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ABSTRACT

AIDS, or acquired immunodeficiency syndrome, is caused by the human
immunodeficiency virus (HIV). HIV is a retrovirus that is capable of rapid genetic
mutation, which makes the virus and the disease difficult to treat. Several drug therapies
are currently available, in the form of viral enzyme inhibitors. Other inhibitors of the
viral entry and replication process are being investigated to enhance the drug therapy
arsenal.
Our research has focused of the development of HIV entry inhibitors. We are
working towards the development of novel carbohydrate-based agents that are capable of
binding the gpl20 protein on the viral surface, such that viral entry into an uninfected
host cell is prevented. In order for our research to progress, a qualitative method by
which our synthetic compounds could be evaluated for gpl20 binding was sought. We
have developed a unique ELISA (enzyme-linked immunosorbent assay) that indicates
whether or not a compound has binding affinity for the viral protein. A TIRF (total
internal reflection fluorescence) microscopy method, has been developed as part of a
collaborative effort with the laboratories of Professors Saavedra and O'Brien, to assess
active compounds for quantitative equilibrium binding constants to gpl20.
We have synthesized several carbohydrate-based molecules targeted to one or
more of the binding sites on the surface of gpl20; the galactosylceramide site, the V3
loop, and the CD4 binding site. Utilizing both the ELISA and TIRF methods, we have
succeeded in probing the binding profile of gpl20.

22
Circular dichroism studies have also been employed to evaluate the secondary
structural characteristics of oligomeric carbohydrate materials. Molecules with helical
properties have potential as CD4 binding site inhibitors.
The long term goals of this project involve the synthesis and gpl20 binding
evaluation of novel carbohydrate-based materials to serve as entry inhibitors of the HIV
replication process. A possible application of this project lies in the development of
compounds capable of binding to more than one site on the protein. A variation of this
goal involves the tethering of various compounds with specificities to different sites on
gpl20, for the purpose of inhibiting multiple binding sites on the protein.
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CHAPTER 1
THE HIV INFECTION PROCESS: METHODS OF VIRAL ENTRY AND THE
INHIBITION OF VIRAL ENTRY
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Introduction

It has been over twenty years since the first cases of AIDS, or the acquired
immunodeficiency syndrome, began to appear all around the world. In that time, over 40
million people have become infected with the virus that causes AIDS, or the human
immunodeficiency virus (HIV). The Joint United Nations Programme on HIV/AIDS, or
UNAIDS, estimates that nearly 16,000 people become infected with the virus each day.
A vast majority of the new cases, 90%, emerge in developing countries, where the
medical resources to effectively treat infected individuals simply do not exist.' These
staggering statistics are a reminder that the scientific advances in the area, while
significant, are simply not enough to prevent new cases from occurring, or to keep
infected individuals alive for a normal lifespan. More research needs to be done to
develop new drug therapies, and to move towards a vaccine to prevent the disease
altogether.

HIV Life Cycle

When any effort towards the development of new drug treatments is undertaken, a
high level of understanding of the disease and its manifestations is critical for success.
Such is the case with the development of new anti-HIV drugs. A comprehensive
knowledge of the HIV viral life cycle is necessitated. HIY-1 (hereafter referred to as
both HIV and HIV-1) is a retrovirus belonging to the human lentivirus class.2 The viral

25
particle consists of a lipid envelope studded with proteins, namely gpl20 and gp41. The
interior of the virus contains a layer of protein called pi7, which surrounds the viral core,
or p25 capsid. This viral core contains the information necessary for the virus to
replicate, namely, the viral RNA, and the reverse transcriptase, integrase, and protease
enzymes. Figure 1.1 illustrates the physical properties of the virus. When the virus
infects human cells, there are many steps involved (Figure 1.2). First, contact occurs
between the virus and the cell, followed by viral fusion. Once the virus has fused with
complementary structures on the cell surface, it may gain access to the interior of the cell.
Next, the p25 capsid is uncoated to reveal the viral enzymes. The first enzyme to act is
reverse transcriptase. This enzyme transforms viral RNA to viral DNA, the opposite of
most replication processes. The viral DNA is transferred into the nucleus of the cell,
where the integrase enzyme incorporates the viral DNA into the host's. The host's
replication machinery then makes viral RNA materials, which function to translate the
viral code into new viral precursor proteins. The viral core and enzyme pre-proteins are
then cleaved into the proper lengths by the viral protease enzyme. These viral proteins
can then assemble and bud out of the infected cell in many copies, and further the viral
infection process.
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Figure 1.1. HIV virion.

• t •

Figure 1.2. HIV replication life cycle.
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Drug Treatments and Drug Development

All of the available drug treatments for HIV/AIDS require cellular uptake in order
to exert the drug's desired pharmacological action within the infected cell. There are two
classes of drugs currently on the market, reverse transcriptase (RT) inhibitors, and
protease inhibitors.

Drugs such as AZT (zidovudine), 3TC (3-thiocytidine), ddl

(dideoxyinosine), ddC (dideoxycytidine), etc., are all dideoxynucleosides that act to
inhibit the viral DNA synthesis by termination of the growing DNA chain.^ The RT
inhibitors have multiple toxicity issues associated with them, which limit their use in
HIV/AIDS therapyThe protease inhibitors represent a second class of compounds
used to treat HIV/AIDS. Protease inhibitors function to prevent the viral protease
enzyme from being capable of cutting the precursor viral core and enzyme proteins into
the active protein sequences. FDA-approved viral protease inhibitors include indinavir,
ritonavir, saquinavir nelfinavir.^ Another protease inhibitor, amprenavir, is currently
awaiting FDA-approval.^ The most effective treatment available to date for HIV/AIDS
consists of three of the drugs mentioned above, AZT, 3TC, and a protease inhibitor.^
This has become known as the "triple drug cocktail" and is a potent therapy, first of all
because there are two facets of the viral replication process that are being inhibited,
reverse transcription, and protease activity.

Secondly, the two RT inhibitors are

synergistic in their activities.^ The virus is able to become resistant to 3TC through viral
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mutations, however, by these mutations, the virus cannot become resistant to the more
potent drug, AZT

Currently, there is a significant move in the research community towards the
development of drug candidates active against other targets in or on the HIV virus. One
such target is the viral integrase, responsible for integration of the viral DNA into the host
cell's chromosomes. This process occurs in the nucleus of the cell. Another target is the
entry process itself. The advantage of designing entry mechanism inhibitors against HIV
is that the drugs are not required to actually enter the infected cell. Drugs of this type
would be capable of exerting their activities completely external to the cell. There are at
least two mechanisms by which the virus is able to enter an uninfected host cell. These
will be discussed at length.

HIV Entry into Host Cells

The entry event in the HIV infection process is very complex. The surface
proteins of the virus, gp41 and gpl20 are the primary agents responsible for fusing the
virus to the host cell, and allowing access to the interior of the cell. These proteins are
called the envelope glycoproteins, and are heavily glycosylated. Gpl20, for example, has
a molecular mass of 120 kilodaltons, half of which is comprised of carbohydrates.
GpI20 and gp41 are derived firom a precursor protein called gpl60. This precursor
protein dimerizes in the endoplasmic reticulum of the infected host cell. The gpl60 dimer
is then cleaved by a cellular protease in the host Golgi apparatus into the active proteins.
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gp41 and gpI20, in the form of non-covalently-associated heterodimers (Figure 1.3).10
The formed heterodimers are then transported and inserted into the viral membrane where
oligomerization occurs. The oligomeric gpl20/gp41 forms on the viral surface have been
described as trimeric in

structureJ

^^ it is the presence of these structures on the

surface that gives rise to the lumpy surface of the HIV virus (Figure 1.4).
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Figure 1.3. Formation and delivery of functional HIV-1 surface glycoproteins to the viral
surface. Dimerization of gpl60 takes place in the host endoplasmic reticulum, with the
cleavage of the gpl60 dimer into the gpl20/gp41 heterodimer occurring in the Golgi
apparatus by a cellular protease. The heterodimer is then transported to the plasma
membrane surface of the infected cell, and incorporated into the surface of new budding
viral particles.
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Figure 1.4. HIV-1 surface appearance.

CD4-Mediated Entry

The first mode of viral entry mediated by gpl20/gp41 involves the CD4 receptor
on the surface of helper T cells (T^), as well as macrophages. CD4 is a 55 kDa
glycoprotein. The helper T cells are critical for normal immune system functioning. T^
cells are responsible for activativing both B cells and cytotoxic T cells (T^) by secreting
cytokines. B cells function to produce antibodies, and cytotoxic T cells kill self cells that
have been altered. Neither of these cell classes can be adequately activated to perform
their duties without the secretion of cytokines fi-om the Tpj cell population. Macrophages
act to engulf bacteria and other foreign particles, and activate helper T cells through
presentation of the digested foreign peptides to the MHC class II receptor, as well as
secretion of factors such as interleukin I (IL-1) that activate the helper T cell. The
macrophages and the Tjj cells are interdependent, so when either of die cell lines are
attacked by the HIV virus, the cell numbers drop drastically, and the remaining cells are
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less capable of performing their duties. This leaves the immune system impaired, and
unable to handle an opportunistic infection. When the helper T cells drop below a
threshold level of 200 cells/^iL, opportunistic infections become more frequent and more
severe, and the infected individual is classified as an AIDS patient instead of HIVinfected. ' 4
When the viral envelope gpl20/gp41 spike comes into contact with CD4 on the
surface of helper T cells, attachment occurs. This initiates exposure of new epitopes on
the surface of gpl20/gp41. The revealed epitope may then bind to a second component
on the cell surface (Figure 1.5). This secondary interaction occurs between the V3 loop
on the surface of gpl20, and a-coreceptor on the cell surface, either through the achemokine receptor, CXCR4, or the p-chemokine receptors, CCR2b, CCR3, or
CCR5.^^"19 CD26, a protein on helper T cells, has also been implicated as a coreceptor
for entry into CD4-positive cells.^® The V3 loop in gpl20 is comprised of a variable
region sequence capable of multiple mutations among isolates. Next the fusogenic
domain of the gp41 is exposed (Figure 1.6) and inserted into the T-cell membrane (Figure
1.7). Finally, the nucleocapsid of the virus is released into the cytoplasm of the

cell.21

The viral infection process is dependent on conformational changes of gpl20, possibly
gp41, and in CD4 as well. These processes must occur prior to fusion of the viral and
cellular

membranes .22

Electron micrograph studies of the viral entry process illustrate

that the viral entry process is rapid, with viral particles adsorbed to the cell surface within

33
two minutes when T-celis were incubated with virus at 4 °C. It was further found that
entry could be observed within 1-3 minutes when the temperature was raised to 37 'C.23

RMtplor Rtcepior
HotfCcR

Figure 1.5. Binding event between HIV virus and a host

cell.
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I

i

Fusion
CD4

Figure 1.7. Viral fusion and entry to host 004+ cells. Gpl20 is shown in red, the V1/V2
loops in salmon, and the chemokine receptor in green. The formation of a CD4 binding
pocket in gpl20 is indicated in blue. Initially the VI/V2 loops block the CD4-binding
sites. Following CD4 binding, gpI20 undergoes a conformational change that opens up
the binding pocket. The final step involves the binding of the CCR5 chemokine receptor,
with viral fusion the ultimate

result.24

Much has been learned recently about the nature of the gpl20/CD4 interaction. In
1998, Kwong and associates published a partial crystal structure of gpl20 complexed
with CD4 and an

antibody.^^

This was a true advance in the science of HIV, as no one

had been successful prior to this, in forming a crystal of gpl20. One disadvantage to
their studies, however, was that crystallization required the removal of most of the
glycosylated sequences of the protein, as well as a majority of the variable region
sequence. In terms of the nature of interactions formed between gpl20, and CD4, these
researchers determined several direct interatomic contacts between 22 CD4 residues, and
26 gpl20 amino-acid residues. These include 219 van der Waals contacts and 12
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hydrogen bonding interactions. In CD4, the 22 CD4 residues all reside with amino acids
25 to 64, while in gpl20, they are dispersed over six distinct segments of the protein. Of
particular interest, is the direct contact from CD4 to the a-3 helix in gpl20, and the close
proximity of CD4 to the a-5 helix, evidenced by the loss of solvent accessibility, even
though there is no direct contact. These helices line the binding pocket of gpl20 for
CD4, and therefore play an important role in the virus to CD4 binding event. Figure 1.8
illustrates the CD4 binding site on gpl20. Figure 1.9 shows the co-crystallized structure
ofgpl20/CD4.

INNER

OUTER

VIA'2

BRIDGING
SHEET

Figure 1.8. CD4 binding region of gpl20. Note the a-3 and a-5 helices shown in red in
the center of the diagram. These come in direct/close contact with CD4.
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Figure 1.9. Two diagrams of the co-crystallized gpl20/CD4. The picture on the left
shows the gpl20 sequence in thin line and the CD4 sequence in thick line. Note the
proximity of the a-3 helix to CD4. The diagram on the right is a ribbon structure of the
same region as the figure on the left. Gpl20 is shown in red, and CD4 in yellow.

Galactosylceramide-Mediated Entry

Harouse, Bhat, and coworkers elucidated a second mode of viral entry in 1991.25
The investigators determined that there was an alternate mode of viral entry, based upon
the susceptibility of CD4" cell lines to infectivity. Instead of using CD4 as a receptor,
gpl20 was able to recognize and bind to a glycolipid, galactosyl ceramide (GalCer), and
infect cells that do not bear CD4. CD4-negative, HIV-1 susceptible cell lines, are found

38
in the nervous system, liver, and intestinal epithelial regions. Infectivity by this route is
relatively ineffective, however, it represents a means by which the virus can access other
areas of the body, both within an individual already infected, as well as in the
transmission between an infected and uninfected person.26 Glycosphingolipids (GSLs)
comprise a large fraction of the total lipid component of the plasma membrane of many
cell types, in some cases reaching a concentration of up to 33% of the apical surface lipid.
Galactosylceramide packs in a bilayer arrangement with the polar galactose residues
aligned almost parallel to the surface of the membrane (Figure

1.10). 27

This is due to

extensive lateral hydrogen-bonding interactions that are possible between NH, OH, and
carbonyl hydrogen bond donor-acceptor pairs that reside in both the sugar residue and the
sphingosine, in the planes of the galactose and amide portions of the

molecule. 27

These

GSLs can aggregate into domains, which can further raise their local concentrations.
Crystallographic studies of GalCer illustrate that the galactose headgroup is constrained
by a series of hydrogen-bonding interactions with adjoining GalCer

molecules.28

GSLs

like GalCer have been found to act as receptors in other systems . These systems include
rotavirus, bacteria, bacterial toxins like cholera toxin, and in the causative agent of Lyme
disease.29
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Figure 1.10. Crystal structure of galactosylceramide.

GalCer and other analogs are present on many different cell types in varying
amounts. It is this presence that predisposes target cells to HIV infection even though
they do not possess the CD4 receptor. GalCer is the best-characterized non-CD4-based
HIV-1 receptor. It fulfills three important criteria. First, it is recognized by HIV-1
gpl20. Second, anti-GalCer antibodies block HIV-1 entry and infection in both neural
and intestinal epithelial cells. Third, there is a correlation between GalCer expression
and HIV-1 infectivity.^® Bhat and coworkers have mapped the GalCer binding site on
the surface of gpl20 to amino acids 206-275.They completed this work through
truncating the gpl20 protein and performing binding experiments between
GalCer/GalCer sulfatide (GalS) and the truncated gpl20. Only the gp 120 containing the
sequence from amino acids 206-275 bound to the glycolipids. The interaction between
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the gpl20 and the GalCer molecules does not involve the A^-linked carbohydrates of the
protein, as deglycosylated gpl20 does bind to GalCer.

GalCer and GalCer sulfatide are present on the surfaces of neuronal and glial cells
in the brain, in addition to some colorectal cell lines, vaginal epithelial cells, and primary
macrophages.22,30

GalCer is also found in tissues of organs such as the kidneys, and

adrenal medulla. For CD4' cell lines such as the colorectal and vaginal epithelium, as
well as spermatozoa, the ability of HIV to infect them represents what could be a mode of
infection through sexual transmission.Further, Fantini and coworkers have
investigated the actual location of GalCer in the intestinal epithelial cell line HT-29 to
both the apical and basolateral surfaces, which leads to HIV-1 infection of both surfaces
in vitro.Several abnormalities of the infected cells were noted, and could account for
the symptoms of chronic diarrhea, and malabsorption seen in HIV-infected individuals.
The method that Harouse et al. utilized to determine that GalCer was a receptor
for gp 120 was HPTLC, or high performance thin-layer chromatography.25 in this study,
glycolipids such as GalCer (many different A^-acyl chain lengths), GalCer sulfatide
(GalS), GluCer (glucosyl ceramide), GM], GDi^, and a mixture of neutral glycolipids
fi-om human erythrocytes including GluCer, LacCer (lactosyl ceramide), ceramide
trihexose, and globoside, were plated on an HPTLC plate and separated (Figure 1.11).
After separation and washing of the plate, the plate was incubated with l^S.j.jabeled
recombinant gpl20, then washed and counted with a gamma spectrometer.

Upon

development, it was found that gpl20 bound only to GalCer and GalCer sulfatide. Based
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upon this experiment, the maximum binding capacity (Bmax) fo'" gP'20 binding was 1.4
pM, and the dissociation constant

was 11.6 nM. The Kj for GalCer bound to gp 120

is 2.3-6-fold higher than the binding of gpl20 to CD4 (K(j=2-5 nM).

A second

experiment performed illustrated that both the infectivity of susceptible cell lines and
internalization of the virus was inhibited by antibodies against GalCer. This experiment
confirmed the HPTLC results, that it is GalCer that is being recognized by the gpl20
protein on the surface of the

virus .25

Table 1.1 summarizes the binding profiles of

several glycolipids compared to GalCer.^^
The summarization of the findings of the above studies lent some insight into the
nature of the interaction between gpl20 and CD4-negative cells. GalCer sulfatide bound
to gpl20, but GluCer did not. Therefore, the authors concluded that the 4-hydroxyl must
be in the axial conformation, as in galactose, and not in the equatorial position as in
glucose. In addition to this, GalCer sulfatide has a sulfate group at the C-3 position and
this does not significantly alter the binding between gpl20 and the glycolipid.
Consequently, it appears that gpl20 has more flexibility for C-3 substitutions than for C4. It was also determined that carbohydrates without a lipid component, in other words,
incubated as the methyl glycosides instead of the ceramides, did not bind to gpl20 at all.
Therefore, a lipid component of the molecule is necessary. Ceramide alone, however, did
not bind to gpl20. Molecules like psychosine, which lack the fatty acid chain, were
found to bind to gpl20. More complex glycosides, such as LacCer, which has an
intervening glucose residue between the galactose and the ceramide, were also ineffectual
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for gp120 binding. The authors concluded from this finding that the connection between
the galactose and the ceramide were essential for gpl20 recognition and

binding.

H
Ceramide

-03S1
GolCer Sulfallde

GluCar

Psychosine (Psy)

Lac Car

Figure 1.11. The structures of some representative glycolipids and ceramide.

43
Lioid

Bindina, %

GalCer
GalCer sulfatide
Psvchosine
N-Palmitovl GalCer
N-Sterovl GalCer
N-Nervonvl GalCer

100
109 +/- 11
95 +/- 14
115 +/- 6
99 +/- 6
ICQ +/- 25

LacCer
Ceramides

19 +/- 6
9 +/- 3

GluCer
GD1a
GM1

10 +/- 7
11 +/- 6

Table 1.1. HPTLC results of glycolipid binding to

5 +/- 2

120.

Interestingly, similar studies by Latov etal. utilizing both ELISA (enzyme-linked
immunosorbent assay), an immunospot assay on nitrocellulose and HPTLC contradict the
results by Harouse and

coworkers .25

Specifically, Latov determined that GalS bound to

gpI20, but GalCer did not, in both an immunospot assay or by ELISA, however, in
HPTLC GalCer was found to bind.^'^ They attributed this to a lower specificity of the
TLC assay

because the

binding on the

plates can

be altered

by

the

polyisobutylmethacrylate coating.

Other investigators of the GalCer binding event to gpl20 have expanded our
understanding of this interaction. Bertozzi and co-workers made several water-soluble Cglycosides of GalCer to test as soluble inhibitors.^^ They used an ELISA (enzymelinked immunosorbent assay) to determine the binding efficiency to HRP-labeled
(horseradish peroxidase) gpl20. In this assay, they directly adsorbed the lipophilic
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portion of GalCer and its carbon-linked analog, 1.1, to the polystyrene surface of a 96well microliter plate (Figure 1.12). When this plate was incubated with HRP-gpl20, it
was determined that compound 1.1 bound with the same efficiency as GalCer, even
though it lacked the fatty acid chain, and was a C-glycoside instead of a natural O-linked
glycoside. Another experiment, utilizing HPTLC, was performed to test the inhibitory
properties of compound 1.1, in addition to compounds 1.2-1.5.

Compound 1.5,

psychosine, was included because of its structural similarity to GalCer, minus the fatty
acyl chain. In this assay, a pre-incubation of each inhibitor with gp 120 was performed,
then this solution was incubated with an HPTLC plate with GalCer adsorbed. The %
binding was measured by first incubating with a rabbit anti-gpl20 antibody, followed by
a l25.j.goat anti-rabbit antibody, and the plate developed by autoradiography. The
decrease in binding of gpl20 to GalCer was a measure of the inhibitory potency of each
soluble inhibitor.

Psychosine (1.5) was the best at inhibiting the gpl20/GalCer

interaction with a percent inhibition of 96 and an IC50 of 160 |iM at 1 mg/mL. The
carbon-linked compound (1.1) inhibited 86% of the interaction and had an IC50 of 120
pM. The only other compound to have any inhibitory activity was compound 1.2, with a
34% inhibition of the gpl20/GalCer interaction. In summary, Bertozzi and associates
determined that replacing the natural 0-linkage with an inherently more biologically
stable C-linkage had a minor effect on the inhibitory activity, presumably due to the
increased hydrophobicity of the carbon-linkage.

Secondly, the fatty acid was

unnecessary for activity, as evidenced by the inhibitory capabilities of both compounds

1.1 and 1.5. However, a critical chain length of lipid is necessary for gpl20 binding.
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whereby molecules 1.2-1.4 had little to no detectable inhibitory activity, due to the lipid
chains being too short. Table 1.2 summarizes the binding requirements for the
gpl20/GalCer interaction.
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Figure 1.12. C-glycoside GalCer analogs.
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Structural Feature

Requirement

Suaar
Suaar

Galactose
Reauired

C-4 Galactose

Axial

C-3 Galactose

OH, SOa" are acceptable

Fattv Acvl Chain
Lioid
U'Did Chain Lenath

Not reauired
Reauired
At least 4 carbons

C-Glvcoside

Acceotable

Gal-to-Lioid Linkaae

Reauired

Table 1.2. Summary of GalCer/gpI20 binding requirements .25,35

Binding studies were also performed using liposomes doped with GalCer.29 The
liposomal model of assaying the gpl20/GalCer binding event represents a more natural
bilayer situation. GalCer is found as a component of a bilayer on the surface of cells.
1:1:1:2 and 1:1:1:6 molar ratios of mixtures of phosphatidyl ethanolamine (PE),
phosphatidyl choline (PC), cholesterol, and GalCer were used to make liposomes to
assess gpl20 binding. Liposomes comprised of the same components, with GalCer
substituted with GalS, GluCer, LacCer, psychosine, or sphingomyelin were also utilized
to determine gpl20 affinity.

The assay consisted of incubating gpl20 with the

liposomes, then allowing binding to occur, before a series of steps were performed to
isolate the bound gpl20-liposomal components. The isolated media was then subjected
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to SDS-PAGE electrophoresis and Western blotting to ascertain the presence of gpl20.
Using this methodology, the researchers made several important findings. First, that
gpl20 was only binding to GalCer, and not to the other components of the liposomes, PE,
PC, or cholesterol, as evidenced by a negative binding result with gpl20, when GalCer
was eliminated from the liposome makeup. Secondly, that antibodies against GalCer
prevented binding of gpl20 to GalCer-containing liposomes, when the anti-GalCer was
preincubated with the liposomes prior to gpl20 addition. Thirdly, the binding event
between gpl20 and GalCer was rapid, between 10 and 15 minutes, and was virtually
unaffected by the incubation temperature. pH-Dependence of the interaction was also
investigated, and it was determined that there was no difference in the binding profile of
gpl20 between the pHs of 5 and 8. Ionic strength and the presence of divalent cations for
binding were also found to be insignificant factors. Finally, it was determined that
GalCer was not the only GSL recognized by gpl20 in the liposomal assay. GluCer,
LacCer, and GalS, were determined to have significant activity, while mixed
gangliosides, psychosine, and sphingomyelin did not. Table 1.3 illustrates the percentage
of gpl20 binding to each of these GSLs. These results are significantly different from
those of Bhat and coworkers, as well as Harouse et ai, who found that psychosine did
bind to gpl20, while both GluCer and LacCer did not.25,33
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LiDOsomal ComDOSition

%aDl20 bound

PC. PE. Choi. GalCer
PC. PE. Choi. GluCer
PC. PE. Choi. GalS

95
25-55
30-60

PC, PE. Choi. LacCer
PC, PE, Choi, aanaliosides

60-90
<5

PC. PE. Choi. Dsvchosine

<5
<5
<5

PC, PE, Choi, SDhinaomvelin
PC, PE. Choi

Table 1.3. Percentage of gpl20 bound to liposomes doped with GSLs.

In addition to studying non-a-hydroxy-glycosphingolipids to assess gpl20
binding interactions to CD4-negative cell subsets, a-hydroxylated glycosphingolipids
were examined (Figure 1.13).^^ These studies were performed between gpl20 and a
lipid monolayer containing glycosphingolipids at the air-water interface, with the
interactions being measured as increases in the pressure at this interface. Interestingly, it
was determined that the alpha-hydroxy glycosphingolipids bound with greater affinity
than the non-alpha-hydroxy compounds. The investigators surmise that the initial event
consists of gpl20 interacting with the galactosyl portion of the GSL.

This was

hypothesized due to the fact that GluCer and ceramides do no affect the surface pressure
in the monolayer when in contact with gpl20. The secondary interaction is then ascribed
to be between the ceramide portion of the GSL and gpl20, represented by the insertion of
gp 120 into the monolayer.
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a-Hydroxylated GalCer
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a-Hydroxylated Cer

Figure 1.13. Alpha-hydroxylated fatty acid forms of GalCer and Cer.

Neural Cell Infection

HIV-1 infection of the neural cells of the brain may be responsible for the
dementia seen in HIV patients. The oligodendrocytes of the brain produce myelin that is
critical in enabling signals between neurons. These cells are CD4-negative, however,
they do possess both GalCer and GalS on their cellular surfaces. When these cells
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become infected with HIV, Gonzalez-Scarano et al. hypothesize that this leads to a
decrease in myelin synthesis and maintenance, which may be partially responsible for the
deterioration of mental capacity in HIV-dementia patients.^^

Another related study showed the involvement of the myelin-associated
glycoprotein (MAG),^^ MAG is a neural adhesion molecule, that like CD4, belongs to
the immunoglobulin gene superfamily. MAG contains the HNK-1 epitope, a
carbohydrate determinant, which is shared by the SGPG (3-sulfated glucuronyl
paragloboside), and other adhesion molecules. The HNK-1 antibody inhibited the gpl20MAG interaction, while another antibody to a different MAG epitope did not. This
suggests that gp 120 is recognizing the carbohydrate determinant, HNK-1. It was also
hypothesized that it was a conformational epitope that was recognized, as the denatured
MAG protein was unable to associate with gpl20. The HNK-1 determinant may be
present in multiple numbers within MAG, or MAG may form multimeric complexes in
solution to enhance the gpl20/MAG binding event. Latov and coworkers discussed the
possibility that both MAG and GalS have a role in HIV-related neuropathic disease.
First, because HIV could bind to either GalS or MAG and cause a low-grade infection of
neurons or Schwann cells. Second, that infected macrophages expressing gpl20 could
attach to MAG or GalS and damage nerve cells. Third, the gpl20 could bind MAG or
GalS and directly cause damage to nervous cells. Finally, immunoreactivity directed at
gpl20 attached to GalS or MAG may secondarily damage the nerves. Disruption of the
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interaction between gpl20 and the glycolipid and glycoprotein determinants of the
nervous system may prevent the progression to neurological disease.

The Sexual Transmission of HIV

Sexual transmission of HIV-1, remains one of the most common modes of viral
spread in the human population. A recent study examined human spermatozoa, and
determined that there was a GalCer-like molecule present on the surface

membrane.39

This molecule is a galactosyl-alkyl-acylglycerol GalCer analog, also noted as GalAAG
(Figure 1.14), and is localized in the middle of the spermatozoa tail, as evidenced by
indirect immunofluorescence.^®

This molecule is also present on the surface of

spermatogonia, the spermatozoan precursor, which could suggest direct infection in the
peripheral blood vessels. Increasing concentrations of gpl20 were found to bind to
GalAAG in a dose-dependent fashion, and were detectable down to the level of 20
pmol/mL. It was discovered that about 30-35% of all spermatozoa tested stained positive
for an anti-GalCer antibody, lending to the structural similarity that exists between these
molecules. Even diough only 30-35% of spermatozoa stain positive for an anti-GalCer
antibody, the authors caution that 13-20 x lO^/mL of potentially HIV-infected sperm
could be present in an average ejaculate. Further studies by Costantino-Ceccarini et al.
showed that infected sperm could transmit viral particles in vitro into oocytes.^^ Other
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investigators have ruled out a CD4-niediated interaction between spermatozoa and
gpl20, through preincubation of spermatozoa with an anti-CD4 antibody.This was
shown to be ineffective at blocking the infection of these spermatozoa. This data was
corroborated by studies by Nuovo and coworkers who demonstrated the lack of CD4
epitopes in the testicular tissue of infected nien.^2

Figure 1.14.

GalAAG, a galactosylalkylacylglycerolipid found in sperm and

spermatogonia.

The Anionic Binding Region of gpl20

Two of the three binding sites on gpl20 have already been mentioned, namely the
CD4 site and the GalCer binding site. There is also another binding domain on the
surface of gpl20, present in the third variable region of the protein, denoted the V3 loop.
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This region is known as a variable region in the glycoprotein due to the prevalence of
mutations found in viral isolates from different sources. It encompasses amino acids 308338, and is composed of a loop held together by an invariant cysteine disulfide bond that
occurs between amino acids 303 and 338. At the crown of the loop resides a highly
conserved sequence, the hexapeptide, GPGRAF.^^ The V3 loop is known as the
principle neutralizing determinant (PND), as antibodies against this region of gpl20 are
capable of inhibiting HIV infection and syncytium formation in vitro without blocking
the interaction of gpl20 with CD4.'44 Syncytia are large multinucleated cells formed by
the adhesion followed by membrane fusion between HIV-infected cells and uninfected
cells. The result of syncytia formation is rapid infection of host cells mediated by
membrane contact and consequent fiision of the membranes. The V3 region is known to
be composed of numerous positively charged basic amino acids. This allows the binding
of anionic species of molecules that vary significantly in both structure and anionic
composition. Figure 1.15 summarizes the location of the three binding sites with respect
to the amino acid sequence of gpl20.
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Figure 1.15. Gpl20 binding sites: The GalCer glycolipid site, the V3 anionic region, and
the helical CD4 locale.

Anionic-bearing molecules were known to interfere with the viral infectivity
properties of HIV early on. Glycyrrhizin, an aqueous licorice root extract, contains one
molecule of glycyrrhetinic acid and two molecules of glucuronic acid. This molecule
was shown to be effective against HIV replication in vitroA^ This molecule shares some
of the anionic characteristics with other molecules such as polyacrylic acid and
polymethacrylic acid, both of which act to interfere with general viral infectivity in part
through blocking viral adsorption.'^^'^^

Other molecules tested included suramin,

bearing six sulfonic acids per molecule, and Evans Blue dye, which has four sulfonic
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acids per molecule. All of these anionic compounds are pictured in Figure 1.16. Suramin
and Evans Blue were found to protect ATH8 cells completely against HIV at
concentrations of 50 and 25 p.g/mL.'^^ These findings led investigators to test other
anionic-bearing molecules as possible anti-HIV agents.
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Figure 1.16. Structures of some representative polyanionic molecules with anti-viral
activity.
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Two of the first agents to be assessed for anti-HIV activity in vitro were dextran
sulfate and heparin, both of which are poiyanionic in structure. These molecules had
been shown to be active antiviral agents in the 1960's.^9'5® The structures of these
molecules are shown in Figure 1.17. Dextran sulfate was determined to effect a 50%
reduction in the cytopathogenicity of HIV in two cell types at concenu-ations from 4.714.1 |ig/mL. Dextran sulfate, unfortunately, is poorly absorbed and is unstable in the
plasma of rats. Its half-life in plasma is 20-480 minutes.^ 1 It has been noted that dextran
sulfate is almost completely degraded in the gastrointestinal tract in rats when given
orally, and a sufficient anti-viral of this drug level in the plasma is not attained.^ ^ A
phase I/II clinical trial of orally administered dextran sulfate showed that these molecules
have little toxicity in vivo, but also exhibited little clinical benefit. These characteristics
make dextran sulfate an unsuitable anti-HIV agent in vivo.^^ Heparin showed similar
anti-HIV effects as dextran sulfate, at concentrations ranging from 7.5-15.6 iig/mL.^^
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Figure 1.17. Structures of polysulfated dextran sulfate and heparin.

Initially, little was known about the mode of action of these anionic molecules
against HIV, One group reported some of the first evidence that dextran sulfate
prevented virus binding to CD4-positive cells, and therefore could serve as an entry
inhibitor.^^ They also determined that dextran sulfate was able to inhibit syncytia
formation, as well as inhibit HIV-1 in vitro. Heparin, however, was ineffective in
preventing syncytia.^^ Other investigations led to knowledge that heparin and dextran
sulfate were not toxic to cells in vitro, and were effective anti-replication agents only
during the first two hours of incubation of HIV with uninfected cells, during the viral
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adsorption process.^^ This was confirmed by radiolabeling virions and incubating these
with cells in the presence or absence of the anionic inhibitors. It was also determined that
the anti-viral effect was dependent on the molecular weight of these carbohydrate
polymers, as well as the type of negative charge associated with the molecule. Sulfate
groups and sulfonates were active groups, while molecules bearing carboxylates as the
anionic moiety were ineffective. At least two sulfate/sulfonate groups per molecule were
required for activity. Non-sulfated dextran provided no protection against viral infection
of cells.5^
Further investigation into the mode of action of dextran sulfate revealed that the
sulfated polysaccharide interacted with the V3 loop on gpl20. This interaction is
mediated by a charge-charge interaction between the anionic polysaccharide and the
cationic peptide sequence within the V3 loop of gpl20.'^ The authors hypothesize that
dextran sulfate's activity may be piediated by first inhibiting the binding of HIV to the
cell surface, and secondly, interfering with the syncytia fusion step, mediated by the V3
loop and the gp41 fusion domain. Interestingly, it was determined that dextran sulfate,
much like anti-V3 loop antibodies, is neutralizing, and it prevents cell-cell fusion that
occurs in syncytium formation, however, it does not block the interaction of gpl20 with
CD4. Dextran sulfate differs from the anti-V3 loop antibodies in that it is able to inhibit
virion binding to CD4-positive cells. To prove that dextran sulfate binds the same V3
loop region on gpl20 as the anti-V3 loop antibodies, studies were done that showed the
inhibition of binding of the anti-V3 loop antibodies in the presence of dextran sulfate.
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Direct evidence for the interaction between the V3 region on gpl20 and the
inhibitors was provided by Batinic and Robey in 1992.57 in addition to sulfated
polysaccharides like dextran sulfate, anti-V3 antibodies and CD4-derived peptides can all
block infection by HIV-1, even though they are structurally dissimilar. While all three
can bind to gpl20 in the V3 region, none of them prevents the interaction between gpl20
and CD4 from occurring. The inhibitors may instead be blocking a second "post
binding" interaction between the viral and host receptor proteins. They could accomplish
this by disrupting the ionic interactions that occur naturally between the charged regions
of gpl20 and CD4, and ultimately repress the syncytial-fusion step. Another similar
study utilized a synthetic CD4-derived peptide AZ2 (amino acid residues 75-99, in the
VI CD4 region) and dextran sulfate as inhibitory agents of interactions between several
gpl20 PND-derived peptides from different isolates, and sera from infected
individuals.^ ^ Dextran sulfate (molecular weight 500,000, degree of sulfation 500)
blocked at a concentration of 1-2 |xg/mL, while the CD4 peptide AZ2 inhibited at a
higher concentration of 125-250 (ig/mL.

While dextran sulfate and heparin represent naturally occurring sulfated
biopolymers capable of inhibiting HIV entry into host cells, new synthetic molecules
have been synthesized that possess potent anti-viral activity. One example is (l-»6)-a-Dmannopyranan sulfate, which is generated through the ring-opening reaction of 1,6anhydromannose, and subsequently sulfated.^^ This polymer inhibited the HIV-induced
cytopathic effects in MT-4 cells at a concentration of > 3.3 p.g/mL when a degree of
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sulfation of 1.19-1.83 was attained. This polymer was also found to be non-toxic to cells
as it did not inhibit cell growth up to a concentration of 5000 ng/mL. Figure 1.18
illustrates the synthesis of this molecule.

R = SOjNa, H

Figure 1.18. Synthesis of (1-»6)-a-D-mannopyranan sulfate, a potent anti-HIV agent.

Gangiiosides such as GMla, CD la, GDlb <ind GTlb have also been synthetically
modified by sulfation to determine their effectiveness as modulators of the CD4 marker
on the surface of T-cells, and therefore as HIV-1 entry inhibitors.^® The structures of the
native gangiiosides, as well as their sulfated counterparts are shown in Figure 1.19. The
summary of their assay results for HIV-1 infection of MT-4 cells are presented in Table
1.4. It can be noted that only the sulfated ganglioside derivatives portrayed any
significant anti-viral activity. The sulfated gangiiosides also down-regulated the CD4
receptor on the surface of the MT-4 cells, when compared with the known HIV inhibitor,
dextran sulfate. The presence of CD4 on the MT-4 cells was determined by flow
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cytometry utilizing a fluorescently-tagged FITC-anti-CD4 antibody. The sulfated
gangliosides were also capable of inhibiting syncytium formation within the cell culture,
and were not found to increase the APTT, or activated partial thromboplastin time, a
measure of blood clotting. Agents that increase the APTT are unsuitable as anti-HIV
agents as they are anticoagulants.
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Figure 1.19. Structure and sulfation patterns of gangliosides with anti-HIV activity.

63
HIV-1 Infection (IC50)
Comoound
GMIa
GD1a
GDIb
GT1b
Dextran

Table 1.4.

Non-Sulfated
30
>100
10
10
1^

Sulfated
0.8

CD4 Expression (%)
Non-Sulfated
66

Sulfated
18

0.8

69

16

0.9
2
0.5

65
65
rc

18
10
ND

Results of the anti-HIV activity of both sulfated and non-sulfated

gangliosides. IC50 values are denoted as ng/mL of compounds at which 50% of MT-4
cells expressed the HIV-1 antigens. The CD4 expression percentage was detected by
flow cytometry after incubation with the gangliosides at concentrations of 100 ^ig/mL for
one hour.

A final class of anionic compounds that were determined to be effective in vitro
anti-HIV agents were the sulfated colominic acids. Colominic acid is an a-(2-*8)-linkedrepeating polymer composed of sialic acid (NeuAc) (Figure 1.20). Colominic acid is a
bacterial capsular polysaccharide produced by E. coli K-235, as well as Neisseria
meningitidis type b. As the sulfated gangliosides containing NeuAc were found to bind

to CD4 on the surface of helper T cells {vide supra), and capable of down-regulating the
CD4 receptor, Yang and coworkers decided to prepare sulfated colominic acid (SCA) to
determine its effectiveness as an anti-HIV

agent.61

The sulfated colominic acids tested

that had a high degree of viral inhibitory activity ranged in molecular weight from 7000-
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16,000, and had a 6-12% degree of sulfation. Colominic acids with a molecular weight
of 7000, and a sulfur content of 1-3% were ineffective at inhibiting HIV-1 infection. The
SCAs were also found to inhibit syncytium formation when incubated concurrently with
MOLT-4 and HIV-infected MOLT-4 cells.

This suggested that the sulfated

polysaccharides acted at an early stage in the infection, at the adsorption or penetration
stage. Unlike the sulfated gangliosides, however, the SCAs did not down-regulate the
expression of CD4 on the surface of the helper T cells. It is hypothesized that these
molecules interact with the V3 loop on gpl20, much like other sulfated polysaccharides
already mentioned. The sulfation of colominic acid was determined to be important for
its anti-HIV activity, as the natural unsulfated molecules were found to have much
diminished anti-HIV activity in comparison to their sulfated counterparts.
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Figure 1.20. The structures of sialic acid (NeuAc) and the colominic acid polymer.

Toxicity studies were performed to ascertain the potential for clinical usefulness
of the SCAs.^^ The SCAs did not inhibit normal cell growth in T-cells up to a
concentration of 100 jig/mL in vitro. APTT determination of the SCAs was performed in
conjunction with dextran sulfate and heparin. The SCAs did not prolong the APTT at
concentrations ranging firom 1.0 or 10 jig/mL.

Both heparin and dextran sulfate
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significantly prolonged the APTT at these concentrations. The SCA was also found to
act synergystically in combination with AZT. The SCA, therefore, did not interfere with
the anti-reverse transcriptase activity of the AZT. These drugs could potentially be useful
in combination therapies.

Interrelatedness of the Binding Sites of gpl20

Recently, Fantini and coworkers elucidated a connection between glycolipids, the
V3 loop on gpl20, and CD4 binding site.^^ These researchers measured the surface
pressure of a Langmuir film containing CD4 and a patch of GM3, a ganglioside (Figure
1.21). GM3 is abundantly expressed on the surface of CD4+ cells. When gpl20 was
added to this film, the surface pressure was noted to increase, a sign that gpl20 has
inserted into the GM3 layer. When the same experiment was performed without CD4,
the addition of gpl20, did not lead to an increase in the surface pressure. These findings
suggest that the sequential order of events involved first, the binding of gp 120 to CD4,
and then the interaction of gpl20 with GM3 can occur, through a distinct domain from
the CD4-binding site. This interaction is blocked by an anti-V3 loop monoclonal
antibody, suggesting that the gpl20/GM3 interaction occurs through the V3 loop of
gpl20. The V3 loop may be important in allowing the proper orientation of ±e fusion
domain of gp41, and directing the fusion domain to the plasma membrane of the target
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cells. In the absence of the V3 loop, gp41 remains associated with gpl20 and fusion
cannot start.

PH

AcHN.
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Figure 1.21. The structure of GM3, a glycolipid.

Similarly, Harouse and associates have independently determined the presence of
a conformationally-driven connection between the V3 loop and the other binding sites of
gp 120.^3 Their experiments involved the generation of chimeric viruses either capable
or incapable of infecting CD4-negative cells bearing the GalCer/GalS surface markers.
The infection profile of these chimeras led to the knowledge that a 193-amino acid region
composed of the V3, V4 , and V5 loops, was responsible for the infectability of the
chimeric viruses. Other smdies have echoed these results with findings that demonstrated
the inhibition of gp 120-GalCer interactions by incubation with either anti-V3 antibodies,
or conformational antibodies directed against the CD4-binding region.^'^'^^ Suramin, a
polysulfonated compound (Figure 1.15), was found to be an inhibitor of interactions that
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occur between GalCer and the V3 loop, which provides further evidence of the
connection between these two sites.^^ Suramin is a competitive inhibitor of the GalCermediated infection pathway of HIV. It elicits its activity through inhibition of gpl20
binding to GalCer/GalS-bearing cells. Suramin displayed dose-dependent inhibition
IC50 values of 25 and 15 ng/mL to GalCer and GalS, respectively. Incubating with anti-

V3 antibodies could inhibit the binding of suramin to gpl20, again pointing to the
ultimate proximity of the GalCer and V3 loop sites in the overall structure of the protein.
Thus, it may very well be that these regions on gp 120, while not close in the amino acid
sequence, might acquire a conformationally-defmed structure where the three binding
regions lie close together in space and interact with one another.

Goals of the Present Study

The goals of the studies contained in this dissertation are directed towards the
development of new carbohydrate-based drug molecules to serve as entry inhibitors in the
HIV infection process. These inhibitors will be aimed at one or more of the three binding
sites on the surface of gpl20, either as galactosylceramide analogs, anionic-bearing V3loop binders, or as helical molecules capable of binding to the CD4 binding region of
gpl20. It is possible that a molecule will be able to bind to more than one site on the
protein, as the binding sites on gpl20 are not distinct fi:om one another and have
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exhibited some commonality in terms of the profiles of molecules capable of binding
them {vide supra).
The first question that we addressed in our studies was how to assess the gp 120
binding activity of any new entry inhibitors we synthesize. We wanted to develop a
method that could be used with virtually any molecule. We did not want to use multiple
methods like ELISA and HPTLC in combination because of the difficulties presented in
the analysis and comparison of the data. Recall, that many investigators have used both
techniques to ascertain the binding capabilities of specific molecules, and that a lot of
inconsistencies were noted between the results of the two methods {vide supra). To
minimize or even eliminate the discrepancies, we sought a single method by which all of
our synthetic inhibitors could be tested. This required that the technique be flexible
enough to accommodate a multitude of molecules bearing different functionalities. The
technique would also need to be reproducible, such that assays run on different days
yielded the same results. We settled on developing an ELISA-type assay, due to the ease
and rapid turn around time of the method. The development and execution of this
technique will be discussed in the next chapter. Subsequent chapters will serve to
delineate the progress to date on the generation and evaluation of the gp 120 binding
activity of novel drug candidates in our laboratory.
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CHAPTER 2
DEVELOPMENT OF AN ELISA FOR THE DETERMINATION OF GP120 BINDING
TO NOVEL GLYCOBIOCONJUGATES
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Introduction

ELISA, or the enzyme-linked immunosorbent assayis a technique that is
widely used in many scientific arenas, from clinical work to biological research. We
recently reviewed the use of ELISA technology for the measurement of biological
activities of important classes of molecules such as carbohydrates.^^ ELISA was first
developed almost thirty years ago, as an alternate method to the older method,
radioimmunoassay (RIA).^®'^^ RIA involves the use of radioactively labeled proteins as
reagents. ELISA employs enzyme-labeled proteins and other reagents for quantification
purposes, instead of radiolabeled materials. These enzyme tags are capable of catalyzing
color-forming reactions for quantification. This eliminates the necessity of handling
unstable radioactive molecules.
Most ELISA assays can be categorized into four main classes, competitiveantibody immobilized, competitive-antigen immobilized, noncompetitive direct
sandwich, and noncompetitive indirect sandwich ELISA.^2 Figure 2.1 illustrates the
concepts of each main class of ELISA. While each of the examples contains an antibody
as an assay component, it is not a rule that an antibody be used in ELISA. Antibodies are
commonly chosen due to their excellent speciflcity, especially when monoclonal
antibodies are utilized. Monoclonal antibodies have the capability of binding only one
epitope of one antigen. The development of monoclonal antibody technology in 1975 by
Kohler and Milstein, has had a huge impact on the frequency of use and utility of
employing antibodies as reagents in immunoassays such as ELISA.^^ It is possible,
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however, to substitute another protein or biomolecule in place of the antibody, as long as
the substitute has sufficient speciHcity for the molecule under study.

A) Competitive-Antibody Immobilized

B) Competitive-Antigen Immobilized

C) Noncompetitive Direct Sandwich ELISA D) Noncompetitive Indirect Sandwich ELISA

^^^
Key:

Enzyme

9 Enzyme-labeled Antigen
O

Surface-Adsorbed Antigen
Ss Enzyme Substrate
P= Colored Enzyme Product

Unlabeled Antigen

Figure 2.1. The four main classes of the ELISA immunoassay.
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The first class of immunoassay is the competitive ELISA. In a competitive assay,
one reagent used in the assay is present only in limited quantity. In other words, only
limited numbers of binding sites are available for the drug or antigen under study, which
is in excess. These assays are also called "limited reagent" assays. There are two types
of competitive ELISA, one where an antibody is immobilized, and the other where the
antigen is immobilized. In the competitive antibody-immobilized assay, an antibody with
specificity to the antigen under study is adsorbed to the surface of a polystyrene
microliter plate via noncovalent hydrophobic interactions. Then a known amount of
enzyme-labeled antigen plus an unknown amount of unlabeled antigen are incubated with
the adsorbed antibody. These two antigens compete for a limited quantity of binding
sites on the antibody. After equilibrium is reached, the substrate for the enzyme of the
labeled antigen is added. The degree of color development measured is inversely
proportional to the amount of unlabeled antigen present. In the second type of
competitive ELISA, antigen-immobilized, some antigen is adsorbed to the surface of the
assay plate, then an unknown amount of antigen plus a limited amount of enzyme-labeled
antibody are incubated. The adsorbed and free antigen must compete for a limited
number of sites on the antibody. Only the antibody that binds to the adsorbed antigen
will remain after rinsing the plate.

After substrate addition, the degree of color

development is lower in experiments where greater quantities of free antigen were added.
The noncompetitive ELISA are characterized as "reagent excess" assays, because here all
of the reagents used are present in greater quantity than necessary. The drug or antigen
under study is the limiting factor, and will be present in the assay only as a complex. In
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the direct sandwich form of the noncompetitive assay, an antibody is noncovalently
adsorbed to the surface of the microtiter plate. After the antigen has bound to the
anchored antibody, a second enzyme-labeled antibody with specificity to another epitope
on the antigen is allowed to bind. Once the substrate for the enzyme is introduced, the
amount of color development seen is directly proportional to the amount of antigen
present in the well of the plate. An indirect sandwich noncompetitive ELISA, on the
other hand, differs only by using an unlabeled second antibody in place of the enzymelabeled antibody in the direct sandwich assay. This is done in cases where the antibodies
against the antigen are precious and cannot be spared for low-efficiency antibody labeling
reactions.

Instead, an enzyme-labeled anti-antibody is used.

This antibody has

specificity against the second antibody, and is known as an anti-isotype antibody. If the
second antibody is of mouse origin, the anti-isotypic antibody is generated in another
species like goat or horse, and is an anti-mouse antibody. These anti-isotype antibodies
are relatively inexpensive, and produced in large quantities such that it may not be
necessary to label a novel antibody. Again, the color signal generated by the tagged
antibody is directly proportional to the amount of antigen present in the assay well.

The Use of ELISA in HIV-Related Applications

Since AIDS was first described in 1981, many different types of immunoassays,
including ELISA, have been developed to detect antibodies or antigens that result from
infection with the HIV virus. The first assay licensed for use in screening human blood
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donors was put into use in March of 1985. This assay was able to screen serum or
plasma specimens for the presence of HIV antibodiesJ^ If a specimen repeatedly tests
positive using this ELISA, then it is retested by Western Blot, which is a more sensitive
and specific assay method

These methods are still currently used to ensure a safe

blood supply.
Many more specialty detection immunoassays have subsequently been developed since
the advent of ELISA for HIV. Some of these assays serve to get more detailed
information concerning a patient's stage in the infection process, while others are geared
towards the testing of new drug candidates to assess their benefit as a prophylactic
against HTV.

A. HTV Diagnostic ELISA

There are numerous examples of ELISA as diagnostic tests for the determination
of the stage of HIV infection, and also for enhanced specificity assays to minimize the
occurrence of false positive and negative results. One assay allows for the detection of
gpl20 and gpieo.^^ There is also a blocking ELISA for the detection of antibodies
against the envelope glycoproteins of HIV.^^'^® Another ELISA has been reported that
is capable of detecting four different HIV proteins (p24, p66, gpl20, gp41)

An assay

utilizing conjugated HIV peptides for detection of HIV antibodies has also been
described.^® Finally, there is an ELISA capable of distingwshing between two groups of
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HTV isolates, the M, or major group, and the O, or outlier group.® ^
Beyond the assays mentioned above, some specific examples of specialized ELISA for
use with HIV detection and disease progression merit some discussion. An important
factor in the development of these assays is to achieve great speciHcity and give positive
results only for HIV-positive patients, and not to yield false positives for HIV-negative
cases. One such assay utilized concanavalin A as a means of indirectly adsorbing HIV
proteins to the surface of an assay

2 Concanavalin A (ConA) is a lectin

plate.®

glycoprotein that has general binding specificity to a number of glycoproteins containing
mannose. In this assay, detergent-solublized viral glycoproteins, released in culture
fluids of HIV-infected cell lines grown in a serum free medium, were allowed to bind to
the surface of ConA. At this point, patient serum samples were introduced to the ConAimmobilized HIV antigens. The presence of anti-HTV antibodies was detected through
the use of peroxidase-conjugated anti-antibodies. This assay allows for the detection of
antibodies directed against the envelope glycoproteins like gpl20, instead of the core
antigens as is generally the case in commercial assays. The assay schematic is presented
in Figure 2.2. The results obtained clearly distinguished between HIV-positive and
negative sera. The assay detected 14/14 positive samples and no false positives were
observed in the 16 negative serum samples tested.
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Figure 2.2. Concanavalin A supported HIV ELISA.

Another assay method reported by Richalet-Secordel and Van Regenmortel in
1991 allowed for the detection of HIV antibodies by utilizing protein G to immobilize the
antibodies to the surface of a microliter well.^O Biotin-conjugated synthetic peptides
corresponding to amino acid sequences within gpl20, gp41 and p27, were then allowed
to bind to the immobilized antibodies. Next, peroxidase labeled streptavidin was added,
and detection of the antibodies was achieved through absorbance measurements. They
identified 100% of the HIV-positive samples, and gave no false positives. The gpl20
peptide sequence recognized 35/40 of the HIV-positive sera, and 9/10 of the
seroconverting sera. The gp41 peptide recognized all of the positive samples, and gave
no false positives. Finally, the p27 pepdde recognized 31/40 of the positive samples, and
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10/10 of the seroconverting sera. The results they obtained were compared with a
commercial indirect ELISA kit that uses only a single gp41 conjugate as a probe. This
assay accurately identified all of the HIV-positive and seroconverting samples. The
commercial assay, however, was not as specific as the new assay, as it generated 21%
false positive results in the normal negative sera samples. Figure 2.3 illustrates the
properties of this assay.

t

Protein G

HIV Serum Antibodies

Biotin-Coi^ugated
Syntlietic HIV Protein

Peroxidase-Labeled
Streplavidin

Figure 2.3. Protein-G antibody capture ELISA utilizing biotinylated synthetic HFV
peptides.

SLIDA, or sphere-linked iimnunodiagnostic assay, is a method by which the
detection of antibodies to the HIV-1 p25/24 and gpl20 proteins may be detected.^^ This
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assay utilizes carboxylated microspheres to covalently attach the HTV proteins. These
sphere-conjugated peptides were incubated with either HIV-positive or negative sera,
then treated with colloidal gold-conjugated secondary antibodies. If gold labeling was
detected, this indicated the presence of serum antibodies against the HIV peptides. This
assay was capable of detecting low levels of antibodies against the HIV peptides
screened. Figure 2.4 shows the SLIDA assay.

Peptide-Conjugated
Microspheres

Serum Anti-HIV
Antibody

Colloidal GoldConjugated Secondary
Antibody

Figure 2.4. SLDDA assay for the detection of serum antibodies directed against HIV-1
peptides.

A final example of a novel practice in the detection of HTV infection involves the
use of whole saliva of HIV-positive individuals, instead of the serum, to detect antibodies
against the HIV viral

proteins.84

The assaying conditions are the same as used with
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serum samples, namely ELISA and Western blotting techniques. The practice of
analyzing saliva for the presence of HIV antibodies is now utilized clinically in the
testing of individuals for the presence of HTV. The benefit of this method is that it is a
non-invasive procedure, and obviates the necessity of drawing blood to determine the
HIV status of individuals. Using this method, all but one of the known HIV-positive
samples was confirmed. This individual was in the early stages of infection, and upon retesting two months later, the saliva tested positive.

B. Anti-HTV Drug Screening ELISAs

In addition to the benefits of having multiple assays available for the
determination of an individual's HIV status and stage of infection, there is also a great
need for assays to assess the effectiveness of potential anti-HIV drug treatments. These
assays represent as diversified a population of assays as those already mentioned for
diagnostic purposes {vide supra). The examples given here represent assays to test for
inhibitors of the binding and entry of HIV into host cells. This area of research is of
direct interest to us, as our research encompasses the development of new carbohydratebased agents for inhibition of HIV entry into uninfected cells. The examples will first be
presented, followed by a discussion of the evolution of our ELISA.
The first ELISA assay involved the screening of inhibitors of the gpl60/CD4
interaction.^^ Either rsgpl60 (recombinant soluble gpl60) or sCD4 (soluble CD4) could
be coated into wells of a microtiter plate. Next, sCD4 or rsgpl60 was added.
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respectively, and allowed to incubate overnight. The interaction between these proteins
was monitored by incubation with either anti-gpl60 or anti-CD4 antibodies, followed by
incubation with the appropriate peroxidase-labeled anti-antibody. The inhibition ELISA
was performed in the same manner as described above, except that appropriate dilutions
of the inhibitor were pre-incubated with the complementary protein to that coated in the
microtiter plate.

Antibody and anti-antibody incubations revealed the degree of

inhibition of the gpI60/CD4 interaction versus the assay with no inhibitors present.
Figure 2.5 portrays the characteristics of this assay. Several different inhibitors were
tested, namely, dextran sulfate, chondroitin sulfate A and B, and pentosan polysulfate.
All of these inhibitors represent anionic polysulfated compounds mentioned in Chapter I.
Dextran sulfate with a molecular weight of 5000, and pentosan polysulfate both inhibited
the gpl60/CD4 interaction at a concentration of 10 ^iM. Both compounds were also
found to have inhibitory activity of HTV infectivity at the same 10 |iM concentration in
whole MT2 cell cultures. Chondroitin sulfate A and B were found to be ineffective in
both assays.
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Figure 2.5. An ELISA detecting the interaction between adsorbed sCD4 and rsgpl60 is
shown on the left. On the right, in the presence of pre-incubated rsgpl60-inhibitor,
diminished binding results between sCD4 and rsgpl60.

In another ELISA, synthetic V3 loop peptides corresponding to either the HIV-1
MN or the European/North American consensus V3 loop sequence, were coated in an
assay plate.^^ This was followed by incubation with the appropriate monoclonal
antibody in the presence or absence of one of a series of inhibitors tested. The inhibitors
3-aminofluoranthene, dibenzobicyclo-[2,2,2]-octane-2,3-dicarboxylic

acid,

aurintricarboxylic acid (ATA), 9-phenyl-2,3,7-trihydroxy-6-fluorone, 9-phenyl-6fluorone-2,3,7-tris oxyacetic acid, hemin, chlorin Bg, Cu-chlorin 85, deuteroporphyrin
DC, 2,4-(4,2)-hydroxyethyl vinyl, deuteroporphyrin DC 2-vinyl-4-hydroxymethyl, Nmethyl protoporphyrin DC, /ncjo-tetra-(4-carboxyphenyl) porphine (MTCPP), meso-tctra(4-suponatophenyl) porphine, uroporphyrin UI, and phtalocyanine tetrasulphonate were
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all known to have activity against HTV-l illB replication®^ All of the agents were able
to inhibit viral replication in the HFV-l MN strain of the virus, in addition to having the
capability of inhibiting the binding of human anti-HIV IgG to HIV-1 MN virions
adsorbed to the surface of a microtiter plate. The compound, MTCPP, was found to have
the highest antiviral activity against both HIV-1 niB and HIV-1 MN. MTCPP had an
EC50 of 4.8 |ig/mL in the MN strain of the virus. The EC50 in this case, was a measure

of the reduction of the viral protein p24 production by 50% compared to the controls. A
preliminary ELISA utilizing a monoclonal antibody with specificity against MTCPP,
indicated that the compound is very slowly taken up by the cells in which the virus
replicates (50% in > 12h). This suggested to the authors that this compound possibly
binds the V3 loop either before of during viral assembly, and therefore may interfere with
the production of a viable viral particle.
Clancy and coworkers reported a final example of ELISA assays that were
developed for the purpose of discovering new anti-HIV drugs.®® Their assay was a
sandwich type of ELISA, with a solid-phase adsorbed mouse anti-CD4 antibody serving
to capture gpl20/CD4 complexes in the presence or absence of inhibitors.

The

complexes were detected by first a polyclonal sheep anti-gpl20 antibody, followed by a
rabbit anti-sheep alkaline phosphatase-conjugated antibody. Several inhibitors were
tested by these means, including the known inhibitors, dextran sulfate (molecular weights
5000 and 5(X),000), and pentosan polysulfate. Other molecules tested were poly(sodium
4-styrenesulfonate), UK-22,233 (a poly benzyl carboxylic acid compound), CPF (both
the DD, and LL isomers of ^-carbomethoxycarbonyl-prolyl-phenylalanyl benzyl ester).

84

pradimicin A (an antifungal fermentation product), and CP-101,816-1 (a 2,4diaminoquinazoline analog). From the ELISA, the most potent inhibitor, with an IC50 of
1.5 M^g/mL, was dextran sulfate 500,000.

A novel aspect of this work, was the

development of consumption assays to determine which component, gpl20 or CD4, the
inhibitor was binding to. In the gp 120 consumption assay, a mouse anti-gpl20 antibody
was first coated in a microtiter plate. In the next step, sCD4 plus either buffer or an
inhibitor was incubated with the anchored antibody. After incubation and rinsing, a
rabbit anti-CD4 antibody was added, followed by a goat-anti-rabbit alkaline phosphataselabeled antibody. Inhibitors binding to the gpl20 caused signal reduction, and percent
inhibition could be calculated from the absorbance readings. Figure 2.6 illustrates the
properties of the gpl20 consumption assay. All but one compound, CP-101-816-1, were
found to bind to gpl20. CP-101-9-816-1 had binding specificity for CD4.
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Figure 2.6. A gp 120 consumption assay.

Each of the assays mentioned in this section have the advantage of being readily
adaptable for high throughput screening of potential inhibitors of HIV/host cell
interactions. Further development in this area is necessitated by the fact that so few
options are currently available outside of reverse transcriptase and protease inhibitors, in
the treatment of HIV patients.

Improvement in the treatment regime includes
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diminishing the toxicity of new dmgs, broadening the arsenal to include drugs such as
entry inhibitors and viral integrase inhibitors, as well as lengthening the longevity of
persons with HIV to a normal lifespan.

Initial Attempts at Developing a Carbohydrate-Based ELISA

A. Lipid-Anchored ELISA

In beginning studies directed towards the development of potential HIV entry
inhibitors, we reviewed the technology available in the literature, to see if it could be
adapted to fit our needs. Two groups had performed ELISA on glycolipids, where
GalCer or other analogs were adsorbed to the wells of a microliter plate by seeding them
as a solution in either methanol/chloroform or methanol alone. The solvent was then
allowed to evaporate ovemight.33,35 jhe wells containing the glycolipids were next
incubated with increasing concentrations of HRP-gpl20. With the addition of the
enzyme substrate, direct binding between the GalCer molecules and gpl20 could be
assessed by absorbance measurements.
We attempted to perform this same ELISA experiment, using commercially
available GalCer, GluCer, Psy (psychosine), and Cer (ceramide), to see if we could
achieve similar binding information regarding gpl20 as had been achieved through the
use of HPTLC and ELISA combined. Our results are illustrated in Figure 2.7. We
determined that GluCer had the greatest affinity for gpl20, and in decreasing order was
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followed by Psy, Cer, and dien GalCer. Interestingly, in our hands GalCer, which should
have had the greatest affinity for gpl20, had the least. Ceramide, a molecule bearing two
lipid chains but no sugar, bound to gp 120 at a level significantly higher than baseline.
GluCer had been determined by the HPTLC studies of Harouse et al. to not bind to gpl20
at all.25 The differences between the results of the HPTLC versus the ELISA can
certainly be ascribed to different levels of sensitivity in each assay. Also, there is the
uncertainty of how well the glycolipids and ceramide are staying adsorbed to the surface
to the microtiter well. There are differences in polarity that exist between all of the
compounds tested. Perhaps after several wash cycles, some of the molecules are rinsing
off more than others. The direct result of this effect would be that some of the assayed
molecules would be present in greater quantities than other compounds. If a moderate
gpl20 binder were present in larger quantity on the surface of the plate versus a strong
gpl20 binder in smaller numbers, there is the possibility that misleading assay results
might result based solely on the numbers of molecules present.
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Figure 2.7. Direct gpl20 binding ELISA to glycolipids and to ceramide.

We surmised that there were some distinct disadvantages to using the available
ELISA and HPTLC methods for the testing of carbohydrate-based molecules for gpl20
binding affinity. First, there were the discrepancies noted {vide supra) between the
results one could obtain utilizing ELISA versus HPTLC. Second, the practice of
obtaining binding data by two different methods was problematic. This raised the
question of differences in the presentation of the carbohydrate in each assay. In the
ELISA, the headgroup would be extended out into solution, whereas in the HPTLC,
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performed on silica gel plates, the carbohydrate component would be embedded in the
surface of the hydrophilic silica. We desired a method whereby all of the data could be
obtained by the same assay, and all ligands would be presented to gpl20 in the same
manner. This would eliminate the practice of using two different assays and comparing
the data drawn by each method. Finally, there was the issue of a lipid requirement
inherent in the design of each molecule to be tested. We did not necessarily want to have
a lipid component in each molecule, if its only purpose was in anchoring the molecule to
the ELISA plate. While other research groups had reported that the lipid is critical for
gpl20 recognition of GalCer analogs,25,33,35

were developing a more diverse

population of drug candidates. This group of candidates included GalCer analogs, but
also incorporated anionic V3 loop binding agents and helical classes of molecules as
potential CD4 binding site inhibitors. For the latter two classes of molecules, a lipid
component may prove unnecessary for gpl20 recognition. Also, in increasing the
complexity of the carbohydrate portion of the molecules, if we were to utilize a lipid tail
as a means of anchoring these compounds to the assay plate, then again we might run into
the issue of differential rinsing off of the surface of the plate. We wanted to develop a
new assay that would allow any type of molecule, with or without lipid, to be tested for
gpl20 affmity.

B. Tentagel™-Resin Anchored ELISA

Our first step towards tiie development of a new ELISA specific for our needs
involved the conjugation of carbohydrates to a solid phase resin. The molecules we
selected for coupling to the Tentagel""^ resin were two oligomers of colominic acid, the
dimer and trimer. Figure 2.8 illustrates the preparation of the resin-coupled oligomers.
In addition to these two molecules, a simple blank consisting of yV-acetylated resin beads
was prepared. In the first step, the oligomeric colominic acids (compounds 2.1,2.2) were
lactonized in glacial acetic acid for 24 hours (2.3-2.4).^^ In the next step, the lactonized
oligomers were coupled to Tentagel™ resin using BOP and Hunig's base in NMP solvent

(2.5-2.6). The reaction was tested for completion using the Kaiser test.
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Figure 2.8. Syntiiesis of Tentagel™-conjugated dimer and trimer of colominic acid.

After the synthesis was complete, an ELISA assay was performed to evaluate the
gpl20 binding to these molecules. This ELISA required the use of a manifold system
and a filter ELISA plate, so the beads were retained in the assay. Dried colominic acidconjugated beads were weighed out, then dissolved in phosphate buffered saline (PBS,
pH=7.4) to allow the lactone ring(s) to open and present the native carboxyiates, as well
as to allow the beads to swell. The solutions containing the resin were shaken to disperse
the beads evenly throughout the solution, then different volumes (50, 100, and 150 jiL)
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were placed in each ELISA well, which corresponded to different quantities of beads in
each trial. After the HRP-gpl20 incubation, the substrate for HRP was added. After a
prescribed amount of time, the solution was vacuumed through the filter membrane plate
into a transparent plate for absorbance measurements, and the enzyme reaction stopped
with sulfuric acid. PBS was used as a blank for the plate reader. The results of this assay
are presented in Table 2.1.

Voium* of b«ad« transfarrad in PBS (ut) N«Aeetylated Baadi (mg) Abaorbanea Dimar CA baada (mo) Abaorbanea Trlmar CA baada (mo) Abaorbanea
50
0.957
•0.004
0.142
0.270
0.106
0.442
0.957
0.334
0.106
50
0.183
0.142
0.396
50
0.957
0.142
0.276
0.106
0.095
0.364
100
1.914
0.467
0.212
•0.004
0.285
0.187
100
1.914
0.300
0.212
0.549
0.267
0.285
1.914
100
0.624
0.285
0.336
0.212
0.440
150
2.871
0.427
0.584
0.318
•0.005
0.419
0.307
0.318
ISO
2.871
0.427
0.451
0.266
150
2.871
0.427
0.352
0.318
0.341
0.423
QP120 AbtorbancM:

-0.004. 0.187. 0.272

Table 2.1. Results of ELISA with compounds covalently attached to Tentagel™ solid
phase resin beads. The absorbance results are presented for each well measured.

We realized that there were a lot of limitations inherent with this particular assay,
creating uncertainty in evaluating the results. There was no clear trend in terms of gpl20
binding among the three different compounds tested. Part of this problem had to do with
the lack of precision of the values obtained. The absorbance measurements for the same
compound present in the same volume of suspended beads for the most part did not fall in
the same range. This made compilation of the data in the form of an average value
impossible. These difHculties may have been a result of the method by which the beads
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were introduced to the plate. There was also uncertainty quantifying the beads delivered
in each pipet load. This led to another difficult task that involved the normalization of
the quantity of beads present, and translating this to a nullimolar quantity of compound
present. This task is necessary to evaluate the data collected. This is impossible if the
real quantity of beads present in each well is virtually an unknown. Another problem
with this assay involved the manifold system and the filtration ELISA plates. The
manifold was ineffective at completely emptying the solution from the wells in the filter
plate. Some wells drained better than others, while some simply did not drain at all.
Also, there appeared to be backflow of the drained solution back into the plate once the
vacuum was removed. This could be a result of drops of solution on the underside of the
filter hanging, then being sucked back into the plate with a change in pressure. The
ultimate result of such an inefficient draining of the discarded solution, were incomplete
rinsing steps. These meant that reagents that should have been absent in the subsequent
steps were still present, and could interfere with the results. Other limitations that may
have impacted upon the results were non-specific binding issues. Gpl20 could have been
binding non-specifically to any number of components presents, for example, the filter
ELISA plates, the actual filter in the bottom of the plate, or the Tentagel™ beads. This is
evidenced by the high background readings for gpl20 incubated alone in the filter plate.
The absorbance readings for gpl20 alone were for the most part as high, if not higher
than readings for wells with gpl20 and a resin-bound molecule.
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The above ELISA was abandoned as a viable assay, as we decided that too many
questions surrounded the results, and there was little, if no confidence, in these results
because of issues with errors and limitations of the technique.
Our next ELISA attempt abolished the use of the filter plates as the means of
containing the Tentagel™ beads. Instead, microcan reactors made of polypropylene
mesh were utilized to hold the beads. The manifold and ELISA filter plate system for
rinsing the beads in the reactors was still utilized, however, the drainage problem was
alleviated by poking holes in the filter membrane. For simplicity, only A^-acetylated
beads were used in this assay. In this assay, the vessels with beads in them, as well as
some empty vessels were stirred in PBS, then further rinsed with PBS in a filter plate.
An HRP-gpl20 incubation followed, followed by a thorough rinse cycle. The HRP
substrate was added, and the color was allowed to develop for 5.5 min. The vessels were
removed, then the blue enzymatic reaction stopped with sulfuric acid, resulting in a
yellow solution. Table 2.2 illustrates the results obtained by this assay.

Emotv Well (aDl20 blank) Reactor Alone
Absorbance
Absorbance

0.001
-0.003

0.482
0.497

Reactor + Beads
0.493 (for 1.233ma beads)
0.231 (for 1.191ma beads)

Table 2.2. ELISA results for microcan reactor-contained A/-acetylated Tentagel™ resin
beads.
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The results of the microcan reactor containing ^-acetylated Tentagel™ resin
beads were more promising than the ELISA filter plate assay {vide supra). In this case,
our gpl20 blank was a true blank with no detectable absorbance after PBS subtraction by
the plate reader. Also, there was greater precision obtained among the readings, where
before there had been no consistency. However, the readings for the reactors alone and
the bead-containing reactors caused some concern. The readings for these wells should
not have differed too much from the gp 120 wells, as nothing was present that should have
significant affinity to gpl20. We concluded that significant non-specific binding (NSB)
between the HRP-gpl20 and the reactors was occurring. The beads themselves were not
a factor, as at least one reading closely resembled that of the reactors alone.
Inclusion of a blocking step was first attempted to see if the NSB could be significantly
diminished. All reactors were incubated with a 10% solution of bovine serum albumin
(BSA) in PBS. After the subsequent assay steps with HRP-gpl20, HRP substrate, then
stopping of the reaction with sulfuric acid, the plate was read. The values ranged from
0.234 to 0.301 for the microcans with and without beads. The blocking step, therefore,
successfully decreased the NSB interactions between the gpl20 and the vessels.
However, these readings were still too high for a viable assay. This is because when real
compounds are assayed for gpl20 binding affinity, there may only be subtle differences
between them, and these variances could be masked by high NSB. Further studies were
performed, which included Tween 20 detergent washes in place of PBS rinsing, to again
decrease the NSB of HRP-gpl20. This measure was also unsuccessful, as the absorbance
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readings were not further decreased below the levels achieved by the addition of the BSA
blocking step.
This ELISA was also discarded as a viable assay of carbohydrate-based entry
inhibitors of the gpl20/host cell interaction.

This was done as a result of the

unacceptably high level of non-specific binding between the HRP-gpl20 and the
microcan reactors. Another means of supporting the carbohydrate analytes in an ELISA
plate beyond the use of solid phase synthesis beads was therefore sought, so that non
specific binding interactions could be diminished to an acceptable background level.

New Directions Toward a Carbohydrate-Based ELISA

A. Incorporation of Biotin/(Strept)Avidin into an ELISA

A review of the literature covering all aspects of the immunoassay, yielded an
idea that perhaps our carbohydrates could be anchored to the assay plate via the biotinavidin type of interaction. Biotin is known as vitamin H (Figure 2.9). Avidin is a
glycoprotein derived from egg whites. Avidin has a molecular mass of approximately
67,000 and a pi of 10.5.^® Carbohydrates comprise about 10% of the total molecular
weight, and are non-essential for biotin-binding.^ ^ The afHnity constant of avidin for
biotin has been measured at 1 x 10^5

This represents one of the strongest non-

covalent biological interactions known.^® Other proteins are also known to interact just
as strongly with biotin as avidin. One of these is streptavidin, derived from the organism
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Streptomyces avidinii. The molecular mass of this protein is approximately 60,000.

Streptavidin is unglycosylated, and has a more neutral pi of 6.5.92 gach of the biotin
binding proteins mentioned is capable of binding four molecules of biotin.^®

Figure 2.9. The structure of biotin, also known as vitamin H.

The use of biotin/(strept)avidin in ELISA assays is widespread. The strong
affmity that exists between biotin and its binding proteins has been manipulated in
ELISA for signal detection,^^'^^ signal amplification,^^ and for sample immobilization.
We chose to utilize the strong binding affinity of the protein for biotin to serve as a
means to anchor our carbohydrate molecules to the assay plate. Other methods of
immobilizing carbohydrates to the surface of an assay plate exist in addition to
biotin/(strept)avidin. These techniques will be mentioned briefly prior to continuation of
the discussion pertaining to the use of biotin/(strept)avidin in carbohydrate ELISAs.
Other means of anchoring carbohydrates to an assay plate, besides
biotin/(strept)avidin, have been explored and subsequently reported in the literature. The

98

use of biotin/(strept)avidin represents a non-covalent method, while the following
examples represent covalent immobilization techniques. In one example, Hatakeyama
and coworkers used a commercially available amine-grafted ELISA plate to covalently
attach fully deprotected carbohydrates via a hydroxyl to the plate via an intermediary
divinylsulfone linker. They used this assay as a way to assess the binding profiles of
certain lectin proteins to their respective carbohydrates.96 An illustration of this concept
is shown in Figure 2.10. Another example, reported by Matsumoto et ai, involved the
coating of an ELISA plate with an anhydride-bearing copolymer known as MMAC
(methyl vinyl ether-maleic anhydride

copolymer).97

This water-insoluble copolymer

adsorbs to the surface of the polystyrene and allows any amine-bearing molecule to open
the anhydride ring to form a stable amide linkage (Figure 2.11). A number of different
spacer arms could also be incorporated between the MMAC and the analyte, such as a
dihydrazide linker, so that carbohydrates could be immobilized through the aldehyde of a
ring-opened sugar residue.^^
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Figure 2.10. Utilization of an amine-grafted ELISA plate to immobilize carbohydrates
for lectin binding studies.
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Figure 2.11. The use of the MMAC copolymer for immobilization of amino-bearing
compounds.

Incorporation of a dihydrazide linker allows for the anchoring of

carbohydrates.

The use of the biotin/(strept)avidin method of anchoring carbohydrates to the
surface of an assay plate is also known in the literature. In particular, Shao synthesized
biotinylglycans, and by adhering them to a streptavidin-coated ELISA plate, was able to
assess the binding affinities of several HRP-labeled lectin proteins to the plate-bound
oligosaccharides (Figure 2.12).^^ This example represents an advance in the bioassaying
of carbohydrates by standard ELISA techniques. Typically, carbohydrate binding
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proHles are determined as part of a sandwich assay, or in an inhibition assay, because
here the carbohydrates are not required to be physically attached to the plate, and are
instead free in solution. A real challenge for the direct measurement of carbohydrate
binding characteristics to other molecules has been their hydrophilicity: They cannot be
adsorbed to the surface of a hydrophobic polystyrene plate, unless they bear either a
proteinaceous or lipid component. With lipid-containing carbohydrates, there is always
the question of how compounds with different carbohydrate headgroups will remain
adsorbed to the surface of the assay plate.^^ jf one lipid has a monosaccharide attached,
while another has a di- or oligosaccharide, perhaps the molecules with a greater
carbohydrate component can wash off of the plate more readily than the monosaccharidebearing glycolipid. This issue can be further complicated If the carbohydrate contains
charged functionality.

Charged species would be expected to have enhanced

hydrophilicity over a neutral carbohydrate.
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Figure 2.12. Assaying biotinylglycans adsorbed to a streptavidin-coated microtiter plate
for lectin binding characteristics.

B. Biotin/NeutrAvidin™ ELISA Using Hydrophobic Linkers

Armed with the knowledge of how the biotin/(strept)avidin ELISA system could
eliminate some of the difHcuities we had encountered with our previous attempts at assay
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development, we set out in a new direction. Our preliminary design of the assay is
depicted in Figure 2.13. We would incorporate commercially available NeutrAvidin™coated assay plates as our solid-support. NeutrAvidin™ is a commericial biotin binding
protein that is both fully deglycosylated, as well as missing the troublesome R-Y-D
amino acid triad in its sequence. These properties lend themselves to a biotin-binding
protein with very low non-specific binding. Our synthetic strategy involved the
production of biotinylated carbohydrates with an intermediary linker. A linker is a
necessity as it provides adequate spacing between the biotin and the analyte headgroup.

gpl20

Carbohydrate
Analytes

Turns solution
blue

l.gpl20
Linker

Biotin

incubation
2. Wash

Streptavidin

Figure 2.13. ELISA assay preliminary schematic.

In order that a linker of adequate length be selected, some information concerning
the binding properties of biotin/(strept)avidin, as well as distances were needed. Biotin
encompasses a length of 10.2 A.^^O Green and co-workers performed some electron
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microscopy on a series of biotin dimers with intermediary diaminoalkanes and avidin, to
determine the subunit arrangement of the protein.

The electron microscopy studies

were able to discern the types of polymers formed between the biotin dimers and avidin.
Through these studies they ascertained that due to the strength of the interaction between
biotin and avidin, there are interactions that occur between all parts of the surface of
biotin and the protein. Therefore, the whole ring system of biotin is likely buried in a
cleft of the protein to a depth of 6-7

A.

The maximal depth of the binding site relative to

the surface was reported to be about 15

A.

Green et al. also gave some insight into a

proper chain length that a linker should contain. Using their bisbiotinyl diamines, they
established that, in a normal binding state, the carboxyl group of the biotin lies 9A below
the surface of the protein. Secondly, that only one of the two biotins was able to bind
avidin if there were fewer than 12 bonds between the carboxyl groups. Single binding
events gave rise to linear polymers of avidin cross-linked by the bisbiotin reagents.
Longer chain lengths of 12, 13, and 14 bonds were able to form unstable avidin polymers.
Above 23 bonds, short avidin polymers were formed, suggesting that both biotins of the
bisbiotinyl diamines were able to combine with the same avidin.
NeutrAvidin™ is analogous to avidin. As the biotin makes direct contacts with
the NeutrAvidin™ protein, a carbohydrate directly attached to biotin would lie right at
the surface of the protein, with the possibility that a small portion could even be below
the surface. A linker of the proper chain length could serve to extend the carbohydrate
analyte well away from the surface of the NeutrAvidin™, allowing plenty of space for a
second target protein, in our case, HRP-gpl20, to access the carbohydrate. The flrst
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linkers we selected were commercially available, and were derived from e-amino caproic
acid. One of the linkers had one unit of £-amino caproic acid attached to a biotin (2.7,
NHS-LC-Biotin), and the second had two units of the lipophilic linker (2.8, NHS-LC-LCBiotin). The LC biotin derivative had 8 bonds between the carboxyls, and the LCLC had
16 bonds. This translates to roughly 12

A and 24 A, respectively, between the biotin and

the headgroup. The LCLC biotin linker, in particular, was expected to perform well as it
would extend the analyte the furthest from the biotin. Each terminal carboxylic acid was
activated with an iV-hydroxysuccinimido group, to promote amide bond formation with
an amine. The structures of these two biotinylated linkers are illustrated in Figure 2.14.
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Figure 2.14. Structures of biotinylated linkers based on 8-amino caproic acid.

The next question to address was what headgroups we wanted to conjugate to the
biotinylated linkers. Ideally, molecules should be chosen Hrst that will help to validate
the assay, in the form of a known positive test, as well as a known negative test. For a
known positive, a GalCer analog appeared to be the best choice as GalCer had shown
consistent binding affinity for gpl20. We could not use GalCer itself as our known
positive, since it cannot be linked to the biotinyl linker without significant modification.
Instead we chose to use psychosine, which is structurally similar to GalCer, although it
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lacks the fatty acid chain. Psychosine has also been shown to bind gpl20 as well as
GalCer by ELISA.^^ Psychosine has a primary amine onto which the biotin-linker could
be conjugated, via an amide bond. The synthesis of the psychosine-conjugated biotins

(2.9,2.10) was straightforward, compounds 2.7 and 2.8 were afforded upon introduction
to flasks containing psychosine in DMF and triethylamine (Figure 2.15).

Compound 2.7 or 2.8
TEA
DMF

n=l or 2
NH
OH
OH
n=l, 2.9
(18%)
n=2,2.10 (34%)

Figure 2.15. Synthesis of Biotinyl-LC and LCLC-psychosine conjugates.
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Next, it was necesssary to choose a negative assay test candidate. We chose to
make the cyclohexyl derivative to serve this purpose, because it bears a six-membered
ring much like a carbohydrate, but is not one. A molecule such as cyclohexylamine
conjugated to the biotinyl linker would not be expected to bind to gpl20 because it lacks
any of the functionality that is present in molecules known to bind such as GalCer. The
synthesis of the two cyclohexyl derivatives (2.11, 2.12) was performed in a similar
fashion as the psychosine derivative, with the exception that cyclohexylamine was
present in excess quantity to serve as its own base (Figure 2.16).

Compound 2.7 or 2.8
DMF

n=1.2
n=l,2.11
n=2,2.12

(60%)
(44%)

Figure 2.16. Synthesis of cyclohexyl derivatives of LC and LCLC biotin.

Once the four compounds were purified, an ELISA was performed. In the first
step, the biotinyiated derivatives were incubated with the NeutrAvidin™-coated
microtiter plates. This was followed by an incubation with HRP-gpl20, and development
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of the assay with the HRP substrate and a peroxide source. Figure 2.17 displays the
results we obtained.
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PsyLCLC (2.10)
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Figure 2.17. Results of HRP-gpl20 ELISA utilizing LC and LCLC hydrophobic linkers.
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Our findings from the LC/LCLC biotinylated psychosine and cyclohexyl
compounds left us with some questions to be answered. The LC/LCLC linkers seemed to
be obscuring our headgroups from the HRP-gpl20 such that no clear results could be
obtained. Interestingly, the cyclohexyl headgroups seemed to give higher absorbance
readings than the psychosine derivatives, which should have interacted more strongly
with gpl20. The psychosine compounds had readings that fell below the level of
background HRP-gpl20 absorbances. The HRP-gpl20 background readings were much
higher than they should have been in such an assay. There are a couple of different
hypotheses that can be proposed to explain what was occurring in the assay plate. The
first hypothesis is that perhaps the hydrophobic linkers were folding back over on
themselves with hydrophobic-hydrophobic interactions such that the headgroup was
covered in lipophilic material, and consequently, only lipid was presented to gpl20. This
would explain why the cyclohexyl and psychosine headgroups yielded ambiguous results
in the assay. Secondly, perhaps the HRP-gpl20 was non-specifically binding to the
lipophilic linker portions of the molecules to a much greater degree than it could
specifically bind to the headgroups. This too would obscure the real binding interactions
to the degree that the cyclohexyl and psychosine derivatives would have similar binding
profiles to gpI20.
We attempted to remedy the non-specific binding issues of this assay by
incorporating a detergent, Tween 20, into some of the rinsing steps. This, however,
proved to be unfruitful as the absorbances for everything assayed actually increased over
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the wells rinsed only with PBS. The increases were proportional and the same shown in
Figure 2.17 were observed.
Despite the difficulties we encountered, we were able to draw some definite
conclusions about this new ELISA. Most importantly, we were able to determine
whether or not our ligands were binding to the NeutrAvidin™. After incubating with
compounds 2.11 and 2.12, we filled any remaining binding sites on the NeutrAvidin™
with HRP-labeled biotin, then developed the assay as usual (Figure 2.18). When
comparing the absorbances of each well incubated with ligand and HRP-biotin, to wells
with only HRP-biotin, we were able to determine the relative site-filling capabilities of
each biotinylated analyte. We approximated that half of the available NeutrAvidin™
sites were bound, in this first attempt. This was a true advance over the previously
reported assays, where there was no means of defining what quantities of material were
being assayed because the amount of material that potentially washed away in the rinse
steps could not be quantified.25»33,35 wjth further manipulation and development, this
would prove to be a very valuable addition to the ELISA.
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Figure 2.18. Approximation of the site-filling capabilities of the biotinylated ligands
using HRP-biotin.

Another conclusion we came to as a result of these ELISA results concerned the
use of hydrophobic linkers. If we were observing non-specific of gpl20 with cyclohexyl
or psychosine-based ligands, then perhaps the linker strategy needed to be reconfigured.
When we initially searched for a suitable conmiercially-available linker, only
hydrophobic linkers were available.

Since we were synthesizing hydrophilic
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carbohydrate-based molecules for gpl20 binding assessment studies, a hydrophilic linker
appeared to be the solution. By incorporating a hydrophilic, instead of a hydrophobic,
linker, the non-specific binding issues could be resolved.

C. Biotin/NeutrAvidin™ ELISA Using a Hydrophilic Linker

We set out to synthesize a linker that had desirable hydrophilic properties, and
that also possessed inherent flexibility in the functionality used for coupling the analyte.
We envisioned the conjugation of carbohydrates bearing different functional groups to
the linker, and it was important that the same assay be used to assess their binding
affinity to gpl20.

We could also then directly compare structurally distinct

carbohydrates, without the need of a second assay method.
A paper authored by Seitz and Kunz in 1997 provided us with a lead in designing
the linker. 102

their synthesis of an allylic anchor for use in the solid phase synthesis

of peptides and glycopeptides, their first step involved the formation of a f-butyl
protected carboxylic acid of tetraethylene glycol (TEG) (Figure 2.19). We therefore
envisioned the modiflcation of the free hydroxyl on the other side of the molecule to an
amine, giving us a f-butyl protected bifiinctional hydrophilic linker molecule. The
transformation from hydroxyl to amino was achieved by first tosylating the alcohol
(2.13). Next, the tosylate was displaced by an azide under S|^2 conditions (2.14). The
azide was then reduced using Staudinger's conditions, to yield the free amine, acidprotected linker (2.15, Figure 2.20). ^ 03
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TEG

1 mol % Na
THF

Figure 2.19. Synthesis of f-butyl protected tetraethylene glycol.

TsCI, pyr
O'Ctort.
5h, 75%
2.13

NaNa
DMF
23h ^

PhgP, HeO, THF
80h. r.t., 83% ^

80%

2.14

2.15

Figure 2.20. Synthesis of a bifunctional tetraethylene glycol linker.

With the amino compound (2.15) in hand, we next proceeded to biotinylate the
linker. As reported by Wilbur and coworkers, biotin could be conjugated to an amine if it
is first activated.

The reagent, 2,3,5,6-tetrafluorophenyl trifluoroacetate is prepared

by refluxing 2,3,5,6-tetrafluorophenol with trifluoracetic anhydride in the presence of
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BF3 etherate (Figure 2.21)J®5 This reagent can then be used to activate the carboxyiic
acid of biotin by adding it to biotin in DMF and TEA (Figure 2.22).^®^ The activated
ester of biotin is made in good yield: It is readily isolated, and can be purified by silica
gel chromatography. Compound 2.15 was biotinylated using the tetrafluorophenyl
activated ester of biotin (2.16) to give 2.17.

BF-, Etherate
HO-

+

F;

Figure 2.21. Formation of 2,3,5,6-tetrafluorophenyl trifluoroacetate.
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.F

F

F^

f3c'
HN

NH
TEA, DMF

co2h
""K

2.16

Figure 2.22. Preparation of the tetrafluorophenyl activated ester of biotin.

TEA
DMF

.coztbu ^

99%

2.15

2.16

O

^ ^

2.17

Figure 2.23. Preparation of the r-butyl protected biotinyl linker.

COztBu

117

While the use of the tetrafluorophenyl trifluoroacetate lends itself to high yielding
reactions, there was a drawback to its use that led us to modify our procedure in later
applications. The problem revolved around having to generate the reagent. The
procedure was very time-consuming, taking approximately four days to complete. Each
day, the refluxing reaction required a fractional distillation to remove the trifluoroacetic
acid byproduct. In the end, a fractional distillation to remove the TFA and TFAA, was
followed by a distillation under reduced pressure to allow isolation of the desired
reagent.

The solution lay in the commercially available 2,3,4,5,6-pentafluorophenyl

trifluoroacetate. This reagent can be used in the same fashion as the tetrafluorophenyl
derivative. Performing a two-step one-pot transformation shortens the procedure, such
that the intermediary pentafluorophenyl ester of biotin need not be isolated (Figure 2.24).
The overall yields are generally better as well, at times even quantitative, as only one
silica gel column is necessitated instead of two.
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TEA

PMF.
OH

Figure 2.24. Improved two-step one-pot synthesis of an amide-linked biotin molecule
using the conmiercially available reagent, 2,3,4,5,6-pentafluorophenyl trifluoroacetate.

After biotinylation of the linker, the r-butyl protecting group was removed.
Initially, the standard conditions of stirring the protected compound in TFA was
attempted. A very low isolated yield was achieved by this method (23%). This was
attributed to decomposition of the cyclic thioether in biotin due to the presence of /-butyl
cations, as well as r-butyl trifluoroacetate.

Peptide chemists have developed a

deprotection strategy that consists of introducing scavengers to the reaction to eliminate
the decomposition of thioethers such as methionine. Methionine can be f-butylated, and
can also undergo acid-catalyzed oxidation.

King and coworkers reported the

efficient deprotection of several peptides utilizing a mixture of TFA and several
scavengers to diminish the decomposition of amino acids such as methionine.

This
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mixture, known as Reagent K, is composed of 82.5% TFA, 5% each of phenol, H2O, and
thioanisole, and 2.5% of 1,2-ethanedithiol. 1,2-Ethanedithiol is an efficient scavenger of
/-butyl trifluoroacetate, water quenches /-butyl cations, and thioanisole functions to
suppress the oxidation of thioethers. We employed this deprotection strategy on
compound 2.17, and were able to achieve a 89% yield of the free acid, 2.18 (Figure 2.25).
While our synthetic strategy into this hydrophilic linker was in press,^^ another report
appeared with a similar synthetic route to the ^-methylated biotin-conjugated linker.
Wilbur and coworkers synthesized this linker to form hydrophilic starburst dendrimers
for antibody pretargeting and delivery of radionuclides to cancer cells.

H

2.17

/\y\/\c02h

H

2.18

(89%)

Figure 2.25. Efficient deprotection of biotin-TEG-/-butyl ester utilizing Reagent K.
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Once the free carboxylic acid, 2.18, had been generated, the test compounds for
the ELISA could be made (the cyclohexyl and psychosine derivatives). The syntheses of
these two molecules echos the synthesis of 2.17, in that first the activated ester was made,
followed by displacement with the desired amine.

Again, we chose to use the

tetrafluorophenyl ester as the activating group by reacting 2.18 with 2,3,5,6tetrafluorophenyl trifluoroacetate in DMF, with TEA as the base, giving 2.19 in 86%
yield. Compound 2.19, could then be combined with either cyclohexylamine to give

2.20, or with psychosine to give 2.21, in DMF and TEA. The yields for the amide-bond
forming reaction were 92 and 74%, respectively (Figure 2.26).
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COiH
TEA.DMF

R-NHj
TEA,DMF

2.19

R=

(86%)

2.20

(92%)

2.21

(74%)

Figure 2.26. Synthesis of negative and positive test compounds for the ELISA assay.

One additional task remained in the process of generating a viable ELISA, which
involved either selecting or synthesizing an appropriate blocking reagent. Blocking
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agents are typically used in bioassays such as ELISA to attempt to decrease the amount
of signal associated with non-specific binding interactions of the labeled protein with
some component of the assay. These components can be entities such as the polystyrene
plate, or the protein coated on the surface as the solid support, in our case NeutrAvidin™.
Some of the more common blocking agents incorporated into many bioassays include
bovine serum albumin (BSA), hemoglobin, gelatin, or nonfat milk.^^ The choice of
which blocking agent is sufficient for the application must be determined empirically,
and in some cases, the blocking agent itself may lend to the incidence of excessive NSB.
Two investigators, Mohammad and Esen argued that proteinaceous blocking agents were
unnecessary, and even detrimental to the signal-to-noise ratio.^

They determined that

by including a mild detergent, Tween 20, to all of their rinsing steps in the assay, they
were able to decrease their background signal by 100 times. Tween 20 minimizes the
hydrophobic interactions that can occur between proteins and the solid phase. In our
hands, we had already shown that HRP-gpi20 had an affinity for Tween 20, which
actually resulted in higher background levels of NSB. We also avoided the use of the
other common blocking agents mentioned, as most have a considerable carbohydrate
component that could add to the NSB interactions with gpl20. We chose instead to
produce a biotin-based blocking reagent to aid in minimization of the NSB with gpl20.
We decided to synthesize the simple primary amido-biotin derivative to serve as a
blocking agent (2.22, Figure 2.27). In addition to testing 2.22 as a blocking reagent, we
also screened 2.17 and 2.20 as potential blocking agent candidates. Compound 2.22 was
thought to be a good candidate for a blocking agent because of its small size. This would
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enable 2.22 to fill in NeutrAvidin™ sites that would be inaccessible to larger molecules.
Compound 2.17 was also chosen because of its increased hydrophilicity over 2.22 due to
the hydrophilic linker. Both 2.22 and 2.17 had the added benefit of having the
carboxylic acid moiety masked in the form of a primary amide and a r-butyl ester,
respectively. This would serve to eliminate an anionic binding interaction with gpl20.
The final blocking agent prospect, 2.20, was included because of its proposed lack of
binding affinity to gpl20, as well as its lack of charge.

F

F

2.22

Figure 2.27. Preparation of a simple amide derivative of biotin as a potential blocking
agent.

The proper choice of a blocking agent would ultimately be determined by two
factors: The lack of its binding activity to gpl20, and its ability to fill in the most open
NeutrAvidin™ binding sites. In the blocking agent screening assay, the potential
blocking agents were first incubated with a new plate. In the second step, the number of
filled sites was assessed by incubating all blocked wells with HRP-biotin, and comparing
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the data with wells only filled with HRP-biotin. In this instance, a lower slope was more
desired, as it indicated a greater number of sites filled by the blocking agent (Figure
2.28). As can be seen, 2.22 provided the lowest absorbance in this assay, and was
therefore used as the blocking reagent in all subsequent ELISA assays.
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Figure 2.28. Screening of potential blocidng reagents by ELISA. The standard deviation
at each data point is represented by the error bars. Where the error bars are not visible,
the standard deviation was very small. The assay was repeated two times. The results
portrayed are representative of both trials.
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The efficiency of plating for each analyte could be determined by using the same
steps as those mentioned in choosing a blocking reagent.

Again, the lower the

absorbance generated, the greater the number of sites filled by the desired analyte. Figure
2.29 illustrates the plating efficiency for compounds 2.20-2.22. A value for each ligand
corresponding to the % sites filled could be generated simply by first assigning a value of
100% to the absorbance maximum of wells incubated with only HRP-biotin. Next, the
absorbance of each analyte at the same point in time is subtracted from the HRP-biotin
reading, then divided by the same. The value arrived at represents the percentage of
available sites that have been filled by the individual ligands. The whole purpose of this
assay is to determine that all of the ligands fill approximately the same number of sites in
the ELISA. This ensures that in the gpl20 binding ELISA, the differences in binding
seen can only be attributed to variances in the affinity of gpl20 for each ligand, and not
simply a matter of sheer numbers of molecules present. As can be seen from Table 2.3,
all three of the ligands tested filled between 75 and 85% of the available NeutrAvidin™
sites. We consider this to be sufficient for our purposes, and therefore believe that all
differences seen in gpl20 binding are indeed due to divergent affinities for the protein.
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Figure 2.29. Determination of the plating efficiency for each biotinylated analyte. The
standard deviation at each data point is represented by the error bars. Where the error
bars are not visible, the standard deviation was very small. The assay was repeated three
times. The results portrayed are representative of all trials.
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Comoound

Absorbance

2.20
2.21
2.22

0.272
0.243
0.159

HRP-Biotin

1.088

Std. Dev.
0.000
0.017

% Sites Filled

0.018

75
78
85

0.031

100

Table 2.3. Plating efficiency data at the HRP-biotin maximum. These results are
representative of the three trials of the assay.

The next step in the process involved testing the three compounds for gpl20
binding activity. The assay set-up is provided in Figure 2.30. In the first step, the ligands
were incubated with the assay plate. This was followed by a blocking step with 2.22 to
fill in any NeutrAvidin™ sites left open after the first incubation. The final step involved
incubating each of the wells with HRP-gpl20, then development of the assay. The
absorbance measurements were directly proportional to the amount of gpl20 present.
Figure 2.31 illustrates the results obtained by these means. Looking at the slopes of the
lines obtained through kinetic readings, it is easy to ascertain that 2.21, the psychosine
analog, has the most significant binding interaction to HRP-gpl20. Conversely, 2.20, the
cyclohexyl derivative, does not achieve binding above a background level. Finally, it can
be noted that the biotin blocking agent, 2.22, does not bind gpl20, as evidenced by the
similar slope as 2.20. The endpoint values for the assay at 20 minutes are given in Table
2.4. The assay is therefore validated. ^ ^ ^ Distinct differences were seen between the
activities of compounds, the positive test psychosine derivative, and the negative test
cyclohexyl derivative. The assay had other beneficial properties as well. The assay was
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reproducible, and gave very low background readings for HRP-gpl20 incubated alone in
the well. The problems of NSB HRP-gpl20 that had been encountered in our previous
attempts of the ELISA (vide supra) had finally been overcome.

Step 3: Incubate

%vith HRP-gpl20.
Add substrate,
get blue color.
HRP

gpl20

Step 1: Incubate
with biotinylated
analyte
Step 2: Fill any
remaining sites
with blocking
agent

Figure 2.30. Representation of the improved ELISA utilizing the hydrophilic TEG-based
linker.
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Figure 2.31. ELISA results for the initial test compounds. The standard deviation at each
data point is represented by the error bars. Where the error bars are not visible, the
standard deviation was very small. The assay was repeated three times. The results
portrayed are representative of all trials.
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ComDound

2.20
2.21
2.22

Absorbance (EP) Std. Dev (EP)
0.073
0.336
0.093

0.024
0.014
0.010

Table 2.4. Endpoint (EP) values for the initial test compounds.

Having developed a valid reproducible assay for assessing the binding activities
of synthetic carbohydrate-based molecules to gpl20, we were poised to meet the other
two goals of this study. The first goal involved the synthesis and testing of compounds
known to be positive- or negative-binding agents by other methods. This was done to
determine how our assay performed relative to the other available techniques. To meet
the second goal, we synthesized and tested compounds whose activities against gpl20
were an unknown quantity. This application represents the more long-term goal of
developing novel carbohydrate-based molecules as potential entry inhibitors of
gpl20/host cell interactions. These studies will be discussed in the next two chapters at
length.

Experimental Section

General Procedures: All materials were obtained from commercial sources and used
without additional puriHcation, unless otherwise noted. Solvents were distilled prior to
use as reaction media. All glassware utilized in water-sensitive reactions was flame-dried
before use.

NMR spectra were recorded at 250 or 500 MHz on Bruker

132

superconducting FT spectrometers.

NMR data are reported in the order of chemical

shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of
doublets, m = multiplet, br = broad),

NMR spectra were recorded at 62.5 or 125

MHz and were proton decoupled. All spectra are reported in parts per million relative to
the residual solvent peak. Mass spectrometry was performed at The University of
Arizona, Mass Spectrometry Facility, Tucson, AZ.

Preparation of Coloininic Acid Oligomers: 102.8 mg of commercial colominic acid
(Sigma Chemical Co.) was dissolved in 10 mL of deionized water. This solution was
heated to 50 °C. The pH of the solution was adjusted to 2.99 with dilute HCl and
hydrolyzed for 2 h by the method of Roy and Pon.^

After 2 h, the pH was raised to

7.59 with dilute NaOH. The solution was freeze-dried to yield 116 mg (includes NaCl
salts from the hydrolysis).

Separation of Colominic Acid Oligomers: Acid-hydrolyzed colominic acid (100 mg)
was dissolved in deionized water and separated into distinct chain length fragments by
gel filtration. A 2.5 x 100 cm Biogel P-10 column was employed using 0.03 M

NH4HCO3 as the buffer; 3.5 mL fractions were collected. The eluting carbohydrate
oligomers were detected at 222 nm by an ISCO

Absorbance Detector (Isco, Inc.,

Lincoln, NE). Seven distinct peaks were detected that translated into the chain lengths of
monomer through heptamer of colominic acid. The peaks were collected individually
and freeze-dried. All oligomers were white flu^ powders. Dimer colominic acid (18.5
mg, compound 2.1), and trimer colominic acid (3.4 mg, 2.2) were assessed for purity by
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both

NMR and electrospray mass spectroscopy. Compound 2.1:

NMR (250

MHz, D2O) 5 1.51 (app q. 2H, 7=13, 25.6 Hz, Hsa, Hsa'), 1.82 (d, 6H, 7=8.4 Hz, NAc),
2.02 (dd, IH, 7=5.0, 13.2 Hz,

2.55 (dd, IH, 7=4.3, 12.2 Hz, Hse'), 3.31-3.77 (m,

14H). 13c NMR (Referenced to internal acetone-rfg) 8 22.34, 22.53, 39.76,41.53, 52.23,
52.84, 61.18, 63.01, 67.24, 67.82, 68.44, 70.47, 72.40, 73.25, 75.29, 96.89, 102.37,
172.77, 174.72, 175.18, 177.18. Low resolution mass spectrum (ESI") calcd for
^22H35N20i7 (MH)": 599.56. ESI" peaks observed: 599 (M-H)/l, 299 (M-2H)/2.
Compound 2.2: ^H NMR (250 MHz, D2O) 8 1.79 (m, 3H, H3a protons), 2.09 (m, 9H,
NAc), 2.25 (dd, IH, 7=4.5, 12.9 Hz, Hae), 2.75 (dd, IH, 7=4.1,12.2 Hz, H3e), 2.84 (dd,

IH, J=4.4, 12.6 Hz, Hse), 3.60-3.96 (m, 18H) 4.01-4.13 (m, 3H).

NMR (Referenced

to external 3-(trimethylsilyl)propionic 2,2,3,3-d4 acid, sodium salt in D2O) 8 24.95,
25.05, 25.11, 25.15, 41.76,42.96, 43.38, 54.63, 55.0, 55.17, 63.74, 64.18, 65.59, 70.08,
70.22, 70.76,70.97,71.05,71.07,73.55,74.59,75.79, 76.44,77.67, 80.14,99.01, 103.84,
104.44, 175.07, 175.70, 177.69, 177.89. Low resolution mass spectrum (ESI~) calcd for

C33H52N3O25 (MH)": 890.84. ESI" trimer peaks observed: 890 (M-H)/l, 444 (M2H)/2,296 (M-3H)/3.

Lactonization of Colominic Acid Dimer (2.3): The dimer of colominic acid (18.5 mg,
0.031 mmol) was dissolved in 9.0 mL of glacial acetic acid and stirred at room
temperature for 24 h. Then the solvent was removed in vacuo. The resulting residue was
dissolved in a small quantity of water and freeze-dried. 11.6 mg (0.020 nmiol) of a fluffy
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white solid resulted (65%).

NMR (500 MHz, D2O) 6 1.68 (t, IH, 7=11.7 Hz, Hsa),

1.77 (t, IH, y=l 1.9 Hz, H3a'), 2.00 (s, 6H, iVAc), 2.16 (dd, IH, 7=3.4, 8.4 Hz, H^c), 2.50
(dd, IH, 7=5.1, 8.0 Hz, Hse'), 3.52-3.98 (m, 12H), 4.27 (app t, 2H, 7=5.1 Hz).
NMR (Referenced to internal acetone-dg) 8 22.47, 22.57, 39.85, 40.05, 52.13, 52.44,
63.77, 67.76, 68.10, 68.40, 70.45, 70.67, 70.89, 71.74, 73.06, 96.58, 167.71, 174.93,
175.46, 176.59. Low-resolution mass spectrum (FAB"'") calcd for C22H34N2O15 (MH)"^;
583.04. Found: 583.038.

Lactonization of Colominic Acid Trimer (2.4): The trimer of colominic acid (7.7 mg,
0.009 mmol) was dissolved in 3.5 mL of glacial acetic acid and stirred at room
temperature for 24 h. Then the solvent was removed in vacuo. The residue was
dissolved in a small quantity of water and freeze-dried to give 5 mg (0.006 mmol) of a
fluffy white solid (65%). ^H NMR (500 MHz, D2O) 8 1.68 (t, IH, 7=11.6 Hz, Hsa),
1.74 (t, IH, 7=13.1 Hz, H3a'), 1.83 (t, IH, 7=12.2 Hz, Hsa"), 2.06 (m, 9H, /VHAc), 2.21
(dd, IH, 7=4.8 Hz, Hae), 2.56 (m, 2H, Hae', Hse"), 3.58-4.04 (m, 14H), 4.25 (m, IH),
4.33 (m, 3H), 4.71 (m, 3H).

NMR (Referenced to external 3-(trimethylsilyl)

propionic 2,2,3,3-i/4 acid, sodium salt in D2O) 8 13.38, 24.32, 24.89, 24.93, 24.95, 25.01,
25.04, 42.21,42.29,42.44, 45.11, 54.10, 54.50,54.82,66.10, 66.14, 70.06, 70.11, 70.14,
70.21, 70.49,70.59, 70.70, 70.77, 71.41, 71.71,72.97,73.34, 73.94, 74.86, 75.46, 99.02,
99.04, 99.26, 170.12, 177.45, 177.77, 178.00, 179.29. Low-resolution mass spectrum
(FAB+) calcd for C33H5oN3023(MH)+: 856.84. Found: 856.18.
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Solid Phase Coupling of Colominic Acid Dimer Lactone to Tentagel^ Resin (2.5):
Tentagel S-NH2 (Peptides International) resin (1 equiv) was washed with NMP
methyl pyrrolidinone) 4 times, allowed to swell in NMP for 0.5 h, then washed again.
The dimer lactone (2.3, 1 equiv, 5 mg, 0.009mmol), and 2 equiv BOP (benzotriazollyloxy-tris(diniethylaniino)phosphonium hexafluorophosphate, 0.018 mmol, 8 mg), were
added in 0.5 mL of NMP to the reaction vessel. 4 Equiv of Hunig's base (0.036mmol,
6.3 |iL) was then added. The reaction was stirred by N2 percolation through a fritted
glass filter. After 2 h, a Kaiser test (I drop each of O.I M KCN, 1.25 g ninhydrin in 25
mL of n-BuOH, and 20 g of phenol in 5 mL n-BuOH, heated with a small quantity of
beads at 110 °C for 2 min.) indicated that the dimer lactone was fully coupled to the bead.
The reaction solution was drained and 6 x 1 min. washes with first NMP, then 10 x 1
washes with deionized water were achieved.

Then the beads were filtered and

lyophilized. Yield: 4.3 mg of conjugated beads.

Coupling of Colominic Acid Trimer Lactone to Tentagel™ Resin (2.6): Tentagel SNH2 resin (5.1mg, 1 equiv. Peptides International) was washed with NMP 4 times,
allowed to swell in NMP for 0.5 h, then washed again. The trimer lactone (2.4, 1.5 equiv,
2.1 mg, 0.002 nmiol) and 1.5 equiv of BOP (0.002 nunol, 1.1 mg) were added in 0.5 mL
of NMP to the reaction vessel. Hunig's base (0.005 nrniol, 4 equiv, 1 ^iL) was then
added. The reaction was stirred by N2 percolation through a fritted glass filter. After 4
h, a Kaiser test was performed (vide supra) and indicated that the coupling was
incomplete. An additional 1 mg of BOP and 1 ^L of Hunig's base were added to the
reaction. After approximately 24 h, the Kaiser test indicated a complete reaction. The
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solution was drained and 6 x 1 min. washes with Hrst NMP, then 10 x 1 washes with
deionized water were achieved. The beads were Hltered and freeze-dried to yield: 3.2
mg of conjugated beads.

Preparation of iV-Acetylated Tentagel Resin: Tentagel S-NH2 resin (1 equiv, 50 mg,
0.0145 mmol. Peptides International) was washed 4 times with NMP, then allowed to
swell for 0.5 h in NMP, then washed again. Acetic anhydride (0.145 mmol, 10 equiv,
13.7 ^iL) was added, in addition to 10 equiv (0.145 mmol, 20.2 |xL) of TEA. The
reaction was stirred by Nj percolation through a fritted glass disk. After a few hours, the
Kaiser test {vide supra) revealed a complete reaction. The resin was washed 6 x 1 min.
with NMP, followed by 5 x 1 min. washing with deionized water. The beads were filtered
then freeze-dried and 44 mg of ^-acetylated Tentagel™ beads resulted.

P-D-Galactopyranosyi-(l-^l)-(2S,3R,4E)-3-hydroxy-2-Ar-(caproamide-6-Dbiotinanude)-sphingenine (2.9): Psychosine (5 mg, 0.011 mmol, Sigma) was dissolved
in 500 ^iL of DMF. Triethylamine (2 ^iL, 0.012 mmol) was added to this solution, which
was then placed in an ice bath at 0 °C. Compound 2.7 (5.4 mg, 0.012 nmiol) was added
dropwise as a solution in 500 |jL of DMF. The reaction was allowed to slowly warm to
room temperature. The reaction was stirred overnight at room temperature, and then
evaporated. Purification was achieved on a C-8 silica gel cartridge (1ST Isolute SPE C-8,
1 g, 6 mL capacity) using a mixture of methanol and acetonitrile to elute the pure
compound, 2.9 (1.4 mg, 0.002 nunol) in 18% yield. The product was a fine white
powder.

NMR (500 MHz, 4:1 CDCI3/CD3OD, externally referenced to CDCI3 with

0.05% TMS) 5 0.74 (t, 3H, J=6.9 Hz, CH3), 1.12 (s, 28H, (CH2)i4), 1.29 (app t, 2H),
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1.36 (m, 2H), 1.50 (m, 4H, (CH2)2), 1.88 (m, 2H), 2.06 (m, 4H), 2.59 (d, IH, 7=12.9 Hz,
CHS), 2.78 (dd, IH, 7=5H, 12.9 Hz, CHS), 3.02 (m, 2H), 3.38 (m, 2H), 3.44 (m, 2H),
3.57 (m, IH), 3.69 (dd, IH, 7=6.5, 11.6 Hz), 3.76 (d, IH, 7=2.9 Hz), 4.01 (m, 2H), 4.06
(d, IH, 7=7.2 Hz, HI), 4.18 (dd, IH, 7=4.5, 7.8 Hz, CHNH biotin), 4.37 (dd, IH, 7=5.2,
8.0 Hz, CffNH biotin), 5.31 (dd, IH, 7=7.2, 15.3 Hz, C=C-H), 5.56 (dt, IH, 7=6.2, 14.5
Hz, C=C-H). High-resolution mass spectrum (FAB"*") calcd for C40H73N4SO10 (MH)""":
801.5047. Found: 801.5076.

P-D-Galactopyranosyl-(l-»l)-(2S^R,4E)-3-hydroxy-2-A^-(l,6-dicaproamide-12-Dbiotinamide)-sphingenine (2.10): Psychosine (5 mg, 0.011 mmol) was dissolved in 500
^iL of DMF. Trietiiylamine (2 ^iL, 0.012 mmol) was added to this solution, and the flask
was placed in an ice bath at 0 °C. Compound 2.8 (6.8 mg, 0.012 mmol) was added
dropwise as a solution in 500 |iL of DMF. The reaction was allowed to slowly warm to
room temperature. The reaction was stirred overnight at room temperature, and was
evaporated. Purification was achieved on a C-8 silica gel cartridge (1ST Isolute SPE C-8,
1 g, 6 mL capacity) using a mixture of methanol and acetonitrile to elute the pure
compound, 2.9 (3.8 mg, 0.004 mmol) in 34% yield. The product was a fine white
powder. ^H NMR (500 MHz, 4:1 CDCI3/CD3OD, externally referenced to CDCI3 with
0.05% TMS) 5 0.74 (t, 3H, 7=6.8 Hz, CH3), 1.12 (s, 34H, (CH2)i7), 1.22-1.38 (m, 6H),
1.48 (m, 6H), 1.87 (m, 2H), 2.04 (m, 4H), 2.59 (d, IH, 7=12.9 Hz, CHS), 2.77 (dd, IH,
7=5.0, 12.9 Hz, CHS), 3.04 (m, 2H), 3.36-3.41 (m, 4H), 3.53-3.62 (m, IH), 3.66-3.70 (m,
IH), 3.76 (d, IH, 7=2.9 Hz). 3.97-4.03 (m, 2H), 4.06 (d, IH, 7=7.3 Hz, HI), 4.17 (dd, IH,
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7=4.5, 7.9 Hz, C/fNH biotin), 4.37 (dd, IH, 7=4.9, 7.8 Hz, CifNH biotin), 4.31 (dd, IH,
7=7.1, 15.4 Hz, C=C-H), 5.56 (dt, IH, 7=6.7, 14.7 Hz, C=C-H). High-resolution mass
spectrum (FAB+)calcd for C46H84N5SOn (MH)+: 914.5888. Found: 914.5872.

6-D-Biotinamide-caproyl-cycIohexylainide (2.11): Cyclohexylamine (2.5 ^L, 0.022
mmol) was dissolved in 160

of DMF. This solution was placed in an ice bath at 0 °C

and compound 2.7 (5.0 mg, 0.011 mmol) was added dropwise as a solution in 80 |XL of
DMF. An additional 200 p.L of DMF was added after 4 h, as the solution was becoming
cloudy. The reaction was warmed to room temperature and stirred for 24 h. The solvent
was evaporated, and the residue was subjected to silica gel chromatography in a gradient
from 95:5:0.1 to 90:10:0.1 CHjClj/MeOH/AcOH. 2.9 mg (0.007 mmol, 60%) of the offwhite fine powdered product, 2.11, resulted. ^H NMR (500 MHz, 4:1 CDCI3/CD3OD,
externally referenced to CDCI3 with 0.05% TMS) 5 1.01 (m, 2H, CH2), 1.18 (m, 4H,
(CH2)2), 1.24-1.31 (m, 2H, CH2), 1.33-1.41 (m, 2H, CH2), 1.44-1.61 (m, 10H,(CH2)5),
1.72 (m, 2H), 1.83 (app s, 2H), 1.83-2.07 (m, 4H), 2.59 (d, IH, 7=12.5 Hz, CHS), 2.79
(dd, IH, 7=4.8, 12.8 Hz, CHS), 3.24 (s, IH, CHS), 3.53 (m, IH, CHNH cyclohexyl), 4.18
(dd, IH, 7=4.5, 7.7 Hz, C//NH biotin), 4.37 (dd, IH, 7=5.1, 7.6 Hz, CHNH biotin).
High-resolution mass spectrum (FAB"*") calcd for C22H39N4SO3 (MH)"*": 439.2743.
Found: 439.2742.

12-D-Biotinaiiiide-l,6-dicaproyl-cyclohexylaiiiide (2.12): Cyclohexylamine (2.1 ^L,
0.018 mmol) was dissolved in 160 pL of DMF. This solution was placed in an ice bath at
0 "C and compound 2.8 (5.0 mg, 0.009 mmol) was added dropwise as a solution in 80
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of DMF. An additional 200 ^iL of DMF was added after 4 h, as the solution was
becoming cloudy. The reaction was warmed to room temperature and stirred for 24 h.
The solvent was evaporated, and the residue was subjected to silica gel chromatography
in a gradient from 95:5:0.1 to 90:10:0.1 CH2Cl2/MeOH/AcOH. 2.1 mg (0.004 mmol,
44%) of the off-white fine powdered product, 2.12, resulted. ' H NMR (500 MHz, 4:1

CDCI3/CD3OD, externally referenced to CDCI3 with 0.05% TMS) 8 1.00 (m, 4H), 1.21
(m, 6H), 1.29 (m, 2H), 1.34 (m, 4H), 1.44-1.61 (m, 12H), 1.72 (dd, 2H, 7=3.4, 12.5 Hz),
1.83 (s, 2H), 2.04 (m, 6H), 2.59 (d, IH, 7=12.8 Hz, CHS), 2.79 (dd, IH, 7=5.0, 12.9 Hz,
CHS), 3.24 (s, IH, CHS), 3.52 (m, IH, C//NH cyclohexyl), 4.18 (dd, IH, 7=4.5, 7.9 Hz,
C/fNH biotin), 4.38 (dd, IH, 7=4.4, 7.8 Hz, C/fNH biotin). High-resolution mass
spectrum (FAB"'") calcd for C28H50N5SO4 (MH)"*": 552.3584. Found: 552.3583.

f-Butyl-4,7,10-trioxadodecyl-12-p-toluenesuifonate (2.13): 2.0 g (7.19 mmol) of tbutyl-protected tetraethylene glycol carboxylic acid (Figure 2.19, prepared by the method
of Seitz and Kunz)^®^ ^35 weighed directly into an oven-dried flask. The flask was
placed in an ice bath upon addition of 40 mL of pyridine, and the solution was allowed to
cool to 0 °C under argon gas. Purified TsCl (2.74 g, 14.38 mmol, recrystallized from
petroleum ether) was added, and the reaction was warmed to room temperature and
stirred under argon for 4.5 h. The reaction was quenched by the addition of 80 mL of
deionized H2O, and extracted three times with ethyl acetate. The combined organic
layers were washed with brine and dried over anhydrous sodium sulfate. Purification of
the crude product was achieved by silica gel chromatography with 9:1 toluene/acetone.
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2.42 g (75%) of a clear yellow oil was obtained.

NMR (250 MHz, CDCI3) 8 1.51 (s,

9H, (CH3)3 ffiu), 2.51-2.59 (m, 5H, CH3 tosylate, CH2C02rBu), 3.64-3.66 (app d, 8H,
/=3.0 Hz, (CH2-0)4), 3.76 (app q, 4H, 7=6.6, 13.0 Hz, (CH2-0)2), 4.22 (t, 2H, 7=4.3 Hz,

CH2-OtosyIate), 7.42 (d, 2H, 7=8.1 Hz, (CH)2 aromatic), 7.86 (d, 2H, 7=8.2 Hz, (CH)2
aromatic).

nmR 8 21.56, 28.02, 36.19, 66.80, 68.57, 69.27, 70.27, 70.44, 70.63,

80.35, 127.89, 129.81, 132.91, 144.78, 170.79. High-resolution mass spectrum (FAB"'")
calcdforC20H33SO8(MH)-^: 433.1896. Found: 433.1895.

^Butyl-12-azido-4,7,10-trioxadodecyiate (2.14): Compound 2.13 (2.12 g, 4.91 mmol)
was transferred to a flask as a solution in dichloromethane, then evaporated and weighed.
Then 29.5 mL of DMF was added to the flask under argon and stirred. NaN3 (958 mg,
14.73 mmol) was added and the reaction was stirred at room temperature under argon for
1.5 h. The reaction was quenched by the addition of 50 mL of deionized H2O and
extracted three times with diethyl ether. The combined organic layers were washed with
brine and dried over anhydrous sodium sulfate. Purification of the crude product was
achieved by silica gel chromatography using 3:1 hexanes/ethyl acetate. A clear, colorless
oil (1.35 g, 91%) was obtained. The product contained a slight impurity by TLC. ^H
NMR revealed that the product was -95% pure. IR (thin film) 2978, 2864, 2104, 1719
cm-1. ^H NMR (250 MHz, CDCI3) 8 1.39 (s, 9H, (^3)3 rBu), 2.45 (t, 2H, 7=6.6 Hz,
CH2CO2/BU), 3.33 (t, 2H, 7=5.0 Hz, CH2N3), 3.54-3.68 (m, 12H, (CH2-0)6).
NMR 8 27.89, 36.09, 50.48, 66.70, 69.88, 70.20, 70.41, 70.49, 70.56, 80.17, 170.64.
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High-resolution mass spectrum (FAB+) calcd for C13H26N3O5 (MH)+: 304.1872.
Found: 304,1865.

^Butyl-12-aiiiino-4,7,10-trioxadodecylate (2.15): THE was added to a flask containing
539 mg (1.78 mmol) of compound 2.14. Deionized H2O (64 mL, 3.56 mmol) was added,
followed by 512 mg (1.95 nunol) of triphenylphosphine.^O^

7^5

reaction was stirred at

room temperature for 80 hours, and then evaporated. A solution of 1:1 ether/petroleum
ether was added to the flask, then placed on ice.^

The solution was filtered through

Celite, then filter paper, to remove the precipitated triphenylphosphine oxide. The filtrate
was then evaporated. Purification of the crude product was achieved by silica gel
chromatography with 90:10:0.1 chloroform/methanol/triethylamine. A clear yellow oil
(405 mg, 82%) was obtained.

NMR (250 MHz, CDCI3) 8 1.37 (s, 9H, (CH3)3 rBu),

2.43 (t, 2H, /=6.5 Hz, CH2C02tBu), 2.80 (t, 2H, /=5.1 Hz, CH2NH2), 3.45 (t, 2H, 7=5.2
Hz, CH2-O), 3.56 (s, 8H, (CH2-0)4), 3.64 (t, 2H, 7=6.5 Hz, CH2-O).

NMR 6

28.09, 36.25, 41.72, 66.89, 70.27, 70.38, 70.51, 70.57, 73.23, 80.47, 170.8. Highresolution mass spectrum (FAB+) calcd for C13H28NO5 (MH)"*": 278.1967. Found:
278.1960.

D-Biotin-/-Butyl-12-amido-4,7,10-trioxadodecylate (2.17): Compound 2.15 (205 mg,
0.74 mmol) was transferred to the reaction flask as a solution in dichloromethane, then
evaporated and weighed. 11.6 mL of DMF was added, followed by 309 |xL (2.22 mmol)
of TEA, with the flask under nitrogen. The solution was stirred and 290 mg (0.74 mmol)
of D-biotin-2,3,5,6-tetrafluorobenzoate (2.16) was added. The reaction was stirred at
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room temperature, under nitrogen, for 24 h, then evaporated. The resultant crude product
was purified using silica gel chromatography with a gradient of 16:1 to 8:1
chloroform/methanol. 369 mg (99%) of a clear amorphous solid was obtained. ^HNMR
(250 MHz, CDCI3) 6 1.38 (app s, IIH, (^3)3 rBu, CH2 biotin), 1.46-1.75 (m, 4H
(CH2)2 biotin), 2.16 (t, 2H, 7=7.2 Hz, Ci/2C02NH biotin), 2.43 (t, 2H, 7=6.4 Hz,
CH2C02®u),

2.67 (d, IH, 7=13.7 Hz, CHS), 2.83 (dd, IH, 7=4.5, 12.9 Hz, CHS), 3.07

(app d, IH, 7=4.4 Hz, CHS), 3.36 (app t, 2H, 7=4.6 Hz, CH2NHCO), 3.50 (app t, 2H,
7=5.1 Hz, CH2-O), 3.55 (app s, 8H, (CH2-0)4), 3.64 (app t, 2H, 7=6.5 Hz, CH2-O), 4.25
(m, IH, CHNH biotin), 4.43 (m, IH, C//NH biotin), 6.02 (s, IH, NH), 6.87 (m, 2H,
(NH)2). '3C NMR 8 25.79, 28.28, 28.40, 36.15, 36.41, 39.33, 40.72, 55.81, 60.42,
61.96, 67.07, 70.15, 70.29, 70.56, 80.80, 164.2, 171.1, 173.58. High-resolution mass
spectrum (FAB+) calcd for C23H42N3SO7 (MH)+: 504.2743. Found: 504.2754.

D-Biotin-12-amido-4,7,10-trioxadodecanoic acid (2.18): Reagent

was prepared

in a separate glass-stoppered flask and contained the following: 1.65 mL TEA (85% v/v),
100 nL of thioanisole (5% v/v), 50 ^iL of 1,2-ethanedithiol (2.5% v/v), 100 |iL of
deionized H2O (5% v/v), and a small amount of phenol (-5% w/v). 42.4 mg (0.079
mmol) of compound 2.17 was transferred to the reaction flask as a solution in
dichloromethane, then evaporated and weighed. Reagent K was transferred to the
reaction flask, stoppered with glass, stirred at room temperature for 1.5 h, then
evaporated. Purification of the crude acid was achieved using silica gel chromatography
with a gradient of chloroform/methanol/glacial acetic acid from 20:1:0.1 to 8:1:0.1. A
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powdery white solid (31 mg, 89%) was obtained.

NMR (250 MHz, DMSO-rf6) 5

1.23-1.62 (m, 6H, (CH2)3 biotin), 2.06 (t, 2H, 7=7.1 Hz, CH2CONH), 2.43 (t, 2H, 7=6.2
Hz, CH2CO2H), 2.57 (d, IH, 7=12.4 Hz, CHS), 2.81 (dd, IH, 7=5.1, 12.4 Hz, CHS),
3.05-3.14 (m, IH, CHS), 3.18 (app t, 2H, 7=5.5 Hz, CH2NHCO), 3.38 (t, 2H, 7=6.0 Hz,

CH2 -O), 3.49 (s, 8H, (CH2-0)4), 3.59 (t, 2H, 7=6.3 Hz, CH2-O), 4.13 (m, IH, CHNU
biotin), 4.30 (m, IH, CifNH biotin), 6.38 (s, IH, NH), 6.44 (s, IH, NH), 7.85 (t, IH,
7=5.5 Hz, CON/FCH2).

NMR 6 25.28, 28.05, 28.21, 34.79, 35.10, 38.46, 55.44,

59.10, 59.21, 60.95, 61.05, 66.29, 69.18, 69.58, 69.65, 69.72, 162.75, 172.15, 172.79.
High-resolution mass spectrum (FAB"^) calcd for C19H34N3SO7 (MH)"*": 448.2117.
Found: 448.2117.

D-Biotin-12-ainido-4,7,10,-trioxadodecyl-l-(2,3,5,6-tetrafluoro)benzoate (2.19):
Compound 2.18 (13.6 mg, 0.03 mmol) of was transferred to the reaction flask as a
solution in dichloromethane, then evaporated and weighed. Next, 272 |liL of 70 °C DMF
was added to the flask under argon. This solution was allowed to cool to room
temperature, followed by the addition of 8.5 ^iL (0.061 mmol) of TEA and 15.7 ^iL
(0.091 mmol) of 2,3,5,6-tetrafluorophenyl trifluoroacetate (prepared by the method of
Gamper, et al).!®^ Upon the addition of the last reagent, opaque white fumes filled the
flask. These fumes dissipated with time. The reaction was stirred at room temperature
under argon overnight, then evaporated. The crude product was purified using silica gel
chromatography in 12:1 chloroform/methanol. The pure product (15 mg, 86%) was
obtained as a clear yellow amorphous solid. ^H NMR (250 MHz, DMSO-</6) 5 1.14-
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1.64 (m, 6H, (CH2)3 biotin), 2.05 (t, 2H, 7=7.2 Hz, CH2CONH), 2.57 (d, IH, 7=12.5 Hz,
CHS), 2.81 (dd, IH, 7=5.0, 12.4 Hz, CHS), 3.02 (app t, 2H, 7=5.9 Hz,), 3.07-3.20 (m,
3H), 3.38 (t, 2H, 7=6.0 Hz, CH2-O), 3.50-3.61 (m, 8H, (CH2-0)4), 3.77 (t, 2H, 7=5.9 Hz,

CH2-O), 4.12 (m, IH, CHNH biotin), 4.29 (m, IH, CHNH biotin), 6.38 (s, IH, NH), 6.44
(s, IH, NH), 7.85 (t, IH, 7=6.2 Hz, CON//CH2). 7.95 (m, IH, CH aromatic).
NMR 825.27, 28.05, 28.20, 34.02, 35.10, 38.44, 55.43, 59.21, 61.05, 65.61, 69.18,
69.56, 69.71, 69.75, 69.83, 104.11, 104.48, 104.86, 162.73, 167.95, 172.13. Highresolution mass spectrum (FAB"'") calcd for C25H34N3F4SO7 (MH)"*": 596.2054.
Found: 596.2054.

D-Biotin-12-amido-4,7,10-trioxadodecyl cyclohexylamide (2.20): Compound 2.19 (10
mg, 0.0168 mmol) was dissolved in 400 |iL of DMF. Next, 8 ^.L (0.057 mmol) of TEA
was added, followed by 3.8 |iL (0.034 mmol) of cyclohexylamine. The reaction mixture
was stirred at room temperature under nitrogen overnight, then evaporated. The crude
compound was purified by silica gel chromatography using a gradient from 95:5 to 8:2
chloroform/methanol. A clear yellow amorphous solid (8.2 mg, 92%) was obtained. ^H
NMR (250 MHz, CDCI3) 8 1.05-1.48 (m, 6H, (CH2)3), 1.56-1.69 (m, 8H, (CH2)4),
1.83-1.88 (m, 2H, CH2), 2.21 (t, 2H, 7=7.5 Hz, CH2CONH), 2.42 (t, 2H, 7=5.9 Hz,

CH2CONH), 2.72 (d, IH. 7=12.6 Hz, CHS), 2.88 (dd, IH, 7=4.7, 12.8 Hz, CHS), 3.12
(app q, IH, 7=7.1, 11.4 Hz, CHS), 3.39-3.46 (m, 2H, Ci/2NHC0), 3.54 (t, 2H, 7=4.8 Hz,

CH2-O), 3.61 (s, 8H, (CH2-0)4), 3.72 (app t, 3H, 7=5.9 Hz, CH2-O, CHNH cyclohexyl),
4.30 (m, IH, CHNH biotin), 4.48 (m, IH, CHNH biotin), 5.44 (s, IH, NH), 6.29 (d, IH,
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7=7.7 Hz, CHNH cyclohexyi), 6.43 (s, IH, NH), 6.75 (app t, IH, CONHCH2).
NMR 8 25.04, 25.79, 28.30, 29.90, 33.27, 36.11, 37.37, 39.34, 40.74, 48.22, 55.75,
60.39, 62.00, 67.75, 70.20, 70.28, 70.49, 70.60, 77.43, 164.03, 170.66, 173.50. Highresolution mass spectrum (FAB"'"), calcd for C25H45N4SO6 (MH)"*": 529.3060. Found:
529.3078.

D-Biotiii-12-ainido-4,7,10-trioxadodecyl psychosinamide (2.21): Compound 2.19 (9
mg, 0.015 mmol) was dissolved in dichloromethane, transferred to a reaction flask, then
evaporated and weighed. DMF (356 ^iL) was then added to the reaction flask, followed
by 7.1 (iL (0.051 mmol) of TEA. Psychosine (7.6 mg, 0.016 mmol) was added next. The
reaction was stirred at room temperature under argon overnight, then evaporated. The
purification method was the same as that for compound 2.18. 10 mg (74%) of a pale
yellow amorphous solid was obtained. ^H NMR (500 MHz, DMSO-c/6) 5 0.85 (t, 3H,
7=6.6 Hz, CH3), 1.15-1.31 (m, 24H, (CH2)i2). 1.40-1.56 (m, 4H, (CH2)2 biotin), 1.581.65 (m, IH), 1.95 (app. d, 2H, 7=7.0 Hz, CH2CONH), 2.06 (t, 2H, 7=7.4 Hz,
C//2CONH), 2.32 (m, 2H), 2.57 (d, IH, 7=12.4 Hz, CHS), 2.82 (dd, IH, 7=5.0, 12.5 Hz,
CHS), 3.09 (m, 2H), 3.18 (app. q, IH, 7=5.8, 11.6 Hz, CHS), 3.26-3.62 (m, 39H, incl
HOD), 3.78 (m, IH), 3.93 (m, 2H), 4.03 (d, IH, 7=7.2 Hz, HI), 4.12 (m, I H , C H N H
biotin), 4.30 (m, IH, CWNH biotin), 4.36 (d, IH, 7=4.5 Hz), 4.56 (app. t, IH, 7=5.7 Hz),
4.71 (d, IH, 7=5.3 Hz), 4.87 (m, 2H), 5.39 (dd, IH, 7=6.9, 15.4 Hz, C=C-H), 5.55 (m,
IH, C=C-H), 6.35 (s, IH, NH), 6.41 (s, IH, NH), 7.62 (d, IH, 7=9.0 Hz, CONHCH
psychosine), 7.83 (t, IH, 7=5.5 Hz, C0N^CH2 biotin).

NMR 5 13.91,22.05, 25.21,
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28.00, 28.15, 28.58, 28.66, 28.78, 28.94, 28.97, 29.02, 31.25, 31.67, 35.06, 36.19, 38.40,
40.01, 53.19, 55.37, 59.16, 60.37, 61.00, 66.86, 68.04, 68.50, 69.15, 69.46,69.52, 69.69,
70.61,70.73,72.20,73.12,75.20, 104.30, 131.12, 131.28, 162.66, 169.75, 172.09. Highresolution mass spectrum (FAB+) calcd for C43H79N4SO13 (MH)"'": 891.5364. Found:
891.5351.

D-Biotinamide (2.22): D-Biotin-l-(2,3,5,6-tetrafluoro)benzoate (Compound 2.16, 21.2
mg, 0.054 mmol) was dissolved in 2.0 mL of THE. NH3 (g) was then bubbled into the
reaction solution for 30 min. After the NH3 (g) was removed, the reaction was stirred for
an additional 15 min before evaporating. The crude product was obtained (15.4 mg).
This was used without further purification.

NMR (500 MHz, DMSO-c/g) 6 1.28-1.35

(m, 2H, CH2), 1.42-1.63 (m, 4H, (CH2)2), 2.03 (t, 2H, 7=7.4 Hz, CH2CONU2), 2.57 (d,
IH, 7=12.4 Hz, CHS), 2.82 (dd, IH, 7=5.1, 12.4 Hz, CHS), 3.10 (m, IH, CHS), 4.13 (m,
IH, CHNH), 4.30 (m, IH, C//NH), 6.35 (s, IH, NH), 6.43 (s, IH, NH), 6.69 (s, IH, NH),
7.23 (s, IH, NH). 13c NMR 5 25.07, 28.05, 28.24, 34.90, 40.01, 55.41, 59.17, 61.03,
162.69, 174.21. High-resolution mass spectrum (FAB+) calcd for C10H18N3SO2
(MH)+: 244.1120. Found: 244.1127.

ELISA Ligand Dilutions: Freeze-dried biotinylated analytes (compounds 2.17, 2.20,
2.21, 2.22) were weighed out to the tenth of a microgram using a Cahn 21 Automatic
Electrobalance.

Stock solutions of these compounds were prepared at 1 mg/mL

concentrations in 20% DMSO/80% PBS buffer. DMSO was first added, and the
compounds allowed to fully dissolve prior to addition of PBS buffer. The solutions were
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thoroughly mixed prior to further dilution in PBS for assaying, and they were stored at
-20 °C between uses. The dilution concentration of all compounds utilized in the assays
was 20 )Xg/mL, unless otherwise noted.

Testing of Blocking Reagents: Compounds 2.17, 2.20, and 2.22 were evaluated as
potential blocidng reagents for ELISA. Each compound was plated into 4 wells at a
volume of 150 ^iL and incubated for one hour at 25 °C at 1000 rpm on a Jitterbug™
microplate Incubator (Boekel). An additional eight wells were incubated in this step with
150

per well of PBS buffer. After the incubation, the wells were rinsed with 3 x 200

of PBS. Next, all wells, with the exception of four PBS-incubated wells of the first
incubation, were incubated with 100 ^iL each of a 1:4000 dilution of HRP-biotin for one
hour at 25 °C and 1000 rpm. The four wells without HRP-biotin were incubated with 100
|iL each of PBS, and would serve as the TMB blank. The wells were rinsed as before. A
TMB (3,3',5,5'-tetramethylbenzidine, Sigma) solution was prepared (Img TMB in 500
fiL of DMSO and 9.5 mL of 0.05M phosphate-citrate buffer with sodium perborate). The
TMB solution was added to each well, including the blanks, at a volume of 100 |jL/well.
The plate was immediately read on a BioRad model 550 microplate reader every minute
for twenty minutes at 630 nm, with a reference wavelength of 490 nm, and 5 seconds of
shaking in-between each reading. All wells for each analyte were averaged, and had the
TMB blank automatically subtracted through the use of the BioRad Microplate Manager
software package. The standard deviation for the averaging of the data was performed
using Excel. The four wells containing only HRP-biotin served as a 100% measure of the
sites tilled by HRP-biotin. All other blocking reagent wells were compared to the HRP-
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biotin wells at its absorbance maximum, and based on these results, the percentage of
NeutrAvidin™ sites filled was ascertained for each compound. The assay was repeated
twice. The results given for this assay are representative of both trials.

Plating Efficiency Assay: The plating efficiency of each compound (see ELISA Ligand
Dilutions) was tested to ensure comparable coverage on NeutrAvidin™-coated 8-well
strip plates (Pierce Biochemicals). In this assay, each compound was plated into two
wells at 150 nL each, and incubated for 4 h at 25 °C and 1000 rpm in a Jitterbug™
microplate incubator (Boekel). Two blank wells were incubated with 150 ^.L PBS, and
four wells were incubated with 150

PBS each for HRP-biotin determination in the

second incubation. After 4 h, each well was rinsed with 3 x 200 ^iL of PBS. Next, a
1:4(X)0 dilution of HRP-Biotin was added to all wells excluding the blanks in 1(X) |i,L
quantities. The blank wells were incubated with ICX) |iL of PBS. The second incubation
was for 1 h at 25 °C and 1000 rpm. After the incubation, the wells were rinsed as before.
A TMB (3,3',5,5'-tetramethylbenzidine, Sigma) solution was prepared (1 mg TMB in
500 |xL of DMSO and 9.5 mL of 0.05M phosphate-citrate buffer with sodium perborate).
The TMB solution was added to each well, including the blanks, at a volume of 100
^L/well. The plate was immediately read on a BioRad model 550 microplate reader
every minute for twenty minutes at 630 nm, with a reference wavelength of 490 nm, and
5 s of shaking between each reading. All wells for each analyte were averaged, and had
the TMB blank automatically subtracted through the use of the BioRad Microplate
Manager software package. The standard deviation for the averaging of the data was
performed using Excel. The four wells containing only HRP-biotin served as a 100%
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measure of the sites filled by HRP-biotin. All other analyte wells were compared to the
HRP-biotin wells at the maximum, and were based on these results. The percentage of
NeutrAvidin™ sites filled was ascertained for each compound. The assay was repeated
three times. The results given for this assay are representative of all three trials.
ELISA Assay: The compounds (see ELISA Ligand Dilutions) were plated in 150 |iL
volumes into four wells each of NeutrAvidin™-coated 8-welI strip plates. The plate was
incubated for 4 h at 25 °C and 1000 rpm on a Jitterbug™ microplate incubator (Boekel).
An additional four wells each of both a TMB blank (see Plating Efficiency Assay), and a
gpl20 blank were incubated with 150 ^iL of PBS in this incubation. Following the first
incubation, the wells were rinsed 3x200

PBS. Next, 150 fiL/well, excluding the TMB

and gpI20 wells, of compound 2.22 was incubated for 1 h at 25 °C and 1000 rpm, to
ensure that all remaining open Neutravidin™ sites were blocked. The TMB and gpl20
wells were incubated instead with 150 p,L of PBS, as before.

After the second

incubation, the wells were rinsed as in the first incubation. The third incubation
comprised of adding 100 |xL of a 1:4 dilution (from a 500 ^L vial containing 0.333 |i,g
gpl20) of gpl20-HRP (Intracel) into every well, except the TMB wells. The TMB wells
were incubated with ICX) jiL of PBS each. The incubation was for 1 h at 25 °C at 1000
rpm. The wells were then rinsed with 5x200 |iL of PBS. A solution of TMB reagent
(Img tablet) was prepared in 500 ^iL of DMSO and 9.5 mL of phosphate-citrate buffer
containing sodium perborate). Then 100 ^iL of the TMB reagent was added to each well.
The plate absorbances were read every minute for twenty minutes at a test wavelength of
630 nm, a reference wavelength of 490 nm, with a 5 s shake in between each reading, on
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a BioRad model 550 microplate reader. All wells for each analyte were averaged, and
had the TMB blank automatically subtracted through the use of the BioRad Microplate
Manager software package. The standard deviation for the averaging of the data was
performed using Excel. The wells containing only gpl20 served as a measure of non
specific binding interactions between the glycoprotein and the plate, and were minimal.
This assay was repeated three separate times, with the results given representative of all
three assays.
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CHAPTERS
SYNTHESIS AND EVALUATION OF POTENTIAL GP120 ENTRY INHIBITORS OF
GALACTOSYLCERAMIDE AND V3 LOOP RECOGNITION PROCESSES
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Introduction

The galactosylceramide binding site on gp 120 is an alternate receptor for the entry
of HIV into host cells without the CD4 surface marker. Many studies on this binding site
have been undertaken since its confirmation in 1991.25 With these studies, considerable
information has surfaced concerning the characteristics of GalCer that promote binding to
gpl20. This information includes the structural characteristics of GalCer that are critical
for recognition by gpl20, and the determination of what types of alternate GalCer
analogs may bind to gpl20.
Much of the available literature on the topic has inconsistencies concerning the
binding profiles of specific glycolipids to gpl20. In all probability the conflicting reports
have arisen as a result of using more than one type of binding assay technique to assess
the binding characteristics of the ligands. Techniques such as a lipid-anchored ELISA,
HPTLC, a liposomal binding assay, and even an inmiunospot assay, have all been utilized
by several groups of investigators to survey the GalCer binding site on gpl20. Each
method has a different level of sensitivity and precision. Also, each ligand tested has
distinct properties that limit the techniques that can be used. For example, in the studies
by Bertozzi and coworkers, water-soluble analogs were synthesized that prevented them
from utilizing the more standard techniques like the lipid-anchored ELISA, or the
HPTLC assay.35 instead, they had to modify the ELISA into a competitive assay with
the GalCer analog in the solution phase as an inhibitor, rather than adsorbed to the solid
surface of the plate.
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Because of the variable sensitivities that would be expected of different types of
assays, conflicting data emerged in the reports concerning the gp 120 binding affinities of
the several different glycolipids tested. Both GalCer and GalS (galactosylceramide
sulfatide) were found to bind with similar strength to gpl20 in HPTLC and lipidanchored ELISA,25,33 however, another study utilizing HPTLC and ELISA plus an
immunospot assay reported that while GalS bound, GalCer did not.34 in the testing of
other glycolipids, like GluCer and LacCer, confusion was also noted as to their ability to
bind or not bind to gpl20. Harouse and coworkers determined that GluCer did not bind
to gpl20 using HPTLC.25 LacCer was also found to be ineffectual by this method.^^ A
liposomal binding assay showed that both GluCer and LacCer were able to bind gpI20.^^
This same liposomal assay, however, determined that psychosine did not bind gpI20,
while HPTLC found that psychosine was able to bind gpl20.
The inconsistencies illustrated by the aforementioned studies encouraged us to
apply our new technique to analogs of previously studied compounds. The advantage of
our ELISA over earlier techniques is the flexibility inherent in its design. We are able to
irreversibly bind compounds to the plate, even if they are completely water-soluble.
Furthermore, our ELISA allows for the determination of the relative quantities of
materials plated down on the surface, something that was previously unreported in this
area. Finally, the ability to test any compound we can imagine designing is a distinct
advantage because it eliminates the necessity of performing different assay techniques to
ascertain the binding characteristics of a group of compounds with variable compositions.
In this chapter, the execution of the second goal of our studies into the
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development of novel carbohydrate-based entry inhibitors will be discussed. This goal
involves the synthesis of GalCer analogs to further investigate the properties of gpl20
recognition of this class of molecules. These compounds are based on the structure,
sphingosine (Figure 3.1, Figure 3.2). In addition to assessing analogs of known
glycosylceramide molecules, a more novel class of GalCer analogs will also be
considered. This group consists of the reductive amination products of disaccharides
with an amino-terminated linker. The molecules are then further modified through
lipidation (Figure 3.2). These compounds represent a directed effort towards the third
goal, which involves the synthesis of novel molecules as entry mechanism inhibitors. A
final class of compounds that were synthesized is composed of colominic acid oligomers
that have been reductively aminated with the biotinylated amino-terminus linker (Figure
3.2). These molecules are potential V3 loop binding agents, as colominic acid bears one
anionic charge per residue. They could also serve as CD4 binding site inhibitors due to
the helical secondary structure that has been proposed by Jennings and coworkers for the
higher order oligomers, starting with the hexamer. ^

OH

Figure 3.1. The structure of D-erythro-sphingosine.
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Figure 3.2. The general structures of two types of GalCer analogs, as well as the
reductively-aminated colominic acid derivatives.
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A final study will be presented involving GalCer analogs of defined chain lengths
that are both a-hydroxylated or non-a-hydroxylated. These molecules were synthesized
for TIRF (total internal reflection fluorescence) studies to probe the effects of lipid
composition.

TIRF is a surface technique that allows for the determination of

quantitative equilibrium binding information between a molecule in the surface matrix
and a protein in solution. TIRF studies add another dimension to our studies. Our
ELISA is being implemented as a tool to quickly screen newly synthesized drug
candidates for the presence or absence of binding to gpl20.

Relative binding

assignments can be made within a group of molecules tested. In other words, the ELISA
is meant to provide qualitative information on the performance of our drug candidates in
binding to gpl20. Successful molecules then will be structurally modified such that they
can be tested using TIRF for quantitative binding constant information concerning gpl20.
This phase of the project is a collaborative effort between our group, and Professor David
O'Brien's and Professor S. Scott Saavedra's research laboratories. Professor O'Brien's
group is responsible for synthesizing lipid-scaffolded carbohydrates for TIRF analysis,
and Professor Saavedra's research laboratory is developing the TIRF technique for this
class of molecules. The TIRF and ELISA techniques will be used in conjunction with
one another to aid the synthetic strategies of designing drug candidates against HTV viral
entry processes. The molecules presented in this section represent molecules necessary
for working out the mechanics of the technique to suit our purposes.
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Synthesis and Evaluation of Sphingosine-Based Glycosylceramide Analogs as Gpl20
GalCer Site Inhibitors

As several publications had made mention of the variable activities of molecules
such as psychosine, GluCer, and LacCer besides the putative gpl20 receptor, GalCer, we
decided to investigate how our assay performed in the analysis of analogs of such
compounds. We had already evaluated psychosine, as this provided our measure of a
positive test result. We next set out to synthesize GluCer and LacCer derivatives. The
synthesis of our psychosine derivative (2.21) had been fairly straightforward, as
psychosine was commercially available. The syntheses of the GluCer and LacCer
analogs was more challenging, as the ^-deacylated sphingosine-based glycosylated
derivatives of each were not available. Instead, we began with D-erythro-sphingosine
(Figure 3.1) zis the base molecule in our synthetic strategy. D-Erythro-sphingosine was
coupled to compound 2.19 in DMF and TEA, to give 3.1 in excellent yield (Figure 3.3).
A small amount of 0-linked product was detected in both the proton and carbon NMRs at
approximately 4.6 and 72 ppm, respectively.
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Figure 3.3.

Synthesis of biotinylated sphingosine derivative incorporating the

hydrophilic TEG linker.

The carbohydrate headgroups next had to be manipulated such that they could be
coupled to compound 3.1. We began with the peracetylated derivatives of both glucose
and lactose. These saccharides were first regioselectively deacetylated at the reducing
sugar anomeric position by the method of Flandor and coworkers.^

This was

accomplished by stirring the peracetylated sugars in a 7:3 mixture of wet THF/MeOH
with ammonia dissolved in the solvent. Very careful monitoring of this reaction was
required as the 6-0-acetate was also easily removed. Inevitably, some of this product
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was always produced, so silica gel chromatography was necessitated to achieve pure \-0deacetylated products (3.2,3J).
The next step involved activation of the deprotected anomeric position of each
sugar to facilitate glycosidic bond formation. We decided to use the trichloroacetimidate
strategy developed by Schmidt and Michel.'

The trichloroacetimidates can be made

stereoselectively with either the a- or P-anomeric configuration, depending on which
conditions are utilized. In the presence of trichloroacetonitrile and sodium hydride, the
a-trichloroacetimidate is the preferred product, while with a more bulky trisubstituted
aryl ketenimine, the P-trichloroacetimidate results (Figure 3.4).

The a-

trichloroacetimidate yields the P-glycoside, and vice-versa under Lewis acid conditions.
As the naturally occurring glycosylceramides have the P-configuration about the
anomeric center of the reducing end, we chose to make the a-acetimidates of both
acetylated sugars, glucose and lactose (3.4, 3.5). Both of these compounds have been
previously reported in the literature.The conversion of both peracetylated
glucose and lactose to the a-trichloroacetimidates is portrayed in Figure 3.5.
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Figure 3.4. Schmidt's method for the formation of both a-and p-trichloroacetimidates.
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Figure 3.5. Formation of the a-trichloroacetimidate derivatives of peracetylated glucose
and lactose.
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Once the trichloroacetimidates had been prepared, the coupling of 3.4 and 3.5 to
the sphingosine biotinylated TEG derivative, 3.1, proceeded to give the glucose-coupled
sphingosine derivative, 3.6, and the lactose-coupled sphingosine derivative, 3,7. This
transformation was achieved by the method of Ogawa and coworkers by Lewis acidmediated glycosylation using boron trifluoride etherate in 1,2-dichloroethane. ^

The

final products, 3.8 (GluSph), and 3.9 (LacSph) were generated by deacetylation of the
carbohydrates using NaOMe/MeOH conditions (Figure 3.6).
The yields of the BF3 etherate-mediated glycosylation reactions were very low.
The glucosyl sphingosine was obtained in 24% yield, while the lactosyl sphingosine was
obtained in a 12% yield.

The yields reported in the literature for this type of

glycosylation in the presence of an amide linkage three bonds away from the site of
reaction range from 32% in the case of Ogawa's synthesis of 003,^^® 50-70% in
Schmidt's synthesis of

21 and 52% for Ogawa's synthesis of

cerebrosides,!

hematoside.l 19 Improvement upon the yields involve the incorporation of a greater
number of steps to eliminate the presence of the amide linkage. In one method, the amide
is replaced by an azido functionality in the sphingosine portion of the molecule. ^
practice raised the glycosylation yields to -80-95%, a considerable

improvement.

This
22

Another method involved the incorporation of a Schiff base-protected amine functionality
of the amino acids serine or

threonine,123

Further manipulation of the skeleton after

glycosylation yielded the ceramide derivatives. 124 Typical yields afforded by the imine
strategy for ceramide derivatives are in the range of 56-71%.
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Figure 3.6. Synthesis of glucosyl- and lactosyl-sphingosine derivatives.
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Polt and coworkers proposed a hypothesis as to why the azido- and iminoprotected compounds give higher glycosylation yields than the A^-acyl protected
compounds.

124 j^e former two protection strategies provide a favorable hydrogen-

bonding pattern for glycosylations, while the latter is unfavorable. This concept is
illustrated in Figure 3.7. In the favorable case, the nitrogen is able to accept a hydrogen
bond, making the oxygen even more activated towards glycosylation. In the disfavored
amide case, the nitrogen serves as a hydrogen bond donor to the hydroxyl, lessening the
nucleophilicity of the oxygen. This explains the differences noted in the yields for
glycosylation reactions utilizing these alternate strategies.
Favorable

Unfavorable

OBn

HO'

'OR

Ph

QBz

QBz

Figure 3.7. Hydrogen bonding patterns for glycosylation reactions of 2-iV-protected
compounds.
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While the strategies of utilizing azido- or imino-protected amines as glycosyl
acceptors in the formation of sphingosine derivatives may have provided enhanced
yields, we decided against utilizing either in favor of the lower yielding A/-acyl-protected
sphingosine derivatives. This choice was made to keep the synthesis of our compounds
down to a reasonable number of steps. There were already a number of steps involved in
the synthesis of the hydrophilic linker and its incorporation into a sphingosine derivative,
in addition to the steps necessary to prepare the trichloroacetimidate-glycosyl donors.
Adding additional steps to the synthesis of our compounds would have increased the
amount of time necessary to make the sphingosine derivatives, and would not have
guaranteed higher overall yields of the end products. Also, we felt that we could afford
to sacrifice on the yield because we did not require large quantities of materials for
ELISA testing. In addition to this, there was the end use of these materials to consider.
These sphingosine derivatives were not synthesized as potential drugs, but as tools to
determine the efficacy of our ELISA for the application of screening novel drug
candidates later. The synthesis was therefore kept simple, with as few steps as necessary
to reach the target compounds. This goal was accomplished by the route outlined in
Figure 3.6.
With the GluSph (3.8) and LacSph (3.9) derivatives in hand, we were able to use
the ELISA to screen these compounds in order to compare them with the conflicting
literature reports. We also evaluated the binding properties of compound 3.1, the
sphingosine derivative without a carbohydrate. This was tested to determine the
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contribution of a lipid without a carbohydrate headgroup in the binding of gpl20. These
three compounds were assayed in conjunction with the previously described psychosinebased GalCer analog (2.21), and both the cyclohexyl derivative (2.20) and simple
primary amide of biotin (2.22), for comparison purposes. Both the plating efficiency
assay with HRP-biotin and the HRP-gpl20 ELISA were run to assess the characteristics
of the GluSph and LacSph derivatives. Table 3.1 and Figure 3.8 display the results of
these two assays, respectively.

Comoound
HRP-Biotin
2.22
3.9
3.1
3.8
MC

MC

2.2

Absorbance
1.088
0.159
0.177
0.173
0.217
0.243
0.272

% Sites Filled
100
85
84
84
80
78
75

Std. Dev.
0.031
0.018
0.006
0.000
0.012
0.017
0.000

Table 3.1. Plating efficiency data for the sphingosine derivatives plus standards. The
plating efficiency determinations were made at the absorbance maximum of HRP-biotin.
These results are representative of the average of the three dials performed.

Compoiind 3.1
Compound 3.8
Compound 3.9
Compound 2.21
Compound 2.20
Compound 2.22

Time (min)

Figure 3.8. Results of ELISA assay with sphingosine-based compounds. The error bars
represent the standard deviation at each data point. If the error bars are not visible, the
standard deviation is very small. These are representative of the three trials performed.
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The plating efficiency results again show that all of the ligands tested plate in
approximately the same quantities, ranging from 75-85% of the NeutrAvidin™ sites
filled. In looking at the actual binding experimental results in Figure 3.7, something very
interesting can be noted. First and foremost, the lactosyl sphingosine had the greatest
kinetic rate per minute, which translates to the greatest amount of HRP-gpl20 present.
This had interesting implications, as most assays performed previously had results
showing the lack of any activity by LacCer. The authors had even concluded that having
an intervening glucose residue precluded LacCer from binding, even though the terminal
non-reducing sugar was a galactose.^^ The only assay where LacCer had any binding
activity was a liposomal assay performed by Long and coworkers.^9 However, it is not
believed that LacCer-mediated entry by HIV represents a major mode of infection as it is
present in minute quantities on the surface of epithelial cells, ^
in the adult human brain.

and is not present at all

We also discovered that both the GalSph (2.21) and

GluSph (3.8) derivatives have similar binding profiles with gpl20. This was surprising
to us, as we had expected greater speciHcity of binding between gpI20 and the glycolipid
receptors. The previously reported data obtained HPTLC and conventional ELISA
methods had led those investigators to hypothesize that gpl20 was capable of very tine
specificity of binding, where substitutions at C-3 were tolerated, but those occurring at C4 were

not.25,33

in our hands, it appears as though this specificity is not as well deHned

as previously believed. Finally, we noted that compound 3.1 had moderate binding
activity. All of the previously reported data had shown that ceramide had a complete lack
of binding affinity for gpl20.
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These results helped to deHne our further study of the binding between GalCerlike molecules and gpl20.

We were intrigued by the increased affinity of the

disaccharide lactose-based sphingosine derivative over the very similar activities of the
monosaccharides, glucose and galactose. Therefore, we decided to synthesize two further
sphingosine-derived molecules with disaccharides as the headgroups. The first, a
gIucose-P-(l->4)-glucose (cellobiose) based sphingosine molecule, was synthesized with
the purpose of determining if the disaccharides would behave similarly to the
monosaccharides. Simply put, we wanted to find out if the cellobiose sphingosine
derivative would bind with the same affmity as had the lactosyl-sphingosine, since the
monosaccharide sphingosines, glucose and galactose had roughly the same affinity for
gpl20. We also wanted to elucidate the preference of gpl20 for disaccharides versus
monosaccharides. Perhaps by having an intervening sugar residue, the gpl20 was able to
have better access for binding to the disaccharide over the monosaccharide. Another
disaccharide-based sphingosine molecule that was synthesized was composed of a
galactose-a-(l->6)-gIucose (melibiose) carbohydrate. This molecule represented a
complete unknown to us, as no molecule remotely resembling it had ever been tested for
gpl20 binding. Our interest in this molecule had to do with the more flexible l-*6linkage, as well as the characteristic alpha conHguration about this glycosidic bond. We
wanted to determine what its binding profile was to gpl20. In particular, we felt that it
would be interesting to see how the melibiose sphingosine molecule compared to lactosyl
sphingosine, as lactose was its closest structural match.
The new sphingosine-based disaccharides were prepared in the same fashion as
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glucosyl- and lactosyl-sphingosine molecules had been. Cellobiose, 3.10, and melibiose,

3.11, were first peracetylated to give 3.12 and 3.13, respectively. This was followed by
1-0-deacetylation by the method of Flandor to give 3.14 and 3.15.^

With the

anomeric hydroxyls of these compounds deprotected, the trichloroacetimidates were
prepared using Schmidt's procedure, to yield the a-trichloroacetimidates (3.16 and 3.17)
after removal of the P-trichloroacetimidate impurities by flash chromatography.^
Figure 3.9 illustrates the preparation of both trichloroacetimidate compounds.
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Figure 3.9. Preparation of the a-trichloroacetimidates of peracetylated ceilobiose and
melibiose.
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The trichloroacetimidates were next coupled to compound 3.1 to yield the
peracetylated sphingosine derivatives, 3.18 and 3.19. The glycosylation reaction of the
cellobiose resulted in a poor 6% yield, while the melibiose proved more efficient at 18%.
Deacetylation in sodium methoxide and methanol yielded the target compounds, 3.20
(CelloSph) and 3.21 (MeliSph). Figure 3.10 and 3.11 portray the transformation to the
target compounds, 3.20 and 3.21, respectively.
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Figure 3.10. Synthesis of the cellobiose-sphingosine derivative, 3.20.
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Figure 3.11. Preparation of the melibiose-sphingosine derivative, 3.21.

The two new sphingosine derivatives, 3.20 and 3.21, were next tested against the
other compounds of the panel. The Hrst goal of the synthesis of these new molecules was
to assess the importance of the linkage type, either a- or P-, between the two sugar
residues. MeliSph, 3.21, would therefore be compared to LacSph, 3.9.

Another
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important variable to investigate was the enhancement of binding noted for the
disaccharides versus monosaccharides. We had determined that LacSph (3.9) had
increased affinity for gpl20 over GalSph (2.21), and that the monosaccharides GalSph
and GluSph (3.8) were similar in gpl20 binding profiles. CelloSph (3.20) and MeliSph

(3.21) were therefore tested against their respective monosaccharides, GluSph and
GalSph, to ascertain the importance of the second sugar residue. Table 3.2 displays the
plating efficiency data for this series, and Figure 3.12 illustrates the gpl20 binding
proHles of all of the glycosyl-sphingosine compounds.

OC

OC

Comoound
Absorbance % Sites Filled
HRP-Biotin
0.975
100
2.22
0.032
97
3.9
0.056
94
3.20
0.074
92
3.21
0.079
92
0.093
91
2.20
91
0.092
2.21
0.117
88

Std. Dev.
0.032
0.005
0.003
0.006
0.008
0.006
0.011
0.006

Table 3.2. Plating efficiency data for the glycosyl-sphingosine derivatives. The plating
efficiency determinations were made at the absorbance maximum of HRP-biotin. The
data presented in this table represents the average of two separate experiments.
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Compound 2.22
Compound 2.20
Compound 3.8
Compound 3.20
Compound 2.21
Compound 3.9
Compound 3.21

Time (min)
Figure 3.12. Summary of the gpl20 binding profiles of the glycosylated sphingosine
derivatives. The error bars represent the standard deviation at each data point. If the
error bars are not visible, the standard deviation is very small. These are representative
of the two trials performed.
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As Table 3.2 indicates, the plating efficiencies of the complete glycosylsphingosine panel were very high, with the lowest number of filled NeutrAvidin™ sites
belonging to GalSph (2.21) at 88%. The range was small, with 88-97% of the sites in the
plate filled by ligand. Once again, we had high confidence that the differences noted
between the compounds tested in the ELISA were due to variances in the affinities of the
individual compounds for gpl20, and not based upon the number of sites filled by each
ligand.
Based on the ELISA results obtained, we were able to draw some pertinent
conclusions concerning the sphingosine derivatives.

While LacSph (3.9) gave

consistently higher slopes than the other compounds tested, it was not significantly
different from the others. All of the glycosyl sphingosine compounds interacted with
gpl20 with much greater specificity than a baseline reading. Because this assay Is
qualitative, it was not possible to rank the compounds from a high degree of binding to
low or no binding. Instead, we were able to state with confidence that all of the glycosyl
sphingosine derivatives had binding activity to gpl20. While we were unable to answer
the questions concerning the specificity of gpl20 for spacer sugars or linkage
configuration, the ELISA was able to determine whether or not a compound will bind to
gpl20.
An additional control measurement was included with this assay panel to ensure
that the observed binding interactions between the ligands and gpI20, were in fact just
that, and not due to binding between the ligand and the HRP covalently attached to
gpl20. For these measurements, the plate was prepared in the same manner as when
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gpl20 binding is determined. The plate was first incubated with the specific ligand, then
blocked with compound 2.22. In the last incubation, horseradish peroxidase was
substituted for HRP-gpl20, and the plate was developed in the usual manner. Using this
method, we determined that no significant interaction occurs between the ligands plated
in the well and the HRP enzyme appended to gpl20.

CorriDound
HRP
2.22
2.20
3.20
3.21
2.21
3.8
3.9

Slope
0.000
0.000
0.000
0.001
0.001
0.002
0.002
0.002

Table 3.3. Assessment of ligand interaction with horseradish peroxidase. The data
presented represent the averaged data of two separate experiments.

In addition to the two new sphingosine derivatives synthesized, two simple sugar
analogs, glucose and galactose, were directly attached to the tetrafluorophenyl activated
ester of the biotinyl TEG linker (2.19) via an ethanolamine bridge. These molecules were
completely lacking a lipid chain component, and were prepared to answer the question of
the importance of the lipid portion of the molecule for gpl20 recognition. The strategy
utilized to synthesize these derivatives involved glycosyl iodide chemistry developed in
our laboratory by Dr. Michael Hadd, in his dissertation

work.

127 Peracetylated glucose
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and galactose were reacted with iodotrimethylsilane in dichloromethane to give the aanomeric iodide compounds, 3.22 and 3.23, respectively, which were not isolated. Next,
the trichloroacetamide-protected ethanolamine (3.24) was reacted with the iodo-sugars to
give 3.25a/b and 3.26, the trichloroacetamide protected glycosyl ethanoiamines. The
glucose glycosylation reaction gave an inseparable 2:1 P:a ratio of anomers. The Ntrichloroacetamide was then removed to give compounds 3.27a/b and 3.28. This was
followed by an amide bond-forming reaction between the primary amines 3.27a/b or

3.28, and 2.19 to yield the target compounds 3.29a/b and 3.30. Figure 3.13 illustrates the
synthesis of these compounds.
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OR
3.22

3.24

NaOMe f"
R-COCCI3
NauMe [_^ 3^7a/b R=R'=H

(29%)

OH
3.29a/b

(72%)

2.19, DMF
H
3.24

OR
NaOMel~ 3.26 R=Ac, R'=C0CCl3
NauMe [_^
R=R'=H

(6%)

^°'^'oH
3.30

(73%)

Figure 3.13. Formation of glucosyi- and galactosyl-ethanolamide derivatized biotin-TEG
compounds.

ELISA analysis of these compounds provided new information to us regarding the
binding requirements of gpl20 for GalCer-types of molecules. Again, both the plating
efficiency of each new ligand, plus the gpl20 binding ELISA was performed. Our
standards, 2.20-2.22, plus our ligand with the most enhanced binding to gpl20, LacSph
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3.9, were run in parallel with the new ligands. Table 3.4 profiles the plating efficiency
for each, as compared to HRP-biotin at its absorbance maximum. The plating efficiency
data again presents a favorable picture of roughly 85-95% of the NeutrAvidin™ sites
being filled

when referenced to wells filled

only with HRP-biotin. Figure 3.14

summarizes the gp 120 binding characteristics of each ligand.

Comoound
HRP-Blotin
3.30
2.22
3.9
2.21
3.1
2.20
3.29a/b

Absorbance
1.152
0.06
0.075
0.08
0.141
0.145
0.168
0.169

% Sites Filled
100
95
93
93
88
87
85
85

Std. Dev.
0.00
0.00
0.00
0.01
0.02
0.01
0.00
0.01

Table 3.4. Plating efficiency data for the ethanolamine sugars. The plating efficiency
determinations were made at the absorbance maximum of HRP-biotin. These results are
representative of the average of the three trials performed.
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Figure 3.14. Summary of binding profiles for the ethanolamine-based compounds to
gpl20. The error bars represent the standard deviation at each data point. If the error
bars are not visible, the standard deviation is very small. These are representative of the
three trials performed.
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The ethanolamine derivatives, 3.29a/b and 3.30 had no binding affinity to gpl20
as can be noted by the slope of the line for each, which were similar to those ligands
which serve as both the negative test ligand, 2.20, and the blocking reagent, 2.22. These
results mirrored the data reported in the literature by Bertozzi and coworkers, where
compounds with lipid chains that were shorter than a critical chain length did not have
the ability to bind gpI20.35 This is the opposite of what is seen for the sphingosine
molecule, 3.1, that has a lipid component but no carbohydrate headgroup, yet still binds
with moderate affinity to gpl20. Perhaps the lipid chain of the sphingosine derivatives
forms a first contact between the glycolipid and the glycoprotein that allows the
carbohydrate to access the binding site. It may be that a conformational change occurs
after the lipid makes contact that promotes the carbohydrate binding. The overall picture
presented by these results is that the lipid is able to form a weak first contact with gpl20
that is followed by binding of the carbohydrate, which lends strength and specificity to
the interaction. This last conclusion is evidenced by the much-enhanced binding of all of
the glycosylsphingosine derivatives versus the sphingosine derivative, 3.1, and the
ethanolamine derivatives, 3.29a/b and 3.30. ^ ^ ^
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Synthesis and Evaluation of Reductively Aminated Disaccharide-Based
Glycosyloceramide Analogs as gpl20 GalCer Site Inhibitors

The syntheses of structurally simplified galactosylceramide derivatives represent
a second approach towards the development of HIV entry inhibitors. One example of
this type of derivative has already been discussed.^^ A second literature precedent for
simplified GalCer analogs was reported by Rico-Lattes and coworkers in 1995.^28 xhe
analogs are generated by reductively aminating lactose with an amino-lipid, to give Nalkylamino 1-deoxylactitols. These compounds can then be further lipidated at the
secondary amine, through condensation with a fatty acid. The rationale for replacing the
ceramide or sphingosine lipid with a more simple lipid chain was suggested by Bertozzi's
results, whereby simple galactosyl-lipid conjugates were able to bind gpl20 with ease.35
The synthetic strategy of Rico-Lattes and coworkers is presented in Figure 3.15. In the
first step, fully deprotected lactose (3.31) was stirred with an amino-terminated lipid

(3.32) to give 3.33. At this stage, sodium borohydride was introduced to yield the ringopened iV-alkylamino 1-deoxylactitol derivative, 3.34. The yields of several different
derivatives generated in these two steps ranged from 55-80%. ^28

jhe resulting

secondary amine was further reacted with a 3-alkylcarbonyl-thiazolidine-2-thione (3.35)
to give the final product, 3.36.
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MeOH

+

H2IN

CH3

H2O

3.32
3.31

NaBHa

3.33

3.34n=8.11,13,15)

3.35

3.36 (n=8, ms12,14,16)

Figure 3.15. The synthesis of reductively aminated galactosylceramide derivatives.

The anti-HTV activities of these compounds were then evaluated using CEM-SS
cells infected with HTV-l (Table 3.5). EC50 and CC50 values were determined. The
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EC50 values measured the concentration necessary to save 50% of the cell population.

The lower the value, the greater the anti-viral activity. The CC50 values represented the
cytoxicity of each compound, as measured by the concentration necessary to kill 50% of
the population. Higher values of the CC50 represent lower toxicities of the compounds.
Compound 3.36 had the best activity of the compounds tested when compared to the
known anti-HTV compound, suramin.

Compound
Suramin
3.34
3.34
3.34
3.34
3.36

n
N/A
8
11
13
15
8

m
N/A
0
0
0
0
14

EC50 (hM)
8
1000
1
50
50
10

CC50 (^M)
250
7000
40
70
70
>100

Table 3.5. Anti-HTV activity for the reductively aminated lactosyl compounds.

The same investigators have generated other derivatives in an attempt to improve
the anti-HTV activity and improve the cytotoxicity profile. For example, one of the lipid
chains was terminated in a charged carboxylate functionality in order to solubilize the
compound (3.37, Figure 3.16). ^29 other perturbations of this theme involved alteration
of the chain lengths of the lipids of 3

to give 3J8.1^0
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COzNa

3.37
COjNa

3.38 (nslO, m=7,10,16)

Figure 3.16. Soluble GalCer analogs generated by the reductive amination of lactose.

These four soluble GalCer analogs were then evaluated for anti-HIV activity
through a ^H-suramin solid phase assay. In this assay, a V3 loop peptide, SPC3 was
plated to the surface of a polyvinyl chloride plate.

suramin was then incubated with

the plate, followed by scintillation counting of the radioactivity. A second assay assessed
the inhibitory activity of each synthetic GalCer analog. This was accomplished by first
plating the SPC3 peptide to the surface of the assay plate, followed by a co-incubation of
the inhibitor with the ^H-suramin. The amount of radioactivity counted was then
compared to the results of the assay with ^H-suramin alone. The concentration at which
the inhibitors were able to block 50% of the ^H-suramin from binding to the V3 loop
peptide were represented by the IC50 values. Lower IC50 values represent stronger
inhibitors. Table 3.6 summarizes the results of the ^H-suramin binding assay.
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Compound
3.37
3.38
3.38
3.38

n
10
10
10
10

m
14
7
10
16

IC50/HM
0.7
>70
9.4
1.2

Table 3.6. ^H-Suramin binding assay results.

The compound with the greatest inhibitory activity of binding the V3 loop
peptide, SPC3, was 3.37. This compound had an IC50 of 0.7 ^iM in the ^H-suramin
assay, and had an
inhibited.

IC50

of 2.4 nM in an assay where ^H-suramin binding to rgpl20 was

^30 ^s can be noted from Table 3.6, shorter lipid chain length compounds

(n=10, m=7, 10) were not as effective at inhibiting the ^H-suramin-SPCS binding. The
conclusion that was drawn from these results was that the hydrophobic portion of the
molecule plays a key role in the activity. Rico-Lattes and coworkers were able to draw
some other significant conclusions from their work with the soluble analogs of GalCer.
The first conclusion supports the research that GalCer interacts with the V3 loop.^^ By
virtue of the soluble GalCer analogs binding ability to the synthetic V3 loop peptide,
SPC3, the GalCer binding site was associated with the V3 loop. They did ascribe the
majority of the binding capability between the galactose of the GalCer analog and the V3
loop peptide as a specific but weak interaction. The function of the hydrophobic chain,
therefore, was to interact with the hydrophobic amino acid residues within the V3 loop
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and enhance the interaction. The hydrophobic-hydrophobic interactions were not of high
specificity, but developed high affinity. The lower activity seen with the longer m=16
chain length, illustrated that there was an optimal chain length for activity (n=14).
The greatest benefit to the presented synthetic strategy into a new class of GalCer
analogs is the ease of preparation.

There is a complete lack of elaborate

protection/deprotection schemes. The starting material carbohydrates are cheaply
obtained from commercial sources. These factors proved to be a driving force in our
move towards developing different classes of GalCer analogs. Particularly, in light of the
low yields we had obtained in the synthesis of our sphingosine derivatives, and the
multiple steps needed to reach the target compounds, we felt that this strategy for the
preparation of new GalCer analogs would better fit our needs. We could build new
soluble analogs of GalCer and have the capability of assessing their gpi20 binding
activities to compare with their complementary sphingosine derivatives. This would be
achieved simply by modifying the structure of our TEG linker from carboxylic acidtermination, to amino-termination.
The synthesis of an amino-terminated TEG linker versus the carboxylic acidterminated linker was simplified. In this case we were able to begin with the jeffamine
derivative, 3.39, which was commercially available. Compound 3.39 was monoprotected
with a f-butoxycarbonyl protecting group (Boc, 3.40). The biotinylation of 3.40 was
achieved by a two-step, one-pot procedure. The biotin reagent, 3.41, was first generated
by activation of the biotin carboxylic acid with 2,3,4,5,6-pentafluorophenyl
trifiuoroacetate (PFP-TFA). The activated ester compound, 3.41, was not isolated, but
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instead taken directly onto the next step by addition of 3.40 as a solution in DMF to yield
3.42. The Boc protecting group was then removed with Reagent

to give the biotin-

TEG-amino linker 3.43 (Figure 3.17).

(BochO
DMAP
THF
3.39

3.40

(28%)

PFP-TFA
TEA
DMF

3.41

3.42

(Quant)
magtntK

3.43

(S2%)

Figure 3 . 1 7 . Synthesis of the biotinylated TEG amino linker.
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We next utilized the amino TEG linker 3.43 in the reductive amination of three
different disaccharides, lactose, cellobiose, and melibiose. These three disaccharides
were chosen because we had prepared the sphingosine derivatives of these disaccharides,
and wanted to compare the gpl20 binding affinities of the two different classes of
disaccharide-based molecules. After reductive amination, the disaccharides would yield
the non-reducing sugar headgroups of galactose, glucose, and a-galactose, respectively.
The reductively aminated galactosylceramide derivatives were prepared in a
similar fashion as those of Fantini and coworkers.

Cellobiose, 3.10, and lactose, 3.31,

were first stirred with 3.43 in methanol and water, to achieve the intermediate imine,
which was reduced with sodium borohydride to give 3.44 and 3.45 (Figure 3.18).

R^sH, R^OH, 3.10
R^sOH, RjsH, 3.31

3.43

iH

MeOH

Hl^

NaBH4
RfsH, R^OH, 3.44
RtaOH. R^H, 3.45

(19%)
(33%)

Figure 3.18. Preparation of cellobiosyl- and lactosyl-biotin TEG derivatives.
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The same strategy was utilized in the preparation of the reductively-aminated
melibiose derivative. Melibiose, 3.11, was stirred in methanol and water with compound

3.43, to achieve the intermediate amino-glycoside in situ. NaBH4 was introduced to
yield the reductively aminated product, 3.46 (Figure 3.19).

H^OH
HN

NH

MeOH

HIS

NaBH4

OH
OH

3.11

3.43

3.46

(37%)

Figure 3.19. Preparation of the melibiosyl-biotin TEG derivative.

Compounds 3.44*3.46 were then assessed for gpl20 binding utilizing the biotinbased ELISA. These compounds were not expected to bind because they lack a lipid
component, much like the simple sugar ethanolamine derivatives, 3.29a/b and 3.30. The
reductively aminated disaccharides were synthesized as intermediates along the way to
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the lipidated derivatives. The lipidated derivatives are expected to have greater gpl20
binding affinity. Therefore it was critical to clarify the binding properties of the
unlipidated materials, and determine the baseline ELISA values. This way, when the
lipidated materials are tested, any binding activity observed can be assigned to the
carbohydrate as a function of the lipid component. Table 3.7 and Figure 3.20 illustrate
the plating efficiency and gpl20 binding profiles for 3.44-3.46, respectively.

Compound
HRP-Biotin
3.9
2.22
3.46
2.20
3.45
3.44

Absorbance % Sites Filled
1.030
100
0.054
95
0.072
93
0.080
92
0.097
91
0.151
85
0.185
82

Std. Dev.
0.009
0.006
0.004
0.011
0.013
0.012
0.008

Table 3.7. Plating efficiencies for the reductively aminated disaccharides, 3.44-3.46.
The plating efficiency determinations were made at the absorbance maximum of HRPbiotin. This data represents the average of two separate experiments.
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Figure 3.20. Gpl20 binding characteristics of the reductively aminated disaccharides.
The error bars represent the standard deviation at each data point. If the error bars are not
visible, the standard deviation is very small. These are representative of the two trials
performed.
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As Table 3.7 illustrates, the plating efficiency of the reductively aminated simple
disaccharides was again sufficient, ranging from 82-95%. The gpl20 binding profiles of
the dissacharides given in Figure 3.20 indicate a lack of binding activity above baseline
for all three of the reductively aminated disaccharides (3.44-3.46). This was expected, in
light of the lack of a lipid component in the molecules, which is critical for gpl20
recognition. The lactosyl sphingosine derivative (3.9) served as our positive binding
control, and the cyclohexyl derivative (2.20) was our negative binding control. The
primary amido-biotin (2.22) was included in the panel as a background control, as this
compound was present as the blocking reagent in each well containing the test ligands.
In addition to evaluating the gp 120 binding affinity for each compound, we also
determined the degree of binding capable to unconjugated horseradish peroxidase, as had
been performed for the fiill sphingosine derivative panel (Table 3.3). This was a control
measurement to ensure that the degree of gpl20 binding observed was due to an
interaction with gpl20 and not the HRP conjugated to it. As with the sphingosine panel,
no significant binding occurred between the enzyme and any of the ligands tested. The
slopes ranged from 0.000-0.003 absorbance units per minute.
The importance of this particular experiment can be understood when one
considers the future ELISA experiments of evaluating the lipidated reductively aminated
disaccharide glycosylceramide analogs. The ultimate goal for the reductively aminated
disaccharides involves the preparation of the lipidated derivatives of the reductive
amination products (Figure 3.21). The lipid chain length of palmitoyl will be utilized, as
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Fantini and coworkers had found it to have the greatest activity, in their soluble GalCer
analogs. Compounds 3.47-3.49 will be tested in the biotin-ELISA, and the binding
profile of compound 3.48, in particular, will be measured against the results obtained by
Fantini and coworkers, who had utilized the standard lipid-anchored ELISA to test
reductively aminated lactosyl derivatives (vide supra).In addition to having the
capability of comparing our results with those of other researchers, we can also measure
the lipidated compounds against the non-lipidated glycosylceramide derivatives, 3.443.46, as we have already ascertained their gpl20 binding proHles. These compounds are
currently under development in our laboratory.
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R^sH, R^OH, 3.47
Ri=OH, R2=H, 3.48

)K
H
HO

'
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o \ /
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14

3.49
Figure 3.21. Palmitoyl derivatives of the reductively-aminated disaccharides, cellobiose,
lactose, and melibiose.

Use of Total Internal Reflection Fluorescence as a Tool to Determine Binding Constants
for Galactosylceramide Analog Binding to gpl20

As part of the collaborative effort on this project, Professor Scott Saavedra's
research group is developing a method by which equilibrium binding constants may be
obtained for GalCer analogs in a lipid bilayer. Total internal reflection fluorescence
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(TIRF) microscopy is a technique that makes it possible to detect binding events at a lipid
bilayer interface.
Dr. John Conboy, of Professor Saavedra's research group, developed a TIRF
application whereby a planar lipid bilayer composed of dioleoylphosphatidylcholine
(DOPC) and doped with a known percentage of GalCer analog is used to measure the
gpl20/GalCer interaction quantitatively. The doped planar bilayer is mounted on a
quartz slide placed in aqueous solution (Figure 3.22). Within the solution, FTTC-tagged
(fluorescein isothiocyanate) gpl20 is present and allowed to reach binding equilibrium
with the bilayer (Figure 3.23). Laser light is introduced through the quartz slide, and
excitation of the surface-bound fluorescently tagged gpl20 ensues. A TIRF adsorption
isotherm of the FITC-gpl20 interaction with the GalCer doped bilayer can then be
plotted as a function of gpl20 concentration in solution, and a binding constant is
determined.

Figure 3.22. GalCer-doped DOPC bilayer mounted on a quartz slide. The diamonds
represent GalCer.
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7
Figure 3.23. FITC-gpl20/GalCer interaction at the lipid-water interface. FITC-gpl20 is
represented by the spherical object, and GalCer is indicated as the diamond shape.

Our initial experiments involved the measurement of the binding constants for
conmiercially available natural mixtures of GalCer and a-hydroxylated GalCer (Figure
3.24). These natural mixtures contained various chain lengths. In addition to this, the
GalCer contained approximately 5% of the a-hydroxylated GalCer, and vice-versa.
Recall that Fantini and coworkers had determined by surface pressure analysis of a
monolayer containing GalCer and a-hydroxy GalCer, that the a-hydroxy compounds had
a higher affinity for gpl20 than the non-a-hydroxy compounds.We wanted to
evaluate these same compounds by IIRF to ascertain the binding constants, so that we
use them as baseline binding constants and compare them with the binding constants of
novel GalCer analogs at a later time.
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a-Hydroxylated GalCer
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Non-a-Hydroxylated GalCer

Figure 3.24. Structures of non-a-hydroxy and a-hydroxy GalCer.

Our TIRF results involving the a-hydroxylated and non-a-hydroxylated GalCer
natural mixtures are depicted in Figure 3.25. Interestingly, we determined that the nona-hydroxy compounds had greater affinity for gpl20 than the a-hydroxy GalCer, exactly
the opposite of what Fantini and coworkers had reported. a-Hydroxy GalCer had a
binding constant of Ka = 2.82 x 10® M"l' while non-a-hydroxy GalCer yielded a binding
constant of

= 6.11 x 10^ M" ^ twice the strength of the a-hydroxylated compound.

We also investigated the concentration and presentation-dependence of the
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GalCer molecules in the lipid bilayer for gpl20 binding. There exists a great difference
in the phase transition temperature (Tj^) between GalCer (T^i ~ 80 °C) and DOPC (Tm ~
-20 °C).

^ The result of having mole fractions of GalCer greater than 10% in a DOPC

lipid bilayer, is that the GalCer molecules will segregate into domains.1 Epifluorscent
studies of a DOPC bilayer containing either 5 or 50% GalCer were completed to view the
domain structures of GalCer at high concentration. In order for the domains to be seen, a
fluorescent probe composed of FITC-labeled phosphatidyl ethanolamine (PE) at 0.1%
concentration was introduced. The epifluorescent micrographs for a-hydroxy GalCer are
illustrated in Figure 3.26. The dark spots represent areas of high GalCer concentration,
while the lighter areas depict the liquid-like regions of primarily DOPC content. No
significant differences in the binding constants were noted for the two different
concentrations of GalCer in the bilayer, indicating that the binding of gpl20 to GalCer is
not dependent on the phase character or the mobility of GalCer within the planar lipid
bilayer.
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non-a-hydroxy galcer (Natural)

Ka = 6.11 X10*8M-

Concentration (nM)

a-hydroxy galcer (Natural)

K, = 2.82 X 10 +8 M-1
0.0 i

Concentration (nM)

Figure 3.25. TIRF adsorption isotherms of Fn'C-gpi20 to a DOPC/GaiCer planar lipid
bilayer.
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Figure 3.26. Epifluorescence micrographs of 5 and 50% a-hydroxy GalCer in a DOPC
bilayer.

In an effort to further characterize the binding of gpl20 to GalCer in a planar lipid
bilayer, we synthesized four GalCer derivatives, differing in fatty acyl chain length, as
well as in the presence or absence of an a-hydroxy functionality. Two chain lengths
were chosen, steroyi and tetracosanoyl, Cjg and C24, respectively, because they
represented the two dominant chain lengths of the natural GalCer mixtures. Each chain
length was synthesized as both the a-hydroxy and non-a-hydroxy derivative. The
rationale for making the four GalCer derivatives involved the selection of specific
qualities of the molecule to assess their individual effects on gpl20 binding. When we
had tested the natural mixtures, it had been unclear what properties of the molecules were
responsible for the binding interactions. There had also been the complication that the ahydroxy GalCer was contaminated with approximately 5% of the non-a-hydroxy GalCer
and vice-versa. By synthesizing GalCer with the exact chain length and pure in content
of the a-hydroxy functionality, or not, we hoped to answer some questions concerning
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the gpl20/GalCer binding event. First, whether or not a longer fatty acid chain made the
GalCer more accessible to the gpl20, by pushing it out away from the bilayer surface.
Second, to assess the true binding contribution of the a-hydroxy functionality to the
gpl20.
The synthesis of the non-a-hydroxy GalCer derivatives was straightforward
(Figure 3.27). Beginning with either stearic or tetracosanoic acid (3.50, 3.51), the acid
was first activated to the pentafluorophenyl ester in situ (3.52, 3.53). The activated ester
was then displaced by the primary amine of psychosine (3.54) to form an amide bond,
resulting in the stearamide (3.55) and tetracosamide (3.56) GalCer derivatives. The
yields for this two-step one-pot procedure were 44 and 91%, respectively.
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n = 16, 3.52
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2)3.52 or
3 53
DMF/CHoCI.

.OH

OH
OH
3.54

OH
OH
n = 16, 3.55
n = 22, 3.56

(44%)
(91%)

Figure 3.27. Formation of the stearamide and tetracosamide derivatives of GalCer.
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The synthesis of the a-hydroxy GalCer derivatives was also facile, but more
involved, as there existed the need to protect, then deprotect, the hydroxyl of the fatty
acid, so that it did not interfere with the transformations occurring one carbon away at the
carboxylic acid. Beginning with either 2-hydroxy stearic or tetracosanoic acid (3.57,

3.58), acetylation of the hydroxyl was accomplished with acetic anhydride in pyridine to
give the 2-0-acetyl acids, 3.59 and 3.60, respectively (Figure 3.28). These compounds
were carried forward without purification. The 2-0-acetyl acids were next converted to
the pentafluorophenyl activated esters in situ (3.61,3.62), then displaced with psychosine

(3.54) to yield 2-0-acetyl stearamide GalCer derivative (3.63, 57% for two steps) and 2O-acetyl tetracosamide GalCer derivative (3.64, 65% for two steps). The acetates were
then removed with sodium methoxide in methanol to yield 3.65 and 3.66.
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Figure 3.28. Synthesis of a-hydroxy steramide and tetracosamide derivatives of GalCer.
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TIRF was next utilized to ascertain the binding characteristics of the pure chain
length/pure a-hydroxy or non-a-hydroxyl GalCer derivatives. The adsorption isotherms
for the stearamide GalCer derivatives (3.55 and 3.65), and for the tetracosamide GalCer
derivatives (3.56 and 3.66) are given in Figures 3.29 and 3.30, respectively. As can be
noted in Figure 3.29, the same trends that were witnessed for the natural GalCer mixtures
were also seen in the pure chain length hydroxylated and non-hydroxylated derivatives.
The non-a-hydroxy stearamide derivative generated a binding affinity for gpl20 of 2.60
X 10^

M"^ roughly twice the strength of the non-a-hydroxy steramide GalCer, which

bound to gpl20 with a binding constant of 1.36 x 10^ M" ^

The tetracosamide

derivatives had more pronounced differences in the binding constants, an order of
magnitude, with the non-hydroxylated derivative yielding a Ka of 3.66 x 10® M"^ and
the hydroxylated a

of 3.70 x 10^ M"l.
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Figure 3.29. TIRF adsorption isotlierms for the stearic acid derivatives of GalCer.
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Figure 3.30. TlRF adsorption isotherms for the tetracosanoic acid derivatives of GalCer.
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From the above TIRF results, we were able to arrive at conclusions concerning
the specificity of the gpl20/GalCer binding event. First, it did not appear as though the
chain length had a significant impact upon binding, because both binding constants for
the different non-hydroxylated GalCer derivatives were on the order of approximately 3.0
X 10^ M"^. In other words, the planar bilayer does not sterically restrict the shorter chain
length glycolipids. We were also able to conclude with confidence that gpl20 had a
preference for the non-a-hydroxy GalCer derivatives over the a-hydroxylated compound,
matching what had been seen for the natural mixtures of GalCer.
TIRF is a sensitive quantitative technique that may be used in our studies for the
purpose of quantifying the gpl20 binding properties of potential HTV entry mechanism
inhibitors. Our studies using the qualitative ELISA technique will provide a series of
potential drug targets, that with further structural modification, can be assessed for
quantitative gpl20 binding data utilizing the TIRF method. This should prove to be a
very powerful combination, and will aid us in achieving our goal of developing novel
anti-HIV drug candidates.
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Synthesis and Evaluation of Reductiveiy Aminated Colominic Acid Derived Oligomers
as gpl20 V3 Loop/CD4 Binding Site Inhibitors

In addition to evaluating GalCer analogs for gpl20 binding activity, we are
interested in the study of the two other known binding sites on gpl20, the V3 loop and
the CD4 binding region. The V3 loop, recall, is a hypervariable region of gpl20 rich in
positively charged amino acids that are capable of binding to anionic compounds. The
CD4 binding site is the primary site of binding to host cells in the viral entry process.
This region has recently been found to have regions of a-helicity that come into direct
contact with amino acid residues on the CD4.24 These two sites represent two additional
targets on the surface of gpl20, to which novel anionic and/or helical molecules may
bind and inhibit the viral entry process of HTV infection.
In Chapter I, it was mentioned that sulfated colominic acid was able to inhibit
HTV infection and syncytium formation in vitro (Figure 3.31).^^ The colominic acid
polymer represents an interesting target for an HTV entry inhibition because it is both
polyanionic, and is also purported to have local regions of helicity inherent in the
backbone of the molecule.^

A detailed discussion of the helical nature of this

polysaccharide is given in Chapter 4.

Because of the duality of the structural

characteristics of colominic acid, derivatives of this polymer may have the capability of
binding to both the V3 loop as well as the CD4 binding site. As a result, we have chosen
to study oligomeric species for gpl20 binding affinity utilizing our ELISA strategy.
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Figure 3.31. Sulfated colominic acid.

The first colominic acid-based molecules we have synthesized are unmodified
oligomers ranging from the monomer through the tetramer. The monomer unit, sialic
acid is commercially available, while the other oligomeric chain lengths had to be
generated from the commercially available polymeric colominic acid. Using a procedure
from Roy and Pon,^^2 tjig polymer was acid hydrolyzed into multiple chain length
fragments. Size exclusion chromatography was then employed to purify the fragments
into discrete chain lengths. Electrospray mass spectrometry (ESI") was utilized to
confirm the purity of the oligomers.
With the purified oligomeric colominic acids in hand, we next sought a means by
which these large and complex molecules could be tethered to the TEG-biotinyl linker, so
that the oligomers could be tested by the ELISA assay. Troy and coworkers had reported
a mild method by which colominic acid could be reductively aminated with a primary
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amine in a mixture of water and methanol in the presence of sodium
cyanoborohydride

Wg

chose to use this procedure because the unprotected

oligosaccharides could be used. In the first step, the monomer through tetramer
(compounds 3.67-3.70) were each stirred with the amino-terminated biotin-TEG linker

(3.43) in methanol and water to form the intermediate imines (3.71-3.74) (Figure 3.32).
The imines were subsequently reduced to the secondary amines (3.75-3.78). This method
gave yields of 19% for the monomer (3.75), 15% for the dimer (3.76), 43% for the trimer

(3.77), and finally, 14% for the tetramer (3.78). These compounds were then assessed for
gpl20 binding affinity utilizing the biotin-based ELISA.
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Figure 3.32. Synthesis of the reductively aminated colominic acid derivatives.

The plating efficiency for compounds 3.75-3.78 and the gp 120 ELISA results are
presented in Table 3.8 and Figure 3.33, respectively. The plating efficiencies for this
particular panel encompassed a wider range of NeutrAvidin^ site-filling capabilities
than had been observed in our previous studies. The percentage of sites Hlled ranged
from 72% for the reductively aminated dimer of colominic acid (3.76) to 93% for the
positive binding control reagent, the lactosyl sphingosine derivative (3.9). The range
within the series of colominic acid derivatives was much tighter, from 72-80%. We felt
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that it was more important for the derivatives of the same class of molecules to fill similar
numbers of protein sites in the plate, than for molecules of different classes to closely
match. The overall site-filling capability of the anionic colominic acid derivatives was
still considered adequate with greater than 12% of the total available NeutrAvidin™ sites
occupied. The diminished site-filling disposition of the colominic acid derivatives may
be attributable to the anionic character of these molecules, and the possibility of a mild
charge-based repulsion to the protein coated in the surface of the ELISA well.

Compound

Absorbance

% Sites Filled

Std. Dev.

HRP-Blotin
2.20
3.9
2.22
3.77
3.75
3.78
3.76

1.132
0.078

100
93

0.020
0.021

0.079
0.107

0.001
0.019

0.231

93
91
80

0.277

76

0.304
0.314

73
72

0.072
0.054
0.038

0.040

Table 3.8. Plating efficiency of the reductively aminated colominic acid oligomers. The
plating efficiency determinations were made at the HRP-biotin absorbance maximum.
The data is representative of the data obtained in two trials.
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Figure 3.33. Gpl20 binding ELISA results for the reductively aminated colominic acid
oligomers. The error bars represent the standard deviation at each data point. If the error
bars are not visible, the standard deviation is very small. These are representative of the
two trials performed.
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Figure 3.33 clearly illustrates the lack of appreciable gpl20 binding affinity for
the coloniinic acid derivatives, when compared with the positive binding test reagent, the
lactosy! sphingosine derivative, 3.9. This was not altogether unexpected, first, because
Yang and coworkers had determined that the non-sulfated colominic acids were less
potent as anti-HIV agents than the sulfated derivatives.^^ Secondly, another factor to be
considered is the chain length of the colominic acid derivatives tested. Jennings and
coworkers reported that a minimum of six sialic acid residues are required, and ten
residues are preferred for the formation of a helical secondary structure within the
carbohydrate chain.^ 1^'^33,134 perhaps by increasing the chain lengths of the colominic
acids, and by also sulfating these molecules, significant gpl20 binding may be achieved.
These studies will be undertaken in our laboratory next.
The HRP control experiment was also completed for these compounds to
determine if the compounds were capable of binding to HRP. Once again, no appreciable
affinity of any of the test ligands occurred, as the slopes ranged from 0.000-0.002
absorbance units/minute. This indicates that any binding observed in the HRP-gpl20
assay was attributable to affinity of the individual ligand for gpl20, and not to HRP.
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Conclusions

The study of entry mechanism inhibitors of the HIV viral infection process for the
purpose of developing new drug candidates is an important area of research. The long
term goals of this project involve the development of entry inhibitors to all three of the
known binding sites of gpl20, the GalCer site, the V3 loop, and the CD4 binding region.
Each region has distinct requirements for binding, yet it has also been reported by a
number of sources that the binding sites are related to one another. Fantini has suggested
that the GalCer site is intimately associated with the V3 loop, due to the recognition that
occurs between GalCer derivatives and V3 loop peptides.

There is also a link

between the V3 loop and the CD4 binding region. Neutralizing antibodies with
specificity to the V3 loop prevent viral entry by virtue of inhibiting a step in the entry
process that occurs after CD4 has

bound.2

1 Kwong and coworkers have further

elucidated the interrelatedness of the V3 loop and the CD4 binding regions in their
recently reported crystallographic studies. The V3 loop, together with a portion of the
CD4 binding region, make up a chemokine receptor binding site on the gp 120 surface for
binding a complementary chemokine receptor on the surface of the human cell.^^
Because the binding sites of gpl20 are related, it is possible that entry inhibitors can be
developed with the capability of binding to more than one of the sites. The colominic
acid derivatives could fit this category with further structural and chain length
modification.
We have thus far established a reliable and reproducible means by which to
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qualitatively assess the gpl20 binding abilities of synthetic HIV entry inhibitor
candidates. Our biotin-based ELISA is a rapid method to determine the viability of a
synthetic class of molecules as entry inhibitors. When a molecule has shown to be an
effective gpl20 binding agent, TIRF can be utilized to ascertain specific quantitative
binding constants. With these two complementary methods in place, the development of
novel entry inhibitors can occur quickly.
Beyond the further studies involving the colominic acid derivatives, several other
avenues for the development of entry inhibitors can be undertaken. The synthetic
strategy with the most promise involves the use of reductive amination chemistry. This
chemistry does not require the use of lengthy protection/deprotection schemes, and the
reactions can be performed in water. This is an advantage, particularly because
hydrophilic carbohydrate-based entry inhibitors are the desired targets.

Experimental Section

D-Biotin-12-aiiiido-4,7,10-trioxadodecyl sphingosinamide (3.1): S mg (0.017 mmol)
of D-sphingosine (Figure 3.1, Matreya) was dissolved in 266 |iL of DMF. 7.1 )xL (0.051
mmol) of TEA was added, followed by 11.1 mg (0.019 mmol) of compound 2.19. The
reaction was stirred at room temperature overnight under argon, then evaporated. The
crude product was purifled using silica gel chromatography in 9:1 chloroform/methanol.
12 mg (100%) of an off-white powder was obtained. The NMR spectra indicate the
presence of a small quantity of the 0-linked product, estimated to be about 10%.
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NMR (250 MHz, DMSO-t/g) 5 0.85 (m, 3H, CH3), 1.14-1.59 (m, 28H, (CH2)i4), 1.94
(m, 2H, CH2C=C), 2.06 (t, 2H, 7=7.4 Hz, C/f2CONH), 2.32 (t, 2H, 7=6.6 Hz,
C//2CONH), 2.57 (d, IH, 7=12.7 Hz, CHS), 2.81 (dd, IH, 7=5.0, 14.9 Hz, CHS), 3.093.21 (m, 3H), 3.42-3.65 (m, 14H), 3.87 (m, IH), 4.12 (m, IH), 4.49 (t, IH, 7=7.7 Hz),
4.83 (d, IH, 7=5.4 Hz), 5.34-5.60 (m, 2H, H-C=C-H), 6.37 (s, IH, NH), 6.44 (s, IH,
NH), 7.54 (d, IH, 7=8.7 Hz, CON//CH), 7.86 (t, IH, 7=5.3 Hz, CONHCH2).

NMR

8 13.97, 22.11, 25.26, 28.04, 28.20, 28.60, 28.72, 28.83, 28.99, 29.07, 31.31, 31.73,
35.09,36.18, 55.43,59.19,60.31, 61.03,66.97,69.19, 69.52,69.56, 69.72,71.19, 130.81,
131.24, 162.71, 169.90, 172.12. High-resolution mass spectrum (FAB+), calcd for
C37H69N4SO8 (MH)+: 729.4836. Found: 729.4814.

2^,4,6-Tetra-0-acetyl-P-D-glucopyranosyI-(l^l)-(2S,3R,4E)-3-hydroxy-2-iV-(12-Dbiotinaiiiide-4,7,10-trioxadodecyl)-sphingeiiine (3.6):

2,3,4,6-tetra-O-acetyI-D-

glucopyranose was prepared by the method of Flandor, et al.,^

starting with 1,2,3,4,6-

penta-O-acetyl-p-D-glucopyranose (Aldrich). A 74% yield of compound 3.2 resulted
after puriHcation of the crude product by silica gel chromatography in 1:1 hexanes/ethyl
acetate. This product was converted to the subsequent a-trichloroacetimidate sugar
utilizing a procedure by Schmidt. ^

A 48% yield of the a-anomer (3.4) was obtained

after silica gel chromatography in 1.5:1 hexanes/ethyl acetate. The spectral data for both
of the above precursors (3.2 and 3.4) match the reported values in the

literature. ^

1^,135

The a-trichloroacetimidate-derivatized glucose was weighed dry into the reaction flask
(19 mg, 0.038 mmol), as was compound 3.1 (35 mg, 0.048 mmol). These constituents
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were dissolved in 1.20 mL of 1,2-dichloroethane and stirred over AW-300 powdered
molecular sieves (2 g) at -10 °C. BF3 etherate (9.7 |jL, 0.077 mmol) was introduced last
and the reaction stirred at 0 °C. After 16 h, an additional equiv of BF3 etherate was
added. At 22 h, the reaction mixture was filtered through Celite, then washed with
saturated NaHC03, followed by water. The organic layer was dried over anhydrous
MgS04, filtered, then evaporated. The crude product was purified by silica gel
chromatography in 9:1 chloroform/methanol. 9.6 mg (24%) of an amorphous light
yellow solid resulted.

NMR (500 MHz, CDCI3) 8 0.85 (t, 3H, 7=7.1 Hz, CH3), 1.23

(br s, 22H, (CH2)i 1), 1.44 (m, 2H, CH2 biotin), 1.67 (m, 4H, (CH2)2 biotin), 2.00 (m,
16H), 2.20 (t, 2H, 7=7.4 Hz, CH2CONH), 2.46 (m, 2H), 2.73 (d, IH, 7=12.7 Hz, CHS),
2.88 (dd, IH, 7=4.9, 12.8 Hz, CHS), 3.13 (app q, IH, 7=7.1, 11.9 Hz, CHS), 3.41 (app s,
2H), 3.53-3.73 (m, I2H, (CH2-0)6), 3.97-4.05 (m, 2H), 4.10 (app d, IH, 7=2.3 Hz), 4.13
(m, IH, C//NH biotin), 4.24 (dd, IH, 7=4.7, 12.2 Hz, CHNH biotin), 4.30 (m, IH), 4.464.48 (m, 2H), 4.94 (q, IH, 7=8.1, 9.4 Hz), 5.04 (t, IH, 7=9.5 Hz), 5.17 (app s, 2H), 5.44
(dd, IH, 7=6.3, 15.4 Hz, C=C-H), 5.70 (m, IH, C=C-H), 6.14 (s, IH, NH), 6.70 (t, IH,
7=5.4 Hz, CH2N7fCO), 6.78 (d, IH, 7=7.8 Hz, CHN//CO).

NMR 5 14.32, 20.80,

20.92, 20.93, 22.89,25.75, 28.29, 28.36, 29.49, 29.53,29.56, 29.69, 29.75, 29.87, 29.88,
29.91, 32.13, 32.60, 36.05, 37.24, 39.36,40.70, 53.59,55.69, 60.37, 62.02, 62.09, 67.49,
68.60, 68.65, 70.19, 70.27, 70.50, 70.62, 71.50, 72.12, 72.83, 72.95, 100.94, 128.71,
133.99, 163.83, 169.66, 169.84, 170.34, 170.86, 171.87, 173.49. High-resolution mass
spectrum (FAB+) calcd for C51H87N4SO17 (MH)+: 1059.5787. Found: 1059.5801.
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2^,4,6-Tetra-0-acetyl-p-D-galactopyranosyl-(l->4)-0-(2^,6-tri-0-acetyl-P-Dglucopyranosyl)-(l-»l)-(2S,3R,4E)-3-hydroxy-2-iV-(12-D-biotinaiiude-4,7,10trioxadodecyO-sphingenine (3.7): The reducing end 1-hydroxy derivative of hepta-0acetyl lactose was prepared using the techniques of Flandor, et al. J

starting with octa-

O-acetyl lactose (Aldrich). A 80% yield of compound 3.3 resulted upon purification by
column chromatography.

This product was subsequently converted to the a-

trichloroacetimidate utilizing a procedure by SchmidtJ

Silica gel chromatography of

the crude product yielded 42% of the desired a-trichloroacetimidate (3.5). The NMR
data obtained on compound 3.5 matches the reported values.^^^

This a-

trichloroacetimidate-derivatized lactose was weighed into a reaction flask dry (25 mg,
0.033 mmol), along with compound 3.1 (26 mg, 0.036 mmol). These components were
dissolved in 1.03 mL of 1,2-dichloroethane and stirred over AW-300 powdered
molecular sieves (2 g) at -10 °C. BF3 etherate (8.4 ^L, 0.066 mmol) was introduced last,
and the reaction was stirred overnight at 0 °C. At this time, an additional equiv of BF3
etherate was added and the reaction stirred at between 5-10 °C. After 48 h, the reaction
solution was filtered through Celite and evaporated. The crude product was purified by
column chromatography using a gradient from 15:1 to 12:1 chloroform/methanol. An
amorphous yellowish solid resulted (5.4 mg, 12%).

NMR (500 MHz, CDCI3) 6 0.85

(t, 3H, 7=6.9 Hz, CH3), 1.23 (br s, 22H, (CH2)ii), 1.43 (m, 2H, CH2 biotin), 1.53-1.68
(m, 4H, (CH2)2 biotin), 1.95-2.12 (m, 25H, (€0013)7, Cif2C0NH, CH2C=C), 2.20 (t,
2H, /=7.4 Hz, CH2CONH), 2.46 (t, 2H, 7=5.9 Hz), 2.72 (d, IH, 7=12.7 Hz, CHS), 2.89
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(dd, IH, 7=4.8, 12.6 Hz, CHS), 3.13 (app q, IH, /=7.1, 11.9 Hz, CHS), 3.41 (app t, 2H,
7=5.1 Hz), 3.53 (app t, 2H, 7=4.8 Hz), 3.61-3.79 (m, 14H), 3.86 (m, IH), 3.95 (app dd,
IH, 7=5.6, 10.6 Hz), 4.00-4.16 (m, 3H), 4.30 (m, IH), 4.43-4.52 (m, 2H), 4.85 (app t,
IH), 4.95 (dd, IH, 7=3.4, 10.4 Hz), 5.07 (dd, IH, 7=7.9, 10.3 Hz), 5.16 (t, IH, 7=9.1 Hz),
5.20 (app s, IH), 5.32 (d, IH
H, 7=11.2 Hz), 5.43 (dd, IH, 7=6.5, 15.4 Hz, C=C-H), 5.69 (dt, IH, 7=6.9, 15.4 Hz, C=CH), 6.04 (s, IH, NH), 6.70 (d, 2H, 7=7.7 Hz, CHNHCO).

NMR 8 14.31, 20.84,

20.85, 20.95, 21.00, 21.05, 22.89,25.72, 28.27, 28.33, 29.50, 29.53, 29.56, 29.69, 29.75,
29.87, 29.91, 32.12, 32.61, 36.01,37.20, 39.34,40.71, 53.57, 55.67, 60.35, 60.99, 61.99,
62.14, 66.85, 67.49, 68.71, 69.33,70.19, 70.24, 70.49, 70.58, 70.60, 70.88, 71.17, 71.84,
72.83, 72.87, 72.99, 76.40, 100.76, 101.25, 128.65, 134.05, 163.73, 169.28, 169.87,
170.08, 170.26, 170.32, 170.56, 170.68, 171.82, 173.48. High-resolution mass spectrum
(FAB+)calcdforC63Hi03N4SO25(MH)+: 1347.6632. Found: 1347.6605.

|3-D-GlucopyranosyI-(l-»l)-(2S,3R,4E)-3-hydroxy-2-iV-(12-D-biotinainide-4,7,10trioxadodecyl)-sphingenine (3.8): 9.6 mg (0.009 mmol) of compound 3.6 was
dissolved in 1 mL of methanol, and a catalytic quantity of sodium methoxide (Avocado)
was added. The reaction was allowed to stir at room temperature for 1 day. After TLC in
9:1 chloroform/methanol indicated that the reaction was complete, Dowex H''* resin was
added and the solution stirred for 45 min until the pH was neutral. The solution was
nitered through glass paper and evaporated. The compound, 3.8, was then taken up into
a small quantity of water and fireeze-dried. 6.3 mg (78%) of an off-white fluffy solid
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resulted.

NMR (500 MHz, 4:1 CDCl3/MeOD mixture, using internal CDCI3 as a

reference) 5 0.72 (t, 3H, 7=6.7 Hz, CH3), 1.10 (br s, 22H, (CH2)i 1), 1.28 (m, 2H, CH2
biotin), 1.43-1.58 (m, 4H, (CH2)2 bioUn), 1.87 (m, 2H, CH2C=C), 2.07 (t, 2H, 7=7.3 Hz,
C//2CONH), 2.33 (t, 2H, 7=5.8 Hz, Ci/2CONH), 2.58 (d, IH, 7=12.8 Hz, CHS), 2.77
(dd, IH, 7=4.9, 12.8 Hz, CHS), 3.01 (app q, IH, CHS), 3.09-3.14 (m, 2H), 3.20-3.31 (m,
6H, includes MeOD signal), 3.40 (t, 2H, 7=4.9 Hz), 3.47-3.60 (m, 14H), 3.70 (app d, 2H),
3.87 (br s, IH), 4.11 (d, IH, 7=7.7 Hz, H-1), 4.16 (m, IH, C//NH biotin), 4.35 (dd, IH,
7=4.9, 7.5 Hz, C//NH biotin), 5.31 (dd, IH, 7=7.1, 15.3 Hz, C=C-H), 5.55 (m, IH, C=CH). 13c NMR 5 13.94, 22.61, 25.45, 28.07, 28.34, 29.25, 29.28, 29.30, 29.50, 29.60,
29.64, 31.87, 32.35, 35.62,36.57, 39.10, 40.28, 53.50, 55.58, 60.16, 61.47, 61.93, 67.21,
68.46, 69.78, 69.86, 69.94, 70.05, 70.14, 70.26, 72.17, 73.53, 76.17, 76.26, 103.21,
128.92, 134.05, 164.27, 172.17, 174.40. High-resolution mass spectrum (FAB"*") calcd
forC43H78N4SOi3Na(MNa)+: 913.5184. Found: 913.5156.

p-D-Galactopyranosyl-(1^4)-0-(P-D-glucopyranosyl)-(l^l)-(2S^R,4E)-3-hydroxy2-iV-(12-D-biotinaiiiide-4,7,10-trioxadodecyl)>spliingeiiine (3.9): Compound 3.7 (13.4
mg, 0.010 nmiol) was dissolved in 2 mL of methanol and a catalytic quantity of sodium
methoxide (Avocado) was added. The reaction was allowed to stir overnight at room
temperature. At this time, TLC in 12:1 chloroform/methanol indicated a complete
reaction. Dowex H"** resin was added to the reaction solution, and stirring was continued
until neutral pH was achieved. The solution was Hltered through glass paper and
evaporated. The residue was dissolved in a small quantity of water, then freeze-dried.
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An off-white fluffy solid (9.9 mg, 94%) resulted.

NMR (500 MHz, 4:1

CDCl3/MeOD mixture, using internal CDCI3 as a reference) 5 0.73 (t, 3H, 7=6.8 Hz,
CH3), 1.11 (s, 22H, (CH2)ii), 1.29 (m, 2H, CH2 biotin), 1.43-1.60 (m, 4H, (CH2)2

biotin), 1.87 (app q, 2H, 7=7.0, 14.2 Hz, CH2C=C), 2.07 (t, 2H, 7=7.6 Hz, C/f2CONH),
2.33 (t, 2H, 7=6.1 Hz, C//2CONH), 2.59 (d, IH, 7=12.8 Hz, CHS), 2.77 (dd, IH, 7=5.0,
12.9 Hz, CHS), 3.02 (m, IH, CHS), 3.16-3.26 (m, 5H, includes MeOD signal), 3.35-3.50
(m, 18H), 3.53-3.62 (m, 2H), 3.67-3.76 (m, 4H), 3.87 (m, IH), 3.98 (app dd, IH), 4.14 (d,
IH, 7=7.8 Hz, H-1 or H-F), 4.17 (m, IH, CHNH biotin), 4.21 (d, IH, 7=7.8 Hz, H-I or
H-D, 4.36 (app q, IH, 7=4.9,7.8 Hz, CHNH biotin), 5.31 (dd, IH, 7=7.0, 15.3 Hz, C=CH), 5.55 (dt, IH, 7=6.8, 15.1 Hz, C=C-H).

NMR 6 13.95, 22.62, 25.50, 28.12,

28.42, 29.27, 29.30, 29.50, 29.61, 29.65, 31.87, 32.35, 35.68, 36.56, 39.11, 40.28, 53.41,
55.63, 60.17,60.88,61.57, 61.97,67.18,68.53,69.12, 69.71, 69.85, 69.96, 70.118, 70.29,
71.04, 72.11, 73.21, 73.42, 74.66, 74.97, 75.41, 79.58, 103.08, 103.71, 128.99, 134.06,
164.28, 172.11, 174.41.

High-resolution mass spectrum (FAB"*") calcd for

C49H89N4SO18 (MH)+: 1053.5893. Found: 1053.5885.

2^,4,6-Tetra-0-acetyl-P-D-galactopyranosyl-(l->^6)>0-l^,3,4,-tetra-0-acetyl-Dglucopyranoside (3.13): a-Melibiose (Aldrich, 500 mg, 1.46 mmol) and 14.3 mg (0.117
mmol) of DMAP (Novabiochem) were both weighed directly into the reaction flask. 3
mL of pyridine was added to dissolve the solids, and the flask was then placed in an ice
bath at 0 "C under an argon atmosphere. Acetic anhydride (2.8 mL, 29.2 mmol, Aldrich)
was added dropwise via an addition funnel over a period of 15 min. After the addition of
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acetic anhydride was complete, the reaction was stirred from 0 °C to room temperature
overnight. Once TLC in 2:1 ethyl acetate/hexanes indicated a complete reaction, the
flask was placed on ice and 3 mL of methanol was added. The solution was stirred at 0
°C for 0.5 h, then the solution was evaporated. The residue was taken up in ethyl acetate
and washed 3 x 0.1 M HCl, then 1 x with water, and 1 x with brine. The organic phase
was dried over anhydrous Na2S04. A white foam solid product, (3.13, 934 mg, 94%)
resulted, in an approximate 5:1 ot/p-ratio. This was used without further purification.
NMR (250 MHz, CDCI3) 5 1.87-2.08 (m, 24H, (COCH3)8), 3.50 (dt, IH, 7=2.4, 11.5
Hz), 3.61 (dd, IH, /=4.5, 11.6 Hz), 3.96 (m, 2H), 4.09 (app q, IH, 7=6.6 Hz), 4.88-5.07
(m, 5H), 5.20 (dd, IH, 7=3.3, 10.8 Hz), 5.36 (m, 2H), 6.16 (d, IH, 7=3.6 Hz),

NMR

5 20.41, 20.60, 20.62, 20.70, 20.82, 20.99, 61.60, 61.71, 65.60, 65.77, 66.32, 66.44,
67.38, 68.06,68.24, 68.47, 69.22, 69.84, 70.18, 70.44, 72.80, 73.41, 76.72, 77.23, 77.74,
88.90, 91.56, 96.02, 96.33, 168.84, 169.25, 169.32, 169.67, 169.83, 170.08, 170.17,
170.20, 170.47, 170.55. High-resolution mass spectrum (FAB"*") calcd for C28H39O19
(MH)+: 679.2086. Found: 679.2092.

2,3,4,6-Tetra-0-acetyl-P-D-glucopyranosyl-(l'^4)-0-l-hydroxy-2,3,6-tri-0-acetyl-Dglucopyranose (3.14): Cellobiose (3.10, 1.0 g, 2.92 mmol, J.T. Baker) was weighed
directly into a flame-dried flask. DMAP (35.4 mg, 0.29 nmiol, Novabiochem) was added
to the flask, followed by 6 mL of pyridine. The flask was stirred in an ice bath under
argon, and acetic anhydride (5.5 mL, 58.4 mmol, Aldrich) was added dropwise over a
period of 10 min via an addition fiinnel. The reaction mixture was stirred at room
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temperature for 1 day, until TLC in 1:1 hexanes/ethyl acetate indicated nearly a complete
reaction. The flask was placed on ice and 6 mL of methanol was added. The solvent was
evaporated, and the residue was dissolved in ethyl acetate and washed with 3 x 0.1 M
HCl, 1 X water, 1 x brine. The organic phase was dried over anhydrous Na2S04. A
white foam product (3.12, 1.87g, 83% ) resulted.

NMR (250 MHz, CDCI3) 8 1.89-

2.03 (m, 24H, (COCH3)8), 3.58-3.75 (m, 3H), 4.01 (m, 2H), 4.29 (dd, IH, 7=4.5, 12.5
Hz), 4.42 (m, IH), 4.83 (t, IH, 7=8.1 Hz), 4.92-5.19 (m, 5H), 5.59 (d, IH, 7=8.2 Hz).
Compound 3.12 was used without further puriflcation in the following manner. 25 mL of
a 7:3 mixture of THF/MeOH was stirred at 0 "C with NH3 (g) bubbled through for 10
min. 1

This solution was transferred to a flask containing 3.12 (500mg, 0.737 mmol),

and the mixture was stirred from 0 °C to room temperature for 1.5 h, until TLC in 2:1
ethyl acetate/hexanes indicated a complete absence of 3.12.

The solution was

evaporated, and the resultant crude oil was purifled in 2:1 ethyl acetate/hexanes, to yield
308 mg (66%) of an a/p mixture of a clear colorless oil (3.14). ^H NMR (250 MHz,
CDCI3) 5 1.90-2.12 (m, 21H, (COCH3)7) 3.58-3.71 (m, 2H), 3.94-4.01 (m, 2H), 4.20 (d,

IH, 7=3.8 Hz), 4.30 (dd, IH, 7=4.2, 12.6 Hz), 4.44 (m, 2H), 4.72 (m, IH), 4.85 (app t,
IH, 7=8.1 Hz), 5.03 (m, 2H), 5.28 (t, IH, 7=3.7 Hz), 5.41 (t, IH, 7=9.5 Hz),

NMR 8

20.64, 20.75, 20.85, 20.96, 21.00, 21.11, 61.72, 61.95, 62.10, 67.96, 68.23,69.49, 71.47,
71.77, 72.0, 72.18, 73.05,73.13, 73.36, 76.60, 76.69, 76.72, 77.23, 77.43,77.74, 90.08,
95.27, 100.79, 100.89, 169.21, 169.48, 169.87, 169.90, 170.39, 170.44, 170.56, 170.64,
170.70, 170.75, 170.80. High-resolution mass spectrum (FAB"*") calcd for C26H37O18

221

(MH)+: 637.1980. Found: 637.1976.

2,3,4,6-Tetra-0-acetyI-a-D-gaIactopyranosyl-(l->6)-0-l-hydroxy-2,3,4,-tri-0-acetyl-glucopyranose (3.15): A 7:3 mixture of THF:MeOH (30 mL) was stirred at 0 °C with

D

NH3 (g) bubbled into the solution for a period of 10 min. ^

jhis solution was added to

a flask containing 3.13. After 1 h at 0 °C, the solution was stirred from 0 °C to room
temperature.

After 2 h, TLC in 2:1 ethyl acetate/hexanes indicated a complete

conversion of 3.13 to 3.15. After evaporation, the crude oil was purified by silica gel
chromatography in 2:1 ethyl acetate/hexanes. An off-white foam product (3.15, 391 mg,
69%) resulted.

NMR (250 MHz, CDCI3) 6 1.87-2.10 (m, 21H, (COCH3)7), 3.47-

3.64 (m, 2H), 3.91-4.02 (m, 2H), 4.14 (m, 2H), 4.59 (app br s, IH), 4.70 (dd, IH, 7=3.3,
10.2 Hz), 4.85-4.98 (m, 2H), 5.06 (d, IH, 7=3.7 Hz), 5.19 (app dt, IH, 7=3.3, 10.8 Hz),
5.30 (br d, IH, 7=3.0 Hz), 5.41 (t, IH, 7=9.5 Hz). 13c NMR 5 20.62, 20.68, 20.77.
20.97, 61.69, 65.99, 66.91, 67.46, 67.91, 67.95, 68.22, 69.0, 69.17, 69.95, 71.20, 72.63,
72.82, 76.73, 77.23, 77.43, 77.75, 89.80, 95.04, 96.25, 169.53, 169.69, 170.03, 170.21,
170.31, 170.77, 170.87, 171.10. High-resolution mass spectrum (FAB"*") calcd for
C26H370i8(MH)+: 637.1980. Found: 637.1982.

23,4,6-Tetra-<?-acetyl-P-D-glucopyranosyl-(l->4)-0-2,3,6-tri-0-acetyl-a-Dglucopyranosyl-trichloroacetimidate (3.16): Compound 3.14 (308 mg, 0.484 mmol)
was dissolved in 5 mL of CH2CI2 in a N2 atmosphere. CCI3CN (169.5 pL, 1.69 nunol,
Aldrich), was added next via a syringe, followed by the addition of 14 mg (0.581 mmol)
of NaH (Aldrich).1

xjig solution turned a clear yellow immediately upon the addition
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of NaH. The reaction was stirred at room temperature under N2, with the color
deepening to a brownish-amber. After 5 h, the reaction was shown to be complete by
TLC in 2:1 ethyl acetate/hexanes.

Purification was achieved by silica gel

chromatography utilizing a gradient from 2:1 ethyl acetate/hexanes to 1.5:1 of the same.
A fluffy white solid product (155.4 mg, 85%) resulted after evaporation in vacuo from
benzene.

NMR (250 MHz, CDCI3) 5 1.88-2.13 (m, 21H, (COCH3)7), 3.63 (br d, IH,

7=9.4 Hz), 3.80 (t, IH, 7=9.6 Hz), 4.03 (app dt, 4H, 7=4.5, 11.5 Hz), 4.35 (dd, IH, 7=4.0,
12.6 Hz), 4.48 (app t, 2H, 7=7.8 Hz), 4.89 (t, IH, 7=8.0 Hz), 5.04 (m, 2H), 5.48 (t, IH,
7=9.6 Hz), 6.44 (d, IH, 7=3.8 Hz, H-1), 8.62 (s, IH, NH).

NMR 6 20.61, 20.69,

20.75, 20.81, 20.87, 20.95, 61.53, 61.68, 67.84, 69.42, 69.81, 70.0, 71.10, 71.44, 71.81,
72.15,73.01, 73.20, 76.25, 76.52,76.72, 76.87,77.23,77.38,77.74, 93.0, 101.08, 128.47,
161.11, 169.23, 169.44, 169.51, 169.60, 170.2, 170.32, 170.36, 170.41, 170.64. Highresolution mass spectrum (FAB+) calcd for C28H35NOi8Cl3Na (MNa)"^: 802.0896.
Found: 802.0892.

2,3,4,6-Tetra-0-acetyl-a-D-galactopyranosyl-(l-^6)-0-2,3,4-tri-(7-acetyI-a-Dglucopyranosyl-trichloroacetiinidate (3.17): Compound 3.15 (378 mg, 0.594 mmol)
was dissolved in CH2CI2 under argon. CCI3CN (209 ^lL, 2.08 mmol, Aldrich) was
introduced via a syringe. This was followed by the addition of NaH (17.1 mg, 0.713
mmol, Aldrich).^

The solution immediately bubbled upon the addition of the NaH,

and turned from a clear colorless solution, to a clear yellow one. The reaction was stirred
at room temperature for 5 h, as TLC in 2:1 ethyl acetate/hexanes had indicated a nearly
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complete reaction. After evaporation of the solvent, the crude residue was purified by
silica gel chromatography in 1:1 ethyl acetate/hexanes. A clear yellow oil (3.17, 129 mg,
28%) resulted.

NMR (250 MHz, CDCI3) 5 1.90-2.05 (m, 21H, (COCH3)7), 3.49 (dd,

IH, 7=1.9, 11.O Hz), 3.66 (dd, IH, 7=5.9, 11.1 Hz), 3.99 (d, 2H, 7=6.6 Hz), 4.12 (m, IH),
4.26 (t, IH, 7=6.5 Hz), 4.96-5.09 (m, 4H), 5.18 (dd, IH, 7=3.3, 10.1 Hz), 5.37 (d, IH,
7=3.2 Hz), 5.49 (t, IH, 7=9.7 Hz), 6.38 (d, IH, 7=3.7 Hz, H-1), 8.83 (s, IH, NH).
NMR 5 20.54, 20.71, 20.75, 20.82, 20.89, 61.80, 65.45, 66.38, 67.58, 68.03, 68.25,
68.50, 69.86, 70.01, 70.69, 76.71, 77.22, 77.42, 77.73, 92.64, 95.85, 160.51, 169.57,
169.95, 170.05, 170.30, 170.42, 179.54. High-resolution mass spectrum (FAB"^) calcd
forC28H36NOi8Cl3Cs(MCs)+: 912.0052. Found: 912.0070.

2,3,4,6-Tetra-0-acetyl-P-D-gIucopyranosyl-(l'^4)-0-(2^,6-tri-0-acetyl-|3-Dglucopyranosyl)-(l-^l)-(2S,3R,4E)-3-hydroxy-2-yV-(12-D-biotinaiiiide-4,7,10trioxadodecyl)-sphingenine (3.18): Compounds 3.16 (64.3 mg, 0.082 mmol) and 3.1
(100 mg, 0.137 mmol) were weighed directly into a flame-dried flask, then azeotroped 4
X

with dry, distilled benzene to ensure dryness. Flame-dried AW-300 molecular sieves (1

g, Aldrich) were introduced. The residue was dissolved in 3.4 mL of freshly distilled 1,2dichloroethane, then placed in a methanol bath at ~10 °C under an argon atmosphere.
BF3 etherate (21 |iL, 0.164 mmol, Aldrich) was introduced once the solution had chilled

to -10 °C. This temperature was maintained for 1.75 h, at which time the temperature
was raised to 0 °C. After an additional 24 h, the temperature was increased again to 10
°C. At this time, an additional 0.5 equiv of BF3 etherate was added. After a total
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reaction time of 48 h, the reaction was diluted with CHCI3, filtered through Celite, then
washed 1 x with a 5% solution of NaHC03, and 1 x with H2O. The organic layer was
dried over anhydrous Na2S04, then Hltered and evaporated. Purification was achieved
by silica gel chromatography in 12:1 CHCl3/MeOH.

Further purification was

necessitated, and was accomplished by normal phase HPLC on a semi-preparative silica
gel column (Rainin-Varian Microsorb column, 5 p.m particle size, 100 A pore size, 10 x
250 mm) in 12:1 CHCl3/MeOH. A yellowish amorphous solid (7.3 mg, 6%) resulted.
Ih NMR (500 MHz, CDCI3) 6 0.86 (t, 3H, J=6.7 Hz, CH3), 1.23 (s, 20H, (CH2)io).
1.32 (m, 2H), 1.44 (m, 2H), 1.53-1.68 (m, 4H, (CH2)2 biotin), 1.99-2.11 (m, 25H,
(C0CH3)7, C«2C0NH, CH2C=C), 2.20 (t, 2H, 7=7.2 Hz, CH2CONH), 2.46 (m, 2H),
2.72 (d, IH, 7=12.6 Hz, CHS), 2.91 (dd, IH, 7=5.0, 12.8 Hz, CHS), 3.08 (s, IH), 3.15
(app q, IH, 7=7.5, 12.0 Hz, CHS), 3.40 (m, 2H), 3.53 (t, 2H, 7=5.0 Hz, CH2-O), 3.61 (m,
lOH, (CH2-0)5), 3.66 (m, 2H, CH2-O), 3.75 (m, 3H), 3.96 (dd, IH, 7=5.1, 10.4 Hz),
4.03 (m, 2H), 4.09 (m, IH), 4.17 (app t, IH, 7=5.0 Hz), 4.31 (m, IH), 4.35 (dd, IH,
7=4.3, 12.4 Hz), 4.45 (d, IH, 7=7.9 Hz), 4.50 (m, 2H), 4.83-4.88 (m, 2H), 5.04 (t, IH,
7=9.8 Hz), 5.13 (m, 2H), 5.43 (dd, IH, 7=6.3, 15.4 Hz, C=C-H), 5.63 (s, IH, NH), 5.70
(m, IH, C=C-H), 6.61 (br s, IH, NH), 6.71 (dd, IH, 7=7.8 Hz, NH).

NMR 5 14.11,

20.54. 20.58, 20.66, 20.73, 20.85,22.68, 25.43, 28.03, 29.28, 29.32, 29.35, 29.54, 29.66,
29.70, 31.91, 32.40, 35.72, 37.02, 39.14,40.51, 53.36, 55.29, 60.05, 61.56, 61.77, 67.26,
67.78, 68.50, 69.90, 70.04, 70.27,70.39,70.43, 70.48, 71.51, 71.59, 71.93, 72.30, 72.66,
72.81, 72.90, 75.92, 76.38, 100.60, 100.73, 128.37, 133.86, 163.08, 169.06, 169.30,
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169.73, 169.87, 170.24, 170.45, 170.50, 171.62, 173.07. High-resolution mass spectrum
(FAB+)calcdforC63Hi03N4SO25(MH)+: 1347.6632. Found: 1347.6619.

2,3,4,6-Tetra-0-acetyl-a-D-galactopyranosyl-(l-^6)-0-(2^,4-tri-0-acetyl-P-Dglucopyranosyl)-(l-^l)-(2S,3R,4E)-3-hydroxy-2-A^-(12-D-biotinainide-4,7,10trioxadodecyl)-sphingenine (3.19): Compounds 3.17 (129 mg, 0.165 mmol) and 3.1
(124 mg, 0.170 mmol) were weighed directly into a flame-dried flask. The mixture of
compounds was azeotroped 3 x with dry, distilled benzene to ensure dryness. AW-300
molecular sieves (Aldrich, 1 g) were added next. The flask was placed under an argon
atmosphere, then the dry solids were dissolved in 5 mL of 1,2-dichloroethane. The flask
was placed in a methanol bath at 10 °C and allowed to equilibrate at this temperature
before 42 |iL (0.330 mmol) of BF3 etherate (Aldrich) was added via a syringe. After 1 h,
the temperature of the bath was raised to 0 °C. After an additional 16 h at 0 °C, the bath
temperature was raised to 10 °C, and allowed to react at this temperature for 10 h, before
diluting the reaction mixture with CHCI3 and Altering through Celite. The solution was
washed first with 1x5% NaHC03, followed by 1 x H2O. The organic layer was
subsequently dried over anhydrous Na2S04, then Altered and evaporated. The crude
residue was first purified by silica gel chromatography in 9:1 CHCl3/MeOH, then further
purified by normal phase silica gel HPLC (Rainin-Varian Microsorb column, 5 ^m
particle size, 100 A pore size, 10 x 250 mm) in 12:1 CHCl3/MeOH. 28 mg (13%) of a
yellow amorphous solid resulted.

NMR (500 MHz, CDCI3) 8 0.85 (t, 3H, 7=6.8 Hz,

CH3), 1.22 (s, 20H, (CH2)io). 1-33 (m, 2H, CH2), 1.43 (m, 2H, CH2 biotin), 1.60-1.74
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(m, 4H, (CH2)2 biotin), 1.96-2.05 (m, 19H, (COCH3)5, C^2C0NH, CH2C=C), 2.12 (m,
6H, (C0CH3)2), 2.20 (t, 2H, J=7.6 Hz, CH2CONH), 2.43-2.54 (m, IH), 2.72 (d, IH,
7=12.9 Hz, CHS), 2.88 (dd, IH, 7=4.6, 12.9 Hz, CHS), 3.12 (app q, IH, 7=6.9, 12.1 Hz,
CHS), 3.40 (app t, 2H, 7=4.6 Hz), 3.53 (t, 2H, 7=4.6 Hz, CH2-O), 3.60 (s, lOH, (CH2-

0)5), 3.65-3.77 (m, 2H, CH2-O), 3.97 (m, IH), 4.03-4.11 (m, 2H), 4.16 (app t, IH, 7=5.3
Hz), 4.21 (t, IH, 7=6.1 Hz), 4.29 (app t, IH, 7=4.6 Hz), 4.47 (m, 2H), 4.87 (m, IH), 4.915.06 (m, IH), 5.18 (m, 2H), 5.27-5.40 (m, 2H), 5.44 (m, 2H), 5.70 (dt, IH, 7=6.9, 15.3
Hz, C=C-H), 6.18 (d, 2H, 7=13.0 Hz, (NH)2), 6.80 (m, 2H, (NH)2).

NMR 5 14.09,

20.61, 20.64, 20.67, 20.72, 20.88, 20.93, 22.65, 25.50, 28.05, 28.10, 29.21, 29.27, 29.32,
29.50, 29.53, 29.63, 29.67, 31.88, 32.37, 35.80, 36.91, 39.12,40.47, 53.34, 53.64, 55.43,
60.11, 60.94, 61.76, 61.89, 65.36, 66.47, 67.27, 67.38, 67.42, 68.08, 68.25, 68.46, 68.72,
69.91,70.04, 70.17, 70.25,70.37, 71.03, 71.23, 72.46,72.70, 72.80, 76.64, 96.42, 100.56,
125.66, 128.67, 133.80, 137.86, 163.53, 169.28, 169.55, 169.94, 170.15, 170.51, 170.95,
171.14, 171.52, 173.20.

High-resolution mass spectrum (FAB+) calcd for

C63H103N4SO25 (MH)+: 1347.6632. Found: 1347.6581.
|3-D-Glucoopyranosyl-(1^4)-0*|3-D-glucopyranosyl)-(l^l)-(2S^R,4E)-3-hydroxy-2iV-(12-D-biotinamide-4,7,10-trioxadodecyl)-sphingeiime (3.20): Compound 3.18 (5.0
mg, 0.0037 mmol) was dissolved in MeOH. A catalytic amount of NaOMe (Avocado)
was added, and the reaction was stirred at room temperature overnight. The reaction was
diluted further with MeOH, and Dowex H"** was stirred in, until the solution achieved a
neutral pH. The MeOH was removed in vacuo, then the residue was taken up into a
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small quantity of H2O and freeze-dried. An off-white fluffy solid (3.6 mg, 90%)
resulted.

No further purification was necessitated.

NMR (500 MHz, 4:1

CDCI3/CD3OD, externally referenced to tetramethylsilane in CDCI3) 8 0.76 (t, 3H,
7=6.5 Hz, CH3), 1.14 (s, 22H, (CH2)i 1), 1.32 (t, 2H, 7=7.8 Hz), 1.56 (m, 4H, (CH2)2
biotin), 1.92 (m, 2H, CH2C=C), 2.11 (t, 2H, 7=7.1 Hz, CH2CONH), 2.38 (t, 2H, 7=6.3
Hz, CH2CONH), 2.62 (d, IH, 7=12.8 Hz, CHS), 2.80 (dd, IH, 7=4.9, 12.9 Hz, CHS),
3.05 (m, IH, CHS), 3.20 (m, 2H), 3.28 (m, 4H, incl. CD3OD signal), 3.43-3.57 (m, 12H),
3.61 (m, 4H), 3.91 (br s, IH), 4.01 (app q, IH), 4.17 (d, IH, 7=7.8 Hz, H-1 or H-l'), 4.20
(app dd, IH, 7=4.2, 6.7 Hz, CHNH biotin), 4.31 (d, IH, 7=7.8 Hz, H-l or H-l'), 4.39
(app t, IH, 7=7.3 Hz, CHNH biotin), 5.34 (dd, IH, 7=6.9, 15.7 Hz, C=C-H), 5.59 (app dd,
IH, 7=8.5, 15.5 Hz, C=C-H). It appears as though some peaks are obscured by the HOD
signal at 3.75 ppm.

NMR 5 13.86, 22.52, 25.35, 27.97, 28.22, 29.15, 29.18, 29.20,

29.40, 29.51, 29.54, 31.77, 32.25, 35.50, 36.35, 38.96,40.16, 53.27, 55.48, 60.04, 60.08,
60.97, 61.84, 67.13, 69.54, 69.71, 69.75, 69.83, 70.00, 70.11, 72.02, 72.92, 73.13, 73.38,
74.53, 74.85, 76.16, 76.38, 78.91, 102.83, 103.00, 128.76, 134.04, 164.15, 172.14,
174.42. High-resolution mass spectrum (FAB+) calcd for C49H89N4SOig (MH)+:
1053.5893. Found: 1053.5884.

a-D-GaIactopyranosyl-(1^6)-0-(P-D-gIucopyranosyl)-(l^l)-(2S,3R,4E)-3-hydroxy2-^-(12-D-biotinaiiiide-4,7,10-trioxadodecyl)-sphingenine (3.21): Compound 3.19
(19.4 mg, 0.014 mmol) was dissolved in MeOH. A catalytic amount of NaOMe
(Avocado) was added, and the reaction was stirred at room temperature overnight. The
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reaction was diluted further with MeOH, and Dowex H"*" was stirred in, until the solution
achieved a neutral pH. The MeOH was removed in vacuo, then the residue was taken up
into a small quantity of H2O and freeze-dried. 13.5 mg (89%) of an off-white fluffy solid
resulted.

No further purification was necessitated.

NMR (500 MHz, 4:1

CDCI3/CD3OD, externally referenced to tetramethylsilane in CDCI3) 8 0.74 (t, 3H,
y=6.6 Hz, CH3), 1.12 (s, 20H, (CH2)io). 1-21 (m, 2H, CH2), 1.30 (app t, 3H, 7=7.5 Hz,
CH2), 1.52 (m, 4H, (CH2)2), 1-89 (m, 2H, CH2C=C), 2.09 (t, 2H, 7=7.1 Hz,
CH2CONH), 2.34 (t, 2H, 7=6.0 Hz, C/f2C0NH), 2.60 (d, IH, 7=12.9 Hz, CHS), 2.78
(dd, IH, 7=4.9 Hz, 12.8 Hz, CHS), 3.03 (app q, IH, 7=7.4, 12.0 Hz, CHS), 3.15 (t, IH,
7=8.3 Hz), 3.22-3.36 (m, 6H, inch CD3OD peak), 3.41 (m, 2H, CH2-O), 3.50 (app s,
lOH, (CH2-0)5), 3.56-3.67 (m, 8H), 3.73 (app d, 2H, 7=5.8 Hz), 3.84 (br s, 2H, incl. the
HOD peak), 3.97 (m, 2H, incl. the HOD peak), 4.17 (m, 2H, C/fNH biotin, H-l'), 4.37
(app t, IH, 7=6.8 Hz, C^/NH biotin), 4.76 (s, IH, H-l), 5.28 (app dd, IH, 7=6.8, 15.3,
C=C-H), 5.60 (app dt, IH, 7=6.8, 15.3 Hz, C=C-H).

NMR 5 13.82, 22.49, 25.34,

27.94, 28.22, 29.15, 29.18, 29.35, 29.39, 29.52, 31.75, 32.23, 35.50, 36.48, 39.00, 40.16,
53.32, 55.48, 60.06, 61.33, 61.40,61.79, 63.24, 67.03, 69.07, 69.29, 69.36, 69.44, 69.54,
69.76, 69.84, 70.07, 70.17, 70.26, 70.55, 71.85, 73.27, 73.40, 74.54, 76.25, 78.19, 98.38,
103.55, 125.66, 128.83, 133.93, 137.26, 163.14, 164.21, 171.90, 171.96, 174.29. Highresolution mass spectrum (FAB+) calcd for C49H89N4SO18 (MH)"*": 1053.5893.
Found: 1053.5911.

l-(tricliloroacetaiiiide)-2-(2A4,6-tetra-0-acetyI-P-D-glucopyranoside)-ethanolaiiilne
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(3.25a/b): To a solution of 1,2,3,4,6-penta-O-acetyl-glucopyanoside (400 mg, 1.02
mmol) in 3 mL of acetonitrile was added iodotrimethylsilane (120 |xL, 0.85 mmol). This
solution was allowed to stand at room temperature for 20 min. The solvent was removed
in vacuo, 2 mL of toluene was added, and again removed in vacuo. A solution of the
trichloroacetamide of ethanolamine (3.24, 317 mg, 1.53 mmol) was added as a solution in
4 mL of acetonitrile and refluxed for 2.5 h. Diisopropylethylamine (500 |iL) was then
added, the solution Hltered, and the solvent then removed in vacuo. Acetic anhydride (5
mL) was then added followed by diisopropylethylamine (5(X) ^L) and a catalytic amount
of DMAP. The solution was stirred for 20 minutes, and then the solvent was removed in
vacuo. The resulting oil was subjected to column chromatography (2:1 hexanes: ethyl

acetate) to yield 160 mg (29%) of compounds 3.25a/b in a 2:1 |3:a ratio of glycosides.
The presence of a mixture translated to greater than the expected number of proton
signals in the NMR. This mixture was carried forward without further purification.
NMR (250 MHz, CDCI3) 5 2.03 (m, 12H, (COCH3)4), 2.97 (br d, IH), 4.13 (m, 2H),
4.23 (m, 3H), 4.53 (d, IH, 7=7.9 Hz, H-1), 4.90 (dd, IH, 7=3.7, 10.1 Hz), 4.95-5.23 (m,
3H), 5.46 (t, IH, 7=3.8 Hz), 5.52 (t, IH, 7=9.8 Hz). High-resolution mass spectrum
(FAB+)caIcdforCi8H25NOnCl3(MH)+: 536.0493. Found: 536.0512.

l-(tricliloroacetamide)-2-(2^,4,6-tetra-0-acetyl-P-D-galactopyranoside)ethanolamine (3.26): To a solution of 1,2,3,4,6-penta-O-acetyl-galactopyanoside (300
mg, 0.77 mmol) in 3 mL of dichloromethane with 3A molecular sieves was added
iodotrimethylsilane (120 ^L, 0.85 nrniol). This solution was allowed to stand at room
temperature for 1 h. The solvent was removed in vacuo, 2 mL of toluene was added, and
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again removed in vacuo. A solution of the trichloroacetamide of ethanolamine (3.24, 238
mg, 1.15 mmol) was added as a solution in 4 mL of acetonitrile and refluxed for 3 h.
Sodium bicarbonate (70 mg) was added and the solvent was removed in vacuo. The
resultant oil was subjected to column chromatography (2:1 hexanes:ethyl acetate) twice
to yield 26 mg (6%) of the target compound, 3.26.

NMR (250 MHz, CDCI3) 1.96 (s,

3H, COCH3), 2.02 (s, 3H, COCH3), 2.03 (s, 3H, COCH3), 2.13 (s, 3H, COCH3), 3.423.63 (m 2H), 3.72-3.80 (m, IH), 3.88-3.96 (m, 2H), 4.05-4.13 (m, 2H), 4.49 (d, IH, J =
7.9 Hz, H-1), 4.99 (dd, IH, 7 = 10.5, 4.2 Hz, H-3), 5.17 (dd, IH, 7 = 10.5, 7.8 Hz, H-2),
5.37 (dd, 1H,7 = 3.3, 1.0 Hz). 13c NMR 5 20.5, 20.6, 20.8,41.2, 61.3, 66.9, 67.3, 68.7,
70.7, 70.9, lOl.O, 170.0, 170.1, 170.3. High-resolution mass spectrum (FAB"'') calcd for
C18H25NO11CI3 (MH)+; 536.0493. Found: 536.0474. [alo =+12.0 (c = 0.04
CDCI3).

Deacetylation conditions (3.27a/b, 3.28): The above glycosides (Compounds 3.25a/b
and 3.26) were dissolved in methanol and a catalytic amount of sodium methoxide was
added. The solution was stirred overnight. Dowex H+ resin was added, the solution
nitered, and the solvent was then removed in vacuo. This yielded the fully deprotected 1ethanolamine-2-a/p-D-glucopyranoside (3.27a/b) and

l-ethanolamine-2-P-D-

galactopyranoside (3.28).

D-Biotin-12-ainido-4,7,10-trioxadodecyl-l-(2-a-D-glucopyranosyl)-ethanolamide
(3.29 a/b): l-Ethanolamine-2-a/p-D-glucopyranosyl ethanolamine (compound 3.27a/b)
was dissolved in enough methanol to yield a 10 mg/mL solution. Some of this volume
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was transferred to the reaction flask, then evaporated and weighed (24.5 mg, 0.103
mmol). Compound 3.27a/b was dissolved in 532 ^L of DMF, followed by the addition
of 14.2 |iL TEA (0.102 mmol). Compound 2.19 was then introduced to the reaction flask
as a solid. The reaction was stirred at room temperature overnight under argon, then
evaporated. The crude product was dissolved in 2 mL of 0.03 M ammonium bicarbonate
buffer and purified by low pressure size-exclusion chromatography in a 1.5 x 50 cm
column packed with Biogel P-2. The product eluted at 222 nm and was detected via the
use of an Isco V3 UVA'is detector. 15.8 mg (72%) of compound 3.29a/b, a light yellow
grainy powder, was obtained. The ratio of a- to P-anomers was found to be roughly 12:1
by Ih NMR. 1h NMR (250 MHz, DMSO-t/g) 6 1.22-1.67 (m, 6H, (CH2)3 biotin), 2.06
(t, 2H, y=6.6 Hz, Ci/2CONH), 2.24-2.36 (m, 2H, C//2CONH), 2.53 (app s, IH, CHS),
2.82 (dd, IH, 7=5.2, 12.8 Hz, CHS), 2.93-3.78 (m, 38H, incl. HOD), 4.12 (m, 2H, CHNH
biotin, H-1), 4.30 (m, IH, CHNH biotin), 4.57 (m, IH), 4.99 (br. s, 2H), 6.37 (s, IH,
NH), 6.44 (s, IH, NH), 6.82 (s, IH, NH), 7.10 (br. s, 2H), 7.30 (s, IH), 7.86 (app s, 2H,
(NH)2). 13C NMR 8 22.60, 25.26, 28.04, 28.20, 35.09, 35.84, 36.04, 55.43, 59.19,
60.92, 61.04, 66.77, 67.99,69.17, 69.51, 69.56, 69.71, 70.03, 73.44, 76.51, 76.88, 98.82,
103.14, 162.73, 170.18, 172.16, 172.25. High-resolution mass spectrum (FAB"'") calcd
forC27H49N4SOi2(MH)+: 653.3068. Found: 653.3050.

D-Biotin-12-amido-4,7,10-trioxadodecyl-l>(2-P-D-galactopyranosyl)-ethanolamide
(3.30): 4.0 mg (0.018 mmol) of l-ethanolamine-2-P-D-galactopyranoside (3.28) was
dissolved in methanol and transferred to the reaction flask, then evaporated and weighed.
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Next, 187 pL DMF, and 4.9 |iL (0.035 mmol) of TEA were added. This was followed by
the addition of 7 mg (0.012 nunol) of compound 2.19 to the reaction mixture as a solution
in dichloromethane. The reaction was stirred overnight at room temperature under
nitrogen, then evaporated. The crude product was dissolved in 2 mL of 0.03 M
ammonium bicarbonate buffer and purified by low pressure chromatography in a 1.5 x 50
cm column packed with Biogel P-2. The product eluted at 222 nm and was detected via
the use of an Isco V3 UVA'is detector. 6 mg (73%) of compound 3.30, a light yellow
grainy powder, resulted.

NMR ( 500 MHz, DMSO-c/^) 8 1.20-1.35 (m, 2H, CH2

biotin), 1.52-1.65 (m, 4H, (CH2)2 biotin), 2.06 (t, 2H, 7=7.3 Hz, C/f2C0NH), 2.32 (t,
2H, 7=6.4 Hz, C^2C0NH), 2.57 (d, IH, 7=12.4 Hz, CHS), 2.82 (dd, IH, 7=5.1, 12.4 Hz,
CHS), 3.09 (m, IH, CHS), 3.17-3.62 (m, 28H, incl. HOD), 3.69 (m, IH), 4.07 (d, IH,
7=7.0 Hz, H-1), 4.13 (m, IH, C/fNH biotin), 4.30 (m, IH, C//NH biotin), 6.36 (s, IH,
NH), 6.42 (s, IH, NH), 7.85 (m, 2H, (NH)2).

NMR 5 25.24, 28.02, 28.18, 35.08,

36.04, 38.43, 38.73, 55.41, 59.18, 60.44, 61.03, 66.76,67.74, 68.10, 69.15, 69.55, 70.55,
73.24, 75.23, 103.73, 162.71, 170,14, 172.14. High-resolution mass spectrum (FAB"*")
calcdforC27H49N4SOi2(MH)+: 653.3068. Found: 653.3081.

Ar-(r-butoxycarbonyl)-ll-ainino-3,6,9-trioxaimdecylate (3.40):

Compound 3.39

(Huntsman) was weighed (l.Og, 5.21mmol) directly into a flask. This was dissolved in
100 mL of THF. 64 mg of DMAP (0.52 mmol) was then added, r-butoxycarbonyl
anyhdride (1.137g, 5.21 mmol, Novabiochem) was added via an addition funnel as a
solution in 25 mL of THF over a period of 1 h. The reaction solution became
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increasingly cloudy as the addition of the anhydride proceeded. After the addition was
complete, the solution again became clear. After 2 h at room temperature, the reaction
mixture was evaporated. Purification was achieved by silica gel chromatography in 12:1
CHCl3/MeOH. 428 mg (28%) of compound 3.40 resulted. ^HNMR(250MHz, CDCI3)
1.22 (s, 9H, (CH3)3), 2.64 (brs, 2H,CH2NH2), 3.07 (brq, 2H, /=5.2 Hz, C//2NHCO),
3.30 (q, 4H, 7=4.9, 10.0 Hz, (CH2-0)2), 3.43 (m, 8H, (CH2-0)8), 5.42 (br s, IH, NH).
13c NMR 5 28.21, 40.11, 41.50, 70.00, 70.30, 73.21, 78.61, 149.47, 155.85. Highresolution mass spectrum (FAB"*") calcd for C13H29N2O5 (MH)"'": 293.2076. Found:
293.2072.

D-Biotin-A^-(^butoxycarbonyI)-1 l-aiiiido-3,6,9-trioxaundecylate (3.42):

D-b iotin

(237 mg, 0.97 mmol, Sigma) was weighed directly into the reaction flask. This was
dissolved in 10 mL of DMF. 406 |iL of TEA (2.91 mmol) was added next. The reaction
flask was placed under an argon atmosphere in an ice bath. After the solution had
clarified, 2,3,4,5,6-pentafluorophenyl trifluoroacetate (PFP-TFA, Aldrich) was added via
syringe (201 |iL, 1.17 mmol). The reaction was then stirred from 0 °C to room
temperature under argon. After 4 h, TLC in 9; 1 CHCl3/MeOH indicated that all of the
biotin had been converted to 3.41. Compound 3.40 was dissolved in 2 mL of DMF and
added to the flask containing compound 3.41 via a syringe. An additional 3 mL of DMF
was used to rinse the flask, and this was added to the reaction flask as well. TLC
indicated that the reaction went to completion almost instantaneously. The reaction was
stirred overnight at room temperature under argon to ensure a complete reaction. The
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reaction mixture was then evaporated and subjected to silica gel chromatography in 9:1
CHCl3/MeOH. 503 mg (100%) of a yellowish amorphous solid resulted.

NMR (250

MHz, CDCI3) 5 1.27 (br s, 1IH, (CH3)3, CH2 biotin), 1.51 (m, 4H, (CH2)2 biotin), 2.06
(t, 2H, 7=7.4 Hz, C//2CONH), 2.58 (d, IH, 7=12.7 Hz, CHS), 2.73 (dd, IH, 7=5.0, 13.2
Hz, CHS), 2.98 (br q, IH, 7=4.5 Hz, CHS), 3.14 (app q, 2H, 7=5.0 Hz, C//2NHCO), 3.26
(br q, 2H, 7=4.7, 9.5 Hz, CHS), 3.35-3.47 (m, 12H, (CH2-0)6), 4.14 (m, IH, C//NH
biotin), 4.33 (m, IH, CffNH biotin), 5.15 (br t, IH, NH carbamate), 6.22 (s, IH, NH
biotin), 6.82 (s, IH, NH biotin), 6.92 (br t, IH, CH2N//CO).

NMR 5 25.53, 28.01,

28.30, 35.81, 38.95, 40.15,40.36, 55.70, 60.13, 61.65, 69.79, 69.88, 69.98, 70.18, 77.43,
78.95, 155.92, 164.37, 173.38.

High-resolution mass spectrum (FAB"'") calcd for

C23H43N4SO7 (MH)+: 519.2852. Found: 519.2844.

D-Biotin-ll-aiiiino-3,6,9-trioxaundecylate (3.43):

Reagent

was prepared

separately in a glass-stoppered flask. This solution was pipetted into the reaction flask
containing compound 3.42 (503 mg, 0.970 nunol), and was stirred at room temperature
for 1.5 h before evaporating.

The crude yellow oil was purified by silica gel

chromatography with a gradient of CHCl3/MeOH/TEA starting at 4:1:0.1 and ending
with 100% MeOH. 213 mg (52%) of a yellowish amorphous solid resulted. ^H NMR
(250 MHz, 4:1 CDCI3/CD3OD, external CHCI3 reference) 5 1.17 (appq, 2H, 7=7.0, 14.1
Hz, CH2 biotin), 1.43 (m, 4H, (CH2)2 biotin), 1.95 (t, 2H, 7=7.4 Hz, Ciy2CONH), 2.47
(d, IH, 7=12.8 Hz, CHS), 2.57 (t, 2H, 7=5.1 Hz, Cif2NH2), 2.64 (dd, IH, 7=4.9, 12.9 Hz,
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CHS), 2.89 (app q, IH, J=L.L, 12.1 Hz, CHS), 3.27 (q, 4H, 7=6.4, 11.5 Hz, (CH2-0)2),
3.38 (s, 8H, (CH2-0)4), 4.04 (app dd, IH, 7=4.5, 7.7 Hz, CHNH biotin), 4.24 (app dd,
IH, 7=5.0, 7.7 HZ, CHNU biotin), 6.02 (br s, IH, NH), 6.28 (br s, IH, NH), 7.37 (br t,
IH, CH2N/fC0). 13c NMR 8 25.57, 28.14, 28.45, 35.71, 39.04, 39.16, 40.36, 41.11,
55.72, 60.16, 61.85, 69.76, 69.95, 70.00, 70.34, 72.63, 164.41, 174.15, 174.23. Highresolution mass spectrum (FAB+) calcd for C18H35N4SO5 (MH)"*": 419.2328. Found:
419.2329.

General procedure for the reductive amination of disaccharides: The reductively
aminated disaccharides were obtained using the procedure of Fantini and coworkers. ^29
1.61 equiv of compound 3.43 was weighed directly into a flask. This was dissolved in a
small amount of MeOH. Into a separate flask, 1.0 equiv of one of the disaccharides 3.31,

3.10, or 3.11 was weighed, then dissolved in a small amount of deionized water. The
disaccharide solution was added to the flask containing compound 3.43, and this was
stirred at room temperature overnight. The reaction mixture was then heated for 6 h at 55
°C. Next, 1.1 equiv of NaBH4 was added to the reaction as a solution in MeOH. The
reaction was then stirred at room temperature overnight before evaporating the solvent.
A crude purification was achieved for compounds 3.44, 3.45, and 3.46 on a Biogel P-2
(Biorad) 1.5 x 50 cm column with detection at 222 nm. Subsequent purification of
compounds 3.44 and 3.45 was achieved by gradient reversed-phase HPLC from 0.1%
trifluoroacetic acid (TFA) in water to 100% acetonitrile, utilizing a Vydac C-18
semipreparative column with a Perkin-Elmer Binary LC Pump and an LC 90 UV
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Spectrophotometric Detector. All products were fluffy white solids after lyophilization
from water.

ll-D-Biotinainide-iV-[3,6,9-trioxaundecane]-l-aniino-l-deoxycellitol (3.44): 5.6 mg
resulted. Yield: 19%.

NMR (500 MHz, D2O) 5 1.45 (m, 2H, CH2 biotin), 1.60-1.76

(m, 4H, (CH2)2 biotin), 2.30 (t, 2H, 7=7.2 Hz, CH2CONH), 2.81 (d, IH, 7=13.1 Hz,
CHS), 3.02 (dd, IH, 7=5.0, 13.1 Hz, CHS), 3.24 (dd, IH, 7=10.2, 12.6 Hz), 3.34-3.44 (m,
8H), 3.49 (dd, IH, 7=2.1, 5.6 Hz), 3.53 (app t, IH, 7=9.3 Hz), 3.65 (t, 2H, 7=5.4 Hz),
3.72-3.80 (m, 12H, (CH2-0)6), 3.84 (app t, 2H, CH2-O), 3.88 (d, IH, 7=3.2 Hz), 3.91
(dd, IH, 7=2.2, 7.7 Hz), 3.95 (m, IH), 4.23 (dt, IH, 7=3.7, 6.4 Hz), 4.45 (dd, IH, 7=4.5,
8.2 Hz, C/fNH biotin), 4.62 (m, 2H, C//NH biotin, H-T).

NMR (externally

referenced to 3-(trimethylsilyl)propionic 2,2,3,3-</4 acid, sodium salt) 5 27.99, 30.55,
30.71, 38.32, 41.70,42.55, 50.00,52.42, 58.23, 63.13, 63.42, 64.73, 64.96, 68.12, 70.52,
71.75,72.20, 72.34,72.45,72.50,72.51,73.26,73.73,76.11,78.31,78.82, 81.51, 105.16,
168.23, 179.86. High-resolution mass spectrum (FAB"*") calcd for C30H57N4SO15
(MH)+: 745.3541. Found: 745.3531.

ll-D-Biotinaiiiide-Ar-[3,6,9-trioxaimdecane]-l-aiiiino-l-deoxylactitol (3.45): 13.2 mg
resulted. Yield: 33%. ^H NMR (500 MHz, D2O) 8 1.45 (m, 2H, CH2 biotin), 1.59-1.80
(m, 4H, (CH2)2 biotin), 2.32 (t, 2H, 7=7.2 Hz, CH2CONH), 2.83 (d, IH, 7=13.1 Hz,
CHS), 3.04 (dd, IH, 7=5.0, 13.1 Hz, CHS), 3.24 (t, IH, 7=12.1 Hz), 3.80 (m, 3H), 3.44
(m, 3H), 3.59 (app dq, IH, 7=1.6, 7.8 Hz), 3.67 (app dt, 2H, 7=1.3, 5.4 Hz), 3.71 (ddd,
IH, 7=1.7, 3.4, 10.0 Hz), 3.73-3.84 (m, 12H, (CH2-0)6), 3.87 (m, 3H), 3.92 (m, 2H),
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3.98 (m, 2H), 4.27 (m, IH), 4.46 (m, IH, CHNH biotin), 4.57 (d, IH, 7=7.8 Hz, H-l'),
4.65 (app dt, IH, 7=0.9, 5.0 Hz, C//NH biotin).

NMR (externally referenced to 3-

(trimethylsilyl)propionic 2,2,3,3-d4 acid, sodium salt) 5 28.02, 30.58, 30.74, 38.35,
41.73, 42.57, 50.05, 52.46, 58.26, 63.16, 64.13, 64.80, 64.98, 68.16, 70.57, 71.59, 71.78,
72.23, 72.49, 72.54, 73.36, 73.77, 73.85, 75.31, 78.22, 81.44, 105.73, 168.24, 179.87.
High-resolution mass spectrum (FAB+) calcd for C30H57N4SO15 (MH)"*": 745.3541.
Found: 745.3532.

ll-D-Biotinamide-A^-[3,6,9.trioxaundecane]-l-amino-l-deoxyinelitol (3.46): 11.1 mg
resulted. Yield: 37%. ^H NMR (500 MHz, D2O) 5 1.47 (m, 2H, (CH2 biotin), 1.611.80 (m, 4H, (CH2)2 biotin), 2.32 (t, 2H, 7=7.3 Hz, C//2CONH), 2.84 (d, IH, 7=13.0 Hz,
CHS), 3.04 (dd, IH, 7=5.0, 13.1 Hz, CHS), 3.17-3.41 (m, 5H), 3.44 (t, 2H, 7=5.5 Hz),
3.77 (t, 2H, 7=4.9 Hz), 3.79-4.02 (m, 20H), 4.04 (d, 2H, 7=2.8 Hz), 4.48 (dd, IH, 7=4.5,
7.9 Hz, C//NH biotin), 4.66 (dd, IH, 7=4.7, 7.9 Hz, CHNH biotin), 5.03 (d, IH, 7=3.6
Hz, H-l'). 13c NMR (internally referenced to CH3CN) 24.67, 27.23, 27.40, 35.01,
38.40, 39.23, 54.90, 59.80, 60.69,61.63, 61.98, 68.04, 68.20, 68.43, 68.79, 68.90, 69.07,
69.12, 69.18, 70.34, 70.41, 70.47, 72.46, 97.93, 164.88, 176.50. High-resolution mass
spectrum (FAB"*") calcd for C30H57N4SO15 (MH)"*": 745.3541. Found: 745.3569.

P-D-Galactopyranosyl-(l-*^l)-2-iV-stearamide-spliingeiiine (3.55): Stearic acid (3.50,
5.5 mg, 0.019 mmol, Matreya, Inc.) was weighed directly into a flame-dried flask, then
dissolved in 1 mL of CH2CI2 under an argon atmosphere. The flask was cooled to 0 °C,
and 6.3 |iL (0.045 mmol) of TEA was added. The solution was stirred for 10 min before
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PFP-TFA (5.2 |iL, 0.030 mmol, Aldrich) was added via syringe. The reaction was
allowed to gradually warm to room temperature. After 1 h, TLC in 9:1 CH2Cl2/MeOH
indicated that all of the stearic acid had been converted to the pentafluorophenyl ester,

3.52. Psychosine (3.54, 7.2 mg, 0.015 mmol, Matreya, Inc.) was weighed into a flamedried flask, and dissolved in 750 nL of DMF. This was added to the reaction flask via a
syringe, then the flask containing psychosine was rinsed with an additional 250 |iL of
DMF, and this was added to the reaction flask as well. The reaction was stirred at room
temperature under an argon atmosphere. After 36 h, the solution was evaporated. The
crude residue was subjected to silica gel chromatography in 12:1 CH2Cl2/MeOH.
Additional purification was accomplished by normal phase silica gel HPLC (RaininVarian Microsorb column, 5 |J,m particle size, 100

A pore size,

10

x

250 mm) in 20:1

CHCl3/MeOH. 4.6 mg (44%) of a white amorphous solid resulted. ^ H NMR (500 MHz,
4:1 CDCl3:CD30D, internally referenced to CDCI3) 5 0.69 (t, 6H, J=6.8 Hz, (CH3)2)
1.08 (br s, 50H, (CH2)25), 140 (app t, 2H, 7=6.9 Hz, CH2), 1.84 (q, 2H, 7=7.0, 14.2 Hz,
CH2C=C), 1.99 (t, 2H, 7=7.4 Hz, CH2C=0), 3.33 (m, 3H), 3.42 (dd, IH, 7=7.1, 10.2
Hz), 3.57 (app dd, IH, 7=4.6 Hz), 3.64 (dd, IH, 7=6.5, 11.4 Hz), 3.71 (s, IH), 3.82 (app
q, IH, 7=3.4, 7.2 Hz), 3.98 (dd, 2H, 7=4.6, 10.5 Hz), 4.03 (d, IH, 7=7.1 Hz, H-1), 5.27
(dd, IH, 7=7.5, 15.3 Hz. C=C-H), 5.51 (dt, IH, 7=8.1, 15.3 Hz, C=C-H).

NMR

(CDCl3:CD30D, internally referenced to CDCI3) 8 13.95, 22.67, 26.63, 29.37, 29.48,
29.60, 29.71, 31.94, 32.39, 36.57, 53.62, 61.40, 68.76, 68.91, 71.20, 71.79,73.40, 74.73,
103.80, 129.19, 134.30, 174.70. High-resolution mass spectrum (FAB+) calcd for
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C42H82NO8 (MH)+: 728.6040. Found: 728.6026.
P-D-Galactopyranosyl-(l->l)-2-iV-tetracosaniide-sphingenine (3.56);

Tetracosanoic

acid (3.51, 6.3 mg, 0.017 mmol, Matreya, Inc.) was weighed directly into a flame-dried
flask, then dissolved in 1.0 mL of CH2CI2. The flask was chilled to 0 °C, then placed
under an argon atmosphere. 6.3 |iL of TEA (0.045 mmol) was introduced next. The
solution was allowed to stir for approximately 10 min before PFP-TFA was added (3.4
(iL, 0.020 mmol, Aldrich). The reaction was allowed to gradually warm to room
temperature. After 3 h, TLC in 9:1 CH2Cl2/MeOH indicated that the acid had been
completely converted to the pentafluorophenyl ester intermediate (3.53). Psychosine

(3.54) was weighed into a test tube (7mg, 0.015 mmol, Matreya, Inc.) and dissolved in
500 |J,L of DMF. This was added to the reaction flask via a syringe. The test tube was
rinsed with an additional 250 (iL of DMF, and this was added to the flask as well. After
18 h, TLC showed the presence of psychosine, so an additional 1.0 mL of CH2CI2 was
added, and the reaction was heated at 35 °C. After an additional 24 h, the reaction
solution was evaporated. The crude residue was subjected to silica gel chromatography
in 12:1 CH2Cl2/MeOH. 11.1 mg (91%) of an off-white powdery solid resulted.
NMR (500 MHz, 4:1 CDCl3:CD30D, internally referenced to CDCI3) 5 0.70 (t, 6H,
7=6.5 Hz, (CH3)2), 1.08 (br s, 62 H (CH2)3i), 1.41 (t, 2H, 7=6.4 Hz, CH2), 1.84 (q, 2H,
7=6.4, 13.6 Hz, CH2C=C), 1.99 (t, 2H, 7=7.5 Hz, CH2C=0), 3.36 (m, 3H), 3.43 (dd, IH,
7=3.1, 10.3 Hz), 3.58 (dd, IH, 7=5.1, 11.7 Hz), 3.65 (dd, IH, 7=6.4, 11.6 Hz), 3.72 (d,
IH, 7=2.9 Hz), 3.95 (m, 2H), 4.03 (d, IH, 7=7.4 Hz, H-1), 5.28 (dd, IH, 7=7.5, 15.4 Hz,
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C=C-H), 5.52 (app dt, IH, 7=6.8, 15.3 Hz, C=C-H), 7.11 (d, IH, 7=9.0, NH).

NMR

(4:1 CDCl3:CD30D, internally referenced to CDCI3) 8 8.39, 13.84, 22.56, 25.83, 29.18,
29.26, 29.32, 29.38, 29.49,29.58, 29.62, 31.83, 32.29, 36.45,46.34, 53.37, 61.52, 68.67,
69.05,71.27,72.08,73.38,74.88, 103.64, 129.07, 134.21, 174.55. High-resolution mass
spectrum (FAB+) calcd for C4gH94N08 (MH)"*": 812.6979. Found: 812.6989.

2-0-Acetyl-stearic acid (3.59); A natural mixture of the enantiomers of 2-hydroxy
stearic acid (3.57, 20 mg, 0.067 mmol, Matreya, Inc.) was weighed into a flame-dried
flask. The flask was placed under an argon atmosphere, then 2 mL of CH2CI2 was
added. Pyridine was added until the solution turned clear (approximately 100 pL was
added). 25.3 |iL of acetic anhydride (0.268 mmol, Aldrich) was added next, followed by
a catalytic quantity of dimethylaminopyridine (DMAP, Novabiochem). The reaction was
stirred at room temperature for 4 h, at which time TLC in 1:1 CHCl3/MeOH indicated
that compound 3.57 was absent. MeOH was added to the reaction, and the solution was
stirred at room temperature for 2 h, before the solvent was removed in vacuo. 30.5 mg of
crude residue resulted, and was used without further purification. ^H NMR (5(X) MHz,
CDCI3) 6 0.84 (t, 3H, 7=6.6 Hz, CH3), 1.22 (br s, 26H (CH2)i3), 1.26 (m, 2H, CH2),
1.85 (m, 2H, CH2), 2.09 (s, 3H, COCH3), 4.97 (dd, IH, 7=4.4,8.0 Hz, CH-OAc).

2-O-Acetyl-tetracosanoic acid (3.60): A namral mixture of the enantiomers of 2hydroxy tetracosanoic acid (3.58, 9 mg, 0.023 mmol, Matreya, Inc.) was weighed Into a
flame-dried flask. The flask was placed under an argon atmosphere, then 1 mL of
CH2CI2 was added. Pyridine was added until the solution turned clear (approximately
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300 |xL was added). Acetic anhydride (9.8 ^L, 0.104 mmol, Aldrich) was added next,
followed by a catalytic quantity of dimethylaminopyridine (DMAP, Novabiochem). The
reaction was stirred at room temperature for 4 h, at which time TLC in 1:1 CHCl3/MeOH
indicated that compound 3.58 was still present. An additional 9.8 [xL of acetic anhydride
was added, and the reaction was allowed to stir under an argon atmosphere at room
temperature overnight. MeOH was then added to the reaction, and the solution was
stirred at room temperature for 2 h, before the solvent was removed in vacuo. 14.0 mg of
crude residue resulted, and was used without further purification.

NMR (250 MHz,

CDCI3) 6 0.84 (t, 3H, 7=6.2 Hz, CH3), 1.22 (br s, 38H, (CH2)i9), 1.40 (m, 2H, CH2),
1.85 (m, 2H, CH2), 2.10 (s, 3H, COCH3), 4.95 (dd, IH, 7=4.8,7.6 Hz, CH-OAc).
^•D -Galactopyranosy

)-2-^-(2-0-acetyl-stearaniide)-s phingenine

(3.63):

Compound 3.59 (7.9 mg, 0.023 mmol) was weighed directly into a flame-dried flask,
then dissolved in 0.5 mL of CH2CI2. 6.3 |JL of TEA (0.045 mmol) was added next, and
the reaction was placed under an argon atmosphere at 0 °C. After approximately 10 min,
PFP-TFA was added (5.2 ^iL, 0.030 mmol, Aldrich). The reaction was gradually warmed
to room temperature. After 2 h, TLC in 8:1 CHCl3/MeOH indicated that compound 3.59
was still present, so an additional 5.2 ^iL of PFP-TFA was introduced, in addition to
another 0.5 mL of CH2CI2. After an additional 2 h, TLC indicated the absence of
compound 3.59 and the presence of the intermediate, 3.61. Psychosine (3.54, 7 mg,
0.015 mmol, Matreya, Inc.) was added to the reaction as a solid. 0.5 mL of DMF was
next added to fully solublize the psychosine. The reaction was stirred overnight at room
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temperature under an argon atmosphere. TLC after a total elapsed reaction time of 24 h
indicated that compound 3.61 was absent. The solvents were then removed in vacuo, and
the crude residue was subjected to silica gel chromatography using a gradient of
CHCl3/MeOH from 10:1 to 8:1. Additional purification was accomplished by normal
phase silica gel HPLC (Rainin-Varian Microsorb column, 5 pm particle size, 100

A pore

size, 10 X 250 mm) in 10:1 CHCls/MeOH. 5.9 mg (50%) of an off-white powdery solid
resulted. 'H NMR (500 MHz, 4:1 CDCl3:CD30D, internally referenced to CDCI3) 5
0.70 (t, 6H, y=6.6 Hz, (CH3)2), 1.08 (br d, 50H, (CH2)25), 1-56 (m, 2H, CH2), 1.84 (m,
2H, CH2C=C), 1.95 (s, I.5H, COCH3), 1.98 (s, 1.5H, COCH3), 3.35 (br s, 3H), 3.45 (br
t, IH, y=I 1.5 Hz), 3.59 (br s, IH), 3.65 (br s, IH), 3.72 (s, IH), 3.80 (br s, IH), 4.08 (s,
IH, H-1), 4.73 (t, 0.5H, /=6.2 Hz, CH-OAc), 4.82 (t, 0.5H, /=7.4 Hz, CH-OAc), 5.26 (m,
IH, C=C-H), 5.54 (m, IH, C=C-H), 7.14 (d, 0.5H, 7=8.6 Hz, NH), 7.33 (d, 0.5H, /=9.0
Hz, NH). Two protons are obscured by the HOD signal from CD3OD. The split protons
observed in the ^H NMR are a result of the mixture of isomers in the stearic acid.
Collectively, the acetate protons sum to 3H, the adjacent CH signal sums to IH, and the
amide NH one carbon further removed yields IH.

NMR (4:1 CDCl3:CD30D,

externally referenced to CDCI3) 5 13.94, 20.55,20.65, 22.67,25.10, 25.22, 29.20, 29.36,
29.49, 29.71, 31.94, 32.39, 53.44, 62.23, 68.65,69.82, 71.40,71.60, 71.81, 74.10, 74.77,
75.48, 103.88, 128.94, 129.14, 134.41, 134.49, 171.02, 171.17. High-resolution mass
spectrum (FAB''*)calcd for C44Hg4NO10 (MH)"*": 786.6095. Found: 786.6111.
P-D-Galactopyranosyl-(l->l)-2-Ar-(2-0-acetyl-tetracosamide)-sphingeiiine (3.64):
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Compound 3.60 (9.8 mg, 0.023 mmol) was weighed directly into a flame-dried flask,
then dissolved in 1.0 mL of CH2CI2. TEA (6.3 ^L, 0.045 mmol) was added next, and
the reaction was placed under an argon atmosphere at 0 °C. After approximately 10 min,
PFP-TFA was added (5.2 |iL, 0.030 mmol, Aldrich). The reaction was gradually warmed
to room temperature. After 2 h, TLC in 8:1 CHCl3/MeOH indicated that compound 3.59
was still present, so an additional 5.2 |xL of PFP-TFA was introduced, in addition to
another 1.0 mL of CH2CI2. After an additional 2 h, TLC indicated the absence of
compound 3.60 and the presence of the intermediate, 3.62. Psychosine (3.54, 7 mg,
0.015 mmol, Matreya, Inc.) was added to the reaction as a solid. 1.0 mL of DMF was
added to fully solublize the psychosine. The reaction was stirred overnight at room
temperature under an argon atmosphere. TLC after a total elapsed reaction time of 24 h
indicated that compound 3.61 was absent. The solvents were then removed in vacuo, and
the crude residue was subjected to silica gel chromatography using a gradient of
CHCl3/MeOH from 10:1 to 8:1. Additional puriflcation was accomplished by normal
phase silica gel HPLC (Rainin-Varian Microsorb column, 5 ^im particle size, 100 A pore
size, 10 X 250 mm) in 10:1 CHCl3/MeOH. 4.1 mg (32%) of an off-white powdery solid
resulted.

NMR (500 MHz, 4:1 CDCl3:CD30D, internally referenced to CDCI3) 5

0.70 (t, 6H, 7=6.7 Hz, (CH3)2), 1.08 (br d, 62H, (CH2)3i), 1.57 (m, 2H, CH2), 1.75 (br
s, 2H, CH2C=C), 1.95 (s, L5H, COCH3), 1.98 (s, 1.5H, COCH3), 3.36 (br s, 3H), 3.45
(br t, IH, 7=11.4 Hz), 3.60 (br s, IH), 3.66 (br s, IH), 3.72 (s, IH), 3.80 (br s, IH), 4.08
(s, IH, H-1), 4.73 (t, 0.5H, 7=6.1H, CH-OAc), 4.82 (t, 0.5H, 7=7.4 Hz, CH-OAc), 5.28
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(dt, IH, 7=6.9, 13.4 Hz, C=C-H), 5.54 (m, IH, C=C-H), 7.13 (d, 0.5H, 7=8.6 Hz, NH),
7.33 (d, 0.5H, 7=8.9 Hz, NH). Two protons are obscured by the HOD signal from
CD30D. The split protons observed in the ^H NMR are a result of the mixture of
isomers in the tetracosanoic acid. Collectively, the acetate protons sum to 3H, the
adjacent CH signal sums to IH, and the amide NH one carbon further removed yields IH.
13c NMR (4:1 CDCl3:CD30D, externally referenced to CDCI3) 8 13.96, 20.61, 22.68,
25.17, 29.21,29.37, 29.51, 29.71, 31.94, 32.40, 53.15, 62.15, 68.50,69.40, 71.80, 72.36,
73.60, 74.47,74.64, 75.10, 103.80, 128.94, 129.14, 134.42, 168.73. High-resolution
mass spectrum (FAB+)calcd for C5oH95NOio(MH)+: 870.7034. Found: 870.7003.
P -D-Galactopyranosyl-(l->l)-2 -A ^-(2-hydroxy-stearainide)-s phingenine

(3.65):

Compound 3.63 (5.9 mg, 0.(X)75 mmol) was dissolved in 1.0 mL of MeOH. 2 drops of a
25% solution of NaOMe (Aldrich) was added and the solution was stirred at room
temperature for 48 h. Dowex H+ was added to neutralize the solution, which was then
filtered and evaporated. An off-white solid (5.6 mg, quantitiative yield) resulted. No
further purification was needed. ^H NMR (500 MHz, 4:1 CDCl3:CD30D, externally
referenced to CDCI3) 6 0.69 (t, 6H, 7=6.4 Hz, (CH3)2), 1.07 (m, 48H, (CH2)24)> 1-351.59 (m, 4H, (CH2)2). 1-84 (br s, 2H, CH2C=C), 3.32 (br s, 3H), 3.52 (m, 2H), 3.66 (m,
2H), 3.82 (br s, 2H), 3.88 (m, IH), 4.03 (s, IH, H-1), 5.26 (m, IH, C=C-H), 5.55 (m, IH,
C=C-H), 7.29 (d, IH, 7=8.7 Hz, NH). High-resolution mass spectrum (FAB"*") calcd for
C42H82NO9 (MH)+: 744.5990. Found: 744.5959.
|3-D-Galactopyranosyl-(l-*-l)>2-A^-(2-hydroxy-tetracosaiiiide)-sphingenine

(3.66):
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Compound 3.64 (4.1 mg, 0.0047 mmol) was dissolved in 1.0 mL of MeOH. 2 drops of a
25% solution of NaOMe (Aldrich) was added and the solution was stirred at room
temperature for 48 h. Dowex H+ was added to neutralize the solution, which was then
filtered and evaporated. An off-white solid (3.8 mg, 97%) resulted.
purification was needed.

No further

NMR (500 MHz, 4:1 CDCl3:CD30D, externally referenced

to CDCI3) 5 0.70 (t, 6H, 7=6.6 Hz, (CH3)2), 1.08 (br m, 60H, (CH2)3o), 1.36-1.65 (m,
4H, (CH2)2). 1.85 (br s, 2H, CH2C=C), 3.33 (br s, 3H), 3.50 (m, 3H), 3.68 (m, 2H), 3.74
(m, 4H), 5.27 (m, IH, C=C-H), 5.54 (m, IH, C=C-H). The H-1 peak is obscured by the
HOD signhal from CD3OD.

High-resolution mass spectrum (FAB+) calcd for

C48H94NO9 (MH)+: 828.6929. Found: 828.6943.

Preparation of Colominic Acid Oligomers: Commercial colominic acid (102.8 mg,
Sigma Chemical Co.) was dissolved in 10 mL of deionized water. This solution was
heated to 50 °C. The pH of the solution was adjusted to 2.99 with dilute HCl and
hydrolyzed for 2 h by the method of Roy and Pon.l 12 After 2 h, the pH was raised to
7.59 with dilute NaOH. The solution was freeze-dried to yield 116 mg (includes NaCl
salts from the hydrolysis).

Separation of Colominic Acid Oligomers: Acid-hydrolyzed colominic acid (100 mg)
was dissolved in deionized water and separated into distinct chain length fragments by
gel filtration. A 2.5 x 100 cm Biogel P-10 column was employed using 0.03 M
NH4HCO3 as the buffer. 3.5 mL fractions were collected. The eluting carbohydrate
oligomers were detected at 222 nm by an ISCO

Absorbance Detector (Isco, Inc.,
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Lincoln, NE). Seven distinct peaks were detected that translated into the chain lengths of
monomer through heptamer of colominic acid. The peaks were collected individually
and freeze-dried. All oligomers were white fluffy powders. Dimer colominic acid
(compound 3.68), trimer colominic acid (3.69), and tetramer colominic acid (3.70) were
assessed for purity by both

NMR and electrospray mass spectroscopy. Compound

3.68: 1h NMR (250 MHz, D2O) 8 1.51 (app q, 2H, 7=13, 25.6 Hz,
6H, 7=8.4 Hz, NAc), 2.02 (dd, IH, 7=5.0, 13.2 Hz,

Hsa'), 1.82 (d,

2.55 (dd, IH, 7=4.3, 12.2 Hz,

H3e'), 3.31-3.77 (m, 14H). ^^C NMR (Referenced to internal acetone-d^) 8 22.34,
22.53, 39.76,41.53,52.23, 52.84, 61.18, 63.01, 67.24, 67.82, 68.44, 70.47, 72.40, 73.25,
75.29, 96.89, 102.37, 172.77, 174.72, 175.18, 177.18. Low-resolution mass spectrum
(ESI") calcd forC22H35N20i7 (MH)": 599.56. ESI" peaks observed: 599 (M-H)/l, 299
(M-2H)/2. Compound 3.69; 1h NMR (250 MHz, D2O) 8 1.79 (m, 3H,

protons),

2.09 (m, 9H, iVHAc), 2.25 (dd, IH, 7=4.5, 12.9 Hz, Hse), 2.75 (dd, IH, 7=4.1,12.2 Hz,
H3e), 2.84 (dd, IH, 7=4.4, 12.6 Hz, Hse), 3.60-3.96 (m, 18H) 4.01-4.13 (m, 3H).
NMR (Referenced to external 3-(trimethylsilyl)propionic 2,2,3,3-^/4 acid, sodium salt in
D2O) 8 24.95, 25.05, 25.11, 25.15,41.76,42.96,43.38, 54.63, 55.0, 55.17,63.74, 64.18,
65.59, 70.08, 70.22,70.76,70.97, 71.05, 71.07, 73.55, 74.59, 75.79, 76.44,77.67, 80.14,
99.01, 103.84, 104.44, 175.07, 175.70, 177.69, 177.89. Low-resolution mass spectrum
(ESI") calcd for C33H52N3O25 (MH)": 890.84. ESI" trimer peaks observed: 890 (MH)/l, 444 (M-2H)/2, 296 (M-3H)/3. Compound 3.70:

^H NMR (500 MHz, D2O) 8

253

1.68-1.83 (m, 4H, Hsa protons), 2.05 (m, 12H, NOAc), 2.25 (dd, IH, 7=4.8, 13.0 Hz,
H3e), 2.72 (dt, 2H, 7=4.4, 12.4 Hz, Hje), 2.82 (dd, IH, 7=4.5, 12.7 Hz, Hae), 3.58-3.78
(m, 12H), 3.82-3.96 (m, lOH), 4.02-4.11 (m, 6H).
(trimethylsilyl)propionic 2,2,3,3-^/4

NMR (Referenced to external 3-

sodium salt in D2O) 8 24.91, 25.01, 25.06,

25.12, 41.74, 41.82, 42.13, 42.41, 42.52, 43.21, 43.36, 43.75, 43.84, 54.30, 54.53, 54.59,
54.68, 54.95, 55.04, 55.09, 63.56, 63.74, 64.12, 65.45, 65.56, 69.50, 69.67, 69.83, 69.99,
70.12, 70.30, 70.38, 70.48, 70.60, 70.72, 70.84, 70.89, 71.00, 71.13, 71.18, 71.36, 71.57,
72.17, 72.95, 73.13, 73.20, 73.25, 73.55, 74.56, 74.69, 74.80, 74.95, 75.55, 75.65, 75.72,
75.99, 76.68, 77.11, 77.71, 77.83, 77.98, 79.29, 79.73, 80.03, 98.96, 99.07, 103.74,
103.84, 104.38, 104.82, 169.90, 174.52, 174.85, 175.21, 175.50, 177.64, 177.84, 177.89,
178.21.

Low-resolution mass spectrum (ESI") calcd for C44H69N4O33 (MH)":

1182.12. ESr tetramer peaks observed: 1182.0 (M-H)/l, 590.6 (M-2H)/2.

Compound 3.75: Sialic acid (18.6 mg, 0.06 mmol, Taiyo Kagaku) and compound 3.43
(25 mg, 0.06 mmol) were weighed directly into a reaction flask and dissolved in 2 mL of
H2O. The solution was heated at 60 °C for 4 h, before NaBH3CN was added (40.3 mg,
0.64 mmol, Aldrich) as a solution in 2 mL of MeOH. The reaction continued to stir at 60
°C for an additional 36 h before the solvent was removed in vacuo. A crude puriflcation
was achieved on a 2.5 x 100 cm Biogel P-10 column in 0.03 M NH4HCO3 buffer, with
detection at 222 nm on an Isco V4 UVA^is absorbance detector (Isco, Lincoln, NE).
Subsequent puriflcation of compound 3.75 was achieved by gradient reversed-phase
HPLC from 0.1% trifluoroacetic acid (TFA) in water to 100% acetonitrile, utilizing a
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Vydac C-18 semipreparative column with a Perkin-Elmer Binary LC Pump and an LC 90
UV Spectrophotometric Detector. 8.3 mg (19%) of a white fluffy powder resulted after
lyophilization from water.

NMR (500 MHz, D2O) 6 1.45 (m, 2H, CH2 biotin), 1.60-

1.79 (m, 4H, (CH2)2 biotin), 1.92 (t, IH, 7=6.7 Hz, Haa), 2.10 (m, 3H, A^Ac), 2.31 (t,
3H, 7=7.2 Hz, CH2C=0, Hse), 2.82 (d, IH, 7=13.0 Hz, CHS), 3.03 (dd, IH, 7=5.0, 13.0
Hz, CHS), 3.25 (m, 2H), 3.37 (m, IH), 3.43 (t, 2H, 7= 5.3 Hz, CH2), 3.49 (d, IH, 7=9.2
Hz), 3.66 (t, 2H, 7=5.2 Hz), 3.75 (m, lOH), 3.78-3.89 (m, 4H), 3.96 (m, 2H), 4.46 (dd,
IH, 7=4.6, 7.9 Hz, C//NH biotin), 4.64 (dd, IH, 7=5.1, 7.9 Hz, CHNH biotin).
NMR (Referenced to external 3-(trimethylsilyl)propionic 2,2,3,3-d^ acid, sodium salt in
D2O) 8 24.79, 28.01, 30.57, 30.73, 38.35, 41.76, 42.57, 49.06, 49.19, 56.51, 56.86,
58.23, 63.15, 63.35, 64.24, 64.97, 66.16, 69.41, 70.30, 70.51, 71.77, 72.20, 72.27, 72.40,
72.53, 73.58, 163.15, 168.25, 177.33, 179.86. High-resolution mass spectrum (FAB")
calcdforC29H52N5SOi3 (MH)-: 710.3282. Found: 710.3253.

Compound 3.76: Compound 3.68 (19.9 mg, 0.033 mmol) and compound 3.43 (13.8 mg,
0.033 mmol) were weighed directly into a reaction flask and dissolved in 2 mL of H2O.
The solution was heated at 60 "C for 4 h, before NaBH3CN was added (25.2 mg, 0.401
mmol, Aldrich) as a solution in 2 mL of MeOH. The reaction continued to stir at 60 °C
for an additional 36 h before the solvent was removed in vacuo. A crude puriHcation was
achieved on a 2.5 x 100 cm Biogel P-10 column in 0.03 M NH4HCO3 buffer, with
detection at 222 nm on an Isco V4 UV/Vis absorbance detector (Isco, Lincoln, NE).
Subsequent puriHcation of compound 3.76 was achieved by gradient reversed-phase
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HPLC from 0.1% trifluoroacetic acid (TFA) in water to 100% acetonitrile, utilizing a
Vydac C-18 semipreparative column with a Perkin-Elmer Binary LC Pump and an LC 90
UV Spectrophotometric Detector. 5.4 mg (15%) of a white fluffy powder resulted after
lyophilization from water.

NMR (500 MHz, D2O) 6 1.45 (m, 2H, CH2 biotin), 1.58-

1.78 (m, 5H), 1.93 (br s, IH), 2.06 (s, 3H, NRAc), 2.10 (d, 3H, NHAc), 2.31 (t, 2H, 7=7.2
Hz, CH2C=0), 2.77 (dd, IH, 7=4.3, 12.7 Hz, H3e), 2.82 (d, IH, 7=13.0 Hz, CHS), 3.05
(dd, IH, 7=5.0, 13.1 Hz, CHS), 3.26 (m, IH), 3.37 (m, IH), 3.43 (t, 2H, 7=5.2 Hz, CH2),
3.60 (d, IH, 7=8.9 Hz), 3.67 (m, 5H), 3.76 (m, lOH, (CH2-0)5), 3.79-3.97 (m, 14H),
4.45 (dd, IH, 7=4.5, 7.8 Hz, CHNH biotin), 4.65 (dd, IH, 7=5.0, 7.7 Hz, C«NH biotin).
l^C NMR (Referenced to external 3-(trimethylsilyl)propionic 2,2,3,3-d^ acid, sodium
salt in D2O) 5 24.84, 24.94,28.00, 30.57, 37.23, 38.35,41.77, 42.57, 43.19,49.11,49.22,
54.63, 56.42, 56.68, 58.23, 63.15, 63.30, 64.06, 64.33, 64.97, 65.63, 69.32,70.28, 70.40,
70.58, 71.00, 71.19, 71.78, 72.28, 72.41, 72.54, 74.93, 75.74, 77.36, 77.40, 104.81,
163.15, 168.25, 176.51, 177.28, 177.34, 177.90, 179.86. High-resolution mass spectrum
(FAB+)calcdforC4oH7iN6S02i (MH)+: 1003.4393. Found: 1003.4407.

Compound 3.77: Compound 3.69 (20 mg, 0.022 nmiol) and compound 3.43 (9.4 mg,
0.022 nunol) were weighed directly into a reaction flask and dissolved in 1.5 mL of H2O.
The solution was heated at 60 °C for 3.5 h, before NaBHsCN was added (18.4 mg, 0.293
nmiol, Aldrich) as a solution in 1.5 mL of MeOH. The reaction continued to stir at 60 °C
overnight before the solvent was removed in vacuo. A crude puriflcation was achieved
on a 2.5 x 100 cm Biogel P-10 colunm in 0.03 M NH4HCO3 buffer, with detection at
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222 nm on an Isco V4 UVA^is absorbance detector (Isco, Lincoln, NE). Subsequent
purification of compound 3.76 was achieved by gradient reversed-phase HPLC from
0.1% tnfluoroacetic acid (TFA) In water to 100% acetonitrile, utilizing a Vydac C-18
semipreparative column with a Perkin-Elmer Binary LC Pump and an LC 90 UV
Spectrophotometric Detector. 12.5 mg (43%) of a white fluffy powder resulted after
lyophilization from water.

NMR (500 MHz, D2O) 8 1.44 (m, 2H, CH2 biotin), 1.57-

1.82 (m, 6H), 1.93 (m, IH), 2.07 (m, 9H, NHAc), 2.30 (t, 3H, 7=7.3 Hz, CH2C=0,
2.69 (dd, IH, 7=4.3, 8.5 Hz, Hse), 2.81 (d, 2H, 7= 13.0 Hz, CHS,

3.02 (dd, IH,

7=5.0, 13.0 Hz, CHS), 3.24-3.30 (br m, IH), 3.37 (m, IH), 3.42 (t, 2H, 7=5.2 Hz, CH2),
3.60 (m, 2H), 3.64-3.70 (m, 6H), 3.71-3.78 (m, lOH, (CH2-0)5), 3.79-4.08 (m, 12H),
4.11-4.27 (m, 4H), 4.45 (dd, IH, 7=4.5, 8.0 Hz, C//NH biotin), 4.64 (dd, IH, 7=4.9, 7.9
Hz, C//NH biotin).

nMR (Referenced to external 3-(trimethylsilyl)propionic

2,2,3,3-^/4 acid, sodium salt in D2O) 8 24.83, 24.91, 25.05, 25.21, 27.99, 30.55, 30.71,
38.33, 41.76,42.56,43.17, 43.30,49.19, 54.63, 55.36, 56.62, 58.21, 63.13, 64.95, 65.46,
70.85, 71.01, 71.37, 71.75, 71.88, 72.25, 72.52, 74.65, 75.55, 75.72, 76.57, 103.56,
104.97, 163.15, 165.72, 166.00, 168.22, 177.22, 177.85, 179.83. High-resolution mass
spectrum (FAB-)calcd for C5iH86N7S029(MH)-: 1292.5191. Found: 1292.5212.

Compound 3.78: Compound 3.70 (18.3 mg, 0.016 mmol) and compound 3.43 (9.6 mg,
0.023 mmol) were weighed direcdy into a reaction flask and dissolved in 1 mL of H2O.
The solution was heated at 60 °C for 18 h, before NaBH3CN was added (9.7 mg, 0.155
mmol, Aldrich) as a solution in 1 mL of MeOH. The reaction continued to stir at 60 °C
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for 24 h before the solvent was removed in vacuo. A crude purification was achieved on
a 2.5 X 100 cm Biogel P-10 column in 0.03 M NH4HCO3 buffer, with detection at 222
nm on an Isco V4 UVA'is absorbance detector (Isco, Lincoln, NE). Subsequent
puriflcation of compound 3.76 was achieved by gradient reversed-phase HPLC from
0.1% trifluoroacetic acid (TFA) in water to 100% acetonitrile, utilizing a Vydac C-18
semipreparative column with a Perkin-Elmer Binary LC Pump and an LC 90 UV
Spectrophotometric Detector. 3.4 mg (14%) of a white fluffy powder resulted after
lyophilization from water. 'H NMR (500 MHz, D2O) 8 1.44 (m, 2H, CH2 biotin), 1.591.78 (m, 8H), 1.97 (m, 2H, Hsa), 2.07 (m, 12H A^Ac), 2.30 (t, 2H, y=7.2H, CH2C=0),
2.66-2.78 (m, 2H, Hae), 2.80 (d, 2H, 7=13.1 Hz, CHS, Hse), 3.02 (dd, IH, 7=5.1, 13.1
Hz, CHS), 3.36 (m, 3H), 3.42 (t, 2H, 7=5.1 Hz, CH2), 3.42 (br d, 3H, 7=5.2 Hz), 3.65 (t,
6H, 7=5.3 Hz), 3.75 (m, lOH (CH2-0)5), 3.82-4.01 (m, 14H), 4.08-4.21 (m, 3H), 4.45
(m, IH, C//NH), 4.63 (m, IH, C7/NH).

NMR (Referenced to external 3-

(trimethylsilyl)propionic 2,2,3,3-^/4 ^^id, sodium salt in D2O) 5 24.91, 25.20, 27.99,
30.55, 30.72, 31.22, 38.33, 41.75, 42.56, 43.04, 43.32, 49.12, 54.64, 55.42, 58.22, 63.13,
64.35, 64.95, 65.46, 71.00, 71.42, 71.76, 72.26, 72.54, 74.60, 75.51, 76.66, 104.92,
168.23, 174.32, 176.37, 177.80, 179.28, 179.85. High-resolution mass spectrum (FAB")
calcdforC62Hi03N8SO37(MH)-: 1583.6145. Found: 1583.6265.

ELISA Ligand Dilutions: Freeze-dried biotinylated analytes were weighed out to the
tenth of a microgram using a Cahn 21 Automatic Electrobalance. Stock solutions of
these compounds were prepared at 1 mg/mL concentrations in 20% DMSO/80% PBS
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buffer. DMSO was first added, and the compounds allowed to fully dissolve prior to
addition of PBS buffer. The solutions were thoroughly mixed prior to further dilution in
PBS for assaying, and they were stored at -20 "C between uses.

The dilution

concentration of all compounds utilized in the assays was 20 ^.g/mL.

Plating Efficiency Assay: The plating efHciency of each compound was tested to ensure
comparable coverage on NeutrAvidin™-coated 8-well strip plates (Pierce Biochemicals).
In this assay, each compound was plated into two wells at 150 )iL each, and incubated for
4 h at 25 °C and 1000 rpm in a Jitterbug™ microplate incubator (Boekel). Two blank
wells were incubated with 150 |iL PBS, and two to eight wells were incubated with 150
|iL PBS each for HRP-biotin determination in the second incubation. After 4 h, each
well was rinsed with 3 x 200 ^iL of PBS. Next, a 1:4000 dilution of HRP-Biotin was
added to all wells excluding the blanks in 100 |J.L quantities. The blank wells were
incubated with 100 jiL of PBS. The second incubation was for I h at 25 °C and 1000
rpm.

After the incubation, the wells were rinsed as before. A TMB (3,3',5,5'-

tetramethylbenzidine, Sigma) solution was prepared (1 mg TMB in 500

of DMSO

and 9.5 mL of 0.05M phosphate-citrate buffer with sodium perborate). The TMB
solution was added to each well, including the blanks, at a volume of 100 |xL/well. The
plate was inunediately read on a BioRad model 550 microplate reader every minute for
twenty minutes at 630 nm, with a reference wavelength of 490 nm, and 5 s of shaking
between each reading. All wells for each analyte were averaged, and had the TMB blank
automatically subtracted through the use of the BioRad Microplate Manager software
package. The standard deviations for each of the ligands was determined based upon the
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original data set. The four wells containing only HRP-biotin at the absorbance maximum
served as a 100% measure of the sites filled by HRP-biotin. All other analyte wells were
compared to the HRP-biotin wells at the same data point, and were based on these results.
The percentage of NeutrAvidin™ sites filled was ascertained for each compound. The
results given for this assay represent the mean of two separate experiments.
ELISA Assay: The compounds (see ELISA Ligand Dilutions) were plated in 150
volumes into four wells each of NeutrAvidin™-coated 8-well strip plates. The plate was
incubated for 4 h at 25 °C and 1000 rpm on a Jitterbug™ microplate incubator (Boekel).
An additional four wells each of both a TMB blank (see Plating Efficiency Assay), and a
gpl20 blank were incubated with 150 p,L of PBS in this incubation. Following the first
incubation, the wells were rinsed 3x200 |iL PBS. Next, 150 ^iL/well, excluding the TMB
and gpl20 wells, of compound 2.22 was incubated for 1 h at 25 °C and 1000 rpm, to
ensure that all remaining open Neutravidin™ sites were blocked. The TMB and gpl20
wells were incubated instead with 150 ^L of PBS, as before.

After the second

incubation, the wells were rinsed as in the first incubation. The third incubation
comprised of adding 100

of a 1:4 dilution (from a 500 |xL vial containing 0.333 |ig

gpl20) of gpl20-HRP (Intracel) into every well, except the TMB wells. The TMB wells
were incubated with 100

of PBS each. The incubation was for 1 h at 25 "C at 1000

rpm. The wells were then rinsed with 5x200

of PBS. A solution of TMB reagent

(Img tablet) was prepared in 500 |iL of DMSO and 9.5 mL of phosphate-citrate buffer
containing sodium perborate). Then 100

of the TMB reagent was added to each well.

The plate absorbances were read every minute for twenty minutes at a test wavelength of
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630 nm, a reference wavelength of 490 nm, with a 5 s shake in between each reading, on
a BioRad model 550 microplate reader. All wells for each analyte were averaged, and
had the TMB blank automatically subtracted through the use of the BioRad Microplate
Manager software package. The standard deviations were derived from the unaveraged
data set. The wells containing only gpl20 served as a measure of non-specific binding
interactions between the glycoprotein and the plate, and were minimal. This assay was
repeated two separate times, with the average of these experiments reported.

HRP Control Experiment: The compounds (see ELISA Ligand Dilutions) were plated
in 150 )iL volumes into two wells each of NeutrAvidin™-coated 8-weIl strip plates. The
plate was incubated for 4 h at 25 °C and 1000 rpm on a Jitterbug™ microplate incubator
(Boekel). Two wells of an HRP blank were incubated with 150 jiL of PBS in this
incubation. Following the first incubation, the wells were rinsed 3x200 |iL PBS. Next,
150 )iL/well, excluding the HRP wells, of compound 2.22 was incubated for 1 h at 25 °C
and 1000 rpm, to ensure that all remaining open Neutravidin™ sites were blocked. The
HRP wells were incubated instead with 150

of PBS, as before. After the second

incubation, the wells were rinsed as in the first incubation. The third incubation consisted
of adding 100

of a 1:4000 dilution of HRP (Sigma) into every well, except the TMB

wells. The TMB wells were incubated with 100

of PBS each. The Incubation was for

1 h at 25 °C at 1000 rpm. The wells were then rinsed with 5x200 ^L of PBS. A solution
of TMB reagent (Img tablet) was prepared in 500 p.L of DMSO and 9.5 mL of
phosphate-citrate buffer containing sodium perborate). Then lOO |xL of the TMB reagent
was added to each well. The plate absorbances were read every minute for twenty
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minutes at a test wavelength of 630 nm, a reference wavelength of 490 nm, with a 5 s
shake in between each reading, on a BioRad model 550 microplate reader. All wells for
each analyte were averaged, and had the TMB blank automatically subtracted through the
use of the BioRad Microplate Manager software package. The wells containing only
HRP served as a measure of non-speciilc binding interactions between the enzyme and
the plate, and were minimal. This assay was repeated two separate times, with the
average of these experiments reported.
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CHAPTER 4
PROBING THE SECONDARY STRUCTURAL CHARACTERISTICS OF NATURAL
AND SYNTHETIC OLIGOSACCHARIDES UTILIZING CIRCULAR DICHROISM
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Introduction

Circular dichroism, or CD, is an empirical technique to aid in the determination of
the secondary structural characteristics of biomolecules. CD is known as a chiroptical
method due to the necessity of the molecule under analysis to possess optical activity.
Biot is credited with the formulation of the laws of rotatory polarization and rotatory
dispersion in

1812.

Cotton first described the CD of solutions in 1896.' ^6

report of the use of a CD spectrcpolarimeter occurred in

1965,

when Holzwarth and Doty

reported the CD spectrum of an a-helix. '37 7^5 use of the technique of CD has become
a standard practice in the analysis of the secondary structure of biomolecules today. The
biomolecules analyzed may be comprised of peptides, proteins, nucleic acids, or
oligo/polysaccharides. The common property that all of these molecules possess is
chirality.
Chirality is an absolute requirement for the acquisition of CD spectra. This is
because CD measures the difference in absorption between left- and right-circularly
polarized light when an asymmetric molecule is in the path of these forms of light (Figure
4.1). 138 Only a molecule possessing chiral properties can distinguish between these two

forms of chiral light, and give a net

absorbance.139

properties, the net CD spectrum is zero. ^

jf

a

molecule is without chiral

Chirality can be composed of either non-

superimposable mirror image molecules (Figure

4.2),

the most common form, or even

structurally symmetrical molecules. A molecule such as hexihelicene, can adopt right-
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and left-handed twists, caused by overlap of the two ends of the molecule, and therefore
represents a chiral structure even though it has no chiral carbon centers (Figure 4.3). ^ 41

,V

Figure 4.1. Left- and right-plane-polarized light. El and Er represent vectors of the
light waves.

nh2

nh2

Figure 4.2. Example of chirality based on the presence of an asymmetric carbon atom in
a simple a-amino acid molecule.
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Figure 4.3. Structure of hexahelicene, a conformationally asymmetrical molecule, that
may form either a right- or left-handed twist.

CD represents an absorbance spectroscopic technique. Absorption spectroscopy
is defined by electronic transitions within molecules. The electronic transitions manifest
themselves in the form of the absorbance, A (no units), which is dependent upon the
concentration of the sample, c (M), and also the pathlength of the cell, 1 (cm). Each
distinct molecule will give rise to the extinction coefficient (also known as molar
absorptivity), e, which is the proportionality of the other three variables. The equation
representing this relationship is known as Beer's Law (Figure 4.4).1CD is the
difference seen between the molar absorptivities for both left- and right-circularly
polarized light. The left- and right-handed polarized light waves are of equal intensity
and frequency but opposite in handedness.

Figure 4.5 illustrates the equation for CD-

generated molar absorptivities. CD can give rise to both positive and negative bands,
depending on which kind of light, left- or right-handed, that is retarded more by the chiral
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molecule in its path. In general, the velocity of both light waves is diminished by the
interaction with a chiral molecule in its path, however, one will be more retarded than the
other, resulting in a net absorption band.^^^ These bands can only occur in locations of
the electromagnetic spectrum allowed for normal absorption bands.

A(k)=E (k)\c

Figure 4.4. Beer's Law. A is the measured absorbance, e is the molar absorptivity
constant, 1 is the path length in cm, and c is the concentration in molarity.

AlW - Ar(X) = AA(X) = {el w - srW }1c = Ae(X)lc

Figure 4.5. Beer's Law as applied to circular dichroism. The subscripts, R and L,
represent the the handedness of the light.

The regions in which most molecules absorb in the UV/Vis range of the
electromagnetic spectrum are accessible by commercial CD instruments. CD instruments
are modified absorbance spectrometers that possess the optics to produce circularly
polarized light, and the electronics capabilities to detect the net difference between leftand right circularly polarized light. Figure 4.6 illustrates the makeup of the CD
instrument. The instrument functions in the following manner. First, an intense light
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source enters a monochromator. The monochromatic light is then converted to linearly
polarized light, followed by a transformation to circularly polarized light by a quarterwave retarder. The commercial instruments of today utilize an isotropic plate that is
stressed electronically to alternately produce both forms of circularly polarized light. The
circularly polarized light forms then pass through the sample where part of the light is
absorbed. The transmitted light enters a photomultiplier that creates a current that is
measured by the lock in detector. The height of the AC (alternating current) current
measured is directly proportional to the CD of the molecule, because it represents the
difference in intensities of the left- and right-circularly polarized light. The AC current is
then superimposed on a steady DC (direct current) current that represents the summation
of the intensities of the left- and right-circularly polarized light. The result is the
difference in absorption of the left- and right-circularly polarized light by the sample, or
the CD. 138,141
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Figure 4.6. Diagram of a CD spectropolarimeter. ^

Several solvents may be employed in the collection of CD spectra. A great
dependence exists on the transparency of the given solvent within the wavelength range
measured. W.C. Johnson Jr. provided an excellent review about the scope and usefulness
of solvents and other additives in CD.^^^ Solvents become less transparent at lower
wavelengths in the far UV range. Solvent transparency can be improved by altering both
the shape and pathlength of the cell used. Cylindrical cells may be beneficial over a
standard rectangular cell. Shorter pathlength cells may also help. A cell of pathlength
0.05 mm cuts the solvent absorbance by a factor of 200 over the commonly used 1 cm
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pathlength cell. The addition of buffers and reducing agents or detergents may also
reduce the transparency of the sample. In general, buffers such as phosphate, perchlorate,
Tris and borate are acceptable. Additives such as dithiothreitol and 2-mercaptoethanol
can be added at 1 mM concentration. EDTA can be used at 0.1 mM as well. Finally,
detergents such as MOPS (3-(A^-morpholino)propanesulfonic acid) at 15 mM, lubrol PC
at 0.02%, and sodium dodecyl sulfate (SDS) at any reasonable concentration are all
transparent in CD. Table 4.1 summarizes the wavelength cut-offs for several commonly
used CD solvents.

Table 4.1.

Solvent

1 mm

0.05 mm

H,0

182

176

FfiiPrOH

174.5

163

FtEOH
MeOH
ElOH
MeCN

179.5
195.5
196
185

170
184
186

Dioxane
Cyclohexane
n -Pentane

231
180

202.5
175

172

168

175

Solvent wavelength cut-offs for commonly used CD solvents in two

pathlengths.

CD is measured in ellipticity, 9, which refers to the elliptical shape the electric
vector traces (see Figure 4.1) when one form of the light is absorbed by the sample
differently than the other. Figure 4.7 illustrates the ellipticity, angle 0 (in degrees), as
well as the relationship between CD and optical rotation (OR), represented by angle (|) (in
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degrees), the classical method for measuring the optical properties of chiral molecules.
The measured ellipticity of a molecule is transformed at each wavelength measured, into
a value that encompasses many properties of the sample make-up, the molecular mass, M
(in g/mol), the concentration, c (g/L), and the pathlength, 1 (mm). The resultant values
are known as the molar ellipticity, [9], with the units deg-cm^/dmol.l^l This
relationship is given in Figure 4.8. The molar ellipticity values are those commonly
reported in the literature for the CD of biomolecules.

\ ;•
V

/

Figure 4.7. The relationship of optical rotation, (j), and circular dichroism ellipticity, 0.

[0] = (0M)/cl

Figure 4.8. The equation utilized to transform raw ellipticity data,0, into the molar
ellipticity,
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CD, in addition to being related to absorption spectroscopy and optical rotation, is
also a cousin to a technique known as optical rotatory dispersion (ORD).

Both

techniques are able to distinguish between enantiomers through the differential
interaction with circularly polarized light. However, CD has replaced ORD in the
analysis of molecules for secondary structure because the CD bands observed have
distinct characteristics based upon the type of secondary structure the molecule
possesses.'
Most commercial CD instruments of today have the ability to detect as low as
185nm, with an overall range of approximately 185-700 nm.^^^ Below 185 nm, ambient
air begins to absorb, and the signal-to-noise ratio becomes smaller. This hinders the
measurement of some chromophores specific to some biomolecules, such as carbohydrate
acetal transitions. More sophisticated experimental instruments exist with the capability
to reach the far UV down to 135nm.^^ This is possible because the measurements are
performed under vacuum, to eliminate the absorption by the air, and the CD instrument
has been modified with a quarter wave retarder, to induce circular polarization. These
instruments are only able to measure down to 135 nm if the samples are dry, as many
solvents absorb in the far UV. Even with the vacuum CD instruments, solutions of
biomolecules may only be measurable down to 170 nm.^^^
The previous discussion has provided the background information necessary to
understand the technique of circular dichroism in a general fashion. The subsequent
sections will serve to discuss the practical uses of CD in biomolecules. The first section
will focus on the use of CD in peptide and protein studies, because this represents the
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area in whicii the most knowledge has been generated. The next section will review the
uses of CD in carbohydrate chemistry, and will include the limitations of CD in this
realm. The following section will contain information regarding the use of circular
dicroism to define the secondary structures of novel amide-linked non-peptide based
molecules. Finally, the last section of this chapter will provide a view into the use of
circular dichroism as a tool to help define the secondary structures of both oligomers
generated from natural polysaccharides, as well as unnatural synthetic amide-linked
oligomers generated in our laboratory. These molecules, and their secondary structural
characteristics, may prove to be important for drug discovery purposes. The secondary
structures can serve promote interactions with a receptor molecule present in a disease
state, and therefore be therapeutic. An example of this would be in HIV and a helicalhelical interaction that could disrupt gpl20 binding to the host receptor CD4. By
determining if our molecules have helical secondary structures, in part through the use of
CD, then perhaps these compounds could serve as drug candidates against the HIV entry
mechanism.

Another focus of our circular dichroism studies is to gain a better

understanding of how to evaluate CD spectra of structurally complex carbohydrates.
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The Use of Circular Dichroism in Defining the Secondary Structural Characteristics of
Peptides and Proteins

The use of circular dichroism for the determination of the secondary structural
characteristics of peptides and proteins is a fairly well defined area of research. This is a
consequence of many things, primarily because of the amount of complementary
structural information that is available for even new peptides and/or proteins. The amino
acid sequences of peptides can be readily determined using standard sequencing
techniques. For proteins, there are an estimated 38,000 protein amino acid sequences,
with the projection of having 100,000 sequences defined before the end of the
century.

The number of tertiary protein structures solved using NMR and x-ray

crystallography is estimated to be around 400.'^ The sequence obtained for a peptide
or protein can then be compared with the secondary and tertiary structural characteristics
of reference peptides and proteins that have an assigned x-ray crystal structure stored in a
databank such as the Protein Data Bank (PDB) at Brookhaven. Some assumptions about
the structure can be made from these comparisons. Also, the x-ray structure of peptides
and proteins of unknown structure can sometimes be determined, provided that a crystal
of the molecule can be obtained. Finally, NMR studies have become very sophisticated
over time, allowing for the determination of structural characteristics in solution. All of
these factors, in combination with the well-worked out theory of CD for peptides and
proteins, make the elucidation of peptide and protein secondary structure an achievable
goal.
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In peptides and proteins, the most abundant chromophore is the amide. This
chromophore gives rise to the electronic transitions of n->7C*, and 7i->7C*. The n->;t*
transition is caused by the excitation of the lone pair electrons on the carbonyl oxygen of
the amide, and is electrically forbidden, with a maximum extinction coefficient of -100
M~^ cm"^ Even though the transition is electrically forbidden, molecules undergoing
this kind of a transition can still show relatively strong optical activity, provided that the
transition is magnetically allowed. This comes as a result of the intimate association of
electric and magnetic transition moments in optical activity, where the electric and
magnetic components are dot product vectors.'^' The wavelength that this transition is
observed at is roughly 215 to 222 nm for most polypeptides. The k-^k* transition is
caused by the excitation of the pi electrons of the amide, and is electrically allowed, with
and emax

cm'^. This higher energy transition is observed at approximately

190 nm for secondary amides.
The most common forms of secondary structures for peptides and proteins are the
a-helix and the parallel and antiparallel ^-pleated sheets, because of their stability.
Another form that is observed often is the P-tum structure. ^

These structures are

illustrated in Figure 4.9. The structures are all deHned based upon the dihedral angles, ({>
and \|r, that make up the peptide backbone for compounds derived from a-amino acids.
Each has a characteristic number of residues that help define the structure, as well as a
particular hydrogen bonding pattern (shown in dashed lines in Figure 4.9). Figure 4.10
shows the relationship between the (j) and \|/ angles with reference to the a-amino acid
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peptide backbone. The CD spectra of proteins comprised of these structures have been
recorded. Each structure, when present as the only secondary structure, gives rise to a
distinguishable CD band based upon the dihedral angles and the interaction of the
chromophores. Figure 4.11 features the CD for each of the common protein structures
mentioned, in addition to a random structure. These model spectra were derived from the
CD of 16 proteins of known secondary structural conformation.

The right-handed a-

helix (line 1) has a characteristic positive band at approximately 192 nm that represents
the n-*K* transition. The negative band at about 222 nm is the n->7C* transition. The
second minima at approximately 206 nm has been assigned as a component of the k-^k*
transition at 192 nm, that has split into components of the helix that are parallel (206 nm)
and perpendicular (192 nm) to the helix axis.'^^ The antiparallel P-sheet (line 2) is
defined by a positive CD band at ~ 188 nm, and a negative band at approximately 202 nm.
The parallel P-sheet (line 3), on the other hand, is almost the inverse of the antiparallel
case, with first a negative band occurring at -189 nm, then a positive maximum at
approximately 221 nm. The P-tum CD spectral pattern (line 4) is distinguished by a
negative transition centered at -185 nm, and then two positive transitions at 203 nm and
223 nm. The final CD curve (line 5) represents a random structure.

276

•«'<•< -00'
«lW<v<*1S9'

A.aHl«s

9

t« -IM'
v-*i3a'

1.1^ I

I
9

I

t-'

zPmM

MVP* II

•» -iw
•- •lis*

N

C

Figure 4.9. Representative secondary structures of peptides and proteins.'^6
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N-Terminal

C-Terminal

Figure 4.10. (l),\|f torsional angles for an a-amino acid peptide.

4

II

220

Xlnni>

Alnm)

Figure 4.11. Representative CD spectra for the most common peptide and protein
secondary structural features.

1. a-helix. 2. P-sheet. 3. Disordered, a) Poly-L-

lysine spectra, b) Spectra derived from the CD of five proteins of known conformation.
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There have been many methods developed for the determination of the secondary
structure of proteins from CD data. There are several assumptions that must be made in
order that the analysis can be performed.^^ First, that the three-dimensional structure of
the reference protein, obtained by x-ray crystallographic studies, is retained in aqueous
solution. Second, the contributions of individual secondary structural elements to the
overall CD are additive, and the effect of tertiary structure on the spectrum is negligible.
Third, only the peptide chromophores are responsible for the far-UV CD spectrum, and
contributions from non-peptide chromophores of the protein can be neglected. Finally,
each structural element, such as a-helix and P-sheet can be described by a single CD
spectrum, and the effect of geometric variability of secondary structural elements is
assumed to be negligible.
As already mentioned in the introduction {vide supra), the CD of new peptides
and proteins can be analyzed for secondary structural characteristics by comparing the
data with archived structural data from a set of reference proteins of known secondary
structure. One method involves the practice of fitting CD data for proteins of unknown
secondary structure to that of polypeptides of known secondary structure. These spectra
are then fit to the CD of the structurally unknown molecule, and percentages of each
structural type are generated to estimate the quantity of each structural type present in the
unknown protein. This technique was pioneered by Greenfield and Fasman in 1969.^^^
A problem with this sort of analysis is that the secondary structures of the polypeptides
represent extended regions of secondary structure, while secondary structure within a
protein may be much shorter. Another problem is that there is no way to distinguish
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between the types of P-sheets, and the further complication of having P-tums intermixed
within the P-sheet structures. All of these factors add up to certain misinterpretation of
the protein secondary structure. '^2
Another example of a technique that can be utilized to estimate the secondary
structure of a protein involves the use of CD spectra of known secondary structure to
analyze the CD of the unknown protein. The problem with this method is that the
reference protein and analyte protein may have differing secondary structures. In the
analysis of such a situation, therefore, there is more information in the reference CD set,
than contained in the CD of the analyte. A problem inherent in utilizing reference
proteins with known secondary structure based upon both x-ray and CD studies, is the
overlap of said data. There is always the question of whether or not the secondary
structure of a molecule in the dry crystalline form matches that of the structure that
occurs in the solution phase. ^ ^2
A final method, known as 'variable selection', is a computational method based
upon the generation of statistical information on 22 reference proteins of known
secondary structure. The CD spectra are generated for these proteins, and correlation
coefficients for each of the main classes of secondary structure are then determined; 0.97
for an a-helix, 0.78 for an antiparallel P-sheet, 0.67 for a parallel P-sheet, 0.75 for a
mixture of P-sheet structures, 0.49 for a P-tum, and 0.86 for other structures.

The CD

of a structurally unknown protein may then be analyzed in terms of the reference spectra.
Because some of the reference proteins contain secondary structural characteristics not
found in the analyte protein, trying to fit all of the reference spectra to the protein under
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investigation is not valid. Instead, three of the reference proteins are removed at a time to
try to improve the fit. It is not known at the start of the analysis which proteins are to be
removed. It is done by trial and error until a smaller set of reference proteins is attained
with the following characteristics. First, that the sum of the estimated fractions of
secondary structure is between 0.9 and 1.1, or 0.96 and 1.05. Secondly, each numerical
fraction value must be positive, never less than -0.05. Third, that the fit of the
reconstructed CD for the analyte protein is within the noise level of the experiment (with
a root mean square residual less than 0.2 Ae. It should be better fit than with the entire
reference set. Fourth, the sets with more reference proteins are preferred to smaller sets.
Finally, the reference proteins with similar CD spectra to the analyte protein must be
included.

This method represents a more modem analysis technique for the

determination of secondary structure.'

Variable selection relies on generating CD

spectra down to 178 nm, and generally gives rise to highly reliable data.
It should be noted at this point, that an internet address exists where CD data
points for proteins can be input, and this data is compared with reference data bank
proteins. An output of the percentages of a-helix, ^-sheet, and random coil is generated
based upon the fit between the analyte data and reference data. This is very useful for
people who want to obtain a quick interpretation of their data. However, it is not as
specific a method as those already mentioned.

The website address is <kal-

el.ugr.es/k2d/spectra.html>.
The use of CD in the analysis of peptides and proteins goes beyond the
determination of the secondary structure. CD can be used in several instances to gain
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valuable knowledge about ligand-protein binding interactions, protein tertiary structure
determination, in studies concerning the conformation of membrane proteins, and protein
folding eventsJ39 other uses of CD involve the monitoring of CD change with variation
of solvent ionic strength, and the changes in secondary structure seen upon denaturation
of a proteinJ^
In the monitoring of protein-ligand interactions, CD can be a valuable tool. The
interaction between the protein and ligand is manifested in changes in the teniary and
quaternary structures of proteins that is detectable in the near-UV CD. Changes in the
secondary structure can be monitored in the far-UV. The concentration of the molecule
under study must fall in the range of K^/IO to 10 Kj. This ensures that both the free and
complexed ligand can be detected. The dissociation constants themselves must be
approximately 10"^ M or larger to be adequately measured by CD.^^^ An example of a
protein-ligand interaction that can be monitored through CD was reported by Johnson,
and coworkers. ^

In this study, the CD of thymidylate synthase was first measured in

the absence of both binding ligands. Next the ligands FdUMP and the coenzyme 5,10methylenetetrahydrofolate were added, and it was noted that the intensity of the CD band
was diminished. The authors also determined that the binding of either FdUMP or the
coenzyme alone were insufficient to promote the change in the CD. Figure 4.12 shows
the CD for thymidylate synthase alone, and in the presence of the ligands.
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Figure 4.12. CD spectrum of thymidylate synthase alone (solid line) and in the presence
of FdUMP and coenzyme, (broken line),

CD can be used to gain information about a protein's tertiary structure through the
monitoring of the side chain CD spectral effects. The sidechain CD bands are sensitive
probes for the elucidation of protein conformational changes. This method has been
utilized in the analysis of the relaxed to tense (R->T) states of hemoglobin, performed by
Perutz and coworkers. ^

^^2 Changes in the CD were noted when hemoglobin was

transformed from deoxyhemoglobin, where a negative band at 287 nm was noted, to
oxyhemoglobin, with two negative bands at 283 nm and 290 nm. Through the use of
mutant hemoglobins where the R->T transformation was blocked, and binding a potent
allosteric effector, inositol hexaphosphate, yielded the information that a strong band at

283

287 nm band was characteristic of the T state (deoxy), while the R state was
characteristic of a weak positive or negative CD band at 287 nm.
The use of CD in the analysis of not only the secondary structural characteristics
of peptides and proteins, but also many other dynamic processes such as ligand binding
interactions, provides useful information that can lead to a greater understanding of the
structure/function relationship of these molecules. While this technique and the analysis
of the data has reached a high level of accuracy, further development of this technique to
reach even higher levels of understanding for these molecules is underway. This high
level of understanding has not yet been attained for the analysis of the next class of
molecules to be discussed, carbohydrates. The differences that exist between proteins
and carbohydrates and their analysis by CD will be discussed in detail.

The Use of Circular Dichroism in Defining the Secondary Structural Characteristics of
Carbohydrates

The CD of carbohydrates is an intriguing and challenging area of research. The
mechanics of the analysis of the data has proven to more problematic than the situation
posed for peptides and proteins. This is due to the inherent differences in the structure of
carbohydrates and proteins, as well as the presence of a multitude of chromophores that
are spaced in a radically distinct manner than those seen in proteins. As already
discussed, the CD of peptides and proteins relies on the absorbance of the amide-linked
backbone of the molecule. This backbone, in naturally occurring peptides and proteins, is
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comprised of a-amino acids, which means that the backbone structure is composed of a
regular pattern of homologous repeating chromophores, that differ only in the R groups
appended at Cgj.

Carbohydrates differ not only in the type and spacing of the

chromophores, but also in the structure of oligosaccharides and polysaccharides. Both
linear and branched carbohydrates can exist. Also, both isomeric forms of carbohydrates
exist in nature, namely the common D form and the less common L form, while proteins
are comprised of only the L amino acids.

This again gives rise to a greater amount of

variability in the structural make-up of carbohydrates versus proteins. Figure 4.13
illustrates the mirror image isomers for a six-membered pyranose ring. The sugar rings
may either adopt a

conformation (stable for D sugars), or the alternate 'C4 chair

confomation favored by L sugars.
,OH

OH

•OH
OH
OH

Conformation

HO
OH

^€4 Conformation

Figure 4.13. Alternate conformations of a-galactosyl pyranose. The structure on the left
represents the D isomer in its most stable
represents the L isomer in the stable ^€4 form.

state, and the structure on the right
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Similar to the situation for peptides and proteins concerning the linkage angles, <|>
and \j;, the conformation of any oligosaccharide or polysaccharide is dependent upon the
((), \|r angles at the linkages. This is because the remaining structure has a set geometry
determined by the sugar rings. ^

Figure 4.14 depicts the (j), \|; dihedral angles about the

glycosidic bond.

,0H

OH
OH

Figure 4.14.

Dihedral angles, <|) and y, of the glycosidic bond in oligo- and

polysaccharides. The <]) dihedral angle is defined by the atoms H1-C1-01-C4, and the \\r
dihedral angle is defined by the atoms C1-01-C4-H4.

There are several different chromophores present in carbohydrates. Some of the
biologically relevant polysaccharides have chromophores that absorb in the detectable
regions noted for proteins, such as acyl groups in the form of esters and amides, and
carboxylate functionalities found in uronic acids. These chromophores give rise to
and n->n* electronic transitions. However, the chromophore similarities do not facilitate
the analysis of CD data for carbohydrates using techniques worked out for peptides and
proteins because of the diffemces in the monomer residues. A peptide amino acid
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monomer has a length of 0.36 nm, while 1,4-diequatorially linked pyranose rings have
monomer residue lengths of 0.54 nm.^^l

Because of the longer length of the

carbohydrate monomer, not much in the way of interactions between the chromophores
of different residues is possible. Therefore, in a polysaccharide, each monosaccharide
unit is acting independently of one another. The exception to this scenario occurs in
conformationally ordered polysaccharide chains, where interactions can occur between
the chromophores provided that the proper orientation exists.
Unfortunately, most of chromophores seen in common carbohydrates absorb
outside of the range of commercially available C D

s p e c t r o p o l a r i m e t e r s . ' | s

particularly apparent with unsubstituted monosaccharides which only possess the
functionalities of hydroxyl, the ring oxygen, and glycosidic oxygen. These functional
groups give rise to higher energy, lower wavelength electronic transitions such as n->a*
and

The n-^a* transition of the acetal oxygens at C-1 and C-5 is centered at

approximately 175 nm, while the higher energy a-*a* transition occurs at 150 nm. This
last transition can only be investigated through the use of the very specialized technique
of vacuum
Monosaccharides have been investigated using CD. Johnson and Nelson studied
a series of monosaccharides, D-xylose, D-glucose, and D-galactose, chosen because of
their preference for the ^Cj chair conformation in the pyranose form (Figure 4.15).'^'^
These monosaccharides also had the beneficial quality of maintaining the anomeric form
for a long enough period of time that facilitated the study of both anomers for each sugar.
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The authors also studied the methyl glycosides of the three sugars, in both anomeric
forms.

^55

jhe

benefit of utilizing glycosides over free sugars, is the lack of equilibrium

between the anomers, as well as the stable ring structure. An equilibrium for the two
possible chair conformations exists, however, monosaccharides may be chosen with most
of the groups equatorial, this form will predominate. Figure 4.16 shows the CD spectra
for the a- and P-anomers for each of the three sugars studied. It is interesting to note that
a majority of the sugar pairs that differ only in the configuration about the anomeric
carbon yield near mirror image CD spectra.

In particular, with the unprotected

monosaccharides, the CD spectra illustrate that it is unreasonable to compare CD spectra
of saccharides existing at equilibrium, as the specuiim will be a composite of both
anomers present. ^

D-Xylose

o-Glucose

D-Galactose

R=H, or CH3

Figure 4.15. Structures of the monosaccharides, D-xylose, D-glucose, and D-galactose.
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0
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Figure 4.16. CD spectra of the a- (line) and P-anomers (broken line) of D-xylose (a), Dglucose (b), and D-galactose (c) in the pyranoside form. Figures d,e, and f show the CD
spectra for the same monosaccharides as the methyl glycosides.

Uronic acid derivatives of monosaccharide methyl glycosides have also been
studied as model compounds to aid in the analysis of more complicated biological
polysaccharide products.In this study, five methyl-D-pyranuronosides were
produced in both anomeric forms, a and P; glucuronoside, mannouronoside,
galacturonoside, guluronoside, and iduronoside. These structures are given in Figure
4.17. All of these compounds gave a positive CD band at 212 nm, typical of the n->rc*
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electronic transition for the uronic acid chromophore. The L-uronic acids were, therefore,
hypothesized to have a negative CD band at the same position. The spectra for the Duronic acids were found to be sensitive to changes in pH and temperamre. In general, the
authors were able to conclude that the CD spectra for the monosaccharides were
applicable to the analysis of the polysaccharides composed of the monosaccharide units.
Figure 4.18 shows an example of this. The CD spectra on the left represent the
monosaccharides methyl-a-L-guluronoside (G), methyl-a-D-galacturonoside (Gal), and
methyl-p-D-mannuronoside (M). The CD spectra on the right represent common
polymers composed of these monosaccharides; pectin (a polymer of galacturonic acid),
poly M, and poly G. A fourth polymer, alginate, is composed of both G and M
monosaccharide species. As can be noted, the polymer CD traces closely resemble the
CD given for the monosaccharides. In the case of alginate, the ratio of the peak
maximum (P) and the trough minimum (T) were used to determine the relative quantities
of G and M present in the polymer. Figure 4.19 illustrates the peak to trough analysis for
the alginate polymer CD shown in Figure 4.18. The authors rationalized that the relative
magnitude of the peak maximum to trough minimum varied isotonically with the
monomer composition of the alginate (determined experimentally by both chemical and
NMR studies), and therefore could be used as a direct index of the alginate
monosaccharide composition.
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HOzC
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nH

GO2H
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0CH3

OH

\H

Methyl-o-Glucuronoside

Methyl-D-Mannuronoside

Methyl-o-Galacturonoside

CO2H

OH

PCH3

GQ2H
OCH3
OH
Methyl-D-Guluronoside

Methyl-D-lduronoside

Figure 4.17. Structures of the methyi-D-pyranuronosides.
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b' P*
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Figure 4.18. CD spectra of the monosaccharide methyl-D-pyranuronosides versus their
corresponding polysaccharides. The explanation of this figure is given in the text.
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Figure 4.19. The peak-to-trough analysis for the polysaccharide alginate.

CD has also been utilized in the determination of linkage type and
monosaccharide identification through the use of a chemical degradation technique,
developed by Nakanishi and coworkers.

Their strategy involved the transformation

of an oligosaccharide into a series of monosaccharides that have been protected as
bichromophoric derivatives. In their technique, an oligosaccharide was first peralkylbromobenzoylated.

The glycosidic linkages were subsequently cleaved under

trifluoroacetolysis/bromination conditions, to yield the anomeric bromides with the other
linkage oxygens free (the trifluoroacetates were lost on workup). The anomeric bromides
were subsequently converted to the methyl glycosides using silver oxide (Ag20) in
methanol.

The final chemical modification step involved the introduction of a

methoxycinnamoyl group. Figure 4.20 illustrates this transformation. The significance
of the protecting groups chosen lies in their absorbance maxima. Bromobenzoates have a
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A-max

245 nm, while methoxycinnamoyl groups have a

of 311 nm. These two

chromophores can therefore be readily distinguished from each other, as well as provide
signature CD spectra based upon the linkage type and the monosaccharide present.
Figure 4.21 presents a representative of tagged monosacchararide CD spectra to illustrate
the differences seen in the CD bands for each monosaccharide of a different linkage type.
The advantages of such a technique are that no synthetic standards are required for
comparison because it is a spectroscopic technique. The library presented by these
authors contains the CD spectra for 150 monosaccharides with various linkage schemes.
Another advantage is that the chemical degradation/selective tagging sequences occur
with high yields. Finally, the amount of tagged monosaccharides necessary for analysis
is very minute, in the nanomolar range. A disadvantage to this technique is that it is
restricted to pyranoside sugars, as the more flexible furanosides present a more difficult
calculational prospect.

OH

2. (CFaCOjg. (C0Br)2, aq. HBr

2. AggO, CHCIa/MeOH
3. 4-MeOCnCI, AgOTf, Pyr, DMAP (cat.),
CHoCIo

OMe

A

4-Bromobenzoate

O

4-Methoxycinnamate

Figure 4.20.

OMe

The chemical degradation/selective chromophore tagging of

oligosaccharides to determine the linkage and monosaccharide content by CD.
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The signature CD spectra of some bichromophorically-tagged

monosaccharides after chemical degradation of the native oligosaccharide.

The studies of monosaccharides by CD, even though they do not possess
secondary structural features, provide invaluable information regarding the makeup of
polysaccharides. Polysaccharides have also been investigated in their own right, to seek
information regarding their conformational features in solution. The polysaccharides
studied can be broken into two broad classes, unsubstituted and substituted. In the
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unsubstituted class of polysaccharides, the carbohydrates do not bear functionalities other
than hydroxyls, ring oxygens, and glycosidic oxygens. In the substituted class, additional
chromophores are present, such as esters, amides, and acids, making the study of the
latter class of molecules more accessible to commercial instrumentation than the former.
In order to study the class of unsubstituted polysaccharides, one of two methods needs to
be employed, either vacuum CD or the technique of induced CD.
Induced CD is a technique whereby unsubstituted chiral polysaccharides are
complexed with achiral dyes to shift their chromophore absorbances to wavelengths in
the visible region of the electromagnetic spectrum. In one such study, Purdie and
coworkers investigated the interaction between a series of dye molecules with a series of
oligomeric cellulose molecules derived from the Gram-negative bacterium, A.
xylinum}^^ The structure of cellulose is depicted in Figure 4.22. Several dyes were
complexed with the polymer of cellulose, as well as distinct oligomeric chain lengths,
ranging from cellobiose (n=0) to cellooctaose (n=6). Table 4.2 lists the names of both the
active and inactive dyes for inducing CD in cellulose derivatives. The results obtained in
these studies substantiated the idea that the complexed oligosaccharides formed helices in
solution. First because the data obtained in the induced CD study of the celluloses,
matched well with the vacuum CD studies on the unsubstituted saccharides. 1^8 Also, the
studies by Yalpani indicated the presence of right-handed helical structures for amylose
(a polymer comprised of maltose units) in solution.it ^as therefore submitted that
because the signs of the bands for the celluloses versus the maltoses, when complexed
with Congo Red dye, were opposite, they formed opposite-handed helices in solution.
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Cellulose and maltose only differ in the conformation about the linkage between residues,
P-1-^4 in cellulose, and a-l-»'4 for maltose (Figure 4.22). Therefore, if amy lose
comprises a right-handed helix, then cellulose is a left-handed helix. Figure 4.23 and
4.24 give the CD spectra of Congo Red dye-complexed cellulose and maltose
compounds, respectively.

.OH

.OH

HO•OH
OH

OH
OH

n=0-6, >50

Cellulose
.OH

.OH
OH
•OH
OH

n=0-6, >50

OH
OH

Maltose and the polymer Amylose

Figure 4.22. The structures of cellulose and maltose. A polymer of maltose is known as
amylose.
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Figure 4.23. The CD spectra of Congo Red-complexed cellulose-based compounds, (a)
Cellotetraose, (b) methylcellulose, (c) cellopentaose, (d) cellooctaose, (e) cellohexaose,
(f) celloheptaose, (g) hydroxypropylcellulose in pH 7 phosphate buffer.
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Figure 4.24. CD spectra of Congo Red complexes of amy lose and related oligomeric
maltose, (a) Amylose, (b) maltoheptaose, (c) maltohexaose in pH 7 phosphate buffer.
Notice the opposite signs of the CD bands when compared to the celluloses in Figure
4.23.

The collection of CD data for polysaccharides with chromophores such as acids,
esters and amides is simplified from all cases presented thus far because the absorbance
of these chromophores is readily accessible by commercial instruments.
chromophores have the

These

and n-^TC* electronic transitions seen in molecules such as

peptides and proteins. However, the analysis of CD data for carbohydrates is not an easy
task. The amide chromophore in proteins is regularly spaced and linearly arrayed.
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whereas carbohydrates can have not only amide chromophores, but also carboxylic acid
and ester chromophore contributions to complicate the analysis. Furthermore, the other
chromophores, outside of the range of the commercial instruments, such as the hydroxyl,
ring and glycosidic oxygens may actually have an effect on the CD patterns seen for the
amide and carboxyl transitions.

This adds further difficulties to the analysis of these

molecules by CD. Also, these chromophores do not array themselves linearly as in
proteins, but instead may come at any location on each monosaccharide, even at the
glycosidic linkage in the case of synthetic carbohydrate oligomers. So, while the analysis
of proteins has been worked out to the point where the common secondary structural
features have been assigned a signature CD spectrum, and the calculations to determine
the types of secondary features present have been reduced to standardized calculations;
the same is not true of carbohydrate CD analysis. Each new molecule, or class of
molecules, requires a unique way of analyzing the data. Some examples of the analysis
of oligosaccharides bearing the amide and carboxyl functionalities will be presented, as
well as a brief disscussion of glycopeptide CD studies.
Bush and coworkers reported that the CD of A^-acetyl oligosaccharides in the
^-•71* range of electronic transitions was dependent on the anomeric configuration of the
sugar, the positions of the substituents on the pyranose ring, and the linkage position.
Alternately, for the n-^TC* transition, the anomeric configuration, and the disaccharide
linkages of l-»4 and l-»6 were all found to be insignificant to the alteration of the
CD.161
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In another study of polysaccharides bearing chromophores absorbing in the range
of 190-220 nm, Chakrabarti evaluated the CD of glycosaminoglycan oligosaccharides.
Glycosaminoglycans (GAG) are a group of acidic polysaccharides that encompass a
broad spectrum of structures and compositions that are of animal origin. The diversity of
this class of molecules is a result of differences in the parent monosaccharides, the
molecular weights, the degree of sulfation, and the types of backbone linkages observed.
Because of all of these factors, the CD patterns noted for each molecule is complex, and
requires a good understanding of the optical properties of each chromophore present.'
Chakrabarti has studied the CD characteristics of several GAG molecules, in
particular that of hyaluronic acid (Figure 4.25). Hyaluronic acids are composed of the
repeating disaccharide unit, glucuronic acid (GlcUA) linked P-1-+3 to a residue of Nacetyl glucosamine (GlcNAc), which is then linked P-l->4 to the next GlcUA residue.
Hyaluronic acids perform several functions in vertebrate animals. Hyaluronic acid is a
component of proteoglycan, a carbohydrate-protein complex that occurs in the cartilage.
The hyaluronic acid makes up the core of the proteoglycan, with non-covalently
appended proteins coated with two other GAG polysaccharides, keratin sulfate and
chondroitin sulfate (Figure 4.26). The proteoglycan functions to hold together the
structural components of the body, namely the collagen fibers in the cartilage.
Hyaluronic acid is also an important component in the synovial fluids of the Joints and
the vitreous humor of the eye, serving a lubricating function. ^^2 xjig hyaluronic acids
have the typical chromophores for carbohydrates, such as hydroxyls, acetal and
hemiacetal, in addition to amides and uronic acids. It is the amide and uronic acid
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chromophores that Chakrabarti chose to examine in oligomers of hyaluronic acids
ranging from the disaccharide, up to the dodecasaccharide.

.OH

HO'
HO'
NHAc
NHAc

OH

OH

Figure 4.25. A tetrasaccaride unit of hyaluronic acid.

Mftd I'Uil.'' rt( llj

I rk pTit*? r

' r.tv

Kr»f.it ir s J

Figure 4.26. Proteoglycan, the structural matrix of cartilage.
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Chakrabarti first recorded the CD at two pHs of an equimolar mixture of the
monosaccharide units, GlcUA and GlcNAc, and compared the spectrum with that of a
disaccharide of hyaluronic acid (Figure 4.27).

Interestingly, he found that the

monosaccharide mixture completely lacked the band centered at 190 nm seen in the
disaccharide. This band corresponds to the

transition for the amide chromophore.

He attributed the band to the presence of the interresidue linkage of the disaccharide, in
this case, 3-l-»3. The

transition at 210 nm remained roughly the same. Next, he

investigated a series of even numbered residues from the disaccharide to the
dodecasaccharide, and the polymer. Figure 4.28 illustrates the CD spectra for these
molecules. The CD patterns for the lower oligomers all resembled one another with a
highly negative

transition at 190 nm, and a shallower negative band at 210 nm, the

n-»7i* transition. There was also a more subtle change in the CD in these lower
oligomers that occurred between the di- and tri-saccharide and the tetramer through
octamer. These characteristics underwent a complete trend reversal between the
octasaccharide and the decasaccharide, leading to a shallow negative band at 190 nm, and
a deep negative band at 210 nm. There were a number of factors that additively resulted
in the observed spectra. First, in the di- and trisaccharide, the appearance of the band at
190 nm versus the component monosaccharide CD was attributed to interactions between
the two chromophores present, the uronic acid and the amide, that was transmitted
through the pyranose rings. This effect was also present in the higher oligomers, with the
added effect of hydrogen bonding introduced. Hydrogen bonding changed the backbone
configuration of the oligosaccharides, which made the former interaction less
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predominant, as seen in the diminished amplitude of the n-*Tt* band. The drastic change
in the CD noted for the decasaccharides and higher has been ascribed to either an
orientational change of the amide chromophore, or the formation of an ordered structure.
This ordered structure has been hypothesized to be an extended helix, because at neutral
pH, the negative charges on hyaluronate would be repulsive in nature.'

Figure 4.27. CD of an equimolar mixture of GlcUA and GlcNAc, with the CD of a
disaccharide of hyaluronic acid at two different pHs.
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230

Figure 4.28. CD of oligomeric hyaluronic acid ranging from dimer to dodecasaccharide,
plus the polysaccharide, all at pH 6.8.

Beyond the study of biologically relevant oligo- and polysaccharides,
sophisticated conformational studies of glycopeptides have been employed in the past
several years. These studies involve the use of circular dichroism in addition to other
techniques of NMR spectroscopy and molecular modeling to investigate the secondary
structures of these complex biomolecuies. In one study. Brewer and coworkers explored
the interactions between asparagine-linked carbohydrates and die lectin, concanavalin A
(ConA).^^^ They were able to ascertain from the combined results of these techniques
that the binding of the biantennary carbohydrates to ConA was influenced by the length
of the oligosaccharide. ConA was also determined to be flexible with regard to binding a
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variety of A^-linked oligosaccharides, including bisected and nonbisected types, in
different conformational states.
Fasman and associates used CD, NMR and molecular dynamics, to study the the
conformational properties of linear A^-linked glycopeptides.'

It was determined by

molecular dynamics calculations and ^H-^H NOE NMR experiments that the
conformation of the carbohydrate in N-linked glycopeptides was fixed in one
conformation. This was followed by the finding that the carbohydrate constituent of the
glycopeptide provided a constant CD that could be readily subtracted from the CD of the
overall glycopeptide, yielding the CD of the peptide alone. Using this information, the
investigators were then able to determine the ratios of two types of P-tum structures, type
I and II, that predominated in various solvent systems, upon adding the CD contribution
of the carbohydrate to that of the parent peptide. A^-glycosylation resulted in a decrease
of the type I P-tum, with a subsequent increase in the percentage of the type II P-tum
present. Molecular dynamics calculations suggested results similar to the CD with
respect to the change in the ratio of P-tum stmctures.
The aforementioned studies reveal the need for supplemental information beyond
CD to ascertain more than qualitative information concerning the conformational
properties of rather complex biomolecules. The combination of many different structuredetermining techniques provides a powerful means by which the study of conformational
characteristics of increasingly complicated molecules can be undertaken with success.
The next section will focus on the evaluation of synthetic amide-linked oligomers of nonpeptide origin for secondary structural characteristics, using a combination of techniques.
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The Use of Circular Dichroism in Defining the Secondary Structural Characteristics of
Unnatural Amide-Linked Molecules

The construction of unnatural amide-linked oligomeric materials with unique
secondary structures for the purpose of mimicking biologically relevant structures
represents a relatively new area of research. The long term goal associated with this area
of research is to make molecules with defined secondary structures for therapeutic
purposes. Gellman has termed these molecules as "foldamers.''^^^ Gellman has defined
foldamers as molecules that must have a strong tendency to adopt a specific
conformational pattern. He also set out a sequence of steps that must be carried out to
create effective foldamers be created. First, backbones capable of forming appropriate
structures must be defined. Second, the foldamers must have interesting and useful
chemical functions inherent in their design. The third requirement is that the foldamer be
created in an efficient manner.
There are many types of foldamers that have been created in recent history.
Gellman and coworkers, as well as Seebach and associates have produced a series of 3peptides with interesting properties.

Seebach and Hanessian have reported the

syntheses and structural evaluation of unnatural 7-peptides.l^^'^^2 There are also
unnatural peptides that have been synthesized using carbohydrates as amino acid building
blocks. Fleet and coworkers have reported the synthesis and structural analysis of
fiiranose-based carbohydrate oligomers.^They utilized both NMR and molecular
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modeling techniques to determine that the carbopeptoid structures had novel secondary
structural features in oligomers as short as a tetramer in length. We have also created a
unique set of oligomers bearing helical secondary structure, derived from the 5carbohydrate amino acid, sialic acid.'^^ The structural properties of these classes of
oligomeric molecules have been evaluated using a number of techniques, including x-ray
crystallography, NMR, CD, and molecular modeling. The features of non-carbohydratebased classes will be addressed in this section, with the contribution of the carbohydrate
peptides to this field discussed in the following section.
Gellman and coworkers have developed two interesting types of P-peptides. One
is based on rra/i5-2-aminocyclohexanecarboxylic acid (/ranj-ACHC), and the other based
on rra/u-2-aminocyclopentanecarboxylic acid {trans-ACPC). The monomer unit and
repeating unit structures are given in Figure 4.29. The monomer units were selected
based upon computational results that defined stable helical structures of oligomers
composed of the monomers.

The helical structures predicted for the oligomers was a

14-heIix for the /ran^-ACHC, and a 12-helix for the fra/u-ACPC (Figure 4.30). The 12and 14-helices presented interesting hydrogen-bonding patterns. The models of the two
oligomers predicted that the hydrogen bonds pointed in opposite directions between
rrans-ACHC and trans-ACPC, relative to the termini of the oligomers (Figure 4.30).
This represents an unique situation that has not been reported for a-peptides.'
Gellman was able to obtain x-ray crystal structures of the tetramer and hexamer of
the /ran5-ACHC, as well as the hexamer and octamer of the trans-ACPC molecules. The
x-ray crystal structures showed that the calculationally-predicted 14- and 12-helices for

308

each type of oligomer were, in fact, correct J

Subsequent structural studies of

these two oligomer classes by NH/ND exchange and CD further solidified the stability of
the helical structures in solution. Figures 4.31 depicts the observed CD pattern for the
hexamer of rra/jj-ACPC. Gellman noted that the CD signature spectrum generated for
hexameric trans-ACPC differed from an acyclic 14-helix P-peptide. The acyclic peptide
yields a peak maximum at 197 nm, a zero-point crossover at ~207 nm, and a trough
minimum at 215 nm. Figure 4.31 presents a different picture, with a maxima at 204 nm,
a zero-point crossover at -214 nm, and a trough minimum at 221 nm. This suggested to
the researchers that the cyclic P-peptide, trans-ACPC adopted a distinctive secondary
structure.
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Figure 4.29. Structures of monomeric and oligomeric fra/i5-ACHC and trans-ACPC.
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Figure 4.30. The poly-P-amino acid backbone. The curved arrows represent hydrogen
bonding patterns associated with oiigomeric species. The solid arrows denote the two
types of helices reported for P-peptides, while the dashed arrows illustrate other possible
hydrogen-bonding patterns.
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Figure 4.31. CD of the trans-ACPC hexamer.

Seebach and coworkers have studied the secondary structural properties of Ppeptides using circular dichroism.

In one study, several water-soluble P-peptide
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derivatives were synthesized with phenylalanine, serine, and lysine P-amino acid analogs,
as well as P-homophenylalanine

The structure of one of the oligomers, a

heptapeptide, composed of P-serine, P-alanine, and P-phenylalanine, is shown in Figure
4.32. The CD of this molecule was measured in several different solvents, 2,2,2trifluoroethanol, methanol, water, and buffered water at 3.6 and 11. The CD spectra for
the heptapeptide are given in Figure 4.33. It was determined, that while a helical
structure existed, a 3i helix, this structure had different characteristics in various
solvents. This is based upon the presence of a helix-specific trough in the CD band at
215-220 nm. Other peptides containing P-lysine did not display this CD band in buffered
solution versus methanol. It was believed that this was caused by disruption of the
hydrogen bonding patterns in the helix by the solvent. The disruption of the helix
secondary structure did not occur in the heptapeptide composed of phenylalanine,
alanine, and serine P-amino acids (Figure 4.32). The placement of the side chains was
also deemed critical for helix formation. Seebach ranked the P-amino acid components
in the order of stabilization of a 3^ helix in water over methanol: P^-Ser > P^-Lys for
polar residues in positions 3 and 6 of the peptide, and P^-HHop > P^-HHop = P^-HPhe
(HHop is homophenylalanine that has been homologized, H) for aromatic residues in
positions 1, 4 and 7. The information generated in this study could be useful for the
design of combinatorial P-peptide libraries with specific 31-helical properties.
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H2N-TF/

Figure 4.32. Structure of a P-heptapeptide composed of the P-amino acids serine,
phenylalanine and alanine.
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Figure 4.33. CD spectra of the heptapeptide in Figure 4.32 in various solvents. Notice
the trough minimum at 215-220 nm. This is indicative of a 3} helical structure.

Seebach and coworkers also studied the effect of temperature on P-peptides in a
3i4-helical conformation in methanol by both NMR and CDJ^® It is well known that
proteins with secondary structural features denature at high temperatures. The same is
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true for peptides composed of a-amino acids.

The denaturing process is also called

cooperative unfolding. This study was undertaken to determine whether or not the
cooperative unfolding process occurred in peptides composed of P-amino acids. One of
the peptides studied was a heptapeptide composed of the ^-amino acid analogs of alanine,
valine, and leucine (Figure 4.34). This peptide was assigned the 314-helical secondary
structure, based upon NMR findings as well as molecular dynamics simulations. Using
an NH/ND exchange experiment in cd3oh, the investigators determined that the halflives for the amide protons were large, ranging from 5 to 262 minutes. The molecular
dynamics revealed a 'melting point' of 340 K, where both the folded and unfolded
peptide microstates were equally populated. The heptapeptide also showed reversible
protein folding in the molecular dynamics simulation, something that had not been
previously observed.

•OH

Figure 4.34. A heptapeptide composed of the P-amino acids alanine, valine and leucine.

Temperature-sensitivity of the heptapeptide was assessed using NMR and CD.
The spectra were recorded in 10 K increments from 293 to 353 K. The J coupling
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constants for the NH and C(P)-H protons were measured and compared at each
temperature. These J values were found to decrease only slightly upon increasing the
temperature, with the values at 353 K indicating that the 314-helix was still intact. The
end residues yielded a decrease of 0.7 Hz, while the inner residue J values only decreased
by 0.4 Hz. The larger decrease noted for the end residues was rationalized to increased
fraying of the ends at higher temperatures.

The CD studies at three different

temperatures, 293, 313, and 333 K, mirrored the results obtained by NMR. The assigned
3i4-helical CD signature spectrum with a strong maximum at 198, and an intense
minimum at 215 nm, was found to be maintained at all three temperatures. This
indicated that the structural integrity of the helix was maintained. The spectra were
found to decrease by approximately 12% per 20 K, however, these changes were fully
reversible when the CD was measured for the peptide at the three temperatures in
opposite order. Both the NMR and CD results, therefore, indicated that unlike a-amino
acid-based compounds that denature at higher temperatures, P-peptides have an increased
stability at elevated temperatures.
Another unusual class of peptides is that of the y-peptides. Both Seebach and
Hanessian have reported the synthesis and secondary structural characteristics of ypeptides.1^1'^^2 Seebach investigated the secondary structure of a y-hexapeptide
composed of the y-amino acid analogs of L-valine, L-alanine, and L-leucine by solution
phase NMR. These studies revealed that the y-hexapeptide adopted a stable right-handed
helix. Hanessian and coworkers synthesized a series of y-peptides by homologation of L-

alanine and L-valine.' ^2 These investigators used a combination of NMR, molecular
dynamics and CD to determine the secondary structural characteristics of tetramers,
hexamers and octamers. Figure 4.35 gives the structures of the tetramers used in the
studies. The two-dimensional NMR studies yielded NOE (nuclear Overhauser effect)
data, that when subjected to molecular dynamics gave a picture of a right-handed helical
structure. These helices had a pitch of 5 A, with hydrogen bonding patterns forming 14membered rings. This helix is called a 2.6] helix. Temperature-sensitivity NMR
experiments were also performed on these molecules, much like those of Seebach {vide
supra), to ascertain the stability of the helical secondary structure. The experiments were

performed as either titrations of pyridine-^/f and DMSO-t/g, or in mixtures of pyridine-i/5
and cdci3, over the range of 273-323 K. They found that the chemical shifts of the NH
protons of the inner residues were only mildly affected by the temperature changes.
Therefore, the helical structure was stable at high temperatures. Interestingly, Hanessian
and coworkers reported the presence of a helical secondary structure in an oligomer as
short as a tetramer. The CD measurements in this study did not give the same
characteristic patterns as those of either the a- or ^-peptide classes. This was not
unexpected. More experiments with these unusual peptides would be necessitated in
order to assign CD characteristics of these molecules. The CD spectra for the structures
given in Figure 4.35 are illustrated in Figure 4.36.
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Figure 4.35. Structures of 7-peptides. T stands for tetramer.
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Figure 4.36. CD spectra of the tetrameric y-peptides.

The results presented thus far on the structural features of the unnatural peptide
compounds indicate that these molecules possess thermodynamic stability that exceeds
that of the naturally occurring peptides. Also, it has been reported that P-peptides are
resistant to cleavage by natural proteases. ^

These two properties of the unnatural

peptides make them excellent candidates for investigating the use of unnatural P-, y-, and
other amino acids in drug design. The next section will focus on yet another class of
unnatural peptides, the 5-peptides. The naturally occurring oligomers composed of 5-
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amino acids will also be discussed. The use of circular dichroism, in conjunction with
other methods, to discover the secondary structural characteristics of both types of
oligomeric materials will provide the central theme.

The Use of Circular Dichroism to Define the Secondary Structural Characteristics of
Sialic Acid-Containing Oligosaccharides

A^-acetyl neuraminic acid (NeuAc) is a naturally occurring carbohydrate that is
expressed in living organisms fi-om microbes such as E. coli, to humans (Figure 4.37).
This monosaccharide can also be classified as a 8-amino acid based upon the presence of
both a carboxylic acid and a protected amine. ^

It is also known as sialic acid. Sialic

acid, and the oligomeric and polymeric natural products derived from it, have been
studied extensively by our research group, as well as many others. Circular dichroism is
one of the methods utilized by ourselves and other researchers to evaluate the
chromophore signature bands, and to investigate the secondary structural characteristics
of oligo- and polysaccharides based upon the sialic acid skeleton.

AcHI

Figure 4.37. Sialic acid, a natural 5-amino acid.
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CD spectra for both the a- and P-glycosides of sialic acid were obtained by
Morris, Rees and coworkers in 1979J^^ They also measured the CD of the reduced Panomer to determine the contribution of the carboxylic acid to the CD pattern. The
structures of the sialic acid molecules studied are given in Figure 4.38. The CD spectra
are shown in Figure 4.39. From the CD of these three derivatives of sialic acid, the
investigators arrived at some conclusions concerning the relationship of the chromophore
and the CD signal observed. First, the main CD band, centered below 200 nm is
attributed to the acetamido group, and shows minimal sensitivity to changes in the
structure or conformation. Second, the trough at approximately 225 nm was assigned to
the n->7t* transition of the carboxy chromophore because of its absence in the reduced
molecule. They further determined that the a-glycosides of sialic acid would give rise to
a negative band at 225 nm, while P-glycosides would give a positive band (see the
shoulder in Figure 4.39 for the P-glycoside). Restricting the flexibility about the
glycosidic bond was found to increase the magnitude of this band.
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Figure 4.38. Structures of the three NeuAc derivatives investigated by CD. The aanomer is composed of sialic acid (NeuAc) linked a-2-»6-to a lactosyl moiety. The Panomer is the methyl glycoside, and the reduced sialic acid is also in the ^-configuration
with an unprotected anomeric hydroxyl.
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Figure 4.39. CD spectra of the three NeuAc Derivatives. The CD bands of the a- and Panomers are labeled. The broken line represents the CD of the reduced NeuAc.

In addition to evaluating the CD pattern to determine the effect of the anomeric
configuration on the CD band, a predictive tool for sialic acid and its simple glycosides
has been proposed by Listowsky and associates.'

The planar rule can be used to

evaluate the spatial distribution of pendant groups about the chromophore. This allows
for the correlation of the sign of the observed Cotton effect in the CD with the geometric
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pattern of the molecule. ^

Figure 4.40 illustrates the predictive properties of the planar

rule for sialic acid. This rule provides a simple means by which the sign of the n-»;i*
transitions can be predicted, based upon which side of the chromophore the other parts of
the molecules lie on. Figure 4.40 predicts a positive band for the ^-glycosides of sialic
acid, and a negative band for the a-glycosides. The two different conformations seen for
each anomer, with either the ring or glycosidic oxygens eclipsed predict the same CD
band sign. Morris and coworkers evaluated the validity of the planar rule using a series
of fused lactone molecules, and found it to match the CD data.
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Figure 4.40. The planar rule for sialic acid. The planar rule can be used to evaluate the
spatial distribution of pendant groups about the chromophore, and ultimately correlate the
observed Cotton effect in the CD with the geometric pattern of the molecule.

Building on the conformational and structural knowledge for the sialic acid
monomer, many studies have been undertaken to understand the biopolymers composed
of multiple sialic acid residues in oligomeric and polymeric form. Of particular interest
to our research is the study of colominic acid, an a2->8-linked polymer of sialic acid.
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Colominic acid is a capsular polysaccharide of some bacterial strains, including E. coli
K-235, a non-pathogenic bacterial strain. Neisseria meningitidis sercgroup B, and E. coli
K-1; both pathogenic bacteria that cause meningitis (Figure

QH

AcHN-

OH

OH

fiH

fiH

AcHI
HO

AcHI
HO

HO

Figure 4.41. The structure of colominic acid.

Colominic acid is generated in these bacteria through a series of biosynthetic steps
(Figure 4.42). In the first step, NeuAc is generated from A/'-acetylmannosamine and
pyruvate by the enzyme Neu5Ac synthase.

The next step involves the conversion of

sialic acid to CMP-NeuAc (CMP is cytidine monophosphate) by the enzyme, CMPNeuSAc synthetase.The last step in the biosynthetic pathway involves the
synthesis of polysialic acid by a polysialyltransferase complex.

The synthesis of

the polysialic acid chain begins with the transfer of a sialic acid residue from CMPNeuAc to the lipid undecaprenyl phosphate.

Additional NeuAc residues are

transferred to the non-reducing end of the growing chain , and finally translocated to the
outer membrane. ^
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Figure 4.42. The biosynthetic pathway for the production of colominic acid in bacteria.

In E. coli K-235, the polymeric colominic acid is released from the surface of the
bacteria when bacterial growth ceases, and shows the kinetics that are typical of a
secondary metabolite. ^

The length of sialooligomers obtained is a function of the

The purified polysaccharide can be cleaved into discrete oligomers utilizing a
method reported by Roy and Pon in 1990.^
Structural studies of colominic acid and the identical polysaccharide generated by N.
meningitidis serogroup B, were undertaken by several groups using the technique of

NMR, begiiming in the early 1980's. Computational methods were also incorporated, to
ascertain the secondary conformation of the polysaccharide. The reason for the interest
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in the secondary structural conformation of particularly the N. meningitidis serogroup B
polysaccharide, involved the pathogenicity of this organism in causing meningitis. It had
already been determined that the serogroup C polysaccharide (Figure 4.43) from the same
organism was immunogenic, meaning that immunization with the group C
polysaccharide led to the formation of protective antibodies against the bacterium.
However, the same was not true of the serogroup B polysaccharide.'

Several

hypotheses were submitted to explain for the poor immunogenicity of the group B
polysaccharide; namely the sensitivity of the polysaccharide to cleavage by
neuraminidases, cross-reactivity with "self antigens,and the intrinsic "floppiness" of
the type B polysaccharide. 1^2 sela proposed that there may be an inherent difference in
the epitope recognized by the antibodies. Specifically, that the group C polysaccharide
presents a linear epitope for antibody binding, while the group B polysaccharide has a
conformational epitope recognized by the antibody. The binding of the antibody to the
group B polysaccharide, therefore, would be dependent on the three-dimensional
structure of the antigen. ^
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Figure 4.43. Structure of the serogroup C polysaccharide of N. meningitidis.

Lifely and coworkers were the first to investigate the differences in the
conformation between the group B and C polysaccharides of N. meningitidis, using a
combination of NMR and computational techniques'^® They concluded from their
results that the B polysaccharide had little internal flexibility and a different threedimensional structure from the C polysaccharide.

This was based on the C

polysaccharide having internal or segmental motion in the C-7 to C-9 sidechain of the
repeating unit. The B polysaccharide, on the other hand, had little or no such movement,
and tumbled in solution as a rigid species, with rotation only possible about the C-9
pendant group.
Jermings and coworkers further investigated the antibody binding epitope of the
group B meningococcal polysaccharide (GBMP), using both antibody binding studies
with discrete chain length oligosaccharides and NMR experiments.

Using a
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meningococcal group B-specific horse antiserum, the epitope chain length in the
polysaccharide was determined by evaluating the antibody-binding capabilities of
discrete chain length oligosaccharides. ^

The experiment involved first binding a

polymer of ^H-labeled GBMP to the horse antibody, and then counting the

signal

with a scintillation counter. Next, oligomers of known chain length were introduced to
the mixture as inhibitors of the antibody-antigen interaction. The

signal was again

counted for each inhibitor and the % inhibition was determined. Through this experiment
they were able to determine that displacement of the labeled polysaccharide was only
achieved when a critical chain length of 10 residue of sialic acid was achieved. This
represents an unusual result as carbohydrate epitopes for antibody binding generally
requires only six to seven linearly arrayed sugar residues to achieve strong binding.' 95
Colominic acid was found to be an incomplete antigen as it was only able to inhibit the
antigen-antibody interaction to 40% versus approximately 90% for a homologous group
B meningococcal-derived oligomer.
After the determination had been made of an extended conformation for antibody
binding to GBMP, NMR studies were undertaken to fiirther characterize this unusually
long epitope.

Two-dimensional NMR experiments were performed to determine the

solution phase properties of a decasaccharide of colominic acid. Jennings was able to
conclude firom these experiments that the two terminal disaccharides on either end of the
oligosaccharide, had alternate conformational properties than the inner residues, as
evidenced by differences in the chemical shifts of these residues, as well as changes in
the J coupling values.

Therefore, it was rationalized that the antibody actually
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recognized the inner six residues of the decamer, and that this binding was
conformationally-driven.
Jennings and coworkers, as well as Yamasaki and Bacon, performed additional
NMR experiments in conjunction with computations, to arrive at similar helical structures
for

Yamasaki and Bacon performed DQF-COSY and pure absorption

2D NOE NMR with three mixing times, then utilized the NOE data obtained to perform
calculations using CORMA (complete relaxation matrix analysis). Their analysis
suggested a helical conformation for the GBMP with <|) angles of -60 to 0°, \|; 115-175
or (t) 90-120, and \|r 55-175. Figure 4.44 illustrates the positioning of the ({>,11; angles in
GBMP. Figure 4.45 depicts the possible helical structures comprising the dihedral angles
given for an octamer. The other properties of the helix, according to Yamasaki and
o

Bacon, encompassed 3-4 residues per turn, and a pitch of 9-11 A.

•OH
pH

AcHN.

AcHN

Figure 4.44. <(), y angles in polysialic acid. A dimer is shown for clarity. The (]) dihedral
angle is defined by the atoms 06-C2-08-C8, and the y dihedral angle is defined by the
atoms C2-08-C8-C7.
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Figure 4.45. Two possible helical conformations of an octamer of oligosialic acid.

Jennings and associates also performed 2D NOE NMR experiments in addition to
potential energy calculations. While their results did not yield specific structures that fit
all of the collected data, some possible conformations of the polymer were proposed
(Figure 4.46). It was proposed that the polymer is composed of a random coil structure
with local regions of helicity. The negative charge was determined to be critical for
stability of the helical conformation.

In Figure 4.46, the most likely candidate is the

n<-9 residues per turn, an extended helical structure that is similar to the helix of poly
adenine (poly A). This was concluded due to the cross reactivity seen between GBMP
and poly A for the binding capability to an IgM^®^ antibody specific for GBMP.
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Figure 4.46. Three possible helical conformations for a decamer of oligosialic acid,
n-2,4, and 9 residues per turn. The top helical structure represents the known helix of
poly adenine.

A final interesting study was performed by Jennings and coworkers, whereby the
o

x-ray crystal structure of an antibody binding fragment was obtained to 2.8 A, that had
binding specificity for the a(2^8)-polysialic acid chain. ^

They then overlaid several

different proposed helical structures of the oligosaccharide, to determine the best overlap
of interactions between the antibody binding firagment and the oligosaccharide. In doing
so, they were able to better characterize the helical properties of polysialic acid when
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bound to a specific antibody. They arrived a helix with 6 residues per turn, and a pitch of
36 A. Figure 4.47 shows the overlaid structure of an octamer of colominic acid on the
crystal structure of the antibody binding fragment.
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Figure 4.47. Overlay picture of an octamer of colominic acid on the binding region of an
antibody fragment specific for GBMP. The salt bridges between the oligosaccharide and
the protein are labeled with dashed lines.

Beyond the use of NMR and calculational methods, circular dichroism has been
utilized to further elaborate the structure of a(2-»8)-linked polysialic acid. In 1994,
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Inoue and coworkers studied the Ca+2 binding properties of colominic acid using
equilibrium dialysis and CD.^OO jn the equilibrium dialysis experiments, three molecular
weight ranges of colominic acid were used, a high-molecular weight polymer (H-CA)
with a degree of polymerization (DP) of 24, a medium-molecular weight oligomer (MCA) with a DP of 15, and a low molecular weight oligomer (L-CA) with an average DP
of 4.8. "^^Ca was used as a tracer. The investigators were able to determine that the
binding of calcium to colominic acid occurred in a biphasic manner, with a high affinity
binding and a low affinity binding strength. This suggested that two different types of
complexation were occurring between the oligomers and the cation. The binding
constants for the high affinity binding event were in the range of 1-10 x 10 ^ M"', while
the low affinity binding had

values of approximately 200 M''. The binding constants

determined for colominic acid were significantly higher than that of sialic acid, which
was 121 M -1.201 xhe higher affinity sites in colominic acid had several binding sites
for calcium, versus one in sialic acid, which indicated to the investigators that the mode
of binding calcium was different in the oligo-polysaccharide compared to the monomer.
Scatchard analysis was used to not only estimate the binding constants, but also the
approximate number, n, of calcium ions that bound per number of sialic acid residues. It
was determined for the high-affinity binding event, that both the high- and mediummolecular weight colominic acids were able to bind about one calcium ion per every
three sialic acid residues. The low molecular weight colominic acid was only able to
complex one calcium ion for every five residues of sialic acid. In the low affinity-
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binding event, only one calcium ion was able to bind the oligomeric and polymeric
coiominic acid. The addition of NaCl to the equilibrium dialysis experiment diminished
the binding constants, as well as the ability

to complex multiple calcium ions

significantly. Table 4.2 summarizes the equilibrium dialysis results.

Calcium Bindina to Coiominic Acid
Hioh-Affinitv Bindina

DP

24
H-CA
15
M-CA
4.8
L-CA
Low-Affinitv Bindina
24
H-CA
15
M-CA
4.8
L-CA
Calcium Bindina to Coiominic Acid in the Presence of 110 M NaCI
Hiah-Affinitv Bindina
15
M-CA
4.8
L-CA
Low-Affinitv Bindina
15
M-CA
4.8
L-CA

Ka (M-1)

n (mol/mol)

1.39E-t-04
1.49E+04
6.45E-I-03

0.30
0.29
0.21

2.08E-^02
2.21E+02
2.29E-»-02

0.82
0.88
0.80

6.79E+02
7.08E+02

0.19
0.20

4.40E+01
4.01E+01

1.30
1.80

Table 4.2. Equilibrium binding results for calcium complexation with coiominic acid of
varying lengths.

The circular dichroism of coiominic acid in the presence of

is presented in

Figure 4.48.200 while no change in the negative band centered at 225 nm was noted
upon addition of calcium, a measurable decrease in ellipticity was seen in the positive
band at ~ 195 nm. The changes seen were attributed to an alteration of the interresidue
interactions, and therefore, significant changes in the conformation of coiominic acid
upon binding calcium. Figure 4.49 illustrates the Ca'*"2-induced changes in ellipticity, as
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a function of ion concentration, both in the absence and presence of 0.11 M NaCl. The
binding profile of colominic acid to a different divalent cation, Mg+2, is also presented.
The authors were able to conclude that colominic acid had different binding affinities for
individual cations, and also that the induced conformational change in colominic acid
was specific to the mineral cations.

Ca"'"^

had the highest affinity for colominic acid,

compared to Na+ and Mg''"^ (Figure 4.49).

310 »0 330

200

220
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240

360

Figure 4.48. The CD of colominic acid in the absence (dashed line) and presence (solid
line) of Ca+2. The inset shows the difference CD.
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Figure 4.49. Mineral cation-induced changes in the CD of colominic acid at 205 nm.
The open circles represent the changes in ellipticity of colominic acid as a function of
Ca"^2 concentration, and the closed circles the changes in ellipticity of colominic acid as
a function of Ca+2 concentration in the presence of 0.11 M NaCl. The x symbols
represents the changes in ellipticity as a function of Mg'^^ concentration.

Recently, a comprehensive study of the physical properties of colominic acid
using circular dichroism was reported by Bystricky and

associates.202

xhe CD spectra

of the sodium salt of colominic acid and the iV-deacetylated polymer were compared at
two different temperatures, 5 and 70 °C. The A^-deacetylated polysaccharide was studied
to determine the contribution of the carboxyl chromophore n->7r* transition ranging from
205-225 nm, as the A^-acetyl and the carboxyl chromophore bands for this transition
overlap. Figure 4.50 presents the CD spectra for the two polysaccharides at two different
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temperatures. It can be easily noted that the large positive band in the natural colominic
acid, is due to the A^-acetyl chromophore, because the A^-deacetylated polymer has a
negative band in this region instead. Furthermore, no significant contribution to the CD
spectrum at two different temperatures was detected. Another experiment evaluated the
effect of ion complexation to both polymers, similar to the study of colominic acid
complexation carried out by Inoue and

coworkers.^OO

while the CD spectra for

colominic acid complexed with the same three counterions, Na"'", Ca+2^ and Mg+2
(Figure 4.51), looks similar to that of Inoue et al.(Figures 4.48, 4.49), the conclusions
drawn were different. Bystricky concluded that since there was no great change in the
CD of colominic acid over different concentrations of salt (NaCl was tested from 0.041.0 M), there could be no possibility of a cooperative order-to-disorder transition, as
occurs in the helix-coil case, under either temperature- or salt-induced circumstances.
They did not rule out the possibility of the existence of several different local helices with
a different number of residues per turn, but similar energies, that portray helical
transitions. The CD for the iV-deacetylated polysaccharide in the presence of different
counterions was even less sensitive to changes in the conformation.
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Figure 4.50. CD spectra of A) the sodium salt of colominic acid and B) the Ndeacetylated polysaccharide at two different temperatures, 5 °C (solid line) and 70 "C
(dashed line).
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Figure 4.51. CD spectra of A) colominic acid and B) A^-deacetylated polysaccharide in
Na"'"(soIid line), Mg''"^ (dashed line) and Ca''"^ (broken line).
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Bystricky and coworkers went on to study the CD of discrete oligomers of
colominic acid. They isolated oligosaccharides ranging from 2-17 residues, and recorded
the CD of each (Figure 4.52). They assigned the first negative band to the chiral
environment of the C1 carboxyl group in the vicinity of the glycosidic bond (Figure 4.52
inset). This band increased in intensity up to n=-9 residues, beyond which the molar
ellipticity remained constant. They concluded from their results that the CD for the
shorter oligomers (n='2-8), varied significantly, and when the oligomer length reached
n=9, some stability in the secondary structure was obtained. This is consistent with
Jennings findings that a decamer was required to achieve the correct conformation to
bind an anti-meningococcal polysaccharide antibody.
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Figure 4.52. CD spectra of the sodium salts of colominic acid oligomers (n=2-17). The
inset is an expansion of the negative CD band at approximately 222 nm.202
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We have also studied the secondary structural characteristics of colominic acid
oligomers by circular dichroism, for the purpose of gaining a better understanding the
conformational attributes.

Knowledge gained from such studies will promote the

development of effective vaccines against bacterial infections by organisms such as N.
meningitidis type B, a causative agent of meningitis, that is encapsulated by a-2->8polysialic acid and escapes immune recognition. There are currently no FDA-approved
vaccines targeting this specific strain of meningococcus. The polyanionic character and
proposed helical structure of the polysaccharide have also made it a candidate as an entry
mechanism inhibitor in HIV. Sulfated colominic acid has shown in vitro activity against
the virus, through binding to the V3 loop, by virtue of its polyanionic character.^ ^ The
possibility also exists for colominic acid and its derivatives to bind the known helical
CD4 binding site of gpl20. Therefore, further investigation of the colominic acid
polysaccharide, oligomers, and derivatives using the technique of circular dichroism is
merited.
As mentioned earlier, colominic acid may be produced through the growth and
bioprocessing of E. coli K-235, where at the late logarithmic growth phase, the bacteria
shed the polysaccharide coat out into the fermentation broth as a secondary
metabolite. ^

The fermentation broth is then isolated by first centrifugation, followed

by filtration. Ethanol precipitation is generally used as the first puriflcation technique,
followed by dialysis.203 The colominic acid polymer may be further purified through
precipitation first with streptomycin sulfate, followed by hexadecyltrimethylammonium
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bromide.

204 Colominic acid can also be purchased in very pure form from a few

sources, such as Sigma and Nacalai Tesque.'
The pure colominic acid polymer can be hydrolyzed into discrete chain lengths
using the procedure of Roy and Pon. ^' 2 jjje production of shorter or longer oligomers
can be optimized merely by altering the time, temperature and pH at which the hydrolysis
progresses.

The freeze-dried hydrosylate is then purified using size exclusion

chromatography to yield the individual oligomers in pure form. Generally, baseline
separation of these oligomers is only achieved for approximately monomer through
tetramer, after which overlapping of the eluting peaks occurs. We are able to further
purify the oligomers by subjecting them individually to the same size exclusion column.
We then confirm the purity using electrospray mass spectroscopy in the negative ion
mode (ESr), as it clearly shows the different charge states of the oligomers present,
which can be evaluated by the equation presented in Figure 4.53. The presence of any
interfering oligomers is easily ascertained by this method. ESI mass spectroscopy has the
added benefit of being fi-ee of matrix peaks that occur with fast atom bombardment mass
spectroscopy (FABMS). Others have utilized colorimetric techniques such as the
resorcinol method developed by Svennnerholm to determine the chain lengths of the
isolated oligomers.205 We found this method to be very time-consuming, and the results
too qualitative to be of value.

' Sigma Chemical Co. (800)-325-3010, catalog number C 5762. Nacalai Tesque, Inc. phone number 81 75-251-1723, fax number 81-75-251-1723, catalog number 093-24SP.
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(M/Z) = (M-H)/Z

Figure 4.53. Equation for the determination of the charge states of polyanionic molecules
in electrospray mass spectroscopy, negative mode. M is the molecular weight of the
molecule, Z is the charge, and H is the number of protons deprotonated on the molecule.

Upon obtaining purified oligomers from dimer through nonamer of colominic
acid, we performed circular dichroism on each, with the addition of commercially
available sialic acid to serve as the monomer, and commercial colominic acid as the
polymer. The CD for each molecule was measured in 50 mM phosphate buffered water
at pH 4.0. Figure 4.54 shows the CD spectra of colominic acid and its oligomers. We
have taken into account the contribution of chromophores for each oligomer by dividing
the molar ellipticity values at each wavelength by the number of residues per molecule.
In doing so, we can look at the contributions made to the CD by each oligomer in a
relative fashion. In some cases, the addition of one more residue bestows a greater molar
ellipticity to the oligomer because of the formation of a stable secondary conformation,
and in other cases it does not. In other words, the additivity of residues to the secondary
structure is not a linear process, and depends greatly upon the stability of the
conformations achieved.
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Figure 4.54. CD spectra of colominic acid and oiigomeric colominic acid, n=I-9.

•
•
A

*

•
O
A

•
X

Chain Length
Monomer
Dimer
T rimer
Tetramer
Pentamer
Hexamer
Heotamer
Octamer
Nonamer
Polvmer

Peak Max Trough Min Peak - Trough
10.260
0.498
9.762
14.745
-0.009
14.754
14.460
-1.037
15.497
14.830
-1.327
16.157
14.379
-0.942
15.321
16.022
-1.602
17.624
16.006
-1.286
17.292
15.095
-1.309
16.404
16.968
-1.974
18.942
17.2130 -2.0900
19.303

Table 4.3. Legend for Figure 4.54, and the P-T analysis for the constituent oligo- and
polysaccharides. The units for all numerical values in the table are (deg cm^/dmol) x 10"
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Our CD spectra match those of Bystricky, with the

N-acetyi transition

centered at approximately 198 nm, and the higher wavelength n-^7C* negative band at
approximately 225 nm.202 interestingly, the spectrum for the colominic acid polymer
(n~100 residues) is red-shifted in the low wavelength band by approximately 4 nm to 202
nm. This may be due to the presence of a stable helical conformation in the polymer that
is not commonly present in the shorter oligomers. Table 4.3 contains the legend and
peak-to-trough analysis for Figure 4.53. Recall, that measuring the peak-to-trough (P-T)
ratio can be a useful means of evaluating the ellipticlty profiles within a class of related
molecules.

Morris and coworkers had used this technique to study the alginate

polymer, and by doing so were able to ascertain the relative quantities of the constituent
monosaccharides within the heteropolysaccharide.
For our purposes, the P-T analysis was used in to qualify the oligosaccharide
conformational changes in varying chain lengths. In looking at the ratios directly, one
can note the gradual increase from the monomer to the tetramer, then a decrease in the
pentamer. The short oligomers are very flexible and therefore, would be expected to
have many different conformations. Perhaps the pentamer is an oligomer that is long
enough to begin to have certain conformations that occur in greater frequency than the
shorter oligomers, which would perhaps explain the decrease in ellipticity that is seen for
this particular chain length. Both the hexamer and heptamer have approximately equal PT ratios that are larger in value than the pentamer. Because the values are so similar in
magnitude, this indicates to us that these oligomers may adopt the same types of
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conformations in solution. Again at the octamer stage, a decrease in the P-T ratio, signals
a change in structural conformation. At the nonamer, the ratio again increases, and is
approaching the P-T ratio of the polymer. The nonamer is the most likely oligomer chain
length to adopt a helical structure based upon the NMR and computational results already
discussed (vide supra), because it is long enough to have six internal residues capable of
hydrogen bonding properly.
In addition to the polyanionic form of colominic acid, another more stmcturally
constrained derivative exists. Colominic acid is capable of forming interresidue sixmembered lactone rings in acidic environments (Figure 4.55). The formation of lactone
rings in the polysaccharide was first reported by Lifely and coworkers in 1981 .^06 jhe
degree of esterification that occurred between the pH of 3.0 and 6.0 ranged from 53% to
2.5%, respectively, in the group B polysaccharide. The formation of lactone rings could
be achieved under several conditions, from acidic aqueous solutions, to hydrofluoric acid,
carbodiimide, or glacial acetic acid treatments. Lifely was also able to ascenain that as
little as 9% lactonization of the polysaccharide was sufficient to completely abolish
recognition by the corresponding antibody, using an immunoprecipitation reaction. This
fmding was proposed to have significant implications in the pathology of bacterial
meningitis caused by N. meningitidis and E. coli Kl, which display the polysaccharides
in their capsular coatings. The possibility of the control of the negative charge density
control, through lactonization, by these organisms in vivo, may explain their ability to
escape recognition by the immune system.
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Figure 4.55. Formation of interresidue lactone rings in colominic acid treated with acid.

Several groups have studied the lactonization process utilizing CD. The first was
Kunihiko Gekko in 1980. Gekko evaluated solvent effects on the CD of polymeric
colominic acid.207 cq spectra of colominic acid were recorded at six different pHs; 2,
3, 4, 5.5, 8, and 10. Figure 4.56 illustrates the CD spectra generated at each pH. Gekko
noted that there were significant differences in the polymer CD pattern acidic versus
basic media. The sodium salt forms (higher pH) had a negative band centered at 228 nm,
with the subsequent shift of the crossover point and positive band to longer wavelengths.
The ellipticities in basic conditions were diminished in comparison with the acidic
conditions. Colominic acid had a negative band shift to 235 nm at lower pH values, and
had a crossover point at 207 nm, and a positive band at 197 nm. The positive band in the
colominic acid CD was not as sensitive to changes in the pH of the solution, as evidenced
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by the smaller shifts in wavelength in acidic and basic solutions. The positive band
compared well with both the acid and sodium salt forms of sialic acid, and therefore, the
positive band was assigned to the same carboxyl n-*7C* and amide n->'7c* and K->'K*
transitions as the monomer. The negative band could not be assigned based on Gekko's
results. Crescenzi and associates also studied colominic acid at different pH values, and
achieved similar results.208

200

240

Figure 4.56. CD of colominic acid at multiple pHs. The dotted line represents the CD
spectrum of sialic acid, and the broken line represents the sodium salt of sialic acid.

Terabayashi and coworkers reported the study of the lactonization process in
oligomers of colominic acid in 1996.^9 In this study, a tetramer of colominic acid was

348
monitored by CD in the presence of 10 mM HCl (Figure 4.57). They found that the
negative band at 228 nm shifted to the higher wavelength of 235 nm, with time, and also
that the ellipticity values increased with time. They also evaluated the lactonization of
the dimer, trimer, pentamer and decamer of colominic acid by CD and reported the
ellipticity values with the number of residues taken into account (Table 4.4). They
determined that that the molar ellipticity/residue [0r] ranged from ~ 1.45-1.55 x 10^ (deg
cm2)/dmol, and that the molar ellipticity was additive with respect to the number of
lactone rings [6].
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Figure 4.57. Lactonization of a tetramer of colominic acid at 8 minute time intervals in
10 mM HCl. a) water b) pH 7.0 c-i) subsequent measurements during lactonization.

Dimer

Tetramer

Trimer

Pentamer

Decamer

[0]

1.47

2.88

4.65

5.84

13.68

[®R]

1.47

1.44

1.55

1.46

1.52

Table 4.4. Molar ellipticity of NeuAc oligomers at 235 nm. [9] is the molar ellipticity at
235 nm in the units of lO'^ (deg cm^ydmol. [0r] is the molar ellipticity per residue in
the same units.
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We have also actively studied colominic acid lactones using a combination of
NMR and CD. Flaherty and Gervay reported the complete chemical shift assignment of
the polylactone of colominic acid in DMSO-j5 in 1996.209 -phig was achieved through
the use of several 2-dimensional NMR techniques. We could not assess the circular
dichroism of the polylactone, however, because it was insoluble in water. Therefore, we
generated the oligomers of colominic, and lactonized them in glacial acetic acid (Figure
4.54). The purity of these lactones was determined by FAB mass spectrometry, in both
the positive and negative ion modes.
Upon achieving the purified oligolactones, all of which were readily soluble in
buffered aqueous solution, the measurements of the CD were undertaken. The CD were
recorded in 50 mM phosphate buffer at pH 4.0. Figure 4.58 shows the CD spectra
recorded for sialic acid, plus the oligolactones from dimer through nonamer. Again the
molar ellipticities of the oligomers at each wavelength were divided by the number of
residues, to more accurately ascertain the contribution of an additional residue to the
stability of the conformation. Table 4.5 illustrates the legend and P-T analysis of these
molecules. The oligolactones showed the same red-shifted negative band at 235 nm
attributable to the interresidue lactone rings, as had the spectra of Gekko and
Crescenzi.207

,208

positive A^-acetyl n->5i* band at approximately 195 nm is only

slightly blue-shifted as compared to the open chain oligosaccharide maximum at
approximately 198 nm. The chiral environment presented by the lactone does not,
therefore, significantly affect the environment about the N^-acetyl group. The intensity of
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the two CD band is also enhanced in the oligolactones compared with the open chain
oligomers. The positive band is almost twice the magnitude in the oligolactones as in the
open oligomers. The negative band is approximately seven times as large in the
oligolactones as in the open oligomers. We attribute the increased molar ellipticities in
the oligolactones versus the anionic oligomers to the oligolactones being more
constrained by virtue of the additional ring structure placed between the residues. So
while the colominic acid oligomers have been named as rigid structures by Lifely and
coworkers, ^
molecules.

it appears that the oligolactones are even more so than the open chain
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Figure 4.58. CD of oligolactones of colominic acid at pH 4.0 in 50 mM phosphate
buffer.

•
•
•
+

•
o
A

•

Chain Length
Monomer
Dimer
Trimer
Tetramer
Pentamer
Hexamer
Heotamer
Octamer
Nonamer

Peak Max Trough Min Peak - Trough
10.260
9.762
0.498
19.655
-6.346
26.001
23.134
-8.747
31.881
-10.396
24.686
35.082
-12.069
39.743
27.674
27.279
39.581
-12.302
26.436
-11.889
38.325
27.301
-12.435
39.736
28.179
-13.015
41.194

Table 4.5. Legend and P-T analysis for Figure 4.58. The units for all numerical values in
the table are (deg cm^/dmol) x 10"^.
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We next evaluated the peak-to-trough ratios in an attempt to determine the trends
within this series of molecules and to gain information about their secondary structural
characteristics. An increase in the P-T ratio from the monomer through the hexamer was
observed, with the pentamer and hexamer having approximately the same ratio. At the
heptamer length, there was a decrease in the peak-to-trough ratio, signaling a change in
the conformation, followed by increases in the ratio again at the octamer and nonamer
lengths. It appears from this analysis that the conformations of the dimer through the
tetramer display many possible conformations, characterized by the changes in the P-T
ratios. The pentamer and hexamer have a stable P-T value that indicates that perhaps
these two chain lengths display similar conformations in solution. The heptamer may
represent a structure that is in conformational flux, with the ability to possess greater than
one stable conformation. And finally, the octamer and nonamer may sample different
conformations still.

The secondary structures of the oligomeric lactones remain

unknown. Further investigations using CD in conjunction with other more quantitative
techniques such as NMR and computational chemistry should be utilized to solve this
problem. If these molecules do prove to be helical in nature, it is likely that they will
display a significantly different pattern than that of the open chain oligomers.
In addition to the naturally occurring a(2-*8)-glycosidically linked colominic acid
oligomers, and the related oligolactones, Dr. Lajos Szabo and Travis Gregar have
synthesized two types of amide-linked sialooligomers, the P- and a-methyl glycosides,
respectively. The structures of these novel compounds appear in Figure 4.59. An e-
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amino caproic acid linker was utilized at the carboxy termini of each of these classes of
molecules to directionality to the molecules. The monomer through octamer chain
lengths for each anomer were synthesized, and several techniques were utilized, to assess
their secondary conformational characteristics.

QH

iMe

iMe

IMe

RHN.
n=-2-6

(l->5) Amide-Linked P Methoxy-Sialooligomers

OMe
QH

n=-2-6

'OMe
QH
RHN-

OMe
(l->5) Amide-Liniced a Methoxy-Sialooligomers

R>H, R'sCaproamlde

Figure 4.59. Structures of the P and a methoxy amide-linked sialooligomers produced in
our laboratory.
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The synthesis and characterization of the secondary structure of the (1 -•5)-amide
linked P-methoxy sialooligomers, was reported by our research group in 1998.^^^ In this
paper, we proposed a helical secondary structure for the higher order oligomers, based
upon results gained through the utilization of CD, in conjunction with NMR and
molecular modeling studies. These molecules were the first reported 5-amino acid
"foldamers,"^^^ shown to be water soluble. We performed our CD analysis with the
assistance of Professor Edwin R. Morris, of Cranfield University in the U.K., who is an
expert in polysaccharide CD. Our CD results are revealed in Figure 4.60, with the legend
and peak-to-trough analysis appearing in Table 4.6. The molar ellipticities for each
oligomer at each wavelength have been divided by the number of residues to more clearly
determine the contribution of an additional residue to the stability of the secondary
structure(s) formed.
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Figure 4.60. CD spectra of the (l-»'5)-amide linked P-methoxy sialooligomers from
monomer through octamer.
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-5.160
-2.256
-2.904
5.623
7.461
7.051
-1.961
9.012
9.102
-1.810
10.912
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-2.024
10.906
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10.933
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Table 4.6. Legend for Figure 4.60, and the corresponding peak-to-trough analysis for the
sialooligomers. The units for all numerical values in the table are (deg cm^/dmol) x 10"
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When we evaluated the CD of these molecules, some interesting features were
noted. First, the monomer unit, complete with the caproic acid linker, did not display the
positive CD band at approximately 200 nm, characteristic of the other oligomer lengths.
This is similar to the results presented by Bystricky and coworkers, when they recorded
the CD of both colominic acid and the A^-deacetylated polymer, and found the positive
n->7i* transition band lacking in the deacetylated polymer. They were therefore able to
assign the positive band to the A^-acetyl chromophore.202

in

much the same way, we are

able to attribute the positive band at approximately 200 nm to the n-+7C* transition of the
interresidue amide bond. The negative band at approximately 220 nm is fairly consistent
between all chain lengths, including the monomer, ranging from -1.81 to -2.26 deg
cm^/dmol. This transition may also be an n->^TC* transition, arising from a less stable
conformational isomer,

or perhaps it is generated by the amide chromophores in the

caproamide linker. This would explain why all of the oligomers have approximately the
same molar ellipticity values for this band.
We next evaluated the peak-to-trough ratios for the amide-linked sialooligomers.
Starting with the dimer, the P-T ratio increased firom the monomer to dimer, and also
from the dimer to trimer. The tetramer through hexamer all had roughly the same peakto-trough ratio, 10.9. This indicated to us that these three molecules displayed the same
stable conformation as one another. At the heptamer level, the ratio again changed,
perhaps due to a change in the conformation of the molecule at this particular chain
length. The octamer followed suit, with the ratio increasing. The peak-to-trough results
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differ from those of the glycosidicaily-linked oligosaccharides, where the peak-to-trough
ratio increased, and then decreased upon oligomer elongation.

The amide-linked

sialooligomers steadily increase, until the tetramer length. There appears to be similar
structural features for the tetramer through the hexamer, with conformational flux being
apparent in the heptamer. The formation of a stable secondary structure at the level of
the tetramer is analogous to the y-peptides reported by Hanessian and coworkers, ^ ^2 and
the P-peptides of Gellman and associates.

We next evaluated the NH/ND

exchange for the amide protons using simple one-dimensional ^ H-NMR.
Brenda Smith made kinetic measurements of each oligomer in DMSO-^/g in the
presence of 10% D2O. The results of these experiments are presented in Table 4.7, and
are consistent with the CD data. The half-life of the internal amides is approximately the
same for the tetramer through the hexamer. Interestingly, in the heptamer, the amide
protons exchange relatively rapidly, suggesting a change in the secondary structure. The
implication of the heptamer having very fast exchange rates versus the other chain
lengths indicate that the hydrogen bonding pattern of this particular chain length is not
protected firom the solvent. This could mean that the heptamer is in conformational flux
compared with the other chain lengths, that appear to have stable secondary structures.
The NH/ND exchange results match the pattern seen by CD, indicating that a change in
the secondary structure of the molecule occurs at the heptamer level. At the octamer,
slow exchange of the amide protons is again observed. This could indicate that one type
of secondary structure is adopted by the tetramer through hexamer, and a different
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secondary structure exists at the octamer level. The heptamer may adopt a combination
of these two conformations.

Oliaomer
Monomer
Dimer
Trimer
Tetramer
Pentamer
Mexamer
Heptamer
Octamer

Linker 2" Amide
43.0
20.0
67.0
45.0
52.0
63.0
11.0
58.0

Internal
End Amide
n/a
0.5
1.0
1.0
n/o
n/o
n/o
n/o

End - 1

Amides
End-2

n/o
n/o
7.0
8.3

n/o
n/o
n/o
6.2
10.8
11.6
1.3
10.4

Linker 1" Amide Linker 1*
7.3
7.7
1.8
1.9
5.8
5.3
4.6
5.0
4.8
4.7
5.0
2.2
4.8

4.9
2.6
4.9

Table 4.7. t^i2 (h) determined by NH/ND exchange experiments, n/o = not observed.

We have proposed a model of the structure present in the higher order P-methoxy
sialooligomers, based upon the CD and NMR results. This is depicted in Figure 4.61.
The arrows in green indicate a Sjg helical pattern, the three indicating the number of
residues per turn, and the 16 representing the size of the ring formed. This structure is
possible from the tetramer to higher order oligomers. The tetramer is the first oligomer
with an internal amide capable of hydrogen-bonding back to the linker T amide proton.
This secondary structural pattern predominates firom the tetramer through the hexamer.
At the heptamer chain length a second type of hydrogen-bonding pattern is possible, that
is indicated by the red arrows. This is a 422 helical pattern. It appears that at the
heptamer length, both secondary structures are plausible, whereas at the lower order
oligomers the 315 predominates. When the oligomer reaches the octamer chain length.
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perhaps the 422 helix becomes the more dominant pattern; this explains the restoration of
the shielding of the the amide protons from the solvent, as well as the increase in the P-T
ratio in the CD.

Figure 4.61. Proposed hydrogen-bonding patterns that dictate two different, chain-length
dependent, stable secondary strucnares. The shoner arrows indicate the 315 helix, and the
longer arrows illustrate the 422 helix.

Dr. Abby Parrill modeled the oligomeric sialooligomers using Macromoder^* and
the Amber force field. The structure she obtained by these means corroborated the model
helical structure that was consistent with the 3i6 helix. This structure is illustrated in
Figure 4.62.

361

\

)(
/

t '

V

Figure 4.62. MacroincxleF'^-generated helical structure for the P-methoxy amide-linked
sialooligomers.

The picture we currently have for the (l-»5)-amide-linked P-methoxy
sialooligomers is of a stable 3^5 helix present in the tetramer through ±e hexamer. At
the heptamer level, the molecule has the possibility of two different hydrogen-bonding
patterns, which give rise to either the 3^5 helix or the 422 helix, or perhaps a combination
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of the two. It is this propensity of the heptamer that led to the change in molar ellipticity
seen in the CD, that was consistent with a much-diminished half-life for all of the amide
protons in the molecule, versus other oligomers. At the octamer, it appears that the more
extended 422 helix becomes predominant, as evidenced by the change in the molar
ellipticity in the CD, as well as the restoration of longer half-lives for the amide protons.
These molecules are currently under further structural investigation in our group, in
order to more clearly define their secondary structural properties.
Recently, the (l-»5)-amide-linked a-methoxy sialooligomers were synthesized by
Travis Gregar (Figure 4.59). We have thus far completed preliminary CD work on these
molecules. The acquisition of the NH/ND exchange kinetics are currently underway.
Figure 4.62 illustrates the CD spectra of the monomer through heptamer of these amethoxy-sialooligomers, measured in water. Table 4.8 contains the legend for Figure
4.63, as well as the peak-to-trough analysis. Again, the molar ellipticity values were
divided at each wavelength by the number of residues, to more accurately assess the
contribution of each residue on the CD. Interestingly, the CD signature spectra for the amethoxy anomer of the amide-linked sialooligomers is almost exactly the inverse as what
was presented by the P-methoxy sialooligomers. The a-methoxy sialooligomers have a
characteristic negative band centered at approximately 195 nm, blue-shifted by
approximately 5 nm versus the P-methoxy anomers. The higher wavelength positive
band is centered at about 235 nm, which is significantly red-shifted over the P-methoxy
anomers.

The inverse relationship between the two classes of amide-linked

sialooligomers is likely due to the anomeric configuration of the amide-linked
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sialooligomers, one would expect the CD spectra to flip. This assumption is based upon
the simple monosaccharide anomer effects already mentioned {vide supra). It may,
however, be much more complicated than this, and merits further exploration by other
means.
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Figure 4.63. CD spectra of (l-»5)-amide-linked a-methoxy sialooiigomers.

Chain Length Peak Max Trough Min Peak-Trough
Monomer
-0.4644 -10.0637
9.5993
2.9556
Dimer
-12.0446
15.0002
4.0226
-11.6724
15.695
• Trimer
+ Tetramer 4.2436 -11.2222 15.4658
3.0214
Pentamer
-6.8582
9.8796
o
Hexamer
3.2052
-6.9089
10.1141
A
Heotamer
2.1727
-4.1839
6.3566

•

•
•

Table 4.8. Legend and P-T analysis for Figure 4.63.
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Another intriguing feature of the a-methoxy anomers is the approximately equal
contribution of both bands to the overall CD. Both bands change with increasing chain
length, whereas the high wavelength band for the ^-methoxy oligomers remained
consistent. The monomer is missing the higher wavelength band, mirroring the absence
of the lower wavelength positive band in the P-methoxy compounds. The higher
wavelength band in the case of the a-methoxy sialooligomers may therefore, represent
the n->7t* transition for the interresidue amide-linkage.
The peak-to-trough analyses indicate a change in secondary stmcture from
monomer to dimer, which is similar to trimer and tetramer. The large decrease in the
peak-to-trough ratio at the pentamer and hexamer lengths, may indicate a changing
secondary structure for these oligomers. The heptamer follows, with an even more
drastic decrease in the P-T ratio. We cannot conclusively determine the secondary
structural characteristics of the amide-linked a-methoxy sialooligomers as of yet,
however, we are currently investigating the solution-phase conformation of the molecules
by NMR. We can conclude, however, based upon these very preliminary results, that the
(l-»'5)-amide-linked a-methoxy sialooligomers possess interesting secondary structural
characteristic unlike any of the classes of molecules we have studied thus far. Figure
4.64 presents an overlay plot of the hexamer of each class of sialooligomer studied in our
research to illustrate the differences in the CD signature of each. CD, however, is not a
quantitative enough technique to define secondary structure, and therefore further
structural experimentation is underway.
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Figure 4.64. Overlay plot of the CD of the hexamers for each class of sialooligomers
studied thus far.

Conclusions

In conclusion, CD is a very powerful qualitative technique that can be utilized to
help probe the secondary structural characteristics of interesting oligomeric and
polymeric molecules in solution. We have successfully used CD in conjunction with
other more quantitative techniques such as NMR and molecular modeling to gain a
clearer picture of the hydrogen-bonding interactions, and consequently conformational
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information on molecules that are not accessible by x-ray crystallography. The use of the
peak-to-trough analysis within each class of sialic-acid based oligomers has been an
integral part of our analysis, and has provided us with some interesting insights into the
conformational changes that occur within the oligomers firom one chain length to the
next. The implications for the novel amide-linked sialooligomers may lie in their
potential as carbohydrate-based peptidomimetics. We envision that perhaps they might
have activity against the entry mechanism in HIV. Future ELISA studies will determine
the activity of these molecules. We also hope to continue to add to our knowledge in this
area of research, and hopefully, to aid the scientific community in the goal of achieving a
more standardized method for the analysis of oligo- and polysaccharide secondary
structure using CD.

Experimental Section

General Procedures: All materials were obtained from commercial sources and used
without additional purification, unless otherwise noted. ^ H NMR spectra were recorded
at 250 or 500 MHz on Bruker superconducting FT spectrometers, or at 300 MHz on a
Varian superconducting FT spectrometer. ^H NMR data are reported in the order of

chemical shift, multiplicity (s =• singlet, d » doublet, t = triplet, q = quartet, dd = doublet
of doublets, m = multiplet, br = broad).

NMR spectra were recorded at 62.5 or 125

MHz and were proton decoupled. All spectra are reported in parts per million relative to
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the residual solvent peak. Mass spectrometry was performed at The University of
Arizona, Mass Spectrometry Facility, Tucson, AZ.

Reconstitution o f E . c o l i K-235 from a lyophilized pellet: E. coli K-235 in lyophilized
pellet form (ATCC Cell Culture), was first revived in LB culture. LB culture consisted
of 950 mL of deionized water, 10 g bactotryptone, 5 g bactoyeast extract, and 10 g of
NaCl. The pH of the resultant solution was adjusted to 7.0 using NaOH, then water was
added to 1 L volume. The LB culture medium was sterile-filtered, then transferred to
four 1 L sterile erlenmeyer flasks. The lyophilized pellet was next cut into four pieces,
and placed into four separate flasks, each containing 250 mL of LB culture medium. In
order to maintain sterility throughout material transfers, only sterile pipets other
equipment may be utilized. In addition to this, the flask openings were pre-heated with a
bunsen burner when the flasks were opened to the atmosphere. The inoculated flasks
were placed in a rotary incubator and incubated at 250 rpm and 37 °C for 19 h. The
bacteria were ready when the optical density of the solution was approximately 1.0 at 540
nm. The bacteria could be stored at this stage for future use by making a 1:1 solution of
0.5 mL of E. coli in LB medium, and 0.5 mL of a 7:3 mixture of LB medium/glycerol.
The bacteria were stored in this manner at -70 °C.

Bioprocessing of E. coli K-235 for the Production of Colominic Acid: Colominic acid
was produced firom E. coli K-235 that had been reconstituted in LB medium for 19 h. A
minimal medium, E, was utilized to bioprocess E. coli K-235 for colominic acid.'

The

sugar/amino acid and salt mixtures were prepared separately. Salt: 1 g NaCl, 1.1 g
K2SO4, 10.8 g Na2HP04, 0.5 g KH2PO4, 1.0 mL of 0.15 g/L MgS04-7 H2O, 1.0 mL of
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0.02 g/L CaCl2.6 H2O, 1.0 mL 0.001 g/L FeS04.7 H2O, and 1.0 mL of 0.001 g/L

CUSO4.5 H2O. Sugar/amino acid: 8.4 g of D-xylose and 8.7 g of L-proline. Each
mixture was dissolved in approximately 200 mL and sterile-filtered. The solutions were
combined, then split into four separate flasks, while sterility was maintained. The
volume of each flask was diluted with sterile water to give a final

volume of

approximately 250 mL in 1 L flasks. Each flask was inoculated with 4.0 mL of the LB E,
coli culture. The flasks were then incubated at 37 °C for 72 h at 250 rpm. The growth of
the culture could be monitored by optical density at 540 nm (cell opacity measurement).

Purification of Colominic Acid from E. coli K-235: Purification of the bacterial
culture involved first the removal of the cells from the broth. The broth was split into
centrifuge tubes, and centrifuged at 11,000 rpm for 20 min. The supernatant containing
the colominic acid was carefully decanted. The combined supernatant fi-actions were
stored at 4 °C overnight, at which time the solution was vacuum filtered to remove any
remaining cells, as well as any precipitated salts. This was followed by exhaustive
dialysis in deionized water with 1000 MWCO (molecular weight cut-off) dialysis tubing
(Spectrum). The resultant solution was freeze-dried.

The dry solid was next purified by

a series of precipitations in 95% ethanol.'®^'203 Briefly, 5.91 g of the crude colominic
acid was dissolved in 60 mL of deionized water. The pH was adjusted to 4.0 using HCl.
This solution was then poured into a flask containing 250 mL of 95% ethanol at -20 °C.
The flask was placed at -20 °C for 48 h. At this time, the ethanol was carefully decanted,
the colominic acid was redissolved in water, and another aliquot of chilled ethanol was
added. This process was repeated once more. After the final precipitation, the solid was
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vacuum filtered.

The filtered

colominic acid solid was dissolved in water and

lyophilized. 520 mg of purified colominic acid resulted.

Procedure for the Generation of Discrete Oligomers of Colominic Acid Using Acid
Hydrolysis: Bacterial colominic acid (304 mg) was dissolved in 30 mL of deionized
water. This solution was heated to 66 °C. The pH of the solution was adjusted to 2.95
with dilute HCl and hydrolyzed for 2 h by the method of Roy and Pon. ^' 2 After 2 h, the
pH was raised to 7.59 with dilute NaOH. The solution was ft-eeze-dried to yield 324 mg
(includes NaCl salts from the hydrolysis). 64 mg of the resultant solid was purified by
Biogel P-10 chromatography on a 2.5 x 120 cm column with detection at 222 nm with an
Isco V4 UV/Vis absorbance detector. Monomer through tetramer lengths of colominic
acid were obtained. Monomer: 20 mg, dimer: 12 mg, trimer: 8 mg, and tetramer: 5 mg.

Characterization of the Purified Oligomers of Colominic Acid: Purified oligomeric
colominic acid from commercial sources were subjected to a subsequent purification step
separately using the Biogel P-10 2.5 x 120 cm column as before. Dimer:

NMR (250

MHz, D2O) 5 1.51 (app q, 2H, 7-13, 25.6 Hz, Hsa, Haa'), 1.82 (d, 6H, 7-8.4 Hz,
NHAc), 2.02 (dd, IH, 7-5.0, 13.2 Hz, Hse), 2.55 (dd, IH, 7-4.3, 12.2 Hz, H3e'), 3.313.77 (m, 14H).

NMR (Referenced to internal acetone-rfg) 5 22.34, 22.53, 39.76,

41.53, 52.23, 52.84, 61.18, 63.01, 67.24, 67.82, 68.44, 70.47, 72.40, 73.25, 75.29, 96.89,
102.37, 172.77, 174.72, 175.18, 177.18. Low-resolution mass spectrum (ESI*) calcd for
C22H35N2O17 (MH)-: 599.56. ESI" peaks observed: 599 (M-H)/l, 299 (M-2H)/2.

Trimer: ^H NMR (250 MHz, D2O) 5 1.79 (m, 3H,

protons), 2.09 (m, 9H, NHAc),
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2.25 (dd, IH, 7=4.5, 12.9 Hz, Hse), 2.75 (dd, IH, 7=4.1,12.2 Hz, Hse), 2.84 (dd, IH,
J=4.4, 12.6 Hz, H3e), 3.60-3.96 (m, 18H) 4.01-4.13 (m, 3H).

NMR (Referenced to

external 3-(trimethylsilyl)propionic 2,2,3,3-i/4 acid, sodium salt in D2O) 5 24.95, 25.05,
25.11, 25.15, 41.76, 42.96, 43.38, 54.63, 55.0, 55.17, 63.74, 64.18, 65.59, 70.08, 70.22,
70.76, 70.97, 71.05, 71.07, 73.55, 74.59, 75.79, 76.44, 77.67, 80.14, 99.01, 103.84,
104.44, 175.07, 175.70, 177.69, 177.89. Low-resolution mass spectrum (ESI") calcd for
^33^52^3025 (MH)": 890.84. ESI* trimer peaks observed: 890 (M-H)/l, 444 (M2H)/2, 296 (M-3H)/3. Tetramer: ^H NMR (500 MHz, D2O) 6 1.68-1.83 (m, 4H, H3a
protons), 2.05 (m, 12H, miAc), 2.25 (dd, IH, 7-4.8, 13.0 Hz, H3e), 2.72 (dt, 2H, 7=4.4,
12.4 Hz, H3e), 2.82 (dd, IH, 7=4.5, 12.7 Hz, H3e), 3.58-3.78 (m, 12H), 3.82-3.96 (m,
lOH), 4.02-4.11 (m, 6H).

NMR (Referenced to external 3-(trimethylsilyI)propionic

2,2,3,3-d4 acid, sodium salt in D2O) 5 24.91, 25.01, 25.06, 25.12, 41.74, 41.82, 42.13,
42.41, 42.52, 43.21, 43.36, 43.75, 43.84, 54.30, 54.53, 54.59, 54.68, 54.95, 55.04, 55.09,
63.56, 63.74, 64.12, 65.45, 65.56, 69.50, 69.67, 69.83, 69.99, 70.12, 70.30, 70.38, 70.48,
70.60, 70.72, 70.84, 70.89, 71.00, 71.13, 71.18, 71.36, 71.57, 72.17, 72.95, 73.13, 73.20,
73.25, 73.55, 74.56, 74.69, 74.80, 74.95, 75.55, 75.65, 75.72, 75.99, 76.68, 77.11, 77.71,
77.83, 77.98, 79.29, 79.73, 80.03, 98.96, 99.07, 103.74, 103.84, 104.38, 104.82, 169.90,
174.52, 174.85, 175.21, 175.50, 177.64, 177.84, 177.89, 178.21. Low-resolution mass
spectrum (ESI") calcd for C44H69N4O33 (MH)*:

1182.12.

ESI* tetramer peaks

observed: 1182.0 (M-H)/l, 590.6 (M-2H)/2, 393.1 (M-3H)/3. Pentamer: ^H NMR
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(250 MHz, D2O) S 1.45-1.58 (m, 5H, H3a protons), 1.84 (m, 15H, A^HAc), 2.52 (m, 5H,
H3e protons), 3.35-3.71 (m, 35H). Low-resolution mass spectrum (ESI") calcd for
C55H86N5O41 (MH)": 1473.4. ESI" pentamer peaks observed: 1473.0 (M-H)/l, 735.6
(M-2H)/2,490.1 (M-3H)/3. Hexamer:

NMR (250 MHz, D2O) 5 1.43-1.61 (m, 6H,

H3a protons), 1.90 (m, 18H, A^Ac), 2.02 (dd, IH, 7-4.1, 12.5 Hz, Hse), 2.57 (m, 5H,
H3e protons), 3.32-4.02 (m, 42H). Low-resolution mass spectrum (ESI") calcd for
^66^103^5049 (MH)": 1764.68. ESI" hexamer peaks observed: 880.7 (M-2H)/2,
586.7 (M-3H)/3. Heptamer: ^H NMR (300 MHz, D2O) 5 1.51 (m, 7H, H3e protons),
1.83 (m, 21H, AUAc), 2.01 (br d, IH, H3e proton), 2.45 (m, 6H, H3e protons), 3.33-3.93
(m, 49H). Low-resolution mass spectrum (ESI") calcd for C77H120N7O57 (MH)":
2055.96. ESI" heptamer peaks observed: 1026.7 (M-2H)/2, 684.1 (M-3H)/3, 512.8 (M4H)/4, 410.0 (M-5H)/5. Octamer:

^H NMR (300 MHz, D2O) 5 1.51 (m, 8H, H3a

protons), 1.85 (m, 24H, NHAc), 1.97 (br d, IH, H3e proton), 2.44 (m, 7H, H3e protons),
3.34-3.98 (m, 56H). Low-resolution mass spectrum (ESI") calcd for C88Hi37Ng065
(MH)": 2347.24. ESI" octamer peaks observed: 1172.37 (M-2H)/2, 781.1 (M-3H)/3,
585.6 (M-4H)/4, 468.2 (M-5H)/5. Nonamer: ^H NMR (300 MHz, D2O) 5 1.56 (app t,
9H,7=11.7 Hz, H3a protons), 1.83 (br s, 27H, NHAc), 2.07 (br d, IH, H3e proton), 2.51
(br d, 8H, H3e protons), 3.33-3.86 (m, 63H). Low-resolution mass spectrum (ESI*) calcd
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for C99Hi54N9073(^^)"' 2638.52. ESI" nonamer peaks observed: 877.8 (M-3H)/3,
658.1 (M-4H)/4, 526.6 (M-5H)/5.

Circular Dichroism of a(2-»8)-Oligosialic Acid: Samples of each oligomer from
monomer (Taiyo Kagaku Inc., Japan) through nonamer, and commercial colominic acid
(Nacalai Tesque, Inc., Japan), were weighed to the tenth of a microgram utilizing a Cahn
29 Automatic Electrobalance. The oligomers were diluted with 50 mM phosphate buffer
at pH 4.0, immediately before the CD measurements commenced. The dilutions were all
0.300 mg/mL. The CD spectra were acquired on an Aviv CD Spectropolarimeter Model
62A DS. Each sample was run at room temperature in a 2 mm pathlength quartz cuvette
at a total volume 500 |iL. Three scans for each sample were obtained from 320-190 nm
with data points taken every 1.0 nm. The phosphate buffer background was subtracted
from each spectrum automatically in the instrument. The data were manually baselinecorrected by averaging the mdeg readings from 260-320 nm, where the curve was a flat
line. This average value was then subtracted over the entire data series. These corrected
mdeg values were used to calculate the molar ellipticity values [6], using the equation
[9]=>(0M)/(cl), where 0 is the corrected mdeg value, M is the molecular weight, c is the
concentration in mg/mL, and 1 is the pathlength in mm. These values were plotted
against wavelength (nm), and the peak maximum and trough minumum values were
found for each oligomer and subtracted to determine trends in molar ellipticity values
over the series.

Representative Procedure for the Preparation of a(2-*^8)-Oligosialic Acid Lactones:
The dimer of colominic acid (26 mg) was dissolved in glacial acetic acid and stirred at
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room temperature for 48 h. The acetic acid was then removed in vacuo. The residue was
dissolved in a small amount of water and freeze-dried. A white powdery solid (21.0 mg)
corresponding to the dimer lactone resulted (84%).

Characterization of the Purified Oiigolactones of Coiominic Acid: Dimer: ^ H NMR
(500 MHz, D20)5 1.68 (t, IH, 7=11.7 Hz, Hsa), 1.77 (t, IH, 7=11.9 Hz, H3a'), 2.00 (s,
6H, A^c), 2.16 (dd, IH, 7=3.4, 8.4 Hz, Hse), 2.50 (dd, IH, 7=5.1, 8.0 Hz, Hse'), 3.523.98 (m, 1 IH), 4.27 (app t, 2H, 7=5.1 Hz).

NMR (Referenced to internal acetone-

d^) 5 22.47, 22.57, 39.85, 40.05, 52.13, 52.44, 63.77, 67.76, 68.10, 68.40, 70.45, 70.67,
70.89, 71.74, 73.06, 96.58, 167.71, 174.93, 175.46, 176.59. Low-resolution mass
spectrum (FAB+) calcd for C22H34N2016 (MH)""": 583.04. Found: 583.038. Trimer:
1H NMR (500 MHz, D2O) 5 1.68 (t, 1H, 7=11.6 Hz, Hsa), 1.74 (t, 1H, 7=13.1 Hz, Hsa),
1.83 (t, IH, 7=12.2 Hz, Hsa), 2.06 (m, 9H, NHAc), 2.21 (dd, IH, 7=4.8 Hz, H3e), 2.56
(m, 2H, H3e, Hse), 3.58-4.04 (m, 14H), 4.25 (m, IH), 4.33 (m, 3H), 4.71 (m, 3H).
NMR (Referenced to external 3-(trimethylsilyl) propionic 2,2,3,3-^4

sodium salt in

D2O) 5 13.38, 24.32, 24.89, 24.93, 24.95, 25.01, 25.04, 42.21, 42.29, 42.44, 45.11,
54.10, 54.50, 54.82, 66.10, 66.14, 70.06, 70.11, 70.14, 70.21, 70.49, 70.59, 70.70, 70.77,
71.41, 71.71, 72.97, 73.34, 73.94, 74.86, 75.46, 99.02, 99.04, 99.26, 170.12, 177.45,
177.77, 178.00, 179.29.

Low-resolution mass spectrum (FAB+) calcd for

C33H50N3O23 (MH)+: 856.84. Found: 856.18. Tetramer: ^H NMR (250 MHz,
D2O) 5 1.43-1.60 (m, 4H, H3a protons), 1.80 (m, 12H, MiAc), 1.97 (m, 2H, H3e
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protons), 2.35 (m, 2H, H3e protons), 3.35-3.83 (m, 21H), 4.05 (m, 4H), 4.49 (m, 4H).
Low-resolution mass spectrum (FAB") calcd for C44H54N4O30 (MH)": 1128.1. Found:
1127.7. Pentamer:

NMR (250 MHz, D2O) S 1.41-1.65 (m, 5H, H3a protons), 1.81

(s, 15H, A^Ac), 2.34 (m, 5H, H3e protons), 3.35-3.79 (m, 27H), 4.09 (m, 5H), 4.48 (m,
5H). Low-resolution mass spectrum (FAB"*") calcd for C55HgoN5037 (MH)+: 1403.4.
Found:

1403.36.

Hexamer:

Low-resolution mass spectrum (FAB+") calcd for

C65H95N5O44 (MH)"'": 1676.68. Found: 1676.5. Heptamer: Low-resolution mass
spectrum (FAB*^) calcd for C77H110N7O51 (MH)"^:

1949.96.

Found:

1949.6.

Octamer: Low-resolution mass spectrum (FAB+) calcd for C88Hi25Ng05g (MH)"*":
2223.24. Found: 2221.73. Nonamer: Low-resolution mass spectrum (FAB"^) calcd for
C99Hi40N9O65(MH)+: 2496.52. Found: 2496.0.

Circular Dichroism of a(2->8)-01igosialic Acid Lactones: Samples of each oligomer
from monomer (Taiyo Kagaku, Inc., Japan) through nonamer, were weighed to the tenth
of a microgram utilizing a Cahn 29 Automatic Electrobalance.

The oligomers were

diluted with 50 mM phosphate buffer at pH 4.0, immediately before the CD
measurements commenced. The dilutions were all 0.300 mg/mL. The CD spectra were
acquired on an Aviv CD Spectropolarimeter Model 62A DS. Each sample was run at
room temperature in a 2 mm pathlength quartz cuvette at a total volume 500 pL. Three
scans for each sample were obtained from 320-190 nm with data points taken every 1.0
nm. The phosphate buffer background was subtracted from each spectrum automatically
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in the instrument. The data were manually baseline-corrected by averaging the mdeg
readings from 260-320 nm, where the curve was a flat line. This average value was then
subtracted over the entire data series. These corrected mdeg values were used to
calculate the molar ellipticity values [0], using the equation [0]=(0M)/(cl), where 0 is the
corrected mdeg value, M is the molecular weight, c is the concenttation in mg/mL, and 1
is the pathlength in mm. These values were plotted against wavelength (nm), and the
peak maximum and trough minumum values were found for each oligomer and
subtracted to determine trends in molar ellipticity values over the series.

Circular Dichroism of a(l-*^5)-Ainide-Linked ^-Methoxy Sialooligomers: Samples
of each oligomer, from monomer through octamer, were weighed to the tenth of a
microgram utilizing a Cahn 29 Automatic Electrobalance. The oligomers were diluted
using deionized water and stored at -20 °C between CD analyses. Dilutions were as
follows (mg/mL): Monomer 0.4412; Dimer 0.2986; Trimer 0.5902; Tetramer 0.3115;
Pentamer 0.4437; Hexamer 0.4675; Heptamer 0.3374; Octamer 0.3672. The CD spectra
were acquired on an Aviv CD Spectropolarimeter Model 62A DS. Each sample was run
at room temperature in a 2mm pathlength quartz cuvette at a total volume 600 ^iL. Three
scans for each sample were obtained from 320-190 nm with data points taken every 1.0
nm. The water background was subtracted from each spectrum automatically in the
instrument. The data were manually baseline-corrected by averaging the mdeg readings
from 260-320 nm, where the curve was a flat line. This average value was then
subtracted over the entire data series. These corrected mdeg values were used to
calculate the molar ellipticity values [0], using the equation [0]=(0M)/(cl), where 0 is the
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corrected mdeg value, M is the molecular weight, c is the concentration in mg/mL, and 1
is the pathlength in mm. These values were plotted against wavelength (nm), and the
peak maximum and trough minumum values were found for each oligomer and
subtracted to determine trends in molar ellipticity values over the series.

Circular Dichroism of (l-»5)-Amide-Linked a-Methoxy Sialooligomers: Samples of
each oligomer, from monomer through heptamer, were weighed to the tenth of a
microgram utilizing a Cahn 29 Automatic Electrobalance. The oligomers were diluted
using deionized water and stored at -20 °C between CD analyses. All dilutions were
0.300 mg/mL. The CD spectra were acquired on an Aviv CD Spectropolarimeter Model
62A DS. Each sample was run at room temperature in a 2mm pathlength quartz cuvette
at a total volume 500 IliL. Three scans for each sample were obtained firom 320-185 nm
with data points taken every 1.0 nm. The water background was subtracted from each
spectrum automatically in the instrument. The data were manually baseline-corrected by
averaging the mdeg readings from 280-320 nm, where the curve was a flat line. This
average value was then subtracted over the entire data series. These corrected mdeg
values were used to calculate the molar ellipticity values [0], using the equation
[0]"(0M)/(cl), where 0 is the corrected mdeg value, M is the molecular weight, c is the
concentration in mg/mL, and 1 is the pathlength in mm. These values were plotted
against wavelength (nm), and the peak maximum and trough minumum values were
found for each oligomer and subtracted to determine trends in molar ellipticity values
over the series.
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