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Glycans mediate a wide range of biological processes. They are a diverse and abundant
class of molecules, particularly notable for their complexity. Assembly of glycan chains takes
place through a template-independent process mediated by enzymes termed
glycosyltransferases. The oligosaccharide portion of glycosyltransferase acceptors are frequently
linked via a pyrophosphate bridge to a long lipid carrier, and all components are recognized by
the enzyme. Deciphering the enzymes’ function in vitro is complicated by the lability and
amphiphilic nature of these glycan intermediates, and the challenges in accessing them
synthetically. I sought to address this limitation while investigating the
galactofuranosyltransferases that mediate galactan biosynthesis. Galactan is a glycan polymer
consisting of 20—40 galactofuranose (Galf) residues, built on a pyrophosphoryl-linked carrier

lipid prior to installation onto the cell wall peptidoglycan of mycobacteria.

The galactofuranosyltransferase GIfT1 is hypothesized to prime galactan assembly by
elongating a lipid-linked disaccharide pyrophosphate with 2—3 Galf residues. The polymerase
GIfT2 builds the full galactan chain from this oligosaccharide. Efforts to characterize GIfT1 using
O-alkyl disaccharide acceptor analogs have failed, but it was unclear whether this resulted from
instability of the enzyme in vitro or lack of suitable acceptors. I hypothesized that GIfT1 is
restrictive for disaccharide acceptor analogs bearing a pyrophosphate, or analog thereof. I
stabilized the putative GIfT1 acceptor substrate by replacing the pyrophosphate group with a

phosphonophosphate.



il

Using synthetic acceptor substrate surrogates, I discovered that GIfT1 elongates
disaccharide acceptors by 2—3 Galf residues in vitro, generating a specific oligosaccharide
pattern. In generating the +3 Galf oligosaccharide, GIfT1 sets the register for the alternating
B(1,5) and B(1,6) linkage pattern observed in endogenous galactan. Chain termination
experiments utilizing deoxygenated UDP-Galf donors and NMR spectroscopy confirmed the
Galf-p(1,6)-Galf-p(1,5)-Galf pattern on the non-reducing end of the lipid-linked
phosphonophosphate. Finally, I determined that an acceptor substrate bearing the Galf-p(1,5)-
Rha-a(1,3)-GlcNAc trisaccharide overrides the enzyme’s requirement for a pyrophosphate-
containing substrate. Using this acceptor, I concluded that GIfT1 produces oligosaccharides that
can be extended by the polymerase GIfT2 to generate synthetic galactan polymers of endogenous

length.

Laura L. Kiessling
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Chapter 1: Lipid-linked Acceptor Analogs for Prokaryotic

Glycosyltransferases



1.1 Abstract

Glycan-processing enzymes are ubiquitous, yet interrogating their function is
challenging largely due to the complex and often labile nature of their substrates. Chemical
glycobiology addresses these challenges by providing synthetic access to glycan substrates
utilized to probe glycosyltransferase function. In this review, we provide an overview of
prokaryotic glycosyltransferases that process lipid-linked acceptor substrates and the synthetic
acceptor analogs used to probe their function. We focus on glycosyltransferases that mediate cell
wall biosynthesis and bacterial N-linked glycosylation. These enzymes are involved in processes
critical for microbial growth; intercepting their biosynthetic pathways can lead to the

development of novel therapeutics to challenge the rise of antibiotic resistance.



1.2 The importance of defined synthetic glycans

Polysaccharides are the most abundant organic substances on the planet. This complex
and diverse class of biopolymers mediates a variety of important biological processes. These can
range from surface glycoconjugates critical to cell-cell recognition during fertilization and
immune cell function, to high molecular-weight polymers that provide structural rigidity and
serve as matrices for other conjugates.! Glycosylation is also emerging as a post-translational

modification, where glycosylation can affect gene expression and protein function.>3

Interest in elucidating the role of glycans in biology spawned the flourishing field of
chemical glycobiology.+5 The importance of glycobiology became especially apparent when
heparin, contaminated with oversulfated chondroitin sulfate, resulted in the death of a number
of patients receiving anticoagulation therapy in the clinic.® This tragedy underlined not only the
risk of sourcing clinical-grade heparin from animal byproducts, but also the broader difficulty in
ensuring the purity of a heterogeneous mixture of large, highly charged polysaccharides. The
discovery that a short pentasaccharide fragment derived from heparin is sufficient for
anticoagulant activity led to the development of the fully synthetic heparin analog fondaparinux,
marketed as Arixtra (Figure 1.1).78 In addition to fondaparinux, small molecule glycan mimics
such as Zanamivir (Relenza) and oseltamivir (Tamiflu) are important therapeutics in fighting
influenza, and the aminoglycoside kanamycin is a potent antibiotic.9'° A recent herculean effort
resulted in the total synthesis of a consensus glycoform of erythropoietin, an essential
glycoprotein hormone involved in red blood cell production. These examples highlight the
contributions that synthetic chemistry can make to the field of glycobiology.!* The utility of these
glycans and their derivatives has led to a renewed effort to understand the activity of the

enzymes responsible for assembling essential glycans.
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Figure 1.1. Structures of the pentasaccharide portion of heparin, synthetic heparin analog
fondaparinux sodium, antiviral glycomimetics zanamivir and oseltamivir, and antibiotic
kanamyecin.

Glycosyltransferases are a large class of enzymes that comprise nearly 1% of the genome
of eukaryotes and prokaryotes.'2 These enzymes mediate glycan assembly. Glycan assembly
occurs in a template-independent fashion, wherein control of polysaccharide or polysaccharide
polymer length and branching modifications is inherent to the polysaccharide biosynthetic
enzymes. Building complex polysaccharides can occur either from successive addition of
individual monosaccharide units or en bloc transfer and polymerization of large polysaccharide
fragments. Glycosyltransferases (GTs) mediate the addition of a sugar from an activated donor
to an acceptor substrate. The donor is typically a nucleoside-activated diphosphate but
alternatively can be lipid-linked (Figure 1.2). An acceptor may be a lipid-linked mono- or
pyrophosphate glycan, an amino acid residue on a protein, a nucleic acid, or a hydrophobic
scaffold. An excellent review by Withers and colleagues summarizes glycosyltransferase

features.!s
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Figure 1.2. A generic lipid-linked hexose pyrophosphate is glycosylated by a
glycosyltransferase (GT) through a nucleotide-activated donor.

The study of glycosyltransferases seeks to understand their basic biological function,
define their scope, and develop assays to inhibit their activity. Modulation of glycosyltransferase
activity has illuminated the biological targets of clinically relevant small molecules. In particular,
inhibitors of prokaryotic glycosyltransferases can thwart bacterial growth. The antibiotic
tunicamycin is a donor substrate analog that blocks the transfer of N-acetyl-D-glucosamine
(GleNAc) 1-phosphate from UDP-GlcNAc to a lipid dolichyl phosphate, consequently barring
protein N-glycosylation and ultimately leading to cell death.4 Similarly, the antibiotic
moenomycin interferes with peptidoglycan biosynthesis through inhibition of cell wall
transglycosylases.’5 Its mechanism of action was discovered only recently through the use of

synthetic substrate analogs. This is discussed at length in the sections that follow.

In this review, we focus on the use of synthetic acceptor substrate analogs to interrogate
the function and scope of prokaryotic glycosyltransferases. Particular emphasis will be placed on
the glycosyltransferases of the mycobacterial cell wall. In addition, lipid-linked glycans can
function as donor analogs to probe the function of oligosaccharyltransferases.® These excellent
investigations, in addition to others highlighted below, reveal the promise of chemical synthesis

in deciphering the myriad roles of carbohydrates in biology.

1.3 Acceptors to interrogate cell wall glycosyltransferases



The majority of bacteria possess a cell wall. The bacterial cell wall is a rigid, protective
layer located outside of the plasma membrane. It is embedded with a complex array of proteins
and accessory motifs, and provides a protective barrier critical for bacterial survival. A series of
glycosyltransferases build each component of the cell wall. Acceptor substrate analogs have been

essential in advancing the understanding of cell wall biosynthesis.

1.3.1 Peptidoglycan glycosyltransferases

The peptidoglycan (PG) component of cell walls is a rigid polymer that endows bacteria
with their shape and the ability to withstand the osmotic pressure produced by the cytosol.”? PG
is composed of (1,4)-linked N-acetyl-D-glucosamine (GlcNAc) and N-acetylmuramic acid
(MurNAc) residues. The MurNAc residues are modified with a pentapeptide, typically L-Ala-y-
D-Glu-L-Lys-D-Ala-D-Ala. The third residue in some bacteria (such as gram-negative bacteria
and mycobacteria) is meso-diaminopimelic acid (im-DAP). Other minor modifications to the
pentapeptide are also observed. Cross-linking between peptide chains provides PG with its
characteristic rigidity, with most cross-links occurring between residues 3 and 4 (e.g. L-Lys and
D-Ala or m-DAP and D-Ala) or between residues 4 and 4 (e.g. D-Ala and D-Ala). Extent of cross-
linking varies between species, with about 50% cross-linking in Escherichia coli and 70-80% in

mycobacteria.'$19

Peptidoglycan is assembled in the cytoplasm on a Cs, to Cs5 polyprenyl carrier lipid. Two
glycosyltransferases synthesize the monomers required for peptidoglycan assembly. In E. coli,
MraY adds a MurNAc pentapeptide residue to undecaprenyl phosphate via the nucleotide-
activated donor termed Park’s nucleotide, generating MurNAc(pentapeptide)-a-P-P-
undecaprenol (Lipid I) (Figure 1.3).2° Glycosyltransferase MurG adds a p-linked GlcNAc residue

to the 4-hydroxyl group of MurNAc to yield Lipid II, GlcNAc-f(1,4)-MurNAc(pentapeptide)-a-



P-P-undecaprenol.?* This lipid-linked disaccharide pyrophosphate serves as the acceptor for

downstream enzymes that polymerize the monomer into peptidoglycan.
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Figure 1.3. Glycosyltransferases MraY and MurG build Lipid I and Lipid II, respectively, as
peptidoglycan precursors. Various modifications, particularly on Lipid I, have shed light on the
activity of MurG.

Understanding the enzymes that synthesize peptidoglycan or its precursors could yield a
new class of antibacterial substances. A series of probes have been developed to study the
glycosyltransferases of peptidoglycan biosynthesis. Dansylated UDP-MurNAc pentapeptide
substrates were useful for the development of fluorescent assays of unpurified MraY in
membrane fractions.2223 Blanot and co-workers synthesized a fluorescent Lipid I analog to study
MurG, replacing the endogenous undecaprenyl lipid carrier with the shorter dihydroheptaprenyl

lipid.24 Using a simple saturated lipid sidesteps the synthetic challenges of a highly labile allylic



pyrophosphate substrate. Incorporation of the fluorescent compound into peptidoglycan was
observed in membrane fractions. The same compound was later useful for the development of
an HPLC-based assay.2s Walker and co-workers improved upon this assay by shortening the
lipid carrier to a C,, citronellol, and relying on capture of a biotinylated L-Lys side chain instead
of fluorescence.?¢ This simple substrate afforded development of a purification protocol yielding
active E. coli MurG, allowing interrogation of pure MurG for the first time.?” The authors were
able to determine kinetic parameters for MurG with the Lipid I analog and noted that MurG

processed an analog bearing a truncated amino acid tail much less efficiently.

A number of subsequent studies have investigated the effect of the lipid carrier on MraY
and MurG activity. The lipid is proximal to the enzyme active site, yet a number of modifications
are permitted. Walker and co-workers synthesized a panel of Lipid I derivatives with no
pentapeptide modifications.28 Changes to lipid carrier length (C.o-Cs5), saturation (citronellyl vs.
neryl, C, alkyl vs. Cs, nerylneryl) and geometry (1 cis vs. 3 cis C.o) yielded the conclusion that an
acceptor with a four isoprene unit carrier lipid is best for MurG activity, with a pronounced
effect of lipid geometry and length. The authors found that MurNAc(pentapeptide)-o-P-P-
nerylnerol is an improved substrate over endogenous Lipid I using a fluorescence assay (relative
rate of 1 to 0.015). Later, Wong and co-workers synthesized a similar series of substrates with a
broader set of alkyl lipid carriers and concluded that hydrophobicity of the acceptor matters.29
The tetraprenyl carrier described by Walker and co-workers was once more determined to be
the best substrate in the series (kcat/ Km of 15.8 uM"min- compared to 0.55 uM'min-* for the
endogenous acceptor and 1.54 uMmin for a Cy, alkyl carrier). In membrane preparations,
such as Micrococcus flavus vesicles expressing MraY and MurG, carrier lipids of 7 prenyl units
or longer were best.3° Shorter lipid carriers (e.g. farnesyl) were tolerated, but alkyl lipids were

not processed.



1.3.2 Cell wall transglycosylases

Peptidoglycan transglycosylases (TGases) and transpeptidases (TPases) are responsible
for polymerizing the monomers and cross-linking the pentapeptide side chains, respectively.
High-molecular-weight penicillin-binding proteins (PBPs) contain both TGase and TPase
domains, and can thus process Lipid II into mature peptidoglycan. TGase domains polymerize
Lipid IT monomers into higher oligomers (Lipid IV, Lipid VIII, etc.), which are then cross-linked
by TPase domains to form the rigid polymer (Figure 1.4). Beta-lactam antibiotics target the
transpeptidase domain of penicillin-binding proteins, as do natural products such as
moenomycin and vancomycin.3!-33 Just as Lipid I analogs were essential to developing
purification protocols for active MurG, Lipid IT analogs were sought for the development of

transglycosylase assays to yield screens for novel antibacterial compounds.

transglycosylases
_—
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O GIcNAc
n
transglycosylases n transpeptidases o MurNAc
—_— —_—
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Figure 1.4. Penicillin binding proteins (PBPs) form mature peptidoglycan from Lipid IT and
Lipid IV monomers through transglycosylase and transpeptidase domains.

Analogs of Lipid II and Lipid IV were essential for probing the mechanism of

transglycosylation. While a citronellyl-linked Lipid I analog is tolerated by MurG, Walker and
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co-workers discovered that TGases are much more restrictive. Citronellyl-linked Lipid II is not
processed by TGases in E. coli membranes, nor is a farnesyl- (C,s), geranylneryl-linked (C.,), or
all-trans solanesyl (C40) acceptor.34 The optimal lipid carrier is all-cis C;5 heptaprenyl, which
outperforms the endogenous lipid carrier undecaprenol. This analog was used to study the
inhibition of E. coli and S. aureus PBPs by vancomycin and other glycopeptide inhibitors.33:35
Similarly, a Lipid IV analog bearing the heptaprenyl lipid carrier helped determine that

moenomycin inhibits PBPs by binding at the elongating PG chain donor site.3°

Kahne, Walker, and co-workers synthesized heptaprenyl-linked Lipid IV, GlcNAc-
B(1,4)-MurNAc(pentapeptide)-p(1,4)-GlcNAc-p(1,4)-MurNAc(pentapeptide)-a-P-P-heptaprenol,
14C-acetyl-labeled at the side chain lysine, and studied its polymerization by E. coli PBP1a and
PBP1b.37 PBP1b adds Lipid IV units to heptaprenyl-Lipid II sequentially, as expected.
Experiments with Lipid IV bearing a nitrobenzoxadiazole (NBD) fluorophore on the lysine side
chain yielded the same conclusion.3® On the other hand, PBP1a does not require Lipid II for
polymerization. The latter enzyme can catalyze synthesis of peptidoglycan directly from Lipid IV
units, though not from higher oligomers. Blocking of heptaprenyl-Lipid VIII with a terminal f-
(1,4)-linked galactose residue showed that these substrates can only act as glycan donors, not

acceptors.39

The glycosyltransferase activity of TGase from various species has been studied in detail,
and a proposed mechanism of PG polymerization by PBPs is established. However, the
aforementioned acceptors are largely inadequate for transpeptidation. Walker, Kahne, and co-
workers synthesized a heptaprenyl analog of gram-negative Lipid II to observe the
transpeptidase activity of PBPs in vitro.4° Gram-negative Lipid II features m-DAP instead of L-
Lys at the 3" position of the pentapeptide, and only peptidoglycan chains bearing this residue
are polymerized by E. coli PBP1a and PBP1b. Thus, while TGases can form peptidoglycan chains

containing L-Lys, the TPase activity is diminished.
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A number of additional Lipid IT derivatives with amino acid tail modifications have been
developed. Schwartz and co-workers synthesized a dansylated Lipid II analog to determine the
kinetic profile of E. coli transglycosylase PBP1b.4t Wong and Ma solved crystal structures of E.
coli monofunctional glycosyltransferase (MGT) with a Lipid II NBD-labeled at the lysine side
chain, and a biotinylated GlcNAc-B(1,4)MurNAc(pentapeptide)-o-P-P-undecaprenol analog.42
An elegant model for MGT transglycosylation was proposed, incorporating a detailed structural
analysis supported by in vitro experiments. Results indicate that truncations to the
pentapeptide are somewhat tolerated. The lactyl side chain in MurNAc and the first L-Ala
residue are essential for TGase binding activity, but the terminal D-Ala-D-Ala dipeptide motif
can be removed without much loss of activity.43 This knowledge could be useful in the

development of a new generation of antibiotics targeting TGase function.

1.3.3 Wall teichoic acid glycosyltransferases

Wall teichoic acid (WTA) is a highly anionic polymer found in the vast majority of gram-
positive bacteria.44 It represents a diverse class of cell membrane polymers within bacterial
teichoic acids, consisting of alditol phosphate repeats. WTAs are bound to the peptidoglycan at
the C-6 position of MurNAc residues through a phosphodiester bridge. The linkage unit is a
poly(glycerol phosphate)-N-acetyl-D-mannosamine (ManNAc)-f(1,4)GlcNAc linkage unit,
where the poly(glycerol phosphate) (Gro-P) is 2 to 3 units (Figure 1.5). This unit is followed by
repeats of poly(alditol phosphate), typically modified poly(glycerol phosphate) or poly(ribitol
phosphate) (Rbo-P). In B. subtilis 168, the major WTA polymer consists of Gro-P, and is
modified at R, by D-alanine (D-Ala) or a-linked glucose. This WTA is typically 45—-60 Gro-P
units in length.454% In S. aureus H, the polymer is Rbo-P modified at R, by D-Ala or —H and at

R; by a- or p-linked GlcNAc.4” The diversity of WTAs belies their biological importance.
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Figure 1.5. Top: WTAs from B. subtilis 168 and S. aureus H. R, = D-Ala or a-Gle, R, = D-Ala or
-H, R3 = a-GlcNAc or B-GlcNAc. Middle: Wall teichoic acid biosynthesis in B. subtilis 168.
Bottom: WTA analogs modified at the glycerol tail, the sugar residues, or the lipid carrier.

WTASs are implicated in processes important for bacterial growth and virulence. Strains
of B. subtilis 168 deficient in WTA develop disrupted morphologies and aberrant septation.4849
Colonization of nasal cells by strains of S. aureus lacking WTA is attenuated, supporting the
assertion that WTAs are important for S. aureus virulence.5%5! The highly anionic nature of WTA
provides additional cellular functions, such as mediating cation homeostasis on the cell
membrane.5253 Moreover, the volume of the polymer is modulated by the extent of D-alanyl

esterification neutralizing the overall negative polyphosphate backbone.4°
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Biosynthesis of wall teichoic acid takes place in the cytoplasm and varies according to the
polymer being generated.>+ In B. subtilis 168, tag (teichoic acid glycerol) genes encode the
proteins mediating this process. The glycosyltransferase TagO modifies membrane-bound
undecaprenyl phosphate by addition of an a-linked GleNAc 1-phosphate from UDP-GlcNAc to
form Lipid «, which is the substrate for TagA. TagA adds a $(1,4)-ManNAc from UDP-ManNAc,
preparing Lipid g, the linkage unit ManNAc-f(1,4)-GlcNAc disaccharide. TagB modifies the C-4
hydroxyl of ManNAc with the first glycerol 3-phosphate unit to form Lipid ¢.1, where donor
CDP-glycerol is prepared by TagD from glycerol 3-phosphate and CTP. The enzyme TagF binds
this primed linkage unit and polymerizes 30—50 glycerol 3-phosphate units onto the lipid-linked
acceptor to synthesize the Gro-P WTA. Decoration of the Gro-P polymer with D-Ala and a-Glc is

thought to occur prior to shuttling into the extracellular space and attachment to peptidoglycan.

Characterization of WTA biosynthetic enzymes in vitro is limited by the availability of
the lipid-linked substrates. Walker and co-workers began a research program to characterize
TagA by preparing an accessible acceptor substrate analog.55 The endogenous undecaprenyl
lipid carrier was shortened and simplified to the n-alkyl tridecane lipid, affording the desired
TagA acceptor substrate, Lipid « analog GlcNAc-a-1-pyrophosphoryltridecane. Incubation with
TagA and donor sugar UDP-ManNAc confirmed the enzyme’s role in converting the alkyl
pyrophosphate to the expected Lipid g ManNAc-f(1,4)-GlcNAc disaccharide. To further probe
the selectivity of TagA, Walker and co-workers synthesized a series of isoprenyl a-GlcNAc
pyrophosphates and measured their relative activity.5¢ TagA is sensitive to the length of the
isoprenyl chain (C,, to Cso), but its activity is otherwise unaffected by the geometry or saturation
of the lipid. Geranylgeraniol-linked GlcNAc pyrophosphate is the best TagA substrate in the 5-
member panel, and the authors’ results suggest that hydrophobicity is the prevailing factor in

TagA activity. Conversion of a (2Z,6Z)-farnesyl acceptor analog is inhibited by either the
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disaccharide product or UDP, which was useful in determining that TagA functions via an

ordered Bi-Bi mechanism.

The primase TagB is expected to mediate addition of the crucial first glycerol 3-
phosphate residue to the Lipid f ManNAc-f(1,4)-GlcNAc disaccharide. Brown and co-workers
confirmed this activity in membranes by incorporation of radiolabeled CDP-glycerol.5” To
investigate the activity of purified TagB in vitro, Walker and co-workers required access to a
ManNAc-f(1,4)-GlcNAc lipid pyrophosphate. A cis-glycosidic linkage in the mannose series is
rather challenging,58 however, so the authors chose to prepare the TagB acceptor using a
chemoenzymatic strategy via TagA.55 Monitoring production of the phosphodiester Lipid ¢.1
analog by liquid chromatography-mass spectrometry (LC—MS) confirmed TagB’s activity as a

glycerophosphotransferase.

The tagE gene has been assigned as the glycosyltransferase that mediates decoration of
the poly(glycerol phosphate) backbone with a-linked glucose residues.>® The function of this
modification is not known. Brown and co-workers deleted tagE in B. subtilis 168 and
demonstrated that WTAs in the AtagE strain are devoid of glycosylated Gro-P residues.®® To
confirm that TagE mediates glycosylation, they challenged purified TagE with a series of lipid
@.n analogs, corresponding to (Gro-P),-ManNAc-f(1,4)-GlcNAc-a-P-P-tridecane. In this series
of analogs, the carrier lipid has been shorted to a saturated C,; lipid and the Gro-P polymer
length is varied from 1—80 units. Analogs of substrates for TagA (lipid &), TagB (lipid ), and
TagF (lipid ¢.1) were not processed as monitored by a UDP release assay. TagE has a kinetic
preference for acceptors bearing longer polymers, with ¢.80 analog as the best substrate, though
the specificity is constant when adjusted to the concentration of Gro-P available to TagE. This
enzyme may also exert control over the length of poly(glycerol phosphate), as glycosylation of a

Gro-P polymer by TagE inhibits further polymerization by the polymerase TagF.
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Wall teichoic acids confer S. aureus with resistance to peptidoglycan hydrolysis by
lysozyme, which functions as a bacteriolytic component of the human immune system.®* They
also contribute to biofilm formation in this clinically important bacterium.®2 The S. aureus H
WTA consists of a poly(ribitol phosphate) attached to a (Gro-P);-linker.4” Using the B. subtilis
pathway as a reference, Jiang and co-workers identified WTA biosynthetic genes in S. aureus
through a genomic analysis of methicillin—resistant strains.® These genes were annotated as tar
(teichoic acid ribitol) and assigned putative functions. Walker and co-workers utilized Lipid «
analog GlcNAc-a-P-P-(2Z,6Z)-farnesol to examine the enzymes involved in this pathway.4 This
acceptor confirmed the role of TarA and TarB, homologous to B. subtilis TagA and TagB,
respectively, in synthesizing Lipid  and Lipid ¢.1. The primase TarF was found to add only one
Gro-P residue to Lipid ¢.1 to prepare Lipid ¢.2 analog (Gro-P).-ManNAc-f(1,4)-GlcNAc-o-P-P-
(2Z,6Z)-farnesol. The activity of putative Rbo-P primase TarK on this substrate could not be
reproduced. In fact, the polymerase TarL adds poly(ribitol phosphate) directly onto the (Gro-P).
substrate, forming the full poly(ribitol phosphate) polymer. Production of the S. aureus WTA in
vitro was accomplished chemoenzymatically through the action of purified TarA, TarB, TarF,
and TarL onto the farnesyl Lipid « analog, though the synthetic wall teichoic acid is shorter than

extracted, wild-type polymer.

The utility of acceptor substrate analogs is particularly relevant in wall teichoic acid
glycosylation. They have served to characterize the enzymes in B. subtilis 168 and helped define
their substrate scope. Their use in vitro with purified enzymes led to a revised WTA biosynthetic

pathway in S. aureus H, which does not require a putative poly(ribitol phosphate) primase.

1.4 Acceptors for N-glycosylation pathways
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Protein N-glycosylation is a conserved process in eukaryotes, bacteria, and archaea.%5:66
Prokaryotic N-glycosylation was first discovered in the bacterium Campylobacter jejuni.®’-%8 The
locus responsible for protein glycosylation was termed pgl (protein glycosylation), and it was
determined that glycosylation takes place on the asparagine residue of an Asn-X-Ser/Thr, motif,
where X is any amino acid except proline. Proteins are modified with an N-acetyl-D-
galactosamine (GalNAc)-a(1,4)-GalNAc-a(1,4)-[Gle-p(1,3)]-GalNAc-a(1,4)-GalNAc-a.(1,4)-
GalNAc-a(1,3)-Bac-2,4-diNAc-p(1,N) heptasaccharide, incorporating the rare sugar
bacillosamine (2,4,6-trideoxyglucopyranose, Bac).%9 The heptasaccharide is assembled on an
undecaprenyl carrier lipid by a series of glycosyltransferases before being transferred en bloc

onto the protein.

1.4.1 Bacterial N-glycan glycosyltransferases

In bacteria, assembly of the heptasaccharide takes place in the periplasm. PglC modifies
undecaprenyl phosphate with Bac-2,4-diNAc-a-P, which is subsequently galactosylated by PglA.
The glycosyltransferase PglJ adds a GalNAc residue to GalNAc-a(1,3)-Bac-2,4-diNAc-a-P-P-
undecaprenol (Figure 1.6). The GalNAc,-Bac-2,4-diNAc trisaccharide is the substrate for the
downstream glycosyltransferases PglH and PglI prior to transport into the cytosol by PglK.

Asparagine glycosylation is mediated by oligosaccharyltransferase PglB to form the glycoprotein.
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The lipid specificity of glycosyltransferases early in the C. jejuni pathway, particularly
PglC and PglJ, was investigated by Imperiali and co-workers.” To study PglJ, polyprenyl-linked
[6-3H]GalNAc-a(1,3)-Bac-2,4-diNAc acceptor substrates were prepared chemoenzymatically
using C. jejuni PglC and PglA. Reaction progress by purified PglJ was assessed by incorporation
of radiolabeled [6-3H]GalNAc. Truncation of the endogenous lipid carrier by two isoprene units
is well-tolerated, with equivalent activity for a prenol-9-linked acceptor. All other acceptors were
also processed, though saturation of the a-isoprene unit led to three-fold loss of initial rate. An
acceptor with an all-trans prenol-9 lipid carrier was equivalent to the saturated lipid analog.
Along with the initial glycosyltransferase PglC, PglJ strongly favors cis-isoprene lipids that are
unsaturated at the a-position. An acceptor substrate bearing a distal para-nitrophenyl lipid

carrier is tolerated by C. jejuni PglC and PglA, as well as the homolog of PglC in Bacteroides

fragilis, WctS.7+72

There are similarities between the C. jejuni N-glycosylation locus and the O-glycosylation
locus in Neisseria gonorrhoeae, which glycosylates serine residues.”s PglB, analogous with C.
Jjejuni PglC, modifies undecaprenyl phosphate with Bac-2,4-diNAc-a-P. PglA and PglE add two
galactose residues (in analogy to C. jejuni PglA and PglJ) to form Gal-a(1,4)-Gal-a(1,3)-Bac-2,4-
diNAc-a-P-P-undecaprenol. Transport by PglF and O-glycosylation by PglO yields the
glycoprotein. Imperiali and co-workers characterized the glycosyltransferases in this pathway by
exposing the enzymes to a panel of donor and acceptor sugars.’# The assigned activities of
purified N. gonorrhoeae PglA and a cell envelope fraction overexpressing PglE were confirmed.
PglA catalyzed the addition of [3H]Gal to Bac-2,4-diNAc-a-P-P-undecaprenol. PglE catalyzed
the addition of [3H]Gal to Gal-a(1,3)-Bac-2,4-diNAc-a-P-P-undecaprenol, though it can also
recognize the undecapreny-linked GalNAc-a(1,3)-Bac-2,4-diNAc acceptor endogenous to C.
Jjejuni. With the latter acceptor, PgIE generates Gal-a(1,4)-GalNAc-a(1,3)-Bac-2,4-diNAc-a-P-P-

undecaprenol with efficiency closely matching that of its endogenous N. gonorrhoeae substrate.
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PglE did not process an acceptor bearing the Gle-a(1,3)-Bac-2,4-diNAc disaccharide, suggesting

that it requires an axial 4-OH on the terminal sugar for catalysis.

1.4.2 Archaeal glycosyltransferases

Glycan intermediates in the archaeal N-glycosylation pathway are bound to a unique
polyprenyl carrier lipid, a dolichol saturated at both the a- (proximal) and w- (distal) units. Agl
(archaeal glycosylation) enzymes in Methanococcus voltae generate the ManNAc(6Thr)A-
B(1,4)-Gle-2,3-diNAcA-B(1,3)-GlcNAc trisaccharide, where Glc-2,3-diNAcA is 2,3-diacetamido-
2,3-dideoxyglucuronic acid and ManNAc(6Thr)A is mannuronic acid modified at the 6-OH with
threonine.”s Preliminary characterization of the genes in the agl pathway suggested that the
intermediates were bound to dolichol via a pyrophosphate linkage.”®77 When studying the
enzymes in vitro, Imperiali and co-workers reassigned the activity of the three
glycosyltransferases and discovered that N-glycosylation in M. voltae occurs through a

phosphate monoester.78

Activity previously assigned to AglH was reassigned to AglK, which synthesizes GlcNAc-
a-P-dolichol, instead of the corresponding pyrophosphate, from UDP-GlcNAc and dolichyl
phosphate. This glycosyltransferase is very selective for a-saturated Cs5-Cso dolichol (similar to
endogenous a,w-saturated dolichol) over the longer Cgs;-C.05 dolichol found in eukaryotes. The
monoester product of AglK is converted to Gle-2,3-diNAcA-f(1,3)-GlcNAc-a-P-dolichol by AglC.
No conversion is observed with GlcNAc-a-P-P-dolichol, implying that the enzymes in this locus
are specific for phosphomonoester acceptors. The disaccharide, despite lacking the amidated
mannuronic acid residue, was a substrate for the predicted oligosaccharyltransferase AglB,

modifying an asparagine-containing peptide.
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The functional reassignment of archaeal glycosyltransferases highlights the importance
of acceptor substrate analogs in enzymology. Imperiali and co-workers discovered an N-
glycosylation pathway not yet observed in archaea. Pathways involving membrane-associated
enzymes and substrates are quite difficult to characterize, and synthetic access to substrate

analogs aids the process of discovery.

1.5 Mycobacterial glycosyltransferases

Tuberculosis is the leading cause of death worldwide by a single agent. Moreover,
multidrug-resistant (MDR) (resistant to 2 first-line antibiotics) and extensively drug-resistant
(XDR) (resistant to 4 of the 6 first-line antibiotics) strains of tuberculosis are increasingly being
encountered in the clinic.”? Despite promising new vaccine strategies, novel small molecule
therapeutics are needed to fight the scourge of tuberculosis.8%-8 The cell wall of mycobacteria
possesses a unique heteropolysaccharide, so the glycosyltransferases responsible for
synthesizing the mycobacterial cell wall are intriguing targets for new antitubercular agents.
Given the clinical importance of these cell wall polysaccharides, as well as the context of the
authors’ research, a detailed analysis of substrate analogs to interrogate mycobacterial

glycosyltransferases follows.

1.5.1 Peptidoglycan glycosyltransferases

Mycobacterial peptidoglycan is more rigid than other bacterial PGs, as it is about 70-
80% cross-linked.'® Most of the cross-links are between the meso-diaminopimelic acid (m-DAP)
(residue 3) and D-Ala (residue 4), though a small percentage of cross-links are D-Ala to D-Ala.
Importantly, the majority of muramyl residues in mycobacterial PG are N-glycolylated

(MurNGly).8 The Lipid II monomer in mycobacterial PG biosynthesis is therefore a GlcNAc-
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B(1,4)-MurNGly pentapeptide. N-glycolylation is a modification special to mycobacteria and
related genera in the class Actinomycetales.83 It confers lysozyme resistance, and may otherwise

stabilize PG from bactericidal degradation.8+

In Mycobacterium tuberculosis, two high-molecular-weight PBPs, PonA1 and PonAz2,
are known to assemble peptidoglycan.858¢ A third enzyme, PonA3, is found in other
mycobacterial species.8” Cheng and co-workers synthesized a close analog of mycobacterial
Lipid II, GlcNAc-p(1,4)-MurNGly(pentapeptide)-a-P-P-undecaprenol, bearing an NBD
fluorophore on the lysine side chain and the slightly longer Cs; carrier lipid instead of
endogenous Cs, decaprenol.®® The analog was an excellent substrate for purified M. tuberculosis
PonA1, as assayed by HPLC. Conversion could be inhibited by moenomycin. Subsequently,
Cheng and co-workers utilized a chemoenzymatic approach to access N-glycolyl and N-glycinyl
Lipid I and II analogs via corresponding Park’s nucleotide derivatives.% The nucleotides were
NBD-labeled as before, and converted into Lipid II using crude M. flavus or M. smegmatis
membrane fractions. N-glycinyl Lipid II with either L-Ala-D-Glu-L-Lys(NBD)-D-Ala-D-Ala
(pentapeptide) or L-Ala-D-Glu-L-Lys(NBD) (tripeptide) are substrates for M. tuberculosis
PonA1 (>80% conversion). These analogs bind similarly to N-glycolyl NBD-labeled Lipid II. A
significant drop in activity is observed in substrates bearing the N-acetyl substituent found in

typical bacterial peptidoglycan.

Modification of the lipid carrier with fluorophores has yielded assays to monitor
transglycosylase activity. A Lipid IT analog that incorporates a dansyl fluorophore at the distal
end of a Cy lipid carrier is consumed by TGases from Clostridium difficile and E. coli.?° Cheng,
Cheng, Wong, and co-workers then synthesized a series of Lipid II analogs for continuous
monitoring of TGase activity via Forster resonance energy transfer (FRET).9t Optimal FRET
distance was determined by altering the distance between a 7-hydroxy-4-methylcoumarin

quencher on the amino acid side chain and a dabsyl group donor on the distal end of the lipid
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carrier. The polyisoprene lipid length determined this distance, with pentaprenyl lipid carriers
outperforming farnesyl carriers. Since the coumarin derivative self-quenches, the assay required
muramidase to cleave the peptidoglycan into monomers as it was formed. Nonetheless, real-
time peptidoglycan polymerization by Acinetobacter baumannii and C. difficile TGases could be
observed. Consequently, the authors compared the catalytic efficiency of PBP1b homologs from
A. baumannii, C. difficile, E. coli, and Klebsiella pneumoniae as well as M. tuberculosis PonA1.
The homolog from C. difficile was determined to be the most active of all TGases examined.
These FRET probes permitted development of a high-throughput screening assay of 120,000
compounds against E. coli PBP1b, leading to a naphthyl derivative with micromolar K; values.
This recent example represents a promising avenue toward the discovery of novel inhibitors of

mycobacterial peptidoglycan polymerization.

1.5.2 Galactan glycosyltransferases

The mycobacterial galactan is a structural glycopolymer that anchors upper layers of the
cell wall to the peptidoglycan. The cell wall in mycobacteria is largely composed of the mycolyl-
arabinogalactan-peptidoglycan complex (mAGP), a heterogeneous polysaccharide covalently
linked to long lipids termed mycolic acids.92 Galactan is composed of 20-40 residues of
alternating p(1,5)- and p(1,6)-linked galactofuranose (Galf) residues, covalently bound to the 6-
OH of MurNAc residues in the peptidoglycan backbone through a Rha-a(1,3)-GlcNAc
disaccharide.?3 Galfis the energetically disfavored 5-membered ring form of galactose.
Galactofuranose is not present in mammals, but it is found in lower eukaryotes such as
nematodes, and prokaryotes.?49 In addition to mycobacteria, it occurs in the lipophosphoglycan
of parasitic protozoans in the genus Leishmania, which cause leishmaniasis, a disease of various
etiologies.? Galf'is also found in cell surface glycoconjugates of Trypanosoma cruzi, the

causative agent of Chagas disease.?798 The absence of Galfin higher eukaryotes suggests the
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enzymes responsible for its biosynthesis and incorporation as potential drug targets to combat

these infections.

Biosynthesis of the mycobacterial arabinogalactan takes place on a membrane-anchored
decaprenyl phosphate lipid on the cytosol leaflet of the membrane.? A series of
glycosyltransferases act upon this lipid through a series of single glycosylation events to build
the arabinogalactan complex. The glycosyltransferase WecA initiates this assembly by adding an
N-acetyl-D-glucosamine phosphate to synthesize GlcNAc-a-P-P-decaprenol, which is the
acceptor substrate for the rhamnosyltransferase WbbL.100.101 Two galactofuranosyltransferases,
GIfT1 and GIfT2, assemble the galactan polymer onto the resulting lipid-linked Rha-a(1,3)-
GlcNAc disaccharide (Figure 1.7). Both of these enzymes, as well as the mutase that generates
UDP-Galf from UDP-Galp, are essential for mycobacterial viability.°2 The lipid-linked galactan
is transported to the extracytosplasmic space, modified with arabinose residues and mycolic
acids, and ultimately attached to the peptidoglycan. The Rha-a(1,3)-GlcNAc disaccharide

anchors the arabinogalactan heteropolysaccharide to the cell wall.103

GIfT1 is hypothesized to add one to three Galf residues to the linker disaccharide, acting
as a primase to begin the process of galactan polymerization. However, its precise function has
yet to be defined unequivocally. The activity of GIfT1 produces Galf-p(1,5)-Galf-p(1,4)-Rha-
a(1,3)-GlcNAc-a-P-P-decaprenol, the putative substrate of the second
galactofuranosyltransferase GIfT2. The polymerase GIfT2 then adds 20-40 Galf residues to this
lipid-linked acceptor tetrasaccharide to form galactan polymers of endogenous length.
Characterizing these two enzymes is difficult, though it has been facilitated by the chemical
synthesis of donor sugar UDP-Galf.19419¢ The relative promiscuity of GIfT2 in binding and
processing both acceptor and donor analogs has facilitated more straightforward

characterization of its activity. An initial demonstration of GIfT1 and GIfT2 activity was carried
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out in cell envelope preparations.'°71°8 Synthetic chemistry facilitated unmasking their activity

through access to susbtrate analogs that probe their acceptor selectivity.
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Figure 1.7. The glycosyltransferases GIfT1 and GIfT2 generate the galactan polymer. GIfT1
primes a decaprenyl-linked linker disaccharide with 2-3 Galf residues, which is subsequently
polymerized by GIfT2.

The galactofuranosyltransferase activity of GIfT1 has proven quite difficult to observe in
vitro. A chemical synthesis of the endogenous mycobacterial substrate has not been reported,
and the enzyme, until recently, was inactive when stripped of membrane components. As a
consequence, initial experiments to demonstrate GIfT1 activity relied on acceptor substrate
analogs that could be detected in a highly complex and heterogeneous environment (Figure 1.8).
Besra and co-workers utilized an octyl Galf-p(1,4)-Rha acceptor in a mixed enzyme assay to
begin reconstituting the activity of purified M. tuberculosis GIfT1.1°% Incorporation of Galf was
monitored by thin layer chromatography, where the mutase uridine 5'diphosphate -
galactopyranose mutase (UGM) included in the assay converts UDP-[4C]-Galp to UDP-[4C]-
Galfin situ. A slight shift in retention is suggestive of GIfT1 activity. Subsequently, Mikusova and
co-workers investigated processing of octyl Rha-a(1,3)-GlcNAc in microsomal preparations of M.

smegmatis GIfT1 overexpressed in E. coli.’*® Surprisingly, GIfT1 adds one Galf residue to both
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octyl Rha-a(1,3)-GlcNAc and octyl Galf-p(1,4)-Rha-a(1,3)-GlcNAc, as judged by incorporation of
14C-labeled Galf, though it presumably is capable of adding two Galf residues to the disaccharide
acceptor since it can process the Galf-containing trisaccharide. Daniellou and Mikusova
employed the same disaccharide acceptor and microsomal preparation to observe incorporation
of deoxygenated donor sugars by liquid chromatography-mass spectrometry (LC-MS).* Both
deoxygenated donor sugars appear to terminate at the +1 Galf product, suggesting chain

termination.

Defined conditions to unambiguously assign GIfT1 activity were lacking, primarily since
suitable substrates for the enzyme were not available. Experiments with the endogenous
substrate were untenable, given the instability of the allylic pyrophosphoryl-linked disaccharide.
Kiessling and co-workers targeted synthetic GIfT1 acceptor substrate analogs while developing a
stabilizing modification for the pyrophosphoryl group.’2 Phosphonophosphate acceptors
bearing the Rha-a(1,3)-GlcNAc disaccharide were synthesized, and incubated with purified M.
smegmatis GIfT1 expressed in M. smegmatis. GIfT1 was shown to process the
phosphonophosphate analogs to +2 or +3 Galf products. This represents the first time that GIfT1
activity has been observed in a defined system. The results implicate GIfT1 in the synthesis of the
putative GIfT2 acceptor substrate, Galf-p(1,5)-Galf-p(1,4)-Rha-a(1,3)-GlcNAc-a-P-P-decaprenol.
Moreover, production of the +3 Galf product implies that GIfT1 is a trifunctional enzyme,
capable of forming the three glycosidic linkages observed in endogenous galactan. To probe the
role of the lipid carrier in GIfT1 catalysis, derivatives with two lipid carriers were prepared and
incubated with GIfT1. A luminescence-based assay coupling production of UDP to the
luciferase/luciferin reaction was used to quantify the relative activity of the acceptor analogs. A
(2Z,6Z)-farnesyl-linked acceptor is processed more efficiently than a neryl-linked acceptor,
suggesting an important role for the lipid carrier in binding to GIfT1. While

phosphonophosphates have been used as pyrophosphate analogs in other systems, this was the
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first demonstration of their use as active glycosyltransferase acceptor substrates. Thus, the
stabilization strategy may be generally applicable to studying other glycosyltransferases that

process lipid-linked pyrophosphoryl glycans.

While GIfT1 appears to require complex acceptors in defined in vitro assays, GIfT2 is
more permissive to substrate analogs. The first series of acceptor analogs described for GIfT2
were alkyl or alkenyl Galf-containing disaccharides, intended to mimic the non-reducing end of
the glycan. Besra and co-workers synthesized decenyl and octyl Galf-p(1,5)-Galf and Galf-p(1,6)-
Galf acceptors that, when monitored by thin layer chromatography, yielded incorporation of one
or two additional Galf residues by membrane preparations expressing GIfT2.113.114 Acceptors
blocked at the 2-OH and 3-OH by methyl ethers appeared to serve as substrates, albeit not as
efficiently.’4 Similar results were observed with GIfT2 purified from E. coli expressing protein
folding chaperones.’®® A more comprehensive in vitro study was carried out by Palcic, Lowary,
and co-workers.!'5 Octyl Galf-p(1,5)-Galf-p(1,6)-Galf and Galf-p(1,6)-Galf-p(1,5)-Galf
trisaccharides, in addition to arabinose-containing disaccharides and a rhamnolipid, were
compared to the octyl disaccharides described above. Surprisingly, an octyl Araf-p(1,6)-Galf
acceptor served as a substrate despite lacking the CH.OH side chain. The related Araf-p(1,5)-
Galf was not a substrate, since the alternating nature of GIfT2 Galf addition precludes reaction
at the 5-OH. Trisaccharides were the best substrates in the series, with octyl Galf-p(1,5)-Galf-
B(1,6)-Galf yielding the largest k..t value. Analysis of the trisaccharide reaction mixtures by
MALDI-TOF mass spectrometry showed that GIfT2 could form heptasaccharide products.
However, the majority of the reaction mixture still consisted of starting material or +1/+2 Galf
product. While the aforementioned studies were important in deriving important acceptor

features for GIfT2 catalysis, the acceptors did not yield Galf polymers of endogenous length.
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Figure 1.8. Acceptor substrate modifications to interrogate galactan assembly by cell wall
galactofuranosyltransferases GIfT1 and GIfT2.

Galactan polymerization occurs through a template-independent mechanism. However,
it was not known how polymer length is controlled. To study the mechanism of GIfT2
polymerization, Kiessling and co-workers synthesized a series of phenoxyalkenyl (1,6)-linked
Galf disaccharides.!® They discovered that GIfT2 builds galactan through a processive
mechanism, in which an acceptor substrate remains bound to the enzyme throughout the
process of polymer formation. As acceptor length grows, the polymers dissociate and yield a
distribution of galactan polymers. In addition, the authors observed that acceptors with a longer
lipid carrier yielded much longer Galf polymers. For example, a 12-phenoxydodec-2-enyl
disaccharide is processed to a polymer containing up to 27 additional Galf residues, whereas a
19-phenoxy-nondec-2-enyl disaccharide is processed to a 48-mer. They hypothesize that the
lipid carrier serves to tether the acceptor at a distal site, leading to additional binding
interactions that discourage dissociation and termination of polymer synthesis at short galactan
lengths. Kiessling and co-workers synthesized ‘light’ and ‘heavy’ acceptors to monitor
processivity by single-point Galf incorporation into mass-resolved acceptors.'” ‘Heavy’
acceptors were perdeuterated at the phenoxy group in 12-phenoxydodec-2-enyl Galf-p(1,6)-Galf.
u8 Incorporation of Galf into heavy acceptors was reduced when enzyme was first incubated with

light acceptors, indicative of a processive polymerization process.
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GIfT2 exhibits a kinetic lag phase when polymerizing Galf disaccharides. While there is a
difference in the steady-state rate of polymerization with disaccharides bearing either (1,5) or
B(1,6) linkages, polymer distribution with either acceptor does not change dramatically. As the
endogenous substrate for GIfT2 is a tetrasaccharide, Kiessling and co-workers synthesized a 12-
phenoxy-dodec-2-enyl Galf tetrasaccharide bearing the endogenous alternating $(1,5) or (1,6)
linkages. 17 The kinetic lag phase is abolished with this acceptor, indicating that GIfT2 catalytic
efficiency improves with longer oligosaccharides, which perhaps bind to enzymatic subsites.
However, despite increased initial catalytic efficiency with a tetrasaccharide acceptor, both
acceptors are processed to the same polymer length. Thus, GIfT2 control over galactan length is
intrinsic to the enzyme. To investigate which residues mediate catalysis, and determine the
number of active sites responsible for polymerization, Kiessling and co-workers mutated DXD
(or DDX) motifs conserved in glycosyltransferases.!’ Mutations in key DDD and DDA residues,
predicted to form the active site via homology modeling, lead to reduced catalytic activity and
disrupted polymer formation. These results suggest that GlIfT2 mediates bifunctional,
regioselective catalysis to generate the galactan polymer using a single active site. These
mutagenesis experiments were corroborated when Lowary, Ng, and co-workers solved a crystal
structure of GlfT2 bound to UDP.12° The structure suggests that the galactan chain is synthesized
in a cavity created by GIfT2 tetramers, but it’s unclear whether the crystal structure represents

the active form of the enzyme.

Saturation transfer difference nuclear magnetic resonance (STD-NMR) spectroscopy can
provide information about substrate—protein interactions. This technique has been used to
determine that mutated GIfT2 variants bind a dec-2-enyl Galf-p(1,6)-Galf acceptor similar to
wild-type GIfT2, as well as confirm that the lipid carrier in octyl Galf-p(1,5)-Galf-p(1,6)-Galf

contributes significantly to the binding of acceptors to the enzyme.912 The enzyme exhibits
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flexibility in binding the acceptor carbohydrate region, as it must be catalytically competent with

both extended p(1,6)-terminated and more compact (1,5)-terminated acceptors.

The regioselective activity of galactan glycosyltransferases has been challenged with a
number of donor analogs. While these experiments fall outside of the scope of the current review,
synthetic acceptors for GIfT1 and GIfT2 permitted the interrogation of their donor selectivity.

For example, octyl Galf-p(1,5)-Galf-p(1,6)-Galf serves as the GIfT2 substrate in assays employed
by Lowary and co-workers to incorporate donor analogs.'>>123 Kiessling and co-workers utilized
5- and 6-fluoro-UDP-Galf donors as chain terminators of GIfT2 polymerization of a 12-phenoxy-
dodec-2-enyl Galf hexasaaccharide bearing the endogenous alternating $(1,5) or (1,6)
linkages.24 Polymer formation was truncated when GIfT2 encountered a fluorine substituent at
the position where the following linkage is to be formed. These experiments underscore the

faithful regioselectivity of GIfT2 catalysis.

Inhibition of galactan formation has potential as an antimycobacterial treatment, given
the role of galactan glycosyltransferases in building an essential glycopolymer. This goal has
unfortunately proved elusive to date.’?5126 The inherent flexibility in the active sites of GIfT1 and
GIfT2 has made it difficult to develop potent inhibitors of their activity. Nonetheless, the
previous lack of substrates has been addressed, and recently developed assays to observe the
activity of these enzymes may facilitate the search for inhibitors. Successful strategies targeting
the mutase UGM rely on non-carbohydrate ligands to block the enzyme’s active site.’27-129 This
active area of research may yield potent antimycobacterial agents whose mode of action is

inhibition of UDP-Galf biosynthesis, which results in incomplete cell wall assembly.
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1.5.3 Arabinan glycosyltransferases

The arabinan serves as an anchor for the outer membrane mycolic acids. It is a branched
glycopolymer composed of a.(1,5), a(1,4), and p(1,2) linked arabinofuranose (Araf) residues.
Three polymers of 31 Araf residues make up the arabinan, each bound to the 5-hydroxyl group
of the 8™, 10t and 12t residue of galactan.9>13° Each arabinan polymer is built exclusively from
the donor sugar Araf-p-P-decaprenol (DPA) by a series of membrane-associated
arabinofuranosyltransferases (AraTs).!3' Many enzymes involved in arabinan synthesis have
been identified, but not fully characterized. AftA adds the first three Araf residues to galactan,
priming arabinan biosynthesis.’32 Next, a linear series of 13 a.(1,5)-linked Araf may be added by
EmbA/EmbB, subsequently modified by AftC or AftD to generate the first a.(1,3) branch
point.133.134 A short series of 3 a(1,5)-linked Araf residues is attached, followed by the final o(1,3)
branch point. EmbA/EmbB work in concert with AftB, a terminal $(1,2) AraT, to generate the
terminal Aras motif (Figure 1.9).135137 Ultimately, this motif serves as the site of attachment for

the mycolic acids, targeted by first-line antibiotics isoniazid and ethionamide.38-143

AraTs are the target of first-line antibiotic ethambutol as well as the novel
benzothiazinone class of inhibitors.44-146¢ A number of research programs are in place to
interrogate arabinan biosynthesis. Studying AraTs is challenging given that they are not active
outside of their native membrane environment and their endogenous substrate is, at a minimum,
a lipid pyrophosphate-linked galactan (for AftA) or oligomers of Araflinked to that core.
Consequently, a series of truncated synthetic acceptors have been instrumental in assigning

AraT activity to the enzymes involved in this pathway.
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Figure 1.9. A terminal arabinan oligosaccharide motif and an acceptor substrate analog.

To observe arabinofuranosyltransferase activity, Besra and co-workers developed an

assay monitoring transfer of radioactivity from [1-4C]Araf-p-P-decaprenol (DPA) to synthetic

arabinose acceptors in M. smegmatis mc2155 membrane extracts.'47 A series of a- and B-linked

all (1,5) mono-, di-, and trisaccharide glycosides bearing O- or S-linked alkyl lipid carriers were

investigated. No transfer was observed to Araf monosaccharides, but there were otherwise three

clear conclusions: tri-Araf acceptors were markedly better than the corresponding disaccharides,

o-linkages at the lipid carrier were preferred to p-linkages, and the optimal lipid carrier length

was Cs to Cs. A Cyo-linked alkenyl acceptor had slightly reduced activity, whereas a C,.-linked

alkyl acceptor showed a dramatic decrease in 4C-Araf transfer due to micelle formation. Both

B(1,2)- and a(1,5)-Araf arabinofuranosyltransferase activity was observed, though it is important

to note that transfer of only one Araf residue occurred. The complexity and length of natural

arabinan would suggest that these simplified acceptors were not idea substrates for the

arabinofuranosyltransferases in the membrane preparation. Nonetheless, these acceptors have

been useful in defining the arabinan biosynthetic pathway in M. smegmatis. Later, the alkenyl
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Cio-linked Araf-a(1,5)Araf acceptor was useful in determining that the emb gene product in
Corynebacterium glutamicum catalyzes transfer of Araf from DPA.132 Lastly, the Cg-linked Araf-
a(1,5)Araf acceptor was processed by C. glutamicum membranes overexpressing M.
tuberculosis AftB, and linkage analysis of the +1 Araf product confirmed that AftB is a terminal
B(1,2)-arabinofuranosyltransferase.’3” These simple substrate analogs have clearly been helpful

in establishing AraT assays.

More complex arabinofuranoside substrates yield different results with membrane
extracts. Besra and co-workers synthesized larger methyl arabinofuranoside acceptors to further
study AraT activity in M. smegmatis membranes.'4® Surprisingly, an all-a(1,5)-linked methyl
Araf trisaccharide outperformed the branched methyl Araf-a.(1,3)-[Araf-a.(1,5)]-Araf-a(1,5)-Araf
tetrasaccharide. An a(1,3)-linked disaccharide is processed better than an a.(1,5)-linked
disaccharide, yet radioactivity incorporation on the best acceptor is only about 21%. An octyl
Araf-a(1,5)-Galf acceptor, analogous to the disaccharide motif found in the arabinan—galactan
linkage region, incorporates a single Araf residue by autoradiography.49 Thus, additional Araf
residues, a Galf linkage, or branching complexity do not necessarily create a better acceptor.
AraTs may bind preferably to di-Araf or tri-Araf motifs at the non-reducing end of the acceptor,

suggesting a mechanism for arabinoside recognition.

The activity of EmbA and EmbB has proved difficult to decouple. Chatterjee and co-
workers synthesized a linear Aras acceptor, octyl Araf-p(1,2)-Araf-a(1,5)-Araf-o(1,5)-Araf-
a(1,5)-Araf, and investigated its processing by M. smegmatis mc?155 membranes deficient in
either embA or embB.'5° The assay relied on incorporation of 4C-Araf through DPA synthesized
in situ from 5-phospho-4C-ribose pyrophosphate (pRpp). The pentasaccharide was processed to
a +2 Araf product in the presence of wild-type M. smegmatis membranes, but membranes

deficient in either embA or embB did not catalyze Araf transfer. Mixing of single enzyme
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membrane preparations (i.e. mixing EmbA and EmbB) restored activity. While it is difficult to
arrive at a definitive conclusion, these results suggest that EmbA and EmbB cooperate to
synthesize the arabinan and are functionally inactive when exposed to an Araf acceptor in

isolation.

Besra and co-workers employed an aminooctyl Araf-a.(1,5)-Araf-a.(1,5)-Araf-o(1,5)-Araf-
a(1,5)-Araf acceptor to determine the a.(1,3)-arabinofuranosyltransferase activity of M.
smegmatis membranes overexpressing M. tuberculosis Rv2673, annotated as AftC.133 A
branched Araf pentasaccharide acceptor, octyl Araf-a.(1,5)-[Araf-a(1,3)]-Araf-o(1,5)-Araf-o(1,5)-
Araf (Figure 1.9) produced an a(1,5)-linked +1 Araf product in Rv2673 membrane extracts.!5!
Addition of the Araf residue took place at either terminus from the branch point. Interestingly, a
series of additional arabinan fragments was produced, ranging from Ara, to Ara,o, as minor
products. This branched acceptor, along with all a(1,5)-linked pentenyl Ara; and Ara,, and an all
a(1,5)-linked linear Arashelped Jackson and co-workers determine that M. smegmatis
membranes overexpressing M. tuberculosis Rvo236c¢ catalyze a(1,3)-
arabinofuranosyltransferase activity.’34 The enzyme has some preference for the linear Aras
acceptor, with lower incorporation of radioactivity in the Aras and Ara, oligosaccharides. The
gene, annotated as AftD, is essential and likely mediates the biosynthesis of important a(1,3)

branches in the synthesis of both arabinogalactan and lipoarabinomannan in M. tuberculosis.

Synthetic lipid-linked acceptors have been essential in deciphering the arabinan
biosynthetic pathway. The transmembrane nature of these enzymes has resulted in the use of
complex membrane preparations for all assays determining their activity. Analysis has thus
relied on incorporation of radioactivity, mass spectrometry and derivatization of the synthetic

acceptors. Their solubility in organic solvents has permitted the isolation and characterization of
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modified acceptor analogs, procedures that are quite challenging with natural acceptor

substrates.

1.6 Acceptors to survey various bacterial glycosyltransferases

A number of active research programs study bacterial enzymes that glycosylate lipid-
linked glycans. In lieu of an exhaustive overview of the field outside of the scope of this review, a
few notable examples follow. A glycosyltransferase in Mycoplasma pneumonia extracts can add
up to three galactopyranose residues to glucosylated or galactosylated diacylglycerol or
ceramide.'52 The acceptor specificity of glycosyltransferases involved in E. coli O-antigen
biosynthesis has been interrogated with phenoxyalkyl- and alkyl-linked GlcNAc-a-P-P
analogs.'53157 In addition, there is a wealth of data on additional glycosyltransferases that modify
lipids or their phosphates.’5® Many of these experiments are summarized in a publication by

Rush and co-workers.159

Similarly, a number of fundamental discoveries in the glycosylation of hydrophobic
aglycones have been published in the past several years. Hung-wen Liu and workers, as well as
contributions by Eguchi, Kakinuma, and Thorson yielded information about general macrolide
glycosyltransferases with permissive substrate requirements.'%°-1%4 Walsh led the study of
polyketide and antibiotic glycosyltransferases, particularly those incorporating rare sugars such
as novobiose and deoxyfucose.'%51%7 Finally, Thorson has spearheaded the development of
glycorandomization, the use of reversible glycosyltransferases to prepare a diverse library of
glycosylated compounds.1%8.19 The latter strategy holds promise for the development of novel

glycosylated pharmaceuticals.
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1.7 Conclusion

Synthetic chemistry has facilitated profound, fundamental discoveries about
glycosyltransferases involved in bacterial glycan biosynthesis. From in vitro confirmation of
proposed in vivo activity, to complete reassignment of biosynthetic pathways, the use of lipid-
linked glycan analogs as substrates, probes, and inhibitors of these enzymes highlights the
advances to our understanding of essential processes provided by chemical glycobiology. Efforts
to exploit chemistry for the interrogation, and interception, of bacterial glycan biosynthesis will
continue to advance our knowledge about bacterial cell wall assembly and the role of cell surface

glycoconjugates in evading and co-opting the eukaryotic immune system.



Chapter 2: Synthesis of Phosphonophosphates Acceptor Substrates for
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2.1 Abstract

Glycosyltransferases that act on polyprenol pyrophosphate substrates are challenging to
study because their lipid-linked substrates are difficult to isolate from natural sources and
arduous to synthesize. In the course of studying galactan glycosyltransferases, we required
access to a lipid-linked pyrophosphate. The substrate is modified with 20—40 galactofuranose
residues to form the mycobacterial galactan glycopolymer. Simplified glycolipids that serve as
acceptors for the downstream polymerase GIfT2 are not adequate for the upstream
glycosyltransferase GIfT1, which primes galactan assembly. To facilitate access to an appropriate
glycosyl acceptor, we assembled phosphonophosphate analogs to serve as pyrophosphate

surrogates in glycosyltransferase reactions.
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2.2 Introduction

Over a million people die every year from tuberculosis (TB).7° This infectious disease
ravages the developing world, infecting over eight million people every year. TB is caused by the
bacterium Mycobacterium tuberculosis, which spreads through aerosolization of intact bacteria
in the sputum of infected individuals. The bacteria settle in the human lung, which can lead to
severe and chronic pulmonary infections. In fact, only 1—3 bacteria in aerosol are needed to
infect a human.7*173 Such a low number avoids triggering a massive immune response to
combat the invasion. Active infection occurs in 5—-10% of infected hosts, leading to facile
transmission since the majority of those infected are asymptomatic. Genetics studies have
suggested that mycobacterial DNA has been present in humans for 70,000 years.74 Tuberculosis
migrated out of Africa with humans in the Neolithic period, reflecting an organism that has

evolved with humans since the earliest form of our species as we know it today.

The M. bovis—Dbacillus Calmette-Guérin (BCG) vaccine, which has been administered to
3.5 billion people around the globe, has stemmed the spread of TB. BCG does not prevent
pulmonary infection in adults, however, and immunization in developing countries is a major
epidemiological challenge.'7>s Moreover, current treatment regimes, such as the six first-line
antibiotics used in the clinic, are fading in effectiveness.'7®¢ Multidrug-resistant (MDR) and
extensively drug-resistant (XDR) strains of tuberculosis are on the rise.” The burden of TB
infection is especially damaging in immunocompromised individuals that are infected with

human immunodeficiency virus (HIV) or have diabetes.'77

Tuberculosis bacilli use a number of mechanisms to subvert the human immune system.
Five different Type IV secretion systems (T4SS) are involved in transporting virulence factors
across the impermeable envelope.'75s While sophisticated mechanisms in the envelope export
factors important for survival and pathogenesis, this envelope also helps to protect mycobacteria

from the host. Difficulties in treating M. tuberculosis infection include the existence of a latent
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stage, in which the bacteria can evade the host immune system, the formation of dense
granulomas consisting of bacilli surrounded by host immune cells, as well as the impermeability

of the mycobacterial cell wall.80:178

The cell wall is a complex, highly heterogeneous layer that provides stiffness and
remarkable protection to mycobacteria. Sections in Chapter 1 provided a detailed description of
each major component of the cell wall, which will be briefly summarized here (Figure 2.1). The
layer most proximal to the cell membrane is the peptidoglycan (PG), a highly cross-linked (70—
80%) matrix that allows the bacteria to withstand osmotic pressure and provides the
characteristic shape and rigidity.’® PG is composed of $(1,4)-linked N-acetyl-D-glucosamine
(GleNAc) and N-glycolylmuramic acid (MurNGly) residues.82 The MurNGly residues are
modified with the pentapeptide L-Ala-y-D-Glu-m-DAP-D-Ala-D-Ala, where m-DAP is meso-
diaminopimelic acid. Most cross-links occur between residues 3 and 4 (m-DAP and D-Ala). The
galactan, a polymer composed of 20—40 residues of alternating (1,5)- and p(1,6)-linked
galactofuranose (Galf) residues, is covalently bound to the 6-hydroxyl group of MurNAc
residues in the peptidoglycan backbone through a Rha-a(1,3)-GlcNAc linker disaccharide.’
Three arabinan motifs, consisting of 31 branched arabinofuranose residues, are in turn bound to
the 5-hydroxyl group of the 8t, 10th, and 12t residue of galactan.923° Terminal arabinan
residues are decorated with long fatty acids termed mycolic acids.'3® Termed the mycolyl-
arabinogalactan-peptidoglycan (mAGP) complex, this lipid-linked heteropolysaccharide acts as

the major protective barrier in mycobacteria.



40

4 < ® Galf
> ©  Araf
b O GIcNAC/GICNH,
¢ 5 O Man
L« @ Rha
N P P % QO MurNAc/MurGlyc
HO HO \ 2 myo-inositol
0\ 2T o\ L2 o S O my
P e -PO,-
HO, 3 o ) - succinic acid
FDQ\OH QQ esssss  peptide cross-linker
an Q
(o] o o P 3 o
Qoo a 2
QL9 3 o 5
09 Ky - < PEe
d D7 & o @ Jg°
Q 3 3
qQ ot
s}
T Q & Stoh
o)
b Q
O d
Q a
O
O~ > B
S g

Q

O
H

OH o o
O QA 0 o
AcHN 0 NHASHO 05, &
o AcHN N
e}

HN (&
b " on
(peptide)

i
NH |

OH NH
H
o S OH
Oﬁév\/o-o 2 o 0 i
AcHN W 0F =2
AcHN

NHACc,

o

@

OH

Figure 2.1. Substructure of the mycobacterial cell wall. An additional cell envelope component,
lipoarabinomannan, is shown on the right. The outer membrane is omitted for clarity.

Porins, such as the T4SS described above, as well as other lipids, lipid-linked glycans,
and accessory proteins are embedded in the cell wall. It is difficult to ascertain the precise
presentation of the cell wall, but it is known that the outer cell wall components partition into a
bilayer-like structure that essentially provides an additional cell membrane.79 Approximations
of inner cell wall structure have been aided by the solved 3-dimensional structure of soluble
peptidoglycan fragments. Peptidoglycan is arranged into a helical structure with periodicity of 6

residues, extending perpendicularly from the membrane.!8° The helical structure forms cavities
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that are permissive to embedded accessory motifs throughout the vertical length of the

peptidoglycan.

The cell wall is a validated drug target for antitubercular therapy. Two of the four first-
line drugs used to combat tuberculosis impinge upon cell wall biosynthesis. Ethambutol targets
the arabinofuranosyltransferases responsible for building the arabinan domain.'44.145 Isoniazid
inhibits mycolic acid biosynthesis by targeting an enoyl-acyl carrier protein reductase in the
fatty acid pathway.39140.143 The second-line drug ethionamide also targets this reductase.'4142
However, at least 4% of new TB infections and 20% of previously treated infections are resistant
to isoniazid.”° New targets in the cell wall are needed to thwart the rising tide of drug-resistant

strains of TB.

2.3 Biosynthesis of the mycobacterial galactan

The galactan, a critical component of the mycobacterial cell wall, is composed of
galactofuranose (Galf), the energetically disfavored 5-membered ring isomer of galactose.103.181
Galf has not been identified in any mammalian glycans, rendering the enzymes that mediate
Galfincorporation potential antimycobacterial targets.!1%128 However, the mechanism by which
these enzymes function, and indeed many aspects about arabinogalactan biosynthesis, are not
known (Figure 2.2). The Kiessling laboratory has established a research program to interrogate
cell wall biosynthesis through chemical biology. Our laboratory has established a novel
mechanism for the enzyme uridine 5’-diphosphate (UDP) galactopyranose mutase (UGM),
which provides the donor sugar uridine 5’-diphosphogalactofuranose (UDP-Galf) required for
galactan biosynthesis.'82185 We have also developed UGM probes and inhibitors with low
micromolar activity.127:128186.187 To further understand galactofuranose incorporation in

mycobacteria, we have studied the two galactofuranosyltransferases in the biosynthetic pathway.
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Figure 2.2. Galactan biosynthesis. Top: Biosynthetic pathway toward arabinogalactan. Bottom:
Genes encoding the enzymes that build arabinogalactan. Galactan biosynthetic enzymes are
highlighted in red.

2.3.1 GlfT1 and GIfT2 mediate galactan assembly
Genes encoding both cell wall galactofuranosyltransferases are essential for

mycobacterial viability.°2 The Mycobacterium tuberculosis gene Rv3782 encodes a protein
termed GIfT1. GIfT1 appears to be a galactofuranosyltransferase that primes galactan assembly.
Its assigned role is to promote the elongation of decaprenyl-linked L-Rha-a-(1,3)-D-GlcNAc
pyrophosphate 2.01 by one to three Galf residues (Figure 2.3).1°8 The resulting lipid-linked
oligosaccharide is a substrate for the related galactofuranosyltransferase GIfT2, encoded by the
gene Rv3808c.1¢ GIfT2 assembles the bulk of the galactan, adding 20—40 Galf residues to form
the full-length polymer. Surprisingly, GIfT2 can process synthetic substrates bearing even a

single galactofuranose residue, despite the tetrasaccharide structure of its endogenous
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acceptor.”® In principle, therefore, GIfT1 needs only to catalyze the addition of one Galf residue
to its substrate 2.01 (Figure 2.3). Still, experiments with membrane extracts or cell lysates
suggested that GIfT1 could catalyze the addition of multiple Galf residues. 0811011 We sought to
assess the enzyme under chemically defined conditions, which required obtaining active GIfT1

and a suitable acceptor.
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Figure 2.3. GIfT1 and GIfT2 mediate galactan biosynthesis.

2.3.2 Glycolipids bearing the linkage disaccharide
The predicted GIfT1 acceptor 2.01 is a demanding synthetic target; therefore, we

considered which of its features would be required for function. As described in Chapter 1,
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glycolipid acceptor substrate analogs are well tolerated by GIfT2. In analogy to these substrates,
we designed a series of glycolipids that would mimic the non-reducing end of the endogenous
GIfT1 acceptor (Figure 2.4). Rhamnolipids 2.02 and 2.03 as well as 12-phenoxydodec-2-enyl L-

Rha-a-(1,3)-D-GlcNAc 2.04 were prepared.
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Figure 2.4. Glycolipid acceptor substrate analogs for GIfT1.

The synthetic approach toward rhamnolipid 2.02 was straightforward (Scheme 2.1).
Protection of L-rhamnose with acetates afforded 2.05, which was glycosylated with allyl alcohol
using boron trifluoride-diethyl etherate to afford allyl glycoside 2.06.188189 The presence of a
participating group at the 2-position strongly favored formation of the a-glycoside. Cross-
metathesis with 1-nonene using Grubbs I (bis[tricyclohexylphosphine]benzylidine
ruthenium(IV) dichloride) catalyst yielded acetate-protected rhamnolipid 2.07. Finally,
deprotection under Zemplén conditions afforded the rhamnolipid 2.02. We next tested the

ability of the glycolipids to serve as GIfT1 substrates.
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Scheme 2.1. Synthesis of rhamnolipid acceptor 2.02.
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Preparation of active, purified GIfT1 was challenging, as its activity is typically depleted
when removed from its endogenous milieu. Ultimately, production of recombinant Hiss-tagged
M. smegmatis GIfT1 in M. smegmatis mc>155 was successful, and the enzyme was isolated by
affinity chromatography. Unfortunately, we did not observe the production of oligosaccharide
products upon exposure of glycolipids 2.02, 2.03, and 2.04 to GIfT1 in the presence of donor
sugar UDP-Galf (Figure 2.5). We hypothesized that the absence of a pyrophosphate linkage
yielded compounds that were poor GIfT1 substrates. Indeed, Brockhausen and co-workers have
suggested that this functionality is required in substrates of enzymes that build short
oligosaccharides on lipid-linked pyrophosphates.’s” Downstream polymerases, such as GIfT2,
are more permissive at sites distal to their catalysis but require specific residues at the non-
reducing end for catalysis. Thus, we shifted our strategy to target substrates that more closely

match the endogenous acceptor.
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Figure 2.5. Acceptor 2.04 is not a substrate for GIfT1 in the presence of donor sugar UDP-Galf.

2.4 Phosphonophosphates as glycosyltransferase acceptor substrates

Progress in understanding glycosyltransferases that modify lipid-linked oligosaccharide
pyrophosphates is hindered by difficulty of isolating these biosynthetic acceptors from natural

sources and the challenge of their chemical synthesis.!3192:191 Although some acceptors have been
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generated through astutely orchestrated synthetic steps,28:37:88:192.193 the lability of the allylic
pyrophosphoryl group narrows the range of transformations that can be applied to their
synthesis. Our prior results with the glycolipid substrates and an analysis of literature suggested
that the pyrophosphate group would be important.26-155157 Attempts to synthesize
pyrophosphate-containing substrates analogous to 2.01 were complicated by the lability of the
allylic pyrophosphate. We envisioned addressing these barriers by synthesizing an acceptor
2.08 in which the pyrophosphoryl group was replaced with a phosphonophosphate group
(Figure 2.6). This stabilizing modification should mimic key features of the acceptor, while

increasing the stability of intermediates en route to the target glycosyl acceptors.
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Figure 2.6. Replacement of the allylic phosphate (blue) and decaprenyl lipid tail in putative
glycosyltransferase acceptor substrate 2.01 to a phosphonate (blue) and (2Z,6Z)-farnesyl lipid
in surrogate 2.08.

Phosphonophosphates are often used as pyrophosphate analogs, and their increased
stability suggested that they could be more readily synthesized.'94 Some examples are
highlighted in Figure 2.7. Rammler and co-workers synthesized a series of uridine
phosphonophosphates such as 2.09 to mimic UDP.195197 Corey and Volante discovered that the
phosphonophosphate functionality in geranyl derivative 2.10 could inhibit the activity of
prenyltransferases.'9® Distefano and co-workers harnessed the stability of this functional group

to generate photoactive farnesyl phosphonophosphate 2.11 to cross-link these enzymes.99 In the
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latter case, the parent pyrophosphate was far too labile for photoaffinity labeling. Finally,
Vincent, Sinay, and co-workers produced a phosphono analog of UDP-Galf, 2.12, to inhibit
UGM.2°¢ While this analog is a modest inhibitor of UGM, the pyranose analog is slightly
better.2°* However, contrary to the established literature, we sought to prepare an active
glycosyltransferase substrate, as opposed to an inhibitor. We targeted surrogate 2.08 with the

goal of ascertaining whether this compound could function as a GIfT1 acceptor.

Figure 2.7. Phosphonophosphate analogs in the chemical literature.

In selecting compound 2.08, we recognized the potential risk of generating a
phosphonophosphate that is not isosteric with the pyrophosphate. Nevertheless, this risk
seemed acceptable because of the increased synthetic accessibility of compound 2.08 and
because enzymes, such as farnesyltransferases, bind lipid-substituted pyrophosphate and
truncated phosphonophosphate derivatives similarly.»99 Because the related glycosyltransferase
GIfT2 is influenced by the acceptor lipid substituent,'® our synthetic route was designed to
access acceptors with diverse lipid groups (Scheme 2.2). Thus, late-stage coupling of protected
disaccharide 2.13 and lipid 2.14 would afford phosphonophosphate 2.08. The decaprenol
substituent was replaced with a (2Z,6Z)-farnesol group in 2.14, as this shorter lipid substituent

can simplify substrate handling.2°2 Glycosyltransferases can be sensitive to the polyprenol lipid
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alkene and its geometry,2870193 so we preserved the isoprenyl alkene geometry closest to the
oligosaccharide. We reasoned that if compound 2.08 was inactive, we could modify our route to
identify a suitable substrate.
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Scheme 2.2. Retrosynthetic analysis toward phosphonophosphate 2.08.

Glycosylation of monosaccharides 2.15 and 2.16 should yield disaccharide 2.13. We
chose a thioglycoside as the activating group, since conditions for anomeric activation of this
group are straightforward and it is stable under a wide range of reaction conditions.2°3 Our
choice of silyl protecting groups was guided by the discovery by Bols and co-workers of a
conformationally arming effect on glycosylation donors.2°4 Specifically, tert-butyldimethylsilyl
(TBS)-protected thiorhamnoside 2.15 reacts to form glycosides with high selectivity for the
desired a-anomer. The silylene protecting group on glycosyl acceptor 2.16 allowed for two-step

isolation of the 3-hydroxyl group from N-acetyl-D-glucosamine.

2.4.1 Synthesis of the acceptor disaccharide portion
A four-step procedure from acetate-protected 2.05 led to donor 2.15 (Scheme 2.3).
Acetate-protected 2.05 was converted to phenyl thioglycoside 2.17 using zinc(II) iodide and

(phenylthio)trimethylsilane,2°5 followed by deprotection under Zemplén conditions. TBS
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protection of thioglycoside 2.18 under standard conditions afforded phenyl 1-thio-2,3,4-tri-O-
tert-butyldimethylsilyl-L-rhamnopyranoside 2.15.2°¢ To generate the acceptor, Fischer
glycosylation of N-acetyl-D-glucosamine with benzyl alcohol in concentrated hydrochloric acid
provided benzyl glucoside 2.19.2°7 We chose an anomeric benzyl group since it provided a stable,
faintly UV-active linkage that could be readily removed by reductive hydrogenation. Reaction
with di-tert-butylsilyl bis(trifluoromethanesulfonate),2°8 followed by a pyridine quench, yielded

the silylene-protected GlcNAc derivative 2.16.

OAc SPh SPh TBSOTf SPh
o TMS-SPh, Znl, NaOMe DMAP, pyr.
A00A = T O Q — HoZAR “eou @seps TBSO Q
CH ¥ o
OAc o A L HO O T8S0  {1gs
2.05 217 2.18 2.15
DTBS ditriflate )
HO BnOH, HCI HO then pyridine (tBu)sSi-o
o) o) 0
R0 "o flo
AcHN ™OH 35% AcHN ™0Bn 61% AcHN “0Bn
2.19 2.16

Scheme 2.3. Synthesis of donor and acceptor substrates for Rha-a(1,3)-GlcNAc glycosides.

The route to acceptor surrogate 2.08 continued with the glycosylation of compounds
2.15 and 2.16 (Scheme 2.4). Activation of the “super armed” donor 2.15 with N-
iodosuccinimide and silver trifluoromethanesulfonate provided the desired a-glycoside 2.20.
The stereochemical outcome of the glycosylation was controlled by the silylated L-rhamnosyl
donor, as formation of the f-anomer was not observed. The a-phosphoryl group was installed
using a phosphitylation—oxidation sequence.2°9 Hydrogenolysis afforded the anomeric lactol,
which was exposed to dibenzyl N,N-diisopropylphosphoramidite in the presence of 1H-
tetrazole.2'° The intermediate glycosyl phosphite was oxidized in situ to yield phosphotriester
2.21. The benzyl protecting groups were removed by reductive hydrogenation in the presence of

an amine base to afford phosphomonoester 2.22 in good yield.
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(tBu)ZSi%g&H
0 Hs, 10% Pd/C

(tBu)oSi~ NIS, AgOTf, 4A MS AcHN
850 Z+L + o0 e, o cHN “oBn
HO 80% TBSO ———
TBSO  (rgg AcHN “0Bn TBSO  (1pg
2.15 2.16 2.20
(tBu),Si~o o ) (tBu),Si~g o
OO (BnO),PN'Pry, 1H-tetrazole OO
AcHN oy then mCPBA ~ohnl @ Hp, 10% Pd/C, EtsN
O 0 o-P-0OBn  —— 0
TBSO N TBSO |
T8S0 82% (2 steps) TBS0 OBn quant.
OTBS OTBS

221

tBU),Si— H
(tBu)z \oo o HOO o
AN © - O rannl @
Cl
—p- -P-OH
TBSOIE\?O O-f~OH HO@?O oo
BSO O Et;NH* HO L,

o +
T Otes o EtsNH

222

Scheme 2.4. Glycosylation of silylated monosaccharides 2.15 and 2.16, followed by
elaboration to phosphate 2.22.

We examined whether the silyl groups could be removed at this stage. The protecting
groups were inert to a variety of fluoride sources, and led to either partial cleavage or complete
decomposition under more forcing conditions. A similar problem has been encountered with
silyl-protected fucosides.2'* Thus, since unmasking the silyl groups late in the route was
problematic, we intercepted an earlier synthetic intermediate and exchanged the silyl groups for
acetate groups (Scheme 2.5). This protecting group change was beneficial, as the acylated

intermediates were easier to purify and characterize.

Installation of the a-phosphoryl group from 2.23 followed the same sequence as
described above (Scheme 2.5). Hydrogenolysis, followed by a phosphitylation—oxidation
sequence, yielded phosphotriester 2.24. Reductive hydrogenation in the presence of an amine
base removed the benzyl protecting groups to afford phosphomonoester 2.13 in good yield, with
9:1 a:p selectivity favoring the desired anomer. Having prepared the desired phosphoglycan, our

attention then turned to the lipid component.
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Scheme 2.5. Synthesis of acetate-protected disaccharide a-phosphate 2.13.

2.4.2 Synthesis of (2Z,6Z)-farnesyl phosphonic acid

To prepare the C,; isoprenyl phosphonate 2.14, we required acess to (2Z,6Z)-farnesol.
This lipid can be generated in five steps from nerol. Specifically, nerol is converted to neryl
chloride using Corey-Kim conditions, followed by addition of the dianion of ethyl acetoacetate to
afford neryl B-ketoester 2.25 as a 6.6:1 mixture of Z:E isomers (Scheme 2.6).2'2 The enol form of
this p-ketoester was trapped with diethyl chlorophosphate in 1,3-dimethyl-3,4,5,6-tetrahydro-
2(1H)-pyrimidone (DMPU) to yield (E)-enol phosphate 2.26.213-215 Methylation of the enol
phosphate with lithium dimethyl cuprate by the method of Weiler and co-workers26:217 afforded
o,pB-unsaturated ester 2.27 as a 5:1 mixture of Z:E isomers. Reduction of the ester using
diisobutylaluminum hydride (DIBAL-H)>® yielded (2Z,6Z)-farnesol 2.28 in good yield (48%
over 5 steps). Conversion to diethyl phosphonate 2.29 via the Michaelis-Arbuzov reaction,
followed by deprotection with bromotrimethylsilane, afforded ammonium (2Z,6Z)-farnesyl

phosphonate 2.14 in good yield.
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Scheme 2.6. Synthesis of (2Z,6Z)-farnesyl phosphonate 2.14.

2.4.3 Moffatt-Khorana coupling to generate phosphonophosphate acceptors

A critical transformation was joining disaccharide 2.13 with lipid 2.14 to form the
phosphonophosphate. Activation of the phosphoryl group of either coupling partner through

formation of the phosphoryl chloride or phosphoryl imidazolide could result in self-coupling
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side products or product instability under the reaction conditions. Ultimately, Moffatt-Khorana

conditions?' were effective (Scheme 2.7). The electrophilic component, C,5 isoprenyl

phosphonomorpholidate 2.30, was prepared by slowly dripping a solution of N,N™-

dicyclohexylcarbodiimide (DCC) in tert-butanol to a refluxing solution of 2.14 and morpholine

in tert-butanol:water. Treatment of disaccharide 2.13 and morpholidate 2.30 with 1H-tetrazole

in pyridine yielded protected farnesyl-linked phosphonophosphate 2.31. Finally, saponification

with lithium hydroxide afforded phosphonophosphate 2.08. Though the yield was modest, the

transformation was highly reproducible.
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Scheme 2.7. Synthesis of farnesyl-linked Rha-o(1,3)-GlcNAc phosphonophosphate 2.08.

2.4.4 Synthesis of neryl-linked phosphonophosphates

We exploited this convergent synthetic route to produce additional acceptors that probe
structural features required for enzymatic activity. Surrogate 2.32 bearing a C,, isoprenyl
(neryl) lipid carrier as well as surrogate 2.33 bearing only a monosaccharide were generated. To
produce 2.32, nerol was converted to phosphonomorpholidate 2.34 via the Corey-Kim and
Michaelis-Arbuzov sequence described for (2Z,6Z)-farnesol above (Scheme 2.8). Diethyl
phosphonate 2.35 was deprotected with bromotrimethylsilane to yield ammonium phosphonate
2.36, and converted to morpholidate 2.34 by reaction with DCC and morpholine. Coupling
with disaccharide a-phosphate 2.13 using 1H-tetrazole in pyridine led to acetate-protected
phosphonophosphate 2.37 in 32% yield. Saponification with lithium hydroxide afforded neryl-
linked Rha-a-(1,3)-GlcNAc phosphonophosphate 2.32. This compound will be useful for

probing the effect of the lipid carrier on GIfT1 activity.



54

>_\—>_¥ NCS, MeQS P(OEt)s, Nal _ _ 9
- — . P-OEt
9
Cl 71% (2 steps) éEt
235

(CHg)sSiBr

k 2.i, 1H-tetrazole
(CHa)gSICH;CHCH, >:\_>:L9 _ morpholine, DOC__ >_\_h —, pyridine
—_— —_—
84% F-OH P N 329%

O N
2.36

74%

AcO
AcOg&o o oJ_<—/_< o &O o o
— — 0.5M LiOH
AcHN! 1 1 » AcHN!L 1t 1]
Acoﬂz 0-f-0-F @# o- Og
AcO o 0 HO

OAc

Scheme 2.8. Synthesis of neryl-linked Rha-a(1,3)-GlcNAc disaccharide phosphonophosphate
2.32.

We sought to synthesize a phosphonophosphate that was unlikely to serve as an acceptor,
and reasoned that a monosaccharide lacking the L-rhamnosyl moiety would not be processed by
GIfT1. Our approach toward monosaccharide phosphonophosphate 2.33 required known
GlcNAc a-phosphate 2.38 (Scheme 2.9).2°9 Benzyl 2-acetamido-2-deoxy-D-glucopyranoside
2.19 was acetate-protected,?2° and the anomeric lactol of 2.39 liberated by reductive
hydrogenation. One-pot phosphitylation—oxidation of lactol 2.40 afforded protected a--
phosphate 2.41. Reductive hydrogenation in the presence of an amine base yielded the desired
GlcNAc a-phosphate 2.38, which was coupled to neryl phosphonomorpholidate 2.34 as above.
Saponification of acetate-protected product 2.42 afforded neryl-linked GlcNAc
phosphonophosphate 2.33. Though GIfT1 should not process this compound, we note that it
could function as an acceptor surrogate for the upstream rhamnosyltransferase WbbL as well as
other bacterial glycosyltransferases, such as B. subtilis TagA described in Chapter 1, that build

glycans on lipid-linked N-acetyl-D-glucosamine pyrophosphates.
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Scheme 2.9. Synthesis of neryl-linked GlcNAc phosphonophosphate 2.33.

2.5 Conclusion

We have described the synthesis of a series of phosphonophosphate-containing
glycosyltransferase acceptor substrates. These compounds were pursued as stabilized analogs of
lipid-linked pyrophosphates, which will permit a wider range of synthetic manipulations on
intermediate compounds. We designed a route to allow for facile diversification via late-stage
coupling of a sugar phosphate with an isoprenyl phosphonomorpholidate. The stability of the
allylic phosphonophosphate derivatives facilitated their synthesis and subsequent analysis.
These compounds should serve as adequate acceptor substrate surrogates for galactan

glycosyltransferases.

2.6 Experimental details

All compounds were purchased from Sigma Aldrich (Milwaukee, WI) or Fisher Scientific
(Pittsburgh, PA). Tetrahydrofuran (THF) was distilled from sodium/benzophenone ketyl,

methanol (MeOH) was distilled from magnesium, and dichloromethane (CH.Cl.) and
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triethylamine (Et;N) were distilled from calcium hydride. Other solvents were purified
according to the guidelines in Purification of Laboratory Chemicals.?>* All reactions were run
under argon atmosphere in oven-dried glassware unless otherwise stated. Molecular sieves were
activated by heating to 600 °C in a furnace for 12 h, then cooled in a dessicator. Analytical thin
layer chromatography (TLC) was carried out on E. Merck (Darmstadt) TLC plates pre-coated
with silica gel 60 F254 (250 pum layer thickness). Analyte visualization was accomplished using a
UV lamp and by charring with a solution of p-anisaldehyde (3.5 mL), acetic acid (15 mL), H.SO,
(50 mL), and ethanol (350 mL). Flash column chromatography was performed with Silicycle
Flash Silica Gel (40-63 pm, 60 A pore size) using reagent grade hexanes and ACS grade ethyl
acetate (EtOAc), or methanol (MeOH) and CH.CL. High-performance liquid chromatography
was performed on a Beckman-Coulter instrument with a Vydac Protein and Peptide C18 (22 mm
x 250 mm) column, using a gradient of acetonitrile in 25 mM ammonium bicarbonate. 'H, 13C,
and 3'P nuclear magnetic resonance (NMR) spectra were recorded on a 300 MHz spectrometer
(acquired at 300 MHz for '"H NMR, 75 MHz for 3C NMR, and 121 MHz for 3'P NMR) a 400 MHz
spectrometer (acquired at 400 MHz for 'H NMR, 101 MHz for 3C NMR, and 162 MHz for 3'P
NMR), a 500 MHz spectrometer (acquired at 500 MHz for *H NMR and 126 MHz for 3C NMR),
or a 600 MHz spectrometer (acquired at 600 MHz for 'H NMR and 243 MHz for 3'P NMR).
Chemical shifts are reported relative to tetramethylsilane or residual solvent peaks in parts per
million (CHCl;: 'H: 7.26, 3C: 77.16; MeOH: 'H: 3.31, 3C: 49.00). Peak multiplicity is reported as
singlet (s), doublet (d), doublet of doublets (dd), doublets of doublets of doublets (ddd), triplet
(1), doublet of triplets (dt), etc. High resolution electrospray ionization-time of flight mass

spectra (HRESI-TOF MS) were obtained on a Micromass LCT.

Penta-O-acetyl-L-rhamnopyranoside (2.05)
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OH

Ac,0, pyridine
HO /L _ ACO@ZF
HO AcO

OH OAc
2.05

OAc

Pyridine (6.2 mL) was added to a round-bottom flask containing L-rhamnose (1.0 g, 6.1
mmol) under Ar atmosphere. The pale clear solution was cooled to 0 °C for 15 min, then acetic
anhydride (2.9 mL, 30.5 mmol, 5.0 eq) was added dropwise over 30 min. After 23 h, toluene was
added and the solution was concentrated under reduced pressure, followed by co-evaporation
with toluene (3 x 75 mL). The pale yellow syrup was dissolved in a 1:1 (vol/vol) solution of
hexanes:ethyl acetate and purified by flash column chromatography [1:1 (vol/vol) hexanes:ethyl
acetate] to afford 2.05 (1.82 g, quantitative) as a clear, viscous syrup. Characterization of this

compound matched a published report.88

Allyl 2,3,4-tri-O-acetyl-o-L-rhamnopyranoside (2.06)

Allyl alcohol, o™
OAc
BF4-OEt,
AcO Q _— AcO Q
AcO OAc AcO OAc
2.05 2.06

A solution of 2.05 (0.45 g, 1.4 mmol) in freshly distilled CH,Cl. (5 mL) under Ar
atmosphere was cooled to 0 °C. Allyl alcohol (0.11 mL, 2.7 mmol) and boron trifluoride diethyl
etherate (0.42 mL, 3.4 mmol) were added dropwise over 15 min. The reaction stirred at o °C for
3 h, then warmed to ambient temperature for 2 h. The reaction was neutralized with
triethylamine (0.5 mL), diluted with CH.Cl,, and poured into a separatory funnel. The solution
was washed with a saturated solution of sodium bicarbonate, brine, dried over magnesium
sulfate and concentrated under reduced pressure. Purification by flash chromatography [1:4
(vol/vol) EtOAc/hexanes] afforded 2.06 (0.27 g, 61%) as a clear oil. Characterization of this

compound matched a published report.89
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2-(E)-dodec-2-en-1-yl 2,3,4-tri-O-acetyl-o-L-rhamnopyranoside (2.07)

=
o 1-nonene O NN

0 Grubbs |
AcO " A0 (9]
AcO ACO

OAc OAc

206 2.07

1-nonene (0.16 mL, 0.92 mmol) was added to a solution of 2.06 (50 mg, 0.15 mmol) in
freshly distilled CH.Cl, (2.6 mL) under Ar atmosphere, followed by
bis(tricyclohexylphosphine)benzylidine ruthenium(IV) dichloride (Grubbs I catalyst, 25 mg,
0.03 mmol). The dark purple solution was heated to reflux for 3 h. An additional 18 mg of
catalyst were added, followed by reflux for an additional 2 h. The reaction was cooled to ambient
temperature and concentrated under reduced pressure. Purification by flash chromatography

[hexanes to 1:7 (vol/vol) EtOAc:hexanes] afforded 2.07 (64 mg, 98%) as a light brown oil.

'H NMR (300 MHz, CDCl;) § 5.77 — 5.62 (m, 1tH, CH=CHCH,O0), 5.56 — 5.41 (m, 1H,
CH=CHCH.0), 5.30 (dd, J = 10.1, 3.5 Hz, 1H, H-3), 5.21 (dd, J = 3.5, 1.7 Hz, 1H, H-2), 5.04 (t, J
=9.9 Hz, 1H, H-4), 4.74 (d, J = 1.7 Hz, 1H, H-1), 4.14 — 4.03 (mm, 1H, H-5), 4.00 — 3.81 (mm, 2H,
CH.CH=), 2.12 (s, 3H, OAc), 2.02 (s, 3H, OAc), 1.96 (s, 3H, OAc), 1.44 — 1.23 (m, 8H, 4 x -CH-),
1.20 (d, J = 6.3 Hz, 3H, Me), 0.91 — 0.81 (m, 3H, CH.CH3). 3C NMR (75 MHz, CDCl;): 6 170.2,
170.1, 170.0, 136.3, 124.8, 96.3, 71.4, 70.1, 69.3, 68.4, 66.4, 32.4, 31.9, 29.3, 29.2, 20.1, 22.8, 21.0,

20.9, 20.8, 17.5, 14.2.

2-(E)-dodec-2-en-1-yl a-L-rhamnopyranoside (2.02)

NN NN T N e NN
N NaOMe Q
Aco@z - HO@#
AcO OAc HO OH

2.07 2.02
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A solution of sodium methoxide in methanol (0.5 M, .75 mL, 0.38 mmol) was added to a
solution of 2.07 (64 mg, 0.15 mmol) in freshly distilled MeOH (7.0 mL) under Ar atmosphere at
ambient temperature. After 1 h, the reaction was neutralized with Amberlite IR-120 (H* form)
resin, filtered, and concentrated under reduced pressure. Purification by flash chromatography
[3:17 (vol/vol) EtOAc:hexanes to 3:1 (vol/vol) EtOAc:hexanes] afforded 2.02 (41 mg, 91%) as a

clear film.

'H NMR (500 MHz, 1:1 CDCl;:CD;0D) 6 5.68 — 5.59 (m, 1H, CH=CHCH,0), 5.48 — 5.40
(m, 1tH, CH=CHCH,0), 4.65 (s, 1H, H-1), 4.01 (dd, J = 12.1, 5.7 Hz, 1H, OCH.CH=), 3.83 (dd, J =
12.0, 6.9 Hz, 1H, OCH.CH=), 3.77 — 3.72 (m, 1H, H-2), 3.60 (dd, J = 9.4, 3.4 Hz, 1H, H-3), 3.53
(dq, J = 9.2, 6.2 Hz, 1H, H-5), 3.29 (t,J = 9.5 Hz, 1H, H-4), 1.96 (q, J = 7.1 Hz, 2H, CH.CH=),
1.32 — 1.25 (m, 2H, CH.CH,CH=), 1.25 — 1.14 (m, 11H, 4 x -CH.-, Me), 0.80 (t,J = 6.8 Hz, 3H,
CH,CHs). 3C NMR (126 MHz, 1:1 CDCl;:CD3;0D) 8 134.83, 124.88, 98.61, 72.41, 70.84, 70.45,
67.89, 67.27, 31.79, 31.33, 28.65, 28.58, 22.13, 16.70, 13.24. HRMS (ESI-TOF~) for C,cH3,NaO5

(M+Nat) caled 325.1986, found 325.1989.

Phenyl 2,3,4-tri-O-acetyl-1-thio-o-L-rhamnopyranoside (2.17)

SPh
o OAC  TMs-SPh, Znl,
AcO —> A0 Q
AcO OAc AcO Onc
2,05 2.17

(Phenylthio)trimethylsilane (9.33 mL, 49.3 mmol) was added to a solution of 2.05 (8.20
g, 24.6 mmol) and zinc(IT) iodide (15.4 g, 48.1 mmol) in freshly distilled CH.Cl. (49.3 mL) under
Ar atmosphere at ambient temperature. After 21.5 h stirring at ambient temperature, the
reaction was transferred to a separatory funnel. Water (100 mL) was added, and the mixture

was shaken. The layers were separated, and the aqueous layer was extracted with CH.Cl. (3x).
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The combined organic layers were washed with water, saturated sodium bicarbonate, brine,
dried over magnesium sulfate, filtered, and concentrated under reduced pressure to a crystalline
white solid. Purification by flash chromatography [hexanes to 1:3 (vol/vol) EtOAc:hexanes]
afforded 2.17 (9.05 g, 96%) as a crystalline white solid. Characterization of this compound

matched a published report.2°5

Phenyl 1-thio-o-L-rhamnopyranoside (2.18)

SPh SPh
NaOMe
AcO Q —— > HO Q
AcO OAc HO OH
217 2.18

Freshly distilled MeOH (770.3 mL) was added to a round-bottom flask containing 2.17
(4.03 g, 10.5 mmol) under Ar atmosphere. A solution of NaOMe in MeOH (0.5M, 5.48 mL, 2.74
mmol) was added dropwise at ambient temperature. After 16 h, the reaction was neutralized by
addition of Amberlite IR-120 resin (H* form) to pH 7. The suspension was filtered, the resin was
washed with MeOH, and the filtrate was concentrated under reduced pressure to afford 2.18
(2.69 g, quantitative) as a white foam. Characterization of this compound matched a published

report.205

Phenyl 2,3,4-tri-O-tert-butyldimethylsilyl-1-thio-L-rhamnopyranose (2.15)

SPh TBSOTf SPh
DMAP, pyr.
HO L — 1850 L=
HO o TBSO (g
2.18 2.15

tert-Butyldimethylsilyl trifluoromethanesulfonate (3.58 mL, 15.6 mmol) was added

dropwise to a solution of 2.18 (0.800 g, 3.12 mmol) and 4-(dimethylamino)pyridine (38.1 mg,
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0.312 mmol) in anhydrous pyridine (4.0 mL) under Ar atmosphere at ambient temperature. The
reaction was warmed to 50 °C and stirred for 18 h. It was cooled to 0 °C and quenched with
MeOH, then poured into a separatory funnel and diluted with EtOAc. Water was added, and the
layers were separated. The organic layer was washed with 1M HCI, a saturated solution of
sodium bicarbonate, brine, dried over magnesium sulfate, filtered, and concentrated under
reduced pressure. Purification by flash chromatography [hexanes to 2:3 (vol/vol)
CH.Cl,:hexanes] afforded 2.15 (1.73 g, 93%) as a clear oil. Characterization of this compound

matched a published report.20¢

Benzyl 2-acetamido-2-deoxy-o-D-glucopyranoside (2.19)

HgO o BnOH, HCI Hgo o
HO > HO

AGHN 0H ACHN ™0Bn
219

Benzyl alcohol (44.4 mL, 0.430 mol) was added to a flask containing N-acetyl-D-
glucosamine (10.0 g, 45.2 mmol) under Ar atmosphere at ambient temperature. Concentrated
hydrochloric acid (37% w/w, 1.81 mL, 22.6 mmol) was added and the mixture was warmed to
85 °C. After 6 h, the solution was cooled to ambient temperature, poured into ethyl ether (180
mL) and stored at —20 °C for 18 h. The solid was filtered and washed thoroughly with ethyl ether,
affording 2.19 (12.5 g, 89%) as an off-white solid. Characterization of this compound matched a

published report.2°7

Benzyl 2-acetamido-2-deoxy-4,6-0-di-tert-butylsilylene-a-D-glucopyranoside

(2.16)
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DTBS ditriflate

tht (tBu),Si~
HBO o then pyridine 2 \OO o
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AcHN *0OBn AcHN *OBn
2.19 2.16

A solution of 2.19 (0.77 g, 2.5 mmol) in N,N-dimethylformamide (24 mL) under Ar
atmosphere was cooled to —40 °C. Di-tert-butylsilyl bis(trifluoromethanesulfonate) (0.78 mL,
2.4 mmol) was added dropwise to the solution, and the reaction stirred for 1 h at —40 °C. The
reaction was quenched by slow addition of anhydrous pyridine (0.58 mL, 7.1 mmol), then
allowed to warm to ambient temperature. The reaction was partitioned between ethyl ether (70
mL) and a saturated solution of sodium bicarbonate (60 mL). The layers were separated, and
the organic layer was washed with water (2 x 60 mL) and brine (60 mL). The aqueous layers
were back-extracted with ethyl ether (80 mL). The combined organic layers were dried over
magnesium sulfate, filtered, and concentrated under reduced pressure. The residue was
coevaporated with toluene (2x). Purification by flash chromatography [hexanes to 1:1 (vol/vol)
acetone:hexanes] afforded 2.16 (0.69 g, 61%) as a crystalline, white solid. Characterization of

this compound matched a published report.2°8

Benzyl 2-acetamido-2-deoxy-3-0-(2,3,4-tri-O-tert-butyldimethylsilyl-a-L-

rhamnopyranosyl)-4,6-0O-di-tert-butylsilylene-o-D-glucopyranoside (2.20)

(Bu)Si-o—

SPh , ) %&@H

o ., BuSon NIS, AgOTY, 4A MS AoHN "0
_—

TBSO S&&H TBSO@#

TBSO

oTBS AcHN *OBn TBSO oTBS
2.15 2.16 2.20
Compounds 2.15 (108 mg, 0.18 mmol, 1.5 eq) and 2.16 (54 mg, 0.12 mmol) were
combined and coevaporated with toluene (3x). A stir bar and activated powdered 4 A molecular
sieves were added under Ar atmosphere, followed by CH.Cl. (4.8 mL). The suspension was

stirred at ambient temperature for 45 min, then cooled to —25 °C for 15 min. N-iodosuccinimide
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(49 mg, 0.22 mmol, 1.8 eq) and silver trifluoromethanesulfonate (6 mg, 0.02 mmol, 0.2 eq)
were added and the suspension stirred at —25 °C for 2 h. The reaction was warmed to —5 °C over
20 min, then filtered through Celite. The filtrate was washed with 10% v/v sodium thiosulfate,
saturated sodium bicarbonate, water, and brine. The organic layer was dried over MgSO,,
filtered, and concentrated under reduced pressure. Purification by flash chromatography (4:1

hexanes:ethyl acetate) afforded 2.20 (91 mg, 80%) as a white, crystalline solid.

'H NMR (300 MHz, CDCly): § 7.38 — 7.24 (m, 5H, Ar), 5.72 (d, J = 10.0 Hz, 1H, NH),
4.90 (d, J = 1.9 Hz, 1H, H-1"), 4.69 (d, J = 3.7 Hz, 1H, H-1), 4.66 (d, J = 11.9 Hz, 1H, OCHAr),
4.46 (d, J = 11.9 Hz, 1H, OCHAr), 4.27 (td, J = 10.0, 3.7 Hz, 1H), 4.15 — 3.69 (m, 12H), 1.87 (s,
3H, NHAc), 1.19 (d, J = 6.2 Hz, 3H, Me), 1.06 (s, 9H, (CH,)4CSi), 0.97 (s, 9H, (CH3)5CSi), 0.93 (s,
9H, (CH3)4CSi), 0.89 (s, 9H, (CH,)3CSi), 0.85 (s, 9H, (CH,)5CSi), 0.10 (s, 3H, CH,Si), 0.09 (s,
3H, CH,Si), 0.08 (s, 3H, CHSi), 0.04 (s, 3H, CH,Si), 0.03 (s, 3H, CH,Si).13C NMR (75 MHz,
CDCl,): 6 169.5, 137.1, 128.7, 128.3, 128.3, 99.4, 97.5, 76.5, 74.5, 73.3, 73.0, 72.7, 70.8, 70.1, 67.1,
66.9, 53.7, 27.8, 27.2, 26.9, 26.3, 25.8, 23.6, 22.8, 20.0, 19.3, 18.9, 18.2, 18.1, 0.1, —2.3, —3.3, —
4.0, —4.0, —4.1, —4.1, —4.2. HRMS (ESI-TOF+) for C,;Hgo,NNaO,,Si, (M+Na*) caled 962.5456,

found 962.5453.

Dibenzyl 2-acetamido-2-deoxy-3-0-(2,3,4-tri-O-tert-butyldimethylsilyl-a-L-

rhamnopyranosyl)-4,6-0O-di-tert-butylsilylene-o-D-glucopyranosyl phosphate

(2.21)
(tBu)sSi=0 (tBu)sSi=q
oo&&m 1. Hp, 10% Pd/C og&% o
o AcHN “0gp, 2. (BnO),PN'Pry, 1H-tetrazole ACHNO*EPOBn
TBSO TBSO Q |
T80 3. mCPBA To50 OBn
OTBS oTBS

2.20 2.21
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1. Compound 2.20 (114 mg, 121 umol) was dissolved in ethyl acetate (12.1 mL)
containing triethylamine (2.43 mL, 20% (vol/vol) w.r.t. ethyl acetate) under Ar atmosphere.
Palladium on carbon (10%, 38 mg, 30% (wt/wt) w.r.t. sugar) was added, then the reaction was
placed under H, atmosphere by evacuating the flask and backfilling with H. via balloon (4x).
The suspension stirred vigorously at ambient temperature for 16 h. The reaction was filtered
through a cotton plug and a 0.22 pm filter to afford the lactol as a clear oil that was carried onto

the next step without further purification.

2. The lactol (0.10 g, 0.12 mmol) was coevaporated with toluene (3x), then dissolved in
CH.Cl, (6.0 mL). This solution was added via cannula to a solution of 1H-tetrazole (40 mg, 0.57
mmol) and dibenzyl N,N-diisopropylphosphoramidite (0.12 mL, 0.36 mmol) in CH.Cl. (6.0 mL)
at ambient temperature. The reaction stirred at ambient temperature for 2 h, then it was cooled
to —40 °C for 15 min. meta-Chloroperoxybenzoic acid (77% max, 0.14 g, 0.61 mmol) was added
in one portion, and the cloudy solution stirred at —40 °C for 5 min. The reaction was then
allowed to warm to ambient temperature. After stirring for 2 h at ambient temperature, the
reaction was diluted with CH,Cl. (40 mL), washed with 10% v/v sodium thiosulfate (2 x 40 mL),
saturated sodium bicarbonate (2 x 40 mL), and water (2 x 40 mL). The organic layer was dried
over MgSO,, filtered, and concentrated under reduced pressure. Purification by flash
chromatography (hexanes to 1:4 (vol/vol) acetone:hexanes) afforded phosphotriester 2.21 (0.11

g, 82%) as a clear glass.

1H NMR (300 MHz, CDCl;) 6 7.43 — 7.32 (m, 10H), 5.51 — 5.40 (m, 2H), 5.15 — 4.98 (m,
5H), 4.78 (d, J = 1.8 Hz, 1H), 4.37 — 4.24 (m, 1H), 4.12 — 3.71 (m, 7H), 1.71 (s, 3H, NHAc), 1.23
(d, J = 6.8 Hz, 3H, Me), 1.06 (s, 9H, (CH,);CSi), 0.97 (s, 9H, (CH3);CSi), 0.92 (s, 9H, (CH3);CSi),
0.91 (s, 9H, (CH5)4CSi), 0.86 (s, 9H, (CH,);CSi), 0.10 (s, 3H, CH,Si), 0.09 — 0.07 (m, 9H, 3 x

CH,Si), 0.05 (s, 3H, CH3Si), 0.02 (s, 3H, CH,Si). 3'P NMR (121 MHz, CDCl;): § -0.91.
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2-Acetamido-2-deoxy-3-0-(2,3,4-tri-O-tert-butyldimethylsilyl-a-L-
rhamnopyranosyl)-4,6-0O-di-tert-butylsilylene-o-D-glucopyranosyl phosphate

(2.22)

(tBu),Si~ 1BU),Si~
I S
onnl @ H,, 10% Pd/C, EtsN hN _9

-P-OBn o P-OH
TBSO@# o CI)BO n ot TBSO@# © & °
TBSO n quant. TBSO EtgNH*

OTBS OTBS
2.21 222

Triethylamine (0.80 mL, 20% v/v w.r.t. ethanol) was added to a solution of
phosphotriester 2.21 (0.11 g, 99 umol) in ethanol (4.0 mL) under Ar atmosphere. Palladium on
carbon (10%, 11 mg, 10% (wt/wt) w.r.t. sugar) was added, then the reaction was placed under H.
atmosphere by evacuating the flask and backfilling with H, via balloon (4x). The suspension
stirred vigorously at ambient temperature for 17 h. The reaction was filtered through a cotton

plug and a 0.22 um filter to afford 2.22 as a waxy white solid.

HRMS (ESI-TOF-) for C,0Hg3NO43PSi, (M-H") caled 928.4684, found 928.4709.

Benzyl 2-acetamido-2-deoxy-3-0-(2,3,4-tri-O-acetyl-o-L-rhamnopyranosyl)-4,6-di-
O-acetyl-o-D-glucopyranoside (2.23)

(tBu)2Si=o AcO
0 1. TBAF 0
0

AcHN “ogn AcHN “oBn
-,

850 ZA2 AcO

TBSO AcO

2. Ac,0, pyr.
OTBS OAc

2.20 2.23

Compound 2.20 (0.78 g, 0.82 mmol) was treated with TBAF (1.0 M in THF, 8.2 mL, 8.2
mmol, 15.0 eq) under Ar atmosphere at ambient temperature for 18 h, and then concentrated
under reduced pressure. The residue was taken up in pyridine (3.5 mL) under Ar atmosphere,

then cooled to 0 °C. Acetic anhydride (8.0 mL) was added dropwise, then the solution was
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allowed to warm to ambient temperature. After 18 h, the reaction was diluted with MeOH and
concentrated under reduced pressure. Partial purification by flash chromatography [hexanes to
2:1 (vol/vol) hexanes:acetone] afforded a syrup. The syrup was diluted in EtOAc, washed with
1M HCI (2x), saturated sodium bicarbonate, brine, dried over magnesium sulfate, filtered, and

concentrated under reduced pressure to afford 2.23 (0.52 g, 95% over 2 steps) as a foam.

'H NMR (300 MHz, CDCl;): § 7.43 — 7.27 (m, 5H, Ar), 5.75 (d, J = 9.6 Hz, 1H, NH), 5.17
- 5.05 (m, 2H), 5.00 (t, J = 10.3 Hz, 1H), 4.91 (d, J = 3.4 Hz, 2H), 4.80 (s, 1H), 4.69 (d, J = 11.8
Hz, 1H), 4.50 (d, J = 11.8 Hz, 1H), 4.42 (dt, J = 10.0, 5.2 Hz, 1H), 4.17 (dd, J = 12.3, 4.3 Hz, 1H),
4.01(d, J = 12.3 Hz, 1H), 3.94 — 3.76 (mm, 4H), 2.12 (s, 3H, OAc), 2.10 (s, 3H, OAc), 2.07 (s, 3H,
OAc), 2.04 (s, 3H, OAc), (s, 3H, OAc), 1.94 (s, 3H, NHAc), 1.13 (d, J = 6.1 Hz, 3H, Me). 3C NMR
(75 MHz, CDCl;): § 170.8, 170.6, 170.5, 170.1, 169.6, 169.5, 136.6, 128.8, 128.5, 128.4, 99.7, 97.0,
80.3, 70.7, 70.2, 70.2, 70.1, 69.0, 68.4, 67.5, 62.1, 60.5, 53.9, 51.9, 51.6, 31.8, 29.8, 29.4, 25.7,
23.3, 21.2, 21.0, 20.9, 20.7, 20.4, 17.3, 14.3, 13.8. HRMS (ESI-TOF+) for C5;H,.NO,; (M+H™)

caled 668.2549, found 668.2855.

Dibenzyl 2-acetamido-2-deoxy-3-0-(2,3,4-tri-O-acetyl-o-L-rhamnopyranosyl)-4,6-

di-O-acetyl-o-D-glucopyranosyl phosphate (2.24)

Aé(%%&H 1. Hy, 10% Pd/C AQCC)O/&O

(o) 2. (BnO),PN'Pry, 1H-tetrazole ¢} (o}

AcHN “opn o7 AMNo-p-on

Ac0ZAL 3. mCPBA AcO OBn
AcO AcO

OAc OAc

2.23 2.24

1. Compound 2.23 (30 mg, 45 umol) was dissolved in ethanol (4.5 mL) under Ar
atmosphere. Palladium on carbon (15 mg, 10%) was added, then the reaction was placed under
H. atmosphere by evacuating the flask and backfilling with H. via balloon (4x). The suspension

stirred vigorously at ambient temperature for 45 h. The reaction was filtered through a cotton
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plug and a 0.22 pm filter to afford the lactol as a clear oil that was carried onto the next step

without further purification.

2. The lactol (26 mg, 45 pmol) was coevaporated with toluene (3x), then dissolved in
CH.Cl, (2.3 mL). This solution was added via cannula to a solution of 1H-tetrazole (15 mg, 0.21
mmol) and dibenzyl N,N-diisopropylphosphoramidite (46 pL, 0.14 mmol) in CH.Cl, (2.3 mL) at
ambient temperature. The reaction stirred at ambient temperature for 2 h, then it was cooled to
—40 °C for 15 min. meta-Chloroperoxybenzoic acid (77% max, 43 mg, 0.25 mmol) was added in
one portion, and the cloudy solution stirred at —40 °C for 10 min. The reaction was then allowed
to warm to ambient temperature. After stirring for 1.5 h at ambient temperature, the reaction
was diluted with CH,Cl, (15 mL), washed with 10% v/v sodium thiosulfate (2 x 20 mL),
saturated sodium bicarbonate (2 x 20 mL), and water (2 x 20 mL). The organic layer was dried
over MgSO,, filtered, and concentrated under reduced pressure. Purification by flash
chromatography (3:2 acetone:hexanes) afforded phosphotriester 2.24 (26 mg, 69%) as a light

yellow oil.

H NMR (300 MHz, CDCl,): 8 7.41 — 7.30 (m, 10H, Ar), 5.61 (dd, J = 5.7, 3.3 Hz, 1H, H-1),
5.54 (d,J = 9.6 Hz, 1H), 5.19 — 4.93 (m, 8H), 4.75 (d, J = 1.7 Hz, 1H, H-1"), 4.52 — 4.33 (m, 1H),
4.07(dd, J = 13.0, 4.5 Hz, 1H), 3.98 — 3.75 (m, 3H), 3.71 — 3.59 (m, 1H), 2.16 (s, 3H, OAc), 2.08
(s, 3H, OAc), (s,2x 3 H, 2 x OAc), 1.95 (s, 3H, OAc), 1.89 (s, 3H, NHAc¢), 1.14 (d, J = 6.2 Hz, 3H,
Me). 3'P NMR (121 MHz, CDCl,): § -2.34. HRMS (ESI-TOF+) for CssH,sNNaO,sP (M+Na*) caled

860.2502, found 860.2528.

2-Acetamido-2-deoxy-3-0-(2,3,4-tri-O-acetyl-a-L-rhamnopyranosyl)-4,6-di-O-

acetyl-a-D-glucopyranosyl phosphate (2.13)
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Triethylamine (0.60 mL, 20% v/v w.r.t. ethanol) was added to a solution of
phosphotriester 2.24 (26 mg, 30 umol) in ethanol (3.0 mL) under Ar atmosphere. Palladium on
carbon (3.0 mg, 10%) was added, then the reaction was placed under H. atmosphere by
evacuating the flask and backfilling with H. via balloon (4x). The suspension stirred vigorously
at ambient temperature for 17 h. The reaction was filtered through a cotton plug and a 0.22 ym

filter to afford 2.13 (28 mg, quant.) as a white solid.

'H NMR (300 MHz, CDCl,): § 5.43 (dd, J = 6.9, 3.2 Hz, 1H, H-1), 5.17(dd, J = 3.3, 2.0 Hz,
1H), 5.14 — 5.06 (m, 2H), 5.01 — 4.92 (m, 3H), 4.26 — 4.16 (m, 3H), 4.13 — 4.00 (m, 2H), 3.92 —
3.80 (m, 1H), 3.16 (q, J = 7.3 Hz, 15H, CH3;CH.N), 2.12 (s, 3H, OAc), 2.08 (s, 3H, OAc), 2.06 (s,
3H, OAc), 2.04 (s, 3H, OAc), 2.03 (s, 3H, OAc), 1.93 (s, 3H, NHAc), 1.30 (t, J = 7.3 Hz, 22H,
CH,CH:N), 1.14 (d, J = 6.2 Hz, 3H, Me). 3C NMR (126 MHz, CD;0D): 4 178.3, 172.6, 171.2, 170.3,
170.1, 170.1, 169.7, 99.3, 93.8 (d), 78.5, 70.7, 69.9, 69.7, 69.0, 68.5, 67.0, 61.8, 53.2 (d), 46.1,
22.4, 21.6, 20.0, 19.4, 19.3, 19.2, 16.4, 7.8. 3P NMR (162 MHz, CD;0D): § -0.65. HRMS (ESI-

TOF-) for C2,H3sNOsP (M-) caled 656.1597, found 656.1610.

(Z)-Ethyl 7,11-dimethyl-3-oxododeca-6,10-dienoate (2.25)

OLi ONa

NCS, Me,S Mo/\ 9
_— — — _— = — /_
cl o

1. A solution of N-chlorosuccinimide (1.78 g, 13.3 mmol) in freshly distilled CH.Cl. (24

mL) under Ar atmosphere was cooled to —30 °C. After 20 min, dimethyl sulfide (1.04 mL, 14.2
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mmol) was added dropwise to the white suspension, and the reaction was warmed to o °C. After
20 min at 0 °C, the suspension was cooled to —30 °C for 10 min. Nerol (2.11 mL, 12.0 mmol) was
added dropwise, and the suspension was stirred at 0 °C for 3 h. The reaction was then allowed to
warm to ambient temperature. After 45 min, the reaction was diluted with hexanes, filtered,
washed with brine, dried over magnesium sulfate, filtered, and concentrated under reduced

pressure to afford crude neryl chloride (1.78 g, 86%) as a yellow oil.

2. Oil-free sodium hydride was prepared by washing a 60% dispersion of NaH in mineral
oil with anhydrous pentane under N in a fritted funnel. This preparation of oil-free NaH (7792
mg, 19.8 mmol) was suspended in freshly distilled tetrahydrofuran (27.3 mL) and cooled to o °C.
Ethyl acetoacetate (2.28 mL, 18.0 mmol) was added dropwise. After 10 min, n-butyllithium
(2.63M in hexanes, 7.19 mL, 18.9 mmol) was added slowly over 5 minutes. After 10 min, a
solution of neryl chloride (1.78 g) in freshly distilled tetrahydrofuran (5 mL) was added to the
suspension at 0 °C. After 35 min, the reaction was quenched by addition of 3M HCI (20 mL).
The biphasic mixture was partitioned between ethyl ether (75 mL) and water (75 mL). The
aqueous layer was extracted with ethyl ether (3 x 75 mL). The combined organic layers were
washed with water (3 x 50 mL), brine (50 mL), dried over magnesium sulfate, filtered, and
concentrated under reduced pressure. Purification by flash chromatography [7:13 (vol/vol)
CH.Cl,:hexanes to 3:2 (vol/vol) CH.Cl.:hexanes] afforded 2.25 (2.27 g, 83% brsm, 6.6:1 Z:E) as

a light yellow oil. Characterization of this compound matched a published report.2:

(2E,62)-Ethyl 3-((diethoxyphosphoryl)oxy)-7,11-dimethyldodeca-2,6,10-trienoate

(2.26)
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A solution of 4-(dimethylamino)pyridine (70 mg, 0.58 mmol) and triethylamine (0.80
mL, 5.8 mmol) in 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidone (DMPU, 11 mL) containing
activated 4A powdered molecular sieves under Ar atmosphere was cooled to 0 °C. An ice-cooled
solution of 2.25 (1.4 g, 5.1 mmol) in DMPU (6.0 mL) was added via cannula using positive
nitrogen pressure. The bright yellow solution stirred at o °C for 1 h, then it was cooled to —20 °C.
Diethyl chlorophosphate (0.83 mL, 5.8 mmol) was added dropwise, and the cooling bath was
removed. The reaction stirred at ambient temperature for 16 h. It was diluted with ethyl ether
and acidified to pH ~2 with 1M HCI to afford a biphasic mixture. The layers were separated, and
the aqueous layer was extracted with ethyl ether (3x). The combined organic layers were washed
with a saturated solution of copper(II) sulfate (2x), brine (2x), dried over magnesium sulfate,
filtered, concentrated under reduced pressure. Purification by flash chromatography [1:9
(vol/vol) EtOAc:hexanes to 1:3 (vol/vol) EtOAc:hexanes] afforded 2.26 (1.7 g, 81%) as a light

yellow oil. Characterization of this compound matched a published report.2:2

(2Z,62)-Ethyl 3,7,11-trimethyldodeca-2,6,10-trienoate (2.27)

OEt
0=P-OEt
o] Cul, MeLi, MeMgCl
I

2.26 2.27

A suspension of copper(I) iodide (76 mg, 0.40 mmol) in freshly distilled tetrahydrofuran
(3.3 mL) under Ar atmosphere was cooled to 0 °C. Methyllithium (1.6M in Et.O, 0.25 mL, 0.40

mmol) was added dropwise and the reaction stirred at o °C for 10 min. The reaction was cooled
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to —30 °C for 10 min, followed by dropwise addition of methylmagnesium chloride (3.0M in
THF, 0.18 mL, 0.53 mmol). After 20 min, a solution of 2.26 (53 mg, 0.13 mmol) in freshly
distilled tetrahydrofuran (3.3 mL) was added dropwise via cannula using positive nitrogen
pressure. The greenish brown suspension stirred at —30 °C for 3.5 h. It was poured into an ice-
cold solution of saturated ammonium chloride in a separatory funnel and diluted with ethyl
ether. The organic layer was rinsed with a saturated solution of ammonium chloride until the
aqueous layer was no longer blue. The organic layer was washed with brine, dried over
magnesium sulfate, filtered, and concentrated under reduced pressure. Purification by flash
chromatography [1:4 (vol/vol) CH.Cl.:hexanes] afforded 2.27 (33 mg, 94%, 5:1 Z:E) as a clear

oil. Characterization of this compound matched a published report.2

(2Z,6Z)-Farnesol (2.28)

DIBAL-H
_
OEt OH

2.27 2.28

A solution of 2.27 (1.28 g, 4.83 mmol) in freshly distilled toluene (60.4 mL) under Ar
atmosphere was cooled to —78 °C. Diisobutylaluminum hydride (DIBAL-H, 1.0M in toluene,
16.9 mL, 16.9 mmol) was added dropwise. After 1.5 h, the reaction was quenched by addition of
a saturated solution of sodium potassium tartrate (120 mL). The clear biphasic mixture was
transferred to a separatory funnel and diluted with EtOAc. The layers were separated, and the
aqueous layer was extracted with EtOAc (3x). The combined organic layers were washed with
brine, dried over magnesium sulfate, filtered, and concentrated under reduced pressure.
Purification by flash chromatography [hexanes to 1:9 (vol/vol) EtOAc:hexanes] afforded 2.28
(0.928 g, 86%, 14:1 Z:E) as a clear film. Characterization of this compound matched a published

report.28
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Diethyl ((2Z,62)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)phosphonate (2.29)

NCS, Me,S P(OEt)g, Nal
— — — = — — — R L )= — —

OH Cl IL:I’—OE'(
OEt

2.28 2.29

A solution of N-chlorosuccinimide (155 mg, 1.16 mmol, 1.11 eq) in CH.Cl. (2.10 mL)
under Ar atmosphere was cooled to —30 °C for 15 min. Methyl sulfide (91.0 pL, 1.23 mmol, 1.18
eq) was added and the solution was warmed to 0 °C for 20 min. The solution was cooled to —
30 °C for 10 min, then a solution of 2.28 (233 mg, 1.05 mmol) in CH.Cl, (2.1 mL) was added
dropwise via cannula. The solution was warmed to 0 °C and stirred for 1.5 h before warming to
ambient temperature. After stirring at ambient temperature for 1 h, the reaction was diluted
with hexanes, filtered, and washed with brine (2x). The organic layer was dried over MgSO,,
filtered, and concentrated under reduced pressure to afford crude (2Z,6Z)-farnesyl chloride
(203 mg). Sodium iodide (25 mg, 0.17 mmol) and triethyl phosphite (320 pL, 1.86 mmol) were
added under Ar atmosphere, and the suspension stirred vigorously at 110 °C for 19 h. The
reaction was cooled to ambient temperature, diluted with Et.O, and washed with saturated
sodium thiosulfate (2x) and brine. The organic layer dried over MgSQ,, filtered, and
concentrated under reduced pressure. Purification by flash chromatography (3:2 ethyl

acetate:hexanes) afforded 2.29 (203 mg, 70%) as a clear oil.

'"H NMR (400 MHz, CDCl;): 4 5.20 (q, J = 7.1 Hz, 1H, vinyl CH), 5.12 (m, 2H, 2 x vinyl
CH), 4.16 — 4.01 (m, 4H, OCH-CH,), 2.56 (dd, J = 21.8, 7.3 Hz, 2H, =CHCH.P), 2.05 (d, J = 9.5
Hz, 8H, -CH.-), 1.75 (d, J = 5.0 Hz, 3H, Me), 1.69 (s, 2 x 3H, 2 x Me), 1.61 (s, 3H, Me), 1.31 (t, J =
7.1 Hz, 6H, OCH,CHj;). 3C NMR (101 MHz, CDCl,): § 140.1 (d), 135.5, 131.4, 124.5, 124.2, 113.1

(d), 61.7, 61.6, 32.2, 32.2, 31.87, 26.6, 26.2 (d), 26.0 (d), 25.6, 23.5, 23.4, 23.3, 17.6, 16.4, 16.4.
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31P NMR (162 MHz, CDCl,): 6 28.7. HRMS (ESI-TOF+) for CioH3605P (M+H™) caled 343.2397,

found 343.2409.

((2Z,67)-3,7,11-Trimethyldodeca-2,6,10-trien-1-yl) phosphonate (2.14)

— — — 0 TMS-Br o
P-OEt T~ = = o
|
OFt OH *NH,
2.29 2.14

Compound 2.29 (34 mg, 0.10 mmol) was coevaporated with toluene (3 x 1.5 mL), then
dissolved in CH.Cl, (1.4 mL) under Ar atmosphere. Allyltrimethylsilane (23 pL, 0.15 mmol, 1.5
eq) and bromotrimethylsilane (42 pL, 0.32 mmol, 3.2 eq) were added dropwise at ambient
temperature and the reaction stirred for 24 h. Additional bromotrimethylsilane (0.13 mL, 9.6
eq) was added to ensure complete deprotection. The reaction stirred for an additional 4 h. The
reaction was concentrated under reduced pressure, then diluted with 0.9 mL of 1.0 M

ammonium bicarbonate, flash-frozen and lyophilized to afford 2.14 (31 mg, 97%) as an off-

white fluffy solid.

'H NMR (400 MHz, CD;0D): 3 5.34 (q, J = 7.0 Hz, 1H, vinyl CH), 5.21 — 5.10 (m, 2H, 2 x
vinyl CH), 2.37 (dd, J = 20.8, 7.5 Hz, 2H, =CHCH.P), 2.12 — 2.03 (m, 8H, -CH>-), 1.72 (m, 3H,
Me), 1.68 (s, 2 x 3H, 2 x Me), 1.62 (s, 3H, Me). 3C NMR (126 MHz, CD;0D): 6 137.5 (d), 136.0,
132.3, 126.3, 125.4, 119.4 (d), 33.2 (d), 32.9, 30.3 (d), 27.7, 27.3 (d), 25.9, 23.9 (d), 23.7, 17.7. 3P
NMR (162 MHz, CD;0D): § 21.4. HRMS (ESI-TOF") for CisH,,05P (M-H-) calcd 285.1625, found

285.1636.

Morpholino((2Z,62)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)phosphinic acid,

N,N'-dicyclohexyl-4-morpholinecarboxamidine salt (2.30)
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Morpholine (73 pL, 0.84 mmol, 8 eq) was added to a solution of 2.14 (31 mg, 0.11 mmol)

in 1:1 tert-butanol:water (10.5 mL) under Ar atmosphere at ambient temperature. The solution
stirred at ambient temperature for 10 min, then it was heated to 100 °C. After refluxing for 15
min, a solution of dicyclohexylcarbodiimide (433 mg, 2.1 mmol, 20 eq) in tert-butanol (3.5 mL)
was added over 2.5 h. The reaction was refluxed for an additional 3 h before being concentrated
under reduced pressure. The residue was taken up in water (40 mL) and washed with
diisopropyl ether (3x). The aqueous layer was flash-frozen and lyophilized. The residue was
taken up in methanol (1.5 mL) and loaded onto two Waters Oasis Plus MAX cartridges
connected in series. Product eluted with 50 mM ammonium bicarbonate, pH 8.25. Further
purification by flash chromatography (80:20:1 CHCIl;:MeOH:Et;N) afforded 2.30 (27.6 mg,

43%) as a white solid.

'H NMR (400 MHz, CD;0D): 4 8.52 (s, 1H, NH), 5.29 (q, J = 7.3 Hz, 1H, vinyl CH), 5.17
— 5.04 (m, 2H, 2 x vinyl CH), 3.72 — 3.68 (m, 10H), 3.63 — 3.57 (m, 1H), 3.53 (t, J = 4.6 Hz, 4H),
3.38 (1, J = 4.8 Hz, 9H), 3.30 — 3.24 (m, 5H), 3.13 (s, 1H), 3.01 (q, J = 4.5 Hz, 4H), 2.30 (dd, J =
19.2, 7.7 Hz, 2H, =CHCH.P), 2.12 — 1.99 (m, 7H), 1.95 — 1.83 (mm, 12H), 1.83 — 1.75 (m, 9H), 1.75
—1.60 (m, 16H), 1.58 (s, 1H), 1.56 — 1.49 (mm, 1H), 1.46 — 1.24 (m, 25H), 1.24 — 1.08 (m, 7H). 3C
NMR (126 MHz, CD;0D): § 157.9, 134.9, 134.7, 130.9, 124.9, 124.8 (d), 124.0, 118.1 (d), 117.3,
67.5 (d), 65.9, 63.7, 54.6, 48.4, 45.1, 43.0, 33.1, 31.9, 31.5, 31.5 (d), 29.4, 27.8, 26.3, 25.9, 24.9,
24.7, 24.6 (d), 22.5, 22.4, 22.3, 16.4. 3'P NMR (162 MHz, CD;0D): § 21.4. HRMS (ESI-TOF-) for

CioH33NOsP (M-H-) caled 354.2203, found 354.2210.
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(2-Acetamido-2-deoxy-3-0-(2,3,4-tri-O-acetyl-o-L-rhamnopyranosyl)-4,6-di-O-
acetyl-a-D-glucopyranosyl phosphoryl) ((2Z,6Z7)-3,7,11-trimethyldodeca-2,6,10-

trien-1-yl)phosphonate (2.31)

AcO
o AQSO E 0 1H-tetrazole Ac(c)o/&%
— — = 9 M\ (o} yeney Q pyridine ACHN QO 0 = — —

P-N O + o —P-0-p
oy Aco@# 0-f-oH Ac0ZFL ° 6_0 on
. pore O EtNH* AcO
.
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Compounds 2.13 (11 mg, 12 umol) and 2.30 (16 mg, 25 pmol, 2.0 eq) were coevaporated
with toluene (2 x 1.5 mL) and pyridine (2 x 1.5 mL) then placed on high vacuum overnight. A stir
bar and 1H-tetrazole (2.8 mg, 40 umol, 3.2 eq) were added under Ar atmosphere, followed by
pyridine (0.25 mL). The reaction stirred at ambient temperature for 5 d. It was diluted with
methanol and concentrated to dryness. The crude was purified by semi-preparative HPLC on a
C18 column (25% B for 5 min, 25% B to 70% B over 45 min, A = 50 mM ammonium bicarbonate
and B = acetonitrile). Fractions containing compound 2.31 were pooled and concentrated to a

white solid.

3P NMR (162 MHz, CD;0D): 8 15.41 (d, J = 27.4 Hz), -12.90 (d, J = 27.6 Hz). HRMS

(ESI‘TOF+) fOI‘ C39H64N2020P2 (M+NH4+) Calcd 943.3601, found 943.3612.

(2-Acetamido-2-deoxy-3-0O-(o-L-rhamnopyranosyl)-a-D-glucopyranosyl

phosphoryl) ((2Z,6Z7)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)phosphonate (2.08)

AcO HO
AcO O HO O
o o 0o — — — 0.5M LiOH o o 0 ,— — —
AcHN! 1 1] T . AcHN! T 1]
AcO @o? 0-P-0-P HO @o# 0-P-0-P
A0 Ly O OH HO

A
° NH,* NH,*

2.31 2.08
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Fractions containing compound 2.31 were treated with 0.5 M lithium hydroxide (1.0
mL) at ambient temperature for 4 h. The reaction mixture was neutralized, and purified
immediately by semi-preparative HPLC on a C18 column (25% B for 5 min, 25% B to 70% B over
45 min, A = 50 mM ammonium bicarbonate and B = acetonitrile). Compound 2.08 eluted at 29

min (1.8 mg, 20% over 2 steps) as a white solid.

'H NMR (500 MHz, D.O): 3 5.45 (dd, J = 7.3, 3.1 Hz, 1H, vinyl CH), 5.29 — 5.17 (m, 3H, 2
x vinyl CH, H-1), 4.85 (s, 1H, H-1'), 4.08 (dt, J = 10.3, 3.0 Hz, 1H), 3.99 (dq, J = 10.1, 6.3 Hz, 1H,
H-5’), 3.94 (ddd, J = 10.6, 4.8, 2.2 Hz, 1H), 3.90-3.68 (m, 5H), 3.57 (t, J = 9.6 Hz, 1H), 3.41 (t, J
=9.7 Hz, 1H, H-4"), 2.56 (dd, J = 21.5, 7.6 Hz, 2H, =CHCHP), 2.14 — 2.04 (m, 12H, -CH -,
NHACc), 1.73 (d, J = 4.8 Hz, 3H, Me), 1.68 (s, 2 x 3H, 2 x Me), 1.62 (s, 3H, Me), 1.22 (1, J = 6.2 Hz,
3H, Me). 3C NMR (126 MHz, D,O): § 163.8, 139.5 (d), 137.1, 133.7, 125.3, 124.4, 115.5 (d), 101.5,
94.5 (d), 79.5, 73.3, 71.9, 70.8, 70.2, 68.9, 68.2, 60.4, 53.3, 31.5 (d), 31.2, 28.5 (d), 25.9, 25.6 (d),
25.0, 22.8 (d), 22.5, 22.2, 17.0, 16.5. 3'P NMR (162 MHz, D,0O): § 16.63 (d, J = 28.4 Hz), -13.09
(d, J = 28.4 Hz). HRMS (ESI-TOF*) for CoyH55N,0,5P> (M+NH,*) caled 733.3073, found

733-3052.

(Z)-diethyl (3,7-dimethylocta-2,6-dien-1-yl)phosphonate (2.35)

>_\_>_L NCS, Me,S m P(OEt)s, Nal >:\_>:LQ
gr— gr— —_—T pr— pr— —_— _
OH cl P-OEt

OEt
235

1. A solution of N-chlorosuccinimide (1.78 g, 13.3 mmol) in freshly distilled CH.Cl. (24
mL) under Ar atmosphere was cooled to —30 °C. After 20 min, dimethyl sulfide (1.04 mL, 14.2
mmol) was added dropwise to the white suspension, and the reaction was warmed to o °C. After
20 min at 0 °C, the suspension was cooled to —30 °C for 10 min. Nerol (2.11 mL, 12.0 mmol) was

added dropwise, and the suspension was stirred at 0 °C for 3 h. The reaction was then allowed to



77

warm to ambient temperature. After 45 min, the reaction was diluted with hexanes, filtered,
washed with brine, dried over magnesium sulfate, filtered, and concentrated under reduced

pressure to afford crude neryl chloride as a yellow oil.

2. Sodium iodide (0.360 g, 2.40 mmol) and triethyl phosphite (4.53 mL, 26.4 mmol)
were added to neryl chloride (~12 mmol) under Ar atmosphere and heated to 110 °C. After 13 h,
the reaction was cooled to ambient temperature and diluted with ethyl ether. The solution was
washed with a saturated solution of sodium thiosulfate (2x), brine, dried over magnesium
sulfate, filtered, and concentrated under reduced pressure. Purification by flash chromatography
[hexanes to 2:3 (vol/vol) EtOAc:hexanes] afforded 2.35 (2.35 g, 71% over 2 steps) as a light

yellow oil.

'"H NMR (300 MHz, CDCl,): § 5.25 — 5.15 (m, 1H, vinyl CH), 5.14 — 5.07 (m, 1H, vinyl
CH), 4.16 — 4.03 (m, 4H, OCH.CHs,), 2.57 (dd, J = 21.8, 7.7 Hz, 2H, =CHCH.P), 2.10 — 2.05 (m,
4H, -CH>-), 1.78 — 1.72 (m, 3H, Me), 1.69 (s, 3H, Me), 1.61 (s, 3H, Me), 1.31 (t, J = 7.1 Hz, 6H,
OCH.CH,). 3P NMR (121 MHz, CDCl,): 5 28.7. HRMS (ESI-TOF*) for C1,H2s05P (M+H*) caled

275.1771, found 275.1761.

(Z2)-(3,7-dimethylocta-2,6-dien-1-yl)phosphonate (2.36)

(CHy)SiBr
>:\_>:Lo (CHa)5SICH,CHCH, o
I — — n
P-oBt @ ——_——* -
! 84% ﬁ’ OH
OEt o NH,
2.35 2.36

Compound 2.35 (0.32 g, 1.18 mmol) was coevaporated with freshly distilled toluene (3x)
and kept under high-vacuum overnight. It was dissolved in freshly distilled CH.Cl. (16.8 mL)
under Ar atmosphere. Allyltrimethylsilane (0.281 mL, 1.77 mmol) and bromotrimethylsilane

(0.498 mL, 3.77 mmol) were added dropwise at ambient temperature. After 5 h stirring at
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ambient temperature, the reaction was concentrated under reduced pressure. The residue was
taken up in a 1M aqueous solution of ammonium bicarbonate (4 mL), then flash-frozen and
lyophilized. The residue was taken up in water, flash-frozen, and lyophilized twice to remove

excess salt, affording 2.36 (0.28 g, quant.) as a fluffy white solid.

'H NMR (300 MHz, 25 mM NaHCO; in D.O): § 5.35 — 5.24 (m, 2H, 2 x vinyl CH), 2.42
(dd, J = 20.5, 7.8 Hz, 2H, =CHCH.P), 2.15 (s, 4H, -CH.-), 1.80 — 1.76 (i, 3H, Me), 1.73 (s, 3H,
Me), 1.68 (s, 3H, Me). 3'P NMR (121 MHz, 25 mM NaHCO, in D,0O): § 22.8. ESI-MS (M-H") for

Ci0H1804P caled 217.1 found 217.0.

(Z2)-(3,7-dimethylocta-2,6-dien-1-yl)(morpholino)phosphinic acid (2.34)

>:\_>:LQ morpholine, DCC >:\_>:L" /_\
P-OH

O NH,* —

O ”O

2.36

Morpholine (0.7 mL, 8.0 mmol) was added to a solution of 2.36 (0.24 g, 1.0 mmol) in 1:1
v/v tert-butanol:water (100 mL) under N, atmosphere at ambient temperature. The solution
was warmed to 100 °C. After 30 min at 100 °C, a solution of dicyclohexylcarbodiimide (4.13 g,
20.0 mmol) in tert-butanol (33 mL) was added slowly via syringe pump over 2.5 h. The solution
stirred an additional 3 h at 100 °C, cooled to ambient temperature, and concentrated under
reduced pressure. The residue was taken up in water and washed with ethyl ether (3x). The

aqueous layer was concentrated under reduced pressure to afford 2.34 (0.60 g) as a white solid.

'H NMR (500 MHz, CD;0D): § 8.52 (brs, 1H), 5.32 (q, J = 7.1 Hz, 1H), 5.17-5.11 (m, 1H),

3.76-3.72 (m, 6H), 3.59-3.54 (m, 4H), 3.44-3.39 (m, 6H), 3.37-3.32 (m, 2H), 3.05 (q, J = 4.2 Hz,
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4H), 2.35 (dd, J = 19.3, 7.5 Hz, 2H), 2.11-2.07 (m, 4H), 1.99 - 1.87 (m, 6H), 1.87-1.75 (m, 6H),
1.74-1.64 (m, 9H), 1.62 (s, 3H), 1.48-1.32 (m, 9H). 3C NMR (126 MHz, CD;0D): § 159.3, 137.0
(d), 132.4, 125.4, 119.6 (d), 68.9, 68.9, 67.3, 56.0, 49.8, 46.4, 34.4, 33.2, 30.0, 29.0, 27.5, 27.5,
26.3, 26.2, 26.0, 23.8 (d), 17.8. 3'P NMR (162 MHz, CD;0D): 6 21.0. HRMS (ESI-TOF-) for

Ci,HosNOsP (M) caled 286.157, found 286.1593.

(2-Acetamido-2-deoxy-3-0-(2,3,4-tri-O-acetyl-o-L-rhamnopyranosyl)-4,6-di-O-
acetyl-a-D-glucopyranosyl phosphoryl) ((2)-(3,7-dimethylocta-2,6-dien-1-

yDphosphonate (2.37)

AcO
g B, e
NS o, wm 0 g
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Compounds 2.13 (triethylammonium salt, 39 mg, 45 umol) and 2.34 (66 mg, 0.11
mmol) were combined, coevaporated with anhydrous pyridine (3 x 1.5 mL) and kept under high
vacuum overnight. 1H-tetrazole (13 mg, 0.18 mmol) and anhydrous pyridine (0.26 mL) were
added, and the solution stirred at ambient temperature for 5 d. It was concentrated under
reduced pressure and coevaporated with toluene (3x). The residue was taken up in MeOH and
loaded onto a Bio-Gel P-2 column (2.5 cm x 30 cm). Fractions containing product eluted with
0.25 M ammonium bicarbonate, and concentrated under reduced pressure. The residue was
taken up in water and further purified by loading onto two Waters Sep-Pak Plus C18 cartridges
connected in series. Gradient elution [0.05 M ammonium bicarbonate to MeOH] afforded

fractions containing product. The residue was purified by semi-preparative HPLC on a C18
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column (20% B for 5 min, 20% B to 60% B over 45 min, A = 20 mM ammonium bicarbonate

and B = acetonitrile). Compound 2.37 eluted at 40 min (13 mg, 32%) as a white solid.

'H NMR (400 MHz, D,O): § 5.50 (dd, J = 7.0, 3.0 Hz, 1H, H-1), 5.31 — 5.19 (i, 3H), 5.19
- 5.11 (m, 3H), 5.04 (s, 1H, H-1'), 4.97 (t, J = 9.7 Hz, 1H), 4.40 (dd, J = 12.7, 2.2 Hz, 1H), 4.32 —
4.26 (m, 2H), 4.20 — 4.10 (m, 2H), 3.99 — 3.91 (i, 1H), 2.64 — 2.50 (m, 2H, =CHCH.P), 2.18 (s,
3H, OAc), 2.16 — 2.09 (m, 10H, 2 x OAc, -CH.-), 2.10 (s, 3H, OAc), 2.07 (s, 3H, OAc), 2.00 (s, 3H,
NHAc), 1.75 (d, J = 4.3 Hz, 3H, Me), 1.69 (s, 3H, Me), 1.63 (s, 3H, Me), 1.20 (d, J = 6.2 Hz, 3H,
Me). 3P NMR (162 MHz, D,O): § 16.78 (d, J = 27.6 Hz), -13.35 (d, J = 28.6 Hz). HRMS (ESI-

TOF-) for C3,H52NOsoP, (M-H) caled 856.2563, found 856.2584.

(2-Acetamido-2-deoxy-3-0O-(o-L-rhamnopyranosyl)-a-D-glucopyranosyl

phosphoryl) ((Z2)-(3,7-dimethylocta-2,6-dien-1-yl)phosphonate (2.32)

ACO\ HON g

A% o o 0 "% o OJ—<_/—<
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@z AcHNO '\?I o- 'I:‘; > o o AcHNO E, Of}%"
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Compound 2.37 (13 mg, 14 pumol) was treated with 0.5 M lithium hydroxide (1.0 mL) at
ambient temperature for 4.5 h. The reaction mixture was neutralized, and purified immediately
by semi-preparative HPLC on a C18 column (20% B for 5 min, 20% B to 60% B over 45 min, A =
20 mM ammonium bicarbonate and B = acetonitrile). Compound 2.32 eluted at 13 min (7.2 mg,

74%) as a white solid.

'H NMR (500 MHz, D,0O): 6 5.44 (dd, J = 7.1, 3.1 Hz, 1H, H-1), 5.28 — 5.17 (m, 2H, 2 x
vinyl CH), 4.84 (s, 1H, H-1’), 4.08 (dt, J = 10.3, 2.9 Hz, 1H), 4.02 — 3.95 (mm, 1H, H-5’), 3.94 —
3.90 (m, 1H), 3.89 — 3.66 (m, 5H), 3.57 (t,J = 9.6 Hz, 1H), 3.40 (t,J = 9.6 Hz, 1H, H-4'), 2.55

(dd, J = 21.5, 7.6 Hz, 2H, =CHCH.P), 2.15 — 2.08 (m, 4H, -CH>-), 2.07 (s, 3H, NHAc), 1.72 (d, J
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= 4.7 Hz, 3H, Me), 1.67 (s, 3H, Me), 1.61 (s, 3H, Me), 1.21 (d, J = 6.3 Hz, 3H, Me). 3C NMR (126
MHz, D,0): $ 166.4, 139.6 (d), 133.7, 124.3, 115.4 (d), 101.4, 94.5 (d), 79.5, 73.3, 71.9, 70.7, 70.2,
68.9, 68.2, 60.4, 53.3 (d), 31.2, 28.5 (d), 25.8, 24.9, 22.7 (d), 22.2, 17.0, 16.5. 3'P NMR (162 MHz,
D,0): 6 17.13 (d, J = 28.1 Hz), -13.01 (d, J = 28.1 Hz). HRMS (ESI-TOF*) for C,,H,,N,O,;P>

(M+NH,*) caled 665.2447, found 665.2438.

Benzyl 2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-D-glucopyranoside (2.39)

HO Ac,0, pyr. AcO
HO 0 . Ao 0
H&Q“ XCO

ACHN "0Bn ACHN "0Bn
2.19 239

A solution of 2.19 (0.92 g, 3.0 mmol) and 4-(dimethylamino)pyridine (3.6 mg, 30 umol)
in anhydrous pyridine (3 mL) was cooled to 0 °C under Ar atmosphere. Acetic anhydride (1.4
mL, 14.8 mmol) was added dropwise, then the solution was allowed to warm to ambient
temperature. After 24 h, the reaction was concentrated under reduced pressure and
coevaporated with toluene (3x). Purification by flash chromatography [CH.Cl. to 5:95 (vol/vol)
MeOH:CH.Cl.] afforded 2.39 (1.3 g, quantitative) as an oil. Characterization of this compound

matched a published report.22°

2-Acetamido-2-deoxy-3,4,6-tri-O-acetyl-D-glucopyranose (2.40)

AcO H,, Pd/C AcO
AcO O 2 > AcO O
AcO AcO
AcHN *OH

AcHN *OBn

2.39 2.40

Palladium on carbon (10%, 0.44 g) was added to a solution of 2.39 (0.87 g, 2.0 mmol) in
freshly distilled MeOH (20 mL), and the flask was evacuated/backfilled with H. via balloon (4x).

The reaction stirred vigorously at ambient temperature for 16 h, then it was filtered through



Celite (rinsed with MeOH) and a 0.22 um filter, and concentrated under reduced pressure to
afford 2.40 (0.68 g, 97%) as a white foam. Characterization of this compound matched a

published report.209

Dibenzyl 2-acetamido-2-deoxy-3,4,6-tri-O-acetyl-D-glucopyranosyl phosphate

(2.41)
(BnO),PNPr,, 1H-tetrazole AcO o
AcO o then mCPBA AcO
A/c\Oo AcO AcHN Q
C
AcHN “OH O—E—OBn
OBn
2.40 2.41

Lactol 2.40 (0.66 g, 1.9 mmol) was coevaporated with freshly distilled toluene, then
dissolved in freshly distilled CH.Cl. (13.6 mL) under Ar atmosphere. In a separate flask, 1H-

tetrazole (0.63 g, 8.9 mmol) was dissolved in freshly distilled CH.Cl. (13.6 mL) under Ar
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atmosphere. Dibenzyl N,N-diisopropyl phosphoramidite (Toronto Research Chemicals, 1.9 mL,

5.7 mmol) was added to the tetrazole suspension slowly. The lactol solution was rapidly
transferred into the amidite/tetrazole solution via cannula at ambient temperature using

positive nitrogen pressure. After 3 h, meta-chloroperoxybenzoic acid (77% max, 2.3 g, 10.5

mmol) was added in one portion. After 2 h, the reaction was diluted with CH.Cl,, washed with a

10% (w/w) solution of sodium thiosulfate (2x), a saturated solution of sodium bicarbonate (2x),

water (2x), dried over magnesium sulfate, filtered, and concentrated under reduced pressure.

Purification by flash chromatography [hexanes to 3:2 (vol/vol) acetone:hexanes] afforded 2.41

(0.93 g, 63%) as a white solid. Characterization of this compound matched a published report.2°9

2-Acetamido-2-deoxy-3,4,6-tri-O-acetyl-D-glucopyranosyl phosphate (2.38)
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Diisopropylethylamine (0.76 mL) was added to a solution of 2.41 (0.32 g, 0.53 mmol) in
MeOH (7.6 mL). Palladium on carbon (10%, 0.16 g, 50% w/w w.r.t. sugar) was added, and the
flask was evacuated/backfilled with H, via balloon (4x). The reaction stirred vigorously at
ambient temperature for 4 h, then it was filtered through Celite (rinsed with MeOH) and a 0.22
um filter, and concentrated under reduced pressure to afford 2.38 (0.31 g, 79%) as a white solid.

Characterization of this compound matched a published report.209

(2-Acetamido-2-deoxy-3,4,6-tri-O-acetyl-o-D-glucopyranosyl phosphoryl) ((£2)-(3,7-

dimethylocta-2,6-dien-1-yl)phosphonate (2.42)
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Compounds 2.38 (diisopropylethylammonium salt, 40 mg, 54 umol) and 2.34 (63 mg,
0.11 mmol) were combined, coevaporated with anhydrous pyridine (3 x 1.0 mL), and placed
under high vacuum overnight. 1H-tetrazole (12 mg, 0.17 mmol) and anhydrous pyridine (0.3
mL) were added under Ar atmosphere, and the solution stirred at ambient temperature for 3 d.
The solution was concentrated under reduced pressure and coevaporated with toluene (2x).
Partial purification was achieved by chromatography through a Biogel P-2 column (2.5 mm x 30
mm), eluting with 0.25 M ammonium bicarbonate. Fractions containing product were

concentrated under reduced pressure. The residue was taken up in water and loaded onto two
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Waters Sep-Pak Plus C18 cartridges connected in series. Elution with 1:2 (vol/vol) MeOH:50

mM ammonium bicarbonate (pH 8.25) afforded 2.42 (14 mg, 40%) as a white solid.

'H NMR (400 MHz, D.O): 6 5.56 (dd, J = 6.9, 3.2 Hz, 1H, H-1), 5.32 (t,J = 10.0 Hz, 1H,
H-3), 5.28 — 5.19 (mm, 2H, 2 x vinyl CH), 5.14 (t,J = 9.8 Hz, 1H, H-4), 4.45 (dd, J = 12.7, 2.4 Hz,
1H, H-2), 4.41 — 4.30 (m, 2H, H-6, H-6’), 4.18 (d, J = 12.5 Hz, 1H, H-5), 2.68 — 2.54 (m, 2H,
CH.P), 2.16 - 2.10 (m, 6H, 2 x Me), 2.08 (s, 3H, Me), 2.03 (s, 3H, Me), 2.00 (s, 3H, Me), 1.75 (d,
J =4.3Hz, 4H, 2 x -CH.-), 1.68 (s, 3H, Me), 1.63 (s, 3H, Me). 3P NMR (162 MHz, D,O): § 17.57
(d, J = 27.3 Hz), -13.45 (d, J = 25.3 Hz). HRMS (ESI-TOF+*) for C.,H3oNNaO,P, (M+Na*) caled

650.1739, found 650.1731.

(2-Acetamido-2-deoxy-o-D-glucopyranosyl phosphoryl) ((Z)-(3,7-dimethylocta-2,6-

dien-1-yl)phosphonate (2.33)

AcO HO o
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O OH O OH
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Compound 2.42 (14 mg, 22 umol) was treated with 0.5 M lithium hydroxide (2.0 mL) at
ambient temperature for 4.5 h. The reaction mixture was neutralized, and purified immediately
by semi-preparative HPLC on a C18 column (0% B for 5 min, 0% B to 50% B over 50 min, A =
20 mM ammonium bicarbonate and B = acetonitrile). Compound 2.33 eluted at 38 min (9.6 mg,

83%) as a white solid.

'H NMR (600 MHz, D,O): § 5.49 (dd, J = 7.2, 3.3 Hz, 1H), 5.32 — 5.23 (i, 2H), 4.00 (dt,
J =10.2, 3.0 Hz, 1H), 3.96 (ddd, J = 10.2, 4.5, 2.3 Hz, 1H), 3.90 (dd, J = 12.4, 2.3 Hz, 1H), 3.87 -

3.79 (m, 2H), 3.60 — 3.53 (m, 1H), 2.59 (dd, J = 21.5, 7.7 Hz, 2H), 2.20 — 2.12 (m, 4H), 2.09 (s,
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3H), 1.76 (d, J = 4.8 Hz, 3H), 1.71 (s, 3H), 1.66 (s, 3H). 3C NMR (126 MHz, D,O): § 174.8, 139.6
(d), 133.7, 124.4, 115.5 (d), 94.4 (d), 73.0, 71.1, 69.6, 60.4, 53.7, 31.2, 28.5 (d), 25.8 (d), 24.9, 22.7
(d), 22.2, 17.0. 3'P NMR (243 MHz, D.O): 6 16.77 (d, J = 28.1 Hz), -12.98 (d, J = 28.1 Hz). HRMS

(ESI-TOF") for C,sH3.NO4, P, (M-) caled 500.1456, found 500.1461.



Chapter 3: Isoprenoid Phosphonophosphates as Acceptor Substrates for

Mycobacterial Glycosyltransferases

Portions of this work have been published in:

Martinez Farias, M. A.; Kincaid, V. A.; Annamalai, V. R.; Kiessling, L. L. Isoprenoid
Phosphonophosphates as Glycosyltransferase Acceptor Substrates. J. Am. Chem. Soc. DOI:

10.1021/ja500622v.

Contributions:

Cloning and expression of GIfT1 performed by V.A. Kincaid.
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3.1 Abstract

Glycosyltransferases that act on polyprenol pyrophosphate substrates are challenging to
study because their lipid-linked substrates are difficult to isolate from natural sources and
arduous to synthesize. To facilitate access to an appropriate glycosyl acceptor, we assembled
phosphonophosphate analogs and showed these are effective substrate surrogates for GIfT1, the
essential product of mycobacterial gene Rv3782. Using chemically defined conditions, we found
that the galactofuranosyltransferase GIfT1 catalyzes the formation of a tetrasaccharide sequence

en route to assembly of the mycobacterial galactan.
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3.2 Introduction

Mycobacterial resistance to antibiotic treatment is thought to stem from the
impermeability of the cell wall and active efflux of antibiotics. In the latter case, efflux pumps
actively pump antibiotics that pass through the cell wall into the inner membrane out of the
cell.222.223 Active efflux of first-line antibiotic isoniazid by the transporter MmpL7, an example of
many antibiotics pumped out of cells by various transporters, presents a difficult challenge in
treatment of mycobacterial infections.?24 Understanding the assembly of the primary

mycobacterial barrier, the cell wall, could provide new avenues to disrupt mycobacterial growth.

The structure of the mycolyl-arabinogalactan-peptidoglycan (mAGP) complex that
makes up the cell wall is known (Figure 3.1). As discussed in Chapter 1, the use of acceptor
substrate analogs has clarified a variety of mechanistic process in cell wall biosynthesis.
Peptidoglycan assembly, from glycan chain formation to transpeptidation, is now fairly well
understood. While factors that control galactan polymerization by the polymerase GIfT2 are
becoming clearer, precisely how this galactofuranose polysaccharide is synthesized as
mycobacteria grow and divide is not understood. With acceptor substrate surrogates from

Chapter 2, we sought to illuminate the process of galactan biosynthesis.
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Figure 3.1. Structure of the mycobacterial mycolyl-arabinogalactan-peptidoglycan (mAGP) cell
wall complex.

3.3 Chemically defined conditions to investigate GIfT1 function

Despite the wealth of knowledge about cell wall structure and function, the early steps of
galactan biosynthesis are poorly understood. A hypothetical stepwise mechanism for assembly is
depicted in Figure 2.3. Specifically, GIfT1 is thought to catalyze the addition of one to three Galf
residues to decaprenyl-linked Rha-a.(1,3)-GlcNAc pyrophosphate 2.01. However, it has proved
elusive to define its activity because previous reports noted loss of activity upon stripping the
enzyme from the cell envelope.1°8 E. coli lysates overexpressing M. smegmatis GIfT1 may add

one Galf residue to octyl Rha-a(1,3)-GlcNAc, but these studies monitored activity by migration
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of radiolabeled products by thin-layer chromatography and the reaction was carried out in a
complex mixture of enzymes, lipids, and other biosynthetic intermediates (62.5% E. coli lysate
by volume). The purported products are not consistent with our results. We were unable to
detect any activity in a defined system (e.g., recombinant GIfT1 and substrates) using 12-
phenoxydoc-2-enyl Rha-a(1,3)-GlcNAc, which is similar to octyl Rha-a(1,3)-GlcNAc used in
prior experiments.© In light of the provocative questions regarding GIfT1 function, we

interrogated its activity under chemically defined conditions.

2.01
HO
GlfT1 | HO
ﬁ OUDP

HO

HO -
o i OH
HOo OH HO o
HO OH HO
oH GIfT2 ﬁ OUDP

HO

Figure 3.2. GIfT1 and GIfT2 mediate galactan biosynthesis.
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3.3.1 Reconstituting GIfT1 activity in vitro

To date, GIfT1 activity has not been assessed in a defined system. Thus, we had no
mechanism to validate enzymatic activity when we observed no processing of the simpler
glycolipid acceptors 2.02 and 2.04 described in Chapter 2 (Figure 3.3). Lack of
galactofuranosyltransferase activity could result from the inadequacy of the acceptors or from
an inert enzyme. Phosphonophosphate acceptors such as 2.08 and 2.32 could resolve this
dilemma, since we could provide GIfT1 substrates that we were confident would serve as good

mimics of the endogenous acceptor.

Glycolipid acceptors:

HO
O/\/\/\/\/\/\ HO&&W
HOZ2 e PN oPh
e HO Ms
OH HO  on
2.02 2.04

Phosphonophosphate acceptors:

HO HO HO
HO O HO O HO O
o AcHNO(‘FD;O(‘pD'J:<_/:<_/:< () ACHNOEOQJ:<_/:< HO AcHNogo“J:<_/:<
o Z52] o v 2797 ,
HO HO

o

Q-v

OH OH
2.08 2.32 233

Figure 3.3. Acceptor substrate analogs for GIfT1.

With phosphonophosphate-linked acceptor surrogates in hand, we tested their ability to
serve as substrates using purified GIfT1. Recombinant Hise-tagged M. smegmatis GIfT1 was
produced in M. smegmatis mc?155 and isolated by affinity chromatography. Exposure of
disaccharide 2.08 to GIfT1 in the presence of donor sugar UDP-Galfi°¢ resulted in the
production of oligosaccharide products (Figure 3.4), indicating that compound 2.08 is an
effective substrate. Analysis by matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry indicated that the major product of GIfT1 catalysis is an
acceptor extended by +2 Galf units. A product extended by +3 Galf units is also observed. GIfT1

consumes nearly all of the acceptor to produce these oligosaccharides.
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Figure 3.4. Top: Representative MALDI-TOF mass spectrum obtained from a reaction mixture
of compound 2.08, UDP-Galf, and GIfT1. Masses corresponding to +2 and +3 Galf residues
were observed. Bottom: Corresponding +2 and +3 products from elongation of acceptor 2.08.
The linkage pattern shown is in agreement with that of endogenous galactan.

The +1 product was not detected, a relevant finding given that the polymerase GIfT2 can
elongate an acceptor with a single Galf residue.® We postulate that the ability of GIfT2 to
generate a polymer with faithfully alternating p-(1,5) and p-(1,6) linkages depends on the ability
of GIfT1 to catalyze the formation of the +2 Galf disaccharide. In this way, GIfT1 sets the register
for polymerization by GIfT2.16:117:119 The +2 disaccharide product may also lead to more efficient
polymerization by GIfT2. We previously showed that GIfT2 exhibits a kinetic lag phase when
polymerizing a lipid-linked Galf disaccharide."*® The lag phase was abrogated with a substrate
bearing a Galf tetrasaccharide, as this oligosaccharide presumably fills the monomer subsites
during polymerization.” Thus, the tetrasaccharide product generated by the action of GIfT1

should be processed rapidly by GIfT2.
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Neryl-linked acceptor surrogate 2.32 also served as an acceptor for the enzyme (Figure
3.5). As with 2.08, no +1 Galf product is observed. With both of the active phosphonophosphate
substrates, the +1 Galf intermediate is completely consumed by GIfT1 and converted to the +2
Galf product. This result is particularly striking with acceptor 2.32, given that some acceptor
remains as observed by MALDI-TOF MS. We conclude that an isoprenyl-linked
phosphonophosphate trisaccharide bearing a terminal Galf residue is an excellent acceptor
substrate for GIfT1. To compare the relative efficiency of these acceptors, however, we required a

quantitative means of assessing catalysis.
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Figure 3.5. Representative MALDI-TOF mass spectrum obtained from a reaction mixture of
compound 2.32, UDP-Galf, and GIfT1. A mass corresponding to +2 Galf residues was observed.

3.3.2 Quantification of UDP release by GlfT1 with phosphonophosphate acceptor substrates
The identity of the lipid carrier can affect a substrate’s ability to serve as a glycosyl
acceptor. We therefore analyzed the efficiency of elongation of substrates bearing different lipids

by quantifying the amount of UDP released upon GIfT1 addition. Specifically, the assay
employed couples UDP production to the luciferase/luciferin reaction, wherein UDP production
by GIfT1 is related linearly to increases in luminescence (Figure 3.6, top).225 The luminescence

readout is fitted to a standard curve made from a dilution series of known UDP concentrations.
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Figure 3.6. Top: Glycosyltransferase activity promotes UDP release, which is monitored using
a luminescence assay. Bottom: Relative output of UDP-Galf turnover by GIfT1 with acceptors
2.04, 2.08, 2.32, and 2.33.

As expected, no GIfT1 activity was observed with monosaccharide 2.33, highlighting that

GIfT1 requires a substrate bearing the disaccharide Rha-a(1,3)-GlcNAc (Figure 3.6, bottom).
Minor production of UDP was observed with the catalytically inactive alkyl disaccharide 2.04.
The difference between C,o-linked 2.32 and C,5-linked 2.08 was pronounced. GIfT1 treatment
produces almost five times as much UDP in the presence of acceptor 2.08 than with 2.32.
These data indicate the longer (2Z,6Z)-farnesyl lipid of acceptor 2.08 renders it a markedly
better substrate for the enzyme. We previously found that the lipid substituent is important in
the binding of acceptor substrates to GIfT2,¢ and our results suggest a similar role for GIfT1

acceptors.

3.3.3 Kinetics analysis of GIfT1 turnover with a farnesyl-linked acceptor

We utilized the luminescence assay to observe the kinetics of elongation by GIfT1.
Reaction conditions were tuned to observe UDP production under saturating conditions of
donor sugar UDP-Galf. Production of UDP over time was measured and an early time point was

chosen for further analysis (Figure 3.7).
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4.5 UDP Production Time Course
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Figure 3.7. Relative output of UDP-Galf turnover by GIfT1 with acceptors 2.08 monitored over
time.

GIfT1 was challenged with varied concentrations of acceptor, from 0.2—200 uM of 2.08.
By fitting the rates of UDP production at each of these concentrations to the Michaelis-Menten
equation, we determined an apparent Kn of 86 + 25 uM for acceptor 2.08 and an apparent Vimax
of 1.53 + 0.16 uM/min (Figure 3.8). These values are in the range of what is expected for the

endogenous substrate.

Rate (uM/min)

© 0.5—§

0.0

T T T 1
0 100 200 300 400
compound 2.08 (uM)

Figure 3.8. Analysis of a GIfT1 reaction mixture with UDP-Galf and varied concentrations of
acceptor 2.08.
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The ability of the phosphonophosphate analogs to serve as effective substrates reveals
fundamental features of the galactofuranosyltransferase GIfT1. These acceptors, the closest
mimics of the natural substrate available, are processed to lipid-linked oligosaccharides by GIfT1.
Moreover, our studies indicate that the activity of GIfT1 outside of the endogenous
mycobacterial milieu is robust—it does not require the presence of membranes or cell envelope.
Though similar GT-A domains and significant amino acid sequence identity (24% by ClustalO
alignment) suggest an evolutionary link between GIfT1 and GIfT2, our results highlight their
distinct roles in galactan assembly. Specifically, GIfT1 does not process O-alkyl disaccharides. It
requires a lipid-linked pyrophosphate group or analog thereof substituted with the disaccharide
L-Rha-a(1,3)-D-GlcNAc, which it elongates by two to three Galf residues. In contrast to the
polymerase GIfT2, GIfT1 does not form longer polymers and its substrate preference appears to
be more narrowly defined. Indeed, GIfT2 is a relatively promiscuous carbohydrate polymerase
that can act on varied truncated lipid-linked acceptors.’5118 The high specificity of GIfT1 and its
ability to append at least two Galf residues should increase the kinetics of polymerization by
GIfT2 and its ability to generate a polysaccharide of defined sequence. Thus, GIfT1 has a critical

role in controlling galactan biosynthesis.

3.4 Use of phosphonophosphate-linked oligosaccharides in galactan assembly

Two prevailing factors could govern the oligosaccharide product distribution obtained in
the mixtures described above: intrinsic length control by GIfT1 via dissociation of products from
the enzyme active site, or limited enzymatic stability leading to poor turnover of acceptor
intermediates. If the product distribution is intrinsic to GIfT1, longer oligosaccharides should

not be observed upon re-exposure of the mixture to the enzyme.
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We sought to take advantage of the defined conditions of the in vitro assays by isolating
preparative quantities of the oligosaccharide products. This material permits the dissection of
factors governing the observed product distribution, in addition to providing material analogous

to the endogenous acceptor substrate for the polymerase GIfT2.

3.4.1 Isolation of phosphonophosphate-linked tetra- and pentasaccharides

Several GIfT1 reaction mixtures with acceptor 2.08 were combined, and the
oligosaccharides were separated from reaction components by semi-preparative reverse-phase
high-performance liquid chromatography (HPLC). The desired fractions were pooled and
analyzed by MALDI-TOF MS. A mixture of +2 Galf and +3 Galf oligosaccharides was isolated,
corresponding to chemoenzymatically-prepared endogenous acceptor substrate surrogates for

GIfT2 (Figure 3.9, top).
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Figure 3.9. Isolation of +2 Galf and +3 Galf products from a reaction mixture of acceptor 2.08,
UDP-Galf, and GIfT1.

Intrinsic control of oligosaccharide distribution by GIfT1 can be demonstrated by re-
exposure of the isolated +2 Galf and +3 Galf mixture to the enzyme. The terminal products
should not be processed into larger oligosaccharides upon re-exposure. Indeed, incubation of
the isolated +2/+3 Galf mixture with UDP-Galf and GIfT1 resulted in a similar +2/+3 Galf
population, albeit enriched in +3 Galf (Figure 3.9, bottom). The product distribution is
otherwise unchanged, suggesting that the observed glycans represent the terminal products

generated by GIfT1, independent of the starting mixture.
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3.4.2 NMR analysis of tetrasaccharide produced by GIfT1

Separation of the +2 and +3 products by HPLC proved difficult. However, a single
species was desired to structurally characterize the GIfT1 product via nuclear magnetic
resonance (NMR) spectroscopy. Thus, conditions to favor formation of solely the +2 Galf
tetrasaccharide product by GIfT1 were desired. Ultimately, a higher concentration of acceptor in
a mixture containing less enzyme was found to yield solely the +2 Galf product as analyzed by
MALDI-TOF MS. A series of reactions were purified by semi-preparative HPLC. Fractions

containing the +2 Galf material were isolated and analyzed by MALDI-TOF MS (Figure 3.10).
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Figure 3.10. MALDI-TOF MS spectrum of isolated tetrasaccharide product obtained following
extension of acceptor 2.08 with GIfT1. LRMS: caled C4:H,0NO2sP> [M-H]- 1038.9, observed
1038.5.

NMR spectroscopy was utilized to analyze the isolated product. Two-dimensional
experiments, specifically a 'H-3C heteronuclear single-quantum coherence (HSQC) experiment
to provide one-bond correlations and a tH-'H correlation spectroscopy (COSY) experiment,
permitted the assignment of the anomeric protons (Figure 3.11). The chemical shifts of the
anomeric protons in the product correspond to those obtained for the Galf residues obtained for

synthetic octyl Galf-p(1,5)-Galf-p(1,4)-Rha-a(1,3)-GlcNAc.226
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Figure 3.11. 'H-3C HSQC spectrum of isolated tetrasaccharide product obtained following
extension of acceptor 2.08 with GIfT1. Labels correspond to sugar resonances in the inset
structure.

Our NMR data are consistent with the tetrasaccharide structure of the synthetic alkyl
glycoside, leading to the conclusion that GIfT1 constructs the tetrasaccharide with the expected
B(1,4) and B(1,5) linkages. Along with the chain termination experiments in Chapter 5 (vide
infra), we have determined that GIfT1 produces a Galf-p(1,6)-Galf-p(1,5)-Galf-p(1,4)-Rha-a(1,3)-
GlcNAc pentasaccharide. This unit sets the alternating pattern propagated by the polymerase

GIfT2, and produces the precise structure of the galactan.

3.4.3 GIfT2 processes phosphonophosphate-linked oligosaccharides
The preparative isolation of phosphonophosphate-linked tetrasaccharides and
pentasaccharides provided a unique opportunity to probe GIfT2 function. The polymerase has

been interrogated in vitro solely with alkyl or alkenyl lipid-linked acceptor substrates. Thus, we
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sought to study GIfT2 polymerization with surrogates that more closely resemble its endogenous
tetrasaccharide substrate. We compared the efficiency of elongation of substrates presenting
different oligosaccharides by quantifying the amount of UDP released upon GlfT2 addition

(Figure 3.12).
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Figure 3.12. Relative output of UDP-Galf turnover by GIfT1 with +2 Galf and +3 Galf farnesyl-
linked phosphonophosphate acceptors.

No UDP production corresponding to GIfT2 activity is observed with disaccharide
acceptor 2.08, as GIfT2 requires an acceptor presenting a Galf residue on the non-reducing end.
On the other hand, robust activity is observed with the tetra- and pentasaccharides mixture.
This result corroborates our expectations of GIfT2 activity. We expect that the isoprenyl lipid
carrier and phosphonophosphate bridge render these compounds as markedly better substrates
for the enzyme over alkenyl acceptors. Analysis of these reaction mixtures by mass spectrometry
has proved challenging, however. Observing polysaccharides by MALDI-TOF MS in the negative
mode is difficult.227228 Ton suppression by sodium ions in the reaction buffer further dampens

the signal output. Efforts to strip buffer components from Galf polymers are ongoing.

3.5 Conclusion
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Our studies of GIfT1 highlight the utility of the phosphonophosphate-containing
glycosyltransferase acceptor substrates. The ability of phosphonophosphates to substitute for
pyrophosphates in glycosyl acceptors can facilitate the synthesis of complex glycosyltransferase
acceptors. Glycosyltransferases in prokaryotes, eukaryotes and archaea that act on
pyrophosphate-linked acceptors are ubiquitous, including enzymes that mediate peptidoglycan
assembly374° and that generate O-74229 and N-linked9? glycans. We anticipate that the use of
related compounds will facilitate characterization of the activity of the large family of

glycosyltransferases that use pyrophosphate-containing acceptors.

3.6 Experimental details

Routine assays with GIfT1 were carried out in 35 pL final volume containing 2 uM GIfT1-
Hiss, 100 uM acceptor substrate and 300 uM UDP-Galfin 50 mM 4-morpholinepropanesulfonic
acid (MOPS), pH 7.9, 10 mM MgCl. and 5 mM B-mercaptoethanol. Reactions were incubated at
37 °C for 2 h, quenched with 35 uL of a 1:1 v/v mixture of chloroform:methanol, and evaporated
to dryness on a SpeedVac SC100 (Varian). The dried mixtures were re-suspended in 35 uL of
water, desalted with a ZipTip C18 pipette tip (Millipore), eluting with a 1:1 (vol/vol) solution of
20 mM ammonium bicarbonate:acetonitrile. The eluent solution was spotted onto a stainless
steel plate for MALDI-TOF MS analysis as a 1:2 (vol/vol) mixture with 2-(4-
hydroxyphenylazo)benzoic acid matrix containing diammonium citrate matrix. The matrix
solution was prepared by saturating a 1:1 (vol/vol) water:acetonitrile solution with 2-(4-
hydroxyphenylazo)benzoic acid, and adding aqueous diammonium citrate (0.2 M) to a final
concentration of 25 mM. MALDI spectra were recorded in negative reflectron mode on a Bruker
Ultraflex III instrument. In UDP measurement experiments, three replicates of a GIfT1 reaction
mixture were incubated at 37 °C for 2 h, then aliquoted in triplicate into white microwell plates

and mixed 1:1 with a reagent coupling UDP production to the luciferase/luciferin reaction.
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Luminescence was measured on a Tecan Infinite M1000 after incubating for 1 h at ambient
temperature. The luminescence readout was fitted to a standard curve made from a dilution
series of known UDP concentrations measured in the same microwell plate. In kinetics
experiments, three replicates of reaction mixtures containing 0.2 uM GIfT1-Hise, 0.2—200 pM
acceptor substrate and 150 uM UDP-Galf in 50 mM 4-morpholinepropanesulfonic acid (MOPS),
pH 7.9, 10 mM MgCl, and 5 mM B-mercaptoethanol were quenched after 5 min by treatment
with the reagent coupling UDP production to the luciferase/luciferin reaction and analyzed as
described above. The results were fitted to the Michaelis-Menten equation using GraphPad (La

Jolla, California) Prism 6.

For isolation of GIfT1 products, multiple reactions were carried out in 100 pL final
volume containing 2 pM GIfT1-Hise, 1 mM acceptor substrate and 1 mM UDP-Galfin 50 mM 4-
morpholinepropanesulfonic acid (MOPS), pH 7.9, 10 mM MgCl. and 5 mM B-mercaptoethanol.
Reactions were incubated at 37 °C for 2 h, quenched with 100 pL of a 1:1 v/v mixture of
chloroform:methanol, and evaporated to dryness on a SpeedVac SC100. The dried mixtures
were re-suspended in 100 pL of water, combined, and purified by semi-preparative high-
performance liquid chromatography on a Beckman-Coulter instrument with a Vydac Protein
and Peptide C18 (22 mm x 250 mm) column, using a gradient of acetonitrile in 25 mM
ammonium bicarbonate. Fractions containing product were analyzed by MALDI-TOF MS as

described above.

For isolation of solely +2 Galf product for NMR spectroscopy analysis, several reactions
with a total volume of 100 pL, containing 0.5 pM GIfT1-Hises, 2 mM acceptor substrate and 1.6
mM UDP-Galfin 50 mM 4-morpholinepropanesulfonic acid (MOPS), pH 7.9, 10 mM MgCl. and
5 mM B-mercaptoethanol, were incubated at 37 °C. Following 2 h, the reactions were filtered
through a 10,000 molecular weight cutoff centrifugal filter and separated by HPLC. The identity

of the product-containing fraction was analyzed by MALDI-TOF mass spectrometry and NMR
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spectroscopy. 'H and 3C nuclear magnetic resonance (NMR) spectra were recorded on a 500
MHz spectrometer (acquired at 500 MHz for 'H NMR and 126 MHz for 3C NMR). Chemical
shifts are reported relative to residual solvent peaks in parts per million (HDO: 'H: 4.79, 3C

referenced to 'H).

Assays with GIfT2 were carried out in 30 pL final volume with 0.2 uM Hises-GIfT2, 200
uM acceptor substrate and 1.25 mM UDP-Galfin 50 mM HEPES, pH 7.0, 25 mM MgCl., and 100
mM NaCl. Reactions were incubated at ambient temperature for 20 h, quenched with 30 uL of a
1:1 v/v mixture of chloroform:methanol, and evaporated to dryness on a SpeedVac SC100. The

dried mixtures were re-suspended in 30 pL of water, and processed as above.
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Chapter 4: A neutral acceptor processed by cell wall

galactofuranosyltransferases

Contributions:

Cloning and expression of GIfT1, mutagenesis and experiments with GIfT1 mutants performed

by V.A. Kincaid.
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4.1 Abstract

The galactofuranosyltransferase GIfT1 is highly specific for complex acceptor substrates
that are structurally related to its endogenous substrate. We reasoned that a substrate bearing
its +1 Galf product, a Galf-p(1,4)-Rha-a(1,3)-GlcNAc trisaccharide, would flout the enzyme’s
stringent acceptor requirements. Thus, I targeted the synthesis of a neutral acceptor substrate
for GIfT1 linked to a 12-phenoxydodec-2-enyl lipid carrier at the reducing end. Such a substrate
could serve as a GIfT2 substrate as well, since GIfT2 has relaxed acceptor specificity and the
acceptor bears a Galf residue at the non-reducing end. The neutral trisaccharide is an excellent
substrate for GIfT1, as it is entirely consumed and processed to Galf oligosaccharides.
Quantitative analysis by monitoring release of UDP revealed that this acceptor is comparable to
a farnesyl-linked phosphonophosphate disaccharide as a GIfT1 substrate. Our results imply that
the intermediate +1 Galf trisaccharide motif is processed rapidly. Moreover, this trisaccharide
can also serve as an acceptor substrate for the polymerase GIfT2, though it is a poor substrate.
The trisaccharide permits the tandem use of both glycosyltransferases to synthesize galactan

chains of endogenous lengths.
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4.2 Introduction

The galactofuranosyltransferases GIfT1 and GIfT2 cooperate to assemble the
mycobacterial galactan on a decaprenyl-linked Rha-a-(1,3)-GlcNAc pyrophosphate. As observed
in Chapter 3, GIfT1 can rapidly assemble Galf oligosaccharides of 1—3 units on the acceptor
substrate, but does not otherwise polymerize Galf to form full-length galactan. GIfT2 is a
polymerizing glycosyltransferase, and consequently produces the majority of the galactan chain
by stepwise addition of 20—40 Galf residues to the growing acceptor polymer. We were
interested in defining the acceptor limits of these enzymes’ activity, specifically related to

processing intermediate Galf oligosaccharides.

The Kiessling laboratory has demonstrated' that O-alkenyl Galf oligosaccharides are
acceptor substrates for GIfT2. These acceptors are processed efficiently despite the lack of a
Rha-a(1,3)-GlcNAc linker disaccharide as well as the pyrophosphate bridge. Remarkably, GIfT2
can even process an acceptor substrate bearing only a Galf monosaccharide,!'8 provided that the
lipid carrier is of sufficient length. A phenoxydodecenyl-linked monosaccharide is processed
efficiently, for example, whereas phenoxyoctenyl-linked monosaccharide is inactive. Despite
polymerizing monosaccharide and disaccharide acceptors, GIfT2 processes shorter acceptors
slowly. The enzyme exhibits a kinetic lag phase with lipid-linked disaccharide acceptors.*® The
rate of polymerization is slow at first, but hastens when the acceptor has been lengthened. The
lag phase is abolished when the enzyme is exposed to a tetrasaccharide acceptor.”” These results
suggest that GIfT2 requires a minimum threshold of subsites to be filled by the growing acceptor

chain. Once enough subsites are filled, GIfT2 binds the acceptor tightly and processes it readily.

Despite their difference in activity, GIfT1 and GIfT2 are structurally related. Analysis of
the amino acid sequence of GIfT1 and GIfT2 suggests the enzymes are paralogs, with 24%
identity by ClustalO23° alignment. Similarly, a structural homology model of GIfT1 using the

SWISS-MODEL program?3'-233 is assembled from matching to a GIfT2 crystal structure. The
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sequence of GIfT2 (637 a.a.) is nearly twice as large as that of GIfT1 (304 a.a.), yet their active

site topology may be similar, leading them to process structurally related acceptor substrates.

The galactofuranosyltransferase activity of GIfT1 and GIfT2 could overlap in the
processing of a +1 Galf acceptor substrate, bearing the Galf-f-(1,4)-Rha-a-(1,3)-GlcNAc motif.
MikusSova and co-workers*!1! have suggested that GIfT1 adds a single galactofuranose residue
to a decaprenyl-linked Rha-a-(1,3)-GlcNAc pyrophosphate. In this scenario, GIfT1 maintains the
regulatory role presented in Chapter 3 (vide supra), though it fails to address how galactan can
be formed regioselectively without a template or register. The implication, as a consequence, is
that GIfT2 must recognize the +1 Galf trisaccharide and process it efficiently to form full-length

galactan.

However, GIfT2 appears to be inefficient in catalyzing addition of the first Galf-p-(1,5)-
Galflinkage, given the lag phase it exhibits when processing a Galf disaccharide. As GIfT1
catalyzes the addition of the first Galf residue readily, the ability of GIfT2 to carry out this
activity may be irrelevant physiologically. To examine this hypothesis, we sought to determine
the relative activity of both enzymes for a trisaccharide acceptor substrate in vitro. In particular,
we were interested in a trisaccharide that bears the Rha-a(1,3)-GlcNAc linker disaccharide. To
this end, I designed an acceptor substrate 4.01 that could be processed differentially by GIfT1
and GIfT2 (Scheme 4.1). We hypothesized that GIfT1 will process a trisaccharide acceptor
quickly, catalyzing the addition of 1 to 2 additional Galf residues. The response by GlfT2 could
be more nuanced, as the acceptor bears only one Galf residue. Galactan formation should occur
rapidly and efficiently if rhamnose and GlcNAc can fill subsites in the GIfT2 active site.

Interrogation of the enzyme with acceptor 4.01 could also illuminate how many subsites need to



be filled to abolish a kinetic lag phase (Figure 4.1).
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Scheme 4.1. Trisaccharide acceptor 4.01 is processed differently by GIfT1 and GIfT2.
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Figure 4.1. A lag phase, observed when GIfT2 polymerizes a disaccharide acceptor, is abolished
with a tetrasaccharide acceptor. A trisaccharide acceptor may fill enough subsites to avoid a lag

phase.
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4.3 A lipid-linked Galf acceptor bearing the disaccharide linker unit

Preparing a simplified acceptor substrate that would be suitable for GIfT1 was the
primary concern when undertaking these experiments. As noted in Chapter 2, simplified
acceptors that do not bear a pyrophosphate, or phosphonophosphate, are inactive substrates.
Our rationale was that trisaccharide acceptor 4.01 would gain sufficient binding affinity from
the additional Galf monosaccharide. This compound should then be a suitable acceptor for
processing by GIfT1. There are several advantages to pursuing a neutral acceptor, particularly
simpler purification of synthetic intermediates and straightforward analysis by MALDI-TOF MS.
Both of these advantages are buttressed by expertise in the Kiessling laboratory in the handling,

analysis, and biochemical experiments involving related molecules.
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4.3.1 Synthesis of a lipid-linked Galf-p(1,4)-Rha-a(1,3)-GlcNAc acceptor

Our approach toward trisaccharide acceptor 4.01 revolved about the cross-metathesis
coupling of allyl-functionalized trisaccharide 4.02 and 11-phenoxy-1-undecene 4.03'¢ (Scheme
4.2). This strategy has proved highly effective in the preparation of various lipid-linked
oligosaccharides.® Trisaccharide 4.02 in turn is prepared from thioglycosides 4.04 and 4.05
or 4.06, and 2-acetamido-1-0O-allyl-2-deoxy-D-glucopyranose 4.07.
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Scheme 4.2. Retrosynthetic analysis of phenoxyundecenyl trisaccharide 4.01.

4.3.2 Disaccharide formation with a 4’-OBz rhamnosyl donor

Preparation of phenyl thioglycosides 4.05 or 4.06 requires differential protection of the
hydroxyl group at the 4-position of L-rhamnose. Our initial efforts focused on 4-O-benzoyl
thioglycoside 4.06, since the benzoyl protecting group is commonly employed in carbohydrate
chemistry (Scheme 4.3). Acetate-protected phenyl thioglycoside 4.08,2°5 obtained as described
in Chapter 2, was deprotected under Zemplén conditions to provide thioglycoside 4.09.
Differential protection was achieved by simultaneous protection of the 2- and 3-position
hydroxyl groups as the acetonide. To this end, crude thioglycoside 4.09 was reacted with 2,2-
dimethoxypropane using 10-camphorsulfonic acid as acid catalyst to provide 2,3-O-

isopropylidene derivative 4.10 in 93% yield over two steps. Protection of the 4-hydroxyl as the
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benzoyl ester was achieved with benzoyl chloride in pyridine, yielding 4.11 in quantitative yield.
A protecting group swap at this point was required to reach conformationally-armed donor
4.06. Deprotection of the isopropylidene group from 4.11 in aqueous acetic acid afforded 4.12.
The crude material was reacted with tert-butyldimethylsilyl trifluoromethanesulfonate
(TBSOTY) and 4-(dimethylamino)pyridine (DMAP) in pyridine to provide 4-O-benzoyl donor

thioglycoside 4.06 in 98% yield over two steps.
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Scheme 4.3. Synthesis of differentially-protected 4-O-benzoyl L-rhamnosyl thioglycoside
donor 4.06.

The acceptor monosaccharide was readily prepared from N-acetyl-D-glucosamine
(GlcNAc) in two steps (Scheme 4.4). Allylation234 of GIcNAc was achieved with allyl alcohol and
acetyl chloride, affording 4.13 in 77% yield. The 4- and 6-hydroxyl positions were selectively
protected with the di-tert-butylsilylene group, using di-tert-butylsilyl
bis(trifluoromethanesulfonate) in N,N-dimethylformamide.2°8 This protecting strategy provided
glucosamine acceptor 4.07 bearing a free 3-OH group in two steps. Glycosylation of donor 4.06
and acceptor 4.07 was effected with N-iodosuccinimide (NIS) and silver
trifluoromethanesulfonate in the presence of 4 A molecular sieves at —78 °C. Disaccharide 4.14

was isolated in 26% yield, with a significant amount of recovered, unreacted donor sugar.
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Scheme 4.4. Synthesis of allyl N-acetyl-D-glucosamine acceptor 4.07 and glycosylation with
donor 4.06.

Surprisingly, the 4-O-benzoyl substituent has a dramatic effect on the reactivity of donor
4.06. As noted in Chapter 2, a 2,3,4-tri-O-tert-butyldimethylsilyl L-rhamnosyl
phenylthioglycoside is conformationally “super-armed” for glycosylation, reacting quickly at -
78 °C. The fully silylated donor provides a quantitative yield of disaccharide using a GlcNAc
acceptor. We had hoped that differential protection of the 4-OH as the benzoate ester would not
adversely affect the reactivity of the donor sugar. The ester substituent is electronically
disarming, overriding the steric bulk provided by the aromatic substituent. Despite the low yield,
disaccharide 4.14 was accessible, and a series of attempts were made to remove the 4-O-benzoyl
group for further manipulations. Regrettably, this compound was inert to Zemplén conditions,
so alternative deprotection conditions were necessary. More forcing conditions leading to
benzoyl deprotection with diisobutylaluminum hydride (DIBAL-H) are well precedented.235-237
The primary concern was concomitant deprotection of the tert-butyldimethylsilyl groups, which
can occur quantitatively at ambient temperature.23® Since silyl groups are inert under the
reaction conditions at —78 °C,237 we proceeded with the hope that a cooled DIBAL-H solution
would only remove the protecting group at the 4-position. Unfortunately, complete
decomposition was observed by thin layer chromatography when disaccharide 4.14 was exposed

to DIBAL-H at —78 °C. Given the low yield in the glycosylation to form 4.14 and the difficulty in
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removing the 4-O-benzoyl group, an alternative protecting group was required.

4.3.3 Disaccharide formation with a 4-ONAP rhamnosyl donor

The 2-naphthylmethyl (NAP) protecting group239 is quickly gaining popularity in
carbohydrate chemistry.24°-243 As a benzyl-type protecting group, it donates electron density and
electronically arms a monosaccharide as a donor for glycosylations. Moreover, we reasoned that
the steric bulk of the naphthyl substituent may contribute to the conformational arming of 2,3-
di-O-tert-butyldimethylsilyl L-rhamnosyl donor 4.05 (Scheme 4.5). To prepare this donor,
acetonide 4.10 was reacted with 2-(bromomethyl)naphthalene and sodium hydride to afford a
4-O-NAP derivative. This intermediate was converted to 2,3-di-O-tert-butyldimethylsilyl

derivative 4.05 using similar reaction conditions to those that provided donor 4.06.
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Scheme 4.5. Synthesis of 4-O-NAP L-rhamnosyl donor 4.05, glycosylation with acceptor 4.07,

and elaboration to disaccharide acceptor 4.17.

Glycosylation of 4.05 and 4.07 was effected by the addition of NIS and

trifluoromethanesulfonic acid. As expected, the conformationally-armed donor provided o-
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linked disaccharide 4.15 in 76% yield. To avoid complications in later synthetic steps, such as
unsuccessful late-stage removal of the silyl protecting groups, these groups were globally cleaved
with tetra-n-butylammonium fluoride (TBAF) in tetrahydrofuran. The disaccharide was re-
protected with acetate esters using acetic anhydride in pyridine, affording disaccharide 4.16.
Oxidative cleavage of the 4’-O-NAP ether was accomplished using 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ)24° in a dichloromethane:methanol:water mixture. Disaccharide 4.17
bearing a free 4’-OH was isolated in 76% yield over 2 steps. Acetate protecting groups are prone
to migration to neighboring hydroxyl groups upon prolonged storage. To prevent erosion of this
material, it was carried on to the next synthetic step shortly after purification to avoid migration

from the 2’- and 3’-O-acetyl protecting groups.

The crucial next step was glycosylation of acceptor 4.17 with a suitable Galf donor. In the
course of preparing a series of Galf oligosaccharides, the Kiessling group explored Galf donors
that can be activated orthogonally to other donors in a mixture.244 These donors were inspired
by the investigations of Demchenko and co-workers245246 on the utility of glycosyl thioimidates
with the general formula SCR,=NR. as glycosyl donors. A Galf donor bearing an anomeric S-
thiazolinyl (STaz) group (4.04) is particularly useful. This donor is stable under a variety of
typical reaction conditions, yet activates readily using only silver trifluoromethanesulfonate to
provide glycosides in high yield. Thus, STaz donor 4.04 was chosen as the glycosyl donor in the
glycosylation with 4.17 (Scheme 4.6). Glycosylation with silver trifluoromethanesulfonate
proceeded smoothly to provide trisaccharide 4.02 in good yield. The next step involved addition

of a lipid carrier via cross-metathesis.

The lipid carrier has a substantial impact on the efficiency of polymerization by the
glycosyltransferase GIfT2.116¢ Phenoxyundecenyl lipid carrier 4.03'¢ is an ideal lipid for GIfT2
polymerization, in that it yields polymers of endogenous length and the acceptor is entirely

consumed. This lipid length may be optimal for a GIfT1 acceptor as well. Additionally, the lipid-
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conjugated glycoside does not form micelles under the concentrations used in the in vitro assay.
Moreover, the majority of oligosaccharides used to interrogate GIfT2 are conjugated to lipid
4.03, making it the wisest choice for comparing the relative efficiency of 4.01 with other GIfT2
acceptors. The lipid was attached via ruthenium-catalyzed cross metathesis of 4.02 and 4.03,
employing Grubbs I catalyst (bis(tricyclohexylphosphine)benzylidine ruthenium(IV) dichloride).
Removal of the acetate protecting groups under Zemplén conditions provided lipid-linked
trisaccharide 4.01. The prevailing question at this point was whether 4.01 would be a suitable

acceptor for both GIfT1 and GIfT2.
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Scheme 4.6. Preparation of alkenyl trisaccharide 4.01 via cross-metathesis.

4.4 Glycosyltransferase assays with the neutral lipid-linked trisaccharide

4.4.1 Investigating the acceptor’s utility in GIfT1 assays

The ability of trisaccharide 4.01 to act as a glycosyltransferase acceptor was first tested
with GIfT1. This glycosyltransferase is restrictive for specific acceptor substrates. In our hands,
only phosphonophosphate-linked acceptors (see Chapters 2 and 3) are processed by the
enzyme.2 However, we were confident that the additional Galf residue on acceptor 4.01 would

yield elongated oligosaccharides when incubated with GIfT1. Its ability to serve as an acceptor
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was interrogated under the assay conditions developed for GIfT1,"*2 and analyzed by MALDI-

TOF mass spectrometry.

GIfT1 processes acceptor 4.01 quite efficiently. The acceptor is completely consumed to
provide a mixture of Galf oligosaccharides. The predominant products are +1 to +3 Galf
oligosaccharides (tetrasaccharides to hexasaccharides), with some evidence of a +4
(heptasaccharide) product (Figure 4.2). While we expected to observe robust processing of the

acceptor, the observation of longer oligosaccharide products was surprising.
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Figure 4.2. MALDI-TOF analysis of an incubation of 4.01, UDP-Galf and GIfT1.

The unexpected lengths of oligosaccharides produced by GIfT1 upon processing 4.01
may provide rather meaningful insight into how GIfT1 controls the length of its products. We
posit that pyrophosphate- and phosphonophosphate-containing acceptors are likely coordinated
tightly to a positive charge in the active, either a magnesium ion bound to a DDX motif or a
positively-charged amino acid. This coordination holds the acceptor in place while processing is
taking place, and oligosaccharide length is controlled. In the case of the lipid-linked
trisaccharide, the lack of an ion-coordinating functional group may lead to the acceptor ‘sliding’
in the active site. This added flexibility then permits processing of additional Galf residues. After

addition of more than three Galf residues, the acceptor is likely too large for the active site cavity



118

and dissociates. It has been suggested that cavity volume may have a similar effect in galactan
length control by GIfT2.12° In this model, the pyrophosphate is coordinated by a magnesium ion
bound to an active site DDD motif. The volume of a cavity formed between monomers in a

tetramer observed in a crystal structure may limit the maximum length of each galactan chain.

As noted above, the activity of GIfT1 should depend on coordination of Mg>* by aspartate
residues in the active site. The metal is presumed to coordinate to the pyrophosphate group in
UDP-Galf. Assays with the enzyme are usually carried out in the presence of added metal in the
form of 10 mM magnesium chloride. In the absence of added divalent metal such as magnesium
or manganese, no enzymatic turnover should occur. To test this hypothesis, 5 mM
ethylenediaminetetraacetic acid (EDTA) was added in place of added metal to a GIfT1 reaction
mixture. EDTA should chelate any adventitious metal, sequestering it from solution and
shutting down GIfT1 activity. Indeed, addition of EDTA completely abolishes the
glycosyltransferase activity of GIfT1 (Figure 4.3). A minor peak corresponding to the +1 product
is evident, but the predominant component of the reaction mixture is unreacted starting

material. Thus, a divalent metal is necessary for GIfT1 activity.
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Figure 4.3. GIfT1 activity is abolished upon addition of 5 mM EDTA. Top: GIfT1 reaction in the
presence of 10 mM MgCL. ("no EDTA"). Bottom: Reaction with no added metal and 5 mM EDTA.

As discussed in Chapter 3, analysis of phosphonophosphates by negative-mode MALDI-
TOF is a labor-intensive protocol. Analysis of neutral sugars such as 4.01, on the other hand, is
relatively straightforward by positive-mode MALDI-TOF mass spectrometry. The Kiessling
laboratory has an established protocol for analyzing neutral oligosaccharides in positive-mode
MALDI mass spectrometry.’® Sample clean-up prior to spotting on a target is not necessary
when spotted in a 1:3 ratio to a a-cyano-4-hydroxycinnamic acid (CHCA) matrix. We sought to
take advantage of the neutral oligosaccharides by probing various features of GIfT1 catalysis. In

particular, we were interested in learning how quickly the GIfT1 reaction reached equilibrium.
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The product distribution over time was analyzed by MALDI-TOF MS. Aliquots of a GIfT1
reaction mixture with UDP-Galf and 4.01 were quenched at 0, 0.5, 1, 2, 4, 8, 16, 32, 64, and
128-minute time points. The intensity of molecular ions corresponding to 4.01 and the resulting
oligosaccharides were used to determine their composition in the mixture (Figure 4.4). An
estimated 65% of 4.01 is converted to a +1 product within one minute of exposure to GIfT1 and
UDP-Galf. The mixture reaches equilibrium after 32 minutes of exposure, where a 5:52:40:3
distribution of +0:+1:+2:+3 occurs. Typical GIfT1 reaction mixtures are quenched after 2 hours
of incubation at 37 °C. These results confirm that the mixture at that time point is representative

of the reaction equilibrium.
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Figure 4.4. Time course MALDI-TOF analysis of an incubation of 4.01, UDP-Galf and GIfT1.

An isolated +1 oligosaccharide could be useful to further probe how GIfT1 controls its
product distribution. A series of enzyme to donor and acceptor ratios were screened to optimize
production of +1 Galf, then scaled up in volume. A GIfT1 concentration of 0.2 uM, and
equivalent concentrations of donor and acceptor at 1 mM (5000-fold excess over enzyme)
provided largely a +1 Galf product (Figure 4.5, top). The reaction mixture was purified on an

analytical C18 HPLC column. Each collected fraction was analyzed by MALDI-TOF MS. An
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aliquot enriched in +1 Galf with a small percentage of +2 Galf was obtained (Figure 5, middle) as

well as an aliquot containing solely +1 Galf 4.19 (Figure 4.5, bottom).
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Figure 4.5. Isolation of +1 Galf oligosaccharide produced by GIfT1. Top: MALDI-TOF MS
spectrum of input reaction mixture prior to HPLC purification. Middle: Mixture of +1 and +2
Galf oligosaccharides. Bottom: Purified +1 Galf oligosaccharide 4.19.
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4.4.2 Site-directed mutagenesis reveals residues important for GIlfT1 catalysis

Site-directed mutagenesis has revealed which residues in GIfT2 are critical for mediating
catalysis.’9 The primary sequence of GIfT1 contains DXD (or DDX) motifs conserved in
glycosyltransferases. Analysis by BLAST (Basic Local Alignment Search Tool) revealed two DDX
motifs are conserved across the 50 closest homologs to M. tuberculosis GIfT1. We predicted that
residues DDD (Asp93-Asp95s) and residues DEV (Asp193-Val195) are required for
glycosyltransferase activity. Based on a homology model of GIfT1 based on M. tuberculosis GIfT2,
residues 93DEV'9 may be important for binding the acceptor substrate. Mutations to this site
are not tolerated. Galactofuranosyltransferase activity is completely abolished in a GIfT1 variant

bearing the D193A mutation (Figure 4.6). Greatly attenuated activity is observed in a D193E

mutant.
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Figure 4.6. Site-directed mutagenesis of M. smegmatis GIfT1 reveals the critical importance of
Asp193 for GIfT1 catalysis.
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Analogy with the GT-2 domain in GIfT2 and other glycosyltransferases allowed the rapid
determination of residues that are required for GIfT1 to process an acceptor substrate. Further
characterization of mutated GIfT1 variants is ongoing, including mutation of residues predicted

to be important for donor binding.

4.4.3 Investigating the utility of the trisaccharide acceptor in GIfT2 assays

The activity of GIfT2 has not been examined with acceptors bearing the linker
disaccharide. Since GIfT1 processes acceptor 4.01 efficiently into short oligosaccharides, we
reasoned that GIfT2 would process the products of GIfT1 catalysis into full-length galactan
polymers. Thus, we used a typical GIfT1 reaction with acceptor 4.01 as the ‘acceptor substrate’
in a routine GIfT2 polymerization assay. GIfT2 polymerizes the short oligosaccharides prepared
by GIfT1 (+1 to +3 Galf) very effectively (Figure 4.7). In fact, the length of Galf polymers

corresponds to galactan of endogenous length.
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Figure 4.7. An oligosaccharide mixture produced by GIfT1's action on 4.01 is converted to
endogenous length galactan by GIfT2.

We expected efficient assembly of galactan on Galf oligosaccharides built from 4.01.
GIfT2 can polymerize from a single Galf tethered to the phenoxydodec-2-enyl lipid carrier.8
Consequently, we studied whether 4.01 would be processed directly by GIfT2. Indeed, GIfT2
polymerizes this acceptor to form galactan of endogenous length when incubated at
concentrations of 0.2 pM GIfT2 and 40 uM acceptor (Figure 4.8). In analogy with prior
experiments with GIfT2, the concentration of acceptor greatly influences the polymer length.16
With 40 uM acceptor, the polymer length is about +35 Galf units; at 200 uM, the distribution
has changed to +28 Galf; at 2 mM acceptor, the distribution of polymer has shifted to +13 Galf.
Therefore, GIfT2 exhibits a similar mechanism of polymerization when processing acceptor 4.01

in comparison to oligosaccharide acceptors that contain only galactofuranose residues.
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Figure 4.8. GIfT2 formation of galactan polymers from acceptor 4.01 is dependent on the
acceptor's concentration.

Finally, the +1 Galf product (4.19) obtained from GIfT1 processing of 4.01 afforded a

unique opportunity. This product corresponds to 12-phenoxydoc-2-enyl Galf-f(1,5)-Galf-f(1,4)-
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Rha-a(1,3)-GlecNAg, if it is produced by GIfT1 in agreement with the linkages observed in
mycobacterial galactan. The oligosaccharide portion is the tetrasaccharide motif in the
endogenous GIfT2 acceptor substrate. Incubation of Glft2 with acceptor 4.19 in the presence of
UDP-Galf provided long Galf polymers (Figure 4.9). Polymers of this length are typically
observed with Galf oligosaccharides bearing much longer lipid carriers (19-phenoxynondec-2-
ene). Thus, our results imply that the linker disaccharide may play an important and influential

role in the binding of acceptor substrates to GIfT2 for efficient polymerization.
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Figure 4.9. GIfT2 processes isolated +1 Galf oligosaccharide 4.19 to long galactan polymers.

4.5 Conclusion

Neutral oligosaccharides bearing the linker disaccharide and a single Galf residue can be
processed by both galactofuranosyltransferases involved in mycobacterial cell wall assembly.
These experiments were accessible through the multistep chemical synthesis of complex Galf-
containing trisaccharides. GIfT1 is sensitive to EDTA treatment, and a time course analysis
determined that Galf oligomer formation occurs rapidly upon addition of GIfT1 to a mixture of
acceptor and UDP-Galfin buffer. Importantly, GIfT1 and GIfT2 process this acceptor differently,
as only short Galf oligomers are formed by the action of GIfT1 while GIfT2 forms full-length

galactan polymers. We have effected the relay synthesis of galactan polymers by the action of
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both GIfT1 and GIfT2. Moreover, the linker disaccharide appears to have a significant effect on

the length of Galf polymers generated by the polymerase GIfT2.

4.6 Experimental details

All compounds were purchased from Sigma Aldrich (Milwaukee, WI) or Fisher Scientific
(Pittsburgh, PA). Tetrahydrofuran (THF) was distilled from sodium/benzophenone ketyl,
methanol (MeOH) was distilled from magnesium, and dichloromethane (CH.Cl.) and
triethylamine (Et;N) were distilled from calcium hydride. Other solvents were purified
according to the guidelines in Purification of Laboratory Chemicals.?>* All reactions were run
under argon atmosphere in oven-dried glassware unless otherwise stated. Molecular sieves were
activated by heating to 600 °C in a furnace for 12 h, then cooled in a dessicator. Analytical thin
layer chromatography (TLC) was carried out on E. Merck (Darmstadt) TLC plates pre-coated
with silica gel 60 F254 (250 pum layer thickness). Analyte visualization was accomplished using a
UV lamp and by charring with a solution of p-anisaldehyde [(4.5 mL), acetic acid (15 mL),
H.SO, (50 mL), and ethanol (350 mL)]. Flash column chromatography was performed with
Silicycle Flash Silica Gel (40—63 um, 60 A pore size) using reagent grade hexanes and ACS grade
ethyl acetate (EtOAc), or methanol (MeOH) and CH.Cl.. High-performance liquid
chromatography was performed on a Beckman-Coulter instrument with a Thermo Scientific
Hypersil Gold C18 (5 um, 4.6 mm x 250 mm) column, using a gradient of acetonitrile in water.
'H and 3C nuclear magnetic resonance (NMR) spectra were recorded on a 300 MHz
spectrometer (acquired at 300 MHz for 'H NMR and 75 MHz for 3C NMR) a 400 MHz
spectrometer (acquired at 400 MHz for 'H NMR and 101 MHz for 3C NMR), or a 500 MHz
spectrometer (acquired at 500 MHz for 'H NMR and 126 MHz for 3C NMR). Chemical shifts are
reported relative to tetramethylsilane or residual solvent peaks in parts per million (CHCl;: 'H:

7.26, 13C: 77.16; MeOH: 'H: 4.31, 3C: 49.00; HDO: 'H: 4.79). Peak multiplicity is reported as
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singlet (s), doublet (d), doublet of doublets (dd), doublets of doublets of doublets (ddd), triplet
(1), doublet of triplets (dt), etc. High resolution electrospray ionization-time of flight mass

spectra (HRESI-TOF MS) were obtained on a Micromass LCT.

Routine assays with GIfT1 were carried out in 35 pL final volume containing 2 uM GIfT1-
Hiss, 100 uM acceptor substrate and 300 uM UDP-Galfin 50 mM 4-morpholinepropanesulfonic
acid (MOPS), pH 7.9, 10 mM MgCl. and 5 mM B-mercaptoethanol. Reactions were incubated at
37 °C for 2 h, quenched with 35 uL of a 1:1 v/v mixture of chloroform:methanol, and evaporated
to dryness on a SpeedVac SC100 (Varian). The dried mixtures were re-suspended in 35 uL of a
1:1 v/v mixture of water:acetonitrile and spotted onto a stainless steel plate for MALDI-TOF MS
analysis as a 1:3 v/v mixture with a-cyano-4-hydroxycinnamic acid matrix. MALDI spectra were
recorded in positive reflectron mode on a Bruker Ultraflex III instrument. In UDP measurement
experiments, three replicates of a GIfT1 reaction mixture were incubated at 37 °C for 2 h, then
aliquoted in triplicate into white microwell plates and mixed 1:1 with a reagent coupling UDP
production to the luciferase/luciferin reaction. Luminescence was measured on a Tecan Infinite
M1000 after incubating for 1 h at ambient temperature. The luminescence readout was fitted to
a standard curve made from a dilution series of known UDP concentrations measured in the

same microwell plate.

Routine assays with GIfT2 were carried out in 30 pL final volume with 0.2 uM Hise-GIfT2,
200 pM acceptor substrate and 1.25 mM UDP-Galfin 50 mM HEPES, pH 7.0, 25 mM MgCl, and
100 mM NacCl. Reactions were incubated at ambient temperature for 20 h, quenched with 30 pL
of a 1:1 v/v mixture of chloroform:methanol, and evaporated to dryness on a SpeedVac SC100.
The dried mixtures were re-suspended in 30 pL of a 1:1 v/v mixture of water:acetonitrile and

processed as above.

Isolation of +1 Oligosaccharide. The GIfT1 assays were carried out in 5 x 100 pL

final volume, containing 0.2 uM GIfT1-Hiss, 1 mM acceptor 4.01 and 1 mM UDP-Galfin 50 mM
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4-morpholinepropanesulfonic acid (MOPS), pH 7.9, 10 mM MgCl. and 5 mM -
mercaptoethanol. Reactions were incubated at 37 °C for 2 h, then injected directly onto the
HPLC column for purification. Gradient elution from 40% (v/v) acetonitrile (0.1% acetic acid) in
water (0.1% acetic acid) to 90% acetonitrile in water (0.1% acetic acid) over 25 minutes eluted
three major peaks, which were collected separately. The content of each peak was determined by
MALDI-TOF MS, and each respective fraction was evaporated and resuspended in a 1:1 v/v
mixture of water:methanol. The acceptor concentration was determined by measuring the

absorbance of the solutions at 250 nm (¢ = 912 M~ cm™).

EDTA Assay. This assay was carried out in 10 pL final volume containing 2 pM GIfT1-
Hiss, 100 uM acceptor substrate and 300 uM UDP-Galfin 50 mM 4-morpholinepropanesulfonic
acid (MOPS), pH 7.9, 5 mM EDTA and 5 mM B-mercaptoethanol. Reactions were incubated at
37 °C for 2 h, quenched with 10 pL of a 1:1 v/v mixture of chloroform:methanol, and evaporated
to dryness on a SpeedVac SC100 (Varian). The dried mixtures were re-suspended in 10 pL of a
1:1 mixture of water:acetonitrile and analyzed by positive-mode MALDI-TOF MS as described

above.

Phenyl 2,3,4-tri-O-acetyl-1-thio-o-L-rhamnopyranoside (4.08)
o OH ¢ Ac,0, pyridine @;Ph
Hoﬁ 2. TMSSPh, Znl, AcoAco Sac
4.08
1. Pyridine (6.2 mL) was added to a round-bottom flask containing L-rhamnose (1.0 g,
6.1 mmol) under Ar atmosphere. The pale clear solution was cooled to 0 °C for 15 min, then
acetic anhydride (2.9 mL, 30.5 mmol, 5.0 eq) was added dropwise over 30 min. After 23 h,

toluene was added and the solution was evaporated under reduced pressure, followed by co-

evaporation with toluene (3 x 75 mL). The pale yellow syrup was dissolved in a 1:1 (vol/vol)
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solution of hexanes:ethyl acetate and purified by flash column chromatography [1:1 (vol/vol)
hexanes:ethyl acetate]. Per-O-acetylated L-rhamnopyranoside was isolated as a clear, viscous

syrup. Characterization of this compound matched a published report.88

2. (Phenylthio)trimethylsilane (4.71 mL, 24.9 mmol) was added to a solution of 1,2,3,4-
tetra-O-acetyl-L-rhamnopyranoside (4.13 g, 12.5 mmol) and zinc(IT) iodide (7.75 g, 24.3 mmol)
in freshly distilled CH.Cl. (24.9 mL) under Ar atmosphere at ambient temperature. After 16 h
stirring at ambient temperature, the reaction was transferred to a separatory funnel. Water (50
mL) was added, and the mixture was shaken. The layers were separated, and the aqueous layer
was extracted with CH.Cl, (3x). The combined organic layers were washed with water, a
saturated solution of sodium bicarbonate, brine, dried over magnesium sulfate, filtered, and
concentrated under reduced pressure to a crystalline white solid. Purification by flash
chromatography [hexanes to 1:3 (vol/vol) EtOAc:hexanes] afforded 4.08 (4.37 g, 92%) as a

crystalline white solid. Characterization of this compound matched a published report.2°5

Phenyl 1-thio-o-L-rhamnopyranoside (4.09)

SPh SPh
NaOMe
Ac0 LR —— HolZR
AcO MeOH HO
OAc OH
4.08 4.09

Freshly distilled MeOH (8.7 mL) was added to a round-bottom flask containing 4.08
(0.5 g, 1.3 mmol) under Ar atmosphere. A solution of NaOMe in MeOH (0.5 M) was added
dropwise at ambient temperature. After 22 h, the reaction was neutralized by addition of
Amberlite IR-120 resin (H* form) to pH 7. The suspension was filtered, the resin was washed
with MeOH, and the filtrate was concentrated under reduced pressure to afford 4.09 as a white

foam. Characterization of this compound matched a published report.2°5
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Phenyl 2,3-0O-isopropylidene-1-thio-a-L-rhamnopyranoside (4.10)

SPh

SPh
(Me),C(OMe),, CSA @o#
o (Me)oC(OMe)2 CSA_ 1o
How pr
HO 0
OH X
410

4.09

+-10-Camphorsulfonic acid (0.035 g, 0.15 mmol) was added to a flask containing 4.09
(0.77 g, 4.0 mmol) under Ar atmosphere. 2,2-Dimethoxypropane (1.7 mL, 22 mmol) was added,
and the solution stirred at ambient temperature for 30 min. The solution was neutralized to pH
7 with triethylamine and concentrated under reduced pressure to a viscous orange oil.
Purification by flash chromatography [hexanes to 7:13 (vol/vol) EtOAc:hexanes] afforded 4.10
(0.82 g, 93%) as a white crystalline solid. Characterization of this compound matched a

published report.247

Phenyl 4-O-benzoyl-2,3-0O-isopropylidene-1-thio-o-L-rhamnopyranoside (4.11)

SPh SPh

HO O BzCl, pyr. o)

o o) — o o)

A solution of 4.10 (0.51 g, 1.7 mmol) in pyridine (1.3 mL) was cooled to 0 °C for 15 min.
Benzoyl chloride (0.44 mL, 4.8 mmol) was added dropwise. The cooling bath was removed after
30 min at 0 °C. After 2.5 h, a saturated solution of sodium bicarbonate (15 mL) was added.
Chloroform (25 mL) was added, and the layers were separated. The organic layer was washed
with a saturated solution of sodium bicarbonate, brine, then dried over magnesium sulfate,
filtered, and concentrated under reduced pressure. The residue was co-evaporated with toluene

(2 x 25 mL). Purification by column chromatography [hexanes to 3:17 (vol/vol) EtOAc:hexanes]
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afforded 4.10 (0.69 g, quant.) as a clear oil. Characterization of this compound matched a

published report.247

Phenyl 4-O-benzoyl-1-thio-e-L-rhamnopyranoside (4.12)
SPh
SPh

BzO (0] ag. AcOH o
o > BzO
)(O HO

OH
411 412

A suspension of 4.10 (0.69 g, 1.7 mmol) in a 4:1 (vol/vol) acetic acid:water solution (5
mL, 0.4 M) was heated to 80 °C under N, atmosphere. Solids dissolved after 5 min. After 2 h,
the solution was cooled to ambient temperature and concentrated under reduced pressure to a
clear oil. The oil was diluted in a minimal volume of a 1:1 (vol:vol) EtOAc:MeOH solution and
purified by flash column chromatography. Elution from 1:3 (vol:vol) EtOAc:hexanes to 1:1
(vol/vol) EtOAc:hexanes afforded 4.12 (0.62 g, quant.) as a white solid. Characterization of this

compound matched a published report.247

Phenyl 4-O-benzoyl-2,3-di-O-tert-butyldimethylsilyl-1-thio-a-L-rhamnopyranoside

(4.06)
SPh SPh
TBSOTf, DMAP, pyr.
BzO Q - = BzO Q
HO OH TBSO OTBS
412 4.06

Compound 4.12 (0.72 g, 2.0 mmol) and 4-(dimethylamino)pyridine (0.025 g, 0.20
mmol) were dissolved in anhydrous pyridine (2.51 mL) under Ar atmosphere. tert-
Butyldimethylsilyl trifluoromethanesulfonate (2.3 mL, 10.1 mmol) was added dropwise. The
flask was fitted with a water-cooled condenser and heated to 50 °C. After 24 h, the cloudy

solution was cooled first to ambient temperature, then to 0 °C in an ice bath. The reaction was
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quenched by dropwise addition of methanol (4 mL). The solution was transferred to a
separatory funnel, diluted with ethyl acetate and water, shaken, and the layers were separated.
The organic layer was washed with hydrochloric acid (1 M), a saturated solution of sodium
bicarbonate, brine, then dried over magnesium sulfate, filtered, and concentrated under reduced
pressure to a light yellow oil. The oil was co-evaporated with toluene (2 x 10 mL) and chloroform
(2 x 10 mL). Purification by flash column chromatography [hexanes to 1:9 (vol/vol)

EtOAc:hexanes] afforded 4.06 (1.2 g, 98%) as a crystalline white solid.

'H NMR (300 MHz, CDCl;) § 8.10 — 8.04 (m, 2H, Ar), 7.61 — 7.53 (m, 1H, Ar), 7.52 —
7.42 (m, 4H, Ar), 7.37 — 7.24 (m, 3H, Ar), 5.47 (t,J = 9.5 Hz, 1H, H-4), 5.34 (d, J = 1.5 Hz, 1H,
H-1), 4.39 — 4.24 (m, 1H, H-5), 4.18 — 4.13 (m, 1H, H-2), 4.08 (dd, J = 9.5, 2.5 Hz, 1H, H-3), 1.23
(d, J = 6.2 Hz, 3H, Me), 0.94 (s, 9H, (CH,);CSi), 0.75 (s, 9H, (CH,)5CSi), 0.14 (s, 3H CHSi),
0.08 (s, 3H, CH,Si), 0.06 (s, 3H, CH;Si), —0.04 (s, 3H, CH,Si). HRMS (ESI-TOF+) for

C4:H,4sNaO;SSi, (M+Na*) caled 611.2654, found 611.2644.

Allyl 2-acetamido-2-deoxy-o-D-glucopyranoside (4.13)

Allyl alcohol,
Hgo (9} Acetyl chloride Hgo Qo
HO —_— HO
AcHN "OH AcHNO
~

413
A round-bottom flask containing allyl alcohol (16.6 mL, 244 mmol, 27.1 eq) under N,
atmosphere was cooled to 0 °C. Acetyl chloride (2.19 mL, 30.7 mmol, 4.4 eq) was added
dropwise. After 5 min, N-acetyl-D-glucosamine (2.00 g, 9.0 mmol, 1.0 eq) was added in one
portion. The suspension was fitted with a reflux condenser and warmed to 70 °C. After 3 h, the
reaction was cooled to ambient temperature and neutralized with solid sodium bicarbonate. The
suspension was filtered through Celite (rinsed with methanol). The amber-colored filtrate was

concentrated under reduced pressure. The residue was dissolved in minimum ethanol, and 4.13
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was precipitated by addition of ethyl ether (350 mL). The suspension was filtered, affording
compound 4.13 (1.81 g, 77%) as an off-white solid. Characterization of this compound has been

reported.234

Allyl 2-acetamido-2-deoxy-4,6-0-di-tert-butylsilylene-a-D-glucopyranoside (4.07)

tBu),Si~
WO o (BU),SIOT, DMF 22 20
HO— 2N HO— N
Cl 0 Cl 0

N N
413 a.07

Anhydrous N,N-dimethylformamide (34.9 mL) was added to a flame-dried round-
bottom flask containing 4.13 (1.77 g, 6.79 mmol) under Ar atmosphere. The solution was cooled
to —40 °C for 20 min. Di-tert-butylsilyl di(trifluoromethanesulfonate) (2.10 mL, 6.45 mmol) was
added dropwise. The cloudy solution stirred at —40 °C for 1.5 h. Anhydrous pyridine (1.65 mL,
20.4 mmol) was added, and the cooling bath was removed. After 20 min, the reaction was
poured into a separatory funnel containing ethyl ether (150 mL). A saturated solution of sodium
bicarbonate (150 mL) was added, the mixture was shaken, and the layers were separated. The
organic layer was washed with water (2 x 125 mL) and brine (100 mL). The combined aqueous
layers were extracted with ethyl ether (150 mL), and the combined organic layers were dried
over magnesium sulfate, filtered, and concentrated under reduced pressure. Purification by

column chromatography afforded 4.07 (1.06 g, 39%).

'H NMR (400 MHz, CDCl,) 6 5.96 — 5.80 (m, 1tH, CH=CH.), 5.34 — 5.15 (m, 2H,
CH=CH.), 4.84 (d, J = 4.6 Hz, 1H, H-1), 4.21 — 4.12 (m, 2H), 4.12 — 4.06 (mm, 1H), 4.03 — 4.93 (m,
1H), 4.93 — 4.83 (mm, 1H), 4.78 — 4.67 (m, 3H), 2.94 (br s, 1H, 4-OH), 2.04 (s, 3H, NHACc), 1.06 (s,
9H, (CH3)4CSi), 0.99 (s, 9H, (CH3)4CSi). 3C NMR (101 MHz, CDCl,) § 170.9, 134.6, 117.9, 96.8,
78.1,72. 9, 68.5, 66.6, 54.3, 27.6, 27.1, 24.5, 22.8, 20.0. HRMS (ESI-TOF*) for C,iH36NO¢Si

(M+H+) caled 402.2307, found 402.2304.
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Allyl 2-acetamido-2-deoxy-3-0-(4-0O-benzoyl-2,3-di-O-tert-butyldimethylsilyl-a-L-

rhamnopyranosyl)-4,6-0-di-tert-butylsilylene-a-D-glucopyranoside (4.14)

(tBu)2Si-
SPh (1Bu)Si=g NIS, AGOT 5 o
B o) DCM, 4A MS o
820 /=L * HO=oAN - " o7 Mo
Cl X
TBSO  Grps O~ BZCT)Bso
oTBS
4.06 4.07 414

Monosaccharides 4.07 (97 mg, 0.24 mmol) and 4.06 (0.17 g, 0.30 mmol) were
combined in a round-bottom flask, coevaporated with anhydrous toluene (3 x 10 mL), and kept
under high-vacuum overnight. Activated 4 A molecular sieve beads and freshly distilled CH.Cl,
(9.6 mL) were added under Ar atmosphere. The clear solution stirred at ambient temperature
for 50 min, then it was cooled to —78 °C for 20 minutes. N-iodosuccinimide (95 mg, 0.42 mmol)
and silver trifluoromethanesulfonate (12 mg, 0.048 mmol) were added under subdued light and
the clear solution stirred at —78 °C for 2 h. The solution was warmed to —30 °C over 1 h. The
cooling bath was removed, and after 1 h the dark red solution was filtered. The filtrate was
transferred to a separatory funnel, washed with a 10% (w/w) solution of sodium thiosulfate, a
saturated solution of sodium bicarbonate, water, brine, dried over magnesium sulfate, filtered,
and concentrated under reeducated pressure to a yellow oil. Purification by flash
chromatography [hexanes to 3:17 (vol/vol) acetone:hexanes] afforded 4.14 (56 mg, 26%) as a

clear oil.

'H NMR (300 MHz, CDCl;) § 8.02 — 7.96 (m, 2H, Ar), 7.59 — 7.50 (m, 1H, Ar), 7.45 —
7.36 (m, 2H, Ar), 5.95 — 5.80 (m, 1H, CH=CH.), 5.77 (d, J = 10.1 Hz, 1H, NH), 5.51 — 5.38 (m, 1H,
H-4’), 5.35 — 5.19 (m, 2H, CH=CH.), 5.02 (d, J = 1.9 Hz, 1H, H-1"), 4.67 (d, J = 4.7 Hz, 1H, H-1),
4.46 — 4.31 (m, 2H), 4.22 — 4.08 (mm, 4H), 4.05 — 4.76 (m, 6H), 2.01 (s, 3H, NHAc), 1.17 (m, 12H,

(CH3)5CSi, Me), 0.98 (s, 9H, (CH3);CSi), 0.94 (s, 9H, (CH3);CSi), 0.71 (s, 9H, (CH3);CSi), 0.16 (s,
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3H, CH,Si), 0.07 (s, 3H, CHSi), 0.04 (s, 3H, CH,Si), —0.08 (s, 3H, CH,Si). HRMS (ESI-TOF+)

for C,,H,sNO,Si; (M+H*) caled 880.4878, found 880.4868.

Phenyl 4-0O-(2-naphthyl)methyl-2,3-di-O-tert-butyldimethylsilyl-1-thio-a-L-

rhamnopyranoside (4.05)
SPh 1. 2-(bromomethyl)naphthalene

NaH, DMF SPh
HO O 2. aq. AcOH o
o NAPO

)(o 3. TBSOTf, DMAP, pyr. TBSO OTBS

4.10 4.05

1. Anhydrous N,N-dimethylformamide (1.7 mL) was added to 4.10 (0.34 g, 1.1 mmol) in
a round-bottom flask under Ar atmosphere. The solution was cooled to 0 °C. Oil-free NaH (33
mg, 1.4 mmol) was prepared by rinsing 55 mg of a 60% suspension of NaH in mineral oil in a
flame-dried fritted filter under N. atmosphere with anhydrous pentane (6 mL). This NaH
preparation was added to the solution of 4.10 in one portion. After 30 min at o °C, 2-
(bromomethyl)naphthalene (0.30 g, 1.4 mmol) was added in one portion and the cooling bath
was removed. After 2 h, the reaction was quenched with methanol and concentrated under
reduced pressure. The residue was taken up in CH.Cl, (20 mL) and transferred to a separatory
funnel. The solution was shaken with brine (15 mL), the layers were separated, and the aqueous
layer was extracted with CH.Cl. (5 mL). The combined organic layers were dried over
magnesium sulfate, filtered, and concentrated under reduced pressure. Purification by flash
chromatography [hexanes to 3:17 (vol:vol) EtOAc:hexanes] afforded phenyl 2,3-O-
isopropylidene-4-O-(2-naphthyl)methyl-1-thio-a-L-rhamnopyranoside as a crystalline solid

(0.42 g, 85%, 98% based on recovered starting material).

'H NMR (300 MHz, CDCl;) & 7.88 — 7.77 (m, 4H, Ar), 7.55 — 7.42 (m, 5H, Ar), 7.36 —
7.20 (m, 3H, Ar), 5.74 (s, 1H, H-1), 5.07 (d, J = 11.7 Hz, 1H, 1 x OCHAr), 4.80 (d, J = 11.7 Hz, 1H,

1x OCHAr), 4.40 - 4.33 (m, 2H, H-2, H-3), 4.25 — 4.06 (m, 1H, H-5), 4.40 — 4.29 (m, 1H, H-4),
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1.51 (s, 3H, (CH,)C), 1.39 (s, 3H, (CH;)C), 1.25 (d, J = 6.2 Hz, 3H, Me). HRMS (ESI-TOF+) for

C26H32NO,S (M+NH,*) caled 454.2047, found 454.2046.

2. A suspension of 2,3-O-isopropylidene-4-0O-(2-naphthyl)methyl-1-thio-a-L-
rhamnopyranoside (0.20 g, 0.46 mmol) in a 4:1 (vol/vol) acetic acid:water solution (1.2 mL, 0.4
M) was heated to 80 °C under N, atmosphere. Solids dissolved after 5 min. After 2 h, the
solution was cooled to ambient temperature and concentrated under reduced pressure to a clear
oil. The oil was diluted in a minimal volume of a 1:1 (vol:vol) EtOAc:MeOH solution and purified
by flash column chromatography. Elution from 1:3 (vol:vol) EtOAc:hexanes to 4:6 (vol/vol)
EtOAc:hexanes afforded 4-O-(2-naphthyl)methyl-1-thio-a-L-rhamnopyranoside (0.17 g, 94%) as

a white solid.

'H NMR (300 MHz, 1:1 CDCl;:CD;0D) 6 7.88 — 7.77 (mm, 4H, Ar), 7.56 — 7.40 (m, 5H, Ar),
7.33 — 7.17 (m, 3H, Ar), 5.44 (d, J = 1.6 Hz, 1H, H-1), 5.10 (d, J = 11.3 Hz, 1H, 1 x OCHAr), 4.83
(d, J =11.3 Hz, 1H, 1 x OCHAr), 4.27 — 4.13 (m, 2H, H-2, H-5), 4.96 (dd, J = 9.3, 4.4 Hz, 1H, H-
3), 4.55 (t,J = 9.3 Hz, 1H, H-4), 1.31 (d, J = 6.2 Hz, 3H, Me). 3C NMR (75 MHz, 1:1
CDCl;:CD3;0D) 6 135.5, 134.0, 132.9, 132.6, 130.9, 128.4, 127.5, 127.3, 127.1, 126.7, 126.2, 125.6,
125.5, 125.3, 88.0, 81.0, 74.6, 72.4, 71.6, 68.2, 17.0. HRMS (ESI-TOF+) for C,3H.,NaO,S

(M+Na*) caled 419.1288, found 419.1284.

3. 4-0O-(2-Naphthyl)methyl-1-thio-a-L-rhamnopyranoside (0.17 g, 0.43 mmol) and 4-
(dimethylamino)pyridine (5.2 mg, 43 umol) were dissolved in anhydrous pyridine (2.8 mL)
under Ar atmosphere. tert-Butyldimethylsilyl trifluoromethanesulfonate (0.49 mL, 2.1 mmol)
was added dropwise. The flask was fitted with a water-cooled condenser and heated to 50 °C.
After 18 h, the cloudy solution was cooled first to ambient temperature, then to 0 °C in an ice
bath. The reaction was quenched by dropwise addition of methanol (3 mL). The solution was
transferred to a separatory funnel, diluted with ethyl acetate and water, shaken, and the layers

were separated. The organic layer was washed with hydrochloric acid (1 M), a saturated solution
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of sodium bicarbonate, brine, then dried over magnesium sulfate, filtered, and concentrated
under reduced pressure to a light yellow oil. The oil was co-evaporated with toluene (2 x 10 mL)
and chloroform (2 x 10 mL). Purification by flash column chromatography [hexanes to 1:9

(vol/vol) EtOAc:hexanes] afforded 4.05 (0.27 g, quantitative) as a crystalline white solid.

'H NMR (300 MHz, CDCl,) 8 7.82 — 7.74 (m, 4H, Ar), 7.46 — 7.36 (m, 5H, Ar), 7.27 — 7.11
(m, 3H, Ar), 5.26 (d, J = 1.6 Hz, 1H, H-1), 5.01 (d, J = 11.8 Hz, 1H, 1 x OCHAr), 4.73 (d, J = 11.8
Hz, 1H, 1 x OCHAr), 4.18 — 4.95 (m, 3H, H-2, H-3, H-5), 4.59 (t,J = 9.2 Hz, 1H, H-4), 1.21 (d, J
= 6.2 Hz, 3H, Me), 0.95 (s, 9H, (CH3)5C), 0.93 (s, 9H, (CH;)5C), 0.14 (br s, 3 x 3H, 3 x SiCH}),
0.05 (s, 3H, SiCH3). HRMS (ESI-TOF+) for C3;H;cNO,SSi, (M+NH,*) caled 642.3464, found

642.3486.

Allyl 2-acetamido-2-deoxy-3-0-(4-O-(2-naphthyl)methyl-2,3-di-O-tert-
butyldimethylsilyl-o-L-rhamnopyranosyl)-4,6-O-di-tert-butylsilylene-a-D-

glucopyranoside (4.15)

(tBu)ZSi\\o
SPh (tBU)Sizo NIS, TIOH X o
0 Oﬁ DOM. 4AMS AN
+ HO [E——
NAPSF)BSO AcHN NAPO —Z50 O
OTBS O B30
oTBS
4.05 4.07 415

Monosaccharides 4.07 (0.11 g, 0.28 mmol) and 4.05 (0.21 g, 0.34 mmol) were
combined in a round-bottom flask, co-evaporated with anhydrous toluene (3 x 10 mL), and kept
under high-vacuum overnight. Activated 4 A molecular sieve powder and freshly distilled CH,Cl,
(11.2 mL) were added under Ar atmosphere. The clear solution stirred at ambient temperature
for 1 h, then it was cooled to —65 °C for 20 minutes. N-iodosuccinimide (0.13 g, 0.56 mmol) was
added in one portion. After 5 min, trifluoromethanesulfonic acid (25 uL, 0.28 mmol) was added,
and the solution quickly (<5 min) became orange and the color deepened over time to coral. The

suspension was allowed to warm to —45 °C over 2.25 h. Freshly distilled triethylamine was then
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added, causing a color change from coral to canary yellow. The suspension stirred at —45 °C for
5 min, then it was filtered through Celite and diluted with CH.Cl.. The solution was washed with
10% (wt/wt) sodium thiosulfate, a saturated solution of sodium bicarbonate, brine, dried over
magnesium sulfate, filtered, and concentrated under reduced pressure to an orange film.
Purification by flash chromatography [hexanes to 5:15 (vol/vol) EtOAc:hexanes] afforded 4.15

(0.19 g, 76%) as a foam.

'H NMR (400 MHz, CDCl,) § 7.92 — 7.79 (m, 4H, Ar), 7.58 — 7.49 (m, 2H, Ar), 7.45 —
7.41 (m, 1H, Ar), 5.94 (ddt, J = 16.2, 10.8, 5.7 Hz, 1H, CH=CH.), 5.82 (d, J = 10.0 Hz, 1H, NH),
5.41—5.23 (m, 2H, CH=CH.), 5.14 — 5.01 (m, 2H, H-1’, 1 x OCHAr), 4.82 — 4.71 (m, 2H, H-1, 1 x
OCHAr), 4.45 — 4.33 (m, 2H), 4.28 — 4.13 (m, 3H), 4.10 — 4.82 (m, 5H), 4.54 (t,J = 9.4 Hz, 1H,
H-4’), 2.06 (s, 3H, NHAc), 1.30 (d, J = 6.1 Hz, 3H, Me), 1.20 (s, 9H, (CH3),Si), 1.10 (s, 9H,
(CH,)5Si), 1.02 (s, 9H, (CH3);C), 0.97 (s, 9H, (CHS)5C), 0.25 (s, 3H, SiCH,), 0.17 — 0.12 (25,2X 3
H, 2 x SiCH3), 0.09 (s, 3H, SiCH,). 3C NMR (101 MHz, CDCl,) 6 169.7, 137.0, 134.5, 134.4, 132.7,
127.8, 127.8, 127.6, 126.0, 125.5, 125.3, 125.1, 118.1, 99.6, 97.1, 81.4, 76.4, 74.8, 74.9, 74.1, 72.6,
68.7, 68.4, 67.1, 66.9, 54.7, 27.8, 27.2, 26.4, 25.9, 24.9, 22.9, 20.0, 18.8, 18.3, 18.3, —4.0, —4.2, —

4.3, —4.4. HRMS (ESI-TOF~) for C,sHg.NO,0Sis (M+H*) caled 916.5242, found 916.5251.

Allyl 2-acetamido-2-deoxy-3-0-(4-0O-(2-naphthyl)methyl-2,3-di-O-acetyl-o-L-

rhamnopyranosyl)-4,6-di-O-acetyl-a-D-glucopyranoside (4.16)

tBu),Si~
o N0 A0
(0] 1. TBAF (o)
AcHNY _— AcHNL
NAPO@# ~X 2 Ac0O, pyr. NAPO@# X
TBSO AcO

OTBS OAc
4.15 4.16

1. Freshly distilled tetrahydrofuran (2.4 mL) was added to a round-bottom flask
containing 4.15 (0.18 g, 0.20 mmol) under Ar atmosphere. A solution of tetra-n-

butylammonium fluoride (TBAF) in tetrahydrofuran (1.0 M, 2.41 mL, 2.41 mmol) was added,
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and the clear solution stirred at ambient temperature. After 14 h, the reaction was concentrated
under reduced pressure to afford crude allyl 2-acetamido-2-deoxy-3-0-(4-0-(2-
naphthyl)methyl-a-L-rhamnopyranosyl)-a-D-glucopyranoside as a brown oil that was taken on

to the next step immediately.

2. The crude allyl 2-acetamido-2-deoxy-3-0-(4-O-(2-naphthyl)methyl-a-L-
rhamnopyranosyl)-a-D-glucopyranoside (~0.20 mmol) was dissolved in anhydrous pyridine
(2.0 mL) under Ar atmosphere. The solution was cooled to 0 °C for 15 min prior to dropwise
addition of acetic anhydride (4.0 mL). The solution was allowed to slowly warm to ambient
temperature while stirring overnight. After 5 h, the reaction was diluted with methanol and
concentrated under reduced pressure to a brown oil that was co-evaporated with toluene (2 x 5
mL). The oil was taken up in EtOAc (30 mL) and washed with a 1M solution of hydrochloric acid
(2x), a saturated sodium of sodium bicarbonate, brine, dried over magnesium sulfate, filtered,
and concentrated under reduced pressure to a faint brown film. Purification by flash
chromatography [hexanes to 4:1 (vol/vol) EtOAc:hexanes] afforded 4.16 (144 mg, 99% over 2

steps) as a clear oil.

'H NMR (400 MHz, CDCl3) § 7.88 — 7.70 (m, 4H, Ar), 7.52 — 7.34 (m, 3H, Ar), 5.94 —
5.82 (m, 1H, CH=CH), 5.74 — 5.64 (m, 1H, CH=CH), 5.35 — 5.06 (m, 4H), 4.91 — 4.70 (m, 4H),
4.49 — 4.30 (m, 2H), 4.21 — 4.03 (m, 4H), 4.03 — 4.95 (m, 1H), 4.94 — 4.72 (m, 2H), 4.68 — 4.44
(m, 2H), 2.13 (s, 3H, OAc), 2.11 — 2.09 (2 s, 2 x 3H, 2 x OAc), 2.04 (s, 3H, OAc), 1.91 (s, 3H,
NHACc), 1.30 — 1.23 (m, 3H, Me). HRMS (ESI-TOF+) for C36H4oN»0O., (M+NH,*) calcd 734.3179,

found 734.3182.
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Allyl 2-acetamido-2-deoxy-3-0-(2,3-di-O-acetyl-o-L-rhamnopyranosyl)-4,6-di-O-

acetyl-a-D-glucopyranoside (4.17)

AcO AcO
0 DDQ Q
Acoo&ﬁ DCM:MeOH:H,0 Acoo&ﬁ
AcHN) e, AcHN]
NAPO@# ~N HO ZR ~N
AcO AcO

OAc OAc
4.16 417

A round-bottom flask containing 4.16 (42 mg, 59 umol) was placed under Ar
atmosphere. Freshly distilled MeOH (0.6 mL), freshly distilled CH.Cl, (2.3 mL), and two drops
of water were added, followed by 2,3-dichloro-5,6-dicyano-para-benzoquinone (20 mg, 88
umol) in one portion. The dark brown solution stirred at ambient temperature for 15 h. The
reaction was concentrated under reduced pressure to a brown solid that was taken up in
dichloromethane and transferred to a separatory funnel. The solution was washed with a
solution of saturated sodium bicarbonate until the organic layer was clear, then washed with
water, dried over magnesium sulfate, filtered, and concentrated under reduced pressure to a
brown film. Purification by flash chromatography [CH.Cl. to 4:96 (vol/vol) MeOH:CH.Cl.]

afforded 4.17 (26 mg, 77%) as a white solid.

'H NMR (400 MHz, CDCl,) § 5.89 (ddt, J = 16.1, 10.5, 5.9 Hz, 1H, CH=CH.,), 5.72 (d, J =
9.7 Hz, 1H, NH), 5.36 — 5.22 (m, 2H), 5.14 — 5.02 (m, 2H), 4.98 (dd, J = 10.0, 4.4 Hz, 1H), 4.89
—4.79 (m, 2H), 4.46 — 4.30 (m, 2H), 4.21 — 4.04 (m, 4H), 4.03 — 4.96 (m, 1H), 4.93 — 4.71 (m,
3H), 4.68 — 4.50 (m, 2H), 2.12 (s, 3H, OAc), 2.10 (s, 3H, OAc), 2.09 — 2.07 (2 s, 2 x 3H, 2 x OAc),

2.05 (s, 3H, NHACc), 1.28 (d, J = 5.9 Hz, 3H, Me).

Thiazolyl 2,3,4,5-tetra-0O-acetyl-D-galactofuranoside (4.04)

OAc oac 0A S

.0 HSTaz, BF5-OFt, & S—<\Nj

AcO >

A

OAc <0 OAc
AcO

4.04

AcO
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Penta-O-acetyl-D-galactofuranoside2+8 (1.2 g, 4.0 mmol) was added to a round-bottom
flask, co-evaporated with freshly distilled toluene (3 x 10 mL), and kept under high-vacuum
overnight. Activated 4 A molecular sieve sticks and 2-thiazoline-2-thiol (0.72 g, 6.0 mmol) were
added under Ar atmosphere, followed by freshly distilled CH.Cl. (23 mL). The reaction was
cooled to 0 °C for 10 minutes. Boron trifluoride diethyl etherate (0.74 mL, 6.0 mmol) was added
dropwise, and the reaction stirred at o °C for 15 minutes. The cooling bath was then removed.
After 8 h, the reaction was quenched with triethylamine (0.8 mL), diluted with CH.Cl,, filtered
and transferred to a separatory funnel. The solution was washed with a saturated solution of
sodium bicarbonate, brine, dried over magnesium sulfate, filtered, and concentrated under
reduced pressure to a light yellow oil. Purification by flash column chromatography [CH.Cl. to
4:96 (vol/vol)CH.Cl,:MeOH] afforded 4.04 as a clear oil. Characterization of this compound

matched a previous report.244

Allyl 2-acetamido-2-deoxy-3-0-(2,3-di-O-acetyl-4-0-(2,3,4,5-tetra-O-acetyl-p-D-
galactofuranosyl)-e-L-rhamnopyranosyl)-4,6-di-O-acetyl-a-D-glucopyranoside

(4.02)

AACC)O o
C
Ac‘l&ﬁ S AgOTY 0
AcO 0 OAc g ¢ j g AcHN
o) \ CH,Cly, 4A MS 0.
AcHN N 0 N e . Ao 0@2 N
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AcO OAc AcOr
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Compounds 4.17 (25 mg, 43 umol) and 4.04 (39 mg, 87 umol) were combined in a
round-bottom flask, co-evaporated with anhydrous toluene (3 x 3 mL), and kept under high-
vacuum overnight. Activated 4 A molecular sieve powder and freshly distilled CH.Cl, (1.5 mL)
were added under Ar atmosphere. The clear solution stirred at ambient temperature for 1 h,
then it was cooled to 0 °C for 20 min. Silver trifluoromethanesulfonate (34 mg, 0.13 mmol) was

added, and the reaction stirred at o °C for 30 min, then it was warmed to ambient temperature.
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After 4.5 h at ambient temperature, the reaction was filtered through Celite (rinsed with CH.Cl.),
washed with a saturated solution of sodium bicarbonate, water, brine, dried over magnesium
sulfate, filtered, and concentrated under reduced pressure to a clear film. Purification by flash
column chromatography [CH.Cl. to 3:97 MeOH:CH.Cl.] afforded 4.02 (31 mg, 78%) as a clear

film.

'H NMR (400 MHz, CDCl;) § 5.89 (ddt, J = 16.8, 10.4, 6.1 Hz, 1H, CH=CH.), 5.68 (d, J =
9.7 Hz, 1H, NH), 5.43 — 5.35 (m, 1H, H-5"), 5.33 — 5.23 (m, 3H, CH=CH,, H-1"), 5.22 — 5.05 (m,
2H, H-2’, H-3’), 5.02 — 4.99 (m, 1H, H-3"), 4.92 (t, J = 1.5 Hz, 1H, H-2"), 4.87 (d, J = 4.6 Hz, 1H,
H-1), 4.76 (d, J = 1.6 Hz, 1H, H-1), 4.46 — 4.39 (m, 1H, H-2), 4.32 — 4.25 (m, 3H, H-3, H-4”),
4.25 — 4.09 (m, 4H, 2 x H-6, 2 x H-6"), 4.09 — 4.97 (m, 2H, OCH.,CH=CH.), 4.89 — 4.77 (m, 3H,
H-4, H-5, H-5"), 4.63 (t, J = 9.8 Hz, 1H, H-4"), 2.13 (s, 3H, OAc), 2.12 — 2.11 (im, 3 x 3H, 3 x OAc),
2.10 (s, 3H, OAc), 2.07 (s, 3H, OAc), 2.06 (s, 2 x 3H, 2 x OAc), 1.99 (s, 3H, NHAc¢), 1.22 (d, J =
6.2 Hz, 3H, Me). 3C NMR (101 MHz, CDCl,) § 170.9, 170.7, 170.6, 170.5, 170.3, 170.1, 169.6,
169.6, 169.2, 134.2, 118.7, 106.6, 99.8, 96.9, 81.2, 80.9, 80.1, 76.4, 75.6, 71.7, 70.4, 69.4, 68.8,
68.3, 68.1, 62.5, 62.2, 51.8, 24.4, 21.3, 21.2, 21.1, 20.9, 20.9, 20.9, 20.8, 20.8, 17.6. HRMS (ESI-

TOF+) for C30H5oN2023 (M+NH,*) caled 924.3504, found 924.3535.

11-Phenoxy-1-undecene (4.03)

NaH, phenol
AN NSNS
Br

Q\OW\/W
4.03
Phenol (0.94 g, 10.0 mmol, 20 eq) was dissolved in tetrahydrofuran (4.0 mL), followed
by addition of NaH (0.40 g, 10.0 mmol, 2.0 eq). A solution of 11-bromo-1-undecene (1.1 mL, 5.0
mmol) in tetrahydrofuran (2.0 mL) was added. The reaction was heated and refluxed for 45 h.

The reaction was cooled to ambient temperature and quenched with a saturated solution of



144

ammonium chloride (8.0 mL). The mixture was diluted with ethyl acetate (20 mL) and shaken.
The organic layer was washed with a saturated solution of ammonium chloride (20 mL), water
(20 mL), and brine (20 mL). The organic layer was dried over magnesium sulfate, filtered, and
concentrated under reduced pressure to yield a crude brown liquid. Purification by flash column
chromatography (hexanes) afforded 4.03 as a clear oil. Characterization of this compound

matched a published report.'1

12-Phenoxy-dodec-2-enyl 2-acetamido-2-deoxy-3-0-(2,3-di-O-acetyl-4-0-(2,3,4,5-
tetra-O-acetyl-p-D-galactofuranosyl)-o-L-rhamnopyranosyl)-4,6-di-O-acetyl-o-D-
glucopyranoside (4.18)

AcO
Aco&% SNy OPn A0\
AcHN O§A0H‘Nﬁ
OAc o@# O 4.03 OAc o$°7‘ Oy 0PN
-O~/" AcO - 0~/ g 8
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2Ll ACO OAc

OAc OAc
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Compound 4.03 (11 mg, 46 umol) and bis(tricyclohexylphosphine)benzylidine
ruthenium(IV) dichloride (1.3 mg, 1.5 pmol) were added to a round-bottom flask containing
4.02 (7.0 mg, 7.7 umol) under Ar atmosphere. Freshly distilled CH.Cl. (0.4 mL) was added, and
the solution was warmed to 45 °C for 4 h. The reaction was cooled to ambient temperature and
concentrated under reduced pressure to a reddish brown solid. Purification by flash

chromatography [CH.Cl, to 3:97 MeOH:CH.Cl.] afforded 4.18 (9.1 mg, 93%) as a solid.

'H NMR (400 MHz, CDCl,) § 7.31 — 7.24 (m, 2H, Ar), 6.96 — 6.87 (m, 3H, Ar), 5.72 (m,
1H, CH=CH), 5.63 (d, J = 9.7 Hz, 1H, NH), 5.55 — 5.44 (m, 1H, CH=CH), 5.38 (dt, J = 8.8, 4.8
Hz, 1H, H-5"), 5.28 (s, 1H, H-1"), 5.15 — 4.98 (m, 4H, H-2’, H-3’, H-3”), 4.91 (s, 1H, H-2"), 4.84
(d,J = 4.4 Hz, 1H, H-1), 4.75 (s, 1H, H-1"), 4.41 (td, J = 10.1, 4.6 Hz, 1H, H-2), 4.30 — 4.13 (I,

5H, H-3, H-4”, 2 x H-6, 2 x H-6"), 4.12 — 4.02 (m, 2H, OCH.CH), 4.95 (t,J = 6.5 Hz, 2H,
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CH,OPh), 4.87 — 4.75 (m, 3H, H-4, H-5, H-5"), 4.62 (t, J = 9.7 Hz, 1H, H-4), 2.13 (s, 3H, OAc),
2.11 (s, 3 x 3H, 3 x OAc), 2.10 (s, 3H, OAc), 2.08 — 2.05 (m, 12H, 3 x OAc, OCH.CH.), 1.98 (s, 3H,
NHAc), 1.78 (p, J = 6.7 Hz, 2H, CH,CH,OPh) 1.48 — 1.25 (m, 12H, -CH.-), 1.22 (d, J = 6.2 Hz,

3H, Me). HRMS (ESI-TOF~) for C54,Hg:N20.4 (M+NH,*) caled 1141.5174, found 1141.5148.

12-Phenoxy-dodec-2-enyl 2-acetamido-2-deoxy-3-0-(4-0-(p-D-galactofuranosyl)-a-
L-rhamnopyranosyl)-a-D-glucopyranoside (4.01)

RS0 HBO&%
QAN NaOMe QAN
OAc O@o?‘ (OGP OPh MeOH:CH,Cl, OH O@O# O\/\/\M,OPh
-0~/ AcO 8 O~/ Ho 8
AcO
OAc
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A solution of NaOMe in MeOH (0.5 M, 60 plL, 30 umol) was added to a solution of 4.18
(6.6 mg, 5.9 umol) in 3:1 (vol/vol) MeOH:CH.Cl. under Ar atmosphere. The reaction stirred at
ambient temperature for 4.5 h. The reaction was quenched with Amberlite IR-120 resin (H*
form), filtered through a pad of cotton, and concentrated under reduced pressure. Purification
by flash chromatography [95:5 (vol/vol) EtOAc:MeOH to 70:30 EtOAc:MeOH] afforded 4.01

(2.5 mg, 54%) as a clear film, as a 10:1 a:p mixture.

'H NMR (500 MHz, CD;0D) § 7.28 — 7.21 (m, 2H, Ar), 6.92 — 6.86 (m, 3H, Ar), 5.81 —
5.71 (m, 1H, CH=CH), 5.63 — 5.54 (m, 1tH, CH=CH), 5.27 (d, J = 1.7 Hz, 1H, H-1"), 4.84 (d, J =
1.4 Hz, 1H, H-1), 4.74 (d, J = 4.4 Hz, 1H, H-1’), 4.15 (dd, J = 12.4, 5.3 Hz, 1H), 4.08 — 4.93 (m,
8H), 4.85 — 4.77 (m, 2H), 4.75 — 4.67 (m, 4H), 4.65 — 4.59 (m, 3H), 4.55 (t, J = 9.6 Hz, 1H), 4.43
- 4.38 (m, 1H), 2.09 — 2.03 (m, 2H, OCH,CH=CHCH.), 1.99 (s, 3H, NHAc), 1.80 — 1.72 (m, 2H,
CH.CH.OPh), 1.48 (p, J = 7.0 Hz, 2H, CH,(CH.).OPh), 1.43 — 1.31 (m, 10H, -CH>-), 1.26 (d, J =
6.2 Hz, 3H, Me). 3C NMR (126 MHz, CD;0D) § 174.4, 160.6, 136.5, 130.4, 126.8, 121.5, 115.5,

110.2, 102.8, 97.5, 84.4, 84.5, 81.2, 79.0, 78.5, 74.0, 74.0, 72.6, 72.2, 70.7, 68.9, 68.8, 64.7, 62.6,
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54.6, 34.4, 30.6, 30.5, 30.5, 30.5, 30.3, 27.2, 22.6, 18.4. HRMS (ESI-TOF*) for C3sHssN2O6

(M+NH,*) caled 805.4329, found 805.4330.
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Chapter 5: Structural Analysis of Galactofuranose Oligosaccharides with

Chain Terminating Agents

Portions of this work are described in a manuscript being prepared for publication:

Martinez Farias, M. A.; Yamatsugu, K.; Brown, C. D.; Kiessling, L. L. Structural Analysis of

Galactofuranose Oligosaccharides with Chain Terminating Agents.

Contributions:
Synthesis of the deoxygenated UDP-Galf analogs performed by C.D. Brown and K. Yamatsugu.

Cloning and expression of GIfT1 performed by V.A. Kincaid.
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5.1 Abstract

Chain terminating agents are excellent probes of biopolymer sequence and specificity.
We hypothesized that we could use chain terminating agents in a mass spectrometry-based
assay to analyze the linkage structure of mycobacterial cell wall glycans. In this assay,
incorporation of nucleotide-sugar donor analogs deoxygenated at key positions truncates glycan
formation and provides a pattern that resolves the position of the next glycosidic linkage. We
confirm that the non-reducing-end of the product generated by the mycobacterial
galactofuranosyltransferase GIfT1 is a Galf-p(1,6)-Galf-p(1,5)-Galf oligosaccharide. The use of
nucleotide-sugar donor analogs as substrate probes of oligosaccharide structure complements
current methods of carbohydrate structural analysis. Furthermore, synthetic efforts toward a

deoxygenated acceptor substrate are described.
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5.2 Introduction

Structural data of complex glycans is crucial in probing the function of the carbohydrate-
processing enzymes that build them. Subtle differences in the valency or architecture can
dramatically alter the presentation of a glycan.249 Our laboratory has established a research
program investigating the assembly of galactan, an essential structural glycopolymer found in
the cell wall of mycobacteria.!'2116-19.124 Galactan is a polymer of galactofuranose (Galf) that
consists of 30—40 Galf units arranged in an alternating p(1,5) and p(1,6) pattern.115119:124.181 Jtg
assembly is mediated by the galactofuranosyltransferases GIfT1 and GIfT2. GIfT1 elongates
decaprenyl-linked Rha-a(1,3)-GlcNAc pyrophosphate with 2—3 galactofuranose (Galf) residues.
This lipid-linked oligosaccharide is then processed by the polymerase GIfT2 to yield the full-

length galactan polymer.

5.3 Linkage analysis of oligosaccharides prepared by GIfT1

Since the galactan anchors upper cell wall components targeted by antitubercular
drugs,'7® we were interested in the origin of its alternating pattern structure. We have recently
defined the function of GIfT1 in vitro and shown that it mediates the critical first steps in
galactan assembly.> Herein, we confirm the linkage structure of Galf oligomers generated upon
processing of farnesyl-linked disaccharide phosphonophosphate 2.08 by GIfT1 in the presence
of nucleotide-sugar donor UDP-Galf. We postulate that GIfT1 is responsible for setting the

register for the alternating pattern observed in endogenous galactan.

Traditional carbohydrate structural analysis methods can be extremely powerful.
However, the functionality of the oligosaccharides processed by GIfT1 poses a series of
challenges for these approaches,?5°-254 and limited quantities of phosphonophosphate-linked

oligosaccharides for analysis restricted the utility of alternative methods such as NMR
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spectroscopy. We therefore pursued a mass spectrometry-based approach that would yield
critical structural information while requiring minute amounts of sample. Chain termination

agents are suitable reagents for this purpose.

The use of chain termination agents to sequence polymers is well established,
particularly with respect to DNA sequencing by the Sanger method.255 We have previously
demonstrated that fluorinated nucleotide-sugar donors are excellent chain terminators when
assaying the sequence fidelity of the polymerase GIfT2.124 Deoxygenated nucleotide-sugar donor
analogs, however, are typically designed as inhibitors of glycosyltransferase function.!*122 We
recognized that these probes could be useful for structural analysis of growing oligosaccharide
chains. In analogy to Sanger sequencing, we utilize incorporated deoxysugars as probes of
oligosaccharide structure. This mass spectrometry-based assay provides a clear read-out of the
linkages formed by GIfT1. Truncation of the growing polysaccharide chain with the appropriate
deoxysugar correlates to the regiochemistry of the following linkage. The binding affinity these
analogs is expected to be similar to the endogenous donor,'* and the specificity of the

galactofuranosyltransferase avoids a ‘mistaken’ glycosidic linkage.

GIfT1 catalyzes the addition of 2—3 Galf residues to acceptor 2.08 from donor
nucleotide-sugar UDP-Galf. We reasoned that in generating a +3 Galf product, GIfT1 sets the
register for the alternating B(1,5) and B(1,6) pattern of endogenous galactan. Thus, we expected
GIfT1 to generate a Galf-B(1,6)-Galf-B(1,5)-Galf pattern at the non-reducing end. Incorporated
nucleotide-sugar donors deoxygenated at the 5- or 6-hydroxyl positions should probe the
structure of this oligosaccharide. For example, if the oligosaccharide chain is truncated upon
incorporation of a 5-deoxysugar, the next residue is (1,5)-linked. Alternatively, truncation upon
incorporation of a 6-deoxysugar would suggest that the next residue is (1,6)-linked. Thus, we

reasoned that nucleotide-sugar donor analogs 5.01 and 5.02 would be excellent structural
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corresponding galactofuranosyl phosphates'* as described previously.106-256
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Scheme 5.1. Use of deoxygenated UDP-Galf donor analogs 5.01 and 5.02 as linkage
determination probes.

We exposed phosphonophosphate acceptor 2.08 to donors 5.01 and 5.02 in the

presence of purified M. smegmatis GIfT1 and analyzed each reaction mixture by MALDI-TOF

151

mass spectrometry. As described in Chapter 3, GIfT1 processes acceptor 2.08 to a mixture of +2

and +3 Galf oligosaccharides by GIfT1 (Figure 5.1C). This galactofuranosyltransferase activity

corresponds to the enzyme’s expected function in mycobacterial cell wall biosynthesis.

Incubation with donor 5.01 leads to the formation of a truncated +1 5H-Galf oligosaccharide

(Figure 5.1A). This result indicates that the addition of a second Galf residue specifically at the

5-position is blocked. Alternatively, incorporation of two 6 H-Galf units from 5.02 is expected.

Indeed, incubation of 2.08 with donor 5.02 in the presence of GIfT1 produces a mixture of +1

6H-Galf and +2 6H-Galf oligosaccharides (Figure 5.1B). Thus, the addition of a third Galf

residue at the 6-position is blocked.
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Figure 5.1. MALDI-TOF MS analysis of a GIfT1 reaction mixture with phosphonophosphate

acceptor 2.08 and deoxygenated donor sugars.

Taken together, the incorporated deoxysugars reveal the linkage structure of the non-

reducing end of the lipid-linked oligosaccharide. Incorporation of two 6 H-Galf residues

indicates a terminal Galf-p(1,6)-Galf linkage. Incorporation of one 5H-Galf indicates that the

penultimate linkage is Galf-p(1,5)-Galf. Thus, the structure of the non-reducing end is Galf-

b(1,6)-Galf-b(1,5)-Galf. The sugars are presumed to be B-linked, given structural homology of

GIfT1 with inverting glycosyltransferases. This configuration corresponds to the orientation of

endogenous galactan. Importantly, these experiments confirm our hypothesis that GIfT1 sets the

register for galactan pattern deposition.

Since glycan assembly occurs in a template-independent fashion, our results provide

insight into how the galactan pattern emerges. We postulate that the more restrictive!'

galactofuranosyltransferase GIfT1 not only primes galactan biosynthesis, but also sets the
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alternating pattern register for the polymerase. The polymerase GIfT2 builds the galactan with a
faithfully alternating p(1,5) and B(1,6) pattern, and terminates a chain when it cannot propagate
the pattern.24 The remarkable fidelity of GIfT2 implies an important physiological role for the
precise pattern of this polymer. Despite participating in the addition of only 2—3 residues of a

~35-residue carbohydrate polymer, GIfT1 is critically important for assembly of the galactan.

An assay for oligosaccharide structural analysis was developed, wherein the
galactofuranosyltransferase GIfT1 reports the linkages it is forming as it processes an acceptor
substrate by incorporating deoxygenated Galf analogs. Assaying the glycosyltransferase with
readily accessible reagents in an activity assay, we have determined that GIfT1 generates an
oligosaccharide with a non-reducing-end Galf-f(1,6)-Galf-p(1,5)-Galf trisaccharide. An
operationally simple assay consisting of straightforward MALDI-TOF analysis of crude
enzymatic reaction mixtures avoided laborious, destructive derivatization protocols, and

required only picomoles of sample for analysis.

To completely characterize the three linkages formed by GIfT1 via deoxygenated sugars,
however, required access to a deoxygenated acceptor substrate. GIfT1 adds the first Galf linkage
to the 4-hydroxyl position of rhamnose, as confirmed by NMR spectroscopy in Chapter 3. In the
context of our results with deoxygenated donor sugars above, we expected that 4’-deoxygenated
acceptor surrogate 5.03 would not serve as a suitable GIfT1 acceptor (Scheme 5.2). This
acceptor would not only report the nature of the first linkage formed by GIfT1, but also test its

ability to make a mistaken linkage.
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Scheme 5.2. Use of 4’-deoxygenated farnesyl-linked disaccharide phosphonophosphate as
GIfT1 specificity probe.

Intermediates previously synthesized in Chapter 4 provided elaborated monosaccharides
to target acceptor analog 5.03 (Scheme 5.3). Glycosylation of silyl-protected 4’-O-naphthyl
rhamnosyl thioglycoside 4.05 and benzyl glucosamine 2.16 with N-iodosuccinimide and
trifluoromethanesulfonic acid yielded 4’-O-naphthyl disaccharide 4.04 in good yield. At this
junction, the silyl protecting groups were exchanged for acetate groups to provide 4.05. The 4’-
hydroxyl was exposed by oxidative removal of the naphthyl protecting group with DDQ.

Isolating this position set up the possibility of deoxygenating the disaccharide.
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Scheme 5.3. Synthetic efforts toward 4'-deoxygenated phosphonophosphate acceptor 5.03.

We pursued deoxygenation of the 4’-hydroxyl group using the protocol developed by
Barton-McCombie.?5” This method involves radical deoxygenation of a thiocarbonyl derivative
with tributyltin hydride in the presence of a radical initiator. Pozsgay and Neszmelyi, among
others, have utilized Barton-McCombie deoxygenation to prepare deoxy glycosides.258 Alcohol
5.06 was converted to thiocarbonyl derivative 5.07 by reaction with 1,1’-
thiocarbonyldiimidazole in excellent yield. Unfortunately, treatment of thiocarbonyl 5.07 with
2,2’-azobis(2-methylpropionitrile) (AIBN) and tributyltin hydride resulted in decomposition. No
5.08 could be isolated from the complex mixture. It is known that substitution reactions on
activated 4-hydroxyl groups on rhamnopyranosides can lead to a number of side products,25°
though these side products were not expected in a Barton-McCombie deoxygenation. Alternative
methods for radical deoxygenation of acceptor 5.03, such as the use of

tris(trimethylsilyl)silane,?° will be pursued. Elaboration of 5.08 would produce 4’-



156

deoxygenated phosphate 5.09, which can be coupled to (2Z,6Z)-farnesyl

phosphonomorpholidate to yield 5.03.

5.4 Conclusions

The capability to examine linkage specificity could be useful and general for other
glycosyltransferases. The extension to probing incorporation of pools of deoxygenated
nucleotide-sugar donors into complex glycans is especially attractive. Species of Shigella2* and
Salmonella?%? have over 30 O-antigen biosynthetic gene clusters. Painstaking and remarkable
efforts have defined the function of the majority of these genes. We posit that deoxygenated
nucleotide-sugar pools can streamline the structural characterization of rare glycans assembled
by organisms that contain numerous putative biosynthetic gene clusters. In addition to this
method, a synthetic effort toward a 4’-deoxygenated disaccharide phosphonophosphate acceptor
was described. An alternative deoxygenation method to the Barton-McCombie protocol may

provide access to this acceptor.

5.5 Experimental details

All compounds were purchased from Sigma Aldrich (Milwaukee, WI) or Fisher Scientific
(Pittsburgh, PA). Tetrahydrofuran (THF) was distilled from sodium/benzophenone ketyl,
methanol (MeOH) was distilled from magnesium, and dichloromethane (CH.Cl.) was distilled
from calcium hydride. Other solvents were purified according to the guidelines in Purification of
Common Laboratory Chemicals.??' All reactions were run under argon atmosphere in oven-
dried glassware unless otherwise stated. Molecular sieves were activated by heating to 600 °C in
a furnace for 12 h, then cooled in a dessicator. Analytical thin layer chromatography (TLC) was

carried out on E. Merck (Darmstadt) TLC plates pre-coated with silica gel 60 F254 (250 pum
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layer thickness). Analyte visualization was accomplished using a UV lamp and by charring with a
solution of p-anisaldehyde (3.5 mL), acetic acid (15 mL), H.SO, (50 mL), and ethanol (350 mL).
Flash column chromatography was performed with Silicycle Flash Silica Gel (40-63 pm, 60 A
pore size) using reagent grade hexanes and ACS grade ethyl acetate (EtOAc) or ACS grade
acetone, or methanol (MeOH) and CH.Cl.. 'H and 3C nuclear magnetic resonance (NMR)
spectra were recorded on a 300 MHz spectrometer (acquired at 300 MHz for 'H NMR and 75
MHz for 3C NMR) a 400 MHz spectrometer (acquired at 400 MHz for 'H NMR and 101 MHz
for 3C NMR), or a 500 MHz spectrometer (acquired at 500 MHz for 'H NMR and 126 MHz for
13C NMR). Chemical shifts are reported relative to tetramethylsilane or residual solvent peaks in
parts per million (CHCl;: *H: 7.26, 3C: 77.16; MeOH: 'H: 3.31, 3C: 49.00; HDO: 'H: 4.79). Peak
multiplicity is reported as singlet (s), doublet (d), doublet of doublets (dd), doublets of doublets
of doublets (ddd), triplet (t), doublet of triplets (dt), etc. High resolution electrospray ionization-
time of flight mass spectra (HRESI-TOF MS) were obtained on a Micromass LCT. Matrix-
assisted laser desorption/ionization-time of flight mass spectra (MALDI-TOF MS) were

obtained on a Bruker Ultraflex III.

Assays with GIfT1 were carried out in 35 pL final volume containing 2 uM GIfT1-Hiss,
100 uM acceptor substrate and 300 pM donor sugar (UDP-Galf, 5-deoxy-UDP-Galf, or 6-deoxy-
UDP-Galf) in 50 mM 4-morpholinepropanesulfonic acid (MOPS), pH 7.9, 10 mM MgCl. and 5
mM B-mercaptoethanol. Reactions were incubated at 37 °C for 2 h, quenched with 35 puL of a 1:1
v/v mixture of chloroform:methanol, and evaporated to dryness on a SpeedVac SC100 (Varian).
The dried mixtures were re-suspended in 35 pL of water, desalted with a ZipTip C18 pipette tip
(Millipore), eluting with a 1:1 (vol/vol) solution of 20 mM ammonium bicarbonate:acetonitrile.
The eluent solution was spotted onto a stainless steel plate for MALDI-TOF MS analysis as a 1:2
(vol/vol) mixture with 2-(4-hydroxyphenylazo)benzoic acid matrix containing diammonium

citrate. The matrix solution was prepared by saturating a 1:1 (vol/vol) water:acetonitrile solution
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with 2-(4-hydroxyphenylazo)benzoic acid, and adding aqueous diammonium citrate (0.2 M) to a
final concentration of 25 mM. MALDI spectra were recorded in negative reflectron mode on a

Bruker Ultraflex III instrument.

Benzyl 2-acetamido-2-deoxy-3-0-(4-0-(2-naphthyl)methyl-2,3-di-O-tert-
butyldimethylsilyl-o-L-rhamnopyranosyl)-4,6-O-di-tert-butylsilylene-a-D-

glucopyranoside (5.04)

SPh

(tBu)sSi=o
(tBu)oSi-o o NIS, TfOH, 4A MS o}
NAPO@# * S AcHN “on
BSO

T das O AehN 0Bn 65% NAPO /oL
TBSO  Gres

4.05 2.16 5.04

Monosaccharides 2.16 (28 mg, 62 pmol) and 4.05 (50 mg, 80 umol) were combined in a
round-bottom flask, coevaporated with anhydrous toluene (3 x 10 mL), and kept under high-
vacuum overnight. Activated 4 A molecular sieve powder and freshly distilled CH.Cl, (3.0 mL)
were added under Ar atmosphere. The clear solution stirred at ambient temperature for 1 h,
then it was cooled to —78 °C for 20 min. N-iodosuccinimide (35 mg, 0.12 mmol) was added in
one portion. After 5 min, trifluoromethanesulfonic acid (30 pL, 0.34 mmol) was added, and the
solution quickly became orange and the color deepened over time to coral. The suspension
stirred at —78 °C for 2 h, then was allowed to warm to —60 °C over 30 min. Freshly distilled
triethylamine (~5 drops) was added after 30 min at —60 °C, causing a color change from coral to
canary yellow. The suspension stirred at —55 °C for 10 min, then it was filtered and diluted with
CH,CL. The solution was washed with 10% (wt/wt) sodium thiosulfate, a saturated solution of
sodium bicarbonate, brine, dried over magnesium sulfate, filtered, and evaporated under
reduced pressure to a brown film. Purification by flash chromatography [hexanes to 3:7

(vol/vol) EtOAc:hexanes] afforded 5.04 (39 mg, 65 %) as a cloudy glass.
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'H NMR (300 MHz, CDCl;) & 7.84 — 7.71 (mm, 4H, Ar), 7.50 — 7.27 (m, 8H, Ar), 5.66 (d, J
=10.0 Hz, 1H, H-1), 4.99 (d, J = 12.4 Hz, 1H, OCHAr), 4.92 (d, J = 1.9 Hz, 1H, H-1"), 4.74 — 4.64
(m, 3H, H-3, OCHAr, OCHPh), 4.46 (d, J = 11.9 Hz, 1H, OCHPh), 4.35 — 4.18 (m, 2H, H-2, H-5'),
4.09 — 3.93 (m, 3H, H-3’, H-4, H-5), 3.91 — 3.73 (m, 3H, H-2’, 2 x H-6), 3.45 (t,J = 9.4 Hz, 1H,
H-4’), 1.87 (s, 3H, NHACc), 1.20 (d, J = 6.1 Hz, 3H, Me), 1.10 (s, 9H, (CH,)5Si), 1.00 (s, 9H,
(CH,)5Si), 0.92 (s, 9H, (CH3)Si), 0.88 (s, 9H, (CH,)5Si), 0.15 (s, 3H, CH,Si), 0.06 (s, 3H, CH,Si),
0.04 (s, 3H, CHSi), -0.01 (s, 3H, CH,Si). HRMS (ESI-TOF+) for C5.Hg,N,040Si3 (M+NH,*) caled

983.5664, found 983.5671.

Benzyl 2-acetamido-2-deoxy-3-0-(4-0-(2-naphthyl)methyl-2,3-di-O-acetyl-o-L-

rhamnopyranosyl)-4,6-di-O-acetyl-a-D-glucopyranoside (5.05)

(tBu)2Si~o HO o AcO o
o) O HO . AcO
(o) TBAF (0] Ac,0, pyridine (0]
AcHN “oBp, _— = AcHN *opp - = AcHN *opp
NAPO@# NAPO Z4Q 99% (2 steps)  NAPOZoQ
TBSO HO AcO

OTBS OH OAc
5.04 5.05

1. Freshly distilled tetrahydrofuran (0.4 mL) was added to a round-bottom flask
containing 5.04 (39 mg, 40 pumol) under Ar atmosphere. A solution of tetra-n-butylammonium
fluoride (TBAF) in tetrahydrofuran (1.0 M, 0.60 mL, 0.60 mmol) was added, and the clear
solution stirred at ambient temperature. Some starting material remained as judged by thin
layer chromatography after 22 h, so an additional aliquot of TBAF in THF (1.0 M, 2.5 mL, 2.5
mmol) was added. After 46 h total, the reaction was warmed to 40 °C for 5 h, when analysis by
thin layer chromatography deemed the reaction complete. The reaction was cooled to ambient
temperature and evaporated under reduced pressure to afford crude benzyl 2-acetamido-2-
deoxy-3-0-(4-O-(2-naphthyl)methyl-o-L-rhamnopyranosyl)-a-D-glucopyranoside as a brown

oil that was taken on to the next step immediately.
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2. The crude benzyl 2-acetamido-2-deoxy-3-0O-(4-0-(2-naphthyl)methyl-a-L-
rhamnopyranosyl)-a-D-glucopyranoside (~40 pmol) was dissolved in anhydrous pyridine (1.5
mL) under Ar atmosphere. The solution was cooled to 0 °C for 15 min prior to dropwise addition
of acetic anhydride (2.5 mL). The solution was allowed to slowly warm to ambient temperature
while stirring overnight. After 17 h, the reaction was diluted with methanol and evaporated
under reduced pressure to a brown oil that was co-evaporated with toluene (3 x 5 mL).
Purification by flash chromatography [hexanes to 2:3 (vol/vol) acetone:hexanes] afforded 5.05

(30 mg, 99% over 2 steps) as a crystalline solid.

'H NMR (400 MHz, CDCl,) § 7.86 — 7.66 (m, 4H, Ar), 7.50 — 7.27 (m, 8H, Ar), 6.20 (d, J
=6.7Hz,NH) 5.67(d, J = 9.6 Hz, 1H, H-1), 5.19 (dd, J = 9.9, 3.3 Hz, 1H, H-3’), 5.15 — 5.08 (m,
2H, H-2"), 4.92 (d, J = 3.6 Hz, 1H, H-3), 4.87 — 4.73 (m, 3H, H-1", OCH,Ar), 4.68 (d, J = 11.8 Hz,
1H, OCHPh), 4.49 (d, J = 11.7 Hz, 1H, OCHPh), 4.42 (td, J = 10.2, 3.6 Hz, 1H, H-2), 4.16 (dd, J =
12.3, 4.4 Hz, 1H, H-5), 4.04 — 3.99 (m, 1H, H-4), 3.93 — 3.80 (m, 3H, H-5’, 2 x H-6), 3.48 (t, J =
9.6 Hz, 1H, H-4"), 2.12 (s, 3H, OAc), 2.10 (s, 3H, OAc), 2.06 (s, 3H, OAc), 2.03 (s, 3H, OAc), 1.91
(s, 3H, NHACc), 1.27 (d, J = 6.2 Hz, 3H, Me). 3C NMR (101 MHz, CDCl,) § 170.9, 170.4, 170.4,
169.4, 136.6, 135.7, 133.2, 132.9, 128.7, 128.4, 128.3, 128.1, 127.9, 127.7, 126.1, 126.0, 125.9, 125.5,
99.4, 97.0, 79.3, 78.5, 74.7, 71.4, 70.7, 70.1, 70.0, 68.8, 68.3, 62.1, 53.8, 52.0, 31.8, 29.3, 23.2,
21.2, 21.0, 20.9, 20.8, 17.8. HRMS (ESI-TOF*) for C,0Hz;N»0., (M+NH,*) calcd 783.3335, found

783.3309.

Benzyl 2-acetamido-2-deoxy-3-0-(2,3-di-O-acetyl-o-L-rhamnopyranosyl)-4,6-di-O-

acetyl-a-D-glucopyranoside (5.06)

AcO AcO
AcO 0 AcO 0
o DDQ )
AcHN *oBp — = AcHN *ogp
NAPO ZL 79%  HOZAL
AcO AcO OAc

OAc A
5.05 5.06
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A round-bottom flask containing 5.05 (191 mg, 0.249 mmol) was placed under Ar
atmosphere. Freshly distilled MeOH (2.6 mL), freshly distilled CH.Cl. (10.4 mL), and water (60
uL) were added, followed by 2,3-dichloro-5,6-dicyano-para-benzoquinone (84.7 mg, 0.373
mmol) in one portion. The dark brown solution stirred at ambient temperature for 24 h. The
reaction was evaporated under reduced pressure to a brown solid that was taken up in
dichloromethane and transferred to a separatory funnel. The solution was washed with a
solution of saturated sodium bicarbonate until the organic layer was clear, then washed with
water, dried over magnesium sulfate, filtered, and evaporated under reduced pressure to a
brown film. Purification by flash chromatography [CH.Cl.to 4:96 (vol/vol) MeOH:CH.Cl.]

afforded 5.06 (122 mg, 79%) as a white solid.

'H NMR (400 MHz, CDCl,) 6 7.42 — 7.29 (m, 5H), 5.78 (d, J = 9.7 Hz, 1H, NH), 5.12 —
5.05 (m, 1H, H-4), 5.03 (dd, J = 3.2, 2.0 Hz, 1H, H-2"), 4.96 (dd, J = 9.9, 3.3 Hz, 1H, H-3’), 4.89
(d,J = 3.6 Hz, 1H, H-1), 4.79 (d, J = 1.7 Hz, 1H, H-1"), 4.69 (d, J = 11.7 Hz, 1H, OCHAr), 4.49 (d,
J =11.8 Hz, 1H, OCHAr), 4.38 (td, J = 10.2, 3.7 Hz, 1H, H-2), 4.17 (dd, J = 12.3, 4.6 Hz, 1H, 1 x
H-6), 4.01 (dd, J = 12.3, 2.3 Hz, 1H, 1 x H-6), 3.90 — 3.70 (m, 3H, H-3, H-5, H-5), 3.52 (t, J =
9.7 Hz, 1H, H-4"), 2.87 (s, 1H, OH), 2.10 (s, 3H, OAc), 2.10 (s, 3H, OAc), 2.08 (s, 3H, OAc), 2.03
(s, 3H, OAc), 2.01 (s, 3H, NHAc), 1.27 (d, J = 6.1 Hz, 3H, Me). HRMS (ESI-TOF+) for

C4:H4oN-Oyy (M+NH,*) caled 643.2709, found 643.2704.

Benzyl 2-acetamido-2-deoxy-3-0-(2,3-di-O-acetyl-4-O-(1H-imidazole-1-

carbonothioyl)-o-L-rhamnopyranosyl)-4,6-di-O-acetyl-a-D-glucopyranoside (5.07)

AcO P N AcO
AcO 0 7TNT NS A 0
c O/&\a NN <G5

o AcHN “opp o AcHN *OBn
HoA - 95% fo\N\\(o
cf £ L AcO OAc

OAc
5.06 5.07
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A bright yellow solution of 5.06 (22 mg, 35 umol) and 1,1’-thiocarbonyldiimidazole (8.5
mg, 48 umol) in freshly distilled toluene (0.42 mL) was heated to 9o °C. After 4 hours at 90 °C,
the reaction was cooled to ambient temperature, diluted with CH.Cl., and washed with a
saturated solution of sodium bicarbonate, brine, dried over magnesium sulfate, filtered, and
evaporated under reduced pressure to a bright yellow film. Purification by flash chromatography

[CH.Cl. to 3:97 (vol/vol) MeOH:CH.Cl.] afforded 5.07 (25 mg, 95%) as a crystalline white solid.

'H NMR (500 MHz, CDCl;) 6 8.34 (s, 1H, imid. H-2), 7.56 (s, 1H, imid. H-5), 7.43 — 7.30
(m, 5H, Ar), 7.04 (s, 1H, imid. H-4), 5.88 (t, J = 10.0 Hz, 1H, H-3), 5.73 (d, J = 9.8 Hz, 1H, NH),
5.37(dd, J = 10.1, 3.3 Hz, 1H, H-4), 5.17 — 5.12 (m, 2H, H-2’, H-3), 4.92 (d, J = 3.7 Hz, 1H, H-1),
4.86 — 4.83 (d, J = 1.5 Hz, 1H, H-1°), 4.70 (d, J = 11.7 Hz, 1tH, OCHAr), 4.51 (d, J = 11.7 Hz, 1H,
OCHAr), 4.46 (td, J = 10.2, 3.7 Hz, 1H, H-2), 4.20 (dd, J = 12.4, 4.4 Hz, 1H, 1 x H-6), 4.10 (dq, J
=12.5, 6.3 Hz, 1H, H-5'), 4.02 (dd, J = 12.4, 2.1 Hz, 1H, 1 x H-6), 3.88 (ddd, J = 10.1, 4.0, 2.3 Hz,
1H, H-5), 3.86 — 3.81 (i, 1H, H-4"), 2.18 (s, 3H, OAc), 2.12 (s, 3H, OAc), 2.07 (s, 3H, OAc), 2.04
(s, 3H, OAc), 1.89 (s, 3H, NHACc), 1.22 (d, J = 6.2 Hz, 3H, Me). 3C NMR (126 MHz, CDCl;) §
183.9, 170.9, 170.6, 170.5, 169.6, 169.4, 137.8, 136.6, 131.2, 128.9, 128.7, 128.5, 117.8, 100.0, 97.0,
81.3, 79.3, 70.5, 70.3, 70.0, 68.7, 68.4, 67.4, 62.0, 51.9, 23.4, 21.3, 21.1, 20.9, 20.7, 17.4. HRMS

(ESI-TOF+) for C43H4.N30.,S (M+H*) caled 736.2383, found 736.2393.
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Chapter 6: Future Directions
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6.1 Abstract

Complexes of biosynthetic enzymes mediate the production of capsular polysaccharides
and O-polysaccharides in E. coli, and are assumed to exist in the synthesis of complex cell wall
polysaccharides. Preliminary evidence has suggested the association of certain enzymes involved
in mycobacterial arabinogalactan assembly. We hypothesize that the
galactofuranosyltransferases GIfT1 and GIfT2 interact to assemble the galactan polymer, and
seek to ascertain the existence of such an intimate interaction. Chemical cross-linking will
provide evidence of physical proximity between GIfT1 and GIfT2, while two-hybrid and protein
reporter constructs in E. coli and M. smegmatis will provide further support for the existence of
the arabinogalactan biosynthetic complex. Additionally, the synthesis of precursors toward
lipid-linked trisaccharide phosphonophosphate acceptor substrates for GIfT1 and GIfT2, such as
benzyl Galf-B(1,4)-Rha-a(1,3)-GlcNAc and (2Z,6Z,10Z)-nerylnerol, is described. The substrates
produced from these intermediates will investigate the effect of more complex acceptor

substrates on galactofuranosyltransferase catalytic efficiency.
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6.2 Introduction

The research described in the preceding chapters represents foundational experiments
challenging galactan biosynthetic enzymes with lipid-linked phosphonophosphate substrates
and related analogs. Having established viable and modular synthetic routes, defined the
activity of the glycosyltransferase GIfT1, and developed assays to monitor its catalytic efficiency,
we will now transition into investigating the association of these enzymes and their participation
in biosynthetic complexes. These experiments will allow us to gain insight into cell wall

biosynthesis in live bacteria.

6.3 Investigating cooperativity between cell wall galactofuranosyltransferases

The existence of biosynthetic complexes involved in bacterial polysaccharide assembly is
widely assumed. Preorganization near or in a membrane of enzymes processing membrane-
anchored glycolipids is an elegant mechanism to prevent biosynthetic intermediates from
drifting about in the membrane. Evidence of protein complexes in capsular polysaccharide
biosynthesis has supported this assumption.2¢3.26¢4 Complex formation is most important in the
synthesis of cell wall and cell surface polysaccharides, processes which usually require
translocation of lipid-linked glycan intermediates from the cytoplasm to the periplasm by
specific transporters. Biosynthetic complexes of transporters and oligosaccharide biosynthetic
enzymes have been discovered in E. coli lipopolysaccharide synthesis. Both ABC (ATP-binding
cassette) transporter-dependent and Wzy polymerase-dependent processes form membrane-
associated clusters, even though some proteins required for assembly are not part of the
complex.265266 [t is probable that mycobacteria possess a complex of biosynthetic enzymes

responsible for arabinogalactan assembly.
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6.3.1 An arabinogalactan biosynthetic complex

Some evidence of the existence of an arabinogalactan biosynthetic complex has been
described. Using a bacterial two-hybrid assay, Nigou, Jackson, and co-workers discovered an
association between Rv3789 and GIfT1.2¢7 Rv3789 is a transporter likely involved in
translocation of Araf-p-P-decaprenol (DPA) from the cytosol to the periplasm. As GlfT1is a
fairly sensitive enzyme, interaction with the membrane-bound Rv3789 may serve to stabilize it.
Interestingly, no association was observed between Rv3789 and GIfT2. Since the complex does
not have to account for every enzyme in a biosynthetic pathways, it is possible that Rv3789 and
GIfT1 are part of a complex that does not require GIfT2. We seek to obtain further evidence
about preorganization of arabinogalactan biosynthetic enzymes near the cytosolic leaflet of the

mycobacterial cell membrane.

6.3.2 Measuring interactions between GlfT1 and GlfT2

Interaction between GIfT1 and GIfT2 may mediate galactan biosynthesis. Cooperativity
between glycosyltransferases has been observed in the glycosylation of macrolide antibiotics.
The glycosyltransferase DesVII from Streptomyces venezuelae requires the presence of DesVIII
for function, just as the glycosyltransferase EryCIII requires EryCII.268:269 Similarly, AknS from S.
galilaeus exhibits attenuated activity in the absence of the auxiliary protein AknT. Coexpression
of these proteins restores full AknS activity.27° This last example in particular may yield insight
into the cooperativity between GIfT1 and GIfT2. Specifically, while the two enzymes are clearly
active in isolation, their association in vitro or in bacteria may lead to a more productive

complex.

Certain clues appear to lend credence to a GIfT1/GIfT2 complex. In a coupled
spectrophotometric assay to measure GIfT2 activity, a Km of 380 uM was obtained for

nucleotide-sugar donor UDP-Galf.27* This value is unusually large, particularly when the
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equilibrium generated by UGM lies far on the side of UDP-Galp (93:7 UDP-Galp:UDP-Galf).272
The concentration of UDP-Galp in a bacterial cell is <1.5 mM, making it difficult to conceive that
such a large pool of UDP-Galf would exist in the cytosol of mycobacteria.2’3 We postulate that
interaction between GIfT1 and GIfT2 in mycobacteria may lead to K, values that more accurately
reflect the likely physiological concentration of UDP-Galf. These results may be obtained in the
course of experiments investigating broader aspects of their association. Several avenues are

available to study the interaction of these two enzymes.

To investigate the functional relationship between GIfT1 and GIfT2, the enzymes will be
coexpressed in E. coli. Expression of M. smegmatis GIfT1 in E. coli has produced active enzyme,
but its activity is greatly attenuated in comparison to enzyme expressed in M. smegmatis.
Introduction of a plasmid encoding both galactofuranosyltransferases will probe whether
inclusion of GIfT2 stabilizes or otherwise activates GIfT1. Alternatively, an inactive mutant of
either galactofuranosyltransferase can be utilized to assess its effect on the other enzyme’s
activity. Specifically, a GIfT2 variant bearing a D372A mutation is catalytically inactive.?
Comparison of the catalytic efficiency of GIfT1 in the presence of D372A GIfT2 will clarify any
positive association. This experiment takes advantage of materials that are currently available to
the laboratory. Alternatively, comparison of the catalytic efficiency of GIfT2 in the presence of

inactive mutant D193A GIfT1 will be similarly instructive.

To monitor the physical proximity of GIfT1 and GIfT2, the coexpressed enzymes will be
chemically cross-linked. The amine-reactive reagent dithiobis(succinimidylpropionate) (DSP)
will be utilized, as it is suitable for membrane-associated proteins and the cross-links can be
broken with dithiothreitol (DTT).2%3 The enzymes will be cross-linked in a cell lysate and the
cross-linked products will be enriched by affinity chromatography. The cross-links will be
broken by incubation with DTT, and the protein bands separated by SDS-PAGE will be excised

and analyzed by MALDI-TOF. Since false positives from artificial crowding of proteins in
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solution due to overexpression can be problematic with chemical cross-linking, alternative

reporter protocols will be pursued in parallel.

The bacterial two-hybrid adenylate cyclase system has been utilized to observe
association of GIfT1 and the translocase Rv3789.267 Two-hybrid systems rely on domains of a
single enzyme re-associating through the interaction of two proteins tethered to each domain.
Typically, reconstitution of the enzyme leads to transcriptional activation of a gene that provides
a readout of the interaction. We will fuse M. smegmatis GIfT1 and M. tuberculosis GIfT2 to the
appropriate adenylate cyclase subunits using commercially available plasmids.274 Insertion of
these plasmids into E. coli BTH101 will be followed by plating the bacteria on Luria-Bertani agar
containing X-Gal (5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside) essentially as
described.274 A blue-colored phenotype will be observed if the enzymes are interacting, and the

interaction will be quantified by established protocols.275

It is possible that protein expression may be problematic in E. coli. There appear to be
factors specific to mycobacteria that contribute to proper GIfT1 activity. Johnsson and co-
workers have described a protein sensor system in M. smegmatis that is based on the
reconstitution of an enzyme involved in tryptophan and histidine biosynthesis, HisA.27° Cells of
M. smegmatis [1hisA were transformed with plasmid pairs that encoded the two HisA domains,
both encoding GIfT1. Growth of the hisA-deficient strain in the absence of exogenous tryptophan
provided evidence that GIfT1 may self-associate in mycobacteria. We seek to adapt this
experiment to study GIfT1 and GIfT2 by incorporating plasmid pairs encoding these enzymes.
An important caveat for these experiments is that they rely on growth of viable bacteria as a
readout. In parallel with the cross-linking experiments above, however, we expect to observe

conclusive evidence of galactofuranosyltransferase association.
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6.4 Toward more complex synthetic phosphonophosphate acceptors

The polymerase GIfT2 can process acceptors bearing a single Galf residue. In Chapter 4,
a lipid-linked acceptor bearing the Galf-p(1,4)-Rha-a(1,3)-GlcNAc trisaccharide was
demonstrated to serve as a suitable acceptor for GIfT1, and a poor acceptor for GIfT2.
Nonetheless, lipid-linked trisaccharides can be processed by both cell wall
galactofuranosyltransferases. In the former case, the galactofuranose residue dramatically
improves turnover by GIfT1. An acceptor that bears a phosphonophosphate bridge should
improve the efficiency of this trisaccharide. To explore the relative activity of GIfT1 and GIfT2 for
trisaccharide acceptors bearing the bridging phosphonophosphate, we required access to an

acceptor such as 6.01 (Scheme 6.1).

6.4.1 A synthetic lipid-linked trisaccharide phosphonophosphate acceptor

The route toward 6.01 began with the glycosylation of 4-O-naphthyl rhamnosyl
thioglycoside 4.05 with benzyl glucoside 2.16 using N-iodosuccinimide and
trifluoromethanesulfonic acid. The exclusively a-linked disaccharide 6.02 was obtained in
nearly quantitative yield. A protecting group swap was effected by treatment with tetra-n-
butylammonium fluoride, followed by taking up the crude material in acetic anhydride and
pyridine. The 4’-O-naphthyl protecting group of disaccharide 6.03 was removed by oxidative
cleavage with DDQ to afford 4’-OH acceptor 6.04. Glycosylation with thiazolyl Galf donor 4.04
using silver trifluoromethanesulfonate then afforded the desired trisaccharide building block

6.05.
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Scheme 6.1. Trisaccharide phosphorylation toward phosphonophosphate 6.01.

From the protected trisaccharide 6.05, a four-step hydrogenolysis, phosphitylation-
oxidation, and hydrogenolysis sequence should afford the critical trisaccharide phosphate 6.07.
Coupling to a suitable lipid phosphonomorpholidate, such as the (2Z,6Z)-farnesyl
phosphonomorpholidate described in Chapter 2, will provide ready access to acceptor 6.01.
Efforts to complete this sequence to date have been unsuccessful. Hydrogenolysis using 10%
palladium on carbon did not yield any product 6.06. Use of Pearlman’s catalyst appeared to
effect conversion to the anomeric lactol, but the subsequent phosphitylation-oxidation sequence
on the crude lactol was not successful. An alternative phosphorylation strategy may be required

to reach this complex trisaccharide phosphomonoester.
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6.4.2 Interrogating galactofuranosyltransferase acceptor scope with an expanded carrier
lipid repertoire

The identity and geometry of the carrier lipid of a glycosyltransferase acceptor substrate
can have a remarkable effect on the enzyme’s ability to process the acceptor. This effect in a
number of glycosyltransferases was thoroughly covered in Chapter 1. In addition, however, the
geometry of the carrier lipid can have a marked effect on the permeability of a membrane.277 The
polyprenol specificity of a number of dolichyl-processing glycosyltransferases has been
examined in detail. Comparison of dolichyl stereochemistry,>’8 length,279-28¢ and extent of

saturation'59281.282 have revealed that the specificity is often enzyme- or organism-specific.

To further explore the effect of carrier lipid length and geometry on acceptor processing
by cell wall galactofuranosyltransferases, we sought to expand our carrier lipid repertoire. To
compare the lipid geometry in farnesyl-linked acceptors, we desired (2Z,6E)-farnesol 6.08 to
complement our experiments with (2Z,6Z)-farnesol. This alcohol can be accessed in four steps
from commercially available geranyl bromide (Scheme 6.2). Reaction of this allylic bromide with
the dianion of ethyl acetoacetate afforded geranyl B-ketoester 6.09.2'2 The enolate was trapped
with diethyl chlorophosphate in 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidone (DMPU) to
yield (E)-enol phosphate 6.10.213-215 Methylation of the enol phosphate with lithium dimethyl
cuprate by the method of Weiler and co-workers21%217 afforded o,p-unsaturated ester 6.11.
Reduction of the ester using diisobutylaluminum hydride (DIBAL-H)>® yielded (2Z,6E)-farnesol

6.08.
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Scheme 6.2. Synthesis of (2Z,6E)-farnesol.

To prepare longer lipid carriers, we desired a method by which the lipid could be
elongated strictly by (Z)-isoprene units. This can be accomplished using a 10-carbon building
block 6.12 termed the cis-isoprenoid synthon (Scheme 6.3).283 This synthon consists of an
‘inner’ allylic chloride to serve as the electrophile in chain extension, while an ‘outer’ protected
allylic alcohol can be unmasked to serve as the terminal unit or further processed to become a

nucleophile for chain extension.

Synthon 6.12 is accessed from nerol (Scheme 6.3). Protection of the alcohol as the tert-
butyldiphenylsilyl ether 6.13 is followed by epoxidation at the distal o-isoprene unit with meta-
chloroperoxybenzoic acid to afford epoxide 6.14.284 Oxidative cleavage of the epoxide with
periodic acid?85 yielded aldehyde 6.15. The second isoprene unit was installed with high
selectivity for the (Z)-isomer via a Still-Gennari olefination.286287 Reaction of aldehyde 6.15 with
2-[bis(2,2,2-trifluoroethoxy)phosphonyl]propionic acid ethyl ester in the presence of potassium
hexamethyldisilazide and 18-crown-6 afforded the desired (Z)-o,B-unsaturated ester 6.16 with
high stereoselectivity (10:1 Z:E). The ester was reduced with DIBAL-H to allylic alcohol 6.17,
and a Corey-Kim reaction on the allylic alcohol furnished allylic chloride 6.12, the desired cis-

isoprenoid synthon.
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Scheme 6.3. Synthesis of (2Z,6Z,10Z)-nerylnerol 2.ai via the cis-isoprenoid synthon 2.ah.

We first targeted all-cis prenyl alcohol (2Z,6Z,10Z)-nerylnerol 6.18. The cis-isoprenoid
synthon methodology requires the use of an allylic sulfonate as the nucleophile. Thus, neryl
chloride was generated from nerol as described in Chapter 2 and reacted with sodium para-
toluenesulfinate to yield allylic sulfonate 6.19. Deprotonation of 6.19 with n-butyllithium in a
solution of 4:1 v/v tetrahydrofuran:1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone
(DMPU),288 followed by addition of allylic chloride 6.12 afforded the coupling product 6.20 in
excellent yield. At this point, we found that removal of the silyl groups was required prior to
desulfonylation. If reductive removal of the sulfonate was attempted on the TBDPS-protected
6.20, C-O bond cleavage occurred and yielded a hydrocarbon byproduct as the major product.

The same byproduct was obtained when desulfonylation was attempted with lithium 4,4’-di-
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tert-butylbiphenylide (LiDBB). Thus, silyl deprotection of sulfone 6.20 using tetra-n-
butylammonium fluoride yielded allylic alcohol 6.21 in quantitative yield. Reductive
desulfonylation289 with lithium triethylborohydride (LiBHEt;, Super-Hydride) and (1,3-
bis(diphenylphosphino)propane)palladium(II) dichloride [PdCl.(dppp)] afforded (2Z,6Z,10Z)-
nerylnerol 6.18.43 This methodology can be used to generate a progressively longer series of (Z)-

isoprenyl alcohols.3°
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Scheme 6.4. Elaboration of prenyl alcohols 6.08 and 6.08 and coupling to disaccharide
phosphate 2.13 may yield disaccharide phosphonophosphates.

The two lipids synthesized above can be elaborated to disaccharide
phosphonophosphates as described in Chapter 2 (Scheme 6.4). Briefly, the allylic alcohols 6.08
and 6.18 will be converted to phosphonomorpholidates via a four-step protocol. Reaction with
Rha-a(1,3)-GlcNAc-a-phosphate 2.13 in the presence of 1H-tetrazole in pyridine, followed by
saponification of the acetate protecting groups, should produce the desired
phosphonophosphates. The acceptor derived from (2Z,6E)-farnesol 6.08 would explore the
effect of the penultimate isoprene unit, which is (Z) in the best GIfT1 acceptor substrate.
Alternatively, the acceptor derived from (2Z,6Z,10Z)-nerylnerol 6.18 maintains the (Z)
geometry about that isoprene unit. This derivative will instead investigate whether an extended

lipid carrier improves the ability of an acceptor surrogate to be processed efficiently by GIfT1.
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Ultimately, isolation of oligosaccharides prepared by GIfT1 from this scaffold will serve to

interrogate the efficiency of GIfT2 polymerization from highly complex acceptor substrates.

6.5 Conclusions

A series of future experiments have been described that will explore the persistence of
biosynthetic complexes involved in arabinogalactan assembly. Chemical cross-linking and two-
hybrid/protein reporter experiments will determine whether the galactofuranosyltransferase
GIfT1 and GIfT2 associate in vitro as well as in E. coli or M. smegmatis. In addition, a route
toward a Galf-B(1,4)-Rha-a(1,3)-GlcNAc phosphomonoester and the chemical synthesis of two
prenyl alcohols have been described. These two lipids will be elaborated to di- or trisaccharide
phosphonophosphates to investigate the effect of the lipid carrier on cell wall

galactofuranosyltransferases.

6.6 Experimental details

All compounds were purchased from Sigma Aldrich (Milwaukee, WI) or Fisher Scientific
(Pittsburgh, PA). Tetrahydrofuran (THF) was distilled from sodium/benzophenone ketyl,
methanol (MeOH) was distilled from magnesium, and dichloromethane (CH.Cl.) was distilled
from calcium hydride. Other solvents were purified according to the guidelines in Purification of
Common Laboratory Chemicals. All reactions were run under argon atmosphere in oven-dried
glassware unless otherwise stated. Molecular sieves were activated by heating to 600 °C in a
furnace for 12 h, then cooled in a dessicator. Analytical thin layer chromatography (TLC) was
carried out on E. Merck (Darmstadt) TLC plates pre-coated with silica gel 60 F254 (250 pym

layer thickness). Analyte visualization was accomplished using a UV lamp and by charring with a
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solution of p-anisaldehyde (3.5 mL), acetic acid (15 mL), H.SO, (50 mL), and ethanol (350 mL).
Flash column chromatography was performed with Silicycle Flash Silica Gel (40-63 pm, 60 A
pore size) using reagent grade hexanes and ACS grade ethyl acetate (EtOAc) or ACS grade
acetone, or methanol (MeOH) and CH.Cl.. 'H, 3C, and 3'P nuclear magnetic resonance (NMR)
spectra were recorded on a 300 MHz spectrometer (acquired at 300 MHz for 'H NMR, 75 MHz
for 3C NMR, and 121 MHz for 3'P NMR) a 400 MHz spectrometer (acquired at 400 MHz for 'H
NMR, 101 MHz for 3C NMR, and 162 MHz for 3P NMR), or a 500 MHz spectrometer (acquired
at 500 MHz for 'H NMR and 126 MHz for 3C NMR). Chemical shifts are reported relative to
tetramethylsilane or residual solvent peaks in parts per million (CHCls: 'H: 7.26, 13C: 77.16;
MeOH: 'H: 3.31, 3C: 49.00; HDO: 'H: 4.79). Peak multiplicity is reported as singlet (s), doublet
(d), doublet of doublets (dd), doublets of doublets of doublets (ddd), triplet (t), doublet of
triplets (dt), etc. High resolution electrospray ionization-time of flight mass spectra (HRESI-

TOF MS) were obtained on a Micromass LCT.

Benzyl 2-acetamido-2-deoxy-3-0-(4-0-(2-naphthyl)methyl-2,3-di-O-tert-
butyldimethylsilyl-o-L-rhamnopyranosyl)-4,6-di-O-acetyl-a-D-glucopyranoside

(6.02)
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Monosaccharides 2.16 (1.35 g, 2.98 mmol) and 4.05 (2.80 g, 4.48 mmol) were
combined in a round-bottom flask, coevaporated with anhydrous toluene (3 x 20 mL), and kept
under high-vacuum overnight. Activated 4 A molecular sieve powder and freshly distilled CH,Cl,
(120 mL) were added under Ar atmosphere. The clear solution stirred at ambient temperature

for 2 h, then it was cooled to —78 °C for 20 minutes. N-iodosuccinimide (1.34 g, 5.97 mmol) was
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added in one portion. After 5 min, trifluoromethanesulfonic acid (30 pL, 0.34 mmol) was added.
The suspension stirred at —78 °C for 2.75 h, then additional trifluoromethanesulfonic acid (0.5
mL) was added. The reaction was warmed to —60 °C over 30 min. Freshly distilled triethylamine
(2 mL) was added, causing a color change from coral to canary yellow. The suspension was
filtered and diluted with CH,Cl,. The solution was washed with 10% (wt/wt) sodium thiosulfate,
a saturated solution of sodium bicarbonate, brine, dried over magnesium sulfate, filtered, and
concentrated under reduced pressure to a brown film. Purification by flash chromatography

[hexanes to 2:8 (vol/vol) EtOAc:hexanes] afforded 6.02 (2.83 g, 98%) as a cloudy glass.

'H NMR (300 MHz, CDCl,) & 7.84 — 7.70 (m, 4H, Ar), 7.50 — 7.26 (m, 8H, Ar), 5.66 (d, J
=10.0 Hz, 1H, NH), 4.99 (d, J = 12.4 Hz, 1H, 1 x OCHAr), 4.92 (d, J = 1.9 Hz, 1H, H-1’), 4.72 —
4.63 (m, 3H, H-1, 2 x OCHAr), 4.46 (d, J = 11.9 Hz, 1H, 1 x OCHAr), 4.34 — 4.22 (m, 2H, H-2, H-
57, 4.10 — 3.92 (m, 3H, H-3, H-3), 3.90 — 3.76 (mm, 4H, H-2"), 3.45 (t,J = 9.4 Hz, 1H, H-4"), 1.87
(s, 3H, NHACc), 1.20 (d, J = 6.1 Hz, 3H, Me), 1.10 (s, 9H, (CH;)4CSi), 1.00 (s, 9H, (CH,)4CSi),
0.92 (s, 9H, (CH,)5CSi), 0.88 (s, 9H, (CH,)4CSi), 0.15 (s, 3H, CH,Si), 0.06 (s, 3H, CH,Si), 0.04
(s, 3H, CHSi), 0.01 (s, 3H, CH,Si). 3C NMR (101 MHz, CDCl,) 8 171.2, 169.9, 137.1, 136.9, 136.3,
133.4, 133.3, 132.9, 132.7, 128.7, 128.3, 128.3, 128.0, 128.0, 127.8, 127.7, 127.5, 126.5, 126.1,
126.0, 125.9, 125.8, 125.5, 125.2, 125.1, 99.4, 97.4, 95.1, 81.3, 80.7, 77.4, 76.4, 75.0, 74.8, 74.0,
73.8, 73.0, 72.6, 70.1, 68.8, 68.7, 67.0, 66.9, 60.5, 53.7, 27.8, 27.8, 27.1, 26.4, 26.3, 25.9, 25.9,
23.6, 22.8, 21.1, 20.0, 18.8, 18.4, 18.2, 18.2, 14.3, —4.1, —4.1, —4.2, —4.3, —4.3, —4.3, —4.4, —4.4.

HRMS (ESI-TOF+*) for C52Hs,N»040Sis (M+NH,*) caled 983.5664, found 983.5671.

Benzyl 2-acetamido-2-deoxy-3-0-(4-0-(2-naphthyl)methyl-2,3-di-O-acetyl-o-L-

rhamnopyranosyl)-4,6-0O-di-tert-butylsilylene-a-D-glucopyranoside (6.03)
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1. Freshly distilled tetrahydrofuran (0.4 mL) was added to a round-bottom flask
containing 6.02 (39 mg, 40 umol) under Ar atmosphere. A solution of tetra-n-butylammonium
fluoride (TBAF) in tetrahydrofuran (1.0 M, 0.60 mL, 0.60 mmol) was added, and the clear
solution stirred at ambient temperature. Some starting material remained as judged by thin
layer chromatography after 22 h, so an additional aliquot of TBAF in THF (1.0 M, 2.5 mL, 2.5
mmol) was added. After 46 h total, the reaction was warmed to 40 °C for 5 h, when analysis by
thin layer chromatography deemed the reaction complete. The reaction was cooled to ambient
temperature and concentrated under reduced pressure to afford crude benzyl 2-acetamido-2-
deoxy-3-0-(4-O-(2-naphthyl)methyl-a-L-rhamnopyranosyl)-a-D-glucopyranoside as a brown

oil that was taken on to the next step immediately.

2. The crude benzyl 2-acetamido-2-deoxy-3-0-(4-0-(2-naphthyl)methyl-a-L-
rhamnopyranosyl)-a-D-glucopyranoside (~40 pmol) was dissolved in anhydrous pyridine (1.5
mL) under Ar atmosphere. The solution was cooled to 0 °C for 15 min prior to dropwise addition
of acetic anhydride (2.5 mL). The solution was allowed to slowly warm to ambient temperature
while stirring overnight. After 17 h, the reaction was diluted with methanol and concentrated
under reduced pressure to a brown oil that was coevaporated with toluene (3 x 5 mL).
Purification by flash chromatography [hexanes to 2:3 (vol/vol) acetone:hexanes] afforded 6.03

(30 mg, 99% over 2 steps) as a crystalline solid.

'H NMR (400 MHz, CDCl,) § 7.84 — 7.70 (m, 4H, Ar), 7.50 — 7.29 (m, 8H, Ar), 5.67 (d, J
=9.6 Hz, 1H, NH), 5.19 (dd, J = 9.9, 3.3 Hz, 1H, H-3"), 5.15 — 5.07 (m, 2H), 4.92 (d, J = 3.6 Hz,
1H, H-1"), 4.89 — 4.73 (m, 3H, 2 x OCHAr), 4.68 (d, J = 11.8 Hz, 1H, 1 x OCHAr), 4.49 (d, J = 11.7

Hz, 1H, 1 x OCHAr), 4.42 (td, J = 10.2, 3.6 Hz, 1H, H-2), 4.16 (dd, J = 12.3, 4.4 Hz, 1H), 4.05 —
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3.99 (m, 1H), 3.94 — 3.80 (m, 3H, H-5"), 3.48 (t,J = 9.6 Hz, 1H, H-4’), 2.12 (s, 3H, OAc), 2.10 (s,
3H, OAc), 2.06 (s, 3H, OAc), 2.03 (s, 3H, OAc), 1.91 (s, 3H, NHAc), 1.27 (d, J = 6.2 Hz, 3H, Me).
13C NMR (101 MHz, CDCl;) § 171.0, 170.5, 170.5, 169.5, 136.7, 135.8, 133.3, 133.0, 128.8, 128.5,
128.4, 128.1, 128.0, 127.8, 126.2, 126.1, 126.0, 125.6, 99.5, 97.1, 79.4, 78.5, 74.8, 71.5, 70.7, 70.2,
70.0, 68.8, 68.4, 62.2, 53.9, 52.1, 29.4, 23.3, 21.2, 21.1, 21.0, 20.9, 17.9. HRMS (ESI-TOF+) for

C40H5 N0, (M+NH,*) caled 783.3335, found 783.3309.

Benzyl 2-acetamido-2-deoxy-3-0-(2,3-di-O-acetyl-a-L-rhamnopyranosyl)-4,6-di-O-

acetyl-a-D-glucopyranoside (6.04)

AcO AcO
o) DDQ o]
ACOO&N\H DCM:MeOH:H,0 ACO&@H

(o]

AcHN *“0OBn - = AcHN “oBp
NAPO ZL HO@#
AcO AcO OAc

OAc

6.03
6.04

A round-bottom flask containing 6.03 (0.19 g, 0.25 mmol) was placed under Ar
atmosphere. Freshly distilled MeOH (2.6 mL), freshly distilled CH.Cl. (10.4 mL), and water (60
uL) were added, followed by 2,3-dichloro-5,6-dicyano-para-benzoquinone (85 mg, 0.37 mmol)
in one portion. The dark brown solution stirred at ambient temperature for 24 h. The reaction
was concentrated under reduced pressure to a brown solid that was taken up in
dichloromethane and transferred to a separatory funnel. The solution was washed with a
solution of saturated sodium bicarbonate until the organic layer was clear, then washed with
water, dried over magnesium sulfate, filtered, and concentrated under reduced pressure to a
brown film. Purification by flash chromatography [CH.Cl.to 4:96 (vol/vol) MeOH:CH.Cl.]

afforded 6.04 (0.12 gg, 79%) as a white solid.

'H NMR (300 MHz, CDCly) 8 7.43 — 7.29 (m, 5H, Ar), 5.65 (d, J = 9.7 Hz, 1H, NH), 5.14

- 5.06 (m, 1H), 5.02 (dd, J = 3.3, 2.1 Hz, 1H), 4.97 (dd, J = 9.9, 3.3 Hz, 1H, H-3"), 4.89 (d, J =
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3.7 Hz, 1H, H-1"), 4.80 (d, J = 1.8 Hz, 1H), 4.69 (d, J = 11.8 Hz, 1H, 1 x OCHAr), 4.49 (d, J = 11.7
Hz, 1H, 1 x OCHAr), 4.40 (td, J = 10.0, 3.7 Hz, 1H, H-2), 4.18 (dd, J = 12.4, 4.5 Hz, 1H), 4.01 (dd,
J =12.3,2.3 Hz, 1H), 3.91 — 3.68 (m, 3H, H-5’), 3.59 — 3.47 (m, 1H, H-4"), 2.11 (s, 2 x 3H, OAc),
2.08 (s, 3H, OAc), 2.05 (s, 3H, OAc), 2.02 (s, 3H, NHAc), 1.28 (d, J = 6.1 Hz, Me). HRMS (ESI-

TOF+) for CaoH43N-Oyy (M+NH,*) caled 643.2709, found 643.2704.

Benzyl 2-acetamido-2-deoxy-3-0-(2,3-di-O-acetyl-4-0-(2,3,4,5-tetra-O-acetyl-p-D-
galactofuranosyl)-e-L-rhamnopyranosyl)-4,6-di-O-acetyl-a-D-glucopyranoside

(6.05)

RNy
C
AcO S o}
ACQ 0 OAc ¢ <\j ) AcHN “0ogn
o) .0 N AgOTf, 4A MS OAc )
AcHN "oBn  + - - o. P

Ho 750 AcO 7 A0 Oac

AcO Ohe AcO
OAc

OAc AcO

AcO
6.04 4.04 6.05

Compounds 6.04 (0.12 g, 0.20 mmol) and 4.04 (0.18 g, 0.39 mmol) were combined in a
round-bottom flask, coevaporated with anhydrous toluene (3 x 4 mL), and kept under high-
vacuum overnight. Activated 4 A molecular sieve powder and freshly distilled CH,Cl, (6.5 mL)
were added under Ar atmosphere. The clear solution stirred at ambient temperature for 1 h,
then it was cooled to o0 °C. Silver trifluoromethanesulfonate (0.15 g, 0.59 mmol) was added, and
the reaction stirred at o °C for 5 min, then it was warmed to ambient temperature. After 4.5 h at
ambient temperature, the reaction was filtered through Celite (rinsed with CH.Cl,), washed with
a saturated solution of sodium bicarbonate, water, brine, dried over magnesium sulfate, filtered,
and concentrated under reduced pressure to a clear film. Purification by flash column

chromatography [CH.Cl. to 3:97 MeOH:CH.Cl.] afforded 6.05 (0.16 g, 86%) as a clear film.

'H NMR (400 MHz, CDCl,): 6 7.42 — 7.29 (m, 5H, Ar), 6.16 (d, J = 6.8 Hz, 1H), 5.64 (d, J

= 9.7 Hz, 1H), 5.41 — 5.35 (m, 2H), 5.30 (d, J = 8.2 Hz, 1H), 5.27 (s, 1H, H-1"), 5.20 — 5.15 (i,
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1H), 5.14 — 5.11 (m, 1H), 5.10 (s, 1H), 5.06 (dd, J = 9.6, 3.5 Hz, 1H), 5.03 — 4.96 (m, 2H), 4.94 —
4.87 (m, 3H, H-1), 4.74 (d, J = 1.7 Hz, 1H, H-1"), 4.71 — 4.65 (m, 2H), 4.61 — 4.47 (m, 2H), 4.42
(td, J = 10.2, 3.7 Hz, 1H), 4.32 — 4.08 (m, 7H), 4.01 (dd, J = 12.3, 2.3 Hz, 1H), 3.88 — 3.77 (m,
4H), 3.71 — 3.58 (m, 2H), 2.13 (s, 3H, OAc), 2.12 — 2.09 (m, 12H, 3 x OAc), 2.09 — 2.07 (m, 6H, 2
x OAc), 2.07 — 2.04 (m, 12H, 3 x OAc), 1.98 (s, 3H, NHAc), 1.22 (d, J = 6.2 Hz, 3H, Me). HRMS

(ESI-TOF+) for C,3He:N.O.; (M+NH,*) caled 973.3660, found 973.3685.

(E)-Ethyl 7,11-dimethyl-3-oxododeca-6,10-dienoate (6.09)

OLi ONa

)
>:/_>:\; _ MO/\ = —
Br OEt

(0]
6.09

Oil-free sodium hydride was prepared by washing a 60% dispersion of NaH in mineral
oil with anhydrous pentane under N in a fritted funnel. This preparation of oil-free NaH (0.66 g,
17 mmol) was suspended in freshly distilled tetrahydrofuran (23 mL) and cooled to o °C. Ethyl
acetoacetate (0.63 mL, 15 mmol) was added dropwise. After 10 min, n-butyllithium (2.63 M in
hexanes, 6.0 mL, 16 mmol) was added slowly over 5 minutes. Geranyl bromide (1.6 mL, 8.0
mmol) was added to this suspension at 0 °C. After 20 min, the reaction was quenched by
addition of 3M hydrochloric acid (8 mL). The biphasic mixture was partitioned between ethyl
ether (150 mL) and water (150 mL). The aqueous layer was extracted with ethyl ether (2 x 100
mL). The combined organic layers were washed with water (3 x 100 mL), brine (100 mL), dried
over magnesium sulfate, filtered, and concentrated under reduced pressure. Purification by flash
chromatography [hexanes to 1:9 (vol/vol) EtOAc:hexanes] afforded 6.09 (0.96 g, 45%) as a

light orange oil. Characterization of this compound matched a published report.2:
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(2E,6E)-ethyl 3-((diethoxyphosphoryl)oxy)-7,11-dimethyldodeca-2,6,10-trienoate

(6.10)
‘p-OEt
(EtO),P(0)CI PO
_ _OVAP BN _ _
OEt BMPU >—/—>—\—)—>foa
o o)
6.09 6.10

A solution of 4-(dimethylamino)pyridine (13 mg, 0.11 mmol) and triethylamine (0.15 mL,
1.1 mmol) in 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidone (DMPU, 1.8 mL) under Ar
atmosphere was cooled to 0 °C. An ice-cooled solution of 6.09 (0.25 g, 0.94 mmol) in DMPU
(1.2 mL) was added via cannula using positive nitrogen pressure. The bright yellow solution
stirred at 0 °C for 50 min, then it was cooled to —20 °C. Diethyl chlorophosphate (0.15 mL, 1.1
mmol) was added dropwise, and the cooling bath was removed. The reaction stirred at ambient
temperature for 16 h. It was diluted with ethyl ether and acidified to pH ~2 with 1M HCl to
afford a biphasic mixture. The layers were separated, and the aqueous layer was extracted with
ethyl ether. The combined organic layers were washed with a saturated solution of copper(II)
sulfate (2x), brine, dried over magnesium sulfate, filtered, and concentrated under reduced
pressure. Purification by flash chromatography [1:9 (vol/vol) EtOAc:hexanes to 3:7 (vol/vol)
EtOAc:hexanes] afforded 6.10 (0.12 g, 31%) as a light yellow oil. Characterization of this

compound matched a published report.22

(2Z,6E)-ethyl 3,7,11-trimethyldodeca-2,6,10-trienoate (6.11)

)
“p:OEt
o OEt Cul, MeLi, MeMgClI o
- 0" . — —
— — — OEt
OEt o

(¢}
6.10 6.11
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A suspension of copper(I) iodide (0.17 g, 0.88 mmol) in freshly distilled tetrahydrofuran
(7.3 mL) under Ar atmosphere was cooled to 0 °C. Methyllithium (1.6M in Et.O, 0.55 mL, 0.88
mmol) was added dropwise and the reaction stirred at 0 °C for 10 min. The reaction was cooled
to —30 °C for 10 min, followed by dropwise addition of methylmagnesium chloride (3.0M in
THF, 0.39 mL, 1.2 mmol). After 20 min, a solution of 6.10 (0.12 g, 0.29 mmol) in freshly
distilled tetrahydrofuran (7.3 mL) was added via cannula using positive nitrogen pressure. The
greenish brown suspension stirred at —30 °C for 3 h. It was poured into an ice-cold solution of
saturated ammonium chloride in a separatory funnel and diluted with ethyl ether. The organic
layer was rinsed with a saturated solution of ammonium chloride until the aqueous layer was no
longer blue. The organic layer was washed with brine, dried over magnesium sulfate, filtered,
and concentrated under reduced pressure. Purification by flash chromatography [1:4 (vol/vol)
CH.Cl,:hexanes to 2:3 (vol/vol) CH.Cl.:hexanes] afforded 6.11 (58 mg, 75%) as a clear oil.

Characterization of this compound matched a published report.22

(2Z,6E)-Farnesol (6.08)

DIBAL-H

6.11 6.08

A solution of 6.11 (58 mg, 0.22 mmol) in freshly distilled toluene (5.0 mL) under Ar
atmosphere was cooled to —78 °C. Diisobutylaluminum hydride (DIBAL-H, 1.0M in toluene,
0.77 mL, 0.77 mmol) was added dropwise. After 1.5 h, the reaction was quenched by addition of
a saturated solution of sodium potassium tartrate (12 mL). The clear biphasic mixture was
transferred to a separatory funnel and diluted with EtOAc. The layers were separated, and the
aqueous layer was extracted with EtOAc (3 x 10 mL). The combined organic layers were washed

with brine (20 mL), dried over magnesium sulfate, filtered, and concentrated under reduced
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pressure. Purification by flash chromatography [hexanes to 1:9 (vol/vol) EtOAc:hexanes]
afforded 6.08 (43 mg, 89%) as a clear film. Characterization of this compound matched a

published report.28

(Z)-tert-butyl((3,7-dimethylocta-2,6-dien-1-yl)oxy)diphenylsilane (6.13)

m TBDPSCI, imid. m
— — B — —
OH

6.13

OTBDPS

A solution of nerol (1.2 mL, 7.0 mmol) and imidazole (1.1 g, 15 mmol) in anhydrous N,N-
dimethylformamide (6.4 mL) under Ar atmosphere was cooled to o °C. tert-
Butylchlorodiphenylsilane (2.0 mL, 7.7 mmol) was added dropwise. The solution was stirred at
ambient temperature for 2 h, then it was quenched with water (10 mL). The mixture was
transferred to a separatory funnel and extracted with ethyl ether (3 x 15 mL). The combined
organic layers were washed with a saturated solution of sodium bicarbonate, brine, dried over
magnesium sulfate, filtered, and concentrated under reduced pressure to afford 6.13 (2.8 g,

quantitative) as a clear oil. Characterization of this compound matched a published report.284

(Z)-tert-butyl((5-(3,3-dimethyloxiran-2-yl)-3-methylpent-2-en-1-

ylDoxy)diphenylsilane (6.14)

— — —_—— —
OTBDPS OTBDPS

6.13 6.14

A solution of 6.13 (1.3 g, 3.2 mmol) in chloroform (13 mL) under Ar atmosphere was
cooled to 0 °C. meta-Chloroperoxybenzoic acid (77% max, 0.79 g, 3.5 mmol) was added in one

portion and the suspension stirred at o °C for 1 h. It was diluted with chloroform (40 mL) and
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transferred to a separatory funnel. The suspension was washed with water, a saturated solution
of sodium bicarbonate, brine, dried over magnesium sulfate, filtered, and concentrated under
reduced pressure. Purification by flash chromatography [hexanes to 3:1 (vol/vol)
CH.Cl,:hexanes] afforded 6.14 (0.93 g, 71%) as a clear oil. Characterization of this compound

matched a published report.284

(Z)-6-((tert-butyldiphenylsilyl)oxy)-4-methylhex-4-enal (6.15)

o) HIO4+2H,0
A= e em )
OTBDPS OTBDPS

6.14 6.15

A solution of 6.14 (0.93 g, 2.3 mmol) in anhydrous ethyl ether (3.0 mL) under Ar
atmosphere was cooled to 0 °C. It was transferred via cannula to an ice-cooled solution of
periodic acid dihydrate (0.62 g, 2.7 mmol) in freshly distilled tetrahydrofuran (23 mL) using
positive nitrogen pressure. The clear solution stirred at o °C for 2 h before being filtered, diluted
with ethyl ether, washed with water, a saturated solution of sodium bicarbonate, brine, dried
over magnesium sulfate, and concentrated under reduced pressure to afford 6.15 (0.83 g, 99%)

as an off-white oil. This compound was carried onto the next step without further purification.

(2Z,6Z)-ethyl 8-((tert-butyldiphenylsilyl)oxy)-2,6-dimethylocta-2,6-dienoate (6.16)

0]

F30‘\07 1 Q KHMDS, 18-crown-6 _ _
Oﬁ * d OEt =) OTBDPS
OTBDPS =
FoC

(0]

6.15 6.16

2-[bis(2,2,2-trifluoroethoxy)phosphonyl]propionic acid ethyl ester (0.67 mL, 2.7 mmol)

was added to a solution of 18-crown-6 (1.9 g, 7.3 mmol) in freshly distilled tetrahydrofuran (17
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mL) under Ar atmosphere. The solution was cooled to —78 °C prior to slow addition of
potassium bis(trimethylsilyl)amide (0.5M in toluene, 5.8 mL, 2.9 mmol). After 30 min, a
solution of 6.15 (0.89 g, 2.4 mmol) in freshly distilled tetrahydrofuran (7.3 mL) was added
dropwise via cannula using positive nitrogen pressure and the mixture stirred at -78 °C for 1 h. A
saturated solution of ammonium chloride (50 mL) and ethyl ether (30 mL) were added, and the
layers were separated. The aqueous layer was extracted with ethyl ether (5 x 20 mL), and the
combined organic layers were washed with brine, dried over magnesium sulfate, filtered, and
concentrated under reduced pressure. Purification by flash chromatography [hexanes to 1:19
(vol/vol) EtOAc:hexanes] afforded 6.16 (0.75 g, 69%, 10:1 Z:E) as a clear oil. Characterization of

this compound matched a published report.29°

(2Z,62)-8-((tert-butyldiphenylsilyl)oxy)-2,6-dimethylocta-2,6-dien-1-0l (6.17)

M DIBAL-H
OBAR Ve
EtO OTBDPS HO OTBDPS

o
6.16 6.7

Diisobutylaluminum hydride (DIBAL-H, 1.0M in toluene, 4.13 mL, 4.13 mmol) was
added dropwise to a solution of 6.16 (0.745 g, 1.65 mmol) in freshly distilled toluene (16.5 mL)
under Ar atmosphere at —78 °C. After stirring for 1 h at —78 °C, the solution was poured into a
saturated solution of sodium potassium tartrate (50 mL) at ambient temperature, diluted with
ethyl acetate, and stirred vigorously for 0.5 h. The layers were separated, and the aqueous layer
was extracted with EtOAc (3 x 40 mL). The combined organic layers were washed with brine,
dried over magnesium sulfate, filtered, and concentrated under reduced pressure. Purification
by flash chromatography [1:9 (vol/vol) EtOAc:hexanes to 1:4 (vol/vol) EtOAc:hexanes] afforded
6.17 (0.605 g, 90%) as a clear oil. Characterization of this compound matched a published

report.29°
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tert-Butyl(((2Z,6Z)-8-chloro-3,7-dimethylocta-2,6-dien-1-yl)oxy)diphenylsilane

(6.12)

I N
HO OTBDPS Cl OTBDPS

6.17 6.12

Methyl sulfide (64 uL, 0.87 mmol) was added to a solution of N-chlorosuccinimide (0.11
g, 0.84 mmol) in CH.Cl, (1.7 mL) under Ar atmosphere at —30 °C. The suspension was warmed
to 0 °C. After stirring at 0 °C for 40 min, the solution was cooled to —30 °C. Then, a solution of
6.17 (0.31 g, 0.76 mmol) in CH.Cl, (1.7 mL) was added dropwise via cannula using positive Ar
pressure. After 30 min at 0 °C, the reaction was warmed to ambient temperature. After 1.5 h, the
reaction was diluted with hexanes, washed with brine (2x), dried over magnesium sulfate,
filtered, and concentrated under reduced pressure to afford 6.12 (0.30 g, 91%) as an off-white

oil. This compound was carried onto the next step without further purification.

(Z2)-1-((3,7-dimethylocta-2,6-dien-1-yl)sulfonyl)-4-methylbenzene (6.19)

(0]

EN
O *Na
— — _— >=\_H
al SO,Tol

6.19

Methyl sulfide (0.693 mL, 9.44 mmol) was added to a solution of N-chlorosuccinimide
(1.186 g, 8.88 mmol) in freshly distilled CH.Cl. (16.0 mL) cooled to -30 °C. The suspension was
warmed to o0 °C. After 20 min at 0 °C, it was cooled to -30 °C. Nerol (1.41 mL, 8.0 mmol) was
added dropwise and the reaction was warmed to 0 °C. After 1.5 h, the reaction was warmed to

ambient temperature. After 3 h, the reaction was diluted in hexanes, filtered, washed with brine
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(2x), dried over magnesium sulfate, filtered, and concentrated under reduced pressure to afford

crude neryl chloride (1.153 g, 84%) as a runny oil.

The crude neryl chloride was dissolved in anhydrous N,N-dimethylformamide (10.3 mL)
under Ar atmosphere. Sodium para-toluenesulfinate (1.309 g, 7.34 mmol) was added, and the
suspension stirred at ambient temperature for 15 h. It was diluted with water (50 mL) and
extracted with diisopropyl ether (3 x 30 mL). The combined organic layers were washed with
saturated sodium bicarbonate (40 mL), brine (40 mL), dried over magnesium sulfate, filtered,
and concentrated under reduced pressure. Purification by flash chromatography [hexanes to 1:9
(vol/vol) EtOAc:hexanes] afforded 6.19 (1.473 g, 76%) as a white solid. Characterization of this

compound matched a published report.29

tert-Butyldiphenyl(((2Z,6Z,102)-3,7,11,15-tetramethyl-9-tosylhexadeca-2,6,10,14-
tetraen-1-yl)oxy)silane (6.20)

n-BulLi
>:\_>:¥ then 6.12 _ _ _ _
SO,Tol  — © OTBDPS

SO,Tol
6.19 6.20

n-Butyllithium (2.2 M in hexanes, 0.30 mL, 0.76 mmol) was added dropwise to a
solution of 6.19 (0.28 g, 0.97 mmol) in freshly distilled tetrahydrofuran (5.3 mL) and DMPU
(1.3 mL) under Ar atmosphere at —78 °C. After 2 h, a solution of 6.12 (0.30 g, 0.69 mmol) in
tetrahydrofuran (3.0 mL) was added dropwise via cannula using positive Ar pressure. After 2 h
at —78 °C, the cooling bath was removed. After 15 min, the reaction was poured into water and
ethyl ether, and the layers were separated. The aqueous layer was extracted with ethyl ether (2x),
and the combined organic layers were washed with brine, dried over magnesium sulfate, filtered,
and concentrated under reduced pressure. Purification by flash chromatography [hexanes to

3:47 (vol/vol) EtOAc:hexanes] afforded 6.20 (0.45 g, 96%).
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H NMR (400 MHz, CDCl,): § 7.72 — 7.64 (m, 6H), 7.45 — 7.33 (im, 7H), 7.28 (d, J = 8.0
Hz, 2H), 5.38 (t,J = 6.0 Hz, 1H), 5.04 (t, J = 6.3 Hz, 1H), 4.92 (d, J = 10.6 Hz, 1H), 4.86 (d, J =
5.6 Hz, 1H), 4.16 (dd, J = 6.5, 1.4 Hz, 2H), 3.80 (td, J = 10.9, 2.9 Hz, 1H), 2.69 — 2.60 (m, 1H),
2.44 — 2.35 (m, 4H), 1.95 — 1.79 (m, 4H), 1.66 (q, J = 1.2 Hz, 4H), 1.62 (t, J = 1.5 Hz, 6H), 1.54 (d,
J =1.5 Hz, 3H), 1.52 — 1.48 (mm, 4H), 1.04 (s, 9H). 3C NMR (101 MHz, CDCl,): § 135.6, 129.6,
129.4, 129.2, 128.2, 127.6, 125.3, 123.6, 117.6, 63.4, 60.7, 32.1, 32.0, 30.3, 26.9, 26.4, 26.1, 25.7,
23.7, 23.4, 23.3, 21.6, 17.7. HRMS (ESI-TOF+) for C,3H;304SSi (M+Na*) calcd 705.3769, found

705.3774-

(2Z,6Z,1072)-3,7,11,15-tetramethyl-9-tosylhexadeca-2,6,10,14-tetraen-1-ol (6.21)

TBAF
— — — — - = — — — —

OTBDPS quant. OH

Tetra-n-butylammonium fluoride (1.0 M in tetrahydrofuran, 1.38 mL, 1.38 mmol) was
added to a solution of 6.20 (0.236 g, 0.345 mmol) in freshly distilled tetrahydrofuran (3.4 mL)
at ambient temperature under Ar atmosphere. The solution stirred at ambient temperature for 4
h, then it was concentrated under reduced pressure. Purification by flash chromatography

[hexanes to 2:3 (vol/vol) EtOAc:hexanes] afforded 6.21 (0.153 g, quant.) as a clear oil.

'H NMR (500 MHz, CDCl;): § 7.75 — 7.68 (m, 2H), 7.41 — 7.34 (m, 2H), 5.43 (t,J = 7.1 Hz,
1H), 5.19 (br s, 1H), 4.97 (d, J = 10.5 Hz, 1H), 4.88 (br s, 1H), 4.08 (d, J = 7.1 Hz, 2H), 3.89 —
3.81 (m, 1H), 2.76 (d, J = 12.9 Hz, 1H), 2.42 (s, 3H), 2.09 — 2.00 (m, 4H), 1.72 (s, 3H), 1.66 (s,
3H), 1.64 (s, 3H), 1.62 (s, 3H), 1.52 (s, 3H). 3C NMR (126 MHz, CDCl,): § 145.3, 144.5, 139.5,
135.4, 134.9, 131.1, 129.7, 129.5, 129.3, 128.1, 127.8, 124.7, 123.6, 117.7, 63.6, 59.0, 32.1, 32.0,
30.2, 26.8, 26.7, 26.1, 25.7, 23.8, 23.6, 23.4, 21.7, 19.1, 17.8. HRMS (ESI-TOF+) for C,,H,,NO3S

(M+NH,*) caled 462.3037, found 462.3049.



190

(2Z,6Z,10Z2)-Nerylnerol (6.18)

LiBHEt;, PdCl(dppp)

-
OH OH
SO,Tol

6.21 6.18

A solution of 6.21 (39 mg, 87 umol) and (1,3-
bis(diphenylphosphino)propane)palladium(II) dichloride [PdCl.(dppp)], 2.6 mg, 4.3 umol) in
freshly distilled tetrahydrofuran (0.87 mL) under Ar atmosphere was cooled to 0 °C. Lithium
triethylborohydride (1.0 M in tetrahydrofuran, 0.43 mL, 0.43 mmol) was added dropwise via
syringe pump over 2 h. After stirring at 0 °C for an additional 4.5 h, the solution was warmed to
ambient temperature. After stirring at ambient temperature for 15 h, the solution was diluted
with ethyl ether, washed with saturated ammonium chloride, saturated sodium bicarbonate,
brine, dried over magnesium sulfate, filtered, and concentrated under reduced pressure.
Purification by flash chromatography [hexanes to 2:23 (vol/vol) EtOAc:hexanes] afforded 6.18

(16 mg, 62%) as a clear oil. Characterization of this compound matched a published report.43
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Appendix: NMR Spectra
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