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ABSTRACT

The studies contained in this dissertation are aimed at utilizing chemistry to understand
neurobiology and neuronal communication. Chapters 2 and 3 both address the gating of ion
channels, describing structure-function studies to shed light on the gating mechanisms of two
classes of ion channels. Chapter 2 studies the gating mechanism of the mechanosensitive
channel of small conductance (MscS), which is voltage modulated. Elucidating the mechanism
of voltage sensation in MscS may provide insight into how voltage-gated channels translate a
change in membrane potential to channel gating. The research discussed in Chapter 2 is aimed
at elucidating the role of two arginine residues, in the TM1 and TM2 of MscS, in voltage
sensing. We generated two MscS mutants, Arg46Ala and Arg74Ala, to evaluate the effects of
“neutralizing” the charged side chain on the voltage sensing ability of the channel. The
mutants were evaluated using single channel analysis in E. coli spheroplasts. Our preliminary
results indicated a potentially significant role for Arg46 in the voltage sensitivity of MscS,
however this data set is not extensive due to inconsistency in the spheroplasts preparation.

In Chapter 3, we utilized nonsense suppression to incorporate unnatural amino acids to
study the gating of the cation-selective Cys-loop family of ion channel receptors. Specifically,
it describes work aimed at elucidating the role of cis-trans isomerization of a conserved proline
residue in the gating mechanism of the serotonin-gated 5-hydroxy-tryptamine receptor 3A (5-
HT3aR) and the nicotinic acetylcholine receptor (nAChR). A series of proline analogues, of
varying cis preference were incorporated at proline 308 in the M2-M3 loop of the 5-HT3a
receptor using in vivo nonsense suppression methodology in a Xenopus oocyte expression

system. Electrophysiological analysis of the mutant channels revealed a linear relationship



between the cis preference of the proline analog and the ECsy of the mutant channel—
suggesting that proline 308 may serve as a hinge during the gating of the 5-HT3a receptor.
From these data, we proposed a model of gating for the 5-HT3a receptor. Initial results from
similar studies in NAChR suggest that the analogous proline does not play a role in its gating.
These results suggest that while the 5-HT3a receptor and the nACh receptor are highly
homologous and are members of the same superfamily of channels, they have evolved to
utilize different mechanisms of gating.

Lastly, Chapter 4 addresses the role of fucose-galactose carbohydrates in learning and
memory. It aims to identify lectins to fucose-o(1-2)-galactose as well as identify the
corresponding glycoproteins bearing fucose-a(1-2)-galactose. ~ Chemical probes were
synthesized and used to study fucose-o(1-2)-galactose binding proteins. One of the probes
was used to demonstrate the existence of fucose-o(1-2)-galactose binding proteins in
hippocampal neurons. Furthermore, initial results from experiments with a photoreactive
probe suggested that the design of our probe is sufficient to isolate fucose-a(1-2)-galactose
binding proteins from the brain. Additionally, we were able to use antibodies specific to
fucose-a(1-2)-galactose epitopes to examine fucose-a(1-2)-galactose bearing glycoproteins in
the brain. Overall, results from both studies utilizing chemical probes and molecular probes
strongly suggest that the modifications of proteins with fucose-a.(1-2)-galactose epitopes and

the expression of fucose-a,(1-2)-galactose binding proteins are developmentally regulated.
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CHAPTER 1: INTRODUCTION



1.1 Introduction
1.1.1 Chemistry and the brain

The brain is the most complex organ of a vertebrate’s body. It is the central
command center that governs our perceptions, thoughts, feelings, movements and memory.
The human brain weighs approximately 1.4 kg and contains roughly one hundred billion
neurons.' Each neuron makes an estimated ten thousand connections, or synapses, with other
neurons, forming a communication network of staggering complexity that has been the focus
of intense study. Each neuron has one axon and many dendrites. Signaling between neurons

occurs between the axon of one cell and a dendrite of another at a gap called the synapse cleft

synaptic cleft e ® O .
neurotransmitter £
e o s
b ) S o s}
° o
. . e
neurotransmitter @ ion channel )
binding gating b
T ——
Q
} resynaptic axon
(<] \ neurotransmitter-gated ~ o {Jerm);nar
cytosol ion channel @
¥ synaptic vesicles
N

N

T ],o?] - -‘““—‘-——synaptic cleft

synapse
receptors

postsynaptic dendrite

Figure 1.1. Synaptic transmission between neurons. Neurotransmitters are released from the
presynaptic axon terminal into the synaptic cleft. The neurotransmitters bind to ion channels
embedded in the membrane of the postsynaptic dendrite of a neighboring neuron. The ion channel
is activated and gated, allowing for ions to flow, thus generating an electrical current.



(figure 1.1). Synaptic transmission is initiated when the presynaptic axon terminal releases
small molecules called “neurotransmitters” from synaptic vesicles. These neurotransmitters
are released at the synapse where they diffuse across the synaptic cleft to the postsynaptic
dendrite of a neighboring neuron. The neurotransmitters bind to receptors embedded in the
membrane of this dendrite, causing activation of the receptor, conveying the synaptic signal
across the cell membrane.

Ion channels are a specialized class of receptors that form a pore across the
membrane. They undergo an opening and closing process, known as gating, in response to
stimuli such as neurotransmitter binding, voltage, or mechanical stress. During synaptic
transmission, neurotransmitters bind to their partner ion channels which results in the gating
of these ion channels (figure 1.1, inset). Ions pass through the pore of the channel
constituting an electrical current, thus converting a chemical signal into an electrical signal.
This electrical signal can then effect other changes in the neuron resulting in release of
neurotransmitters. In this manner a signal is propagated from neuron to neuron via a

sequence of chemical signals and electrical signals.

1.2 Chemical methodologies aimed at understanding protein function
1.2.1 Unnatural amino acid incorporation

Understanding protein function is at the heart of experimental biology. This endeavor
frequently requires the generation of proteins that are modified to contain chemical probes or
proteins that are homogeneous in naturally occurring posttranslational modifications, such as
glycosylation or phosphorylation. The generation of these modified proteins is not available

via standard ribosomal synthesis. Two methodologies have emerged as powerful methods to



generate modified proteins—native chemical ligation/expressed protein ligation and
nonsense suppression. Developed by the Kent laboratory in 1994, native chemical ligation
involves the reaction of two fully unprotected synthetic fragments under aqueous conditions,
at physiological pH, resulting in the formation of a native peptide bond at the ligation site.?
Expressed protein ligation is an extension of native chemical ligation where a synthetic or
recombinant peptide fragment is chemoselectively ligated to a recombinantly expressed
protein.> * This methodology allows for the generation of larger quantities of modified
proteins than nonsense suppression; however, it does not allow for in vivo biochemical
studies. Furthermore, the application of native chemical ligation/expressed protein ligation
in the synthesis of membrane proteins has been limited due to several major technical
challenges. While nonsense suppression may not afford the quantities needed for some
biochemical studies, it does allow for the in vivo modification of proteins for biological
studies.

For over a decade, the use of nonsense (stop codon) suppression methodology to
incorporate unnatural amino acids, in vitro and in vivo, has expanded our ability to
manipulate protein structure. Modification of proteins by conventional mutagenesis is
limited by the twenty natural amino acids, whereas the incorporation of unnatural amino
acids is limited by our synthetic ability. Consequently, precise changes can be made to the
chemical properties of a specific amino acid enabling one to study electrostatic and steric
effects (e.g., hydrogen bonding, cation-m, polarity, size, nucleophilicity, and redox potential).
Furthermore, this methodology has been used to site-specifically introduce spectroscopic
probes, posttranslational modifications, photoaffinity labels, and other chemical moieties in a

5-10

protein of interest. It has also been used to introduce “chemical handles” with orthogonal
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Figure 1.2. Nonsense suppression methodology.

chemical reactivities such that a native protein can be selectively modified under mild
conditions with a variety of reagents without protecting groups.’

In 1989, Schultz et al. first introduced the biosynthetic incorporation of an unnatural
amino acid using nonsense suppression and an in vitro translation system.''*  The
fundamental approach to unnatural amino acid incorporation through nonsense suppression is
shown in Figure 1.2. This methodology utilizes a noncoding or “nonsense codon”—typically
a stop codon—to replace the codon for the amino acid of interest within a particular gene.
This is achieved through conventional site-directed mutagenesis. Subsequently, a tRNA
against this “nonsense codon” is chemically acylated with the desired unnatural amino acid
and provided to the translational machinery with the modified gene of interest.'* The

translational machinery proceeds with protein translation, site-specifically incorporating the



desired unnatural amino acid within the desired gene; thus producing the full length modified
protein. This methodology has been extended for in vivo systems and has been demonstrated
in a variety of biological systems including E. coli,”” yeast,'® mammalian cells,'” and
Xenopus laevis oocytes."®  Additionally, the evolution of specific aminoacyl-tRNA
synthetases has allowed for the in vivo acylation of the suppressor tRNA with intracellular

levels of the unnatural amino acid in E. coli.?

1.2.1.1 Nonsense suppression in Xenopus laevis oocytes for the expression of ion channels
The extension of nonsense suppression methodology to incorporate unnatural amino
acids to living cells was first demonstrated in 1995." The basic methodology is shown in
Figure 1.3. First, site-directed mutagenesis is used to replace the amino acid codon of
interest with the amber stop codon TAG in the desired gene. In vitro transcription is then
used to generate the corresponding mRNA with the appropriately placed UAG. A suppressor
tRNA, containing the anticodon CUA, is then chemically acylated with the desired unnatural
amino acid. The mRNA and the amino-acylated tRNA are subsequently co-injected into
Xenopus laevis oocytes. The oocytes are incubated for a period ranging from 24 to 72 hours
during which protein synthesis, transport and surface assembly occurs. The result is the
generation of the desired protein with the unnatural amino acid incorporated at the site of
interest. The channel can then be characterized by electrophysiology. A limitation of this
methodology is that the quantity of the modified protein is determined by the amount of
aminoacylated tRNA that is injected since the tRNA is not reacylated once it has been used
in protein translation. Therefore, the amount of modified protein is stoichiometric to the

amount of tRNA injected. This limitation is minimized by the use of electrophysiology for
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Figure 1.3. Schematic of in vivo nonsense suppression methodology using Xenopus oocytes for
structure-function studies of ion channels.
the analysis of ion channels. Electrophysiology is a highly sensitive technique, allowing for
functional characterization with very small amounts of expression ion channels.

The use of nonsense suppression for unnatural amino acid incorporation in Xenopus
laveis oocytes requires the generation of an activated precursor—namely the aminoacyl
suppressor tRNA (figure 1.4). This process begins with the synthesis of the desired unnatural
amino acid. The free amino acid is amino protected, typically with a protecting group that
can be removed with photolysis, such as a nitroveratryloxycarbonyl (NVOC) group.
Conversion of the carboxylic acid to a cyanomethyl ester activates the amino acid for

coupling to the dinucleotide dCA. Coupling of the unnatural amino acid is achieved via
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Figure 1.4. Chemical acylation of tRNA to append unnatural amino acids.

treatment with tert-butyl ammonium in the presence of dCA in dimethyl formamide (DMF).
The dCA amino acid is enzymatically ligated to expressed 74-mer tRNA to produce the
desired full length 76-base-pair aminoacyl tRNA. Immediately prior to injection of the
charged tRNA, the amino-protecting group of the unnatural amino acid is removed by
photolysis.

To date, over one hundred unnatural amino acids have been incorporated into proteins

for in vivo biological studies in Xenopus laevis oocytes (figure 1.5). Nonsense suppression
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Figure 1.5. Representative unnatural amino acids that have been incorporated into membrane
proteins using in vivo nonsense suppression in Xenopus oocytes.
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has been used to study a variety of chemical interactions such as cation-pi interactions and
hydrogen bonding in ion channels. It has also been used to incorporate backbone mutations

as well as biophysical probes and fluorophores. Recently, multiple unnatural amino acids
were site-specifically incorporated into proteins expressed in Xenopus oocytes using a
combination of nonsense suppression and frameshift suppression.”” This advancement

should allow for greater structure-functions studies and FRET studies in ion channels.

1.2.2 Photoaffinity probes

The specific recognition of a bioactive ligand by its binding partners is a major event
in biological processes; therefore the elucidation of the binding partners often provides
invaluable information in the understanding of biological processes. The identification of
binding partners may also facilitate the development of therapeutics. A variety of biological
techniques have been developed aimed at identifying binding partners of a specific
interaction; however the identification of binding partners is often hampered by low binding
affinities due to the dynamic nature of these interactions. Photoaffinity labeling has emerged
as a powerful technique to identify binding partners/proteins as well as to study how these
binding partners interact.”’ This method overcomes low binding affinities by
photochemically introducing a covalent bond between the ligand and binding partner.

Three photoreactive groups are commonly used in photoaffinity labeling—
phenylazide, phenyldiazirine, and benzophenone (figure 1.6). Phenylazides are the mostly
widely used photoaffinity label and upon photolysis at 300 nm they generate a highly
reactive nitrene intermediate that forms nitrogen-carbon bonds or a more labile nitrogen-

heteroatom bond. A drawback to the use of phenylazides is that the singlet phenylnitrenes
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are short lived and rapidly

N3 NG
ot —— O I
~300 nm rearrange  into  long-lived

Phenylazide Phenylnitrene . L
electrophiles, ketenimines,
B F3C\C: which are unreactive to
! O

~360 nm nonactivated C-H  bonds.”

Phenyldiazirine Phenylcarbene . .
This can lead to nonspecific
o) o) * labeling. Furthermore, the

- . .
. lower wavelength of activation

~ 360 nm

Benzophenone Excited benzophenone for azides of 300 nm can cause

Figure 1.6. Three main classes of photoreactive reagents. damage to proteins which is not
seen with photoreactive groups
with an activation wavelength of 360 nm. Phenyldiazirines form a carbene intermediate
when photolyzed at 360 nm. The carbine is considered to be more reactive than a typical
nitrene.”> Similar to phenylazides, photolysis of phenyldiazirines also leads to long-lived
electrophiles, diazo-isomers, which lead to nonspecific labeling. The formation of long-lived
electrophiles in the case of both phenylazides and phenyldiazirines has been eliminated with
the use of electron-withdrawing fluorine. Fluorination of the phenyl ring in phenylazides

24, 25

was shown to prevent the formation of ketenimines during photolysis. For

phenyldiazirines, the trifluoromethyl substitution was shown to stabilize the diazo-
functionality as shown by Brunner et al. with 3-trifluoromethyl-3-phenyldiazirine.*®
Benzophenone is part of the “carbonyl” photoreactive group and is unique from other

photoreactive agents in that photo-dissociation does not occur. Excitation of benzophenone

at 360 nm generates a reactive triplet state of the carbonyl that can undergo C-H bond
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insertion. The excited state of the carbonyl relaxes to the ground state if C-H bond insertion
does not occur; consequently, a higher cross-linking yield often can be achieved with

repeated excitation.”’

1.2.2.2 Applications of photoaffinity reagents in biological studies
The aforementioned photoaffinity probes have all been used in a variety of biological
applications. They have been used to generate photoreactive DNA, photoreactive proteins,
and photoreactive small molecules that act as probes. Both phenylazides and benzophenone
derivatives have been extensively used for biological studies due to the ease of accessibility.
Phenylazide derivatives are easily synthesized or are commercially available. Benzophenone
derivatives are also commercially available. The use of phenyldiazirines in biological studies
has been limited since the
synthesis of phenyldiazirines is

O

o F;>= o difficult and few are

O 10 . .
commercially available.
H -t

| Ho . .
— | The incorporation of
s P=0

|
o) . -y .
Br photoreactive moieties into

DNA has been used

e iOE extensively to study
H H

| interactions between
o ) .
N>T<N N nucleotides and  proteins.
X: 3
FaC” Y 7 / : .
Photoreactive nucleobases, in

which the photoreactive bases

o
o—v;o
o

Figure 1.7. Two methods of generating photoreactive DNA.
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are substituted for normal bases, have been used to study transcriptional complexes,”® %

3031 and chromatin structure.®> Photoreactive moieties have

chromatin remodeling complexes
also been incorporated into DNA via the phosphate backbone in which one more of the
desired phosphodiesters have been replaced with phosphorothioates. The sulfur undergoes
nucleophilic deplacement of a bromide derivative of the photoreactive moiety, thus attaching
the photoreactive moiety at the desired site (figure 1.7). This method of generating
photoreactive DNA has been used to study binding interactions in transcriptional complexes
and of transcriptional regulators.>>

The use of photoaffinity reagents has also contributed extensively to the study of

protein-protein interactions.’”*

They have been incorporated into peptides and proteins to
determine contact regions between binding partners. For example, this methodology has
been used to determine the inner-strand contact region of B-amyloid peptide.”® Typically
photoreactive amino acids are incorporated into peptides using standard solid-phase synthesis
or solution-phase synthesis (figure 1.8).***%> For larger proteins, photoreactive moieties
have been incorporated using three main methods: 1) chemoselective incorporation via

reaction of the bromide reagent with cysteine residues within the protein,***® 2) with the use

of a cell-free translation system,”>* and 3) in vivo using nonsense suppression

FsC o]
) / J U
N
OH OH OH
HoN H,N HoN
0
p-azido-L-phenylalanine L-4'-(3~(trifluoromethyl)-3H - p-benzoyl-L-phenylalanine

diazirine-3-yl)phenylalanine

Figure 1.8. Photoreactive amino acids.
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methodology.™ &

The last methodology was used to incorporate p-benzoyl-L-
phenylalanine site-specifically into human Grb2 protein in mammalian Chinese hamster
ovary cells.’® Irradiation of the cells resulted in the cross-linking of human Grb2 with its
known binding partner, epidermal growth factor (EGF).

An extension of photoaffinity labeling is the generation of multifunctional probes for
the identification and isolation of binding partners to proteins and ligands. This methodology
utilizes the photoaffinity reagent to overcome weak binding affinities that often hamper
conventional methods of isolating and identifying ligand/protein-protein binding partners and
couples this reactivity to a purification handle, such as biotin, to allow for the facile isolation
of the cross-linked complex. The isolated complex can then be analyzed using mass
spectrometry to identify binding partners. A variety of biotinylated photoreactive probes has
been synthesized and successfully used to study and isolate protein-substrates. Probes
ranging from biotinylated photoactivated y-secretase’’ inhibitors to bis-mannose photolabels
to study glucose transporter isoform 4 (GLUT4)’® have been synthesized. This methodology

is particularly promising in the area of carbohydrate research in which lectins often exhibit

low binding affinities.

1.3 Dissertation work

The studies contained in this dissertation are aimed at utilizing chemistry to
understand neurobiology and neuronal communication. Chapters 2 and 3 both address the
gating of ion channels, describing structure-function studies to shed light on the gating
mechanisms of two classes of ion channels. Chapter 2 studies the gating mechanism of the

mechanosensitive channel of small conductance (MscS). MscS is voltage modulated and
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Chapter 2 describes studies to elucidate the role of arginine residues in the voltage sensitivity
of MscS. In Chapter 3, we utilized nonsense suppression to incorporate unnatural amino
acids to study the gating of the cation-selective Cys-loop family of ion channel receptors.
Specifically, it describes work aimed at elucidating the role of cis-trans isomerization of a
proline residue in the gating mechanism of the serotonin-gated 5-hydroxy-tryptamine
receptor 3A (5-HTs,) and the nicotinic acetylcholine receptor. Lastly, Chapter 4 addresses
the role of fucose-galactose carbohydrates in learning and memory. It aims to identify lectins

to fucose-o(1-2)-galactose as well as identify the corresponding glycoproteins bearing

fucose-a(1-2)-galactose.
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CHAPTER 2: PUTATIVE VOLTAGE SENSING
ARGININES IN THE MECHANOSENSITIVE

CHANNEL OF SMALL CONDUCTANCE (MSCS)
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2.1 Introduction
2.1.1 Mechanosensitive channels are ubiquitous across species

The ability of a cell to detect changes in its mechanical environment underlies a
myriad of physiological processes including touch and pain sensation,'” gravity detection,
blood pressure control,’ hearing and vestibular function,” tissue growth,® cell volume
control,”"'" and osmoregulation.'”” Additionally, mechanosensors have been suggested to play
roles in neuronal development and plasticity as well as stress and inflammation. Given the
vast roles of mechanosensitive mechanisms in physiological processes, it is not surprising

that the disruption of these mechanosensitive mechanisms have been suggested to contribute

14

to a variety of maladies such as neuronal and muscular degeneration,'™ cardiac

15-17

arrhythmias, and hypertension,'® arteriosclerosis,”” and glaucoma.”® 1In the past several

decades, the molecular mechanisms underlying specific mechanosensitive processes have

21-23

. . . .. .. 24
been identified. They include mechanosensitive channels, mechanosensitive receptors,”

2 26,27 28

> enzymes, and transmitter release.
Mechanosensitive channels are integral membrane proteins that open and close in
response to mechanical stress applied directly to the cell membrane or through indirect

29-31 " .
Mechanosensitive channels transduce a mechanical

means via cytoskeletal components.
signal into an electrochemical response, thus allowing a cell to respond to stimuli such as
sound, touch, gravity and pressure. They have been found in all branches of the
phyllogenetic tree—Eubacteria, Eukaya, and Archaea and exhibit vast diversity both

physiologically and structurally.**  Eukaryotic mechanosensitive channels include the

transient receptor potential vanilloid (TRPV) subclass of the Transient Receptor Potential
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(TRP) channel family,* the TREK-1 and TRAKK members of the potassium channel family
sz,34’ 3> and the DEG/ENaC superfamily.*® "’

Given the role of mechanosensitive channels in a variety of biological processes, it is
of interest to understand how these channels function.  Unfortunately, eukaryotic
mechanosensitive systems tend to be complex, involving multiple components, and as such
they have yet to be well characterized biochemically. Prokaryotic mechanosensitive
channels, on the other hand, can be relatively simple and tend to be intrinsically
mechanosensitive, making them attractive model systems for studies on mechanosensation.
Furthermore, prokaryotic mechanosensitive systems are significantly more amenable to
genetic manipulations; hence more facile for biochemical and biophysical characterization.
As a result, a wealth of information has been obtained through the study of prokaryotic
mechanosensitive channels which might be relevant to the more complex eukaryotic

mechanosensitive systems.

2.1.2 Prokaryotic mechanosensitive channels
First discovered in giant spheroplasts of bacteria, prokaryotic mechanosensitive
channels are thought to function in the maintenance of cell turgor, acting as “emergency

38-42
There are three

release valves” in the event of a sudden increase in external osmolarity.
mechanosensitive proteins known to be associated with the mechanosensative channel
activities of E. coli—the mechanosensitive channel of mini conductance (MscM),” the

38, 43 "
’ and the mechanosensitive

mechanosensitive channel of small conductance (MscS),
channel of large conductance (MscL).** These channels were characterized by their

conductance and sensitivity to applied pressure with in situ and in vitro recordings
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demonstrating that increased conductance correlated to a higher activation pressure. The
conductance of MscL was shown to be between 2.5 and 3 nS whereas MscS has a
conductance of 1 nS.*>** Under osmotic stress, MscM opens first in attempts to maintain
cell turgor followed by the opening of MscS should the gating of MscM not be sufficient.
MscL acts as a last resort in response to sudden changes in external osmotic stress. MscL has
been proposed to share an evolutionary origin with the sensor module of the eukaryotic,
voltage-gated TRP channels as well as polycystin channels. Electrophysiological analysis of
MscS activity was later shown to be the sum of the two channels KefA and YggB; however,

4. 4% Therefore, YggB became

reconstitution of YggB alone exhibited MscS conductance.
known as MscS and KefA was renamed MscK due to its interaction with K".* MscS and

MscK share homology with each other and both have been proposed to be distantly related to

MscL, although neither show strong homology with MscL.>’

2.1.2.1 The mechanosensitive channel of small conductance

The mechanosensitive channel of small conductance (MscS) is characterized by a
conductance of 1 nS and is opened with moderate pressure. The pressure threshold of
opening for MscS was shown to be approximately 50% that of MscL.”* > When first
analyzed by electrophysiological analysis, MscS activity in E. coli was attributed to the sum
of two channels, KefA and YggB. Booth and co-workers identified the protein YggB, which
is 286 amino acids in length, as being necessary for MscS activity whereas deletion of the
KefA gene appeared to be without a phenotype.”® KefA was subsequently renamed MscK.
KefA contains a domain highly homologous to YggB at the C-terminal tail of the protein and

encodes a channel that displays MscS-like activity. Once the gene responsible for MscS was
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discovered, it allowed for searches of genomic databases for homologous channels. The
result of sequence homology searches has suggested that the MscS family is much larger and
variable in size and sequence than the MscL family. MscS homologues appear to be
prevelant in Archaea as well as eukaryotes.

Unlike MscL, MscS is not only mechanosensitive but it is also voltage modulated.
The open probability of MscS increases e-fold for each +15 mV increase in membrane
depolarization.38 This is equivalent to the movement of 1.7 charges across the membrane
during a gating event. MscS also shows a slight anion preference, although it is largely

48, 50, 53

nonselective. Mutational analysis suggests that MscS will tolerate minor mutations to

the N-terminal region, however the C-terminal domain appears to be critical for its stability.>*

2.1.2.2 Crystal structure of E. coli mechanosensitive channel of small conductance (MscS)
In 2002, the Rees group successfully obtained a crystal structure of E. coli MscS at
3.9 A resolution.”> The crystal structure represents the first structural look at a voltage-
modulated ion channel. The 3.9 A structure established that the channel assembled as a
homoheptamer and could be divided into two regions—an extramembrane and
transmembrane region (Figure 2.1). It is likely that the extramembrane region is cytoplasmic
and the N-terminal region of MscS is periplasmic. The extramembrane region can be further
divided into two domains that Bass et al. describe as the middle-beta domain and the
carboxy-terminal domain. The channel spans approximately 120 A in the direction parallel
to the sevenfold axis with the extramembrane domain contributing 70 A in length and the
transmembrane domain contributing approximately 50 A. The width of the channel in the

direction perpendicular to the sevenfold axis spans approximately 80 A.
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Figure 2.1. Crystal structure of MscS.

A channel is formed from helices from the membrane spanning region of each
subunit that opens into a 40 A chamber formed by the extramembrane regions. Interestingly,
this chamber is connected to the cytoplasm through eight openings in between the middle-
beta and carboxy-terminal domains of each subunit—seven openings on the sides of the
chamber and a single opening at the bottom of the channel. The structural arrangement of
MscS bares no resemblance to that of MscL or any other structural characterized channels.

Examination of each individual subunit that forms MscS reveals the transmembrane
domain is comprised of three helices, TM1, TM2, and TM3. TMI1 contains amino acids 29
to 57, TM2 is made of residues 68 to 91 and TM3 consists of residues 96 to 127. A
prominent kink is present at glycine 113 within the TM3 region, presumably marking the
membrane boundary of MscS. The pore of the channel is predominantly formed from the

residues prior to this kink (residues 96 to 113) of TM3. The middle-beta domain, consisting
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of residues 132 to 177, contains five beta-strands. The beta-strands of one subunit pack with
those from other subunits to form a beta barrel like structure around the protein. The
carboxy-terminal end of the protein exhibits a mixed alpha/beta structure and forms seven of
the openings with the middle-beta domain, each with a diameter of approximately 14 A.
Because the structure reveals a permeation pathway that resembles a tapered cylinder with a
diameter of 10 A at the narrowest point, Bass et al., propose that the crystal structure is most

likely that of the open state of MscS.

2.1.2.3 Putative arginines in the voltage sensing mechanism of E. coli mechanosensitive
channel of small conductance (MscS)

The crystal structure of MscS has several implications for the gating of MscS. In
particular, the mechanism by which MscS is voltage modulated may be relevant to other
voltage sensitive channels. The voltage sensitivity of K, channels is conferred by a series of
positively charged residues dispersed along the S4 helix. Most of these charged residues are
arginines. The crystal structure of MscS reveals three arginines that may be appropriately
positioned such that they could act as the voltage sensor in the voltage modulated gating of
MscS (Figure 2.2). Arginine 46 and arginine 74 are located in TM1 and TM2 of MscS; TM1
and TM2 are adjacent to the permeation pathway and Bass et al. suggest they are likely
candidates as mediators of the conformation change that occurs in MscS in response to
applied tension or membrane depolarization. Therefore, the positions of Arg46 and Arg74
are such that their movement in response to changes in membrane potential could be

translated into the opening and closing of the permeation pathway.
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Figure 2.2. Putative voltage sensing arginines in MscS. Arg46 is shown in red and Arg 74 is
shown in purple.

2.1.3 Voltage-gated ion channels

Electricity has a ubiquitous role in biology. The flow of ions through an ion channel
and thus across a membrane constitutes an electrical current which results in a voltage
difference across the membrane. All living cell have evolved the ability to exploit
transmembrane electrical potentials in a myriad of biological processes through the use of
voltage-gated ion channels. In particular, the group of “excitable cells” that includes
neurons, muscle cells and endocrine cells extensively utilizes voltage-gated ion channels for
fast electrical signaling. In neurons, electrical impulses result from action potentials, which

are spike like changes in voltage across the membrane. They are millisecond long and are
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capable of propagating at a rate of meters per second along a nerve fiber. Action potentials
arise from the flow of various ions out of or into cells via membrane spanning ion channels
that are voltage dependent. The ability to sense and respond to voltage is the key feature of
voltage-gated ion channels that allow for the propagation of electrical signals in the nervous
system and thus allows for the vast variety of firing patterns that are required for the
processing of sensory information and generating motor outputs.

Hodgkin and Huxley were first to demonstrate the presence of voltage-activated

d.’*%? They showed that action

sodium and potassium ion channels in the axon of a giant squi
potentials were made possible by a feedback process in which the direct action of voltage on
ion channels resulted in channel gating and thus flow of ions. Sodium channels opened
(activated) in response to a positive voltage, serving as the positive feedback segment. This
is followed by the activation of potassium channels which serves as the negative feedback
element. In essence, they demonstrated that there had to be charges or charge dipoles in the
membrane that move in response to changes in voltage across the membrane thus turning the
sodium and potassium ion channels on and off.

Voltage-gated channels share three defining features: 1) a pore forming domain that
contains the permeation pathway and channel gates that control the flow of ions through the
pore, 2) a voltage-sensing domain that contains the structural element that has the ability to
respond to changes in transmembrane potential; also known as the voltage sensor and 3) a
coupling element that links the voltage-sensing domain to the gates of the pore such that a

change in transmembrane potential, and thus a response by the voltage-sensing domain,

results in movement of the channel gates allowing ions to permeate the channel.
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Since Hodgkin and Huxley’s first voltage-clamp experiments were performed in
1952, an enormous effort has been put forth attempting to elucidate how voltage-gated ion
channels work—both in how voltage causes the opening and closing of the channel and the

coupling mechanism between the voltage sensor and the gate of the channel.

2.1.3.2 Voltage-gated potassium (K,) ion channels

Much of what is known regarding the mechanism of gating for voltage-gated ion
channels has come from the studies of the family of voltage-gated potassium channels (Ky).
Voltage-gated potassium channels (Ky) channels are the prototypical voltage-gated channels
and, as with voltage-gated Na" and Ca'? channels, there is an enormous variety within its
family. The K, channel family is made up of over twenty-two different genes in mammals,
with greater variations occurring from alternative splicing and heteromultimerization.

The basic channel architecture of the prototypical K, channel is depicted in Figure
2.3.5% They are typically tetrameric channels with each subunit containing a voltage sensor
and a pore lining domain to contribute to the channel pore. A standard K, channel subunit
consists of six transmembrane domains (S1-S6) with both the amino- and carboxy-termini
residing on the intracellular side of the membrane. The S5 and S6 segments comprise the
pore forming domain. The narrowest part of the pore, the selectively filter, is formed by a
loop between S5 and S6. The S4 domain contains multiple positively charged residues and
contains the voltage sensor. K, channels exhibit extremely high selectivity for the ions that
are allowed to permeate, yet have transport rates that are close to the aqueous diffusion limit.
High speed of ion transport and selectivity are critical in allowing these channels to

accurately produce the rapid voltage changes necessary for action potentials in neurons



30

Pore Forming

Domain
extracellular P selectivity filter
region
_l_
Sl S2 S3 1| S4 S5 S6
| &
+
| =
cytoplasm

voltage

Sensor

COOH
NH,

Figure 2.3. Schematic of a K, channel subunit.

without the use of millions of proteins. The structural features that allow for a high speed of
ion transport and ion selectivity have been well characterized.®®® The selectivity filter
architecture will not be discussed here, however a number of reviews have been published

that include discussion of the selectivity filter of K, channels.”*"*

2.1.3.3 Mechanisms of gating of voltage-gated potassium channels

While much is known about the architectural features that contribute to the high
selectivity and rate of ion permeation of K, channels, less is known about the mechanisms
that govern the gating of K, channels. A great deal of interest lies in understanding how a
voltage-gated ion channel translates a change in membrane potential into a conformational
change that results in channel gating. Understanding the gating mechanism involves three

elements—1) the conformational change around the pore that occurs during its opening and
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closing, 2) the movement of the voltage sensor in response to a change in membrane
potential, and 3) the coupling between the voltage sensor and then pore that translate
movement of the voltage sensor into conformational changes of the pore such that the pore

opens or closes.

2.1.3.4 Mechanisms of pore closing in K, channels

There are three proposed mechanisms by which the pore of voltage-gated K channels
close. Two mechanisms involve conformational changes such that a constriction occurs in
the permeation pathway and the other involves obstruction of the pore by an inhibitory
portion of the channel protein. The first mechanism of pore closing involves a “pinching” of
the pore via movement of the S6 bundle, in which the S6 bundle moves such that it obstructs
entrance to the water filled cavity via movement of the bottom ends (intracellular) of the S6
helices to form a “bundle crossing.” This mechanism is supported by the interaction of ion
channel blockers with the pore and the trapping of ion channel blockers within a cavity.”> 7
It is also supported by high sequence conservation of the S6 transmembrane and intracellular
portion among the principle families of voltage-gated K™ channels—in particular, a highly
conserved proline sequence (PxP or PxG) that may serve as a hinge.””””

The second mechanism of inactivation is known as N-type inactivation, or the ball-
and-chain mechanism, and does not involve pore constriction. Rather a physical obstruction
of the pore by the N-terminus of one of the channel subunits is involded. N-type inactivation
can be disrupted by enzymatic cleavage or by genetic removal of the N-terminus of the

channel and can be restored by the addition of a soluble peptide derived from the N-terminus

from an N-type inactivating channel.*** It should be noted that there is little sequence
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consensus among N-terminal portions that are capable of N-type inactivation, however it
appears as though positive charge and hydrophobic character are important for the interaction
of the N-terminus with the open pore of the channel ***

The third mechanism by which the pore of a K, channel can close involves the
pinching of the selectivity filter itself, known as C-type inactivation. This type of interaction
was observed in Shaker K channels that had the N-terminal blocking peptide removed. This

type of mechanism has been supported by various studies.®™

In particular, Yellen et al.,
showed that once this type of inactivation occurred, it could be locked shut by a metal ion
bridging cysteines that had been introduced into each subunit.*® Furthermore this type of

inactivation can be prevented by locking the selectivity filter open with the addition of

extracellular tetrabutylammonium ion.”

2.1.3.5 Mechanisms of voltage-sensation and translation into pore gating
An area of enormous interest has been in understanding the movement of the voltage

sensor and how its movement is coupled to the gating of the pore.”'™*

Fifty years of
biophysical studies supported two main models—the helical screw model and the transporter
model (figure 2.4(A) and 2.4(B)). The helical screw model posits that the S4 segment of
each subunit rotates upon depolarization.”” As the S4 segment rotates on its axis, it also
translates perpendicular to the membrane such that it is exposed to the extracellular solution,
thus moving the intracellular charges. This movement effectively translocates 4 e, per
subunit across the membrane. In the transporter model, the translocation of charges is

achieved by the tilt and rotation of the S4 segment. In the closed state, the charges occupy a

water crevice exposed to the intracellular solution. The tilt and rotation of the S4 segments
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Figure 2.4. Three models of voltage sensing in voltage-gated ion channels. (A) Helical screw
model, (B) transporter model, (C) paddle model.

to the open position results in the charges occupying another water crevice that exposes them
to the extracellular solution.”* '
In 2003, the MacKinnon group introduced a model that is dramatically different from

101 102 The crystal structure of K AP coupled with

the helical-screw and transporter models.
data from biotin and streptavidin “scanning” experiments support a “paddle” model in which
the S4 segment is located in the periphery of the channel with the charges embedded in the

membrane bilayer (figure 2.4(C)). Depolarization results in a large translation of the S4

segment such that the charges go from being embedded in the bilayer in the closed state to
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being exposed to the extracellular solution in the open state. This model has raised many

questions given its stark difference to the helical-screw and transporter models.'** 104

2.2 Experimental design

The focus of the research described herein was to elucidate the role of arginine 46 and
arginine 74 in the voltage sensitivity of MscS. The method to elucidate the role of these
putative arginines in voltage sensation is relatively straightforward.  Conventional
mutagenesis was used to separately mutate each arginine amino acid to alanine residues,
effectively removing the putative contribution of that particular arginine to the voltage
sensitivity of MscS. The mutant channel was then expressed in E. coli. The cultures were
used to generate giant E. coli spheroplasts for single channel analysis by cell-detached patch
clamp electrophysiology. If either or both arginines contribute to the voltage sensitivity of
MscS then we expect the dependence of the open probability of the mutant MscS on

membrane depolarization to be diminished.

2.3 Results
2.3.1 Spheroplasts preparation
E. coli spheroplasts were generated using a standard established procedure with slight

. . 45, 105
modifications.™

Spheroplasts allow for the use of bacterial systems for patch clamp.
Bacteria are typically 1 um in diameter, which is the approximate size of the electrode tip;
therefore bacteria cannot be used to form a patch for electrophysiological analysis.

Spheroplasts range in diameter from 6 to 10 um and are the appropriate size for patch

formation.
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Figure 2.5. Generation of giant spheroplasts from E. coli. (A) E. coli culture, (B) "snakes"
formed from cephalexin treatment, (C) healthy spheroplasts (D) unhealthy spheroplasts.

To generate spheroplasts, E. coli were cultured to an ODgop = 0.65 and then treated
with cephalexin, an antibiotic that prevents septation but not the growth of the bacteria. The
result is the formation of snake like strands of bacteria that are up to 100 um in length (figure
2.5). Protein expression was induced in the snakes with the addition of isopropyl-p-D-
thiogalactopyranoside (IPTG) and then the snakes were harvested and treated with lysozyme
to digest the outer peptidoglycan layer of the snakes. Digestion with lysozyme forms the
spheroplasts (Figure 2.5 (¢)).

Spheroplast formation was highly inconsistent, such that less than 10% of the
preparations yielded spheroplasts that were suitable for patch formation. More often than
not, the preparations yielded collapsed spheroplasts or very weak spheroplasts that could not

withstand the pressure needed to form a proper gigaohm seal (figure 2.5(d)). Numerous
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attempts to optimize the protocol were not successful and did not appear to increase the rate
of success for spheroplasts formation. The parameters that were varied in the optimization
were the cephalexin incubation time, IPTG induction time, lysozyme induction time, amount
of lysozyme, and the sucrose composition of the sucrose in the filtering solution. The
shaking speed during the formation of snakes was also varied.

We speculate that the triple null strain MscL/MscS/MscK used in these experiments
results in compromised E. coli membranes making them less durable to the demands of the
spheroplast preparation. Because of the difficulty encountered in the generation of the
spheroplasts, the data set for the wildtype and Arg46Ala mutant MscS channels is not

extensive.

2.3.2 Electrophysiological characterization of wildtype MscS

Initial efforts were aimed at characterizing wildtype MscS wusing patch
electrophysiology. The MscS channel was overexpressed in E. coli and characterized by cell
detached inside out patch clamp electrophysiology. Expression was carried out in the
MIJF465 strain which has the three mechanosensitive channels MscL, MscS, and MscK
knocked out. This was to ensure that any mechanosensitive channel activity would be due to
the expressed gene product of the transformed MscS plasmid. E. coli that had been
transformed with the expression plasmid containing the gene encoding MscS were used to
generate spheroplasts using established protocols with some modifications.

Spheroplasts expressing MscS were evaluated using cell detached inside out patch
clamp electrophysiology under symmetric buffer conditions with a total salt concentration of

300 mM. Initially, patches were held at a constant membrane potential of 20 mV and
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pressure was gradually applied using suction until channel activity was observed. It should
be noted that the amount of suction, and therefore pressure, needed to elicit a response from
the expressed wildtype MscS channel varied from patch to patch due to differences in patch
formation and membrane integrity. Once the minimum amount of pressure needed to elicit a
response was determined for a particular patch, the patch was subjected to a developed
voltage protocol. A schematic of this protocol is shown in figure 2.6. The determined
pressure minimum was applied and held constant for each voltage jump while the membrane
potential was increased in intervals of 10 mV. The pressure and desired membrane potential
were applied for a 10 s period followed by a 50 s “rest” interval followed by another
application of pressure with the next increment of membrane potential.

The wildtype MscS channel produced a single channel conductance of 1.5 nS under

the aforementioned patch clamp recording conditions. The wildtype MscS channel also

Voltage Ramp Cycle Protocol
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Figure 2.6. Schematic of voltage step protocol used for electrophysiological analysis of wildtype
and mutant MscS.
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Figure 2.7. In (NP,p.,) vs. membrane potential for wildtype MscS.

showed a strong dependence on voltage (figure 2.7) as observed by the open probability at
various applied membrane potentials. At a constant applied pressure of 124 torr, the open
probability, measured as Np(open), Showed a linear log relationship with voltage (or applied
membrane potential). Based on these initial measurements, an e-fold change in open
probability occurs for every 6.44 mV change in voltage.

Interestingly, the activity of the wildtype MscS channels exhibited an unanticipated
inactivation behavior. A successfully formed patch could only be evaluated with a single
series of voltage steps before a significant loss of detected signal (figure 2.8). Application of
multiple cycles of the voltage step protocol showed that the largest decrease in signal occurs

after the first cycle and subsequent cycles show a much lower rate of signal decrease.
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Figure 2.8. Wildtype MscS exhibits diminished activity after one cycle of the voltage step protocol.

2.3.3 Electrophysiological characterization of Arg46Ala mutant MscS

Arginine 46 in MscS was mutated to an alanine residue to determine the importance
of arginine 46 in the voltage modulation of MscS. If arginine 46 is part of the voltage sensor
of MscS, then neutralizing it should effectively remove or diminish the voltage sensitivity of
the channel. Conventional site directed mutagenesis was used to generate the Arg46Ala
mutant MscS which was then transformed into the MJF465 E. coli strain (Yan Poon, Rees
Laboratory). Spheroplasts were generated using the transformed strain similar to the
wildtype and subjected to electrophysiological analysis using patch clamp techniques.

Successful patches containing the Arg46Ala mutant channels were subject to the same
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voltage protocol as the patches containing wildtype MscS channels, under the same bath
conditions.

As seen in Figure 2.9, initial single channel recordings show no clear linear
relationship between Np(open) and voltage for the Arg4d6Ala mutant MscS channel. The
overall variation in Np(open) was significantly smaller than that of the wildtype. An
attempted log fit of the data results in a very poor fit compared to that of the wildtype and the
resulting slope is much less than for the wildtype. The mutant also differed from the
wildtype MscS in several other interesting ways. The minimum pressure required to open
the mutant channel at a membrane potential of +20 mV was 50% higher (186 torr) than that
of the wildtype channel. Furthermore, the mutant channel did not exhibit the same drastic
decrease in signal after the first series of voltage steps. A given successful patch containing
Arg46Ala mutant MscS channels could be subjected to multiple cycles of the voltage step

protocol without any significant decrease in channel signal (data not shown).

2.3.4. Characterization of Arg74Ala mutant MscS

Arginine 74 was mutated to an alanine residue and subjected the same analysis as the
wildtype and Arg46Ala mutant MscS channels using patch clamp electrophysiology. Viable
patches were formed from healthy spheroplasts, however all patches that were formed
exhibited no channel activity. A substantial number of viable patches were tested, none of
which exhibited channel activity. To ensure the channel was still properly expressed with the
mutation at position 74, Western blot analysis of the membrane fraction was performed. As
shown in Figure 2.10, both the Arg74Ala and Arg46Ala mutant MscS channels showed

expression levels comparable to that of the wildtype.
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Figure 2.10. Western blot analysis of wildtype and mutant MscS expression levels from the
membrane fraction (left) and the supernatant recovered after low speed centrifugation (right).

2.4 Discussion

Voltage-gated ion channels have been of great interest for biophysical studies since
they were first detected by Hodgkin and Huxley. Decades of biophysical studies resulted in
the proposed ‘“helical screw” model for the mechanism of gating for voltage-gated ion
channels. The controversial “paddle” model was proposed by MacKinnon et al. with the
structure of K,AP in 2003. This model differs considerably from the helical screw model
and as such, intense interest continues to surround the field of voltage-gated ion channels.
While MscS is not a typical voltage-gated ion channel, it shares some features that make it an
attractive system to study that may lead to some insight into the mechanism of gating of
voltage-gated ion channels. In particular, two arginine residues at position 46 and 74, located
in TM1 and TM2 respectively, point out into the lipid membrane making them ideally placed
to serve as voltage sensors during the gating process. Consequently the focus of the

described work was aimed at elucidating the role of these arginines in the voltage-modulated
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gating of MscS using single channel analysis with patch clamp electrophysiology in E. coli
spheroplasts.

Our preliminary data indicated a strong voltage dependence for the wildtype MscS
channel as compared to the R46A mutant MscS channel, which showed no apparent
dependence on voltage. These results suggested that Arg46 plays a critical role in the voltage
sensitivity of MscS since neutralization of this residue, by mutation to an alanine, removed or
significantly reduced the voltage sensitivity. Additionally, computational work done by
Spronk et al., suggests that Arg46 and Arg74 are important for channel function.'®
Furthermore, this mutant channel also required a 50% higher minimum applied pressure to
achieve comparable open probabilities to the wildtype. We also observed an inactivation
behavior for the wildtype which was not seen with the R46A mutant channel. Based on these
preliminary data, the wildtype channel indicated an e-fold change in Np(open) for every 6.44
mV change of transmembrane potential. Earlier work by Martinac et al., suggested an e-fold
change for every 15 mV change. The Arg74Ala mutant MscS channel exhibited no apparent
channel activity despite healthy spheroplast and viable patch formation. Western blot
analysis suggested the lack of channel activity was not due to lack of expression of the
mutant channel.

These studies were greatly hampered by the inconsistent yield for the spheroplasts
preparation. Less than 10% of the preparations yielded healthy spheroplasts that could form
viable patches for electrophysiological analysis. Furthermore, the unanticipated inactivation
behavior observed for the wildtype MscS channel also established another obstacle in

obtaining a more extensive data set. It should also be noted that similar work performed by
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Dr. Daniel A. Clayton yielded varying results in which the Arg46Ala mutant exhibited no

apparent voltage dependence.

2.5 Conclusions

The research discussed herein was aimed at elucidating the role of two arginine
residues in the TM1 and TM2 of MscS, a mechanosensitive ion channel that is also voltage-
modulated. The MscS crystal structure reveals that these two arginines are appropriately
positioned, pointing into the membrane, such that they could act as voltage sensors during
gating. We generated two MscS mutants, Arg46Ala and Arg74Ala, to evaluate the effects of
“neutralizing” the charged side chain on the voltage sensing ability of the channel.  Using
cell detached inside out patch clamp electrophysiology in E. coli spheroplasts, we evaluated
the mutant channels and compared them to the wildtype MscS. Our preliminary results

indicated a potentially significant role for Arg46 in the voltage sensitivity of MscS.

2.6 Experimental methods and materials
2.6.1 General

Unless otherwise stated, all reagents were purchased from commercial sources and
used as is. MJF465 cells were received as a generous gift from Ian Booth. Site directed

mutagenesis was performed by Yan Poon (Rees Laboratory) to generate the MscS mutants.

2.6.2 Electroporation of MJF465 cells with pB10b vector containing MscS

1 pL of mini-prep DNA expression plasmid was mixed with a 40 uL aliquot of

MJF465 cells (MscL/MscS/MscK null E. coli strain). The MJF465 cells were thawed on ice
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for 10 min prior to use. The cells and DNA mixture were mixed by gentle pipetting and then
loaded into a 0.1 cm electroporation cuvette. The cuvettes were stored at —20 °C until
needed. The cell and DNA mixture was then electroporated at 1800 V. A time constant in
the range of 4.2 to 5.0 typically yielded efficiently transformed colonies. The cells were
“rescued” with the addition of 0.5 mL of SOC media that had been warmed to 37 °C. The
cells were mixed by gentle pipeting followed by transfer to a falcon culture tube. The culture
was then incubated at 37 °C with shaking (300 rpm) for 15 to 20 min. The rescued culture
was then plated on to LB-agar supplemented with ampicillin. 50 mL to 100 mL of culture
was used per plate. Plates were incubated upside down at 37 °C for 10 h or until distinct

colonies were observed. Colonies were then picked when needed to inoculate cultures.

2.6.3 Spheroplasts Preparation

A single colony or a perma-culture of a desired transformed E. coli strain was used to
inoculate a 2 mL LB culture supplemented with ampicillin (0.1 pg/mL) (LB amp (+)) which
was incubated at 37 °C with shaking at 300 rpm overnight (10 to 14 h) to produce a saturated
culture. An aliquot (100 pL) of the saturated culture was removed and used to inoculate a 25
mL LB amp (+) culture. The culture was incubated at 37 °C and 300 rpm until the ODgpp =
0.65, as measured by UV-vis spectroscopy. Subsequently, 5 mL of the 25 mL culture was
added to a 50 mL LB amp (+) culture. To this culture was added 5.4 mg of cephalexin which
was then incubated at 37 °C with shaking at 300 rpm for 1.5 h. Protein expression was
induced by the addition of 0.5 mL of 100 mM IPTG and incubation was continued at 37 °C,
300 rpm for 15 min. The resulting snakes were aliquoted in 1 mL portions in eppendorfs and

then harvested by centrifugation at 1500 x g for 15 min. at 4 °C. The supernatant was
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decanted and the cell pellets were kept on ice during all subsequent steps unless otherwise
noted. A 0.8 M sucrose solution (1 mL) was gently layered over each cell pellet without
disturbing the pellet. The pellet was incubated on ice for 1 min. The sucrose solution was
then gently removed and a fresh portion of 0.8 M sucrose (1 mL) was added. The pellet was
gently resuspended by shaking. Vortexing was avoided. The resuspension was transferred to
a glass test tube (10 x 75 mm). To each resuspension was added, in the following order with
agitation: 1 M Tris-HCIL, pH 7.8 (62.5 uL), 5 mg/mL lysozyme solution (60 pL) or lysonase
(1 pL), 10 mg/mL DNAse (7.5 uL), and 0.5 M EDTA, pH 8.0 (18.75 uL). The reaction was
incubated at room temperature with agitation (shake with hands) for 2-5 min. Reactions
were monitored using light microscopy. Digestion reactions were terminated by the
dropwise (with agitation) addition of 0.5 mL of “stop solution” (0.7 M sucrose, 20 mM
MgCl,, 10 mM Tris, pH 7.8). The terminated reaction was carefully layered on 10 mL of
“filtering solution” (0.8 M sucrose, 10 mM MgCl,, 10 mM Tris-HCI, pH 8.0) and
subsequently centrifuged at 800 x g at 4 °C for 3 min. Each layer and partition was
examined by microscropy to determine the presence of properly formed spheroplasts. The
layers containing spheroplasts were harvested and aliquoted. Aliquots were promptly stored
at -20 °C. When needed aliquots were thawed on ice.

During attempts to optimize this protocol the following parameters were varied: the
cephalexin incubation time, IPTG induction time, lysozyme reaction time, lysonase amounts
and reaction times, sucrose concentration in filtering solution, as well as the shaking speed

during cephalexin incubation.
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2.6.4 Electrophysiological characterization of MscS

The MscS channel was characterized by electrophysiology using the inside-out cell-
detached patch clamp method. E. coli strain MJF465 (MscL MscSMscK") was used for all
analysis. Spheroplasts expressing MscS were generated using an established protocol, and
the channels were evaluated under symmetric buffer conditions (200 mM KCIl, 90 mM
MgCl,, 100 mM CacCl,, 15 mM HEPES, pH 7.5). Electrodes were pulled from borosilicate
capillary tubes (World Precision Instruments, Sarasota, FL) using a micropipette puller
(Model P-80/PC, Sutter Instruments, Novato CA). They were subsequently fire polished
(MF-83, Narishige Scientific Instrument Lab, Tokyo, Japan) to give a pipette resistance of ~6
GQ in recording solution. Negative pressure was applied through a syringe and measured by
a calibrated pressure transducer (Omega Engineering, Stamford, CT). Currents were
acquired with an AxoPatch 1-D amplifier (Axon Instruments) at a sampling rate of 25 kHz,
filtered at 5 kHz and analyzed using pCLAMP9.0 software (Axon Instruments). All

measurements were acquired from at least two spheroplasts preparations.

2.6.5 Membrane fraction isolation

An E. coli colony of the desired transformed strain was used to inoculate a 2 mL LB
culture supplemented with ampicillin (0.1 pg/mL) (LB-amp +). The 2 mL culture was
incubated overnight at 37 °C with shaking at (300 rpm) for 12 to 14 h to produce a saturated
culture. 200 mL of the saturated culture was used to inoculate 50 mL of LB-amp (+) culture
which was then incubated at 37 °C with shaking (300 rpm) until the ODgpp = 0.6 to 0.8.
Cephalexin (5.4 mg) was added to the culture which was then incubated for 1.5 hours to

generate “snakes.” Subsequently, 500 uL of 100 mM IPTG was added to induce protein
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expression. Induction was allowed to proceed for 2 h at 37 °C with shaking (300 rpm). The
resulting “snakes” were harvested by centrifugation, in pre-weighed centrifugation vessels, at
2000 x g for 10 min at 4 °C. The supernatant was decanted and the weight of the cell pellet
was determined. Lysis buffer (5 mM EDTA, 50 mM Tris pH 7.5, 200 mM NaCl) was then
added at the ratio of 200 mL of lysis buffer for every 25 g of cell pellet. Prior to
resuspension and lysis, protease inhibitors (10 pg/mL), DNAse (1 mM), and lysozyme were
added (5 pg/mL). MgCl, was added to a final concentration of 2 mM (add 2 puL of 1M
MgCl, per 1 mL lysis buffer). The mixture was then sonicated to resuspend and the cell
pellet. A probe sonicator with a microtip was used and sonication was performed on ice for a
total of 15 s in 1 s sonication intervals with 10 s rest intervals to prevent overheating of the
samples. The cell lysate was then centrifuged at 11,000 x g for 20 min at 4 °C. The low-
speed supernatant was removed and saved and the pellet was resuspended in a volume of
buffer equivalent to the volume of low-speed supernatant recovered (i.e., if there was 3 mL
of supernatant, pellet was resuspended in 3 mL of buffer). This was done to normalize the
volumes to allow for a direct comparison of Western blot analysis. A small portion (10 uL)
of the low speed supernatant was reserved for Western blot analysis and then the remaining
low speed supernatant was centrifuged at 150,000 x g for 1 hr. at 4 °C to pellet the
membranes. The high-speed supernatant was removed and saved and the resulting pellet was
resuspended using normalizing volumes as before. The low-speed supernatant, high-speed
supernatant, and pellet fraction were then subject to resolution by SDS-PAGE followed by

Western blot analysis.
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3.1 Introduction
3.1.1 Ligand-gated ion channels

As discussed in Chapter 1, synaptic transmission is initiated when the presynaptic
axon terminal releases neurotransmitters into the synaptic cleft. The neurotransmitters
diffuse across the synaptic cleft and bind to receptors embedded in the membrane of a post-
synaptic dendrite of a neighboring neuron. Binding of the neurotransmitter activates the
receptor, eliciting cellular events in the postsynaptic neuron, thus modulating its activity.
There are a variety of neurotransmitters and neuroreceptors. There are two main categories
of neuroreceptors—1) metabotropic and 2) ionotropic receptors. Metabotropic receptors are
responsible for slow synaptic transmission and act through second messenger pathways.
Binding of neurotransmitter initiates cascades that can result in gating of ion channels or
other cellular effects. Metabotropic receptors include the G-protein coupled receptor family.

lonotropic receptors are also known as ligand-gated ion channels (LGICs) and are
responsible for fast synaptic transmission. Binding of the neurotransmitter to a LGIC causes
a conformational change of the entire channel, resulting in gating of the channel and the flow
of ions. LGICs are highly selective, allowing for the transport of specific ions. This
selectivity allows for the modulation of action potentials in a postsynaptic neuron. Whether
or not a postsynaptic neuron fires an action potential is determined by whether or not the
activated LGIC is excitatory (cation selective) or inhibitory (anion selective). The balance of
excitatory and inhibitory activity through the activation of LGICs influences information
processing in our brain. Not surprisingly, aberrations of this balance can result in disease
states and/or abnormal activity including anxiety, epilepsy and neuronal death.}®

Furthermore, LGICs are therapeutic targets for numerous maladies including Alzheimer’s


http://en.wikipedia.org/wiki/Ionotropic
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disease, Parkinson’s disease, learning and attention disorders, and depression and drug
addiction.

The class of LGICs is comprised of four superfamilies: the glutamate receptors, the
transient receptor potential (TRP) channels, the ATP-gated channels, and the Cys-loop
receptor superfamily. The glutamate receptors include the N-methyl-D-aspartate (NMDA)
receptors, the a-amino-3-hydroxy-5-methyl-4-isoxalepropionic acid (AMPA) receptors and
kainite receptors. The Cys-loop receptor superfamily consists of both cationic and anionic

ligand-gated ion channels.

3.1.2 Cys-loop receptors

As mentioned before, the Cys-loop receptor superfamily can be divided further into
two classes based on their ion permeation properties. The cationic selective class of Cys-
loop receptors includes the nicotinic acetylcholine receptors (NnAChR) and the serotonin
gated 5-hydroxytryptamine-3 (5-HTs) receptors.” %> The anion selective class of receptors
includes the y-aminobutyric acid (GABA) receptors and the glycine receptors.?® ?* Cys-loop
receptors perform important physiological functions, and mutations in these channels can
result in a myriad of pathological states, or channelopathies, such as epilepsy, hyperekplexia,
and Angelman’s syndrome. Cys-loop receptors are also therapeutic targets for Alzeheimer’s

27, 28

disease,?® Parkinson’s disease,”® anxiety, learning and attention disorders, as well as

targets of analgesics, anti-emetics, and anesthesia.*® 2%
Members of the Cys-loop superfamily are thought to share similar architecture. Each

receptor is comprised of a pentameric structure with five subunits assembled to construct a

ring structure forming the pore.®® ** Some subunits can form a homogeneous receptor, while
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other receptors are formed by a heterogeneous composition of receptor subunits.*** Each
subunit consists of four transmembrane domains (M1-M4), a large extracellular N-terminal

domain and an extracellular C-terminal domain (Figure 3.1A).***

The large N-terminal
domain contains the ligand binding site as well as a characteristic Cys-loop, for which the
family is named, formed by a cysteine disulfide bond. The sequence alignment of known
Cys-loop subunits shows a fair amount of homology, with roughly 25% to 30% identity.
Each subunit is arranged in a pentameric array with the M2 region of each subunit lining the

pore (figure 1B). It should be noted that for each receptor in the family, there exists a variety

of subunit isoforms that combine in different compositions to form distinct receptor

subtypes.*® ¥ For many of these receptors, the exact composition of subunit isoforms is
unknown.
(A) (B)

extracellular Y2
region

| ma) ) M3 )l M2])) Mi

cytoplasm

Figure 3.1. A) Schematic for one subunit of a Cys-loop receptor. B) Subunits arrange to form a
pentameric array with a central pore lined by the M2 helices.
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3.1.3 Gating model for Cys-loop receptors

Given the role of Cys-loop receptors in a variety of neurological processes and as
therapeutic targets for numerous pathologies, it is of great interest to gain a greater functional
understanding of these channels. Specifically, it is of interest to elucidate the mechanism by
which binding of an agonist initiates a series of conformational changes that ultimately
results in the opening of an ion channel. The agonist binding site and channel gate are
separated by 50 A and 100 amino acids of the protein’s primary sequence; the process of
gating represents an elegant feat achieved by a sequence of steric and noncovalent
interactions. The amazing nature of this process is further appreciated when one considers
the size of an ion channel relative to typical organic molecules. Despite advances in both
experimental and theoretical methods, the molecular details of the mechanism of ion channel
gating are still poorly understood.

As integral membrane proteins, ion channels have been resistant to crystallographic
analysis and as such, there are limited structural data for Cys-loop receptors. The lack of
structural data has made it difficult to attribute functional changes in structure-function
studies to specific structural changes during gating. In 2001, the crystal structure of the
acetylcholine binding protein (AChBP) was obtained. AChBP is a small soluble protein that
is homologous to the extracellular N-terminal domain of the nicotinic acetylcholine receptor.
Since the discovery of the crystal structure of AChBP, several members of the Cys-loop
family have been modeled onto the crystal structure to predict their quaternary structures.
The resulting models were consistent with 40 years of biochemical studies that accurately

predicted the formation of the ligand-binding domains at the interfaces between subunits.
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In 1995, Unwin provided the first evidence of a dynamic structure for a Cys-loop
receptor.”® Using freeze trapping methods and cyro-electron microscopy, 9 A resolution
images were obtained for the nicotinic acetylcholine receptor. The freeze trapping method
allowed for images to be created for the open and closed states of the nAChR. From these
cryo-electron microscopic data, Unwin proposed a gating model for nAChR and therefore, by
extension all ligand-gated ion channels (figure 3.2). In 2003, cyro-electron microscropic
images were extended to a resolution of 4 A2

In Unwin’s proposed model, binding of a ligand results in a 15 degree rotation of the
o subunits. The rotation of these subunits causes movement of valine 44 of the a-subunit,
which resides at the apex of the extracellular B1-2 loop (loop 2). Valine 44 of the a-subunit
makes contact with the M2-M3 loop through a hydrophobic interaction. The model proposes
that a-valine 44 docks into a hydrophobic pocket formed by residues serine 269 to proline
272. Movement of a-valine 44, causes movement of the M2-M3 loop resulting in rotation of
the M2 helix. This movement destabilizes the hydrophobic “girdle” that forms the gate, thus

resulting in a widening of the pore that permits ions to pass.

3.1.4 M2-M3 loop movement in the mechanism of channel gating

In Unwin’s “pin-and-socket” model, the M2-M3 loop is proposed to play a major role
in channel gating by acting as a direct physical link that enables the propagation of a
conformational change at the binding site to the channel gate (figure 3.2). Rotation of the
inner sheets of the a-subunit is translated to a rotation of the M2 helix via the M2-M3 loop
with the M2-M3 loop acting as a pivot point. Biochemical studies also support a prominent

53-65

role for the M2-M3 loop in channel gating. Substituted cysteine accessibility studies
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ligand ligand

™ hydrgphobic gate

Figure 3.2. Unwin’s pin-and-socket mechanism of gating for LGICs.

have suggested that the surface accessibility of the M2-M3 loop increases upon gating in the
glycine receptor, implying movement of the M2-M3 loop during gating.®® Similar studies in
the GABAA receptor yielded similar conclusions.** Furthermore, mutational analysis of the
glycine receptor and the nAChR supports a model where the M2-M3 loop acts as a coupling
between the binding site and the channel gate. Mutations of critical residues in the M2-M3
loop resulted in the decoupling of ligand binding and channel gating.

Additional mutational analysis of the M2-M3 region, using single channel analysis,
indicated that the M2-M3 loop in NAChR serves as a linker whose hydrophobicity influences
channel gating.®” Substitution of residues near the middle of the loop in the a-subunit with
hydrophobic residues appeared to enhance channel gating whereas hydrophilic mutations
showed no apparent effect. Another important result of these studies was that mutations in

this region had little effect on the agonist affinity for the opened and closed state but had an
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effect on the gating equilibrium. Recently, similar mutational studies done in the M2-M3
loop of a chimeric a7-5-HT3a receptor further supported a functional role for the M2-M3
loop as a control element in gating.®® Mutational analysis of the chimeric receptor also
yielded receptors with altered channel gating without altered agonist binding affinity.

A growing body of evidence suggests a prominent role for the M2-M3 loop during
channel gating and recently, biophysical studies have provided evidence for a direct
interaction between the M2-M3 loop and the Cys-loop. Kash et al. performed mutational
analysis in the GABAA receptor in which two charged residues, one located in the M2-M3
loop and the other in the Cys-loop were reversed.”® They were able to demonstrate the
presence of an electrostatic interaction between a lysine in the M2-M3 loop and an
asparagine residue in the Cys-loop. It should be noted that this lysine is not conserved in the
nAChR and in the 5-HT3a receptor nor did analogous studies in the glycine receptor yield
similar results. However, it is possible that variations exist among receptors in how the M2-
M3 loop interacts with the Cys-loop. Furthermore, Unwin’s cryo-electron microscopic
images and biochemical studies also suggest an interaction of M2-M3 loop with the Cys-loop
and the extracellular B1-B2 loop (loop 2). Therefore, it is likely that the interactions with
both the Cys-loop and 1-B2 loop are important for the coupling of ligand binding to channel
gating. Nonetheless, despite the ambiguity for the exact nature of the M2-M3 loop’s role in
channel gating, results of these studies all support a prominent functional role for it in the

gating mechanism.



63

308

GABA LSTIARKSL|g-KVSYVTAMDLFVSVCF
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Figure 3.3. M2-M3 loop sequence alignment for the Cys-loop family of ligand gated ion
channels.

3.1.5 Conserved prolines in the M2-M3 loop of the cation-selective Cys-loop receptors
Examination of the M2 helix and M2-M3 loop sequences for the Cys-loop receptors
reveals two conserved prolines in the cation-selective Cys-loop receptors, the 5-HTsa
receptor and the nAChR (figure 3.3). Proline 301 in the 5-HT3a receptor (corresponding to
proline 265 in nAChR) is conserved among all Cys-loop receptors and proline 308
(corresponding to proline 272 in NAChR) is conserved among the cation-selective Cys-loop
receptors. Proline 301 is located two helical turns below the C-terminal end of the M2 helix.
Proline 308 is located near the C-terminal end of the M2 helix and resides in the M2-M3
loop. It is analogous to proline 272 in nAChR which is proposed to form the hydrophobic

pocket in which the valine residue of the B1-B2 loops docks. Given the unique role of
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proline in biological processes, the conserved prolines may play key roles in the function of

M2-M3 loop during channel gating.

3.1.6 Proline in biological processes

Of the twenty natural amino acids, proline is unique in that it lacks a primary amine
due to the covalent bonding of the three carbon side chain to the nitrogen atom of the peptide
backbone. Therefore proline has no amide hydrogen to act as a hydrogen bond donor.
Furthermore, the distinctive five-membered ring, formed by the side-chain forming a
covalent bond with the backbone, imparts a greater rigidity on the backbone and restricts the
backbone conformation of neighboring amino acids.”® " As a result, proline is considered
the classic helix breaker and is used by nature in a variety of irregular structures.’®"

Proline is also unique in that it is the only natural amino acid in which the cis
conformation is readily accessible (figure 3.4). All other peptide bonds occur predominantly
in the trans conformation due to an energy barrier of approximately 20 kcal/mol between the
trans and cis conformation. This results in a scarcity of cis peptide bonds occurring in
proteins.” However, in the case of the Xaa-Pro peptide bond (where Xaa is any amino acid),

the difference in energy between the conformers is only about 0.5 kcal/mol. Thus a survey of

the protein data base reveals a significant proportion (about 5-6%) of the Xaa-Pro peptide

(N>‘002H (N>‘002H
R R
N oy

HN.,, HN.,

Figure 3.4. Proline is a unique amino acid in that the cis-conformation is readily accessible.
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bonds adopting the cis conformation compared to only 0.03-0.05 percent of Xaa-nonPro
peptide bonds occurring in the cis conformation.”*"”

The ability of proline to adopt the cis conformation distinguishes it from the other
natural amino acids. Proline cis-trans isomerization has been implicated in the regulation of
biological activity in proteins/peptides containing this amino acid, by acting as a molecular
switch.”®  Evidence suggests it also plays a role in protein folding and stability.”®®
Interestingly, evidence suggests that local structural changes caused by cis-trans
isomerization are minimal; however there is amplification of these small structural changes
through the peptide backbone, allowing for structural changes in areas removed from the
immediate proline locale.®

A variety of studies highlight the importance of the proline conformation in biological
recognition. For example, biochemical assays and structural studies suggested that a cis
conformation around a tyrosine-proline amide bond is necessary for the biological activity of
morphiceptin, a tetrapeptide.2®° A cis conformation was found to be necessary for the p-
receptor binding and selectivity of morphiceptin. Furthermore, a cis conformation has also
been shown to be required for the activity of the muscle selective u-conotoxins GIIIB, which
act a blocker of voltage-sensitive sodium channels.*® A cis conformation is also necessary
for the interaction of interleukin-3 with its receptor.*

Proline cis-trans isomerization may also play a role in regulating the
agonist/antagonist activity of peptides. Studies by Halab et al., suggests that oxytoxin with a
cis proline acts as an antagonist to its receptor while a trans-conformation is critical for

92, 93

agonist activity. Evidence also implicates proline cis-trans isomerization in T-cell

signaling through conformer-specific recognition of the ligand.**
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3.2 Experimental design

The research described herein is a continuation of work spearheaded by Dr. Darren L.
Beene and done in collaboration with Dr. Sarah C.R. Lummis (Cambridge). It was aimed at
studying the role of two conserved prolines in the M2-M3 loop region of the cation selective
Cys-loop receptor—the serotonin gated 5-hydroxytryptaminesa receptor (5-HT3a) and the
nicotinic acetylcholine receptor (NAChR). The cis-trans isomerization of proline has been
suggested to play a role in biological processes. As such, this research was aimed at studying
the role of the cis-trans isomerization in the gating of Cys-loop receptors. Using in vivo

nonsense suppression methodology in Xenopus oocytes, a series of proline analogues of

Functional channels

O‘ O\ (>—-002H
N COzH N CC( ]2H N
I H

H
Pro (5% cis) Pip (12% cis) Aze (18% cis)

Tty
T@‘COzH /Q‘cozH
H H

Tbp (55% cis) Dmp (71% cis)

Non-functional channels

N CO,H

H

2-Me-Pro 2,4-CH»-Pro

CO,H

Figure 3.5. Structures of proline analogues that were incorporated into cation selective Cys-
loop receptors using nonsense suppression methodology. Proline analogues with a greater cis
preference than native proline produced functional channels. Percentage cis preference is shown
in parentheses.
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varying cis preference were incorporated at the 1* (301) and 8* (308) proline site in the M2-
M3 loop of the 5-HT3a receptor (Figure 3.5). The mutant channels were then functionally
evaluated using two-electrode voltage clamp electrophysiology. If the cis-trans
isomerization of either proline plays a role in the gating mechanism of the channel, then we
anticipate changes in the gating of the channel with the replacement of the native proline
with the synthesized proline analogues. This chapter also describes initial work examining

the role of cis-trans isomerization at the analogous prolines (265 and 272) in nAChR.

3.3 Results
3.3.1 Introduction

We aimed to examine the role of cis-trans isomerization of two conserved proline
residues, at site 301 and 308 in the gating of the 5-HT3a receptor. A series of proline analogs
were incorporated at these sites to examine the role of these prolines in receptor function.
Previous studies done by Dr. Darren L. Beene and Dr. Sarah C. R. Lummis showed that site
301 tolerated a variety of mutations without loss of receptor function. Experimental data
strongly suggest that proline 301 is not critical for receptor function in 5-HT3a. Experimental
data strongly suggested a critical role for proline 308 in receptor function. Substitution of
proline 308 with glycine, alanine, cysteine, valine, lysine or asparagine resulted in receptors
that were non-functional but were properly trafficked to the membrane and displayed wild
type binding properties for a radiolabeled agonist. This indicated that these mutations
affected the gating of the receptor and not ligand binding or assembly of the receptor. These
data strongly suggested that an intrinsic characteristic of proline was required for the proper

gating of this receptor.
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A series of unnatural proline analogs were substituted at site 308 using nonsense
suppression in Xenopus oocytes, and experimental results suggest it was neither the cyclic
nature of proline nor the lack of hydrogen bonding ability that was critical for proper receptor
function. However, substitution with 2,4-CH,-Pro and 2-Me-Pro, which show a reduced cis
preference relative to proline, produced non-functional receptors although these receptors did
reach the cell surface. Furthermore, incorporation of azetidine, pipecolic acid, and 5,5-
dimethylproline which have varying cis preferences appeared to support a model of gating in
which proline 308 serves as a hinge during gating. The research described herein is a
continuation of the work done by Dr. Darren L. Beene and Dr. Sarah C. R. Lummis and
involves the incorporation of cis-5-tert-butyl-L-proline, which has a cis preference that is
between that of Aze and Dmp. As a result a crucial data point that was intermediate between
those for pipecolic acid and 5,5-dimethylproline was obtained for a plot of the cis-trans
energy gap versus receptor activation. Cis-5-tert-butylproline is not commercially available
and as such, the continuation of these studies began with the chemical synthesis of cis-5-tert-

butyl-L-proline.

3.3.2 Synthesis of cis-5-tert-butyl-Lproline

The synthesis of cis-5-tert-butyl-L-proline was achieved using previous reported
methods with minor modifications (figure 3.6).*® Glutamic acid gamma-methyl ester 1 was
amino-protected with a phenylfluorenyl protecting group using triethylamine and 9-bromo-9-
phenylfluorene.®®  Acylation of the phenylfluorenyl protected glutamic acid gamma-
methylester 2 was performed by first generating the enolate using lithium

bis(trimethylsilyl)amide (LIHMDS) in tetrahydrofuran. The enolate was subsequently
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Figure 3.6. Synthesis of cis-5-tert-butyl-L-proline.
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treated with pivaloyl choride to yield the beta-keto ester 3 as a mixture of diastereomers.

Hydrolysis and decarboxylation using sodium hydroxide followed by esterification cleanly

converted 3 to the heptanoate 4 in a 78% vyield for both steps. Treatment of heptanoate 4
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with 10% palladium on carbon in the presence of hydrogen gas results in a three step—one
pot reaction. This proceeds by cleavage of the phenylfluorenyl group, cyclization via
reductive amination, followed by BOC protection and hydrogen addition to yield the BOC
protected cis-5-tert-butyl-L-proline methyl ester in 71% yield. At this stage the relative
stereochemistry was confirmed to be cis using polarimetry. Saponification of methyl ester 5
was achieved using potassium trimethylsilanolate in diethyl ether. Removal of the BOC
protecting group with trifluoroacetic acid in dichloromethane yielded the free amino acid
which was then NVOC-protected and converted to the cyanomethyl ester in preparation for
dCA coupling for tRNA ligation. Prior to coupling to dCA, X-ray crystallography and
polarimetry were used to establish the stereochemistry of the tert-butyl moiety as cis relative

to the carboxylic acid functionality.

3.3.3 Incorporation of cis-5-tert-butyl-L-proline into Pro 8* of the M2-M3 loop of 5-HT3a
receptor using nonsense suppression

Cis-5-tert-butyl-L-proline was incorporated into the 5-HT3a receptor using nonsense
suppression methodology. First, cis-5-tert-butyl-L-proline was chemically coupled to dCA
and then enzymatically ligated to tRNA in preparation for use for nonsense suppression.
Prior to use, the NVOC-protecting group was photolyzed using an arc lamp. mRNA was
translated from DNA encoding for 5-HTza subunit with the TAG mutation inserted at
position 308 (corresponding to the 8* proline in the M2-M3 loop). Subsequently, the
charged tRNA bearing cis-5-tert-butyl-L-proline was co-injected with the corresponding
MRNA into Xenopus oocytes. The oocytes were then incubated to allow for the processing,

assembly and surface transport of the expressed mutant channel.
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Figure 3.7. Representative traces for mutant 5-HTsa receptors containing Thp at site 308 (8%).
Bars represent application of 5-HT.

3.3.4 Electrophysiological analysis using two voltage clamp electrophysiology

Xenopus oocytes expressing 5-HT3a receptor with cis-5-tert-butyl-L-proline (Tbp) at
site 308 were evaluated using two-electrode voltage clamp electrophysiology. Oocytes were
perfused with varying concentrations of serotonin (5-HT) to generate dose-response curves.
It should be noted that expression of Thp mutant receptors was poor relative to that of the
wild type recovery receptors in which Pro was inserted using the same nonsense suppression

methodology. Expression

Residue  Percentcis* ECs, AAG(c-1) AAG(c-1) levels seen for Thp were
(UM)F (kcal/mol)i (kcal/ECsg)8

roughly 5-10% of that seen

Pro 5 129+ 0.07 0 0
Pip 12 0.75£0.06  -0.54 -0.32 for the Pro insertion by the
Aze 18 042£003  -085 -0.66

Thp 55 0.030£0.024  -1.86 -1.73 : i

Dmp 71 002140009 228 247 same technique.  Diminished

*Determined from studies of model peptide systems reported previously. Because expression levels of mutant
variations are seen dependingon methodology and exact model system, all values
are referenced to the cis-frans ratio seen for Pro in the same study, and Pro is set
to 5%, the value obtained from statistical surveys of protein structures.

FValues are in *s.e.m.

I Values are relative to proline. for the other proline analogs
§ Equals -RTIn(EC ;(mutant)/EC5,(Pro)).

receptor were previously seen

. : _ (Pip, Aze, and Dmp). For
Table 3.1 Influence of proline isomerism on receptor function.
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Thp traces, the waveforms seen were similar to that seen for the wild type receptor (figure
3.7). The ECsp value for 5-HT3a receptor containing Thp at site 308 was determined to be
0.030 uM = 0.024, a 40-fold decrease in ECs, value compared to the wild type receptor.
Table 3.1 shows a summary of ECsy values for proline analogs of varying cis preference as
well as percent cis for each analog. The relationship between the cis-trans energy gap and
that of receptor activation is shown in Figure 3.8. A linear relationship is observed between

the the cis-trans energy gap and that of receptor activation with a slope of nearly one.

0.5 1

1.5
1.0 ]

0.0 ;

AAG(ECjs), keal/mol

5] ®Dmp  ——y=013+105x R=098925

I 1 1
-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5
AAG(cis-trans), kcal/mol

Figure 3.8. Linear free energy correlation between cis-trans isomerization and receptor
activation.
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3.3.5 Schild plot analysis for representative proline analogues in the 5-HT3a receptor

It should be appreciated that our functional analysis produces an ECsy value which
reflects the combination of binding and gating events. Schild analysis was performed to
validate that the changes in ECsy values upon substitution of Pro 308 with proline analogs
was due to a change in gating and not antagonist binding affinity. Schild plots were
generated using the competitive antagonist MDL72222 (figure 3.9(A)) in wild type 5-HT3a
and in mutant 5-HT3a channels where Pro 308 was substituted with either pipecolic acid
(Pip) or 5,5-dimethyl-L-proline (Dmp). The choice of proline analogs was such that it
represents a range of cis preference (< 0.1% to 71%). Figure 3.9(B) shows a dose response
curve of serotonin, in the presence of increasing concentrations of MDL722222 for the wild

type 5-HT3a. ECso values (in nM units) determined at each concentration of MDL72222

(A) (B)
ECSD
= () nM MDL 1.29
124 o 30nMMDL 2.99
A 60nM MDL 6.71 _
1.04 ¥ 100nM MDL 8.70 . 4
— ¢ 300 nM MDL
HaC, =
T ¢ = 0.8
( \j A o
L |2}
O A =
| ¢ )
o a. 0.64
&
MDL72222 %
v (.44
=]
o
0.2
0.0
LR | L L L L AL | ¥ L L . LIS BB |
0.1 1 10 100
[5-HT]

Figure 3.9. (A) Chemical structure of MDL72222, a 5-HT3a receptor antagonist. (B) Dose
response curves for wild type 5-HT3a receptor at varying concentrations of MDL72222.
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were: 1.29 + 0.08 (0 nM of MDL72222), 2.99 £+ 0.33 (30 nM of MDL72222), 6.70 = 1.21 (60
nM), 8.69 £+ 0.86 (100 nM), and 19.29 £ 2.21 (300 nM). Similar dose response data were
generated for receptors containing Pip substituted at Pro 308. ECsy values for receptors
containing Pip were: 0.64 £ 0.20 (0 nM of MDL72222), 1.07 + 0.19 (30 nM of MDL72222),
2.59 £ 0.08 (60 nM of MDL72222), 3.18 + 0.31 (100 nM of MDL72222), and 5.77 + 1.3
(300 nM of MDL72222).

The dose response data were used to generate Schild plots (figure 3.10), both of

which showed slopes not significantly different from 1. Similar Ky values for MDL72222

1.2 4 .
4O
1.0 1 .
®
0.8 1
N
o 061
[
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O —y =-1.4+0.96x R=0.93432
oo4d ¢ = memas y=-1.2+098x R=0.97611
®
'02 T T T T 1 1
1.4 1.6 1.8 2.0 22 24 2.6

log [MDL72222 (nM)]

Figure 3.10. Schild Plots for mutant 5-HTzareceptor containing Pip and wild type 5-
HTsareceptor.
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were obtained for both the wildtype receptor and receptors containing Pip. Ky values were
calculated from the x-intercepts to be 18.1 nM for the wild type and 28.9 nM for Pip.
MDL72222 ICs, values were obtained for the wild type receptor, the Pip containing receptor,
and the Dmp containing receptor at their respective ECsy values (obtained with serotonin).
MDL72222 ICs, values determined for the wild type and Pip containing receptors were
similar to the obtained MDL72222 Kq values. The MDL72222 1Cs values were determined
to be 25.9 nM for the wild type receptor and 20.6 nM for the Pip containing channel. The
determined 1Csy value for Dmp, at its ECsp value, was also similar to that of the wild type and
was determined to be 44.7 nM. The plot of the plCs at the respective ECsp, against the —log

(ECso) showed a slope that does not deviate significantly from zero (figure 3.11).

3.3.6 Electrophysiological analysis for substitution of at site 265 and site 272 of the alpha
subunit of the nicotinic acetylcholine receptor

Conventional mutagenesis was used to generate mutants in which the proline at either
site 265 or site 272 of the alpha subunit of the nicotinic acetylcholine receptor was
substituted to glycine, alanine or valine. Sites 265 and 272 are analogous to proline 301 and
308, respectively of the 5-HT3a receptor. Corresponding messenger RNA was transcribed
and subsequently injected into Xenopus oocytes for functional analysis using two-electrode
voltage clamp electrophysiology. Conventional mutants were used initially to determine if
either proline is necessary to produce functional channels.

Interestingly, substitutions at site 265 in the alpha subunit of the nicotinic
acetylcholine receptor were not tolerated and none of the three mutant receptors showed

channel activity. This result was unanticipated since the analogous site in the 5-HTsa
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Figure 3.11. plC50 values (at the respective EC50) plotted against —log (ECs) for Schild Plot for
wild type 5-HTzareceptor and mutant 5-HTzareceptors containing Pip or Dmp.

receptor (Pro 301) was shown to be promiscuous and a variety of substitutions produced
functional receptors. Conversely, substitutions at site 272 (analogous to Pro 308 of the 5-
HT3a receptor) appear to be well tolerated. ECs, values for the alanine and glycine mutant

receptors showed no significant difference from that obtained for the wild type receptor.
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3.4 Discussion
3.4.1 Cis-trans isomerization of Proline 308 in the gating of 5-HT3a receptor

A series of proline analogs were substituted at site 308 of the 5-HT3a receptor using
nonsense suppression methodology in a Xenopus oocyte expression system. Functional
analysis was performed using two-electrode voltage clamp electrophysiology. Analogs that
had a reduced cis preference relative to proline, namely 2,4-CH,-Pro and 2-Me-Pro,
produced receptors that were transported to the cell surface, but were nonfunctional. C-4F-
Pro and t-4F-Pro, which show similar intrinsic cis-trans preferences to proline, produced
ECso values similar to that of the wild-type receptor.

Analysis of ECsy values obtained for proline analogs with a range of cis-trans
preferences strongly supports a role for cis-trans isomerization of proline 308 in the gating of
the 5-HT3a receptor. A linear free energy relationship was observed between the intrinsic
cis-trans energy gap of the proline analog and activation of the receptor. Because ECsg
values represent a combination of ligand binding and gating events, Schild analysis was
performed to establish that substitutions at site 308 affected gating and not ligand binding
affinity.  Experimental results from Schild analysis using the competitive antagonist
MDL72222 indicate that substitution with amino acids with a range of cis preferences does
not perturb the binding site. We therefore conclude that the changes in ECsy values, upon
substitution at site 308, are due to changes in receptor gating, not binding. Specifically, our
experimental data strongly suggest a link between the cis-trans isomerization at site 308 (Pro
8*) and the gating of the 5-HT3a receptor.

From these data, we propose a model of gating for the 5-HT3a receptor (figure 3.12).

In the closed state of the channel, proline 308 is in the trans conformation. Upon ligand
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Figure 3.12. Proposed model for the gating mechanism of the 5-HT 34 receptor.

binding, a series of conformational changes occurs that results in the isomerization of proline
308 to the cis conformation. Proline 308 serves as a hinge point in the M2-M3 loop;
isomerization to the cis conformation causes a reorientation of the M2 transmembrane helix
which opens the channel. Proline 308 is positioned at the apex of the M2-M3 loop and is in
close proximity to the extracellular B1-B2 loop and the Cys-loop (loops 2 and 7,
respectively). As such, it may serve as the link between the ligand binding site and the
channel gate. Previous models have proposed that loops 2 and 7 conformationally restrict the
M2 helix in the closed state. We expand on this model by proposing that loop 2 and 7 act as

“calipers” to hold proline 308 in the trans conformation in the closed state. Ligand binding
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results in the movement of tryptophan 183, a key tryptophan in the binding site; this
movement is propagated such that it releases the clamp on proline 308, which can then
undergo cis-trans isomerization, gating the channel.

We recognize that the time scale of gating for the 5-HT3a receptor is on the order 10-
100 s while the intrinsic rate for the cis-trans isomerization of proline has been reported to
be roughly ten times slower. This timescale difference can be reconciled if we consider the
possibility that structural features of the receptor may accelerate the isomerization rate.
Proline cis-trans isomerization is widely accepted as the rate limiting step in protein folding,
and these processes can be significantly accelerated by protein prolyl isomerases.
Furthermore, it has been demonstrated that a hydrogen bond to the proline amide nitrogen
can accelerate the isomerization rate roughly 260-fold. Therefore, it is possible that the 5-

HT3a receptor utilizes structural features to accelerate the isomerization of proline 308.

3.4.2 Studies of proline 1* and 8* of the alpha subunit of nAChR

We extended our studies to the nicotinic acetylcholine receptor to examine if the cis-
trans isomerization of the analogous proline plays a role in channel gating. Functional
analysis of mutant receptors of Proline 265 (Pro 1*), in the alpha subunit of the nicotinic
acetylcholine receptor, containing glycine, alanine or valine suggested that mutations at this
site are not tolerated. None of the mutant receptors showed channel activity. These results
are in contrast to those found with substitutions at the analogous proline site (site 301) in the
5-HT3a receptor, which appeared to be well tolerated.

Replacement of proline 272, which is analogous to proline 265 in the 5-HTsa

receptor, with glycine or alanine produced receptors that showed channel activity similar to
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wild type activity (data not shown). ECs values for the mutant receptors did not deviate
significantly from that obtained for the wild type receptor. This was an unanticipated result
since comparable mutations in the analogous site in the 5-HT3a receptor produced non-
functional channels. Our initial results suggest that proline 272 of the nicotinic acetylcholine
receptor does not play a significant role in channel gating. This is interesting because it
suggests that these channels have evolved to utilize different mechanisms of gating despite
being highly homologous and being members of the same superfamily. This work was done
in the muscle type nicotinic receptor which exhibits faster kinetics than that of the neuronal
subtype receptor, which may account for the differences in experimental observations.
Similar studies in a neuronal subtype of the nicotinic acetylcholine receptor are now

underway.

3.5 Conclusions

A series of proline analgues, of varying cis preference were incorporated at proline
308 in the M2-M3 loop of the 5-HT3a receptor to examine the possible role of cis-trans
isomerization in the gating of the channel. In vivo nonsense suppression methodology was
used to incorporate these proline analogs in a Xenopus oocyte expression system.
Electrophysiological analysis of the mutant channels was used to generate dose-response
curves and determine an ECs for each mutant channel. Data show a linear relationship
between the cis preference of the proline analog and the ECsy of the mutant channel—
suggesting that proline 308 may serve as a hinge during the gating 5-HT3za. Schild plots were

generated to validate that the shifts in ECso were due to changes in channel gating and not
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changes in agonist binding affinity. From these data, we proposed a model of gating for the
5-HT3a receptor.

Initial studies were also done on the analogous prolines in the nicotinic acetylcholine
receptor to examine if these prolines are critical for channel function. Conventional
mutagenesis was performed on prolines 265 and 272 to generate glycine, valine and alanine
mutants. Mutations of proline 272 (analogous to proline 308 in 5-HT3aR) of the alpha
subunit of NAChR produced functional channels. Furthermore, incorporation of Aze and Pip
using nonsense suppression at proline 272 yielded ECs, values on the same order of
magnitude as wildtype channels. Interestingly, mutations at proline 265 of nAChR were not
tolerated and yielded no channel activity. Proline 301 of 5-HT3a was previously shown to
tolerate mutations. Our initial data suggest that while proline 8* is involved in gating of 5-
HT3a receptors, it does not play the same role in NAChR; however, proline 1* in the alpha
subunit of NAChR may play a critical role in gating although the equivalent proline does not
appear to play a role in 5-HT3a gating. These data are interesting because they suggest that
these two channels have evolved to utilize different gating mechanisms despite being highly
homologous and part of the same superfamily. The observed difference may also be due to
the kinetics of the muscle type nAChR since the initial studies were done in the mouse
muscle type receptor. To address this issue, these studies are being continued by Joanne Xiu

in a neuronal nACh receptor.
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3.6 Experimental method and materials
3.6.1 General synthetic information

Unless otherwise stated, all reactions were performed in flame-dried glassware under
an atmosphere of nitrogen gas or argon gas. Reagents were obtained from commercial
sources and used as received. Thin-layer chromatography (TLC) was performed using E.
Merck silica gel 60 F254 precoated plates (0.25 mm). Visualization of the developed
chromatogram was performed by fluorescence quenching, cerium ammonium molybdate
stain, ninhydrin stain, or basic potassium permanganate stain. Chromatography (flash) was
performed using ICN Silica gel (0.032-0.063 mm) or Fluka alumina oxide type 507 C neutral
(0.05-0.15 mm). *H-NMR and **C-NMR were recorded on a Varian Mercury 300 (300 MHz
for 'H-NMR and 74.5 MHz for **C-NMR) at room temperature. Infrared (IR) spectra were
obtained using a Perkin Elmer Paragon spectrometer and are reported in terms of frequency
of absorption (cm™). UV (vis) spectra were recorded on a Unikon Spectrophotometer 930
and are reported in terms of wavelength of maximum absorbance (Amax). Mass spectra were
obtained from the Protein/Peptide MicroAnalytical Laboratory at the California Institute of

Technology, Pasadena, California.

3.6.2 Synthesis of (2S,5R)-5-tert-Butylproline
3.6.2.1 N-(9-(9-Phenylfluorenyl))glutamic Acid j-Methyl Ester (2)

To a suspension of glutamic acid y-methyl ester 1 (4.06 g, 25.2 mmol) in freshly
distilled chloroform (50.4 mL) was added chlorotrimethylsilane (TMS-CI) (2.88 g, 3.36 mL)
via syringe at room temperature. The reaction mixture was heated at reflux for 2 h. and

cooled to room temperature. Freshly distilled triethylamine (7.39 mL) was added followed


http://dict.die.net/potassium%20permanganate/
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by lead nitrate (5.01 g, 15.13 mmol) and 9-bromo-9-phenylfluorene (9.71 g, 30.23 mmol) in
chloroform (50.4 mL). The resulting mixture was stirred for 87 h. at room temperature, after
which dry methanol (16.8 mL) was added and the reaction was stirred for another 15
minutes. The solution was filtered by vacuum filtration and the filtrate was concentrated in
vacuo. The resulting residue was dissolved in 5% citric acid (84 mL) and extracted three
times with ethyl acetate (3 x 84 mL). The combined organic layers were dried with
anhydrous sodium sulfate (granular), filtered and concentrated in vacuo. Column
chromatography on silica gel (gradient 1:1 EtOAc: Hexanes to 2:1 EtOAc: Hexanes) yielded
a yellow residue (85 % yield). 'H NMR (300 MHz, CDCls) § = 1.58-1.81 (2H, m), 2.31
(2H, t, J = 6.9), 2.56 (1H, dd, J = 4.8, J = 7.5), 3.58 (3H, s), 6.00 (1H, bs), 7.10-7.61 (13H,
m). 3C NMR (300 MHz, CDCl3) & = 28.11, 30.49, 52.07, 55.55, 73.05, 74.06, 120.30,
120.42, 125.34, 126.17, 126.29, 127.76, 128.05, 128.33, 128.73, 128.99, 129.14, 140.59,
141.20, 143.66, 147.44, 151.08, 159.78, 174.61, 177.98. MS Calcd for C2sH23NO,4 = 401.16.

Found: (ESI*) 402.2 [M + H]*, 424.0 [M + NaJ*

3.6.2.2 (2S,  4RS)-6,6-dimethyl-5-o0x0-4-[(methyloxy)carbonyl]-2-[(N-(PhF)amino]
hepantoic acid (3)

To a -78 °C solution of 1 M lithium bis(trimethylsilyl)amide (12.35 mL), is added
dropwise 2 (1.5 g, 3.74 mmol) dissolved in dry tetrahydrofuran (THF) (4.78 mL) that has
been cooled to -78 °C. The reaction mixture is stirred at -78 °C for 2 h. to generate the
enolate. To the enolate is added dropwise a -78 °C solution of trimethylacetylchloride
(pivaloyl chloride) (1.29 mL) in dry tetrahydrofuran (THF) (0.875mL). The reaction mixture

is stirred at -78 °C for 1 h, after which 1 M sodium dihydrogen phosphate (NaH,PQ,) is
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added. The reaction is allowed to come to room temperature with stirring. The reaction is
then extracted with ethyl acetate (4 x 7.3 mL), and the combined organic layers are washed
with cold water (3 x 2.9 mL) and brine (2 x 4.35 mL), dried with anhydrous sodium sulfate
(granular), filtered and concentrated in vacuo to yield an orange residue (75% yield). The

residue is used without further purification in the next reaction.

3.6.2.3 (25)-6,6-dimethyl-5-0x0-2-[N-(PhF)amino heptanoic acid

Crude B-keto ester 3 (diastereomers, 1.36 g, 2.81 mmol scale) from the previous
reaction was dissolved in 200 proof ethanol (18.2 mL) and treated with 2N NaOH (18.2 mL)
and stirred under reflux for 48 h. The reaction was cooled to room temperature and the pH
was adjusted to 5 using 10% aqueous HCI. The solution was extracted with ethyl acetate
(three times), dried with anhydrous sodium sulfate (granular), filtered, and concentrated in
vacuo to yield a light yellow residue. The product did not require further purification and
was used in the next reaction. 'H NMR (300 MHz, CDCls) § = 1.12 (9H, s), 1.61-184 (2H,
m), 2.51 (2H, m), 2.61 (1H, dd, J = 5.1, J = 6.6), 7.23-7.73 (13H, m). MS Calcd for

CasH29NO3 = 427.53. Found: (ESI") 428.2 [M + H]".

3.6.2.4 (2S)-methyl 6,6-dimethyl-5-oxo0-2-[N-(PhF)amino heptanoic acid (4)

Crude acid (2S)-6,6-dimethyl-5-ox0-2-[N-(PhF)amino heptanoic acid (from previous
reaction) was dissolved in dry acetonitrile (2.77 mL) and to that was added K,CO3 (0.947 g,
and methyl iodide (0.728 mL) and stirred at room temperature for 19 h. Brine was added to
the reaction mixture and then the reaction mixture was extracted with ethyl acetate (3 x 15

mL). The combined organic phases were washed with 0.65M sodium thiosulfate (29.1 mL)
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and then brine. It was then dried with anhydrous sodium sulfate (granular), filtered and
concentrated in vacuo. Column chromatography on silica gel (1:9 ethyl acetate:hexanes)
yielded a white powder (78% for two steps). *H NMR (300 MHz, CDCls) & = 1.11 (9H, s),
1.62 (2H, m), 2.31 (1H, ddd, J = 6.0, J = 9.3, J = 18), 2.53 (1H, dd, J = 5.4, J = 7.5), 2.72
(1H, ddd, J = 5.7, J = 9.5, J = 18), 3.00 (1H, bs), 3.27 (3H, s), 7.16 — 7.70 (13H, m). *C
NMR (300 MHz, CDCl3) 6 = 14.41, 26.75, 29.31, 33.29, 44.21, 51.74, 55.21, 120.11, 120.26,
125.50, 126.25, 126.47, 127.46, 127.53, 127.96, 128.52, 128.59, 140.33, 141.31, 144.63,
148.75, 149.28, 176.77. MS Calcd for CaoH31NO3 = 441.56. Found: (ESIY) 442.2 [M + H]",

464.0 [M + NaJ*, 480.0 [M + K]".

3.6.2.5 (2S,5R)-N-(BOC)-5-tert-Butylproline Methyl Ester (5)

A solution of 4 (1.30 g, 2.94 mmol) and di-tert-butyldicarbonate (1.77 g, 8.11 mmol)
in anhydrous methanol (89.4 mL) was treated with 10% palladium-on-carbon (239.6 mg) and
stirred under 4 atm (58 psi) of hydrogen using a par hydrogenator for 48 h. The mixture was
filtered through Celite and washed with methanol and the filtrate was concentrated in vacuo.
Column chromatography on silica (0 to 25% EtOAc in Hexanes) yielded a white crystalline
solid (71% yield). *H NMR (300 MHz, CDCls) & = 0.95 (9H, s), 1.43 (9H, s), 1.95 (3H, m),
2.27 (1H, m), 3.70 (3H, s), 3.77 (1H, d, J = 8.1), 4.27 (1H, m). *C NMR (300 MHz, CDCl5)
d = 26.85, 27.63, 28.43, 29.82, 36.55, 52.00, 61.70, 66.82, 80.13, 155.90, 173.70. MS Calcd
for CisH,7NO, = 285.38. Found: (ESI*) 286.2 [M + H]*, 308.1 [M + NaJ", 324.1 [M + K]

[]?*5 -31.5 (c 1, MeOH).

3.6.2.6 (2S,5R)-N-(BOC)-5-tert-Butylproline (6)
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Methyl ester cis-5 (187 mg, 0.655 mmol) was dissolved in diethyl ether (4.6 mL) and
treated with potassium trimethylsilanolate (KOSiMes) (93.5 mg, 0.729 mmol) and stirred at
room temperature for 22 h after which another portion of potassium trimethylsilanolate (93.5
mg, 0.729 mmol) was added and the reaction was stirred for another 2 h. The reaction was
concentrated in vacuo and the residue was redissolved in 5% citric acid (40 mL). The
solution was extracted with ethyl acetate (3 x 25 mL). The combined organic layers were
washed with brine, dried with anhydrous sodium sulfate (granular), filtered and concentrated
in vacuo to yield the desired product (quant. yield). No further purification was necessary.
'H NMR (300 MHz, CDCl3) & = 0.95 (9H, s), 1.43 (9H, s), 1.95 (3H, m), 2.28 (1H, m), 3.78
(1H, d, J = 7.8), 4.28 (1H, m). *C NMR (300 MHz, CD;0D) & = 27.71, 28.12, 28.71, 30.80,
37.38, 62.81, 68.32, 81.44, 158.00, 176.86. MS Calcd for Cy4HsNO4 = 271.35. Found:
(ESI") 272.1 [M + H]*, 294.0 [M + Na]*, 310.0 [M + K], 316.0 [M + 2Na - H]", 332.0 [M +

K + Na- H]".

3.6.2.7 (2S,5R)-5-tert-Butylproline (6)

A solution of (2S,5R)-N-(BOC)-5-tert-Butylproline 6 (189.58 mg, 0.699 mmol) in
anhydrous CH,Cl, (20 mL) was treated with trifluoroacetic acid (1 mL) and stirred at room
temperature for 12 h. The reaction was concentrated in vacuo to yield (2S,5R)-5-tert-
Butylproline trifluoroacetate salt. No purification was necessary and material was used in
next reaction as is. "H NMR (300 MHz, CDCls) TFA salt 8 = 1.08 (9H, s), 1.65 (1H, m),
2.05 (1H, m), 2.41 (2H, m), 3.52 (1H, m), 4.38 (1H, bs), 6.51 (1H, bs), 10.66 (1H, bs). *C
NMR (300 MHz, CDCl3) 6 = 25.28, 26.16, 29.29, 32.27, 59.25, 72.40, 172.79. MS Calcd for

CsH7NO, = 171.24. Found: (ESI) 172.0 [M + HJ*, 194.0 [M + Na]".
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3.6.2.8 (2S,5R)-N-(NVOC)-5-tert-Butylproline (8)

(2S,5R)-5-tert-Butylproline 7 (53.7 mg, 0.314 mmol) was added to 10% sodium
carbonate (1.20 mL). Another equivalent of Na,CO3 (120 mg) was added to account for the
TFA. To this was added dioxane (0.91 mL) and the reaction was cooled to 0 °C (ice bath).
NVOC-CI (90.9 mg, 0.330 mmol) was added slowly to the reaction at 0 °C. The reaction
mixture was removed from the ice bath and allowed to warm to room temperature and stirred
at room temperature for 4 h. Subsequently, the reaction was poured over water then washed
with diethyl ether (3 x). The aqueous layer was acidified to pH 2 with 6 N HCIl. Upon
acidification, the aqueous layer becomes opaque as product begins to precipitate. The
aqueous layer is extracted with methylene chloride (3 x or until the aqueous layer is no
longer orange). The combined organic layers were dried with anhydrous sodium sulfate
(granular), filtered and concentrated in vacuo to yield an orange residue (75% yield). No

further purification was necessary and residue was used in next reaction.

3.6.2.9 (2S,5R)-N-(NVOC)-5-tert-Butylproline Cyano-Methyl Ester (9)
(2S,5R)-N-(NVOC)-5-tert-Butylproline 8 (128.9 mg, 0.314 mmol) was dissolved in
anhydrous chloroacetonitrile (1.19 g, 15.7 mmol, 0.993 mL) and to that was added freshly
distilled triethylamine (95.4 mg, 0.942 mmol, 0.131 mL). The reaction was stirred at room
temperature until reaction was complete as monitored by thin layer chromatography. The
reaction was concentrated in vacuo to yield an orange residue. Column chromatography on
silica gel (1:2 Ethyl acetate: Hexanes) yielded the desired product (49% yield). *H NMR

(600 MHz, CDCls, 22 °C) & = 0.91 (9H, s), 1.93 (2H, m), 2.01 (1H, m), 2.36 (1H, m), 3.91
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(3H, s), 3.92 (1H, m), 4.03 (3H, s), 4.50 (1H, t, J =9, 9.6), 4.76 (2H, abx pattern*, J = 16.2,
15.6), 5.52 (2H, ab pattern, J = 15.3), 7.00 (1H, s), 7.68 (1H, s). *C NMR (300 MHz,
CDCls) & = 26.60, 27.45, 29.89, 36.51, 48.94, 56.52, 56.96, 60.81, 64.61, 67.99, 108.27,
109.69, 110.89, 114.19, 128.92, 139.32, 148.09, 154.18, 155.95, 171.86. MS Calcd for
CoH17NO, = 449.45. Found: (ESI*) 472.0 [M + Na]*, 487.8 [M + K]*.

*at -10 °C: 4.745 (2H, abx, Jag = 25.2, Jgx = 15.6, Jag = 22.8, Jax = 15.6)



89

CALIFORNIA INSTITUTE OF TECHNOLOGY

BECKMAN INSTITUTE
X-RAY CRYSTALLOGRAPHY LABORATORY

Date 15 December 2004

Crystal Structure Analysis of:
LWLO01
(shown below)

For  Investigator: Lori Lee ext. 6009
Advisor: D. A. Dougherty ext. 6089
Account Number: DAD.00007-1-NIH.000076

By Michael W. Day 116 Beckman ext. 2734

e-mail: mikeday@caltech.edu

Contents

Table 1. Crystal data

Figures Figures

Table 2. Atomic Coordinates

Table 3. Full bond distances and angles

Table 4. Anisotropic displacement parameters

Table 5. Hydrogen atomic coordinates

Table 6. Observed and calculated structure factgrs (available upon request)

LWLO1

Note: The crystallographic data have been deposited in the Cambridge Database (CCDC)
and has been placed on hold pending further instructions from me. The deposition
number is 258350. Ideally the CCDC would like the publication to contain a footnote
of the type: "Crystallographic data have been deposited at the CCDC, 12 Union Road,



90

Cambridge CB2 1EZ, UK and copies can be obtained on request, free of charge, by
quoting the publication citation and the deposition number 258350."



Table 3.2. Crystal data and structure refinement for LWLO01 (CCDC 258350).

Empirical formula
Formula weight
Crystallization Solvent
Crystal Habit

Crystal size

Crystal color

Type of diffractometer
Wavelength

Data Collection Temperature
0 range for 12341 reflections used

in lattice determination
Unit cell dimensions

Volume

Z

Crystal system

Space group

Density (calculated)

F(000)

Data collection program

0 range for data collection
Completeness to 6 = 28.46°
Index ranges

Data collection scan type
Data reduction program
Reflections collected
Independent reflections
Absorption coefficient
Absorption correction

Max. and min. transmission

C21H27N30g

449.46

Ethylacetate

Block

0.30 x 0.28 x 0.26 mm3
Yellow

Data Collection

Bruker SMART 1000
0.71073 A MoKa,
100(2) K

2.24 10 27.04°

a=8.6423(8) A

b=26.431(2) A B=96.1050(10)°
c=9.7211(8) A

2208.0(3) A3

4

Monoclinic

P2,

1.352 Mg/m3

952

Bruker SMART v5.630
1.54 to 28.46°

93.4 %
-10<h<11,-34<k<35,-12<1<12
o scans at 5 ¢ settings
Bruker SAINT v6.45A
31693

10131 [Rjnt= 0.0550]
0.105 mm-1

None

0.9733 and 0.9693
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Structure solution and Refinement

Structure solution program
Primary solution method
Secondary solution method
Hydrogen placement

Structure refinement program
Refinement method

Data / restraints / parameters
Treatment of hydrogen atoms
Goodness-of-fit on F2

Final R indices [I>2o(1), 7697 reflections]
R indices (all data)

Type of weighting scheme used
Weighting scheme used

Max shift/error

Average shift/error

Absolute structure parameter

Largest diff. peak and hole

SHELXS-97 (Sheldrick, 1990)
Direct methods

Difference Fourier map
Difference Fourier map
SHELXL-97 (Sheldrick, 1997)
Full matrix least-squares on F2
10131/1/793

Unrestrained

1.101

R1=0.0373, wR2 = 0.0536
R1 =0.0566, wR2 = 0.0564
Sigma

w=1/c?(Fo?)

0.002

0.000

0.4(5) Can not be reliably determined for light
atom structures.

0.185and -0.179 e.A-3

Special Refinement Details

Refinement of F? against ALL reflections. The weighted R-factor (wR) and goodness
of fit (S) are based on F?, conventional R-factors (R) are based on F, with F set to zero for
negative F2. The threshold expression of F? > 2o( F?) is used only for calculating R-
factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based
on F? are statistically about twice as large as those based on F, and R-factors based on ALL
data will be even larger.

All esds (except the esd in the dihedral angle between two |.s. planes) are estimated
using the full covariance matrix. The cell esds are taken into account individually in the
estimation of esds in distances, angles and torsion angles; correlations between esds in cell
parameters are only used when they are defined by crystal symmetry. An approximate
(isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
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Table 3.3. Atomic coordinates ( x 104) and equivalent isotropic displacement
parameters (A2x 10%) for LWLO01 (CCDC 258350). U(eq) is defined as the trace of the
orthogonalized Ui tensor.

X y z Ueq
O(1A) 4696(2) 2483(1) 14230(1) 43(1)
O(2A) 6229(2) 1843(1) 14509(1) 31(1)
O(3A) 6527(2) 1098(1) 9861(1) 28(1)
O(4A) 4806(2) 1655(1) 8172(1) 28(1)
O(5A) 2405(1) 3022(1) 10632(1) 22(1)
O(6A) 4504(2) 3534(1) 10757(1) 36(1)
O(7A) 1379(2) 2747(1) 7496(1) 29(1)
O(8A) -1036(1) 3073(1) 7370(1) 24(1)
N(1A) 5348(2) 2121(1) 13762(2) 25(1)
N(2A) 2583(2) 3616(1) 8993(1) 21(1)
N(3A) -897(2) 2725(1) 4040(2) 50(1)
C(1A) 5116(2) 2018(1) 12283(2) 21(1)
C(2A) 5937(2) 1605(1) 11827(2) 21(1)
C(3A) 5811(2) 1490(1) 10439(2) 22(1)
C(4A) 4852(2) 1793(1) 9505(2) 21(1)
C(5A) 4049(2) 2196(1) 9991(2) 20(1)
C(6A) 4146(2) 2322(1) 11386(2) 20(1)
C(7A) 7386(3) 750(1) 10778(2) 28(1)
C(8A) 3820(3) 1945(1) 7183(2) 32(1)
C(9A) 3180(2) 2762(1) 11829(2) 24(1)
C(10A) 3267(2) 3406(1) 10174(2) 26(1)
C(11A) 919(2) 3566(1) 8532(2) 21(1)
C(12A) 560(2) 4016(1) 7542(2) 25(1)
C(13A) 1857(2) 4395(1) 7938(2) 24(1)
C(14A) 3288(2) 4079(1) 8461(2) 23(1)
C(15A) 4460(2) 3975(1) 7398(2) 25(1)
C(16A) 3680(3) 3743(1) 6074(2) 36(1)
C(17A) 5215(3) 4478(1) 7079(3) 35(1)
C(18A) 5748(3) 3618(1) 8005(3) 40(1)
C(19A) 512(2) 3076(1) 7771(2) 22(1)
C(20A) -1614(3) 2645(1) 6559(2) 26(1)
C(21A) -1201(2) 2691(1) 5135(2) 30(1)
O(1B) 7075(2) 6109(1) -3713(1) 43(1)
O(2B) 8512(2) 6739(1) -4103(2) 69(1)
O(3B) 11317(1) 7245(1) 387(1) 27(1)
O(4B) 10593(1) 6587(1) 2149(1) 25(1)
O(5B) 6898(1) 5335(1) -150(1) 24(1)
O(6B) 8956(2) 4858(1) -603(1) 31(1)

0(7B) 7178(2) 5569(1) 2991(1) 29(1)



0(8B)
N(1B)
N(2B)
N(3B)
C(1B)
C(2B)
C(3B)
C(4B)
C(5B)
C(6B)
C(7B)
C(8B)
C(9B)
C(10B)
C(11B)
C(12B)
C(13B)
C(14B)
C(15B)
C(16B)
C(17B)
C(18B)
C(19B)
C(20B)
C(21B)

4667(1)
8061(2)
7731(2)
2749(2)
8687(2)
9725(2)
10325(2)
9911(2)
8882(2)
8240(2)
11695(3)
10226(3)
7139(2)
7953(2)
6272(2)
6293(3)
7443(3)
8628(2)
10175(2)
11216(3)
9912(3)
11013(3)
6143(2)
4380(3)
3462(2)

5341(1)
6424(1)
4726(1)
5548(1)
6432(1)
6827(1)
6874(1)
6517(1)
6133(1)
6076(1)
7632(1)
6240(1)
5642(1)
4959(1)
4772(1)
4334(1)
3953(1)
4268(1)
4373(1)
4723(1)
4610(1)
3863(1)
5280(1)
5795(1)
5651(1)

2977(1)

-3326(2)

1332(2)
5735(2)

-1873(2)
-1481(2)

-136(2)
837(2)
432(2)

-940(2)

-556(2)

3197(2)

-1335(2)

130(2)
1955(2)
2986(2)
2469(2)
1780(2)
2686(2)
1943(2)
4072(2)
2910(2)
2673(2)
3740(2)
4858(2)

28(1)
32(1)
24(1)
36(1)
24(1)
25(1)
22(1)
21(1)
22(1)
22(1)
28(1)
29(1)
25(1)
26(1)
25(1)
32(1)
32(1)
25(1)
25(1)
35(1)
30(1)
34(1)
24(1)
28(1)
25(1)
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Table 3.4. Bond lengths [A] and angles [°] for LWL01 (CCDC 258350).

O(1A)-N(1A) 1.2222(19) C(15A)-C(16A) 1.517(3)
0(2A)-N(1A) 1.2370(18) C(15A)-C(17A) 1.528(3)
O(3A)-C(3A) 1.359(2) C(15A)-C(18A) 1.529(3)
O(3A)-C(7A) 1.432(2) C(16A)-H(16A) 0.981(19)
O(4A)-C(4A) 1.3439(19) C(16A)-H(16B) 0.98(2)
O(4A)-C(8A) 1.436(2) C(16A)-H(16C) 1.07(2)
O(5A)-C(10A) 1.362(2) C(17A)-H(17A) 1.004(19)
O(5A)-C(9A) 1.452(2) C(17A)-H(17B) 0.99(2)
O(6A)-C(10A) 1.204(2) C(17A)-H(17C) 1.05(2)
O(7A)-C(19A) 1.195(2) C(18A)-H(18A) 0.94(2)
O(8A)-C(19A) 1.353(2) C(18A)-H(18B) 0.98(2)
O(8A)-C(20A) 1.438(2) C(18A)-H(18C) 0.99(2)
N(1A)-C(1A) 1.456(2) C(20A)-C(21A) 1.471(3)
N(2A)-C(10A) 1.353(2) C(20A)-H(20A) 0.99(2)
N(2A)-C(11A) 1.466(2) C(20A)-H(20B) 0.97(2)
N(2A)-C(14A) 1.486(2) O(1B)-N(1B) 1.222(2)
N(3A)-C(21A) 1.128(2) 0(2B)-N(1B) 1.216(2)
C(1A)-C(6A) 1.397(2) 0(3B)-C(3B) 1.364(2)
C(1A)-C(2A) 1.400(2) 0(3B)-C(7B) 1.435(2)
C(2A)-C(3A) 1.376(3) O(4B)-C(4B) 1.360(2)
C(2A)-H(2A) 0.924(17) 0(4B)-C(8B) 1.432(2)
C(3A)-C(4A) 1.412(2) O(5B)-C(10B) 1.357(2)
C(4A)-C(5A) 1.380(2) O(5B)-C(9B) 1.442(2)
C(5A)-C(6A) 1.390(2) 0(6B)-C(10B) 1.209(2)
C(5A)-H(5A) 0.933(18) 0(7B)-C(19B) 1.193(2)
C(6A)-C(9A) 1.519(3) 0(8B)-C(19B) 1.349(2)
C(7A)-H(7A) 1.01(2) 0(8B)-C(20B) 1.448(2)
C(7A)-H(7B) 0.96(2) N(1B)-C(1B) 1.458(2)
C(7A)-H(7C) 1.010(19) N(2B)-C(10B) 1.352(2)
C(8A)-H(8A) 1.04(2) N(2B)-C(11B) 1.461(2)
C(8A)-H(8B) 1.03(2) N(2B)-C(14B) 1.479(2)
C(8A)-H(8C) 1.012(18) N(3B)-C(21B) 1.137(2)
C(9A)-H(9A) 1.023(17) C(1B)-C(6B) 1.389(3)
C(9A)-H(9B) 0.955(16) C(1B)-C(2B) 1.403(3)
C(11A)-C(19A) 1.514(3) C(2B)-C(3B) 1.360(2)
C(11A)-C(12A) 1.542(3) C(2B)-H(2B) 0.923(15)
C(11A)-H(11A) 0.961(15) C(3B)-C(4B) 1.410(2)
C(12A)-C(13A) 1.521(3) C(4B)-C(5B) 1.379(2)
C(12A)-H(12A) 1.006(17) C(5B)-C(6B) 1.397(2)
C(12A)-H(12B) 0.972(18) C(5B)-H(5B) 0.983(15)
C(13A)-C(14A) 1.532(3) C(6B)-C(9B) 1.515(3)
C(13A)-H(13A) 1.003(18) C(7B)-H(7D) 1.042(19)
C(13A)-H(13B) 1.008(19) C(7B)-H(7E) 0.945(19)
C(14A)-C(15A) 1.547(3) C(7B)-H(7F) 1.012(19)

C(14A)-H(14A) 1.007(15) C(8B)-H(8D) 0.976(18)



C(8B)-H(8E)

C(8B)-H(8F)

C(9B)-H(9C)

C(9B)-H(9D)

C(11B)-C(19B)
C(11B)-C(12B)
C(11B)-H(11B)
C(12B)-C(13B)
C(12B)-H(12C)
C(12B)-H(12D)
C(13B)-C(14B)
C(13B)-H(13C)
C(13B)-H(13D)
C(14B)-C(15B)
C(14B)-H(14B)
C(15B)-C(16B)
C(15B)-C(17B)
C(15B)-C(18B)
C(16B)-H(16D)
C(16B)-H(16E)
C(16B)-H(16F)
C(17B)-H(17D)
C(17B)-H(17E)
C(17B)-H(17F)
C(18B)-H(18D)
C(18B)-H(18E)
C(18B)-H(18F)
C(20B)-C(21B)
C(20B)-H(20C)
C(20B)-H(20D)

C(3A)-O(3A)-C(7A)
C(4A)-O(4A)-C(8A)
C(10A)-O(5A)-C(9A)
C(19A)-O(8A)-C(20A)
O(1A)-N(1A)-O(2A)
O(1A)-N(1A)-C(1A)
0(2A)-N(1A)-C(1A)
C(10A)-N(2A)-C(11A)
C(10A)-N(2A)-C(14A)
C(11A)-N(2A)-C(14A)
C(6A)-C(1A)-C(2A)
C(6A)-C(1A)-N(1A)
C(2A)-C(1A)-N(1A)
C(3A)-C(2A)-C(1A)
C(3A)-C(2A)-H(2A)

1.043(19)
0.969(19)
0.903(17)
0.998(17)
1.523(3)
1.529(3)
0.998(16)
1.536(3)
1.003(19)
1.00(2)
1.528(3)
0.955(19)
0.974(19)
1.546(2)
0.969(15)
1.524(3)
1.525(3)
1.534(3)
0.99(2)
1.03(2)
0.97(2)
1.034(19)
0.972(19)
0.99(2)
1.02(2)
1.01(2)
0.929(18)
1.463(3)
1.009(17)
0.929(18)

117.47(14)
117.07(14)
113.15(14)
115.89(14)
121.68(15)
119.54(15)
118.76(15)
123.26(15)
118.35(14)
113.13(14)
122.79(16)
121.31(15)
115.89(16)
119.51(18)
124.4(10)

C(1A)-C(2A)-H(2A)
O(3A)-C(3A)-C(2A)
O(3A)-C(3A)-C(4A)
C(2A)-C(3A)-C(4A)
O(4A)-C(4A)-C(5A)
O(4A)-C(4A)-C(3A)
C(5A)-C(4A)-C(3A)
C(4A)-C(5A)-C(6A)
C(4A)-C(5A)-H(5A)
C(6A)-C(5A)-H(5A)
C(5A)-C(6A)-C(1A)
C(5A)-C(6A)-C(9A)
C(LA)-C(6A)-C(9A)
O(3A)-C(7A)-H(7A)
O(3A)-C(7A)-H(7B)
H(7A)-C(7A)-H(7B)
O(3A)-C(7A)-H(7C)
H(7A)-C(7A)-H(7C)
H(7B)-C(7A)-H(7C)
O(4A)-C(8A)-H(8A)
O(4A)-C(8A)-H(8B)
H(8A)-C(8A)-H(8B)
O(4A)-C(8A)-H(8C)
H(8A)-C(8A)-H(8C)
H(8B)-C(8A)-H(8C)
O(5A)-C(9A)-C(6A)
O(5A)-C(9A)-H(9A)
C(6A)-C(9A)-H(9A)
O(5A)-C(9A)-H(9B)
C(6A)-C(9A)-H(9B)
H(9A)-C(9A)-H(9B)
O(6A)-C(10A)-N(2A)
O(6A)-C(10A)-O(5A)
N(2A)-C(10A)-O(5A)
N(2A)-C(11A)-C(19A)
N(2A)-C(11A)-C(12A)
C(19A)-C(11A)-C(12A)
N(2A)-C(11A)-H(11A)
C(19A)-C(11A)-H(11A)
C(12A)-C(11A)-H(11A)
C(13A)-C(12A)-C(11A)
C(13A)-C(12A)-H(12A)
C(11A)-C(12A)-H(12A)
C(13A)-C(12A)-H(12B)
C(11A)-C(12A)-H(12B)
H(12A)-C(12A)-H(12B)

116.1(10)
125.56(17)
115.44(15)
119.00(17)
125.16(16)
114.87(15)
119.97(16)
122.62(17)
120.1(11)
117.2(11)
116.11(16)
118.85(15)
125.02(15)
107.0(11)
112.0(12)
112.5(16)
113.2(10)
108.5(14)
103.8(15)
106.2(10)
111.7(11)
105.6(15)
110.1(10)
113.5(15)
109.7(15)
110.80(14)
105.5(9)
111.7(9)
108.7(9)
110.3(10)
109.7(13)
124.79(17)
123.02(17)
112.18(16)
113.30(15)
104.27(15)
109.55(14)
110.3(9)
105.2(9)
114.5(9)
104.85(15)
112.4(10)
108.2(10)
114.1(10)
112.2(10)
105.0(13)
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C(12A)-C(13A)-C(14A)
C(12A)-C(13A)-H(13A)
C(14A)-C(13A)-H(13A)
C(12A)-C(13A)-H(13B)
C(14A)-C(13A)-H(13B)
H(13A)-C(13A)-H(13B)
N(2A)-C(14A)-C(13A)
N(2A)-C(14A)-C(15A)
C(13A)-C(14A)-C(15A)
N(2A)-C(14A)-H(14A)
C(13A)-C(14A)-H(14A)
C(15A)-C(14A)-H(14A)
C(16A)-C(15A)-C(17A)
C(16A)-C(15A)-C(18A)
C(17A)-C(15A)-C(18A)
C(16A)-C(15A)-C(14A)
C(17A)-C(15A)-C(14A)
C(18A)-C(15A)-C(14A)
C(15A)-C(16A)-H(16A)
C(15A)-C(16A)-H(16B)
H(16A)-C(16A)-H(16B)
C(15A)-C(16A)-H(16C)
H(16A)-C(16A)-H(16C)
H(16B)-C(16A)-H(16C)
C(15A)-C(17A)-H(17A)
C(15A)-C(17A)-H(17B)
H(17A)-C(17A)-H(17B)
C(15A)-C(17A)-H(17C)
H(17A)-C(17A)-H(17C)
H(17B)-C(17A)-H(17C)
C(15A)-C(18A)-H(18A)
C(15A)-C(18A)-H(18B)
H(18A)-C(18A)-H(18B)
C(15A)-C(18A)-H(18C)
H(18A)-C(18A)-H(18C)
H(18B)-C(18A)-H(18C)
O(7A)-C(19A)-O(8A)
O(7A)-C(19A)-C(11A)
O(8A)-C(19A)-C(11A)
O(8A)-C(20A)-C(21A)
O(8A)-C(20A)-H(20A)
C(21A)-C(20A)-H(20A)
O(8A)-C(20A)-H(20B)
C(21A)-C(20A)-H(20B)
H(20A)-C(20A)-H(20B)
N(3A)-C(21A)-C(20A)

105.86(16)
111.7(10)
112.0(10)
108.9(11)
108.2(11)
110.0(14)
102.60(15)
113.98(15)
116.00(15)
105.7(8)
110.2(8)
107.9(8)
109.93(17)
108.58(19)
107.81(17)
112.04(16)
107.65(16)
110.73(16)
108.9(11)
113.0(12)
104.2(16)
112.8(11)
112.6(16)
104.9(17)
108.6(11)
109.0(11)
104.7(15)
110.4(11)
111.4(15)
112.5(16)
107.4(11)
110.5(12)
103.2(17)
113.0(12)
113.1(17)
109.2(17)
123.81(17)
127.71(17)
108.41(15)
110.22(16)
106.6(11)
106.4(11)
111.4(11)
107.6(11)
114.6(16)
179.4(2)

C(3B)-O(3B)-C(7B)
C(4B)-O(4B)-C(8B)
C(10B)-O(5B)-C(9B)
C(19B)-0(8B)-C(20B)
0(2B)-N(1B)-O(1B)
0(2B)-N(1B)-C(1B)
O(1B)-N(1B)-C(1B)
C(10B)-N(2B)-C(11B)
C(10B)-N(2B)-C(14B)
C(11B)-N(2B)-C(14B)
C(6B)-C(1B)-C(2B)
C(6B)-C(1B)-N(1B)
C(2B)-C(1B)-N(1B)
C(3B)-C(2B)-C(1B)
C(3B)-C(2B)-H(2B)
C(1B)-C(2B)-H(2B)
C(2B)-C(3B)-O(3B)
C(2B)-C(3B)-C(4B)
0(3B)-C(3B)-C(4B)
O(4B)-C(4B)-C(5B)
O(4B)-C(4B)-C(3B)
C(5B)-C(4B)-C(3B)
C(4B)-C(5B)-C(6B)
C(4B)-C(5B)-H(5B)
C(6B)-C(5B)-H(5B)
C(1B)-C(6B)-C(5B)
C(1B)-C(6B)-C(9B)
C(5B)-C(6B)-C(9B)
O(3B)-C(7B)-H(7D)
O(3B)-C(7B)-H(7E)
H(7D)-C(7B)-H(7E)
O(3B)-C(7B)-H(7F)
H(7D)-C(7B)-H(7F)
H(7E)-C(7B)-H(7F)
O(4B)-C(8B)-H(8D)
O(4B)-C(8B)-H(8E)
H(8D)-C(8B)-H(SE)
O(4B)-C(8B)-H(8F)
H(8D)-C(8B)-H(8F)
H(8E)-C(8B)-H(8F)
O(5B)-C(9B)-C(6B)
O(5B)-C(9B)-H(9C)
C(6B)-C(9B)-H(9C)
0(5B)-C(9B)-H(9D)
C(6B)-C(9B)-H(9D)
H(9C)-C(9B)-H(9D)

116.86(14)
118.23(14)
114.93(15)
115.40(14)
122.31(16)
118.76(17)
118.91(17)
121.96(15)
120.59(15)
113.22(15)
122.72(16)
121.46(17)
115.79(17)
119.78(18)
118.8(10)
121.4(10)
125.75(17)
119.09(17)
115.17(14)
124.76(16)
114.99(15)
120.25(15)
121.93(18)
119.8(9)
118.2(9)
116.22(17)
123.96(15)
119.82(16)
104.1(10)
108.4(11)
113.1(15)
111.9(10)
111.7(14)
107.7(14)
105.0(10)
110.2(9)
108.9(14)
106.3(10)
114.3(14)
111.8(14)
111.39(15)
104.7(11)
111.7(11)
107.2(9)
111.8(9)
109.8(14)
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0(6B)-C(10B)-N(2B)
0(6B)-C(10B)-O(5B)
N(2B)-C(10B)-O(5B)
N(2B)-C(11B)-C(19B)
N(2B)-C(11B)-C(12B)
C(19B)-C(11B)-C(12B)
N(2B)-C(11B)-H(11B)
C(19B)-C(11B)-H(11B)
C(12B)-C(11B)-H(11B)
C(11B)-C(12B)-C(13B)
C(11B)-C(12B)-H(12C)
C(13B)-C(12B)-H(12C)
C(11B)-C(12B)-H(12D)
C(13B)-C(12B)-H(12D)
H(12C)-C(12B)-H(12D)
C(14B)-C(13B)-C(12B)
C(14B)-C(13B)-H(13C)
C(12B)-C(13B)-H(13C)
C(14B)-C(13B)-H(13D)
C(12B)-C(13B)-H(13D)
H(13C)-C(13B)-H(13D)
N(2B)-C(14B)-C(13B)
N(2B)-C(14B)-C(15B)
C(13B)-C(14B)-C(15B)
N(2B)-C(14B)-H(14B)
C(13B)-C(14B)-H(14B)
C(15B)-C(14B)-H(14B)
C(16B)-C(15B)-C(17B)
C(16B)-C(15B)-C(18B)
C(17B)-C(15B)-C(18B)
C(16B)-C(15B)-C(14B)
C(17B)-C(15B)-C(14B)
C(18B)-C(15B)-C(14B)
C(15B)-C(16B)-H(16D)
C(15B)-C(16B)-H(16E)
H(16D)-C(16B)-H(16E)
C(15B)-C(16B)-H(16F)
H(16D)-C(16B)-H(16F)
H(16E)-C(16B)-H(16F)
C(15B)-C(17B)-H(17D)
C(15B)-C(17B)-H(17E)
H(17D)-C(17B)-H(17E)
C(15B)-C(17B)-H(17F)
H(17D)-C(17B)-H(17F)
H(17E)-C(17B)-H(17F)
C(15B)-C(18B)-H(18D)

125.92(17)
123.44(17)
110.64(16)
111.82(15)
104.98(15)
111.33(15)
109.3(9)
107.6(10)
111.8(10)
104.15(16)
110.1(10)
110.4(10)
111.7(11)
112.0(11)
108.5(15)
105.92(17)
107.9(11)
107.5(11)
112.8(11)
109.6(11)
112.8(17)
102.68(15)
114.51(15)
115.33(17)
105.8(9)
112.4(9)
105.8(9)
108.71(17)
107.83(18)
110.37(17)
110.95(16)
112.09(16)
106.80(15)
110.1(11)
113.1(11)
107.2(15)
112.0(11)
109.3(16)
104.9(15)
111.4(10)
110.1(10)
107.1(15)
113.3(11)
107.5(15)
107.2(15)
107.9(11)

C(15B)-C(18B)-H(18E)
H(18D)-C(18B)-H(18E)
C(15B)-C(18B)-H(18F)
H(18D)-C(18B)-H(18F)
H(18E)-C(18B)-H(18F)
0(7B)-C(19B)-O(8B)
O(7B)-C(19B)-C(11B)
0(8B)-C(19B)-C(11B)
0(8B)-C(20B)-C(21B)
0(8B)-C(20B)-H(20C)
C(21B)-C(20B)-H(20C)
0(8B)-C(20B)-H(20D)
C(21B)-C(20B)-H(20D)
H(20C)-C(20B)-H(20D)
N(3B)-C(21B)-C(20B)

109.0(12)
114.3(15)
111.3(11)
103.6(15)
110.6(15)
124.56(18)
126.50(17)
108.82(15)
107.46(16)
108.8(9)
108.8(9)
107.2(10)
109.5(11)
114.8(15)
178.6(2)
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Table 3.5. Anisotropic displacement parameters (A2x 10¢) for LWL01 (CCDC
258350). The anisotropic displacement factor exponent takes the form: -2x2 [ hz a*2U 1
+..+2hka*b* U]

ull u22 u33 u23 ul3 ul2
O(1A) 671(11)  400(9) 223(7) -19(7) 10(7) 268(8)
O(2A) 374(8) 300(8) 221(7) 28(6) -71(6) 61(6)
O(3A) 333(8) 267(8) 224(7) 11(6) 32(6) 110(6)
O(4A) 356(8) 280(7) 204(7) -7(6) -5(6) 120(6)
O(5A) 244(7) 202(7) 212(6) 15(6) -23(5) 25(6)

O(6A) 311(8)  430(9)  317(8)  113(7)  -128(6)  -114(7)
O(TA) 273(7)  236(7)  343(7) -68(6) -36(6) 63(6)

O(8A) 197(7)  241(7)  280(7) -65(6) -32(6) 1(6)
N(1A) 292(9)  254(9)  198(8) 8(7) 0(7) 14(8)
N(2A) 216(8)  205(8)  180(8) 18(7) -43(6) -3(7)
N(3A) 780(16)  392(11)  315(11)  -48(9) 46(10)  -129(11)
C(1A) 230(10) 207(10)  191(10) 4(8) 19(8) -40(8)
C(2A) 214(10) 220(10)  201(10)  52(8) -8(8) -2(8)
C(3A) 204(10)  184(10)  259(10) -6(8) 29(8) -5(8)
C(4A) 220(10) 236(11)  170(10)  -15(8) 17(8) -6(8)
C(5A) 199(10)  197(10)  195(10)  25(8) -2(8) 25(8)
C(6A) 210(10)  217(10)  181(9) 7(8) 26(8) -34(8)
C(7A) 305(13) 234(12) 304(12)  52(10)  34(10)  80(10)
C(BA) 413(14)  319(13)  202(11)  -18(9) -9(10)  136(11)
C(OA) 276(11)  265(11)  166(10) 9(9) -15(9) 11(9)
C(10A) 270(11)  241(11)  261(10)  -24(8) 13(9) -1(9)
C(11A) 213(10)  217(10)  203(9) -14(8) 7(8) 6(8)
C(12A) 213(11)  265(11)  257(11)  -13(9) -36(8) 38(9)
C(13A) 276(11)  209(11)  245(11)  -22(9) 14(9) 28(9)
C(14A) 252(11)  218(11)  196(10) -5(8) -27(8) -33(8)
C(15A) 207(10)  280(11)  253(10)  17(9) 30(8) 21(9)

C(16A) 314(13)  467(15) 302(12)  -67(11)  82(11)  27(12)
C(17A) 306(13)  363(13) 384(13)  52(11)  57(11)  -16(11)
C(18A) 291(13)  416(16)  488(16)  113(13)  83(12)  96(12)

C(19A) 238(10)  243(11)  162(9) 45(8) 17(8) 26(9)
C(20A) 267(12)  217(11)  275(11)  -16(9) -46(9) -14(9)
C(21A) 374(13)  206(11)  283(12)  -28(9) -58(10)  -24(9)
O(1B) 439(9)  522(10)  287(8) -43(7) -98(7) -86(8)
O(2B) 1186(17)  607(12)  236(9) 98(8)  -117(9)  -357(11)
O(3B) 305(8)  286(8)  227(7) 18(6) 18(6) -78(6)
O@4B) 204(7)  282(7)  174(7) 0(6) -6(5) -71(6)
O(5B) 208(7)  267(7)  227(7) -24(6) -3(5) 21(6)
O(6B) 286(8)  421(9)  217(7) -14(6) 47(6) 93(7)

O(7B) 227(8)  326(8)  313(7) -86(6) 52(6) -76(6)



O(8B) 209(7)

N(1B) 396(10)
N(2B) 213(9)

N(3B) 494(12)
C(1B) 254(10)
C(2B) 291(11)
C(3B) 215(10)
C(4B) 219(10)
C(5B) 192(10)
C(6B) 186(10)
C(7B) 340(13)
C(8B) 340(14)
C(9B) 212(11)
C(10B) 202(11)
C(11B) 204(10)
C(12B) 300(12)
C(13B) 309(12)
C(14B) 239(11)
C(15B) 235(11)
C(16B) 220(12)
C(17B) 318(13)
C(18B) 295(14)
C(19B) 223(11)
C(20B) 267(12)
C(21B) 282(11)

284(8)

340(11)
282(9)

287(10)
281(11)
264(11)
236(10)
255(11)
264(11)
258(11)
286(12)
355(14)
306(12)
339(12)
301(11)
329(13)
267(12)
265(12)
245(10)
483(15)
328(13)
374(14)
317(12)
251(11)
200(11)

369(8)

222(9)

208(8)

309(10)
191(10)
199(10)
217(10)
164(9)

209(10)
208(10)
214(11)
171(11)
223(11)
228(10)
235(10)
337(13)
382(13)
225(10)
247(10)
320(13)
237(11)
336(13)
180(10)
318(12)
250(11)

-116(6)
-26(8)
-43(7)

0(8)
-36(8)
21(9)
-34(8)
-28(8)
-9(9)
-35(8)
32(9)
15(9)
-32(9)
-75(9)
-63(9)
-23(10)
-32(10)
-70(8)
-9(8)
43(11)
-16(9)
-76(11)
6(8)
-33(9)
-24(9)

82(6)
-20(8)
1(7)
113(9)
-13(8)
58(8)
9(8)
9(8)
32(8)
14(8)
28(10)
-51(10)
-25(9)
-43(9)
15(8)
78(10)
-15(10)
2(9)
-30(8)
-36(10)
-25(10)
-71(11)
9(8)
67(10)
11(9)

-45(6)

33(9)
17(7)

-28(9)

79(9)
49(9)

0(9)
30(9)
14(9)
60(8)

-25(10)
-71(10)

41(9)
15(9)

-19(9)
-60(10)
-67(10)

4(9)

-14(9)
-50(11)
-27(10)

32(11)

-48(9)

2(9)
8(8)
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Table 3.6. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x
10 3) for LWLO01 (CCDC 258350).

X y z Uiso
HRA) 6510(20)  1420(6)  12506(18) 17(5)
H(5A) 3400(20)  2392(7) 9379(18) 27(5)
H(7A) 7840(20) 488(7)  10182(19) 34(5)
H(7B) 6750(20) 602(8)  11430(20) 37(6)
H(7C) 8260(20) 015(7)  11385(18) 26(5)
H(8A) 3060(20)  1791(7) 6220(20) 40(6)
H(8B) 4190(20)  2314(8) 7138(19) 39(6)
H(8C) 2710(20)  1936(6) 7422(17) 21(5)
H(9A) 2310(20)  2641(6)  12384(17) 18(5)
H(9B) 3828(18)  2998(6)  12364(16) 12(4)
H(11A) 327(18)  3562(6) 9315(16) 9(4)
H(12A) 563(19)  3890(7) 6566(18) 21(5)
H(12B) -480(20)  4150(6) 7589(16) 17(5)
H(13A) 2060(20)  4615(7) 7136(18) 27(5)
H(13B) 1560(20)  4609(7) 8730(20) 35(5)
H(14A) 3870(17)  4246(5) 9291(15) 7(4)
H(16A) 4460(20)  3697(7) 5421(18) 31(5)
H(16B) 2800(30)  3965(8) 5580(20) 48(6)
H(16C) 3070(20)  3400(8) 6250(20) 46(6)
H(17A) 6070(20)  4410(7) 6478(18) 20(5)
H(17B) 5760(20)  4619(7) 7950(20) 42(6)
H(17C) 4380(20)  4727(8) 6600(20) 43(6)
H(18A) 6430(20)  3567(7) 7320(19) 31(5)
H(18B) 5330(20)  3278(9) 8140(20) 42(6)
H(18C) 6280(20)  3740(8) 8890(20) 42(6)
H(20A) -2760(20)  2662(7) 6498(19) 33(5)
H(20B) 1170(20)  2332(8) 6937(19) 35(6)
H(2B) 10007(17)  7060(6)  -2117(16) 7(4)
H(5B) 8530(17)  5902(6) 1130(16) 10(4)
H(7D) 12410(20)  7880(7) 58(18) 30(5)
H(7E) 10760(20)  7785(7) -945(18) 26(5)
H(7F) 12240(20)  7490(7)  -1341(19) 24(5)
H(8D) 10850(20)  6350(6) 4038(18) 18(4)
H(8E) 10560(20)  5874(7) 2053(17) 26(5)
H(8F) 0110(20)  6264(6) 3237(17) 23(5)
H(9C) 6180(20)  5753(6)  -1655(17) 15(5)
H(9D) 7545(18)  5414(6)  -2032(17) 18(5)
H(11B) 5380(10)  4745(6) 1218(17) 22(5)
H(12C) 6680(20)  4455(7) 3940(20) 29(5)

H(12D) 5240(20)  4184(7) 3012(19) 42(6)



H(13C)
H(13D)
H(14B)
H(16D)
H(16E)
H(16F)
H(17D)
H(17E)
H(17F)
H(18D)
H(18E)
H(18F)
H(20C)
H(20D)

6880(20)
7920(20)
8915(17)
10680(20)
11510(20)
12200(20)
9330(20)
10900(20)
9310(20)
11070(20)
10460(20)
12050(20)
5410(20)
3800(20)

3751(7)
3753(7)
4112(5)
5049(8)
4575(7)
4785(7)
4951(8)
4679(6)
4391(8)
3702(7)
3653(8)
3907(6)
5937(6)
6012(7)

1770(19)
3240(20)

941(16)
1727(19)
1030(20)
2487(19)
3939(18)
4607(18)
4650(20)
1960(20)
3560(20)
3250(17)
4158(16)
3133(17)

31(5)
35(6)

4(4)
36(6)
39(6)
39(6)
34(5)
24(5)
37(6)
39(6)
43(6)
20(5)
16(4)
21(5)
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3.6.2 Electrophysiology and molecular biology general:
Unless otherwise stated, chemicals and molecular biology reagents were purchased
from commercial sources and used as is. Xenopus laevis were purchased from Xenopus

Express (Plant City, FL) and Xenopus One (Dexter, Ml).

3.6.2.1 Site-directed mutagenesis of subunits of NAChR

Mutagenetic primers were custom ordered from Integrated DNA Technology (IDT)
Inc. (San Diego, CA) in 25 nmole amounts with standard desalting. These primers had the
following properties: length: 25-45 bases, T, > 78 °C, CG content 40%-50 %, and terminates
with one or more C/G at the 3’ end. Quickchange kits from Qiagen (Valencia, CA) were

used.
To a PCR tube was added 10 x polymerase buffer (5 uL), 5-50 ng of circular DNA (2
uL volume), 125 ng of mutagenic primer #1 (125 uL), 125 ng of mutagenic primer #2 (125
uL), 25 mM dNTP mix (1 uL) and RNase free water (38.5 uL) for total volume of 49 uL.
The reaction was mixed by gentle pipetting. Polymerase (1 uL) was added to the reaction
mixture and it was mixed. The reaction mixture was subject to the following cycling
parameters:
Cycle 1 (1 cycle): 95 °C for 30 s.
Cycle 2 (18 cycles): Step 1-95°C for 30 s.
Step 2 - 55 to 61 °C for 1 min.
Step 3 -68 °C for 10 min.
Cycle 3 (1 cycle): 68 °C for 7 min.

Hold at 4 °C until digestion with Dpn 1.
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The Quickchange reactions were screened by electrophoresis through 1 % agarose gel. 10
uL of each Quickchange reaction mixture was removed and mixed with 2 uL 6 x DNA gel-
loading buffer (0.25 % bromophenol blue, 0.25 % xylene cyanol FF, 30 % glycerol in
Millipore water) and resolved on a 1 % agarose gel for 1 hr, followed by visualization with
ethidium bromide. 1 uL of Dpn | was then added to each reaction and the reaction was
incubated at 37 °C for 1 h. Only reactions that showed amplification were transformed into

Topl0 cells.

3.6.2.2 Transformation of Quickchange reactions

1 uL of a Quickchange reaction was added to 40 uL of Blue Topl0 cells that had
been thawed on ice. The cells were mixed by gentle pipetting. The mixture was
electroporated at 1800 V using a chilled 0.1 mm cuvette. 500 puL of SOC media at 37 °C was
added mixed with the cells. The mixture was removed and placed in a 5 mL Falcon tube.
The recovered bacteria were incubated at 37 °C with shaking (300 rpm) for 20 min. Each
culture was then plated on LB-agar supplemented with ampicillin. The plates were incubated
upside down at 37 °C for 10-12 h. Distinct colonies were picked and used to inoculate
cultures for minipreps. The miniprepped DNA was sequenced to select for the correct
mutant.
The primers used to make the mutations were (mutation site shown in red):

Alpha subunit nAChR:

Pro272TAG
5’-CCACCTCCAGCGCTGTGTAGCTGATCGGGAAGTATATG-3’

Pro272TAG Reverse complement
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5’-CATATACTTCCCGATCAGCTACACAGCGCTGGAGGTGG-3’
Pro272Ala
5’-CCACCTCCAGCGCTGTGGCCCTGATCGGGAAGTATATG-3’
Pro272Ala reverse complement
5’-CATATACTTCCCGATCAGGGCCACAGCGCTGGAGGTGG-3’
Pro272Gly
5’-CCACCTCCAGCGCTGTGGGCCTGATCGGGAAGTATATG-3’
Pro272Gly reverse complement
5’-CATATACTTCCCGATCAGGCCCACAGCGCTGGAGGTGG-3’
Pro272Val
5’-CCACCTCCAGCGCTGTGGTCCTGATCGGGAAGTATATG-3
Pro272Val reverse complement
5’-CATATACTTCCCGATCAGGACCACAGCGCTGGAGGTGG-3’
Pro265TAG
5’-GGTCATTGTGGAGCTAATCTAGTCCACCTCCAGCGC-3’
Pro265TAG reverse complement
5’-GCGCTGGAGGTGGACTAGATTAGCTCCACAATGACC-3’
Pro265Val
5’-GGTCATTGTGGAGCTAATCGTTTCCACCTCCAGCGC-3’
Pro265Val reverse Complement
5’-GCGCTGGAGGTGGAAACGATTAGCTCCACAATGACC-3
Pro265Gly

5’-GGTCATTGTGGAGCTAATCGGTTCCACCTCCAGCGC-3’
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Pro265Gly reverse complement
5’-GCGCTGGAGGTGGAACCGATTAGCTCCACAATGACC-3’
Pro265Ala
5’-GGTCATTGTGGAGCTAATCGCTTCCACCTCCAGCGC-3’
Pro265Ala reverse Complement

5’-GCGCTGGAGGTGGAAGCGATTAGCTCCACAATGACC-3’

3.6.2.3 mRNA Transcription from plasmid DNA

Plasmid DNA linearization: Plasmid DNA (5-10 ng, 30 uL) containing the desired
subunit gene was mixed with 10 x Buffer (5 uL) and DEPC/nuclease free water (12 uL). To
the mixture was added the appropriate restriction enzyme (3 puL). The reaction mixture was
mixed by pipetting and incubated at 37 °C for 6 hours to overnight. A sample of the reaction
mixture was then resolved on a 1 % agarose gel with ethidium bromide staining to ensure the
plasmid DNA was completely linearized. If the plasmid DNA was not completely linearized,
additional restriction enzyme (3 pL) was added, the reaction was incubated at 37 °C for
another 4 hours, and followed by agarose gel analysis. Once the plasmid DNA was
completely linearized, the reaction was heat inactivated for 20 min. at 65 °C.
Work up for Plasmid DNA linearization (follows Qiagen MinElute PCR Purification Kit
protocol): Ethanol (96%-100 %) was added to Buffer PE before use (see bottle label for
volume). All centrifugation steps were at 14,000 rpm in a tabletop micro-centrifuge. Five
volumes of Buffer PB were added to 1 volume of linearization reaction and mixed by
pipetting. A MinElute column was placed in a provided 2 mL collection tube. The reaction

mix was applied to the MinElute column and centrifuged for 1 min. The flow-through was
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discarded and the MinElute was placed back in the same 2 mL collection tube. The DNA
was washed by an application of Buffer PE (750 pL) and centrifuged for 1 min. The flow-
through was discarded and the MinELute was placed in the same collection tube. The
column was centrifuged for an additional 1 min. to ensure all residual ethanol was removed
from the column. The MinElute column was placed in a 1.5 mL collection tube. The DNA
was eluted from the column by adding DEPC/nuclease free water (9 pL) directly to the
center of the column membrane, incubating for 1 min. and then centrifuging for Imin. 8 pL
was recovered, which was used directly in mRNA transcription reactions.

T7 mMessage Machine Transcription (Uses Ambion T7 mMessage Transcription Kit): 10x
transcription buffer (2 pL), 2 x NTPs (10 pL), linearized plasmid DNA (4 pL),
DEPC/nuclease free water (2 pL) were combined and mixed by pipetting. To the mixture
was added T7 mMessage Machine Enzyme Mix (2 pL). Subsequently, the reaction was
mixed by pipetting and incubated for 2 hours at 37 °C. The reaction was quenched by the
addition of 1 pL of DNAse I, followed by incubating at 37 °C for 15 min.

mRNA Cleanup (uses Qiagen RNeasy Mini for RNA Cleanup Kit): 10 pL of B-ME was added
per 1 mL Buffer RLT. For first time use, 4 volumes of ethanol (96%-100 %) was added to
Buffer RPE (supplied as a concentrate), as indicated on the bottle, to obtain a working
solution. The volume of the T7mMessage Machine Transcription reaction was adjusted to
100 pL with DEPC/nuclease free water. Buffer RLT (350 pL) was added and the reaction
was mixed thoroughly by pipetting. To the diluted RNA, was added ethanol (96%-100 %,
250 pL). The mixture was mixed thoroughly and applied to an RNeasy mini column placed
in a 2 ml collection tube. The tube was closed gently and centrifuged for 15 sec. The flow-

through and collection tube were discarded. The column was placed in a new 2 mL
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collection tube. Buffer RPE (500 pL) was pipetted into the column and the column was
centrifuged for 15 sec. Another portion of Buffer RPE (500 pL) was added to the column
and the column was centrifuged for 2 min. to ensure the RNeasy silica-gel membrane is
completely dry. The flow-through and collection tube were discarded and the column was
placed in a new 2 mL collection tube and centrifuged for 1 min. to remove all residual
ethanol. The RNA was eluted from the column by transferring the RNeasy column to a new
1.5 ml collection tube. DEPC/nuclease free water (30-50 pL) was pipetted directly onto the
RNeasy silica-gel membrane. The tube was closed and centrifuged for 1 min. to elute. The

eluted solution was reapplied to the column and centrifuged for 1 min. to increase yield.

3.6.2.4 tRNA transcription from plasmid DNA

Plasmid DNA linearization: Plasmid DNA (50-60 pg, 180 uL) was mixed with
Buffer 4 (60 uL) and DEPC/nuclease free water (342 uL). To the mixture was added the Fok
I (18 uL). The reaction mixture was mixed by pipetting and incubated at 37 °C for 6 hours to
overnight. A sample of the reaction mixture was then resolved on a 1 % agarose gel to
ensure the plasmid DNA was completely linearized. If the plasmid DNA was not completely
linearized, additional Fok I (6 uL) was added, the reaction was incubated at 37 °C for another
4 hours, and followed by agarose gel analysis. Once the plasmid DNA was completely
linearized, the reaction was heat inactivated for 20 min. at 65 °C.

Linearization workup: All centrifugation steps are at 14,000 rpm. The reaction was
split into 2 tubes. To each tube, PCI (300 pL) was added and mixture was vortexed for 1
min. followed by centrifugation for 2 min. The aqueous layer (top layer) was removed and

saved. To the organic layer was added DEPC/nuclease free water (150 pL), which was then
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vortexed for 1 min. and centrifuged for 2 min. The aqueous layer (top layer) was removed
and saved. The saved aqueous layers were combined and vortexed briefly. CI (450 pL) was
added to the combined aqueos layers and mixture was vortexed for 1 min., followed by
centrifugation for 2 min. The aqueous layer (top layer) was removed. To the organic layer
was added DEPC/nuclease free water (150 pL), which was then vortexed for 1 min. and
centrifuged for 2 min. The aqueous layer (top layer) was removed and split into 2 tubes (300
ML each). To each tube was added: 1 uL seeDNA, 30 puL 5M NH4OAc, and 900 puL EtOH.
The tubes were stored at -20 °C for at least an hour (usually overnight) to precipitate. The
tubes were centrifuged at 4 °C for 15 min. and the supernatant was removed. The pellets
were dried under vacuum in a desiccator. All four pellets were redissolved in
DEPC/nuclease free water (60 pL total). The linearized DNA was used directly in the
transcription.

T7 MEGAshortscript transcription (uses Ambion T7 MEGAshortscript Transcription
Kit): 10x transcription buffer (12 pL), 75 mM ATP (12 pL), 75 mM CTP (12 pL), 75 mM
GTP (12 pL), 75 mM UTP (12 pL), linearized plasmid DNA (30 pL), DEPC/nuclease free
water (18 pL) were combined and mixed by pipetting. To the mixture was added T7
MEGAshortscript Enzyme Mix (12 pL). Subsequently, the reaction was mixed by pipetting
and incubated for 2 hours at 37 °C. The DNA was digested by the addition of 6 pL of
DNAse I, followed by incubating at 37 °C for 15 min. The transcription reaction was
quenched by the addition of DEPC/nuclease free water (414 pL) and NH,OAc “Stopping
Solution” (60 pL).

tRNA MEGAshortscript Transcription Workup: PCI (600 pL) was added to the

quenched reaction. The mixture was vortexed for 1 min then centrifuged for 2 min. The



115

aqueous layer (top layer) was removed and saved. To the organic layer was added
DEPC/nuclease free water (300 pL). It was then vortexed, centrifuged for 2 min. and the
aqueous layer removed and saved. The aqueous layers were combined, vortexed briefly and
then divided into two 450 pL portions. A CI extraction was performed on each tube by
adding CI (450 pL), vortexing for 1 min, centrifuging for 2 min and then removing the
aqueous layer (top layer). Isopropanol (450 pL) was added to each aqueous extract. The
mixture was stored at -20 °C overnight to precipitate. The tubes are centrifuged for 15 min.
at 4 °C and the supernatant was removed. The pellets were dried under vacuum in a
dessicator and then both pellets were dissolved and combined in DEPC/nuclease free water
(100 pL total).

Column purification of tRNA: 2 BD Bioscience CHROMA SPIN-30 DEPC-H,0
columns were equilibrated by spinning for 5 min. at 3000 rpm. (2 columns used to avoid
overloading.) The flow-through was discarded and the columns were placed in new
eppendorf tubes. The process was repeated until there was no more flow-through. The
tRNA solution was divided in half (50 pL each portions) and each portion was applied to one
equilibrated column. Each portion was applied carefully to avoid touching the sides of the
tube. The tRNA solution was eluted from the CHROMA SPIN-30 columns by centrifuging
for 5 min. at 3000 rpm. The eluted tRNA solution from both columns was combined,

yielding 100 pL.

3.6.2.5 tRNA ligation to dCA-unnatural amino acid
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Denature tRNA: 74-mer tRNA (30 pg) is brought to a volume of 45 pL using 10 mM
HEPES, pH 7.5 (room temperature). It is placed in a beaker of boiling water and allowed to
cool to 37 °C in air or in an ice bath.

2.5 x reaction mix: The following reagents were combined and mixed thoroughly to
make the 2.5 x reaction mix used in ligations: 400 mM HEPES, pH 7.5 (25 uL), 100 mM
DTT (10 pL), 200 mM MgCI; (25 pL), 10 mM ATP (thaw on ice, 4 pL), 5 mg/mL Ac-BSA
(thaw on ice, 10 pL), DEPC/nuclease free water (25 pL), and RNAse Inhibitor (1 pL).

Ligation reaction: The following were combined: DEPC/nuclease free water (7.8
pL), 2.5 x Reaction mix (room temp, 48 pL), dCA-aa (3mM in DMSO, 12 pL),
tRNA/HEPES mix (45 pL), and T4 RNA ligase (7.2 pL). The reaction was vortexed and
incubated at 37 °C for 30 min. The reaction is quenched with the addition of 3.0 M NaOAc,
pH 5.0 (12.5 pL) and DEPC water (17.5 pL).

tRNA Ligation Workup: PCI, pH 5.2 (150 pL) was added to the quenched reaction.
The mixture was vortexed for 1 min then centrifuged for 2 min. The aqueous layer (top
layer) was removed and saved. To the organic layer was added 3 M NaOAc (6.3 pL) and
DEPC/nuclease free water (68.7 uL). It was then vortexed, centrifuged for 2 min. and the
aqueous layer removed and saved. The aqueous layers were combined. A CI extraction was
performed on each tube by adding CI (225 uL), vortexing for 1 min., centrifuging for 2 min.
and then removing the aqueous layer (top layer). Ethanol (200 proof, 675 pL) was added to
the aqueous extract. The mixture was stored at -20 °C overnight to precipitate. The tube
was centrifuged for 15 min. at 4 °C and the supernatant was removed. The pellet was dried

under vacuum in a dessicator and then redissolved in 1 mM NaOAc, pH 4.5 (room temp, 25

pL).
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Column purification of tRNA ligation: A BD Bioscience CHROMA SPIN-30 DEPC-
H,O column was equilibrated by spinning for 5 min. at 3000 rpm. The flow-through was
discarded and the column was placed in new eppendorf tubes. The process was repeated
until there was no more flow-through. The tRNA ligation solution was applied carefully to
avoid touching the sides of the tube. The tRNA ligation solution was eluted from the
CHROMA SPIN-30 column by centrifuging for 5 min. at 3000 rpm. 25 pL was typically
recovered.

MALDI Mass Spectrometry Analysis of tRNA Ligation: 3-HPA mix is made by
combining 3-hydroxypicolinic acid (42 mg), picolinic acid (2 mg), and diammonium citrate
(2 mg) in 9:1 water:CH3CN (500 pL). This solution was stored at -20 °C and was thawed
and sonicated for 2 min. before each use. For the cation exchange treatment, a 20-200 pL
pipetman tip was cut at the bevel near the tip’s end. The cut tip was used to place NH,"-
loaded cation exchange bead slurry (5 L) in an eppendorf. Using an uncut pipetman tip, the
water was removed from the slurry, leaving the beads behind. Amino acid-tRNA solution
(0.5 pL) was applied to the beads. To the amino acid-tRNA bead mixture was added 3-HPA
mix (2.5 L), followed by picofuging to get all the material at the bottom of the tube. The
mixture was incubated at room temperature for 10 min. BSA calibration mix was made by
combining a-CN matrix solution (2.2 pL, saturated o-cyanohydroxycinnamic acid in 2:1
water/CH3;CN) with PE Biosystems BSA calibrant (0.2 pL). The calibration mixture and
tRNA matrix solution (0.5 pL) were each spotted on separate areas on the MALDI plate and
allowed to dry completely. The plate was loaded with Plate ID: Plate #1. The system was
allowed to pump down to ~ 3.0 x 10 torr. The Voyager Instrument Control Panel was set to

the following:
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Mode/Digitizer:

Instrument mode: Operation Mode: Linear, Extraction type: Delayed, Polarity type: Positive,
Laser type: Internal, Laser rate type: Optimized

Linear Digitizer: Bin size: 0.5 ns, Vertical scale: 100 mV, Vertical offset: 0.0%, Input
bandwidth: Full

Control Mode: Manual

Voltages: Voltage: 25,000 V, Grid voltage: 92.5 %, Guide wire: 0.15 %, Delay: 500 ns,
Spectrum acquisition: 100 Shots/spectrum, Mass range: 20,000-35,000 Da; Low mass gate:
10,000 Da

For the BSA Calibration, the Laser power was set to 2000. The Calibration was set to
o-CN default. The BSA calibration spot was blasted with 100 shot scans. Typically ten 100
shot scans were accumulated and averaged. The file was saved and then file was opened in
Data Explorer. Manual Calibration was performed on +2 and +3 BSA peaks (+2: 33,216 Da;
+3: 22,144 Da). (Selected peaks by right-clicking around them). Match peaks, Plot, Apply
calibration and Export calibration file. Returning to Instrument Control, the newly generated
calibration file was loaded as External File.

For the amino acid-tRNA samples, the Laser Power was set to 2500. The spots were
blasted with 100 scan shot. Typically ten 100 shot scans were accumulated and averaged.
The average scan was saved. To work up the data in Data Explorer, the mass range was set
to 22,000-27,000. The Noise Filter was set to 1.0 and Gaussian Smoothing was set to 11 pts.
Unligated 74-mer has a mass of 23,700 and hydrolyzed ligation product (76-mer) has a mass

of 24,300.
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3.6.2.6 Injection of Stage VI Xenopus laevis oocytes

Stage VI oocytes of Xenopus laevis were harvested according to approved protocol (Qi
Huang and Purnima Deshpande, Lester Laboratory, California Institute of Technology,
Pasadena, CA). Charged tRNA was deprotected immediately prior to injection into oocytes.
Deprotection was performed by photolysis for 5 min. using an Arc Lamp (Oriel Corporation,
Stratford, CT), powered to 400 W and filtered for 350 nm light. Typically, 25 ng of
deprotected charged tRNA was injected along with 15 ng of mRNA in a total volume of 50
nL per oocyte. mRNA was prepared as previously described. Ligation of dCA coupled
unnatural amino acid to 74-mer tRNA was performed as previously described.

Oocytes were injected using glass injection needles pulled from 10 uL spl 8 inch
Borosilicate capillaries (Item #3-000-210-G8, Drummond Scientific, Broomall, PA).
Injection needles were pulled on a KOPF Vertical Pipette Puller set on 13.3 (David Kopf
Instruments, Tujunga, CA). The tip of the injection needle was broken off using tweezers to
a diameter of ~25 um as visualized under a microscope (under setting 2.0, one tick mark on
eyepiece ruler equals 50 um, Model S6E, Leica Microsystems, Wetzlar, Germany). The
needle was filled with mineral oil and put on a 10 uL microdispenser (Drummond Digital
Microdispenser, Drummond Scientific Co., Broomall, PA). The deprotected amino acid-
tRNA with mRNA mixture was drawn into the injection needle and then used to inject each
oocyte with 50 nL of the mixture. Oocytes were then incubated at 18 °C in ND96 with 5 %

horse serum.

3.6.2.7 Two-electrode voltage clamp electrophysiological analysis



120

Recordings were made 36-72 h post-injection in two-electrode voltage cell clamp
mode using an OpusXpress (Axon Instruments, now part of Molecular Devices, Novato,

CA). Ooctyes were perfused with Ca*? free ND96.

3.6.2.8 20 x Ca*? free ND96

Mix together NaCl (56.10 g), KCI (1.49 g), MgCl,-6H,0 (2.03 g), and HEPES (11.92
g) in millipore water (~400 mL). Adjust the mixture to pH = 7.5 with NaOH. Add water to
make a total volume of 500 mL. Filter through a 0.2 um filter (Nalgene). Store at 4 °C.
Dilute with Millipore water to make 1x Ca*? free ND96. The osmolarity of the 1x Ca*? free

ND96 was checked to ensure that it is between 195 and 240.

3.6.2.9 20 x ND96

Mix together NaCl (56.10 g), KCI (1.49 g), MgCl,-6H,0 (2.03 g), CaCl,-6H,0 (2.65
g), and HEPES (11.92 g) in millipore water (~400 mL). Adjust the mixture to pH = 7.5 with
NaOH. Add water to make a total volume of 500 mL. Filter through a 0.2 um filter

(Nalgene). Store at 4 °C.

3.6.2.10 1 x ND96

Dilute 20 x ND96 (25 mL) with Millipore water (450 mL). To the mixture add
Na-Pyruvate (138 mg) and theophyllen (60 mg). The solution was then adjusted to pH 7.5
with NaOH and then filtered through a 0.2 um filter (Nalgene). Gentamicin (500 uL) was

added. The osmolarity was checked to ensure that it is between 195 and 240.
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CHAPTER 4: FUCOSE-GALACTOSE IN LEARNING

AND MEMORY
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4.1 Introduction
4.1.1 Carbohydrates in neurological processes

Carbohydrates play important roles in numerous biological processes and recently,
interest in identifying the biological functions of this class of biomolecule has intensified.
Carbohydrates are ubiquitous in nature and structurally diverse, allowing for a broad range of
biological functions. They facilitate proper protein localization as well as protein folding and
stability.! Additionally they are critical to cell-cell communication events such as immune
response,2 microbial Vilrulence,3 and inflammation.* The surface of a cell is decorated with a
variety of motifs that play a crucial role in mediating many biological processes—among
these motifs are glycosylated lipids and proteins. These glycoconjugates serve as receptors
and ligands, providing a structural link between a cell and its environment. The high
complexity and heterogeneity of the adorning carbohydrates encode information, allowing
cells to communicate.

Not surprisingly, extensive glycosylation has been found on the surface of nerve

5 6
cells.”

Carbohydrates present at the synapse have various functions ranging from cell
adhesion and axon pathfinding during brain development, to neurotransmitter reception and
memory formation processes in mature synapses.” In particular, it has been shown that
transmembrane glycoproteins containing sialyl or fucosyl epitopes play a role in neuronal
processes.” * A well-studied example is neural cell adhesion molecule (NCAM), a member
of the immunoglobulin superfamily which is glycosylated with polysialic acid (PSA)
residues. NCAM is crucial in development and regeneration of the nervous system and is

5,89

also involved in synaptic plasticity associated with learning and memory. Interestingly,

the PSA residues on NCAM greatly affect these neuronal processes. Enzymatic removal of



129

PSA on NCAM using endoneuraminidase (endo N), which selectively degrades PSA,

10 Furthermore,

perturbs neuron migration and axon outgrowth during development.”
injection of endo N into the hippocampus causes significant impairment of spatial memory

and completely prevents induction of long term potentiation (LTP), a measure of learning

and memory."”

4.1.2 Implications for fucosylation in learning and memory

Similar to sialyl epitopes, fucosyl epitopes have also been heavily implicated in
neuronal processes such as development and learning and memory.  Fucosylated
glycoproteins are enriched in the central nervous system and account for as much as 85% of

the protein-bound sugars in synaptic plasma membranes.''

Altered fucosylation of brain
glycoconjugates have been shown to play a role in the molecular mechanisms underlying
long term memory formation and information processing. Studies have shown an increase in
[*H]-fucose incorporation into brain glycoproteins in rats during passive avoidance training

6, 12, 13
tasks.” ©

Increased fucose uptake into hippocampal and cortical glycoproteins has also
been demonstrated in rats trained in a brightness discrimination task.'* > Furthermore,
increased fucosylation was associated with increased activity of fucokinase, an enzyme
involved in fucose activation prior to the fucosylation step in a variety of species, including
both rats and chicks.'® Not only has an increase in fucosylation been seen during particular
training tasks, but treatment with fucose has been shown to cause an increase in LTP, which
is correlated with synaptic strength.'”'®

If fucosylation is necessary for the process of memory formation, then inhibition of

fucosylation might be expected to disrupt this process. Indeed this is the case. Fucose plays
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Figure 4.1. 2-Deoxy-D-galactose inhibits fucosylation by competition with galactose for

incorporation into oligosaccharaides. The lack of a C-2 hydroxyl group prevents the formation of

the a(1-2) glycosidic linkage.
a major role as a terminal sugar in glycoproteins and is often covalently linked to galactose
by a 1-2 glycosidic linkage. If galactose is replaced by 2-deoxy-D-galactose, the 1-2 linkage
cannot be formed, due to the lack of a C-2 hydroxyl, and fucosylation is inhibited (Figure
4.1). Intracerebral injection of 2-deoxy-D-galactose into the brains of rats and chicks exerts
amnesic effects during passive avoidance training tasks—further implicating fucose in
learning and memory."”?? 2-Deoxy-D-galactose has also been shown to decrease levels of
[*H]-fucose incorporation into neuronal glycoproteins.”? In addition, blocking the fucose-
ou(1-2)-galactose epitope using an antibody against fucose-ou(1-2)-galactose also results in
loss of memory in rats.”

Taken together, evidence overwhelmingly implicates fucose in memory formation.
Despite the evidence, the exact molecular role of fucose is not known and neuronal
glycoproteins bearing this epitope have not been identified. Carbohydrate binding proteins
(i.e. lectins) to fucose-o(1-2)-galactose epitopes in the brain also have not been identified. In
summary, the molecular mechanisms surrounding the role of fucose have not been

determined.
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4.1.3 Challenges and chemical methodologies in carbohydrate research

Despite the overwhelming evidence demonstrating the involvement of carbohydrates
in a vast number of biological systems and processes, elucidation of the molecular basis of
their function has been slow relative to studies of proteins and nucleic acids. The study of
carbohydrates in biological processes poses numerous challenges due to the high complexity
and heterogeneity of carbohydrates found in biological systems. Furthermore, the
biosynthesis of carbohydrates is not template driven nor under direct translational control,
unlike other biopolymers; therefore, carbohydrates can be highly heterogeneous making it
difficult to perform structure-function studies using conventional genetic manipulations.
Adding to this complexity is the ability for carbohydrates to undergo further modifications
such as sulfation. These modifications are also not directly encoded genetically.
Consequently, it has proven to be very difficult to delineate the effects of these modifications
on the overall biological function of the carbohydrate. Evidence suggests that minor changes
in how the carbohydrate is presented (i.e., type of carbohydrate and sulfation pattern) on the
protein have significant consequences to the biological activity of the glycosylated protein so
it of great interest to develop methods for the structure-function studies of carbohydrates.

Another challenge in the study of carbohydrates arises from the fact that
glycosyltransferases, enzymes that catalyze the transfer of a carbohydrate monomer unit to a
protein or another carbohydrate molecule, are fairly promiscuous. The ability for
glycosyltransferases to recognize multiple substrates further complicates their study since the
removal of a glycosyltransferase by genetic knock out methods can result in lethality or
deleterious effects to other biological processes within a system.

Despite the challenges in carbohydrate research, some progress has been made toward



132

novel methodologies that have allowed for the study of carbohydrates and their role in
biological processes. While enzymatic and genetic methods have contributed considerably to
functional studies of carbohydrates, chemical tools have proven to be invaluable to
glycobiology. For biochemical studies, homogeneous populations of carbohydrates have

been obtained using chemical and bioenzymatic synthesis.****

While the chemical synthesis
of carbohydrates, especially of larger oligosaccharides, is generally seen as extremely
formidable, it affords greater flexibility than enzymatic means. It also allows one to obtain
homogeneous carbohydrate samples of well-defined structure and modification.

Chemical methods have also been used in the development of other tools in
glycobiology. For example, chemical strategies have been used to inhibit the synthesis or
function of specific oligosaccharides and glycoconjugates.””>* The inhibition of the
synthesis of specific glycoconjugates allows one to ascertain its biological role.
Additionally, chemical methods have been used generate probes and scaffolds aimed at

studying lectins that recognize glycoconjugates.’”>*

They have also been used in the
development of unnatural metabolic substrates that allow for the biosynthetic engineering of
cell surface glycoconjugates, termed metabolic oligosaccharide engineering. This particular
method has been used to disrupt carbohydrate synthesis, probe metabolic pathways, and to
identify lectins/glycoproteins.

Clearly, chemical tools have played and will continue to play a critical role in
glycobiology. The coupling of developing chemical strategies with advancing biochemical

and genetic methodologies will provide invaluable tools to address challenges in

carbohydrate research.
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4.2 Experimental design
4.2.1 Proposed models for fucose involvement in memory formation

We propose several models as to how fucose may be involved in memory formation.
It is possible that fucose-a(1-2)-galactose serves to mediate protein-protein interactions
between a fucose-a(1-2)-galactose lectin and the cognate glycoprotein at the cell surface
(figure 4.2, mechanism A). Alternatively, the fucose-a(1-2)-galactose epitope may be acting
to target proteins to specific subcellular compartments (figure 4.2, mechanism B). These two
mechanisms could also be working in concert as a feedback loop to recruit more fucosyl
glycoproteins to the cell surface. Finally, it is also possible that fucosyl lectins and/or
glycoproteins act intracellularly in signaling pathways responsible for memory formation

(figure 4.2, mechanism C).

: Cell 1
fucose-galactose

lectin

Mechanism A Mechanism B

—0

fucose-galactose
glycoprotein
g .
[r Cell 2

Mechanism C

Figure 4.2. Model of how fucosyl saccharides may play a role in learning and memory.
Mechanism A) Fucose-galactose glycoproteins are presented at the surface and mediate
interactions through binding to a lectin. Mechanism B) Fucose-galactose glycoproteins act as a
targeting element to recruit more fucosyl glycoproteins to the surface. Mechanism C) Fucose-
galactose glycoproteins and their binding partners act intracellularly during memory formation.
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Identification of the fucose-o(1-2)-galactose bearing glycoproteins as well as their
binding counterpart proteins may provide new insights into the molecular mechanisms
underlying memory formation. Furthermore, identification of these proteins would allow for
more detailed study of the role of fucose in learning processes. This research describes
efforts to isolate and identify fucose-ou(1-2)-galactose bearing glycoproteins as well as
fucose-a(1-2)-galactose  binding  proteins. Molecular  techniques such as
immunoprecipitation will be employed to isolate fucose-c(1-2)-galactose bearing
glycoproteins, while chemical probes will be used to isolate fucose-a(1-2)-galactose binding

proteins.

4.2.2 ldentification of fucose-(1-2)-galactose binding proteins with chemical probes
Chemical probes have emerged as a powerful tool to study protein-substrate

interactions.”> The modification of substrates to incorporate “tagging” groups allows for the

visualization, tracking, or isolation of enzymes/proteins of interest. We have designed two

chemical probes for the purpose of studying and identifying fucose-a(1-2)-galactose binding

o o
97 on 97 on o} \|\
OH OH HN/< Q
HO
10 HO 1 NH H
— /\/\[(NH
0

Figure 4.3. Probe 10 contains a fucose-o(1-2)-galactose recognition element and biotin moiety.
Photoactivatible probe 11 also contains a photoreactive diazirine group for chemical crosslinking
to target proteins.
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proteins in the brain (figure 4.3). Probe 10 was synthesized to establish whether fucose-o(1-
2)-galactose binding proteins exist in the brain. Probe 11 was synthesized to isolate fucose-

ou(1-2)-galactose binding proteins.

4.2.2.1 Design of probe 10

The design of the probe 10 incorporated two main features: (1) a fucose-a(1-2)-
galactose epitope for protein binding, and (2) a biotin moiety for neuron imaging using dye-
conjugated streptavidin (figure 4.3A). The two elements are connected via a hydrophilic
linker to increase the solubility of the molecule under physiological conditions. The fucose-
ou(1-2)-galactose epitope was chosen as the recognition element over the monosaccharide and
trisaccharide because evidence has strongly implicated the disaccharide and has not
conclusively implicated the trisaccharide. The design of probe 10 is modular such that
different linkers and reporter groups can be incorporated without major revisions to the

overall synthesis.

4.2.2.2 Design of photoreactive crosslinking probe 11

Probe 11 was designed for the purpose of isolating fucose-a(1-2)-galactose binding
proteins present in the brain (figure 4.3B). In addition to the fucose-ou(1-2)-galactose epitope
and biotin moiety found in 10, probe 11 contains a 3-trifluoromethyl-3-phenyldiazirine
(TPD) moiety, allowing for chemical crosslinking to capture the target protein(s). By
forming a covalent linkage to the proteins of interest, the protein-probe complex can
withstand rigorous washing in the purification process. Similar to probe 10, the synthetic

design is very modular such that different analogs can be readily made, if needed. For
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example, the linker arm length or crosslinking moiety could easily be changed without the
necessity of redesigning the overall synthesis. This convergent synthesis combines the
power of photoaffinity crosslinking with the advantages of a biotin-avidin system.

Photoaffinity labeling is a well-established technique to elucidate ligand-biomolecule
interactions. This technique has been used to successfully label enzymes, membranes,
protein structures, neural receptors and RNA/DNA structures.***® Typically, the substrate is
modified to bear the photoreactive element, and radiolabels are incorporated to allow for the
identification of the binding site. The covalently labeled enzyme/protein can also be
visualized with a variety of other techniques such as spectroscopic analysis and fluorophore
methods.*

Combining the power of photoaffinity labeling with the advantages of biotinylating
substrates creates a chemical probe that allows for a covalent bond to be formed between the
enzyme and the substrate, as well as a handle to isolate the complex with the use of
immobilized avidin. The photoreactive element is anticipated to overcome weak binding
affinities between the protein and substrate, which has been reported for a variety of lectins.”’
The biotin moiety also offers the advantage of sensitive, non-radioactive detection of labeled
protein using streptavidin-conjugated-horseradish peroxidase (HRP). A variety of
biotinylated photoreactive probes have been synthesized and successfully used to study and
isolate protein-substrates. Probes ranging from biotinylated photoactivated y-secretase™
inhibitors to bis-mannose photolabels to study glucose transporter isoform 4 (GLUT4)* have
been synthesized.

For the photoreactive crosslinking moiety, we selected the diazirine group over

benzophenone, phenylazides and other photoaffinity labels for several reasons. First, unlike
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Figure 4.4. Schematic of how compound 11 can be used to isolate and identify fucose-a(1-2)-
galactose binding proteins. Brain lysates would be incubated with photoreactive probe 11. Photo-
induced crosslinking results in the formation of a covalent bond between fucose-c(1-2)-galactose
binding proteins and 11. The biotin handle of 11 will allow for the purification of the crosslinked
complexes using avidin-agarose. The recovered fucose-o(1-2)-galactose binding proteins can then
be identified using tandem mass spectrometry.

phenyl azides, the activation of TPD occurs at 353 nm, which is out of range for protein
damage. Photoactivation of diazirines at 353 nm generates a highly reactive triplet carbene
species that has been shown to undergo efficient O-H and C-H insertion. The carbene
intermediate of the TPD is also more reactive than the nitrene intermediate of phenyl azides.
Second, while the activation of benzophenone is above 300 nm, the TPD is small and
nonbulky. Furthermore, TPD has relative thermal stability as well as stability to moderately
acidic (IN HCI) conditions and moderately basic conditions (1 N NaOH).”® It has also been
shown to be inert to reducing agents, whereas phenylazides are rapidly reduced by reducing

agents such as DTT. Given the stability of TPD, it is expected to be stable to conditions
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anticipated in biochemical labeling studies.”

The strategy for the isolation and identification of fucose-a(1-2)-galactose binding
proteins, using photoreactive probe 11 is depicted in Figure 4.4. Rat hippocampal lysates
would be incubated with 11 and irradiated with 353 nm light to activate the diazirine moiety
for crosslinking to bound proteins. The crosslinked complex would then be isolated using
immobilized streptavidin, followed by digestion with proteases and sequencing by tandem

mass spectrometry.

4.2.3 ldentification of fucose-a(1-2)-galactose bearing proteins with immunoprecipitation
The second portion of the described research was aimed at identifying glycoproteins
bearing fucose-o(1-2)-galactose epitopes in neurons. The availability of antibodies specific
towards fucose-a(1-2)-galactose carbohydrates allowed for the use of standard molecular
biology techniques to detect fucose-o(1-2)-galactose glycoproteins in a variety of studies.
The research herein describes preliminary efforts to study fucose-ou(1-2)-galactose

glycoproteins in neurons using antibodies.

4.3 Results
4.3.1 Synthesis of Probe 10

Synthesis of probe 10 began with construction of the disaccharide moiety (figure 4.5).
Synthesis of the disaccharide was performed using methods reported by Wegmann, et al.,’
with some modifications. The synthesis started with treatment of commercially available L-
fucose 1 with acidic ion-exchange resin in refluxing methanol to form the methyl glycoside.’>

Benzylation®>* followed by hydrolysis®® gave 2, which was then transformed
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Figure 4.5. Synthesis of probe 10.

to the corresponding imidate using sodium hydride and trichloroacetonitrile.”® Attempts to
isolate the imidate were unsuccessful due to its susceptibility to hydrolysis. Therefore, the

crude product was used in subsequent reactions without further purification. Treatment of
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the crude a-imidate and 1,6-anhydro-3,4-isopropylidene-B-D-galactose 3 with trimethylsilyl
trifluoromethanesulfonate (TMSOTY) in diethyl ether afforded the disaccharide with the
desired o(1-2) glycosidic linkage in 87% yield. At this stage, attempts to deprotect the
acetonide group and debenzylate in one step, using standard hydrogenolysis conditions doped
with palladium (II) chloride were unsuccessful. Consequently, 4 was treated with 1 N
hydrochloric acid and gentle heating to remove the acetonide, and acetylated using acetic
anhydride to yield 5. Debenzylation of § followed by acetylation gave 6, which was then
transformed to the P-thioglycoside using the conditions of Motawia et al.’’ This involved
treatment of 6 with (phenylthio)trimethylsilane and zinc iodide to open the anhydro ring to
form the thioglycoside, followed by acetylation to afford 7. With the peracetylated
thioglycoside in hand, 9 was readily obtained by coupling 7 and 8 using N-iodosuccidimide
(NIS) and silver triflate.”® Complete deprotection of 9 using potassium carbonate®” followed
by addition of N-hydroxysuccinimide (NHS) biotin under basic conditions yielded the

desired product 10.

4.3.2 Biological studies using probe 10: Imaging hippocampal neurons

With probe 10 in hand, we began the first round of biological experiments to
determine whether fucose-o/(1-2)-galactose binding proteins were present in the brain. Probe
10 was used to image neurons to examine the subcellular localization of fucose-o(1-2)-
galactose binding proteins. The biotin moiety allowed for fluorescence microscopy using
streptavidin-dye conjugates (Molecular Probes). Fluorescence microscopy, done by Cristal
Gama (Hsieh-Wilson Lab, California Institute of Technology, Pasadena, CA), of cultured

neurons incubated with 10 mM solutions of 10 revealed fucose-a(1-2)-galactose binding
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(A) (B)

Figure 4.6. Probe 10 binds to cultured hippocampal neurons. A) Cultured embryonic rat
hippocampal neurons incubated with probe 10 and treated with streptavidin-dye conjugate and
imaged using confocal fluorescence microscopy. B) Cultured embryonic rat hippocampal neurons
incubated with streptavidin-dye conjugate as a negative control. (Cristal Gama, Hsieh-Wilson
Laboratory).

proteins on the surface of neurons (figure 4.6A). Neurons incubated with biotin and imaged
with streptavidin dye-conjugate showed little to no staining, indicating that the binding of the
probe was due to the fucose-a(1-2)-galactose epitope (figure 4.6B). These fluorescence
microscopy images therefore strongly suggest the presence of fucose-a(1-2)-galactose

binding proteins in the brain.

4.3.3 Synthesis of capture probe 11

Synthesis of the capture probe 11 was achieved using methods described by Hatanaka
et al (figure 4.7).°”°" 3’-Bromoanisole was converted to the corresponding Grignard reagent
and reacted with N-(trifluoroacetyl)piperidine®® to afford 12.  Treatment of the
trifluoroacetophenone with hydroxylamine hydrochloride yielded the oxime 13, which was

then transformed to the diaziridine with p-toluenesulfonyl chloride followed by treatment
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with liquid ammonia. The diazirine 15 was obtained with 80% yield via oxidation of 14 with
tert-butyl hypochlorite.”” UV spectrophotometry was used to monitor formation of the
diazirine structure, which shows an absorption band at approximately 350 nm (whereas the
diazo isomer absorbs at around 450 nm). Carboxylation of 15 was performed using
conventional thallation conditions, using thallium (III) trifluoroacetate, followed by
palladium-catalyzed carboxylation to afford 16. Because thallium compounds are known to
be very toxic, thallations were performed in a glove box with all necessary safety precautions
to prevent exposure and contamination. Carboxylations with carbon monoxide were
performed in a well-ventilated hood. Demethylation of 16 with boron tribromide afforded 17
in 95% yield. With 17 in hand, all the necessary components of the full probe were ready for
the final couplings, using procedures reported by Hatanaka et al.®’

Alkylation of 17 with linker arm, 18, was performed using tetrabutylammonium
iodide and potassium carbonate to afford 19. The synthesis of 18 was adapted from
previously reported procedures (figure 4.8).°" Boc-deprotection of 19 with trifluoroacetic
acid followed by amide bond coupling to NHS-biotin afforded 20, which was readily
converted to the NHS ester 21 via saponification and reaction with NHS and EDC. The

desired capture probe was obtained using conventional amide bond coupling conditions

between 21 and 24. 24 was obtained from complete deprotection of 9 using potassium

(Boc),0, NaOH, 92%

HO g~ NH: HO_~ o~ NHBoo
Ph}, CBT4, K2C03, 53%
Br\/\o/\/NHBoc
18

Figure 4.8. Synthesis of PEG linker 18.
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carbonate.

4.3.4 Biological studies using capture probe 11
4.3.4.1 General

Once probe 11 was synthesized, a series of experiments were performed to establish
the potential of 11 as a suitable means to isolate fucose-a(1-2)-galactose binding proteins.
Initial experiments were aimed at examining the binding potential of 11 to fucose-a(1-2)-
galactose binding proteins in embryonic rat hippocampal neurons and adult rat hippocampal
neurons. Subsequently, a series of experiments were performed to assess the ability for 11 to
be used in the isolation of fucose-a(1-2)-galactose binding proteins from lysates. Lastly,
competition experiments were performed to establish the binding specificity of 11 via its

fucose-a(1-2)-galactose epitope.

4.3.4.2 Binding potential of probe 11 to fucose-a(1-2)-galactose binding proteins in cultured
embryonic rat hippocampal neurons

Initial experiments using 11 were aimed at determining the potential of 11 as a probe
for fucose-a(1-2)-galactose binding proteins before using larger amounts to isolate target
proteins. Neurons cultured on coverslips (provided by Cristal Gama, Hsieh-Wilson
laboratory) were incubated overnight with a 10 mM solution of 11. The media was removed
and the cells were washed with PBS and then irradiated on ice in PBS, using a handheld 18
W long wavelength UV lamp (365 nm). As a control sample, photolysis of 11 in PBS was
monitored by UV. After 2 h of irradiation, a decrease in the absorbance at 350 nm indicated

a complete photoactivation of the diazirine moiety (figure 4.9). The cells were removed from
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the coverslips and lysed in denaturing sample buffer. Cell lysates were resolved by SDS-
PAGE and transferred to PVDF membrane. The membrane was then incubated with
strepavidin conjugated to HRP followed by chemiluminescent detection of the photolabeled
proteins.  Results indicated a potential fucose-a(1-2)-galactose binding protein at
approximately 68 kDa (figure 4.9). As a control, cultured hippocampal neurons on
coverslips were also incubated with methyl ester 20 (figure 4.7) to determine nonspecific
binding of proteins to the probe (figure 4.9, lane 2). Two bands appear at a molecular weight

slightly less than that seen with probe 11 (figure 4.9, lane 1). No endogenous streptavidin-
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Figure 4.10. A) UV-vis spectrum of probe 11 prior to irradiation and after 4 hours of irradiation.
A decrease in absorbance at 350 nm indicates photolyzed product. B) Western blot detection of
crosslinked proteins with probe 11 in the soluble fraction of adult rat hippocampal lysates. The
blue arrow indicates protein band that was also detected in cultured embryonic rat hippocampal
neurons. Note: the exposure time of the methyl ester 20 control lane was 15 s whereas the probe
11 lane and the DMSO control lane have an exposure time of 15 min.
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binding proteins were detected from neurons incubated with DMSO (figure 4.9, lane 3).
Probing neuons with 11 appears to be sufficient to selectively crosslink to potential proteins

of interest with a bit of nonspecific binding as seen probing with compound 20.

4.3.4.3 Binding potential of probe 11 to fucose-a(1-2)-galactose binding proteins in adult
rat hippocampal neurons

We also examined whether probe 11 could capture proteins from adult rat
hippocampal lysates. Using adult rat hippocampal lysates offers the advantage of a greater
amount of total protein over cultured rat embryonic neurons. Briefly, the soluble (S2) protein
fraction derived from adult rat hippocampal lysates was incubated with 1 mM of 11 and then
irradiated on ice with UV light (365 nm). Again, the photolysis of 11 was monitored by UV,
which indicated complete photoactivation after 4 h of irradiation. The samples were then
resolved by SDS-PAGE, transferred to PVDF membrane, and probed with streptavidin-HRP.
Similar controls were done with methyl ester 20 and DMSO to detect nonspecific binding
proteins. Results showed a similar molecular weight band at ~68 kDa to that seen with
cultured embryonic hippocampal neurons (figure 4.10, indicated by blue arrow).
Additionally, several other protein bands at ~38 kDa, 50 kDa, 58 kDa, 63 kDa, 65 kDa, and
85 kDa (figure 4.10, red arrows) were detected. Comparison with the methyl ester 20 shows
that the capture probe has captured proteins of molecular weights that are not seen with the
methyl ester. As previously observed, the DMSO control had no detectable levels of
endogenous streptavidin-binding proteins. As compared to probing experiments done with
cultured neurons on coverslips, there were a greater number of detected proteins in the rat

hippocampal lysates. Interestingly, the methyl ester also detected/crosslinked more proteins
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in the adult rat hippocampal lysates than in the case of cultured embryonic hippocampal

neurons.

4.3.4.4 lsolation of fucose-a(1-2)-galactose binding proteins in adult rat hippocampal
lysates using Probe 11

Following initial crosslinking experiments, we attempted to isolate the probe-protein
complexes using streptavidin-agarose (UltraLink, Pierce, Rockford, IL). As in previous
experiments, the soluble protein fraction from adult rat hippocampal lysates was incubated
with probe 11 and then irradiated for 4 h. The irradiated lysates were incubated with
streptavidin-agarose beads and then the beads were washed to remove unbound proteins.
The bound proteins were then eluted by boiling under denaturing conditions, resolved by
SDS-PAGE, and subjected to Western blot analysis. Several attempts to remove proteins
from the streptavidin-agarose were unsuccessful (data not shown). It is likely that boiling
under denaturing conditions was not sufficient to disrupt the high binding affinity between
biotin and streptavidin (K, = 10" M). Therefore, attempts to pull down “captured” proteins
were carried out using avidin-agarose. The release of biotinylated substrates from avidin-
agarose (Sigma, St. Louis, MO) by boiling under denaturing conditions has been well

* Furthermore, UltraLink strepavidin-agarose contains twice

precedented in the literature.
the number of biotin-binding sites which may result in a stronger binding affinity due to
multivalency. Elution conditions were also modified such that the bound proteins were
eluted by boiling under denaturing conditions in the presence of 1000-fold excess of free

biotin. If high temperature is not sufficent to completely disrupt biotin-avidin through

denaturation, the free biotin would compete for avidin-binding with the photolabeled
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proteins—thus, fewer photolysed proteins would return to a bound state on the avidin-
agarose.

The soluble protein fraction from adult rat hippocampal lysates was incubated with
probe 11, irradiated for 4 h, and then incubated with avidin-agarose. The beads were then
washed to remove unbound proteins. Subsequently, bound proteins were eluted using the
modified eluction conditions, resolved by SDS-PAGE, and subjected to Western blot
analysis. Western blot analysis of the eluted proteins indicated a faint band at around 58
kDa, which is also seen in the irradiated samples that were not isolated by avidin-agarose
purification (figure 4.11, Lane 3, 7). A control with DMSO detected few endogenous avidin-
binding proteins (figure 4.11, Lane 8). To ensure the elution conditions were capable of
eluting bound proteins from the avidin-agarose, the pull-down experiment was also done
with biotinylated bovine serum albumin (BSA). Similar to the irradiated lysates, biotinylated
BSA was incubated with avidin-agarose. The beads were washed and bound proteins were
eluted using the modified elution conditions, resolved by SDS-PAGE, followed by Western
blot analysis. Results from the pull down of biotinylated BSA indicated that the elution
conditions were sufficient to disrupt the biotin-avidin affinity and remove bound proteins
(figure 4.11, Lane 5, 6).

In addition to pull-down experiments using probe 11, boiled lysates were also
incubated with probe 11 to compare them to unboiled lysates incubated with 11. Lysates
were boiled for 10 min to denature the proteins and then cooled back to room temperature.
Subsequently, the boiled proteins were incubated with probe 11, irradiated for 4 h, and then
subjected to Western blot analysis. Similarly, unboiled lysates were treated with probe 11.

DMSO controls were also done with boiled and unboiled lysates. Unboiled lysates incubated
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Figure 4.11. Western blot analysis of crosslinked proteins using probe 11 from adult rat
hippocampal lysates. Lane 1: 75 pg of boiled adult rat hippocampal lysates with probe 11; Lane
2: 75 pg of boiled adult rat hippocampal lysates with DMSO; Lane 3: 75 ug of unboiled adult rat
hippocampal lysates with probe 11; Lane 4: 75 pg of unboiled adult rat hippocampal lysates with
DMSO; Lane 5: isolated biotinylated BSA using avidin-agarose; Lane 6: avidin-agarose in
absence of biotinylated BSA; Lane 7: crosslinked protein complexes with probe 11 from adult rat
hippocampal lysates isolated using avidin-agarose; Lane 8: adult rat hippocampal lysates
incubated with avidin-agarose. Note: the exposure time for Lane 7 is 12 h while Lanes 1-6, 8 have
an exposure time of 1 h,

with probe 11 resulted in bands at similar molecular weights seen in previous experiments
(figure 4.11, Lane 3). The boiled lysates treated with probe 11 showed very few bands and
are similar to both DMSO controls (figure 4.12, Lane 1, 2, 4). It is likely that the boiling
process denatured the proteins, thereby causing loss of function. The observation that

binding ability to the fucose-a(1-2)-galactose epitope in probe 11 is lost upon denturing the

proteins strongly suggests that the binding to fucose-a(1-2)-galactose is specific. It is
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expected then that the results of the boiled lysates incubated with probe 11 would be similar
to the DMSO controls. These results were exciting because it demonstrated a loss of
function of fucose-galactose binding proteins under denaturing conditions. The presence of
bands in the DMSO controls suggests that avidin-agarose is less efficient at removing
endogenous streptavidin/avidin-binding proteins, than streptavidin-agarose (which was used
to preclear lysates in previous experiments). As a result, future experiments were done using

lysates precleared with streptavidin-agarose.

4.3.4.5 Competition experiments of probe 11 with O-ethyl-fucose-a(1-2)-galactose in adult
rat hippocampal lysates

To further confirm that binding of proteins to probe 11 was due to specificity with the
disaccharide moiety, the O-ethyl-fucose-o(1-2)-galactose 23 was synthesized. Competition
experiments using 1000-fold excess of 23 compared to probe 11 should allow us to determine
which proteins are specifically binding to the fucose-o(1-2)-galactose moiety on the probe.
Compound 23 was synthesized from the peracetylated thioglycoside 22 (figure 4.12) by
treatment of 7 with N-iodosuccinimide and silver triflate.’’ Deacetylation of 22 using sodium

methoxide in methanol afforded the desired compound 23 in a 1:2 (o) ratio. Only the

AcO _OAc AcO _0OAc HO _OH
go& NIS-AgOTY, g&w NaOMe, MeOH g 9
AcO SPh AcO OEt HO OEt
Q 0 o uant o
220 °C, EtOH, 68% quant.
ﬁiom @iom ?Qio,ﬂ
AcOOAC AcOOAC H oOH
7 22 23

Figure 4.12. Synthesis of O-ethyl fucose-o(1-2)-galactose.
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B—product was used for the competition experiments. With 23 in hand, the preliminary
competition experiments were performed. The soluble protein fraction from adult rat
hippocampal lysates was preincubated for 4 h with 1000-fold excess (compared to amount of
11 added later) of 23. Probe 11 was then added to the mixture and incubated for 8 h, and
irradiated. The lysates were then resolved by SDS-PAGE and subjected to Western blot
analysis. The same amount of total lysate used in the competition experiment was also
incubated with probe 11 to allow for a direct comparison of the intensities for each protein
band. A DMSO control was also done with the same amount of total lysate. Results from a
preliminary competition experiment showed a decrease in signal upon incubation with the
competitor compound 23 (figure 4.13).

160 — Specifically, a decrease in intensity was seen

with proteins of an approximate molecular

0= weight of 38 kDa, 50 kDa, 65 kDa, and 68 kDa.

75 — This suggested that binding of probe 11 to the
. proteins of interest was due to the fucose-ou(1-

e “ T 2)-galactose moiety.

- - o 4.3.5 Efforts toward Identification of fucose-

a(1-2)-galactose Glycoproteins

Figure 4.13. Western blot analysis of In addition to studying fucose-a(1-2)-

competition experiments using 1000-fold
excess of 23 using the soluble fraction of galactose lectins, we validated the existence of
adult rat hippocampal lysates. Lane 1: adult

rat hippocampal lysates with DMSO; Lane 2:  fucose-ou(1-2)-galactosyl glycoproteins in the
adult rat hippocampal lysates with probe 11;
Lane 3: adult rat hippocampal lysates with

brain using molecular techniques. These
probe 11 and 1000-fold excess of 23. using 4 a
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proteins could be detected by Western blotting with an
antibody (A46-B/B10) specific to the blood group antigen

H type 2, Fuco(1-2)GalB(1-4)GlcNAc (figure 4.14).%

Hybridomas were obtained through the generous gift of

NHAC
o HO
HO o d ©OH
Q OH
WOH
HOOH
Figure 4.14. Structure of the

blood group antigen H type 2,
fucose-o(1-2)-galactose-f(1-4)-
GlcNAc, which is recognized by
the A46-B/B10 antibody.

Dr. Uwe Karsten (Max-Delbruck Centre for Molecular

Medicine). Although A46-B/B10 was developed against

the trisaccharide, binding studies demonstrated that

stringency for selectivity was in the fucose-a(1-2)-galactose moiety, and less so for the

trisaccharide.” Antibodies were generated (Cocalico) and
purified across an IgM antibody purification kit (Pierce,
Rockford, IL). Western blotting of adult rat hippocampal
lysates indicated the presence of fucose-o(1-2)-galactose
bearing proteins of 70 kDa and 80 kDa.
Immunoprecipitation of these proteins using immobilized
A46-B/B10 antibody was attempted, but was unsuccessful
(data not shown). Work towards isolating and identifying
the fucose-au(1-2)-galactosyl expressing proteins in the
brain is now being continued by Monica Luo (Hsieh-
Wilson lab).

Because carbohydrates are often expressed at
different levels during various stages of development, the
presence

of fucose-o(1-2)-galactose glycoproteins in

cultured embryonic hippocampal cells were examined.

220 —
.
97 — ‘
o e
66— -
45—
30—\
1 2

Figure 4.15. Western blot
analysis of adult rat hippocampal
lysates and cultured embryonic
rat hippocampal lysates using
A46-B/B-10 antibody. Lane 1:
adult rat hippocampal lysates;
Lane 2: cultured embryonic
(E18) rat hippocampal lysates.
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Interestingly, Western blotting of cultured embryonic hippocampal cell lysates using the
A46-B/B10 antibody detected glycoproteins of different molecular weights than that of adult
rat hippocampal tissue (figure 4.15). Probing of adult rat hippocampal lysates revealed
fucosylated proteins of 80 kDa and 70 kDa, whereas embryonic lysates have fucosylated
proteins of 63 kDa and 61 kDa. These results suggest that expression of fucose-o(1-2)-
galactose glycoproteins is developmentally regulated. Further studies directed toward
identifying the fucose-ou(1-2)-galactose glycoproteins, their subcellular localization, and their

roles in development are being carried out by Cristal Gama (Hsieh-Wilson laboratory).

4.4 Discussion
4.4.1 General

A growing body of evidence suggests a critical role for carbohydrates in a vast
number of neurological processes such as learning and memory. Previous work had strongly
suggested a role for fucose-a(1-2)-galactose in learning and memory; however, at the time
when this research was undertaken, no fucose-o(1-2)-galactose binding proteins had been
identified, nor had there been identification of any fucose-a(1-2)-galactose bearing
glycoproteins. Therefore, the herein research was aimed at identifying these proteins through
chemical and molecular means. We aimed to use chemical probes to study proteins that
bound to fucose-a(1-2)-galactose epitodes. The availability of antibodies specific to fucose-
o(1-2)-galactose epitopes afforded us the ability to use molecular means to study fucose-ou(1-

2)-galactose bearing glycoproteins.
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4.4.2 Study of fucose-a(1-2)-galactose binding proteins with chemical probes

Probe 10 was designed and synthesized as an initial probe to examine the presence of
fucose-a(1-2)-galactose binding proteins in the brain. It contains a fucose-ou(1-2)-galactose
epitode tethered to a biotin moiety via a PEG linker. Incubation of 10 with cultured
embryonic rat hippocampal neurons followed by imaging using confocal microscopy
strongly suggested the presence of fucose-a(1-2)-galactose binding proteins. Incubation of
the neurons with biotin attached to a PEG linker, with no fucose-a(1-2)-galactose epitope,
resulted in no binding as determined by confocal microscopy. This established the
specificity of the binding was via fucose-o(1-2)-galactose epitopes. Furthermore, the
fluorescence imaging of the neurons using 10 validated the design of probe 10—establishing
that the disaccharide is sufficient for binding and that the length of the linker arm is
compatible with protein binding.

Probe 11 was designed and synthesized to isolate via photoreactive crosslinking
fucose-a(1-2)-galactose binding proteins in neurons with lower binding affinities that often
hamper “pull-down” experiments. Probe 11 was synthesized in a relatively straightforward
fashion with a modular design such that modifications, such as linker length, could be made
with relative ease. Initial experiments using 11 were aimed at establishing the ability of 11 to
selectively crosslink to proteins of interest in both cultured embryonic rat hippocampal
neurons as well as adult rat hippocampal lysates.

Neurons or lysates were incubated with probe 11 or with the corresponding methyl
ester 20. Compound 20 was used as a control to validate the specificity of binding to the
fucose-a(1-2)-galactose epitope and not other moieties of 11. Crosslinking experiments with

the cultured embryonic rat hippocampal and adult rat hippocampal lysates both showed
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distinct proteins bands, although crosslinking experiments probing the cultured neurons
detected fewer proteins than that of the adult lysates (figure 4.9A, 10A). Nonetheless, the
results of these experiments were very promising because they suggested that probe 11 is
able to selectively capture potential proteins.

In experiments probing cultured embryonic rat hippocampal neurons, protein bands
were detected in the negative control using methyl ester 20 (figure 4.9B). The two protein
bands seen in the control with the methyl ester 20 may be due to a variety of reasons. It is
possible that the increased hydrophobicity of 20 compared to capture probe 11 causes
nonspecific hydrophobic interactions between proteins and 20. It is also possible that some
proteins are binding specifically to the aryl ester moiety on 20. Both possibilities lead to the
capture of proteins that may not be specific to the fucose-o(1-2)-galactose epitope.

Interestingly, probing adult rat hippocampal lysates yielded more detected proteins
than those found in cultured neurons. These results were very exciting because they
indicated that there were potentially more fucose-a(1-2)-galactose binding proteins in the
brain than just the single protein initially observed from the cultured neurons experiments.
The difference in the proteins seen may be a result of different expression levels of fucose-
o(1-2)-galactose binding proteins during different stages of development. These results
would support a hypothesis that expression of fucose-o(1-2)-galactose binding proteins is
developmentally regulated. Similar to the capture probe, the methyl ester also captures more
proteins in the adult rat hippocampal lysates than in the case of cultured embryonic
hippocampal neurons. This potentially could be due to nonspecific hydrophobic interactions
between the protein and the methyl ester. If this is the case, it is possible that the methyl

ester is capturing the most abundant proteins in the lysates. Again, it should be noted that the
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protein expression levels are likely to be varied during development, resulting in the capture
of different proteins from embryonic hippocampal neurons to adult hippocampal neurons.

Once the binding of compound 11 was established we utilized the biotin handle of 11
to determine if 11 could be used to isolate proteins captured during crosslinking, using
avidin-agarose or streptavidin-agarose (figure 4.11). The results of the pull-down
experiments were promising because they suggested that fucose-a(1-2)-galactose binding
proteins can be isolated through crosslinking with probe 11, followed by incubation with
avidin-agarose. While the results of the pull down experiments using biotinylated BSA
indicate that the elution conditions are sufficient for recovery of the bound proteins, the faint
appearance of the 58 kDa band in the lysates suggests that the efficiency of pull down
experiments needs to be optimized. Future experiments with probe 11 will be aimed at
improving the pull-down conditions, possibly through increasing the amount of avidin-
agarose used coupled with increasing the incubation time.

We further validated the specificity of the probe towards fucose-o(1-2)-galactose
binding proteins with competition experiments using O-ethyl-fucose-o(1-2)-galactose 23.
Incubation with 1000-fold excess of 23 over 11 resulted in decreased crosslinking of 11 to
fucose-a(1-2)-galactose binding proteins, presumably due to competitive binding of 23 to
these proteins (figure 4.13). These results indicated that binding of probe 11 to the proteins
of interest was due to the fucose-a(1-2)-galactose moiety. Future experiments aimed at the
isolation and identification of fucose-a(1-2)-galactose binding proteins will include
additional competition experiments to confirm preliminary results, as well as optimization of

pull-down conditions using avidin-agarose.
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4.4.3 Study of fucose- (1-2)-galactose bearing glycoproteins using molecular techniques

To study fucose-a(1-2)-galactose bearing glycoproteins, we utilized the A46-B/B10
antibody that recognizes fucose-a(1-2)-galactose to probe cultured embryonic rat
hippocampal neurons and adult hippocampal lysates (Figure 4.15). Our preliminary results
demonstrated the presence of fucose-o(1-2)-galactose glycoproteins in both sources of
neurons. Interestingly, the fucose-a(1-2)-galactose glycoproteins detected in the cultured
embryonic neurons differed in molecular weight from those in the adult lysates. These
results suggest that expression of fucose-a(1-2)-galactose glycoproteins is developmentally
regulated. = Further studies directed toward identifying the fucose-o(1-2)-galactose
glycoproteins, their subcellular localization, and their roles in development are being carried

out by Cristal Y. Gama (Hsieh-Wilson laboratory).

4.5 Conclusions

In summary, the data strongly suggest the presence of fucose-o(1-2)-galactose
binding proteins and fucose-a(1-2)-galactose glycoproteins in the brain. Chemical probes 10
and 11 were synthesized and used to study fucose-o(1-2)-galactose binding proteins. Using
probe 10 and confocal fluorescence microscopy, we demonstrated the existence of fucose-
a(1-2)-galactose binding proteins in hippocampal neurons. Probe 11 was synthesized to
capture fucose-a(1-2)-galactose binding proteins by means of chemical crosslinking. Initial
results from experiments with probe 11 were very exciting because they suggest that the
design of our probe is sufficient to isolate fucose-a(1-2)-galactose binding proteins from the
brain. Furthermore, we were able to use antibodies specific to fucose-a(1-2)-galactose

epitopes to examine fucose-o(1-2)-galactose bearing glycoproteins in the brain. Overall, the
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described research further demonstrates the power of chemical probes in biological studies.
Additionally, the data from both studies utilizing chemical probes and molecular probes
strongly suggest that the modifications of proteins with fucose-a(1-2)-galactose epitopes and
the expression of fucose-a(1-2)-galactose binding proteins are developmentally regulated.
Future studies will be directed at isolating fucose-ou(1-2)-galactose binding proteins and
identifying these proteins using MALDI-MS. Identification of fucose-ou(1-2)-galactose
binding proteins and their binding partners at the synapse should provide a greater
understanding of the molecular underpinnings of memory formation, through a detailed study

of their molecular interactions.
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4.6 Experimental methods and materials

4.6.1 General synthetic information.

Unless otherwise stated, all reactions were performed in flame-dried glassware under an
atmosphere of nitrogen gas or argon gas. Reagents were obtained from commercial sources
and used as received. Thin-layer chromatography (TLC) was performed using E. Merck
silica gel 60 F254 precoated plates (0.25 mm). Visualization of the developed chromatogram
was performed by fluorescence quenching, cerium ammonium molybdate stain, ninhydrin
stain, or p-dimethylaminocinnamaldehyde stain (for detection of biotin). Chromatography
(flash) was performed using ICN Silica gel (0.032-0.063 mm) or Fluka alumina oxide type
507 C neutral (0.05-0.15 mm). 'H-NMR and BC-NMR were recorded on a Varian Mercury
300 (300 MHz for '"H-NMR and 74.5 MHz for C-NMR). Infrared (IR) spectra were
obtained using a Perkin Elmer Paragon spectrometer and are reported in terms of frequency
of absorption (cm™). UV (vis) spectra were recorded on a Unikon Spectrophotometer 930
and are reported in terms of wavelength of maximum absorbance (Amax). Mass spectra were
obtained from the Protein/Peptide MicroAnalytical Laboratory at the California Institute of

Technology, Pasadena, California.

4.6.2.1 Synthesis of methyl a-L-fucopyranoside

L-fucose (50 g, 0.304 mol) and the acid catalyst Dowex 50W-X8 (Acros) were combined in
methanol (500 mL) and refluxed for 48 h. The reaction mixture was cooled, filtered and
concentrated under vacuum. The residue solidified and was crystallized from EtOAc. The
filtrate, after crystallization, was concentrated and methanol (500 mL) added and the reflux

and isolation process was repeated twice to yield methyl a-L-fucopyranoside (45.5 g, 84 %):
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'H-NMR (300 MHz, D,0) § 1.21 (d, 3H, J = 6.6Hz, CHs), 3.38 (s, 3H, OCH}3), 3.77 to 3.90
(m, 3H, H-2, H-3, H-4), 4.04 (m, 1H, J = 6.6Hz, H-5), 4.76 (d, 1H, J = 3.3Hz, H-1) MS (EI")

m/z 201.0 [M+Na]".

4.6.2.2 Synthesis of Methyl-2, 3, 4-tri-O-benzyl-a-L-fucopyranoside.

Benzylation of 1 was done as described by Zhang et al®. To a solution of 1 (25 g,
0.140 mol) in DMF (1.22 L) was added NaH (57%-63% oil dispersion, 11.79 g, 0.280 mol)
in portions. After the mixture was stirred for 15 min, benzyl bromide (47.89 g, 0.280 mol)
was then added dropwise through an addition funnel at 0 °C. The reaction was stirred for 8 h
at room temperature. Methanol (209.48 mL) was then added to the mixture. The reaction
mixture was poured to ice water and extracted with EtOAc. The organic layer extract was
dried over Na,SO, and filtered. The filtrate was concentrated in vacuo to afford an oily
residue. Column chromatography on silica gel afforded a colorless oil (59.53 g, 94.8%): 'H-
NMR (300 MHz, CDCl3) 6 1.12 (d, 3H, J = 6.6Hz, CHs), 3.37 (s, 3H, OCH3), 3.65 (dd, 1H, J
<1, H-4), 3.84 (m, 1H, J = 6.6Hz, H-5), 3.94 (dd, 1H, J = 10.2Hz, J = 3.3Hz, J = 2.7Hz, H-
3), 4.05 (dd, 1H, J = 9.9Hz, J = 3.9Hz, H-2), 4.65-5.02 (m, 6H, CH,Ph), 4.66 (d, 1H, J =
3.9Hz, H-1), 7.26-7.41 (m, 15H, Ph); "C-NMR (74.5MHz, CDCls) §17.02, 55.64, 66.37,
73.67, 73.79, 75.10, 76.60, 78.09, 79.71, 99.05, 127.70, 127.79, 127.87, 128.31, 128.39,
128.53, 128.59, 128.65, 138.74, 138.78, 139.14; MS (EI') m/z 471.2 [M+Na]+, 487.2

[M+K]+; MS (ET') m/z 483.4 [M+CI’]-.

4.6.2.3 Synthesis of 2, 3, 4-tri-O-benzyl-a-L-fucopyranoside (2)
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Synthesis of 2, 3, 4-tri-O-benzyl-o-L-fucopyranoside was done according to Dejter-
Juszynski, M. and Flowers, H. M..>> A solution of methyl-2, 3, 4-tri-O-benzyl-a.-L-
fucopyranoside (5.0 g, 11.15 mmol) in 80% acetic acid (80 mL) and 1 N HCI (25 mL) was
heated between 95-100 °C for 2 h. After cooling, the reaction mixture was extracted with
chloroform. The chloroform solution was washed with a cold saturated solution of NaHCOs,
followed by a wash with water. The organic layer was then dried with calcium chloride,
filtered, and concentrated in vacuo. The solid was crystallized from ether-hexane to yield 2
(3.84 g, 79.2%): "H-NMR (300 MHz, CDCls) & 1.14 (d, 3H, J = 6.6Hz, CH;), 3.89 (dd, 1H,
J=27,1=99),3.67(d, 1H,J=1.8, H4), 3.89 (dd, 1H, J=2.7,J=9.9, H-3), 4.05 (dd, 1H,
J=13.9,J=9.9, H-2), 4.10 (q, IH, J = 6.6Hz, H-5), 4.65-5.00 (m, 6H, CH>), 5.27 (s, 1H, H-

1); MS (EI") m/z 457.2 [M+Na]+, 473.2 [M+K]+.

4.6.2.4 Synthesis of 1, 6-Anhydro-3, 4-O-isopropylidene-2-O-(2, 3, 4-tri-O-benzyl-o-L-
fucopyranosyl)- p-D-galactopyranose (4)

To a solution of 2 (2.5 g, 5.75 mmol) in CH,Cl, (39.68 mL) was added potassium
carbonate (3.04 g, 21.99 mmol) and freshly distilled trichloroacetonitrile (3.17 mL, 4.56 g,
31.61 mmol). The reaction mixture was stirred vigorously for 1 h under argon. Sodium
hydride (261.07 g of 57%-63% oil dispersion, 6.2 mmol) was added portion-wise and the
reaction mixture was allowed to stir for 5 h at room temperature. The reaction mixed was
then cooled on ice and poured into ice-cold saturated aqueous NaHCO; and extracted with
CH,Cl; (x 3). The organic layer was dried with Na,SOy, filtered and concentrated in vacuo
to afford a dark orange oil. Attempts to purify the crude material across silica gel were

unsuccessful so the O-(2, 3, 4-tri-O-benzyl-a-L-fucopyranoside)trichloroacetimidate was
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taken directly to the next step with no purification. The crude imidate was lyophilized for at
least 5 h to remove any residual moisture before the synthesis of 4. To a solution of crude
imidate and 3 in dry ether (500 mL), was added trimethylsilyl triflate (5.99 mmol) at room
temperature. The reaction was stirred at room temperature until thin layer chromatography
(1:1 pet ether: EtOAc) showed one major product. NaHCO; (39.94 g) was added and the
mixture was stirred for 15 min., filtered, and extracted with ether. The extract was washed
with saturated aqueous NaCl, dried over MgSO4. Column chromatography (1:1 pet ether:
EtOAc) of the residue gave 4 (3.10 g, 87.25% yield overall for both steps): 'H-NMR (300
MHz, CDCls) & 1.12 (d, 3H, J = 6.6Hz, CH3), 1.31 (s, 3H, CH3), 1.53 (s, 3H, CH3), 3.56 (dd,
1H, J =7.2Hz, J = 5.4Hz, H-5), 3.70 (s, 2H, H-2, H-4"), 3.93 (dd, 1H, J =9.9Hz, J = 2.7Hz,
H-3"), 3.98 (q, 1H, H-5"), 4.04 (dd, 1H, J = 9.6Hz, J = 3.9Hz, H-2"), 4.09 (d, 1H, J = 7.2Hz,
H-6), 4.24 (d, 1H, J = 7.2 Hz, H-3), 4.40-4.50 (m, 2H, H-4,6), 4.60-5.00 (m, 7H, 3PhCH,,
and including at 4.91, H-1', d, J = 3.6Hz), 5.42 (s, 1H, H-1), 7.25-7.45 (m, 15H, 3Ph); "*C-
NMR (74.5 MHz, CDCl;) 6 17.0, 24.8, 26.2, 63.5, 67.2, 69.4, 72.5, 73.4, 73.8, 74.8, 75.2,
76.5, 77.6, 79.5, 99.3, 100.6, 108.8, 127.6, 127.7, 127.8, 127.9, 128.0, 128.4, 128.6, 128.6,

138.6, 138.8, 139.0; MS (EI') m/z 641.4 [M+Nal+, 657.2 [M+K]+.

4.6.2.5 Synthesis of 1, 6-Anhydro-2-O-(2, 3, 4-tri-O-benzyl-a-L-fucopyranosyl)- S-D-
galactopyranose

Compound 4 (8 g, 12.93 mmol) was treated with 1 N HCI (18.3 mL) in methanol
(91.3 mL) at 40 °C overnight. The reaction was quenched by addition of NaHCOs at 4 °C
(ice bath) until pH was established at approximately 7. The mixture was then filtered

through Celite” and concentrated in vacuo. Column chromatography on silica gel (1:1 Pet
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ether: EtOAc) gave the desired product (4.56 g, 61% yield): '"H-NMR (300 MHz, CDCl;)
01.10 (d, 1H, J = 6.3Hz, CH3), 3.58-3.62 (m, 2H), 3.92 (dd, 1H, J=2.7Hz, J = 10.2Hz), 3.92
(m, 1H), 3.98-4.05 (m, 3H), 4.20 (d, 1H, J = 7.8Hz, H-6), 4.42 (t, 1H, J = 3.6Hz), 4.59-4.99
(m, 6H), 4.86 (d, 1H, J = 3.00Hz, H-1"), 5.45 (s, 1H, H-1), 7.28-7.38 (m, 15H); C-NMR
(74.5 MHz, CDCls) & 17.0, 30.1, 64.0, 64.6, 67.2, 69.7, 73.4, 73.9, 75.1, 75.2, 76.7.78.5,
79.3, 99.4, 101.2, 127.6, 127.7, 127.8, 127.9, 128.1, 128.4, 128.6, 126.62, 128.64, 138.6,
138.8, 139.0; MS (EI") m/z 601.2 [M+Na]+, 617.4 [M+K]+; MS (EI') m/z 613.4 [M+CI’]-;

IR 3446cm’.

4.6.2.6 Synthesis of 3,4-Di-O-acetyl-1,6-anhydro-2-O-(2, 3, 4-tri-O-benzyl-a-L-
fucopyranosyl)- p-D-galactopyranose (5)

To a solution of 1, 6-Anhydro-2-O-(2, 3, 4-tri-O-benzyl-a-L-fucopyranosyl)- B-D-
galactopyranose (4 g, 6.91 mmol) in dry pyridine (88.89 mL) was added 0.2 equivalents of
DMAP and the reaction was allowed to stir at room temperature for 10 min. Dry acetic
anhydride (44.44 mL) was then added slowly and the reaction was stirred until starting
material was consumed as monitored by thin layer chromatography. The mixture was
concentrated and repeatedly evaporated with toluene to remove residual pyridine to afford an
orange oil. Column chromatography in (2:1 pet ether: EtOAc) yielded 5 in 77% yield; 'H-
NMR (300 MHz, CDCl3) & 1.10 (d, 3H, J = 6.6Hz), 2.05 (s, 3H), 2.12 (s, 3H), 3.56 (s, 1H,
H-2), 3.67-3.71 (m, 2H, H-4’. H-6), 3.94 (dd, 1H J = 3.0Hz, J = 10.2Hz, H-3"), 3.98 (m, 1H,
H-5),4.03 (dd, 1H, J =3.3Hz, J=10.5Hz, H-2"), 4.31 (d, 1H, J = 7.5Hz, H-6), 4.47 (m, 1H,
J=3.9Hz, J = 4.2Hz, H-5), 4.62-5.00 (m, 6H, CH,), 4.94 (d, 1H, J = 3.9Hz, H-1"), 5.27 (dd,

1H, J < 1Hz, J = 5.0Hz, H-4), 5.30 (dd, 1H, J < 1Hz, J = 5.0Hz, H-3), 5.42 (s, 1H, H-1),
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7.26-7.40 (m, 15H); MS (EI") m/z 685.2 [M+Na]+, 701.2 [M+K]+; MS (EI) m/z 697.6

[M+CI]-.

4.6.2.7 Synthesis  of  3,4-Di-O-acetyl-1,6-anhydro-2-0-(2,3,4-tri-O-acetyl- o-L-
fucopyranosyl)- p-D-galactopyranose (6)

To a solution of 5 (3 g, 4.53 mmol) in degased EtOAc (62.2 mL) and dry methanol
(62.2 mL) was added 10% Pd/C (0.78 g). The reaction mixture was pressurized to 1.3 atm of
H, gas and allowed to stir for 6 h. Reaction was determined to have proceeded to completion
by H-NMR. Solvents were evaporated, and the debenzylated compound was stirred with dry
pyridine (77.72 mL) and 0.2 equivalents of DMAP for ten minutes. Dry acetic anhydride
(31.09 mL) was added slowly, and the mixture was allowed to stir at room temperature
overnight. Solvents were evaporated, and the remaining pyridine was removed by repeated
evaporation with toluene. Column chromatography (1:2 = EtOAc:hexanes) afforded 6 (1.97
g, 84 % yield) : "H-NMR (300 MHz, CDCl3) § 1.13 (d, 3H, J = 6.6Hz), 1.99 (s, 3H), 2.04 (s,
3H), 2.09 (s, 3H), 2.13 (s, 3H), 2.15 (s, 3H), 3.61 (s, 1H, H-2), 3.72 (dd, 1H, J =5.2Hz, J =
6.8Hz, H-6), 4.28 (q, 1H, J = 6.6Hz, H-5"), 431 (d, 1H, J = 7.8Hz, H-6), 4.46 (t, 1H, J =
4.5Hz, H-5), 5.08 (dd, 1H, J = 1.2Hz, J = 5.4Hz, H-4), 5.14 (dd, 1H, J = 1.2Hz, J = 5.4Hz,
H-3), 5.19 (t, 1H, J = 4.5Hz), 5.24 (d, 1H, J = 3.9Hz, H-1"), 5.30-5.34 (m, 2H), 5.42 (s, 1H,
H-1); PC-NMR (74.5 MHz, CDCl; w/TMS) & 16.2, 20.9, 20.97, 20.98, 21.0, 21.2, 64.7,
65.4, 654, 67.7, 68.2, 68.3, 71.1, 72.3, 77.0, 97.3, 100.5, 169.2, 169.8, 170.1, 170.6, 170.7,

MS (EI") m/z 541.2 [M+Nal]+; MS (EI') m/z 553.2 [M+CI’]-.
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46.2.8 Synthesis of 5-(acetyl-4,5-diacetyloxy-6-methylperhydro-2H-pyran-2-yloxy)-4-
acetyloxy-2-(hydroxymethyl)-6-phenylthioperhydro-2H-pyran-3-yl acetate

A mixture of 6 (1.75 g, 3.38 mmol), (phenylthio)trimethylsilane (1.96 mL, 10.37
mmol), and zinc iodide (3.33 g, 10.44 mmol) in CH,Cl, (19.6 mL) was stirred at room
temperature for 21 h. The mixture was diluted with EtOAc (120.23 mL) and washed
successively with sat. ag. NaHCOs (150.15 mL), water (3 x 56.15 mL), and brine (18.77 mL)
and dried with sodium sulfate. The organic layer was filtered to remove the sodium sulfate,
and then concentrated in vacuo. The residue was dissolved in dry THF (15.02 mL) and to
that was added 1 M tetrabutylammonium fluoride (TBAF) in THF (6.62 mL). The reaction
mixture was allowed to stir for an additional 20 min. The solvent was evaporated and the
residue was dissolved in EtOAc (60.03 mL) and washed with water (3 x 30.1 mL), sat. aq.
NaHCO; (30.1 mL), and brine (30.1 mL) and dried over sodium sulfate, filtered and
concentrated to afford an oil. Column chromatography (2.5:1= hexanes:EtOAc) afforded the
B-thioglycoside (1.61 g, 76%): In future synthesis, this material is taken directly onto next

step with no purification.

4.6.2.9 Synthesis of 5-(acetyl-4,5-diacetyloxy-6-methylperhydro-2H-pyran-2-yloxy)-4-
acetyloxy-2-(acetyloxymethyl)-6-phenylthioperhydro-2H-pyran-3-yl acetate (7)

To a solution of 5-(acetyl-4,5-diacetyloxy-6-methylperhydro-2H-pyran-2-yloxy)-4-
acetyloxy-2-(hydroxymethyl)-6-phenylthioperhydro-2H-pyran-3-yl acetate (312.7 mg, 0.499
mmol) in dry pyridine (6.42 mL) was added acetic anhydride (3.21 mL). The reaction was
allowed to stir at room temperature overnight. The solvent was evaporated and residual

pyridine was removed by repeated evaporation with toluene. Column chromatography (2.5:1



166

hexanes:EtOAc) on silica gel afforded 7 (333.69 mg) in quantitative yield: '"H-NMR (300
MHz, CDCl3) 6 0.97 (d, 1H, J = 6.6Hz), 1.92 (s, 3H), 1.96 (s, 6H), 2.00 (s, 3H), 2.10 (s, 3H),
2.11 (s, 3H), 4.03 (d, 2H, J = 6.3Hz, H-6), 4.25 (dd, 1H, J = 6Hz, J = 10.5Hz, H-2), 4.33 (q,
1H, J = 6.6Hz, H-5’), 4.70 (t, 1H, J = 6.3Hz, H-5), 4.99 (dd, 1H, J = 3.7, J = 10.4Hz, H-2’),
5.18 (dd, 1H, J = 3.3, J=10.2Hz, H-3), 5.27-5.31 (m, 3H, H-1’, H-4’, H-3), 5.41 (dd, 1H, , J
= 1.2, J = 3.3Hz, H-4), 5.66 (d, 1H, J = 5.4Hz, H-1), 7.24-7.5 (m, 5H); MS (EI") m/z 693.2

[M+Na]+, 709.2 [M+K]+.

4.6.2.10  Synthesis of 5-(acetyl-4,5-diacetyloxy-6-methylperhydro-2H-pyran-2-yloxy)-4-
acetyloxy-2-(acetyloxymethyl)-6-{2-[2-)2,2,2-trifluoroacetylamino)ethoxy]ethoxy}perhydro-
2H-pyran-3-yl acetate (9)

Compound 7 (793 mg, 1.19 mmol) and 8 (225 mg, 1.12 mmol) were evaporated
repeatly with toluene to remove excess water and then placed under argon gas. 7 and 8 were
dissolved in CH,Cl; (8.4 mL) and mol sieves (4 A). N-iodosuccinimide (NIS) (289 mg, 1.28
mmol) was added and the mixture was cooled to -20 °C. Silver triflate (316 mg, 1.23 mmol)
was added portionwise at -20 °C. The reaction occurred almost instantly upon addition of
silver triflate. The reaction was diluted with CH,Cl, and filtered. The organic layer was
washed with 10% aq. sodium thiosulfate, followed by sat. sodium bicarbonate and then brine.
The organic layer was dried with sodium sulfate, filtered and concentrated to afford a yellow
oil. Column chromatography (2:1 hexanes:EtOAc) on silica gel obtained 9 (810 mg, 95%
yield): '"H-NMR (300 MHz, CDCl3) 81.10 (d, 3H, J = 6.0Hz), 1.99 (s, 3H), 2.00 (s, 3H), 2.01
(s, 3H), 2.04 (s, 3H), 2.13 (s, 3H), 2.15 (s, 3H), 3.40 (q, 1H, J = 6.6Hz), 3.55-3.78 (m, 6H),

3.88 (1, 1H, J = 6.5Hz), 3.97 (dd, 1H, J = 7.8Hz, J = 10.2Hz), 4.06 (dd, 1H, J = 6.6Hz, J =
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9.3Hz), 4.14 (dd, 1H, J = 6.6Hz, J = 14.4Hz), 4.187 (m, 1H), 4.50 (d, 1H, J = 7.8Hz, H-1§,
confirmed by decoupling experiments), 4.76 (q, 1H, J = 6.6Hz), 5.00 (dd, 1H, J =3.3Hz, J =
10.2Hz), 5.02 (dd, 1H, J = 3.3Hz, J = 10.2Hz), 5.25-5.31 (m, 3H), 5.42 (d, 1H, J = 3.6Hz),

7.49 (bs, 1H, N-H); MS (EI') m/z 784.6 [M+Nal+, 800.4 [M+K]+

4.6.2.11 Synthesis of 5-((2S)-6,8-diazo-7-ox0-3-thiabicyclo[3.3.0]oct-2-yl)-N-(2-{2-[4,5-
dihydroxy-6-(hydroxymethyl)-3-(3,4,5-trihydroxy-6-methylperhydro-2H-pyran-2yloxy)
perhydro-2H-pyran-2-yloxy]ethoxy}ethyl)pentanamide (10)

Compound 9 (361.2 mg, 0.474 mmol) was dissolved in 50.07 mL of 7% potassium
carbonate in methanol/water (2:5) and allowed to stir until complete deprotection has
occurred as detected by drop in Ry in thin layer chromatography and appearance of amine as
seen by ninhydrin staining. The solvent was removed in vacuo and the deprotected product
was extracted from the residue with methanol. The extraction was concentrated and the
resulting residue was dissolved in DMF (11.73mL). The pH of the mixture was adjusted to
10 using triethylamine (TEA). NHS-biotin is added and the reaction is allowed to stir
overnight. The reaction mixture is concentrated to afford an off-white syrup. Purification by
HPLC yields (10) in 60% yield: 'H-NMR (300 MHz, D,0) & 1.05 (d, 3H, J = 6.6Hz), 1.23-
1.31 (m, 2H), 1.41-1.60 (m, 4H), 2.12 (t, 2H, J = 7.0Hz), 2.62 (d, 1H, J = 13.2Hz), 2.84 (dd,
1H, J=4.8Hz,J = 12.6Hz), 3.17 (dd, 1H, J =4.8Hz, J = 9.3Hz), 3.23 (dd, 1H, J=4.8Hz, J =
8.7Hz), 3.42-3.75 (m, 11H), 3.90 (dt, 1H, J = 4.2Hz, J = 11.7Hz), 4.19 (q, 1H, J = 6.6Hz),
4.27 (dd, 1H, J = 4.7Hz, J = 7.8Hz), 4.35 (d, 1H, J = 8.4, H-1B), 4.46 (dd, 1H, J=4.8Hz, J =

8.1Hz), 5.08 (d, 1H, J = 6Hz); MS (EI") m/z 662.2 [M+Na]+, 678.2 [M+K]+.
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4.6.2.12 Synthesis of NHS-biotin

Biotin (2.0 g, 8.19 mmol) was dissolved in DMF (24.8 mL) with gentle heating (40
°C). To the reaction mixture was added N-hydroxysuccinimide (1.23 g, 10.65 mmol) and
dicyclohexylcarbodiimide (DCC) (1.69 g, 8.19 mmol). The reaction was allowed to stir for
24 hours at room temperature. The reaction was then filtered to remove the dicyclohexylurea
(DCU) and the filtrate was partially concentrated. The desired product was precipitated from
diethyl ether and washed with diethyl ether followed by a wash with isopropanol to afford a

white solid (2.43 g, 87%).

4.6.2.13 Synthesis of N-trifluoroacetylpiperidine

Trifluoroacetic anhydride (59.2 g, 0.282 mol) was slowly added to piperidine (20.0 g,
0.235 mol) at 0 °C with vigorous stirring. The reaction was allowed to stir overnight at room
temperature. The reaction was concentrated in vacuo to remove any trifluoroacetic acid,
which afforded the product (42.0 g, 99 %): '"H-NMR (300 MHz, CDCl5) & 1.58-1.76 (m, 6H),

3.57 (dt, 4H); MS (EI") m/z 182.2 [M+H]".

4.6.2.14 Synthesis of tert-butyl hypochlorite

In a 500 mL flask was placed commercial household bleach (250mL, Clorox®). The
flask was placed in an ice bath and vigorously stirred until the temperature dropped below 10
°C. At this point the lights in the vicinity were turned off to protect the reaction from light.
A solution of tert-butanol (18.5 mL, 0.195 mol) and glacial acetic acid (12.25 mL, 0.215
mol) was added in a single portion to the bleach solution with rapid stirring. The reaction

was stirred for about 3 minutes. After stirring, the entire reaction was poured into a
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separatory funnel and the lower aqueous layer was discarded while the oily organic layer was
washed with 10 % aqueous NaHCOs; (25 mL) and then water (25 mL). The product was
dried over CaCl, (0.5 g) and filtered. The product was used as is in the subsequent reactions

and stored over CaCl,.

4.6.2.15 Synthesis of (tert-butoxy)-N-[2-(2-hydroxyethoxy)ethyl]carboxamide
2-(2-aminoethoxy)ethanol (10.0 g, 95.11 mmol) was dissolved in CH3CN (634 mL).
Boc-anhydride (24.3 g, 95.11 mmol) and 1 N NaOH (79.3 mL) was added to the solution and
the reaction mixture was stirred for 3 h at room temperature. The reaction mixture was
evaporated to dryness and the residue was dissolved in EtOAc. This solution was dried over
MgSO, and filtered. The solvent was removed in vacuo and chromatography afforded a
yellow oil (17.96 g, 92%): '"H-NMR (300 MHz, CDCl;) 81.33 (s, 9H), 3.34 (dd, 2H, J =
5.4Hz, J = 5.7Hz, J = 10.4Hz), 3.56 (t, 2H, J = 6.1Hz), 3.58 (t, 2H, J = 5.1Hz, J = 5.4Hz),

3.75 (t, 2H, J = 6.0Hz); MS (EI") m/z 206.3 [M+H]+ 228.3 [M+Na]+.

4.6.2.16 Synthesis of (tert-butoxy)-N-[2-(2-bromoethoxy)ethyl]carboxamide. (18)
(tert-butoxy)-N-[2-(2-hydroxyethoxy)ethyl|carboxamide (5.0 g, 24.36 mmol), carbon
tetrabromide (10.11 g, 30.45 mmol), K,COs (5.12 g, 36.54 mmol) and CH,Cl, (60.9 mL)
were placed in a flask. To the mixture was added triphenylphosphine (9.62 g, 36.54 mmol)
in CH,Cl, (60.9 mL) over 15 min at room temperature. After stirring for 13 h at room
temperature, the reaction mixture is filtered and the filtrate is concentrated. The residue was
treated with a mixture of EtOAc:hexanes (1:1, 121.8 mL) by filtration and the filtrate was

concentrated. Chromatography of the residue on silica gel afforded the bromide (3.46 g, 53
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%): 'H-NMR (300 MHz, CDCl3) §1.33 (s, 9H), 3.20 (dd, 2H, J = 5.4Hz, J = 5.7Hz, J =
10.4Hz), 3.36 (t, 2H, J = 6.0Hz), 3.45 (t, 2H, J = 5.1Hz, J = 5.4Hz), 3.67 (t, 2H, J = 6.0Hz),
5.02 (bs, 1H); *C-NMR (74.5MHz, CDCl; w/TMS) § 28.4, 30.5, 40.3, 60.3, 70.0, 70.7,

155.8; MS (EI') m/z 291.2 [M+Na]+.

4.6.2.17 Synthesis of 2,2,2-Trifluoro-1-(3-methyoxyphenyl)ethanone (12)

Magnesium turnings (3.22 g), 3-bromoanisole (18.7 g, 100 mmol), and anhydrous
THF (100 mL) were placed in a round bottom flask fitted with a condenser. The mixture was
cautiously heated with a heating mantle until a vigorous reaction took place. The reaction
was removed from heat and the reaction was allowed to proceed until almost all the Mg
turnings were dissolved. The reaction was cooled in an ice bath. A solution of N-
trifluoroacetylpiperidine (14.6 g, 80 mmol) in anhydrous THF (20 mL) was added to the
Grignard reagent dropwise with stirring at 0 °C. After the addition, the reaction was stirred
at room temperature for 2 h, then quenched with the addition of saturated aqueous NH4Cl (10
mL). The precipitates were removed by filtration and the filtrate dried over MgSO,4. The
filtrate was concentrated to afford a dark amber oil. Vacuum distillation of the residual oil
afforded a colorless oil (9.34 g, 57%): "H-NMR (300 MHz, CDCl3) & 3.80 (s, 3H), 7.16-7.72

(m, 4H); MS (EI") m/z 205.2 [M+H]+, 227.2 [M+Na]+.

4.6.2.18 Synthesis of 2,2,2-Trifluoro-1-(3-methoxyphenyl)ethanoneOxime (13)
A solution of 12 (10.0 g, 48.98 mmol) and hydroxylamine hydrochloride (3.51 g,
50.45 mmol) in absolute ethanol (27 mL) and dry pyridine (49 mL) was heated at 60 °C for

12 h. After evaporation of the solvents, the residue was partitioned between water and
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diethyl ether. The organic layer was washed with 1 N HCI and dried with MgSO,. After
evaporation of the solvent, the crude oxime was purified by column chromatography on silica
gel (CH,Cl,) to afford 13 (10 g, 93%): 'H-NMR (300 MHz, CDCl; w/TMS) & 3.83 (s, 3H),
7.00-7.43 (m, 4H), 8.67 and 8.85 (each bs, total 1H); *C-NMR (74.5 MHz, CDCl; w/TMS) &
55.6, 114.0, 114.4, 116.3, 116.5, 120.9, 129.8, 129.9, 159.5; MS (EI') m/z 220.2 [M+H]";

MS (EI') m/z 218 [M-H]-.

4.6.2.19 Synthesis of 3-(3-methoxyphenyl)-3-(trifluoromethyl)diaziridine (14)

To a solution of oxime 13 (1.32 g, 6.02 mmol), triethylamine (1.54 g, 15.23 mmol),
and (N, N-dimethylamino)pyridine (36.8 mg, 0.301 mmol) in CH,Cl, (10.8 mL) at 0 °C was
added p-toluenesulfonyl chloride (1.30 g, 6.80 mmol) portionwise with stirring. After
addition, the reaction was allowed to stir at room temperature. After 45 minutes of stirring,
the reaction was washed with water, and the organic layer is dried with magnesium sulfate
and filtered. The solvent was removed to afford a white solid. The crude oxime was then
dissolved in CH,Cl; (3.2 mL) and brought to -78 °C (dry ice and acetone bath). Ammonia
gas was condensed into the reaction flask with the use of a cold finger until approximately 3-
4 mL of liquid ammonia was present. The reaction was allowed to stir for 12 h at room
temperature under NH3 with a cold finger attached to the reaction flask. After 12 h, the
excess ammonia was allowed to evaporate off at room temperature. The reaction was
partitioned between water and CH,Cl,. The organic layer was washed with water, dried over
MgSO,, filtered and concentrated. Column chromatography on alumina (diethyl ether) of the
crude oil afforded 14 (1.15 g, 89%): 'H-NMR (300 MHz, CDCl; w/TMS) & 2.24 (d, 1H, J =

8.1Hz), 2.78 (d, 1H, J = 9Hz), 3.83 (s, 3H), 6.98 (ddd, 1H, J = 1.2Hz, J = 2.2Hz, J = 8.3Hz),
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7.15-7.25 (m, 2H), 7.33 (t, 1H, J = 7.8Hz, J = 8.1Hz); "C-NMR (74.5 MHz, CDCl; w/TMS)

§55.6,113.7, 115.9, 120.4, 121.7, 125.4, 130.0, 133.1, 159.7; MS (EI') m/z 219.2 [M+H]".

Note: The following reaction and reactions thereafter were done amberized glass to protect
the product and starting material from light due to its photosensitivity. All precautions were

taken to protect the compounds from light sources.

4.6.2.20 Synthesis of 3-(3-methoxyphenyl)-3-(trifluoromethyl)-3H-diazirine (15)

To a solution of 14 (1.25 g, 5.73 mmol) and triethylamine (2.13 g, 21.03 mmol) in
tert-butanol (2.88 mL) and absolute ethanol (2.88 mL) at 0 °C, was cautiously added a
solution of tert-butyl hypochlorite in tert-butanol (1.72 mL). The reaction was stirred at
room temperature for 2 h. After 2 h of stirring, the reaction was quenched by the addition of
10% aqueous sodium metabisulfite. The reaction mixture was extracted with hexane and the
organic layer was dried over MgSOy, filtered and concentrated to afford a crude oil. Column
chromatography on silica gel (hexane:CH,Cl, = 2:1) afforded a colorless oil 15 (0.995 g,
80%): '"H-NMR (300 MHz, CDCl; w/TMS) & 3.80 (s, 3H), 6.69 (s, 1H), 6.78 (d, 1H, J =
7.8Hz), 6.94 (dd, 1H, J = 2.1Hz, J = 2.7Hz, J = 8.4Hz), 7.31 (t, 1H, J = 8.1Hz, J = 8.4Hz);
BC-NMR (74.5 MHz, CDCl; w/TMS) 855.5, 112.4, 115.3, 118.8, 120.4, 124.0, 130.1, 130.6,

159.8; MS (EI'") m/z 517.0 [M+H]"; UV(hex) Amax 365 nm

4.6.2.21 Thallation of 15 in preparation for the synthesis of 16
Thallium compounds are known to be very toxic. As a result, thallations were performed in a

well-ventilated glove box and all safety precautions were taken to prevent exposure and
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contamination. Any glassware and tools that came into direct contact with thallium were
disposed of properly. Double gloving and rubber gloves were used.

Diazirine 15 (2.0 g, 9.25 mmol) in trifluoroacetic acid (9.25 mL) was treated with 1.1
equiv of thallium(II) trifluoroacetate (5.50 g, 10.18 mmol) for 24 h at room temperature.
The resulting arylthallium ditrifluoroacetates were used in the next step without further

purification.

4.6.2.22  Synthesis of 2-Methoxy-4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzoic Acid
Methyl Ester (16)

After the thallation of 15 (2.0 g, 9.25 mmol) as described above, the solvent
trifluoroacetic acid was evaporated in vacuo. The residual arylthallium compound was
dissolved in dry methanol (59.2 mL) and then added to a solution of palladium(II)chloride
(210.39 mg, 1.19 mmol), lithium chloride (1.01 g, 23.84 mmol), and magnesium oxide
(953.6 mg, 23.66 mmol) in dry methanol (59.2 mL) under an atmosphere of CO. The
reaction mixture was allowed to stir at room temperature under an atmosphere of CO for 48
h. Reactions involving CO were carried out in a well-ventilated hood. After stirring the
reaction mixture was brought to 0 °C and the pH was adjusted to 2 with 1 N HCI. The
reaction mixture was partitioned between diethyl ether and water. The organic layer was
washed with 1 N HCI and then dried over MgSOj and filtered. The filtrate was concentrated
and column chromatography of the residue on silica gel (hexane:CH,Cl, = 1:1) afforded a
colorless oil (1.57 mg, 62%): 'H-NMR (300 MHz, CDCl; w/TMS) & 3.89 (s, 3H), 3.90 (s,
3H), 6.68 (s, 1H), 6.82 (d, 1H, J = 8.3Hz), 7.81 (d, 1H, J = 7.8Hz); *C-NMR (74.5 MHz,

CDCl; w/TMS) 6 52.3, 56.1, 109.7, 118.0, 120.0, 121.3, 123.7, 132.1, 134.3, 159.0, 165.6;
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MS (EI") m/z 297.2 [M+Na]"; IR (neat) v 1735 (CO) cm™; UV(EtOH) Amax 349 nm; IR 1733

cm’™.

4.6.2.23  Synthesis of 2-Hydroxy-4-[3-(trifluoromethyl)-3H-diazirin-3-yl]benzoic Acid
Methyl Ester (17)

Compound 16 (1.00 g, 3.65 mmol) was dissolved in dry CH,Cl, (7.25 mL) and
cooled to 0 °C. To that was slowly added a 1 M solution of boron tribromide in CH,Cl,
(6.21 mL, 6.21 mmol). The reaction was allowed to stir at 0 °C for 30 min. Water was
added to quench the reaction. The reaction mixture was extracted with diethyl ether, dried
over MgSQ,, filtered and concentrated to afford a brown residue. The crude residue was
used without further purification: crude "H-NMR (300 MHz, CDCl; w/TMS) & 3.97 (s, 3H),
6.65 (d, 1H, J = 8.9Hz), 7.84 (d, 1H, J = 8.1Hz), 10.83 (s, 1H); MS (EI') m/z 283.2

[M+Na]+.

4.6.2.24 Synthesis of 19

The diazirine 17 (710 mg, 2.73 mmol) was dissolved in DMF (5.0 mL) and to that
was added K,CO; (377.3 mg, 2.73 mmol) at 0 °C. 18 (807.1 mg, 3.01 mmol) and
tetrabutylammonium iodide (100.8 mg, 0.273 mmol) were added at room temperature. The
reaction was refluxed at 60 °C for 19 h with stirring. The reaction was then filtered to
remove insoluble material. The solvent was removed in vacuo and residue was partitioned
between benzene and water. The organic layer was dried with MgSOQ,, filtered and

concentrated under reduced pressure.  Chromatography of the residue on silica

(hexane:diethyl ether = 1:1) afforded 22 (874.4 mg, 72%): 'H-NMR (300 MHz, CDCl;
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w/TMS) & 1.42 (s, 9H), 3.34 (dd, 2H, J = 5.4Hz, J = 10.5Hz), 3.64 (t, 2H, J = 4.8Hz, J =
5.4Hz), 3.87 (dd, 2H, J = 4.5Hz, J = 9.3Hz), 3.89 (s, 3H), 4.18 (t, 2H, J = 4.5Hz, J = 5.1Hz),
5.12 (bs, 1H), 6.72 (s, 1H), 6.82 (d, 1H, J = 8.7Hz), 7.82 (d, 1H, J = 8.4Hz); "C-NMR (74.5
MHz, CDCl; w/TMS) & 28.5, 40.5, 52.4, 53.6, 69.0, 69.1, 70.6, 79.2, 111.5, 118.5, 120.0,
121.8, 123.7, 132.2, 134.3, 158.4, 165.5; MS (EI') m/z 470.2 [M+Na]', 486.2 [M+K]", 442.2

[M+H]"; UV(EtOH) Amax 355 nm.

4.6.2.25 Synthesis of methyl 2-(2-{2-[5-((2S)-6,8-diaza-7-ox0-3-thiabicyclo[3.3.0]oct-2-
yl)pentanoylamino]ethoxy}ethoxy)-4-[3-(trifluoromethyl)(1,2-diazirin-3—yl)]benzoate (20)
Boc-deprotection was performed by treatment of 19 (700 mg, 1.57 mmol) with 50%
trifluoroacetic acid in CH,Cl, (3.14 mL) for 3 h at 0 °C with stirring. After 3 h of stirring,
the reaction mixture was concentrated. The residue was dissolved in DMF (1.57 mL) and
brought to 0 °C. To that, was added triethylamine (544 pL) followed by a solution of NHS-
biotin (535.97 mg, 1.57 mmol) in DMF (9.42 mL). The reaction mixture was allowed to stir
overnight at room temperature. The solvent was removed in vacuo and the residue was
partitioned between CH,Cl, and water. The organic layer was dried with MgSO4 and
concentrated. Chromatography on silica (CHClj:ethanol = 6:1) afforded 20 (649 mg, 72%):
'H-NMR (300 MHz, CDCl; w/TMS) & 1.41 (m, 2H), 1.66 (m, 4H), 2.23 (t, 1H, J = 7.2Hz, J
= 7.8Hz), 2.71 (d, 1H, J = 13.2Hz), 2.88 (dd, 1H, J = 4.8Hz, J =5.1Hz, J = 12.8Hz,), 3.12
(m=dd, 1H, J = 7.2Hz, J = 7.8Hz, J = 11.7Hz), 3.47 (dd, 2H, J = 5.1Hz, J = 5.7Hz, J =
10.2Hz), 3.87 (t, 1H, J =4.8Hz, J = 5.1Hz), 3.87 (t, 2H, J = 5.1Hz), 3.88 (s, 3H), 4.18 (t, 2H,

J=4.5Hz), 4.28 (dd, 1H, J = 4.5Hz, J = 7.8Hz), 4.47 (dd, 1H, J = 4.8Hz, J = 7.2Hz), 5.36 (bs,
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1H), 6.15 (bs, 1H), 6.70 (s, 1H), 6.72 (bs, 1H), 7.83 (d, 1H, J = 8.1Hz); MS (EI') m/z 574.2

[M+H]", 596.2 [M+Na]", 612.2 [M+K]"; UV(EtOH) Amax 364 nm.

4.6.2.26 Synthesis  of  2-(2-{2-[5-((2S)-6,8-diaza-7-0x0-3-thiabicyclo[3.3.0]oct-2-
yl)pentanoylamino]ethoxy}ethoxy)-4-[3-(trifluoromethyl)(1,2-diazirin-3—yl)]benzoic acid
Compound 20 (9.4 mg, 0.0164 mmol) was dissolved in methanol (307 pL) and cooled
to 0 °C. 1 N aqueous NaOH (82 pL) was added at 0 °C and the reaction was allowed to stir
overnight at room temperature. After evaporation of the methanol, the residue was dissolved
in water and acidified with 1 N aqueous HCI. The crude acid was purified by reprecipitation

in chloroform-hexane to yield the desired product (7.5 mg, 82%): The product was used as is

in next step; MS (EI") m/z 582.0 [M+Na]+, 560.2 [M+H]+.

4.6.2.27 Synthesis  of  2,5-dioxopyrrolidiny  2-(2-{2-[5-((2S)-6,8-diaza-7-ox0-3-
thiabicyclo[3.3.0]oct-2-yl)pentanoylamino]ethoxy}ethoxy)-4-[3-(trifluoromethyl)(1,2-
diazirin-3—yl)]benzoate. (21)

Compound 2-(2-{2-[5-((2S)-6,8-diaza-7-ox0-3-thiabicyclo[3.3.0]oct-2-
yl)pentanoylamino]ethoxy} ethoxy)-4-[3-(trifluoromethyl)(1,2-diazirin-3—yl)]benzoic  acid
(100 mg, 0.179 mmol) was dissolved THF/CH3CN (1:1, 4 mL) and N-hydroxysuccinimide
(21.41 mg, 0.186 mmol) was added. To the reaction mixture was added a solution of N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (31.36 mg, 0.202 mmol) in THF
(0.8 mL). Triethylamine (20.44 mg, 0.202 mmol) was added to the reaction mixture and the
reaction is allowed to stir at room temperature overnight. The reaction was then concentrated

and the residue was partitioned between CH,Cl, and water. The organic layer was dried with
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MgSOy, filtered and concentrated to afford 21 (85.2 mg, 73%): 'H-NMR (300 MHz, CDCl;
w/TMS): § 1.34 (m, 2H), 1.61 (m, 4H), 2.14 (t, 2H, J = 7.2Hz, J = 7.8Hz), 2.85 (m, 1H), 2.91
(s, 4H), 3.10 (dd, 1H, J=7.2Hz, J = 7.8Hz, J = 9.8Hz), 3.40 (dd, 2H, J = 4.8Hz, J = 5.4Hz, J
=10.2Hz), 3.61 (t, 2H, J=4.8Hz, J = 5.1Hz), 3.85 (dd, 2H, J=2.7Hz, J = 3.6Hz, J = 5.0Hz),
4.20 (t, 2H, J = 3.9Hz, J = 4.8Hz), 4.26 (dd, 1H, J =4.8Hz, J = 5.7Hz, J = 7.4Hz), 4.45 (dd,
1H, J=4.8Hz, J = 5.1Hz, J = 7.7Hz), 5.49 (s, 1H), 6.31 (s, 1H), 6.52 (bs, 1H), 6.72 (s, 1H),
6.88 (d, 1H, J = 8.1Hz), 8.03 (d, 1H, J = 8.1Hz); *C-NMR (74.5 MHz, CDCl; w/TMS) &
25.7,25.8, 25.9, 28.2, 28.4, 35.9, 39.3, 40.7, 55.8, 60.3, 61.8, 68.8, 69.1, 70.2, 77.4, 111.1,
115.9, 118.6, 119.8, 123.5, 133.1, 136.8, 159.4, 159.8, 164.1, 169.5, 173.4; MS (EI') m/z

657.2 [M+H]", 679.2 [M+Na]", 695.2 [M+K]", UV(H,0) Amax 364 nm.

4.6.2.28 Synthesis of Probe 5-((2S)-6,8-diazo-7-ox0-3-thiabicylco[3.3.0]oct-2-yl)-N-[2-(2-
{2-[N-2-{2-[4,5-dihydroxy-6-(hydroxymethyl)-3-(3,4,5-trihydroxy-6-methylperhydro-2H-
pyran-2-yloxy)perhydro-2H-pyran-2-yloxy]ethoxyl}ethyl)carbamoyl]-5[3-
(trifluoromethyl)(1,2-diazirin-3-yl)phenoxy}ethoxy)ethyl]pentanamide (11)

8 (62.84 mg, 0.152 mmol) was dissolved in the minimal amount of DMF (15 mL) and
the pH was adjusted to approximately 9 using TEA. To that was added 21 (100 mg, 0.152
mmol) and the reaction was allowed to stir at room temperature for 10 h. After 10 h of
stirring another 0.2 equiv. of 21 was added and the reaction was stirred for another 5 h.
Another 0.2 equiv. of 21 was added every 5 h until staining by ninhydrin showed the
disappearance of 8. The reaction was then concentrated and the crude was purified by HPLC
(22% CH3CN/H;0 on C18 resin) to afford 11 (34.9 mg, 24%): 'H-NMR (300 MHz, CDCl;

w/TMS) 81.18 (d, 3H, J = 6.6Hz), 1.36-1.46 (m, 2H), 1.51-1.77 (m, 4H), 2.19 (d, 2H, J =
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7.5Hz), 2.69 (d, 1H, J = 12.9Hz), 2.91 (dd, 1H, J = 4.8Hz, J = 12.6Hz), 3.17 (dt, 2H, J =
3.6Hz, J = 5.7Hz), 3.41 (t, 2H, J = 5.5Hz), 3.54-3.65 (m, 8H), 3.67-3.75 (m, 7H), 3.80 (m,
2H), 3.86-3.93 (m, 4H), 4.16 (q, 1H, J = 6.6Hz), 4.28 (dd, 2H, J = 4.5Hz, J = 8.1Hz), 4.33 (d,
1H, J = 8.4, H-1p), 4.48 (dd, 1H, J = 4.5Hz, J = 8.1Hz), 5.00 (d, 1H, J = 3.9, H-1"a), 6.86 (s,
1H), 7.04 (d, 1H, J = 8.1Hz), 8.01 (d, 1H, J = 8.1Hz); MS (EI') m/z 955.4 [M+H]’, 977.4

[M+Na]", 993.4 [M+K]".

4.6.2.29 Synthesis  of  4,5-diacetyloxy-2-[4,5-diacetyloxy-6-(acetyloxymethyl)-2-
ethoxyperhydro-2H-pyran-3-yloxyl]-6-methylperhydro-2H-pyran-3-yl acetate (22)

7 (143.4 mg, 0.214 mmol) is repeatedly evaporated with toluene to remove excess
water. 7 is brought up in CH,Cl, (1.53 mL) and dry EtOH (9.88 mg, 0.214 mmol) and mol.
sieves (4 A) are added. The mixture stirred for 10min and then cooled to -20 °C. To that is
added NIS (58.5 mg, 0.247 mmol), followed by addition of solver triflate (60.64 mg, 0.236
mmol). The reaction was allowed to warn to room temperature and proceeds almost
instantaneously upon addition of silver triflate. After it had gone to completion, the reaction
was diluted with CH,Cl, and filtered. The filtrate is washed with sat. aq. sodium thiosulfate,
sat. aq. sodium bicarbonate, and brine. The organic layer is dried with sodium sulfate,
filtered and concentrated. Column chromatography (3:1 hexanes: EtOAc) affords 22 (84.9
mg, 70%, o:f = 1:3): only B is used: 'H-NMR (300 MHz, CDCl; w/TMS) 81.10 (d, 3H, J =
6.6Hz), 1.24 (t, 3H, J = 7.2Hz), 1.96 (s, 3H), 1.97 (s, 3H), 1.98 (s, 3H), 2.02 (s, 3H), 2.11 (s,
3H), 2.13 (s, 3H), 3.59 (quin., 1H, J = 7.2Hz), 3.85 (t, 1H, J = 6.6Hz), 3.92 (dd, 1H, J =
7.8Hz, J=9.9Hz), 4.00 (dd, 1H, J = 6.9Hz, J = 9.3Hz), 4.08 (dd, 1H, J = 6.6Hz, J = 11.7Hz),

4.16 (dd, 1H, J = 6.6Hz, J = 11.1Hz), 4.46 (d, 1H, J = 7.8Hz, H-1p), 4.59 (q, 1H, J = 6.6Hz),
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4.98 (dd, 1H, J = 4.5Hz, J = 10.2Hz), 5.00 (dd, 1H, J = 3.3Hz, J = 9.9Hz), 5.27 (m, 2H), 5.33

(dd, 2H, J =3.6Hz, J = 8.4Hz); MS (EI') mz 629.4 [M+Na]", 645.4 [M+K]".

4.6.2 Molecular Biology: General
Unless otherwise stated, chemicals and molecular biology reagents were purchased
from Fisher (Fairlawn, NJ) and used as is. Protease inhibitors were purchased from Aldrich

Chemicals (St. Louis, MO) and Alexis Biochemicals (San Diego, CA).

4.6.2.1 Periodic Acid Treatment of Bovine Serum Albumin (BSA)

Bovine serum albumin (4 g) was dissolved in 0.1 M sodium acetate, pH 4.5 (90 mL).
Periodic acid (227.9 mg, 1 mmol) was dissolved in 0.1 M sodium acetate, pH 4.5 (3 mL).
The periodic acid solution was added to the solution of BSA and the mixture was stirred for 6
h or until the absorbance at 265 nm exhibited no change. The reaction was quenched by the
addition of glycerol (73 uL, 1 mmol). The reaction was dialyzed against 2 changes of
phosphate buffered saline (PBS, pH 7.4) and then diluted to a final concentration of 3 g in

100 mL with PBS. HIO, treated BSA was reused and stored at 4 °C.

4.6.2.2 Recovery of adult rat hippocampal tissue

100 g male Sprague-Dawley rats were purchased from Charles River Laboratories
(Kingston, Mass) and housed at the California Institute of Technology Laboratory Animal
Facilities. Rats were anesthetized with carbon dioxide for 2 min and immediately euthanized

by decapitation with a guillotine (Kent Scientific Co.) The brain was promptly removed and
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placed on ice. The required portion of the brain dissected on ice and placed a glass dounce

homogenizer tube for subsequent treatment.

4.6.2.3 Preparation and A46-B/B10 Western Blotting of Adult Rat Hippocampus Brain and
Cultured Rat Enbryonic Hippocampus Neurons

The hippocampus from one adult Sprague-Dawley rat (100 g) was removed and to
that was added 4 volumes of boiling 1 % SDS supplemented with protease inhibitors
(aprotinin, 20 pg/mL; leupeptin, 20 pg/mL; antipain, 20 pg/mL; pepstatin, 5 pg/mL;
chymstatin, 5 pg/mL; PMSF, 1 mmol) The tissue was homogenized with 5 strokes of a
teflon-glass homogenizer followed by 5 passes through a 25-gauge syringe needle to clarify
the tissue solution. The solution was transferred to an eppendorf tube and boiled for ten
minutes. The solution was allowed to cool and the protein concentration of the solution was
determined using BCA Assay (Pierce). Cultured E18 hippocampus neurons (provided by
Cristal I. Gama) were removed from the culture plate and centrifuged at 1000 x g for 5 min.
The supernatant was removed and the pellet was washed with PBS. The pellet was
resuspended in 200 pL of boiling 1 % SDS supplemented with protease inhibitors and
sonicated for 2 times 5 s on ice (10 s interval in between). The sample was then boiled for 10
min and the concentration determined by BCA Assay. Loading dye was added to each
sample of desired protein content and each sample was boiled for 5 min and the cooled to
room temperature. The samples were then loaded on to a 10% polyacrylamide stacking gel
and resolved at 200 V. The proteins were then transferred to a nitrocellulose membrane at
150 mA. The membrane was blocked using periodic acid treated BSA for 1 h at room

temperature. The membrane was then washed with (2 x 10 min) followed by an incubation
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with A46-B/B10 antibody overnight at 4 °C. The membrane was then washed with TBST (2
x 20 min) and incubated with goat-anti-mouse antibody conjugated to horseradish peroxidase
(HRP) for 1 h at room temperature. The membrane was then washed successively with

TBST (1 x 10 min, 2 x 30 min, 1 x 20 min) and visualized by enhanced chemiluminescence

(Amersham, Pittsburgh, PA) and developed on to film (Kodak, X-OMAT AR).

4.6.2.4 Representative Protocol for detection of fucosyl-galactose binding proteins using
Probe 11

Preparation of lysates was done using procedures adapted from previously reported
procedures.”®  The hippocampi of six 100 g Sprague-Dawley rats was removed and
homogenized in 5 volumes of Buffer A supplemented with protease inhibitors with ten
strokes of a Teflon tissue homogenizer. The lysates was passed through a 26 gauge needle
five times to clarify, followed by sonication on ice (2 x 5 s). Lysates were then centrifuged at
800 x g for 10 min to remove cell debris and nuclei. The supernatant was removed and
centrifuged at 100,000 x g (Beckman Ultima centrifuge) for 1 h. The supernatant, which was
considered the soluble protein fraction (S2), was removed and stored at 4 °C. The pellet was
then resuspended in Buffer A plus protease inhibitors and centrifuged at 100,000 x g for 1 h.
The supernatant was removed and the pellet was resuspended in the minimal amount of
Buffer A plus 1 % CHAPSO supplemented with protease inhibitors. Brief sonication on ice
was used to facilitate resuspension. The lysate was diluted to 10 mg/mL with Buffer A plus
1 % CHAPSO and incubated with rocking for 1 h at 4 °C. The lysates was then centrifuged
at 100,000 x g for 1 h. The supernatant was removed and considered the membrane fraction.

The soluble fraction and the membrane fraction were then diluted 10 fold, using Buffer B (50
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mM PIPES plus protease inhibitors, to a final total protein concentration of approximately
0.5 pg/mL. The soluble fraction and the membrane fraction were each precleared to remove
any endogenous streptavidin-agarose by incubating the protein fractions with streptavidin-
agarose (30 pL of slurry/100 pg of protein) with rocking for 1 h at 4 °C. The next step was
done in the dark to prevent the photoactivation of 11. Each fraction of protein (membrane
and soluble) was incubated in the dark with 1 mM of 11 with rocking for 8 h at 4 °C. After 8
h of incubation, each sample was irradiated with 365 nm light (handheld 18 W UV lamp) at a
2 cm working distance for 4 h at 4 °C. Photolysis of 11 was monitored by UV-vis
spectrophotometry. The samples were treated with denaturing sample loading dye (Pierce),
boiled for 5 min and allowed to cool. The samples were resolved using electrophoresis under
denaturing conditions on a 7% polyacrylamide gel. Proteins were transferred to PVDF
membrane and the blot was blocked with HIO, treated BSA for 1 h, rinsed quickly with
TBST, and incubated with streptavidin conjugated with horseradish peroxidase (streptavidin-
HRP) in TBST for 1 h. The blot was then washed with TBST (1 x 10 min, 3 x 20 min) and

visualized using enhanced chemiluminescence (Amersham).
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