available

presence

of

triethylamine (TEA) to yield 9 as a TEA salt in 88% yield. Reduction of the azide
under Staudinger conditions yielded amine 10, which was reacted with Nglycinylmaleimide (3) to yield the final hydrocarbon construct 11 in 81% yield.
2.6.2 Synthesis of semi-fluorinated phospholipid
The phospholipid anchors mentioned above constituted either palmitic acid or
semi-fluorinated palmitic acid tails. The palmitoylated phospholipid is a naturally
occurring lipid known as dipalmitoylphosphatidyl ethanolamine (DPPE) and is
commercially

available.

The

semi-fluorinated

DPPE

perfluorinated tails (C6) on the terminus of both the chains (20)
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Scheme 2.2 Synthesis of hydrocarbon acetal linker; a) MsCl, Et3N, DCM, 12 Hrs, Quant.; b)
NaN3, DMF/H2O, Reflux, 12 Hrs, 68%; c) TFA, H2O, 4 Hrs, 76%; d) 1, (+)-camphor sulfonic
acid, ACN, RT, 16 Hrs, 58%; e) NaOH, Glyme, H2O, reflux, 4 Hrs, 98%; f) i) HOSu, EDC, DCM,
quant.; ii) DPPE-NH2, CHCl3, Et3N; 12 Hrs, 88%; g) PPh3, H2O/MeOH/CHCl3, 24 Hrs, 79%; h) 3,
Et3N, CHCl3, 81%.

Fluorinated palmitic acid 12 was synthesized by previously reported
procedures.149 The fatty acid 12 was esterified with 3-O-Benzyl protected snglycerol using Steglich esterification conditions to yield 13 in 43% yield. The
benzyl-protecting group was de-protected by catalytic hydrogenation to yield the
primary alcohol 14 in 63% yield. The alcohol 14 was reacted with phosphorous
trichloride in the presence of imidazole to give the H-Phosphonate intermediate
15. The H-phosphonate was reacted with Boc-protected glycinol in the presence
of pivaloyl chloride and further oxidized with iodine in pyridine to yield the bocprotected F6-DPPE 16 in 60% yield. Deprotection of the Boc group with
perchloric acid/TFA yielded the free amine (17) as a trifluoroacetic acid salt.
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Scheme 2.3 Synthesis of F6-DPPE-NH2 a)(R)-3-O-Benzyl-1,2-propanediol, DCC, DMAP, DCM,
43%; b) H2, Pd/C, EtOH, HOAc, 63%; c) i) PCl3, Imidazole, Toluene; ii) Pyridine/Water, 95%;
d) N-Boc-Ethanolamine, Piv-Cl, Py then I2, Py/H2O, 60%; e) TFA, HClO4, DCM, 98%.
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2.6.3 Synthesis of fluorocarbon lipid acetal construct
The fluorinated version of the acetal linker was synthesized similar to the
reactions described in section 2.6.1. The final construct 20 was isolated in 62%
yield as a TEA salt. Details of the synthesis are reported in the experimental
section of this chapter.
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Scheme 2.4 Synthesis of fluorocarbon acetal linker; a) HOSu, EDC, DCM, quant.; ii) 17, CHCl3,
Et3N; 12 Hrs, 55%; b) PMe3, H2O/MeOH/CHCl3, 24 Hrs, 95% (crude); c) 3, Et3N, CHCl3, 62%.
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2.6.4 Synthesis of model compound for optimization
The model compound 24 was synthesized starting from the trityl protection of the
thiol in cysteamine to yield 21 in 73% yield. The free amine was then reacted with
NBD-Cl to yield 22 in quantitative yields. The trityl protection was removed by
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treatment with trifluoroacetic acid in the presence of trimethylsilane prior to
reaction with the hydrocarbon lipid maleimide construct 11 to yield 24 in 82%
yield.
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Scheme 2.5 Synthesis of NBD conjugated hydrocarbon acetal construct; a) Trityl chloride, TFA,
2 h, 73%; b) NBD-Cl, 10:1 ethanol/sat. sodium bicarbonate, overnight, quant; c) TFA, Et3SiH,
overnight; d) 23, Et3N, chloroform, 20 min, 82%.

2.6.5 Synthesis of lipid acetal modified ssDNA
To investigate the ability of the designed delivery vector in transporting highly
charged cargo, a 22-nt long ssDNA modified with a thiol linker at the 3’-end was
conjugated to hydrocarbon and fluorocarbon lipid acetal constructs 11 and 20
construct as shown below in Scheme 6. The protected thiol modified
oligonucleotide was de-protected with TCEP to yield 25, which was purified by
ethanol precipitation. The oligo-thiol conjugate 25 was further reacted with the
maleimide functional group of the delivery constructs 11 or 20 for 16 hours and
then purified by RP-HPLC to yield conjugates 26 or 27. The oligonucleotide was
designed to carry a 5’- carboxyfluorescein (FAM) modification for use in
fluorescence assays and microscopy. The constructs were quantified by UV and
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characterized by MALDI and used for studying cellular uptake, localization and
mechanism of uptake.

5'

3'
S

FAM

S

a

OH

5'

3'
SH

FAM
25

O
O

O HN
O
b

5'

S

FAM

O

N

3'

HN
O

R
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Scheme 2.6 Conjugation of thiol modified FITC conjugated ssDNA to hydrocarbon (11) or
fluorocarbon (20) lipid acetal construct; a) TCEP.HCl, Nuclease free water; b) 11 or 20 in DMSO,
100 mM phosphate buffer pH 7.4.

2.6.6 Synthesis of lipid acetal modified siRNA
Lipid acetal modified SiRNA conjugates 31 and 32 was used to study ability of
our designed construct to transport the siRNA across membranes and perform
gene knockdown. The sense strand of siRNA (siCXCR4_S) carried a thiol linker
that was protected as a disulphide (Scheme 2.7). The disulphide linker was
reduced using TCEP and purified by ethanol precipitation. The pellet was then resuspended in pH 7.8 phosphate buffer purged with nitrogen and coupled with the
hydrocarbon 11 or fluorocarbon 20 lipid acetal maleimide constructs. The
constructs were purified by RP-HPLC, characterized by MALDI and quantified
by UV. This modified sense strands 29 and 30 was annealed with the antisense
strand (siCXCR4_AS) using standard protocols and used for activity assays.
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Scheme 2.7 Synthesis of siRNA lipid acetal construct; a) TCEP.HCl, nuclease free water; b) 11 or
20 in DMSO, 100 mM phosphate buffer pH 7.4; c) Antisense strand (Green), Annealing buffer
(100 mM KOAc, 2 mM Mg(OAc)2, 30 mM HEPES, pH7.4), 90 °C for 60 sec and 37 °C for 60
min.

2.7 Biological Activity
2.7.1 Cellular uptake of small molecule dye
Model studies were performed with a small molecule dye conjugated construct
(24). We chose to conjugate thiol modified NBD (7-Nitrobenz-2-oxa-1,3-diazol4-yl) derivative to the hydrocarbon version of the delivery construct for the
preliminary experiments (Scheme 2.5). We used NBD-OH as the negative control
and NBD modified DPPE150 as the positive control for cellular uptake.
The compounds 24, NBD-OH and DPPE-NBD were tested for
incorporation onto cell surface. Incubation of HeLa cells with the lipid containing
compounds 24 and DPPE-NBD at 37°C for two hours resulted in intensely
fluorescent cells as measured by fluorescence micro-plate reader. The
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fluorescence of the cells was concentration dependent. In comparison, the cells
treated with the negative control compound NBD-OH did not show fluorescence
above background. (Figure 2.8). The acetal-based lipid NBD conjugate 24
behaved similar to the DPPE-NBD previously reported by our lab.150

Figure 2.8 Comparison of fluorescence measured from HeLa cells treated with model compound
NBD Acetal PE (24) and control compounds NBD-OH150 and non-hydrolyzable NBD-DPPE150
conjugate. Fluorescence was measured by exciting NBD at 460 nm and emission recorded at 535
nm. Experiments were done in a 96-well plate format. Error bars represent one ±S.D.

!
2.7.2 Cellular Uptake of lipid acetal modified ssDNA constructs
The cellular uptake of the conjugates 26 and 27 was tested with HeLa cell line.
Construct 26 was used for pilot experiments to test concentration dependence.
(Figure 2.9). HeLa Cells were treated with various concentrations (1, 10 or 25
µM) of the construct 26 for two hours and fluorescence was measured in PBS
after washing the excess compound. The assays showed that cellular uptake was
concentration dependent. The cells treated with the un-modified oligo did not
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show any detectable fluorescence under similar conditions further proving that
lipidation of charged molecules help cellular uptake (Figure 2.9).

Figure 2.9 Effect of concentration on the cellular uptake of construct 26. Fluorescence was
measured at 530 nm by exciting fluorescein at 480 nm. Experiments were done in 96 well plate
format with at least six replicates. Results shown are average of three biological replicates and
error bars represent one ±S.D.

!
2.7.3 Fluorescence Imaging
HeLa cells treated with the hydrocarbon construct 26 and after 2 hours and three
washes with PBS, the cell nucleus was stained with DAPI and imaged using a
confocal microscope (Figure 2.10). The experiment suggests that i) fluorescence
was distributed all over the cell, primarily on the membrane and in the cytosol and
none in the nucleus, and ii) incorporation was concentration dependent.
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Figure 2.10 Fluorescence image of cells treated with hydrocarbon lipid oligo construct 26 at, A) 5
µM and 12.5 µM of final concentrations. Green channel represents fluorescence from FAM
modified conjugate and blue channel represents the nuclear stain DAPI.

Fluorescence microscopy images from different focal z-axis planes of HeLa cells
treated with 26 were taken as shown in Figure 2.11. The images from top left to
bottom right are images of a single cell in the z-axis going from top of the cell to
bottom of the cell. The green fluorescence seen is from the construct 26. The
nucleus was stained with DRAQ5 but for simplicity they are not shown in the
images. Instead a white boundary is drawn around the nucleus. It can be clearly
seen that fluorescence from 26 can be seen around the nucleus but not within the
white boundary. This unambiguously suggests that the construct is endocytosed
and can be found on the membrane, in the cytoplasm but completely excluded
from the nucleus.
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Figure 2.11 Fluorescence confocal image of cells treated with 10 µM hydrocarbon lipid oligo
construct 26. Images from top left to bottom right represent the images acquired from different
planes along the z-axis. For clarity purpose, the nucleus stained with DRAQ5 is omitted from the
images. As we go from top left to bottom right, we see fluorescence emission spread throughout
the cell indicating the presence of the compound in the cytoplasm as well. The area marked with
the white boundary represents the nucleus. There is no fluorescence from the compound seen
within this area. Images
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2.7.4 Fluorinated lipids show improved cellular uptake
Cationic lipids containing fluorinated lipid tails have been shown to be more
efficient gene delivery vectors than the hydrocarbon counterparts.159,160 Our lab
has also shown that fluorinated biomolecules behave different from the
hydrocarbon

versions.

They

tend

to

self-associate

in

a

hydrocarbon

environment.144,147,161 We have also shown that fluorinated lipids can transport
macromolecules into living cells. In this assay, the cellular uptake of hydrocarbon
construct 26 was compared to the partially fluorinated lipid construct 27 (Figure
2.12). HeLa cells were treated with either 26 or 27 for two hours at 2.5 µM or 5
µM final concentrations. The excess was washed with warm culture medium and
PBS and fluorescence was measured in PBS. The fluorinated construct 27 showed
5-10 fold higher uptake than the hydrocarbon version 26. These results align with
experiments that were published by our lab.

Figure 2.12 Comparison of cellular uptake of hydrocarbon lipid (26) or fluorocarbon lipid (27)
oligo conjugates. Fluorescence assays were done on a 24-well microtitre plate format. HeLa cells
treated the constructs were washed with PBS after 2 hours of incubation and fluorescence
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measured at 520 nm. Experiments were done in three biological replicates and four replicates per
experiment. Error bars represent one ±S.D.

2.7.5 Localization of the constructs
Since the constructs were designed to hijack the endocytic pathway to deliver
cargo into the cytosol, the knowledge about their localization was of importance.
The internalization and localization of compounds 26 and 27 were confirmed by
fluorescence microscopy. The endocytic pathway has distinct membrane vesicles
that internalize molecules from extracellular fluid and transport to the cytosol of
recycle to the outer membrane. The principle components of the pathway are i)
Early endosomes – which are the coated vesicles; ii) Sorting endosomes which
direct the cargo to go either to iii) Recycling endosomes or iv) Late endosomes
which then end up as v) Lysosomes where the unwanted biomolecules are
degraded.
HeLa cells grown on # 1.5 glass coverslips were treated with 26, 27 or the
unmodified oligo for two hours and were tested for co-localization into lysosomes
with Lysotracker® Red DND-99 and into the recycling endosomes with
AlexaFluor® 647 conjugated Transferrin (Figures 2.13, 2.14 and 2.15). The cells
were fixed with 4% formaldehyde and the nucleus stained with DRAQ5 in PBS.
The cells were treated with the compounds at 5µM final concentration for two
hours and washed three times with PBS before staining, fixing and imaging. The
blue channel is the nucleus stained with DRAQ5, green channel – compound and
the red channel is either lysotracker or Tf-647 as noted below.
The confocal images show that the lipidated constructs are present
primarily on the membrane and in the cytosol but the nucleus was devoid of the
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compounds (Figure 2.13C) as was seen before. In the case of the 26, a small
fraction was found in both the lysosomes (Figure 2.13F) and in the recycling
endosomes (Figure 2.13I).

Figure 2.13 Localization of hydrocarbon lipid oligo construct 26. Internalization of 26 in HeLa
cells after incubation at 37 °C for 2 hours (A). Localization of 26 (green) with DRAQ5 (C, blue),
Lysotracker (F, red) and Transferrin-647 (H, red) after 30 minutes of co-incubation. The arrows
show localization of 26 with lysosomes (F) and recycling endosomes (I).

The arrows in Figure 2.13F and 2.13I indicate lysosomal and recycling endosomal
vesicles co-localizing with the conjugate 26.
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In the case of the fluorocarbon construct 27 (Figure 14), a higher fraction was
found to co-localize with lysosomes (Figure 14F) and recycling endosomes
(Figure 14I) in comparison to the hydrocarbon conjugate 26 (Figure 13). The
arrows indicate the co-localization of 27 with lysosomes and recycling endosomes

Figure 2.14 Localization of hydrocarbon lipid oligo construct 27. Internalization of 27 in HeLa
cells after incubation at 37 °C for 2 hours (A). Localization of 27 (green) with DRAQ5 (C, blue),
Lysotracker (F, red) and Transferrin-647 (H, red) after 30 minutes of co-incubation. The arrows
show localization of 27 with lysosomes (F) and recycling endosomes (I).

The treatment of cells with the unmodified oligo (Figure 2.15) showed no uptake
of ssDNA. This control experiment suggests that the lipidation is the primary
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reason for cellular uptake of the highly charged ssDNA constructs. This result
correlates well with the fluorescence assay described previously (Figure 2.12).

Figure 2.15 Internalization of FAM conjugated ssDNA that is not linked to delivery vectors.
HeLa cells were incubated with the naked oligo at 37 °C for 2 hours and then nucleus was stained
using DRAQ5. No internalization was detected with just the naked oligo.

!
2.7.6 Mechanism of uptake
The process of engulfing macromolecules by cells is termed as endocytosis. It is
required by each cell in the body to transport macromolecules across the
hydrophobic plasma membrane. Endocytosis can be sub-divided into four major
classes; i) Clathrin mediated endocytosis; 2) Caveolae mediated endocytosis; 3)
Macropinocytosis and 4) Phagocytosis. To investigate the mechanism of uptake,
HeLa cells were treated with 26 and 27 in the presence of known inhibitors of the
endocytic pathway (Table 2.5).
Table 2.5 Small molecule inhibitors of various endocytic pathways probe the mechanism of
cellular uptake.

!
Condition
37°C
4°C
Sodium azide162,163, 4 mM
Chlorpromazine162,164, 5 µg/mL
0.4 M Sucrose165
Nystatin162,166, 25 µg/mL
Sodium chlorate167, 80 mM
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Pathway inhibited
-NAEnergy dependent process
ATP synthesis
Clathrin coated pit formation
Clathrin coated pit formation
Caveolin mediated endocytosis
ATP Sulfurylase
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Cellular uptake of 26 and 27 was generally inhibited when co-incubated HeLa
cells maintained at 4°C (Figure 2.16B and 2.16E). Co-incubation of the
constructs 26 and 27 with HeLa cells in the presence of 4 mM sodium azide also
reduced cellular uptake significantly (Figure 2.16C and 2.16F). Temperature
dependence and ATP depletion studies suggests that the internalization is an
energy dependent process, consistent with endocytosis.

Figure 2.16 Mechanistic probes of lipidated ssDNA internalization. Lipid modified conjugates
were incubated at a final concentration of 2.5 µM. Internalization of 26 (A) and 27 (D) in HeLa
cells after co-incubation at 37 °C for 2 hours. Inhibition of uptake in cells co-incubated with
compounds 26 (B and C) and 27 (E and F) at 4 °C and at 37 °C in the presence of sodium azide
respectively. Green color indicates compounds 26 or 27 and blue indicates nucleus stained with
DRAQ5.

To distinguish between clathrin dependent and independent means of endocytosis,
cells were treated with 26 and 27 under conditions that inhibit either mechanism.
When co-incubation experiments were performed under hypertonic conditions
(0.4 M Sucrose) or in the presence of 5 µg/mL chlorpromazine hydrochloride164,
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both known to inhibit clathrin coated pit formation, the cellular uptake of the 26
was significantly reduced (Figure 2.17B and 2.17C) when compared to 27
(Figure 2.17E and 2.17F). The experiments suggest that cellular internalization
of hydrocarbon lipid is primarily clathrin mediated and the fluorocarbon lipid
construct does not depend on coated pit formation.

Figure 2.17 Mechanistic probes of lipidated ssDNA internalization. Inhibition of clathrin
mediated endocytosis under hypertonic conditions (B and E) and in the presence of cationic
amphiphilic drug chlorpromazine (C and F). Lipid modified conjugates were incubated at a final
concentration of 2.5 µM. Internalization of 26 (A) and 27 (D) in HeLa cells after co-incubation at
37 °C for 2 hours. Inhibition of clathrin coated pit formation diminished the cellular uptake of
hydrocarbon lipid construct 26 (B and C) whereas there was no inhibition in the uptake of the
fluorocarbon lipid construct 27 (E and F). Green color indicates compounds 26 or 27 and blue
indicates nucleus stained with DRAQ5.

Internalization of the lipid constructs was then evaluated under conditions that
inhibit caveolar endocytosis (Figure 2.18). Nystatin is an anti-fungal drug that
inhibits caveolar endocytosis by sequestering cholesterol. Co-incubation of 26 or
27 with HeLa cells ore-incubated with 25 µg/mL nystatin reduced the uptake of
the hydrocarbon lipid conjugate (Figure 2.18B) but completely abolished
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internalization of the fluorocarbon lipid construct (Figure 2.18D). These results
along with clathrin inhibition experiments suggest that the hydrocarbon lipid
uptake was both clathrin and caveolae mediated but the uptake of the
fluorocarbon lipid construct was strictly dependent on caveolar endocytosis.164,166
Nystatin has been previously shown to inhibit raft formation by removing
cholesterol. It is known that these ‘lipid rafts’ are rich in cholesterol and they are
involved in caveolar endocytosis.138,139 Our lab has previously shown that semifluorinated lipids self associate with themselves in a hydrocarbon lipid
environment. These observations has led us to propose that semi-fluorinated
lipids, due to their increased hydrophobicity, interact with the cholesterol rich
‘lipid rafts’ and the internalization is raft dependent.

Figure 2.18 Mechanistic probes of lipidated ssDNA internalization. Inhibition of caveolin
mediated endocytosis in the presence of nystatin (B and D). Lipid modified conjugates were
incubated at a final concentration of 2.5 µM. Internalization of 26 (A) and 27 (C) in HeLa cells
after co-incubation at 37 °C for 2 hours. Sequestering cholesterol with nystatin reduces the cellular
uptake of hydrocarbon lipid construct 26 (B) whereas the uptake of the fluorocarbon lipid
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construct 27 (D) is completely abolished. Green color indicates compounds 26 or 27 and blue
indicates nucleus stained with DRAQ5.

!
We also evaluated the effect of cell surface charge on the internalization of the
lipid constructs (Figure 2.19). Sodium chlorate167 is a known inhibitor of ATP
Sulfurylase, an enzyme that sulfurylates proteoglycans on cell surface. Sulfated
proteoglycans impart significant negative charge to the mammalian plasma
membrane. Inhibition of this enzyme reduces the number of negative charges on
cell surface. Co-incubation of HeLa cells pre-incubated with 80 mM of sodium
chlorate with 26 or 27 showed no significant difference in the uptake of the
hydrocarbon lipid (Figure 2.19B) but we noticed an increase in the uptake of the
fluorocarbon lipid construct (Figure 2.19D).

Figure 2.19 Mechanistic probes of lipidated ssDNA internalization. Lipid modified conjugates
were incubated with HeLa cells at a final concentration of 2.5 µM for 2 hours in the presence of
sodium chlorate which inhibits ATP Sulfurylase. ATP Sulfurylase is responsible for sulfation of
proteins on cell surface, which gives cell membranes a negative charge. Internalization of 26 (B)
and 27 (D) in were not inhibited but improved in the case of the fluorocarbon lipid construct 27
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suggesting that cell surface charge does play a role in internalization of highly charged molecules.
Green color indicates compounds 26 or 27 and blue indicates nucleus stained with DRAQ5.

It is known from literature that heparan sulfate proteoglycans are localized in lipid
rafts.168-172 From the previous experiments we hypothesized that fluorocarbon
lipids reside in lipid rafts. It is possible that reducing the degree of sulfation
especially in the lipid rafts reduces the charge-charge repulsion with the
oligonucleotide cargo attached to the fluorocarbon lipid and thereby contributing
to cellular uptake.
Fluorescence quantified from all the imaging experiments are summarized as a
graph below (Figure 2.20). Images were analyzed with ImageJ v. 1.45r.
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Figure 2.20 Total cellular fluorescence quantified from the confocal images using the formula
CTCF = ID - (CA × GM) where ID = CA × GA. Values are fluorescence normalized to 100% of
hydrocarbon lipid oligo 26 at 37 °C (physiological conditions). Each bar is an average of at least 7
individual cells from one selected plane in the z-axis. CTCF – Corrected total cellular
fluorescence; ID – Integrated density; CA – Selected area containing each cell; GM – Average
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background gray value; GA – Gray value of selected area. Analysis of images were done using
ImageJ v 1.45r.
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2.7.7 Gene silencing with siRNA modified with lipid acetal construct
Though the above experiments show that charged biomolecules can be
transported across the plasma membrane, they do not establish the activity of
transported molecules. To evaluate the ability of a cargo molecule to be active
after transport, the lipid acetal conjugates of siRNA targeting the CXCR4 gene
was synthesized and assayed for activity using the Dual-Luciferase® Reporter
(DLR™) gene assay system.
In the DLR™ reporter assay, the activity of luciferases from firefly (Photinus
pyralis) and Renilla (Renilla reniformis) are measured sequentially from a single
sample. The cells containing both the reporters are initially lysed using the lysis
buffer supplied along with the kit.

Figure 2.21 Schematic diagram of steps involved in the measuring RNAi activity using the dualluciferase reporter gene kit commercially available from Promega. The DLR™ kit consists of
substrates for Renilla and firefly luciferase provided as buffered solutions labeled LAR II and
S&G respectively.

The firefly reporter activity is measured by the addition of Luciferase Assay
Reagent II (LAR II), which generates a luminescent ‘glow-type’ signal. After the
measurement, the Stop & Glow buffer is added which quenches the firefly

!

69

luminescence and generates a ‘glow-type’ signal from the Renilla reporter that is
recorded as the second measurement (Figure 2.21). Typically, the firefly reporter
gene is encoded in the plasmid encoding the target sequence (CXCR4 in our
system) and the Renilla reporter gene is used as the internal control present on a
different plasmid. When there is RNAi activity, the firefly reporter gene product
is not synthesized where as there is no effect on the synthesis of the Renilla
reporter gene product. The ratio of the measured intensity of firefly and Renilla
luciferase decreases due to the action of siRNA on the target CXCR4 gene that
also encodes the firefly luciferase.
2.7.7.1 Production and Isolation of control and target plasmids
To evaluate gene knockdown activity, plasmids encoding firefly gene and siRNA
binding CXCR4 sequence (pGL3-CXCR4-1P) and the plasmid encoding the
Renilla luciferase gene (pRL-Tk) was required as target and control
respectively.173 Plasmids were received as a kind gift from Dr. Anthony K. Leung,
Koch Institute, MIT. The plasmids were transformed and isolated according to
procedures explained in the experimental details of this chapter.
2.7.7.2 siRNA Hybridization
Sense and anti-sense strands of the siRNA targeting the CXCR4 gene was
purchased from IDTDNA and annealed14,174 according to procedure explained in
the experimental section. The annealing was confirmed by gel electrophoresis
(Figure 2.22).
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Figure 2.22 Agarose gel analysis of control unmodified siRNA annealing. The O’GeneRuler™
seen in the first band is composed of short purified dsDNA sequences that help in direct
comparison to the formation of siRNA. The last two bands show the annealed siRNA product.
Conditions: 5% Agarose gel, 1✕TBE buffer, 7 V/cm 45 min.

2.7.7.3 Standardization of RNAi experiments with unmodified siRNA
Experiments were done to standardize the amounts and ratios of target to control
plasmid. HeLa cells were suspended in a 96-well plate at a cell density of 20,000
cells per well and allowed to adhere for 24 hours in serum free medium. The cells
were transfected173,175 with pGL3-CXCR4, pTL-Tk and siRNA targeting CXCR4
sequence using Lipofectamine 2000 in the ratios mentioned below.
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5
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28
56
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21
Amounts of Control Plasmid pRL-Tk (ng)
with constant Target plasmid pGL3 (260 ng)

Figure 2.23 Dual luciferase assay of transfected HeLa cells for measuring ratio of target plasmid
to control plasmid required for detecting maximum knockout using naked unmodified control
siRNA. Photinus pyralis luciferase (Pp-Luc) construct that contained one binding site perfectly
complementary to the siRNA strand (siCXCR4) was used as the target (pGL3-CXCR4-1P).
Renilla reniformis luciferase (Rr-Luc) construct was used as an internal transfection control (pRLTk). The cells were transfected with the plasmids with or without siCXCR4 using Lipofectamine
2000. The ratios of Pp-Luc to Rr-Luc are shown as average of one ±S.D. six replicates.

In order to obtain maximum signal ratio, experiments were performed with fixed
amounts of the target plasmid (pGL3-CXCR4-1P) and varying the amount of
control plasmid (pRL-Tk). In the presence of 260 ng of the target plasmid, twice
the amount of the control plasmid expressing the Renilla luciferase was required
to visualize effective gene knockdown. At a ratio of 1:2 of target to control
plasmid we were able to see an 80% knockdown in gene activity (Figure 2.23).
Further experiments were conducted to optimize the amounts of plasmids
required to visualize the RNAi activity by the DLR assay system. The ratio of
target : control plasmids were kept constant and varying amounts of the plasmids
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were tested at 54 ng of target (Figure 2.24A) and 108 ng of target (Figure 2.24B).
The minimum concentration of siRNA required for maximum gene knockdown
was also assayed. The results show that 2.5 nM siRNA was optimal for maximal
gene knockdown (Figure2. 24).
3.4

no siRNA
2.5 nM siRNA
5nM nM siRNA

3.2
3.0
2.8
2.6
2.4

Pp-Luc/Rr-Luc

2.2
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
A

B

Amounts of pGL3: pRL-Tk required;
A) 54 ng:108 ng; B) 108 ng:216 ng

Figure 2.24 Dual luciferase assay of transfected HeLa cells for measuring minimum amount of
plasmid required for detecting maximum knockout using naked unmodified control siRNA.
Photinus pyralis luciferase (Pp-Luc) construct that contained one binding site perfectly
complementary to the siRNA strand (siCXCR4) was used as the target (pGL3-CXCR4-1P).
Renilla reniformis luciferase (Rr-Luc) construct was used as an internal transfection control (pRLTk). The cells were transfected with the plasmids with or without siCXCR4 using Lipofectamine
2000. The ratios of Pp-Luc to Rr-Luc are shown as average of one ±S.D. six replicates.
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2.7.7.4 RNAi experiments using lipid modified siRNA
For the initial study, lipidated siRNA constructs 31 (hydrocarbon) and 32
(fluorocarbon) were transfected along with pGL3-CXCR4 and pRL-Tk using
lipofectamine 2000. The RNAi activity was measured using the DLR assay as
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described above. The results suggest that the lipid acetal constructs were more
active than the unmodified siRNA (77% reduction) at the same concentration. It is
also interesting to note that the fluorocarbon lipid conjugate (90% reduction) was
more active in gene knockdown than the hydrocarbon version (80% reduction).
This result correlates well with the uptake studies were the fluorocarbon lipid was
more efficient than the hydrocarbon lipid (Figure 2.25).
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Figure 2.25 Dual luciferase assay of transfected HeLa cells for measuring minimum amount of
plasmid required for detecting maximum knockout using hydrocarbon (31) and fluorocarbon (32)
lipid acetal modified siRNA. Photinus pyralis luciferase (Pp-Luc) construct that contained one
binding site perfectly complementary to the siRNA strand (siCXCR4) was used as the target
(pGL3-CXCR4-1P). Renilla reniformis luciferase (Rr-Luc) construct was used as an internal
transfection control (pRL-Tk). The cells were transfected using Lipofectamine 2000 with the
noted amounts of plasmids with or without siRNA at 5 nM final concentrations. The ratios of PpLuc to Rr-Luc are shown as average of one ±S.D. six replicates.
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2.8 Synthesis Of Trimethyl Lock Based Construct
The trimethyl lock (TML) system is based on an o-hydroxydihydrocinnamic acid
derivative that is spatially restricted by methyl groups conveniently positioned on
the aromatic ring. Due to this ‘stereopopulation’ control, the rate of lactonization
relative to o-hydroxydihydrocinnamic acid was enhanced by a factor of 1011
(Scheme 2.8). When compared to the bimolecular reaction between phenol and
acetic acid, the rates are enhanced even more and the effective molarities were
found to be ~1015 M. Milstein and Cohen ascribed this enhancement to the
‘substrate freezing’, similar to the conformational restraint imposed by enzymes
on their substrates in their active sites.176,177
O

O
OH

OH

CH3
CH3
H3C

CH3

O
Rapid
-H2O

CH3
CH3
H3C

CH3

Scheme 2.8 Steric hindrance dictates the rate of lactonization. Substrate freezing due to the steric
clash between the aromatic methyl group and the gem di-methyl groups freeze the molecule in a
conformation that facilitates rapid cyclization.

The TML system has been employed as a pro-prodrug in the selective release of
fluorescent dyes178,179, peptides180,181 and drugs.182,183 The phenolic hydroxyl is
protected as an ester and a drug molecule of interest is conjugated to the
carboxylic acid as a stable amide. The hydrolysis of the ester is the trigger for the
lactonization, which subsequently releases the drug attached to it (Scheme 2.9).
The hydrolysis by enzymatic conditions makes the system optimal for
pharmaceutical applications.184 The enzymatic hydrolysis is the rate-limiting step
and the chemical reaction is very rapid.
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Scheme 2.9 Pro-Prodrug strategy for enzyme triggered release of cargo R’ attached to the TML
core. The enzymatic step is the rate-determining step of the cascade and the chemical cyclization
is very rapid.

We have used this strategy to develop lipid based non-viral, non-cationic vectors
that effectively deliver biomolecules across the plasma membrane. The construct
designed is shown below composes of a hydrophobic lipid tail which helps in
anchoring the construct to the membrane and by via the endocytic pathway can be
internalized and go through a two step hydrolysis mechanism to deliver the cargo
attached to it (Figure 2.26). The trigger reaction is the ester hydrolysis catalyzed
by ubiquitous esterases present in the cell.
H
N

LIPID Anchor

O

O
O

O

N
H

CARGO

Figure 2.26 Molecular design of the delivery vector. The lipid anchor is either a hydrocarbon of a
fluorocarbon phospholipid. The cargo is any molecule that is thiol modified.

Similar to the construct described earlier in the chapter, the lipid anchor is
envisioned to be a hydrocarbon or fluorocarbon phospholipid. To generalize the
construct for attachment of any molecule of interest, the cargo attachment is done
to a maleimide moiety that can react with any molecule carrying a free thiol. The
synthesis of the TML core was performed according to previous literature
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procedure with slight modifications to incorporate the maleimide and lipid
functionalities.
2.8.1 Synthesis of the Trimethyl Lock core
Dihydrocoumarin 33 was obtained from the reaction of 3,5-dimethylphenol and
methyl-3,3-dimethylacrylate under reflux conditions in the presence of acid. The
subsequent reduction of the lactone with lithium aluminum hydride and selective
silylation of the primary alcohol yielded 35 in good yields. The phenolic hydroxyl
group was esterified with tert-butoxycarbonyl protected alanine, which was preactivated as a p-nitrophenyl ester to yield 36. The deprotection of the primary
alcohol was carried out under acidic conditions to yield alcohol 37. The primary
alcohol intermediate can undergo transesterification with the pre-existing alanyl
ester. So it was immediately oxidized to the acid in two steps to yield the acid 39
in good yields. The acid was then activated in situ using PyBOP and further
coupled with aminoethylmaleimide to give the intermediate construct 40 that is
ready for further modification with the membrane anchor and the cargo of
interest.
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Scheme 2.10 Synthesis of Trimethyl Lock core. a) Methyl-3,3-dimethyl acrylate, CH3SO3H, 12 h,
80%; b) LAH, THF, 1hr, 50%; c) TBDMS-Cl, Et3N, 96%; d) BocNH-Ala-OpNP, DCM, DMAP,
reflux 8 hrs, 95%; e) HOAc/THF/H2O, Quantitative; f) PCC/DCM; 85%; g) KMnO4,
Acetone/H2O, 100%; h) Aminoethyl maleimide, PyBOP, DCM, DIPEA, 90%;
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2.9 Results and Discussion
We have shown here the design and synthesis of vectors that can effectively
transport highly charged molecules across the plasma membrane. We have shown
by imaging that the constructs end up primarily in the cytoplasm of living cells.
The compounds were also seen on the membrane and other organelles in the
endocytic pathway but not in the nucleus, which has been an issue with the use of
cationic polymers. We have devised a method to release the biomolecule
conjugated to the vector by means of introducing an acetal linker. We have also
made use of fluorination to improve the efficiency of delivery. Using confocal
microscopy we have shown that the fluorocarbon modified lipid acetal constructs
deliver 2-5 fold more efficiently than the hydrocarbon version.
We have delineated the mechanism of uptake of these mechanisms. We
have shown that the constructs require energy for cellular uptake. Treatment of
cells with the lipid modified oligos at 4°C showed no cellular uptake. Cellular
ATP depletion also reduced uptake, which is consistent with energy dependent
endocytosis.
We have shown that the uptake of the hydrocarbon and the fluorocarbon
lipid constructs were widely different. Treatment of cells with small molecule
inhibitors of the clathrin mediated endocytosis pathway inhibits cellular uptake of
the hydrocarbon lipid construct and not the fluorocarbon construct. When the
Caveolin mediated endocytosis is inhibited by using Nystatin, the hydrocarbon
construct was inhibited to a considerable extent but the uptake of the fluorocarbon
lipid was completely abolished. This clearly informs us that the fluorocarbon
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lipids are taken up by caveolar pathway only. Fluorinated lipids are known to sell
associate in a hydrocarbon environment. Here we have shown proof that they
associate themselves with the most hydrophobic patch on the membrane, ‘lipidrafts’. Cholesterol is an important component of the lipid raft hypothesis and it is
also involved in binding to proteins like Caveolin, which is important for the
caveolar endocytosis. Sequestering cholesterol disrupts the lipid rafts and the
Caveolin binding to the rafts and subsequently inhibits cellular uptake of the
fluorocarbon lipids.
This hypothesis needs to be experimented more by targeting this pathway
more rigorously. This could open up a whole new arena of raft-targeted delivery
of drug molecules.
The ability of the hydrocarbon and fluorocarbon constructs to transport
biologically relevant molecules like siRNA was tested and they were shown to be
active. Though our goal is to use these constructs to deliver in the absence of any
transfecting agents, we decided to test if the molecules are active in the
conventional siRNA delivery method using Lipofectamine 2000. The constructs
were 5% – 15% more active than the naked siRNA and also confirmed that the
fluorocarbon lipids were more active than the hydrocarbon version (HC: 80% vs
FC: 90% knockdown; Naked siRNA inhibited translation by 70-75%). These
constructs have to be tested individually for their activity on targets that are stable
transfected into cell lines. Work is currently under progress for the knockdown of
luciferase genes that are stable transfected into HeLa cells.
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The results that we have shown here correlates well with the notion that
fluorinated biomolecules behave differently in a membrane environment and it
can be advantageous for applications involving protease stability, membrane
localization and drug delivery.

2.10 Conclusions
“Just as all roads lead to Rome,
all roads lead to cellular delivery”
- Prof. Steven F. Dowdy
As the saying above states, cellular delivery is the biggest issue in the siRNA
world. Since its discovery, the literature is flooded with studies using cationic
polymers, peptides or lipids for delivery of antisense oligonucleotides and siRNA.
The strong ionic interactions of these transfecting agents are very advantageous
for delivery of oligonucleotides in vitro, but their toxicity still remains to be a
major issue even though a few nanoformulations are in clinical trials. It is
surprising that the use of neutral, biocompatible lipids have not drawn attention.
The chemical conjugation of oligonucleotides/siRNA to neutral lipids has not
been exploited till today due to issues during formulations albeit the lipid
oligonucleotide conjugates have never been demonstrated in treatment of human
diseases.
Here we have shown a novel strategy to synthesize lipid oligonucleotide
constructs that carry a hydrolyzable spacer, which is the optimal design for
delivery reagents. We have demonstrated that fluorinated lipids are more active
than their hydrocarbon counterparts. There is still a lot to experiment on including
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the hydrolyzable spacer, length of lipid linker and the degree of fluorination so
that there is minimal perturbation of the natural living cell.

2.11 Experimental details
2.11.1 Materials
General. Starting reagents were used without any purification. Solvents were
distilled

and

used

anhydrous.

Dipalmitoylphosphatidylethanolamine

was

purchased from Fisher scientific. Perfluorinated iodohexane was purchased from
Sigma. Thin layer chromatography (TLC) analysis was performed on Merck silica
gel 60 F-254 (0.25 mm) plates and visualized by UV, I2, potassium permanganate
or ninhydrin stain. Dittmer stain (1:1 mixture of A and B; A: 4g MoO3/100 mL
H2SO4; B: 0.18g Mo/50mL solution A) was used for visualizing phospholipids.
Flash chromatography was performed on Purasil™ silica gel (60Å, 230-400
mesh). Oligonucleotides were purchased in the lyophilized form from IDTDNA.
Lipofectamine 2000, Lysotracker™-Red DND, AlexaFluor® 647 conjugated
Transferrin and DAPI were purchased from Invitrogen. DRAQ5 was purchased
from Biostatus limited. Dual-Luciferase® Reporter assay kit was purchased from
Promega.
Instrumental. Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker Avance 300 and Avance III 500. Electrospray ionization mass
spectrometry (ESI-MS) was performed on a Finnigan LTQ Mass spectrometer.
Matrix assisted laser desorption ionization (MALDI) analysis was performed
using Bruker Microflex TOF MS. Fluorescence imaging was performed on a
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Leica TCS SP2 Laser scanning confocal microscope. Fluorescence assays were
done on Tecan Infinite M200 series microplate reader. Luminescence assays
using DLR assay kit was done in GloMax® 96 Microplate Luminometer with
Dual injectors or with GloMax® 20/20 Single Tube Luminometer.

Synthesis of small molecule intermediates
Terephthalaldehydic acid ethyl ester-4-(diethyl acetal) (1)
O

O

O

O
(1)

Terephthaldehydic acid (2 g, 13.5 mmoles) and thionyl chloride (2 mL, 27
mmoles) was refluxed in 50 mL anhydrous dichloromethane (DCM) and 20mL
anhydrous ethanol for 12 hours. An additional 3 mL of thionyl chloride (41
mmoles) was added and the solution was allowed to reflux for another 24 hours.
The solution was cooled and the solvents were removed under reduced pressure.
The product mixture was dissolved in DCM and washed with 10% sodium
bicarbonate. The organic layer was dried over anhydrous Na2SO4. Crude NMR
indicated a mixture of expected product and ethyl 4-formylbenzoate and was
taken on to the next step without further purification. The crude mixture was
combined with triethyl orthoformate (7.4 mL, 44.5 mmol) and conc. HCl (19.5
µL, 178 µmol) in 2.75 mL of absolute ethanol and allowed to reflux for 24 hours.
After removal of ethanol and excess orthoformic acid under reduced pressure, the
crude mixture was taken up in diethyl ether and the solution was washed with 2M
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NaOH. The organic layer was dried over anhydrous Na2SO4, and the diethyl
ether was removed under reduced pressure to yield the pure product 1 in 75%
yield.
1

H NMR (300 MHz, CDCl3) δ 1.24 (t, 6H), 1.39 (t, 3H), 3.6, (m, 4H), 4.38 (q,

2H), 5.55 (s, 1H), 7.55 (d, 1H), 8.045 (d, 1H).
13

C NMR (75 MHz, CDCl3) δ 14.26, 15.11, 60.89, 60.98, 100.76, 126.60, 129.38,

130.30, 143.77, 166.35

N-Glycinylmaleamic acid (2)
O

OH

O

O
N
H

OH

(2)

To a stirring solution of maleic anhydride (9.8 g, 100 mmol) in 10 mL of ether
was added glycine (7.5 g, 100 mmol) in one shot and stirred vigorously overnight.
A white precipitate was formed which was filtered and stripped of solvents and
washed with cold ether and lyophilized to yield 15 g of crude 2. The NMR of the
crude showed primarily the product glycinylmaleamic acid 2. The crude was
directly used for the next reaction.
1
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H NMR (300 MHz, D2O) δ 3.8 (s, 2H), 5.97 (d, 1H), 6.41 (d, 1H)
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N-maleimidoacetic acid N-hydroxysuccinimide ester (3)
O
O

O

N
O

N

O

O
(3)

A solution of 2 (4.6 g, 26.5 mmol) and HOSu (6.1 g, 53 mmol) was stirred in 100
mL of THF with 40 ml of DMF at -20°C after which DCC (12g, 59 mmol) was
added dropwise as a solution in 60 mL of THF. The mixture was stirred for 2
hours at -20°C and then warmed to RT and stirred overnight. The solution was
then acidified with acetic acid (7 mL) and filtered to remove the urea formed. The
filtrate was evaporated to dryness. The resulting slurry was purified over silica
using 7:3 ethyl acetate/hexanes to yield 1.4 g of pure 3 (18% yield).
1

H NMR (300 MHz, d6-DMSO) δ 2.81 (s, 4H), 4.72 (s, 2H), 7.2 (s, 2H)

13

C NMR (75 MHz, d6-DMSO) δ 25.4, 36.29, 135.09, 164.31, 169.60

(2,2-dimethyl-1,3-dioxolan-4-yl)methyl methanesulfonate (4)
OMs
O
O
(4)

To a stirring solution of solketal (6.6 g, 50 mmol) in dichloromethane (50 mL)
and triethylamine 7.5 mL, 55 mmol) at – 20°C was added a solution of methane
sulfonyl chloride (4 mL, 55 mmol) in dichloromethane dropwise over 15 min. The
resulting solution was stirred for 12 hrs. The triethylamine hydrochloride salt
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formed was washed with saturated sodium bi-carbonate and the organic solution
was dried and evaporated to dryness. The resulting orange yellowish compound
(10.5 g, 100% yield) was used directly for the next reaction.
1

H NMR (300 MHz, CDCl3) δ 1.35 (s, 3H), 1.45 (s, 3H), 3.08 (s, 3H), 3.83 (dd,

1H), 4.1 (dd, 1H), 4.21 (d, 2H), 4.4 (m, 1H).
13

C NMR (75 MHz, CDCl3) δ 25.17, 26.67, 37.67, 65.81, 69.14, 73.22, 110.25.

(4-azidomethyl)-2,2-dimethyl-1,3-dioxolane (5)
O
O

N3
(5)

To a stirring solution of 4 (10.5 g, 50 mmol) in DMF 15 mL) was added a
solution of sodium azide (5 g, 75 mmol) in water (15 mL) and the solution was
refluxed at 110°C until complete consumption of starting material was observed
by TLC. The solution was cooled to room temperature and 5 mL of brine solution
was added and the compound was extracted with 4 X 10 ml ether and the organic
layer was concentrated to about 25 mL and was further washed with water three
times, dried and evaporated to yield the azide 5 as an yellow oil (5.33 g, 68%
yield).
1

H NMR (300 MHz, CDCl3) δ 1.37 (s, 3H), 1.47 (s, 3H), 3.3 (dd, 1H), 3.4 (dd,

1H), 3.8 (dd, 1H), 4.09 (dd, 1H), 4.3 (m, 1H).
13
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C NMR (75 MHz, CDCl3) δ 25.24, 25.62, 52.85, 66.61, 74.58, 109.95.
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3-azido-1,2-propanediol (6)
HO
HO

N3
(6)

To a stirring solution of 5 (5.33 g, 34 mmol) in TFA (15 mL) was added 10 mL of
water and stirred vigorously overnight. The reaction was monitored by TLC in 7:3
hexanes/EtOAc. After completion the solvents were removed under vacuum and
then purified by flash column with 20% EtOAc/Hexanes to yield 6 in 76% (3.02
g).
1

H NMR (300 MHz, CDCl3) δ 2.3 (s, 1H), 2.8 (s, 1H), 3.4 (comp m, 2H), 3.6 (m,

1H), 3.7 (m, 1H), 3.9 (m, 1H).
13

C NMR (75 MHz, CDCl3) δ 53.47, 63.96, 70.89

4-azidomethyl-2-(4-ethoxycarbony phenyl)-1,3-dioxolane (7)
O

O

O

O

N3
(7)

To a stirring solution of 6 (600 mg, 5.2 mmol) and 1 (1.44 g, 5.72 mmol) in 20
mL of acetonitrile was added (+)-camphorsulphonic acid (67 mg, 0.28 mmol) and
3Å MS and the mixture was stirred for 16 hours under argon. The TLC was
monitored in 9:1 hexane and ethyl acetate. Solid NaHCO3 was added and stirred
till evolution of CO2 ceases. Then the solid is filtered and the solvent evaporated.
The crude material was purified with 5% EtOAc/hexanes to yield 7 in 58% (840
mg).
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1

H NMR (300 MHz, CDCl3) δ 1.39 (t, 6H), 3.5 (m, 4H), 3.85 (m, 1H), 4 (m, 1H),

4.12 (m, 1H), 4.21 (m, 1H), 4.4 (m, 6H), 5.86 (s, 1H (Dia)), 6.05 (s, 0.81H (Dia)),
7.55 (m, 4H), 8.07 (m, 4H).
13

C NMR (75 MHz, CDCl3) δ 52.34, 52.93, 61.07, 67.70, 67.87, 74.97, 75.28,

103.35, 103.89, 126.26, 126.67, 129.67, 131.32, 131.49, 141.49, 142.32, 166.21,
166.22

4-azidomethyl-2-(4-carboxyphenyl)-1,3-dioxolane (8)
N3

O
OH

O

O
(8)

To a stirring solution of 7 (840 mg, 3.03 mmol) in methanol/glyme (18 mL, 1:1)
was added NaOH (550 mg) in 10 mL water to get a final concentration of 0.5 M.
The reaction was monitored by TLC for completion. The reaction went to
completion in 2 hrs. The mixture was acidified to pH 3 with cold 2 N HCl and
compound extracted into ethyl acetate layer washed with brine and dried to yield
8 in 98% product (750 mg).
1

H NMR (300 MHz, CDCl3) δ 3.4 (m, 3H), 3.5 (m, 1H), 3.85 (m, 1H), 4.0 (m,

1H), 4.12 (m, 1H), 4.21 (m, 1H), 4.45 (m, 2H), 5.89 (s, 1H (Dia)), 6.07 (s, 0.89H
(Dia)), 7.59 (m, 4H), 8.16 (m, 4H).
13

C NMR (75 MHz, CDCl3) δ 52.32, 52.90, 67.72, 67.90, 75.03, 75.34, 103.23,

103.75, 126.45, 126.66, 129.94, 130.11, 130.37, 142.56, 143.42, 170.83, 170.86
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Synthesis of Hydrocarbon lipid acetal linker
N-(4-azidomethyl-1,3-dioxolanyl-2-(4-benzoylamino))-1,2-dihexadecanoyl-snGlycero-3-Phosphoethanolamine, Triethylammonium Salt (9)

O
O
N3

O

O

HN

O
P O
O O
Et3NH+

O

C15H31
O
C15H31
O

(9)

To a stirring solution of 8 (100 mg, 0.4 mmol) and HOSu (56 mg, 0.48 mmol) in
5 mL of dichloromethane was added EDCI.HCl (152 mg, 0.8 mmol) and the
solution was stirred for 4 hours and then the solvents were removed under
vacuum to dryness. The mixture was taken up in chloroform and washed with 0.1
N HCl and the organic layer was dried and evaporated.
1

H NMR (300 MHz, CDCl3) δ 2.9 (s, 8H), 3.4 (m, 3H), 3.55 (dd, 1H), 3.8 (dd,

1H), 3.9 (dd, 1H), 4.2 (m, 2H), 4.45 (m, 2H), 5.88 (s, 1H (dia)), 6.07 s, 0.8H
(dia)), 7.63 (dd, 4H), 8.15 (dd, 4H).
The crude was dissolved in fresh chloroform (25 mL) and to it was added DPPENH2 (240 mg, 0.34 mmol) and triethylamine (0.8 mL, 10 eq) and let stir
overnight. The solvents were removed and the residue was purified on silica gel
with 10% methanol/chloroform. TLC was also monitored in 65:30:5 (CHCl3
:MeOH : H2O) and stained with dittmer reagent, malachite green or ninhydrin.
The NMR of the major fraction collected shows pure product 9 (306.1 mg, 88%).
1

H NMR (300 MHz, CDCl3) δ 0.86 (t, 12H), 1.27 (bs, 117H)[Et3N], 1.54 (m, 8H),

2.25 (m, 8H), 3.05 (q, 10H)[Et3N], 3.4 (m, 3H), 3.5 (dd, 1H), 3.7 (m, 4H), 3.8 (dd,
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1H), 3.99 (m, 5H), 4.1 (m, 7H) 4.24 (dd, 1H) 5.2(m, 2H), 5.8 (s, 1H (dia)), 6.0 (s,
0.94 H (dia)), 7.5 (dd, 4H), 7.9 (t, 4H), 8.25 (m, 2H).
13

C NMR (75 MHz, CDCl3) δ 8.4, 14.06 22.64, 24.83, 24.87, 25.37, 29.11, 29.13,

29.32, 29.5, 29.63, 29.68, 31.89, 34.04, 34.21, 45.60, 52.28, 52.91, 62.50, 63.81,
63.86, 64.26, 67.64, 67.76, 70.18, 70.24, 74.91, 75.19, 103.40, 103.99, 126.28,
126.54, 127.55, 173.39.
31

P NMR (202.4 MHz, CDCl3) δ -2.238, -2.261.

ESI-MS [-Ve mode] M-H+ = 921.84; 2M-H+ = 1844.91.

N-(4-aminomethyl-1,3-dioxolanyl-2-(4-benzoylamino))-1,2-dihexadecanoylsn-Glycero-3-Phosphoethanolamine, Triethylammonium Salt (10)
O
O
O
P O
O O

O

O
H2N

HN

O

C15H31
O
C15H31
O

Et3NH+

(10)

To a stirring solution of the 9 (127 mg, 0.137 mmol) in 10 mL of chloroform and
4 mL of methanol was added triphenylphosphine (180 mg, 0.69 mmol) and heated
at 50°C for 24 hours. TLC and ESI-MS confirm the formation of a new spot. The
polar

spot

was

purified

by

combiflash

using

a

gradient

of

5%

methanol/chloroform to 50% methanol/chloroform. The pure product isolated was
shown by MALDI to be pure and NMR to be pure (95.5 mg, 79%)
1

H NMR (300 MHz, CDCl3) δ 0.88 (t, 6H), 1.25 (bs, 47H), 1.6 (bt, 4H), 2.3 (t,

4H), 2.6 (bs, 4H), 3.05 (q, 2H), 3.3-4.7 (comp m, 13H), 5.17 (bs, 1H), 5.3 (s,
0.4H), 5.45 (s, 0.6H), 7-8 (comp m).
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MALDI-MS: Calcd. for [C48H84N2O11P]-1 m/z = 895.58 found m/z = 894.64;
N-(4-N-Maleoylglycylamido)methyl-1,3-dioxolanyl-2-(4-benzoylamino))-1,2dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine, Triethylammonium
Salt (11)
O
O

O

HN

O
O

O
HN

O
P O
O O

O

C15H31
O
C15H31
O

Et3NH+

N
O
(11)

To a stirring solution of 10 (95.5 mg, 0.107 mmol) and triethylamine (75 µl, 0.535
mmol) in 10 mL of chloroform was added maleimidoacetic acid Nhydroxysuccinimide ester, 3 (40 mg, 0.16 mmol) as a solution in DMF (100 µl)
and the solution was stirred overnight at room temperature. Solvents were
stripped and purified by HPLC using C-18 RP semiprep column using the
following solvent conditions; Solvent A: 85:15:5 Water:ACN:iPrOH; Solvent B:
85:15:5 iPrOH:ACN:Water with 90% B for 6 min, 100% B for 16 min and 90% B
for 6 min visualizing at 300nm. The product elutes at 16 min. NMR shows pure
product 11 (90 mg, 81%).
1

H NMR (300 MHz, CDCl3) δ 0.88 (t, 12H), 1.207 (t, 16 H) [Et3N], 1.25 (m,

98H), 1.58 (m, 8H), 2.27 (m, 8H), 2.93 (m, 8H) [Et3N], 3.27 (m, 2H), 3.38 (m
2H), 3.4-3.9 (m, 8H), 3.99 (m, 5H), 4.13 (m, 7H), 4.2 (s, 2H) 4.24 (s, 1.6H), 4.35
(m, 4H), 5.23 (m, 1.9H), 5.72 (s, 1H (dia)), 5.88 (s, 0.7H (dia)), 6.74 (s, 2H (dia)),
6.76 (s, 1.4H (dia)), 7.42 (m, 4H), 7.92 (m, 4H) 8.84 (m, 2H), 12.03 (bs, 1H).
13

C NMR (75 MHz, CDCl3) δ 7.42, 8.4, 22.64, 24.84, 24.89, 29.1, 29.125, 29.28,

29.31, 29.49, 29.62, 29.66, 31.88, 34.06, 34.25, 40.24, 40.27, 41.27, 41.83, 45.56,
52.54, 62.56, 63.72, 63.74, 63.77, 67.78, 70.27, 70.32, 75.02, 75.27, 102.92,
!
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103.55, 126.37, 126.52, 127.52, 127.54, 134.41, 135.22, 135.38, 166.87, 167.05,
170.2, 173.07, 173.42.
31

P NMR (202.4 MHz, CDCl3) δ 1.347, 1.375.

Synthesis of Fluorinated phospholipid
1,2-Di-(9-perfluorohexadecanoyl)-3-O-benzyl-sn-glycerol (13)
C6F13

O

9

O
C6F13

9

O

O

Ph

O
(13)

To a stirring solution of C6F13-palmitic acid (4.8 g, 9.79 mmol), (R)-3-O-Benzyl1,2-Propanediol (503 mg, 2.76 mmol) and DMAP (115 mg, 0.94 mmol) in
methylene chloride (30 mL) cooled to 0°C was added DCC (2.26 g, 10.95 mmol)
dropwise as a solution in 10 mL of DCM over a period of 10 minutes and warmed
to room temperature and let stir for 16 hours. The solution was filtered and crude
compound was purified with EtOAc/hexanes 1:5 to give two fractions both pure
and a final yield of 43%.
1

H NMR (300 MHz, CDCl3) δ 7.35 (m, 5H), 5.25 (m, 1H), 4.55 (m, 2H), 4.36

(dd, 1H), 4.2 (dd, 1H), 3.6 (d, 2H), 2.3 (m, 4H), 2.1 (m, 4H), 1.65 (m, 8H), 1.3
(m, 20 H).
13

C NMR (125 MHz, CDCl3) δ 173.26, 172.98, 138.87, 137.79, 128.39, 127.73,

127.59, 118.47, 118.41, 116.38, 116.34, 116.11, 111.15, 111.13, 110.89, 73.32,
70.11, 68.33, 62.69, 34.27, 34.24, 34.05, 34.01, 32.44, 31.06, 30.88, 30.70, 29.17,
29.08, 29.05, 29.01, 28.96, 28.94, 28.87, 28.83, 28.79, 28.69, 28.65, 24.91, 24.84,
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24.78, 20.09, 20.06.
19

F NMR (470 MHz, CDCl3) δ -81.21, -114.63, -122.15, -123.11, -123.8, -126.43

1,2-Di-(9-perfluorohexadecanoyl)-sn-glycerol (14)
C6F13

O

9

O
C6F13

O

9

OH

O
(14)

A stirring solution of benzyl protected glycerol (900 mg, 0.8 mmol) and 10%
Pd/C in ethanol (15 mL) and acetic acid (2 mL) was evacuated and fitted a
hydrogen balloon and the mixture was stirred for 4 hrs. The TLC showed
complete conversion. Palladium was filtered and solvents were removed under
vacuum. The compound was purified over silica in 10-20% ethylacetate in
hexanes to yield 525 mg (63% yield).
1

H NMR (300 MHz, CDCl3) δ 5.1 (quint, 1H), 4.35 (dd, 1H), 4.23 (dd, 1H), 3.73

(dd, 2H), 2.34 (m, 4H), 2.05 (m, 4H), 1.61 (m, 8H), 1.315 (m, 20H).
13

C NMR (125 MHz, CDCl3) δ 173.71, 173.40, 120.46, 118.44, 116.07, 111.09,

108.95, 106.49, 106.18, 72.15, 62.12, 61.46, 34.23, 34.04, 31.02, 30.84, 30.67,
29.17, 29.06, 29.02, 24.88, 24.83, 20.06
19

F NMR (470 MHz, CDCl3) δ -81.17, -114.70, -122.19, -123.14, -123.83, -

126.45
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1,2-Di-(9-perfluorohexadecanoyl)-sn-glycero-3-phospho-(2-(tert-butoxycarbonylamino))ethanol (16)
C6F13

O

9

O
C6F13

9

O

O
-O

O Et3NH+

P

O
O

NHBoc

(16)

Imidazole (830 mg, 12.2 mmol) and toluene were co-evaporated under vacuum
for 1 hr. The residue was then re-dissolved in toluene (7 mL) and cooled to 0°C.
A solution of PCl3 (226 µl, 2.5 mmol) in toluene (5 mL) and triethylamine (1 mL)
was added consecutively and solution was stirred for 30 min after which the
deprotected alcohol (525 mg, 0.506 mmol) as a solution in methylene chloride
was added over a period or 30 min and the solution was stirred at -10°C for 2
hours. Then a mixture of pyridine/water (18 mL, 4:1 Py/H2O) was added and
mixture was extracted with 1 mM, pH 8.5 TEAB buffer. The organic layer was
then dried and evaporated to yield crude H-Phosphonate (15) that was confirmed
by NMR and was used directly for the next reaction. The crude H-Phosphonate
(530 mg, 0.482 mmol) and t-butoxycarbonylglycinol (155 mg, 0.96 mmol) were
co-evaporated with pyridine and left under vacuum for 1 hour. Then 2 mL of
pyridine and 150 µl of trimethylacetyl chloride (1.2 mmol) were added and the
slurry was stirred for 10 hours. After the reaction becomes a clear, a solution of
132 mg of iodine in 600 µl of 5% water in pyridine was added and let stir for 6
hours more. Iodine was neutralized with sodium thiosulphate and product was
extracted into chloroform layer. The organic layer was thoroughly washed with
pH 8.5 triethylammonium bicarbonate, dried over sodium sulfate and solvent
!
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removed to give crude lipid, which was purified with 10% methanol in
chloroform over silica to yield 340 mg (60% yield) of pure lipid.
NMR of H-Phosphonate intermediate (15):
1H NMR (500 MHz, CDCl3) δ 12.22 (bs, 1H), 6.87 (d, 1JP-H = 636 Hz, 1H), 5.24
(m, 1H), 4.38 (m, 1H), 4.18 (m, 2H), 4.04 (m, 1H), 3.09 (m, 2H), 2.32 (m, 4H),
2.04 (m, 4H), 1.65 (m, 8H), 1.3 (m, 26H).
19

F NMR (470 MHz, CDCl3) δ (ppm) -81.06, -114.64, -122.15, -123.09, -123.77,

-126.38
31

P NMR (200 MHz, CDCl3) δ 4.35 (1JP-H = 660 Hz, 3JP-H = 10 Hz)

NMR of 16:
1H NMR (500 MHz, CDCl3) δ 5.65 (m, 1H), 5.23 (m, 1H), 4.39 (dd, 1H), 4.17
(m, 1H), 3.97 (m, 4H), 3.36 (m, 2H), 3.13 (m, 18H), 2.30 (m, 4H), 2.0 (m, 4H),
1.59 (m, 8H), 1.5-1.2 (m, 64H).
13

C NMR (125 MHz, CDCl3) δ 172.99, 172.62, 120.23, 118.47, 118.22, 115.82,

115.8, 110.841, 70.05, 69.99, 64.83, 64.77, 64.73, 63.69, 63.67, 63.65, 63.61,
62.26, 45.69, 45.60, 45.58, 45.56, 33.94, 33.77, 30.79, 30.61, 30.44, 28.96, 28.82,
28.75, 28.7, 28.14, 28.05, 24.60, 24.56, 24.5, 19.84, 19.82, 19.76, 16.08, 8.31,
8.29, 8.26.
19

F NMR (470 MHz, CDCl3) δ -81.13, -114.63, -122.19, -123.14, -123.82, -

126.41
31

!

P NMR (200 MHz, CDCl3) δ -1.1045 (3JP-H = 8 Hz)
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1,2-Di-(9-perfluorohexadecanoyl)-sn-glycero-3-phosphoethanolamine.TFA
(17)
C6F13

O

9

O
C6F13

9

O

O

-O
O Et NH+
3

P

O
O

NH2 TFA

(17)

To a stirring solution of the boc protected lipid (328 mg, 0.241 mmol) in 2 mL of
DCM at 0°C was added 1 mL of TFA and 1 mL of perchloric acid and stirred for
40 min. Then, the solution was diluted with chloroform (10 mL), methanol (4 mL)
and water (10 mL) and shaken thoroughly. To this solution was added 20 mL of
0.5 M sodium carbonate and the organic layer extracted. The aqueous solution
was washed with 50 mL of chloroform and organic layers combined and dried
over sodium sulfate and evaporated to yield pure F6-DPPE amine as a TFA salt
(273 mg, 98%).
1H NMR (500 MHz, CDCl3) δ 11.8 (bs, 1H), 7.85 (bs, 2H), 5.24 (m, 1H), 4.37
(m, 1H), 4-4.2 (m, 5H), 3.3 (m, 2H), 3.16 (m, 2H), 2.3 (m, 4H), 2.30 (m, 4H), 2.0
(m, 4H), 1.59 (m, 8H), 1.2-1.4 (m, 26H).
13

C NMR (125 MHz, CDCl3) δ 173.46, 173.18, 173, 118.36, 116.07, 111.11,

110.83, 110.8, 108.96, 69.9, 69.87, 69.83, 69.74, 64.71, 64.68, 64.64, 64.57,
64.54, 62.68, 62.13, 62.03, 46.29, 34.12, 34.1, 33.96, 33.94, 30.85, 29.2, 29.17,
29.05, 29.01, 24.8, 24.77, 20.07, 20.05, 8.44
19

F NMR (470 MHz, CDCl3) δ -76.18, -81.09, -114.63, -122.14, -123.09, -123.78,

-126.37
31

!

P NMR (200 MHz, CDCl3) δ -1.315
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Synthesis of fluorinated lipid acetal linkers
N-(4-azidomethyl-1,3-dioxolanyl-2-(4-benzoylamino))-1,2-Di-(9-perfluorohexadecanoyl)-sn-Glycero-3-Phosphoethanolamine, Triethylammonium Salt
(18)
O
O
O
P O
O O
Et3NH+

O

O
N3

HN

O

C15F13H18
O
C15F13H18
O

(18)

To a stirring solution of 8 (100 mg, 0.4 mmol) and HOSu (56 mg, 0.48 mmol) in
5 mL of dichloromethane was added EDCI.HCl (152 mg, 0.8 mmol) and the
solution was stirred for 4 hours and then the solvents were removed under
vacuum to dryness. The mixture was taken up in chloroform and washed with 0.1
N HCl and the organic layer was dried and evaporated.
1

H NMR (300 MHz, CDCl3) δ 2.9 (s, 8H), 3.4 (m, 3H), 3.55 (dd, 1H), 3.8 (dd,

1H), 3.9 (dd, 1H), 4.2 (m, 2H), 4.45 (m, 2H), 5.88 (s, 1H (dia)), 6.07 s, 0.8H
(dia)), 7.63 (dd, 4H), 8.15 (dd, 4H).
The crude was dissolved in fresh chloroform (25 mL) and to it was added 15 (273
mg, 0.24 mmol) and triethylamine (0.4 mL, 10 eq) and let stir overnight. The
solvents were removed and residue purified with 10% methanol/chloroform. TLC
was also monitored in 65:30:5 (CHCl3 :MeOH : H2O) and stained with dittmer
reagent, malachite green or ninhydrin. The NMR of the major fraction collected
shows pure product 18 (195 mg, 55%).
1

H NMR (500 MHz, CDCl3) δ 1.22 (t, 19H) [Et3N], 1.28 (bs, 40H), 1.58 (m,

20H), 2.04 (m, 10H), 2.28 (m, 10H), 2.96 (m, 12H) [Et3N], 3.43 (m, 3H), 3.51 (m,
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1H), 3.67 (m, 4H), 3.83 (m, 1H), 3.97 (m, 7H), 4.15 (m, 8H), 4.39 (m, 4H), 5.23
(m, 2H), 5.82 (s, 1H (dia)), 6.0 (s, 0.80H (dia)), 7.50 (m, 3.8H), 8.0 (m, 4H), 8.72
(m, 1H), 12.00 (m, 1.75H)
13

C NMR (125 MHz, CDCl3) δ 8.39, 20.07, 20.09, 24.78, 24.82, 29.03, 29.06,

29.18, 30.66, 30.84, 31.02, 34.00, 34.19, 45.54, 52.29, 52.92, 62.50, 62.53, 63.75,
63.82, 64.19, 67.65, 67.75, 70.26, 70.29, 70.32, 103.44, 104.41, 126.27, 126.53,
127.57, 172.65, 172.93, 172.95, 173.30
19

F NMR (470 MHz, CDCl3) δ –126.25, -123.67, -122.99, -122.05, -114.52,

-80.91
31

P NMR (202.4 MHz, CDCl3) δ -1.078, 1.078

N-(4-aminomethyl-1,3-dioxolanyl-2-(4-benzoylamino))-1,2-Di-(9-perfluorohexadecanoyl)-sn-Glycero-3-Phosphoethanolamine, Triethylammonium Salt
(19)
O
O
H2N

O

O
P O
O O

O
HN

O

C15F13H18
O
C15F13H18
O

Et3NH+
(19)

To a stirring solution of 18 (190 mg, 0.127 mmol) in 5 mL chloroform and 2 mL
methanol was added trimethylphosphine (25 µl, 2.5 eq) and let it stir for 1 hour.
The ESI-MS of the crude shows the formation of the iminophosphorane
intermediate. Then added a few drops of water and stirred for 3 hours. The NMR
shows change on chemical shifts of the diastereomeric proton and confirms
formation of the product. The crude amine (176 mg, 95% yield) was used directly
for conjugation in the next step.
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N-(4-N-Maleoylglycylamido)methyl-1,3-dioxolanyl-2-(4-benzoylamino))-1,2Di-(9-perfluorohexadecanoyl)-sn-Glycero-3-Phosphoethanolamine,
Triethylammonium Salt (20)
O
O
O
O

HN

O

O
P O
O O
Et3NH+

O
HN

N

O

C15F13H18
O
C15F13H18
O

O
(20)

To a stirred solution of 19 (176 mg, 0.12 mmol) in chloroform (5 mL) was added
N-glycinylmaleimide 3 (2 eq) in 2 mL DMF and triethylamine (2 eq) was added
consecutively and stirred overnight. Solvents were stripped and purified by HPLC
using C-18 RP semiprep column using the following solvent conditions; Solvent
A: 85:15:5 Water:ACN:MeOH; Solvent B: 85:15:5 MeOH: ACN:Water with 8591% B in 7 min and 91-96% B in 13 min visualizing at 300nm. The product
elutes at 15 min as a broad tapering peak. NMR shows pure product 20 (120 mg,
62%).
1

H NMR (500 MHz, CDCl3) δ 1.21 (t, 19H) [Et3N], 1.29 (bs, 40H), 1.59 (m,

19H), 2.041 (m, 9H), 2.28 (m, 9H), 2.93 (m, 12H) [Et3N], 3.4 (m, 2H), 3.63 (m,
8H), 3.83 (m, 1H), 4.02 (m, 7H), 4.15 (m, 8H), 4.20 (s, 2H (dia)), 4.24 (s, 1.8H
(dia)), 4.29 (m, 2H), 4.37 (m, 4H), 5.23 (m, 2H), 5.74 (s, 1H (dia)), 5.9 (s, 0.82H
(dia)), 6.74 (s, 2H), 6.77 (s, 1.5H), 7.43 (m, 3.8H), 7.91 (m, 4H), 8.73 (m, 1.6H),
11.99 (m, 1.75H)
13

C NMR (125 MHz, CDCl3) δ 8.42, 20.06, 20.09, 24.80, 24.84, 29.04, 29.07,

29.19, 30.69, 30.87, 31.05, 34.03, 34.21, 40.31, 40.37, 41.29, 41.86, 45.62, 62.50,
62.53, 67.73, 67.97, 75.02, 75.29, 103.03, 103.59, 110.32, 126.33, 126.46, 127.56,

!

99

127.57, 134.44, 134.47, 135.24, 135.32, 139.94, 140.68, 166.78, 167.05, 170.13,
170.16, 172.96, 173.32
19

F NMR (470 MHz, CDCl3) δ –126.19, -123.61, -122.93, -121.98, -114.42,

-80.87
31

P NMR (202.4 MHz, CDCl3) δ 0.719, 0.937

Synthesis of lipid acetal conjugates for studying cellular uptake
S-Trityl cysteamine (21)
STr

H2N
(21)

To a stirring solution of cysteamine hydrochloride (1 g, 8.8 mmol) in 1.6mL of
TFA was added 2 g of trityl chloride (7.6 mmol) and stirred vigorously protected
from light. The solution turned dark after 2 hours. The reaction was quenched by
the addition of 12 mL of 1N sodium hydroxide. The product was extracted into
ethyl acetate and washed with brine. The combined layers were dried over sodium
sulfate and evaporated to yield the product as a yellow solid (1.8g). NMR shows
peaks corresponding to the product.
1

H NMR (300 MHz, CDCl3) δ 2.43 (t, 2H), 2.56 (t, 2H), (s, 2H), 7.24 (m, 3H),

7.31 (m, 7H), 7.42 (m, 6H)
13

!

C NMR (75 MHz, CDCl3) δ 29.03, 38.51, 67.44, 127.20, 128.29, 129.3, 143.89

100

[2-(4-nitro-2,1,3-benzoxadiazol-7-yl)aminoethyl]-S-triphenylmethyl thiol (22)
NO2
STr

N
H

N
N O

(22)

To a stirring solution of 21 (500 mg, 1.37 mmol) in 2:1 of ethanol and saturated
sodium bicarbonate was added NBD-Cl as a solution in 10 mL of ethanol. Thick
orange slurry was formed and the mixture was stirred overnight in the dark.
Analysis by TLC in 2% methanol/ethyl acetate showed complete conversion of
starting material to a new fluorescent spot. The solvents were removed under
vacuum and lyophilized. The crude was re-dissolved in 50% methanol/acetone to
remove the salts formed. The filtrate was evaporated to dryness and this process
repeated twice more till no residues were seen in the methanol acetone layer. The
solvents were removed and dried under vacuum. The NMR shows pure product
albeit trace acetone and some water (871 mg). All the other peaks match the
product that was used without further purification.

1

H NMR (300 MHz, CDCl3) δ 2.7 (t, 2H), 3.25 (m, 2H), 5.80 (d, 1H), 6.15 (m,

1H), 7.23 (m, 3H), 7.3 (m, 6H), 7.43 (d, 6H), 8.38 (d, 1H)
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NBD conjugated Hydrocarbon lipid acetal construct

O N
N
O2N

HN

S

O

O

HN

N

O
O

O

O
(24)

HN
R

To a stirring solution of 22 (10 mg, 0.02 mmol) in TFA (500 µL) was added
triethylsilane (21 µL, 0.1 mmol) and solution stirred overnight. TLC of the
reaction in 5% methanol/chloroform shows complete deprotection. The resulting
slurry was evaporated to dryness under vacuum and re-dissolved in DMF and
added to a solution of 11 (3.3 mg, 0.0032 mmol) and triethylamine (5 µL, 0.016
mmol) in 0.5 mL of chloroform. The solution was stirred under Argon and
reaction was monitored by TLC (10% methanol/chloroform, Rf = 0.33) and after
20 min, product formation was seen both by TLC and HPLC. The reaction
mixture was evaporated to dryness and purified by HPLC to yield pure 24 in 82%
yields.
1

H NMR (300 MHz, CDCl3) δ 0.87 (t, 6H), 1.25 (bs, 49 H), 1.6 (m, 4H), 2.26 (m,

4H), 2.6 (m, 1H), 2.99 (m, 2H), 3-3.4 (m, 4H), 3.5-4.4 (m, 17H), 5.21 (m, 1H),
5.7 (m, 1H), 6.27 (m, 1H), 7.4 (m, 2H), 7.76 (m, 2H), 8.3 (m, 1H), 12.2 (bs, 1H).
ESI-MS: calcd. for [C62H95N7O17PS]-1 m/z 1272.63 found m/z 1272.36; calcd. for
[C62H95N7O19PS]-1 m/z 1304.61 found m/z 1304.45 for double oxidation of the
thioether to sulfone.
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Conjugation of hydrocarbon and fluorocarbon lipid acetal constructs to
modified ssDNA
Disulphide reduction!!
!
5’- /FAM/-CTT GGT TCG AGC TGC TGA ACC T-/(CH2)3-SH/ -3’ (25)

Fluorescently labeled thiol modified ssDNA was purchased from IDTDNA and
used without any purification. The sequence is shown below.
5’- /FAM/-CTT GGT TCG AGC TGC TGA ACC T-/(CH2)3-S-S-(CH2)3-OH/ -3’

To 100 nmoles of fluorescently modified disulphide protected oligo suspended in
200 µl of nuclease free water was added 2mg of TCEP.HCl and vortexed gently
to dissolve particulates. The solution is kept in the dark for 20 minutes followed
by ethanol precipitation to give a nice orange pellet that was air-dried. The
molecular

weights

were

determined

by

MALDI-TOF

MS

using

trihydroxyacetophenone (THAP) as the matrix. Concentrations were determined
by UV absorption of oligonucleotide (ε = 217560 M-1cm-1) at 260 nm in pH 7.4
phosphate buffer (0.1M)
MALDI-TOF: Calcd. m/z 7408.1 [M-H+], 3703.7 [M-2H+]; Observed
7408.38 [M-H+], 3701.4 [M-2H+].

!
!

103

m/z

Lipid!acetal!conjugation!of!thiol!modified!ssDNA!Oligo
O

26, R = DPPE

5'

O

O HN

27, R = F6DPPE

O

O

N

3'
S

FAM

HN
O

R

To 40 nmoles of the reduced thiol oligonucleotide in 600 µl of 0.1M-phosphate
buffer at pH7.4, in an eppendorf tube was added a concentrated stock solution of
20 equivalents of the maleimide construct 11 or 20 in 100 µl of DMSO. The
eppendorf was vortexed gently and placed in a dark place for 16 hours. The crude
solution was diluted to 1 mL with 300 µL of phosphate buffer and desalted using
a 3000 M.W. cutoff spin filter column. The orange residue in the column was redissolved in nuclease free water and purified by RP-HPLC on C4 analytical
column using a linear gradient of solvents A and B to yield pure 26 and 27 in 50%
yield. The solvents composed of; A: 50 mM triethylammonium acetate (TEAA)
and B: Acetonitrile. All solvents were purged with nitrogen and filtered through a
0.2µM filter before using them for purification. The molecular weights were
confirmed by MALDI-TOF MS in the reflectron positive mode. The purified
samples were lyophilized multiple times to remove traces of TEAA. The
conjugates were quantified using UV (ε = 217560 M-1cm-1) prior to use in
experiments.

Hydrocarbon Lipid modified ssDNA construct 26
MALDI-TOF: Calcd. m/z 8441.7 [M+], 4221.8 [M+2H+]; Observed m/z 8465.07
[M+Na+], 4232.7 [M+H++Na+].
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Fluorocarbon Lipid modified ssDNA construct 27
MALDI-TOF: Calcd. m/z 8911.1 [M+H+], 4456.1 [M+2H+]; Observed

m/z

8912.8 [M+H+], 4456.66 [M+2H+].
Synthesis of siRNA lipid acetal constructs
29, R = DPPE

O
O
O

O
R

NH

30, R = F6DPPE

NH O
S

5'

3'

N
O

Synthesis of constructs 29 and 30 were accomplished by the same methods
described for the synthesis of fluorescently labeled oligo constructs 26 and 27.
Extra care was taken to ensure that there was no non-specific degradation of RNA
strands. All aqueous buffers including buffers used for HPLC were sterilized,
purged with nitrogen and filtered through a 0.2µm filter and DMSO used for
making stocks of lipid conjugates was sterile.

Disulphide reduced thiol construct
MALDI-TOF: Calcd. m/z 6773.15 [M], 3387.47 [M+2H+], 2258.32 [M+3H+];
Observed m/z 6773.28 [M+H+], 3386.65 [M+2H+], 2257.6 [M+3H+];

Hydrocarbon lipid acetal modification of siCXCR4_sense ssRNA 31
MALDI-TOF: Calcd. m/z 7806.41 [M-H+], 3902.26 [M-2H+], 2601.17 [M-3H+];
Observed m/z 7808.31 [M-H+], 3899.1 [M-2H+], 2599.07 [M-3H+];
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Fluorocarbon lipid acetal modification of siCXCR4_sense ssRNA 32
MALDI-TOF: Calcd. m/z 8274.16 [M-H+], 4135.64 [M-2H+], 2757.42 [M-3H+];
Observed m/z 8275.64 [M-H+], 4135.53 [M-2H+], 2756.01 [M-3H+];

4,4,5,7-tetramethyl-3,4-dihydrocoumarine (33)
O
O

(33)

To 3,5-Dimethylphenol (3.94 g, 0.033 mol) was added to methanesulfonic acid
(4.7 mL) followed by the addition of methyl 3,3- dimethylacrylate (4.4 mL, 0.036
mol). The mixture was heated to 70° C for 24 h. After cooling to room
temperature, the solution was poured into 100 mL of water. The mixture was
extracted with ethyl acetate (150 mL). The organic layer was washed with 5%
NaHCO3 and brine (100 mL) and dried over anhydrous MgSO4. The solvent was
removed in vacuo, and hexane added to the residue to precipitate a pale white
solid, which was collected by filtration and washed with hexane to give 5.4 g
(80%) of product.
1

H NMR (300 MHz, CDCl3) δ 1.44 (s, 6H), 2.24 (s, 3H), 2.45 (s, 3H), 2.55 (s,

2H), 6.75 (s, 2H).
13

C NMR (75 MHz, CDCl3) δ 20.57, 23.04, 27.77, 34.99, 45.73, 116.13, 126.58,

129.42, 136.00, 137.59, 151.48, 168.45
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3-(2’-Hydroxy-4’,6’-dimethylphenyl)-3,3-dimethylpropanol (34)
OH
OH

(34)

To a stirring solution of Coumarine lactone 33 (1 g, 4.89 mmol) dissolved in 40
mL of dry THF was added dropwise to a suspension of LAH (0.19 g, 4.89 mmol,
10 mL of THF (~0.5 M soln.)) in 120 mL dry THF and the mixture stirred for 1 h.
TLC (20% EtOAc/Hexane) showed the reaction to be complete. The excess LAH
was quenched by dropwise addition of 10% HCl solution. The aqueous mixture
was then extracted with 50 mL Et2O twice and combined and dried and filtered
and evaporated to dryness. The oil was then purified by column chromatography
with 1:3 EtOAc/hexanes to yield 486 mg of pure product (50%).
1

H NMR (300 MHz, CDCl3) δ 1.55 (s, 6H), 2.16 (s, 3H), 2.23 (t, 2H), 2.47 (s,

3H), 3.62 (t, 2H), 5.47 (bs, 1H), 6.33 (s, 1H), 6.49 (s, 1H).
13

C NMR (75 MHz, CDCl3) δ 25.61, 31.91, 44.95, 61.51, 116.32, 127.11, 129,

136, 140, 155.

1-O-(tert-Butyldimethylsilyl)-3-(2′-hydroxy-4′,6′-dimethylphenyl)-3,3-dimethylpropanol (35)
OTBDMS
OH

(35)

To a stirring solution of 34 (400 mg, 1.92 mmol) and t-butyldimethylsilyl chloride
!
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(300 mg, 2 mmol) in methylene chloride cooled to 0°C was added triethylamine
(1.2 mL) dropwise and the mixture was stirred for 24 hours. The reaction mixture
was evaporated to dryness and the product was extracted into methylene chloride.
The solvents were removed to yield 590 mg of pure product (96%).
1

H NMR (300 MHz, CDCl3) δ 0.02 (s, 6H), 0.88 (s, 9H), 1.55 (s, 6H), 2.09 (t,

2H), 2.19 (s, 3H), 2.46 (s, 3H), 3.6 (t, 2H), 5.69 (bs, 1H), 6.42 (s, 1H), 6.49 (s,
1H).
13

C NMR (75 MHz, CDCl3) δ -5.33, 19, 21, 25.5, 26, 32.13, 40, 44.95, 61.72,

116.85, 126, 136, 140, 154.

1-O-(tert-Butyldimethylsilyl)-3-(2′-Boc-alanyl-4′,6′-dimethylphenyl)-3,3dimethylpropanol (36)
OTBDMS

O
BocHN

O

(36)

To a stirring solution of BocNH-Ala-OpNP (100 mg, 0.32 mmol) in 10 mL of
DCM was added 35 (100 mg, 0.31 mmol) and 4-(N,N-dimethylamino) pyridine
(40 mg, 0.32 mmol) and refluxed for 8 hrs. TLC of the reaction mixture show
complete conversion of starting material. The product was extracted into DCM
followed by washing with sat. NaHCO3 (X3), 1% HCl (X2) and brine (X2). The
organic layer was dried over magnesium sulfate and solvent evaporated. The
crude was purified with 8% ethylacetate in hexanes to yield 133 mg of pure
product (90%).
1

H NMR (300 MHz, CDCl3) δ -0.02 (s, 6H), 0.82 (s, 9H), 1.46 (s, 15H), 1.55 (d,
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3H), 2 (t, 2H), 2.22 (s, 3H), 2.52 (s, 3H) 3.48 (t, 2H) 4.52 (quint, 1H), 5.17 (bd,
1H) 6.5 (s, 1H), 6.81 (s, 1H).
13

C NMR (75 MHz, CDCl3) δ -5.41, 14.35, 18.15, 20.09, 25.2, 26, 28.2, 31.77,

31.8, 39.11, 45.85, 49.83, 60.70, 79.77, 122.47, 132.47, 134.1, 136.05, 138.47,
149.79,156, 172.74

3-(2′-Boc-alanyl-4′,6′-dimethylphenyl)-3,3-dimethylpropanol (37)
OH

O
BocHN

O

(37)

To a stirring solution of 36 (133 mg, 0.269 mmol) in a 1 mL of 1:1 mixture of
THF and water was added 1.5 mL of acetic acid and stirred for 2 hours at room
temperature. TLC of the reaction mixture shows complete deprotection. The
product was used directly used for the next reaction due to the possibility of
transesterification.
1

H NMR (300 MHz, CDCl3) δ 1.43 (s, 9H), 1.49 (s, 6H), 1.54 (d, 3H), 2.06 (bm,

2H), 2.21 (s, 3H), 2.5 (s, 3H), 3.5 (m, 2H), 4.5 (m, 1H), 5.33 (d, 1H), 6.52 (s, 1H),
6.8 (s, 1H).
13

C NMR (75 MHz, CDCl3) δ 17.45, 20.14, 20.83, 25.48, 28.30, 31.74, 31.97,

39.14, 45.72, 50.02, 60.12, 67, 80.44, 122.6, 132.6, 134.6, 136.2, 138.3, 149.9,
156.1, 173.02, 176.25.
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3-(2′-Boc-alanyl-4′,6′-dimethylphenyl)-3,3-dimethylpropionic Acid (39)
O
BocHN

O

OH

O

(39)

To a stirring solution of PCC (116 mg, 0.54 mmol) in 2 mL of DCM was added
37 (102 mg, 0.269 mmol) as a solution in 5 mL of DCM. The solution turned
orange and after some time turned black. The reaction was stirred for 1 hour. TLC
of the mixture in 1:9 ethylacetate/hexanes showed complete conversion. The
reaction mixture was filtered through a celite pad then a short silica column was
performed using 50% EtOAc/Hexanes to remove the impurities (85% yield). The
purified aldehyde 38 (87 mg, 0.23 mmol) was dissolved in 1.5 mL of acetone and
potassium permanganate (47 mg, 0.296 mmol) was added as a solution in 1.5 mL
of 1:1 acetone/water and the resulting mixture is stirred for 15 hours. TLC in 20%
EtOAc/Hexanes showed complete oxidation to acid. The acetone was removed
under vacuum and the slurry was passed through a celite pad. The filtrate was
acidified to pH 2 with dilute HCl and extracted with ethylacetate. The solvent was
evaporated to yield the pure product 39 as a colorless oil (85% over two steps).
1

H NMR (300 MHz, CDCl3) δ 1.45 (s, 9H), 1.55 (s, 6H), 1.6 (d, 3H), 2.22 (s, 3H),

2.54 (s, 3H), 2.86 (m, 2H), 4.53 (quint, 1H), 5.2 (d, 1H), 6.55 (s, 1H), 6.80 (s,
1H), 10.15 (bs, 1H).
13

C NMR (75 MHz, CDCl3) δ 17.96, 20.26, 25.46, 28.35, 31.32, 38.82, 47.5,

49.95, 80.47, 122.55, 132.93, 133.55, 136.71, 138.41, 149.82, 155.41, 173.13,
176.78.
!
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N-(2-maleimidoethyl)-3-(2′-Boc-alanyl-4′,6′-dimethylphenyl)-3,3-dimethylpropionamide (40)
O
BocHN

O
O

NH

O

N

O

(40)

To a stirring solution of 39 (20 mg, 0.051 mmol), aminoethylmaleimide (12.5 mg,
0.049 mmol) and pyBOP (29 mg, 0.056 mmol) in 1:1 DCM/DMC (400µl) was
added excess diisopropylethylamine (35 µl) and stirred. TLC in 100% EtOAc and
0.05% acetic acid showed the completion of reaction after 3 hours. The solvents
were removed and the crude was purified by column chromatography using 50%
EtOAc/hexanes to yield 23.5 mg of pure 40 (90%).
1

H NMR (300 MHz, CDCl3) δ 1.44 (s, 9H), 1.6 (s, 6H), 1.65 (bs, 3H), 2.2 (s, 3H)

2.52 (m, 5H), 3.28 (m, 2H), 3.51 (t, 2H), 4.5 (a, 1H), 5.18 (d, 1H), 6.34 (t 1H),
6.51 (d, 1H, 3Hz), 6.66 (s, 2H), 6.81 (d, 1H, 3Hz).
13

C NMR (75 MHz, CDCl3) δ 16, 20.21, 25.65, 28.34, 31.76, 31.85, 37, 37.5,

39.75, 20, 123, 132.85, 134, 136, 139, 155, 170, 171.
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2.11.2 Methods
siRNA strand annealing
X S

5'

X S

3'
3'

5'

3'

5'
Annealing Buffer
1 minute @ 90°C
1 hour @ 37°C

3'

5'

X
OH = 28

S

HC_Lipid_acetal = 31
FC_Lipid_acetal = 32

Figure 2.27 Annealing sense and antisense strands to prepare fresh siRNA stocks

The sense and antisense oligonucleotides were purchased from IDTDNA. The
sense strand was modified with thiol on the 5’end. The sequence is shown below.
siCXCR4 binding site on the
3’-UTR of Photinus pyralis
luciferase (Pp-luc) reporter gene

siCXCR4_Sense

HO

AAGUUUUCACUCCAGCUAACACCGG

S

S

siCXCR4_Antisense

GUUUUCACUCCAGCUAACACA
UGUUAGCUGGAGUGAAAATT

!

Figure 2.28 Sequences of siRNA and the target mRNA. All sequences shown are in the 5’ to 3’
direction.

!
The sense and anti-sense oligo strands were suspended at 100 µM in RNase free
water each in RNase free eppendorf tubes. Each siRNA strand was diluted using
sterile RNase free water to a final concentration of 50 µM. To 30 µl of each
solution was added 15 µl of 5X annealing buffer (100 mM Potassium Acetate 30
mM HEPES at pH 7.4 2 mM Magnesium Acetate) to give a final volume of 75 µl
and a final concentration of 20µM of each strand. The mixture was heated for 1
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minute at 90°C and allowed to sit in a beaker of water at 37°C for 1 hour. The
tube was spun briefly to gather all the droplets from the walls and the lid. The
solution was aliquoted and stored at -20°C.
General cell culture protocols
HeLa cells were cultured in Dulbecco’s modified Eagle medium supplemented
with 10% Fetal bovine serum containing phenol red as an indicator, 100 units/mL
penicillin and 100 µg/mL streptomycin and maintained in 5% CO2 and 37 °C or 4
°C in an incubator. Cells were passaged when they were 70-80% confluent. HeLa
cells, which are adherent cell lines, were trypsinized from the plates with 2.5%
Trypsin-EDTA buffer for three minutes. The excess trypsin is quenched using
complete medium and the suspension was centrifuged at 700 rpm for 8 minutes at
4 °C. The cells were re-suspended in PBS and cells were counted using a
Hemacytometer and stained for dead cells using Tryptan Blue. Cells were used at
2 x 105 cells per mL concentration in each experiment and the stock of the cell
suspension was made accordingly.
General procedure for incubation of cells with compounds
Assays were done in 96 well clear bottom plates and measurements were made
using Tecan® Infinite 200 mictotitre plate reader.

For microtitre plate

experiments, 100 µl of the stock cell suspension was added to each well and
allowed to adhere to the bottom of the plate. After 24 hours, medium was
removed and fresh medium containing compounds at final concentrations as noted
were dissolved in DMSO were added carefully maintaining final volume of
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DMSO to be 1% or less. After the desired period of incubation, the medium was
removed and cells were washed with PBS gently. This was repeated thrice to
make sure all the non-specifically bound compounds are removed. The cells were
later hydrated in PBS and analyzed. The excitation wavelength was set at 460 nm
and emission was measured at 533 nm with excitation and emission bandwith of 9
nm and 20 nm respectively. The gain of the system was optimized by control
wells containing the most and the least concentrated stock solutions under similar
conditions.
Confocal imaging
Confocal imaging were performed using and inverted Leica TCS SP2 microscope
equipped with an Ar/Ion, a GreNe and HeNe lasers providing excitation
wavelengths from 456 nm to 633 nm, equipped with 10X, 40X and 63X water
immersion objectives, motorized stage for imaging in a single plane vertically.
Images were captured with the water immersion 63X (NA = 1.2) and processed
using ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes of Health,
Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997-2012).
For confocal imaging experiments, 10,000 cells were plated in each well
of an 8-well Lab-Tek™ chambered coverglass for 24 hours. The rest of the
protocol is the same as above. After the incubation period, cells were washed with
PBS and stained appropriately as noted and then fixed using 4% formaldehyde in
PBS and finally stained for the nucleus using DRAQ5.
For the co-localization experiments, 10, 000 cells were incubated with the
lipidated constructs in complete medium for 90 minutes after which the medium
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was replaced with medium containing LysoTracker (100ng/mL) or AlexaFluor647 modified transferrin (50µg/mL) and incubated for 30 minutes at 37°C. The
cells were washed with medium and then with 1X PBS three times. The cells
were then fixed with 4% formaldehyde for 30 minutes at 4°C and stained for the
nucleus with DRAQ5 (0.5µM) for 10 minutes and imaged. The construct
containing carboxyfluorescein was excited with 488 nm laser, Lysotracker Red
excited with 533 nm laser, AlexaFluor-647 conjugated Transferrin with 633 nm
laser and DRAQ5 with 633 nm laser. Carboxyfluorescein, DRAQ5, Lysotracker
and AlexaFluor were given Green, Blue, Red and Red as false colors during
processing the images.
For probing the mechanism of uptake 10,000 cells were suspended in a
Lab-Tek™ chambered coverglass and allowed to adhere for 24 hours. Cells were
then washed with fresh medium and then incubated with the small molecule drugs
for inhibiting selected components of the endocytic pathway. Cells in each well
were incubated with one of the following drugs for 30 minutes i) 4mM sodium
azide; ii) 5µg/mL chlorpromazine; 0.4M Sucrose; 25µg/mL Nystatin or v) 80 mM
sodium chlorate. The control experiments were performed at 37°C or 4°C. The
cells were then treated with the lipidated oligonucleotide constructs 26 or 27 in
the presence of the inhibitors. After two hours, cells were washed with medium
and then with 1X PBS thrice and then fixed in 4% formaldehyde for 30 minutes at
4°C. The cells were then stained for the nucleus using DRAQ5 under conditions
as mentioned above.
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Plasmid production and isolation
The target plasmid pGL3-CXCR4-1P encoding firefly luciferase gene and the
control plasmid pRL-Tk encoding renilla luciferase gene were transformed into
DH5α strain of E.Coli following literature protocols. LB broth used for
transformation was supplemented with 100µg/mL ampicillin. A single colony was
picked from plates incubated overnight at 37 °C and was placed in 5 mL of LB
broth with 100 µg/mL ampicillin. Cultures were allowed to grow for 16 h at 250
rpm and 37 °C. 500 µL of overnight culture was inoculated into 50 mL LB broth
containing 100 µg/mL ampicillin and was grown for 16 hours at 250 rpm and
37°C. Cells were pelleted by centrifugation at 6000 g and 4 °C for 15 minutes and
the supernatant was discarded. Cells were lysed and plasmids were purified using
Qiagen plasmid mini (Qiagen) DNA purification kit. Purified DNA was stored at
−20 °C in TE buffer (10 mM Tris·Cl, pH 7.5). The nucleotide concentration of
dsDNA was determined by measuring the UV absorbance at 260 nm by a
NanoDrop spectrophotometer (ND-1000, Thermo Scientific).
Agarose gel electrophoresis
The transformed plasmids DNA were analyzed by agarose gel electrophoresis.
Prior to gel analysis, plasmids were linearized with BamHI following protocols
from the New England Biolabs catalog. Gels were made from 1.2% agarose in 1X
TAE buffer and were allowed to set for 45 minutes. For the restriction assay, 2.9
µL of the plasmid stock was treated with 1 µL 10X BSA, 1 µL of 10X NEB3
buffer, 1 µL Bam HI (enzyme activity is 10 units/µL; 1 unit = 1 µg of lambda
DNA/hour), and 4.1 µL of nuclease free water to make up 10µL final volume.

!

116

The mixture was incubated at 37°C for 40 minutes and then quenched by the
addition of 0.8 µL of 10X gel loading buffer containing EDTA and SDS. The
sample was loaded onto the gel and subjected to electrophoresis in 1X TAE buffer
at 80 V/h for 1hour 45 minutes. Gels were stained with ethidium bromide (0.5
µg/mL) for 30 minutes and subsequently de-stained in water for 20 minutes.
Destained gels were imaged using Molecular Imager GelDoc XR (Bio-Rad).
For analyzing the product of siRNA annealing, a 5% agarose gel is cast and in 1X
TBE buffer. A stock of around 1 µg of siRNA in 20 µl of nuclease free water was
made and 5 µl of this solution was gently mixed with 1 µl of a 6X DNA loading
buffer and the solution was loaded in agarose gel lane. Thermo scientific
GeneRuler Ultra low range DNA ladder was used for size comparison. The
loaded gel was subjected to electrophoresis in 1X TBE buffer at 7 V/cm, 45
minutes and stained with ethidium bromide (0.5 µg/mL) for 30 minutes and
subsequently de-stained in water for 20 minutes. Destained gels were imaged
using Molecular Imager GelDoc XR (Bio-Rad).
General procedure for performing gene knockdown using siRNAs
Efficiency of gene knockdown by RNAi was assayed using Dual Luciferase gene
Reporter assay kit (DLR) from Promega. All the experiments were done in 96well format and each experiment was done in six replicates. In each well 20,000
HeLa cells were added in 100 µL of Opti-MEM® medium without antibiotics.
After 24 hours, plasmids pGL3-CXCR4-1P, pRL-Tk and siRNAs 29, 31 or 32
targeting pGL3 were transfected with Lipofectamine 2000 according to the
manufacturer’s protocol. After 24 hours, cells were washed with Opti-MEM
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medium and lysed using passive lysis buffer (PLB) that is provided in the DLR
kit. The DLR assay was done using Promega® single well luminometer. The
lysed cells were homogenized by mixing evenly with a multi-channel pipette.
Twenty microliters of the cell lysate was mixed thoroughly with 100 µl of LAR II
in a 96 well opaque white plate and luminescence measured for. After the
measurement, 100 µl of the Stop & Glow buffer was added and mixed thoroughly
for 10 seconds and luminescence measured again.
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3.1 Introduction
G-protein coupled receptors (GPCRs) are seven trans-membrane proteins (7-TM)
and represent the largest known gene superfamily in the human genome. Roughly
1000 genes1 encode such receptors. Nearly a third of the drugs on the market
currently modulate GPCRs and ~ 30% of all targets under investigation are
GPCRs2,3, also making them the most privileged druggable domains. GPCRs
transduce signals from the extracellular compartment to the interior via GTP
binding proteins. They are versatile receptors having a wide array of ligands
including nucleotides, lipids, peptides, pheromones, odorants, nucleic acid
derivatives, ions like calcium, potassium, and protons, and even photons in the
case of rhodopsin. GPCRs can function as monomers, homo- and heterodimers,
and also in association with other proteins forming complexes called
receptosomes. The timeline of investigations of GPCR coincides well with the
history of pharmacology itself. In 1905, J. N. Langley described the concept of ‘a
receptor’ as:
‘…in all cells two constituents at least are to be distinguished, a chief substance,
which is concerned with the chief function of the cell as contraction and secretion,
and receptive substances which are acted upon by chemical bodies and in certain
cases by nervous stimuli. The receptive substance affects or is capable of affecting
the metabolism of the chief substance.’
Since the seminal work of Langley4 on receptor theory and Loewi in the
late 19th and early 20th century, molecular and cell biology techniques have been
refined and receptors and G-proteins have been studied extensively. Researchers
Ariens, Furchgott, Schild, Blake and others investigated the dose-dependent
activity of neurotransmitters, peptides and synthetic drugs on animal models,
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organs and tissues.5,6 The targets of the ligands they tested were later found out to
be GPCRs. The basic concepts of binding sites and receptor theory such as
affinity and efficacy, agonists and antagonists were established during this
important phase. Krebs, Rodbell and Gilman, achieved milestones by discovering
important elements of the signalling cascade of adrenoreceptors.7,8 Their research
led to the discovery of the role of cyclic adenosine monophosphate (cAMP)9 as
the major secondary messenger. Many more secondary messengers were
identified including calcium, and inositol phosphates. Phospholipases, kinases and
ion channels were later identified as effector molecules and the system has been
increasingly characterized ever since.10,11
Evaluation of structure-function relationship of bacteriorhodopsin from
the purple membrane of Halobacterium halobium12 revealed its linkage to the
transducing G protein. Later, Lefkowitz and co-workers purified the β2adrenoreceptor using traditional and affinity chromatography techniques in
1979.13,14 By reconstituting the purified receptor along with G-proteins and
adenylate cyclase in a phospholipid vesicle, they established that the purified
receptor was responsible for function. Researching at Merck, Dixon et al. cloned
the hamster β2-adrenoreceptor using a genomic cDNA library in 1986.15 The
cloning of this receptor was the catalyst for research concerning GPCRs. Prior to
this discovery, researchers studying membrane proteins delineated the structure of
the photosynthetic reaction center of Rhodopseudomonas viridis16 and the
sequence and structure of bovine rhodopsin.17,18 This led to considering rhodopsin
as a good model system for other GPCRs.
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In the following years, successful cloning of all the monoamine GPCRs
and several peptide class A GPCRs resulted in the identification of proteins with
similar 7TM signatures from hydrophobicity plot analyses. Though many GPCRligand pairs were documented at a very rapid rate, the crystal structure of GPCRs
was yet to be determined. Kobilka and co-workers reported these receptors to be
floppy and adopts a variety of structure depending on the ligand molecule it
bound.19 In the meantime, Palczewski and co-workers reported the crystal
structure of rhodopsin, a light-sensing GPCR isolated from the retina of cows.20
This study confirmed that GPCRs contained seven transmembrane helices and is
arranged in counter-clockwise arrangement as observed from the extracellular
side (Figure 3.1). The structure of rhodopsin was considered as model for GPCRs
until the β2-adrenoreceptor (ADRB2) crystal structure was reported. The
comparison of both models showed that using one structure for modeling other
GPCRs was very challenging. TM domains 1, 3, 4, 5, and 7 of ADRB2 were
found to have differing structural motifs compared to Rhodopsin.21,22
Understanding the molecular structure of GPCRs is crucial in designing
drugs for potent and specific modulation. Since the discovery of ADRB2 in 2007,
there has been significant development in crystallizing GPCRs and obtaining hiresolution 3D structures. The main bottleneck in GPCR crystallization was
attributed to the intracellular loop 3 (ICL3) that is known to bind the
heterotrimeric G protein complex. Kobilka and Stevens discovered that ICL3 was
very unstructured and had unrestricted movement which caused the inability to
crystallize GPCRs. They genetically replaced ICL3 with T4 lysosome (T4L) and
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found that the receptor could be over-expressed and crystallized in a medium
called ‘lipid cubic phase’,23 and it also retained its binding to the cognate
ligands.21,22 Since then there has been a sudden surge in the number of reports of
GPCR crystal structures. Kobilka, Stevens and others have successfully
crystallized many class A GPCRs by replacing ICL3 with T4L.24-30 Though these
structures are capable of offering deeper insights into GPCR mechanism, the role
of the T4L modification is yet to be identified.

!
Figure 3.1 The first X-ray crystal structure of a GPCR. Bovine rhodopsin was crystallized in its
inactive state bound to cis-retinal. The seven transmembrane helices are color coded individually
to clearly show the arrangement of the helices in a counterclockwise arrangement (Gray to Red).
Cis –retinal is shown in cyan.20
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3.2 Classes Of GPCRs
Human GPCRs have been recently classified into five different groups named
GRAFS, which stands for: Glutamate, Rhodopsin, Adhesion, Frizzled/Taset2, and
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Secretin but they are more commonly classified into classes A (Rhodopsin like),
B (Secretin receptor family) and C (Glutamate receptor). Although the sequences
within each family share 25% identity in the transmembrane core and some
distinct motifs, there is no homology amongst the three major classes of receptors
other than the basic 7TM architecture. Class A is the largest group, which makes
85% of the total number. These include receptors for light (rhodopsin), adrenergic
receptors and olfactory receptor subgroups. Class B contains ~25 members
including receptors for secretin, glucagon, vasoactive intestinal peptide (VIP) and
others. Class C contains ~22 members of the glutamate receptor family, GABA
receptor and the calcium sensing receptor. Apart from the receptors classified
under various families, there are still ~184 receptors for which the ligands are still
unknown31. These ‘orphan’ receptors are named as GPR followed by a number.
Extensive research is being done in labs around the world to deorphanize these
molecules. Once a ligand is identified for these receptors, they are termed
‘adopted orphans’.32,33
GPCRs share a common structural architecture comprising a seven
transmembrane hydrophobic domain with an intracellular C-terminal domain and
an extracellular N-terminal domain. The greatest diversity is present at the Nterminus that can be as short as 10-50 aa, as in the case of monoamine and peptide
receptors, or as long as 350-600 aa as seen in glycoprotein hormone receptors,
glutamate and adhesion family of receptors.34 The structural diversity of the
ligands is more varied than that of GPCRs themselves. The ligands can be
photons, ions (Na+, Ca++), small molecules, peptides and proteins. Small molecule
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ligands are known to bind receptors in the TM domain within the membrane
where as protein and peptide hormones bind to extracellular loops and N-terminal
domains. But in other cases like the glutamate receptors and the glycoprotein
hormones, they bind to the relatively large N-terminal domains.

3.3 GPCR Activation And Signalling
Though GPCR ligands are structurally diverse, they have a common mechanism
of activation. A comparison of GPCR sequences shows that the cytoplasmic ends
of the transmembrane segments close to the second and third cytoplasmic
domains are similar and they are known to interact with the heterotrimeric G
protein complex. G Proteins were initially called guanine-nucleotide regulatory
proteins35 (originally termed as Ns) that functionally connect effectors to receptors
by stimulation of the receptor by hormones.

!
Figure 3.2 GPCR signalling cascade. When a ligand binds to its cognate receptor, the change in
conformation of the helices lead to the dissociation of the α subunit from βγ complex and GTP
replaces GDP bound to the α subunit. GTP bound α subunit activates adenylate cyclase, which
catalyzes the conversion of ATP to cAMP. cAMP binds to the regulatory units and activate PKA
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which translocates to the nucleus and phosphorylates transcription factors to activate or inactivate
them transcription.

These proteins were later identified as a heterotrimeric complex comprising
subunits α, β, and γ. The α subunit is responsible for binding GDP and GTP and
for the hydrolysis of GTP due to its inherent GTPase activity. G proteins are
named based on the α subunit involved; Gs heterotrimeric complex has αs, Gi
contains αi, Gq contains αq and so on.34,36 The various α subunits and their
functions are shown in Table 3.1.
Table 3.1 Examples of heterotrimeric effectors
''
G-Protein subunits
Effectors
Gαs
↑Adenylate cyclase, Calcium channels, c-Src tyrosine kinases
Gαolf
GαT (transducin)
↑cGMP phosphodiesterase, Phosphodiesterase (bitter, sweet taste)
Gαgust (gustducin)
Gαi 1,2,3
↓Adenylate cyclase, ↑c-Src tyrosine kinases
Gαo
Rap1GAP1
Gαz
Gαq, Gα11, Gα14,15,16 Phospholipase C, LARG RhoGEF
Gβγ
↑Adenylate cyclase, ↑Phospholipases (PLC β1, β2, β3), PI3Kγ
cGMP, cyclic GMP; GAP, GTPase-activating protein; GEF, Guanine-nucleotide exchange
factor; PI3K, Phosphatidylinositol-3-kinase;

According to the extended ternary complex model, the receptor is in
equilibrium of two states: the inactive state R and the active state R*. The basal
receptor activity in the absence of the agonist is determined by the ratio of R and
R*. The efficacy of the ligand depends on its ability to alter this ratio.37 Agonist
activation of receptors involves a minimal rearrangement of membrane helices 3
and 6. The activated receptor leads to conformational change in the α subunit
leading to dissociation of GDP and binding to GTP. This promotes dissociation of
the α subunit from the βγ complex and results in the activation of adenylate
cyclase leading to synthesis of the secondary messenger cAMP. GTP bound to the

!

139

α subunit is hydrolyzed to GDP and the GDP bound α subunit binds to the βγ
complex and returns to the inactive state. The increase in cAMP concentration
leads to activation of the downstream effectors resulting in the biological response
(Figure 3.2).

3.4 Drugs Targeting GPCRs
GPCRs are the largest family of membrane spanning surface receptors. About
60% of these are olfactory or sensory receptors, vital for smell, taste and vision.
The remaining GPCRs that are non-sensory include ~180 orphan receptors. Many
major diseases involve the malfunction of GPCRs making them the most
important pharmacological target class.

!
Figure 3.3 Gene-family distributions of drugs currently available in the market targeting a
particular class of protein. [Reprinted by permission from Macmillan Publishers Ltd.]3
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Although a third of the approved drugs on the market target GPCRs (Figure 3.3),
only 30 receptors are involved, and only a handful is peptidergic.38 The most
popular GPCR targets are the biogenic amine receptors and the β-adrenergic
receptors of Class A GPCRs. Several CNS diseases like schizophrenia (mixed
D1/D2/5-HT2 receptors), psychosis (mixed D2/5-HT2A receptors), depression and
migraine (5-HT1 receptors) have been treated with small biogenic amines
synthesized from libraries obtained from traditional medicinal chemistry
approaches (Table 3.2). Structure activity relationship (SAR) studies and more
modern computational studies have helped this effort. This GPCR family has also
been targeted for diseases like allergies (H1 receptor), asthma (β2 receptor), ulcers
(H2 receptor), hypertension (α1 antagonist, β1 antagonist) and many others.39
Aminergic receptors have been the subject of ligand-based drug discovery for a
long time. SAR studies using the natural ligand adrenaline have resulted in the
development of some of the popular drugs like isoprenaline and salbutamol (βagonists) and propanolol and atenolol (β-blockers) that share structural
similarities with adrenaline.40
Table 3.2 Generic small molecule drugs currently available in the market that target GPCRs.41

!
G Protein-Coupled Receptor
α1A,B,C – adrenergic receptor
β2 – adrenergic receptor
D2 – receptor
H1 – histamine receptor
H2 – histamine receptor
M2,3,4 – muscarinic receptor
CysLT1 – cysteinyl-leukotriene-receptor
DP1 prostaglandin D2 receptor
Angiotensin-II-receptor type 1
NK1-Neurokinin receptor
µ-opioid receptor
κ-opioid receptor
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Generic Drug
Prazosin, Terazosin
Salbutamol
Haloperidol
Diphenhydramine
Cimetidine
Atropine
Montelukast, Zafirlukast
Laropripant
Losartan
Aprepitant
Morphine, Fentanyl
Nalbuphin

Of the non-aminergic GPCRs, the ones that recognize peptides are few
however they are vital in biological processes. These peptide-binding receptors
are spread across all the sub-classes, but many of them are in the rhodopsin and
secretin class. Peptides can interfere with GPCR signalling by binding at the i)
orthosteric site; ii) allosteric site; iii) receptor G-Protein interface; iv) interface of
receptor and accessory proteins and v) interact with G-proteins. GPCRs recognize
some common patterns that are termed in general as “turn” motifs formed by
peptide ligands. Peptide turns are defined as γ-turn (3 residues), β-turn (4
residues), α-turn (5 residues) that can form 7-, 10- or 13- membered hydrogen
bonded rings.38,41
Peptide ligands are typically generated by protease cleavage of a precursor
protein yielding fragments from 4-90 aa long. Multiple peptides can be generated
from a single precursor protein that can target one or more GPCRs. Somatostatin
14- and 28- from prepro-somatostatin42,43, substance P, NKA, neuropeptide-K and
neuropeptide-γ from prepro-tachykinin A

44

are some examples where multiple

peptide ligands are generated from a single precursor protein for different
receptors. The enzymes that convert the prepro- proteins to agonists or antagonists
indirectly modulate GPCR activity. Processing of proglucagon by prohormone
convertase-2 (PC2) leads to production of glucagon in pancreatic α-cells and the
action of PC1/3 on proglucagon in the intestine and CNS gives rise to incretin
peptides glicentin, oxyntomodulin, GLP-1 and 2.45,46
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Table 3.3 Peptide drugs currently available in the market that target GPCRs.41

!
G Protein-Coupled Receptor
B2 – bradykinin receptor
Calcitonin receptor
GLP-1R
Glucagon receptor
FSH receptor
PTH receptor
Vasopressin V1a+b receptor

Generic peptide drug
Icatibant
Calcitonin
Exenatide
Glucagon
Menotropin
Teriparatide
Terlipressin

Peptide Length
10 aa
32 aa
39 aa
29 aa
92 aa
34 aa
12 aa (cyclic)

Peptide ligands have been overlooked in the past due to their limited
bioavailability, poor protease stability and challenges with regard to oral
formulation (Table 3.3). Development of non-peptidic ligands for GPCRs was
crucial to overcome the pharmacokinetic challenges with peptides.47 But small
molecule drugs have their own issues in development and lead identification
process. There has been significant advancement in strategies to improve the
stability and bioavailability of peptides. PEGylation, lipidation and formation of
nanoparticles with liposomes have been used successfully for improving the
physicochemical properties of peptides.48 PEGylation in particular has been an
attractive choice because of its ability to safely securing peptides from protease,
improving water solubility and reducing renal clearance of the covalently attached
peptide.49,50 Lipidation has also been shown to improve lifetimes of peptides
under cellular conditions. The effect has been successfully shown in the case of
liraglutide, a lipidated version of GLP-1 that binds non-covalently to serum
protein albumin thereby protecting it from proteases.
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3.5 Pepducins
The role of GPCRs in diseases and their vast numbers has made them an attractive
drug target class. Most peptide agonists and antagonists target GPCRs on the
exoplasmic side of the receptor and the cytoplasmic end of the receptors had not
been exploited. Covic et al. recently showed that the palmitoylation of a peptide
sequence derived from the third cytoplasmic loop of the protease activated
receptors 1 (PAR1) and PAR4 resulted in producing an antagonistic response.51,52

!
Figure 3.4 Mechanism of action of pepducins. The lipidated peptide is hypothesized to translocate
to the inner leaflet and interact with the third intracellular loop and stabilize or de-stabilize the
receptor. [Reprinted by permission from John Wiley and Sons].53

!
PAR1 and PAR4 are activated by the action of thrombin on the extracellular Nterminal domain of the receptors. These receptors are expressed in platelets,
myocytes, endothelial cells and neurons. The resulting signalling cascade prevents
thrombotic complications associated with stroke and myocardial infarction. They
observed that the anti-PAR4 pepducin also inhibited PAR1 signalling, however,
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anti-PAR1 did not inhibit PAR4 signalling.51,52 FRET studies showed that the
lipidated peptides traversed across the lipid bilayer of blood platelets.54
Pepducins have been generated for a few of the class A receptors,
including PAR1, PAR2, PAR4, melanocortin-4 (MC4), CXCR4, formyl peptide
receptor-2 (FPR2), and sphingosine-1-phosphate receptor 3 (S1P3). The
pepducins generated were derived from cytoplasmic loops 1, 2, and 3 of the
corresponding GPCRs.55 The mechanism of action (Figure 3.4) of pepducins is
still not entirely clear but it was found that under cell free conditions, the soluble
mimics of the C3 loop activated Gs proteins.56 More interestingly, these lipidated
peptides were active only in the presence of the cognate GPCR, suggesting a
different mechanism. It has been established that lipidated peptides derived from
PAR1 and PAR2 do not elicit a signalling cascade when cells were not expressing
the cognate GPCRs.51,57 The same was shown to be true with pepducins derived
from CXCR4 receptors.
Structural information gathered from opsin58,59 has shown that during the
activation of GPCRs, the ionic lock between TM3 and TM6 is destabilized to
further the activation of G-proteins. It is possible that the lipidated C3 peptides
stabilize/de-stabilize this ionic lock thereby maintaining the receptor in the
active/inactive state.57

3.6 Membrane Tethered Ligands (MTLs)
The GPCR targets available for therapeutic intervention are still large. There is
still need for novel approaches to modulate these receptors and for identification
of ligands for orphan receptors. The Kopin lab has developed a systematic genetic
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approach for generating expressed membrane tethered ligands (MTL) to modulate
such receptors. Their cassette system allows for the rapid generation of many
MTLs for cognate receptors and screening them for the best sequence.60
This system encodes for a single gene product that contains elements for
anchoring the peptide to the membrane, a polypeptide spacer, a tag for detection
and analysis, and the peptide ligand of interest (Figure 3.5). They have
demonstrated that these expressed MTLs, similar to the soluble ligands, trigger
dose dependent response.

!
Figure 3.5 Membrane tethered ligands. A) Protein domains of the MTL construct. B) Schematic
representation of the mode of interaction of MTLs with GPCRs. [Taken from 60]

!

They have illustrated the broad applicability of this approach by
expressing MTLs for various GPCRs, including GLP-1R, GIPR, PTH-R1, CRFR2, GLP-2R and CGRPR. MTLs retained 35-100% of the maximum activity of
the soluble counterparts. MTLs also overcome a key step in the recognition of the
peptide hormone as suggested by the “two domain model”.61 For the PTH-R1
receptor, when the N-terminal extracellular domain (ECD) was truncated, the
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MTL peptide could trigger a response whereas the soluble peptide showed a
marked decrease in potency (Figure 3.6). These data suggest that tethering the
peptide to the membrane helps in bypassing the N-terminal ECD affinity
determinant.

!
Figure 3.6'Deletion of the PTH-R1 extracellular N-terminal domain markedly shifts the potency
of soluble PTH but does not affect responsiveness to the corresponding tethered ligand. HEK293
cells expressing either the wild type or a truncated PTH-R1 (PTH-R1 ΔNT, lacking the receptor
ECD) were stimulated with either soluble PTH (A) or tethered PTH (B) [Taken from 60]

3.7 Motivation For Design Of Soluble Membrane Anchored Ligands
(SMAL)
Peptides targeting GPCRs have been of considerable interest as therapeutics due
to their high specificity and selectivity. However the pharmacokinetic properties
are limited due to proteolytic instability, renal clearance, and lack of oral
bioavailability. Modifications that can make these peptides stable and long lasting
are important. The Kopin laboratory has shown that MTLs can retain activity
upon washing whilst the soluble peptides lose activity. But from a drug design
perspective, MTLs are challenging to convert to a therapeutic because the cDNA
encoding the MTL construct has to be delivered to patients. This could be
achieved by viral delivery, but, as we have seen in chapter 2, viral vectors have
their own disadvantages. Kopin and co-workers have tested soluble versions of
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membrane anchored Exenatide62 and shown that they stimulate the expressed
receptor similar to the native peptide ligand and the cDNA encoded MTL.
In collaboration with the Kopin laboratory at the Tufts Medical Center, we
have designed soluble lipidated versions of MTLs that can activate the receptors
similar to the cognate ligands. Our design tackles the pharmacokinetic
disadvantages of peptides by improving stability in serum, reducing renal
clearance, increasing the effective concentration in the membrane for rapid
activation, and promotes long lasting action by anchoring it to the membrane.
Lipidation is a strategy to anchor biomolecules to the surface of the
plasma membrane. Some proteins undergo lipidation as one of the posttranslational modifications.63 Regulation of protein trafficking by palmitoylation
has been shown in palmitoylated forms of GTPase Ras. The protein trafficking to
different organelles by means of vesicle transfer was dependent on lipidation.
3.7.1 Increased effective concentration
Receptors occupy a small fraction of the cell surface. The approaching lipidated
peptide is more likely to interact with the cell surface than its own receptor. This
interaction with the membrane defines the first step of the activation. The peptidecell reaction thus proceeds through a step-wise mechanism instead of a one step
lock-and-key model.64,65
Based on the mechanism of increasing the lifetime of circulating proteins, we
hypothesized that lipidated peptide constructs could anchor them to the lipid
bilayer, and navigate the membrane landscape in search for the cognate GPCR.65
The membrane-anchoring event is facilitated by the hydrophobic interior of the
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plasma membrane (Figure 3.7B). The anchored peptide then searches for the
cognate receptor on the cell surface. Because the peptides are anchored in the
membrane, the search for the receptor is restricted to two dimensions rather than 3
dimensional spaces.

!
Figure 3.7 A) Space filling model of SMAL sChemerin9, one of the peptides used in the study. A
model of the peptide was made manually and minimized using CHARMM27 force field
constraining the RMS Gradient tolerance to 0.001 kcal and 1000 iterations. The minimizations
were done using MOE 2011.10. Space filling models were created using MacPyMol v1.3. B)
Model for SMALs activating cognate receptors. The first step is membrane insertion followed by
receptor binding. We hypothesize that the receptor activation is a two-step model.

!
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Membrane binding by lipidated peptides increases the effective concentration in a
thin surface layer. For a spherical cell with a radius r and a thickness x of the
adjacent surface layer, the volume of the surface phase can be calculated as
(Figure 3.8).

VSL = VES −VC = (4π / 3)[(r + x)3 − r 3 ]
Where, VSL = Volume of surface layer; VC = Volume of cell; VES = Volume of cell
with extended surface;
Assuming that the lipidated peptide is evenly distributed on the membrane, the
increase in concentration of peptides due to membrane anchoring can be
calculated as,
Enhancement = CM / CBS !

Where, CM = Concentration on membrane; CBS = Concentration of bulk solution;

Plasma membrane

x
Cytoplasm

r

VSL= (4π/3)[(r+x)3-r3]

Vc = (4π/3)r3

!
Figure 3.8 Model for calculating the volume of surface layer where SMALs achieve very high
concentrations when compared to bulk solution, thereby increasing the effective concentrations.

!
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The concentration of the peptide in the membrane can be calculated as,

CM (molar) = Amount of peptide (moles) / VSL
A typical mammalian cell has a diameter of 12 µm (r = 6 µm) and let us consider
x = 5 nm. For a bulk solution concentration of 10 µM in 100 µl of medium, the
membrane concentration of the ligands are shown below under hypothetical
conditions (Table 3.4).
Table 3.4 Hypothetical Membrane concentrations CM assuming a fraction of the available peptides
are inserted in the membranes.

!

*

% Inserted
1
0.1
0.01
0.001

CM* (M)
Enhancement*
4419.529058
4.42E+08
441.9529058
4.42E+07
44.19529058
4.42E+06
4.419529058
4.42E+05

The values calculated for CM and the enhancement are
only valid assuming a bulk concentration of 10 µM in a
final volume of 100 µL.

3.8 Molecular Design
Our design contains elements that act as a membrane anchor, a flexible linker in
the form of polyethylene glycol (PEG), and the ligand of interest (Figure 3.9A).
We hypothesized that the lipid tail will insert into the plasma membrane and
anchor the ligand on the cell surfaces (Figure 3.9B). The ligand could then search
and bind to its cognate receptor. Restriction of translational and rotational degrees
of freedom confines the search for receptors to a two dimensional space on the
cell membranes (Figure 3.7B).
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!
Figure 3.9 A) Molecular design of SMALs; B) mode of action of SMALs. The lipid helps in
anchoring the peptide to the membrane. In the next step, the ligand searches for the cognate
receptor on the two dimensional plasma membrane.

!
3.8.1 Membrane Anchor
The membrane anchors that we intend to test are shown below. Measurements of
membrane partitioning of acylated peptides have shown that for every added
methylene group in a fatty acid chain the binding energy increases by 0.8
kcal/mol.66 We would like to test the effects of lipid tail length and effect of
fluorination. Our lab has previously shown that the fluorination of lipids drive
self-associate in a hydrocarbon environment. This can be attributed to the higher
hydrophobicity of fluorocarbons and their immiscibility with hydrocarbon
counterparts (Figure 3.10).
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We would like to test the effects of unsaturation on the activity of SMALs.
Unsaturated fatty acids containing a cis double bond would increase the
membrane fluidity and we would like to evaluate the effect it has on the signalling
of SMALs. In the previous chapter we have shown that phospholipids can act as
agents for transport across the plasma membrane. We would like to investigate
the presence of novel and orphan GPCRs present in other compartments of the
cell. We assume that the lipid moiety would bind to other hydrophobic proteins
like albumin, similar to Liraglutide67,68, and protect it from rapid renal clearance.
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Figure 3.10 Chemical structures of lipids that were chosen for studying the membrane anchoring
ability. Fatty acids were chosen accordingly to evaluate the effects of unsaturation and
fluorination.

!
The Kopin laboratory has also tested the effects of lipidation in the form
of a ganglioside GM1 that is covalently attached to the reptilian venom peptide
exenatide.62 They have shown that the GM1 modified peptide behaves similar to
MTLs. Our lab has designed and synthesized partially fluorinated GM1
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constructs.69 We would like to study the role GM1 plays in the localization of the
peptides and also to study the role of GPCRs present on the membranes of other
intracellular organelles.70
3.8.2 Linker
Polyethylene glycol is a non-toxic polymer that has been extensively used in
medicinal chemistry. Some of the important properties that PEG offers to
modified bio-molecules are protease resistance, solublization of hydrophobic
biomolecules, stabilization of scissile bonds, improved bioavailability and many
others.71-73
CA-PEG8 (or) 12

CT-PEG8 (or) 12

O

HO

O

HO
O

NH2
8 or 12

O

SH
8 or 12

!

Figure 3.11 Chemical structures of the flexible linkers selected. The amine and the thiol groups
are orthogonally protected for ease during solid phase peptide synthesis (SPPS).

!
We decided to use monodisperse PEG with either 8 or 12 repeating units.
We will test the role the linkers in the activation of GPCRs. We have bifunctional linkers giving us a handle to conjugate the lipid and the peptide
construct (Figure 3.11). In the case of the fatty acids, phospholipids or
cholesterol, an amine modified PEG is used, and in the case of GM1, a thiol
containing PEG will be used.
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3.8.3 Target receptors and Peptide ligand
Class A receptors represent the largest receptor family. They are also the major
class of membrane receptors targeted by drugs currently available in the market.
With crystallization data available, class A receptors are studied more widely than
any other type. Receptors of this class has been targeted in many medical
conditions including allergies, ulcers, psychosis, pain, myocarditis, nociception,
anxiety, hypertension, viral infection (Chemokine receptor 5; CCR5), and
inflammation.74
Peptide ligands of this class of receptors are relatively short41 and hence for proofof-concept experiments, we identified receptors and ligands from this family and
converted them into MTLs and SMALs. We chose to modify the following
peptides that target their cognate rhodopsin-like class of receptors (Table 2.5).
Table 3.5 Peptides and receptors chosen for proof-of-concept studies.

!
Peptide

Length

Receptor

GPCR Class

Met-Enk
Chemerin-9
Substance P
CCK-4

5 aa
9 aa
11 aa
4 aa

µ-Opioid
CMKLR1
NK1R
CCK A/B

A4 subfamily
A8 subfamily
A9 subfamily
A6 subfamily

Active Free
End
Amino end
Carboxy end
Carboxy end
Carboxy end

Modified
Terminus
Carboxy end
Amino end
Amino end
Amino end

MTLs corresponding to the peptides shown above have been generated and
studied by the Kopin lab and they have also developed a sensitive luciferase assay
for studying the activation and signalling activity of the receptors in response to
the SMALs.
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3.8.3.1 The µ-Opioid Receptor
Opioid receptors belong to the Class A rhodopsin-like receptor family. The opioid
receptors are primarily found in the CNS, and are acted upon by key hormones
and neurotransmitters. They are activated by endogenous ligands and have been
targeted widely for treatment of pain. Morphine is one of the oldest drugs that
have been used for treatment of pain and it targets the opioid receptors. There are
several subtypes of the opioid receptors defined by their unique pharmacological
response. The µ-opioid receptor is one of the four classes that are targeted by
morphine. Endogenous peptide ligands are usually generated from promelanocortin, proenkephalin and prodynorphin, but all peptides contain the
pentapeptide sequence YGGFM(L).75
Opioid drugs are highly addictive and the acetylated form of morphine,
heroin is a prime example. The clinical efficacy of morphine and related drugs are
often limited due to development of tolerance and dependence. Studies have
shown that the opioid tolerance results because morphine bound to the receptor
promotes interaction with the Gi protein rather than β-arrestin, which is crucial in
the pathway for receptor recycling.76 There is interest in developing drugs that do
not cause dependence and tolerance and at the same time effective and long
acting. Lipophilic Leu-enkephalin has been studied before for cell permeability
and protease stability but more studies need to be performed for developing a
peptide construct that is also effective in improving the potency.77
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3.8.3.2 The Chemokine like receptor 1
Chemerin is a proinflammatory protein in the plasma that binds to chemerin like
receptor CMKLR1, also known as the ChemR23 receptor. These receptors are
found on macrophages and plamacytoid dendridic cells (pDC) and promote
chemotaxis. Chemerin derived peptides have been identified to resolve
inflammation. Chemerin protein is 143 aa long that is activated by cleavage of a 6
aa segment from the C-terminus. The 137 aa sequence binds to ChemR23 on
macrophages or pDC and induces cell migration. The protein is further processed
to yield a nonapeptide that surprisingly acted as a potent agonist for ChemR23
indicating the importance of the C-terminus of the protein for receptor binding.78
Cash et al. tested the effects of chemerin on peritoneal macrophages in
response to LPS and INF-γ and found anti-inflammatory effects instead of the
natural proinflammatory response to chemerin. They hypothesized that the Cterminal end was processed by cysteine proteases instead of serine protease to
generate a variety of small peptides that had anti-inflammatory activity. They
synthesized several peptides from the C-terminal of mouse chemerin protein and
tested it for inhibitory effects. They found that a 15 aa peptide that exerted antiinflammatory effects in the picomolar concentration range. They also discovered
that the peptide bound the same receptor as chemerin.79
It was further established that chemerin was the ligand to two other
receptors, the orphan GPCR GPR180 and CCRL2. The chemerin protein had
opposing effects on mouse CCRL2 compared to the ChemR23 receptor. The
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receptor tends to concentrate the protein by a time dependent increase in surface
bound chemerin.81
Due to the anti-inflammatory effects of chemerin peptides, there is a
general interest in them as anti-asthmatics. But these peptides are hydrolyzed by
elastase, chymase, tryptase and proteinase-3. Shimamura et al. have identified a
metabolically stable mouse chemerin analog that retains activity with improved
proteolytic stability.82
3.8.3.3 The Neurokinin receptor
The neurokinin receptor NK1R is a Tachykinin class receptor that is found only in
a minority of neurons in certain areas of the CNS. The binding of NK1R to its
cognate ligand substance P in the spinal cord causes nociception and affects
behavior and emesis when bound in the brain. Substance P is an undecapeptide
that is released due to stress stimuli and the magnitude of release is proportional
to intensity of stimulus. NK1R antagonists have recently gained attention for their
ability to possess antidepressant, antiemetic and anxiolytic properties. The drug
Aprepitant is an NK1R antagonist that is used for chemotherapy-induced nausea
and vomiting (CINV).
Substance P is active as the C-terminal carboxamide (SP-CONH2) and the
free carboxylic acid (SP-COOH) is inactive. Substance P bound to NK1R is
internalized and recycled back to the membrane rapidly. Antagonists that can
induce internalization of the SP receptor can be thought of as drug candidates. But
for proof of concept studies of SMAL technology, we intend to stimulate the SP
receptor for studying cAMP accumulation. We also would like to test the
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possibility of improving the potency of a weak ligand like SP-COOH by using the
SMAL platform.
3.8.3.4 The Cholecystokinin receptor
CCK receptors are classified based on their affinity for the agonists CCK or
gastrin, which share the same terminal pentapeptide. CCK and gastrin differ in
their sulfation pattern of the tyrosine at the sixth and seventh position. CCK
peptides are active as a C-terminal carboxamide. The CCKA receptors were first
identified in the pancreatic acinar cells, and the gastrin receptor or the CCKB
receptor was later identified in the brain. CCKA receptors bind only to sulfated
peptides whereas CCKB peptides bind to sulfated and non-sulfated peptides
equally. CCK receptors signal for gastric secretion and lead to stomach ulcers.
There is a need for developing potent inhibitor for CCK receptors but research on
this drug receptor has identified only one drug, proglumide, which is approved for
treatment of stomach ulcers.
Similar to the goal of lipidated substance P analogs, we will test the ability
of the SMAL platform to take a weak binding ligand like the CCK-4-COOH and
convert it into a moderate to tight binding ligand.
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3.9 Functional Luciferase Reporter Gene Assay For Quantifying
Receptor Activation
For profiling pharmacological properties of novel drugs, a combination of binding
and activation assays is necessary. Binding assays are typically done by radioligand displacement experiments and activity is measured by determining cAMP
accumulation.
Recently, a luciferase coupled cAMP accumulation assay has been
developed that can provide both receptor activation parameters and binding
data.83 The firefly luciferase gene was cloned downstream of multiple repeats of
the cAMP response element (Figure 3.12).84,85 Expression of the luciferase gene
is indirectly dependent on the production of cAMP in the cell.

!
Figure 3.12 cAMP accumulation assay using the CRE6X-Luc reporter gene system. Activation of
the receptor triggers cAMP formation, which in turn activates the PKA pathway. Phosphorylation
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of the cAMP response element binding protein (CREB) initializes the transcription of thefirefly
luciferase gene cloned down stream of a hexad repeat of CRE element.

!
!
GPCRs interact with G proteins that have multiple functions depending on the α
subunit. Table 3.1 shows the different functions of the Gα subunits. In this
particular assay, the Gαs subunit is responsible for activation of adenylate cyclase,
which increases intracellular cAMP concentration thereby activating the protein
kinase A (PKA) pathway, inducing synthesis of luciferase. Ligand induced
signalling of the GPCR receptors was measured in HEK293 cells using a cAMP
responsive luciferase reporter gene assay (CRE6X-Luc). The luminescence
response of luciferase is linear with cAMP production over a wide range of
concentrations and this makes the system very robust and sensitive.

3.10 Converting MTLs To SMALs
For the initial phase of discovery, the SMAL equivalents were synthesized by
replacing the membrane anchor of MTLs with a fatty acid, and the poly NG linker
with PEG8. The SMAL construct retained the epitope tag for direct comparison
with MTLs.
For the N-terminally active peptide met-enkephalin, the modification was carried
out on the C-terminus with a Gly-Gly-Lys spacer. Lysine with orthogonal amine
protection was used to create a handle for modification on the C-terminus.
N-ter

C-ter

G G K

H2N
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Figure 3.13 Design of N-terminal active peptides with lipid modification in the C-terminus.
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For C-terminally active peptides (Substance P, Chemerin-9 and CCK-4) the
modification was done on the N-terminus using either a Lys-Gly-Gly or simply a
Gly-Gly spacer. The lysine in the spacer is used for sequences that do not have the
epitope tag. Instead the peptide carried a fluorescent dye, NBD (4-nitro-2,1,3benzoxadiazol-7-yl) attached via the orthogonally protected lysine.
N-ter

C-ter

O

R' K G G
R
HN

O

O

O

H
N
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13

O

R = OH (or) NH2
R' = Ac (or) NBD
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Figure 3.14 Design of C-terminal active peptides with lipid modification in the N-terminus. The
N-terminal modification can also carry a small molecule dye for use in biophysical studies.

!
3.10.1 Synthesis of SMALs
The synthesis and modification of the peptides was performed on solid phase. The
C-terminal active peptides were made either a carboxamide or carboxylic acid
end.

The

carboxamide

peptides

were

synthesized

on

MBHA

(4-

Methylbenzhydrylamine) resin and the carboxylic acid peptides were synthesized
on PAM (4-hydroxymethylphenylacetamidomethyl) resin (Figure 3.15). Peptides
were cleaved from the resin using HF.
Crude peptides were purified using preparative and semi-preparative RP HPLC
and their purity confirmed by analytical RP HPLC, MALDI-TOF-MS, and ESIMS. The peptide modifications are shown in the Table 3.6 and the purity and
molecular weights of peptides used for in vitro experiments are shown in Table
3.7.
!
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Figure 3.15 Strategy for the SPPS of lipid modified peptides. For peptides with free C-terminal
carboxyl end, PAM resin was used and for C-terminal amidated peptides, MBHA resin was used.
The peptide synthesis is performed manually following standard protocols.86 For C-terminal
modifications, GGK was used as a spacer and a trifunctional linker. For the N-Terminal
modification, simply GG was used or for fluorescently labeled constructs, KGG was used. Resin
was split after the addition of final amino acid, and pegylation, which is cleaved by HF and
purified and used as controls for lipidation. For constructs with dye, the the conjugation was done
in the dark overnight under nitrogen.

!
!
!
!
!
!
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Table 3.6 List of peptides synthesized for developing a medium throughput platform for rapid
screening of GPCR modulators.

!

!

ID

Peptide

Description (N-->C)

1

Enk-1

NH2-Enk-Myc-GGK(PEG8-PA)-CONH2

2

Enk-2

NH2-Enk-Myc-GGK-CONH2

3

Chem9-1

PA-PEG8-GG-Myc-Chem9-COOH

4

Chem9-2

NH2-GG-Myc-Chem9-COOH

5

Chem9-3

NH(Ac)-K(Ac)GG-Chem9-COOH

6

Chem9-4

NH(Ac)-K(PEG8-PA)GG-Chem9-COOH

7

Chem9-5

NH(NBD)-K(PEG8-PA)GG-Chem9-COOH

8

Chem9-6

NH(NBD)-K(PEG12-PA)GG-Chem9-COOH

9

SubP-1

NH(NBD)-K(PEG8-PA)GG-SubP-CONH2

10

SubP-2

NH(Ac)-K(PEG8-PA)GG-SubP-COOH

11

CCK4-1

NH2-CCK4-COOH

12

CCK4-2

NH2-PEG8-GG-CCK4-COOH

13

CCK4-3

PA-PEG8-GG-CCK4-COOH

14

CCK4-2-1

NH2-PEG8-GG-CCK4(Cyclized)-COOH

15

CCK4-3-1

PA-PEG8-GG-CCK4(Cyclized)-COOH

16

sChem9-1

NH2-sChem9-COOH

17

sChem9-2

NH2-PEG8-GG-sChem9-COOH

18

sChem9-3

PA-PEG8-GG-sChem9-COOH
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Table 3.7 List of peptides tested for biological activity.

!
HPLC
Purity†
(%)
95

3002.58

3003.78 [M+H]+

Soluble ENK

95

2343.54

2345.131[M+H]+

Chem9

97

1388.64

1411.72 [M+Na]+

PA-PEG8-Chem9-Ac

98

2008.11

2031.85 [M+Na]+

PA-PEG8-Chem9-NBD

98

2129.10

2152.31 [M+Na]+

PA-PEG12-Chem9-NBD

98

2305.20

2328.31 [M+Na]+

PA-PEG8-SubP-CONH2

91

2413.34

2416.014 [M+H]+

CCK4-COOH

93

597.68

598.18 [M+H]+

PEG8-CCK4-COOH

92

1134.52

1135.36 [M+H]+

PA-PEG8-CCK4-COOH

95

1372.75

1373.52 [M+H]+

sChem9

99

1217.58

1218.45 [M+H]+

PEG8-sChem9

99

1754.80

1754.69 [M]+

PA-PEG8-sChem9

98

1993.10

2017.50 [M+Na]+

Peptides
PA-PEG8-Met-ENK

†

Molecular Weights (Da)
Calculated*

Observed#

Purity was determined from analytical RP-HPLC Vydac C18, 5 µm, 4 mm × 250 mm]
and a binary solvent system [A: H2O/CH3CN/TFA (99/1/0.1); B: CH3CN/H2O/TFA
(90/10/0.07)] with a linear gradient of solvent B over 20 min. Flow rate was at 1
mL/min and elution was monitored at 230 nm.
*
Expected molecular weights were calculated using Peptide mass calculator v3.2 and
confirmed by the analysis tool in Chembiodraw Ultra v 12.0.3
#
Observed molecular weights were acquired by MALDI-TOF MS in reflectron positive
mode using α-cano-4-hydroxycinnamic acid (α-CN).
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3.10.2 Functional cAMP accumulation assay
The functional assays shown below were performed in Prof. Alan Kopin’s
laboratory in the Tufts Medical Center. The experiments (pages 166-173) were
conducted by Dr. Jamie Doyle and Mr. Benjamin Harwood in Prof. Kopin’s lab.
3.10.2.1 Met-Enkephalin SMAL
PA-PEG8-ENK
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Figure 3.16 Derivatives of Met-enkephalin peptides used for study with the µ-OR receptor

!
The peptide constructs used for the experiments are shown above. It can be seen
from the plot that the lipidated peptide construct, PA-PEG8-ENK (EC50: 8.03 nM)
is more potent than the natural ligand Met-ENK (EC50: 377 nM). The peptide
without the lipid or the PEG unit (Soluble ENK) was even less active (15.3 µM)
demonstrating the importance of the lipid anchor (Figure 3.17A).

!
Figure 3.17 Dose-response of SMALs of enkephalin targeting the µ-OR receptor. A) Comparison
of SMAL with the unmodified peptide Soluble ENK and the natural ligand Met-Enk. B) Dose-
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response of ligands after three washes with medium. The control peptides lose their activity
whereas the SMAL retains its activity [Prof. Kopin’s Laboratory].

!
The lipidated peptide retained some of its potency (EC50: 2.86 µM) after washing
whereas the non-lipidated control peptides lost their potencies considerably
(Figure 3.17B).
3.10.2.2 Chemerin-9 SMAL
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Figure' 3.18' Derivatives of chemerin 9 peptides used for study with both human and mouse
CMKLR1 receptor. Protease resistant peptides were synthesized for assessing the activity in vivo.

!
The structure of chemerin peptides used for the experiments are shown below. All
peptides showed similar efficacies, but the potency of the lipidated peptides were
improved. The peptides targeted both the human and mouse chemerin receptor.
The potency of the lipidated peptides, PA-PEG8-Chem9 (EC50: 4.7 nM) and PAPEG8-sChem9 (EC50: 2.45 nM) targeting the hCMKLR1 was 20-fold more than
the unmodified peptides, Chem9 (EC50: 96.9 nM) and sChem9 (EC50: 55 nM).
When the same peptides were tested against mCMKLR1, lipidation improved the
potencies by 15- and 6-fold respectively (Figure 3.19A and C).
Similar to the enkephalin peptides, lipidated chemerin analogs also were resistant
to washing. EC50s were reduced by a factor of 5-10 for the lipidated peptides, for
both the hCMKLR1 (PA-PEG8Chem9: 49 nM; PA-PEG8-sChem9: 17.6 nM) and
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mCMKLR1

(PA-PEG8Chem9:

44.5

nM;

PA-PEG8-sChem9:

8.87

nM

(Figure3.19B and D).

!
Figure 3.19 Dose-response of SMALs of chemerin (Chem9) and protease stable analog (sChem9)
targeting the human and mouse CMKLR1 receptor. Comparison of SMAL with the unmodified
peptide equivalents acting on A) the human and C) mouse receptor. Dose-response of ligands after
treatment with cells expressing the human (B) or mouse (D) receptor for 15 min followed by three
washes with medium. The control peptides lose their activity whereas the SMALs retain their
activity [Prof. Kopin’s Laboratory].
'

In the case of the soluble controls, Chem9 lost its ability to stimulate both human
and mouse receptor and the metabolically stable sChem9 retained some of its
activity towards the mouse receptor (EC50: 2.6 µM) but could not stimulate the
human receptor.
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3.10.2.3 Substance P SMAL
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Figure 3.20 Derivatives of Substance P used for study with NK1R and its family of receptors

As mentioned before, Substance P (SubP) is an undecapeptide that is active as a
C-terminal carboxamide. The lipidation of substance P again resulted in
considerable enhancement in the activity of the peptide compared to the soluble
version.

!

Figure 3.21 Comparison of substance P SMAL with the soluble counterparts. The lipidated
peptides (solid blue line) show better activity than the soluble ligands and they also retain their
activity post washing (dotted blue line) [Prof. Kopin’s Laboratory].
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Lipidated SubP-CONH2 had an EC50 of 0.54 nM compared to 9.7 nM for the
soluble SubP-CONH2. Post washing, the lipidated peptide had an EC50 of 4.1 nM
where as the soluble peptide lost its activity (Figure 3.21).
Substance P with C-terminal carboxylate is known to be a weak ligand for the SP
receptor. We hoped to improve the potency of this weak binding ligand by
converting it to a SMAL. The results proved that lipidated can help in regaining
lost activity. The potency that is lost by introducing a negative charge at the Cterminus is gained back by converting it into a SMAL. Lipidated SubP-COOH
has an EC50 which is ~10 fold more than the soluble SubP-COOH (Figure
3.22A).
NK1R has two closely related receptors: NK2R and NK3R. Experiments were
done to test the selectivity of these SMAL constructs. It can be seen that the
SMAL constructs were selective towards the NK1R receptor, which is cognate
receptor of the natural ligand. Lipidation has shown to improve the selectivity
towards the receptors whereas the soluble peptides themselves were poor in
selective (Figure 3.1C and D).
!
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!
Figure 3.22 Conversion of a weak acting ligand to a moderately active ligand by conversion to
SMAL. The Carboxyl terminated substance P is a weaker ligand than the amidated peptide (A).
Lipidation improved the potency of the soluble ligand by 10-fold (A). Lipidation also improved
the selectivity of the ligands towards closely related family members. The lipidated substance P
analog was selective to NK1R receptor whereas the soluble ligands stimulated all the three
receptors (C and D) [Prof. Kopin’s Laboratory].

3.10.2.4 Cholecystokinin tetrapeptide SMAL
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Figure 3.23 Derivatives of CCK tetrapeptides used for study with the CCK1R and CCK2R
receptors
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CCK4 is peptide fragment derived from the larger peptide hormone
cholecystokinin. The parent peptide has a wide range of functions in the GI and
CNS but the tetrapeptide is primarily active only in the brain. CCK-4 induces
anxiety when administered even in small amounts. It is used to cause a panic
attack during testing of novel anti-anxiolytic drugs. The peptide is active as a Cterminal carboxamide and the carboxylate is inactive.
The peptides shown above were tested against two CCK receptors CCK1R
and CCK2R. The binding data for CCK4-COOH has not been reported till now.
In our experiments, they seem to have high mM EC50s. The SMALs in this case
did not produce any activity since the parent peptides themselves were inactive.
The natural ligand, which is amidated, is weakly active towards the CCK1R
receptor but quite potent against the CCK2R receptor. This CCK4 SMAL system
is important to answer the limits of enhancement in activity by converting soluble
peptides to SMALs.

!
Figure 3.24 Comparison of activation by CCK4 tetrapeptide analogs. The lipidated analogs were
not able to revive the activity of weak binding CCK4-carboxylate. The parent peptide has an EC50
in the high mM. The soluble CCK4-amide, the natural ligand is potent against CCK2R (B) but is
relatively weak in stimulating the CCK1R receptor (A) [Prof. Kopin’s Laboratory].
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3.10.2.5 Length of PEG linker affects activity
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Figure 3.25 Derivatives of chemerin 9 peptides used to study the effect of linker length on GPCR
activity.

!
Experiments with MTLs have shown that the activation and signalling of GPCRs
is dependent on the length of the poly NG linker. With increasing length of poly
NG linker, the potency of the construct also increases. We observe the same trend
with peptides that contain a PEG12 linker or a PEG8 linker. The longer PEG12
linker modified Chemerin 9 SMAL is 2.5 times more potent than the PEG8
modified Chemerin 9 SMAL but with only 90% stimulation as that of the PEG8
linked peptide (Figure 3.26).

!
Figure 3.26 Effect of flexible linker on the activation of receptors [Prof. Kopin’s Laboratory].
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The PEG12 linker may allow the peptide to be more flexible and less hindered
than the PEG8 linker making the receptor more accessible. But due to the same
reason, the off-rate of the PEG8 linker could be higher thereby decreasing the
effects of saturation of receptors and increase in efficacy.
'
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Table 3.8 List of EC50s of all the constructs tested in vitro.

!
COMPOUNDS

Receptor

W/ Wash

8.03E-09

2.86814E-06

1.53E-05

-

Met-ENK

3.77E-07

-

PA-PEG8-Chem9-NBD

2.14E-08

8.07979E-08

PA-PEG12-Chem9-NBD

8.47E-09

5.92379E-08

9.69E-08

-

4.97E-09

4.90004E-08

PA-PEG8-ENK
Soluble ENK

µ-OR

Chem9

hCMKLR1

PA-PEG8-Chem9
sChem9

5.50E-08

-

PA-PEG8-sChem9

2.45E-09

1.76035E-08

Chem9

5.55E-08

-

3.96E-09

4.45554E-08

PA-PEG8-Chem9

mCMKLR1

sChem9

1.03E-08

2.64363E-06

PA-PEG8-sChem9

1.63E-09

8.87565E-09

PA-PEG8-CONH2

5.39E-10

4.12952E-09

9.70E-09

0.001639079

3.60E-07

-

6.07E-08

1.50107E-06

SubP - CONH2

NK1R

SubP – COOH
PA-PEG8-COOH
SubP - CONH2

2.91E-06

-

1.57E-08*

-

PA-PEG8-COOH

4.75E-09

*

-

SubP - CONH2

7.04E-07

-

SubP – COOH

NK2R

SubP – COOH

-

-

PA-PEG8-COOH

NK3R

1.71E-05

-

CCK4-CONH2

2.80E-05

-

-

-

-

-

-

-

2.83E-09

-

-

-

CCK4-COOH

CCK1R

PEG8-CCK4COOH
PA-PEG8-CCK4-COOH
CCK4-CONH2
CCK4-COOH

CCK2R

PEG8-CCK4COOH
PA-PEG8-CCK4-COOH

!!!*!28% of SubP-CONH2

!

EC50 (M)
W/O Wash

;!†26%

7.94E-07

†

of CCK4-CONH2 response!
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1.24194E-06

3.11 Conclusions and Future Outlook
We have designed and synthesized lipidated peptides using traditional solid phase
peptide synthesis. Membrane tethered ligands were successfully converted into
soluble membrane anchored ligands and were shown to be equally active in
stimulating their cognate receptors. We have also shown that SMALs were wash
resistant and active. This is a desirable feature for improving the dosages required
by peptide therapeutics. We have seen EC50 increase by 5- to 50- fold in most of
the SMALs that were designed. While the unmodified peptides lost activity after
washing steps, SMALs retained their EC50s with only marginally reduction from
unwashed experiments (3- to 12- fold less) but the efficacy was the same or better
than the controls. We are currently testing our SMAL constructs in mice in
collaboration with Dr. Jennifer Newman at the Tufts Center for Neuroscience
Research.
SMAL of a protease resistant chemerin was also synthesized and tested for
activation of mouse and human chemerin receptors. We are currently performing
mice asthma model studies in collaboration with Prof. Bruce Levy at the Brigham
and Women’s Hospital.
We have developed a platform for rapid screening of custom peptides that
modulate their cognate GPCR activity. Many orphan receptors have been cloned
to date but the ligands for them have not been identified yet87,88. This setup can
also be used for identifying ligands for ‘orphan receptors’. We are currently
performing biophysical studies to, i) identify the fraction of the SMALs that are
anchored to the membrane, and ii) quantify the fraction internalized. We are also
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performing experiments to identifying the exact mechanism of action of SMALs.
We are also interested in the role of the membrane anchor and the length of the
flexible linker. We have seen in one example that a longer linker improved the
potency of the ligand but reduced the efficacy. We would like to test the effect of
unsaturation and fluorination of the membrane anchor on the activity and come up
with an optimal design that can increase potency and also help in permeating the
blood-brain-barrier for delivery to the brain.
We are expanding this platform beyond the Class A GPCRs to the Secretin
family, which primarily have peptide ligands and the Glutamate family of
receptors.

3.12 Experimental Methods
3.12.1 Materials
All reagents were used without any further purification. N-tert-butoxycarbonyl
protected D- and L- amino acids and 4-hydroxymethylphenylacetamidomethyl
resin modified with N-Boc-Gly, N-Boc-L-Ser, or N-Boc-L-Phe (Boc-Gly-PAM,
Boc-L-Ser-PAM or Boc-L-Phe-PAM) were purchased from Chemimpex. 4methylbenzhydrylamine (MBHA) resin and 2-(1H-benzotriazol-1-yl)-1,1,3,3tetramethyluronium

hexafluorophosphate

(HBTU)

were

purchased

from

Novabiochem. Monodisperse, heterobifunctional polyethylene glycol, N-FmocPEG8(or)12-propionic acid, was purchased from AAPPTec. Hydrogen fluoride gas
was purchased from Matheson Gas. HPLC grade solvents were purchased from
Fisher
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Solvents

for

reversed-phase
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high-performance

liquid

chromatography (RP-HPLC) had the following composition: solvent A,
H2O/CH3CN/TFA (99/1/0.1); solvent B, CH3CN/H2O/TFA (90/10/0.07).
3.12.2 Peptide synthesis
All peptides were manually synthesized using the in situ neutralization protocol
for t-Boc chemistry86 on MBHA or PAM resins (0.5 mmol scale). The t-Boc and
N-formyl protecting group of the N-terminus and tryptophan were removed using
standard procedures. Peptides were cleaved from resin by treating with
HF/anisole (90:10) for 2 hours at 0 °C and precipitated with cold ether. Crude
peptides were purified with RP-HPLC. Peptides containing methionine were
treated with 1 M dithiothreitol (DTT) for 48 hours to reduce any sulfone and
sulfoxide formed prior to HPLC purification. The purities of the peptides were
assessed by analytical RP-HPLC [Vydac C18 or C4, 5 µm, 4 mm ✕ 250 mm]. The
molar mass of peptides were determined by MALDI-TOF MS. The peptide
concentrations were determined using a UV spectrophotometer (NanoDrop, ND1000, Thermo Scientific) by measuring absorbance at 278 nm for tyrosine
containing peptides (ε = 1400 M-1cm-1), 295 nm for tryptophan containing
peptides (ε = 5500 M-1cm-1) and at 460 nm for NBD containing peptides (ε =
19000 M-1cm-1).
3.12.3 cAMP accumulation assay with SMALs
The constructs were tested for triggering a biological response, and cAMP
accumulation was assayed by a CRE6X-Luc coupled assay60. HEK293 cells were
transfected with the plasmids encoding the µ-Opioid, hCMKLR1, mCMKLR1,
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NK1R, or CCK1R receptor along with the plasmid encoding β-galactosidase,
which used as an internal control for transfection efficiency. For substance P and
CCK-4 SMAL peptides, their cross-reactivity with other closely related receptors
was also tested. After 24 hours of transfection, the receptors were incubated with
the SMAL constructs of the corresponding ligand for 4 hours. To study the wash
resistance of the constructs, cells were washed three times with serum free
medium after 15 minutes of incubation with the SMAL. Assays were done in
three replicates in two individual experiments.
The ratio of luciferase activity was normalized with β-galactosidase activity was
plotted against the negative log of concentration of ligands. The dose response
was fitted to the standard equation shown below, where HS is the Hill Slope,
which is fixed to one for receptor-ligand interaction, and EC50, is concentration
required to achieve 50% of maximal efficacy.
y = bottom + (top - bottom) / (1+ (EC50 / x)HS ) !

3.12.4 Data analysis
Data from cAMP accumulation assays were analyzed using Kaleidagraph v4.1.3
and are reported as a standard error of mean ±s.e.m.
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Since the discovery of salvarsan in the laboratory of Dr. Ehlrich, chemists and
biologists have worked together in developing drug discovery platforms that
enable identification of inhibitors and modulators of specific drug targets while
minimizing toxicity. Even after a century of Ehlrich’s research, the hunt for the
‘magic bullet’ is still not over.1,2 But, with advances in molecular biological
techniques, research into the understanding of the underlying mechanism of
cellular processes has expanded dramatically3. We now have a clear picture of
how cells internalize nutrients and essential biomolecules. Exploiting these
mechanisms has been very beneficial for improving targeted drug delivery.4,5 It
has also helped scientists develop sophisticated drugs in the form of monoclonal
antibodies,

recombinant

proteins,

synthetic

peptides,

and

antisense

oligonucleotides6.
Whilst increasing number of drug targets are characterized, many of them are
localized in various intracellular organelles. Delivery to subcellular compartments
has proven challenging but the development of liposomal formulations have
shown some success.7 The other strategies currently pursued are the conjugation
of drugs to ligands that are involved in receptor-mediated endocytosis,
nanoparticles or my anchoring drugs to cell membrane viz., lipid modification.8,9
We have exploited the lipidation strategy to target macromolecular drugs to the
cytoplasm and to the plasma membrane.

4.1 Conclusions
In Chapter 2, we have shown that a highly charged macromolecules like antisense
oligonucleotides and short interfering RNAs (siRNA) can be efficiently
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transported to the cytoplasm where they are active. Our delivery system was
either a hydrocarbon or a fluorocarbon phospholipid based. The hydrocarbon lipid
based delivery vector was very efficient in transport of a fluorophore tagged
ssDNA to the cytoplasm. The fluorocarbon lipid construct was 2-5 fold more
efficient than the hydrocarbon version. In the process, we have also delineated the
mechanism of uptake of these constructs. We have identified that the hydrocarbon
and the fluorocarbon lipid constructs are internalized in with different
mechanisms. The hydrocarbon lipid was found to be both clathrin and caveolin
dependent while the fluorocarbon lipid was specifically endocytosed by the
caveolin-mediated process.
We have proven that siRNA modified with our designed lipids can perform gene
knockdown more efficiently than the unmodified siRNA. Like before, the
fluorocarbon construct showed higher gene knockdown than the hydrocarbon
counterpart.
In Chapter 3, we have validated the action of lipidated ligands that modulate
surface GPCRs. We have shown that lipidation improves the potency of soluble
natural peptide ligands. They are also shown to be very selective among the same
family of receptors. In the case of substance P, we have displayed the ability of
our platform to convert a weak soluble ligand into an active membrane anchoring
ligand. We have demonstrated that the length of the linker plays a role in the
potency of the ligand.
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4.2 Future Outlook
In Chapter 2, we have shown that the designed constructs are effective but we
need more substrates for validate the generalizability of the design. We are
curious to see if the construct has the ability to transport proteins, peptides and
mAb’s across the plasma membrane.10 Rigorous toxicity studies are also needed
to make sure the constructs do not impede normal cell functions. We also need to
address the issue of hydrolyzability of the constructs with some in vitro
experiments using NMR. We plan to perform RNAi knockdown of genes that are
involved in clathrin and caveolin mediated processes to unambiguously
distinguish the mechanistic pathway of internalization of hydrocarbon and
fluorocarbon lipids.
We would like to test the RNAi activity of our designed siRNA conjugates in the
absence of a transfection agent. We have planned to test the activity in
mammalian cells that stably express the target luciferase genes.11,12
Finally, we also would like to repeat the same experiments with the trimethyl lock
linker that we have synthesized.
In Chapter 3, we have shown that soluble membrane anchored ligands (SMALs)
effectively modulate the activity of cognate GPCRs. We would like to test the
system in other class of receptors. We plan to study the biophysical properties and
subcellular localization of SMALs. We plan to use this platform in identifying
new peptide ligands for known and orphan GPCRs.
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Figure S1 1H NMR of Terephthalaldehydic acid ethyl ester-4-(diethyl acetal) (1)

A1

Figure S2 13C NMR of Terephthalaldehydic acid ethyl ester-4-(diethyl acetal) (1)

A2

Figure S3 1H NMR of N-Glycinylmaleamic acid (2)

A3

Figure S4 1H NMR of N-maleimidoacetic acid N-hydroxysuccinimide ester (3)

A4

Figure S5 13C NMR of N-maleimidoacetic acid N-hydroxysuccinimide ester (3)

A5

Figure S6 1H NMR of (2,2-dimethyl-1,3-dioxolan-4-yl)methyl methanesulfonate (4)

A6

Figure S7 13C NMR of (2,2-dimethyl-1,3-dioxolan-4-yl)methyl methanesulfonate (4)

A7

Figure S8 1H NMR of (4-azidomethyl)-2,2-dimethyl-1,3-dioxolane (5)

A8

Figure S9 13C NMR of (4-azidomethyl)-2,2-dimethyl-1,3-dioxolane (5)

A9

Figure S10 1H NMR of 3-azido-1,2-propanediol (6)

A10

Figure S11 13C NMR of 3-azido-1,2-propanediol (6)

A11

Figure S12 1H NMR of 4-azidomethyl-2-(4-ethoxycarbony phenyl)-1,3-dioxolane (7)

A12

Figure S13 13C NMR of 4-azidomethyl-2-(4-ethoxycarbony phenyl)-1,3-dioxolane (7)

A13

Figure S14 1H NMR of 4-azidomethyl-2-(4-carboxyphenyl)-1,3-dioxolane (8)

A14

Figure S15 13C NMR of 4-azidomethyl-2-(4-carboxyphenyl)-1,3-dioxolane (8)

A15

Figure S16 1H NMR of 4-azidomethyl-2-(4-N-Hydroxycarboxamidophenyl)-1,3dioxolane

A16

Figure S17 1H NMR of N-(4-azidomethyl-1,3-dioxolanyl-2-(4-benzoylamino))-1,2dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine,
Triethylammonium Salt (9)

A17

Figure S18 13C NMR of N-(4-azidomethyl-1,3-dioxolanyl-2-(4-benzoylamino))
-1,2-dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine,
Triethylammonium Salt (9)

A18

Figure S19 31P NMR of N-(4-azidomethyl-1,3-dioxolanyl-2-(4-benzoylamino))
-1,2-dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine,
Triethylammonium Salt (9)

A19

Figure S20 1H NMR of N-(4-aminomethyl-1,3-dioxolanyl-2-(4-benzoylamino))-1,2dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine,
Triethylammonium Salt (11)

A20

Figure S21 13C NMR of N-(4-aminomethyl-1,3-dioxolanyl-2-(4-benzoylamino))
-1,2-dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine,
Triethylammonium Salt (11)

A21

Figure S22 31P NMR of N-(4-aminomethyl-1,3-dioxolanyl-2-(4-benzoylamino))
-1,2-dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine,
Triethylammonium Salt (11)

A22

Figure S23 (-Ve) ESI-MS of N-(4-aminomethyl-1,3-dioxolanyl-2-(4benzoylamino))-1,2-dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine,
Triethylammonium Salt (11)

A23

Figure S24 1H NMR of 1,2-Di-(9-perfluorohexadecanoyl)-3-O-benzyl-sn-glycerol (13)

A24

Figure S25 13C NMR of 1,2-Di-(9-perfluorohexadecanoyl)-3-O-benzyl-sn-glycerol (13)

A25

Figure S26 19F NMR of 1,2-Di-(9-perfluorohexadecanoyl)-3-O-benzyl-sn-glycerol (13)

A26

Figure S27 1H NMR of 1,2-Di-(9-perfluorohexadecanoyl)-sn-glycerol (14)

A27

Figure S28 13C NMR of 1,2-Di-(9-perfluorohexadecanoyl)-sn-glycerol (14)

A28

Figure S29 19F NMR of 1,2-Di-(9-perfluorohexadecanoyl)-sn-glycerol (14)

A29

Figure S30 1H NMR of (15)

A30

Figure S31 1H NMR of 1,2-Di-(9-perfluorohexadecanoyl)-sn-glycero-3phospho-(2-(tert-butoxycarbonylamino))ethanol (16)

A31

Figure S32 13C NMR of 1,2-Di-(9-perfluorohexadecanoyl)-sn-glycero-3phospho-(2-(tert-butoxycarbonylamino))ethanol (16)

A32

Figure S33 19F NMR of 1,2-Di-(9-perfluorohexadecanoyl)-sn-glycero-3phospho-(2-(tert-butoxycarbonylamino))ethanol (16)

A33

Figure S34 31P NMR of 1,2-Di-(9-perfluorohexadecanoyl)-sn-glycero-3phospho-(2-(tert-butoxycarbonylamino))ethanol (16)

A34

Figure S35 1H NMR of 1,2-Di-(9-perfluorohexadecanoyl)-sn-glycero-3phosphoethanolamine, Triethylmmonium trifluoroacetate salt (17)

A35

Figure S36 13C NMR of 1,2-Di-(9-perfluorohexadecanoyl)-sn-glycero-3phosphoethanolamine, Triethylmmonium trifluoroacetate salt (17)

A36

Figure S37 19F NMR of 1,2-Di-(9-perfluorohexadecanoyl)-sn-glycero-3phosphoethanolamine, Triethylmmonium trifluoroacetate salt (17)

A37

Figure S38 31P NMR of 1,2-Di-(9-perfluorohexadecanoyl)-sn-glycero-3phosphoethanolamine, Triethylmmonium trifluoroacetate salt (17)

A38

Figure S39 1H NMR of N-(4-azidomethyl-1,3-dioxolanyl-2-(4-benzoylamino))
-1,2-Di-(9-perfluorohexadecanoyl)-sn-Glycero-3-Phosphoethanolamine,
Triethylammonium Salt (18)

A39

Figure S40 13C NMR of N-(4-azidomethyl-1,3-dioxolanyl-2-(4-benzoylamino))
-1,2-Di-(9-perfluorohexadecanoyl)-sn-Glycero-3-Phosphoethanolamine,
Triethylammonium Salt (18)

A40

Figure S41 19F NMR of N-(4-azidomethyl-1,3-dioxolanyl-2-(4-benzoylamino))
-1,2-Di-(9-perfluorohexadecanoyl)-sn-Glycero-3-Phosphoethanolamine,
Triethylammonium Salt (18)

A41

Figure S42 31P NMR of N-(4-azidomethyl-1,3-dioxolanyl-2-(4-benzoylamino))
-1,2-Di-(9-perfluorohexadecanoyl)-sn-Glycero-3-Phosphoethanolamine,
Triethylammonium Salt (18)

A42

Figure S43 1H NMR of N-(4-N-Maleoylglycylamido)methyl-1,3-dioxolanyl-2-(4benzoylamino))-1,2-Di-(9-perfluorohexadecanoyl)-sn-Glycero-3Phosphoethanolamine,
Triethylammonium Salt (20)

A43

Figure S44 13C NMR of N-(4-N-Maleoylglycylamido)methyl-1,3-dioxolanyl-2-(4benzoylamino))-1,2-Di-(9-perfluorohexadecanoyl)-sn-Glycero-3Phosphoethanolamine,
Triethylammonium Salt (20)

A44

Figure S45 19F NMR of N-(4-N-Maleoylglycylamido)methyl-1,3-dioxolanyl-2-(4benzoylamino))-1,2-Di-(9-perfluorohexadecanoyl)-sn-Glycero-3Phosphoethanolamine,
Triethylammonium Salt (20)

A45

Figure S46 31P NMR of N-(4-N-Maleoylglycylamido)methyl-1,3-dioxolanyl-2-(4benzoylamino))-1,2-Di-(9-perfluorohexadecanoyl)-sn-Glycero-3Phosphoethanolamine,
Triethylammonium Salt (20)

A46

Figure S47 (-Ve) ESI-MS of N-(4-N-Maleoylglycylamido)methyl-1,3-dioxolanyl-2-(4benzoylamino))-1,2-Di-(9-perfluorohexadecanoyl)-sn-Glycero-3Phosphoethanolamine, Triethylammonium Salt (20)

A47

Figure S48 1H NMR of S-triphenylmethyl cysteamine (21)

A48

Figure S49 13C NMR of S-triphenylmethyl cysteamine (21)

A49

Figure S50 1H NMR of [2-(4-nitro-2,1,3-benzoxadiazol-7-yl)aminoethyl]-Striphenylmethyl thiol (22)

A50

Figure S51 MALDI-TOF of Hydrocarbon Lipid_ssDNA construct 26

Figure S52 MALDI-TOF of Flurocarbon Lipid_ssDNA construct 27

A51

Figure S53 MALDI-TOF of Hydrocarbon Lipid_ssRNA construct 29

Figure S54 MALDI-TOF of Fluorocarbon Lipid_ssRNA construct 30

A52

Figure S55 1H NMR of 4,4,5,7-tetramethyl-3,4-dihydrocoumarine (33)

A53

Figure S56 13C NMR of 4,4,5,7-tetramethyl-3,4-dihydrocoumarine (33)

A54

Figure S57 1H NMR of 3-(2’-Hydroxy-4’,6’-dimethylphenyl)-3,3-dimethylpropanol
(34)

A55

Figure S58 13C NMR of 3-(2’-Hydroxy-4’,6’-dimethylphenyl)-3,3-dimethylpropanol
(34)

A56

Figure S59 1H NMR of 1-O-(tert-Butyldimethylsilyl)-3-(2'-hydroxy-4',6'dimethylphenyl)-3,3-dimethylpropanol (35)

A57

Figure S60 13C NMR of 1-O-(tert-Butyldimethylsilyl)-3-(2'-hydroxy-4',6'dimethylphenyl)-3,3-dimethylpropanol (35)

A58

Figure S61 1H NMR of 1-O-(tert-Butyldimethylsilyl)-3-(2'-Boc-alanyl-4',6'dimethylphenyl)-3,3-dimethylpropanol (36)

A59

Figure S62 13C NMR of 1-O-(tert-Butyldimethylsilyl)-3-(2'-Boc-alanyl-4',6'dimethylphenyl)-3,3-dimethylpropanol (36)

A60

Figure S63 1H NMR of 3-(2'-Boc-alanyl-4',6'-dimethylphenyl)-3,3-dimethylpropanol
(36)

A61

Figure S64 13C NMR of 3-(2'-Boc-alanyl-4',6'-dimethylphenyl)-3,3-dimethylpropanol
(36)

A62

Figure S65 1H NMR of 3-(2'-Boc-alanyl-4',6'-dimethylphenyl)-3,3-dimethylpropionic
acid (39)

A63

Figure S66 13C NMR of 3-(2'-Boc-alanyl-4',6'-dimethylphenyl)-3,3-dimethylpropionic
acid (39)

A64

Figure S67 1H NMR of N-(2-maleimidoethyl)-3-(2'-Boc-alanyl-4',6'dimethylphenyl)-3,3-dimethylpropionamide (40)

A65

Figure S68 13C NMR of N-(2-maleimidoethyl)-3-(2'-Boc-alanyl-4',6'dimethylphenyl)-3,3-dimethylpropionamide (40)
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Figure S69 RP-HPLC chromatogram of Soluble ENK. Gradient is 18-25% B in A for
20 min. (Red trace is the background)

Figure S70 MALDI-TOF of purified Soluble ENK
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Figure S71 RP-HPLC chromatogram of PA-PEG8-Met-ENK. Gradient is 67-71% B in
A for 20 min. (Red trace is the background)

Figure S72 MALDI-TOF of purified PA-PEG8-Met-ENK
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Figure S73 RP-HPLC chromatogram of Chem9. Gradient is 15-35% B in A for 20 min

Figure S74 MALDI-TOF of purified Chem9

A69

Figure S75 RP-HPLC chromatogram of PA-PEG8-Chem9-Ac. Gradient is 65-80% B in
A for 20 min

Figure S76 MALDI-TOF of purified PA-PEG8-Chem9-Ac
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Figure S77 RP-HPLC chromatogram of PA-PEG8-Chem9-NBD. Gradient is 65-80% B
in A for 20 min

Figure S78 MALDI-TOF of purified PA-PEG8-Chem9-NBD
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Figure S79 RP-HPLC chromatogram of PA-PEG12-Chem9-NBD. Gradient is 65-80%
B in A for 20 min

Figure S80 MALDI-TOF of purified PA-PEG12-Chem9-NBD
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Figure S81 RP-HPLC chromatogram of PA-PEG8-SubP-CONH2. Gradient is 65-80%
B in A for 20 min

Figure S82 MALDI-TOF of purified PA-PEG8-SubP-CONH2
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Figure S83 RP-HPLC chromatogram of CCK4-COOH. Gradient is 15-35% B in A for
20 min

Figure S84 ESI-MS of purified CCK4-COOH
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Figure S85 RP-HPLC chromatogram of PEG8-CCK4-COOH. Gradient is 26-47% B in
A for 20 min

Figure S86 ESI-MS of purified PEG8-CCK4-COOH
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Figure S87 RP-HPLC chromatogram of PA-PEG8-CCK4-COOH. Gradient is 65-90% B
in A for 20 min

Figure S88 ESI-MS of purified PA-PEG8-CCK4-COOH
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Figure S89 RP-HPLC chromatogram of sChem9. Gradient is 15-35% B in A for 20
min

Figure S90 ESI-MS of purified sChem9
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Figure S91 RP-HPLC chromatogram of PEG8-sChem9. Gradient is 25-48% B in A for
20 min

Figure S92 MALDI-TOF of purified PEG8-sChem9
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Figure S93 RP-HPLC chromatogram of PA-PEG8-sChem9. Gradient is 67-90% B in A
for 20 min

Figure S94 ESI-MS of purified PA-PEG8-sChem9
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