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ABSTRACT 

The HIV-1 virus has a protein, gpl20, on its surface that is responsible for the 

initial recognition between the virus and human cells by binding to the CD4 receptor, 

which is found on many types of human cells. An alternative receptor, 

galactosylceramide (GalCer), has also been identified. It binds to HIV-1 gpl20 and 

facilitates the infection of human cells via a CD4 independent mechanism. The goal of 

this research project was to design, synthesize, and test the effectiveness of galactosyl 

lipids that bind to gpI20. A versatile synthesis was developed and used to synthesize five 

different GalCer analogs. Professor Scott Saavedra and coworkers used total internal 

reflection fluorescence microscopy (TIRP) to measure quantitative binding affinities to 

gpl20 at equilibrium for each glycolipid analog. A GalCer analog with octadecyl lipid 

chains and a tetraethylene glycol spacer group had the highest binding affinity of the 

analogs tested. Monolayers of lipid mixtures were investigated for phase behavior using 

epifluorescence microscopy. It was determined that GalCer analogs with saturated tails 

formed domains in monolayers with DOPC. GalCer analogs were also incorporated into 

liposomes and were subjected to an HIV-1 inhibition assay in Dr. Ahmad's lab. The 

GalCer analog liposomes showed similar inhibition as GalCer liposomes. 



17 

1. Chapter 1 - Introduction 

1.1 HIV-1 Life Cycle and BindiDg Recognition 

HIV-1 is a retrovirus that is responsible for eventually causing human 

Autoimmune Deficiency Syndrome (AIDS). HTV (Fig. I-1) has a viral nucieocapsid core 

that contains all the viral genetic 

information and is surrounded by a lipid 

bilayer that supports the display of the 

envelope glycoproteins gp41 and gpl20 

(/). Gp4l and gpl20 are associated with 

the attachment of HIV to the target cell 

through a series of interactions. The first 
Flgurt1-1 Schcmalic fqaieseutolion of Uic MV-l (article 

of these interactions involves the specific recognition of gpl20 for a CD4 receptor found 

on the surface of lymphocytes and macrophages (Fig. l-2)(/). 

RNA 

Lipid Btlayer 

Figuft 1-2. Model of HIV-1 tntry. The HIV-1 partici* ii iho«wi on th« Itft with 
th« lurfkc* (SU) gp120 tnvtlop* prettin anchored on to th« transmombrin* 
(TM) gp41 tnvclopt prottin. Th« virui binds to th* host-cfH surfte* CD4 
prottin through an inttnction with th« SU protain. A sceondaiy intanction 
occurs b«twe«n tht V3 loop of gp120 and a coraccptor host<ali aurfK* 
molecul*. This rasutts in a conformational changa and activation of ftjiion. (/) 

After initial binding, a conformational change occurs in gpl20 that allows the secondary 

binding of a co-receptor also found on the surface of the cell. Following these specific 
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interactions, a cascade of events occur that allow exposure and penetration of gp41, a 

fusion protein, into the cell membrane followed by fusion of the two membranes (Fig. 1-

2) (/). The nucleocapsid is released into the cell cytoplasm and begins the process of 

taking over the cell's flmctions and producing more HTV. Finally new viral particles bud 

off of the cell for the proliferation of infection (Fig. 1-3) (/). 

Figure 1 - 3 HIV-1 life cyde. Steps in the replication (yde are shown from upper 
left ttirough upper right. Ibe viurs paitide is shown binding to CD4 via an 
intenicticn with the surface (SU) envdope gtycoprcCein. Following frision with 
the cellular membrane, the capsid core is uncoated and the RNA is reverse transcribed 
\figration of the viral DNA to the nudeus followed by expression of the viral proteins 
allows the assemUy of new viral paitides that are modUied by viral em^mes toyidd 
mature viral particles capable of buddmg off the membrane. (^) 

1.2 HIV-1 Therapy 

FDA approved therapies for HTV infection include molecules that interrupt the reverse 

transcription of genomic RNA called reverse transcriptase inhibitors (Fig. 1-4) and 



19 

molecules that target the HIV protease enzyme called protease inhibitors (Fig. 1-5), 

which prevent the necessary cleavage of long peptides into fragments, which are needed 

to make new virons infectious (2). 

Figure 1-4 

Nucleoside Reverse Transcriptase Inhibitors 

? . NH2 O 

-0  ̂
N3 

/.idovudineiAZT) Zalaiabine(DDC) Didanosine (DDI) 

Non-Nucleoside Reverse Transcriptase Inhibitors 

Y 
0 hn 

H 

N N 

Nevirapine 

Efavirenz 

H _ Delavirdme N>^0 
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Figure 1-5 ProistEie [nhibitocs 

H O T  

O \ " 4h I 

O^NH 

CONH2 H' 
Saqmnavtr 

ft—J I H /% = /-»u H O / OH 

Rjiomivir 

HN^O 

Indinavir 

There are several other types of inhibitors (Fig. 1-6) in various stages of 

development including integrase inhibitors that prevent the incorporation of viral DNA 

into the host cell, gene expression inhibitors that would stop the translation of viral 

mRNA, and glucosidase inhibitors that prevent the final maturation of the virons by 

stopping the cleavage of glucose units from the surface of the viral surface glycoproteins. 
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Figure 14. Antiretroviral agents for HIV targeting the viral iife ( 2 )  

All of these inhibitors discussed have one thing in common; they must cross the 

cell membrane to afford the therapeutic benefit. None of these drugs prevent HIV 

infection; they function by attempting to control the proliferation of the infection. 

Alternative methods, which prevent infection, are attractive because they would save the 

life of the cell and would allow development of a class of molecules that do not need to 

cross the cell membrane. In this vein, the last type of inhibitor includes those that attempt 

to prevent the initial infection of HIV: viral binding inhibitors, virus cell fusion 

inhibitors, and virus uncoating inhibitors (2, i). Virus uncoating inhibitors target HTV 

p24 capsid protein. However, not much work that been done in this area since 

Rossamann's work with bicyciams in 1988 (•/). Virus cell fusion inhibitors include those 
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molecules that target gp41 glycoprotein that contains the fusion peptide and prevents its 

exposure after gpl20 binds to CD4 and its coreceptor (2. 3, 5-7). The fusion inhibitors 

allow binding of gpl20 to CD4 but prevent the exposure of the fusion peptide and 

therefore prevent fusion of the viral and cell membranes. Peptide inhibitors that mimic a 

small part of the gp4l primary sequence are cunently being investigated. T-20 and C34 

(Fig. 1-7) are two such peptides that are in clinical trials (8-11). These two peptides 

consist of a similar portion of gp41. They both contain amino acids 643 - 661; T20 also 

contains 662-678 on the C-terminus and C34 contains 628-642 on the N-terminus. 

Fmloa 

517 : sn JM SOS 

NH: T21 

1*^ 

TraunMibnM 
Aadior 

67* MS TIO 

TM •••COOH 

AeJ«mUUIKAQQBIXQLTVWCIICQLQAItILAVtRVlJUMK<Hi/ 
ii^irrsLiiauEEaqrigQKKmQiLUUHcwASLWftwr^, 

SQIVQCKMtlHJJUIEAQQHlJLOaVWaKOLQAlK 

N36 

heptad repeat 1 

62S 681 

heptad repeat 2 

Fiflura1-7 Sdianalicrefi'eaeiititionofHIV-l gp41. Hiereaduescoreaponduig to tbcpeptides are 170,643^8 and 
C34,628-661 

Viral binding inhibitors are molecules that either prevent the binding between gpl20 and 

CD4 or prevent the formation of the trimer complex with the CD4 co-receptors (12). 
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Figure I - 8 

U Inhibitors of CD4-gpl20 Binding 

The first inhibitor of gpl20-CE)4 binding investigated was soluble CD4 (sCD4) 

derived from the extracellular domain that was found to bind to 

viral gpl20 and prevent HIV infection {13). However, sCD4 

showed low efficacy in clinical trials and later it was determined 

that sCEM had an order of magnitude lower binding affinity for 

gpl20 that native CD4 [Dans, 1991 #85], Various anionic 

OSO3 
OSO3 

-I [\ 

Dextrin 2-sulfate (D2S) polymers have been shown to prevent HIV infection. An example 
(MW 5.000 - 50.000) ^ 

is dextrin 2-sulfate (D2S, Fig. 1-8) {14). However, large polymers are difficult to 

administer and have low specificity for HTV. Co-receptor inhibitors target the third 

variable region of gpl20 referred to as the V3 loop. This is the portion of gpl20 that 

recognizes the various coreceptors of 

QPORAf^.. 
K 

* 

•^K—OA 

QMRAF. 

oral 
~7 

IRAF 7* 
oponr 

Figuiv 1-9. Synthetic pdymciic ooDstrodion 3 (SPC3). The tcnninal 
Readies OPC3(AF are the conseived r^oo of the V3 loop. (15) 

CE)4 and allows the conformational 

change in gpl20 that initiates viral cell 

membrane fusion. Synthetic peptides 

like SPC3 (Fig. 1-9) derived from the 

conserved portion of the V3 loop show 

anti-HTV activity {15,16). 
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1.4 Alternative Receptors for gp 120 

As stated before, CD4 is the primary receptor for HTV-l gpl20. However, CD4-

negative cells can be infected and must therefore involve alternative receptors. Neural 

(75, 16) and colonic epithelial cells (/7-/9) have been shown to allow infection through a 

CD4-independent mechanism. Both of these cell lines express a common 

glycosphingolipid, galactosyl ceramide (GalCer) (Fig. I-IO). GalCer is a simple 

glycosphingolipid that is abundant in many types of cells. GalCer has been shown to 

allow infection of cells independently of CD4 expression {15, 19, 20). Research has 

demonstrated that anti-GalCer antibodies essentially blocked HIV-1 infection of neural 

c e l l s  { 2 1 ) .  

1-0 

HO. 
OH 

OH 

Figure I-IO Galaaos>-t Cenumde (GalCer) chemical structure 

1.5 Galactosyl Ceramide phase behavior 

GalCer has been shown to exist in microdomains called lipid rafts (Fig. 1-11) in 

biological membranes. The long saturated fatty acid chain allows efficient packing of the 

lipid chains with other saturated lipids and with cholesterol, thus there is an opportunity 

for phase separation between the lipid rafts and the abundant phospholipids with 

unsaturated lipid chains. The nature of these lipid rafts has been investigated since the 
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1980's (22-29). It is suggested 

that lipid rafts participate in 

signal transduction and/or 

organization of some GPI-

anchored proteins (23. 26, 29, 

30). Glycosphingolipids are a 

large component of the lipid 

rafts and it has been discovered 

that they have a number of 

functions in many different 

types of cells and organisms 

(31). Among these functions, 

binding to lectin, toxins, and hormones demonstrates the ability of glycosphingolipids in 

rafts to bind to various types of proteins. 

1.6 Carbohydrate Orientation 

Highly organized domains of GalCer in biological membranes allow precise 

orientation of the galactose headgroup in respect to the membrane surface. The 

stereochemistry of the carbohydrate will determine the orientatiotL Glucose will align 

perpendicular with the membrane surface (Figure 1-12) or fully extended to allow better 

hydration (32). The galactose headgroup of galactosyl ceramide aligns parallel to the 

membrane surface (Figure 1-12) and has eight hydrogen bonds with three neighboring 

1 

FIflural-II.Moddofrallargnzaiiao. Tigfalty packeds|]tuiigalipidB «e 
cflridMd in liqmd ordered Co) pi>uc nfls (light gray) in ttw chdcalcral-ridi 
plasma manfaranc;  (33)  
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molecules. The strong hydrogen bonding forms a tight two-dimensional network that 

stabilizes the glycosphingolipid domain (iJ). It has been reported that the orientation of 

the carbohydrate in a glycolipid can affect the binding of the carbohydrate to some 

proteins {34). 

GluCer membrane orientation GalCer membrane orientatioa 

Figure 1-12. Varying Carbohydrate Orientation 

1.7 Model Studies of gpl20 Binding to GalCer 

The binding of gpl20 to GalCer and other similar glycolipids has been established 

in several model studies. GalCer exhibited binding to gpl20 by High Performance Thin 

Layer Chromatography (HPTLCX/6)- However, a different study did not report any 
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appreciable binding of GalCer to gpl20 by an Enzyme Linked Immunosorbant Assay 

(ELISA) (35). In an effort to clear up any discrepancies between binding assays, a study 

compared ELISA, inmiunospot assay on nitrocellulose paper, and an immunospot assay 

on TLC. These three methods were used to evaluate the binding to GalCer, a sulfated 

GalCer (GalS), and GMI-ganglioside, another naturally occurring glycosphingolipid that 

has a terminal galactose (Fig. 1-13). 

GalCer 

OH OH 

A" 
GalS 

OH,OH 

H O H '  I  H  N A C  

Figure 1-13. Glycoshingolipid stniciures 

This research reported that by ELISA and immunospot assay on nitrocellulose only GalS 

was binding to gpl20. However, all three glycolipids bound to gpl20 by immunospot 

assay on TLC {36). Model membranes that display GalCer in a similar manner as a cell 

membrane have also been studied. Fantini demonstrated that when a monolayer of 

GalCer on a Langmuir trough was exposed to gpl20 by injection of the protein into the 

subphase, the surface pressure increased (Fig. 1-14). 
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This result indicated that the 

protein associated with the lipid surface. 

Glycolipids with carbohydrates other 

than galactose did not exhibit similar 

increases in surface pressure {37). There 

was also a distinction between a-

hydroxyl GalCer (Fig. 1-15) and non-a-

hydroxyl GalCer. The hydroxylated 

GalCer showed the largest increase in 

pressure. The researchers concluded that the binding of the galactosyl moiety was 

enhanced by the hydroxylated fatty acid. However, the hydroxyl group is buried under 

the surface of the membrane making it unlikely to influence the binding to gpl20. 

OH 

Figure 1-lS. Structure of Hydroxylated GalCer 

1.8 New Techniques for Inhibition of Binding - Equilibrium Measurement of 

gpl20-GalCer Binding 

A recent study involved the use of Total Internal Reflection Fluorescence 

Spectroscopy (TIRf) to measure the binding affinity of glycosphingolipids to 
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Figure 1-14. Variations in surface pressure 
of a monolayer of GalCer-HFA after 
injection of the recombinant gpl20 (main 
panel) or V3 loop peptide (inset) {39) 
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recombinant gpl20 under true equilibrium conditions i-fO). This is the first report of 

quantitative binding constants to evaluate the effectiveness of several natural glycolipids. 

MtlTitfKiriM: OMCvl MiiriCKiriaoi': ami 
IMl ITMt 

Figure 1-16. Structure of glycolipids 

At high concentrations of rgpl20 (25-200 nM) GalCer, GalS, glucosyl ceramide 

(GluCer), and lactosyl ceramide (LacCer, Fig. 1-16) each had a binding constant of 10^ 

M"' (Fig. 1-17) whereas only GalCer exhibited a much higher Ka of lO' at lower rgpl20 

concentrations (0.2 - 20 nM) (Fig. 1-18) (38). 

4 a 
e(FITCigp120)/iw 

90 79 100 129 190 179 200 

e(FIT(>gp120)/nH • 

Figures 1-17 & 1-18. TIRP isotherm of Fn'C-rgpl20 adsorption to POPC membranes, 
either pure (0) or doped with 5% (mol) of GalCer (•), GlcCer (•), LacCer (^), or Cer 
(#). The data plotted represent the mean and standard deviation of three independent 
measurements for each sample. {40) 
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1.9 Synthesis of GalCer Analogs 

If a new therapy is going to be developed by exploiting the binding of gpl20 to 

GalCer-like molecules, analogs with higher affinities for gpl20 need to be synthesized. 

Improvement in binding would allow preferential binding of gpl20 to the drug, thereby 

minimizing cell surface interaction and preventing infection. The synthesis and 

evaluation of GalCer analogs has progressed over the last decade. Several aspects of the 

GalCer structure have been investigated by synthetically modifying the GalCer structure 

in an attempt to improve the binding to gpl20. One of the first changes to the structure 

was the substitution of a C-glycoside for the natural 0-glycoside. A C-glycoside is much 

more stable to enzymes capable of cleaving the galactosyl group off of the lipid. 

Bednarski and coworkers designed and synthesized a "water-soluble'' C-galactosyl single 

chain amphiphile with varying hydrophobic chain lengths (Fig. 1-19) (39). The analog 

structure also did not have a fatty acid chain to improve water solubility and substituted 

an amide linkage for the allylic alcohol. 
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These omissions in 

functionality did not severely 

affect the activity of the analog. 

Compound 2 (Fig. 1-19), with a 

14-carbon chain, when compared 

to commercially available 

psychosine showed comparable 

inhibition in an ELISA assay. 

The results indicated that the 

length of the hydrophobic fatty 

acid affects the binding affinity 

dramatically as found in a HPTLC 

assay. However, the chain lengths 
OH 

compared were 0, 4, 14 and only the myristoyl chain is long enough to allow the analog 

to behave as an amphiphile similar to GalCer. Therefore, if the length of the hydrophobic 

chain is long enough to afford an amphiphilic nature to the analog, no difference is 

reported on binding. A study that investigated the affect of varying the fatty acid chain 

length firom 14 - 24 showed no change in activity as a function of chain length when the 

GalCer analogs were incorporated into liposomes and the binding to l'"^-gpl20 was 

subsequently assayed by HPTLC (Fig. 1-20) {16). 

PilSiire 1>19 

% fnhihifioa M 1 mgfmL 

86 (ICm - 13) tt-W 

96(IC^- I60u.\n 
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Figure 1-20 Binding of '"^I-labeled gpl20 to lipids 

Lipid Bindine. % 
GalCer 100 
Galactosyl sulfatide 109 ± 11 
Psychosine 95 ± 14 
N-Palmitoyl GalCer 115±6 
N-Steroyl GalCer 99 ±6 
N-Nervonyl GalCer 100 ± 25 
Lactosyl ceramide 19 ±6 
Ceramides 9 ± 3  
GlcCer 5 = 2 
Gdu 10 = 7 
Gmi 1 1 = 6  

The anomeric linkage of GalCer is p. The necessity of this linkage for optimal binding to 

gp 120 has been investigated. In the absence of any carbohydrate on the lipid, no specific 

interactions were reported. Therefore it has been concluded that the Gal-P-Cer linkage is 

In an attempt to simplify the 

preparation of GalCer analogs, Rico-Lattes 

developed a new analog that was 

synthesized in three steps from lactose 

(Fig. 1-21) {41). Reductive amination of 

the internal glucose resulted in the 

unprotected terminal galactose to give the 

single chain followed by amidation of the 
CO(CHj)„CH, 

S-«Ikylaiatno-{-tieaxytadiiob (a ~ 8. m * 12.14,16) , , tit • > 
secondary amme to give the double chain 

essential for binding to gpl20 {16. 39, 40). 

FIKUR 1-21 

HO-
OH 

OK»KUOH-CH.-NH (C%v'-'Hl 

.VaQcylammo. UdecxylacUtoU (n ^ 8. II. 13. IS) 

OH 

CHDH<HOH-CH.-N 
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riiniiT 1-22 

lipid. Single and double chain amphiphiles with vaiying chain lengths were synthesized. 

Anti-HIV (EC50) activity and toxicity (CC50) of these two series of compounds indicated 

that the single chain amphiphiles had the best anti-HIV activity and minimal toxicity. 

The optimum chain length was n=l2 for the single chain amphiphiles. 

A "soluble" version of 

these original analogs was 

modified by including a bola-
CHOH-CHpH 

^(ch2),oCoo Na amphiphile design that added a 
CHOHCHOH-Cti-N 

\o(CHj,.CH. carboxylate group at the terminus 
Soluble analog ol'GalCer 

of one of the hydrophobic chains 

(Fig. 1-22). Binding specificity was measured by the prevention of suramin binding to 

SPC3 (peptide analog of V3 loop). The analog with a hydrophobic chain length of 15 

yielded the best binding to the peptide with an IC50 of 100 ^g/mL. This analog was also 

shown to bind to anti-GalCer monoclonal antibodies {42, 43). A second modification of 

these analogs was to make them catanionic by including an ammonium cation near the 

carbohydrate and mix them with a single carboxylate chain and a double carboxylate 

bola-type fatty acid chain (Fig. 1-23). It was speculated that the bola-type fatty acid 

would form "monomeric" GalCer analogs when in a monolayer. The best anti-HIV 

activity was afforded by the monomeric GalCer analog bridged by a dicarboxylate with 

the longest hydrophobic chain (n=15, m=12) (Figure 1-23) giving an Anti-HTV activity 

of 0.5 ^M and toxicity of 100 jiM {40, 44, 45). 
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A very different kind of GalCer analog was used in the design and synthesis of a 

polymerizabie GalCer which was subsequently copolymerized with acrylamide to afford 

a polymeric analog capable of binding to rgpl20 {46). They found that the density of 

GalCer analogs that were incorporated into the copolymer significantly affected the anti-

HIV activity of the polymer. The optimal density of galactose was 7.7 wt %. Using 

surface plasmon resonance, binding of the copolymer to the immobilized gpl20 was 

measured. They concluded that too many GalCer analogs cause a steric inhibition to 

binding while too few prevent enough surface GalCer analogs to effectively bind. 

Therefore a minimal amount of GalCer is required to allow significant amounts of 

GalCer to interact with gpl20. 



35 

1.10 Lipid Rafts of GalCer 

It has been speculated that the domain structure of GalCer in the lipid rafts is 

necessary for optimal binding to gpl20 {47). The interactions of glycosphingolipids with 

typical membrane phospholipids have been widely studied in simple and biological 

models {48-53). The lipid chain structure of glycosphingolipids in general includes at 

least one saturated acyl chain. The presence of the saturated chain allows maximal 

packing between the similar chains of other saturated lipids. Most lipids with saturated 

chain lipids are phase separated into domains in the biological membrane because the 

majority of membrane lipids are unsaturated and more fluid. The sequestering of these 

lipids gives more substantial order to these areas and that order is exploited by the 

functions of these lipid rafts {26-29). It has been speculated that glycosphingolipid 

domains are also involved in the CD4-dependent HTV-l fusion process as well as the 

CD4-independcnt fusion process {54). Glycosphingolipid-rich domains were purified 

from human lymphocytes and were incorporated in a Langmuir monolayer with CD4 and 

gpl20 present in the subphase. The surface pressure increased indicating some type of 

interaction between the proteins and the glycolipid monolayer. The researchers suggest 

that after the virus interacts with the membrane microdomain, the lateral diffusion of the 

lipids helps bring the co-receptor in close proximity with the virus as seen in Figure 1-24 

{55). The importance of these lipid rafts that contain glycosphingolipids still requires 

more research. 
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Figure 1-24. HIV-1 binding to CD4 in a glycosphingolipid domain. (57) 

1.11 Langmuir Monolayer and Transfers 

In model systems, glycosphingoiipids have been studied to investigate the phase 

separation behavior as a ftmction of lipid and concentration. The simplest of model 

systems is the Langmuir monolayer. Lipids are dissolved in an organic solvent in the 

desired mole fraction and a specific amount of lipid is deposited onto the air-water 

interface of a Langmuir-Blodgett trough (Figure 1-25). 
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Figure 1-25. Deposition of lipids dissolved in organic solvent onto Langmuir 

As the organic solvent evaporates off the surface of the water, the lipids are left 

on the surface of the water in a very disorganized state. A wiper blade that sits on the 

surface of the water can be slowly closed to limit the surface area on the trough. As this 

happens the lipids begin to order with the hydrophilic headgroups in the water and the 

hydrophobic tails in the air (Figure 1-26). 

Figure 1-26. Lipid monolayer ordered on the surface of Langmuir trough (5^) 

As the wiper is compressing the lipid film the surface pressure of the water is 

measured. A graph, called a pressure - area isotherm, can be created that plots the 

surface pressure vs area per molecule. The graph represents the molecular surface area 

as the surface pressure increases. As seen in Figure 1-27, the graph begins at low 

trough surface (56). 
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pressure and large molecular surface area. A transition occurs when the pressure 

increases sharply, indicating the formation of a liquid-like ordered monolayer. Further 

compression of the lipid film leads to a solid-like monolayer. 

These types of pressure area isotherms are compared for varying lipids and lipid 

concentrations. It may be desirable to transfer one or many layers of the lipids onto a 

solid substrate, for example, to monitor the interaction of a protein with the membrane 

surface. The transfer usually is done when the surface pressure is sufficient to ensure a 

well-ordered monolayer on the surface of the water. The transfer can be executed by 

setting the wiper to maintain a specific pressure as the transfer takes place. The substrate 

can simply be pushed down through the water surface or drawn up through the water 

surface, depending on the nature of the substrate. A hydrophilic surface, like glass, 

would be pushed down through the monolayer to allow adsorption of the headgroups 

Surfacc Pressure 
(dyn/cir;; 

20 22 24 26 23 
Area, per molecule (A) 

Figure i-27. Area-Pressure botherm (Sd)  
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onto the hydrophilic surface. A hydrophilic surface can then be pulled back up out of the 

water and through the lipid monolayer to transfer the outer leaflet of a bilayer onto the 

substrate followed by a horizontal transfer of the outer leaflet of the bilayer, this is 

referred to as the Schaefer method (Figxire 1-28). 

a) 

II nil 

IIMIIII i i i i i n i i i i i i i  

c) 

W 

Figure 1-28. Schaefer horizontal transfer of bilayer 

1.12 Proteins that Bind to Model Membranes 

The study of the interaction between proteins and glycolipids is a vast area of 

research. In order to simplify the situation, model membranes are used to incorporate 

glycolipids and investigate the binding of particular proteins to the membrane surface. 

This system allows a controlled setting where the variation of concentration of glycolipid 

or protein can more easily be investigated {57, 58). 

GalCer has been identified as an alternative receptor for gpl20. The investigation 

of naturally occurring GalCer molecules in a model membrane gives an idea of 

variability in nature. Fantini completed a study of binding gpl20 to monolayers of 

natural GalCer molecules. Some natural GalCer molecules have an extra hydroxyl group 

alpha to the fatty acid carbonyl (Figure 1-29). 
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Figure 1-29. Structures of GalCer and a-hydroxy GalCer 

The comparison of these two types of GalCer yielded an interesting result. The 

hydroxylated GalCer showed a larger increase in surface pressure over time when gpl20 

was present vs GalCer (Figure 1-30). 
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Figure 1-30. Measurement of the kinetics of interaction between HIV-1 gpl20 and 
GalCer monolayers. Monolayers of GalCer-HFA (•) or GalCer-NFA (o) are prepared at 
an initial surface pressure of 10 mN/m and this figure shows the variations induced by the 
addition of HIV-1 gp 120 (1.5 nM) underneath the monolayer. {60) 

A second study employed varying amounts of GalCer mixed with cholesterol. The 

threshold concentration of GalCer to give a detectable increase in surface pressure was 

determined to be 40% (Figure 1-31). {60) 

<MCar (%) 

Figure 1-31. Measurement of interaction of HIV-1 gpl20 with reconstituted 
microdomains of GalCer and cholesterol. (60) 
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Searches for better ligands to bind to HIV-1 gpl20 and prevent viral infection are 

underway. One major approach of such research is to synthesize analogs, incorporate 

them into a model system and investigate the binding as compared to the natural ligand, 

GalCer. Some research groups have synthesized various GalCer analogs and tested them 

in monolayers. Fantini showed that incorporation of synthetic GalCer analogs (Figure 1-

32) into monolayers followed by addition of gpl20 protein gave an increase in surface 

pressure of the monolayer. 

The magnitude of the increase in pressure was attributed to the specificity of 

interaction v^th the protein (59). As the concentration of gpl20 increased, the surface 

pressure initially increased and then leveled off (Figure 1-33). It was suggested that the 

amount of protein that could interact with the monolayer surface could become saturated. 

At high concentrations of gp 120 the number of binding sites was limited. 

S • T • 

Figure 1-32. Synthetic GalCer analogs (61)  
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Figure 1-33. Binding of gpl20 to glycolipid analogues at the air-water interface; 
c o m p o u n d s  5 ( a ) ,  6 ( 0 ) ,  7 ( o ) ,  8 ( A ) ,  a n d  ! ( • ) .  ( 6 / )  

1.13 Lipids and Non-Covalent Assemblies 

Lipids are amphiphilic molecules that spontaneously assemble in various ways to 

minimize hydration of hydrophobic lipid tails and maximize hydration of hydrophilic 

headgroups (Figure 1-34). 
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Figure 1-34. Hydrated lipid supramolecuiar assemblies 

10 nm 
5 to 4toSnm 

Micelle Bilayer 

100 nm 
±20 nm 

Unilamellar Liposome 

A liposome is a bilayer that has closed in on itself to encapsulate a small amount of 

water in its interior with bulk water on the exterior. Phosphatidylcholines are one type of 

naturally occurring lipids that readily form liposomes. The process used to form 

liposomes (Figure 1-35) involves forming a dried lipid film on a glass surface followed 

by addition of water or buffer. The liposomes are formed when the aqueous solution is 

first frozen and then thawed multiple times. This procedure promotes the hydration of 

the lipids and assembly into bilayer structures. The initial assemblies are multilamellar, 

many layers of bilayers within one structure. In order to force the multilamellar 

liposomes into unilamellar liposomes with a controlled size, extrusion is used (60, 61). 

Extrusion involves forcing the multilamellar liposomes through a series of polycarbonate 

filters of decreasing size until a uniform population of unilamellar liposomes is achieved. 

Polycarbonate filters range in size from microns to nanometers. Most liposome studies 
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use 100 nm liposomes and therefore the final filter used in the extrusion process has 100 

nm pores. Following extrusion the size of the liposome can be determined with light 

scat ter ing (62) .  

1.14 Glycolipids in Liposomes 

A second type of model membrane is the liposome. The liposome is more 

representative of a biological cell membrane because it is a bilayer and has curvature. At 

100 nm in diameter, the number of lipids in the outer leaflet of the membrane is about 

equal to the number of lipids in the irmer leaflet and therefore the packing of the lipid 

chains is consistent with a biological cell membrane. 

The glycolipid liposomes studied range from liposomes made exclusively with 

glycolipids to mixtures of glycolipids with phospholipids. The phase behavior of 

glycolipids in liposomes can be investigated by "H-NMR (6i) or differential scanning 

calorimetiy (DSC) {64, 65). Every lipid has a melting phase transition from a solid-like 

Multilamellar vesicle 

• 20(1 mil diameter 

^Jrae urn lam el I ar vest de 
(LL V ) 

- ' 00 nm 

Figure 1-35. Schematic for liposome preparation 
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state (LB) to a more liquid-like state (LA). This transition is referred to as the Tm 

temperature. When the lipids in a liposome mixture have significantly different Tm's 

phase separation occurs. 

Gal-Cer and dipalmitoylphosphatidylcholine liposomes have been shown to 

exhibit domains as a function of GalCer concentration, [n this study, at GalCer 

concentrations below 28%, the lipids mixed in the bilayer while at higher concentrations, 

domains were seen (22. 52). 

1.15 Glycolipid Liposomes that Bind BIV-1 gpl20 

Glycolipid liposomes have been used to investigate the binding of GalCer to gpl20 

(65). Using a liposome floatation assay, Doms showed that liposomes containing GalCer 

would bind to recombinant gpl20. Liposomes that were bound to the protein floated to 

the top of the glycerol gradient and were quantitated. The concentration of GalCer was 

varied and it was shown that at low concentrations (10 - 35%), only a small percentage of 

gpl20 bound to the liposomes, while at higher concentrations, the majority of gpl20 

bound to the GalCer liposomes (80 - 90%; Figure 1-36). 
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Figure 1-36. EfTect of GalCer concentration on gpl20 binding (6S)  

Using the same assay, it was determined that gpl20 binds to GalCer specifically because 

attempts to incorporate most glycolipids into liposomes resulted in smaller amounts of 

gpl20 bound (Figure 1-37). 
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Figure 1-37. Binding of gpl20 to liposomes containing GSLs (6S)  

LacCer showed the highest binding of the other glycolipids tried. To further 

discern the specificity of GalCer binding to gpl20, an experiment was performed that 
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introduced varying stripping agents to GalCer and LacCer liposomes to dissociate any 

non-specific binding and the amount of gpl20 bound to LacCer liposomes did decrease 

as the GalCer liposome binding was unchanged (Figure 1-38). This research supports the 

theory that GalCer domains are necessary to afford the highest amount of binding to 

gpl20. 

GaiOr lacCar 

% % 
d UaboMid IMMd 

None 98 2 72 28 
6 M urea 91 9 64 36 
2 M K a  92 8 37 63 
0.1 M edunoUmiiie 95 5 75 25 
3MKSCN* 99 I 51 49 
1.7 M gtydoe 96 4 58 42 
0.1 M sodium citnue (pH 3) 95 5 Ntr ND 
0.1 M sodiuffl cubofuie (pH 11) 88 12 ND ND 

I (ViaiKjtlCcr or ffiaKLteCv) 1 
wMi tb* MjiHug agni to 15 oiiB at TTC iMl ilm i 
llycCTolttidiiwctairiftiipfioH. ftaaioMi 
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Figure 1-38. Dissociation of gpl20 from GalCer or LacCer liposomes by various 

agents (6X) 

1.16 Stabilization of Liposomes 

Liposomes are non-covalent assemblies that are stable for finite amounts of time. 

The development of a useful therapy with liposomes requires stabilization of the 

liposome. There are several methods of stabilization including addition of a hydrophilic 

polymer with hydrophobic anchors, addition of cholesterol, or polymerization of lipids 

{67). Polymerization is the only method providing non-reversible stabilization through 
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the formation of covalent bonds. In order to ensure complete stability, the use of cross-

linking groups is necessary {68-70). For lipids, one type of cross-linker is a bifunctional 

lipid with a polymerizable group in each of the two lipid chains (Figure 1-39). 

Linear Assembly Mono-Substituted Lipids 

Bis -Substituted Lipids Cross-Linked Assembly 

Figure 1-39. Linear assembly vs cross-liniced assembly 

It is necessary to add enough biftmctional monomer to ensure a cross-linked 

polymer that cannot be dissolved by the addition of a surfactant (7/). When surfactant is 

added to a conventional liposome or a linearly polymerized liposome, mixed micelles are 

formed of the surfactant and lipids (Figure 1-40). To determine if a liposome is cross-

linked light scattering before and after polymerization can check the size of the liposome. 

After polymerization a surfactant is added and the size is checked again; if the size did 

not change, the liposome is completely cross-linked and is stable indefinitely. 
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Figure 1-40. Liposome dissolution results 

Many types of polymerizable lipids have been synthesized. The polymerizable 

groups often used in the preparation of lipids are shown in Figure 1-41 (70). 

dienoyl acryloyi 

o 

styryl diacetlyenyl »rt»yl methacryoyl 

Figure 1-41. Structures of polymerizable groups 
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In order to ensure a cross-linked liposome bifunctional lipids are used. In the 

O'Brien group bis-Sorbi7.i7 PC (Figure 1-42) is routinely used to prepare cross-linked 

liposomes. 

bis-Sorbi7 17 PC 

Figure 1-42. Structureof bis-SorbiT.n PC 

There are several different ways to polymerize a sorbyl group. Three different ways 

to initiate the polymerization are UV irradiation, redox initiation, and gamma irradiation. 

UV irradiation occurs very quickly but many times results in low molecular weight 

polymers because of the large number of initiation species; a cross-linked system must 

have high molecular weight polymers. Gamma-irradiation is difficult because a source of 

irradiation is not readily available. Redox chemistry allows the preparation of high 

molecular weight polymers because the amount of initiation species can be easily 

controlled {,68). Selecting an appropriate monomer to initiator ratio can control the 

number of initiation events. 

1.17 Stabilized Glycolipid Liposomes Binding to Proteins 

The stabilization of glycolipid liposomes has been achieved in many cases {67. 72-

78). The glycolipids in these liposomes sometimes maintained the ability to bind to 

proteins. Most examples involved the polymerization of a diacetylene amphiphile mixed 

with a glycolipid in liposomes. The resulting polymer was blue because of the pi-orbital 
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overlap in the polymer. When the polymerized liposome binds to a protein, the orbital 

overlap is disrupted and the color of the polymer changes from blue to red {78). A wide 

variety of polymerizable glycolipids have been incorporated into the polymerized 

liposomes. Sialic acid liposomes (Figure 1-43) bind to hemagglutinin on the surface of 

the influenza virus {73, 76, 78). 

eOOH 

Figure 1-43. Sialic acid analogue 

A diacetylenyl glucosyl amphiphile (Figure 1-44) was synthesized and after 

polymerization the liposomes bound specifically to Concanavalin A {67). 

HQ. 

OH 

Figure 1-44. Glucosyl analogue 

It was also possible to incorporate non-polymerizable glycolipids into polymerizable 

liposomes and afford binding to proteins. Dioctadecyl glycerylether—glucoside (DGG, 

Figure 1-45) was incorporated into diacetylene liposomes and after polymerization the 

liposomes bound to Escherichia coli {75). 
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Figure 1-45. Dioctadecyl glycerylether—glucosides (DGG) 

Gmi ganglioside incorporated into polymerizable liposomes (Figure 1-46) bound 

to cholera toxin (77). 

Figure 1-46. Gni Structure 

Therefore, the incorporation of natural or novel glycolipids without polymerizable 

groups into liposomes with polymerizable amphiphiles can result in stabilized liposomes 

that retain the ability to bind proteins. 

1.18 Bioiogical evaluation 

The type of drug and its target drives the choice of biological assay. For small 

organic reverse transcriptase or protease inhibitors utilize an LD50 assay is used to 

determine the concentration of drug needed to save 50% of cells. For a lipid-based drug, 

a binding assay must be chosen. A lipid needs to be incorporated into a membrane to 

ensure the proper orientation of the drug in a membrane. An HTV-l inhibition assay is an 

indirect assay that monitors the production of HIV-1 over time. Liposomes with a 

mixture of glycolipid and phospholipids are exposed to HTV-l and then exposed to 

growing t-cells. The production of HIV-1 is monitored over time with a reverse 
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transcriptase assay to determine the number of virons. When the drug has a therapeutic 

effect, the HTV-l production should slow. 
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2. Chapter 2 - Synthesis of GalCer Analogs 

2.1 Glycolipid Analog Design 

In an effort to design GalCer analogs that could compete with the binding of gpl20 to 

GalCer, a novel analog was proposed. The desired characteristics of an analog are 

synthetic simplicity, ease of structwe variation, and similar binding constants compared 

to naturally occurring ligands. The analog design permits the independent variation of 

three components that could affect binding; carbohydrate head group, hydrophilic spacer 

group, and lipid tails (Fig 2-1). 

ou OH OH / 

o o 

Figure 2-1: GalCer analog structure 

The synthesis of these glycolipids was convergent with respect to each component. 

The simple lipid portion was derived from maleic anhydride, the spacer group started 

with oligo-ethylene glycols, and the carbohydrate was synthesized from protected 

galactose. The glycolipid analog was assembled in two coupling steps. 

2.2 Spacer Group Variation 

The glycolipid analog was designed to allow variation in spacer group length to 

investigate the dependence of gpI20 binding on the distance the carbohydrate extends 

from the surface of the membrane. The depth of the GalCer binding pocket on gpl20 has 

not been determined. The few crystal structures of gpl20 that have been published 

utilized proteins that were severely truncated to promote crystallization (79). In 
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particular, the binding pocket for GalCer was cleaved from the protein as well as many of 

the surface carbohydrates. Therefore, alternative methods of probing the binding pocket 

were desirable. Researchers reported that the binding constants of other systems could be 

improved through the use of spacer groups. Ringsdorf and coworkers showed a marked 

improvement of fluorescein binding to anti-fluorescein antibody by extending the antigen 

away from the membrane surface with an ethylene glycol oligomer (80). In a specific 

example involving carbohydrates binding to lectins, a cholesterol-containing glycolipid 

with a hydrophilic spacer allowed agglutination of Concanavalin A (8/). The use of 

hydrophobic spacer groups did not cause agglutination. Another example involved an 

analog of sialyl Lewis X that binds selectins to be used as anti-inflammatories. When the 

compounds had spacers derived from triethylene glycol, tetraethylene glycol, and 

pentaethylene glycol they exhibited greater binding than compounds without a spacer 

(82) .  

The design of the GalCer spacer was based on the use of oligoethylenc glycol of 

varying length. Triethylene glycol, tetraethylene glycol, and pentaethylene glycol were 

all incorporated into the glycolipid analog. These three spacers extended the galactose 

away from the membrane surface by about 3 angstroms per ethylene glycol unit. 

Therefore the extended length of the triethylene glycol spacer was 9 A, tetra was 12 A, 

and penta was 15 A. 

2.3 Synthesis of Analogs with Varying Spacer Length 

The synthesis of the spacer groups started with commercially available ethylene 

glycols of varying length (Scheme 2-1). The diols were chlorinated with 
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triphenylphosphine in carbon tetrachloride and the monochiorinated products la-c were 

isolated in 38-41% yield {83). The remaining alcoholic groups were oxidized to the 

carboxylic acids 2a-c with Jones reagent in acetone in 72-90% yield (84). The spacer 

groups were completed by conversion of the chlorides to thiols 3a-c. The literature 

preparation of these molecules was improved by addition of sodium iodide to make the 

alkyi iodides in-situ. Thiourea displaced the iodides and was cleaved in the presence of 

sodium hydroxide to give 3a-c, ethylene glycols with terminal acids and thiols (84). 

Scheme 2-1 

HO' 

OH Ph^P.CCIg 

SH NaOa H,0 
HO 

3a n=l (68%vicld) 
3b n=2 (59%Meld) 
3c n=3 (94%\icld) 

la n=l 
lb n=2 {4l%\icld) 
Ic n=3 (38% yield) 

CfO,, H,S04, 
acetone 

2a n=l (72%vneld) 
2b n=2 (88% yield) 
2c n=3 (90% yield) 

CI 

Peracetylated-P-D-galactose (Scheme 2-2) was purchased from Aldrich and 

reacted with trimethylsilyl cyanide (TMS-CN) in nitromethane with a catalytic amount of 

BF3 etherate to give the protected Gal-CN 4 in 71% yield (85). The protecting groups 

were removed and the cyanide was reduced to the amine with LAH in THF to give the 

galactose methylamine 5 in 66% yield (86). 
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Scheme 2-2 

H 
A OAc 

TMSCN 
BFi-EtiO 1^ 

'A 
CHjNO; 
(71% yield) NH2 

S 

Maleic anhydride was reacted with long chain alcohols in the presence of a 

catalytic amount of p-toluenesulfonic acid (p-TSA) in dry chloroform to give the 

corresponding maleic ester 6 (Scheme 2-3). Reaction of oleoyl alcohol with maleic 

anhydride gave 6 in 95% yield {87). The three components were then assembled 

(Scheme 2-3) to make glycolipids 8a-c. Michael addition of the spacer group thiols 3a-c 

to the electron-deficient double bond of the maleic ester gave the spacer-lipid conjugates 

7a-c in 10-49% yield (88). The final synthetic step was amide formation between the 

carboxyl groups of the spacers and the amine of galactose derivatives. The carboxyl 

group of 7a-c was activated by pentafluorophenyl trifluoroacetate to give the 

pentafluorophenyl esters. Galactose methylamine 5 was added and pentafluorophenol 

was displaced, yielding the target glycolipids 8a-c in 2-47% yield (89). 
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Scheme 2-3 

R-OH •vV" p-TSA. 
W • CHCl; 

6 = unsal (98% yield) 

OR 

pipendine, 
t-butanol 

OR 7aunsat n=l (49% yield) 
7b unsat ii=2 (10% yield) 
7cunsat n=3 (28%vield) 

hH 
8a n=l, Gal-3-Unsat (17% yield) 
8b n=2, Gal-4-Umiat (2% yield) 
8c n-=3, Gal-5-Unsat (6% yield) 

R = unsat = 

Glycolipids 8a-c, synthesized utilizing this scheme, have been given designations 

which indicate the nature of the carbohydrate Gal= (galactose), the length of the spacer 

group 3, 4, or 5 = (tri-, tetra-, or penta-ethylene glycol), and that the lipid chains are 
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unsaturated (Unsat). The three glycolipids synthesized were these: Gal-3-Unsat (8a), 

Gal-4-Unsat (8b), and Gal-5-Unsat (8c). 

2.4 Design of Glycolipid to Allow Domain Formation Via Lipid Chain Variation 

The next variable considered in the glycolipid structure was the lipid chain structure. 

There was conflicting evidence in the literature about whether variation in the lipid 

chains could influence the binding of GalCer analogs to gpl20. Silberger and Bhat 

provided evidence that variation of the GalCer fatty acid chain length from 16-24 carbons 

showed little effect on binding efficiency when '"^I-labeled gpl20 was incubated with 

mixed GalCer liposomes (/6). Other authors reported that varying the GalCer fatty acid 

chain length from 1-14 had a distinct effect on the binding of GalCer analogs to rgpl20 in 

an ELISA-type assay {39). Rico-Lattes reported that a 7-carbon fatty acid chain showed 

no activity while a lO-carbon chain showed weak activity in binding to SPC3 peptide, 

which mimics the V3 loop of gpl20 {43). This literature provided evidence that a 

sufficiently long hydrophobic lipid chain is necessary to effectively anchor the lipid into 

the membrane and there is little additional effect on binding efficiency (43). 

The second issue concerning the lipid chains was the presence of unsaturation. 

GalCer fatty acid is saturated and exists in microdomains in biological membranes (27). 

Unsaturated lipids tend to not form domains in biological membranes because they do not 

pack together well and are more fluid-like. Lipids with saturated chains tend to form 

domains because the lipid chains pack efficiently and are more solid-like. Whether 

GalCer analogs that do not form domains would bind to gpl20 was an issue had not been 

systematically investigated. Therefore, the design of this glycolipid analog allowed for 
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the synthesis of both saturated and unsaturated analogs that would allow evaluation of 

this variable. 

2.5 Synthesis of Saturated Lipid Chain Glycolipids 

The saturated series (Scheme 2-4) was prepared by the same reaction sequence except 

that the starting alcohol was octadecyl alcohol and the resulting maleic ester 9 had 

saturated lipid chains. The spacer-lipid conjugates 10a,b and the final glycolipids Gal-3-

Sat (lla) and Gal-4-Sat (lib) were formed in the same manner as in the unsaturated 

series. 

Scheme 2-4 O 
(94SyKU) 

R-OH 

O 

J«.Jb 

O 
(Oauin-l (S6>yieid) 
19butfr=2(rSweU) 

O o 

DNEt^ DMF. 
F F ^ 

O o 
tu trLCkl-3-S« (4';N«id(0 
lib (ISyidd) 
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2.6 Assignments for Gal-3-Sat (11a) from 2D-NMR 

NMR chemical shift assignments were made for GaI-3-Sat (11a), a representative 

glycolipid analog (Figure 2-2). 2D-NMR data (HMQC, HMBC, and COSY) were 

acquired and analyzed to assign protons and carbons. 

OHpH 

hAv1''° 

H |i| 
N 

O 
0 y ^ 21' 

Figure 2-2. Numbering scheme for NMR assignments 

NMR chemical shift assignments (Table 2-1) were obtained by analysis of the HSQC 

(Figure 2-3) and HMBC (Figure 2-4) data. The G4 (equatorial) proton signal has small 

coupling constants and thus was located in the HSQC spectrum as a sharp, positive 

crosspeak. G7 and G6 diastereotopic pairs were also identified in the HSQC, with the G7 

carbon 20 ppm upfield of the G6 carbon since it is bonded to amide nitrogen instead of 

oxygen. Clear HMBC connectivities allowed assignment of the entire C-glycoside, with 

confirmation from the DQF-COSY (data not shown). An HMBC crosspeak from one of 

the G7 protons to the SI (carbonyl) carbon verified the spacer attachment through the 

amide linkage, and HMBC and COSY connections led to assignment of the entire spacer. 

One of the S6 protons showed an HMBC connection through the thioether linkage to the 

L2 carbon, connecting the spacer to the lipid moiety. The more downfield of the lipid 

carbonyl carbons was assigned to LI due to its proximity to the thioether. HMBC 

connectivities across the ester linkages in the lipid portion allowed unambiguous 
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Table 2-1. Chemical shift assignmenls for Gal-3-Sat in CDCiyCDjOD (1:1) 

Position' 5(-H) mult." J(Hz) 5(--C) HMBC carbons 

G1 3.15 ddd 9.4,6.4,2 .9 79.70 G2,G3 

G2 3.39 m 69.85 G1,G3 

G3 3.40 m 75.49 

G4 3.80 dd 2.7,1.0 70.47 G3,G5 
G5 3.41 m 79.78 G1,G4,G6 

G6a 3.69 dd 11.6,6.9 62.75 G5 
G6b 3.60 d 11.7 62.75 G4,G5 
Ql a 3.63 d 13.9 41.14 G1,G2 
G7b 3.40 m 41.14 G1,G2,S1 
SI 172.56 

32 3.94 s Jah 15.7 71.07 31,33 

S3 3.61 m 71.67 34 
S4 3.59 m 70.95 33 

55 3.62 m 71.26 34 

S6a 2.97 dt- 13.6(J.£,, 6.4 31.96 35 

3 6b 2.79 dt 13.7 (J,;) , 6.4 31.96 35, L2 

LI 173.09 

L2 3.65 dd 10.5,5.2 42.91 L1,L3,S6 

L3a 2.37 dd 16.9,10.4 37.49 L1,L2 
L3b 2.6 dd 16.9,5.3 37.49 LI, L2, L4 

L4 171.92 

L5a 4.06 dt 10.7 (J,.) , 6.6 66.12 L4,L6,L7/7' 

L5b 4.05 dt 10.7 (J,= ) , 6.6 66.12 L4,L6,L7/7' 

L5a' 3.998 dt 10.9(u>s) , 6.7 66.54 L1,L6',L7/7 

L5b' 3.992 dt 10.9 (J:,H) ' 6.7 66.54 L1,L6',L7/7 

L6 1.54 m 29.41 L5, L7 

L6' 1.58 m 29.38 L5',L7' 
l_i 1.24 m 26.70 
LI' 1.28 m 26.70 

30.07 (2)^ 

30.16(2) 

30.35(1) 

L5' 

L8-LI9/ 1.20 m 30.37(1) 

L8'-L19' 30.40 (2) 
30.46(2) 
30.49(14) 

L2a/L20 '  1.19 m 32.75 

L21/L21' 1.22 m 23.45 L20/L20' 

L2ZIL22' 0.77 t 7.0 14.51 L20/L20',L2 

' See figure 2 for numbering system. Lower-case a and b refer to 

diasterectopic protons in methylene groups which are not 

stereospecifically 
assigned. 

- d=doublet, t=triplet, dd=doublet of doublets, dt=doublet of 

triplets, 

ddd=double double doublet, m=multiplet 

' doublet coupling listed first for all dt 
* Estimated number of carbons shown in parentheses 
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assignment of the L5 and L5' (differing in both 'H and *^C shifts) and the L6 and L6' 

(differing in 'H shifts) positions. Approximately eight carbons from the L8-L19/ L8'-

LI9' portion of the lipid chains were resolved in the ID '^C spectrum but could not 

be assigned (Table I). 
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Figure 2-3. Portion of the edited 2D Gradient-Selected HSQC spectrum of Gal-3-Sat in 
CD3OD/CHCI3 (1:1). Data were acquired in TPPI mode with 512 complex pairs in ti, 
750 increments of ti, and 8 scans per ti increment. A skewed, 45°-shifted sinebell was 

applied in both dimensions with zero-filling to a final real matrix of 2048 (Fi) x 1024 (Fi) 
^ta points. Single contours (open) are shown for negative (CH2) crosspeaks with many 

contours (filled) for positive (CH3, CH) crosspeaks. 
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Figure 2-4. Two portions of the phase-sensitive 2D Gradient-Selective HMBC spectrum 
of GaI-3-Sat in CD3OD/CHCI3 (1:1). Data were acquired in echo-antiecho mode with 
2048 complex pairs in t2,356 increments of ti and 16 scans per ti increment using a 
TANGO sequence and a gradient to dephase '^C-bound proton signals before the start of 
the HMBC (Kover, K.E., personal communication). A W-shifted sinebell was applied 
in both dimensions with zero-filling to a final real matrix of 2048 (F2) x 1024 (Fi) data 
points. Single contours (open) are shown for negative crosspeaks with many contours 
(filled) for positive crosspeaks. Circles indicate one-bond correlations. 
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2.7 Experimental 

General Procedure 

All materials were obtained from Aldrich Chemical or Sigma and used without 

additional purification. Two solvents were dried in a still; amylene stabilized chloroform 

was distilled over calcium chloride and tetrahydrofuran was distilled over sodium. ID 'H 

and '^C NMR spectra were recorded on Varian Gemini-200, Varian Unity-300, Bruker 

DRX-500 or Bruker DRX-600 spectrophotometers. ID 'H spectra were referenced to 

internal tetramethylsilane (0 ppm) and ID '^C spectra are referenced to the solvent '^C 

signal, (CDCI3 at 77.0 ppm and CD3OD at 49.0 ppm). 

(2-(2-Chloroethoxy)ethoxy|acetic acid (2a) 

A solution of alcohol la (4.00 g, 23.7 mmol) in acetone (132 ml) was stirred at room 

temperature as 12 ml of 2.67 M Jones reagent was added dropwise over 15 minutes. The 

reaction was stirred for an additional 30 minutes; followed by addition of 4 drops of 

isopropanol. Water (80 ml) was added followed by removal of the acetone in vacuo. 

Saturated NaCl (40 ml) was added and the aqueous solution was extracted with CHCI3 (7 

X 60 ml). The organic layers were combined and dried with anhydrous MgS04. The 

product was visualized on a TLC plate with bromocresol green after elution with 30:5.3 

CHClj/EtOH/HOAc with an Rf of 0.85. The solvent was removed in vacuo and silica gel 

chromatography eluting with 30:5:3 CHCls/EtOH/HOAc gave 3.11 g (72%) of acid 2a. 

'H-NMR (200 MHz, CDCI3) 5 3.50-3.90 (m, 8H), 4.20 (s, 2H), 10.95 (b, IH). '^C-NMR 

(50 MHz, CDCI3) 5 43.5, 68.2, 70.3, 70.8, 71.2, 174.8. Eiigh resolution mass spectrum 

(FAB") calcd for C6Hn04Cl(MH)^ 183.0424; Found 183.0423. 
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[2-<2-Mercaptoethoxy)ethoxy|acetic acid (3a) 

Chloroacid 2a (3.00 g, 16.43 mmol) was combined with thiourea (5.00 g, 65.7 mmol) and 

sodium iodide (2.46 g, 16.43 mmol) in 45 ml of water and the reaction was refluxed for 4 

hours. Then 60 ml of 2.5 M NaOH was added and the reflux was resumed for another 4 

hours. The reaction was cooled to room temperature and the pH was adjusted to I with 

concentrated HCl. The aqueous solution was extracted with CHCI3 (7 x 45 ml) and the 

combined organic layers were dried with MgS04. The product (3a) was visualized on a 

TLC plate after elution with 3:2 CHClj/EtOH by bromocresol green with an Rf of 0.23. 

The solvent was removed in vacuo and the resulting oil was purified by neutral alumina 

chromatography using 60:40:5 CHClj/EtOH/HOAc to yield 1.38 g of a colorless oil. 'H-

NMR (200 MHz, ClXlj) 5 1.47 (t, J=8 Hz, IH), 2.56 (q, J=13.4, 7.2 Hz, 2H), 3.60-3.47 

(m, 6H), 4.07 (s, 2H), 9.99 (b, IH). '^C-NMR (50 MHz, CDCI3) 5 23.7,67.9,69.6, 70.5, 

72.5, 174.0. 

Electrospray mass spectrum calcd for C6H12O4S (MH) 180.22; Found 178.9. 

23t4,6-Tetra-0-acetyl-p-D-galactosyl cyanide (4) 

2,3,4,6-Tetra-O-acetyl-P-D-galactose (1.00 g, 2.6 mmol) was combined with 

trimethylsilyl cyanide (1.00 ml, 7.5 mmol) in 20 ml of nitromethane and stirred at room 

temperature for 5 minutes. The addition of BF3 etherate (4 drops) turned the solution 

deep red. The reaction was stirred for 3 hours followed by removal of the solvent in 

vacuo. The resulting red oil was crystallized from methanol to yield a fine orange 
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powder in 67% yield. The literature mp is 169 "C and the measured mp was 171-173 "C. 

'H-NMR (300 MHz, CDCh) 5 1.99 (s, 3H), 2.05 (s, 3H), 2.11 (s, 3H), 2.18 (s, 3H), 3.93 

(q, J=6.89 Hz, IH), 4.11 (d, J=6.81 Hz, 2H), 4.28 (d, J= 10.34 Hz, IH), 4.99 (dd, J=3.44, 

10.31 Hz, IH), 5.42 (d, J=3.4 Hz, IH), 5.52 (t, J=10.9 Hz, IH). '^C-NMR (75 MHz, 

CDCh) 5 20.4, 20.5, 20.6, 61.2, 65.9, 66.7, 66.8, 70.8, 75.4, 114.3, 168.7, 169.8, 169.9, 

170.3. High resolution mass spectrum (FAB^ calcd for C15H19NO9 (MH)* 358.1138; 

Found 358.1137. 

P-D-Galactosylmethylamine (5) 

Lithium aluminum hydride (LAH, 0.40 g, 10.5 mmol) was suspended in 17.5 ml of THF 

by vigorous stirring. 2,3,4,6-Tetra-O-acetyl-P-D-galactosyl cyanide 4 (1.00 g, 2.8 mmol) 

was dissolved in 10.5 ml and added to the LAH suspension slowly via syringe under Ar. 

The reaction was refluxed for 5 hours. Ethanol (20 mL) was added dropwise to destroy 

any excess LAH. Concentrated NH4OH (16.8 ml) was added and the mixture was 

filtered through a thin bed of Celite that was previously rinsed with water, 5 M NH4OH, 

and ethanol. The Celite was rinsed with 5 M NH4OH. The aqueous filtrate was 

concentrated and purified by an Amberlite ion-exchange resin. The mixture was loaded 

on the resin by elution with 500 ml of water followed by removal of the product with 240 

ml of 0.5 N NHjOH. The product gave one spot by ninhydrin staining on TLC plates 

with 1:1 water/methanol eluting solvent The tubes containing product were combined 

and the solvent was removed in vacuo and by lyophilization. The remaining white solid 

was recrystallized from ethanol to yield 115 mg of pure galactosyl amine 5 in 23% yield. 
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'H-NMR (300 MHz, CD3OD) 5 2.76 (q, J=8.5, 12.4 Hz, IH), 3.03-3.19 (in, 2H), 3.27-

3.36 (m, IH), 3.41-3.51 (m, 2H), 3.64 (dd, J=3.9, 10.7 Hz, IH), 3.74-3.83 (m, 2H). '^C-

NMR (75 MHz, CD5OD) 5 43.6,63.2,70.5, 71.0, 76.2, 80.4, 81.3. High resolution mass 

spectrum (FAB^ calcd for C7H15NO5 (MHf 194.1028; Found 194.1037. 

But-2-enedioic acid dioctadec-9-enyl ester (6) 

Maleic anhydride (0.811 g, 8.28 mmol) was dissolved in 100 ml dry chloroform under 

Ar. Oleoyl alcohol (5.0 g, 18.6 mmol) and p-TSA (0.248, 1.53 mmol) were added and 

the reaction was refluxed for 12 hours. The mixture was extracted with saturated 

NaHC03 followed by water. The organic layer was dried with anhydrous MgSO^ and the 

solvent was removed in vacuo. The product was visualized as a single spot by 

phosphomolybdic acid on TLC after elution with 9; 1 hexanes/ethyl acetate with an Rf of 

0.80. The product was purified by silica gel chromatography with 9:1 hexanes/ethyl 

acetate to give a colorless oil (5.00 g, 98%) of ester 6. 'H-NMR (300 MHz, CDCI3) 5 

0.87 (t, J=6.89 Hz, 6H), 1.22-1.38 (m, 44H), 1.65 (t, J=6.89 Hz, 4H), 1.96 (m, 8H), 4.16 

(t, J=6.81 Hz, 4H), 5.33 (t, J=5.85 Hz, 4H), 6.22 (s, 2H). '^C-NMR (75 MHz, CDCI3) 8 

14.0, 22.6, 25.8, 27.1, 28.4, 29.2, 29.3, 29.6, 29.4, 29.5, 31.8, 65.3, 129.7, 129.9, 165.2. 

High resolution mass spectrum (FAB^ calcd for C40H72O4 (MH)^ 617.5509; Found 

617.5518. 

2-(2-(2-CarlH)xymethyoxyethoxy)ethylsalfanyl]9uccinic acid dioctadec-9-enyl ester 

(7a) 
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Ester 6 (0.660 g, 1.07 mmol) was dissolved in 40 ml of isopropanol at 80 °C under Ar. In 

a separate vial, mercaptan 3a (0.193 g, 1.07 mmol) was titrated to pH 8 with 15% NaOH. 

The basic solution was added to the reaction followed by a catalytic amount of piperidine 

(2 drops). The reaction was allowed to reflux for I hour. All the solvent was removed in 

vacuo and the residue was taken up in water. The pH of the water was adjusted to 4 with 

10% HCl. The water was extracted with ethyl acetate (4 x 80 ml) and the organic layers 

were combined and dried with anhydrous MgS04. The solvent was removed in vacuo 

and the product was visualized as a single spot by phosphomolybdic acid on TLC after 

elution with 9; 1 CHClj/MeOH with an Rf of 0.25. The product was purified by silica gel 

chromatography with a gradient of MeOH in CHClj. CHCh removed starting ester 6, 

and 9:1 CHCl^/MeOH eluted product 7a as a colorless oil (0.500 g, 59%). 'H-NMR (200 

MHz, CDCh) 5 0.85 (t, J=6.8 Hz, 6H), 1.25 (m, 44H), 1.58 (t, J=7.6 Hz, 4H), 1.98 (q, 

J=5.8 Hz, 8H), 2.57-3.03 (m, 4H), 3.59-3.76 (m, 6H), 4.04 (t, J=7.0 Hz, 2H), 4.10-4.13 

(m, 2H), 5.46 (t, J=5.2 Hz, 4H). '^C-NMR (50 MHz, CDCh) 5 14.1, 22.6, 25.8, 27.2, 

28.5, 29.2, 29.3, 29.4, 29.5, 29.7, 30.8, 31.9, 36.5, 41.7, 65.2, 65.6, 70.0, 70.4, 127.9, 

129.9, 170.6, 171.7. Electrospray mass spectrum calcd for C46H84O8S (MH) 796.4; 

Found 795.5. 

Gal-3-Uasat (8a) 

Acid 7a (165 mg, 0.21 mmol) was dissolved in 1.03 ml DMF followed by addition of 

triethylamine (117 ^l, 0.84 mmol) and pentafluorophenyl trifluoroacetate (55 ^1, 0.32 

mmol) via syringe. The reaction was stirred at room temperature for 2 hours to allow 
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formation of the activated pentafluorophenyl ester. The galactosylmethylamine 5 (40 

mg, 0.21 mmol) was added and the reaction was stirred overnight. 10% NaHCOs (10 ml) 

was added and the aqueous layer was extracted with chloroform (4x10 ml). The organic 

extracts were combined and dried with anhydrous MgS04. The product was visualized as 

a single spot on TLC with phosphomolybdic acid with an Rf of 0.3 when eluted with 9; 1 

CHClj/MeOH. The product was purified by silica gel chromatography using a gradient 

solvent system starting with pure CHCI3 followed by 99:1, 95:1, and 9:1 CHClj/MeOH. 

The product 8a (32 mg, 17%) was a colorless, viscous liquid. 'H-NMR (600 MHz, 

CD3OD) 5 0.80 (t, J=6.9 Hz, 6H), 1.19 (m, 44H), 1.51-1.57 (m, 4H), 1.94 (m, 8H), 2.65 

(d, J=16.9 Hz, IH), 2.74-2.88 (m, 3H), 3.21 (m, 8H), 3.30 (q, J=6.9 Hz, IH), 3.36 (d, 

J=5.9 Hz, 2H), 3.39 (t, J=6.0 Hz, IH), 3.55-3.68 (m, 10 H), 3.76 (bs, IH), 3.92 (s, 2H), 

3.98 (q, J=6.9 Hz, 2H), 4.04 (dt, J=2.6, 6.5 Hz, 2H), 5.25 (t, J=4.6 Hz, 4H). '^C-NMR 

(150MHz, CD3OD) 5 14.1, 22.6,25.8, 27.2, 28.5, 29.2,29.3, 29.4, 29.5,29.7,31.0,31.9, 

36.5,39.7,41.7, 50.8,63.2,65.3, 69.9, 70.0, 70.1, 70.2, 70.7, 76.4, 76.6, 76.8, 77.8, 78.8, 

129.7, 129.9, 170.7, 171.6, 172.4. High resolution mass spectrum (FAB^ calcd for 

CsjHgTNOnS (MH)" 972.6810; Found 972.6815. 

(2-{2-[2-Chloro-ethoxy|-ethoxy}-ethoxy)ethanol (lb) 

Tetraethylene glycol (10.00 g, 51.5 mmol) was combined with triphenylphosphine (20.26 

g, 77.25 mmol) in 104 ml carbon tetrachloride under Ar. The reaction was refluxed for 2 

hours followed by vacuum flltratioiL Water was added to precipitate any excess 

triphenylphosphine followed by vacuum filtration and removal of solvent in vacuo. The 
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product lb was visualized by h staining on TLC after elution with 9:1 CHCls/MeOH 

with an Rf of 0.7. It was purified on a long silica gel column eluted very slowly with 

95:5 CHClj/MeOH. The product lb (4.53 g, 41%) was a colorless liquid. 'H-NMR(300 

MHz, CDCb) 5 3.5-3.7 (m, 16H). '^C-NMR (75 MHz, CDClj) 5 42.5, 61.3, 70.0, 70.2, 

70.3, 71.1, 72.3. High resolution mass spectrum (FAB^ calcd for CgHi604Cl (MH)"" 

213.0892; Found 213.0895. 

(2-{2-[2-Chloroethoxy|-ethoxy}-ethoxy) acetic acid (2b) 

A solution of alcohol lb (3.00 g, 14.15 mmol) in acetone (60 ml) was stirred at room 

temperature as 6 ml of 2.67 M Jones reagent was added dropwise over 15 minutes. The 

reaction was stirred for an additional 30 minutes followed by addition of 3 drops of 

isopropanol. Water (40 ml) was added followed by removal of the acetone in vacuo. 

Saturated NaCl (20 ml) was added and the aqueous solution was extracted with CHCI3 (7 

X 30 ml). The organic layers were combined and dried with anhydrous MgS04. The 

product was visualized on a TLC plate with bromocresol green after elution with 30:5:3 

CHCh/EtOH/HOAc with an Rf of 0.5. The solvent was removed in vacuo and silica gel 

chromatography eluting with 30:5:3 CHCh/EtOH/HOAc gave 2.63 g (82%) of acid 2b. 

'H-NMR (300 MHz, CDCh) 5 3.50-3.65 (m, 12H), 4.15 (s, 2H), 10.63 (bs, IH). '^C-

NMR (75 MHz, CDCI3) 5 42.5,68.0, 70.1, 70.2, 70.7, 71.0, 173.8. High resolution mass 

spectrum (FAB^ calcd for CgHisOsCl (MH)^ 227.0686; Found 227.0680. 
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(2-{2-[2-!VIercapto-ethoxy|-ethoxy}-ethoxy) acetic acid (3b) 

Chloroacid 2b (1.40 g, 6.19 mmol) was combined with thiourea (1.88 g, 24.7 mmol) and 

sodium iodide (0.929 g, 6.19 mmol) in 23 ml of water and the reaction was refluxed for 4 

hours. 30 ml of 2.5 M NaOH was added and the reflux was resumed for another 4 hours. 

The reaction was cooled to room temperature and the pH was adjusted to 1 with 

concentrated HCl. The aqueous solution was extracted with CHClj (7 x 45 ml) and the 

combined organic layers were dried with MgS04. The product 3b was visualized as a 

single spot on a TLC plate after elution with 3:2 CHCl3/EtOH by bromocresol green with 

an Rf of 0.20. The solvent was removed in vacuo and the resulting oil was purified by 

neutral alumina chromatography using a gradient starting with 6:1 CHClj/EtOH and 

ending with 60:40:5 CHCb/EtOH/HOAc to yield 0.817 g of a colorless oil. 'H-NMR 

(300 MHz, CDClj) 5 1.57 (t, J=9.4 Hz, IH), 2.68 (q, J=14.7 Hz, 7.0 Hz, 2H), 3.49-3.76 

(m, lOH), 4.19 (s, 2H), 9.80 (bs, IH). '^C-NMR (75 MHz, CDCI3) 5 24.1, 68.6, 69.7, 

70.3, 70.5, 71.1, 72.8, 174.2. High resolution mass spectrum (FAB"^ calcd for CgHieOsS 

(MH)" 225.0797; Found 225.0798. 

2-{2-(2-(2-Carboxymetiioxy-ethoxy)-ethoxy|-etiiyl9alfanyl}-succiaic acid dioctadec-

9-enyl ester (7b) 

Ester 6 (1.33 g, 2.15 mmol) was dissolved in 66 ml of isopropanol at 80 °C under Ar. In 

a separate vial, mercaptan 3b (0.400 g, 1.79 nmiol) was titrated to pH 8 with 15% NaOH. 

The basic solution was added to the reaction followed by a catalytic amount of piperidine 
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(6 drops). The reaction was allowed to reflux for I hour. All the solvent was removed in 

vacuo and the residue was taken up in water. The pH of the water was adjusted to 4 with 

10% HCl. The water was extracted with ethyl acetate (4 x 80 ml) and the organic layers 

were combined and dried with anhydrous MgS04. The solvent was removed in vacuo 

and the product was visualized as a single spot by phosphomolybdic acid on TLC after 

elution with 9; 1 CHClj/MeOH with an Rf of 0.25. The product was purified by silica gel 

chromatography with a gradient of MeOH in CHCI3. CHCI3 removed starting ester 6, 

and 9; 1 CHClj/MeOH eluted the product 7b as a colorless oil (0.150 g, 10%). 'H-NMR 

(300 MHz, CDCI3) 5 0.85 (t, J=7.48 Hz, 6H), 1.17-1.35 (m, 44H), 1.53-1.67 (m, 4H), 

1.94-2.02 (m, 8H), 2.55-2.69 (m, IH), 2.74-2.95 (m, 2H), 3.58-3.71 (m, 12H), 3.99-4.13 

(m, 6H), 5.31 (t, J=5.28 Hz, 4H). '^C-NMR (75 MHz, CDCI3) 5 14.0, 21.6, 21.7, 22.6, 

25.7, 27.1, 28.4, 29.1, 29.3, 29.4, 29.6, 30.7, 31.8, 36.4, 36.7,41.7,65.0,65.5, 68.4, 68.9, 

70.0, 70.2, 129.6, 129.8, 170.6, 171.0, 171.6. Electrospray mass spectrum calcd for 

C48H88O9S (MH)' 840.0; Found 839.3. 

Gal-4-Unsat (8b) 

Acid 7b (150 mg, 0.18 mmol) was dissolved in 0.87 ml DMF followed by addition of 

triethylamine (100 ^1, 0.72 mmol) and pentafluorophenyl trifluoroacetate (46 ^il, 0.27 

mmol) via syringe. The reaction was stirred at room temperature for 2 hours to allow 

formation of the activated pentafluorophenyl ester. The galactosylmethylamine 5 (41 

mg, 0.21 mmol) was added and the reaction was stirred overnight. 10% NaHCOs (10 ml) 

was added and the aqueous layer was extracted with chloroform (4x10 ml). The organic 
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extracts were combined and dried with anhydrous MgS04. The product was visualized as 

a single spot on TLC with phosphomolybdic acid with an Rf of 0.41 when eluted with 9:1 

CHClj/MeOH. The product was purified by silica gel chromatography using a gradient 

solvent system starting with pure CHCI3 followed by 99:1, 95:1, and 9:1 CHCb/MeOH. 

The product 8b (4 mg, 2%) a colorless, viscous liquid. 'H-NMR (600 MHz, 

CD3OD/CDCI3) 5 0.86 (t, J=6.7 Hz, 6H), 1.19-1.34 (m, 44H), 1.50-1.65 (m, 4H), 1.99 

(q, J=12.6, 5.9 Hz, 8H), 2.66 (dd, J=17.0, 5.5 Hz, IH), 2.82 (q, J=6.9 Hz, IH), 2.88-2.98 

(m, 3H), 3.27 (q, J=8.8 Hz, IH), 3.37-3.43 (m, 4H), 3.45-3.52 (m, 6H), 3.58-3.70 (m, 

lOH), 3.73-3.76 (m, IH), 3.78-3.84 (m, IH), 3.86-3.91 (m, IH), 4.02-4.07 (m, 4H), 4.11 

(t, J=6.9 Hz, 2H), 5.33 (p, J=3.3, 6.9 Hz, 4H). Electrospray ionization mass spectrum 

(ESn calcd for C55H,oiNOi3S(MH)" 1016.34; Found 1016.3. 

(2-{2-(2-(2-Chloro-ethoxy)-ethoxy|-ethoxy}-ethoxy) ethanol (Ic) 

Pentaethylene glycol (15.00 g, 63.0 nmiot) was combined with triphenylphosphine (25.0 

g, 94.9 mmol) in 128 ml carbon tetrachloride under Ar. The reaction was refluxed for 4 

hours followed by vacuum filtration. Water was added to precipitate any excess 

triphenylphosphine followed by vacuum filtration and removal of solvent in vacuo. The 

product Ic was visualized by I2 staining on TLC after elution with 9:1 CHCls/MeOH vath 

an Rf of 0.70. It was purified on a long silica gel column eluted very slowly with 95:5 

CHCls/MeOH. The product Ic (6.15 g, 38%) was a colorless liquid. 'H-NMR (300 

MHz, CDCI3) 5 3.5-3.7 (m, 16H). '^C-NMR (75 MHz, CDCI3) 5 42.4, 61.4, 70.0, 70.2, 
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70.3, 71.0, 72.2. High resolution mass spectrum (FAB^) calcd for C8H16O4CI (MH)"^ 

213.0892; Found 213.0895. 

(2-{2-[2-(2-Chloro-ethoxy)-ethoxy|-ethoxy}-ethoxy) acetic acid (2c) 

A solution of alcohol Ic (6.15 g, 24.0 mmol) in acetone (135 ml) was stirred at room 

temperature as 12.1 ml of 2.67 M Jones reagent was added dropwise over 15 minutes. 

The reaction was stirred for an additional 30 minutes followed by addition of 9 drops of 

isopropanol. Water (80 ml) was added followed by removal of the acetone in vacuo. 

Saturated NaCl (40 ml) was added and the aqueous solution was extracted with CHCI3 (7 

X 60 ml). The organic layers were combined and dried with anhydrous MgS04. The 

product was visualized on a TLC plate with bromocresol green after elution with 30:5:3 

CHCU/EtOH/HOAc with an Rf of 0.8. The solvent was removed in vacuo and silica gel 

chromatography eluting with 30:5:3 CHCls/EtOH/HOAc gave 5.84 g (90%) of acid 2c. 

'H-NMR (300 MHz, CDCI3) 5 3.48-3.76 (m, 16H), 4.16 (s, 2H), 9.38 (bs, IH). '^C-

NMR (75 MHz, CDCI3) 8 42.6, 68.4, 70.2, 70.3, 70.4, 70.5, 71.2, 173.4. High resolution 

mass spectrum (FAB"^ calcd for CioHigOeCl (MH)"^ 271.0948; Found 271.0970. 

(2-{2-(2-(2-!VIercapto-ethoxy)-ethoxy|-ethoxy}-ethoxy) acetic acid (3c) 

Chloroacid 2c (2.60 g, 9.63 mmol) was combined with thiourea (2.93 g, 38.5 mmol) and 

sodium iodide (1.45 g, 9.63 mmol) in 40 ml of water and the reaction was refluxed for 4 

hours. 52 ml of 2.5 M NaOH was added and the reflux was resumed for another 4 hours. 

The reaction was cooled to room temperature and the pH was adjusted to 1 with 
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concentrated HCl. The aqueous solution was extracted with CHCh (7 x 40 ml) and the 

combined organic layers were dried with MgS04. The product 3c was visualized as a 

single spot on a TLC plate after elution with 3:2 CHCh/EtOH by bromocresol green with 

an Rf of 0.30. The solvent was removed in vacuo and the resulting oil was purified by 

neutral alumina chromatography using a gradient starting with 6:1 CHCh/EtOH and 

ending with 60:40:5 CHCh/EtOH/HOAc to yield 2.43 g of a colorless oil with a 94% 

yield. 'H-NMR (300 MHz, CDClj) 5 1.55 (t, J=8.6 Hz, IH), 2.64 (q, J=13.4 Hz, 7.3 Hz, 

2H), 3.53-3.73 (m, 14H), 4.14 (s, 2H). '^C-NMR (75 MHz, CDCb) 8 24.0, 68.3, 

70.0, 70.3, 70.4, 70.9, 72.7, 174.2. High resolution mass spectrum (FAB^ calcd for 

C,oH2o06S(MHr 269.1059; Found 269.1067. 

2-(2-{2-(2-(2-Cart>oxymethoxy-ethoxy)-ethoxy|-ethoxy}-ethylsulfanyi)-succinic acid 

dioctadec-9-enyl ester (Acid-5-Unsat) (7c) 

Ester 6 (0.400 g, 0.65 mmol) was dissolved in 24 ml of isopropanol at 80 "C under Ar. In 

a separate vial, mercaptan 3c (0.145 g, 0.54 mmol) was titrated to pH 8 with 15% NaOH. 

The basic solution was added to the reaction followed by a catalytic amount of piperidine 

(8 drops). The reaction was allowed to reflux for 1 hour. All the solvent was removed in 

vacuo and the residue was taken up in water. The pH of the water was adjusted to 4 with 

10% HCl. The water was extracted with ethyl acetate (4 x 50 ml) and the organic layers 

were combined and dried with anhydrous MgS04. The solvent was removed in vacuo 

and the product was visualized as a single spot by phosphomolybdic acid on TLC after 

elution with 9:1 CHCls/MeOH with an Rf of 0.25. The product was purified by silica gel 
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chromatography with a gradient of MeOH in CHCh. CHCh removed the top two spots, 

starting ester 6, and 9:1 CHCb/MeOH removed the product 7c as a colorless oil (0.100 g, 

17%). 'H-NMR (300 MHz, CDClj) 8 0.86 (t, J=7.0 Hz, 6H), 1.23-1.30 (m, 44H), 1.51-

1.65 (m, 6H), 1.86-2.03 (m, 8H), 2.65 (dd, J=16.8,4.4 Hz, IH), 2.73-3.35 (m, 6H), 3.58-

3.70 (m, lOH), 3.96-4.14 (m, 6H), 5.32 (t, J=5.3 Hz, 4H). '^C-NMR (75 MHz, CDClj) 5 

14.1, 22.6, 25.7, 25.8, 27.1, 28.5, 29.2, 29.3, 29.4, 29.5, 29.7, 30.9, 31.8, 36.5,41.6,65.1, 

65.5, 70.0, 70.2, 129.7, 129.9, 170.6, 171.6. Electrospray mass spectrum calcd for 

C50H92O10S (MH) 884.0; Found 883.1. 

Gal-5-Unsat (8c) 

Acid 7c (100 mg, 0.11 mmol) was dissolved in 0.55 ml DMF followed by addition of 

triethylamine (63 ^il, 0.45 mmol) and pentafluorophenyl thfluoroacetate (29 |a1, 0.17 

mmol) via syringe. The reaction was stirred at room temperature for 2 hours to allow 

formation of the activated pentafluorophenyl ester. The galactosylmethylamine 5 (33 

mg, 0.17 mmol) was added and the reaction was stirred overnight. 10% NaHCOs (10 ml) 

was added and the aqueous layer was extracted with chloroform (4 x 30 ml). The organic 

extracts were combined and dried with anhydrous MgS04. The product was visualized as 

a single spot on TLC with phosphomolybdic acid with an Rf of 0.3 when eluted with 9:1 

CHCls/MeOH. The product was purified by silica gel chromatography using a gradient 

solvent system starting with pure CHCI3 followed by 99:1, 95:1, and 9:1 CHClj/MeOH. 

The product 8c (7.7 mg, 6%) was a colorless, viscous liquid. 'H-NMR (600 MHz, 

CD3OD/CDCI3) 5 0.86 (t, J=7.1 Hz, 6H), 1.19-1.34 (m, 44H), 1.52-1.65 (m, 4H), 1.99 
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(q, J=12.4, 5.9 Hz, 8H), 2.66 (dd, J=17.0, 5.4 Hz, IH), 2.82 (q, J=6.7 Hz, IH), 2.88-2.98 

(m, 3H), 3.23-3.31 (m, 3H), 3.47-3.52 (m, 3H), 3.59-3.70 (m, 14H), 3.78-3.84 (m, 2H), 

3.85-3.90 (m, 2H), 3.95-4.06 (m, 7H), 4.11 (t, J=7.1 Hz, 2H), 5.33 (p, J=3.1, 6.3 Hz, 4H). 

Low resolution mass spectnim (FAB^ calcd for CstHiosNOuS (MH)^ 1060.7; Found 

1061.2. 

But-2-enedioic acid dioctadecyl ester (9) 

Maleic anhydride (1.61 g, 16.4 mmol) was dissolved in 400 ml dry chloroform under Ar. 

Octadecyl alcohol (10.00 g, 37.0 mmol) and p-TSA (0.491, 3.03 mmol) were added and 

the reaction was refluxed for 12 hours. The mixture was extracted with saturated 

NaHCOs followed by water. The organic layer was dried with anhydrous MgS04 and the 

solvent was removed in vacuo. The product was visualized as a single spot by 

phosphomolybdic acid on TLC after elution with 9:1 hexanes/ethyl acetate with an Rf of 

0.80. The product was purified by silica gel chromatography with 9:1 hexanes/ethyl 

acetate to give a white, flaky powder (9.59 g, 94%) of ester 9. 'H-NMR (200 MHz, 

CDCb) 5 0.87 (t, J=6.67 Hz, 6H), 1.26 (m, 60H), 1.56-1.71 (m, 4H), 4.17 (t, J=6.67 Hz, 

4H), 6.23 (s, 2H). '^C-NMR (50 MHz, CDCh) 6 14.1, 22.7, 25.9,28.4,29.3, 29.4, 29.5, 

29.6, 29.7, 31.9, 65.5, 129.8, 165.3. High resolution mass spectrum (FAB^ calcd for 

C40H76O4 (MH)" 621.5822; Found 621.5826. 
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2-[2-(2-Carboxymethoxy-etboxy)-ethylsuifaayl]-succiiiic acid dioctadecyl ester 

(Acid-3-Sat) (10a) 

Ester 9 (1.73 g, 2.78 mmol) was dissolved in 103 ml of isopropanol at 80 °C under Ar. In 

a separate vial, mercaptan 3a (0.500 g, 2.78 mmol) was titrated to pH 8 with 15% NaOH. 

The basic solution was added to the reaction followed by a catalytic amount of piperidine 

(8 drops). The reaction was allowed to reflux for 1 hour. All the solvent was removed en 

vacuo and the residue was taken up in water. The pH of the water was adjusted to 4 with 

10% HCl. The water was extracted with ethyl acetate (4 x 80 ml) and the organic layers 

were combined and dried with anhydrous MgSOa. The solvent was removed in vacuo 

and the product was visualized as a single spot by phosphomolybdic acid on TLC after 

elution with 9:1 CHCls/MeOH with an Rf of 0.25. The product was purified by silica gel 

chromatography with a gradient of MeOH in CHCI3. CHCh removed the top two spots, 

starting ester 9, and 9:1 CHClj/MeOH eluted product 10a as a colorless oil (1.25 g, 56%). 

'H-NMR (300 MHz, CDCI3) 5 0.84 (t, J=6.4 Hz, 6H), 1.21 (m, 60H), 1.58 (p, J=11.8, 

5.9 Hz, 4H), 2.64 (dd, J=17.0, 11.O Hz, IH), 2.74-2.98 (m, 4H), 3.61-3.73 (m, 6H), 4.01-

4.13 (m, 6H). '^C-NMR (75 MHz, CDCI3) 6 14.1, 22.7, 25.7,25.8, 28.5,29.2,29.3,29.5, 

29.6, 29.7, 30.8, 31.9, 36.5, 41.7, 62.3, 65.2, 65.6, 68.6, 70.1, 70.4, 71.0, 76.6, 78.9, 

170.7, 171.7. High resolution mass spectrum (FAB^ calcd for CasHsgOsS (MH)^ 

801.6278; Found 801.6289. 
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Gdl-S-Sat (II9) 

Acid 10a (300 mg, 0.38 tnmol) was dissolved in 1.83 ml DMF followed by addition of 

triethylamine (209 ul, 1.50 mmol) and pentafluorophenyl thfluoroacetate (97 ^1, 0.56 

mmol) via syringe. The reaction was stirred at room temperature for 2 hours to allow 

formation of the activated pentafluorophenyl ester. The galactosylmethylamine 5 (87 

mg, 0.45 mmol) was added and the reaction was stirred overnight. 10% NaHCOs (10 ml) 

was added and the aqueous layer was extracted with chloroform (4x10 ml). The organic 

extracts were combined and dried with anhydrous MgS04. The product was visualized as 

a single spot on TLC with phosphomolybdic acid with an Rf of 0.48 when eluted with 9:1 

CHCb/MeOH. The product was purified by silica gel chromatography using a gradient 

solvent system starting with pure CHCI3 followed by 99:1, 95:1, and 9:1 CHClj/MeOH. 

The product 11a (173 mg, 43%) was a colorless, viscous liquid. 'H-NMR (300 MHz, 

CDCI3) 6 0.85 (t, J=6.8 Hz, 6H), 1.23 (m, 60H), 1.60 (p, J=11.7, 5.9 Hz, 4H), 2.66 (dd, 

J=16.7, 11.6 Hz, IH), 2.79-3.06 (m, 4H), 3.47-3.78 (m, 16H), 4.00-4.13 (m, lOH). '^C-

NMR (75MHz, CDCh) 5 14.0, 22.6, 25.7, 25.8, 28.5, 29.2, 29.3, 29.4, 29.5, 29.6, 30.9, 

31.8, 36.5, 39.9,41.6,41.7,62.3,65.2, 65.6,68.2,69.7,69.9, 70.0, 70.1, 70.2, 70.6,70.7, 

74.2, 78.7, 78.8, 170.6, 171.6, 171.9. High resolution mass spectrum (FAB"^ calcd for 

C53H,oiNO,2S(MH)" 976.7123; Found 976.7156. 
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2-{2-[2-(2-Carboxymethoxy-ethoxy)-ethoxy|-ethylsuIfanyl}-succinic acid dioctadecyl 

ester (Acid-4-Sat) (10b) 

Ester 9 (0.83 g, 1.34 mmol) was dissolved in 45 ml of isopropanol at 80 "C under Ar. In 

a separate vial, mercaptan 3b (0.300 g, 1.34 mmol) was titrated to pH 8 with 15% NaOH. 

The basic solution was added to the reaction followed by a catalytic amount of piperidine 

(8 drops). The reaction was allowed to reflux for 1 hour. All the solvent was removed in 

vacuo and the residue was taken up in water. The pH of the water was adjusted to 4 with 

10% HCl. The water was extracted with ethyl acetate (4 x 100 ml) and the organic layers 

were combined and dried with anhydrous MgSOa. The solvent was removed in vacuo 

and the product was visualized as a single spot by phosphomolybdic acid on TLC af^er 

elution with 9:1 CHCls/MeOH with an Rf of 0.25. The product was purified by silica gel 

chromatography with a gradient of MeOH in CHCI3. CHCI3 eluted the top two spots, 

starting ester 9, and 9:1 CHClj/MeOH eluted product 10b as a colorless oil (253 mg, 

22%). 'H-NMR (300 MHz, CDCI3) 5 0.88 (t, J=7.6 Hz, 6H), 1.25 (m, 60H), 1.62 (p, 

J=12.7, 6.8 Hz, 4H), 2.68 (dd, J=17.1, 11.7 Hz, IH), 2.77-3.01 (m, 4H), 3.61-3.78 (m, 

lOH), 4.06 (t, J=7.3 Hz, 2H), 4.10-4.17 (m, 4H). '^C-NMR (75 MHz, CDCI3) 5 14.1, 

22.7,25.8, 28.5, 29.2, 29.4, 29.5, 29.6, 29.7, 31.0, 31.9, 36.6,41.7,65.2,65.6, 70.1, 70.5, 

70.6, 170.7, 171.7. Electrospray mass spectrum calcd for C48H92O9S (MH) 845.3; 

Found 845.0. 
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Gai-4-Sat (lib) 

Acid 10b (150 mg, 0.18 mmol) was dissolved in 0.86 ml DMF followed by addition of 

triethylamine (99 ul, 0.71 mmol) and pentafluorophenyl thfluoroacetate (46 ^l, 0.27 

mmol) via syringe. The reaction was stirred at room temperature for 2 hours to allow 

formation of the activated pentafluorophenyl ester. The galactosylmethylamine 5 (47 

mg, 0.24 mmol) was added and the reaction was stirred overnight. 10% NaHCOs (10 ml) 

was added and the aqueous layer was extracted with chloroform (4x10 ml). The organic 

extracts were combined and dried with anhydrous MgS04. The product was visualized as 

a single spot on TLC with phosphomolybdic acid with an Rfof 0.48 when eluted with 9:1 

CHClj/MeOH. The product was purified by silica gel chromatography using a gradient 

solvent system starting with pure CHClj followed by 99:1,95;I, and 9;I CHCls/MeOH. 

The product lib (14.3 mg, 8%) was obtained as a colorless, viscous liquid. 'H-NMR 

(300 MHz, CDClj) 5 0.87 (t, J=7.0 Hz, 6H), 1.25 (m, 60H), 1.61 (p, J=12.0,5.0 Hz, 4H), 

2.67 (dd, J=16.4,6.1 Hz, IH), 2.77-3.01 (m, 4H), 3.25-3.37 (m, 2H), 3.48-3.55 (m, 2H), 

3.62-3.72 (m, 14H), 3.85 (t, J=6.5 Hz, 2H), 4.03-4.15 (m, lOH). '^C-NMR (75MHz, 

CDCb) 6 14.1,22.7,25.7,25.8,28.5,29.2,29.3,29.5,29.7,30.8,31.9,36.5,39.7,41.7, 

65.2,65.7,67.5,70.1,70.2, 70.5,70.9, 77.4, 170.7, 171.6. Low resolution mass spectrum 

(FAB^ calcd for C55H105NO13S (MH)" 1020.7385; Found 1021.3. 
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3. Chapters. Analytical Characterization of Unsaturated Glycolipids 

3.1 Langmuir Monolayers 

The GalCer analogs; Gal-3-Unsat (8a), Gal-4-Unsat (8b), Gal-5-Unsat (8c), Gal-3-

Sat (11a), and Gal-4-Sat (lib) were given to Yingmei Gu in Dr. Saavedra's lab to 

characterize using several analytical techniques including Langmuir monolayer 

compressions, total internal reflection fluorescence microscopy (TIRF), and 

epifluorescence. The first technique is photo microscopy of monolayers of the 

compounds at the air-water interface. Each analog was mixed with 

dioleoylphosphatidylcholine (DOPC, Figure 3-1) in a 5 mol % ratio and spread onto the 

ttough from a small amount of chloroform solution. 

O 

Figure 3-1. DOPC Structure 

Once the chloroform evaporated the resultant lipid film was compressed and the area vs 

surface pressure isotherm recorded. It is expected that at low pressure and large area that 

the lipids are in a gas-like phase and are disorganized. As the pressure increases the 

lipids start to organize into a liquid-like phase where the headgroups of the lipids orient 

toward the water surface and the hydrophobic tails orient away from the water (Figure 3-

2). 
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Figure 3-2. Langmuir trough with a complete monolayer of lipids 

When the pressure increases sharply, it is assumed that a complete monolayer has 

been formed and is well organized. Further application of pressure will eventually 

cause the collapse of the monolayer. A pressure vs area isotherm for Gal-3-Unsat is 

depicted in Figure 3-3. All of the area vs pressure isotherms for the GalCer analogs 

were similar. 
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Figure 3-3. Area vs pressure isotherm of Gai-3-Unsat monolayer 

3.2 Total Internal Reflection Fluorescence Microscopy - Description of Method 

A quantitative method for measuring the binding of GalCer analogs to gpI20 was 

needed in order to effectively compare different analogs (iS). Yingmei Gu (Saavedrea 

lab) used total internal fluorescence microscopy (90) to quantitatively determine a 

binding constant between the GalCer analogs and gpl20 {91). The technique required a 

Langmuir monolayer to be transferred onto a silica substrate (92). The Schaefer method 

was the transfer technique used which involved forming a monolayer on the surface of a 

Langmuir trough at a sufHcient pressure to ensure a well-organized monolayer followed 

by the transfer of the first layer by horizontal lifting of the silica substrate through the 



87 

surface of the water. This allows non-specific adsorption of the hydrophilic headgroups 

onto the substrate. Now the surface of the substrate has one monolayer on it and the 

surface is hydrophobic. The bilayer is completed following horizontal transfer of the top 

layer by pushing the silica substrate down through the monolayer resulting in a bilayer on 

silica that is under water. The substrate must remain hydrated to prevent the collapse of 

the bilayer. The silica substrate is then moved to the microscope where a portion of the 

bilayer is encased by a flowcell to obtain a closed system that will allow the introduction 

of gpl20 and buffer. Total internal fluorescence microscopy (Figure 3-4) demands the 

use of a fluorescently labeled protein to bind to the ligand. Fluorescein isothiocyanated-

rgpl20 (FITC-rgpl20) is commercially available and the fluorescein allowed the 

measurement of protein bound to the surface of the membrane by fluorescence intensity 

measurement. 
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Figure 3-4. Total Internal Reflection Fluorescence microscopy setup (91)  

Standard solutions of FITC-rgpl20 were injected into the flow cell followed by a 

30 min. incubation. Only the proteins close to the membrane surface were excited by an 

evanescent wave. Fluorescence intensity was collected for each gpl20 concentration and 

then plotted vs concentration. The evanescent wave that excited the fluorophores was 

generated by an argon ion laser at 488 nm that was coupled into the silica substrate via an 

optical prism. The light was coupled into the silica and then was totally internally 

reflected along the substrate. At every point of reflection, an evanescent wave was 

generated which exponentially decayed as it extended into the flowcell. The evanescent 

wave extended about 173 nm into the flowcell, which flrst passed through the bilayer and 

then into the bulk solution. This technique assimies that only those proteins that are 

specifically bound to the membrane surface are in close contact with the membrane. 
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Therefore, this method allows excitation of essentially only those proteins that are bound 

to the membrane surface. 

3.3 TIRF Bindiog Constants for GalCer Analogs 

Because the glycolipid analogs were prepared with different spacer lengths the 

dependence of the gpl20 binding constants on spacer length could be determined. The 

fluorescence intensity vs FITC-rgpl20 concentration for bilayers composed of DOPC and 

5 mol % of each of the GalCer analogs are represented in Figure 3-5. 
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Figure 3-5. Isotherms for rgpl20 binding to DOPC membrane doped with 5 mol % Gal-

3-Unsat (•), Gal-4-Unsat (•), Gal-5-Unsat (A), Gal-3-Sat (x), Gal-4-Sat (*), and a pure 

DOPC membrane (•). The solid curves are the fits of the data, (provided by Yingmei 

Gu) 
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The binding isotherms were analyzed and the data fit to a cooperative binding model 

(93). The cooperativity coefficient indicates whether the binding of one protein promotes 

the binding of another protein. If the cooperativity coefficient is greater than one then 

one bound protein promotes the binding of a second protein to a receptor. Analysis of 

the curve equation allowed the calculation of a binding constant in each case. The Ka for 

each analog is given in Table 3-1. 

Table 3-1. Association constants and cooperativity coefficients for rgpl20 binding 

to GalCer analogs (provided by Yingmei Gu) 

GalCer 

analogues 

GaI-3-

Unsat 

Gal-4-

Unsat 

Gal.5-

Llnsat 

Gal-3-Sat Gal-4-Sat 

Ka X 10^ 5.4 ± 1.8 3.8 ±0.6 2.5 ±0.6 2.2 ±0.01 8.0 ± 2.4 

Cooperativity 

coefficient (r|) 
1.44 ±0.20 1.50 ±0.28 1.59 ±0.11 1.97 ±0.21 1.04 ±0.15 

The binding constants are similar to those determined for GaiCer using the same method. 

These data provide strong evidence that the GalCer analogs are binding to gpl20 in the 

same manner as natural GalCer. The binding constants for each of the GaiCer analogs 

are relatively close to one another with a slightly higher Ka for Gal-4-Sat compared to the 

other analogs. Based on these data, it appears that the possible presence of phase 
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separation in addition to a tetraethylene glycol spacer yields the highest binding constant. 

All of the GalCer analogs have a cooperativity coefficient of one and therefore are 

promoting the binding of a second protein for each initial binding event. The increased 

amount of binding events could skew the binding constant to appear higher than it is in 

reality. 

3.4 Protein Coverage on Membrane Surface 

Association constants indicate the magnitude of a ligand binding to a protein. 

However, they give little information about how much protein is actually binding to the 

membrane surface. For this reason an external calibration with RTC-dextran with MW 

10,000 was performed that allowed calculation of the fraction of the monolayer that is 

covered by bound protein. Table 3-2 shows the surface coverage of gpl20 for the various 

analogs. Consideration of the multiple binding modes complicates the interpretation of 

these data. Therefore, it is assumed that there is not direct correlation between binding 

constants and monolayer coverage. 

It is quite clear that a very small percentage of the membrane surface is covered by 

bound gpl20. Comparison of the control DOPC without glycolipids indicates that a 

substantial amount of bound protein is non-specifically adsorbed to the membrane 

surface. Gal-3-Unsat has the highest protein coverage but also has the largest standard 

deviation. The second highest coverage is Gal-4-Sat which also has the highest binding 

constant. The similar protein coverage observed with Gal-3-Unsat and Gal-4-Sat is 

difficult to explain. Perhaps there is not a significant difference between these data 
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points. Overall, it appears that all of the GalCer analogs exhibit binding on the same 

magnitude as GalCer, a proof of overall success. 

Table 3-2. Rgpl20 surface coverage* on membranes composed of DOPC and each 

GalCer analogue at 5 mol % as well as pure DOPC membrane using the evanescent wave 

slope in dextran-FlTC calibration, (provided by Yingmei Gu) 

•' 

DOPC Gal-3-
Unsat 

Gal-4-
Unsat 

Gal-5-
Unsat 

Gal-3-Sat Gal-4-Sat 

Surface 

coverage 

(mol cm'^. X 

10-'^) 

1.63 ±0.23 3.58 ±0.57 2.19±0.19 2.24 ±0.13 1.92 ±0.01 2.51 ±0.11 

Rgpl20 surface coverage on a EXDPC membrane with naturally occurring GalCer is 

(3.88 ± 0.37) \ 10"'^ mol/cm*. 

3.5 Domain Formation of Saturated GalCer Analogs 

The unsaturated analogs Gal-3-Unsat, Gal-4-Unsat, and Gal-5-Unsat all have the 

same type of unsaturation in their lipid tails as DOPC. Therefore the mixing of these two 

lipids is expected to be favorable. However, GalCer contains a saturated lipid chain and 

has been shown to form domains in biological membranes {23). Therefore, it was 

desirable to design and synthesize a set of analogs with saturated lipid tails that are 

capable of forming domains when mixed with unsaturated lipids. The method for 

observing the presence of these domains was epifluorescence {94, 95). Yingmei Gu 
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transferred a monolayer of the mixed lipid membranes which incorporated about 1 mol % 

DOPE-rhodamine (a fluorescent lipid probe). Once the monolayer was transferred onto 

glass slides, the surface of the monolayer was imaged using the epifluorescence 

technique (Figure 3-6). 

Figure 3-6. Epifluorescence microscopy experimental setup 
The lipid film was irradiated with a laser to excite the rhodamine dye and the spatial 
fluorescence was collected by a CCD camera. Dark areas indicate domains of lipids 
with little or no rhodamine-DOPE. (provided by Yingmei Gu) 
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As expected, the unsaturated analogs exhibited no preference for the formation of 

domains even when the GalCer analog concentration was SO mol % and showed uniform 

fluorescence. However, the saturated analogs did show evidence of domains from which 

DOPE-rhodamine had been excluded. As seen in the following images (Figures 3-7a - 3-
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9f), the presence of domains is concentration dependent and it stands to reason that at 

only 5 mol % Gal-3-Sat and Gal-4-Sat the domains could be beyond the resolution 

achievable with this microscope. As a reference, GalCer domains are displayed in Figure 

3-9 at 50 mol %. All of the following images were provided by Yingmei Gu. 

Gal-3-Sat begins to show evidence of I juti domains at a monolayer composition of 

10 mol % Gal-3-Sat and 90 mol % DOPC. As the concentration of Gal-3-Sat is 

increased, the domain size increases and the domains begin to appear fractal. Gal-4-Sat 

also appears to form detectable domains at 10 mol %. However, the domains for Gal-4-

Sat appear to be larger at 20 mol % while at 40 and 50 mol % the domains are smaller 

than those of Gal-3-Sat and they do not appear fractal. GalCer domains (Figure 3-9) are 

not fractal and appear roughly circular. The driving force for the formation of fractal-

like domains is complicated. Natural GalCer isolates contain many variations in chain 

length. The synthetic Gal-3-Sat and Gal-4-Sat are pure molecules. The GalCer analogs 

are racemic because the Michael addition of the thiol into the activated double bond of 

the maleic ester results in both R and S configuration. No attempt was made to separate 

the two isomers. However, this mixture of isomers is minor compared to varying chain 

lengths of GalCer. The purity of the analogs might contribute to the fractal domains by 

allowing an increased interaction between molecules. Also, the galactose moiety might 

be influencing the packing of the domain. The lack of firactal domains in Gal-4-Sat 

images indicates that the increased spacer length might also contribute to the domain size 

and shape. There is a slight increase in flexibility of a tetraethylene glycol spacer versus 
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the triethylene glycol spacer. This flexibility might prevent close interaction of the 

galactose groups that could be present in Gal-3-Sat. 

Overall, the presence of domains was expected but the complexity of the shapes 

was surprising. The question of the presence of these types of domains in liposomes 

remains unanswered and would require an in-depth study. Therefore, the translation of 

these observations into biological activity is difficult to determine. 

Figure 3-7a. Gal-3-Sat at 5 mol %. Figure 3-7b. Gai-3-Sat at 10 mol %. 
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Figure 3-7c. Gal-3-Sat at 20 mol %. Figure 3-7d. Gal-3-Sat at 30 mol %. 

2 um 

Figure 3-7e. Gal-3-Sat at 40 moi %. Figure 3-7f. Gal-3-Sat at 50 mol %. 



Figure 3-7g. Gal-3-Sat at 70 mol %. 
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Figure 3-8a. Gai-4-Sat at 5 mol %. Figure 3-8b. Gal-4-Sat at 10 mol %. 
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Figure 3-8c. Gal-4-Sat at 20 mol %. Figure 3-8d. Gal-4-Sat at 30 mol %. 

Figure 3-8e. Gal-4-Sat at 40 mol %. Figure 3-8f. GaM-Sat at 50 mol %. 
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Figure 3-9. GalCer at 50 mol %. 
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4. Chapter 4: Biological Evaluatioo of Saturated Analogs 

4.1 Model Membranes 

The biological activity of novel GalCer analogs was determined by incorporating 

the analogs into liposomes. Liposomes are unique model membranes that self organize 

when lipids are mixed with water and subjected to a procedure resulting in a nearly 

monodisperse sample of liposomes. The liposome is representative of a biological cell 

membrane. At 100 nm in diameter, the number of lipids in the outer leaflet of the 

membrane is about equal to the number of lipids in the inner leaflet and therefore the 

packing of the lipid chains is consistent with a biological cell membrane. 

Liposomes are routinely used to test the effectiveness of an analog binding to a 

specific protein (66). A liposome floatation assay was performed to determine binding of 

GalCer liposomes to gpl20. The concentration of GalCer was varied and it was shown 

that at low concentrations (15-35%) only a small percentage of gpl20 bound to the 

liposomes while at higher concentrations the majority of gpl20 bound to the GalCer 

liposomes (80-90%). The specificity of GalCer binding was investigated and it was 

determined that the binding of other glycosphingolipids was non-specific in nature {66). 

In our case, liposomes were prepared with DOPC as the most abundant lipid mixed 

with analogs in varying amounts. Subsequently the liposomes were tested in an HTV-l 

inhibition assay. Liposomes composed of GalCer, the actual biological ligand, or 

synthetic analogs were compared. 
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4.2 Liposome Compositions Used in Biological Evaluations 

4.2.1 Variable Liposome Surface Charge 

Surface charge on the liposomes could have an effect on t-cell growth or change 

the ability of HIV-1 to bind to t-cells or our liposomes. In an attempt to determine if a 

surface charge would impact the HIV-1 inhibition assay, anionic liposomes were 

prepared by mixing DOPC with dioleoylphosphatidic acid (DOPA, Figure 4-1) and 

cationic liposomes were prepared by mixing DOPC with dioleoyldimethylammonium 

propane (EXDDAP). Table 4-1 describes each liposome composition. 

Figure 4-1. Structures of Ionic Lipids 
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Table 4-1. Liposome compositions for varying surface charges 

1 Sample# | DOPC 
i ! (mol %) 

Ionic Lipid 
(mol %) 

Initial Lipid 
Concentration 

Final Lipid 
Concentration 

QELS 
(± 10 nm) 

RYL21A 1 100% 
1 

0% 2.82 mM 13.3 ^iM 95 nm 

1 RYL21B 98% 2% DOPA 2.74 mM 13.3 ^iM 107 nm 

1 RYL21C 96% 

1 

4% [X)PA 2.74 mM 13.3 nM 113 nm 

i RYL21D i 94% 
i ! 

6% DOPA 2.71 mM 13.3 ^iM 100 nm 

RYL33A 98% 
1 

2% DODAP 2.74 mM 13.3 tiM 113 nm 

1 RYL33B i 95% 
1 

5% DODAP 2.74 mM 13.3 tiM 113 nm 

i RYL33C i 90% 
i i 1 1 

10% DODAP 2.74 mM 13.3 ^iM 107 nm 

4.2.2 Liposome Composition with Variable GalCer 

As a control for the HTV-l inhibition assay, liposomes were prepared from DOPC 

mixed with GalCer (Figure 4-2) in order to compare the naturally occurring ligand with 

the synthetic analogs. Doms and coworkers have reported the binding of GalCer 

liposomes with up to 50% GalCer {66). Therefore we elected to prepare liposomes with 

up to 50 mol % GalCer. The liposome compositions are described in Table 4-2. 

Figure 4-2. Structure of GalCer 
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Table 4-2. Lipid Compositions witii Variable GalCer 

Sample # DOPC 
(mol %) 

GalCer 
(mol%) 

Initial Lipid 
Concentration 

Final Lipid 
Concentration 

QELS 
(± 10 nm) 

RYL57A 100% 0% 1.09 mM 13.3 ^iM 100 nm 

RYL57B 95% 5% 2.56 mM 13.3 ^iM 149 nm 

RYL57C 75% 25% 1.28 mM 13.3 nM 159 nm 

RYL57D 50% 50% 1.27 mM 13.3 nM 168 nm 

RYL69A 95% 5% 2.56 mM 2.56 mM NA 

RYL69B 80% 20% 2.56 mM 2.56 mM NA 

RYL69C 
1 

60% 40% 2.56 mM 2.56 mM NA 

i RYL79A 
i 

95% 5% 2.56 mM 2.56 mM 95 nm 

1 RYL79B 80% 20% 2.56 mM 2.56 mM 98,354 nm 

RYL79C 60% 40% 2.56 mM 2.56 mM 96,354 nm 

4.2.3 Liposome Composition of Variable Gal-3-Sat Analog 

The biological relevance of the synthetic analogs was determined by preparation 

of Gal-3-Sat liposomes followed by evaluation by the HTV-l inhibition assay. The lipid 

chains are saturated and thus have the propensity to form domains of glycolipid in DOPC 

liposomes. The selection of Gal-3-Sat (Figure 4-3) was based on the analytical results 

from TIRF and the synthetic abundance of the analog. The monolayer coverage of gpl20 

for Gal-3-Sat was fairly high compared to the other synthetic analogs. The liposome 

compositions of varying Gal-3-Sat are described in Table 4-3. 
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Figure 4-3. Stucture of Gal-3-Sat 
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Table 4-3. Liposome compositions of varying Gal-3-Sat 

Sample # DOPC 
(mol%) 

Gal-3-Sat 
(raol%) 

Initial Lipid 
Concentration 

Final Lipid 
Concentration 

QELS 
(± 10 nm) 

RYL57A 100% 0% 1.09 mM 13.3 nM 100 nm 

RYL57E 95% 5% 2.05 mM 13.3 nM 159 nm 

RYL57F 75% 25% 1.28 mM 13.3 nM 180 nm 

RYL57G 

! 
50% 50% 1.28 mM 13.3 tiM 8l,354nm 

i RYL69D 
j 

95% 5% 2.56 mM 2.56 mM NA 

1 RYL69E 
1 
1 

80% 20% 2.56 mM 2.56 mM NA 

RYL69F 60% 40% 2.56 mM 2.56 mM NA 

RYL79D 95% 5% 2.56 mM 2.56 mM 124 nm 

RYL79E 80% 20% 2.56 mM 2.56 mM 63,354 nm 

RYL79F 60% 40% 2.56 mM 2.56 mM 106,354 nm 

RYL86A 95% 5% 2.56 mM 2.56 mM 141 nm 

RYL86B 80% 20% 2.56 mM 2.56 mM 159 nm 

RYL86C 60% 40% 2.56 mM 2.56 mM 211 nm 
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4.2.4 Liposome Coinpositioii of Variable Gal-4-Sat Analog 

In an attempt to determine the dependence of spacer length on biological 

relevance, DOPC liposomes incorporating Gal-4-Sat (Figure 4-4) were prepared as a 

direct comparison to the Gal-3-Sat liposomes. Any differences in biological activity 

presumably resulted from the longer spacer group. The liposome composition of varying 

Gal-4-Sat analog was described in Table 4-4. 

Figure 4-4. Structure of Gal-4-Sat 
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Table 4-4. Liposome composition of varying Gal-4-Sat lipid 

Sample ^ j DOPC 
i (mol%) 

GaM-Sat 
(mol%) 

Lipid Cone. QELS 
(= 10 nm) 

RYL86D 1 100% 
1 
I 

0% 2.56 mM 144 nm 

RYL86E 95% 
1 

5% 2.56 mM 126 nm 

RYL86F i 80% 20% 2.56 mM 106 nm 

RYL86G 60% 40% 2.56 mM 183 nm 

4.2.5 Liposome Composition of Variable Gal-4-Sat with bis-Sorbn.i? PC 

Liposomes are inherently unstable over long periods of time because the lipids are 

non-covalently associated. There are several methods of stabilization including addition 

of a hydrophilic polymer, addition of cholesterol, or polymerization of lipids {67). 

Polymerization is the only method to provide non-reversible stabilization through the 
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formation of covalent bonds. Stabilization of lipid assemblies has long been investigated 

and has been successful in many cases. In this case the use of a polymerizable lipid bis-

Sorbi7.i7 PC (Figure 4-5) mixed with Gal-4-Sat allowed the stabilization of the liposomes 

by redox polymerization of bis-Sorbi7.i7 PC. It was presumed that the long-term storage 

of stabilized liposomes would be important for a useful therapy. The liposome 

compositions of Gal-4-Sat with bis-Sorbn.n PC are described in Table 4-5. 

Figure 4-5. Structure of bis-Sorbn,!? PC 
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Table 4-5. Liposome composition of Gal-4-Sat with bis-Sorbn.n PC 

Sample # bis-Sorbi7. i 7  PC 
(mol%) 

Gal-4-Sat 
(mol%) 

Lipid Cone. QELS 
(± 10 nm) 

RYLIOOA 100% 0% 2.56 mM 116 nm 

RYLIOOB 95% 5% 2.56 mM 99 nm 

RYLIOOC 80% 20% 2.56 mM 95 nm 



107 

43 Polymerization of bis-Sorbi7,i7 PC with Redox Initiators 

The polymerizable liposomes were prepared to investigate the binding behavior of 

a stabilized membrane. Bis-Sorbi7.i7 PC was obtained from Tony Spratt and was used 

without further purification. The liposomes were prepared in an isosmotic saline solution 

with ceil culture media. The polymerization was initiated by potassium bromate and L-

cysteine at 40 "C. The polymerization was followed by monitoring the decrease in 

absorbance at 260 nm. The pre-polymerization spectra and the post-polymerization 

spectra verify that essentially all the monomer had reacted after 12 hr. The percent of 

polymerization was calculated using the absorbance of the sorbyl peak before and after 

polymerization. After the polymerization the saline was exchanged for RPMI cell culture 

media through dialysis for 24 hours with a 500 molecular weight cut-off cellulose 

dialysis membrane. The size of the liposomes was measured before and after 

polymerization (Table 4-6). After polymerization, the stability of the liposomes was 

tested by addition of 10 equivalents of Triton X-100, a surfactant that dissolves 

unstabilized liposomes. Liposomes that are not stabilized dissolve into mixed micelles 

when a surfactant is added. Monitoring the size of the particles in solution can determine 

if mixed micelles are present. The size of the liposomes did not change after the addition 

of the surfactant. The dialyzed samples were taken to Dr. Nafees Ahmad's lab at the 

University of Arizona for biological testing. 
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Table 4-6. Light Scattering of liposomes before and after polymerization 

Sample # Liposome size before 
pzn, nm 

Liposomes size 
after pzn, nm 

% Polymerization 

lOOA 127 116 97 

I GOB 108 99 97 

lOOC OO
 

00
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4.4 HIV-1 Inhibition Assay 

All liposomes prepared for biological testing were transported to Dr. Nafees 

Ahmad's lab in a cooler and Rajesh Ramakrishnan tested the liposomes in an HTV-l 

inhibition assay. The assay utilized the HIV-1 virus in its true form and investigated the 

ability of the liposomes to prevent infection, presumably by binding to the surface of the 

virus preferentially over the virus binding to the surface of the growing t-cells. Rajesh 

Ramakrishnan developed the procedure of the assay. 

The liposomes were pre-incubated with the virons for 1 hour at 4 °C followed by 

introduction of the liposome-virus mixture into growing t-cells in a 96-well plate. Each 

experiment was run in triplicate. The mixture was allowed to interact for 2 hours at 37 °C 

followed by a wash to remove any liposomes and virons not bound to the surface of the t-

cells. The t-cells were fed and allowed to grow while the virus count was monitored 

every 2 days. An aliquot of the supernatant was removed from the cells and a reverse 

transcriptase assay was performed to determine the number of virus particles. The 

number of viruses was graphed against the volume of liposome solution. The glycolipid 

samples were compared with a control that was not treated with liposomes and a control 
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group treated with liposomes without glycolipids. Initially the liposomes solutions were 

diluted to 13.3 to ensure at least 1 million liposomes per of solution. After the 

first few experiments, it was decided to increase the concentration of the liposomes to 

2.56 mM to allow an enormous excess of liposomes to virus particles. Better results were 

seen with the more concentrated liposome solutions. 

4.5 Results from HFV-l Inhibition Assay - Unstabilized Liposomes 

The first experiment with liposomes in the HIV-1 inhibition assay incorporated 

either a positive surface charge or a negative surface charge. The lipid concentration was 

13.3 |iM. The concentration was adjusted to 13.3 hM to ensure that one million 

liposomes would be present in every microliter of sample. The data indicated that there 

was not a significant difference between neutral (Figures 4-5 and 4-6), negatively (Figure 

4-6) or positively (Figure 4-7) charged liposomes. Given this result the neutral surface 

charge was preferable for the remaining experiments to prevent any adverse results 

caused by surface charge on the growth of the t-cells. 
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Figure 4-6. HIV inhibition assay graph for liposomes mixed with DOPA. 
(Data provided by Rajesh Ramakrishnan) 
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Figure 4-7. HIV inhibition assay graph for liposomes mixed with DODAP. 
(Data provided by Rajesh Ramakrishnan) 
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The second set of liposome samples compared GalCer with Gal-3-Sat. GalCer is 

the naturally occurring ligand that binds to HTV-l gpl20 and causes the cascade of events 

that allows viral infection into cells. The glycolipid analog Gal-3-Sat had the same 

carbohydrate headgroup but had a spacer group that extended the galactose further away 

from the membrane surface. The comparison of GalCer and Gal-3-Sat in the biological 

assay is shown in Figures 4-8 and 4-9. As seen in the graphs, there is not a significant 

difference between liposomes with and without glycolipids. It was decided to increase 

the lipid concentration for the next experiment to determine the dependence of inhibition 

on the concentration of liposomes. 

Figure 4-8. HIV inhibition assay graph for liposomes mixed with GalCer. 
(Data provided by Rajesh Ramakrishnan) 
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Figure 4-9. HIV inhibition assay graph for liposomes mixed with Gal-3-Sat. 
(Data provided by Rajesh Ramakrishnan) 
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A comparison of GalCer (Figure 4-10) with Gal-3-Sat (Figure 4-11) with an 

increased concentration of lipids to about 2.S6 mM was performed. The procedure was 

also modified to pre-incubate the liposomes with the virus before introducing them to the 

growing t-cells. It was assumed that pre-incubation would allow maximal interaction 

between the liposome and virus and hopefully increase any biological activity. The 

results were inconclusive and without any significant difference between liposomes with 

or without glycolipids. 

0170 
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Figure 4-10. HIV inhibition assay graph for liposomes mixed with GalCer. 
(Data provided by Rajesh Ramakrishnan) 
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Figure 4-11. HIV inhibition assay graph for liposomes mixed with Gal-3-Sat. 
(Data provided by Rajesh Ramakrishnan) 
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Another comparison of GalCer against Gal-3-Sat involved a modification of the 

procedure involved to dramatically increase the amount of liposome stock solution 

introduced to the virus and t-cells. The previous experiments used 2-8 ^L; this 

experiment increased the volumes to 10-100 jiL. The results are shown in Figures 4-12 

and 4-13. The GalCer liposomes showed less HTV-l virons on day 9 when compared to 

the control without liposomes. The 100% DOPC liposomes do seem to show some 

inhibition but not nearly as much as liposomes with GalCer. Gal-3-Sat also showed a 

decrease in HIV-1 production versus the control. In this experiment the DOPC liposomes 

have a more pronounced inhibition of HIV-1 production than the GalCer liposomes. The 

effect of Gal-3-Sat liposomes to inhibit HIV-1 production was less significant than that of 

GalCer liposomes. These results indicate that the biological activity of HTV-l production 

is sensitive to Gal functionalized liposomes. 

Figure 4-12. HIV inhibition assay graph for liposomes mixed with GalCer. 
(Data provided by Rajesh Ramakrishnan) 
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Figure 4-13. HIV inhibition assay graph for liposomes mixed with Gai-3-Sat. 
(Data provided by Rajesh Ramakrishnan) 
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A comparison of Gal-Cer (Figure 4-14) with GaI-3-Sat (Figure 4-15) and Gal-4-

Sat (Figure 4-16) was performed to determine if the variation of spacer group would 

translate into a difference in biological activity. For GalCer the largest inhibition is 

shown on day 7 and 9 while day 11 shows very little difference between the sample and 

control. Gal-3-Sat also shows the biggest inhibition on Day 7 and 9 with Day 11 being 

indistinguishable from the control. Gal-4-Sat shows good inhibition on Day 7 and very 

little difference on Day 9 with the inhibition returns on Day 11. Gal-4-Sat does show a 

greater inhibition than GalCer or Gai-3-Sat. Taking into account biological variability it 

appears that these results suggest that Gal-4-Sat is a more effective inhibitor than Gal-3-

Sat or GalCer. 

Gal-3-Sat liposomes 

% of Gal-3-Sat 
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Figure 4-14. HFV inhibition assay graph for liposomes mixed with GalCer. 
(Data provided by Rajesh Ramakrishnan) 
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Figure 4-15. HIV inhibition assay graph for liposomes mixed with Gal-3-Sat 
(Data provided by Rajesh Ramakrishnan) 
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Figure 4-16. HIV inhibition assay graph for liposomes mixed with Gal-4-Sat 
(Data provided by Rajesh Ramakrishnan) 
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4.6 Results from HIV-1 Inhibition Assay - Stabilized Liposomes 

Finally, the unstabilized liposomes were compared with stabilized liposomes. 

The unstabilized liposomes were made of EXDPC mixed with GalCer or Gai-4-Sat and 

were prepared in the same manner as all other DOPC liposomes. The stabilized 

liposomes were prepared in a similar manner followed by a redox polymerization to form 

covalent bonds between the polymerizable bis-Sorbi7.i7 PC molecules. The covalent 

bonds stabilize the liposomes to such an extent that the addition of 10 equivalents of 

Triton X-IOO, a surfactant, did not change the liposome average size by light scattering. 

The results are shown below from two separate experiments. GalCer (Figure 4-17) 
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shows moderate to good inhibition on Day 7 and Day 11. Gal-4-Sat (Figure 4-18) shows 

the same trend of inhibition on Days 7 and 11. The polymerized liposomes (Figure 4-

19) show good inhibition on Day 7; however, the bis-Sorb liposomes without glycolipids 

show the same inhibition. The repeat of this experiment (Figures 4-20 - 4-22) showed no 

inhibition of any of the liposomes. Overall, there does not seem to be any additional 

inhibition for any of the glycolipid liposomes. It was seen in previous experiments that 

unstabilized liposomes did inhibit FDV-l infection in some cases up to 80%. However, 

the variability of biological assays has made it difficult to discern any reproducible 

trends. Because the amount of Gal-4-Sat was limited, this experiment was only run 

twice. It would be helpful to collect more data to determine if the stabilized liposomes do 

afford any therapeutic benefit. 

Figure 4-17. HIV iabibition assay graph for liposomes mixed with GalCer. 
(Data provided by Rajesh Ramaicrishnan) 

GalCer 
•5 _ 
•7 

•9 

• 11 

9000 

8000 

6000 

E a u 
5000 

4000 

2000 •— 

1000 -— 

•p ,o .O ^ J" J' J" •P P 

GalCer Liposomes 



119 

Figure 4-18. HIV inhibition assay graph for liposomes mixed with Gal-4-Sat 
(Data provided by Rajesh Ramakrishnan) 
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Figure 4-19. HIV inhibition assay graph for stabilized liposomes mixed with 
Gal-4-Sat. (Data provided by Rajesh Ramakrishnan) 
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Figure 4-20. HIV inhibition assay graph for liposomes mixed with GalCer. 
(Data provided by Rajesh Ramakrishnan) 
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Figure 4-21. HIV inhibition assay graph for liposomes mixed with Gal-4-Sat 
(Data provided by Rajesh Ramakrishnan) 
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Figure 4-22. HIV inhibition assay graph for stabilized liposomes mixed with 
Gal-4-Sat. (Data provided by Rajesh Ramakiishnan) 
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4.7 Cytotoxicity of Liposomes 

In addition to the HIV-1 inhibition assay the liposomes were tested for cytotoxicity to 

determine the safety of the liposomes. Rajesh Ramakrishnan performed the assays. The 

liposome solution was mixed with t-cells for 90 minutes, followed by a wash to remove 

all the liposomes. The remaining t-cells were treated with MTT and allowed to grow for 

4 hours at 37 °C. Live cells produce a mitochondrial enzyme that reacts with MTT to 

form a purple formazon precipitate that was quantitated by addition of isopropanol to 

give a purple solution. The intensity of the color was determined by absorption 

spectroscopy. The most intense color indicated the healthiest cells. Dead cells do not 

produce the enzyme that reacts with MTT. The volume of liposome solution was 

graphed against the % cell viability compared to cells that were not exposed to 
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liposomes. All of the liposomes used in the inhibition assay were non-toxic, because the 

cell viability was about 100% (Figures 4-23 and 4-24). 

Figure 4-23. Cytotoxicity assay results 
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Figure 4-24. Cytotoxicity assay results 
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4.8 Experimental 

Preparation of unstabilized liposomes with or without glycolipids 

All liposomes described in this chapter were made by this general procedure. The 

EXDPC was dispensed with a syringe from a stock solution in chloroform (20 mg/ml) and 

dried under a stream of argon followed by further drying under high vacuum for at least 4 

hours. The GalCer or analog (I mg/ml) was also dispensed and dried in the same 

maimer. After drying the flasks were weighed to determine the actual amount of lipid in 

each flask. Chloroform was added to the flasks and the two lipids were combined, then 

dried to a lipid film under vacuum overnight. Cell culture media (RPMl, 3 ml) with low 

glucose was added to the lipid film and the flask was sealed. The lipid mixture was 

subjected to 10 fireeze-thaw cycles when the liquid was frozen in an acetone-dry ice bath 
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followed by thawing in a warm water bath. After the freeze-thaw cycles the lipid 

suspension was opaque. Multilamellar liposomes were now abundant in the suspension. 

The liposomes are made unilamellar and monodisperse by extrusion. Extrusion involved 

forcing the multilamellar liposomes through a series of polycarbonate filters at high 

pressure starting with 600 nm followed by 200 nm and finally 100 nm filters {61). The 

extrusion chamber was heated to 60 °C by a bath circulator. After extrusion the 

liposomes were sized with a Brookhaven Quasi-Elastic Light Scattering (QELS). All 

liposome samples were transported to Dr. Nafees Ahmad's lab for biological testing with 

an HIV-1 inhibition assay. 
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Table 4-7. Liposomes with varying negative or positive surface charge 

Sample # DOPC DOPC 
(tnM) 

DOPC 
(mg) 

Charged 
Lipid 

Ch. Lipid 
(mM) 

Ch. Lipid 
(mg) 

RYL21A 100% 0.0282 22.2 mg 0% NA 

RYL21B i 
1 
98% 0.0271 21.3 mg 2% DOPA 0.000706 0.51 mg 

RYL21C j 96% 0.0266 20.9 mg 4% DOPA 0.00H4 0.82 mg 

RYL21D 94% 0.0257 20.7 mg 6% DOPA 0.00169 1.22 mg 

RYL33A 98% 0.0270 21.2 mg 2% 
DODAP 

0.000584 0.40 mg 

RYL33B 1 1 
95% 0.0249 19.6 mg 5% 

DODAP 
0.00145 0.99 mg 

1 RYL33C 
I 

90% 0.0207 16.3 mg 10% 
DODAP 

0.00234 1.60 mg 

Table 4-8. Lipid compositions with varying GaK Her 

Sample# ! DOPC 
1 

DOPC 
(mM) 

DOPC 
(mg) 

GalCer GalCer ] GalCer 
(mM) 1 (mg) 

RYL57A 100% 0.0109 8.60 mg 0% NA NA 

RYL57B 1 95% 0.0243 19.1 mg 5% 0.00128 1.00 mg 

RYL57C 75% 
1 

0.00960 7.50 mg 25% 0.00320 2.50 mg 

RYL57D 

1 

50% 0.00636 5.00 mg 50% 0.00638 5.00 mg 

RYL69A 95% 0.0243 19.1 mg 5% 0.00128 1.00 mg 

RYL69B 80% 
1 

0.0205 16.1 mg 20% 0.00512 4.00 mg 

RYL69C 60% 0.0154 12.1 mg 40% 0.0102 8.00 mg 

RYL79A 95% 0.0316 24.9 mg 5% 0.00167 1.30 mg 

RYL79B 80% 0.0266 20.9 mg 20% 0.00666 5.20 mg 

RYL79C 60% 0.0199 15.7 mg 40% 0.0133 10.4 mg 
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Table 4-9. Liposome compositions of varying Gal-3-Sat 

Sample # ! DOPC 
1 1 

DOPC 
(mM) 

DOPC 
(mg) 

Gal-3-Sat Gal-3-Sat 
(mM) 

Gal-3-Sat 
(mg) 

RYL57A 100% 0.0109 
1 

8.60 mg 0% NA NA 

RYL57E 95% 0.0195 15.3 mg 5% 0.00102 1.00 mg 

RYL57F 75% 0.00960 7.50 mg 25% 0.00320 3.10 mg 

RYL57G 50% 0.00636 5.00 mg 50% 0.00640 6.25 mg 

i RYL69D 1 95% 1 
1 

0.0243 19.1 mg 5% 0.00128 1.20 mg 

RYL69E i 80% 
1 1 

0.0205 16.1 mg 20% 0.00512 5.00 mg 

1 RYL69F i 60% 
! 

i 
0.0154 12.1 mg 40% 0.0102 lO.O mg 

RYL79D i 95% j 0.0316 
t 
1 

24.9 mg 5% 0.00167 1.60 mg 

RYL79E 80% 0.0266 20.9 mg 20% 0.00666 6.50 mg 

RYL79F 60% 0.0199 15.7 mg 40% 0.0133 13.0 mg 

RYL86A j 95% 
1 

0.00484 3.80 mg 5% 0.000256 0.25 mg 

RYL86B 1 80% 
i 1 
j 1 

0.00410 3.22 mg 20% 0.00102 0.99 mg 

RYL86C i 60% 0.00307 2.40 mg 40% 0.00205 1.99 mg 

Table 4-10. Liposome compositions of varying Gal-4-Sat lipid 

1 Sample# 1 CXDPC 
! 

IX)PC 
(mM) 

DOPC 
(mg) 

Gal-4-Sat Gal-4-Sat 
(mM) 

Gal-4-Sat 
(mg) 

RYL86D ! 100% 
i 

0.00512 4.00 mg 0% NA NA 

RYL86E 95% 0.00484 3.80 mg 5% 0.000256 0.26 mg 

RYL86F 80% 0.00410 3.22 mg 20% 0.00102 1.04 mg 

RYL86G 60% 0.00307 2.40 mg 40% 0.00205 2.10 mg 
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Preparation of stabilized liposomes with bis-Sorbi7,i7 PC 

The bis-Sorbi7.i7 PC and Gal-4-Sat were used as stock solutions and dried in 

separate round bottom flasks. After the individual weights were determined, the lipids 

were dissolved with chloroform and combined in a single flask followed by vacuum 

drying overnight. The lipids were hydrated in a degassed 249 mOs saline solution. The 

stabilized liposomes were diatyzed after polymerization for the 250 mOs cell culture 

media RPMI. The redox polymerization could not be done in the cell culture media 

because the components interfere with the polymerization. After hydration, the 

liposomes were subjected to 10 freeze-thaw cycles. Each solution was extruded at 40 °C 

through 600, 200, and 100 nm polycarbonate filters. The baseline UV absorbance was 

measured followed by light scattering to determine the size of the liposomes. 

The redox polymerization method used with potassium bromate as the oxidant 

and L-cysteine and the reductant. The monomer to initiator ration was 5:1 and the 

oxidant to reductant ration was 5:2. Stock solutions of potassium bromate (SO mM) and 

L-cysteine (50 mM) were prepared with degassed saline. The liposomes were transferred 

to a polymerization tube and sealed with a septum. Argon was bubbled through the 

liposome solution for IS minutes. The calculated amount of oxidant and reductant stock 

solutions were added to the polymerization tube via syringe and the polymerization was 

allowed to proceed for 12 hours at 40 °C. After 12 hours, the UV absorbance was 

measured and showed complete loss of the sorbyl monomer peak (Figures 4-2S - 4-27). 

The liposomes were sized and showed no change compared to the size before 

polymerization. 
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The stabilized liposomes were dialyzed with cell culture media before transferring 

them to Dr. Ahmad's lab. The cellulose dialysis tubing used had a molecular weight 

cutoff of 500 AMU. The membrane was rinsed with deionized water and clamped at one 

end. The liposome solution was added to the dialysis bag and the top was clamped. The 

dialysis membrane was placed into a beaker with 500 ml cell culture media and stirred 

for 24 hours. The stabilized liposomes were then removed from the dialysis tubing and 

placed in sterile tubes for use in the HIV-1 inhibition assay in Dr. Ahmad's lab. 
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Figure 4-25. Absorbance spectra of sorbyl group for RYLIOOA 
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Figure 4-27. Absorbance of sorbyi group for RYLIOOC 
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Table 4-11. Liposome composition of Gal-4-Sat with bis-Sorbr.i? PC 

Sample # bis-Sorbi71? 
PC 

Sorbi7, i 7  

(mM) 
Sorbi7. i 7  

(mg) 
Gal-4-Sat Gal-4-Sat 

(mM) 
Gal-4-Sat 
(mg) 

RYLIOOA 100% 0.0102 8.05 mg 0% NA NA 

RYLIOOB 95% 0.00973 7.65 mg 5% 0.000512 0.52 mg 

RYLIOOC 80% 0.00819 6.44 mg 20% 0.00205 2.10 mg 

4.9 Summary of Biological Assays 

The goal of the biological assays was to determine if the results from the model 

studies translated into biological activity. Dr. Nafees Ahmad's research group works 

directly with the HIV-1 virus and gave us an opportunity to test our analogs in an in vitro 

experiment. The conventional liposomes were prepared by extrusion and were hydrated 

in the cell media buffer to ensure the same osmolarity for liposomes and cells. After 

preparation the liposomes were given to Rajesh Ramakrishnan to perform the HIV-1 

inhibition assay. These experiments were extremely time intensive and for a long time 

did not show any promising results. Finally, the proper amount of virons and liposomes 

resulted in good inhibition. A few experiments demonstrated that inhibition of about 

80% was attainable. However, the variability was great fi'om experiment to experiment 

and it was very difficult to determine any significant trends based on the limited number 

of experiments that were done. Therefore through analysis of the present data it is 

apparent that it is possible to demonstrate some inhibition with GalCer and synthetic 

analogs, but there are many variables that are difficult to control. 
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5. Chapters: Conclusions 

The goals of this research project were to design, synthesize, and characterize novel 

GalCer analogs that bind HIV-1 gpl20. The synthetic design of the analogs permitted 

the independent variation of three regions of the compounds; carbohydrate head group, 

spacer group, and hydrophobic lipid chains. The synthesis of these analogs was 

developed to maximize versatility and minimize the number of synthetic steps. Although 

the yields for the synthesis were not fully optimized, five different GalCer analogs were 

successfully synthesized. These analogs were characterized using model studies and 

biological evaluation. The model studies, performed by Yingmei Gu (Saavedra lab), 

included Langmuir monolayers, total internal reflection fluorescence microscopy (TIRP), 

and epifluorescence. Rajesh Ramakrishnan (Ahmad lab) performed the biological 

evaluations utilizing an HTV-l inhibition assay. The information was valuable. The 

initial goals for the project were met with many areas to explore in the future. The 

variation of carbohydrate headgroup including non-natural galactosyl analogs is one area 

that should be investigated. 

5.1 Synthesis of Analogs 

The syntheses were approached in a straightforward manner using literature 

preparations to begin each analog synthesis. The monochloro-triethylene glycol was 

commercially available and therefore was differentiated at the start Jones oxidation of 

the alcohol to the carboxylic acid followed by conversion of the chloride to a thiol was 

performed according to Frisch and coworkers (84). The thiol reaction was modified to 

include one equivalent of sodium iodide to promote the formation in-situ of the allcyl 
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iodide, which is more reactive to the sulfur substitution. The yield of this reaction 

increased from the low thirties to the fifties. The reaction time was also increased from 8 

to 12 hours with a corresponding increase in yield to 94%. 

The synthesis of the lipid portion of the analog was very successful. The initial 

reactions were performed with distilled chloroform with a moderate yield of 54%. It was 

discovered that the small amount of ethanol used to stabilize the chloroform was causing 

side products in coupling reactions. Chloroform stabilized with amylene was substituted 

in the still and gave remarkable increased yields in the mid nineties. The incorporation of 

dry 4 A molecular sieves in the reaction was also critical to achieving a high yield. 

The synthesis of the galactosyl amine was quite a challenge. The initial reaction 

of peracetylated galactose with trimethylsilyl cyanide and boron trifluoride etherate 

worked very well to yield a crystalline product that did not need further purification. 

However, the removal of the acetate protecting groups and reduction of the cyano group 

to the primary amine was complicated. The literature precedent used lithium aluminum 

hydride reduction in diethyl ether, however, the peracetylated galactose cyanide was not 

soluble in ether. The protected galactosyl cyanide was found to be substantially more 

soluble in tetrahydrofuran (THF)- The work-up procedure to remove any excess 

reductant resulted in a great loss of product. The final purification using an ion-exchange 

column also resulted in a decrease in yield. The reaction was scaled up enough to obtain 

the small quantity of galactose amine needed. 

The Michael addition of the terminal thiol of the spacer group to the electrophilic 

double bond of the maleic ester was successful with an unexpected side product due to 
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the addition of a second spacer to the isolated double bond of the lipid tail. Mass 

spectrometry provided clear evidence of the side product. In order to minimize this side 

product, the ratio of spacer to lipid was reduced from 4:1 to 1:1. This modification was 

successful and only the single substituted product was obtained. 

The final coupling step took advantage of a reactive intermediate: the 

pentafluorophenyl ester of the carboxylic acid of the spacer. After the formation of the 

intermediate ester, the primary amine was added to yield the glycolipid product The low 

solubility of the reactants in dimethylformamide was a problem that required heating to 

40-50 °C. The purification of the product was slow because there was only a small 

separation on thin layer chromatography between the product and side products. The 

yields for the final coupling steps varied widely from 2 to 47%. The best yield was 

obtained for the synthesis of Gal-3-Sat. There was no discemable trend in yield with the 

length of the spacer or the nature of the lipid tails. 

Overall the development of the synthesis was quite long. However, when a final 

method was established, five analogs were successfully synthesized utilizing this 

approach. Improvements are still needed in the coupling step and could include the use 

of a solid phase reaction. 

5.2 Model Studies of Galactosyl Analogs 

The characterization of the GalCer analogs was a crucial step in the progress of the 

project The incorporation of the analogs into model membranes allowed the comparison 

to natural GalCer in many ways. The Langmuir monolayer behavior of the saturated 

analogs was very similar to GalCer while the unsaturated analogs mixed well with DOPC 
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and behaved slightly differently. The TIRF studies showed similar binding constants for 

GalCer and both saturated and unsaturated GalCer analogs. In an effort to further 

differentiate the analogs, protein coverage calculations were done. Small differences in 

spacer group did not result in large differences in binding characteristics. Consideration 

of both measurements led to the conclusion that Gal-4-Sat has the best overall binding to 

gpl20. 

The carbohydrate orientation of the GalCer analogs might be different from natural 

GalCer. The addition of several structural changes could drastically change the 

conformation of the galactose at the membrane surface. The substitution of the C-

glycoside for the 0-glycoside might alter the parallel orientation of the galactose given 

the difference in orbital hybridization. However, the addition of the spacer group might 

afford the needed flexibility to correct the desired conformation. Investigation into the 

surface orientation of GalCer monolayers and GalCer analog monolayers would be 

invaluable in order to delve into this question. 

The epifluorescence experiments investigated the ability of the analogs to phase 

separate in the membrane and form domains. As expected, the unsaturated analogs did 

not show any evidence of domain formation, even at 50 mol %, while the saturated Gal-

3-Sat and GaI-4-Sat did show evidence of domains as low as 10 mol %. The size and 

shape of the Gal-4-Sat domains were consistent with those formed by GalCer. Both 

glycolipids formed globular domains that increased in size as the amount of glycolipid 

was increased. However, the domains of Gal-3-Sat were remarkably regular and fractal 

in nature. Some of the images have a very regular pattern. Once again the size of the 
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domains increased as the mole fraction of Gal-3-Sat was increased. The driving force for 

the formation of such fractal domains is multi-faceted. The organization of the lipid tails 

is most likely the strongest force involved while the interaction of the galactosyl 

headgroups into a network of hydrogen bonds may contribute to the shape. The 

regularity of the structures leads to the belief that the domain appears to look like a two-

dimensional crystal. McConnell {96, 97) has seen these fractal type pattern domains in 

mixtures of phospholipids. The requirements for fractal domains of phospholipids are 

minimal electrostatic repulsion and a sufficiently large line tension. The headgroup 

interactions have a large role in the shape and structure of domains formed (9S). The 

culmination of these forces allows the formation of regularly patterned domains. 

However, we were unable to find published examples of fi^ctal domains of glycolipids. 

Yingmei Gu's characterization of these GalCer analogs was complete and the 

information was used to help determine an analog to use in biological evaluation. The 

truly remarkable images obtained with epifluorescence are a tribute to the complexity of 

nature. A more in-depth investigation of the domains of Gal-3-Sat would be extremely 

interesting. 

5 J Biological Evaluation of Galactosyl Analogs 

The incorporation of the GalCer analogs into liposomes allowed for the comparison 

with GalCer liposomes in the ability to inhibit HIV-1 production in vitro. Extrusion was 

used to prepare the liposomes. The size of the liposome populations was relatively 

consistent and around 100 imi in diameter. The incorporation of glycolipids only 

required slight modifications in the liposome preparation. The extrusion temperature was 
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increased to 60 °C for liposomes that contained saturated glycolipids. The increase in 

temperature reduced the extrusion time significantly. The substitution of cell media for 

standard buffer did not create a problem during liposome preparation. 

The preparation and polymerization of bis-SorbPC liposomes was more complicated. 

The extrusion temperature was lowered to 40 °C to prevent thermal initiation of the 

polymerization. The liposomes were prepared with saline because the cell media would 

have interfered with the redox polymerization. Therefore, after polymerization, the saline 

had to be exchanged for cell media by dialysis. The appearance and size distribution of 

the polymerized liposomes were similar to the unstabilized liposomes. 

The initial HTV-l inhibition experiments were used as the assay development. 

Therefore, the results from the variation in surface charged liposomes did not yield useful 

conclusions. Once the assay was in its final form, the results were variable. Many 

experiments varied drastically from day to day. The peak of virus concentration was 

usually around day 9 or 11. Many experiments showed good inhibition on day 7 with no 

inhibition on day 9. Several times the control experiments of DOPC liposomes showed 

as much inhibition as glycolipid liposomes. Possibly the large concentration of 

liposomes with respect to virus causes a steric effect that prevents the virus from binding 

to the t-cell surface. The last set of experiments that included Gal-4-Sat liposomes, 

GalCer liposomes, and polymerized Gal-4-Sat liposomes did not show any inhibition for 

any of the liposomes. It is possible that the virus was not as viable as in previous 

experiments because the overall levels of virons was much lower than in previous 

experiments. The health of the t-cell is a variable that can be difficult to control. 
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Most of the data showed that glycolipid liposomes did inhibit HTV-I production 

to some extent. GalCer showed the highest inhibition in the first few experiments 

compared to Gal-3-Sat. In a comparison of GalCer, Gal-3-Sat, and Gal-4-Sat, Gal-4-Sat 

showed a substantial inhibition that exceeded GalCer. However, these data were not 

reproduced in a later experiment. 

The cytotoxicity assay showed that all the liposomes used in the HIV-1 inhibition 

assay were not toxic to the t-cells. All of the cells exposed to the variable liposomes 

showed an increase in overall growth that is difficult to explain. 

In conclusion, the biological evaluation of GalCer analogs' ability to prevent HIV-1 

production was started and early indications suggest that these novel glycolipids can bind 

to HTV-l in a manner similar to GalCer. However, the inherent variability of biological 

assays make it difficult to discern any trends. The biological assay still needs some 

modification to improve its reproducibility in order to more clearly compare the 

effectiveness of Gal-4-Sat, Gal-3-Sat, and GalCer. 
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Figure C.3 2^,4,6-Te(ra-0-acetyl-0-D-galactosyl cyanide (4) 
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Figure C.4 B-D-Gaiactosyl-methylamine (5) 
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^ Fii^n; C.S Bul-2-ciicdioic acid diucUdcc-9-«nyl culcr (6) 
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Figure C.IO (2-(2-|2-IV1crcaplo-clhoiy|-clhosy)-elho»y) Mcelic acid (3b) 
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m.8 

S2I3 

MO 

1IU7 3 

1044 3 

10*66 

IQWS 

1007 • 

<00 700 600 000 
m/t 

tooo 1100 

1161J 

12063 
[tw 
L«'" 12a66 1»tT 

, I 
1200 1300 1400 

14673 

1600 



196 



HO' 

Figure C.I3 (2-|2-|2-(2-Ciiloro^lhoxy)-cliiosy|-elliosy}-cllio>y) acetic acid (2c) 
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Figure C.IS 2-(2-|2-|2-(2-CarboiymelhoKy-ellioiy)-elhoxy|-elho>y)-elhylsuiranylMuccinic acid diocladec-9-enyl ester 
(Acid-5-Llnsat) (7c) 
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Figure C.I6 Gai-S-llnsat (8c) 
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Figure C.17 But-2-enedioic acid dioctadecyl ester (9) 

«T i 3.U m.r 

"IK 

,  i n .  
IM i 4.i) 

bit »* 
ils d< 

619 

•T 1 3.6) •.« le^ ; r<i»* 
"!UP, 

f i c v *  .  M l .  1 ? )  

^91 36 

5«i 

bW.M 

991 •« 
,1 .1 .1 .1 

6it 

6.9 M 

6ee 
ji ,i .1 

W9 31 

63e C7^ 



o 

HO 

O 
Figure C.I8 2-|2-(2-CarlMiymelhosy-elhosy)-ethylsuiriinyl|-succinic acid diocladecyl ester (Acid-3-Sat) (lOa) 
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Fij^urcC.ZO 2-|2-|2-<2-Ciirboxyiiirthoxy-ctfioxy>-ettioxy|-cthylsulfanyl|-8uccinic acid diocladecyi esler 
(Acid-4-Sal) (10b) 
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