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Abstract

Lipid rafts show a similar character to the lipid ordered (L,) phase in artificial membranes, which are often
represented by microdomains enriched with sphingolipids and cholesterol (chol). The physicochemical
properties of the specific lipids are believed to be important for fulfilling the rafts’ functions such as cellular
signal transduction. To gain better insight into the role of lipid rafts in these processes, a direct optical
visualization of these domains is essential. The Raman image can be generated by measuring a specific molecular
vibration to locate the Raman-tagged molecules. Three Raman probes of sphingomyelin (SM) were synthesized
and evaluated for their applicability to imaging experiments. One probe containing a hydroxymethyl-1,3-
butadiyne moiety in the polar head group showed strong scattering. The solid-state deuterium nuclear magnetic
resonance (*}H NMR) spectra of the probe revealed excellent compatibility with natural SM in phase behavior
by indicating that the probe undergoes phase separation to form raft-like L, domains in the raft-mimicking mixed
bilayers.

Uncovering the behavior of individual lipids in membranes is necessary for a better understanding of the
molecular mechanisms underlying the biomedical functions of lipid rafts. Dioleoylphosphatidylcholine (DOPC)
is a typical liquid disordered (L4) component in raft-model membranes, and has often been used to prepare a
ternary mixture with SM and chol that forms Lo/Lg-co-existing bilayers. Although incorporation of unsaturated
DOPC into Lq phases is energetically favorable, a small amount of DOPC is always found in L, phases. However,
this phase segregation is difficult to detect using a previously reported DOPC probe ([C11-*H,] DOPC). [C6-
’H,] DOPC was designed based on molecular dynamics (MD) simulation and synthesized through a highly
efficient synthetic route. [C6-°H,] DOPC shows clear phase separation and characteristic phase behavior at
various temperatures. It was successfully utilized for the comparison of membrane properties between SM and
dihydrosphingomyelin (DHSM) membranes.

It is of great biological significance to understand how the lipids and proteins interact in membranes.
Bacteriorhodopsin (bR) is the only protein in the purple membrane (PM) of Halobacterium halobium and exits
in trimer form with 6 lipids located within the trimer and 24 lipids surrounding the protein surface.
Phosphatidylglycerophosphate methyl ester (PGP-Me) is the major phospholipid in PM. An analogue of PGP-
Me with two simple straight side chains was selected to prepare the model membranes to mimic the native
cellular environment for the in situ study of lipid-protein interactions. A stereoselective synthetic route to the
analogue was developed using H-phosphonate chemistry. >H-labled PGP-Me analogue was synthesized and used
as an isotope probe for a mesoscopic investigation of lipid-protein interactions in membranes. Solid-state 3'P
NMR spectra suggested the formation of multiple phases using the analogue in bilayer preparation on glass

plates. ?H NMR spectra provided useful information of lipid-bR interactions in multilamellar dispersions.
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Chapter 1
Introduction
1.1 Cell Membranes

All prokaryotic or eukaryotic cells are surrounded by a thin (~30 A) and flexible plasma
membrane which protects and organizes cells. The outer plasma membrane in cells controls not
only what enters the cell, but also how much of any certain substance comes in. In eukaryotic cells,
the internal membranes encase the organelles and regulate the exchange of essential cell
components.
1.2 Membrane Lipids

In cell membranes, there are hundreds of lipids which account for about half the mass of cell
membranes, into which different proteins are embedded. Lipids can be defined as hydrophobic or
amphipathic small molecules that may be generated partly or entirely by carbanion-based
condensations of thioesters (fatty acyls, glycerolipids, glycerophospholipids, sphingolipids,
saccharolipids, and polyketides) and/or by carbocation-based condensations of isoprene units

(prenol lipids and sterol lipids)."?

(a) (b)
bacterial and eukaryotic lipids:
CH,OH 9H20P03H2 ) o
HO=C~H = H=C~OH op2e W
o ? G polar head group- > P\o/\lﬁo
CHZOPOsH, CH,0H OY\/\/\/\/\/\/\/\
L-Glycerol 3-phosphate D-Glycerol 1-phosphate o

sn-Glycerol 3-phosphate linear fatty acids

archaeal lipids:

QHZOPO:;HZ CH,OH lar head O:P/,O
HO=C=H — H>é<OH polar head group. - \O/\E/\O
= : ()
CH,0OH CH,0PO3H, \/\l/\/\l/\/\l/\/Y
L-Glycerol 1-phosphate D-Glycerol 3-phosphate
sn-Glycerol 1-phosphate methyl-branched isprenoids

Figure 1-1. (a) Fischer projection of glycerol phosphate and the nomenclature using new
stereochemical numbering (sn) system. (b) Chemical structure difference between

bacterial/eukaryotic lipids and archaeal lipids.

In bacteria and eukaryotes, sn-glycerol-3-phosphate (G3P) is bound to fatty acids by ester

linkages. (Figure 1-1) In contrast, in archaea, the phospholipid backbone is built on the opposite
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glycerol stereoisomer, sn-glycerol-1-phosphate (G1P), the side chains (isoprenoid derivatives) are
bound to GIP by ether linkages.>® The major structural lipid in bacterial and eukaryotic
membranes is glycerophospholipid composed of glycerol backbone, a polar hydrophilic phosphate
group, and two hydrophobic fatty acid chains. Its family contains phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI), and
phosphatidic acid (PA). In most eukaryotic membrane, PC accounts for more than half of the
phospholipids. The sphingolipids are another important class of structural lipids. They have been
isolated for the first time from brain tissue in the late 1880s by Johann L.W. Thudichum.® In
sphingolipids, the sphingoid base backbone is synthesized de novo from serine and a long chain
fatty acyl-coenzyme A (CoA), then converted into ceramides, phosphosphingolipids,
glycosphingolipids (GSLs), and other derivatives.”® Sphingomyelin (SM) is the most abundant
sphingolipid in eukaryotic cells. It is composed of a phosphocholine head group, a sphingosine,
and a fatty acid.” The acyl side chains in natural SMs are usually highly saturated and differ in
length from 16:0 to 24:1. In mammalian tissues, SMs account for 2-15% of the total organ
phospholipids.” They are found at particularly high concentrations in certain tissues such as brain,
peripheral nervous tissue, and ocular lenses.”!” Dihydrosphingomyelin (DHSM) is the major
phospholipid of human lens membranes. Cholesterol (chol) is another one of the most basic lipids
in mammalian cell membranes. It interacts with sphingolipids to form particular phases said to be
responsible for a variety of biological processes. The hydroxy group on chol interacts with the
polar head groups of sphingolipids, while the hydrophobic steroid and the hydrocarbon chain are
embedded in the membranes. It modulates membrane rigidity or/and fluidity over the range of

physiological temperatures.''"!3)
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Figure 1-2. Chemical structure of lipids in bacterial/eukaryotic membranes. The side chain R or

R» in fatty acid differ in length and/or the presence or absence of double bonds.

1.3 Lipid Organization in Membranes
1.3.1 Membrane Structure

When mixed lipids with water, the tendency of the hydrophobic side chains to self-associate
driven by entropy, and the propensity of the hydrophilic moieties to interact with aqueous environ-
ments, causes them to aggregate into bilayers without any energy input. Lipid bilayer is the basic
structure of all cell membranes, and this concept became the basis for future models of membrane
structure.'” The first clues to bilayer structure in cellular membrane came from the experiment
with red blood cell membranes performed by Gortner and Grendel in 1925.'" Lipid bilayer
structure was further observed using electron microscopy experiments at high resolution by
Stoeckenius in 1962.'® The development of the “fluid mosaic model” by Singer and Nicholson in
1972 represents an influential step in the study of membranes.!” (Figure 1-3) Recent biochemical
and biophysical findings have provided a detailed model of the structure and composition of
plasma membrane. Different lipid compositions are asymmetrically distributed over the

exoplasmic and cytoplasmic leaflets of the membrane.'® An updated version of membrane
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structure further suggested that “membranes are patchy, with segregated regions of structure and

function, that lipid regions vary in thickness and composition, and that crowding and ectodomains

limit exposure of lipid to the adjacent aqueous regions.”'”

-
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Figure 1-3. The fluid-mosaic model of the cell membrane. Reprinted with permission from

Horizon Symposia: Living Frontier, 2004, 1-4. © 2004 Nature Publishing Group.

1.3.2 Lipid Raft Concept

Earlier research considered that lipid molecules in membranes function as a passive and fluid
solvent for proteins which participate in various biological processes. The raft concept brought
lipids back into the picture by giving them a function and by introducing chemical specificity into
the lateral heterogeneity of membranes.?’® The existence of lipid rafts was first hypothesised by
Simons and Ikonen in 1988.2°® This hypothesis proposes that preferential interactions between

lipids generate domains containing particular lipid molecules to drive the sorting of membrane



proteins.?®®2D) The raft concept originated from studies on epithelial cell polarity.?®® The plasma
membranes in epithelial cells are polarized into apical and basolateral domains. The former is
enriched in sphingolipids (glycosphingolipids and sphingomyelin) and the latter in glycerolipid
(phosphatidylcholine). In  epithelial Madin-Darby canine kidney (MDCK) cells,
glycosphingolipids, glucosylceramides were preferentially transported to the apical membrane. It
was proposed that within the exoplasmic leaflet of the Golgi membrane, glycosphingolipid
clusters together to form microdomains which serve as sorting centres for proteins responsible for
delivery to the apical plasma membrane.?>?" Further study found that GPI-anchored proteins and
influenza haemagglutinin form large complexes with sphingolipids and chol after Triton X-100
extraction, creating detergent-resistant membranes (DRMs) complexes, which possess specific
properties.?>>* This method provided a simple way for identifying raft components and contribute
to the understanding for rafts as functional domains. Presently, lipid raft was defined as follows:
“Membrane rafts are small (10-200 nm), heterogeneous, highly dynamic, sterol- and
sphingolipid-enriched domains that compartmentalize cellular processes. Small rafts can
sometimes be stabilized to form larger platforms through protein-protein and protein-lipid
interactions.”? Scientists have been making efforts to develop new technologies to characterize
raft composition, size, and behavior. Although the existence of lipid rafts in cell has gained general

acceptance, it has been proven difficult to pin down their size and life span on a cell membrane.?®

Wﬁ%ﬁ
55

g m
Prot
Sphlrlqnmﬂ“n( e
Choleste

Figure 1-4. Lipid rafts in cell membranes.

Lipid rafts play an important role in many biological processes at the cell surface, such as
5



immunoglobulin E (IgE) signaling,?”*® which convincingly demonstrated that lipid rafts are
involved in signaling process. Other signal transduction processes shown to involve lipid rafts
were T-cell antigen receptor signaling,?*? glial-cell-derived neurotrophic factor (GDNF)
signaling,*" Ras signaling®® and Hedgehog signaling.33% Lipid rafts are also involved in virus
entry and assembly. Some viruses are now believed to bud from lipid rafts, including Human
Immunodeficiency Virus (HIV) and influenza, which organize a lipid raft domain around their
nucleocapsid that includes viral glycoproteins and excludes most host cell surface proteins from

the budding viral envelope.>>3

1.3.3 Lipid Phases in Membranes

The lipids in membranes can exist in multiple possible phase states. At low temperature, the
pure saturated lipid molecules can form a crystalline, solid gel-like phase (S, or Lg).*” The lateral
mobility of the lipids is highly restricted. The bilayer can converts to a liquid-crystalline, fluid
phase (L, or Lg) beyond a certain temperature (melting temperature). The incorporation of chol
can modulate the phase behavior. The tight packing between chol and saturated acyl chains
causing the methylene groups to adopt an extended conformation, and a third phase (liquid
ordered (L,)) is possible to form.’*3? In this phases, there is a high degree of fatty acid chain
ordering, which is a typical feature in Lp phase, but with the translational disorder that is
characteristic of the L, phase.*” The possible phase states at thermodynamic equilibrium in the
model can be revealed in the lipid phase diagrams (Figure 1-5), which can be provided from
thermodynamic data obtained by differential scanning calorimetry (DSC) or from spectroscopic

methods such as NMR, electron-spin resonance (ESR), or fluorescence.
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Figure 1-5. Phase diagrams for bilayer membranes containing phospholipids and chol. Reprinted

with permission from Biochem. Biophys. Acta 2005, 1746, 172—185. Copyright © (2005) Elsevier
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Figure 1-6. Phase diagram of PSM/POPC/chol at 23°C. The circles are experimental points. The
red (quasi) tie-line on the tietriangle describes the lo/Id composition at the right of which there is
also so phase. The blue tie-lines are the interval for the possible tie-lines that contain the 1:1:1
composition. The purple point marks the 1:1:1 composition and the green point marks the 2:1:1
composition. The dashed horizontal line for Xcnot = 0.66 represents the chol solubility limit on the
lipid bilayer. Reprinted with permission from Biophys. J. 2003, 85, 2406-2416. Copyright ©

(2003) the Biophysical Society

Ternary palmitoylsphingomyelin (PSM)/palmitoyloleoylphosphatidylcholine (POPC)/chol or
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PSM/dioleoylphosphatidylcholine (DOPC)/chol mixture has been often used as a model to mimic
the raft-like membranes.*" Figure 1-6 shows the phase diagram of PSM/POPC/chol at 23 °C. The
main features are a broad Lo/Lq phase coexistence region in the diagram. In the diagram, the Lo/Lqg
phase separation disappeared when the content of chol reduced. A high content of PSM in the
membranes will give rise to the formation of the solid gel-like S, phase. The purple point marks
the PSM/POPC/chol 1:1:1 composition. From this point, as chol was added, the topology of the
domains was changed, and eventually Lo/Lq phase separation disappeared at high chol fractions.

The membranes exist as a unique L, phase.*?

1.3.4 Imaging Methods for Studying Lipid Organization in Membranes

Lipid rafts may exist in cells came from the observation that cell membranes are not fully
solubilized by non-ionic detergents at low temperatures. It has been argued that DRMs that are
derived from cells do not reflect membrane substructures in living cells. Because the detergents
used in this technique may disrupt specific associations of lipids and/or affect the partitioning of
membrane proteins into a specific phase.***> It is unlikely that DRMs reflect some preexisting
structure or organization of the membrane.*® Thus, various methods for studying the phase
behavior of raft-mimic model membranes or native membranes in situ have been developed.

Optical techniques remain significant in lipid rafts studies.*” Fluorescent microscopy has been
recognized as a common method for in situ study of lipid rafts in living system. This method
allows imaging at tens of nanometers with high sensitivity. However, it has inherent limitations. It
requires the use of large fluorescent probes which possess distinct physical properties from the
small lipid molecules and usually alter the physical properties of membranes. The fluorescent
probes include cholestatrienol, 7-nitrobenz-2-oxa-1,3-diazole (NBD)-chol and TopFluor (TF)-chol,
and acyl chain or head group modified phospholipids.*”? The chemical modification of a lipid
molecule with a fluorescent moiety usually results in an inconsistent or even diametrically
opposite distribution tendency in membrane phases.*” Recent study has shown that the lipid-lipid
interaction can be easily disturbed by trace amount of extrinsic fluorescent lipids.*® The chemical
modification of the side chain or polar head group of SM with NBD, dipyrrometheneboron
difluoride (Bodipy), Atto647N and Atto532 have been reported and used in raft imaging in giant

unilamellar vesicles (GUVs). (Figure 1-7)*-! Although SM is the major lipids in raft-like L,
8



phases, these probes largely prefer to Lq phases rather than L, phases. It is considered that the
bulky fluorescent groups on the acyl chains or head groups can generate unfavorable effect on

lipid-lipid packing in L, phases. Thus, the large probes can be easily depleted from the tightly

47)

packed L, domains.

\+/ 0.0
/N\/\O/P\O

\+/ 0.0 OH HN HN
N~ 7 - o "OH o "OH
HN\H/\/\/N \ \
© N7 /; NO,
5-NBD-SM o-N
\r/ 0.0 OH
/N\/\O,P\O =

o N
e
12-NBD-SM N

NO, Atto647N-SM Atto532-SM

Figure 1-7. Chemical structure of fluorescent SMs.

Atomic force microscopy (AFM) provides a nano-scale resolution for membrane imaging, and
can distinguish L, or Ly phases based on their characteristic membrane thickness.’>*® L, phase is
thicker by 0.5 nm as compared to the Lg phase. However, AFM technique is only suitable for
model or isolated native membranes immobilized on surfaces. The distribution and dynamics of
specific lipid cannot be obtained by AFM. Recently ion mass microscopy has been applied to *H-
1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC)/!*N-1,2-Dilauroyl-sn-glycero-3-

phosphocholine (DLPC)/chol and *H-PSM/"*N-DOPC/"*C-chol/18-F-Gy artificial membranes.>*



The heterogeneous distribution of lipid components has been observed by detecting
isotope-labeled secondary ions. However, this technique is invasive. It needs freeze-dried sample
and works under ultra-high vacuum.

Raman microscopy is a powerful technique that combines vibrational spectroscopy technique
with optical microscopy.>® It can detect specific vibrational signals of biomolecules and has been
used for cell imaging.’*>® Raman microscopy can detect molecules without labeling. However,
the Raman signals of most endogenous molecules share the similar chemical groups that make it
difficult to distinguish from each other. Alkyne, nitrile, azide, and deuterium, are expected to be
potentially useful Raman tags as their Raman peaks are located in the cellular silent region.
Among these groups, deuterium is a promising Raman tag due to its small size and good
biocompatibility. Side chain-perdeuterated 1,2-dihexadecanoyl-sn-glycero-3-phosphocholine
(DPPC) or DSPC has been used as Raman spectroscopic probes for Raman imaging of model
membranes.>”

Using perdeuterated DSPC, lipid phase separation in binary GUVs can be directly observed by

coherent anti-stokes Raman scattering (CARS). (Figure 1-8)

Figure 1-8. CARS images of part of an unstained GUV of binary mixture 1:1 DOPC/DSPC-d7. a)
On resonance with DSPC-do at 2090 cm™' showing a sharp phase segregation of the lipids. Inset
shows a vesicle of 1:1 DOPC/DSPC-d7o with 10% chol, in which the clear pattern is absent. b)
Similar vesicle as in (a) recorded off-resonance with DSPC at 2140 cm'. Scale bars are 5 mm.
Reprinted with permission from Chem. Phys. Chem 2005, 6, 77-79. Copyright © (2005)

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The translation and undulation motions of GUVs might hamper the quantitative CARS imaging
measurements. Thus, supported bilayers have been prepared by rupturing GUVs to a coverslip to
form bilayer patches for Raman imaging. Figure 1-9 shows an imaging study of the planar bilayers
of DOPC/DPPC-ds> (1/1 mol) mixtures containing 0, 10, 20, 30, and 40% (molar percentage) chol.
With 10% chol added to the DOPC/DPPC-ds;mixture, no domains have been observed. The
bilayer is in a fluid ordered phase. The addition of 20% chol causes the formation of percolating
Lq and circular L, domains. DPPC-dg; is suggested to be enriched in the L, domains. When the
content of chol is increased to 30%, the bilayer is homogeneously mixed. No phase separation can

be observed. (Figure 1-9)

(a) 10% Chol

(b)20% Chol

(c) 30% Chol

BODIPY PC

CD, (peak-dip)
Figure 1-9. The epi-detected coherent anti-Stokes Raman scattering (E-CARS) (right) and
fluorescence (left) images of the DOPC/DPPC-de, (1:1) bilayer patches. The E-CARS images are
difference images obtained by subtracting the image taken at 2125 cm™' from the image taken at
2080 cm™'. Bar length = 10 um. Reprinted with permission from Biophys. J. 2005, 89, 3480-3490.

Copyright © (2005) the Biophysical Society

Figure 1-10 shows the Raman imaging of DPPC-ds/DOPC binary monolayer prepared by
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Langmuir-Blodgett (LB) technique, an alternative technique of creating model membranes on

surfaces. The bright pixels exhibit the distribution of DPPC-ds> molecules underneath the tip.

Figure 1-10. STM-tip enhanced Raman spectroscopy (STM-TERS) images of DPPC-ds/DOPC
binary monolayer of 26x64 pixels (c¢) and 128x128 pixels (d) from two consecutive raster scans in
the same region (the area of (d) is indicated in (c¢) with a white box on a mixed monolayer on
template-stripped gold reveal a micron-sized structure. Reprinted with permission from Phys.

Chem. Chem. Phys. 2011, 13, 9978-9981 Copyright © (2011) Royal Society of Chemistry

Although the abundant C-D bonds in these lipids give rise to strong Raman intensity, there is a
small but significant difference in thermodynamics between the perdeuterated probe and the
no-deuterium lipid, indicating the acyl chain behavior was perturbed by deuteration. This may
hamper the elucidating the precise phase properties of the original lipid.

Recently alkyne-tagged biomolecules have been developed and used alkyne-tag Raman imaging
(ATRI) in living cells.’*>” The alkyne moiety shows a specific and strong Raman scattering peak
in a cellular Raman-silent region (1800~2800 cm™') where most endogenous molecules in cell

have no Raman peak. The relative Raman shift/intensity various types of alkynes have been

12



measured in order to find optimum tag molecules for ATRI.>” (Figure 1-11)
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Figure 1-11. Structure-Raman shift/intensity relationship of alkynes. (a) Plot of relative Raman

intensity versus EdU (RIE) and Raman shift of various types of alkynes. (b) Alkynes are divided

into 14 groups according to the substitution pattern. Average RIE, range of Raman shift, and

representative alkynes of each group are shown. Reprinted with permission from J Am Chem Soc.

2012, /34,20681-20689. Copyright © (2011) American Chemical Society.
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In Figure 1-11, substituted alkynes were divided into 14 groups. The results indicated that
aromatic ring conjugated alkynes give rise to very strong Raman intensity (RIE, group A <B < C).
Raman shift/intensity of alkyne changed with the type and position of the substituent. The
conjugated diynes, particularly 1,4-disubstituted diynes, (groups D—F) have been considered as
promising Raman tags due to the high Raman intensity. They showed higher wavenumbers
compared to simple alkynes (groups A vs D, B vs E, and C vs F). Conjugation of the diyne to an
aromatic ring resulted in enhanced Raman intensity (RIE, group D < E< F).5? Recent study
achieved the Raman imaging of Alkyne-tagged 5-ethynyl-2'-deoxyuridine (EdU) and
diyne-tagged AltQ2 in cells. The Raman image clearly showed that alkyne-tagged EdU was

localized in the nucleus, whereas diyne-tagged AltQ2 was localized in the cytoplasm.>”

1.3.5 Solid-State Deuterium NMR Study of Membranes

Solid state ’H NMR is a versatile method for the investigation of the physical properties of
model membranes in a noninvasive manner. In membranes, the molecular motions of lipids are
hindered due to the parallel packing of the lipid molecules. In many cases, membranes behave like
uniaxial liquid crystals. The molecular movements exhibit rotational symmetry with respect to the
axis. 2H NMR spectroscopy provides information of the ordering of the deuterated lipid molecules,
the angular fluctuations of the lipids around the optical axis as well as the rate of the segmental

reorientations.®”
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Figure 1-12. 2H NMR spectra of a mixture of I-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolm (POPE)/I-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) (83/17).
POPG was deuteriated at the sn-2"-position of the glycerol headgroup. Spectrum A demonstrates
the orientation of the lipid bilayer by the magnetic field while spectrum B results from vortexing
the sample. The orientational distribution of lipid bilayers with respect to the magnetic field Bo is
shown schematically on the left. Reprinted with permission from Acc. Chem. Res. 1987, 20,

221-228. Copyright © (1987) American Chemical Society.

Figure 1-12 shows the 2H NMR spectrum of deuteriated phosphatidylglycerol. The bilayer
normal is perpendicular to the magnetic field (Bo). This kind of macroscopically oriented
membranes can be easily prepared by spreading lipid solution on the flat glass plates.®” The 2H
NMR spectrum is characterized by two sharp peaks corresponding to the two allowed NMR
transitions of the deuterium nucleus (I = 1). The quadrupole splitting (Avg) is given by the
separation between the two resonances. It provides information about the average orientation and
the fluctuations of the C-D bond vector which is usually expressed in terms of molecular order
parameter (Scp).%?

Figure 1-12 b shows the 2H MMR spectrum of a non-oriented sample. Since all orientations of
the bilayers relative to By exist simultaneously, the signal becomes powder-type spectra, the peak
becomes broad and the intensity reduced. The separation of the two maxima is equal to the
quadrupole splitting observed in the oriented membranes. Compared with non-oriented sample,
the spectrum obtained from macroscopic alignment membranes has improved spectral resolution

and excellent sensitivity for phase transitions.®"
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(a) Chol-d1 (b) DPPC-d62 (c) DPPC-d62 methyl
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Figure 1-13. 2H NMR spectra for multilamellar vesicles (MLVs). (a) 1:1 DOPC/DPPC + 30%
d-chol (chol-d1) and (b,c) 1:1 DOPC/DPPC-des> + 30% chol. Spectra in ¢ are an expanded view of
the terminal methyl splitting in b. At low temperature (22.5°C in a and 15°C in b,c), multiple
splittings are present in both chol-d1 and in the methyl region of DPPC-d62 indicating that
large-scale (160 nm) phase separation has occurred. Reprinted with permission from Biophys. J.

2004, 86, 2910-2922. Copyright © (2004) the Biophysical Society

H NMR can be used to detect immiscibility of ternary membranes and for quantitatively
determine the lateral distribution of lipid in different phases.®**¥ Figure 1-13 shows the 2H NMR
spectra of ternary membranes labeled with 3-a-d-chol (d-chol) or side chain-perdeuterated DPPC
(DPPC-ds2).%% In Figure 1-13 a, d-chol shows two pair of peaks at 22.5 °C, suggesting two types
of liquid environments exist in the mixture. The outer splitting corresponding to the more ordered
L, phase with larger integrated intensity, indicating that most of the chol-d1 is in this phase.
DPPC-des> behaves similarly as shown in Figure 1-13 b. The peak from the methyl group splits
into three peaks. The inner peak is due to DPPC-de; in the less ordered liquid crystalline (L)
phase. The two outer splittings stem from nonequivalence of the terminal methyl groups of the
sn-1 and sn-2 chains. They are in the same liquid-ordered state. At high temperature, the phase

separation disappeared, suggesting a homogeneous L, phase.®®
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Figure 1-14. Quadrupole splitting profiles obtained from SSM that has been site-specifically
deuterium-labeled on the sphingosine (a) and (b) stearoyl chains. Data were obtained in the
absence (blue circles) and presence (red ones) of 50 mol % chol at 45 °C. Reprinted with
permission from Biochemistry 2012, 51, 8363-8370. Copyright © (2012) American Chemical

Society.

One inherent disadvantage with perdeuterated acyl chains is that it will cause overlapping of
quadrupole splittings, which can lead to the misassignment of deuterium signals.®® In addition, the
multideuterated lipids can alter the physical properties of lipid bilayers significantly by the
accumulated deuterium isotope effects as mentioned above. Thus site-specifically deuterated lipid
can be used to gain accurate dynamics information on the lipid molecule. Recently, the
comprehensive molecular motion capture of SM has been achieved using site-specifically labeled
SM.® The order profiles revealed a reasonable model for the mechanism of raft formation. In
binary liposomes, chol enhances orders of the middle region of hydrocarbon chains more
efficiently than other positions. (Figure 1-14) The observed quadrupole splitting profiles are
distinct from those reported from perdeuterated sphingomyelins. The site-selectively labeled SMs

can be used in more complex membrane systems to study lipid rafts organization.®®
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1.4 Lipid-Protein Interactions in Membranes
1.4.1 Integral and Peripheral Membrane Proteins

There is a high content of proteins in cell membranes. These proteins are important for the
function of a cell.”” Membrane proteins include integral (or intrinsic) membrane proteins and
peripheral (or extrinsic) membrane proteins. Integral membrane proteins are embedded in the
phospholipid bilayer and can span the whole hydrophobic core of phospholipid bilayer in
membrane at least once. To transfer a peptide bond from water into a non-polar region is highly
energetically unfavorable. Thus, the formation of peptide hydrogen bonds will drastically reduce
the energy cost. The membrane spanning regions adopt either a-helical or B-sheet structures to
generate the maximum number of peptide hydrogen bonds.®® The hydrophobic residues in the
proteins interact with fatty acyl groups of phospholipids, thus anchoring the protein to the
membrane. For integral monotopic proteins, they do not span across the membrane and are
anchored to one leaflet of membrane by covalently bound fatty acids.

The function of integral membrane protein is closely related to the membrane environment, and
cannot function when the protein is not embedded within the membrane. The integral membrane
proteins can be removed from the membrane with specific chemical treatment. As the hydrophobic
regions of the protein are protected by the phospholipid bilayers, detergents, denaturing solvents,
and nonpolar solvents can be used to disrupt the phospholipid bilayer and extract the integral
membrane protein.®” The examples of integral transmembrane proteins includes G-protein
coupled receptors (GPCRs) which are involved in a broad range of biological processes’” and
voltage-gated ion channels such as those which transport potassium, sodium or calcium ions
across cells.”?

Peripheral membrane proteins are associated with membranes but do not interact with the
hydrophobic core of the lipid bilayer.”>’® They are often found in association with integral
membrane proteins or lipid polar head groups. Some peripheral membrane proteins are bound to
cytosolic face of the plasma membrane, including cytoskeletal proteins spectrin, actin in
erythrocytes and the enzyme proteinkinase C.” The peripheral membrane proteins can also be
found to localize to the exoplasmic surface of the plasma membrane. In contrast to integral
membrane proteins, peripheral membrane proteins tend to locate in the water soluble fractions

during a protein purification procedure.”
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1.4.2 Annular and Non-annular Lipids in Membranes

Lipids interact with integral membrane proteins in different manner. Generally two types of
binding modes can be found for the lipid-protein interactions. a) Boundary lipids or annular lipids
can form an annular shell of lipid around the protein surface.”® Annular lipids interact with the
protein relatively non-specifically. The rate of exchange of lipid molecules between the annular
shell around a membrane protein and the bulk phase is generally around 1-2 107 s™! at 37 °C. b)
Non-annular lipids or co-factor lipids can bound at protein—protein interfaces in multisubunit
proteins or are immersed in cavities and clefts of protein inside.”” Some of these lipids play an
important role in folding and assembly of membrane proteins. Compared with annular lipids, the
rate of exchange of non-annular lipid with bulk lipid should be relatively slow due to the high
specific interaction with proteins. The high-resolution crystal structures of membrane proteins
usually contain lipid molecules which are likely to be non-annular lipids because of the strong
binding to protein which lead to the immobilization of at least part of the lipid molecules.”® The
annular/non-annular lipid molecules identified in the crystal structures of membrane proteins have

been summarized in Table 1-1.
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Table 1-1. Lipid molecules identified in crystal structures of o-helical membrane proteins

Protein PDB* Annular Non-annular lipids
code lipids Between Between
helices® subunits®
Bacteriorhodopsin 1QHJ 6 2
Rhodopsin 1GZM 1
Bacterial
Photosynthetic
Reaction centres
Rhodobacter sphaeroides 1QOV 1
10GV
IM3X 1? 1? 1
Thermochromatium 1IEYS 1
tepidum
Photosytem 1 from 1JBO 1 2 1
Synechococcus
elongates
Light-harvesting complex 1RWT 2
from spinach
Cytochrome ¢ oxidase 1QLE 1 1
from Paracoccus
denitrificans
Cytochrome bc; from 1KB9 1 4
Saccharomyces
cerevisiae
Cytochrome bef from 1Q90 2
Chlamydomonas
reinhardtii
Succinate dehydrogenase INEK 1 1
from E. coli
Nitrate reductase 1Q16 1
ADP/ATP carrier 10KC 7
from mitochondria
Potassium channel KcsA 1K4C 1

@ Protein data bank ® Non-annular lipids are classified as either being located between
transmembrane a-helices within a monomer or between subunits in a multimeric complex.
Biochim. Biophys. Acta 2004, 1666, 62-87
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1.4.3 Hydrophobic Matching

A basic model of lipid-protein interactions is hydrophobic matching (Figure 1-15), which
means the hydrophobic thickness of the lipid bilayer match well the hydrophobic length of the
trans-membrane domain of protein in the lipid bilayer. There is high cost of exposing either lipid

side chains or hydrophobic amino acids residues to the water phase.
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Figure 1-15. Schematic illustration of the concept of hydrophobic matching between the

hydrophobic length of the trans-membrane domain of protein and the hydrophobic thickness lipid
bilayer. Reprinted with permission from Biochim. Biophys. Acta 2004, 29, 469-477. Copyright ©

(2004) Elsevier.

Hydrophobic matching suggests that the acyl chains of lipids in the vicinity of a membrane
protein change their length to match the hydrophobic thickness of the protein.”” When the
hydrophobic thickness of the bilayer is less than the hydrophobic length of the protein, the acyl
chains will stretch to increase the bilayer thickness. Conversely, the side chains will compress to
form a thinner bilayer when the hydrophobic thickness of the bilayer is greater than the
hydrophobic length of the trans-membrane domain in protein. A Recent study provided a novel
view of the hydrophobic matching.’” An increase in helical content of rhodopsin, the mammalian
dim-light photoreceptor and the best characterized GPCR, with increasing bilayer thickness was
observed, indicating proteins can change their structure to adapt the change of hydrophobic

thickness in bilayers.’”
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1.4.4 Bacteriorhodopsin and Lipids in Purple Membranes

Bacteriorhodopsin (bR) is a retinal-binding integral membrane protein that functions as a
light-driven proton pump in the purple membrane (PM) of Halobacterium halobium.®V 1t is a
small protein with 26 kDa (248 amino acid residues) of seven transmembrane helices with short
interhelical loops and extramembrane N- and C-termini. The retinaldehyde within bR is covalently

bound to a lysine residue (K216) in helix G. (Figure 1-16)
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Figure 1-16. Secondary structure model of bR Boxes A-G represent the seven transmembrane
a-helical segments. The region of the D-E loop was modified according to spin labeling
experiments. The residues proposed to constitute the retinal-binding pocket are circled. The
residues reported here are emphasized in boldface type. Reprinted with permission from J. Biol.

Chem., 1993, 268, 20305-20311. Copyright © (1993) the American Society for Biochemistry and

Molecular Biology
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a Ground state b Lintermediate
all-trans retinal protonated 13-cis retinal protonated

- FL;H. 1

Inside

Membrane

S
d N intermediate ' ¢ Late M intermediate
13-cis retinal protonated 13-cis retinal neutral

Figure 1-17. Molecular mechanism of proton (H") pumping in bR. Red arrows, proton
movements; blue arrows, movements by groups of atoms. Helices D and E are omitted in b—d for
clarity. Reprinted with permission from Nature 2000, 406, 569—570. Copyright © (2000) Nature

Publishing Group

The proton pumping cycles in bR yield the proton gradient which powers the synthesis of
adenosine triphosphate (ATP) by an ATP synthase.®” The cycles rely on a pigment that can also
be found in human being, retinal or vitamin A. The retinal in bR is covalently attached to a K216
in helix G, and is bound in the space between the seven transmembrane helices (A to G). Figure
1-17 shows the main events in the proton pumping cycles.®¥ From (a) to (b), light-induced
protonated retinal isomerization from all-trans (purple) to 13-cis (pink) triggers the transfer of the
proton from the Schiff's base to aspartate (Asp) 85. This transfer is helped by a slight movement

of Asp 85 in helix C towards the nitrogen atom in L intermediate. In the M state (c), the
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deprotonated retinal (yellow) straightens and pushes away the upper half of helix F causing it to
tilt, while the top of helix G moves partly into its place. This movement lets the deprotonated
retinal close to Asp 96 in helix C, from which it abstracts a proton. The tilting of helixs F and G
opens a channel on the cytoplasmic side of the membrane through which Asp 96 is reprotonated
(d). In N intermediate, the proton at Asp 85 travels via a network of hydrogen bonds and water

molecules to the outside medium, past Arg 82 from helix C, which has moved slightly.®¥
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Figure 1-18. Chemical structure of polar lipids in purple membranes.

BR account for 75% of the membrane mass. In PM, bR is organized in trimmers with 30 lipid
molecules associated with each trimer: 6 lipids located within the trimer and 24 surrounding the
protein surface.®® Most of PM lipids are polar lipids (90%) with 10% neutral lipids which are
mainly squalene. The polar lipids include 2,3-di-O-phytanyl-sn-glycerol phosphatidylglycerol
(PG), phosphatidylglycerol sulfate (PSG), phosphatidylglycerophosphate methyl ester (PGP-Me),
archaeal cardiolipin (BPQ), sulfated triglycoside lipid (S-TGA-1) and archaeal glycocardiolipin
(GlyC). The major polar lipid was found to be the PGP-Me by quantitative analysis of the lipid
86)

extract of the purple membrane.

Usually, the annular lipids will be too disordered to appear in high-resolution structures.
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However, these lipids have been resolved on the surface of bR trimer by X-ray diffraction. (Figure
1-19) The lipid head groups are disordered and not resolved but the fatty acyl chains are well
resolved. The lipid side chains bound in distinct grooves on the surface of the protein.®® These
situations suggest that strong, specific or functionally significant lipid-bR interactions may take

place in the membranes.
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Figure 1-19. X-ray diffraction of bR trimer. (a) View of a bR trimer perpendicular to the bilayer
plane. The remaining lipids form an annulus around the protein surface (b) Side-view of the
protein and ordered lipids. The head groups of lipids are not resolved but the fatty acyl chains are
well resolved. Reprinted with permission from J Mol Biol., 1993, 291, 899-911. Copyright ©

(1993) Elsevier

1.4.5 Bacteriorhodopsin-Lipids Interactions

BR interacts with PM lipids by hydrogen bond, salt bridge, and van del Waals contact.®” Recent
studies suggest that the PM lipids play an important role in the physiological activities of bR,
which can be evident from significant changes in the photochemical cycle kinetics.3%%” When
natural membrane lipids are partly or completely replaced with detergents, the local conformation
and dynamics of bR can be altered.”” The peculiar homogeneous structure of purple membrane

alkyl chain lipids is likely to be an essential requirement for maintenance of the native structure of
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bR over a wide pH range.’” In PM membranes, bR forms trimeric units that are arranged as a
two-dimensional hexagonal lattice. In the arrangement of bR trimer, there are ten lipids per bR
monomer, including six to seven phospholipids, two to three sulfoglycolipids and one squalene fill the
space between the proteins.”>?® The importance of these endogeneous lipids for the lattice assembly of
bR can be realized when one attempts to regenerate it by incorporation into

dimyristoylphosphatidylcholine (DMPC) bilayers.”®

1.5 Aim of the Projects
Synthesis of Raman-tagged Sphingomyelin and Elucidation of Lipid Organization in
Raft-like Domains

Due to the interesting functions of lipid rafts in biological processes, the original aim of this
PhD thesis was to develop a useful probe to dye raft-like regions in membranes. Considering that
the polar head group region of phospholipids in membrane is relatively loosely packed, the
modification of SM head group may generate a minimal impact on lipid packing. Thus, in this
PhD work, three Raman probes have been designed based on N-stearoyl sphingomyelin (SSM),
where the polar head group was tagged with alkyne, diyne and (CDs3)s3, respectively. (Figure 1-20)
To find the best candidate probe, the relative Raman shift and intensity of these Raman groups
should be compared. It was assumed that the alkyne and diyne moieties on the polar head group of
SM might generate unfavorable effect on lipid-lipid packing. Thus the phase behavior similarity of
alkyne-SM 1 and diyne-SM 2 vs native SM should be evaluated. In addition, the raft-like domains
selectivity of the developed probe is an interesting question that was going to be explored in this

PhD work.
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Figure 1-20. Chemical structure of alkyne-SM (1), diyne-SM (2) and do-SM (3).

To set these into practice, the first task was to achieve the synthesis of these probes. A suitable
synthetic route including a common intermediate of all the target molecules should be developed.
Second, the relative Raman shift/intensity of the obtained probes should be compared. Third, 2H
NMR measurement was planned to evaluate the raft-formation of the candidate probe. In ’H NMR
spectra, quantitative distribution of interested lipid in raft-like domains would be provided. To do
so, several site-specifically deuterated lipids would be synthesized and used for H NMR

measurements. (Figure 1-21)
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dy-SM

d-Chol

Figure 1-21. Chemical structure of d>-SM, d»-alkyne-SM (4), d>-diyne-SM (5) and d-chol.

Synthesis of Deuterated Dioleoylphosphatidylcholine for Investigation of Membrane Properties.
The original aim of this Chapter was to develop a useful 2H NMR probe for studying lipid
organization in raft-like membranes. DOPC is a typical Lq component in raft-model membranes, and
has often been used to prepare a ternary L./Lg-co-existing mixture with SM and chol. Although
incorporation of unsaturated DOPC into L, phases is energetically unfavorable, a small amount of
DOPC is always found in these phases. However, the phase distribution in L, phases is difficult to
detect using a previously reported DOPC probe [C11->H,] DOPC due to the inappropriate deuterated
position. Based on molecular dynamics (MD) simulation, [C6-?H,] DOPC 7 has been rationally

designed as a useful °H NMR probe. (Figure 1-22)
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Figure 1-22. Chemical structure of d»>-oleic acid (6) and d>-DOPC (7).

The first task was to achieve the synthesis of compound 7. The only known synthetic route to
[C6-"H2] oleic acid 6, the key precursor for the synthesis of target molecule, is a long linear (14 steps)
sequence. Thus an efficient synthetic route to this intermediate would be developed. Then, compound 7

obtained from 6 would be used for investigation of the behavior in raft-like membranes by °H NMR.

Stereoselective Synthesis of Phosphatidylglycerophosphate Methyl Ester Analogues
towards Evaluation of Bacteriorhodopsin-Lipids Interactions in Membranes

It is of great biological significance to understand how the lipids and proteins interact in
membranes. To provide a deep insight into the lipid-protein interactions, in this Chapter, bR was
opted as a model protein, and an analogue retain the head group structure of PGP-Me bearing two
unbranched side chains was designed. It will be used to prepare the model membranes to mimic

the native cellular environment for in situ study of lipid-bR interactions.
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Figure 1-23. Chemical structure of PGP-Me analogue (8) and d>-PGP-analogue (9).
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PGP-Me is a diacidic phospholipid comprising a chiral polar diphosphoric head group and two
hydrophobic side chains which are bound to the chiral glycerol backbone by ether linkages. The
stereoselective synthetic method for PGP-Me or its analogue has not yet been reported. Thus, the
first task in this section was to design a novel and rational synthetic route to the target molecule.
Then, a site-specifically deuterated analogue will be synthesized for solid-state 2H NMR
measurements, by which useful information about lipid-bR interactions will be provided. (Figure
1-23)

There are several type of commercial lipids with different polar heads, such as PC, PG, PE, PS,
and PA, which have the similar side chain structure with the analogue. Thus, further
physicochemical analytic result of the developed analogue would be useful for selectively
evaluation of the importance of head group of PGP-Me in sustaining structural and functional

integrity of protein in membranes.
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Chapter 2

Synthesis of Raman-tagged Sphingomyelin and Elucidation of Lipid Organization in
Raft-like Domains

2.1 Introduction

Lipid rafts show a similar character to the lipid ordered (L,) phase in artificial membranes,
which are often represented by microdomains enriched with sphingolipids and chol. The
physicochemical properties of the specific lipids are believed to be important for fulfilling the rafts’
functions such as cellular signal transduction.” To gain better insight into the role of lipid rafts in
these processes, a direct optical visualization of such domains is essential. However, the task in
raft imaging has not been truly achieved due to the lack of a suitable raft-specific probe.
Fluorescent microscopy is the most common method to obtain information on molecular
localization. This method usually requires doping of the membranes with fluorescently labeled
lipids. However, the probes attached with a relatively large fluorophore possess physical
properties that are distinct from the small lipid molecules, and usually alter the membrane
properties.?) In model membranes, the chemical modification of a lipid molecule with a fluorescent
moiety usually results in an inconsistent, or even completely opposite, distribution tendency in the
membrane phases.”

In contrast, Raman-active moieties are considered to have less influence on the membrane
properties due to their small size. Over the last several years, cellular imaging by Raman
spectroscopy has attracted much attention. The Raman image can be generated by measuring a
specific molecular vibration to locate the Raman-tagged molecules.¥ Raman-active alkyne, diyne,
azide, deuterium, and nitrile groups give rise to Raman scattering bands in the cellular silent
region (18002800 cm™'), in which most endogenous biomolecules do not exhibit a signal. This
indicates the potential value of the incorporation of these groups into small molecules as Raman
tags. > Alkyne-tagged coenzyme Q (CoQ) and 5-ethynyl-2'-deoxyuridine (EdU) analogs have
been recently used for imaging microscopy in living HeLa cells.” The most significant features of
this tag are its suitable wavenumber of the Raman band and strong scattering intensity, which
allow high-contrast Raman imaging. Deuterium is expected to be another promising candidate due
to its small size and good physical compatibility. Although the Raman intensity derived from the

C-D bond is relatively week, multiple-deuterated methylene or methyl groups may generate
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relatively strong Raman signals. Thus, these tags could be further applied in raft-specific lipids to
mark raft-like domains.

In order to observe domain formation by Raman microscopy, previous studies have adopted
acyl-labeled Raman probes such as DPPC-ds> or DSPC-d7o, in which the glycerophospholipid was
labeled with perdeuterated fatty acids.® Although the acyl deuterated probes are believed to have
excellent compatibility with the natural lipids, the hydrocarbon packing in membrane are slightly
different between highly deuterated and non-deuterated acyl chains.®>” The lipid rafts are best
characterized by the highly packed acyl chains, as is the case with the L, phase in artificial
membranes. A small but significant perturbation in the acyl chains behavior caused by full
deuteration may disturb the elucidating of the precise phase properties of the original lipid.

In contract, since the polar head of phospholipids is relatively loosely packed even in the
Lo-phase, this portion is occasionally more suitable for chemical modifications. Thus, for
investigating the atomistic mechanism underlying formation of the raft-mimicking L, phase,
besides acyl chain-tagged Raman probes, those with a small tag on the head group can be

complimentarily used in the imaging of membrane domains.
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In this Chapter, three polar head modified Raman-tagged SMs (1, 2 and 3) have been designed
and synthesized. Their Raman spectra have been measured in a monolayer form. Membrane
behaviors of the promising candidates have been evaluated using solid-state ’H NMR. Two probes

possess terminal alkyne and hydroxymethyl-1,3-butadiyne groups, respectively; The third probe is
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labeled with nine deuterium atoms at the trimethyl ammonium moiety, which encompasses the
largest number of chemically equivalent C-D bonds in the polar head of SM. All of the probes
possess a stearoyl (C18:0) moiety since stearic acid is one of the common acyl groups in SMs,

particularly in those of bovine brain.®
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2.2 Results and Discussion

2.2.1 Synthesis of Alkyne-SM, Diyne-SM, and do-SM

i. NH(Me)OMe-HCl,
NMM, EDCI, CH,Cly, o) vinyl magnesium (0]
0°C,1h o bromide =
’ Ol TBSO
HO OH ii. TBSCI, imidazole, B3 Dﬁ)kw THF, 0 °C, 30 min NHBoc
NHBoc DMF, 0°C,2h NHBoc 92 %
Boc-L-Serine o,
96 % for 2 steps 1 12
10
oH Grubbe oatatyet 2nd OH
. H rubbs catalyst 2nd, H
LIAIH(OtBu), TBSO = 4>CH S TBSO C12Has
_78 ° , reflux,
EtOH, -78 °C, 1 h NHBoc 2v2 X NHBoc
94 % 72%
13 14
OPMB OPMB
PMBOC(NH)CCI : TBAF o CroH
(NH)CCl3, CraHas _eAr o 12Ha2s
EE—— TBSO
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i. 2-chloro-1,3,2-dioxa-
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N // z _—
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ii. N,N-dimethylprop-2- NHBoc stearate, Et;N,
yn-1-amine, CH3CN DMAP, THF
17 78% over 2 steps

40% over 2 steps

Scheme 2-1. Synthesis of alkyne-SM 1.

As shown in Scheme 2-1, alkyne-SM 1 was synthesized from Boc-L-serine through a protected

sphingosine using a partially modified procedure from those in previous reports.”!?) The reaction

mechanism of the selected steps in this sequence will be described in the following sections.
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Scheme 2-2. Condensation reaction.

In the condensation reaction, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDCI) was used to active the carboxylic acid for crosslinking. The detailed mechanism is shown

in Scheme 2-2. There are two possible routes (A and B) for generating the desired Weinreb

amide.'!?
N | P o
—SiCl NN\ —sitN ;J‘l - _Si N0~ TBSO NO~ P
! I/ \ cl > M
> 9 (" NHBoc NHBoc =
HO NO~ N\ "

| NH
NHBoc </

Scheme 2-3. TBS protection of Weinreb amide.

Using imidazole as catalyst, the primary alcohol of the Weinreb amide was protected with

t-butyldimethylsilyl (TBS) ether. (Scheme 2-3)

(‘:B
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Scheme 2-4. Synthesis of olefin ketone 12.
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For the reaction of organometallic reagents with acid derivatives, such as ester and acid chloride,
the substrate will add two equivalents of organometallic compound. For the Weinreb amide, the
organometallic adduct of this compound is able to form a stable chelate, and it will not regenerate
an electrophilic carbonyl group in situ for further reaction. Acidic aqueous work up liberates the

desired ketone 12 from this chelate.!'® (Scheme 2-4)

. _(I)tBu
Li H-A-OtBu
' o)
_ (0] OtBu
EtO =
TBSO ~Z ——— 1BSO Z ——=  TBSO
NHBoc ©NBoc H\AI/NB°° 5
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et ";.:’KNB
Z o) oC
. ﬁ\ll\lo® ®/ OH
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— " = —_—
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© [HI anti 13
+ OtBu

Scheme 2-5. Selective reduction of olefin ketone 13.

The selective reduction of olefin ketone has been established using aluminum which can form
only weak complexes with neutral species but much stronger complexes with anionic species.!>!?
(Scheme 2-5) The ethoxide generated in the reaction condition deprotonates the NHBoc to initiate
a complex formation and a chelate formation. The Boc-protected amino ketone is converted to a
deprotonated carbamate, which could bind to aluminum through nitrogen, followed by chelate
formation to the carbonyl oxygen. Stereoselective reduction of the chelated amino ketone can give
desired amino alcohol due to steric hindrance by using chelation control which enforces a
syn-periplanar relationship between the amine and ketone groups, and leads to the formation of

the anti-amino alcohol with high yields.'¥

Ii?gt
ooe

Figure 2-1. Chemical structure of Grubbs catalyst 2nd.
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Next, using reported method, substrate 13 was stirred with 4 equiv of olefin and catalytic
amount of Grubbs catalyst second generation (Figure 2-1) in dichloromethane at reflux. The

reaction proceeded smoothly, and desired product was obtained as sole (£)-stereoisomer in good

yield.
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Scheme 2-6. Synthesis of alkyne SM 1.

Protection of the secondary OH of 14 catalyzed by Lanthanum (III) triflate (La(OTf)3) afforded
intermediate 15. The cleavage of silyl ether in 15 with fetra-n-butylammonium fluoride (TBAF) in
THF yielded alcohol 16. The alkynyl intermediate 17 was synthesized by the treatment of cyclic
phospholane with N,N-dimethylprop-2-yn-1-amine in acetonitrile.!” Simultaneous removal of

PMB and Boc groups using trifluoroacetic acid followed by acylation with 4-nitrophenyl stearate

furnished alkyne SM 1. (Scheme 2-6)
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Scheme 2-7. Synthesis of diyne-SM 2.

Initially, Cadiot—Chodkiewicz coupling was opted to synthesize the diyne probe using
3-bromoprop-2-yn-1-ol as the coupling partner under the classical coupling conditions (copper (I)
chloride, 5 mol %; hydroxylamine, 30 mol %; i-PrNH, in aqueous methanol). (Scheme 2-7)
Unfortunately, it was difficult to drive the coupling to completion and only a modest conversion
was achieved, as judged by 'H NMR. Furthermore, the remaining alkyne 1 was hardly separable
from compound 2 due to their similar polarities. The Lei group reported a mild Ni/Cu-cocatalyzed
oxidative coupling reaction, by which the Cs,—Csp coupling was performed in a manner favoring
the formation of the heterocoupled product over the homocoupled products by increasing the
molar ratio of the two terminal alkynes.'® Based on their conditions, the coupling of 1 with a large
excess of propargyl alcohol enabled selective conversion to 2, which was easily separated by flash

chromatography, although the isolated yield was modest (40%). (Scheme 2-7)
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Figure 2-2. Proposed reaction pathways of alkyne cross-couplings.

As described in the reported paper'®, the reaction is proposed to start from oxidation of the
Nickel complex by oxygen to generate a Ni(O;) intermediate, which is transmetalated with an
copper alkynyl reactive specie to generate a dialkynyl-Ni intermediate. The reductive elimination

release the crosss-coupled product and regenerate the Ni(0) complex. (Figure 2-2)
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Scheme 2-8. Synthesis of do-SM 3.

As shown in Scheme 2-8, TBS deprotection of 13 followed by phosphorylation and olefination
yields compound 19, which is treated with 28% N(CD3)s solution in MeOH furnished 21 in a

modest yield.” Boc deprotection by TFA, followed by acylation with p-nitrophenyl stearate,

produced the desired compound 3.
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Scheme 2-9. Reaction mechanism of phosphorylation.

As shown in Scheme 2-9, the phosphorylation procedure includes the oxidation of phosphites
by carbon tetrahalides in the presence of alcohols, which was first reported by Burn and
Cadogan.!” The reaction was used for synthesizing protected phosphate esters from alcohols.'®)

The preparation of 2-bromoethyl dimethyl phosphite was reported by Katsumura et al.'”
2.2.2 Relative Raman Shift and Intensity of Alkyne-SM, Diyne-SM, and do-SM

Closeup

. ; M,J\iffm
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Figure 2-3. Raman spectra of pure alkyne-SM 1, diyne-SM 2, SM-dy 3, SM, DOPC, and chol in
quartz supported monolayers. Exposure time was 6 s. Raman measurements were performed for

30 times per sample. Averaged Raman spectra are displayed in the image.

The relative Raman shift and intensity of these Raman probes have been compared using their
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monolayer systems prepared by the Langmuir—Blodgett (LB) technique. As shown in Figure 2-3,
the signals from diynes, alkynes, and C—D bonds, are observed in the cellular silent region, where
no Raman band occurs from non-labeled SM, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
or chol; these three lipids are the constituents of raft-model membranes. The triple bond in
alkyne-SM 1 shows a single Raman peak at 2132 cm™'. The conjugated triple bonds in diyne-SM
2 show a significantly enhanced intensity and peak shifts to longer wavelengths at 2263 cm™' and
give rise to an approximately five-fold greater peak height than does the alkyne in 1. Thus, the
strong Raman peak of the diyne group facilitated clear imaging of 2 in artificial membranes,
whereas the imaging from 1 was obscure due to its weak Raman signal. In the case of SM-dy 3,
the observed peaks can be assigned to symmetric CDs stretching at 2184 c¢cm™!, and Fermi
resonance multiplets at 21327' and 2081 cm™' with overtone or combination tone of CDj
deformation. The apparent Raman intensity of the deuterated methyl groups is lower than that of

alkyne 1.

2.2.3 Differential Scanning Calorimetry Study
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Figure 2-4. Differential scanning calorimeter (DSC) curve of compound 3 (top) and native SM
(bottom).

A differential scanning calorimeter (DSC) study of compound 3 showed that its phase transition

temperature is 44.5 °C (Figure 2-4), which is the same as that of native SM, indicating it should
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have phase behavior similar to that of SM. However, this probe did not give rise to intense Raman

bands. Thus, the compatibility of 1 and 2 with natural SM has been evaluated.

2.2.4 Preparation of Oriented Membranes

The macroscopically aligned membranes, in which the bilayer normal is perpendicular to the
magnetic field direction, have improved spectral resolution and sensitivity compared to powder
pattern samples. The theromdynamics of the candidate probes have been studied in such an
oriented membrane system. A sample preparation procedure is shown in Figure 2-5. Compared
with the preparation of liposome, the amount of sample needed for the formation of oriented
membrane is reduced. Totally 2 mg of lipids were deposited on 14 glass slides, and each slide
contains around one thousand lipid bilayers aligned mechanically between each pair of glass
surfaces. Once the organic solvent was completely removed, the slides were stacked and hydrated
with K»SOs-saturated deuterium-depleted water at 96% relative humidity and 40 °C for 3 days
before inserting into an open-ended NMR tube. The tube was sealed after rehydration for ~12h.

The final sample should be clear.

a7



(b) (d)

Figure 2-5. Sample preparation for oriented multibilayers formed on glass plates. (a) Lipids in
organic solvent were deposited on the glass slides. (b) The organic solvent was completely
removed under vacuum. (c) The slides were stacked and hydrated. (d) The slides were transferred

into a NMR tube.

2.2.5 2H NMR Study of d-Chol in Oriented Membranes

By using 2H NMR of 3a-deuterated chol (d-chol),??) it is possible to quantify the molecular
ordering of chol in the host lipid bilayers and to quantitatively characterize the physicochemical
properties of the mixed lipid membranes.?” As shown in Figure 2-6, the ’H NMR spectra of d-chol
provided a sharp quadrupolar doublet (45.3 kHz), which was assigned to d-chol embedded in the
DOPC bilayers.?”? Among artificial membranes, ternary SM/chol/DOPC bilayers are often used as
a model to mimic raft-like domains. In this system (Figure 2-6, b), a second set of more ordered

peaks appeared, indicating that the raft-like liquid ordered (L,) domains was formed. The inner
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shoulders correspond to the DOPC-rich Lg4 phases as indicated by the same splitting width as that
of the DOPC-chol membrane. The major fraction of d-chol was partitioned to the L, phases, as
shown by the higher intensity of the outer quadrupole splitting. This uneven distribution of d-chol
demonstrates direct experimental evidence in support of the preferential affinity of chol for SM
over DOPC. The L,-liquid/Lg-liquid immiscibility was also observed in the 1/d-chol/DOPC (1/1/1
mol) and 2/d-chol/DOPC (1/1/1 mol) mixtures (Figure 2-6, b and c¢). Similarly, the preference of
chol by 1 and 2 was revealed by the presence of the larger outer doublet. The intensity of the inner
peak of 1 is comparable to that of the SM mixture; the inner doublet peak of the 2-containing
mixture was slightly higher than that of the SM and 1 systems. Since the quadrupolar splitting
magnitude Avgis not dependent on the orientation of a chol molecule in membranes but mostly on
the ordering of phospholipid/chol mixed domains under present conditions,?!?® the observed Avq
values, which are usually expressed in terms of the molecular order parameter (Scp), largely
represents the wobbling motion of the rigid skeleton of chol in the L, and L4 phases. For each
phase, the almost identical Scp values are observed for the SM, 1, and 2 mixtures, indicating that
the membrane rigidity and/or fluidity for the 1 and 2 mixtures are very similar to those of SM. A

comparation of Avg and Scp is shown in Table 2-1.
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Figure 2-6. 2H NMR spectra from oriented multi-bilayers. (a) d-chol/DOPC (1/1 mol), (b)
SM/d-chol/DOPC (1/1/1 mol), (c) 1/d-chol/DOPC (1/1/1 mol) and (d) 2/d-chol/DOPC (1/1/1 mol)

at 25 °C.

Table 2-1. Molecular ordering of chol-d in SM, 1 and 2 membranes determined by ’H NMR at

25°C
B -l 0
Avg*(Lo) 48.2 kHz 47.7 kHz 47.8 kHz
Avg (La) 43.1 kHz 43.9 kHz 43.7 kHz
Sep®(Lo) 0.38 0.38 0.38
Seco (La) 0.34 0.35 0.35
# Quadrupolar splitting.

® Order parameter, describing the motion of the C—D bond with respect to the bilayer normal. This
value can be calculated via the following equation: Avq = (3/4) (e’qQ/h) |Scp|, where e*qQ/h = 168

kHz is the static quadrupolar coupling constant.

To further assess their similarity to SM in phase behaviour, the lateral distribution and ordering
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using oriented multi-bilayers containing selectively deuterated SM (d2-SM),?¥ deuterated
alkyne-SM 4 and diyne-SM 5 have been examined. Herein, the oriented membrane containing
selectively 2H-labeled acyl chains was adopted to avoid overlapping of quadrupole doublet
signals® and to observe the minor signals in the Ly phase. Another unfavorable effect from
perdeuterated lipids is that they can alter the physical properties of lipid bilayers as described
above.?® Previous study indicated that chol enhances the order of the CI10 position more
effectively than other positions in the acyl chains of SM,?* implying that the 2H NMR spectrum

should show clearly separated signals for the L, and Lq phases.

2.2.6 Synthesis of d,-SM, d>-Alkyne-SM, and d>-Diyne-SM

o ) o] CgHq7~MgBr
o oxalyl chloride /OMCI Cul (dry with P,0s)
—_— _ =
0 2 rt., 1h 23 90% for two steps
% NaBD, o D OH
e _ veabH4 T(\/\/\/\X/\/\/\/
MeOH/CHCl3 o
0 2 (2:1),0°C, 2h 2
95%
TSI EtN, DMAP D _OTs _ NaBDs
— .
DCM, 0°C to t YOS o s0%c, 5
74% (¢] 26 50%
o D._D 1N NaOH HOMM
-
WVV\MAN MeOH/THF, o)
o) 7 60 °C, 2h 28
50%
o D D
p-nitrophenol, EDCI /@/ YWVW
- =
THF, rt, 20h ON o
80% for two steps 29

Scheme 2-10. Synthesis of C10-deuterated acyl chain.

The synthetic method of C10-deuterated acyl chain is shown in Scheme 2-10. The key step is
the coupling reaction between acyl chloride and Grignard reagent using copper(l) iodide as
catalyst. To obtain a high yield, one equivalent of butylmagnesium bromide was used and was

added slowly in the mixture of acyl chloride and dry Cul in THF over 1 h.
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i. 10-dp-4-nitropheny! ~~"0 O/\l/\/\/\/\/D o
stearate, Et;N, DMAP, HN
THF CeHaz

60% (2 steps)
dy-SM

Scheme 2-11. Synthesis of d>-SM.

d>-SM was synthesized based on the synthetic method ) described in Scheme 2-11, and used as
a control for 2N NMR measurements.

An alternate synthetic route to the deuterated acyl chain for synthesizing deuterium-labled lipids
has been developed in this work. (Scheme 2-12) Compare to the method in Scheme 2-10, the
alternate route is more efficient. The key step in the sequence is a copper-catalyzed

Kumada—Corriu coupling.

o TBDPSCI, o LIAID4
P imidazole -~ \n/\/\/\/\/\OTBDPS —
\n/\/\/\/\/\OH Imidazole T _

(@] THF 70%

3 98% 32
TsCl, EtsN,

HO DMAP

SN otBDPS ———— T80 " 0TBDPS
D D D D

% CH,Cl, 2
95%

CUC|2,
Ph—=——Me TBAF
D E—— D D
/ﬁ TBDPSO _~ A~ S THF

7MgBr 98%

THF 35

91%

HO\/\/\/\/\D><3/\/\/\/ Jones’ reagen!t 28
acetone
36 70%

Scheme 2-12. An alternate synthetic route to C10-deuterated acyl chain 28.

Protection of the primary alcohol group of 31 afforded compound 32. Reduction of the ester
with LiAlDy4, followed by tosylation, provided deuterated intermediate 34. The tosylated precursor
has been recently considered as a more suitable coupling partner than the brominated one for

Csp3-Csps Kumada—Corriu coupling.””” Compound 34 was subsequently coupled with a Grignard
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reagent to afford 35 in excellent yield (91%). Removal of #-butyldiphenylsilyl (TBDPS), followed
by Jones’ oxidation, led to 28, which was then converted into the corresponding active ester 29 by
a condensation reaction with p-nitrophenol. Using the same synthetic method as for compound 1

and 2, the deuterated Raman probes 4 and 5 were synthesized.

2.2.7 *H NMR Measurements of d>-SM, d>-Alkyne-SM, and d>-Diyne-SM

-30 0 30
kHz

Figure 2-7. 2H NMR spectra from oriented multi-bilayers. (a) d2-SM/DOPC/ chol (1/1/1 mol), (b)

4/DOPC/chol (1/1/1 mol) and (c) 5/DOPC/chol (1/1/1 mol) at 25 °C.

Figure 2-7 shows the 2H NMR spectra of d>-SM/chol/DOPC (1/1/1 mol), 4/chol/DOPC (1/1/1
mol), and 5/chol/DOPC (1/1/1 mol). Two pairs of resolved doublets are displayed for d»-SM
/chol/DOPC, indicating the presence of two immiscible liquid phases with different lipid
components, which confirmed the observed raft formation in the SM/d-chol/DOPC mixtures. A
large majority of d>-SM is found in the L, phases with a quadrupolar splitting of 55.3 kHz (Scp =
0.44), while a small fraction pertains to the Lq phases, as characterized by a splitting at 34.1 kHz
(Scp = 0.27). Coupled with the phase distribution of chol-d in Lo/Lq4 phases, this result reflects that,
in the L, phase, the molar ratio of SM to chol will be more than 1/1.

A comparison of the spectra of 4 and 5 with that of @>-SM shows a high degree of conformity in
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phase redistribution. Excellent preferences of 4 and 5 for the L, phase were observed (Figure 2-7,
b and c), although the inner peak intensity of 5 is slightly larger than those of the other two
membranes. The quadrupolar splitting magnitudes of 4 and S in the L, phase are Avg= 55.2 kHz
(Scp, 0.44), and Avg= 55.4 kHz (Scp, 0.44), respectively. The Scp values are the same as that
obtained from d>-SM, and are close to the maximum value, 0.5, indicating that the ternary
mixtures show a typical characteristic of the L, phases.?® These results revealed that the molecular
orientation and mobility in the raft-like L, domains are minimally affected by the alkyne and
diyne head groups. Interestingly, these analogues showed increased quadrupolar splitting of the
inner peaks compared with that of d>-SM. In the Lq phases, the Avo/Scp of d>-SM, 4 and 5 is 34.1
kHz/0.27, 38.3 kHz/0.30 and 41.0 kHz/0.33, respectively. The increase in order is accompanied by
an increase of head group size. It is worth noting that a similar tendency appeared with respect to
the intensity of the inner peak of chol. Thus, the ordering effect of chol may be slightly enhanced

in the Lq phases of 4 and 5.

2.2.8 Raman Microscopy
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Figure 2-8. Slit-scanning Raman microscopy of a 2/DOPC/chol (1/1/1 mol) monolayer. The
image was reconstructed using the diyne peak intensity at 2262 cm™. Exposure time and laser
power were 100 sec/line and 10.5 mW/um?. The image is shown in a 16-color display. The images

consist of 412 x 400 pixels. Scale bar is10 um.
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Finally, Raman microscopic observation of a raft like 2/DOPC/chol ternary membrane was
performed.” (Figure 2-8) A heterogeneous distribution of the probe has been visualized.
Interestingly, it was enriched in the central region of raft domains compared with the peripheral
area. The presence of central region, peripheral area and no-raft phase (L4 phase) suggested a
“three phase” distribution. The observed model is incompatible with the generally accepted raft
model, in which the raft-containing membranes show a clear biphasic separation.?” It is
speculated that there is a gradual change of SM concentration between the raft center and no raft
regions in order to minimize energetically unfavorable hydrophobic mismatch.

This Chapter showed the rational design and preparation of three Raman-active SMs (1-3)
bearing alkyne, diyne and multiple C-D bonds on the polar head group.*” In a supported
monolayer-membrane, they generated characteristic Raman peaks in the cellular silent region.
Current results indicate that diyne SM 2 is the best candidate for the high contrast observation of
raft-like domains over a reasonable time frame. Firstly, it gives rise to a strong and sharp Raman
peak compared with 1 and 3. Secondly, the 2H NMR spectra highlight the similarity in raft-like
domain formation between this probe and natural SM. In addition, the probe has a clear preference
to partitioning into L, phases.’® Raman microscopic using the developed probe in monolayer

provided a “three phase” distribution of raft-like membranes.>
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Chapter 3

Synthesis of Deuterated Dioleoylphosphatidylcholine for Investigation of Membrane
Properties.

3.1 Introduction

Lipid organization has been at the center of research on lipid rafts. The rigid chol enhances the
ordering of sphingolipids and induces the formation of the liquid ordered (L,) phase, which has
distinct physical properties from that of liquid disordered (L4) phase."? Lipid rafts show behavior
similar to that of a liquid-ordered (L,) phase. Raft formation is thought to be caused by the Lo/Lqg
phase separation process. Uncovering the behavior of individual lipids in these phases is
necessary for a better understanding of the molecular mechanisms underlying the biomedical
functions of lipid rafts.

Dioleoylphosphatidylcholine (DOPC) is a typical Lqs component in raft-model membranes, and
has often been used to prepare a ternary mixture with sphingomyelin (SM) and chol that forms
Lo/Lg-co-existing bilayers. Although incorporation of unsaturated DOPC into L4 phases is
energetically favorable,® a small amount of DOPC is always found in L, phases. However, this
phase segregation is difficult to detect using a previously reported DOPC probe [C11-’H;]
DOPC.”® In fact, the allylic C11 of oleic acid is not the best position for >H-labeling since the
C9-C10 double bond forces the orientation of the C11-H bonds not to be perpendicular to the
membrane normal unlike the orientation of other C-H moieties apart from the C9-C10 double
bond. This particular situation of C11 (and C8) results in the smaller magnitude in quadrupolar
coupling of the CD, moiety, which hampers the observation of the clearly separated *H signals
between Loand L4 phases. In particular, it becomes more difficult to examine the phase behavior

of the L, domains that contains a small amount of DOPC.

bilayer normal
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Figure 3-1. Chemical structure of DOPC and the wobbling motion of allylic C11.
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Recent molecular dynamics (MD) simulations suggest that, in DOPC/chol bilayers, chol
enhances the order of C6 methylene of an oleoyl group more effectively than that of other carbons
in the sn-2 acyl chain of DOPC.” (Figure 3-2) Thus, in ternary SM/chol/DOPC membranes,

[C6-2H,] DOPC should show clear separated signals of DOPC in the L, phase.
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Figure 3-2. Order-parameter profiles for the acyl chains of DOPC in the absence and presence
chol (2:1 DOPC/chol) determined from MD simulations. Reprinted with permission from Biophys.

J. 2011, 100, 1455-1462. Copyright © (2011) the Biophysical Society

However, the only one synthetic method of [C6-*H,] oleic acid, the key precursor for the
synthesis of [C6-*H,] DOPC, is a linear 14-step sequence including a classical malonate extension
process. Thus, a more efficient synthetic method is highly desirable, although the reported method
is suitable for large-scale industrial synthesis. The reported scheme has been summarized in

Scheme 3-1 for reference.
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Scheme 3-1. The known method for making [C6-2Hz] oleic acid. Reported in A.P. Tulloch,

Chemistry and Physics of Lipids 1979, 25, 225.
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3.2 Results and Discussion

3.2.1 Synthesis of [C6-?H;] Oleic Acid and [C6-*H;] DOPC

HOM(\/W

D D
6,6-d,-oleic acid

Kumada-Corriu coupling
OGP/\/\>7(\/:\/\/\/\/
D D

@ R
0GP """ MmgBr  + DW
U O
oGP” >""pr VOW
@ © @ Witting olefination

0]
Br/\/\/\Br NG W\Br
O

Scheme 3-2. Retrosynthesis of [C6-?H,] oleic acid.

An efficient synthetic method has been firstly developed.'” The retrosynthetic analysis is shown

in Scheme 3-2. The target molecule would be formed through alcohol deprotection followed by

oxidation reaction of a protected precursor, which would be prepared by two fragments via a Cgp3-

Csp3 cross coupling. The deuterium in the olefin would be introduced by lithium aluminum

deuteride (LiAlD4) reduction of an ester, which could be derived from a commercial bromide

through a Wittig olefination.
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Scheme 3-3. Synthesis of [C6-?Ha] oleic acid 6 and [C6->H,] DOPC 7.

The improved synthesis began with the preparation of phosphonium salt from brominated ester
37, followed by Wittig olefination to give pure cis-olefin 2. (Scheme 3-3) Subsequent reduction of
the ester with LiAlD4 afforded deuterated alcohol 39, which was tosylated to give the deuterated
intermediate 40. A recent study suggested that the tosylated precursor is a more suitable coupling
partner than the brominated one for Cgy3-Cgpz Kumada—Corriu coupling. Compound 40 was
subsequently coupled with a Grignard reagent prepared from the commercial benzyloxypentyl
bromide to afford cross-coupled product 41 in high yield. Benzyl deprotection by boron trichloride
followed by Jones’ oxidation led to the desired [C6-?Ha] oleic acid 6 in 24% overall yield after 7

steps. Finally, [C6-*H,] DOPC 7 was prepared using 18:1-lyso PC under typical condensation

conditions.'?
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3.2.2 2H NMR Measurements

(a) (b)

24 4 kHz 8.5 kHz
40.9 kHz 18.6 kHz
50 0 50 50 0 50
kHz kHz

Figure 3-3. ’H NMR spectra of 50 wt% aqueous multilammellar dispersions at 30 °C. (a)

7/SM/chol (1/1/1 mol) and (b) [C11->H,] DOPC/SM/chol (1/1/1 mol).

Firstly, the 2H NMR of powder-type hydrated membrane has been measured. The standard
wideline spectra were recorded as shown in Figure 3-3. As expected, 7 generates much more
clearly separated peaks than [C11-?H;] DOPC does. The two doublet peaks in each spectra
corresponding to the L, and Lg phase, respectively, the major fraction of DOPC is in the Lq phase
as shown by the larger integrated intensity of the inner doublet. Notably, the peak distance
between inner and outer splittings in 7/SM/chol membranes increased by 1.6 fold compared to
[C11-?H,] DOPC-containing mixtures. The above data confirms that 7 is the better probe
appropriate for the L,/L¢-separated systems.'?)

As the macroscopically aligned membranes have improved spectral resolution and sensitivity
compared to powder pattern samples, the 2H NMR of 7 was then recorded in such an oriented

membrane system.
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19.4 kHz

(b)

-30 0 30
kHz

Figure 3-4. 2H NMR spectra and quadrupolar splitting of oriented multi-bilayers. (a) pure 7 and (b)

chol/7 (1/1 mol) at 30°C.

The ?H NMR spectra of 7 was recorded in oriented membranes form in the absence and
presence of 50 mol % chol. In Figure 3-4 a, the 2H NMR spectra of pure 7 membranes provided a
pair of sharp quadrupolar splitting, corresponding to the rapid and disordered motions in the acyl
chains. In Figure 3-4 b, the incorporation of chol into pure 7 membranes leads to the appearance
of a set of more ordered peak. In bilayers, the methylenes in the side chains of DOPC undergo
rapid gauche-trans isomerization, and such increased chain order correlated with the increased
trans polulations of the C-C bonds due to the ordering effect of chol. The broadening of doublets
is due to the fast lipid diffusion in different domains on 2H NMR timescale.

Next, the 2H NMR spectra of 7 was measured in raft-like ternary membranes. (Figure 3-5 a) In
the bottom trace of Figure 3-5 a, the?lH NMR spectrum of oriented 7/SM/chol bilayers at 30 °C
provided completely separated doublets with even higher resolution than the powder-type *H
NMR spectra. It is clear to see that small fraction of 7 is in the L, phase, while major fraction
pertains to the Lq phase. The integration area ratio of the outer doublet peak to the inner doublet
peak is 28/72. As temperature rose, the order of 7 in L, phase decreased while that in Lq phase
increased, and the phase separation was poorly observed at 40 °C. Then, at 45 °C, the spectra gave
completely fused signals, and the peak became sharp and less ordered at 50 °C, indicating the
membranes were uniformly mixed. The 2H NMR spectra also shows isotropic components as
shown by the central peak. Although the sample contains a small amount of HDO in the water, the
isotropic signal is most likely due to the presence of non-oriented structures (such as micelles)
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tumbling rapidly in water. As temperature rose, more amounts of isotropic non-oriented phases

were formed.!?

(a) (b)

,AA/A?O\Q kHz 34.0 kHz
PR —~.50°C
30.7 kHz
- .45°C
30.3 kHz 29.0 kHz
32.7 kHz 40.7 kHz

~

—” 40 °C
27.5kHz 29.4 kHz
39.3kHz 44.0 kHz
35°C
27.0 kHz 29.4 kHz
42.2 kHz 459 kHz
30°C
-30 0 30 -30 0 30
kHz kHz

Figure 3-5. Temperature dependence of 2H NMR spectra and quadrupolar splitting of oriented
multi-bilayers formed on glass plates. (a) 7/SM/chol (1/1/1 mol) and (b) 7/DHSM/chol (1/1/1

mol). The angle between the bilayer normal and the magnetic field is set at 90°.

Due to the superior performance of 7 with regard to the clear Lo/Lq phase separation and high
sensitivity for phase transitions, it is convinced that this molecule could be further applied to probe
the membrane property alteration, which was thought to be closely related to cellular functions.
Dihydrosphingomyelin (DHSM) is the major phospholipid of human lens membranes, whereas
being a rather minor constituent in other tissues.'” However, an enrichment of DHSM was found
in the HIV-1 membrane, produced from the host cell through viral release.'” Recent studies
indicated that DHSM is important for HIV-1 gp41-mediated fusion.''¥ The role of DHSM in
regulating membrane properties can be speculated by previous study that DHSM tends to form

rigid domains due to the lack of trans double bond in the ceramide backbone.'® To further
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examine the relevance of DHSM in domain formation, compound 7 was applied to the
DHSM-containing ternary system.

As compared with 7/SM/chol mixtures, less fraction of 7 should be partition to the highly
ordered DHSM-enriched phase. Fortunately, small but clearly visible distribution of 7 in L, phase
was detected as shown by the outer doublet in the bottom spectra in Figure 3-5 b. At 30 °C, the
integration area ratio of the outer doublet peak to the inner doublet peak drops to 16/84, much
lower than that in the SM ternary mixtures, revealing that the greater amount of DOPC is excluded
from the DHSM-enriched phase. As temperature rose, the order of 7 in L, phases decreased slower
than that in the SM mixture, and the apparent phase separation was clearly observed even at 45 °C,
at which only one doublet appeared in the SM mixtures, implying the thermostability of the L,
domains was obviously enhanced in the DHSM mixture. These results are in agreement with
recent finding in binary DHSM/DOPC bilayers, in which the DHSM prompts the formation of
rigid and stable DHSM-rich domains.'® Moreover, it is interesting to observe that the order of 7 in
both L, and Ly phases of the DHSM mixture dramatically increased as compared with the SM
mixture (Figure 3-6), indicating that DHSM enhanced the rigidity not only of DHSM-rich L,
phases, but of DHSM-poor Lg4 phases. It is speculated that DHSM with saturated Cs4-Cs bond
increases the accessibility of neighboring lipid molecules, thus leading to an enhanced
intermolecular interaction by lipid packing in cellular membranes. The H NMR spectra of
7/DHSM/chol mixtures show larger isotropic components compared to SM mixtures, revealing
more amounts of 7-containing non-oriented structures were formed in DHSM membranes. This
result indicates the embedding of unsaturated lipids into DHSM-containing membranes become
difficult due to the increased membrane rigidity. The distinct differences observed in the 2H NMR
spectra of 7 between SM and DHSM ternary mixtures evidently demonstrates the versatility of

this DOPC probe for sensing of change in membrane properties.'?
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Figure 3-6. Magnitude of 7 splitting: (a) 7/SM/chol (1/1/1 mol) and (b) 7/DHSM/chol (1/1/1

In this Chapter, a highly efficient synthetic route to [C6->H,] oleic acid has been established.
Using this intermediate, [C6->H,] DOPC was synthesized as a useful 2H NMR probe to investigate
the behavior of lipids in raft-like membranes. Owing to the reasonable deuterated position as well
as an appropriate sample preparation of mechanically oriented membranes, the probe exhibits
completely separated and well-resolved ?H NMR signals stem from both L, and Ly phases. With

these advantages, the probe was successfully applied to examine the difference in membrane
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properties between SM and DHSM. Their phase behavior between L, and Lg phases could be

easily distinguished.
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Chapter 4
Stereoselective Synthesis of Phosphatidylglycerophosphate Methyl Ester Analogues towards

Evaluation of Bacteriorhodopsin-Lipids Interactions in Membranes

4.1 Introduction

Bacteriorhodopsin (bR) is the only protein in the purple membrane (PM) of Halobacterium
halobium.V Tt functions as a light-driven proton pump and exits in a trimer form with 6 lipids
located within the trimer and 24 surrounding the protein surface.? Polar lipids account for 90% of
the total lipids in PM, including 2,3-di-O-phytanyl-sn-glycerol phosphatidylglycerol (PG),
phosphatidylglycerol sulfate (PSG), phosphatidylglycerophosphate methyl ester (PGP-Me),
archaeal cardiolipin (BPG), sulfated triglycoside lipid (S-TGA-1) and archaeal glycocardiolipin
(GlyC), among which PGP-Me is the major lipid according to quantitative analysis of the lipid

extract of PM.Y
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PGP-Me is a diacidic phospholipid comprising a chiral polar head group of bisphosphate ester
and two hydrophobic side chains, which are bound to the chiral glycerol backbone by ether

linkages. In this Chapter, a PGP-Me analogue (8) retained the head group in the native PGP-Me
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moiety bearing two simple straight side chains was selected and used to mimic the native

membrane-like environment for the in situ study of lipid-protein interactions.

OH Y

Me/O\on\)\/O\on\)\/O
2 o~ o

PGP-Me analogue (8)

d,-PGP-Me analogue (9)

Molecular geometry of a lipid molecule is closely associated with the morphology and physical
properties of membranes. The concept of packing parameter P (P = V/al, where V is the specific
volume occupied by the tails, a is the area per lipid molecule in the dividing surface, and / is the
effective length of the tails’ region) can be used to characterize the propoperties of a lipid
self-assembly.? Cylinder-shaped lipids (e.g., DOPC) have similar cross-sectional areas for the
polar head and hydrophobic region, thus leading the P value to be around 1, and the formation of
lamellar phases. Cone-shaped lipids (e.g., DOPE) with P > 1, which have a small polar head,
favor the organization of membranes into inverted micelles (HII phases) or cubic (bicontinuous)
structures. Invert cone-shaped lipids (e.g., lysophosphocholine (LPC)) with P < 1, which have a
bulky polar head, favor the formation of tubular (HI) or spheric micelles.>® The native PM lipids
are known to form a lamellar structure. ”

The most common technique used to detect lipid polymorphism is phosphorus nuclear magnetic
resonance (*'P NMR).® Oriented and unoriented samples show different >'P NMR lineshape.”
Liposomal lipid dispersions where molecules are oriented to every direction result in a
powder-like pattern spectrum with a narrower signal width, showing a low field shoulder and high
field peak. The high field peak has been found to correspond with lipid molecules with their
molecular axes perpendicular to the magnetic field, whereas the shoulder resonance position
corresponding to those with a parallel orientation.®’ For the hexagonal Hy phase, lateral diffusion
of the lipid molecules around the cylinders display an additional spectral pattern.” Lipids in

micellar, inverted micellar, cubic or rhombic configurations allow effectively isotropic motion to
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occur, resulting in a narrow symmetrical lineshape.” The isotropic structures include lipid
bilayer vesicles with small radii. When a bilayer sample is perfectly aligned with the magnetic
field, a single sharp resonance appears. Rotation of the oriented bilayers in the magnetic field
gives rise to individual narrow resonances with different chemical shift.®

In this Chapter, a stereoselective synthetic route to the analogue (8) was developed using
H-phosphonate chemistry. Based on the developed method, a site-specifically deuterated analogue
(9) was synthesized for solid-state ’H NMR measurements. Static >'P NMR was first measured to
evaluate the formation of oriented membranes constituted by the analogue. Lipid-bR interactions

in membranes was further studied by 2H NMR.

4.2 Results and Discussion

4.2.1 Synthesis of PGP-Me Analogue

OH 0
Me,g;Pigdvo:P o A _o

0" ~o

PGP-Me analogue 8

OBn
o
-O. /O\)\/O\ <
Ve P oo * Ho._L_ o
A[i} 43 QﬁB 44
0Bn . OBn
_O._N(iP
0. /O\)\/OH me-p NP + HO\)\/O~ H
Me”~ Pl ! _PS
0” ~OBn OBn 0" o
45 46 47

Scheme 4-1. Retrosynthetic analysis.

Retrosynthetically, compound 8 would be constructed by H-phosphonate coupling between 43

and 44. The compound 43 could be obtained via phosphorylation either from phosphate ester 45

(Route A), or from H-phosphonate 47 (Route B). (Scheme 4-1)
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As shown in Scheme 4-2, the protected glycerols 57 and 58 were synthesized from
commercially available (S)-solketal 48 using a partially modified procedure from those in previous
reports.!” Based on Route A (Figure 4-1), the primary alcohol in 57 and 58 was phosphorylated
using phosphoramidite/1H-tetrazole followed by oxidation with tert-butyl hydroperoxide
(+-BuOOH) to provide phosphotriester 59 and 60, respectively. The '"H NMR spectra indicated a

mixture of diastereoisomers with d.r. ~ 2:1 according to the methylene proton peaks of benzyl

phosphonate ester.

OMe

59 (R = PMB), 87% over 2 steps
60 (R = Allyl), 75% over 2 steps

Scheme 4-2. Synthesis of 45.

Table 4-1. Deprotection conditions for the synthesis of 45.

entry  substrate condition yield
1 59 DDQ, CH,Cl, rt, 2h 45.7%
2 59 CAN,CH3CN/H20, rt, 2h 66%
3 59 Bobbitt's salt, CH;CN/H2O, rt, 1h ND
4 60 5% [Ru]/L? MeOH, rt, Sh 20%
5 60 8% [Ru]/L? MeOH, 35 °C, 30 min 87%
6 60 8% [Ru]/L% MeOH, rt 30min then 35 °C 1.5h 37%

2 [CpRu(CH3CN)s]-PF¢/2-quinolinecarboxylic (1/1 mol)

To introduce the second phosphorus, the R group in 59 and 60 should be removed. Table 4-1
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shows the deprotection conditions. Interestingly, the benzyl methylene protons in 45 show two
pairs of doublets in a different ratio from that of the substrate. It is assumed that an isomerization
reaction took place during deprotection or/and purification by the intramolecular nucleophilic
attack of the phosphotriester by hydroxide via a phosphorane intermediate,'” which would result

in racemization of the chiral carbon atom in 45. (Scheme 4-3)

OBn MeQ_ O
MeO._.O._k__oH “0-R }Mosn

BnO~ P\\o BnO O
45

Scheme 4-3. Isomerization reaction of 45.

In order to avoid the isomerization, as shown in Scheme 4-4, an alternative approach to the
formation of the diphosphate 43 has been developed based on Route B. Compound 61 was
obtained from (R)-solketal using the similar synthetic method described in Scheme 4-2. The
primary alcohol in 61 was phosphorylated using 2-chloro-4H-benzo[d][1,3,2]dioxaphosphinin-4-
one in pyridine followed by hydrolysis to provide H-phosphonate 62, in which the PMB group
was removed by TFA to give 47, which was phosphorylated using phosphoramidite/1H-tetrazole

followed by oxidation with ~BuOOH to provide 43.

0]

1 O
. I'l’ .
0~ >Cl OBn HNEt;

BnO  OPMB idi TFA, CH,CI
pyridine PMBO O. _H ,» LU
\)\/O:P\:O 4()’
HO 2. Et3NH,CO3 - 80%
61 85% (2 steps) 62
. 1. MeOPOBNN(iPr), OBn HNEt
OBn HNEts 1H-tetrazole, CH,CI ;
, CHyCl,
HO b(R) O\P/H _— Me/o;P:o\)\/o:P\:H
Y oPo 2 tBuoOH 0" ©OBn oo
- 0,
47 90% (2 steps) 43

Scheme 4-4. Synthesis of 43.

The determination of enantiomeric excess (e.c.) of compound 47 was achieved by 'H NMR

using Chirabite-AR'? as a chemical shift reagent. (Figure 4-1)
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Figure 4-1. Chemical structure of Chirabite-AR.

Chirabite-AR is a bifunctional macrocycle with C> symmetry and is highly effective for a wide

range of chiral molecules bearing a carboxylic acid, oxazolidinone, lactone, alcohol, sulfoxide

sulfoximine, isocyanate, or epoxide group. '?
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Figure 4-2. Determination of enantiomeric excess of 47 by 'H NMR using Chirabite-AR.
Partial enlarged '"H NMR of (a) Chirabite-AR/(R)-47 (1/1 mol), (b) Chirabite-AR/(S)-47 (1/1 mol),
and (c) Chirabite-AR/(R)-47/(S)-47 (1/1/1 mol) in CDCls.
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The 'H NMR of Chirabite-AR/(R)-47 and Chirabite-AR/(S)-47 mixtures show a set of NMR
peak, respectively. (Figure 4-2) The CH (Hb) signal of (R)-47 or (S)-47 shows resonance at 3.29
ppm. The proton signal appears at 3.25 ppm and 3.30 ppm in Chirabite-AR/(R)-47 and
Chirabite-AR/(S)-47 mixtures, respectively. The signal of (R)-47 shifted highfield by 0.04 ppm
when 1 equiv of Chirabite-AR was added. In the case of (S)-47, the signal shifted downfield by
0.01 ppm. Distinguishable enantiomeric discrimination (AAJ = 0.06 ppm) was observed in
Chirabite-AR/ (R)-47/(S)-47 mixtures. '"H NMR spectra suggest that the e.e. of compound 47 is

more than 95% as indicated by the absence of NMR peak in the red circle.

MsOCgH33 65 ~CigHaz
O_. OH 1.NaH, BnBr, DMF OH ’ %
%/\}R?/ ol _on NH o _J_o.
o 2. p-TsOH, MeOH DMSO CigHas
64 66
63 56%
70% for 2 steps
~CieHa3
-
CH,Cl, CieHss
60% 44

Scheme 4-5. Synthesis of 44.

The synthesis of 44 began with the Bn protection of the primary OH of (R)-solketal 63,
followed by transacetalization using p-TsOH in methanol to give the 1,2-diol 64 in 70% isolated
yield over two steps. Hexadecyl methanesulfonate 65 was synthesized from hexadecan-1-ol and
used for the preparation of bisether 66 by the etheration with NaH as base. Benzyl deprotection by

boron trichloride (BCls) led to the desired alcohol 44. (Scheme 4-5)

1. 44, PCl, pyridi
43 o PVCL pyndine Me/o\P/o\)\/o\P/oJ\/o
2. 1, in pyridine/H,0 0% “0Bn o Yo

70% (2 steps) HKlEts 67

1. Hy, PtO,, MeOH
. Me/O:P:O\)\/O:P\:O\/l\/O
2. ion exchange o 0 O (@]

50% (2 steps) Na 8

Scheme 4-6. Synthesis of 8.

The synthesis of target molecule 8 is shown in Scheme 4-6. Using pivaloyl chloride (PvCl) as a
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condensing agent, 43 was completely converted into a phosphite which was oxidized
with iodine followed by hydrolysis with water to give 67.!*'¥ Deprotection of Bn ethers in the
presence of Adams' catalyst followed by ion exchange produced 8 in 50% isolated yield over two

steps.

4.2.2 Synthesis of 2H-labled PGP-Me Analogue

o TBDPSCI, o

imidazole LIAID4 \/\/\D><D
THF THF
68 quant 69 70 % 70
Bng/\CgH19
CuCl,
TsCl, EtzN —_— DD
e, TBDPSO <P =P | pppso <P
DMAP, CH,Cl, OTs THE
95% 71 72
D._D
TBAF Ho\/\/\D><D/\/\/\/\/ —>MSC| MSO A A
THF, 1t 73 CH,Cly/pyridine 74
quant

90% over 2 steps

Scheme 4-7. Synthesis of 74.

The deuterated PGP-Me analogue will be synthesized for 2H NMR measurements. Thus, the
synthetic route to the site-specifically deuterated side chain has been established. As shown in
Scheme 4-7, TBDPS protection of the primary alcohol of 68 afforded compound 69. Reduction of
the ester with LiAlD4, followed by tosylation, provided deuterated intermediate 71 for Cqp3-Csps
Kumada—Corriu coupling.’> Compound 71 was subsequently coupled with a Grignard reagent to

afford 72. Removal of TBDPS, followed by mesylation, led to compound 74.

OH NaH. 65 O/C1GH33 O/C16H33
TrCl, DIPEA aH, TsOH
== ol _ocph, —— ol _ocen, ——> Bro._L_oH
CH,Cl, DMF CH,Cl, 77
quant 75 60% 76 90%
_CigHa3
NaH, 74 o BCly o 0. b
—_— —_—
BnO SN HO O~
DMSO J\/ CigH31D;  CH,Cly \)\/
65% 78 55% 79

Scheme 4-8. Synthesis of 79.
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As shown in Scheme 4-8, selective protection of primary alcohol of 64 with tritylchloride
(TrCl) afforded 75, followed by etheration and deprotection, provided 77. Compound 78 was then
prepared using the deuterated hexadecyl methanesulfonate 74, followed by Bn deprotection
yielded 79. Using the same synthetic method as for compound 8 (Scheme 4-6), the deuterated

sample 9 was synthesized. (Scheme 4-9)

1. 79, PvCl, pyridi QBN 9 D__D
L 19, PV pyndine We-O5p© 0., 0 O
2.1, in pyridine/H,0 “'© o™ ~oBn o Yo
68% (2 steps) HNEt, 80
OH o)
1. Hp, PtO,, MeOH D.__D
- =
-~ >pl ~pg N P N
: Ve oﬁP\o\)\/o/P\\oJ\/o
2. ion exchange o~ o . O "0
46% (2 steps) N Na ~ 9

Scheme 4-9. Synthesis of 9.

4.2.3 Formation of Oriented Membranes

Lipid molecules can self-assemble in an aligned fashion, which allows dynamic analysis in an
environment that closely mimics the biological membrane. Aligning the lipid membrane in a
single specific orientation in magnetic field allows improvement of spectra resolution.'® This
method provides unique insight into protein-lipid interactions based on solid-state 2H NMR.!” The
PGP-Me analogue 8 has the different side chain structure and volume from the native PGP-Me.
Thus, oriented membrane formation has first been examined by *'P NMR, which is generally used
for characterizing the orientation and morphology of lipid bilayers.

In preparation of an oriented membrane preparation, the hydration of pure 8 membrane was
found to be difficult, and the total hydration time was extended to 10 days while membrane
hydration was carried out for 4 days in usual procedures.'® The 3'P NMR spectra of pure 8
membranes has been measured at 40 °C, 50 °C and 60 °C, and the spectra recorded at 50 °C
generated the best spectral resolution. A DSC study shows that the phase transition temperature of

8 is 42 °C. (data not shown) Thus all the samples has been recorded at 50 °C.
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Figure 4-3.3'P NMR spectra of pure 8 on coverslips. The angle between the normal of coverslips

and the magnetic field is set at 90° (a) and at 0° (b), respectively.

Figure 4-3 shows the 3'P NMR spectra of pure 8 membranes. Two signal resonances were
observed when the angle between the bilayer normal and the magnetic field was set at 90° (Figure
4-3 a). To assign the peak, the angle is adjusted to 0°. (Figure 4-3 b) Thus, the resonances from
that oriented structures was shifted downfield. The peaks at ~25 ppm and ~13 ppm can be
attributed to the oriented structures of 8, whereas the resonances at -3.1 ppm and -8.0 ppm suggest
possible vesicle formation. The sharp peaks at ~13 ppm in both of the spectra correspond to the

terminal phosphate group due to the high degrees of freedom.

79



(a) (b)

/\

\/v»/\/\/\/\ SV /‘/-/\\\ \/\/\/\,\W\\/r\ PN W\N\W\/mn

ey - T T . .
100 o - 100 100 o - 100

Figure 4-4.3'P NMR of 8/DMPC (1/2 mol) on coverslips. The angle between the bilayer normal

and the magnetic field is set at 90° (a) and at 0° (b), respectively.

Figure 4-4 shows the *'P NMR spectra of 8/dimyristoylphosphatidylcholine (DMPC) mixtures.
The spectra indicated that the addition of DMPC increased the proportion of oriented structures as
shown by the reduced resonance intensity at -3.1 ppm and -8.0 ppm as shown in Figure 4-4 b
compared with Figure 4-3 b. In Figure 4-4 b, the peak at ~25 ppm is inferred to be the
superposition of head groups of 8 and DMPC.

The NMR results indicated that the adding of DMPC promoted the oriented alignment of lipid
molecules. It was deduced that further dilution of 8 with DMPC would result in an increased
proportion of oriented structures. However it would make the detection of NMR signal difficult

due to the dilution of NMR signals of interest, *'P in 8 and H in 9.

4.2.4 ’H NMR Measurements

The 2H NMR spectra of 9 has been measured in multilamellar dispersions form in the absence
and presence of delipidated bR (dbR), which was purified from Halobacterium halobium
according to the reported method.!” Because the phase transition temperature of a pure membrane

of the non-deuterated analogue 8 is 42 °C, the measurements were carried out at 50 °C.
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23.1 kHz

9/dbR (200/1 mol;
100/16 wt

9/dbR (100/1 mol;

100/32 wt 25.6 kHz

9/dbR (75/1 mol;
100/43 wt)

9/dbR (50/1 mol;

100/64 wt) 26.0 kHz

Figure 4-5. >’H NMR spectra of 60 wt% aqueous multilamellar dispersions at 50 °C of pure 9 and

9/dbR mixtures with different molar/weight ratios.

As shown in Figure 4-5, the ’H NMR of pure 9 dispersion provided a pair of quadrupolar
splitting with a powder pattern lineshape. It is worth noting that a strong isotropic signal was
observed; which was likely due to the formation of micelles tumbling rapidly in water, although a
trace amount of HDO in the sample might contribute a small portion of the singlet. Compared
with native PGP-Me, the side chains of compound 9 has been largely reduced in size due to the
lack to branched methyl groups. Thus the analogue has the shape of an inverted cone with
packing parameter P < 1 and it favors the formation of micelles.

The addition of dbR altered the 2H NMR spectra dramatically. The 2H NMR spectra of 9/dbR
(200/1 mol) shows enhanced magnitude in quadrupolar splitting (24.3 kHz) compared to pure 9

sample (23.1 kHz) due to the restricted motion of side chains of 9 caused by hydrophobic
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interactions with the protein. As the rate of exchange of annular lipids with bulk lipids is fast on the
NMR time scale, only one pair of splitting was observed in the spectra. Interestingly, the intensity
of isotropic peak decreased drastically, indicating the proportion of micelle structures is largely
reduced in the mixture. At higher content of dbR (9/dbR with 100/1 mol), the side chain of 9
becomes more ordered and the isotropic peak is hardly observed. Meanwhile, the lack of
micelle/liposome transition suppressed peak broadening and increased spectral resolution. Further
addition of dbR change the lineshape of NMR spectra significantly. The central isotropic peak
reappeared/increased  and  the spectra  becomes poorly  resolved accompanied
by increasing the content of dbR.

In protein purification, most of PM lipids have been removed by detergent; however, a little
amount of lipids remains around bR, including PGP-Me, PGS, and trace amount of PS. The molar
ratio of dbR to these PM lipids is one to three. Thus, a mixture of 9/PM lipids was subjected to 2H
NMR measurements in order to evaluate the contribution of protein in altering the behavior and

morphology of 9 observed in the presence of dbR.

9/PM lipids (100/3 mol)
22.5 kHz

9/PM lipids(75/3 mol 22.3 kHz

Figure 4-6. ’H NMR spectra of 60 wt% aqueous multilamellar dispersions at 50 °C of 9/PM lipids

(100/3 mol) and 9/PM lipids (75/3 mol)

As shown in Figure 4-6, the addition of PM lipids in 9 decreased the order of side chains
compared to the spectra of pure 9 (Figure 4-5), thereby supporting that the observed ordering
effect in 9/dbR mixtures is due to lipid-protein interactions rather than lipid-lipid interactions. It is
interesting that the isotropic signal exhibits significant difference in intensity between 9/PM lipids

(100/3 mol) and 9/dbR (100/1 mol) mixtures. The observation of the strong isotropic peak in 9/PM
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lipids dispersion indicate that there remains significant amount of micelles in water. However,
these structures can be hardly observed in 9/dbR (100/1 mol) mixtures, indicating that bR can
promote formation of liposomes in the mixture. The spectra of 9/PM lipids (75/3 mol) dispersions

provided similar lineshape as that of 9/PM lipids (100/1 mol) mixtures.
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Chapter 5
Conclusions

The thesis makes a research on developing novel phospholipid probes for exploring
biomembrane functions by chemical synthesis. The behavior of these probes in model membranes
has been studied by solid-state NMR techniques. There are three topics which are included in this
thesis, and the following conclusions can be made:

1. In the development of membrane probes for a direct optical visualization of lipid rafts, three
Raman probes bearing alkyne, diyne, and multiple C—D bonds on the polar head group of
sphingomyelin (SM) have been synthesized and evaluated for their applicability to imaging
experiments. One probe containing the diyne moiety on the polar head group was found to be the
best candidate due to the strong and sharp Raman peak and high similarity in raft-like domain
formation between the probe and natural SM. An important property of the probe is that it has a
strong preference to partitioning into L, phases revealed by solid-state 2H NMR. Raman imaging
in monolayer using the probe exhibited a “three phase” distribution of raft-like membranes, which
provided a new insight into the raft formation mechanism.

2. To study lipid organization in raft like membranes at the molecular level, [C6-’H,] DOPC, a
useful isotope probe, has been developed for solid-state’H NMR measurements. In this study, a
highly efficient synthetic method for [C6->H,] oleic acid, a key intermediate used for the synthesis
of [C6-2H,] DOPC, has been established. In raft-like oriented bilayers, the newly synthesized
probe shows clear Lo/Lq phase separation and characteristic phase behavior at various
temperatures, and has been successfully utilized for the comparison of membrane properties
between SM and dihydrosphingomyelin (DHSM) membranes. The probe may serve as a useful
biochemical tool for investigating various Lo/L¢-co-existing systems.

3. A stereoselective synthesis of phosphatidylglycerophosphate methyl ester (PGP-Me)
analogue has been accomplished, which demonstrates the usefulness and applicability of the
H-phosphonate methodology for construction of lipid molecules containing a chiral glycerol
bisphosphate moiety. A ?H-labled PGP-Me analogue was synthesized and used as an isotope
probe for a mesoscopic investigation of lipid—protein interactions in membranes. Solid-state 3'P
NMR spectra suggested the formation of multiple phases using the analogue in bilayer preparation

on glass plates. The interactions between delipidated bacteriorhodopsin (dbR) and lipids have
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been successfully observed by 2H NMR. The NMR result shows that a small change of content of
dbR makes a significant change in behavior and morphology of lipid molecules. The optimal
condition for reconstitution of dbR into liposomes has been found. Current study indicates that
dbR can promote liposome formation under certain conditions. There are several type of
commercial lipids with different polar heads, such as PC, PG, PE, PS, and PA, which have the
similar side chain structure with the analogue. Thus, further physicochemical analytic result of the
developed analogue would be useful for selectively evaluation of the importance of head group of

PGP-Me in sustaining structural and functional integrity of protein in membranes.
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Chapter 6
Experimental Section
General Information

Unless otherwise noted, all the chemicals and solvents were purchased from Nacalai Tesque,
Sigma-Aldrich, TCI, and KANTO Chemicals Inc., and used without further purification. Thin
layer chromatography (TLC) were Merck pre-coated silica gel 60 F-254 plates. TLC plates were
visualized by UV irradiation (254 nm) or stained with phosphomolybdic acid in ethanol. Optical
rotation was recorded on a JASCO P-1010 polarimeter. NMR spectra were collected with a JEOL
ECA 400 (400 MHz) or JEOL ECA 500 (500 MHz) spectrometer, using the deuterated solvent as
the lock. *'P NMR chemical shifts are reported using triphenylphosphate (0.0485 M in CDCl;) as
external standard, referenced at -16.58 ppm. Chemical shifts were given in ppm (8), coupling
constants (J) in Hz. The following abbreviations were used to designate the multiplicities: s =
singlet, d = doublet, t = triplet, q = quartet, quint = quintuplet, m = multiplet, br = broad. High

resolution mass spectra (HRMS) were recorded on a LTQ-Orbitrap XL instrument.

Sample Preparation for NMR Measurements

For NMR samples used in Chapters 2 and 3:

Porcine brain SM was purchased from Avanti Polar Lipids and chol was purchased from Sigma-Aldrich.
N-Stearoyl SM (SSM) was purified by HPLC (Cosmosil 5C18-AR-II column, 10 x 150 mm, Nacalai
Tesque) from brain SM and used for 2H NMR measurements. DHSM was prepared from SSM by
hydrogenation using palladium as a catalyst. For oriented lipid multibilayers, 2 mg of total lipids were
dissolved in n-PrOH/MeOH/CHCIl; (70 pL, 4:1:1 v/v/v). The lipid solution was applied to 14 micro
cover glasses (2 x 5 x 0.12 ~ 0.17 mm, Matsunami Glass Ind., Ltd), dried first in air and thereafter
under high vacuum for 20 h. The slides were stacked in a culture dish and hydrated with
K>SOy4-saturated deuterium-depleted water at 40 °C for 3 days, resulting in a relative humidity of 96%.
The stacked plates were transferred into an open-ended NMR tube (3 cm long, 4 mm o.d.) which was
sealed in advance with a plastic stopper and epoxy glue at one end. After rehydration overnight at 40°C,
the sample was fixed with another plastic stopper and sealed with epoxy glue. For unoriented samples,
a mixture of lipids comprising 10.0 umol of SM, 10.0 umol of chol and 10.0 umol of deuterated DOPC

was dissolved in MeOH/CHCIl; (1:1 v/v). After removing the solvent in vacuo for 20 h, the dried
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membrane film was hydrated with 1 mL of distilled water and vigorously vortexed at 65 °C to make
multilamellar vesicles. The sample was freeze—thawed three times, lyophilized and rehydrated with
deuterium-depleted water to make 50% water (w/w). Then the mixture was again freeze—thawed ten

times. The sample was transferred into a glass tube (5 x 26 mm), which was sealed with epoxy glue.

For NMR samples used in Chapter 4:

For oriented lipid multibilayers, 2 mg of total lipids were dissolved in MeOH/CHCI;3 (70 pL, 1:1 v/v).
The lipid solution was applied to 14 micro cover glasses (2 x 5 x 0.12 ~ 0.17 mm, Matsunami Glass
Ind., Ltd), dried first in air and thereafter under high vacuum for 20 h. The slides were stacked in a
culture dish and hydrated with K>SO4-saturated deuterium-depleted water at 40°C for 9 days, resulting
in a relative humidity of 96%. The stacked plates were transferred into an open-ended NMR tube (3 cm
long, 4 mm o.d.) which was sealed in advance with a plastic stopper and epoxy glue at one end. After
rehydration overnight at 40 °C, the sample was fixed with another plastic stopper and sealed with
epoxy glue. For liposomal vesicles, 5.0 mg of the lipid was dissolved in MeOH/CHCl; (1:1 v/v). After
removing the solvent in vacuo for 20 h, the dried membrane film was hydrated with 0.25 mL of
distilled water and vigorously vortexed at 65 °C to make multilamellar vesicles. The sample was
freeze—thawed six times, lyophilized, and rehydrated with deuterium-depleted water to make 60%
water (w/w). Then the mixture was again freeze—thawed three times. The sample was transferred into
the open-ended NMR tube (3 cm long, 4 mm o.d.) used above. After transferring, the tube was sealed
with epoxy glue. For proteoliposomes, 5.0 mg of the lipid was dissolved in MeOH/CHCIl3 (1:1 v/v).
After removing the solvent in vacuo for 20 h, the dried membrane film was hydrated with 0.5 mL of
distilled water and vigorously vortexed at 65 °C to make multilamellar vesicles. The sample was
freeze—thawed six times. Then dbR solution (5.57 mg/mL) was added in the dispersions which was
vigorously vortexed. The sample was freeze—thawed, lyophilized, and rehydrated with
deuterium-depleted water to make 60% water (w/w). Then the mixture was again freeze—thawed. The
sample was transferred into the open-ended NMR tube (3 cm long, 4 mm o.d.). After transferring, the

tube was sealed with epoxy glue.

ZH NMR Measurements

2H NMR powder pattern spectra (Figure 3-3) were recorded on a 300 MHz CMX300 spectrometer
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(Chemagnetics, Varian, Palo Alto, CA) with a 5 mm 2H static probe (Otsuka Electronics, Osaka, Japan)
using a quadrupolar echo sequence. The 90° pulse width was 2 s, interpulse delay was 30 ps, and
repetition rate was 0.5 s. The sweep width was 200 kHz, and the number of scans was around 100000.
2H NMR spectra of oriented samples (Chapters 2, 3, and 4) and liposomal dispersion (Chapter 4) were
acquired on a Bruker Ultrashield 400 MHz spectrometer with a Bruker 5 mm 2H static probe using a
quadrupolar echo sequence. The 90° pulse width was 5 ps, interpulse delay was 24 us, and recycle

delay was 0.5 s. The sweep width was 250 kHz, and the number of scans was 200000.

Solid-State 3'P NMR Measurements
3P NMR spectra were recorded on a Bruker Ultrashield 400 MHz spectrometer. *'P chemical shifts

were referenced to 85% phosphoric acid.

DSC

The phase transition temperature of target molecule was measured by nanodifferential scanning
calorimeter (Calorimetry Science Corp., UT). Lipid samples were prepared by following method:
appropriate amounts (1-2 mg) of lipid dissolved in MeOH/CHCIl; (1:4 v/v) were mixed in a glass vial.
The solution was dried under a flow of nitrogen and then under high vacuum for at least 24 h. The
resulting lipid film was dispersed into distilled and deionized water (0.5 mL) and incubated for 30 min
at 65 °C with intermittent vortexing. 330 pL of the sample were used for DSC measurements with a

scanning rate of 0.5 °C/min.

Raman Measurements

Monolayers of lipids were prepared on a computer-controlled Langmuir film balance (USI
System, Fukuoka, Japan) calibrated using stearic acid (Sigma-Aldrich). The subphase, which
consisted of distilled, freshly deionized water, was obtained using a Milli-Q System. The sample
solution was prepared by mixing the appropriate amount of each lipid solution in a micro-vial. A
total of 30 pL of lipid solution (1 mg/mL) was spread onto the aqueous subphase (100 x 290 mm?)
using a glass micropipette (Drummond Scientific Company, Pennsylvania, USA). After an initial
delay period of 10 mins for evaporation of the organic solvents, the monolayers were compressed

at a rate of 12 mm?/s. Raman spectra of lipid monolayers were obtained by Raman microscopy
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(Raman-11, Nanophoton) with a 532 nm excitation laser. The excitation laser was focused into a
point at the sample with a water immersion objective lens (CFI Plan Apo IR 60XWI, Nikon
Instruments). The exposure time was 6 s and the Raman measurement was performed 30 times per

membrane. The laser power at the sample was 340 mW.

Preparation of PM

PM was prepared from cultured Halobacterium salinarum (strain RiM1) according to a standard
method."? After resuspension of PM in 100 mM sodium phosphate buffer (pH 7.0), the
concentration of bR were determined calorimetrically using the absorption coefficient € = 63,000
M'.cm! at 570 nm of PM® and € = 57,000 M-cm™ at 560 nm of dbR with Shimadzu UV-3150

(Kyoto, Japan).

Preparation of dbR

Delipidation of bR was performed with 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-
1-propanesulfonate (CHAPS) and dodecyl-B-D- maltoside (DM) as described previously® with
slight modifications as follows; PM (bR, 1 mg/mL) was incubated with 5% (w/v) CHAPS in 10
mM sodium phosphate buffer (pH 7.0) at room temperature for 48 h. The CHAPS-treated bR was
then washed and incubated with 5% (w/v) DM in 10 mM sodium phosphate buffer (2 M NaCl pH
7.0) at room temperature for 48 h. The DM-treated bR was then washed, and dialysed against pure
water, while being stirred with Bio-Beads at 4 °C for 1 day. The dbR was washed and resuspended
in 10 mM sodium phosphate buffer (pH 7.0). The recovery of dbR was found to be ~ 95%

according to the colorimetric method.

1) Oesterhelt, D.; Stoeckenius, W. Methods Enzymol. 1974, 31, 667-678.

2) Oesterhelt, D. In Archaea: A Laboratory Manual. Halophiles. DasSarma S, Robb FT, Place
AR, Sowers KR, Schreier HJ, Fleischmann EM ef al. (eds). Cold Spring Harbor, New York:
Cold Spring Harbor Laboratory Press, 1995, pp. 55-57.

3) Hartmann, R.; Oesterhelt, D. Eur. J. Biochem. 1977, 77, 325-335.

4) Seigneuret, M.; Neumann, J.M.; Rigaud, J. L. J. Biol. Chem. 1991, 266, 10066-10069.
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Experimental Procedures and Compounds Data
OPMB
~ o~ -CraHzs

TBSO

NHBoc

15
To a solution of 14 (500 mg, 0.97 mmol) in toluene (10 mL) was added
p-methoxybenzyltrichloroacetimidate (0.24 mL, 1.16 mmol) and lanthanum triflate (87.9 mg, 0.15
mmol) at room temperature. After stirring at the same temperature for 30 min, the reaction mixture
was washed with water. The combined organic layers were dried over MgSQOs, filtered and
concentrated under reduced pressure. The residue was purified by flash column chromatography
on silica gel (ethyl acetate/hexane = 1:10) to afford 15 (460.8 mg, 75%) as a colorless solid. 'H
NMR (500 MHz, CDCl3): & 0.03 (s, 3H); 0.04 (s, 3H); 0.87 (t, J = 6.4 Hz, 3H); 0.88 (s, 9H);
1.21-1.33 (m, 20H); 1.42 (s, 9H); 1.34-1.42 (m, 2H); 2.06 (apparent q, J = 7.0 Hz, 2H); 3.63 (dd, J
=9.0, 4.0 Hz, 1H); 3.70 (brm, 1H); 3.77-3.84 (m, 1H); 3.78 (s, 3H); 3.88 (dd, J = 10.0, 3.5 Hz,
1H); 4.23 (d, J=11.0 Hz, 1H); 4.49 (d, J = 11.0 Hz, 1H); 4.73 (d, /= 9.5 Hz, 1H); 5.41 (dd, J =
15.5, 8.0 Hz, 1H); 5.65 (dt, J = 15.5, 7.0 Hz, 1H); 6.84 (d, J = 8.5 Hz, 2H); 7.21 (d, J = 9.0 Hz,
2H); 3C NMR (125 MHz, CDCl3): § -5.34, 14.20, 18.35, 22.78, 26.00, 28.50, 29.32, 29.34, 29.45,
29.60, 29.74, 29.76, 29.79, 31.68, 32.02, 32.44, 54.83, 55.28, 61.78, 69.86, 78.94, 79.37, 113.79,
127.75, 129.36, 130.82, 136.50, 155.52, 159.12; HRMS (ESI) Calcd. for C37HsNOsSi [M+H]*

634.4861, found 634.4872.

OPMB

HO = CioHas

NHBoc

16
To a solution of 15 (200 mg, 0.32 mmol) in THF (5 mL) was added TBAF (0.47 mL, 0.47 mmol;
1.0 M solution in THF) at room temperature. After stirring at the same temperature for 1 h, the
reaction mixture was concentrated. The residue was purified by flash column chromatography on
silica gel (ethyl acetate/hexane = 1:10) to afford 16 (162.8 mg, 98%) as a white solid. "H NMR
(400 MHz, CDCl3): 6 0.87 (t, J = 6.4 Hz, 3H); 1.21-1.38 (m, 22H); 1.41 (s, 9H); 2.07 (apparent q,

J = 6.8 Hz, 2H); 3.51-3.62 (m, 2H); 3.79 (s, 3H); 3.88-4.05 (m, 2H); 4.20 (d, J = 11.2 Hz, 1H);
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452 (d, J=11.2 Hz, 1H); 5.21 (d, J = 6.4 Hz, 1H); 5.40 (dd, J = 15.6, 8.0 Hz, 1H); 5.77 (dt, J =
15.6, 7.2 Hz, 1H); 6.85 (d, J = 8.8 Hz, 2H); 7.21 (d, J = 8.4 Hz, 2H); 3C NMR (100 MHz, CDCL):
5 14.19, 22.77, 25.33, 28.44, 29.18, 29.25, 29.44, 29.54, 29.71, 29.76, 32.00, 32.42, 54.97, 55.33,
62.53, 68.05, 70.32, 79.50, 81.79, 113.98, 126.69, 129.48, 130.00, 136.85, 155.95, 159.37; HRMS

(ESI) Caled. for C3;Hs:NOsNa [M+Na]" 542.3816, found 542.3826.

HO NN
/\/\+/ _O\ //O ?H
A N\/\O/P\O/\l/\/\/Cmst

HN\”/C17H35
o)

2

Cul (4.6 mg, 0.024 mmol), NiCl,'6H,O (1.0 mg, 4 pmol) and TMEDA (0.6 uL, 4 umol) were
added to THF (2 mL). The suspension was stirred for 5 min at room temperature. Then 1 (15 mg,
0.02 mmol) and propargyl alcohol (23.3 uL, 0.4 mmol) were added. The reaction mixture was
stirred at room temperature under an air atmosphere. After completion of the reaction (~20 h), as
evidenced by 'H NMR of the crude reaction mixture, the solvent was evaporated under reduced
pressure. The residue was washed with water and purified by flash column chromatography on
silica gel (CH2Cl/MeOH = 70:30 then CH>Cl,/MeOH/NH4OH = 70:30:3) to afford 2 (6.4 mg,
40%) as a white solid. TLC: Rg 0.18 (CH2ClyMeOH/NH4OH = 70:30:3); 'H NMR (500 MHz,
CD;0D):  0.88 (t, J = 7.5 Hz, 6H); 1.24-1.42 (m, 50H); 1.53-1.63 (m, 2H); 2.01 (q, J = 7.5 Hz,
2H); 2.13-2.20 (m, 2H); 3.24 (s, 6H); 3.70 (t, J = 5.5 Hz, 2H); 3.87-3.98 (m, 2H); 4.03 (t, J = 8.0
Hz, 1H); 4.06-4.13 (m, 1H); 4.27 (s, 2H); 4.25-4.30 (m, 2H); 4.56 (s, 2H); 5.43 (ddt, J = 15.5, 8.0,
1.5 Hz, 1H); 5.69 (dtd, J = 15.5, 7.0, 1.0 Hz, 1H); 7.90 (d, J = 9.0 Hz, 1H); '3C NMR (125 MHz,
CD;0OD): 6 13.11, 22.41, 25.85, 29.15, 29.18, 29.37, 29.44, 29.74, 31.75, 32.15, 36.05, 49.55,
50.86, 53.93, 55.79, 58.90, 64.22, 64.61, 65.64, 66.54, 71.22,75.42, 81.27, 129.89, 133.82, 174.58;

HRMS (ESI) Caled. for C46HssN2O7P [M+H]" 809.6167, found 809.6184.

N P CeH
D,CT > 0 0 7 g7
NHBoc

21
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NaOH (352 mg, 8.8 mmol) was added to water (2 mL), to which was added N(CD3)3-DC1 (916
mg, 8.8 mmol, Cambridge Isotope Laboratories, Inc.) at 0 °C to afford 28% N(CD3);3 solution. To
a solution of 20 (80 mg, 0.13 mmol) in MeOH (4 mL) was added 28% N(CD3); solution (2 mL).
The reaction mixture was stirred at 50 °C for 6 h, and the solvents were then evaporated under
reduced pressure. The residue was purified by flash column chromatography on silica gel
(CH2CI2/MeOH = 70:30 then CH2Clo/MeOH/NH4OH = 7:3:1) to afford 21 (30.4 mg, 40%) as a
white solid. "H NMR (500 MHz, CD;0D): § 0.88 (t, J = 7.0 Hz, 3H); 1.27 (m, 20H); 1.35-1.44 (m,
2H); 1.41 (s, 9H); 2.01 (m, 2H); 3.55 (m, 1H); 3.61 (m, 2H); 3.94 (m, 1H); 4.00 (t, /= 8.0 Hz, 1H);
4.05 (m, 1H); 4.26 (m, 2H); 5.46 (dd, J = 15.5, 8.0 Hz, 1H); 5.70 (td, J = 15.5, 6.5 Hz, 1H); 1*C
NMR (125 MHz, CDCls): 6 13.10, 22.20, 27.53, 29.03, 29.13, 29.35, 29.38, 29. 45, 31.73, 32.12,
55.36, 55.42, 59.05, 59.09, 64.76, 64.80, 65.87, 67.53, 71.66, 78.73, 129.75, 133.61, 156.66;

HRMS (ESI) Caled. for C2sHa9DoN,O7P [M+H]" 574.4541, found 574.4548.

DsC.+ CD; "O_ O OH

N

- N e P\
DsC ~"0 O/YW

To a solution of 21 (27 mg, 0.047 mmol) in CH,Cl, (1.2 mL) was added trifluoroacetic acid (0.24
mL) 0°C. After stirring at the same temperature for 1h, the reaction mixture was concentrated. The
residue was diluted with THF (1.2 mL), and then triethylamine (40 puL, 0.28 mmol), DMAP (8.6
mg, 0.07 mmol) and p-nitrophenyl stearate (28.6 mg, 0.07 mmol) were added to the reaction
mixture. After stirring at room temperature for 24 h, the residue was concentrated under reduced
pressure and purified by flash column chromatography on silica gel (CH,Cl,/MeOH = 6:4 then
CHCl,/MeOH/NH40OH = 60:40:5) to afford 3 (20 mg, 58%) as a white solid. TLC: Rg 0.13
(CH2Cl/MeOH/NH4OH = 60:40:5). '"H NMR (500 MHz, CDs;OD): & 0.88 (t, J = 7.0 Hz, 6H);
1.22-1.42 (m, 50H); 1.57 (m, 2H); 2.01 (q, J= 7.0 Hz, 2H); 2.16 (m, 2H); 3.60 (t, J= 4.5 Hz, 2H);
3.89-3.98 (m, 2H); 4.02 (t, J = 8.0 Hz, 1H); 4.09 (m, 1H); 4.26 (m, 2H); 5.42 (dd, J=15.5, 8.0 Hz,
1H); 5.68 (td, J = 15.5, 6.5 Hz, 1H); '*C NMR (125 MHz, CDCl3): § 13.12, 22.25, 25.59, 25.85,
28.99, 29.11, 29.14, 29.16, 29.19, 29.31, 29.38, 29.45, 29.50, 29.56, 31.76, 31.77, 32.16, 35.21,

36.05, 53.88, 53.94, 59.03, 59.07, 64.51, 64.55, 65.84, 65.85, 71.22, 129.92, 133.78, 174.55;
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HRMS (ESI) Calcd. for C41H74DoN>OsPNa [M+Na]" 762.6484, found 779.6446.

/O\H/\/\/\/\/\OTBDPS
)
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To a solution of methyl 10-hydroxydecanoate 31 (300 mg, 1.48 mmol) in THF (5 mL) were added
imidazole (201 mg, 2.96 mmol) and fert-butyl(chloro)diphenylsilane (424 uL, 1.63 mmol) at 0°C.
After stirring at room temperature for 2 h, the reaction mixture was concentrated under reduced
pressure. The residue was purified by flash column chromatography on silica gel (ethyl
acetate/hexane = 1:10) to afford 32 (640 mg, 98%) as a colorless oil. "H NMR (500 MHz, CDCl;):
8 1.07 (s, 9H); 1.20-1.40 (m, 10H); 1.52-1.68 (m, 4H); 2.31 (t, J= 7.5 Hz, 2H); 3.66 (t, J= 6.5 Hz,
2H); 3.67 (s, 3H); 7.35-7.46 (m, 6H); 7.66-7.71 (m, 4H); *C NMR (125 MHz, CDCl3): § 19.33,
25.07,25.85,26.87, 26.98, 29.24, 29, 30, 29.40, 29.50, 32.67, 34.21, 51.52, 64.09, 127.66, 127.78,
129.36, 129.57, 129.69, 134.29, 135.45, 135. 62, 135.68, 174.40; HRMS (ESI) Calcd. for

C27H4003SiNa [M+Na]" 463.2639, found 463.2646.

HO>(\/\/\/\/\
OTBDPS
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To a solution of LiAlD4 (38 mg, 0.909 mmol) in THF (5 mL) at 0°C was added 32 (200mg, 0.454
mmol) in THF (1 mL) dropwise. After stirring at the same temperature for 2 h, the reaction
mixture was quenched by ice water. The solvent was removed, and the residue was purified by
flash column chromatography on silica gel (ethyl acetate/hexane = 1:3) to afford 33 (132 mg, 70%)
as a colorless oil. '"H NMR (500 MHz, CDCl3): § 1.04 (s, 9H); 1.21-1.39 (m, 12H); 1.51-1.59 (m,
4H); 3.65 (t, J = 6.5 Hz, 2H); 7.34-7.44 (m, 6H); 7.65-7.69 (m, 4H); °C NMR (125 MHz, CDCl;):
8 19.32, 25.78, 25.85, 26.97, 29.44, 29.51, 29.62, 32.66, 32. 70, 64.10, 127.64, 129.55, 134.30,

135.67; HRMS (ESI) Calcd. for C26H3sD20,SiNa [M+Na]" 437.2815, found 437.2822.

TSO>(\/\/\/\/\
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To a solution of 33 (36 mg, 0.087 mmol) in CH>Cl (5 mL) were added p-toluenesulfonyl chloride

(24.8 mg, 0.13 mmol), triethylamine (29 pL, 0.209 mmol) and DMAP (7 mg, 0.05 mmol) at room
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temperature. After stirring at the same temperature for 2 h, the solvent was removed. The residue
was purified by flash column chromatography on silica gel (ethyl acetate/hexane = 1:3) to afford
34 (46.5 mg, 95%) as a colorless oil. 'H NMR (500 MHz, CDCl): & 1.04 (s, 9H); 1.15-1.35 (m,
12H); 1.50-1.58 (m, 2H); 1.59-1.63 (m, 2H); 2.44 (s, 3H); 3.64 (t, J = 6.5 Hz, 2H); 7.31-7.44 (m,
8H); 7.64-7.69 (m, 4H); 7.88 (d, J = 8.0 Hz, 2H); '*C NMR (125 MHz, CDCl;): § 19.32, 21.72,
25.36, 25.83, 26.97, 28.69, 29.01, 29.41, 29.53, 32.65, 64.07, 127.65, 127.97, 129.56, 129,87,
133.40, 134.27, 135.66, 144.67; HRMS (ESI) Calcd. for C33H4sD>04SSi [M+H]" 569.3084, found

569.3094.

TBDPSO\/\/\/\/\D><./\/\/\/

35
To a solution of 34 (70 mg, 0.123 mmol) in THF (2 mL) were added CuCl (0.8 mg, 0.006 mmol)

and 1-phenyl-1-propyne (3.0 pL, 0.025 mmol) at 0 °C. Afterward octylmagnesium bromide (123
pL, 0.246 mmol; 2.0 M in diethyl ether) was added in one portion. The ice bath was removed and
the reaction mixture was stirred for 1 h. The solvent was evaporated and the residue was purified
by flash column chromatography on silica gel (ethyl acetate/hexane = 1:20) to afford 35 (57 mg,
91%) as a colorless oil. "H NMR (500 MHz, CDCl3): & 0.89 (t, J = 7.5 Hz, 3H); 1.06 (s, 9H);
1.21-1.40 (m, 28H); 1.52-1.60 (m, 2H); 3.66 (t, J = 6.5 Hz, 2H); 7.35-7.44 (m, 6H); 7.65-7.70 (m,
4H); 3C NMR (125 MHz, CDCls): & 14.22, 19.32, 22.80, 25.88, 26.98, 29.47, 29.49, 29.60, 29.74,
29.76, 29.79, 29.82, 32.03, 32.69, 64.12, 127.65, 129.55, 134.31, 135.68; HRMS (ESI) Calcd. for

C34HssD,0Si [M+H]" 511.4299, found 511.4304.

D.__D
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To a solution of 35 (30 mg, 0.058 mmol) in THF (0.5 mL) was added TBAF (58 uL, 0.116 mmol;
1.0 M in THF) at room temperature. After stirring at the same temperature for 2 h, the solvent was
removed under reduced pressure. The residue was purified by flash column chromatography on
silica gel (ethyl acetate/hexane = 1:3) to afford 36 (15.6 mg, 98%) as a white solid. '"H NMR (400
MHz, CDCls): 8 0.87 (t, J = 7.2 Hz, 3H); 1.12-1.41 (m, 30H); 1.50-1.60 (m, 2H); 3.59-3.67 (m,

2H); 3C NMR (125 MHz, CDCls): § 14.20, 22.78, 25.83, 29.45, 29.53, 29.57, 29.71, 29.75, 29.80,
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32.02, 3291, 63.21; HRMS (ESI) Calcd. for CisH3sD>ONa [M+Na]" 295.2940, found 295.2999.

D.__D

HOW

o 28

CrOs (100 mg, 1.0 mmol) was dissolved in water (0.3 mL) to which was added H,SO4 (0.1 mL) at
0°C to afford Jones’ reagent. To a solution of 36 (15 mg, 0.05) in acetone (I mL) was added the
Jones’ reagent (55 puL) and the mixture was stirred at room temperature for 10 mins. Isopropanol
was added until the orange color disappeared and only a blue suspension remained. 1M HCI was
then added to dissolve the blue-green solid and the mixture was extracted with ethyl acetate. The
organic layers were combined and washed with brine, dried over MgSQOys, filtered and concentrated
under reduced pressure. The residue was purified by flash column chromatography on silica gel
(CH,Clo/MeOH = 95/5) to afford 28 (11 mg, 70%) as a white solid. 'H NMR (400 MHz, CDCl5):
8 0.87 (t, J = 7.2 Hz, 3H); 1.16-1.42 (m, 28H); 1.57-1.68 (m, 2H); 2.34 (t, J = 7.6 Hz, 2H); 1*C
NMR (100 MHz, CDCl3): 6 14.20, 22.77, 24.76, 29.32, 29.44, 29.51, 29.55, 29.67, 29.74, 29.79,

32.01, 33.98, 179.37; HRMS (ESI) Calcd. for CisH33D.0, [M-H] 285.2757, found 285.2737.
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This compound was prepared according to the same procedure as described for 1. "H NMR (500
MHz, CD;0D): 6 0.88 (t, /= 7.0 Hz, 6H); 1.21-1.43 (m, 48H); 1.51-1.64 (m, 2H); 2.01 (q, /= 7.0
Hz, 2H); 2.13-2.21 (m, 2H); 3.26 (s, 6H); 3.53 (t, J = 2.5 Hz, 1H); 3.72 (t, J = 5.0 Hz, 2H);
3.88-3.98 (m, 2H); 4.02 (t, J = 8.0 Hz, 1H); 4.06-4.13 (m, 1H); 4.25-4.30 (m, 2H); 4.42 (d,J=2.5
Hz, 2H); 5.43 (ddt, J = 15.5, 8.0, 1.5 Hz, 1H); 5.69 (dtd, J = 15.0, 7.0, 0.5 Hz, 1H); 7.90 (d, J =
9.0 Hz, 1H); *C NMR (125 MHz, CD;OD): § 13.15, 22.43, 25.86, 29.17, 29.20, 29.37, 29.46,
29.51, 29.54, 31.77, 31.78, 32.17, 36.05, 50.67, 53.87, 53.93, 55.12, 58.90, 58.94, 63.99, 64.05,
64.57, 64.61, 71.08, 71.21, 81.63, 129.93, 133.78, 174.54; HRMS (ESI) Calcd. for

C43Hs3D2N>OgPNa [M+Na]" 779.6006, found 779.6016.
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This compound was prepared according to the same procedure as described for 2. '"H NMR (500
MHz, CD;0D): $ 0.88 (t, J= 7.5 Hz, 6H); 1.22-1.43 (m, 48H); 1.50-1.63 (m, 2H); 2.10 (q, J= 8.5
Hz, 2H); 2.13-2.20 (m, 2H); 3.25 (s, 6H); 3.71 (t, J = 5.0 Hz, 2H); 3.88-3.99 (m, 2H); 4.02 (t, J =
8.0 Hz, 1H); 4.06-4.12 (m, 1H); 4.27 (s, 2H); 4.21-4.34 (m, 2H); 4.56 (s, 2H); 5.43 (ddt, J = 15.0,
7.5, 1.2 Hz, 1H); 5.69 (dtd, J = 15.0, 7.0, 0.6 Hz, 1H); 7.90 (d, J = 9.0 Hz, 1H); '*C NMR (125
MHz, CD;0D): ¢ 13.16, 22.43, 25.87, 29.18, 29.21, 29.33, 29.47, 29.52, 29.55, 29.58, 31.77,
31.79, 32.18, 36.06, 49.56, 50.87, 53.87, 53.93, 55.80, 58.90, 59.94, 64.22, 64.28, 64.61, 64.65,
65.67, 66.56, 7121, 7543, 81.29, 129.93, 133.79, 174.54; HRMS (ESI) Calcd. for

C46HgzD2N207PNa [M+Na]” 833.6112, found 833.6124.

VOMC7H15
0
38

Triphenylphosphine (8.0g, 30.4 mmol) was added in dry toluene (20 mL) under argon atmosphere.
Ethyl 4-bromobutanoate (2.0 g, 10.3 mmol) was added and the mixture was stirred at 120 °C for
24 h. After cooling down to room temperature, white solid was formed. The toluene was decanted
off and the solid washed with hot toluene to give the crude phosphonium salt (4.2 g) which was
dried under vacuum over P,Os overnight and used without further purification. '"H NMR (400
MHz, CDCl): 6 1.22 (t, J = 7.2 Hz, 3H); 1.91 (m, 2H); 2.90 (m, 2H); 4.04-4.16 (m, 4H);
7.64-7.71 (m, 6H); 7.74-7.80 (m, 3H); 7.85-7.93 (m, 6H). The phosphonium salt (4.1 g, 8.95
mmol) was dissolved in dry 1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (30 mL) under
argon and then dry THF (80 mL) was added. At -78°C, a 0.5M solution of potassium
bis(trimethylsilyl)amide (17.9 mL, 8.95 mmol) was added dropwise over 15 min. The reaction
mixture was stirred at -78°C for 1 h. Then nonanal (1.6 mL, 8.95 mmol) was added dropwise over
30 min. The reaction mixture was stirred at the same temperature for 2 h, and then allowed to

come to room temperature over night while stirring. The reaction was quenched with water (20
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mL) and extracted with EtOAc. The organic layers were combined and washed with brine, dried
over MgSQOyq, filtered and concentrated under reduced pressure. The residue was purified by flash
column chromatography on silica gel (ethyl acetate/hexane = 1:7) to afford 38 (1.07 g, 50% for 2
steps) as a colorless oil. 'H NMR (400 MHz, CDCl): § 0.87 (t, J = 7.2 Hz, 3H); 1.20-1.38 (m,
15H); 2.02 (apparent q, J = 6.8 Hz, 2H); 2.28-2.38 (m, 4H); 4.13 (q, /= 7.2 Hz, 2H); 5.27-5.35 (m,
1H); 5.36-5.45 (m, 1H); '*C NMR (100 MHz, CDCl3): & 14.18, 14.33, 22.75, 22.91, 27.28, 29.38,

29.59,29.72,31.97, 34.53, 60.37, 127.41, 131.63, 173.36.

HOMC7H15
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To a solution of LiAID4 (52 mg, 1.248 mmol) in THF (5 mL) at 0 °C was added 38 (150mg, 0.624
mmol) in THF (1.4 mL) dropwise. After stirring at the same temperature for 2 h, the reaction
mixture was quenched by ice water. The solvent was removed, and the residue was purified by
flash column chromatography on silica gel (ethyl acetate/hexane = 1:3) to afford 39 (100 mg, 80%)
as a white solid. The total deuterium incorporation rate is > 95% determined by the residual signal
of CH,OH at 3.62 ppm. 'H NMR (500 MHz, CDCls): 0.87 (t, J = 7.5 Hz, 3H); 1.20-1.38 (m, 12H);
1.61 (t, J= 7.5 Hz, 2H); 2.02 (apparent q, J = 6.5 Hz, 2H); 2.11 (apparent q, J = 6.5 Hz, 2H); 5.38
(m, 2H); 3C NMR (125 MHz, CDCl3): § 14.19, 22.76, 23.64, 27.30, 29.41, 29.60, 29.80, 31.98,
32.55, 61.88, 62.05, 128.89, 130.93; HRMS Calcd. for Ci3HsD2O [M+H]" 201.2182, found

201.2201.

TSOMC7H 15
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To a solution of 39 (80 mg, 0.4 mmol) in CH>Cl, (10 mL) were added p-toluenesulfonyl chloride
(91.5 mg, 0.48 mmol), triethylamine (134 puL, 0.96 mmol) and N, N-dimethyl-4-aminopyridine (9.8
mg, 0.08 mmol) at room temperature. After stirring at the same temperature for 1 h, the solvent
was removed. The residue was purified by flash column chromatography on silica gel (ethyl
acetate/hexane = 1:3) to afford 40 (139 mg, 98%) as a colorless semi-solid. The total deuterium
incorporation rate is > 95% determined by the residual signal of CH,OTs at 3.99 ppm. '"H NMR

(500 MHz, CDCls): 8 0.87 (t, J = 7.5 Hz, 3H); 1.21-1.32 (m, 12H); 1.67 (t, J = 7.5 Hz, 2H); 1.95

98



(apparent q, J = 7.0 Hz, 2H); 2.05 (apparent q, J = 7.5 Hz, 2H); 2.44 (s, 3H); 5.18-5.25 (m, 1H);
5.34-5.40 (m, 1H); 7.33 (d, J = 8.5 Hz, 2H); 7.78 (d, J = 8.0 Hz, 2H); *C NMR (125 MHz, CDCl5):
§ 14.19, 21.71, 22.76, 23.05, 27.27, 28.76, 29.38, 29.60, 29.69, 31.98, 69.52, 127.34, 127.95,
129.88, 131.80, 133.38, 144.71; HRMS Calcd. for Ca0H30D>03SNa [M+Na]® 377.2090, found

377.2123.

— C/H
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Formation of Grignard reagent: Under argon atmosphere, to a suspension of magnesium turnings
(1.5 equiv) in THF (1.0 mL/mmol of substrate) containing 2—3 drops of 1,2-dibromoethane were
added few drops of benzyloxypentyl bromide (1 equiv) in THF (0.5 mL/mmol of substrate). The
mixture was heated until the reaction started, then the brominated compound was added drop by
drop to maintain a non-assisted gentle reflux. After complete addition of the starting material, the
mixture was heated under reflux for 1 h. The solution of Grignard reagent was cooled down and
titrated prior to use. ¥ To a solution of 40 (75 mg, 0.21 mmol) in THF (2 mL) were added CuCl,
(1.4 mg, 0.01 mmol) and 1-phenyl-1-propyne (5.0 uL, 0.05 mmol) at 0°C under argon. Afterward
the Grignard reagent (2.1 mL, 0.42 mmol; 0.2 M in THF) was added in one portion. The ice bath
was removed and the reaction mixture was stirred for 1 h. The solvent was evaporated. The
residue was purified by flash column chromatography on silica gel (ethyl acetate/hexane = 1:20)
to afford 41 (68 mg, 90%) as a colorless semi-solid. '"H NMR (400 MHz, CDCls): § 0.87 (t,J= 7.2
Hz, 3H); 1.18-1.42 (m, 20H); 1.61 (m, 2H); 2.01 (m, 4H); 3.46 (t, J = 6.8 Hz, 2H); 4.49 (s, 2H);
5.34 (m, 2H); 7.23-7.37 (m, 5H); 3C NMR (100 MHz, CDCl;): § 14.20, 22.77, 26.29, 27.24,
27.30, 29. 41, 29.50, 29.62, 29.64, 29.86, 31.99, 70.61, 72.94, 127.54, 127.69, 128.41, 129.96,

130.00, 138.82; HRMS Calcd. for CosH4D>ONa [M+Na]" 383.3253, found 383.3278.

3D D
42

To a solution of 41 (80 mg, 0.22 mmol) in CH>Cl, (10 mL) at -78 °C was added boron trichloride

(0.44 mL, 1M in CH»Cly). The reaction mixture was allowed to warm to room temperature, stirred
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for 2 h, quenched with MeOH and diluted with water. The organic layer was washed with water,
dried over MgSOs, filtrated and concentrated under reduced pressure. The residue was purified by
flash column chromatography on silica gel (ethyl acetate/hexane = 1:5) to afford 42 (55 mg, 95%)
as a white solid. "H NMR (400 MHz, CDCls): § 0.87 (t, J = 7.2 Hz, 3H); 1.20-1.40 (m, 20H); 1.55
(m, 2H); 2.00 (m, 4H); 3.62 (t, J = 6.4 Hz, 2H); 5.33 (m, 2H); '*C NMR (100 MHz, CDCl3): §
14.19, 22.76, 25.82,27.22, 27.29, 29.40, 29.44, 29.61, 29.85, 31.99, 32.89, 63.17, 129.91, 130.02;

HRMS Calcd. for CisH34D>ONa [M+Na]™ 293.2784, found 293.2814.

—__C/H
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Preparation method for Jones’ reagent: CrO3 (100 mg, 1.0 mmol) was dissolved in water (0.3 mL)
upon which was added H,SO4 (0.1 mL) at 0 °C. To a solution of 42 (40 mg, 0.15 mmol) in acetone
(1 mL) was added the Jones’ reagent (165 puL) and the mixture was stirred at room temperature for
10 min. Isopropanol was added until the orange color disappeared and only a blue suspension
remained. 1M HCI was then added to dissolve the blue-green solid and the mixture was extracted
with ethyl acetate. The organic layers were combined and washed with brine, dried over MgSOs,
filtered and concentrated under reduced pressure. The residue was purified by flash column
chromatography on silica gel (CH>Clo/MeOH = 95/5) to afford 6 (30.3 mg, 72%) as a white solid.
'H NMR (400 MHz, CDCls): & 0.87 (t, J = 7.2 Hz, 3H); 1.18-1.39 (m, 20H); 1.61 (m, 2H); 2.00
(m, 4H); 2.32 (t, J = 7.6 Hz, 2H); 5.33 (m, 2H); *C NMR (100 MHz, CDCl5): & 14.19, 22.76,
24.84,27.20, 27.30, 28.35, 29.06, 29.12, 29.41, 29.61, 29.74, 29.85, 31.99, 34.18, 129.82, 130.08,

179.51; HRMS Caled. for CigH31D202 [M—H]™ 283.2601, found 283.2596.
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To a solution of 1-oleoyl-2-hdroxy-sn-glycero-3-phosphocholine (35 mg, 0.07 mmol, Avanti Polar
Lipids) and 6 (25 mg, 0.09 mmol) in CH,Cl, (1.3 mL) at room temperature were added

2-methyl-6-nitrobenzoic anhydride (116 mg, 0.34 mmol) and N,N-dimethyl-4-aminopyridine (82
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mg, 0.67 mmol). After stirring at the same temperature for 16 h, the solvent was removed. The
residue was purified by flash column chromatography on silica gel (CH2Cl,/MeOH/H>O = 70:30:4)
to afford 7 (31.7 mg, 60%) as a white solid. TLC: R¢: 0.3 (CH,Cl,/MeOH/ H,0 = 70:30:4). [0]*p
+6.5 (¢ 0.001 ,CHCI3/CH;OH = 4:1); 'H NMR (500 MHz, CDCl3): § 0.88 (t, J = 7.0 Hz, 6H);
1.21-1.39 (m, 38H); 1.58 (m, 4H); 2.10 (m, 8H); 2.31 (m, 4H); 3.21 (s, 9H); 3.62 (m, 2H); 3.98 (t,
J = 6.5 Hz, 2H); 4.15 (dd, J = 6.5, 12.0 Hz, 1H); 4.25 (m, 2H); 4.42 (dd, J = 3.0, 12.0 Hz, 1H);
5.23 (m, 1H); 5.33 (m, 4H); '3C NMR (100 MHz, CDCl3): § 13.17, 22.43, 24.69, 24.72, 26.85,
28.81, 28.83, 28.87, 29.05, 29.15, 29.31, 29.54, 31.76, 33.59, 33.76, 53.32, 53.36, 59.12, 59.16,
62.36, 63.52, 66.09, 70.42, 70.50,129.43, 129.59, 173.20, 173.49; HRMS Calcd. for

C44HgDoNOgPNa [M+Na]" 810.5952, found 810.6003.
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To a solution of 57 (730 mg, 2.4 mmol) and 46 (650 mg, 2.4 mmol) in CH>Cl» (8 mL) was added
1H-tetrazole (169 mg, 2.4 mmol) at 0 °C. After stirring at room temperature for 1h, ~-BuOOH
(436 uL, 2.4 mmol, 5.5 M in nonane) was added at 0 °C. The reaction mixture was stirred at the
same temperature for 1h. 1 mL of Na,SO; (1M) was added in the mixture. After vigorous stirring
for 10 min, the mixture was diluted with CH>Cl, and washed with sat. Na,COs. The organic layer
was washed with water, dried over MgSOyg, filtrated and concentrated under reduced pressure. The
residue was purified by flash column chromatography on silica gel (ethyl acetate/hexane = 2:5) to
afford 59 (1.02 g, 87%) as a colorless oil. 'H NMR (400 MHz, CDCl3): § 3.53 (dd, J=2.8, 5.2 Hz,
2H); 3.68 (d, J = 11.2 Hz, 3H); 3.72-3.79 (m, 1H); 3.78 (s, 3H); 4.06-4.14 (m, 1H); 4.16-4.23 (m,
1H); 4.44 (d, J = 2.8 Hz, 2H); 4.58-4.67 (m, 2H); 5.03 (d, J = 8.0 Hz, 2H); 6.86 (dd, /= 0.8, 8.4
Hz, 2H); 7.19-7.73 (m, 12H); *C NMR (100 MHz, CDCl3): & 54.37, 54.40, 54.43, 54.45, 55.36,
67.07, 67.13, 68. 77, 69.37, 72.31, 73.21, 76.83, 77.15, 77.46, 113.86, 127.79, 127.88, 128.00,
128.45, 128.63, 128.68, 129.41, 135.91, 135.93, 135.97, 135.99, 138.20, 159.32; *'P NMR (100

MHz, CDCls): § 1.08; HRMS Calcd. for C26H3107PNa [M+Na]™ 509.1700, found 509.1703.
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To a solution of 58 (480 mg, 2.2 mmol) and 46 (581 mg, 2.2 mmol) in CH>Cl, (6 mL) was added

1H-tetrazole (147 mg, 2.2 mmol) at 0 °C. After stirring at room temperature for lh, ~BuOOH
(393 pL, 2.4 mmol, 5.5 M in nonane) was added at 0 °C. The reaction mixture was stirred at the
same temperature for 1h. 1 mL of Na,SO;3; (1M) was added in the mixture. After vigorous stirring
for 10 min, the mixture was diluted with CH,Cl, and washed with sat. Na,COjs. The organic layer
was washed with water, dried over MgSQOys, filtrated and concentrated under reduced pressure. The
residue was purified by flash column chromatography on silica gel (ethyl acetate/hexane = 2:5) to
afford 60 (658 mg, 87%) as a colorless oil. 'H NMR (500 MHz, CDCls): § 3.53 (dd, J = 2.8, 5.2
Hz, 2H); 3.72 (d, J = 11.2 Hz, 3H); 3.73-3.78 (m, 1H); 3.94-4.00 (m, 2H); 4.06-4.13 (m, 1H);
4.16-4.23 (m, 1H); 4.62-4.69 (m, 2H); 5.05 (d, J = 8.4 Hz, 2H); 5.14-5.18 (m, 1H); 5.21-5.28 (m,
1H); 5.87 (m, 1H); 7.22-7.45 (m, 10H); '*C NMR (125 MHz, CDCl;): & 54.54, 54.39, 54.41, 54.44,
67.05, 67.09, 69.12, 69.33, 69.38, 72.35, 72.46, 76.53, 76.55, 76.58, 76.61, 76.91, 77.16, 77.41,
117.22, 127.79, 127. 88, 128.00, 128.62, 128.68, 134.68, 134.57. 135.94, 138. 21; *'P NMR (100

MHz, CDCl3): § 1.35; HRMS Calcd. for C21H2706PNa [M+Na]* 429.1437, found 429.1439.

OBn

Q o _A_oH

P
-\
BnO OMe

45
In the case of deprotection with DDQ; 'H NMR (400 MHz, CDCl5): § 3.59-3.67 (m, 2H); 3.71 (d,

J=11.2 Hz, 1.8H); 3.72 (d, J = 11.2 Hz, 1.2H); 3.68-3.72 (m, 1H); 4.09-4.18 (m, 2H); 4.60 (ABq,
1.2H, Adap = 0.03, Jap = 12.0 Hz); 4.62 (ABq, 1.8H, Adxp = 0.03, Jap = 12.0 Hz); 5.06 (d, J = 8.4
Hz, 1.2H); 3.72 (d, J = 8.4 Hz, 1.8H); 7.21-7.40 (m, 10H); '*C NMR (100 MHz, CDCls): & 54.50,
54.57, 61.11, 61.16, 65.82, 65.88, 69.59, 69.65, 72.25, 76.79, 77.11, 77.42, 77.61, 77.68, 127.92,
128.05, 128.07, 128.09, 128.60, 128.74, 135.74, 135.80, 137.87; *'P NMR (100 MHz, CDCl;): §

1.58; HRMS Calcd. for CigH2406¢PNa [M+Na]" 389.1124, found 389.1129.
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To a solution of 61 (186 mg, 0.62 mmol) in dry pyridine (I mL) was added
2-chloro-4H-benzo[d][1,3,2]dioxaphosphinin-4-one (150 mg, 0.74 mmol) at 0 °C. After stirring at
room temperature for 1h, EENH>CO; (2 ml, 1M) was added. The reaction mixture was stirred at
the same temperature for 1h. After concentration, the residue was purified by flash column
chromatography on silica gel (CH2Cl,/MeOH/Et;:N = 100:6:1) to afford 62 (244 mg, 85%) as a
colorless oil. 'H NMR (400 MHz, CDCl3): § 1.21 (t, J = 7.2 Hz, 9H); 2.93 (q, J = 7.2 Hz, 6H);
3.48-3.60 (m, 2H); 3.71-3.78 (m, 1H); 3.72 (s, 3H); 3.88-4.02 (m, 2H); 4.39 (s, 2H); 4.62 (ABq,
2H, Adag = 0.03, Jag = 11.6 Hz); 6.78 (d, J = 8.4 Hz, 2H); 6.80 (d, J = 624 Hz, 1H); 7.14-7.30 (m,
7H); 3C NMR (100 MHz, CDCl3): § 8.57, 45.54, 55.32, 63.34, 63.39, 70.04, 72.07, 73. 07, 76.94,
77.25, 77.58, 77.63, 77.71, 113.76, 127.46, 127.72, 128.28, 129.26, 130.48, 138.79, 159. 15;°P
NMR (100 MHz, CDCl3): & 5.83; HRMS Calcd. for CigH206P [M-HNEt;] 365.1159, found

365.1151.

.
OBn HNEt,

PMBO._~\_ O~ H
o Yo

enantiomer of 62

This compound was prepared by the same procedure as described for 62 using (S)-solketal. 'H
NMR (400 MHz, CDCls): 6 1.21 (t, J = 7.2 Hz, 9H); 2.93 (q, J = 7.2 Hz, 6H); 3.48-3.61 (m, 2H);
3.70-3.78 (m, 1H); 3.72 (s, 3H); 3.88-4.02 (m, 2H); 4.39 (s, 2H); 4.62 (ABq, 2H, Adas=
0.03, Jag = 11.6 Hz); 6.78 (d, J = 8.4 Hz, 2H); 6.80 (d, J = 646 Hz, 1H); 7.14-7.31 (m, 7H); 1*C
NMR (125 MHz, CDCls): & 8.64, 45.78, 55.35, 63.86, 63. 90, 69.72, 72.19, 73.12, 76.86, 77.11,
77.37, 77.44, 113.82, 127.54, 127. 80, 128.34, 129.32, 130.44, 138.66, 159.21; *'P NMR (100

MHz, CDCl3): 4 5.83; HRMS Calcd. for CisH2,06P [M-HNEt3] 365.1159, found 365.1152.
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To a solution of 62 (53.6 mg, 0.11 mmol) in CH>Cl, (1 mL) was added trifluoroacetic acid (0.2
mL) at 0 °C. After stirring at the same temperature for 1h, EtzN (0.4 ml) was added slowly. After
concentration, the residue was purified by flash column chromatography on silica gel
(CH2Cl/MeOH/Et;N = 30:10:0.3) to afford 47 (31.8 mg, 80%) as a colorless oil. '"H NMR (400
MHz, CDCL): 6 1.31 (t, J = 7.6 Hz, 9H); 3.03 (m, 6H); 3.60 (m, 1H); 3.66-3.78 (m, 2H);
4.03-4.10 (m, 2H); 4.60 (ABq, 2H, Adas = 0.03, Jag= 12.0 Hz); 6.85 (d, J = 637 Hz, 1H);
7.21-7.35 (m, SH); '*C NMR (100 MHz, CDCl3): § 8.61, 45.63, 60.30, 61.48, 61.52, 71.61, 78.28,
127.75, 127.85, 128.45, 138.43; 3'P NMR (100 MHz, CDCls): § 6.45; HRMS Calcd. for

C1oH1405P [M-HNEt;'] 245.0584, found 245.0578.

.
OBn HNEt,

HOM\/O\p/H
0" Yo

enantiomer of 47

This compound was prepared by the same procedure as described for 47 using (S)-solketal. 'H
NMR (400 MHz, CDCL): 6 1.26 (t, J = 7.6 Hz, 9H); 3.00 (m, 6H); 3.58 (m, 1H); 3.65-3.75 (m,
2H); 4.03-4.08 (m, 2H); 4.59 (ABq, 2H, Adas = 0.03, Jag = 12.0 Hz); 6.85 (d, J = 638 Hz, 1H);
7.20-7.35 (m, SH); '*C NMR (100 MHz, CDCl): § 8.58, 45.65, 60.30, 61.70, 61.75, 71.62, 78.37,
127.72, 127.83, 128.42, 138.44; 3'P NMR (100 MHz, CDCls): § 6.45; HRMS Calcd. for

C1oH1405P [M-HNEt;'] 245.0584, found 245.0578.

OBn HNEts
_0._.0 O H
Me” >P< P
®o*oBn 0" Y0
43

To a solution of 47 (70 mg, 0.2 mmol) and 46 (70 mg, 0.26 mmol) in CH>CL, (1 mL) was added
1H-tetrazole (18 mg, 0.26 mmol) at 0 °C. The mixture was stirred at room temperature for lh.

After stirring at room temperature for 1h, -BuOOH (54 pL, 0.3 mmol, 5.5 M in nonane) was
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added at 0 °C. The reaction mixture was stirred at the same temperature for 1h. 0.5 mL of Na,SO3
(1IM) was added. After vigorous stirring for 10 min, the mixture was concentrated. The residue
was purified by flash column chromatography on silica gel (CH2Clo/MeOH/Et;N = 100:6:1) to
afford 43 (96 mg, 90%) as a colorless oil. 'H NMR (400 MHz, CDCl;): § 1.18 (t, J = 7.6 Hz, 18H;
HNEt; residue); 2.90 (m, 12H; HNEt; residue); 3.53 (md, J = 11.2 Hz, 3H); 3.64 (m, 1H);
3.78-3.86 (m, 2H); 3.92-4.02 (m, 1H); 4.04-4.12 (m, 1H); 4.59 (ABq, 2H, Adag = 0.03, Jap = 11.6
Hz); 4.85-4.91 (m, 2H); 6.71 (d, J = 629 Hz, 1H); 7.06-7.22 (m, 10H); *C NMR (100 MHz,
CDCl): 6 8.63, 45.74, 54.34, 54.39, 61.91, 61.96, 66.69, 66.74, 69.21, 69.26, 72.02, 76.61, 76.68,
76.74, 127.67, 127.71, 127.87, 128.31, 128.58, 135.72, 135.77, 137.98; *'P NMR (100 MHz,

CDCl3): § 0.80, 4.89; HRMS Calcd. for C1sH2305P2 [M-HNEt; "] 429.0874, found 429.0870.

_CqgH
o~ ~1633
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66
To a solution of 64 (209 mg, 1.15 mmol) in DMSO (10 mL) was added NaH (170 mg, 4.26 mmol,
60% in oil) at 0 °C. After stirring at the same temperature for 1h, 64 (2.19 g, 6.9 mmol) was added
at 0 °C. The reaction mixture was stirred at room temperature for 20 h. The reaction was quenched
with water at 0 °C. The mixture was diluted with EtOAc and washed with H,O. The organic layer
was washed with water, dried over MgSOy, filtrated and concentrated under reduced pressure. The
residue was purified by flash column chromatography on silica gel (ethyl acetate/hexane = 1:20)
to afford 66 (404 mg, 56%) as a colorless oil. 'H NMR (400 MHz, CDCl3): § 0.87 (t, J = 7.2 Hz,
6H); 1.20-1.36 (m, 52H); 1.49-1.60 (m, 4H); 3.37-3.62 (m, 9H); 4.54 (s, 2H); 7.24-7.35 (m, SH);
5C NMR (100 MHz, CDCls): & 14.20, 22.78, 26.19, 26.21, 29.45, 29.60, 29.74, 29.79, 30.20,

32.01, 70.40, 70.70, 70.82, 71.75, 73.44, 78.01, 127.57, 127.66, 128.38, 138.54.

_CqgH
o~ 16133

HO\)\/O\
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To a solution of 66 (205 mg, 0.33 mmol) in CH>Cl, (1 mL) at -78 °C was added boron trichloride

(0.66 mL, 1M in CH2Cl). The reaction mixture was allowed to warm to room temperature, stirred
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for 2 h, quenched with MeOH and diluted with water. The organic layer was washed with water,
dried over MgSOs, filtrated and concentrated under reduced pressure. The residue was purified by
flash column chromatography on silica gel (ethyl acetate/hexane = 1:5) to afford 44 (40 mg, 60%)
as a white solid. "H NMR (400 MHz, CDCls): & 0.89 (t, J = 7.2 Hz, 6H); 1.19-1.36 (m, 52H);

1.50-1.60 (m, 4H); 3.39-3.75 (m, 9H).

OBn 0
Me/O\P/O\)\/O\P/O\)\/O
0” ~oBn , 0" O
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67

To a solution of 43 (92 mg, 0.173 mmol) and 44 (186 mg, 0.35 mmol) in dry pyridine (2 mL) at
0 °C was added pivaloyl chloride (64 pL, 0.52 mmol). The reaction mixture was stirred at room
temperature for 1h. Then iodine (44 mg, 0.35 mmol) in pyridine/H,O (ImL/50 pL) was added.
The reaction mixture was stirred at the same temperature for 30 min. 1 mL of Na>SO;3 (1M) was
added. After stirring for 10 min, the mixture was diluted with water and washed with CHCls. The
organic layer was combined, dried over MgSOs, filtrated and concentrated under reduced pressure.
The residue was purified by flash column chromatography on silica gel (CH2Cl,/MeOH/Et;N =
100:6:1) to afford 67 (123 mg, 70%) as a colorless oil. "H NMR (400 MHz, CDCls): § 0.85 (t, J =
7.2 Hz, 6H); 1.20-1.36 (m, 52H); 1.29 (t, J = 7.2 Hz, 15H; HNEt; residue); 1.43-1.54 (m, 4H);
3.01 (m, 10H; HNEt; residue); 3.32-3.44 (m, 3H); 3.46-3.60 (m, 4H); 3.65 (d, J = 11.2 Hz, 1.5H);
3.66 (d, J = 11.2 Hz, 1.5H); 3.78-3.91 (m, 3H); 3.93-4.02 (m, 2H); 4.07-4.16 (m, 1H); 4.21-4.28
(m, 1H); 4.63 (ABq, 2H, Adap = 0.03, Jag = 11.6 Hz); 4.95-5.05 (m, 2H); 7.15-7.40 (m, 10H); 1*C
NMR (100 MHz, CDClz): 6 8.61, 14.18, 22.75, 26.17, 26.20, 29.43, 29.63, 29.66, 29.78, 30.26,
31.99, 45,64, 54.35, 54.41, 63.59, 63.65, 65.12, 65.18, 67.28, 67.34, 69.23, 69.29, 70.63, 71.07,
71.72, 72.12, 78.07, 78.15, 127.60, 127.76, 127.95, 128.20, 128.33, 128.52, 128.61, 135.96,
136.01, 138.34; 3'P NMR (100 MHz, CDCl5): § 0.74, 1.01; HRMS Calcd. for Cs3HosO11P>

[M-HNEt:*] 967.6199, found 967.6205.
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To a solution of 67 (100 mg, 0.09 mmol) in MeOH (2 mL) was added platinum oxide (21 mg, 0.09
mmol). The mixture was hydrogenated overnight at 1 atm of hydrogen gas. Platinum black was
filtered. After concentration, the residue was purified by flash column chromatography on silica
gel (CHCl3/MeOH/H,0 = 65:20:3) to afford corresponding deprotected product in triethylamine
salt form. The product was mixed with 1 mL of NaClOy4 solution (4 M). The mixture was stirred
with a vortex mixer. After centrifugation the supernatant solution was removed, the precipitate
was washed with distilled water, and dissolved in CHCI3/MeOH (1:1). The solvent was
concentrated to afford 8 (38 mg, 50%) in sodium salt form as a white solid. "H NMR (400 MHz,
CD;OD/CDCl; (4/3 v/v); using CD3OD as the lock): 6 1.20 (t, J = 5.6 Hz, 6H); 1.52-1.70 (m,
52H); 1.83-1.92 (m, 4H); 3.72-3.84 (m, 3H); 3.87-3.99 (m, 4H); 3.93 (d, J = 10.5 Hz, 3H);
4.20-4.34 (m, 7H); 3C NMR (125 MHz, CD;0D/CDCl; (4/3 v/v)): § 13.66, 22.57, 26.01, 26.07,
29.28, 29.47, 29.63, 29.94, 31.86, 52.40, 52.44, 64.88, 64.92, 65.35, 69.70, 70.44, 70.57, 71.67,
78.00; *'P NMR (100 MHz, CDsOD/CDCls (4/3 v/v)): & 1.74, 3.00; HRMS Calcd. for

C39HgoO11P2Na [M] 809.5079, found 809.5084.

DD
TBDPSO. _~_~_< OH

70
To a solution of LiAlD4 (227 mg, 5.4 mmol) in THF (10 mL) at 0°C was added 69 (1.0 g, 2.7

mmol) in THF (1 mL) dropwise. After stirring at the same temperature for 2 h, the reaction
mixture was quenched by ice water. The solvent was removed, and the residue was purified by
flash column chromatography on silica gel (ethyl acetate/hexane = 1:3) to afford 70 (670 mg, 70%)
as a colorless oil. "H NMR (400 MHz, CDCl3): § 1.04 (s, 9H); 1.28-1.42 (m, 4H); 1.49-1.61 (m,
4H); 3.65 (t, J = 6.4 Hz, 2H); 7.34-7.44 (m, 6H); 7.65-7.69 (m, 4H); '*C NMR (100 MHz, CDCl;):

§19.31, 25.50, 25.68, 26.96, 32.58, 32.64, 63.93, 127.66, 129.59, 134.22, 135.66.
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To a solution of 70 (340 mg, 0.95 mmol) in CH>Cl, (2 mL) were added p-toluenesulfonyl chloride
(272 mg, 1.42 mmol), triethylamine (318 pL, 2.28 mmol) and N, N-dimethyl-4-aminopyridine (580
mg, 4.75 mmol) at room temperature. After stirring at the same temperature for 1 h, the solvent
was removed. The residue was purified by flash column chromatography on silica gel (ethyl
acetate/hexane = 1:10) to afford 4 (462 mg, 95%) as a colorless semi-solid. '"H NMR (400 MHz,
CDCl): 6 1.03 (s, 9H); 1.21-1.32 (m, 4H); 1.45-1.52 (m, 2H); 1.56-1.63 (m, 2H); 2.42 (s, 3H);

3.60 (1, J = 6.4 Hz, 2H); 7.29-7.44 (m, 8H); 7.61-7.68 (m, 4H); 7.77 (d, J = 8.0 Hz, 2H).

D.__D

HO_ ~ A~
73
To a solution of 71 (600 mg, 1.17 mmol) in THF (20 mL) were added CuCl, (7.8 mg, 0.06 mmol)

and 1-phenyl-1-propyne (29 pL, 0.23 mmol) at 0 °C under argon. Afterward the Grignard reagent
(2.34 mL, 2.34 mmol; 1.0 M in diethyl ether) was added in one portion. The ice bath was removed
and the reaction mixture was stirred for 1 h. The solvent was evaporated. The residue was purified
by flash column chromatography on silica gel (ethyl acetate/hexane = 1:20) to afford crude 72
which was dissolved in THF (10 mL) and treated with tetrabutylammonium fluoride (2 mL, 1M in
THF). After stirring at room temperature for 4 h, the solvent was removed. The residue was
purified by flash column chromatography on silica gel (ethyl acetate/hexane = 1:5) to afford 73
(271 mg, 95%) as a white solid. '"H NMR (400 MHz, CDCls): § 0.87 (t, J = 6.8 Hz, 3H); 1.19-1.42

(m, 24H); 1.50-1.60 (m, 2H); 3.63 (t, J = 6.4 Hz, 2H).

D.__D
MSO A Ao
74
To a solution of 73 (3.0 g, 12.3 mmol) in pyridine/CH,Cl, (13 mL/13 mL) was added

methanesulfonyl chloride (1.05 mL, 13.4 mmol) at 0 °C. After stirring at the same temperature for
2 h, white solid was filtered. The solvent was removed to give 74 which was used directly for the

next step without further purification. '"H NMR (400 MHz, CDCl;): § 0.87 (t, J = 6.8 Hz, 3H);
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1.18-1.44 (m, 24H); 1.70-1.82 (m, 2H); 2.99 (s, 3H); 4.21 (t, J = 6.4 Hz, 2H).

_CqgH
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To a solution of 77 (512 mg, 1.3 mmol) in DMSO (10 mL) was added NaH (104 mg, 2.6 mmol,

60% in oil) at 0 °C. After stirring at the same temperature for 1 h, 74 (420 mg, 1.3 mmol) was
added. The mixture was stirred at room temperature for 20 h. The reaction was quenched with
water at 0 °C. The mixture was diluted with EtOAc and washed with H,O. The organic layer was
washed with water, dried over MgSOQs, filtrated and concentrated under reduced pressure. The
residue was purified by flash column chromatography on silica gel (ethyl acetate/hexane = 1:20)
to afford 78 (534 mg, 65%) as a colorless oil. "H NMR (400 MHz, CDCl;): & 0.87 (t, J = 7.2 Hz,

6H); 1.20-1.37 (m, SOH); 1.50-1.60 (m, 4H); 3.37-3.62 (m, 9H); 4.54 (s, 2H); 7.24-7.35 (m, SH).

O
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79

To a solution of 78 (460 mg, 0.73 mmol) in CH>Cl, (10 mL) at -78 °C was added boron trichloride
(1.09 mL, 1M in CH2Cl). The reaction mixture was allowed to warm to room temperature, stirred
for 2 h, quenched with MeOH and diluted with water. The organic layer was washed with water,
dried over MgSQy, filtrated and concentrated under reduced pressure. The residue was purified by
flash column chromatography on silica gel (ethyl acetate/hexane = 1:5) to afford 79 (215 mg, 55%)
as a white solid. "H NMR (400 MHz, CDCl;): § 0.89 (t, J = 7.2 Hz, 6H); 1.18-1.36 (m, 50H);

1.50-1.60 (m, 4H); 3.40-3.76 (m, 9H).

OBn (@)
D D
Me/o/\ P:O\)\/O\ P<O\)\/O\/\/\></\/\/\/\/
O~ "OBn 0" o
. ~
HNEt;
80

This compound was prepared in 68% yield over 2 steps as a colorless oil by following the same

procedure as described for 67. "H NMR (400 MHz, CDCls): § 0.85 (t, J = 7.2 Hz, 6H); 1.20-1.36
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(m, S0H); 1.29 (t, J = 7.2 Hz, 15H; HNEt; residue); 1.43-1.54 (m, 4H); 3.01 (m, 10H; HNEt;
residue); 3.32-3.44 (m, 3H); 3.46-3.60 (m, 4H); 3.65 (d, /= 11.2 Hz, 1.5H); 3.66 (d, /= 11.2 Hz,
1.5H); 3.78-3.91 (m, 3H); 3.92-4.02 (m, 2H); 4.07-4.16 (m, 1H); 4.21-4.28 (m, 1H); 4.63 (ABq,
2H, Adas= 0.03,Jap= 11.6 Hz); 4.95-5.05 (m, 2H); 7.15-7.39 (m, 10H); HRMS Calcd. for

Cs3Ho1D2011P> [M-HNEt3] 969.6324, found 969.6330.

I P P N
OH @) D D
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This compound was prepared in 46% yield over 2 steps as a white solid by following the same
procedure as described for 8. 'H NMR (400 MHz, CD;0D/CDCl; (4/3 v/v); using CD;0D as the
lock): & 1.20 (t, J = 5.6 Hz, 6H); 1.52-1.71 (m, 50H); 1.82-1.92 (m, 4H); 3.72-3.84 (m, 3H);
3.87-3.99 (m, 4H); 393 (d, J = 10.5 Hz, 3H); 4.20-4.35 (m, 7H); HRMS Calcd. for

C39H78D2011P2Na [M] 811.5205, found 811.5212.
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